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Abstract……

Antibodies are responsible for binding to antigens through their Fab arms and

eliciting an immune response by binding to Fcγ receptors (FcγR). IgG4 is associated 

with IgG4-related disease. Human IgG in blood consists of four subclasses (IgG1,

IgG2, IgG3 and IgG4). In order to identify their solution structures, monoclonal IgG1

and IgG4 and myeloma IgG2 were studied using analytical ultracentrifugation (AUC)

and small-angle X-ray and neutron scattering (SAXS, SANS), followed by atomistic

modelling using molecular dynamics and Monte Carlo methods. The three IgG

subclasses exhibit variable conformations and flexibility, reflecting their function.

FcγRI (CD64) is the sole high-affinity human IgG receptor. Its crystal structure 

showed that its three domains D1, D2 and D3 form a compact “seahorse” shape. To

identify its solution structure, AUC and SAXS data and their modelling showed that

FcγRI is more elongated than its crystal structure, in which the D1 and D2 domains 

were no longer in contact with each other, and the D3 domain showed flexibility. The

solution structures of the IgG1 and IgG4 complexes with FcγRI were determined by 

AUC, SAXS and SANS. These showed a 1:1 binding stoichiometry. Their atomistic

modelling showed that the Fc region in IgG1/IgG4 accommodates one FcγRI 

asymmetrically, and the two Fab arms were displaced to enable FcγRI binding. The 

modelling showed that the bound FcγRI changed conformation back into a compact 

“seahorse” where D1 is folded back against the D2 domain. Here, the solution structure

of full-length IgG with FcγRI resembled the crystal structures of the IgG Fc fragment 

complexes with FcγRI. It was concluded that the folding back of FcγRI into a 

“seahorse” conformation ensures 1:1 binding and high-affinity interaction, giving an

effective and regulated immune response to remove foreign antigens. This thesis

furthers our understanding of the conformations of human IgG and their association

with disease.
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Impact Statement

This thesis was focussed on the solution structure of the human IgG subclasses
(Chapters 4 and 6) and their interaction with the high-affinity FcRI receptor CD64
(Chapters 5 and 6). The solution structures of the IgG1, IgG2 and IgG4 subclasses
exhibit variable conformations and flexibility, reflecting their functions. These
interactions lead to the activation of an immune response which is crucial in fighting
infection.

As benchmarks, the atomistic solution structures of IgG1, IgG2 and IgG4 were
determined by a recent new technique of atomistic scattering modelling. Because these
IgG molecues are hard to crystallise, this offers academics a new way to determine
full-length antibody structures at a molecular level in solution for the first time. This
has applications in academia, biotechnology and medicine where this information is
most useful to have. Publications are presently in progress. Already it was possible to
show that the three structures of IgG1, IgG2 and IgG4 were complementary to each
other, thus impacting on future studies of their immune function. The atomistic
modelling methods will also have impact on the field of small-angle X-ray and neutron
solution scattering, where the greater experience of these methods (in the SASSIE
package) will encourage the greater uptake of a newer and better way of performing
solution scattering.

In industry, these studies also make a direct impact for pharmaceuticals
because it will be possible to evaluate solution structures for IgG molecules that are
approved therapeutically-important monoclonal antibodies. For example, the IgG1
antibody used in this thesis is equivalent to Rituximab, which is such an approved
antibody. The therapeutic monoclonal antibody market is worth $98 billion as of
December 2017 (Grilo & Mantalaris, 2019).

In medicine, IgG4 is associated with IgG4-related disease, for which the cause
and pathogenesis of this disease is unknown. The improved knowledge of the IgG4
solution structure and its unique functions from this thesis will assist towards
understanding the molecular mechanism of IgG4-RD and the role of IgG4 itself within
IgG4-RD. Interestingly, Rituximab could become a treatment for IgG4-RD patients
(Khosroshahi et al., 2015), and the comparative studies of IgG4 and IgG1 in this thesis
could be most useful.

Through the investigation of FcRI (CD64) and its interaction with IgG1/4, we
have determined an elongated solution structure for CD64. The impact of this
knowledge may open the way for developed inhibitors of CD64 that will modulate the
immune response to antibodies. The first full-length atomistic solution structures of
the human IgG-CD64 complexes has been revealed, and these clarify the extent to
which conformational changes have taken place in both the IgG1/IgG4 and the CD64
components. Future impact here may include the clarifications of disease mechanisms
in medicine and development of other novel immune therapeutics in industry.
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Human antibodies and their major ligands
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Antibodies

The immune system defends the human body against invading pathogens.

Canonically, this is divided into the innate and the adaptive immune systems. The first

reports of antibodies came in 1890, whereby Emil von Behring and Shibasaburo

Kitasato first showed that the transfer of serum from immunised animals to non-

immunised infected animals could cure diphtheria, for which they received the Nobel

Prize in 1901 (Strohl & Strohl, 2012). Paul Ehrlich proposed the side-chain theory as

well as models for antibody-antigen binding and complement activation in 1900

(Stone, 2006). Since then, there has been many discoveries and numerous Nobel Prizes

awarded on topics involving antibodies.

In general, antibodies are known as immunoglobulins (Ig) and they belong to the

adapted immune system. They contain two fragment antigen binding (Fab) regions and

one fragment crystallisable (Fc) region. The two Fab regions are usually identical and

bind to antigen (foreign material and pathogens such as viruses) to form an antibody-

antigen immune complex (IC). The Fc region binds effector ligands to elicit their

effector functions to clear the antigen. These are their two main functions and a

pathogen could be neutralized simply by the binding of an antibody to the antigen.

Antibodies have four polypeptide chains, consisting of two identical heavy (H)

chains and two identical light (L) chains which are held together by interchain

disulphide bonds (Figure 1.1). Each heavy chain is paired with a light chain by

disulphide bonds. There are five different types of heavy chains (γ, α, μ, δ and ε) 

resulting in the five classes of antibodies found in humans which are IgG, IgA, IgM,

IgD and IgE respectively which are summarised in Table 1.1. The light chains have

two forms which are κ or λ and either of these can be found in any of the antibody 

classes. The H and L chains are separated into variable (V) and constant (C) domains

as shown in Figure 1.1a. There is a single V domain on each of the H and L chains and

there could be up to four C domains in the H chains.

All of the domains contain the immunoglobulin fold. The immunoglobulin fold

comprises of two twisted anti-parallel β-sheets held together by an intrachain 

disulphide bond and hydrophobic interactions. The immunoglobulin fold for the

constant domain consists of 4 anti-parallel β-strands in one β-sheet and 3 anti-parallel 

β-strands in the other β-sheet joined together by loops (Figure 1.1b). These Ig folds
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Figure 1.1 Antibody structure.

(a) Basic antibody structure containing two heavy chains (H) in red and blue and the

two light (L) chains in grey and orange. The variable (V) and constant (C) domains

are labelled. The different Fab and Fc regions are labelled. (b) Immunoglobulin fold

of a constant domain containing seven anti-parallel β-strands in dark blue and magenta. 

The α-helix is coloured in light blue and the loops are grey. The disulphide bond is 

shown in yellow. (c, d) Two different views (90°) of the IgG antibody structure (PDB:

1HZH) with the same colour scheme as (a). The N-glycans are shown as green sticks.
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are found in many proteins in the body and are not limited to antibodies.

Immunoglobulin G

The immunoglobulin G (IgG) class makes up the majority of all the

immunoglobulins found in the human serum and non-mucosal tissues and possesses

the longest half-life out of all the other antibody classes. It has the typical antibody

structure found in the monomeric form (Figure 1.1 and Figure 1.2a). The IgG subclass

is found primarily as part of the secondary immune response and has a vast array of

functions (Table 1.1). The high concentration of IgG permits it to inactivate pathogens

through agglutination, opsonisation of pathogens and neutralisation of toxins and

viruses directly. IgG binds to the Fcγ receptor (FcγR) resulting in antibody-dependent 

cell-mediated phagocytosis (ADCP) and or antibody-dependent cell-mediated

cytotoxicity (ADCC) to clear foreign antigen which has invaded the body (Section

1.3). IgG can also trigger the activation of the classical complement system and

complement-dependent cytotoxicity (CDC) by binding complement C1q (Section 1.4,

Delves et al., 2011). The IgG class are further divided into four subclasses of IgG and

the details are described later in Section 1.2.

Immunoglobulin A

The immunoglobulin A (IgA) class is the second most abundant antibody in

human serum with two different subclasses (IgA1 and IgA2). The difference between

IgA1 and IgA2 lies in the structure of the hinge region and IgA1 is predominantly

found in serum whereas IgA2 has a higher abundance in secretions than in serum. IgA

has the typical twelve-domain antibody structure, however it has additional O-linked

glycans in the hinge (IgA1 only, Figure 1.2b) and N-linked glycans on tailpieces which

are short peptides extending out from the C-terminal of the H chain. There are three

molecular forms of IgA which are monomer, dimer consisting of two monomers

connected with a joining (J) chain and secretory. Monomeric and dimeric forms of IgA

are found predominantly in serum and they bind antigen and trigger effector functions

such as the activation of the mannose-binding lectin complement pathway (Table 1.1,

Section 1.4.3). These functions result in ADCC, endocytosis, ADCP and inflammatory

mediator release. Secretory IgA (dimeric IgA with secretory component) reside on

mucosal surfaces where they block the entrance of pathogens into the body by binding

onto the antigen and agglutination (Woof & Russell, 2011; Delves et al., 2011).
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Immunoglobulin M

The immunoglobulin M (IgM) class of antibodies found in serum act as the

primary antibody response to foreign antigen that have invaded the body. IgM is

predominantly found in the pentameric form (Table 1.1), however they are also present

as monomers and hexamers (Figure 1.2c). IgM forms pentamers, made from five

monomers connected with a J chain and both IgA and IgM possess tailpieces not found

in the IgG and IgE classes. IgM also has an extra pair of constant domains that replace

the ‘hinge’ region found in the other IgG, IgA and IgD antibody classes (Johansen et

al., 2000). Hexameric IgM are made from 6 monomers with the absence of the J chain

and consist of 5% of the total IgM in serum (concentration of 0.1 mg/ml) whereas the

rest is pentameric IgM (95%, 1.4 mg/ml). Monomeric IgM is tethered to the surface

of B-cells and is the predominant receptor used to recognise antigen. The functions of

pentameric and hexameric IgM include the clearance of antigen by activating the

classical complement cascade resulting in CDC of pathogens that has entered the body

(Section 1.4.1, Delves et al., 2011; Strohl & Strohl, 2012). IgM can bind to FcμR found 

on the surface of B-cells which are involved in IgM homeostasis, B-cell regulation and

survival as well as immune tolerance (Ouchida et al., 2012).

Immunoglobulin D

The immunoglobulin D (IgD) class of antibodies have low abundance in serum

(Table 1.1) and a different structure compared to IgG. IgD has short tailpieces

extending out of the C-terminal of the H-chain and a hinge with O-linked glycans in

one region as well as a charged region (Figure 1.2d). IgD is monomeric and is found

on the surface of B-cells along with monomeric IgM which is presumed to mediate the

control of lymphocyte activation and suppression (Delves et al., 2011). IgD is

responsible for the release of inflammatory, immunoactivating and antimicrobial

mediators, however it does not participate in any major antibody effector functions

and a receptor for IgD remains elusive so its function needs clarification (Chen &

Cerutti, 2011).

Immunoglobulin E

The immunoglobulin E (IgE) class of antibodies have very low concentrations

in serum (Table 1.1), and the majority is thought to be bound to IgE Fc receptors

(FcεR) on mast cells and basophils. The monomeric structure of IgE is different from 

the typical antibody structure of IgG, where it has two extra constant domains that
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replace the two ‘hinge’ regions similar to monomeric IgM (Figure 1.2c,e). IgE

functions by binding to antigen and FcεR to trigger an acute inflammatory reaction 

through the activation of mast cells and basophils and phagocytosis of IgE opsonised

antigens. This may also lead to unwanted allergy in humans such as asthma and hay

fever (Delves et al., 2011).

IgG subclasses

The IgG subclass is the most well understood and studied subclass of antibodies.

Only the IgG subclass has been used to develop therapeutics. As of September 2018,

there are currently 60 therapeutic monoclonal antibodies (mAb) approved in both the

USA and Europe, which are listed on the www.antibodysociety.org/news/approved-

antibodies/ website (Kaplon & Reichert, 2018).

The IgG antibodies are the most abundant class in serum making up to 75% of

the total antibody content in serum (Schroeder & Cavacini, 2010). The typical structure

of the IgG subclass of antibodies consists of 12 domains where each domain has the

immunoglobulin fold. IgG usually contains two identical heavy chains (H) and two

identical light chains (L) with the approximate molecular weights of 50 kDa and 25

kDa respectively. The heavy chains have a variable domain (VH) and three constant

domains (CH1, CH2 and CH3), whereas the light chains have one variable domain (VL)

and one constant domain (CL) as shown in Figure 1.1c-d and Figure 1.2a. The light

chain VL and CL domains and the heavy chain VH and CH1 form the Fab region. Both

the H chain CH2 and CH3 domains form the Fc region. All of the IgG subclasses have

a conserved N-linked glycosylation site present in their Fc region. The two Fab and Fc

fragments are separated by a hinge region which consists of an upper, core and lower

hinge. The hinge also contains the interchain disulphide bonds which links the H

chains together.

Humans have four different subclasses of IgG with different heavy chains (γ1, 

γ2, γ3 and γ4) resulting in the IgG1, IgG2, IgG3 and IgG4 subclasses, which are 

numbered according to their decreasing concentrations in serum. The range of

concentrations found in serum of adults are 5 - 11 mg/ml, 1.5 - 6.0 mg/ml, 0.2 - 1.0

mg/ml and 0.08-1.4 mg/ml for IgG1, IgG2, IgG3 and IgG4 respectively (Nirula et al.,

2011). The constant region of the IgG subclasses share over 91% sequence similarity

and the differences between them come from the hinge region and the upper CH2
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Figure 1.2 Structure of the human immunoglobulin classes.

(a) Diagram of IgG. The IgG subclass contains a hinge region. The following labels

apply to all the antibody classes; heavy chain (H), light chain (L), variable region (V),

constant region (C), fragment antigen binding region (Fab), fragment crystallizable

region (Fc) and the N-glycans (coloured green). (b) Diagram of IgA1 with five O-

linked glycans on each hinge (red lines) and N-linked glycans on the tailpieces on the

C-termini of the heavy chains. IgA2 lacks the O-glycans and long hinge. (c) Diagram

of IgM where an extra pair of constant domains replace the ‘hinge’ region observed in

(a-b, d) and tailpieces. (d) Diagram of IgD with a long hinge containing a region with

O-glycans (red lines) and a charged region shown by + and – labels and a spiral line.

It also has tailpieces. (e) Diagram of IgE where an extra pair of constant domains

replaces the ‘hinge’ region similar to IgM. These diagrams show the monomeric form

of the antibody classes. IgA1 is usually considered to be dimeric while IgM is usually

considered as a pentamer or hexamer. Adapted from Delves et al., 2011.
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Table 1.1 The human antibody subclasses and their main characteristics.

Adapted from Woof & Burton, 2004 and Schroeder & Cavacini, 2010.

Human
subclasses

Molecular
forms

Primary location and
concentrations

Functions Complement activation
FcR

binding

IgG1 (γ1) 
IgG2 (γ2) 
IgG3 (γ3) 
IgG4 (γ4) 

Monomer
Serum (~12 mg/ml) and

tissues
Secondary response, neutralise

toxins and viruses
IgG3 > IgG1 >> IgG2 >>

IgG4 (classical)

FcγRs: 
I, II, III,

II,
I, II, III,

I, II

IgA1 (α1) 
IgA2 (α2) 

Monomer
Dimer

Secretory

Serum (~3 mg/ml) and
mucosal secretions

Mucosal response
Yes (mannose-binding

lectin)
FcαR 

IgM (μ) Pentamer Serum (~1.5 mg/ml) Primary response Yes (classical) FcμR 

IgD (δ) Monomer Serum (0.03 mg/ml) Homeostasis No  

IgE (ε) Monomer Serum (0.05 μg/ml) Allergy No 
FcεRs: I, 

II
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region (Figure 1.3). Despite their similarity on the amino acid residue level, the IgG

subclasses have very different characteristics and functions (Table 1.2). This includes

binding to their different ligands FcγR and C1q which are explained later in Sections

1.3 and 1.4 respectively.

IgG1

IgG1 is the most abundant subclass of antibodies in the serum with a mean

concentration of 5 to 11 mg/ml (Nirula et al., 2011). It functions as a pro-inflammatory

antibody that is able to bind complement C1q and activate the complement cascade.

IgG1 can bind all of the Fcγ receptors (FcγR) and this results in ADCC and ADCP 

effector functions. The interaction between IgG1 with FcγR or C1q will be explained 

in Sections 1.3 and 1.4. After the formation of an immune complex (IC), IgG1 binds

to its ligand resulting in the clearance of foreign antigen that has invaded the body.

The IgG1 subclass is not as potent as the IgG3 subclass at activating effector functions,

however it binds to many antigens such as proteins, polysaccharides and allergens as

detailed in Table 1.2.

IgG1 has 15 amino acid residues in the hinge and two interchain disulphide

bonds. The hinge is similar to both IgG2 and IgG4 however these two other IgG

subclasses function differently. There is only one human full length IgG1 crystal

structure available due to the inherent flexibility of the antibody (Saphire et al., 2001).

This revealed that human IgG1 is asymmetric in the crystal structure although it only

offers a ‘snapshot’ of all the possible conformations available in solution. The solution

structure of IgG1 and its complex with FcγR is detailed in Chapter 6 of this thesis.

IgG2

Human IgG2 is the second most abundant antibody however it has little

effector functions in comparison to IgG1 and IgG3. IgG2 binds to the FcγR (FcγRIIA 

and FcγRIIIA) weakly. It also binds to C1q very weakly and is assumed to activate 

complement through the alternative pathway (Seino et al., 1993). The immune

complex formation of IgG2 with its antigen results in the activation of macrophage

and polymorphonuclear leukocytes (PMN) mediated ADCC and ADCP effector

functions to clear bacteria that have invaded the body (Table 1.2).

Structurally, it has four interchain disulphide bonds within its hinge that result

in the formation of covalent dimers and there are three different isoforms or
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conformers that exist for IgG2. A three-dimensional model of IgG2 determined by

electron microscopy shows asymmetry of the IgG2 structure where one Fab arm is

close to the Fc region and the other Fab arm is distant which could possibly explain

why IgG2 has little effector functions through weak activation of complement and

poor binding to FcγR (Ryazantsev et al., 2013). Human IgG2 is further explored in

Chapter 4 of this thesis.

IgG3

IgG3 is the third most abundant IgG subclass with a concentration of ~1 mg/ml

in adult serum and is a pro-inflammatory antibody. IgG3 is the most potent at eliciting

effector functions in comparison to the other IgG subclasses, as it binds to all the FcγR 

classes, which are responsible for ADCC and ADCP to clear foreign antigen from the

body. Furthermore, it binds strongly to C1q to activate the classical and alternative

complement pathways (Seino et al., 1993). It forms part of the first immune response,

along with IgG1, to a viral infection.

IgG3 is the most structurally different in comparison to the other IgG

subclasses. It has the longest hinge containing 62 amino acids and 11 disulphide bonds

making it the most flexible IgG subclass as well as having the highest molecular weight

at ~170 kDa (Table 1.2).

IgG4

IgG4 is the least abundant subclass out of the IgG subclasses. The

concentration of IgG4 can vary greatly between individuals with a mean concentration

of 0.35 – 0.51 mg/ml in adults (Aucouturier et al., 1984). It has a molecular weight of

~146 kDa which is similar to that of the IgG1 and IgG2 subclasses. IgG4 is generally

perceived as a non-inflammatory antibody as it only activates FcγR weakly and it 

cannot bind or activate C1q effectively unlike the other subclasses, IgG1, IgG2 and

IgG3 (Table 1.2, Delves et al., 2011).

IgG4 has the basic antibody structure (H2L2) and this could be potentially

combined with other IgG4 to form hexamers in a similar fashion to IgG1 according to

the crystal packing observed (Davies et al., 2014a; Diebolder et al., 2014). IgG4

consists of the shortest hinge of 12 amino acid residues like IgG2 and it possesses two

inter-heavy chain disulphide bonds in the core hinge like IgG1 (Table 1.2). Even

though it is structurally similar to the other IgG subclasses, it exhibits a unique
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(a) CH1
120 130 140 150 160 170 180 190 200 210

..|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
IgG1 ASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKKV
IgG2 ASTKGPSVFPLAPCSRSTSESTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSNFGTQTYTCNVDHKPSNTKVDKTV
IgG3 ASTKGPSVFPLAPCSRSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYTCNVNHKPSNTKVDKRV
IgG4 ASTKGPSVFPLAPCSRSTSESTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTKTYTCNVDHKPSNTKVDKRV

*************.*:*** .*****************************************************.:**:** ***:********** *

(b) Hinge
220 230

....|....|....|
IgG1 EPKSCDKTHTCPPCP
IgG2 ERKCCVECPPCP
IgG3 ELKTPLGDTTHTCPRCP_EPKSCDTPPPCPRCP_EPKSCDTPPPCPRCP_EPKSCDTPPPCPRCP
IgG4 ESKYGPPCPSCP

*

(c) CH2
240 250 260 270 280 290 300 310 320 330 340

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
IgG1 APELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAK
IgG2 APPVA-GPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVQFNWYVDGVEVHNAKTKPREEQFNSTFRVVSVLTVVHQDWLNGKEYKCKVSNKGLPAPIEKTISKTK
IgG3 APELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVQFKWYVDGVEVHNAKTKPREEQYNSTFRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKTK
IgG4 APEFLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSQEDPEVQFNWYVDGVEVHNAKTKPREEQFNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKGLPSSIEKTISKAK

** . .*******************************:*****:*:*******************:***:********:*****************.**: *******:*

(d) CH3
350 360 370 380 390 400 410 420 430 440

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|..
IgG1 GQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK
IgG2 GQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDISVEWESNGQPENNYKTTPPMLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK
IgG3 GQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESSGQPENNYNTTPPMLDSDGSFFLYSKLTVDKSRWQQGNIFSCSVMHEALHNRFTQKSLSLSPGK
IgG4 GQPREPQVYTLPPSQEEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSRLTVDKSRWQEGNVFSCSVMHEALHNHYTQKSLSLSLGK

**************::*:*******************:*****.*******:****:***********:*********:**:************::******** **

Figure 1.3. Sequences of the constant region of the heavy chains from the human IgG1, IgG2, IgG3 and IgG4 subclasses.

Sequences of human IgG1, IgG2, IgG3 and IgG4 subclasses taken from Uniprot (Uniprot ID: P01857, P01859, P01860 and P01861 respectively).

The sequence contains the (a) CH1, (b) upper and middle hinge, (c) CH2 and (d) CH3 domains. Blue residues indicate the FcγR binding site, yellow 

highlighted letters represents the C1q binding site (not found in IgG4) and green highlight letters represents the N-glycosylation site. Reference

residues are numbered according to the EU numbering for IgG1. The sequences have over 91% similarity as calculated using Clustal W2.
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Table 1.2 Biological properties of the human IgG subclasses.

Adapted from Strohl & Strohl, 2012.

a The serum concentration ranges were taken from Nirula et al., 2011.

b The percentages of total IgG were taken from Schroeder & Cavacini, 2010.

c Antibody responses were taken from Hamilton, 2001.

d The FcγR affinity constants were taken from Bruhns & Jönsson, 2015.

n.m. Not measured.

Characteristic or Function IgG1 IgG2 IgG3 IgG4

Molecular mass (kDa) 146 146 170 146

Functional valency 2 2 2 1

Amino acids in upper and
middle hinge

15 12 62 12

Hinge interchain disulphide
bonds 2 4 11 2

Mean serum concentration in
adults (mg/ml) 9 3 1 0.5

Range in serum concentration
in adults (mg/ml)a 5-11 1.5-6.0 0.2-1.0

0.08-
1.4

Percentage of total IgG (%)b 67 22 7 4

Half-life (days) 21 21 5-7.5 21

Antibody response toc:
Proteins ++ +/- ++ +/-
Polysaccharides + ++ - -
Allergens + - - ++

ADCC-NK cells + - + -
ADCP-macrophages + + + -
ADCC/ADCP PMNs + + + -

FcγR KA values (M-1)d

   FcγRI 6 x 107 n.m. 6 x 107 3 x 107

   FcγRIIA 3 – 5 x 106 1 – 4 x 105 9 x 105 2 x 105

   FcγRIIB 1 x 105 2 x 104 2 x 105 2 x 105

FcγRIIC 1 x 105 2 x 104 2 x 105 2 x 105

   FcγRIIIA 1 – 2 x 105 3 – 7 x 104 8 x 106 – 1 x 107 2 x 105

   FcγRIIIB 2 x 105 n.m. 1 x 106 n.m.

C1q binding ++ +/- ++ -
Complement-mediated cell
lysis

++ +/- ++ -
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property in the hinge. The core hinge (CPSCP) of IgG4 can form intra-heavy chain

disulphide bonds which could lead to the dissociation of the intact IgG4 (H2L2)

antibody into two half molecules (HL) or ‘half antibodies’ (Figure 2.4, Angal et al.,

1993; Bloom et al., 1997; Schuurman et al., 2001). IgG4 is the only subclass of

antibodies capable of ‘Fab-arm exchange’ of half-molecules (HL) which is explained

later in Section 2.5.

There is currently a single crystal structure available for full length intact human

IgG4 anti-PD1 which is solved to 2.3 Å resolution (Scapin et al., 2015). This molecule

has been mutated in the core hinge to change the serine to a proline residue (CPSCP

to CPPCP). This hinge mutant mimics the core hinge present in IgG1 which possesses

a proline residue (Figure 2.4). The crystal structure shows that human IgG4 possesses

an asymmetric Y-shape structure and one of the CH2 domains is rotated by 120° due

to the short hinge upon comparison to the other corresponding domains in the other

IgG subclasses. The corresponding solution structure of IgG4 and its complex with

FcγR is detailed in Chapter 6 of this thesis.

FcγR 

Humans possess three classes of Fcγ receptors (FcγR) which are FcγRI (cluster 

of differentiation 64, CD64), FcγRII (CD32) and FcγRIII (CD16). The FcγRII and 

FcγRIII classes possess different isoforms such as FcγRIIA, FcγRIIB and FcγRIIC and 

FcγRIIIA and FcγRIIIB. They are expressed on a variety of cells as listed in Table 1.3,

however their cellular distributions are still unclear. The FcγR can further be classified 

as either high-affinity or low-affinity receptors or by their signalling transduction

(Nimmerjahn & Ravetch, 2008; Delves et al., 2011; Strohl & Strohl, 2012).

FcγRI is the only high-affinity FcγR found in humans and can bind free or 

monomeric IgG1, IgG3 and IgG4 and is occupied in vivo. The low affinity receptors

FcγRIIA, FcγRIIB, FcγRIIC, FcγRIIIA and FcγRIIIB can bind to IgG present in 

antigen-antibody immune complexes and are assumed to be unoccupied in vivo and

available for IgG-dependent cellular reactions (Bruhns & Jönsson, 2015). The FcγR 

affinities for the human IgG subclasses are shown in Table 1.2 (Bruhns et al., 2009;

Bruhns & Jönsson, 2015). These values vary with other binding affinities (dissociation

constant, KD) reported (Scapin et al., 2015). Polymorphisms of the FcγR also have a 

slight influence on their binding affinities with the IgG subclasses which will be
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Table 1.3 Characteristics and functions of human FcR.

The cluster of differentiation number (CD) associated with each FcγR is listed. The schematic shows the different FcγR extracellular domains in 

blue and these have a black transmembrane anchor. The associated FcRγ chain is shown in yellow. The ITAM and ITIM domains are in green and 

red respectively. The GPI anchor is in magenta. The IgG binding site is shown by a star. ADCC, antibody-dependent cell-mediated cytotoxicity;

NK, natural killer cells; MΦ, macrophage. The cellular distribution and functions for each FcγR is listed. Adapted from Strohl & Strohl, 2012 and

Bruhns & Jönsson, 2015.

 FcγRI FcγRIIA FcγRIIB FcγRIIC FcγRIIIA FcγRIIIB 
CD CD64 CD32A CD32B CD32C CD16A CD16B
Structure and
signalling motif

α chain, γ2 chain ITAM α chain ITAM α chain ITIM α chain  ITAM α chain, γ2 chain 
ITAM

α chain with GPI 
anchor, no signalling
motif

Schematic of
structure

Cellular
distribution

Monocytes, MΦ, 
dendritic cells,
neutrophils, mast cells

Monocytes, MΦ, dendritic 
cells, neutrophils, platelets,
mast cells, eosinophils,
basophils

Monocytes, MΦ, 
neutrophils, dendritic
cells, basophils, B-
cells,

Monocytes, MΦ, 
neutrophils, NK
cells

Monocytes, MΦ, NK 
cells,

Neutrophils, basophils

Function Phagocytosis,
activation of
respiratory burst,
removal of foreign
antigen

Phagocytosis by
monocytes, MΦ and 
neutrophils, degranulation

Inhibition of
stimulation response.
Inhibition of activation
and proliferation in B-
cell development

Activation of NK
cells, ADCC.

ADCC by NK cells;
works synergistically
with FcγRIIC in NK 
cells

Synergistic affects with
FcγRIIA; although 
there is no signalling
domain
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discussed later.

Furthermore, FcγRI and FcγRIIIA signal using immunoreceptor tyrosine-

based activating motifs (ITAM) in their associated dimeric FcγR γ-chains. FcγRIIA 

and FcγRIIC signal through ITAM present in their cytoplasmic regions. FcγRIIIB is 

also an activating receptor containing a glycosyl phosphatidylinositol (GPI) anchor

and lacks transmembrane and cytoplasmic regions. FcγRIIB is the only inhibitory 

receptor and signals using immunoreceptor tyrosine-based inhibitory motifs (ITIM)

which dampens or limits the immune response. Their structures are shown as

schematics in Table 1.3 (Bruhns & Jönsson, 2015; Caaveiro et al., 2015).

Roles of FcγR 

After the cross-linking of activating FcγRs by immune complexes, Src kinases 

such as LYN phosphorylate the tyrosine residues found in the ITAM motif. This leads

to the recruitment of SYK kinases that become activated. SYK phosphorylates other

adapters to activate the downstream signalling cascade (Figure 1.4a). The cascade

includes proteins such as Son of Sevenless homologue (SOS), phosphatidylinositol 3-

kinase (PI3K), phospholipase Cγ (PLCγ) and Bruton’s tyrosine kinase (BTK). PLCγ 

hydrolysis of phosphatidylinositol-4,5-diphosphate (PtdIns(4,5)P2) produces inositol-

1,4,5-triphosphate (IP3) and diacylglycerol (DAG) which initiate calcium mobilisation

from the endoplasmic reticulum and protein kinase C (PKC) activation respectively.

These alter the gene expression and promote immunological responses such as

degranulation and cytokine production (Getahun & Cambier, 2015). These signals

then give rise to the recruitment of effector cells, ADCP, ADCC, phagocytosis,

degranulation and release of cytokines (Figure 1.4a) (Nimmerjahn & Ravetch, 2008).

The activating FcγR functions are countered by the inhibitory FcγRIIB receptor. 

The co-aggregation of activating FcR and inhibitory FcR causes the kinases such as

LYN to phosphorylate the ITIM motif in FcγRIIB. This recruits phosphatases such as 

inositol 5-phosphatase (SHIP) which interacts with other proteins such as docking

protein (DOK) and SH2-domain-containing transforming protein C (SHC). This

interferes with the activating signalling pathways by hydrolysing phosphoinositide

intermediates, prevents the recruitment of proteins such as PLCγ and the immune 

response is regulated. In other instances, the co-ligation of FcγRIIB and the B-cell 

antigen receptor (BCR) results in the downregulation of B-cells. Apoptosis can be
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triggered by FcγRIIB through ITIM and SHIP-independent signalling pathways that 

involves the cABL kinases, BTK and JUN N-terminal kinase (JNK) (Figure 1.4b,

Nimmerjahn & Ravetch, 2008; Smith & Clatworthy, 2010; Getahun & Cambier, 2015;

Lu & Sun, 2015).

The main roles of each of the Fcγ receptors are listed in Table 1.3, however some

roles need further clarification. Different types of FcγR are present on different cell 

types and the engagement of the immune complex on these FcγR result in a plethora 

of activation, inhibition and regulation of different immune responses (Figure 1.5).

Activated natural killer cells undergo antibody-dependent cell-mediated cytotoxicity

and neutralise pathogens by inducing apoptosis and releasing cytokines.

The granulocytes are the mast cells, basophils, eosinophils and neutrophils

which degranulate after activation (Figure 1.5). Mast cells and basophils are non-

phagocytic and possess similar functions even though they possess different FcγR 

classes. Basophils release histamine, which increases blood vessel permeability and

smooth muscle activity and grants the immune cells access to the site of infection.

Eosinophils and platelets possess the FcγRIIA receptor only and their activation leads 

to the release of cytokines and the recruitment and activation of basophils and

neutrophils respectively. Eosinophils and neutrophils are phagocytic, able to move

from the blood to tissues and play a role in regulating the adaptive immune response.

Eosinophils play a role in neutralising multicellular parasites such as parasitic worms.

Neutrophils are the most common white blood cell in our immune systems and

involved in early inflammatory response (Punt et al., 2019).

Monocytes, macrophages and dendritic cells become professional antigen-

presenting cells upon activation. Their main roles are to secrete cytokines to attract

and activate other immune cells and phagocytosis (Figure 1.5). They internalise

pathogens and digest them into smaller peptides, and subsequently display these

peptides to T-cells in the innate immune system. Antigen presentation on the major

histocompatibility complex (MHC) class I and class II molecules recruit different T-

cells. The T-cells are activated, mediate effector functions such as modulating the

immune response. Helper (CD4+) T-cells recognise the MHC class II molecules and

provide help for antigen-specific B-cells. This is important for bridging the innate and

adaptive immune systems (Punt et al., 2019). The B-cells have BCR and inhibitory
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Figure 1.4 FcγR activating and inhibitory signalling pathways (legend overleaf).  
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Figure 1.4 FcR activating and inhibitory signalling pathways

(continued from previous page).

(a) Activation of an immune cell through the binding of an immune complex to the

high-affinity FcγRI receptor or the cross-linking of low affinity FcγRII and FcγRIII 

receptors after binding to an immune complex leads to a signalling cascade. The

tyrosine residues in the immunoreceptor tyrosine-based activation motif (ITAM) are

phosphorylated by LYN and acts as a docking site for a tyrosine kinase called SYK.

This starts the signalling cascade through phosphoinositide 3-kinase (PI3K) and Son

of Sevenless homologue (SOS). It leads to calcium mobilisation as well as the

activation of immune cells such as phagocytosis from phagocytes like monocytes and

macrophages, degranulation of cytokines and oxidative burst from granulocytes like

mast cells, basophils, eosinophils and neutrophils and ADCC of natural killer cells.

(b) Crosslinking of the inhibitory FcRIIB with BCR after binding an immune

complex leads to the inhibition of cellular proliferation and calcium mobilisation. The

immunoreceptor tyrosine-based inhibitory motif (ITIM) is phosphorylated by LYN

and subsequently SRC-homology-2-domain-containing inositol-5-phosphotase

(SHIP) is recruited and this leads to cellular inhibition. Crosslinking of the inhibitory

FcRIIB receptors after binding an immune complex leads to the apoptosis of B-cells

involving the cABL kinase family, Bruton’s tyrosine kinase (BTK) and JUN N-

terminal kinase (JNK).

DAG, diacylglycerol; DOK, docking protein; ER, endoplasmic reticulum; InsP3,

inositol-1,4,5-triphosphate; PKC, protein kinase C; PLCγ, phospholipase Cγ; 

PtdIns(3,4)P2, phosphatidylinositol-3,4-bisphosphate PtdIns(3,4,5)P3,

phosphatidylinositol-3,4,5-triphosphate; PtdIns(4,5)P2, phosphatidylinositol-4,5-

biphosphate; RHO, RAS homologue; SHC, SH2-domain-containing transforming

protein C. Adapted from Nimmerjahn and Ravetch, 2008.
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Figure 1.5 Roles of FcγR binding to immune complexes (legend overleaf).
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Figure 1.5 Roles of FcγR binding to immune complexes  

(continued from previous page).

Immune complexes bind to activating and inhibitory FcγRs expressed on effector 

immune cells and platelets. The expression of FcγR was taken from Bruhns & Jönsson,

2015, including the expression in subpopulations and inducible expression. Each of

the different subclasses of FcγR are coloured differently. The engagement of immune 

complexes on different cells leads to the listed immune responses and also the

recruitment and activation of other cells as arrowed.

The professional antigen-presenting cells are the monocytes, macrophages and

dendritic cells. They have distinct primary roles whereby monocytes regulate the

immune response and they differentiate into macrophages. Macrophages undergo

phagocytosis of pathogens and damaged host cells at the site of infection. Dendritic

cells are responsible for antigen presentation on MHC class I and class II molecules,

which in turn recruit different T-cells. The T-cells are activated, mediate effector

functions such as modulating the immune response and provide CD4+ T-cell help for

antigen-specific B-cells. B-cells have BCR and inhibitory FcγRIIB and plasma cells 

only have FcγRIIB cells (Figure 1.4b). Plasma cells produce antibodies such as IgG

and undergo apoptosis after the activation of their inhibitory FcγRIIB receptors.  

The granulocytes are the mast cell, basophil, eosinophil and neutrophil which

degranulate after activation. Mast cells and basophils are very similar in function,

however they possess different FcγR classes. Eosinophils and platelets possess the 

FcγRIIA receptor exclusively and their activation leads to the release of cytokines and 

chemokines and the recruitment and activation of basophils and neutrophils

respectively. Neutrophils, monocytes, macrophages and dendritic cells are capable of

phagocytosis. Activated natural killer cells undergo antibody-dependent cell-mediated

cytotoxicity and neutralise pathogens by inducing apoptosis and releasing cytokines.
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FcγRIIB receptors and plasma cells only have FcγRIIB receptors (Figure 1.4b). Plasma

cells produce antibodies such as IgG and undergo apoptosis after the activation of their

inhibitory FcγRIIB receptors as mentioned in the last section. 

FcγR structures 

The majority of the human FcγR have been crystallised successfully although 

none of the structures contain their transmembrane and C-terminal domains as shown

in Figure 1.6 (Woof & Burton, 2004). The only receptor which possesses no crystal

structure is FcγRIIC (Table 1.4). FcγRI is the only receptor which has three 

extracellular immunoglobulin-like domains (D1, D2 and D3) whereas the rest of the

receptors possess two extracellular Ig-like domains (D1 and D2). Their sequences are

shown in Figure 1.7 along with their FcγR C-terminal polypeptide sequences.  

The crystal structures of the FcγR complexes with IgG1-Fc reveal that the 

binding interfaces between IgG1-Fc and the different FcγR classes are conserved. The 

residues responsible for the interactions are placed in the same regions of the tertiary

structure of the FcγR, however it is not well conserved at the amino acid level as shown 

in Figure 1.7 (Caaveiro et al., 2015).

It is believed that all of the FcγR classes interact with a 1:1 stoichiometry with 

IgG1 (Sondermann et al., 2000; Radaev & Sun, 2001; Lu & Sun, 2015). All the IgG1-

Fc-FcγR complexes solved to date have the same mode of interaction (Davies &

Sutton, 2015). The IgG-Fc interacts with FcγR at two different regions, namely at the 

top of the IgG CH2 domains and at the lower hinge. The antibody binds to the FcγR 

asymmetrically on its heavy chain homodimer. The BC and DE loops in the IgG-Fc

CH2 domain interacts with the FcγR D2 domain C and C’ strands through salt bridges, 

hydrogen bonds and van der Waals interactions. The other CH2 domain interacts with

the D1-D2 linker and D2 domain BC loop through a hydrophobic ‘proline sandwich’

where the proline from IgG is placed between two tryptophan residues from the

receptor. The second region involves the IgG lower hinge regions on both of the heavy

chains. One lower hinge interacts with the FcγR D2 domain C and C’ strands and the 

other lower hinge interacts with the FcγR D2 domain BC and FG loops (Caaveiro et

al., 2015; Davies & Sutton, 2015).

The interactions of FcγR with IgG are still not fully understood especially with 

regards to the different polymorphic variants of the FcγR subclasses and also what  
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Figure 1.6 Crystal structure of the Fcγ receptors.  

Crystal structures of (a) FcγRI (PDB:3RJD), (b) FcγRIIA (PDB:3RY5), (c) FcγRIIB 

(PDB:2FCB), (d) FcγRIIIA (PDB:3SGJ) and (e) FcγRIIIB (PDB:1E4J). Only FcγRI 

contains three domains, D1, D2 and D3. The other FcγRs contain only two domains, 

D1 and D2. The glycans are shown as yellow sticks where applicable. There are

currently no structures for FcγRIIC. Note that the structure of FcγRIIIA in (d) was 

taken from the complex containing IgG-Fc and FcγRIIIA. 
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Table 1.4 Crystal structure of the Fcγ receptors. 

The crystal structures of the Fcγ receptors (FcγR) and their complexes with IgG-Fc. 

The Protein Data Bank (PDB) codes are displayed for each crystal structure available,

which were sourced from searching the PDB website, https://www.rcsb.org, last

accessed on 18th November 2018. n/a, not available.

Receptor PDB code for receptor only PDB code for IgG-Fc and FcγR 
complex

FcγRI 3RJD 4X4M, 4W4O, 4ZNE 
FcγRIIA 1FCG, 1H9V, 3D5O, 3RY4, 

3RY5
3RY6

FcγRIIB 2FCB 3WJJ, 3WJL 
FcγRIIC n/a n/a 
FcγRIIIA n/a 3AY4, 3SGJ, 3SGK, 3WN5, 

5BW7, 5D6D, 5XJE, 5XJF, 5YC5,
5VU0

FcγRIIIB 1E4J, 1FNL 1E4K, 1T83, 1T89, 6EAQ 



24

(a) N-terminal & signal peptide

1 10 20 30 40
....|....|....|....|....|....|....|....|....|...

FCGR1_HUMAN ---------------------------MWFLTTLLLWVPVDGQ-VDTT
FCG2A_HUMAN ---------MTMETQMSQNVCPRNLWLLQPLTVLLLLASADSQAAAPP
FCG2B_HUMAN MGILSFLPVLATESDWADCKSPQPWGHMLLWTAVLFLAPVAGTPAAPP
FCG2C_HUMAN MGILSFLPVLATESDWADCKSPQPWGHMLLWTAVLFLAPVAGTPAAPP
FCG3A_HUMAN ------------------------MWQLLLPTALLLLVSAGMRTEDLP
FCG3B_HUMAN ------------------------MWQLLLPTALLLLVSAGMRTEDLP

: *.:*: . .

(b) D1 domain
50 60 70 80 90 100 110 120 130
.|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|.

FCGR1_HUMAN KAVITLQPPWVSVFQEETVTLHCEVLHLPGSSSTQWFLNGTATQTSTPSYRITSASVNDSGEYRCQRGLSGRSDPIQLEIHRG
FCG2A_HUMAN KAVLKLEPPWINVLQEDSVTLTCQGARSPESDSIQWFHNGNLIPTHTQPSYRFKANNNDSGEYTCQTGQTSLSDPVHLTVLSE
FCG2B_HUMAN KAVLKLEPQWINVLQEDSVTLTCRGTHSPESDSIQWFHNGNLIPTHTQPSYRFKANNNDSGEYTCQTGQTSLSDPVHLTVLSE
FCG2C_HUMAN KAVLKLEPQWINVLQEDSVTLTCRGTHSPESDSIQWFHNGNLIPTHTQPSYRFKANNNDSGEYTCQTGQTSLSDPVHLTVLSE
FCG3A_HUMAN KAVVFLEPQWYRVLEKDSVTLKCQGAYSPEDNSTQWFHNESLISSQASSYFIDAATVDDSGEYRCQTNLSTLSDPVQLEVHIG
FCG3B_HUMAN KAVVFLEPQWYSVLEKDSVTLKCQGAYSPEDNSTQWFHNESLISSQASSYFIDAATVNDSGEYRCQTNLSTLSDPVQLEVHIG

***: *:* * *:::::*** *. * ..* *** * . : : *. :***** ** : ***::* :

(c) D2 domain
140 150 160 170 180 190 200 210

.|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....
FCGR1_HUMAN WLLLQVSSRVFTEGEPLALRCHAWKDKLVYNVLYYRNGKAFKFFHWNSNLTILKTNISHNGTYHCSGM-GKHRYTSAGISVTVKEL
FCG2A_HUMAN WLVLQTPHLEFQEGETIMLRCHSWKDKPLVKVTFFQNGKSQKFSHLDPTFSIPQANHSHSGDYHCTGNIGYTLFSSKPVTITVQVP
FCG2B_HUMAN WLVLQTPHLEFQEGETIVLRCHSWKDKPLVKVTFFQNGKSKKFSRSDPNFSIPQANHSHSGDYHCTGNIGYTLYSSKPVTITVQAP
FCG2C_HUMAN WLVLQTPHLEFQEGETIVLRCHSWKDKPLVKVTFFQNGKSKKFSRSDPNFSIPQANHSHSGDYHCTGNIGYTLYSSKPVTITVQAP
FCG3A_HUMAN WLLLQAPRWVFKEEDPIHLRCHSWKNTALHKVTYLQNGKGRKYFHHNSDFYIPKATLKDSGSYFCRGLFGSKNVSSETVNITITQG
FCG3B_HUMAN WLLLQAPRWVFKEEDPIHLRCHSWKNTALHKVTYLQNGKDRKYFHHNSDFHIPKATLKDSGSYFCRGLVGSKNVSSETVNITITQG

**:**. * * : : ****:**:. : :* : :*** *: : : : * ::. ...* *.* * * :* :.:*:
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(d) D3 domain

220 230 240 250 260 270 280 290 300 310
|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....

FCGR1_HUMAN FPAPVLNASVTSPLLEGNLVTLSCETK-LLLQRPGLQLYFSFYMGSKTLRGRNTSSEYQILTARREDSGLYWCEAATEDGNVLKRSPELELQVLG

(e) Transmembrane domain and intracellular domain, C-terminal

320 330 340 350 360 370 380 390 400 410
220 | 230 | 240 | 250 | 260 | 270 | 280 | 290 | 300 | 310 | 320
|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|..

FCGR1_HUMAN -----LQLPTPVWFHVLFYLAVGIM--FLVNTVLWVTIRKELK--------R-KKK----------------WDLEISLDSGHEKKVISSLQEDRHLEEELKC
FCG2A_HUMAN ----SMGSSSPMGIIVAVVIATAVAAIVAAVVALIYCRKKRISANSTDPVKAAQFEPPGRQMIAIRKRQLEETNNDYETADGG-----Y-MTLNPRAP--TD-
FCG2B_HUMAN -------SSSPMGIIVAVVTGIAVAAIVAAVVALIYCRKKRISALPGYPECREMGE----TL---PEKPANPTNPDEADKVGAENTITYSLLMHPDALEEPD-
FCG2C_HUMAN -------SSSPMGIIVAVVTGIAVAAIVAAVVALIYCRKKRISANSTDPVKAAQFEPPGRQMIAIRKRQPEETNNDYETADGG-----Y-MTLNPRAP--TD-
FCG3A_HUMAN LAVSTISSFFPPGYQVSFCLVMVLL--FAVDTGLYFSVKTNIRSSTRDWKDH-KFK----------------WRKDPQDK-----------------------
FCG3B_HUMAN LAVSTISSFSPPGYQVSFCLVMVLL—-FAVDTGLYFSVKTNI-------------------------------------------------------------

* * . : . . . * :..:

420 430 440
| 330 | 340 |

..|....|....|....|....|...
FCGR1_HUMAN QEQKEEQLQEGVHRKEPQGAT-----
FCG2A_HUMAN -D------DKNIYLTLPPNDHVNSNN
FCG2B_HUMAN -D------QNRI--------------
FCG2C_HUMAN -D------DKNIYLTLPPNDHVNSNM
FCG3A_HUMAN --------------------------
FCG3B_HUMAN --------------------------

Figure 1.7 Sequence alignment of human Fcγ receptors (FcγR) (legend overleaf).  
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Figure 1.7 Sequence alignment of human Fcγ receptors 

(continued from previous page).

The sequence alignment of the human Fcγ receptors using Clustal Omega. The 

sequence of the extracellular (a) N-terminus and the signal peptide, (b) D1, (c) D2, (d)

D3 and (e) transmembrane domain and intracellular domain at the C-terminal. The

Uniprot accession codes are P12314, P12318, P31994, P31995, P08637 and P075015

for FcγRI, FcγRIIA, FcγRIIB, FcγRIIC, FcγRIIIA and FcγRIIIB respectively. The C-

terminal polypeptide sequences represent each of the FcγR transmembrane or 

intracellular domains if applicable.

Green highlighted residues are the residues that bind to IgG (Kiyoshi et al., 2015),

yellow highlighted residues are the residues that bind to IgG (Lu et al., 2015) and the

cyan highlighted residues show binding to IgG identified from both Kiyoshi et al.,

2015 and Lu et al., 2015. Purple coloured residues are the residues found in the

transmembrane domain of FcγR. Red letters are the N-glycosylation sites.

Only FcγRI (FCGR1) has an extra D3 domain shown in (d). The alignment for FcγRI 

in (d-e) has been shown in blue along with the corresponding blue residue numbers on

top. The black residue numbers correspond to FcγRIIA (FCGR2A), FcγRIIB 

(FCGR2B), FcγRIIC (FCGR2C), FcγRIIIA (FCGR3A) and FcγRIIIB (FCGR3B) 

only.

* fully conserved residue, . conservation between groups of weakly similar properties,

: conservation between groups of strongly similar properties.
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influence the glycans present on both the IgG-Fc and FcγR has upon the interaction. 

The majority of the available crystal structures of FcγRs do not possess glycosylation. 

Also, all of the crystal structures available of the IgG-FcγR complexes consist of the 

IgG1 subclass and for the Fc region of the antibody only. Further information is

required to understand how the different IgG subclasses engage with their antigens to

form immune complexes and subsequently bind onto the FcγR to elicit an immune 

response. In this thesis, biophysical methods were used to study the interaction of IgG

and FcγR in solution to solve these issues by using intact antibodies instead of Fc 

fragments.

FcγRI 

FcγRI is a transmembrane glycoprotein with a molecular weight of 72 kDa 

found on dendritic cells, monocytes, macrophages, neutrophils, mast cells and

eosinophils (Table 1.3, Strohl & Strohl, 2012; Bruhns & Jönsson, 2015). The FcγRI 

receptor consists of a signal sequence, three extracellular Ig-like domains (D1-D3),

followed by a single transmembrane region and a short cytoplasmic C-terminal region.

The latter interacts with a homodimeric FcR γ-chain (FcRγ) containing the ITAM 

regions for signal transduction when FcγRI is activated by binding to an immune 

complex. There is a single crystal structure of the D1-D3 domains of FcγRI (Figure

1.6a) and the solution structure of FcγRI will be reported in Chapter 5 of this thesis.

The order of affinity between IgG and FcγRI are IgG1 = IgG3 > IgG4 whereby 

IgG2 does not appear to bind (Bruhns et al., 2009; Bruhns & Jönsson, 2015). There

are currently three available structures of FcγRI in complex with IgG1-Fc as shown in 

Figure 1.8. The FcγRI ectodomains exhibit a seahorse structure as shown in Figure

1.6a and Figure 1.8, in both unbound and bound states, however some flexibility has

been implied from the crystal structures. Slight differences were observed between

these structures because two of the three FcγRI structures in the complex contain 19 

mutations, which provide greater thermostability and higher expression levels

(Kiyoshi et al., 2015; Lu et al., 2015) and one of the FcγRI structures was non-

glycosylated (Figure 1.8a). They all possess different crystallisation conditions and

solved to different crystallographic resolutions. Although the details of the high-

affinity interaction are still unclear, two different models of the high-affinity

interaction of FcγRI with IgG-Fc were proposed. One model is from Kiyoshi et al.,

2015, which is in agreement with that from Oganesyan et al., 2015 and the other model
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is from Lu et al., 2015, which will now be discussed in the next four paragraphs.

Kiyoshi et al. proposed that the high-affinity interaction of IgG1 and FcγRI 

was due to extensive non-covalent interactions such as bridging water molecules and

the Leu235 residue present in the IgG1-Fc lower hinge is key. The IgG1-Fc region

opens slightly and the lower hinge becomes ordered when the receptor is bound.

Leu235 of IgG1-Fc is able to make hydrophobic contacts as it is situated in a

hydrophobic pocket on the FcγRI receptor formed by Trp104 (D1-D2 linker), Lys130

(BC loop), Trp127 (BC α-helix), Val132 (BC loop), Lys173 (FG loop) and Tyr176 

(FG loop) (Kiyoshi et al., 2015). This observation was supported by another crystal

structure of the IgG1-Fc- FcγRI complex where the Leu235 acts as the ‘key’ that 

inserts into the hydrophobic pocket which acts as the ‘lock’ (Oganesyan et al., 2015).

This interaction was not observed in Lu et al., 2015. In the other study, the Leu235

residue in the lower hinge is exposed to solvent.

Lu et al. suggested that the FG loop of the FcγRI D2 domain (171MGKHRY176)

adopts a unique conformation. The FcγRI Lys173 residue forms an apparent salt bridge 

with the IgG1-Fc CH2 Asp265 residue. The FcγRI His174 and Arg175 residues extend 

into the Fc opening toward the glycans attached to Asn297. This unique KHR motif is

able to link the proximal carbohydrate units of the glycans from both of the IgG1-Fc

chains resulting in the high-affinity interaction of FcγRI with IgG1-Fc (Lu et al.,

2015). The direct interaction of the IgG1 glycans with FcγRI were not observed by 

others (Kiyoshi et al., 2015; Oganesyan et al., 2015). Instead, they observed that the

glycans from both the IgG1-Fc and FcγRI make little or no contributions to the 

interactions. Only weak van der Waals between L136, F146 and R175 of the FcγRI to 

the carbohydrates of IgG1-Fc were observed (Kiyoshi et al., 2015). It was suggested

that the IgG1-Fc glycans maintained a favourable Fc conformation or CH2 distances

compatible with FcγRI interaction (Oganesyan et al., 2015).

Other differences were observed upon the comparison of the IgG1-Fc-FcγRI 

complexes. The IgG1 hinge is disordered in the structure from Kiyoshi et al., 2015 in

comparison with Lu et al., 2015 whereby their hinge structure adopts similar positions

compared to the other IgG-FcγRII and IgG-FcγRIII complexes. Kiyoshi et al. and

Oganesyan et al. showed that the hinge points away from the IgG1 Fc region whereas

Lu et al. show that the hinge faces away from the FcγRI D2 domain towards the Fc 



29

Figure 1.8 Crystal structures of IgG1-Fc in complex with FcγRI. 

Three different crystal structures of the IgG1-Fc in complex with FcγRI. Two different 

views of the complex at 90° for the PDB codes (a,d) 4X4M, (b,e) 4W4O and (c,f)

4ZNE. (g) Two different views at 90° of the complexes aligned upon the FcγRI region 

using the PyMol align function (r.m.s.d. of 0.217, 0.193 and 0.054 nm for 4X4M and

4W4O, 4X4M and 4ZNE and 4W4O and 4ZNE respectively). The two IgG1-Fc heavy

chains are shown in red and green. The D1, D2 and D3 domains of FcγRI are coloured 

in cyan, blue and navy respectively. The glycans for both of the IgG1-Fc and FcγRI 

are coloured as yellow sticks and labelled with a line. Some labels have been omitted

for clarity purposes. C, constant domain; H, heavy chain.
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region. These differences in the IgG1 hinge implies that it is flexible and that the Fab

regions could adopt very different positions in the complexes (Davies & Sutton, 2015).

The hinge residues are suitably positioned to accommodate both Fab arms (Kiyoshi et

al., 2015; Oganesyan et al., 2015), which is not observed in Lu et al., 2015. The Fab

regions could possibly adopt a distinct orientation at the cell surface where the FcγRI 

D3 domain could act as a spacer to accommodate both of the Fab regions (Kiyoshi et

al., 2015).

Furthermore, the additional D3 domain not observed in the other Fcγ receptors 

possesses unclear functions. It is suggested that it mediates receptor conformation and

stability as the D3 domain packs against the D2 domain forming a hydrophobic core

at the D2-D3 hinge (Lu et al., 2015). Perhaps the D3 domains could act as a spacer for

both of the IgG Fab regions as mentioned above (Kiyoshi et al., 2015) or it could even

hold the bound IgG and prevent their dissociation (Asaoka et al., 2013). It is evident

that the D3 domain does not participate in the binding and interaction to IgG. The role

of the D3 domain needs to be further examined in the future.

 The high-affinity interaction between IgG and FcγRI needs further clarification 

because the role of FcγRI in immunity is still unknown and its contribution towards 

the clearance of preformed immune complexes is unclear (van der Poel et al., 2011).

The solution structures of the human IgG1-FcRI and IgG4-FcRI complexes were

studied in Chapter 6 of this thesis.

FcγRIIA 

There are three isoforms of FcγRII (FcγRIIA, FcγRIIB and FcγRIIC) which 

are around ~40 kDa in molecular weight and they are the only FcγR class which 

possess ITAM or ITIM domains in their α chain cytoplasmic region (Table 1.3).

FcγRII have two extracellular Ig-like domains (D1 and D2) in a similar fashion to 

FcγRIII (Sections 1.3.7 and 1.3.8) and unlike that of FcγRI (Section 1.3.3). FcγRII 

have low affinity for monomeric IgG and instead bind to antigen-antibody immune

complexes or opsonised target cells. FcγRIIA will be discussed further in this section 

and FcγRIIB and FcγRIIC will be discussed in the next two sections (Sections 1.3.5

and 1.3.6).

FcγRIIA has the broadest expression on hematopoietic cells in humans, being 

found on monocytes, macrophages, dendritic cells, neutrophils, platelets, mast cells,
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eosinophils and basophils (Table 1.3 and Figure 1.5). However, it is not expressed in

lymphocytes like natural killer (NK) cells. FcγRIIA possesses an ITAM signalling 

domain in the cytoplasmic tail of the α-chain and the activation results in activation of 

immune cells, phagocytosis, oxidative burst, degranulation and release of pro-

inflammatory cytokines (Table 1.3) (Nimmerjahn & Ravetch, 2008; Delves et al.,

2011; Ramsland et al., 2011). FcγRIIA also work synergistically with FcγRIIIB to 

create an optimised phagocytic response by neutrophils because of the enhanced

interactions between the antigen-antibody complex with the receptors (van der Pol &

van de Winkel, 1998; Chen et al., 2012).

FcγRIIA is able to bind to all the IgG subclasses and in particular, IgG2 binds 

to this subclass of FcγR with the highest affinity. Interestingly, there are two 

polymorphic forms of FcγRIIA which exhibit different affinities that have been 

studied. One form contains Arg131 which is low-affinity and the other form possesses

a histidine residue instead (R131H) which exhibits higher affinity. The order of affinity

for IgG subclasses are as follows: IgG1 >> IgG3 > IgG4 > IgG2 for FcγRIIA R131 

and IgG1 >> IgG3 > IgG2 > IgG4 for FcγRIIA H131 (Bruhns et al., 2009; Bruhns &

Jönsson, 2015). It was shown that individuals with the low-affinity FcγRIIA R131 

receptor are more susceptible to bacterial infections (Platonov et al., 1998), due to the

FcγRIIA R131 receptor being unable to bind IgG2 efficiently to trigger phagocytosis 

to clear the bacterium that has invaded the human body.

The interactions of FcγRIIA (R131) with IgG1-Fc have been studied by 

Ramsland et al., 2011 with the resulting crystal structure shown in Figure 1.9a,c. The

interaction between FcγRIIA R131 and IgG1-Fc is conserved and the contact surfaces 

agree with those reported in Section 1.3.2. There is also an additional small region

containing FcγRIIA residues S129 and K128 which makes contacts with the glycan 

moiety attached to IgG1-Fc N297 (Ramsland et al., 2011). It was shown that the

residue H131 or R131 is placed on the contact surface between the FcγRIIA and IgG. 

The R131 side chains of FcγRIIA bind in a shallow depression on the IgG1-Fc which 

is adjacent to the fucose moiety which could explain the higher affinity observed

between the two polymorphisms (Maxwell et al., 1999; Ramsland et al., 2011).

Furthermore, dimers of FcγRIIA have been observed in the crystals (Maxwell

et al., 1999; Ramsland et al., 2011). The FcγRIIA R131 crystallographic dimer could  
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Figure 1.9 Two crystal structures of IgG1-Fc in complex with FcγRII.  

(a) Crystal structure of humanized IgG1-Fc variant (hu3S193) in complex with

FcγRIIA (high responder R134) (PDB:3RY6). (b) Crystal structure of IgG1-Fc V12

variant (P238D) in complex with FcγRIIB (PDB:3WJJ). (c) Two views of the

alignment of IgG1-FcγRIIA complex with IgG1-FcγRIIB complex at 90° using the 

PyMol align function (r.m.s.d. of 0.156 nm). The regions of IgG1-Fc are labelled as C

for constant domains and displayed in red and green as two separate heavy chains (H).

The domains of FcγRIIA/B are labelled as D1 and D2 in cyan and blue respectively. 

The glycans for the IgG1-Fc, FcγRIIA and FcγRIIB are coloured as orange and yellow 

sticks respectively and labelled with a line where applicable.
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potentially accommodate with one or two Fc domains without any steric clashes,

whereas the FcγRIIA H131 crystallographic dimer cannot bind a single Fc region 

without any steric hindrance. In the model of dimeric FcγRIIA R131 with each 

receptor binding onto IgG1-Fc, the IgG1-Fab arms are positioned away from the cell

membrane in order to bind antigen and the IgG1-Fc hinges and CH2 domains could

interact through a potential salt bridge formed between the lower hinge E233 residue

from one Fc region and K326 from the other Fc region (Ramsland et al., 2011).

FcγRIIB 

FcγRIIB is found on B-cells, basophils, dendritic cells and on some monocytes, 

macrophages and neutrophils. There is only a 7% difference in amino acid content

between FcγRIIA and FcγRIIB (Sondermann et al., 1999), yet the FcγRIIB effector 

functions are completely the opposite to those for FcγRIIA and the other activating 

FcR subclasses. FcγRIIB is the only human inhibitory FcγR and it contains the ITIM 

domain and therefore has a crucial role in maintaining a balanced immune response

(Table 1.3, Figure 1.4b and Figure 1.5). Too much FcγRIIB activity leads to a reduced 

immune response and incapability to clear pathogens from the body. Reduced FcγRIIB 

activity results in pathogen-induced, pro-inflammatory and cytokine-mediated septic

shock (Clatworthy & Smith, 2004). The main role of FcγRIIB is to inhibit activating 

signals and effector functions by co-ligating with the activating Fcγ receptors or with 

the B-cell receptor by immune complexes (Figure 1.4b, Smith & Clatworthy, 2010).

Furthermore, there are three isoforms of FcγRIIB (FcγRIIB1, FcγRIIB2 and 

FcγRIIB3) however their roles in vivo are unclear. There are also polymorphisms of

FcγRIIB with some linked to disease. The mutation of isoleucine to threonine at 

residue 232 (I232T) in the transmembrane region of FcγRIIB increases the prevalence 

of systemic lupus erythematosus (SLE) (Smith & Clatworthy, 2010). The affinity of

the IgG subclasses are IgG3 = IgG4 > IgG1 > IgG2 for FcγRIIB (I232) (Table 1.2,

Bruhns & Jönsson, 2015).

Crystal structures are available for unbound FcγRIIB (Figure 1.6c) and IgG1-

Fc bound to FcγRIIB as shown in Figure 1.9b. The FcγRIIB forms a complex with 

IgG1-Fc which contains a mutation in the lower hinge region (P238D) (Mimoto et al.,

2013), therefore the interaction of the wild type IgG1 lower hinge with FcγRIIB is 

currently unknown. The complexes of FcγRIIB:IgG1(P238D) and FcγRIIA:IgG1 are 
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superimposed in Figure 1.9c, however they cannot be directly compared due to the

mutation which appears to have an impact upon their contact interface of the

interaction. The FcγRIIB:IgG1(P238D) interaction appears to exhibit a stoichiometry 

of 1:1 like the other FcγR:IgG1-Fc complexes through an asymmetric interaction, even 

though dimerization was observed for FcγRIIA (Section 1.3.4).

FcγRIIC 

FcγRIIC receptors are found on NK cells as well as monocytes, macrophages 

and neutrophils (Table 1.3). FcγRIIC and FcγRIIIA are the only two Fcγ receptors 

expressed by NK cells. FcγRIIC possesses an ITAM domain in the cytoplasmic region 

and can activate ADCC by NK cells (Metes et al., 1998), although other possible

effector functions of the FcγRIIC receptor need further investigation as there is limited 

information about FcγRIIC available in the literature. 

The FcγRIIC receptor share the same extracellular domain sequence as 

FcγRIIB (first 254 out of 323 residues), and contains a very similar cytoplasmic tail to 

FcγRIIA (90 out of 91 C-terminal amino acid residues with FcγRIIA) (Bruhns et al.,

2009; Strohl & Strohl, 2012). It is thought that the binding mechanism between

FcγRIIC and IgG is similar to those for FcγRIIB due to sequence similarity in the 

extracellular domains although this needs clarification as there is no structure available

for FcγRIIC. 

FcγRIIC contains different polymorphisms and different expression levels in 

individuals. One of them results in either an open reading frame or the more common

stop codon at amino acid position 13 (Metes et al., 1998), giving rise to expression or

absence of this receptor respectively. The implications of FcγRIIC in the context of 

disease are also currently unknown.

FcγRIIIA 

There are two types of FcγRIII receptors (FcγRIIIA and FcγRIIIB) which have 

a molecular weight of approximately 26-28 kDa. FcγRIII consists of two extracellular 

Ig-like domains (D1 and D2) unlike that of FcγRI. Both of the FcγRIII receptors are 

low-affinity receptors towards monomeric IgG and bind to immune complexes or

opsonised target cells instead in a similar fashion compared to FcγRII. Opsonisation 

describes the process where an antigen has been marked for phagocytosis.
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FcγRIIIA is a ~28 kDa low-affinity receptor found on macrophages, NK cells, 

and monocytes (Table 1.3). FcγRIIIA signals in a similar manner compared to FcγRI 

in which the ITAM domains are found in their associated FcRγ chains. FcγRIIIA plays 

a major role on NK cells where their activation leads to ADCC and it is also expressed

alongside FcγRIIC on NK cells as mentioned in the last section. 

Two polymorphic variants that lead to different binding affinities to the IgG

subclasses have been studied in detail. The low-affinity receptor has a phenylalanine

residue (F158) whereas the higher-affinity receptor has a valine residue instead

(F158V) (Wu et al., 1997). The order of affinity is IgG3 >> IgG1 > IgG4 > IgG2 for

both the polymorphic variants (Bruhns et al., 2009). The FcγRIIIA F158V receptor 

possesses a higher affinity for IgG1, IgG3 and IgG4 than the FcγRIIIA F158 receptor 

(Bruhns et al., 2009). The lower-affinity FcγRIIIA F158 receptor have been associated 

with SLE (Wu et al., 1997). These different affinities affect their effector function.

There are ten available crystal structures of IgG1-Fc in complex with FcγRIIIA 

in the Protein Data Bank (PDB), of which three are shown in Figure 1.10a,c (Ferrara

et al., 2011; Mizushima et al., 2011; Mimoto et al., 2014). These complexes exhibit a

similar structure to that of other IgG1-Fc-FcγR complexes where there is a 

stoichiometry of 1:1 and the interactions occur at both the CH2 region and lower hinge

region of IgG1. Although there are ten crystal structures available, different

mechanisms have been proposed for the low-affinity interaction between IgG1-Fc and

FcγRIIIA and further clarification is needed. 

FcγRIIIB  

FcγRIIIB is a low-affinity receptor that is anchored into the membrane by 

glycosylphosphatidyl inositol (GPI) and has a molecular weight of ~26 kDa (Table

1.3). It contains two extracellular Ig-like domains (D1 and D2) and is found on

predominantly on neutrophils and basophils (Ravetch & Perussia, 1989; Meknache et

al., 2009). It is very similar in sequence with FcγRIIIA however unlike the rest of the 

Fcγ receptors, it contains no signalling motif nor does it associate with the FcRγ chain. 

It is assumed that FcγRIIIB has a synergistic role with FcγRIIA and that it could 

interact with integrins and other Fc receptors. This results in binding and removal of

antigen-antibody immune complexes, activating neutrophils for degranulation,

respiratory burst and phagocytosis (Coxon et al., 2001; Chen et al., 2012).
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Figure 1.10 Crystal structures of IgG1-Fc in complex with FcγRIII.  

(a) Crystal structures of IgG1-Fc in complex with FcγRIIIA (PDB: 3AY4, 3SGJ and 

3WN5). (b) Crystal structures of IgG1-Fc in complex with FcγRIIIB (PDB: 1E4K, 

1T83 and 1T89). (c) Alignment of three IgG1-Fc-FcγRIIIA complexes (r.m.s.d. of 

0.070, 0.058 and 0.116 nm for 3WN5 and 3SGJ, 3WN5 and 3AY4 and 3SGJ and

3AY4 respectively). (d) Alignment of three IgG1-Fc-FcγRIIIB complexes (r.m.s.d. of 

0.075, 0.055, 0.077 nm for 1E4K and 1T83, 1E4K and 1T89, 1T83 and 1T89

respectively). The aligments were performed using the PyMol align function upon the

FcγRIIIA/B receptors. The regions of IgG1-Fc and FcγRIIIA/B are coloured and 

labelled as in Figure 1.09. The glycans are all shown as yellow sticks.
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There are 3 isoforms of FcγRIIIB, NA1, NA2 and SH. NA1 and NA2 isoforms 

vary at 4 different amino acid residues which are R36, N65, D82, V106 and S36, S65,

N82, I106 respectively (Ory et al., 1989). A point mutation of NA2 (A78D) gives rise

to the SH isoform (Bux et al., 1997). The N-linked glycosylation sites are affected in

the FcγRIIIB NA1 and NA2 isoforms which results in different binding affinities to 

IgG where FcγRIIIB NA1 has a higher affinity for IgG1 and IgG3 and phagocytose 

opsonised targets more efficiently (Bredius et al., 1994). The NA1 isoform is also

associated with diseases such as idiopathic pulmonary fibrosis (Bournazos et al.,

2010), however the predisposition of these polymorphisms to disease still needs to be

clarified further.

The crystal structures of the interactions between FcγRIIIB and IgG1-Fc are 

displayed in Figure 1.10b (Sondermann et al., 2000; Radaev et al., 2001). These show

a stoichiometry of 1:1 for the receptor and IgG1-Fc binding and the structures are

similar as showed by their superimposition (Figure 1.10d). They exhibit the same

binding interfaces as those for FcγRI and FcγRII with IgG1-Fc with equivalent amino 

acid residues. Interestingly, only this complex of IgG1-Fc-FcγRIIIB has been studied 

using small-angle scattering to determine its solution structure (Yogo et al., 2017). The

small-angle scattering technique is discussed in Chapter 3, Section 3.2.

Complement system

Antibodies are able to bind to complement proteins such as the C1 complex

found in the complement system, which is part of the innate immune response. There

are three different pathways of activating the complement system, which are the

classical pathway (Section 1.4.1), lectin pathway (Section 0) and the alternative

pathways (Section 1.4.4) shown in Figure 1.11. All three pathways are initiated

differently, however they converge on the same point on the third component (C3) and

lead to numerous effector molecules being generated that ‘complement’ the antibodies

and phagocytes to clear and lyse foreign antigens which will be described in the next

sections.

Classical pathway

The classical complement pathway is one of three pathways for complement

activation leading to the formation of the membrane attack complex (MAC) and cell

lysis shown in Figure 1.11. The classical pathway has different mechanisms of action
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(or activities) such as CDC to clear targeted antigen from the body. Here, the classical

pathway is initiated by the binding of the C1 complex containing C1qr2s2 to at least

two antibody-antigen complexes. The globular head region (gC1q) region of C1q binds

to the Fc region of an antibody that is bound to its antigen. The binding brings on the

autoactivation of C1r and C1s. C1s cleaves C4 and C2 into C4a and C4b and C2a and

C2b respectively. C4b and C2a form the C3 convertase complex C4b2a which can

subsequently cleave C3 into C3a and C3b. The cleavage of C3 is common to all three

pathways of complement activation where they converge at C3. C3b is added onto

C4b2a to give the C5 convertase complex C4b2a3b. The C5 convertase cleaves C5

into C5a and C5b. The resultant C5b is the first component of the MAC. The MAC is

a pore formed on bacteria and apoptotic cells by C5b, C6, C7, C8 and C9 to give

C5b6789 causing osmotic lysis as it is freely permeable to solutes (Sarma & Ward,

2011; Delves et al., 2011; Strohl & Strohl, 2012; Holers, 2014).

Classical pathway activation is also responsible for a whole host of other

activities displayed in Figure 1.12. C3a, C4a and C5a are anaphylatoxins which

facilitate the induction and regulation of inflammation through inducing smooth

muscle contraction, histamine release from mast cells (mast cell degranulation) and

enhanced vascular permeability to help the immune response. They also mediate

chemotaxis and generation of cytotoxic oxygen radicals as well as having a role in

initiating and regulating T-cell responses (Zhou, 2012).

Opsonisation is part of the first step of attacking the invading pathogens or

viruses (Figure 1.12). Opsonins such as C1q, C3b and C4b as well as the IgG and IgM

antibodies can recognise and coat pathogens. This leads to the recruitment of

monocytes, macrophages and neutrophils resulting in phagocytosis of the opsonised

pathogen, recruitment of NK cells and neutrophils leading to the release of granzymes

(granular serine proteases), other killing factors and a release of pro-inflammatory

cytokines (Strohl & Strohl, 2012). Red blood cells also express complement receptors

which are able to bind the opsonin C3b on opsonised surfaces and could help the

clearance of immune complexes by transporting them to areas for destruction such as

the spleen or liver (Figure 1.12).

The first component of the classical pathway is the C1 complex, made up of a

single C1q molecule, two C1r and two C1s molecules. C1q is responsible for
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Figure 1.11 Schematic diagram of the complement pathways (legend overleaf).
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Figure 1.11 Schematic diagram of the complement pathways

(continued from previous page).

Antibodies (Ab) bind onto their target antigen (Ag). The C1 complex (C1qr2s2) binds

onto at least two antibody-antigen complexes through the head region of C1q (blue

ovals). C1 cleaves C4 and C2 to give C4a and C4b and C2a and C2b respectively. C4b

and C2a form the C3 convertase C4b2a which cleaves C3 into C3a and C3b. C3b binds

onto C4b2a forming C5 convertase C4b2a3b. C5 convertase cleaves C5 into C5a and

C5b. C5b, C6, C7, C8 and C9 combine together to give the membrane attack complex

(MAC) C5b6789. The MAC is a pore in the membrane of bacteria and apoptotic cells

freely permeable to solutes resulting in cell lysis. Adapted from Mathern & Heeger,

2015.
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Figure 1.12 The complement cascade triggers different activities.

Different cells of the immune system possess receptors for the complement

components generated by the cleavage of C3 and C5 by convertases. Mast cells release

inflammatory mediators (degranulation) in response to C3a, C4a and C5a leading to

increased vascular permeability. This permits neutrophils to leave the circulation and

move (chemotaxis) in response to C5a which is a chemoattractant. Complement C3b

and C4b also coat cell surfaces of microorganisms (opsonisation). Neutrophils

phagocytose the opsonised microbes. C3b is deposited on the cell surfaces and the

membrane attack complex is formed by C5b-C9 leading to cell lysis. Red blood cells

(RBC) express complement receptors which can bind onto the C3b on opsonised cell

surfaces and transport them to the spleen and liver to clear the immune complexes

formed. C3d can also activate B-cells by providing co-stimulation via complement

receptors on the B-cell or by mediating the retention of immune complexes on

follicular dendritic cells and leads to specific antibodies made that target the antigen

(microbe etc.). These functions work together to generate an effective immune

response to clear the antigen from the body.
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recognising different binding partners such as IgG (Section 1.2) and its structure and

function will now be described.

C1q

The C1 complex contains C1q, C1r and C1s in a 1:2:2 stoichiometry. C1q is

the recognition protein and C1r and C1s are serine proteases. C1q is found in the serum

at concentrations of 70 μg/ml with a mass of 460 kDa. C1q is flexible and is stabilized 

by the tetramer C1r21s2. Only the structure of the globular head region of C1q has been

solved at high resolution which is shown in Figure 1.13a-b (Gaboriaud et al., 2003;

Moreau et al., 2016). All of the C1r and C1s components have been solved

crystallographically as shown in Figure 1.13e-f. The C1 complex structural assembly

and activation is still not clear and remains to be defined (Gaboriaud et al., 2014;

Thielens et al., 2017) and more recently, very low resolution structures of the C1

complex have been studied using electron microscopy and small-angle X-ray

scattering (Figure 1.13g; Mortensen et al., 2017).

C1q structure

The structure of C1q is shown in Figure 1.13a-d. C1q is observed as a ‘bunch

of tulips’ arrangement with an N-terminal collagenous base, giving rise to the

collagenous arm region (cC1q) which are connected to the globular head regions

(gC1q) at the C-terminal. C1q is made from a total of 18 polypeptides, six of each of

the A, B and C chains. Each of three chains are found in each of the cC1q and gC1q

regions. The three chains (A, B and C) are arranged in a triple helical collagen-like

structure to give the cC1q structure. The subunits are joined together by interchain

disulphide bonds giving A-B and C-C subunits. A doublet (ABC-CBA) is formed from

two A-B pairs and one C-C pair by disulphide bonds and non-covalent interactions

(Figure 1.13c). Three doublets are arranged by non-covalent bonds to give the full C1q

structure made of six A-B pairs and three C-C pairs as shown in Figure 1.13d (Reid &

Porter, 1976; Kishore & Reid, 2000; Delves et al., 2011; Strohl & Strohl, 2012).

The crystal structure of unbound gC1q has been successfully solved

(Gaboriaud et al., 2003; Moreau et al., 2016), however the collagenous region has not

been crystallised due to its inherent flexibility. The residues D270, K322, P329 and

P331 in the CH2 domain of IgG1 Fc are responsible for binding C1q (Figure 1.3c;

Idusogie et al., 2000). K322 is also found in human IgG3 as well as murine IgG2b
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indicating that this is a key residue for C1q binding (Thommesen et al., 2000; Duncan

& Winter, 1988).

C1q function

Human C1q binds to antigen-complexed IgG1, IgG3, hexameric IgM as well

as pentameric IgM and IgG2 to a lesser extent (Strohl & Strohl, 2012), bridging the

innate and adaptive immune systems. The order of complement-fixing potential is IgM

> IgG3 > IgG1 > IgG2 >> IgG4. IgA can activate the alternative pathway and IgE does

not effectively activate the complement cascade (Holers, 2014). For the IgG class of

antibodies, IgG1 and IgG3 can efficiently bind and trigger the complement cascade.

IgG2 and IgG4 do not efficiently bind to C1q and therefore mediate limited activation

of the complement cascade (Strohl & Strohl, 2012). Levels of C1q binding do not

correlate with complement activation (Tao et al., 1993). Human IgG1 triggers

complement-mediated lysis better than IgG3 even though IgG3 binds to C1q more

strongly than IgG1 (Brüggemann et al., 1987). Other factors such as the antibodies’

epitope and target density could affect C1q binding and cell lysis through complement

activation (Bindon et al., 1990; Lucisano Valim & Lachmann, 1991).

C1q is capable of recognising and binding aberrant structures that are foreign

(Gaboriaud et al., 2003), such as bacteria, viruses, parasites, β-amyloid fibrils and 

prion proteins (Roumenina et al., 2008; Thielens et al., 2002; Santoro et al., 1980;

Tacnet-Delorme et al., 2001; Sjöberg et al., 2008). It also binds to cellular debris, sub-

cellular membranes and phosphatidylserine on apoptotic cells to clear them from the

body which is key for immune tolerance (Storrs et al., 1981; Navratil et al., 2001;

Paїdassi et al., 2008). It can also bind heparan sulphate and deoxy-D-ribose (Garlatti

et al., 2010) suggesting that C1q functions as a charge pattern recognition molecule

which acts in an antibody-independent manner to activate the complement cascade

(Gaboriaud et al., 2003).

The main function of C1q is to recognise and bind its targets. Upon binding of

C1q to its target, the C1 complex (C1qr2s2) activates the classical pathway of the

complement cascade leading to the formation of the membrane attack complex (MAC)

on cells shown in Figure 1.11, expanded in Section 1.4.1. The MAC results in the lysis

of cells such as bacteria which have invaded the body in a process. The activation of
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Figure 1.13 The assembly of the C1 complex (legend overleaf).
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Figure 1.13 The assembly of the C1 complex

(continued from previous page).

(a,b) Two views of the globular head of C1q (gC1q) (PDB: 1PK6). The A, B and C

chains are shown in navy, blue and light blue respectively. The calcium ion is shown

as a yellow sphere and labelled with an arrow. (c) Diagram of gC1q and the

collagenous region of C1q (cC1q) indicated by ovals and waves respectively. The

disulphide bond at the C-terminal has been shown as C – C, which forms the A-B

dimers and C-C dimers. Two A-B dimers and one C-C dimer forms a structural unit

(doublet). (d) Three structural units form intact C1q. The A, B and C chains are

indicated in navy, blue and light blue respectively. (e) Domains of C1r and C1s with

their binding sites and functions labelled. (f) The C1r structure (PDB: 6F39, 1GPZ)

and the C1s structure (PDB: 1ELV, 4LMF, 4LOT) with the domains coloured the same

as in (e) where the CUB1 (red), EGF (pink), CUB2 (orange), CCP1 (yellow), CCP2

(green) and SP (blue) domains are shown. The calcium ions are arrowed and the

glycans are presented as purple sticks. (g) Model of the C1 complex with the C1q, C1r

and C1s coloured in green, grey and purple respectively (adapted from Mortensen et

al., 2017). (h) Alternative model of the C1 complex with the C1q, C1r and C1s

coloured in grey, green and cyan respectively (adapted from Almitairi et al., 2018).
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the classical pathway also leads to a broad range of other activities as part of the

immune response as shown in Figure 1.12 and expanded in Section 1.4.1.

Lectin pathway

The lectin pathway is part of the innate immune system as it does not rely on

antibody-antigen immune complexes. Instead, it is activated by lectins such as

mannose-binding lectin (MBL) (Figure 1.11). MBL acts as a classic pattern

recognition receptor and recognises carbohydrates such as sugars present on microbial

cell surfaces, such as mannose residues found on Salmonella and Listeria bacteria, and

even on the human immunodeficiency virus (HIV-1). MBL also binds to N-

acetylglucosamine, D-glucose and L-fucose residues on pathogenic surfaces. MBL

acts as the binder of antigen in a similar fashion to antibodies, however its collagenous

structure is similar to that of C1q.

MBL is associated with MBL-associated serine proteases (MASP) and this

forms the lectin pathway. The MASP proteins are very similar to the C1r and C1s

proteins found in the C1 complex of the classical pathway. Upon the binding of MBL

to its ligand, MASP-2 cleaves both C2 and C4 giving rise to the C4b2a C3 convertase.

This is where the lectin pathway converges with the classical and the alternative

pathways (Punt et al., 2019).

Alternative pathway

The alternative pathway is unique from the classical and lectin pathways in that

it utilises different C3 and C5 convertases which are C3bBb and C3bBbC3b

respectively (Figure 1.11). The alternative pathway can be initiated by three different

ways, which are the alternative ‘tickover’ pathway, properdin-activated pathway and

the protease-activated pathway (Punt et al., 2019). The alternative ‘tickover’ pathway

is well-established and will be focused on here, whereas the two other initation

pathways are still unclear and remain to be further understood.

The alternative ‘tickover’ pathway is initiated when C3 undergoes spontaneous

hydrolysis to become C3(H2O). Subsequently, it binds to factor B. Factor B is then

cleaved by factor D, giving rise to an active Bb subunit bound to C3(H2O). The

C3(H2O)Bb complex is also known as the fluid-phase C3 convertase because it is not

membrane bound and unstable, hence the name: alternative ‘tickover’ pathway. Factor

B is also capable of binding to C3b on the cell surface and cleavage by factor D results
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in the C3bBb convertase which is membrane bound (Figure 1.11). C3bBb is stabilised

by properdin. Note that these two C3 convertases (C3(H2O)Bb and C3bBb) are distinct

in this ‘tickover’ pathway. This activates a large amplification loop whereby more C3b

molecules are generated by these C3 convertases. The recruitment of C3b to the C3bBb

convertase forms the C5 convertase, C3bBbC3b, which is also stabilised by properdin

(Punt et al., 2019).
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IgG4-related disease and the role of IgG4
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The IgG antibodies and their ligands such as FcγR have been implicated in a 

range of diseases such as IgG4-related disease. This disease has been linked to IgG4

recently and the roles of the IgG4 antibody will be discussed in this Chapter.

IgG4-related disease

IgG4-related disease (IgG4-RD) is a fibroinflammatory disease which can

affect nearly any organ and tissue in the body including the eyes, kidneys, lungs, lymph

nodes, aorta, thyroid, pancreas, skin and others, resulting in the formation of

tumefactive lesions and organ failure which could be lethal. The mortality rate has

been reported to be 10% during follow-up of the IgG4-RD patients (Huggett et al.,

2014). IgG4-RD is a relatively new disease entity where the first link between IgG4

antibodies and disease was made in 2001 (Hamano et al., 2001) and IgG4-RD was

only recognised as a systemic condition in 2003 (Kamisawa et al., 2003). IgG4-RD

covers a large spectrum of conditions previously thought to be confined to a single

organ and unrelated to one another. Seventeen separate conditions such as Mikulicz’s

syndrome, Küttner’s tumour, autoimmune pancreatitis (AIP) and Riedel’s thyroiditis

now fall into the IgG4-RD spectrum even though some of these were first recognised

in the late 19th century (Stone et al., 2012; Mahajan et al., 2014).

There are distinct histopathological features seen in IgG4-RD (shown in Figure

2.1) which are (i) lymphoplasmacytic infiltrate of tissues with a high percentage of

IgG4+ plasma cells, (ii) storiform fibrosis, (iii) mild to moderate eosinophilia and (iv)

obliterative phlebitis (Deshpande et al., 2012; Stone et al., 2012; Kamisawa et al.,

2015; Mahajan et al., 2014; Wallace & Stone, 2015). An increased serum IgG4

concentration is observed in some IgG4-RD cases (Carruthers et al., 2015a). These

characteristics of IgG4-RD lead to tumefactive growths in tissues and the destruction

of organs, such as in the eyes and thyroid (Figure 2.2). There are currently 66

differential diagnoses of IgG4-RD (Kamisawa et al., 2015). The IgG4-RD diagnosis

can be associated with an increased risk of cancer and death in the patient (Huggett et

al., 2014). Misdiagnosis of IgG4-RD is prevalent because IgG4-RD mimics

malignancy, infectious and inflammatory disorders (Kamisawa et al., 2015). The

tumefactive lesions could easily be misidentified as malignancies such as bile duct

cancer (Miglani et al., 2010), gallbladder cancer (Lee et al., 2013), eye cancer

(Karamchandani et al., 2012), eyelid pilomatrixoma (Choi et al., 2015) and bone

cancer (Terauchi et al., 2014). The diagnosis of IgG4-RD is challenging to distinguish
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Figure 2.1 Histopathology of IgG4-RD.

(a) Storiform fibrosis where the bands of fibrosis (arrowheads) come from a centre

(asterisk) from a hematoxylin and eosin stain. The storiform pattern is analogous the

spokes of a cartwheel. (b) Immunoperoxidase staining showing the plasma cells from

a patient with IgG4-related dacryoadenitis are strongly positive for IgG4 antibodies.

(c) A venous channel is totally obliterated (obliterative phlebitis) where the periphery

of the vein is outlined by arrowheads, shown by hematoxylin and eosin staining.

Phlebitis is defined as the inflammation of a vein. (d) High-power image of (c)

showing lymphocytes, plasma cells (long arrow), fibroblasts (short arrow) and

eosinophils (arrowhead). Reproduced with permission from Stone et al., 2012,

Copyright Massachusetts Medical Society.
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Figure 2.2 Tumefactive lesions of IgG4-RD patients.

(a) Bilateral enlargement of the submandibular glands in a 45-year old woman. (b)

Bilateral enlargement of the parotid gland in a 54-year old man. (c) Proptosis of the

left eye in a 62-year old man, caused by enlargement of the lacrimal gland. (d)

Computed tomographic image of a diffusely enlarged pancreas and an irregular, low-

attenuation area in the left kidney (arrowed). The image in (d) corresponds to

autoimmune pancreatitis and tubulointerstitial nephritis, which are different

manifestations of IgG4-RD. Reproduced with permission from Stone et al., 2012,

Copyright Massachusetts Medical Society.
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between IgG4-RD and malignancy and improvements to the diagnosis are required in

the future (Huggett et al., 2014; Stone et al., 2015).

Epidemiology of IgG4-RD

Although the epidemiology of IgG4-RD is currently unknown, surveys have

been conducted on the prevalence of AIP, which is part of the IgG4-RD spectrum, in

Japan. A survey in 2007 showed that patients with AIP had a prevalence of 2.2 per

100,000 (Kanno et al., 2012) which is higher than the reported incidence of IgG4-RD

at 0.28-1.08/100,000 in Japan (Umehara et al., 2012). In 2009, there were

approximately 8,000 patients with IgG4-RD including AIP in Japan (Uchida et al.,

2012). IgG4-RD affects more males than females and the average age of IgG4-RD

disease onset is in the sixth decade of life (Nishimori et al., 2007; Kanno et al., 2012;

Uchida et al., 2012; Chen et al., 2014; Inoue et al., 2015; Lin et al., 2015; Wallace et

al., 2015). However, IgG4-RD has also been observed in children (Miglani et al.,

2010; Corujeira et al., 2015). This shows that the IgG4-RD onset could be as early as

childhood; however, this remains to be clarified.

The IgG4-RD epidemiology is limited and underestimated due to the surveys

of small subsets of IgG4-RD patients with a particular organ manifestation rather than

covering the entire spectrum of diseases. Some surveys were limited to a particular

country, selected hospitals and health care centres. Another large limitation is the

diagnostic criteria itself whereby some studies use a high serum IgG4 count as a

diagnostic criteria and therefore possibly excluding possible IgG4-RD patients with

lower IgG4 levels (Ebbo et al., 2012; Chen et al., 2014; Lin et al., 2015). The IgG4

serum levels cannot be used as a diagnostic criterion for IgG4-RD as other diseases

may also present with elevated IgG4 serum levels (Carruthers et al., 2015a; Su et al.,

2015).

Improved diagnoses and understanding of IgG4-RD will provide a more

complete disease epidemiology. The consensus statement on the IgG4-RD pathology

was only published in 2012 (Deshpande et al., 2012). The criteria for clinical diagnosis

is constantly evolving with better knowledge and understanding through new reports

of disease manifestations (Wallace & Stone, 2015). It has been suggested that this

disease is not rare (Chen et al., 2014), and more patients will be diagnosed with IgG4-
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RD in the future as the awareness of IgG4-RD has been increasing since 2001

(Hamano et al., 2001).

Pathogenesis of IgG4-RD

A model of the pathogenesis of IgG4-RD has been proposed (Stone et al., 2012;

Mahajan et al., 2014), shown in Figure 2.3. IgG4-RD might be a T-cell-mediated

autoimmune disease, where an increased number of circulatory type 1 and type 2

helper T-cells (Th1, Th2) and regulatory T-cells (Treg) are observed in IgG4-RD

(Okazaki et al., 2000; Zen et al., 2007; Miyoshi et al., 2008; Ohta et al., 2012; Saito

et al., 2012). These T-cells are activated and produce cytokines (interleukins -5, -13, -

4, -10) as well as transforming growth factor β (TGFβ), which were found at higher 

proportions in IgG4-RD patients (Figure 2.3b).

Cytokine production from the T-cells is important in recruiting and activating

other cells as part of the immune response and lead to the histopathological features

observed in IgG4-RD shown in Figure 2.1 and Figure 2.3b. The cytokine interleukin-

5 can recruit eosinophils resulting in eosinophilia. Eosinophils can produce more

cytokines such as TGFβ and interleukin-13 leading to further recruitment of immune 

cells. The cytokines interleukin-4 and interleukin-13 can induce both IgE and IgG4

class switching and production in B-cells, resulting in elevated IgE and IgG4 levels in

the serum of IgG4-RD patients (Kamisawa et al., 2009; Saeki et al., 2010, Kawano et

al., 2011; Chen et al., 2014; Della Torre et al., 2014; Mahajan et al., 2014).

Interleukins -4, -10 and -13 can activate macrophages which are able to produce more

TGFβ (Song et al., 2000; Wynn, 2004). Together, the profibrotic cytokines can recruit

and activate fibroblasts, myofibroblasts and more macrophages resulting in storiform

fibrosis observed in IgG4-RD (Figure 2.1a; Wynn & Barron, 2010; Deshpande et al.,

2011).

The recruitment and activation of eosinophils, B-cells, plasma cells,

macrophages, fibroblasts, myofibroblasts leads to massive infiltration of inflammatory

cells in the affected organs and tissues of IgG4-RD patients (Figure 2.3c). Obliterative

phlebitis is caused by the blockage of blood vessels due to the infiltration of cells

(Deshpande et al., 2012; Stone et al., 2012, Della-Torre et al., 2015). The

accumulation of the secretion products from all these cells lead to massive

inflammation, deposition of immune complexes, epithelial damage (shown in Figure
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Figure 2.3 Pathogenesis of IgG4-RD (legend overleaf).



55

Figure 2.3 Pathogenesis of IgG4-RD

(continued from previous page).

(a) Potential triggers of IgG4-RD such as autoimmunity, infectious agents and

molecular mimicry. (b) The immune reaction involves activated helper T-cells (Th1

and Th2) and regulatory T-cells (Treg) expressing and secreting cytokines such as

interleukins -5, -13, -4, -10 and transforming growth factor β (TGFβ). This is followed 

by the recruitment and/or activation of eosinophils, B-cells, plasma cells and

fibroblasts, which could give rise to eosinophilia, elevated IgG4 and IgE

concentrations in the serum and storiform fibrosis respectively. (c) Massive cell

infiltration of the activated cells and secretion products from the immune response as

well as deposition of immune complexes resulting in epithelial damage. This

contributes towards tumefactive lesions and organ dysfunction shown in (d).

Reproduced with permission from Stone et al., 2012, Copyright Massachusettes

Medical Society.
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2.3c) and contribute towards an endless cycle of recruitment and activation of more

cells and secretions. Altogether, this drives enormous damage in the affected tissues

and organs, resulting in organ failure and tumefactive lesions shown in Figure 2.2.

The involvement of the T-cells (Th1, Th2, Treg) in IgG4-RD pathology

remains poorly understood (Mahajan et al., 2014). Some have suggested that Th2 cells

have a marginal role in the IgG4-RD manifestation (Bozzalla Cassione et al., 2017).

A new population of effector memory CD4+ cytotoxic T-cells has been discovered

recently in IgG4-RD patients and these are now believed to play an important role in

the pathogenesis (Mattoo et al., 2016, 2017), however this requires further

investigation.

Possible triggers of IgG4-RD

The cause of this disease is still unknown. There could be several possible

triggers of IgG4-RD including genetic risk factors, molecular mimicry, infectious

agents such as bacteria and viruses (Figure 2.3a). Dense granular deposits have been

found in many cases of IgG4-RD, particularly in the kidneys and pancreas. The

immune complex deposits contained complement C3 and the IgG subclasses including

IgG4 (Deshpande et al., 2006; Cornell et al., 2007; Detlefsen et al., 2010). These

immune complexes could accumulate and result in tissue damage seen in IgG4-RD

(Figure 2.1 and 2.2), which is highlighted later in Section 2.6.

The role of complement in IgG4-RD is unknown, however a group recently

showed that serum complement C3 levels were negatively correlated with IgG4+

plasma cell levels. The IgG4-RD patients exhibited more severe fibrosis, suggesting

that the complement system may contribute in the development of IgG4-RD (Wang et

al., 2018). Elevated levels of IgG2 antibody were also observed in IgG4-RD patients

and could potentially contribute towards the pathogenesis of IgG4-RD (Chan et al.,

2017). Polymorphisms of the FcRIIA receptor have been associated with chronic

periaortitis (Alberici et al., 2018), also known as idiopathic retroperitoneal fibrosis

which is one of the 66 diagnoses of IgG4-RD (Kamisawa et al., 2015). This shows that

the contribution of the innate and/or adaptive immune systems to the trigger of IgG4-

RD remains to be fully understood.

Autoimmunity could be a trigger for IgG4-RD due to the existence of

autoantigens observed in some of the IgG4-RD patients (Yamamoto et al., 2010; Du
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et al., 2015). There are also reports of potential autoantibodies observed in some IgG4-

RD patients. C3 nephritic factor is an IgG autoantibody that binds to C3bBb of the

alternative pathway and this has been associated with membranous glomerulonephritis

(Niel et al., 2015), which is part of the IgG4-RD spectrum of diseases, suggesting that

both innate and adaptive immunity can play a role. An autoantigen called annexin A11

and anti-annexin A11 autoantibodies of the IgG1 and IgG4 subclass were reported

earlier this year in a handful of IgG4-RD patients (Hubers et al., 2018). There are IgG4

antibodies in IgG4-RD patients that bind to the pancreatic epithelial tissue, gallbladder,

salivary gland and bile ducts showing autoreactivity (Aoki et al., 2005). Disease-

associated IgG4 antibodies that were self-reactive were also observed (Mattoo et al.,

2014), however the role of the IgG4 subclass in IgG4-RD needs further clarification.

The unique functions of the human IgG4 subclass will now be discussed.

IgG4 functions

IgG4 is unique in that it exhibits characteristics and functions not observed in

the other IgG subclasses; three examples include being a non-inflammatory antibody,

Fab arm exchange and rheumatoid-factor like activity. These are described in turn

below.

IgG4 is perceived as a non-inflammatory antibody due to the weak binding to

its ligands such as C1q and FcγRs. IgG4 has been reported to show little or no binding 

to C1q and therefore lacks the ability to activate the complement system (Table 1.2,

Section 1.2.4). Although, human myeloma IgG4 has been observed to bind C1q

(Schumaker et al., 1976), dissociation constants KD of 47 and 39 nM have been

reported for wild-type IgG4 and IgG4 S228P respectively (Scapin et al., 2015). The

Fc fragment of IgG4 has also been shown to activate complement with an affinity

comparable to IgG1 whereas intact IgG4 cannot activate complement (Isenman et al.,

1975; Burton, 1985). Isenman et al. suggested that the structural features present in

the Fc region allowing the interaction of IgG4 and C1q might be obstructed by the Fab

arms in the antibody. The IgG4 Fab arms have been shown to restrict the access of

ligands to the Fc region and hence hinder the binding and activation of effector ligands

such as C1q and FcγR (Abe et al., 2010; Rayner et al., 2014). The binding of antigen

onto the Fab arms might ‘unblock’ the C1q binding site (Isenman et al., 1975). The

binding and activation of C1q is still possible through the mutation of Ser331 to Pro331

in the CH2 domain of IgG4 (Lu et al., 2007; Brekke et al., 1994; Tao et al., 1993)
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which will lead to the activation of the complement cascade.

IgG4 is capable of binding to all of FcγR classes including the high-affinity 

receptor FcγRI in the same order of magnitude as IgG1. However, it exhibits weaker 

binding to the other classes of low-affinity FcγRs (Table 1.2, Bruhns et al., 2009;

Bruhns & Jönsson, 2015). No binding was detected for FcγRIIIB and also no ADCC 

nor ADCP activities were detected from NK cells, macrophages nor PMN cells (Table

1.2, Strohl & Strohl, 2012). The functions of each of the FcγR classes were explored 

in Section 1.3.

Another function which is unique to IgG4 is called Fab arm exchange (FAE).

FAE describes an intact IgG4 molecule splitting into two halves or two half-antibodies

consisting of a heavy chain and a light chain (HL). The two heavy chains undergo

separation and recombination with another heavy chain from another IgG4 molecule.

This forms bispecific IgG4 antibodies with functional monovalency as shown in

Figure 2.4 (Schuurman et al., 1999; Aalberse et al., 1999). These are unable to cross-

link antigen as both of the Fab arms exhibit different specificities and therefore cannot

form large immune complexes (van der Zee et al., 1986; Aalberse & Schuurman, 2002;

van der Neut Kolfschoten et al., 2007).

Two residues contribute towards FAE, which are S228 in the core hinge and

R409 in the CH3 region of IgG4. The IgG4 core hinge is shown in Figure 2.4a, which

contains a single amino acid residue difference (S228) compared to the IgG1 core

hinge. This S228 residue is responsible for the formation of intrachain disulphide

bonds instead of interchain disulphide bonds as described earlier in Section 1.2.4 and

shown in Figure 2.4b. Mutation of S228 to proline decreases the FAE ability of IgG4

(Angal et al., 1993; Labrijn et al., 2009; Lewis et al., 2009; Scapin et al., 2015; Silva

et al., 2015; Yang et al., 2015), which mimics the IgG1 core hinge. Studies of IgG4

containing a R409K mutation have demonstrated that K409 resulted in stable IgG and

lacked the ability to undergo FAE whereas the presence of R409 results in FAE

(Labrijn et al., 2011; Davies et al., 2013; Rispens et al., 2013).

FAE predominantly occurs in IgG4 molecules that possess intrachain

disulphide bonds in the hinge in vivo according to local conditions in the body such as

pH or a reducing environment in blood or at cell surfaces where the inter-heavy chain

disulphide bond can be broken. Reducing agents like glutathione are needed for FAE
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Figure 2.4 Distinct structural properties of IgG4.

(a) Differences between the core hinge of IgG1 and IgG4. (b) IgG4 can form interchain

and intrachain disulphide bonds. The different domains of the IgG4 antibody are

labelled. The variable (V) and constant (C) domains in the heavy (H) and light (C)

chains are indicated. (c) IgG4 Fab-arm exchange mechanism between two different

IgG4 molecules shown in red and blue (left) giving rise to two bispecific monovalent

antibodies (right).
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in vitro which suggests that glutathione, present in all cell types, can result in FAE in

vivo (van der Neut Kolfschoten et al., 2007; Aalberse et al., 2009; Rispens et al., 2011;

Stone et al., 2012). The contributions of FAE towards IgG4-RD are unknown.

IgG4 also possesses rheumatoid-factor like activity as shown by the Fc region

of IgG4 interacting with other IgG Fc regions such as the IgG1, IgG2 and IgG3

subclasses as well as IgG4 (Rispens et al., 2009; Kawa et al., 2008). The residue R409,

intra-heavy chain disulphide bonds and the dissociation of the heavy chains of IgG4

appear to contribute towards this rheumatoid-factor like activity as well as FAE

(Rispens et al., 2013). The significance of this activity is currently unknown although

it could explain the formation of IgG4 aggregates which can result in disease (Davies

et al., 2014b), which will be described in the following section.

The role of IgG4 antibodies in IgG4-RD

The role of the IgG4 antibodies in IgG4-RD is currently unknown and poorly

understood. It is thought to have either a non-pathogenic or a pathogenic role. Many

view IgG4 as non-inflammatory due to the inability to bind efficiently to FcR and

C1q and therefore it has been regarded as non-pathogenic. The contribution of FAE

towards IgG4-RD is poorly understood. The FAE results in functional monovalent,

bispecific IgG4 antibodies which are unable to cross-link the same antigen. It is

assumed that FAE forms small immune complexes that do not precipitate and limit the

formation of large immune complexes (van der Zee et al., 1986) as shown in Figure

2.5a, resulting in the anti-inflammatory action of IgG4.

However, the possibility of large immune complex formation also arises if FAE

takes place between IgG4 antibodies that bind different epitopes on the same antigen

as shown in Figure 2.5b (Mahajan et al., 2014). This can result in bispecific and

functionally bivalent IgG4 that could cross-link antigen containing different epitopes

that could be pathogenic. Circulating immune complexes consisting of the IgG4

subclass were found in IgG4-RD patients with sclerosing pancreatitis (Hamano et al.,

2001). Immune complex deposits containing the IgG4 antibody subclass, IgG and

complement C3 were found in the kidneys and pancreas of IgG4-RD patients (Takeda

et al., 2004; Deshpande et al., 2006; Watson et al., 2006; Cornell et al., 2007;

Detlefsen et al., 2010; Raissian et al., 2011; Kawano et al., 2012; Alexander et al.,

2013). The IgG4-containing immune complexes could be large, poorly-solubilised and
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Figure 2.5 Possible mechanism of immune complex formation in IgG4-RD.

(a) Bispecific and functional monovalent IgG4 forms small immune complexes as they

are unable to cross-link antigen. Antigen indicated in red regions on the white

triangles. (b) Potential large immune complex formation due to bispecific antibodies

without functional monovalency. The IgG4 could bind to different epitopes on the

same antigen (red, green and blue triangles placed in large white triangle) giving rise

to bispecific functionally bivalent IgG4.
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potentially pathogenic and this could contribute towards IgG4-RD (Mahajan et al.,

2014).

IgG4 antibodies have rheumatoid-factor like activity where the IgG4-Fc region

can interact with other IgG Fc (IgG1-Fc, IgG2-Fc and IgG3-Fc) as well as IgG4-Fc

regions (Rispens et al., 2009; Kawa et al., 2008). The significance of this activity is

currently unknown although it could mediate the formation of large immune

complexes (Figure 2.5b) and explain the presence of IgG1, IgG4 and C3 in the

complexes found in the kidney, pancreas and in serum. Recruitment and activation of

the complement cascade could be due to IgG4-Fc interacting with IgG1-Fc and

subsequent binding of IgG1 with C1q (Figure 1.11, Section 1.4.1) as well as binding

of IgG to FcR to activate an immune response (Section 1.3). Furthermore, the

presence of autoantibodies of the IgG4 subclass that are autoreactive identified

previously (Aoki et al., 2005; Mattoo et al., 2014; Hubers et al., 2018) could

potentially exacerbate the formation and aggregation of dense immune complex

deposits in the organs and tissues. IgG4 also shows unusual stability properties in

which its shape changes at low pH values, followed by its aggregation, and this

aggregation process is accelerated when the pH is restored to physiological ranges

(Rayner, 2014). This rheumatoid-factor like activity of IgG4 could explain the

formation of IgG4 aggregates (Davies et al., 2014b). Altogether, the functions of IgG4

can suggest a pathogenic role of IgG4 and perhaps IgG4 have different characteristics

in IgG4-RD patients which can result in the tumefactive lesions observed in IgG4-RD.

Treatment of IgG4-RD

There are currently no optimal treatments for IgG4-RD patients (Cortazar &

Stone, 2015) and treatment is not always necessary in patients with IgG4-RD (Della-

Torre et al., 2015). Glucocorticoids are currently the first line treatment for IgG4-RD

which leads to remission of IgG4-RD (Khosroshahi et al., 2015). However, the relapse

of IgG4-RD after the removal or reduction of glucocorticoid treatment is a problem

(Hart et al., 2013; Inoue et al., 2015). Another problem is that long term glucocorticoid

treatment can give rise to long term adverse effects and possible renal damage. IgG4-

RD is found in middle-aged to elderly patients who already are at an increased risk of

osteoporosis, diabetes and complications after infections (Cortazar & Stone, 2015).

Therefore, there are interests in finding suitable alternatives for treating IgG4-RD.
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Steroid-sparing agents such as azathioprine, mycophenolate mofetil and

methotrexate are possible treatments for IgG4-RD patients. Although none of these

have been tested in prospective, controlled studies and there is little data on the

efficacy of these drugs (Kamisawa et al., 2015; Khosroshahi et al., 2015). The

international experts in IgG4-RD have different practice styles with the majority of

Japanese experts in disagreement with the use of steroid-sparing agents with

glucocorticoids. There is also a lack of universal access to steroid-sparing agents and

some experts do not have any experience with using these agents (Khosroshahi et al.,

2015). This presents a significant challenge in treating IgG4-RD worldwide.

The monoclonal antibody Rituximab targets CD20 which is a glycoprotein

expressed on the surface of B-cells. This has been used for B-cell depletion in some

IgG4-RD patients which appears to be an effective treatment (Carruthers et al., 2015b;

Khosroshahi et al., 2015). Its use led to a decrease in serum IgG4 levels. Rituximab

appears to deplete all circulating CD20-positive cells (B-cells) and interferes with the

repletion of short-lived plasma cells that produce IgG4. The plasma cells that produce

IgG4 in IgG4-RD are short-lived and naturally undergo apoptosis. If these cells

disappear then they cannot be repleted after Rituximab administration because their

precursors (CD20-positive B-cells) are not available (Kamisawa et al., 2015;

Khosroshahi et al., 2015). However further studies are required to establish an optimal

use of Rituximab in IgG4-RD (Kamisawa et al., 2015).

The broad spectrum of IgG4-related diseases have only begun to be unravelled

in the last fifteen years and it is poorly understood. The IgG4 subclass of antibodies

appear to be the centre of IgG4-RD although its role is currently unknown. Many

studies have speculated whether IgG4 has a non-pathogenic or pathogenic role in

IgG4-RD. The apparent weak affinity and activation of IgG4 to C1q and FcγR 

indicates that IgG4 is non-inflammatory and hence has a non-pathogenic role in IgG4-

RD. However, the presence of IgG4 autoantibodies observed in IgG4-RD patients and

the distinct functions of IgG4 not observed in the other IgG subclasses, such as the

rheumatoid-factor like activity could lead to possible aggregation, suggests that IgG4

could indeed possess a pathogenic role in IgG4-RD. The FAE function of IgG4 and its

contribution towards IgG4-RD remains to be defined. Not only has the IgG4 subclass

been implicated, the other IgG subclasses such as IgG1 and IgG2, the complement

system as well as the FcR might also be associated to the development of IgG4-RD.
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Through the investigation of the structure and functions of IgG, including its binding

to ligands, we could gain a further insight into the contribution of these IgG molecules

and its ligands towards IgG4-RD.
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Thesis aims and objectives

The first aim of this thesis was to establish the atomistic solution structure of

human IgG, namely the IgG1, IgG2 and IgG4 subclasses. There is a lack of structural

information available for intact human IgG due to their inherent flexibility and large

size (>146 kDa, Table 1.2) and therefore they are not readily crystallised. There are

only two high resolution crystal structures available for full-length human IgG1 and

IgG4 (Sections 1.2.1 and 1.2.4) and therefore studying their solution structures can

yield more structural information about these indispensable glycoproteins and how

these become necessary to fight infection and pathogens that have invaded the body.

Furthermore, in the second aim of this thesis, once the solution structure of

these three human IgG subclasses are elucidated, they can be compared with each other

to determine their structural differences. This could explain their different functions

despite having 91% sequence similarity (Section 1.2). For example, human IgG1

activates the immune response by binding to complement C1q and FcγR, but human 

IgG4 is often regarded as the anti-inflammatory antibody with its weaker binding

capabilities to those ligands. Human IgG4 is implicated in a new disease entity called

IgG4-related disease, which was described in the previous Chapter.

The third aim is to determine the solution structure of unbound FcγRI or CD64, 

which is the sole high-affinity Fcγ receptor for the human IgG subclasses. The 

importance of this receptor has been highlighted in Sections 1.3.1 and 1.3.3 and there

is only one crystal structure available for unbound CD64. Obtaining more structural

information of CD64 would allow us to understand how this receptor is poised to bind

IgG with such high affinity (nM).

The fourth aim is to determine the solution structure of human IgG in its

complex with CD64. There are currently at least two different mechanisms proposed

for the interaction between IgG1-Fc and CD64 (Section 1.3.3) and the molecular

details and intricacies of this high-affinity interaction remains elusive despite the fact

that three crystal structures of the human IgG1-Fc in complex with CD64 have been

determined.

Together, these four aims will lead to more structural information that will help

unravel the interaction of human IgG with its ligands. This can be achieved by using

complementary biophysical methods will be described in the next Chapter.
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Methods for studying the solution structure of IgG

and its ligands
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Introduction to analytical ultracentrifugation

Analytical ultracentrifugation (AUC) is a powerful technique to explore the

properties of macromolecules in solution. This technique allows the usage of a wide

variety of solvents and concentrations of solutes to quantitatively analyse

biomacromolecules such as proteins in solution in their near-native state in

biologically-relevant conditions. The macromolecules in solution are subjected to a

high centrifugal force and their sedimentation is measured and recorded in real time.

AUC is used to determine molecular weights, conformational changes, sample purity,

oligomer formation as well as the stoichiometry between two interacting species (Cole

& Hansen, 1999). AUC is also non-destructive and therefore the samples can be

recovered and used in subsequent experiments (Cole et al., 2008). AUC is a widely

accessible technique in biochemical laboratories (Zhao et al., 2015) and a

complementary technique to studies using small-angle solution scattering as well as

modelling.

Instrumentation

An analytical ultracentrifuge combines a high-speed preparative centrifuge

with an optical detection system to monitor the spatial concentration distribution of

the sample towards sedimentation. The Beckman CoulterTM XL-I instrument equipped

with both absorbance and interference optical detection systems were used in this

thesis (Figure 3.1). The AUC rotor contains holes in which the sample ‘cells’ are

placed. The AUC cell has a centrepiece which consists of two sector-shaped chambers,

one for the sample and the other for the matching buffer. The sample and the buffer

are sandwiched between transparent windows made of sapphire or quartz to allow light

to be detected by the optical system through the chambers. The cells are carefully

aligned in a rotor and spun at speeds of up to 60,000 rpm (262,000 x g) under vacuum

and temperature-controlled conditions. The light from the optical system travels

through the sector-shaped cells in parallel to the rotation axis and the optical detection

system scans the concentration distribution of the sample solution in a radial direction.

There are three different optical detection systems available for AUC

experiments which are absorbance, interference and fluorescence, the latter of which

is not used in this thesis. Each of the optical detections system operates with different

selectivity, precision, background noise and limitations for the real-time data

acquisition making this technique particularly versatile.
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Absorbance detection system

The absorbance detection system contains a Xenon flashlamp light source

which is pulsed in synchronisation with a sample or reference sector in the rotor when

aligned with the optical system (Figure 3.1a). This produces a monochromatic light at

a selected wavelength between 200-800 nm that passes through the reference and

sample sectors in the cell towards the detector. The detector is a photomultiplier

covered by a slit that scans the transmitted light in the radial direction.

Radial scans of the transmitted intensities across the sample and reference cells

give rise to raw intensity data which are then transformed into absorbance values.

Within a linear range to 1.5 optical density units (OD) or absorbance units (AU), the

measured absorbance follows the Beer-Lambert law:

where is the absorbance, is the molar extinction coefficient per cm, is the molar

concentration and is the optical pathlength which is determined by the centrepiece

type used for this optical system (1.2 cm was used in this thesis). This formula is

dependent on the detection wavelength and the macromolecular extinction profile.

This optical system has some advantages in that the wavelength can be

selected, which enables the study of multiple components that possess different

absorbance profiles as different wavelength scans can be acquired simultaneously

from the same solution in the same experiment. For example, the majority of proteins

contain tryptophan and/or tyrosine residues that absorb at 280 nm and most buffers do

not usually absorb at this particular wavelength so the protein can be detected in

solution. The typical data acquisition noise is ~0.005 OD with a signal-to-noise ratio

up to 300:1 which means that low concentrations or OD can be used (Schuck et al.,

2015). A minimum absorbance value of 0.1 OD is necessary to obtain good data. A

range of 0.2 to 1.4 OD is ideal, whereas an OD value of 1.5 or above is considered the

limitation because of the loss of the linear relationship of the Beer-Lambert law.

Another limitation is that absorbance scans take the longest out of all three optical

detection systems which could lead to limited numbers of scans and a lower number

of data points collected and therefore a loss of data during fast sedimentation of higher

molecular weight proteins (Cole et al., 2008).
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Interference detection system

The Rayleigh interferometric imaging system involves a diode that emits a

collimated and coherent laser beam which is split into two by parallel slits and

simultaneously passes through the sample and reference sectors in the cell (Figure

3.1b). The light waves emerging from the entrance slits and passing through the two

sectors undergo interference to yield a band of alternating light and dark ‘fringes’

(Ralston, 1993). A cylinder lens is used to combine both laser beams to give an

interference pattern that is detected by a charge-coupled device camera.

This optical system detects different solution refractive index gradients

between the sample and the reference solutions. The refractive index is defined as the

ratio of the speed of light in a vacuum to the phase velocity of the light of the solution.

The velocity of light decreases as it travels through the sample solution with a higher

refractive index than the reference solution i.e. when the solute concentration

distribution is higher in the sample sector. Therefore, the time taken for both beams of

light to reach the camera is different and this leads to the appearance of a fringe. The

observed interference fringe pattern shows differences in the optical pathlength that

are due to different solution refractive indices that come from the change of the

concentration distribution of the solutes at each radial position. This results in the

observed shift of the fringes during sedimentation. When all the solution components

are matched, the recorded fringe shift, , is given by:

where is the optical pathlength difference, is the wavelength, is the

refractive index increment of the macromolecule under study and is the weight

concentration. The unit of is ‘fringes’ and a sample of 1 mg/ml of protein is roughly

equal to 3.25 fringes (Laue, 1996; Cole et al., 2008).

Interference optics can be more advantageous than absorbance optics as the

signal-to-noise ratio is 1000:1 and the data acquisition noise is extremely low (in the

order of a few thousandths of a fringe) which means that proteins can be studied at low

g/ml in solution. It is much more sensitive, has unlimited signal linearity and it is

around five to ten times faster at data acquisition (up to five scans per minute) than

absorbance optics. Furthermore, there is no limit on the solution or sample composition
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Figure 3.1 Two different types of optical system used in the AUC instrument.

(a) Schematics of the absorbance optical system and (b) the Rayleigh interference optical system based on the Beckman Coulter XL-I analytical

ultracentrifuge instrument (adapted from Ralston, 1993; Schuck et al., 2015).
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as this method does not rely on the signal generated from chromophores. Any materials

with a refractive index different from the reference contributes towards the signal

(Cole et al., 2008). However, this means that everything contributes towards the signal

including scratches on lenses and mirrors, dirt, dust and other contaminants. Buffer

matching between the reference and sample solution is particularly important in this

scenario and buffer mismatches must be kept minimal. Rigorous dialysis of the sample

in a large volume of the reference buffer can be used to alleviate buffer mismatches.

In general, both absorbance and interference optics can be used simultaneously

in a single experiment on the same sample to achieve multiple data sets from different

signals and can bolster the collected data.

Principles of analytical ultracentrifugation

There are three forces acting on a sedimenting solute in solution (Figure 3.2),

which are the centrifugal force ( ), buoyancy force ( ) and frictional force ( ).

The centrifugal force ( ) is proportional to the square of the rotor speed:

where (in grams, g) is the mass of the solute, is the centrifugal acceleration

where is the rotor angular velocity (in radians per second) and is the distance of

the solute from the centre of rotation.

The buoyancy force is one of the two forces that opposes the centrifugal

force . The following equation is based on Archimedes’ principle whereby the

buoyancy force is proportional to the weight of the solvent displaced in the radial

direction due to rotation:

where is the mass of the solvent displaced by the solutes as expressed by:

The solute partial specific volume is (ml per gram that the solute occupies in

solution) and the density of solvent is (g/ml), which both affect the mass of the

displaced solvent. can be determined from compositions by a program called SLUV
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(Perkins, 1986, 2001; Wright & Perkins, 2015). The solvent density can be calculated

using SEDNTERP (Laue et al., 1992) or measured using a viscosity- or density-meter.

If the density of the solute is greater than that of the solvent then the macromolecule

will sediment in a radial direction when a centrifugal force is applied. The velocity

will increase as the solute migrates away from the meniscus in the AUC cell because

of the increasing radial distance (acceleration). The migrating solute will be subjected

to a frictional force which opposes the centrifugal force :

where is the translational frictional coefficient which is dependent on the size and

shape of the solute and is the velocity of the migrating solute. The is equivalent

to the difference between the and forces when equilibrium is established, i.e.

radial acceleration is zero.

The sedimentation coefficient is defined by the sedimentation velocity

relative to the centrifugal acceleration . is measured in units of Svedberg (S)

where 1 S = 10-13 sec in the following:

The centrifugal, buoyancy and frictional forces are related to each other and

they reach equilibrium in less than 10-6 s ( = 0). The buoyancy and

frictional force (Equations 3.4, Equation 3.7) have a negative sign as they act in the

opposite direction of sedimentation. The balance of the three forces results in a

relationship of the sedimentation coefficient of a solute with its molecular mass

and frictional coefficient :

The sedimentation coefficient is proportional to the molecular mass and inversely

proportional to the frictional coefficient , which depends on the size and shape of the

molecule. can be expressed using Stokes’ law and the Stokes radius as:
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Figure 3.2 Physical forces acting on a particle.

The three forces acting on a particle during a sedimentation velocity experiment. The

centrifugal force (Fsed) and the velocity (v) contribute to the sedimentation. This is

counteracted by the frictional force (Ff) and the buoyancy force (Fb). Redrawn from

Ralston, 1993 and Schuck et al., 2015.
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where is the solvent viscosity and is the radius of an equivalent sphere which

contains the same frictional coefficient as the particle of interest.

can be expressed relative to a hypothetical compacted solid sphere that has

the same mass and density as the sedimenting particle of interest with a radius and

corresponding translational friction coefficient . The frictional ratio is equal to

the ratio of , describing the excess friction that the original particle has relative

to the sphere resulting from rearranging its mass in the most compact form. Frictional

ratios are used as a measurement of shape asymmetry (Lebowitz et al., 2002).

Globular proteins usually have a frictional ratio of 1.2, whereas elongated proteins

usually have values of 1.5 or higher (Schuck et al., 2015). The sedimentation

coefficient found in Equation 3.9 can now be described as:

Here, the sedimentation coefficient is a molecular constant reporting on the

molecular mass, partial specific volume and shape. The dependence of solvent

properties can be removed from Equation 3.11 to give:

The experimental values are converted to values observed if the experiment

was conducted under standard conditions (water at 20 C, density of 0.9982 g/ml

and a viscosity of of 0.01002 poise). This enables the comparison of values

obtained from different temperatures and buffers in different experiments.

Sedimentation velocity experiments

There are two basic types of AUC experiments which are either sedimentation

equilibrium (SE) or sedimentation velocity (SV). SE is a thermodynamic method

whereby both of the diffusion and sedimentation processes reaches an equilibrium and

this enables the molecular mass, stoichiometry and any association constants to be

determined. SV is the most widely used type of AUC experimental method and will

be described throughout this thesis. SV is a hydrodynamic technique used to determine

biomolecular size and shape, conformational changes and the assembly and

disassembly of biomolecular complexes through interactions (Cole et al., 2008). In
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this thesis, SV has been used to analyse individual proteins in samples such as IgG and

CD64, and mixtures of proteins that interact to form complexes such as IgG-CD64.

During the SV method, the sample is spun at speeds between 30,000 to 60,000

rpm in the ultracentrifuge. The high centrifugal force applied causes the solution near

the meniscus to become displaced and solute depleted. The movement of the solute

away from the meniscus leads to a solute concentration gradient being formed. This is

also known as a boundary, found between the solvent that is solute depleted and

solvent containing the solute (Figure 3.3). The boundary sediments towards the bottom

of the cell at a rate proportional to the sedimentation coefficient of the solute. The

diffusion causes the boundary to spread over the duration of the SV experiment (Figure

3.3b), therefore monitoring the boundary at consistent time intervals can produce the

translation diffusion coefficient and the sedimentation coefficient using the

Stokes-Einstein relationship:

where is the gas constant (8.314 x 107 erg mol-1 K-1), is the absolute temperature

(in Kelvin), is Avogadro’s number (6.023 × 1023) and is Boltzmann constant

(1.381 × 10-23 m2 kg s-2 K-1). Rearranging Equation 3.9 and Equation 3.13 gives rise

to the Svedberg equation:

where M = mN is the molar mass of the solute. The whole SV experiment can be

summarised by the Lamm equation, which describes the sedimentation and diffusion

of the solute in sector-shaped cells under a centrifugal field:

where is the weight concentration of solutes and is time. This equation forms the

basis for the data analysis of SV experiments, using a program such as SEDFIT, to

determine the translation diffusion coefficient and the sedimentation coefficient

which will be described in the next section.
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Data analysis of sedimentation velocity experiments

A software package called SEDFIT was used to analyse sedimentation velocity

data throughout this thesis (Schuck, 1998, 2000). Both absorbance and interference

AUC data were subjected to continuous size-distribution c(s) analyses whereby the

Lamm equation (Equation 3.15) is used to fit all the sedimentation boundaries

observed using approximate numeric solutions to give a c(s) plot. These c(s) plots

show different peaks at different sedimentation coefficient values where each peak

corresponds to the presence of individual species in the sample to indicate sample

purity. The concentration of each species can be calculated using the absorbance data

in the form of a scan at all different wavelengths in each experiment and the ratio of

oligomers can be calculated by the integration of the c(s) peaks. Thorough inspection

and optimisation of the goodness-of-fit parameters such as the residual plots, boundary

fits and root-mean-square deviation (rmsd) is required to determine if the model best

represents the sedimentation data. A smooth monochromatic grey residual bitmap and

low r.m.s.d. values below 0.009 are optimal.

This analysis method can quickly resolve the multi-species in the sample

however it relies on the assumption that all species have the same frictional ratio

and therefore the same shape, which is reasonably valid to a good approximation (Cole

et al., 2008; Brown & Schuck, 2006). The analysis of reversible interactions of

multiple species in a sample during the timescale of the SV experiments can become

a problem as the c(s) peaks may not represent the individual species but an equilibrium

between the interacting species (Dam & Schuck, 2005; Dam et al., 2005). The

interaction species that form a complex rapidly during sedimentation might be

observed by the presence of reaction boundaries. A reaction boundary is a broad peak

where the peaks correspond to the co-sedimentation of the interacting complex and the

free species.

The application of the c(s) analysis method in SEDFIT to the experimental SV

data in this thesis was used to characterise sample homogeneity and heterogeneity

including the presence of aggregates, oligomerisation such as monomers and dimers

of IgG and its ligands (CD64) and also complex formation between antibodies and an

Fc receptor (IgG-CD64).
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(a) Two sector-shaped chambers with the reference and sample solution. The meniscus

(navy curve) has a faint black line to show that the reference meniscus is usually higher

than the sample meniscus during the SV experiment. (b) Different concentration

distributions at four different time points over the course of an SV experiment. The

solute (navy) is moving towards the bottom of the cell in the direction of sedimentation

(black arrow). The rainbowed lines show the different sedimenting boundaries during

this SV experiment using interference optics. Adapted from Ralston, 1993.

Figure 3.3 Sedimentation velocity experiment.
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Small-angle scattering

Introduction to small-angle scattering

Small-angle scattering (SAS) is a low resolution (2-4 nm) diffraction technique

that allows the study of randomly orientated macromolecules in solution (Perkins,

1988, Wright & Perkins, 2015). It can be used to determine the structural properties of

a wide range of solutes found across the different natural sciences. In fact, it is

applicable to any sample containing structural features in the size range of 1-100 nm

(Blanchet & Svergun, 2013). This includes biological macromolecules like proteins

and nucleic acids, as well as soft condensed matter such as nanoparticles and micelles

(Blanchet & Svergun, 2013). The size of the solutes can range from a few hundred

daltons up to gigadaltons. The solute can be placed in a plethora of variable solution

conditions such as different temperatures, pH, ionic strengths as well as using native

state and near-physiological conditions.

SAS techniques are now much more easily accessible due to the advancement

of these methods in the last decade including the development of high-throughput

automatic sample changers, higher intensity beams, better detectors, user-friendly

programmes and software as well as remote or virtual control (Pernot et al., 2013; De

Maria Antolinos et al., 2015; Round et al., 2015). This means that one can simply send

their samples to a SAS facility and be able to monitor their SAS experiments in real

time online. One can also retrieve their data online at any time after the experiment

has finished. Currently, online size-exclusion and ion-exchange chromatography can

be used to further purify samples prior to SAS experiments, by separating out

macromolecular mixtures and impurities and changing the sample environment

(Jordan et al., 2016; Brennich et al., 2017a). It is fast becoming the technique of choice

for typical structural biologists to supplement other ‘traditional’ structural biology

techniques, like X-ray crystallography, cryo-electron microscopy and nuclear

magnetic resonance (NMR), which may or may not be readily applicable to their

macromolecular system (Blanchet & Svergun, 2013).

SAS experiments by X-rays (SAXS) or neutrons (SANS) are used to determine

the molecular mass, overall dimensions, flexibility, self-association, oligomerisation,

complex formation and any conformational changes of macromolecules at a low

resolution. Furthermore, it can be used to determine the equilibria and kinetics of a

chemical reaction, observe highly flexible and/or disordered proteins and interacting
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systems (Blanchet & Svergun, 2013; Tuukkanen et al., 2017). However, if these SAS

methods are combined with AUC (Section 3.1) and atomistic modelling (Section 3.3),

one can obtain medium resolution three-dimensional structures of the macromolecule

under investigation. SASSIE is an open-source software package under development,

for the modelling of SAS data, which can create millions of possible structures,

rendering SAS as a powerful technique to determine the best three-dimensional

structure of the macromolecules under study in solution (Curtis et al., 2012; Perkins et

al., 2016).

Theory of small-angle scattering

Both the SAXS and SANS techniques follow the same theory even though

these two methods have different requirements and specifications. An incident beam

of X-rays or neutrons is scattered by electrons or the nuclei of atoms found in the

macromolecules which are randomly orientated in solution (Figure 3.4). The

diffraction of a X-ray or neutron beam is described by Bragg’s Law:

where is the wavelength of the incident beam, is the diffraction spacing and is

the scattering angle between the incident beam and the scattered beam. The scattering

can be described by adapting Bragg’s Law to give:

Here, is the scattering vector given by the difference between the incident wave

vector and the scattered wave vector (Figure 3.4). A detector is

used to measure the scattering intensity I as a function of Q. The small angles

correspond to low Q values. The two-dimensional diffraction pattern gives rise to a

one-dimensional scattering curve I(Q) which reduces dramatically in intensity as Q

increases. With the advent of high-brilliance synchrotrons and modernisation of SAXS

instrumentation, typical experimental Q ranges extend from 0.03 to 5 nm-1. The

scattering curve at high Q of above 2 nm-1 can be used to determine global structural

information such as macromolecular flexibility, which will be described later in

Section 3.2.16.
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Debye equation

Solution scattering theory combines the scattering properties of the

macromolecule and the geometrical relationship between the individual atoms that

scatter found within the macromolecule. This is given by the Debye equation of

scattering, which takes into account the spherically averaged intensities of the discrete

sum of all the scattering atoms with the scattering length in the macromolecule (Debye,

1915):

where and for X-rays (or and for neutrons) are the scattering lengths of the

electrons (or nuclei) at points A and B in the macromolecule and r is the distance

between points A and B (Figure 3.4a, Section 3.2.4). This equation describes scattering

when Q and are non-zero. If is equal to zero, the scattering is in phase and the

intensity I of the scattering is at a maximum. At zero scattering angle, the intensity of

scattering I(0) is a direct measure of the macromolecular mass. Equation 3.18 assumes

that the sample of macromolecules are monodisperse, non-interacting, identical, in

vacuo and that it consists of a two-phase system containing a solute and solvent.

Contrast variation

For SAXS, the electrons scatter X-rays with the same amplitude and the

electron waves interfere constructively. This amplitude is also called the scattering

length and it is proportional to the number of electrons. The scattering length of atoms

increases with atomic number. The X-ray scattering length of an electron is 2.81 fm.

The hydrogen isotopes, 1H and 2H, both have the same scattering length of 2.81 fm,

which is equivalent to an electron. The scattering lengths are listed in Table 3.1.

For SANS, the nuclei of the macromolecule scatter the neutrons and the nuclear

atomic scattering length is equivalent to the X-ray scattering length in Equation

3.18. The majority of the scattering lengths are positive and comparable between

different nuclei (Table 3.1a) and therefore neutrons are able to interact strongly with

the atoms with similar scattering lengths. Note that the 1H isotope has a large negative

scattering length of -3.742 fm whereas the 2H isotope has a value of 6.671 fm

(Table 3.1a). This difference is particularly important for biological neutron solution

scattering experiments which will be explained later in this section. The total sum of
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Figure 3.4 Schematic diagram of the solution scattering experiment.

(a) X-ray or neutron scattering from two scatterers A and B (yellow circles) within a

macromolecule (grey). The scattered or diffracted beams (navy) are in phase but they

are out of step by 1λ at the scattering angle of 2θ, leading to constructive interference.

(b) Randomly orientated macromolecules in the sample scatter the X-ray or neutron

beam (blue arrows) resulting in a two-dimensional scattering pattern observed on the

area detector. Q is the scattering vector (black arrow). The two-dimensional scattering

pattern gives rise to a one-dimensional scattering curve I(Q) in reciprocal space.

Adapted from Wright & Perkins, 2015.
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(a)

Element Atomic number f (2θ = 0°) (fm) b (fm)

Hydrogen
1H 1 2.81 -3.742

2H 1 2.81 6.671

Carbon 12C 6 16.9 6.651

Nitrogen 14N 7 19.7 9.40

Oxygen 16O 8 22.5 5.804

Phosphorous 31P 15 42.3 5.10

(b)

Macromolecule or solvent X-rays (e.nm-3) Neutrons (% 2H2O)

H2O 334 0

2H2O 334 100

50% (w/w) sucrose in H2O 402 13

Lipids 310 – 340 10 – 14

Detergents 300 - 430 6 – 23

Proteins 410 – 450 40 – 45

Carbohydrates 490 47

DNA 590 65

RNA 600 72

Table 3.1 Scattering lengths and densities of elements and biological

macromolecules.

(a) Scattering lengths of biologically important nuclei and (b) scattering densities of

macromolecules and solvent used in SAS experiments. Units of scattering lengths is

fm or femtometers (10-15 m). The units of scattering densities for X-rays is e.nm-3 (or

electron density) and for neutrons is a relative % out of 100% 2H2O. Adapted from

Perkins, 1988.
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all the atomic scattering lengths ( or ) divided by the molecular volume describes

the scattering density of the solute or solvent. The scattering densities are listed in

(Table 3.1b). If the density of the solute and solvent are different, then this leads to

density contrast , resulting in the observed solution scattering. This is expressed as:

where is the mean scattering density of the solute and is the scattering density of

the solvent (Perkins, 1988). Biological macromolecules such as lipids, detergents,

proteins and carbohydrates contain different proportions of 1H atoms, therefore they

possess different neutron scattering densities and these densities are found within the

range for H2O ( = 0%) and 2H2O ( = 100%) (Table 3.1b). Different ratios of H2O

and 2H2O in a SANS experiment can be exploited to perform contrast variation

experiments whereby the contrast can be varied. This could be used to determine

the structure of particular regions of a macromolecule, where the exchange between

1H and 2H means that certain parts of a macromolecule will have a = 0. At zero

contrast, there will be no scattering events and that part of the macromolecule will be

‘invisible’. Neutron contrast experiments can determine the structure of one of the

interacting macromolecules that form a complex with another macromolecule as well

as internal macromolecular structures (Perkins et al., 2008).

In practice, the scattering densities of the macromolecule (solute) is much

higher than the buffer (solvent) leading to a positive contrast in X-ray scattering. The

X-ray data is almost equivalent to the neutron data in 0% 2H2O (Perkins et al., 2008).

Simple hydrogen and deuterium exchange through H2O and 2H2O in neutron scattering

is used to achieve contrast variation.

Hydration shell

A hydration shell is found in biological macromolecules such as proteins and

carbohydrates in solution, whereby the surface residues are hydrogen bonded to a

single layer of water molecules at well defined locations. This is distinct from the bulk

solvent or water molecules that the macromolecule is bathed in, which exhibit loose

hydrogen bond interactions (Perkins, 1986). The electron density of the hydration shell

surrounding the protein is similar to the protein itself and higher than the bulk water

(Svergun et al., 1998; Perkins, 2001). The volume of a water molecule is 0.0245 nm3

in a hydration shell, which is smaller than the volume of a water molecule of 0.0299
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nm3 in bulk water, showing a ~ 20% difference giving rise to the higher electron

density observed. A hydration shell consists of 0.3 grams of H2O per gram of protein

and it is detectable by X-ray solution scattering methods (Perkins, 1986, 2001). In the

case of SANS experiments, if hydrogenated protein samples are placed in 100% 2H2O

solvents, then the hydration shell is not detectable even though it exists. This is due to

the similar scattering densities of 1H and 2H between the hydration shell and the bulk

solvent, which has a large contrast compared to the scattering density of the protein

(Perkins, 2001).

Small-angle solution scattering instrumentation

The probability of a diffraction or scattering event occurring when an X-ray or

neutron approaches an electron or nucleus is extremely low at 10 -25 and the dilute

biological sample concentrations present a low signal-to-noise ratio. To overcome this,

high flux sources such as the European Synchrotron Radiation Facility (ESRF) and the

Institut Laue-Langevin (ILL) in Grenoble, France and the Diamond Light Source

(Diamond) and the ISIS Neutron and Muon Source in Didcot, Oxfordshire, United

Kingdom are needed. These facilities have been dramatically modernised in the last

five years with the introduction of user-friendly software, automatic sample changers

and chromatography prior to SAXS and SANS experiments (De Maria Antolinos et

al., 2015; Round et al., 2015; Jordan et al., 2016; Brennich et al., 2017a). These

instrument updates will be highlighted throughout this thesis.

Small-angle X-ray scattering facilities

High brilliance synchrotrons that emit high energy and intense X-ray light

beams are needed for studying biological macromolecules. There are approximately

70 synchrotrons worldwide which are divided into two main categories of high energy

physics machines and sources of synchrotron light, where the latter is applicable to

biological studies. Examples of synchrotron light sources include the ESRF and

Diamond which were used to perform SAXS experiments in this thesis (Figure 3.5).

A synchrotron is essentially a large circular particle accelerator. An electron

gun produces an electron beam which are packed in ‘bunches’ and accelerated to

energies in the region of hundred million electron volts (MeV) (200 MeV at ESRF and

100 MeV at Diamond). This takes place in the linear accelerator (linac) which is the

first of three particle accelerators that make up the synchrotron (Figure 3.5). Once the
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electrons have reached up to a high enough speed (MeV), they enter the booster

synchrotron which is the second particle accelerator from the linac. Here, they follow

a trajectory in the shape of an ‘athletics track’ where magnets are used to change the

direction of the electrons to follow the bend and they undergo further acceleration up

to the speed of light (Figure 3.5). An energy in the region of giga electrovolts is

achieved (6 GeV at ESRF and 3 GeV at Diamond). The booster synchrotron only

operates for a few times of day at a period of only a few minutes each time to fill the

storage ring, which is the third particle accelerator, with high energy (GeV) electrons.

For example, the ESRF booster synchrotron sends 6 GeV electrons into the storage

ring every 50 milliseconds. The Diamond synchrotron has ‘top-ups’ every 10 minutes

where electrons are added into the storage ring. Once these electrons are injected into

the storage ring, their circular orbit and constant speed is maintained through an

extreme vacuum and using radiofrequency cavity units. The electrons travel around

the storage ring with circumferences of 844 m at the ESRF and 562 m at Diamond,

through bending magnets and insertion devices (or undulators) where they change

directions. The change in the direction of the moving electron causes it to emit energy

in the form of synchrotron light which spans the entire electromagnetic spectrum

including X-rays. These beams of X-rays are directed into different beamlines

surrounding the storage ring where users can perform their experiments (Figure 3.5).

BioSAXS instruments for X-ray scattering experiments

The demand of solution scattering experiments from structural biologists and

biochemists at high-throughput beamlines at synchrotron sources is ever increasing.

To accommodate this, specially designed instruments for performing SAXS of

biological macromolecules in solution (BioSAXS) have been developed worldwide

(Pernot et al., 2013). The BioSAXS beamlines used in this thesis are the BM29

instrument at ESRF and the B21 instrument at Diamond (Figure 3.6), which share

common features that will be explained. A comparison of the two BioSAXS beamlines

is in Table 3.2.

A typical beamline consists of three hutches, the optics hutch, experimental

hutch and the control cabin. The white light beam from the bending magnet in the

storage ring enters the first set of openings and slits (white beam slits and mask, Figure

3.6a, and aperture and primary slits, Figure 3.6b). These define the beam size entering

the monochromator, removes background low energy radiation and protects the
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Figure 3.5 Schematic diagrams of the synchrotrons and beamlines.

(a) Diagram of the European Synchrotron Radiation Facility (ESRF) and (b) Diamond

Light Source (Diamond) synchrotrons and their beamlines around the synchrotron.

The BM29 and B21 beamlines are located on the bending magnets of the synchrotron

(black arrows). Taken from ESRF Highlights 2017 booklet (http://www.esrf.eu/) and

Diamond Annual Review 2017 (https://www.diamond.ac.uk/).
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Figure 3.6 Schematics of the BioSAXS beamlines.

(a) BM29 instrument at ESRF (adapted from Pernot et al., 2013) and (b) B21 beamline at Diamond (image courtesy of Dr James Doutch, ISIS).
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Table 3.2 Characteristics of the small-angle solution scattering beamlines.

Data taken from websites: http://www.esrf.eu/home/UsersAndScience/Experiments/

MX/about_our_beamlines/bm29/beamline-specifications.html,

https://www.diamond.ac.uk/Instruments/Soft-Condensed-Matter/small-

angle/B21/description.html and www.ill.eu/users/instruments/

* flux and ** wavelength given by Dr Sylvain Prévost (D11) and Dr Anne Martel

(D22) for the experimental conditions used in this thesis.

Instrument BM29 B21 D11 D22

Facility ESRF Diamond ILL ILL

Energy 7 – 15 keV

(standard at

12.5 keV)

6 – 23 keV

(camera at

12.4 keV)

2.1 x 106 to 7.2

x 107 neutrons

cm-2 s-1 *

7.03 x 106 to 1.10

x 107 neutrons

cm-2 s-1 *

Wavelength 0.1 nm 0.1 nm 0.6 nm ± 9%** 0.6 nm ± 10%**

Q range 0.031 to

5.000 nm-1

0.031 to

3.800 nm-1

0.003 to

10.000 nm-1

0.004 to 4.400

nm-1

Beam size 700 x 700 μm 250 x 250

μm 

Adjustable using

diaphragm

(typically 7 mm

x 7 mm)

Adjustable using

diaphragm

(typically 7 mm x

7 mm)

Flux

(collimated)

at sample

1012 photons

s-1

1012

photons s-1

1 x 108 neutrons

cm-2 s-1

1.2 x 108 neutrons

cm-2 s-1

Sample to

detector

distance

Fixed at

2.867 m

Fixed at

4.014 m

1.2 – 39.0 m 1.1 – 17.6 m

Detector Pilatus 1M Pilatus 2M Multidetector

(3He) (96 cm2)

Multidetector

(3He) (1 m2)
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monochromator from the white beam coming directly from the storage ring. The

monochromator (or Si Sagittal double crystal on Figure 3.6b) is used to select a

particular wavelength. The B21 beamline currently has a monochromator comparable

to the one found on BM29 the beamline. The toroidal mirror is used to focus the

monochromatic beam onto the detector. Secondary slits are used to clean the X-ray

beam after the monochromator and mirror from any parasitic scattering which can

present background noise. The shutter can be opened and closed to allow the

monochromated and focused X-ray beam into the sample inside the capillary when it

is open and can be used to define the data collection time. The final set of slits collimate

the X-ray beam before it approaches the sample. The sample is usually placed in a

quartz capillary. A flight tube under vacuum offers a long beam path between the

capillary and the detector. The beamstop is found inside the flight tube to protect the

detector from the direct non-scattered beam. The experimental hutch is only accessible

if the shutter is closed to prevent any X-rays entering the experimental hutch.

Sample loading and X-ray data collection

Usually the purified samples are dialysed several times into a large volume of

their corresponding buffer prior to SAS measurements to ensure that there is no buffer

mismatching. Although the sample preparation for both SAXS and SANS is minimal

compared to other structural biology techniques like crystallography, there are

important factors to consider when preparing samples such as sample purity and

monodispersity (Graewert & Jeffries, 2017; Weiss et al., 2017). The sample loading

and data collection varies by the type of SAS experiment performed, for example

BioSAXS has two modes.

For BioSAXS experiments, the samples can be placed into 200 μl PCR tubes 

or 96 well plates with recommended sample volumes of 20 – 120 μl. The buffers are 

placed into 1.5 ml PCR wells on the storage sample rack. 50 ml is the recommended

total volume of buffer for batch mode. BioSAXS instruments are much more advanced

than the SANS instruments, whereby after loading the samples and buffers, the robotic

sample changer can be adapted for batch mode or high-pressure liquid chromatography

(HPLC) mode. The BioSAXS robotic sample changer streamlines the entire SAXS

measurement process. It pipettes sample volumes down to 5μl, fully-automates the 

positioning of the solution in the X-ray beam, collects the X-ray scattering data in a

quartz capillary and cleans and dries the fluidics in under a minute (Round et al., 2015).
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This high-throughput method means that several hundred samples can be measured in

a single day without being attended to in batch mode (Round et al., 2015). The user

only has to swap out the samples on the storage rack on the BioSAXS beamlines. The

stability of the protein is important in this case whereby the sample will be static until

it is utilised for X-ray measurements. It has to be robust enough to survive many hours

in those conditions and evaporation of the sample is possible over the long period of

time. The stability of the protein in solution can affect the data collection, whereby

unstable proteins or unsuitable buffer conditions can give rise to protein aggregation

or denaturation. Trace amounts of degradation products renders the collected data

unusable for analysis.

If the protein is not stable over time, in line sample purification followed by

SAS measurement can be combined together, which deploys the HPLC mode on the

BioSAXS beamlines. Examples of this include size exclusion chromatography (SEC)

or ion exchange chromatography (IEC) coupled with a SAXS measurement

(SECSAXS/IECSAXS) (Pernot et al., 2013; Hutin et al., 2016; Brennich et al., 2017a).

Using these methods requires a high sample concentration (>5 mg/ml) in a small

volume (50-100 μl) and up to a litre of buffer which are much higher quantities than 

using batch mode (Graewert & Jeffries, 2017). SECSAXS is fully implemented at most

of the BioSAXS beamlines at the X-ray synchrotron sources where a high flux is

needed for a short exposure time to provide a high enough chromatographic resolution

(Graewert & Jeffries, 2017; Weiss, 2017). SECSAXS is able to overcome a multitude

of problems such as aggregated or denatured samples, macromolecule mixtures,

heterogeneous samples, radiation damage and buffer mismatches that could be

experienced using BioSAXS in batch mode (Brennich et al., 2017a).

Although SECSAXS has the ability to overcome sample purity and

monodispersity as well as buffer matching issues, the addition of this step means that

numerous other conditions have to be considered and SEC purification is not a

guarantee to provide ideal samples for SAXS (Rambo, 2017). There are many

parameters such as incorrect column, resin and buffer conditions, differences in

chromatographic pressure and ionic charge, particle-column interactions, negligible

UV detection of minute amounts of aggregates, protein stability and conformational

heterogeneity, as well as the requirement of a high sample concentration in a small
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volume due substantial sample dilution (Graewert & Jeffries, 2017; Rambo, 2017).

These all have to be addressed before and during SECSAXS experiments.

During a SAXS experiment, the sample is consistently moved along the

capillary to avoid radiation damage during data collection (1 second to 5 minutes).

Numerous frames of X-ray scattering data are collected where each frame represents

a different exposure (0.1 to 3 seconds) of the sample to the X-ray beam. Ten to thirty

frames are collected at the BM29 and B21 beamlines respectively whilst using batch

mode. The frames can be compared and any frames with radiation damage are

discarded. Subsequently, the frames are averaged to provide a X-ray scattering curve

of the sample or the buffer using software such as ScÅtter or as part of a fully-

automated pipeline for data collection and processing which will be explained in

Section 3.2.13. After data collection, the sample is automatically decontaminated and

discarded by the BioSAXS sample changer.

Small-angle neutron scattering facilities

There are over 40 neutron sources in the world and the majority of them are

reactor sources with a few spallation sources available. A list of neutron facilities is

found in Bernadó et al., 2018. A nuclear reactor is a device that initiates, controls and

sustain a nuclear chain reaction called nuclear fission. The ILL in Grenoble, France

(Figure 3.7) is an example of a high-flux nuclear reactor that produces the most intense

continuous flux of neutrons at 1.5 x 10 15 s-1 cm-2 in the world. It contains a 10 kg core

fuel element of uranium which is surrounded by heavy water and demineralised water

to cool down the source and to provide a layer of shielding against radiation. The 235U

nuclei absorb neutrons to become heavy 236U, the nuclei then splits into two smaller

nuclei and release 2 or 3 free neutrons. This starts another cycle whereby the free

neutrons can now interact with other 235U nuclei to repeat the same process which

describes the nuclear fission events. The reactor produces extremely high energy

neutrons with speeds of 20,000 km/s which are slowed down by the heavy water to

trigger off more nuclear fission to sustain the chain reaction and to supply neutrons to

the beamlines. There are three types of neutrons produced according to their speed,

which are hot (10 km/s) or cold (700 m/s) or ultra cold (10 m/s). Beamtubes directed

at the hot or cold sources are used to extract neutrons from inside the reactor vessel to

the different instruments or beamlines located around the nuclear reactor (Figure 3.7).
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Instruments for neutron scattering experiments

Both Instruments D11 and D22 located at the ILL, Grenoble, France were used

for SANS data collection in this thesis (Figure 3.8). They both utilise the cold neutron

source from the reactor and they are both classic pin-hole type instruments.

The neutrons of different velocities (or wavelengths) approach the velocity

selector, which acts as a ‘turbine’, whereby the neutrons of a certain desired

velocity/wavelength are able to pass and the rest are absorbed by the blades inside the

velocity selector. It is equivalent to the monochromator found on the BioSAXS

beamlines. The neutron guides or collimators are under vacuum and ensure that the

neutrons travel from the velocity selector to the sample at maximum neutron flux.

Inside the guides, there are neutron absorbers and a glass surface reflects the neutrons

that collide with it to ensure that all the neutrons are transported along the length of

the collimator. Diaphragms are openings or ‘windows’ on a disk found alongside the

collimator to provide shape to the beam. A broader diaphragm results in a higher

number of neutrons over a larger sample size area and short exposure times, however

the resolution is low. A smaller diaphragm results in a fine beam of neutrons which

travel in a parallel direction and produces a higher resolution scattering curve, however

it has the disadvantage of lower flux through a lower number of neutrons interacting

with the sample. Biological macromolecules in solution are typically placed into a

quartz cuvette in a rack. Both of the D11 and D22 beamlines operate with a helium gas

detector placed on a motorised trolley in a long evacuated tube. A beam stop,

positioned in the center of the tube in line with the detector, is used to absorb the most

intense part of the non-scattered neutron beam in a similar manner to the BioSAXS

beamlines. D11 is unique because of the length of the evacuated tube (up to 40 meters)

allowing it to measure structures in the 102-103 nm range of sizes and it possesses the

lowest momentum transfer and background noise. D22 has the highest flux of all the

classical constant-wavelength pin-hole SANS instruments in the world and also

possesses a detector with the largest area.

Sample loading and neutron data collection

The purified samples are dialysed numerous times into large volumes of their

buffer prior to SANS measurements to allow for sufficient 1H-2H exchange if using

2H2O buffers and to ensure that there is no buffer mismatching. For SANS experiments

on the D11 or D22 beamlines, a precision quartz cuvette (1 mm or 2 mm) is used to
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Figure 3.7 Schematic diagram of the nuclear reactor source and beamlines for neutron scattering.

Diagram of Institut Laue-Langevin (ILL) in Grenoble, France including the uranium core (yellow circle) surrounded by heavy water (D2O). The

D11 and D22 beamlines are indicated by arrows. Taken from the ILL website: https://www.ill.eu/users/instruments/.
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Figure 3.8 Schematics of beamlines for small-angle neutron scattering.

(a) The D11 and (b) D22 beamlines are both found at the Institut Laue-Langevin

facility in Grenoble, France. Taken from the website: www.ill.eu.
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hold volumes of 400 μl of the sample or buffer, which is then placed in a thermostated 

storage rack which can hold up to 22 samples. The 2H2O buffers are sensitive to 1H-

2H exchange with the air and therefore contact should be prevented. Dust, scratches,

imperfections and damages on the quartz, sample agitation and bubble or foam

formation of the sample solution within the cuvettes should be avoided as neutron data

collection takes place directly from the sample in the quartz cuvettes. Cadmium,

Teflon, an empty cuvette and an empty sample holder should be used alongside the

samples and buffers for background checks and data reduction. Measurements of

cadmium monitors the ambient neutron and electronic background noise of the

detector. Cadmium is a strong absorber of neutrons and therefore this measurement

acts as the blocked beam. Teflon is used to define the beam center on the detector and

the detector area masked by the beamstop. An empty precision quartz cuvette (1 mm

or 2 mm) is used to measure the background scattering from the air and cuvette. An

empty sample holder position on the rack (or empty beam) is used to measure any stray

reflections or scattering of the neutron beam (Perkins et al., 2008).

The sample to detector distance can be adjusted to accommodate structures of

different lengths and sizes according to experimental requirements unlike the

BioSAXS beamlines which are fixed. The most suitable sample to detector distance

can be determined by considering the Q range using:

where Qmin is the minimum Q value required to perform data analysis, L is the

maximum length of the molecule (Perkins, 1988). The D11 beamline can be used to

measure structures in the size region of 1 to 103 nm and D22 can be used to measure

structures in the size region of 10-1 to 102 nm range. Neutron scattering measurements

of a sample at two different sample-to-detector distances on the D11 beamline were

used in this thesis and therefore the sample, buffer and background measurements had

to be performed twice in each configuration.

Additional transmission measurements as well as the neutron scattering

measurements for all of the sample and buffers are required. This is to perform

molecular weight and match point calculations and to confirm that the dialysis in 2H2O

buffers have been successful (Perkins et al., 2008). Samples with 2H have a higher
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transmission than samples containing 1H. These transmission measurements are

usually the same length as the neutron scattering measurements.

Radiation damage of the sample from neutron scattering is negligible in

comparison to X-rays due to the much lower energy of neutrons (Perkins et al., 2008;

Jordan et al., 2016). An X-ray photon with a wavelength of 1.5 Å has > 105 more

energy than a neutron at the same wavelength. SANS experiments require a much

longer exposure time of minutes to hours to measure a sample or buffer in a quartz

cuvette, in comparison to SAXS experiments which require milliseconds to seconds,

therefore only one measurement is performed. More often than not, the samples remain

static in the cuvettes for hours at a time during neutron data collection and many

proteins could aggregate or denature in the presence of 2H2O (Perkins et al., 2008). To

overcome the issues of protein degradation, one can try to limit the exposure of the

protein to 2H if solvation is necessary for its stability by exchanging from H2O to 2H2O

buffers on a size exclusion column prior to neutron data collection. In the future, it will

be possible to perform SEC with small-angle neutron scattering (SECSANS) at the

high-flux D22 beamline at ILL as the first proof-of-concept experiments were

published recently (Jordan et al., 2016).

Prior to data processing, the data reduction which takes into account the

background correction from the cadmium, Teflon, the empty cuvette and empty

sample holder must be performed on the scattering data collected using software such

as GRASP (https://www.ill.eu/users/support-labs-infrastructure/software-scientific-

tools/grasp/). In the case of using the D11 beamline, the neutron data measured at the

two different sample-to-detector distances were merged together. This is separate from

the averaging or merging of multiple different frames of BioSAXS data collected for

one sample where the sample-to-detector distances are the same. After neutron

scattering data collection, the sample and buffer can be recovered for other structural

studies unlike that for SAXS experiments (Perkins et al., 2008), as long as it passes all

of the health and safety checks and contains no radioactivity.

Data subtraction

Once the averaging all of the frames of the X-ray data or the merging and

reduction of neutron data has been processed, an I(Q) scattering curve is obtained for

the sample and the buffer which requires data subtraction to be performed between
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them. The actual SAS signal of the macromolecule Iparticle(Q) is the difference between

the measured curve of the sample Isample(Q) (particle and buffer) and the background

Ibuffer(Q) (buffer) (Putnam et al., 2013; Rambo, 2017):

This can be processed manually using software such as ScÅtter

(http://www.bioisis.net/) or it can be part of a fully automated pipeline implemented

on BM29 beamline at the ESRF, which uses EDNA (Incardona et al., 2009) for data

subtraction. Other developments such as the Information System for Protein

crystallography Beamlines (ISPyB) found on both BM29 and B21 beamlines (De

Maria Antolinos et al., 2015) offer a fully automated pipeline including real-time data

collection and analysis during the SAXS experiment which can be accessed remotely.

Both strategies of using ScÅtter and the fully-automated pipeline for X-ray data

subtraction and the GRASP software was used for neutron data subtraction in this

thesis.

Visual inspection of the entire I(Q) scattering curve in plots of ln I(Q) against

Q (nm-1) can reveal further information about the quality of the scattering of the sample

(Figure 3.9a). A steep upturn of the I at low Q values could indicate aggregation or

radiation damage. It can verify that the fully-automated software at the BioSAXS

beamlines is identifying the presence or absence of aggregation and/or radiation

damage correctly. Data that might be useable for further analyses might be accidently

be discarded by the fully-automated software and manual checks of the collected

scattering data are required. After data subtraction has been performed correctly, the

X-ray and neutron data can be interpreted in the same manner using Guinier analyses

or distance distribution analyses (Figure 3.9).

SAS Guinier analysis

Guinier analyses of the one-dimensional I(Q) X-ray or neutron curves can be

used to determine two structural parameters (Figure 3.9a). These are the radius of

gyration RG, and the forward scattered intensity I(0), which are determined from the

slope and the intercept respectively. It is observed at low Q values on a Guinier plot

of ln I(Q) against Q2 (nm-2) as follows (Glatter & Kratky, 1982):
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Figure 3.9 Guinier, distance distribution and Kratky analyses.

(a) Typical solution scattering curve for an antibody (Human IgG1) and the regions of

Q used for analysing different structural parameters. (b) The corresponding distance

distribution P(r) curve of human IgG1. (c) Dimensionless Kratky plot showing

different conformations of proteins. Black is a disordered chain. Green is FcγRI which 

is a multidomain chain. Yellow is the IgG4 and magenta is the IgG4-CD64 complex,

which are multidomain folded proteins. Orange is the C1q globular head. The line of

inflection at Q.RG = √3 (1.1 on y-axis) has been indicated in blue dashed lines. 
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The RG is a measure of elongation of the macromolecule under study and analogous to

the sedimentation coefficients obtained from AUC experiments. This equation is valid

for Q.RG values between 0.5 and 1.5 (Perkins et al., 2011; Wright & Perkins, 2015).

The calculated I(0) gives a good approximation of the intensity at zero Q which cannot

be determined experimentally due to the direct beam and the beamstop . The I(0)

normalised by solute concentration I(0)/c is proportional to the molecular mass of the

solute. Therefore if there are any changes to the I(0)/c, it can indicate possible

oligomerisation or aggregation. The ideal Guinier plot is linear and if the Guinier plot

at low Q values deviates from linearity, it can indicate that there is poor data

subtraction, polydispersity, interparticle interactions and/or the presence of aggregates

in the measured sample (Blanchet & Svergun, 2013).

Another structural parameter called the cross-sectional radius of gyration RXS

is applicable to elongated macromolecules. It can be observed by fitting large Q values

on a plot of ln I(Q).Q against Q2 (nm-2). The RXS is found at larger Q values which do

not overlap the Q values used to determine the RG. This is given by:

For some proteins, they might have more than one RXS value if they exhibit more than

one type of folded structure or domain. Antibodies such as the human IgG subclass

possess two RXS regions in its I(Q) curve which are designated as RXS-1 and RXS-2. In

this case, RXS-1 and RXS-2 are attributed to the overall cross-section of the antibody and

the cross-section of a single Fab or Fc region (Pilz et al., 1973). The structural

parameters RG, I(0) and RXS of the X-ray and neutron scattering data were calculated

using SCT in this thesis (Wright & Perkins, 2015).

SAS distance distribution function analyses

The one dimensional I(Q) scattering curve used for Guinier analyses is

measured in reciprocal space (nm-1). This can be converted into real space (nm) to give

the distance distribution function P(r) by the use of indirect Fourier transformation

(Figure 3.9b):
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The P(r) represents the distribution of all of the interatomic distances r between all of

the volume elements within the macromolecule. The P(r) curve can reveal information

about the shape of the macromolecule and give structural parameters in line with the

Guinier analyses (Figure 3.10). The transformation calculations of P(r) are unstable

due to the limited Q range of the scattering data whereby the beamstop and the detector

size leads to the truncation of data at low and high Q values. This is overcome by using

a program called GNOM which uses indirect Fourier transformation to calculate P(r)

(Semenyuk & Svergun, 1991). The GNOM program requires a user-specified input of

Dmax, which describes the maximum dimension of the macromolecule in real space.

The final Dmax is attributed to positive intensities on the P(r) curve and the curve should

remain stable as the Dmax is increased beyond the macromolecular length L (Perkins et

al., 2008). The L of the macromolecule is provided when the P(r) reaches zero at the

largest r value on a plot displayed as P(r) against r (nm) (Figure 3.10b). It can be

determined by the RG and RXS from the Guinier analyses:

The P(r) calculations using GNOM also provide RG and I(0) values which

should be consistent with those calculated independently from the Guinier analyses.

This method provides a more accurate calculation of the RG value because it takes the

entire I(Q) curve into consideration unlike a specific Q range at low Q used to

determine the Guinier RG value (Blanchet & Svergun, 2013). Peaks can also be found

on the P(r) curve where there can be more than one peak maxima M. The M at a

specific r value represents the most commonly occurring distance found between any

two volume elements in the macromolecule. A multidomain protein such as the human

IgG antibody can exhibit two peaks of M1 and M2 at two distinct r values which can

provide information about the shape of the antibody (Figure 3.9b, Perkins et al., 2008,

2011).

Flexibility analyses

Beyond the Guinier region is the wide angle region (Figure 3.9a) which could

be used to determine the folded state and the flexibility of macromolecules in the form

of a dimensionless Kratky plot of (Q.RG)2.I(Q)/I(0) against Q.RG (Figure 3.9c, Kratky

& Porod, 1949). The scattering intensities I(Q) of proteins are different according to

their global conformational state. Globular folded proteins display a parabolic peak at
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Figure 3.10 Examples of different structural shapes and their corresponding Guinier and P(r) curves.

(a) The one-dimensional scattering curve I(Q) and (b) the corresponding P(r) curve of five different shapes with the same maximum dimensions

of 10 nm. Different shapes can be interpreted by visual inspection of the two different curves. Adapted from Svergun & Koch, 2003.
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Q.RG = √3 (~1.1 on y-axis), giving rise to a bell-shaped curve (Brennich et al., 2017b;

Receveur-Brechot & Durand, 2012). An ideal Gaussian chain presents a plateau at

large Q values. An extended thin chain with negligible thickness presents a plateau,

followed by an increase, which is usually observed in unfolded proteins. Proteins

containing more than two globular regions connected by intrinsically disordered

linkers present a dual folded and non-folded behaviour (Figure 3.9c, Cordeiro et al.,

2017).

Modelling

Modelling of SAS data

The scattering curves obtained from SAXS and SANS experiments are low

resolution data at the 2 to 4 nm range (Wright & Perkins, 2016). Combining these with

atomistic modelling of the curves can give rise to medium-resolution data on the

macromolecular structures (Perkins & Bonner, 2008; Perkins et al., 2008, 2011). Only

approximately 10,000 three dimensional constrained models were created before the

modernisation of modelling procedures in the last few years. Now, 105 models are

created routinely using software packages such as SASSIE and SCT (Curtis et al.,

2012; Hui et al., 2015; Perkins et al., 2016; Wright & Perkins, 2016). Once a large

library of models containing different conformations are created, one can use the SAS

experimental data to select for the best models which is also known as constrained

modelling (Putnam et al., 2013).

SASSIE is an open source program package developed by the Collaborative

Computational Project for Small-Angle Scattering (CCP-SAS) to aid an

experimentalist to perform modelling of their structural data by following a simple

workflow (Figure 3.11a, Perkins et al., 2016). SASSIE consists of a series of modules

which can be run transparently on a centrally maintained back end resource on a web

browser (https://sassie-web.chem.utk.edu/sassie2/). This is advantageous because it

requires no software installations and maintenance for the end user, allows access from

a simple web browser connected to the internet, most modules are independent and

therefore one can use them as necessary for their research as well as access to high-

performance computing to accelerate the computationally expensive steps of the

modelling workflow.
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Currently, there are eight modules within SASSIE (Figure 3.11a), which are

Tools, Build, Interact, Simulate, Calculate, Analyze, Beta and Retired. Each module

is further divided into different utilities and should be used where appropriate. Tools

includes utilities to align models, extract and merge sets of models and their scattering

curves together. Simulate provides modules such as Monomer Monte Carlo, Complex

Monte Carlo, Energy Minimisation as well as Torsion Angle Molecular Dynamics in

order to create ensembles of models. Calculate offers the utility to calculate the

theoretical scattering curve of the models. Analyze contains utilities like Chi-Square

Filter and Density Plot to compare the theoretical and experimental scattering curves

and to produce volumetric data that represents the models. The Beta module contains

utilities which are still in development such as Torsion Angle Monte Carlo which is

also used to generate models. The Retired module contains legacy codes as well as

other software and programs which can be utilised. Some of the SCT package is found

in the Retired module of SASSIE, however the entire SCT package can be downloaded

and run on a local computer as it is open-source (Wright & Perkins, 2015). Most of

the modules and utilities listed here were used throughout the thesis for modelling. The

next few sections explain the modelling process in brief with reference to both SASSIE

and SCT where appropriate.

Building of initial starting structure

To begin the modelling process, searches of known atomic structures of the

macromolecule on the Protein Data Bank (PDB) determined by X-ray crystallography,

NMR and other structural biology methods are performed. Sometimes, only the atomic

structures of certain regions or domains of a macromolecule are available. The crystal

structure of the protein in this case is examined carefully for any missing or incorrect

residues, atoms, bonds, inaccurate structures and forbidden conformations. Usually the

most flexible regions of the protein are not resolved in the crystal structure and some

of these acts as the ‘linkers’ between protein domains. For example, the hinges that

connect the Fab and Fc regions of an antibody are usually not refined. There are

thousands of atomic structures available for the Fab and Fc regions in the PDB,

however there are only two crystal structures available for intact human antibodies

(Saphire et al., 2001; Scapin et al., 2015). Programs like PyMOL (Schrödinger LLC)

can be used to build short amino acid sequences such as small loops and the ‘linker’
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onto atomic structures (i.e. hinge onto antibody fragments) identified on the PDB

whereby the residues are missing (Hui et al., 2015; Wright et al., 2019 submitted).

If there are no known atomic structures of the macromolecule determined

experimentally, then another program called MODELLER can be used to build whole

new structures if the protein sequence is known through a process called homology

modelling (Webb & Sali, 2016). Homology modelling describes the prediction of a

three-dimensional structure of a given protein sequence (target) based on its alignment

to one or more proteins of known structure (templates) (Webb & Sali, 2016). Basic

local alignment search tool (BLAST) is another multiple sequence alignment program

which compares the user supplied sequence (target) against known sequences in a

database to search for a suitable structure (template) (Altschul et al., 1990). Clustal

Omega is a multiple sequence alignment program that can be used to align more than

two user-supplied sequences to verify the suitable structure (Sievers et al., 2011). This

assumes that one has the sequence of the protein to be modelled available. The

sequences of the proteins used in this thesis were kindly provided by Dr Tibor Nagy

at Fujifilm Diosynth Biotechnologies (Human IgG1 and IgG4) and Dr Jinghua Lu and

Dr Peter Sun at the National Institute of Allergy and Infectious Diseases (CD64).

Post-translational modifications of proteins are sometimes not refined such as

the glycans consisting of different sugar residues at glycosylation sites. Bonds between

atoms such as glycosidic bonds and disulphide bonds are represented as ‘CONECT’

(connectivity) records in the PDB files. The ‘Glycan Reader and Modeler’ input

generator on CHARMM-GUI (Chemistry at HARvard Molecular Mechanics -

Graphical User Interface) can be used to add or modify any glycosylation residues,

glycosidic bonds as well as disulphide bonds on the atomic structure (Jo et al., 2008,

2011; Park et al., 2017). Suitable input files such as PSF (protein structure file) and

parameter files are generated for other programs such as NAMD which is the

simulation engine used in the SASSIE package (Perkins et al., 2016; Lee et al., 2016).

Once the atomic structure of the protein under study has been prepared, it is

subjected to energy minimisation and molecular dynamics (MD) to optimise the initial

starting structure by removing any physically unrealistic contacts and steric overlap of

atoms and bonds. Occasionally, the prepared structure has unfavourable contacts and

therefore high energies.
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Figure 3.11 Modelling methodology using SASSIE.

(a) Modelling by the SASSIE workflow using the available modules on https://sassie-web.chem.utk.edu/sassie2/ (Perkins et al., 2016) and (b) two

different methods of calculating the theoretical scattering curve from a model and the curve comparison between experimental and theoretical

scattering curves (adapted from Wright & Perkins, 2015). The R-factors indicate if there is a good fit or not between the curves.
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Energy minimisation and molecular dynamics

Energy minimisation describes the procedure whereby the potential energy of

the whole system is decreased to a local minimum point. The temperature of the system

is dropped to almost 0 K and the relaxation of the system removes any physically

unrealistic contacts found. A short energy minimisation procedure is usually

performed before MD (MacKerell et al., 1998; Brooks et al., 2009).

MD is a program that simulates the motion of all the atoms present in the

system over time. The system is heated up to a user-specified temperature for the MD

simulation. At each time step (2 femtoseconds, where 1 fs = 10-15 s) in the simulation,

the acting forces and the displacement of every atom are calculated to define their new

position and state (or trajectory) in the system by solving Newton’s equations of

motions numerically using a forcefield, such as the CHARMM forcefield. The

forcefield is essentially an encyclopaedia of the atomic forces and potential energies

found within the system at any given time, such as the interaction of the bonded atoms

(bond lengths, bond angles, dihedrals and torsion angles) and non-bonded atoms (van

der Waals and electrostatic forces). MD requires a huge amount of computational

power to perform long simulations over a long period of time and this can be

disadvantageous.

Energy minimisation and MD can be performed using the ‘Simulate’ module

on SASSIE (Figure 3.11a), which uses the Generalised Born implicit solvent model

on the NAMD (version 2.9) simulation engine (Philips et al., 2005; Curtis et al., 2012;

Perkins et al., 2016). Here, NAMD is a specialised MD program for simulating large

biomolecular systems. The CHARMM 36 forcefield was used for calculations in this

thesis. The Generalised Born implicit solvent model enables the MD simulation of the

atomic structure without including any solvent water in the environment around the

molecule and it greatly accelerates the simulation (Brooks et al., 2009). Subsequently,

the initial starting structure can be used to make libraries of three-dimensional models

which will be explained in the next Section.

Generation of model libraries by Monte Carlo simulations

Monte Carlo (MC) simulations can be performed instead of MD simulations.

The MC process is described as the sampling of a system with a series of randomly

generated states (Brooks et al., 2009). In other words, the MC simulations of a protein
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involve a series of random moves in conformational space. A random number is used

to generate a structural perturbation on the protein backbone for each state or move.

The energy of the new conformation (state) is calculated and it is either accepted or

rejected according to the Metropolis criterion. The Metropolis criterion evaluates the

moves based on the energy change between the last accepted conformation and the

new conformation and the current temperature of the protein being simulated

(Metropolis et al., 1953; Brooks et al., 2009). It always accepts moves that decrease

the overall energy of the simulated system and it applies a probabilistic rejection to

moves that increase the overall energy (Putnam et al., 2007). A series of accepted

moves or protein conformations are generated and this is called a Markov chain

(Brooks et al., 2009). MC offers an advantage over MD because the simulation does

not need to follow physically relevant trajectories as defined by the forcefields used in

MD, independent of time, prevents the trapping of a protein structure at local minima

found on an energy landscape, offers an effective sampling of random conformations

across the whole energy landscape and higher energy structures can be accepted,

because this is much less computationally intensive.

MC simulation utilities found in the ‘Simulate’ module on SASSIE (Figure

3.11a) employ the Metropolis method described above to generate massive libraries of

accepted three-dimensional atomistic structures, in the range of 105 models, which are

physically realistic. In order to speed up the simulation, certain domains of the

structure are held fixed or ‘rigid’ using their original coordinates and these are static

during the simulations. Most proteins contain flexible regions or linkers which connect

the domains together and these are designated for sampling. The dihedral or torsion

angles of the bonds between N and C (φ) and between C and C (ψ) on the protein 

backbone in the designated flexible region are varied using MC simulations. The third

dihedral angle between N and C () is kept at 180. SASSIE offers a choice of utilities

to vary the φ and ψ angles about the peptide bond of the residues specified in the 

flexible region where they act as hinges (‘Complex MC’) or by rotation (‘Torsion

Angle MC’). Only certain conformations are allowed for the varied peptide bond

according to the Ramachandran plot (Ramachandran et al., 1963). The user can also

specify the maximum angle to be varied per move, how many moves to simulate, the

temperature (Kelvin), check for atomic steric overlap and even filter the structures

according to a specific RG range or value.
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Theoretical scattering curves of models

After a large library of models are made, the theoretical scattering curve of

each model is calculated either by Debye calculations using the SCT package or by

using the golden vector method found in the SasCalc module of SASSIE (Figure

3.11b). In this thesis, IgG2 utilised the Debye scattering curve calculations method

whereas CD64, IgG1, IgG4, IgG1-CD64 and IgG4-CD64 utilised the golden vector

method to calculate the theoretical scattering curves of the models. Suitable

experimental scattering curves I(Q) without aggregation and a high signal-to-noise

ratio must be selected and an appropriate Q range must be considered before the curve

calculations take place using either method described in the next two sections.

Debye scattering curve calculations

The models produced by MC are converted into a coarse-grained sphere model

for the rapid calculation of the scattering curve of the model, calculated using the

Debye equation (Equation 3.26). This is all performed using the SCT package (Wright

& Perkins, 2015). Firstly, a histogram of the number of atoms found in the model is

constructed on a three-dimensional grid of equally-sized cubes. The size of the cube

(cubeside) and number of atoms per cube (cutoff) are generated using a script on the

SCT package or in the ‘SCT Optimise’ module in SASSIE. The cubes containing equal

or more than the specified cutoff number of atoms (usually 4 spheres per cube) are

represented by a sphere in the sphere model. The sphere has the coordinates of the

center of the cube and a radius of half of the cube width (cubeside). This process is

also known as the grid conversion of the original model to the coarse-grain sphere

model. The total volume of the component spheres found in the resulting sphere model

must be equal to the protein volume which is calculated from the sum of the unhydrated

residue volumes by SLUV (Perkins, 1986, 2001; Wright & Perkins, 2015).

Secondly, the coarse-grain sphere models for SAXS data must have a hydration

layer added to them. This is done using a four-step algorithm to produce a hydrated

coarse-grain sphere model that has the correct hydrated volume as determined by

SLUV. A cube that is four times the sphere radius is centered upon each sphere found

within the unhydrated model and precisely 26 spheres are added into the corners and

mid-points of the cube. Excess spheres are removed by using a grid conversion similar

to before whereby a much higher cutoff number is used (10-12 spheres per cube). The

original spheres from the unhydrated coarse-grain sphere model are added back as
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some of them might be removed by accident. A final grid conversion of the hydrated

sphere model is performed with a cutoff of one sphere per cube to remove any

overlapping spheres. The coarse-grained sphere models for SANS data do not require

a hydration layer as explained in Section 3.2.5, therefore this algorithm is not

applicable and the models can be used as they stand as unhydrated coarse-grained

sphere models.

Lastly, the theoretical scattering curves of the hydrated and unhydrated coarse-

grain sphere models are calculated. This is achieved by creating a histogram of the

distances d between all of the spheres. SCT is used to define the bin width from the

minimum and maximum pair of distances between the spheres. Subsequently, the

theoretical scattering curve is obtained from the Debye equation adapted to spheres

(Perkins & Weiss, 1983; Wright & Perkins, 2015):

where n is the number of spheres in the coarse-grain model, m is the number of bins in

the histogram, Aj is the number of distances dj that fall into the bin j, dj is the distance

between the spheres represented by the jth histogram bin. The squared form factor

g(Q) is expressed by:

where r is the radius of the spheres in the coarse-grain model. The summation is the

result of calculating the total sum of all the distances r from each sphere to the

remaining spheres. The size of the spheres has to be smaller than the resolution of the

scattering experiment (around 0.6 nm) so that g(Q) remains unchanged in the Q range

of the curve (Perkins et al., 2008). Equations 3.26 and 3.27 are applicable to proteins

with low carbohydrate content as it assumes that there is one scattering density. There

is no significant difference between the calculated X-ray and neutron scattering curves

of the models because the glycan content of the proteins is minimal and therefore the

scattering density does not significantly differ from the protein content (Table 3.1b).

The theoretical neutron scattering curves are corrected to account for the main

errors in SANS experiments such as the finite-beam angular divergence of the large
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samples, the wavelength spread (9% for D11 and 10% for D22) and the finite detector

resolution. These errors ‘smear’ the experimental neutron scattering curve by reducing

the definition of the sharp features which affect downstream data analysis. The

optimisation of the resolution from decreasing the beam divergence and wavelength

spread leads to reduced scattering intensities. When the resolution is reduced, an

increased SANS intensity is obtained. The SCT package allows the user to specify the

beam divergence, wavelength spread, and the wavelength of the beam with respect to

the neutron instrument used, to account for the ‘smearing’ effects. A Gaussian function

is used to convolute the theoretical neutron curve for each of the models (Perkins &

Weiss, 1983; Wright & Perkins, 2015).

Golden vector scattering curve calculations

A new method for calculating the theoretical scattering curves of the models

has been developed very recently (Watson & Curtis, 2013). It calculates the scattering

curve I(Q) using another adaption of the Debye Equation:

where bj is the scattering length and rj is the atomic position. In the SAXS and SANS

experiments, the molecules are able to adopt all possible orientations in solution, the

rotationally averaged scattering intensity I can be obtained from averaging I(Q) over

all the scattering directions. The orientations of the Q vectors are taken from a quasi-

uniform spherical grid generated by the golden ratio :

where n is the number of grid points, Q(k) is the orientation of the scattering vector Q

in x, y or z directions, k runs over {– (n – 1)/2,…,0,…,(n – 1)/2} and  = (1+51/2)/2 is

the golden ratio. The rotationally averaged intensity is expressed as:
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This all-atom expression gives rise to the ‘golden vector’ method employed by the

‘SasCalc’ utility found within the ‘Calculate’ module in SASSIE (Watson & Curtis,

2013). The user must also specify an I(0), number of Q values and the maximum Q for

the calculation of the scattering curves. SasCalc also includes the corrections for

contrast for SANS experiments and utilises high-performance computing and graphics

processing units for massively parallel calculations. This method of calculating the

scattering curve gives rise to atomistic structures whereby every atom in the molecule

is considered in comparison to using coarse-grained sphere models whereby a sphere

represents 4-5 atoms in the Debye theoretical scattering curve calculations method

(Perkins et al., 2016).

Curve comparison and filtering the best-fit models

One of the final stages is to compare the theoretical scattering curve, generated

by the Debye or golden vector method, with the experimental scattering curve (Figure

3.11b). In the Debye scattering curve calculation of the models, the theoretical I(Q)

values are matched to the experimental I(Q) values by taking the theoretical I(Q) value

corresponding to the closest Q value observed experimentally using the SCT package

(Wright & Perkins, 2015). On the other hand, in the golden vector method, the ‘Chi-

Square Filter’ utility in the ‘Analyze’ module in SASSIE matches equivalent Q values

in both the experimental and theoretical I(Q) curves, which is more accurate than the

method offered in SCT. Both procedures allow the comparison of the same theoretical

I(Q) curve with multiple experimental I(Q) curves within the same beam session.

The SCT package for curve comparison offers an advantage in this case

whereby different experimental data from different beam sessions and instruments can

be used (Wright & Perkins, 2015). Even though the Chi-Square filter curve comparison

on SASSIE is more accurate, a disadvantage is that identical Q values are absolutely

essential for both the theoretical and experimental I(Q) curves. Identical Q values can

be achieved by the interpolation of the experimental data that is used for the curve

comparisons. The I(0) of the interpolated data must match the I(0) specified to

calculate the scattering curves (Section 3.3.5.2, above). The experimental data

collected from different sessions and instruments can only be used if the scattering
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intensities I are measured at the same Q values which is not possible due to the fact

that every instrument is different. This means that the theoretical curve calculations

and curve comparisons of the models must be repeated if there is experimental

scattering data available from different beam lines and sessions.

The curve comparisons using either method gives rise to an R-factor which is

analogous with crystallography using the formula:

The R-factor is expressed as a percentage with lowest values representing better fits

(Figure 3.11b). Generally, a satisfactory fit is ≤ 10% and a good fit is ≤ 5%. The R-

factors depend on a high signal-to-noise ratio of the experimental curve I(Q), otherwise

the R-factor will increase with experimental scattering noise (Perkins et al., 2011). The

SCT package also uses an iterative search to minimise the R-factor to generate a

scaling factor  which is used to match the theoretical curve I(0) to the experimental

curve I(0) (Wright & Perkins, 2015). This is not necessary in the Chi-Square Filter

module of SASSIE for curve comparison as the I(0) of the interpolated experimental

and the theoretical curves are identical through user-specification.

Ranking the R-factors for each model according to their percentage acts as a

filter to select for the best-fit models. The best-fit models are further filtered according

to their calculated RG values which should be within 5% error of the experimental

Guinier RG. Graphs of the R-factor versus RG values of the models offer an excellent

visual inspection of the progress of curve comparison analysis. A minimum on these

graphs usually coincides with the experimental RG value within 5% error and this

indicates that the curve comparison is successful (Perkins et al., 2011). The theoretical

curves arising from the best-fit models are also subjected to distance-distribution P(r)

analysis and flexibility analysis through Kratky plots to assess whether or not the

resulting theoretical curves match that of the experimental curve.

A final visual inspection is required to confirm the best-fit models as

occasionally the best-fit models might appear to be ‘broken’ at the linker region(s) or

have a physically unrealistic conformation. This can be performed using PyMol or

Visual Molecular Dynamics (VMD) software. A brief energy minimisation on the

linker regions fixes them. Density plots are generated using a combination of VMD
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and SASSIE to evaluate the biological significance of the final best-fit models (Perkins

et al., 2016). Both of the trajectory (DCD) files and PDB files can be used to generate

output data explorer file formats using VMD or Gaussian cube file formats using

SASSIE containing volumetric data. Envelopes of the best-fit models or structures that

best agree with the experimental data and all of the trial structures generated can easily

be visualised in VMD regardless of the output file format produced.

Hydrodynamic property calculations

The generated models can be analysed further by taking the atomic coordinates

of each model as the direct input into a program called HYDROPRO (version 10,

Ortega et al., 2011). HYDROPRO converts the model into a hollow sphere structure

of equally-sized spheres on its surface to calculate the hydrodynamic properties such

as the sedimentation coefficient s value. Every non-hydrogen atom is replaced by one

sphere in the primary hydrodynamic model (PHM) and then this is used to calculate

the sedimentation coefficient (García de la Torre et al., 2000). The number of spheres

generated per model is between 200-2000 regardless of the protein size, and this

requires a lot of computing power. The computing time of HYDROPRO version 10 is

proportional to the cube of the number of spheres in the PHM. A shell calculation from

an atomic-level PHM is possible for small molecules such as CD64 and the radius of

each sphere used is the default value of 0.29 nm. However, any molecule over 100

kDa such as IgG, a shell calculation from a residue-level PHM is used whereby a

sphere represents each residue and is placed at each C atom even though the atomic

coordinates of the best-fit model are submitted into HYDROPRO. In this case, the

radius of the sphere used is the default value of 0.48 nm. Both methods of calculating

the sedimentation coefficient from atomic- and residue-level shell calculations of the

best-fit models are accurate (Ortega et al., 2011).

The user must also specify other inputs such as the buffer viscosity and density,

temperature, partial specific volume and the molecular weight in order to retrieve s

values that correspond to that protein in those buffer conditions. Subsequently, the

theoretical s values can be compared to the experimental s values determined by AUC

(Section 3.1). The typical error is 4% between the theoretical and experimental s values

(Ortega et al., 2011). The mean difference is approximately 0.21 S (Perkins et al.,

2009). If one wants to compare s20,w values then the inputs on HYDROPRO should be

adjusted to reflect the solvent properties of water at 20 C or Equation 3.12 (Section
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3.1.4) can be used to convert from s to s20,w values. This is an independent way to

evaluating the best-fit models and crosschecking complementary information is

extremely valuable and avoids artefacts and biased results (Brennich et al., 2017b).

All of the biophysical methods described in this Chapter were applied to

studying the solution structure of the three human IgG subclasses and their interaction

of two of these with FcγRI (CD64) which will be described in the next three Chapters. 
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The molecular solution structure of human IgG2

subclass is distinct from those for human IgG1 and IgG4:

an explanation for their existence and function
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Introduction

Up to 75% of the total antibody content in serum is comprised of the IgG class.

The IgG class is divided into four subclasses, IgG1, IgG2, IgG3 and IgG4. The

differences between these arise due to their variable regions, upper CH2 domains and

the hinge (Figure 4.1). The hinge consists of the upper, middle and lower hinge (Figure

4.2). The core hinge (upper and middle) contains 15, 12, 62 and 12 residues for IgG1,

IgG2, IgG3 and IgG4 respectively. The IgG subclasses present much variety in

structure and function, even though the constant domains possess over 95% sequence

homology (Strohl & Strohl, 2012). IgG2 is the second most abundant subclass with an

average concentration of 3 mg/ml in adult serum (Strohl & Strohl, 2012). IgG2 has a

serum half-life of 21 days as for the IgG1 and IgG4 subclasses (Table 1.2). IgG2 has

a unique role as this is the predominant IgG subclass that binds to bacterial capsular

polysaccharide antigens (Siber et al., 1980; Barrett & Ayoub, 1986). Also, IgG2 shows

an increased resistance to microbial proteases for reason of the unique sequence of the

lower hinge (Brezski & Jordan, 2010; Brezski et al., 2011). IgG2 binds complement

C1q weakly, thus IgG2 predominantly activates the complement cascade through the

alternative pathway (Seino et al., 1993). Out of the three classes of human FcγRs, IgG2 

binds to only FcγRII and FcγRIII, and not to FcγRI. Through its ligand binding and 

the formation of antigen-antibody immune complexes, IgG2 activates antibody-

dependent cell-mediated cytotoxicity (ADCC) through macrophages and

polymorphonuclear leukocytes, in order that antibody-dependent cell-mediated

phagocytosis (ADCP) will clear any pathogens such as bacteria. In biotechnology,

IgG2 is regarded as the antibody with the least overall effector function, thus it makes

a perfect scaffold for designing therapeutic antibodies with lack of function, similar to

IgG4. Several Food and Drug Administration-approved drugs are based on IgG2,

including Evolocumab, Denosumab, Panitumumab, Brodalumab and Erenumab

(Antibody Society, http://www.antibodysociety.org/news/approved-antibodies/).

IgG2 is around ~150 kDa in molecular mass and has the typical IgG structure

comprising of two heavy chains (H) and two light chains (L) which are divided into

variable (V) and constant (C) domains (Figure 4.1). The heavy chains are connected

via four disulphide bonds that form between cysteine residues in the hinge.

Structurally, human IgG2 from myeloma forms covalent dimers through inter-protein

disulphide bonds arising from the hinge cysteine residues (Yoo et al., 2003). IgG2
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Figure 4.1 The human IgG2 domain structure.

The two heavy chains each possess VH, CH1, CH2 and CH3 domains, and the two light

chains each possess VL and CL domains. The heavy chains are connected by four Cys–

Cys disulphide bridges at Cys223, Cys224, Cys227 and Cys230. There is one N-linked

oligosaccharide site at Asn297 on each of the CH2 domains. The hinge region between

the Fab and Fc fragments is composed of 19 residues (ERKCCVECPPCPAPPVAGP)

between Val219 and Ser239 (EU numbering). Below the black diagram, the distance

between the centres of mass of the two Fab regions (blue, yellow) was denoted as d1.

Those between the two Fab and Fc regions were denoted as d2 and d3. The antibody

is shown as a two-fold symmetric structure with d2 = d3. If d2 and d3 are unequal,

then these represent asymmetric structures. In the text, the smaller of the two values is

denoted as min(d2,d3) and the larger of the two is denoted as max(d2,d3).
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Figure 4.2 Sequence alignment of human IgG2 with IgG1 6a and IgG1 19a and IgG4.

The IgG2 sequence was taken from IgG2 Li33 (Pepinsky et al., 2010). The IgG1 6a and 19a sequences were taken from (Rayner et al., 2015). (a,

b) The VL, and CL domains. (c-e) The VH and CH1 domain and the hinge. (f,g) The CH2 and CH3 domains. (h) Comparison of hinge sequences

from human IgG1, IgG2 and IgG4 subclasses. In e-f, yellow indicates the contact residues involved in the IgG1-Fc complex with the C1q globular

head (Ugurlar et al., 2018), blue indicates the contact residues required for interacting with FcγRI (Lu et al., 2015), and green indicates the contact

residues that interact with both C1q and FcγRI. 
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possesses three different isoforms termed IgG2A, IgG2A/B and IgG2B with different

hinge disulphide bonds (Dillon et al., 2008; Martinez et al., 2008; Wypych et al.,

2008). IgG2A is regarded as the ‘classical’ or ‘canonical’ IgG2 structure with four

intact disulphide bonds in the hinge (Figure 4.1). The IgG2A/B isoform contains one

Fab region disulphide linked to the hinge, and the IgG2B isoform contains both Fab

regions disulphide linked to the hinge. The significance of these isoforms on the

structure and function is currently unknown.

Structural information on the IgG subclasses is lacking because only two

crystal structures for full-length human antibodies are available, namely IgG1 B12 and

IgG4 (PDB codes 1HZH and 5DK3) (Saphire et al., 2001; Scapin et al., 2015). This is

attributed to the inherent flexibility in the antibody hinge in the order of IgG3 > IgG1

> IgG4 > IgG2 that makes crystallisations difficult (Dangl et al., 1988). The crystal

structures only offer a single ‘snapshot’ of a potential broad range of IgG structures in

physiological conditions (Saphire et al., 2001). Electron micrographs of human-mouse

chimeric IgG2 in vacuo show the existence of different shapes (Phillipps et al., 1994).

Although no full-length IgG2 crystal structure is yet available, crystal structures for

Fab and Fc regions of human IgG2 are available (PBD codes 3KYM, 4HAF, 4HAG

and 4L4J) (Pepinsky et al., 2010; Teplyakov et al., 2013; Vafa et al., 2014). Myeloma

IgG2 has been studied by electron microscopy, differential scanning microcalorimetry

and fluorescence to reveal an asymmetric structure with one Fab region closer to the

Fc region than the other Fab region, similar to that seen for IgG1 and IgG4 (Ryazantsev

et al., 2013). Human monoclonal and polyclonal IgG2, human myeloma IgG2, human-

mouse chimeric IgG2 and humanised IgG2 have been previously studied using X-ray

or neutron solution scattering or analytical ultracentrifugation (Dillon et al., 2008;

Phillips et al., 1994; Pepinsky et al., 2010; Kilár et al., 1985; Gregory et al., 1987;

Franey et al., 2010; Mosbæk et al., 2012; Clark et al., 2013; Tian et al., 2014; 2015;

Fukuda et al., 2017; König et al., 2017). The recent studies of human monoclonal IgG1

and IgG4 utilised modelling to fit the scattering curves in terms of molecular structures

(Rayner et al., 2014, 2015). More accurate modelling for human IgG1 and IgG4 based

on joint X-ray and neutron scattering data sets with Monte Carlo simulations has been

performed using a newly developed workflow termed SASSIE (Chapter 3; Perkins et

al., 2016; Wright et al., 2019 submitted). The outputted structures are atomistic in their

nature, because they are physically-realistic models with correctly-joined amino acid
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and glycan residues. These outputs revealed asymmetric solution structures that

resembled the IgG1 and (in part) the IgG4 crystal structures. Here, we used joint small-

angle X-ray and neutron scattering (SAXS and SANS), analytical ultracentrifugation

(AUC) and Monte Carlo modelling to analyse 123,371 physically-realistic IgG2

structures. The resulting best-fit atomistic models revealed that classical IgG2

possesses a Y-shaped symmetric conformation in solution. This outcome explained in

structural terms for the first time the different IgG2 isoforms and the ligand binding

functions of IgG2 to C1q and the Fcγ receptors. 

Results

Purification and characterisation of IgG2

Human IgG2 from myeloma plasma were subjected to gel filtration to ensure

that this was monodisperse immediately prior to AUC, SAXS and SANS experiments.

It was eluted as a large main peak at approximately 16 ml, with a minor peak at 14.5

ml that was discarded (Figure 4.3). Non-reducing and reducing SDS-PAGE gels were

ran for IgG2, IgG1 6a, IgG1 19a and IgG4 B72.3. A single band in lane 2 between 200

and 116 kDa in non-reducing SDS-PAGE corresponds to the expected mass of 147.4

kDa for intact IgG2. Under reducing conditions in lane 3, the heavy chains were

observed at an apparent molecular mass of 55.4 kDa, and the light chains were

observed between 21.5 and 31 kDa, both as expected (Figure 4.3). The corresponding

non-reducing and reducing samples for the other antibodies IgG1 6a, IgG1 19a and

IgG4 B72.3 were also consistent with previous studies, noting that IgG4 forms trace

amount of a half-molecule (Rayner et al., 2014; 2015).

Native and deglycosylated myeloma IgG2 was subjected to native mass

spectrometry (MS) in order to determine its molecular mass size range. The mass

spectra show that native and deglycosylated IgG2 existed as three main populations.

For native IgG2 (Figure 4.4b), the masses for the 3 populations were 154,527 ± 52 Da,

156,392 ± 139 Da and 157,988 ± 62 Da. The observed molecular masses were higher

than the calculated molecular mass of 147.4 kDa from the sequence of IgG2 anti-

LINGO1 Li33 (Figure 4.2), suggesting polydispersity arising from variable protein

and glycan contents, but as this spanned 3,461 Da (2.2%) in mass, this polydispersity

was comparatively low. The amounts of the three species were 8.9% for 154.5 kDa,

48% for 156.4 kDa and 43.1% for 158.0 kDa. The high mass error range was attributed

to the different glycoforms present in native IgG2. For deglycosylated IgG2 (Figure
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Figure 4.3 Purification of IgG2.

The IgG2 elution peak from a Superose 6 10/300 gel filtration column is shown on the left (mAU, milli-absorbance units). The non-reduced and

reduced SDS-PAGE analysis of the IgG subclasses is shown on the right with H2L2 representing the intact antibody molecule, H the heavy chain

and L the light chain. Lane 1 and 10 contain Mark 12 molecular weight markers labelled in kDa. Lanes 2-3, 4-5, 6-7 and 8-9 contain non-reduced

and reduced IgG2, non-reduced and reduced IgG1 6a, non-reduced and reduced IgG1 19a and non-reduced and reduced IgG4 B72.3 respectively.
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Figure 4.4 Native mass spectra of glycosylated and deglycosylated IgG2.

Native mass spectra of myeloma IgG2 are shown at a mass-to-charge ratio (m/z) between 5,000-7,500. The glycosylated and deglycosylated IgG2

mass spectra are shown in (a) and (b) respectively. The theoretical charge states were generated using Amphitrite software and labelled.
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4.4b), the signals were clearer with reduced error ranges. The masses and

corresponding distributions for the three populations were decreased by 3,199 Da to

151,405 ± 4 Da (37.2%), 153,101 ± 3 (43.7%) and 154,805 ± 10 (19%), again spanning

3,400 Da in mass. The reduction was attributed to the removal of two biantennary

glycan chains at Asn297 (each of approximate mass ~2200 Da) through PNGase

digests. Compared to IgG2 anti-LINGO1 Li33 as a baseline, the protein molecular

masses of the three species were increased up to 4.0-10.6 kDa (2.7-7.2%).

Analytical ultracentrifugation of IgG2

The size and shape of IgG2 was examined using sedimentation velocity runs

in AUC experiments. The SEDFIT analyses involved fits of up to 300 scans. Excellent

agreement between the experimental boundary scans and fitted lines was seen (left

panels, Figure 4.5). The size distribution analyses c(s) for IgG2 showed a major

monomeric species in solution, and accompanied by a negligible dimer peak (right

panels, Figure 4.5). The monomer peak was observed at mean s20,w values of 7.33 ±

0.07 S for IgG2 in H2O and 7.07 ± 0.20 S in 2H2O, within error of each other (Figure

4.6a). These s20,w values were comparable with values of 6.4–7.0 S previously reported

for IgG2 (Dillon et al., 2008; Phillips et al., 1994; Pepinsky et al., 2010; Kilár et al.,

1985; Gregory et al., 1987), but not with the value of 5.4 S reported in one study

(Franey et al., 2010). These previous studies did not state the protein partial specific

volume, and the buffer density and viscosity in use, thus explaining small differences

with earlier s20,w values. Some variation is attributed to instrumental effects; the s20,w

values from 67 different laboratories showed a ±4.4% deviation in an AUC study of

reproducibility (Zhao et al., 2015). Given that the IgG2A/B and IgG2B isoforms

possess different hinge disulphide bonds (Dillon et al., 2008; Martinez et al., 2008;

Wypych et al., 2008), the appearance of a single c(s) peak indicated that, if present,

these two other isoforms showed similar shapes to the classic IgG2A structure.

The sedimentation rates of IgG2 were not dependent on sample concentration

or buffer, indicating that the overall shape remained unchanged (Figure 4.6a). Thus,

the mean s20,w values in H2O were 7.40 ± 0.02 S, 7.32 ± 0.02 S and 7.26 ± 0.06 S for

PBS-50, PBS-137 and PBS-250 respectively. The mean s20,w values in 2H2O were 7.24

S, 7.07 ± 0.31 S and 7.04 ± 0.07 S for PBS-50, PBS-137 and PBS-250 respectively.

The mean IgG2 dimer s20,w values in H2O were 11.1 ± 0.9 S, 10.3 ± 0.3 S and 11.3 ±

0.3 S for PBS-50, PBS-137 and PBS-250 respectively. The mean s20,w values observed
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Figure 4.5 Sedimentation velocity analyses of IgG2 (legend overleaf).
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Figure 4.5 Sedimentation velocity analyses of IgG2

(continued from previous page).

In the left panels, the experimentally observed sedimentation boundaries for IgG2 at

(a) 1.20 mg/ml in PBS-50, (b) 1.20 mg/ml in PBS-137, (c) 1.00 mg/ml in PBS-250 in

H2O buffers and in (d) 1.19 mg/ml in PBS-50, (e) 1.00 mg/ml in PBS-137 and (f) 0.50

mg/ml in PBS-250 in 100% 2H2O buffers were recorded at a rotor speed of 40,000

r.p.m and 20 °C. Approximately fifty boundaries (black outlines) are shown from up

to 300 scans for every sixth scan for clarity, and were fitted using SEDFIT as shown

(white lines).

In the right panels, the corresponding size-distribution analyses c(s) of IgG2 at

concentrations of (a) 0.54, 0.60, 1.20 and 1.60 mg/ml in PBS-50, (b) 1.00, 1.20, 1.40

and 1.63 mg/ml in PBS-137, (c) 0.50, 0.75, 1.00, 1.28 and 1.55 mg/ml in PBS-250 in

H2O buffers and at (d) 0.90 mg/ml in PBS-50, (e) 0.50, 1.00, 2.00 and 3.00 mg/ml in

PBS-137 and (f) 0.17, 0.33, 0.50 and 0.66 mg/ml in PBS-250 in 100% 2H2O buffers

are shown to reveal a major monomer (M) peak and a minor dimer (D) peak. The

observed c(s) peaks are shifted to lower s values in 2H2O buffers.
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Figure 4.6 Sedimentation coefficient values and amounts of IgG2.

(a) The s20,w values for the monomer and dimer peaks are shown as a function of IgG2

concentration in the six buffers of this study. (b) The percentages of monomer and

dimer from the c(s) integrations. IgG2 is shown in PBS-50 (), PBS-137 (), PBS-

250 () buffers in H2O at 20 °C and in PBS-50 [], PBS-137 [] and PBS-250 []

buffers at 20 °C in 100% 2H2O. The average s20,w values of monomer and dimer from

the integration of the c(s) analyses for IgG2 are shown for H2O (- -) and 2H2O (―) 

buffers at 20 °C.
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in 2H2O were 10.6 S, 11.2 ± 0.6 S and 12.3 ± 1.0 S for PBS-50, PBS-137 and PBS-250

respectively (Figure 4.6a). Given that protein partial volumes are affected by the

hydration shell (Perkins, 1986, 2001), and that the hydration shell for 2H2O has a

higher mass than that for H2O, the values will be reduced in 2H2O. The heavy water

value of 0.70 ml/g in place of 0.73 ml/g for light water proved sufficient to account

for the s20,w values. Thus for H2O, the overall average s20,w values were 7.33 ± 0.07 S

and 10.95 ± 0.69 S for IgG2 monomer and dimer respectively. In 2H2O, the overall

average s20,w values were similar at 7.07 ± 0.20 S and 11.61 ± 0.99 S for IgG2 monomer

and dimer respectively.

Heavy water is a promoter of dimer formation and aggregates, and small

increases in IgG2 dimer were seen for the 2H2O. To examine this for IgG2, the mean

proportion of monomer for H2O were 97.2 ± 1.0%, 96.3 ± 0.7% and 96.8 ± 1.1% for

PBS-50, PBS-137 and PBS-250 respectively (Figure 4.6b). For 2H2O, the mean

amount of monomer were 95.4%, 96.8 ± 0.3% and 93.4 ± 2.1% for PBS-50, PBS-137

and PBS-250 respectively. In H2O, the mean value of 96.8 ± 0.5% decreased to 95.2

± 2.1% for IgG2 monomer in 2H2O. The mean proportion of dimers were 2.8%, 3.7 ±

0.7% and 3.2 ± 1.1% for PBS-50, PBS-137 and PBS-250 respectively in light water

(Figure 4.6b). These showed small increases in 2H2O to 4.6%, 3.2 ± 0.3% and 6.6 ±

2.1% for PBS-50, PBS-137 and PBS-250 respectively. For IgG2 dimer in H2O buffer,

the mean value of 3.2 ± 0.5% increased to 4.8 ± 2.1% in 2H2O buffer. High salt may

have promoted dimer formation in PBS-250 in 2H2O.

The masses from the c(s) analyses compared well with the composition-

calculated and mass spectrometry values. The c(s) masses were 155 ± 18 kDa, 163 ±

6 kDa and 147 ± 13 kDa for PBS-50, PBS-137 and PBS-250 respectively in H2O.

Those for 2H2O were 141 kDa and 145 ± 17 kDa for PBS-50 and PBS-137 (not

available in PBS-250). These values agreed with the expected molecular mass of 147.4

kDa calculated from the IgG2 composition and those of 151 – 158 kDa determined by

native mass spectrometry. For the dimer, the mean masses were doubled as expected

at 282 ± 6 kDa, 274 ± 6 kDa and 284 ± 19 kDa for PBS-50, PBS-137 and PBS-250

respectively in light water. In heavy water, while the errors were greater for reason of

low intensities, the mean masses were similar at 251 kDa, 285 ± 13 kDa and 219 ± 27

kDa for PBS-50, PBS-137 and PBS-250 respectively, and were consistent with the
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expected composition-calculated mass of 297.4 kDa for the dimer. These agreements

validated the use of myeloma IgG2 in the SAXS and SANS analyses.

X-ray and neutron scattering data for IgG2

The IgG2 solution structure was jointly analysed by both SAXS and SANS as

complementary approaches (Table 4.1). SAXS monitored the shape of the hydration

shell surrounding IgG2 as well as its overall antibody structure, while SANS using

heavy water buffer monitored the overall shape of the unhydrated structure because

the hydration shell was largely invisible in this buffer (Perkins, 2001).

SAXS was used to examine IgG2 at 0.5-4.0 mg/ml at 20 °C in PBS-50, PBS-

137 and PBS-250, using time-frame analyses to ensure the absence of radiation

damage effects. Overall and cross-sectional Guinier analyses resulted in high-quality

linear plots in three distinct regions of the I(Q) curves, as expected for antibodies, from

which the RG, RXS-1 and RXS-2 values were obtained within satisfactory Q.RG and Q.RXS

limits (Figure 4.7a-c; Section 3.2.14). The X-ray RG values showed an apparent

concentration dependence. These increased with concentration from 5.24 to 5.71 nm

for PBS-50, 5.02 to 5.41 nm for PBS-137 and 5.16 to 5.38 nm for PBS-250 (Figure

4.8a). This increase was attributed to X-ray radiation-induced damage of IgG2,

because a small increase in intensities was seen in I(Q) at low Q values, and because

this concentration effect was not seen in the AUC and neutron data (Figures 4.6a,

4.8b). SAXS data above 1.5 mg/ml were thus discarded for reason of radiation damage.

The RXS-1 and RXS-2 values were unchanged (Figure 4.8a). The average RXS-1 values

were 2.64 ± 0.03 nm, 2.59 ± 0.04 nm and 2.61 ± 0.03 nm, and the average RXS-2 values

were 1.41 ± 0.06 nm, 1.34 ± 0.08 nm, and 1.34 ± 0.04 nm, for PBS-50, PBS-137 and

PBS-250 buffers respectively. The RG, RXS-1 and RXS-2 values in the three buffers were

within error of each other. The RG values of 5.0-5.2 nm here agreed with the earlier RG

values of 5.0 to 5.8 nm for humanised IgG2 (Fukuda et al., 2017), and were slightly

larger than those for humanised IgG2 of 4.76 ± 0.05 nm (Tian et al., 2014, 2015),

Panitumumab of 5.1 nm (Mosbæk et al., 2012) and polyclonal human IgG2 of 4.8 nm

(König et al., 2017).

SANS was also used to examine IgG2 at 0.3–4.0 mg/ml at 20 °C in PBS-50,

PBS-137 and PBS-250 in 2H2O. Likewise, the neutron Guinier analyses also revealed

high-quality linear plots in three distinct regions of the I(Q) curves from which the RG,
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Table 4.1 Experimental X-ray and neutron scattering data and sedimentation

coefficients for human myeloma IgG2.

Sample RG (nm)a RXS-1

(nm)
RXS-2

(nm)
Dmax

(nm)
s20,w

(S)
X-ray scattering

0.5 mg/ml, PBS-50 5.24; 5.40 2.61 1.35 18 7.44b

1.0 mg/ml, PBS-137 5.23; 5.36 2.61 1.37 18 7.32
1.5 mg/ml, PBS-250

5.38; 5.52 2.61 1.37 18 7.26b

Neutron scattering

0.45 mg/ml, PBS-50 in
100% 2H2O

5.04; 5.20 2.39 1.12 17 7.24b

1.00 mg/ml, PBS-137 in
100% 2H2O

4.97; 5.00 2.45 1.15 17 7.28

1.99 mg/ml, PBS-250 in
100% 2H2O 4.95; 5.03 2.39 1.12 17 6.96b

a The first experimental value was from the Guinier RG analysis (Figure 4.8), and the

second one was from the GNOM P(r) analysis (Figure 4.9).

b The sedimentation coefficients s20,w were for IgG2 at 0.54, 1.55, 0.90 and 0.64 mg/ml

respectively, and not as in column 1.
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Figure 4.7 X-ray and neutron Guinier RG and RXS analyses for IgG2 (legend

overleaf).
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Figure 4.7 X-ray and neutron Guinier RG and RXS analyses for IgG2

(continued from previous page).

The X-ray scattering curves of IgG2 are shown for three buffers: (a) PBS-50, (b) PBS-

137 and (c) PBS-250 at 20 °C. The concentrations were approximately 0.5, 1.0 and 1.5

mg/ml for PBS-50 and PBS-137 and 1.0 and 1.5 mg/ml for PBS-250 from bottom to

top. The filled circles between the arrowed data points represent the Q.RG and Q.RXS

ranges used to determine the RG and RXS values. The Q ranges used for the RG, RXS-1

and RXS-2 values were 0.15-0.28 nm-1, 0.31-0.47 nm-1 and 0.65-1.04 nm-1 respectively.

The neutron scattering curves of IgG2 are shown for three buffers: (d) PBS-50, (e)

PBS-137 and (f) PBS-250 at 20 °C in 100% heavy water. The concentrations were

approximately 0.30, 0.59, 1.19 and 2.38 mg/ml for PBS-50, 0.5, 1.0, 2.0 and 3.0 mg/ml

for PBS-137 and 0.33, 1.99 and 2.66 mg/ml for PBS-250 from bottom to top. The filled

circles between the arrowed data points represent the Q.RG and Q.RXS ranges used to

determine the RG and RXS values. The Q ranges used for the RG, RXS-1 and RXS-2 values

were 0.15-0.28 nm-1, 0.31-0.47 nm-1 and 0.65-1.04 nm-1 respectively. Two neutron

curves (4 mg/ml in PBS-137 and 0.45 mg/ml in PBS-50) were omitted for clarity.
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Figure 4.8 Concentration dependence of the X-ray and neutron Guinier

parameters for IgG2.

The RG, RXS-1 and RXS-2 values are displayed from top to bottom for each buffer. (a)

The X-ray Guinier values for IgG2 are shown for PBS-50 [], PBS-137 [] and PBS-

250 [] buffers at 20 °C. The P(r) RG values are shown for PBS-50 [], PBS-137

[] and PBS-250 [] at 20 °C. (b) The neutron Guinier values for IgG2 are shown

for PBS-50 [], PBS-137 [] and PBS-250 [] buffers at 20 °C in 100% heavy

water. The P(r) RG values are shown for PBS-50 [], PBS-137 [] and PBS-250 []

at 20 °C in 100% heavy water.
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RXS-1 and RXS-2 values were obtained within satisfactory Q.RG and Q.RXS limits (Figure

7d-f). The RG, RXS-1 and RXS-2 values were consistent within error (Figure 4.8b). The

mean RG values were 4.93 ± 0.07 nm, 4.97 ± 0.07 nm and 4.88 ± 0.09 nm, the average

RXS-1 values were 2.30 ± 0.09 nm, 2.44 ± 0.02 nm and 2.36 ± 0.03 nm, and the average

RXS-2 values were 0.91 ± 0.13 nm, 1.16 ± 0.05 nm and 0.93 ± 0.12 nm, for PBS-50,

PBS-137 and PBS-250 respectively. These neutron RG, RXS-1 and RXS-2 values were

lower than those for X-rays, this being attributed to the near invisibility of the surface

hydration shell in heavy water, as well as the high negative solute-solvent contrast

difference compared to that of IgG2 (Perkins, 2001). The RG values reported here were

slightly larger than that of 4.76 ± 0.06 nm for human anti-streptavidin IgG2 in 10 mM

sodium acetate (pH 5.2) in 2H2O (Clark et al., 2013).

The distance distribution function P(r) provided structural information on full-

length human IgG2 in real space, this being equivalent to a histogram of all the inter-

atom distances within IgG2. The X-ray P(r) analyses gave RG values similar to those

from the X-ray Guinier analyses, showing that the two analyses were self-consistent

(filled and open symbols in Figure 4.8a). The maximum length L of IgG2 was

determined to be 18 nm from the value of r when the P(r) curve intersected zero at

large r (Figure 4.9a). The maxima in the P(r) curves corresponded to the most

frequently occurring interatomic distances within the structure. Two peaks, M1 and

M2, were identified in all the P(r) curves at r values of 4.8 ± 0.3 nm and 7.6 ± 0.3 nm

respectively. The M1 peak corresponds to distances within each Fab and Fc region,

while the M2 peak corresponds to distances between the Fab-Fab and Fab-Fc regions.

No concentration dependence in the M1 and M2 positions was observed (Figure 4.9c).

The neutron P(r) analyses of IgG2 in heavy water revealed similar RG values

compared to the Guinier analyses (filled and open symbols in Figure 4.8b). The

majority of L values were 17 nm except for 0.59 and 2.38 mg/ml of IgG2 in PBS-50

(average L of 16.9 ± 0.4 nm) (Figure 4.9b). The average L value agreed well with the

maximum dimension (Dmax) values of 16.7 ± 0.7 nm and 16.9 ± 0.7 nm for humanised

IgG2 (Tian et al., 2015). The M1 and M2 peaks were observed for most of the P(r)

curves except for 0.33 mg/ml IgG2 in PBS-250, and showed r values of 4.8 ± 0.5 nm

and 7.6 ± 0.3 nm respectively. The neutron and X-ray M1 and M2 values were in

excellent agreement, and the reduced neutron L values in comparison to the X-ray L

values was attributed to the hydration shell being not visible in neutron scattering.
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Figure 4.9 X-ray and neutron distance distribution analyses P(r) for IgG2.

The peak maxima M1 and M2 and maximum length at L are indicated by arrows. (a)

The X-ray P(r) curves for IgG2 in PBS-50, PBS-137 and PBS-250 (H2O) are shown

for concentrations at approximately 0.5, 1.0 and 1.5 mg/ml for PBS-50 and PBS-137

and 1.0 and 1.5 mg/ml for PBS-250 from bottom to top. (b) The neutron P(r) curves

for IgG2 in PBS-50, PBS-137 and PBS-250 at 20 °C in 100% heavy water.

Concentrations were approximately 0.30, 0.45, 0.59, 1.19 and 2.38 mg/ml for PBS-50,

0.5, 1.0, 2.0, 3.0 and 4.0 mg/ml for PBS-137 and 0.33, 1.99 and 2.66 mg/ml for PBS-

250 from bottom to top. (c) The X-ray M1 and M2 values are shown for PBS-50 (),

PBS-137 () and PBS-250 () buffers. (d) The neutron M1 and M2 values are shown

for PBS-50 (), PBS-137 () and PBS-250 () in 100% heavy water buffer. The

lines are the mean values for M1 (―) and M2 (- -). 
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Scattering models for IgG2

The IgG2 starting model was generated using the crystal structures of the

human IgG2 Fab and Fc regions (PDB codes: 3KYM and 4HAF). Residues missing in

the Fc region were replaced with the corresponding residues from the other heavy

chain (Methods, Section 4.4.5). The root-mean square difference of the

superimposition of the newly built and original heavy chains of 209 and 190 residues

was low at 0.0852 nm, showing excellent agreement between the two structures. The

starting structure was Y-shaped with the Fab arms crossed over one another. This

starting structure was energy minimised using NAMD on SASSIE (Methods, Section

4.4.5).

In the Monte Carlo simulations based on backbone dihedral angles, the IgG2

residues 220ERKCCVECPPCPAPPVAGP238 represented the full-length hinge which

was assigned to be flexible (Figure 4.1) and was varied in four different simulations

(Methods, Section 4.4.6). The first search involved 200,000 simulations to yield

106,799 sterically-accepted models that included asymmetric as well as symmetric

IgG2 models. The second, third and fourth searches reduced the maximum rotation

angle per step from 30° to 15° to include smaller movements of the IgG2 hinge. These

involved distance constraints of 1 nm or 0.75 nm between each of the four cysteine

residue pairs that form hinge disulphide bonds (Figure 4.1). A total of 100,000

simulations were carried out for each of these two distance constraints using five

different starting structures (20,000 simulations for each structure). This resulted in

12,597 and 3,975 accepted models for distance constraints of 1 nm and 0.75 nm

respectively. Different asymmetric and symmetric IgG2 starting structures with or

without crossed-over Fab regions explored four types of Fab arrangements, limited

any biased structures that favour certain conformations, and allowed the sampling of

the maximum conformational space. Overall, 123,371 models were accepted for

evaluation from a total of 400,000 simulated ones.

X-ray scattering modelling fits for IgG2

The 123,371 models were converted to their hydrated small-sphere

representations for comparison with the SAXS curves. Their RG values ranged between

3.85 – 6.21 nm (Figure 4.10a,b; Table 4.2). The RXS-1 and RXS-2 ranges were 1.34 – 3.36

nm and 0.02 – 2.30 nm respectively. The models covered a broad range of

conformational space as desired (grey, Figure 4.11a). Following an examination of the
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Figure 4.10 Modelling analyses for IgG2.

The 123,371 goodness-of-fit R-factors were compared with the X-ray and neutron RG

values calculated for the IgG2 models. All 123,371 models are shown in grey. The

5,242 models filtered using a separation of 0.75 nm for each of the four pairs of

cysteine residues in the hinge (Figure 4.1) are shown in blue circles. The 13 best-fit

models that were accepted for each X-ray and neutron pair according to three filters

(X-ray and neutron R-factor cut-offs and disulphide separations) are shown in yellow

circles and arrowed. The experimentally observed Guinier RG values are shown by

vertical solid lines with error ranges of ± 5% shown by dashed lines. (a) The hydrated

X-ray models were compared with the experimental X-ray curve of 0.5 mg/ml IgG2

in PBS-50 where the orange circles shows 35,141 models with a R-factor below 5.5%.

(b) The hydrated X-ray models were compared with experimental X-ray curve of 1

mg/ml IgG2 in PBS-137 where the orange circles shows 30,088 models with a R-factor

below 5%. (c) The unhydrated neutron models were compared with experimental

neutron curve of 0.45 mg/ml IgG2 in PBS-50 in 100% 2H2O where the red circles

shows 44,835 models with a R-factor below 6%. (d) The unhydrated neutron models

were compared with experimental neutron curve of 1 mg/ml IgG2 in PBS-137 in 100%

2H2O where the red circles shows 10,731 models with a R-factor below 3.75%.
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Table 4.2 Modelling of the X-ray and neutron scattering data for human myeloma IgG2.

Sample Filter Models RG (nm) RXS-1 (nm) RXS-2 (nm)
R-factor
(%)

d1 (nm) Min(d2,d3)
(nm)

Max(d2,d3)
(nm)

All IgG2 models
None 123,371 3.85-6.21 1.34-3.36 0.02-2.30 n.a. 3.48-13.97 3.33-9.70 4.55-10.34

X-ray fit, 0.5 mg/ml, PBS-50 R-factor ≤ 5.5% 35,141 4.83-5.45 2.23-2.96 0.71-1.78 4.04-5.50 4.95-12.70 4.91-9.66 6.27-10.21 
R-factor ≤ 5.5% & 4 disulphides 1,474 4.83-5.04 2.56-2.79 1.26-1.51 4.61-5.50 5.55-7.54 6.80-8.39 7.62-8.92

X-ray fit, 1 mg/ml, PBS-137 R-factor ≤ 5% 30,088 4.84-5.45 2.23-2.94 0.71-1.78 3.53-5.00 4.95-12.70 4.91-9.66 6.27-10.21 
R-factor ≤ 5% & 4 disulphides 1,247 4.84-5.04 2.56-2.79 1.26-1.51 4.15-5.00 5.55-7.54 7.15-8.39 7.62-8.92

X-ray fit, 1.5 mg/ml, PBS-250 R-factor ≤ 5.7% 42,292 4.85-5.52 2.23-3.01 0.61-1.82 3.62-5.70 4.90-12.86 4.91-9.69 6.19-10.23 
R-factor ≤ 5.7% & 4 disulphides 1,100 4.86-5.04 2.56-2.79 1.26-1.51 4.72-5.70 5.55-7.54 6.97-8.39 7.65-8.92

All IgG2 models
None 123,371 3.77-5.70 1.55-2.96 0.05-2.14 n.a. 3.48-13.97 3.33-9.70 4.55-10.34

Neutron fit, 0.45 mg/ml, PBS-50 in
100% 2H2O

R-factor ≤ 6% 44,835 4.75-5.39 2.03-2.79 0.64-1.56 4.15-6.00 5.21-13.87 5.17-9.70 6.53-10.23 

R-factor ≤ 6% & 4 disulphides 13 4.76-4.82 2.44-2.51 1.28-1.36 5.77-6.00 6.84-7.37 7.81-8.14 7.89-8.39
Neutron fit, 1 mg/ml, PBS-137 in
100% 2H2O

R-factor ≤ 3.75% 10,731 4.75-5.22 2.16-2.65 0.87-1.48 2.85-3.75 5.69-13.39 5.51-9.70 6.65-10.23 

R-factor ≤ 3.75% & 4 disulphides 13 4.76-4.81 2.44-2.48 1.28-1.33 3.54-3.75 6.84-7.26 7.47-8.01 8.00-8.39
Neutron fit, 1.99 mg/ml, PBS-250
in 100% 2H2O

R-factor ≤ 8.2% 35,213 4.70-5.48 1.92-2.75 0.06-1.62 6.13-8.20 5.16-13.97 4.99-9.70 6.53-10.23 

R-factor ≤ 8.2% & 4 disulphides 19 4.74-4.81 2.41-2.48 1.26-1.36 7.89-8.20 6.42-7.37 7.47-8.01 7.87-8.70

Merged modelling fits a 9
X: 4.97-5.03
N: 4.76-4.81

X: 2.69-2.74
N: 2.44-2.48

X: 1.36-1.43
N: 1.28-1.32

n.a. 6.84-7.14 7.81-8.01 8.00-8.39

a Models that satisfy the R-factor and disulphide filters and the RG, RXS-1 and RXS-2 parameters for both X-rays (X) and neutrons (N) are displayed.

Because the R-factor depended on which scattering curve comparison was used, this was therefore denoted as n.a.

n.a., not available.
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Figure 4.11 Density plots of the best-fit IgG2 models in PBS-137 buffer (legend

overleaf).
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Figure 4.11 Density plots of the best-fit IgG2 models in PBS-137 buffer

(continued from previous page).

The graphics were rendered using Tachyon in VMD. (a) The density plot for all

123,371 models is shown as a mesh with the Fc region shown as a grey solid surface.

This is the reference for (b-f). (b) Models that satisfied an X-ray R-factor cut-off below

5% for the curve at 1 mg/ml in PBS-137 in 100% light water. The two Fab regions are

shown in gold and orange (30,088 models). (c) Models that satisfied a neutron R-factor

cut-off of 3.75% for the curve at 1 mg/ml in PBS-137 in 100% heavy water. The two

Fab regions are shown in red and purple (10,731 models). (d) Models that satisfied

both the X-ray and neutron R-factors. The two Fab regions are shown in brown and

tan (4,866 models). (e) Models that satisfied a separation of 0.75 nm between each of

the four pairs of cysteine residues in the IgG2 hinge. The two Fab regions are shown

in cyan and blue (5,242 models). (f) The 13 final best-fit models for IgG2 in PBS-137

that meet the X-ray and neutron R-factor cut-off and disulphide filters. The two Fab

regions are shown in purple and black (13 models).
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R-factors, the experimental X-ray curves used for the fits were taken to be those for

0.5 mg/ml, 1.0 mg/ml and 1.5 mg/ml of IgG2 in PBS-50, PBS-137 and PBS-250

respectively, for which radiation damage was seen to be minimal. The scattering curve

fits gave rise to a wide range of R-factors from 3.5% to 22.9% in a V-shaped

distribution with its minimum close to the experimental RG value (grey, Figure

4.10a,b). The lowest R-factors for the three X-ray scattering curves in PBS-50, PBS-

137, PBS-250 were 4.0%, 3.5% and 3.6% respectively, which were improved

compared to the starting IgG2 structure values of 5.1%, 4.8% and 5.1%. The use of R-

factor cut-offs of 5.5%, 5.0% and 5.7% as filters resulted in the selection of 35,141,

30,088 and 42,292 good-fit models for the three scattering curves in PBS-50, PBS-137

and PBS-250 buffers respectively (orange, Figure 4.10a,b; Table 4.2) and reduced the

number of accepted models by two-thirds. Views of the 30,088 models for 1 mg/ml

IgG2 in PBS-137 showed a broad conformational distribution (gold, Figure 4.11b).

The disulphide distance constraints of 0.75 nm between each alpha carbon

atom of the cysteine residues that form an interheavy disulphide bridge in the hinge

greatly limited the possible RG values of the structures. This distance was used to allow

disulphide bond formation if the side chains of cysteine were rotated within the

models. When the 123,371 models were filtered for distances of ≤ 0.75 nm between 

the four cysteine pairs (blue, Figure 4.10a,b), only 5,242 models remained (cyan and

blue, Figure 4.11e). After the R-factor filters were applied to the 5,242 models for each

of the PBS-50, PBS-137 and PBS-250 curves, this left 1,474, 1,247 and 1,100 models

respectively (Table 4.2). The fit of the best-fit IgG2 model with the lowest R-factor for

each X-ray experimental curve showed good visual agreements out to a Q value of 1.1

nm-1 (Figure 4.12a-c); note that the same best-fit model was identified for the X-ray

fits in PBS-50 and PBS-250. Also, the P(r) curves for the best-fit models showed a

smaller L value of 15-16 nm compared to the experimental L value of 18 nm.

The d1 value represented the separation between the centres of the two Fab

regions (Figure 4.1). The min(d2,d3) and max(d2,d3) values represented the minimum

and maximum separation between the centres of each Fab-Fc pair (d2 and d3). The

123,371 models covered a large range of d1, min(d2,d3) and max(d2,d3) values, in

reflection of the asymmetric and symmetric nature of the IgG2 models. After the R-

factor and disulphide distance filters were applied, the ranges of d1, min(d2,d3) and

max(d2,d3) distances were much reduced to similar values of 5.6-7.5 nm, 6.8-8.4 nm
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Figure 4.12 X-ray and neutron scattering curve fits and Kratky analyses for the best-fit IgG2 models (legend overleaf).
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Figure 4.12 X-ray and neutron scattering curve fits and Kratky analyses for the

best-fit IgG2 models

(continued from previous page).

The experimental data are indicated by white open circles and the modelled best-fit

curve is indicated in red. The models show 0.75 nm separations between each of the

four pairs of cysteines in the IgG2 hinge. The X-ray best fits correspond to (a) 0.5

mg/ml of IgG2 in PBS-50, (b) 1 mg/ml of IgG2 in PBS-137, (c) 1.5 mg/ml of IgG2 in

PBS-250. The neutron best fits correspond to and (d) 0.45 mg/ml of IgG2 in PBS-50,

(e) 1 mg/ml of IgG2 in PBS-137 and (f) 1.99 mg/ml of IgG2 in PBS-250 in 100%

2H2O. The insets correspond to the experimental (black) and best-fit modelled (red)

P(r) curves, in which M1, M2 and L are arrowed. (g-l) The corresponding Kratky plots

for the same six comparisons between experiment and models are shown.
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and 7.6-8.9 nm in the three fits (Table 4.2). The reductions were explained by a

convergence to a single best-fit conformational ensemble in the PBS-50, PBS-137 and

PBS-250 buffers. The d1 distances were also smaller than the min(d2,d3) distances,

indicating that the distance and angle between the two Fab regions is smaller than the

Fab-Fc angles (Table 4.2). The min(d2,d3) and max(d2,d3) ranges overlapped. These

considerations indicated that the best-fit IgG2 models adopted a largely symmetric Y-

shape structure according to the X-ray modelling fits.

Neutron scattering modelling fits for IgG2

The 123,371 models were converted to their unhydrated small-sphere

representations for comparison with the SANS curves. Their RG values ranged between

3.77 and 5.70 nm (Figure 4.10c,d; Table 4.2). The RXS-1 and RXS-2 ranges were 1.55 –

2.96 nm and 0.05 – 2.14 nm respectively. The modelled RG, RXS-1 and RXS-2 values were

smaller than those for the corresponding X-ray RG, RXS-1 and RXS-2 values because of

the invisibility of the hydration shell using neutrons in heavy water. Following an R-

factor examination of all the available experimental scattering curves with three to five

different concentrations in PBS-50, PBS-137 and PBS-250 in heavy water, the best

experimental neutron curves were taken to be 0.45 mg/ml, 1.0 mg/ml and 1.99 mg/ml

IgG2 in PBS-50, PBS-137 and PBS-250 respectively. The R-factor cut-offs were

3.75% for 1 mg/ml IgG2 in PBS-137 and 6% for 0.45 mg/ml IgG2 in PBS-50 when

these two curves were compared (Table 4.2). When the curve for 1.99 mg/ml IgG2 in

PBS-250 was compared to 0.45 mg/ml of IgG2 in PBS-50 (100% 2H2O), the R-factor

cut-off was 8.6%. This R-factor cut-off was too lenient, giving 57,566 models, thus

this was reduced to 8.2%, giving 35,215 models (Table 4.2). The lowest R-factors for

the three scattering curves in PBS-50, PBS-137, PBS-250 buffers were 4.15%, 2.85%

and 6.13% respectively, which were again improved compared to the starting IgG2

structure values of 6.1%, 4.0% and 8.6%. The R-factor cut-off filters resulted in

44,835, 10,731 and 35,213 models respectively (red, Figure 4.10c,d; Table 4.2). The

10,731 models for 1 mg/ml IgG2 in PBS-137 showed a broad conformational

distribution (Figure 4.11c). The modelled RG minima was centered on the experimental

RG, thus showing good agreement (red, Figure 4.10c,d).

The disulphide distance constraints of 0.75 nm resulted in only 5,242 models

remaining out of 123,371 (see above) (Figure 4.11e). After filtering for R-factors, 13,

13 and 19 models remained for the three curves in PBS-50, PBS-137 and PBS-250
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respectively (yellow, Figure 4.10c,d; Table 4.2). The best-fit IgG2 models with the

lowest R-factor for the three buffers agreed with the experimental neutron curves up

to a Q-value of 1.0 nm-1 (Figure 12d-f). The P(r) curves were in good agreement when

overlaid, although a smaller L value of 15 nm was seen compared to the experimental

L value of 17 nm. Surprisingly, this turned out to be the same IgG2 model in all three

fits. The R-factor of 3.5% for PBS-137 was the lowest of the three.

The application of the joint R-factor cut-off filter and the 0.75 nm disulphide

distance constraints to the SANS modelling restricted the range of d1, min(d2,d3) and

max(d2,d3) distances in a similar fashion to the SAXS modelling (Table 4.2). After

the R-factor and disulphide distance filters were applied, far fewer neutron models

were acceptable (13-19 models) compared to the X-ray models (1,100-1,474 models).

The ranges of d1, min(d2,d3) and max(d2,d3) distances were altered to similar values

of 6.4-7.4 nm, 7.5-8.1 nm and 7.9-8.7 nm respectively in the three fits compared to X-

rays (Table 4.2). The neutron d1 values of 6.4-7.4 nm were higher than those for X-

rays of 5.6-7.5 nm, although these ranges overlapped, suggesting that the IgG2

structures with wider Fab regions were favoured in the neutron fits. The range of

neutron d1 values was narrower than for the X-ray d1 values. Interestingly, the

min(d2,d3) and max(d2,d3) distances of the three sets of filtered neutron models were

consistent with each other, and the ranges overlapped. It was concluded from the

neutron modelling that IgG2 adopted a symmetric Y-shape structure, in agreement

with the X-ray modelling.

Joint X-ray and neutron best-fit IgG2 models

The final best-fit models were identified by using both the SAXS and SANS

R-factor cut-offs and the disulphide distance constraints of ≤ 0.75 nm as filters. 

Compared to the distributions of the 30,088 and 10,731 best-fit models for the X-ray

and neutron R-factor cut-off filters respectively (Figure 4.11b,c), the application of

both R-factor cut-off filters reduced the best-fit models to 4,866 (brown, Figure 4.11d).

These 4,866 IgG2 models showed Fab regions that encompassed the majority of

conformational space around the Fc region. The disulphide distance constraint of ≤ 

0.75 nm had severely restricted the allowed positions of the Fab regions around the Fc

region (Figure 4.11e). When the SAXS and SANS R-factors and disulphide distance

constraints were jointly applied, the number of IgG2 best-fit models were reduced to

13, 13 and 19 models for PBS-50, PBS-137 and PBS-250 respectively (Table 4.2). The
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13 best-fit models for PBS-137 adopted a symmetrical Y-shape (Figure 4.11f).

Overall, nine best-fit IgG2 models fitted all six SAXS and SANS experimental curves

in PBS-50, PBS-137 and PBS-250. This outcome indicated little or no differences in

the IgG2 solution structures in three salt concentrations or between light and heavy

water. This agreed with the AUC analyses (Figure 4.6a).

Dimensionless Kratky plots of (Q.RG)2.I(Q)/I(0) vs Q.RG provided information

on the folded state and flexibility of IgG2 (Figure 4.12g-l). They showed a

characteristic two-peak curve similar to that previously (Tian et al., 2014). The X-ray

data offered better signal-to-noise ratios than the neutron data. Comparison between

the best-fit modelled and experimental Kratky plots showed good agreement up to a

Q.RG of 6 for X-rays and 4 for neutrons. The increased X-ray intensities beyond Q.RG

of 6 was attributed to potential flexibility in the IgG2 structure that had not been

considered in the modelling. A similar intensity increase beyond Q.RG of 4 for neutrons

may also indicate flexibility, but may also include a flat background due to incoherent

scattering contribution that had not been discounted.

The s values of the nine scattering best-fit models were calculated using

HYDROPRO (Methods, Section 4.4.3) in order to compare these with the

experimental values (Figure 4.6a). Using the density (1.00529 g/ml) and viscosity

(0.01002 poise) parameters for PBS-137 buffer at 20 ºC and a partial specific volume

of 0.7 ml/g, the mean s value was 7.04 ± 0.05 S, which was less than the s20,w of 7.32

± 0.02 S seen experimentally. The energy minimised IgG2 starting structure prior to

the Monte Carlo simulations gave an s value of 7.10 S. This difference in s values

suggested that the best-fit IgG2 scattering model was slightly more elongated in its

solution structure than the starting IgG2 structure.

Discussion

The X-ray and neutron scattering data for human myeloma IgG2, coupled with

atomistic Monte Carlo simulations of the dihedral angles in the mainchain backbone,

have revealed novel molecular details of its solution structure. Importantly, this

provided the first molecular explanation of the different functional IgG2 interactions

with its protein ligands. Comprehensive data sets were obtained on human myeloma

IgG2 for reason of its ready availability. Mass spectrometry and AUC showed only a

2% range in mass and a single c(s) peak respectively, thus the polydispersity in these
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samples was low and did not preclude molecular structure analyses. Scattering

experiments were performed in three salt concentrations and in light and heavy water,

in concentration series between 0.5 – 4 mg/ml, in all of which the IgG2 structure was

unaffected. For the modelling, two crystal structures of the human IgG2 Fab and Fc

regions were used to generate a starting model that was refined by energy

minimisation. The starting model was subjected to dihedral angle Monte Carlo

modelling simulations to generate 400,000 structures, of which 123,371 models were

physically realistic with no steric overlaps, and used for analysis. Three filters based

on the X-ray data, neutron data and disulphide distances in the hinge region reduced

the models to just nine best-fit structures. The outcome of the modelling revealed that

‘classical’ human IgG2 adopted a symmetric Y-shaped conformation in solution. This

structure was able to account for its different functional interactions with complement

C1q and the FcγRs. 

Together, solution scattering and Monte Carlo modelling have offered

molecular structural information on the IgG1, IgG2 and IgG4 subclasses. The IgG2

starting structure was generated from the human IgG2 Fab and Fc regions and building

the full IgG2 hinge 220ERKCCVECPPCPAPPVAGP238 into this. Of the 123,371

physically-realistic IgG2 models, the joint X-ray and neutron best-fit analyses were

effective in bringing down the number of filtered structures from 30,088 and 10,731

models respectively to 4,866 models (brown, Figure 4.11d and 4.13a). Thus the

comparison of hydrated and unhydrated scattering structures proved to be an effective

tool. The further filter of ≤ 0.75 nm for the disulphide bridges between the four cysteine 

pairs in the hinge gave 5,242 models permitted structures (blue, Figure 4.13a). The 13-

19 best-fit models with the lowest R-factors that passed the double scattering and

disulphide filters revealed that human IgG2 adopts a Y-shaped symmetric

conformation in solution. The 13 best-fit models for PBS-137 in light and heavy water

were shown (black, Figure 4.13a), of which nine models at d1 of approximately 7 nm

fitted all the X-ray and neutron scattering curves from six different buffers. Similar

methods were used to determine the solution structures of human monoclonal IgG1

and IgG4 by joint X-ray and neutron Monte Carlo scattering fits (Wright et

al., 2019 submitted). That work identified two α and β clusters of symmetric and 

asymmetric structures respectively. The clusters were defined by d1 distances of ≤ 7 

nm or ≥ 7 nm for the α and β clusters respectively (Figure 4.13b). The best-fit models



148

Figure 4.13 Distribution of the Fab-Fab and Fab-Fc distances in human IgG2.

The analyses are shown for 1 mg/ml of IgG2 in PBS-137. The inter-Fab distance, d1

between the centre-of-mass of the two Fab arms and the absolute difference between

the two Fab-Fc distances, d2-d3 are shown (Figure 4.1). If d2-d3 = 0 nm, these models

of IgG are ‘symmetric’. (a) All 123,731 models from the Monte Carlo simulations are

shown in grey. The 30,088 models with an X-ray R-factor below 5% are shown in

orange. The 10,731 models with a neutron R-factor below 3.75% are shown in red.

The 4,866 models filtered by both the X-ray and neutron R-factor filters are shown in

brown. The 5,242 models that have less than 0.75 nm separations for each of the four

pairs of cysteine residues in the hinge are shown in blue. The 13 best-fit models that

satisfy the X-ray and neutron and disulphide filters are shown in black. (b) The IgG2

models (black) denote those that meet the X-ray and neutron and disulphide filters

from (a), and are compared with those for IgG1 (red) and IgG4 (blue) that were

calculated in the same way.



149

of IgG1 corresponded to the β cluster of asymmetric structures, and this agreed with 

the crystal structure of intact human IgG1 b12 (red, Figure 4.13b). The best-fit models

of IgG4 B72.3 corresponded to both the α cluster of symmetric structures and β cluster 

of asymmetric structures (blue, Figure 4.13b). Interestingly the IgG2 best-fit models

did not correspond to either of the best-fit clusters for IgG1 or IgG4, and instead were

located between these at d1 = 7 nm (black, Figure 4.13b). The three analyses indicated

that these three IgG subclasses show different conformations. This outcome explains

the evolution of the human IgG subclasses such that IgG1, IgG2 and IgG4 have distinct

structural properties. For example, it can now be seen why IgG2 has a unique role as

the only IgG subclass capable of binding to bacterial capsular polysaccharide antigens

(Siber et al., 1980; Barrett & Ayoub, 1986).

The outcome of scattering modelling and the number of best-fit models

depends on the inputs, i.e. the quality of the experimental scattering curves, the starting

model, and the number of Monte Carlo models and their filtering. Each are discussed

in turn. (i) For example, the lowest X-ray R-factors for IgG2 of 4.2-4.7% were higher

than those for IgG1 of 2.6-2.9% and IgG4 of 2.5-2.6% (Wright et al., 2019 submitted).

This difference is attributable to the larger Q range of 0.13 - 2 nm-1 used for IgG2 here

(with higher noise at larger Q values), whereas these Q ranges were lower at 0.09 –

1.1 nm-1 and 0.15 – 1.1 nm-1 for IgG1 and IgG4 respectively. Nonetheless, all three

studies resulted in R-factor vs. RG graphs with clear minima that identified an ensemble

of best-fit structures. The final RG values of the IgG2 models of 4.8 nm (Table 4.2)

were similar to those of 4.9 nm for IgG4, but less than that of 5.2 nm for IgG1

(Wright et al., 2019 submitted). (ii) The assumptions used for generating the initial

models can be important. For example, the neutron scattering fits for human

monoclonal anti-streptavidin IgG2 employed an IgG2 starting model based on the

crystal structure of full-length mouse IgG2A (PDB code 1IGT), and only varied three

amino acids in the IgG2A upper hinge to generate 56,000 acceptable models (Clark et

al., 2013). These authors determined an asymmetric IgG2 structure. In the current

study, Fab and Fc crystal structures for human IgG2 were used alongside variation of

the full-length human IgG2 hinge with all 19 residues (Figure 4.2). The current study

resulted in symmetric IgG2 structures that well explained the biological function of

IgG2 (see below). Further analyses with monoclonal IgG2 will clarify these

differences further. (iii) A large number of starting models facilitated the identification
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of best-fit structures. Starting from 704,000, 700,000 and 400,000 trial models for

IgG1, IgG4 and IgG2 respectively, the numbers of evaluated physically-realistic

models with no steric overlap were 231,492 (IgG1), 190,437 (IgG4) and 123,371

(IgG2). These resulted in final totals of 28, 2,748 and 13 best-fit structures respectively

(Figure 4.13b). The joint X-ray and neutron fits was the key filter in reaching the final

28 models for IgG1, while the joint X-ray and neutron fits together with disulphide

filters were key in reaching the final nine best-fit models for IgG2. The rather larger

number of final best-fit IgG4 models resulted from the relatively unrestricted shorter

IgG4 hinge conformation that gave many more compatible models.

There are three different isoforms of IgG2, namely IgG2A (classical),

IgG2A/B and IgG2B, which are found in both human monoclonal IgG2 and myeloma-

derived IgG2 (Dillon et al., 2008; Martinez et al., 2008; Wypych et al., 2008). The

isoforms vary in the disulphide bond connectivity in the IgG2 hinge, where these

studies suggested that the two Cys223-Cys223 and Cys224-Cys224 disulphide bonds

between the two heavy chains (Figure 4.1) can be broken with the formation of new

disulphide bonds with the Fab regions. The light and heavy chains in the Fab region

are connected by a Cys135-Cys214 bridge (Figure 4.1). In the IgG2B isoform, Cys223

from one heavy chain can form an interchain disulphide bond with the C-terminal

Cys214 in the light chain. Cys224 from one heavy chain can form an interchain

disulphide bond with Cys135 in the other heavy chain (Wypych et al., 2008; Liu et al.,

2008; Zhang et al., 2010; Liu & May, 2012; Zhang et al., 2015) or an intrachain

disulphide bond with Cys135 in the same heavy chain (Dillon et al., 2008; Lightle et

al., 2010). Also, Cys223 can form an intrachain disulphide bond with Cys135 in the

same heavy chain where Cys224 forms an interchain disulphide bond with Cys214 in

the light chain (Martinez et al., 2008). The disulphide bond variations in IgG2A/B and

IgG2B are still not fully understood, and the impact of these different disulphide bond

variants upon antigen binding as well as effector functions is currently unknown.

The best-fit models for human IgG2 provided new insight into the IgG2A/B

and IgG2B isoforms with potential Cys223-Cys214 and Cys224-Cys135 bonds. The

alternative disulphide arrangements in IgG2B isoform can potentially form more

compact global structures than the classic IgG2A isoforms (Dillon et al., 2008; Zhang

et al., 2015). Interestingly, these disulphide bond variants were indeed found in our

IgG2 models. Thus 53 out of the 123,371 accepted models showed separations below
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0.75 nm between Cys223-Cys214, and another 126 showed separations below 0.75 nm

between Cys224-Cys135. However, none of these models satisfied the joint X-

ray/neutron R-factor cut-off filter and the interchain disulphide distances below

0.75 nm for the best-fit IgG2 models. The 53 models gave R-factors of 5.1–16.2% for

X-rays and 4.6–15.9% for neutrons. The 126 models gave R-factors of 4.9–8.9% for

X-rays and 4.3–11.0% for neutrons. In comparison, the best overall R-factor was 3.5%

for IgG2 (Table 4.2). The s values of the 53 and 126 models were 7.2 ± 0.2 S and 7.2

± 0.1 S respectively, which were not different from the experimental value of 7.32 ±

0.02 S in PBS-137, thus were not more compact than the classic IgG2A isoform. A Y-

shaped symmetric structure of IgG2 (or IgG2A) had been determined by our

modelling. This agreed with the Y-shaped models of IgG2A reported elsewhere

(Dillon et al., 2008), but differ from the asymmetric structures reported elsewhere

(Ryazantsev et al., 2013; Clark et al., 2013). In fact, the asymmetric IgG2 structures

were attributable to the presence of the IgG2A/B form (Ryazantsev et al., 2013). The

differences from the previous neutron modelling could arise from the use of the mouse

IgG2A crystal structure instead of the human IgG2 Fab and Fc crystal structure. In

addition the previous neutron data on human anti-streptavidin IgG2 were measured at

high concentration in non-physiological buffers containing 10 mM sodium acetate (pH

5.2), which may have caused conformational changes (Clark et al., 2013), while we

have used more dilute concentrations for our AUC runs as well as our X-ray and

neutron data collection, all at pH 7.4.

The best-fit models for human IgG2 provided major new molecular insight into

its binding to the FcγRII and FcγRIII receptors, but not to C1q of complement nor to 

the FcγRI receptor. This key assessment was performed using crystal structures of the 

Fc region of human IgG1 complexed with these ligands (Figure 4.14). The C1q

globular head in complex with the IgG1-Fc region (PDB code 6FCZ) (Ugurlar et al.,

2018) was aligned with the nine best-fit models of IgG2 through their Fc regions,

giving a satisfactory r.m.s.d. deviation of 0.149 nm in α-carbon positions. Clear steric 

clashes between the C1q domains and the Fab2 region of IgG2 were visible, explaining

why C1q cannot bind to IgG2 (Figure 4.14a). The FcγRI (CD64) receptor in complex 

with the IgG1-Fc region (PDB code 4X4M) (Lu et al., 2015) was also aligned with the

nine IgG2 best-fit models through their Fc regions, resulting in an r.m.s.d. of 0.168 nm

(Figure 4.14b). Here, clear steric clashes between the D1 and D3 domains of the three-
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Figure 4.14 Superimposition of the IgG2 best-fit models with complement C1q

and two Fcγ receptors. 

The nine IgG2 best-fit models are compared with crystal structures for the IgG1-C1q,

IgG1-FcγRI and IgG1-FcγRIII complexes using ‘Align’ function in PyMol. The IgG2 

Fab regions are shown in blue (Fab1) and yellow (Fab2) and the Fc region in dark grey

as in Figure 4.1. The glycans in the IgG2 Fc region are represented as sticks and the

IgG2 hinge is represented as red loops. (a) Superimposition of the nine IgG2 best-fit

models with the IgG1-Fc complex with the globular head of C1q (PDB code 6FCZ).

The IgG1-Fc region is represented as a light grey cartoon, and C1q is represented as a

cyan semi-transparent surface. (b) Superimposition of the nine IgG2 best-fit models

with the IgG1-Fc complex with FcγRI (PDB code 4X4M). The IgG1-Fc region is 

represented as a light grey cartoon and FcγRI is represented as a cyan semi-transparent 

surface. (c) Two orthogonal views at 90° of the superimposition of the IgG2 best-fit

model with three crystal structures for the IgG1-Fc complexes with FcγRIIIA V158 

(PDB codes 3SGJ, 5VU0 and 5YC5). The IgG1-Fc regions are represented as light

grey cartoon schematics and FcγRIIIA are represented as cyan cartoons. 
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domain “seahorse” FcγRI structure were visible with the Fab1 and Fab2 regions of 

IgG2, explaining why IgG2 cannot bind to FcγRI. The views of Figure 4.14a,b show

that the Fab regions were too close to the Fc region to permit C1q and FcγRI binding. 

In addition, the IgG2 sequence does not possess the key amino acid contact residues

required for the complexes between the IgG2-Fc region and each of C1q and FcγRI as 

revealed by their co-crystal structures (Figure 4.2e,f). In distinction to these first two

cases, the dissociation constant KD of IgG2 with the FcγRIIIA V158 receptor is 14 μM 

(Bruhns et al., 2009), showing that the IgG2-FcγRIIIA complex is formed, albeit 

weakly. To examine this, the Fc region of the nine best-fit IgG2 models were aligned

with three crystal structures for the Fc-FcγRIII complex (PDB codes 3SGJ, 5VU0 and 

5YC5) to give satisfactory low r.m.s.d. values of 0.100 nm, 0.102 nm and 0.102 nm

respectively (Ferrara et al., 2011; Falconer et al., 2018; Kiyoshi et al., 2018) (Figure

4.14c). The two orthogonal views of the superimposed IgG2 complexes with FcγRIIIA 

V158 show that these IgG2 complexes with the two-domain receptor were sterically

compatible with the position of the Fab regions, and were therefore allowed. The

ability of scattering modelling to generate molecular structures for the full-length IgG2

molecules has provided important clarifications of the ability of IgG2 to bind to its

ligands.

Materials and Methods

Purification and composition of IgG2

Purified myeloma IgG2 from human plasma (Athens Research, Georgia, USA)

was further purified by gel filtration using a Superose 6 10/300 column (GE

Healthcare) to remove aggregates, then concentrated using Amicon Ultra spin

concentrators (50 kDa molecular mass cut-off), and dialyzed at 4 °C against its

ultracentrifugation and scattering buffers (see below). The N-linked oligosaccharides

at Asn297 on the CH2 domains (Figure 4.1) were represented as a complex-type

biantennary oligosaccharide with a Man3-GlcNAc2 core and two

NeuNAc.Gal.GlcNAc antennae (Deisenhofer, 1981). Using SLUV2 in the SCT

software package, the IgG2 molecular mass was calculated to be 147.4 kDa from the

IgG2 sequence (Figure 4.2) based on the Fab and Fc crystal structures (PDB codes:

3KYM and 4HAF respectively), its unhydrated volume was 189.9 nm3, its hydrated

volume was 231.0 nm3 (based on a hydration of 0.3g of water per gram of glycoprotein

and an electrostricted volume of 0.0245 nm3 per bound water molecule), its partial
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specific volume was 0.7294 ml/g and its absorption coefficient at 280 nm was 15.33

(1%, 1 cm pathlength) (Wright & Perkins, 2015).

All data were recorded in phosphate-buffered saline with different NaCl

concentrations. The buffer with 137 mM NaCl, 8.1 mM Na2HPO4, 2.7 mM KCl and

1.5 mM KH2PO4 (pH 7.4) was termed PBS-137. When 50 mM NaCl or 250 mM NaCl

were used, these were termed PBS-50 and PBS-250 respectively. Buffer densities were

measured using an Anton Paar DMA 5000 density meter, for comparison with the

theoretical values calculated by SEDNTERP (Laue et al., 1992). This resulted in

densities of 1.00529 g/ml for PBS-137 at 20 °C (theoretical, 1.00534 g/ml), 1.00145

g/ml for PBS-50 at 20 °C (theoretical, 1.00175 g/ml), 1.0098 g/ml for PBS-250 at 20

°C (theoretical, 1.00998 g/ml), all in 100% light water. A buffer viscosity of 0.01002

poise was used for the light water buffers. The densities were increased to 1.11183

g/ml for PBS-137 at 20 °C (theoretical, 1.11247 g/ml), 1.10839 g/ml for PBS-50 at 20

°C (theoretical, 1.10889 g/ml), 1.116752 g/ml for PBS-250 at 20 °C (theoretical,

1.11711 g/ml), all in 100% 2H2O. A viscosity of 0.01200 poise was used for the heavy

water buffers.

Native mass spectrometry of IgG2

IgG2 was deglycosylated with PNGase F (New England Biolabs, Herts., UK)

according to the manufacturer’s protocol. The native and deglycosylated IgG2 samples

were placed into spin concentrators (Amicon Ultra 500, MWCO 50 kDa) pre-soaked

with 200 mM ammonium acetate (LC/MS grade water). The samples were buffer

exchanged into 200 mM ammonium acetate six times at 4 °C in the spin concentrators.

The samples were ran on a Synapt G1 instrument (Waters Corporation, UK), the

spectra were analysed in MassLynx Version 4.1 mass spectrometry software (Waters

Corporation, UK) and mass calculations were performed in Amphitrite Atropos

(Sivalingam et al., 2013) by Charles Eldrid and Dr Kostantinos Thalassinos

(Department of Structural and Molecular Biology, UCL). The experimental

acquisition parameters were as follows: capillary voltage of 1.3 kV, sampling cone

voltage of 175 V, extraction cone voltage of 4.5 V, backing pressure of 7 mbar, trap

collision energy of 40 eV, and transfer collision energy of 10 eV. The mass range was

1,000-18,000 m/z. Proteins were sprayed using nano-electrospray ionisation from

gold-coated capillaries prepared in-house using a Flaming Brown P97 needle puller

and a Quorum Q150R S sputter coater.
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Sedimentation velocity data for IgG2

Sedimentation velocity data were obtained on two Beckman XL-I analytical

ultracentrifuges equipped with AnTi50 rotors for IgG2 samples in PBS-50, PBS-137

and PBS-250 at 20 °C in each of 100% H2O and 100% 2H2O. Data were collected at

rotor speeds of 40,000 r.p.m. in two-sector cells with column heights of 12 mm.

Sedimentation analysis was performed using direct boundary Lamm fits of up to 300

scans using SEDFIT (version 14.6) (Schuck, 1998, 2000). SEDFIT resulted in

size-distribution analyses c(s) that assumed all species to have the same frictional ratio

f/f0. The final SEDFIT analyses used a fixed resolution of 200 and optimized the c(s)

fit by floating f/f0, the meniscus and bottom of the sedimentation boundaries until the

overall root-mean-square deviations (< 0.02) and visual appearance of the fits were

satisfactory. The percentage of oligomers in the total loading concentration was

derived using the c(s) integration function. Partial specific volumes of 0.73 ml/g and

0.70 ml/g were used for samples in 100% H2O and 100% 2H2O respectively.

HYDROPRO version 10 was used to calculate the sedimentation coefficients based on

the molecular structure of human IgG2 (Ortega et al., 2011; Section 3.3.7), using an

atomic level shell calculation and a hydrodynamic radius of 0.29 nm of each element

in the model.

X-ray and neutron scattering data for IgG2

X-ray scattering data were obtained on Instrument BM29 at the European

Synchrotron Radiation Facility, Grenoble, France (Pernot et al., 2013). Data were

acquired using a Dectris Pilatus 1M detector with a resolution of 981 × 1043 pixels

(pixel size of 172 µm × 172 µm). Sample volumes of 50 μl were loaded into 

polymerase chain reaction strip tubes for the BioSAXS automatic sample changer

(Round et al., 2015). Each sample in the quartz capillary was moved continuously

during beam exposure to reduce radiation damage. Sets of ten time frames, with a

frame exposure time of 1 s each, were acquired, alongside real-time checks that

confirmed the absence of radiation damage during data acquisition. After this, any

frames containing radiation damage were removed and the remaining frames were

averaged. EDNA software provided automatic data processing in which the intensities

I(Q) were automatically scaled by concentration (Incardona et al., 2009). The

BioSAXS Customised Beamline Environment (BsxCUBE) software was used for

control of the automatic sample changer, and the sample settings were loaded from the
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Information System for Protein Crystallography Beamlines database (ISPyB) (Pernot

et al., 2013; De Maria Antolinos et al., 2015). IgG2 samples were studied in each of

PBS-50, PBS-137 and PBS-250 at 20°C at eight concentrations between 0.5-4.0 mg/ml

in a dilution series. Data for samples at above 1.5 mg/ml were not used due to

radiation-induced damage.

Neutron scattering data were obtained on Instrument D22 at the Institut Laue-

Langevin, Grenoble, France. The data were acquired using a two dimensional 3He

detector with 128 × 128 pixels of 7.5 × 7.5 mm2 in size. The sample-to-detector and

collimation distances were both 5.6 m. The wavelength λ was 0.60 nm. Sample 

volumes of 400 μl were used. Samples were measured in rectangular Hellma cells of 

2 mm thickness in a thermostated sample rack set at 20 °C. IgG2 was studied in PBS-

50, PBS-137 and PBS-250 in 100% 2H2O buffers at 20 °C. The dialyses were

performed on site immediately prior to D22 experiments to reduce the risk of aggregate

formation. IgG2 concentrations were 0.30, 0.45, 0.59, 1.19 and 2.38 mg/ml for PBS-

50, 0.5, 1.0, 2.0, 3.0 and 4.0 mg/ml for PBS-137, and 0.33, 1.99 and 2.66 mg/ml for

PBS-250.

In a given solute–solvent contrast, the radius of gyration RG is a measure of

structural elongation if the internal inhomogeneity of scattering densities within the

glycoprotein has no effect. Guinier analyses at low Q (where Q = 4π sin θ/λ; 2θ is the

scattering angle and λ is the wavelength) give the RG and the forward scattering at zero

angle I(0) (Glatter & Kratky, 1982; Section 3.2.14):

This expression is valid in a Q.RG range up to 1.5. If the structure is elongated, the

mean radius of gyration of cross-sectional structure RXS and the mean cross-sectional

intensity at zero angle [I(Q)Q]Q→0 is obtained from:

The cross-sectional plot for immunoglobulins exhibits two distinct regions, a steeper

innermost one and a flatter outermost one (Pilz et al., 1973), and the two analyses

correspond to RXS-1 and RXS-2, respectively. The RG and RXS analyses were performed
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using the SCT software package (sas_curve_analysis.py) (Wright & Perkins, 2015).

The Q ranges for the RG, RXS-1 and RXS-2 values were 0.15-0.28 nm-1, 0.31-0.47 nm-1

and 0.65-1.04 nm-1 respectively. Indirect Fourier transformation of the scattering data

I(Q) in reciprocal space into real space to give the distance distribution function P(r)

was carried out using the program GNOM version 4.6 (Semenyuk & Svergun, 1991;

Section 3.2.15):

P(r) corresponds to the distribution of distances r between volume elements.

This provides the maximum dimension of the antibody L and its most commonly

occurring distance M in real space. For this, the X-ray I(Q) curve utilized up to 1043

data points in the Q range between 0.03 nm-1 and 4.92 nm-1. The neutron I(Q) curve

utilized up to 108 data points in the Q range between 0.1 nm-1 and 1.7 nm-1.

Dimensionless Kratky plots of (Q.RG)2.I(Q)/I(0) vs Q.RG were calculated using the

Guinier RG values to provide information on the folded state and flexibility of IgG2

(Section 3.2.16; Kratky & Porod, 1949; Doniach, 2001; Brennich et al., 2017b;

Cordeiro et al., 2017).

Generation of starting structure of IgG2

A full-sequence starting model was created for human IgG2 using two crystal

structures of the separate Fab and Fc regions. That for human monoclonal antibody

IgG2 anti-LINGO1 Li33 represented the IgG2 Fab region (PDB code 3KYM)

(Pepinsky et al., 2010). That for the human IgG2 Fc region was used directly (PDB

code 4HAF) (Teplyakov et al., 2013). The EU numbering was used here where Asn297

(Figure 4.1) is equivalent to Asn297 in IgG1 (Rayner et al., 2015; Wright et

al., 2019 submitted; Edelman et al., 1969; Kabat et al., 1992). In the Fab region, the

hinge residues 223CCVECPPCPAPPVAGP238 and the last Cys residue on the light

chain (C-terminus) were unresolved. In the Fc region, most of the unresolved residues

(235VAGP238, 265DVSHEDPE272, 294EQF296 and 325NKGLP329) were on one of the two

heavy chains, but were resolved in the other heavy chain. 445PGK447 on both heavy

chains at the C-terminus were also unresolved. The missing Fc residues were

reconstructed by replacing the entire heavy chain with a duplicate of the complete
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heavy chain using superimposition using PyMOL version 1.3 (Schrödinger). The

missing hinge 223CCVECPPCPAPPVAG237, and the C-terminal residues for both the

light and heavy chains were modelled with backbone φ and ψ angles of 10° using the 

PyMOL script build_seq (PyMOL Script Repository, Queen’s University, Ontario,

Canada). All disulphide bonds were retained. Force field parameterizations were

generated and the hydrogen atoms were added to the starting IgG2 structure using the

glycan reader component of CHARMM-GUI (Jo et al., 2008, 2011) and the

CHARMM36 forcefield (MacKerell et al., 1998, 2004; Guvench et al., 2009; Raman

et al., 2010; Best et al., 2012). This includes the disulphide bond between the light

chain and heavy chain. The starting structure was then energy minimised for 2000

steps using NAMD (version 2.9) as the simulation engine (https://sassie-

web.chem.utk.edu/sassie2/).

Dihedral Monte Carlo simulations

Dihedral Monte Carlo simulations in SASSIE used the Complex Monte Carlo

module whereby 400,000 models were sampled rapidly (Curtis et al., 2012). This

module varied backbone dihedral angles for the IgG2 hinge residues

220ERKCCVECPPCPAPPVAGP238. A Metropolis sampling methodology was used to

sample the energetically-allowed dihedral angles, using only the dihedral component

of the CHARMM potential to determine the energy of each configuration (MacKerell

et al., 1998). Sterically-overlapping IgG structures were removed during sampling.

Overall, from the total of 400,000 generated IgG2 models, 123,371 models were

accepted for the scattering fits.

The different conformational searches of IgG2 were as follows:

(i) First, 200,000 simulations were performed without any disulphide bond

constraints in which the entire hinge 220ERKCCVECPPCPAPPVAGP238 was varied in

the sampling. Maximum rotation angle steps of 30° were used in this simulation. From

this search, 106,799 models (53%) were accepted with no overlaps.

(ii) Using the models from search (i), four were selected as new starting structures.

These were selected by measuring the distances between the residues Cys223-Cys223,

Cys224-Cys224, Cys227-Cys227 and Cys230-Cys230 in the hinge to be under 1 nm.

A simulation of 20,000 structures for each of these four starting structures with the

constraints that the four cysteine pairs involved in inter-heavy chain disulphide

bonding were within 1 nm of one another (i.e. “disulphide distance” constraints). The
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entire hinge 220ERKCCVECPPCPAPPVAGP238 was varied in the simulation with

maximum rotation angle steps of 15°. This produced 9,560 accepted structures (12%)

out of the total of 80,000 simulations.

(iii) Subsequently, another five starting structures were selected by setting the

distances between the four pairs of hinge cysteines Cys223-Cys223, Cys224-Cys224,

Cys227-Cys227 and Cys230-Cys230 to be under 0.75 nm. One starting structure was

subjected to constraints of 1 nm between each of the four hinge cysteine pairs in a

simulation of 20,000 structures, of which 3,037 models were accepted (15%). The

other four starting structures were subjected to disulphide distance constraints of 0.75

nm between each of the four hinge cysteine pairs. From this, 3,108 (4%) out of 80,000

structures were accepted. The entire hinge 220ERKCCVECPPCPAPPVAGP238 was

varied in the sampling with maximum rotation angle steps of 15° used in all five

simulations.

(iv) One of the starting structures from (ii) was also subjected to further simulation.

This involved a simulation of 20,000 structures using constraints of ≤ 0.75 nm 

distances for each of the four cysteine pairs in the hinge. The entire hinge

220ERKCCVECPPCPAPPVAGP238 was varied in the sampling with maximum

rotation angle steps of 15°, and 867 models from 20,000 were accepted (4%).

Scattering curve calculations and analyses

The scattering curves for the 123,371 accepted models were calculated using

the SCT software package (Wright & Perkins, 2015; Section 3.3.5.1). This is a coarse-

grained method that converts the atomistic models into small sphere models for use

with the Debye equation adapted to spheres to calculate the theoretical scattering

curves I(Q) (Perkins & Weiss, 1983). For comparison with neutron data, the sphere

models were left unhydrated, however smearing corrections were applied (wavelength

0.60 nm; wavelength spread 10%, beam divergence of 0.016 radians). For comparison

with X-ray data, hydration spheres were added to create a hydration shell

corresponding to 0.3 g of water per gram of protein (Perkins, 1986, 2001). The atomic

co-ordinates were converted into small sphere models using a grid with cube-side

length of 0.54298 nm and a cut-off of four atoms, and these parameters were optimized

using SCT to reproduce the unhydrated protein volume. The target dry volume was

189.9 nm3 (the modelled dry volume was 189.9 nm3) and the target wet volume was

250.1 nm3 (the modelled hydrated volume was 253.6 nm3). For comparison with the
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X-ray and neutron scattering data, each experimental I(Q) value was matched to the

theoretical I(Q) value with the closest Q value, after which the R-factor was computed

by analogy with crystallography where lower R-factors represent better fits (Section

3.3.6):

η is a scaling factor used to match the theoretical curve to the experimental I(0) value.

An iterative search to minimize the R-factor was used to determine η. The theoretical 

scattering curves that matched the experiment scattering curves were accepted as valid

models of the antibody solution structure. The experimental curves were fitted using a

Q range of 0.13 – 2 nm-1 for the X-ray and neutron curves.

A cut-off R-factor, below which models were assigned as best-fit, depended on

the experimental scattering curve, its signal-to-noise ratio and its Q range. To

determine this cut-off, two experimental curves were used to calculate two R-factors

for each of the 123,371 curves. The correlation between the two R-factors was assessed

using both the Pearson r and Spearman rs coefficients (Swinscow & Campbell 2002).

By gradually excluding the models with higher R-factors, this identified the point at

which the ranking of the fits was no longer consistently determined for the two curves.

The cut off was chosen as the point where both the r and rs coefficients dropped below

0.5 (Wright et al., 2019 submitted). If there is a correlation between the two compared

curves where r and rs is not equal to 0.5, then the cut-off R-factor filter selected is the

minimum R-factor for that experimental curve plus 1-2%. Here, the number of

accepted models was reduced by approximately two-thirds using the R-factor cut-off

filter to select for the better models with a lower R-factor. To analyse the models, the

distance between the centres of mass of the two Fab region (d1), and the distances

between the centres of mass of each Fab region to the Fc region (d2 and d3) were

measured (Figure 4.1). Note that since IgG2 is symmetric, thus the differentiation

between Fab1 and Fab2 and the corresponding d2 and d3 values is for clarity. The

asymmetry of an antibody structure was measured by the absolute difference between

the two Fab-Fc distances, abs(d2-d3).
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The solution structure of the IgG Fc receptor

CD64 reveals domain flexibility: implications for function
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Introduction

The human immune system contains five classes of immunoglobulins, of which

IgG is the most abundant. IgG antibodies bind to foreign antigens such as pathogens

and viruses that have entered the body to form an antigen-antibody immune complex.

The immune response is activated through the binding of the immune complex to Fcγ 

receptors. There are three classes of membrane-bound human Fcγ receptors (FcγR), 

namely FcγRI (CD64), FcγRIIA/B/C (CD32A/B/C) and FcγRIIIA/B (CD16A/B). The 

three FcγR classes exhibit different affinities against the four IgG subclasses, namely 

IgG1, IgG2, IgG3 and IgG4. FcγRI, termed CD64 hereafter, is the only high-affinity 

FcγR (dissociation constant KD of ~10-8 M) and binds free or monomeric IgG1, IgG3

and IgG4, thus FcγRI sites are occupied in vivo. The two classes of low affinity

receptors FcγRIIA/B/C and FcγRIIIA/B (KD ~10-5 to 10-7 M) bind to IgG found in

antigen-antibody immune complexes, and these receptor binding sites are assumed to

be unoccupied in vivo and available for IgG-dependent cellular reactions (Bruhns et

al., 2009; Bruhns & Jönsson, 2015). These FcγRII and FcγRIII KD values vary with

other reported values of 23 μM and 123 μM for IgG1 and IgG4 (Scapin et al., 2015).

CD64 functions as an activating FcγR via a cytoplasmic immunoreceptor tyrosine-

based activation motif, which results in immune effector functions such as

phagocytosis, antigen presentation, antibody-dependent cellular cytotoxicity and

mediator secretion (Nimmerjahn & Ravetch, 2008). The precise role of CD64 in

immunity and the clearance of preformed immune complexes is still unclear (van der

Poel et al., 2011). It has been implicated with diseases such as arthritis, systemic lupus

erythematosus and inflammatory bowel disease (Ioan-Facsinay et al., 2002; Li et al.,

2010; Tillinger et al., 2009). CD64 is upregulated in patients with arthritis and FcγR 

functional activity is altered (Matt et al., 2015a, b).

CD64 is a 72 kDa transmembrane glycoprotein expressed on cells such as

monocytes, macrophages, eosinophils, neutrophils and dendritic cells (Bruhns &

Jönsson, 2015; Takai, 2002; Kiyoshi et al., 2015). Human CD64 is composed of a

signal sequence (residues 1-15), three extracellular immunoglobulin-like domains, D1,

D2 and D3 (residues 16-292), followed by a single transmembrane region (residues

293-313), a short cytoplasmic tail (residues 314-374), and seven potential

glycosylation sites (residues N59, N78, N152, N159, N163, N195 and N240) (Figure

5.1a) (UniProt ID: P12314, (Lu et al., 2011; Asaoka et al., 2012a; Hayes et al., 2016).
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Figure 5.1 The human FcγRI (CD64) domain structure and sequences. 

(a) The three extracellular D1, D2, D3 domains are denoted by boxes, with seven

potential N-linked glycosylation sites (●). The receptor is membrane-anchored with a

short cytoplasmic tail. The black arrow indicates the binding site for the formation of

the IgG-CD64 complex. Recombinant human CD64 (residues 1-269) was studied.

Residues 80-86 and 167-172 were varied in the torsion angle Monte Carlo modelling.

(b) The D1, D2 and D3 sequences were aligned using Clustal Omega. The residue

lengths here and below are shown on the right. Fully conserved residues are asterisked

(*; cyan), conserved cysteines are shown in green, strong similarities are shown by a

colon (:; yellow), and weak similarities are shown by a period (.). (c) The modelled

CD64 sequence was aligned with the sequences of CD64 in its crystal structures (PDB

codes: 3RJD, 4X4M, 4W4O and 4ZNE). The residues that were mutated in

recombinant CD64 are highlighted in pink and red (red denoting the removal of N

residues at four glycosylation sites). Fully conserved residues are asterisked (*), strong

similarities are shown by a colon (:), and weak similarities are shown by a period (.).
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CD64 is the only FcγR with three extracellular domains (Lu et al., 2011). D1 and D2

are responsible for the interaction between CD64 and the Fc region of IgG, with D2

participating in most of the interactions. The role of D3 is currently unknown although

it may be important for maintaining receptor conformation and stability, or acts as a

spacer to accommodate the Fab regions (Lu et al., 2011, 2015; Kiyoshi et al., 2015).

D3 might prevent the dissociation of CD64 and the Fc region of IgG1, thus

strengthening CD64-Fc complex formation (Asaoka et al., 2013). One crystal structure

is available for CD64 (Lu et al., 2011) and also three crystal structures of CD64 are

available where CD64 is complexed to the Fc region of IgG1 (Figure 5.1c, Kiyoshi et

al., 2015; Lu et al., 2015; Oganesyan et al., 2015). The CD64 structure shows potential

flexibility at the two linkers between the D1-D2 and D2-D3 domains. D3 showed

variable locations in the four crystal structures, possibly being determined by crystal

contacts and linker flexibility (Kiyoshi et al., 2015; Lu et al., 2015; Oganesyan et al.,

2015). The N-terminal and C-terminal residues in D1-D3 were also unresolved by X-

ray crystallography, this suggesting additional flexibility (Kiyoshi et al., 2015;

Oganesyan et al., 2015).

The solution structure determination of the CD64 domain structure will clarify

how this mediates Fc binding. Soluble recombinant CD64 expression and its

purification from E. coli is established (Lu et al., 2015; Asaoka et al., 2012b, 2013;

Hatayama et al., 2012). The 19 mutations in recombinant CD64 have little effect on

its structure and interaction with the Fc region (Figure 5.1c, Kiyoshi et al., 2015;

Oganesyan et al., 2015). Human FcγRIIIB (CD16B) has been studied by neutron 

scattering (Yogo et al., 2017). Analytical ultracentrifugation (AUC) and small-angle

X-ray solution scattering (SAXS) are complementary solution structural methods

(Chapter 3; Putnam et al., 2007; Perkins et al., 2011; Unzai, 2018). A solution structure

determination allows the use of physiological concentrations and buffer conditions,

and avoids the use of harsh chemicals in crystallisation buffers and potential

crystallographic packing artefacts. The most recent SAXS technology now permits

automated sample handling and data analysis at even lower protein concentrations, and

these proved indispensable for CD64 (Graewert & Svergun, 2013; Tuukkanen et al.,

2017; Weiss, 2017). The use of atomistic modelling to represent scattering curves is

becoming a powerful new tool for structural studies. As part of the Computational

Collaborative Project in Small-Angle Scattering (CCP-SAS), the SASSIE package
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generates physically-realistic atomistic models of CD64 using Monte Carlo-generated

conformational variations of a starting model (Section 3.3; Curtis et al., 2012; Perkins

et al., 2016). Their corresponding theoretical scattering curves were generated using

an all-atom expression for accurate calculations of the scattering curve (Watson &

Curtis, 2013). By experiment and simulations, we describe the solution structure of

CD64 to show that this indeed possesses a flexible solution structure, and discuss the

functional significance of this outcome.

Results

Purification and characterisation of CD64

Purified CD64 was subjected to affinity chromatography on an IgG Sepharose

Fast Flow (FF) column to ensure that the eluted protein was folded and functional. It

was eluted using 0.1 M glycine at pH 2.0 as a large main peak at approximately 600

ml into vials containing neutralisation buffer (Figure 5.2). Repeated purifications

maintained the functional activity of CD64 in binding to the column, even though

CD64 was subjected to a freeze-thaw cycle. CD64 was expressed at 20 °C, while its

subsequent purification and preparation for AUC and SAXS was performed at 4 °C

because CD64 was functionally labile between 30-37 °C (Asaoka et al., 2012a), and

its thermal stability decreased with increasing temperature (Asaoka et al., 2013). The

19 mutations in recombinant CD64 had little effect on its structure and interaction with

the Fc region (Figure 5.1c; Kiyoshi et al., 2015; Oganesyan et al., 2015). They were

introduced to improve the thermal stability and production rate of CD64 (Asaoka et

al., 2012b).

SDS-PAGE revealed a single band between 31 and 37 kDa in non-reducing

conditions that corresponded to the expected mass of 30,913 Da for CD64 (residues 1-

269 plus its His-tag). This was in agreement with other SDS-PAGE of non-

glycosylated CD64 (Kiyoshi et al., 2015; Asaoka et al., 2013; Hatayama et al., 2012).

CD64 was also examined by native mass spectrometry to reveal two monomeric

species with closely similar overall masses of 31.2 and 32.0 kDa (Figure 5.3). This

outcome was consistent with other studies of CD64 (Kiyoshi et al., 2015). Small dimer

peaks at 4% of the intensity of the monomer peak was also observed at an m/z value

of 4000-4200 using 100V, corresponding to masses of 62.4 kDa, 63.3 kDa and 64.1

kDa as expected from the monomer. Simulations based on Figure 5.3b revealed

monomeric CD64 (31.2 kDa at 37.7% and 32.0 kDa at 49.5%), and dimeric CD64
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Figure 5.2 Purification of recombinant CD64.

(a) The elution of CD64 from an IgG sepharose affinity column (mAU, milli-

absorbance units). (b) The non-reduced SDS-PAGE analyses of the CD64, where M

denotes the Mark 12 molecular weight markers and lane 1 represents the purified

recombinant CD64 (arrowed).
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Figure 5.3 Native mass spectrometry of recombinant CD64.

The native mass spectra for recombinant CD64 is shown at two voltages of (a) 40 V

and (b) 100 V. The theoretical charge states generated using Amphitrite software are

labelled. Two different masses were identified for monomeric recombinant CD64 at

31.2 and 32.0 kDa. CD64 dimers at low intensities were seen at a m/z of 3900 to 4600

(m/z, mass-to-charge ratio).
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(62.4 kDa at 3%, 63.4 kDa at 5.4%, and 64.1 kDa at 4.5%). No significant differences

were seen between the mass spectra using different concentrations of CD64.

Analytical ultracentrifugation of CD64

The size and shape of CD64 was examined using sedimentation velocity

experiments by AUC. Here and below, CD64 was measured at concentrations below

1 mg/ml for reason of its propensity to aggregate. Up to 350 scans were acquired per

sample, and SEDFIT analyses showed excellent agreement between the experimental

boundary scans and fitted lines (Figure 5.4a,c). The size distribution analyses c(s)

showed that the CD64 samples were predominantly monomeric in solution from a

major monomer peak, together with low amounts of dimer for CD64 studied using

interference optics (Figure 5.4b,d). The monomer was observed at s values of 2.41 ±

0.14 S and 2.79 ± 0.20 S for the absorbance and interference data respectively (red

lines, Figure 5.4b,d). These resulted in s20,w values of 2.52 ± 0.15 S and 2.92 ± 0.21 S.

Variations in these measurements were attributed to the low concentrations in use.

In all AUC runs, 28 data points (19 interference and 9 absorbance) were

collected for CD64 in 30 mM Tris, 150 mM NaCl, pH 7.6 buffer, and 14 data points

(7 interference and 7 absorbance) were collected for CD64 in 30 mM Tris, 150 mM

NaCl, 100 mM imidazole, pH 7.6 buffer. The s20,w values for the absorbance data

showed a small concentration dependence consistent with small amounts of dimer

formation (Figure 5.4e); the interference data were not included for reason of clarity.

Linear regression resulted in a sedimentation coefficient value at zero concentration

s0
20,w of 2.53 ± 0.06 S, and no difference was seen between the two buffers. The

average s20,w value was 2.91 ± 0.43 S for all 42 data points; this was larger than the

s0
20,w value for reason of dimer formation.

X-ray scattering of CD64

SAXS was used to examine CD64 at 20°C in 30 mM Tris, 150 mM NaCl, pH

7.6 at concentrations between 0.11 and 0.44 mg/ml in triplicate measurements. Despite

signal-noise issues caused by the low concentrations in use, Guinier analyses resulted

in high-quality linear plots in two distinct regions of the I(Q) curves that gave the RG

and RXS values within satisfactory Q.RG and Q.RXS limits (Figure 5.5a,b). The RG, I(0)/c

and RXS values showed concentration dependences that were attributed to dimer

formation (Figure 5.5c-e). The RG values increased from 3.45 ± 0.28 nm to 4.01 ± 0.04
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Figure 5.4 Experimental and modelled sedimentation analyses of CD64 (legend

overleaf).



170

Figure 5.4 Experimental and modelled sedimentation analyses of CD64

(continued from previous page).

(a-d) Sedimentation velocity analyses for CD64 in 30 mM Tris, 150 mM NaCl, pH

7.6, 20 °C are shown for both (a,b) absorbance optics and (c,d) interference optics. The

concentrations of CD64 were (a) 0.13 mg/ml, (b) 0.11, 0.12, 0.13 and 0.26 mg/ml, (c)

0.13 mg/ml and (d) 0.13, 0.15, 0.29 and 0.59 mg/ml. Up to 30 experimentally observed

sedimentation boundaries are shown from 150 scans at intervals of every fifth scan for

clarity. The boundary fits are shown in blue (left), together with the corresponding c(s)

plot (right). The size-distribution analyses c(s) reveal a monomer peak at 2-3 S, and a

minor dimer peak in the interference c(s) plot (d). The vertical dashed line (red) shows

the average sedimentation coefficient s. The grey line in (d) is for clarity due to

overlapping c(s) plots.

(e) The sedimentation coefficients normalised at 20 °C and water (s20,w) are shown as

a function of CD64 concentration (mg/ml). The experimental s20,w values were

recorded in the above buffer () and also with the addition of 100 mM imidazole to

this buffer (). The solid best-fit line shows the experimental s20,w values. The

calculated s20,w values are displayed as a dashed line for the crystal structures and a

regression line for four sets of 100 best-fit models of CD64 (☆) for the X-ray scattering

data at four concentrations.
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Figure 5.5 X-ray Guinier and GNOM analyses of CD64.

(a,b) Selected X-ray Guinier plots at 0.11, 0.22, 0.33 and 0.44 mg/ml of CD64 are

shown from bottom to top, each measured in triplicate in 30 mM Tris, 150 mM NaCl,

pH 7.6, 20 °C. The filled circles between the arrowed data points represent the Q.RG

and Q.RXS ranges used to determine the RG and RXS values, in Q ranges of 0.18–0.40

nm-1 and 0.5–0.8 nm-1 respectively.

(c-e) The X-ray RG, I(0)/c and RXS values measured in triplicate are shown as the mean

± standard deviation. The Guinier values are shown in black, and the P(r) values are

shown in red. The data were fitted by linear regression.

(f,g) The P(r) analyses from the X-ray curves shown in (a,b) show maxima at M1 and

maximum lengths L as arrowed. The concentration dependence of M1 fitted by linear

regression is shown as their mean ± standard deviation. Error bars are shown only

when visible.
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nm (Figure 5.5c). The sample at 0.44 mg/ml displayed a slight upturn of the scattering

curve at the lowest Q values that may reflect slight aggregation (Figure 5.5a). The

I(0)/c values also increased with concentration from 0.0244 ± 0.0009 to 0.0373 ±

0.0013 which showed increased masses (Figure 5.5d). The RXS values also increased

slightly with average values of 1.34 ± 0.19 nm, 1.31 ± 0.02 nm, 1.39 ± 0.03 and 1.41

± 0.02 nm at concentrations of 0.11, 0.22, 0.33 and 0.44 mg/ml respectively (Figure

5.5e).

The distance distribution function P(r) provides structural information on

CD64 in real space. The P(r) analyses gave RG values similar to those from the Guinier

analyses, showing these were self-consistent (red and black, Figure 5.5c). These were

3.56 ± 0.13 nm (0.11 mg/ml), 3.70 ± 0.06 nm (0.22 mg/ml), 3.79 ± 0.05 nm (0.33

mg/ml) and 3.95 ± 0.03 nm (0.44 mg/ml). The maximum length L of CD64 was

determined to be 12 nm from the value of r when the P(r) curve intersects zero (Figure

5.5f). The M1 maximum in the P(r) curves correspond to the most frequently occurring

interatomic distances r, and these increased with concentration too (Figure 5.5g) with

values of 2.48 ± 0.16 nm (0.11 mg/ml), 2.98 ± 0.11 nm (0.22 mg/ml), 3.11 ± 0.03 nm

(0.33 mg/ml) and 3.31 ± 0.03 nm (0.44 mg/ml). These increases were attributed to the

CD64 dimer.

Atomistic modelling of CD64

The atomistic modelling of CD64 determined physically-realistic models with

correctly-joined amino acid residues based on the CD64 crystal structure that gave the

best fit to the experimental SAXS curves. The starting structure of CD64 was

generated from the CD64-Fc crystal structure using MODELLER to insert two short

sequences containing ten missing residues in the D3 domain (Methods, Section 5.4.5).

The His-tag residues were not included. Energy minimisation was performed using

NAMD in order to place the residues correctly according to the CHARMM forcefields.

This resulted in the energy minimised final starting structure of CD64. The comparison

of the crystal structure and the final starting structure gave an r.m.s.d. of 0.0756 nm

after three cycles of refinement in the alignment function in PyMOL, in which 244 Cα 

atoms were successfully aligned. The peptide linkers between the D1-D2 and D2-D3

domains were assigned as flexible and were randomly varied in thirteen Monte Carlo

simulations that explored different trial structures (Table 5.1). The total number of

models simulated was 2,450,000, of which 279,162 models (11.4%) were accepted



173

Table 5.1 Summary of the modelling simulations for CD64.

Details of the thirteen CD64 simulations using the torsion angle Monte Carlo module

in SASSIE-web are shown.

Simulation Flexible regions (inclusive
residue numbering)

Maximum
torsion
angle (º)

Total
models
generated

Accepted
models

1 82RGW84, 168LFPA171 30 100,000 5,779

2 82RGW84, 168LFPA171 30 100,000 7,159

3 82RGW84, 168LFPA171 30 100,000 5,435

6 82RGW84, 168LFPA171 30 500,000 83,022

4 82RGW84, 168LFPA171 180 500,000 38,155

5 82RGW84, 168LFPA171 180 200,000 25,831

7 82RGW84, 168LFPA171 180 100,000 12,929

8 82RGW84, 168LFPA171 180 100,000 13,187

9 82RGW84, 168LFPA171 180 150,000 11,265

10 82RGWL85, 168LFPA171 180 200,000 24,912

11 82RGWL85, 168LFPA171 180 200,000 25,066

12 80VHRGWLL86, 168LFPA171 30 100,000 19,262

13 80VHRGWLL86, 168LFPA171 180 100,000 7,160
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and used for curve fits.

To compare the models with the experimental SAXS curves, fits were

performed with all the curves at four CD64 concentrations (Table 5.2) for reason of

signal-noise issues that precluded the interpolation of the scattering curves to zero

concentration. The scattering curve and its RG value were calculated for each CD64

model, then this was compared to the experimental scattering curves using R-factors

which represented the goodness-of-fit. The models were ranked according to their R-

factor and the models with the 100 lowest R-factors were identified for each SAXS

curve (Figure 5.6). In all four cases, clear U-shaped profiles were seen, with the 100

best-fit structures showing RG values that were usually within ±5% of the experimental

Guinier RG values. The R-factors of the 100 best-fit models for each analysis (Table

5.2) were higher than the typical satisfactory R-factors of below 5% usually seen in

fits (Perkins et al., 2008). The high R-factors were attributed to high signal-noise

ratios, but nonetheless permitted the consistent identification of best-fit models.

Overall, the curve comparisons showed that the apparent CD64 conformation became

more elongated with increased concentration, and this outcome was attributed to

increasing amounts of dimer at higher concentrations.

Visual comparisons of the best-fit I(Q) and P(r) curves with the experimental

curves showed good concordance (Figure 5.7). The best-fit model at 0.11 mg/ml CD64

gave a good fit to both the I(Q) and P(r) curves, but gave a high R-factor of 7.5%

because the signal-to-noise ratio was high as the CD64 concentration was low (blue,

Figure 5.7a). The best-fit model for 0.22 mg/ml CD64 also gave a good fit to the I(Q)

curve with a lower R-factor of 4.3 % (blue, Figure 5.7b). The best-fit model for 0.33

mg/ml CD64 gave a satisfactory fit with the I(Q) curve although the fit deviated above

Q = 0.8 nm-1 (blue, Figure 5.7c). Most of the 100 best-fit models for 0.44 mg/ml CD64

were not within ± 5% of the experimental Guinier RG value of 4.01 nm, and this was

attributable to the dimerisation of CD64 (green, Figure 5.6d). The R-factors for these

fits were high at 10.7-50.8%, when the modelled curve of the best-fit model deviated

above Q = 0.7 nm-1 (blue, Figure 5.7d). The best-fit models were subjected to distance-

distribution P(r) analyses shown in Figure 5.7. For comparison with the CD64 crystal

structure of CD64 and the energy-minimised CD64 starting structure, the yellow and

red curves respectively showed that the modelled scattering curve clearly deviated

from the experimental X-ray curves at all four concentrations. This indicated that the
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Table 5.2 Structural modelling of the SAXS and AUC data for CD64

* The RG range of all models is 2.12 to 3.97 nm

** Calculated from HYDROPRO and converted into s20,w (Equation 3.12)

a, b, c, d The corresponding data are shown in Figure 5.5

Concentration

(mg/ml)

Sample

names

Experimental

Guinier RG

(nm)

Modelled

Guinier RG

(nm)

RG range of the

100 best-fit

models* (nm)

R-factor range for

the 100 best-fit

models (%)

R-factor

range for all

models (%)

s20,w value of

best-fit

model** (S)

s20,w range of the

100 best-fit

models** (S)

0.11 D11 3.24 3.24 3.23 - 3.25 8.08 - 8.08 8.08 - 27.69 2.09 2.23 – 2.30

E11a 3.34 3.33 3.29 - 3.37 7.54 – 7.57 7.54 – 28.61 2.09 2.12 – 2.19

25p_IF11 3.76 3.80 3.73 - 3.82 7.35 - 7.41 7.35 - 34.28 2.00 2.06 – 2.12

0.22 D10 3.59 3.58 3.52 - 3.69 4.05 - 4.20 4.05 - 37.19 2.00 2.05 – 2.11

E10b 3.60 3.60 3.52 - 3.69 4.26 - 4.37 4.26 - 36.81 2.02 2.06 – 2.13

50p_IF10 3.82 3.75 3.66 - 3.82 5.05 - 5.29 5.05 - 40.72 1.99 2.05 – 2.10

0.33 D9 3.73 3.58 3.54 - 3.69 9.19 - 9.27 9.18 - 37.00 2.01 2.05 – 2.14

E9 3.85 3.76 3.63 - 3.82 6.49 - 6.91 6.49 - 44.67 1.99 1.81 – 2.16

F9c 3.86 3.75 3.63 - 3.82 6.33 - 6.71 6.33 - 44.26 1.99 2.05 – 2.10

0.44 D8 3.97 3.73 3.63 - 3.82 9.75 - 10.24 9.75 - 49.48 1.99 2.05 – 2.10

E8 4.04 3.73 3.63 - 3.82 11.12 - 11.61 11.12 - 51.42 1.99 2.05 – 2.10

100p_IF8d 4.02 3.73 3.63 - 3.82 10.66 - 11.15 10.66 - 50.75 1.99 2.05 – 2.10
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Figure 5.6 Atomistic modelling of the CD64 solution structure.

The 279,162 goodness-of-fit R-factors (○) at four concentrations of CD64 at (a) 0.11

mg/ml, (b) 0.22 mg/ml, (c) 0.33 mg/ml and (d) 0.44 mg/ml were compared with the

calculated X-ray RG values for the CD64 models. The R-factors of the 100 best-fit

models for each concentration of CD64 are shown as green circles. The experimental

averaged Guinier RG values (Figure 5.5c) are shown as thick vertical black lines,

flanked by vertical dashed lines to denote ±5% of the RG value.
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Figure 5.7 X-ray scattering curve fits for the best-fit CD64 models.

The interpolated experimental X-ray scattering curves are indicated by open circles

and the scattering curves of the best-fit models are indicated by blue continuous lines.

The fits correspond to (a) 0.11 mg/ml, (b) 0.22 mg/ml, (c) 0.33 mg/ml and (d) 0.44

mg/ml of CD64 (Figure 5.5). The red lines represent the modelled curve for the energy-

minimised starting structure. The yellow dashed lines represent the calculated

scattering curve from the CD64 crystal structure (chain E, PDB code 4X4M). The

insets represent the corresponding modelled P(r) curves (blue) overlaid onto the

normalised experimental P(r) curves (black) from Figure 5.5f.
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solution structure of CD64 was different to that of the crystal structure.

Visualisation of the crystal structures and scattering best-fit models showed

that the D1 and D3 domains were rearranged in solution (Figure 5.8). The four CD64

crystal structures showed the “seahorse” arrangement of the D1, D2 and D3 domains

where the D1 and D2 domains were in proximity (Figure 5.8a-d). The structural

ensemble of 100 best-fit models displayed similar degrees of D1 and D3 domain

bending (Figure 5.8e-h). Holding the best-fit models aligned on the D2 domain (orange

wireframe), the volume occupied by each of the D1 and D3 domains were shown as

mauve and pink wireframes respectively. These were compared with the energy

minimised CD64 starting structure in black. The D1 domain of the starting structure

did not fit into the density plots of the 100 best-fit models in all four cases. The C-

terminus and a surface loop in the D3 domain of the starting structure also did not fit

into the density plots for 0.22, 0.33 and 0.44 mg/ml of CD64 (Figure 5.8f-h), although

this may be a consequence of an artefact caused by dimer formation. It was concluded

that CD64 had become more elongated in solution, compared to the four crystal

structures.

Kratky plots provide information on protein flexibility in solution (Section

3.2.16). For this, the Guinier RG values were used to calculate the experimental Q.RG

values. The best-fit modelled RG values were used for the modelled Q.RG values. Based

on the sets of both the four experimental and best-fit curves, the Kratky plot for a Q

range up to 1 nm-1 showed that the curve plateaued at a point of inflection at a Q.RG of

1.7 (Figure 5.9). The plateau is a signature of protein flexibility (Brennich et al.,

2017b). The best-fit models showed a greater curve turn upwards than for the

experimental data, and this was probably due to the poor fit between the experimental

and theoretical scattering curves above a Q of 0.7 nm-1 (Figure 5.7c,d). The point of

inflection for both the modelling and experimental data indicated that CD64 has an

extended and flexible solution structure.

Sedimentation coefficient modelling of CD64

As a check of consistency with the SAXS modelling, the sedimentation

coefficient s20,w values were calculated using HYDROPRO and Equation 3.12 for the

four crystal structures and each of the 100 SAXS best-fit models (Figure 5.4e; Section

5.4.6). The glycans were removed from the crystal structures although the molecular
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Figure 5.8 Comparison of the crystal structures of CD64 with density plots of the

100 best-fit models of CD64.

(a-d) Cartoon diagrams of the (a) unbound CD64 crystal structure (PDB code 3RJD)

and the three CD64-Fc co-crystal structures (PDB codes (b) 4W4O, (c) 4X4M and (d)

4ZNE). The glycans are shown as yellow sticks. (e-h) The density plots of the four

sets of 100 best-fit CD64 models at four concentrations are shown. The energy-

minimised starting structure of CD64 is shown as a black cartoon in the same view in

all four panels. The 100 best-fit models were superimposed on the D2 domain. The

volumes occupied by the D1, D2 and D3 domains in the 100 best-fit structures are

represented as mauve, orange and pink wireframes respectively in each density plot.

Two different views rotated by 90° of each density plot are displayed.
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Figure 5.9 Experimental and modelled Kratky plots for CD64.

The normalised dimensionless Kratky plots for 0.11, 0.22, 0.33 and 0.44 mg/ml of

CD64 are shown as white, grey, dark grey and black circles respectively. The Kratky

plots for each of the modelled X-ray curves for each CD64 concentration are shown

as dotted, short dash, long dash and solid red lines respectively. The blue vertical line

represents the point of inflection at a Q.RG value of 1.73.
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masses of these crystal structures were slightly lower than expected for reason of

missing amino acids (Methods, Section 5.4.6). The s20,w values were 2.33 S, 2.58 S,

2.41 S and 2.45 S for the PDB codes 3RJD, 4W4O, 4X4M and 4ZNE respectively.

The averaged s20,w value of 2.44 ± 0.10 S (dashed line, Figure 5.4e) agreed well with

the experimental s0
20,w value of 2.53 ± 0.06 S for CD64 at zero concentration. The

average s20,w values for each set of the 100 best-fit SAXS models at 0.11, 0.22, 0.33

and 0.44 mg/ml CD64 were 2.16 ± 0.01 S, 2.09 ± 0.01 S, 2.07 ± 0.01 S and 2.07 ±

0.01 S respectively. The decrease in these values was attributed to the artefactual

contribution of dimers to the SAXS best-fit models as the concentration increased.

Their extrapolation to zero concentration gave an s0
20,w value of 2.17 ± 0.03 S, which

was consistent with the experimental s0
20,w value of 2.53 ± 0.06 S. The agreement

between experimental and modelled s0
20,w values is typically ±0.21 S (Perkins et al.,

2011). It was concluded that both the crystal structures and the SAXS best-fit models

agreed with the experimental s0
20,w value, and that the HYDROPRO calculations were

unable to discriminate between these two structures, unlike the SAXS fits (Figure 5.7).

Discussion

CD64 (FcγRI) exhibits distinct features compared to the other human FcγR 

receptors. It is the only receptor that bind monomeric IgG with high-affinity and

possesses an extra extracellular domain D3. Here, we present the solution structure for

CD64 determined by AUC, SAXS and atomistic modelling. The best-fit solution

structures consistently showed that CD64 is flexible in solution. While retaining most

of the “seahorse” structure seen crystallographically, CD64 has opened up into a more

elongated conformation in solution where the D1 domain has moved away from the

D2 domain. The elongated CD64 structure overlaid on top of the crystal structure of

the Fc-CD64 complex demonstrated the extent of conformational change for CD64 to

interact with the Fc region of IgG1 (Figure 5.10a). This outcome provides a greater

understanding of the functional role of CD64, including its high-affinity interaction

and its role in immune responses such as phagocytosis, antibody-dependent cellular

cytotoxicity and the secretion of mediators to neutralise and clear foreign antigens.

Our results opens up the possibility of novel therapeutics to target the autoimmune

diseases implicated with CD64 by stabilising the opened-up form of CD64 to block its

binding to IgG.
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Figure 5.10 Superimposition of the CD64 best-fit models with the Fc-CD64

complex.

(a) The best-fit cartoon model for 0.11 mg/ml of CD64 was overlaid on top of the

crystal structure of IgG1-Fc (green and red surfaces) in complex with CD64 (black

cartoon) (PDB code 4X4M). The structures were aligned upon the D2 domain of CD64

and the two views were rotated about the vertical axis by 90°. The CH2 and CH3

represent the constant domains, and the –A or –B represent their chain identity in the

crystal structure. The IgG1-Fc glycans found in the crystal structure are shown as

yellow sticks. Note that the crystal CD64 structure in this figure is the same as that

found in Figure 5.8c. (b) All four best-fit models for 0.11, 0.22, 0.33 and 0.44 mg/ml

of CD64 (cyan, magenta, yellow and blue cartoons respectively) were overlaid on top

of the Fc-CD64 crystal structure as in (a). Note that the D1 domains of the CD64 best-

fit models show steric overlap with the IgG1 CH2 domain (CH2-B).
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Use of CD64 for AUC and SAXS

The expression and purification of soluble recombinant CD64 with 19

mutations from E. coli was based on well-established protocols (Lu et al., 2015;

Asaoka et al., 2012b, 2013; Hatayama et al., 2012). This gave monomeric CD64,

however mass spectrometry, AUC and SAXS all revealed dimer formation with

increase in concentration. SDS-PAGE of glycosylated CD64 from mammalian cells

(Dorion-Thibaudeau et al., 2014, 2016) appeared as higher molecular weight species,

which could be attributable to the presence of glycans or protein aggregates. Previous

studies have indicated that as much as 50% of CD64 oligomerised or aggregated

(Dorion-Thibaudeau et al., 2014, 2016; Brandsma et al., 2018). These issues were

challenging for data collection in this AUC and SAXS study, where it was necessary

to work below 1 mg/ml CD64 to avoid aggregation issues, which might otherwise

affect data analysis and modelling fits.

As far as is known, no s20,w values for CD64 have been reported to date. It was

necessary to extrapolate 42 data points in two buffers to zero concentration to

determine the s0
20,w value of 2.53 ± 0.06 S. This value was comparable with the s value

of approximately 3 S for glycosylated human CD16A (FcγRIIIA) with two 

extracellular domains (Dorion-Thibaudeau et al., 2016). Human FcγRIIIB has been 

studied by AUC but no s values were reported (Ghirlando et al., 1995). Recombinant

murine FcγRII with two domains gave a s value of 2.5 S (Kato et al., 2000). Thus our

AUC results were consistent with the literature.

Likewise, as far as is known, CD64 has not been studied by SAXS previously.

Human FcγRIIIB with two domains gave a RG value of 1.88 nm by neutron small-

angle scattering (Yogo et al., 2017). The RG values for CD64 at zero concentration

were 3.28 nm and 3.42 nm (Figure 5.5c; Table 5.2) and were almost doubled compared

to that for human FcγRIIIB. A clear concentration dependence of CD64 was seen, and 

attributable to the formation of small amounts of dimers. The low concentrations in

use made it necessary to fit each of the four SAXS curves at 0.11-0.44 mg/ml

separately by atomistic modelling, and this enabled the solution structure of CD64 to

be identified.
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Atomistic modelling of CD64

The strategy for the atomistic modelling of scattering curves depends on the

system of interest. The modelling method here employed the use of an all-atom

expression to calculate the scattering intensities I(Q) of CD64 (Section 3.3.5.2). For

CD64, ensembles of 100 best-fit models were considered to be representative of the

curve fit outcomes after testing 279,162 trial structures in the 12 analyses (Table 5.2).

This approach circumvented potential issues in the fits caused by weak signal-noise

ratios, given the low concentrations of CD64 in use. The high R-factors were attributed

to the low signal-to-noise ratio in the scattering curves (Perkins et al., 2008). Typical

satisfactory R-factors would be below 10% when comparing the modelled and

experimental curves (Table 5.2; Perkins et al., 2008). Only two experimental curves,

E10 and D10 at 0.22 mg/ml, gave rise to 6,980 and 8,100 best-fit models respectively

with R-factors of ≤ 5%. However eight scattering curves: D11, E11, 25p_IF11, 

50p_IF10, D9, E9, F9 and D8 resulted in 206,800, 209,938, 126,222, 90,765, 29,496,

24,346, 30,506 and 27 models respectively with R-factors of ≤ 10%. The 12 sets of 

100 best-fit models were examined to see if any best-fit models fitted more than one

experimental X-ray scattering curve. Interestingly, 93 out of the 100 best-fit models

fitted two of the four scattering curves at 0.11, 0.22, 0.33 and 0.44 mg/ml (Figures 5.5-

5.8). In addition, 73 out of the 100 best-fit models fitted all three X-ray scattering

curves at 0.22 mg/ml, and 96 out of the 100 best-fit models fitted two out of the three

X-ray scattering curves at 0.33 mg/ml. If all the best-fit models for the 12 experimental

X-ray curves were considered, 57 models fitted six out of the 12 curves. These

comparisons indicated the good reproducibility of the modelling method. The density

plots of the 100 best-fit models were useful to visualise the possible allowed

conformations in solution, and this showed that their arrangements were limited

(Figure 5.8e-h).

The principal outcome of the modelling showed that the D1-D2 hinge angle

changed between the crystal and solution states. This D1-D2 angle was reported to be

similar at 35° in the four crystal structures (Kiyoshi et al., 2015; Lu et al., 2011, 2015;

Oganesyan et al., 2015). The D1-D2 angle was stabilised by two interdomain salt

bridges, three hydrogen bonds and hydrophobic interactions (Lu et al., 2011). Crystals

for these four structures were mostly grown in low salt conditions, using either 100

mM Na acetate, 100 mM zinc acetate, pH 4.6 (Kiyoshi et al., 2015), 5 mM Hepes, 50
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mM NaCl, pH 7.4 (Lu et al., 2011), 10 mM Hepes, 50 mM Li2SO4, pH 7.5 (Lu et al.,

2015) or 50 mM zinc acetate (Oganesyan et al., 2015). These low salt conditions would

promote the interaction between the D1 and D2 domains, while our solution data in 30

mM Tris, 150 mM NaCl, pH 7.6 or in 30 mM Tris, 150 mM NaCl, 100 mM imidazole,

pH 7.6, is closer to physiological buffers in blood containing 137 mM NaCl. This

difference in buffer conditions may explain the change in conformation between the

crystal structures and in solution. Turning now to the D2-D3 hinge angle, the SAXS

modelling also indicated that this angle changed in solution. The four crystal structures

showed that the D2-D3 hinge angle was variable, whereby a 19° difference was

observed between the CD64-Fc complex and unbound CD64 (Kiyoshi et al., 2015;

Oganesyan et al., 2015). Unbound CD64 showed one salt bridge and four hydrogen

bonds between the D2 and D3 domains (Lu et al., 2011). The change in the D2-D3

angle supports the altered conformations proposed between CD64 in the crystal and in

solution. The position of the D3 domain appears to depend on its environment in the

crystal lattice, its intrinsic mobility and the flexible linkers of CD64 (Kiyoshi et al.,

2015; Oganesyan et al., 2015).

The Kratky plots were useful to deduce flexibility and the folded state of CD64.

The modelled CD64 solution structure exhibited the shape of an extended multidomain

chain. Globular compact proteins display a clear parabolic peak at Q.RG = √3 (or 1.73), 

giving rise to a bell-shaped curve. An ideal Gaussian chain has a 1/Q2 dependence of

I(Q) and therefore presents a plateau at large Q values in Kratky plots. An extended

thin chain with negligible thickness presents a plateau over a specific range of Q,

followed by a monotonic increase, which is usually observed in unfolded proteins.

Proteins containing more than two globular regions connected by intrinsically

disordered linkers present dual folded and non-folded behaviour (Cordeiro et al.,

2017). The D1, D2 and D3 domains in CD64 were joined by two flexible linkers,

followed by a long disordered C-terminal tail. The best-fit modelled Kratky plots for

CD64 presented an increase which plateaued, followed by another increase with the

point of inflection at Q.RG = 1.73 (red lines, Figure 5.9), which is similar to the

appearance of Kratky plots for disordered proteins. Because of the experimentally-

observed plateau, it was concluded that CD64 exhibited some flexibility because the

Kratky plot was between the two extremes of a globular folded protein and a
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disordered protein (circles, Figure 5.9) (Brennich et al., 2017b; Hammel, 2012;

Receveur-Bréchot & Durand, 2012; Rambo & Tainer, 2013).

CD64 interaction with human IgG

The order of binding of CD64 to monomeric IgG is IgG1 = IgG3 > IgG4

(Bruhns et al., 2009; Bruhns & Jönnson, 2015; Lu et al., 2015; Asaoka et al., 2013;

Hatayama et al., 2012). IgG2 shows no detectable binding to CD64. The IgG3 and

IgG4 subclasses also exhibit high-affinity binding to CD64 and have almost the same

lower hinge sequence as IgG1, thus CD64 is expected to show very similar if not

identical interactions with IgG3 and IgG4. Unbound CD64 in the best-fit SAXS

models was more elongated compared to bound CD64. The position of the D1, D2 and

D3 domains will influence the interaction with IgG1-Fc (Kiyoshi et al., 2015).

The best-fit models explain several features of the CD64-Fc interaction. The

best-fit models for each CD64 concentration was superimposed on top of the D2

domain in the CD64-Fc complex (Figure 5.10). For D1, the best-fit model for 0.11

mg/ml CD64 (cyan) is similar to the crystal structure (black) where D1 did not

sterically clash with the CH2 domain (Figure 5.10a). In contrast, the other best-fit

models for 0.22, 0.33 and 0.44 mg/ml of CD64 showed increased steric clashes

between the D1 and CH2 domains when CD64 was superimposed upon the D2 domain

(Figure 5.10b). Both D1 and D2 contribute towards the CD64-Fc interaction (Figure

5.10). Thus unbound CD64 must undergo a conformational change in order to interact

with one or the other of the two asymmetric binding sites on the Fc heavy chain

homodimer. By this, CD64 becomes less elongated and D1 becomes closer to D2.

Thus the interaction with the Fc region may require non-covalent interactions between

D1 and D2 to maintain the high-affinity interaction. However, it has been reported that

D2 was solely responsible for this interaction (Oganesyan et al., 2015), i.e. a construct

with D1 from FcγRIIIA and D2 from CD64 showed binding for IgG1 identical to that 

of the CD64 D1 and D2 domains.

The D3 domain in the best-fit models exhibited a range of conformations away

from the Fc region (Figure 5.10). Flexibility in the D2-D3 linker would facilitate the

CD64 interaction with full-length IgG, because CD64 is tethered to the membrane.

CD64 is bound to monomeric IgG with a short half-life of 3 min, thus the high-affinity

CD64 receptor should be occupied in vivo (Bruhns & Jönnson, 2015). The D3 domain
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was also the most disordered in the crystal structures with several D3 residues not

being resolved (Kiyoshi et al., 2015; Oganesyan et al., 2015).

CD64 glycosylation and therapeutic development

D1, D2 and D3 in native CD64 have two, three and two glycosylation sites

respectively in its native sequence (Figure 5.1a). Therefore CD64 is the most heavily

glycosylated FcγR receptor, with 30% of its mass being glycans (Hayes et al., 2014).

By crystallography, parts of the glycan chains were observed previously (Figure 5.8a-

d), namely six in unbound CD64 (Lu et al., 2011), five in one CD64-Fc complex

(Oganesyan et al. 2015), and two in the other (Kiyoshi et al. 2015). Four of the

mutations in recombinant CD64 alter an asparagine residue which would otherwise

serve as a glycosylation site (Figure 5.1c). CD64 in this SAXS modelling study has no

glycan chains, and this may affect its modelled conformation. Glycans on CD64 result

in little or negligible differences in binding affinity for human IgG compared to non-

glycosylated CD64 (Kiyoshi et al., 2015; Lu et al., 2015; Hatayama et al., 2012). This

study and the crystal structures of CD64-Fc show that glycosylation was not required

on CD64 for complex formation with IgG (Lu et al., 2015). Nonetheless, it cannot be

ruled out that the seven glycan chains could stabilise the compact seahorse structure

in solution (Kiyoshi et al., 2015; Lu et al., 2011, 2015; Oganesyan et al., 2015).

CD64 is a valid target for drug development given that Fc receptors are

involved with autoimmune diseases (Hayes et al., 2016; Sondermann, 2016). CD64 is

upregulated in certain diseases that involve inflammation such as arthritis, systemic

lupus erythematosus and inflammatory bowel disease (Ioan-Facsinay et al., 2002; Li

et al., 2010; Tillinger et al., 2009). Other human FcγR subclasses have genetic 

variation and these result in differences in clinical association and impact (Hargreaves

et al., 2015). Recombinant CD64 might be effective in treating arthritis in humans as

it has been shown to have a therapeutic anti-inflammatory effect in mice with arthritis

(Ellsworth et al., 2008, 2009). Our demonstration here that the D1-D2 and D2-D3

linkers in CD64 are flexible and can open up the CD64 domain structure in solution

could potentially be exploited by developing compounds that bind to the open D1-D2

and D2-D3 conformations, thus blocking their binding to IgG and suppressing CD64

upregulation in disease.
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Materials and Methods

Expression and purification of recombinant CD64

The pet26b plasmid containing recombinant human CD64 with 19 mutations

(Figure 5.1b; Lu et al., 2015; Hatayama et al., 2012) was transformed into competent

E. coli (Arctic Express DE3 RIL competent cells, Agilent Technologies). Its sequence

corresponds to that of Figure 5.1b, where residues 1-269 have a mass of 30,091 Da,

followed by a C-terminal His-tag of 822 Da, altogether resulting in 30,913 Da. The

transformants were grown on Luria Broth plates containing kanamycin (100 µg/ml) at

37 ºC overnight. Colonies were inoculated into 200 ml of 2×YT kanamycin (100

µg/ml) medium and grown overnight at 30 ºC with shaking at 220 r.p.m. An OD600 of

45 of the starter culture was inoculated into fresh 6 × 1.5 l of 2×YT kanamycin (100

µg/ml) medium and incubated at 20 ºC until the OD600 reached 0.2. This was induced

with IPTG (isopropyl β-D-1-thiogalactopyranoside) at a final concentration of 50 µM, 

and incubated at 20 ºC overnight with shaking for up to 20 h to express soluble CD64.

The 9 l of E. coli were harvested at 4000 r.p.m. at 4 ºC for 20 min, the medium was

discarded, and the pellets were either stored at -80 ºC or proceeded to CD64

purification.

To purify CD64, the pellets were resuspended using 500 ml of resuspension

buffer (30 mM Tris-HCl, 150 mM NaCl, 10 mM imidazole, pH 7.6) supplemented

with 500 µl PMSF (phenylmethylsulfonyl fluoride) by vortexing and stirring. The cells

were sonicated for 10 min with 10 sec pulse on and 20 sec pulse off. The lysate was

centrifuged at 14,000 r.p.m. at 8 ºC for at least 30 min. The CD64 supernatant was

filtered using 0.8 µm filter paper and stored at 4 ºC. An IgG FF Sepharose column was

equilibrated with Dulbecco’s phosphate buffer saline (PBS; 137 mM NaCl, 8.1 mM

Na2HPO4, 2.7 mM KCl, 1.5 mM KH2PO4, pH 7.4). The CD64 supernatant was loaded

onto the column overnight at 4 ºC, and the column was washed with PBS until a stable

UV baseline was achieved. CD64 was eluted using elution buffer (0.1 M glycine, pH

2) and immediately neutralised using 100 mM Tris-HCl, 100 mM NaCl, 100 mM

imidazole, pH 8. The eluent pH was checked before the purified CD64 was stored at

4 ºC, and the column pH was restored using PBS. Batches were stored at -80 ºC until

required.

Prior to experiments, CD64 was thawed overnight at 4 °C and loaded onto an

IgG FF Sepharose column equilibrated with 30 mM Tris, 150 mM NaCl, 10 mM
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imidazole, pH 7.6. The column was washed with this buffer before CD64 elution using

0.1 M glycine at pH 2. CD64 was eluted as 500 μl directly into 500 μl of neutralisation 

buffer (100 mM Tris, 100 mM NaCl, 100 mM imidazole at pH 8) per fraction. The

fractions were checked immediately after purification using SDS-PAGE. CD64 was

concentrated at 4 °C using spin concentrators pre-soaked with 30 mM Tris, 150 mM

NaCl, 100 mM imidazole, pH 7.6 (Vivaspin, 10K molecular weight cut-off) to a

volume of 500-1000 μl. Dialysis was performed overnight into its respective buffer at 

4 °C using three buffer exchanges of 1 l each prior to experiments.

Native mass spectrometry of CD64

CD64 (3.90 or 6.46 μM) was dialysed into 30 mM Tris, 150 mM NaCl, pH 7.6. 

CD64 was placed into spin concentrators (Amicon Ultra 500, 10 kDa cutoff) pre-

soaked with 200 mM ammonium acetate (LC/MS grade water), then exchanged into

this buffer six times at 4 °C in the spin concentrators to give 7.26 μM and 22.02 μM 

CD64. The samples were ran on a Synapt G1 instrument (Waters Corporation, UK),

and the spectra were analysed using MassLynx software version 4.1 by Charles F. S

Eldrid and Dr Konstantinos Thalassinos (Structural and Molecular Biology, UCL).

Mass calculations were performed in Amphitrite Atropos (Sivalingam et al., 2013).

The experimental acquisition parameters were as follows: capillary voltage of 1.3 kV,

sampling cone voltage of 175 V, extraction cone voltage of 4.5 V, backing pressure of

7 mbar, trap collision energy of 40-100 eV, transfer collision energy of 10-90 eV and

mass range of 1,000-18,000 m/z. Proteins were sprayed using nano-electrospray

ionisation from gold-coated capillaries prepared in-house using a Flaming Brown P97

needle puller and a Quorum Q150R S sputter coater.

Analytical ultracentrifugation of CD64

Analytical ultracentrifugation data using both absorbance and interference

optics were obtained on two Beckman XL-I instruments equipped with AnTi50 and

AnTi60 rotors. Sedimentation velocity data were acquired for CD64 at 20 °C in either

30 mM Tris, 150 mM NaCl, pH 7.6 or 30 mM Tris, 150 mM NaCl, 100 mM imidazole,

pH 7.6 buffers. CD64 was studied at 0.05-0.90 mg/ml at rotor speeds of 40,000 rpm

and 50,000 rpm in two-sector cells with column heights of 12 mm. Analyses were

performed using direct boundary Lamm fits of up to 350 scans using SEDFIT (version

15.1) (Schuck, 1998, 2000). SEDFIT gave size-distribution analyses c(s) that revealed

the sedimentation species; SEDFIT assumed these species to have the same frictional



190

ratio f/f0. The final SEDFIT analyses used a fixed resolution of 200 and optimized the

c(s) fit by floating f/f0 and the baseline until the overall root-mean-square deviations

and visual appearance of the fits were satisfactory. The sedimentation coefficients

normalised to 20 °C in water were reported as s20,w values. The partial specific volume

of CD64 was calculated as 0.7363 ml/g from its sequence using SLUV (Perkins, 1986;

Wright & Perkins, 2015). The buffer density and viscosity of 1.00729 g/cm3 and

0.010835 poise respectively were measured for 30 mM Tris, 150 mM NaCl, 100 mM

imidazole, pH 7.6 using a DMA 5000 density meter and an AMVn Automated

Microviscometer (Anton Paar). The buffer density and viscosity of 1.0053 g/cm3 and

0.0102465 poise respectively were calculated for 30 mM Tris, 150 mM NaCl, pH 7.6

buffer using SEDNTERP version 1.09 (Laue et al., 1992).

X-ray scattering of CD64

After 20 h dialysis into 30 mM Tris, 150 mM NaCl, pH 7.6 at 4 °C immediately

prior to data collection, CD64 samples were measured on Instrument B21, Diamond

Light Source, Didcot, Oxon., UK. The beamsize was 250 × 250 μm and the beam had 

an energy of 12.4 keV at the detector. Concentrations of 0.11, 0.22, 0.33 and 0.44

mg/ml were measured in triplicate. Sample volumes of 40 μl was loaded into each well 

of a 96-well plate which was sealed with a plate cover. The 96-well plate was loaded

onto the BIOSAXS automatic sample changer (European Molecular Biology

Laboratory Arinax sample handling robot) (Round et al., 2015). BIOSAXS

Customised Beamline Environment (BsxCUBE) software was used to control the

automatic sample changer, in which 30 μl volumes were pipetted automatically into a 

temperature-controlled quartz cell capillary for automated X-ray data collection

(Pernot et al., 2013). Thirty frames of data, each for 1 sec, were recorded per sample,

during which the sample was continuously moved through the capillary at a constant

temperature of 20 °C. The scattering intensities I(Q) were recorded on a Pilatus 2M

camera at a sample-detector distance of 4 m to give a Q range of 0.032-3.8 nm-1 (where

Q = 4π sin θ/λ; 2θ is the scattering angle and λ is the wavelength).

For a given solute–solvent contrast, the radius of gyration RG is a measure of

structural elongation. Guinier analyses at low Q gives the RG and the forward scattering

at zero angle I(0) (Glatter & Kratky, 1982; Section 3.2.14):
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This expression is valid in a Q.RG range up to 1.5. If the structure is elongated, the

mean radius of gyration of cross-sectional structure RXS and the mean cross-sectional

intensity at zero angle [I(Q)Q]Q→0 is obtained from:

The I(0) values normalised by the concentration c is proportional to the molecular mass

(Blanchet & Svergun, 2013). The subtraction of the solute and buffer scattering curves

was performed using ScÅtter version 3.1 (http://www.bioisis.net/tutorial/9) (Section

3.2.13). The RG and RXS analyses were performed using the SCT suite (Wright &

Perkins, 2015). Dimensionless Kratky plots of (Q.RG)2.I(Q)/I(0) vs Q.RG were

calculated using the Guinier RG values and provides information on the folded state

and flexibility of CD64 (Section 3.2.16; Kratky & Porod, 1949; Doniach, 2001;

Brennich et al., 2017b; Cordeiro et al., 2017).

Indirect Fourier transformation of the scattering data I(Q) to give the distance

distribution function P(r) was performed using the program GNOM (Semenyuk &

Svergun, 1991; Section 3.2.15):

P(r) corresponds to the distribution of distances r between volume elements. This

provides the maximum dimension L of CD64 and its most commonly occurring

distance vector M in real space. For this, the I(Q) curve utilized up to 598 data points

in the Q range between 0.18 to 1.50 nm-1.

Atomistic scattering modelling of CD64

The starting CD64 structure for simulations was generated from that in the

crystal structure of the CD64-Fc complex (chain E; PDB code: 4X4M), in which the

CD64 sequence was identical to that used for AUC, MS and SAXS data collection (Lu

et al., 2015). The sequence alignment of the D1, D2 and D3 domains was performed

with Clustal Omega (Figure 5.1b-c; Sievers et al., 2011). The missing D3 loop residues

220RPG222 and C-terminal residues 283HQQPTPV289 in the crystal structure were

replaced using homology modelling with MODELLER version 9.14 (Webb & Sali,

2016). Charmm-GUI was used to prepare the structure files with force field

parameterizations and hydrogen atoms. The original sequence numbering from 21K to
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289V was renumbered as 1K to 269V in this study (Figure 5.1; Jo et al., 2008, 2011). An

energy minimisation of 1000 steps gave the CD64 starting model using NAMD version

2.9, the Generalized Born implicit solvent model, and the CHARMM 36 forcefield

(MacKerell et al., 1998, 2004; Best et al., 2012). All three disulphide bonds at Cys23–

Cys65, Cys104–Cys148 and Cys192-Cys240 were retained, and all the hydrogen

atoms were added.

Thirteen Monte Carlo simulations to generate 2,450,000 trial models of CD64

were performed using the ‘Torsion Angle Monte Carlo’ module in SASSIE (Curtis et

al., 2012; Perkins et al., 2016). The linker residues between the D1-D2 and D2-D3

pairs 80VHRGWLL86 and 168LFPA171 were assigned as flexible and were varied in the

simulations. The D1 and D3 domains thus moved in space relative to the fixed D2

domain. The D2 domain of CD64 was left with its original coordinates. Models

showing steric overlap were automatically discarded, leaving 279,162 accepted

models that were merged into a single trajectory file (Table 5.1). These molecular

structures were generated by Metropolis Monte Carlo sampling, in which the

energetics of the backbone torsion angles were determined using CHARMM force

field parameters. The simulations used a temperature of 300 K. Maximum angles of

up to 30° or 180° were used for each single move or step (Table 5.1).

Scattering curves were calculated using the ‘SasCalc’ module in SASSIE

(Section 3.3.5.2). The converged number of golden vectors for a complete scattering

profile was 33 using a tolerance of 0.01 (Watson & Curtis, 2013). Here, scattering

curves were generated using an increasing number of golden vectors up to 33, where

a negligible difference was observed between the calculated scattering curves within

the chosen tolerance. Thus a fixed number of 33 golden vectors was used to generate

a single scattering curve for each of the 279,162 models (Watson & Curtis, 2013). A

total of 454 I(Q) values in a Q range from 0 to 1.00113 nm-1 and a Q-spacing (ΔQ) of

0.002206 nm-1 were used. The I(0) values were scaled to 1. Each experimental

scattering curve was interpolated using a MATLAB script (version 2013a) using

exactly the same number of Q, Q range, and ΔQ values and scaled to I(0) = 1.

The difference between the modelled Imodel(Q) and experimental Iexp(Q) curves

was analysed using the R-factor which is analogous to that used in crystallography

(Section 3.3.6):
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This used the ‘Chi-Square Filter’ module in SASSIE (Curtis et al., 2012; Perkins et

al., 2016). The 100 best-fit models with the lowest R-factors were identified for each

scattering curve at 0.11, 0.22, 0.33 and 0.44 mg/ml. Energy minimisation (2000 steps)

of each best-fit model was performed on NAMD at the flexible linkers only. Any

broken models or with physically unrealistic linker conformations were discarded.

Density plots were generated in SASSIE to visualise the space occupied by the D1, D2

and D3 domains in CD64. Density plots were made for residues 1-79, 87-166 and 172-

269 to represent the rigid D1, D2 and D3 regions, and excluding the flexible regions.

The density plots, DCD trajectory files and PDB coordinate files were visualised on

VMD version 1.9.3 (Humphrey et al., 1996) and PyMOL (Schrödinger, LCC).

Sedimentation coefficient modelling of CD64

Sedimentation coefficients s20,w were calculated for the four CD64 crystal

structures, the CD64 starting structure, and each set of 100 X-ray best-fit models for

comparison with the experimental values using HYDROPRO version 10 (Ortega et

al., 2011; Section 3.3.7), followed by the conversion of s to s20,w using Equation 3.12

(Section 3.1.4). HYDROPRO utilised the shell calculation of the atomic level primary

model and a hydrodynamic radius of 0.29 nm for each of the elements in the primary

model. SLUV was used to generate the partial specific volumes and molecular masses

(Perkins, 1986; Wright & Perkins, 2015). The individual partial specific volumes of

0.7385 cm3/g, 0.7359 cm3/g, 0.7363 cm3/g and 0.7379 cm3/g were used for the four

crystal structures (PDB codes 3RJD, 4W4O, 4X4M and 4ZNE respectively), and

0.7376 cm3/g for both the starting CD64 structure and the best-fit models. Molecular

masses were calculated to be 29,367 Da, 31,453 Da, 30,913 Da and 29,911 Da for the

four crystal structures respectively, and 30,091 Da for the starting structure of CD64

and the best-fit models.



194

Atomistic solution scattering structures of full-

length human IgG1 and IgG4 in complexes with the

FcγRI (CD64) receptor reveal conformational change in 

IgG and CD64
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Introduction

An antibody binds to foreign antigen through its two Fab regions to form an

immune complex, thereby activating an immune response through its Fc region by

binding to Fc receptors (FcγR). Human IgG antibody exists as four subclasses IgG1, 

IgG2, IgG3 and IgG4, which vary in structure and function even though they have

more than 90% sequence similarity. There are three types of human FcγR which are 

FcγRI, FcγRII and FcγRIII. The IgG1 subclass is a potent activator of immune 

responses because this binds to all three human FcγR classes whereas the IgG4 

subclass has reduced immune activation due to its weaker binding to the FcγR classes 

(Figure 6.1). FcγRI, also known as cluster of differentiation 64 (CD64), is the only 

high-affinity receptor found in humans (Chapter 5). The order of affinity between the

IgG subclasses and FcγRI decreases in the sequence IgG1 = IgG3 > IgG4, and IgG2 

does not bind (Bruhns et al., 2009; Bruhns & Jönsson, 2015). After the formation of

the immune complex of antibody and antigen, IgG binds to an activating CD64

receptor which is associated with a homodimeric FcR γ-chain containing the 

immunoreceptor tyrosine-based activation motif. This results in a signalling cascade

which leads to immune cell activation, antigen presentation, antibody-dependent cell-

mediated cytotoxicity, phagocytosis, cytokine release and oxidative burst which are

responses generated by the immune system to clear foreign antigen within the body

(Nimmerjahn & Ravetch, 2008). CD64 is implicated in arthritis, systemic lupus

erythematosus and inflammatory bowel disease (Ioan-Facsinay et al., 2002; Li et al.,

2010; Tillinger et al., 2009). CD64 is fast becoming a new target for the development

of novel therapeutics (Masuda et al., 2009; Hogarth & Pietersz, 2012; Sondermann &

Szymkowski, 2016; Yu & Lazarus, 2016).

Three crystal structures of the co-complex of CD64 with the IgG1-Fc region

(Kiyoshi et al., 2015; Lu et al., 2015; Oganesyan et al., 2015) and one for the unbound

CD64 receptor (Lu et al., 2011) are available. These clarified the molecular

mechanism of the high-affinity interaction (Section 1.3.3). All three CD64-Fc

structures show the same mode of interaction (Section 1.3.2; Davies & Sutton, 2015).

IgG1-Fc interacts with CD64 at two different sites, namely at the top of the IgG CH2

domains and at the lower hinge in an asymmetric arrangement (Figure 6.1). The BC

and DE loops in one of the two Fc CH2 domains interacts with the CD64 D2 domain

C and C’ strands through salt bridges, hydrogen bonds and van der Waals interactions.
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Figure 6.1 Schematic diagram and starting structures of IgG1 and IgG4 and

their CD64 complexes (legend overleaf).
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Figure 6.1 Schematic diagram and starting structures of IgG1 and IgG4 and their

CD64 complexes

(continued from previous page).

(a-b) Schematic domain diagrams and cartoon views of the starting molecular

structures of human IgG1 and IgG4.

(c-d) Cartoon views of the starting structures of the human IgG1-CD64 and IgG4-

CD64 complexes. The pairs of heavy chains domains are coloured as follows: VH

(blue/cyan); CH1 (blue/cyan); CH2 (dark and light grey); CH3 (dark and light grey).

The pairs of light chains are coloured as follows: VL (light blue/green); CL (light

blue/green). The heavy chains are connected by two disulphide bridges at Cys226 and

Cys229. There is one N-linked oligosaccharide site at Asn297 on each CH2 domain (● 

or yellow sticks). The hinge region between the Fab and Fc fragments are shown in

yellow. In addition, human IgG1 has an extra Cys220 residue in the hinge, which

connects the heavy and light chains. This follows EU numbering. The large red star in

(a-b) indicate the binding site on IgG for CD64. The CD64 consists of three

extracellular domains, D1, D2 and D3 shown in magenta, orange and pink

respectively.
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The second CH2 domain interacts with the D1-D2 linker and D2 domain BC loop

through a hydrophobic ‘proline sandwich’ where the proline from IgG is placed

between two tryptophan residues from CD64. The second site involves both the IgG

lower hinge regions. One lower hinge interacts with the CD64 D2 domain C and C’

strands, and the other lower hinge interacts with the CD64 D2 domain BC and FG

loops (Section 1.3.2; Davies & Sutton, 2015; Caaveiro et al., 2015). Although the

interaction of IgG1-Fc and CD64 is known, the overall conformation of the full-length

human IgG subclasses in its CD64 complex remains unknown because this cannot be

crystallised to date. In addition, the crystal structures of the Fc-CD64 complexes only

involve the IgG1 subclass, even though IgG3 and IgG4 also bind to CD64. A further

understanding of the molecular mechanism of the CD64 interaction with full-length

IgG will advance our understanding of the different affinities of the CD64 interaction

with the different IgG subclasses and their disease associations.

Small-angle solution scattering combined with analytical ultracentrifugation

(AUC) and atomistic modelling offers a novel approach to study the structure of the

full-length human IgG-CD64 complex (Chapter 3; Perkins et al., 2008, 2011; Unzai,

2018). Full-length IgG antibodies have been studied by this approach previously (Abe

et al., 2010; Rayner et al., 2014, 2015). The SASSIE-web package, as part of the

Computational Collaborative Project for Small-Angle Scattering (CCP-SAS), has

much enhanced scattering studies through the advent of atomistic modelling based on

molecular dynamics and Monte Carlo methods (Section 3.3; Curtis et al., 2012;

Perkins et al., 2016). Full-length human IgA1, IgG1, IgG2 and IgG4 were studied to

yield much-improved understandings of their solution structures (Hui et al., 2015;

Wright et al., 2019, submitted; Hui et al., 2019a, submitted – Chapter 4). Unbound

CD64 has likewise been studied to show that its solution structure was more elongated

compared to its crystal structure (Hui et al., 2019b, in preparation; Chapter 5). First

we determined atomistic structures for full-length unbound human IgG1 and IgG4

monoclonal antibodies. This took advantage of new methodology for small-angle X-

ray scattering (SAXS) data collection, namely size-exclusion chromatography

(SECSAXS) on Instrument B21 at the Diamond Light Source and small-angle neutron

scattering (SANS) (Section 3.2). Next, we presented the atomistic solution structures

for these same IgG1 and IgG4 antibodies in their complexes with CD64 using joint

AUC, native mass spectrometry (MS), SAXS and molecular dynamics and Monte
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Carlo modelling. This revealed that unbound IgG1 and IgG4 changed to more

elongated conformations upon binding of IgG to CD64 with a 1:1 binding

stoichiometry. The Fab regions of bound IgG were restricted by the presence of CD64

to adopt a Y-shaped structure. The elongated seahorse structure of unbound CD64

became more compact in its IgG complex to resemble its crystal structures. The

interaction interfaces of IgG1 and IgG4 with CD64 explained the lower affinity of

IgG4 for CD64 compared with IgG1. The compact association of CD64 to the IgG Fc

region accommodated both the Fab regions and ensured a 1:1 binding stoichiometry

of the high-affinity interaction to elicit an immune response.

Results

Purification and characterisation of IgG and the IgG-CD64 complexes

Human IgG1 anti-CD20 and IgG4 B72.3 were purified using Superdex 200 gel

filtration with elution peaks at volumes of 17 ml and 16.5 ml respectively to ensure

monodispersity and aggregate removal (Figure 6.2a,b). CD64 was purified as before

(Hui et al., 2019b, in preparation; Section 5.4.1). Purified IgG1 or IgG4 and CD64

were mixed at molar ratios (μM) of approximately 1:1, then dialysed into 30 mM Tris, 

150 mM NaCl, pH 7.6 buffer (denoted as Tris buffer hereafter). The IgG1-CD64 and

IgG4-CD64 complexes were eluted from the same gel filtration column at 16.2 ml and

16 ml respectively (Figure 6.2c,d). Their earlier elution demonstrated the presence of

the larger IgG-CD64 complex (~179 kDa) compared to unbound IgG (~149 kDa).

SDS-PAGE showed distinct clear bands for IgG between the markers at 116 and 220

kDa and for CD64 between the markers at 31 and 37 kDa, in agreement with their

calculated masses of ~149 kDa for IgG and ~31 kDa for CD64 (Figure 6.2e).

For IgG1, native mass spectrometry in vacuo examined its CD64 complex to

determine its mass and binding stoichiometry. The mass spectra of IgG1-CD64

contained peaks for unbound IgG1 with charges of +26 to +31 and for the IgG1-CD64

complex with charges of +23 to +27 in a mass to charge ratio (m/z) range of 5,000 to

8,500 (Figure 6.3a). The well-resolved peaks indicated low mass heterogeneity for the

two glycan chains (Figure 6.1a). Deconvolution revealed the molecular mass and

percentages for each species that contributed towards the spectrum. Two trap voltages

were used because the distinct peaks were more visible with a higher voltage. The

spectrum at 40 V revealed two species with masses of 148,049 ± 22 Da for unbound

IgG1 (56.3%) and 180,731 ± 36 Da for the IgG1-CD64 complex (43.5%) (Figure 6.3a).
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Figure 6.2 Purification of unbound IgG and the IgG-CD64 complexes.

The elution is shown for (a) IgG1, (b) IgG4, (c) the IgG1-CD64 complex and (d) the

IgG4-CD64 complex from a Superdex 200 10/300 gel filtration column (mAU, milli-

absorbance units). The dashed lines indicated the different elution volumes. (e) Non-

reduced SDS-PAGE analyses where M denotes the Mark 12 molecular weight

markers. Lanes 1 to 5 represent CD64, IgG1, IgG4, IgG1-CD64 and IgG4-CD64

respectively. The bands corresponding to IgG and CD64 are arrowed.
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Figure 6.3 Native mass spectrometry of the IgG-CD64 complexes.

Native mass spectra of the (a) IgG1-CD64 and (b) IgG4-CD64 complexes at a mass-

to-charge ratio (m/z) between 5,000-8,500, using trap voltages of 40V (left panel) and

100V (right panel). The theoretical charge states were generated using Amphitrite

software and labelled for each peak. (c) Native mass spectra of IgG4-CD64 sample at

an m/z of 1,000-10,000 and 100 V showing peaks for unbound CD64, a half molecule

of IgG4 (HL), unbound IgG4 (H2L2) and the IgG4-CD64 complex.
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Repeats of the IgG1-CD64 complex (and IgG4-CD64 below) gave the same masses

(data not shown), showing reproducibility. The spectrum at 100 V revealed three

species with masses of 147,240 ± 2 Da for unbound IgG1 (57.7%), and 178,560 ± 9

Da (19.9%) and 179,427 ± 6 Da (22.3%) for two species of the IgG1-CD64 complex

(Figure 6.3a). The observed masses agreed with the sequence-calculated glycosylated

compositions of 148,680 Da and 179,593 Da for IgG1 and a 1:1 complex of IgG1-

CD64 respectively. Unbound CD64 showed two masses, thus explaining the two

masses seen for the complex (Hui et al., 2019b, in preparation; Section 5.2.1; Figure

5.3). A trap voltage of 200 V was also used to show that the complex was still observed

(data not shown) showing its strong association.

For IgG4, the mass spectra of IgG4-CD64 likewise showed peaks for unbound

IgG4 with charges of +26 to +31 and the IgG4-CD64 complex with charges of +23 to

+27 in a m/z range of 5,000 to 8,500 (Figure 6.3b). The well-resolved peaks again

indicated low mass heterogeneity for the two glycan chains (Figure 6.1a). The

spectrum at 40 V revealed three different species with masses of 147,052 ± 12 Da

(55.1%) for unbound IgG4 and 179,143 ± 10 Da (24.9%) and 179,221 ± 24 Da (20%)

for two species of the IgG4-CD64 complex (left panel, Figure 6.3b). The spectrum at

100 V revealed four species with masses of 146,606 ± 1 (41.4%) for unbound IgG4

and 177,821 ± 3 Da (26.5%), 178,655 ± 3 Da (3.4%) and 178,803 ± 6 Da (28.7%) for

three species of IgG4-CD64 complexes (Figure 6.3b). The observed masses agreed

with the sequence-calculated glycosylated compositions of 148,038 Da and 178,951

Da for IgG4 and a 1:1 complex of IgG4-CD64 respectively. The full mass spectrum

(Figure 6.3c) showed peaks for unbound CD64, unbound IgG4 and its half-molecule,

and the IgG4-CD64 complex.

AUC studies of IgG and the IgG-CD64 complexes

The sizes and shapes of IgG1, IgG1-CD64, IgG4 and IgG4-CD64 in solution

were examined using sedimentation velocity experiments with absorbance (Figure

6.4a-d) and interference (Figure 6.4e-h) optics. The SEDFIT analyses involved fits of

up to 169 scans for the four proteins in Tris buffer. Very good agreements were found

between the experimental boundary scans and fitted lines (left panels, Figure 6.4). The

size distribution analyses c(s) showed that the majority of the samples were

monodisperse in solution (right panels, Figure 6.4), although negligible peaks for

unbound CD64 at 4 S were found in the IgG-CD64 samples by interference optics (not
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Figure 6.4 Sedimentation velocity analyses of IgG and their CD64 complexes (legend overleaf).
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Figure 6.4 Sedimentation velocity analyses of IgG and their CD64 complexes

(continued from previous page).

Sedimentation velocity analyses at 20 °C using absorbance and interference optics are

shown for (a, e) IgG1, (b, f) IgG1-CD64, (c, g) IgG4 and (d, h) IgG4-CD64.

The left panels show the experimentally observed sedimentation boundaries, whereby

approximately 30 boundaries (black) are shown for up to 150 scans for every fifth scan

for clarity, and were fitted using SEDFIT (blue). The samples shown in the left panels

were (a, e) 0.58 mg/ml of IgG1, (b,f) 0.58 mg/ml of IgG1-CD64, (c, g) 0.55 mg/ml of

IgG4 and (d, h) 0.95 mg/ml of IgG4-CD64.

The right panels show the size-distribution analyses c(s) revealed single peaks at 6.1

S for unbound IgG1, 6.3 S for unbound IgG4, and 6.6-6.8 S for the IgG1-CD64 and

IgG4-CD64 complexes. The average s values for the c(s) plots are shown in red dotted

lines. The samples containined (a) 0.43, 0.46, 0.58, 1.12 and 1.42 mg/ml of IgG1, (b)

0.21, 0.28, 0.39 and 0.58 mg/ml of IgG1-CD64, (c) 0.50, 0.55, 0.71, 1.45 and 1.68

mg/ml of IgG4, (d) 0.38, 0.51, 0.64 and 0.95 mg/ml of IgG4-CD64, (e) 0.43, 0.46,

0.50, 0.58, 1.00, 1.12, 1.42, 1.50, 1.54 and 2.00 mg/ml of IgG1, (f) 0.21, 0.28, 0.39

and 0.58 mg/ml of IgG1-CD64, (g) 0.50 (2 samples), 0.55, 1.00, 1.45, 1.5, 1.68, 1.71,

1.74, 1.75, 2.00, 2.50 (2 samples) and 3.5 mg/ml of IgG4 and (h) 0.38, 0.51, 0.64 and

0.95 mg/ml of IgG4-CD64.
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shown) which was attributable to the slight excess of CD64. The average

sedimentation coefficients s values were 6.11 ± 0.09 S and 6.12 ± 0.08 S for IgG1,

6.74 ± 0.05 S and 6.67 ± 0.07 S for IgG1-CD64, 6.31 ± 0.10 S and 6.32 ± 0.08 S for

IgG4, 6.77 ± 0.02 S and 6.71 ± 0.03 S for IgG4-CD64 for absorbance and interference

optics respectively (red, Figure 6.4). The difference of approximately 0.5 – 0.6 S

observed between unbound IgG1 and IgG1-CD64 and approximately 0.4 S between

unbound IgG4 and IgG4-CD64 indicate the increased mass in the complexes compared

to unbound IgG.

The absorbance and interference data for unbound IgG1 in light water (Figure

6.5) gave average s20,w values of 6.38 ± 0.08 S in Tris buffer and 6.57 ± 0.01, 6.55 ±

0.01 and 6.51 ± 0.02 S in PBS-50, PBS-137 and PBS-250 buffers (Figure 6.5a). These

values agree with previous s20,w values of 6.3 – 6.6 S for IgG1 (Gregory et al., 1987;

Phillips et al., 1994; Wright et al., 2018; Rayner et al., 2015). Unbound IgG4 gave

average s20,w values of 6.58 ± 0.08 S in Tris buffer and 6.79 ± 0.02, 6.76 ± 0.03 and

6.72 ± 0.01 S in PBS-50, PBS-137 and PBS-250 buffers in light water respectively

(Figure 6.5c). Again, these values agree with previously determined s20,w values of 6.5

– 6.9 S for IgG4 (Byron et al., 1990; Longman et al., 2003; Lu et al., 2007, 2008; Yang

et al., 2018; Rayner et al., 2014). The average s20,w values of unbound IgG4 are higher

than those reported for unbound IgG1 showing that IgG4 is more compact in shape

than IgG1.

The IgG1-CD64 complex gave average s20,w values of 7.17 ± 0.19 S in Tris

buffer showing an s20,w increase of 0.8 S in comparison to unbound IgG1 (Figure 6.5b).

The IgG4-CD64 complex gave average s20,w values of 7.17 ± 0.27 S in Tris buffer

showing an s20,w increase of 0.6 S in comparison to unbound IgG4 (Figure 6.5d).

Interestingly, both IgG1-CD64 and IgG4-CD64 exhibit the same average s20,w value,

showing that they possess the same conformation in solution after the interaction of

unbound IgG with CD64 to form the 1:1 complex, even though unbound IgG4 has a

more compact shape in solution than unbound IgG1.

SAXS and SANS of IgG and the IgG-CD64 complexes

The solution structure of unbound IgG1 and IgG4 was jointly analysed by both

SAXS in batch and SECSAXS modes and SANS as complementary approaches. IgG1-

CD64 and IgG4-CD64 was analysed by SAXS in both batch and SECSAXS modes.
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Figure 6.5 Sedimentation coefficient analyses of IgG and their CD64 complexes.

The normalised sedimentation coefficients (s20,w) are shown as a function of

concentration (mg/ml). The best-fit lines show the average s20,w values. The s20,w values

from both absorbance (▲) and interference () optics are displayed.

(a) The s20,w values are shown for unbound IgG1 in Tris buffer (black), PBS-50 (light

blue), PBS-137 (dark blue) and PBS-250 (teal). The triangles (▲,) represent gel-

filtrated samples in light water.

(b) The s20,w values are shown for IgG1-CD64 in Tris buffer. The triangles (▲)

represent the gel-filtrated samples and circles (,) represent the non gel-filtrated

samples.

(c) The s20,w values are shown for unbound IgG4 in Tris buffer (black), PBS-50 (light

pink), PBS-137 (light red) and PBS-250 (dark red). The triangles (▲,) represent gel-

filtrated samples in light water.

(d) The s20,w values are shown for IgG4-CD64 in Tris buffer. The triangles (▲)

represent the gel-filtrated samples and circles () represent the non gel-filtrated

samples.
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SAXS with light water buffer monitored the shape of the hydration shell surrounding

the protein as well as the overall protein structure, while neutrons with heavy water

buffer monitored the overall shape of the unhydrated structure because the hydration

shell was largely invisible in this buffer (Section 3.2.5; Perkins, 2001). The use of

heavy water also monitored self-association, because heavy water resulted in weaker

solute hydration and thus promoted self-association. SAXS was used to examine IgG1

and IgG4 and their complexes at 20 °C in Tris buffer in two beam sessions, one in

batch mode using concentrations from 0.35 to 4 mg/ml. The other session in

SECSAXS mode used high concentrations between 2.38 to 8.69 mg/ml that were

passed through a size-exclusion column immediately prior to measurement (Figure

6.6).

In SAXS batch mode, the Guinier analyses resulted in high-quality linear plots

in three distinct Q ranges in the I(Q) curves, as expected for antibodies, from which

the RG, RXS-1 and RXS-2 values were obtained within satisfactory Q.RG and Q.RXS limits

(Figure 6.7). The X-ray RG, RXS-1 and RXS-2 values showed a concentration dependence

for IgG1 and IgG4. The X-ray RG values of IgG1 increased with increasing

concentration from 5.00 ± 0.02 nm to 5.28 nm ± 0.004 nm (Figure 6.8a). Extrapolation

of the RG values to zero concentration resulted in a value of 5.03 nm for IgG1 (Figure

6.8a). The RXS-1 and RXS-2 values of IgG1 also increased with concentration from 2.53

± 0.06 nm to 2.60 ± 0.004 nm and 1.36 ± 0.02 to 1.43 ± 0.001 nm respectively (Figure

6.8c,d). The concentration dependence was not observed for human IgG1 6a and 19a,

however the X-ray RG, RXS-1 and RXS-2 values were in agreement (Rayner et al., 2015).

The X-ray RG values of IgG1 correspond well to other previous studies (Lilyestrom et

al., 2012; Tian et al., 2014, 2015; Fukuda et al., 2017; König et al., 2017; Castellanos

et al., 2018). Similarly, the X-ray RG values of IgG4 increased with increasing

concentration from 4.91 ± 0.02 nm to 5.21 nm ± 0.09 nm (Figure 6.8a). Extrapolation

of the RG to zero concentration resulted in a value of 4.90 nm for IgG4 (Figure 6.8a).

The RXS-1 and RXS-2 values of IgG4 also increased with concentration from 2.40 ± 0.03

nm to 2.49 ± 0.02 nm and from 1.32 ± 0.03 nm to 1.40 ± 0.02 nm respectively (Figure

6.8c,d). The concentration dependence was not observed for IgG4 previously (Rayner

et al., 2014), however the X-ray RG, RXS-1 and RXS-2 values were in agreement. The X-

ray RG values of IgG4 correspond well to other previous studies (Abe et al., 2010; Tian

et al., 2014, 2015; Fukuda et al., 2017). The RG, RXS-1 and RXS-2 values of IgG4 were
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Figure 6.6 Chromatograms from SECSAXS of IgG and their CD64 complexes.

The elution of (a) IgG1, (b) IgG4, (c) IgG1-CD64 and (d) IgG4-CD64 from a Shodex

KW403 gel filtration column (mAU, milli-absorbance units) that were immediately

measured by SAXS on Instrument B21, Diamond Light Source, UK. The dashed lines

indicate the differences in their elution volumes.
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Figure 6.7 SAXS Guinier RG, RXS-1 and RXS-2 analyses of IgG and their CD64

complexes.

The X-ray scattering curves at 20 °C are shown for (a) IgG1, (b) IgG1-CD64, (c) IgG4

and (d) IgG4-CD64. The batch mode and SECSAXS samples are shown in black and

blue respectively. The filled circles between the arrowed data points represent the

Q.RG, Q.RXS-1 and Q.RXS-2 ranges used to determine the RG, RXS-1 and RXS-2 values. The

Q ranges for the RG, RXS-1 and RXS-2 values were 0.10–0.28 nm-1, 0.31–0.47 nm-1 and

0.65–1.04 nm-1 respectively. A selection of curves were shown for reason of clarity.

(a) IgG1 for 0.25 mg/ml, 0.5 mg/ml, SECSAXS and 2 mg/ml from bottom to top.

(b) IgG1-CD64 for 0.35 mg/ml, 0.9 mg/ml, 1.8 mg/ml and SECSAXS from bottom to

top.

(c) IgG4 for 0.25 mg/ml, 0.5 mg/ml, SECSAXS and 2 mg/ml from bottom to top.

(d) IgG4-CD64 for 0.7 mg/ml, 1.79 mg/ml and SECSAXS from bottom to top.
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Figure 6.8 Concentration dependence of the SAXS and SANS Guinier values.

The filled circles represent the Guinier RG, I(0)/c, RXS-1 and RXS-2 values, and the open

circles represent the RG values from P(r) analyses. The Guinier RG values were fitted

by linear regression (solid lines) or their mean value (dashed lines). On the left,

triplicates for the X-ray (a) RG, (b) I(0)/c, (c) RXS-1 and (d) RXS-2 values for IgG1 (cyan),

IgG4 (magenta), IgG1-CD64 (navy) and IgG4-CD64 (red) were averaged to give the

mean ± standard deviation. Stars represent the SECSAXS samples. On the right, the

neutron (e) RG, (f) I(0)/c, (g) RXS-1 and (h) RXS-2 values for IgG1 (left) and IgG4 (right)

samples in heavy water at 20 °C. For IgG1, the buffers were PBS-50 (light blue), PBS-

137 (dark blue) and PBS-250 (teal). For IgG4, the buffers were PBS-50 (light pink),

PBS-137 (light red) and PBS-250 (dark red).
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lower than those for IgG1 showing again that IgG4 was more compact than IgG1 in

solution. The I(0)/c values for unbound IgG1 and IgG4 showed no changes, indicating

the absence of dimers or other oligomers (Figure 6.8b), in agreement with the single

c(s) peaks in Figure 6.4.

In similar SAXS batch mode runs for the IgG1-CD64 and IgG4-CD64

complexes, no concentration dependences were observed. The averaged RG, RXS-1 and

RXS-2 values of IgG1-CD64 were 5.42 ± 0.09 nm, 2.89 ± 0.04 nm and 1.31 ± 0.02 nm

respectively. The averaged RG, RXS-1 and RXS-2 values of IgG4-CD64 were 5.25 ± 0.04

nm, 2.86 ± 0.01 nm and 1.26 ± 0.03 nm respectively, which are smaller than those for

IgG1-CD64, in agreement with the more compact IgG4 structure compared to IgG1.

The RG and RXS-1 values of the IgG1-CD64 and IgG4-CD64 complexes were higher

than those of unbound IgG1 and IgG4 (Figure 6.8), showing that the antibodies became

more elongated upon binding to CD64. The RXS-2 values for the complexes were lower

than the unbound RXS-2 values, indicating a conformational change in IgG after binding

to CD64.

The use of SECSAXS mode ensured aggregate-free, monodisperse and buffer-

matched IgG1, IgG4, IgG1-CD64 and IgG4-CD64 samples as shown by the

chromatograms (Figure 6.6) just before data collection on the B21 beamline. The

complexes eluted earlier than unbound IgG, in agreement with the Superdex 200

elutions (Figure 6.2). The RG, RXS-1 and RXS-2 values of IgG1 were 5.09 nm, 2.61 nm

and 1.44 nm (starred, Figure 6.8a,c,d), while the RG, RXS-1 and RXS-2 values of IgG1-

CD64 were 5.47 nm, 3.00 nm and 1.30 nm. The RG, RXS-1 and RXS-2 values of IgG4

were 4.90 nm, 2.52 nm and 1.39 nm, while the RG, RXS-1 and RXS-2 values of IgG4-

CD64 were 5.20 nm, 2.92 nm and 1.21 nm (starred, Figure 6.8a,c,d). These values

reproduced those reported for SAXS in batch mode. Again, the observed RG and RXS-1

values of the IgG-CD64 complexes were higher than those for unbound IgG (Figure

6.8a,c) indicating that there was a conformational change to a more elongated solution

structure upon complex formation.

As a control of the SAXS data, SANS was used to examine unbound IgG1 and

IgG4 at 20 °C in PBS-50, PBS-137 and PBS-250 buffers in heavy water from 0.5 to 4

mg/ml. High quality linear Guinier analyses in three distinct regions of the neutron

I(Q) curves gave the RG, RXS-1 and RXS-2 values within satisfactory Q.RG and Q.RXS
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limits (Figure 6.9). Both the IgG1 and IgG4 neutron RG values showed concentration

dependences similar to the X-ray RG values (Figure 6.8e). The neutron RG values for

IgG1 increased with increasing concentration from 4.97 to 5.18 nm, 5.06 to 5.15 nm

and 5.00 to 5.11 nm in PBS-50, PBS-137 and PBS-250 buffers respectively (left panel,

Figure 6.8e). The RG values of IgG1 at zero concentration were 4.93, 5,00 and 4.91 nm

for PBS-50, PBS-137 and PBS-250 buffers respectively. The concentration

dependence was not observed by human IgG1 6a and 19a, however the RG values were

in agreement (Rayner et al., 2015). The neutron RG values of IgG1 match those in

previous studies (Castellanos et al., 2014, 2018). The neutron RG values for IgG4

increased with increasing concentration from 4.71 to 4.97 nm, 4.75 to 5.07 nm and

4.80 to 5.02 nm in PBS-50, PBS-137 and PBS-250 buffers respectively (right panel,

Figure 6.8e). The RG values of IgG4 at zero concentration were 4.66, 4.63 and 4.73 nm

for PBS-50, PBS-137 and PBS-250 buffers respectively, which are lower than that for

IgG1 and again showing a more compact conformation in agreement with the SAXS

data. These neutron RG values of IgG4 were in agreement with a previous IgG4 study

(Rayner et al., 2014), where the concentration dependence was also observed. The

I(0)/c values for IgG1 and IgG4 remained unchanged, indicating the absence of any

dimers or other oligomers in the heavy water PBS buffers (Figure 6.8f). Further

comparisons with the X-ray data showed that the neutron RXS-1 and RXS-2 values did not

show a concentration dependence. For IgG1, the average RXS-1 values were 2.46 ± 0.02,

2.44 ± 0.03 and 2.38 ± 0.02 nm (left panel, Figure 6.8g) and the average RXS-2 values

were 1.16 ± 0.05, 1.14 ± 0.04 and 1.05 ± 0.04 nm (left panel, Figure 6.8h) for PBS-50,

PBS-137 and PBS-250 respectively. The average RXS-1 and RXS-2 values were within

error for PBS-50 and PBS-137 buffers, however IgG1 may be more compact in PBS-

250 due to the lower values reported. For IgG4, the average RXS-1 values were 2.30 ±

0.05, 2.30 ± 0.04 and 2.32 ± 0.07 nm (right panel, Figure 6.8g) and the average RXS-2

values were 1.09 ± 0.04 nm, 1.00 ± 0.07 nm and 1.06 ± 0.11 nm (right panel, Figure

6.8h) for PBS-50, PBS-137 and PBS-250 buffers respectively. All the IgG4 RG, RXS-1

and RXS-2 values reported in three PBS buffers agreed within error, showing that they

had similar conformations in solution. These neutron values (Figure 6.8e,g,h) were

lower than those for X-rays (Figure 6.8a,c,d) due to the near invisibility of the surface

hydration shell in heavy water by neutrons, as well as the high negative solute-solvent

contrast difference (Perkins, 2001).
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Figure 6.9 SANS Guinier RG, RXS-1 and RXS-2 analyses of IgG.

The neutron scattering curves at 20 °C are shown for IgG1 in (a) PBS-50, (b) PBS-

137, (c) PBS-250, and for IgG4 in (d) PBS-50, (e) PBS-137, (f) PBS-250, all in heavy

water. The filled circles between the arrowed data points represent the Q.RG, Q.RXS-1

and Q.RXS-2 ranges used to determine the RG, RXS-1 and RXS-2 values. The Q ranges for

the RG, RXS-1 and RXS-2 values were 0.15–0.28 nm-1, 0.31–0.47 nm-1 and 0.65–1.04 nm-

1 respectively. The samples from bottom to top are 0.5, 1, 2, 3 and 4 mg/ml.
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The distance distribution function P(r) provides structural information on full-

length human IgG1 and IgG4 and their complexes with CD64 in real space. This is

equivalent to a histogram of all the distances r (nm) between all the atoms within the

molecule. The X-ray and neutron P(r) analyses gave RG values for IgG1, IgG4, IgG1-

CD64 and IgG4-CD64 (open symbols in Figure 6.8a,e) that were similar to those from

the Guinier analyses, showing that the two analyses were self-consistent. The

maximum length L was determined from the value of r when the P(r) curve intersected

zero at large r. By X-rays, the L value of both IgG1 and IgG4 was determined to be 16

nm (arrowed, Figure 6.10a,c) in agreement with previous studies (Lilyestrom et al.,

2012; Rayner et al., 2014, 2015; Tian et al., 2014, 2015) whereas the L value of IgG1-

CD64 and IgG4-CD64 was 17 nm by SAXS in both batch and SECSAXS modes

(arrowed, Figure 6.10b,d). By neutrons, the average L values of IgG1 were 16 nm for

PBS-50 and PBS-137 and 16.40 ± 0.55 nm for PBS-250 buffers in heavy water (left

panels, Figure 6.10e-g) in agreement with Rayner et al. 2015 and Castellanos et al.

2018. The average L values of IgG4 are 15.80 ± 0.45 nm for PBS-50 and PBS-137 and

16 nm for PBS-250 buffers in heavy water (right panels, Figure 6.10e-g), which are

lower than those reported for Rayner et al. 2014. These neutron L values were the same

in all three buffers within error and agreed with those by SAXS.

In the X-ray P(r) curves, the two maxima M1 and M2 correspond to the most

frequently occurring interatomic distances r within the structure. Both M1 and M2

were observed for IgG and their CD64 complexes by SAXS (Figure 6.10a-d). The

intensity of M1 was greater than for M2 for unbound IgG1 and IgG4 by SAXS (Figure

6.10a,c), whereas the intensity of M2 was much increased for the IgG1-CD64 and

IgG4-CD64 complexes (Figure 6.10b,d). For unbound IgG, batch mode SAXS gave

averaged M1 and M2 values of 4.61 ± 0.13 nm and 7.53 ± 0.20 nm and average M1

and M2 values of 4.68 ± 0.10 nm and 7.45 ± 0.21 nm for IgG4, showing that they are

very similar (Figure 6.10h). The SECSAXS data showed that IgG1 had similar M1 and

M2 values of 4.48 nm and 7.47 nm, and that IgG4 had similar M1 and M2 values of

4.64 nm and 7.15 nm respectively. For the complexes in batch mode, the average M1

and M2 values were 5.43 ± 0.17 nm and 7.32 ± 0.22 nm for IgG1-CD64, and 5.52 ±

0.19 nm and 7.17 ± 0.20 nm for IgG4-CD64 (Figure 6.10h). The complexes in

SECSAXS mode showed that IgG1-CD64 had similar M1 and M2 values of 5.44 nm

and 7.31 nm, and that IgG4-CD64 had similar M1 and M2 values of 5.55 nm and 7.03
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Figure 6.10 SAXS and SANS P(r) analyses of IgG and their CD64 complexes (legend overleaf).
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Figure 6.10 SAXS and SANS P(r) analyses of IgG and their CD64 complexes

(continued from previous page).

In the P(r) analyses, the peak maxima at M1 and M2 and the maximum length L are

arrowed. The listed concentrations are for the curves from the bottom to the top. For

the X-ray curves, the SECSAXS curve is shown in grey.

(a) The X-ray P(r) curves for IgG1 for 0.25, 0.50, 0.75, 1, 2, 3 and 4 mg/ml (cyan).

(b) The X-ray P(r) curves for the IgG1-CD64 complexes for 0.35, 0.9 and 1.8 mg/ml

(navy).

(c) The X-ray P(r) curves for IgG4 for 0.25, 0.50, 0.75, 1, 2, 3 and 4 mg/ml (magenta).

(d) The X-ray P(r) curves for the IgG4-CD64 complexes for 0.7 and 1.79 mg/ml (red).

(e) The neutron P(r) curves for IgG1 (light blue) and IgG4 (light pink) in PBS-50 for

0.5, 1, 2, 3 and 4 mg/ml.

(f) The neutron P(r) curves for IgG1 (dark blue) and IgG4 (light red) in PBS-137 for

0.5, 1, 2, 3 and 4 mg/ml.

(g) The neutron P(r) curves for IgG1 (teal) and IgG4 (dark red) in PBS-250 for 0.5, 1,

2, 3 and 4 mg/ml.

(h) The X-ray P(r) maxima M1 and M2 for IgG1 (cyan), IgG4 (magenta), IgG1-CD64

(navy) and IgG4-CD64 (red) are shown as filled circles. Error bars are shown only

when visible. The stars represent the SECSAXS values. The lines represent the mean

values for batch mode for IgG1 and IgG4 (solid lines) and IgG1-CD64 and IgG4-CD64

(dashed lines).

(i) The neutron P(r) maxima M1 and M2 for IgG1 (left) and IgG4 (right) are shown as

filled circles for PBS-50 (light blue, light pink), PBS-137 (dark blue, light red) and

PBS-250 (teal, dark red). The lines represent the mean values.
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nm respectively. The increase of approximately 0.8 nm in the M1 value and the

decrease of approximately 0.2 nm in the M2 value indicated a conformational change

in the IgG solution structure upon complex formation.

In the neutron P(r) curves, the M1 peak was more intense than the M2 peak for

both unbound IgG1 and IgG4 (Figure 6.10e-g). For IgG4, the M2 peak was not

resolved for 0.5 and 1.0 mg/ml in PBS-137 and 2.0, 3.0 and 4.0 mg/ml in PBS-250

(right panels, Figure 6.10f-g). The average M1 values of IgG1 were similar at 4.34 ±

0.16 nm, 4.57 ± 0.22 nm and 4.80 ± 0.16 nm and the average M2 values were similar

at 7.20 ± 0.16 nm, 7.33 ± 0.17 nm and 7.41 ± 0.13 nm in PBS-50, PBS-137 and PBS-

250 buffers in heavy water respectively (left panel, Figure 6.10i). The average M1

values of IgG4 were similar at 4.72 ± 0.13 nm, 4.97 ± 0.27 and 4.91 ± 0.48 nm and the

average M2 values were similar at 6.99 ± 0.20 nm, 7.15 ± 0.12 nm and 6.97 ± 0.16 nm

in PBS-50, PBS-137 and PBS-250 buffers in heavy water respectively (right panel,

Figure 6.10i). The IgG1 and IgG4 M1 and M2 positions by neutron scattering were

thus consistent with the X-ray M1 and M2 values.

Starting structures for IgG and the IgG-CD64 complexes

Full starting structures were required for the Monte Carlo searches:

(i) For IgG1, based on the sequence of human IgG1 antiCD20 (Figure 6.11),

the starting structure of human IgG1 antiCD20 was created from homology modelling

of the Fab regions using the human IgG1 b12 crystal structure (PDB code 1HZH), with

the Fc region taken from the IgG1-Fc crystal structure (PDB code 4X4M). The

IgG1 C-terminal residues were added to this (Methods).

(ii) For IgG4 likewise, based on the sequence of human IgG4 B72.3 (Figure

6.11), the starting structure of human IgG4 B72.3 was created from the crystal

structures for Fab B72.3 and IgG4-Fc. The IgG4 C-terminal residues and point

mutations were added to this (Methods).

(iii) For the IgG1-CD64 complex, the IgG1 starting structure from (i) was

combined with the full-length starting CD64 structure (Hui et al., 2019b, in

preparation; Section 5.4.5). These were superimposed upon the crystal structure of the

IgG1-Fc complex with CD64 (PDB code 4X4M) (Methods).
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Figure 6.11 Sequence alignment of the human IgG1 and IgG4 domains.

Sequences for human IgG1 b12 (PDB code 1HZH), IgG1 antiCD20 (Rituximab) and IgG4 B72.3 are shown. (a-b) The VL, CL domains. (c-e) The

VH, CH1 domains and the hinge. (f-g) The CH2 and CH3 domains. C, constant domain; H, heavy chain; L, light chain; V, variable domain.
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(iv) For the IgG4-CD64 complex, a homology model of IgG4-Fc complexed

with CD64 was created and superimposed onto the crystal structure of IgG1-Fc

complexed with CD64. The IgG4 Fab regions, hinge, C-terminal residues and point

mutations were added to this (Methods).

(v) After adding glycans, disulphide bonds, and hydrogen atoms to each model,

energy minimisation and molecular dynamics were performed to complete the above

four starting structures of human IgG1 and IgG4 and their CD64 complexes (Figure

6.1).

Atomistic scattering modelling of unbound IgG1 and IgG4

A total of nine Monte Carlo simulations were performed for each of the IgG1

and IgG4 starting structures (Figure 6.1a-b). The core hinges of IgG1 (230CPPCP234)

and IgG4 (220CPSCP224) were kept fixed in their starting structures and three sequences

were conformationally varied. These corresponded to the upper hinge that connected

the two Fab regions to the core hinge and one lower hinge region that connected the

Fc region to the core hinge. Therefore the two Fab and Fc regions moved relative to

the core hinge. For IgG1, from the generation of 575,500 trial models, 102,502 models

(18%) were accepted. For IgG4, from 940,000 trial models, 115,459 models (12%)

were accepted (Tables 6.1 and 6.2).

The theoretical SAXS and SANS scattering curves and their corresponding RG

values were calculated for each of the accepted IgG1 and IgG4 models. The theoretical

scattering curves were compared to the experimental scattering curve using goodness-

of-fit R-factors. In general, good R-factors are < 5% between the model and

experimental data (Perkins et al., 2008). The resulting R-factor vs. RG graphs presented

a V-shaped distribution (left panels, Figure 6.12 and 6.13), with its minimum close to

the experimental RG values as desired. This showed that sufficient models had been

generated to cover three-dimensional space. The 100 models for IgG1 and IgG4 with

the lowest R-factors were selected as the best-fit models for each of the X-ray and

neutron scattering curves. The best-fit models possessed RG values that were well

within ± 5% of the experimentally determined RG values (Tables 6.3 and 6.4), and

converged on the minima of the R-factor vs. RG graph (coloured circles, left panels,

Figure 6.12 and 6.13). Short energy minimisations for the glycans and the varied
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Table 6.1 Summary of the modelling simulations for unbound IgG1.

Details of the nine simulation runs using the torsion angle Monte Carlo module in

SASSIE are shown.

Run Varied residue (inclusive
residue numbering)

Maximum torsion angle
(º)

Generated
models

Accepted
models

1 226KTH228, 235APE237,
226KTH228

30, 30, 30 (all forward) 50,000 22,325

2 226KTH228, 235APE237,
226KTH228

100, 60, 100 (all forward) 100,000 15,966

3 226KTH228, 235APE237,
226KTH228

100, 60, 100 (all forward) 100,000 15,006

4 226KTH228, 235APE237,
226KTH228

180, 60, 180 (all forward) 100,000 10,728

5 226KTH228, 235APE237,
226KTH228

180, 60, 180 (all reverse) 50,000 6,774

6 226KTH228, 235APE237,
226KTH228

180, 60, 180 (all reverse) 50,000 6,747

7 226KTH228, 235APE237,
226KTH228

30, 30, 30 (all forward) 25,000 9,574

8 226KTH228, 235APE237,
226KTH228

180, 60, 180 (all reverse) 50,000 6,400

9 226KTH228, 235APE237,
226KTH228

90 (reverse), 90
(forward), 90 (reverse)

50,000 8,982

Table 6.2 Summary of the modelling simulations for unbound IgG4.

Details of the nine simulation runs using the torsion angle Monte Carlo module in

SASSIE are shown.

Run Varied regions (inclusive
residue numbering)

Maximum torsion angle
(º)

Generated
models

Accepted
models

1 214SKYG217, 225APE227, 214

SKYG 217
30, 30, 30 (all forward) 120,000 35,979

2 214SKYG217, 225APE227, 214

SKYG 217
30, 30, 30 (all forward) 120,000 33,294

3 214SKYG217, 225APE227, 214

SKYG 217
180 (reverse), 180
(forward), 180 (forward)

100,000 5,624

4 214SKYG217, 225APE227, 214

SKYG 217
180 (reverse), 180
(forward), 180 (reverse)

100,000 5,277

5 214SKYG217, 225APE227, 214

SKYG 217
180 (reverse), 60
(forward), 180 (reverse)

100,000 7,281

6 214SKYG217, 225APE227, 214

SKYG 217
180 (reverse), 60
(forward), 180 (reverse)

100,000 8,188

7 214SKYG217, 225APE227, 214

SKYG 217
180, 60, 180 (all reverse) 100,000 6,737

8 214SKYG217, 225APE227, 214

SKYG 217
180, 60, 180 (all reverse) 100,000 6,697

9 214SKYG217, 225APE227, 214

SKYG 217
180, 60, 180 (all reverse) 100,000 6,382
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Figure 6.12 SAXS and SANS modelling analyses and best-fit models for IgG1

(legend overleaf).
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Figure 6.12 SAXS and SANS modelling analyses and best-fit models for IgG1

(continued from previous page).

The left column compares the 102,502 goodness-of-fit R-factors with the modelled RG

values (open circles). The 100 best-fit models are shown as coloured circles and

arrowed. The experimental Guinier RG values are displayed as vertical black lines,

with ±5% error ranges shown as dotted lines. The middle column compares the

interpolated experimental scattering curve I(Q) (open circles) with the best-fit

modelled curve (solid line). The insets compares the experimental (black) and

modelled (coloured) P(r) curves. The R-factor of the best-fit model is shown. The right

column shows two orthogonal views of the best-fit model, all with the Fc region in the

same view. The Fab regions (Fab1, Fab2) are in blue and cyan, the hinges are in

yellow, the Fc region is in grey and the glycans are yellow sticks.

Upper: The X-ray fits were performed for IgG1 at (a) 1 mg/ml, (b) 2 mg/ml, (c) 4

mg/ml and (d) SECSAXS.

Lower: The neutron fits were performed for IgG1 at 2 mg/ml in (a) PBS-50, (b) PBS-

137 and (c) PBS-250, all in heavy water.
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Figure 6.13 SAXS and SANS modelling analyses and best-fit models for IgG4

(legend overleaf).



224

Figure 6.13 SAXS and SANS modelling analyses and best-fit models for IgG4

(continued from previous page).

The left column compares the 115,459 goodness-of-fit R-factors with the modelled RG

values (open circles). The 100 best-fit models are shown as coloured circles and

arrowed. The experimental Guinier RG values are displayed as vertical black lines,

with ±5% error ranges shown as dotted lines. The middle column compares the

interpolated experimental scattering curve I(Q) (open circles) with the best-fit

modelled curve (solid line). The insets compares the experimental (black) and

modelled (coloured) P(r) curves. The R-factor of the best-fit model is shown. The right

column shows two orthogonal views of the best-fit model, all with the Fc region in the

same view. The Fab regions (Fab1, Fab2) are in blue and cyan, the hinges are in

yellow, the Fc region is in grey and the glycans are yellow sticks.

Upper: The X-ray fits were performed for IgG4 at (a) 1 mg/ml, (b) 2 mg/ml, (c) 4

mg/ml and (d) SECSAXS.

Lower: The neutron fits were performed for IgG4 at 2 mg/ml in (a) PBS-50, (b) PBS-

137 and (c) PBS-250, all in heavy water.
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Table 6.3 Structural modelling of the SAXS, SANS and AUC data for unbound IgG1.

* The RG range of all models is 4.16 to 6.06 nm
a, b, c, d, e, f, g the corresponding data are shown in Figures 6.12, 6.16 and 6.20

Concentration
(mg/ml)

Technique;
buffer

Experimental
Guinier RG

(nm)

Modelled
Guinier RG

(nm)

RG range of the
100 best-fit
models* (nm)

R-factor range
for the 100 best-
fit models (%)

R-factor range for
all models (%)

s20,w value of
best-fit model
(S)

s20,w range of the
100 best-fit
models (S)

0.25 SAXS;
Tris
bufferTris
buffer

4.97 5.03 4.96 – 5.14 2.13 – 2.40 2.13 – 15.30 6.67 6.45 – 6.67
0.50 5.05 5.07 5.02 – 5.18 1.22 – 1.41 1.22 – 14.69 6.55 6.42 – 6.58
0.75 5.11 5.16 5.08 – 5.23 1.13 – 1.30 1.13 – 14.22 6.45 6.38 – 6.55
1a 5.12 5.13 5.09 – 5.25 1.53 – 1.66 1.53 – 14.08 6.48 6.38 – 6.56
2b 5.15 5.20 5.14 – 5.29 1.15 – 1.33 1.15 – 13.80 6.42 6.36 – 6.54
3 5.22 5.26 5.19 – 5.34 0.79 – 1.06 0.79 – 14.44 6.35 6.32 – 6.49
4c 5.27 5.27 5.25 – 5.39 0.72 – 0.96 0.72 – 15.01 6.40 6.31 – 6.48
SECSAXSd As above 5.09 5.13 5.06 – 5.21 0.71 – 0.96 0.71 – 14.47 6.53 6.41 – 6.55
0.5 SANS;

PBS-50 in
heavy water

4.97 4.99 4.93 – 5.12 0.66 – 1.22 0.66 – 13.96 6.50 6.40 – 6.58
1 4.96 4.98 4.90 – 5.16 0.91 – 1.61 0.91 – 14.14 6.50 6.42 – 6.67
2e 5.12 5.15 5.08 – 5.26 0.86 – 1.29 0.86 – 14.49 6.46 6.33 – 6.56
3 5.06 5.11 5.01 – 5.25 0.80 – 1.51 0.80 – 14.35 6.47 6.37 – 6.59
4 5.18 5.19 5.15 – 5.30 0.56 – 1.00 0.56 – 15.08 6.46 6.33 – 6.54
0.5 SANS;

PBS-137 in
heavy water

5.06 5.09 5.00 – 5.20 0.74 – 1.11 0.74 – 13.43 6.50 6.38 – 6.61
1 5.03 5.13 4.98 – 5.23 0.88 – 1.65 0.88 – 13.86 6.45 6.37 – 6.59
2f 4.99 5.05 4.94 – 5.23 1.28 – 2.56 1.28 – 14.70 6.45 6.40 – 6.59
3 5.07 5.16 5.00 – 5.25 0.98 – 1.77 0.98 – 14.40 6.45 6.37 – 6.59
4 5.15 5.25 5.09 – 5.31 0.83 – 1.52 0.83 – 15.23 6.42 6.33 – 6.54
0.5 SANS;

PBS-250 in
heavy water

5.00 5.05 4.94 – 5.23 1.87 – 3.12 1.87 – 15.23 6.45 6.43 – 6.68
1 4.90 4.98 4.85 – 5.14 3.31 – 4.25 3.31 – 16.72 6.59 6.44 – 6.68
2g 4.99 5.05 4.95 – 5.23 0.94 – 2.07 0.94 – 14.25 6.45 6.39 – 6.59
3 5.09 5.14 5.00 – 5.31 1.49 – 2.85 1.49 – 15.14 6.44 6.37 – 6.56
4 5.11 5.16 5.00 – 5.31 1.42 – 2.40 1.42 – 15.36 6.45 6.36 – 6.56
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Table 6.4 Structural modelling of the SAXS, SANS and AUC data for unbound IgG4.

* The RG range of all models is 3.80 to 5.82 nm
a, b, c, d, e, f, g the corresponding data are shown in Figures 6.13, 6.17 and 6.20

Concentration
(mg/ml)

Buffer and
technique

Experimental
Guinier RG

(nm)

Modelled
Guinier RG

(nm)

RG range of the
100 best-fit
models* (nm)

R-factor range of
the 100 best-fit
models (%)

R-factor range of
all models (%)

s20,w value
of best-fit
model (S)

s20,w range of the
100 best-fit
models (S)

0.25 SAXS;
Tris buffer

4.91 4.92 4.87 – 5.02 2.06 – 2.21 2.06 – 17.96 6.68 6.58 – 6.78
0.50 4.94 5.00 4.93 – 5.04 1.19 – 1.33 1.19 – 18.32 6.68 6.58 – 6.75
0.75 4.94 5.00 4.93 – 5.02 0.87 – 1.06 0.87 – 18.36 6.55 6.27 – 6.85
1a 4.99 5.03 4.95 – 5.09 0.80 – 1.06 0.80 – 18.88 6.68 6.53 – 6.76
2b 5.09 5.09 5.03 – 5.18 0.74 – 1.19 0.74 – 20.17 6.57 6.45 – 6.68
3 5.15 5.18 5.04 – 5.23 0.97 – 1.34 0.97 – 21.03 6.47 6.29 – 7.03
4c 5.28 5.34 5.15 – 5.36 1.31 – 1.84 1.31 – 22.73 6.45 6.37 – 6.64
SECSAXS 1 As 4.89 4.91 4.84 – 4.98 0.57 – 0.96 0.57 – 17.94 6.72 6.56 – 6.75
SECSAXS 2d above 4.90 4.93 4.86 – 4.98 0.66 – 1.02 0.66 – 18.07 6.62 6.56 – 6.75
0.5 SANS;

PBS-50 in
heavy
water

4.71 4.74 4.64 – 4.77 0.75 – 1.18 0.75 – 15.84 6.75 6.67 – 6.88
1 4.70 4.73 4.63 – 4.85 1.01 – 1.80 1.01 – 16.35 6.87 6.69 – 6.87
2e 4.87 4.86 4.78 – 5.00 0.96 – 1.57 0.96 – 18.09 6.63 6.61 – 6.79
3 4.92 4.96 4.85 – 5.02 0.98 – 1.45 0.98 – 18.61 6.72 6.57 – 6.80
4 4.97 5.00 4.89 – 5.06 1.03 – 1.58 1.03 – 19.25 6.69 6.57 – 6.74
0.5 SANS;

PBS-137
in heavy
water

4.75 4.73 4.65 – 4.89 2.18 – 3.17 2.18 – 17.61 6.87 6.62 – 6.87
1 4.68 4.73 4.64 – 4.85 2.72 – 3.82 2.72 – 17.37 6.87 6.62 – 6.90
2f 4.80 4.80 4.73 – 4.92 1.11 – 1.77 1.11 – 17.70 6.72 6.63 – 6.88
3 4.84 4.87 4.76 – 5.00 1.42 – 2.07 1.42 – 18.27 6.70 6.61 – 6.82
4 5.07 5.04 4.96 – 5.15 1.31 – 1.69 1.31 – 20.23 6.66 6.51 – 6.71
0.5 SANS;

PBS-250
in heavy
water

4.80 4.82 4.72 – 4.87 0.91 – 1.26 0.91 – 16.65 6.67 6.60 – 6.81
1 4.81 4.80 4.68 – 4.92 1.21 – 1.90 1.21 – 17.59 6.71 6.63 – 6.87
2g 4.79 4.80 4.68 – 4.92 1.45 – 2.39 1.45 – 17.88 6.72 6.63 – 6.87
3 4.92 4.99 4.80 – 5.03 1.89 – 2.57 1.89 – 19.34 6.65 6.55 – 6.79
4 5.02 4.99 4.89 – 5.19 1.77 – 2.27 1.77 – 20.29 6.65 6.51 – 6.80
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regions of each best-fit model was performed to remove bad contacts or breaks.

Subsequently, models that were unsatisfactory were rejected.

Comparisons of the experimental and modelled SAXS and SANS curves for

the best-fit model in each ensemble of 100 models show excellent fits (middle panels,

Figure 6.12 and 6.13). The X-ray scattering curves gave R-factors as low as 0.71% for

IgG1 (Table 6.3) and 0.57% for IgG4 (Table 6.4). The neutron scattering curves also

gave R-factors as low as 0.56% for IgG1 (Table 6.3) and 0.75% for IgG4 (Table 6.4).

However, there is a slight deviation of the neutron curve fitting for IgG4 after a Q

value of 1.25 nm-1 (lower middle panels, Figure 6.13), which is attributed to a small

flat incoherent scattering background at high Q values where intensities were low. The

experimental and modelled P(r) curves of the best-fit model are shown in the insets.

The modelled X-ray P(r) curves for IgG1 and IgG4 gave slightly lower maximum

lengths L between 15-16 nm. The modelled neutron P(r) curves for IgG1 gave L values

of 15 nm, while those for IgG4 gave L values of 14-15 nm. The M1 and M2 peaks of

the experimental P(r) curves were well-reproduced in the modelled curves.

Single orthogonal views of best-fit IgG1 and IgG4 models for each fit (right

panels, Figure 6.12 and 6.13) were seen to be asymmetric T-shaped or Y-shaped

structures. The Fab regions adopted a range of conformations about the Fc region:

(i) To test reproducibility in individual X-ray fits, eight out of the 100 IgG1

best-fit models were found to fit four of the eight scattering curves, and 31 IgG1

models fitted three of the eight scattering curves (Table 6.3). Nine IgG4 models fitted

three of the nine different X-ray scattering curves (Table 6.4).

(ii) The neutron best-fit IgG1 models showed similar structures to the X-ray

best-fit models, although the Fab regions occupied opposite positions about the Fc

region (lower and upper right panels, Figure 6.12). To test reproducibility, it was noted

that the same best-fit model fitted the curves in PBS-137 and PBS-250 (lower right

panels, Figure 6.12). Fourteen best-fit models fitted four of five curves and 40 best-fit

models fitted three out of five curves in PBS-137 buffer in heavy water. For the 15

IgG1 neutron scattering curves (Table 6.3), one model fitted 11 neutron curves, six

models fitted 10 neutron curves and 13 models fitted nine neutron curves. This

indicated no significant differences in the IgG1 conformation in PBS-50, PBS-137 and

PBS-250 buffers in heavy water.
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(iii) The neutron best-fit IgG4 models also showed similar structures to the X-

ray IgG4 best-fit models (lower and upper right panels, Figure 6.13). The best-fit IgG4

models shown for PBS-137 and PBS-250 (lower right panels, Figure 6.13) also fitted

three curves for PBS-50 and PBS-137 buffers. In the fifteen sets of 100 best-fit models

(Table 6.4), 14 best-fit models fitted three out of five PBS-50 curves, eight best-fit

models fitted four out of five PBS-137 curves, and one best-fit model fitted four out

of five PBS-250 curves. For the 15 IgG4 neutron scattering curves (Table 6.4), four

models fitted eight neutron curves and 16 models fitted seven neutron curves. This

indicated no significant differences in the IgG4 conformation in PBS-50, PBS-137 and

PBS-250 buffers in heavy water.

Because the IgG1 and IgG4 best-fit models shown in Figure 6.12 and 6.13

represented only one snapshot of each set of 100 best-fit conformations, density plots

were generated to display up to 100 best-fit models with the lowest R-factors (Figure

6.14 and 6.15). The density plots were aligned on their IgG-Fc regions. The density

plots showed that both the Fab regions (Fab1, Fab2) were able to move around the Fc

region, suggesting that both IgG1 and IgG4 showed flexible orientations in solution.

The IgG1 and IgG4 models in the density plots appeared asymmetric, in agreement

with the single snapshots in Figure 6.12 and 6.13. Asymmetry was also deduced in

previous studies of human IgG1 and IgG4 (Saphire et al., 2001, 2002; Abe et al., 2010;

Ashish et al., 2010; Rayner et al., 2014, 2015; Tian et al., 2015; Tischenko et al., 2017;

Castellanos et al., 2018; Wright et al., 2019, submitted).

Atomistic scattering modelling of the IgG1-CD64 and IgG4-CD64

complexes

Totals of 23 and 21 simulations were performed on the IgG1-CD64 and IgG4-

CD64 starting structures respectively (Figure 6.1c-d). The core hinges of IgG1

(230CPPC233) and IgG4 (220CPSC223) were kept fixed in space using their original

coordinates. To explore the main variable regions in both complexes, five groups of

simulations (Methods, Section 6.4.6) were used with different combinations of the two

upper hinges that connected the two Fab regions to the core hinge, one lower hinge

region that connected the Fc region to the core hinge, and two linkers that connected

the D1-D2 and D2-D3 domains in CD64 (Tables 6.5 and 6.6). A maximum torsion

angle of up to 120° was used. Totals of 2,150,000 and 2,100,000 trial models were
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Figure 6.14 Density plots for the IgG1 best-fit models.

The density plots show the volumes occupied for each of the seven sets of 100 best-fit

models for IgG1 in Figure 6.12, and follow the same colour scheme for the Fab1, Fab2

and Fc regions. Two orthogonal views of the density plots for the Fab and Fc regions

(but not the hinge or glycans) are shown in the same orientation. The X-ray fits were

performed for IgG1 at (a) 1 mg/ml, (b) 2 mg/ml, (c) 4 mg/ml and (d) SECSAXS. The

neutron fits were performed for IgG1 at 2 mg/ml in (e) PBS-50, (f) PBS-137 and (g)

PBS-250, all in heavy water.
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Figure 6.15 Density plots for the IgG4 best-fit models.

The density plots show the volumes occupied for each of the seven sets of 100 best-fit

models for IgG4 in Figure 6.13, and follow the same colour scheme for the Fab1, Fab2

and Fc regions. Two orthogonal views of the density plots for the Fab and Fc regions

(but not the hinge or glycans) are shown in the same orientation. The X-ray fits were

performed for IgG4 at (a) 1 mg/ml, (b) 2 mg/ml, (c) 4 mg/ml and (d) SECSAXS. The

neutron fits were performed for IgG4 at 2 mg/ml in (e) PBS-50, (f) PBS-137 and (g)

PBS-250, all in heavy water.
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Table 6.5 Summary of the modelling simulations for the IgG1-CD64 complex.

Details of the 23 simulation runs using the torsion angle Monte Carlo module in SASSIE are shown.

Run Group* Varied IgG1 regions (inclusive
numbering)

Maximum angle in each
IgG1 region

Varied CD64 regions
(inclusive numbering)

Maximum angle in
each CD64 region

Generated
models **

Accepted
models

1 1 (white) 225DKTHT229, 234PAP236, 225DKTHT229 30, 30, 30 (all forward) 167ELFP170 30 (forward) 50,000 11,145
2, 3, 4 1 (white) 225DKTHT229, 234PAP236, 225DKTHT229 60, 60, 60 (all forward) 167ELFP170 60 (forward) 50,000 (2)

50,000 (3)
100,000 (4)

4,620
5,819
11,680

5, 6 1 (white) 225DKTHT229, 234PAP236, 225DKTHT229 120, 120, 120 (all
forward)

167ELFP170 120 (forward) 100,000 (5)
100,000 (6)

4,668
4,746

7 1 (white) 225DKTHT229, 234PAP236, 225DKTHT229 30, 30, 30 (all forward) 166KELFP170 30 (forward) 100,000 25,007
8, 9 1 (white) 225DKTHT229, 234PAP236, 225DKTHT229 60, 60, 60 (all forward) 166KELFP170 60 (forward) 100,000 (8)

100,000 (9)
10,805
10,722

10, 14 2 (yellow) 225DKTHT229, 234PAP236, 225DKTHT229 15, 15, 15 (all forward) 82RGW84, 166KELFP170 15, 15 (all forward) 100,000 (10)
100,000 (14)

11,317
10,608

12, 15,
18, 19

2 (yellow) 225DKTHT229, 234PAP236, 225DKTHT229 15, 15, 15 (all forward) 82RGW84, 167ELFP170 15, 15 (all forward) 100,000 (12)
100,000 (15)
100,000 (18)
100,000 (19)

12,031
12,031
12,008
11,609

11, 13,
16, 17

3 (blue) 225DKTHT229, 234PAP236, 225DKTHT229 15, 15, 15 (all forward) 82RGW84 15 (forward) 100,000 (11)
100,000 (13)
100,000 (16)
100,000 (17)

12,350
12,255
12,737
13,653

20 4 (grey) 225DKTHT229, 234PAP236, 225DKTHT229 120, 120, 120 (all
forward)

100,000 6,176

21, 22 5 (orange) 225DKTHT229, 225DKTHT229 15, 15 (all forward) 82RGW84, 167ELFP170 15, 15 (all forward) 100,000 (21)
100,000 (22)

18,966
19,313

23 5 (orange) 225DKTHT229, 225DKTHT229 15, 15 (all forward) 82RGW84,166KELFPA171 15, 15 (all forward) 100,000 22,369

* Groups are defined in Methods (Section 6.4.6). ** The simulation run is bracketed if there is more than one simulation with the same parameters
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Table 6.6 Summary of the modelling simulations for the IgG4-CD64 complex.

Details of the 21 simulation runs using the torsion angle Monte Carlo module in SASSIE are shown.

Run Group * Varied IgG4 regions (inclusive
numbering)

Maximum angle in each
IgG4 region

Varied CD64 regions
(inclusive numbering)

Maximum angle in
each CD64 region

Generated
models **

Accepted
models

1 1 (white) 213ESKYGP218, 224PAP226, 213ESKYGP218 30, 30, 30 (all forward) 167ELFP170 30 (forward) 100,000 13,697
2 1 (white) 213ESKYGP218, 224PAP226, 213ESKYGP218 60, 60, 60 (all forward) 167ELFP170 60 (forward) 100,000 9,193

3 1 (white) 213ESKYGP218, 224PAP226, 213ESKYGP218 60, 60, 60 (all forward) 168LFPA171 60 (forward) 100,000 5,712

4 1 (white) 213ESKYGP218, 224PAP226, 213ESKYGP218 30, 30, 30 (all forward) 168LFPA171 30 (forward) 100,000 8,483

7 1 (white) 213ESKYGP218, 224PAP226, 213ESKYGP218 15, 15, 15 (all forward) 168LFPA171 15 (forward) 100,000 20,063

9 2 (yellow) 213ESKYGP218, 224PAP226, 213ESKYGP218 30, 30, 30 (all forward) 82RGW84, 168LFPA171 30, 30 (all forward) 100,000 6,476

10, 12 2 (yellow) 213ESKYGP218, 224PAP226, 213ESKYGP218 15, 15, 15 (all forward) 82RGW84, 168LFPA171 15, 15 (all forward) 100,000 (10)
100,000 (12)

14,261
15,014

13, 18 2 (yellow) 213ESKYGP218, 224PAP226, 213ESKYGP218 15, 15, 15 (all forward) 82RGW84,
166KELFPA171

15, 15 (all forward) 100,000 (13)
100,000 (18)

13,447
12,108

5, 6, 3 (blue) 213ESKYGP218, 224PAP226, 213ESKYGP218 30, 30, 30 (all forward) 82RGW84 30 (forward) 100,000 (5)
100,000 (6)

7,888
19,680

8, 11 3 (blue) 213ESKYGP218, 224PAP226, 213ESKYGP218 15, 15, 15 (all forward) 82RGW84 15 (forward) 100,000 (8)
100,000 (11)

14,316
13,746

14 4 (grey) 213ESKYGP218, 224PAP226, 213ESKYGP218 30, 30, 30 (all forward) 100,000 29,062
15, 16 5 (orange) 213ESKYGP218, 213ESKYGP218 30, 30 (all forward) 82RG83, 168LFPA171 30, 30 (all forward) 100,000 (16)

100,000 (15)
6,202
6,877

17, 19 5 (orange) 213ESKYGP218, 213ESKYGP218 30, 30 (all forward) 82RG83, 167ELFPAP172 30, 30 (all forward) 100,000 (17)
100,000 (19)

9,793
9,369

20 5 (orange) 213ESKYGP218, 213ESKYGP218 15, 15 (all forward) 82RG83, 167ELFPAP172 15, 15 (all forward) 100,000 18,437
21 5 (orange) 213ESKYGP218, 213ESKYGP218 15, 15 (all forward) 82RG83, 168LFPA171 15, 15 (all forward) 100,000 15,002

* Groups are defined in Methods (Section 6.4.6). ** The simulation run is bracketed if there is more than one simulation with the same parameters
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simulated for the IgG1-CD64 and IgG4-CD64 complexes respectively, of which

276,635 (13%) and 268,826 (13%) models were accepted (Tables 6.5 and 6.6).

The theoretical SAXS scattering curves and their corresponding RG values

were calculated for each of the accepted complex models. The theoretical scattering

curves were compared to the experimental scattering curve using goodness-of-fit R-

factors, as for IgG1 and IgG4 above. The resulting R-factor vs. RG graphs presented

V-shaped distributions (left panels, Figures 6.16 and 6.17), with their minimum close

to the experimental RG values as desired. This showed that a sufficient number of

models had been generated to cover three-dimensional space. The five groups of

simulations were coloured on the R-factor vs. RG graphs to show slightly different

outcomes:

(i) For the IgG1-CD64 complex, group 3 included movements of both Fab

regions, the Fc and D1 domain of CD64, and the D2-D3 domains (blue, left panels,

Figure 6.16) and group 4 included movements of both Fab regions, and the Fc region

and CD64 (grey, left panels, Figure 6.16). Both displayed a wide range of RG values

that were overlapped. Group 2 (yellow, left panels, Figure 6.16) gave the most

restricted RG values, while group 5 (orange, left panels, Figure 6.16) was intermediate.

Because of this, 2,150,000 steps were required in order to sample sufficient three-

dimensional space.

(ii) For the IgG4-CD64 complex, all five groups were visible (left panels,

Figure 6.17). Group 3 (blue) was now more restricted in its range of RG values, while

groups 1 and 4 (white, grey) displayed the widest range of RG values. Groups 2, 3 and

5 (yellow, blue, orange) were centered near the experimental RG value. Again

2,100,000 steps were required in order to sample sufficient space in the models. The

lowest RG values were not populated because the models of the IgG4-CD64 complex

could not be more compact.

The 100 models for the two complexes with the lowest R-factors were selected

to be the best-fit models for each SAXS curve (green circles, left panels, Figure 6.16

and 6.17). The range of RG values and R-factors for IgG1-CD64 and IgG4-CD64 were

highlighted in Tables 6.7 and 6.8. The best-fit models possessed RG values that were

within ± 5% of the experimental RG values and they converge on the minima of the R-

factor versus RG graph. Short energy minimisations for the glycans and the varied
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Figure 6.16 SAXS modelling analyses and best-fit models for the IgG1-CD64

complex.

The left column compares the 276,635 goodness-of-fit R-factors with the modelled RG

values (open circles). The 100 best-fit models are shown as coloured circles and

arrowed. The experimental Guinier RG values are displayed as vertical black lines,

with ±5% error ranges shown as dotted lines. The middle column compares the

interpolated experimental scattering curve I(Q) (open circles) with the best-fit

modelled curve (solid line). The insets compares the experimental (black) and

modelled (coloured) P(r) curves. The R-factor of the best-fit model is shown. The right

column shows two orthogonal views of the best-fit model, all with the Fc region in the

same view. The Fab regions (Fab1, Fab2) are in blue and cyan, the hinges are in

yellow, the Fc region is in grey and the glycans are yellow sticks. The X-ray fits were

performed for (a) 0.35 mg/ml, (b) 0.9 mg/ml, (c) 1.8 mg/ml and (d) SECSAXS. The

five groups of accepted models in the left column are coloured to follow Table 6.5,

however two groups overlap (grey and cyan) and one group is not visible (grey).

Arrows indicate D1 and D2 of CD64 in magenta and orange respectively. D3 of CD64

is shown in pink.
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Figure 6.17 SAXS modelling analyses and best-fit models for the IgG4-CD64 complex.

For 268,826 IgG4-CD64 models, the key is described in Figure 6.16. The X-ray fits were performed for (a) 0.7 mg/ml, (b) 1.79 mg/ml and (c)

SECSAXS. The five groups of accepted models in the left column are coloured to follow Table 6.6. Arrows indicate the Fab1, D1 and D2 regions

in blue, magenta and orange respectively. D3 of CD64 is shown in pink.
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Table 6.7 Structural modelling of the SAXS and AUC data for the IgG1-CD64 complex.

* The RG range of all models is 4.55 to 6.23 nm

a, b, c, d The corresponding data sets are shown in Figures 6.14, 6.18, 6.20 and 6.21

n.a., not available

Concentration
(mg/ml)

Runs Experimental
Guinier RG

(nm)

Modelled
Guinier
RG (nm)

RG range of the
100 best-fit
models* (nm)

R-factor range
of the 100 best-
fit models (%)

R-factor
range of all
models (%)

s20,w value
of best-fit
model (S)

s20,w range of
the 100 best-fit
models (S)

0.35 A12a 5.34 5.38 5.33 – 5.41 1.49 – 1.56 1.49 – 11.89 7.17 7.03 – 7.32
B12 5.33 5.36 5.32 – 5.41 1.46 – 1.55 1.46 – 12.04 7.12 7.05 – 7.32
C12 5.38 5.40 5.36 – 5.45 1.55 – 1.63 1.55 – 12.22 7.20 7.03 – 7.33

0.90 H10 5.32 5.37 5.31 – 5.44 1.03 – 1.18 1.03 – 11.65 7.23 7.13 – 7.35
H11c 5.35 5.40 5.35 – 5.45 1.08 – 1.23 1.08 – 11.78 7.22 7.08 – 7.30
H12 5.34 5.40 5.34 – 5.45 1.05 – 1.18 1.05 – 11.77 7.22 7.05 – 7.30

1.80 G9 5.49 5.50 5.44 – 5.56 0.73 – 1.03 0.73 – 13.45 7.12 6.97 – 7.24
G10 5.49 5.50 5.44 – 5.58 0.76 – 1.05 0.76 – 13.45 7.12 6.97 – 7.24
G11 5.48 5.50 5.44 – 5.56 0.74 – 1.06 0.74 – 13.42 7.12 6.97 – 7.24

1.80 H4b 5.53 5.53 5.48 – 5.60 0.84 – 1.17 0.84 – 13.82 7.06 6.95 – 7.22
H5 5.53 5.54 5.48 – 5.63 0.86 – 1.18 0.86 – 13.91 7.10 6.95 – 7.22
H6 5.51 5.53 5.48 – 5.60 0.78 – 1.10 0.78 – 13.73 7.06 6.95 – 7.22

SECSAXSd n.a. 5.47 5.52 5.41 – 5.55 0.67 – 1.02 0.67 – 13.57 7.10 6.95 – 7.24
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Table 6.8 Structural modelling of the SAXS and AUC data for the IgG4-CD64 complex.

* The RG range of all models is 4.66 to 6.09 nm

a, b, c the corresponding data are shown in Figures 6.15, 6.19, 6.20 and 6.21

n/a not available

Concentration
(mg/ml)*

Runs Experimental
Guinier RG (nm)

Modelled
Guinier RG

(nm)

RG range of the
100 best-fit
models* (nm)

R-factor range
of the 100 best-
fit models (%)

R-factor
range of all
models (%)

s20,w value
of best-fit
model (S)

s20,w range of
the 100 best-fit
models (S)

0.7 D12a 5.18 5.19 5.09 – 5.24 0.94 – 1.29 0.94 – 14.65 7.31 7.10 – 7.49
1.79 H1 5.22 5.24 5.14 – 5.27 0.88 – 1.18 0.88 – 14.34 7.24 7.00 – 7.34

H2b 5.22 5.24 5.14 – 5.27 0.87 – 1.18 0.87 – 14.40 7.24 7.00 – 7.34
H3 5.22 5.24 5.14 – 5.27 0.83 – 1.16 0.83 – 14.36 7.24 7.00 – 7.37

1.79 H7 5.28 5.27 5.19 – 5.33 0.88 – 1.23 0.88 – 13.96 7.23 7.04 – 7.38
H8 5.28 5.27 5.19 – 5.33 0.90 – 1.24 0.90 – 14.00 7.23 7.04 – 7.38
H9 5.28 5.27 5.19 – 5.33 0.93 – 1.27 0.93 – 14.03 7.23 7.04 – 7.38

SECSAXSc n/a 5.20 5.17 5.13 – 5.28 0.67 – 1.03 0.67 – 14.86 7.21 7.08 – 7.41
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regions of each best-fit model was performed to remove bad contacts or breaks.

Subsequently, models that were unsatisfactory were rejected.

Comparisons of the experimental and modelled SAXS curves for the best-fit

model in each ensemble of 100 models show excellent fits (middle panels of Figure

6.16 and 6.17). In particular, the SECSAXS X-ray scattering curves gave R-factors as

low as 0.67% for both IgG1-CD64 (Table 6.7) and IgG4-CD64 (Table 6.8). The

experimental and modelled P(r) curves of the best-fit model are shown in the insets.

The modelled X-ray P(r) curves for both IgG1-CD64 and IgG4-CD64 gave maximum

lengths L of 17 nm. The M1 and M2 peaks of the experimental P(r) curves were well-

reproduced in the modelled curves.

Single orthogonal views of best-fit IgG1-CD64 and IgG4-CD64 models were

shown for each fit (right panels, Figure 6.16 and 6.17). Conformational changes were

identified in IgG1, IgG4 and CD64 after complex formation:

(i) IgG1 adopted a Y-shaped structure after binding CD64, with both Fab

regions in elevated arrangements. CD64 adopted the compact “seahorse”

conformation on the other side of the Fc region. To test the reproducibility of this

outcome, the same best-fit model was recognised for three scattering curves of 1.80

mg/ml (G9, G10 and G11 in Table 6.7) and another best-fit model was recognised for

two other scattering curves of 1.80 mg/ml (H4 and H6 in Table 6.7). When each set of

100 best-fit models was examined for best-fit models that fitted multiple curves, 35

IgG1-CD64 models out of 100 fitted seven different SAXS curves, and 12 IgG1-CD64

models out of 100 models fitted six different scattering curves.

(ii) Unlike the IgG1-CD64 complex, the Fab regions in IgG4 adopted a wider

range of conformations in the complex, at least one of which was elevated, and the Fab

regions remained asymmetric relative to the Fc region. Like the IgG1-CD64 complex,

CD64 adopted the compact “seahorse” conformation on the other side of the Fc region.

To test the reproducibility of this outcome, the same best-fit model was recognised for

three scattering curves of 1.79 mg/ml (H1, H2 and H3 in Table 6.8) and another best-

fit model was recognised for three scattering curves of 1.79 mg/ml (H7, H8 and H9 in

Table 6.8). When each set of 100 best-fit models was examined for best-fit models that

fitted multiple curves, one IgG4-CD64 model fitted all eight different SAXS curves

and one IgG4-CD64 model that fit seven different SAXS curves.
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Because the best-fit models for the two complexes in Figures 6.16 and 6.17

represented only one snapshot of each set of 100 best-fit conformations, density plots

were generated to display up to 100 best-fit models with the lowest R-factors (Figures

6.18 and 6.19). Density plots were especially useful in observing the volume occupied

by the Fab and Fc regions and the D1, D2 and D3 domains. The density plots were

aligned on their IgG-Fc regions.

(i) The density plots for IgG1-CD64 showed that the Fab regions were different

to those in unbound IgG1 (Figure 6.14), whereby the two Fab regions became quite

separated (Figure 6.18). The density plots for IgG4-CD64 showed that the Fab regions

in bound IgG4 were similar to unbound IgG4 (Figure 6.15), in which the Fab1 and

Fab2 regions overlapped (Figure 6.19). The Fab regions of IgG4 appeared more

flexible than IgG1 in its 1:1 complex with CD64.

(ii) Bound CD64 in the IgG1-CD64 and IgG4-CD64 complexes showed a

compact seahorse shape where D1 (magenta) was folded back against D2 (orange).

Both D1 and D2 appeared quite rigid as they occupied small volumes of space in the

centre of both IgG molecules. These arrangements were very similar to the crystal

structure of IgG1-Fc bound to CD64. Unlike D1 and D2, D3 (pink) was more flexible

and spanned a wider range of conformations.

(iii) The Fab1 and Fab2 densities overlapped slightly with that for D3 in IgG1-

CD64 (not shown) and IgG4-CD64 (left panels, Figure 6.19). This was the expected

outcome if the Fab regions and D3 were flexible. The densities for the two Fab regions

and the D1 and D2 domains did not show overlap, demonstrating that the Fab regions

had shifted to accommodate the CD64 structure on the lower hinge and the Fc region.

Kratky plots for IgG and the IgG-CD64 complexes

Kratky plots provide information on protein flexibility in solution for unbound

IgG1 and IgG4 and the IgG1-CD64 and IgG4-CD64 complexes (Figure 6.20). Folded

globular proteins present as a bell-shaped curve whereas unfolded proteins display no

peak and a continuous increase in the Kratky plot (Blanchet & Svergun, 2013).

Multidomain proteins composed of two or more globular domains connected by

intrinsically disordered flexible linkers present a Kratky plot with a dual behaviour of

folded and unfolded curves (Cordeiro et al., 2017). This dual behaviour was seen for

unbound CD64 (Hui et al., 2019b, in preparation; Section 5.2.4).
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Figure 6.18 Density plots for the IgG1-CD64 best-fit models.

The density plots show the volumes occupied for each of the four sets of 100 best-fit

models for the IgG1-CD64 complex in Figure 6.16, and follow the same colour scheme

for the Fab1, Fab2 and Fc regions. The D1, D2 and D3 domains of CD64 are shown

in magenta, orange and pink mesh respectively. Two orthogonal views of the density

plots for the Fab and Fc regions (but not the hinge or glycans) are shown in the same

orientation. While obscured, the starting structure of IgG1 and CD64 is shown in black

and red respectively. Arrows are used as visual aids to show the D1 and D2 regions in

magenta and orange.
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Figure 6.19 Density plots for the IgG4-CD64 best-fit models

The density plots show the volumes occupied for each of the three sets of 100 best-fit

models for the IgG4-CD64 complex in Figure 6.17, and follow the same colour scheme

for the Fab1, Fab2 and Fc regions. The D1, D2 and D3 domains of CD64 are shown

in magenta, orange and pink mesh respectively. Two orthogonal views of the density

plots for the Fab and Fc regions (but not the hinge or glycans) are shown in the same

orientation. While obscured, the starting structure of IgG4 and CD64 is shown in black

and red respectively. Arrows are used as visual aids to show the D1 and D2 regions in

magenta and orange.
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Figure 6.20 Dimensionless Kratky plots for IgG and their CD64 complexes

(legend overleaf).
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Figure 6.20 Dimensionless Kratky plots for IgG and their CD64 complexes

(continued from previous page).

Dimensionless Kratky plots for the experimental and modelled scattering curves are

shown in circles and lines respectively. The colour scheme for the four samples follows

that of Figure 6.10.

(a) X-ray Kratky plots of the four IgG1 curves from upper Figure 6.12 (white, light

grey, dark grey and black circles in that same sequence). The corresponding best-fit

IgG1 models are shown as dotted cyan, dashed cyan, solid cyan and solid blue lines

respectively.

(b) Neutron Kratky plots of the three IgG1 curves from lower Figure 6.12 (white, dark

grey and black circles in that same sequence). The corresponding best-fit IgG1 models

are shown as light blue, dark blue and teal solid lines respectively. The dark blue and

teal lines overlap because they are the same best-fit model.

(c) X-ray Kratky plots of the four IgG1-CD64 curves from Figure 6.14 (white, light

grey, dark grey and black circles in that same sequence). The corresponding best-fit

IgG1-CD64 models are shown as a dotted navy, dashed navy, solid navy and solid

purple lines respectively.

(d) X-ray Kratky plots of the four IgG4 curves from upper Figure 6.13 (white, light

grey, dark grey and black circles in that same sequence). The corresponding best-fit

IgG4 models are shown as a dotted magenta, dashed magenta, solid magenta and solid

fuchsia lines respectively.

(e) Neutron Kratky plots of the three IgG4 curves from lower Figure 6.13 (white, dark

grey and black circles in that same sequence). The corresponding best-fit IgG4 models

are shown as light pink, light red and dark red lines respectively. The light red and

dark red lines overlap because they are the same best-fit model.

(f) X-ray Kratky plots of the three IgG4-CD64 curves from Figure 6.15 (white, dark

grey and black circles in that same sequence). The corresponding best-fit IgG4-CD64

models are shown as a dotted red, dashed red and solid red lines respectively.
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(i) For the unbound IgG, the SAXS and SANS data for IgG1 (Figure 6.20a,b)

and IgG4 (Figure 6.20d,e) showed the typical Kratky plot for antibodies with two

peaks, which was similar to a previous SAXS study (Tian et al., 2014). The SAXS

data offered better signal-to-noise than the SANS data. A conformational difference

was seen for unbound IgG1 and IgG4 in the second Kratky peak (Figure 6.20a,d). This

difference was replicated by the Kratky plots for the best-fit models.

(ii) For the complexes, the Kratky plots for the IgG1-CD64 and IgG4-CD64

complexes showed two peaks again, in which the intensity of the second peak was

much reduced compared to unbound IgG, together with a possible third peak at high

Q.RG (Figure 6.20c,f). The IgG4-CD64 complex had a lower second peak compared

to the IgG1-CD64 complex. This difference was again replicated by the Kratky plots

for the best-fit models.

Overall, the Kratky plots showed that the IgGs and their CD64 complexes

possessed folded compact structures, unlike that for unbound CD64 (Section 5.2.4,

Figure 5.9).

Sedimentation coefficient modelling of IgG and the IgG-CD64 complexes

As a check of consistency with the SAXS modelling, the sedimentation

coefficient s20,w values were calculated using HYDROPRO for the 100 best-fit models

from each of the four proteins studied here. Excellent agreements between the

calculated and experimental values were obtained:

(i) For IgG1, the mean s20,w value of the 2,300 best-fit modelled values (Table

6.3) was 6.47 ± 0.05 S. The maximum range of s20,w values was 6.31 S to 6.68 S. The

agreement between experimental and modelled s20,w values is typically ±0.21 S

(Perkins et al., 2011). Thus the modelled values agreed very well with the experimental

s20,w values of 6.38 ± 0.08 S in Tris buffer and 6.57 ± 0.01, 6.55 ± 0.01 and 6.51 ± 0.02

S in PBS-50, PBS-137 and PBS-250 buffers respectively (Section 6.2.2, Figure 6.5a).

(ii) For IgG4, the mean s20,w value of the 2,400 best-fit modelled values (Table

6.4) was 6.67 ± 0.10 S. The maximum range of s20,w values was 6.27 S to 7.03 S. Thus

the modelled values agreed very well with the experimental s20,w values of 6.58 ± 0.08

S in Tris buffer and 6.79 ± 0.02, 6.76 ± 0.03 and 6.72 ± 0.01 S in PBS-50, PBS-137

and PBS-250 buffers respectively (Section 6.2.2, Figure 6.5c).
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(iii) For IgG1-CD64, the mean s20,w value of the 1,300 best-fit modelled values

(Table 6.7) was 7.14 ± 0.08 S. The maximum range of s20,w values was 6.95 S to 7.35

S. Thus the modelled values agreed very well with the experimental s20,w value of 7.17

± 0.19 S in Tris buffer (Section 6.2.2, Figure 6.5b).

(iv) For IgG4-CD64, the mean s20,w values of the 800 best-fit models (Table

6.8) was 7.22 ± 0.07 S. The maximum range of s20,w values was 7.00 S to 7.49 S. Thus

the modelled values agreed very well with the experimental s20,w value of 7.17 ± 0.27

S in Tris buffer (Section 6.2.2, Figure 6.5d).

Discussion

The combination of AUC, native MS, SAXS and SANS, followed by atomistic

scattering modelling has revealed the solution structure of full-length intact human

IgG1 and IgG4 in their complexes with CD64. The AUC and MS data validated

complex formation and revealed a binding stoichiometry of 1:1 in both complexes.

SAXS utilised both batch mode and the new SECSAXS method to provide solution

structures for IgG1 and IgG4 and their CD64 complexes, giving much improved

signal-noise ratios. SANS validated the solution structures of human IgG1 and IgG4

in different NaCl buffers. Detailed molecular dynamics and Monte Carlo simulations

revealed ensembles of best-fit models for each SAXS and SANS curve, achieving

unprecedented low R-factors of less than 0.7% and perfect matches with

AUC s20,w values. The solution structure of the two complexes showed that IgG1 and

IgG4 underwent conformational changes in the complexes to reposition their Fab

regions away from the CD64 binding site, and that the extended CD64 structure in

solution adopted a compact seahorse structure in the complexes, as observed in the Fc-

CD64 crystal structures. The solution structures enabled the interaction interface

between IgG and CD64 to be explored in detail, this being able to explain the lower

affinity for CD64 of IgG4 compared to IgG1.

Improved scattering data sets and atomistic modelling

AUC, SAXS and SANS are complementary techniques which provided

abundant data sets for solution structural studies of large glycoproteins. In AUC, 42

samples were measured for IgG1, 50 for IgG4, 28 for IgG1-CD64 and 30 for IgG4-

CD64. SAXS in batch mode ran as many as 21 samples for IgG1, 21 for IgG4, 12 for

IgG1-CD64 and 9 for IgG4-CD64. SAXS in the relatively new SECSAXS mode ran
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2 samples for each of IgG1 and IgG4, and 1 each for the IgG1-CD64 and IgG4-CD64

complexes, where 858 data frames were collected per sample. The RG values were

indistinguishable between batch and SECSAXS modes, showing that the samples were

aggregate-free. Other advantages of SECSAXS were the removal of excess CD64 or

IgG when making the IgG-CD64 complexes and ensuring the samples were correctly

buffer-matched. SANS utilised 15 samples for each of IgG1 and IgG4 in heavy water.

This study has incorporated five further major advances in experimental SAXS

data collection and atomistic modelling:

(i) For previous IgG studies, Instrument ID02 (ESRF) offered 433 Q data

points in a Q range of 0.03-1.94 nm-1 (Rayner et al., 2014, 2015). Whereas Instrument

BM29 (ESRF) offered 1043 Q data points between 0.004 to 4.912 nm-1 (Wright et

al., 2019, submitted; Chapter 4), and Instrument B21 (Diamond) offered 1661 Q data

points between 0.032 to 3.7 nm-1 in this study. Signal-noise ratios at large Q are

presently much improved.

(ii) Starting with bovine IgG1 and IgG2, in which 100-200 Fab and Fc models

were created for fits (Mayans et al., 1995), 20,000 models were created for human

IgG1 and IgG4 (Rayner et al., 2014, 2015), and 700,000-704,000 models were created

for human IgG1 and IgG4 (Wright et al., 2019 submitted). Here, 575,500 and 940,000

trial models were created for IgG1 and IgG4, and 2,150,000 and 2,100,000 trial models

were created for their CD64 complexes, for which the availability of high performance

computers was essential.

(iii) Previous studies utilised crystal structures without any modifications to

generate scattering models, and the full sequences of IgG1 6a and 19a and IgG4 B72.3

were not incorporated into these (Rayner et al., 2014, 2015; Wright et

al., 2019 submitted). Several residues were omitted. In particular, earlier IgG1 and

IgG4 models had no interchain Cys-Cys disulphide bonds, and instead measured the

distance between the Cys Cα atoms that form a disulphide bond to evaluate the models, 

which also included Chapter 4. Here, these disulphide bridges were fully-modelled

using energy minimisation and molecular dynamics before the Monte Carlo

simulations. The full sequences of IgG1 antiCD20 and IgG4 B72.3 were incorporated

into the models, making these more realistic.
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(iv) Previous studies did not use checks for steric overlap whilst creating

molecular models, and these overlapping models were not discarded prior to R-factor

calculations (Rayner et al., 2014, 2015). Here the molecular dynamics and Monte

Carlo simulations identified these overlapping structures at the point of model

generation, and these were automatically removed at that point in large numbers on

SASSIE-web (Wright et al., 2019 submitted; Chapter 4 and 5).

(v) Earlier modelling studies involved coarse-grained Debye sphere

calculations to generate the modelled scattering curves whereby a sphere represented

4 to 5 atoms (Section 3.3.5.1; Chapter 4; Wright & Perkins, 2015). Here, the ‘SasCalc’

module of SASSIE generated theoretical scattering curves of the accepted models

using an ‘all-atom’ expression (Section 3.3.5.2; Watson & Curtis, 2013). This

considered directly every atom in the molecule, unlike coarse-grained methods, also

making these more realistic.

The improved simulations with better experimental data sets require high

performance computers and graphics processing units for massively parallel

calculations. Nonetheless, by these enhancements, the goodness-of-fit R-

factors became as low as 0.56%, which is a five-fold reduction from 2.5% for IgG1

and 2.6% for IgG4 (Rayner et al., 2014, 2015), 2% for IgG1 and 2.7% for

IgG4 (Wright et al., 2019, submitted) and 2.9% for IgG2 (Chapter 4, Table 4.2).

Outcomes of atomistic modelling

The scattering modelling procedure was designed to be informative on the structure of

the IgG complexes with CD64. Thus, to avoid bias, the starting structure for IgG1 and

IgG4 incorporated the full amino acid sequences, including using Modeller to correct

for residue differences with the crystal structure template. To ensure that the residues

at the interaction surface between IgG and CD64 were kept at the correct distances,

the starting structure of the full-length IgG1-CD64 complex was built from the Fc-

CD64 crystal structure. The Monte Carlo simulations for IgG1-CD64 and IgG4-CD64

included or excluded different varied regions in order to minimise bias in the

simulations. The simulations surveyed a complete range of variability based on five

peptides. Two or three IgG hinge peptides were varied. Previously, it was reported that

only the D2 domain interacted with the Fc region, while no contacts occurred between

the Fc-D1 and Fc-D3 domains using a cut off of 0.5 nm (Oganesyan et al., 2015).
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Therefore the Fc-D2 structure was held fixed together in the group 5 searches (Tables

6.5 and 6.6). The D1-D2 linker formed an interaction point with the Fc region (Kiyoshi

et al., 2015; Lu et al., 2015). D1 was thus held fixed together with Fc to examine the

contribution of D1 to the complex (group 1-4 searches). Additionally, both D1 and D2

domains were held fixed with the Fc region (group 1 searches) to preserve the

interaction surface during the simulations.

Similar numbers of accepted models were generated for each group for

consistency. For example, group 3 involved 400,000 trial models which resulted in

50,995 and 55,630 accepted models for the IgG1-CD64 and IgG4-CD64 complexes

respectively. Between 10,000 to 50,000 accepted structures were sufficient to sample

adequate configurational space, this being confirmed from the minimum seen in the

R-factor versus RG plots (Figures 6.12, 6.13, 6.16 and 6.17). Brief energy minimisation

of the sets of 100 best-fit models did not change their R-factors, because only the

flexible regions and the glycans were minimised, and not the entire molecule. Thus

only 24, 28, 51 and 57 residues out of 1328, 1310, 1597 and 1579 for IgG1, IgG4,

IgG1-CD64 and IgG4-CD64 respectively were affected.

Overall, new information was learnt about the arrangements of the Fab regions

in the complexes. The best-fit models of the IgG-CD64 complexes showed that the D1

and D2 domains were folded back against each other. This outcome agreed with the

three crystal structures of IgG1-Fc bound to CD64 (Kiyoshi et al., 2015; Lu et al.,

2015; Oganesyan et al., 2015). Interestingly, our full-length IgG1-CD64 structures

gave reasonable r.m.s.d. of 0.1805 nm, 0.2006 nm and 0.2360 nm respectively when

overlaid with these three crystal structures (Figure 6.21a). The density plots showed

that the Fab regions of IgG1 adopted a Y-shaped conformation when bound to CD64,

consequently being more conformationally restricted about the hinge (Figure 6.18).

This was in contrast with the large overlapping areas occupied by the Fab regions of

unbound IgG1 (Figure 6.14). For the IgG4-Fc-CD64 complex, given the lack of crystal

structures, the IgG4-CD64 best-fit models were superimposed with the three crystal

structures for the IgG1-Fc-CD64 complex (PDB codes: 4W4O, 4X4M and 4ZNE)

(Figure 6.21b). This also gave reasonable r.m.s.d. values of 0.3111 nm, 0.3988 nm and

0.3143 nm respectively. In the IgG4-CD64 density plots, the Fab regions were less

restricted (right panels, Figure 6.19), in comparison to those in the IgG1-CD64 density
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Figure 6.21 Superimposition of the IgG-CD64 best-fit models with crystal

structures.

The three crystal structures of the IgG1-Fc-CD64 complexes (PDB codes 4W4O,

4X4M and 4ZNE shown in orange, mauve and green respectively) were aligned with

the best-fit models of the (a) IgG1-CD64 and (b) IgG4-CD64 complexes. Two

orthogonal views of each complex are shown. For the best-fit models, the Fab regions

(Fab1, Fab2) are in blue and cyan, the hinges in yellow and the Fc region in grey. The

D1, D2 and D3 domains of CD64 in the best-fit models are shown in magenta, orange

and pink. The glycans have been omitted for reason of clarity.
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plots (Figure 6.18). This suggests that IgG4 was more flexible than IgG1 in its 1:1

complex with the CD64 receptor.

Utility of mass spectrometry

MS provided complementary data sets to those from AUC and SAXS/SANS,

although these MS data sets were not obtained in the solution state. By MS, the IgG1-

CD64 and IgG4-CD64 complexes were seen at 40 V, 100 V and 200 V, showing that

they were highly stable. For comparison with the AUC data and KD determinations

(below), spectral deconvolution m/z of 5,000 to 8,500 was able to determine the

percentages of unbound IgG and the complex. The IgG-CD64 complex with the higher

mass contributed the most to the signal area compared to the IgG-CD64 complex with

the lower mass. This was particularly evident for one spectrum which gave 147,196 ±

4 Da (5.7%) of unbound IgG1, 178,425 ± 12 Da (32.2%) and 179,379 ± 7 Da (62.2%)

for the two IgG1-CD64 complexes. Another spectrum gave 146,599 ± 2 Da (16.6%)

of unbound IgG4, 177,818 ± 2 Da (25.9%) and 178,642.9 ± 0.3 Da (57.5%) for the

two IgG4-CD64 complexes. The CD64 species with a higher molecular mass showed

the higher affinity for IgG (Section 5.2.1). The difference in complex formation

between IgG1 and IgG4 showed that IgG1 had a higher affinity than IgG4 for CD64

in their complexes. This outcome agreed with the reported KD values, where IgG1 has

higher affinity than IgG4 (Bruhns et al., 2009; Lu et al., 2015; Scapin et al., 2015).

MS also provided data on half-IgG4 molecules, which clarified further details

of the CD64 complexes. If the whole IgG4-CD64 spectrum was deconvoluted (m/z of

1,000 to 10,000), half-molecules were observed between m/z of 4,000-5,000 with a

mass of 73,300 ± 1 Da, and area of 3.2%. These half-molecules contain a single heavy

and light chain of IgG4, at half the mass of IgG4 at 146.6 kDa (Figure 6.3c). Their

formation was attributed to the instability of the interchain disulphide bonds imposed

by the presence of S222 in the core hinge (Angal et al., 1993; Schuurman et al., 2001).

This observation supported previous reports of Fab-arm exchange which is a unique

property of IgG4 (Section 2.5; van der Neut Kolfschoten et al., 2007). IgG4 half-

molecules do not bind to CD64 because CD64 binds asymmetrically to both halves of

IgG4. Fab-arm exchange might be a rate-limiting step in CD64 complex formation,

hence contributing to the weaker affinity of IgG4 for CD64 compared to IgG1. Also

noteworthy was the absence of very low amounts of CD64 dimer species previously

detected by MS (Hui et al., 2019b, in preparation; Section 5.2.1; Figure 5.3). These
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CD64 dimers appeared to form reversibly and the presence of IgG1 or IgG4 suppressed

this dimer formation.

Dissociation constants for the IgG-CD64 complexes

Previously reported dissociation constants (KD) monitor the strength of binding

of CD64 to the IgG subclasses. First, CD64 binding to IgG1-Fc and full-length IgG1

yielded similar KD values of 4.2 nM and 2.9 nM respectively (Kiyoshi et al., 2015).

Similar KD values of 40 nM and 40 nM were reported in another study for IgG1-Fc

and full-length IgG1 (Lu et al., 2011). The similarity of these KD values were explained

by the Y-shaped orientations of the Fab regions to allow the efficient binding of the

CD64 asymmetrically onto the Fc region. Second, the KD values of CD64 binding to

full-length IgG1 and IgG4 were 7 nM and 16.7 nM (Lu et al., 2015), 15.4 nM and 29.4

nM (Bruhns et al., 2009) and 0.023 nM and 0.123 nM (Scapin et al., 2015)

respectively. These KD values show that IgG1 bound more strongly to CD64 than

IgG4. These KD values were explained by the Y-shaped orientations of the Fab regions

in IgG1 that did not obstruct binding to CD64.

Roles of D3 domain of CD64

The role of the D3 domain remains unknown, but this exhibited flexibility in

the density plots (Figure 6.18 and 6.19). D3 is unique to CD64 as it is the only human

FcγR with three ectodomains and it does not participate in complex formation (Lu et

al., 2011, 2015; Kiyoshi et al., 2015; Oganesyan et al., 2015). When the D3 domain

was removed, it only lowered the affinity of IgG1 and CD64 very slightly suggesting

that D3 has a minor indirect role for the interaction (Oganesyan et al., 2015). It may

act as a spacer between the plasma membrane to which CD64 is attached and the

binding interface of IgG-CD64 (Kiyoshi et al., 2015, or it could maintain the

conformation and stability of the receptor (Lu et al., 2015).

The possible role of D3 was further explored in Figure 6.22, in which the IgG1-

CD64 and IgG4-CD64 best-fit models for the SECSAXS data were aligned upon the

D3 domain and presented in density plots. The D1 and D2 domains exhibit overlapping

volumes of space about the D3 domain due to the flexibility of the hinge between the

D2 and D3 domains. The D3 domain appears to not only provide movement to the D1

and D2 domains that are folded-back against each other in the complex but also

positions the D1 and D2 domain above the cell membrane for it to bind to IgG with
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Figure 6.22 Density plots of IgG-CD64 complexes aligned upon the D3 domain.

Two orthogonal views of the density plots show the volumes occupied by the 100 best-

fit models for the (a) IgG1-CD64 and (b) IgG4-CD64 SECSAXS curves aligned on

the D3 domain of CD64 (same models as those in Figure 6.18d and 6.19c). The Fab1,

Fab2 and Fc regions of IgG1 and IgG4 are shown in blue, cyan and grey respectively.

The D1, D2 and D3 domains of CD64 are shown in magenta, orange and pink mesh

respectively. While obscured, the CD64 of the IgG-CD64 starting structure is shown

in black. In (a-b), the top panels only show the CD64 in the complexes and the bottom

panels show both CD64 and IgG in the complexes, in the same orientation. The models

are shown with the C-terminal of CD64 leading into the cell membrane which is

indicated by dashed lines. Some labels have been omitted for clarity purposes.
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high affinity. Interestingly, the D3 domain, not observed in the other Fcγ receptors, 

could provide more length to the Fcγ receptor and this means that the D1-D2 

interaction site is located further away from the cell membrane of monocytes, MΦ, 

dendritic cells, neutrophils and mast cells (Table 1.3). The interaction site of CD64 is

much more exposed due to the D3 domain and consequently, immune complexes are

able to bind to the D1 and D2 domains in a wide variety of conformations as it

approaches the cell membrane. The high affinity interaction leads to an immune

response such as phagocytosis and further recruitment of immune cells (Figure 1.5).

Materials and Methods

Purification and characterisation of IgG and CD64

Recombinant CD64 was expressed in E. coli and purified using IgG affinity

chromatography (Hui et al., 2019b; Section 5.4.1). Human IgG1 anti-CD20 (identical

sequence with Rituximab which is a therapeutic monoclonal antibody, Anderson et al.,

1998; Wang et al., 2013) and IgG4 B72.3 were generously supplied by Dr Tibor Nagy

(Fujifilm Diosynth Biotechnologies) and were purified using gel filtration (Superose

6 10/300 or Superdex 200 10/300 columns, GE Healthcare). Human IgG1 and IgG4

were concentrated and dialysed into 30 mM Tris, 150 mM NaCl, pH 7.6 buffer

(denoted as Tris buffer) at 4 °C immediately prior to AUC and SAXS experiments.

They were also dialysed into phosphate buffered saline (PBS; 8.1 mM Na2HPO4, 1.5

mM KH2PO4, 2.7 mM KCl with 50 mM, 137 mM or 250 mM NaCl, pH 7.4; denoted

as PBS-50, PBS-137 and PBS-250 respectively) in heavy water immediately prior to

AUC and SANS experiments. To make the complexes, IgG and CD64 were mixed at

molar ratios (μM) of approximately 1:1 or 1:2 and dialysed into Tris buffer at 4 °C 

prior to experiments to allow for IgG1-CD64 or IgG4-CD64 complex formation. The

IgG-CD64 complexes were purified using gel filtration on a Superdex 200 10/300

column to remove any excess unbound CD64 or IgG unless otherwise specified.

For native mass spectrometry, equal volumes of IgG1 (3.73 μM) or IgG4 (3.65 

μM) were mixed with CD64 (3.90 or 6.46 μM). These were dialysed into Tris buffer 

at 4 °C to permit complex formation. The mixtures were placed into spin concentrators

(Amicon Ultra 500, molecular weight cut-off of 10 kDa) pre-soaked with 200 mM

ammonium acetate (LC/MS grade water), and were buffer-exchanged into 200 mM

ammonium acetate six times at 4 °C. The samples were run on a Synapt G1 mass

spectrometer (Waters Corporation, UK). The spectra were analysed in MassLynx mass
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spectrometry software version 4.1 (Waters Corporation, UK) and mass calculations

were performed in Amphitrite Atropos (Sivalingam et al., 2013) by Charles Eldrid and

Dr Konstantinos Thalassinos (Structural and Molecular Biology, UCL). The

experimental acquisition parameters were as follows: capillary voltage of 1.3 kV,

sampling cone voltage of 175 V, extraction cone voltage of 4.5 V, backing pressure of

7 mbar, trap collision energy of 40-100 eV, transfer collision energy of 10-90 eV and

the mass range was 1,000-18,000 m/z. Proteins were sprayed from gold-coated

capillaries prepared in-house using a Flaming Brown P97 needle puller and a Quorum

Q150R S sputter coater, using nano-electrospray ionisation.

Analytical ultracentrifugation of IgG and IgG-CD64 complexes

AUC data were obtained using both absorbance and interference optics on two

Beckman XL-I instruments equipped with AnTi50 rotors. Sedimentation velocity data

were acquired for IgG1, IgG4, IgG1-CD64 and IgG4-CD64 samples at 20 °C in Tris

buffer in a concentration range. Data were collected at rotor speeds of 40,000 rpm and

50,000 rpm in two-sector cells with column heights of 12 mm. Sedimentation analysis

was performed using direct boundary Lamm fits of up to 433 scans using SEDFIT

(version 15.1) (Schuck, 1998, 2000). SEDFIT gave size-distribution analyses c(s) that

revealed the sedimentation species; this assumed that all species had the same

frictional ratio f/f0. The final SEDFIT analyses used a fixed resolution of 200 and

optimized the c(s) fit by floating f/f0 and the meniscus and bottom of the cell baselines

until the overall root-mean-square deviations and visual appearance of the fits were

satisfactory. The sedimentation coefficients s20,w were normalised to 20 °C in water.

The partial specific volume of IgG1, IgG4, IgG1-CD64 and IgG4-CD64 were

calculated from compositions to be 0.7288, 0.7276, 0.7301 and 0.7291 ml/g using

SLUV (Perkins, 1986; Wright & Perkins, 2015). SEDNTERP also provided the buffer

density and viscosity of 1.0053 g/cm3 and 0.0102465 poise for Tris buffer

(Laue et al., 1992). Buffer densities of PBS-50, PBS-137 and PBS-250 were measured

using an Anton Paar DMA 5000 density meter, for comparison with the theoretical

values calculated by SEDNTERP. This resulted in densities of 1.00145 g/ml for PBS-

50 (theoretical, 1.00175 g/ml), 1.00529 g/ml for PBS-137 (theoretical, 1.00534 g/ml)

and 1.0098 g/ml for PBS-250 (theoretical, 1.00998 g/ml), all in 100% light water at 20

°C. The densities were increased to 1.10839 g/ml for PBS-50 (theoretical, 1.10889

g/ml), 1.11183 g/ml for PBS-137 (theoretical, 1.11247 g/ml) and 1.116752 g/ml for
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PBS-250 (theoretical, 1.11711 g/ml), all in 100% 2H2O at 20 °C. Buffer viscosities of

0.01011 poise, 0.01019 poise and 0.01029 poise was used for the PBS-50, PBS-137

and PBS-250 buffers in light water and heavy water as calculated from SEDNTERP

which normalised the viscosity to 20 °C in 100% light water.

X-ray and neutron solution scattering of IgG and IgG-CD64 complexes

For SAXS, dialysis was performed into Tris buffer immediately prior to data

collection, then the samples were transferred at 4 °C to Instrument B21, Diamond

Light Source, Didcot, Oxfordshire, England, U.K. SAXS experiments were performed

in two different beam sessions, using batch mode in the first one and SECSAXS mode

in the second one. The beamsize was 250 × 250 μm and the beam had an energy of 

12.4 keV at the detector. Serial dilutions of IgG1 and IgG4 at 0.25, 0.50, 0.75, 1.0, 2.0,

3.0 and 4.0 mg/ml (1.7-26.9 μM and 1.7-27.0 μM) were measured in triplicate. 

Mixtures of IgG1-CD64 were measured in triplicate at molar ratios of 3.73 μM:6.46 

μM, 3.73 μM:3.90 μM, 10.00 μM:10.70 μM, 10.00 μM:14.20 μM and 5.00 μM:10.70 

μM. Mixtures of IgG4-CD64 were measured in triplicate at molar ratios of 3.65 

μM:6.46 μM, 3.65 μM:3.90 μM, 10.00 μM:10.70 μM and 10.00 μM:14.20 μM. Sample 

volumes of 40 μl were loaded into each well in batch mode. Sample volumes of 60 μl 

of concentrated CD64 (2.38 mg/ml; 76.8 μM), IgG1 (4.35 mg/ml; 29.3 μM), IgG4 (5 

mg/ml; 33.8 μM), IgG1-CD64 (7.41 mg/ml; 41.3 μM) and IgG4-CD64 (8.69 mg/ml; 

48.6 μM) was loaded into each well for SECSAXS mode. Plate covers was used to 

seal the 96 well plates during each session to prevent contamination and evaporation.

The 96-well plate was loaded onto the BIOSAXS automatic sample changer (European

Molecular Biology Laboratory Arinax sample handling robot) (Round et al., 2015).

Biosaxs Customised Beamline Environment (BsxCUBE) software was used for

control of the automatic sample changer whereby 30 μl volumes were pipetted 

automatically into a temperature controlled quartz cell capillary for batch mode. An

injection volume of 45μl and an injection time of 30 min were used for each sample 

on a KW403 column (Shodex) attached to a 1260 Infinity LC system (Agilent

Technologies) with a flow rate of 0.016 ml/min for SECSAXS. The X-ray data

collection was automated (Pernot et al., 2013). A total of 30 or 858 frames of data

were recorded (each X-ray frame or exposure was 1 sec) for batch mode or SECSAXS

modes respectively. The sample at 20 °C was continuously moved through the

capillary between each frame. The scattering intensities I(Q) were detected by a Pilatus
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2M camera fixed at 4 m sample-detector distance to give a Q range of 0.032-3.800 nm-

1. The subtraction of the scattering curve of the buffer from the sample was performed

using ScÅtter version 3.1 (http://www.bioisis.net/tutorial/9).

For SANS, sample dialyses were performed on site in the European Molecular

Biology Laboratory, Grenoble, France immediately prior to experiments. Data were

obtained on Instrument D22 at the Institut Laue-Langevin, Grenoble, France. Both

human IgG1 and IgG4 were studied at concentrations of 0.5, 1.0, 2.0, 3.0 and 4.0

mg/ml in PBS-50, PBS-137 and PBS-250 in heavy water at 20 °C. The data were

acquired using a two dimensional 3He detector with an area of 102.4 × 98 cm2 and

pixel size of 8.0 × 8.0 mm2. The sample-to-detector and collimation distances were set

at 5.6 m, with a wavelength λ of 0.60 nm ± 10%. The flux was 2 × 107 neutrons/s/cm2

at a collimation length of 5.6 m. Sample volumes of 400 µl were used in rectangular

Hellma cells with 2.0 mm thickness, positioned in a thermostated sample rack at 20°C.

Data reduction and buffer subtraction utilised GRASP software

(https://www.ill.eu/fr/users-en/scientific-groups/large-scale-structures/grasp/).

For a given solute–solvent contrast, the radius of gyration RG is a measure of

structural elongation. Guinier analyses at low Q (where Q = 4π sin θ/λ; 2θ is the

scattering angle) give the RG and the forward scattering at zero angle I(0) (Glatter &

Kratky, 1982; Section 3.2.14):

This expression is valid in a Q.RG range up to 1.5. If the structure is elongated, the

mean radius of gyration of the cross-sectional structure RXS and the mean cross-

sectional intensity at zero angle [I(Q)Q]Q→0 is obtained from:

The I(0) values normalised by concentration (I(0)/c) is proportional to the molecular

mass of the protein under study (Mylonas & Svergun, 2007; Blanchet & Svergun,

2013). The cross-sectional plot for immunoglobulins exhibits two distinct regions, a

steeper innermost one and a flatter outermost one (Pilz et al., 1973); these two analyses

were denoted RXS-1 and RXS-2 respectively. The RG, RXS-1 and RXS-2 analyses were

performed using the SCT suite of programs written in Python (Wright & Perkins,
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2015). Dimensionless Kratky plots of (Q.RG)2.I(Q)/I(0) vs Q.RG were calculated using

the Guinier RG values and provided information on the folded state and flexibility of

the protein (Section 3.2.16; Kratky & Porod, 1949; Doniach, 2001; Brennich et al.,

2017b; Cordeiro et al., 2017).

Indirect Fourier transformation of the scattering data I(Q) measured in

reciprocal space into real space provides the distance distribution function P(r),

calculated using the program GNOM (Semenyuk & Svergun, 1991; Section 3.2.15):

P(r) corresponds to the distribution of distances r (nm) between volume elements. This

provides the maximum dimension L of IgG and the IgG-CD64 complexes and its most

commonly occurring distance vector M in real space. For this, the X-ray I(Q) curve

utilized up to 861 data points in the Q range between 0.1 to 2.0 nm-1. The neutron I(Q)

curve utilized up to 108 data points in the Q range between 0.1 and 1.7 nm-1.

Modelling of the IgG starting structures

Sequence alignments for full-length human IgG1 b12 (PDB code 1HZH,

(Saphire et al., 2001), IgG1 antiCD20 and IgG4 B72.3 (Fujifilm Diosynth

Biotechnology) were made using Clustal Omega (Figure 6.11; Sievers et al., 2011).

The IgG1 Fc sequence in the CD64 complex (PDB code 4X4M) (Lu et al., 2015) was

identical to the Fc sequences in IgG1 b12 and IgG1 antiCD20. The crystal structure of

human IgG1 b12 (PDB: 1HZH) was used as the template for the homology modelling

of IgG1 antiCD20 using MODELLER version 9.14 (Webb & Sali, 2016). The IgG1-

Fc sequence (PDB code 4X4M) were retained from P242 onwards (Figure 6.11). A

PyMOL build_seq script in the PyMOL Script Repository (Schrödinger, LLC) was

used to build the full-length IgG1 structure from the Fab homology model and the Fc

region from PDB code 4X4M, together with the hinge residues

220EPKSCDKTHTCPPCPAPELLGGP242 and the C-terminal residues 450GK451 using

backbone φ and ψ angles of 10° (Wright et al., 2019, submitted).

Full-length IgG4 B72.3 was generated as previously described (Wright et al.,

2019, submitted) using crystal structures (PDB codes 1BBJ and 4C55) for the IgG4

Fab B72.3 and IgG4-Fc regions respectively (Brady et al., 1992; Davies et al., 2014b).
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The hinge residues 213ESKYGPPCPSCPAPEFLGGP232 and C-terminal residues

438SLGK441 on the heavy chains and the C-terminal residues 212GEC214 on the light

chains were added to the IgG4 Fab and Fc regions using the PyMOL build_seq script

with backbone φ and ψ angles of 10°. Eight point mutations were made on the IgG4 

model using the PyMOL Mutagenesis Wizard in order to match the IgG4 B72.3

sequence. The light chain mutations were A109T, D110V, and T114S and the heavy

chain mutation was E1Q on both of the Fab regions, selecting the most common

rotamers in proteins in each case. This generated the full-length human IgG4 structure.

For IgG1 and IgG4, the glycan reader component of Charmm-GUI was used

to add hydrogen atoms, intrachain and interchain disulphide bonds, and prepare force

field parameterizations and protein structure files for the simulations (Jo et al., 2008,

2011; Park et al., 2017). The conserved glycan of the Fc region was presumed to be a

complex biantennary glycan with a Man3GlcNAc2 core and two NeuNAc.Gal.GlcNAc

antennae. This was attached at N301 and N291 for IgG1 and IgG4 respectively on each

CH2 domain (Man, mannose; GlcNAc, N-acetyl glucosamine; NeuNAc, sialic acid;

Gal, galactose). Charmm-GUI also renumbered the IgG1 and IgG4 sequences and

these new residue numbers were used in this thesis. Energy minimisations of 1000

steps, followed by molecular dynamics of 10,000 timesteps (total of 20,000 fs) at 300

K, were performed to generate the starting models for IgG1 and IgG4 (Figure 6.1a,b)

using NAMD version 2.9 and the Generalized Born implicit solvent model on the

CHARMM 36 forcefield (MacKerell et al., 1998, 2004; Best et al., 2012).

Modelling of the IgG-CD64 starting structures

For the IgG1-CD64 starting structure, the full-length CD64 initial structure that

resembled the CD64 crystal structure (Hui et al., 2019b, in preparation; Section 5.4.5)

was superimposed using PyMOL with the Fc-CD64 crystal structure (PDB code

4X4M) to give a r.m.s.d. of 0.0492 nm (Lu et al., 2015). The energy minimised full-

length structure of IgG1 (Section 6.4.4) was used with this full-length initial CD64

structure to generate the full-length IgG1-CD64 complex.

For the IgG4-CD64 starting structure, the crystal structure of the IgG1-Fc

complex with CD64 (PDB code 4X4M) (Lu et al., 2015) was used as the Modeller

template. To model the Fc region, the IgG4 B73.2 Fc sequence was used as input; this

had a 12 residue difference from that in IgG1 Fc. This homology model of IgG4-Fc in
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complex with CD64 gave an r.m.s.d. of 0.2795 nm when superimposed using PyMOL

onto the crystal structure for the IgG1-Fc and CD64 complex. The IgG4 hinge

223CPAPEFLGG231 was removed from the homology model in preparation for the next

step. For the IgG4 Fab region, the crystal structure for Fab B72.3 (PDB code 1BBJ)

was used. The hinge sequence 213ESKYGPPCPSCPAPEFLGGP232 and C-terminal

residues 212GEC214 on the light chains were modelled into the IgG4 Fab and Fc regions

using the PyMOL build_seq script using backbone φ and ψ angles of 10°. The 

complex-type biantennary glycan structure with a Man3GlcNAc2 core and two

NeuNAc.Gal.GlcNAc antennae from the Fc region of full-length IgG4 was attached at

N291 of each CH2 domain manually using PyMOL. NeuNAc.Gal from the antennae

of the second heavy chain was removed. Eight point mutations of A109T, D110V,

T114S in the light chain and E1Q in the heavy chain were made using PyMOL as listed

above (Section 6.4.4) to generate the IgG4-CD64 structure.

The IgG1-CD64 and IgG4-CD64 starting structures were again subjected to

the glycan reader component of Charmm-GUI. NeuNAc.Gal residues were added onto

the two antennae in the second heavy chain of the IgG4-CD64 structure. IgG1-CD64

and IgG4-CD64 have complex biantennary glycans with a Man3GlcNAc2 core and two

NeuNAc.Gal.GlcNAc antennae attached at N301 and N291 respectively. Hydrogen

atoms and intrachain and interchain disulphide bonds were added to the structures. The

new residue numbering follows that for IgG1 and IgG4 (above) and CD64 (Hui et al.,

2019b, in preparation; Section 5.4.5; Figure 5.1). Energy minimisation and molecular

dynamics was performed on IgG1-CD64 and IgG4-CD64 as for IgG1 and IgG4

(Section 6.4.4) to produce the starting structures (Figure 6.1c,d).

Monte Carlo simulations of IgG1, IgG4 and the IgG-CD64 complexes

Nine simulations were performed for each of full-length IgG1 and IgG4 using

the ‘Torsion Angle Monte Carlo’ module in SASSIE (Tables 6.1 and 6.2; Curtis et al.,

2012; Perkins et al., 2016). Molecular structures were generated by Metropolis Monte

Carlo sampling and the energetics of the backbone torsion angles were determined by

CHARMM force field parameters. A temperature of 300 K was used in the

simulations. Maximum angles between 30° to 180° were used for each single move or

step and the ‘forward’ and ‘reverse’ terms of the move describes the torsion angle

sampling of atoms proceeding and preceding the assigned flexible regions respectively

(Tables 6.1 and 6.2). The core hinges of IgG1 (230CPPCP234) and IgG4 (220CPSCP224)
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were each kept fixed in space using their original coordinates. The three regions to be

varied were assigned as the upper hinge residues that connect the two Fab regions to

the core hinges and one lower hinge region (Tables 6.1 and 6.2). Therefore the two

Fab and Fc regions moved in space relative to the core hinge. Any models with atomic

overlap were discarded automatically. A total of 575,500 and 940,000 trial models

were simulated for IgG1 and IgG4 respectively, of which 102,502 and 115,459 models

were accepted (Tables 6.1 and 6.2). The accepted models were all merged into a single

DCD trajectory file, one for IgG1 and one for IgG4.

Twenty-three simulations were performed for IgG1-CD64 and 21 were

performed for IgG4-CD64, utilising the ‘Torsion Angle Monte Carlo’ module in

SASSIE (Tables 6.5 and 6.6; Curtis et al., 2012; Perkins et al., 2016). The same

procedures for IgG1 and IgG4 were followed, except that maximum angles between

15° to 120° were now used, and the core hinges of IgG1 (230CPPC233) and IgG4

(220CPSC223) were kept fixed in space using their original coordinates during the

simulations (Tables 6.5 and 6.6). Totals of 2,150,000 and 2,100,000 trial models were

generated for the IgG1-CD64 and IgG4-CD64, of which 276,635 and 268,826 models

were accepted for IgG1-CD64 and IgG4-CD64 respectively (Tables 6.5 and 6.6). In

addition to the three similar regions that were varied in IgG1 and IgG4 (Tables 6.5 and

6.6), the two linkers that connected the D1-D2 domains and D2-D3 domains of CD64

were varied. Five groups of simulations were performed (Tables 6.5 and 6.6) as

follows:

Group 1: Both Fab upper hinge linkers to the hinge core were varied, plus one lower

hinge. The Fc region, and the D1 and D2 domains moved together relative to

the core hinge for reason of the lower hinge variations. The D2-D3 linker was

varied.

Group 2: Both Fab linkers to the hinge core were varied. The Fc region and the D1

domain moved together relative to the core hinge. The D1-D2 and D2-D3

linkers were varied.

Group 3: Both Fab linkers to the hinge core were varied. The Fc region and the D1

domain moved together relative to the core hinge. The D1-D2 linker was

varied.

Group 4: Both Fab linkers to the hinge core were varied. The Fc region and the D1-

D3 domains moved together relative to the core hinge.
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Group 5: Both Fab linkers to the hinge core were varied. The core hinge, Fc region

and the D2 domain were fixed using their original coordinates. The D1-D2 and

D2-D3 linkers were varied.

Each group of accepted IgG1-CD64 and IgG4-CD64 models were merged into a DCD

trajectory file.

Scattering curve analyses of IgG1, IgG4 and the IgG-CD64 complexes

Scattering curves were calculated for the accepted models using the ‘SasCalc’

module in SASSIE. Here, each curve was generated using an increasing number of

golden vectors up to 33 or 35 at which a negligible difference was observed between

the calculated scattering curve to within the chosen tolerance. The converged number

of golden vectors for a complete scattering profile of the starting model was 33 using

a tolerance of 0.01 for IgG1, IgG4 and IgG4-CD64, and 35 using a tolerance of 0.01

for IgG1-CD64 (Watson & Curtis, 2013; Section 3.3.5.2). A total of 681 Q values were

used to generate a SAXS curve with a Q range from 0 to 1.50008 nm-1 and a Q spacing

(ΔQ) of 0.002206 nm-1 for the IgG1, IgG4, IgG1-CD64 and IgG4-CD64 SAXS

samples. A total of 101 Q values were used to generate a SANS curve with a Q range

from 0 to 1.5 nm-1 and ΔQ of 0.015 nm-1 for the IgG1 and IgG4 SANS samples. Each

of the experimental SAXS and SANS curves were interpolated using a MATLAB

script (version 2013a) (The Mathworks, Inc) based on the same Q values, Q range, ΔQ

values and scaled to I(0) = 1. Therefore the experimental and theoretical curves have

identical Q values, Q ranges and Q values. The difference between the modelled curve

Imodel(Q) and the interpolated experimental curve Iexp(Q) were analysed using the R-

factor which is analogous to that in crystallography (Section 3.3.6):

R-factors were calculated using the ‘Chi-Square Filter’ module in SASSIE (Curtis et

al., 2012; Perkins et al., 2016). The lower the R-factor, the better the fit between the

modelled and experimental curves. One hundred best-fit models were selected by

filtering for the lowest R-factors for each SAXS and SANS curve (Tables 6.3, 6.4, 6.7

and 6.8).

To rectify best-fit models with broken bonds or physically unrealistic

conformations in the varied regions, brief energy minimisation (2000 steps) of each
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best-fit model was performed on the glycans and residues flanking the varied regions

(Tables 6.1, 6.2, 6.5 and 6.6) using NAMD (see above, Section 6.4.4). For the IgG1

best-fit models, residues 225DKTHT229 and 234PAPELLG240 were energy minimised.

For the IgG4 best-fit models, residues 213ESKYGPP219 and 224PAPEFLG230 were

energy minimised. For the IgG1-CD64 best-fit models, residues 80VHRGWLL86 and

165VKELFPAP172 in CD64 and both 223SCDKTHTCPPCPAPELLG240 in IgG1 were

energy minimised. For the IgG4-CD64 best-fit models, residues 80VHRGWLL86 and

165VKELFPAP172 in CD64 and both 210KRVESKYGPPCPSCPAPEFLG230 in IgG4

were energy minimised. By this, the structures of the best-fit models did not change

conformation for reason of severely limiting the regions for energy minimisation. A

final visual inspection of the outputted best-fit models was made.

Density plots were generated on Visual Molecular Dynamics (VMD) version

1.9.3 (Humphrey et al., 1996) to visualise the volumes occupied in each set of 100

best-fit models. To represent IgG1, the density plots were made for residues 1-213 of

heavy chains 1 and 2 (H1, H2), residues 1-219 of light chains 1 and 2 (L1, L2), and

residues 243-451 of both H1 and H2. To represent IgG4, the density plots were made

for residues 1-214 of H1 and H2, residues 1-212 of L1 and L2, and residues 233-441

of both H1 and H2. To represent CD64, the density plots were made for residues 1-79,

87-166 and 172-269 to represent D1, D2 and D3 respectively (Hui et al., 2019b, in

preparation; Section 5.4.5). These residues excluded those that were varied.

Sedimentation coefficient modelling of IgG1, IgG4 and the IgG-CD64

complexes

The sedimentation coefficient s20,w values were calculated using HYDROPRO

version 10 (Ortega et al., 2011; Section 3.3.7), followed by using Equation 3.12

(Section 3.1.4). This was applied to the starting structure of IgG1, IgG4, IgG1-CD64

and IgG4-CD64, and up to 100 best-fit models from the SAXS and SANS fits.

HYDROPRO utilised the shell calculation of the residue level primary model and a

hydrodynamic radius of 0.48 nm of each of the elements in the primary model. The

solvent densities and viscosities and the partial specific volumes above were used as

appropriate. The molecular mass was also calculated using SLUV (Perkins, 1986;

Wright & Perkins, 2015) to give 148,680 Da, 148,038 Da, 179,593 Da and 178,951

Da from the structures of IgG1, IgG4, IgG1-CD64 and IgG4-CD64 respectively,

assuming a 1:1 binding ratio for the complex, and biantennary complex-type glycans.
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Prologue

The human IgG class of antibodies are indispensable in both the adaptive and

innate immunity, where the interaction of an immune complex with the Fcγ receptors 

are central to the activation of the immune system to fight infection (Chapter 1).

Despite the fact that the IgG subclasses are the most exploited for therapeutic

development and form a market worth $90 billion, little is known about the different

structures and functions of the intact full-length human IgG interacting with its ligands.

The IgG subclasses (IgG1, IgG2, IgG3 and IgG4) exhibit 90% sequence similarity

however they show very different functions (Chapter 1); for example IgG4 has been

implicated in IgG4-related disease (Chapter 2). In terms of three-dimensional

information, currently only two crystal structures exist for human IgG1 and IgG4, one

for the high-affinity receptor CD64 (FcγRI), and three co-crystal structures for CD64 

bound to the Fc region of IgG1. The large size, flexibility and glycosylation of these

proteins prohibits high resolution structures of the interaction of full-length IgG-CD64

from being studied by X-ray crystallography due to the difficulty of growing suitable

crystals. This shortcoming in knowledge can be overcome by using a combination of

analytical ultracentrifugation and X-ray and neutron solution scattering, followed by

atomistic modelling to establish the molecular solution structures (Chapter 3) of

human myeloma IgG2 (Chapter 4), human CD64 (FcγRI) (Chapter 5) and human IgG1

and IgG4 and their IgG1-CD64 and IgG4-CD64 complexes (Chapter 6). A summary

of the work presented in Chapters 4-6 will now be outlined.

Atomistic scattering modelling of human myeloma IgG2

Human IgG2 antibody displays distinct therapeutically-useful properties

compared with the IgG1, IgG3 and IgG4 antibody subclasses. IgG2 is the second most

abundant IgG subclass, being able to bind human FcγRII/FcγRIII, but not to FcγRI or 

complement C1q. Structural information on IgG2 is limited by the absence of a full-

length crystal structure for this. To this end, we determined the solution structure of

human myeloma IgG2 by atomistic X-ray and neutron scattering modelling. Analytical

ultracentrifugation disclosed that IgG2 is monomeric with a sedimentation coefficient

s20,w of 7.2 S. IgG2 dimer formation was < 5% and independent of the buffer

conditions. Small-angle scattering in a range of NaCl concentrations and light and

heavy water, revealed that the X-ray radius of gyration RG is 5.2-5.4 nm after allowing

for radiation damage at higher concentrations, and that the neutron RG value of 5.0 nm
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remained unchanged in all conditions. The X-ray and neutron distance distribution

curves P(r) revealed two peaks M1 and M2 that were unchanged in different buffers.

The creation of > 123,000 physically-realistic atomistic models by Monte Carlo

simulations for joint X-ray and neutron scattering curve fits, constrained by the

requirement of correct disulphide bridges in the hinge, resulted in the determination of

symmetric Y-shaped IgG2 structures. These molecular structures were distinct from

those for asymmetric IgG1 and asymmetric and symmetric IgG4, and were attributable

to the four hinge disulphides. Our IgG2 structures rationalised the existence of the

human IgG1, IgG2 and IgG4 subclasses, and explain the receptor binding functions of

IgG2.

Atomistic scattering modelling of human CD64 (FcγRI) 

FcγRI (CD64) is the only high-affinity Fcγ receptor found on monocytes, 

macrophages, eosinophils, neutrophils and dendritic cells. It binds immunoglobulin G

(IgG) antibody-antigen complexes at its Fc region to trigger key immune responses.

Its structure contains three immunoglobulin-fold extracellular domains (D1, D2 and

D3) and a membrane-spanning region. Here, we present the solution structure of

soluble recombinant CD64 determined by analytical ultracentrifugation, small-angle

X-ray scattering, and atomistic modelling. Analytical ultracentrifugation revealed that

CD64 was monomeric with a sedimentation coefficient s0
20,w of 2.53 S, together with

minor dimer formation. Small-angle X-ray scattering showed that its radius of gyration

RG was 3.3-3.4 nm and increased to indicate dimerization at higher concentrations.

Monte Carlo modelling implemented in the SASSIE-web package generated 279,162

physically-realistic trial structures. The scattering best-fit models for CD64 revealed

flexibility between the D1, D2 and D3 domains, which were more elongated than in

three CD64 crystal structures. Kratky plots supported CD64 flexibility. This outcome

agreed with previous crystal structures that suggested flexibility between the D2 and

D3 domains. When the CD64 solution structures were superimposed onto crystal

structures of the Fc-CD64 complex, the elongated CD64 conformation was unable to

interact with the Fc region for reason of steric clashes with the D1 domain. We

concluded that a conformational change of CD64 to a more compact domain structure

must occur before IgG can bind its high-affinity Fcγ receptor. Understanding the CD64 

receptor interaction with IgG can result in novel therapeutics to inhibit the immune

response of CD64.
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Atomistic scattering modelling of human IgG1 and IgG4 and their

IgG1-CD64 and IgG4-CD64 complexes

The human IgG1 subclass binds to all three human FcγR receptors whereas the 

IgG4 subclass has reduced immune activity due to its weaker binding to the FcγRs. 

FcγRI (CD64) is the only human high-affinity Fc receptor. The crystal structure of the 

IgG1-Fc-CD64 complex is limited by lack of knowledge on the overall conformation

of full-length IgG in this complex. To address this question, full-length human IgG1

and IgG4 and their complexes with CD64 were studied using mass spectrometry,

analytical ultracentrifugation, small-angle X-ray and neutron scattering and molecular

dynamics and Monte Carlo modelling. Mass spectrometry and analytical

ultracentrifugation revealed a 1:1 binding stoichiometry in both IgG-CD64 complexes.

The small-angle X-ray and neutron scattering Guinier radius of gyration RG and

distance-distribution P(r) analyses revealed conformational differences between

unbound and bound IgG in the CD64 complexes, where IgG became more elongated

in both complexes. Atomistic modelling of unbound IgG1 and IgG4 showed inherent

flexibility and asymmetric structures. The atomistic modelling of both full-length IgG-

CD64 complexes revealed that the Fab regions and CD64 all occupied different spatial

volumes about the Fc region compared to their unbound conformations. The Fab

regions adopted a Y-shaped structure in the complex. The elongated “seahorse” CD64

structure in solution became more compact in the complex, with the D1-D2 domains

in contact with each other, but the D3 domain showed flexibility. The modelling fits

offers more insight into the molecular mechanism of the high-affinity interaction

between human IgG1 and IgG4 with CD64.

Implications and future work

This investigation into human myeloma IgG2 and monoclonal IgG1 and IgG4

and their interactions with FcγRI have clarified their three dimensional structures by 

the application of atomistic scattering methods. Thus a greater understanding of the

differences between three IgG subclasses has been derived, leading in turn to an

improved understanding of their immune function. The investigations have other

implications in medicine in terms of IgG4-related disease (IgG4-RD) and in

biotechnology in terms of the pharmaceutical industry.
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Although we do not observe a direct link between the studies here and IgG4-

RD, there is potential for future collaborations with IgG4-RD clinicians such as Dr

George Webster at University College Hospital, London, U.K. (Impact Statement).

The roles of IgG4 were explored in this thesis (Chapter 6) such as its interaction with

CD64. The presence of half-molecules seen by mass spectrometry (Chapter 6) gives

evidence for the FAE mechanism (Chapter 2). However the role of IgG4 in IgG4-RD

was not clarified in the datasets from this study and remains unknown. Through future

collaborations with clinicians, the IgG4 molecule in IgG4-RD patients can be

examined using the biophysical techniques described in this thesis (Chapter 3). For

example, the advent of SECSAXS and the development of SASSIE-web will

characterise the atomistic IgG4 solution structure in greater detail to observe any

differences between the IgG4 molecules from disease (IgG4-RD), and even myeloma

IgG4, with the monoclonal IgG4 studied here as a benchmark (Chapter 6). The

techniques were readily applied to myeloma IgG2 (Chapter 4) and human monoclonal

IgG1 and IgG4 (Chapter 6). Since the monoclonal IgG1 studied here (Chapter 6) had

the same sequence as Rituximab, and the unbound CD64 receptor exhibits flexibility

(Chapter 5), one can further understand their molecular interactions and this will

contribute towards the development of novel therapeutics, such as small molecules

that could potentially block the flexibility of the CD64 receptor and therefore block its

binding to human IgG.
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