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Abstract
Fourier transform infrared spectroscopy (FTIR) has been used to study a range of different proteins. These
include
i)

Human serum transferrin, human lactoferrin and rabbit serum transferrin.
A study has been made o f the structural changes that accompany iron binding and release from
these related proteins. Structural variations within this group of proteins have been shown. Thermal
dénaturation studies, using differential scanning calorim etric measurements, have been related to
FTIR spectral changes and indicate that the crystal structure of iron-free human lactoferrin may not
reflect the structure o f this protein in solution.

ii)

Human placental transferrin receptor.
This protein has been examined at extracellular and endosomal pH. Both the intact protein in
detergent and its w ater soluble m ajor extracellular fragm ent have been investigated.

iii)

The bacterial adhesive protein streptococcal antigen I/I I.
The solution structure and thermal stability of the native protein, the recom binant full-length protein
and four recom binant fragm ents o f this protein have been examined using both Fourier transform
infrared spectroscopy and circular dichroism spectroscopy.

iv)

Albumin, IgG, Ribonuclease, Fibrinogen.
A study o f the thermal stability of these and other proteins has been undertaken to compare their
dénaturation properties in H^O and ^HjO solutions.

v)

Lysozyme., Ribonuclease.
These and several other proteins have been examined using Fourier transform infrared microscopy
in order to compare the infrared spectra o f these proteins, both in solution and also in the form of
single crystals. Many o f the proteins show similar spectra, w hether recorded in solution or from a
single crystal. In some eases, as with single crystals of Endothia parasitica pepsin, M ucorpucillus
pepsin and serum amyloid P component, the spectra differ from those recorded in solution. These
differences may indicate that a rearrangem ent of turns structures occurs upon crystallisation.

The m ajor novel findings o f this work are:
i)

There are small but significant structural differences between human serum transferrin, rabbit serum
transferrin and human lactoferrin. The crystal structure of human lactoferrin may not represent the
structure o f this protein in solution. The apparent conflict between CD, FTIR and X-ray
crystallographic estim ates of secondary structural content of the transferrins can be explained by
the fact that CD estim ates are based on dihedral angles and not hydrogen bonding patterns.

ii)

Intact transferrin receptor precipitates out of solution at endosomal pH while the extracellular
fragment rem ains soluble but undergoes a conformational change. This results in minor change in
the secondaiy structural content of the protein and a reduction of thermal stability by approximately
15°C.

iii)

The recom binant polypeptides produced to study the structure of streptococcal antigen I/II have
been shown to fold into defined secondary structures. Furthermore the structures of these fragments
have been used to predict a possible structure for the native protein.

iv)

Q uantitative analysis o f thermally induced changes in the FTIR spectra o f proteins in HjO solution
may not offer any significant advantage to analyses perform ed in ^HjO due to problems associated
with the different m olar absorption coefficients of the separate secondary structures in HjO
solution.

v)

Infrared spectroscopy/microscopy can be successfully be applied to the study of protein structure
in both the solution and crystalline form.
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1. PROTEIN COMPOSITION AND STRUCTURE

1.1 Proteins
The biological role of proteins is very widespread and diverse. Perhaps the largest class
of proteins is the enzymes. Their role is paramount in the catalysis of many chemical
reactions that are required to sustain life. Proteins store and carry a variety of particles
that range from macromolecules to metal ions (see Chapters 3 and 4) and even electrons.
As hormones, proteins transmit information between cells and organs. Some proteins
control the transport of molecules across biological membranes (see Chapter 5) and
between cells. Proteins also function in the immune system, control gene expression and
are necessary for bacterial adhesion (see Chapter 6). Finally, some proteins are simply
structural, such as those found in bone, hair and tendons.

Many proteins fall into one of two groups.
i) Soluble proteins such as the immunoglobulins, transferrins and many of the enzymes.
Members of this group of proteins are found in biological fluids e.g. blood, lymph
and saliva. Their functions are very diverse.
ii) Membrane proteins, such as metal ion channels, transporters and receptors for
hormones and other ligands.

Membrane proteins can be further split into five general groups.

Class I proteins such as cyctochrome C are peripheral and lack any well defined
hydrophobic sequences to anchor them to the lipid bilayer. Peripheral proteins are
bonded mainly by ionic forces to the polar headgroups of phospholipids or to other
proteins. Consequently class I proteins can be removed from the bilayer by increasing
the ionic strength of the surrounding medium.

Class II proteins are those which are anchored into part of the lipid bi layer by a
hydrophobic peptide. Members of the nucleotide binding G-protein family may well
belong to this class.
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Class III and IV proteins are integral (transmembrane), in which largely polar amino
acid sequences located at the external and cytoplasmic aspects of the membrane interact
with the phospholipid headgroups. These domains are connected by a single (class III)
or several (class IV) hydrophobic membrane spanning peptides of 20-30 amino acids.
Many receptors such as transferrin receptor (see Chapter 5) belong to class III and many
class IV proteins function as transmembrane channels and ion pumps.

Class V proteins consist of a peripheral protein domain that is anchored to the lipid
bilayer by a covalently-linked glycolipid. This glycolipid, that is composed of
phosphatidylinositol, ethanolamine, mannose, glucosamine and other sugars, is attached
to the protein in the endoplasmic reticulum before the protein is transferred to the
plasma membrane.

1.1.1 Protein composition
Proteins are heteropolymers, derived predominantly from 20 amino acids. Of the 20
amino acids usually found in proteins, 19 have the general structure shown in Figure 1.1.

R
HgN CH CO2H
Figure 1.1: The general formular of an amino acid

They differ only in the composition of the sidechain R. The twentieth amino acid,
proline, has its sidechain bonded to the nitrogen of the polypeptide backbone. The amino
acids are joined end to end by the formation of an amide bond between the a-amino
group and a-carboxyl group of the neighbouring residues.

The formation of a succession of peptide bonds generates a polypeptide backbone of
carbon, nitrogen and oxygen, from which the amino acid sidechains project.

1.1.1.1 Amino acids
The twenty different amino acid sidechains have a variety of different chemical
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properties. The structure and characteristic properties of each sidechain will now be
briefly discussed.

Glycine

H
GLY

Figure 1.2: The structure of the glycine sidechain
Glycine is the simplest amino acid, which has just a hydrogen atom as its sidechain. Due
to the small size of its sidechain, glycine allows the peptide backbone a great deal of
conformational flexibility.

The aliphatic residues
These comprise alanine, valine, leucine and isoleucine.

H 39 CH3

CH,
T

I ^

AlA

p -H

VAL

6 h2

LEU

p

ÇH
CHr
H -Ç -C H 3

ILE

Figure 1.3: The structures of the alanine, valine, leucine and isoleucine sidechains
The sidechains of these amino acids are composed of relatively inert methylene (CH2 )
or methyl (CH3) groups. These groups, however, do not interact favourably with water.
They are therefore termed hydrophobic. They tend to react much more favourably with
one another and tend to cluster. This clustering of hydrophobic residues to avoid contact
with water is one of the major forces stabilising the folded conformation of proteins (see
Section 1.1.2.6).

The cyclic imidoacid - proline
Proline also has an aliphatic sidechain. However its sidechain is bonded covalently to
both the C“ atom and to the nitrogen atom of the polypeptide backbone (indicated in
solid bonds). The peptide backbone of proline therefore has no amide hydrogen for use
as a donor in hydrogen bonding. In addition, the cyclic five-membered ring imposes
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rigid constraints on rotation about the N-C“ bond of the backbone. Consequently,
H a C -c ^
:cH
NH

Figure 1,4: The structure of the proline sidechain
proline is often found in loops and bends of folded proteins and is not averse to being
exposed to water.

The hydroxyl residues - serine and threonine

H ÇH3

ÇH2 OH

C -O H

^

SER

THR

Figure 1.5: The structures of the serine and threonine sidechains

The sidechains of serine and threonine are small and aliphatic. Serine can be thought of
as a hydroxylated version of alanine and threonine as a hydroxylated version of valine.
The hydroxyl groups make serine and threonine much more hydrophilic than alanine and
valine.

The acidic residues - aspartic acid and glutamic acid

0

COO"

GLU

Figure 1.6: The structures of the aspartic acid and glutamic acid sidechains

The sidechains of aspartic acid and glutamic acid are nearly always negatively charged
and of physiological pH. This means that they are ionised and polar at pH 7. The
sidechains of aspartic acid and glutamic acid differ only in that aspartic acid has one
methyl group whereas glutamic acid has two methyl groups. Hence it could be supposed
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that the chemical properties of these two amino acids would be similar. However, this
is not the case. The slight difference in the length of the sidechain means that these two
amino acids differ in the ability of the sidechain to interact with polypeptide backbone.
Consequently the two acids have different effects on the conformation of the polypeptide
backbone. Aspartic acid and glutamic acid act as particularly good metal ion chelating
residues.

The amide residues - asparagine and glutamine

px> HjN 9 = 0

jv ^

9^2

CHg

9^2
GLN

Figure 1.7: The structures of the asparagine and glutamine sidechains
Asparagine and glutamine are identical to aspartic acid and glutamic acid except that
they contain a terminal amide group in place of the carboxyl ate. The amide sidechain
does not ionise. However these residues are polar and act as hydrogen bond acceptors
as well as donors.

The basic residues - lysine and arginine
+

NHo

^"3

C=^ "2

CH

2
2
CH2

*2
LYS

ARG

Figure 1.8: The structures of the lysine and arginine sidechains

The sidechain of lysine is composed of four methyl groups capped by an amino group.
At physiological pH, the vast majority of amino groups are positively charged. However
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the remaining un-ionised amino groups are potent nucleophiles. The a-amino group of
the polypeptide chain participates in the same types of chemical reaction as the amino
group of the lysine sidechain. However the pK^ of the a-amino group is lower than that
of the lysine sidechain and is therefore less likely to be ionised at physiological pH. The
arginine sidechain is composed of three non-polar methyl groups and a basic guanidino
group, which is usually ionised, the charge being distributed over the entire group. In
this form, the guanidino group is relatively unreactive.

Imidazole ring o f histidine

H C -N H
I
CH

CH

HIS
Figure 1.9: The structure of the histidine sidechain
The imidazole sidechain of histidine is a very effective nucleophilic catalyst. It is a
tertiary amine and the atoms bonded to the nitrogen are held back in a five-membered
ring, causing relatively little steric hindrance. As histidine has a pK^ near pH 7, it can
be uncharged or positively charged depending on its local environment. Histidine is
often found at the active sites of enzymes where this residue can readily switch between
its ionised and un-ionised forms, thus catalysing the making and breaking of bonds. In
its non-ionised form, the nitrogen atom bonded to hydrogen in the ring is an electrophile
and can thus act as a donor for hydrogen bonding, whilst the other nitrogen atom in the
ring is a nucleophile and a hydrogen bond acceptor.
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The aromatic residues - phenylalanine, tryptophan and tyrosine

OH

NH

TRP

PHE

TYR

Figure 1.10: The structures of the phenylalanine, tryptophan and tyrosine sidechains
The aromatic amino acids are responsible for the ultraviolet absorbance and fluorescence
properties of proteins.

Phenylalanine:
This contains a phenyl ring attached to a methylene group. At physiological pH, it is
non-polar and relatively unreactive.

Tryptophan:
This has an indole ring attached to a methylene group. This is the longest sidechain
found in the twenty common amino acids. However, it is comparatively rare. The pyrole
nitrogen of the indole ring can act as a hydrogen bond donor. Both phenylaniline and
tryptophan are highly hydrophobic.

Tyrosine:
This sidechain differs from that of phenylalanine only in the presence of a hydroxyl
group on the phenolic ring. However this group makes tyrosine less hydrophobic than
phenylaniline and renders it relatively reactive in electrophilic substitution.
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The sulphur-containing residues - methionine and cysteine
CH

CH
CH
CYS

MET

Figure 1.11: The structures of the methionine and cysteine sidechains

Methionine;
This contains a sulphur atom in a thio-ester linkage. The sulphur atom is somewhat
nucleophilic. However, unlike nucleophiles in other amino acids, it cannot be protonated.
For this reason, it is the most potent nucleophile in proteins at acidic pH.

Cysteine:
This contains a sulphydryl group and is the most reactive of all the amino acid
sidechains. It merits special mention as the thiol groups (SH) of two molecules of
cysteine can be readily oxidised to form a disulphide bridge which covalently links the
two residues. The di sulphide bond can only be cleaved by a reduction reaction and not
by a change of pH or a change in salt concentration. Consequently, di sulphide bridges
are very important in protein stabilisation.

Additional amino acids found in proteins
In addition to the twenty amino acids mentioned above, some additional amino acids are
found in certain proteins. These amino acids arise from post-translational modifications
of the twenty standard amino acids. The protein collagen contains the modified amino
acids 5-hydroxyproline and 5-hydroxylysine (Martin et al, 1975), while n-methyllysine
is found in myosin (Narita et al, 1975). Other examples include desmosine, a derivative
of lysine found in the protein elastin and a-carboxyglutamic acid (Price et al, 1976),
found in prothrombin.

Classification o f amino acids
The twenty commonly occurring amino acids can be conveniently classified on the ionic
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properties of their sidechains at physiological pH. They fall roughly into four categories.

i)

Polar-charged:
This group of amino acids have sidechains that become fully charged (i.e. the
stronger organo-acids and bases). Amino acids with sidechains of this type are
lysine, arginine, aspartic acid and glutamic acid. Histidine is generally included in
this category but it is only partially charged at physiological pH.

ii) Polar-uncharged:
Amino acids in this category have sidechains that are weakly basic. These groups
can become charged during titration. However they are normally uncharged at
physiological pH. Even if they are not fully charged, these sidechains do have some
separation of charge, producing electropositive and electronegative regions capable
of forming hydrogen bonds and associating with water. This category includes
asparagine, glutamine, serine, tyrosine, threonine and cysteine.
iii) Non-polar:
These amino acids have sidechains that are hydrophobic and are not capable of
forming electrostatic bonds or interacting with water. The amino acids in this
category are valine, leucine, isoleucine, phenylaniline, tryptophan and methionine.

iv) Glycine and Alanine:
These two amino acids have very small sidechains and do not fit into any of the
above categories. When present as a residue in the chain, they are neutral and can
be accommodated into polar or non-polar environments.

1.1.2 Non-covalent interactions that determine protein structure
Up to now, proteins have been described only in terms of their covalent structure.
However, non-covalent interaction between amino acids are of predominant importance
in driving and maintaining the folding of proteins in an intricate three-dimensional form.
The following sections will briefly describe the covalent interactions that are important
in determining protein structure. The influence of water will also be discussed.
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1.1.2.1 Short range repulsions
As atoms approach each other, their electron orbitals begin to overlap and repulsions
occur as the electrons from the two different atoms cannot occupy the same area of
space. The repulsive force increases exponentially in inverse proportion to the distance
between the two centres of the atoms (Slater, 1928). Atoms are often thought of as
spheres and the van der Waal's radius is measured as the smallest distance that can exist
between neighbouring atoms that are not covalently bonded, in the crystalline state. This
value is the sum of the individual van der Waal's radii of the two atoms. Some typical
van der Waal's volumes (volume enclosed by the van der Waal's radiys) are given in
Table 1.1
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VAN DER WAAL’S VOLUME
(A)

RESIDUE
Ala

(A)

67

Arg

(R)

148

Asn

(N)

96

Asp

(D)

91

Cys

(C)

86

Gin

(Q)

114

Glu

(E)

109

Gly

(G)

48

His

(H)

118

He

(I)

124

Leu

(L)

124

Lys

(K)

135

Met

(M)

124

Phe

(F)

135

Pro

(P)

90

Ser

(S)

73

Thr

(T)

93

Trp

(W)

163

Tyr

(Y)

141

Val

(V)

105

Table 1.1: Van der Waal's volumes of the amino acids (Creighton, 1993)
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1.1.2.2 Electrostatic Interactions
A charged group on an amino acid can attract an oppositely charged group, the force of
attraction being given by Coulomb's Law;

where:
e

= charge of electron

Z = number of electron charges on each atom
D = the dielectric constant of the medium
r

= the distance between point charges A and B

Coulomb's Law does not take the size of atoms into account (see preceding section). It
is only valid at distances that are significantly greater than atomic dimensions. As a
consequence, the average distance between oppositely charged groups, in an optimal
electrostatic attraction, is 2.8Â. In proteins, interactions between very close oppositely
charged groups are termed "salt bridges" (Kretsinger et al, 1973). It should be noted
that a molecule need not have a net charge to participate in electrostatic interactions. A
charge separation (or dipole) related to local differences in electron density within a
molecule can also participate in electrostatic interaction. Dipoles can interact with other
dipoles, point charges or other charge separations, for example octopoles etc. (Creighton,
1993).

1.1.2.3 Hydrogen bonds
In a hydrogen bond, two electronegative atoms compete for the same hydrogen atom.
The hydrogen atom is strongly bound (normally covalently) to one of the electronegative
atoms and this electronegative atom is termed the donor. The other electronegative atom
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is called the acceptor (Schulz et a l, 1979). The main component of the hydrogen bond
is an electrostatic interaction between the positive dipole of the donor and the hydrogen
atom with the partial negative charge of the other electronegative atom (the acceptor).
The hydrogen atom is able to be covalently linked to one electronegative atom and still
interact with another due to its small size and substantial charge. In the most common
hydrogen bonds, all three atoms are co-linear. In biological systems, the donor is an
oxygen or nitrogen atom, that is covalently attached to the hydrogen atom, whilst the
acceptor is either oxygen or nitrogen. Typical hydrogen bond lengths are given in Table
1.2

BOND

LENGTH (Â)

0-H...0

2.70

G-H...Q-

2.63

0-H...N

2.88

N-H...0

3.04

N -H 0

2.93

N-H...N

3.10

Table 1.2: Different types of hydrogen bonds and their bond lengths, (Schults et al,
1979)

1.1.2.4 Van der Waal's Interactions
When any two atoms come within 3 to 4Â of each other, a non-specific attractive force
acts upon them. The basis of this force is that at any specific time, the distribution of
charge around an atom is not symmetric. This is termed "transient charge asymmetry"
and can influence a similar charge asymmetry in neighbouring atoms. This results in an
electrostatic attraction between the two atoms, which increases as the atoms approach
each other until the repulsive forces described in Section 1.1.2.1 come into play (Levitt,
1974).
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1.1.2.5 The influence of water
Water profoundly influences all molecular interactions in biological systems. There are
two particular properties of water that are of special importance in this respect:

104.5

Figure 1.12: The charge distribution on a water molecule
i)

Water has a triangular shape and consequently an asymmetric charge distribution.
This means that the water molecule is polar.

ii) Due to their polar nature, the water molecules orientate themselves in a very regular
fashion in order to maximise electrostatic interactions. In liquid water, each molecule
is hydrogen bonded (on average) to 3.4 of its neighbours. The polarity and hydrogen
bonding capacity of water enable it to interact with many biologically important
molecules. For example, due to its polar nature, water can replace the NH group as
a hydrogen bond donor in a carbonyl amide hydrogen bond. Water has a very high
dielectric constant of 80 and this can diminish an electrostatic interaction (see
Section 1.1.2.2) by a factor of 80 compared to that in a vacuum, where the dielectric
constant is effectively 1. The high dielectric constant of water is an expression of
its ability to form an oriented solvent shield around an ion. In turn, this attenuates
the electrostatic interaction of one ion with another. As water is the major solvent
in all biological systems, the influence of this solvent has to be taken into account
when considering the influence of non-covalent interactions on the protein structure.

1.1.2.6 The hydrophobic interaction
Electrostatic hydrogen bonding and van der Waal's interaction are not particularly
favourable between two polar molecules in an aqueous solution because water is also
competing to interact with these molecules. However, for a non-polar molecule, this is
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not the case. Due to their non-polar nature, they are unable to interact with water. This
relative absence of interaction between water and non-polar molecules causes
interactions amongst non-polar molecules themselves to be much more favourable than
would be the case in other solvents. This preference for non-polar groups to interact with
one another is known as the hydrophobic interaction. It should be noted, however, that
the predominant force that drives two non-polar molecules together in water is not the
fact that the non-polar molecules have a very high affinity for one another, but rather
that water has a high affinity for itself. It could be said that water tends to "squeeze" the
two non-polar molecules together.

1.1.3 Protein structure
Amino acids are joined end to end by the formation of an amide bond between the aamino and a-carboxyl groups of neighbouring residues.

The formation of a succession of peptide bonds generates a polypeptide backbone of
carbon, nitrogen and oxygen, from which the amino acid sidechains project.
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1.1.3.1 The polypeptide backbone
The dimensions of the peptide group of an amino acid residue are given in Figure 1.13.

1.23

A

123 . 2 "

121"

115, 6 "

118 .2 "

119. 5 "

1.0Â

Figure 1.13: The dimensions of the polypeptide backbone

The values given in figure 1.13 are the averages observed crystal 1ographical 1y in amino
acids and small peptides (Ramachandran et a l, 1974). In principle, rotation could occur
about any of the three bonds of each residue of the polypeptide backbone. However, the
average length of the peptide bond (C-N) is 1.33Â. This value is between that for a
normal C-N bond (1.43 A) and C=N bond (1.25Â). This indicates that, in peptides and
proteins, the peptide bond is partially (40%) double bonded.
O N'
C"
/
C -N
0“
H

O

C"
/

C = N+\

C*

H

Figure 1.14: The partial double bonded nature of the peptide bond

This double-bonded character restricts rotational freedom and the six atoms shown above
tend to be coplanar. Two configurations of the planar peptide group are possible. In the
first, the C“ atoms are trans and in the second they are cis.
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o.
xC
.C -N ,
C“
H

o,
H
.C -N ,
C"
C

trans

as

Figure 1.15: The cis trans nature of the peptide bond
The trans form is energetically more favourable due to fewer repulsions from non
bonded atoms. However if the next residue in the polypeptide chain is proline, its cyclic
sidechain diminishes the repulsion between atoms and the stability of the cis isomer is
comparable to that of the trans isomer (Creighton, 1993). Both the C“-C and N-C“
bonds are pure single bonds and this allows rotational freedom. Rotations about bonds
are termed torsion or dihedral angles. Rotation about the N-C“ bond is denoted by the
torsion angle (() whilst the angle of rotation about the C“-C' atom is termed \\f.

Figure 1.16: The geometry of the polypeptide backbone with the torsion angles (j) and
\|/ shown
Figure 1.16 shows the form that the peptide backbone takes. The planar nature of the
peptide bond and the ([) and vj/ angles are also illustrated. According to Linderstrom-Lang
(Linderstrom-Lang et al., 1959), four levels of protein structure can be distinguished.
Each of these levels, and an additional level of supersecondary structure, will now be
discussed. Special attention will be paid to protein secondary structure, as the
biophysical techniques used in this thesis are particularly suited to determination of
protein structure at this level.
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1.1.3.2 Protein primary structure
Primary structure of a protein is defined as the sequence of amino acids along the
polypeptide chain. The amino acid sequence of a protein is determined either:

i)

directly from a highly purified protein sample. Sanger first developed the
technique of amino acid sequencing for his work on insulin (Sanger et al, 1961;
Sanger et a l, 1963)

or ii) by examination of the mRNA that codes for the protein.

An advantage of the latter technique is that a highly purified protein sample is not
required. Furthermore, it is a less laborious technique.

1.1.3.3 Protein secondary structure
The secondary structure of a protein is often described as the geometric relationship of
adjacent amino acids in the amino acid sequence. Examination of the cry stall ographi c
structure of a large number of proteins reveals that several arrangements of the
polypeptide backbone, or secondary structures, occur frequently. These secondary
structures and the forces that stabilise them will now be discussed.

The

OL-helix

The right-handed a-helix is one of the most abundant secondary structures found in
proteins.

This structure was first postulated by Linus Pauling in 1951 (Pauling et al, 1951a;
Pauling e ta l, 1951b; Pauling e ta l, 1951c) and was later confirmed by X-ray diffraction
analysis of crystalline haemoglobin (Perutz, 1951). The a-helix has 3.6 residues per turn
and a pitch of 5.41Â.

The abundance of the a-helix is most likely related to the fact that the geometry of the
helix facilitates many non-covalent interactions. The most conspicuous of these
interactions is the formation of a hydrogen bond (see Section 1.1.2.3) between the
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lOA

(A)

(C)

(B)

Figure 1.17: Schematic diagram of (A) a-helix, (B) 3io-helix and (C) n helix
backbone carbonyl oxygen of each residue and the backbone N-H of the fourth residue
along the chain. The length, from the oxygen atom to the nitrogen atom, of these
hydrogen bonds is 2.86Â and they are very nearly straight. All hydrogen bonds in the
a-helix point in the same direction and the dipoles of each peptide bond are cumulative.
Consequently, the a-helix possesses a macro dipole with the amino end of the helix
being considered as positively charged and the carboxyl end being considered as
negatively charged. In addition to hydrogen bonding, the atoms of the polypeptide
backbone pack closely together, allowing for favourable van der Waal's interactions (see
Section 1.1.2.4). The ([) angle is -57° and the \\f angle is -47°. The exact geometry of the
a-helix does vary slightly in protein structures (Creighton, 1993) so the "classical" helix
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described by Pauling is only a variant on a family of very similar structures. The amino
acid sidechains project outwards and towards the amino end of the helix and they can
interfere with the structure of the a-helix. For example, polar sidechains such as serine
and aspartic acid etc. can hydrogen bond to the polypeptide backbone and interfere with
its natural hydrogen bonding. In addition, proline often introduces a kink into an a-helix
due to the steric hindrance caused by its sidechain and there being no backbone N-H
available for hydrogen bonding.

a-helices are often amphipathic, in that one face of the helix is composed of
predominantly non-polar sidechains whilst the remainder of the surface is composed of
polar residues. This gives the a-helix a hydrophobic moment and often results in the
hydrophobic face of the helix packing up against other hydrophobic surfaces e.g. the
hydrophobic face of another helix or other hydrophobic residues.

A left handed a-helix is also sterically possible, the (|) and v|/ angles simply having the
opposite sign to those encountered in the right handed helix. However, in the left handed
helix, the amino acid sidechains often come into close proximity with the backbone.
Consequently the left handed helix is less stable than its right handed counterpart. The
left handed helix is rarely encountered in protein structures.

The various amino acids are thought to have different tendencies to form a-helices.
Recently (O'Neil e ta l, 1990), the relative stabilisation of a-helical conformation of each
amino acid has been calculated by substituting each amino acid in a synthetic peptide
that formed an a-helix dimer. The dimer was itself in equilibrium with a randomly
coiled monomeric state. To provide a measure of the differences in the stability of the
a-helical conformation, the equilibrium constants for the monomer-dimer equilibrium
were calculated (Table 3.3).
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Relative Stabilisation (kcal/mol)

RESIDUE
Ala

(A)

-0.77

Arg

(R)

-0.68

Lys

(K)

-0.65

Leu

(L)

-0.62

Met

(M)

-0.50

Trp

(W)

-0.45

Phe

(F)

-0.41

Ser

(S)

-0.35

Gin

(G)

-0.33

Glu

(E)

-0.27

Cys

(C)

-0.23

He

(I)

-0.23

Tyr

(Y)

-0.17

Asp

(D)

-0.15

Val

(V)

-0.14

Thr

(T)

-O il

Asn

(N)

-0.07

His

(H)

-0.06

Gly

(G)

0

Pro

(P)

«3

Table 1.3: Relative stabilisation of a-helical conformation of each amino acid (O'Neil
et al, 1990)
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3,q- and %-Helices
The 3 - and tt- helices are variations on the a-helix. A 3iQ-helix is more tightly coiled
10

with hydrogen bonds with residues i+3 whereas the 7t-helix is more loosely coiled with
hydrogen bonds with residues i+5. Due to the tight coil of the 3,o-helix, the hydrogen
bonds are non linear and this secondary structural element is only rarely found in
proteins, usually at the end of an a-helix.

^-strands and f>-sheets
Pauling (Pauling et a l, 195 Id) also postulated the existence of the (planar) parallel and
anti parallel p-pleated sheet. The basic unit of the P-sheet is the p-strand. The p-strand
can be considered as a specialised type of helix with 2.0 residues per turn and a
translation of 3.4Â per residue. Isolated p-strands however, are not particularly stable
and they tend to form P-sheets by hydrogen bonding to peptide groups on adjacent
strands. Adjacent strands can run parallel or anti parallel with one another and even
mixed parallel/anti parallel sheets are possible.

(A)

f

^

f

Figure 1.18: (A) The p pleated sheet, (B) Anti parallel conformation and (C) Parallel
conformation

The amino acid sidechains of adjacent residues in a strand project alternatively from
either side of the sheet and do not interact with one another. They can however interact
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with the backbone or sidechains on neighbouring strands.

Unlike the planar P-sheet originally proposed (Pauling et al, 195 Id), most P-sheets have
a right handed twist when viewed in the direction of the sheet strands (approximately
2.3 residues per turn). Therefore hydrogen bond formation between neighbouring strands
can only occur if the strands form an angle of about 25° to one another. This, in turn,
leads to a twisted p-sheet. This twist is often accentuated by a so called p-bulge, where
a additional residue is inserted into one of the P-strands.

Reverse Turns
Nearly one third of residues found in globular proteins are involved in tight turns that
reverse the direction of the polypeptide chain. Most reverse turns are found at the
surface of proteins (Kuntz, 1972) and accordingly they contain mostly hydrophilic
residues. Recently however, a small number of internal turns have been identified (Rose
et a l, 1983). These are associated with internal water molecules.

By far the most abundant and well characterised are the P-turns. This type of turn
consists of a sequence of four residues frequently linked by a i^i+ 3 (1—>4) hydrogen
bond between the C=0 of residue i (1) and the N-H group of residue i+3 (4) hence they
are sometimes referred to 3^o-bends. Venkatachalam (Venkatachalam, 1968) first
postulated the existence of three types of ideal turns (types I, II and III) on the basis of
allowed polypeptide geometry. Mirror images of these turns (types I', II' and III) can
also exist but are only rarely found. Thirteen types of P-tums have now been classified
according to the torsion angles of residues 2 and 3. The exact geometry of these turns
is shown in Table 1.4

Five residue turns stabilised by a single i-+i+4 (1-+5) a-type hydrogen bond also occur.
These are referred to as a-turns (Baker et al, 1984) and are found much less frequently
than P-turns. They can be regarded as a single turn of an a-helix.

Finally a three amino acid residue turn has been proposed (Creighton, 1993). The
classical y-turn and inverse y-turn have hydrogen bonds between the C=0 of residue
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Type
y
y

4^ 1

Vi+i

<t>i+2

Vi+2

Classical

70 to 85

-60 to 70

-

-

Inverse

-70 to -85

60 to 70

-

-

pi

-60

-30

-90

0

pr

60

30

90

0

pi i

-60

120

80

0

PIT

60

-120

-80

0

pm

-60

-30

-60

-30

P IIT

60

30

60

30

p IV

Any bend with two or more angles differing by > 40° than those
given here

PV

-80

80

80

-80

pv

80

-80

-80

80

p via'

-60

120

-90

0

p VIb'

-120

120

-60

0

P VII
p VIII

Kink in chain created by Yi ~ 180°,
(|)3« 180°
-60

-30

< 60°; or | Yg 1 ^ 60°,
-120

120

*The peptide bond between residues i+1 and i+2 is cis. Residue i+2 is proline

Table 1.4: Classification of different types of reverse turns (Creighton, 1993)
i and the N-H group of unit i+2 (3->l hydrogen bonding). These types of turn are very
tight and require unfavourable geometry in adjacent secondary structures. A y-turn has
been observed in thermolysin (Matthews, 1972).

The conformation of P-turns and y-tums are highly dependent on the position of certain
residues in the loop region. Proline, glycine and asparagine are of particular importance
as they allow the chain to take up unusual conformations. Type I turns can have any
amino acid at positions i->i+3 except that proline cannot occur at position i+2. For both
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Classical y turn

Inverse y turn
C“

1

+1

C“

C“

i+ 2

P Turns
Type I

Type I'

C“

C“

Typeir

TypcH
C“

rc"j

Figure 1.19: Diagrammatic representation of several different turn structures
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type I and type II turns, glycine and proline are commonly found at residues i+3 and i+1
respectively. Aspartic acid, serine, cysteine and asparagine occur frequently in position
i as their sidechains can easily hydrogen bond to the -NH of residue i+2. Type III turns
can contain most amino acid residues but type III' requires glycine at positions i+1 and
i+2.

Definition o f secondary structure
In the previous sections we have seen that secondary structure can be defined using two
criteria, namely hydrogen bonding patterns and dihedral angles. Unfortunately there is
no convention as to which method of classification should be used. This can lead to
confusion as the secondary structural content of a protein can vary greatly depending on
the criteria used to classify secondary structural elements (see Chapter 3). In an effort
to overcome these difficulties several 'algorithms' have been developed to define
secondary structure according to strict criteria. The most famous of these algorithms are
those developed by Levitt and Greer (Levitt et al, 1977) and Kabash and Saunder
(Kabsch et a i, 1983). However these methods are by no means universally applied and
note must be paid to the method used to define secondary structure when quantitative
comparisons are being made.

1.1.3.4 Supersecondary structures
We have just seen that proteins contain regular backbone structures or 'secondary'
structures. At the next level of organisation we find assemblies of secondary structures.
These assemblies are termed supersecondary structures. Although they are a higher level
of structure than secondary structures, they do not constitute individual domains. Several
of the most commonly encountered supersecondary structures will now be described.

A clear example of a supersecondary structure is the coiled-coil a-helix. In this structure
two a-helices are wound around one another, forming a left handed super helix with a
repeat unit of about 140Â. Coiled-coil a-helices have been found in several fibrous
proteins (Atkins, 1967; Caspar et al, 1969) and are postulated to occur in streptococcal
antigen I/II (see Chapter 6).
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In another common type of supersecondary structure, designated P-a-p, two parallel Pstrands in a p-sheet are connected by an a-helix which must be roughly parallel with
the P-strands. A combination of two consecutive p-a-P units is also found frequently
and has been termed the Rossman fold (Rao et a i, 1973).

There is a strong tendency for the adjacent strands in an anti parallel p-sheet to be those
strands that are sequential in the amino acid sequence. If the strands are connected by
a P-tum then the sheet is classified as a supersecondary structure and is called a pmeander.

1.1.3.5 Protein tertiary structure
Tertiary structure is defined as the overall three dimensional architecture of the
polypeptide chain, including the relationship of various secondary structures to one
another. The folded structure of most globular proteins is roughly spherical and quite
compact. The structures of most proteins composed of more than about 200 amino acids
residues appear to be split in two or three structural units or domains. An excellent
example of this can be seen in the transferrins (Anderson et a l, 1989; Anderson et al,
1990; Bailey et a l, 1988) (see Chapter 3). Often a single segment of polypeptide chain
connects two domains and often each domain consists of a single stretch of polypeptide
chain.

1.1.3.6 Protein quaternary structure
The quaternary structure of a protein is defined as the relationship of subgroups in a
protein required to give activity. Haemoglobin is composed of four subunits, two a and
two P chains, each of which is bound to a haem group. All four subgroups are required
to give haemoglobin its oxygen binding and release capacities. Another example of
protein quaternary structure is where several identical protein molecules are required to
associate in a particular three-dimensional array to form, for example, a large channel.
Such protein association is postulated to be necessary in the formation of gap Junctions
(Findlay et a l, 1990).
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CHAPTER 2
BIOPHYSICAL TECHNIQUES USED IN PROTEIN
STRUCTURE DETERMINATION
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2. BIOPHYSICAL

TECHNIQUES

USED

IN

PROTEIN

STRUCTURE

DETERMINATION

2.1 Introduction
In Chapter 1 we saw that proteins possess a very large and diverse number of biological
functions, even though they are all composed of the same 20 amino acids. It appears that
the ability of proteins to perform such a large number of unrelated functions is primarily
due to enormous variations in structures that these 20 amino acids can form simply by
being linked into different sequences. The awesome functional properties of proteins can
only be understood in relationship to their three dimensional structures.

By studying the structures of proteins, it has been possible to gain an insight into the
structure-function relationship of these molecules. A knowledge of this information is
crucial to the advancement of many fields in medical science.

A number of biophysical techniques are available for the structural analysis of proteins.
As the results obtained from many of these techniques are discussed in the following
chapters, it appears appropriate to give a brief theoretical outline of each technique.
Special attention will be given to the technique of Fourier transform infrared
spectroscopy since the results obtained using this technique form the basis of this thesis.

Many biophysical measurement techniques are based upon the interaction of
electromagnetic radiation with the material under investigation. The nature of this
interaction is dependent upon the energy (hence the wavelength) of the incident radiation
and a brief summary of the electromagnetic spectrum and the interaction of each type
of radiation with this matter is given in Table 2.1.
2.2 X-Ray diffraction

2.2.1 Protein crystal growth
Before a protein structure can be analysed using X-ray diffraction techniques, three
dimensional crystals of the protein must be obtained. The crystals must be large.
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WAVELENGTH
(m)

TYPE OF
RADIATION
Gamma

3

X

lO'^L 3

X-rays

3

X

10 " - I

X

Vacuum UV

I

X

10-" - 2

Near UV

2

X

10'" - 4

Visible

4

X

10'"- 8 X 10'"

Near IR

8

Mid IR

2.5

X

Inner shell
electrons

X

10'"

Ionisation

X

10'"

Valence
electrons

1.5

Microwaves

2

Radiowaves

1 X 10'^

X

X

X

10*^ - 1.5

Far IR

10'"

-

2

X

10'^
10*^

X W

10-^ - 7 X 10-^
-

Nuclear

10’*

10'7 - 2.5

X

10 "

X

INTERACTION
WITH MATTER

10,000

Molecular
vibrations
II

II

Electron spin
orientation
Nuclear spin
orientation

Table 2.1: The electromagnetic spectrum and its interaction with matter
individual and well-ordered. Unfortunately little is known about the mechanism of
protein crystallisation and a strictly empirical approach is often taken, searching the
many parameters that affect crystallisation as effectively as possible. Consequently,
protein crystallisation can be a long and arduous task.

The most common technique for crystallising soluble proteins is very slow precipitation
from super-saturated solutions. The most frequently used procedure for making protein
crystals is the hanging drop method, in which a drop of protein solution is brought, very
gradually, to supersaturation. This is achieved by loss of water from the protein solution
to a large reservoir of precipitant that often contains ammonium sulphate or polyethylene
glycol.
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2.2.2 Principles of diffraction
When the primary beam from an X-ray source hits a protein crystal, most of the X-rays
pass straight through. However, some of these X-rays interact with the electrons on each
atom and cause them to oscillate. These oscillating electrons serve as new sources of
X-rays, which are emitted in almost all directions This is often referred to as
"scattering". When atoms (and hence their electrons) are arranged in a very regular,
three-dimensional pattern, such as those found in a crystal lattice, the X-rays emitted
from the oscillating electrons interfere to form a diffraction pattern that can be recorded
by a detector A simple theory, derived by Bragg in 1913, shows that diffraction by a
crystal can be regarded as a reflection of the primary beam by a set of parallel planes.
Two such planes, separated by a distance d, are shown in Figure 2.1.

primary
beam

diffracted
beam

BC = CD = d sinG
Figure 2.1: The illustration of Bragg's law
The primary beam in Figure 2.1 is incident on the crystal at angle 0 and a diffracted
beam also leaves at this angle X-rays that are reflected from the lower plane have
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travelled further than those reflected from the upper plane. As Bragg's Law shows that
diffraction only occurs when a difference in pathlength is equal to the wavelength of the
X-ray beam then be + cd = 2d sin 0. To determine the size of the unit cell, the crystal
is oriented in the beam so that reflection is obtained from the specific sets of planes in
which any two adjacent planes are separated by the length of one unit cell. (In Figure
2.1, d = length of unit cell). When diffraction occurs, d = ^ / (2 sin 0). As X is known
then 0 can easily be calculated from the position of the diffracted pattern on the detector
using the equation 0 = r / a where;
r = distance between the diffracted spots on the detector and the position where the
primary beam hits the detector,
a = distance between the detector and the crystal.

The crystal is then reoriented and the procedure repeated for the two other axes of the
unit cell.

2.2.3 Phase determination
The ultimate goal of diffraction analysis is the reconstruction of the detailed structure
of a protein from a diffraction pattern. The diffraction pattern breaks down the structure
into a series of discrete sine waves. In a diffraction experiment, the spots recorded by
the detector represent such sine waves. The image of an object can be reconstructed by
reconstructing the individual sine waves. Each diffracted beam is recorded as a spot by
the detector and is defined by three properties. These are:
i)

Amplitude, which can be measured by the intensity of the spot.

ii) Wavelength, which is determined by the wavelength of the X-ray source.
iii) Phase, which is lost in X-ray experiments.

Unfortunately, all three parameters need to be known before the sine waves can be
recombined to build up an image. This is known as the phase problem of
crystallography.

In the case of protein crystallography, the phase problem has been circumvented by the
method of multiple isomorphous replacement. This technique depends upon introducing
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new heavy atoms into pre-formed protein crystals. Since heavy atoms contain more
electrons than the lighter atoms normally found in proteins, they scatter X-rays more
strongly and this can cause both constructive and destructive interference. Therefore,
following heavy atom substitution, some spots incident on the detector increase in
intensity and some decrease. Fourier summations of the intensity differences between
individual spots in heavy metal substituted and non-substituted crystals give rise to maps
of the vectors between the heavy atoms (Patterson maps). From these vector maps it is
relatively easy to deduce the atomic arrangement of the heavy atoms.

After the position of the heavy atoms has been determined, the intensities and phases
of their diffraction patterns can be calculated. The heavy atoms will influence the
intensities of all other spots in the protein crystal diffraction pattern depending on their
relative phases. By comparing the intensity differences of individual spots from native
and heavy atom substituted crystals, the phase difference between the heavy metal and
protein can be calculated. As the phase of the heavy metal is known, the phase of the
protein can be estimated. Unfortunately two different phase angles (at 180° to one
another) will give equally good solutions. Therefore several heavy metal derivatives are
normally required.

2.2.4 Calculation of the electron density map
After the phases of the reflections (different spots) have been calculated, the electron
density p at point (x,y,z) in the unit cell is given by the following equation:

P(w) = i E E E
^

where:

h

k

(2.1)

I

x, y and z

are all fractions of the unit cell dimensions a, b and c.

V

is the volume of the unit cell.

F(h,k,l)

is the amplitude (the square root of the intensity) of the
reflection with indices h, k and 1.

a(h,k,l)

is the phase of the reflection with indices h, k and 1.

Consequently every reflection contains information at all parts of the unit cell. There is
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no direct correspondence between any part of the diffraction pattern and any part of the
crystal.

2.2.5 Interpretation of the electron density map
Once the electron density map has been calculated, it has to be interpreted in terms of
the three-dimensional structure of the polypeptide chain. Nowadays the process is
commonly carried out on a workstation computer with graphics facilities. By using this
equipment, the known structures of the individual amino acids can be fitted into the
electron density map of the protein. This work requires detailed knowledge of the
primary structure of the protein.

2.2.6 Refinement of the model
After the known amino acid sequence of the protein has been fitted into the electron
density map, it is necessary to check that the proposed model is consistent with the
experimental data. It is possible to take the model and, by applying a Fourier
transformation, calculate the amplitude of the X-ray reflection expected when the model
is held within a crystal lattice. The agreement between the amplitudes calculated (Fcalc)
and those observed (Fqbs) is usually measured by the R factor. The smaller the R factor,
the better the agreement. A random assembly of atoms in a molecule will give an R
value of approximately 0.59. The extent of disorder of each atom affects its contribution
to the diffraction pattern and its contribution is therefore weighted by a factor termed
the Debye-Waller factor.
(2.2)

Debye-Waller factor = ex

where:

0=

angle of each reflection

X=

wavelength of the X-rays

B|=

Debye-Waller factor for atom i

The greater the value of Bj, the less localised is atom i in thecrystal lattice.

Byusing

equation 2.2, highly delocalised atoms are given lessweight to thefinalstructure.

By

varying the Debye-Waller factor, the molecular coordinates of each atom of the protein
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in the initial model can be refined by several procedures to minimise the disagreement
between calculated and observed values.

2.2.7 Advantages, limitations and conclusions.
X-ray crystallography has been used to study the structure of well over 600 soluble
proteins, many to a resolution of less than 2Â. X-ray diffraction still remains the only
technique able to determine the structure of large ( >30,000 molecular weight) proteins
to atomic resolution. However there are several problems associated with X-ray
crystallography. Paramount of these is the difficulty in producing large stable crystals
suitable for diffraction studies and in many cases, such as for membrane proteins, this
process is further impeded because the protein is not accessible in large quantities and
is hydrophobic. This is emphasised by the fact that the crystallographic structure of only
two membrane proteins, namely the photosynthetic reaction centre of Rhodopseumodas
Viridis (Deisenhofer et a/., 1985) and Porin (Weiss et al, 1990) have been solved using
X-ray crystallographic techniques. Furthermore, concern is still apparent over the
assumption that the crystal structure of a protein is the same as that of its native
structure in solution and differences, although minor, are thought to occur between the
crystal and solution structures of some proteins. This point is further illustrated in
Chapter 3 and is addressed in more detail in Chapter 8.

2.3 Nuclear magnetic resonance (NMR) Spectroscopy
NMR spectroscopy has been used for many years by chemists to probe the structures of
simple compounds. However, with the advent of reasonably priced, powerful computers,
data systems and extremely high field strength magnets, this technique can now be
applied to the study of protein structures. Due to the complexity of the technique, only
proteins with a maximum molecular weight of approximately 25,000 can be analysed.

Certain atomic nuclei, such as ^H possess magnetic moment or spin. When proteins are
placed in a strong magnetic field, the spin or magnetic moment of the nuclei align either
parallel or anti parallel to an external magnetic field. By applying external radiofrequency pulses to the sample, it is now possible to excite the nuclei from one energy
level to another. After an excitation pulse, the nuclei return to equilibrium state and emit
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radio-frequency radiation that can be measured. For a given type of nucleus (e.g. ^H) the
magnetic moment is constant. All nuclei of this type will be excited by electromagnetic
radiation of the same frequency. However all the nuclei are affected to a greater or
lesser extent by their environments. Consequently analysis of the emitted radiation yields
a series of peaks that correspond to different emitted energies. Each individual nucleus
will have a characteristic position, which is dependent on its immediate environment.
Nearly all structural information on protein has been obtained by using the Nuclear
Overhauser Effect (NOE) and from spin-spin coupling (J coupling). The NOE effect
arises from the basis that protons have a shielding effect on other protons that are within
a distance of 5Â. In the absence of intramolecular motion the NOE is proportional to
where r is the intermolecular distance. It is therefore possible, using NMR, to
calculate the distance between atoms if this is less than 5Â. Together with the ability to
estimate dihedral angles, this allows secondary structure determinations to be made for
small proteins using NMR spectroscopy.

J coupling is only observed between hydrogen atoms that are separated by three or fewer
covalent bonds. Each residue in a polypeptide is isolated in this respect in that J
coupling does not occur across the peptide bond. The value of the three bond coupling
constant 3J is related to the dihedral angle between the atoms to which the hydrogen
atoms are bonded. For example the value 3J between the NH and C“ hydrogen atoms
gives information about the torsion angle (j).

2.3.1 Advantages, limitations and conclusions
NMR has provided a wealth of information on the nature of proteins and studies on
soluble proteins have now been carried out to provide information at atomic resolution.
However, despite great improvements in this technique, its application for determining
protein structure is very time consuming and due to the complexity of the spectrum, it
is limited to the study of proteins with a molecular weight of less than «25,000 Daltons.
Nevertheless, the great advantage of NMR spectroscopy over X-ray diffraction
techniques is that protein structures are examined in solution and not in the crystalline
state.
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2.4 Circular dichroism spectroscopy
Light may be thought of classically as waves of electric and magnetic fields with their
field vectors mutually perpendicular and, in general, perpendicular to the direction of
wave propagation. Natural light consists of a large number of electromagnetic waves
propagated in all directions. It is possible to produce radiation in which the electric field
vector is confined to oscillate in a single plane. This is termed plane polarised light and
is represented in Figure 2.2.

Figure 2.2: Diagrammatic representation of a monochromatic and linearly polarised
beam of light at constant time

In Figure 2.2, the electric field vector is in the xz plane, which is also the "plane of
polarisation". The magnetic field vector is in the yz plane. The direction of propagation
is the +z direction and the picture slides to the right with time.

Circularly polarised light is the antithesis of linearly polarised light. In the case of
linearly polarised light it is the amplitude of field vectors that are modulated, whilst their
directions are constant to within a sign. In the case of circularly polarised light it is the
direction of the field vectors that are modulated while their magnitudes are constant. In
this way, circularly polarised light consists of electromagnetic radiation in which the
electrical component (and thus the magnetic component) spirals around the direction of
propagation in either a clockwise (dextrorotatary or d) or an anticlockwise (laevorotatory
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or 1) direction. This is depicted in Figure 2.3.

Figure 2.3: The electric field vector of monochromatic and right circularly polarised
light as a function of distance at constant time. The helix slides to the right with time

Circular Dichroism (CD) is termed as the difference in absorption between d and 1
circularly polarised light. Any asymmetric group has a CD. Even though most amino
acids contain an asymmetric carbon atom, they tend not to exhibit strong absorption.
However in many biological molecules asymmetry is caused by the asymmetric
environment, and here CD can provide information on this environment.

Oo'

• Oo'
o o

N

Figure 2.4: Carbonyl chromophore (left) and amide chromophore (right). The electrons
in the n bonds are shown as open circles and the electrons in the non-bonding orbitals
as filled circles
Since CD is an absorption difference it is only observed in absorption bands. In proteins,
there are two major absorption bands that give rise to circular dichroism. Absorption
bands that arise in the 280nm region are due to aromatic ring structures and give rise
to near-UV CD. Changes in the near-UV CD spectra of proteins can yield information
about changes in the environment of the aromatic residues in the protein.

Absorption in the 250 - 190nm region predominantly occurs due to absorption of the

57

BIOPHYSICAL TECHNIQUES

peptide group and this gives rise to far-UV CD. Far-UV CD spectra of proteins are
highly sensitive to protein secondary structure. This arises from the fact that the (J) and
v|/ angles of the peptide bond can highly influence the environment of the amide
chromophore. Consequently, different secondary structures will give differing far-UV CD
signals, by virtue of their differing dihedral angles.

2.4.1 Quantification of protein secondary structure from far-UV CD
Several methods have been developed to quantify the secondary structure of proteins
from their far-UV CD spectra. One of the oldest methods uses model polypeptides with
assumed pure secondary structures.

The spectrum of the unknown structure is then linearly fitted in terms of these model
compounds (Greenfield e ta l, 1969). However, this approach can prove highly unreliable
because (as for far-UV spectra), it is affected by the contribution of aromatic si dechains
and disulphide bridges (Bloemendal e ta l, 1994). In addition the a-helical spectrum can
also depend on chain length (Bloemendal et a l, 1994) and on the proximity of other
helices. Therefore more advanced methods have been developed that use a large
reference set of proteins with known secondary structure. If the reference set is large
enough, all these specific effects will be present in the set. One of these such procedures
has been developed by Provencher (Provencher et a l, 1981) and has been used in the
work presented in this thesis (see Chapter 6). This method uses a Least Squares fit that
includes a régulariser term and then compares this fit to the database of reference
proteins. The procedure provides a range of solutions, from which a best solution must
be chosen (Provencher et a l, 1981). It has been shown (Manavalan et a l, 1987) that the
best results are obtained by choosing the solution consistent with the information content
of the data (approximately 4 degrees of freedom for data measured to 190 nm).

2.4.2 Advantages, limitations and conclusions
Circular dichroism has been used extensively to study the conformation of proteins
(Bloemendal et a l, 1994; Johnson Jr, 1988; Johnson Jr, 1985). It is quick, uses low
protein concentrations in aqueous buffers and can provide quantitative information on
protein secondary structure. Although this information is not as accurate as that obtained
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from X-ray diffraction and NMR studies, its relative speed and ease are significant
advantages.

The major disadvantage of CD is that the errors in quantitatively determining secondary
structures are quite large (Provencher e ta l, 1981) with the lowest values being obtained
for a-helical content. In addition, it is not able to provide high resolution information
on the sample under investigation and problems associated with light scattering have
significantly limited the application of CD to the study of membrane proteins.

2.5 Differential scanning calorimetry (DSC)
In contrast to the other techniques described in this chapter, DSC does not involve the
interaction of electromagnetic radiation with matter. Rather, DSC has its basis in the
absorption or emission of heat by a sample, relative to a standard, during a heating or
cooling cycle.

Differential scanning calorimeters consist of two compartments - a sample compartment
and a reference compartment. In the case of protein studies, the sample compartment has
a protein dissolved in buffer introduced into it. The reference compartment only contains
buffer. Both compartments are now heated and the difference in the thermal properties
of the two compartments are measured. For example, when a protein starts to unfold at
a specific temperature the thermal properties of the sample compartment will be different
to that of the reference compartment. The way in which the differences in thermal
properties of the two compartments are measured depends on instrument design.
However, two basic methods are now in common use.

Differential scanning calorimeters made by the Perkin-Elmer Corporation, for example,
use a power compensation method to monitor the differences between the sample and
reference compartment. In the power compensation method, both compartments are
entirely thermally isolated from one another and are heated and maintained at identical
temperatures. When the sample (e.g. a protein) starts to unfold or denature, additional
energy will have to be supplied to the sample cell to maintain it at the same temperature
as the reference cell because protein unfolding commonly requires energy input. The
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system therefore monitors the difference in the amount of energy that is required to keep
both cells at identical temperatures.

Instruments manufactured by Polymer Laboratories use an entirely different method to
monitor the different thermal properties of the sample and reference compartments. This
manufacturer prefers a method termed heat flux measurement. In these instruments, the
sample and reference compartments are in good thermal contact with each other and are
heated at identical rates. They therefore have identical energy inputs. When a sample
starts to denature, the temperature of the sample cell will lag relative to that of the
reference cell. In contrast to the heat compensation method, additional energy is not now
supplied to the sample cell but, instead, the flow of heat from the reference cell to the
sample cell is measured.

2.5.1 Advantages, limitations and conclusions
Differential scanning calorimetry is now widely used in the structural analysis of
proteins. Unlike other techniques described in this chapter, it does not furnish data on
the precise structure of a protein e.g. the a-helical/p-sheet content but it gives
information on the relative thermal instability of a structure. When comparing the
structures of different proteins, this information may seem of little consequence.
However, the extreme sensitivity of DSC measurements makes them of great use in
examining the effect of external influences on a given protein structure. DSC has been
extensively used to study the effect of pH on protein structure (Privaiov, 1979) and also
the effect of ligand binding (Lin et al, 1991) (Hadden et al, 1994a). In the course of
these studies, DSC data have seriously questioned the relevance of the crystal structure
of apo- human lactoferrin to the solution structure of this protein (Hadden et al,
1994a).
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2.6 Infrared Spectroscopy

2.6.1 Theory of absorption of infrared radiation
The energy associated with most molecular vibration corresponds to that of the infrared
region of the electromagnetic spectrum. Consequently if a molecule absorbs energy from
the infrared region of the spectrum, this will effect changes in the energy of the
molecule's molecular vibrations.

According to quantum law, a given molecule can only attain a discrete number of
vibrational energy levels. Therefore, to traverse from one energy level to another, the
molecule must absorb photons with energy that exactly corresponds to the difference in
energy between the two vibrational states. If the difference in energy between the two
vibrational states is AE, then from the relationship AE = hf (h = Planck's constant) it can
be shown that only photons of specific frequency will be absorbed. This will produce
discrete spectra. Transitions from the ground state to the first excited state are called
fundamentals or first harmonics. Since only fundamental transitions are strictly allowed,
these often dominate the infrared spectra. Other transitions from the ground state to
higher energy levels arise as a result of anharmonicity and are termed second harmonics
or overtones. It has been shown that these overtones occur at integral multiples of the
fundamental frequency. Overtones can be detected in the infrared spectrum but they are
usually quite weak, which implies that although molecular vibrations are measurably
anharmonic, this effect is not great. In order for a vibration to be infrared active, it must
effect a net change in the dipole moment of a molecule. The dipole moment is defined
as the magnitude of either charge in the dipole, multiplied by the charge spacing. Since
the wavelength of infrared radiation is far greater than the size of most molecules, the
electric field produced by the photon can be considered uniform at all points within a
molecule. The electric field produced by the photon will exert forces on the molecular
charges. This force will tend to change the spacing between the photon and the electron
centres of charge, thus inducing the dipole moment of the molecule to oscillate with the
same frequency as the photon (Figure 2-5).

However not all molecule vibrations induce a change in dipole moment. To illustrate this
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Figure 2.5: Forces generated on a dipole by an oscillating electric field. These forces
tend to alternately increase and decrease the dipole spacing
point let us consider two separate molecules, CO2 and H2 O, illustrated in Figure 2.6.
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Figure 2.6: Molecular vibrations of the CO2 and H2 O molecules
Both molecules possess a dipole moment due to the uneven distribution of electrons
within the molecule. For the linear molecule of CO2 it can be seen that, for a symmetric
vibration (indicated by arrows), the electric field of the photon cannot pull the two
equivalently charged oxygens in opposite directions. The net dipole moment does not
therefore change and the symmetric vibration for the CO2 molecule is not IR active. In
contrast, the symmetric vibration of the non-linear H2 O molecule does result in a change
in the dipole moment of the molecule and is IR active. It can be shown that for a non
linear molecule of n atoms has 3n vibrational degrees of freedom. Three of these degrees
of freedom describe rotation of the molecule and another three describe translation of
the molecule. The remaining 3n-6 degrees of freedom describe fundamental vibrations
of the molecule. The types of vibrations that occur for a CH2 group in an alkane chain
are illustrated in Figure 2.7.

62

BIOPHYSICAL TECHNIQUES

A n ti-sy m m etric s tre tc h in g

S y m m e tric s tre tc h in g

D eform ation

W ag g in g

Tw isting

R ocking

Figure 2.7: Vibrations of a CH2 group in an alkane chain

2.6.2 Infrared active bands in proteins
The infrared spectra of proteins are dominated by vibrations that arise from the amide
groups of polypeptide chains. There are a total of nine bands that arise from these amide
groups. They are termed the amide A and B and the amide I to VII bands. Fundamental
properties of these bands are summarised in Table 2.2.

In structural studies of proteins the amide I and amide II bands have proved to be by far
the most useful (Surewicz et al, 1993) although information has been obtained from the
amide A (Mitchell et al, 1988) and III (Alvarez et al, 1987) bands. All the data
presented in this thesis involves analysis of only the amide I and II bands. For this
reason a more detailed description of the origin of these bands will now be given.
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AMIDE VIBRATION

FREQUENCY (cm ')

ASSIGNMENT

A

3300

N-H (s)

B

3100

N-H (s)

I

1680 - 1600

80% C =0 (s)
10% N-H (b)
10% C-N (s)

II

1580 - 1480

60% N-H (b)
40% C-N (s)

III

1300 - 1230

30% C-N (s)
30% N-H (b)
10% C =0 (s)
10% 0=C-N (b)
20% others

IV

770 - 626

40% 0=C-N (b)
60% others

V

800 - 640

N-H (b)

VI

605 - 540

C =0 (b)

VII

200

C-N (t)

Table 2.2: The amide bands. Data from (Susi 1969; Thomas et a l, 1977; Wallach et al,
1974)
The amide I band appears between 1700 cm'* and 1600 cm'* wavenumbers. It arises
predominantly from CO(stretch) and CN(stretch). However it also contains significant
contributions from C“CN (deformation) and minor contributions from C“C (stretching),
CNC“ (deformation), H“(bend) and NH (in plane bend) (Krimm et a l, 1986). The
frequency of the amide I band is very sensitive to protein secondary structure (see
Section 2.6.3). Upon N-deuteration the amide I band can shift by about ten
wavenumbers to lower frequency.

The amide II band appears between 1590 cm * and 1500 cm *. It arises predominantly
from NH (bending) and CN (stretching). However minor contributions from C“C
(stretch), CO (in plane bend) and NC“ (stretch) are also present (Krimm et a l, 1986).
Upon N-deuteration this band shifts approximately 100 wavenumbers to lower
frequency.
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Figure 2.8: The predominant vibrations that give rise to the amide I and II bands
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2.6.3 Conformation of polypeptides and proteins, determined from their amide
bands
As described in Chapter 1, each secondary structure has its own particular hydrogen
bonding pattern between the oxygen of the CO group and the hydrogen of the NH
group. This hydrogen bonding is strong enough to influence the vibrational frequency
of the amide I band. This occurs because the double-bonded character of the CN bond
(Section 1.1.3 .1) increases and that of the CO bond decreases when the amide group is
involved in hydrogen bonding. The amide I band shifts to lower wavenumber with
increase in hydrogen bonding. A brief description of the frequencies at which amide I
components have been shown to occur for the different secondary structures will now
follow. It should be noted at this point that proteins in general consist of a mixture of
types of secondary structures. Thus the observed amide I band contours are often broad
and quite featureless owing to the overlap of several components, each representing the
absorption of a-helices, P-sheets etc. Therefore, resolution enhancement techniques (see
Section 2.6.4.7 for more details) need to be employed to identify the component bands.

2.6.3.1 a-helical structure
Vibrational analysis of a-helical modes predicts that an a-helical structure would absorb
strongly in the 1658-1650 cm'^ region (Krimm et a l, 1986). It has been shown that
proteins that are rich in a-helical structures (as defined by CD and X-ray diffraction
data) give infrared spectra with a strong component between 1658 and 1650 cm'^ in H2 O
solutions (Susi et a l, 1986). However, random coil structures also absorb in this region.
Care is needed when assigning a-helical and random coil bands (see Section 2.6.3.2).
a-helical components have also been observed at 1640 cm'^ (Susi et al, 1986) in
proteins such as cytochrome c. It is thought that this a-helical component, which absorbs
at such a low wavenumber, may arise from either distorted a-helical structures or
unusual amide group-solvent interactions.

2.6.3.2 Random structure
As mentioned in the previous section, these structures give amide I components in HjO
around 1658 - 1650 cm'^ and overlap considerably with a-helical absorption. Fortunately
if measurements are recorded in ^H,0 the band associated with random coil structures
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shifts to 1650-1640 cm‘^ and, in the majority of cases, no longer overlaps with the ahelical band (Surewicz et a l, 1988a). It should be noted, however, that, occasionally,
strong bands at 1645 cm‘‘ in ^H20 have been observed for proteins with little random
coil structures, e.g. calmodulin (Jackson e ta l, 1991). In this case, the band at 1645 cm'^
was attributed to solvent exposed a-helical structures.

2.6.3.3 P-sheet structure
Amide groups in P pleated sheet structures have been shown to give rise to bands in the
1640-1620 cm‘^ region (Krimm et a l, 1986; Susi et al, 1987). For many proteins,
several bands are observed in the 1640-1620 cm'^ region. This probably represents
differences in hydrogen bonding strength as well as differences in transition dipole
coupling by different p strands (Surewicz et a l, 1993). In principle parallel and
antiparallel strands can be distinguished. In the spectra of proteins with anti parallel
strands, there is a large splitting of the amide I band caused by interstrand interactions
(transition dipole coupling (Krimm et al, 1986)). This results in two bands being present
in the spectra of proteins containing antiparallel P strands - one at 1640-1620 cm'* and
the other at approximately 1695-1675 cm'\ However the identification of this high
frequency p component is often hampered by its overlap with absorption from turns
structures.

2.Ô.3.4 Turns structures
Vibrational analysis for types I, II and III turns indicates that they all absorb in the
1690-1655 cm'^ region (Krimm et a l, 1986). However these bonds are thought to be
more intense in the 1690-1670 cm ' region (Susi et a l, 1983). Assignment of specific
band frequencies to particular turn types should be regarded with great caution, not least
due to the overlap of turn and P-sheet vibrations (see above). Therefore, in the course
of this work, bands are merely assigned to "turns" without specification of the particular
type of structure.

2.6.3.S 3,0-helices
Synthetic peptides that contain stable 3,o-helical structures have been shown to absorb
in the 1667-1660 cm ' region (Kennedy et a l, 1991). However, in the spectrum of
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cytochrome

the band around 1640-1639 cm‘‘ has also been assigned to these

structures (Holloway et al, 1989). Clearly the assignment of bands to 3io-helical
structures remains unresolved.

2.6.4 Instrumentation
Originally, infrared spectrometers comprised an infrared source a monochromater and
a detector. The monochromator separated the radiation into its constituent frequencies
and then, by a series of slits, radiation of a narrow range of frequencies was passed
through the sample and fell upon the detector. This procedure was repeated until all the
frequency region of interest had been systematically covered.

With the development of powerful, affordable computers, the technique has been
developed so that, nowadays, many laboratories possess Fourier transform infrared
(FTIR) spectrometers. In these instruments, a dedicated computer is used to control the
spectrometer and process the data produced by the spectrometer. This processing
involves a large amount of mathematical manipulation, which formerly could not be
contemplated and enables the instruments to be more powerful and flexible than their
predecessors.

There are a number of steps involved in the analysis of a sample, using an FTIR
spectrometer. These are outlined in Figure 2.9 and each will be addressed in the
following sections.

2.6.4.1 Interferogram Generation
At the heart of an FTIR spectrometer is an interferometer. An idealised Michelson
interferometer is shown in Figure 2.10.
Polychromatic infrared light (usually from a ceramic source) is directed towards a beam
splitter, so called because it reflects half the light and allows the remaining light to pass
through. The reflected light passes to fixed mirror 1, where it is reflected back to the
beam splitter. Passing from the beam splitter and back again, the light travels through
a distance of 2c, as indicated in the figure. This distance is fixed and cannot be altered.
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Figure 2.9: The steps involved in the generation of a typical FTIR protein spectrum
The light which passes through the beam splitter on the other hand passes to moving
mirror 2, from which it is reflected back to the beam splitter. The distance between
mirror 2 and the beam splitter is variable and the difference in the distance of mirror 1
and mirror 2 from the beam splitter is termed x. Consequently the light that passes
through the beam splitter and is reflected back by mirror 2 travels through a distance of
2(c+x). The value of x can be positive or negative depending on whether the distance
between the beam splitter and mirror 2 is greater or less than distance c.
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Figure 2-10: An idealised Michelson interferometer

When the two beams reflected from mirrors 1 and 2 recombine they exhibit a path
length difference of 2x and consequently interfere In an FTIR spectrometer, the
resulting interferring, recombined beam leaves the interferometer, passes through a
sample compartment and is then focused on a detector. The detector measures
intensity I of the combined beams. Since this is

a function of the

the

difference betweenthe

path lengths of the two constituent beams, I = I(x).

If constructive interference takes place, the detector signal is a maximum and the
difference between the path lengths of the two beams is given by:
2x = nk

(^ =0, 1, 2,...)

If destructive interference occurs, the detector

signal is a minimum and

between the path lengths of the two beams is given by:
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2* = (2« + 1)A (n = 0, 1, 2, ...)
Between these two extremes, the intensity varies as a cosine function of x, the
relationship being:
I{x) = 5(A) cos|

h i)

where S(A) is the intensity of the monochromatic light with wavelength X.
In practice, the wavenumber v is more commonly used than X and the equation
becomes:
I{x) = 5(v) cos(27t;cv)

(2 3)

1.6.4.2 Advantages of FTIR
Equation (2.3) is very important. For example if we take a monochromatic source of
known intensity and wavelength it is possible to calculate the path difference and
consequently the position of the moving mirror. It is essential to know the exact position
of the moving mirror for wavenumber calibration. For this reason all modern FTIR
spectrometers have an integral HeNe laser. This laser is separate from the infrared
source and, as it is monochromatic, its interferogram is relatively simple. By monitoring
the interferogram of this monochromatic laser, the system can very accurately determine
the exact position of the moving mirror. This means that highly accurate wavenumber
calibration can be built into FTIR spectrometers and this is known as the Connes
advantage.

FTIR spectrometers incorporate circular apertures rather than the linear slits used in
grating spectrometers and this enables them to pass a higher amount of radiation - the
so-called Jacquinot or throughput advantage.

In an FTIR spectrometer, all frequencies emanating from the IR source fall on the
detector at the same time. This is termed the multiplex or Fellget advantage. In
conventional spectrometers, one frequency after another is processed, which is more
time-consuming.
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2.6.4.3 Fourier transformation
Once the interfering beam has been passed through the sample, it is recorded by the
detector. This data acquisition stage yields a digitised interferogram I(x), consisting of
a number of intensity readings corresponding to a series of x values (usually about
16,000). These must subsequently be converted into a spectrum and this is done using
a mathematical technique known as Fourier transformation. An infinite-range Fourier
transform of a record I(x) is defined by:
S(v) =

J

I(pc) e

dx

Since the data does not consist of an infinite number of data points but consists of a
finite number (16,000) of values for I, measured over a range of equi spaced x values
(mirror displacement), a special version of Fourier transformation, known as the DFT
(discrete Fourier transformation) has to be used. This gives:

n=0

where the continuous variables x and v have been replaced by nAjc and ^Av
respectively.

The discrete Fourier transform expresses a given function as a sum of sine and cosine
functions. The resulting new function

then consists of the appropriate Fourier

coefficients.

It can be seen that in Figure 2.11A that the Fourier transformation of an infinitely long
cosine train is an infinitely thin line of known intensity and frequency. Figure 2.1 IB
shows that two overlapping cosine waves can be Fourier transformed to give two
separate infinitely thin lines of differing frequency. Finally, the Fourier transform of the
more complex decaying cosine function seen in Figure 2.11C results in a Lorentzian
band shape. In FTIR spectrometers the digitised signal produced by the detector is a
very complex waveform or 'interferogram'. Fourier transformation of the interferogram
can resolve this complex waveform into bands of known frequency and intensity.
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B

Figure 2.11: Graphical illustration of the use of Fourier transforms
In practice, equation (2.4) is rarely used directly. Instead, a number of Fast Fourier
transforms (FFT's) are in use, the most common of which is the Cooley Tukey
algorithm. It has the restriction that N (the number of interferogram points) must be a
power of 2, but it has the great advantage of requiring significantly fewer mathematical
computations. It can thus be calculated more quickly. Spectra taken with laser-controlled
FTIR spectrometers, using the Cooley Tukey algorithm, show a sample spacing of;

A V=

m X laser wavenumber

Final Transmittance Spectrum
Three main steps must be undertaken in order to obtain a transmittance spectrum

i)

First, a single channel reference spectrum R must be obtained by calculating the
FT of an interferogram measured without a sample in the optical path

ii) Next, an interferogram with a sample in the optical path is Fourier transformed
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to give the single channel sample spectrum S.
iii) The final transmittance spectrum T is calculated, where

''• > = 1 3

Data processing beyond this stage is similar to that used for digitised spectra from
dispersive instruments.

2.Ô.4.4 Resolution in FTIR
Figure 2.12 depicts the interferogram corresponding to two sharp lines, separated by a
wavenumber distance d. Periodic modulation patterns, repeated after a path length
difference 1/d, can be observed in the interferogram due to the separation d in the
spectrum. The distance between the repeated patterns varies in inverse proportion to the
distance between the spectral lines, illustrating the Rayleigh criterion. This states that

1/d

Figure 2.12: The interferogram corresponding to two sharp lines, separated by a
wavenumber distance d
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in order to resolve two spectral lines separated by a distance d, it is necessary to
measure the interferogram up to a path length of at least 1/d.

2.6.4.5 Apodisation
The mathematics of the Fourier transform involve integrals that go to infinity, thereby
assuming an infinitely long interferogram (infinite number of data points in the
interferogram). Practical measurements deal with a finite number of data points and are
therefore termed truncated interferogram s. If the interferogram is cut off abruptly, it is
equivalent to multiplying the true interferogram by a boxcar function.

The Fourier transform of the boxcar cutoff is shown in Figure 2.13 and is known as the
sine function.

0.61/L

100%

0.0175L

22%

Point of zero path difference

Figure 2.13: The Fourier transformation of the boxcar function

Figure 2.13 shows that Fourier transformation of the boxcar function does not give an
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infinitely thin line but rather a wide line with large, damped sidelobes. In the figure, the
largest side lobe is 22% of the main lobe amplitude and L = optical pathlength
difference. Truncation of an interferogram produced when the optical pathlength
difference introduced by the moving mirror is L (L = 2x in Figure 2.10), introduces side
lobes (feet) to a main maximum and these side lobes cause a leakage of the spectral
intensity. These side lobes do not correspond to actual measured information but are a
result of truncating the true (infinitely long) interferogram by recording only a finite
number of data points. In this way, artificial data is created when a finite number of data
points are Fourier transformed. This artificial data is undesirable and if two lines are
close together it may not be possible to resolve them. As it is not practical to record an
infinitely long interferogram, apodisation functions have been developed to help
attenuate these sidelobes. In practice, the signal that is digitised by the detector is
multiplied by one of these apodisation functions and this has the effect of "damping" the
sidelobes. Unfortunately, apodisation functions reduce the resolution of the data because
the main lobe is widened. The width at half height defines the best resolution achievable
with a given apodisation function.

Several apodisation functions have been developed and are currently in use in
commercial infrared spectrometers. Some of these are indicated in Figure 2.14, together
with the boxcar function.

Apodisation functions are chosen according to the desired result. Boxcar truncation (i.e.
no apodisation) is used if optimum resolution (0.61/L) is essential. If a 50% resolution
loss can be tolerated, the Happ-Genzel apodisation achieves excellent reduction in
sidelobe intensity. Although other functions give even better sidelobe attenuation e.g. the
medium Norton-Beer function (medium NB), they also result in a greater loss in
resolution.
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Figure 2.14: Some commonly used apodisation functions
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2.6.4.6 Phase Correction
In ideal instrument operation, the system noise level is limited by the infrared detector
noise. To minimise detector noise, components of noise outside the spectral region of
interest are electronically filtered out. However the filters introduce some signal phase
shift that is not constant with frequency. To correct the phase shift, a magnitude
calculation could be used i.e. calculate the square root of the sum of the squares of each
real and imaginary point pair. However this method makes all the noise positive and
distorts line shapes. Instead, many manufacturers use the following technique. Only a
few data points around the centre of the interferogram are used to calculate the
transformation. Due to the high signal intensity in this region, the signal to noise ratio
is high. Using the data points around the centre of the interferogram the system
calculates a phase array 0.

0 = arc tan (— -)
Re;

where

i

= the point in the array

Im = an imaginary number
Re = real number resulting from the transformation

The calculated phase array is essentially noise-free and assumed to be the true phase
array for the spectrum. Now the system calculates the magnitude spectrum using the full
data array. At this point, all the noise is positive. To make the noise randomly positive
or negative, the magnitude spectrum is multiplied by;
cos (<1) - 0)

where

^

= phase array calculated from the fulltransformation

0

= phase array calculated from the centre of the interferogram.

The phase multiplication introduces random noise of random sign where there was only
positive noise using the magnitude calculation. In practice, the magnitude calculation,
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instrumental phase shift correction and mathematical correction for the shift of the centre
of the interferogram are combined into one quick calculation.

2.6.4 7 Data manipulation
One of the advantages of modem infrared spectrometers, be they dispersive or FT
machines, is the fact that recorded spectra are digitised as a series of (x,y) coordinate
pairs. One of the major consequences of this technology is that spectra can now be
manipulated mathematically after they have been recorded. To enable structural
information to be extracted from protein IR spectra, several mathematical manipulations
of the original spectra are required. These will be outlined in the following sections.

Spectral subtraction
Proteins in their physiological state are very often in solution and it is important, when
studying protein structure, to mimic the protein's natural environment as closely as
possible. Infrared spectra of proteins are therefore most often recorded in either H2 O or
solutions. Unfortunately, liquid water absorbs very strongly in the same spectral
region as protein amide I and II bands. This effect is illustrated in Figure 2.15.

To enable detailed analysis of the protein bands, subtraction of the components of the
spectra that originate from the aqueous solvent must be performed. Traditionally, this
has been performed using interactive subtraction routines supplied by instrument
manufacturers (IDIFF from Perkin-Elmer or ISUB from Nicolet). The principles on
which interactive subtraction is based are very simple. In the infrared spectra of proteins,
there are known regions in which the protein does not normally absorb, e.g. 2260-1800
cm '\ Consequently, any absorption in this region of an aqueous solution of a protein
must be solely due to aqueous solvent. Therefore if an identical aqueous solvent
spectrum is subtracted from the protein spectrum, the resulting absorption in the 22601800 cm'^ region should be zero. Manufacturer-supplied interactive subtraction routines
allow the operator to view the result of the subtraction before saving the result. Often
a 1:1 subtraction does not give acceptable results. Variations in the pathlength of the two
spectra being subtracted can significantly alter the desired result. For this reason.
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Figure 2.15: Absorption spectrum of an HjO buffer and the same buffer containing 50
mg/ml protein. The insert corresponds to the 1800-1500cm'' region after buffer
subtraction
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interactive subtraction routines allow the user to select a factor by which one of the
spectra being subtracted should be multiplied before the subtraction is carried out. In this
way, the user can select the most appropriate factor that gives an absorbance of zero in
the 2260-1800 cm'^ range in the final subtracted spectrum. In practice, if this factor falls
outside the 0.9-1.1 range, the spectra should be treated cautiously.

While manufacturer-supplied, interactive subtraction have been used successfully for
many years by spectroscopists, the process can be quite time-consuming and labourintensive, especially if many spectral subtractions are to be carried out. Furthermore the
process is subjective and different operators can often report slightly different results.
As the work in this thesis would involve a great deal of spectral subtractions, it was felt
that the process should be standardised and automated as far as possible. For this reason,
a computer program, called MAXI3, was written to perform automated spectral
subtraction on pairs of JCAMP-DX files.

The program is based on the Method of Least Squares. The procedure is as follows;

i)

A spectrum consists of a number (N, say) of coordinate pairs. The coordinate pairs
consist of a wavenumber w and a corresponding intensity i. Let the subscript PB
denote values for the protein + buffer solution and B denote values for the buffer
only solution. Thus the two spectra can be denoted by pairs of readings:

Buffer spectrum:

N coordinate pairs of the form (w^g, i^g), with n
ranging from 1 to N

Protein + Buffer spectrum:

N coordinate pairs of the form (w^^pg, i^^pg), with n
ranging from 1 to N.

ii)

By considering a portion of the spectra where the protein should have no effect
(2257 > wavenumber > 1800), the Method of Least Squares can be used to
determine the relationship between the two spectra. In this area, the two spectra
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should be identical but, in practice, this is not the case. Once the relationship has
been determined, it can be used to "correct" the divergence, so that the two spectra
can be superimposed. The technique assumes that the divergence occurs at a
constant rate.

Let the sub-range (2257 > wavenumber > 1800), to be used for the fit, consist of
Np readings, with the first reading be indicated by FI and the last reading be
indicated by F2.

X =—
b fp

1

( = mean intensity o f buffer spectrum over f it range )
n = PI

y =—
i^pg
Np n^Fl

( =mean intensity o f protein + buffer spectrum over fit range )

N

fi=1

P2

P2

^P • E
slope = -------

X)

^n =PI

P2

■E

nJ>B

n =PI

N , . (N, - 1) .

intercept =y - {slope . %)

Let the subscript P denote values for the protein alone. Its spectrum can also be
denoted by pairs of readings:

Protein spectrum:

N coordinate pairs of the form (w^p, i^p), with n ranging
from 1 to N.
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For any coordinate pairs in the protein and protein + buffer spectra, which have
identical wavenumbers w^^p, a new intensity for a protein spectrum can be deduced
as shown below.

L

f

-i^slope .

* intercept)

This then gives a coordinate pair (w^^p, i^f) for the protein spectrum. Protein
intensities are calculated over the range (2000 > wavenumber > 1500).

iii) Program Maxi3 produces protein spectra for one or more pairs of buffer and protein
+ buffer spectra. Its operation is indicated by the flowchart in Figure 2.16. This
shows the main steps undertaken by the program and the relevant subroutines.

It should be noted that the program makes use of two directory files indicating the
locations of files containing the spectra to be processed. This enables the program
to process up to 100 pairs of spectra automatically. The approximate processing
time for 100 protein spectra is about 2 minutes on a 486 PC.
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Figure 2.16: Flowchart for program Maxi3
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Resolution enhancement
Infrared absorption bands can often be very broad and composed of several overlapping
components. In order to identify each component in these envelopes, resolution
enhancement techniques are necessary. Several separate methods are currently available.
These include Fourier self-deconvolution, derivative generation and ENHANCE from
Perkin-Elmer. The following sections describe the underlying theory of each of these
techniques.

Fourier self-deconvolution
The aim of deconvolution is to decrease the widths of all lines in a limited spectral
region and thus enhance the apparent resolution of the spectrum. The Fourier
transformation of a Lorentzian line gives an exponentially decaying cosine function. The
rate of the exponential decay is proportional to the line width. If the finite, decaying
cosine function is multiplied by an appropriate rising exponential function, it is possible
to obtain a new cosine function of finite amplitude. The inverse Fourier transform of this
new cosine function is a sine function, with its peak at the same position as the
maximum in the original spectral band but with small lobes on either side of the peak.
In practice, the side lobes interfere with component band identification and in order to
minimise their effect, the constant amplitude cosine function is multiplied by an
appropriate apodisation function, which reduces the amplitude of the side lobes.

Derivative techniques
The position at which a component band occurs coincides with a point of inflection on
the band envelope. At such a point, dl/df = 0 and d^I/dF^ is at a negative minimum. A
Lorentzian function can be used to approximate the intrinsic shape of an infrared
absorption:
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A) Fourier transformation of a Lorentzian band
to give a exponentially decaying cosine train

B) Multiplication of decaying cosine train by an exponential
function (X) followed by inverse Fourier transformation

Function (X)

C) Multiplication of decaying cosine train by a combined exponential and
apodisation function (Y) followed by inverse Fourier transformation

Function (Y)
FT

< -------

-

,

L

Figure 2.17: Schematic diagram of Fourier self-deconvolution
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where

I

= intensity of absorption
2s = width at half height
f

= band frequency

The first derivative of this function is given by:

and the second derivative of this function is given by:

ÉÏ = J ± ] f
df^
where

a

(1 -

I W ’ I (1 +

;

= 1/s^

The halfwidth of the original spectrum is related to that of the second derivative:
s = 2.7 s"
This indicates that the component bandwidth is narrowed but the frequency is not
altered.

Second-derivative spectra have been found most useful when examining protein spectra.
Practically these are generated by smoothing the spectral data with a 13 or 19 point
Savitsky-Golay smoothing function calculating the first derivative re-smoothing the data
and again applying the first derivative to the doubly smoothed data.

Both deconvolution and second derivative methods have been used successfully to
distinguish components within complex band envelopes. However the techniques can
only be applied satisfactorily to absorption spectra with very high signal to noise ratios
since they both enhance the noise levels in the resultant spectra. If the techniques are
applied to spectra with lower signal to noise ratios, the resultant spectra contain spurious
bands.

87

BIOPHYSICAL TECHNIQUES

The Perkin-Elmer ENHANCE function
ENHANCE is a function available to the user of FTIR spectrometers made by the
Perkin-Elmer Corporation. It performs the equivalent of Fourier self-deconvolution by
an operation which acts directly on the frequency spectrum and does not involve any
Fourier transformation. ENHANCE was originally developed to give similar results to
Fourier self deconvolution but, as no Fourier transformation was required, data
processing time was greatly reduced. ENHANCE is a convolution routine replacing each
point in the spectrum with a weighted average of the neighbouring points. This is very
similar to smoothing except that the coefficients for the weighted average are calculated
to bring about line narrowing. The coefficients used depend on the values selected for
the two ENHANCE parameters, WIDTH and FACTOR.

ENHANCE is equivalent to operating on the Fourier transform with both an apodising
function of the form cos'^(bx) and an exponentially increasing function e“*. The
linewidths in the original spectrum and the values of a and b determine the effect on the
spectrum. Line narrowing is controlled by a. As its value is increased, the function e“
increases more rapidly and the line becomes narrower. The value of b influences the
apodising function and consequently limits the linewidth in the final spectrum. Broader
lines in the final spectrum result from increasing b, which gives more smoothing.

Since the Fourier transform of a narrow line decays slowly, only a small value of a is
needed for lines which are originally quite narrow. For broader lines, a larger value of
a is required to overcome the more rapid decay of the Fourier transform function.
Similarly, broader lines also need a large value of b, whereas a small value of b, which
causes little broadening, will suffice for narrow lines.

The WIDTH parameter alters a and b together, so increasing WIDTH increases both a
and b. This results in a function which is suitable for broader lines. As width is
increased, the peak height typically goes through a maximum. When WIDTH is small,
there is little narrowing because the value of a is small. When WIDTH is large, the
value of b becomes so large that the linewidth is limited by its smoothing effect.
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The FACTOR parameter changes the relative values of a and b. It enables the best
compromise between the appearance of sidelobes and line narrowing to be achieved.
When FACTOR is increased, the value of a is held constant and b is reduced. The result
is a reduction in smoothing, which leads to more narrowing but less suppression of
sidelobes.

Quantification o f protein secondary structure from the amide I band
Many attempts have been made to extract quantitative information from the protein
secondary structure by analysis of their amide I band profiles. By 1er and Susi (Byler et
a i, 1986) originally proposed a method, which involves resolution enhancement of the
amide I band to identify the component bands in the complex band envelope. The
deconvolved spectrum is then fitted with synthetic component bands. The characteristics
of these synthetic component bands e.g. height, width, shape (Lorentzian or Gaussian
or combinations) are then altered until the band envelope of these synthetic bands
exactly (or as closely as possible) matches that of the original spectrum. The resulting
fractional areas of the synthetic bands assigned to each particular secondary structure are
now assumed to represent the percentages of these structures in the original protein. This
procedure has been used extensively and has been further refined by several investigators
(Surewicz et a l, 1988a; Goormaghtigh et a l, 1990). The curve-fitting approach relies
upon several assumptions and more recent studies indicate that this approach is not
without several serious drawbacks. These will now be briefly discussed.

An assumption that is implicit in this type of quantitative analysis is the that the molar
absorptivities of all secondary structures are equal. Studies indicate that this may not be
the case (Chirgadze et al, 1973; Chirgadze et a l, 1974; Venyaminov et al, 1990).

The assignment of the component bands in the deconvolved spectra to various secondary
structures is based upon the frequency at which the bands occur. Recent studies have
shown, however, that the IR spectra of a number of proteins (Prestrelski et a l, 1991a;
Surewicz et a l, 1988b; Holloway et a l, 1989) cannot be explained using commonly
accepted band assignment values. Therefore the band assignment process required for
curve-fitting analysis introduces uncertainty into the method.
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The curve-fitting analysis of the amide I band contour has certain input parameters, e.g.
band shape, height etc. The choice of original input parameters is very subjective.
Furthermore, the computer program assumes that the shapes of the component bands are
all the same and are symmetrical. Although IR absorption bands of simple molecules in
solution have a symmetrical, Lorentzian form, there is little strong evidence to support
either assumption when being applied to complex molecules.

The difficulties, highlighted above, clearly show that the curve-fitting approach is subject
to serious limitations and these should be considered when analysing protein structures
in this way.

More recently, several methods have been published, which rely on using a calibration
matrix of proteins of known secondary structure, as determined by X-ray crystallography
(Dousseau et a l, 1990; Lee et a l, 1990). This method is conceptually very similar to
that used to analyse CD spectra (Provencher et a l, 1981). The mathematical technique
in which protein spectra are compared to proteins in the calibration matrix varies from
method to method. The method used for quantification of protein secondary structure in
this thesis employed the methodology of factor analysis and multiple linear regression
(Lee et al, 1990). The principles underlying this method will now be briefly discussed.

Lee and co-workers applied the CIRCOM (Computerised Infrared Characterisation of
Materials) program, released by Perkin-Elmer, to the problem of quantification of protein
secondary structure from the amide I band contours. A full mathematical description of
this method has previously been published (Fredericks et a l, 1985a; Fredericks et al,
1985b).

Initially a calibration set was generated from the IR spectra of 18 soluble proteins of
known secondary structure (as determined by X-ray crystallography). CIRCOM then
uses factor analysis on each spectrum in the calibration set to generate eigenspectra or
abstract factors that can then be recombined linearly to enable the original spectrum to
be reconstructed. These factors are then analysed for their contribution (factor loadings)
to each of the spectra in the calibration set. Multiple linear regression is then used to
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establish the correlation between these factor loadings and the secondary structural
content of each of the proteins in the calibration set.

For each property (e.g. a-helix, P-sheet and turns) those factors that show little
correlation are eliminated and the regression is repeated until all remaining factors show
significant correlations. The regression equation for each property is now used to
determine the correlation of that property to each of the spectra in the calibration set and
these values are then compared with the "true" values of a-helix, P-sheet and turns.

In analysis of the spectrum of an unknown protein, the factor loadings required to
reproduce the unknown spectrum are determined by using the factors generated from the
calibration set. The value of a-helix, P-sheet and turns in the unknown is then
determined by substitution in the relevant regression equation. It has been shown (Lee
et a l, 1990) that this method can quantitatively predict secondary structure to an
accuracy of ±3.9% for a-helix, ±8.3% for p-sheet and ± 6 .6 % for turns. The major
advantages are that it does not make any assumptions for band assignments, band shapes
or molar absorptivity. It does, however, assume that the secondary structural content of
proteins in their crystal state is the same as for those in solution. This point will be
discussed in more detail in Chapter 8 .

2.6.4.S Sampling techniques
Many different sampling techniques are used in infrared spectroscopy. The ones of
particular relevance to the work presented in this thesis will now be briefly discussed.

Measurements in aqueous media
In order to gain a true insight into the structure - function relationship of a protein, it
is highly desirable to perform measurements in aqueous media. The strong H-O-H
bending vibration of water occurs at approximately 1643 cm'^ and this restricts sample
pathlength to about

6

pm. Conventionally, pathlengths as small as this have been

attained by sandwiching a commercially available, tin spacer with a thickness of 6 pm,
between a pair of Cap2 windows. However, it is often difficult to accurately reproduce
the sample pathlength using this technique and this can lead to problems with buffer
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subtraction. Furthermore, comparatively large volumes of solution are required (typically
40 pi) to ensure successful filling of such a cell and it is also not uncommon for the
sample to evaporate if the cell is heated above 40°C. This makes it particularly difficult
to study protein thermal dénaturation in HjO solutions.

In order to overcome these difficulties and as no alternative cell was commercially
available, a specialist cell was designed and submitted to Feinoptische Werkstatt, Berlin,
for manufacture. This cell comprises two pieces of calcium fluoride, of high optical

T o p V iew

35 mm

6-7 pm

5 mm
5 mm

10 mm

S id e V iew

Figure 2-18: Special gas-tight cell
quality, that are clubbed together in a cell jacket. One of these pieces of calcium fluoride
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contains a recess of 6 pm surrounded by a "gutter" for excess liquid. A diagram of the
cell is shown in Figure 2.18. In practice this spacer-less cell shows three major
advantages over commercially obtainable alternatives. Probably the most significant
advantage is that these cells are gas-tight up to 85°C, allowing studies of protein thermal
dénaturation in H2 O buffers. Additionally, the cell only requires
(only

2 0

8

pi of protein solution

% of what was previously required). Finally, as no spacer is required, the

pathlength of the cell remains highly reproducible, which is a significant advantage when
undertaking spectral subtraction.

For measurements in ^H2 0 , such a specialist cell is not required. ^H2 0 does not absorb
strongly in the amide I region. Consequently, pathlengths of 50 pm are acceptable and
these can easily be achieved with commercially available teflon spacers. Teflon spacers
appear to give a better seal than tin spacers and this, combined with a larger sample
volume, means that protein thermal dénaturation in ^H2 0 can be studied using materials
from commercial sources.

Infrared microscopy
One of the most recent innovations in sampling for infrared spectroscopy has been the
development of the infrared microscope. The driving force behind the development of
this instrument was the desire to record spectra from small defined areas of a
heterogeneous sample e.g. polymer laminates. In most commercial spectrometers
presently available, the diameter at the focus of the infrared beam in the sample
compartment is approximately 0.9 cm. By reducing the diameter of the beam, whilst at
the same time retaining as much energy as possible, significantly less sample is required
for analysis. Nowadays it is commonplace for samples with dimensions as small as
10pm X 10pm X 6 pm to be successfully analysed using infrared microscopy. As the
work presented in Chapter

8

of this thesis involved the use of an infrared microscope

to study protein crystals, it seems appropriate to give a brief theoretical description of
the equipment used.

A Spectra-Tech IR-PLAN research grade microscope was used for all the measurements
presented in Chapter 8 . This microscope is based on the Olympus BH2 series of optical
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microscopes. The IR-PLAN microscope can operate in two modes, termed "Visible" and
"IR". In the Visible mode the instrument performs as a standard optical microscope and
this allows for sample preparation and positioning on the stage. When sample
preparation is complete, the microscope is switched into IR mode. The optical path is
now altered (see Figure 2.19) and infrared radiation can now be passed through the
sample.

The IR-PLAN microscope works on a redundant aperturing system. In this system, the
infrared beam from the spectrometer is condensed to a beam diameter of approximately
0.2 cm. Clearly, this is still too large for many samples. Therefore a variable aperture
is placed above and below the sample plane to select an area that contains only sample.
A diagrammatic representation of the IR-PLAN's optical layout is given in Figure 2.19.

This dual aperture system significantly reduces stray light when compared with a single
aperture system. This is best explained by illustration (Figures 2.20A, 2.2GB and 2.20C).

Figure 2.20A shows the diffraction pattern produced by a point source of light. In Figure
2.2GB we see two objects I and II on a microscope stage illuminated by an infrared
beam. Let us assume that the objects, when illuminated, act as two separate point
sources of light. Each therefore gives rise to its own diffraction pattern, I' and If
respectively. If a single aperture (Y) is used to select object I for analysis then it can be
seen that the light incident on the detector contains information on both samples I and
II. However if a dual aperture system is used, it can be seen from Figure 2.2GC that the
diffraction pattern (If) set up by object II is significantly reduced by the introduction of
a second aperture (X). Consequently, the light selected by aperture Y contains
significantly less information concerning object II than with a single aperture system.
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Figure 2.19: Typical optical layout of an infrared microscope
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Figure 2-20: A) Diffraction image of point source, B) Single aperture system and C)
Dual aperture system

96

BIOPHYSICAL TECHNIQUES

2.6.5 Advantages, limitations and conclusions
FTIR provides a powerful tool for investigating protein structure in an aqueous
environment. Although quantitative information on the secondary structure content of
proteins can be readily obtained, the limitations of these techniques should be
appreciated.

As with all techniques, FTIR spectroscopy is not without limitations. Paramount amongst
these is that FTIR, like far-UV CD spectroscopy, is a bulk technique. It provides
information on the whole molecule and is not able to give information at atomic
resolution. Nevertheless, it is particularly sensitive at monitoring changes in protein
conformation, induced by changing the environment of the molecule e.g. change in pH
(Fraser et al, 1991) , membrane binding (Munga et a i, 1991) or presence or absence
of metal ions (Hadden et a i, 1994a).
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3. A STRUCTURAL COMPARISON OF HUMAN SERUM TRANSFERRIN,
HUMAN LACTOFERREV AND RABIT SERUM TRANSFERRIN

3.1 Introduction
The transferrins are a family of monomeric glycoproteins (M^ « 80,000 Da) that are able
to bind two ions of Fe(III) per molecule. These proteins are involved in the regulation
of iron homeostasis by the controlled release and binding of iron (Brock et al, 1989).
Two of the most widely studied members of this group are lactoferrin and serum
transferrin, which in humans show 59% sequence homology (Metz-Boutigue et al,
1984). Despite the similarity, serum transferrin and lactoferrin have different
physiological roles. Serum transferrin is involved in the transport and donation of iron
to cells. This process involves complexation of iron by the protein, transferrin binding
to a cell surface receptor, endocytosis, acidification (pH 5-6), release of iron and
recycling of the complex to the cell surface where the molecules dissociate and repeat
the cycle (Turkewitz et a l, 1988a). Lactoferrin is involved in defence against bacteria
that require iron to survive (Norris et a l, 1989). Lactoferrin also plays a role in several
biological functions of white blood cells (Norris et a l, 1989). The separate roles played
by lactoferrin and transferrin are related to the different iron-binding properties of these
proteins. The iron-binding constant (calculated from equilibrium dialysis data) of human
lactoferrin is two orders of magnitude greater (Aisen et a l, 1972) than that of serum
transferrin. Furthermore, in the presence of weak chelators such as citrate, lactoferrin
releases its iron only at a pH below 2 (Brock et a l, 1985), whilst a release of iron from
serum transferrin occurs at pH 5 (Brock et a l, 1985).

The only transferrins for which the X-ray crystal structure has been determined are
human lactoferrin, in both its diferric form (2.8Â resolution) (Anderson e ta l, 1989), and
its iron-depleted (native) form (2.1Â resolution) (Anderson et a l, 1990), and rabbit
diferric transferrin (at 3.3Â resolution) (Bailey et a l, 1988). These studies indicate that
lactoferrin is an cc/p protein containing approximately 41% a-helix and 24% P-sheet.
The protein is folded into two equal size lobes (termed the N-lobe and the C-lobe) that
have very similar structures. Each lobe is divided into two domains (I and II) and the
iron-binding site is situated in the interdomain cleft. The iron takes ligands from both

99

THE TRANSFERRINS

Figure 3.1: Schematic representation of the folding pattern for the N-lobe (left) and the
C-lobe (right) of human lactoferrin
domains I and II (Figure 3.1). Crystallographic data on human apo-lactoferrin show that
the N-terminal lobe of lactoferrin opens about a hinge point upon iron removal
(Anderson et al., 1990). A similar hinge bending has been seen with bacterial proteins
and has been termed the "Venus fly trap model" (Mao et a/. 1982) (Figure 3.2). The ironfree C-terminal lobe of lactoferrin, in contrast, remains closed and its structure is
remarkably similar to that of the protein when iron is bound.

Iron bound

iron free

Figure 3.2: The conformational change observed in the N-lobe of human lactoferrin
upon iron removal
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Crystallographic data for rabbit diferric transferrin show that the overall molecular
topology of this protein and that of human diferric lactoferrin are very similar (Bailey
e ta l, 1988). For rabbit apo-transferrin, neither the crystal nor the solution structures are
available. CD data (Mazurier et a l, 1976) indicate that human serum transferrin is
composed of approximately

2 0

% a-helix and 60% P-sheet. An X-ray crystal structure

of human serum transferrin has not yet been published, although non-crystal 1 ographic
techniques have indicated that a change in protein dimensions occurs upon iron binding
Q ^û ke ta l, 1985).

The advent of three-dimensional

structural

information has transformed our

understanding of transferrin/1 actoferrin structure. Nevertheless several discrepancies exist
between the crystallographic data and currently available structural data in solution.
Paramount amongst these are:

i)

CD measurements in solution estimate the secondary structural content of human
lactoferrin to be approximately 26% a-helix and 60% p-sheet whilst crystallographic
data give significantly different results (41% a-helix 24% P-sheet). One possible
explanation is that the crystal structure may not be the same as the solution
structure.

ii) Small angle X-ray solution scattering data (Grossmann et a l, 1992) suggest that in
solution both lobes of the apo-transferrins are open whilst in the diferric proteins
both are closed. In contrast, the crystal structure of human apo-lactoferrin shows one
open and one closed lobe.

It is the aim of this study to clarify these points and to also address several further
questions. These include:

i)

Only limited structural data is currently available on human diferric transferrin and
human and rabbit apo-transferrin.
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ii) There is a lack of knowledge on the structural implications on iron binding and
release from human and rabbit serum transferrin.

iii) It is generally assumed that all the transferrins have very similar structures even
though they perform separate functions.

The structure and stability in solution of human serum transferrin (HST), human
lactoferrin (HLT) and rabbit serum transferrin (RST) have therefore been characterised
in their iron-bound and apo- forms. The techniques used are Fourier transform infrared
spectroscopy (FTIR) and differential scanning calorimetry (DSC). FTIR spectroscopy and
DSC are established techniques for studying proteins in solution (Haris et a l, 1992;
Surewicz et a l, 1988a; Susi et a l, 1986; Privalov, 1979; Chowdhry et a l, 1994). They
have previously been successfully applied to investigate the effect of metal-ion binding
on protein conformation and stability (Jackson et a l, 1991; Prestrelski et a l, 1991b;
Bonaccorsi di Patti et a l, 1990).
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3.2 Materials and methods

3.2.1 Proteins
Human serum transferrin and human lactoferrin in their diferric and apo- forms, and
rabbit serum transferrin in its apo- form were obtained from Sigma Chemical Co. Ltd
(Poole, U.K.). Rabbit apo-transferrin was saturated with iron using ferric nitrilotriacetate
(Heaphy et a l, 1982). Duplicate protein samples were supplied by Dr. R.W. Evans,
UMDS London. All proteins were dialysed against deionised water (pH 7.4) and
lyophilised prior to use. Lyophilisation does not appear to affect the iron-binding
capacity of these proteins and the ability of human serum transferrin to bind transferrin
receptor is maintained (see Chapter 5). The purity of samples was assessed using sodium
dodecylsulphate polyacrylamide gel electrophoresis (SDS-PAGE) under reducing
conditions (Bio-Rad mini-gel system). All samples were judged to be greater than 90%
pure. The percentage of protein iron saturation was estimated by measuring the A4 7 0 /A2 8 0
ratio (Ikemoto et al, 1979) using a Beckman DU70 UV/Vis spectrophotometer. It is
known that for human diferric transferrin E}% (280 nm) =11.4 and (470 nm) = 0.57
while for human apo-transferrin E% (280 nm) = 10.4 and (470 nm) = 0 (Aisen et al,
1972; de Jong et a l, 1990). Therefore a theoretical graph can be drawn of the A4 7 0 /A2 8 0
ratio at different iron saturations (Figure 3.3)

All diferric proteins were more than 95% saturated, while samples of apo-transferrins
were less than 5% saturated. Specimens of apo-lactoferrin (native) were judged to be 8 14% saturated with iron (this is a similar level to that used for X-ray diffraction studies).
All measurements were performed in either an H2 O or ^H2 Û buffer containing 20 mM
HEPES, 0.154 M NaCl, pH 7.4.
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Figure 3.3: The variation in the A2 8 0 /A4 7 0 ratio with percentage iron saturation of human
serum transferrin

3.2.2 SDS PAGE with Coomassie blue staining
SDS/PAGE was performed according to the method of Laemmli (Laemmli, 1970), using
1.5mm thick 10% slab gels. All materials were 'Electran' grade (BDH) or electrophoresis
purity reagents from Bio-Rad. Protein samples were solubilised in a sample buffer (50
mM Tris-HCl, pH 6 .8 , 2% (W/V) SDS, 4 mM DTI, 10% (V/V) glycerol) and heated
to 100°C for 5 min. Aliquots of the protein samples
were separated in each lane of a

6

( 1 0

pi) containing

1 0

pg protein

cm separating gel (10% acrylamide-0.27%

bisacrylamide) in a buffer of 375 mM Tris-HCl, pH

8 .8

plus 0.1% SDS. The gel was

polymerized by addition of 0 . 1 % (W/V) ammonium persulphate and 0.016% (V/V)
tetramethylethylenediamine (TEMED). In order to achieve such separation, protein
samples were loaded into individual wells of a 1 cm stacking gel that had been overlaid
on the separating gel. The stacking gel comprised 3% acrylamide-0.08% bisacrylamide
in a buffer of 125 mM Tris-HCl, pH

6

.8 , containing 0.1% (W/V) SDS and was

polymerized by addition of 0.1% (W/V) ammonium persulphate and 0.05% (V/V)
TEMED. The electrode buffer comprised 25 mM Tris, 190 mM glycine and 0.1%
(W/V) SDS, pH 8.3. Electrophoresis was performed at 15 mA (constant current) over
2.5 hours using a Bio-rad mini-gel system.
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For Coomassie blue staining of the proteins, the gels were soaked for 2 hours in
(V/V) acetic acid, 25% (V/V) isopropanol, then for

8

1 0

%

hours in 10% (V/V) acetic acid,

25% (V/V) isopropanol, 0.025% (W/V) Coomassie Brilliant Blue R-250. Gels were
destained in 10% (V/V) acetic acid 25% (V/V) isopropanol.

3.2.3 FTIR spectroscopy
FTIR spectra were recorded using a Perkin-Elmer 1750 FTIR spectrometer equipped
with a fast recovery TGS detector and a Perkin-Elmer 7300 Data Station. Double-sided
interferograms were recorded and apodised using a raised cosine function prior to
Fourier transformation of the data. Samples were placed in a Beckman FH-01 CFT
micro-cell fitted with CaF^ windows and a 6 pm tin spacer for measurements in H2 O or
a 50pm teflon spacer for samples in ^HjO. Temperature control was achieved by means
of a cell jacket of circulating water and the temperature of the cell was monitored using
a thermocouple fixed on the outside of the cell. All spectra were recorded at a resolution
of 4 cm"\ Measurements in H2 O were performed using protein concentrations of 50
mg/ml and 20 mg/ml. 400 scans were signal-averaged. Measurements in ^H2 0 at 20°C
were recorded at a protein concentration of

2 0

mg/ml and

2 0 0

scans were signal

averaged. However where temperature was varied, a protein concentration of 50 mg/ml
was used and 25 scans were signal-averaged. The spectrometer was continuously purged
with dry air to minimise contributions from water vapour in the spectral region of
interest. A sample shuttle was used to allow background and sample spectra to be
recorded alternatively (shuttling every 3 scans). Aqueous buffer spectra were recorded
under identical conditions to the sample spectra. Buffer subtraction was carried out using
the Perkin-Elmer IDIFF function to give a straight baseline in the 2000-1800 cm'^ area.

The broad amide I bands were analysed using second-derivative and deconvolution
techniques. Second-derivative spectra were calculated over a 13 data point range
(13 cm'^) using the Perkin-Elmer DERIV function. Deconvolution of spectra was
performed using the Perkin-Elmer ENHANCE function. Typically a bandwidth of
16 cm'^ and a resolution enhancement factor of 2.5 were used.
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3.2.4 DSC
Initially calorimetric measurements on human serum transferrin were made using a
Perkin-Elmer Series 7 DSC (Jackson et a l, 1988). Approximately 7 mg («100 mg/ml)
of protein was used for each measurement. In order to allow studies to be performed on
smaller quantities of material, a Polymer Laboratories DSC Gold system interfaced to
an IBM PS/2 personal computer was used for later measurements. The instrument was
calibrated using the temperature dependence of the heat capacity of sapphire and the
melting curves of indium and tin. Approximately 1.5 mg of protein was dissolved in 15
pi of buffer and the solution was then pressure sealed in gold-plated copper crucibles.
Reference capsules were prepared in a similar manner except that no protein was added.
All measurements were performed at least in triplicate at a heating rate of 5°C/min.
After IOO°C had been reached, the samples were rapidly cooled using liquid nitrogen
and subsequently reheated at 5°C/min to test for reversibility.
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3.3 Results

3.3.1 Infrared spectroscopy of samples in H O
2

The absorption, deconvolved and second-derivative spectra of human diferric and apotransferrin (50 mg/ml) are shown in Figure 3.4. Similar spectra were obtained at
20mg/ml, however the level of noise was greatly increased. The absorption spectra show
amide I maxima at 1654 cm'\ The amide II band can be seen at 1549-1548 cm'\
Qualitative information on the secondary structure of a protein can be obtained from an
analysis of its amide I band (1700-1600cm*^) using deconvolution and derivative
techniques. The major amide I component occurs at 1658-1656 cm '\ This can be
assigned to a-helical and/or random coil structures (Haris et a l, 1992; Surewicz et al,
1988a; Susi et a l, 1986; Haris et a l, 1986b; Olinger et a l 1986). Other amide I
components can also be identified. The bands in the 1689-1685 cm'^ region are assigned
to P-sheet (Haris et al, 1986a; Olinger et al 1986) while those at 1683-1677cm‘^ are
probably associated with turns (Haris e ta l, 1986a; Olinger e ta l 1986). The components
at 1637-1633 cm'^ can also be associated with p-sheet (Haris et a l, 1986a; Olinger et
a l 1986). The amide II maxima at 1548 cm'^ cannot be assigned unambiguously to any
particular secondary structure. The components at 1518-1516 cm'^ are due to the
vibration of tyrosine sidechains. Diferric and apo-lactoferrin and rabbit transferrin give
similar FTIR spectra (not shown).

The amide I bands of all the proteins studied were also analysed for the quantitative
secondary structure content by means of factor analysis. Average standard errors of
prediction for this method are 4% for a-helix, 8 % for p-sheet and 7% for turns (Lee et
a l, 1990). The transferrins comprise 43-53% a-helix, 23-28% P-sheet and 7-22% turns
(Table 3.1). Any remaining structure is assigned to undefined structures. This overall
secondary structure corresponds well with the available X-ray diffraction data, but differs
considerably from the results of a previous CD study (Mazurier et a l, 1976).

107

THE TRANSFERRINS

<o
W=16
F=2.25

CO

«
CO

s

m

<D
Ü
C

(0

CD

■e

o

CO

<

0

»

W=16
F=2.25
CO

in

1800 1760 1700 1650 1600 1550 1800 1750 1700 1650 1600 1550

in

1800 1750 1700 1650 1600 1550 1500

Wavenumber (cm'^)

Figure 3.4: Absorption, deconvolved and second-derivative FTIR spectra of diferric (A,B,C) and apo- (D,E,F) human serum transferrin recorded in
H O, 20 mM FIEPES, 0.154 M NaCl pH 7.4, 20°C. Spectra were recorded at a protein concentration of 50 mg/ml
2

108

THE TRANSFERRINS

FTIR

X-ray *

a-helix

P-sheet

Turns

a-helix

Diferric
HST

53%

23%

9%

-

ApoHST

52%

23%

7%

Diferric
HLF

44%

28%

2 1

%

ApoHLF

43%

27%

2 2

%

Diferric
RST

49%

24%

15%

45%“

ApoRST

49%

24%

15%

-

P-sheet

CD"
Turns

a-helix

P-sheet

-

-

23%

62%

-

-

-

17%

6 8

41%

24%

C

26%

57%

c

C

C

28%

64%

-

-

-

-

Table 3.1: Secondary structure of the transferrins
“ (Anderson et al, 1989; Anderson et al, 1990; Bailey et al, 1988)
^ (Mazurier et a l, 1976)
^ Exact values not stated
^ Approximate values
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3.3.2 Infrared spectroscopy of samples in H O
2

3.3.2.1 Deuterium exchange
The amide II band can be used to provide a measure of the extent of

exchange

in peptide groups (Haris et a l, 1986a; Olinger et al. 1986). This, in turn, is a probe for
rigidity/solvent accessibility of protein structures. Solutions of the proteins at a
concentration of 20 mg/ml in

were incubated at 4°C over a seven day period, and

spectra of aliquots withdrawn at specific time intervals were recorded. The intensities
of the 1555-1548 cm'^ (amide II) and 1516-1515 cm'* (tyrosine) bands in the secondderivative spectrum of human transferrin, human lactoferrin and rabbit transferrin in their
diferric and apo- forms were measured. The value for the tyrosine band does not appear
to be greatly affected by exchange and can therefore be used to normalise the data for
other varying factors. The relative amount of exchange was calculated by dividing the
intensity value for the tyrosine sidechain band by that for the amide II band. The larger
the numerical value of the calculated ratio, the greater the extent of exchange. The
results are shown in Figure 3.5. In all cases, the apo-protein was observed to exchange
to a greater extent than the corresponding diferric protein.
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exchange of apo- and diferric transferrins. (A) human serum transferrin, (B) human lactoferrin, (C) rabbit serum
transferrin. The amide II band intensity in the second-derivative spectrum was normalised against the tyrosine band at 1516-1515 cm'V Data plotted
are the mean of three independent measurements and the error bars indicate the highest and lowest values obtained. Samples were stored at 4°C between
measurements. Spectra were recorded at 20°C
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3.3.2.2 Band assignments
Quantitative secondary structural analysis was not carried out in ^H2
associated with

0

due to problems

exchange (Lee et a i, 1990). However, spectra recorded in

can be helpful in differentiating between the presence of a-helical and random coil
structures. The absorption, deconvolved and second-derivative spectra (1800-1500 cm'^)
human transferrin, human lactoferrin and rabbit transferrin in their apo- and diferric
forms are shown in Figures 3.6 and 3.7. These spectra were recorded after the protein
had been dissolved in ^H2 0 buffer and stored for 7 days at 4°C to obtain an optimal
degree of exchange. In order to check for the effect of long incubation times, samples
in H2 O that had been stored for 7 days at 4°C were also measured. No differences were
observed between these spectra and spectra recorded immediately. The absorption
spectra in ^H2 0 show amide I maxima at 1647-1646 cm*^ with very little absorption in
the amide II region. This is due to the large degree of hydrogen-deuterium exchange that
has occurred. The component at 1577-1567 cm'^ is assigned to carboxylate (COO )
groups.
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Deconvolved and second-derivative spectra show bands at 1686-1680 cm'^ and 16701666 cm'\ These are assigned to P-sheet and turns (Haris et a l, 1986a; Olinger et al
1986) respectively. Between 1657 cm'^ and 1635 cm '\ three strongly overlapping bands
can be seen. The component at 1657-1654 cm'^ is assigned to a-helical structures,
whereas that at 1636-1635 cm'^ is attributed to p-sheet structures (Haris et al, 1992;
Surewicz

a/., 1988a; Susi e ta l, 1986; Yidivxs et a l, 1986a; Olinger

a/. 1986). There

are two possible explanations for the origin of the band at 1646-1644 cm '\ It may arise
from:
i)

^H-^H exchanged solvent exposed a-helical structures (Jackson et al, 1991).

ii) *H-^H exchanged random coil structures (Jackson et al, 1991).

In order to discriminate between these, the spectra of human diferric and apo-transferrin
were recorded in ^H2 0 in the presence of 60% W/V deuterated glycerol (Jackson et al,
1991) (spectra not shown). The intensity of the 1646-1644 cm'^ component was seen to
decrease relative to the other bands but did not completely disappear. Control
measurements in glycerol / H2 O were also performed and these showed that the addition
of glycerol did not effect the secondary structure of human serum transferrin. This
suggests that the absorption at 1646 cm'^-1644 cm'^ is due to both *H-^H solvent exposed
a-helix and random coil structures. Indeed, crystallographic data on diferric rabbit serum
transferrin and lactoferrin show that these molecules contain both solvent exposed ahelices and random coil structures (Anderson et a l, 1989; Bailey et a l, 1988). Bands
at 1585-1582 cm"\ 1555-1548 cm'^ and 1516-1515 cm'^ can be assigned to carboxylate
groups, the amide II maxima and tyrosine sidechain vibrations respectively. The different
proteins show major differences in the relative intensities of their bands in the 16571635 cm'^ range. Since spectra recorded in H2 O show only a small difference in
secondary structural content, this variation in band intensity in ^H2 0 is attributed to
subtle differences in hydrogen-deuterium exchange characteristics.
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3.3.3 Thermal stability

3.3.3.1 DSC
DSC thermograms human transferrin, human lactoferrin and rabbit transferrin, in their
apo- and diferric form were recorded at pH 7.4 and are shown in Figures 3.8 A and 3.SB.
Transition onset and peak temperatures are given in Table 3.2. Within the accuracy of
the measurements all diferric proteins show single transitions at approximately 90°C.
The apo-proteins denature at a temperature 20-30°C lower than the diferric proteins.
Human apo-transferrin gives two transitions, the lower temperature transition having a
lower enthalpy (this is consistent with previously reported data (Ikemoto et a i, 1979;
Donovan, 1977)), whereas human apo-lactoferrin shows only a single transition. The
situation is less clear for rabbit apo-transferrin.

Onset °C

Peak °C

Diferric HST (PE)'

83.4

90.9

Diferric HST (PL)'

85.4

92.4

Apo- HST (PE)

54.5/66.8

61.0/73.2

Apo- HST (PL)

54.6/66.9

61.7/72.3

Diferric HLT (PL)

90.3

95.7

Apo- HLT (PL)

64.0

72.0

Diferric RST (PL)

88.4

92.4

Apo- RST (PL)

56.8

66.7

Table 3.2: DSC transitions of the transferrins

Average errors are ± 1 °C for onset values and ± 0.4°C for peak values.
%PE) measured using Perkin-Elmer DSC 7; (PL) measured using Polymer Laboratories
DSC gold.
All measurements were recorded at a protein concentration of lOOmg/ml in a buffer
containing 20 mM HEPES, 0.154 M NaCl, pH 7.4.
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Figure 3.8: DSC thermograms of (A) diferric and (B) apo-transferrins. Human serum
transferrin, human lactoferrin and rabbit serum transferrin Measurements were recorded
in a buffer containing 20 mM HEPES, 0.154 M NaCl, pH 7.4. A protein concentration
of approximately lOOmg/ml was used
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Although rabbit apo-transferrin seems to show a single transition, its broadness and
asymmetry could point to two strongly overlapping subtransitions. The lower
temperature transition has a smaller enthalpy, which is also the case for human
transferrin.

Previous studies have interpreted the two transitions seen for human apo-transferrin as
corresponding to the separate unfolding of the N- and C-terminal lobes of the protein
(Donovan, 1977) but little direct evidence was provided to substantiate this conclusion
(see also Chapter 4). All transitions were found to be irreversible with the exception of
the low temperature transition of human apo-transferrin, which appeared to be, at least
in part, reversible. The enthalpy involved with this transition decreased with consecutive
heating and cooling runs. This could be due to partial degradation of the protein. When
the protein was heated to a midpoint temperature between the two transitions, full
reversibility of the first transition was found.

3 3.3.2 FTIR spectroscopy
To gain more insight into the structural changes that occur during the thermal
dénaturation of the transferrins, infrared spectra were recorded at discrete temperatures
between 50°C and 80°C. Figure 3.9 shows the effect of such heating on the secondderivative spectra of human apo-transferrin. Heating the sample from 20°C to 60°C only
produces minor changes (c.f. Figure 3.7C). Upon raising the temperature to »65°C the
a-helical band at 1655 cm'^ can no longer be resolved as a distinct peak and at

6 6

°C a

broad amide I band is observed. This temperature is just between the first and second
transition seen in DSC (Figure 3.8B). Once 70°C has been reached no sharp individual
features can be distinguished in the amide I region. Raising the temperature to 80°C
produces no further differences in the spectrum (this temperature is beyond the second
transition seen in DSC). It is interesting to note that the spectrum of human apotransferrin recorded at 80°C is not typical of the infrared spectra of denatured proteins
which are often characterised by the presence of two sharp bands at approximately 1690
cm'^ and 1615 cm'^ (Jackson et a l, 1991). No band is observed at 1690 cm'* and the
band at 1615 cm'* observed above

6 6

°C is far less pronounced than that observed with

other proteins. Due to the loss of features associated with the secondary structural

118

THE TRANSFERRINS

elements, there is little doubt that the spectra of the apo- proteins recorded at 80°C
represent an unfolded state of the protein. Upon cooling the samples back to 20°C and
re-recording, the spectra do show some resemblance to the spectra of denatured proteins
(Jackson et al^ 1991).
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Figure 3.9: Temperature-induced changes in the second-derivative FTIR spectrum of
human apo-transferrin recorded in ^H20, 20 mM HEPES, 0.154 M NaCl, pH 7.4. A
protein concentration of 50 mg/ml was used, (a) Spectrum recorded at 20°C prior to
heating, (b) Spectrum recorded at 20°C after the sample had been heated to 80°C and
cooled to 20°C
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Thermal stability measurements were performed for all the proteins under investigation.
The intensity of the a-helical band in the deconvolved spectra was used as a convenient
parameter for following the thermal stability of these proteins. Figures 3.10 and 3.11
show the results plotted as a function of temperature. Similar results were obtained when
the low frequency P-sheet band was used for this calculation (not shown). Little change
in the relative amount of a-helix occurs while heating the diferric proteins between 50°C
and 80°C, and calorimetric data show that no thermal transitions occur in this range. In
contrast to the above results, heating the apo-proteins between 50°C and 80°C produces
a distinct transition. This corresponds to a sudden loss of a-helical structure. Such a
sudden loss in band intensity is unlikely to be caused by accelerated exchange without
loss of structure. For the serum transferrins, the midpoint temperatures for the transitions
seen in FTIR are comparable to the midpoints of the DSC transitions. In the case of
human apo-transferrin, where two DSC transitions are seen, the midpoint is judged to
be at a point half way between the two individual transitions. A broad FTIR transition
is seen for human apo-transferrin and it is difficult to determine whether one or two
transitions are present. It appears that secondary structure is lost during both thermal
transitions seen in DSC. For human apo-lactoferrin, the midpoint of the FTIR transition
is « 6 °C lower than the midpoint temperature measured using DSC. However, the onset
temperature is very similar.
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Figure 3.10: Temperature-dependent intensity of the a-helical band (normalised in
relation to the area under the tyrosine band) in deconvolved spectra of diferric proteins
Spectra were recorded in 20 mM HEPES, 0.154 M NaCl, pH 7.4. and a protein
concentration of 50 mg/ml was used Values plotted are the average of two independent
measurements
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Figure 3.11: Temperature dependent intensity of the a-helical band (normalised in
relation to the area under the tyrosine band) in deconvolved spectra of apo-proteins.
Spectra were recorded in 20 mM HEPES, 0.154 M NaCl, pH 7.4 and a protein
concentration of 50 mg/ml was used Values plotted are the average of two independent
measurements
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3.4 Discussion
FTIR spectroscopy shows that human transferrin is predominantly a-helical in structure
(52%-53%) with a substantial P-sheet content (23%). These values are in conflict with
previously reported CD spectroscopic data, which estimate that human transferrin is
composed of 17%-23% a-helix and 62%-68% P-sheet (Mazurier et a i, 1976) using the
method of Chen, Yang and Martinez (Chen et a l, 1972). This method is unreliable in
estimating P-sheet content due to the neglect of P-tums, restricted size of reference set
and the use of the constraint that total secondary structure adds up to

1 0 0

%, however

a-helical content is usually correctly calculated (Mazurier et a l, 1976; Johnson Jr,
1988). In contrast, the FTIR values are in good agreement with the secondary structural
content calculated from crystallographic data on human lactoferrin and rabbit serum
transferrin (Anderson et a l, 1989; Bailey et a l, 1988). As yet there is no
crystallographic data available for human transferrin.

The agreement between FTIR and X-ray crystallographic data can be attributed to the
fact that the amide I band reflects hydrogen bonding patterns. CD spectroscopy, on the
other hand, measures dihedral angles (Johnson Jr, 1986). Anderson et a l (Anderson et
a l, 1989) defined the a-helices in human lactoferrin by hydrogen bonding pattern as is
the case in FTIR spectroscopy. However, examination of the crystallographic structure
of HLF reveals that many of the helices in human lactoferrin do not have first and last
residues with characteristic a-helical dihedral angles

Moreover, helix 5 is

disrupted by several proline residues. If all the residues that do not have characteristic
a-helical dihedral angles are subtracted from the given crystallographic a-helical content,
only 26% a-helix is calculated from the X-ray structure of human diferric lactoferrin.
This value is identical to that estimated for human diferric lactoferrin using CD
spectroscopy (Mazurier et a l, 1976). Hence it can be concluded that both the FTIR and
CD spectroscopic secondary structure are in agreement with the crystallographic data.
The apparent discrepancy between the secondary structure calculated using FTIR and CD
spectroscopy is an example of the importance of careful definition of secondary
structure. It also demonstrates that a combination of FTIR and CD spectroscopy may
yield detailed secondary structural information. A large a-helical content found in FTIR
spectroscopy, combined with a smaller value found in CD spectroscopy, may indicate
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the presence of short or disrupted a-helical structures. By analogy with lactoferrin, a
large a-helical content found in FTIR spectroscopy of human serum transferrin,
combined with lower CD values, suggests that this protein may also contain a large
number of short or disrupted helices.

An important observation from our quantitative data is that the secondary structure of
all the proteins studied is not significantly altered by binding or removal of iron.
However measurements in % 0 demonstrate that iron removal from all the proteins
studied increases the extent of ^H-^H exchange, as measured by FTIR spectroscopy. This
suggests that an "opening up" or "loosening" of protein structure occurs upon iron
removal. This is in agreement with small angle X-ray scattering studies (Grossmann et
a l, 1992) and measurements of various hydrodynamic parameters (Kila et a l, 1985)
which show that human serum transferrin becomes more compact upon iron binding. The
X-ray crystal structure of lactoferrin indicates that the N-lobe is wide open when iron
is not bound, due to a domain rotation of 53°. This could well explain the increased ^Hexchange for apo-lactoferrin that we have found. Our exchange measurements suggest
that a similar structural change may occur for the serum transferrins. The above results
show that change in protein tertiary structure is a more important factor in the iron
binding and release mechanism of HST RST and HLF than a change in protein
secondary structure. This appears to be a phenomenon common to many metalloproteins
such as caeruloplasmin (Haris et a l, 1993), calmodulin (Jackson et a l, 1991) and
concanavalin A (Alvarez et al, 1987).

The conformational change which occurs upon iron binding and release is also reflected
in a change in thermal stability. Our DSC results show that binding of iron to all the
transferrins leads to thermal stabilisation of the proteins by «30°C. The diferric proteins
all show a single transition within the accuracy of our measurements. However when
iron is removed, each of the proteins behaves differently. Human serum transferrin
shows a double, in part, reversible DSC transition in its apo- form whereas rabbit serum
transferrin shows a broad asymmetric transition suggesting that two strongly overlapping
transitions are present. Apo-lactoferrin shows a single symmetric transition. Only the low
temperature transition of human apo-transferrin is reversible.
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The double transition of human apo-transferrin has previously been interpreted as being
indicative of a difference in thermal stability of the two iron-free lobes of the apo
protein (Donovan, 1977). Although no direct evidence has as yet been provided to
support this claim this suggestion is supported by the observation that individual lobes
of hen ovo-transferrin have been shown to denature at different temperatures (Evans et
a l, 1977). Additionally the stability of the two iron-free lobes of human serum
transferrin to urea dénaturation is different (Evans et a l, 1980). No comparable data
have been published for human lactoferrin or rabbit serum transferrin.

The marked difference in the thermal stability of the iron-free lobes of the transferrins
may be a reflection of their different structures, which in turn may be related to the ironbinding characteristics of the lobes in these proteins. In the case of human serum
transferrin, the N-lobe releases its iron more readily upon acidification than the C-lobe
(Brock, 1985). However, for rabbit serum transferrin, no difference between the lobes
was observed during dissociation of iron at low pH (Princiotto et a l, 1978). A detailed
investigation into structural variations between the two lobes of human serum transferrin
forms the basis of the work presented in Chapter 4.

X-ray crystallographic data on human apo-lactoferrin show that the N-terminal lobe of
lactoferrin opens upon iron release, the C-terminal lobe however retains its closed "iron
bound" conformation even when iron is not present (Anderson et a l, 1990). The
flexibility of a protein often has an inverse correlation with thermal stability (Vihinen,
1987). Assuming that this is also the case for the transferrins, one would expect two
transitions for a protein containing one open (more flexible) and one closed lobe (less
flexible). One of these transitions would correspond to dénaturation of the closed C-lobe
at a temperature near to that seen for the diferric protein (where both lobes are known
to be closed). The other transition corresponding to dénaturation of the open N-lobe
would be expected to occur at a significantly lower temperature. The observation of a
single symmetric lower temperature transition for human apo-lactoferrin indicates that
both lobes are thermally equivalent and it is therefore likely that they are both open in
solution. This is in contrast to the situation observed in the crystal structure.
Alternatively, iron removal could destabilise the protein irrespective of the opening of
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the lobe but it is unlikely that this would lead to a single symmetric transition. It is
concluded that the more likely explanation for the observation of a single thermal
transition with human apo-lactoferrin, is that in solution both lobes are open.

Although some of the DSC measurements reported here have been previously performed
(Ikemoto et a l, 1979; Donovan, 1977) and are essentially in agreement with our results,
it has been shown for the first time using FTIR that a loss in protein secondary structure
(both a-helix and P-sheet) accompanies the calorimetric transitions seen for the apo
proteins. It is interesting to note that with human apo-transferrin, at 80°C, strong bands
at 1690 cm'^ and 1615 cm'* that are often characteristic of denatured proteins, are not
observed. Using DSC, no thermal transitions are seen for the diferric proteins between
50°C and 80°C. Corresponding FTIR data show little change in protein secondary
structure over this temperature range. This combined FTIR/DSC approach enables the
identification of the structural changes that occur to the apo-proteins during dénaturation.

In summary this study shows that:

i)

A change in the tertiary structure of the proteins is a more important factor in the
iron-binding and release mechanism than a change in secondary structure.

ii)

The crystal structure of human lactoferrin may not fully reflect the structure in
solution. This illustrates the value of using several biophysical techniques to
obtain structural information in solution, in addition to X-ray crystallographic
data.

iii)

The apparent conflict between CD, FTIR and X-ray crystallographic estimates
of secondary structural content can be explained by the fact that the CD
estimates are based on dihedral angles and not hydrogen bonding patterns.

iv)

The thermal transitions of the apo-proteins seen in DSC correspond to a loss of
periodic structure.
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v)

Although there are indeed similarities in structure between members of this
family of proteins, some clear differences exist even between the serum
transferrins from species as close as human and rabbit. These subtle differences
could well be important in determining the individual properties of the
transferrins.
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CHAPTER 4
A COMPARISON OF THE STRUCTURE AND
STABILITY OF THE N- AND C- LOBES OF HUMAN
SERUM TRANSFERRIN
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4. A COMPARISON OF THE STRUCTURE AND STABILITY OF THE N- AND
C LOBES OF HUMAN SERUM TRANSFERRIN

4.1 Introduction
In Chapter 3 we saw that there are significant structural variations between several
members of the transferrin family. In addition to structural variations between different
transferrins, the observation of two thermal transitions for human apo-transferrin could
well indicate that the two lobes of HST have different thermal stabilities and perhaps
also significant structural differences. Certainly, the thermodynamics and kinetics of iron
binding are not identical for the N- and C-lobes of HST (Lin et a l, 1993). Differences
in the chemical and physical properties of the two iron-binding sites are well established.
It is now generally accepted that the N-lobe has a weaker iron-binding, and iron in this
site is more acid label than that bound in the C-site (Baker et a l, 1992). An enduring
puzzle, however, is that although the N-lobe is acid labile, and has weaker iron binding,
the majority of transferrin-bound iron in the circulation is located in this lobe. A possible
answer to this is given by recent studies on the transferrin receptor which suggests that
it serves to pull iron from the stronger binding C-site and impedes its release from the
N-site (Bali et a l, 1991a). Despite the obvious functional differences between the Nand C-lobes of HST, little is known about any structural variations between the two
lobes. The bilobed structure of the transferrins, together with «40% sequence homology
between the two lobes, has led to the hypothesis that vertebrate (bilobed) transferrins
arose during the course of evolution by duplication and fusion of a gene, specifying a
simpler single domain protein (Baldwin, 1993).

In the absence of any X-ray crystallographic data on HST the purpose of this study is
to characterise the structure of the individual isolated lobes and to obtain information
that may help to explain the functional variations between them. Particular emphasis is
given to studying the thermal stability of the two lobes and their mutual interaction.
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The proteins studied are;

i)

Isolated proteolytically-derived N- and C-terminal lobes of HST,

ii)

Intact HST that has had iron loaded specifically into the C-lobe.

The biophysical techniques employed are FTIR spectroscopy and differential scanning
calorimetry (DSC).
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4.2 Materials and methods

4.2.1 Specific iron loading into the C-lobe of human serum transferrin
It has previously been shown that iron presented as its complex with nitrilotriacetate (Fe
NTA) binds primarily to the C-lobe of transferrin with the N-lobe not appreciably
titrating until the C-lobe is completely saturated (Evans et a l, 1978; Lin et a l, 1993).
Suitable volumes of Fe NTA required to produce 15%, 30%, 45%, 60%, 75%, and 90%
saturated protein (p) were therefore calculated using;
,
X X V y. c y. n
p = xa =--------------------w Xm
where:

X = the fraction of saturation required
d = volume (ml) of iron donor required for

1 0 0

% iron saturation

V = volume (ml) of protein
c = concentration (mg/ml) of protein
n = number of iron-binding sites =

2

w = molecular weight of protein «80,000
m = molarity of iron donor solution

They were then added to 9 mg/ml solutions of apo-HST (100 mM HEPES, 0.154 M
NaCl, 10 mM NaHCOg pH 7.4).
Protein samples were then buffer-exchanged against 50 mM NH4 HCO3 and freeze-dried.

4.2.2 Purification of the isolated C-lobe of human serum transferrin
The presence of iron at a binding site of transferrin renders the domain in which the site
resides relatively resistant to urea dénaturation and proteolysis (Evans et a l, 1980).
Accordingly, the starting material for the preparation of the C-lobe fragment was
transferrin selectively loaded with iron in the C-lobe. Therefore transferrin was 30%
loaded with iron as described in Section 4.2.1.
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Protein samples were then treated as previously described (Evans et a l, 1978). However,
some additional purification steps were required. Partially saturated freeze-dried protein
was dissolved at a concentration of 50 mg/ml in a buffer containing 100 mM HEPES,
0.154 M NaCl, pH 7.4. Trypsin (bovine, type XI) was added to the resulting protein
solution at an enzyme/protein ratio of 1:30 WAV and incubation at 37°C was then
allowed to proceed for

6

hours. After this time had elapsed, a second addition of the

same amount of enzyme was made and the protein solution was incubated for a further
18 hours at 37°C. The digested protein mixture was then passed down a SepharoseBenzamidine column (Pharmacia) to remove any trypsin, eluted with 100 mM HEPES,
0.154 M NaCl, pH 7.4 and applied to a column of Sepharose G-200 (Pharmacia) pre
equilibrated with

1 0 0

mM HEPES, 0.154 M NaCl, pH 7.4. The column was run at a

flow rate of 30 ml/h and eluted fractions were monitored at 280 nm. Any fractions
showing significant absorption at 280 nm were analysed by SDS PAGE. Samples that
contained a protein fragment of «40,000 Da were pooled and buffer-exchanged against
50 mM Tris, pH 8.0. The pooled buffer-exchanged fractions were then applied to a
column of DEAE Sepharose (Pharmacia) that had been pre-equilibrated with 50 mM
Tris, pH 8.0. Once the protein had bound to the column it was washed with a gradient
of 0—>0.175 M NaCl in 50 mM Tris, pH 8.0. Once again, samples were analysed by SDS
PAGE and any fractions containing predominantly a protein fragment of «40,000 Da
were pooled and buffer-exchanged against 20 mM HEPES, 0.154 M NaCl pH 7.4. The
resulting protein solution was concentrated to «50 mg/ml and 20 pi aliquots were
applied to TSK G2000 SWXl HPLC gel filtration column. Fractions corresponding to
a single band with an apparent molecular weight of «40,000 Da were collected and
pooled. Finally samples were then dialysed against 0.1 M citric acid pH 4.7 for 12 hours
to remove any iron, and then against 50 mM NH4 HCO3 prior to freeze drying. On
average a yield of «5 mg of pure C-lobe was obtained from a digestion of 600 mg of
intact protein.

4.2.3 Purification of the isolated N-lobe of human serum transferrin
The N-lobe fragment of transferrin was prepared by a slightly modified method
originally proposed by Lineback-Zins and Brew (Lineback-Zins et al., 1980). Freezedried diferric transferrin was dissolved at a concentration
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containing 25 mM Tris, pH 7.5. Thermolysin (Calbiochem) was then added to a final
concentration of 4% WAV and the protein solution was incubated for 4 hours at 37°C,
whereafter it was buffer-exchanged against 100 mM NH4 HCO3 and applied to a column
of Sepharose G-75 (Pharmacia). The column was run at a flow rate of 30 ml/h and any
fractions showing significant absorption at 280 nm were analysed by SDS PAGE.
Samples that contained a band with an apparent molecular weight of «36,000 Da that
corresponded to «80 % or more of the total protein were pooled and buffer-exchanged
against 50 mM Tris, pH 8 . The pooled buffer-exchanged fractions were then applied to
a column of DEAE Sepharose that had been pre-equilibrated with 50 mM Tris, pH 8 .
Once the protein had bound to the column it was washed with a gradient of 0^0.25 M
NaCl in 50 mM Tris, pH 8 . Those fractions analysed by SDS PAGE that showed a
single band with an apparent molecular weight of «36,000 Da were collected and
pooled. Samples used for structural studies were then dialysed against 0 . 1 M citric acid
pH 4.7 for 12 hours to remove any iron, and against 50 mM NH4 HCO3 prior to freeze
drying. Typically a yield of «10 mg of pure N-lobe was obtained from a digestion of
1 0 0

mg of intact protein.

4.2.4 SDS PAGE
SDS PAGE was performed as described in Section 3.2.2.

4.2.5 Urea PAGE
Urea PAGE was performed as previously described (Makey et a i, 1976) using a 6 %
polyacrylamide gel that contained

6

M urea. The mobile phase consisted of 100 mM

Tris, 10 mM boric acid and 1.6 mM EDTA pH 8.4. Electrophoresis was carried out at
90-100 V/20 mA for 16 hours. Staining and destaining was carried out as described in
Section 3.2.2.

Using this technique it is possible to identify the binding site of transferrin in which iron
is located. The following bands can be discriminated (according to increasing mobility);
Tf (iron-free protein), Tf-Fe^ (monoferric transferrin, iron bound to C-lobe), Fe^-Tf
(monoferric transferrin, iron bound to N-lobe) and Fe^-Tf-Fe^ (diferric transferrin, iron
bound to both lobes).
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4.2.6 FTIR spectroscopy
FTIR spectra were recorded on a Ni col et 740 FTIR spectrometer interfaced to a 680
spectral workstation. For samples in H^O, 500 scans were signal averaged. The
spectrometer was continuously purged with dry air (supplied by a Balston 75-10 air
dryer) to minimise contributions from water vapour in the spectral region of interest. A
sample shuttle was used to allow background and sample spectra to be recorded
alternatively (shuttling every 50 scans). Single-sided interferograms were recorded and
apodised with a Happ-Genzel function prior to Fourier transformation to give a
resolution of 2 cm '\ The specialist 6 pm pathlength cell described in Section 2.6.4. 8 was
used for samples in H2 O. Buffer spectra were recorded under conditions identical to
those used for protein spectra. Temperature control was achieved by placing the sample
cell in a cell jacket supplied with circulating water. The circulating water was
maintained at the desired temperature using a Haake thermostatted water bath. Where
temperature was varied (dénaturation runs), the bath temperature was controlled by a
Haake PG-40 temperature programmer, and samples were heated over a linear
temperature gradient from 20°C to 80°C and then cooled back to 20°C. A complete run
lasted »27 hours. Spectra were recorded continuously during this time period and sets
of 500 spectra were coadded. This process yielded 61 averaged spectra with a
temperature interval of approximately 2°C.

All the spectra were transferred to a personal computer for data analysis. Buffer
subtraction was carried out automatically using the procedure outlined in Section 2 .6.4.7.
Ni col et PCER software was used to generate deconvolved (Kauppinen et a/. 1981) and
second-derivative spectra. All second-derivative spectra presented in this work were
calculated using a 13 cm'^ data window (Savitsky-Golay smoothing). Quantification of
FTIR spectra was performed using factor analysis (Lee et a l, 1990).

4.2.7 DSC
DSC data was recorded on a Polymer Laboratories DSC Gold system interfaced to an
IBM PS/2 personal computer. See Section 3.2.4 for further details.
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4.3 Results
4.3.1 Specific iron loading into the C-lobe of human serum transferrin
Figure 4 . 1 shows the urea page profile of human serum transferrin partially saturated
with iron using Fe NTA. It can clearly be seen that the iron binds primarily to the C
lobe when it is presented in the form of Fe NTA. Samples of 45% and 60% ironsaturated transferrin were used to study the thermal stability of the iron-free N-lobe.

Apo Tf
Fe,-Tf

Fe,-Tf-Fe,

Figure 4.1: Urea PAGE analysis of human serum transferrin partially iron-loaded with
Fe NTA. Lane 1) apo-transferrin. Lane 2) 15% saturated. Lane 3) 30% saturated. Lane
4) 45% saturated. Lane 5) 60% saturated. Lane 6 ) 75% saturated. Lane 7) 90% saturated.
4.3.2 Purification of the isolated C-lobe of human serum transferrin
Figure 4.2. shows the HPLC trace obtained from trypsin digested HST eluted from a
DEAE Sepharose column. After HPLC, samples with retention times of 13.5-15 minutes
were collected and pooled. SDS PAGE analysis of these fractions is shown in Figure
4.3. A single band with approximate molecular weight 43,000 Da is obtained.
4.3.3 Purification of the isolated N-lobe of human serum transferrin
SDS PAGE analysis of isolated N-lobe of HST used for structural studies is shown in
Figure 4.4. A single band with approximate molecular weight 36,000 Da can be
observed.
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Figure 4.2: Typical HPLC profile obtained from typsin digested HST eluted from a
DEAE Sepharose column
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200kDa
97kDa
69kDa
46kDa

30kDa

Figure 4.3: SDS PAGE analysis of the purified isolated C-lobe of human serum
transferrin. Lane 1 ) 5 pg protein after HPLC. Lane 2) 2.5 pg protein after HPLC Lane
3)5 pg protein before HPLC

80kDa
36kDa

Figure 4.4: SDS PAGE analysis of the purified isolated N-lobe of human serum
transferrin Lane 1) 7 pg protein Lane 2) 7 pg protein. Lane 3) 8 pg protein. Lane 4)
3 pg protein. Lane 5) 1 pg protein
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4.3.4 Secondary structure comparison of isolated N- and C-lobes in their apo- form
The second-derivative spectra of isolated C- and N-lobes of HST in H2 O are shown in
Figure 4.5. Bands at 1657 cm'^ are assigned to a-helix/random coil structures whilst
those at 1688 cm'^ and 1632 cm‘‘ are assigned to P-sheet. Components at 1679-1673
cm'^ are assigned to turns. A shoulder observed at 1649 cm*^ in the spectrum of the
isolated C-lobe is assigned to random coil structures. The amide II band is observed at
1549 cm'^ and the component at 1517 cm'^ is assigned to tyrosine sidechains. The amide
I bands of the absorption spectra of the isolated N- and C- lobes of HST were analysed
for secondary structure content by means of factor analysis (Lee et a l, 1990) and the
results are shown in Table 4.1. For comparison the secondary structure of intact human
apo- transferrin estimated by FTIR spectroscopy is also shown.

The quantitative data show that the secondary structure content of isolated N- and Clobes are very similar.

a-helix

P-sheet

C-lobe

47 %

25 %

1 0

%

18 %

N-lobe

53 %

23 %

1 0

%

14 %

Intact

52%

23%

Turns

7%

Undefined

18%

Table 4.1: Secondary structure analysis of isolated C- and N-lobes of human serum
transferrin
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Figure 4.5: Second-derivative FTIR spectra of the isolated C- and N-lobes of human
serum transferrin. Spectra were recorded at a protein concentration of approximately 40
mg/ml in a HjO buffer containing 20 mM HEPES, 0.154 M NaCl pH 7.4
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4.3.5 Thermal Stability
As seen in Chapter 3, it has been suggested that the separate lobes of HST have
different thermal stabilities. In order to prove this, one could measure the thermal
stability of the isolated N- and C-lobes. However, an inherent drawback of this approach
is that the isolated lobes may not have identical structures, and hence thermal stabilities,
as when found in the intact molecule. Therefore the thermal stability of intact transferrin,
specifically loaded with iron in the C-lobe, was investigated in addition to that of the
isolated lobes. It has been shown previously (Ikemoto e ta l, 1979; Donovan etaL, 1977)
and in Chapter 3 that loading of iron into HST dramatically enhances the thermal
stability of the protein. By specifically loading iron into one lobe it may be possible to
determine if the two lobes do indeed have different thermal stabilities and, if so, which
lobe corresponds to each transition seen in the apo-protein.

4.3.5.1 DSC
Figure 4.6 shows the DSC transitions for intact human apo-transferrin and the apo- form
of the isolated N- and C-lobes of the protein. It can be seen that the isolated N-lobe of
transferrin undergoes a sharp transition with very similar shape and onset temperature
to that of the high temperature transition seen in the intact protein. On the contrary, the
isolated C-lobe of human serum transferrin undergoes a very broad, lower temperature
transition which is very similar to that of the low temperature transition seen in the
intact protein. It is interesting to note that the shape of the transitions seen for the
isolated N- and C- lobes are very different to one another although very similar to the
corresponding transitions in the intact protein. Figure 4.7 shows the DSC transitions of
apo-, 45% and 60% iron-saturated (Fe NTA) intact transferrin. Urea PAGE (Figure 4.1)
shows that the samples of 45% and 60% saturated transferrin have iron predominantly
loaded in the C-lobe. Comparison of the DSC scans shows that the intensity of the low
temperature transition seen in the apo-protein decreases significantly upon specific ironloading into the C-lobe. The data indicate that the low temperature transition seen in
apo-HST corresponds to unfolding of the C-terminal domain. Its midpoint temperature
shifts by »37°C from 55°C to 92°C upon iron-loading. Moreover when iron is bound to
the C-lobe, it can be seen to stabilise the N-lobe leading to a T^ for the thermal
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transition of the N-lobe that is approximately 4°C higher in the 60% saturated protein
than in the apo-protein. This effect is also seen in the 45% saturated protein where
roughly 90% of the apo-N-lobes are attached to an iron-bound C lobe and are therefore
stabilised by it.

1 0

% of the apo-N-lobes are attached to an apo-C-lobe and are therefore

not stabilised. This produces two overlapping peaks for the thermal transition of the Nlobe. The low temperature peak corresponds with that seen in the apo-protein and the
high temperature peak corresponds to that seen in the 60% saturated protein.
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Figure 4.6: DSC thermograms of; intact human apo-transferrin, isolated apo-N-iobe of
human serum transferrin and isolated apo-C-lobe of human serum transferrin
Measurements were recorded in a buffer containing 20 mM HEPES, 0.154 M NaCl, pH
7.4. A protein concentration of approximately 100 mg/ml was used
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Figure 4.7: DSC thermograms of: intact human apo-transferrin, 45% and 60% saturated
protein (Fe NTA). Measurements were performed in a buffer containing 20 mM HEPES,
0.154 M NaCl, pH 7.4. A protein concentration of approximately 100 mg/ml was used
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It is interesting to note that, in the thermogram of the 45% saturated protein,

for the

transition of any remaining apo-C-lobe is « 6 °C higher than that seen for the iron-free
protein. Iron loading into the C-lobe is not 100% specific and a small amount of Fe^-Tf
(monoferric transferrin, iron bound to N-lobe) is present (Figure 4.1). The increase in
for the apo-C-lobe in the 45% saturated protein may well be due to stabilisation of
this lobe by iron bound to the N-lobe.

4.3.S.2 FTIR spectroscopy
In order to confirm the DSC data and to gain an insight into the structural changes that
occur during thermal dénaturation of the lobes of HST, the infrared spectra of isolated
N- and C- lobes and 60% iron saturated intact protein were recorded over a linear
temperature gradient from 20”C to 80°C and back to 20“C. The intensity of the a-helical
band in deconvolved spectra was used as a parameter for following the thermal stability
of these proteins. Figure 4.8. shows the results of such an experiment plotted as a
function of temperature. The 60% saturated intact protein and isolated N-lobe retain ahelical structure until approximately 62°C. This is a temperature similar to that seen for
the onset of their transitions in DSC. Loss of a-helical structure occurs over a broad
temperature range for isolated C-lobe of HST. This corresponds well with the broad low
temperature DSC transition observed for this protein (Figure 4.6 ). Hence for both
isolated N- and C-lobes and 60% saturated protein, loss of a-helical structure occurs at
similar temperatures to the transition seen in DSC. Similar, although less pronounced
changes in the low frequency P-sheet band were also observed within these temperature
ranges (not shown).
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Figure 4.8: Temperature-dependent intensity of the a-helix/random coil band in the
deconvolved spectra of: intact 60% saturated (Fe NTA) human serum transferrin,
isolated apo-N-lobe of human serum transferrin and isolated apo-C-lobe of human serum
transferrin. Measurements were recorded in a buffer containing 20 mM HEPES, 0.154
M NaCl, pH 7.4. A protein concentration of approximately 40 mg/ml was used

146

N- AND C- LOBES OF HUMAN SERUM TRANSFERRIN

4.4 Discussion
This is the first study to estimate the secondary structure content of the isolated lobes
of HST. The results show that the secondary structure content of the isolated lobes are
very similar. This is in agreement with X-ray crystallographic data on diferric rabbit
serum transferrin and apo- and diferric human lactoferrin, which show that the secondary
structure content of the lobes of these proteins are also very similar (Bailey et a l, 1988;
Anderson et a l, 1989; Anderson et al, 1990). A concern when dealing with
proteolytically derived fragments of a protein is that the structure of an isolated fragment
may not be the same as when it is found within the intact protein. However, as X-ray
crystallography has shown that the two lobes of the transferrins are structurally highly
independent, (Bailey et a l, 1988; Anderson et a l, 1989) and the two isolated lobes of
HST have previously been shown to retain their iron-binding activity (Evans et al,
1978; Zak et a l, 1983; Zak et al, 1985), the effect of proteolysis on the structure of the
lobes is therefore probably quite small. Nevertheless, in order to investigate the possible
effect of proteolysis on the structure of the lobes, the secondary structure content of the
isolated N- and C-lobes were added together, having first being weighted for their
molecular weight contribution to the intact protein. The results of such a calculation give
49% a-helix, 23% P-sheet, 10% turns and 16% undefined structures. These values are
very similar to those estimated from the FTIR spectrum of the intact protein (Table 3 .1).
It should be noted at this point that although the C-terminal residue of the N-lobe
fragment has been identified as proline 341, the N-terminal residue of the trypsin-derived
C-lobe fragment has not unequivocally been identified (Dr. R.W. Evans, Personal
Communication). Hence, some residues present in the intact protein may not be
represented in either the isolated N- or C-lobe fragments.

Although the secondary structure content of the two isolated lobes of HST appear to be
very similar, their thermal stabilities are quite different. Both DSC and FTIR
measurements on isolated lobes and intact protein, which has been specifically loaded
with iron in the C lobe, indicate that the C-lobe in its iron-free form has a significantly
lower thermal stability than the N-lobeV Furthermore, the thermal transition of the C-

^ Since completion of this work, the finding that the low temperature transition se e n for human apo-transferrin corresponds
to dénaturation of the C-lobe h as been substantiated by other workers (Lin et ai, 1993).
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lobe is much broader than that of the N-lobe, suggesting that either the C-lobe unfolds
in a series of distinct steps or that it consists of a heterogeneous population with the
separate members having slightly different thermal stabilities. The thermal stability data
are in agreement with previous studies on the urea stability of the two lobes of HST. It
has previously been shown that the C-lobe of HST unfolds at 2.8 - 4.0 M urea while the
N-lobe is stable up to 4.1 - 4.5 M urea (Evans et a l, 1980). Furthermore the C-lobe is
thought to undergo less conformational change upon unfolding than the N-lobe (Evans
et a l, 1980). This is in agreement with the FTIR data, which shows that the reduction
in a-helical band intensity during dénaturation of the C-lobe is less than that of the Nlobe.

Structural variations between the two lobes may well be responsible for the different
stabilities of the isolated N- and C-lobe fragments. Disulphide bridges are thought to be
important in modulating the stability of transferrin (Evans et a l, 1980). The C-lobe of
HST has 11 di sulphide bridges (Baldwin, 1993), whereas the N lobe has

8

(Baldwin,

1993). If disulphide bridges entirely dictate the stability of the lobes, then this would
render the C-lobe more stable than the N-lobe. The opposite is the case. The stability
of the lobes is therefore dominated by factors other than the number of di sulphide bonds.
Alternatively, the enthalpic transition of the C-lobe may only represent partial unfolding
of the protein. This hypothesis could explain the reversibility of the low temperature
transition (see Section 3.3.3.1 ). It would also explain why the relative loss of a-helical
structure for dénaturation of the C- lobe is less than that observed during dénaturation
of the N-lobe and why the C-lobe may unfold slightly less than the N-lobe during urea
dénaturation (Evans et a l, 1980).
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CHAPTER 5

STRUCTURAL CHARACTERISATION OF HUMAN
TRANSFERRIN RECEPTOR AT EXTRACELLULAR
AND ENDOSOMAL pH
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5.

STRUCTURAL CHARACTERISATION OF HUMAN TRANSFERRIN
RECEPTOR AT EXTRACELLULAR AND ENDOSOMAL pH

5.1 Introduction
In Chapter 3 we saw that serum transferrin, the iron-binding protein of plasma, is the
principle source of iron for the metabolic needs of most vertebrate cell types. Cellular
acquisition of iron usually occurs via a receptor-mediated endocytic pathway. This
process involves the preferential binding of diferric transferrin with its receptor at the
pH of the plasma. Under these conditions the affinity of the apo-protein for its receptor
is nearly two orders of magnitude lower than that of the diferric protein (Young et ai,
1984). The transferrin/transferrin receptor complex is then internalised via clathrin-coated
pits, and the pH of the endosomes is lowered to around pH 5.6 by means of a putative
proton pump (de Jong et a i, 1990). At this lower pH, iron is released from one or both
of the sites on transferrin and transported to cellular compartments by as yet unknown
mechanisms. The resulting apo/monoferric transferrin remains bound to the receptor and
is recycled back to the cell surface where, at the higher pH of plasma, it is released.

The transferrin receptor appears to have a multiple function in the endocytic cycle. It
sequesters iron-loaded transferrin for internalisation by iron-requiring cells, while
ignoring apo-transferrin. Transferrin is thereby able to donate iron to cells even in the
presence of a predominance of the apo-protein, as in iron deficiency. Transferrin receptor
has also been shown to modulate iron binding to transferrin. At the pH of the cell
surface, the receptor has been shown to retard iron release from receptor-bound
transferrin (Bali et a l, 1991b). Although spontaneous release at this pH is negligible in
terms of cellular iron requirements, even trace amounts of iron may cause lipid
peroxidiation of membrane lipids (Bali et a l, 1991b). Thus the transferrin receptor may
serve to protect the cell membrane against locally-released trace iron. Finally and
perhaps most importantly, at the pH achieved in the endosome, the receptor has the
reverse effect on iron release from transferrin, accelerating loss of iron 5-fold (Bali et
al, 1991b). Recent data has shown that, although the C-terminal iron-binding site of
transferrin is thermodynamically more stable, the receptor modulates the properties of
transferrin such that iron is removed preferentially from the C-terminal site (Bali et al.
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1991a). Clearly the pH-dependent interaction of transferrin with transferrin receptor is
of prime importance in governing the delivery of iron to cells. A schematic diagram
illustrating the iron delivery process is given in Figure 5.1.

Although the serum transferrins are glycosylated, studies on enzymically deglycosylated
transferrins (Sharma et al, 1993) indicate that the glycan chains are unimportant in the
interaction of diferric transferrin with its receptor and the subsequent cellular uptake of
iron. The human transferrin receptor is also a glycoprotein containing three N-linked
glycans and one 0-linked glycan. The role of the glycans in the processing and function
of this receptor is under investigation by a number of groups who are using site-directed
mutagenesis to eliminate one or more of the glycan attachment sites on human transferrin
receptor, expressed in cell lines lacking endogenous transferrin receptors. Recent data
indicates that mutants lacking N-glycosylation at Asn 251 or Asn 317, or 0-glycosylation
at Thrl04 have a similar affinity for transferrin as the wild type receptor but that mutants
lacking the N-glycosylation site at Asn 727 have a reduced affinity for transferrin (Yang
et al, 1993; Rutledge et al, 1993).

The crystallographic structures of several members of the transferrin family have now
been solved, and a wealth of biochemical information is also available on these proteins
see (Brock, 1989; Brock, 1985) for reviews. However, only very limited information is
available on the structure of transferrin receptor (Testa et al, 1994). Transferrin receptor
(tfR) is a transmembrane protein that is expressed by most mammalian cells. The human
transferrin receptor comprises two identical, disulphide-linked, glycosylated subunits of
approximately 95,000 Da (Testa et a l, 1994). Each subunit has an extracellular domain
of 671 amino acids, a single 28-residue putative transmembrane region and a 61-residue
amino-terminal cytoplasmic domain. The human transferrin receptor can be purified from
term placentae as a detergent-solubilised, disulphide-linked dimer of molecular weight
190,000 Da (Turkewitz e ta l, 1988a). Upon digestion with trypsin, a water soluble 70,000
Da non disulphide linked fragment is generated (tfRt) which contains 95% of the external
region of the transferrin receptor (Turkewitz et al, 1988a). This soluble form of the
receptor retains the ability to bind transferrin and forms a non covalent dimer in solution
(Turkewitz e ta l, 1988b).
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Crystals of intact tfR are not available due to problems associated with crystallisation
of membrane proteins, and, as yet, attempts to produce large stable crystals of tfRt have
been unsuccessful (Borhani et a l, 1991). Biochemical data suggest that when the pH is
reduced to 5.6 tfRt undergoes a conformational change, which results in self association.
The self association is prevented by the presence of non-ionic detergent (Turkewitz et
a l, 1988b). This conformational change is poorly characterised and only very
preliminary CD data are available (Turkewitz et a l, 1988b).

In this chapter the structure of both tfR and tfRt have been characterised. The pH
dependent conformational transitions of tfR and tfRt as well as the thermal stability of
the proteins have been investigated by Fourier transform infrared spectroscopy (FTIR).
In this way an insight into the structure/function relationship of transferrin receptor has
been obtained.
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5.2 Materials and methods

5.2.1 Purification of human transferrin receptor
Human transferrin receptor was purified from term placentae by means of modified
method originally developed by Turkewitz et al. (Turkewitz et a l, 1988a). All reagents
used were obtained from Sigma (Poole, UK) unless otherwise noted. All buffers
contained 0.5 mM phenylmethanesulfonyl fluoride, 1 mM dithiothreitol and 0.02%
sodium azide and all procedures were carried out at 4°C .

5.2.1.1 Preparation of placenta! homogenate
Three freshly frozen human placentae were defrosted for 12-16 hours at 4°C prior to
use. After removal of the umbilical cord and membranes, the placentae were cut into
small pieces and homogenised into a final volume of 3 litres of 10 mM potassium
phosphate, 150 mM sodium chloride, pH 7.4 (KPi/NaCl). The homogenate was then
centrifuged in two separate batches for 45 minutes at 18000g. The resulting pellets were
resuspended into 2 litres of KPi/NaCl.

5.2.1.2 Detergent solubilisation
A 20% solution (V/V) of Triton X-100 in KPi/NaCl was added to the resuspended
pellets until a final detergent concentration of 1% V/V had been attained. The lysate was
then stirred for 1 hour. After this time had elapsed the lysate was centrifuged in two
batches for 30 minutes at 18000g and the pellets were discarded.

5.2.1.3 Iron chelation
The pH of the detergent supernatant was then brought to pH 5.0 with 1 M HCl and the
iron chelator desferrioxamine (desfral, Ciba Pharmaceuticals Inc.) was added to a final
concentration of 0.2 mM. After 30 minutes the pH was raised to pH 8.0 with M NaOH
and the detergent supernatant was left for a further 30 minutes.

5.2.1.4 Ammonium sulphate precipitation
The detergent supernatant was then made 40% (W/V) with ammonium sulphate, stirred
for 30 minutes and then centrifuged in two batches for 30 minutes at 18000g. The
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presence of Triton X-100 caused the pellets to float. The supernatant was then gently
poured off and the pellets were resuspended in 900 ml KPi/NaCl, stirred for 3 hours and
thereafter dialysed extensively for 36 hours against KPi/NaCl. After this process was
complete, the dialysate was centrifuged for 1 hour at 18000g. The supernatant was
gently poured off, brought to pH 7.4 and applied to a Sepharose-transferrin affinity
column.

5.2.1.5 Affinity chromatography
Human diferric transferrin was coupled to CNBr-activated Sepharose 4B (Pharmacia)
using the following procedure:

Approximately 1.75 g of freeze-dried CNBr-activated Sepharose 4B was swollen and
washed with 500 ml of 1 mM HCl on a sintered glass filter. Meanwhile 30 mg of
freeze-dried diferric human serum transferrin was dissolved in

1 0

ml of coupling buffer

(0.1 M NaHCOj, 0.5 M NaCl, pH 8.3). The swollen gel was now quickly washed with
coupling buffer, all liquid was then removed and the dry gel added to the transferrin
solution. The slurry was then mixed end-over-end in a sealed tube for 16h at 4°C. The
gel was then gently spun in a bench-top centrifuge, the supernatant was removed and
the remaining gel washed thoroughly with fresh coupling buffer. This process was then
repeated but the gel was now resuspended in blocking buffer (O.IM Tris HCl pH 8.0)
and incubated for a further 16 hours at 4°C. After incubation, the gel was washed
thoroughly with KPi/NaCl and packed into a small column.

The dialysate was then applied serially at a flow rate of 28 ml/h to two columns. The
first contained 4 ml of Sepharose CL-4B to filter out any large aggregates whilst the
second contained

6

ml of diferric transferrin-Sepharose 4B.

5.2.1.6 Washing the columns
After all the dialysate had been applied to both columns, they were washed with 300 ml
of KPi/NaCl 0.2% Triton X-100. The first column was then discarded and the second
was then washed with 300 ml of KPi/NaCl, 10 mM CHAPS in order to remove Triton
X-100, which cannot be easily dialysed.
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5.2.1.7 Elution of bound transferrin receptor
In order to remove iron from the column and thus facilitate dissociation of bound
receptor the affinity column was now washed with 20 ml of 50 mM sodium citrate,
0.154 M NaCl, 1 mM desferrioxamine, 10 mM CHAPS, pH 4.9 at a flow rate of 2
ml/minute. During this step, iron release from the column could be readily seen by a
colour change in the column packing (salmon pink^white). The column was now
washed at a flow rate of 5 ml/min with 25 ml of 20 mM HEPES, 0.154 MNaCl 10 mM
CHAPS, pH 7.4 (no phenylmethanesulfonyl fluoride was added to buffers beyond this
stage of the purification). Final elution of bound receptor was performed by passing 25
ml of 2 M KCl, 20 mM HEPES, 10 mM CHAPS, pH 7.4 down the column at a flow
rate of 0.5 ml/min. The eluate was divided into 2.5 ml fractions and desalted on PD-10
columns (Pharmacia) pre-equilibrated with 20 mM HEPES, 0.154 M NaCl, 10 mM
CHAPS, pH 7.4. The protein was finally concentrated to 5 mg/ml using a Centriprep-30
concentrator (Amicon). Further concentration and buffer exchange steps were carried out
using Microcon-30 (Amicon) concentrators.

A final yield of 4-5 mg of receptor was commonly obtained from three placentae.
Occasionally, further purification was necessary (see results) and this was achieved by
HPLC.

5.2.1.8 Generation of the extracellular fragment transferrin receptor
The soluble fragment of transferrin receptor (tfRt) was generated by incubation of the
intact receptor with trypsin (TPCK treated Worthington) at a 10:1 receptor trypsin molar
ratio. Digestion was performed at 4°C for 4 hours (Turkewitz et a i, 1988b). At the end
of this time period the digested protein was passed down a Sepharose-benzamidine
column to help remove trypsin. Finally phenylmethanesulfonyl fluoride was added in
100 times molar excess to the quantity of trypsin originally used. The protein was now
concentrated and buffer-exchanged before finally being purified by HPLC.

5.2.1.9 HPLC
HPLC was carried out using a Gilson HPLC system. All parts of the equipment that
came into contact with aqueous media were made of titanium and this ensured that the
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system was particularly suited to handling biological materials in aqueous media. All
samples for HPLC were buffer-exchanged into a buffer containing 20 mM HEPES,
0.154 M NaCl, 0.5 mM MgClz and ImM dithiothreitol pH 7.4 (lOmM CHAPS was also
added for samples of intact receptor). Protein samples were then concentrated to «35
mg/ml, and 20 pi («750 pg) was injected onto an analytical TSK G3000 SWXL gel
filtration column. The flow rate was 0.5 ml/min and a typical run lasted 35 minutes.

5.2.2 SDS PAGE and Western blotting
SDS PAGE was carried out essentially according to the method of Laemmli (Laemmli,
1970). Samples (typically 7.5 pg) were run either a Bio-Rad mini-gel or LKB slab gel
system (7.5 or 10% gels were used). Electrophoresis was performed at a constant current
of 15 mA/gel for 2.5 hours (see Section 3.2.2 for further details). For Western blot
analysis the protein was transferred to nitrocellulose membrane using a Biorad semi-dry
electroblotter. The transfer buffer consisted of 25 mM Tris, 192 mM glycine, pH 8.7,
containing 1% (V/V) methanol and blotting was carried out at constant current (1
mA/cm^ of nitrocellulose membrane) for 90 minutes.

To prevent nonspecific binding of antibodies, nitrocellulose blots were blocked with 5%
(W/V) non-fat milk powder in 20 mM Tris, 500mM NaCl, pH 7.5, containing 0.02%
(V/V) Tween-20 (TTBS). Incubation of the nitrocellulose blots with primary antibodies
was then performed for 16 hours at 4°C in antibody buffer (TTBS containing 1% (W/V)
non-fat milk powder). The anti-human transferrin receptor monoclonal antibody 0KT9
was used at a dilution of

1 : 1 0 0 0

to detect human transferrin receptor whilst a sheep anti

human transferrin antibody (1:500 dilution) was used to detect transferrin. 0KT9 and
sheep anti-human transferrin were kind gifts from Dr. A. Goodall (RFHSM) and Dr. R.
W. Evans (HMDS) respectively. Incubation with secondary antibody (alkaline
phosphatase conjugated donkey anti-mouse IgG (Bio-rad) or peroxidase conjugated
donkey anti-sheep IgG) diluted 1:3000 in antibody buffer was for 60 minutes at 20°C.
The nitrocellulose was given three 10 min washes with TTBS before and after each
antibody incubation. Bound antibody was detected using alkaline phosphatase developing
reagent tablets (nitro blue tétrazolium and 5-bromo-4-chloro-3-indolyl phosphate) or
peroxidase developing reagent tablets.
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5.2.3 FTIR spectroscoy
FTIR spectra were recorded using a Perkin-Elmer 1750 FTIR spectrometer equipped
with a fast recovery TGS detector and a Perkin-Elmer 7300 Data Station. Double-sided
interferograms were recorded and apodised prior to Fourier transformation of the data.
Samples were placed in a Beckman FH-01 CFT micro-cell fitted with CaF2 windows and
a 6 pm tin spacer for measurements in H2 O or a 50 pm teflon spacer for samples in
%

2 0

Temperature control was achieved by means of a cell jacket of circulating water

and the temperature of the cell was monitored using a thermocouple fixed on the outside
of the cell. All spectra were recorded at a resolution of 4cm'\ Measurements in HjO
were performed using protein concentrations of approximately 35 mg/ml and 400 scans
were signal-averaged for measurements at 20°C. Measurements in ^H2

0

recorded at a protein concentration of approximately

2 0 0

2 0

mg/ml and

at 20°C were
scans were

signal averaged. Where temperature was varied, 25 scans were signal-averaged in ^H2 0
and 175 scans were signal-averaged in H2 O The spectrometer was continuously purged
with dry air to eliminate water vapour which absorbs in the spectral region of interest.
A sample shuttle was employed to allow the sample to be signal-averaged with the
background. Aqueous buffer spectra were recorded under identical conditions to the
sample spectra. Buffer subtraction was carried out using the Perkin-Elmer EDIFF
function to give a straight baseline in the 2000-1800 cm'* area.

The broad amide I bands were analysed using second-derivative and deconvolution
techniques. Second-derivative spectra were calculated using a 13 data point SavitskyGolay smoothing window (13 cm'*) using the Perkin-Elmer DERIV function.
Deconvolution of spectra was performed using the Perkin-Elmer ENHANCE function.
Typically a band width of 16 cm *and a resolution enhancement factor of 2.25 was used.

Quantitative analysis of the thermally induced changes in protein structure, as reflected
in the FTIR spectra, was performed using global analysis (Van Stokkum et a i, 1994b).
In this method, curve fitting in terms of skewed Gaussians, is combined with linking of
the spectral shape parameters across temperature. This method has the advantage that
no deconvolution or derivatisation of the original spectra is required. Assuming a onestep transition, the estimated band amplitudes were then fitted with a two-state
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thermodynamic model according to (Elwell et a i, 1977; Pace et a l, 1989). This yields
the midpoint of the transition (T^j and the van't Hoff enthalpy (aHvh)
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5.3 Results

5.3.1 Purification of transferrin receptor
Figure 5.2 shows the SDS PAGE profile of purified intact transferrin receptor, run under
both reducing and non reducing conditions. A single major band can be seen on the gel
with apparent molecular weight 180,000 Da (non reducing conditions) or 82,000 Da
(reducing conditions). This is in agreement with previous studies that have shown that
intact transferrin receptor forms a disulphide-linked dimer (Turkewitz et ai, 1988a). The
purity of this sample is at least as good as previously reported (Turkewitz et al, 1988a).
Occasionally a minor band, with apparent molecular weight of approximately 68,000 Da,
could be seen in some preparations. All bands reacted with the monoclonal antibody
0KT9 in Western Blots (Figure 5.3) and the position of the minor band did not change
whether the sample was run under reducing or non reducing conditions. None of the
bands reacted with anti-human transferrin antibody in Western Blots. Western Blot
analysis therefore confirmed that both bands possessed the 0KT9 epitope. SDS PAGE
analysis further suggested that the minor band was monomeric. Both these lines of
evidence support the suggestion that this minor band is a degradation product of the
intact protein that has been cut at a position above the interchain di sulphide bonds
(positions 89 and 98). To confirm this hypothesis the major and minor bands were
separated by HPLC and the molecular weight of the minor band was estimated using
time of flight mass spectroscopy. The minor band was shown to have a molecular
weight of 82,245 Da. This is almost identical to the molecular weight of a soluble form
of the human transferrin receptor that is found in the serum (Shih et a l, 1990). This
soluble form of the receptor has a larger molecular weight than the fragment generated
after treatment with trypsin (see Figure 5.5 lanes 3 and 4). This band therefore probably
represents the naturally occurring soluble form of transferrin receptor. It was ensured that
samples of intact human transferrin receptor (tfR) used for structural studies were at least
as pure as those shown in Figure 5.2 lanes 2 & 4 and therefore the contribution from
the naturally occurring soluble form of the receptor would be negligible.
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Figure 5.2: SDS PAGE analysis tfR run under reducing and non reducing conditions.
Lane 1) molecular weight markers. Lane 2) tfR non-reduced. Lane 3) transferrin reduced.
Lane 4) tfR reduced

200kDa
97kDa
69kDa
46kDa
30kDa

Figure 5.3: Western blot analysis of tfR, run under non-reducing conditions. Two bands
with apparent molecular weights 180,000 Da and 68,000 Da can be observed
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Figure 5.4 shows the HPLC trace obtained after tfR had been digested with trypsin for
4 hours. After HPLC, samples with retention times of 15-19 minutes were collected and
pooled. SDS PAGE analysis of these fractions is shown in Figure 5.5. A single band
with approximate molecular weight 68,000 Da (tfRt) is obtained. The single band cross
reacted with the monoclonal antibody 0KT9 in Western Blots (Figure 5.6). Samples of
tfRt used for structural studies were of similar purity to those shown in Figure 5.5,
Lane 4.
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Figure 5.4: Typical HPLC trace of transferrin receptor after 4 hours trypsin digestion
on an analytical TSK G3000 SWXL column. Sample size, 20 pi (750 pg); flow rate 0.5
ml/min. The buffer used for loading and elution of samples contained 20 mM HEPES,
0.154 M NaCl, 0.5 mM MgCl^
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Figure 5.5: SDS PAGE analysis tfRt, run under reducing conditions. Samples were
incubated with trypsin for the specified time period and then purified by HPLC. Lane
1) molecular weight markers. Lane 2) transferrin reduced. Lane 3) tfR reduced. Lane 4)
tfRt reduced, 4 hour incubation. Lane 5) tfRt reduced, 3 hour incubation. Lane 6 ) tfRt
reduced, 2 hour incubation. Lane 7) tfRt reduced, 1 hour incubation. Lane 8 ) tfRt
reduced, Vi hour incubation
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Figure 5.6: Western blot analysis of tfRt. Samples were incubated with trypsin for the
specified time period and then purified by HPLC. Lane 1) 4 hours. Lane 2) 1 hour. Lane
3) Vi hour
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5.3.2 FTIR spectroscopy

5.3.2.1 Intact transferrin receptor (tfR)

Measurements in H O
2

The absorbance, deconvolved and second-derivative spectra of tfR in the presence of

1 0

mM CHAPS are shown in Figure 5.7. The amide I band was analysed for secondary
structure content by means of factor analysis (Lee et a l, 1990) TfR was estimated to
comprise 56 % a-helix 20 % P-sheet 15 % and 15 % turns. Several strongly overlapping
bands are clearly present in the absorbance spectrum and these can be more easily
identified in the deconvolved and second-derivative spectra. The major band at
1656 cm'^ can be assigned to a-helix/random coil structures whilst the bands at 16911689 cm'^ and 1639 cm'^ are assigned to p-sheet. Further components at 1678-1670 cm'^
are assigned to turns structures. The amide II band is observed at 1550 cm'^ and the
component at 1517 cm'^ arises from tyrosine side-chains. The band at 1732 cm'^
probably arises from C=0 (ester) groups present in the headgroup of some membrane
lipids that have remained associated with the protein. The spectrum of tfR was also
recorded in the presence of the detergent n-Octyl P-D-glucopyranoside. In the presence
of this detergent tfR was estimated to comprise 55 % a-helix,

2 2

% p-sheet and 15 %

turns. Second-derivative and deconvolved spectra were essentially identical to
measurements performed in CHAPS.

The spectrum of tfR (10 mM CHAPS) was also recorded at pH 5.6. The absorbance,
deconvolved and second-derivative spectra obtained from such a measurement are shown
in Figure 5.8. All these spectra are typical of a denatured, aggregated protein and are
similar to that observed at pH 7.4 after the protein has been heated to 80°C. It appears
that reduction of pH to endosomal levels in the presence of the detergent CHAPS leads
to irreversible aggregation/denaturation of tfR.
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FTIR spectra of tfR pH 7.4. Spectra were recorded at a protein concentration of
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Thermal stability
The spectrum of tfR

( 1 0

mM CHAPS) was also recorded over a linear temperature

gradient of 20->80^20°C. The effect of temperature on the deconvolved spectra obtained
from such an experiment are shown in Figure 5.9. Clearly temperature-induced spectral
changes can be observed and several important observations can be made:

i)

Upon unfolding of the protein bands attributed to aggregated structures (Jackson et
a l, 1991) appear in the protein spectra. The bands remain even when the protein
solution is cooled.

ii) The temperatures at which changes in band intensities occur are similar for all the
bands in the amide I region. This indicates that all secondary structures are lost
simultaneously.
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Figure 5.9: The effect of temperature on the deconvolved FTIR spectra of tfR pH 7.4.
Spectra were recorded at a protein concentration of approximately 35 mg/ml in a H O
buffer containing 20 mM HEPES, 0.154 M NaCl 10 mM CHAPS (pH 7.4)
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S.3.2.2 Soluble fragment of transferrin receptor (tfRt)

Measurements in H O
2

The absorption spectra in the 1700-1600 cm'* region of tfRt recorded at pH 7.4 and pH
5.6 are shown in Figure 5.10. Both spectra show an amide I maximum at 1656 cm'*.
However, the spectrum recorded at pH 5.6 is broader and there appears to be increased
absorption in the low frequency region of the amide I region. The second-derivative
spectra of tfRt at pH 7.4 and pH 5.6 are shown in Figure 5.11. Similar bands can be
seen and these can be assigned as follows: 1656 cm * a-helical and/or random coil
structures (Haris e ta l, 1992; Haris e ta l, 1986a; Susi e ta l, 1986; Olinger er a/., 1986),
1639 cm * and 1694/1692 cm * P-sheet (Olinger et al, 1986; Haris et a l, 1986a),
1679/1678 cm * turns (Olinger et a l, 1986; Haris et a l, 1986a). The amide II band at
1550 cm * cannot be assigned unambiguously to any particular secondary structure. The
components at 1516 cm *are due to the vibration of tyrosine sidechains. Both absorption
spectra were quantitatively analysed for secondary structure content by factor analysis
(Lee et a l, 1990) and a multi-variate linear model (Pribic et al, 1993) (Table 5.1).
There is a reduction in the a-helical and increase in P-sheet content upon lowering the
pH. Although the magnitude of the change is close to the uncertainty of both factor
analysis (Lee et a l, 1990) and the multi-vari ate linear model both techniques give
similar results. These results are in agreement with the increased absorption in the Psheet region of the absorption spectrum recorded at pH 5.6 (Figure 5.10).
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recorded at a protein concentration of approximately 35 mg/ml in a HjO buffer
containing 20 mM HEPES, 0.154 M NaCl (pH 7.4) or 20 mM MES, 0.154 M NaCl (pH
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PROTEIN
TfRt - pH 7.4
TfRt - pH 5.6
TRANSITION
pH 7.4 -> pH 5.6

a-HELIX

P-SHEET

TURNS

57 (56 ±2)

21 (19 ±3)

14 (14 ±2)

43 (48 ±3)

31 (25 ±4)

21 (15 ±3)

5 (10 ±2)

+7 (+1)

-3 (0)

-14 (-8 )

+ 1 0

(+6 )

OTHER
8

( 1 0

±2 )

Values in brackets determined using a multi-vari ate linear model .
Table 5.1: Secondary structure of tfRt determined by factor analysis and a multi-vari ate
linear model
Measurements in ^IÎ20
The spectra of tfRt were also recorded 3 hours after buffer exchange into ^H2 0 .
Quantitative data on the secondary structural content of proteins in ^H2
readily achieved due to problems associated with

0

cannot be

exchange (Lee et a i, 1990).

However, spectra recorded in ^H2 0 can be helpful in differentiating between the presence
of a-helical and random coil structures. Qualitative analysis of the spectra of tfRt,
(recorded after 3 hours in ^H2 0 ) using second-derivative techniques (Figure 5.12),
revealed that, like spectra in H2 O (Figure 5.11), major bands can be seen at 1656 cm'^
and 1639 cm'\ These are consistent with the presence of a-helical and (3-sheet structures
respectively. Other bands present can be assigned as follows: 1692 cm'^ P-sheet, 1678
cm'^ turns and 1584 cm'^ carboxyl ate side-chains. The amide II band can be seen at 1550
cm'^ and the component at 1517 cm‘‘ is assigned to tyrosine side-chains.
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Figure 5.11: Second-derivative FTIR spectra of tfRt at pH 5.6 (top trace) and pH 7.4
(bottom trace). Spectra were recorded at a protein concentration of approximately 35
mg/ml in a HjO buffer containing 20 mM HEPES, 0.154 M NaCl (pH 7.4) or 20 mM
MES, 0.154 M NaCl (pH 5.6)
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Figure 5.12: Second-derivative FTIR spectra of tfRt at pH 5.6 (top trace) and pH 7.4
(bottom trace). Spectra were recorded at a protein concentration of approximately 20
mg/ml in a ^HjO buffer containing 20 mM HEPES, 0.154 M NaCl (pH 7.4) or 20 mM
MES, 0.154 M NaCl (pH 5.6)
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It appears that the intensity of the band at 1639 cm'^ in

is greater at pH 7.4 than

at pH 5.6. As samples recorded in HjO do not show this behaviour, these differences are
attributed to differences in the ^H-^H exchange properties of the protein at the two pHs
studied. Detailed structural comparisons between samples recorded in ^H2 0 at pH 5.6
and pH 7.4 cannot be made, due to the pH dependence of *H-^H exchange.

Thermal stability
Spectra of tfRt at pH 7.4 and pH 5.6 in ^H2 0 were recorded over a linear temperature
gradient from

2 0

to 80°C. The deconvolved spectra obtained from such a measurement

are shown in Figure 5.13. It can clearly be seen that, at elevated temperatures, bands
appear around 1617 cm'^ and 1683 cm'\ These bands are often attributed to aggregated
structures that arise due to thermal dénaturation of a protein (Haris et ai, 1986a).
However, these begin to appear at a much lower temperature at pH 5.6 (»38°C) than at
pH 7.4 («62°C). Detailed analysis of the thermally-induced changes in the spectra of
tfRt was carried out by plotting the intensity of specific bands in the deconvolved
spectra against temperature. The results are shown in Figure 5.14. Several observations
can be made:

i)

At a given pH, the bands attributed to the main secondary structural elements (ahelix 1655 cm'*, P-sheet 1638 cm'*) reduce in intensity simultaneously.

ii)

Concomitant with this, bands attributed to aggregated structures that result upon
thermal dénaturation of proteins (1617 cm * and 1683 cm'*) appear in the spectra.

iii)

It is interesting to note that a sudden loss in intensity of the residual amide II band
at 1550 cm * coincides with the loss of secondary structure and the appearance of
aggregated structures.

iv)

The rate as well as the onset temperatures of the thermal transitions are different
at the two pH's studied.
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Figure 5.13: The effect of temperature on the deconvolved spectra (W=16 F=2.5) of tfK
at pH 7.4 and pH 5 . 6 . Spectra were recorded at a protein concentration of approximately
20 mg/ml in a ^H^O buffer containing 20 mM HEPES, 0.154 M NaCl 10 mM CHAPS
(pH 7.4)
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Once the samples had been heated to 80°C they were cooled back to 20°C. No spectral
changes were observed upon cooling indicating that, at both pH values studied, thermal
dénaturation of tfRt was irreversible.

The variation in the dénaturation properties of tfRt at pH 7.4 and pH 5.6 was quantified
from the infrared spectra using global analysis (Van Stokkum et a l, 1994b). The results
are summarised in Table 5.2 and, where applicable, are in agreement with those shown
in Figure 5.14.

Band

pH

TmCC)

aH vh (kcal/mol)

Assignment

1620 cm * and 1678 cm *

5.6

55 (<0.5)

30 (2)

Aggregated
structures

1656 cm * and 1637 cm *

5.6

55 (1)

28 (2 )

a-helix/
p-sheet

1545 cm * and 1447 cm *

5.6

55(2)

23(4)

Amide 11/
Amide If

1619 cm * and 1678 cm *

7.4

70 (<0.5)

109 (6 )

Aggregated
structures

1661 cm * and 1642 cm *

7.4

71 (<0.5)

96 (6 )

a-helix/
p-sheet

1545 cm * and 1446 cm *

7.4

71 (3)

40 (7)

Amide 11/
Amide IF

Table 5.2: Transition temperatures and Van't Hoff enthalpy of tfRt determined by FTIR
Values in brackets indicate calculated errors.

Combined bands were fitted together. The bands assigned to the amide IF vibration and
aggregated structures increased in intensity during thermal dénaturation while other
bands decreased in intensity. Additional bands identified during the fit that did not
change significantly during heating were located at 1516 cm'^ (tyrosine) and 1588/1590
cm * (carboxylate).
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Figure 5.14: Temperature-dependent intensity of selected bands in the deconvolved
FTIR spectra of tfRt at pH 7.4 and pH 5.6 in "H^O 1683 cm ' aggregated structures,
1655 cm ' a-helix, 1640 cm ' P-sheet, 1617 cm ' aggregated structures, 1549 cm ' amide
11 Experimental conditions as Figure 5.13
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5.4 Discussion
This is the first study to estimate the secondary structural content and thermal stability
of tfR or tfRt. At pH 7.4, in the presence of the detergent CHAPS, tfR is estimated to
comprise 56% a-helix 20% (3-sheet and 15% turns. Very similar results were obtained
when the protein was examined in the presence of the detergent n-Octyl
(3-D-glucopyranoside. It appears that variation of detergent does not significantly effect
the secondary structure of tfR. Upon acidification of tfR to endosomal pH, the protein
aggregates and denatures. As this is not observed in tfRt, this process must be related
to the 121 amino acid that are not present in tfRt. There are several possible reasons
why the protein may aggregate at low pH.

i)

A conformational change/charge redistribution (tfR pI=5.7-6.5) (Borhani etal., 1991)
may occur within the amino terminal

1 2 1

amino acids that promotes aggregation.

ii) The interaction between the amino terminal 121 amino acids and the detergent may
alter with pH. In this way, self-association of hydrophobic residues, leading to
aggregation, may be promoted at low pH.

It is unlikely that irreversible aggregation of tfR at endosomal pH occurs in vivo, as it
has been shown that tfR can pass through the endocytic cycle up to 300 times before
being degraded (Omary et al, 1981). It is therefore likely that the aggregation of tfR
seen in vitro is an artifact, caused by removal of the protein from its native lipid
environment. Further studies on tfR reconstituted into lipid bilayers may help to
overcome this problem.

In an attempt to overcome the difficulties associated with aggregation of tfR at low pH
and the concerns that detergent may adversely affect the structure of this protein even
at pH 7.4, the structure and thermal stability of tfRt were also studied. As this fragment
of the intact protein retains the ability to bind transferrin and is water soluble it was
anticipated that this would give a good compromise between physiological relevance and
problems encountered due to removal of the protein from the lipid bilayer.
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TfRt is estimated to comprise 56-57% a-helix, 19-21% P-sheet 14% turns at pH 7.4.
These values are very similar to those for tfR in both CHAPS and n-Octyl
P-D-glucopyranoside. It therefore appears that removal of the first 121 amino acids
and/or the presence of the detergents CHAPS or n-Octyl P-D-glucopyranoside does not
significantly affect the secondary structure of transferrin receptor. Upon acidification of
TfRt to endosomal pH, the protein does not aggregate and denature. However, the ahelical content of the protein is reduced by 8-14% and the P-sheet and turns contents
increase by 6-10% and 1-7% respectively. Although the magnitude of the change is
close to the uncertainty of both factor analysis (Lee et al, 1990) and the multi-variate
linear model, both techniques give similar results. Furthermore, the quantitative data is
in agreement with the increased absorption in the P-sheet region of the absorption
spectrum recorded at pH 5.6 (Figure 5.10). This conclusion is similar to that of a
previous CD study that suggested that a-helical structure is lost upon acidification, but
no quantitative data regarding this conformational transition has previously been
available. CD data also suggests that this loss of a-helical structure is accompanied by
an increase in disordered structures. The FTIR data however, suggests that P-sheet and
turn structures increase upon acidification.

To further characterise the effect of pH on the structure of tfRt, temperature-dependent
conformational changes at pH 5.6 and pH 7.4 were investigated using FTIR spectroscopy
combined with global analysis. At both pH 5.6 and pH 7.4 loss of secondary structure
coincides with enhanced proton exchange as seen by concomitant loss of amide I and
amide II band intensity (Figure 5-14, Table 5-2). This could be due to loss of secondary
and tertiary structure occurring simultaneously. Alternatively high solvent accessibility
of tfRt may lead to exchange of all protons not involved in secondary structure at room
temperature (Pedersen et al, 1991). Consequently the reduction of amide II absorption
at elevated temperature would also reflect loss of secondary structure. At pH 5.6 TfRt
is thermally less stable than at pH 7.4, the midpoint of dénaturation being reduced from
71°C to 55°C. In both cases the transitions are irreversible and result in protein
aggregation.

Although a two-state thermodynamic model implicitly assumes that unfolding of a
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protein is fully reversible, it has been noted (Sturtevant, 1987) that acceptable V an't
Hoff plots are observed even in the case of apparently irreversible protein dénaturation.
Therefore the apparent entropy of unfolding at the midpoint temperature (aS^J can be
roughly estimated from the equation aS„,= AHyy/T^ (Hilser e ta l, 1994). From the values
presented in Table 5.2 for a-helical and p-sheet structures aS„, is calculated to be 85 and
280 Cal.mol'\K'^ at pH 5.6 and 7.4 respectively. These values suggest that the native
structure of TfRt, at low pH, is considerably more flexible than that found at high pH.
The flexibility of a protein often has an inverse correlation with thermal stability
(Vihinen, 1987) and therefore the increase in flexibility at low pH could well explain
the lower thermal stability of the protein at endosomal pH.

Although spontaneous release of iron from transferrin at low pH has been proposed as
a mechanism of iron release from the receptor/transferrin complex, Bali et al (Bali et
al, 1991b) have shown that the interaction of transferrin with transferrin receptor can
promote or retard iron release, depending on pH. On the basis of these results it was
suggested that receptor binding to diferric transferrin at low pH may force transferrin
into a more open or labile conformation thereby facilitating iron release. More recent
data have suggested that this effect may pertain to the C-lobe of the protein (Bali et al,
1991a), which appears particularly sensitive to its environment (Baldwin et al, 1981).
Direct evidence to support this suggestion requires structural studies of the
transferrin/transferrin receptor complex. So far, it has been shown that, in the absence
of transferrin receptor, the secondary structure of diferric transferrin is very similar at
extracellular and endosomal pH (Shen et al, 1992). The pH dependent variation in
flexibility of tfRt reported here may help to clarify the mechanism of action of this
protein. It has been shown that at extracellular pH receptor binding to transferrin
impedes iron release (Bali et al, 1991b). At extracellular pH, the measurements reported
here indicate that tfRt adopts a 'more rigid/less flexible' conformation. Therefore receptor
binding to transferrin may lock the latter into a closed state and thus impede iron
release. Conversely, at endosomal pH, it has been shown that transferrin receptor
facilitates iron release from the C-lobe of transferrin. The limited change in secondary
structure and enhanced flexibility of tfRt at endosomal pH reported in this study may
induce a secondary conformational change in bound transferrin, particularly in the C-
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terminal domain. This would lead to an opening of the otherwise narrow mouth of the
cleft in the C-terminal domain, thereby enhancing the accessibility of iron in this site to
iron chelators.
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CHAPTER 6

STRUCTURAL CHARACTERISATION OF
STREPTOCOCCAL ANTIGEN I/II USING
RECOMBINANT AND BIOPHYSICAL TECHNIQUES
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6.

STRUCTURAL CHARACTERISATION OF STREPTOCOCCAL ANTIGEN
I/n USING RECOMBINANT AND BIOPHYSICAL TECHNIQUES

6.1 Introduction
Colonisation of the tooth surface with Streptococcus mutons is the main cause of dental
caries (Loesche et al, 1984; Loesche et al, 1975). Initial attachment of the S. mutons
to the salivary pellicle of the tooth may be mediated by a cell surface protein adhesin,
of molecular weight 185,000 Da, termed streptococcal antigen (SA I/II (Russell et al,
1978; Russell et a l, 1980), antigen B (Russell, 1979), PI (Forester et a l, 1983) or PAc
(Okahashi e ta l, 1989a)). SA I/II binds to salivary receptors in vitro (Koga e t a l, 1990;
Lee et a l, 1989; Russell et al, 1989) and monoclonal antibodies raised against SA I/II
prevent colonisation with S. mutons in humans following topical application to the tooth
surface (Ma et a l, 1987; Ma et a l, 1989).

The gene encoding SA I/II from two strains of S. mutons, serotype c, has been
sequenced (Kelly et al, 1989; Okahashi et a l, 1989b) with only minor differences
between strains being evident. The deduced amino acid sequence of SA I/II from S.
mutons strain NG5 (studied here) comprises 1561 residues and includes predicted leader
and bacterial cell wall-spanning (residues 1486-1536) sequences (Kelly et a l, 1989). The
main features of the sequence are shown in Figure 6.1. A sequence in the C-terminal
region (LPNTGV, residues 1528-1533) conforms to a consensus sequence identified in
a number of surface proteins of Gram-positive bacteria, which results in proteolytic
cleavage of C-terminal residues and attachment of a cell wall anchoring complex
(Pancholi et a l, 1989; Schneewind et al, 1992). The SA I/II molecule also includes two
series of tandemly repeating sequences. Residues 121-447 comprise 4 repeats of a
sequence of 82-residues, in which alanine is particularly abundant, while residues 839955 comprise 3 repeats of a 39-residue proline-rich sequence.

The features described above are all conserved amongst the sequences of SA I/II
homologues from Streptococcus gordonii (Demuth et a l, 1990) and Streptococcus
sobrinus (Forester et al, 1983; Tokuda et al, 1991). Sequence analyses and DNA
hybridisation indicate that SA I/II is a member of a gene family conserved amongst oral
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Streptococci (Ma et a l, 1991). The SA I/II homologue from S. gordinii is also an
adhesin (Demuth et a l, 1989), suggesting that the family of proteins shares a common
function, namely adherence to host tissues.

To investigate regions of SA I/II which bind to salivary receptors, four recombinant
polypeptides which span the predicted extracellular portion of SA I/II have been
expressed (Munro et a l, 1993). These recombinant polypeptide fragments were, on the
basis of secondary structure prediction and sequence comparison (LaPolIa et a l, 1991),
envisaged as sequences which might form individual domains. Fragment 1, which
extends from the N-terminus of the mature protein and includes the alanine-rich region,
is predicted to fold predominantly in an a-helical conformation (Gahnberg et al, 1983).
It has been suggested that each of the 82-residue repeats forms an extended a-helix as
well as a connecting loop and that the four helices pack together longitudinally so as to
form a helical coiled-coil (Forester et a l, 1983). Fragment 2 is flanked by this sequence
and the proline-rich repeated sequences. Although the structure of the proline-rich
repeats is not known, proline-rich sequences are generally considered to adopt extended,
flexible structures (Williamson, 1994). Both series of repeats may therefore form
boundaries of an intervening more compact folded structure. Fragment 3 corresponds to
the region of SA I/II which is most conserved amongst oral streptococci (LaPolla et a l,
1991; Ma et a l, 1991) and includes the proline-rich repeats. No well-defined structural
motifs were identified in this portion of SA I/II and residues C-terminal to fragment 3
may be essential for complete folding. Since fragment 3 retains binding activity for
salivary receptors (Munro et a l, 1993), the conformation adopted may be similar to that
in the intact protein. Fragment 3‘ was expressed to investigate the effects of removal of
the proline-rich sequences on folding and function. This fragment also binds to salivary
receptors (unpublished observations). At least one further site of interaction with salivary
receptors has been identified within the N-terminal portion of SA I/II (Moisset et al,
1994; Nakai et al, 1993) and more precisely within the alanine-rich repeating sequences
(Crowley et al, 1993) found within fragment 1.

There is no conformational data regarding SA I/II or any other adhesins from Gram-
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Figure 6.1: Sequence analysis of SA I/II
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positive bacteria. To provide some structural basis for understanding SA I/II function the
structure/conformation of native and recombinant whole-length SA I/II have been
investigated using Fourier transform infrared (FTIR) spectroscopy and circular dichroism
(CD) spectroscopy. In addition, four recombinant fragments have also been analysed so
as to obtain information on possible domain structure of the protein This provides an
alternative to the analysis of protein fragments obtained following partial proteolysis.
Unfortunately structural studies on recombinant proteins have several drawbacks.
Paramount amongst these is the concern that recombinant proteins may not necessarily
fold in an identical manner (if they fold at all) to the native protein. This problem is
magnified still further when small fragments or single domains of a protein are
expressed. Due to inter-domain interactions, the structure of these isolated fragments
may not be the same as when found in the intact protein. The role of this study is
therefore twofold;
i) To find out if the recombinant proteins studied have folded into different secondary
structural elements.
ii) To obtain information on the structure/function relationship of SA I/II and to relate
this to previously available information.
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6.2 Materials and methods
6.2.1 Proteins
Native, recombinant whole-length and recombinant fragments 1, 2, 3 and 3' were
supplied by Dr. C Kelly UMDS London. The cloning expression and purification of
these proteins are detailed elsewhere (Munro et ai, 1993). SDS PAGE (Figure 6.2)
shows the purity of samples typically used for structural studies (see Section 3.2.3 for
experimental details). At no point during the isolation procedure were any samples
freeze-dried as the effect of this process on the structure of these proteins is unknown.

Ml
2
-

2 0 5

66

3

4

-

*

4 5

Figure 6.2: SDS PAGE analysis of SA I/II run under reducing conditions. Lane 1)15
pg native SAI/II. Lane 2)15 pg fragment 1. Lane 3) 15 pg fragment 2. Lane 4) 15 pg
fragment 3.
- molecular weight markers xlO^ Da
All samples were solvent exchanged into a buffer containing 50mM KH2 PO4 , ImM
CaClj, pH 7.0 prior to biophysical measurements. Suitable sample concentrations and
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buffer exchange into ^H2

0

was achieved using Microcon- 1 0 and Microcon-3 (AMICON)

micro-con centrators.

6.2.2 FTIR spectroscopy
FTIR spectra were recorded on a Ni col et 740 FTIR spectrometer interfaced to a 680
spectral workstation as decribed in Section 4.2.6. For samples in both ^H2

0

and ^H2 0 ,

500 scans were signal averaged.

6.2.3 CD spectroscopy
CD spectra were measured on a Jasco J-600 CD spectrometer interfaced to an IBM PS-2
computer. The instrument was continuously purged with nitrogen to prevent ozone build
up. Spectra were recorded using a 201pm pathlength quartz cell between ISOnm and
260nm at a resolution of 0.1 nm. A scan speed of lOnm/min was used for all samples.
Protein concentration varied between 0.497mg/ml and 0.36mg/ml and buffer spectra
were recorded under identical conditions to protein spectra. For all the work presented
in this thesis the HT voltage never exceeded 700mv.

All data manipulations were carried out using Jasco supplied software. Before spectra
could be analysed for secondary structure content, a certain amount of data manipulation
was required. Firstly, buffer spectra were subtracted from the protein spectra (1:1 ratio).
The resulting difference spectra were then converted from HT-»OD. Finally As spectra
were calculated. This final step required an accurate estimate of protein concentration
and the method by which this was obtained is detailed below.
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6.2.4 Estimation of protein concentration
The protein concentration of samples was determined from their UV spectra.
The UVAnS spectra of all the samples under investigation was recorded using a PerkinElmer A.-19 UV/VIS/NIR spectrometer. The protein concentration of samples was
determined using the following equation;

5540/1^ + 1480/»^, + 134/»^
Where:

C = Molar concentration of protein
A = Absorbance at the specified wavelength (1cm pathlength)
n = The number of specified amino acids in the protein under investigation

This equation has been derived from measurements on a number of globular proteins
(Mach et a i, 1992).
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6.3 Results

6.3.1 Secondary structure analysis
The far-UV CD spectrum of native SA I/II is shown in Figure 6.3A. Analysis of this
spectrum by the method of Provencher (Provencher et al, 1981) estimated that this
protein was composed of 40% a-helix, 23% P-sheet and 36% undefined structures. (All
estimates of secondary structure content presented in this chapter are summarised in
Table 6.1). All band assignments are based on current literature (Haris et a i, 1992;
Surewicz et a l, 1988a; Susi et ai, 1986; Olinger et a l 1986).

The FTIR absorbance spectrum of native SA I/II recorded in H2 O buffer is shown in
Figure 6.3B The amide I and II bands can be seen at 1643 cm * and 1553 cm'^
respectively. The absorption spectrum was analysed for secondary structure content by
means of factor analysis (Lee et a l, 1990). It is estimated that native SA I/II is
composed of 36% a-helix, 37% P-sheet,

2 0

% turns and 7% random coil. Several,

strongly-overlapping components are present in the absorbance spectrum and these can
be more easily identified in the deconvolved (Figure 6.3C) and second-derivative (Figure
6

.3D) spectra. The major band is located at 1641-1639 cm'^ and is assigned to p-sheet

structures. Further bands at 1687 cm‘‘ can also be assigned to P-sheet structures whilst
those at 1682-1670 cm"‘ arise from turns. Further components at 1655-1654 cm'^ arise
from a-helix/random coil structures. The amide II band can be seen at 1555 cm'^ and
any additional bands can be assigned to amino acid si dechain vibrations. Similar spectra
recorded 24 hours after buffer exchange into ^H2 0 are shown in Figure 6.3E, F and G.
In the absorbance spectrum (Figure 6.3E) the amide I band has shifted to lower
wavenumber and can be seen at 1639 cm'\ The amide II band has now reduced
significantly in intensity (due to ^H-^H exchange) and can no longer be identified as an
individual component. The remaining bands at 1583 cm'^ and 1515 cm** are assigned to
carboxylate and tyrosine si dechain vibrations respectively. Several additional components
can be identified in the deconvolved and second-derivative spectra (Figures 6.3F and G).
The main component at 1637 cm'* is assigned to P-sheet structures. Further components
at 1688 cm * are also assigned to p-sheet structures whilst those at 1678-1666cm'* and
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Table 6.1 Secondary structure of streptococcal antigen I/II
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1653-1652 cm'* are assigned to turns and a-helical structures respectively. The amide
II band can be identified at 1555 cm'* and the component at 1585-1586 cm * is
associated with carboxylate groups. Additional bands are assigned to amino acid
sidechains.

The far-UV CD spectrum of whole-length, recombinant SA I/II is shown in Figure 6.4A
The secondary structure content of this recombinant protein was estimated to be 39%
a-helix, 23% P-sheet and 36% undefined structures.

The FTIR absorbance spectrum recorded in an H2 O buffer of recombinant whole-length
SA I/II is shown in Figure 6.4B The amide I and II bands are located at 1652 and 1552
cm * respectively. It should be noted that the frequency for the amide I band is
significantly higher than that seen in the native protein. Quantitative analysis of the
amide I band revealed that this protein is comprised of 39% a-helix, 35% p-sheet, 24%
turns and 2% random structure. Detailed analysis of the overlapping bands present in the
amide I and II regions was carried out using deconvolution (Figure 6.4C) and secondderivative (Figure 6.4D) techniques. The major component is observed at 1655 cm *and
is assigned to a-helix/random coil structures. The band at 1687 cm * is assigned to Psheet structures whilst those at 1682-1671 cm * are assigned to turns. Further bands at
1642-1639 cm * are assigned to p-sheet structures. The amide II band can be seen at
1553 cm * and any additional bands are assigned to amino acid sidechains.
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Additional information on the secondary structure content of this protein was achieved
by performing measurements in ^HjO. The absorption spectrum of whole-length
recombinant SA I/II recorded 24 hours after buffer exchange into ^H2

0

buffer is shown

in Figure 6.4E. The amide I and II bands are located at 1642 and 1556 cm'^ respectively.
Detailed analysis using deconvolution and derivative techniques reveals several bands.
Components at 1695-1687 cm'^ are assigned to P-sheet structures whilst those at 16841664 cm * are assigned to turns. Components at 1655-1652 cm *and 1638-1636 cm * are
assigned to a-helix and p-sheet structures respectively. The amide II band can be seen
at 1552 cm *.

It is interesting to note that the relative intensity of the a-helix/random coil band at
1655-1652 cm * and p-sheet band at 1642-1636 cm * varies according to whether the
measurement is carried out in H2 O or ^H2 0 (compare Figure 6.4C to 6.4F and Figure
6.4D to 6.4G). A possible explanation for this is that in H 2 O (Figure 6.4C and D) the
band at 1655 cm * arises from a-helix and random coil structures and the band at 16421639 cm * from P-sheet. In ^H2 0 the random coil structures that absorb at 1655 cm *
exchange quickly and shift to lower wavenumber. Now the band at 1655-1652 cm *
arises entirely from a-helical structures, whilst the band at 1638-1636 cm * has
contributions from the absorption of both P-sheet structures and exchanged random coil
structures. This phenomenon is not clearly observed in the native protein. This suggests
some structural variations between the recombinant and native protein. This point will
be discussed in more detail in later sections.

The far-UV CD spectrum of fragment 1 is shown in Figure 6.5A
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Quantitative analysis of the CD spectrum estimates that this fragment is composed of
63% a-helix, 12% p-sheet and 25% undefined structures.

The FTIR absorbance spectrum of fragment 1, recorded in an H2 O buffer, is shown in
Figure 6.5B. The amide I and II bands can be identified at 1646 cm'^ and 1552 cm'*
respectively. Quantitative analysis of this spectrum estimated fragment 1 to be composed
of 52% a-helix, 26% P-sheet, 1 1% turns and 11% random coil. Detailed analysis of this
spectrum, using deconvolution and derivative techniques revealed several component
bands. Bands at 1681-1667 cm'* are assigned to turn structures. The major component
at 1645-1644 cm * would normally be assigned to random coil structures. However, in
the light of the high helical content of this protein (as estimated by FTIR spectroscopy
and CD spectroscopy) and since secondary structure prediction estimates this fragment
to be highly helical in nature, or to even form a coiled-coil (LaPolla et a l, 1991), the
band at 1645/1644 cm * may well arise from a-helical structures with a modified
hydrogen bonding pattern. The band is broad and may also have contributions from
random coil structures. The amide II band can be seen at 1553-1552 cm *. The spectrum
of fragment 1 in ^H2 0 buffer (Figures 6.5E, F and G) provides more information on the
structure of this fragment. The bands at 1675-1672 cm * are attributed to turn structures
whilst that at 1663 cm * may arise from turns or 3io-helical structures. The single strong
band at 1645-1644 cm * observed in H2 O is now split into two bands. The component
at 1650-1646 cm * is assigned to a-helical structures, whilst the assignment of the band
at 1631-1630 cm * is more complex. This band is very intense and may be composed of
several strongly overlapping components. These could include exchanged random coil,
P-sheet and turn structures. The assignment of this band becomes even more complex
when the spectrum of collagen is considered. Collagen forms a triple helical structure
and this gives rise to two bands in the infrared spectrum. One at 1650 cm *and the other
at approximately 1630 cm *(Perkins e ta l, 1994). Therefore the band at 1631-1630 cm *
may also have contributions from triple helical like structures. In any case the
assignment of the band at 1631-1630 cm * observed in fragment 1, needs to be made
with caution.

The far-UV CD spectrum of fragment 2 is shown in Figure 6 .6 A
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This fragment is estimated to comprise 15% a-helix, 41% P-sheet and 44% undefined
structures.

The FTIR absorbance spectrum in HjO is shown in Figure 6 .6 B The amide I and II
bands are located at 1638 cm'^ and 1552 cm"\ Quantitative data estimates this fragment
to be composed of 24% a-helix, 44% P-sheet,

2 1

% turns and 11% random coil.

Deconvolved and second-derivative spectra are shown in Figures 6.4C and 6.4D. Several
component bands can now be identified. The major band at 1638-1637 cm'* is assigned
to P-sheet structures. Bands at 1684-1671 cm'* are assigned to turn structures whilst
components at 1659-1657 cm * are assigned to a-helix. Additional components at
1650 cm *are assigned to a-helix/random coil structures. The amide II band can be seen
at 1555-1553 cm *. Measurements recorded 24 hours after buffer exchange into % 0
further clarify the assignments of a-helical and random coil structures. Bands in
deconvolved and second-derivative spectra (Figures 6 .6 F and G) are assigned as follows:
1695-1684 cm * P-sheet, 1666 cm *turns, 1657 cm *a-helix, 1646 cm * random coil and
1636-1635 cm * P-sheet (major band). The amide II band is barely visible at 1538 cm *
due to great *H-^H exchange.

The far-UV CD spectrum of fragment 3 is shown in Figure 6.7A Quantitative data
reveals that this fragment is comprised of 16% a-helix, 34% P-sheet and 50% undefined
structures.

The FTIR absorbance spectrum recorded in H2 O is shown in Figure 6.5B The amide I
and II bands are located at 1648 and 1550 cm * respectively. Quantitative data estimates
that this fragment is composed of 20% a-helix, 39% p-sheet, 24% turns and 17%
random coil. Deconvolved and second-derivative spectra reveals several component
bands.The major band at 1653-1652 cm * is assigned to a-helix/random coil structures.
The components at 1693-1690 cm * and 1683-1669 cm *are assigned to p-sheet and turn
structures respectively whilst those at 1640-1626 cm *are assigned to P-sheet structures.
The band at 1627-1626 cm *occurs at quite a low wavenumber and this could arise from
aggregated structures that often occur upon thermal dénaturation of a protein (Jackson
et a i, 1991).
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The amide II band can be identified at 1551/1550 cm '\ Spectra recorded 24 hours after
buffer exchange into ^H2 0 are shown in Figures 6.7E, F and G). The amide I maxima
in the absorbance spectrum has now shifted to 1638 cm'\ Further bands can now be
assigned as follows: 1681 cm'^ P-sheet, 1669 cm'* turns, 1651 cm'* a-helix, 1644-1643
cm * random coil, 1628 cm * P-sheet. The amide II band can no longer be identified as
an individual component.

Figure 6 .8 A shows the far-UV CD spectrum of fragment 3'. Quantitative data indicates
that this fragment is composed of 19% a-helix, 34% P-sheet and 48% undefined
structures.

The FTIR absorbance spectrum of fragment 3' recorded in HjO buffer is shown in
Figure

6

.8 B The amide I and II bands are located at 1648 cm * and 1649 cm *

Quantitative data indicates that this fragment is composed of 15% a-helix, 44% P-sheet,
28% turns and 13% random coil. Deconvolved and second-derivative spectra help to
identify the component bands. Components at 1686-1682 cm * and 1674-1671 cm * are
assigned to P-sheet and turn structures respectively. Additional components at 16541651 cm *and 1646 cm *are assigned to a-helix/random coil and random coil structures
respectively. The band at 1628 cm * is attributed to p-sheet structures. As in the spectra
of fragment 3, this band may arise from denatured structures. The amide II band can be
seen at 1553-1549 cm *. The absorbance spectrum recorded 24 hours after buffer
exchange into ^H2 0 is shown in Figure

6

.8 E. The amide I band can be seen at

1643 cm *. Deconvolved and second-derivative spectra are shown in Figures 6 .8 F and
G. Bands at 1682 cm * and 1671 cm * are assigned to P-sheet and turn structures
respectively. Additional components at 1644-1643 cm * and 1625 cm * are assigned to
random coil and p-sheet/aggregated structures respectively. The amide II band can be
seen at 1542 cm *.
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6.3.2 Thermal stability
Further insights into the structure and stability of a protein can be gained by studying
its thermal stability. Figure 6.9A and B show pseudo-3D plots of temperature-induced
changes in deconvolved spectra of native (A) and recombinant whole-length (B) SA I/II.
Temperature-induced spectral changes can be clearly seen for both proteins. A
convenient way of representing such data is to plot the intensity of a given band, in the
deconvolved spectra, against temperature. Such a plot for native and recombinant wholelength SA I/II is shown in Figure 6.9C. Examination of this graph raises several
important points;

i)

For a given protein, variations in the intensity of the a-helical/random coil band at
1655/1654 cm'^ and the P-sheet band at 1642/1641 cm'^ behave in a similar manner
upon heating. The structures that give rise to these bands are lost simultaneously
during thermal dénaturation.

ii) The thermal dénaturation properties of these two proteins show subtle differences.
The native protein appears to unfold in two separate stages. The first stage occurs
between 20°C and 50°C and involves a slow reduction in the intensity of bands
associated with secondary structure elements. It is interesting to note that this
transition has progressed substantially by the time physiological temperature (37°C)
has been reached. At approximately 50”C there is a significant increase in the rate
at which the loss of band intensity occurs. This indicates that a large proportion of
the molecule is starting to unfold. In contrast to these observations, the recombinant
protein does not show the initial low temperature unfolding event. Furthermore, the
onset of the main thermal transition for this protein appears to occur at a lower
temperature (approximately 40°C) than that seen for the native protein.
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iii) Upon cooling from 80°C back to 20°C the intensity of both the 1655-1654 cm'^ and
1642-1641 cm'^ bands increases. This could be interpreted as indicating that the
protein refolds upon cooling. However, for both proteins the spectra recorded a 20°C
before heating are quite different to those recorded at 20°C after the protein has been
heated to 80°C. This indicates that if refolding occurs it is either a) restricted to only
segments of the protein, or b) refolds into a different structure as compared to the
native protein.

iv) A further interesting observation is that bands at approximately 1690 cm’^ and 1620
cm'% that are normally observed in the spectra of denatured proteins (Hadden et al,
1994a; Jackson et a l, 1991), are not as pronounced as normally observed. This is
especially the case for the native protein. This point is discussed in more detail in
Chapter 7

Figure 6.10A and B show pseudo-3D plots of deconvolved spectra of fragment 1
(6 .10A) and fragment 2 (6.1 OB) of SA I/II. Upon heating, pronounced spectral changes
can be seen. Fragment 1 appears to undergo reversible thermal dénaturation. The two
spectra recorded at 20°C prior to, and after heating to 80°C, are almost identical. The
spectrum at 80°C, however, is very different, with a significant loss in both amide I and
II band intensities and this spectrum is typical of a random coil protein. It is interesting
to note that the band around the 1518 cm'^ remains virtually unchanged during the whole
thermal run. This band is attributed to tyrosine sidechains. In contrast to fragment 1,
fragment 2 appears to undergo an irreversible thermal dénaturation. The temperatures at
which dénaturation occurs can be more accurately estimated from Figure 6 .IOC. For
fragment 1 it can be seen that bands at 1650 cm’* and 1644 cm’* return to a very similar
intensity value after being heated to 80°C. Furthermore, the shape of the intensity plot
is very symmetrical and both of these observations support the conclusion that reversible
thermal dénaturation occurs. The temperature of the onset of thermal dénaturation is
approximately 40°C. The intensity plot for fragment 2 shows that the onset of thermal
dénaturation for this fragment is approximately 36°C. As in the native protein this is
very close to physiological temperatures. Once again the intensities of bands at
1636 cm * and 1651 cm * behave in a similar manner upon heating.
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Upon cooling, after heating to 80“C, a slight increase in the band intensities is observed.
However, the spectrum recorded at 20°C after heating is quite different to that recorded
at 20°C prior to heating. Possible explanations for this phenomena are the same for those
given for the native protein (see above). It is worth noting that the spectra of fragment
2 recorded after thermal dénaturation do have bands at approximately 1690 cm'^ and
1620 cm'^ that are typical of aggregated, denatured proteins (Hadden et a l, 1994a;
Jackson et al, 1991).

Figures 6.11 A and B show pseudo-3D plots of temperature-induced changes in
deconvolved spectra of fragment 3 (6 .11 A) and fragment 3‘ (6.1 IB). It can be clearly
seen that at elevated temperatures bands at approximately 1620 cm‘‘ and 1690 cm*^
appear in the spectra. It should be noted, however, that the spectrum of fragment 3",
recorded at 20°C prior to heating, already has a strong band at 1625 cm'^ This may
suggest that the protein is partially denatured (aggregated) at 20°C The kinetics of
thermal dénaturation can be more easily examined with reference to Figure 6.11C. In the
case of fragment 3, it is difficult to ascertain, from the band at 1653 cm '\ the exact
onset temperature of thermal dénaturation. However, a dramatic change in the intensity
of the band at 1622 cm'^ can be seen to occur between 40°C and 70°C This transition
is quite broad. The intensity of the band at 1622 cm'^ can be seen to increase upon
cooling. It is possible that promotion of the structures that give rise to this band may
occur on cooling. The thermal stability of fragment 3' are very similar to those at
fragment 3. However, upon cooling, the intensity of the bands at 1651 cm'^ and
1623 cm'^ remain more or less constant, unlike the situation observed for fragment 3.
For both fragment 3 and 3' the spectra of the protein recorded at 20°C, after being
heated to 80®C, is quite different to that recorded at 20°C prior to heating. The spectra
recorded at 20°C after heating is typical of a denatured protein.
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deconvolved spectra o f fragment 3 and fragment 3'
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6.4 Discussion
By using recombinant techniques, in combination with FTIR and CD spectroscopy, it
has been possible to gain an insight into the structure of native, recombinant wholelength and several recombinant fragments of SA I/II. Although the arrangement and
assembly of pilus adhesins have been extensively studied (Hultgren et al, 1993) and
residues which are essential for binding to receptors have been identified in some
adhesins (Reiman et al, 1990; Morschhauser et al, 1990; McGavin et al, 1993), no
secondary structure data regarding bacterial adhesins have been previously reported.

Recombinant fragments may provide an alternative to fragments derived by proteolysis
which have been used previously to obtain data regarding domain structure in other
proteins (Azpiazu et al, 1992). A requirement for this approach is that the recombinant
fragments adopt conformations corresponding to those in the intact protein. Therefore,
the first question that needs to be addressed, when studying recombinant proteins, is
whether or not the proteins have folded correctly, if at all.

Quantitative (Table 6 . 1 ) and qualitative data both show that the recombinant proteins
examined in this study all have a significant content of periodic structure (a-helix, Psheet, etc.). This confirms that the proteins are, at least in part, folded in solution and
are not entirely composed of random coil structures, as would be expected for entirely
unfolded proteins. Although FTIR spectroscopy cannot provide direct information on
protein tertiary structure, thermal dénaturation studies on all the recombinant proteins
show that they all form aggregated structures upon unfolding. This is commonly thought
to occur due to hydrophobic residues, that are normally embedded within the globular
structure of the protein, being exposed to an aqueous environment upon unfolding. Once
exposed to solvent these residues tend to cluster and they then initiate protein
aggregation. The fact that all the recombinant proteins aggregate upon dénaturation may
suggest that all these proteins possess hydrophobic cores that are exposed upon thermal
dénaturation. If this were the case then it would be attractive to postulate that the
recombinant proteins also possess a distinct tertiary structure. The exact relevance of the
structure of each isolated fragment of SA I/II to the structure of the same particular
polypeptide sequence in the native protein will not be entirely solved until X-ray crystal
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structures of both the intact protein and recombinant fragments have been solved.
However, it should be emphasised at this point that certain fragments of SA I/II have
been shown to be functionally active (Crowley et a l, 1993; Munro et a l, 1993) and it
may therefore be reasonable to assume they are folded in a similar manner to that found
in the native protein. Furthermore, in certain cases the biophysical data is in good
agreement with structural prediction from amino acid sequences (Table 6.1).

CD and FTIR spectroscopy both estimate that native SA I/II is composed of
approximately 38% a-helix. However, whilst FTIR estimates a p-sheet content of 37%,
CD gives a value of 23%. It is widely accepted that whilst CD spectroscopy can give
accurate results for the prediction of the a-helical content of proteins, prediction of Psheet structure is less reliable (Provencher et al, 1981). Measurements of native SA I/II
recorded in ^H2 0 (when compared to spectra of SA I/II in H2 O) show that there is a
change in the relative intensity of the bands at 1655-1652 cm'^ and 1641-1637 cm'\ This
may well be due to random coil structures, that overlap with a-helical structures in H2 O,
shifting to lower wavenumber in ^H2 0 due to ‘H to ^H exchange. Thus the 1655-1652
cm'^ band will decrease in intensity whilst the band at 1641-1637 cm"^ will increase in
intensity. Recombinant SA I/II has a very similar CD spectrum to the native protein.
This is reflected by almost identical quantitative data being obtained. Quantitative data
from FTIR measurements in H2 O also show that the secondary structure content of
native and recombinant SA I/II are very similar. However, deconvolved and secondderivative spectra recorded in H2 O do show some differences between the native and
recombinant proteins. In the native protein the most intense band, in both deconvolved
and second-derivative spectra, is situated at 1641-1639 cm'^ and is assigned to P-sheet
structures. In contrast, the most intense band in the deconvolved and second-derivative
spectra of the recombinant protein is located at 1655 cm'‘ and is assigned to ahelix/random coil structures. This indicates that there is either a greater proportion of ahelix/random coil structures, or a smaller proportion of P-sheet structures, in the
recombinant protein. Measurements in ^H2 0 help to clarify the situation. For the native
protein a small change in the relative intensity of the bands at 1655-1652 cm'^ and 16411637 cm'^ is seen. This indicates that a small proportion of the band at 1655-1652 cm‘‘
is attributed to random coil structures, which exchange and shift to lower wavenumber.
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However, the change in relative intensity of the 1655-1652 cm'^ and 1642-1636 cm'^
bands in the recombinant protein is significantly greater. In H2 O the 1655-1652 cm’*
band is most intense, while in ^H2 0 the 1638-1636 cm’* band is most intense. This
change in band intensities is attributed to random coil structures exchanging and shifting
to lower wavenumber in ^H2

0

resulting in an overlap with the p-sheet band at 1638-

1636 cm *. The fact that this effect is far more pronounced for the recombinant protein
suggests that this protein contains more random coil structures than the native protein
and hence more pronounced differences occur upon exchange. These differences are not
apparent in quantitative data as it is not always possible to differentiate between a-helix
and random coil structures in H2 O. Structural variation between the native and
recombinant proteins is also indicated by some subtle differences in the thermal stability
of the two proteins.

Both CD and FTIR spectroscopy predict fragment 1 to be highly helical in nature.
However, band positions in deconvolved and second-derivative FTIR spectra are not
entirely consistent with the high a-helical content predicted by factor analysis. The high
a-helical content predicted by CD spectroscopy and factor analysis of the FTIR spectra
combined with the non-standard band positions, observed in deconvolved and secondderivative FTIR spectra in both H2 O and ^H2 0 , suggest that although fragment 1 may
be highly helical in nature, the helices most probably have a modified, non-standard,
hydrogen bonding pattern. It has previously been shown that helical-rich structures, such
as those found in spectrin and collagen, can give rise to bands at significantly lower
wavenumber than commonly expected (LaBrake et a l, 1993; Perkins et a l, 1994).
Fragment 1 is rich in the amino acid alanine and includes four tandem repeats of an 82
residue sequence. It has been predicted that fragment 1 forms an a-helical coiled-coil
conformation composed of four extended a-helices (Kelly et a l, 1990; LaPolla et al,
1991). The possibly modified hydrogen bonding pattern found with such a conformation
would certainly be consistent with the non-standard band positions observed in
deconvolved and derivative spectra. Fragment 1 has also been shown to undergo almost
completely reversible thermal dénaturation. This indicates that it possesses a highly
stable secondary structure and this is consistent with it adopting a coiled-coil
conformation.
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FTIR and CD spectroscopy both predict fragment 2 to adopt a predominantly p-sheet
structure. Qualitative data obtained from second-derivative and deconvolved infrared
spectra recorded in both H2 O and ^H2
that fragment

2

0

support the quantitative interpretation. The fact

undergoes irreversible thermal dénaturation and aggregates upon

unfolding, suggests that this fragment possesses a hydrophobic core.

Quantitative data for fragments 3 and 3', obtained from both CD and FTIR spectroscopy
predict that both these fragments have a substantial P-sheet content with a smaller
proportion of a-helical structure (15-20%). Qualitative examination of the deconvolved
and second-derivative FTIR spectra recorded in ^H2 0 shows that this data may not be
entirely reliable. Both deconvolved and second-derivative spectra show that the major
band present can be assigned to random coil structures. As random coil structures
overlap very strongly with a-helical structures in H2 O it is quite possible that the
quantitative analysis (recorded in H2 O) over-estimates the a-helical content of these
proteins whilst under-estimating the random coil component. It is therefore possible that
fragments 3 and 3' have a larger random coil component than predicted by quantitative
analysis. Although fragments 3 and 3' are predicted to have a large p-sheet component,
bands are observed in both second-derivative and deconvolved spectra in the 1628-1625
cm"^ region. These bands occur at quite a low wavenumber for regular P-sheet structures
and may represent aggregated denatured structures. Bands in this region are particularly
intense in the spectrum of fragment 3' (Figure 6 .8 ) . It should be noted that this band
may arise from similar structures to those that give rise to the increased absorption in
a 225 nm region of the CD spectrum of fragment 3'.

Both fragment 3 and fragment 3' undergo irreversible thermal dénaturation and aggregate
upon unfolding. The onset of thermal dénaturation for both proteins occurs at
approximately 42°C. The fact that the intensity of any band associated with Psheet/aggregated structures dramatically increases upon thermal dénaturation supports the
conclusion that both fragments 3 and 3' possess hydrophobic residues that are not in
contact with the solvent in the non-denatured protein (i.e. they may possess globular
domains or pockets).
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These data, together with functional data (Munro et a i, 1993), suggest that fragments
3 and 3' are partially folded but may also possess aggregated or denatured structures
which are not present in native SA I/II. In contrast to fragments 1 and 2, the C-terminus
of fragment 3 was assigned on the basis of sequence conservation and does not
correspond to a predicted secondary structural element. Thus, fragments 3 and 3' may
correspond to incomplete domain structures. The second-derivative spectrum of fragment
3 in H2 O also has a band at 1638 cm‘‘ which is assigned to regular P-sheet structures.
This is not visible in the spectrum of fragment 3' and may represent a true structural
difference or may simply be because the intense band at 1628 cm '\ in the secondderivative spectrum of fragment 3' recorded in H2 O, strongly overlaps with this band.
This phenomena is not observed in the spectrum of fragment 3 as the band at 1627 cm'^
is relatively weak. The increased intensity of the band at 1627 cm'^ in the spectrum of
fragment 3' may well indicate that this protein is slightly denatured. This could therefore
indicate that the proline-rich repeat, present in fragment 3 but not present in fragment
3', helps to prevent protein aggregation and/or encourages protein folding. Proline rich
sequences are though to adopt extended flexible structures (Williamson, 1994).

The repeating heptad sequence motif which is characteristic of an a-helical coiled-coil
has been identified in various bacterial surface proteins (Goward et a i, 1993; Kehoe,
1994). This conformation may be favoured because it provides a stable extended
structure (Crowley et al, 1993) which may project out from the cell surface. The
antiphagocytic M protein from Streptococcus pyogenes was analysed by circular
dichroism, fibre x-ray diffraction and electron microscopy which indicated that it
adopted a coiled-coil conformation (Phillips et a l, 1981). More recently, the crystal
structure of the aspartate receptor from Salmonella typhimurium has been determined and
a coiled-coil structure was demonstrated in the external region (Scott et a l, 1993).

The proposed coiled-coil region of SA I/II forms the N-terminal portion of the molecule
whereas that of M protein and various other surface proteins of Gram-positive bacteria
are C-terminal (Goward et a l, 1993). For proteins anchored in the cell wall by the Cterminus, a coiled-coil towards the C-terminal region would form a wall proximal stalk
supporting distal N-terminal domain(s). For SA I/II, a binding site for salivary receptors
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is C-terminal to the proposed coiled-coil structure (Munro et a l, 1993) which raises the
possibility that the SA I/II molecule may fold back on itself so as to project the adhesion
binding site mapped to fragment 3. That SA I/II possesses two sequence elements
capable of forming extended structures, namely the helical and proline-rich regions, is
consistent with electron microscopy studies which show that it forms a fuzzy coat of
fibrils over the streptococcal cell surface (Moro et a i, 1983).
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6.5 Conclusions
Several important conclusions can be drawn from this study:

i)

The recombinant proteins studied do appear to fold into defined secondary
structures.

ii)

Although quantitative data suggests that the native and recombinant whole-length
proteins are very similar, measurements in ^H2 0 suggest some subtle differences.
The whole-length recombinant protein appears to possess a greater proportion of
random coil structure than the native protein.

iii) Fragment 1 is rich in a-helical structures and thermal dénaturation studies indicate
that this fragment undergoes reversible thermal dénaturation. Both these
observations are consistent with the prediction that this fragment adopts an a-helical
coiled-coil conformation.

iv) Fragment

2

is rich in p-sheet structures and aggregates upon thermal dénaturation.

This may well suggest that fragment 2 contains a globular hydrophobic core.

v)

Fragments 3 and 3‘ appear to have a substantial random coil component, although
this is not entirely supported by quantitative data. It is not possible to ascertain if
these random coil structures are present when the fragments are part of the native
protein. Although proline residues are often considered to impair protein folding,
in this case fragment 3", without the proline-rich domain, appears slightly more
denatured or aggregated than fragment 3. It appears that the proline-rich domain
may encourage protein folding. Although rich in random structures, fragments 3 and
3" do aggregate upon thermal dénaturation. This suggests that at least some of the
residues in these fragments are protected from the solvent in the undenatured form
of these proteins.
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CHAPTER 7
A COMPARISON OF PROTEIN DENATURATION
PROPERTIES IN H.O AND ^H.O SOLUTIONS
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7. A COMPARISON OF PROTEIN DENATURATION PROPERTIES IN HjO
AND "HjO SOLUTIONS

7.1 Introduction
It is generally accepted that transient partially folded states are responsible for the rapid
folding of proteins (Creighton, 1994). Neverthless, the precise mechanism of protein
folding is still a matter of great debate (Creighton, 1994; Baldwin, 1990; Pain, 1992).
It has been suggested that as many different biophysical techniques as possible should
be applied to a given protein to reach unambigous conclusions on the conformational
changes that occur during the folding/unfolding process (Pain, 1992). Folding/unfolding
intermediates have now been studied by circular dichroism (Lin et a l, 1976),
fluorescence (Dolgikh et ai, 1994), differential scanning calorimetry (Kuwajima et al,
1985), two-dimensional nuclear magnetic resonance (Miranker et al, 1991) and Raman
spectroscopy (Laia et a l, 1992). A technique widely used to study thermally induced
folding/unfolding of proteins is FTIR spectroscopy (Haris et a l, 1993; Jackson et al,
1991; Alvarez et a l, 1987; Hadden et al, 1994b).

During the course of the work presented in this thesis, protein thermal stability has been
used to;

i)

Detect conformational changes between iron-bound and iron-free proteins.

ii) Question the relevance of a protein crystal structure to the structure of a protein in
solution.

iii) Help define differences between two lobes of very similar structure within one
protein.

iv) Examine the conformational changes that occur to transferrin receptor during the
endocytic cycle.

v) Examine structural variations between a native and recombinant protein.
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Clearly FTIR spectroscopy has been used extensively to study protein thermal stability.
However, to date, the vast majority of published studies have been carried out in ^H2 0
solutions. There are several reasons why it would be preferable to perform FTIR
measurements in HjO solution;

i)

Measurements in ^H2

0

can be complex to analyse. The spectral changes can be

attributed not only to thermally induced protein structural changes but also to the
effects of ^H-^H exchange.

exchange may occur at elevated temperatures

independent of any structural variations. For this reason, quantification of thermally
induced secondary structure changes in ^H2

0

solutions can be misleading. Such

complications do not occur in H2 O.

ii) Protein thermal stability studies performed using other biophysical techniques, e.g.
CD, DSC etc. are most commonly carried out in H2 O solutions. Therefore, for
purposes of direct comparison, it would be preferable to measure FTIR spectra in
H2 O also.

iii) H2 O solutions provide a more physiologically relevant environment than ^H2 0
solutions and it has been observed that the thermal stability of a protein in ^H2 0 can
be slightly different to that in H2 O (Dr H Fabian, Personal Communication).

The principle reason for studying protein thermal stability in ^H2 0 solutions using FTIR
spectroscopic methods is based entirely on practical considerations. Spectra recorded in
H2 O solutions require a cell with a

6

pm pathlength and a high protein concentration

(approximately 50 mg/ml). Commercially available cells with such a short pathlength
are available but they are not gas tight and samples often evaporate at elevated
temperatures. In contrast, measurements in ^H2 0 can be performed with pathlengths of
up to 50 pm, resulting in a significantly lower sample concentration. Commercially
available cells with such pathlengths can be successfully heated to high temperatures
without significant sample evaporation.

The advent of the specialist gas tight cell described in Section 2.6.4. 8 has, however.
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made it possible, for the first time, to reliably study protein thermal stability at high
temperature in H2 O solution using FTIR spectroscopy. As very little FTIR data
concerning the thermal unfolding/refolding properties of proteins has been obtained in
H2 O, it is the purpose of this study to compare the thermal unfolding/refolding properties
of a range of proteins in H2 O and ^H2 0 solutions using FTIR spectroscopy. The proteins
studied are human serum albumin (Alb), human immunoglobin G (IgG), human
fibrinogen (Fib), hen egg white lysozyme (Lys), human a-lactalbumin (a-Lact) and
bovine pancreatic ribonuclease S (RnS). Thermally induced structural changes in these
proteins have previously been studied extensively by FTIR spectroscopy in ^H2 0
solutions (Van Stokkum et a l, 1994a).

219

7.2 Materials and methods

7.2.1 Proteins
All the proteins used for this study were obtained from Sigma and used without further
purification. All proteins were buffer-exchanged into phosphate buffered saline and
concentrated to approximately 50 mg/ml for spectroscopic studies.

7.2.2 FTIR spectroscopy
FTIR spectra were recorded under identical conditions to those described in section
4.2.6. Measurements in

were recorded as previously described (Van Stokkum et

al, 1994a).
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7.3 Results and Discussion
Figures 7.1-7.3 show pseudo 3D plots of the effect of temperature on the deconvolved
spectra of all the proteins studied. The midpoint temperatures of thermal dénaturation
(T ^ for all the proteins were obtained by plotting the intensity of the major component
in the deconvolved spectra against temperature. The data obtained, together with
previously available DSC and FTIR data in ^H^O, are given in Table 7.1.
Protein

Tm (DSC)
°C

T^ (FTIR % 0 ) '
°C

Tm (FTIR H,0)
°C

Lys

76.5’’

70

73

a-Lact

62"

6 6

6 8

Alb

63‘‘

63

6 6

IgG

64,65,69,73,80=

70

6 8

RnS

48^^

53

53

Fib

56,95»

V. broad 50-80

V. broad 50-80

Table 7.1: Midpoint temperatures (T J for thermal dénaturation of Lys, a-Lact, Alb,
IgG, RnS, Fib determined by FTIR and DSC

®(Van Stokkum et al, 1994a)
‘’(Delben et a l, 1969) pH 5.4 O.IM phosphate
^Permyakov et al, 1985) pH 8.0 50mM Hepes
‘‘(Ross et a l, 1988) pH 7.0 150mM NaCl
XBauchner et a l, 1991) murine ic/IgGl, pH 7.0, deconvolved
^(Tsong et a l, 1970)
®(Privalov et a l, 1982) pH 8.5
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Figure 7.1: Pseudo-3D plots o f the effect o f temperature on deconvolved FTIR spectra
o f lysozym e and a-lactalbumin
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Figure 7.2: Pseudo-3D plots o f the effect o f temperature on deconvolved FTIR spectra
o f albumin and immunoglobulin G
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Figure 7.3: Pseudo-3D plots o f the effect o f temperature on deconvolved FTIR spectra
o f ribonuclease S and fibrinogen
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The data show that T„ temperatures obtained from FTIR data in both ^H2

0

and H2 O are

very similar. DSC data are again in fairly good agreement with the FTIR data.
However, it should be noted that T„ values can be greatly effected by pH, ionic strength
and heating rate. Furthermore, DSC simply measures heat absorption whilst FTIR data
are influenced by changes in protein secondary structure. In this respect DSC and FTIR
data may not be directly comparable. Although T„ values obtained from FTIR data
recorded in both H 2 O and ^H2 0 are similar, qualitative comparisons of the spectra
obtained in H 2 O and ^H2 0 reveal spectral differences. This is best explained by
illustration. Figure 7.4 shows the deconvolved spectra, recorded in both H2 O and ^H2 0 ,
of all the proteins after dénaturation.

Some clear trends in the differences between the spectra recorded in H2 O and ^H2

0

can

be observed. The spectra of denatured proteins in ^H2 0 are often characterised by the
appearance of two new bands at approximately 1680 cm'‘ and 1615 cm'^ in the spectra
upon thermal dénaturation. As described in Chapter 6 , these bands probably arise from
molecular aggregation that may occur when hydrophobic residues, normally found within
the hydrophobic core of the protein, are forced into contact with the solvent and cluster.
With the exception of ribonuclease S, which is thought to undergo at least partially
reversible thermal dénaturation (Haris et a l, 1986a), all the proteins recorded in ^H2 0
show these bands in the 1684-1682 cm'^ and 1617-1614 cm'^ region. For measurements
recorded in H2 O these bands appear to occur at higher wavenumber (1695-1689 cm'^ and
1624-1616 cm‘‘). Consequently, the low wavenumber component band (1624-1616 cm'^)
in H2 O is often not as well resolved due to strong overlap with the residual amide I
band. These bandshifts are summarised in Table 7.2. The fact that these bands occur at
different wavenumbers in H2 O and ^H2 0 may suggest that dénaturation of proteins in
H2 O and ^H2

0

solutions may be slightly different, leading to the formation of different

types of structures. However, the observation that these bands occur at higher
wavenumber in H2 O than ^H2 Û suggests they may arise from similar structures but that
their position is highly influenced by ‘H-^H exchange. In order to investigate this
possibility further, additional measurements were performed. A sample of fibrinogen (20
mg/ml in ^H2 0 ) was placed into a small plastic tube and was subjected to a similar
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Figure 7.4: Deconvolved FTIR spectra (W =14, F=1.8) o f denatured proteins in
(top traces) and
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heating/cooling cycle as that described for spectroscopic measurements. A sample was
then withdrawn from the tube and a spectrum was recorded. The remaining sample was
freeze-dried. Once this process was complete the dry material was resuspended in either
^H2 0 or H2 O buffers at similar concentrations and spectra were recorded. The
deconvolved spectra (the same width and factor were used to generate these spectra) are
shown in Figure 7.5. Both the spectra recorded in ^H2

0

are virtually identical and show

prominent bands at 1614 cm'^ and 1682 cm'\ The freeze-drying process does not appear
to affect the denatured structure of the protein. The spectrum recorded in H2 O however
is different to that recorded in ^H2 0 . The prominent bands at 1682 cm * and 1614 cm *
appear to have shifted to 1685 cm * and 1623 cm * respectively. This observation
supports the conclusion that the differences in the spectra of denatured proteins in H2 O
and ^H2

0

arise from the effects of *H-^H exchange rather than variations in the structure

of the denatured protein.

Protein

Shift in high wavenumber Shift in low wavenumber
band H2 0 ^ ^H2 0 (cm *) band H2 Û ^ ^^ ^ (cm *)
2

Lys

1 0

6

1 1

2

Alb

1 2

7

RnS

8

7

Fib

7

9

a-Lac

Table 7.2: Shift in position of bands (H2 O—>^H2 0 ) attributed to aggregated structures
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Figure 7.5: Deconvolved FTIR spectra (W=14, F=1.8) of denatured fibrinogen, recorded
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after freeze-drying (middle

Quantitative spectral comparisons between measurements recorded in H2 O and ^H2 0
revealed further differences. It appears that there is a reduction in amide I band area
upon thermal dénaturation of proteins in H2 O solution (Table 7.3). The area of the amide
II band, however, remained relatively constant. Measurements performed in ^H2 0 do not
show a significant change in amide I band area during thermal dénaturation (Table 7.3).
Protein

H2 O
Area of amide I after heating/
Area of amide I prior to heating

'H 2 O
Area of amide I after heating/
Area of amide I prior to heating

Lys

0.506

1 . 1 1 2

a-Lac

0.711

1.004

Alb

0.852

1.039

IgG

0.655

1 .0 2 2

RnS

0.674

1.038

Fib

0.816

1.080

Table 7.3: Change in amide I band area during protein dénaturation in H2 O and ^H2 0
solutions
The observation that the amide II band area remains relatively constant in H2 O suggests
that protein is not lost from the cell during the heating cycle. The observed change in
amide I band area may well arise from the different molar absorption coefficients of the
structures present in the native and denatured protein. It is unclear why this effect is not
observed in ^H2 0 . A possible answer to this question may be provided by the
observation that the molar absorption coefficients of the different secondary structures
vary more greatly in H2 O solution than in ^H2 0 solution (Chirgadze ei ai, 1974;
Chirgadze et ai, 1973; Venyaminov et a l, 1990). For example, the molar absorption
coefficients of a-helical structure are %700 1 moF' cm'^ in H2 O solution and «470 1 mol''
cm'' in ^H2 0 solution (Venyaminov et al, 1990; Chirgadze et al, 1974), whilst those
of random coil structures are «320 1 mol ' cm ' in H2 O solution and «316 1 mol ' cm '
in ^H2 0 solution (Venyaminov e ta l, 1990; Chirgadze et a l, 1973). Clearly a transition
from a-helical to random coil structure in H2 O solution results in a greater change in
molar absorption coefficient than a similar transition in
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7.4 Conclusions
The aim of this study was to compare the thermal dénaturation properties of proteins in
H2 O and ^H2 0 solutions in order to investigate whether analysis in H2 O may overcome
some of the drawbacks encountered with measurements in ^H2 0 . Although measurements
in H2 O are not complicated by the effects of exchange, several additional drawbacks
have been encountered:

i)

Bands attributed to aggregated structures that are normally well resolved in ^H2 0
are often hard to discriminate in H2 O.

ii) It appears that the differing molar absorption coefficients of the structures present
in the native and denatured proteins, in H2 O solution, could well make quantitative
analysis of thermally induced changes in protein secondary structure extremely
complex. Therefore FTIR spectroscopy of samples in H2 O may not offer any
significant advantage over analysis in ^H2 0 . It is however advantageous to perform
measurements in both H2 O and ^H2 0 as this helps distinguish between spectral
changes attributed to

exchange and those due to actual changes in protein

structure.
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CHAPTER 8

A COMPARISON OF THE INFRARED SPECTRA OF
PROTEINS IN SOLUTION AND CRYSTALLINE
FORMS

231

PROTEIN SOLUTION AND CRYSTAL STRUCTURE

8. A COMPARISON OF THE INFRARED SPECTRA OF PROTEINS EV
SOLUTION AND CRYSTALLINE FORMS

8.1 Introduction
In the preceding chapters we have seen how FTIR spectroscopy has been applied to
investigate the structure of a number of different proteins. In all these studies, the
qualitative assignment of the overlapping components in the amide I band to secondary
structure is based upon a comparison of the unknown spectra with the spectra of proteins
of known crystallographic structure. At present, several different methods are used to
extract quantitative information from the infrared spectra. All these approaches depend
upon using a database of infrared spectra of proteins of known crystal structures either
to calculate eigenspectra (Lee et a l, 1990) or to assign bands (Byler et a l, 1986).
Therefore both the qualitative and quantitative interpretation of protein infrared spectra
is based upon using crystallographic data. This is a source of potential error as the
structure of a protein in the crystalline form is being used to interpret the infrared
spectrum of a protein recorded in solution. An important question is whether the
structures of proteins in the crystal are the same as in solution.

In general it is now accepted that the crystal structure of a protein does not usually
differ significantly from its structure in solution e.g. X-ray crystallography and NMR
spectroscopy have been used to determine the structure of the same protein (Billeter,
1992; Blake et a l, 1965; Redfield et a l, 1994). Minor structural differences have,
however, been shown to originate from the different environments which occur in the
crystal and in solution state (Billeter, 1992). Distortions may occur in protein crystals
due to the freezing of a flexible protein into one of several possible conformations
(Billeter, 1992; Anderson et al, 1990) and the high protein concentrations found within
protein crystals can cause close contacts between protein molecules that are not present
in solution (Billeter, 1992). Furthermore several different crystal conformations are
possible for the same protein (Faber et a l, 1990). Clearly some of these may not be
relevant to the solution structure of the protein.

Although NMR spectroscopy has shown that the solution and crystal structures of
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several proteins are very similar (Billeter, 1992), only a limited number of proteins have
been studied in this way and this number is unlikely to increase at a significant rate due
to the complexity of protein structural analysis using NMR techniques. Furthermore
NMR spectroscopy is, at present, limited to detailed structural studies of proteins of
relatively low molecular weight. While X-ray crystallography and NMR spectroscopy
have both been used to define the same protein structure, an inherent drawback of this
approach is that X-ray diffraction and NMR spectroscopy are two different physical
techniques that measure two separate aspects of protein structure.

In order to address the aforementioned points the infrared spectra of six proteins, whose
structures had previously been determined by X-ray crystallography, were recorded both
from aqueous solutions and also from crystals prepared for X-ray diffraction studies.
Comparison of the FTIR spectra obtained allows a comparison of the structure of each
protein in solution and in the crystalline form. The advantages of this approach are that:

i)

FTIR spectra can be obtained irrespective of the molecular weight of the protein
under investigation.

ii) Spectra can be recorded and analysed in a relatively short time scale compared to
NMR or X-ray diffraction studies.

For these reasons FTIR spectroscopy can be applied to studies of a large number of
proteins.

iii) The same physical technique can be used to study the protein in both the solution
and crystalline form.
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8.2 Materials and methods

8.2.1 Proteins
Crystals of hen egg white lysozyme (Blake et a l, 1965) (Lys), bovine pancreatic
ribonuclease A (Gorinsky, 1971; Carlisle et a l, 1974) (RnA), bovine y-II crystallin
(Carlisle et a l, 1977; Wistow et al, 1983) (GC), human serum amyloid P component
(Wood et a l, 1988; Emsley et al, 1994) (SAMP), Endothia parasitica pepsin (Moews
et al, 1970; Blundell et al, 1990) (End), Mucor pusillus pepsin (Newman et al, 1993;
Moews et a l,

1972) (Mue) were provided Dr. S.P. Wood, Department of

Crystallography, Birkbeck College, University of London. Protein samples used for
solution studies were also obtained from Birkbeck College with the exception of hen egg
white lysozyme, bovine pancreatic ribonuclease A and bovine y-II crystallin, which were
obtained from Sigma Chemical Co Ltd (Poole, U.K.) and used without further
purification. Prior to measurement of solution spectra, all proteins were solvent
exchanged into an H2 O buffer containing 50 mM KH2 PO4 pH 7.0 using a Microcon 10
(Amicon) micro-concentrator. The proteins were finally concentrated to approximately
30 mg/ml.

8.2.2 FTIR spectroscopy
FTIR spectra of protein solutions were recorded using a Perkin-Elmer 1750 FTIR
spectrometer equipped with a fast recovery TGS detector and a Perkin-Elmer 7300 Data
Station. Samples were placed in a Specac 20500 cell fitted with Cap2 windows and a 6
pm tin spacer. Temperature was maintained at 20°C by means of a cell jacket of
circulating water. The spectrometer was continuously purged with dry air to minimise
contributions from water vapour in the spectral region of interest. A sample shuttle was
used to allow background and sample spectra to be recorded alternatively (shuttling
every 3 scans). Aqueous buffer spectra (eluent from the concentrator) were recorded
under identical conditions to the sample spectra. Buffer subtraction was carried out using
the Perkin-Elmer IDIFF function to give a flat baseline in the 2000-1750 cm"^ area and
removal of the water band near 2130 cm'\ For solution spectra 400 scans were signal
averaged and apodised prior to Fourier transformation at a resolution of 4 cm'\
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Infrared spectra of protein crystals were recorded using a Spectra-Tech IR-Plan II
research grade microscope interfaced to a Perkin-Elmer 1760x spectrometer and a 7700
Data Station.

Sample preparation for infrared microscopy can significantly affect the quality of the
spectra obtained and it is therefore of paramount importance to develop a suitable
method of sample preparation in order to obtain optimum results. As no data has
previously been published on methods of protein crystal sample preparation for infrared
microscopy it was of primary concern to develop a suitable method of sample
preparation.

Originally, three methods were used to prepare crystals for infrared microscopy;

A) Crystals were withdrawn from the mother liquor and placed onto a diamond
window. An additional diamond window was placed on top of the crystal and
pressure was applied until the crystal dimensions were such that high quality
infrared spectra could be obtained. This procedure was required to ensure that
crystals were sufficiently thin to transmit IR energy (it was found that a sample
thickness of «6-10 pm was suitable). The top diamond window was then removed
prior to spectra being recorded. Crystals treated in this way still retained biréfringent
properties.

B) Crystals were treated as in A) although after withdrawal of the crystal from the
mother liquor it was immersed in a drop of nujol that had been dispensed directly
onto the lower diamond window. The top diamond window was now placed on the
crystal and pressure applied as described above. The top window was then removed
prior to spectra being recorded.

C) Crystals were treated as described in A). However, once pressure had been applied
to the crystal and the top diamond window had been removed, a small drop of
mother liquor was introduced into a trough surrounding the diamond window. A
Cap2 window and a small rubber gasket were then quickly placed on top of the
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lower diamond window and slight pressure was applied to ensure a gas tight fit.
Great care was taken to ensure that none of the mother liquor came into direct
contact with the crystal. Using this method, the crystals were held in a vapour from
the mother liquor without coming into direct contact with any liquid. The distance
between the top face of the crystal and the bottom face of the Cap2 window was
approximately 2 mm. This was large enough to eliminate interference fringes from
the spectra. A diagrammatic representation of this setup is shown in Figure 8.1.

Crystal samples were allowed to stand on the microscope stage for at least ten minutes,
with the purge baffle down, prior to data collection. The dual apertures of the
microscope were used to select an appropriate area of the crystalline sample for analysis.
An equal number of background scans were signal-averaged using a crystal-free area of
equal dimensions. The sample area varied from 10 pm x 10 pm to 50 pm x 50 pm and
between 50 and 1000 scans were signal-averaged and apodised prior to Fourier
transformation to give a resolution of 4 cm'\

The broad amide I and II bands were analysed using second-derivative procedures.
Second-derivative spectra were calculated from absorbance spectra using the PerkinElmer DERIV function (Savitzky-Golay smoothing; 19 cm*’ interval). This smoothing
factor is stronger than that commonly used but was required because the signal to noise
ratio attainable with an infrared microscope is not as high as that normally obtained
when using a spectrometer alone.
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Figure 8.1: Experimental setup used to record infrared spectra from single protein
crystals held within an atmosphere of mother liquor
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8.3 Results

8.3.1 Experimental Considerations

8.3.1.1 Polarisation effects
Infrared microscopy has previously been applied in a study of crystals of terephthalic
acid (Church, 1991). In this study it was noted that the infrared beam emerging from the
microscope was significantly polarised. This property could affect the spectrum obtained
from a highly oriented sample such as a protein crystal. Therefore the spectrum of each
sample was recorded at three different orientations on the microscope stage. These
orientations are termed 0°, 45° and 90°. The ratio of the intensity of the amide I/amide
II bands in the absorbance spectra was calculated at each orientation (Table 8.1). As the
chemical bond vibrations that give rise to the amide I and II bands are orthogonal it
might be expected that this ratio would vary if the IR beam is polarised by the
microscope.

Ratio of Amide 1/Amide II band intensity
Protein

Solution
0°

Crystal
45°

90°

Lys

1.92

2.07

2.09

2.06

RnA

1.75

1.80

1.81

1.80

GC

2.17

2 . 1 1

2 . 1 0

2.04

SAPC

1.94

1.56

1.58

1.53

End

1.79

1.92

1.91

1.92

Muc

1.60

2 .2 2

2.26

2.29

Table 8.1: The effect of sample orientation on the ratio of the intensity of the amide
I/amide II bands
The results presented in Table

8 .1

show that for all the proteins studied there is only a

very small change in the relative intensity of the amide I and amide II bands upon
variation of the sample orientation. Furthermore second-derivative spectra recorded at
the different orientations show only very minor differences in both band intensities and
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positions.

There are two explanations for these results:

i) The microscope used does not have a significant polarisation bias.

ii) The samples used for this study have been crushed and this randomises the molecular
orientations. In this case, even if the beam was highly polarised, no orientation effects
would be seen.

It can be concluded that, for the samples used, the polarisation effects encountered are
minimal and do not effect the conclusions of this study.

8.3.1.2 Effect of protein crystal hydration
Figure

8 .2

shows how sample preparation affects the infrared absorbance spectrum

obtained from a single crystal. It can be seen that the three methods for sample
preparation yield crystals with a different solvent content. As expected, the position of
the amide I and amide II bands is sensitive to the amount of water in the crystal (judged
by the intensity of the OH stretch band at 3300 cm'^). Examination of the secondderivative spectra also reveals that band shapes and band positions are significantly
affected by the extent of hydration of the protein crystals (Figure 8.3). This occurs
because of differences in ami de-water hydrogen-bonding interactions. Water is rapidly
lost from the crystals once they are removed from the mother liquor and manipulated
for microscopy. A maximum degree of hydration can be maintained using method C)
which is similar to that used for X-ray crystallographic studies.
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Figure 8.2: Absorbance FTIR spectra of a single crystal of human serum amyloid P component prepared by methods A, B, and C
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Clearly the technique employed to prepare protein crystals can significantly influence
the spectra obtained. As the aim of this study is to compare protein structure in both
solution and crystalline forms with reference to known NMR and X-ray diffraction data,
a reproducible and valid method of sample preparation had to be chosen. As method C)
maintains a maximum degree of protein crystal hydration and most closely matches the
method used to prepare protein crystals for X-ray diffraction studies, it was used for the
preparation of crystals whose infrared spectra form the basis of the structural
comparisons presented in this chapter.

8.3.1.3 The contribution of water absorption to the spectra of protein crystals
The O-H stretching band at 3300 cm'^ gives an indication of the amount of water in the
crystal (N-H stretching from the protein also contributes in this region). It can be seen
in Figure

8 . 2

that crystals prepared by method C) have a strong absorption in this

region. This is to be expected since protein crystals that have been prepared for X-ray
diffraction studies contain approximately 50% solvent. A weaker H-O-H bending band
near 1640 cm'^ will also be present in the spectrum but is concealed by the strong amide
I band from the protein. However, the influence of this water absorption on the band
positions and band shapes of the second-derivative spectra, in the amide I region
presented here, is judged to be small for the following reasons;

i)

The amide I and II bands are very intense in the spectra of protein crystals and can
be easily distinguished. In protein solution spectra (5%WA^) this is not the case and
protein bands can often be visualised only after buffer subtraction (see Section
2.6.4.7 and Figure 2.15). This indicates that the relative spectral contribution of
water in a protein crystal spectrum is significantly less than that observed in a
5%W/V protein solution spectrum.

ii) Second-derivative spectra, using a 19-point data window, have been used to analyse
all the spectra presented in this chapter. The intensity of a band in the secondderivative spectrum is inversely proportional to the band width in the absorbance
spectrum. The water band at 1643 cm'* is comparatively broad and will therefore not
give an intense band in the second-derivative spectrum.
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iii) The above two observations are supported by the fact that if the second-derivative
spectrum of a 50%W/V (approximate composition of a protein crystal) solution of
lysozyme is examined without buffer subtraction (not shown) it is essentially
identical to that calculated from a 5%W/V solution of lysozyme that has had a
buffer spectrum subtracted.

8.3.2 Comparison of the spectra of protein crystals with solution spectra
Throughout this work all assignments of protein spectra are based on established
literature (Haris et al, 1992; Surewicz et al, 1988a; Olinger et al, 1986; Haris et al,
1986a; Susi et a l, 1986). Ail of the assignments are summarised in Tables 8.2 and 8.3.
In many cases it is not possible to distinguish a-helical and random coil structures in
the spectrum of the crystal. This is usually done by a comparison of spectra recorded
in H2 O and ^H2 0 .

8.3.2.1 Hen egg white lysozyme
The second-derivative spectra of hen egg white lysozyme recorded both in solution and
from a single crystal held within a damp atmosphere are shown in Figure 8.3. Four
components can be seen in the amide I region of the solution spectra. The band at 1689
cm'^ is assigned to P-sheet structures. Further components at 1676 cm'^ and 1657 cm'^
are attributed to turns and a-helix/random coil structures, respectively. There is
controversy in the literature as to the assignment of the band at 1648 cm'^ (Urbanova et
al, 1991; Prestrelski et a l, 1991c) and it can not be unambiguously assigned to any
particular secondary structure. The amide II band is observed at 1545 cm'^ whilst further
components arise from amino acid sidechain vibrations (1581 cm'^ aspartate, 1616 cm'^
and 1515 cm'^ tyrosine) (Chirgadze et a l, 1975). The second-derivative spectrum of a
single crystal of lysozyme, recorded in a damp atmosphere, shows that the bands are in
essentially the same positions as those seen in solution, and band shapes and relative
intensities are also preserved. Bands in the amide I region are assigned as follows; 1691
cm'^ P-sheet structures, 1675 cm'^ turns and 1657 cm‘‘ a-helix/random coil. The amide
II can be seen at 1544 cm'^ and further bands are again assigned to amino-acid
si dechains (Table 3.3).
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Figure 8.3: Second-derivative FTIR spectra recorded from a solution and a single crystal
of hen egg white lysozyme prepared by methods A, B, and C
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Analysis of the X-ray diffraction data of lysozyme (Blake et a i, 1965) shows this
protein to be predominantly a-helical in structure with a smaller proportion of (3-sheet
and turns. The assignment of the solution spectrum is in agreement with this structure.
Very little variation can be seen between the solution and crystal spectra suggesting that
there are no significant differences between solution and crystal structures. The
secondary structure of this protein determined by NMR spectroscopy (Redfield et al,
1994) was found to be very similar to the structure obtained by X-ray diffraction.
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Crystal cm '

Solution cm '

Second-derivative spectra

Absorbance spectra

Difference spectra

Second-derivative spectra

Protein

Am I

Am II

P-sheet

turns

a-helix/random

p-sheet

Am I

Am II

P-sheet

turns

a-helix/random

P-sheet

Lys

1656

1545

1691

1675

1657

-

1657

1545

1689

1676

1657

-

RnA

1642

1547

1688

1666

-

1640

1641

1548

1689

1668

1659

1641

GC

1642

1549

1688

-

1663 (3,o)?

1633

1638

1547

1685

-

1661 (3,o)?

1633

SAPC

1640

1557

1688

1668

1652

1636

1635

1550

1687

-

1655

1634

End

1650

1545

1688

-

1663 (3,,)?

1637

1641

1548

1690

1673

1663 (3u)?

1640

Muc

1646

1544

1685

-

1661 (3,o)?

1641

1643

1529

1688

1676

1658

1642

Table 8.2: Band assignments in protein solution and crystal spectra
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Solution cm *

Crystal cm *
Protein

Tyr

Asp

Tyr

Asp

Lys

1620
1514

1582

1616
1515

1581

RnA

1615
1517

1580

1613
1518

1581

GC

1616
1517

SAPC

1616
1517

End

_

_

1619
1517

_

_

_

-

-

_

1517

1517
Muc

1613
1517

_

_

1579

1516

1517

Table 8.3: Position of amino acid sidechain bands in second-derivative protein spectra
S.3.2.2 Bovine pancreatic ribonuclease A
The second-derivative spectra of ribonuclease A recorded both in solution and from a
single crystal are shown in Figure 8.4. In the solution spectrum four components can be
identified in the amide I region. Bands at 1689 cm'^ and 1641 cm'^ are assigned to psheet structures while those at 1668 cm‘‘ and 1659 cm'* can be assigned to turns and ahelix/random coil conformations respectively. The amide 11 can be seen at 1548 cm'* and
further bands are assigned to amino acid side chain vibrations. The spectrum is very
similar to that previously reported (Haris et al, 1986a).
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Figure 8.4: Second-derivative FTIR spectra recorded from a solution and a single crystal
held in an atmosphere o f mother liquor, o f bovine pancreatic ribonuclease A
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The second-derivative spectrum obtained from a single crystal of this protein is very
similar to the spectrum of the protein in solution. However, the band in the solution
spectrum at 1659 cm'^ is not as well defined in the crystal spectrum and can only be
visualised by reduction of the smoothing factor. X-ray crystallographic data analysed by
the method of Levitt and Greer (Levitt et a l, 1977) show that this protein is composed
of 23% a-helix, 46%-p sheet and 21% turns. A detailed structure obtained using NMR
spectroscopy of ribonuclease A in solution showed the structure to be very similar to the
X-ray structure (Billeter, 1992; Rico e ta l, 1991).

8.3 2.3 Bovine y-II crystallin
Figure 8.5 shows the second-derivative spectra of y-II crystallin recorded in solution and
from a single crystal. Three major components can be identified in the amide I region
of the solution spectrum. Components at 1685 cm'^ and 1633 cm'^ are assigned to Psheet structures while the band at 1661 cm'^ is assigned to a-helical structures. The
amide II band is observed at 1543 cm‘* and further components are assigned to tyrosine
si dechains (Table 8.3). The second-derivative spectrum of a single crystal of y-II
crystallin is once again quite similar to the solution spectrum. The bands at 1688 cm'^
and 1633 cm'^ are assigned to P-sheet whilst that at 1663 cm'^ to a-helix. The amide II
band can be seen at 1559 cm '\ Further bands at 1616 cm'^ and 1517 cm"^ are assigned
to tyrosine.
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Figure 8.5: Second-derivative FTIR spectra recorded from a solution and a single crystal
held in an atmosphere o f mother liquor, o f bovine y-II cry stall in
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The secondary structure of this protein estimated from X-ray crystallographic data (using
only dihedral angles) (Wistow et a l, 1983) is approximately 71% P-sheet, 18% helix
and a smaller proportion of turns. The infrared solution and crystal spectra are typical
of a predominantly P-sheet protein and it can be concluded that there are no significant
differences between the structure of this protein in the crystal and in solution.

S.3.2.4 Serum amyloid P component
The second-derivative spectra of serum amyloid P component recorded both in solution
and from a single crystal are shown in Figure 8 .6 . Three components can be seen in the
amide I region of the solution spectrum. The bands at 1687 cm'^ and 1634 cm*^ are
assigned to P-sheet vibrations and the component at 1655 cm‘‘ is attributed to ahelix/random coil structures. The amide II band can be seen at 1558 cm'^ and further
components assigned to tyrosine sidechain vibrations can be seen at 1612 cm * and
1517 cm *.
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Figure 8.6: Second-derivative FTIR spectra recorded from a solution and a single crystal
held in an atmosphere o f mother liquor, o f human serum amyloid P component
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The second-derivative spectrum of a single crystal of serum amyloid P component is
similar to that obtained from the solution. Four components can now be seen in the
amide I region, those at 1688 cm'^ and 1636 cm'^ can be attributed to p-sheet structures,
whilst that at 1652 cm'^ is assigned to a-helix/random coil. The minor band at 1668 cm'^
is assigned to turns. Further bands associated with amino acid si dechains can also be
seen (1616 cm'^ and 1517 cm'^ tyrosine).

A detailed X-ray crystal structure of serum amyloid P component has recently been
published (Emsley et a l, 1994). This shows that the protein is predominantly p-sheet
in structure (50%) with a very small helical component (7%). Both solution and crystal
spectra are in agreement with this interpretation since the major bands present can be
assigned to p-sheet structures. However, the spectra do vary in the 1670-1650 cm"^
region. Examination of the crystal spectra shows that the 1652 cm'^ and 1636 cm'^ bands
have shifted towards each other. This could explain why the a-helical band is poorly
resolved in the spectrum of the crystal. The reduced intensity of this band allows the
turns band at 1668 cm'^ to be visualised. The reduction in intensity of the a-helical band
in the second derivative may indicate a reduction in helical content in the crystal
compared to the solution. Alternatively, the a-helical band may be broader in the
spectrum of the solution as a result of minor conformational variability. Such broadening
would result in reduced intensity in the derivative.

S.3.2.5 Endothia parasitica pepsin
Figure 8.7 presents the second-derivative spectra of Endothia parasitica pepsin recorded
in solution and from a single crystal. In the amide I region of the solution spectrum, four
components can be assigned to protein secondary structure. The bands at 1690 cm ' and
1640 cm ' are assigned to P-sheet structures while the band at 1673 cm ' is assigned to
turn structures. The remaining component at 1663 cm ' could arise from a-helix and/or
3io"helix. The amide II band can be seen at 1550 cm '.
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Figure 8.7: Second-derivative FTIR spectra recorded from a solution and a single
crystal held in an atmosphere of mother liquor, of Endothia parasitica pepsin
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The second-derivative spectrum of a single crystal is similar to the solution spectrum.
The bands at 1688 cm'^ and 1637 cm ‘ in the crystal spectrum can be assigned to P-sheet
structures whilst the small component at 1663 cm'^ could again arise from a-helix and/or
3io-helix. The amide II band can be seen at 1550 cm '\

The secondary structural composition o î Endothia parasitica pepsin determined by X-ray
crystallography (Blundell et a l, 1990) is approximately 13% helix (10% a-helix, 3%
3io-helix), 43% p-sheet and 39% turns. The solution spectrum is typical of a protein with
a large p-sheet and turn content and only a small amount of helix. The crystal spectrum
is again typical of a protein with a large content of p-sheet. The band assigned to
3io-helix/a-helix is present in the crystal spectrum but no significant turns band is
apparent.

8 3.2.6 M ucor pusillus pepsin
The second-derivative spectra of Mucor pusillus pepsin recorded both in solution and
from a single crystal are shown in Figure 8 .8 . In the spectrum of the solution the bands
at 1688 cm"^ and 1642 cm"^ arise from p-sheet structures whilst the components at 1676
cm‘‘ and 1658 cm'^ can be assigned to turns and a-helix/random coil respectively. The
amide II band can be seen at 1551 cm"' and the components at 1579 cm'^ and 1516 cm *
are attributed to aspartate and tyrosine respectively.
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Figure 8.8: Second-derivative FTIR spectra recorded from a solution and a single crystal
held in an atmosphere o f mother liquor, o f Mucor pusillus pepsin
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The major bands in the spectrum recorded from a single crystal oï Mucor pusillus pepsin
are similar to those in the spectrum of the solution. However, as in the spectrum of the
crystal of Endothia parasitica pepsin, no band can be attributed to turn structures. The
bands at 1685 cm'^and 1641 cm * are attributed to P-sheet structures whilst the band at
1661 cm * is assigned to a-helix/random coil. The amide II band can be seen at 1546
cm*.

Recently X-ray crystallography (Newman et al, 1993) has shown that the structure of
this protein is very similar to that of Endothia parasitica pepsin. The solution spectrum
of Mucor pusillus pepsin suggests that this protein is predominantly P-sheet in structure
with a significant quantity of turns. In common with Endothia parasitica pepsin the
position of the low wavenumber P-sheet band is slightly higher than expected,
suggesting a slightly distorted structure (Lee et a l, 1990). Additionally the two bands
that are assigned to turns and a-helix/random coil are not resolved in the spectra of the
crystal and only one band Centred around 1661 cm * is observed.
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8.4 Discussion
In this study, the FTIR spectra of six proteins in both the solution and crystal states have
been compared. The spectrum of a molecule in the crystalline form can be affected by
the site symmetry of the molecule in the unit cell and the number of molecules in the
unit cell. In the present study, however, no major splitting of bands was observed which
could be attributed to these interaction effects.

The results show that in the amide I region the same major bands are present in the
spectra of the proteins in both of these states. The bands occur at similar frequencies and
their intensities are in the same relative proportions. The proteins studied however can
be divided into two separate groups. In the first group, the recorded spectra appear to
be the same in both states. In the second group, small but significant differences are
present.

The first group consists of those proteins where there is very little variation in the
number, frequency and intensity of the bands. The proteins that fall into this group are
lysozyme, ribonuclease A and y-II crystallin. The crystal and solution FTIR spectra of
these proteins are nearly identical. It can be concluded that the structure of these proteins
in solution and in the crystalline form are identical. The structures of both lysozyme and
ribonuclease A have also been determined by NMR spectroscopy (Redfield et a l, 1994;
Rico et al, 1991). A comparison of the NMR and X-ray data for these proteins suggests
that there is little variation between the structures of these proteins in the solution and
crystalline form. No NMR data are available for bovine y-II crystallin as this protein is
too large to be analysed by current NMR techniques.

The second group of proteins comprises Mucor pusillus pepsin, Endothia parasitica
pepsin and serum amyloid P component. No structural analysis of these proteins has
been made by NMR spectroscopy as these proteins are to large to be analysed by current
NMR techniques. Like lysozyme, ribonuclease A and y-II crystallin, the bands arising
from major structural elements are very similar in both the spectra of the proteins in
solution and in the crystalline form. However, for Mucor pusillus pepsin, Endothia
parasitica pepsin and human serum amyloid P component variation between the solution
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and crystal spectra is apparent in the 1680-1660 cm’* region. The general trend is that
bands appear to be broader, less well defined and less intense in this region of the
crystal spectra. The major difference between the crystal and solution spectra of the two
pepsins is the presence of a prominent band associated with turns in the spectra of the
proteins in solution, whilst no similar band is resolved in the spectra of the crystals.
There are several possible explanations for these observations.

i) The broader bands seen in the crystal spectra, combined with small band shifts, may
cause the minor bands to overlap and become less well defined in the derivative spectra.
This effect would be accentuated when the bands concerned are small and weak. This
could explain the observed differences seen for Mncor pusillus pepsin, Endothia
parasitica pepsin and human serum amyloid P component. For example, for serum
amyloid P component the a-helix/random coil band is seen to move to lower
wavenumber. This, combined with a higher frequency P-sheet band, could explain the
observed differences between the solution and crystal spectra. The turns band at 1668
cm’* may have become apparent in the crystal spectrum due to the reduction in intensity
and shift to lower wavenumber of the a-helix/random coil band.

ii) It has been reported that different types of turn structures can give rise to different
bands in the amide I region (Krimm et a l, 1986). Only one band is assigned to turns
in the spectra of solutions of the pepsins. It is known however, that these proteins have
several different types of turn structures (7 different types of reverse turns in the case
of Endothia parasitica pepsin). A possible explanation for the lack of a distinct band
associated with each of these types of turn in the crystal is that they absorb weakly at
slightly different frequencies. This effect may be specific for the fungal pepsins due to
the large variety of turn structures in these proteins.

iii) There may also be minor differences between the structure of Mucor pusillus pepsin,
Endothia parasitica pepsin and serum amyloid P component in the crystal compared to
the solution state.

To conclude, this study has shown the usefulness o f FTIR spectroscopy for comparing
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protein structure in solution and in the crystalline state. Until NMR spectroscopy can be
applied to detailed structural analysis of proteins of large molecular weight, FTIR
spectroscopy provides the best available structural comparison of high molecular weight
proteins in solution and in the crystalline state. Indeed, this study shows that FTIR
spectroscopy is one of the few biophysical techniques currently available that can be
successfully applied to study protein structure in both the solution and crystalline form.
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Transferrin is a m ajor seru m g ly co p ro te in that
tran sp orts iron b e tw e e n s it e s o f ab so rp tio n , sto r a g e
and u tilisation |1 ) . Transferrin d eliv ers iron to c e lls by
binding to transferrin rec ep to r. The c o m p le x is
e n d o c y t o s e d and iron r em o v e d from transferrin by
a c id ification o f th e e n d o c y tic v e s ic le |2 j . The
rem aining transferrin/transferrin rec ep to r c o m p le x is
r ec y c le d to th e cell su r fa c e w h e r e it d is s o c ia te s |2 |.
This m e c h a n ism o f iron delivery is d e p e n d a n t o n h olo
(iron lo a d ed ) transferrin binding to transferrin recep tor
at th e cell su r fa c e (pH 7 .4 ). H o w e v er , o n c e
e n d o c y to s e d and iron r e m o v e d , ap o (iron free)
transferrin will n o t bind to transferrin recep tor at
pH 7 .4 .
To in v e s tig a te th is differential binding o f transferrin
to transferrin rec ep to r, w e h a v e stu d ied the
c o n fo r m a tio n o f h o lo and apo-transferrin at pH 7 .4 ,
The te c h n iq u e u s e d is Fourier transform infrared
s p e c t r o s c o p y (FTIR).
H um an h o lo transferrin w a s ob ta in ed from the
Sigm a C h em ical Co Ltd. A p o transferrin w a s prepared
from h o lo transferrin b y in cu b a tio n w ith di S od iu m
d ih y d ro g en p y r o p h o sp h a te [31. Fig 1 s h o w s the
a b so r b a n c e and s e c o n d d erivative sp ec tra o f hum an
apo transferrin in H^O. The a b so r b a n c e sp ec tru m
(fig. 1 A) s h o w s p e a k s at 1 6 5 4 c m '^ and 1 5 4 9 c m '^
w h ich c a n b e a s s ig n e d to th e am id e I and am ide II
vibration s r e s p e c tiv e ly . The am ide I band is se n s itiv e
to p rotein se c o n d a r y stru ctu re |4 j .
D etailed
ex a m in a tio n o f th is band u sin g s e c o n d d erivative
a n a ly sis (fig. 1B) r ev e a ls c o m p o n e n ts at 1 6 5 8 c m ,
1 6 3 4 c m '^
and 1 6 8 9 c m ' . The major band at
16 5 8 c m '^ c a n b e attributed to a b sorp tion from a helical an d /or random coil str u c tu r es |4 |. O ther am ide
I c o m p o n e n ts at 1 6 3 4 c m '^ and 1 6 8 9 c m '^ c a n be
attributed to (1-sheet and (1 s h e e t /p turn r e s p e c tiv e ly
|4 |. Furtherm ore th e a b sorp tion sp e c tr a o f h olo and
apo transferrin
w e r e a n a ly se d for se c o n d a r y
stru ctu re c o n te n t by m e a n s o f factor a n a ly sis |5 |.
The h o lo form
o f th e
p rotein w a s
fou n d to
c o m p r ise o f 5 3 % « -h e lix , 23 % p s h e e t and 10%
turns. Similar r esu lts w e re o b ta in e d for th e apo
p rotein. T he q u an tification d ata o n th e tw o form s of
th e protein s h o w s no sig n ifica n t c h a n g e in th e overall
se c o n d a r y stru ctu re o f th e protein o n th e r e le a s e o f
iron.
M e a su r em e n ts w e r e a lso perform ed in H 2 O. The
resu lts ob ta in ed in d icate that th ere is so m e d iffe re n c e
in the
H-^H e x c h a n g e p rop erties o f th e tw o
p rotein s. A po transferrin w a s fou n d to b e m ore
su sc e p tib le to e x c h a n g e than h o lo transferrin. This
can be attrib uted to apo-transferrin p o s s e s s in g a
m ore " o p en ” or "flexible" stru ctu re a s a resu lt of

I
I

1800

1750

1700

1650

1600

1 550

1 500

W avenum ber (crrf^)

Fig. 1. A b sorp tion (A) and s e c o n d d erivative IB)
sp ec tra o f h u m an apo-transferrin. S p ectra w e re
record ed in 20m M HEPES at p H 7 .4 . A protein
c o n c e n tr a tio n o f 5 0 m g /m l w a s u s e d .

iron rem oval.
The therm al d én atu ration p rop erties of the protein
w e r e a lso in v e stig a te d . It w a s foun d that th e ap o
protein b e g in s to d en a tu re at a low er tem p eratu re
(=60" C ) than th e h olo protein (=85'’ C). T h e se r esu lts
further su p p ort our c o n c lu sio n that transferrin
b e c o m e s m ore "open" or "flexible" in stru ctu re on
rem oval o f iron. In future s tu d ie s w e intend to
ex a m in e the stru ctu re of transferrin recep tor and th e
transferrin recep tor/tran sferrin c o m p le x .
W e a c k n o w le d g e th e financial su pp ort o f th e
S c ie n c e and E ngineering R esearch C ouncil (CASE
aw ard to J H. w ith Sm ithK line B eech a m ). P .I.H .,
K .S .S . and D C. w ish to thank th e W e llc o m e Trust
for financial su p p ort.
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Transferrin recep tor (TfR) is a transm em brane protein that
is e x p r e sse d by m o s t m am m alian c ells. At extracellular pH
(7 .4 ), TfR preferentially binds to iron bound transferrin ( 1 ).
The transferrin/TfR com p lex is e n d o c y to se d via a clathrinc o a te d pit. The resulting v e sic le m atures into an
a c id o so m e and the resulting low pH w ithin th is
com p artm en t fa c ilita te s the relea se of iron from th e
transferrin/TfR co m p le x 121. The free iron is th en
transported to th e cell c y to p la sm . The rem aining iron
d e p leted transferrin/TfR co m p lex is recycled to th e cell
su rface w h e r e, at th e higher extracelluar pH, th e c o m p le x
rapidly d is s o c ia te s . R ecent stu d ies have sh o w n th at the
binding of transferrin to TfR fa cilita tes the r elea se of iron
from transferrin at the pH a ch iev ed in th e a c id o s o m e .
H ow ever, at extracelluar pH, iron relea se is im p ed ed 13].
Clearly th e pH d ep en d en t interaction of TfR w ith
transferrin plays a key role in th e delivery of iron from
transferrin into c e lls.
TfR h as b e e n e x te n siv ely characterised biochem ically and
its primary s e q u e n c e h a s b een d ed u ced from cD N A
seq u e n c in g . T h e se stu d ied s to g eth er w ith hydropathy
plots s h o w that th e receptor co m p rises of a 61 residu e
c y to p la sm ic s e g m e n t, including the NH, term inu s,
follow ed by a 2 8 residue c y to p la sm ic se g m e n t, and that
th e bulk of th e protein is outsid e the cell. Furtherm ore th e
protein e x is t s a s a dimer w ith disulphide bon ds involving
c y ste in e resid u es 8 9 and 9 8 .
A s y e t little d ata is available concerning th e three
d im en sion al structure of TfR and an understanding of its
interaction w ith transferrin is far from c o m p le te . A tte m p ts
to produce large c ry sta ls of a trypsin c le a v ed fragm en t of
TfR and its c o m p le x w ith transferrin for X-ray diffraction
stu d ies are in pro g ress but a s y e t have been u n su c c e ss fu l
(4). In th e a b s e n c e of any significan t X-ray diffraction
data w e h a v e b e e n studying th e structure of transferrin
receptor using Fourier transform infrared sp e c tr o s c o p y
(FT-IR). T his tech n iq u e ca n provide inform ation on protein
seco n d a ry structure (5).
Hum an TfR u se d in this stu d y w a s purified from fresh ly
frozen
term
p la c e n ta e
by
m eans
of
a ffin ity
chrom atograph y 16). Under non denaturing co n d itio n s the
sam ple s h o w e d a single band on SDS-PAGE MW * « 1 8 0
kDa. This co rresp o n d s to an intact dimer of TfR.
The infrared absorption spectru m of purified TfR is sh o w n
in Figure lA. The Am ide I and II bands are c en tred at
1 6 5 5 c m ' and 1 5 5 0 c m ' resp ectiv ely . The am ide I band
w a s a n a ly sed for seco n d a ry structural c o n te n t by m e a n s
of factor a n a ly sis |7 |. The protein w a s found to co m p rise
55% o-helix, 22% //-sh e e t, 15% turns and 8% random
structure. The se c o n d derivative spectru m (figure IB)
provides inform ation on th e bands arising from th e
different sec o n d a ry structures in TfR. It is p o ssib le to
a ssig n particular seco n d a ry structures to s o m e o f th e
bands p r esen t. C om p on en ts at 1 6 9 3 c m ' and 1 6 3 9 c m '
ca n be a ssig n e d to )ff-sheet structures w hile th e band at
16 8 3 c m ’ m a y arise from turns. The major c o m p o n en t at
1 6 5 6 c m ' ca n be attributed to o-helix/random coil.
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Fig I. A bsorb ance (A) and sec o n d derivative (B) sp e ctra of
in tact transferrin receptor dimer. Sp ectra w ere recorded
in H ,0 20m M HEPES 1 0 mM octyl glucopyranoside p H 7 .4

T he A m ide II band is at 1 5 5 0 c m ' and th e tyrosin e sid e
chain vibration is lo ca ted at 1 5 1 7 c m '. T his is th e first
stu d y to predict the secon d ary structural c o n te n t of TfR.
Further in vestigation s are n ow in progress to c h a ra cterise
th e structure of the intact TfR dim er in several d e te r g e n ts
and e sp ec ia lly after recon stitu tion into lipid bilayers.
Additionally w e intend to stu d y th e structure o f th e 7 0
kDa tryptic fragm ent of TfR and its interaction w ith
transferrin.
W e ack n o w le d g e the financial support of th e SERC and
Sm ithKline B eecham P h arm aceuticals, CASE aw ard to
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(1 | Y oung, S .P ., Bomford, A ., & W illiam s, R. (1 9 8 4 )
B iochem . J. 2 1 9 , 5 0 5 - 5 1 0 .
12) de Jo n g , G., van Dijk J.P. and van Eijk H.G.,
(1 9 9 0 ) Clinica Chimica A cta. 1 9 0 , 1 -4 6 .
131 Bali, P.K., Zak, 0 . & A isen , P. (1 9 9 1 )
B iochem . 3 0 , 3 2 4 -3 2 8 .
[41 Borhani, D .W ., Harrison, S.C . (1 9 9 1 )
J.M ol.Biol. 2 1 8 , 6 8 5 -6 8 9 .
(51 Haris, P.I., Chapm an, D. (1 9 9 2 ) TIBS. 1 7 , 3 2 8 333
(61 T urkew itz, A .P ., Am atruda, J.F. et al. (1 9 8 8 )
J.B iol.C hem . 2 6 3 , 8 3 1 5 - 8 3 2 5
(71 Lee, D C ., Haris, P.I., Chapm an, D. and M itchell,
R.C., (1 9 9 0 ) , B iochem istry. 2 9 , 9 1 8 5 .

758

b

b

a

Biochimic^^

ELSEVIER

et Biophysica Açta
Biochimica et Biophysica Acta 1205 (1994) 59-67

Fourier transform infrared spectroscopy and differential scanning
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Abstract
F o u rier transform infrared spectroscopy (F T IR ) and differential scanning calorim etry (D SC ) have been used to investigate the
solution stru c tu re and therm al stability o f hum an serum tran sferrin (H ST), hum an lactoferrin (H L F ) and rabbit serum tran sferrin
(R S T ) in th eir diferric and apo form s. O u r study show s that: (A ) T he secondary stru c tu re o f all th e pro tein s studied (estim ated in
H jO ) was in th e range 4 3 -5 3 % a-h elix and 2 3 -2 8 % /3-sheet. T hese values differ m arkedly from previously re p o rte d circular
dichroism (C D ) d a ta . T his is a ttrib u te d to the fact th a t F T IR and C D m easure different aspects o f secondary stru c tu re (hydrogen
bonding and dih ed ral angles, respectively). (B) T h e secondary stru ctu ral co n te n t o f th e proteins is not a lte re d by iron binding or
release. H ow ever, the iron-free pro tein s undergo a g re a te r extent o f *H -^H exchange th an the diferric p ro tein s indicating that
significant structural changes do occur upon iron b in d in g /re le a s e . (C) T h e rem oval o f iron leads to th erm al destabilization of
H S T , H L F and RST. S tructural variation in th e apo transferrins is indicated by the observation o f a single irreversible D SC
transition for apo hum an lactoferrin, a double D SC transition for apo hum an serum transferrin (one reversible) and a broad
irreversible asym m etric D SC transition for apo rabbit serum transferrin. F T IR spectroscopy shows th at a distinct loss o f protein
secondary stru ctu re occurs at th e transition tem p e ra tu res show n by DSC.
Key words: F ourier transform infrared spectroscopy; D ifferential scanning calorim etry; S erum transferrin; L actoferrin; (H um an);
(R abbit)

1.

In tro d u c tio n

The transferrins are a family of monomeric glyco
proteins (M^ » 80000) that are able to bind two ions of
Fe(III) per molecule. These proteins are involved in
the regulation of iron homeostasis by the controlled
release and binding of iron [1]. Two of the most widely
studied members of this group are lactoferrin and
serum transferrin, which in humans show 59% se
quence homology [2]. Despite the similarity, serum

* Corresponding author. Fax:-t-44 71 4318107.
Abbreviations: DSC, differential scanning calorimetry; FT IR , Fourier
transform infrared spectroscopy; H epes, /V-2-hydroxyethylpiperazine-N '-2-ethane sulphonic acid; HST, hum an serum transferrin;
H LF, human lactoferrin; RST, rabbit serum transferrin; SDS-PAGE,
sodium dodecyl sulphate polyacrylamide gel electrophoresis.
0167-4838/94/$07.00 © 1994 Elsevier Science B.V. All rights reserved
SSD I 0 1 6 7 - 4 8 3 8 (9 3 ) E 0 2 1 5 - N

transferrin and lactoferrin have different physiological
roles. Serum transferrin on the one hand is involved in
the transport and donation of iron to cells. This pro
cess involves complexation of iron by the protein,
transferrin binding to a cell surface receptor, endocytosis, acidification (pH 5-6), release of iron and recycling
of the complex to the cell surface where the molecules
dissociate and repeat the cycle [3]. Lactoferrin, on the
other hand, is involved in defence against bacteria that
require iron to survive [4]. Lactoferrin also plays a role
in several biological functions of white blood cells [4].
The separate roles played by lactoferrin and transferrin
are related to the different iron binding properties of
these proteins. The iron-binding constant (calculated
from equilibrium dialysis data) of human lactoferrin is
two orders of magnitude greater [5] than that of serum
transferrin. Furthermore, in the presence of weak
chelators such as citrate, lactoferrin releases its iron
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only at a pH below 2 [1], whilst a release of iron from
serum transferrin occurs at pH 5 [1].
The only transferrins for which the X-ray crystal
structure has been determined are human lactoferrin
in its diferric (2.8 Â resolution) [6], and iron-depleted
(native) form (2.1 Â resolution) [7], and diferric rabbit
serum transferrin (at 3.3 A resolution) [8]. These stud
ies indicate that lactoferrin is an a /j8 protein contain
ing approx. 41% a-helix and 24% /3-sheet. The protein
is folded into two equal size lobes with very similar
structures. Each lobe is divided into two domains, the
iron-binding site being situated in the interdomain cleft
with iron taking ligands from both domains. Crystallographic data on apo human lactoferrin show that the
N-terminal lobe of lactoferrin opens about a hinge
point upon iron removal [7]. A similar hinge bending
has been seen with bacterial proteins and has been
termed the ‘Venus fly trap model’ [9]. The iron-free
C-terminal lobe of lactoferrin on the contrary remains
closed and its structure is remarkably similar to that of
the protein when iron is bound.
Crystallographic data for diferric rabbit serum trans
ferrin show that the overall molecular topology of this
protein and that of diferric human lactoferrin are very
similar [8]. For apo rabbit serum transferrin neither the
crystal nor the solution structures are available. CD
data [10] indicate that human serum transferrin is
composed of approximatly 20% a-helix and 60% /3sheet. An X-ray crystal structure of human serum
transferrin has not yet been published, although noncrystallographic techniques have indicated that a
change in protein dimensions occurs upon iron binding
[ 11].

There are two major discrepancies between the Xray crystal structures and data on the transferrins in
solution: (a) CD measurements in solution estimate the
secondary structural content of human lactoferrin to be
approx. 26% a-helix and 60% /3-sheet whilst crystallo
graphic data give significantly different results. One
possible explanation is that the crystal structure may
not be the same as the solution structure, (b) Small
angle X-ray solution scattering data [12] suggest that
both lobes of the transferrins in solution are open in
the apo form of the protein and closed in the diferric
form, while the crystal structure shows one open and
one closed lobe.
In view of the conflicting data which exist for the
crystal and solution structure of human lactoferrin, the
limited structural data available for human and rabbit
serum transferrin, the lack of knowledge on the struc
tural implications of iron b inding/release from these
proteins in solution and the fact that it is generally
assumed that these proteins all have very similar struc
tures, we have characterized the structure and stability
in solution of HST, HLF and RST. The techniques
used are Fourier transform infrared spectroscopy

(FTIR) and differential scanning calorimetry (DSC).
FTIR spectroscopy and DSC are established tech
niques for studying proteins in solution [13-17]. They
have already been successfully applied to investigate
the effect of metal-ion binding on protein conforma
tion and stability [18-20].

2. M aterials and methods
Proteins. Diferric and apo human serum transferrin,
human lactoferrin, and apo rabbit serum transferrin
were obtained from Sigma (Poole, UK). Rabbit apo
transferrin was saturated with iron using ferric nitrilotriacetate [21]. Duplicate protein samples were a gen
erous gift from Dr. R.W. Evans, UMDS. All proteins
were dialysed against deionized water and lyophilized
prior to use. Lyophilization does not appear to effect
iron binding and the ability of HST to bind transferrin
receptor is maintained. The purity of samples was
assessed using SDS-PAGE under reducing conditions
(Bio-Rad mini-gel system), and was judged to be greater
than 90% pure. The percentage of protein iron satura
tion was estimated by measuring the A^-,q/A 2sq ratio
[22] using a Beckman DU70 U V /V is spectrophotom
eter. All diferric proteins were more than 95% satu
rated, while samples of apo transferrin were less than
5% saturated. Specimens of apo lactoferrin (native)
were judged to be 8-14% saturated with iron. All
measurements were performed in either an H 2 O or
^H jO buffer containing 20 mM Hepes, 0.154 M NaCl
(pH 7.4).
FTIR spectroscopic studies. FTIR spectra were
recorded using a Perkin-Elmer 1750 FTIR spectrome
ter equipped with a fast recovery TGS detector and a
Perkin-Elmer 7300 D ata Station. Double-sided interferograms were recorded and apodized using a raised
cosine function prior to Fourier transformation of the
data. Samples were placed in a Beckman FH-01 CFT
micro-cell fitted with CaFj windows and a 6 /xm tin
spacer for measurements in H jO or a 50 /xm Teflon
spacer for samples in ^H jO . Tem perature control was
achieved by means of a cell jacket of circulating water,
and the tem perature of the cell was monitored using a
thermocouple fixed on the outside of the cell. All
spectra were recorded at a resolution of 4 cm “ ’. Mea
surements in H jO were performed using protein con
centrations of 50 m g /m l and 20 m g/m l. 400 scans
were signal-averaged. Measurements in ^H jO at 20°C
were recorded at a protein concentration of 10-20
m g /m l and 200 scans were signal averaged. However,
where tem perature was varied, a protein concentration
of 50 m g /m l was used and 25 scans were signal-aver
aged. The spectrometer was continuously purged with
dry air to eliminate water vapour which absorbs in the
spectral region of interest. A sample shuttle was em
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ployed to allow th e sa m p le to be sig n a l-a v era g e d w ith
th e b a c k g ro u n d . A q u e o u s b u ffe r sp e c tra w ere re c o rd e d
u n d e r id en tica l c o n d itio n s to th e sa m p le sp e c tra . B uffer
s u b tra c tio n w as c a rrie d o u t digitally to give a stra ig h t
b a se lin e in th e 2000-180Ü c m “ ' a re a . F u rth e r d e ta ils
o n so lv en t su b tra c tio n can be fo u n d in p re v io u s p u b li
c a tio n s [23].
I he b ro a d a m id e I b a n d s w ere a n aly sed using se c 
o n d de riv a tiv e a n d d e co n v o lu tio n te c h n iq u e s. S eco n d de riv a tiv e s p e c tra w e re c a lc u la te d over a 13 d a ta -p o in t
ra n g e (13 c m " ') using th e P e rk in -E lm e r D E R IV fu n c 
tion. D e co n v o lu tio n o f s p e c tra w as p e rfo rm e d using
th e P e rk in -E lm e r E N H A N C E fu n c tio n w hich is a n a lo 
gous to th e m e th o d d e v e lo p e d by K a u p p in e n et al. [24].
l'ypically a b a n d w idth o f 16 c m " ' a n d a re so lu tio n
e n h a n c e m e n t fa c to r o f 2.5 w as used.
Calorim etric (D S C ) m easurem ents. In itially calorim etric m e a s u re m e n ts on h u m a n se ru m tra n s fe rrin w ere
m ad e using a P e rk in -E lm e r S e ries 7 D S C [25]. A pprox.
7 m g ( = 100 m g / m l ) o f p ro te in w as u sed for e ach
m e a su re m e n t. F u r th e r stu d ie s w ere p e rfo rm e d on
sm a lle r q u a n titie s o f m ate ria l using P olym er L a b o ra to 
ries D S C G o ld system in te rfa c e d to an IB M P S / 2
p e rso n a l c o m p u te r, d he in stru m e n t w as c a lib ra te d u s
ing th e te m p e ra tu r e d e p e n d e n c e o f th e h e a t capaeity
o f s a p p h ire a n d th e m eltin g curves o f in d iu m a n d tin.
A p p ro x . 1.5 m g o f p ro te in w as dissolved in 15 )ul o f
b u ffe r and th e so lu tio n w as th e n p re ssu re se a le d in
gold p la te d c o p p e r cru cib le s (P o ly m er L ab o ra to rie s).
R e fe re n c e c a p s u le s w ere p r e p a re d in a sim ila r m a n n e r
e xcept th a t n o p ro te in w as a d d e d . All m e a su re m e n ts
w ere p e rfo rm e d at least in trip lic a te at a h e a tin g ra te
o f 5 ° C /m in . A fte r 1()()"C h a d b e e n re a c h e d th e sa m 
ples w e re rap id ly c o o le d using liquid n itro g e n and
su b se q u e n tly re h e a te d a t 5 ° C /m in to te s t for re 
versibility.
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Fig. 1. A bsorption, deconvolved and second derivative FT IR spectra
of diferric (A,B,C) and apo (D ,E ,F) hum an serum transferrin
recorded in IL O , 20 mM H epes, 0.154 M NaCi (pH 7.4), 20“C.
Spectra w ere recorded at a protein concentration of 50 m g /m i.

(50 m g /m l ) a re show n in Fig. 1. S im ilar s p e c tra w ere
o b ta in e d at 20 m g /m l ; how ever, th e level o f noise was
g re atly in c re a se d . T h e a b so rp tio n s p e c tra show am id e I
m axim a at 1654 c m " '. T h e a m id e II b a n d can be seen
a t 1 5 4 9-1548 c m " '. Q u a lita tiv e in fo rm a tio n on the
se c o n d a iy s tru c tu re o f a p ro te in can be o b ta in e d from
an analysis o f its am id e 1 b a n d (1700 c m " '- 1 6 0 0 c m " ')
using d e c o n v o lu tio n an d deriv ativ e te c h n iq u e s. 1'he
m ajo r am id e 1 c o m p o n e n t o c cu rs at 1658-1656 c m " '.
T h is can be a ssig n e d to « -h e lic a l a n d / o r ra n d o m coil
s tru c tu re s [13-15,23,26]. O th e r a m id e 1 c o m p o n e n ts
can also be id en tifie d . 1 he b a n d s in th e 1689-1685
c m " ' re g io n a re assig n ed to a n ti-p a ra lle l /3-sheet
[23,26], w hile th o se at 1683-1677 c m " ' a re p ro bably
a sso c iated w ith tu rn s [23,26]. T h e c o m p o n e n ts a t 1 6371633 c m " ' can also be a sso c iated w ith /3-sheet [23,26].
T h e a m id e 11 m axim a at 1548 c m " ' c a n n o t be assigned
u n a m b ig u o u sly to any p a rtic u la r se c o n d a ry stru c tu re .
T h e c o m p o n e n ts at 1518-1516 c m " ' a re d u e to the
v ib ratio n o f ty ro sin e side chains. T h e d ife rric a n d a p o
h u m an la c to fe rrin a n d ra b b it se ru m tra n s fe rrin give
sim ilar FT IR s p e c tra (n o t show n).
T h e a m id e 1 b a n d s o f all th e p ro te in s stu d ie d w ere
also a n aly sed fo r th e q u a n tita tiv e se c o n d ary s tru c tu re

3. R esults
Infrared spectroscopy o f sam ples in H 2 O
1 he a b so rp tio n , decon v o lv ed a n d se c o n d deriv ativ e
s p e c tra o f d ife rric a n d a p o h u m a n se ru m tra n s fe rrin
Table I
Secondary structural analysis o f the transferrins
Transferrin

D iferric HST
Apo HST
D iferric HLF
Apo HLF
Diferric RST
Apo RST

X-ray ^ (% )

FT IR (% )
a-helix

/3-sheet

turns

53
52
44
43
49
49

23
23
28
27
24
24

9
7
21
22
15
15

® See Ref. 6-8 .
See Ref. 10.
' Exact values not stated in original papers.
Approxim ate values.

a-helix
-

CD
/3-sheet

turns

-

_

-

-

(% )

a-helix

/3-sheet

23
17
26
28

62
68
57
64

41

24

45

25

20

-

-

-

-

-

-

-

c

J.M. Hadden et al. / Biochimica el Biophysica Acta 1205 (1994) 59-67

62

o5

04
I3

>3

100
TIME (HOURS)

150

50

150

100

200

0

50

100

200

150

TIME (HOURS)

TIME (HOURS)

Fig. 2. T im e-d ep en d en t
exchange o f apo ( ▲
I ) transferrins. (A ) H um an serum transferrin, (B) human
, ) and diferric (l
lactoferrin, and (C) rabbit serum transferrin. The am ide II band intensity in the second derivative spectrum was norm alized against the tyrosine
band at 1516-1515 c m " '. D ata plotted are the m ean o f th ree independent m easurem ents and the e rro r bars indicate the highest and lowest
values ob tain ed . A protein concentration of 10-20 m g /m l was used and sam ples w ere stored at 4°C betw een m easurem ents. Spectra w ere
recorded at 20°C.

c o n te n t by m e a n s o f fa c to r analysis. A v e ra g e s ta n d a rd
e r ro r s o f p re d ic tio n for th is m e th o d a re 4% fo r « -h e lix ,
8% fo r j3-sheet a n d 1% fo r tu r n s [27]. T h e tra n s fe rrin s
c o m p rise 4 3 - 5 3 % a -h elix , 2 3 - 2 8 % /3-sheet a n d 7 -2 2 %
tu rn s (T a b le 1). A ny re m a in in g s tr u c tu r e is a ssig n e d to
u n d e fin e d s tru c tu re s . T h is ov erall se c o n d a ry s tru c tu re
c o rre s p o n d s well w ith th e a v ailab le X -ray d iffrac tio n
d a ta , b u t d iffe rs c o n sid e ra b ly from th e re su lts o f a
p re v io u s C D stu d y [lb ] (T a b le 1).
Infrared spectroscopy o f sam ples in
D euterium e.xchange. T h e a m id e II b a n d can be used
to p ro v id e a m e a su re o f th e e x te n t o f 'H - ^ H ex ch a n g e
in p e p tid e g ro u p s [23,26]. T h is in tu rn is a p ro b e for
r ig id ity /s o lv e n t accessibility o f p ro te in s tru c tu re s . S o 
lu tio n s o f th e p ro te in s at a c o n c e n tra tio n o f 1 0 -2 0
m g / m l in ^ H 2 0 w e re in c u b a te d at 4°C o v e r a seven
day p e rio d , a n d s p e c tra o f a liq u o ts w ith d ra w n at s p e 
cific tim e in te rv als w e re re c o rd e d . T h e in te n sitie s o f
th e 1 5 5 5 -1 5 4 8 c m ' ' (a m id e II) a n d 151 6 -1 5 1 5 c m " '
(ty ro sin e ) b a n d s in th e se c o n d deriv ativ e sp e c tru m o f
d ife rric a n d a p o h u m a n se ru m tra n s fe rrin , h u m an
la c to fe rrin a n d ra b b it se ru m tra n s fe rrin w e re m e a 
su re d . T h e v a lu e fo r th e ty ro sin e b a n d d o e s n o t a p p e a r
to be g re a tly e ffe c te d by e x ch a n g e an d c a n th e re fo re be
u se d to n o rm a liz e th e d a ta fo r o th e r varying facto rs.
T h e re la tiv e a m o u n t o f e x ch a n g e w as c a lc u la te d by
d ividing th e in te n sity v a lu e fo r th e ty ro sin e sid e -c h a in
b a n d by th a t fo r th e a m id e II b a n d . T h e la rg e r th e
n u m e ric a l v a lu e o f th e c a lc u la te d ra tio , th e g r e a te r th e
e x te n t o f e x ch a n g e. T h e re su lts a re show n in Fig. 2. In
all c ases, th e a p o p ro te in w as o b se rv ed to e x ch a n g e to
a g r e a te r e x te n t th a n th e c o rre s p o n d in g d ife rric p r o 
tein.
B and assignm ents. Q u a n tita tiv e se c o n d a ry stru c tu ra l
analysis w as n o t c a rrie d o u t in
d u e to p ro b lem s
a sso c ia te d w ith 'H - ^ H e x ch a n g e [27]. H o w ev e r, sp e c tra
re c o rd e d in ^ H 2 Ü can b e h e lp fu l in d iffe re n tia tin g

b e tw e e n th e p re se n c e o f « -h e lic a l a n d ra n d o m coil
stru c tu re s . T h e a b so rp tio n , d e co n v o lv ed a n d seco n d
d e riv a tiv e s p e c tra (1 8 0 0 -1 5 0 0 c m " ') o f d ife rric a n d
a p o h u m a n se ru m tra n s fe rrin , h u m a n la c to fe rrin and
ra b b it se ru m tra n s fe rrin a re show n in Figs. 3 a n d 4.
T h e s e s p e c tra w e re re c o rd e d a fte r th e p ro te in h a d
b e e n d issolved in ^ H 2 Ü b u ffe r an d s to re d for 7 days at
4°C to o b ta in an o p tim a l d e g re e o f e x ch a n g e. In o rd e r
to ch ec k for th e e ffe c t o f long in c u b a tio n tim es, w e also
re m e a s u re d sa m p le s in I Q O a fte r 7 days at 4°C. N o
d iffe re n c e s w e re o b se rv e d b e tw e e n th e s e sp e c tra a n d
s p e c tra re c o rd e d im m ed iatly . T h e a b so rp tio n sp e c tra in
show a m id e 1 m axim a at 1 6 4 7 -1 6 4 6 c m " ' w ith
very little a b so rp tio n in th e a m id e II re g io n . T h is is d u e
to th e larg e d e g re e o f h y d ro g e n -d e u te riu m ex ch a n g e
th a t has o c c u rre d . T h e c o m p o n e n t a t 1 5 7 7 -1 5 6 7 c m " '
is a ssig n e d to c arb o x y late ( C O O " ) g ro u p s. D e c o n 
volved a n d se c o n d -d e riv a tiv e s p e c tra show b a n d s at
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Fig. 3. A bsorption, deconvolved and second-derivative FT IR spectra
of diferric hum an serum transferrin (A,B,C), hum an lactoferrin
(D ,E ,F ) and rabbit serum transferrin (G ,H ,I) at 20°C. Spectra were
recorded after the protein had been stored for 7 days at 4°C in
^ H jO , 20 mM H epes, 0.154 M NaCl (pH 7.4). A protein concentra
tion of 20 m g /m l was used.
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1686-1680 c m ~ ' a n d 167 0 -1 6 6 6 c m ~ '. T h e se a re a s
signed to a n tip a ra lle l /3-sheet a n d tu rn s [23,26] re sp e c 
tively. B e tw ee n 1657 c m " ' a n d 1635 c m " ', th re e
strongly o v e rla p p in g b a n d s can be seen . T h e c o m p o 
n e n t a t 165 7 -1 6 5 4 c m " ' is assig n ed to « -h e lica l stru c 
tu re s, w h e re a s th a t a t 1636-1635 c m " ' is a ttrib u te d to
/3-sheet s tru c tu re s [13-15,23,26]. T h e re a re tw o possi
ble e x p la n atio n s fo r th e origin o f th e b a n d at 1646-1644
c m " '. It m ay a rise from : (a) 'H - ^ H e x ch a n g ed solvent
ex p o sed « -h e lica l stru c tu re s [18] or, (b) 'H - ^ H ex
c h a n g e d ra n d o m coil s tru c tu re s [18]. In o rd e r to d is
c rim in a te b e tw ee n th ese, th e sp e c tra o f d iferric a n d
a p o h u m a n se ru m tra n s fe rrin w ere re c o rd e d in
in th e p re se n c e o f 60% ( w /v ) d e u te ra te d glycerol [18]
(sp e c tra n o t show n). T h e in te n sity o f th e 1646-1644
c m " ' c o m p o n e n t w as se e n to d e c re a s e relative to th e
o th e r b a n d s b u t d id n o t c o m p le te ly d isa p p e a r. C o n tro l
m e a su re m e n ts in g I y c e r o l/H 2 0 w ere also p e rfo rm e d
an d th ese sho w ed th a t th e a d d itio n o f glycerol did not
effect th e se c o n d a ry stru c tu re o f h u m an se ru m tr a n s 
ferrin . T his su g g e sts th a t,th e a b so rp tio n a t 1646 c m " '1644 c m " ' is d u e to b o th 'H - ^ H solvent exposed
«-h elix and ra n d o m coil stru c tu re s. In d e e d , c ry stallo 
g ra p h ic d a ta on d ife rric rab b it se ru m tra n s fe rrin a n d
lac to fe rrin show th a t th ese m o lecu les c o n ta in b o th
solvent exposed « -h e lic e s a n d ra n d o m coil s tru c tu re s
[6,8]. B ands a t 1 5 8 5-1582 c m " ', 1555-1548 c m " ' an d
1516-1515 c m " ' can be assigned to carboxylate groups,
the am ide 11 m axim a a n d tyrosine side ch ain v ib ratio n s
respectively. T h e d iffe re n t p ro te in s show m ajo r d iffe r
en ce s in th e re la tiv e in te n sitie s o f th e ir b a n d s in th e
1657-1635 c m " ' ra n g e. Since s p e c tra re c o rd e d in H gO
show only a sm all d iffere n ce in se c o n d ary stru c tu ra l
c o n te n t, we a ttr ib u te this v a ria tio n in b a n d intensity in
to su b tle d iffe re n c e s in h y d ro g e n -d e u te riu m ex
c h an g e c h a ra c te ristic s.
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Fig. 4. Absorption, deconvolved and second-derivative FT IR spectra
of apo human serum transferrin (A,B,C), human lactoferrin (D ,E,F)
and rabbit serum transferrin (G ,H ,I) at 20°C. Spectra were recorded
after the protein had been stored for 7 days at 4°C in ^ H jO , 20 mM
H epes, 0.154 M NaCl (pH 7.4). A protein concentration of 20 m g /m l
was used.

Table 2
DSC transitions of transferrins ”

D iferric H ST (PE) ”
Diferric H ST (PL) ’’
A po HST (PE)
A po HST (PL)
D iferric H LF (PL)
Apo H LF (PL)
Diferric R ST (PL)
A po RST (PL)

O nset C O

Peak C O

83.4
85.4
54.5/66.8
54.6/66.9
90.3
64.0
88.4
56.8

90.9
92.4
61.0/73.2
61.7/72.3
95.7
72.0
92.4
66.7

^ Average errors are ± l°C for onset values and ±0.4°C for peak
values.
’’ (PE) m easured using Perkin-Elm er DSC 7; (PL) m easured using
Polymer Laboratories DSC gold.
All m easurem ents were recorded at a protein concentration of 100
m g /m l in a buffer containing 20 mM Hepes, 0.154 M NaCl (pH 7.4).

Therm al stability
D ifferential scanning calorim etry. D S C th e rm o g ra m s
for d ife rric a n d a p o h u m a n seru m tra n s fe rrin , h u m an
lac to fe rrin a n d ra b b it se ru m tra n s fe rrin re c o rd e d at pH
7.4 are show n in Figs. 5A a n d B. T ra n s itio n o n se t an d
p e a k te m p e ra tu re s a re given in T a b le 2. W ith in th e
a ccu racy o f o u r m e a su re m e n ts all d iferric p ro te in s show
single tra n s itio n s at ap p ro x . 9()°C. T h e a p o p ro te in s
d e n a tu re at a te m p e ra tu re 2 0 -3 0 °C low er th a n th e
d ife rric p ro tein s. A p o h u m an se ru m tra n s fe rrin gives
tw o tra n sitio n s, th e low er te m p e ra tu re tra n sitio n hav
ing a low er e n th a lp y (th is is c o n sisten t w ith previously
re p o rte d d a ta [22,28]), w h e re a s a p o h u m a n lac to fe rrin
show s only a single tra n sitio n . T h e situ a tio n is less
c le a r for a p o ra b b it se ru m tra n s fe rrin . A lth o u g h a p o
ra b b it se ru m tra n s fe rrin seem s to show a single tra n s i
tion, its b ro a d n e ss an d asym m etry could p o in t to two
strongly o v e rla p p in g su b tra n sitio n s. T h e low er te m p e r 
a tu re tra n sitio n has a sm a lle r e n th a lp y w hich is also
th e case fo r h u m a n se ru m tra n s fe rrin . P revious stu d ie s
have in te rp re te d th e two tra n sitio n s se e n for a p o h u 
m an se ru m tra n s fe rrin as c o rre sp o n d in g to th e s e p a 
ra te u n fo ld in g o f th e N - a n d C -term in al lobes o f th e
p ro te in [28]. All tra n s itio n s w ere fo u n d to be irre 
v ersible w ith th e ex ce p tio n o f th e low te m p e ra tu re
tra n s itio n o f a p o h u m a n se ru m tra n s fe rrin , w hich a p 
p e a re d to be, at least in p a rt, reversible. T h e e n th a lp y
involved w ith th is tra n sitio n d e c re a s e d w ith c o n secu tiv e
h e a tin g a n d cooling runs. T h is could be d u e to p a rtia l
d e g ra d a tio n o f th e p ro te in . W h en th e p ro te in w as
h e a te d to a m id p o in t te m p e ra tu re b e tw ee n th e tw o
tra n s itio n s full reversibility o f th e first tra n s itio n w as
fo u n d .
Fourier transform infrared spectroscopy. T o gain m ore
insight in to th e stru c tu ra l ch an g e s th a t o c cu r d u rin g
th e th e rm a l d é n a tu ra tio n o f the tra n s fe rrin s, in fra re d
sp e c tra w ere re c o rd e d at d isc rete te m p e ra tu re s b e 
tw een 50°C a n d 80°C. Fig. 6 show s th e effe c t o f such
h e a tin g on th e se c o n d -d e riv ativ e sp e c tra o f a p o H ST .
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Heating the sample from 20°C to 60°C only produces
minor changes. Upon raising the tem perature to =
65°C the a-helical band at 1655 cm “ * can no longer be
resolved as a distinct peak and at 66°C a broad amide I
band is observed. This tem perature is just between the
first and second transition seen in DSC (Fig. 5B). Once
70°C has been reached no sharp individual features can
be distinguished in the amide I region. Raising the
tem perature to 80°C produces no further differences in
the spectrum (this tem perature is beyond the second
transition seen in DSC). It is interesting to note that
the spectrum of apo human serum transferrin recorded
at 80°C is not typical of the infrared spectra of dena
tured proteins which are often characterized by the
presence of two sharp bands at approx. 1690 c m " ' and
1615 c m " ' [18]. No band is observed at 1690 c m " ' and
the band at 1615 c m " ' observed above 66°C is far less
pronounced than that observed with other proteins.
Due to the loss of features associated with the sec
ondary structural elements, there is little doubt that
the spectra of the apo proteins recorded at 80°C repre
sent an unfolded state of the protein. Upon cooling the
samples back to 20°C and re-recording, the spectra do
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Fig. 6. T em perature-induced changes in the second-derivative F T IR
spectrum of apo hum an serum transferrin recorded in ^ H 2 0 , 20 mM
Hepes, 0.154 M NaCl (pH 7.4). A protein concentration of 50 m g/m l
was used, (a) Spectrum recorded at 20°C prior to heating, (b)
Spectrum recorded at 20°C after the sample had been heated to 80°C
and cooled to 20°C.
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Fig. 5. DSC therm ogram s of (A) diferric and (B) apo transferrins.
H um an serum transferrin (top trace), hum an lactoferrin (middle
trace), rabbit serum transferrin (bottom trace). M easurem ents were
recorded in a buffer containing 20 mM Hepes, 0.154 M NaCl (pH
7.4). A protein concentration o f approx. 100 m g /m l was used.

show some resemblance to the spectra of denatured
proteins [18].
Thermal stability measurements were performed for
all the proteins under investigation. As a convenient
param eter for following the thermal stability of these
proteins we used the intensity of the a-helical band in
the deconvolved spectra. Fig. 7 shows the results plot
ted as a function of temperature. Similar results were
obtained when the low frequency /3-sheet band was
used for this calculation. Little change in the relative
amount of a-helix occurs while heating the diferric
proteins between 50°C and 80°C. The calorimetric data
show that no thermal transitions occur in this range. In
contrast to the above results heating the apo proteins
between 50°C and 80°C produces a distinct transition.
This corresponds to a sudden loss of a-helical struc
ture. Such a sudden loss in band intensity is unlikely to
be caused by accelerated exchange without loss of
structure. For the serum transferrins the midpoint tem 
peratures for the transitions seen in FTIR are compa
rable to the midpoints of the DSC transitions. In the
case of apo HST, where two DSC transitions are seen,
the midpoint is judged to be at a point half way
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between the two individual transitions. A broad FTIR
transition is seen for apo HST and it is difficult to
determine, whether one or two transitions are present.
It appears that secondary structure is lost during both
thermal transitions seen in DSC. For apo HLF the
midpoint of the FTIR transition is = 6°C lower than
the midpoint tem perature measured using DSC. How
ever, the onset tem perature is very similar.

4. Discussion
FTIR spectroscopy shows that human serum trans
ferrin is predominantly a-helical in structure (52-53% )
with a substantial )3-sheet content (23%). These values
are in conflict with previously reported CD spectro
scopic data, which estimate that human serum transfer
rin is composed of 17-23% a-helix and 62-68% /3-sheet
[10]. However, the FTIR values are in good agreement
with the secondary structural content calculated from
crystallographic data on human lactoferrin and rabbit
serum transferrin [6,8]. As yet there are no crystallo
graphic data available for human serum transferrin.
The agreement between FTIR and X-ray crystallo
graphic data can be attributed to the fact that the
amide I band reflects hydrogen bonding patterns which
were also used to estimate the helical content in the
HLF crystallographic study [6]. CD spectroscopy on the
other hand measures dihedral angles [29]. Diferric hu
man lactoferrin contains many helices that do not have
first and last residues with characteristic a-helical di
hedral angles (0 , i/f), and helix 5 is disrupted by several
proline residues [6]. Subtracting these residues from
the given crystallographic a-helical content gives a
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value of 26% a-helix. This value is identical to that
estimated for diferric human lactoferrin using CD
spectroscopy [10]. Hence both the FTIR and CD esti
mation of a-helical content are in agreement with the
crystallographic data. The apparent discrepancy be
tween the secondary structure calculated using FTIR
and CD spectroscopy is an example of the importance
of careful definition of secondary structure.
An important observation from our quantitative data
is that the secondary structure of all the proteins
studied is not significantly altered by binding or re
moval of iron. However, measurements in ^H jO
demonstrate that iron removal from all the proteins
studied increases the extent of ‘H-^H exchange, as
measured by FTIR spectroscopy. This suggests that an
‘opening up’ or ‘loosening’ of protein structure occurs
upon iron removal. This is in agreement with small
angle X-ray scattering studies [12] and measurements
of various hydrodynamic param eters [11] which show
that human serum transferrin becomes more compact
upon iron binding. The X-ray crystal structure of lacto
ferrin indicates that the N-lobe is wide open when iron
is not bound, due to a domain rotation of 53°. This
would explain the increased 'H -^H exchange for apo
lactoferrin that we have found. Our exchange measure
ments suggest that a similar structural change may
occur for the serum transferrins. The above results
show that change in protein tertiary structure is a more
important factor in the iron binding and release mech
anism of HST, RST and HLF than a change in protein
secondary structure. This appears to be a phenomenon
common to many metalloproteins, such as caeruloplas
min [30], calmodulin [18] and concanavalin A [31].
The conformational change which occurs upon iron
binding and release is also reflected in a change in
thermal stability. O ur DSC results show that binding of
iron to all the transferrins leads to thermal stabilization
of the proteins by » 30°C. The diferric proteins all
show a single transition within the accuracy of our
measurements. However, when iron is removed, each
of the proteins behaves differently. Human serum
transferrin shows a double, in part, reversible DSC
transition in its apo form whereas rabbit serum trans
ferrin shows a broad asymmetric transition suggesting
that two strongly overlapping transitions are present.
Apo lactoferrin shows a single symmetric transition.
Only the low tem perature transition of apo human
transferrin is reversible.
The double transition of apo HTF has previously
been interpreted as being indicative of a difference in
thermal stability of the two iron-free lobes of the apo
protein [28]. This suggestion is supported by the obser
vation that individual lobes of hen ovo-transferrin have
been shown to denature at different tem peratures [32].
Additionally the stability of the two iron-free lobes of
human serum transferrin to urea dénaturation is differ
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ent [33]. No comparable data have been published for
human lactoferrin or rabbit serum transferrin.
The marked difference in the thermal stability of
the iron-free lobes of the transferrins may be a reflec
tion of their different structures, which in turn may be
related to the iron binding characteristics of the lobes
in these proteins. In the case of human serum transfer
rin, the N-lobe releases its iron more readily upon
acidification than the C-lobe [34]. However, for rabbit
serum transferrin, no difference between the lobes was
observed during dissociation of iron at low pH [35].
X-ray crystallographic data on apo human lactofer
rin show that the N-terminal lobe of lactoferrin opens
upon iron release, the C-terminal lobe, however, re
tains its closed ‘iron bound’ conformation even when
iron is not present [7]. The flexibility of a protein often
has an inverse correlation with thermal stability [36].
Assuming that this is also the case for the transferrins
one would expect two transitions for a protein contain
ing one open (more flexible) and one closed lobe (less
flexible). One of these transitions would correspond to
dénaturation of the closed C-lobe at a temperature
near to that seen for the diferric protein (where both
lobes are known to be closed). The other transition
corresponding to dénaturation of the open N-lobe
would be expected to occur at a significantly lower
temperature. The observation of a single symmetric
lower tem perature transition for apo human lactoferrin
indicates that both lobes are thermally equivalent and
it is therefore likley that they are both open in solution.
This is in contrast to the situation observed in the
crystal structure.
Although some of the DSC measurements reported
here have been previously performed [22,28] and they
are essentially in agreement with our results, we have
shown for the first time using FTIR that a loss in
protein secondary structure (both a-helix and /3-sheet)
accompanies the calorimetric transitions seen for the
apo proteins. It is interesting to note that with apo
human serum transferrin, at 80°C, we do not observe
strong bands at 1690 cm"* and 1615 cm"* that are
often characteristic of denatured proteins. Using DSC
no thermal transitions are seen for the diferric proteins
between 50°C and 80°C. Corresponding FTIR data
show little change in protein secondary structure over
this temperature range. This combined F T IR /D S C
approach enables the identification of the structural
changes that occur to the apo proteins during dénatu
ration.
In summary this study shows that: (i) A change in
the tertiary structure of the proteins is a more impor
tant factor in the iron binding and release mechanism
than a change in secondary structure, (ii) The crystal
structure of human lactoferrin does not fully reflect the
structure in solution. This illustrates the value of using
several biophysical techniques to obtain structural in

formation in solution, in addition to X-ray crystallo
graphic data, (iii) The apparent conflict between CD,
FTIR and X-ray crystallographic estimates of sec
ondary structural content can be explained by the fact
that the CD estimates are based on dihedral angles
and not hydrogen bonding patterns, (iv) The thermal
transitions of the apo proteins seen in DSC correspond
to a loss of periodic structure, (v) Although there are
indeed similarities in structure between members of
this family of proteins, some clear differences exist
even between the serum transferrins from species as
close as human and rabbit. These subtle differences
could well be important in determining the individual
properties of the transferrins.
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Abstract
Fourier transform infrared spectroscopy has been used to study the solution structure and thermal stability o f the extracellular fragment of human
transferrin receptor (tfR t) at extracellular and endosomal pH. At extracellular pH tfRt is composed of 56% a-helix, 19%^-sheet and 14% turns. Upon
acidification to endosom al pH the a-helical content of the protein is reduced and the ^-sheet content increased by nearly 10%. At extracellular pH,
the m idpoint tem perature o f thermal dénaturation (T^,) for the loss of secondary and tertiary structure, and the formation of aggregated structures,
is 7 T C . At endosom al pH this tem perature is reduced by = I5°C. The apparent entropies of thermal dénaturation indicate that the native structure
of tfR t at endosom al pH is far more flexible than at extracellular pH.

Key words: F ourier transform infrared spectroscopy; Secondary structure; T ertiary structure; T herm al stability; pH -dependent
c onform ational change

I . Iiit r u d iic lio n
1 h e p a th w a y o f iro n u p ta k e in to th e v a st in tijo rity o f
cell ty p e s in v o lv e s th e p re fe re n tia l b in d in g o f d ife rric
tr a n s f e rr in w ith its r e c e p to r a t th e p H o f th e p la s m a ;
u n d e r th e s e c o n d itio n s th e a flin ity o f a p o - tr a n s f e r r in fo r
its r e c e p to r is n e a r ly tw o o r d e rs o f m a g n itu d e lo w e r t h a n
t h a t o f th e d if e rr ic p ro te in [1]. T h e t r a n s f e r r i n - tr a n s f e r rin r e c e p to r c o m p le x is th e n in te rn a lis e d v ia c la th rin c o a te d p its, a n d th e p H o f th e e n d o s o m e s is lo w e re d to
a r o u n d p H 5.6 b y m e a n s o f a p u ta tiv e p r o t o n p u m p [2].
A t th is lo w e r p H , iro n is re le a s e d fro m o n e o r b o th o f
th e sites o n t r a n s f e r r in a n d t r a n s p o r te d to c e llu la r c o m 
p a r tm e n ts b y a s y e t u n k n o w n m e c h a n is m s . T h e re s u ltin g
a p o /m o n o f e r r ic tr a n s f e r r in r e m a in s b o u n d to th e re c e p 
t o r a n d is re c y c le d b a c k to th e cell s u rfa c e w h e re , a t th e
h ig h e r p H o f p la s m a , it is re le a s e d . A t th e p H o f th e cell
su rfa c e , th e r e c e p to r h a s b e e n s h o w n to r e ta r d iro n re 
lea se fro m r e c e p to r - b o u n d tr a n s f e r r in [3]. H o w e v e r, a t
th e p H o f th e e n d o s o m e th e re c e p to r h a s th e re v e rse
e ffe c t o n iro n re le a se fro m tra n s f e r r in , a c c e le ra tin g th e
lo ss o f iro n 5 -fo ld . C le a rly th e p H - d e p e n d e n t in te r a c tio n
o f tr a n s f e r r in w ith tra n s f e r r in r e c e p to r is o f p rim e im p o r 
ta n c e in g o v e rn in g th e d e liv e ry o f iro n to cells.
♦Corresponding author. Fax: (44) (71) 431-8107.
Abbreviations: CD , circular dichroism; FTIR , Fourier transform infra
red spectroscopy; HEPES, (V-[2-hydroxyethyl]piperazine-V'-[2ethanesulp honic acid]); MES, (2-[V-morpholino]ethanesulfonic acid);
SDS-PAGE, sodium dodecylsulphate polyacrylamide gel electrophore
sis; tfR, human placental transferrin receptor; tfRt, trypsin cleavable
fragment of hum an placental transferrin receptor.

O n ly v e ry lim ite d in f o r m a tio n is a v a ila b le o n th e s tr u c 
tu re o f tra n s f e r r in re c e p to r. T r a n s fe r r in r e c e p to r ( tlU ) is
a tr a n s m e m b r a n e p ro te in th a t is e x p re ss e d b y m o s t
m a m m a lia n cells. T h e h u m a n tr a n s f e r r in re c e p to r c o m 
p rise s tw o id e n tic a l, d is u lp h id e -lin k e d , g ly c o s y la te d s u b 
u n its o f a p p r o x im a te ly 95 k D a ( fo r a re c e n t rev iew see
[4]). E a c h s u b u n it h a s a n e x tra c e llu la r d o m a in o f 671
a m in o a c id s, a sin g le 2 8 -re s id u e p u ta tiv e tr a n s m e m b ra n e
re g io n a n d a 6 1 -re s id u e a m in o - te rm in a l c y to p la s m ic d o 
m a in . T h e h u m a n tr a n s f e r r in r e c e p to r c a n be p u rifie d
fro m te rm p la c e n ta e a s a d e te rg e n t-s o lu b ilis e d , d is 
u lp h id e -lin k e d d im e r o f m o le c u la r w e ig h t 185 k D a [5].
U p o n d ig e s tio n w ith try p s in a w a te r -s o lu b le 70 k D a
m o n o m e ric f ra g m e n t is g e n e r a te d ( tf R t) w h ic h c o n ta in s
95 % o f th e e x te rn a l re g io n o f th e t r a n s f e r r in r e c e p to r [5].
T h is so lu b le f o r m o f th e re c e p to r r e ta in s th e a b ility to
b in d tr a n s f e r r in [5 -7 ] a n d fo rm s a n o n - c o v a le n t d im e r in
s o lu tio n [5,6].
A s y e t a tte m p ts to p r o d u c e la rg e s ta b le c ry s ta ls o f tf R t
h a v e b e e n u n su c c e ss fu l [7]. B io c h e m ic a l d a ta su g g e st th a t
w h e n th e p H is re d u c e d to 5.6, tf R t u n d e rg o e s a c o n f o r 
m a tio n a l c h a n g e w h ic h re s u lts in se lf a s s o c ia tio n . T h is
se lf a s s o c ia tio n is p re v e n te d by th e p re se n c e o f n o n -io n ic
d e te rg e n t [6]. T h is c o n f o r m a tio n a l c h a n g e is p o o r ly c h a r 
a c te ris e d a n d o n ly v e ry p r e lim in a r y c ir c u la r d ic h ro is m
(C D ) d a ta a re a v a ila b le [6].
In th is s tu d y w e c h a ra c te ris e th e s tr u c tu r e o f t f R t in
m o re d e ta il. T h e p H - d e p e n d e n t c o n f o r m a tio n a l t r a n s i 
t io n s o f t f R t, a s w ell a s th e th e rm a l s ta b ility o f th e p r o 
te in , h a v e b e e n in v e s tig a te d b y F o u r ie r t r a n s f o r m in f r a 
re d s p e c tr o s c o p y ( F T I R ) .
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2. M a te ria ls and m ethods
2.1. f ’lirifieatioii o j hum an transferrin receptor

H um an transferrin receptor was purified from term placentae by
means o f previously described techniques [5], The purity o f these sam 
ples was sim ilar to those previously reported [5]. The soluble fragm ent
of transferrin receptor (tfR t) was generated by incubation o f the intact
receptor with trypsin [6], The fragm ent was finally purified by IIPL C
using an analytical TSK G 3000 SW X L gel-liltration colum n. Tig. I
shows that samples o f tfR t used for structural studies gave a single band
when analysed by SD S-PA G E and cross-reacted with the m onoclonal
antibody OK TV on Western blots.
2.2. S D S - P A G E a n d W estern blotting

SD S-PA G E was carried out essentially according to (he m ethod o f
Laemmli [8). Samples (typically 7 .5 //g) were run under reducing co n d i
tions (10% separating gel) using an LKB vertical slab gel system. For
W estern blot analysis the protein was transferred to nitrocellulose
m em biane using a Bio-Rad semi-dry electroblotter. T ransferred p ro 
tein was visualised with the m onoclonal antibody OK T9 and alkaline
phosphatase-conjugated donkey anti-m ouse IgG.
2.3. F T I R spectroscopic studies

FT IR spectra were recorded using a Perkin-Elm er 1750 FT IR spec
trom eter equipped witii a fast recovery T G S detector and a PerkinElmer 7300 D ata Station as described previously [9]. All spectra were
recorded at a resolution o f 4 cm "'. Buffer subtraction was carried out
digitally to give a straight baseline in the 2000-1800 cm ' area. F urther
details on solvent subtraction can be found in previous publications
[ 10].
1 he broad am ide I bands were analysed using second-derivative and
deconvolution techniques. Second-derivative spectra were calculated
using a 13 d ata point Savitzky-G olay sm oothing window (13 cm ')
using the Perkin-Elm er D ER IV function. D econvolution o f spectra was
perldrm ed using the Perkin-Elm er E N H A N C E function. Typically a
band w idth o f 16 cm ' and a resolution enhancem ent factor o f 2.25 were
used.
Q uantitative analysis o f the therm ally induced changes in protein
structure as rellected in the I TIR spectra was perform ed using global
analysis [II]. In this m ethod, curve fitting in term s o f skewed G atisians
is com bined with linking of the spectral shape param eters across tem 
perature. This m ethod has the advantage that no deconvolution or
derivative o f the original spectra is required. Assum ing a one-step
transition the estim ated band am plitudes were then fitted with a twostate therm odynam ic model [12,13]. This yields the m idpoint o f the
transition (7„,) and the v an 't H off enthalpy (J//v ,,).
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c m " ' a re d u e to th e v ib ra tio n o f ty ro sin e side c h ain s.
S p e c tra o f tfR t w ere a lso re c o rd e d in ^H^O a t p H 7.4 a n d
pH 5.6. A n a ly sis o f these sp e c tra (n o t sh o w n ) usin g sec
o n d -d e riv a tiv e te c h n iq u e s revealed th a t, like s p e c tra in
IT O (F ig . 2 8 ), m a jo r b a n d s c a n be seen a t 1656 c m " ' a n d
1639 c m " '. T h ese are c o n siste n t w ith the p re sen c e o f
a -h e lic a l a n d yS-sheet s tru c tu re s, respectively.
T h e a b s o rp tio n sp e c tra o f th e p ro te in in H jO at b o th
p H ’s w ere q u a n tita tiv e ly a n aly se d fo r se c o n d a ry s tru c 
tu re c o n te n t by m ea n s o f a m u ltiv a ria te lin e a r m o d el [17],
a n d th e re su lts a re sh o w n in T ab le 1. S im ila r re su lts w ere
also o b ta in e d w hen th e sp e c tra w ere a n aly se d usin g fac
to r a n aly sis [18]. tlR t is p re d o m in a n tly a -h e lic a l w ith
su b s ta n tia l (3-shce[ a n d tu rn s c o n te n t. T h e re is, h ow ever,
a re d u c tio n in the a -h e lic a l a n d a n incietise in /9-sheet
c o n te n t u p o n lo w e rin g th e p H . A lth o u g h th e m a g n itu d e
o f th e differen ce is close to the u n c e rta in ty o f th e te c h 
n iq u e, these re su lts are in a g ie e m e n t w ith th e in cre ased
a b s o rp tio n in th e /9-sheet reg io n o f the a b s o rp tio n sp e c 
tru m ( = 1635 c m " ') re c o rd e d a t p H 5.6 (F ig. 2A).
3.2.

T h e rm a l .sU thilily

In o rd e r to stu d y the c o n fo rm a tio n a l sta b ility o f tr a n s 
ferrin re c e p to r, sp e c tra o f tll^ t a t pH 7.4 a n d p H 5.6 in
^HzO w ere re c o rd e d o v e r a lin ear te m p e ra tu ie g ra d ie n t
from 20 to 8()°C. 1 he in te n sity o f specific b a n d s in the
d e co n v o lv ed sp e c tra a re p lo tte d a g a in st te m p e ra tu re in
Fig. 3. Several o b se rv a tio n s can be m ad e. A t a given pH
the b a n d s a ttrib u te d to th e m ain se c o n d a ry s tru c tu ra l
ele m en ts (a -h e lix 1655 c m " ', /9-sheet 1638 c m " ') re d u ce

200kDa
3. Resiilt.s
3.1. S tru c tw e
T h e a b s o rp tio n sp e c tra o f tfR t re c o rd e d a t pH 7.4 a n d
pH 5.6 a re show n in Fig. 2A . B o th sp e c tra sh o w an
a m id e 1 m axitm im ;it 1656 c m " '. H o w ev er, the sp e c tru m
re c o rd e d a t pH 5.6 is b ro a d e r a n d th c ie a p p e a rs to be
in cre ased a b s o rp tio n in the low freq u e n c y p a rt o f the
a m id e I region. Q u a lita tiv e in fo rm a tio n on th e se c o n d a ry
s tru c tu re o f a p ro te in can be o b ta in e d fro m a n a n aly sis
o f its am id e I b a n d (1 7 0 0 -1 6 0 0 c m " ') usin g d e riv a tiv e
tec h n iq u es. T h e se c o n d -d e riv a tiv e sp e c tra o f tll^ t at pH
7.4 a n d pH 5.6 are sh o w n in Fig. 2 8 . S im ila r b a n d s can
be seen in b o th sp e c tra a n d these c a n be assig n ed as
follow s: 1656 c m "' a -h elic a l a n d /o r ra n d o m coil stru c 
tu re s [10,14 16], 1639 c m "' a n d 1694/1692 c m " ' )3-sheet
[10,16], 1679/1678 c m " ' tu rn s [10,16]. T h e a m id e 11 b a n d
at 1550 c m "' can n o t be assig n ed u n a m b ig u o u sly to any
p a rtic u la r se c o n d a ry stru c tu re . T h e c o m p o n e n ts at 1516

97kDa
69kDa
46kDa
30kDa

21 kDa

A

B

Fig. I. SD S-PA G E (A) and Western blot (B) analysis o f purified (TRt.
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O n c e th e s a m p le s h a d b e e n h e a te d to 8 0 °C th e y w e re
c o o le d b a c k to 2 0 °C . N o sp e c tra l c h a n g e s w e re o b s e rv e d
u p o n c o o lin g , in d ic a tin g t h a t a t b o t h p H v a lu e s s tu d ie d
th e rm a l d é n a t u r a t i o n o f t f R t w a s irre v e rsib le .
T h e v a r ia tio n in th e d é n a t u r a t i o n p r o p e rtie s o f t f R t a t
p H 7.4 a n d p H 5.6 w a s q u a n tifie d fro m th e in fra re d
s p e c tr a u s in g g lo b a l a n a ly s is [ I I ] . T h e re s u lts a r e s u m 
m a ris e d in T a b le 2 a n d , w h e re a p p lic a b le , a re in a g re e 
m e n t w ith th o s e s h o w n in F ig . 3.

1650

1675

1700

1600

1625

4. Discussion

Wavenumber (cm^ )
T h is is th e first s tu d y to e s tim a te th e s e c o n d a r y s tr u c 
tu r a l c o n te n t a n d th e rm a l s ta b ility o f tfU t. A t p H 7.4 tf R t

A
ro

<Dh:

ro

1800

1750

1700

1650

1600

1550

1500

Wavenumber (cm^ )
Fig. 2. (A) FTIR absorption spectra of tfRt at pH 5.6 {....) and pH 7,4
(—) in HjO, 20°C. (B) Second-derivative FTIR spectra of tfRt at pH
5.6 (top trace) and pH 7.4 (bottom trace) in H ;0 . Spectra were recorded
at a protein concentration of approximately 35 mg/mi in 20 mM
HEPES, 0.154 M NaCl (pH 7.4) or 20 mM MES, 0.154 M NaCl (pH
5.6).

.-H -t M M ' I ' I ‘ f + " l ■ I ' I ‘ I ‘ I ' I ' I ■ I ■ I ' I '

Temperature (°C)

B

in in te n s ity s im u lta n e o u s ly . C o n c o m ita n t w ith th is ,
b a n d s a tt r i b u te d to a g g re g a te d s tru c tu r e s th a t re s u lt
u p o n th e r m a l d é n a t u r a t i o n o f p r o te in s (1 617 c m ” ' a n d
1683 c m ” ') a p p e a r in th e s p e c tra . T h e o n s e t o f th e s e
tr a n s itio n s o c c u r a t a m u c h lo w e r te m p e ra tu r e a t p H 5.6
( = C 3 8 °C ) t h a n a t p H 7 .4 ( ~ 6 2 °C ). In a d d itio n , th e
ra te s o f th e th e rm a l t r a n s itio n s a r e d iffe re n t a t th e tw o
p H ’s stu d ie d . I t is in te re s tin g to n o te t h a t a s u d d e n loss
in in te n s ity o f th e re s id u a l a m id e II b a n d a t 1550 c m ” '
c o in c id e s w ith th e lo ss o f s e c o n d a ry s tr u c tu r e a n d th e
a p p e a r a n c e o f a g g re g a te d s tru c tu re s .

‘**1
‘

Table I
Secondary structure o f the tfR t estimated from FTIR

-I ■ I ■ I ' I

»

Protein

a-Helix

)8-Sheet

Turns

Other

tfR t, pH 7.4
tfRt, pH 5.6
Transition
pH 7.4 —> 5.6

56 (2)
48 (3)

19(3)
25 (4)

14(2)
15(3)

10(2)
10(2)

-8

+6

+ 1

Values in brackets indicate estimated errors (S.D.).

0

■ I ■ I ‘ I ■ I ■ I ■ I ■ I ■ I ■ I M M - I ■ I ■ I ■ I ■H - + ‘ T ‘ -l-^I^ T 'T T T T t
<0

60

80

80

40

20

Temperature (“C)
Fig. 3. Tem perature-dependent intensity of selected bands in the decon
volved spectra of tfRt at pH 7.4 (A) and pH 5.6 (B) in ^HjO. (■)
Aggregated structures. 1617 cm "'; ( a ) a-helix; (♦)^-sheet, (-) amide II;
(•) aggregated structures, 1683 cm "'. Spectra were recorded at a protein
concentration of approxim ately 50 mg/ml in 20 mM HEPES, 0.154 M
NaCl (pH 7.4) or 20 mM MES, 0.154 M NaCl (pH 5.6).
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is e s tim a te d to c o m p ris e 56 ± 2% a -h e lix , 19 ± 3% fish e e t, 14 ± 2 % tu r n s a n d 10 ± 2% u n d e fin e d s tr u c tu r e s .
U p o n a c id ific a tio n o f t f R t to e n d o s o m a l p H , th e a - h e li
c al c o n te n t o f th e p r o te in d e c re a s e s a n d th e )9-sheet c o n 
te n t in c re a s e s b y n e a rly 10% (T a b le I), s u g g e stin g a lim 
ited c o n f o r m a tio n a l c h a n g e . T u r k e w itz e t al. [6], u sin g

te in d é n a t u r a t i o n . T h e r e f o re th e a p p a r e n t e n tr o p y o f u n 
fo ld in g a t th e m id p o in t te m p e ra tu r e (zlS^) c a n be
ro u g h ly e s tim a te d fro m th e e q u a tio n
= A H y„ IT ^
[21]. F r o m th e v a lu e s p re s e n te d in T a b le 2 f o r a - h e lic a l
a n d /0-sheet s tr u c tu r e s w e c a lc u la te J S ,„ to b e 85 a n d 280
c al m o r ' K " ' a t p H 5.6 a n d p H 7.4, re sp e c tiv e ly . T h is

C D , a ls o fo u n d a c o n f o r m a tio n a l c h a n g e in tf R t u p o n

d iffe re n c e in

a c id ific a tio n b u t n o q u a n tif ic a tio n w a s p ro v id e d .

t f R t a t lo w p H is c o n s id e ra b ly m o re flexible t h a n t h a t

su g g e sts t h a t th e n a tiv e s tr u c tu r e o f

T o f u r t h e r c h a ra c te ris e th e e ffe c t o f p H o n th e s t r u c 

fo u n d a t h ig h p H . T h is in c re a s e in flex ib ility a t lo w p H

tu re o f tr a n s f e r r in re c e p to r , t e m p e ra tu r e - d e p e n d e n t c o n 

m a y a ls o e x p la in th e lo w e r th e r m a l s ta b ility o f th e p r o 

f o r m a tio n a l c h a n g e s a t p H 5.6 a n d p H 7.4 w e re in v e s ti
g a te d u sin g F T I R c o m b in e d w ith g lo b a l a n a ly sis. A t
b o th p H 5 .6 a n d p H 7 .4 lo ss o f s e c o n d a r y s tr u c tu r e
c o in c id e s w ith e n h a n c e d p r o t o n e x c h a n g e a s se e n b y c o n 
c o m ita n t lo ss o f a m id e I a n d a m id e II b a n d in te n s ity
(F ig . 3, T a b le 2). T h is c o u ld b e d u e to lo ss o f s e c o n d a ry
a n d t e r t i a r y s tr u c tu r e o c c u rrin g s im u lta n e o u s ly . A lte r n a 
tiv ely h ig h so lv e n t a c c e s sib ility o f t f R t m a y le a d to e x 
c h a n g e o f a ll p r o to n s n o t in v o lv e d in s e c o n d a ry s tr u c tu r e
a t ro o m te m p e ra tu r e [19]. C o n s e q u e n tly th e re d u c tio n o f
a m id e II a b s o r p tio n a t e le v a te d te m p e ra tu r e w o u ld a ls o
re fle ct lo ss o f s e c o n d a r y s tr u c tu r e . A t p H 5.6 t f R t is
th e rm a lly less sta b le t h a n a t p H 7.4, th e m id p o in t o f
d é n a t u r a t i o n b e in g re d u c e d fr o m 7 1 °C to 55 °C . In b o th
c ases th e tr a n s itio n s a re irre v e rs ib le a n d re s u lt in p r o te in
a g g re g a tio n .
A lth o u g h a tw o s ta te th e r m o d y n a m ic m o d e l im p lic itly
a ssu m e s t h a t u n fo ld in g o f a p r o te in is fu lly re v e rsib le , it
h a s b e e n n o te d [20] t h a t a c c e p ta b le V a n ’t H o f f p lo ts a re
o b s e r v e d e v e n in th e c a s e o f a p p a r e n tly irre v e rs ib le p ro -

te in a t e n d o s o m a l p H .
A lth o u g h s p o n ta n e o u s re le a s e o f iro n fro m t r a n s f e r r in
a t lo w p H h a s b e e n p r o p o s e d a s a m e c h a n is m o f iro n
re le a s e f ro m th e r e c e p to r - t r a n s f e r r i n c o m p le x , B a li e t al.
[22] h a v e s h o w n t h a t th e in te r a c tio n o f t r a n s f e r r in w ith
tr a n s f e r r in r e c e p to r c a n p r o m o te o r r e ta r d iro n re le a s e
d e p e n d in g o n p H . O n th e b a sis o f th e s e re s u lts it w a s
su g g e ste d t h a t r e c e p to r b in d in g to d ife rric tr a n s f e r r in a t
lo w p H m a y fo rc e th e l a tte r i n to a m o re o p e n o r la b ile
c o n f o rm a tio n , th e re b y f a c ilita tin g iro n re le ase. D ire c t
e v id e n c e to s u p p o r t th is su g g e s tio n re q u ire s s tr u c tu r a l
s tu d ie s o f th e tr a n s f e r r i n - tr a n s f e r r in r e c e p to r c o m p le x .
S o f a r it h a s b e e n s h o w n t h a t in th e a b s e n c e o f tr a n s f e r r in
re c e p to r th e s e c o n d a r y s tr u c tu r e o f d ife rric tra n s f e r r in is
v e ry sim ila r a t e x tra c e llu la r a n d e n d o s o m a l p H [23]. T h e
lim ite d c h a n g e in s e c o n d a ry s tr u c tu r e a n d e n h a n c e d flex
ib ility se e n in t f R t a t lo w p H r e p o r te d in th is s tu d y m a y
in d u c e a c o n f o rm a tio n a l c h a n g e in b o u n d tr a n s f e r r in ,

Table 2
Transition tem peratures and V a n ’t H off enthalpy of tfR t determined
by FTIR
Band

pH

Tn ( ° Q

Assignment

a n d th u s f a c ilita te iro n re le a se .
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R e fe re n c e s

(kcal/mol)
1620 cm "' and
1678 cm "'
1656 cm ' and
1637 cm"'
1545 cm "' and
1447 cm"'
1619 cm "' and
1678 cm"'
1661 cm "' and
1642 cm"'
1545 cm "' and
1446 cm"'

5.6

55 ( < 0.5)

30 (2)

aggregated
structures

5.6

55(1)

28 (2)

a-helix/^-sheet

5.6

55 (2)

23(4)

amide 11/amide IF

7.4

70 ( < 0.5)

109 (6)

7.4

71 ( < 0.5)

96 (6)

a-helix/^-sheet

7.4

71 (3)

40 (7)

amide Il/amide IF

aggregated
structures

Values in brackets indicate calculated errors. Amplitude variations of
combined bands were fitted together. The bands assigned to the amide
IF vibration and aggregated structures increased in intensity during
thermal dénaturation while other bands decreased in intensity. Ad
ditional bands identified during the fit that did not change significantly
during heating were located at 1516 cm"' (tyrosine) and 1588/1590 cm"'
(carboxylate).
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