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ABSTRACT

Factor B of the complement system is a five-domain, 90 kD serine protease
proenzyme which is activated by the protease factor D in the context of the Mg?*-dependent
complex C3bB during complement activation. The cleavage of factor B into the Baand Bb
fragments during activation facilitates the assembly of the alternative pathway C3 convertase,
C3bBb. The Ba fragment contains three short consensus repeat (SCR) domains, while the Bb
fragment contains a von Willebrand factor type A (VWF-A) domain and a serine protease
(SP) domain. All the domain types of factor B have been implicated in interactions with

activated C3 and the assembly of the alternative pathway C3 convertase.

This thesis describes a number of structural and functional studies using six different
preparations of factor B and its fragments and domains. Surface-enhanced laser desorption-
ionization affinity mass spectrometry (SELDIAMS) was used to investigate the reaction of
factor B with immobilised activated C3(NH,) in the presence of Mg?*. From this it was
determined that (i) a major function of the vVWF-A domain is to bind to activated C3 during
the formation of the C3 convertase, which it does at its active site cleft, and that (ii)
SELDIAMS provides an efficient means of identifying residues involved in protein-protein
interactions. Next, 'H NMR, FTIR and circular dichroism spectroscopy studies were
performed to provide unequivocal evidence to confirm that the factor BvWF-A domain has
allosteric properties and the conformation is dependent upon the presence of bound metal.
This implies that the vVWF-A interaction with C3b may alter its Mg**-bound coordination.
Further '"H NMR spectroscopic evidence is presented to confirm that the solution structure
of factor B was not in an extended arrangement, but its five domains were involved in close
interactions. It is proposed that the conformation of the Ba fragment is affected by its
incorporation into factor B. The Ba fragment is involved in decoupling an interaction between
the vVWF-A and SP domains and the proximity of the vVWF-A and SP domains within the Bb
fragment leads to a conformational change in which conserved charged residues may be
important. Allosteric structural rearrangements in the SP domain as the result of its interactions
with the vVWF-A domain or the Ba fragment provide an explanation of the regulation of the

catalytic activity of factor B.
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Chapter 1

The Complement System:
The Major Effector
of the Humoral Immune System
is The First Line of Defence of
the Immune System



1.1 The biological immune system

Immunity describes a complex process within the body, rather than a specific group
of organs. Certain organs and tissue types do have a predominantly immunological function,
including reticulo-endothelial tissue, bone marrow, lymph glands, the thymus, spleen and
Peyer’s patches (Kuby, 1997). The classic biological definition of immunity includes all of the
physiological mechanisms that give an organism the ability to recognize foreign substances and
neutralize or degrade them, with or without injury to the organism’s own tissue. The roles of
the humoral and cell-mediated responses of the immune system are interrelated and so provide
the activities necessary for the immune response. It is important to see immunity in its broad
biological context and the different aspects of immunity have been grouped as described

below.

Innate immunity is immunity present from before birth and consists of many
non-specific factors, together with blood-based immunity inherited from the mother, which
operate against almost any substance that threatens the body. Four types of defensive barriers
are involved: (a) Anatomical barriers which include the skin and mucous membranes. (b)
Physiological barriers involve body temperature which inhibits the growth of some pathogens,
acidic pH of the stomach and chemical mediators such as complement, interferon and
lysozyme. Other barriers are provided by (c) endocytosis and phagocytosis by specialised
cells and (d) the inflammatory response where vascular fluid and phagocytic cells leak into

tissues.

Acquired immunity is a more specialised form of immunity found only in the
vertebrates. It is a result of an encounter with a new substance, which triggers events that
induce an immune response specifically against that particular substance. This involves B
lymphocytes, T lymphocytes and macrophages and thus highlights the importance of lymphatic
tissue, the site of lymphocyte maturation and differentiation. The primary functions of acquired
immunity can be summarised in three categories: (a) the production of antibodies; (b) the
stimulation of specialised cells, which destroy invading cells or organisms and neutralize their

toxic products, and (c) the removal of damaged or dying cells by leukocytes. Acquired
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immune responses are adaptive and display four characteristic attributes: antigenic specificity;

diversity; immunologic memory and self/nonself recognition.

1.2 The complement system

The complement system is an important component of immune defence against
infection. It is a multi-component protein system found in plasma, that is responsible for
defence and clearance in the blood stream, and it was named as such because it helps the
antibody response. It is part of the innate (non-adaptive) immune system and can respond to
challenges by micro-organisms before an adaptive response has developed. Four major
functions of complement are: (a) the recognition of target surfaces; (b) the opsonization and
removal of complement-coated antigens via complement receptors on phagocytic cells; (¢)
the recruitment of phagocytic cells into the site of complement activation; (d) the destruction
of membrane integrity of target organisms (reviewed in Law and Reid, 1995). Complement
comprises over 30 proteins which function as enzymes, binding proteins, regulators or
membrane bound receptors. The complement cascade proteins are a major constituent in
plasma with a total concentration of around 4 g/l. C3 and C4 are the most abundant
complement proteins at 1.3 and 0.6 g/1, respectively, which is consistent with their central role
inthe cascade, whereas factor D is the least abundant (1 pg/1). The properties of the major
soluble proteins are summarised in Table 1.1. These proteins acquire the ability to interact with
one another, with antibody and with cell membranes after activation of the system. These
interactions directly generate the various biological interactions that are mediated by
complement and which range from lysis of different kinds of cells, bacteria and viruses to
direct involvement in inflammatory processes. In addition complement is able to enlist the
participation of other humoral and cellular effector systems and to induce histamine release
from mast cells, to direct migration of leukocytes and phagocytes, and to release lysosomal
constituents from phagocytes. Complement is involved in the regulation of B lymphocyte
activity, clearance of host cell breakdown products and the presentation of some antigens to

antigen presenting cells.



Table 1.1 Properties of the water soluble complement proteins

Protein Relative Serum Number of Homologous proteins
molecular concentration polypeptide
mass pg/ml chains
Clq 465 80-100 18 MBP, SPA
Clr 85 35-50 I,cleavedto2  trypsin like serine protease
on activation
Cls 85 35-50 1,cleavedto2  trypsin like serine protease
on activation
MBP 540 0.1-5 18 Clq, SPA
MASP-1 85 2-15 1 trypsin like serine protease
MASP-2 85 uncertain 1 trypsin like serine protease
C4 195 300-450 3 C3,C5, a2m
C2 110 15-25 1,cleavedto2  serine protease: factor B
on activation
C3 185 1000-1350 2 C4,C5, a2m
C5 185 60-90 2 C3,C4, a2m
Cé6 120 60-90 1 C7, C8, C9 o and B chains
C7 115 50-80 1 Cé6, C8, C9 o and B chains
C8 160 180-250 3 C6, C7, C9 a and B chains
C9 75 50-80 1 C6, C7, C8 a and B chains
factorB 90 180-250 1,cleavedto2  serine protease: C2
on activation
factor D 25 2 1 trypsin like serine protease
properdin 220 20-30 oligomeric, thrombospondin
usually tetramer of
56 kDa subunit
factor H 155 100-150 1 RCA family: CR1, CR2,
MCP, DAF
factorI 88 30-40 2 none
C4bp 540 200-400 7 x 70 kDa plus RCA family: CR1, CR2,
1 x50 kDa MCP, DAF
Cl-Inh 110 150-300 1 serpin

Abbreviations used: «2m, a2macroglobulin; CR1/2, complement receptor 1/2; DAF, decay
accelerating factor; MBP, mannose binding protein; MASP, MBP associated serine protease,
MCP, membrane cofactor protein; RCA, regulation of complement activation;, SPA,

surfactant protein A.



Various proteins of the complement system detect “targets” and bind to them, usually
by mechanisms that involve the recognition of charge distribution patterns or of carbohydrate
on the surface of the target. Recognition and activation occur by three major routes (Figure
1.1): (i) the classical pathway, primarily by immunoglobulin and immune complexes (IgG and
IgM); (ii) a branch of the classical pathway known as the lectin pathway, activated by
complex carbohydrates; and (iii) the alternative pathway, by the molecular structures on the
target cell surface that disrupt the delicate balance of proteins involved. The binding of
complement proteins to the target results in activation of the complement system and
formation, on the target, of unstable complex proteases, the C3 convertases. The C3
convertases (designated C4b2a and C3bBb in Figure 1.1) are each made up of two protein
components. One component (C3b or C4b) is covalently bound to the surface of the
complement activator and the other (C2a or Bb) is a serine protease that is able to cleave and
activate C3. The component C3 is amajor plasma glycoprotein and plays a central role in the
system, being common to all three pathways. The major fragment of activated C3, C3b, binds
covalently to complement activating surfaces such as cells, viruses and immune complexes.
When large amounts of C3b have been deposited, phagocytosis of the substance is greatly
enhanced. This occurs partly through the interaction of surface-bound C3 fragments with C3
receptors located on phagocytic cells. If the complement activator has a lipid bilayer, lysis can
occur through interaction with the membrane of components C5, C6,C7,C8 and C9. The
formation of a C5 convertase enzyme (C4b2a3b classical/lectin and C3bBb3b alternative)
can initiate the terminal or lytic pathway. The end result of the cascade is the formation of the
membrane attack complex (MAC) with an M, of the order of 1,000,000. The MAC forms
transmembrane channels which displace lipid molecules and other constituents, thus disrupting

the phospholipid bilayer of target cells and leading to osmotic cell lysis.

Other biologically important functions mediated by the complement system involve the
low molecular mass anaphylatoxins C3a, C4aand C5a. While these have effects on a wide
range of cells their major effect is to increase vascular permeability. They can also promote

smooth muscle contraction, and C5a is involved in neutrophil chemotaxis.
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Figure 1.1 The activation steps ofthe complement system. The classical pathway (left) is
triggered by immune complexes (via C 1) or by complex carbohydrates in the lectin pathway
(via MBP/MASP), while the alternative pathway (right) is triggered by a wide variety of
compounds and cell surfaces (via factor B). The number of C9 molecules {n) within the
C5b6789,, complex can vary between 1and 18. Enzymatic cleavage is indicated as solid red
lines and the enzymatically active components are shaded red. Adapted from Law and Reid,

1995.



The large C3b and C4b fragments, and degradation fragments of C3 bound to the
complement activator, are important for clearing immune aggregates and so have an influence

on the regulation of immune complex size.

The complement system in humans is well characterised at the biochemical level. The
primary structures of the proteins in the system are mostly known, and knowledge of the
three-dimensional structures is progressing. The activities of the proteins iz vitro are generally
known in considerable detail, but many uncertainties remain about their activities in vivo.
Similar complement systems occur in all mammals and variants of the system have been found
inall other vertebrate classes. A few proteins have been described in invertebrates that are
similar to complement proteins, and these represent stages in the development of the activities

of the mammalian complement system (Dodds and Day, 1993).

Since the system is involved in the removal of materials from the circulation and
tissues, it has the potential to opsonise or lyse host cells. In addition to the beneficial effects
of complement, undesirable complement-mediated tissue damage may occur in many
situations. These situations include mechanical injury, viral infection, tissue damage initiated by
autoantibodies in chronic inflammatory conditions and rheumatoid arthritis. Complement is
responsible for the acute rejection of xenotransplants. Diminished complement activity that
arises through consumption of complement or from genetic deficiencies is associated with
susceptibility to infection and inadequate removal of immune complexes from the circulation,

which may lead to damage of the small blood vessels, particularly of the skin and kidneys.

1.3 Classical pathway

The classical pathway of complement consists of the glycoproteins C1q, Clrand Cls
and C2-C9 (Figure 1.1). One molecule of C1q and two of Cls and Cl1r associate in the
presence of Ca?" ions to form a large protein complex known as C1. C1q is the molecule that
interacts with most potential targets. Classical pathway activation has been mostly studied with

immune complexes that contain IgG or IgM antibodies as the activator.



1.3.1 The structure of Cl1q, Clr and Cls

The complement classical pathway C1 enzyme complex is composed of the subunits
Clq, Clrand Cl1s. Clqis made from 18 polypeptide chains of three types, 6A, 6B and 6C
arranged in a complex structure often described as a “bunch of tulips”. Three of these chains
(1A, 1B and 1C) form a collagen-like triple helix at the N-terminal end of the molecule (Reid
and Porter, 1976). The six triple helices are aligned in parallel for halfthe collagen-like length
and then diverge to terminate at the C-terminus in six globular heads (Brodsky-Doyle et al.,
1976). The subcomponents C1r and C1s have homologous amino acid sequences and similar
tertiary structures (Kishumoto ez al., 1989). Clr and Cls interact to form a tetrameric chain,
Cl1s-Clr-Cl1r-Cls in which the two catalytic domains of C1r are orientated in a head to tail
manner (Arlaud et al., 1986). Cls interacts with Cl1r via the C1r/C1s specific domain. The
activated C1r,CTs, complex has been found to have an asymmetric X structure (Weiss et al.,
1986; Perkins and Nealis, 1989). A variety of models have been proposed for the interaction
of'the CTr,CTs, tetramer with C1q to form the C1 complex (Perkins, 1989). These models
can be divided into two groups: those which propose that the CTr,CTs, tetramer is positioned
on the outside of C1q, summarized in the “W-model” (Perkins and Nealis, 1989) and the
“O,-model” (Cooper, 1985); and those proposing that the CTr,CTs, subunits are interwoven
between the arms of C1q, summarized in the “S-model” (Schumaker e al., 1986) and the
“8-model” (Colomb et al., 1989).

1.3.2 Activation

Activation of the classical pathway is initiated by the binding of C1q to a variety of
substances (Sim and Reid, 1991). The most familiar is the formation of immune complexes
of either IgG or IgM with antigens. Many other substances can activate the classical pathway,
without a requirement for antibody (Sim and Malhorta, 1994). These include:

1. nucleic acid and chromatin

2. cytoplasmic intermediate filaments

3. mitochondrial membranes possibly via cardiolipin or mitochondrial proteins

4. some viruses, e.g. murine leukaemia virus (MuLV)

5. gram positive bacteria, e.g. some pneumococci, streptococci, via capsular
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polysaccharide
6. gram negative bacteria via the lipid A component of the lipopolysaccharide of the

cell wall.

The initial step of activating the classical pathway is the binding of C1q via the globular
heads to the activator. The interaction between C1q and the Fc region of immunoglobulin
(IgG or IgM) is facilitated by the close proximity of many IgG molecules (Borsos, 1989) or
a conformational change in the Fab arms of IgM (Perkins et al., 1991) to expose the C1q
binding sites. It is thought that the domain types of the globular heads are likely to have
differing specificities for charge groupings on the surface of the activator. Activation of
complement requires multiple interactions between a single molecule of C1q and the activator,
and therefore the activator is usually of high molecular mass and has a repetitive structure such
as exposed lipid A on bacterial surfaces or multiple antibody molecules bound to a particulate

antigen.

When two or more of the globular heads bind the activator, a conformational change
in the collagenous stalks of C1q isinduced (Heinz, 1989) which increases the affinity of C1q
for CTr,CTs,. CTr,CTs, will interact with C1q only in the presence of Ca®* ions, once Clq
has bound to an efficient activator. The catalytic domain of one C1r autoactivates and cleaves
the corresponding domain in the neighbouring C1r molecule (Dodds et al., 1978). This in turn
activates C1s by a proteolytic cleavage (Ziccardi, 1976). The activated CTsis thenable to
cleave the classical pathway component C4 into C4a and C4b (Thielens ez al., 1984). C4
has sequence homology to the complement components C3 and C5 and the non-complement
proteins o,-macroglobulin and pregnancy zone protein. The proenzyme form of C4 is
composed of three chains: o, B and y. CTs cleaves a single peptide bond in the a-chain of
C4 to produce a 9 kDa fragment C4a and a metastable fragment C4b. The C-terminal
portion of the a-chain (ot'-chain) of C4b remains disulphide linked to the B-chain. The larger
fragment, C4b, has an exposed thiol ester in the o' chain that is able to react non-specifically
with any available nucleophiles (Harrison et al., 1981). These nucleophiles may, for example,

be the hydroxyl groups on sugars that form an ester bond to the carbonyl of the thiol ester or
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amino groups located on a variety of surfaces, which form an amide bond. A proportion,
usually less than 10%, of the C4b ends up covalently bound to the complement activator. The
remainder reacts with water and diffuses away from the site of complement activation.
Proenzyme C2 binds to the surface-bound C4b and, if it is appropriately positioned close to
activated Cls, it is cleaved to form a Mg®* dependent complex, C4b2a (Horiuchi e al.,
1991). The C4b2a complex is the classical pathway C3 convertase enzyme which is able to

cleave and activate C3, a homologue of C4.

1.3.3 Mannose binding protein (MBP)

Molecules other than C1q can also participate in the activation of the classical
pathway of complement (Sim and Malhotra, 1994; Holmskov et al., 1994; Malhotraet al.,
1994, 1995). The activation of the classical pathway via complex carbohydrates is often
referred to as the lectin pathway. Mannose binding protein (MBP), also known as Rareactive
factor (RaRF) and mannose- or mannan binding lectin (MBL), is able to substitute for C1q
after interaction with mannose-rich structures on yeasts, bacteria and viruses (Figure 1.1). It
does not bind to normal IgG, but can activate complement on interaction with the
carbohydrate groups of a glycosylation variant of IgG, which is present at elevated levels in
rheumatoid arthritis (Malhotra e al., 1995). The structure of MBP resembles that of C1q in
that it has collagenous segments and 6 globular heads. In MBP, each globular head is made
up of three identical C-type lectin domains which interact with carbohydrate in a CaZ*
dependent manner. MBP can activate C1r and C1s and molecules that are structurally similar
to Clr and Cls that are termed MBP associated proteases (MASPs) (Malhotra et al.,
1994). This antibody-independent pathway may be important for immunodeficient individuals

and the very young who have not yet developed a mature immune system.
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1.3.4 C-reactive protein (CRP)

C-reactive protein (CRP) is a protein which, in mammals, is expressed during the
acute phase response to tissue injury or inflammation. CRP displays several functions
associated with host defense: it promotes agglutination, bacterial capsular swelling,
phagocytosis and complement fixation. CRPs have also been sequenced in an invertebrate,
the Atlantic horseshoe crab, where they are a normal constituent of the hemolymph. CRP can
form complexes with charged groups, including the phosphate groups in choline phosphate
of pneumococcal C-type polysaccharide and microbial polysaccharides (both those containing
phosphocholine (PC) and not containing PC) and lipids, polyanion/polycation complexes and

chromatin. Bound CRP can interact with C1q to activate the classical pathway.

The classical pathway is therefore activated by a wide range of stimuli. C1q and CRP
are principally involved in recognising charge clusters including carbohydrates and lipids. In

contrast MBP recognises neutral sugars.

1.3.5 Control proteins

Regulation of the classical pathway is controlled at two stages: formation ofthe CT
enzyme complex; and control of the C3 convertase, C4b2a. Many serine proteases in the
blood have relatively specific natural inhibitors that belong to the “serpin” family. Of the
complement proteases, only Clr, Cls and possibly both MASPs are controlled by a serpin,
named CT-inhibitor (CT-inh). CT inhibitor controls CTr, activation through non-covalent
interactions (Arlaud et al., 1989; Ziccardi and Cooper, 1979). CT inhibitor can also
covalently interact with the four serine protease active sites of the CT complex, resulting in the
dissociation of the complex to form two molecules of CT inhibitor, CTr-CTs-CT inhibitor
(Ziccardi and Cooper, 1979). The free collagen-like stalks of C1q are then free to bind to
cell-surface C1q receptors which may then initiate phagocytosis (Malhotra et al., 1990;
Malhotra and Sim, 1989; Ghebrehiwet, 1989). Hereditary or acquired lack of CT-inhibitor
causes angiooedema. Factor J also controls the formation of the CT complex by inhibiting the

association of CTr,CTs, with C1q (Lopez-Trascasa et al., 1989).
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Control of the C3 convertase is governed by its inherently unstable nature and
cleavage by factor I. C2a spontaneously dissociates from the complex. This dissociation is
enhanced by C4 binding protein (C4bp) (Gigli et al., 1979) and decay accelerating factor
(DAF) (Nicholson-Weller et al., 1982). Factor I cleaves C4b in two positions to give the
fragments C4c and C4d. C4bp (Fujitaet al., 1978; Gigli et al., 1979), membrane cofactor
protein (MCP) (Seyaet al., 1986) (Table 1.2) or complement receptor 1 (CR1) (Table 1.3)
act as cofactors for this factor-I mediated cleavage. In most physiological circumstances, the
concentration of C4bp exceeds that of C4b generated by activation, and therefore further

activation of the complement components is prevented.

1.4 Alternative pathway

The proteins of the alternative pathway of complement are factor D, factor B, C3 and
C5 (Figure 1.1). Components C5-C9 are common to both pathways and will be discussed
in the terminal components section. C3 has a central role in both pathways. The regulatory
proteins factor H, factor I and properdin have major roles in controlling activation of the
alternative pathway. Activation of the alternative pathway can be both antibody dependent
and antibody independent. Antibody dependent activation can occur via IgG, IgA and (rarely)
IgE immune complexes. Antibody independent activation can be effected by a whole
spectrum of substances located on the surfaces of bacteria, fungi, viruses, multicellular

parasites and tumour cells.

1.4.1 Activation

The mechanism by which the targets are recognised by the alternative pathway is less
well understood than for the classical pathway. In the alternative pathway, several proteins are
involved simultaneously in recognition. Perturbations in the interaction between C3b deposited
on the activating surface and regulatory molecules is important for determining whether

complement is activated or not.
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Table 1.2 Membrane bound regulators of complement.

Regulator

Action

Characteristics

DAF

MCP
(CD 46)

Protectin
(CD 59)
(p18)
(MACIF)
(HRF20)
(MIRL)

Homologous
restriction factor

(HRF)

Dissociates C3

convertases.

Binds C3band acts as
a cofactor to factor I
mediating C3
cleavage. Cellular
receptor for measles

virus.

Binds C5d-8 complex
and prevents formation
of the polymeric C9

complex.

HRF/C8bp prevents
the binding of C9 to

C8ay and its insertion

(C8 binding protein) into membranes.

(C8bp)

70 kDa glycoprotein present on the
membranes of peripheral blood cells,
vascular endothelial cells, placenta and
epithelial cells. Extracellular portion
contains 4 SCR domains. Soluble forms

occur.

50-60 kDa integral membrane
glycoprotein present on all circulating
cells except erythrocytes and most other

cell types. Contains 4 SCR domains.

20 kDa glycoprotein present on the
membranes of all circulating blood cells,
endothelial cells, epithelial cells and

spermatozoa.

Poorly characterised to date.

Abbreviations used: DAF, decay accelerating factor; MCP, membrane cofactor protein;

MIRL, membrane inhibitor of reactive lysis; HRF, homologous restriction factor; C8bp, C8

binding protein; SCR, short consensus repeat
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Native C3, like C4, contains an internal thiolester in the a-chain which can be
hydrolysed to form C3i (also known as C3(H,0)) and is capable of attaching to membranes
(Pangburn and Miiller-Eberhard, 1980; Pangburn et al., 1981). Although C3i is structurally
different from C3b in that it has an intact a-chain, both C3i and C3b are functionally similar.
C3iscontinually activated at a slow rate in the fluid phase by three mechanisms: (i) C3 may
be cleaved to C3b by serum proteases; (ii) small nucleophiles, or water, may gain access to
C3 and react with the thiolester; (iii) C3 may be subject to non-specific perturbation leading
to exposure and hydrolysis of the thiolester. Thus the alternative pathway is in a permanently
activated state. If activated C3 is deposited on an activating surface of the alternative
pathway, it can serve as a seed for the positive amplification loop which operates explosively.
Activated C3 is able to form a C3 convertase with factor B in the presence of factor D.
Removal of C3a by proteolytic cleavage by the C3 convertase induces a conformational
change in C3b which leads to the exposure of the internal thiolester, which is normally buried
innative C3. The exposed thiolester is extremely reactive with nucleophiles, including water
and molecules bearing hydroxyl or amino groups. C3b, activated at the surface of a foreign
cell, is largely restricted to binding to the surface of the same cell or to being inactivated by
water. This puts alimit on the spatial range of the activated C3b. The deposition of C3b s
minimised on host cells because of their inability to activate the host’s own complement
pathways. C3 activation is kept to alow level by the control proteins, factor H and factor I
in the blood. The C3 and C5 convertases decay quite rapidly by the dissociation of the
enzymatic components in the absence of control proteins. The survival of the first C3b
molecule deposited on the surface of a substance determines whether it will be an activator

or non-activator of the alternative pathway

Activation of the alternative pathway does not depend upon antibodies recognising
specific molecules on the target cell surface: rather it relies on molecular structures on the
target cell to upset the delicate balance of proteins involved to focus their activation and
deposition on its surface. Activators include polysaccharides, fungi, bacteria, viruses, parasites
and certain mammalian cells. It is not known what structure all the activators have in common

butitis possible that C3b deposited on activators is protected from proteolytic degradation,
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enabling the formation of the C3bBb complex (Fearon, 1978; Pangburn et al., 1980; Fearon
and Austen, 1975). C4b bound to a surface can also activate the alternative pathway by

binding to C3bBbP, which may be important in cases of C2 deficiency (Farries ef al., 1990).

The most obvious similarity between the classical and alternative pathway is the C3
convertase enzyme. The C3 convertase of the classical pathway is C4b2a which is very
similar to the alternative pathway C3 convertase, C3bBb. C4b is ahomologue of C3b and
C2 a homologue of factor B. Factor D is a serine protease that has a role similar to the
classical pathway C1s. The alternative pathway does not have proteins similar to Clq or Clr.
A paradoxical situation arises in which C3b is required in order to assemble the enzymes
responsible for C3 cleavage. In vivo the classical pathway is also present and the
amplification of the C3b deposition via the alternative pathway occurs if the classical pathway
C3 convertase (C4b2a) is the source of the initial C3b molecule. Multiple C3bmolecules are
deposited in clusters on the complement activator. This cluster formation is important in

mediating multiple interactions with C3 receptors on phagocytic cells.

1.4.2 Control proteins

Control of the alternative pathway is comparable to that of the classical pathway in
that homologous proteins fulfill similar roles. Both positive and negative control mechanisms
exist. The C3bBb convertase is stabilized by the binding of the control protein properdin (P)
to form a C3bBbP complex (Fearon and Austen, 1975; Medicus et al., 1976; Farries et al.,
1987), which facilitates the binding of factor B and prevents cleavage of the convertase by
factor I (Farries et al., 1988a). The versatility of complement to recognise all types of foreign
material is desirable, but its binding to host cells must be minimised. Negative control of
activation is governed by factor H which acts in a similar way to C4bp in the classical pathway
by acting as a cofactor for factor I-mediated cleavage of C3b and C3i to form the fragments
iC3b+ C3fand iC3i+ C3frespectively (Pangburn and Miiller-Eberhard, 1983). The factor
H molecule can interact with C3b via three binding sites and so prevent the formation of the
C3bBb convertase and it can dissociate the complex (decay accelerating activity). Factor H

is also able to discriminate between activator and non-activator bound C3 molecules. Non-
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activators, which include host cells, carry polyanionic substances like sialic acid or
glycosaminoglycans on the cell surface. The high affinity of factor H for non-activator bound
C3b seemsto be ajoint recognition of both C3b and surface structures. Various microbes
have capsules rich in sialic acid (group B streptococcus, E.coli capsule type K1 and group
B meningococcus) which allows them to escape alternative pathway activation, opsonisation

and phagocytosis.

1.4.3 Protection mechanisms

The majority of C3b and C4b molecules (70 to 90%) formed as a result of
complement activation do not become covalently linked to surfaces but remain in the fluid
phase (Hourcade et al., 1989). Of those that do bind, some will do so to host cells. These
are protected against complement-mediated cytolysis by the membrane proteins DAF and
MCP (Atkinson and Farries, 1987). DAF prevents assembly of C3 convertase on
membranes and will dissociate enzymes already bound. MCP has cofactor activity for factor

I mediated cleavage (Liszewski et al., 1991; Fearon, 1979).

1.5 Terminal pathway

1.5.1 CS convertase

The binding of one or more C3b molecules to either the classical or the alternative C3
convertase (C4b2a or C3bBb) changes the specificity of the complex to a C5 convertase,
C4bC2aC3b or C3bBbC3b respectively (Medicus et al., 1976; Daha et al., 1976). The
alternative pathway CS convertase is regulated by MCP and factor I by the conversion of one
C3bdimerto C3bi (Seyaetal., 1991), whereas the classical C5 convertase is controlled by
factor H (Ito and Tamura, 1983). C5 binds to the C3b fragment in the C5 convertase
complex. This convertase cleaves a single peptide bond in the a-chain of C5 to yield the
fragments C5a and metastable C5b (Nilsson et al., 1975). Although C5 is very similar in
structure to C3, it does not have an internal thiolester bond and therefore does not bind

covalently to surfaces after activation (Wetsel et al., 1988; Law et al., 1980).
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1.5.2 Biological activity

The C5b fragment contains a labile binding site with specificity for component C6.
The complex C5bC6 remains loosely bound to C3b on the target cell surface until interaction
with C7. The C5b67 complex undergoes a conformational change in which it dissociates from
C3Db, and a metastable membrane binding site is formed on the C7 subunit (Preissner et al.,
1985). C5b67 binds to a membrane to become an integral membrane protein. C8 is
composed of three chains (o, f and y) and binds to C5b67 via the B-chain (Monahan and
Sodetz, 1981, Stewart et al., 1987). C8 is then able to undergo a conformational change
which allows penetration into the membrane of the disulphide linked o.- and y-chains. C9
binds to the C5b678 complex via the a-subunit on C8 (Stewart et al., 1987). This catalyses
the polymerisation of up to 18 molecules of C9. C5b678 forms small functional channels of
approximately 3 nm in diameter which can enlarge to 10 nm upon incorporation of C9
molecules (Ramm et al., 1985). The composition of the membrane attack complex (MAC)
depends on the availability of monomeric C9. If sufficient C9 is present, binding will continue

until it forms a typical cylindrical membrane lesion as seen in electron micrographs.

The assembly of a functional MAC on a cell membrane leads to cytolysis. Two major
hypotheses exist to explain cell death, the “‘doughnut’ hypothesis where the MAC components
form a protein-lined channel or the “leaky patch” hypothesis where there is a destabilisation
of the lipid bilayer due to the insertion of the MAC (reviewed in Bhakdi and Tranum-Jensen,
1991 and in Esser, 1991). The MAC can destroy the membrane of an enveloped virus and
can kill many types of bacteria. The formation of an MAC on the surface of anucleated cell
will stimulate a rapid increase in the concentration of intracellular Ca% which in turn stimulates
the recovery processes of the cell. This allows a cell to survive a mild complement attack and
also initiates an inflammatory response. If a much stronger attack occurs, the recovery

processes are overwhelmed and the cell dies (Morgan et al., 1986).

17



1.5.3 Control proteins

Control of the terminal components occurs at two points. The complement associated
protein SP40,40 (clusterin) binds to C5b6 to prevent the formation of the complete MAC
(Choi et al., 1989). The S-protein (vitronectin) and serum low density lipoprotein (LDL) will
compete with membrane lipid for the binding site on C5b-7 and hence can prevent attachment
to the surface of bystander cells (Podack et al., 1978). Attack on host cells by the MAC is
inhibited mainly by the cell surface regulatory protein CD59, which binds to the MAC and

alters its mode of interaction with the membrane.

1.5.4 Protection mechanisms

Complement-mediated cell lysis is dependent on homologous restriction where
complement from one species is inefficient at lysing cells of the same species. The interaction
of specific membrane proteins with the terminal complement components ensures that the self-
inflicted complement damage is kept to a minimum (Lachmann, 1990). Table 1.2 summarises
the actions and characteristics of the membrane-bound regulators. Homologous restriction
factor (HRF) or C8 binding protein (C8bp) (Zalman et al., 1989) prevents the binding of C9
to C8ay and its insertion into membranes (Schonermark et al., 1988). Another of these
protective proteins is protectin which is known by many other names; P-18 (Sugitaetal.,
1988), HRF20 (Okada et al., 1989), membrane inhibitor of reactive lysis (MIRL) (Holguin
etal.,1989) or CD59 (Davies et al., 1989) (Table 1.2). CD59 bound to the C5b-8 complex
is thought to prevent the binding of the first molecule of C9 which is required to initiate

polymerization and MAC formation (Lachmann, 1991; Rollins and Sims, 1990).

1.5.5 Complement receptors

In addition to the membrane-bound regulatory proteins of the complement system,
there are several receptors for the complement proteins or their activation fragments. These
receptors are involved in a wide range of biological activities. There are one or more distinct
complement receptors on the surface of most types of cells and on many tissue cells.
Interaction of the complement ligands with these specific cellular receptors triggers various

responses including cellular activation, secretion of mediators, ingestion, directed migration,
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or other activities depending on the receptor engaged or cell type. A number of these are well
characterised at the biochemical level, but others are identified only by their binding function.
The receptors for the C3 fragments CR1, CR2, CR3 and CR4 have anumber of regulatory
and receptor functions (Table 1.3) (Sim et al., 1987; Ross, 1989). CR1 and CR2 are
anchored to the membrane via hydrophobic transmembrane segments (Klickstein et
al.,1988). CR1 will inhibit complement activation either by accelerating the decay or
dissociation of the C3 convertases or by acting as a cofactor for factor [-mediated cleavage
of C3b. Itis involved in processing of immune complexes and in the mediation of binding and
phagocytosis of C3b-coated particles by phagocytic cells. CR2 bound to C3b-bearing
particles enhances B-cell proliferation in the presence of T-cell derived factors (Lambris,
1988). CR3 adheres to and promotes phagocytic uptake of iC3b-coated particles into
circulating phagocytic cells. CR4 mediates binding of iC3b and C3dg (Gaither et al., 1987).

A Clgreceptor (also called the collectin receptor) may be principally involved in
phagocytosis of C1q-bearing particles. It also serves as a receptor for MBP and for a small
family of proteins, the collectins, which are related in structure to C1q and MBP (Malhorta
etal., 1990, 1992). Other receptors of interest in the complement system are the receptors
through which the small anaphylotoxins C4a, C3a and C5a exert their effects (see next

section).
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Table 1.3 Receptors for complement proteins and fragments.

Receptor Ligand Characteristics
CR1 C3b Polymorphic in size. The main variant contains 30 SCR
(CD55) C4b domains in an elongated string-like structure. Found on

erythrocytes and most leukocytes, tissue macrophage and
kidney. Major role in transport and phagocytosis of C3b-

bearing immune complexes.

CR2 iC3b, Elongated structure like CR 1 which contains 15 or 16 SCR
(CD21) C3d, domains. Distribution is limited to B and T lymphocytes and
EBV follicular dendritic cells. Major role is regulation of B cell

activities. Receptor for Epstein Barr Virus (EBV).

CR3 iC3b Member of the integrin family. Found on phagocytic cells.

(CDL11b, Major role in phagocytosis. Has binding sites for non-

CD18) complement ligands.

CR4 iC3b Homologous to CR3 with similar distribution and possibly a

(CDl1c, 18, similar role. Has binding sites for non-complement ligands.

p150, 95)

CR5 C3d/C3dg Uncharacterised at the molecular level. Binding activity for
soluble C3d on polymorphs.

C3a C3a Histamine release from mast cells.

receptor

CSa CSa Mediates inflammatory response. Found on neutrophils,

receptor monocytes, leukocytes, macrophages, mast cells and smooth
muscle

Clq Clq Mediates cellular cytotoxicity, opsonization and immune

receptor complex localization. Found on B lymphocytes, neutrophils,

monocytes, and endothelial cells.
Abbreviations used: CR1-5, complement receptor 1-5; EBV, Epstein Barr Virus; SCR, short

consensus repeats.
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1.6 The physiological effects of complement

1.6.1 The inflammatory response

The cleaved peptides, C3a, C4a and C5a (anaphylatoxins) are functionally and
structurally homologous (Greer, 1986). These can bind to specific receptors, C3aand C5a
receptors (Lambris, 1988), to elicit a variety of cellular responses (Damerau, 1987; Rollins
and Springer, 1985; Huey and Hugli, 1985; Johnson and Chenoweth, 1985). Signal
transduction of the C5a receptor is mediated by a GTP-binding protein (G protein) (Siciliano
etal., 1990). The sequence of the C5a receptor (Boulay et al., 1991; Gerard and Gerard,
1991) has significant homology to other G protein coupled receptors (Boulay et al., 1991).
C5ais the most potent mediator of the inflammation response. This leads to chemotactic
migration of neutrophilic granulocytes and monocytes, cell adhesion, enzyme release and the
formation of arachidonic metabolites and active oxygen species. C3aand C5a caninduce
histamine release from mast cells and prostaglandins from macrophages, which have
vasodilator activity and increase the efflux of macromolecules from the plasma. The C-terminal
arginine of the anaphylatoxins has been found to be essential for activity. Control of the
inflammatory response is mediated by the anaphylatoxin inactivator (carboxypeptidase N)
which selectively removes this arginine (Bokisch and Miiller-Eberhard, 1970; Plummer and
Hurwitz, 1978).

1.6.2 Defence against infection

Complement can defend against infection, either in combination with antibodies, or
independently of antibodies. C3b produced after alternative pathway activation binds to the
surfaces of foreign cells. Since many host phagocytic cells have receptors for C3b (Fearon
and Wong, 1983), these are brought into close contact with the foreign organism. This
opsonizes the bacterium and encourages endocytosis by polymorphonuclear leukocytes and
monocytes. The Fc, CR1 and CR3 receptors on the phagocytes recognize the Fc portion on
the antibody, C3b and iC3b respectively (Micklem and Sim, 1984; Gresham and Volanakis,
1986). If the amount of antibody attached via the Fc receptor is high enough, phagocytosis
of the immune complex will commence. If there is insufficient antibody present, activation of

the complement cascade may occur. This will increase efficiency of the binding of phagocytes
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due to the deposition of C3b on foreign cell surfaces. It is generally considered that

opsonization is more important than lysis in defence against infections.

1.6.3 Involvement in other systems

The complement cascade does not function in isolation, but also affects both the
kallikrein/kinin and the coagulation/fibrinolysis systems (Kalter et al., 1985; Ziccardi, 1983).
Activated factor XII (Hageman factor) splits prekallikrein to kallikrein and plasminogen to
plasmin, and all these enzymes are able to cleave CT and initiate the complement cascade.
Kallikrein and plasmin both cleave C3, and plasmin can cleave factor B. Cl1q can bind to
fibrinogen and fibrin to localize C1q at the site of a wound to provide efficient opsonization
(Entwhistle and Furcht, 1988). Control over the three systems is exerted by CT inhibitor
which is active against CTr and CTs, factor XII, plasmin and kinin-generating kallikrein, and
also by carboxypeptidase N which inactivates C3a, C5a and kinin by splitting off the terminal
arginine. Although protein S is a vitamin K dependent cofactor in the coagulation system
(Compet al., 1984), it also can form a complex with the complement protein C4bp (Hessing,
1991), although it does not affect the function of C4bp as a regulator of the C3 convertase
(Dahlbéck et al., 1983).

1.6.4 The role of complement in disease

Although some deficiencies of complement components have no obvious deleterious
effects, many produce considerable morbidity and mortality. The analysis of disorders
involving deficiencies in the complement cascade can highlight the functions of the components
concemed. Most commonly, deficiencies in the components of the classical pathway proteins
are identified in patients with symptoms resembling systemic lupus erythematosus (SLE)
(Morgan and Walport, 1991), leading to the conclusion that perhaps a major role of
complement in vivo is in the prevention of immune-complex disease (Lachmann, 1990). In
addition to this, manifestations of renal disease, arthritis, Reynaud’s phenomenon and mucosal

lesions are observed in individuals with deficiencies of the classical pathway components.

CT inhibitor deficiency leads to the disease hereditary angioedema (HANE) which is
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characterised by swelling of the mucous membranes. This is due to the increased activity of
C4, C2 and kallikrein to produce the anaphylatoxin C4a, C2-kinin fragment and bradykinin.
These fragments increase vascular permeability and hence oedema (Mollnes and Lachmann,

1988).

Factor D deficiencies are associated with recurrent bacterial infections (Kluin-
Nelemans et al., 1984). Properdin deficiencies are inherited as an X-linked trait and lead to
Neisseria infections in affected males (Nusinow et al., 1985). C3 deficiencies are
characterized by recurrent pyrogenic infections, thus confirming the essential role that C3 plays
in opsonizing bacteria for removal by phagocytic cells (Alper et al., 1972; Berger et al.,
1983). Deficiency in factor [ causes an unrestricted amplification of the alternative pathway
which depletes factor B and C3 (Nusinow et al., 1985). Factor H deficiencies have the same
characteristics as those for factor I (Thompson and Winterborn, 1981) due to the fact that

factor H is an obligate cofactor for factor I.

Deficiencies in the terminal pathway are linked with a susceptibility to recurrent
infections by the bacterium Neisseria. Such infections are rare in Europe and the U.S.A. but
relatively common in developing countries (Orren et al., 1987; Schlesinger et al., 1990).
Deficiencies of the complement receptors CR1 (Walport and Lachmann, 1988), CR2, CR3
and CR4 (Kishimoto et al., 1989) lead to a number of disease states, including immune-
complex diseases, leukocyte adhesion and deficiency syndrome, hypertrophied gums and a
tendency to have indolent staphylococcal skin infections. The lack of an inflammatory
response is because the emigration of polymorphs and monocytes into the inflammatory region

does not occur (Lachmann, 1990).

Patients with paroxysmal nocturnal haemoglobinuria (PNH) lack the ability to
synthesize glycosylphosphatidylinositol (GPI) anchors which link a variety of host protection
proteins to the cell membrane. These include DAF, HRF and CD59 (Table 1.2). This makes
the cells highly susceptible to complement-mediated haemolysis (Lublin and Atkinson, 1989).
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1.7 Domain structures and protein families in complement

1.7.1 The definition of a domain

A domain is defined as a part of a protein that can fold independently of its
neighbouring sequences and functions as an individual entity within the whole protein
(Wetlaufer, 1981; Doolittle, 1995). The underlying basis of domain organisation is the protein
folding that stabilises an unique structure. The minimum size of a domain has been estimated
ataround 40 residues which reflects the smallest stable structure whereas the largest domain
is around 400 residues and represents the largest domain that can fold up efficiently as a single

unit (Wetlaufer, 1981).

DNA replication is given to a variety of iterative errors and, through homologous
recombination, there is a tendency for duplication to beget more duplication (Doolittle, 1995).
It seems that, during evolution, regions of similar sequences have arisen in different proteins
(Doolittle, 1995), and it is assumed that all these will have homologous tertiary structures,
although the exact function of the domain may differ. Domain shuffling has occurred throughout
the course of protein evolution. It has been proposed that the movement of these domains
from the original gene was due to exon insertion and duplication (Doolittle, 1995). There is
awidespread, but mistaken, belief that each exon encode a single domain. The shuffling of
domains of recently-evolved proteins has been greatly promoted by introns, but this does not
imply that domainal rearrangements involve introns. Many evolutionarily-mobile domains,
while genetically flanked by introns, also contain internal introns that do not participate in the

rearrangement.

Identification of domains from sequence analysis has become a productive research
area as the number of protein sequences in the databases far exceeds the number of
experimentally determined protein structures, by nearly two orders of magnitude. The problem
is complicated because amino acid sequences are eroded during evolution at a much faster
rate than three-dimensional structures (Doolittle, 1995). Often domains are identified from the
arrangement of cysteine residues in the sequence, but as more sophisticated analysis is

developed even domains without any disulphide bridges can be identified (Edwards and
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Perkins, 1996). Many domains have been named on the basis of the first protein in which they
were found, arbitrarily by function, by acronyms, or they may be known by several names.
Since domains usually have a stable structure when isolated from the multi-domain protein, the
three-dimensional structure can be determined by multidimensional NMR or X-ray
crystallography, and the structure of homologous domains in other proteins can be predicted
(Sali et al., 1990).

The proteins which constitute the complement cascade are mostly multi-domain
proteins composed of a number of well-defined autonomously folding domains (Figure 1.2).
The proteins may consist entirely of the same type of domain (factor H), or have amosaic
structure, where different domain types are present. Although some domains in extracelluar
proteins may have a universal function, it is generally thought that domains acquire different

functions depending on their structural setting (Bork et al., 1996).

The solution structures of the SCR, EGF and EGF-like domains, LDLr, C3a and
C5a, and the extracellular domain of CD59 have been determined by multi-dimensional NMR
spectroscopy. The crystal structures of the EGF, LDLr, SP, SERPIN, pentraxin, C3a and
C3d structures have been solved by X-ray diffraction studies. The structures of some other
complement protein domains have been analysed from low resolution structural studies such
as Fourier transform infra-red spectroscopy (FT-IR), electron microscopy and solution
scattering and also sequence analysis and molecular graphics studies. These include: the
thrombospondin repeat (TSR); perforin-like region (PLR); factor I/ membrane attack complex
(FIMAC) domain; CUB domain; clusterin domain; C1q domain; and the C-type lectin
domain. Some of the domain types associated with the complement proteins are discussed

below and a summary is presented in Table 1.4.
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Figure 1.2 Summary ofthe domain types that occur in complement protein structures.

The domain representations are not to scale and do not relate to actual domain sizes.
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Table 1.4 Domain types found in complement proteins

Domain type Typical function(s) Occurrence in complement proteins Size’
Short consensus mediate protein interactions Clr, Cls, MASPs, C2, C6, C7, CR1, CR2, factor H, 60
repeat (SCR) C4bp, DAF, MCP, factor B

von Willebrand adhesive function C2, factor B, CR3 (Corbi et al., 1988) and CR4 200

factor type A (Corbi et al., 1987)

(VWF-A)

Serine protease proteolytic Clr,Cls, MASP, C2, factor B, factor D, and 250

(SP) control factor I (Perkins and Smith, 1993)

Anaphylatoxin mediators of the local inflammatory C3a, C4a and C5a (Huber et al., 1980) 75
process (Morgan et al., 1985)

Snake toxin or Ly6 inhibitor of complement-mediated CD59 (Kieffer et al., 1994) 100
lysis

Epidermal growth  Ca?* binding Clr, Cls, C6, C7, C8a, C8p, C9 and MBP 40

factor (EGF)

factor /membrane  unknown factor I, C6 and C7 74

attack complex

(FIMAC)

C3d contains reactive thiolester C3,C4,C5 300

LDL receptor binding site (Scott, 1989; Tschopp & factor I, C6, C7, C8a, C8b and C9 (Goldberger et 40

(L.DLr) Masson, 1987). al., 1987, Catterall et al., 1987)

CDS antigen binding (Van de Velde ezal,, factor I 100
1991

Thrombospondin  protein interactions (Holt ef al., properdin, C6, C7, C8c (Rao et al., 1987) C8f3 60

(TSR) 1990; Prater et al., 1991). (Haefliger et al., 1987), C9 (DiScipio et al., 1984)

Perforin (PLR) formation of pore-like lesions C6, C7, C8a, C8p and C9 (Lichtenheld & Podack, 360

1989

Serine protease extracellular irreversible serine C1-inhibitor 400 to

inhibitor (SERPIN) protease inhibitors (Carrell & Travis, 500
1985)

CUB functionally diverse, mostly C1s/Clr and MASPs (Bork, 1991; Bork and 110
developmentally regulated proteins Beckmann, 1993)

Clusterin bind to cells, membranes, and complement-associated protein (SP-40,40) 2 x
hydrophobic proteins and associated 200
with programmed cell death

Pentraxins calcium binding, complement C-reactive protein
fixation and acute phase response

Clq activates the serum complement Clq 136
system

C-type lectin calcium-dependent carbohydrate Mannan (mannose)-binding proteins (MBP) 110 to
recognition (Drickamer, 1993) 130

Lipocalin transport small hydrophobic C8 gamma chain (Haefliger, 1991)
molecules (Igaraishi et al., 1992;

Godovac-Zimmermann 1988;)
Hemopexin binds heme, cell adhesion Vitronectin (Stanley, 1986) 200
Cc2 calcium-dependent phospholipid perforin (Brose et al.,1995) 116

binding (Davletov et al., 1993)

Footnote: * The size relates to the typical number of residues within the domain.
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1.7.2 Short consensus repeat domain

Many complement regulatory proteins consist almost entirely of multiple, tandemly
arranged, stretches of residues that share a consensus sequence known as a short consensus
repeat (SCR) (Reid and Day, 1989). This consensus sequence has been identified in many
other complement proteins and in some non-complement proteins (Figure 1.2).The SCR
structure occurs over 140 times in more than 20 extracellular proteins including 12
complement proteins (Perkins et al., 1988; Barlow et al., 1991) and is thought to mediate
protein-protein interactions. There are four invariant cysteines, several glycines and prolines
and a single tryptophan along with other highly conserved residues. The solution structures of
the 5% the 16™ and the 15" and 16" pair of SCR repeats of factor H have been studied by
NMR (Norman et al., 1991; Barlow et al., 1991, 1992). These three individual domains
have very similar backbone structures indicating that the consensus sequence can dictate a
consensus structure. The SCR structure is an independently folded domain with four -
strands on one face and two B-strands on the other, and the region between the six B-strands
is composed of turns and loops (Norman et al., 1991; Barlow et al., 1991,1992). This
structure comprises a f-sandwich arrangement whereby hydrophobic side chains contribute
to ahydrophobic core, and two intradomain disulphide bonds at each end of the elongated
domain structure (between the first and the third cysteine and between the second and fourth

cysteine) stabilise the structure surrounding this hydrophobic core.

1.7.3 von Willebrand factor type A (vWF-A) domains

The von Willebrand factor type A (VWF-A) domain is widespread and is the
prototype for a superfamily of at least 75 related sequences, many of which have been
implicated in binding to collagen (Colombatti and Bonaldo, 1991; Perkins et al., 1994). It
was termed the vWF-A domain since it corresponded to one of the four different domain
types (A to D) in von Willebrand Factor (Sadler et al., 1985; Jenkins et al., 1998). Other
groups have termed this domain as an A-domain to correspond to its “adhesive” properties
orasan “inserted” or I-domain as it occurs in some integrins. It occurs in the complement
proteins C2, factor B, CR3 (Corbi ef al., 1988) and CR4 (Corbi et al., 1987), LFA-1,
cartilage matrix protein (Kiss ez al., 1989) and the collagen types VI(Chuet al., 1990), VII,
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XII and XIV. It also occurs in many cell surface receptor proteins such as the integrins
(Takada and Hemler, 1989). It is approximately 200 residues long (25 kDa) and there are
no conserved cysteine residues. The vWF-A protein fold was first identified by structure
prediction analyses (Edwards and Perkins, 1995; 1996). Crystal structures of the vVWF-A
domain of complement receptor type 3 (CR3; CD11b), leukocyte integrin lymphocyte
function associated antigen-1 (LFA-1; CD11a), very late activation protein receptor-2 (VLA-
2; CD49b) which is the collagen binding site in the integrin o2 f1 (GPIa/Ila), the von
Willebrand factor A1 domain and the A3 domain have since been determined to confirm this
prediction (Lee ef al., 1995a, 1995b; Baldwin et al., 1998; Qu & Leahy, 1995, 1996;
Emsley et al., 1997, 1998; Celikel et al., 1998; Huizinga et al., 1997, Bienkowska et al.,
1997). The salient features of this domain are that it resembles a dinucleotide-binding
structure, or Rossmann fold, with seven amphiphatic a-helices surrounding a central
hydrophobic, mostly parallel B-sheet. The integrin vWF-A domains contain an unusual Mg**
coordination site described as the metal ion dependent adhesion site (MIDAS) which is
critical for the adhesive function. Binding of the divalent cation Mg?* appears to induce
conformational changes within the integrin vVWF-A domain structure (Lee et al., 1996; Qu
and Leahy, 1995), although this has recently been disputed (Baldwin ez al., 1998). Sequence
alignments suggest that the vVWF-A1 and A3 domains contain a MIDAS site, but crystal
structures show that the motifis modified and no metal ion is bound (Bienkowskaet al.,

1997; Emsley et al., 1998).

1.7.4 Serine protease domain

The serine protease domain is widespread and its archetype is represented by the
digestive enzymes B-trypsin and a-chymotrypsin. The three-dimensional structure is well
characterised to consist of two subdomains, each constructed from a six-stranded antiparallel
B-sheet barrel structure (Chothia and Janin, 1982). The sub-domains are linked by a
polypeptide hinge and by one disulphide bridge (chymotrypsinogen A) or two disulphide
bridges (trypsinogen). The catalytic site is located between the two sub-domains. Itis the
functional domain involved in enzymatic cleavage of peptide bonds. The catalytic triad

(histidine, aspartic acid, serine) involved in the active site is conserved amongst all serine
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proteases, but disulphide bridge connectivity is not fully conserved. The nucleophilicity of the
serine residue is increased by an electronic rearrangement of the catalytic residues within the
structure. All the enzymes participating in the major steps concerned with complement
activation or control (C1r,C1s, MASPs, C2, factor B, factor D, and factor I) belong to the
family of mammalian serine proteases (Johnson et al., 1984; Perkins and Smith, 1993). On
the basis of their primary structure, complement SP domains belong to the chymotrypsin
family, and on the basis of their specificity for Arg residues, to the trypsin superfamily. The SP
domains of the complement system, as with those of the blood clotting system, often differ
from the broadly specific digestive serine proteases by having a large N-terminal polypeptide

chain (as distinct from a small activation peptide) added to the domain.

1.7.5 LDL receptor (LDLr)

The LDLr repeat type A was first identified in the LDL receptor protein. The LDLr
domain is found as two contiguous repeats in the factor I sequence and one repeat in terminal
components C6, C7, C8a, C8B and C9 (Goldberger et al., 1987; Catterall et al., 1987). It
also occurs in LDLr as 7 repeats, in LDLr-related protein as 31 repeats and in GP330 as 15
repeats. The LDLr is a cysteine-rich domain (Yamamoto ef al., 1984), containing 6
conserved cysteines , with the exception of the first LDLr domain of factor I which contains
only four cysteines (Catterall et al., 1987). It is approximately 40 amino acids in length and
has substantially more residue conservation than the other complement domains. The
homologous domain in the LDLr acts as a binding site and it has been proposed that it has the
same function in the complement proteins (Scott, 1989; Tschopp and Masson, 1987). The
repeat has been shown (Daly et al., 1995) to consist of a B-hairpin structure followed by a
series of B- turns. The binding of calcium seems to induce no significant conformational

change.

1.7.6 Factor I/membrane attack complex (FIMAC) domain
The factor /membrane attack complex (FIMAC) domain is a cysteine-rich repeat of
consensus length 74 amino acids (Ullman and Perkins, 1997). It was first identified by

sequence comparisons of the N-terminal domain in complement factor I with the two C-
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terminal domains in C6 and C7 of the complement membrane attack complex (Catterall e
al.,1987; Goldberger et al., 1987, Haefliger et al.,1989; DiScipio and Hugli, 1989). This
domain has unknown function in the factor I-mediated cleavage of C3b and C4b or the initial
formation of the membrane attack complex by C5b, C6, C7,C8 and C9. Both the disulphide
arrangement and the structure of the FIMAC domain are unknown. Database searches have
revealed a distant sequence similarity with the follistatin superfamily of connective tissues and
the endocrine system. This similarity was supported by consensus secondary structure
predictions for both superfamilies (Ullman and Perkins, 1997). Concurrently, the crystal
structure of the follistatin domain in SPARC protein (Secreted Protein Acidic Rich in
Cysteines) (also known as BM-40 or osteonectin) of the extracellular matrix was determined
(Hohenester et al., 1997). This turned out to be a hybrid of two other domains, the epidermal
growth factor and the ovomucoid protease inhibitor. Several extracellular matrix proteins
contain FS domains whose structures have been predicted by homology to the BM40 FS
domain (Bork et al., 1996). Follistatin contains three tandem repeats and agrin contains nine
repeats of this domain. The follistatin domain is elongated and consists of an N-terminal -
hairpin and a small core of o/ structure stabilised by a small hydrophobic core and by a total
of five disulphide bonds (Hohenester et al., 1996). The domain is assembled from two rather
weakly interacting substructures, a highly twisted N-terminal B-hairpin and a pair of
antiparallel a-helices connected to a small three-stranded B-antiparallel sheet. This
subdivision is represented in a disulphide linking pattern of two non-overlapping sets (1-3,2-4
and 5-9, 6-8, 7-10).

1.7.7 The CDS domain

Amongst the complement proteins the CD5 domain is found solely in the sequence
of factor I. Elsewhere, this domain is found in membrane proteins including the macrophage
scavenger receptor (Freeman et al., 1990), in differentiation antigens CDS5 and Ly-1 located
on T-lymphocytes of human origin and specialized B-lymphocytes of mouse origin (de Bruijn
and Fey, 1985; Huang et al., 1987), and in the speract receptor of sea urchin sperm (Dangott
etal., 1989). The extracellular part of the CD5 molecule is composed almost entirely of CD5
modules and may be responsible for binding to CD72, the human B-cell differentiation antigen
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(Vande Veldeet al., 1991). In factor I the domain is approximately 100 residues long and

contains 6 conserved cysteines (Kunnath-Muglia et al., 1993).

1.7.8 Serine protease inhibitor (SERPIN)

CT inhibitor is amember of the SERine Protease INhibitor (SERPIN) superfamily
(Carrell and Travis, 1985). SERPINSs are high molecular mass (400 to 500 amino acids),
extracellular, irreversible serine protease inhibitors with a well defined structural-functional
characteristic: a reactive region that acts as a “bait” for an appropriate serine protease.
Structural comparisons with the crystal structure of the homologous protein o;-antitrypsin
show conservation of those features important in inhibitory function and in maintaining tertiary
structure (Bork et al., 1986).

1.7.9 C3d domain

C3disa35kDa fragment of C3 which has sequence homology to regions of C4, C5
and a-2 macroglobulin. It has an o~ barrel structure which also occurs in glucoamylase,
endoglycosylase and the  subunit of farnesyltransferase (Naga et al., 1998). Consecutive
helices alternate from outside to inside resulting in a core of six parallel helices surrounded by

a second set of six parallel helices.

1.7.10 Anaphylatoxin domain

Anaphylatoxins (Morgan et al., 1985) are mediators of the local inflammatory process
that act by inducing smooth muscle contraction. There are three different anaphylatoxins: C3a,
C4aand C5a. They are peptides of about 75 amino-acid residues that are derived from the
proteolytic degradation of complement C3, C4 and C5 and which contain six
disulphide-bonded cysteines (Huber et al., 1980). This cysteine-rich region shares similarity
with a three-times repeated domain found in the mammalian extracellular matrix proteins
fibulins 1 and 2 (Argraves et al., 1990; Pan et al., 1993). The three disulphide bonds are
conserved in the first and last repeats, but the first disulphide bond is missing in the second

repeat.
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Chapter 2

Methods for Protein Expression, Purification,
Characterisation and Crystallisation
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2.1 Expression methods

Proteins have many crucial biological functions which include enzyme catalysis,
transport and storage, movement, mechanical support, immune protection, signal transduction
and growth and differentiation (Stryer, 1995). The study of proteins is one of the most
fundamental exercises in biochemistry, whether it be to discover the effect a proteinhason a
whole cell or its structure at atomic resolution. The problem faced by biochemists over the
years has been the isolation of sufficient amounts of the protein of interest for functional and

structural studies.

Proteins may exist in minute quantities within cells and organisms and it is then not
always practical to purify these proteins from the natural host in quantities sufficient to
determine their structure and function. With the advent of in vifro manipulation of
deoxyribonucleic acid (DNA), the ability to transfer genetic information that encodes for
proteins between organisms has become relatively easy via a variety of methods. The
adaptation of these techniques, and a more thorough understanding of the molecular biology
of the cell of both prokaryotic and eukaryotic organisms, has led to the advent of foreign
genes, or parts thereof, being expressed in heterologous systems and the resulting products
characterised (Alberts et al., 1989). However, these systems are extremely protein specific
and the nature of the protein and the use of the final product must be taken into consideration.
The available systems make use of both eukaryotic cells (including vertebrate cells, insect
cells, plant cells and fungi) and prokaryotic cells. In each case, the level of transcription of the
recombinant gene and ultimately the level of expression of the recombinant protein, is
dependent upon conserved sequences of DNA known as promoters, located on the 5' side
(upstream) of the cloned sequence (although factors such as the stability of the mRNA and
the protein within the cell are also important). RNA polymerase and associated transcription
factors bind to the promoter to initiate synthesis of RNA which is subsequently translated by
ribosomes in the cytoplasm. The rate of initiation is proportional to the strength of the binding
of the RNA polymerase. Promoter sequences that mediate strong binding of RNA
polymerase, and therefore have a higher rate of RNA synthesis, are known as strong

promoters. RNA synthesis that is initiated in the presence of an external stimulus is said to be
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controlled by an inducible promoter, whereas constant synthesis is due to constitutive initiation.
Comparison of E. coli promoter regions has shown that two areas within this region are highly
conserved. Both are hexamers with the first region being 35 base pairs (bp) upstream and the
second 10 bp upstream (the Pribnow box) from the start of transcription. The spacing of these
two regions is important in the regulation of transcription levels as well as the regulation of
transcription initiation. The resulting transcribed RNA is translated into an amino acid chain
by ribosomal assemblies (Alberts et al., 1989). There are significant differences in RNA

processing between prokaryotes and eukaryotes which will not be discussed here.

2.1.1 E. coli as a host

Bacterial expression systems are advantageous for the production of large quantities
of heterologous proteins from a small quantity of inexpensive media. Both Gram-positive and
Gram-negative bacteria have been engineered. The Gram-positive bacteria, such as Bacillus
brevis, secrete proteins into the culture medium. Expression-secretion vectors that use the
signal peptide sequences of the cell wall proteins (middle wall protein and outer wall proteins)
have been developed and used successfully (Udakaand Yamagata, 1993). Although product
solubility and purification may cause problems, the Gram-negative bacterium E. coli has been
an invaluable organism for the over-expression of recombinant proteins. A multitude of
expression systems exists. These systems can express recombinant proteins as either discrete
domains or in fusion with a highly expressed protein. The latter enables higher levels of
solubility to be reached in some cases, and can ease purification and detection of the
expressed product. Careful selection of the E. coli host strain and expression system can give

protein levels of up to 25% of the total cell protein (Marston, 1986).

The three main requirements for expression of foreign genes in E. coli are: (i) the gene
must not be interrupted by intervening sequences; (ii) the gene must be placed under the
control ofan E. coli promoter that is efficiently recognised by E. coli RNA polymerase; (iii)

the transcribed mRNA must be relatively stable and efficiently translated.

35



2.1.2 E. coli plasmids and promoters

Transfer of the recombinant gene into E. coli is usually via a plasmid which is an
independent genetic element capable of replicating outside the host genome. As many bacterial
promoter regions are relatively weak, plasmids have been engineered that possess stronger
promoters, and thereby greater controls have been introduced in the initiation of transcription.
The plasmids used for expression of recombinant proteins in E. coli are often derived from
the general cloning vector pBR322 (Bolivar et al., 1977), which contains an origin of
replication as well as an antibiotic resistance gene. This resistance enables the selection of host
cells carrying the plasmid when they are grown on a medium containing the respective
antibiotic. Promoters such as the lacUVS (lac), trp, tac/trc (trp-lac hybrid promoters), the
A phage P; promoter and the T7 phage promoter are now used to control and initiate
recombinant gene expression in E. coli. These promoters are essential as eukaryotic
promoters have very poor function in E. coli. Many of these promoters are chosen because
they can be regulated. If the recombinant gene is toxic to the host upon expression, coupling
to a strong unregulated promoter is not recommended. High levels of constitutive transcription
have been shown to interfere with plasmid DNA replication and lead to plasmid instability

(Remaut et al., 1987).

2.1.3 trp/lac hybrid promoters

The trp and lac promoters have been used to direct expression of foreign gene
products within E. coli (Danley et al., 1989). By themselves these promoters are relatively
weak, but by fusing the -35 region of the #rp promoter and the -10 region of the lacUV5
promoter along with the /ac operator, the trp-lac hybrids (known as the tac and trc
promoters) can be made relatively strong. Regulation can then be controlled by the addition
of isopropyl-B-D-thiogalactoside IPTG) (Amann et al., 1985; de Boer et al., 1983). What
distinguishes the two types of hybrid promoter from each other is that the nucleotide spacing
in between the -35 and -10 regions is 17 for the ##c promoter and 16 for the fac promoter
(Amann, 1988; Amann, 1985; DeBoer, 1983). Both promoters have the same relative
strength, being up to eleven times more efficient than /acUV5 and three times more efficient

than frp promoters alone (DeBoer, 1983). Many expression vectors are based on these
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promoter hybrids including the pGEX expression systems.

2.1.4 Expression systems for fusion proteins

Direct expression of foreign polypeptides within E. coli can be limited as the protein
may be degraded by the host cell. This difficulty is most apparent with small peptides
(Marston, 1986). Other problems associated with direct expression are poor solubility and
the difficulty of subsequent purification of the protein product. In an attempt to circumvent
these problems, fusion of the sequence with a highly expressed non-toxic protein has been
used. A number of fusion systems exist for E. coli which use such proteins (e.g. B-
galactosidase, chloramphenicol acetyltransferase, glutathione transferase, maltose binding
protein, phosphate binding protein, protein A, protein G, streptavidin and thioredoxin) or
synthetic peptides (e.g. poly-Arg, -Glu or -His residues). These fusion partners may be placed

either N-terminal or C-terminal to the recombinant gene sequence (Uhlén and Moks, 1990).

2.1.5 The pGEX expression system

The E. coli pGEX bacterial expression system is versatile for high yields of
recombinant protein. Preparation of the gene constructs and generation and growth of
recombinants are less labour intensive than other expression systems so this system is ideal for
studies of protein domains. The pGEX expression system has been widely used and citations
in the literature describe the versatility of the system (Table 2.1). The pGEX expression
system is based upon the inducible expression of the 26 kDa Schistosoma japonicum
glutathione S-transferase (GST) protein (Sj26) within bacterial cells (GST; E.C. 2.5.1.18).
The gene encoding the protein is carried on a plasmid vector with expression of GST under
the control of the fac promoter to provide chemically inducible high-level expression. Unique
restriction endonuclease sites exist at the 3' end of the GST gene to allow the insertion of

heterologous gene sequences.

2.1.6 pGEX expression plasmids
The plasmid pGEX-1 contains the tac promoter followed by the complete coding

sequence of Sj26 in which the normal termination sequence is replaced by a
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Table 2.1 Examples of recombinant proteins expressed in various E. coli expression systems

system recombinant protein references
AP, promoter SV40 small antigen Derom et al., 1982
human interferon-y Remault et al., 1987
human tumour necrosis factor Remault et al., 1987
human interleukin 2 Remault et al., 1987
T7 promoter HIV-1 protease Cheng et al., 1990
HSV-1ribonucleotide reductase small ~ Yang et al., 1991
unit (R2)
human retinoic acid receptor Lankinen et al., 1991
papain Taylor et al., 1992
tac promoter hepatitis B pre-S antigen Amann and Brosius, 1985
(pKK vector)
chicken triose phosphate isomerase Straus and Gilbert, 1985
protein-tyrosine phosphatase Hashimoto et al., 1992
high molecular mass kininogen Kunapuli et al., 1992
lipoprotein human growth hormone Duffaud et al., 1987
secretion system
human galactosyltransferase Aoki et al., 1990
phosphatase anti-digoxin antibody variableregion Anthony et al., 1992

secretion system  fragment

human epidermal growth factor Oka et al., 1985

Staph. protein A insulin-like growth factors [and II Lowenadler et al., 1987

secretion system Uhlén and Abrahamsen,
1989
B-galactosidase influenza virus haemagglutinin Heiland and Gething, 1981
fusion
human interleukin-6 Snouwaert et al., 1991
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polylinker containing unique sites for the restriction enzymes Bam HI, Smaland Eco RI. This
is followed by a TGA translation termination codon in all three reading frames. pGEX-1 also
contains the gene encoding -lactamase that enables ampicillin resistance, along with the
pB322 ori (origin of DNA replication), and the fragment of the lac operon which contains the
over-expressed lacF allele of the lac repressor and part of lacZ. The existence of the lac
operon fragments allows the tight control of transcription in host E. coli bacteria that do not
encode this type of repressor in their genome (Smith and Johnson, 1988). Based on pGEX-1,
two other plasmids were assembled; these vectors, pGEX-2T and pGEX-3X shift the reading
frame of the multiple cloning site (MCS) by one nucleotide (Smith and Johnson, 1988). The
pGEX-2T and pGEX-3X vectors contain a thrombin and Factor Xa cleavage site,

respectively, at the C-terminus of the GST protein (Figure 2.1).

2.1.7 Purification and isolation of protein products

By exploiting the ability of GST to bind to glutathione, a simple purification procedure
for this expression system has been created. Affinity chromatography using immobilised
glutathione enables GST fusion proteins to be purified under non-denaturing conditions (Smith
and Johnson, 1988). The GST fusion protein is absorbed onto the resin of immobilised
glutathione and most of the non-specific bacterial proteins remain in solution. By removing the
mobile phase and washing the beads with fresh buffer, a high proportion of the product
recovered will be the GST fusion protein. The purified fusion protein can be eluted from the
affinity resin by competition with free reduced glutathione. As glutathione has a low relative
molecular mass, it is easily dialysed away, and a relatively pure protein preparation can be
achieved with little effort (Smith and Johnson, 1988). Alternatively, the fusion protein can be
cleaved on the immobilised glutathione matrix (Abath and Simpson, 1991; Olsen and
Mohapatra, 1992). Cleavage of the fusion protein by the appropriate protease separates GST
from the recombinant domain (Smith and Johnson, 1988). pGEX-2T and pGEX-3X contain
within the polylinker sequence specific cleavage sites for thrombin and factor X, respectively.
Inclusion of the protease cleavage sites enables the removal of the GST portion from the

fusion protein after isolation by affinity chromatography.
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pGEX-3X
Factor Xa

[le Glu Gly Agl'Gly lle Pro Gly Asn Ser Ser
ATC GAA GGT CGT GGG ATC CCC GGG AAT TCA TCG TGA CTG ACT GAC
Stop codons

Thrombin pG EX-2T

[Leu val Pro Arg] Gly Sef] Po Gly lle His Arg
CTG GTT CCG CGT GGA TCC CCG GEA ATT CAT CGT GAC TGA CTG ACG
Stop codons

BamH | Smal EcoR |

Tth111]
Aat b

pSjt10ABam7Stop7

pGEX
~4950 bp

Figure 2.1 Map of the glutathione-S-transferase fusion vectors pGEX-2T and

pGEX-3X showing the reading frames and main features.
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Table 2.2 Examples of the uses of GST Fusion Proteins

Description

Reference

Function
immunological
studies
studies of

protein-nucleic
acid interaction

of

protein-protein

studies

interactions

structural
studies

development of an ELISA sandwich

technique using immobilized glutathione
epitope mapping of HPV-33 minor capsid

protein epitopes

protection of sheep against larval

tapeworms

as antigens to raise antibodies against

proteins to determine orientations and

locations of proteins

recombinant GST:GCN4 (yeast DNA-
binding protein) used in detection of HIV in
blood samples

GST:HIV pl5 protein (containing zinc
binding domains) stimulated dimerization of
viral DNA

identification of the specific DNA
consensus sequence bound by GST:N-
Myc protein

screening of cell lysates for proteins that
interact with GST:pRb

interactions of SH2 domains with tyrosine-
phosphorylated peptides of PDGF pB-
receptor

crystals of E. coli F, portion of ATPase

NMR structure of the T lymphocyte CD2

antigen

X-ray crystal structure of the integrin CR3
type -I domain

Rabin et al., 1992

Volpers et al., 1993

Johnson et al., 1989

Baines et al., 1993
Tomlinson et al., 1993

Vanscheeuwijck et al.,
1993

Kemp et al., 1989

Weiss et al., 1992

Alex et al., 1992

Kaelin et al., 1991

Panayotou et al., 1993

Codd et al., 1992
Driscoll et al., 1991

Leeetal., 1995a1995b

41



2.1.8 Suitability of pGEX for protein expression

Due to the specificity of the affinity interaction involved within this system, single step
purifications can achieve more than 90% purity (Smith and Corcoran, 1995). Normally, the
products of the pGEX expression system are soluble under non-denaturing conditions and the
affinity of GST for immobilised glutathione is not reduced when the fusion protein is solubilised
using detergents (Smith and Johnson, 1988; Frankel et al., 1991). Because of this, the foreign
polypeptide may retain native structure as well as functional activity. If stronger conditions are
needed for solubilisation of the fusion protein, then the affinity is affected and poor or no
binding to the resin is observed (Frangioni and Neel, 1993). Insolubility of fusion proteins has
been associated with the presence of either strongly hydrophobic regions, or a high proportion
of charged residues or with proteins of sizes greater than 100 kDa (Smith and Johnson,

1988).

2.2 Purification of protein preparations

For structural studies of proteins the preparations have to be of high purity, generally
more than 95%. Crude purifications are possible by fractionation with one or more
precipitants (either by addition of salts, organic solvents, organic polymers), or by physical
treatments such as changing pH or temperature in order to decrease the solubility or denature
unwanted macromolecules. It is also possible to sediment macromolecules by
ultracentrifugation and isolate the protein of interest at a specific position in the supernatant
(size exclusion). High purity generally involves more resolute separation techniques. Often the
first stage in the purification scheme may involve an affinity absorbent whereby a specific
ligand is immobilised on a matrix. There are many choices for the further purification ofa
protein sample which depend upon the chemical and physical characteristics of the proteins
concerned. These methods rely upon the charge of the molecule (ion-exchange), the
isoelectric point (chromatofocusing), the hydrophobicity of the molecular surface
(hydrophobic interaction and reverse phase). Electrophoretic methods are also employed for
protein purification in preparative SDS-PAGE and isoelectric focussing. Size exclusion

chromatography or gel filtration is often used as the final stage of purification.
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2.3 Characterisation of the preparation

Gel electrophoresis is the most convenient method to visualise quickly the
macromolecular content of a sample. Proteins are separated by virtue of their size using
polyacrylamide gel electrophoresis (PAGE) with sodium dodecyl sulphate (SDS). The
proteins migrate at a rate inversley proportional to their molecular masses under the influence
ofan electric current and are visualised by a number of methods. Isoelectric focussing isa
technique whereby the isoelectric point of the proteins in a sample may be visualised. In
Western blotting the proteins from the gel can be electrophoretically transferred to a
membrane and probed with specific antibodies for identification. Visualisation is achieved by
the use of a second antibody enzyme conjugate that catalyses a colour change in a substrate.
Blotting can be employed to identify specific properties of the proteins such as glycosylation.
Further characterisation may require amino acid sequence determination and disulphide
mapping. An important aspect of the characterisation is the functionality of the protein
preparation. This would ideally be demonstrated in vitro and in vivo. Spectrophotometric

analyses of the protein sample may be useful to determine the purity and concentration.

2.3.1 Mass spectrometry

Mass spectrometers use the difference in mass-to-charge ratio (m/z) of ionized atoms
ormolecules to separate them from each other. Mass spectrometry is therefore useful for
identification of atoms or molecules and also for determining chemical and structural
information about molecules. Molecules have distinctive fragmentation patterns that provide
structural information which can be used to identify structural components. The general
operation of amass spectrometer is to create gas-phase ions, to separate the ions in space
or time based on their mass-to-charge ratio, and to measure the quantity of ions of each
mass-to-charge ratio. The ion separation power of a mass spectrometer is described by the

resolution, which is defined as:

m

R=

Equation 2.1

where m is the ion mass and 6m is the difference in mass between two resolvable peaks in
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amass spectrum (e.g. a mass spectrometer with aresolution of 1000 can just resolve anion

with a m/z of 100.0 from an ion with a m/z of 100.1).

2.3.2 Instrumentation

In general a mass spectrometer consists of an ion source, a mass-selective analyser,
and anion detector. Since mass spectrometers create and manipulate gas-phase ions, they
operate in a high-vacuum system. The magnetic-sector, quadrupole, and time-of-flight designs
also require extraction and acceleration ion optics to transfer ions from the source region into
the mass analyser. The details of mass analyser designs and basic descriptions of sample

introduction and ionization and ion detection are discussed below.

2.3.3 Electron ionization (EI) and chemical ionization (CI)

Electron ionization (EI) is widely used in mass spectrometry for relatively volatile
samples that are insensitive to heat and have relatively low molecular mass. An EI source uses
an electron beam, usually generated from a tungsten filament, to ionize gas-phase atoms or
molecules. The spectra, usually containing many fragment-ion peaks, are useful for structural
characterisation and identification, and small impurities in the sample are easy to detect.
Chemical ionization (CI) may be used to enhance the abundance of a chosen molecularion
and can be applied to similar samples as EI. For both ionization methods, the molecular mass
range is 50 to 800 Da. In rare cases it is possible to analyse samples of higher molecular
mass. Chemical ionization (CI) uses a reagent ion to react with the analyte molecules to form
ions by either a proton or hydride transfer. The reagent ions are produced by introducing a

large excess of methane (relative to the analyte) into an electron impact (EI) ion source.

2.3.4 Electrospray ionization (ESI)

Electrospray ionization (ESI) allows production of molecular ions directly from
samples in solution. The ESI source consists of a very fine needle and a series of skimmers.
A sample solution is sprayed into the source chamber to form droplets. The droplets carry
charge when they exit the capillary. As the solvent evaporates, the droplets disappear leaving
highly charged analyte molecules. ESI is particularly useful for large biological molecules that
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are difficult to vaporize or ionize. It can be used for small and large molecular-mass
biopolymers (peptides, proteins, carbohydrates, and DNA fragments), and lipids. The sample
must be soluble, stable in solution, polar, and relatively clean (free from nonvolatile buffers,
detergents, salts). Unlike MALDI, which s pulsed, it is a continuous ionization method that
is suitable for using as an interface with HPLC or capillary electrophoresis where multiply

charged ions are usually produced. ESI should be considered a complement to MALDI.

2.3.5 Laser ionization (LIMS)
A laser pulse can ablate material from a surface and create a microplasma that ionises
some of the sample constituents. The laser pulse accomplishes both vaporization and

ionization of the sample.

2.3.6 Matrix-assisted laser desorption ionization (MALDI)

Matrix-assisted laser desorption (MALDI) is a LIMS method of vaporizing and
ionising large biological molecules such as peptides, proteins, oligonucleotides, and other
compounds of biological origin as well as of small synthetic polymers. The macromolecule is
typically dispersed in a crystal of a matrix material (Table 2.3). MALDI ion sources all consist
of asample stage (or probe) that is used to carry the analyte into the vacuum system of the
spectrometer. A UV laser pulse ablates the matrix which carries some of the large molecules
into the gas phase in an ionized form so that they can be extracted into the mass spectrometer.
Commercial instruments use laser light in pulses of less than 10 ns from either a nitrogen laser
(337 nm) or a Q-switched neodymium: yttrium aluminium garnet (Nd: YAG) laser (226 or
354 nm). Empirical evidence has suggested that the mass analyser and detectors work best
when the laser energy is near the threshold level required to produce desorption of the
macromolecule (Beavis and Chait, 1996). The matrix material is selected for the type of
macromolecule under investigation. Most matrix compounds produce satellite signals called
adduct peaks at slightly higher mass than the analyte molecule peaks. These result from the
photochemical breakdown of the matrix into a more reactive species which can add to the

analyte. The best matrices have low intensity photochemical adduct peaks.
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MALDI has enabled the analysis of large biomolecules that were previously only
amenable to study using conventional techniques (SDS-PAGE, etc.). The amount of sample
needed is very low (pmoles or less). The analysis can be performed in the linear mode (high
mass, low resolution) up to a molecular mass of 300,000 (in rare cases) or reflectron mode
(lower mass, higher resolution) up to amolecular mass of 10,000 and the analysis is relatively
insensitive to contaminants. The mass accuracy (0.1 to 0.01%) is not as high as for other mass

spectrometry methods.

2.3.7 Time-of-flight mass spectrometry (TOF-MS)

A time-of-flight mass spectrometer (TOF-MS) uses the differences in transit time
through a drift region to separate ions of different masses (Figure 2.2). It operates in a pulsed
mode so ions must be produced or extracted in pulses. An electric field accelerates all ions
into a field-free drift region with akinetic energy of ¢V, where ¢ is the ion charge and Vis the
applied voltage. Since the ion kinetic energy KE is 0.5mv? (mass m and velocity v), lighter
ions have a higher velocity than heavier ions and reach the detector at the end of the drift

region sooner:

KE = qV Equation 2.2
|
Emv2 =qV Equation 2.3

{2 Vv
v = —qm— . Equation 2.4

The transit time (¢) through the drift tube is L/V where L is the length of the drift tube.

t=1 (‘/&]iVJ Equation 2.5

2
t
m = ZqV(Zj . Equation 2.6
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Table 2.3 Properties of MALDI matrices (from Beavis and Chait, 1996).

Matrix Analytes® Suggested Ionization ® Adduct®

Solvent

Peptides Proteins (water:

organic)
gentisic acid, 2,5- + +/- 9:1 + M+ 136
dihydroxybenzoic
acid
sinapic acid, +/- 0 2:1 + M + 206
sinapinic acid,
trans-3,5-
dimethoxy-4-
hydroxycinnamic
acid
3-indoleacrylic acid + + 2:1 ++ M + 185
4-HCCA, a-cyano- + + 2:1 +++ -

4-hydroxycinnamic

acid

Footnotes:

2+, Matrix may be used for most peptides and proteins; +/-, matrix may (or may not) work.
®The more + signs, the more intense the signal and the higher charge state of the most intense
peak.

“Expected mass of the most intense satellite peak.
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laser beam ion

ionization extraction drift tube reflectron
chamber
detector

Figure 2.2 This schematic shows ablation ofions from a solid sample with a pulsed laser
in a reflectron time-of-flight mass spectrometer (TOF-MS). The reflectron is a series of
rings or grids that act as an ion mirror. This mirror compensates for the spread in kinetic
energies of the ions as they enter the drift region and improves the resolution of the
instrument. The output of an ion deteetor is displayed on an oscilloscope as a funetion of

time to produce the mass spectrum.
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2.3.8 Surface enhanced laser desorption ionization spectrometry (SELDI)

The advent of MALDI-TOF mass spectrometry has allowed the development of new
bioanalytical methods which offer accurate characterisation of proteins and peptides.
Molecules have distinctive fragmentation patterns that provide structural information. The
technique of biomolecular interaction analysis has been interfaced with MALDI-TOF mass
spectrometry to provide a powerful method for the investigation of protein interactions (Krone
et al., 1997). This has been described as surface enhanced laser desorption ionization

(SELDI) (Hutchens and Yip, 1993; Leung et al., 1998).

2.4 Crystallisation

The crystallisation of biological macromolecules is a multi-parametric process
involving the three steps of nucleation, growth and cessation of growth. The main difference
from small molecule crystal growth arises from the conformational flexibility and chemical
versatility of macromolecules and their consequent greater sensitivity to external conditions.
Forarational design of growth conditions, physical and biological parameters need to be

controlled.

2.4.1 Purity

Purity is not an absolute requirement for crystallisation as crystals can be obtained
from mixtures. Poor purity is however unlikely to result in high quality monocrystals of the size
required for the purpose of X-ray crystallography. Typically crystals should be of the order
of 0.2 mm in size, but the use of synchrotron radiation sources and cryogenics means that
crystals of much smaller dimensions may yield data suitable for structural analysis. For
structural analysis, the macromolecular sample has to be of high purity, not only in terms of
lack of contaminants but also conformationally pure. Denatured macromolecules or
macromolecules with structural microheterogeneities adversely affect crystal growth more than

unrelated molecules do.

2.4.2 Solubilities and supersaturation

To grow crystals, a solution containing the molecules of interest has to be brought to
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a supersaturated, thermodynamically unstable state, which may develop into a crystalline or
amorphous phase when it returns to equilibrium. Supersaturation can be achieved by slow
evaporation of the solvent or by varying specific parameters. Intrinsic physical and chemical
parameters that affect the protein solubility are: the concentration of protein and precipitants;
temperature; pH; rate of crystal growth; ionic strength and purity of chemicals; volume and
geometry of samples; wall and interface effects; density and viscosity; pressure; electric and
magnetic fields; vibrations and sound; and the sequence of events that arrive at a specific set
of parameters. Biochemical parameters may include the sensitivity of the protein
conformations to physical parameters, the binding of ligands, specific additives such as
reducing agents, polyanionic detergents and polyamines. These are also related to the
properties of the protein. The source and age of the protein preparation are also parameters
that may affect solubility. The solubility of a macromolecule can be represented in a phase

diagram as a function of one parameter, all other parameters being constant (Figure 2.3).

The solubility curve divides the under-saturated and supersaturated zones. Under the
solubility curve the protein will never crystallise. Above the solubility curve the concentration
of the protein is higher than the concentration at equilibrium for the given parameter. This
corresponds to the supersaturation zone. The level of saturation is defined as the ratio of
protein concentration over the solubility value. Depending on the kinetics to reach equilibrium
and the level of supersaturation, this region may be subdivided into three zones. The
precipitation zone is where excess protein immediately separates from the solutionin an
amorphous state. The nucleation zone is where excess protein separates into a crystalline
form. Near the precipitation zone, crystallisation may occur as a shower of tiny microcrystals
which can be confounded with amorphous precipitate. In a metastable zone a supersaturated
solution may not nucleate for a long period of time, unless the solution is mechanically shocked
oraseed crystal is introduced. This zone corresponds to the growth of crystals without the

nucleation of new crystals.
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Figure 2.3 Phase diagram representing the solubility of a protein as a function of a single

parameter, in this case the salt concentration.
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2.4.3 Nucleation and cessation of growth

Proteins require defined pH and ionic strength for stability and function and so
crystallisation often requires complex aqueous solutions. Crystallisation starts with a nucleation
phase followed by a growth phase and nucleation requires a greater supersaturation than the
growth phase. Cessation of growth occurs when the protein has been depleted from the
medium, or because of growth defects, poisoning of the faces or ageing of the protein. The
crystal quality may be correlated with the packing of the molecules into the crystal lattice and
the external crystal morphology. The forces that are involved in the packing of
macromolecules are weak compared to those maintaining the cohesion of small-molecule
crystals. These forces involve salt bridges, hydrogen bonds, van der Waals, dipole-dipole and
stacking interactions. The weak cohesion of macromolecule crystals results from the fact that
only small parts of the macromolecular surfaces participate in intermolecular contacts, the
remainder being in contact with the solvent. This explains the commonly observed

polymorphism of biological macromolecular crystals.

2.4.4 Typical trial arrays

Screening the physical and chemical parameters required to achieve the specific
conditions in which a particular macromolecule will crystallise can be a daunting task. Figure
2.4 summarises the systematic approach that was employed in the projects described in this

thesis to grow protein crystals.
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Figure 2.4 Flow diagram showing the succession of variables and procedure in the

investigation of crystallisation conditions.
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Chapter 3

Methods for
Protein Structure Determination
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3.1 Importance of protein structure information

The three-dimensional structure of a protein has important implications for how it
functions and interacts with its surrounding environment. Knowledge of a protein structure is
therefore crucial for us to understand fully its biological functions. Protein structural information
studies thus provide us with techniques with which we can develop our understanding of

biology from the atomic level to that of the whole organism.

3.2 Overview of protein structure

3.2.1 Primary structure

Protein structure can be divided into various levels of organisation. The primary
structure, or amino acid sequence, relates to the covalent structure of the protein. This amino
acid sequence determines the resulting protein structure. All the 20 amino acids have in
common a central carbon atom (C,) to which are attached a hydrogen atom, an amino group
(NH,) and a carboxyl group (COOH). What distinguishes one amino acid from another is the
side chain attached to the C, at the fourth valency. The addition of any carbohydrate chains,

metal and other prosthetic groups completes the definition of primary structure.

3.2.2 Secondary and tertiary structure

The peptide bond is a rigid planar unit, but there is a large degree of rotational
freedom about the two bonds on either side, and the different amino acids convey different
properties to the polypeptide chain. The main chain of the polypeptide is polar and therefore
hydrophilic and the polar groups are neutralised by hydrogen bond formation. This results in
the formation of regular secondary structures such as 3,; and a-helices, -strands, sheets and

turns.

Tertiary structure describes how the secondary structure elements are organised into
domains. Protein structure formation depends very heavily on non-covalent forces. These
include repulsion between non bonded electron shells, coupling between oscillating dipoles
giving rise to attraction, electrostatic attraction and repulsion (of full and partial charges) and

hydrogen bonds. The interaction of the polypeptide chain with the solvent system has a large
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influence on the structure, and the strongest contribution to protein stability comes from
hydrophobic forces. The main driving force for folding water-soluble globular proteins is the

energy gain in packing the hydrophobic side chains into the interior of the molecule.

3.2.3 Post translational modification

Proteins often undergo covalent modifications after the peptide bonds have been
formed by the ribosomal synthetic machinery. Specific proteolysis is a common and
convenient tool for protein activation and the construction of protein complexes. The
physiological advantages of proteolytic cleavage are well demonstrated in the complement
system. The susceptibility to inactivation and degradation is also necessary for the routine
turnover of proteins. The destination of a polypeptide may be encoded in its sequence. A
signal peptide is an N-terminal extension containing hydrophobic residues which attaches to
the micrososomal membrane during secretion before its removal by membrane bound

proteases.

The side chains of many amino acids may be covalently modified by the addition of
various chemical groups. These modifications may extend the chemical capabilities of the 20
amino acid residues or modify the biological activity of the protein. Modification of the N-
terminal group is frequently observed by acetylation and formylation. The N-terminus may
also be masked by conversion of an N-terminal glutamate to a pyrrolidone carbonyl group.
The biological significance of masking the N-terminal group is not clear but it may protect the
protein from attack by aminopeptidases, or it may be important for anchoring the N-terminus

in an apolar environment, or it may have physiological significance.

Attachment of carbohydrates is one of the most prevalent posttranslational
modifications of eukaryotic proteins, yet the process has no defined universal purpose. Those
functions that have been determined seem to be specific to each protein. These may relate to
the biological activity, but are more often important for the physical properties of the protein.
Glycosyl groups attached to proteins are variable in structure, hydrophilic in nature and bulky.
There are two types of glycosylation, called N-type and O-type depending on the atom of the
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protein to which the carbohydrate is attached. N-type glycosylation occurs exclusively on the
nitrogen atom of Asn side chains in the endoplasmic reticulum. The Asn residue always occurs
inacharacteristic sequence: Asn-Xaa-Ser or Asn-Xaa-Thr where Xaa can be any residue
except Pro. The glycan chain is extensively modified during passage of the protein from the
endoplasmic reticulum to the Golgi apparatus. O-type glycosylation involves attachment of

carbohydrate to the side chain oxygen of Ser and Thr residues in the Golgi apparatus.

Disulphide bond formation between Cys residues is common in extracellular proteins.
Two cysteine residues in different parts of the polypeptide chain, but adjacent in the folded
structure of a protein, can be oxidised to form a disulphide bridge. Disulphide bridges stabilise
the three dimensional structure of a protein and may hold together different polypeptide
chains. The mechanism of disulphide bond formation in vivo is uncertain, but probably
involves thiol disulphide exchange between the protein and small molecules in solution. The
predominant thiol compound in most cells is glutathione which exists in both the reduced
(GSH) and oxidised forms (GSSG). Formation of one disulphide bond in a protein requires
two sequential disulphide exchanges. An enzyme, protein disulphide isomerase, is present in

the endoplasmic reticulum to catalyse disulphide rearrangements in proteins.

3.2.4 Motifs and domain structures

Protein structures can be characterised by defining their secondary structural elements
in the interior of the molecule and the way that they are connected by loop regions at the
surface. Certain combinations of secondary structure elements occur frequently in protein
structures and are called motifs (Branden and Tooze, 1999). In large proteins, polypeptide
chains are folded into independent discrete structural units known as domains, the cores of

which are built up from combinations of motifs of secondary structure.

3.3 Protein structure determination
Methods for protein structural studies either characterise the general properties of the
protein (circular dichroism (CD) and Fourier transform infrared (FT-IR) spectroscopy),

examine their atomic structures (crystallography and nuclear magnetic resonance (NMR)
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spectroscopy), or predict their atomic structures. Even though the use of CD and FT-IR gives
only low resolution information about protein structure at the secondary structure level, these
techniques are very useful to test if a structure prediction correlates with the native structure

and to determine which of'the five structural classes the protein belongs to (see section 3.7).

3.3.1 Circular dichroism

Circular dichroism (CD) is observed when optically active matter absorbs left and
right circularly polarised light differently. Linearly polarized light can be viewed as a
superposition of opposite circularly polarized light of equal amplitude. A projection of the
combined amplitudes perpendicular to the propagation direction thus yields a line (Figure
3.1a). When this light passes through an optically active sample with a different absorbance
for the two components, the amplitude of the more strongly absorbed component will be
smaller than that of the less absorbed component. The consequence is that a projection of the
resulting amplitude now yields an ellipse instead of the original line (Figure 3.1b). The

generating of ellipticity is called Circular Dichroism.

Amino acids are chiral molecules which occur in proteins in the L-form. The
application of CD is based upon the optical activity of the individual amino acids within the
peptide backbone of the macromolecule. In practice, two types of CD spectra can be
distinguished. There is CD that is associated with the peptide backbone (derived from amide-
amide interactions). Superposed onto this is the optical activity of the chromophores (such as
the phenol of tyrosine, the phenyl of phenylalanine, the indole of tryptophan, and disulphide
bonds). The CD will be associated with the normal absorption spectrum of the chromophore
under study and will be characteristic of its position and orientation with respect to the

molecule.
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Figure 3.1 (a) Linearly polarized light can be viewed as a superposition of opposite circular
polarized light of equal amplitude and phase. E, and Ey are the electric vectors of the
transmitted L. and R waves. (b) If the left- and right-hand polarized components are differently
absorbed, the transmitted light is elliptically polarised. The effect is minute and using actual
numbers the ellipse would still resemble a line. If the L component is retarded with respect to

R, the resultant is plane polarised, like the incident light, but the plane is rotated by c.
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The amide interactions that give rise to CD are due to two types of electronic
absorptions, electric dipole allowed (n-n*) and magnetic dipole allowed (n-n*) (Figure 3.2).
Electric dipole allowed (magnetic dipole forbidden) n-7* transitions give a strong absorption
around 190 nm, while magnetic dipole allowed (electric dipole forbidden) n-n* transitions
give a weak absorption around 210 nm. Because of the weaker absorption of the n-m*
transition, masking by the n-m* transition often occurs. These two transitions are observed
over a spectral range of 250-170 nm, and it is this range that is used for the analysis of
secondary structure. As the optical activity due to the coupling chromophores is related to the
relative orientations of the transition moments, conformation (and hence secondary structure)

can be inferred.

The CD spectrum is considered as the measured absorption spectrum for right

circularly polarised light minus the absorption spectrum for left circularly light. Thus:

A, - A AA )
Ae = g, - g5 = Lcl R = =l Equation 3.1

as derived from Beer’s law where: A¢is the differential molar extinction coefficient; A4 is the
differential absorbance between left circularly polarised light (4,) and right circularly polarised
light (4); c is the concentration in molarity; and /is the path length. When applied to the CD

spectra of a protein the A4*,,; observed at every wavelength becomes:

AA}"gbs = AAla-hehx + AA}\'B-shee[ + AAxrandom Equation 3.2

where AA4* ..., s the CD contribution of the indicated structural component. This is based
on the assumption that the measured spectrum can be reduced to a linear combination of
fundamental spectra. Equation 3.2 in practice is a general oversimplification. When both
parallel and anti-parallel B-sheets are taken into account as well as the various B-turns that
have different CD spectra, along with a reassessment of the random contribution, equation 3.2
can be restated:

AA = AD g et + [ A poratil posheet T A antiparattel p-sheet] Equation 3.3

HAA g ey + AL gy + ANyt

A
+[AA LH + Da]irregu]ar]
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Figure 3.2 A representation of the optical activity induced by the chiral centres that occur in
amino acids and peptides. The figure illustrates the effect of the polypeptide on the CD
contributions induced by the centres of chirality. The induced optical activity derived from
coupling chromophores is relative to the orientations of the transition moments. This means
that there is a direct relationship between conformation (secondary structure) of the

polypeptide and optical activity (adapted from Drake, 1994).
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The reassessed random component now includes a contribution from the polyproline I type
left-handed helix conformation (A4, with the remainder assigned as irregular conformation

(Yang et al.,1986; Toumadje et al., 1992).

Although A4 is measured, the parameter [d],, the molar ellipticity is often used. These
parameters are related by the expression:

[6], = 3300A¢ Equation 3.4

The molar ellipticity [6], is defined as:

(6, M,)

100lc Equation 3.5

[0], =
where 6, is the obseved ellipticity in degrees and M, is the molecular mass. For the mean

residue ellipticity, M, is replaced by the mean residue mass.

To obtain a CD spectrum, a beam of monochromatic and linearly polarised light
passes through a polarisation modulator onto a photomultiplier detector. The light beam now
possesses periodic polarisation (at any fixed wavelength), with the intensity of the beam not
varying. When an optically active sample (that absorbs at this wavelength) is introduced into
the beam, preferential absorption will be seen with the periodicity of the modulation. The
intensity of the transmitted light now varies during the cycle of periodic polarisation and this
variation is directly related to the circular dichroism of the sample at the specified wavelength.

By scanning through the wavelengths, a full CD spectrum can be generated (Drake, 1994).

Experimental conditions are limited by the measurement method, as the more light that
falls on the photomultiplier, the lower the noise. In contrast, increasing the amount of sample
(increasing concentration or path length) gives a greater CD signal but also less light falls onto
the photomultiplier as a result of sample absorption. For optimum sensitivity relatively low
concentrations of proteins in solution are needed for this technique. As aresult of this, the
protein has to be pure, and the solvent buffer has to be transmissive across the spectral range

250-170 nm.
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Reliable calculations of the CD of a specific protein from first principles remain difficult
and reference spectra of proteins with known X-ray structures, giving a consensus set of
spectra, are used to infer the appropriate secondary structure elements (Johnson, 1990).
Figure 3.3 illustrates the CD spectra associated with protein secondary structures. CD
analysis can yield results with a precision of 5% for a-helix proteins but this relies on the
occurrence of one dominant conformational feature. With this in mind it has been suggested
that CD spectra should be used to assign the fold class to the particular protein and to monitor
processes such as protein unfolding or interactions (Drake, 1994; Campbell and Dwek,
1984). Computer programs such as CONTIN (Provencher, 1982) can identify the secondary

structure content of a sample from its CD spectrum.

3.3.2 Fourier transform infrared spectroscopy

Fourier transform infrared (FT-IR) spectroscopy is a technique that allows the
elucidation of secondary structure elements within a peptide or protein by study of the amide
I band. Before the introduction of the Fourier transform technique, analysis of protein spectra
was hampered by the strong absorption of H,O at the position of the amide I band within the
infrared region. This difficulty has been circumvented in the past by the use of 2H,0 (D,0)
solvents, but this can introduce artefacts of interpretation due to solvent effects. The power
of FT-IR spectroscopy is that it allows the background absorption of H,O (in the range
1700-1500 cm™) to be subtracted from the spectrum under study to yield the infrared protein

spectrum in H,O.

With the advent of FT-IR the analysis of secondary structure components within
infrared spectra of proteins has become commonplace. The amide bond in the peptide
backbone gives the main infrared active vibrational modes (Table 3.1). The two most
important absorption bands for secondary structure analysis are the amide I and amide II
bands (Haris and Chapman, 1994). The amide I band arises due to the C=0 bond stretch
which is weakly coupled with the in-plane N-H bending and C-N stretching modes. The
frequency of this band depends on the hydrogen bonding scheme of the C=0 and N-H

groups, and will depend on the secondary structure. This has been shown to be the case with
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Figure 3.3 The CD spectra associated with various protein secondary structures (Drake

1994),
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Table 3.1 Characteristic infrared bands of the peptide linkage

Designation Approximate Origin

frequency, cm’!

3300 N-H(s)

B 3100 N-H(s)
I 1690-1600 C=0(s) 80%, N-H(b) 10%, C-N(s) 10%
Il 1575-1480 N-H(b) 60%, C-N(s) 40%

I 1301-1229 C-N(s) 30%, N-H(b) 30%, C=0(s) 10%,

0=C-N(b) 10%

I\ 767-625 0=C-N(b) 40, other 60%

\ 800-640 N-H(b)

VI 606-537 C=0(b)

VII 200 C-N(t)

Adapted from Haris and Chapman 1994. Amides IV to VII are out-of-plane modes; the

others are in-plane modes: (s)-stretching, (b)-bending, (t)-torsion.
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experiments carried out on proteins of known three-dimensional structure, which showed
good correlations between amide [ band frequencies and secondary structure elements (Haris

and Chapman, 1994).

As opposed to traditional dispersive infrared spectrometers that irradiate the sample
while scanning through the spectral range, FT-IR spectrometers irradiate the sample with all
wavelengths simultaneously. This simultaneous irradiation comes about when a polychromatic
beam encounters a beam splitter which redirects the beam onto two mirrors at right angles to
each other (Michelson interferometer). One of these mirrors is translated in a direction
perpendicular to its axis. This has the effect of introducing a path length difference between
the two beams. The beams subsequently recombine at the beam splitter. If the two path
lengths are the same, then there is no path length difference and the beams constructively
combine for all frequencies present in the original beam. For different path lengths, the
amplitude of the recombined signals will depend on the frequency and distance the mirror
moves. The recombined beam is directed through the sample and onto the detector. The
detector output is in the form of an interferogram, i.e., the sum of the sine waves of all
frequencies present. Using an unattenuated polychromatic beam allows for a high signal to
noise ratio in the measured spectrum. FT-IR has several advantages over dispersive
spectrometers, the most important of which is the efficient and rapid collection of data. It is
also less susceptible to stray radiation and it is easy to perform many scans to improve the

signal to noise ratio.

When obtaining the spectrum of a protein or polypeptide, a reference spectrum of the
solvent/buffer (under exactly the same conditions) is needed so as to subtract the background
absorption due to the solvent/buffer. The routine for subtraction of H,O based solvents is via
an interactive difference method. Here, the H,O combination band near 2150 cm™ (where
there is no protein absorbance) is cancelled to achieve a flat baseline between 2000-1710
cm’. Spectra using *H,0 buffers require the purging of atmospheric H,O vapour using dried

air or N, gas.
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To get around the problem of a broad amide I band in protein structure with
unresolved secondary structure elements, mathematical techniques are applied to the spectral
data such as derivative and deconvolution procedures in order to resolve the overlapping
components. Various studies of these amide I components (Table 3.1) for model peptides and
proteins of known secondary structure has led to the following assignments; 1620-1640 cm’!
are B-sheet; 1670-1695 cm™! is associated with antiparallel B-sheet; 1648-1657 cm™ is
normally a-helical. In H,O there can be an overlap of absorptions due to a-helical and
unordered structure. This can be remedied by taking the equivalent protein spectrum in D,0
where the unordered structure will absorb at 1644 cm™. The N-H bending vibration that
contributes the amide II band is most useful for studying the hydrogen deuterium exchange that

occurs at the amide group.

The use of FT-IR spectroscopy for quantitative analysis of secondary structure has
been commonly carried out using the method of identifying the amide I component bands from
the deconvoluted spectra, then applying curve fitting to the band contours. This method suffers
owing to the assumption that all the components have the same shape. Another problem is that
the process of deconvolution may bring about the appearance of side lobes as well as a
disproportionate enhancement of random noise. An alternative method utilises a calibration
set of IR spectra of 18 soluble proteins of known crystal structures (Lee et al., 1990). The
errors of analysis using this method are 3.9% for a-helix, 8.3% for B-sheet and 6.6% for
turns when these analyses are compared with X-ray diffraction values. Secondary structures
can be determined using this method without the need for deconvolution and with little

pretreatment of data (Haris and Chapman, 1994).

3.4 X-ray crystallography

Unlike CD and FT-IR, X-ray crystallography provides information about molecular
structures at atomic resolution levels and is the most popular method of determining the three-
dimensional structure of proteins. X-ray crystallography relies on the basic principle of
diffraction. The molecular structure that is determined is an approximation of all the molecules

that occur within the crystal (Creighton, 1993). Diffraction patterns can be detected whena
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wave is scattered by a periodic structure such as a crystal or fibre. A single crystal is mounted
and illuminated with an intense, well collimated source of X-rays of a single wavelength. The
X-rays are generated either by electron bombardment of a copper target giving a wavelength
0f0.1542 nm, or from synchrotron radiation sources. X-rays are scattered by electrons; thus
the scattering intensity is proportional to the atomic number of each atom. The resultant
diffraction pattern is a function of the electron density of the crystal. This pattern is captured
on photographic film or on an area detector and from this the dimensions of the unit cell and
the symmetry of the molecule can be determined. Before molecular information can be
determined, the phase problem which arises from loss of phase information during detection
needs to be solved. Solutions that are commonly used are multiple isomorphous replacement,
anomalous scattering, and molecular replacement. From any of these solutions, an electron
density map can be constructed, from which a contour diagram is drawn and the structure
finally refined (Campbell and Dwek, 1984; Atkins, 1987; Branden and Tooze, 1999,
Creighton, 1993).

Even though this technique is well established, there are a number of drawbacks.
Crystal production can be difficult, time consuming and sometimes impossible. The
crystallisation procedure may render the protein in an unnatural, nonphysiological environment.
Other problems are that the end model represents a time-averaged structure, meaning that
flexible regions of proteins are unresolved through disorder (MacArthur ez al., 1994). Despite
these drawbacks, X-ray crystallography has provided many protein structure determinations.

3.5 Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance (NMR) allows structural determination of molecules in
solution at atomic resolution. The magnetic resonance phenomenon occurs as aresult of the
quantum mechanical property of ““spin” (angular momentum) intrinsic to anumber of different
nuclei. Although the nucleus can be described as spinning about an axis, spin is a unfortunate
choice of words since the source of the angular momentum is purely a quantum mechanical
phenomenom and could equally well be described as “bitterness” or “sweetness” (Evans,

1995). NMR spectroscopy can be carried out only on nuclei that possess a magnetic
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moment. Common biological nuclei such as '*C or %O do not possess a magnetic moment
and so do not give NMR spectra. The nuclear magnetic moment (u) is given by:

p=y Ih Equation 3.6

where y is the gyromagnetic ratio which determines the resonant frequency of the nucleus and
his Planck’s constant. The nuclear spin quantum number / can have the values =0, '/, 1,
1'/,, etc (Table 3.2). A nucleus with spin I may take (2/+1) different orientations in a
magnetic field, which are distinguished by the magnetic quantum number 77;. For a proton two
energy states, o (lower) and p (upper), correspond to the spin orientations (Figure 3.4). The

ratio of the populations of the two energy states in equilibrium is given by:

AE
N _ Jhr

N,

a

Equation 3.7

(the Boltzmann equation) where N, is population in the lower energy level (o state) and Ng
isthe population in the upper energy level (B state). At thermal equilibrium there will be a
surplus of nuclei in the lower energy state (Boltzmann surplus). This gives rise to a net

magnetisation parallel to the applied field, along the z-axis (Figure 3.5).

If a proton is placed in an external magnetic field B, its magnetic moment has a
component either parallel or anti-parallel to the direction of the applied field, corresponding
to the lower and upper energy levels (Figure 3.6). During transition between the o and J states
the proton will be in a mixed quantum state where there will be a sideways component of the
magnetic moment which precesses around the B, axis. The angular frequency of precession

is known as the Larmor frequency, which is its NMR absorption frequency v:

2nv = -yB, Equation 3.8

where v is the gyromagnetic ratio and B, is the applied magnetic field.

In the NMR experiment there are many spins precessing about B, and at equilibrium
these spins are randomly distributed so that the net sideways component of the magnetic

moment (M,,) is zero. In order to observe NMR signals, the system must be perturbed by
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Table 3.2 Properties of some nuclei

Nucleus Spin  Spin Gyromagnetic Relative Frequency Natural
(in orientations ratio y sensitivity at 1T abundance
units m;, (2[+1) (107 rad s'T?) *! (MHz) ** (%)
of h) values

'H ', 5, 26.75 1.00 42.58 99.98

’H 1 -1,0,1 4.11 9.65 x 103 6.54*3 1.5x 107

BC ', 5, 6.73 1.59 x 102 10.71 1.1

"N 1 -1,0,1 1.93 1.01 x 10 3.08 99.6

N 7, S, -2.71 1.04 x 10° 4.32 0.4

170 A =y s, -3.63 291 x10? 5.76 3.7 x 107

3 1, 3,
5/2
IF ', S, 25.18 0.83 40.01 100
®Na A 2y Uy, 7.07 9.25x 10° 11.26 100
3/2
3p ', A 10.84 6.63 x 102 17.24 100
3Cl 3, 3y Yoy Uy 2.62 4.7x10% 4.17 75.5
3,
Footnotes:

*1 At constant field.

*2 The value of y can be obtained from = - y B,/2n  Equation 3.8

*3 The 2H frequency is the method of choice for locking modern NMR spectrometers, and

for this purpose NMR samples require at least 5% 2H,O. Often the amide protons of proteins

are exchanged with deuterium to simplify the proton spectra.
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Figure 3.4 Nuclear spin energy levels of a spin 1/2 nucleus with a positive value of y (eg 'H
or *C) placed in an increasing external magnetic field B,. The angular momentum of the
nucleus will align along an axis either parallel or anti-parallel to the direction of the applied

field, and this corresponds to the lower (o) and upper (B) energy levels respectively.
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Figure 3.5 At thermal equilibrium there will be a surplus of nuclei in the lower energy
state (Boltzmann surplus). The ratio of the populations ofthe two energy states will be
given by the Boltzmann equation (Equation 3.6). describes the population in the
lower energy level (a state) and A”the population in the upper energy level (p state).
This gives rise to a net magnetisation (M j parallel to the applied field, along the z-axis.
The many spins in a sample placed in an external magnetic field B ¢ may conveniently
be represented by bringing them to a common origin. The diagram is drawn with the
nuclear magnetic moments lying in the surface of one of two cones whose axis are
aligned either parallel or anti-parallel to the direction ofthe applied field corresponding
to the lower and upper energy levels respectively (for positive y). There is no
measurable sideways component ofthe angular momentum or magnetic moment unless
the nuclei are forced to undergo transitions between the states. During an NMR
transition the magnetic moment precesses at an angular frequency (o, with the sense

shown (for positive y).
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Figure 3.6 Schematic representation ofa proton placed in an external magnetic field q.
The proton has its spin angular momentum quantized along an axis, either parallel or
anti-parallel to the direction ofthe applied field, corresponding to the lower (a state) and
upper energy levels (p state) respectively (for positive y ). When the nucleus is either the
a or p state, the angular momentum / and the magnetic moment are randomly
distributed on the surface of a cone and there is no organised sideways component.
During aNMR transition the nuclear magnetic moment acquires a sideways component
which precesses in the sense indicated above. The rate of precession of the nucleus
around the B4 axis is known as the Larmor frequency, which is its NMR absorption

frequency w/'B«.
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radiofrequency electromagnetic radiation near the Larmor frequency. The displacement of
magnetisation from equilibrium is produced by a second magnetic field B;, induced froma
current in a coil so as to introduce field B, perpendicular to B,. The B, field is usually applied
as apulse of duration #,. The angle 8 through which the magnetisation is tipped from the z-axis
is calculated thus:

0 = yBi, Equation 3.9

Resonance occurs when nuclear-spin reorientation occurs between the spin states.
The most common method of measurement is by application of a pulse of radiofrequency
electromagnetic radiation to the magnetically aligned sample and detection of a transient signal
from the nuclear spins (Figure 3.7a). In this one-pulse experiment the bulk magnetisation is
typically moved through a tip angle ¢, of 90°, or n/2 away from the z-axis leading to a
transverse magnetisation. The pulse is then referred to as a 90° (w/2) pulse. This resultsina
maximal signal as the NMR probe detects transverse magnetisation only (Figure 3.7b). The
signal is called a free induction decay (FID): free of any further influence of the radio
frequency field; induced in the probe coil and decaying as the spins return to equilibrium. This
decay process is exponential and is known as relaxation. Using Fourier transform analyses,
multiple transients can be used and the signals processed to give a spectrum of intensity
against frequency as opposed to the transient being intensity against time (Campbell and
Dwek, 1984; Evans, 1995). The value of NMR results in the fact that the magnetic field
experienced by a nucleus is not simply the applied field, since it is modified by small induced
fields of neighbouring atoms. The five basic parameters of NMR are the signal intensity,

chemical shift 3, spin-spin coupling J, and the two relaxation times 7 and 75.

3.5.1 Signal intensity

Ifa system of nuclear spins is initially in equilibrium, then the amplitude of the transient
signal after a pulse is proportional to the number (concentration) of nuclei in the sample. If the
spins do not start out in equilibrium, because a previous pulse has equalised the populations

(saturation), then the amplitude of the signal will be reduced.

74



(a) 90° pulse

free inductive decay

signal induced (FID)

in probe coil

A time

(b)

90° pulse after time t

> >

subsequent precession

Figure 3.7 (a) The application ofaradio frequency electromagnetic pulse to an ensemble of
spins creates a superposition o fthe different spin states. The free inductive decay (transient)
is a superposition ofthe signals from the nuclei and can be resolved into a frequency spectrum
by Fourier transformation, (b) The 90°, or 7i/2, radio frequency electromagnetic pulse
equalises the populations in the upper and lower energy states and induces coherence
between the spins. The net magnetisation parallel to the applied field (M J disappears and the
bulk magnetisation moves by 90° into the xy plane where it can be detected by the NMR
spectrometer probe. The probe is so constructed that it can detect transverse magnetisation

only.
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3.5.2 Chemical shift

Nuclei are surrounded by electrons, which partially shield them from the applied field
B,. B, induces currents in the electron clouds that reduce the effective field experienced by
the nucleus. These induced currents are directly proportional to B,,. The scale used in NMR

is called the chemical shift 6 scale and is given by:

)

rej

o, -6
5= 10{—"’—-—"‘1] Equation 3.10
4

where §,¢1s the position, in Hertz, observed for a reference compound and J, is the position
ofthe signal of interest. The scale, which is measured in units of parts per million (ppm), is
independent of B, Intrinsic shifts are characteristic of a particular chemical group, and

induced shifts arise from the influence through space of neighbouring magnetic centres.

3.5.3 Spin-spin coupling and multiplet structure
NMR spectra exhibit multiplet structures that arise from weak interactions between
magnetic nuclei, communicated by the electrons in a chemical bond. The size of the interaction

is defined as the spin-spin coupling constant J and is usually expressed in Hertz.

3.5.4 Spin-lattice or longitudinal relaxation time T}

Nuclei in the upper energy state can lose energy to their surroundings thereby
increasing the thermal motions of the molecules in solution or the crystal lattice. This relaxation
process is characterised by the 7', relaxation time. The T, relaxation time is described as the
time constant for the recovery of M, after a perturbation. The component M, can be
perturbed in several ways and 7; depends on the molecular environment. Relaxation times are

short in solids and relatively long in liquids.

3.5.5 Transverse or spin-spin relaxation time 7, and linewidth
One of the dynamic effects of the dipolar interaction between nuclei is to cause mutual
spin flips which limit the lifetime of a nucleus in the upper state. The interaction between nuclei

and paramagnetic ions is an efficient way of relaxing nuclei. The spin-spin relaxation time 7
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is defined as the time constant for the randomisation of the M, components. T} processes will
cause the M, components to disappear, but in general 75 is less than 7 due to dipole-dipole
interaction between different environments. It is related to the linewidth by the following

relationship:

Av, = Equation 3.11

1
7T,
where Av,,, is the half-height linewidth.

3.5.6 Protein NMR

NMR is arelatively insensitive technique and requires pure protein at millimolar
concentrations. The most common constituent of proteins that generate an NMR signal is the
'H nucleus (proton), with a nuclear spin of %2 (Table 3.2). Labile protons (eg NH, NH,, OH,
and SH) can be replaced with deuterium to simplify the NMR spectrum and so D,O isa
common solventin NMR. The low natural abundance of 1*C (nuclear spin ¥2) means that it
can also be used to some extent but recombinant protein expression systems are required to

exploit active nuclei such as *C and "N,

3.5.7 Structural information

Structural information contained within a NMR spectrum can take a number of forms.
The most regularly used effects are the nuclear Overhauser effect (nOE) and coupling
constants.J. nOEs arise from through-space proton-proton interactions (for protons <5A
apart) that are proprtional to 7, where r is the distance between the two protons, and they
give information about distance separations. The J coupling constants arise through bond spin-
spin interactions (for protons within three chemical bonds of each other) and give dihedral
angle data. Study of amide proton exchange rates also gives information about regular
secondary structures (Evans, 1995). By repeating a sequence of pulses, data can be
processed to obtain a spectrum as a function of two frequencies to give atwo-dimensional
(2-D) spectrum. Heteronuclear experiments provide further dimensions. Molecular structures

can be determined to the atomic level by the assignment of the NMR signals to individual
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atoms and the combination of the distance and angular NMR constraints using molecular

modelling software.

The general advantages of NMR over X-ray crystallography are that the technique
can be performed in conditions closer to the biological environment without the artefacts that
result from the crystallisation process. NMR also provides information on dynamics and can
identify individual sidechain motions (MacArthur et al., 1994). Disadvantages of NMR are
that the sample for analysis has to be in solution at high concentration (around 1 mM
concentration) to give good signal-to-noise ratios. The determination of protein structure with
reasonable ease has been limited to small molecules. Larger proteins have also been

determined but only after extensive work and isotopic labelling using '*C and °N.

3.6 Structure prediction

Homology modelling offers a means of obtaining atomic coordinate models in the
absence of X-ray crystallographic or NMR data (Lattman, 1995) provided that an
homologous structure can be identified. This technique is based on the assumption that
domains which appear to share the same ancestor gene will adopt a common fold structure;
asequence similarity of more than 30 % is usually required. An homology model will not be
asreliable as an experimentally determined structure and in particular surface loop structures
can be difficult to predict. Inits favour, homology modelling is able to provide reasonable
representations of the core structures of proteins where the general localisation of residues
may be good enough to enable interpretations and predictions of functionality. The approach
that is used to obtain an atomic coordinate model from a sequence of interest is outlined in
Figure 3.8. Obviously, the crucial stage in this approach is the identification of a structure that
has the same fold as the target sequence. In the following description of homology modelling,
the fold prediction methods that are used for analogy modelling will also be discussed because
they can be beneficial for supporting predictions from sequence similarities alone, especially

when sequence identity is in the ambiguous 20 to 30% range.
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Figure 3.8 Flow chart of the procedures used to generate an atomic coordinate model for
atarget sequence based on a known structure that is assumed to have the same fold. There
are two alternative routes for identifying a structure with the same fold: either a fold structure
is shown to have significant sequence similarity (homology) to the target sequence, or
secondary and tertiary structure predictions for the target sequence are used to identify an
analogous fold. Once the fold structure has been identified, an atomic coordinate model can
be built for the target sequence by means of a rigid fragment assembly method.




3.6.1 Sequence analysis

A protein sequence of unknown structure can be analysed in many ways in the
process of predicting its structure. Initial analysis is usually carried out at the primary structure
level. This involves the search for similar sequences and their subsequent alignment with the
“probe sequence”. The identification of homologues can be performed using algorithms such
as FASTA (Pearson and Lipman, 1988) and BLAST (Altschul ez al., 1990), which scan
sequence databases for matches to a target sequence. Alternatively, databases such as Entrez
store existing sequences with links to their close homologues. However, it may not be possible
to find homologous sequences because the residues that are essential for the domain fold
represent only a small fraction of the sequence. In these circumstances, short sequence motifs
that are characteristic of a protein family or superfamily can be invaluable for predicting
homologues. Known sequence motifs are compiled in the Prosite database (Bairoch, 1991).
Comparisons are made using sequence alignment algorithms that score residue differences
between equivalent positions in two sequences. The physio-chemical properties of the 20
amino acids are summarised in Figure 3.9 and this identifies similarity relationships. The most
commonly used alignment scoring schemes have been derived by examining the substitution
frequencies observed in sequence alignments, e.g. the Dayhoff matrices (Dayhoffer al., 1978)
and BLOSUM mutation matrices (Henikoff and Henikoff, 1992). The next step involves the
prediction of secondary structure elements, namely o-helices, 3-strands and loops (sections
3.6.2103.6.5). The reliability of the technique is improved by applying this step to the whole
sequence alignment, i.e. calculation of an average. Also associated with this step is the
prediction of solvent accessibility of residues within the sequence (section 3.6.6). Knowledge
of the arrangement and the proportion of secondary structure elements and their solvent
exposure assists the assignment of the “probe sequence” to a fold class based on a known

atomic structure which may help in the overall definition of its tertiary structure.

Secondary structure arrangements (topology) define the folding pattern of a globular
protein domain. If the fold structure has not been determined for the superfamily or if the
sequences are very divergent, prediction of secondary structure from the amino acid sequence

presents a major means for identifying the correct fold.
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Figure 3.9 Venn diagram shows the relationship of the 20 naturally occurring amino
acids to a selection of physio-chemical properties which are important in the
determination of protein structure. The diagram is dominated by properties relating to
size and hydrophobicity. The amino acids are divided into two major sets, one
containing all amino acids which contain a polar group (blue) and a set which exhibit
a hydrophobic effect (red). A third major set (small) is defined by size and contains the
nine smallest amino acids. Within this is an inner set of smaller residues (tiny) which
have at most two side-chain atoms. The localisation ofCys is ambiguous as the reduced
form (C”) has properties similar to serine, while the oxidised form (Cg.g) may be more
equivalent to Val. Other sets include full charge (charged) which contains the subset
positive (negative is defined by implication) and aromatic and aliphatic. The latter set
is not as general as the name implies and contains only residues containing a branched
aliphatic side chain. Because of its unique backbone properties, proline was excluded
from the main body of the diagram. An equivalent position is suggested for Gly by a

small G.
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An alternative way of finding the fold class is to put the “probe sequence” into a fold
recognition process (sections 3.6.7). This is used in cases where the sequence similarity with
aknown structure is very low (less than 15 %). Here, assignment of fold class or even a direct

structural homologue can be found.

The final step in structure prediction is the model building process by homology. This
is possible only if any of the previous steps identifies an amino acid sequence that has aknown
three dimensional structure. Homology modelling can be used to test the reliability of the
secondary structure assignments, solvent accessibility predictions and the output from the fold

recognition process.

3.6.2 The Chou-Fasman method

Numerous methods have been published for predicting secondary structure and this
section and the following outline some of those that are commonly used. The Chou-Fasman
method is a statistical prediction method that was derived from the propensities for each
amino acid to occur either in an a-helix or in a B-sheet in 15 protein structures (Chou and
Fasman, 1978). According to these propensities, each amino acid is allocated to one of six
classes depending on its likelihood of forming an a-helix, which vary from strong o-helix
former to strong a-helix breaker, and to one of six classes depending on its likelihood of
forming a B-sheet, which range from strong B-sheet former to strong B-sheet breaker. A
series of rules is used to assign secondary structure elements to clusters of probable a-helix
and B-sheet residues in an amino acid sequence. Although this method is fairly uncomplicated
inits concept, it has been criticised because of its simple statistical approach, its arbitrary
predictionrules, and because it does not consider the chemical and physical properties of the
amino acids (King et al., 1996). Its accuracy is improved if it is used with a multiple sequence

alignment.
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3.6.3 The GOR method

The GOR method is another statistical method (GOR-I; Garnier et al., 1978). The
method was developed using a database of 26 protein structures, later updated to a database
containing 75 structures (GOR-III; Gibrat et al., 1987). Each residue is unambiguously
assigned to one of 4 possible conformations, a-helix, B-sheet, B-turn (2-residue turn) or
random coil. The basis of this method is that the amino acid sequence and the secondary
structure are two distinct messages, related by a translation process that can be examined
using information theory. Although in theory the conformation of any particular residue is
dependent on every other amino acid in the protein, the most significant influence on the
conformation of a residue is exerted by the eight residues either side of it (Robson and Pain,
1971; Robson and Suzuki, 1976). Structure prediction uses the information aresidue carries
about its own secondary structure, the information a residue carries on the secondary structure
of a second residue within eight residues along the sequence that is independent of the second
residue’s type, and the information a residue carries about the secondary structure of a second
residue that depends on the second residue’s type. This method is theoretically elegant and
itallows the separation of the different types of information involved in the folding of a protein.
However, it also neglects the physical and chemical properties of the amino acids and it
deliberately neglects protein folding (King ez al., 1996). Its accuracy is again improved if it

is used with a multiple sequence alignment.

3.6.4 The PHD method

The Profile network system from HeiDelberg (PHD) is a secondary structure
prediction algorithm based on the output from neural networks. PHD uses the profiles from
multiple sequence alignments as an input into a three-layered network. The first layeris a
neural network that has been trained to classify residues according to three states of
secondary structure, a-helix, B-strand and loop. In the second layer, stretches of predicted
residues are analysed and contiguous regions of residues that are predicted to have the same
structure are assigned as secondary structure elements, and unlikely stretches of secondary
structure elements are discarded. At this stage, the agreement of predicted segment lengths

with those observed in protein structures is noticeably improved. The third layer averages the
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predictions from 12 networks that have been trained on different datasets and so acts to
reduce the “noise” associated with the predictions. PHD had an accuracy greater than 70%
when cross-validated on more than 100 unique structures (Rost and Sander, 1993). Based
on the statement that homologous proteins have the same three-dimensional fold and
approximately equivalent secondary structure profiles at around a similarity level of 25-30%
identical residues, a multiple sequence alignment of the protein family can contain more

structural information than a single sequence (Rost and Sander, 1993a).

3.6.5 The SAPIENS method

SAPIENS (Secondary structure and Accessibility class Prediction Including
ENvironment-dependent Substitution tables) is a prediction method based on the evaluation
of mean propensities and environment-dependent substitution tables for amino acid residues
in aligned sequences. The program uses these data in a three-step method with a multiple
sequence alignment as its primary input. Unlike PHD, SAPIENS evaluates four
conformational states (o-helix [H], B-strand [E], buried coil [i], and exposed coil [0]). These
assignments are modified for neighbouring residue cooperativity and according to the positions
of residues that are typically found at the N- and C-terminal caps of secondary structure
elements. Next, the secondary structure assignments are altered using predicted solvent
accessibility patterns, which are compared to those observed for secondary structure elements
in known protein structures. Finally, the conformational state at each residue position is

averaged across the multiple sequence alignment and the most dominant state is used.

3.6.6 Solvent accessibility

The exterior portion of a protein that is in contact with solvent molecules is referred
to as the accessible surface area. This surface is generally described as that which is in van
der Waals contact with a probe as it moves across the surface of the molecule. The probe is
asphere of radius 1.4 A which approximately represents a water molecule. The accessibility
of atoms or groups of atoms within a protein crystal structure to solvent molecules has been
assessed using an algorithm developed by Lee and Richards (1971). This showed that about

40-50% of the surface area of a typical globular protein is occupied by nonpolar atoms.
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3.6.7 Tertiary structure predictions

Fold recognition by threading or inverse folding methods attempt to match the one-
dimensional information contained in protein sequences directly to three-dimensional fold
structures (Bowie and Eisenberg, 1993). The rationale behind these methods is that by
aligning a residue from the sequence of interest with a target residue in a known fold structure,
the tertiary location of the target residue can specify not only amino acid type but also the
secondary structure, the exposure and the spatial interaction with other residues. These
techniques enable the detection of more distant sequence-to-structure relationships than
sequence comparisons alone, which can fail to recognise highly similar protein structures that
have a sequence similarity between 20% and 30%. In general these methods use two principal
measures of residue-to-environment compatibility, both of which are based on the analysis of
known structures. The first principle is referred to as the solvation preference and it
characterises a residue according to its degree of exposure to solvent. Typically, polar
residues are expected to occur at exposed sites and apolar residues are expected to occur
at buried sites. The second principle or the neighbour preference measure characterises the
residue by what type of residues are found nearby. Thus, if aresidue is surrounded by apolar

residues then that residue is expected itself to be apolar.

THREADER is a fold recognition program that uses a dynamic programming
algorithm based on a combination of neighbour and solvation preferences (Jones et al.,
1992). A library of 102 unique protein fold structures at 2.8 A resolution or better was
constructed. Each fold is considered only as a chain tracing through space. The test sequence
is optimally fitted (“threaded”) to the backbone coordinates of each fold and the pseudo-
energy of each fitting is evaluated by the summing of pairwise interaction potentials between
amino acids. This pseudo-energy evaluation is performed using a set of knowledge-based
potentials that are derived from statistical analysis of known protein structures. The interaction

energies in THREADER are expressed as Z-scores:

Z-score = (Energy - mean) / standard deviation Equation 3.12
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for the pairwise or solvation energies. The pairwise energy Z-score is used for ranking the
library folds and the lowest pairwise interaction energy identifies the most probable match. A
Z-score less than -3.5 isregarded as very significant and is probably a correct prediction, but
any such prediction needs to be substantiated by other methods, i.e secondary structure

prediction and solvent accessibilties.

3.7 Analysis of known crystal structures

From the analysis of existing crystal structures, protein folds have been classified into
five classes according to their secondary structure (Richardson, 1981; Kabsch and Sander
1983a). These classes are: (i) all a, with all a helices and no B-strands; (ii) all B, containing
only -strands and no a-helices; (iii) o/B, in which the polypeptide chain alternates between
a-helices and B-strands; (iv) a+p, where a-helices and B-strands occur in separate parts
of the structure; and (v) coil, in which there is little or no regular secondary structure.

Procedures exist for the analysis of secondary structures and solvent accessibilities.

3.7.1 DSSP (Dictionary of Secondary Structure of Proteins)

DSSP is a program that gives the secondary structure elements of a known crystal
structure. The output from the program allows the comparison of secondary structure
elements between crystal structures and predicted elements. DSSP works by analysing the
pattern of hydrogen bonds, inter-C* distances, and inter-C® torsion angles plus solvent
exposure of each residue within a file of protein atomic coordinates. A dictionary of eight
conformational states was defined by analysing a set of atomic coordinates for 62 different
globular proteins using this program (Kabsch and Sander, 1983). The output from DSSP for
aknown structure can be compared to the predicted secondary structure elements and gives

a measure of the reliability of the secondary structure prediction.

3.7.2 COMPARER
PSA, which is part of the of the COMPARER suite of programs, can be used to
assess the solvent contact areas of atomic coordinate protein models. PSA uses an algorithm

(Richmond and Richards, 1978) with side-chain accessibility calculations and normalisation
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carried out as described by Hubbard and Blundell (1987).

3.8 Model building

Once an homologous fold adopted by a target sequence has been identified, the
three-dimensional structure can be modelled. INSIGHT II (release 97.0; Biosym/MSI, San
Diego, USA)is a suite of molecular graphics and computational chemistry software that is
used for building and refining domain models. The homologous (or analogous) fold structure
is used as a template, from which an atomic coordinate model is built by arigid fragment
assembly method that is implemented using the HOMOLOGY program. HOMOLOGY
imports the template structure and facilitates the alignment of its sequence to that of the protein

structure to be modelled.

The structurally conserved regions (SCRs) in the core of the fold must be defined. The
atomic coordinates of the template SCRs are then copied to the model, except when
differences occur between the sidechain atoms of the two proteins, in which case these are

modelled from a library of amino acid structures.

The loops which join the SCRs are modelled next. The conformations of SCRs are
restricted by hydrogen bonding constraints, but such conformational restriction is not usually
observed for loops and they therefore exhibit a higher degree of sequence and structural
divergence between homologous proteins. Consequently loops are more difficult to model.
Where possible, loops from the template structure are used. This type ofloop istermed a
designated loop in HOMOLOGY and the template coordinates for designated loops are

copied to the target model.

Other loops are termed searched loops, and these occur when the loop length is
different between the template and target proteins. Searched loops are modelled using a
database of compatible loop structures (Hobohm and Sander, 1994). HOMOLOGY
provides an algorithm that enables the database to be searched for loops that have the desired
length and which best satisfy the geometric constraints required to join two SCRs. This search
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algorithm calculates an a-carbon distance matrix for the model residues on either side of a
loop and this is compared to a-carbon distance matrices from structures in the database. The
database loop structures that give the best fit to amodel loop are defined as those with the
lowest root mean-squared (RMS) distance values:

2 2 2
N (x— xo) + (y— yO) + (Z— ZO)

RMS di =
S distance iF:l N

Equation 3.8

where the summation is performed for 1 to N pairs of a-carbon atoms between the two
structures; and x, y, z and x,, ,, z, are the atomic coordinates of each corresponding a-
carbon atom between the two structures. The selection of a loop structure is typically
governed by conditions such as: suitable mainchain torsion angles and distances between o
carbon atoms at the points where loops are joined to SCRs; the loop does not contain
secondary structure; there is no gross steric overlap of the loop with other regions of the

model. When a searched loop is selected, its coordinates are copied to the model.

After atomic coordinates have been assigned to every model residue, manual rotamer
searches can be used to relieve steric overlap. HOMOLOGY contains a library of commonly
occurring sidechain rotamers and these are tested individually in an attempt to reduce the

steric overlap of poorly modelled sidechains.

3.8.1 Model refinement

A model that has been built using arigid fragment assembly method may contain
structural artefacts. These include the substitution of large sidechains for small ones, strained
peptide bonds between segments taken from different reference proteins, and non-optimum
conformations for the loops. In order to overcome these artefacts, models can be refined

using energy minimization.

DISCOVER is amolecular simulation program within INSIGHT II that can perform

many routines, including energy minimisation, template forcing, torsion forcing, and dynamic
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trajectories as well as the calculation of interaction energies, derivatives, mean square
displacements, and vibrational frequencies (DISCOVER 2.9.7/95.0/3.0.0 user guide). The
consistent-valence forcefield was used to represent the potential energy of the molecular
system. This forcefield contains terms which describe the energies necessary to stretch a
bond, distort the angle between three atoms, rotate atoms about their bond axis, and move
an atom out of the plane defined by the three atoms to which it is bonded, as well as extra
terms that describe the energies representing the coupling effects of one of the above energies
with another (cross terms), and associated with the attractive, repulsive and electrostatic
forces between atoms that are not bonded to one another (charges). Energy minimization is

used to produce a model that is chemically and conformationally reasonable.

The first stage of protein minimization would commonly be splice repair. This
minimizes the energy of the peptide bonds at the junctions between regions from different
reference structures. Bond lengths and mainchain omega torsion angles are displayed by the
program so that the progression of the minimization can be monitored. The relax option
enables different minimization strategies to be set up. The model is divided into individual
fragments from different reference structures, SCRs and loops, mainchains and sidechains,
and mutated sidechains and non-mutated sidechains, and from these different regions can be

selected for minimization.

3.8.2 Structure validation

After building an atomic coordinate model, whether by means of X-ray
crystallography, NMR or homology modelling techniques, it is important to assess its quality.
PROCHECK (Laskowski et al., 1993) is a suite of programs that assesses a PDB-format
atomic coordinate file using stereochemical parameters derived from high-resolution protein
crystal structures (Morris et al., 1992), and bond lengths and bond angles derived from a
comprehensive analysis of small-molecule structures (Engh and Huber, 1991). The
stereochemical quality of the model is output as a residue-by-residue listing that enables the
clear identification of regions that are in error. A useful feature of PROCHECK is that it

produces a Ramachandran plot of the ¢ (phi) and y (psi) mainchain torsion angles
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(Ramachandran and Sassiekharan, 1968).

3.8.3 Surface electrostatic potentials

Electrostatic interactions play a central role in a variety of biological processes (Honig
and Nicholls, 1995). DELPHI is part of the INSIGHT II suite of programs and is used to
calculate the electrostatic properties of charged molecules. The output from DELPHI can be
mapped onto the molecular surface of the protein via its interface with INSIGHT II. The
electrostatic potential in and around macromolecules can be calculated using a finite difference

solution to the Poisson-Boltzmann equation:

V- [e(r)V-¢ ()] - e(r)k(r)? sinh[p(r)] + 4np'(r)/kzT = 0 Equation 3.13

where @(r) is the electrostatic potential at any point in space, and has units of kz7/e (kzis the
Boltzmann constant; 7'is the absolute temperature and e is the elementary charge); € is the
relative permittivity; and pfis fixed charge density (in proton charge units). The term 1= 1/A2
= 8nq*l/ekT, where A is the Debye length and /is the ionic strength of the bulk solution. The

variables o, €, x and p are all functions of the vector r.

The molecular surface is defined as the contact surface formed between the van der
Waals envelope of the molecule and a probe molecule of 1.4 A radius. All internal regions are
assigned alow value of € (around 2-4), whereas exterior regions are assigned the standard
relative permittivity of water (e of around 80). Using iterative procedures for the solution of
equation 3.13, ¢(r) can be calculated for a molecule in solution of arbitrary ionic strength. In
the context of proteins, unique patterns of ¢(r) are seen in many cases to have an important

functional role (Honig and Nicholls, 1995).
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Chapter 4

Experimental:
Preparation of factor B derived proteins from blood
and by recombinant expression.
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4.1 Introduction

Factor B is a key component of the alternative pathway of complement. It is
structurally and functionally homologous to the classical pathway protein C2 (Mole et al.,
1984). Factor B comprises the serine protease proenzyme which is the zymogen of the
protease component of the alternative pathway C3 and C5 convertases. When the
complement system is activated, the major opsonin of complement C3 is cleaved into the
fragments C3a and C3b. Removal of C3a by proteolytic cleavage by the C3 convertase
induces a conformational change in C3b which leads to the exposure of the internal thiolester,
which is normally buried in native C3. C3b, or C3(H,0), forms a Mg*"ion dependent
complex with factor B, whereupon factor D, another serine protease, cleaves factor B inthe
the C3bB complex, to form two fragments, Ba and Bb. Factor D cleaves factor B by
hydrolysis of the Arg233-Lys234 peptide bond to release the Ba (~30 kDa) and Bb (~61
kDa) fragments. Fragment Bb remains, transiently, bound to C3b to form the C3 convertase
complex, C3bBb, which activates more C3 (Law and Reid, 1995). The C3bBb complex can
then bind to a second C3b molecule, to form the C5 convertase, C3bBb3b. C5 is a
homologue of C3, but without a reactive thiolester. The cleavage of C5 links the alternative
pathway to the formation of the membrane attack complex. If activated C3 is deposited on
an activating surface of the alternative pathway, it can serve as a seed for the positive
amplification loop which operates explosively. The amplification of C3 activation which occurs
by this mechanism is essential for opsonisation of complement-activating materials. The

activities of factor B are thus essential for activation of the alternative pathway.

Factor B is a single chain glycoprotein (~90 kDa) composed of five domains (Mole
etal.,1984) (Figure 4.1) When examined by electron microscopy, factor B appears to have
athree-lobed globular structure (Smith and Miiller-Eberhard,1984). The amino-terminal
lobe, the Ba fragment (~30 kDa) consists of three independently-folded short consensus
repeat domains (also known as complement control protein domains) (Morley and
Campbell,1984), each approximately 60 amino acids in length. Ba has been shown to be
involved in the initial interaction of factor B and C3 during the formation of the C3 convertase

(Hourcade, 1995; Pryzdial and Isenman, 1987; Ueda et al., 1987). The Ba fragment has
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Figure 4.1 Schematic outline of the domain structure of Factor B; SCR (short consensus/
complement repeat) domains, vWF-A (type A von Willebrand Factor) domain and SP (serine
protease) domain. Potential N-linked oligosaccharide sites are shown on the second SCR and
the vWF-A domains. The residue numbering corresponds to the primary sequence reported

by Mole et al. (1984).
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been reported to suppress B lymphocyte functions in vitro (Ambrus et al., 1990). Elevated
levels of Ba in the plasma of patients with chronic renal failure may contribute to the defective
immune response in these patients (Opperman et al., 1988) The Bb fragment (~60 kDa)
corresponds to two lobes of the factor B structure. The carboxyl-terminal lobe of Bbisa
serine protease (SP) domain (Christie and Gagnon, 1983; Campbell et al., 1984). The SP
domain is the functional domain involved in the enzymatic cleavage of peptide bonds in
complement by factor B, factor D, factor I, C1r,Cls and C2 (Reid et al., 1986). The SP
(~35 kDa) domain of factor B is the site of catalytic action of the C3 convertase of the
alternative pathway. The a-chain of C3 is cleaved between Arg77 and Ser78, producing two
biologically active fragments: the activation peptide C3a (~8,900) and the activated protein
C3b (~171 kDa) (Hugli, 1975; Tack and Prahl, 1976). This domain belongs to the same
superfamily as B-trypsin and a-chymotrypsin with the double sub-domain 3-sheet motif
structure very similar to that of other serine proteases, but contains large surface polypeptide
insertions which are atypical of this overall protein fold (Perkins and Smith, 1993). The SP
domains of the complement system, as with those of the blood clotting system, often differ
from the broadly specific digestive serine proteases by having a large N-terminal polypeptide
chain (as distinct from a small activation peptide) added to the domain. The SP domain of
factor B, as with that of C2, is unusual in that the cleavage leading to the activation of the
proenzyme occurs at the amino-terminal region of the vWF-A domain. Ordinarily such a
cleavagesite is at the immediate N-terminus of the SP domain. All three domain types have

been implicated in the interactions of factor B with C3 (Sim and Perkins, 1990).

The middle lobe of factor B (amino-terminal domain of Bb) has sequence homology
to about 210 amino acids present in a wide variety of other proteins (reviewed in Colombatti
and Bonaldo, 1991; Perkins et al., 1994). It was termed the vWF-A domain since it
corresponded to one of the four different domain types (A to D) in von Willebrand Factor
(Sadleretal., 1985; Jenkins et al., 1998). This domain type also occurs in proteins of the
extracellular matrix (cartilage matrix protein, and collagen types VI, VII and XIV) and other
proteins of the immune system (the leucocyte integrins CR3, CR4, LFA-1; the VLA-1, VLA-

2 integrins; complement C2). It seems likely that the vWF-A domain in many of these
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proteins is implicated in ligand binding. A total of 75 sequences in 25 proteins have been
analysed to show a relatively low degree of sequence conservation and no conserved

disulphide bridges (Perkins et al.,1994).

Invitro site directed mutagenesis is a valuable tool for the study of protein structure-
function relationships. Methods for performing this technique generally require single stranded
DNA (ssDNA) as the template and are labour intensive or technically difficult. The
“QuickChange” method allows site specific mutation in virtually any double-stranded plasmid
and requires no specialised vectors. The rapid four step procedure (Figure 4.2) is simple to
perform and uses plasmid DNA purified by miniprep (see Methods 4.2 below). The basic
procedure utilises a supercoiled, double stranded DNA (dsDNA), two oligonucleotide
primers containing the desired mutation and a temperature cycler. The oligonucleotide
primers, each complementary to opposite strands of the vector, extend during temperature
cycling by means of Pfu DNA polymerase. Pfu DNA polymerase will replicate strands of
supercoiled double stranded DNA (dsDNA) without displacing the mutant oligonucleotides.
On incorporation of the oligonucleotide primers, a mutant plasmid containing staggered nicks
is generated. The reaction mixture is treated with Dpn I endonuclease which is specific for
methylated and hemimethylated DNA (target sequence 5'-G™ATC-3"). This will digest the
parental DNA template and so will select for the mutated synthesised DNA. This works
because DNA isolated from almost all E.coli strains is dam methylated and therefore
susceptible to cleavage by Dpn 1. The nicked vector DNA can then be transformed into

E.coli competent cells.

95



Gene insert in plasmid with mutation site

Mix Denature plasmid and the annealing primers containing the
mutation

Mutagenic primers

CYC]@ Temperature cycle to extend and incorporate the mutation
primers resulting in nicked circular strands

Digest Digest the parental DNA template with Dpn 1

Mutant plasmid

Transform the resulting annealed double-stranded nicked

Transform DNA molecules

After transformation the nicked plasmid is repaired

Figure 4.2 Schematic representation of the “QuickChange” mutagenesis method
(Stratagene, La Jolla, USA). A four-step process of mixing, cycling, digestion and
transformation is described. The original and mutant plasmids are represented by green
and blue circles respectively. The mutation target site is represented by a black dot and
the mutagenic primers by brown arrows. A green X represents the desired mutation.
Adapted from the Stratagene web resource (http://www.stratagene.com).
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4.2 Materials

Glutathione-agarose beads ( G-4510) and human thrombin (T-3010) were obtained
from Sigma Chemical Co., Poole, Dorset, U. K., as were the constituents of the buffer used
to lyse E. coli cells [DNAse (D-7291), lysozyme (L-6876), Triton X100 (T-6878) and
benzamidine (B-6506)]. Chromatography columns were from Pharmacia, Milton Keynes,
Bucks., U.K. Fresh-frozen plasma for the purification of complement components came from
the Oxford Regional Blood Transfusion Service, John Radcliffe Hospital, Oxford, U.K. The
serine protease inhibitor Pefabloc-SC (4-(2-aminoethyl)-benzene-sulphonyl-fluoride) was

obtained from Pentapharm AG, Basel, Switzerland.

4.3 Methods

4.3.1 GST-vWF-A-218 expression system

A system for the expression of arecombinant vVWF-A domain of factor Bin E. coli
MC1061 cells was kindly provided by Dr. R.B. Sim, (Williams et al., 1994). This system
expressed the protein as a fusion product with glutathione-S-transferase (GST). A summary
of this work done by Williams et al. (1994) follows. The region encoding the vWF-A domain
was amplified from a full length factor B cDNA clone named pFB-2 (Steinkasserer et
al.,1992) by polymerase chain reaction (PCR). The factor BcDNA clone was generously
provided by Dr W. Schwaeble, Dept of Microbiology and Immunology, University of
Leicester. The middle five exons of the factor B gene encode the vVWF-A domain of factor
B (Steinkasserer et al., 1992). The first exon begins with Gly229 and the last ends with
Tle444. Oligonucleotides were designed to flank the region of interest with the introduction of
a Bam Hl restriction site at the 5’ end and an Eco Rl restriction site at the 3’ end to enable
sub-cloning into the pGEX-2T vector in the correct orientation (5’ oligonucleotide CG GGA
TCC GGG GAA CAA CAG AAG CGG AAG:; 3 oligonucleotide GGA ATT CTAGAT
CATTTG GTA GAA AACATC TTC). The amplified cDNA insert (663 bp) produced was
digested with Eco R1 and Bam Hl and ligated into the pGEX-2T vector pre-cut with the same
enzymes. The ligation mixture was used to transform MC1061 competent cells. Individual
bacterial clones containing cloned cDNA were identified by the production of correct-sized

PCR products using the oligonucleotides described above from DNA mini-preps (Birnboim
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etal., 1979). Sub-cloned DNA from a large-scale plasmid purification (Sambrook et al.,
1989) was sequenced using a ‘T Sequencing Kit’ following the manufacturer’s protocol. The
sequence was found to be identical to that found in the pFB-2 clone from which the fragment
was amplified. The modifications to the ends of the amplified product were found to be as
intended. As this recombinant product contained 218 residues, it was denoted vWF-A-218.
The E. coliMC1061 cells containing the vIWF-A insert were stored in LB broth containing
15% glycerol at -70°C.

4.3.2 Preparation of the vWF-A-218 domain

VvWF-A-218 was expressed and purified from E. coli (provided by Dr. R.B. Sim)
by a combination of the methods in Steinkasserer ef al. (1992) and Smith and Johnson
(1988). A starter culture was grown up at 37°C overnight in Lennox broth with 100 pg/ml
ampicillin. This was diluted 1:10 with fresh Lennox broth/ampicillin and incubated for 90 min.
The cells were then induced with 1 mM isopropyl-B-D-galactoside and grown for a further
four to five h. The cells were pelleted by centrifugation using a 850 S rotor in an [EC-PR7000
centrifuge at 6,000 r.p.m. (3000 g) for five min and then resuspended in lysis buffer on ice for
one h. The lysis buffer was a hypertonic phosphate buffered saline (MTPBS) (16 mM
NaH,PO,4, 54 mM Na,HPO,, 150 mM NaCl, pH 7.2) containing lysozyme (0.2 mg/ml),
DNase (1 pg/ml), Triton X-100 (0.1% v/v), Pefabloc (1 mM), dithiothreitol (2 mM),
benzamidine (50 mM) and EDTA (ethylenediaminetetraacetic acid)(5 mM). This was
followed by sonication onice for 3 x 20 sec using a MSE sonicator. The cell lysate was spun
down using a Sorvall SS-34 rotor for 25 min at 17,000 rpm (22,500 g). The fusion protein
was then bound to glutathione-agarose (10 ml per litre of culture) by incubating it with the
supernatant overnight at 4°C. This was washed on a column with degassed hypertonic
phosphate buffered saline and then subjected to cleavage by thrombin (250 ml per five litres
of culture) at 37°C for four h to release the recombinant vVWF-A-218 domain. The cleaved
vWF-A-218 was washed from the beads using degassed hypertonic phosphate buffered
saline containing 2 mM dithiothreitol. The thrombin was removed by passing the glutathione-
agarose wash over an arginine agarose column (A ffinity Chromatography, 0030-100). The

material that passed through the column was concentrated under nitrogen using an Amicon
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ultra filtration stirred cell witha YM-10 membrane. To prevent dimerisation occurring via the
free thiol group, the protein was either kept in reducing conditions in 10 mM DTT (vWF-A-
218y17) or the Cys was oxidised with iodoacetamide (VWF-A-218,y). In the latter case
iodoacetamide was added to a final concentration of 4 mM and the sample was left at room
temperature for two min prior to gel filtration. In either case the sample was loaded onto a

Hil.oad 16/60 Superdex 75 gel filtration column (Pharmacia).

4.3.3 Mutagenesis of vVWF-A-218 with the “QuickChange” method

For this thesis project a second recombinant vVWF-A domain was prepared by site
directed mutagenesis of the pGEX-2T plasmid containing the vVWF-A-218 clone using the
“QuickChange” site-directed mutagenesis kit (QuickChange 200518, Stratagene, Cambridge,
UK). Two cycles of mutagenesis were employed as summarized in Table 4.1. In the first,
Cys267 was replaced by Ser and a Spe [ restriction site (A/CTAGT) was introduced into the
mut] sequence. In the second mutation, the C-terminus was extended by adding the next four
residues of the factor B sequence (DESQ), and one Bfa I restriction site (C/TAG) was lost
in the mut2 sequence (Figure 4.3). Oligonucleotide primers were synthesised at Perkin-Elmer
Applied Biosystems (Warrington, Cheshire, U.K.).

4.3.4 Mutagenic primer design

Both the mutagenic primers had to contain the desired mutation and anneal to the
same sequence on opposite strands of the plasmid. The primers should be between 25 and
45 bases in length and the melting temperature (7,,,) should be approximately 10°C above the
extension temperature of 68°C. The following formula was used for estimating the T, of the

primers:

675
T =815+04 (%GC) - N Yomismatch Equation 4.1

where N was the primer length (number of bases). The desired mutation should be centrally

located within the primer with approximately 15 bases of original sequence either side. The
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Table 4.1 Primers used for the mutation of the vVWF-A-218 cDNA to vWF-A-222 by the “Quick Change” method

Identification* Amino acid and DNA sequences** Direction Length GC T, (CC)***
(N)
mut] T G A K K S L V N forward 28 13 74
C ACA GGA GCC AAA AAGTCA CTA GTC AAC
antimut] GTT GAC TAG TGA CTT TTT GGC TCC TGT G reverse 28 13 74
mut?2 vV F Y Q M 1 D E S Q Stop forward 48 21 60
GTT TTC TAC CAA ATG ATC GAC GAG AGC CAG TAG AAT
TCA TCG TGA CTG
antimut2 CAG TCA CGA TGA ATT CTA CTG GCT CTC GTC GAT CAT reverse 48 21 60
TTG GTA GAA AAC

* The mutl/antimut] and mut2/antimut2 sequences correspond to the Cys267Ser mutation and the four-residue C-terminal extension respectively.

** Characters in bold represent alterations from the original vWF-A cDNA sequence. The underlined TAG motif represents the stop codon
required for termination of translation.

*** The melting temperature 7,, was calculated according to the Stratagene QuickChange manual:

T,,=81.5 + 0.41(%GC) - 675/N - % mismatch



G s G E Q 9 K R K I VvV L D P S G

ggatcecggggaacaacagaagcggaagatcgtecctggacccttcagg 840

S M NI ¥ L VL D G S D S I G A S N F T
ctccatgaacatctacctggtgctagatggatcagacagcattggggccagcaacttecac 9500

G A K K ¢ L VN LI E K VA S Y G V K P
aggagccaaaaagtgtctagtcaacttaattgagaaggtggcaagttatggtgtgaagcc 960

ca
S

R 'Y 6 L VvV 7T Y AT Y P K I WV KV S E A
aagatatggtctagtgacatatgccacataccccaaaatttgggtcaaagtgtctgaagc 1020

D 8§ s N A DWV T K Q L N E I NY E D H
agacagcagtaatgcagactgggtcacgaagcagctcaatgaaatcaattatgaagacca 1080

K L K 8§ 6 T NT K K AUL Q A V Y S M M S
caagttgaagtcagggactaacaccaagaaggccctccaggcagtgtacagcatgatgag 1140

w P DDV P P E G W NI RTIRHV I I L M
ctggccagatgacgtccctectgaaggctggaaccgecacceccgeccatgtcatcatcectceat 1200

T D G L H N M G G D P I T V I DE I R D
gactgatggattgcacaacatgggcggggacccaattactgtcattgatgagatccggga 1260

L LY I 6 K DRI KNUPREUD YLD V Y V
cttgctatacattggcaaggatcgcaaaaacccaagggaggattatctggatgtctatgt 1320

F G vV 6 P L V N QV NTINWAILM AS K KD
gtttggggtcgggcctttggtgaaccaagtgaacatcaatgectttggcttccaagaaaga 1380

N E Q HV F KV KDMENTULE DV F Y 0
caatgagcaacatgtgttcaaagtcaaggatatggaaaacctggaagatgttttctacca 1440

M I
aatgatc tagaattcatcgtgactg

gacgagagccag

D E S Q

Figure 4.3 The sequence of the cDNA insert (lowercase) of the vVWF-A-218 domain in
the pGEX-2T expression vector and the translated protein sequence (uppercase). The
numbering corresponds to the factor B cDNA sequence numbering. Characters in red
and blue represent the BamH1 and the EcoR1 restriction enzyme sites respectively and
characters in bold directly below the vWF-A cDNA sequence represent the desired
mutations in VWF-A-222. The residues in green (GS) are derived from the thrombin
cleavable linker and not from the factor B sequence. The underlined characters describe
the position that the mutant primers will anneal to. The above-lined motif represents the

stop codon.
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primers should have a minimum GC content of 40% and should terminate in one or more G

or C bases.

4.3.5 Preparation of the vWF-A-218 bacterial culture

30ml of sterile LB broth (containing 100 mg/ml of ampicillin (Sigma)) were inoculated
with100 pl of the vVWF-A-218 glycerol stock and incubated overnight on an orbital shaker
at 37°C at 180 rpm. The bacteria were pelleted by centrifugation on a bench top centrifuge

at 3000 rpm. The supernatant was discarded and the tubes were inverted to dry the pellets.

4.3.6 Isolation and purification of vWF-A-218 plasmid DNA

The plasmid was purified using a “Promega Wizard plus minipreps DNA purification
system (A7130304)” following the manufacturer’s protocol. The plasmid DNA pellets were
resuspended in 50 pl of sterile TE buffer (10 mM Tris-HCI, 1 mM EDTA, pH 8.0). The
optical density of the DNA was measured at both 260 nm and 280 nm in a
spectrophotometer to assess concentration and purity of the DNA (a solution containing 50
pg/ml of double stranded DNA has an absorbance of 1.0 at 260 nm; Sambrook et al.,
1989). The vWF-A-218 cDNA plasmid concentration was calculated as 2 ng/ul and had a
260/280 ratio of 1.7 (pure DNA has a ratio of 1.8).

4.3.7 Mutagenesis reactions

The vWF-A-218 plasmid was used as the template for the first reaction and vWF-
Amutl plasmid (see later) was selected as the template for the second mutation. The
mutagenesis reactions were prepared in sterile snap-fit tubes as follows:

2,5, 10 or 20 pl of cDNA template

2 pl of mutl or mut 2 primer (approximately100 pg/ml)

2 pl of antimut lor antimut 2 primer (approximately100 pg/ml)

5 pl of 10 x buffer

1 pl of ANTP mix primer

made up the volume to 50 pl with dH,0

1 pl of Pfu polymerase (2.5 U/ul)
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The reaction mistures were overlaid with mineral oil and subjected to the following
temperature cycle:
(1a) 95°C for 30 s
Then 18 cycles of  (2a) 95°C for 30 s
(2b) 55°C for 1 min
(2c) 68°C for 11 min
The reaction mixtures were then placed on ice for several minutes and 1 pl of Dpn I was
added below the mineral oil and mixed by pipetting up and down. This mixture was spun
down and incubated at 37°C for two h to digest the non-mutated DNA. The 10 x reaction
buffer was composed of the following:
100 mM KCl
100 mM (NH,),SO,
200 mM Tris-HCI (pH 8.8)
20 mM MgSO,
1% Triton X-100

1 mg/ml nuclease free bovine serum albumin (BSA)

4.3.8 Transformation of the mutant plasmid into competent cells

200 pl of Epicurian Coli X1.1-Blue supercompetent cells were thawed on ice and 50
ul of these were aliquoted into four precooled 1.5 ml snap-fit tubes. 1 pl of the Dpn 1 treated
DNA from each sample reaction was added to each of the separate aliquots of cells. The
transformation reactions were gently mixed and incubated on ice for 30 min. The mixtures
were then heat pulsed at 42°C for 45 min and replaced on ice for two min. The reaction
mixture was added to 0.5 ml of NZY broth preheated to 42°C and incubated at 37°C with
shaking (220 rpm) for one h. The entire volume of each transformation was plated outon a
separate agar plate containing 100 mg/ml ampicillin and these were incubated at 37°C

overnight.

The recipe for NZY broth (1 litre) filter sterilised before use follows:

10 g of NZ amine (casein hydrolysate)
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5 g of yeast extract
5 g of NaCl
Autoclave
The following supplement was added prior to use:
12.5 ml of 1 M MgSO, and 12.5 ml of 1 M MgCl,

10 ml of a 2 M filter sterilised glucose solution

4.3.9 Mini prep of mutant plasmids

Eight colonies were selected from the agar plates of the mutant transformations and
the plasmid DNA was purified in a miniprep using the Promega kit. The DNA was
resuspended in 40 pl of Tris-EDTA (TE) buffer (10 mM Tris, 1 mM EDTA, pH 7.5) and
labelled as vWFCysmut 1-8 for the first mutation and vWFCysext 1-8 for the second.

4.3.10 Restriction digests of the mutant plasmids

10 pl of each sample of the first mutant plasmid DNA (vWFCysmut 1-8) were
incubated with 2 pl of 10 x multicore buffer (Promega R999B), 0.5 pl Spe 1, with an activity
of 18 U/ul (Promega R659A) and 8 pl of dH,O at 37°C for one h. The digests were
analysed by agarose gel electrophoresis on a 1% agarose gel to verify the presence of the

mutation. This restriction digest was repeated with 0.5 pul Spe Iand 0.5 pl Eco RItogether.

5 ul of each sample of the second mutant plasmid DNA (vWFCysext 1-8) was
incubated with 3 pl of 10 x buffer, 0.5 pl BfaIand 25 pl of dH,O at 37°C for two h. The
vWFCysmut7 plasmid, which was known to have contained the first mutation, was also
subjected to this reaction. The digests were analysed by agarose gel electrophoresisona 1%

agarose gel to verify the presence of the mutation.

4.3.11 Transformation of the double mutant plasmid into competent cells
MC1061/P3 competent cells (Invitrogen) were thawed on ice and 100 pl of these
were aliquoted into a precooled 1.5 ml snap fittube. 5 pl of 0.5 M B-mercaptoethanol were

added and the tube was incubated on ice for 10 min, swirling the tube every two min. 5 pl of
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vWFCysext8 was added to the cells, swirled to mix, and incubated on ice for 30 min. The
reactions were then heat pulsed at 42°C for 45 min and replaced on ice for two min. The
reaction mixture was added to 0.9 ml of SOC medium preheated to 42°C and incubated at
37°C with shaking (220 rpm) for one h. 100 pl of the transformation reaction was plated out
on an agar plate containing 100 mg/ml ampicillin and this was incubated at 37°C overnight.
Eight colonies were selected from the plate and the plasmid DNA was purified in a miniprep.
The plasmid DNA was resuspended in separate aliquots of 40 pl of TE buffer and labelled
as mutant 1-8. Glycerol stocks were prepared from each of these colonies and labelled

similarly to the plasmid DNA.

4.3.12 Screening of the MC1061 mutants for expression

A culture was grown from each of the glycerol stocks in 15 ml of sterile LB broth
containing 100 mg/ml ampicillin until it reached an ODgy, (1 cm) 0of 0.6. IPTG was added to
a concentration of 1 mM and the cultures were grown for a further three h. A culture was also
prepared from the untransformed MC1061 cells. Samples from these cultures were screened
for expression by Western blot analysis from a 10% SDS PAGE gel. A polyclonal antiserum
to factor B was used to identify the GST-vWF-A-222 fusion protein.

4.3.13 Western blot analysis of the bacterial cell lysates

Two 10% SDS-PAGE gels were prepared (Table 4.2). After electrophoresis one of
the gels was stained with Coomassie blue. The other was blotted onto PVDF (BioRad)
membrane using a semi-dry blotter (Pharmacia) in 39 mM glycine, 48 mM Tris, 0.0375%
(w/v) SDS at a current of 2.5 mA/cm? for one h. 5% Marvel in phosphate buffered saline
(PBS; 0.5 mM MgCl,, 2.5 mM KCl, 1.5 mM KH,PO,, 140 mM NaCl, 8.1 mM Na,HPO,)
was used to block unbound sites on the PVDF membrane. An anti-factor B polyclonal rabbit
serum (1 in 1000 dilution) was incubated with the membrane in PBS with 5% Marvel ona
rotary mixer for one hour at 20°C. The antibody solution was then removed and the
membrane was rinsed four times. An anti-rabbit IgG alkaline phosphatase conjugate (Sigma,
A-3812) was diluted to 1/6500 and incubated with the membrane for one hour at 20°C

(second antibody step). The membrane was rinsed four times with PBS with 5% Marvel and
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Table 4.2 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) system

for the resolution of proteins by their molecular mass

Component Stacking gel 15 mls Resolving gel
S mls
0.06 0.08 0.1 0.12  0.15 0.05
30% acrylamide 3 4 5 6 7.5 0.83

1.5MTris-HCI (pH 3.8 3.8 3.8 3.8 3.8 -

8.8)

1.0M Tris-HCI pH - - - - - 0.63
6.8)

distilled water 79 69 59 49 34 3.4

10% SDS 015 015 015 015 0.5 0.05
10% APS 015 015 015 015 0.5 0.05
TEMED 001 0 0 0 0 0.005

Abbreviations: APS, ammonium persulphate (Sigma); SDS, sodium dodecyl sulphate (BDH);
TEMED, NNN'N'-Tetramethylenediamine (BDH))

Acrylamide solution
29% acrylamide (BDH)
1% NN'-Methylenebisacrylamide (BDH)

5X Tris-glycine electrophoresis buffer (25 mM Tris, 191.5 mM glycine, 0.1% SDS):
45 g Tris base
216 g glycine (Sigma)
15g SDS (BDH)
volume made up to three litres with distilled water

(Adapted from Sambrook et al., 1989).
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then rinsed with 0.15 M Tris-acetate, pH 9.6. The substrate solution for the alkaline
phosphatase was prepared as follows:
50ml 0.15 M Tris-acetate pH 9.6 (Sigma)
50ml H,0
5ml 0.1% (W/v)4-nitro-blue-tetrazolium chloride (Sigma) in 0.15 M Tris-acetate
pH 9.6
0.5 ml 0.5% (w/v) 5-bromo-4-chloro-3-indolyl-phosphate p-toluidine (Sigma)
0.2 ml 2 M MgCl, (BDH)

The substrate was added to the membrane and incubated at 20°C for approximately 20

minutes until a purple (positive) colour appeared.

4.3.14 Preparation of the vVWF-A-222 domain

A large scale culture was prepared in a similar manner to that of the original vVWF-A-
218 domain (see section 4.3.2) using the mutant 1 (the double mutant transformation in the
MC1061 cells). The method was identical with the exception that neither DTT nor JAM was
used in the preparation and it was not necessary to maintain a reducing environment with

degassed buffers.

4.3.15 Preparation of factor B, Bb, Ba, the SP domain and C3

Factor B was purified using dye-ligand affinity chromatography of human plasma
following the procedure of Williams and Sim (1993), followed by ion exchange
chromatography on a mono Q anion exchange column (dimensions 5 x 50 mm). C3 was
purified from human plasma following the procedure of Dodds (1993). Bb, Ba and the SP
domain were prepared by proteolytic cleavage of factor B following the procedure of Lambris
and Miiller-Eberhard (1984). The optimum conditions for the production of the SP domain
were determined by a time-course digestion using a range of concentrations of elastase
between 0 and 8% w/w. The domain was then produced by an overnight digestion using a
0.5% w/w ratio of elastase to factor B at 37°C in 25 mM Tris, 100 mM NaCl, pH 7.4. The
digest was chilled on ice, diluted 10 times with 25 mM Tris, pH 7.5 and loaded onto a SP-
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Sepharose fast flow ion-exchange column (dimensions 26 x 130 mm) which had been pre-
equilibrated with 25 mM Tris, pH 7.5. The column was developed with a linear gradient of
0to 500 mM NaCl in 400 ml and the SP domain eluted as a single peak at a concentration
of about 300 mM NaCl. All the protein preparations were concentrated under nitrogen using
an Amicon ultra filtration stirred cell with a YM-10 membrane before being loaded onto a

Hil.oad 16/60 Superdex 75 gel filtration column (Pharmacia).

4.3.16 Characterisation of protein preparations

The protein preparations were analysed by SDS-PAGE (8% gel for factor B and
10% gels for the other preparations) using an ATTO mini gel apparatus (Genetic Research
Instrumentation Itd., Essex, UK) to determine the approximate molecular masses, the sample
purity and an approximation of the concentrations. Samples were denatured in § M urea in
the presence of either 20 mM dithiothreitol (reducing) or 40 mM iodoacetamide (non-
reducing) and loaded onto the gel. Rainbow protein molecular weight markers were used as
areference (Amersham). Isoelectric focusing-PAGE was also used to analyse the protein
preparations using PhastGel IEF 3-9 gels on a Phast system (Pharmacia) and with Ampholine
PAG plate 3.5-9.5 (Pharmacia) on a multiphor system. Isoelectric focusing markers (Sigma,
I-3018) were used as a reference. The protein bands were stained using Coomassie blue.
Protein concentrations were determined spectrometrically using a Beckman DU-70
spectrophotometer by their absorbance at 280 nm. The extinction coefficients, A,q, (1cm,
1%), were calculated from the total of Trp, Tyr and Cys residues in the sequence (Perkins

1986) to be: Ba, 16.7; vWF-A-218, 15.6;-222, 15.2; SP, 11.1; Bb, 12.5; factor B, 13.8.

The samples of the vVWF-A-218 and the SP domain destined for N-terminal
sequence analysis were run on SDS-PAGE under reducing conditions and then electroblotted
onto a Problott membrane (Applied Biosystems) in a Bio-Rad mini Trans-Blot electrophoretic
transfer cell. The blots were stained with Coomassie Brilliant Blue and the bands
corresponding to the protein of interest were excised. The N-terminal amino-acid sequences
were obtained using an Applied Biosystems 470A protein sequencer and Applied Biosystems

120A analyser. To determine the N-terminal sequence of the SP domain, 15 cycles of Edman
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degradation were performed using an Applied Biosystems (Perkin-Elmer) 494 A Procise
protein sequencer, courtesy of Dr A. Willis, MRC Immunochemistry Unit, Department of
Biochemistry, University of Oxford.

To verify the absence of free sulphydryl groups, the Ellman assay for thiols was
performed on the SP domain (Lundblad, 1995). The change in absorbance 0f0.15 mM 5,5'-
dithiobis-2-nitrobenzoic acid on the addition of glutathione in concentrations between 0 to 2
mM was measured at 412 nm in a 1 cm path length on a Beckman DU-70
spectrophotometer. The resulting calibration curve was used to determine the number of thiol
groups in the SP domain (Figure 4.4). 1 ml of the SP domain at 1.2 mg/ml (0.03 mM) in PBS
was added to 1 ml of the 5,5'-dithiobis-2-nitrobenzoic acid stock, and the absorbance at 412
nm was recorded after it had reached a maximum. The assay was repeated with the SP
domain denatured using 6 M guanidine hydrochloride. All the buffers were pre-filtered with
a 0.2 pum filter and then deoxygenated by bubbling N, gas through them.

4.3.17 Mass spectroscopy data collection

Matrix-assisted laser desorption ionization (MALDI) mass spectrometry (Beavis and
Chait, 1996) was performed with vWF-A-218 domain preparation on a VG-TOF
spectrometer at the University of London facility at the School of Pharmacy. Samples were
in 20 mM acetic acid and were loaded in a 1: 1 ratio with the matrix sinapinic acid (trans-3,5-
dimethoxy-4-hydroxycinnamic acid) to aid in desorption. The instrument was calibrated
externally using cytochrome ¢ and insulin. To measure the mass of vVWF-A-222, electrospray
ionization mass spectrometry was performed on a Finnigan Navigator spectrometer witha
Waters Alliance liquid chromatography system for sample delivery at the School of Pharmacy.
The sample was in deionized H,0 and was loaded ina 1:1 ratio with 50% acetonitrile. The

instrument was calibrated using H,O clusters.

The cleavage of C3 by the SP domain was assayed using SDS-PAGE to quantify the
production of the C3a fragment (M4, 8,900). 5 pl of the purified SP domain (2.5 mg/mlin
PBS) was mixed with 5 pl of purified C3 (3 mg/ml in PBS) and 5 pl of the appropriate
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100 mM buffer solution. The samples were incubated at 37°C for two h and overnight. The
samples were reduced with dithiothreitol, denatured with urea and loaded onto a 16% tricine
gel. The protein bands were visualised by Coomassie blue staining using low-range protein
molecular markers (Promega, V5231) as areference. The C3, and SP preparations incubated
in the absence of C3, were used as controls. Band densities were determined by scanning the

gel with a HP ScanJet 4C scanner and analysing the image using SigmaGel software (Jandel).

A fluorescent assay for the cleavage of C3 using the synthetic C3 analogue, t-
butyloxycarbonyl (Boc)-Leu-Gly-Arg-AMC (Bachem) (Caporale et al., 1981; Gutierrez
etal., 1983) was used to assay the activity of the SP domain over the pH range 5-10in 0.5
unit steps. The C3 cleavage releases a fluorescent coumarin derivative,7-amino-4-
isocoumarin (AMC) and so the reaction can be monitored by fluorescence spectroscopy.
Stock buffer solutions were prepared similar to those above. 100 pl of the 20 mM solution
of the analogue in 0.9 M dimethyl sulphoxide were mixed with 3 ml of the 100 mM buffer
stocks and 10 pl of the purified SP domain (2.5 mg/ml in PBS). The reaction mixture was
incubated at 37°C in a Perkin-Elmer S0B spectrofluorimeter. The sample was excited with

awavelength of 380 nm and the intensity of the emission at 460 nm was measured for 20 min.

4.3.18 Crystallisation of the factor B proteins

Preparations of the vWF-A-218 domain, the vVWF-A-222 domain, the SP domain
and whole factor B were subject to crystallisation trials using the hanging drop vapour
diffusion technique (Ducruix and Giege, 1992). The vWF-A-218 domain was concentrated
to 2 mg/ml only and whole factor B to 3 mg/ml only because the proteins were not soluble
above these concentrations. Preparations of both the domain prepared with IAM (VWF-A-
218,50 and the unreduced domain (VWF-A-218;7) were used. In the latter case the protein
had to be maintained in a non-reducing environment with either 10 mM DTT or 10 mM B-2-
mercaptoethanol. The vWF-A-222 domain and the SP domain were prepared at two
concentrations 3 mg/ml and 7 mg/ml. Trials in the presence of 1 mM MgCl, or2mM EDTA
were conducted in parallel as were trials at room temperature, 18° and 4°C. Both a

systematic approach, screening with the precipitants ammonium sulphate, polyethylene glycol
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(PEG) and 2-methyl-2,4-pentanediol (MPD) and a sparse matrix approach using the
Hampton Research crystal screening kits 1 and 2 (Figures 4.5 and 4.6) were employed to
screen a wide range of precipitants and additives. All the buffers were filtered prior to use
using 2 um filters. Stock buffer solutions were made using 100 mM Tris, 0.1% NaNj at
intervals of 0.5 pH unit from pH 3.5 to 9.0. Ammonium sulphate was dissolved in 100 mM
Tris, 0.1% NaNj, to 100% saturation. 80% saturated solutions were then prepared at
intervals of 0.5 pH unit from pH 3.5 t0 9.0. PEG 3000, 4000, 6000 and 8000 were dissolved
in the stock buffer solutions to achieve 30% w/v solutions. Dilutions of PEG 1500, 2000 and

MPD were made as required.

The proteins were dialysed into 20 mM Tris, 0.1% NaNj3, pH 7.2 buffer and the
solution was centrifuged immediately before use in a microfuge to remove aggregates. Hanging
drops were set up on siliconised cover slips by pipetting an equal amount (1-5ul) of the
protein solution with the precipitant and inverting the cover slip over the precipitant reservoir.
The precipitant reservoir was prepared in the wells of linbro boxes and the cover slips were
sealed with grease. The cover slips were examined under crossed polarisers usinga Wild
stereo microscope after one week, and then on a monthly basis. Any precipitate that formed
within the drop was attributed a Q score according to its appearance from the following
scheme: cloudy precipitates, 1.0; gelatinous or particulate precipitates, 2.0; spherulites, 3.0;

needles, 4.0; plates, 5.0 and prisms, 6.0.

A micro seeding technique was employed whereby a bristle was brushed through the
granular precipitate from the drops of a particular screen and then stroked through a freshly
prepared drop with similar conditions. This was repeated to screen systematically a whole set
of parameters. Macroseeding techniques were also employed whereby whole crystals were

transferred to freshly prepared drops.

If precipitant was not observed in the drop, the protein or precipitant concentrations
were increased and the screens were repeated. If crystals were not observed in the screen,

further systematic screens were conducted covering other parameters, such as precipitant
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1. 30% MPD, 0.1 M sodium acetate pH 4.6, 0.02 M calcium chloride

2. 0.4 M sodium tartrate

3. 0.4 M ammonium phosphate

4.2.0 M ammonium sulphate, 0.1 M Tris HCI pH 8.5

5.30% MPD, 0.1 M sodium Hepes pH 7.5, 0.2 M sodium citrate

6. 30% PEG 4000, 0.1 M Tris HCI pH 8.5, 0.2 M magnesium chloride

7. 1.4 M sodium acetate, 0.1 M sodium cacodylate pH 6.5

8. 30% 2-Propanol, 0.1 M sodium cacodylate pH 6.5, 0.2 M sodium citrate
9. 30% PEG 4000, 0.1 M sodium citrate pH 5.6, 0.2 M ammonium acetate
10. 30% PEG 4000, 0.1 M sodium acetate pH 4.6, 0.2 M ammonium acetate
11. 1.0 M ammonium phosphate, 0.1 M sodium citrate pH 5.6

12. 30% 2-Propanol, 0.1 M sodium Hepes pH 7.5, 0.2 M magnesium chloride
13. 30% PEG 400, 0.1 M Tris HCI pH 8.5, 0.2 M sodium citrate

14. 28% PEG 400, 0.1 M sodium Hepes pH 7.5, 0.2 M calcium chloride

15. 30% PEG 8000, 0.1 M sodium cacodylate pH 6.5, 0.2M ammonium sulphate
16. 1.5 M Li sulphate, 0.1 M sodium Hepes pH 7.5

17. 30% PEG 4000, 0.1 M Tris HCI pH 8.5, 0.2 M Li sulphate

18. 20% PEG 8000, 0.1 M sodium cacodylate pH 6.5, 0.2 M magnesium acetate
19. 30% 2-Propanol, 0.1 M Tris HCI pH 8.5, 0.2 M ammonium acetate

20. 25% PEG 4000, 0.1 M sodium acetate pH 4.6, 0.2 M ammonium sulphate
21. 30% MPD, 0.1 M sodium cacodylate pH 6.5, 0.2 M magnesium acetate
22.30% PEG 4000, 0.1 M Tris HCI pH 8.5, 0.2 M sodium acetate

23. 30% PEG 400, 0.1 M sodium Hepes pH 7.5, 0.2 M magnesium chloride
24. 20% 2-Propanol, 0.1 M sodium acetate pH 4.6, 0.2 M Ca chloride

25. 1.0 M sodium acetate, 0.1 M Imidazole pH 6.5

26. 30% MPD, 0.1 M sodium citrate pH 5.6, 0.2 M ammonium acetate

27. 20% 2-Propanol, 0.1 M sodium Hepes pH 7.5, 0.2 M sodium citrate

28. 30% PEG 8000, 0.1 M sodium cacodylate pH 6.5, 0.2 M sodium acetate
29. 0.8 MK, sodium tartrate, 0.1 M sodium Hepes pH 7.5

30. 30% PEG 8000, 0.2 M ammonium sulphate

31. 30% PEG 4000, 0.2 M ammonium sulphate

32. 2.0 M ammonium sulphate

33. 4.0 M sodium formate

34, 2.0 M sodium formate, 0.1 M sodium acetate pH 4.6

35. 1.6 M sodium phosphate, 0.1 M Hepes pH 7.5

36. 8% PEG 8000, 0.1 M Tris HCI pH 8.5

37. 8% PEG 4000, 0.1 M sodium acetate pH 4.6

38. 1.4 M sodium citrate, 0.1 M sodium Hepes pH 7.5

39. 2% PEG 400, 2.0 M ammonium sulphate, 0.1 M sodium Hepes pH 7.5
40. 20% 2-Propanol, 20% PEG 4000, 0.1 M sodium citrate pH 5.6

41. 10% 2-Propanol, 20% PEG 4000, 0.1 M sodium Hepes pH 7.5

42, 20% PEG 8000, 0.05 M sodium phosphate

43.30% PEG 1500

44. 0.2 M magnesium formate

45. 18% PEG 8000, 0.1 M sodium cacodylate pH 6.5, 0.2 M zinc acetate

46. 18% PEG 8000, 0.1 M sodium cacodylate pH 6.5, 0.2 M calcium acetate
47. 2.0 M ammonium sulphate, 0.1 M sodium acetate pH 4.6

48. 2.0 M ammonium phosphate, 0.1 M Tris HC] pH 8.5

49, 2% PEG 8000, 1.0 M lithium sulphate

50. 15% PEG 8000, 0.5 M lithium sulphate

Figure 4.5 A list of precipitants in Hampton Research crystal screen 1
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.0.5 M NaCl, 0.01 M CTAB, 0.01 M magnesium chloride
. 25% Ethylene glycol

. 35% Dioxane

. 5% Isopropanol, 2.0 M ammonium sulphate

. 1.0 M Imidazole pH 7.0

. 10% PEG 1000, 10% PEG 8000

.1

0% PEG 6000, 2.0 M sodium chloride

0% Ethanol, 1.5 M sodium chloride

9. 2.0 M sodium chloride, 0.1 M sodium acetate pH 4.6

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.

30% MPD, 0.1 M sodium acetate pH 4.6, 0.2 M NaCl

1.0 M 1,6 Hexanediol, 0.1 M sodium acetate pH 4.6, 0.01 M cobalt chloride
30% PEG 400, 0.1 M sodium acetate pH 4.6, 0.1 M cadmium chloride

30% PEG MME 2000, 0.1 M sodium acetate pH 4.6, 0.2 M ammonium sulphate
2.0 M ammonium sulphate, 0.1M sodium citrate pH 5.6 0.2 M K/Na tartrate
1.0 M lithium sulphate, 0.1M sodium citrate pH 5.6, 0.5 M ammonium sulphate
2% Polyethyleneimine, 0.1 M sodium citrate pH 5.6, 0.5 M sodium chloride
35% tert-butanol, 0.1 M sodium citrate pH 5.6

10% Jeffamine M-600, 0.1 M sodium citrate pH 5.6, 0.01M ferric chloride
2.5 M 1,6 Hexanediol, 0.1 M sodium citrate pH 5.6

1.6 M magnesium sulphate, 0.1 M MES pH 6.5

2.0 M sodium chloride, 0.1 M MES pH 6.5, 0.2 M Na/K phosphate

12% PEG 20,000, 0.1 M MES pH 6.5

10% Dioxane, 0.1 M MES pH 6.5, 1.6 M ammonium sulphate

30% Jeffamine M-600, 0.1 M MES pH 6.5, 0.05 M caesium chloride

1.8 M ammonium sulphate, 0.1 M MES pH 6.5, 0.01 M cobalt chloride
30% PEG MME 5000, 0.1 M MES pH 6.5, 0.2 M ammonium sulphate

25% PEG MME 550, 0.1 M MES pH 6.5, 0.01 M zinc sulphate

1.6 M sodium citrate pH 6.5

30% MPD, 0.1 M Hepes pH 7.5, 0.5 M ammonium sulphate

10% PEG 6000, 0.1 M Hepes pH 7.5, 5% MPD

20% Jeffamine M-600, 0.1 M Hepes pH 7.5

1.6 M ammonium sulphate, 0.1 M Hepes pH 7.5, 0.1 M sodium chloride
2.0 M ammonium formate, 0.1 M Hepes pH 7.5

1.0 M sodium acetate, 0.1 M Hepes pH 7.5, 0.05 M cadmium sulphate

70% MPD, 0.1 M Hepes pH 7.5

4.3 M sodium chloride, 0.1 M Hepes pH 7.5

10% PEG 8000, 0.1 M Hepes pH 7.5, 8% Ethylene glycol

20% PEG 10,000, 0.1 M Hepes pH 7.5

3.4 M 1,6 Hexanediol, 0.1 M Tris pH 8.5, 0.2 M magnesium chloride

25% tert-butanol, 0.1 M Tris pH 8.5, 0.1 M calcium chloride

1.0 M lithium sulphate, 0.1 M Tris pH 8.5, 0.01 M nickel chloride

12% Glycerol, 0.1 M Tris pH 8.5, 1.5 M ammonium sulphate

50% MPD, 0.1 M Tris pH 8.5, 0.2 M ammonium phosphate

20% Ethanol, 0.1 M Tris pH 8.5

20% PEG MME 2000, 0.1 M Tris pH 8.5, 0.01 M nickel chloride

30% PEG MME 550, 0.1 M Bicine pH 9.0, 0.1 M sodium chloride

2.0 M magnesium chloride, 0.1 M Bicine pH 9.0

10% PEG 20,000, 0.1 M Bicine pH 9.0, 2% Dioxane

Figure 4.6 A list of precipitants in Hampton Research crystal screen 2
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type, temperature and additives to the precipitant. If crystals were observed in the drop, it
was important to verify whether they were formed from protein. The most obvious test was
to focus the microscope down into the precipitant reservoir below the drop to search for
similar crystals. When they were present in the reservoir the crystals must have been derived
from the precipitant mixture and not protein. When crystals were present only in the drop and
not in the reservoir the only truly satisfactory method of determining their constitution was by
X-ray diffraction, but a number of methods were employed to filter out small molecule
crystals. The crush test was employed whereby a small probe was used to crush the suspect
crystal. A click or a solid crunch would indicate a salt or low molecular mass crystal while a
shattering of the crystal would indicate a protein crystal. Another method was to employ the
Hampton Research “izit” dye (cat no. HR4-710) which was supposed to penetrate the solvent
channels within the protein crystal and stain it blue, thereby identifying it as protein, but not

enter into salt crystals.

4.4 Results

4.4.1 Purification and cleavage of the GST-vWF-A-218 protein

The expression of the 218-residue vWF-A domain (denoted as vWF-A-218)asa
fusion protein with glutathione-S-transferase, was induced by the addition of isopropyl-B-D-
thiogalactoside to cultures of the E. coli transformant during the log phase of growth. The
expected molecular mass for the fusion protein was 50.6 kDa; 26 kDa for the fusion partner
glutathione-S-transferase and 24.6 kDa for the recombinant vVWF-A-218 domain (calculated
from the expected amino acid sequence). A major protein product was present at the
molecular mass expected for the glutathione-S-transferase-vWF-A-218 fusion protein in cell
lysates from induced cells. Cleavage of the fusion protein bound to glutathione-agarose beads
with thrombin resulted in the release of the recombinant domain into the supernatant (~25
kDa). The glutathione-agarose beads were suspended in two volumes of MTPBS prior to
cleavage with thrombin, as smaller volumes resulted in the presence of protein precipitate in
the supernatant. The yield (7.3-10.4 mgs per litre of culture) was estimated from the
absorbance at 280 nm using an absorption coefficient of 15.6 (Materials and Methods).

Minor contaminating E. coli proteins were removed by gel filtration on an FPLC HiLoad
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16/60 Superdex 75 column (Pharmacia). On storage of the purified domain, a protein band
was occasionally apparent at approximately twice the molecular mass of the recombinant
domain when assessed under non-reducing conditions by SDS-PAGE on a 10% (w/v)
polyacrylamide gel. This band was not seen under reducing conditions, and was therefore
probably a disulphide-linked dimer of the recombinant domain, as factor B has a single free
cysteine at position 267 (Parkes et al., 1983). Treatment of the purified vVWF-A-218 domain
with 2 mM iodoacetamide or S mM DTT prior to storage prevented formation of the larger
protein. N-terminal sequence analysis of the recombinant product gave a homogeneous
sequence NH,-GS*?GEQQKRKIV...... The residues GS preceding the vVWF-A domain
sequence were derived from the thrombin recognition site LVPRGS in the vector sequence.
This sequence also contained the site at which factor D cleaves intact factor B between

Arg234 and Lys235 (Lesavre et al., 1979).

4.4.2 Development of a vVWF-A-222 expression system

For the large-scale production of the vWF-A-218 fusion protein and purified cleaved
vWF-A-218 for structural studies, the glutathione-agarose purification was efficient, and over
90% purity was obtained by thrombin cleavage. The purification protocol was adapted for
large-scale preparations. It was noticed that the solubility of the fusion protein was impaired
if the E. coli cells were stored at -20 °C between harvest and lysis. Accordingly, the
maximisation of the yield involved the growth of cells, their lysis and the binding to glutathione-
agarose within one day. The use of 5 mM dithiothreitol as a reducing agent to replace
iodoacetamide during the lysis stage also inhibited dimer formation. Dithiothreitol was washed
out, using degassed buffer after binding of protein to the glutathione-agarose, and before
cleavage by thrombin. Freeze-drying was found to be a promoter of aggregation, and was
replaced by Amicon stirred cells under N, pressure for concentration purposes. As shown
by SDS-PAGE, dimers were formed in oxidising conditions, and minor aggregation and
precipitation were observed during storage at 4°C. Further purification, to better than 95%
by size exclusion chromatography on a HiLoad 16/60 Superdex 75 column successfully
separated the monomer and dimer. Immediately prior to this, the vVWF-A-218 sample was
exposed to 10 mM iodoacetamide for one min at 37°C to modify the thiol at Cys267. Since
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the aggregates could not be resolubilised, the net yield of purified vVWF-A-218 was reduced

to 3 mg/ litre of culture during storage, and its solubility did not exceed 3 mg/ml.

Two modifications were made to the vVIWF-A-218 expression system in order to
improve yields and solubility:

(a) Dimerisation was attributable to the single Cys267 residue within vVWF-A-218.
Cys267 was not found elsewhere in the vVWF-A superfamily, although another one occurs
elsewhere, namely in the vVWF-A domain of complement C2 (Perkins et al., 1994). While this
thiol group in C2 was essential for the normal assembly and decay of the classical pathway
C3 convertase, the function of Cys267 in native factor B was uncertain (Parkes et al., 1983).
Thus a Cys267Ser mutation should eliminate dimerisation with only a minor perturbation of

the vWF-A structure, as both residues are polar and small.

(b) The two C-terminal residues of the vVWF-A-218 domain were Met and Ile, both
of which are hydrophobic and solvent-exposed. In addition, comparison of the vVWF-A-218
sequence with vVWF-A sequences in known crystal structures of this superfamily showed that
the C-terminal a-helix A7 had been truncated (Figure 6.5 of chapter 6), possibly reducing its
structural stability. The addition of the next four residues in factor B (DESQ) to the vIWF-A-
218, all of which are hydrophilic, would be expected to assist a-helix formation and the

stability and solubility of this domain.

Primers were designed to adapt the vVWF-A-218 domain to incorporate the
Cys267Ser mutation and increase its length by four residues (denoted vWF-A-222) intwo
stages (Table 4.1). The first and second mutations were verified by experimental observation
of the expected changes in the restriction digestion pattern of the plasmid by Eco RI and Spe

I (first mutation) and by Bfa I (second mutation).

4.4.3 Characterisation of the first mutant (VWFCysmut) cDNA plasmids
The mutation of Cys267 to a Ser267 also incorporated a Spe I restriction site into the
plasmid, whereas the original vWF-A-218 plasmid contained no Spe I restriction sites. This
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restriction site was used as a marker to screen the eight mutant plasmids (vwfCysmut 1 to 8).
The Spe I restriction digests of plasmids vwfCysmut 1, 3 and 7 contained linearised DNA of
5.5 kbp (Figure 4.7a), whereas the other plasmids were not cut. This suggested that plasmids
1, 3 and 7 contained the desired mutation. These results were confirmed by the double digest
using Spe I and Eco Rl restriction enzymes. The Eco Rl site was present in both the mutated
sequence and original vIWWF-A-218 plasmid. The restriction digests of plasmids 1,3 and 7
produced a 532 bp fragment confirming the presence of the mutation (Figure 4.7b). The
vwfCysmut 7 plasmid preparation produced two bands in the first restriction digest (Figure
4.7a) suggesting both the vWF-222 and original vVWF-A-218 clones were present in the

bacterial cell culture.

4.4.4 Characterisation of the second mutant (VWFCysext) cDNA plasmids

The restriction site of Bfa I was chosen to mark the second mutation. There were
multiple occurrences of this site in both the vVWF-A-222 and vWF-A-218 DNA sequences.
The digest with Bfa1 of the vVWF-A-218 plasmid (or that of the first mutant) should have
produced fragments of 54,253, 335,476,729, 1030 and 3012 bp in length. The vWF-A-
222 plasmid (with both mutations) should have produced fragments of 54,253,335, 729,
1506, 3012 bp in length. The digests of plasmids vWFCysext 2, 4, 6 and 8 contained the
1506 bp fragment (Figure 4.8) and lacked the 476 bp and 1030 bp fragments and so

contained the second mutation.

The efficiency of the mutagenesis method was estimated by the number of mutants that
occurred in the eight plasmid purifications (minipreps) after the transformations. The presence
of any undigested starting material would have limited the efficiency of this method as it might
have been successfully transformed and would have survived on the antibiotic medium. The
Dpn1endonuclease was specific for methylated and hemimethylated DNA. DNA isolated
from almost all E. coli strains is dam methylated and therefore susceptible to Dpn 1 digestion.
The first mutation was only 38% (3/8) efficient which showed that there was a significant
amount of the original plasmid present. After the second mutation the DNA was incubated

with the Dprn I for two h instead of one h and this resulted in 50% (4/8) efficiency.
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Figure 4.7 1% agarose gels ofthe restriction digests ofthe first nutation ofthe vVWF-A

plasmid. DNA molecular weiyit markers aie fiem Promega (G5711). Bands are visualised
wkhethidium bromide under ultra violet light, (a) Lane 1is the DNA marker, lane2 to lane 10
are the restriction digests of the plasmids vWFCysmut 1 to 8 respective” with the
exception oflane 3 which only contains some ofthe lane 2 sanple. (b) Lane 1 is the DNA

marker, lanc2 to lane 9 are the double restriction digest ofthe plasmids vVWFCysmut 1 to 8.
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Figure 4.8 1% agarose gel ofthe Bfa\ restriction digests ofthe mutation o fthe vVWFCysmut 1
plasmid (vVWFCysext). DNA molecular weight markers are from Promega (G5711). The
bands are visualised with ethidium bromide under ultra violet light. Lane 1 is the uncut plasmid
vWFCysmutT, lane?2 is the vVWFCysmut? Bfa| restriction digest, lane 3 is the DNA marker,
lanes 4 toi 1are the Bfal restriction digests ofthe plasmids vVWFCysext 1to s respectively.
The bands corresponding to the 3012 bp, 1506 bp, 1030 bp, 729 bp and 476 bp DNA

fragments are labelled accordingly.
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4.4.5 Western blot analysis of the MC1061 cultures

The bacterial cell lysates of the eight MC1061 colonies (mutants 1-8) contained many
proteins, but a major band was observed at around 50 kDa (Figure 4.9a). This band was
detected by the factor B polyclonal antiserum (Figure 4.9b) so identifying the GST-vWF-A-
222 fusion protein. The lane one proteins, the negative control lane containing the MC1061
cell lysate with no pGEX expression vector, were not identified by the factor B antiserum in

the Western blot.

4.4.6 Purification and cleavage of the GST-vWF-A-222 protein

The vWF-A-222 domain preparation was considerably more soluble (~8 mg/mlin
PBS) than the VWF-A-218 (~3 mg/ml in PBS) domain which improved the yield to about 10
mg of purified protein per litre of bacterial culture. The preparation was less troublesome than
with the original protein because reducing conditions were no longer required and also the
solubility was greatly improved. Isolation of this new protein required no further development

of the previous purification procedure.

4.4.7 Characterisation of the protein preparations

In SDS-PAGE analysis of the MC1061 vIWF-A-222 culture, the bacterial cell lysate
contained a major band at around 50 kDa. A Western blot showed that this major band was
detected by the factor B polyclonal antiserum. After purification, using a similar approach to
that of vVWF-A-218 (Materials and Methods), the cleaved vVWF-A-218 and vWF-A-222
domains were recognised by Western blot analyses using a polyclonal antiserum to factor B.
The vWF-A-218 preparation showed a prominent peak in the MALDI spectrum with a mass
of 24,548 (Figure 4.10). The peak at half this value corresponded to a doubly charged
species. The vVWF-A-222 preparation showed a prominent peak in the electrospray spectrum
with a mass 0f25,002. These masses were in good agreement with the predicted masses of
the vWF-A-218 and vWF-A-222 domains of 24,562 and 25,005 calculated from their

amino
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Figure 4.9 (a) 10 % SDS PAGE gel ofthe bacterial cell lysates from MCI 061 cultures ol
nutants 1to 8. Sanples were boiled in 8 M urea containing40 mM DTT prior to bading on the
gel. Lane 1 contains rainbow protein molecular weight markers (Amersham RPN756), lane 2
contains MC 1061 cells with no plasmid, lane 3 contains previously pirified vW F-A-2 18 protein,
lane 4 to lane 11 contain the bacterial cell lysate o fmutants 1to 8. (b) Western blot o fthe above
SDS-PAGE gel oito PVDF membmne. The membrane was probed first with a rabbit polyclonal
aitiserun raised against whole lactor B and then with an anti-rabbit IgG alkaline phosphatase

conjugite (Sigma, A-3812). A purple colour indicates a positive reaction.
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Figire 4.10 Mass spectra of the vVWF-A domain piepaiations. The mass valie for each
domain is labelled to the right ofthe sigial. (a) Matrix-assisted laser desorption ionisation
(MALDI) mass spectrum ofthe vVWF-A-218 sample usinga VG-TOF spectrometer. The
sample was in 20 mM acetic acid and loaded ina 1; 1 ratio with the matrix sinapinic acid
(/ras75-5 ,s -dimethoxy-: -hydro? cinnamic add) to aid in desorption. The instrument was
calibrated externallyusingcytochrome ¢ and insulin, (b) Hectrospray ionisation mass spectrum
ofthe vVWF-A-222 domain using a Finnigan Navigator spectrometer with a Waters Alliance
liquid chromatogiaphy systemfor sample deliveiy. The sanple was indeionized H. O and was
loaded ina I:1 ratio with 50 % acetonitrile. The instrument was calibrated using ILO clusters.
Mass spectrometry was conducted at the University of London facility at the School ol
Pharmacy.
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acid sequences using standard atomic masses with the PAWS program
(http://www.proteometrics.com). In large-scale preparations of vVWF-A-222, yields were 10
mg/litre of culture, no dimerisation or precipitation was observed during storage at 4°C, and
the solubility was increased to about 8 mg/ml in PBS. The vWF-A-218 preparation was
shown previously to be biologically active by its ability to inhibit the binding of factor B to C3u
(Williams et al., 1999). Circular dichroism spectroscopy, Fourier transform infrared
spectroscopy and NMR spectroscopy on the vVWF-A-218 and vWF-A-222 domains
demonstrated nearly identical results (Chapter 6) and suggested that the three dimensional

vWF-A structure had not been perturbed in modifying the original expression vector.

The preparations of Ba, vWF-A, SP, Bb and factor B each eluted as a single peak
from the HilLoad 16/60 Superdex 75 gel filtration column and each migrated as single bands
on SDS-PAGE under both reducing and non-reducing conditions. The approximate relative
molecular masses of these protein preparations were estimated from the SDS-PAGE gels as:
Ba, 30,000, vWEF-A, 25,000; SP, 35,000; Bb, 60,000; factor B, 90,000. The isoelectric
analyses were useful for further investigation into the purity of the protein preparations. Factor
B was polymorphic due to the occurrence of a number of allotypes and a variable
carbohydrate composition (Campbell and Bentley, 1985), and so the factor B, Ba and Bb
preparations produced multiple bands on the isoelectric focusing gels. The vVWF-A-218p1
(Figure 4.11b), vWF-A-222 (Figure 4.11c) and the SP (Figure 4.12b) domain preparations
each migrated as single bands on the isoelectric focusing gels, whereas the vVWF-A-218,
(Figure 4.11b) preparation migrated as multiple bands. The isoelectric points of the domains
were predicted using the GCG software at the HGMP computing resource as: vVWF-A-218,
pH 6.15; vWF-A-222, pH 5.43 and the SP domain, pH 8.48 (Figures 4.13 and 4.14). These
were determined experimentally from the IEF gels as approximately: vWF-A-218, pH 6.2;
vWF-A-222, pH 5.6 and the SP domain, pH 9.1.
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(a) (b)

220 kDa 2.3
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66 kDa 8.2
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6.6
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Figure 4.11 (a) 10% SDS-PAGE gel; lane 1 coitains purified vVWF-A-222 domain and lane 2
ocXTtains rainbow protein molecular w 1t maricers (AmershamRPN756). Sarrples were baled
ins M urea containing 40 mM DTT prior to loading on the gd. (b) Isoelectric focussing
polyacrylamide gds (PhastGel 1EF 3-9, Pharmacia 17-0543-01) of vWF-A-218 domain
preparations. Lane 1 contains 5 pi ofIEF markers (Sigma (EF-mk, 1-3018), lane 2 contains 5
pi of VWF-A-218 prepared with IAM (1 n”ml) and lane 3 coitains 5 pi of VWF-A-218
prepared with DTT(1 mg"ml). (c) Isoelectric focussirgpolyacrylamide gel (Ampholine PAGplate
3.5-9 5, Pharmacia 18-1124-80); lane 1 contains -0 pi cf vVWF-A-222 (1 mg*ni), lane 2
coitains 10 pi of EEF maricers (Sigma 1EF-nix, 1-3018)
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Figure 4.12(a) 10% SDS-PAGE gel; lane 1 contains purified SP domain (non-reduced),
lane 2 contains purified SP domain (reduced) and lane 3 contains rainbow protein
molecular weight markers (Amersham RPN756). Samples were boiled in « M urea
containing 40 mM DTT (reducing) or 80 mM IAM (nonreducing) prior to loading on
the gel (b) Isoelectric focussing polyacyrlamide gel (Ampholine PAGplate 3.5-9.5,
Pharmacia 18-1124-80); lane 1contains 10 plofBEF markers (Sigma IEF-mix, 1-3018)
and lane 2 contains 20 pi ofthe SP domain (1 mg/ml).
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Figure 4.13 Theoretical electrophoretic tiration curves as determined by the ISOELECTRIC
software on GC G atthe HGMP computing resource, (a) The plot for the vW F-2 18 domain and
(b) the plot for the vWF-A-222 domain. 127
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The factor B, Ba and Bb fragment preparations were identified by the fact that factor
D cleaved the factor B preparation in the presence of C3(H,0) and Mg?* to produce two
smaller fragments of comparable sizes to the Ba (30 kDa) and Bb (60 kDa) fragments (Figure
4.15). The optimum activity of factor D was determined to be at around pH 8.0 and its
activity dropped off below pH 6.0 and above pH 11.0. The cleavage of factor B was very
inefficient in the negative controls where either factor D or C3 were absent, thus illustrating
the tight regulation of the factor D proteolytic activity (Figure 4.15). The SP domain was the
most soluble of all the protein preparations and concentrations of 30 mg/ml in PBS were
stable. It contained no glycosylation sites and so a homogeneous preparation could be

produced from the heterogeneous factor B (Figure 4.12).

The first fifteen residues of the SP domain N-terminal sequence were obtained by
automated Edman degradation as DESQSLSL?GMVWEH. The question mark was
probably a Cys residue that would have needed to be derivatised in some way in order to
have identified it. This sequence was identical to the N-terminal sequence previously
determined for the SP domain (Lambris and Miiller-Eberhard, 1984). The SP caused no
appreciable increase in the absorbance of the 5,5'-dithiobis-2-nitrobenzoic acid stock at 412
nm in either the folded or unfolded states. This suggests that there were no free sulphydryl
groups within the domain and that all the Cys residues were involved in disulphide bonds. The
SP domain had catalytic activity against C3 as measured by SDS-PAGE (Figure 4.16a). A
definite low molecular mass band, of about 8,000, was visible in the lanes that contained the
incubated C3 and SP that corresponded to the C3a fragment of C3 (Figure 4.16a). The
domain had activity through the pH range 6 to 11, with optimal activity around pH 8 (Figure
4.16b). The SP domain did cleave the synthetic C3 analogue, Boc-Leu-Gly-Arg-AMC, as
measured by an increase in the fluorescence of the reaction mixture. It was suspected that the
pH may have had some effect on the fluorescence of the AMC, because the starting level and

also the rate of increase of fluorescence increased
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21.5 kD#y
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Figure 4.15 s« % SDS-PAGE gel ofthe incubation of factor B, C3 and factor D. Samples
were incubated at 37°C for 20 minutes across a pH range from pH 4.0 to 9.0. Land,
molecular weight markers (Amersham RPN 756); lane 2, factor B (10 pi at 2.5 mg/ml); lane
3, factor B + factor D; lane 4, factor B + C3; lane 5to lane 13, factor B + factor D factor

B + C3 pH 4.0 to pH 12.0 respectively in steps of 1 pH unit.
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Figire 4.16 Assay ofthe dependence ofthe SP domain activity on pH. (a) 16 %Tricine gel
run with samples frcm a 2 hour incubation at 37C of C3 with the SP domain stained with
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significantly above pH 7.5. For these reasons the rate of increase of fluorescence did not give
an accurate measure of the rate of cleavage of the substrate. The results for the lower pHs
were similar to those from the SDS-PAGE assay in that the activity dropped off below pH
6.0.

4.4.8 Crystallisation of the vWF-A-222 domain preparation

Protein crystals of the vWF-A-222 domain were grown in 25% tert-butanol, 0.1 M
TrispH 8.5, 0.1 M CaCl, (crystal screen IT). These crystals were hexagonal plates of 0.1 mm
diameter and took three months to grow. They were initially identified by staining blue with
the izit dye (Figure 4.17). One crystal was mounted in the X-ray camera, but unfortunately
itdid not diffract. A crystal was crushed for seeding purposes and it shattered as one would
expect a protein crystal would (Ducruix and Giege, 1992). Crystallisation trials on this protein

are still in progress.

The presence of a single species, as indicated by gel filtration, SDS-PAGE, mass
spectrometry and IEF suggested that the vVWF-A-218, vWF-A-222 and the SP domain
preparations were structurally homogeneous and so suitable for protein crystallography. A
comprehensive approach was taken to try to produce protein crystals of all three
preparations. The systematic screening approach did not yield crystals from any of the protein

preparations.
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Figure 4.17 Hexagonal crystal of vVWF-A-222. The crystal was grown by the method of
hanging drop vapour diffusion on a siliconised cover plate. 2 pi of the vVWF-A-222
preparation at 5 mg/ml in 25 mM Tris, 0.1 % NaN], pH 7.5 was mixed with an equal volume
of25 % tertiary butanol, 0.1 M Tris pH 8.5, 0.1 M CaCl.. The precipitant solution and
crystals took three months to grow. The crystal measures approximately 0.1 mm across. The
crystal was stained blue using the Hampton Research “izit” crystal dye, which also stained the

amorphous precipitate seen in the background.
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4.5 Discussion

This chapter describes the development and characterization of two expression
systems for isolated vVWF-A domains. The previous use of one of these to study the vWF-A
secondary structure by Fourier transform infrared spectroscopy (Perkins et al., 1994)
showed that the recombinant vVWF-A-218 domain was homogeneously folded, and was
therefore suitable for further functional and structural studies. A GST-vWF-A-218 fusion
protein of the correct molecular mass was expressed (50.3 kDa) and the yield was found to
be high (7.3-10.4 mg/litre of culture). This recombinant system corresponded to the exon
structure of the gene, and gave monomeric protein in gel filtration, but led to slow aggregation
and precipitation during storage. Storage of the vWF-A-218 domain was carried out in the
presence of iodoacetamide or DTT as it was found that disulphide linked dimers of the
recombinant domain formed. This probably occurred through Cys267 which has been
reported to exist as a free cysteine (Parkes et al., 1983). Given the limited solution properties
of this first domain, a second one was generated. The inspection of an alignment for 75 vWEF-
A sequences and analysis of the vVWF-A crystal structure (Perkins et al., 1994; Edwards and
Perkins 1996; Lee et al., 1995a; Lee et al., 1995b) enabled the rational development of a
modified recombinant system, in which a Cys267Ser mutation was performed and the C-
terminus of the vVWF-A-218 domain was lengthened by four residues to incorporate a C-
terminal a-helix. Site directed mutagenesis was efficiently performed and protein
characterisation was sufficient to confirm these changes even though the sequence of the
plasmid DNA was not directly determined. The C-terminus of the vVWF-A-218 domain
contained the hydrophobic residues Met443-Ile444. This region of the molecule is likely to
be solvent exposed which would put the side chains of these hydrophobic residues into
energetically unfavourable positions. The poor solubility of the vVWF-A-218 domain was
partly attributed to the exposure of these residues. This hypothesis was confirmed by the
increased solubility of the vVWF-A-222 domain. The sequence and structural data (Perkins
et al., 1994; Edwards and Perkins 1996; Lee et al., 1995a; Lee et al., 1995b) would
suggest that the mutation incorporating the four residue insertion at the C-terminal of vVWF-A-
218 would add an extra turn to the C-terminal a-helix thus burying the previously exposed
hydrophobic residues. This greatly stabilised the vVWF-A-222 domain preparation. After the
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Cys267Ser mutation had been performed and the C-terminus of the vVWF-A-218 domain was
lengthened by four residues, dimerisation did not occur and the protein stability was improved.
Mutation of this domain to produce the vVWF-A-222 domain proved useful to aid in its
crystallisation. It was hoped that the quality of the vVWF-A-222 crystals would be improved

to allow for an X-ray structure determination.

All the protein preparations were characterised by SDS-PAGE, IEF-PAGE and
eluted as monomeric protein in gel filtration. The preparations of native factor B, the Baand
Bb fragments and the SP domain from human plasma were straightforward. The SP domain
sequence was verified by N-terminal sequencing analysis. This domain was highly soluble,
showed function against C3 and was prepared to high purity. This suggested that it would be
agood candidate for crystallisation trials. The parallel approaches of systematic and random
screening provided no crystals of this domain, and in order to achieve protein crystals it would
be sensible to try protein derived from another source, either animal or recombinant. Indeed
preliminary X-ray data from a recombinant factor B SP domain have recently been reported

(Narayana et al., 1998).

Study of the function of factor B requires purified protein for characterisation. These
protein preparations have been well characterised by the studies described here. These
characterisations were necessary before the proteins could be used in the structural and

functional studies described in the following chapters of this thesis.
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Chapter 5

Experimental:
Hydrodynamic properties and functional activity of
the recombinant vWF-A domain preparations.
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5.1 Introduction

In this chapter further evidence is presented to show that the recombinant vVWF-A
domain preparations were folded and monomeric, and were therefore suitable for functional
and structural studies. The experimental work carried out for this thesis in this chapter chiefly
comprised the analytical ultracentrifuge characterisations using the Beckman Xli instrument
and the mass spectrometry analysis of the factor D cleavage of the vVWF-A218 and vWF-A-
222 domains. The sucrose density centrifugation studies and the functional studies using C3b
presented here was work done by Dr S. C. Williams and Dr R. B Sim (Williams et al.,
1999). These studies provided essential information about the recombinant vVWF-A domain
preparations. The functional activity of the two recombinant vWF-A domains from factor B

have provided new insights on the role of vWF-A domains in complement activation.

The vWEF-A protein fold was first identified by structure prediction analyses (Edwards
and Perkins, 1995; 1996). Crystal structures of the I-domain of complement receptor type
3 (CR3)(Leeetal., 1995; Baldwin et al., 1998), leucocyte integrin lymphocyte function
associated antigen-1 (LFA-1) (Quand Leahy, 1995 and 1996), the collagen binding site in
integrin a2 B1 (GPla/lla) (Emsley et al., 1998), the von Willebrand factor A1 domain
(Celikel et al., 1998; Emsley et al., 1998) and the A3 domain (Huizinga et al., 1997;
Bienkowska et al., 1998) have since been determined to confirm this prediction. The salient
features of this domain are that it adopts a structure related to a flaxodoxin dinucleotide
binding domain structure, or Rossmann fold, with seven amphiphatic o-helices surrounding
a central hydrophobic, mostly parallel B-sheet. The integrin domains contain an unusual Mg**
coordination site described as the metal ion dependent adhesion site (MIDAS) which is
critical for the adhesive function. Binding of the divalent cation Mg?" appears to induce
conformational changes within the integrin vVWF-A domain (I domain) structure (Lee et al.,
1996; Qu and Leahy, 1995). Sequence alignments suggest that the VWF protein A domains
contain a MIDAS site, but crystal structures show that the motifis modified and no metal ion
is bound (Bienkowska et al., 1997; Emsley et al., 1998).

Electron microscopy studies indicate that only one of the two domains of the Bb
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fragment interacts with C3 in the C3bBb structure (Smith et al., 1984). A monoclonal anti-Ba
antibody was capable of inhibiting the binding of '»I-labelled factor B to red cell-bound C3b
by upto 50% (Ueda et al., 1987). A specific metal-ion independent interaction between Ba
and C3b was also identified with the use of a crosslinking agent (Pryzdial and Isenman 1988).
Evidence also exists for the existence of a C3b binding site in the SP domain of factor B. After
elastase digestion of factor B, direct binding of the isolated '*’I-labelled SP domain to C3b
bound to zymosan was demonstrated in the presence of Mg?‘ions (Lambris and Miiller-
Eberhard1984). The SP domain was also demonstrated to have Mg?*-ion independent
binding affinity for fluid-phase C3b, and a comparison of the Bb fragment and the SP domain
provided indirect evidence that the vVWF-A domain interacted with C3b (Sanchez-Corral et
al., 1990). Mutagenesis of recombinant factor B suggested that surface loops adjacent to the
Mg?*-site in the vVWF-A domain determined its C3b binding specificity (Tuckwell ez al.,
1997; Hourcade et al., 1999).

The analytical ultracentrifuge permits observations of the behaviour of macromolecules
subjected to a centrifugal field. Such experiments permit determination of solution molecular
masses, association constants, and studies of homogeneity, shape, and other molecular
parameters. The instrument consists of a centrifuge and a rotor with a windowed sample
compartment, so that the distribution of macromolecules along the radial dimension can be
determined at any time by means of an appropriate optical system. The analytical
ultracentrifuge permits studies of molecules at varying concentrations in many buffers including
widely varying salt and pH condition. The conclusions reached are based directly upon first
principles, and do not require comparisons to standards, which must be assumed to behave
in like manner to the molecules under investigation. Two basic types of experiment can be
performed with the analytical ultracentrifuge: (1) a sedimentation velocity experiment and (2)
asedimentation equilibrium experiment. In a sedimentation velocity experiment, the speed with
which a molecule moves toward the bottom of the cell is determined. This yields the
sedimentation coefficient s which can be related to the molecular mass and to the frictional
coefficient or shape of a particle. In a sedimentation equilibrium experiment, a steady state

condition is allowed to develop in which a sample’s tendency to sediment in the centrifugal
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field is counterbalanced by its tendency to diffuse against the concentration gradient so
established. This is the preferred method for accurate molecular mass determinations and for

studies of homogeneity and molecular associations.

5.2 Methods

5.2.1 Hydrodynamic analyses of vWF-A-218 and vWF-222

In order to estimate the diffusion coefficient of vVWF-A-218, its elution relative to
those for standards was studied on a Superose 12 gel filtration column. Diffusion coefficients
for these standard proteins were plotted against their elution volumes (human ovalbumin, 7.8
x 10”7 cm%sec; soya bean trypsin inhibitor, 9.05 x 10”7 cm%/sec; hen egg lysozyme, 11.2 x
107 cm?/sec (Martin and Ames, 1961)). The diffusion coefficient yields the Stokes’ radius a
(Ackers, 1964):

a= kT /6nxnD, Equation 5.1

where k is the Boltzmann constant (1.4 x 102 J/°C), T'is the temperature (293 °K), nis the
viscosity of water at 20°C (1.002 centipoise), and D s the diffusion coefficient at 20°C in

water.

The sedimentation coefficient of vVWF-A-218 was estimated by linear sucrose-density
gradients (12 ml) of 5-40% sucrose in 10 mM Tris-HCl, pH 7.4 (Martin and Ames, 1961).
vWF-A-218 (50 pul; 300 pg/ml) in PBS was loaded onto the gradient. Centrifugation was
carried out in a Beckman SW40 Ti rotor at 37 000 rpm for 12 h at 4°C. Gradients were
fractionated by peristaltic pumping from the base of the gradient, and fractions were analysed
by measuring the absorbance at 280 nm and also by SDS-PAGE analysis on 10% (w/v)
polyacrylamide gels. The sedimentation coefficient was calculated by comparing the mobility
of vWF-A-218 with those of standard proteins run under identical conditions (thyroglobulin,
19.2 S; bovine liver catalase, 11.2 S; bovine serum albumin, 4.22 S; myoglobin, 2.04 S)
(Smith, 1970). Knowledge of the Stokes’ radius a and the sedimentation coefficient s gives
the molecular mass M, (Siegel and Monty, 1966):
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M, = (6mmNa 5%,,)/(1 - v p), Equation 5.2

where Nis Avogadro’s number, 5%, is the sedimentation coefficient at 20 °C in water at
infinite dilution of the sedimenting particle, vis the partial specific volume (calculated to be
0.739 ml/g from Perkins (1986) ), and p is the density of water at 20 °C. The frictional ratio
f/f, was calculated from the ratio of Stokes radii a/a,, where a,is the radius of the sphere
corresponding in volume to the hydrated volume of vVWF-A-218 in which the hydration was

0.3 g H,0/ g protein.

Analytical ultracentrifugation experiments on vVWF-A-218 and vWF-A-222 were
performed on a Beckman XLi instrument, in which the sample was monitored using its
absorbance at 280 nm, and its refractive index as measured by interferometry. Sedimentation
equilibrium data were acquired over 48 h in six-sector cells with column heights of 3 mm at
rotor speeds 0of 6000, 8500, 11000 and 15000 r.p.m. until equilibrium had been reached at
each speed. The data were analysed on the basis of a single species within the Beckman
software provided as an add-on to Origin Version 4.1 (Microcal Inc.), where the v values for
vWF-A-218 and vWF-A-222 were calculated to be 0.739 and 0.738 ml/g respectively
(Perkins, 1986). Sedimentation velocity data were acquired over 8 h at rotor speeds of
42000 r.p.m. in two-sector cells with column heights of 12 mm, where scans were recorded
at 15 min intervals. Boundary sedimentation experiments were conducted where the sample
was mixed uniformly throughout the cell at the start of the experiment. During sedimentation,
molecules were depleted from the top of the solution column which resulted in the formation
of a trailing boundary for the concentration distribution. The sedimentation coefficient was

determined by following the rate of motion of the boundary midpoint ;.

8In(r,) / 8t= w’s Equation 5.3

where ¢ is the time, w is the angular velocity of the sample and s is the sedimentation
coefficient. Sedimentation coefficients were derived using the transport method, also provided

as an add-on within the Origin program.
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To predict the sedimentation coefficient of vVWF-A from the crystal structure of the
homologous vWF-A domain in CR3 (PDB code lido (Lee et al., 1995a)), the atomic
coordinates of this structure were converted into a sphere model of the same total volume as
the vVWF-A domain from factor B, using a grid with cubes of side 0.43 nm. If the number of
atoms within a cube exceeded a user-defined cut-off, a sphere of the same volume as the
cube was placed at the centre of the cube. This cut-off was determined by the requirement
that the total volume of spheres was within 1% of the dry volume 0f29246.40 nm? calculated
from the protein sequence (Chothia, 1975; Perkins 1986). A hydration of 0.3 gH,O perg
of protein and an electrostricted volume of 0.0245 nm? per bound water molecule (Perkins,
1986) was used to estimate the hydrated volume of the vVWF-A domain. The estimated
hydration volume was used to determine the parameters for the HYDRO program. The
sphere model was hydrated using the HYPRO program to give a total of 535-545 spheres,
from which the frictional coefficient was calculated using the GENDIA method (Ashton ez al.,
1997 and 1998).

5.2.2 Assay of functional (C3b-binding) activity of vWF-A-218

An assay system was developed to study factor B binding to C3b, using C3b
immobilised on thiol-Sepharose via the free SH group in C3b (Williams and Sim, 1994). C3
was purified and converted to C3b (Dodds, 1993). Factor B was purified by dye-ligand
affinity chromatography from fresh-frozen human plasma (Williams and Sim, 1993). Aliquots
of purified factor B (100 pg in 0.2-1 ml of PBS) were radioiodinated, using 0.5 mCi of Na
12T (Amersham International, Bucks, U.K.) by lactoperoxidase-catalysed iodination using
the method of Marchalonis (Marchalonis, 1969) to a specific activity of 1 x 10% cpm/pg.

C3b-thiol Sepharose was produced as follows. Briefly, the resin was reduced by
adding dithiothreitol (final concentration, SO0 mM) toa 1:1 (v/v) slurry (i.e. 1 volume of packed
resin: 1 volume of buffer) in PBS. The mixture was then incubated for 30 minat 37°C. The
resin was then washed with at least five volumes of PBS prior to incubation with C3b. Purified
C3bin 25 mM Tris-HCIl, 140 mM NaCl, pH 8.2 was incubated with pre-swollen thiol-

Sepharose (0.5 mg C3b/ml of resin) for 2 h at room temperature using a rotary stirrer. The
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percentage of C3b bound was estimated by measuring the OD.g, of the original solution and
three subsequent washes with PBS. Approximately 20-25% ofthe C3b bound to the resin,
in which the final content of C3b was routinely 100-125 pg/ml of resin. Remaining free SH
groups on the thiol-Sepharose resin were blocked by incubation with 5 mg of iodoacetamide
per ml of resin for 1 h at room temperature. Non-specific binding sites on the C3b-thiol
Sepharose were blocked by incubation of the resin with 1 mg/ml bovine serum albumin in

PBS for 1 h at room temperature.

The effect of vVWF-A-218 on the binding of radioiodinated factor B to C3b-thiol
Sepharose was assessed. In each assay, a mixture consisting of 50 pl of C3b-thiol Sepharose
suspended in 50 pl of binding buffer [ 10 mM Pipes (Piperazine-N,N’-bis-2-ethanesulphonic
acid) (sodium salt), 30 mM NaCl, 1 mg/ml bovine serum albumin, pH 7.0 containing 0.2 mM
MgCl, was pre-incubated with serial two-fold dilutions of vVWF-A-218 (200 pl; maximum
concentration 125 pg/ml) for2 hat 4°C. '®I-labelled factor B (4 x 10° cpm) was then added
and radioactivity bound to the C3b-thiol Sepharose resin was measured after 1 h incubation

at room temperature and five washes each with 0.85 ml of binding buffer.
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5.3 Results and Discussion
5.3.1 Hydrodynamic properties of the recombinant vVWF-A-218 and vWF-A-

222 domains
Given the occurrence of aggregation and precipitation during storage, it was necessary
to demonstrate for the functional analyses below that the vVWF-A domain was monomeric in
solution. Based on the elution positions of three standard proteins in gel filtration (Materials
and Methods), the diffusion coefficient for vWF-A-218 was found to be between 8.4 x 107
and 9.9 x 10”7 cm?/sec. From this, the Stokes’ radius a of vVWF-A-218 was found to be 2.4
+0.2 nm. Using sucrose density gradient centrifugation (Materials and Methods) (Martin and
Ames, 1961), the sedimentation coefficient was found to be 2.4 + 0.2 S based on comparison
with four standard proteins. These data gave a vWF-A-218 molecular mass between 22 and
30kD, where the range reflects the errors in the determinations of each of a and 5% ,,. The
comparison with the expected molecular mass of 25 kD calculated from the sequence showed
that vVWF-A-218 was monomeric. The frictional ratio f/f, was calculated as 1.1 (Methods);
since this was close to 1.0 (the value for a sphere), it was inferred that vVWF-A-218

possessed a compact structure.

To confirm quantitatively that the vVWF-A-218 and vWF-A-222 domains were
monomeric over the concentration range used for functional and structural studies, both were
subjected to sedimentation equilibrium analysis (Figure 5.1). Curve fits on the basis of a single
monomeric species in a concentration range between 0.3-0.9 mg/ml gave molecular masses
0f24000+2000 for vWF-A-218 and 27000 £2000 for vWF-A-222, both of which agree
with the expected values of 24,500 and 25,000 respectively. Sedimentation velocity
experiments gave an s%,, values of 2.5 + 0.3 S for the vWF-A-218 and vWF-A-222
domains (Figures 5.2 and 5.3). Calculations of the sedimentation coefficient from the
homologous vWF-A crystal structure from CR3 gave values between 2.5-2.6 S. This
comparison with the experimental values showed that the recombinant domains possessed

monomeric structures that were similar to the CR3 crystal structure.
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Figure 5.1 Sedimentation equilibrium data for the vVWF-A-222 domain. The absorbance
values at 280 nm are shown as a function ofradial distribution at equilibrium for a loading
concentration 0f0.8 mg/ml at 20°C and a rotor speed of 15,000 r.p.m. The data are fitted
to amonomer model which is shown as a line through the experimental data points (0). The
corresponding distribution of'the residuals in the upper panel (¢) is small and random,

indicating that a good fit solution had been obtained.
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Figure 5.2 Sedimentation velocity data for the vVWF-A-218 domain acquired during a
boundary sedimentation experiment. The loading concentration ofthe sample was 0.8 mg/ml
at 20°C and the rotor speed was 42,000 r.p.m. Sedimentation velocity data were acquired
over 8 h in two-sector cells with column heights of 12 mm, where scans were recorded at 15
min intervals. The scans are represented by the coloured plots starting on the left ofthe graph.
Each successive plot is offset to the right as the sample sediments. The sedimentation

coefficient was determined by following the rate of motion ofthe boundary midpoint.
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Figure 5.3 Plot ofdata obtained from a boundary sedimentation experiment for the vWF-A-
218 domain. Sedimentation coefficients were derived using the transport method provided as
an add-on within the Origin program. The data are fitted to amonomer model which is shown
as a line through the experimental data points. The sample was applied with a loading

concentration of 0.8 mg/ml at 20°C and a rotor speed 0f42,000 r.p.m.

146



5.3.2 Functional binding of the vWF-A-218 domain to C3b

The availability of a structurally-characterised recombinant vVWF-A-218 domain
provided a unique opportunity to study its functional activity, as work on the isolated vVWF-A
domain had not previously been possible. Direct binding of '*I-labelled vWF-A-218 to C3b-
thiol Sepharose was first investigated. Approximately 100 pg of purified vVWF-A domain was
radiolabelled to a specific activity of 1.2 x 10° cpm/pg using the lactoperoxidase method and
atest assay was set up to investigate whether direct binding of the vWF-A domain to C3b-
thiol Sepharose could be demonstrated. No direct binding of '*I-labelled vWF-A was noted.
Binding to C3b-thiol Sepharose was no higher than to a control preparation of thiol-

Sepharose which contained no C3b.

The potential interaction of the vVWF-A-218 domain with C3b was studied by a more
sensitive indirect binding assay based on the assessment of its ability to compete with '%I-
labelled factor B for binding to C3b attached to thiol-Sepharose. Using this, direct binding of
12]-labelled factor B to C3b-thiol-Sepharose was observed in the presence of Mg?* ions.
Competition binding studies were carried out. The assay was validated using unlabelled factor
B as a positive control and an irrelevant protein (ovalbumin) as a negative control. The
maximum inhibition obtained with unlabelled factor B was close to 100% as expected. The
recombinant vWF-A-218 domain was able to inhibit the binding of '*’I-labelled factor B to
C3b-thiol-Sepharose to a maximum of 60%. This was achieved with 6.25 pg of vWF-A
domain that was approximately an 8-fold molar excess over C3b. The same level of inhibition

was achieved with approximately 4 pg of factor B, a 1.7-fold molar excess over C3b.

5.3.3 Effect of factor D on vWF-A-218 and vWF-A-222

To test whether factor D could cleave the vVWF-A-218 domain in the presence of
C3b in the fluid phase, conditions were used in which factor D cleaves intact factor B. A
mixture of vVWF-A-218, C3b and factor D (in 10 mM Pipes, 30 mM NaCl, 0.2 mM MgCl,,
pH 7.0) was placed ina 1.5 ml tube in a 50:25:1 ratio by mass in a final volume 0of 200 pl
[VWF-A (100 pg):C3b (50 pg): factor D (2 pg)] and incubated for4 hat 37°C. Cleavage of

vWF-A-218 by factor D would result in the removal of an 8 amino acid peptide
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(GSGEQQKR,; Figure 5.4) so that the cleaved domain would have the new N-terminus
KIVLDPSG. N-terminal sequence analysis (Materials and Methods) was carried out on
vWEF-A-218 which had been incubated with C3b and factor D. Comparative sequencing was
also carried out on vWF-A-218 which had been incubated with C3b only. The results
obtained indicated that 10% of the vVWF-A domain had been cleaved in the sample incubated
with both C3b and factor D, while no cleavage was detected in the control in which Factor
D was omitted. These results suggest that factor D is capable of cleaving the vWF-A domain

in the presence of C3b.

To test whether the vVWF-A domain could be cleaved by factor D in the absence of
C3b, vWF-A-218 and vWF-A-222 (50 ul at 1 mg/ml) were incubated with recombinant
factor D (1 pl factor D at 1 mg/ml) in PBS at 37°C and pH 7.5 for 24 h. The products were
dialysed into water, then mixed with matrix solution, and applied to a mass analyser (Materials
and Methods). In both cases, the incubation resulted in the slow production of a cleaved
vWF-A domain with a mass reduction of 796 + 73 (mean + S. D.; three measurements)
(Figure 5.5). This agreed well with the expected mass reduction of 871 based on the removal
of the N-terminal 8 residue peptide in the recombinant domains (Figure 5.4). In both cases,
peaks corresponding to the uncleaved domain were also visible in Figure 5.5. Even if it was
assumed that the efficiency of desorption was equal for cleaved and uncleaved vVWF-A-218
and vWF-A-222, this result suggested that cleavage had occurred, and that factor D was

active against the free VWF-A domain in the absence of C3b.
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Figure 5.4 Representation of the factor D cleavage site in the recombinant vVWF-A domain

sequence.
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Figure 5.5 The effct of factor Don vWF-A-218 and vWF-A-222 by mass analysis. Mass

spectra from (a) the vVWF-A-218 and (b) the VWF-A-222 domans are shown. Mass values
M, are reported for each peak, based on intemal calibratiors against bovine B-lactoglobulin
A (M 18363). Ineach of (a) and (b), the upper trace corresponds to the purified domain, and
the lower trace to that of the dommain after treatment with factor D for 24 h. In both lower

traces, a second peak with a reduced molecular mass is visible and correspords to the

cleaved VWF-A domain when each is compared with its corresponding upper trace.
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5.4 Conclusions

The vWF-A-218 recombinant system corresponded to the exon structure of the gene
and the vVWF-A-222 is a four residue C-terminal extension of this with Cys267 replaced with
a Ser residue. Both protein preparations were monomeric after gel filtration. The observation
of acompact solution structure is in agreement with the crystal structures of homologous
vWF-A domains (Lee et al.,1995a; Lee et al.,1995b). It is also consistent with the
observation of three and two-lobed structures for intact factor B and the Bb fragment by
electron microscopy, since it can be assumed that the vWF-A domain would form one of
these lobes. The production of eight contiguous vVWF-A domains from the a-3 chain of
collagen VI has been achieved using an eukaryotic expression system (Specks ef al.,1992).
There, the structure of the expressed fragment was visualized to contain eight small globules
using electron microscopy, which is consistent with the data on vWF-A domains and factor

B.

The production of the vVWF-A-218 domain enabled its functional binding to C3bto
be studied. The studies carried out here agree with earlier suggestions for the role of the vIWF-
A domain in factor B (Sanchez-Corral et al.,1990). Since the present work shows that the
vWF-A domain can specifically inhibit the binding of factor B to C3b, it contains a binding site
for C3b. Although the domain was unable to bind to C3b-thiol Sepharose directly, it was able
to compete with '*I-labelled factor B for binding, the inhibition being maximally ~60% in the
presence of 0.2 mM Mg?*. The negative results from the direct binding studies are best
explained by postulating that the binding of the vVWF-A domain to C3b is weak and that the
complex dissociates during the washing steps. This result is analogous to other work with
factor B, in which the Ba fragment was shown to bind to C3b, but the direct binding of Ba to
C3b was also not observed (Pryzdial and Isenman 1988). These observations are
characteristic of a complex formed by multiple weak binding interactions, not one formed by

a single-site high affinity binding interaction.

The availability of the recombinant vWF-A domain also provided insight on the

cleavage of factor B by factor D. Factor D is known to circulate in its active form as there is
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an apparent absence of a zymogen form in blood. The enzyme is also highly specific, as it
cleaves its only known substrate, factor B, only when factor B is bound to C3b or C3(H,0)
(Lesavre et al.,1979). Several hexapeptides corresponding to the factor B sequence
surrounding the bond that is cleaved by factor D were studied (Lesavre et al., 1982). The
peptides were assessed for their ability to inhibit factor D enzymatic activity and for their
susceptibility to cleavage by several serine proteases including factor D. The peptides were
all able to inhibit factor B cleavage by factor D, but were not substrates for factor D. Active
site mapping of factor D with peptide thioesters revealed some interesting features (Volanakis,
1989; Kam et al.,1987). Factor D was able to express esterolytic activity against some Arg
thioesters, but its catalytic efficiency was found to be three or four orders of magnitude below
that of trypsin and C1s. It was suggested on the basis of these results that the active site of
factor D, as it exists in serum, has a zymogen-like conformation, which has an obstructed
binding site. This view is supported by recent crystal structures for factor D which revealed
a self-inhibitory loop in its structure (Jing et al., 1998). It has been proposed that initial
recognition of the substrate C3bB may involve the self-inhibitory loop of factor D. The active
conformation of the catalytic triad geometry is then induced by its substrate, the C3bB
complex, by lowering the self-inhibitory loop thus opening the S1 pocket (Jing et al., 1998).
In light of its pivotal role in the alternative pathway of complement activation, much attention
is being focused on structure-based drug design of novel small molecule inhibitors to factor
D (Cole et al., 1997).

Since the recombinant vWF-A domains contain factor D cleavage sites, the effect of
factor D on vWF-A in the presence and absence of C3b was studied by two independent
methods. Itis significant that factor D was observed to cleave vWF-A slowly on its own in
both cases, since this indicates that the free VWF-A domain is an adequate substrate for factor
D.In contrast, if intact factor B was incubated with factor D in the presence of C3b, more
than 95% of the factor B was efficiently converted to Baand Bb. One possible explanation
for the different extents of cleavage of free vVIWF-A domain and factor B is that the affinity of
vWF-A for C3bis much less than that of intact factor B by reason of the existence of fewer

contact points. This would mean that the concentration of the C3bvWF-A complex is much
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lower than that of the C3bB complex, so the cleavage of the C3bvWF-A complex would be
slower. Another possible explanation is based on the existence of two alternative
conformations of the vVWF-A domains. General evidence for these in the vVWF-A superfamily
is found from the distinct locations of mutation sites on the same vWF-A domain that
correspond to type 2B and 2M von Willebrand’s disease (Jenkins et al., 1998), and from
several crystallographic studies of different structures in the presence and absence of metal
in the vVWF-A active site (Lee et al.,1995b; Baldwin et al., 1998). Thus, if the vWF-A
domain of factor B has two conformations that depend on whether it is bound to C3b or to
the remainder of the factor B structure, and only the C3b-bound vWF-A conformation is
efficiently cleaved by factor D, then the less efficient cleavage of the isolated vVWF-A domain
may correspond to the existence of both conformations of the isolated vWF-A domain when
this is free in solution, only one of which is cleavable by factor D. Further kinetic and structural

studies are required to resolve these questions.

The production of the isolated vVWF-A domain from factor B has provided interesting
insights into its previously uncharacterised function. Proteins which are members of the vWF-
A domain superfamily have a wide variety of ligand-binding roles (Colombatti and Bonaldo,
1991). The vWF-A domain from factor B can now be included in the list of vVWF-A domains
which have ligand-binding functions.
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Chapter 6

Experimental:
Identification of the C3b binding site in factor B by
surface enhanced laser desorption-ionisation affinity
mass spectrometry and homology modelling.
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6.1 Introduction

A model for the formation of the C3b factor B complex has been proposed which
involves interaction via two (or more) low affinity sites on factor B (Pryzdial and Isenman,
1988; Ueda et al., 1987; Volanakis, 1989; Sanchez-Corral ef al., 1990; Lambris and
Miiller-Eberhard,1984; Tuckwell et al., 1997). The complex is depicted as having 2-3 points
of contact, one in the Ba fragment and 1-2 in the Bb fragment. Mg?* ions act as an allosteric
effector of the Bb binding site (Fishelson et al., 1983). The precise topology of the
corresponding sites on C3b has not been determined. C3b (or C3H,0) bound factor B
interacts with factor D inducing the active conformation of the enzyme, which in turn catalyses
the cleavage of the Arg233-Lys234 bond in factor B. Cleavage of factor B results in higher
affinity binding to C3b, sequestration of Mg?* ions, and expression of proteolytic activity for
C3 (Fishelson et al., 1983). The transient conformation of factor B can be stabilised by
properdin. Decay of the C3bBb C3 convertase enzyme occurs rapidly at 37°C by
dissociation of Bb. The loss of 99% of proteolytic activity against C3 of dissociated, as
compared to the C3b-bound Bb (Fishelson and Miiller-Eberhard, 1984), suggests that the

C3bBb complex has influence in the conformation of the Bb fragment.

Among the complement proteins which contain vVWF-A domains, factor B, C2, CR3
and CR4 all interact with degradation fragments of C3 (C3b oriC3b), or with those of C4,
ahomologue of C3. Since the vVWF-A domain is common to factor B/C2 and CR3/CR4, it
is possible that this domain is involved in ligand binding (Sim and Perkins, 1989). In
confirmation of this, the vVWF-A domain of factor B binds to C3b (Chapter 5, Section 5.3.2;
Williams et al., 1999), and mutagenesis of residues in the vVWF-A domain of intact factor B
affects its binding to C3b (Tuckwell et al., 1997; Hourcade et al., 1999). Competition
binding studies have demonstrated that both Ba and Bb fragments can separately inhibit the
binding of factor B to immobilised C3u (Williams & Sim, 1994). Since C2 and C4 are close
homologues of factor B and C3 respectively, the interactions in the two systems are likely to
be very similar. Mutant recombinant C2 molecules indicated that residues 240-244 of human
C2, which lie within the vWF-A domain, are important for the binding of C2a to C4b
(Horiuchi et al.,1991).
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The leukocyte integrin complement receptor type 3 (CR3) is the major integrin of
phagocytic cells. It isa member of the B2 integrin family, which consists of four glycoprotein
heterodimers, each with a distinct o subunit (CD11a,CD11b,CD11c¢, and CD11d) non-
covalently associated with a common 3 subunit (CD18). The functions of CR3 are mediated
by its binding to several physiological ligands including iC3b (Taniguchi-Sidle and Isenman,
1992). CR3 functions as an opsonic receptor, promoting the divalent cation-dependent
binding and uptake of iC3b-derivatized particles by myelomonocytic cells. The CR3 vWF-A
domain is an independent structural and functional unit having many of the binding functions
of'the intact receptor (Lee et al., 1995). Mutation of the divalent metal ion-binding sites in the
vWF-A domain of CR3 abolished binding to iC3b (Michishita et al.,1993). From site-
directed mutagenesis of regions near the amino-terminus of the a’-chain of C3b, there is
evidence for a similar binding site within the C3 molecule for CR3 and factor B (Taniguchi-
Sidle and Isenman, 1994). The mutant C3b complexes were less able to support cleavage
of factor B by factor D than normal C3b complexes, implying a reduced C3b-factor B

interaction. The mutant forms of iC3b were found to have reduced binding to CR3.

Bahas been shown to be involved in the initial interaction of factor B and C3b, or
C3H,0, during the formation of the C3 convertase (Hourcade ef al., 1995; Pryzdial and
Isenman, 1988; Ueda et al., 1987). The binding site on Ba cannot fully account for the initial
interaction of factor B with C3b or C3(H,0), because Mg?* ions have been shown to be
needed for binding of factor B to C3b and the Mg?* binding site is localised within Bb
(Fishelson et al., 1983). Neither the isolated Ba nor Bb fragments have substantial affinity to
activated C3 and low intrinsic association constants have been proposed for both interactions
(Pryzdial and Isenman, 1988; Volanakis, 1990) and Bb remains bound to C3b after cleavage
of factor B by factor D. Competition binding studies have demonstrated that both the Baand
Bb fragments can separately inhibit the binding of factor B to immobilised C3H,0 (Williams
and Sim,1993). All three domains have been implicated in the interactions of factor B with C3
(Sim and Perkins, 1990). Current opinion is that the interaction of C3b depends upon two low
affinity binding sites within factor B, one on Ba and the other on Bb, and bound Mg?* ions

apparently act as an allosteric effector of the latter site (Volanakis, 1990). Thus the avidity
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effect provides the overall binding force between factor B and C3. Hydrophobic interactions
are thought to be dominant in C3bB complex formation (Pryzdial and Isenman, 1988)
although ionic forces are likely to contribute since low ionic strength enhances complex
formation (DiScipio 1981). The negatively charged residues Glu736 and Glu737 of C3
appear to be required for the interaction of C3b with factor B although it is difficult to
determine whether they serve as actual contact residues, maintain a necessary local

conformation, or contribute to a metal binding site.

The rates of formation of the alternative pathway C3 convertase depend on the nature
of its environment and are subject to up and down regulation by several control proteins
(Pangburn and Miiller-Eberhard, 1984). The serum protein factor H and the membrane
associated proteins, decay accelerating factor (DAF), complement receptor 1 (CR1) and
membrane cofactor protein (MCP) all limit the interaction of factor B with C3b and accelerate
the decay of the C3bBb complex (Taniguchi-Sidle and Isenman, 1994). Properdin is the final
protein participating in the assembly of the alternative pathway C3 convertase. It is necessary
for the formation of a stable complex, resulting in a decreased rate of dissociation of Bb, and
therefore for efficient activation of the pathway (Volanakis, 1989). A binding site for
properdin has been mapped within a 34-residue segment of the a-chain of C3 (Daoudaki et
al., 1988) and it seems likely that the Bb fragment has binding sites for properdin (Volanakis,
1990).

Matrix-assisted laser desorption ionisation (MALDI) mass spectrometry has enabled
proteolytic fragmentation patterns to be identified in protein-protein complexes (Beavis &
Chait, 1996), and this provides structural information on the residues that participate at the
interface between the two proteins in the complex. The technique of biomolecular interaction
analysis has been interfaced with MALDI mass spectrometry to provide a powerful joint
method for the investigation of protein interactions (Krone et al., 1997). The use of an
activated chip surface to which one of the two proteins can be bound covalently simplifies the
preparation and identification of these proteolytic fragments (Spencer et al., 1999). This

method is known as surface enhanced laser desorption ionisation affinity mass spectrometry
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(SELDIAMS) (Hutchens & Yip, 1993; Kuwata et al., 1998; Leung et al., 1998). It was
employed to study the interactions between C3 and factor B using arecombinant vVWF-A
domain, the factor B fragments, native Ba and Bb and native factor B. The interpretation of
the peptide data using an homology model for the factor B vWF-A domain, based on the
knowledge of 14 homologous crystal structures for five different vVWF-A domains, enabled
the demonstration that the active site crevice at the carboxyl edge of the -sheet structure of
the vVWF-A domain binds directly to C3b, and it was inferred that the amino edge of this -
sheet provides the connections with the SCR and SP domains of factor B. The implications

of these observations are discussed below.

6.2 Materials

Fresh frozen plasma was obtained from the Royal Free Hospital blood bank, London,
UK and stored at -20°C before use. Chromatography columns and equipment were from
Pharmacia, Milton Keynes, Bucks, UK. Cibrachrom Blue dye affinity resin (C-1535),
phosphate buffered saline (PBS) (D-5773), thrombin (T-3010), lysozyme (L-6876),
glutathione-agarose (G-4510), Lennox broth (L-3022 ), dithiothreitol (D-9779), Triton (X-
100), ampicillin (A-9518), bovine serum albumin (BSA) and benzamidine (B-6506) were
purchased from Sigma Chemical Co., Poole, Dorset, UK. Pefabloc (1827) was from
Pentapharm AG, Basel, Switzerland. Tris (10315X) and EDTA, ethylenediaminetetraacetic
acid (100935V) were from BDH, Poole, Dorset, UK. Isopropyl-f-D-galactoside was from
Calbiochem, Nottingham, UK. Trypsin (1 418 025) was from Boehringer Manheim, East
Sussex, UK. The hydrophobic marker was from Dako (S2002), High Wycombe, Bucks,
UK. Ethanolamine (141-43-5) was from Aldrich, Dorset, UK. Arginine agarose was from
(0330-0050) Affinity Chromataography Itd, Freeport, Ballasalla, Isle of Man, UK. Protein
concentrators and membranes were from Amicon, Gloucestershire, UK. The SELDI pre-
activated surfaces (C700-0039) were from Ciphergen, Camberly, Surrey, UK as were the
matrix materials sinapic acid (sinapinic acid, trans-3,5-dimethoxy-4-hydroxycinnamic acid),
4-HCCA, (a-cyano-4-hydroxycinnamic acid) and the calibration standards for the

spectrometer.

158



6.3 Methods

6.3.1 SELDIAMS analyses

Native factor B, the Ba and Bb fragments, C3 and the recombinant vWF-A-222
were prepared as described previously (Chapter 4: sections 4.14 and 4.15). C3(NH;) (an
activated form of C3) was prepared by adding ammonium bicarbonate to a final concentration
of 100 mM at pH 8.0 to purified C3, then incubating this at 37°C for 1 h, then dialysing
overnight into phosphate buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 8.1 mM
Na,HPO,, 1.5 mM KH,PO,, 0.5 mM MgCl,, pH 7.3) (von Zabern et al., 1981; Ullman et
al., 1998).

For the SELDIAMS experiments, the covalent binding of C3(NH,) to preactivated
chips (Ciphergen Biosystems Ltd., Camberley, Surrey, UK) was achieved via a primary
amine based coupling to the N-terminal amino acid and lysine residues. To prevent cross-
contamination over the SELDI ProteinChip™ surface, a circle was drawn around each spot
on the chip using a hydrophobic marker (Dako, Bucks, UK). The chip surface was prepared
by adding 1 pl acetonitrile and allowing it to dry. 2 pl C3(NH3) at 0.1 mg/ml in PBS were then
added to the spots on the chip and kept in a humid environment overnight to allow covalent
attachment of the protein. Unbound C3(NH,) was rinsed off the activated chip surface with
4 ul1 PBS, and any remaining sites were blocked using 4 pl 1 M ethanolamine, pH 7.5 for 30
min. After the spots had been rinsed three times with 4 ul PBS, they were then probed with
2 pl of protein ligand (either the vVWF-A domain, the Ba or Bb fragment, or factor B) at 0.1
mg/mlin PBS. This was left at room temperature in a humid environment for 1 h, after which
the spots were rinsed with PBS. The protease incubations were conducted using 2 pul of
sequencing-grade trypsin (Boehringer Mannheim, East Sussex, UK) at 5 pg/ml in PBS at
room temperature for 1 h, after which the spots were rinsed three times with PBS, then three

times with water. The method is summarised in Figure 6.1.

Mass analysis was performed with a PBS-1 mass analyser (Ciphergen Biosystems

Ltd.). 1 pl of matrix solution (5 mg/ml) was added to the prepared chip, then this was allowed
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1. Preactivated 2. Bind ‘Capture’ 3. Block unused
ProteinChip Molecule (C3b) active sites

4. Analyte Capture 5. Trypsin + Wash 6. Add EAM (CHCA)

\Y

Puwlegugus

Figure 6.1 Summary ofthe surface enhanced laser desorption ionisation affinity mass
spectrometry technique (SELDIAMS). Step 1shows the pre-activated surface. Step 2 shows
the covalent binding ofa protein to the surface. This was typically achieved via aprimary
amine based coupling to the N-terminal amino acid or lysine residues ofthe protein. In step
3 any unused sites are blocked. Step 4 shows the capture ofthe analyte by the surface bound
molecule. In step 5 any species that do not associate with the surface bound molecule are
washed away. Trypsin is then used to digest the analyte and again the surface is washed to
remove any digested analyte that does not remain associated with the surface bound molecule.
In step 6 the surface is prepared with the matrix in preparation for laser desorption ionisation
where any peptide remnants ofthe tryptic digest ofthe analyte molecule will give a signal in

the spectrometer.
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to dry. The spots were analysed by matrix assisted laser desorption ionisation time of flight
mass spectrometry. The protein mass analyses were performed using sinapinic acid (trans-
3,5-dimethoxy-4-hydroxycinnamic acid) as the matrix in 50% acetonitrile and 0.05%
trifluoroacetic acid in distilled water. The peptide mass analyses employed a matrix solution
consisting of a-cyano-4-hydroxycinnamic acid in 50% acetonitrile, 50% deionized water and
0.01% trifluoroacetic acid. To determine masses, the instrument was calibrated externally
against bovine IgG (mass 147.3 kDa) and internally against bovine ubiquitin (mass 8546.4
Da). The masses from amino acid sequences were calculated using averaged isotopic atomic
masses with the Protein Analysis Worksheet (PAWS) program

(http://www.proteometrics.com).

6.3.2 Sequence alignment of vVWF-A domains

In order to model the vVWF-A domain structure of factor B (residues S243 to M443),
atotal of 23 sets of coordinates from the Protein Data Bank for 14 vIWF-A crystal structures
(Table 6.1) for CR3,LFA-1, VLA-2 and the A1 and A3 domains of von Willebrand factor
were analysed in order to assess the highest similarity with the vVWF-A sequence of factor B.
The identity of each alignment of two sequences was defined as (the number of identical
residues) x 100/ (the total number of topologically-equivalent positions in the alignment,
excluding gaps in either sequence). Secondary structure elements were identified using DSSP
(Kabsch and Sander, 1983). Residue solvent accessibilities were calculated using a probe of
1.4 A inthe COMPARER program (Lee and Richards, 1971; Sali and Blundell, 1990). For
alignment purposes, the DSSP and COMPARER analyses were supplemented by visual
inspection using INSIGHT 1I software (Biosym/MSI, San Diego, U.S.A.) on Silicon Graphics
INDY Workstations in conjunction with the superfamily alignment of 75 vWF-A sequences
in Perkins et al. (1994). Coordinates for 8 CR3 structures were taken from the PDB entries
lido, 1bho, 1bhq, 1jlm and lidn. Those for 7 LFA-1 structures were taken from the PDB
entries 1zoo, 1zop, 11faand 1zon. Those for two VLA-2 structures were taken from the PDB
entry laox. Those for two vWF-A1 structures were taken from the PDB entries 1auq and

loak. Those for four vWF-A3 structures were taken from the entries 1ao3 and 1atz.
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Table 6.1 The PDB codes of the vIWF-A or I-domain structures used for the sequence
alignment.

PDB code  Protein Molecules Expression Metal Reference
in the unit system
cell
pdblido.ent CD11b (CR3) E. coli Mg  Leeet
human PGEX-2T al.,1995
pdblbho.ent CD11b (CR3) E. coli Mg?*  Baldwin et
human PET3C al., 1998
pdblbhg.ent CDI11b (CR3) E. coli Cd*  Baldwin et
human PET3C al., 1998
pdbljlm.ent CD11b (CR3) E. coli Mn**  Leeer
human PGEX-2T al.,1996
pdblidn.ent CD11b (CR3) E. coli none  Baldwin et
human PET3C al., 1998
pdblzoo.ent CDl1la (LFA- E. coli Mg¥*  Quand
1) human PET11C Leahy, 1996
pdblzop.ent CDl1la (LFA- E. coli Mn*  Quand
mistake in 1) human PET11C Leahy, 1996
pdb header
pdbllfaent CDIla (LFA- E. coli Mn*  Quand
1) human PET11C Leahy, 1995
pdblzon.ent CDlla (LFA- E. coli none Quand
1) human PET11C Leahy, 1996
pdblaox.ent «a2-f1 human E. coli none  Emsley et
(VLA-2) PGEX-KT al., 1998
pdblaug.ent vWF-Al human E. coli none Emsley et
PET15B al., 1998
pdbloak.ent vWF-A1l human E. coli none  Celikel et
PETSC al., 1998
pdblao3.ent vWF-A3 human E. coli none Bienkowski
pQE9 etal., 1998
pdblatz.ent VvWF-A3 human E. coli none Huizinga et

al., 1997
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6.3.3 Homology modelling of vWF-A domain

A homology model of the factor B sequence (residues S243 to M443) which
contained the vVWF-A domain was readily constructed from the CR3 vWF-A domain (PDB
code lido; Lee et al., 1995). The sequence alignment of these domains was initially extracted
from Perkins et al., (1994) and was modified by eye to optimize the equivalences and
minimize the number of gaps in the sequence alignment. The percentage identity between the
two sequences was 21.4%. Regions without gaps were defined as structurally conserved
regions that formed the secondary structure framework. The insertions and deletions were
mainly found in loop positions and were defined as structurally variable regions. This
conserved framework that was used for the core of the factor B vWF-A model contained
nine peptide fragments from the CR3 structure and comprised 133 residues. Eight peptide
fragments of the correct length from known protein structures in the Protein Data Bank were
selected for modelling the structurally variable regions in the vVWF-A model (factor B residues
V275-P282,S305-N306,N315-S326, S342-T355,G365-1374,1.384-Y397, V405-L408
and K421-E424). A precalculated Co. distance matrix identified the PDB loops that best fitted
the corresponding Co distance matrix calculated from the structurally conserved regions of
the vIWF-A framework that defined the starts and ends of these searched loops for a specified
number of flanking and intervening residues. These remodelled 68 loop residues comprised
34% of the vWF-A model. Typically for homology models, these loop residues will be less
well-defined in position than the 133 framework residues. Sidechain atoms were automatically
generated for both the structurally conserved regions and structurally variable regions using
the template structures and general rules for residue exchanges. The vVWF-A homology model
was refined using energy minimization, where 300 steps of steepest descent minimisation were
performed with HOMOLOGY and DISCOVER software (MSI/Biosym, San Diego, U. S.
A).

After building an atomic coordinate model, whether by means of X-ray
crystallography, NMR or homology modelling techniques, it is important to assess its quality.
PROCHECK (Laskowski et al., 1993) is a suite of programs that assesses a PDB-format

atomic coordinate file using stereochemical parameters derived from high-resolution protein
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crystal structures (Morris et al., 1992), and bond lengths and bond angles derived from a
comprehensive analysis of small-molecule structures (Engh and Huber, 1991). The
stereochemical quality of the model is output as a residue-by-residue listing that enables the
clear identification of regions that are in error. A useful feature of PROCHECK is that it
produces a Ramachandran plot of the ¢ (phi) and y (psi) mainchain torsion angles

(Ramachandran and Sassiekharan, 1968).

Solvent accessibilities of the homology model were calculated using a probe of 1.4
A inthe COMPARER program (Lee and Richards, 1971; Sali and Blundell, 1990). The
electrostatic surface charge was calculated using INSIGHT II 97.0 and DELPHI software
(Biosym/MSI, San Diego, U.S.A.) on INDY Workstations (Silicon Graphics, Reading,
UK.).
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6.4 Results and Discussion

6.4.1 Preparation of the vWF-A domain

The preparations of the 222-residue recombinant vWF-A domain, the native Baand
Bb fragments, and native factor B and C3 each eluted as a single clean peak from the HilLoad
16/60 Superdex-75 gel filtration column. Except for C3, each migrated as a single band on
SDS-PAGE under both reducing and non-reducing conditions (not shown), and
corresponded to the following expected approximate sizes: vVWF-A, 25 kDa; Ba, 30 kDa;
Bb, 60 kDa; factor B, 90 kDa. The vWF-A domain was shown to be folded by Fourier
transform infrared, circular dichroism and NMR spectroscopy (Perkins et al., 1994;
Hinshelwood et al., 1996) (Chapter 7). The vVWF-A domain was shown to be functionally
active through its ability to inhibit the binding of factor B to C3b(Williams et al., 1999). C3
migrated as a single band in SDS-PAGE under non-reducing conditions, and as two bands
inreducing conditions, which corresponded to the expected sizes of 180 kDa for C3,and 110

kDa and 70 kDa for its a and B chains.

6.4.2 Mass spectrometry of immobilised C3(NHj;) with factor B and its
components

C3(NHj;) was used as an equivalent of C3b, the activated form of C3 in which
nucleophilic attack by free ammonia at the thiolester site converted it into the C3b
conformation, which binds to factor B (Sim and Sim, 1983; Pryzdial and Isenman, 1988).
C3(NHj;) was covalently immobilised to the preactivated chip (Section 6.1). When this
immobilised C3(INH;) was probed with the recombinant carbohydrate-free VWF-A domain,
apeak atamass 0f25,021 Da was observed in the resulting mass spectrum (Figure 6.2a).
This peak was present even if the activated chip surface was washed with 50 mM urea (data
not shown), and its mass value agreed well with a calculated value 0f 25,005 Da from the
PAWS program (Methods). In control experiments, no peak was observed in this region of
the spectrum when the chip was probed with the vWF-A domain in the absence of
immobilised C3(NH,) (Figure 6.2b) or when the immobilised C3(NH;) was run alone (Figure
6.2¢). It was concluded that this vVWF-A domain exhibited a specific affinity for C3(NH;), in

agreement with the competition experiments of Williams et al. (1999).
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Figure 6.2 Mass analysis of the nteraction ofthe recombinant vVWF-A-222 domain, the Ba
and Bb fragment, factor B and bovine serum abumn with imnmobilised C3(NH3). (a)
C3(NH;) was immobilised on the surface ofthe activated chip, then probed wih vWF-A-
222; (b) No C3(NH;) was present on the surface, but the chip was probed with vWF- A-
222; (c) C3(INH;) was immobilised onthe chip, but not probed with vVWF-A-222. The same
experimert as in (a) was performed for (d) the Ba fragmert, (e) the Bb fragment, and (f)
native factor B, and also for (g) bovire serum albummn (BSA) as a negative control. The
instrument was calibrated externally using bovine IgG, and the proteinmasses inDa are shown
beside each peak. The effect of studying a BSA sample on a normal phase chip surface is
shown in (h). 166



The immobilised C3(NH,) was likewise probed with the glycosylated native Ba and
Bb fragments and factor B. Broad peaks of masses 26,786 Da, 61,215 Daand 90,273 Da
respectively with an estimated errors 0of £800 Da were observed in the mass spectra (Figures
6.2d, 6.2e and 6.2f respectively). These were in approximate agreement with the expected
masses of the three glycoproteins. The calculated masses of the protein component were
25,983 Da, 57,036 Daand 83,001 Darespectively, which would increased to 28-30 kDa,
61 kDa and 89-91 kDa respectively if the masses of one/two, two and three/four biantennary
complex-type oligosaccharide chains respectively (each of approximate mass 2,100 Da) were
added to these. The appearance of broad peaks was attributed to the presence of two N-
linked glycosylation sites in the second SCR domain of the Ba fragment, and two more in the
vWF-A domain of the Bb fragment, each of which contain a heterologous population of
primarily biantennary complex-type oligosaccharides, together with minor amounts of tri- and
tetraantennary types and variable sialic acid contents (Anderson, 1986). When bovine serum
albumin was used to probe the immobilised C3(NH;), no peak was observed at the
appropriate mass of about 66 kDa (Figure 6.2g). If bovine serum albumin was noncovalently
coated onto a normal phase surface, a peak at a mass of 66,257 Da was observed (Figure
6.2h). It was concluded that the observed peaks in Figures 6.2(d), 6.2(e) and 6.2(f)
corresponded to specific interactions of these proteins with activated C3. In particular, this
is direct evidence that both Ba and Bb fragments have binding sites for activated C3, in
accordance with the multisite model for the assembly of the C3bBb convertase (Lambris and
Miiller-Eberhard, 1984; Pryzdial and Isenman, 1988; Ueda et al., 1987; Sanchez-Corral et
al., 1990).

6.4.3 Mass spectrometry of proteolysed vVWF-A domain after interaction with
C3(NH;)

The interaction between the recombinant carbohydrate-free vVWF-A-222 domain and
immobilised C3(NH;) was investigated in experiments using proteolysis with trypsin, with and
without washes with 50 mM urea (Methods). Trypsin was employed because of the accurate
prediction of cleavage sites at Arg or Lys residues, which meant that the proteolytic fragments

could be identified by determination of their masses and comparing these with the factor B
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sequence. Two sets of mass spectra are shown from these experiments, in which four strong
peaks with averaged masses of 3019 Da, 4048 Da, 4174 Da and 6027 Da were observed
(Figures 6.3a and 6.3b). There were additional peaks that were observed at mass values
above 8,000 Da (data not shown) which were attributed to larger-sized partial digest
fragments. It was inferred from these experiments that four peptides from the vVWF-A domain
had remained associated with the immobilised C3(INHj) after proteolysis. As controls, arange
of different conditions were tested using the permutations summarised to the right in Figure
6.3, including the presence or absence of C3(NH,), the use of either the vWF-A domain or
bovine serum albumin, and treatment of the vVWF-A domain or bovine serum albumin with
trypsin prior to or after adding the probe to the chip surface. The outcome of 64 runs
(including duplicates to confirm reproducibility) showed that the four peaks of Figures 6.3a
and 6.3b were absent in the nine experiments outlined in Figures 6.3c to 6.3k. The possibility
of nonspecific interactions of the vVWF-A peptide fragments with immobilised C3(NH3) or the
chip surface was ruled out with the experiments of Figures 6.3d and 6.3e respectively. The
possibility that the tryptic peptides originated from C3(INHs;) or the self degradation of trypsin
was eliminated using Figure 6.3g. The controls confirmed that the four peaks did indeed
originate from vWF-A peptides with C3b-binding affinity, and indicate that these four
peptides remain bound to C3(NH,) during the post-trypsin wash stage.

In order to assign the four peptide mass peaks to specific residues in the vVWF-A
domain, the vWF-A sequence was analysed for tryptic fragments corresponding to these
masses using the PAWS program (Figure 6.4). A single segment of the vVIWF-A sequence
could be unambiguously identified for each mass peak to within 0.2 % (Table 6.2). Thisis
compatible with the accuracy of matrix-assisted laser desorption ionisation time-of-flight
spectrometry (Krone et al., 1997). Thus the 6027 Da, 4174 Da, 4048 Da and 3019 Da
mass signals corresponded to the vVWF-A residues G229-R283 (+GS), G229-K266 (+GS),
G229-K265 (+GS) and T355-R381 respectively in factor B. The N-terminal GS dipeptide
results from the remnant of the fusion protein thrombin cleavage site (Smith and Johnson,
1988; Williams et al., 1999). The nearest approach to these mass values by other possible
tryptic peptides involved larger mass differences of 150 Da, 22 Da, 20 Da and 24 Da in
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Figure 6.3 Mass analysis of the peptides derived from the trypsin digest of the vVWF-A-222

domainbound to immobilised C3(NHs) onthe activated chip. Only the spectrumbetween2-8

kDa is shown here, indistinctionto Figure 6.2. The four strongest peaks are labelled with their

corresponding mass vales (Table 6.2). The nstrument was calibrated intermally aganst

bovne ubiquitin (mass 8564.8 Da).

(a) The complex of vVWF-A and C3(INH;) was digested with trypsin, thenwashed with PBS,
then with water.

(b) The experiment in (a) was repeated after washing with PBS that contaned 50 mM urea
to act as a more stringert washing agernt.

Other experiments are summarised in the right-side panel whichdefined the components that

were present, including the control with bovire serum albumin (BSA) and the pretreatment

with trypsin (T). 169
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Table 6.2 Observed masses of the peptides that remain associated with C3(NH;) and their

assignment to factor B vWF-A peptides

Observed mass Calculated mass Mean difference = Sequence of
(Da)* of peptide (Da) (Da) factor B
6023.6, 6030.8 6024.9 23 G229-R283**
4174.7,4173.5 4169.7 4.4 G229-K266**
4048.5, 4047.9 4041.5 6.7 G229-K265%*
3018.0,3019.5 3017.5 1.3 T355-R381

* The two mass values correspond to the experiments of Figures 6.3a and 6.3b.
** In the recombinant vVWF-A domain, there is an additional N-terminal dipeptide Gly.Ser

which is derived from the thrombin cleavage site of the fusion protein (Perkins et al., 1994;
Williams et al., 1999).
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comparison to the small mass differences of 1 to 7 Da in Table 6.2, and so could be ruled out.
It was concluded that the residues G229-K265 (Peptide 1) and T355-R381 (Peptide 2) of
factor B were the minimum sizes of peptides that were involved in the interaction of the vVWF-
A domain with C3(NHs), although residues in Peptide 1 extending up to R283 may also

participate in the interaction with C3(NH,).

Factor B is polymorphic due to the existence of allotypes and variable carbohydrate
compositions (Campbell and Bentley, 1985; Anderson, 1986). No peptide signals were
observable in SELDIAMS experiments when the immobilised C3 was probed with the native
glycosylated factor B or the Ba or Bb fragments, then subjected to tryptic proteolysis. In
native factor B, the two vWF-A peptides identified in the SELDIAMS experiments are
associated with the N-linked glycosylation sites at N260 and N353 (Figure 6.5), and the
difficulty of identification of any peptide signals from the Bb fragment was partly attributed to

the presence of heterologous carbohydrate glycoforms.

6.4.4 Homology model for the vWF-A domain in factor B

The interpretation of the peptide data for the proteolysed vWF-A domain required
a structural analysis of this superfamily, as no experimentally-determined structure was
available for vWF-A from factor B. A total of 23 sets of coordinates from 14 crystal
structures for 5 different homologous vWF-A domains were analysed (Methods), from which
asequence alignment could be derived from the identification of their secondary structures
(Figure 6.5). The six hydrophobic B-strands BA, BB, BC, BD, BE and BF were well
conserved in position and length to within + 1 residue in the 23 structures (except for BC in
LFA-1 which was shifted by 2 residues). While the amphipathic surface-exposed a-helices
Al and A4 were well conserved to + 2 or+ 3 residues in length, the other a-helices A2, A3,
A5, A6 and A7 showed significant variation in terms of length and conformation between the
five structures, especially towards the C-terminus of the protein fold. Thus A2 and A3 were
merged into a single o-helix in the VLA-2, vWF-A1 and vWF-A3 structures, A5 was missing
in LFA-1 because of a sequence deletion, A6 was sometimes preceded or followed by

additional 3,o-helices or a-helices, and A7 was variable in its length and position (or was
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Figure 6.5 Sequence alignments of VWF-A domains. The consensus alignment of known crystal structures used for the homology model of factor
B. The SELDI-identified Peptides 1and 2 in factor B are highlighted in green and yellow respectively. The Gplb receptor site in the von Willebrand
factor A 1 domain and the iC3b site in CR3 are bolded and underlined. The location ofthe metal binding residues is denoted by DXSXS and M above
the sequences. The secondary structure elements identified by DSSP are denoted as: H, a-helix; G, 3,0-helix; E, p-strand; B, single residue p-ladders;
T, turns; S, bends, and their positions were labelled Al to A7 and BA to BF to follow Lee et al/ (1995a) and Edwards & Perkins (1996). The solvent
accessibilities calculated using COMPARER are denoted by values of 0 to 9 to correspond to accessibilities of 0-9%, 10-19%, and so on up to 90-
99%, and are denoted by ‘b’ if the mean crystallographic value is 0 or 1. For each ofthe five independent vVWF-A crystal structures sets (Methods),

the secondary structures and accessibilities were averaged from the individual analyses for between > .« coordinate sets.
continued overleaf
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divided into two in the vIWF-A3 structure). These large structural variations in a-helices
between the five different vVWF-A sequences is attributable to their surface location in the
vWF-A domain at which packing constraints are absent. This exposure leads, for example,
to the noticeable solvent dependence of the a-helix band in Fourier transform infrared spectra

of the vVWF-A domain (Perkins et al., 1994).

The comparison of the vWF-A domain of factor B with the five different crystal
structures in Figure 6.5 was derived from that of Figure 1 in Edwards and Perkins (1996),
which was based on comparisons with predicted structures. The sequence identity (defined
in Methods) was 23.8% for the comparison of factor B and CR3 using the alignment of Figure
6.5, which was higher than those derived for the other four sequences of Figure 6.5. These
were 20.6% for the comparison with LFA-1, 19.8% with VLA-2, 13.7% with vWF-A1 and
15.3% with vWF-A3. The CR3 structure also contained a Mg?* site, unlike the VWF-A1 and
vWF-A3 structures, and possessed an iC3b site which may or may not resemble the C3b site
of the vVWF-A domain of factor B. The CR3 vWF-A crystal structure was thus used as a
template for the homology modelling of residues S243-M443 in the vWF-A domain of factor
B (SECTION), although the C-terminal a-helix A7 has exhibited variable conformations in
the 8 CR3 coordinate sets available to date. Evidence in support of the vWF-A homology
model was provided by the conservation of the six B-strands and the a-helices A1 and A4,
the location of the conserved metal-binding residues DXSXS, T and D in their expected
positions, and by the high solvent accessibilities 0of N260 (80%) and N353 (50%), on a-helix
Al and between a-helix A4 and B-strand BD respectively, which agrees with their putative
glycosylation (Figure 6.5). Likewise the high accessibilities of 60% for the two different
glycosylation sites in the homologous C2 vWF-A structure supported this factor B vWF-A
model (Figures 6.5 vs. 6.6). The use of PROCHECK to test the model showed that only
E423 and Q424 were minor outliers in a Ramachandran plot (Figure 6.7), while residue 232
in CR3 which was a minor outlier in its crystal structure was no longer so in the model. That
E423 and Q424 were outliers was attributed to their position next to an insertion that was not
present in any of the vWF-A crystal structures (Figure 6.5), which did not facilitate their

modelling.
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Figure 6.6 Sequence alignments of vVWF-A domains from human and mouse factor B and C2 sequences. The four sequence insertions in factor
B (see text) are denoted by asterisks. The location of the carbohydrate sites is denoted by Cho above the sequences. The sequences are shown in
comparison with the consensus secondary structure from Figure 6.5 for ease of reference.



The most notable result from the vWF-A homology modelling was that four sequence
insertions at about E320-S326, P344-D346, M369-G370 and G387-D396 could be
identified relative to the positions of conserved sequence/structure features in the five vVWF-A
crystal structures and were not present in any of these crystal structures (Figure 6.5). Two of
these (M369-G370 and G387-D396) occured at the carboxyl-edge of the vWF-A B-sheet
near the C3b binding site, while the other two (P344-D346, E320-S326) occurred at the
amino-edge of this B-sheet, close to the linkers that join the vVWF-A domain to the three SCRs
in the Ba fragment and the SP domain in the Bb fragment. The four insertions occur just
before and after the a-helices A4 and A5, and have the effect of deepening one side of the
active site cleft in the vVWF-A domain. It is significant that the four insertions are present also
in the homologous vVWF-A C2 sequence, although two insertions are different in size
(asterisked in Figure 6.6). In factor B, the three larger insertions possess remarkably high
proportions of charged residues compared to the rest of the vVWF-A domain, although none
of them is involved with the C3b-binding site identified by SELDIAMS experiments. In human
factor B, the ten-residue insertion G387-D396 possesses three acidic and four basic residues,
while the three-residue insertion P344-D346 possesses two acidic residues, and the seven-
residue insertion E320-S326 possesses two acidic and three basic residues. Similar totals are
present in the insertions of mouse factor B and human and mouse C2 (Figure 6.6).
Electrostatic views of the carboxyl-edge face of the model indicates that there is a prominently
acidic active site cleft at this side where Mg?* is bound, while the amino-edge face shows no
prominent acidic or basic regions (Figure 6.8). There is also a cluster of acidic residues near
to a-helix A7 in both factor B and C2. In factor B, the oligosaccharide at N260 is located at
the carboxyl-edge face of the B-sheet, while that at N353 is located at its amino-edge (Figure
6.6). In C2, the oligosaccharide at N281 is located at the amino edge face of the -sheet,
while that at N324 is located on the opposite face at the carboxyl edge. Both occur in

topologically-similar locations to those observed in factor B (Figure 6.6).

6.4.5 Location of Peptides 1 and 2 in the vWF-A homology model
Both the vWF-A peptides identified from SELDIAMS occurred at structurally well-

defined positions in the alignment and in the vWF-A homology model. Peptide 1
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D346 G387-D396

He 1x

44

pijO1 Peptide 1
Figure 6.8 Two views rotated by 18(E that depict the surlace ofthe dctor B vWF-A
homology model. Electrostatic and ribbon representations are shown tor each \iew. Peptides
1 and 2 are sliown ingeen (G229-K265) and yellow(T355-R381 ) respectively. The
binding site is ina cleft (arrowed) and lined at its base by acidic residues. The N-terminus and
C-tenninus are at the base ofthe structure. Tlie positions o floir insertbns (E320-S326 and
M369-0370 next to tlie Mg"’ site; P344-D346 and 0387-D396 near the N-terminus and
C-tenniniB) tliat are not seen in other crystal structures in the vVWF-A superiamily are
indicated by spheres (blue, basic; red. acidic; white other). The electrostatic views show
several other acidic and basic regions, of which a prominent group of acidic residues
corresponds to a surface loop (0422 and E424) and the surface othelix A7 (0432, 0434,

E437, 0438, 0445 and E446) to the left in the lower view.
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corresponded to a region from the N-terminus that included the BA $-strand to half way
along the a-helix A1. This region contained the conserved DXSXS motif found in many vWF-
A sequences, which corresponds to part of the Mg?* binding site (Perkins et al., 1994). The
possible extension of Peptide 1 up to R283 (Table 6.2) includes the remainder of the a-helix
A1 up to the start of the B-strand BB. Peptide 2 included the BD B-strand, a two-residue
insertion, and the start of the A5 a-helix. It also contained D364 that provided part of the
Mg?* binding site (Figure 6.5).

Topologically, Peptides 1 and 2 are seen to be proximate to each other in the factor
B vWF-A homology model (yellow and green ribbons respectively, Figure 6.8), and include
the crossover point in the parallel B-sheet from where the two central B-strands wind to the
opposite ends of the B-sheet. This crossover point forms a cleft at the carboxyl-edge of
doubly-wound /B folds, and contains the Mg?* site in many members of the vWF-A
superfamily. Only a limited number of the 39 and 27 residues in Peptides 1 and 2 respectively
can be available for protein-protein interactions with C3b. For instance, since the peptide
G229-R234 is cleaved from the vVWF-A domain on activation by factor D, these residues are
ruled out from a C3b binding role. The adjacent residues K235-S243 at the N-terminus of
the vWF-A domain are unlikely to bind to C3b, since they will form part of the factor D
binding site which has to be accessible to factor D after the vWF-A domain is bound to C3b
(Williams et al., 1999). The residues M244-S253 in Peptide 1 and V358-D364 in Peptide
2 correspond to buried sidechains in the B-strands BA and BD respectively, some of which
contribute to the Mg?* site, so cannot be available for direct interactions with C3b. From
Figure 6.5, other predicted buried residues in the vVWF-A model can be discounted also
(I256,F261, A264 and K265 in Peptide 1; V376 and E379 in Peptide 2). This leaves 8 and
17 residues in Peptides 1 and 2 respectively that have surface accessible sidechains that can
potentially form contacts with C3b (Figure 6.5). Of these 25 residues, 4 are acidic, 3 are
basic, 11 are neutral hydrophilic, and 7 are hydrophobic, and the majority of these are located
at the carboxyl-edge of the B-sheet in the vVWF-A domain. It is thus concluded by elimination
that the amino acids that corresponds to the C3b-binding site are located at the active site

crossover point of the vVWF-A domain.

180



6.5 Conclusions

The combination of experiments using a new development of SELDI technology with
avWF-A homology model constructed from five different crystal structures has provided
novel insight into the functional activity of the vVWF-A domain in factor B, i.e. that the function
ofits active site cleft is to bind to C3b. Mass spectroscopy analysis of tryptic digests ofa
functionally-active 222-residue recombinant vVWF-A domain from factor B (Williams et al.,
1999) showed that two peptides G229-K265 and T355-R381 were directly implicated in
ligand binding to C3b. This experimental approach is based on a recombinant vWF-A domain
that is of high purity, being correctly folded and functionally active. The primary advantage of
SELDIAMS is that it corresponds to the biochemical analysis of the whole protein surface.
The comparison with the vWF-A homology model showed that both peptides flanked its
active site cleft at the carboxyl-edge of the central hydrophobic B-sheet. The vVWF-A
homology model was used to narrow down the specific residues that participate in C3b-
binding. This showed that potential C3b-binding residues in both peptides could be eliminated
to leave only about 25 that are primarily located at the exposed surface of this active site cleft.
Ofinterest is that the first of these factor B vWF-A peptides coincides in position with the
Gplb platelet receptor binding site at residues 514-542 in the A1 domain of von Willebrand
factor (Knottet al., 1992, Sinha et al., 1994; Matsushita and Sadler, 1995), numbered as
residues 245-273 in Figure 6.5. The second of these peptides coincides in position with the
iC3Db active site peptide in the vWF-A domain of CR3 identified by Ueda et al. (1994),

numbered as residues 354-365 in Figure 6.5.

Additional information on the C3b-binding site of the vVWF-A domain was obtained
from its homology model. Residues in the metal binding site of the integrin vVWF-A domains
CR3,LFA-1and VLA-2 are conserved in factor B. This suggests that the Mg?*-binding site
is conserved in the vVWF-A domain of factor B. However this observation is complicated by
the observation that factor B will bind to C3b in the absence of Mg?* (Pryzdial and Isenman,
1987; Williams and Sim, 1994), the absence of one of these metal-binding residues in mouse
C2 (Figure 6.6), and the non-conservation of the metal binding site in all three vVIWF-A
domains of von Willebrand factor (Jenkins et al., 1998). Both hydrophobic and ionic
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interactions have been implicated in C3b factor B complex formation, where low ionic
strengths favour complex formation (Pryzdial and Isenman, 1988; DiScipio 1981). This is
consistent with the 25 potential C3b-contact residues which include both hydrophobic and
hydrophilic residues, as well as 7 charged residues. The presence of other charged residues
at three of four significant insertions identified in the vVWF-A homology model and on a-helix
A7 may be relevant also. Of interest is that E736 and E737 in C3 have been implicated in the
interaction of C3b with factor B (Taniguchi-Sidle and Isenman, 1994). It can be speculated
that these charged groups may complete the Mg?* coordination by analogy with the observed
intermolecular lattice contacts in the crystal structure of CR3 where a Glu residue behaves as

a ligand mimic (Lee ef al., 1995a).

This application of SELDIAMS is complementary to site-specific mutagenesis
experiments in the sense that an increase or decrease in activity following a single-residue
mutagenetic change does not unambiguously identify the role of that specific residue. Itis
necessary to show that the protein folding is unaffected by the mutation, so a systematic study
would require mutagenesis experiments throughout the protein. Consequently SELDIAMS
offers much economy of effort through its ability to analyse the whole protein surface, and is
potentially applicable to other protein-protein complexes (Spencer et al., 1999). The results
of the present SELDIAMS analysis agree with a mutagenesis study of single-residue changes
in factor B (Hourcade et al., 1999) that demonstrated that D254, N260 and D364 were
involved for C3b binding (Figure 6.5). The SELDIAMS experiments also agreed with the
outcome of experiments with Chimeras 1 and 3 of intact factor B by Tuckwell ez al. (1997).
Chimera 1 corresponded to part of Peptide 1, in which G252-S259 of factor B was mutated
to C252-N259 of human C2, and Chimera 3 corresponded to part of Peptide 2, in which
L366-D372 of factor B was mutated to K366-S372 of human C2, both of which resulted in
loss of C3b binding activity. As Chimera 1 contained a free C252 residue, which could
become disulphide-linked with the free C267 residue of factor B, that study was not
conclusive in showing that the formation of a potential Cys-Cys link might have caused the

lack of interaction between Chimera 1 and C3b.
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The role of factor B in binding to C3b and the resulting activation of the alternative
pathway of complement activation has been clarified in the present studies. Early
crystallographic studies on the vVWF-A domain in CR3 suggested that it could exist in two
conformations depending on the presence of the bound cation (Lee et al., 1995a, 1995b),
although the biological significance of this finding is unclear as the crystal lattice packing
contacts may be responsible for some of these observations (Baldwin et al., 1998; Liddington
and Bankston, 1998). Nonetheless there is evidence from mutational studies indicating “on”
and “off” conformations, as well as the separate locations of the mutation sites associated with
the Type 2B and 2M phenotypes in von Willebrand’s disease, that the vVWF-A1 domain in
von Willebrand factor is able to transmit ligand binding signals within its structure (Cooney and
Ginsberg, 1996; Jenkins et al., 1998). The vWF-A homology model showed that the factor
D cleavage site is 8 residues away from its N-terminus (Figure 6.9). The recombinant vVWF-A
domain also included an extra 8 residues that are N-terminal of the factor D cleavage site. It
was possible for factor D to cleave this recombinant vVWF-A domain both in the presence or
absence of C3b, although this cleavage is slow in both cases (Williams et al., 1999). In
contrast to this, the cleavage of intact factor B by factor D in the presence of C3b occurs
efficiently, but does not occur in the absence of C3b. This means that this factor D cleavage
site is sterically concealed, and/or it possesses an inactive conformation in intact factor B until

it comes into contact with C3b.

Ifthe factor B vWF-A domain is able to transmit conformational signals, one possible
explanation of the factor D cleavage properties of intact factor B is that the binding of the
active site of vVWF-A to C3b induces a conformational change at its opposite face to
upregulate factor D cleavage (Figure 6.9). Another possible explanation would be that the
independent binding and reorientation of the SCR domains of intact factor B to another region
of C3b would cause a conformational change in factor B to make this peptide available for
cleavage by factor D (Figure 6.9). Irrespective of which explanation is followed, these
experiments show that the role of the vVWF-A domain in factor B is to facilitate its cleavage
by factor D after binding to C3b, and can mediate the regulation of the activities of factor B.

The release of the three SCR domains from factor B or an allosteric structural change in the
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Figure 6.9 Schematic view o fthe vVWF-A structure inrelationto C3b and the other domains
ofiactor B. The SCR and SP domains are o fapproxiniitely correct si2ES but their positions
are not known. In the vWF-A domain, the Mg""-clefi is at the top in proximity to the C3b
binding site, its N-terminus is connected to the SCRdomains, and its C-terminus is connected
to the SP don'ain. This view is rotated by 0¥ compared to those shown h Figure 4. The five
Mg"-binding residues D251, S253 and S255 in Peptide 1 (g-een ribbon), T328 (purple
ribbon) and D364 in Peptide 2 (yellow ribbon) are shown as blue spheres. The N-terminal
vWF-A residues K235-S243 (Figure 6.5) are attached to the homology model in an
extended conformation (blue ribbon) up to tlie foetor D cleavagp site (arrowed). The C-
terminal VWF-A residues 1444-1452 up to the first Cys residie of the SP domain are
attached as an extended conformation (blue ribbon), to which the SP domain is joined
Biartennaiy' complex-type oligosaccharide chains are sliown at N260 (near the Mg*'-ske)

and N353 (near tit N-temiinus).
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vWF-A domain then brings about the activation of the SP domain. It is interesting that the SP
domain of factor B is attached to the a-helix A7 of the vWF-A domain (Figure 6.9), which
is in topological proximity at the same a-helix face to the predicted inhibitory binding site at
a-helices A2 and A3 ofthe A1 domain in von Willebrand factor (Perkins et al., 1999). This

may suggest a common functional property of both domains.
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Chapter 7

Experimental:
Metal dependent conformational changes in the
recombinant vWF-A domains.
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7.1 Introduction

The active site of open twisted o/ domains is typically formed by a crevice outside
the carboxy ends of the B-strands (Figure 7.1). This crevice is formed by two adjacent loop
regions that connect the two strands with the a-helices on opposite sides of the B-sheet
(Branden and Tooze, 1999). The vWF-A domain structure is an open twisted mostly-parallel
B-sheet structure flanked by a-helices above and below the B-sheet, and possesses an active
site cleft at the crossover point where the B-sheet winds towards opposite ends of the
structure (Edwards and Perkins, 1996). This secondary structure of the vWF-A domain
resembles, but is not identical with the dinucleotide fold (Figure 7.2) (Perkins et al., 1999).
The metal ion dependent adhesion site (MIDAS) of the integrin vWF-A domains coordinates
the divalent cation through two Ser residues within a conserved amino acid sequence motif
Asp-X-Ser-X-Ser (DXSXS) located in a crevice at the C terminal of the f—strand (Ba), a
Thr from the a3-04 loop located on the other side of the crevice, and an Asp from the Bd-
o5 loop (Figures 7.2 and 7.3) (Qu and Leahy, 1995). These residues are highly conserved
in the vVWF-A protein fold family and in factor B sequence it is likely that coordination of the

metal ion is similar to that of the integrins.

There are presently 23 sets of vVWF-A coordinates for 14 vWF-A crystal structures
for five different vVWF-A proteins. Metal binding sites were observed in the integrin vWF-A
structures of CR3, LFA-1 and VLA-2, butnot inthe A1 and A3 domains of von Willebrand
factor (Leeetal., 1995a, 1995b; Baldwinet al., 1998; Qu and Leahy, 1995, 1996; Emsley
etal., 1997, 1998; Celikel et al., 1998; Huizinga et al., 1997; Bienkowska et al., 1997).
The sequence alignment of the vWF-A superfamily (Perkins et al., 1994) shows that the
metal coordination site corresponds to conserved Asp and Ser residues within a DxSxS motif
onone side of the active site cleft, together with conserved Thr and Asp residues on the other

side of the cleft.

Crystal structures of two conformations of the CR3 vWF-A domain have been
determined. It has been proposed that the vVWF-A domain exists in either “on” or “off” states,

and that this domain functions to transmit signals of ligand binding through its structure

187



(a)

(b)

crevice

Figure 7.1 (a) The active site in open twisted a/(3 domains is ina crevice oitside the carboxy
ends ofthe p-strands. This crevice is tbrmed by two adjacent loop regions that connect the
two strands with the a-helices on opposite sides ofthe p-sheet This is illiBtrated by the
curled lingers o fthe two hands (b) where the top halves ofthe lingers represent loop regions
and the bottom halves represent the p-strands. The rod represents a bound molecule lying in

the bindirg crevice (Adapted from Branden and Tooze, 1999).
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(a) Complement receptor type 3

(b) Flavodoxin

B2

(c) Ras-p21
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Figure 7.2 Supersecondary structure topologies for doubly-wound openo/p folds, a-helices
are represeiled as cylinders and P-strands are shown as arrows. The labelling follows the
scheme inprevioiB publications foreach protein. The N- and C-termini inthe three structures
are all located at topobgically equivalent positions. The a-helices above the p-sheet are
shaded, while those below the p-sheet are unshaded, (a) Five residues involved inthe Mg
binding she ofCR3 are hi*ghted (D140 and D242 (O); S142, S144 and T209 (¢)). (b)
Residues on four carboj”l-edge loops that constitute the flavin monomcleotide binding she
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(Leeetal.,1995a and b; Cooney and Ginsberg, 1996; Jenkins et al., 1998), although this
is controversial (Baldwin et al., 1998; Liddington and Bankston, 1998). The effect of metal
binding to the vVWF-A domain of integrins is presently unclear, since the Mg?* binding site in
the vWF-A crystal structure for CR3 differs from those in other integrin vVWF-A crystal
structures, namely leucocyte-function associated antigen-1 (LFA-1; CD11a), very late
activation protein-2 (VLA-2; platelet glycoprotein Ia; CD49a) and other CR3 structures
(Figure 7.3). Consequently it is not known whether the integrin vWF-A structure is affected
by metal binding, and this is currently an area of discussion (Lee et al., 1995a; Baldwin et al.,
1998; Liddington and Bankston, 1998). Binding of the metal ion is considered critical for the
adhesive function of the integrins. It may be required to stabilise the active domain
conformation or it may participate in interactions with the ligand, possibly through interactions
with an acidic residue (Qu and Leahy, 1996). Further uncertainty in the role of the Mg?* in
the vVWF-A domain fold arises from the absence of a Mg?* site in the VWF-A1 and vIWF-A3
domains of von Willebrand factor even though the MIDAS motifin the A3 domain contains
only one non-conservative change of Asp to Thr (Celikel et al., 1998; Emsley et al., 1998;
Jenkins et al., 1998; Huizinga et al., 1997, Bienkowska et al., 1997). This lack of metal
binding is due to the unusual conformation of the Phe residue that follows the DXSXS motif
(Bienkowska et al., 1997). There is also uncertainty about the role of the Mg?* ion in the
vWF-A domain of factor B. It would appear that the metal ion is not absolutely required for
the assembly of a functional C3bBb, C3 convertase, but it does have an enhancing role which
appears to be more important in the case of the surface bound enzyme (Pryzdial and Isenman,
1986). The explanation given for this is that C3b in the fluid phase would be able to
accommodate the fit of factor B, whereas surface bound C3b would have restricted flexibility
making strong Mg?* independent binding no longer possible. Thus the Mg?* ion was necessary

for a stable surface bound C3bBb complex.

A clarification of the structural role of bound Mg?* to the vVWF-A domain is essential
for an understanding of its metal-binding properties. Given the large difference reported
between the metal-bound and metal-free forms of vVWF-A by crystallography, it is surprising

that initial circular dichroism (CD) and Fourier transform infrared (FT-IR)
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D140

Figure 7.3 Confomntional charge seen between two superimposed crystal structures for
complement receptor type 3 (CR3) inthe presence otlVIg"". The central six-stranded p-sheet
is viewed lace-on. Tire structure corresponding to the PDB code lido is shownas a lightblue
ribbon with tlie active site residies depicted using green sidechains and metal atom (Table
7.1). That eorrespondirg to the PDB code Ibho is shown indaik blue with yellow sidechains
and metal atoin A large movement in Asp242 and the a-lielices relative to an almost invariant

P-slieet is seen between the two Ibnns.
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spectroscopic studies of vVWF-A domains have been unable to detect any significant
conformational rearrangement upon metal binding (Perkins et al., 1994; Fairbanks et al.,
1995; Nolte et al., 1999). This Chapter describes the application of a multidisciplinary
spectroscopic approach to arecombinant vVWF-A domain from factor B in the presence of
excess metal or EDTA. The two recombinant vVWF-A domains described earlier were used,
one based on the factor B vWF-A sequence Gly229-Ile444, and a more stable one based
onthe sequence Gly229-GIn448 (Chapter 4) (Williams et al., 1999). A homology model for
the vWF-A domain enabled the data to be interpreted (Chapter 6) (Hinshelwood et al.,
1999). The first unequivocal evidence for a significant conformational change between the
metal-bound and metal-free forms of a vVWF-A domain is presented here, and the functional

implications of this for factor B are then discussed.
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7.2 Materials and Methods

7.2.1 Molecular graphics analyses of vWF-A domains

The metal binding site in the vVWF-A structure was analysed using 23 sets of
coordinates from the Protein Data Bank for 14 crystal structures for five vVWF-A domains in
the following proteins, namely the three integrins CR3 (CD11b), leucocyte function-associated
antigen-1 (LFA-1; CD11a), and very late activation protein-2 (VLA-2; platelet glycoprotein
Ia; CD49b), as well asthe A1 and A3 domains of von Willebrand factor (Lee et al., 1995a,
1995b; Baldwin et al., 1998; Quand Leahy, 1995, 1996; Emsley et al., 1997, 1998; Celikel
etal.,1998; Huizinga et al., 1997; Bienkowskaet al., 1997). The Protein Data Bank codes
are identified in Table 7.1. The structures were subjected to visual inspection on Silicon
Graphics INDY Workstations using INSIGHT I1 97.0 software (Biosym/MSI, San Diego,
U.S.A.) in conjunction with Crystal Eyes stereo glasses and the superfamily alignment of 75
vWF-A sequences in Perkins et al. (1994). The consensus secondary structure was identified
using DSSP (Kabsch and Sander, 1983) and taken as the average across the crystal
structures (Hinshelwood et al., 1999). The construction of the homology model was based
onthe CR3 vWF-A domain (Chapter 6) (PDB code lido; Lee et al., 1995a; Hinshelwood
et al., 1999).

7.2.2 Preparations of factor B, its Bb fragment and the recombinant vWF-A
domains

Native factor B, the Ba and Bb fragments, C3 and the recombinant vVWF-A-218 and
vWF-A-222 domains were prepared as described previously (Chapter 4: sections 4.3.6,
4.4.14and 4.4.15). The vWF-A-218 contained the factor B sequence G229-1444 and was
preceded by the residues GS derived from the thrombin recognition site LVPRGS. The vWF-
A-222 sequence contained the factor B sequence G229-Q448, but differed in that a
Cys267Ser mutation was made in order to eliminate a free Cys residue, as well as containing
the N-terminal residues GS. All the domains were concentrated under pressure on an Amicon
YM10 membrane (mass cut-off of 10 kDa) and purified by gel filtration using a Pharmacia
FPLC system with a HiL.oad 16/60 Superdex 75 column.
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Table 7.1 Survey of distances between the metal ion and its coordinating atoms in

homologous vWF-A crystal structures

VWF-A" Metal  Coordination residue™

(PDB code) DxSxS Thr Asp
CR3 (CD11b) Aspl40  Serld2  Serl44  Thr209  Asp242
lido Mg?t 42,42 2.2 2.2 2.1 42,42
1jlm Mn* 40,44 2.3 2.1 4.0 2.3
Ibho-1 Mg? 4.0,4.1 2.0 2.0 4.2 2.1
1bho-2 Mgt 3.9,4.6 2.3 1.7 4.6 2.1
1bhg-1 Ca* 39,44 23 2.6 3.8 2.3
1bhg-2 Ca* 41,43 2.2 2.2 3.8 1.9
LFA-1 (CDll1a) Aspl37 Ser139 Ser141 Thr206 Asp239
1zoo-1 Mg?* 39,40 2.1 2.1 4.2 2.0
1zoo-2 Mg 4.0,4.1 2.1 2.1 4.2 2.1
1zop-1 Mn? 3.9,4.0 2.1 2.1 4.2 2.0
1zop-2 Mn?* 40,41 2.1 2.1 4.0 2.1
11fa-1 Mn? 4.0,4.0 2.1 2.1 4.0 2.1
11fa-2 Mn? 4.0,4.0 2.1 2.1 4.0 2.1
VLA-2 (CD49b) Aspl51 Ser153 Ser155 Thr221 Asp254
laox-1 Mg* 41,40 22 2.0 4.2 2.1
laox-2 Mg* 41,40 23 2.0 4.2 2.0

* Where two molecules appear in the unit cell, they are described by a suffix of -1 or -2.
** The crystallographic resolutions range between 1.7 A to 3.0 A. Distances are in A. The
ligation site is to either the OD1 and/or OD2 atoms in D residues (via a water bridge in the
case of the first D residue and the T residue in 13 of the 14 structures), the OG in S residues,
and the OG1 atom in T residues. In the LFA-1 structures, chloride ions and/or water

molecules form additional ligands with metal (not shown).
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7.2.3 Circular dichroism spectroscopy

Circular dichroism (CD) spectroscopy was performed at 20°C using a Jobin-Yvon
CD6 spectropolarimeter with quartz cells of path length 0.2 mm and 0.1 mm. The instrument
was calibrated with an aqueous solution of recrystallised D10-camphosulphonic acid (8%
lem = ().308 at 290 nm). The vWF-A-222 domain, the Bb fragment and native factor B were
dialysed into S mM Tris-HCI, 0.5 mM MgCl,, pH 7.5, while the vWF-A-218 sample was
dialysed into 100 mM NaClO,, 5 mM Tris-HCl, 0.5 mM MgCl,, pH 7.5 because of its lower
solubility. Sample concentrations used to derive the differential molar extinction coefficient Ae
were calculated from the absorbance at 280 nm (Drake, 1994) and were in the range 0f 0.2
to 1.5 mg/ml. The absorption coefficients A,g, (1cm, 1%) were calculated from the total of
Trp, Tyr and Cys residues in the sequence to be 15.6 for vWF-A-218, 15.2 for vWF-A-
222, 12.5 for the Bb fragment and 13.8 for factor B (Perkins, 1986). Experiments were
performed in the presence of MgCl, to which EDTA was subsequently added to investigate
the effect of Mg?* ions. Alternatively, the CD spectra were recorded in the absence and
presence of Mg?* ions without the use of EDTA. Spectral quantification to obtain secondary
structure contents was performed using CONTIN (Provencher, 1982). In each case the
background spectrum from the sample buffer was subtracted from the protein sample

spectrum.

7.2.4 Fourier transform infrared (FT-IR) spectroscopy

Fourier transform infrared (FT-IR) spectroscopy was performed using the vWF-A-
222 domain using a 1750 Perkin-Elmer FT-IR spectrometer continuously purged with N, gas
to reduce water vapour absorption in the spectral region of interest (Haris and Chapman,
1994). The sample was contained between CaF, windows fitted with a Teflon spacer to give
a path length of 50 pm in a thermostatically-controlled cell housing. vVWF-A samples at 5
mg/ml were in PBS buffer in 99.8% ?H,0 with either S mM MgCl, or SmM EDTA. FT-IR
spectra were obtained from both the protein sample and the buffer at each temperature. 1000
scans were recorded at 20°C and 100 scans were recorded for each temperature increment
thereafter at a resolution of 4 cm™. The scans were signal averaged and the absorbance

spectrum was obtained by digital subtraction of the °H,O buffer spectrum from the sample
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spectrum (Haris et al., 1986). Detailed analysis of the spectra was carried out using a second
derivative procedure provided by the GRAMS software (Perkin-Elmer) with 13 data point

Savitzy-Golay smoothing.

7.2.5 'H NMR spectroscopy

Each protein preparation was dialysed into PBS in 99.8%”H,0 with 1.5 mM MgCl,
over 36 h with 4 buffer changes at 8°C, except for the vVWF-A-222 studies for which Mg-free
PBS was used. NMR spectra were recorded at 30°C using 500 MHz and 600 MHz Varian
spectrometers and analysed using Varian VNMR software at the MRC NMR Centre at the
National Institute of Medical Research, Mill Hill. Sample concentrations were in the range 2-
10 mg/ml. pH meter readings in 2H,0 were uncorrected values measured on a Corning 240
pH meter, and additions of stock solutions of NaO?H or ZHCI were used to adjust the pH.
The H?HO chemical shift was referenced with respect to the chemical shift of
trimethylsilylpropionic acid (1 mg/ml) in the same buffer and temperature range as the protein
samples, and the protein NMR spectra were then referenced with respect to the H'HO signal.
A line broadening of 1 Hz was applied before Fourier transformation. The effect of Mg?* was
investigated by adding up to S mM EDTA to some of the preparations before measuring the

spectra. Alternatively spectra were recorded in the absence and presence of Mg?* ions.

7.2.6 Calculation of ring current shifts

In the proton NMR spectra of proteins, resonances upfield of 0.5 ppm correspond
to ring current shifts of methyl groups and single protons of amino acid side-chains positioned
close to one or several aromatic rings (Perkins, 1982). The ring current shifts are localised to
within about 7 A of the centre of the ring, and affect only a small proportion of proton signals.
The program RCCAL (Perkins, 1982) was used on a Silicon Graphics INDY Workstation
to calculate the ring current shifts from protein coordinates in Protein Data Bank format. The
appearance of the NMR spectra were then predicted by correction of the random coil
chemical shifts of the free amino acid residues by these calculated ring current shifts (Bundi
and Wiithrich, 1978). The validity of these calculations has been established in calibration
studies (Perkins, 1982).
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7.3 Results and Discussion

7.3.1 The metal binding site in the vVWF-A superfamily

The sequence alignment of the vVWF-A superfamily (Perkins ez al., 1994) showed that
the metal coordination site corresponded to a conserved DxSxS motif on one side of the
active site cleft, together with conserved Thr and Asp residues on the other side of the cleft.
The metal binding sites in 14 sets of CR3, LFA-1 and VLA-2 coordinates were examined
by molecular graphics (Table 7.1). The molecular coordination to Mg?* or to other divalent
cations such as Mn?" or Cd?" differed only between the first-determined CR3-Mg?* structure
(PDB code 1ido) and the remaining 13 vWF-A-metal structures (Table 7.1). The metal
coordination with DxSxS is the same in all 14 structures, and involves a water molecule bridge
between the metal and a bidentate linkage with an Asp carboxyl group (distances of 3.9 A
to 4.3 A), and two direct metal bonds with Ser hydroxyl groups (distances of 1.7 At0 2.3
A). Indistinction to this, that with the conserved Thr and Asp residues involves a shift of the
water molecule bridge from Asp in the first vVWF-A structure (Lee ez al., 1995a; PDB code
lido) to Thr in the remaining 13 structures. In the latter, the Thr hydroxyl-metal distance
ranges between 3.8 A t0 4.6 A, and the Asp carboxyl-metal distance ranges between 1.9 A
to 2.3 A. In the two vWF-A structures that did not bind metal, three (A1 domain) or two (A3
domain) residues in the DxSxS-D-T motif of the active site cleft were not conserved, thus
explaining the lack of metal binding (Perkins et al., 1994; Jenkins ef al., 1998). These
comparisons show that two types of metal-protein structures occur in the vVWF-A domain,
one found in 13 of the 14 available metal-bound structures, and the other involving a structural
change at one side of the active site cleft, which is hereinafter termed the conformationally-
flexible side of this cleft. In the light of the recent controversy over CR3 integrin-metal
structures (Baldwin et al., 1998; Liddington and Bankston, 1998), in which it was unclear if
metal affected the vVWF-A structure, a reinvestigation of the binding of Mg?* to the vVWF-A

domain by independent approaches based on solution structure methods was carried out.

7.3.2 Circular dichroism studies of factor B and its fragments
Circular dichroism (CD) spectroscopy is a monitor of the overall protein secondary

structure and is sensitive to conformational changes (Drake, 1994). For CD studies, the
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recombinant vVWF-A-218 and vWF-A-222 domains, the Bb fragment and factor B were
prepared, each of which was eluted as a single peak from the HiLoad 16/60 Superdex-75
gel filtration column. Each migrated as a single band on SDS-PAGE under both reducing and
non-reducing conditions. From these, the approximate masses of these proteins were
estimated as: vVWF-A-218 and vWF-A-222, 25 kDa; Bb fragment, 60 kDa; factor B, 90
kDa, all of which were as expected from their sequences. All the preparations were
recognised in Western blots using a polyclonal antiserum to factor B, and were determined
to be monomeric by mass spectrometry or analytical ultracentrifugation (Chapter 5) (Williams
etal., 1999; Hinshelwood et al., 1999). Both the vWF-A-218 and vWF-A-222 domains
were functionally active (Williams and Sim, 1994; Williams et al., 1999). The vWF-A-222
domain was more soluble than the vVWF-A-218 domain, and was therefore better suited for

CD studies (Chapter 4).

The secondary structures of the above four proteins were examined using their CD
spectra. Each CD spectrum showed a large negative ellipticity between 210 nm and 220 nm,
with a small trough between these wavelengths, as expected for proteins with a-helix and 8-
sheet contents (Drake, 1994). The vIWF-A-218 and vWF-A-222 spectra in the presence of
0.5 mM MgCl, were very similar (Figure 7.4), and indicated that these two recombinant
vWF-A domains had similar folded structures. They were readily distinguishable from the
factor B and Bb spectra by showing a higher negative ellipticity. The latter is consistent with
the highest proportion of a-helix in this domain when this is compared to the remaining
domains in factor B which possess predominantly B-sheet structures. On the addition of 1 mM
EDTA to the vVWF-A-218 or vWF-A-222 domains, a significant reduction of 15-24% in the
ellipticity at 215 nm from approximately -3.5 M cm™ to -2.9 M! em™! was observed (Figure
7.5). Similar experiments on the Bb fragment in the presence of Mg?* and EDTA revealed a
4% reduction of the ellipticity when EDTA was added. The direction of this change is the
same as that seen for the recombinant vVWF-A domains. No change was reproducibly
detected within error for factor B under these conditions. These results were obtained in three
CD sessions with up to three independent preparations. The same outcome was also obtained

inthereversed experiment in which the CD spectrum of the vVWF-A-222 domain prepared
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Figure 7.4 CD spectra ofthe actor B, Bb fragment, vVWF-A-218 and vWF-A-222 domah
preparations in 5 mM Tris-HCf 0.5 mM MgCf, pH 7.5 at 2EC. Sample concentrations
were inthe range 0.2 to 1.5 mg/ni. Speetral quantiticatbn to obtainsecondary structures was

perfomied using CONTIN (Provencher, 1983).
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Figure 7.5 CD spectra ofthe EietorB, Bb fragiient, vVWF-A-218and vVWF-A-222 domain
preparatbns in 5 mM Tris-HCL 0.5 mM M gCf, pH 7.5 at 20°C before and after the addition
of 1 mM EDTA. Sample concentrations were in tlie range 0.2 to 1.5 mg/ml. Spectral

quaitification to obtain secondary structures was performed using CONTIN (Provencher,

1983).
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in the absence of Mg?" ions was compared with the CD spectrum of the same sample
containing 2 mM MgCl,. In control experiments, no changes occurred in the CD spectrum
of the vWF-A-222 sample when this was titrated with CaCl, instead of MgCl,.

The observed secondary structures for each of the metal-bound and metal-free
preparations were quantified from the CD spectra using CONTIN (Provencher, 1982). The
quantification was not sufficiently accurate to identify metal-induced changes in secondary
structure contents, but should give good estimates of the overall content (Drake, 1994). The
CD analysis showed approximately 26% o-helix and 31% B-sheet in the vVWF-A domain, in
accord with the estimate of approximately 3 1% a-helix and 36% B-sheet for this domain by
Fourier transform infrared spectroscopy (Perkins et al., 1994). In comparison, similar CD
analyses gave 45% a-helix and 7% B-sheet for the vVWF-A domain of CR3 (Fairbanks et al.,
1995), and 38% a-helix and 14% B-sheet for the eight vVWF-A domains in the a3 chain of
collagen type VI(Specks et al., 1992). The consensus secondary structure content calculated
from the mean of the 23 vWF-A crystal coordinates available to date gives 36% a-helix and
19% B-sheet (Hinshelwood et al., 1999). These comparisons show that the CD data are
consistent with the presence of both a-helix and B-sheet in vWF-A domains, and that both

the vVWF-A-218 and vWF-A-222 domains possess folded structures as expected.

The changes in CD ellipticity in Figure 7.5 are best explained by noting that the SP
domain is common to both the Bb fragment and factor B, but is absent from the vVWF-A
samples. The presence of the SP and SCR domains, which contain dominantly (3-sheet
structures, will reduce the proportion of a-helix by a factor of about 2 for the Bb fragment and
about 3 for intact factor B when compared to the vWF-A domain, and will result in smaller
Mg**-induced effects as observed. The reduced effect of Mg?* on the CD spectra of the Bb
fragment and factor B may also be affected by contacts between the SP domain and/or the
Ba fragment with the vVWF-A domain as appropriate. Since a-helices have large effects on
CD spectra, the large increase in negative ellipticity for the recombinant vVWF-A domain in the
presence of Mg?" implies that the bound metal has facilitated the stabilisation of a small

amount of ordered a-helix. In this context, it is of interest that the occurrence of a-helices is
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variable in crystal structures for the vVWF-A superfamily (Figure 6.5 of Chapter 6 and Figure
3 of Hinshelwood ez al., 1999), even within different crystal forms of the same molecule (Lee
et al., 1995a, 1995b). For example, a-helix AS becomes a short 3,,-helix in the LFA-1
(CD11a) structure, unlike the case in the other vWF-A structures. In the case of factor B, the
vWF-A homology model showed that significant insertions were predicted just before and
after the a-helices A4 and A5, the effect of which was to deepen the conformationally-flexible
side of the metal-binding active site cleft (Figure 7.6). It was inferred that the changes in the
vWF-A CD spectra of Figure 7.5 may be best explained by a small increase in the ordered
o-helix content in the vicinity of the metal-binding cleft upon the binding of Mg, although a

contribution from more ordered B-sheet structures cannot be ruled out.

7.3.3 Mg**-dependence of the vVWF-A structure by FTIR spectroscopy

FT-IR spectroscopy monitors the protein secondary structure through the separate
observation of signals for a-helix, B-strand and other secondary structures (Haris and
Chapman, 1994). In the absorbance spectrum of the vVWF-A-222 domain in a 2H,O buffer
with 5 mM MgCl,, the amide I band appears as a broad signal centered at 1641-1642 cm’!
that corresponds principally to mainchain C=0 stretching motions (Figure 7.7a). After
calculation of the second derivative spectrum of the vVWF-A-222 domain, two major bands
at 1650 cm™ and 1636 cm™ were well resolved (Figure 7.7b). These two bands were
assigned to a-helix and B-sheet structures respectively. There were also small sub-
components of the amide Iband at 1659 cm™, 1670 cm™ and 1692 cm™. The band at 1659
cm’' may be attributed to the presence of either 3,4-helix or B-turns. The bands at1670 cm’
and1692 cm™! are likely to correspond to B-turn or anti-parallel B-sheet structures (Haris et
al., 1986; Surewicz et al., 1993). These observations agree with the predicted structure of
the factor B vWF-A domain and its homology model (Perkins et al., 1994; Edwards and
Perkins, 1995, 1996; Hinshelwood et al., 1999). They also agree with the previous FT-IR
study of the vVWF-A-218 domain in buffers based on both H,0 and 2H,O solvents, in which
the two major bands were assigned to solvent-exposed a-helices and buried p-strands

(Perkins et al.,1994).
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Figure 7.6 Sequence and numbering of the vVWF-A domain in factor B. This is aligned with the sequence of CR3 and the mean secondary
structure of the vVWF-A superfamily (Hinshelwood et al., 1999). The metal binding motif DxSxS-D-T is indicated by M symbols above the
sequences. Residues potentially involved in methyl ring current shift interactions are likewise denoted by R for factor B and r for CR3. The
position of Cys267 is asterisked.
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Figure 7.7 FT-IR spectroscopy o fthe amide I band o fvWF-A-222 domain studied h PBS
in "HiO with either 5 mM MgCh (red) or 5 mM EDTA (black). The concentration ofthe
vWF-A-222 sample was 5 mg/ml for both samples. The absorbance spectra are shown in
(a) and the second derivative spectra are shown in (b). Peak poshbns discussed in the text

are identified by wavenumber labels corresponding to tlieir band Ifequencies inthe spectra.
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In the present study, the greater stability of the vVWF-A-222 domain compared to the
vWF-A-218 domain permitted the effect of Mg?* ions on its FT-IR spectrum to be studied
in more detail. FT-IR spectra were recorded using 2H,0 buffers both in the presence and
absence of metal. The removal of Mg?* caused the B-sheet band at1636 ¢cm™ to shift
reproducibly to a slightly lower frequency of 1634 cm™ with a minor reduction in its intensity
(Figure 7.7b). This shift was attributable to a greater 'H-H exchange of the mainchain amide
protons of the metal-free vVWF-A-222 domain as the result of a more flexible structure (Haris
etal.,1986,1990; Jacksonet al., 1991; Perkins et al., 1992). This explanation was based
on observations of the extent of '"H-H exchange using the intensity of the amide Il band at
both 1536 cm™ and 1546 cm!, where the amide II band arises principally from N-H bending
vibrations, which can be used to monitor 'H-’H exchange. These intensities were normalised
by comparison with that of the well-resolved 1516 cm™ Tyr band. The intensity of the residual
amide IT bands at both 1536 cm™ and 1546 cm™! were found to be approximately four times
higher for the metal-bound vWF-A domain compared to that measured in the presence of
EDTA after similar periods of dialysis into *H,0O buffers for both samples. In distinction to the
changes seen in the CD spectrum, the a-helix band at 1650 cm™ showed less dependence on
the presence of Mg?*, where no significant perturbation was observed on chelation of the
metal (Figure 7.7b). The possibility that the observed spectral changes resulted from bands
from EDTA was eliminated by reason of the use of (sample-buffer) difference spectra
throughout and the lack of FT-IR bands from EDTA itself in the spectral range between 1630

cm™! and 1700 cm™.

The stability of the Mg**-bound and Mg**-free forms of the vVWF-A-222 domain was
investigated using thermal denaturation experiments. The 1634-1636 cm™ band (B-sheet)
exhibited a sigmoidal dependence on temperature, where its negative intensity was much
diminished above 50°C (Figure 7.8). The melting temperatures of the vVWF-A domain were
determined from the midpoints of the two graphs to be 46°C for the Mg?*-bound form and
36°C for the Mg?*-free form. Analysis of the negative intensity of the 1650 cm™ band (a-
helix) also demonstrated a sigmoidal temperature dependence with a similar denaturation

temperature (data not shown). In contrast, a band at 1628 cm! that corresponded to random
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Figure 7.8 Dependence ofthe intensity of the second derivative band at 1635 cm for the
VWF-A-222 domnin as a finction oftemperature in the presence of Mg?** (@) and EDTA
(0). The data poirts were fitted to a sigmoidal function represented by the continuous
lines.

206



coil structures exhibited an increase in negative intensity with a reversed sigmoidal dependence
as the temperature was increased. Thermal denaturation experiments that were also
performed using CD spectroscopy confirmed that the Mg2*-bound form was the more stable
form (data not shown). It was concluded from both FT-IR and CD spectroscopy that the
presence of Mg?* significantly improved the stability of the vVWF-A-222 domain.

7.3.4 Mg**-dependence of the vWF-A structure by "H NMR spectroscopy

'HNMR spectra of both the vVWF-A-218 and vWF-A-222 domains demonstrated
significant NMR signal dispersion compared to the random coil spectra of the 20 amino acids
(Figure 7.9). This meant that their folded structures in solution could be monitored by 'H
NMR. 500 MHz and 600 MHz '"H NMR spectra were recorded at pH 7.50 at 30°C in the
presence of 0.5 mM Mg?* for both the vWF-A-218 and vWF-A-222 domains. Both
domains presented two high field-shifted signals upfield of 0 ppm, one denoted as 2v at-0.29
ppm, and a broader one denoted as 1v. The 1v signal appeared at -0.93 ppm for the vWF-
A-222 domain and -0.97 ppm for the vWF-A-218 domain (Figure 7.9a), and is
approximately one-third the intensity of the 2v signal, so these were assigned as single-proton
and single-methyl signals respectively. Exploratory 2D-NMR spectra to determine the spin
systems to which these protons belonged were not productive. The appearance of two
identical sets of several resonances immediately downfield of the residual water signal (not
shown) was consistent with the presence of B-sheet structures in both vWF-A domains
(Wishart et al., 1992). The aromatic regions of the NMR spectra between 6 to 8 ppm for
both vVWF-A domains exhibited many overlapping signals, and in general both spectra were
very similar (Figure 7.9b). However, at the left of Figure 7.9(b), an extra resonance at 7.86
ppm was present in the vVWF-A-218 spectrum that was not present in that for vVWF-A-222.
The general similarity of both vVWF-A NMR spectra was as expected from their sequences,
where the two domains differ by the extension of the C-terminal a-helix A7 of the vVWF-A-
218 domain by the four hydrophilic residues DESQ in the vVWF-A-222 domain and Cys267
wasreplaced by Ser267 in the vVWF-A-222 domain (Williams et al., 1999). If the packing
of the a-helix A7 against the vVWF-A domain was affected by the C-terminal sequence

extension, this may cause localised structural perturbations that would be reflected in the two

207



(a)
2v
VWF-A-222 1v
~ VWF-A-218
| ) | 1
0.5 0.0 0.5 1.0
(b)
VWF-A-222
VWF-A-218
1 [ [ ]

8.0

Figure 7.9 Comparison of the VWF-A-218 and vWF-A-222 domains by 'H NMR
spectroscopy. (a) and (b) showthe upfield and the downfeld spectral regions respectively of
the vVWF-A-218 and vVWF-A-222 domains in the presence of 0.5 mM Mg?*. The two
highfield- shifted signals are labelled 2v and 1v in (a). A line broadening of 1 Hz was applied
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minor NMR spectral differences involving the single-proton peak 1v and the extra aromatic
signal at 7.86 ppm. It should be noted that Cys267 is on a-helix A1 (Figure 7.5), which is
adjacent to a-helix A7, and its replacement may affect a-helix A7. Irrespective of how the
shift changes were caused, the comparison of the vWF-A-218 and vWF-A-222 spectra
suggested that the C-terminal a-helix A7 possessed a small degree of mobility within the
vWEF-A structure. This is consistent with the different conformations seen for a-helix A7 seen

in different vWF-A crystal structures.

NMR titrations with Mg?* and EDTA were performed to explore the effect of metal
on the vVWF-A structure (Figures 7.10a and 7.10b). When 1 mM EDTA was added to the
vWF-A-218 domain, the high field signal 2v at -0.29 ppm was shifted downfield to-0.19
ppm, denoted as 2v’ (not shown). The aromatic signals in the downfield region of the NMR
spectrum also demonstrated minor perturbations on the addition of 1 mM EDTA (not shown).
To avoid the effect of the strong 'H NMR signals from EDTA on the spectrum, and to show
that the spectral changes were not caused by interaction of EDTA with the vVWF-A domain,
the VWF-A-222 domain was prepared in the absence of Mg?* ions, and the NMR spectrum
was studied in the presence of MgCl, at concentrations between 0 mM to 5 mM (Figure
7.10a). The reverse chemical shift change was observed, in which signal 2v’ (at-0.19 ppm)
was initially observed in the absence of Mg?*, then this was gradually replaced by signal 2v
(at -0.29 ppm) on the addition of 0.1 mM and 0.2 mM Mg*" (Figure 7.10a). The
disappearance of signal 2v’ occurred when the MgCl, concentration reached 0.5 mM, which
was approximately double the vVWF-A concentration of 0.16 mM. Other spectral changes
occurred during the Mg?* titration, as indicated by the two asterisked peaks in Figure 7.10(a)
and the seven asterisked signals between 6.0 and 8.0 ppm in Figure 7.10(b), all of which
were identified with the help of difference spectra. These differences demonstrated further that
the vWF-A domain can exist in two conformations that depend on the presence or absence
of Mg?* ions. No change in the vWF-A-222 spectrum was observed when CaCl, was added

to a final concentration of 5 mM.

In order to examine whether the same Mg?*-induced conformational change could be
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Figure 7.10 The effect of Mg?* on the vVWF-A-218 and vVWF-A-222 domains by 'H NMR
spectroscopy. A line broadening of 1 Hz was applied to all the spectra before Fourier
transformation

(@) The upfield NMR spectrum of the VWF-A-222 sample, with the Mg**
concentration in mM shown to the right. Apart from the shift change denoted by 2v and 2v’,
two other diffrences are highlighted by * symbols.

(b) The aromatic regionof the vVWF-A-222 domain spectrumin the Mg**-bound and
Mg*-free states. Seven differences between the two spectra are asterisked fr ease of
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seen in the Bb fragment prepared from native factor B, the NMR experiments were repeated
using this. The upfield NMR spectrum of the Bb fragment showed broader signals that
corresponded to the doubling of the molecular mass of the vVWF-A domain, and a high degree
of spectral overlap was present (Figure 7.11). It was nonetheless possible to identify both the
2vand 1v signals at similar chemical shifts to those for the VWF-A spectra. In particular, the
2v signal of the Bb fragment showed an identical conformational dependence on the presence
of Mg?* to that of the vVWF-A-222 domain, in that the 2v peak at -0.29 ppm was shifted
downfield to the 2v’ position at-0.19 ppm when 1 mM EDTA was added. The 1v peak of
the Bb spectrum was unaffected by the presence of Mg?* or EDTA. The importance of these
results is that they show that the conformational dependence of the vVWF-A domain on the
presence of bound Mg?* is relevant to the vVIWF-A domain in the context of the native Bb

fragment.

7.3.5 Temperature and pH stability of the vWF-A domain by 'TH NMR
spectroscopy

The thermal stability of the vVWF-A domain was studied by 'H NMR spectra. In the
presence of 5 mM Mg, the signal 2v for the vWF-A-222 domain was unchanged in
chemical shift and intensity between 30°C and 45°C, and disappeared at 50°C (data not
shown). In contrast, the broad signal 1v moved downfield with increase of temperature, and
also disappeared at 50°C. Similar NMR results were obtained for the vWF-A-218 domain
(Figure 7.12a). When the metal-free vVWF-A-222 domain was studied in the same manner,
the high field-shifted methyl signals and the conformationally-dependent aromatic signals
disappeared at 40°C and above (data not shown). These NMR results showed that the Mg?*-
bound form of the vVWF-A-222 domain denatured at 45-50°C in the presence of Mg?* and
at 40°C in its absence. This difference is in full agreement with the CD and FT-IR

spectroscopy data above.

The pH stability of the VWF-A-218 domain in 0.5 mM Mg?* was studied by NMR.
In Figure 7.12(b), only the main results are shown for clarity, even though spectra were

recorded at smaller pH intervals than those shown. The vWF-A-218 signals 1v and 2v were
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Figure 7.11 The dependence of the upfield spectral regions of the 500 MHz '"H NMR
spectra of the Bb fragment on the presence of Mg?". The sample concertration was 3 mg/ml.
The lower spectrum was measured from a sample containing 1 mM MgCL and the upper
spectrum fromthe same sample containing | mM EDTA. The two highfield-shifted signals are
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unchanged throughout the pH range between 6.6 and 9.5, and likewise the aromatic region
of the spectrum. The vWF-A-218 domain was poorly soluble below pH 5.0 when it
precipitated. Despite this, it could be seen from Figure 7.12(b) that signal 1v was almost
unchanged in its shift of -0.94 ppm at pH 5.9, while that for signal 2v underwent large
downfield shifts at pH 5.9 and pH 5.4. This change is readily accounted for in terms of the
protonation of a neighbouring Asp or Gluresidue at low pH, and is further evidence of the
conformational dependence of the 2v signal on bound metal, in the context of which two Asp

residues are involved (Table 7.1).

7.3.6 Ring current calculations of the vWF-A homology model

Ring current calculations provide a molecular explanation for the highfield-shifted
NMR signals of the vWF-A domain starting from a homology model for the vWF-A domain
that was based on 23 sets of vVWF-A coordinates (Hinshelwood et al., 1999). The number
of observed methyl signals in the upfield-shifted spectral region between 0.5 ppm and 0.0
ppm was estimated from signal areas. This gave an estimated total of about 7 methyl signals
for both the vWF-A-218 and vWF-A-222 domains when compared in intensity with the
methyl signal 2v and the single proton signal 1v (Figures 7.9, 7.10 and 7.12) observed upfield
of 0 ppm. This total was compared with the calculated ring current shifts of all the vVWF-A
methyl groups as the result of their proximity to neighbouring aromatic sidechains, using the
vWF-A homology model in conjunction with the program RCCAL (Perkins, 1982). This
predicted 7 resonances to occur between 0.5-0.0 ppm, in good agreement with the estimated
number of observed signals (Figures 7.9 and 7.10). In addition, RCCAL predicted that two
ring-current shifted signals originating from Leu314 and Leu383 were present upfield of 0.0
ppm (Table 7.2). The positional accuracy of the aliphatic and aromatic side chains in the
homology model was not considered sufficient to permit any firm assignments of the 2v signal
to a given methyl group. This is illustrated by the prediction of the Leu383 methyl signal to
occur at -0.42 ppm as the result of the location of its methyl group at 4.6 A from the plane
of the Tyr338 ring, while that for Leu3 14 was predicted to occur at-1.41 ppm as the result
of the location of its methyl group at 4.0 A from the plane of the Trp296 ring. This is a

difference of only 0.6 A inrelative position from a given aromatic ring. Four candidate ring-
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Table 7.2 Four ring-current interactions predicted to lead to the signal 2v in the factor B

vWF-A "H NMR spectrum

Methyl group Aromatic residue source of Predicted shift*
(secondary structure) shift (secondary structure) (ppm from DSS)
Leu314 (A3-A4loop) Trp296 (BC) -1.41
Leu383 (AS) Tyr338 (A4) -0.42
Val439 (A7) Tyr401 (BE), Phe428 (BF) 0.04
Thr355 (A4-BD loop) Trp352 (A4-BD loop) 0.21

* The next predicted highest-field signal occurs at 0.43 ppm.
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current interactions that may be responsible for signal 2v are summarised in Table 7.2 and
Figure 7.13. All four corresponded to aliphatic and aromatic sidechains that are buried in the
protein core, and all four involve the vVWF-A a-helices. Their location in the vWF-A
homology model (Figure 7.13) showed that two involved the upper face of the f-sheet, while
the other two involved its lower face. It was of interest that two of the four predictions
involved residues (Tyr338 and Thr355/Trp352) close to the conformationally-flexible side of
the active site cleft at the two metal-binding residues Thr328 and Asp364 (Table 7.1), as
signal 2v had shown metal-dependent and pH-dependent properties (Figures 7.10a,7.11 and
7.12b). An analysis of ring-current shifted single protons upfield of 0 ppm indicated that two
such signals were possible, where both protons were proximate to Cys267 on a-helix Al in
a hydrophobic pocket associated with the aromatic ring of Tyr284. This prediction is
consistent with the small dependence of signal 1v on the length of a-helix A7 and the
replacement of Cys267 in the vWF-A-218 and vWF-A-222 domains.

216



Figure 7.13 Methyl-aronutic ring interactions in the homology model for the vVWF-A domain
of iactor B. Four potential interactions responsble for the methyl signals Iv and 2v/2v’ in
Figues 7.8, 7.9, 7.10 and 7.11 are shown. The sidechains of the methyl and aromatic
residues are shown in green and red respectively, and are ideitified by residue numbering
(Figire 7.5). The N- and C-tenniniare labelled asN and C respectively, and the a-helices

Al, A3, A4, A5 and A6 are labelled as well. The five Ca aton”™ ofthe Mg binding site at
Asp251 and Asp364 inthe DxSxS/D/T motifare denoted by yellow spheres.
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7.4 Conclusions

The combined use of independent data sets from CD, FT-IR and 'H NMR
spectroscopy has provided the first unequivocal structural evidence thata vWF-A domain has
two distinct conformations in the presence and absence of metal. The joint application of CD
and FT-IR spectroscopy offers complementary views of the vWF-A secondary structure.
Since all three methods are based on solution studies, no ambiguities were caused by the
presence of a crystallographic lattice. In the CD study of the vWF-A domain from factor B,
where precautions had been taken to ensure the presence of excess metal or EDTA as
appropriate, the magnitude of the ellipticity change between 215 nm to 220 nm on the addition
of metal to the vWF-A-218 and vWF-A-222 domains was about 20%. This difference is
most easily attributed to an alteration of at least the a-helix content of the vVWF-A domain, as
this secondary structure type makes the largest contribution to CD spectra (Drake, 1994).
The FT-IR spectra were able to follow separately each of the a-helix and -sheet bands, and
these identified a small but detectable change in the B-sheet content of the metal-free vVWEF-A
domain. The combination of both spectroscopic methods indicated that both the a-helix and
B-sheet vVWF-A secondary structures were perturbed by Mg?* binding. The use of NMR
spectroscopy permitted the monitoring of conformation-dependent chemical shifts that arise
from interactions between proximate aliphatic and aromatic sidechains. The large number of
signal perturbations seen in the presence of Mg?* showed again that the metal affected the
vWEF-A structure. The same result was found for the vVWF-A domain within the Bb fragment.
Through the observation of NMR signals for single groups, the NMR data provided the
clearest evidence yet for two metal-dependent conformational states of the vVWF-A domain
in solution. In thermal denaturation experiments, all three spectroscopic methods indicated a
significant increase in the stability of the factor B vWF-A domain in the presence of Mg?*. A
similar stabilisation effect was recently observed for the vVWF-A domain from the a181
integrin (very late activation protein-1; VLA-1; CD49a) in the presence of Mn?* (Gotwals et
al., 1999).

Up to now, there has been no strong structural evidence that such a metal-induced

conformational change occurs in integrin vWF-A domains, even though it is well established
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that they possess a Mg?*-binding site. Only one crystal structure out of 23 had reported such
achange for the domain found in CR3, but a subsequent crystal structure study of the same
CR3 domain based on diffusion of Mg?* or Cd** into the crystal had argued against this (Lee
etal.,,1995a,1995b; Baldwin et al., 1998). It was argued that the original metal-induced
conformational change may be a crystallographic artefact caused by the movement of the C-
terminal a-helix A7 of CR3 to bring Glu314 close to the metal-binding site of an adjacent
molecule in the crystal lattice. In spectroscopic studies of integrin vWF-A domains to date,
amaximal intensity change of 0% to 10% has been seen in the CD spectrum for the vVWF-A
domain of CR3 in which Mg?* or Ca?" was either present or absent (Fairbanks et al., 1995),
while little change was detected in the CD spectrum of the vVWF-A domain from the a1p1

integrin in the presence or absence of metal (Nolte et al., 1999).

From this study and others, there is an accumulation of evidence that the conformation
of vWF-A domains can be modified during ligand binding and activation (Loftus and
Liddington, 1997). Crystallography originally indicated that the vVWF-A domain of CR3
possessed different biologically-relevant conformations when bound to either Mg?* or Mn?*
(Leeetal., 1995a, 1995b). Evidence from mutational studies indicated that the vIWF-A1
domain of von Willebrand factor existed in “on” and “off” conformations (Cooney and
Ginsberg, 1996). The separate locations of the mutation sites on opposite sides of the vWF-
Al domain of von Willebrand factor that were associated with each of the Types 2B and 2M
phenotypes in von Willebrand’s disease indicated that the vVWF-A1 domain was able to
transmit ligand binding signals within its structure in order to upregulate or downregulate the
binding of von Willebrand factor to platelets (Jenkins ef al., 1998).

Inapplication to factor B, this Mg?*-induced conformational variability is likely to be
important for the activation and function of the C3 convertase when the Bb fragment is
complexed with C3b. The Mg**-bound form will be involved in C3b binding, as the
physiological concentration of Mg?* in plasmais 0.7-1.1 mM (Kumar and Clark, 1990), of
which 60% is present as free cations (Pryzdial and Isenman, 1986). This means that the metal
site will be occupied in plasma factor B (Figure 7.10a). In this C3b.Bb complex, the vVWF-A
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active site cleft makes contact with C3b (Hinshelwood et al., 1999), so it is likely that C3b
will interact with bound Mg?*. It is known that metal is trapped within the Bb.C3b complex
after the complex is formed in the presence of metal (Fishelson ez al., 1983). The role of
. Mg?* in the formation of this complex has not yet been defined, as the Bb.C3b complex can
be formed in the presence and absence of Mg?* (Pryzdial and Isenman, 1987; Williams and
Sim, 1994). It is recognised from the present study that the vWF-A domain structure is
stabilised by metal. Asit has been shown here that the vVWF-A domain can exist in one of two
different conformations, it follows that this may provide the basis for an allosteric
conformational signal for the activation of factor B, in which the binding of C3b will alter the
Mg**-stabilised structure of the vWF-A domain. It can be proposed that a C3b-binding
interaction at the active site cleft will alter the Mg?* coordination in such a way that the
conformations of surface a-helices directly connected to this cleft are modified (Perkins et al.,
1999). Evidence that this is plausible was shown by the greater conformational flexibility of
one side of the cleft by crystallography (Table 7.1). In factor B, this involves Thr328 and
Asp364 which are preceded by a-helix A3 and followed by a-helix A5. Topologically, one
of these coincides with the region where the mutation sites on a-helix A3 cause the
upregulation of von Willebrand factor in Type 2B von Willebrand’s disease (Jenkins et al.,
1998). This a-helix A3 is adjacent to the a-helix A7 (Figure 7.13), which in factor B is joined
to the serine protease domain of factor B by a short peptide link. The proposal that an
allosteric signal can be transmitted from the active site cleft to the opposite surface of the
vWF-A domain is therefore consistent with what is known for vWF-A domains to date, and

may explain how the serine protease domain of factor B is activated in the C3bBb complex.
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Chapter 8

Experimental:
Conformational changes during the assembly of
factor B from its domains by '"H NMR spectroscopy
and molecular modelling
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8.1 Introduction

All the enzymes participating in the major steps concerned with complement activation
or control (C1r,C1s, MASPs, C2, factor B, factor D, and factor I) belong to the family of
mammalian serine proteases (Johnson et al., 1984; Perkins and Smith, 1993). On the basis
of their primary structure, complement SP domains belong to the chymotrypsin family of

proteins and, on the basis of their specificity for Arg residues, to the trypsin superfamily.

Serine proteases cleave a peptide bond within the polypeptide substrate in a two step
reaction via nucleophillic attack on the carbonyl carbon (C,) of the scissile bond by the
hydroxyl oxygen of the reactive Ser (Ser195: chymotrypsin numbering) (Gerard et al., 1998).
The first step produces a covalent bond between the C, carbon atom of the substrate before
the scissile bond and the hydroxyl group Ser195 of the enzyme. Production of this acyl-
enzyme intermediate proceeds through a negatively charged transition state intermediate where
the bonds of C, have a tetrahedral geometry in contrast to the planar triangular geometry in
the peptide group. During this step the peptide bond is cleaved, one peptide product is
attached to the enzyme and the other peptide product rapidly diffuses away. In the second
step of the reaction, deacylation, the acyl-enzyme intermediate is hydrolysed by a water
molecule to release the second product peptide with a complete C-terminus and to restore

the Ser hydroxyl of the enzyme.

A typical mammalian SP domain contains two subdomains, each with a six-stranded
antiparallel B-sheet barrel (Figure 8.1). The spatial relationships among the catalytic triad
residues (His57, Asp102 and Ser195: chymotrypsin numbering) are crucial for the synergistic
action and are invariable in the active conformation of all chymotrypsin-like serine proteases
of known structure (Figure 8.2). All the complement enzymes possess these three catalytic

residues and the surrounding highly conserved regions.

Serine proteases have four important structural features that facilitate the catalysis
mechanism. (1) A His residue acts a general base that can accept a proton from the hydroxyl

group of the reactive Ser to facilitate formation of the covalent tetrahedral transition state.
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Domain

Figure 8.1 Schematic diagram ofthe structure or chymotrypsin, which is folded into two
antiparallel p domains. The six p strands ofeach domain are red, the side chains ofthe
catalytic triad are blue and the disulphide bridges thatjoin the three polypeptide chains are
marked in violet. Chain A (green residues 1-13) is linked to chain B (blue, residues 16-146)
by a disulphide bridge between Cysl and Cysl22. Chain B is in turn linked to Chain C
(yellow, residues 149-245) by a disulphide bridge between Cys 136 and Cys201. Dotted lines
indicate residues 14-15 and 147-148 in the inactive precursor, chymotrypsinogen. These

residues are excised during the conversion to the active enzyme chymotrypsin (From Branden

and Tooze, 1999).
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Figure 8.2 A diagram ofthe active site ofchymotrypsin with a bound inhibitor, Ac-Pro-Ala-
Pro-Tyr-COOH. The diagram illustrates how this inhibitor binds in relation to the catalytic
triad, the substrate specificity pocket, the oxyanion hole and the non-specific substrate binding
region. The inhibitor is red. The hydrogen bonds between the enzyme and inhibitor are striped.
(Adapted from Branden and Tooze, 1999).
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(2) Stabilisation of the transition state intermediate is accomplished by groups ina pocket
called the oxyanion hole which hydrogen bond to the negatively charged oxygen atom
attached to C, . (3) Most serine proteases have no absolute substrate specificity. Polypeptide
substrates exhibit non-specific binding to the enzyme through their main-chain atoms, which
form hydrogen bonds with main chain atoms of a loop region of the enzyme to form a short
antiparallel B-sheet. (4) The preferred side-chain before the scissile bond (large aromatic side-

chains in the case of trypsin) is orientated so as to fit into the S1 specificity pocket.

The activation of serine proteases generally leads from an inactive disordered
zymogen to amore rigid active structure and so they are allosteric proteins (Huber and Bode,
1978). The substrate-binding specificity and affinity of serine proteases are determined by the
geometry and the chemical nature of the substrate-binding pockets, especially the S1
specificity pocket. In some cases the activation can require specific protein-protein and

enzyme-substrate interactions and enzyme self assembly.

Despite their overall structural similarity to typical pancreatic serine proteases, the
complement enzymes have unique structural features that allow them to carry out their highly
specialised functions. These unique structural qualities endow complement serine proteases
with their extremely restricted substrate specificity, which is necessary for their function and
reflected in their low reactivity with synthetic substrates and active site inhibitors. Factor B is
an atypical serine protease whose SP domain contains large sequence insertions and deletions
which, together with the N-terminal vWF-A domain, endows it with a restricted substrate
specificity (Perkins and Smith, 1993; Jing et al., 2000). Unusually the activation of factor B
involves a cleavage at the N-terminus of the vVWF-A domain, not at the N-terminus of the SP

domain.

Factor D consists of a single SP domain. Factor D circulates in a “zymogen-like”
conformation, and its activation is induced by its substrate C3bB (Kam et al., 1987; Kim et
al., 1994). The catalytic triad and substrate-binding residues of free factor D possess atypical
conformations that preclude its catalytic activity (Narayana et al., 1994). Inits S1 specificity
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pocket, Asp189 (chymotrypsinogen numbering) forms a salt bridge with Arg218 instead of
performing its classical role at the base of the oxyanion pocket. In addition, Thr214-Arg218
act as a self-inhibitory loop that narrows the active site cleft and accounts for the low reactivity
of factor D with synthetic esters (Volanakis and Narayana, 1996). The recognition of C3bB
by factor D leads to the rearrangement of this self-inhibitory loop and the generation of an
active catalytic triad and S1 pocket, and so there is no requirement for an additional inhibition

mechanism (Jing et al., 1998).

At present, little is known of how proteolytic activity is generated in the C3bBb
complex (Arlaud et al., 1998). As predicted from sequence comparisons with the archetypal
serine proteases (Perkins and Smith, 1993), the crystal structure of a recombinant SP domain
in factor B showed that large surface sequence insertions were present (Jing et al., 2000).
The crystal structure showed that large deletions were also present, and that the active site
cleft was formed except for its oxyanion pocket. Recent crystal structures for 2-I
glycoprotein and membrane cofactor protein (CD46) have yielded the most accurate models
to date of the SCR domain (Bouma et al., 1999, Casasnovas et al., 1999), and enable the
SCR domains in the Ba fragment to be modelled. A homology model for the vVWF-A domain
has been built using comparisons with five vVWF-A crystal structures (Chapter 6)
(Hinshelwood et al., 1999). The combination of these structures with 'H 1D-NMR
spectroscopy enabled the solution structures of factor B and its fragments and domains to be
studied (Evans, 1995; Perkins and Wiithrich, 1980). The conformational dependence of the
Baand Bb fragments and the isolated vWF-A and SP domains on pH and temperature was
assessed and these were compared with factor B and factor D. The first structural evidence
of detectable conformational changes during the assembly of factor B from its domains was
demonstrated, and this was correlated with the proteolytic activity of factor B. From this itis
proposed that both the Ba fragment and the vWF-A domain have roles in the allosteric

activation of the SP domain of factor B.
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8.2 Materials and Methods

8.2.1 Preparation of factor B, the Ba and Bb fragments, C3, factor D and the
SP domain

The protein samples were prepared as described previously (Chapter 4). Samples
were concentrated under pressure on an Amicon YM10 membrane (mass cut-off of 10,000
Da). Each preparation was dialysed into PBS in?H,O with 1 mM MgCl, over 36 h with 4
buffer changes at 8°C.

8.2.2 'H NMR spectroscopy

'HNMR spectra were recorded using 500 MHz and 600 MHz Varian spectrometers
at the MRC NMR Centre at the National Institute of Medical Research, Mill Hill and
analysed using VNMR software. Sample concentrations were in the range 2-10 mg/ml. pH
meter readings in 2H,0 were uncorrected values measured on a Corning 240 pH meter, and
additions of stock solutions of NaO?H or *HCI were used to adjust the pH. The HZHO
chemical shift was referenced with respect to the chemical shift of trimethylsilylpropionic acid
(1 mg/ml) in the same buffer and temperature range as the protein samples, and the protein
NMR spectra were then referenced to the H*HO signal. A line broadening of 1 Hz was
applied before Fourier transformation. The pK, values of His residues were determined from
their Ce proton (also designated as C(2)H) and the Cd proton chemical shifts by fittingtoa
Henderson-Hasselbach reverse sigmoidal function (Bycroft and Fersht, 1988), based on the
five parameter sigmoid regression function in SIGMAPLOT (Jandel).

8.2.3 Homology modelling of the domains of factor B

The human factor B sequence (SWISSPROT accession number P00751; Mole e¢
al., 1984) was aligned with the sequences of reference structures in the Protein Data Bank
(PDB) database. The human C2 and mouse factor B and C2 sequences have accession
codes of P06681, P04186 and P21180 respectively. The identity of each alignment of two
sequences was defined as (the number of identical residues) x 100/ (the total number of
topologically-equivalent positions in the alignment, excluding gaps in either sequence).

Secondary structure elements were identified using DSSP (Kabsch and Sander, 1983).
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Residue solvent accessibilities were calculated using a probe of 1.4 A inthe COMPARER
program (Lee and Richards, 1971; Sali and Blundell, 1990). For alignment purposes, the
DSSP and COMPARER analyses were supplemented by visual inspection using INSIGHT
IT software (MSI, San Diego, U.S.A.) on Silicon Graphics INDY Workstations in
conjunction with Crystal Eyes stereo glasses. The rigid body fragment assembly method in
HOMOLOGY together with BIOPOLYMER and DISCOVER (MSI) was used for
modelling. A precalculated Ca distance matrix identified the PDB loops that best fitted the
corresponding Ca distance matrix calculated from the structurally conserved regions that
defined the start and end of each searched loop for a specified number of flanking and
intervening residues. Sidechain atoms were automatically generated for both the structurally
conserved regions and structurally variable regions using the template structures and general
rules for residue exchanges. Models were refined using energy minimization, where 300 steps
of steepest descent minimisation were performed, and assessed using PROCHECK
(Laskowski et al., 1993). The electrostatic surface of each model was calculated using a full
Coulombic boundary condition in DELPHI (MSI). The internal and external relative
permittivities (dielectric constants) were set as 2 and 80 respectively. The solvent accessible
surface of each model was displayed using the Connolly algorithm with a solvent probe of
diameter 0.14 nm. The surface was coloured red for potentials less than -5 kg T (acidic), blue
for potentials greater than +5 kg T (basic) and white for neutral potentials of 0 kg T. Colours

between these values were produced using a linear interpolation.

In an earlier study (Hinshelwood and Perkins, 1998), the first SCR domain in the Ba
fragment was referenced to the NMR structure of the fifteenth SCR domain of human
complement factor H (PDB code: 1hfi; Barlowet al.,, 1993), and the second and third SCR
domains in the Ba fragment were referenced to the NMR structure of the sixteenth SCR
domain of factor H (PDB code: 1hce; Norman et al., 1991). This required the modelling of
35 residues in 8 searched loops. Subsequently the modelling was much improved by
referencing the first and third SCR domains of the Ba fragment to the second SCR domain
inthe crystal structure of B2-1 glycoprotein at 2.7 A resolution, and the second SCR domain
of Bato the first SCR domain of B2-1 glycoprotein (PDB code: 1qub; Boumaet al., 1999).
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This required the modelling of 22 Ba residues in 3 searched loops, one of which was a large
one at Thr62-Lys70 that could not be precisely modelled. The N-terminal and C-terminal
residues Thrl-Arg7, Ala75-1le76, Gly136-Gly138 and Asp195-Asp200 were added as
arbitrarily extended structures. Likewise, in the earlier study (Hinshelwood and Perkins,
1998), the SP domain was modelled using bovine a-chymotrypsin as the reference (PDB
code 2cha; Cohen et al., 1981; Wang et al., 1985; Tsukada and Blow, 1985) and the
multiple sequence alignment of Perkins and Smith (1993). The three disulphide bridges at
Cys486-Cys502 (the His loop), Cys631-Cys657 (the Met loop) and Cys670-Cys700 (the
Ser loop) as well as that at Cys453-Cys571 were well conserved and readily modelled.
Modelling of the disulphide bridge at Cys574-Cys590 required a sequence realignment in
which Asp123 of a-chymotrypsin was assigned to the position of Cys590. As the result of the
sequence insertions, a total of 136 residues were remodelled in 16 searched loops, which s
47% of the total sequence. Subsequently the homology model was replaced by the SP crystal
structure at 2.1 A resolution, kindly provided by Dr S. V. L. Narayana (Jing et al., 2000).

8.2.4 Calculation of ring current shifts

In the proton NMR spectra of proteins, resonances upfield of 0.5 ppm correspond
to ring current shifts of methyl groups or single protons of amino acid side-chains positioned
within about 7 A of the centre of an aromatic ring and affect only a small proportion of proton
signals (Perkins, 1982). RCCAL (Perkins, 1982) was used on a Silicon Graphics INDY
Workstation to calculate these from protein coordinates in PDB format. These included the
SCR, vWF-A (Chapter 6) and SP homology models (Hinshelwood and Perkins, 1998;
Hinshelwood et al., 1999), the factor H SCR NMR structures (PDB codes 1hfi, 1hth, 1hcc;
Normanetal., 1991; Barloweral., 1991, 1992, 1993), five factor D structures (PDB codes
1dsu, 1dst, 1dfp; Narayana et al., 1994; Kim et al., 1995; Cole et al., 1997; Jing et al.,
1998), and the factor B SP domain (PDB code 1dle; Jing et al., 2000). The correction of the
random coil chemical shifts of the free amino acid residues (Bundi and Wiithrich, 1978) by
the predicted ring current shifts resulted in the values reported in Table 8.1. The validity of

these calculations has been established in calibration studies (Perkins, 1982).
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Table 8.1 Ring-current interactions predicted to lead to upfield-shifted signals in the 'HNMR

spectrum of factor B and factor D

Domain Methyl group Aromatic residue source Predicted shift*
(secondary structure) of shift (secondary (ppm from
structure) DSS)
SCR-21 Leu33 (B2) Trp57 (BS) -0.48
SCR-2 Ile102 (B2) Trp126 (BS) 0.06
SCR-3 Val162 (B2) Trp186 (BS) 0.09
Sp** Alas00 (DE loop) Tyr534 (GH loop) 0.45+0.01
Val528 (G) Phe503 (DE loop), -0.74 £ 0.01
Phe530 (G)
Leu554 (H) Trp726 (C-terminus helix)-0.49 + 0.03
I1e570 (HI loop) Trp470 (AB loop) -1.36+0.15
Thr575 (1J loop) Phe738 (C-terminus helix)0.04 + 0.21
Leu615 (JK loop) Tyr465(AB loop) 0.34 £ 0.06
Thr669 (LM loop) Phe607 (J) 0.20 +0.04
Leu678 (M) His717 (C-terminus helix)0.49 + 0.07
Ile718 (C-terminus helix) Phe655 (L) 0.45+0.21
Leu727 (C-terminus helix) Phe738 (C-terminus 0.15%**
helix), Phe495 (D)
Leu731 (C-terminus helix) Phe495 (D) -0.17%**
factor D**  Leu73 (FG loop) Trp141 (JK loop) 0.43 £ 0.10,
-0.74 £ 0.15
Leul05 (H) Trp237 (C-terminus helix)-0.29 + 0.12
Leul23 (I) Tyr29 (AB loop) -0.13+£0.13
Leul55 (JK loop) Trp141 (JK loop) -1.31+£0.22,
0.47 £0.02
Leul99 (M) Tyr228 (O) 0.50 £ 0.15
Leu242 (C-terminus helix) Trp51 (D), Trp237 (C-  0.08 £ 0.07
terminus helix) -0.41£0.19

see overleaf for footnotes;
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Table 8.1 continued

Footnotes:

t Only contributions of more than 0.2 ppm to the observed shifts are listed. Of all the methyl

and aromatic residues shown, only two are in structurally homologous positions, i.e. Trp470

and Phe495 of factor B are equivalent to Tyr29 and Trp51 respectively in factor D.

* Only signals predicted to be upfield of 0.5 ppm are shown. If two values are shown, these
correspond to the two methyl groups.

** The calculated ring current shift for the SP domain of factor B is the mean of those from
two coordinate sets (PDB codes 1dle (two molecules)). The calculated ring current
shift for factor D is the mean of those from five coordinate sets (PDB codes: 1dst,
1dsu (two molecules), 1dfp (two molecules)).

*** Either Leu727 or Leu731 but not both were predicted to be ring current shifted in the

two coordinate sets.
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8.3 Results and Discussion

8.3.1 Purification and activity of factor B and its fragments

The purifications of factor B and the Ba and Bb fragments (Chapter 4) resulted in
single bands by SDS-PAGE and homogeneous peaks by gel filtration, but yielded multiple
bands on isoelectric focusing gels. The latter was attributed to a minor polymorphism of factor
B due to the occurrence of allotypes in the SCR-1 domain (Horiuchi ef al., 1993) and
variable carbohydrate compositions at four sites in the SCR-2 and vWF-A domains
(Campbell and Bentley, 1985). In contrast to this, both the recombinant vWF-A domain
(Gly229-Ile444 of factor B with 218 residues; Williams et al., 1999) and the elastase-cleaved
SP domain each migrated as single bands on isoelectric focusing gels with isoelectric points
at approximately pH 6.0 and pH 9.0 respectively (Chapter 4; Figures 4.11 and 4.12), in
good agreement with values of pH 6.2 and pH 8.5 respectively that were predicted from their
amino acid sequences. This outcome for the SP domain was attributed to the absence of
glycosylation sites. Sequencing of the first fifteen residues in the SP domain by automated
Edman degradation gave DESQSLSLxGMV WEH, where x was attributed to a derivatised
cystineresidue. This agreed with the N-terminal sequence for the SP domain (Lambris and
Miiller-Eberhard, 1984), and showed that it comprised Asp445-Leu739 of factor B. Asa
further confirmation of the integrity of the disulphide-rich SP domain, assays for possible free
sulphydryl groups (Chapter 4) showed no appreciable increase in the absorbance of the 5,5'-
dithiobis-2-nitrobenzoic acid stock at 412 nm in either the folded or unfolded states. This

indicated that all its Cys residues were involved in disulphide bonds.

Assays of the isolated SP domain demonstrated detectable catalytic activity against
C3 by SDS-PAGE and showed that this preparation was functionally active (Figure 8.3(a)).
Alow molecular mass band at 8 kDa that was assigned to the cleaved C3a fragment was
visible in the incubations with C3 and the SP domain (Figure 8.3(a)). The SP domain showed
activity between pH 6.0 to 11.0, with an optimum at around pH 8.0 (Figure 8.3(b)). It also
cleaved the synthetic C3 analogue, Boc-Leu-Gly-Arg-7-amino-4-methyl coumarin (Caporale
etal, 1981), as measured by an increase in the fluorescence of the reaction mixture. Here,

no pH optimum could be determined, since both the starting level of fluorescence and its rate
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Figure 8.3 The pH dependence ofthe activity of the isolated SP domain from factor B.
(a) 16% Tricine gel stained with Coomassie blue following a two-hour incubation at

37°C of C3 with the SP domain. The reducing gel separated C3 into its a and P chains.

Molecular mass markers are shown in kDa. The SP and C3 lanes are controls. The cleavage

product C3a is observed at 8 kDa.

(b) Relative intensity ofthe C3a band in (a) as a function of pH.
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of increase increased significantly above pH 7.5, although the activity was reduced below pH
6.0. This agrees with observations that both the Bb fragment and SP domain show low levels
of activity compared to factor B (Fishelson and Miiller-Eberhard, 1984; Lambris and Miiller-
Eberhard, 1984). It is inferred that the SCR domains regulate the activity of the SP domain

of factor B.

Functional assays of recombinant factor D showed that this was active against native
factor B in the presence of C3(H,0), an equivalent of C3b, where SDS-PAGE analysis
indicated the appearance of the 30 kDa Ba and 60 kDa Bb fragments (not shown). Activity
assays between pH 4.0 and pH 12.0 by SDS-PAGE gels showed that the optimum activity
for maximal cleavage was at about pH 8.0, and activity was significantly reduced below pH
6.0 and above pH 11.0. In negative controls based on the absence of either factor D or C3,
the cleavage of factor B was inefficient, and this indicated the tight regulation of the factor D

proteolytic activity.

8.3.2 pH stability of factor B by "H NMR spectroscopy

All five protein preparations demonstrated significant 'H NMR signal dispersion in
their spectra at pH 7.5 at 30°C in phosphate buffer saline with 1 mM MgCl,. This indicated
folded protein structures. In the downfield region, all five His C(2)H signals of the Ba fragment
were visible between 7.0 and 8.3 ppm. Analysis of their chemical shifts as a function of pH
(Figure 8.4a, Table 8.2) gave individual pK, values that varied between pH 6.0 to pH 7.3,
which is typical for a folded globular protein structure. There are nine His residues in the SP
domain, of which the C(2)H signals of six could be identified in the pH titration, and yielded
individual pK, values that varied between pH 5.7 and pH 6.4 (Figure 8.4b, Table 8.2).

The upfield spectral region between 0.4 and -1.0 ppm is sensitive to the positions of
methyl groups and single protons within about 7 A of the centre of aromatic rings within the
protein, and can be used as a sensitive conformational probe of hydrophobic structures
(Perkins, 1982). The NMR spectra from factor B and the Bb fragment (not shown) showed

poor resolution for reason of high molecular masses, and their spectral dispersion was
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Table 8.2 The calculated pK, s of the Ba fragment and SP domain histidines. (a) The pK,s
of'the five histidines of the Ba fragment (calculated from the pH titrations of the observable
histdyl C(2)H resonances). (b) The pK, s of six of the nine histidines of the SP domain (using
the pH titrations of the observable C(2)H resonances). (¢) The pK,s of two of the histidines

of the SP domain (using the pH titrations of the observable C6 proton resonances).

(a) Ba fragment C(2)H

pK.1 6.0
pK.2 7.0
pK.3 6.0
pK.4 7.1
pK,S 7.3

(b) SP domain C(2)H

pK,1 6.3
pK,2 6.3
pK,3 5.8
pK,4 5.9
pK,5 5.8
pK,6 5.7

(c) SP domain (Cd proton)

pK,1 6.3
pK,2 6.4
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reduced below pH 5.5 to indicate that both were structurally unstable at low pH. In contrast,
Figure 8.5(a) showed that the upfield NMR spectrum of the Ba fragment (30 kDa) was well
defined. Seven methyl signals (1a-7a) were detectable between pH 2.5 and 10.7 and showed
that the Ba fragment was stable over this pH range. The four signals 4a-7a demonstrated
pronounced pH dependences, which suggested a degree of conformational flexibility in the
SCR domains. In the vWF-A spectrum (Hinshelwood and Perkins, 2000), two highfield
signals 2v and 1v that correspond to amethyl group and a single proton were visible between
pH 6.6 and 10.3 (Figure 8.5(b)). As these spectral details were lost at low pH, the
denaturation of the vVWF-A domain (which contains no disulphide bridges) was likely to
contribute to the instability of factor B and the Bb fragment at low pH. In the SP spectrum,
six highfield methyl signals (1s-6s) were observed between 0.0 ppm and -1.0 ppm (Figure
8.5(b)). While the five signals 1s to Ss showed little variation with pH, signal 6s and others
between 0.0 and 0.5 ppm showed pH-dependent variations in chemical shifts, and this
indicated conformational flexibility. Inspection of the full NMR spectra of the Ba fragment and
the vWF-A and SP domains showed that signals in the SP spectra were best resolved
between pH 7.5 and 9.5. This corresponded to the highest activity of the isolated SP domain
between pH 6.0 to 11.0, with an optimum close to pH 8.0 as shown in Figure 8.3(b). That
all three preparations exhibited pH-dependent conformational flexibility by NMR is consistent
with an allosteric activation mechanism for factor B, for which it is necessary that different

conformations can exist.

8.3.3 Interactions between the domains of factor B by 'TH NMR

In order to assess whether the structures of the Ba and Bb fragments were preserved
within factor B, the upfield methyl NMR spectra of the Ba and Bb fragments were compared
with factor B at pH 7.5 and 30°C (Figure 8.6(a)). Six signals in the upfield factor B spectrum
could be identified in the spectra of the component Ba and Bb fragments. It was possible to
determine that the signals 2a and 3a (from the Ba fragment) and the signals 1v, 2v and 2s
(from the Bb fragment) were unshifted compared to intact factor B. While signal 1a from the
Ba fragment was detectable in the factor B spectrum, it was either much broadened or had

shifted to the position of signal 1v, suggesting a conformational movement had occurred when
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Figure 8.6 Comparisons of the 'H NMR spectra of factor B and its fragments and domains.
Vertical lines permit the visualisation of similar signals in the spectra. The signals are labelled
according to the scheme of Figure 8.5.

(a) The upfield NMR spectra of the Ba and Bb fragments are compared with that of
factor B. The new signal observed in the Bb fragment is denoted by 1n.

(b) The upfield NMR spectra of the vVWF-A-218 and SP domains are compared with
that of factor B.
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the Ba fragment was incorporated into factor B. The Ba signals in the factor B spectrum were
broader than those of the free Ba fragment. This showed that the Ba fragment had become
less mobile on the NMR timescale when incorporated within factor B. Despite the presence
of a42-residue linker peptide Asp195-Arg234 between the end of the SCR-3 domainand
the factor D cleavage site in factor B, there was no indication from the detection of possible
narrow linewidths that the Ba fragment was freely attached by a mobile linker to the vVWF-A
domain. Secondary structure predictions using the program PHD (Rost and Sander, 1993)
suggested that the linker possessed a loop structure without a-helix or B-strand, except for
the residues K235-1.239 immediately after the factor D cleavage site which were predicted
to be -strand. In agreement with this, no high similarity of the linker sequence with that ofa
known folded protein structure was identified. Figure 8.6(a) also showed that a new signal 1n

was visible in the Bb spectrum that was not present in that of factor B.

In order to assess whether the structures of the vWF-A and SP domains were
preserved within the Bb fragment, the upfield methyl NMR spectra from the vWF-A and SP
domains were compared with that of the Bb fragment at pH 7.5 and 30°C (Figure 8.6(b)).
The broadening of the signals in the Bb spectrum in comparison with those of the vVWF-A and
SP domains is attributed to the higher molecular mass of the Bb fragment. Eight signals in the
Bb spectrum could be identified in the spectra of the two separated domains. Both the signals
1v(-0.95 ppm) and 2v (-0.29 ppm) were detected in the Bb and vWF-A spectra at the same
shifts. While the five signals 2s to 6s (0.1 ppmto -0.3 ppm) were detected in both the Bb and
SP spectra at the same shifts, that for 1s appeared broader in the Bb spectrum. A new signal
1n was identified in the spectrum of the Bb fragment at -0.48 ppm that was not present in the
vWF-A or SP spectra. Even though the signal 1s may be present in the Bb spectrum, it was
not possible to determine whether it had shifted to that of signal 1n in the Bb fragment. In
general, the presence of many unchanged conformation-dependent shifts indicated that the
vWF-A or SP domains did not undergo large conformational changes when joined to form

the Bb fragment.

The computer summation of the Ba, vVWF-A and SP spectra resulted in the NMR
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spectrum of factor B in which signal 1n was absent (data not shown). This showed that the
Bb fragment possessed a unique conformation different from those of the Ba, vWF-A and SP
domains. The absence of signal 1n in the factor B spectrum is attributed to the SCR domains,
and is further evidence that the Ba and Bb fragments interact with each other in factor B.
There are three possible explanations for signal 1n in the Bb fragment, all of which postulate
that localised conformational changes have occurred: (i) The SP domain exists in two allosteric
conformational states, one of which is present in intact factor B or the free SP domain, and
the other exists when only the vVWF-A domain is present. The interaction between the vVWF-A
and SP domains would perturb the local structure responsible for signal 1s to generate signal
1n. (ii) Another possibility is that a new hydrophobic interaction is formed at the interface
between the vVWF-A and SP domains to result in signal 1n when both domains are present
together in the isolated Bb fragment; in this case, the local environment of signal 1s is
perturbed to result in amuch broadened signal. This was discounted by an NMR study of a
mixture of the vWF-A and SP domains, which showed that the signal 1n was not visible
(spectranot shown), even though no sequence overlap existed between the two domains that
would preclude their association. (iii) Another possibility is that the newly-cleaved extended
Bb N-terminus KIVLD- becomes incorporated within the vVWF-A or SP domain in proximity
to an aromatic residue. This was discounted by titrations of the SP domain with an excess of
the dipeptide Lys.Ile which is a mimic of the vVWF-A N-terminus of the Bb fragment
Lys235.11e236 (see Huber and Bode (1978) for more details). The dipeptide had no effect
on the NMR spectra and showed that the SP domain was unaffected by the availability of the

free N-terminus of the Bb fragment after factor B cleavage.

Comparisons of the downfield spectra of the aromatic residues in Figure 8.7
supported the above results. Despite the spectral overlap in this region, the summation of
individual spectra enabled spectral comparisons to be made. The sum of the downfield
spectra from the Ba and Bb fragments was very similar to that of factor B (not shown). It was
inferred that no major conformational change resulted in factor B on cleavage into the Ba and
Bb fragments. The summation of the downfield spectra for the vWF-A and SP domains gave

aresult very similar to the Bb spectrum except for the appearance of three additional signals
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Figure 8.7 Comparisons of the downfield '"H NMR spectra the vVWF-A-218 and SP domains
with their summation and the spectrum of the Bb fragment. Vertical lines permit the
visualisation of similar signals in the spectra. Asterisks highlight the main differences between
the summed vWF-A-218 and SP spectrum with that of the Bb fragment.
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in the Bb fragment (marked by the asterisks in Figure 8.7).

8.3.4 Temperature stability of factor B by "TH NMR

Temperature dependence studies of the upfield shifted NMR signals at pH 7.5
provided data on both the conformational stability of the methyl-aromatic interactions and the
protein denaturation temperatures. In Figure 8.8(a), the Ba spectra showed noticeable
temperature dependences in the upfield-shifted signals, and this again indicated conformational
flexibility. Denaturation occurred above 60°C and no precipitation was seen even when the
Ba fragment was heated to 80°C. In comparison, in Figure 8.8(b), the appearance of the
vWF-A spectra was largely unchanged throughout the temperature range. The vWF-A
denaturation temperature is metal-dependent and is 45-50°C in the presence of Mg** as
shown, and at 40°C in its absence (Hinshelwood and Perkins, 2000). In Figure 8.8(c), the
SP domain started to precipitate at 50°C, but the methyl signals were visible up to 60°C. As
also observed in the pH titration above, the five signals 1s-5s were less affected than the

remaining signals seen between 0.0-0.5 ppm.

The temperature dependence of the NMR spectrum for the Bb fragment in Figure
8.9(a) showed that the signals 2s, 2v, 1n and 1v could be seen in the Bb spectrum up to
60°C, above which the protein precipitated and the signals disappeared. Signal 1s was not
detected (Figure 8.6(b)). Even though temperature-dependent upfield chemical shifts were
observed in the Ba and vWF-A spectra, it was noteworthy that signal 1n displayed almost no
shift dependence with temperature, much as observed for the 1s-5s signals of the free SP
domain. This showed that the hydrophobic interaction responsible for signal 1n was
structurally defined and stable. In the NMR spectra of factor B in Figure 8.9(b), despite
overlap between signals 1a and 1v, the signals 3a, 2a and 1a/1v were visible up to above
50°C, and did not reappear when the protein was cooled back to 30°C. Factor B did not
precipitate even when heated to 80°C. Similar results were obtained from analysis of the
downfield spectra for all five proteins. It was of interest that the denaturation temperature for
the Bb fragment (55°C) was intermediate between those of the vWF-A and SP domains
(50°C and 60°C respectively). That for factor B (50°C) was however less than those for the
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Figure 8.8 Temperature dependence of the upfield "HNMR spectraat pH 7.5 of (a) the Ba
fragment, (b) the vVWF-A-218 domain and (c) the SP domain of factor B. Lines permit the
visualisation of the rate of shift change with temperature. The signals are labelled according

to the scheme of Figure 8.5.
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Figure 8.9 Temperature dependence of the upfield "H NMR spectra at pH 7.5 of (a) the Bb
fragment and (b) factor B. Lines permit the visualisation of the rate of shift change with

temperature. The signals are labelled according to the scheme of Figure 8.5.
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Baand Bb fragments (65°C and 55°C). This suggested that the Ba and Bb fragments interact

with each other to partly destabilise the structure of intact factor B.

8.3.5 NMR spectra of factor D

As large sequence insertions and deletions were present in the SP domain of factor
B when this is compared with the archetypal serine proteases such as B-trypsin and a-
chymotrypsin (Perkins and Smith, 1993; Jing et al., 2000), these may affect the structure of
the SP domain. Accordingly comparative NMR studies of factor D were performed on the
grounds that this is similar in size to B-trypsin and a-chymotrypsin, and corresponds to a
complement SP domain with a known crystal structure. Three broad upfield-shifted methyl
signals 1d-3d were well resolved (Figure 8.10). It was noticeable that their mean linewidth
was 33 £ 5 Hz, which is higher than that of 22 &+ 3 Hz for the signals 1s-5s from the SP
domain of factor B or that of 26 + 6 Hz for the signals 1a-6a from the Ba fragment, all of
which are similar in size. As crystallography (Narayana et al., 1994; Kim et al., 1995; Cole
etal.,1997; Jing et al., 1998) and biochemical assays (Figure 8.3: see above) show that
factor D has a “zymogen-like” conformation, while the isolated SP domain from factor B
possesses residual proteolytic activity, the broad linewidths for factor D may correspond to
multiple conformations of an inactive factor D molecule, each one of which possessed distinct
ring current shift perturbations, while the narrower linewidth for the SP domain of factor B
corresponds to a better-defined single conformation. In support of this explanation, the NMR
study of the activation of the zymogen trypsinogen to active B-trypsin did not reveal any new
signals, but only differences in line broadening (Perkins and Wiithrich, 1980). Factor D is
monomeric under the conditions studied by NMR (Perkins et al., 1993), so the possibility of

dimer formation cannot explain the broader linewidths.

In studies of the pH and temperature stability of factor D, the methyl signals 1d-3d
were present between pH 5.1 and pH 11.0. At pH above 9.6, there was an sharp change in
which signal 1d disappeared and a new signal 4d appeared, and no change in the linewidths
was observed. In comparison with the SP domain of factor B, the NMR spectrum denatured

above pH 9.6. At pH values below 7.0, heavy precipitation of factor D occurred, while this

246



4d 3d 2d pH

\‘""'A\
\Q: & A AN — 1ot
N N
N N —— i
N\ \&:\_/\__,\\_____ 8.3
g ] \H\\-_\ — P —1— 7.9
Y j \M 7.0

N,
S ——— 6.3
N 5.8

f/
i
((

(b) factor D
M -
1d

_\/\/\AWWW 550C
V\”“"/\“W 50°C
\"‘“/\‘J\-—---w 45°C
\‘J\”‘/\“‘w—-—- 40°C

N e e ssoc

| \../\\___/‘\M*T 30°C

0.5 0.0 -0.5 -1.0
Chemical shift (ppm)

Figure 8.10 pH and temperature dependence of the upfield "H NMR spectraat pH 7.5 of
factor D. The signal labelling (1d to 4d) corresponds to resolved signals in decreasing order

of chemical shift. The vertical lines in (a) represent the peak positions at pH 7.5.

247



occurred only below pH 5.0 for the SP domain of factor B. These observations are consistent
with activity assays which showed a maximum at pH 8.0 for both proteins (see above) and
with previous studies which showed that the regulation of the alternative pathway was pH
dependent (Fishelson et al., 1987). Temperature studies showed that factor D began to
precipitate above 50°C and the upfield shifted signals of factor D disappeared above 55°C.
The denaturation temperature was less than that of 60°C seen for the SP domain of factor B,
but was similar to that of 55°C for the Bb fragment, and indicated that factor D is less

thermostable than the SP domain of factor B.

8.3.6 Ring current calculations based on homology models or crystal
structures

Ring current calculations starting from crystal structures or homology models (Figure
8.11) provide a molecular explanation for highfield shifted NMR signals (Perkins, 1982). The
computation of these in the earlier work for the Ba fragment (Hinshelwood and Perkins,
1998) was based on the construction of homology models for the SCR-1, SCR-2 and SCR-3
domains using NMR structures for the fifteenth and sixteenth SCR domains in factor H
(Methods). This was handicapped by significant sequence insertions and deletions and the fair
quality of the NMR-derived coordinates as assessed by PROCHECK (Laskowski et al.,
1993). In contrast, in the present study, the first and second SCR domains in the crystal
structure of B2-1 glycoprotein (Boumaet al., 1999) were of high quality, and (apart from a
large insertion at Thr62-Lys70) only two one-residue deletions were required to perform the
modelling of the three Ba SCR domains. Good sequence identities of 21-31% were found,
and the three models gave consistent ring current calculations (Table 8.1). The 48-residue
linker Asp195-Gly242 between the SCR-3 and vWF-A domains was not modelled. The
vWF-A homology model was based on the crystal structure of complement receptor type 3,
and its ring current calculation is reported elsewhere (Hinshelwood et al., 1999; Hinshelwood
and Perkins, 2000). In the earlier work, the construction of a homology model for the SP
domain based on the crystal structure of a-chymotrypsin (Hinshelwood and Perkins, 1998)
had required the extensive remodelling of 136 residues in 16 searched loops. For reason of

sequence insertions this structure could not be modelled well. In contrast, in the present study,
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Figure 8.11 Alignment of the human factor B sequence with those of the structures used in

homology modelling.

Continued overleaf.
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Figure 8.11 Alignment of the human factor B sequence with those of the structures used in
homology modelling. Strict residue conservation is denoted by vertical strokes. The secondary
structure elements identified by DSSP are labelled as follows: E, B-strand; B single residue
B-ladders; T, turn; G, 3,-helix; H, a-helix. Residues involved in large predicted ring current
shift interactions in factor B are denoted by R (Table 8.1).

(a) For the Ba fragment, the PDB code 1qub corresponds to the first and second
SCR domains of human f2-I glycoprotein, with the secondary structure assignment taken
from Molina et al. (1995). Residues that were remodelled as searched loops are embolded
and underlined. The disulphide bridge connectivity is denoted by pairs of numbers. The linker
peptide at Asp195-Gly242 is embolded.

(b) For the vVWF-A domain, the PDB code 1ido corresponds to the vWF-A domain
of human complement receptor type 3, with the secondary structure taken from Hinshelwood
etal. (1999). The five residues important for Mg?* coordination are denoted by M above the
sequence (Lee ef al., 1995). The residues D422 and E424 on a surface loop and D432,
D434,E437,D438,D445 and E446 on a-helix A7 (asterisked) form a prominent group of
surface acidic residues.

(c) The human factor B SP sequence is compared with those found in mouse factor
B and human and mouse C2 in that order from top to bottom. The PDB code 1dst
corresponds to human factor D and the PDB code 2cha corresponds to bovine o-
chymotrypsin. The structural alignment is taken from Jing ez al. (2000). Residues involved in
large predicted ring current shift interactions in factor D are denoted by r (Table 8.1). The
labelling of the B-strands in the consensus secondary structure and the disulphide numbering
is taken from Perkins & Smith (1993). The catalytic triad at His501-Asp551-Ser674 is
denoted by hashes (#). The residues H459, R460 and K461 at the N-terminus, H466, K467
and R580, R583 on two surface loops, and K604, R617, K618, H681, K682, R683 and
R685 in association with 4 B-strands (asterisked) form a prominent group of surface basic

residues in proximity to the C-terminus of the vVWF-A domain.
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the two coordinate sets in the recent crystal structure of the SP domain of factor B (Jing et
al.,2000) resulted in satisfactory ring current calculations (Table 8.1; see below). Inthe case
of factor D, five sets of crystal coordinates were available, from which mean ring current

shifted signals were computed with a standard deviation of + 0.19 ppm (Table 8.1).

The ring current calculations for factor B and factor D showed reasonable agreements
between the total number of predicted and observed upfield shifted methyl signals (Table 8.3).
Between four and five signals were predicted for the Ba fragment, to be compared with the
observation of 8 signals in the same spectral region after spectral integration. Between 7 and
13 signals were predicted for the vVWF-A domain, to be compared with the observation of
8 signals in the same spectral region. Between 10 and 14 signals were predicted for the SP
domain of factor B, to be compared with the observation of 13-15 signals in the same spectral
region. Between 10-16 signals were predicted for factor D, to be compared with the
observation of 15-20 signals in the same spectral region. Despite these agreements, the
positional accuracy of the relative separations between aliphatic and aromatic sidechains was

not considered sufficient to permit any firm assignments of signals to a given methyl group.

For the Ba fragment, the most significant ring current shifts were predicted to arise
from the structurally homologous interaction between a buried aliphatic residue in -strand B2
and the conserved Trp residue in B-strand BS5 in all three SCR domains (Figure 8.11(a)).
These three pairs of residues were located in the hydrophobic core of each domain in Figure
8.12, and may correspond to the signals 1a-3a of Figure 8.5. All six residues had solvent
accessibilities of 0-19%. The Ba assignment is consistent with the assignment of methyl
signals in the NMR spectra of SCR domains from factor H and the ring current calculations
based on the resulting factor H SCR coordinates (Norman ez al., 1991; Barlow et al., 1991,
1992,1993). Thelle27/Trp51, Leu32/TrpS5 and Val29/Trp52 residue pairs in the individual
SCR-5, SCR-15 and SCR-16 domains of factor H respectively, together with contributions
from other aromatic residues, resulted in predicted upfield-shifted methyl signals that agreed
with their observed NMR signals. Other observed high-field shifted signals arising from Ile9,
Ile11 andIle11 inthe SCR-5, SCR-15 and SCR-16 domains respectively also agreed with
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Table 8.3 Comparison between the predicted and observed upfield shifted methyl signals in

the 'H NMR spectrum of factor B

Protein

Signals between

0.5 and 0.0 ppmf

Signals upfield of 0.0 ppm

Ba fragment Predicted
Observed

vWF-A domain* Predicted

Observed
SP domain Predicted
Observed
factor D Predicted
Observed

3 (+ up to 1 more)

4

5 (+ up to 6 more)
7

6 (+ up to 4 more)
36806

4 (+ up to 6 more)

76259

1

4 (signals 1a-4a)

2

1 (signal 2v)

4

5 (signals 1s-5s)

6

5 (including signals 1d-3d)

Footnotes

T Since the average standard deviation of 16 predicted ring current shifted methyl signals

based on five coordinate sets for factor D is 0.19 ppm, additional signals predicted

to occur between 0.5 to 0.7 ppm are included in brackets as these are within error

of the observed signals.

* From Chapter 7 and Hinshelwood and Perkins (2000)
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(a) SCR-1 SCR-2 SCR-3

Trp57 Trp126 Trp186
Leu33 Van 02 Van 62

Figure 8.12 Methyl-aromatic ring interactions in homology models ofthe three SCR domains
from the Ba fragment of factor B. All the structures are viewed in the same scale. Only
residues involved with '"H NMR signals predicted to be upfield 0f0.5 ppm are highlighted
(Table 8.1), with aliphatic sidechains in green and aromatic ones inred. The N-terminus and

C-terminus ofeach structure are shown as blue spheres and labelled N and C respectively.
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(a)SP (b) Factor D «

2 Phe503 C
Phe539
Val528

1 Trp470
MeS570

Figure 8.13 Methyl-aromatic ring interactions in homology models or crystal structures ofthe
SP domains in factor B and factor D. Both the structures are viewed in the same scale. Only
residues involved with ‘HNMR signals predicted to be upfield of0.5 ppm are highlighted
(Table 8.1), with aliphatic sidechains in green and aromatic ones in red. The N-terminus and
C-terminus ofeach structure are shown as blue spheres and labelled N and C respectively.
(a) The SP domain of factor B, with the catalytic triad Asp551-His501-Ser674
shown as yellow spheres from left to right, and the N-terminal and C-terminal subdomains are
shown in dark and light blue respectively. The two highest-field chemical shifts are predicted
to arise from regions involving (1) Trp470-11e570 and (2) Phe503/Phe530 and Val528, all
five ofwhich are in the upper N-terminal subdomain (dark blue) (Table 8.1). The His717-
Leu678 and Phe607-Thr669 and Leu615residues originate in the lower C-terminal domain
(light blue) (Table 8.1). Note that the N-terminus lies within the N-terminal subdomain.
(b) The SP domain offactor D shown in the same view, with the catalytic triad shown
as yellow spheres. The Trpl41-Leul55 and Tyr228-Leul99 ring current interactions
originate inthe lower C-terminal subdomain. Note that the N-terminus now lies within the C-

terminal subdomain.

254



the factor H ring current calculations. As none of these aliphatic residues occurs at
homologous positions in the three Ba SCR domains, no other Ba residues giving rise to

upfield-shifted signals could be consistently identified.

For the SP domain of factor B, it was of interest that 9 of the 22 most significant ring
current residues occurred at structurally homologous positions with 9 of the 13 most significant
ring current residues in factor D (Table 8.1). This reinforces the value of the comparison of
the NMR spectra in Figures 8.5, 8.8 and 8.9 (factor B) with Figure 8.10 (factor D). The
visualisation of these pairs of interactions in the two coordinate sets showed that21 of the 22
ring current residues in factor B were buried with solvent accessibilities between 0 and 19%.
Only Phe530 was solvent exposed. In factor D, all 12 ring current residues were buried with
solvent accessibilities between 0-19%. In both SP structures, a cluster of these residues
occurred at the N-terminal subdomain of the SP domain (dark blue in Figures 8.13(a) and
8.13(b)), and another cluster occurred in the C-terminal a-helix that flanked it (upper left
corner as viewed in Figures 8.13(a) and 8.13(b)). The five highest-field shifted signals for the
SP domain of factor B were predicted to arise from the N-terminal subdomain and its

association with the C-terminal a-helix (Table 8.1).

8.3.7 Association of the vVWF-A and SP domains

The models were examined for information on possible sources of signals 1sand 1n.
The ring current and accessibility calculations and the temperature dependence studies suggest
that these signals arise from fully buried residues, rather than from an interaction between two
hydrophobic surfaces. Given the dependence of signals 1s/1n on the presence or absence of
the vVWF-A domain, the signals are likely to originate from a localised structure near the
junction between the vVWF-A and SP domains. Atypically for SP domains, the N-terminal
peptide of the factor B SP domain that is linked with the C-terminus of the vVWF-A domain
remains wholly located within the N-terminal SP subdomain. This is the opposite of what is
observed with the SP domain of factor D and the classic SP domains, in which the N-terminus
isinserted into the C-terminal subdomain to form a salt-bridge with Asp194, which is adjacent

to Ser195 of the catalytic triad (Figure 8.13). One possible ring current interaction is that
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(a) VWF-A (b)SP

Catalytic
triad

Asp422 Arg583
Asp432 Arg683
Glu424 Arg685
Asp445

Figure 8.14 Electrostatic views oftlie C-terminus ofthe vVWF-A domain and the N-terminus
ofthe SP domain. The acidic region in the vVWF-A domain and the basic region in the SP
domain are highlighted, together with prominent conserved acidic and basic residues as listed.

The locations of the Mg™* cleft and catalytic triad are indicated.
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between Trp470 and Ile570 in the N-terminal subdomain (labelled 1 in Figure 8.13(a)). This
involves two loop residues in what may be a conformationally flexible region of the secondary
structure, one of which is close to the N-terminus of the SP domain, and gives rise to the most
highfield shifted signal for the SP domain of factor B (Table 8.1). Another involves Phe503,
Phe530 and Val528 in the N-terminal subdomain, which lead to the second most highfield
shifted signal, and which are close to the catalytic triad (labelled 2 in Figure 8.13(a)).

The locations of signals 1s and/or 1n to the N-terminal SP subdomain support a
proposed activation mechanism for the SP domain in which its conformation is regulated by
contacts with the vVWF-A domain. The calculation of electrostatic surfaces for the SP domain
revealed a large basic surface near the N-terminus which is defined by as many as 14 His, Lys
and Arg residues (asterisked in Figure 8.11). This may complement a large acidic surface at
or near the a-helix A7 on the vWF-A surface which is defined by 8 Asp and Glu residues
(asterisked in Figure 8.11; see Figure 6.8 of Chapter 6). These two surfaces may provide
interdomain contacts that would explain the NMR-observed interaction between the two
domains in the Bb fragment (Figure 8.14). The significance of these residues is indicated by
the full conservation of four of these acidic vVWF-A residues (Asp422, Glu424, Asp432 and
Asp445) in the human and mouse factor B and C2 sequences, but which are not conserved
in five vVIWF-A crystal structures (Figures 6.5 and 6.6 of Chapter 6). Likewise, the basic SP
residues Arg583, Arg683 and Arg685 are also fully conserved between human factor B and
C2, together with three conservative replacements between Lys and Arg residues in these
sequences (Figure 8.11), but these are absent from nine mammalian SP crystal structures
(Figure 1 of Perkins and Smith, 1993). The presence of Arg580 and Arg583 on the largest
insertion in the SP sequence (residues 575-594) and Arg683 and Arg685 on another insertion
(residues 682-685) provides an explanation for the existence for these insertions in the SP
domain (Figure 8.11). As a-helix A7 is conformationally mobile between the metal-bound and
metal-free forms of the vVWF-A domain, it can be seen that a movement in this a-helix may
provide the means for the transmission of an allosteric signal between the vVWF-A and SP

domains (Perkins et al., 1999).
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8.4 Conclusions

The comparative study of the conformation-dependent upfield-shifted NMR spectra
of factor B, its Ba and Bb fragments, and the individual vWF-A and SP domains has revealed
the first structural evidence for an allosteric activation mechanism for the protease activity of
factor B. NMR demonstrated the interaction of the Ba fragment with the vWF-A and SP
domains within intact factor B, and another between the vVWF-A and SP domains within the
Bb fragment. It also revealed the existence of structural lability in the SP domain of both factor
B and factor D, where this is higher in factor D. The proposed role of the domains in factor
B in controlling its protease activity as deduced from this NMR study is summarised as
follows. In factor B, the SCR domains fold against the vWF-A and SP domains to hold these
apartand all 5 domains interact with each other; the active site of the SP domain is sterically
masked by the SCR domains. Onremoval of the SCR domains by factor D cleavage, the
vWF-A and SP domains form close contacts with each other in the Bb fragment, and there
is asmall gain in protease activity (Lambris and Miiller-Eberhard, 1984). Studies of Mg?*-
dependent conformational changes in the vVWF-A domain suggest that the vVWF-A domain
may undergo allosteric conformational change when bound to C3b (Hinshelwood and
Perkins, 2000). The present NMR data show that the vVWF-A interaction with C3b viaiits
binding cleft can be structurally transmitted to the SP domain to regulate its proteolytic activity,

possibly through electrostatic contacts (Figure 8.14).

The principal NMR observations that resulted in the deduction of allosteric
interdomain interactions are summarised. The overall similarity of the NMR spectra for the Ba
fragment and the vVWF-A and SP domains, both when free and when associated into the Bb
fragment and factor B, showed that each of the domains of factor B is independently folded.
The exceptions are the changes in the signals 1s/1n in the Bb spectrum and in the signals 1a
in the Ba spectrum, both of which show the occurrence of conformational changes during the
assembly of factor B from its fragments (Figure 8.6). The ring current calculations showed that
the changes in signals 1s/1n were most likely to arise from the region of the SP domain that
is close to its covalent link with the vVWF-A domain (Table 8.1; Figure 8.13). Further

evidence that the five domains of factor B are associated with each other was indicated by the
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reduced denaturation temperature of factor B at 50°C, while the Ba and Bb fragments
denatured at 65°C and 60°C respectively. The conformational dependence of the factor B
vWF-A domain on the presence and absence of metal has been demonstrated by
multidisciplinary spectroscopic studies (Hinshelwood and Perkins, 2000). These observations
are most simply explained by the proposed activation mechanism above. Other evidence for
the interactions between the vVWF-A and SP domains include observations that the linker
between the vIWF-A and SP domains is inaccessible to elastase proteolysis if the Bb fragment
is used, but is cleaved when factor B is used (Lambris and Miiller-Eberhard, 1984). The SP
domain and the uncomplexed Bb fragment in the absence of C3b have low proteolytic
activities towards C3 compared to that of factor B (Fishelson and Miiller-Eberhard, 1984;
Lambris and Miiller-Eberhard, 1984; Sanchez-Corral et al., 1990). These NMR and
biochemical data would explain the necessity of an initial interaction between C3b and the Ba
fragment during factor B activation, as it is necessary to remove the Ba-Bb contacts to permit
activation to occur, and why the Bb fragment loses its catalytic activity when it dissociates
from the C3b complex, as there are structural contacts between the vVWF-A and SP active
site clefts (Uedaet al., 1987, Pryzdial and Isenman, 1988; Fishelson and Miiller-Eberhard,
1984; Hourcade et al., 1995).

It has been long known that the induction of catalytic activity of the serine proteases
is associated with an N-terminal cleavage which induces conformational changes in and
around the active site (Huber and Bode, 1978). For the complement serine proteases, the
joint requirements of high specificity for the substrate and a high level of control of this
activation has resulted in the development of more sophisticated and atypical activation
mechanisms. The proposal of a cooperative allosteric mechanism for the activation of the SP
domain of factor B falls into this category (and also for that of factor D which is activated by
binding to its substrate). The recent crystal structure of the factor B SP domain is based on
the same sequence used in this NMR study (Asp445-Leu739) and showed that the catalytic
triad and non-specific substrate-binding site displays active conformations while the oxyanion
pocket displays an inactive conformation (Jing et al., 2000). The crystal structures of factor
D displayed atypical conformations for all three of the catalytic triad, substrate binding site and
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oxyanion pocket (Volanakis and Narayana, 1996). These crystal structures are consistent
with the observation of broader linewidths in NMR spectra of factor D compared to those
ofthe SP domain of factor B (Figures 8.5, 8.8 and 8.10). Accordingly the NMR data imply
that substrate-induced conformational changes will be less important for the SP domain of
factor B than for factor D. The most interesting crystallographic difference between the factor
B and D SP structures is the location of all the factor B N-terminal SP residues within the N-
terminal subdomain, as consequently this forms a direct molecular link with the vVWF-A C-
terminal a-helix A7. It has been proposed that it is difficult to visualize the activation of the SP
domain as being entirely due to the translation of a cross-domain conformational change (Jing
etal.,2000). The NMR data however show that the transmission of conformational changes
within the Bb fragment is observable. As the binding of the SP domain to C3b has been
characterised, and the SP domain on its own has low proteolytic activity (Lambris and Miiller-
Eberhard, 1984), it is likely that C3b binding to the SP domain will complete the activation
of the SP domain.

It is of interest to compare the role of the vVWF-A domain in complement and
integrins. In the evolution of the vVWF-A domain, phylogenic analysis has shown that the factor
B and C2 vWF-A domains have evolved separately from the integrin CR3 and CR4 vWF-A
domains (Tuckwell, 1999). An N-terminal polypeptide cleavage occurs in the complement
vWF-A domains of factor B and C2 during its physiologically-relevant cleavage, while the
integrin vWF-A domains are inserted into a predicted B-propellor structure, and no cleavage
occurs during its function (Leitinger and Hogg, 1999). As the function of the vVWF-A domain
is expected to be similar in the complement proteins and integrins, it is unlikely that the
cleavage of factor B to form the Bb fragment directly leads to the activation of the SP domain.
Itis more likely to involve the ability of the vWF-A domain to transmit an allosteric signal

(Perkins et al., 1999).
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9.1 Assessment of the structural studies of factor B

The original aims of these studies were to investigate the three-dimensional structure
of the vWF-A and SP domains of complement factor B. The experiments were to be
primarily concerned with the production of protein crystals and determination of the molecular
structures by X-ray diffraction. It was possible to express the vVWF-A domain of factor B in
recombinant systems and the isolated protein domain existed as a discrete folded unit. The
observation of a compact solution structure was in agreement with homologous vWF-A
domains (Lee et al.,1995a; Lee et al.,1995b) and was consistent with the observation of a
three lobed structure for intact factor B by electron microscopy. The poor solubility of the
vWF-A-218 domain preparation made it difficult to work with and sequence analysis and
homology modelling allowed the rational development of a modified recombinant system. The
mutation of the vVIWF-A-218 domain to the vWF-A-222 domain was performed which
proved successful and resulted in a more soluble vVWF-A domain. The SP domain was
purified from native factor B pre-treated with elastase. The characterisation of these protein
preparations suggested that they would be good candidates for structural studies and so a
considerable amount of time and effort was devoted to the pursuit of obtaining protein
crystals. Large quantities of the proteins were consumed in this process and achieved only
limited information on various biochemical and physical properties of the protein preparations.
Some crystals of the vVWF-A-222 domain were obtained after four year’s work, but these
were not of suitable quality for X-ray diffraction (Chapter 4). This work did lead onto reveal
useful information relating to the hydrodynamic properties and functional activity of the vWF-
A domain (Chapter 5; Williams et al., 1999). The crystallographic investigations remained
frustratingly hindered, even though the results of this thesis provided many useful insights into
published protein X-ray crystal and NMR structures.

Much of the material of this thesis has been focussed on the factor B vWF-A domain
which has led to considerable insights into the activity of this domain. The vVWF-A domain has
been of great general biochemical interest by reason of its widespread occurrence and its
varied functions in many different proteins of the immune system and the extracellular matrix

as well as in blood coagulation (Colombatti and Bonaldo, 1991). During the past 5 years
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significant progress has been reported on the understanding of vWF-A domain structures.
When studies for this thesis began, no atomic structures were available for this domain type,
nor was the topology of the vVWF-A domain known. An interesting aspect of structural studies
on the vVWF-A domain was the success of prediction methods in identifying the vWF-A
protein fold before the crystal structure had been determined (Perkins et al., 1994; Edwards
and Perkins, 1995; Lee et al., 1995; Edwards and Perkins, 1996). By mid-1999, the crystal
structures for five different vVWF-A domains in CR3, LFA-1, VLA-2 and the A1 and A3
domains of vVWF had been determined. The accuracy of the structure prediction results from
significant progress in our understanding of protein structures, but the controversy over the
metal-binding structural properties of the vVWF-A domain illustrates the limitations imposed

on the protein model by these structure determination techniques.

One part of this thesis describes the development of the SELDIAMS method, which
coupled with homology modelling has provided a powerful technology used to identify one
role of the vVWF-A domain in factor B as being to bind to C3b via its active site cleft (Chapter
6; Hinshelwood et al., 1999). These techniques add to repertoire of the structural biologist
and can now be employed to assist in the analyses of other protein-protein interactions for the

identification of molecular recognition sites.

The combined use of independent data sets from CD, FT-IR and 'H NMR
spectroscopy has provided the first unequivocal structural evidence that a vWF-A domain has
two distinct conformations in the presence and absence of metal. The joint application of CD
and FT-IR spectroscopy offers complementary views of the vVWF-A secondary structure.
Since all three methods are based on solution studies, no ambiguities were caused by the
presence of a crystallographic lattice. In application to factor B, the Mg?*-induced
conformational variability is likely to be important for the activation and function of the C3
convertase when the Bb fragment is complexed with C3b.The proposal that an allosteric
signal can be transmitted from the active site cleft to the opposite surface of the vVWF-A
domain is therefore consistent with what is known for vVWF-A domains to date, and may

explain how the serine protease domain of factor B is activated in the C3bBb complex.
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(Chapter 7).

The comparative study of the conformation-dependent upfield-shifted NMR spectra
of factor B, its Ba and Bb fragments, and the individual vWF-A and SP domains, has
revealed structural evidence for an allosteric activation mechanism for the protease activity of
factor B. The proposed role of the domains in factor B is summarised as follows. In factor
B, the SCR domains fold against the vVWF-A and SP domains to hold these apart and all 5
domains interact with each other; the active site of the SP domain is sterically masked by the
SCR domains. Onremoval of the SCR domains by factor D cleavage, the vWF-A and SP
domains form close contacts with each other in the Bb fragment, and there is a small gain in
protease activity. The present NMR data show that the vWF-A interaction with C3b via its
binding cleft can be structurally transmitted to the SP domain to regulate its proteolytic activity.

With the benefit of hindsight it is possible to evaluate this PhD project on the basis of
the general costs balanced against the wealth of information which was derived. A
disproportionate amount of time and resources were involved in the crystallisation phase of
the project, which may be considered to have failed because no X-ray data were obtained.
However, ifan X-ray structure determination were to follow this work, this thesis would have
presented necessary and worthwhile experiments. Much experience was gained during these
experiments to provide the groundwork for a solid basis in protein biochemistry which laid the
foundations for the experiments and data presented in this thesis. The biochemical studies of
Chapters 5 and 6 could be considered good value because they were conservative in their
consumption of protein, the proteins were readily available at the time of the experiments to
expedite the data collection, and the data analysis and interpretation was straightforward. This
was in contrast to the spectroscopic studies in Chapters 7 and 8 which were expensivein
their use of protein and required a great deal of time for data collection, data processing and
the interpretation of the results. Fortunately, each of Chapters 5, 6, 7 and 8 provided novel
material suitable for publication in scientific journals which rendered them all good value in this

context.
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Protein structure is generally well conserved between proteins containing homologous
domains, but the function of the individual domain is less well conserved (Tuckwell, 1999).
However, there are some domain types that consistently have a function associated with their
structure. The mammalian serine protease domain is a good example of this and structural
studies have identified the basic mechanisms employed by these homologous domains. It
seems likely that the vWF-A domain structure has associated conserved functional roles of

ligand binding and acting as an allosteric regulator of protein function.

9.2 Future work

There is still much progress required to develop our knowledge of protein structure
to gain a fuller understanding of the influence and role of vVWF-A domains in the structure and
function of their host. During these studies some time was spent on the development of other
recombinant protein expression systems including those for the Ba fragment, the SP domain
and factor B (data not presented). The use of these recombinant systems would be valuable
to aid in the development of our understanding of complement and multi-domain proteins in
general. An array of techniques has been presented in this thesis which could be exploited to
characterise new recombinant proteins. With this in mind it is possible to design a variety of
mutant proteins to examine the role of specific residues in ligand binding (SELDIAMS,
BIACORE, analytical ultracentrifuge), and their influence on the structure/allostery by
spectroscopy (NMR, CD, FTIR, fluorescence). Molecular graphics would be a significant

aid to the design of mutants and the interpretation of results.

Through the studies presented in this thesis it has been shown that the two
recombinant factor B vWF-A proteins exhibit complex behaviour. The protein domain is
prone to aggregation at high concentration and the protein is fairly unstable in the absence of
metal. This instability may be attributed to some extent to the truncation of the C-terminal helix
(evenin vWF-A-222) and along N-terminal extension. Some improvement in the stability
was achieved through the extension of the C-terminal helix. For the other vVWF-A domains
that have been crystallised to date, it was necessary to remove large N or C terminal

extensions before protein crystals could be grown. A significant improvement in the stability
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ofthe factor B vWF-A domain was achieved by the 4 amino acid extension. This could be
developed further to try to produce material suitable for crystallisation or multi-dimensional
NMR (increased solubility). These experiments could include:

(a) to truncate the vVWF-A N-terminus back to the factor D cleavage site

(b) to extend the vWF-A C-terminal a-helix

(c) to replace specific methyl or aromatic residues for the purpose of NMR

assignment or to determine a role in ligand binding/ allostery

NMR spectroscopy can often provide an alternative for the determination of protein
structure which is in many ways complementary to the X-ray crystallographic technique.
Typically, structural determination of proteins by NMR requires a suitable recombinant
expression system to yield large amounts of highly soluble protein. Thus a full NMR structural
determination of the factor B protein preparations described in this thesis was not feasible. It
was hoped that the improved solubility achieved with the vVWF-A-222 domain would make
this more suitable for such a project but it would be sensible to explore the possibility of
further mutation experiments to increase the solubility and stability of this domain preparation
so that mM concentrations could be achieved. A combination of isotope enrichment
techniques, expression in deuterium oxide and multidimensional NMR spectroscopy could
then be used to determine the atomic structure of this domain. An NMR structure of this

domain would be useful to allow the allosteric properties to be investigated further.

The contribution made to the stability of the Bb fragment and factor B by the metal
could be investigated. It would be interesting to investigate whether a peptide ligand or
peptide activator can be determined for the vVWF-A domain. For example experiments could
be conducted to examine whether the K1 peptide has an effect on the structure or function of
the vWF-A, Bb and factor B (NMR, CD, FTIR, SELDIAMS), or a peptide could be
produced which would bind to the active site cleft of the vVWF-A domain. It would be
interesting to follow up these studies using similar analyses with other recombinant vVWF-A
domains to discover if what we have seen in our recombinant proteins is a general property

of the vVWF-A domain or a special case for complement factor B.
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Production and functional activity of a recombinant von Willebrand factor-A
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Factor B is a five-domain 90 kDa serine protease proenzyme
which is part of the human serum complement system. It binds
to other complement proteins C3b and properdin, and is activated
by the protease factor D. The fourth domain of factor B is
homologous to the type A domain of von Willebrand Factor
(vWF-A). A full-length human factor B cDNA clone was used to
amplify the region encoding the vVWF-A domain (amino acids
229-444 of factor B). A fusion protein expression system was
then used to generate it in high yield in Escherichia coli, where
thrombin cleavage was used to separate the vVWF-A domain
from its fusion protein partner. A second vWF-A domain with
improved stability and solubility was created using a Cys®*? —
Ser mutation and a four-residue C-terminal extension of the first
vWF-A domain. The recombinant domains were investigated by
analytical gel filtration, sucrose density centrifugation and ana-
lytical ultracentrifugation, in order to show that both domains

were monomeric and possessed compact structures that were
consistent with known vWF-A crystal structures. This expression
system and its characterization permitted the first investigation
of the function of the isolated vVWF-A domain. It was able to
inhibit substantially the binding of **I-labelled factor B to
immobilized C3b. This demonstrated both the presence of a C3b
binding site in this portion of factor B and a ligand-binding
property of the vVWF-A domain. The site at which factor D
cleaves factor B is close to the N-terminus of both recombinant
vWF-A domains. Factor D was shown to cleave the VWF-A
domain in the presence or absence of C3b, whereas the cleavage
of intact factor B under the same conditions occurs only in the
presence of C3b.

Key words: factor B, factor D, expression, mass spectroscopy,

vWF-A domain.

INTRODUCTION

The complement system consists of a large number of soluble
(plasma) and membrane-bound proteins that have a major role
in innate immunity. Its function is to recognize foreign material
and to facilitate its phagocytosis. Human complement factor B is
a 90 kDa serine protease (SP) proenzyme present in plasma.
When the complement system is activated, the major opsonin of
complement, C3, is cleaved to form C3b. C3b forms a complex
with factor B, whereupon factor D, a serine protease, cleaves
factor B in the C3b-factor B complex, to form two fragments, Ba
and Bb. Fragment Bb remains transiently bound to C3b, and the
C3b-Bb complex itself contains an SP in the Bb fragment that
activates more C3 [1,2]. The amplification of C3 activation,
which occurs by this mechanism, is essential for opsonization of
complement-activating materials.

When examined by electron microscopy, factor B presents a
three-lobed globular structure [3]. The Ba fragment (approx.
30 kDa) consists of three complement control protein domains
(also known as short consensus repeats) [4], each approx. 60
amino acids in length. The Bb fragment (60 kDa) consists of a C-
terminal SP domain [2,5] and an N-terminal von Willebrand
factor type A (VWF-A) domain [6,7]. vVWF-A domains also occur
in proteins of the extracellular matrix and in other proteins of the
immune system (including complement C2, the leucocyte in-
tegrins CR3, CR4, LFA-1, and the VLA-1 and VLA-2 integrins)
(reviewed in [6,7]). As this domain was first identified in von

Willebrand factor [8,9], it is most frequently known as the VWF-
A domain, but it is also known as an A-domain or I-domain. A
total of 75 sequences in 25 proteins have been analysed to show
arelatively low degree of sequence conservation and no conserved
disulphide bridges [7]. Its protein fold was predicted to resemble
the doubly wound «/f fold of nucleotide binding proteins
[10,11], and vWF-A crystal structures have been solved to
confirm the prediction [12,13] (reviewed in [9]).

Factor B, C2, CR3 and CR4 all interact with degradation
fragments of C3, known as C3b or iC3b, or with those of C4, a
homologue of C3. Since the VWF-A domain is common to
Factor B/C2 and CR3/CR4, it is possible that this domain
mediates ligand binding [14]. The evidence for this is mostly
indirect. Site-directed mutagenesis of C3 near the N-terminus of
the a’-chain of C3b [15] resulted in mutant C3b proteins that
were less able to support cleavage of factor B by factor D than
normal C3b, implying a reduced binding with factor B, and
mutant forms of iC3b likewise have reduced binding to CR3.
As the only common region of CR3 and factor B is a vWF-A
domain, this result implied that this domain is responsible for
C3b and iC3b binding. Mutation of the divalent metal-ion-
binding sites in the vYWF-A domain of CR3 abolished binding to
iC3b [16].

A model for the C3b—factor B complex involves interaction via
two (or more) sites on factor B [17-22]. A C3b-binding site in the
Ba fragment was identified using a monoclonal anti-Ba antibody
that inhibited the binding of !2%I-labelled factor B to red-cell-

Abbreviations used: MALDI, matrix-assisted laser desorption ionization; SP, serine protease; vWF-A, von Willebrand factor type A.
' Present address: Medical Research Council, Technology Transfer Group, 20 Park Crescent, London W1N 4AL, UK.

2 To whom correspondence should be addressed (steve@rfhsm.ac.uk).
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bound C3b by up to 50 %, [18], and by the use of a cross-linking
agent [17]. A C3b-binding site in the SP domain of factor B was
identified by the direct binding of the isolated '#*I-labelled SP
domain to C3b bound to zymosan in the presence of Mg?* ions
[21], and the SP domain also has Mg**-ion-independent binding
affinity for fluid-phase C3b [20]. A C3b-binding site on the vVWF-
A domain was indirectly identified by a comparison of the Bb
fragment and the SP domain in that study [20], and mutagenesis
of recombinant factor B suggested that surface loops adjacent to
the Mg?*-site in the vVWF-A domain influenced its C3b binding
specificity [22]. As C2 and C4 are close homologues of factor B
and C3 respectively, it is relevant that, in recombinant C2,
mutations at residues 240-244 in the vVWF-A domain affected the
binding of C2a to C4b [23]. )

Study of the molecular function of the VWF-A domain in
factor B requires the use of a suitable recombinant protein. Here
we describe the development and characterization of two ex-
pression systems for isolated VWF-A domains. One of these has
previously been used to study the vWF-A secondary structure by
Fourier-transform IR spectroscopy [7]. Here, further evidence is
presented to show that the recombinant vVWF-A domain is folded
and monomeric, and was therefore suitable for functional studies.
The functional activity of the two recombinant vVWF-A domains
from factor B provide new insights into the role of VWF-A
domains in complement activation.

MATERIALS AND METHODS
Materials

Glutathione-agarose beads (G-4510) and human thrombin (T-
3010) were from Sigma (Poole, Dorset, UK.), as were the
constituents of the buffer used to lyse E. coli cells [DNAse (D-
7291), lysozyme (L-6876), Triton X-100 (T-6878) and benza-
midine (B-6506)], as well as lactoperoxidase (L-8257) used for
radiolabelling of factor B. Thiol-Sepharose 4B, T DNA ‘se-
quencing kits and the expression vector pGEX-2T were from
Pharmacia (Milton Keynes, Bucks., U.K.). Fresh-frozen plasma
for the purification of complement components came from the
Oxford Regional Blood Transfusion Service (John Radcliffe
Hospital, Oxford, U.K.). The SP inhibitor Pefabloc-SC [4-(2-
aminoethyl)benzenesulphonyl fiuoride] was obtained from
Pentapharm AG (Basel, Switzerland).

Vector construction

General procedures were as described previously [24]. The region
encoding the vWF-A domain was amplified from a full-length
factor B cDNA clone named pFB-2 [25] by PCR. The factor B
c¢DNA clone was provided by Dr W. Schwaeble (Department of
Microbiology and Immunology, University of Leicester, U.K.).
The middle five exons of the factor B gene encode the vVWF-A
domain of factor B [5]. The first exon begins with Gly??° and the
last ends with Ile**. Oligonucleotides were designed to flank the
region of interest with the introduction of a BamHI1 restriction
site at the 5'-end and an EcoR1 restriction site at the 3’-end to
enable sub-cloning into the pGEX-2T vector in the correct
orientation (5 oligonucleotide CG GGA TCC GGG GAA CAA
CAG AAG CGG AAG; 3 oligonucleotide GGA ATT CTA
GAT CAT TTG GTA GAA AAC ATC TTC). The amplified
cDNA insert (663 bp) produced was digested with EcoR1 and
BamH]1 and ligated into the pGEX-2T vector pre-cut with the
same enzymes. The ligation mixture was used to transform
MC1061 competent cells. Individual bacterial clones containing
cloned cDNA were identified by the production of correct-sized
PCR products using the oligonucleotides described above from
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DNA mini-preps [26]. Sub-cloned DNA from a large-scale
plasmid purification [27] was sequenced using a ‘T? Sequencing
Kit’ following the manufacturer’s protocol. The sequence was
found to be identical with that found in the pFB-2 clone from
which the fragment was amplified. The modifications to the ends
of the amplified product were found to be as intended. As this
recombinant product contained 218 residues, it was denoted
vWF-A-218.

Expression and purification of vWF-A-218

VWF-A-218 was expressed and purified from E. coli by a
combination of the methods described in [24,28]. Overnight
cultures of E. coli transformed with the pGEX-2T constructs
were diluted 1:10 with fresh Luria broth/ampicillin (100 mg/1)
and grown for a further 1 h with shaking. At this point isopropyl
f-D-thiogalactoside (Calbiochem-Novabiochem, Nottingham,
U.K.; A10007) was added to 1 mM. After a further 6 h of
growth the cells were pelleted by centrifugation (20 min; 4000 g)
and frozen at — 80 °C overnight. Samples were then thawed and
resuspended in lysis buffer (1/50 of the starting volume) and left
on ice for 1 h. This was followed by sonication for 3 x 20 s on ice
using an MSE Ultrasonic Processor (375 W) and a 6.5 mm
tapered microtip. The lysis buffer was a hypertonic PBS (MTPBS)
(150 mM NaCl/16 mM Na,HPO,/54 mM NaH,PO,, pH 7.2)
containing 0.2 mg/ml lysozyme, 1 x#g/ml DNAse, 0.1% (v/v)
Triton X-100, 1 mM Pefabloc-SC, 5 ug/ml iodoacetamide,
50 mM benzamidine and 5 mM EDTA. After centrifugation
(10000 g; 20 min) the supernatant was incubated with gluta-
thione—agarose beads (10 ml per litre of culture) at 4 °C overnight
using a rotary stirrer. The beads were recovered by centrifugation
(5 min; 500 g) and washed five times with 2 vol. of MTPBS. To
allow separation of vWF-A-218 from the glutathione S-trans-
ferase carrier protein, the fusion protein was cleaved directly on
the beads with human thrombin. The fusion protein bound to
10 ml of packed resin (suspended in two volumes of MTPBS in
a 50 ml conical centrifuge tube) was digested with 50 ug of
human thrombin for 4 h at 37 °C with gentle mixing. The beads
were then spun down (5 min; 1000 rev./min) and the supernatant
containing the soluble expressed domain was pooled with four
subsequent washes of the resin, each with 10 ml of MTPBS. The
expressed domain was then concentrated 3-fold by partial freeze-
drying and separated from contaminating E. coli proteins by gel
filtration on an FPLC Superose-12 HR10/30 column (Phar-
macia). Gel filtration at a flow rate of 0.3 ml/min was done using
PBS (137 mM NaCl/2.6 mM KCl/8.2 mM Na,HPO,/1.5 mM
KH,PO,, pH 7.3) that was prepared from Dulbecco ‘A’ tablets
(Oxoid, Unipath Ltd, Basingstoke, U.K.). The pooled fractions
containing purified vWF-A-218 [as assessed by SDS/PAGE on
109 (w/v) polyacrylamide gels] were stored at —20 °C with the
addition of iodoacetamide to 2 mM. The absorption coefficient
at 280 nm (1 cm, 19%,) was calculated from the sequence [29] as
15.6 in order to determine protein concentrations and yields.

SDS/PAGE and N-terminal sequence analysis

For SDS/PAGE [30], vWF-A-218 samples were prepared for
electrophoresis under reduced or unreduced (alkylated) con-
ditions, and gels were stained using Coomassie Blue [31]. Samples
for N-terminal sequence analysis were run on SDS/PAGE under
reducing conditions and then electroblotted onto a Problott
membrane (Applied Biosystems) in a Bio-Rad mini Trans-Blot
electrophoretic transfer cell. The blots were stained with Coo-
massie Brilliant Blue and the bands corresponding to the protein
of interest were excised. The N-terminal amino acid sequences
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Table 1

Primers used for the mutation of the vWF-A-218 ¢cDNA to vWF-A-222 by the ‘QuickChange’ method

The muti/antimut! and mut2/antimut2 sequences correspond to the Cys®” — Ser mutation and the four-residue C-terminal extension respectively. Characters in bold represent atterations from
the original vWF-A cDNA sequence. The underlined TAG motif represents the stop codon required for termination of translation. The melting temperature 7, was calculated according to the Stratagene

QuickChange manual. T, = 81.540.41(%GC) —675/N— % mismatch

Identification Amino acid and DNA sequences Direction Length (M) GC T (°C)
mutl T 6 A K K 8 L V N Forward 28 13 74

C ACA GGA GCC AAA AAG TCA CTA GTC AAC
antimut1 GTT GAC TAG TGA CTT TTT GGC TCC TGT G Reverse 28 13 74
mut2 VFY QM1 D E 8 Q Swop Forward 48 21 60

GTT TTC TAC CAA ATG ATC GAC GAG AGC CAG TAG AAT TCA TCG TGA CTG
antimut2 CAG TCA CGA TGA ATT CTA CTG GCT CTC GTC GAT CAT TTG GTA GAA AAC Reverse 48 21 60

~ \

were obtained using an Applied Biosystems 470A protein se-
quencer and Applied Biosystems 120A analyser.

Expression and purification of vWF-A-222

A second recombinant vVWF-A domain, denoted vWF-A-222,
was prepared by site-directed mutagenesis of the pGEX-2T
plasmid containing the vVWF-A-218 clone using the quick-change
site-directed mutagenesis kit (QuickChange 200518, Stratagene,
Cambridge, U.K.). Two cycles of mutagenesis were employed
(Table 1). In the first, Cys?7? was replaced by Ser and an Spel
restriction site (A/CTAGT) was introduced in the mut1 sequence.
In the second, the C-terminus was extended by the next four
residues of the factor B sequence (DESQ), and one Bfal
restriction site (C/TAG) was lost in the mut2 sequence. Oligo-
nucleotide primers were synthesized at Perkin—Elmer Applied
Biosystems (Warrington, Cheshire, U.K.). The mutant plasmids
were ligated into Epicurian Coli XL1-Blue supercompetent cells
for selection. These were identified by the modified restriction
enzyme sites which gave unique digestion fragments. The re-
striction enzyme Bfal was from New England Biolabs (Hitchin,
Herts., U.K.), and the enzyme Spel was from Promega
(Southampton, U.K.). The double mutant plasmid was then
transformed into E. coli MC1061 /P3-competent cells (Invitrogen,
Groningen, The Netherlands) for protein expression. vVWF-A-
222 was purified in a similar manner to vVWF-A-218, except that
iodoacetamide was not now required. The calculated vWF-A-
222 absorption coefficient at 280 nm (1 cm, 19%,) was 15.2 [29].

Hydrodynamic analyses of vWF-A-218 and vWF-A-222

In order to estimate the diffusion coefficient of vWF-A-218, its
elution relative to those for standards was studied on the Superose
12 column described above. Diffusion coefficients of these
standard proteins were plotted against their elution volumes
(human ovalbumin, 7.8 x 107 cm?-s™!; soya bean trypsin in-
hibitor, 9.05x107" cm?-s™*; hen egg lysozyme, 11.2x1077
cm?-s7 [32]). The diffusion coefficient yields the Stokes’ radius a
[33]:

a=kT/6myD,

where k is the Boltzmann constant (1.4 x 107! erg/ °C), T is the
temperature (293 K), 7 is the viscosity of water at 20 °C (0.01
centipoise) and D is the diffusion coefficient at 20 °C in water.
The sedimentation coefficient of vVWF-A-218 was estimated by
linear sucrose-density gradients (12 ml) of 5409, sucrose in
10 mM Tris/HCI, pH 7.4 [32]. vWF-A-218 (50 zl; 300 pg/ml) in
PBS was loaded onto the gradient. Centrifugation was carried
out in a Beckman SW40 Ti rotor at 37000 rev./min for 12 h at

4 °C. Gradients were fractionated by peristaltic pumping from
the base of the gradient, and fractions were analysed by measuring
the absorbance at 280 nm and also by SDS/PAGE on 109,
(w/v) polyacrylamide gels. The sedimentation coefficient was
calculated by comparing the mobility of vVWF-A-218 with those
of standard proteins run under identical conditions (thyro-
globulin, 19.2 S; bovine liver catalase, 11.2 S; BSA, 4.22 S;
myoglobin, 2.04 S) [34]. Knowledge of the Stokes’ radius a and
the sedimentation coefficient gives the relative molecular mass
M, [35]:

M, = (617Na 5°5, .)/(1—7p)

where N is Avogadro’s number, 7 is the partial specific volume
(calculated to be 0.739 ml/g from [29]) and p is the density of
water at 20 °C. The frictional ratio f/f, was calculated from the
ratio of Stokes radii a/a,, where a, is the radius of the sphere
corresponding in volume to the hydrated volume of vWF-A-218
in which the hydration was 0.3 g of H,0/g of protein.

Analytical ultracentrifugation of vVWF-A-218 and vWF-A-222
was performed on a Beckman XLi instrument in which the
sample was monitored using its absorbance at 280 nm and its
refractive index measured by interferometry. Sedimentation
equilibrium data were acquired over 48 h in six-sector cells with
column heights of 3 mm at rotor speeds of 6000, 8500, 11000 and
15000 rev./min until equilibrium had been reached at each
speed. The data were analysed on the basis of a single species
within the Beckman software provided as an add-on to Origin
Version 4.1 (Microcal Inc.), where & for vWF-A-222 was cal-
culated to be 0.738 ml/g [29]. Sedimentation velocity data were
acquired over 8 h at rotor speeds of 42000 rev./min in two-sector
cells with column heights of 12 cm, where scans were recorded at
15 min intervals. Sedimentation coefficients were derived using
the transport method, also provided as an add-on within the
Origin program. To calculate the sedimentation coefficient of
vWF-A from the crystal structure of the homologous vVWF-A
domain in CR3 (PDB code lido [12]), this structure was converted
into spheres of the same total volume as vVWF-A from factor B,
using a grid with cubes of side 0.43 nm, then the model was
hydrated by the addition of a surface layer of spheres using the
HYPRO program [36] to give a total of 535-545 spheres, from
which the frictional coefficient was calculated using the GENDIA
method [36,37].

Assay of functional (C3b-binding) activity of vWF-A-218

An assay system was developed to study factor B binding to C3b,
using C3b immobilized on thiol-Sepharose via the free SH group
in C3b [38]. C3 was purified and converted into C3b [39]. Factor
B was purified by dye-ligand affinity chromatography from
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fresh-frozen human plasma [40]. Aliquots of purified factor B
(100 /~g in 0.2-1 ml of PBS) were radioiodinated, using 0.5 mCi
of Na*"®l (Amersham International, Bucks., U.K.), by lacto-
peroxidase-catalysed iodination using the method of Marchalonis
[41] to a specific activity of 1x 10® c.p.m.//<g.

C3b-thiol-Sepharose was produced as follows. Briefly, the
resin was reduced by adding dithiothreitol (final concentration,
50 mM) to a 1:1 (v/v) slurry (i.e. 1vol. of packed resin: 1vol. of
buffer) in PBS. The mixture was then incubated for 30 min at
37 °C. The resin was then washed with at least five vol. of PBS
before incubation with C3b. Purified C3b in 25 mM Tris/
HC1/140 mM NaCl, pH 8.2, was incubated with pre-swollen
thiol-Sepharose (0.5 mg C3b/ml of resin) for 2h at room
temperature using a rotary stirrer. The percentage of C3b bound
was estimated by measuring the the original solution and
three subsequent washes with PBS. Approx. 20-25 % of the C3b
bound to the resin, in which the final content of C3b was
routinely 100-125 //g/m1l of resin. Remaining free SH groups on
the thiol-Sepharose resin were blocked by incubation with 5 mg
of iodoacetamide per ml of resin for 1h at room temperature.
Non-specific binding sites on the C3b-thiol-Sepharose were
blocked by incubation of the resin with 1 mg/ml BSA in PBS for
1h at room temperature.

The effect of vVWF-A-218 on the binding of radioiodinated
factor B to C3b-thiol-Sepharose was assessed. In each assay,
50 fii of C3b-thiol-Sepharose suspended in 50/d of binding
buffer [10 mM Pipes (sodium salt), 30 mM NaCl, 1 mg/ml BSA,
pH 7.0, containing 0.2 mM MgClJ was pre-incubated with serial
two-fold dilutions of vVWF-A-218 (200/d ; maximum concen-
tration 125 /*g/ml) for 2 h at 4 °C. *"®I-labelled factor B (4 x 10®
c.p.m.) was then added and radioactivity bound to the C3b-thiol-
Sepharose resin was measured after 1h incubation at room
temperature and five washes, each with 0.85 ml of binding buffer.

MS analyses

To measure the mass of vWF-A-218, matrix-assisted laser
desorption ionization (MALDI) MS [42] was performed on a VG
time-of-flight spectrometer. The sample was in 20 mM acetic
acid and loaded in a 1:1 ratio with the matrix sinapinic acid
(?ra«5-3,5-dimethoxy-4-hydroxycinnamic acid) to aid in desorp-
tion. The instrument was calibrated externally using cytochrome
c and insulin. To measure the mass of vWF-A-222, electrospray
ionization MS was performed on a Finnigan Navigator spec-
trometer with a Waters Alliance liquid-chromatography system
for sample delivery. The sample was in deionized water and was
loaded at a 1:1 ratio with 50 % acetonitrile. The instrument was
calibrated using water clusters. MALDI mass analysis was also
performed with a PBS-1 mass analyser using a normal-phase
chip surface (Ciphergen, Camberley, Surrey, U.K.). The vWF-A-
218 and vVWF-A-222 preparations (at 1 mg/ml in PBS containing
0.5 mM MgClg: Sigma, D-5773) were incubated with 2% (w/w)
recombinant factor D overnight at 37 °C and dialysed against
distilled water before MS analysis. Each sample was mixed with
an equal volume of matrix solution (50% acetonitrile/1%
trifluoroacetic acid with sinapinic acid) before application to a
normal-phase chip used in the mass analyser. The instrument
was calibrated internally against bovine /?-lactoglobulin A as
standard. Recombinant factor D was a gift from Professor J. E.
Volanakis (Department of Medicine, University of Alabama at
Birmingham, AL, U.S.A.) [43]. Molecular masses were calculated
from their amino acid sequences using averaged isotopic atomic
masses in the PAWS MS program (http:/www.
proteometrics.com).
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RESULTS
Expression and purification of tlie vVWF-A-218 domain of factor B

The 218-residue vWF-A domain (denoted as vVWF-A-218) was
expressed as a fusion protein with glutathione S-transferase. The
expected molecular masses from amino acid sequences were
51 kDa for the fusion protein, 26 kDa for the fusion partner
glutathione S-transferase and 25 kDa for the vWF-A domain.
Figure 1shows from SDS/PAGE analysis that a major protein
product was present with an apparant molecular mass of about
43 kDa in cell lysates, which has therefore migrated anomalously
compared with its expected value. The fusion protein was stable
even after 6 h of induction and showed no signs of degradation.
Cleavage of the fusion protein bound to glutathione-agarose
beads with thrombin resulted in the release of the recombinant
domain into the supernatant, as confirmed by the 25 kDa band
in Figure 1. The glutathione-agarose beads were suspended in 2
vol. of MTPBS before cleavage with thrombin, as smaller volumes
resulted in protein precipitation in the supernatant. The yield
was estimated as 7-10 mg/1 of culture from the absorbance at
280 nm (see Materials and methods section). N-terminal sequence
analysis of the recombinant product gave a homogeneous
sequence NHg-GS*"**GEQQKRKIV The residues GS pre-
ceding the vVWF-A domain sequence were derived from the
thrombin-recognition site LVPRGS in the vector sequence. This
sequence also contained the site at which factor D cleaves intact
factor B between Arg-234 and Lys-235 [44]. MS of the product
gave a molecular mass in agreement with the expected value for
the vWF-A-218 domain (see below). On storage of the purified
domain, a protein band was occasionally apparent at approx.
twice the molecular mass of the recombinant domain when
assessed by non-reducing SDS/PAGE on a 10% (w/v) poly-
acrylamide gel. This band was not seen under reducing conditions

kD

43-

29-

197

Figure 1  SDS/PAGE analysis on a 10% (w/v) polyacrylamide gel of stages
In the expression and purification of the vVWF-A-218 domain under reducing
conditions

Aliquots of 10/(1 were run on SDS/10%-PAGE and samples were stained with Coomassie Blue.
Lane 1, total £ @l ceil lysate after 6 h of induction with isopropyi “g-o-thiogaiactoside. The
major band close to an apparent molecular mass of 43 kDa represents the glutathione S-
transterase-vWF-A fusion protein, which has migrated anomalously compared with its expected
value of about 50 kDa. Lane 2, total £ collcell lysate after incubation with glutathione-agarose
overnight at 4 °C to show that the fusion protein had been removed. Lane 3, fusion protein
attached to the glutathione-agarose beads. Lane 4, material remaining bound to the glutathione
beads after thrombin cleavage, where the major band at ~ 26 kDa is glutathione S+ransferase.
Lane 5, supermnatant after thrombin cleavage that contains the soluble VWF-A-218 domain
(-25 kbDa).
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and was therefore attributed to a disulphide-linked dimer of
vWF-A-218, as there is a single free cysteine at position 267 [45].
Treatment with 2 mM iodoacetamide before storage prevented
dimer formation.

For the large-scale production of vWF-A-218 for structural
studies, the glutathione-agarose purification protocol was
efficient, and over 909 purity was routinely obtained by
thrombin cleavage. Since the solubility of the fusion protein was
impaired if the E. coli cells were stored at —20°C between
harvest and lysis, maximal yields were achieved by the growth of
cells, their lysis and the binding to glutathione-agarose within
1 day. The use of 5 mM dithiothreitol as a reducing agent during
lysis inhibited dimer formation. After binding the fusion protein
to glutathione—agarose, the dithiothreitol was washed out using
degassed buffer before the thrombin cleavage step. Since freeze—
drying promoted vWF-A aggregation, protein concentration was
achieved instead by using Amicon stirred cells under nitrogen
pressure. To prevent dimer formation during storage at 4 °C, the
vWF-A-218 sample was exposed to 10 mM iodoacetamide for
1 min at 37 °C. Despite this, minor aggregation and precipitation
occurred during storage, and further purification to better than
95%, by size-exclusion chromatography on a HiLoad 16/60
Superdex 75 column was successfully used to separate the
monomer from other forms. The occurrence of these aggregates
reduced the net yield of purified vVWF-A-218 to 3 mg/1 of culture
during storage, and its solubility did not exceed 3 mg/ml.

Development of the vVWF-A-222 expression system

To improve the yield and solubility of vVWF-A, two modifications
were made. (1) Since dimerization was attributable to the single
Cys? residue within vWF-A-218, the sequence alignment of the
vWF-A superfamily [7] was examined to investigate the sig-
nificance of Cys?¢?. This was found not to be conserved in the
superfamily, even though another free Cys residue is found in the
vWF-A domain of complement C2 [7]. Whereas this thiol group
in C2 was essential for the normal assembly and decay of the
classical pathway C3 convertase, the function of Cys?* in native
factor B was uncertain [45]. Thus a Cys?%? — Ser mutation should
eliminate dimerization with only a minor perturbation of the
vWEF-A structure, as both residues are polar and small. (2) The
examination of VWF-A crystal structures showed that the two C-
terminal residues of the vWF-A-218 domain were Met and Ile,
both of which are hydrophobic and solvent-exposed. In addition,
the C-terminal a-helix A12 was found to have been truncated
(see Figure 1 of [11]). Since these may account for the reduced
structural stability of vWF-A-218, the addition of the next four
residues in factor B (DESQ) to vWF-A-218, all of which are
hydrophilic, should assist a-helix formation and the stability and
solubility of the vVWF-A domain.

Primers were designed to adapt the vWF-A-218 domain to
incorporate these two modifications in two steps, the final product
being denoted VWF-A-222 (Table 1). The first and second
mutations were verified by experimental observation of the
expected changes in the restriction digestion pattern of the
plasmid by EcoR1 and Spel (first mutation) and by Bfal (second
mutation). In SDS/PAGE analysis of the vWF-A-222 cell
culture, the cell lysate contained a major band at around 43 kDa.
This fusion product was positive in a Western blot using factor
B polyclonal antiserum. After purification (see Materials and
methods section), both the cleaved vVWF-A-218 and vWF-A-222
domains were again recognized in Western blot analyses using
this polyclonal antiserum. By MS, both vWF-A-218 and vWF-
A-222 showed a prominent single peak in clean spectra with
masses of 24548 and 25002 respectively in MALDI and electro-
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Figure 2 Sedimentation equilibrium data for the vWF-A-222 domain

The absorbance values at 280 nm are shown as a function of radial distribution at equilibrium
for a loading concentration of 0.8 mg/ml at 20 °C and a rotor speed of 15000 rev./min. The
data are fitted to a monomer model which is shown as a line through the experimental data
points (O). The corresponding distribution of the residuals in the upper panel (@) is small
and random, indicating that a good fit solution had been obtained.

spray experiments. These masses were in good agreement with
predicted masses of 24562 and 25005 respectively (see Materials
and methods section). In large-scale preparations of vWF-A-222,
yields were improved to 10 mg/1 of culture, no dimerization or
precipitation was observed during storage at 4°C and the
solubility was increased to about 8 mg/ml in PBS.

Hydrodynamic properties of the recombinant vWF-A-218 and
VWF-A-222 domains

Given the occurrence of aggregation and precipitation during
storage, it was necessary to demonstrate for the functional
analyses below that the vVWF-A domain was monomeric in
solution. Based on the elution positions of three standard proteins
in gel filtration (Materials and methods section), the diffusion
coefficient for vWF-A-218 was found to be between 8.4 x 1077
and 9.9 x 1077 cm?-s7. From this, the Stokes’ radius a of vVWF-
A-218 was found to be 2.4+0.2 nm. Using sucrose-density-
gradient centrifugation (see Materials and methods section) [32],
the sedimentation coefficient was found to be 2.44+0.2 S, based
on comparison with four standard proteins. These data gave a
vWF-A-218 molecular mass between 22 and 30 kDa, where the
range reflects the errors in the determinations of a and %, .. The
comparison with the expected molecular mass of 25 kDa from
the sequence showed that vWF-A-218 was monomeric. The
frictional ratio f/f, was calculated as 1.1 (see Materials and
methods section); since this was close to 1.0 (the value for a
sphere), this showed that vWF-A-218 possessed a compact
structure.

To confirm quantitatively that the vVWF-A-218 and vWF-A-
222 domains were monomeric over the concentration range used
for functional and structural studies, both were subjected to
sedimentation equilibrium analysis (Figure 2). Curve fits on the
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l-labelled factor B bound (cpm)

0 10 20 30

ug of competing specles

Figure 3 Effect of the recombinant vWF-A domain on the binding of '*]-
iabelled factor B to C3b—thioi-Sepharose

In each tube 50 ul of C3b—thiol-Sepharose (containing 5 xg of C3b) was pre-incubated with
serial 2-fold dilutions of intact unfabelled factor B (A), VWF-A domain ([]) or ovalbumin (@)
(200 p!; maximum concentration 125 £g/ml) for 2 h at room temperature. The assays were
all carried out in 10 mM Pipes (sodium salt}/0.2 mM MgCl,/30 mM NaCl/l mg/m! BSA,
pH 7.0. "®|-labelled factor B (4 x 10° c.p.m.) was then added to each tube and the bound
radioactivity was measured after a 1 h incubation at room temperature and five washes with
the binding buffer.

basis of a single monomeric species in a concentration range
between 0.3-0.9 mg/ml gave molecular masses of 2400042000
for vWF-A-218 and 27000 + 2000 for vWF-A-222, both of which
agree with the expected values of 24 500 and 25000 respectively.
Sedimentation velocity experiments gave an s°, ., value of
2.540.3 S for the vVWF-A-218 and vWF-A-222 domains. Cal-
culations of the sedimentation coefficient from the homologous
VvWF-A crystal structure from CR3 gave values of between 2.5
and 2.6 S. This comparison with the experimental values showed
that the recombinant domains possessed monomeric structures
that were similar to the CR3 crystal structure.

CD, Fourier-transform IR spectroscopy and NMR spectro-
scopy on the VWF-A-218 and vWF-A-222 domains demonstrated
nearly identical results, which showed that both domains ex-
hibited folded protein structures with a-helix and g-sheet [7].
This showed that the three-dimensional structure of vVWF-A had
not been perturbed in modifying the original expression vector.

Functional binding of the vWF-A-218 domain to C3b

The availability of a structurally characterized recombinant
vWEF-A-218 domain provided a unique opportunity to study its
functional activity, as work on the isolated vVWF-A domain had
not previously been possible. Direct binding of !2°I-labelled
vWF-A-218 to C3b-thiol-Sepharose was first investigated.
Approx. 100 ug of purified vVWF-A domain was radiolabelled to
a specific activity of 1.2 x 10® c.p.m./xg using the lactoperoxidase
method, and a test assay was set up to investigate whether direct
binding of the vVWF-A domain to C3b-thiol-Sepharose could be
demonstrated. No direct binding of **I-labelled vVWF-A was
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GS remainder
of thrombin

cleavable linker factor D rest of vWF-A
— sequence
GSGEQQKRKIVLDPSG --------- »
GSGEQQKR
fragment

{M, change 871)

Figure 4 Representation of the factor D cleavage site in the recombinant
vWF-A domain sequence

noted. Binding to C3b-thiol-Sepharose was no higher than to a
control preparation of thiol-Sepharose which contained no C3b.
The potential interaction of the vWF-A-218 domain with C3b
was then studied by a more sensitive indirect binding assay,
based on the assessment of its ability to compete with *°I-
labelled factor B for binding to C3b attached to thiol-Sepharose.
Using this, direct binding of !2°I-labelled factor B to C3b—thiol-
Sepharose was observed in the presence of Mg?** ions. Com-
petition binding studies were carried out (Figure 3). The assay
was validated using unlabelled factor B as a positive control and
an irrelevant protein (ovalbumin) as a negative control. The
maximum inhibition obtained with unlabelled factor B was close
to 100 % as expected. The recombinant vVWF-A-218 domain was
able to inhibit the binding of '**I-labelled factor B to C3b—thiol-
Sepharose to a maximum of 60%,. This was achieved with
6.25 ug of vVWF-A domain that was approx. an 8-fold molar
excess over C3b. The same level of inhibition was achieved with
approx. 4 ug of Factor B, a 1.7-fold molar excess over C3b.

Effect of factor D on vWF-A-218 and vWF-A-222

To test whether factor D could cleave the vVWF-A-218 domain in
the presence of C3b in the fluid phase, conditions were used in
which factor D cleaves intact factor B. A mixture of VWF-A-218,
C3band factor D (in 10 mM Pipes/30 mM NaCl/0.2 mM MgCl,,
pH 7.0) was placed in a 1.5 ml tube at a 50:25:1 ratio by mass
in a final volume of 200 xl [VWF-A (100 xg)/C3b (50 ug)/factor
D (2 #g)] and incubated for 4 h at 37 °C. Cleavage of vWF-A-
218 by factor D would result in the removal of an eight amino
acid peptide (GSGEQQKR; Figure 4), so that the cleaved
domain would have the new N-terminus KIVLDPSG. N-terminal
sequence analysis (see Materials and methods section) was carried
out on VWF-A-218 which had been incubated with C3b and
factor D. Comparative sequencing was also carried out on vWF-
A-218 which had been incubated with C3b only. The results
obtained indicated that 109, of the vVWF-A domain had been
cleaved in the sample incubated with both C3b and factor D,
whereas no cleavage was detected in the control in which factor
D was omitted. These results suggest that factor D is capable of
cleaving the vVWF-A domain in the presence of C3b.

To test whether the vVWF-A domain could be cleaved by factor
D in the absence of C3b, vWF-A-218 and vWF-A-222 (50 4l at
1 mg/ml) were incubated with recombinant factor D (1 ul of
factor D at 1 mg/ml) in PBS at 37 °C and pH 7.5 for 24 h. The
products were dialysed into water, then mixed with matrix
solution and applied to a mass analyser (see Materials and
methods section). In both cases, the incubation resulted in the
slow production of a cleaved vVWF-A domain with a mass
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(a) VWF-A-218 24,503

18,363

24,501
23,658

(b) VWF-A-222 25,041

Intensity

18,363

30,000

20,000
Mass

Figure 5 Effect of factor D on vWF-A-218 and vWF-A-222 by mass
analysis

Mass spectra from (a) the vWF-A-218 and (b) the vWF-A-222 domains are shown. Molecular
mass values are reported for each peak, based on internal calibrations against bovine g-
lactoglobutin A (18363 Da). in each of (a) and (h), the upper trace corresponds to the purified
domain and the lower trace to that of the domain after treatment with factor D for 24 h. In both
lower traces, a second peak with a reduced molecular mass is visible and corresponds to the
cleaved VWF-A domain when each is compared with its respective upper trace.

reduction of 796 + 73 (mean + S.D.; three measurements) (Figure
5). This agreed well with the expected mass reduction of 871
based on the removal of the N-terminal eight-residue peptide in
the recombinant domains (Figure 4). In both cases, peaks cor-
responding to the uncleaved domain were also visible (Figure
5). Even if it was assumed that the efficiency of desorption was
equal for cleaved and uncleaved vWF-A-218 and vWF-A-222,
this result suggested that cleavage had occurred, and that factor
D was active against the free VWF-A domain in the absence of
C3b.

DISCUSSION

In this study, a full-length cDNA clone for factor B was used to
amplify the 218 residues encoding the vVWF-A domain (residues
229-444) by PCR, and this resulted in expression with high yield.
Expression was validated from SDS/PAGE molecular-mass
determination and amino acid sequencing. This recombinant
system corresponded to the exon structure of the gene and gave
monomeric protein in gel filtration and sucrose-density centri-
fugation, but led to slow disulphide-linked dimerization and
aggregation and precipitation during storage. The inspection of
our alignment for 75 vWF-A sequences and our analysis of the
vWF-A crystal structure [7,11-13] enabled us to develop ration-
ally a modified recombinant system in which a Cys?*" — Ser
mutation had been performed and the C-terminus of the vWF-
A-218 domain had been lengthened by four residues to in-
corporate a C-terminal a-helix. With these changes, the protein
stability was improved, and monomeric protein in solution was
obtained (Figure 2). In illustration of the improvement, crystal-
lization trials with vVWF-A-222 have yielded larger better-formed
crystals compared with the large number of small crystals

obtained with vWF-A-218 (J. H. and S. J. P., unpublished work),
and structural studies have been performed [46]. The observation
of a compact solution structure is in agreement with the crystal
structures of homologous vWF-A domains [12,13]. It is also
consistent with the observation of three- and two-lobed structures
for intact factor B and the Bb fragment by electron microscopy,
since it can be assumed that the vWF-A domain would form
one of these lobes. The production of eight contiguous vWF-A
domains from the «-3 chain of collagen VI has been achieved
using a eukaryotic expression system [47]. There, the structure of
the expressed fragment was visualized to contain eight small
globules using electron microscopy, which is consistent with the
results on vVWF-A domains and factor B.

The production of the vVWF-A-218 domain enabled its func-
tional binding to C3b to be studied. The studies carried out here
agree with earlier suggestions for the role of the vVWF-A domain
in factor B [20]. Since the present work shows that the vVWF-A
domain can specifically inhibit the binding of factor B to C3b, it
contains a binding site for C3b. Although the domain was unable
to bind to C3b-thiol-Sepharose directly, it was able to compete
with '?I-labelled factor B for binding, the inhibition being
maximally ~ 60 % in the presence of 0.2 mM Mg?**. The negative
results from the direct binding studies are best explained by
postulating that the binding of the vWF-A domain to C3b is
weak and that it dissociates during the washing steps. Interaction
of Ba with C3b was detected by studying inhibition, by Ba, of
formation of the convertase C3bBb, but direct binding of
unmodified Ba to C3b was not observed [17]. These observations
are characteristic of a complex formed by multiple weak binding
interactions, not one formed by a single-site high-affinity inter-
action.

The availability of the recombinant vWF-A domain also
provided insight into the cleavage of factor B by factor D. Factor
D circulates in its active form as there is an apparent absence of
a zymogen form in blood. The enzyme is also highly specific, as
it cleaves its only known substrate, factor B, only when factor B
is bound to C3b or C3(H,O) [44]. Several hexapeptides cor-
responding to the factor B sequence surrounding the bond that
is cleaved by factor D were studied [48]. The peptides were
assessed for their ability to inhibit factor D enzymic activity and
for their susceptibility to cleavage by several SPs including factor
D. The peptides were all able to inhibit factor B cleavage by
factor D, but were not substrates for factor D. Active-site
mapping of factor D with peptide thioesters revealed some
interesting features [19,49]. Factor D was able to express estero-
lytic activity against some Arg thioesters, but its catalytic
efficiency was found to be three or four orders of magnitude
below that of trypsin and Cls. It was suggested on the basis of
these results that the active site of factor D as it exists in serum
has a zymogen-like conformation, which has an obstructed
binding site. This view is supported by recent crystal structures
for factor D which revealed a self-inhibitory loop in its
structure [50]. The active conformation is then induced by its
substrate the C3b—factor B complex.

Since the recombinant VWF-A domains contain factor D
cleavage sites, the effect of factor D on vWF-A in the presence
and absence of C3b was studied by two independent methods. It
is significant that factor D was observed to cleave vVWF-A slowly
on its own in both cases, since this indicates that the free vVWF-
A domain is an adequate substrate for factor D. In contrast, if
intact factor B was incubated with factor D in the presence of
C3b, more than 959%, of the factor B was efficiently converted
into Ba and Bb. One possible explanation for the different
extents of cleavage of free VWF-A domain and factor B is that
the affinity of vWF-A for C3b is much less than that of intact
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factor B, because of the existence of fewer contact points (Figure
3). This would mean that the concentration of the C3b—vWF-A
complex is much lower than that of the C3b—factor B complex,
so the cleavage of the C3b—vWF-A complex would be slower.
Another possible explanation is based on the existence of two
alternative conformations of the vWF-A domains. General
evidence for these in the vWF-A superfamily is found from the
distinct locations of mutation sites on the same vVWF-A domain
that corresponds to type 2B and 2M von Willebrand’s disease [9],
and several crystallographic studies of different structures in the
presence and absence of metal in the vVWF-A active site [13,51].
Thus, if the vWF-A domain of factor B has two conformations
that depend on whether it is bound to C3b or to the remainder
of the factor B structure, and only the C3b-bound vWF-A
conformation is efficiently cleaved by factor D, the less efficient
cleavage of the isolated vVWF-A domain may correspond to the
existence of both conformations of the isolated vVWF-A domain
when this is free in solution, only one of which is cleavable by
factor D. Further kinetic and structural studies are required to
resolve these questions.

The production of the isolated vVWF-A domain from factor B
has provided interesting insights into its previously un-
characterized function. Proteins that are members of the VWF-A
domain superfamily have a wide variety of ligand-binding roles
[6]. The vWF-A domain from factor B can now be included in the
list of vWF-A domains that have ligand-binding functions.
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Introduction
The von Willebrand factor type A (vWF-A)
domain has been of great interest for reason of its
widespread occurrence and its varied functions in
many different proteins of the immune system and
the extracellular matrix, as well as in blood
coagulation [1]. In complement, it occurs once in
each of the plasma proteins factor B and C2, and it
is also found in the membrane proteins comp-
lement receptor types 3 and 4 (CR3 and CR4
respectively). Typically the vWF-A domain con-
tains approximately 206 residues, and 75 vWF-A
domains had already been sequenced by 1994 [2].
It was termed the type A domain since it corre-
sponded to one of the four different domain types
A-D that were characterized in the sequence of
human von Willebrand factor (vWF), a protein
important in coagulation [3]. For this reason, it
became designated as the vWF-A domain in the
SWISSPROT and PROSITE databases [4].
Other groups have termed this domain as an A-
domain to correspond to its ‘adhesive’ properties,
while those who work with the integrins have
termed it as an ‘inserted’ or I-domain, as it occurs
in some integrins but not in others [5].

During the past 5 years, significant progress
on vWF-A domain structures has been reported,

Abbreviations used: CR3, complement receptor type 3; Gplb,
glycoprotein Ib; LFA-I, lymphocyte function-associated antigen-1 ;
MIDAS, metal-ion-dependent adhesion site; SCR, short con-
sensus/complement repeat; SP domain, serine protease domain;
VWEF-A, von Willebrand factor type A.
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although there is “still much to be done.
One interesting aspect of structural studies on
the vWF-A domain was the success of pre-
diction methods in identifying the vWF-A sec-
ondary structure even before the first vWF-A
crystal structure was determined [2,6], and like-
wise the successful identification of the protein
fold before this crystal structure was published
[7-9]. The latter stimulated much interest in new
protein fold recognition methods, in which there
is little similarity between a given sequence for an
unknown protein structure and the sequence of a
known protein fold, and yet features of that known
protein fold are compatible with that starting
sequence [10]. Both the use of modelling and its
application to functional studies are discussed
here. At present, modelling studies in combination
with recent crystal structures raise the question
of whether or not the vyWF-A domain exhibits
allosteric properties. The analysis of naturally
occurring genetic mutations in the first vVWF-A
domain of vWF and the structural and functional
properties of a recombinant vWF-A domain from
complement factor B provided relevant infor-
mation.

Structural studies of the vyWF-A
domain from factor B

Factor B is a five-domain 90 kDa serine protease
proenzyme which is part of the human serum

‘complement system [11]. It binds to the comp-

lement protein C3b and is activated by the protease
factor D whereupon it becomes cleaved into the Ba
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and Bb fragments. The C3b-Bb complex consti-
tutes the alternative pathway C3 convertase, which
is able to convert C3 into C3b and C3a in a rapid
amplification loop. The Ba fragment contains
three short consensus/complement repeat (SCR)
domains (also known as complement control pro-
tein domains), while the Bb fragment contains a
vWF-A domain and a serine protease (SP) do-
main. A recombinant vVWF-A domain was suc-
cessfully expressed in high yield as the middle five
exons of human complement factor B, and a
modified form of this exhibited improved stability
[12,13]. Its functional activity was demonstrated
by its ability to compete with radioiodinated factor
B for binding to C3b, which showed that this
vWF-A domain has a ligand-binding role. As the
overall binding of factor B to C3b involves two or
more weak interactions, which when combined
give a higher affinity, the binding of recombinant
vWF-A to C3b is typical of a system with multiple
weak interactions, in which the SCR and SP
domains in factor B also contribute to C3b binding
[14-17].

Structural studies of this recombinant vWF-
A domain showed that it behaved as a monomer in
solution and had a compact folded structure [13].
Fourier transform infrared spectroscopy of the
vWF-A domain in buffers based on both H,O and
®H,O solvents revealed vibrational bands at fre-
quencies that clearly corresponded to solvent-
exposed a-helices and solvent-inaccessible buried
f-strands [2]. The use of standard secondary
structure predictions based on the classical Chou—
Fasman and GOR approaches, but averaging the
results over 75 vWF-A sequences, indicated an
almost complete alternation of a-helix and f-
strand secondary structures throughout the se-
quence alignment. The prediction and infrared
data were therefore in full agreement with each
other.

Comparison of the identified protein
fold of the vWF-A domain with its
crystal structure

The predictive and infrared work in [2] implied
that the chances of identifying a known protein
fold that resembled the vVWF-A structure were
high, so further predictive analyses were per-
formed [7]. Sequence database searches for hom-
ologous proteins failed to reveal significant se-
quence similarity at the > 309% level. Other
secondary structure prediction algorithms (PHD
and SAPIENS) were therefore used to supplement
the Chou-Fasman and GOR algorithms. Their
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consensus showed that six a-helices (A) and six f-
strands (B) were predicted in the order BABBA-
ABABABA. The presence of BAB repeats is
typical of either an open twisted f-sheet structure
flanked by a-helices above and below a buried
parallel S-sheet, or a closed f-sheet barrel in which
a buried core of parallel B-strands is flanked by a
surface layer of a-helices [18]. There are no known
closed f-barrels with less than eight f-strands, so
the predicted presence of six f-strands meant that
this general family of folds could be eliminated as
a candidate vVWF-A structure. Of the known
doubly-wound a/f folds, the observed secondary
structure for the GTP-binding domain of ras-p21,
with five a-helices and six f-strands, came close to
the predicted one for vWF-A. Protein fold rec-
ognition programs (which are based on matching
side-chain pairwise potentials and solvation en-
ergies of a given sequence with a given three-
dimensional topology) suggested that the ras-p21
fold gave a good match to the vWF-A sequence.
The ras-p21 fold is a typical dinucleotide-binding
protein. The active site occurs at a crevice at the
centre of the carboxyl-edge of the f-sheet struc-
ture, from which two parallel f-strands lead
towards opposite ends of the central f-sheet. Two
well-conserved Asp residues in vWF-A had pre-
viously been shown to be important for Mg?"
binding [19]. When the position of these Asp
residues was compared with the fold prediction, it
was highly significant that both Asp residues were
found adjacent to each other in the ras-p21
structure, and this observation completed the fold
identification. Despite the lack of sequence or
functional similarity between the vWF-A domain
and the dinucleotide-binding fold, the position of
several internal disulphide bridges in the vyWF-A
superfamily could also be explained on the basis of
the ras-p21 protein fold, and this increased the
confidence of the prediction.

When the vWF-A domain crystal structure
from CR3 (CD11b) was subsequently published
[6], this raised the question of the accuracy of the
fold prediction. We found that the vWF-A sec-
ondary structure was predicted with 62-75%
accuracy on a residue-by-residue basis, and 12 of
the 13 secondary structure elements BABBAA-
ABABABA were identified correctly [8,9]. The
solvent accessibility predictions for individual
residues were 69—71 %, accurate. It was also found
that the fold recognition program analysis was
much improved by averaging the results from 70
complete vVWF-A sequences, and this showed that
the ras-p21 fold, and also that for flavodoxin,




scored highly. Many other features of the fold
prediction were largely accurate, in particular the
predicted Mg”~-binding site in the active-site cleft,
which appeared within a five-residue MIDAS
(metal-ion-dependent adhesion site) motif con-
sisting of the residues Asp-Xaa-Ser-Xaa-Ser to-
gether with Thr and Asp residues from elsewhere
in the structure [6]. The main difference from the
original prediction is the reversal in direction of a
y9-hairpin at one end of the central *-sheet. This
observation is important as it distinguishes the
vW F-A protein fold from those of closely related
dinucleotide-binding proteins such as ras-p21 or
the flavin mononucleotide-binding protein flavo-
doxin, where the )S-hairpin is absent (see Figure 3
of [8]). This difference is never mentioned by
vW F-A crystallographers, yet is relevant to type
2B von Willebrand’s disease!

Molecular basis of von Willebrand’s
disease

The vW F-A structure provided insights into the
molecular basis of von Willebrand’s disease, the
most common inherited bleeding disorder [20].
vWF is a large multimeric, multidomain gly-
coprotein found in platelets, endothelial cells and
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plasma. Three vWF-A domains occur in vVWF
(termed Al, A2 and A3). These mediate binding
to glycoprotein Ib (Gplb), ristocetin, botrocetin,
collagen, sulphatides and heparin, and the A2
domain provides a physiologically relevant metal-
loprotease site involved in the cleavage of large
VW F multimers. Genetic mutations causing types
2B, 2M and 2A von Willebrand’s disease are
located in the Al and A2 domains. In the light of
crystal structures for CR3 and the lymphocyte
function-associated antigen-1 (LFA-1; GDIla)
that were available at the time [6,21-23], homology
modelling of all three vW F-A domains in vWF
was undertaken in order to provide a molecular
interpretation of vVW F function and mutation sites.
These were supplemented using the alignment of
75 vW F-A sequences [2] and the availability of 28
new sequences for the Al and A2 domains from a
wide range of mammalian species [24]. This
detailed sequence data enabled residue conser-
vation to be assessed in terms of their functional
significance.

One key result from this work [25] was the
absence of one of the two metal-binding Asp
residues in the vW F-A active-site cleft in all three
type A domains of vWF, so this implied that the

8KIwWaK&awWiKii,

Location of the mutation sites in the crystal structure of the vWF Al domain
([25,27]; PDB code lauq) that are involved in type 2M and type 2B von
Willebrand’s disease

The central /i-sheet is seen horizontally and edge-on, with the flanking a-helices above and
below the yff-sheet. The carboxyl-edge ofthe ~-sheet is at the left side at which the active-site

cleft is located, and the amino-edge is to the right. The positions of four type 2M mutations

associated with Gplb and ristocetin binding are shown to the upper left as spheres or a dark

ribbon, while those of eight type 2B mutations associated with a predicted heparin-binding site

are shown to the lower right as spheres. The N-terminus and C-terminus are denoted by N and

C respectively.

R629-Q639del

Type 2M mutations
[Gplb binding]

Active site
[Ristocetin]

R578Q, M540ins, R543W

K645del

R611C/H

V553M,
V551L/F,
W550C

R545C,
P574L

Type 2B mutations
[Heparin]
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vWPF-A active site did not bind metal. Instead,
comparison with previous residue- and peptide-
mapping studies showed that the active-site cleft
at the crossover point at the carboxyl-edge of the
central f-sheet of vWF-A corresponded to the
ristocetin-binding site in the A1 domain (ristocetin
is an antibiotic that stimulates vWF binding to
platelets) and to the metalloprotease cleavage site
in the A2 domain. The other key result from the
homology modelling was the conservation of the
vWF residues Arg-571, Lys-572, Arg-578, Arg-
579 and Lys-585 in all 28 A1 mammalian sequen-
ces. These basic residues were not conserved in 72
other vyWF-A sequences [2]. The location of these
residues corresponded to the a-helices A2 and A3
at the amino-edge of the vWF-A fold. The spatial
separation of the charged groups on these basic
residues was consistent with a prediction that
these constituted the vWF heparin-binding site in
the Al domain [25]; heparin is known to inhibit
the interaction of vVWF with GplIb.

The Al homology model was able to provide
molecular explanations of the mutations causing
type 2B and type 2M von Willebrand’s disease
[25]. The type 2M mutations are involved in the
down-regulation of GplIb binding to vWF. Both
in the Al model and in two subsequent crystal
structures [26,27], these mutations were spatially
clustered at the carboxyl-edge of the f-sheet and
above it (Figure 1). The ristocetin-binding site is
located at the active-site cleft, and the Gplb-
binding site is located in the vicinity of this cleft.
Distinct from this, the type 2B vWD mutations
are involved in up-regulation of GpIb binding to
vWF. Their mutation sites were spatially clustered
at the amino-edge of this f-sheet and below it, on
the opposite side of the A1 domain from the type
2M mutation sites (Figure 1). The type 2B
mutations are comparatively close to the predicted
heparin-binding site. It would appear that the
type 2B mutations disrupt the inhibition caused
by heparin binding, thereby up-regulating vWF
function. The two separate locations for these
mutation sites implied that the vWF-A1 domain
displays \all‘osteric properties, whereby its GplIb-
binding activity could be brought under physio-
logical regulation, and there is mutational evidence
for this [28].

The type 2A vWD mutations in the A2
domain presented a different phenotype in which
the secretion of vVWF and its stability to proteolysis
were affected. The comparison of the type 2A
mutation sites with the A2 homology model
showed that these sites corresponded to buried
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residues that were otherwise 1009, conserved
across all 28 mammalian species [25]. These
residues are likely to be important for the protein
folding of the A2 domain and the conformation of
the surface metalloprotease site in the active-site
cleft.

Structure-function studies of the
vWF-A domain from factor B

By mid-1999, the crystal structures for five dif-
ferent yWF-A domains in CR3, LFA-1, very late
activation protein-2 receptor (VLA-2; CD49b)
and the Al and A3 domains of vWF had been
determined. A comparison of the MIDAS metal-
binding motif in these structures shows that the
Mg?** co-ordination site with the two Asp residues
shows slight differences between them. Metal
binding is absent from the vWF Al and A3
structures as predicted from sequences [2,24,25],
although the a-helices A2 and A3 in these struc-
tures are combined into one. In addition, the C-
terminal a-helix A7 displays conformational flexi-
bility in the five structures (Figure 2). As there is
presently no crystal structure for the vWF-A
domain of factor B, its structure was modelled by
standard homology methods [29]. Comparisons
with the five different vWF-A crystal structures
showed that the vVWF-A domain from factor B
(and its homologue C2 in the classical complement
pathway) is significantly larger than any of these.
All six hydrophobic f-strands in the vWF-A
domain of factor B are well conserved, together
with the a-helices Al and A4, and could be readily
identified in the five crystal structures. Together
with the location of the five conserved metal-
binding residues in the factor B and C2 sequences,
this permitted the identification of four insertions
in surface loop regions at the carboxyl- and amino-
edges of the central f-sheet in the vWF-A domain
of factor B. The two insertions at the carboxyl-
edge corresponded to the two sides of the active-
site cleft. The connections of the factor B vWF-A
structure with the SCR and SP domains in factor
B both occur at the amino-edge of the central
vWF-A f-sheet (Figure 2), close to the position
of the other two sequence insertions and on
the opposite side of the vWF-A domain from the
active-site cleft.

The vWF-A homology model was used in
conjunction with surface-enhanced laser desorp-
tion ionization mass spectrometry to investigate
the reaction of vVWF-A with immobilized C3(NH,)
[29]. The mass spectroscopy experiments showed
that the vWF-A domain bound to C3(NH,), in




agreement with the C3b competition experiments
[13]. The vW F-A domain was then subjected to
tryptic proteolysis when it was bound to immobi-
lized C3(NHg). After washing, mass spectroscopy
identified two vWF-A peptides (residues Gly-
229-Lys-265 and Thr-355-Arg-381 involving the
a-helices A1 and AS5: black ribbons in Figure 2)
that were still bound to C3(NHg). The comparison
of these peptides with the occurrence of surface-
exposed residues and the elimination of buried
residues in the vVW F-A homology model showed
unequivocally that a major function of the vW F-A
domain is to bind to activated C3 at its active-site
cleft (Figure 2). This is consistent with the results
of site-specific mutagenesis studies of single resi-
dues or short peptides that are located in the
active-site cleft [30,31].

The vWF-A homology model showed that
the factor D cleavage site is eight residues away
from its N-terminus (Figure 2). The recombinant
vVWF-A domain also included an extra eight
residues that are N-terminal to the factor D
cleavage site. It was possible for factor D to cleave
this recombinant vWF-A domain both in the
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presence and in the absence of C3b, although this
cleavage was slow in both cases [13]. In contrast to
this, the cleavage of intact factor B by factor D
occurs efficiently in the presence of C3b, but does
not occur in the absence of C3b. These obser-
vations show that the free vW F-A domain is an
adequate substrate for factor D. This means that
this factor D cleavage site either is sterically
concealed and/or it possesses an inactive con-
formation in intact factor B until it comes into
contact with C3b. If the factor B vW F-A domain
has allosteric properties by analogy with the vWF
Al domain, one explanation of the cleavage results
for intact factor B is that the binding of the active
site of vWF-A to C3b would induce a conform-
ational change at its opposite face to up-regulate
and render the factor D cleavage site accessible for
cleavage (Figure 2). Another possible explanation
would be that the independent binding and re-
orientation of the SCR domains of intact factor B
to another region of C3b would cause a conform-
ational change in factor B to make this peptide
available for cleavage by factor D. Irrespective of
which explanation is followed, these experiments

Figure 2

Participation of the vWF-A domain of factor B in complement activation

The homology model is shown in the same view as in Figure I. The active-site cleft at the
carboxyl-edge of the central y5-sheet with its five putative Mg""'-binding residues (light spheres)
isshown to the left, in proximity to the C3b-binding site identified by mass spectroscopy at the
a-helices AI and AS (black ribbons). The N-terminus of the model (N) is connected to the

three SCR domains of factor B by eight residues up to the factor D cleavage site (arbitrarily
depicted as an extended light-coloured ribbon), and the C-terminus ofthe model (C) atthe end
of a-helix A7 isconnected to the SP domain. The schematic outlines ofthe SCR and SP domains

are not drawn to scale.

Active site
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He 1x

Helix A 7'
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Helix A5
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show that the role of the vVWF-A domain in factor
B is to facilitate the cleavage of the latter by factor
D after binding to C3b. The release of the three
SCR domains from factor B or an allosteric
structural change in the vWF-A domain then
brings about the activation of the SP domain. It is
interesting that the proximity relationship of the
SP domain of factor B which is connected to o-
helix A7 of the vWF-A domain is similar to that
for the predicted inhibitory heparin-binding site
to the Al domain in vWF on the nearby a-helices
A2 and A3 (Figures 1 and 2), as this may suggest a
common functional property of the same a-helical
face in both domains.

Structural studies of the domains of factor B

by NMR and by constrained solution scattering
[32-34] are currently being completed, and will
provide further details on the molecular mech-
anism of factor B activation. Many of the structural
aspects of the vWF-A domain in factor B are
expected to be applicable to the vWF-A domain of
C2, the homologous protein found in the classical
pathway of complement activation [11], since the
C2 vWF-A sequence shows similarities with that
of factor B.
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show that the role of the vWF-A domain in factor
B is to facilitate the cleavage of the latter by factor
D after binding to C3b. The release of the three
SCR domains from factor B or an allosteric
structural change in the vWF-A domain then
brings about the activation of the SP domain. It is
interesting that the proximity relationship of the
SP domain of factor B which is connected to a-
helix A7 of the vVWF-A domain is similar to that
for the predicted inhibitory heparin-binding site
to the A1 domain in vWF on the nearby a-helices
A2 and A3 (Figures 1 and 2), as this may suggest a
common functional property of the same a-helical
face in both domains.

Structural studies of the domains of factor B
by NMR and by constrained solution scattering
[32—34] are currently being completed, and will
provide further details on the molecular mech-
anism of factor B activation. Many of the structural
aspects of the vVWF-A domain in factor B are
expected to be applicable to the vVWF-A domain of
C2, the homologous protein found in the classical
pathway of complement activation [11], since the
C2 vWF-A sequence shows similarities with that
of factor B.
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Introduction

The complement system is an important com-
ponent of immune defence against infection, com-
prising over 30 proteins which function as
enzymes, binding proteins, regulators or mem-
brane-bound receptors. It is part of the innate
(non-adaptive) immune system which responds to
challenges by micro-organisms before an adaptive
response has developed (Law & Reid, 1995). Factor
B is a key component of the alternative pathway of
complement activation. It is cleaved into the Ba
and Bb fragments in the presence of C3b, Mg**
and factor D. This leads to the formation of the
alternative pathway C3 convertase, the complex
between C3b and Bb, that converts C3 into C3b
and C3a. The formation of C3b leads to the
exposure of the thiolester group which is buried in
native C3, and its deposition on an appropriate
surface initiates a rapid positive amplification loop.
C3u is another activated form of C3 in which the
internal thiolester is hydrolysed by water, and C3u
undergoes a conformational change like that found
in C3b.

Factor B contains five domains. The N-terminal
three domains are short consensus/complement
repeat (SCR; also known as complement control
protein) domains that correspond to the Ba frag-
ment, and the remaining two are a von Willebrand
factor type A (vVWF-A) domain and a serine pro-
tease (SP) domain in the Bb fragment. vWF-A
domains (also known as “adhesive’”” or A-domains
and “inserted”” or I-domains) occur in many cell
surface receptor proteins and proteins of the extra-
cellular matrix. The vVWF-A protein fold was first
identified by prediction analyses that revealed that
it was similar to that of a dinucleotide-binding fold
with amphiphatic a-helices surrounding a central
hydrophobic, largely parallel six-stranded f-sheet
(Edwards & Perkins, 1995, 1996). Since then, 14
crystal structures have been solved for five differ-
ent vVWF-A domains, namely complement receptor
type 3 (CR3; CD11b), lymphocyte function-associ-
ated antigen-1 (LFA-1; CD11a), very late activation
protein receptor-2 (VLA-2; CD49b), and the Al
and A3 domains of von Willebrand factor (Lee
et al., 1995a,b; Baldwin et al., 1998; Qu & Leahy,
1995, 1996; Emsley et al., 1997, 1998; Celikel et al.,
1998; Huizinga et al., 1997; Bienkowska et al., 1997).
Factor B, C2, CR3, and complement receptor type 4
are four complement proteins that each contain a
vWF-A domain. As all four interact with various
forms of C3 or C4 (a homologue of C3), in which
C3b and C3u are the activated forms of C3, and
iC3b is a cleaved form of C3b, it is likely that the
vWF-A domain mediates this ligand binding with
C3 or C4. In confirmation of this, the vWF-A
domain of factor B binds to C3b (Williams et al.,
1999), and mutagenesis of residues in the vVWF-A
domain of intact factor B affects its binding to C3b
(Tuckwell et al., 1997; Hourcade et al., 1999). Com-
petition binding studies have demonstrated that
both Ba and Bb fragments can separately inhibit

the binding of factor B to immobilised C3u
(Williams & Sim, 1994). The SCR domains in the
Ba fragment interact with C3b or C3u (Hourcade
et al., 1995; Pryzdial & Isenman, 1988; Ueda et al.,
1987). The SP domain also demonstrates C3b bind-
ing activity (Lambris & Miiller-Eberhard, 1984;
Sanchez-Corral et al., 1990). Despite the evidence
for these protein-protein interactions, structural
knowledge of the residues responsible for these is
presently incomplete.

The SP domain of factor B is the site of catalytic
action of the C3 convertase of the alternative path-
way. This SP domain differs from the digestive
and blood coagulation serine proteases by posses-
sing a sizeable vVWF-A domain at its N terminus.
The cleavage leading to the activation of factor B
occurs at the N terminus of the vVWF-A domain, in
contrast to the cleavage of small N-terminal acti-
vation peptides in these other SP domains. The
clarification of the relationship between the vVWF-A
and SP domains in factor B is therefore of great
interest.

Matrix-assisted laser desorption ionisation mass
spectrometry is a powerful method for the investi-
gation of protein-protein interactions (Beavis &
Chait, 1996, Krone et al., 1997). In application to
proteins and peptides, a matrix compound such as
sinapinic acid is used to assist the vapourization of
these from a chip surface, and the mass spec-
trometer uses the difference in mass-to-charge ratio
(m/z) to separate these and determine their masses
to high accuracies (Krone et al., 1997). This accu-
racy is sufficient to identify the peptide sequences
in question. Matrix-assisted laser desorption ionis-
ation mass spectrometry has enabled proteolytic
fragmentation patterns to be identified in protein-
protein complexes (Beavis & Chait, 1996), and this
provides structural information on the residues
that participate at the interface between the two
proteins in the complex. The use of an activated
chip surface to which one of the two proteins can
be bound covalently simplifies the preparation and
identification of these proteolytic fragments
(Spencer et al., 1999). This method is known as
surface-enhanced laser desorption ionisation affi-
nity mass spectrometry (SELDIAMS) (Hutchens &
Yip, 1993; Kuwata et al., 1998; Leung et al., 1998).
Here, we describe the application of SELDIAMS to
study the interactions between C3b and factor B
based on a recombinant vVWF-A domain, the native
Ba and Bb fragments and native factor B. The
interpretation of the peptide data using a hom-
ology model for the factor B vVWF-A domain based
on the knowledge of 14 homologous crystal struc-
tures for five different vWF-A domains enabled us
to demonstrate that the active site crevice at the
carboxyl edge of the p-sheet structure of the vVWF-
A domain binds directly to C3b, and it was
inferred that the amino edge of this p-sheet pro-
vides the connections with the SCR and SP
domains of factor B. The implications of these
observations are discussed.
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Results and Discussion

Characterisation of the protein preparations

The preparations of the 222-residue recombinant
vWF-A domain, the native Ba and Bb fragments,
and native factor B and C3 each eluted as a single
clean peak from the Hil.oad 16/60 Superdex-75 gel
filtration column. Except for C3, each migrated as
a single band on SDS-PAGE under both reducing
and non-reducing conditions (data not shown),
and corresponded to the following expected
approximate sizes: VWF-A, 25 kDa; Ba, 30 kDa; Bb,
60 kDa; and factor B, 90 kDa. The vWF-A domain
was shown to be folded by Fourier transform infra-
red, circular dichroism and NMR spectroscopy
(Perkins et al., 1994; Hinshelwood et al., 1996). The
vWF-A domain was shown to be functionally
active through its ability to inhibit the binding of
factor B to C3b (Williams et al., 1999). C3 migrated
as a single band in SDS-PAGE under non-reducing
conditions, and as two bands in reducing con-
ditions, which corresponded to the expected sizes
of 180 kDa for C3, and 110 kDa and 70 kDa for its
o and B chains.

Mass spectrometry of immobilised C3(NH,)
with factor B and its components

C3(NH,;) was used as an equivalent of C3b, the
activated form of C3 in which nucleophilic attack
by free ammonia at the thiolester site converted it
into the C3b conformation, which binds to factor B
(Sim & Sim, 1983; von Zabern et al., 1981; Pryzdial
& Isenman, 1988). C3(NH,;) was covalently
immobilised to the preactivated chip (see Materials
and Methods). When this was probed with the
recombinant carbohydrate-free VWF-A domain, a
peak at a mass of 25,021 Da was observed in the
resulting mass spectrum (Figure 1(a)). This peak
was present even if the activated chip surface was
washed with 50 mM urea (data not shown), and
its mass value agreed well with a calculated value
of 25,005 Da from the PAWS program (see
Materials and Methods). In control experiments, no
peak was observed in this region of the spectrum
when the chip was probed with the vWEF-A
domain in the absence of immobilised C3(NH;)
(Figure 1(b)) or when the immobilised C3(NHS,)
was run alone (Figure 1(c)). It was concluded that
this vWF-A domain exhibited a specific affinity for
C3(NH;), in agreement with the competition exper-
iments by Williams et al. (1999).

The immobilised C3(NH,) was likewise probed
with the glycosylated native Ba and Bb fragments
and factor B. Broad peaks of masses 26,786 Da,
61,215 Da and 90,273 Da, respectively, were
observed in the mass spectra with estimated errors
of 800 Da (Figure 1(d), (e) and (f), respectively).
These are in approximate agreement with the
expected masses of the three glycoproteins. The
calculated masses of the protein component were
25,983 Da, 57,036 Da and 83,001 Da, respectively,

Intensity

(b)

(d), 26,786 (Ba)

(e)

m
(f) 90,273 (factor B)

L e— i

Intensity

(9)

MWWMMWWMW‘\«AJW\N\M

66,257 (BSA)

Intensity

20 40 60 80 100

Mass (kDa)

Figure 1. Mass analysis of the interaction of the vVWF-
A domain, the Ba and Bb fragment, factor B and bovine
serum albumin with immobilised C3(NH,;). (a) C3(NHj;)
was immobilised on the surface of the activated chip,
then probed with vWF-A; (b) no C3(NH;) was present
on the surface, but the chip was probed with vWF-A;
(c) C3(NH;) was immobilised on the chip, but not
probed with vVWF-A. The same experiment as in (a) was
performed for (d) the Ba fragment, (e) the Bb fragment,
and (f) native factor B, and also for (g) bovine serum
albumin (BSA) as a negative control. The instrument
was calibrated externally using bovine IgG, and the pro-
tein masses in Da are shown to the right of the peak.
The effect of studying a BSA sample on a normal phase
chip surface is shown in (h).

which were increased to 28-30 kDa, 61 kDa and
89-91 kDa, respectively if the masses of one/two,
two and three/four biantennary complex-type
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oligosaccharide chains, respectively, (each of
approximate mass 2100 Da) were added to these.
The appearance of broad peaks was attributed to
the presence of two N-linked glycosylation sites in
the second SCR domain of the Ba fragment, and
two more in the vVWF-A domain of the Bb frag-
ment, each of which contain a heterologous popu-
lation of primarily biantennary complex-type
oligosaccharides, together with minor amounts of
tri- and tetraantennary types and variable sialic
acid contents (Anderson, 1986). When bovine
serum albumin was used to probe the immobilised
C3(NHj;), no peak was observed at the appropriate
mass of about 66 kDa (Figure 1(g)). If bovine
serum albumin was non-covalently coated onto
a normal phase surface, a peak at a mass of
66,257 Da was observed (Figure 1(h)). It was con-
cluded that the observed peaks in Figure 1(d), (e)
and (f) corresponded to specific interactions of
these proteins with activated C3. In particular, this
is direct evidence that both Ba and Bb fragments
have binding sites for activated C3, in accordance

with the multisite model for the assembly of the
C3bBb convertase (Lambris & Miiller-Eberhard,
1984; Pryzdial & Isenman, 1988; Ueda et al., 1987;
Sanchez-Corral et al., 1990).

Mass spectrometry of proteolysed vVWF-A
domain after interaction with C3(NH,)

The interaction between the recombinant carbo-
hydrate-free vWF-A domain and immobilised
C3(NH;) was investigated in two experiments
using proteolysis with trypsin with and without
washes with 50 mM urea (see Materials and
Methods). Trypsin was employed for reason of the
accurate prediction of cleavage sites at Arg or Lys
residues, which meant that the proteolytic frag-
ments could be identified by determination of their
masses and comparing these with the factor B
sequence. Two sets of mass spectra are shown
from these experiments, in which four well-
resolved peaks with averaged masses of 3019 Da,
4048 Da, 4174 Da and 6027 Da were observed
(Figure 2(a) and (b)). There were additional peaks

a 41747 6023.6 r
® 30180 4oas s digest
| w yes VWF-A yes

41735 6030.8
|(b) 4047.9
3019.5
©) M yes WF-A  yes
||
AR A PMA bt Mg Sttt MO VWIF-A no
)
b~ WWMWMWMM no VWWF-A+T no
n |
5 yes VWF-A+T no
< (f)
£ e yes WWF-A no
yes  none no
(h)
yes  none yes

IVW’W\,MMWW‘___ yes
(k)

M"“MMWJWMnO

C3(NH;) Probe Trypsin

yes BSA+T no
BSA no

BSA+T no

6
Mass (kDa)

Figure 2. Mass analysis of peptides derived from the trypsin digest of the vVWF-A domain bound to immobilised
C3(NHS,) on the activated chip. Only the spectrum between 2 and 8 kDa is shown here, in distinction to Figure 1. The
four strongest peaks are labelled with their corresponding mass values (Table 1). The instrument was calibrated
internally against bovine ubiquitin (mass 8564.8 Da). (a) The complex of vVWF-A and C3(NH;) was digested with
trypsin, then washed with PBS, then with water. (b) The experiment in (a) was repeated after washing with PBS that
contained 50 mM urea to act as a more stringent washing agent. Other experiments are summarised in the right-
hand panel which defined the components that were present, including the control with bovine serum albumin (BSA)

and the pretreatment with trypsin (T).
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that were also observed at mass values above 8000
Da (not shown), and these were attributed to lar-
ger-sized partial digest fragments. It was inferred
from these two experiments that four peptides
from the vVWF-A domain had remained associated
with the immobilised C3(NHS,) after proteolysis. As
controls, a range of different conditions were tested
using the permutations summarised to the right in
Figure 2, including the presence or absence of
C3(NHj,), the use of either the vWF-A domain or
bovine serum albumin, and treatment of the vVWF-
A domain or bovine serum albumin with trypsin
prior to or after adding the probe to the chip sur-
face. The outcome of 64 runs (including duplicates
to confirm reproducibility) showed that the four
peaks in Figure 2(a) and (b) were absent in the
nine experiments outlined in Figure 2(c) to (k). The
possibility of non-specific interactions of the vWF-
A peptide fragments with immobilised C3(NH;) or
the chip surface was ruled out with the exper-
iments shown Figure 2(d) and (e), respectively. The
possibility that the tryptic peptides originated from
C3(NHj;) or the self-degradation of trypsin was
eliminated using Figure 2(g). The controls con-
firmed that the four peaks did indeed originate
from vWEF-A peptides with C3b-binding affinity,
and indicated that the four peptides remain bound
with sufficient affinity to C3(NH,) during the final
post-trypsin wash stage.

In order to assign the four peptide mass peaks to
specific residues in the vVWF-A domain, the vVWF-A
sequence was analysed for tryptic fragments corre-
sponding to these masses using the PAWS pro-
gram (see Materials and Methods). A single
segment of the vVWF-A sequence could be unam-
biguously identified for each mass peak to within
0.2% (Table 1). This is compatible with the accu-
racy of matrix-assisted laser desorption ionisation
time-of-flight spectrometry (Krone et al., 1997).
Thus the 6027 Da, 4174 Da, 4048 Da and 3019 Da
mass signals corresponded to the vVWF-A residues
G229-R283 (+GS), G229-K266 (+GS), G229-K265
(+GS) and T355-R381, respectively, in factor B. The
N-terminal GS dipeptide results from the remnant
of the fusion protein thrombin cleavage site (Smith
& Johnson, 1988; Williams et al., 1999). The nearest
approach to these mass values by other possible
tryptic peptides involved larger mass differences of

150 Da, 22 Da, 20 Da and 24 Da in comparison to
the small mass differences of 1 to 7 Da in Table 1,
and could be ruled out. It was concluded that the
residues (G229-K265 (peptide 1) and T355-R381
{(peptide 2) of factor B were the minimum sizes of
peptides that were involved in the interaction of
the vVWF-A domain with C3(NH,), although resi-
dues in peptide 1 extending up to R283 may also
participate in the interaction with C3(NH,).

Factor B is polymorphic due to the existence of
allotypes and variable carbohydrate compositions
(Campbell & Bentley, 1985; Anderson, 1986). No
peptide signals were observable in SELDIAMS
experiments when the immobilised C3 was probed
with the native glycosylated factor B or the Ba or
Bb fragments, then subjected to tryptic proteolysis.
In native factor B, the two vWF-A peptides ident-
ified in the SELDIAMS experiments are associated
with the N-linked glycosylation sites at N260 and
N353 (Figure 3(b)), and the difficulty of identifi-
cation of any peptide signals from the Bb fragment
is partly attributed to the presence of heterologous
carbohydrate glycoforms.

Homology model for the vWF-A domain in
factor B

The interpretation of the peptide data for the
proteolysed vVWF-A domain required a structural
analysis of this superfamily, as no experimentally
determined structure was available for vWE-A
from factor B. A total of 23 sets of coordinates
from 14 crystal structures for five different homolo-
gous VWEF-A domains were analysed (see Materials
and Methods), from which a sequence alignment
could be derived from the identification of their
secondary structures (Figure 3(a)). The six hydro-
phobic B-strands BA, BB, BC, BD, BE and BF were
well conserved in position and length to within
one residue in the 23 structures (except for BC in
LFA-1 which was shifted by two residues). While
the amphipathic surface-exposed a-helices A1l and
A4 were well conserved to +2 or +3 residues in
length, the other o-helices A2, A3, A5, A6 and A7
showed significant variation in terms of length and
conformation between the five structures,
especially towards the C terminus of the protein
fold. Thus A2 and A3 were merged into a single a-
helix in the VLA-2, vWF-Al and vWF-A3 struc-

Table 1. Observed masses of the peptides that remain associated with C3(NH;) and their assignment to

vWEF-A peptides

Observed mass (Da)?

Calculated mass of peptide (Da)

Mean difference (Da) Sequence of factor B

6023.6, 6030.8 6024.9
4174.7, 4173.5 4169.7
4048.5, 4047.9 4041.5
3018.0, 3019.5 3017.5

2.3 G229-R283°
44 G229-K266°
6.7 G229-K265°
1.3 T355-R381

2 The two mass values correspond to the experiments shown in Figure 2(a) and (b).
* In the recombinant vWF-A domain, there is an additional N-terminal dipeptide Gly-Ser which is derived from the thrombin clea-
vage site of the fusion protein (Perkins et al., 1994; Williams et al., 1999).
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(0) Factor B : SGE_O_gKRKIVLDPSGSMNIYLVLDGSDSIGASNFTGAKKCLVNLIEKVASVGVKPRYGLVTYATYPK[NVKVSEADSS NADWVTKQLNE INYEDHKLKSGTNTKKALQAVYSMMSH
(1) CR3 (CD11b) T emeeeeeeeeo DSDIAFLIDGSGSIIPHDFRRMKEFVSTVMEQLK--KSKTLFSLMQYSEEFRIHF TFKEFQNNPNPRSLVKPITQLLG--~-~-~ RTHTATGIRKVVRELFN
(2) LFA-1 (CD1la) : -- ----GNVDLVFLFDGSMSLQPDEFQKILDFMKDVMKKLS--NTSYQF AAVQF STSYKTEFDF SDYVKRKDPDALLKHVKHMLL -------L TNTFGAINYVATEVFR
(3) VLA-2 {(a2bl) :  eemeeeed RSSCPSLIDVVVVCDESNSIYP--WDAVKNFLEKFVQGLDIGPTKTQVGL IQYANNPRVVFNLNTYKTKEEMIVATSQTSQYGGD- - - - - ~L TNTFGAIQYARKYAYS
(4) vWF-Al : DISEPPLHDFYCSRLLDLYFLLDGSSRLSEAEFEVLKAFVVDMMERLRISQKWVRVAVVEYHDGSHAY IGLKDRKRPSELRRIASQVKYAGSQ-~-~~--VASTSEVLKYTLFQIFS
(5) vWF-A3 : ---CSQPLDVILLLDGSSSFPASYFDEMKSFAKAF ISKANIGPRLTQVSVLQYGSITTIDVPWNVVPEKAHLLSLVDVMQREGG-------| PSQIGDALGFAVRYLTS
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(0) Factor B Model: 42100000010341789814010600360153167688604000010246353204045058391 670083057338669468923313700600025027
(1) CR3 (CD11b) : 6000000000037067510630150003004303 598000000000461521010550586560441086081174 60100100130054005
(2) LFA-1 (CD11a) : 97000000000074085520540030013006404 814220000000493620010640497641410088082245 51300400430064006
(3) VLA-2 (a2bl) : 2950441100000000072084 1720260033005806026630100000004923320406435647402710580828238 40300600330146106
(4) vWF-Al : 934284539730331000000000055068940540070023004204043820000000027806320807 374635402620570823139 20000400430066106
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(0) Factor B : PDDVPPEGWNRTRHVIILMTDGLHNMGGDPITVIDEIRDLLY IGKORKNPREDYLDVYVFGVGP LVNQVNINALASKKDNEQHVFKVKDMENLEDVF YQMIDESQ
(1) CR3 (CD11b) : ---I1TNGARKNAFKILVVITDGEKF --GDPLGYEDVIPEADRE GVIRYVIGVGDAFRS EKSRQELNTIASKP-PRDHVFQVNNFEALKTIQNQLREKIFAIEG
(2) LFA-1 (CD11a) : ---EELGARPDATKVLIIITDGEAT---DSGNIDAAK------- --DITRYIIGIGKHFQT KESQETLHKFASKP-ASEFVKILDTFEKLKDLFTELQKKIYVIE
(3) VLA-2 (azbl) : ~==AASGGRRSATKVMVVVTDGE SH- - -DGSMLKAVIDQCNHD NILRFGIAVLGYLNRNALDTKNLIKE IKATASIP-TERYFFNVSDEAALLEKAGTLGEQIFSIEGGT
(4) VWF-Al 2 KIDRPEASRIALLLMASQEP -QRMSRNF VRYVQGLKKK=--=---~----| KVIVIPVGIGP HANLKQIRLIEKQA-PENKAFVLSSYDELEQQRDE IVSYLCDLAPEAPPPT
(5) vWF-A3 : --~EMHGARPGASKAVVILVTDVSV----- DSVDAAADAARSN-----~---- RVTVFPIGIGD RYDAAQLRILAGPA-GDSNVVKLQRIEDLPTMVTLGNSFLHKLCS
Averaged Secondary Structure <-—BD--> <---A5--> <--BE--> <—-A6-> <BF R Y YA RS >
(0) Factor B Model: HHHSS. ...SS.EEEEEEE...S...THHHHHHHHHHHHHHHHHHHTTHHHH . EEEEEEE. . .S STHHHHHHHTS. . TTT. . .EE.TT.TTHHHHHHTT......
(1) CR3 (CD11b) H GGGT..TTS.EEEEEEESS... S.SS.HHHHHHHHHHT TEEEEEEEESGGG.S TTHHHHHHHHS . SS HHHHEEEE SSSGGGGGGHHHHHHHTTTTT.
(2) LFA-1 (CD1la) : GGGT..TTSEEEEEEEES.S.S  ..S..GGGT TSEEEEEEESGGG.S HHHHHTTGGGS.S. HHHHEEEESSSTHHHHHHHHHHTTEEE. .
(3) VLA-2 (a2bl) : SGGGTT.SSEEEEEEEESS..S  .GGGHHHHHHHHHHT TEEEEEEEESH.HHHTT...... HHHHHHHHHHS SSHHHHEEEE SSHHHHHHHHHHHHHHHHTS . .
(4) vWF-Al : S.S.TTSEEEEEEEES. ... GGGGTTHHHHHHHHHHT TEEEEEEEEST TS.HHHHHHHHHH. TT...EEESSHHHHHHHHHHHHHHHHHHS.......
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(0) Factor B Modet: 2049549905815000000032771896258316702540772278266770031410001065 9703920630025794950216267790175039230. .. .
(1) CR3 (CD11b) : 8822039916100000013517 8041319201520665 803000000393075 98047203400285 395101319617204711850363088249
(2) LFA-1 (CD1la) : 8634126805510100001504 299905607 803020000085097 99025204600185 39300330751650861156126514557
(3) VLA-2 (a2bl) : 9911023202300000004505  239436701640694 9030000001041555957286028204500194 39611240740830571085007304726652
(4) vWF-Al : 82506602100000000603 66214402510440583 60000000028 50154006303811 840400408408308831560062027204828499
(5) vWF-A3 : 9564029906100000002334 6438514523646 52200000267 22456204400364 246102417605201410478670174035
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Human factor B : KIVLDPSGSMNIYLVLDGSDSIGASNFTGAKKCLVNLIEKVASYGVKPRYGLVTYATYPKIWVKVSEADSSNADWYTKQLNE INYEDHKLKSGTNTKKALQAVYSMMSW
Mouse factor B : KIVLDPSGSMNIYLVLDGSDSIGSSNFYGAKRCLTNLIEKVASYGVRPRYGLLTYATVPKVLVRVSDERSSDADWVTEKLNQISYEDHKLKSGTNTKRALQAVYSMMSW
Human C2 : KIQIQRSGHLNLYLLLDCSQSVSENDFLIFKESASLMVORIFSFEINVSVAIITFASEPKVLMSVLNDNSROMTEVISSLENANYKDHENGTGTNTYAALNSVYLMMNN
Mouse C2 : KITIQRSGHLNLYLLLDASQSVTEKDFDIFKKSAELMVERIFSFEVNVIVAITTFASQPKTIMSILSERSQDVTEVITSLDSASYKDHENATGANTYEVLIRVYSMMQT
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Human factor B : PDDVPPEGWNRTRHVI ILMTDGLHNMGGDPITVIDE IRDLLYIGKDRKNPREDYLDVYVFGVGPL VNQVNINALASKKDNEQHVFKVKDMENLEDVFYQMIDESQSL SL
Mouse factor B H AGDAPPEGWNRTRHVI I IMTDGLHNMGGNPVTVIQDIRALLDIGRDPKNPREDYLDVYVFGVGPL VDSVNINALASKKDNEHHVFKVKDMEDLENVFYQMIDETKSL SL
Human C2 :  QMRLLGMETMAWQE IRHAIILLTDGKSNMGGSPKTAVDHIREILNI NQKRNDYLDIYAIGYGKLDVDWRELNELGSKKDGERHAF ILQDTKALHQVF EHMLDVSKLTDTI
Mouse C2 :  QMDRLGMETSAWKE IRHTIILLTDGKSNMGDSPKKAVTRIRELLSI EQNRDDYLDIYAIGVGKLDVDWKELNELGSKKDGERHAF ILQDAKALQQIF EHMLDVSKLTDTI
Secondary Structure: <-—BD—-> <---A§--> <~-BE--> <—-A6-> <BF DI, S >

Figure 3. Sequence alignments of vWF-A domains. (a) The consensus alignment of known crystal structures used
for the homology model of factor B. The SELDIAMS-identified peptides 1 and 2 in factor B are in bold and under-
lined. The Gplb receptor site in the von Willebrand factor A1 domain and the iC3b site in CR3 are likewise bold
and underlined. The location of the metal binding residues is denoted by DXSXS and M above the sequences. The
secondary structure elements identified by DSSP are denoted as: H, a-helix; G, 3,4-helix; E, B-strand; B, single residue
B-ladders; T, turns; S, bends, and their positions were labelled A1 to A7 and BA to BF to follow Lee et al. (1995a) and
Edwards & Perkins (1996). The solvent accessibilities calculated using COMPARER are denoted by values of 0 to 9 to
correspond to accessibilities of 0-9 %, 10-19 %, and so on up to 90-99 %, and are denoted by b if the mean crystallo-
graphic value is 0 or 1. For each of the five independent vVWF-A crystal structure sets (see Materials and Methods),
the secondary structures and accessibilities were averaged from the individual analyses for between two and eight
coordinate sets. (b) The human and mouse factor B and C2 sequences. The four sequence insertions in factor B (see
the text) are denoted by asterisks. The location of the carbohydrate sites is denoted by Cho above the sequences. The
sequences are shown in comparison with the consensus secondary structure from (a) for ease of reference.

tures, A5 was missing in LFA-1 for reason of a  divided into two in the vVWF-A3 structure). These
sequence deletion, A6 was sometimes preceded or  large structural variations in a-helices between the
followed by additional 3,4-helices or a-helices, and  five different vVWF-A sequences is attributable to
A7 was variable in its length and position (or was  their surface location in the vWF-A domain at
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which packing constraints are absent. This
exposure leads, for example, to the noticeable sol-
vent dependence of the a-helix band in Fourier
transform infrared spectra of the vVWF-A domain
(Perkins ef ai, 1994).

The comparison of the vWF-A domain of factor
B with the five different crystal structures in
Figure 3(a) supplements that shown in Figure 1 by
Edwards & Perkins (1996), which was based on
comparisons with predicted structures. The
sequence identity (defined in Materials and
Methods) was 23.8% for the comparison of factor
B and CR3 using the alignment of Figure 3(a),
which was higher than those derived for the other
four sequences of Figure 3(a). These were 20.6%
for the comparison with LFA-1, 19.8% with VLA-
2, 13.7% with vWF-Al and 15.3% with vWF-A3.
The CR3 structure also contained a Mg+ site,
unlike the vWF-Al and vWF-A3 structures, and
possessed an iC3b site which may or may not
resemble the C3b site of the vVWF-A domain of fac-
tor B. The CR3 vWF-A crystal structure was thus
used as a template for the homology modelling of
residues S243-M 443 in the vWF-A domain of factor
B (see Materials and Methods), although the C-
terminal a-helix A7 has exhibited variable confor-
mations in the 8 CR3 coordinate sets available to
date. Evidence in support of the vWE-A homology
model was provided by the conservation of the six
(1-strands and the a-helices Al and A4, the location
of the conserved metal-binding residues DXSXS, T
and D in their expected positions, and by the high
solvent accessibilities of N260 (80%) and N353
(50%), on a-helix Al and between a-helix A4 and
(1-strand BD, respectively, which agrees with their
putative glycosylation (Figure 3(a)). Likewise, the
high accessibilities of 60% for the two different
glycosylation sites in the homologous C2 vWF-A
structure supported this factor B vWF-A model
(Figure 3(a) versus (b)). The use of PROCHECK to
test the model showed that only E423 and Q424
were minor outliers in a Ramachandran plot (while
residue 232 in CR3 which was a minor outlier in
its crystal structure was no longer so in the model).
That E423 and Q424 were outliers was attributed
to their position next to an insertion that was not
present in any of the vWUF-A crystal structures
(Figure 3(a)), which did not facilitate their model-
ling.

The most notable result from the vWF-A hom-
ology model was that four sequence insertions at
about E320-S326, P344-D346, M369-G370 and
G387-D396 could be identified relative to the pos-
itions of conserved sequence/structure features in
the five vVWF-A crystal structures and were not
present in any of these crystal structures (Figure 4).
Two of these (M369-G370 and G387-D396) occur at
the carboxyl edge of the vVWF-A (1-sheet near the
C3b binding site, while the other two (P344-D346,
E320-S326) occur at the amino edge of this (1-sheet,
close to the linkers that joins the vWF-A domain to
the three SCRs in the Ba fragment and the SP
domain in the Bb fragment. The four insertions

593

Figure 4. Two views rotated by 180° that depict the
surface of the factor B\ WF-A homology model. Electro-
static and ribbon representations are shown for each
view. Peptides 1 and 2 are shown in green (G229-K265)
and yellow (T355-R381), respectively. The Mg“* binding
site is in a cleft (arrowed) and lined at its base by acidic
residues. The N terminus and C terminus are at the
base of the structure. The positions of four insertions
(E320-S326 and M369-G370 next to the Mg-+ site; P344-
D346 and G387-D396 near the N terminus and C termi-
nus) that are not seen in other crystal structures in the
vWF-A superfamily are indicated by spheres (blue,
basic; red, acidic; white, other). The electrostatic views
show several other acidic and basic regions, of which a
prominent group of acidic residues corresponds to a
surface loop (19422 and E424) and the surface of helix
A7 (D432, D434, E437, D438, D445 and E446) to the left
in the lower view.

occurred just before and after the a-helices A4 and
A5, and have the effect of deepening one side of
the active site cleft in the vWF-A domain. It is sig-
nificant that the four insertions are present also in
the homologous vWF-A C2 sequence, although
two insertions are different in size (asterisked in
Figure 3(b)). In factor B, the three larger insertions
possess remarkably high proportions of charged
residues compared to the rest of the vWF-A
domain, although none of them are involved with
the C3b binding site identified by SELDIAMS
experiments. In human factor B, the ten-residue
insertion G387-D396 possesses three acidic and
four basic residues, while the three-residue inser-
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tion P344-D346 possesses two acidic residues, and
the seven-residue insertion E320-S326 possesses
two acidic and three basic residues. Similar totals
are present in the insertions of mouse factor B and
human and mouse C2 (Figure 3(b)). Electrostatic
views of the carboxyl edge face of the model indi-
cates that there is a prominently acidic active site
cleft at this side where Mg-"" is bound, while the
amino edge face shows no prominent acidic or
basic regions (Figure 4). There is also a cluster of
acidic residues near to a-helix A7 in both factor B
and C2. In factor B, the oligosaccharide at N260 is
located at the carboxyl edge face of the (3-sheet,
while that at N353 is located at its amino edge
(Figure 5). In C2, the oligosaccharide at N281 is
located at the amino edge face of the (3-sheet, while
that at N324 is located on the opposite face at the
carboxyl edge. Both occur in topologically similar
locations to those observed in factor B (Figure 5).

Location of peptides 1 and 2 In the vVWF-A
homology model

Both the vVWF-A peptides identified from SFL-
DIAMS occurred at structurally well-defined pos-
itions in the alignment and in the VvWF-A
homology model. Peptide 1 corresponded to a
region from the N terminus that included the BA
(3-strand to half way along the a-helix Al. This
region contained the conserved DXSXS motif
found in many vWF-A sequences, which corre-
sponds to part of the Mg"+ binding site (Perkins
et al, 1994). The possible extension of peptide 1 up
to R283 (Table 1) includes the remainder of the
a-helix Al up to the start of the (3-strand BB. Pep-
tide 2 included the BD (3-strand, a two-residue
insertion, and the start of the A5 a-helix. It also
contained D364 that provided part of the Mg *"
binding site (Figure 3(a)).

Topologically, peptides 1 and 2 are seen to be
proximate to each other in the factor B vWF-A
homology model (yellow and green ribbons,
respectively; Figure 4), and include the crossover
point in the parallel (3-sheet from where the two
central (3-strands wind to the opposite ends of the
(3-sheet. This crossover point forms a cleft at the
carboxyl edge of doubly wound a/@ folds, and
contains the Mg-"* site in many members of the
VWF-A superfamily. Only a limited number of the
39 and 27 residues in peptides 1 and 2, respect-
ively, can be available for protein-protein inter-
actions with C3b. For instance, since the peptide
G229-R234 is cleaved from the vVWF-A domain on
activation by factor D, these residues are ruled out
from a C3b binding role. The adjacent residues
K235-S243 at the N terminus of the vVWF-A domain
are unlikely to bind to C3b, since they will form
part of the factor D binding site which has to be
accessible to factor D after the vVWF-A domain "is
bound to C3b (Williams ef ai, 1999). The residues
M244-S253 in peptide 1 and V358-D364 in peptide
2 correspond to buried side-chains in the (3-strands
BA and BD, respectively, some of which contribute
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C3b site

cleavage site

Figure 5. Schematic view of the VWF-A structure in
relation to C3b and the other domains of facfor B. The
SCR and SP domains are of approximately correct sizes
but their positions are not known. In the vWF-A
domain, the Mg*+ cleft is at the top in proximity to the
C3b binding site, its N terminus is connected to the SCR
domains, and its C terminus is connected to the SP
domain. This view is rotated by 90° compared to those
shown in Figure 4. The five Mg-+ binding residues
D251, S253 and S255 in pepfide 1 (green ribbon), T328
(purple ribbon) and D364 in peptide 2 (yellow ribbon)
are shown as blue spheres. The N-terminal vWF-A resi-
dues K235-S243 (Figure 3) are attached to the homology
model in an extended conformation (blue ribbon) up to
the factor D cleavage site (arrowed). The C-terminal
VWF-A residues 1444-L452 up to the first Cys residue of
fhe SP domain are attached as an extended confor-
mation (blue ribbon), to which the SP domain is joined.
Biantennary complex-type oligosaccharide chains are
shown at N26U (near the Mg-+ site) and N353 (near the
N terminus).

to the MgV site, so cannot be available for direct
interactions with C3b. From Figure 3, other pre-
dicted buried residues in the vWF-A model can be
discounted also (1256, F261, A264 and K265 in pep-
tide 1; V376 and F379 in peptide 2). This leaves
eight and 17 residues in peptides 1 and 2, respect-
ively, that have surface-accessible side-chains that
can potentially form contacts with C3b (Figure 3).
Of these 25 residues, four are acidic, three are
basic, 11 are neutral hydrophilic, and seven are
hydrophobic, and the majority of these are located
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at the carboxyl edge of the B-sheet in the vVWF-A
domain. It is thus concluded by elimination that
the amino acids that correspond to the C3b bind-
ing site are located at the active site crossover
point of the vWF-A domain.

Conclusions

The combination of experiments using a new
development of SELDIAMS technology with a
VvWEF-A homology model constructed from five
different crystal structures has provided novel
insight into the functional activity of the vWEF-A
domain in factor B, i.e. that the function of its
active site cleft is to bind to C3b. Mass spec-
trometry analysis of tryptic digests of a function-
ally active 222-residue recombinant vWF-A
domain from factor B (Williams et al.,, 1999)
showed that two peptides G229-K265 and T355-
R381 were directly implicated in ligand binding to
C3b. This experimental approach is based on a
recombinant vVWF-A domain that is of high purity,
being correctly folded and functionally active. The
primary advantage of SELDIAMS is that it corre-
sponds to the biochemical analysis of the whole
protein surface. The comparison with the vWF-A
homology model showed that both peptides
flanked its active site cleft at the carboxyl edge of
the central hydrophobic B-sheet. The vVWF-A hom-
ology model was used to narrow down the specific
residues that participate in C3b binding. This
showed that potential C3b binding residues in
both peptides could be eliminated to leave only
about 25 that are primarily located at the exposed
surface of this active site cleft. Of interest is that
the first of these factor B vVWE-A peptides coincides
in position with the Gplb platelet receptor binding
site at residues 514-542 in the Al domain of von
Willebrand factor (Knott et al., 1992; Sinha et al.,
1994; Matsushita & Sadler, 1995), numbered as
residues 245-273 in Figure 3(a). The second of these
peptides coincides in position with the iC3b active
site peptide in the vVWF-A domain of CR3 ident-
ified by Ueda et al. (1994), numbered as residues
354-365 in Figure 3(a).

Additional information on the C3b binding site
of the vWF-A domain was obtained from its hom-
ology model. Residues in the metal binding site of
the integrin vVWF-A domains CR3, LFA-1 and
VLA-2 are conserved in factor B. This suggests that
this Mg?* binding site is conserved in the vWF-A
domain of factor B, however this observation is
complicated by the observation that factor B will
bind to C3b in the absence of Mg®* (Pryzdial &
Isenman, 1987; Williams & Sim, 1994), the absence
of one of these metal binding residues in mouse C2
(Figure 3(b)), and the non-conservation of the
metal binding site in all three vVWF-A domains of
von Willebrand factor (Jenkins et al., 1998). Both
hydrophobic and ionic interactions have been
implicated in C3b-factor B complex formation,
where low ionic strengths favour complex for-

mation (Pryzdial & Isenman, 1988; DiScipio, 1981).
This is consistent with the 25 potential C3b-contact
residues which include both hydrophobic and
hydrophilic residues, as well as seven charged resi-
dues. The presence of other charged residues at
three of four significant insertions identified in the
vWF-A homology model and on a-helix A7 may
also be relevant. Of interest is that E736 and E737
in C3 have been implicated in the interaction of
C3b with factor B (Taniguichi-Sidle & Isenman,
1994). It can be speculated that these charged
groups may complete the Mg®* coordination by
analogy with the observed intermolecular lattice
contacts in the crystal structure of CR3 where a
Glu residue behaves as a ligand mimic (Lee et al.,
1995a).

This application of SELDIAMS is complementary
to site-specific mutagenesis experiments in the
sense that an increase or decrease in activity fol-
lowing a single-residue mutagenesis change does
not unambiguously identify the role of that specific
residue. It is necessary to show that the protein
folding is unaffected by the mutation, so a sys-
tematic study would require mutagenesis exper-
iments throughout the protein. Consequently,
SELDIAMS offers much economy of effort through
its ability to analyse the whole protein surface, and
is potentially applicable to other protein-protein
complexes (Spencer et al., 1999). The results of the
present SELDIAMS analysis agree with a mutagen-
esis study of single-residue changes in factor B
(Hourcade et al., 1999) that demonstrated that
D254, N260 and D364 were involved for C3b bind-
ing (Figure 5). The SELDIAMS experiments also
agreed with the outcome of experiments with chi-
meras 1 and 3 of intact factor B by Tuckwell et al.
(1997). Chimera 1 corresponded to part of peptide
1, in which G252-5259 of factor B was mutated to
C252-N259 of human C2, and chimera 3 corre-
sponded to part of peptide 2, in which 1.366-D372
of factor B was mutated to K366-S372 of human
C2, both of which resulted in loss of C3b binding
activity. As chimera 1 contained a free C252 resi-
due, which could become disulphide-linked with
the free C267 residue of factor B, that study had
not been conclusive in showing that the formation
of a potential Cys-Cys link might have caused the
lack of interaction between chimera 1 and C3b.

The role of factor B in binding to C3b and the
resulting activation of the alternative pathway of
complement activation has been clarified in the
present studies. Early crystallographic studies on
the vVWF-A domain in CR3 suggested that it could
exist in two conformations depending on the pre-
sence of the bound cation (Lee et al., 1995ab),
although the biological significance of this finding
is unclear as the crystal lattice packing contacts
may be responsible for some of these observations
(Baldwin et al., 1998; Liddington & Bankston,
1998). Nonetheless, there is evidence from muta-
tional studies indicating “on” and “off” confor-
mations, as well as the separate locations of the
mutation sites associated with the types 2B and
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2 M phenotypes in von Willebrand’s disease, that
the vWF-Al domain in von Willebrand factor is
able to transmit ligand binding signals within its
structure (Cooney & Ginsberg, 1996; Jenkins et al.,
1998). The vWF-A homology model showed that
the factor D cleavage site is eight residues away
from its N terminus (Figure 5). The recombinant
vWE-A domain also included an extra eight resi-
dues that are N terminal of the factor D cleavage
site. It was possible for factor D to cleave this
recombinant vVWF-A domain both in the presence
or absence of C3b, although this cleavage is slow
in both cases (Williams et al., 1999). In contrast to
this, the cleavage of intact factor B by factor D in
the presence of C3b occurs efficiently, but does not
occur in the absence of C3b. This means that this
factor D cleavage site is either sterically concealed,
and/or it possesses an inactive conformation in
intact factor B until it comes into contact with C3b.
If the factor B vWF-A domain is able to transmit
conformational signals by analogy with the von
Willebrand factor A1l domain (Cooney & Ginsberg,
1996; Jenkins et al., 1998), one possible explanation
of the factor D cleavage properties of intact factor
B is that the binding of the active site of VWF-A to
C3b would induce a conformational change at its
opposite face to upregulate factor D cleavage
(Figure 5). Another possible explanation would be
that the independent binding and reorientation of
the SCR domains of intact factor B to another
region of C3b would cause a conformational
change in factor B to make this peptide available
for cleavage by factor D (Figure 5). Irrespective of
which explanation is followed, these experiments
show that the role of the vVWF-A domain in factor
B is to facilitate its cleavage by factor D after bind-
ing to C3b, and can mediate the regulation of the
activities of factor B. The release of the three SCR
domains from factor B or an allosteric structural
change in the vWF-A domain then brings about
the activation of the SP domain. It is interesting
that the SP domain of factor B is attached to the o-
helix A7 of the vWF-A domain (Figure 5), which is
in topological proximity at the same o-helix face to
the predicted inhibitory binding site at o-helices
A2 and A3 of the Al domain in von Willebrand
factor (Perkins et al.,, 1999). This may suggest a
common functional property of both domains.

Materials and Methods

Preparation of recombinant vWF-A, factor B, the Bb
and Ba fragments, and C3

A 222-residue recombinant vVWF-A domain of factor B
(residues G229-Q448) from Escherichia coli was prepared
by thrombin cleavage of a vVWEF-A glutathione-S-transfer-
ase fusion protein as described by Williams et al. (1999).
The vWF-A domain incorporated a C2675 mutation to
prevent its dimerisation. To ensure the removal of
thrombin proteolytic activity, the vVWF-A domain was
passed through a 50 ml arginine/agarose column (Affi-
nity Chromatography Ltd, Ballasalla, Isle of Man, UK)
prior to the final gel filtration stage of its purification. To

prepare native factor B, fresh frozen plasma was
obtained from the Royal Free Hospital Blood Bank and
stored at —20°C. Purification was achieved using Cibra-
chrom Blue dye-ligand affinity chromatography of
human serum (Williams & Sim, 1993), followed by ion-
exchange chromatography on a monoQ anion exchange
column (dimensions 5 mm x 50 mm) (Pharmacia, Milton
Keynes, Bucks, UK). The native Ba and Bb fragments
were prepared by the proteolytic cleavage of factor B
(Lambris & Miiller-Eberhard, 1984). C3 was purified
from human plasma (Dodds, 1993). C3(NH;) was pre-
pared by adding ammonium bicarbonate to a final con-
centration of 100 mM at pH 8.0 to purified C3, then
incubating this at 37°C for one hour, then dialysing
overnight into phosphate buffered saline (PBS) (137 mM
NaCl, 2.7 mM KCl, 8.1 mM Na,HPO,, 1.5 mM KH,PO,,
0.5 mM MgCl,, pH 7.3).

All protein preparations were concentrated under
nitrogen gas using an Amicon ultrafiltration stirred cell
with a YM-10 membrane before being loaded onto a
HiLoad 16/60 Superdex-75 gel filtration column (Phar-
macia). The protein preparations were characterised by
SDS-PAGE using 10 % gels (except for 8 % gels used for
factor B) in an ATTO mini gel apparatus (Genetic
Research Instruments, Dunmow, Essex, UK) to deter-
mine molecular masses and purities. Samples were
denatured in 8 M urea in the presence of either 20 mM
dithiothreitol (reducing gels) or 40 mM iodoacetamide
(non-reducing gels) prior to loading onto the gel. Rain-
bow protein molecular mass markers were used as refer-
ence (Amersham). Protein concentrations were
determined spectrometrically at 280 nm, using absorp-
tion coefficients (1 cm, 1 %) calculated from the sequence
as follows (Perkins, 1986): vWF-A domain, 15.2; factor B,
13.8; Ba fragment, 16.7; Bb fragment, 12.5; C3, 9.8.

SELDIAMS analyses

For the SELDIAMS experiments, the covalent binding
of C3(NHS,) to preactivated chips (Ciphergen Biosystems
Ltd., Camberley, Surrey, UK) was achieved vig a primary
amine-based coupling to the N-terminal amino acid and
lysine residues. To 1Izdrevent cross-contamination over the
SELDI ProteinChip '™ surface, a circle was drawn around
each spot on the chip using a hydrophobic marker
(Dako, Bucks, UK). The chip surface was prepared by
adding 1 pl of acetonitrile and allowing it to dry. A 2 ul
sample of C3(NHj;) at 0.1 mg/ml in PBS was then added
to the spots on the chip and kept in a humid environ-
ment overnight to allow covalent attachment of the pro-
tein. Unbound C3(NHj;) was rinsed off the activated chip
surface with 4 ul of PBS, and any remaining sites were
blocked using 4 pl of 1 M ethanolamine (pH 7.5) for
30 minutes. After the spots had been rinsed three times
with 4 pl of PBS, they were then probed with 2 pl of pro-
tein ligand (either the vVWF-A domain, the Ba or Bb frag-
ment, or factor B) at 0.1 mg/ml in PBS. This was left at
room temperature in a humid environment for one hour,
after which the spots were rinsed with PBS. The protease
incubations were conducted using 2 pl of sequencing-
grade trypsin (Boehringer Mannheim, East Sussex, UK)
at 5 ug/ml in PBS at room temperature for one hour,
after which the spots were rinsed three times with PBS,
then three times with water.

Mass analysis was performed with a PBS-1 mass ana-
lyser (Ciphergen Biosystems Ltd.). A 1 ul sample of
matrix solution (5 mg/ml) was added to the prepared
chip; this was allowed to dry. The spots were analysed
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by matrix assisted laser desorption ionisation time of
flight mass spectrometry. The protein mass analyses
were performed wusing sinapinic acid (frans-3,5-
dimethoxy-4-hydroxycinnamic acid) as the matrix in
50% acetonitrile and 0.05% trifluoroacetic acid in dis-
tilled water. The peptide mass analyses employed a
matrix solution consisting of a-cyano-4-hydroxycinnamic
acid in 50% (v/v) acetonitrile, 50% (v/v) deionized
water and 0.01 % (v/v) trifluoroacetic acid. To determine
masses, the instrument was calibrated externally against
bovine IgG (mass 147.3 kDa) and internally against
bovine ubiquitin (mass 8546.4 Da). The masses from
amino acid sequences were calculated using averaged
isotopic atomic masses with the Protein Analysis Work-
sheet (PAWS) program (http://www.proteometrics.-
com).

Homology modelling of the vWF-A domain in
factor B

In order to model the vVWF-A domain structure of fac-
tor B (residues S243 to M443), a total of 23 sets of coordi-
nates from the Protein Data Bank for 14 vWF-A crystal
structures for CR3, LFA-1, VLA-2 and the Al and A3
domains of von Willebrand factor were analysed in
order to assess the highest similarity with the vWF-A
sequence of factor B. The identity of each alignment of
two sequences was defined as (the number of identical
residues) x 100/ (the total number of topologically equiv-
alent positions in the alignment, excluding gaps in either
sequence). Secondary structure elements were identified
using DSSP (Kabsch & Sander, 1983). Residue solvent
accessibilities were calculated using a probe of 1.4 A in
the COMPARER program (Lee & Richards, 1971; Sali &
Blundell, 1990). For alignment purposes, the DSSP and
COMPARER analyses were supplemented by visual
inspection using INSIGHT II software (Biosym/MSI, San
Diego, USA) on Silicon Graphics INDY Workstations in
conjunction with Crystal Eyes stereo glasses and the
superfamily alignment of 75 vWF-A sequences reported
by Perkins et al. (1994). Coordinates for eight CR3 struc-
tures were taken from the PDB entries lido, 1bho, 1bhg,
1jlm and 1lidn. Those for 7 LEA-1 structures were taken
from the PDB entries 1zoo, 1zop, 1lfa and 1zon. Those
for two VLA-2 structures were taken from the PDB entry
laox. Those for two vWE-ALl structures were taken from
the PDB entries lauq and loak. Those for four vVWF-A3
structures were taken from the entries 1ao3 and latz.

The homology model was built by aligning the factor
B vWE-A sequence with that of the CR3 vWF-A domain
(PDB code lido; Lee et al., 1995a). This alignment was
initially extracted from Perkins et al. (1994), and was
modified by eye to optimize residue and topological
equivalences and minimize the number of gaps in the
alignment. Regions without gaps were defined as struc-
turally conserved regions that formed the secondary
structure framework. The insertions and deletions were
mainly found in loop positions and were defined as
structurally variable regions. This conserved framework
that was used for the core of the VWF-A model con-
tained nine peptide fragments from the CR3 structure
and comprised 133 residues. Eight peptide fragments of
the correct length from known protein structures in the
Protein Data Bank were selected for modelling the struc-
turally variable regions in the vWF-A model (factor B
residues V275-P282, S305-N306, N315-5326, S342-T355,
G365-1374, 1.384-Y397, V405-L408 and K421-E424). A pre-
calculated C* atom distance matrix identified the PDB
loops that best fitted the corresponding C* atom distance

matrix calculated from the structurally conserved regions
of the vWF-A framework that defined the starts and
ends of these searched loops for a specified number of
flanking and intervening residues. These remodelled 68
loop residues comprise 34 % of the vWF-A model. Typi-
cally for homology models, these loop residues will be
less well-defined in position than the 133 framework
residues. Side-chain atoms were automatically generated
for both the structurally conserved regions and structu-
rally variable regions using the template structures and
general rules for residue exchanges. The vVWF-A hom-
ology model was refined using energy minimization,
where 300 steps of steepest descent minimisation was
performed with HOMOLOGY and DISCOVER software
(MSI/Biosym, San Diego, USA). The energy refinements
significantly improved the covalent geometry at the
splice junctions with the searched loops and the bad con-
tacts of the vVWF-A model as assessed by the PRO-
CHECK program (Laskowski et al., 1993).
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Metal-dependent Conformational Changes in a
Recombinant vWF-A Domain from Human Factor B:
A Solution Study by Circular Dichroism, Fourier
Transform Infrared and '"H NMR Spectroscopy

Justin Hinshelwood and Stephen J. Perkins*

Department of Biochemistry Factor B is a key component of the alternative pathway of complement
and Molecular Biology, Royal and is cleaved by factor D into the Ba and Bb fragments when com-
Free and University College plexed with the activated form of C3, namely C3b. The Bb fragment con-
Medical School, University tains a von Willebrand factor type A (vWF-A) domain, which is
College London, Rowland Hill ~ composed of an open twisted almost-parallel B-sheet flanked on both
Street, London, NW3 2PF, UK  sides by seven a-helices Al to A7, with a metal coordination site at its
active-site cleft. Homology modelling of this vVWF-A domain shows that
the metal-binding site was present. Two recombinant vVWF-A domains
(Gly229-Tle444 and Gly229-GIn448) were examined by circular dichroism
and Fourier transform infrared spectroscopy and indicated a sig;nificant
conformational transition in the presence and absence of Mg**. Two
upfield-shifted signals in the "H NMR spectrum were used as sensitive
probes of the vVWF-A protein structure, one of which was assigned to a
methyl group and demonstrated metal- and pH-dependent properties
between two distinct conformations. Temperature denaturation studies
followed by spectroscopy showed that metal-binding caused the vVWEF-A
structure to become significantly more stable. Ring current calculations
based on a homology model for the vWF-A structure correlated one
upfield-shifted signal with a methyl group on the o-helices in the vVWF-A
structure and the other one with individual single protons. An allosteric
property of the vVWF-A domain has thus been identified, and its impli-
cations for factor B activation were examined. Since the VWF-A domain
after a-helix A7 is connected by a short link to the catalytic serine pro-
tease domain in the Bb fragment, the identification of a metal-free and a
more stable metal-bound conformation for the vVWF-A domain implies
that the vWF-A interaction with C3b may alter its Mg?*-bound coordi-
nation in such a way as to induce conformational changes that may regu-
late the proteolytic activity of factor B.
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Introduction

Factor B is the zymogen of the protease com-
ponent of the C3 and C5 convertases in the alterna-
— ) . tive pathway of the complement system (Law &
Abbreviations used: CD, circular dichroism; FB, factor Reid, 1995). The activated form of C3, C3b, forms a
B; Ba and Bb, Ba and Bb fragments of factor B; FT-IR, complex with factor B both in the presence and

Fourier transform infrared; PBS, phosphate buffered . .
saline; vWF-A, von Willebrand factor type A domain; absence of Mg*" (Pryzdial & Isenman, 1987;

SCR, short consensus/complement repeat; SP, serine Williams & Sim, 1994), whereupon factor B is
protease. cleaved by factor D to give the Ba and Bb frag-
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C3b to form the active C3 convertase enzyme
C3bBb. Factor B is essential for the opsonisation
and cell killing functions of the alternative path-
way.

Human factor B is a five domain glycoprotein
(Mole et ai, 1984). The N-terminal Ba fragment
contains three short consensus/complement repeat
(SCR) domains (also known as complement control
protein domains), each of size about 60 amino acid
residues. The C-terminal Bb fragment contains two
domains, the N-terminal one being a von Wille-
brand factor type A (VWF-A) domain (also known
as l-domains or A-domains), and the C-terminal
one being a serine protease (SP) domain. All three
domains are implicated in multi-site interactions
with C3b. Of particular interest is the vWF-A
domain of factor B, which is responsible for bind-
ing to C3b at its active site cleft (Tuckwell ef ai,
1997; Hourcade ef ai, 1999; Hinshelwood ef ai,
1999). The presence of this domain N-terminal to
that of the SP domain is distinct to that of the mul-
tidomain serine proteases of blood coagulation.

vWF-A Interactions with Metal

The SP domain of factor B does not follow the clas-
sic activation mechanism in which a polypeptide
cleavage immediately prior to its N terminus cre-
ates a new positive charge, which is then inserted
into the SP domain and causes it to adopt an active
SP conformation (Huber & Bode, 1978; Perkins &
Wauthrich, 1980). In factor B, it is most likely that
the vVWF-A domain is involved in the activation of
the SP domain, however the molecular mechanism
for this is presently unknown.

The vVWF-A domains are widespread and occur
in cell surface receptors (integrins) and in collagen
Types VI, VII, XII and XIV as well as in other
complement proteins (Perkins ef ai, 1999). Its struc-
ture is an open twisted mostly-parallel p-sheet
structure flanked by a-helices above and below the
P-sheet (Figure 1), in which an active site cleft at
the crossover point where the p-sheet winds
towards opposite ends of the structure frequently
binds metal (Edwards & Perkins, 1996). Crystallo-
graphy has yielded 23 sets of vVWF-A coordinates
for 14 vWF-A crystal structures for five different

Figure 1. Conformational change seen between two superimposed crystal structures for complement receptor type

3 (CR3) in the presence of

. The central six-stranded p-sheet is viewed face-on. The structure corresponding to

the PDB code lido is shown as a light blue ribbon with the active-site residues depicted with side-chains (green) and
metal atom (Table 1). That corresponding to the PDB code Ibho (dark blue) with side-chains (yellow) and metal
atom. A large movement in Asp242 and the a-helices relative to an almost invariant p-sheet is seen between the two

forms.
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vWF-A proteins. Metal-binding sites were
observed in the integrin VWF-A structures of
complement receptor type 3 (CR3; CD11b), leuco-
cyte-function associated antigen-1 (LFA-1; CD11a)
and very late activation protein-2 (VLA-2; platelet
glycoprotein Ia; CD49b), but not in the Al and A3
domains of von Willebrand factor (Lee et al.,
1995a,b; Baldwin et al., 1998, Qu & Leahy, 1995,
1996; Emsley et al., 1997, 1998; Celikel et al., 1998;
Huizinga et al., 1997; Bienkowska et al., 1997). The
effect of metal binding to the vVWF-A domain of
integrins is presently unclear, since the Mg?* bind-
ing site in the vWF-A crystal structure for CR3 dif-
fers from those in others, namely LFA-1, VLA-2
and others for CR3 (Figure 1). It is not known
whether the integrin vWF-A structure is affected
by metal binding, and this is currently an area of
controversy (Lee et al., 1995a; Baldwin et al., 1998;
Liddington & Bankston, 1998). Further uncertainty
results from the absence of a Mg?* site in the vVWF-
Al and vWF-A3 domains of von Willebrand factor
(Celikel et al., 1998; Emsley et al., 1998; Jenkins et al.,
1998; Huizinga et al., 1997; Bienkowska et al., 1997).
There is also uncertainty in the role of the Mg?* in
factor B as the metal is not absolutely required for
assembly of the C3bBb complex nor for its acti-
vation (Pryzdial & Isenman, 1986).

A clarification of the structural role of bound
Mg?* to the VWF-A domain is essential for an
understanding of its metal-binding properties.
Given the large difference reported between the
metal-bound and metal-free forms of vWF-A by
crystallography (Figure 1), it was surprising that
initial circular dichroism (CD) and Fourier trans-
form infrared (FT-IR) spectroscopic studies of
vWF-A domains were unable to detect any signifi-
cant conformational rearrangement upon metal
binding (Perkins et al., 1994; Fairbanks et al., 1995;
Nolte et al.,, 1999). Here, we describe the appli-
cation of a multidisciplinary spectroscopic
approach to a recombinant vWF-A domain from
factor B in the presence of excess metal or EDTA.
Two recombinant VWF-A domains were used, one
with 218 residues (molecular weight 24,500) based
on the factor B vVWEF-A sequence Gly229-Ile444,
and a more stable one with 222 residues (molecular
weight 25,000) based on the sequence Gly229-
GIn448 (Williams et al., 1999). A homology model
for the vWF-A domain enabled the data to be
interpreted (Hinshelwood et al., 1999). We present
the first unequivocal evidence for a detectable con-
formational change between the metal-bound and
metal-free forms of a VWEF-A domain, and discuss
the functional implications of this result for factor
B.

Results and Discussion

The metal-binding site in the
VWF-A superfamily

The sequence alignment of the vWF-A super-
family (Perkins et al., 1994) showed that the metal

coordination site corresponded to a conserved
DxSxS motif on one side of the active-site cleft,
together with conserved Thr and Asp residues on
the other side of the cleft. This site was examined
in 14 sets of CR3, LFA-1 and VLA-2 coordinates by
molecular graphics. The molecular coordination to
Mg?2* or to other divalent cations such as Mn** or
Cd** differed only between the first-determined
CR3-Mg** structure (PDB code lido) and the
remaining 13 vWF-A-metal structures (Table 1).
The metal coordination with DxSxS is the same in
all 14 structures, and involves a water molecule
bridge between the metal and a bidentate linkage
with an Asp carboxyl group (distances of 3.9 A to
43 A), and two direct metal bonds with Ser
hydroxyl groups (distances of 1.7 A to 2.3 A). In
distinction to this, that with the conserved Thr and
Asp residues involves a shift of the water molecule
bridge from Asp in the first vVWF-A structure (Lee
et al., 1995a; PDB code lido) to Thr in the remain-
ing 13 structures (Figure 1). In the latter, the Thr
hydroxyl-metal distance ranges between 3.8 Ato
4.6 A, and the Asp carboxyl-metal distance ranges
between 1.9 A to 2.3 A. The two vVWF-A structures
that did not bind metal are missing three (Al
domain) or two (A3 domain) residues in this
DxSxS-D-T motif, thus explaining the lack of metal
binding (Perkins et al., 1994; Jenkins et al., 1998).
These comparisons show that two types of metal-
vWE-A structures occur, one found in 13 of the 14
available metal-bound structures, and the other
involving a structural change at one side of the
active site cleft, which is hereinafter termed the
conformationally-flexible side of this cleft. In the
light of the recent controversy over CR3 integrin-
metal structures (Baldwin et al., 1998; Liddington
& Bankston, 1998), in which it was unclear if metal
affected the vVWF-A structure, a reinvestigation of
the binding of Mg?* to the vVWF-A domain by
independent approaches based on solution struc-
ture methods was carried out.

CD studies of factor B and its fragments

CD spectroscopy is a monitor of the overall pro-
tein secondary structure and is sensitive to confor-
mational changes (Drake, 1994). For CD studies,
the recombinant VWF-A-218 and vWF-A-222
domains, the Bb fragment and factor B were pre-
pared, each of which was eluted as a single peak
from the HiLoad 16/60 Superdex-75 gel filtration
column. Each migrated as a single band on SDS-
PAGE under both reducing and non-reducing con-
ditions. From these, the approximate masses of
these proteins were estimated as: vWF-A-218 and
VWEF-A-222, 25 kDa; Bb fragment, 60 kDa; factor B,
90 kDa, all of which were as expected from their
sequences. All the preparations were recognised in
Western blots using a polyclonal antiserum to fac-
tor B, and were determined to be monomeric by
mass spectrometry or analytical ultracentrifugation
(Williams et al., 1999; Hinshelwood et al., 1999).
Both the vWF-A-218 and vWF-A-222 domains
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Table 1. Survey of distances between the metal ion and its coordinating atoms in homologous vWF-A crystal struc-

tures

Coordination residue®
vWEF-A? (PDB
code) Metal DxSxS Thr Asp
CR3 (CD11b) Aspl40 Ser142 Serl44 Thr209 Asp242
lido Mg2+ 42,42 22 22 2.1 42,42
1jlm Mn?+ 4.0, 4.4 23 21 4.0 23
1bho-1 Mg2+ 4.0, 4.1 2.0 2.0 4.2 21
1bho-2 Mg2+ 3.9, 4.6 23 1.7 4.6 21
1bhg-1 Cd+ 3.9, 44 23 2.6 3.8 23
1bhg-2 Cd*+ 41,43 22 22 3.8 1.9
LFA-1 (CDl11a) Aspl37 Ser139 Serl141 Thr206 Asp239
1zoo0-1 Mg“’ 39,40 21 2.1 4.2 20
1zo0-2 Mgz"' 4.0,4.1 21 2.1 4.2 2.1
1zop-1 Mn2+ 3.9, 4.0 2.1 2.1 42 2.0
1zop-2 Mn2+ 4.0,4.1 21 2.1 4.0 21
1lfa-1 Mn?+ 4.0, 4.0 21 2.1 4.0 21
11fa-2 Mn?+ 4.0, 4.0 21 21 4.0 2.1
VLA-2 (CD49b) Aspl51 Ser153 Ser155 Thr221 Asp254
laox-1 Mg2+ 4.1, 4.0 22 2.0 4.2 21
laox-2 Mgz"' 4.1, 4.0 23 2.0 4.2 20

Distances are in A. The ligation site is to either the OD1 and/or OD2 atoms in D residues (viz a water bridge in the case of the
first D residue and the T residue in 13 of the 14 structures), the OG atom in S residues, and the OG1 atom in T residues. In the
LFA-1 structures, chloride ions and/or water molecules form additional ligands with metal (not shown).

* Where two molecules appear in the unit cell, they are described by a suffix of —1 or 2.

® The crystallographic resolutions range between 1.7 A to 3.0 A.

were functionally active (Williams & Sim, 1994;
Williams et al., 1999). The vWF-A-222 domain was
more soluble than the vWF-A-218 domain, and
was therefore better suited for CD studies.

The secondary structures of the above four pro-
teins were examined using their CD spectra. Each
CD spectrum showed a large negative differential
molar extinction coefficient Ag between 210 nm
and 220 nm, with a small trough between these
wavelengths, as expected for proteins with a-helix
and B-sheet contents (Drake, 1994). The vWF-A-218
and vWF-A-222 spectra in the presence of 0.5 mM
MgCl, were very similar (Figure 2), and indicated
that these two recombinant vVWF-A domains had
similar folded structures. They were readily dis-
tinguishable from the factor B and Bb spectra by
showing a higher negative Ae. The observed sec-
ondary structures for each of the metal-bound and
metal-free VWF-A domains were quantified using
CONTIN (Provencher, 1982; Drake, 1994). This
indicated a secondary structure with 26% o-helix
and 31% B-sheet that agreed well with previous
estimates by Fourier transform infrared spec-
troscopy (Perkins et al., 1994), circular dichroism
(Fairbanks et al., 1995; Specks et al., 1992) and the
consensus secondary structure content from 23
vWF-A crystal structures (Hinshelwood et al.,
1999). The CD data agreed with the known pre-
sence of both o-helix and B-sheet in VWEF-A
domains.

On the addition of 1 mM EDTA to the vVIWF-A-
218 or vWF-A-222 domains, a significant reduction
of 15-24% in Ag at 215 nm from approximately
-35M7 em™! to —29 M™! cm~! was observed

(Figure 2). Similar experiments on the Bb fragment
in the presence of Mg?* and EDTA revealed a 4%
reduction of Ae when EDTA was added. The direc-
tion of this change is the same as that seen for the
recombinant VWF-A domains. No change was
reproducibly detected within error for factor B
under these conditions. These results were
obtained in three CD sessions with up to three
independent preparations. The same outcome was
also obtained in the reversed experiment in which
the CD spectrum of the vVWF-A-222 domain pre-
pared in the absence of Mg?* was compared with
the CD spectrum of the same sample containing
2 mM MgCl,. In control experiments, no changes
occurred in the CD spectrum of the vWF-A-222
sample when this was titrated with CaCl, instead
of MgCl,.

The changes in At in Figure 2 are best explained
by noting that the SP domain is common to both
the Bb fragment and factor B, but is absent from
the vWF-A samples. The presence of the SP and
SCR domains which contain dominantly B-sheet
structures will reduce the proportion of a-helix by
a factor of about 2 for the Bb fragment and about 3
for intact factor B when compared to the vVWF-A
domain, and would result in smaller Mg?*-induced
effects as observed. The reduced effect of Mg?* on
the CD spectra of the Bb fragment and factor B
may also be affected by contacts between the SP
domain and/or the Ba fragment with the vWF-A
domain. Since a-helices have large effects on CD
spectra, the increase in negative Ae for the recom-
binant vVWF-A domain in the presence of Mg?*
implies that the bound metal has stabilised a small
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Figure 2. CD spectra at 20°C of the vWF-A-218 and
VWF-A-222 domains, the Bb fragment and factor B. The
differential molar extinction coefficient Ae is shown as a
function of wavelength. Sample concentrations ranged
between 0.2 to 1.5 mg/ml. The buffer was 5 mM Tris-
HC1 (pH 7.5), 0.5 mM MgCl;, to which 1 mM EDTA
was added to remove protein-bound metal. The pairs of
spectra for the vWF-A-218 and vWF-A-222 domains cor-
respond to the presence of Mg"* (lowest pair at 215 nm,
as arrowed) and EDTA (next lowest pair as arrowed).
The pairs of spectra for each of the Bb fragment and fac-
tor B correspond to the presence of Mg*+ or EDTA.

amount of ordered a-helix. In this context, it is of
interest that the occurrence of a-helices is variable
in crystal structures for the vWF-A superfamiiy
(Figure 3 of Hinshelwood ef ai, 1999), even within
different crystal forms of the same molecule (Lee
et al, 1995a,b). For example, a-helix A5 becomes a
short 3,0-helix in the LFA-1 (CDIlla) structure,
unlike in the other vVWF-A structures. In the case of
factor B, the vWF-A homology model showed that
significant insertions were predicted just before
and after the a-helices A4 and AS, the effect of
which was to deepen the conformationally-flexible
side of the metal-binding active site cleft (Figure 3).

Mg" -dependence of the vVWF-A structure by
FT-IR spectroscopy

FT-IR spectroscopy monitors the protein second-
ary structure through the separate observation of
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signals for a-helix, (I-strand and other secondary
structures (Haris & Chapman, 1994). In the absor-
bance spectrum of the vWF-A-222 domain in a
AHjO buffer with 5 mM MgClj, the amide 1 band
appears as a broad signal centered at 1641-
1642 cm“” that corresponded principally to main-
chain C=0 stretching motions (Figure 4(a)). After
calculation of the second derivative spectrum of
the VWF-A-222 domain (a procedure that inverts
the spectral intensities of the bands), two major
bands at 1650 cm~’ and 1636 cm“” were well
resolved (Figure 4(b)). These two bands were
assigned to a-helix and (3-sheet structures, respect-
ively. There were also small sub-components of the
amide 1 band at 1659 cm"\ 1670 cm*“’ and
1692 cm“L The band at 1659 cm“” may be attribu-
ted to either the presence of 3,o0-helix or (3-tums.
The bands at 1670 cm~" and 1692 cm“” are likely
to correspond to (3-tum or anti-parallel (3-sheet
structures (Haris ef al, 1986; Surewicz ef al, 1993).
These observations agree with the predicted struc-
ture of the factor B vWF-A domain and its hom-
ology model and the previous FT-IR study of the
vWF-A-218 domain (Perkins ef al, 1994; Edwards
& Perkins, 1995, 1996; Hinshelwood ef al, 1999).

Here, the greater stability of the vWF-A-222
domain compared to the vWF-A-218 domain
permitted the effect of Mg”+ on its FT-IR spectrum
to be studied in more detail. The FT-IR spectra
were recorded using “H"*O buffers both in the pre-
sence and absence of metal. The removal of Mg"+
caused the (3-sheet band at 1636 cm“” to shift
reproducibly to a slightly lower frequency of
1634 cm“' with a minor reduction in its intensity
(Figure 4(b)). This shift was attributable to a great-
er ’H-"H exchange of the main-chain amide pro-
tons of the metal-free vVWF-A-222 domain as the
result of a more flexible structure (Haris ef al,
1986, 1990; Jackson ef al, 1991; Perkins ef al, 1992).
This explanation was based on observations of the
extent of *H-"H exchange using the intensity of the
amide 11 band at both 1536 cm"" and 1546 cm "\
where the amide 11 band arises principally from
N-H bending vibrations, which can be used to
monitor “H-"H exchange. These intensities were
normalised by comparison with that of the well-
resolved 1516 cm*“’ Tyr band. The intensities of the
residual amide II bands at both 1536 cm*“' and
1546 cm“”~ were found to be approximately four
times higher for the metal-bound vWF-A domain
compared to that measured in the presence of
EDTA after similar periods of dialysis into "HjO
buffers for both samples. In distinction to the
changes seen in the CD spectrum, the a-helix band
at 1650 cm“' showed less dependence on the pre-
sence of MgV, where no significant perturbation
was observed on chelation of the metal
(Figure 4(b)). The possibility that the observed
spectral changes resulted from bands from EDTA
was eliminated for reason of the use of (sample-
buffer) difference spectra throughout and the lack
of ET-IR bands from EDTA itself in the spectral
range between 1630 cm“’ and 1700 cm'F
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Figure 3. Sequence and numbering of the vWF-A domain in factor B. This is aligned with the sequence of CR3
and the mean secondary structure of the vVWF-A superfamiiy (Hinshelwood ef ai, 1999). The metal binding site
DxSxS-D-T is indicated by M symbols above the sequences. Residues potentially involved in methyl ring current shift
interactions are denoted by R for factor B. The vWF-A-218 sequence is shown up to lle444, and vWF-A-222 corre-
sponds to the replacement of Cys267 (asterisked) with Ser267 and the addition of four C-terminal residues.

The stability of the -bound and Mg”*"-free
forms of the vVWF-A-222 domain was investigated
using thermal dénaturation experiments. The 1634-
1636 cm“’ band (P-sheet) exhibited a sigmoidal
dependence on temperature, where its negative
intensity was much diminished above 50°C
(Figure 5). The melting temperatures of the vWF-A
domain were determined from the midpoints of
the two graphs to be 46 °C for the Mg”*"-bound
form and 36°C for the Mg”"-free form. Analysis of
the negative intensity of the 1650 cm~’ band
(a-helix) also demonstrated a sigmoidal tempera-
ture dependence with a similar dénaturation tem-
perature (data not shown). In contrast, a band at

1700 1600 1500 1700 1600 1500

Wavenumber (cm')

Figure 4. FT-IR spectroscopy of the amide 1 band of
VWF-A-222 domain studied in PBS in with either
5 mM MgCb (red) or 5 mM EDTA (black). The concen-
tration of the vWF-A-222 sample was 5 mg/ml for both
samples, (a) The absorbance spectra; (b) the second
derivative spectra. Band positions are identified by
wavenumber labels.

1628 cm~’ that corresponded to random coil struc-
tures exhibited an increase in negative intensity
with a reversed sigmoidal dependence as the tem-
perature was increased. Thermal dénaturation
experiments that were also performed using CD
spectroscopy confirmed that the Mg”+-bound form
was the more stable form (data not shown). It was
concluded from both FT-IR and CD spectroscopy
that the presence of Mg+ significantly improved
the stability of the vWF-A-222 domain.

Mg~+-dependence of the vWF-A structure by
"H NMR spectroscopy

The 'H NMR spectra of both the vWF-A-218 and
vWF-A-222 domains demonstrated significant
NMR signal dispersion compared to the random
coil spectra of the 20 amino acids (Figure 6). This
meant that their folded structures in solution could
be monitored by ’IT NMR. 500 MHz and 600 MHz
’H NMR spectra were recorded at pH 7.50 at 30 °C
in the presence of 0.5 mM Mg"+ for both the vWF-
A-218 and vVWF-A-222 domains. Both domains pre-
sented two high field-shifted signals upheld of 0
ppm, one denoted as 2v at —0.29 ppm, and a
broader one denoted as Iv. The Iv signal appeared
at —0.93 ppm for the vWF-A-222 domain and
—0.97 ppm for the VvWF-A-218 domain
(Figure 6(a)), and is approximately one-third the
intensity of the 2v signal, so these were assigned as
single-proton and single-methyl signals, respect-
ively. The appearance of two identical sets of sev-
eral resonances immediately downfield of the
residual water signal (not shown) was consistent
with the presence of P-sheet structures in both
vWF-A domains (Wishart ef ai, 1992). The aro-
mahec regions of the NMR spectra between 6 to 8
ppm for both vWF-A domains exhibited many
overlapping signals, and in general both spectra
were very similar (Figure 6(b)). However, at the
left of Figure 6(b), an extra resonance at 7.86 ppm
was present in the vVWF-A-218 spectrum that was
not present in that for vWF-A-222. The general
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Figure 5. Dependence of the intensity of the second
derivative band at 1635 cm™! for the vWF-A-222 domain
as a function of temperature in the presence of Mg?*
(@) and EDTA (O). The data points were fitted to a sig-
moidal function represented by the continuous lines.

similarity of both vVWF-A NMR spectra was as
expected from their sequences (Figure 3). If the
packing of the a-helix A7 against the VWF-A
domain was affected by the C-terminal sequence
extension in vWF-A-222, this may cause localised
structural perturbations that would be reflected in
the two minor NMR spectral differences involving
the single-proton peak 1v and the extra aromatic
signal at 7.86 ppm. It should be noted that Cys267
is on a-helix Al (Figure 3), which is adjacent to a-
helix A7, and its replacement may affect a-helix
A7. Irrespective of how the shift changes were
caused, the comparison of the vVWF-A-218 and
vWE-A-222 spectra suggested that the C-terminal
a-helix A7 possessed a small degree of mobility
within the vWF-A structure. This is consistent with
the different conformations seen for a-helix A7
seen in different VvWF-A crystal structures
(Figure 1).

NMR titrations with Mg?* and EDTA were per-
formed to explore the effect of metal on the vVWF-A
structure (Figure 6(c) and (d)). When 1 mM EDTA
was added to the VWF-A-218 domain, the high
field signal 2v at —0.29 ppm was shifted downfield
to —0.19 ppm, denoted as 2v' (not shown). The
aromatic signals in the downfield region of the
NMR spectrum also demonstrated minor pertur-
bations on the addition of 1 mM EDTA (not
shown). To avoid the effect of the strong 'H NMR
signals from EDTA on the spectrum, and to show
that the spectral changes were not caused by inter-
action of EDTA with the vWF-A domain, the vWF-
A-222 domain was prepared in the absence of
Mg?*, and the NMR spectrum was studied in the
presence of MgCl, at concentrations between

0 mM to 5 mM (Figure 6(c)). The reverse chemical
shift change was observed, in which signal 2v’ (at
—0.19 ppm) was initially observed in the absence
of Mg**, then this was gradually replaced by sig-
nal 2v (at —0.29 ppm) on the addition of 0.1 mM
and 0.2 mM Mg?* (Figure 6(c)). This corresponded
to slow exchange on the NMR timescale between
the metal-free and metal-bound forms. The disap-
pearance of signal 2v’ occurred when the MgCl,
concentration reached 0.5 mM, which was approxi-
mately double the vWF-A concentration of
0.16 mM. The apparent excess of Mg?* over the
vWEF-A domain needed to cause signal 2v’ to dis-
appear is ascribed to the weak binding of metal to
the protein. Other spectral changes occurred
during the Mg?* titration, as indicated by the two
asterisked peaks in Figure 6(c) and the seven aster-
isked signals between 6.0 and 8.0 ppm in
Figure 6(d), all of which were identified with the
help of difference spectra. These differences
demonstrated further that the vVWF-A domain can
exist in two conformations that depend on the pre-
sence or absence of Mg?*. In a control experiment,
no change in the vWF-A-222 spectrum was
observed when CaCl, was added to a final concen-
tration of 5 mM.

In order to examine whether the same Mg?*-
induced conformational change could be seen in
the Bb fragment prepared from native factor B, the
NMR experiments were repeated using this. The
upfield NMR spectrum of the Bb fragment showed
broader signals that corresponded to the doubling
of the molecular weight of the vVWF-A domain,
and a high degree of spectral overlap was present
(Figure 7). It was nonetheless possible to identify
both the 2v and 1v signals at similar chemical
shifts to those for the vWF-A spectra. In particular,
the 2v signal of the Bb fragment showed an identi-
cal conformational dependence on the presence of
Mg?* to that of the vVWF-A-222 domain, in that the
2v peak at —0.29 ppm was shifted downfield to
the 2v’ position at —0.19 ppm when 1 mM EDTA
was added. The 1v peak of the Bb spectrum was
unaffected by the presence of Mg** or EDTA.
These results show that the conformational depen-
dence of the vWF-A domain on the presence of
bound Mg?* is relevant to the vVWF-A domain in
the context of the native Bb fragment.

Temperature and pH stability of the vWF-A
domain by 'H NMR spectroscopy

The thermal stability of the vVWF-A domain was
studied by 'H NMR spectra. In the presence of
5 mM Mg?*, the signal 2v for the vVWF-A-222
domain was unchanged in chemical shift and
intensity between 30°C and 45°C, and disap-
peared at 50°C (data not shown). In contrast, the
broad signal 1v moved downfield with increase of
temperature, and also disappeared at 50 °C. Similar
NMR results were obtained for the vWF-A-218
domain. When the metal-free vVWF-A-222 domain
was studied in the same manner, the high field-
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(a)

VWF-A-222

Figure 6. Comparison of the
vWF-A-218 and VvWE-A-222
domains by NMR and the effect of

Mg?*. (a) and (b) Comparison of
the upfield and downfield spectral
regions, respectively of the vVWF-A-
218 and vVvWF-A-222 domains
(4 mg/ml; 0.16 mM) in the pre-

sence of 0.5 mM Mg?*. The two

highfield-shifted signals are

VWF.A-218

- - i I

labelled 2v and 1v. (c) Effect of
Mg?** on the upfield NMR spec-
trum of the vWF-A-222 sample,
with the Mg?* concentration in
mM shown within square brackets.
In addition to the difference
between 2v and 2v/, two more are
highlighted by * symbols. (d) The
aromatic region of the vWF-A-222
domain spectrum in the Mg**-

8.0 1.5 7.0 6.5
Chemical shift (ppm)

6.0 8.0 75

shifted methyl signals and the conformationally-
dependent aromatic signals disappeared at 40°C
and above. These NMR results showed that the
Mg**-bound form of the VWF-A-222 domain
denatured at 45-50°C in the presence of Mg?* and
at 40°C in its absence. This difference is in full
agreement with the CD and FT-IR spectroscopy
data above.

The pH stability of the vVWF-A-218 domain in
0.5 mM Mg?* was studied by NMR (data not
shown). The vWF-A-218 signals 1v and 2v were
unchanged throughout the pH range between 6.6
and 9.5, and likewise the aromatic region of the
spectrum. The vWF-A-218 domain was poorly sol-
uble below pH 5.0 when it precipitated. Despite
this, the signal 2v underwent large downfield shifts
at pH 5.9 and pH 5.4. This change is explained in
terms of the general protonation of a nearby Asp
or Glu residue at low pH.

Ring current calculations of the vWF-A
homology model

Ring current calculations provide a molecular
explanation for the highfield-shifted NMR signals

Chemical shift (ppm)

bound and Mg?*-free states. Seven
differences between the two spectra
are shown by an asterisk, for ease
of visualisation.

M
65 6.0

of the VWF-A domain starting from a homology
model for the vWF-A domain that was based on
23 sets of VWF-A coordinates (Hinshelwood et al.,
1999). The number of observed methyl signals in
the upfield-shifted spectral region between 0.5
ppm and 0.0 ppm was estimated from signal areas.
This gave an estimated total of about seven methyl
signals for both the vWF-A-218 and vWEF-A-222
domains when compared in intensity with the
methyl signal 2v and the single proton signal 1v
(Figure 6) observed upfield of 0 ppm. This total
was compared with the calculated ring current
shifts of all the vWF-A methyl groups as the result
of their proximity to neighbouring aromatic side-
chains, using the vVWF-A homology model in con-
junction with the program RCCAL (Perkins, 1982).
This predicted seven resonances to occur between
0.5-0.0 ppm, in good agreement with the estimated
number of observed signals (Figure 6). In addition,
RCCAL predicted that two ring-current shifted sig-
nals originating from Leu314 and Leu383 were pre-
sent upfield of 0.0 ppm (Table 2). The positional
accuracy of the aliphatic and aromatic side-chains
in the homology model was not considered suffi-
cient to permit any firm assignments of the 2v sig-

Table 2. Four candidate ring-current interactions one of which is predicted to lead to the signal 2v in the vWF-A 'H

NMR spectrum of factor B

Aromatic residue source of shift
(secondary structure)

Methyl group (secondary
structure)

Predicted shift* (ppm from DSS) Location in Figure 8

Leu314 (A3-A4 loop)
Leu383 (AS5)

Val439 (A7) Tyr401 (BE), Phe428 (BF)
Thr355 (A4-BD loop) Trp352 (A4-BD loop)

Trp296 (BC)
Tyr338 (A4)

~1.41 Lower
~0.42 Upper
0.04 Lower
0.21 Upper

* The next predicted highest-field signal occurs at 0.43 ppm.
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2V 2v

v EDTA

0.5 0.0 -0.5 -1.0
Chemical shift (ppm)

Figure 7. The dependence of the upfield spectral
regions of the 500 MHz "H NMR spectra of the Bb frag-
ment on the presence of Mg"+. The sample concen-
tration was 3 mg/ml. The lower spectrum was
measured from a sample containing 1 mM MgClj and
the upper spectrum from the same sample containing
1 mM EDTA. The two highfield-shifted signals are
labelled 2v and Iv in the upper spectrum and 2v' and
iv in the lower spectrum.

nal to a given methyl group. This is illustrated by
the prediction of the Leu383 methyl signal to occur
at —0.42 ppm as the result of the location of its
methyl group at 4.6 A from the plane of the
Tyr338 ring, while that for Leu314 was predicted
to occur at —.41 ppm as the result of the location
of its methyl group at 4.0 A from the plane of the
Trp296 ring. This is a difference of only 0.6 A in
relative position from a given aromatic ring. In
turn, this indicates that the shift change between
the signals 2v and 2v' may correspond to only a

Mg
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small movement between the methyl group and its
proximate aromatic ring.

Four candidate ring-current interactions one of
which may be responsible for signal 2v are sum-
marised in Table 2 and Figure 8. All four corre-
sponded to aliphatic and aromatic side-chains that
are buried in the protein core, and all four involve
the VWF-A a-helices. Their location in the vWF-A
homology model (Figure 8) showed that two
involved the upper face of the (i-sheet, while the
other two involved its lower face. It was of interest
that two of the four predictions involved residues
(Tyr338 and Thr355/Trp352) close to the confor-
mationally-flexible side of the active-site cleft at the
two metal-binding residues Thr328 and Asp364
(Table 1), as signal 2v had showed metal-depen-
dent and pH-dependent properties (Figures 6(c)
and 7). For signal Iv, an analysis of ring-current
shifted single protons upfield of 0 ppm indicated
that two such signals were possible, where both
protons were proximate to Cys267 on a-helix Al in
a hydrophobic pocket associated with the aromatic
ring of Tyr284. This prediction is consistent with
the small dependence of signal Iv on the length of
a-helix A7 and the replacement of Cys267 in the
vWF-A-218 and vWF-A-222 domains.

Conclusions

The combined use of independent data sets from
CD, FT-IR and "H NMR spectroscopy has pro-
vided the first unequivocal structural evidence that
a VWF-A domain has two distinct conformations
in the presence and absence of metal. (Dur joint
application of CD and FT-IR spectroscopy offers
complementary views of the vWF-A secondary
structure. Since all three methods are based on sol-
ution studies, no ambiguities were caused by the
presence of a crystallographic lattice. In our CD

Figure 8. Methyl-aromatic ring interactions in the vVWF-A homology model for factor B. The six-stranded P-sheet is
viewed edge-on. Four potential interactions that may lead to the methyl signals Iv and 2v/2v' are shown. The methyl
and aromatic side-chains (green and red, respectively) are identified by residue numbering (Figure 3). The N and C
termini are labelled as N and C, respectively, and the a-helices Al, A3, A4, AS and A6 are labelled. The five C*
atoms of the Mg"+ binding site in the DxSxS-D-T motif are shown as yellow spheres.
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study of the vVWF-A domain from factor B in the
presence of excess metal or EDTA, the magnitude
of the Ae change between 215 nm to 220 nm on
the addition of metal to the vVWF-A-218 and vWEF-
A-222 domains was about 20 %. This difference is
most easily attributed to an alteration of at least
the a-helix content of the VWF-A domain, as this
secondary structure type makes the largest contri-
bution to CD spectra (Drake, 1994). The FT-IR
spectra were able to follow separately each of the
a-helix and B-sheet bands, and these identified a
small but detectable change in the B-sheet content
of the metal-free VWF-A domain. The combination
of both spectroscopic methods indicated that both
the a-helix and B-sheet vVWF-A secondary struc-
tures were perturbed by Mg?* binding. The use of
NMR spectroscopy permitted the monitoring of
conformation-dependent chemical shifts that arise
from interactions between proximate aliphatic and
aromatic side-chains. The large number of signal
perturbations seen in the presence of Mg?* showed
again that the metal affected the vVWF-A structure.
The same result was found for the vVWF-A domain
within the Bb fragment. Through the observation
of NMR signals for single groups, the NMR data
provided the clearest evidence yet for two metal-
dependent conformational states of the VWEF-A
domain in solution. In thermal denaturation exper-
iments, all three spectroscopic methods indicated a
significant increase in the stability of the factor B
vWF-A domain in the presence of Mg?*. A similar
stabilisation effect was recently observed for the
VvWF-A domain from the a1l integrin (very late
activation protein-1; VLA-1; CD49a) in the pre-
sence of Mn?* (Gotwals e al., 1999).

Up to now, there has been no strong structural
evidence that such a metal-induced conformational
change occurs in integrin vWF-A domains, even
though it is well established that they possess a
Mg?*-binding site. Only one crystal structure out
of 23 had reported such a change for the domain
found in CR3, but a subsequent crystal structure
study of the same CR3 domain based on diffusion
of Mg?* or Cd?* into the crystal had argued
against this (Lee et al., 1995ab; Baldwin et al.,
1998). It was argued that the original metal-
induced conformational change may be a crystallo-
graphic artefact caused by the movement of the
C-terminal a-helix A7 of CR3 to bring Glu314 close
to the metal-binding site of an adjacent molecule in
the crystal lattice. In spectroscopic studies of integ-
rin vVWF-A domains to date, a maximal intensity
change of 0 to 10% has been seen in the CD spec-
trum for the vVWF-A domain of CR3 in which Mg>*+
or Ca?* was either present or absent (Fairbanks
et al., 1995), while little change was detected in the
CD spectrum of the vWF-A domain from the a1p1
integrin in the presence or absence of metal (Nolte
et al., 1999).

From this study and others, there is an accumu-
lation of evidence that the conformation of vVWF-A
domains can be modified during ligand binding
and activation (Loftus & Liddington, 1997). Crys-

tallography originally indicated that the vWEF-A
domain of CR3 possessed different biologically-rel-
evant conformations when bound to either Mg?*
or Mn?* (Lee et al., 1995a,b). Evidence from muta-
tional studies indicated that the vWF-Al domain
of von Willebrand factor existed in “‘on” and “off”
conformations (Cooney & Ginsberg, 1996). The
separate locations of the mutation sites on opposite
sides of the vVWF-A1l domain of von Willebrand
factor that were associated with each of the Types
2B and 2M phenotypes in von Willebrand’s disease
indicated that the vWF-Al domain was able to
transmit ligand binding signals within its structure
in order to upregulate or downregulate the binding
of von Willebrand factor to platelets (Jenkins et al.,
1998).

In application to factor B, this Mg>*-induced
conformational variability is likely to be important
for the activation and function of the C3 convertase
when the Bb fragment is complexed with C3b. The
Mg?*-bound form will be involved in C3b binding,
as the physiological concentration of Mg?* in plas-
ma is 0.7-1.1 mM (Kumar & Clark, 1990), of which
60 % is present as free cations (Pryzdial & Isenman,
1986). This means that the metal site will be occu-
pied in plasma factor B (Figure 6(c)). In this
C3b.Bb complex, the vVWF-A active-site cleft makes
contact with C3b (Hinshelwood et al., 1999), so it is
likely that C3b will interact with bound Mg?*. It is
known that metal is trapped within the Bb.C3b
complex after the complex is formed in the pre-
sence of metal (Fishelson et al.,, 1983). The role of
Mg?* in the formation of this complex has not yet
been defined, as the Bb.C3b complex can be
formed in the presence and absence of Mg?*
(Pryzdial & Isenman, 1987; Williams & Sim, 1994).
It is recognised from the present study that the
vWEF-A domain structure is stabilised by metal
(Figure 5). As it has been shown here that the
VvWEF-A domain can exist in one of two different
conformations, it follows that this may provide the
basis for an allosteric conformational signal for the
activation of factor B, in which the binding of C3b
will alter the Mg?*-stabilised structure of the vWF-
A domain. It can be proposed that a C3b-binding
interaction at the active site cleft will alter the
Mg?*+ coordination in such a way that the confor-
mations of surface a-helices directly connected to
this cleft are modified (Perkins et al., 1999). Evi-
dence that this is plausible was shown by the
greater conformational flexibility of one side of the
cleft by crystallography (Table 1). In factor B, this
involves Thr328 and Asp364 which are preceded
by a-helix A3 and followed by a-helix A5. Topolo-
gically, one of these coincides with the region
where the mutation sites on o-helix A3 cause the
upregulation of von Willebrand factor in Type 2B
von Willebrand’s disease (Jenkins et al., 1998). This
a-helix A3 is adjacent to the a-helix A7 (Figure 8),
which in factor B is joined to the serine protease
domain of factor B by a short peptide link. The
proposal that an allosteric signal can be trans-
mitted from the active site cleft to the opposite sur-
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face of the vVWF-A domain is therefore consistent
with what is known for vWF-A domains to date,
and may explain how the serine protease domain
of factor B is activated in the C3b.Bb complex.

Materials and Methods
Molecular graphics analyses of vWF-A domains

The metal binding site in the vWF-A structure was
analysed using 23 sets of coordinates from the Protein
Data Bank for 14 crystal structures for five vVWEF-A
domains in the following proteins, namely the three
integrins CR3, LFA-1 and VLA-2 as well as the Al and
A3 domains of von Willebrand factor (Lee et al., 1995a,b;
Baldwin et al, 1998; Qu & Leahy, 1995, 1996; Emsley
et al., 1997, 1998; Celikel et al., 1998; Huizinga et al., 1997;
Bienkowska et al., 1997). The Protein Data Bank codes
are identified in Table 1. The structures were subjected
to visual inspection on Silicon Graphics INDY Worksta-
tions using INSIGHT II software (Biosym/MSI, San
Diego) in conjunction with Crystal Eyes stereo glasses
and the superfamily alignment of 75 vVWEF-A sequences
in Perkins et al. (1994). The consensus secondary struc-
ture was identified using DSSP (Kabsch & Sander, 1983)
and taken as the average across the crystal structures
(Hinshelwood et al., 1999). The construction of the hom-
ology model was based on the CR3 vWF-A domain
(PDB code lido; Lee et al., 1995a; Hinshelwood et al.,
1999).

Preparations of factor B, its Bb fragment and the
recombinant vWF-A domain

Fresh frozen plasma was obtained from the Royal
Free Hospital blood bank and stored at —20°C before
use. From this, factor B and the Bb fragment were puri-
fied following the procedures of Williams & Sim (1993),
Lambris & Miiller-Eberhard (1984) and Hinshelwood
et al. (1999). Two recombinant vWF-A domains of factor
B (denoted as vWF-A-218 and vWF-A-222) were pre-
pared (Williams et al., 1999), where vWF-A-218 con-
tained the factor B sequence G229-1444 and was
preceded by the residues GS derived from the thrombin
recognition site LVPRGS (Figure 3). The vWEF-A-222
sequence contained the factor B sequence G229-Q448,
but differed in that a Cys267Ser mutation was made in
order to eliminate a free Cys residue, as well as contain-
ing the N-terminal residues GS. To assess purity, the
protein preparations were analysed by SDS-PAGE and
their masses were determined by matrix-assisted laser
desorption mass spectrometry (Hinshelwood et al., 1999).

CD spectroscopy

CD spectroscopy was performed at 20°C using a
Jobin-Yvon CDé spectropolarimeter with quartz cells of
path length 0.2 mm and 0.1 mm. The instrument was
calibrated with an aqueous solution of recrystallised
D10-camphosulphonic ~ acid ~ (8%*% '™ =0.308 at
290 nm). The vVWF-A-222 domain, the Bb fragment and
native factor B were dialysed into 5mM Tris-HCI
(pH 7.5), 0.5 mM MgCl,, while the vWF-A-218 sample
was dialysed into 100 mM NaClO,, 5 mM Tris-HCl
(pH 7.5), 0.5 mM MgCl,, because of its lower solubility.
Sample concentrations used to derive the differential
molar extinction coefficient Ae were calculated from the
absorbance at 280 nm (Drake, 1994) and were in the

range of 0.2 to 1.5 mg/ml. The absorption coefficients
Ay (1 cm, 1%) were calculated from the total of Trp,
Tyr and Cys residues in the sequence to be 15.6 for
vWEF-A-218, 15.2 for vWF-A-222, 12.5 for the Bb frag-
ment and 13.8 for factor B (Perkins, 1986). Experiments
were performed in the presence of MgCl, to which
EDTA was subsequently added to investigate the effect
of Mg?*. Alternatively, the CD spectra were recorded in
the absence and presence of Mg?* without the use of
EDTA. Spectral quantification to obtain secondary struc-
ture contents was performed using CONTIN
(Provencher, 1982). In each case the background spec-
trum from the sample buffer was subtracted from the
protein sample spectrum.

FT-IR spectroscopy

FT-IR spectroscopy was performed using the vVWF-A-
222 domain using a 1750 Perkin-Elmer FT-IR spec-
trometer continuously purged with N, gas to reduce
water vapour absorption in the spectral region of interest
(Haris & Chapman, 1994). The sample was contained
between CaF, windows fitted with a Teflon spacer to
give a path length of 50 pm in a thermostatically-con-
trolled cell housing. vVWF-A samples at 5 mg/ml were in
PBS buffer in 99.8% 2H,0O with either 5 mM MgCl, or
5 mM EDTA. FT-IR spectra were obtained from both the
protein sample and buffer at each temperature. 1000
scans were recorded at 20°C and 100 scans were
recorded for each temperature increment thereafter at a
resolution of 4 cm~!. The scans were signal averaged
and the absorbance spectrum was obtained by digital
subtraction of the ZH,O buffer spectrum from the sample
spectrum (Haris et al.,, 1986). Detailed analysis of the
spectra was carried out using a second derivative pro-
cedure provided by the GRAMS software (Perkin-Elmer)
with 13 data point Savitzy-Golay smoothing.

H NMR spectroscopy

Each protein preparation was dialysed into PBS in
99.8 % 2H,O with 1.5 mM MgCl, over 36 hours with four
buffer changes at 8°C, except for the vWF-A-222 studies
for which Mg-free PBS was used. NMR spectra were
recorded at 30°C using 500 MHz and 600 MHz Varian
spectrometers and analysed using Varian VNMR soft-
ware at the MRC NMR Centre at the National Institute
of Medical Research, Mill Hill. Sample concentrations
were in the range 2-10 mg/ml. pH meter readings in
2H,0O were uncorrected values measured on a Corning
240 pH meter, and additions of stock solutions of
NaO?H or 2HCI were used to adjust the pH. The H*HO
chemical shift was referenced with respect to the chemi-
cal shift of trimethylsilylpropionic acid (1 mg/ml) in the
same buffer and temperature range as the protein
samples, and the protein NMR spectra were then refer-
enced with respect to the H?HO signal. A line broaden-
ing of 1 Hz was applied before Fourier transformation.
The effect of Mg?* was investigated by adding up to
5 mM EDTA to some of the preparations before measur-
ing the spectra. Alternatively szpectra were recorded in
the absence and presence of Mg**.

Calculation of ring current shifts

In the proton NMR spectra of proteins, resonances
upfield of 0.5 ppm correspond to ring current shifts of
methyl groups of amino acid side-chains positioned
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close to one or several aromatic rings (Perkins, 1982).
The ring current shifts are localised to within about 7

of the centre of the ring, and affect only a small pro-
portion of proton signals. The program RCCAL (Perkins,
1982) was used on a Silicon Graphics INDY Workstation
to calculate the ring current shifts from protein coordi-
nates in Protein Data Bank format. The appearance of
the NMR spectra were then predicted by correction of
the random coil chemical shifts of the free amino acid
residues by these calculated ring current shifts (Bundi &
Wiithrich, 1978). The validity of these calculations has
been established in calibration studies (Perkins, 1982).
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