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Abstract

Thyroid peroxidase (TPO) catalyses the production of thyroid hormones and is a

major autoantigen in autoimmune thyroid disease (AITD). The majority of TPO
autoantibodies bind to an immunodominant region consisting of two overlapping
domains. Precise location of these domains would help the understanding of AITD

pathogenesis. The aim of this study was to use X-ray crystallography and
molecular modelling to investigate the interaction of TPO with autoantibodies.

Myeloperoxidase (MPO) was used as a phasing model to solve the structure of TPO
to 7 A. A potential solution indicates that TPO uses the same interchain disulphide
bond as MPO, but that the dimers are at a different orientation. The resolution

limits of the TPO crystals could not be extended and heterogeneity at the N-
terminus was shown to be a possible cause. A model of TPO was built, and

provides information on regions of the structure that may be accessible to

autoantibodies.

The antibodies 2G4 and 4F5, react with two major autoantigenic regions on TPO.
2G4 is an autoantibody isolated from Hashimoto's disease patients, and 4F5 is a

mouse monoclonal antibody. The Fab fragments of 2G4 and 4F5 were purified and
their binding to TPO characterised. The 4F5 Fab fragment was crystallised and the
structure solved to 1.9 A using molecular replacement. The refined structure has an

R factor of 19.5% and a free R factor of 23 .9%. The combining site of 4F5 is flat
and is rich in tyrosine residues. Crystal contacts may be representative of 4F5-TPO
interactions. Comparison of the structure of 4F5 with that of a TPO autoantibody

Fab, TR1.9, shows that the two antibodies are not likely to recognise the same

region on TPO.

In summary, a model of TPO has been built and structure of an antibody that binds
to the immunodomaint domain of TPO has been solved. These have been analysed
to provide structural insights into the interaction of TPO with autoantibodies.
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Chapter 1

Introduction

1.1 Immunology

1.1.1 Overview of the Immune System

Immunology as an experimental science dates to Edward Jenner's successful
vaccination against smallpox in 1796 [Jenner 1798]. One hundred years later,
Ehrlich and Morgenroth showed that animals did not produce antibodies against
their own erythrocytes [Ehrlich & Morgenroth 1901], and the possibility of the
immune system attacking the host seemed inconceivable. However, in 1906,
Donath and Landsteiner isolated an autoantibody associated with a human disease

[Donath & Landsteiner 1904], Today autoimmune disease is a recognised as a

widespread phenomenon, and the study of immunology has led to a growing

understanding of the mechanisms responsible for autoimmunity [Oilier & Symmons

1992],

The immune system has been found to be a rapid and effective weapon against
disease [Roitt 1994]. The receptors of the immune system are capable of binding to

an almost infinite number of previously unencountered molecules. They have the

ability to distinguish the subtle differences between benign self molecules and

potentially damaging foreign, or non-self, molecules. In a healthy individual, an

encounter with a non-self molecule leads to the triggering of powerful effector
mechanisms that eliminate the associated pathogen. However, on occasion, the
attack becomes directed towards self molecules and results in autoimmune disease.
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The immune system can be classified as innate or acquired, and the immune
responses as cell-mediated or humoral. The innate immune system, first discovered
in marine starfish in the late 1890s [Metchnikoff 1893], is composed of an array of
cells and molecules of a broad specificity with important roles during the early

stages of infection. In contrast, acquired immunity is mediated by small
mononuclear blood cells, called lymphocytes [Gowans 1962], with high specificity
and the ability to form immunological memory. Molecules that are recognised by
lymphocyte receptors are known as antigens and knowledge of self antigens is
learned during development by the process of tolerance [Billingham 1953]. Each
lymphocyte expresses a receptor of single specificity and reaction with self antigens
in the thymus and bone marrow leads to deletion or silencing. Surviving
lymphocytes are stimulated by contact with non-self antigen and are expanded by
clonal selection [Burnet 1959],

There are two classes of lymphocytes with specific receptors for antigens, T- and B-

cells, which mediate cell-mediated and humoral immunity respectively. T-cells

possess antigen binding molecules called T-cell receptors (TCRs) [Hendrick 1984],
These recognise and bind peptides derived from antigens that are presented by the
major histocompatibility complex (MHC) [Zinkernagal & Doherty 1974] on the
professional antigen presenting cells (APCs). Dentritic cells, macrophages and B-
cells are the most common APCs. Recently, the interaction of TCRs and APCs has
been shown to occur at immunological synapses composed of a central cluster of
TCRs surrounded by an outer ring of adhesion molecules [Monks 1998]. Binding
leads to the transmission of signals from the TCR to the cytoplasm via a cell surface
molecule called CD3 [Weissman 1988]. Molecules with a CD prefix are cell
surface molecules named according to clusters of differentiation identified by
monoclonal antibody binding.

There are two types of T-cells - CD4+ helper cells (Th) and CD8+ cytotoxic T-
cells (Tc) [Kehry & Hodgkin 1993; Gotch 1996], Each interact with different
MHC molecules, CD4+ with MCH class II molecules and CD8+ with MHC class I
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molecules [Moss 1992], Activated cytotoxic T-cells degranulate to release perforin
and other cytotoxic mediators that induce apoptosis of the target cell. Helper T-
cells release molecules called cytokines that control the function of immune cells.
Th cells fall into two classes that recognise different pathogens and are defined by
the specific cytokine cocktail they release [Mosman 1986], CD4+ Thl-cells are

activated by phagocytosis and intracellular microbes and produce interferon-y(IFN-

y) that promotes phagocytosis. In contrast, extracellular infections induce the
differentiation of CD4+ T-cells into the Th2 subset that produce interleukin (IL) 4
and 5 and promote immunoglobulin (Ig) E and eosinophil-mediated killing. This
results in distinct T-cell profiles in inflammatory autoimmune disease (meditated by

Thl) and allergies (mediated by Th2) [Charlton & Lafferty 1995],

MHC molecules, with over 100 alleles, are highly polymorphic and allow T-cells to

sample antigens from different cell compartments [Germain 1994], Class I
molecules are found on all nucleated cells, and present a selection of endogenous

peptides for surveillance by the T-cells. The peptides are cleaved in the cytoplasm

by the proteosome to eight to nine amino acids long [Townsend & Bodmer 1989].

After association with the MHC molecule and [3-2 microglobulin they are

transported to the cell surface as a stable complex. CD8+ T-cells are therefore
alerted to the presence of intracellular viral and tumor antigens which leads to their
elimination. Class II molecules are present on APCs and may be induced on other
cells. APCs internalize peptides derived from extracellular antigens following

binding via surface Igs and Ig receptors. The peptides are degraded in acid
endosomes to 13-17 residues and bind to an invariant chain which dissociates on

binding MHC [Hunt 1992],

Antibodies were first discovered in 1890 by Behring [Behring & Kitasato 1890], It
has since been shown that each B-cell expresses about 106 antibodies of the same

specificity on the cell surface [Abler 1992], Antigen binding to a surface

expressed antibody causes the B-cell to internalise the antigen and present it in the
context of MHC II molecules. Most B-cells are dependent on T-cell help for their
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proliferation, although some T-independent B-cells can be activated directly by

antigen binding [Parker 1993]. Activated B-cells migrate to the germinal centres

where affinity maturation and class switching take place [Benner 1981], B-cells
that bind antigen more tightly are selected for, and the cells mature into plasma
cells which secrete antibodies into the serum. B-cell memory lasts for more than
ten years in humans and depends on stores of antibody in the secondary lymphoid
tissue [Gray 1992], On a second encounter with the antigen the immune system can

respond in a more rapid and extensive way.

Antibodies contribute to the immune response by promoting agglutination,

stimulating phagocytosis and antibody dependent cell mediated cytotoxicity

(ADCC), and activating a group of serum proteins known as complement [Kulberg

1972]. ADCC is triggered by the binding of natural killer (NK) cells to antibody
coated infected cells via Fc receptors, and leads to death of the infected cell. The
classical complement pathway can be activated by antigen-bound IgG or IgM, or

directly by charged groups on bacteria and viruses. Activation leads to

phagocytosis, release of anaphylotoxins and leukocyte regulatory molecules and

lysis of the pathogenic cell.

The structure of many of the molecules of the surface of lymphocytes have been
solved by X-ray crystallography or nuclear magnetic resonance (NMR) [Bork

1994; Maenaka & Jones 1999; Rudd 1999] (Figure 1.1). They tend to have a

modular structure, are often glycosylated, and a common feature is the presence of
the Ig fold, first identified in antibodies [Poljak 1973]. The TCR is a disulphide-
linked transmembrane heterodimer composed of either a and (3 chains or y and

5 chains [Garcia 1996], each made up of two Ig domains. The MHC molecules
achieve a binding site by using the groove between two a-helices resting on a

platform of eight antiparallel [3-strands [Bjorkman 1987], The structure of

MHC:TCR:peptide complexes [Garboczi 1996; Garcia 1996; Reinhertz 1999]
indicates that only a few residues of the MHC associated peptide are recognised by
the TCR.
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CD45 APC ICAM-1 CD2 2

CD43 CD45 T Cell LFA-1

Figure I 1

The stucture of the immunological synapse, known crystal structures are shaded red.

1.1.2 Antibody Structure

There is more structural information about antibodies than any other protein. As of
1 September 2000, the total number of antibody structures is 330, representing
2.5% of all structures in the protein structure database [ABG 2000], 296 of the
structures have been solved by crystallography, four by NMR and 30 are derived
from molecular modelling. 47% of the structures are uncomplexed, and 53% are

bound to an antigen. The majority of structures are of fragments of antibodies that
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contain the antigen interaction site. Antibody structure has been reviewed in detail

[Padlan 1994],

Antibodies are composed of a heavy chain (HC) and a light chain (LC). The LC of
human antibodies can be either X or k. The HC determines the class or isotype, and
can be M, G (four subclasses), A (two subclasses), E or D (Table 1.1). The IgG
molecule consists of three domains - two identical Fabs (fragment antibody

binding) and one Fc (fragment crystallisable), linked by a flexible hinge region.
The Fab fragments are made up of the Vl, Cl , Vh and ChI domains, the Fc is a

dimer of the Ch2 and Ch3 domains. A single chain of variable domains (ScFv) is
an artificial construct made by attaching the Vl and Vh domains by a short linker.
The domain structure is illustrated schematically in Figure 1.2 and the structure of
an intact antibody molecule is shown in Figure 1.3.

IgG Most abundant Ig in internal body fluids, fixes complement, crosses the

placenta and binds to macrophages and polymorphs

IgA Most abundant Ig in sero-mucous secretions, fixes complement and binds to

macrophages and polymorphs

IgM Produced early in the immune response, effective agglutinator, fixes

complement

IgD Present on lymphocyte surface

IgE Protection of external body surfaces, fixes to mast cells and basophils,
recruits antimicrobial agents, raised in parasitic infections, responsible for

allergy

Table 1.1

The properties of the different antibody isotypes.
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Figure 1.2
A schematic diagram of the structure of an IgG molecule.

7



Figure 1.3
The crystal structure of an intact antibody IgGl molecule, 1IGY [Harris 1998],
LCs are in red and green and HCs in blue and yellow.

The individual domains form a compact bilayer of two antiparallel (3-sheets

arranged in an Ig fold. The (3-sheets form a framework structure that is essentially
invariable in structure between antibodies from different classes and origins. The
N-terminal domains of the HC and LC are known as variable domains, and each

contain a sandwich of a four-stranded and a five-stranded [3-sheet, shown in Figure
1.4A. The remaining C-terminal LC domain (Cl) and the three HC domains (ChI-

3) are called constant domains, and are composed of a sandwich of two [3-sheets of
three and four strands (Figure 1.4B). Antigen specificity is derived from six loops
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with hypervariable amino acid sequences [Wu & Kabat 1970], called

complementarity determining regions (CDRs), that link the P-strands of the N-
terminal domain. The loops are shown schematically in Figure 1.5. The Fc domain
uses the P-sheet as a binding surface. It is involved in the effector functions of the

antibody such as binding to complement factors and receptors.

B)

Figure 1.4

Stereo diagrams of A) a variable domain and B) a constant domain of the LC of an

IgG molecule.
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Figure 1.5
A schematic diagram of the variable domains of the HC (green) and LC (blue),

looking down onto the CDRs. Yellow arrows indicate disulphide bridges and red
lines are the CDRs.

The first crystal structure of an antibody-antigen complex showed the CDRs from
both the LC (Ll-3) and HC (Hl-3) are involved in contacting the antigen [Amit

1986], The nature of the antibody binding site is determined by the relative

position, sequence and length of the CDRs. The relative position of the CDRs is
determined by the position of the Vl and Vh domains with respect to one another.
Five CDRs, in combination with the important framework amino acids, form a

restricted set of loop structures known as canonical forms [Chothia & Lesk 1987;
Chothia 1989; Al-Lazikani 1997], In contrast, H3 is highly variable in structure,

varying in length from 2 to 26 amino acids in man. However, rules have been
described for the relations between the sequence of H3 and the conformation of the
stem region [Morea 1998b], The definition of residues making up the CDRs can

be based on structure [Chothia & Lesk 1987] , however, sequence variability

based, or Kabat, definitions are still the most widespread.
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The pair of V domains and the pair of C domains are tightly associated with each
other via pseudo-diads. The link region between the V and C domain is called the

switch, the relative disposition of the two domains is defined by the angle between
the Vl-Vh and Cl-Ch pseudo-dyads. This angle is called the elbow bend and has
been observed to vary from 127° (lbbd) [Tormo 1992] to 176° (2fl9) [Lascombe

1989],

There are structures of two human IgGl Fes [Deisenhofer 1981; Corper 1997], a

rabbit Fc [Sutton & Phillips 1983], and a rat Fc [Burmeister 1994], and the Fc

region has been visualised in the structure of intact IgG antibodies [Harris 1992;
Harris 1997; Harris 1998], The CH3 domains are closely associated to each other,

burying about 2000 A2 of surface area, while the CH2 domains are further apart with
N-linked carbohydrates at the interface. The crystal structures of complexes of Fc
with various Fc receptors have been solved [Burmeister 1994; Garman 2000;

Sondermann 2000].

The solution of the structure of full-length antibodies allowed the visualisation of
the hinge regions. The hinge is made up of three parts: a flexible upper part that

permits movement of the Fab arms and determines their separation, a firm central

spacer, and a flexible base allowing Fc to rotate. The relative sizes of the three

regions vary between antibodies of different class, with human IgD possessing only
one central residue, while lgG3 having 40. The IgG3 hinge, not easily accessible to

crystallography due to its inherent flexibility, has been modelled as a stiff rod, 140
A long, with the structure of a polyproline double helix [Marquart 1980], The

variability in the amino acid sequences of the hinge regions of different antibody
classes allows binding to a wide repertoire of differently spaced epitopes.
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1.1.3 The Generation of Antigen Binding Diversity

It is estimated that there are 1010 antibody molecules with different antigen

specificities in a single mouse [Golub 1987], The diversity is generated by the
mechanisms of V(D)J recombination [Kurosawa & Tonegawa 1982], and somatic

hypermutation [Tonegawa 1977], There are three classes of genes involved in

creating specificity - variable (V), diversity (D) (HC only) and joining (J). V(D)J
recombination is illustrated in Figure 1.6 and the generation of diversity is

quantified in Table 1.2.

The V genes make up CDRs 1 and 2, whereas CDR3 is composed of the V, D and J

genes. The murine germline k chain locus comprises at least 320 Vk genes,

classified into 18 families, and four J genes [Thiebe 1999], The murine H chain
locus has been less well studied, but so far 15 V gene families, four J genes and 13
D genes have been identified [Igblast 2000], The genes are combined by
recombination during maturation to produce a single HC or LC. The process of
allelic exclusion ensures that B-cells produce only one set of functional receptor

gene rearrangements, as successful rearrangement at one allele causes DNA
recombination to cease elsewhere [Davie 1971],

V(D)J recombination is the only site specific recombination reaction known in

vertebrates, and leads to the assembly of the individual exons. There are two sets of

conserved, symmetrical, AT rich, recognition signal sequences that flank the

joining sites and interact with RAG recombinase [Lewis 1994], Orientation of the
recombination sequences with respect to each other determines whether the

rearrangement is deletional or inversional. During joining the loss and addition of
one to 10 nucleotides, called N nucleotides, at the coding junctions adds further

diversity. The effector functions of antibodies can be modulated by class switching,

leading to the different antibody classes (see Table 1.1). Switch regions are highly

repetitive sequences found directly upstream of Ch genes that act as signals for the

rearranged V domains to associate with Ch genes.

12



Somatic hypermutation in the germinal centres is a further mechanism for generating

diversity [Klein & Zachau 1995]. The mutations are concentrated at hotspots around the

CDRs, in particular CDR HI [Chang & Casali 1994]. Almost exclusively point
mutations occur, only a small proportion lead to an increase in affinity for antigen and

undergo positive selection.

Human chromosome

O#QO=fe£00000iM#t0#C3#
Centromere Clusters

of V segments
D segment
cluster

J segment
cluster

C gene
cluster

VDJ Recombination

during B cell
development

V D J

Figure 1.6

Generation of antibody HC diversity
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H L

K X

V gene segments -100 -70 25

D gene segments ^ — -

J gene segments 6 5 8

Random combinatorial joining 2400 350 200

Combinatorial heterodimers 8.4x105 4.8x105

Junctional diversity, somatic mutation ~9xl09 ~5xl09

Table 1.2

Calculation of human V gene diversity.

1.1.4 Antibody-Antigen Structure

Antibodies bind antigen with high affinity (10"8 to 10"10 M) by using multiple non-

covalent interactions between sterically and electrostatically complementary
surfaces [Davies & Padlan 1990], There are many crystal structures of antibody-

antigen complexes, the combined antigens are commonly peptides or haptens
[Wilson & Stanfield 1994], Fewer structures of antibodies in complex with protein

antigens have been solved, of which lysozyme complexes are the most numerous

[Davies & Cohen 1996], The structure of a Fab fragment bound to lysozyme is
shown in Figure 1.7. The overall surface features of the antibody are dependent on

the size of the bound antigen. The database of ScFv and Fab structures has been

analysed in order to classify antigen-contacting residues and combining site shapes

[MacCallum 1996], Surfaces can be clustered into three topographical classes:
concave (mostly hapten binders), ridged (mostly peptide binders), and planar

(mostly protein binders).
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Figure 1.7.

The structure of the Fab fragment D1.3 in complex with lysozyme, lysozyme is at
the top of the picture in red.
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The interaction of three hypervariable loops dominate the overall binding of
antibodies to antigens, L3 (21%), H2 (23%), H3 (29%) compared with LI (9%), L2

(4%), HI (10%) and the framework (4%) [Wilson & Stanfield 1994], Study of

antigen-contacting residues in antibody-antigen complex structures has led to the

proposition of new definitions of CDR residues [MacCallum 1996], The N-
terminus of LI and the C-terminus of H2 are shorter than those identified by

sequence comparisons. CDRs defined by contact analysis are compared with those
derived from sequence analysis (Kabat) and from the structures of uncomplexed
antibodies (Chothia) in Table 1.3. Residues showing high sequence variability have
been termed specificity determining residues (SDRs) and have been shown to be
involved in interaction between antibodies and protein antigens [Padlan 1995],
These variability values depend on the source on the antibody (mouse/human) and
the length of the CDR

CDR Kabat Chothia Contact

LI L24 - L34 L24 - L34 L30 - L36

L2 L50 - L56 L50 - L56 L46 - L55

L3 L89 - L97 L89 - L97 L89 - L96

HI H31 - H36 H26 - H32/34 H30 - H36

H2 H50 - H65 H52 - H56 H47 - H58

H3 H95 -H102 H95 - HI02 H93 - HlOl

Table 1.3

A comparison of the different definitions of CDRs, using Kabat numbering.
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Study of the amino acids found in CDRs show that aromatic residues and

asparagines are common [Padlan 1990], The side chains of tryptophan, tyrosine
and phenylalanine tend to be exposed to the solvent, compared to their more

frequent location in protein hydrophobic cores. The preference for large aromatics
can be explained by their extensive surface area for hydrophobic interactions, their

large polarizability for van der Waals interactions and their ability to hydrogen
bond through side chain polar atoms. In addition, their relative rigidity means there
is little loss of conformational entropy on complexation. Asparagines have been
shown to play an important role in maintaining the structure of the interface through

hydrogen bonding to framework residues.

Crystal structures of complexed and uncomplexed antibodies show there can be a

conformational change on complexation [Wilson & Stanfield 1994], This is similar
to the induced fit binding of enzymes to substrates, suggesting that the combining
site is not rigid. Induced fit has been observed to arise from small movements in
side chains [Davies & Padlan 1990], movements of loops [Rini 1992] and changes
in the relative position of the variable domains [Bhat 1990], More dynamic
structural information can be provided by high resolution NMR studies. For

example, the structure of a trisaccharide-antibody complex has been solved by
NMR and crystallography [Bundle 1994], The NMR structures show two

trisaccharide conformations, one of which was observed in the crystal structure.

The complex of the antibody D1.3 with lysozyme has been solved to 1.8 A [Braden

1996] and studied extensively [Braden 1998], It buries 1234 A2 of interaction area

and contains 17 hydrogen bonds, a large number of van der Waals interactions and
about 50 water molecules bound in and around the interface. On forming the

complex there is a small displacement of the Vh and Vl domains relative to their

position in the free Fv, and a marked decrease in the mobility of H3, but no major

rearrangement of side chains. Calorimetry studies have shown the reaction to be

enthalpy driven. The negative entropy is due to conformational stabilization in the

antibody and the presence of solvent networks bridging the antibody-antigen
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interface. Alanine scanning mutagenesis has shown that the energetics of binding
are dominated by only a few, juxtaposed, residues on each side of the interface.
Mutations leading to the removal of specific hydrogen bonds and van der Waals
interactions in the interface show that the complex is structurally and

thermodynamically tolerant to the loss of contacts, mainly due to compensatory

changes in the solvent structure. It was proposed that this tolerance of mutations

may be a general mechanism by which antibodies can maintain recognition during
mutation of foreign antigens.

Some antibodies have been identified that are polyreactive and have been called
natural autoantibodies (NAAs) [Logtenberg 1990], They have the ability to bind,
albeit with low affinity (10~4 to 10"' M), to more than one antigen. Such

polyreactive antibodies are usually immature, of IgM class and still in their

germline sequence. Their properties illustrate the inherently sticky nature of the
CDRs. NAA may have a role against common environmental pathogens in early
life [Huang 1992] and there is evidence that anti-Ig autoantibodies may be
involved in immune complex clearance [Terness & Opelz 1998],

The crystal structure of a germline Fab fragment and its complex with a hapten has
been solved, and the structures compared to the structures of the affinity matured

antibody. [Wedemayer 1997], Maturation leads to a 30 000 times higher affinity
for hapten, and is a result of nine somatic mutations that occur up to 15 A from the
bound hapten. The germline antibody binds to the hapten by an induced fit

mechanism, whereas the mature antibody binds by lock-and-key, suggesting that

polyreactivity is achieved by adopting more than one combining site configuration.

1.1.5 Epitopes

The antibody combining site is known as the paratope and the part of the antigen
which is in contact with the paratope is called the epitope [Jerne I960], Crystal
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structures of antigen complexes have showed that epitopes recognised by antibodies
are discontinuous or conformational [Wilson & Stanfield 1994] whereas TCRs

recognises continuous regions of structure [Garcia 1996], B-cell epitopes are

defined by the footprint of a single antibody on a fully folded molecule. Thus an

antigenic protein contains as many epitopes as antibodies that can be raised against
it. Methods of B-cell epitope mapping that disrupt the native structure of the

antigenic molecule should therefore be treated with caution [Laver 1990], Crystal
structure complexes have shown that between 15 and 22 amino acids residues from
distinct regions of the polypeptide chain are within close contact with the antibody.
These residues are brought together in the folded protein and are called a structural

epitope [Davies & Cohen 1996], Thermodynamic studies using antigen mutants

have showed that only three to five of these residues contribute significantly to the

binding energy and form a so-called functional epitope [Benjamin & Perdue 1996],

Conformational epitopes have the potential to cover the whole surface of a protein
in an overlapping continuum [Benjamin 1984], Multiple structures of lysozyme-

antibody complexes have shown that the entire lysozyme surface is capable of

binding antibodies [Bentley 1996], There is also evidence that, like antibodies,

antigenic proteins are not static partners in the interaction. The structure of two

complexes antibodies with neuraminidase have been solved, in which the antibodies
are closely overlapping [Malby 1994], The study demonstrated that amino acid
residues on the antigen may be in quite different chemical environments, and may

also adopt different conformations in complexes with overlapping antibodies.

Immunodominant epitopes are defined as those to which the immune response is
directed most frequently [Atassi 1984], Of the many thousands of peptides encoded

by a antigen, only a small fraction are presented as T-cell epitopes, predominantly
due to the restrictions of antigen processing [Yewdell & Bennick 1999], Clusters of
B-cell epitopes that define immunodominant domains, have been shown to exist by

epitope mapping [Mackay & Gershwin 1989], although their existence has been

disputed [Benjamin 1995], However, due to the time-consuming nature and

19



technical difficulties of obtaining multiple crystal structures of antibodies in

complex with each of the epitopes in such a cluster, the domains have not yet been
defined in detail. Immunodominant domains on B-cell antigens could be a

consequence of a structural feature of the antigen, or may result from the
mechanisms of immune regulation [Benjamin 1984], For example, due to the need
of most B-cells for T-cell activation, restricted antigen presentation may influence
the B-cell repertoire [Parker 1993],

1.2 Autoimmunity

1.2.1 Autoimmune Disease

Autoimmunity affects 5 to 7 % of the population and leads to a diverse range of
diseases such as insulin-dependent diabetes mellitus (IDDM), multiple sclerosis

(MS), rheumatoid arthritis (RA) and autoimmune thyroid disease (AITD) [Oilier &

Symmons 1992], Autoimmune diseases can be broadly classified as organ-specific
or multisystem. The organ-specific diseases are characterised by the presence of
autoantibodies directed to molecules from a single organ, whereas systemic
diseases involve autoantibodies to a whole range of nuclear and cytoplasmic targets.

Classification can also occur based on the effector mechanism, either T-cell

mediated, for example IDDM and RA, or B-cell driven, for example Graves'
disease.

Autoimmunity arises when there is a breakdown in the mechanisms of tolerance.
The causes of this failure are as varied as their symptoms, involving the
combination of genetic predispositions and environmental factors. Most
autoimmune diseases are liable to spontaneously exacerbate and remiss, indicating
a delicate balance between opposing control mechanisms.

20



Autoimmune diseases are usually treated by manipulation of the immune system

[Roitt 1994], For example, anti-inflammatory drugs are employed to treat patients
with RA and systemic lupus erythematosus (SLE). Immunosuppressive drugs have
been successfully used with many autoimmune diseases, for example Crohn's
disease and myasthenia gravis. For many organ specific diseases, metabolic control
can be used. For example, insulin is used to treat IDDM, and vitamin B12 to treat

pernicious anemia.

1.2.2 Mechanisms of Tolerance

Autoimmunity is normally prevented by many degenerate mechanisms of tolerance

[Sinha 1990], Burnet's clonal selection theory [Burnet 1959] proposed that T-cell
clones with unique receptors exist before antigen exposure and that only cells with

specific receptors are selected by antigen for activation. Harmful T-cells

recognising self-MHC bound to self-peptides are removed early on by negative
selection [Nossal 1994], while T-cells with some affinity for self MHC are cloned

by positive selection [von Boehmer 1994], Such mechanisms, known as central

tolerance, are important in the thymus for removing harmful and useless

rearrangements of TCR genes and selecting for the useful ones. Similar
mechanisms occur in the germinal centers of the bone marrow, the site of Ig

production of the primary and secondary response.

Central tolerance only involves the subset of self-molecules present in the thymus
or bone marrow during early development. Therefore, additional mechanisms of

peripheral tolerance are needed. There are numerous mechanisms for generating
tolerance in peripheral T-cells. Self reactive T-cells may become non-responsive, a

state called anergy, in the absence of co-stimulation, they may be apoptosed by

persistent self-antigen stimulation, and they may be suppressed by suppressor cells
or a combination of cytokines [Zuniga-Pflucker 1995], Lymphocyte receptors are

capable of delivering negative signals, for example, activated T-cells express a
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receptor called CTLA-4 that recognises B7 molecules on the APC and inhibits

signalling [Lee 1998], Peripheral B-cell tolerance also involves clonal deletion,

anergy and immunosuppression. In addition, the absence of T-cell help may block

Ig secretion [Hodgkin 1991], and regulation by idiotype-antidiotype networks may

occur [Coutinho 1989], These mechanisms are summarised in Figure 1.8.

1.2.3 Breakdown of Tolerance

Autoimmunity occurs only in the case of simultaneous disruption of the multiple
mechanisms of self-tolerance. The redundancy explains why autoimmune diseases

may follow a slowly progressive, transient or relapsing course [Oilier & Symmons

1992], This implies that several non-mutually exclusive etiological mechanisms are

likely to be responsible for autoimmune disease. These can be broadly catagorised
as either defects in tolerance induction or conventional immune responses against
self-molecules to which, under normal circumstances, tolerance need not be

established [Sinha 1990], The presence of multiple genetic loci predisposing to

autoimmunity suggests that each locus may perform a beneficial role and have been
conserved through evolution [Schwartz & Cohen 2000], Pathogenic effects may

result from fortuitous grouping of such alleles.

1. Weaknesses in central or peripheral tolerance
Some individuals have inherited weaknesses in tolerance mechanisms. For

example, susceptibility to murine and human IDDM correlates strongly with MHC
class III-A or HLA DQ alleles that lack an aspartate at position [37 [Todd 1987],
The crystal structure of a mouse MHC I-A lacking this aspartate was solved in

complex with a high affinity peptide from the autoantigen glutamic acid

decarboxylase [Corper 2000], The peptide binding groove has features that allow

high promiscuity, it is wide and has an oxyanion hole due to the loss of the

aspartate.
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2. Release of anatomically sequestered antigens

Antigens associated with peripheral tissue may not come into contact with the

developing T- or B-cell repertoire and therefore, tolerance may be unnecessary.

Induction of autoimmune disease following contact with antigen of such so-called

'immunologically privileged' sites is exemplified by the development of

sympathetic ophthalmia following eye injury [Chan & Mochizuki 1999],

3. Infectious agents

Infection may act as a trigger of autoimmunity in predisposed individuals.
Infectious agents have been shown to participate in the induction of autoimmunity

by tissue damage and immunological activation [Tomer & Davies 1993], For

example, some individuals have developed type I diabetes following congenital
rubella infection, and this was thought to be due to the induction of immunological
abnormalities by the virus [Rabinowe 1986], There is evidence for molecular

mimicry as an explanation for multiple sclerosis [Wucherpfennig & Strominger

1995], with T-cell clones to myelin basic protein activated by viral and bacterial

peptides. It has also been shown that infectious agents can have a protective effect

on Thl cell mediated diseases [Bach 1994],

4. Cryptic self and modified self hypotheses
Some self-peptides fail to get processed and presented by the MHC, although TCRs

specific to such peptides are readily found in the normal repertoire [Theofilopoulos

1995a], These T-cells exist in a state of ignorance and the peptides are called

cryptic. The presentation failure may be due to abnormality in the APC, the

antigen, or the processing events themselves. Alterations in self-antigen

presentation and priming with certain self peptides or foreign molecular mimics
leads to the display of previously cryptic self-determinants which may trigger
autoimmune disease. For example, murine APCs cannot present the full length

cytochrome c molecule, whereas immunization with the C-terminal peptide elicits a

strong T-cell response [Mamula 1993],
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5. Immunoregulatory disturbances

There is evidence to suggest that autoimmune diseases are associated with immune

dysregulation as various immunological manipulations lead to spontaneous disease

[Wen 1994], Overexpression of cytokines following an infection can lead to loss
of self-tolerance. For example, the expression of IFN-y in the islet cells of

transgenic mice leads to the development of type I diabetes [Sarvetnick 1990]

possibly by activating quiescent autoreactive T-cells. The reciprocal counter-

regulatory function of Thl and Th2 cells has led to the hypothesis that their
imbalance leads to disease [Charlton & Lafferty 1995]. Thl cell mediated disease
is inhibited by Thl inhibitors and accelerated by Thl stimulators or Th2 inhibitors.

1.2.4 Autoantibodies

In 1956, Witebsky and Rose induced AITD in rabbits by injecting thyroglobulin in
the presence of Freud's adjuvant [Rose & Witebsky 1956]. This experiment was

the first to show that it was possible to produce autoantibodies against a non-

sequestered autoantigen. Autoimmune diseases are characterised by the presence of
autoantibodies [Salvi 1988] which play an important diagnostic role, with the level
of autoantibody often corresponding to the disease severity [Druet 1992], Some

autoantibodies, for example those specific for thyroid stimulating hormone receptor

(TSHR), initiate disease [Rees Smith 1988], In other cases autoantibodies may be
an epiphenomenon in which they are the result, rather than the cause, of the initial
condition [Karjalainen 1986].

Autoreactive B-cells producing non-pathogenic NAAs constitute a substantial part

of the B-cell repertoire [Dighiero 1986], It has been proposed that uncontrolled
stimulation of NAAs by cytokines leads to the production of pathogenic
autoantibodies [Matechak 1996], For example, an autoantibody found in patients
with SLE has a germline Vh sequence [Sanz 1989]. However, the isolation of

many somatically mutated autoantibodies, for example, in pathogenic anti-DNA
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autoantibodies [Marion 1992] suggests antigen driven selection is normally
involved.

The crystal structure of an antibody-autoantigen complex of a rheumatoid factor

(RF) Fab bound to its low affinity autoantigen IgG Fc [Corper 1997; Sutton 1998],
has been solved. The antibody binding residues are located at the edge of the

antibody combining site and involve residues that have undergone somatic
mutation. This indicates that the antibody may be crossreactive and bind a different

antigen with the conventional combining site. The presence of somatic mutations

suggests that antigen-driven selection has taken place.

1.3 Autoimmune Thyroid Disease

1.3.1 Clinical Aspects

Clinical descriptions of AITD date to the 1780s [Volpe 1988] when the disorder
known as Graves' disease was first reported. In areas of the world where dietary
iodine intake is adequate, autoimmune mechanisms are the commonest cause of

thyroid disorders, causing disease in 70-80% of patients [McGregor, 1992], AITD
affects approximately 1% of the population [Weetman 1992] and symptoms vary

considerably. The disease manifests itself clinically as either thyroid overactivity

(hyperthyroidism) with or without changes in the eyes (ophthalmopathy) or thyroid

underactivity/failure (hypothyroidism) [Braverman & Utiger 1996], In both
situations the thyroid may be enlarged to form a goitre. Hyperthyroidism with
diffuse enlargement of the thyroid and ophthalmopathy is called Graves' disease,
whereas thyroid failure with lymphocytic infiltration is called goitrous

(Hashimoto's) thyroiditis or atrophic thyroiditis (primary myxedema) if the thyroid
is not palpable. Between 5-9% of women develop postpartum thyroid dysfunction,
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transient hyperthyroidism or hypothyroidism, in the year after delivery [Gernstein

1990],

A1TD has long been a model system for the understanding of autoimmune diseases.
This is due to the prevalence of the disease, the easy access to the thyroid gland,
well-established animal models and historical precedence. AITD is clinically

benign and there are a range of safe and effective therapeutics available, directed
towards reducing or replacing thyroid hormone. In general hypothyroidism is
treated with thyroid hormones and hyperthyroidism with inhibitors of thyroid
hormone synthesis, radioactive iodine or surgery. However, there is a debate about
whether thyroid drugs have direct immunosuppressive actions or if their actions are

a consequence of the normalisation of thyroid function [Paschke 1995], It hoped
that study of AITD will be applicable to more serious and less easy to treat

autoimmune diseases.

1.3.2 Predisposition

The likelihood of developing AITD is determined by a combination of genetic,
constitutional and environment factors with the relative influence of each factor

varying between diseases and individuals [Weetman 1992],

1) Genetic Factors

The most clearly linked gene to AITD is the MHC, or HLA in man, particularly
class II molecules [Weetman 1992], This association is shared with many other
autoimmune diseases, although presence of the loci does not inevitably lead to

disease [Theofilopoulos 1995b], Population based studies have linked primary

myxoedema and Hashimoto's thyroiditis with loci on HLA-DR molecules,

particularly 3, 4 and 5 but the linkages are weak and inconsistent [Farid 1981;

Bogner 1992;Boehm 1993],
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The concordance rate for developing Graves' disease in monozygotic twins is 50%
whereas in HLA-identical siblings it is 7-16%, suggesting a role for non-HLA

genes in susceptibility [Stenszky 1985], However, search for such genes has so far

produced inconclusive results. Experiments show that anti-thyroid peroxidase

(TPO) autoantibodies have restricted heavy and light chain combinations

[Chazenbalk 1993b], suggesting that Ig genes are important. Segregation analysis
has shown that the inheritance of thyroid autoantibodies is a Mendelian dominant
trait in women with reduced penetrance in men [Phillips 1990; Phillips 1991], The

high prevalence of autoimmune hypothyroidism in Down's syndrome and in
kindreds with familial Alzheimer's disease suggests the presence of an unidentified

susceptibility gene on chromosome 21 [Ewins 1991], Study of animals with

spontaneously occurring experimental autoimmune thyroiditis (EAT) suggests that

genes involved in T-cell regulation and target organ responsiveness are important

[Weetman 1991], but it is not clear how directly this can be related to humans.

2) Non-genetic Factors

Susceptibility increases with age, due to longer environmental exposure and

changes in immunoregulation. As with all autoimmune diseases, AITD is more

frequent in females and it has been shown that oestrogen exacerbates EAT whereas
testosterone ameliorates it [Weetman 1991], 18% of healthy female blood donors
have anti-TPO antibodies which rises to 30% for the age group of 55-64 years,

compared to 10% of males [Prentice 1990], Remission of AITD symptoms is seen

during the last trimester of pregnancy, however hormone fluctuations following
birth can cause post-partum thyroiditis.

Diet can also play a role, in EAT it has been shown that a high iodine diet
exacerbates thyroiditis whereas a low iodine diet causes remission [Cohen &
Weetman 1988], There appears to be a link between fetal nutritional or hormonal

factors, reflected in birth weight, and the presence of thyroglobulin (Tg) and TPO
antibodies [Phillips 1993a], Stressful life events may precipitate Graves' disease

[Radosavljevic 1996], probably due to repression of the immune system.
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1.3.3 Pathogenesis

The identification and characterization of autoantigens are important in the

understanding of the pathogenesis of autoimmune diseases [Furmaniak 1999], Not

only does the identification of autoantigens confirm the autoimmune nature of the

disease, but it also allows the study of lymphocyte responses, autoantibody production
and epidemiology. Autoantibodies to Tg were first reported in 1956 [Roitt 1956], and
to a distinct microsomal antigen later shown to be TPO in 1959 [Belyavin & Trotter

1959], Long-acting thyroid stimulator (LATS) were found in 1956 [Roitt 1956] and
shown to bind the thyroid stimulating hormone receptor [Rees Smith & Hall 1974],

TPO, Tg and TSHR molecules have all been cloned and large amounts of pure protein
are essential to further study. There is evidence that six other molecules may be

autoantigens, a second colloid autoantigen [Balfour 1961], ATRA-1 [Hirayu 1987], a

70 kDa protein [Chan 1989], a 64 kDa protein [Dong 1991] and the Na+/T symporter

[Spitzweg 1997],

Multiple mechanisms can lead to the same overall clinical manifestations of AITD,

making it unrealistic to search for a single etiological explanation [Weetman &

McGregor 1994], AITD is likely to be both cell-mediated and antibody mediated, with
the relative contribution from each arm of the immune system varying between diseases.

Pathogenic mechanisms include ADCC, complement attack, stimulating or blocking
autoantibodies, cytotoxic cell killing and immune complex formation. Possible
initiation and amplification mechanisms are depicted in Figure 1.9. Mechanisms
mediated by autoantibodies are discussed in section 1.3.4.

Thyroid autoreactive I -cells have shown to be present in the peripheral blood and

thyroid infiltrate of Hashimoto's and Graves' patients [Weetman & McGregor

1984], Evidence exists for the presence of cytotoxic T-cells [Wu 1994], however,
it appears that the majority of T-cells are CD4+ expressing activation markers such
as MHC class II molecules [Aichinger 1995], There is evidence that the T-cell

repertoire in AITD is biased, thought to be a reflection of a restricted number of
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antigenic epitopes [Martin 1999], An impairment in T-cell mediated immune

suppression has been proposed to play a major role in pathogenesis [Volpe 1993],
In addition, cytokines produced by T-cells may have a pathogenic role. For

example, externally administered IFN-y has been shown to induce AITD by

exacerbating preexisting thyroiditis [Frohman 1991], More recently, evidence has
been found for a crucial role of IL-1(3 in the induction and perpetuation of tissue

damage via suicide Fas/Fas ligand-mediated interaction on the thyrocytes [Paolieri

1999],

Epstein-Barr virus (EBV) infection has been implicated in the development of
AITD [Coyle 1989], and a correlation has been shown between Helicobacter pylori
infection and incidence of AITD [de Luis 1998]. However consistent pathogen
identification is lacking due to the time lag between infection and autoimmune

symptoms, and the likelihood that disease may be a cumulative effect of many

separate infections. Potentially, an infectious agent could cause disease by causing

non-specific induction of the immune system, or by acting as a molecular mimic to

self-molecules.

Thyrocytes express adhesion molecules such as intercellular cell adhesion molecule
which enhance their susceptibility to cell-mediated injury [Weetman 1989b], It has
been proposed that thyrocytes may act as APCs by expressing MHC class II
molecules on their surface [Hanafusa 1983], It is possible that MHC expression
could perpetuate the immune response, although it is not yet clear if thyrocytes have
the ability to deliver the second signal. Alternatively, class II expression in the
absence of costimulation may have the opposite result of inducing peripheral
tolerance [Weetman 1994J.
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1.3.4 Autoantibodies

The sera of patients with AITD frequently contain anti-TPO, -Tg, and -TSHR

autoantibodies, which may be detected before clinical symptoms appear [Furmaniak

1987], The autoantibody response to thyroid antigens, and to TPO in particular, is

amongst the best characterised of any autoimmune disease. Antibodies to TPO
have been historically measured by passive tanned erythrocyte hemagglutination

[Mariotti 1990], However, alternative methods have been developed, including

enzyme-linked immunosorbent assays [Schardt 1982] and highly sensitive assays

for autoantibodies to TPO and Tg, based on the interaction between the antibodies
and l25I-labelled antigen and precipitation with solid-phase protein A [Beever

1989],

Autoantibodies to TPO, Tg and TSHR have been studied extensively. The results
of the studies of autoantibodies to TPO are covered in section 1.4.6. Two methods

have been used, the first, which has many practical limitations, is the production of
monoclonal antibodies by heterohybridoma formation of immortalised B-cells

[Horimoto 1992], The second, and more widely used, is the methodology of phage

display combinatorial libraries [Hexham 1994; Rapoport 1995], Random
combinations of heavy and light chains are cloned and expressed in bacteriophage
and selected by screening with antigen.

The thyroid stimulating hormone receptor (TSHR) is a 120 kDa transmembrane

protein and a member of the G-protein coupled receptor family. Almost all patients
with Graves' disease and about 10-20% of patients with autoimmune

hypothyroidism have antibodies to TSHR [Weetman & McGregor 1994], Thyroid

stimulating autoantibodies to the TSHR elicit hyperthyroidism in Graves' disease

by mimicking the action of TSH following binding to the receptor. Conversely,

blocking antibodies to the TSHR may result in atrophic thyroiditis, which is often

accompanied by hypothyroidism. The sites of interaction of TSH and TSHR
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autoantibodies have not been identified, but there is considerable evidence that they
bind to the same region of the TSHR [Rapoport 1998],

Thyroglobulin (Tg) is a water-soluble dimer of 2 x 330 kDa that is iodinated as an

intermediate in production of thyroid hormone. Anti-Tg autoantibodies have been
found in up to 70% of patients with Graves' disease and 95-100% of patients with
Hashimoto's thyroiditis, and with a background level of 18% in healthy females

[Furmaniak 1999], The epitopes are restricted in number, to two or three, and are

species specific [Chan 1987; Bresler 1990], Studies with human monoclonal
antibodies have indicated that the epitopes recognised by patients are different from
those in disease-free individuals [Prentice 1995], Antibodies to Tg do not fix

complement, probably due to the wide spaced epitopes [Adler 1984], however the

potential to mediate ADCC has been demonstrated in vivo [Weetman 1989a],

ADCC is mediated by NK cells via their interaction with antibody bound Fc

receptors. The mechanism is thought to be important in Hashimoto's disease

[Bogner 1984], probably through antibody binding to TPO, although a novel

antigen may be involved [Bogner 1990], More recently, cytotoxic antibody

activity was shown to be 2.5 times greater in patients with AITD compared with
controls [Bogner 1995], However, it has been reported that soluble complement

receptor 1 had no effect on EAT, implying that complement does not have a role in
the initial phase of tissue injury [Metcalfe 1996],

1.4 Thyroid Peroxidase

1.4.1 Peroxidase Family

Peroxidases catalyze the oxidation of a variety of molecules using hydrogen

peroxide [Poulos 1993], The classic peroxidase reaction cycle involves three steps.

First, hydrogen peroxide reacts with the enzyme in a two electron reaction to give

33



compound I, then the substrate reduces compound I to compound II. In the final

step, compound II is reduced back to the resting state and the product is released.
Peroxidases can be classified into the superfamilies plant, fungal, bacterial and

animal, based on the structure of representatives from each superfamily [Taurog

1999]. The most well studied peroxidases are small monomers with non-covalently
bound heme groups. The paradigm is cytochrome c peroxidase and a very high
resolution crystal structure of the yeast enzyme has been available for some time

[Finzel 1984],

TPO is a member of the animal family of peroxidases that includes the mammalian

peroxidases and several invertebrate peroxidases [Taurog & Wall 1998], All
animal peroxidases show a high degree of sequence identity to each other, and have

key catalytic residues conserved. The mammalian peroxidases so far identified are

myeloperoxidase (MPO), lactoperoxidase (LPO), eosinophil peroxidase (EPO) and

salivary peroxidase (SPO). All are large proteins (> 700 amino acids long) with a

covalently bound heme. The invertebrate peroxidases include peroxinectin from

crayfish blood [Johansson 1995], peroxidases in the squid light organ [Tomarev

1993], peroxidasin, an enzyme-matrix protein of Drosophila development [Nelson

1994], and a potential peroxidase on chromosome III of the fully sequenced C.

elegans genome [Wilson 1994], More recently, TPO homologues have been
cloned from the endostyle organ of sedentary marine invertebrates such as Ciona
intestinalis and Halocynthia roretzi [Ogasawara 1999], The endostyle secretes

mucus proteins for internal filter feeding and is thought to be homologous to the

thyroid gland in higher vertebrates. Endostyle homologues show an overall identity
of 41% to human TPO, which extends over all the domains present in the human

enzyme.

There is evidence that the precursor of the animal peroxidase family may have been
an adhesion molecule [Taurog 1999], Peroxinectin combines adhesion and

peroxidase functionalities [Johansson 1995] and it has been shown that MPO
mediates cell adhesion via the alpha M beta 2 integrin [Johansson 1997],
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MPO catalyses the oxidation of CI" to HOC1 in neutrophils, which then acts as an

antibacterial agent. The structure of the canine and human enzymes have been
solved [Zeng & Fenna 1992] [Davey & Fenna 1996], and more recently the human
structure extended to 1.8 A [Fiedler 2000]. MPO is a dimer of a large (64 kDa) and

a small (14 kDa) chain and contains 19 a-helices, and the structure is shown in

Figure 1.10. Each monomer contains a covalently attached heme (protoporphyrin

IX), and a structural calcium ion. The N-terminal 166 amino acids are thought to

play a role in processing and sorting of MPO and are cleaved by posttranslational

processing [Andersson 1998]. Although there is no sequence or fold similarity
between MPO and cytochrome c peroxidase, the active sites of both molecules can

be superimposed and shown to be very similar, thought to be an indication of

convergent evolution to a common enzyme mechanism [Taurog 1999], Further, the
structure of MPO in complex with a bisubstrate analogue inhibitor which binds to

H95 and R339 has been solved [Davey & Fenna 1996], and suggests that the
mechanisms of compound I formation are similar in MPO and cytochrome c

peroxidase.

1.4.2 Molecular Biology

cDNAs encoding TPO have been isolated from man, [Kimura 1987; Libert 1987a;

Magnusson 1987; Seto 1987] pig [Magnusson 1986], rat [Derwahl 1989] and
mouse [Kotani 1993] and all show a high degree of sequence similarity. Human
TPO cDNA consists of 2799 nucleotides and encodes 933 amino acids. Somatic

cell hybrid mapping and fluorescence in situ hybridization show that the TPO gene

is located on the short arm of chromosome 2 [Endo 1995], The gene contains 17
exons and 16 introns and covers 150 Kbp, a TATA box is found 25 bp upstream of
the start site. Comparison with the human MPO gene [Morishita 1987], shows that
the position of the 3rd to 11th exon-intron junctions in MPO coincide exactly with
the 2nd to 11th junctions in TPO, except that the 7th junction is missing in MPO
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[Kimura 1989], The first 735 amino acids of the TPO sequence are 42% identical
to human MPO, indicating that they share a common ancestor [Kimura & Ikeda-
Saito 1988], However, the MPO gene is 10 kb long, that is less than one tenth of
the length of the TPO gene. In TPO, exon 13 encodes a complement control

protein (CCP) homologue, exon 14 an epidermal growth factor (EGF) homologue
and the 15th exon a transmembrane (TM) domain. There is also homology to the

heme-binding region of cytochrome c oxidase subunit I in the middle of TPO which
indicates that the gene may include some mitochondrial genetic material [Libert

1987b],

Figure 1.10

The structure of the MPO dimer. Light chains (green, yellow), heavy chains (red, blue).

Carbohydrate residues are shown clustering at the dimer interface, the heme moiety is in

space filling representation at the centre of each monomer, and the interchain disulphide

bridge cysteines are shown in space filling representation at the centre of the dimer.
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A second cDNA, TPO-2, has been identified which lacks 171 base pairs in the
middle of the sequence corresponding to the 10th exon [Kimura 1987], Donor and

acceptor splice sites surround the deleted regions suggesting that alternative

splicing is taking place. The resulting 876 amino acid protein is inactive due to lack
of heme incorporation [Niccoli 1997] and the missing peptide includes aspartic
acid 579, thought to be a key active site residue. The presence of both TPO-1 and
TPO-2 has been shown in normal and Graves' disease tissue [Elisei 1991], but due
to improper folding TP02 is trapped in the endoplasmic reticulum and rapidly

degraded [Niccoli 1997], The physiological or pathophysiological significance of
the alternative splicing are unknown.

Study of the TPO promoter by DNAase I footprinting and mobility shift assay [Kikkawa

1990; Abramowicz 1992b] have shown the presence of thyroid transcription factor-1, 2
and Pax-8 binding sites in the sequence -170 to +1. TSH stimulation leads to the
activation of the transcription factors, causing TPO synthesis. Mutations in the TPO

gene result in both quantitative and qualitative abnormalities, and are thought to be the
most prevalent causes of inborn errors ofthyroid metabolism. For example the insertion
of 4 bp in the 8th exon lead to a frameshift that produced a truncated protein with
reduced enzyme activity [Abramowicz 1992a],

TPO was originally purified from thyroid microsomes by trypsin digestion and

detergent treatment [Hosoya & Morrison 1965; Taurog 1970], N-terminal

sequencing showed this led to trypsin cleavage after residue 109 of porcine

[Yokoyama & Taurog 1988] and human [Taurog 1990] TPO. Recombinant TPO
has been expressed in Chinese hamster ovary (CHO) cells [Hata 1989; Foti 1990;
Kaufman 1990; Kaufman 1991], The TPO is enzymatically active and recognises
TPO autoantibodies, but only small amounts of protein have been produced [Guo

1998b], Glycosylated TPO has been expressed in yeast, but the levels of protein

produced are also very low [Wedlock 1993],
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Larger amounts of TPO with autoantibody reactivity have been produced in
bacoulovirus-insect cell system [Haubruck 1993; Kendler 1993; Seto 1993], but
the protein was enzymatically inactive. Addition of a heme precusor led to the

production of full-length TPO with low activity [Fan 1996] and of the extracellular

fragment with activity comparable to the native enzyme [Grennan Jones 1996].

However, two studies have reported that TPO produced in insect cells is insoluble
at the high concentrations required for crystallisation, thought to be due to

differences in the properites of native and recombinant proteins [Guo 1998b;
Gardas 1999]. The distinct properties of many recombinant preparations may be

explained by incorrect heme incorporation. Recently it has been shown that the
heme plays an important role in intracellular trafficking of TPO and that H2O2

generated at the apical membrane is important in autocatalytic covalent heme

binding [Fayadat 1999],

1.4.3 Structure

TPO is a membrane bound, glycosylated, heme containing dimer of 2 x 110 kDa. A
schematic diagram of the dimer is shown in Figure 1.11. The monomer consists of
a single peptide chain, with a short C-terminal cytoplasmic tail, and a large,
extracellular N-terminal region that contains the enzymatic and antibody binding

activity. The native protein is a disulphide linked dimer [Baker 1994b] that can be
cleaved from the membrane using trypsin. The TPO sequence contains an animal

peroxidase domain, an EGF domain, and a CCP domain [Kimura 1989], The

peroxidase domain contains the enzyme active site, the CCP and EGF domains are

likely to act as physical spacers, and the N-terminal domain, by analogy to MPO,

may have a role in trafficking [Andersson 1998]. The EGF, CCP and
transmembrane domains are only present in TPO and the ascidian homologues, all
the other proteins in the animal peroxidase family are soluble. The presence of a
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CCP and an EGF domain separating the functional domain from the membrane is
also found in the selectins [Barlow & Campbell 1994], A secondary structure

model of TPO was built before the crystal structure of MPO became available

[Banga 1990] and models of the CCP and EGF domains [Estienne 1999a] and the

CCP, EGF and peroxidase domains have recently been built [Hobby 2000],

Lumen

Apica1
Membrane

Thyrocyte
Cytoplasm

N-terminal domain
126 amino acids

Peroxidase domain
592 amino acids

Complement control
protein domain
54 amino acids

Epidermal growth factor
domain
42 ammo acids

Transmembrane helix
24 amino acids

Cytoplasmic tail
22 amino acids

Figure 1.11

A domain model of TPO
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The peroxidase domain contains 592 residues and includes the heme group and the
active site. All the key structural residues in MPO are conserved in the sequence of

TPO, suggesting the fold is likely to be similar. Out of the 24 residues in MPO that
are within 4.5 A of the heme atom, all but three are in a similar position in the

alignment with TPO [Zeng & Fenna 1992], This indicates that the heme is likely to

be bound in the same environment in both structures leading to similar catalytic

mechanisms, with the three changes being responsible for the different substrate

specificity.

The EGF domain contains about forty amino acids. It is part of a sequence family
found originally in epidermal growth factor, and subsequently shown to be present

in a large number of membrane bound, extracellular, eukaryotic proteins [Campbell
& Bork 1993]. EGF domains can act as spacer units on cell surface proteins and
can mediate protein-protein interactions. Many EGF domain containing proteins

require calcium for their biological function and a calcium-binding site has been
found to be located at the N-terminus. The structure of an EGF domain pair has
shown that the domains are fixed in an extended conformation, stabilised by
calcium ligation [Downing 1996].

The CCP domain is also known as the Sushi, SCR (short consensus repeat) or c4b-
beta 2 glycoprotein domain [Kato & Enjyoji 1991]. It is found in a range of

proteins involved in protein-protein interactions at the cell surface, for example key

complement components C3b, C4b and Factor H [Klickstein 1988], CCP domains
are often found in multiple copies separated by three to five amino acids. They are

thought to ensure an appropriate spatial arrangement of functional modules and to

impart a degree of flexibility to the stems of receptors and cell adhesion proteins.

There are four potential N-glycosylation sites in the human TPO sequence

(aspargines 129, 307, 342, 569) and native TPO has been estimated to contain 12.6
kDa of carbohydrate [Grennan Jones 1996]. The location and nature of

carbohydrates have been determined for porcine TPO, which contains about 10%
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carbohydrate [Rawitch 1992], Four out of the five potential glycosylation sites are

occupied and the sugars are of the high mannose type. A study of the nature of the
bound carbohydrates on human TPO has been carried out by treating TPO with a

cocktail of glycosidases followed by analysis of sodium dodecyl sulphate-

polyacrylamide gel electrophoresis (SDS-PAGE) mobility and autoantibody

binding [Kiso 1992], It was found that deglycosylation has no clear effect on

autoantibody binding, and that high mannose type residues were associated with the
lower band of the TPO doublet and complex type residues with the upper band.

However, there is evidence for glycoslation being necessary for activity, as

treatment of human TPO with endo-H leads to inhibition of the enzyme [Giraud

1992],

The folding of TPO in CHO cells has been monitored by antibody binding [Fayadat

1998] and showed that inhibition of N-glycosylation by tunicamycin led to a 95%
decrease in enzymatic activity. This implies that proper folding and transportation
to the cell surface requires correct glycosylation. The same study reported that the
inhibition of O-glycans and complex structures with phenyl-oc-GalNAc and

deoxymannojirimycin respectively, did not influence trafficking or activity,

indicating that only N-linked sugars are involved.

TPO consistently appears as a doublet after immunoprecipitation and western blot

analysis [Czarnocka 1985; Katjita 1985; Kotani 1986; Ohtaki 1986a], and it has
been suggested that the lower band represents the alternative spliced form.
However the same doublet is observed with recombinant TPO generated from a

single cloned cDNA that lacks introns [Kaufmann 1989], and monoclonal
antibodies that recognise the spliced residues react with both bands of the doublet

[Cetani 1995]. It was suggested that trypsin cleavage during purification gave rise
to the doublet. However, purification of native porcine [Nakagwa 1985] and
human TPO [Ohtaki 1986b] using detergent solubilisation, in the absence of

proteases, showed there was still a doublet present. It was therefore suggested that
the doublet may be due to endogenous proteolysis in the thyroid cells. There is also
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evidence that different glycoforms may be responsible for the doublet, as native
TPO showed marked changes in the double band pattern after treatment with
different glycosidases [Kiso 1992], However, treatment of recombinant TPO with

enzymatic deglycosylation increased in parallel the mobility of both domains of the
doublet [Foti & Rapoport 1990] indicating that glycosylation was not responsible in
this case.

Thyroid hormone is an iodine containing steroid hormone produced by the thyroid

gland. The major forms of the hormone, thyroxine (T3) and triiodothyronine (T4),
have a pleiotropic stimulatory role on metabolism and growth [Braverman & Utiger

1996]. The structure of the hormones is shown in Figure 1.12, and the site of

synthesis in Figure 1.13. The hormones binds to thyroid hormone receptor in the
nucleus which then acts as a transcriptional activator [Baniahmad 1993]. The
structure of the ligand binding domain of thyroid hormone receptor has been solved

by crystallography [Ralff 1998],

1.4.4 Catalytic Role

A) B)

HO

H

O O

Figure 1.12
The structure of thyroid hormones, A) T4, B) T3.
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Blood vessel

Figure 1.13

Summary of the major steps in thyroid hormone biosynthesis.
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The iodination and coupling of thyroid hormone occur on Tg, a water-soluble,

glycosylated dimer of 2 x 330 kDa synthesized by the thyrocytes and secreted into
the thyroid. Electron microscopy shows that the iodination of Tg occurs at the cell-
colloid interface, close to the apical membrane [Ekholm & Bjorkman 1984],
Human Tg contains 134 tyrosyl residues per dimer [Malthiery & Lissitzky 1987],
but only three different tyrosyl residues have been found to be iodinated (5, 2553
and 2520) [Xiao 1996], Proteins other than Tg can act as substrates for TPO, albeit
at lower efficiency, and it appears that selectivity is determined by tyrosine

accessibility. Indeed, the same tyrosines are iodinated in chemical and enzymatic
iodination [Xiao 1996], However, this study indicated that TPO was necessary for
the preferential formation of DIT rather than MIT.

About two to four molecules of T4 are made per 660 kDa Tg, and it is unlikely that
after proteolysis the Tg can be reused. This seemingly inefficient process has been
well conserved through evolution and may confer some, as yet unknown,

advantage. It has been postulated that insoluble Tg multimers, formed by

disulphide and dityrosine bonds may have a role in iodine storage [Baudry 1997],
The colloid, containing T4 and T3 bound to Tg, is resorpted into the thyrocyte by

macropinocytosis and micropinocytosis. Proteolysis liberates the thyroid hormone
which is secreted across the basement membrane and into the bloodstream.

The reaction mechanism of TPO has been proposed to be similar to that of other

peroxidases [Taurog 1996], First is thought that ferric TPO forms an intermediate
with H2O2, known as Compound I, which contains two oxidising equivalents.

Compound I then oxidises inorganic iodide to form an iodinating species, most

likely an enzyme bound hypoiodite, which iodinates tyrosine residues via the
formation of Compound II. There is evidence for the iodination reaction being
mediated by radicals [Pommier 1976], and also for a two-electron oxidation

involving I+ [Ohtaki 1981], More recently, it has been suggested that both the
iodination and coupling reactions are mediated by the porphyrin 7r-cation radical
form of compound I (Figure 1.14) [Taurog 1996], A study of the kinetics of TPO

44



catalysis with different substrates showed that the pH optima of the reaction

depends on both the electron donor and H2O2 concentrations [Kootstra 1993],

E (Fem) + H202 —► E-7T+-FeIV=0 + Tg-fDIT)^—► Tg-T4 + E(Feni)
COUPLING

IODENATION 1"

E (Fem) + Tg-(DIT)2 * E-OF

Tg (DIT),

Figure 1.14.
A proposed mechanism of action of TPO [Taurog 1996],

1.4.5 Epitope Mapping

Epitopes to TPO have been extensively studied using recombinant peptides [Arscott

1996], mutated TPO [Nishikawa 1996], recombinant TPO autoantibodies

[McLachlan & Rapoport 1995] and chimeric molecules of TPO and MPO

[Nishikawa 1993], Reduction of TPO decreases the ability to bind autoantibodies

[Finke 1990; Gardas 1990] implying that, in common with epitopes recognised by
the majority of antibodies, TPO epitopes are conformational. Indeed, human
monoclonal autoantibodies that preferentially recognise denatured TPO could not

be isolated from an immunoglobulin gene library despite selection with denatured

protein [Guo 1999], However, there is evidence that there are some autoantibodies
in patient sera that recognise linear TPO epitopes [Hamada 1987], These
autoantibodies are thought to be in the minority and may be elicited against

45



degraded proteins released from damaged thyroid tissue [Nagayama 1995], A
linear epitope, C21 (amino acids 710-722), that binds to a murine monoclonal

antibody called m47 has been identified [Ruf 1989; Finke 1991; Libert 1991], but
it's significance has been disputed. The C21 epitope was not found to overlap with

epitopes recognised by more than 80% of the human autoantibody repertoire

[Chazenbalk 1993 a], In addition, replacement of the C21 epitope with

corresponding regions of MPO did not alter binding to autoantibodies [Nishikawa

1996], A further study showed that TPO-reactive Fab did not inhibit the binding of

m47, but that m47 did inhibit the binding of Fab [Czarnocka 1997],

The membrane form of TPO is a dimer and this is the only form

immunoprecipitated from thyroid cell lines [Baker 1994b], It has been shown that a

TPO Fab inhibits equally the binding of autoantibodies to a TPO monomer and
dimer [Nishikawa 1994b], showing that the contact regions between dimers is not

immunodominant. The in vivo structure of TPO may be important as it has been
shown that cellular TPO and not purified TPO and adjuvant, induces antibodies in
mice that resemble autoimmune antibodies [Jaume 1999b], Replacement of the N-
terminal 121 residues of TPO with the N-terminal 146 residues of MPO did not

alter the binding of TPO autoantibodies [Nishikawa 1993; Nishikawa 1994b],

indicating that autoantibodies do not interact with the N-terminal domain of TPO.

A number of separate studies have identified two overlapping, conformational
domains that are involved in autoantibody binding. The first study [Ruf 1989] used
a panel of murine monoclonal antibodies and found four interacting domains, A-D,
with the binding of patient serum autoantibodies inhibiting binding to A and B.
Domain A was shown to map to the linear C21 epitopes. A different study

[Chazenbalk 1993b] used TPO-reactive Fabs from phage display combinatorial
libraries of patients with Graves' disease which defined two neighbouring domains,
A and B each subdivided into two subdomains based on cross-inhibition

experiments. A study was carried out to compare the murine monoclonal panel and
Fab fragments from phage display combinatorial libraries derived from AITD
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patients [Guo 1998a], This study showed that the immunodominant domains are

recognized by autoantibodies in all 195 patient's sera studied, and by approximately
80% of TPO autoantibodies within each serum. In addition, they provided
evidence that that the domain called A by Chazenbalk et al. corresponds to B in Ruf
et al.. Here, the domain nomenclature according to Ruf et al. will be used

throughout. A separate study of mouse monoclonals in competition with patient
autoantibodies has shown that an immunodominant region, defined by a single
monoclonal antibody, binds to 80-90% of serum autoantibodies in patients with
moderate autoantibody levels and at least 65% in patients with high autoantibody
levels [Czarnocka 1996],

TPO autoantibody epitopic fingerprints can be defined, and there is evidence that

they may be inherited in patients with Hashimoto's thyroiditis [Jaume 1994;
Nishikawa 1994a], Using epitopic fingerprints, it has been shown that the
autoimmune response to TPO is not related to thyroid status and is stable, without

epitope spreading, for at least 15 years [Jaume 1995a; Jaume 1995b; Jaume

1996a; Czarnocka 1998], However, analysis of recombinant TPO fragments

expressed in bacteria indicates that there are differences in the autoantibody

response in Hashimoto's and Graves' diseases [Bermann 1993], In addition, the

study of a series of truncated and deleted TPO from an in vitro

transcription/translation system suggests that there may be some differences in

epitope recognition between diseased and healthy individuals [Grennan Jones

1999],

Proteolytic peptides of TPO generated by enzymatic hydrolysis in nondenaturing
and nonreducing conditions [Estienne 1998], showed that the C-terminal CCP and
EGF domains (residues 742-848) contain at least one conformational B-cell

epitope. Peptide binding was influenced by iodination, suggesting that a tyrosine
residue is involved in the epitope. A putative tyrosine at the domain interface was

identified in a model of the CCP and EGF domains. Monoclonal antibody

reactivity showed that there was a calcium induced conformational change in the
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epitope, and this was explained by a structural calcium that is predicted to stabilise
the domains [Estienne 1999a], The epitope is more frequently recognised by
Hashimoto's that Graves' sera, indicating that the epitope is disease specific.

A model of TPO has been built and used to identify prominent surface structures

[Hobby 2000], Antisera were raised to these structure and identified an epitope

(residues 599-617) which was shown by competition with mouse monoclonal
antibodies to be part of the B domain. Antibodies to this epitope inhibit the binding
to TPO of human autoantibodies in the majority of serum samples from 65 patients
with AITD.

It has been suggested that restricted B-cell epitopic recognition may result from the

ability of B-cells to capture and influence peptide presentation to T-cells [Guo

1996], Experiments have shown that B-cell epitopes targetted by membrane bound
antibodies can enhance or suppress the peptides that are presented to T-cells

[Simitsek 1995], Recently, evidence has been provided that TPO-specific B-cells
can present antigen to sensitized T-cells in mice injected with fibroblasts co-

expressing TPO and MHC class II [Guo 2000], B-cells may play this role in other
autoimmune diseases, for example, B-cells have been shown to be important APCs
in the non-obese diabetic mouse model of IDDM type I [Falcone 1998], However,
the role played by B-cell presentation of antigen to T-cells in the establishment of
dominant B- and T-cell epitope specificity, and in maintaining the reported stability
of the specificity [Jaume 1996a] is unclear.

1.4.6 Thyroid Peroxidase Autoantibodies

Antibodies present in Hashimoto's disease patients capable of fixing complement
were identified in 1957 [Trotter 1957] and were named thyroid microsomal
antibodies after their characterisation in cell fractionation experiments. Strong
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autoantibody binding along the apical, microvillar border was demonstrated in 1964

[Roitt 1964] indicating that microsomal antigen was also located on the cell
surface. In 1985 it was discovered that TPO and thyroid microsomal antigen were

in fact the same protein [Czarnocka 1985; Portmann 1985] and that microsomal
antibodies were recognising TPO.

Antibodies to TPO are found in over 90% of patients with Graves' disease and in
almost all of those with Hashimoto's thyroiditis [Prentice 1990]. The concentration
of anti-TPO autoantibodies in the serum of AITD patients can vary between 50-

1400 |J.g/ml and may represent up to 10% of the total serum immunoglobulin

[Beever 1989], The antibodies are polyclonal, found in all four IgG subclasses and
distributed between both light chains classes [Doble 1988], More recently, low
titre of IgE class TPO autoantibodies have been detected [Guo 1997], There is
evidence Tg autoantibodies can cross react with TPO [Kohno 1988], and these so-

called TGPO autoantibodies appear to be associated with AITD [Ruf 1994;
Estienne 1999b],

The presence of TPO autoantibodies is closely associated with thyroid destruction
and hypothyroidism, suggesting they have a pathogenic role. TPO autoantibodies
have been found to be complement fixing and cytotoxic [Khoury 1981] and it has
been shown by some investigators [Okamoto 1989], but not others [Kohno 1991]
that antibodies to TPO inhibit enzyme activity. However, 18% of UK females have
antibodies to TPO but show no signs of disease [Prentice 1990], and these
autoantibodies have all the characteristics of TPO autoantibodies found in AITD

patients [Jaume 1995a]. There is evidence that TPO may not initiate disease as

immunisation of mice with porcine TPO led to production of autoantibodies but
there was no evidence of thyroiditis [McLachlan 1990], However, it has recently
been shown that immunisation with cellular TPO induces antibodies that resemble

autoantibodies, suggesting that conventional immunisation may not be

representative of human disease [Jaume 1999b].
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Segregation analysis has indicated that the inheritance of TPO autoantibodies is a

dominant Mendelian trait [Prentice 1993] and that there is genetic transmission of
TPO autoantibody epitopic fingerprints [Jaume 1999a], However, it has not been

possible to distinguish between a single locus and a multifactorial model of
inheritance [Phillips 1993b],

TPO autoantibodies may be found in patients with non-thyroid autoimmune

diseases, consistent with the observation that autoimmune attack is often directed to

more than one organ [Oilier & Symmons 1992], For example, IDDM is frequently
associated with AITD and there are indications of an association between the

disease and the presence of anti-TPO antibodies [Chang 1998], In addition,
measurement of Tg and TPO antibodies in pregnant women seems useful as a

marker for risk of miscarriage [Roberts 1996], Alteration of TPO, followed by
immunodetection of antibodies, have been shown to be an early marker of thyroid
follicular tumours, closely related to acceleration of tumor growth in the first stages

of malignant transformation [Garcia 1998], Finally, the presence of TPO
autoantibodies was found to be associated with a better prognosis in breast
carcinoma [Smyth 1998], suggesting a possible biological link between the
diseases.

Many TPO autoantibodies have been cloned by phage display techniques [Rapoport

1995], and one human monoclonal antibody, 2G4, has been obtained by traditional

hybridoma techniques [Horimoto 1992], To date there are 80 HC sequences and 87
LC sequences of TPO autoantibodies, these include 57 antibodies of which both the
LC and the HC have been sequenced. The CDR sequences of all published TPO
autoantibodies and their predicted canonical class are listed in Appendix B. The
subset of autoantibodies which have been mapped to the A or B domain on TPO are

also given. The autoantibodies have different CDR sequences and predicted
canonical forms of different classes. They share some sequence homologies which
is in part due to the restricted gene usage and may reflect the antigenic domain
bound [Guo 1998a], However, there is no overall relationship between antibody
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sequences and epitopes bound, and studies have shown that this is often the case.

For example, the structures of two overlapping antibodies in complex with
neuraminidase has shown that there is not necessarily a correlation between the

antigen bound and the sequence of the antibody [Malby 1994], In addition, study of
18 antibodies to a(l-6) dextran showed that different V region genes can form
similar combining sites to a single site-filling epitope [Wang 1991],

The V genes found in TPO autoantibodies are often mutated, and share the same

germline genes as other autoantibodies [Portolano 1993b], In common with other

organ-specific autoantibodies, the use of the X LC is rare [Portolano 1995]. Studies
have shown a lack of promiscuity between HCs and LCs [Portolano 1993a], with

promiscuity defined as the pairing of HC with a number of different LC with no

alteration of antigen specificity. It has been suggested that the LCs are the
dominant partners in determining specificity [Constante 1994] and a correlation
between the V-regions used and the antigenic domain bound has been found [Jaume

1996b], The VKI (012) LC is commonly found in TPO autoantibodies and it

appears to be associated with reactivity to the B domain [Guo 1998a], However,

only 1 in 5000 phage containing this LC in combination with random HCs bound to

TPO, showing that its presence is not sufficient to cause TPO reactivity [Portolano

1993a], An analysis of the CDR3 regions of TPO antibodies indicates that D-D
fusion events are common [Mcintosh & Weetman 1997], but the significance of
this observation is not yet understood.

The structure of a human autoantibody to TPO, TR1.9, obtained from a phage

display library, has been solved by X-ray crystallography [Chacko 1996], The

antibody combining site is relatively flat and somatically mutated residues are in

positions that could interact with antigen. It was proposed that the increased

deformability of H2 and H3 caused by replacement of two germline asparagines
and the presence of several glycines may allow induced fit.
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1.5 Experimental Aims

The crystal structures of antibody-protein complexes have confirmed that
antibodies bind to conformational epitopes on the surface of fully folded proteins

[Davies & Cohen 1996], However, with the exception of lysozyme [Bentley 1996],
there are insufficient structures of a single proteins bound to multiple antibodies to

determine which sui faces on a protein are antigenic. The epitopes may be
determined solely by the accessible surface area of the antigen, or by factors
extrinsic to the antigen, for example by mechanisms of immune regulation

[Benjamin 1984],

Autoantibodies are a common feature of autoimmune disease, and there is evidence

that they may bind to a restricted region, or autoimmunodominant domain, on the

antigen [Mackay & Gershwin 1989; Tzartos 1998; Guo 1999], Determination of
the location of such autoepitopes is important in order to help understand the
mechanisms of autoimmunity [Song 1996],

Autoantibodies to TPO are found in the majority of patients with AITD and they
have the ability to fix complement and mediate ADCC [Mcintosh & Weetman

1997], There are many lines of evidence that suggest that TPO autoantibodies bind
to an immunodominant region of TPO that is made up of two overlapping domains,
A and B [Ruf 1989; Nishikawa 1995; Arscott 1996; Czarnocka 1996], It has been

suggested that the restricted B-cell epitopic recognition may result from the ability
of B-cells to capture and influence peptide presentation to T-cells [Guo 1996], In

addition, there may be features of the TPO accessible surface that are responsible
for the presence of an immunodominant domain.

To date, over 50 anti-TPO autoantibodies have been sequenced (see Appendix B)
and many have been mapped to immunodominant domain A or B using competition
studies [Mcintosh 1997], Implicit in the definition of an epitope [Benjamin 1995]
is that each autoantibody will bind to a separate epitope on TPO. Therefore, it is
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is that each autoantibody will bind to a separate epitope on TPO. Therefore, it is

likely, due to the large number of different autoantibody sequences, that the
immunodominant domain on TPO is made up of a continuum of overlapping

epitopes.

The location of the immunodominant domain on TPO, and the factors responsible
for the restricted epitope recognition are at present unknown. Currently the only

way to unequivocally map the antigenic sites on a protein is to solve the structure of

antibody-antigen complexes [Laver 1990]. The crystal structures of multiple

complexes of autoantibodies with TPO would determine the location of the
immunodominant domain. Visualisation of the immunodominant domain would

then allow study of mechanisms responsible for the generation of autoantibodies.

The original objective of the project was to solve the structure of TPO, and the
structures of TPO in complex with two autoantibodies. The structures would then
be used to study the nature of the autoantigenic sites and the structure of the

enzyme active site. Prior to the start of the project, recombinant human TPO

expressed in insect cells had been crystallised and data had been collected to 7 A
resolution. The aim was to characterise the protein and to grow more ordered

crystals to extend this resolution to 3 A or better. Two TPO antibodies were

available which together defined the major autoimmune domains on TPO: 2G4, a

human autoantibody isolated from patients with Hashimoto's disease and 4F5, a

mouse monoclonal antibody. It was hoped to purify the Fab fragments of 2G4 and
4F5 and crystallise the complexes with TPO.

Despite attempts to reduce TPO heterogeneity and optimise crystallisation

conditions, it was not possible to grow crystals that diffracted to higher resolution.
Characterisation of TPO showed that there was heterogeneity at the N-terminus of
the protein, which would explain the low resolution limits of diffraction. However,
it was not feasible in the timescale of the project to make a new DNA construct in
order to produce more homogeneous protein. The Fab fragments of 4F5 and 2G4
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complexes could be grown. Crystals of uncomplexed 2G4 were obtained, but no

diffraction data could be collected.

Therefore, the revised aims of the project were:

1. To process the 7 A TPO dataset and attempt molecular replacement.

2. To build a molecular model of TPO, and to use it to study structural features
that may be responsible for restricting autoantibody binding to an

immunodominant domain.

3. To crystallise the Fab fragment of 4F5 and to solve the structure by
molecular replacement. To analyse the region likely to be involved in

binding TPO and to compare the structure of the antibody combining site
with that of the I PO autoantibody TR1.9.
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Chapter 2

Thyroid Peroxidase Characterisation

2.1 Introduction

Prior to the start of the project, crystals of recombinant human TPO had been grown

and diffraction data to 7 A resolution collected. In order to solve the structure of

TPO it is necessary to grow crystals that diffract to higher resolution.

Homogeneous protein is a critical factor in growing highly ordered crystals

[Ducruix & Giege 1992], the protein must contain no heterogeneity (contamination
with other proteins) or microheterogeneity (contamination with different forms of
the same protein). The term heterogeneity is commonly used to describe both
forms of contamination.

To ensure the recombinant TPO had the same properties as native TPO, the protein
was assayed for protein and heme content, enzyme activity and antibody binding.
The protein was further characterised in order to determine the reasons for the low
resolution diffraction limit of the crystals. As TPO is a glycoprotein there are two

possible sources of heterogeneity - protein and carbohydrate. Recombinant and
native TPO run as a doublet on SDS-PAGE gels, and it has been suggested that this
is due to proteolysis or the presence of different glycoforms [Cetani 1995], The

degree of protein and carbohydrate heterogeneity can be studied by analysis on

SDS-PAGE and isoelectric focusing (IEF) gels, by N-terminal sequencing and mass

spectroscopy and by using deglycosylation.
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2.2 Production and Purification

Recombinant human TPO was expressed and purified by RSR Ltd, using the
baculovirus-insect cell system [Grennan Jones 1996; Gut 2000], The construct

contained the soluble fragment (residues 1-839) and was expressed in Tricoplusia
ni (High Five) insects cells supplemented with the heme precursor 8-aminolevulinic
acid. The culture supernatants were harvested by centritugation and protease

inhibitors ('Complete' inhibitor cocktail, Roche) were added.

The preparations available for crystallographic studies and the purification methods
used to produce each one are listed in Table 2.1. Two purification protocols were

developed. The first involved ion exchange chromatography, followed by gel
filtration on a S-300 column, a second ion exchange step and finally a

hydroxyapatite column. This method was used to produce TPO 18. Preparations

21, 23 and 26 were purified by a single ion exchange step and gel filtration

[Grennan Jones 1996], and were partially pure. More recently, a combination of

hydrophobic chromatography on a butyl-scpharose column, affinity

chromatography with the anti-TPO antibody 4F5 and gel filtration on a S-300
column has been used [Gut 2000], This purification protocol was used to produce
TPO 1FP, 2FP and 10FP

Name Purification steps Amount (mg)

21,23,26 Anion exchange, gel filtration 16.6

18 Anion exchange, gel filtration, anion exchange,

hydroxyapatite column

3.8

1FP, 2FP Hydrophobic column, affinity column, gel filtration 6.6

10FP Hydrophobic column, affinity column, gel filtration 5.3

Table 2.1

The recombinant TPO preparations available for characterisation and

crystallisation.
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2.3 Thyroid Peroxidase Assays

The TPO preparations used for crystallisation was assayed for protein concentration

(absorbance and Bradford assay) [Bradford 1976], enzyme activity (guaiacol
oxidation assay) [Nakashima & Taurog 1978] and antibody binding

(radioimmunoassay) [Premawardhana 1992],

The Bradford assay was run and calibrated using a bovine serum albumin (BSA)
standard line (Figure 2.1). 100 pi of 0.2 to 1.4 mg/ml of protein in 100 mM NaCl, 2
M Tris pH 8.3 was added to 5 mis of Bradford assay dye reagent and incubated at

room temperature for 5 to 30 minutes. The optical density at 595 nm was read and
converted to concentration using the standard line.

Absorbance was measured at 280 nm (protein peak) and 412 nm (heme peak) in

quartz cuvettes in a spectrophotometer. Protein concentration was calculated using
the Beer-Lambert law:

logio (Io/It) = eel

where I0 is the radiation incident on the protein, It is the radiation absorbed, c is the
concentration and 1 is the length of the cell through which the radiation travels, e is
the extinction coefficient of the protein at a particular wavelength. The term logio

(Io/It) is known as absorbance (A) or optical density (OD) and is dimensionless.
The extinction coefficient of TPO at 280 nm, as calculated from the amino acid

sequence, is 1.33 x 106 cm2 mol _1. The OD 412/280 of recombinant TPO 2FP was

0.5, compared to 0.36 for native TPO [Gut 2000], This indicates that the heme

group has been effectively incorporated into the recombinant TPO.
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Figure 2.1
The Bradford assay calibration curve with BSA.

The guaiacol assay was carried out with 100 pi of TPO to which 2 ml of 40 mM

guaiacol in 10 mM TRIS pH 8.0 was added and incubated for 15 minutes at 37 °C

[Nakashima & Taurog 1978], 10 |jl of 60 mM H2O2 was added at time zero and

reading were taken at 15, 30 and 60 seconds at 470 nm. The guaiacol is oxidised

giving rise to coloured product, thought to be composed of dimerised guaiacol
molecules [Capeillere-Blandin 1998]:

Guaiacol + hydrogen peroxide —> 3,3'-dimethoxy-4,4'-biphenylquinone

Activity was calculated in guaiacol units (Gu), defined as an increase in absorbance
at 470nm over 1cm in 1 minute as described by [Nakashima & Taurog 1978]:

Reading at 60 s x 10/[TPO] mg/ml = Activity (Gu/mg)
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The results of the TPO guaiacol assay of 2FP culture supernatants containing 0.2

mg/ml of TPO are shown in Table 2.2. The activity is calculated to be 547 Gu/mg.
On average, the recombinant TPO has an enzyme activity of about 900 Gu per mg

of protein, whereas for native TPO the activity is 750 Gu per mg of protein [Gut

2000]. The comparable activity of native and recombinant TPO indicates that the
heme is incorporated into recombinant TPO in the correct orientation for full

activity.

Protein OD 470 15sec OD 470 30sec OD 470 60sec

TPO 1:10 dilution 0.481 0.783 1.093

+ve control (TPO standard) 0.316 0.598 0.883

-ve control (TRIS only) 0.004 0.003 0.004

Table 2.2

The results of the guaiacol assay on TPO culture supernatant.

Radioimmunoassays (RIAs) carried out by RSR Ltd showed that recombinant and
native TPO had identical inhibiting effects on TPO autoantibodies binding to l25I-
labelled native TPO in sera from 25 patients with A1TD [Grennan Jones 1996; Gut

2000]. This provides strong evidence that the recombinant l'PO is correctly folded.

2.4 SDS-PAGE Analysis

SDS-PAGE gels are used to monitor the molecular weight of a protein and of any

contaminants present. The electrophoretic mobility of detergent bound proteins

through an acrylamide gel is measured, and separation is based on size [Laemmli

1970], Recombinant TPO and TPO from the dissolved crystals were run on

reduced and non-reduced SDS-PAGE gels.
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TPO was resolved on an 8% SDS-PAGE gel containing 7.5 mis of resolving gel

(8% acrylamide, 370 mM Tris pH 8.8, 0.1% SDS, 0.04% ammonium persulphate

(AMPS) and 0.1% tetramethylethylenediaminel (TEMED)) and 2.5 ml of stacking

gel (5% acrylamide, 120 mM Tris pH 6.8, 0.1% SDS, 0.05% AMPS and 0.2%

TEMED). Approximately 2 pg of 0.2 mg/ml protein was added to 10 pi of loading
buffer (containing (3-mercaptoethanol for reducing gels) and run at 20 mA in tank
buffer (2.5 mM Tris, 0.01% SDS, 200 mM glycine) in a Pharmacia Mighty Small

gel caster and tank. The gel was stained in Coomassie Blue for 20 minutes.

Figure 2.2 shows a non-reduced and reduced 8% SDS-PAGE for native and
recombinant TPO. The reduced gel of native TPO shows a doublet of 94/91 kDa
with a contaminant at 37 kDa, whereas the recombinant TPO is a broad band at

approximately 98 kDa. The non-reduced gel shows a doublet of native TPO 98/95
kDa and a contaminating band at 45 kDa, and a doublet of recombinant TPO at

104/100 kDa.

The difference in relative mobility between native and recombinant TPO can be

explained by the sizes of the TPO preparations used. The native TPO was released
from the membrane by trypsin cleavage near the transmembrane section, at a site
estimated to be between amino acids 793-847 [Gut 2000], Trypsin cleavage may

also have occurred after residue 109 [Taurog 1990], Therefore, the molecular mass

of native TPO, calculated from amino acid sequence, ranges from 76 kDa (109-793)
If adftb''

to 92 kDa (15-847)., The native TPO preparation has been estimated to contain 12.6
kDa of N-linked carbohydrate [Grennan Jones 1996], The recombinant protein is
believed to consist of amino acids 1-839, with the first 14 residues acting as a signal

sequence. The molecular mass of the recombinant protein (residues 15 to 840) is
calculated from the primary sequence to be 91.7 kDa and the contribution of N-
linked carbohydrate has been estimated to be 2.3 kDa [Grennan Jones 1996],
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Figuie 2.2

SDS-PAGE gels of TPO: A) Reduced gel B) Non reduced gel. A close-up of the
doublet is shown below each gel and the doublet bands are indicated by arrows.

1 High molecular weight markers 3 Recombinant TPO 18
2 Native TPO 9 4 Recombinant TPO 1FP
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The recombinant preparations 18 and 1FP are produced by different purification
schemes but have the same mobility on the gels. There is no evidence for native or

recombinant TPO running as a dimer.

The recombinant TPO doublet is more evident on non-reduced gels than on reduced

gels. The TPO band on reduced gels has been interpreted as a broad band, rather
than a doublet. It is possible that a doublet is present on reduced gels, but that the
individual bands are very close together and so not distinct. Alternatively, there

may be more than two different TPO species present, which run as a broad band
when reduced and as a doublet when not non-reduced. Proteins which contain

disulphide bonds often have different mobilities, and hence different apparent

molecular masses, in the presence and absence of reducing agents [Hames &
Rickwood 1990], The different behaviour of TPO when reduced suggests that the
different forms of recombinant TPO may contain a different number of disulphide

bridges.

Figure 2.3 shows a reduced SDS-PAGE gel of single crystal of TPO 18 that was

removed from the crystallisation drop. The gel shows that the protein incorporated
into the crystals is the same as that used for crystallisation. In particular, there is a

doublet visible in the crystallised protein, confirming that the crystals contain the
same heterogeneity as is seen in the purified protein.

2.5 IEF Analysis

IEF gels are used to measure the isoelectric point of a protein and any contaminants

present. The gels separate proteins on a pH gradient imposed by applying an

electric field to a solution of ampholytes [Wallis 1973], When the proteins reach
their isoelectric point they stop migrating and their position can be compared to a

lane of standards.
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Figure 2.3
An 8% reduced SDS-PAGE of the TPO crystals.

1. Markers

2. TPO 18 used for crystallisation
3. TPO 18 from a dissolved crystal
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IEF gels were assembled and run using a Bio-Rad mini IEF cell. Ready made gels

(pH 3-10) and premixed buffers from Bio-Rad were used, approximately 10 jig of a

0.8 mg/ml protein solution was loaded onto the gel and mixed with four parts 50%

glycerol to one part protein. The gel was run at 200 V for one hour and stained
with Crocein Scarlet for 45 minutes.

The IEF gel of TPO is shown in lane 3 of Figure 2.4. The gel resolves multiple

species with isoelectric points ranging from pH 5.0 to pH 6.2, with a predominant
band at pH 5.9. The observed isoelectric points are similar to the value calculated
from the TPO sequence (14-839) of pH 6.0, which does not include contributions
from carbohydrate.

2.6 N-terminal Sequencing

N-terminal sequencing is a technique to identify the first amino acids in a protein

[Edman 1970]. The N-terminal residue of the sample to be sequenced is chemically

labelled, released and then identified using chromatography, and the process is

repeated for the next amino acid. The N-terminal sequencing was carried out by the

University of St. Andrews Protein Sequencing Service on an Applied Biosystems
Procise 491 using the Edman degradation method [Edman 1970], The sample (10

jil of 0.75 mg/ml TPO 10FP) was run on a non-reduced 8% SDS-PAGE gel and
blotted to hyperbond membrane using the semi-dry method. The membrane was

stained with amido black and the two TPO bands making up the doublet were cut

out separately.
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1 2 3

Figure 2.4
An IEF gel of glycosylated and deglycosylated 2FP TPO with PNGase F and Endo
H.

1. Markers

2. TPO + PNGase/Endo F

3. TPO - PNGase/Bndo F
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The N-terminal sequencing results showed the upper band in the TPO doublet
contains a mixture of species, with the predominant one being XXKLPEXXSQ/G

(where X is unknown residue). The lower band also contains more than one

sequence, with TQQSQHPTDA being the strongest. Both sequences were found to

be part of the N-terminal domain of TPO and are shown in Figure 2.5 marked A
and B. It can be seen that the two predominant species of the doublet begin at

residues 76 and 109. For comparison the beginning of the peroxidase domain is
marked on the figure at residue 142.

An analysis of the sites of cleavage by commonly known proteases [Wilkins 1997]
in the N-terminal domain was carried out. The proteases included are listed in
Table 2.3. Residue 109 is a trypsin cleavage site, but the cleavage site at residue 76
could not be identified. The TPO sequence between residues 77 to 108 has a

calculated molecular mass of 3.6 kDa, which is similar to that observed as the

difference between the doublets on non-reduced SDS-PAGE.

Enzyme Residue before cleavage site Residue after cleavage site

Arg-C Arg Any

Asp-N Any Asp

Chymotrypsin-1 Phe, Tyr, Trp Any

Chymotrypsin-2 Phe, Tyr, Trp, Ala, Leu, Met Any
Glu-Cl Glu Any
Glu-C2 Gly, Asp Any

Lys-C Lys Any

Trypsin Arg, Lys Any not Pro

Table 2.3

Commonly known proteases and their cleavage sites.
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Assuming that the upper and lower band of the doublet are in equal ratio to each
other and that there are no other species present, the molecular mass can be
calculated from the protein sequence. Assuming the heme is the same mass as that
of MPO (616 Da), the molecular mass of TPO is 83.6 kDa (Table 2.4). Although
not including contributions from carbohydrate, this is considerable lower than that
calculated from SDS-PAGE gels. The calculated isolectric point of the TPO

preparation starting at residue 76 is pH 5.8, and that at residue 109 is pH 5.6.

TPO Residues Mw (kDa)

Full length construct 5-840 92.3

Lower band of doublet 109-840 81.8

Upper band of doublet 76-840 85.4

Mixture of upper and lower bands 76/109-840 83.6

Table 2.4

The molecular weight of TPO as calculated from the amino acid sequence.

10 20 30 40 50 60

MRALAVLSVT LVMACTEAFF PFISRGKELL WGKPEESRVS SVLEESKRLV DTAMYATMQR

70 80 90 100 110 120

I A | | | | B |
NLKKRGILSP AOLLSFSKLP EPTSGVIARA AEIMETSIQA MKRKVNLKTQ QSOHPTDALS

130 140 150 160 170 180

^Peroxidase j
EDLLSIIANM SGCLPYMLPP KCPNTCLANK YRPITGACNN RDHPRWGASN TALARWLPPV

Figure 2.5
The first 180 residues of the TPO with the results of the N-terminal sequence

analysis underlined (A and B).
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2.7 Mass Spectrometry

Matrix-assisted laser desorption/ionization-time of flight mass spectroscopy

(MALDI-TOF MS) is used to obtain an accurate molecular weight for a protein

[Hillenkamp 1991], The MALDI-TOF MS sample is mixed with a UV absorbing
matrix and then hit with a UV laser which causes ionisation. The time the ions take

to travel to the detector are measured and converted to a mass measurement, with

larger ions travelling more slowly than smaller ones.

MS was carried out by the University of St. Andrews MALDI-TOF MS Service on

a Tofspec 2E Micromass system. 0.5 pi of 20 pmol/pl TPO 10FP in 0.1%

trifluoracetate (TFA) was mixed on the target plate with 0.5 pi of matrix (a

supersaturated solution of a-cyano-4-hydroxycinnamic acid in 35% acetonitrile and

65% of a 0.1% TFA solution). BSA was used to calibrate the TPO peak.

The results of the MALDI-TOF experiment are shown in Figure 2.6. TPO gives a

broad peak with a molecular mass of 89.7 kDa. The lower trace shows rabbit (3-

galactosidase (116.4 kDa) for comparison, which gives a much narrower signal.
The broadness of the TPO peak indicates that there is heterogeneity present in the
TPO sample. However, the presence of individual peaks cannot be excluded due to

the low resolving power of MALDI-TOF MS with protein of high molecular mass

[Hillenkamp 1991],

The mass of TPO derived from MS (90 kDa) is considerable lower than that

predicted from SDS-PAGE (97 kDa). The slow running of TPO on SDS-PAGE

gels may be caused by the presence of carbohydrate, and anomalous behaviour of

glycoproteins on SDS-PAGE has previously been observed [Segrest 1971], It is

thought that as carbohydrates do not bind SDS they lead to a lower net charge and
therefore artefactually high molecular mass estimates [Hames & Rickwood 1990],
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A)

Figure 2.6
The MS spectra ofA) TPO and B) P-galactosidase.
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The MS derived mass supports the N-terminal sequencing results by showing that
the observed mass of the TPO is too low to be that of the uncleaved full-length
construct. Given that the total mass predicted from the TPO sequence (assuming
the two species are in equal proportion) is 83.6 kDa the difference between this

figure and the MS result is likely to represent the carbohydrate content. It can

therefore be calculated that there is 6.1 kDa of carbohydrate present.

2.8 Deglycosylation Studies

To determine if the doublet and multiple bands on the SDS-PAGE gel and IEF gel
were caused by different glycoforms, and to predict the amount of carbohydrate

present, the mobility of glycosylated and deglycosylated TPO on SDS-PAGE and
IEF gels were compared. The carbohydrates of glycosylated proteins can cause the
anomalous running of SDS-PAGE gels, so only tentative conclusions can be drawn
from these experiments. Carbohydrate composition was also analysed more

rigorously by mass spectroscopy. TPO was proteolytically digested and the glycans

sequentially released and identified. This technique gives the composition of the

carbohydrates but not their position or occupancy.

Deglycosylation of TPO was performed with the enzyme peptide N-glycosidase A

(PNGase A), which hydrolyses the (3-aspartylglycosylamine linkages of N-linked

carbohydrates, including those that contain a fucose 3-linked to the core, a common

constituent of insect proteins [Altman 1993], Reactions were set up in 0.1 M
citrate phosphate buffer at pFI 4, 5 and 6 using 20 pi of 2 mg/ml of TPO 23, 20 pi
of buffer and 15 pi of 40 ng/ml enzyme. The reactions were incubated at 37°C for

5, 8, 11 and 13 hours. A mixture of the enzymes endoglycosidase F (Endo F) and
PNGase F which cleaves N-linked carbohydrates of high mannose and complex

types was also used for deglycosylation. 16 pg of TPO 18 were added to 3 .75 pi of

enzyme in 40 mM sodium phosphate buffer, 100 mM EDTA at pH 7.2 and
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incubated for 6 hours at 37°C. The protein was then run on a SDS-PAGE gel and
an IEF gel.

The deglycoslyation with PNGase A was complete after 5 hours and was successful
at pH 5 and 6. pH 6 was chosen to run the preparative digest for crystallisation
studies to minimize exposure of TPO to acidic conditions. Deglycosylation led to

an observed decrease in molecular mass of the broad band on a reduced SDS-PAGE

of about 4 kDa (Figure 2.7). Deglycosylation with PNGase F and Endo H also

produced a shift of about 4 kDa on a reduced SDS-PAGE gel. The mass estimate
from SDS-PAGE compares favourably with the amount of carbohydrate calculated
from the difference between the MS mass and the mass calculated from TPO

sequence (6.1 kDa). The difference may be due to N-linked glycans inaccessible to

enzymatic cleavage, and the small amount of O-linked glycans predicted to be

present by MS.

The 1EF gel of TPO deglycosylated with PNGase F and Endo H showed no

difference in the isoelectric point of the protein or the banding pattern (Figure 2.4).
This suggests that the presence of multiple species of different charge is not due to

varying amounts of accessible carbohydrate. The results also show that the sugar

residues on TPO that are removed by deglycosylation are uncharged and do not

contribute to the pi.

Mass spectroscopy was carried out at Imperial College, London. 50 pg of TPO 18

was digested with PNGase F and then PNGase A to remove the N-linked glycans,
and reductive elimination was used to remove to O-linked glycans. Released sugars

were permethylated, purified by reverse phase chromatography on a C18 Sep-Pak

cartridge, and analysed by fast atom bombardment MS.
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Figure 2.7
SDS-PAGE gels of deglycosylated TPO.

A) A 12% reduced SDS-PAGE of TPO 23 deglycosylated with PNGase A, after 5
hours.

1. High molecular mass markers 4. TPO + PNGase A pH 5
2. TPO-PNGase A 5. TPO + PNGase A pH 6

3. TPO + PNGase A pH 4

B) A 7% reduced SDS-PAGE of TPO 2FP.

1. Markers 3. TPO - PNGase/Endo F

2. TPO + PNGase/Endo F
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The MS spectra are shown in Figure 2.8. The PNGase F digest shows evidence for
two main families of N-linked glycans (fuc = fucose, hex = hexose, hexnac = N-

acetyl hexose):

Core fucosylated truncated glycans Fuco-iHex2.4FIexNac2

High mannose glycans Hex5.9HexNAc2

There is a single peak resulting from reductive elimination that corresponds to an

O-linked sugar at 534.4, the mass for HexHecNacitol. The peaks from the PNGase

digest are assigned to specific glycans from their molecular weight (Figure 2.9).
There are three different core fucosylated glycans, two of which are high mannose,

the other complex, and there are seven different high mannose glycans that are not

fucosylated. The PNGase A digest gave no meaningful signals suggesting that the
fucose 3-linked core is absent. The reductive elimination gave one minor signal
consistent with HexHecNacitol implying a small amount of O-linked glycosylation
is present. Therefore, a total of 11 different glycans were identified. None of the

glycans are charged, confirming the IEF analysis.

2.9 Summary

The recombinant TPO preparation used for crystallisation has all the characteristics
of native TPO. It has similar enzyme activity, autoantibody binding behaviour and
heme to protein absorbance ratio. A typical doublet is present on the SDS-PAGE

gels of TPO, and is accentuated on the non-reduced gels. It is likely that this

heterogeneity may responsible for the low resolution diffraction of the TPO

crystals.
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Figure 2.9
The glycans present in TPO following PNGase digest and MS. The molecular mass

of each glycan is shown, which corresponds to peaks in Figure 2.8.

N-terminal sequencing has identified residues 76 and 109 as the start of two forms
of the protein that appear in different bands of the non-reduced SDS-PAGE doublet.

Therefore, it appears that the doublet is caused by proteolysis rather than being a

result of different glycoforms. Conclusive proof that there is heterogeneity at the
N-terminus of the TPO crystals requires N-terminal sequencing of dissolved

crystals. However, there were insufficient TPO crystals in order to carry out this

experiment. An SDS-PAGE of the TPO crystals showed that the doublet was

visible, providing evidence that the same heterogeneity is present.

It appears that the two species identified by N-terminal sequencing are not the only

species present, and that a cleavage at the N-terminus may have produced a
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spectrum of proteins of different lengths. This is shown by MS analysis which

gives a broad peak, and IEF analysis which shows multiple bands of different
isoelectric points. In addition, the N-terminal sequencing identified other

contaminating N-termini at concentrations to low to be sequenced, and reduced
SDS-PAGE gels show a broad band rather than a doublet.

It would be interesting to see if the same N-terminal heterogeneity is responsible for
the native TPO doublet. It is likely that the native TPO is cleaved at 109 as it was

purified by trypsin treatment. Cleavage may be incomplete, and addition cleavage

may occur at other sites, including residue 76.

The SDS-PAGE deglycosylation studies have predicted that there is 4 kDa of

carbohydrate present on the recombinant TPO. The difference between the mass

calculated from the protein sequence and that derived by MS indicates that there is
6 kDa of carbohydrate. MS studies of released glycans showed that they were

predominantly N-linked high mannose sugars, with a small amount of N-linked

complex and O-linked carbohydrates. The glycans on TPO are uncharged and so

do not contribute to the multiple species present on IEF gels.
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Chapter 3

Thyroid Peroxidase Crystallography

3.1 Introduction

The structures of complexes of TPO with autoantibodies will enable the

autoantigenic sites on TPO to be mapped. The structure of uncomplexed TPO and
autoantibodies will show if there are any conformational changes on complex
formation. The structure of uncomplexed TPO will also shed light on the
mechanism of action of the enzyme. Birefringent crystals of native TPO have

previously been reported [Gardas 1997] but they were not of sufficient quality to

diffract X-rays.

Before the start of the project, TPO crystals had been grown and a dataset to 7 A
resolution had been collected. The aim was to reproduce these crystals, and to

increase the resolution limits of diffraction. It was hoped to grow crystals of the

complexes of the antibodies 4F5 and 2G4 with TPO. However, the TPO

preparation was shown to have heterogeneity at the N-terminus, which is likely to

be responsible for the low resolution diffraction of the crystals. It was not possible
to attempt to alter the TPO expression conditions in order to reduce cleavage at the

N-terminus, and the TPO clone was not available to allow the generation of a new

TPO construct.

Therefore, other methods were used in an attempt to increase resolution.
Resolution can be extended by inducing the formation of a new set of crystal

contacts, which may form crystals of higher order [Ducruix & Giege 1992], This
can be attempted by growing the crystals in different conditions, or by altering the
nature of the protein surface. New crystallisation conditions for TPO were screened
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and those used previously were optimised. TPO was deglycosylated in order to

remove possible heterogeneity due to multiple glycoforms and to introduce new

contacts in the crystal [Baker 1994a], Co-crystallisation of proteins with Fab

fragments has been shown to increase the resolution of diffraction by changing the

crystal contacts [Kovari 1995], therefore crystallisation of complexes of TPO with
4F5 and 2G4 was attempted.

3.2 TPO-Fab Complex Purification

The purification of the Fab fragments of 2G4 and 4F5 is described in Chapter 5.
Two methods for growing crystals of complexes were used - purification of the

complexes prior to crystallisation, and the mixing of the individual proteins in the

crystallisation drop.

The complexes of 2G4 and 4F5 Fab with TPO were purified from the uncomplexed
molecules prior to crystallisation using different methods. The 2G4-TPO complex
was co-purified on gel filtration. 2 mis of a 0.5 mg/ml TPO 23 was mixed with 2
mis of 0.25 mg/ml 2G4 Fab (1:2 molar ratio), both proteins were buffered in 50
mM sodium chloride, 20 mM Tris pH 7.6, 0.1 mM potassium iodide. The mixture
was incubated for 3 hours at 4°C and then loaded onto a S-200 gel filtration column.

The gel filtration of TPO and 2G4 Fab produced three peaks, shown in Figure 3 .1.
These were calibrated by using a standard curve (log Mr plotted against Ve/Vo) of

proteins of known molecular weight and the results are shown in Table 3 .1. TPO
ran at 109 kDa, the Fab at 49 kDa and the TPO-Fab complex at 151 kDa

corresponding to a 1:1 ratio .

There was insufficient TPO to purify the 4F5-TPO complex by gel filtration, so a

smaller scale method was used. 66 pi of 12.7 mg/ml of TPO 1FP and 110 pi of 8.3

mg/ml 4F5 Fab (1:2 molar ratio) in 50 mM sodium chloride, 20 mM Tris pH 7.6,
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0.1 mM potassium iodide, were mixed and incubated for one hour at room

temperature. The complexes were spun at 3000 rpm in a Vivaspin concentrator

with molecular mass cut-off of 100 kDa for one hour and samples removed at 10
minute intervals and run on an SDS-PAGE gel. After 50 minutes, all uncomplexed
Fab had passed through the membrane.

mis

Figure 3 .1

Gel filtration traces of A) TPO and 2G4, B) TPO.
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TPO-Fab TPO Fab

Ve (peak) mis 59 65 79

Vo (void) mis 46 46 46

Ve/Vo 1.30 1.41 1.71

Log Mr 2.2 2.0 1.7

Mr kDa 151 109 49

Table 3.1

The results of the gel filtration of TPO and 2G4 Fab complexes.

3.3 Crystallisation

An analysis of the crystallisation conditions used previously indicated that the most

ordered TPO crystals grew at room temperature, with a protein concentration of 15

mg/ml in a precipitant solution of 12.5% to 17.5% PEG 4K, 0.1 M Tris pH 6.5-7.5.
These conditions were repeated with TPO 18 and with new TPO preparations 2FP
and 10FP, using vapour diffusion and microbatch methods. TPO was concentrated
to approximately 15 mg/ml in 100 mM sodium chloride, 5 mM sodium phosphate
and 0.1 mM potassium iodide at pH 7.3 using a Centricon concentrator with a

molecular weight cut-off of 10 kDa. The concentration was monitored during
concentration by measuring the OD28o, as described in section 2.3. Vapour
diffusion was carried out using the hanging drop method and was set up with
Linbro plates and 22 mm silicated coverslips. 0.5 ml of reservoir solution and 1 to

2 pi of protein mixed with an equal volume of reservoir in the drop, the coverslips
were sealed with grease. For the microbatch method 1 pi of protein was mixed

with 1 pi of precipitant and overlayed with 6 pi of Al's Oil (50% silicon, 50%

paraffin oil) in 96 well Nunc plates.

The crystals were reproduced with TPO preparations 18 and 2FP using the hanging

drop method. TPO preparation 10FP did not crystallize, probably due to low purity.
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Preparations 21, 23 and 26 were too impure to use for crystallisation trials. The

crystallisation conditions used are given in Table 3.2. TPO 18 crystals appeared
after five days, were trigonal trapezohedral, 0.5 mm in the longest dimension and

yellow in colour due to the heme. The crystals are shown in Figure 3.2.

Protein Reservoir solution Results

TPO 18 16.9 mg/ml 15% PEG 4K, pH 7.0-7.5 Crystals :

pH 7.13 & 7.25

TPO 2FP 10.5 mg/ml 15% PEG 4K, pH 7.0-7.5 Crystals :

pH 7.0 & 7.3
2 (.1.1:1 (.il (protein to reservoir)

TPO 10FP 15 mg/ml 18% PEG 4K. pH 7.0-7.5 No crystals

Table 3.2

The crystallization conditions used to reproduce TPO crystals with different TPO
preparations. Unless stated otherwise, all experiments are hanging drop, at ~ 21°C,
with drops of 2 pi protein and 2 pi reservoir.

The successful crystallisation conditions were optimised by varying protein

concentration, pH, precipitants and temperature, and new crystallisation conditions
were screened using grid screens from Hampton Research. The trials are

summarised in Table 3.3. Crystallisation trials were set up at 4°C, 21°C and 28°C.

Crystals were grown in conditions containing Tris pH 7-8, PEG 4K, 8K and 10K at

21°C. The only crystals that grew in a condition with a precipitant other than PEG
were in 50% MPD, 0.1 M Tris pH 8.5, 0.2 M ammonium phosphate.
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500 pm

Figure 3.2

Crystals of 18 mg/ml TPO 18 in 12% PEG 4K 0.1 M Tris pH 6.75, with drops of 1

pi of TPO to 1 pi of reservoir, at room temperature.
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Protein Reservoir solution Results

TP0 2FP 10.5 mg/ml 15% PEG 4K, pH 7.0-7.5 Crystals :

pH 7.0 & 7.3, 2(il:lgl (protein to reservoir)
TP0 2FP 10.5 mg/ml 4-12% PEG 8K, pH 7-9 Crystals:

pH 8.0, 8% PEG 8K
TPO 2FP 10.5 mg/ml 8-10% PEG 8K, pH 7.75-

8.25

Crystalline precipitate

TPO 2FP 10.5 mg/ml 5-15% PEG 2K, 6K, 10K,

pH 6.5-8.5

Crystals:
10% PEG lOKpH 7.5

TPO 1FP 12.7 mg/ml Hampton Screen I, hanging

drop and microbatch

Crystallline precipitate - PEG 6K, 8K, 20K

crystals - 30 % 2 methyl-2, 4-pentadiol

(MPD), 0.1M Tris pH8.5, 0.2 M ammonium

phosphate
TPO 1FP 12.7 mg/ml Optimised 6K, 8K, 1 OK Crystalline precipitate
TPO 10FP 30 mg/ml 18% PEG 4K, pH 7.0-7.5 No crystals
TPO 18 16.9 mg/ml 15% PEG 4K, pH 7.0-7.5 Crystals :

pH 7.13, 7.25
TPO 18

deglycosylated 8mg/ml

Hampton crystal screen I
and II

No crystals

Table 3.3

Crystallisation trials to increase the resolution of diffraction of TPO crystals.
Unless stated otherwise, all experiments are hanging drop, at ~ 21° C, with drops of
2 pi protein and 2 |ol reservoir.

In order to reduce the possible heterogeneity from mobile glycans and multiple

glycoforms, deglycosylated TPO was used for crystallisation trials. TPO 18 was

deglycosylated with PNGase A as described in section 2.6, and set down for trials

using Hampton screens 1 and II. No crystals were observed, however there was not

enough TPO to run gel filtration to remove the PNGase A protein and this may

have interfered with crystallisation.
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TPO-Fab complex trials were set up using co-crystallisation (Table 3.4), and with

complexes purified as described in section 3.2 (Table 3.5). Co-crystallisation was

carried out by adding 4F5 or 2G4 in a 1:1 molar ratio to TPO 1FP and 10FP, and to

deglycosylated TPO 18 and incubating for one hour at room temperature prior to

setting up the drops. The TPO-2G4 gel filtration peak was concentrated to 7 mg/ml
and used to set up crystallisation trials using Hampton screen I and a PEG screen.

The TPO-4F5 complex purified on a size exclusion concentrator was concentrated
to 13 mg/ml and screened with Hampton screen I and II.

Crystals of the TPO-4F5 complex grew with and without prior purification of the

complex. However, analysis of the diffraction pattern of these crystals showed
them to be 4F5 Fab only. Yellow crystalline precipitate of 2G4-TPO 23 complexes

purified on gel filtration was observed in the following conditions:

1.5 M lithium sulphate, 0.1 M Na Hepes pH 7.5
20% iso-propanol, 0.1 M Na acetate pH 4.6, 0.2M calcium chloride
10% iso-propanol, 0.1 M Na Hepes pH 7.5, 20 % PEG 4000

However, there was not enough TPO to optimise the conditions.

3.4 Data Collection

Data were collected from crystals grown from TPO 18 and TPO 2FP, but the
diffraction was no better than 8 A. Therefore, the collection of data from crystals of
TPO 18 grown prior to the start of the project is described.
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Protein Reservoir solution Results

TPO 10FP

2G4

8 mg/ml

• 1.5 M lithium sulphate, 0.1 M Flepes pH 7.5
• 20% isopropanol, 0.1 M Na acetate pH 4.6,
0.2 M Ca chloride

• 10% isopropanol, 0.1 M Na Hepes pH 7.5,
20% PEG 4K

No crystals

TPO 1FP

4F5

12.7 mg/ml

Hampton crystal screen I and II Crystalline precipitate - 4F5

only:
• 0.1 M Hepes pH 7.5, 10%
PEG 6K, 5% MPD
• 0.1 M Hepes pH 7.5, 10%
PEG 8K, 8% ethylene glycol

TPO 1FP

4F5

12.7 mg/ml

Grid around conditions:

• 0.1 M Hepes pH 7.5, 10% PEG 6K, 5% MPD
• 0.1 M Hepes pH 7.5, 10% PEG 8K, 8%

ethylene glycol

No crystals

TPO 10FP

4F5

8.5 mg/ml

• 0.1 M Hepes pH 7.5, 10% PEG 6K, 5% MPD
• 0.1 M Hepes pH 7.5, 10% PEG 8K, 8%

ethylene glycol

No crystals

TPO 18

deglycosylated
2G4

8 mg/ml

Hampton crystal screen 1 and II No crystals

Table 3.4

Summary of the crystallisation trials of TPO/Fab complexes, the proteins were

mixed in the crystallisation drop at a 1:1 molar ratio. All experiments are hanging

drop, at ~ 21° C, with drops of 2 (il protein and 2 p.1 reservoir.
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Protein Reservoir

solution

Results

TPO 23

2G4

Gel Filtration

7 mg/ml

Flampton screen I
PEG screen

Crystalline precipitate :

• 1.5 M lithium sulphate, 0.1 M Hepes pH 7.5
• 20% isopropanol, 0.1 M Na acetate pH 4.6, 0.2 M Ca
chloride

• 10% isopropanol, 0.1 M Na Hepes pH 7.5, 20% PEG 4K

TPO 1FP

4F5

Vivaspin
12.7 mg/ml

Hampton screen I

Hampton screen II

Crystals - 4F5 only:
• 30% PEG 4K, 0.1 M tri-sodium citrate dihydrate pH 5.6,
0.2 M ammonium acetate

• 0.1 M Tris pH 8.5, 30% PEG 4K, 0.2 M Mg chloride
• 0.1 M Tris pH 8.5, 30% PEG 4K, 0.2 M Na acetate

trihydrate
• 0.2 M ammonium sulphate, 0.1 M Na citrate pH 5.6, 0.2
M Na tartrate

Table 3.5

Summary of the crystallisation trials of TPO/Fab complexes purified prior to

crystallisation, all experiments are hanging drop, at ~ 21° C, with drops of 2 pi

protein and 2 pi reservoir.

TPO crystals were mounted in quartz capillaries on a rotating anode X-ray

generator operating at 45 kV 80 mA with a 0.3 mm collimator. Diffraction data
were collected on a Mar Research image plate system. Crystals were also flash-
frozen to examine the effect of freezing on resolution. The crystals were placed for
two minutes in the mother liquor containing 5% v/v glycerol and were then fished
into a 0.5 mm diameter loop and flash-frozen at 100K using an Oxford Cryostream

cooling device. The technique of flash-annealing was used in an attempt to

improve diffraction limits [Yeh & Hoi 1998].
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The flash-frozen crystals diffracted to approximately 7.0 A and data were collected
over 180 frames with an oscillation angle of 0.5 2, an exposure time of 10 minutes

per image and a crystal to detector distance of 270 mm. A diffraction image is
shown in Figure 3.3. Neither flash-annealing nor subjection to synchrotron
radiation extended the resolution limit of diffraction. The cell indexed in crystal

class P32 and the data collection statistics are shown in Table 3.6. Rotation was

around the c-axis therefore no 001 reflections were measured, consequently the

space group was narrowed down to P321, P3]21 or P3221. The unit cell parameters

were a = b = 100 A, c = 215 A, a = |3 = 90s J- 1202. The space group diagrams
for all possible space groups are shown in Figure 3.4.

All Data Highest Resolution
Shell (7.54-7.10 A)

Space group P3X21 -

Unit cell a=b=100 A, c=215 A,
a = (3 = 902, T=1202

Measured reflections 33 216 -

Unique reflections 5735 567

Rmergef (%) 12.7 36.0

1/sigl 6.6 2.6

Completeness (%) 96 96.8

Table 3.6

The data collection statistics.

t Rmerge = Z 11 (k) - <I> | / X I (k), where I (k) is the value of the kth measurement of the intensity of a

reflection, <I> is the mean value of the intensity of that reflection and the summation is over all
measurements.
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Figure 3.3
A diffraction image of the TPO crystals, the resolution at the edge of the plate is
4.86 A.
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Figure 3 .4
The space group diagrams for P321, P3j21 and P3221.

89



Solvent content was determined by calculating the Matthews' number [Matthews

1968] (Vm):

Vm (A3/Da) = Volume of asymmetric unit (A3) / Mr (Da)

•5

The specific volume of a protein molecule is approximately 0.74 cm /g, which

gives:

Volume of solvent = 1-1.23 / Vm

The volume of the TPO unit cell is 1.87 x 106 A3, there are six asymmetric units in
the unit cell and the molecular weight of the TPO monomer is 90 kDa (as calculated

by mass spectroscopy). This gives a Vm of 3.4 and a solvent content of 64% for one

molecule in the asymmetric unit and 27% for two molecules in the asymmetric unit.
These values lie at the extremes of the typical solvent content for protein crystals as

calculated by Matthews (27% to 65%).

The soluble recombinant TPO fragment used for crystallisation is monomeric on a

non-reduced SDS-PAGE and gel filtration, but believed to be dimeric when
membrane bound [Baker 1994b]. There is also evidence that recombinant TPO can

form dimers in solution [Kaufmann 1989]. The crystal structure of MPO shows a

dimer generated by two-fold rotational symmetry [Zeng & Fenna 1992], which, due
to the high sequence homology, may also be present in TPO. It is therefore

possible that the crystallisation of a solution of monomers of TPO may lead to the
formation of a physiological dimer in the crystal.

If there are two molecules in the asymmetric unit they may form a dimer related by
a non-crystallographic two-fold symmetry axis. This possibility was tested by

calculating a self-rotation function in POLARRFN [Collaborative Computer Project
Number 4 1994] using all data and a sphere of 20 A. The K = 180 ° section is

shown in Figure 3.5 and shows six peaks at (}> = 0°, 60°, 120°, 180°, 240° and 300°,
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marked A to F. These are a result of the crystallographic two-folds, but there is no

evidence for a non-crystallographically related dimer. It is possible that a non-

crystallographic two-fold is present, but that it is parallel to a crystallographic two¬

fold. However, calculation of a Patterson map showed no significant peaks (other
than the origin) indicative of such an orientation.

3.5 Molecular Replacement

The data were indexed and scaled using the programmes DENZO and
SCALEPACK from the HKL suite [Otwinowski & Minor 1996]. The reflections
were converted to mtz format using the CCP [Collaborative Computer Project
Number 4 1994] programme SCALEPACK2MTZ.

Molecular replacement was carried out using Ca atoms of MPO as a phasing model
with the programme AMORE [Navaza 1994] from the CCP4 suite. First, the
reflection file was prepared by SORTING, and the MPO pdb file coordinates
translated so their centre of gravity was at the origin using TABLING. The rotation
function was then calculated in ROTING using MPO structure factors rotated with
respect to structure factors generated from the TPO reflection data. The integration
radius was 30 A and data from 25 A to 7 A were used in the calculation. The

output was given in Eulerian angles [Rossmann & Blow 1962], with each solution
scored with a correlation coefficient and R-factor. Translation was then carried out

in TRAING, using the top 20 rotation solutions, and the output was a translation
matrix in fractional coordinates. A separate translation function was run for each of
the possible space groups. The solution underwent rigid body refinement in

FITING, and the rotation and translation matrices were applied to the MPO pdb file

using the CCP4 programme PDBSET. The procedure is shown in Figure 3.6.

Symmetry related molecules were generated in O [Jones 1991], Figures were

created with BOBSCRIPT [Esnouf 1999] and MOLSCRIPT [Kraulis 1991],
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90.0

Figure 3.5

The k = 180° section of the self-rotation function for TPO, using data from 15-7 A
and a 20 A sphere. Axis directions are: co (angle from pole), (|> (angle around

equator). The six crystallographic-two fold axes are labelled A to F.
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TPO. mtz

MPO CA.pdb
Tabling

search, tab

searchrot.pdb

r >
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a, P,y

Pdbset -> MPOrot.pdb

Figure 3.6
The molecular replacement procedure in AMORE.

A molecular replacement solution was obtained for space group P3i21, the top ten

rotation and translation solutions are shown in Table 3.7. The correlation coefficient

after rotation and translation was 33.2% compared to a next highest coefficient of
23 .3%. Following one round of rigid-body refinement, the correlation coefficient
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was 47.8% and the R factor was 46.8%. Due to the possibility of two molecules in
the asymmetric unit, the first solution was fixed and a second molecule searched for
in AMORE. No significant solutions were found, indicating there is likely to be
one molecule in the asymmetric unit. In addition, the solution was fixed and a CCP
domain (lwc) [Wiles 1997] and an EGF domain (lemn) [Knott 1996] used as

search models to located the C-terminal regions of TPO. However, no solutions
were found.

The packing of MPO monomers in the TPO unit cell is shown in Figure 3.7. There
are two different dimers formed by different crystallographic two-folds, either of
which could be a physiological dimer. One dimer involves the interchain

disulphide (cysteine CI53) loop in MPO (cysteine 296 in TPO) and is shown by
molecules A and B in the figure. The other dimer, formed by molecules A and C,
involves residues C447-460 (605-618 in TPO), which make up helix 14 and the N-
terminus of helix 15 of MPO.

The positions of the two sets of MPO dimers involving the interchain disulphide

bridge (the MPO dimers generated by the TPO crystallographic symmetry and the
dimers in the MPO structure) are compared in Figure 3.8. The two dimers are

formed by monomers at different relative orientations, and the potential TPO
dimers are less closely packed than the MPO dimers. The closest residues in the

potential TPO dimer are the CI 57 pair, the Ca atoms of which are 4.2 A apart. The

cysteines involved in the interchain disulphide are 18.4 A apart. However, there is
a ten residues insertion in this interchain disulphide loop in TPO and the extra

residues may allow formation of the disulphide bond. The dimer interface of the
TPO peroxidase domains may not be as closely packed as that of MPO as the TPO
dimer may be stabilised attachment of the C-terminus to the membrane. In addition
the TPO dimer interface may involve to interactions between the C-terminal and N-

terminal domains.
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a B Y tx tv tz Corr R

Rotation

SOLUTIONRC 1 75.17 45.10 329.17 0.0000 0.0000 0.0000 24.3 0.0

SOLUTIONRC 1 10.70 81.80 135.80 0.0000 0.0000 0.0000 21.2 0.0

SOLUTIONRC 1 72.79 89.25 140.94 0.0000 0.0000 0.0000 21.1 0.0

SOLUTIONRC 1 9.79 53.40 341.66 0.0000 0.0000 0.0000 18.4 0.0

SOLUTIONRC 1 34.59 126 83 194.68 0.0000 0.0000 0.0000 18.4 0.0

SOLUTIONRC 1 68.91 85.26 79.44 0.0000 0.0000 0.0000 17.9 0.0

SOLUTIONRC 1 16.98 37.21 24.46 0.0000 0.0000 0.0000 16.0 0.0

SOLUTIONRC 1 76.09 27.48 210.16 0.0000 0.0000 0.0000 15.3 0.0

SOLUTIONRC 1 5.37 95.10 15.42 0.0000 0.0000 0.0000 15.2 0.0

SOLUTIONRC 1 51.53 103.93 11.89 0.0000 0.0000 0.0000 14.8 0.0

Translation

SOLUTIONTF1 1 75.17 45.10 329.17 0.6675 0.5538 0.1500 33.2 52.1

SOLUTIONTF1 1 10.70 81.80 135.80 0.3140 0.9589 0.3088 19.5 56.3

SOLUTIONTF1 1 72.79 89.25 140.94 0.7143 0.7718 0.4575 18.9 57.0

SOLUTIONTF1 1 9.79 53.40 341.66 0.1868 0.7938 0.4812 17.9 56.9

SOLUTIONTF1 1 34.59 126.83 194.68 0.8485 0.8243 0.0414 21.4 57.3

SOLUTIONTF1 1 68.91 85.26 79.44 0.3057 0.8243 0.1984 16.7 56.0

SOLUTIONTF 1 1 16.98 37.21 24.46 0.0033 0.6315 0.1395 19.6 57.7

SOLUTIONTF 1 1 76.09 27.48 210.16 0.3243 0.2364 0.1828 16.8 57.6

SOLUTIONTF 1 1 5.37 95.10 15.42 0.7596 0.4041 0.1551 15.7 58.0

SOLUTIONTF 1 1 51.53 103.93 11.89 0.2577 0.9549 0.3426 16.6 55.9

Fiting
SOLUTIONF 1 66.53 42.13 335.52 0.6601 0.5469 0.1500 47.8 46.8

Table 3.7

The AMORE output, the identified solution is shown in bold.
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10

1
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Interchain

disulphide loop

Figure 3.7

The packing ofMPO monomers A, B and C in the TPO unit cell.

96



Figure 3 .8
A comparison of the MPO dimers and the potential TPO dimers, the cysteines
involved in the interchain disulphide are shown as yellow spheres. A) TPO, B)
MPO.
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3.6 Refinement

Density modification was carried out with the programme DM [Collaborative

Computer Project Number 4 1994], involving 30 cycles of solvent flattening and

histogram matching. The resulting R-factor was 38.9%. A 2F0bs - Fcaic map was

calculated to 7.1 A resolution using the CCP4 programme FFT. Figure 3.9 shows a

section of the map around the central helix hairpin made up of helices 6 and 7 in
MPO (residues 401 to 459 in TPO). The TPO electron density map did not show

any additional features beyond the MPO model. In particular, there was no electron

density for atoms in the heme prosthetic group, which was not included in the MPO
model used in molecular replacement. Assuming the heme is in the same position
in MPO and TPO, then a peak for the strongly diffracting iron atom would be

expected in the TPO map. It is possible that the heme is in a different position in
the TPO model, but this is unlikely considering the conservation of heme ligands in
TPO. Attempts to further refine the TPO solution using energy minimisation and
simulated annealing did not lead to a decrease in R-factor.

3.7 Summary

It was not possible to grow crystals of TPO that diffracted to resolution higher than
7 A. In order to increase the resolution it is likely that the N-terminal heterogeneity
must be eliminated. However, due to restricted TPO supply, studies of

deglycosylated TPO were not exhaustive, and may still provide a means of

increasing resolution. In addition, promising crystalline precipitate was obtained

using complexes of TPO and 2G4 purified on gel filtration and it may be possible to

optimise these conditions in order to grow crystals.

A potential molecular replacement solution for the 7 A TPO dataset was obtained
and indicated that physiological dimers may be formed using a crystallographic
two-fold. Analysis of the dimer formation showed that the same interchain
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disulphide as MPO may be used, but that the dimers are less closely associated and
at a different orientation to each other. However, due to the low resolution of the

data used to calculate the molecular replacement solution, the lack of heme density,
and the high R-factor, the solution should be treated with caution.

Figure 3 .9
A sample region of a 2F0bs - Fcaic TPO electron density map, contoured at 1 sigma.
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Chapter 4

Thyroid Peroxidase Modelling

4.1 Introduction

In the absence of a high resolution X-ray or NMR structure, a model of a protein can be
built using information from the amino acid sequence and other known structures

[Morea 1998a], The first steps in modelling are to carry out a database search and

perform a multiple sequence alignment in order to identify homologous sequences. If

any homologues have a known structure then this structure can be used in comparative

modelling. If there are no homologous proteins of know structure then the method ofde
novo structure prediction is used. TPO is a multidomain protein, three of the
extracellular domains can be modelled by homology methods whilst the fourth domain
must be modelled de novo.

A model of TPO can be used to study many features of the protein. The differences in
structure between MPO and TPO may provide information on how the catalysis of
similar reactions using different substrates is achieved. Given the molecular

replacement solution indicating that TPO may have a different dimer interface from

MPO, the residues involved in the contact between dimers in MPO and their equivalents
in TPO can be compared. The physiological role of the N-terminal domain may be
better understood if it can be modelled, and the position of the N-terminal proteolysis
sites can be visualised.

Features responsible for the immunodominant domain on TPO can be also be

investigated on a model. The position of conformational epitopes that have been

mapped to date can be located. A model of the quaternary structure of TPO can be used
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to identify which regions of the surface are likely to be accessible to autoantibody

binding.

There are many sources of errors and inaccuracies in protein modelling. An incorrect

sequence alignment can lead to a wrong model, and the likelihood of making a mistake

goes up as the sequence homology decreases. Non-conserved loops normally vary in

position between homologous structures and may be difficult to model accurately,
whereas the core regions are normally more conserved and reliable. De novo structure

prediction is generally less accurate than homology modelling, with accuracy decreasing
as protein size increases. Protein models should always be treated with caution and

analysed in combination with experimental data.

4.2 Protein Sequence Alignments

The amino acid sequence for human TPO was downloaded from the SWISS-PROT
database [SWISS-PROT 2000], accession code P07202 [Kimura 1989], The protein
structure database (pdb) was searched using TPO as a query sequence on the NCBI
server [NCBI 2000] using BLASTP. The BLOSUM62 matrix was used, which assigns
a probability score for each position in the alignment based on the frequency with which
that substitution is known to occur among consensus blocks within related proteins.

Sequence similarity is defined as the sum of the identical amino acids and amino acids
with conserved physico-chemical properties. Sequence alignments were carried out

using ClustalW [Thompson 1994], visualised with ESPript [Courcelle 2000] and
secondary structure calculated with DSSP [Kabsch & Sander 1983],

The results of the Blast search are shown in Table 4.1 and Figure 4.1. The

peroxidase domain is best modelled with human MPO (lmhl) [Fenna 1994], with
residues 142 to 734 showing 46% identity with TPO. Cytochrome c oxidase (CCO)
and prostaglandin H2 synthase (PGHS) also show some sequence identity, but are

not as useful for modelling purposes as they are homologous to shorter sections of
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the peroxidase domain. The best model of the CCP domain is the NMR structure of

vaccinia control protein (lvvc) which has 35% identity to TPO over residues 741 to

797 [Wiles 1997], The NMR structure of the second EGF domain of a fibrillin pair

(lemn) shows the highest identity (42%) with TPO extending over residues 794 to

838 [Knott 1996], The domain boundaries, based on sequence alignments, are

listed in Table 4.2.

The sequence alignment of TPO with MPO is shown in Figure 4.2, and the

secondary structure of MPO is listed in Table 4.3. MPO is a disulphide linked

dimer, with each monomer containing 19 a-helices and 10 (3-sheets forming five

antiparallel strands (see Figure 1.10). The peroxidase domain of TPO has the key
MPO structural residues conserved - all six intrachain disulphides, the interchain

disulphide, the key active site residues, and all calcium ligands. There are three

single amino acid deletions/insertions and three larger insertions of three, eight and
10 residues. The eight residue insertion corresponds to the residues that are post-

translationally cleaved in MPO, the 10 residue insertion begins three residues C-
terminal to the interchain disulphide cysteine.

TPO

MPO

PGHS

CCO

CCP

EGF

250 500 750

C

Figure 4.1
The alignment of proteins of known structure with TPO, see text for abbreviations.
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Structure Homologous TPO

sequence

Similarity

(%)

Identity

(%)

Myeloperoxidase 142-734 61 46

Fibrillin EGF-like domains 794-838 57 39

Prostaglandin H2 Synthase-1 400-650 37 20

Vaccinia Virus CCP 741-797 46 35

Bovine Factor Xa 814-845 58 43

Apolipoprotein-H 742-795 49 32

Thrombin-Thrombomodulin 793-838 46 34

Cytochrome C oxidase 511-567 47 35

Clr EGF like domain 796-838 45 33

Cd46 (Mcp) 766-797 51 38

Factor Fl CCP domain 742-794 39 27

Activated Protein C 768-845 41 25

Table 4.1

The results of a Blast search for proteins of known structure with sequence

similarity to TPO.

Domain/region Amino acid sequence

Signal Sequence 1-14

N-terminal domain 15-141

Peroxidase domain 142-734

CCP-like domain 741-795

EGF-like domain 796-838

Transmembrane helix 847-871

C-terminal tail 871-933

Table 4.2

The domain boundaries of TPO.
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Figure 4.2
A protein sequence alignment of TPO with MPO. The secondary structure of
MPO is shown above the alignment (X = residue postranslationally cleaved)

tHeme/active site ligandsCa ligands

A Cysteines in disulphides \
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similarity
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a-helices Residues P-sheets Residues Sheet formation

I 61-69 1 28-29 Antiparallel with P5

2 84-97 2 78-83 Antiparallel with P8

3 181-187 3 128-129 Antiparallel with P4

4 220-224 4 143-144 Antiparallel with P3

5 244-267 5 164-165 Antiparallel with pi
6 273-301 6 342-344 Antiparallel with P7
7 303-309 7 358-360 Antiparallel with P6

8 326-338 8 388-390 Antiparallel with P2
9 368-374 9 545-547 Antiparallel with piO
10 377-385 10 561-563 Antiparallel with 39
ll 400-405

12 417-428

13 433-439 Disulphides Residues Position

14 448-455 1 1-14 N-terminus

15 458-467 2 115-125 Between a2 and 33
16 476-482 3 119-143 Joins N-term of p3 to

34

17 493-509 4 221-232 Joins a4 to N-term of

a5

18 522-529 5 440-497 Joins al3 to al7

19 533-540 6 538-564 Joins al9 to 310

Table 4.3

The secondary structure of MPO, as identified by DSSP
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The sequence alignments of TPO with vaccinia virus CCP and the second of the

pair of fibrillin EGF domains are shown in Figure 4.3. The fibrillin EGF domain
contains a two stranded [3-sheet, three disulphide bonds (1-3, 2-4, 5-6) and a bound
calcium ion (Figure 4.4A). All cysteines are conserved in TPO. Five residues in
calcium binding EGF domains have been identified to bind the ion, three of these
residues interact via their side chain atoms and are identical in TPO and fibrillin,

the remaining two interact via their carbonyl groups and show conservative
substitution. The vaccinia virus CCP domain is shown in Figure 4.4B. It contains
six P-strands and two disulphide bonds (1-3, 2-4), all corresponding cysteines are

conserved in TPO.

4.3 Peroxidase Domain

The MPO structure was read into the interactive molecular graphics programme O

[Jones 1991] and the sequence mutated to that of TPO. Loops were built using
sections of known loop structures in lego-loop. The resulting pdb file underwent
200 cycles of energy minimisation in CNS [Brunger 1998], in which the Ca atoms

were harmonically restrained. The programmes PROCHECK [Laskowski 1993]
and DSSP [Kabsch & Sander 1983] were used to analyse the model, figures were

drawn with MOLSCRIPT [Kraulis 1991] and GRASP [Nicholls 1991],

The model of the peroxidase domain is shown in Figure 4.5, and the validation
statistics in Table 4.4. After energy minimisation all bond lengths and 96% of bond

angles were within limits and there were no disallowed dihedral angles. The model
of the peroxidase domain of TPO fits closely to that of MPO, with a root mean

squared deviation (rmsd) between MPO and the TPO model of 0.65 A. All

disulphide bonds and secondary structure are maintained, helix 4 was remodelled in
TPO to preserve the disulphide bond on insertion of four residues. The eight
residue insertion forms a bridge-like structure on the surface of TPO. The position
of all active site residues and calcium ligands are very similar in MPO and the TPO
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model and are compared in Figure 4.6. The distance between the Ca atoms of
seven key residues in the active site of the TPO model and MPO are listed in Table

4.5, all but one have the same amino acid type in both proteins.

TPO has four N-linked glycosylation sites (sequence N X S/T where X is not

proline), at residues 129 (N-terminal domain), 307, 342 and 569. All of these
residues in the TPO peroxidase domain model are on the surface of the structure.

The MPO sequence contains four N-linked sites 157, 189, 255 and 317, all of

which, apart from 157, have attached carbohydrate in the crystal structure. The

glycosylation site at asparagine 317 is the most extensively glycosylated in the

structure, and the sugars are important in making dimer contacts. Interestingly, this

glycosylation site is not present in TPO. The glycosylation site at asparagine 255 is
also missing in TPO. The site unoccupied in MPO (asparagine 157) is present in

TPO, and TPO has one N-linked glycosylation site (asparagine 571) that is absent
in MPO. The glycosylation sites on MPO and TPO are compared in Figure 4.7 and
Table 4.6.

The peroxidase domain model is of a monomer, however, predictions can be made
about the nature of the dimer interface by making comparisons between the TPO
model and regions of the MPO structure involved in the interface. The dimer
interface in MPO is stabilised by an interchain disulphide, carbohydrate-

carbohydrate and carbohydrate-protein interactions, and hydrogen bonds [Fenna

1994], The position of the disulphide bonded cysteine is conserved in TPO, but the

loop of which is part is 10 residues longer in TPO than MPO. As discussed above,
the glycosylation site occupied by sugars with an important role in the dimer
interactions is missing in TPO.
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fibrillin
TPO
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Figuie 4.3
A protein sequence alignment of TPO vaccinia control protein and fibrillin. The

secondary structure of VCP and fibrillin are shown above the alignments.

A Ca ligands Q *****
v. Cysteines in dlsulphides .A similarity

Figure 4.4

A) EGF domain of fibrillin and B) CCP domain of vaccinia virus.
The proteins are coloured blue to red from N- to C-termini, disulphide bonded

cysteines are shown as ball and stick, and the calcium ion as a yellow sphere.
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Interchain
disulphide
loop

Bridge loop
N C

Figure 4.5

Superimposition of MPO (red) and the TPO model (blue). The heme is shown as

space filling in yellow and the calcium ion in green.

Parameter Before energy After energy

minimisation minimisation

Disallowed dihedral angles 3 0

% of bond lengths within limits 70% 100%

% of bond angles within limits 57% 96%

rmsd A2 from MPO 0.39 0.65

Table 4.4

Summary of the validation statistics of the peroxidase domain model before and
after energy minimisation.
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A)

Va I 400

B) Asp 125

Asp 240

Asp 125

Asp 240

Figure 4.6

The ligation of the heme and Ca ions in the peroxidase domain model.

A) A close up of the active site of MPO (red) superimposed with the TPO model

(blue), residue types and numbers correspond to TPO. The heme is shown in

yellow, the active site entrance is at the back of the picture.

B) A stereo diagram of the Ca binding site of MPO (red) superimposed with the
TPO model (blue), residue types and numbers correspond to TPO. The calcium is
shown in yellow.
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MPO TPO model Distance of Ca (A) Role

Asp 94 Asp 238 0.57 Ester linkage to heme

His 95 His 239 0.48 Distal heme ligand

Arg 239 Arg 396 0.57 Stabilised -ve charge on leaving group

Glu 242 Glu 399 0.26 Ester linkage to heme

Met 243 Val 400 0.21 Sulphonium ion linkage to heme

His 336 His 494 0.25 Proximal heme ligand
Asn 421 Asn 579 0.36 H-bond donor to proximal his

Table 4.5

The residues involved in the reaction mechanism of MPO and their homologues in
the model of TPO.

Residues 19 and 21 from one MPO monomer are hydrogen bonded to residues 35
and 40 from the other. Residues 19, 21 and 35 are mutated in TPO. The sidechain

hydroxyls of serine 19 and threonine 21 involved in hydrogen bonds in MPO and
are replaced by a histidine and arginine in TPO. Their hydrogen bonding partners

in residues 35 and 40 are mainchain atoms. Although the mutations in TPO could
accommodate the interchain hydrogen bonds, rearrangements would be needed in
the structure of the surrounding protein. The residues in the loops mediating the
interactions (14-22 and 37-42) are highly conserved between TPO and MPO (see
the alignment in Figure 4.2), suggesting that they have not been under selective

pressure to mutate. However, the fact that those involved in the hydrogen bonds
have mutated, indicates that they do not play an important role in TPO. The
interactions involved in the dimer interface of MPO are shown in Figure 4.8.

111



Interchain
disulphidc
loop

Bridge loop

Dimer interface
carbohydrates

189 342

Figure 4.7
The TPO model showing the N-linked glycosylation sites. Blue - occupied site in
MPO structure, no site in TPO model, yellow - occupied site in MPO structure,

site in TPO model, red - site in TPO model, not in MPO structure.

MPO

(MPO numbering)

TPO

(TPO numbering)

Present in MPO

structure

Position

157 307 No TPO site is 3 residues N-

terminal to MPO site

189 342 1 N-acetlyglucosamine Identical in MPO/TPO

255 - 1 N-acetlyglucosamine Not present in TPO

317 2 N-acetlyglucosamines
3 mannose, 1 fucose

Not present in TPO
At dimer interface

- 569 - Not present in MPO

Table 4.6

Conservation of glycosylation sites in TPO and MPO.
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Figure 4.8
The structure of the MPO dimer interface. The light chains are shown in yellow

(A) and green (B) and the heavy chains in blue (C) and red (D). Residues that form
interchain hydrogen bonds (A/B 19, 21, 35, 40) and the interchain disulphide bond

(C/D 153) are shown as ball and stick and are labelled. Carbohydrate residues are

shown as grey lines and the asparagine residues to which they are bonded (C/D

317) are shown in ball and stick and are labelled.
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Figure 4.9 shows a Grasp representation of the surface of the TPO model compared
with that of MPO. The molecules have the same overall shape, but a different
surface charge distribution. The most striking difference is in the active site and
surrounds. In MPO there is a concentration of negative charge, whereas in the TPO
the charge is less pronounced. This can be explained by the absence of negatively

charged amino acids in the TPO sequence which are present in MPO. In particular,
those corresponding to glutamates 102, 116 and 180, and aspartates 218 and 214 in
MPO are replaced with neutral amino acids in TPO.

The position of the charged residues lining the entrance to the active site in MPO
which are replaced by neutral amino acids in the TPO model are compared in

Figure 4.10. TPO and MPO catalyse similar reactions, but the MPO substrate is
chloride while TPO uses iodide. In addition, TPO uses the resulting hypoiodate to

iodinate and join tyrosine residues on the large protein thyroglobulin, whereas

hypochloride is the end point of the MPO catalysed reaction. The decrease in

negative charge around the TPO active site is unlikely to be due to the interaction
with iodide instead of chloride, as iodine is less electronegative than chlorine.

Therefore, it can be postulated that the low charge around the TPO active site may

have arisen in order to mediate interactions with thyroglobulin.

In the TPO model the active site is partially occluded by a bridge made up from the

eight-residue insertion joining the two MPO chains. This is a prominent structure

and it is clear why it is accessible to proteolytic cleavage in MPO. In TPO it may

play a role of defining access to the active site and perhaps interacting with

thyroglobulin.

114



Active
Site

Bridge
loop

Figure 4.9
A grasp representation of the surfaces of A) MPO and B) TPO model. Red
indicates negative charge, blue indicates positive charge, and white shows neutral
residues.
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Figure 4.10
The entrance to the active site of the TPO model (light blue) highlighting negatively

charged residues in MPO (red) that have neutral homologous residues (mid-blue) in
the TPO model. The heme is shown in yellow.

116



MPO has been shown to interact with integrins [Johansson 1997] and it has been

proposed that the animal peroxidases evolved from adhesion proteins [Taurog

1999], Peroxinectin, an invertebrate peroxidase, has both adhesion and peroxidase
activities and the site of adhesion has been localised to a KGD peptide [Johansson

1995], A protein sequence alignment (Figure 4.11) shows the homologous

sequence in TPO is RGD (residues 665-668), a motif related to KGD and known to

bind integrins [Ruoslahti 1987]. The RGD motif is also present in the same

position in MPO. However, as shown in red in Figure 4.12, this motif is not

positioned on the surface of the TPO model. This implies that either the KGD
motif is not involved with adhesion, or that this region of TPO has been modelled

incorrectly.

The C21 epitope (713-721) maps to the C-terminus of the peroxidase domain and is
shown in green in Figure 4.12. As expected from a sequence at a domain boundary,
this region is on the surface of the structure and so accessible to antibodies. An
immunodominant peptide previously predicted to be on the surface of a model of
TPO [Hobby 2000], is shown in yellow, and is shown to occupy a surface region on

this model. The TPO model shows that the peptide cleaved in TPO-2 (533-589) is

integral to the TPO structure, and is highlighted in Figure 4.12. Without this

peptide it is unlikely that the domain folds correctly, explaining the reported

inactivity of TPO-2.
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Figure 4.11
A sequence alignment of the peroxidase domains of TPO, MPO and peroxinectin.
The potential adhesion motifs are indicated by green arrows.
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Interchain
disulphide
loop

Figure 4.12
The TPO model showing the immunodominant peptide from Hobby et al. in

yellow, the C21 epitope in green, the RGD motif in red and the cleaved peptide in
TPO-2 in orange. The active site entrance is at the back of the picture.

Bridge loop
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4.4 CCP and EGF Domains

The CCP, lvve [Wiles 1997] and EGF, lemo [Knott 1996], structures identified by

sequence alignments have both been solved by NMR. The minimised mean

structure of each was used for modelling (lvvc and lemn). The modelling

procedure was the same as that used for the peroxidase domain, described in 4.3.

Diagrams of the EGF and CCP models of TPO are shown in Figure 4.13. The
validation statistics of the models are shown in Table 4.7. The models of the EGF

and CCP domains have all disulphide bonds conserved, (1-3 and 2-4) in CCP and

(1-3, 2-4 and 5-6) in EGF. The position of all calcium ligands is conserved in the
EGF domain model and are shown in Figure 4.14.

Parameter

Before energy

minimisation

After energy

minimisation

CCP EGF CCP EGF

Disallowed dihedral angles 3 0 2 0

% of bond lengths within limits 70% 76% 100% 100%

% of bond angles within limits 69% 75% 94% 98%

rmsd A2 1.3 0.83 1.1 0.98

Table 4.7

Summary of the validation statistics of the EGF model before and after energy

minimisation.
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Figure 4.13
A superimposition of the template structures (red) and the TPO models (blue) of the
EGF (A) and CCP (B) domain. The calcium is shown in yellow and the intrachain

disulphide bonded cysteines are shown as ball and stick.

Figure 4.14

A stereo diagram of Ca binding site in EGF domain (red) compared with the TPO
model (blue). Residues in the TPO model are labelled.
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4.5 N-terminal Domain

A Blast search of the database of known structures failed to find a match for the N-

terminal domain of TPO. MPO contains the N-terminal domain but it is post-

translationally cleaved. The programme JPRED, which uses a consensus of

secondary structure prediction programmes [Cuff 1998], was used to predict

secondary structure. A multiple alignment of all known TPO N-terminal domain

sequences (human, rat, mouse, pig) was used as this is believed to give more

accurate results than single sequences. JPRED uses nine independent prediction
methods (PHD, DSC, PREDATOR, NNSSP, MULPRED, ZPRED, JNET, COILS

AND MULTICOIL) to produce a consensus which has been shown to be over 70%
accurate.

Secondary structure is predicted by recognising sequence patterns that are

indicative of a-helices or [3-sheets. a-helices have a periodicity of 3.6, so positions

at residues i, i + 3, i + 4 and i + 7 will lie on one face of the helix. For [3-sheets, the

side chains of adjacent residues point in opposite residues, so the pattern will be i +

2, i + 4 and i + 6. Amphipathic structures have one face buried in the protein core

that is composed of hydrophobic residues, and the other exposed to solvent

containing polar residues. Totally buried structures are composed of runs of

hydrophobic residues.

The results of the consensus secondary structure prediction are shown in Figure
4.15. The prediction is for a four-helix structure with three, short [3-sheets.

Cleavage sites were identified in the N-terminal domain of the recombinant TPO
used for crystallisation trials after residues 76 and 109. Residue 76 occurs in strand

3, and residue 109 occurs between helices 3 and 4, these sites are marked on the

alignment. Helical wheel diagrams of the predicted helices, with residues coloured

using the hydrophobicity scale of Brenner el al. [Brenner 1994], were calculated

using a Java applet [Turcotte 2000] and are show in Figure 4.16. Helix 1 is

hydrophobic, so is likely to be buried in the structure, helix 3 is amphipathic so
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likely to have one face buried and the other exposed. Helices 2 and 4 show no clear

patterns of hydophobicity, so their packing may vary across their length.
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Figure 4.15

The results of the consensus secondary structure prediction for the N-terminal
domain of TPO. The predicted secondary structure is indicated at the bottom of the

alignment of the N-terminus of TPO sequences from different species, arrows

indicate the residues found to be at the N-terminus of the recombinant TPO used for

crystallisation.
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Figure 4.16
Helical wheels calculated for the four predicted helices in the N-terminal domain of
TPO. Residues are coloured according to hydrophobicity: Red (FAMILYVW) >

Orange (PG) > Green (CHQST) > Blue (KREND).

The programme 3D-PSSM [Kelley 2000] was used for fold recognition, using the

protein sequence of the N-terminal domain of TPO. The algorithm 'threads' the

sequence onto the members of a library of protein structures representative of each
structural superfamily, and scores for compatibility. Scoring is a based on sequence

alignments with sequence profiles and structural profiles, and secondary structure

and solvation potential matching.
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The three highest scoring hits from threading were a ferritin homologue (lqgh),

dehaloperoxidase (lew6) and sperm lysin (31yn). The first hit was rejected as the

protein is dodecameric, binds DNA, and has an iron binding site, all properties
which are not likely to be shared by the N-terminal domain of TPO. The second hit
was also discarded as the protein binds a heme prosthetic group, also unlikely for
the N-terminal domain. Lysin is an extracellular molecule on green abalone sperm

cells that is responsible to adhesion to the egg receptor. An ungapped alignment
between residues 1-121 of TPO and lysin is shown in Figure 4.17. Lysin is a five
helix bundle, the structure has been solve by crystallography to 1.8 A and is shown
in Figure 4.18. There is very low sequence identity between the two proteins, but
the predicted secondary structure of the TPO N-terminal domain and the secondary
structure lysin align well. Helices 1 and 2 in lysin and the N-terminal domain are

equivalent, helices 3 and 4 in lysin correspond to helix 3 in the N-terminal domain,
and helix 5 in lysin is equivalent to helix 4 in the N-terminal domain.

Lysin INK AY
TPO MRALA'

al a2
JLQJLQJULQJLSULQJISUUISU^^ JUIJISLQJULQJLQJIQJISUUIJLQJLQJLQJLQJLSL&. SLQJLQ.

1 10 20 30 40 50 60

evt|mk|7|qi(f]sgfdrqlt[a|wlrvhgrrltnn[q|k[kt]lff[v|n[rr]ymq[t]hw[^nqmlwv|k|. rgjlpK|T]q ifljsGFDRQL Tplw LRVHGRRLTN nOkIkTIl F FplNlifRlY m q[7]h W|q|nHm l W vpl. rH ]T[jvm|aJctEAFFPF|jsRGKELLWGKPE|pjS|rv|ssvl: iEIL: siKRL|v|DTI/JMbATMQKiNL0p
SUiSLQJLSLQJLQJULQJLQJLQJ)J)-QJ)J}J}J}. »,QJIJLSLQJLQJLQJ)JLQJlJL£J)J>mQJ)JI.

al pi p2 a2
a3 a4 a5

SlSLQJLQJlQJLQJLQJLuJl SLQJLQJLSLSLSLQJl SUULQJlMJi
70 80 90 100 110 120

Lys in aavgdyFIrl got^gplrlyldpiv f f yF3f[Ts|gFJ< m i p p y[s73y mHk l n aTIr p a d vv k
tpo n l k krgIiIl s pho lIlIsIfIsIkIlIp e p tIsIgIv iiaoIa a e i m eIt m qhm kr kMn lk t q q S

SiSLQJLQJULQJlSiJlSLQJlSLQJiJ^ SLQJISLQJLQJLQJiSLQJi
o3 a4

Figure 4.17
An ungapped alignment of lysin with the N-terminal domain of TPO. The

secondary structure of lysine is at the top of the alignment and the predicted

secondary structure (from JPRED) of TPO is indicated at the bottom.
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I Icli.x 5

Figure 4.18
The structure of a monomer of lysin, a model for the N-terminal domain of TPO.

The protein is coloured blue to red from N- to C-termini and the helices are

numbered.

Sequence analysis also shows that there is a potential N-glycosylation site at residue
129 in the N-terminal domain, 13 residues before the start of the peroxidase
domain. This amino acid is eight residues after the C-terminus of the lysin model,
so is predicted to be on a loop linking the two domains on the surface of the protein.
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4.6 Quaternary Structure

Models of the individual domains of TPO do not give information about how the
domains may pack together in the membrane bound dimer. However, the

quaternary structure of TPO is constrained by the dimer and membrane interactions,
the length of the linkers between domains, and the position of the N- and C-termini
of the domains.

The position of the termini and the length of the linkers between domains in the
TPO model are shown in Figure 4.19. The linkage between all domains is less than
ten amino acids, apart from that between the peroxidase domain and the N-terminal
domain which is 21 residues. This implies that there is little flexibility in the C-
terminal domains of TPO. The N- and C-termini of the CCP and EGF domains are

at either end of the structure, implying the domains could form an extended domain

pair. The N- and C-termini of the peroxidase and N-terminal domains are on the
same face of each domain. The proximity of the termini of the peroxidase domain
means that the N-terminal domain and the CCP domain must be relatively close

together. These considerations can be used to propose a model of the potential
orientation of domains, which is shown in Figure 4.20. It is assumed that TPO is a

disulphide linked dimer, but the orientation of the dimer interface is not taken into
account.

4.7 Summary

Models of the individual domains of TPO have been built, and the factors

restricting the orientation of the domains with respect to each other have been
studied. A comparison of the structure of MPO with the model of the peroxidase
domains shows that the key active site residues have a similar position but that the
entrance to the active site has different charge properties. Evidence has been
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provided, based on the position of glycosylation sites, interface hydrogen bonds and
the interchain disulphide, that the dimer interface is different in TPO than MPO.
The conformational epitopes so far reported appear on the surface on the TPO
model. An alignment of TPO with MPO and peroxinectin has identified an RGD
motif in TPO that suggests it may have evolved from an adhesion protein. A model
of the quaternary structure of membrane bound TPO shows that many regions of
the structure will be inaccessible to autoantibody binding due to steric
considerations.

The structure of sperm lysin has been proposed as a model for the N-terminal
domain. Lysin is an adhesion protein, suggesting that the N-terminal domain may

have a similar role, perhaps in mediating interactions with thyroglobulin. The
model of the N-terminal domain shows that the proteolytic cleavage sites identified
in TPO are in accessible sites in loops between a-helices.

TM EGF CCP Peroxidase N-term

Figure 4.19
The length of the linker and position of the termini of the domains in the TPO
model. The linker lengths are shown in white boxes. C- and N-termini are marked
on opposite ends of the boxes if they are at opposite end of the domain, and close

together in the boxes if they are on the same face in the domain.
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A)

Figure 4.20

A model of the possible relative dispositions of the domains of TPO, A) is looking
from above the membrane, B) is rotated by 90°. Yellow, N-terminal domain; red,

peroxidase domain; green, CCP domain; blue, EGF domain; orange,

transmembrane helix; purple, C-terminal domain; black, disulphide bridge.

129



Chapter 5

4F5 and 2G4 Characterisation and Fab

Production

5.1 Introduction

4F5 and 2G4 are antibodies with high affinity for TPO that are produced by RSR
Ltd. 4F5 is a mouse IgGl, kappa monoclonal antibody. 2G4 is a human IgGl,

kappa monoclonal antibody isolated from Hashimoto thyroid lymphocytes. Both
antibodies compete with sera from AITD patients for the binding of TPO.
Structures of 4F5 and 2G4 in complex with TPO would allow identification of the
autoimmune epitopes on TPO.

2G4 has already been studied in detail. The DNA sequence of the V genes has been
determined [Hexham 1992] and competition studies with patient autoantibodies
have been reported [Horimoto 1992], The DNA sequencing of 4F5 was carried out

in order to aid model building of the 4F5 structure. The sequence was analysed to

identify which germline genes had been used, and to locate the position of somatic
mutations. Characterisation of the binding of 4F5 and 2G4 to TPO was undertaken
in order to determine if the antibodies bound the same region on TPO.

IgG molecules are composed of two Fab domains that bind antigen and a Fc domain
that mediates effector functions. The intersegmental flexibility of antibody
molecules hinders crystallisation and can be overcome by crystallising individual

antibody fragments [Boulet 1988], The structure of the combining site of the Fab
domain provides insights into antigen binding. The Fab fragments of 4F5 and 2G4
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were produced and purified. The binding of the Fab fragments to TPO was assayed
to ensure the ability to bind TPO was still present.

The production of 4F5, the DNA sequencing of the V genes of 4F5, and the

competition assays with AITD patient sera were carried out by RSR Ltd. Antibody

fragment purification, Fab fragment assays and analysis of the 4F5 sequence were

carried out by myself.

5.2 4F5 Production and Sequencing

4F5 was produced in mice in response to immunisation with native human TPO and

Freund's complete adjuvant. The spleen was removed and fused with a murine

myeloma cell line to yield a stable antibody-producing hybridoma. The hybridoma
culture supernatant containing 4F5 was then harvested.

4F5 RNA was isolated by using the single-step method with guanidinium

thiocyanate-phenol-chloroform extraction [Chomczynski & Sacchi 1987]. A one

step reverse transcriptase polymerase chain reaction was carried out using
SUPERSCRIPT and GIBCOBRL kits from Life Technologies, with primers

optimised for cloning mouse immunoglobulin genes [Kettleborough 1993], The

primers are shown in Table 5.1 and the PCR cycle is shown in Table 5.2. The PCR

products were phenol extracted, ethanol precipitated and digested with Antll/Sall

(HC) and Ncol/Xhol (LC). The digests were gel purified and cleaned with
Geneclean II kit from Anachem. The HC was ligated to Antll/Sall cut pUC18, the
LC was ligated to a modified pUC18 in which the standard polylinker had been

replaced with a polylinker containing Ncol/Xhol sites. DNA sequencing was

carried out using the Sanger dideoxy method [Sanger 1977] with sequence version
II kit from Amersham using S dATP. Synthetic primers were made 140 bp apart

and both strands were sequenced with long overlaps.
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HC

5'-primer
5'-GTA AGA CGT CMA GCT TCA GGA GTC RGG ACC-3'

3'-primer
3'-ATT AAG TCG ACC KYG GTS YTG CTG GCY GGG TG-3'

LC

5'-primer
5'-ATA TCC ATG GCA RAM ATT KTG CTG ACY CAR TYT CC-3'

3'-primer
5'- CTA CCT CGA GTT AAC ACT CAT TCC TGT TGA AGC-3'

K = T/G, M = C/A, R = A/G, S = C/G, Y = C/T

Table 5 .1

The PCR primers used to clone 4F5.

1. cDNA synthesis and pre-denaturation, 1 cycle
50°C 30 mins

94°C 2 mins

2. PCR amplification, 40 cycles
denature 94°C 30 sees

anneal 48°C 1 min

extend 72°C 2 mins

3. Final extension, 1 cycle
72°C 10 mins

Table 5.2

The PCR cycle used to clone 4F5.
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5.3 4F5 Sequence Analysis

The DNA and protein sequence of 4F5 were analysed using 1GBLAST [Igblast

2000] and ABCHECK [Martin 1996], and DNA alignments were visualised in
CINEMA [Parry-Smith 1998], The Kabat numbering scheme [Wu & Kabat 1970]
is used throughout. A recent report estimates that all but 2-5 mouse Ig kappa

germline V genes have been isolated [Thiebe 1999], However, the mouse IgH V

gene locus has not been systematically studied in detail and the exact number of

germline V genes is unknown.

The DNA sequence of the sense strand of the HC and LC of 4F5, and the deduced

amino acid sequence are shown in Figures 5.1 and 5.2. Alignments of the HC

sequence with that of known mouse Ig germline genes identified homology with
MVARG2 of the VH1 family [Blankenstein 1984], and the Jh2 gene [Sakano

1980], No D-segment gene was unequivocally identified in the HC gene so it is not

clear how many N region insertions make up the 10 bases between the V and J

genes. The LC sequence is most similar to ap4 [Thiebe 1999] of the Vk4/5 family
and Jk2 [Max 1981]. There is a single base N region insertion in the LC. The

alignments of 4F5 DNA with the germline genes are shown in Figure 5.3

In the framework regions there are 18 DNA mutations, of which nine lead to a

change in amino acid type. In the CDRs there are 12 mutations, of which 11 are

replacement mutations. The somatic mutations are listed in Table 5.3. Assuming
the germline genes have been correctly identified, this gives a ratio of replacement
to silent mutations (R:S) of 1.0 for the framework regions (FWRs) and 11.0 for the
CDR 1 and 2. This compares to the R:S ratio of 2.925 for a random sequence

[Jukes & King 1979]. The high R:S ratio in the CDRs compared to the FWRs

indicates that 4F5 has undergone antigen driven selection. The Kabat numbering of
4F5 is shown in Figure 5.4, the somatic mutations are highlighted.
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1 - |GACGTCAAGCTTCAGGAGTCGGGACCTG|AGCTGGTGAAGCCTGGGGCTTCAGTGAGGATA - 60

DVKLQESGPELVKPGASVRI

61 - TCGT GCAAGGCT TC TGGCTACACCTT CACAAGCTAC TATATACACT GGGT GAAACAGAGG - 120

SCKASGYTFTSYYIHWVKQR

121 - CCTGGACAGGGACTTGAGTGGATTGGATGGATTTATCCTGGAAATGTTTATACTAAGTAC - 180

PGQGLEWIGWI YPGNVYTKY

181 - AGTGAGAAGTTCAAGGACAAGGCCACACTGACTGCAGACAAATCCTCCAGCACGGCCTAC - 240

SEKFKDKATLTADKSSSTAY

241 ATGCAGCTCAGCAGCCTGACCTCTGAGGACTCTGCGGTCTATTTCTGTGGAAGAHHBB - 300
MQLSSLTSEDSAVYFCGRDA

301 - JUTTGAGTACTGGGGCCAAGGCACCACTCTCACAGTTTCCTCAGCCAAAACGACACCC - 360

HLEYWGQGTTLTVSSAKTTP

361 - CCATCTGTCTATCCACTGGCCCCTGGATCTGCTGCCCAAACTAACTCCATGGTGACCCTG - 420

PSVYPLAPGSAAQTNSMVTL

421 - GGATGCCTGGTCAAGGGCTATTTCCCTGAGCCAGTGACAGTGACCTGGAACTCTGGATCC - 480

GCLVKGYFPEPVTVTWNSGS

481 - CTGTCCAGCGGTGTGCACACCTTCCCAGCTGTCCTGCAGTCTGACCTCTACACTCTGAGC - 540

LSSGVHTFPAVLQSDLYTLS

541 - AGCTCAGTGACTGTCCCCTCCAGCACCTGGCCCAGCGAGACCGTCACCTGCAACGTTGCC - 600

S SVTVPS STWP SETVTCNVA

601 CACCCAGCCAGCAAGACCAAGGTCCAC - 627

A S K T K V

Figure 5.1
The DNA sequence of the 4F5 HC and the deduced protein sequence shown below.
Boxed sequence is derived from the PCR primer, green sequence corresponds to the
MVARG2 gene, yellow sequence to the JH2 gene and purple sequence to the Dh

gene and N-region insertion. The CDRs are shown in grey.
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I - atggcagaaattttgctgacccaatttcca|gcagtcatgtctgcatctcctggggtgaag - 60
mae i lltq fpavmsas pgvk

61 -gtcaccataacctgcagtgccagctcaagtgtaaatttcattcactggttccagcagaag - 120

vtitcsasssvnfihwfqqk

121 - ccaggcacttctcccaaactctggatttatagcacatccaacctggcttctggagtccct - 180

pgtspklwiystsnlasgvp

181 - gci'cgcttcagtggcagtggatctgggacctcttactctctcacaatcagccgaatggag - 2 40

arfsgsgsgtsysltisrme

24 1 - GCTGAGGATGCTGCCACTTATTACTGCCTGCAAAGGAGTAGTTACCCGTACACGTTCCjd " 300
aedaatyyclqrssypytfg

301 - |GGGGGACCAAGCTGGAAATAAAACGGGCTGATGCTGCACCAACTGTATCCATCTTCCCA - 360
ggtklei kradaaptvs i fp

361 - ccatccagtgagcagttaacatctggaggtgcctcagtcgtgtgcttcttgaacaacttc - 420

psseqltsggasvvcflnnf

421 - taccccaaagacatcaatgtcaagtggaagattgatggcagtgaacgacaaaatggcgtc - 480

ypkdinvkwkidgserqngv

4 81 - ctgaacagttggactgatcaggacagcaaagacagcacctacagcatgagcagcaccctc - 540

lnswtdqdskdstysmsstl

★

541 - acgctgaccaaggacgagtatgaacgacataacagctatacctgtgaggccactcacaag - 600

tltkdeyerhnsytceathk

601 - acatcaacttcacccattgtcaag agcttcaacaggaatgagtgttaactcgag 654

tstspivksfnrnec*le

Figure 5.2
The DNA sequence of the 4F5 LC and the deduced protein sequence shown below.
Boxed sequence is derived from the PCR primer, red sequence corresponds to the

ap4 gene, pink sequence the Jk2 gene, and blue sequence the N-region insertion.
The CDRs are shown in grey.
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ap4 AGAGGACAAATTGTTCTCACCCAGTCTCCAGCAATCATGTCTGCATCTCC
4P5 LC A TGGCAGAAA TTT TGC TGACCCAATTTCCAGCAGTCATGTCTGCATCTCC

. . , 10 20. ....... .30 40 50

ap4 AGGGGAGAAGGTCACCATAACCTGCAGTGCCAGCTCAAGTGTAAGT TACA
4F5 LC TGGGGTGAAGGTCACCATAACC TGC AGT GCC AGC TCAAGTGTAAATTTCA

60 70 80 90 100

ap4 TGCA C TGGTT CCAGCAGAAGCC AGGCAC TTCTCCCAAACTCTGGATTTA T
4F5 LC T TCACTGGTTCCAGCAGAAGCCAGGCAC TTC TCCCAA ACTCTGGAT TTA T

.110 120. ....... .130 140 A50

ap4 A GCA CA T CCA ACC TGGC T T C TGGAG TCC C TGC TC QC TTCAGTGGCAGTGG
4F5 LC AGCACATCCAACC TGGCT T CTGGAGTCC C TGC TCGC TTCAGTGGCAGTGG

........ .160. ....... .170. , .180. .190. ....... .200

ap4 A TCTGGGACCTCTTACTCTCTCACAATCAGCCGAATGGAGGCTGAAGATG
4F5 LC A TC T GGG ACC TCTTACTCTCTCACAATCAGCCGAATGGAGGCTGAGGATG

210. ....... .220. ....... ,230 240. ....... ,250

ap4 CTGCCAC TTATTACTGCCAGCAAAGGAGTAGTTACCC
4F5 LC CTGCCACTTATTACTGCCTGCAAAGGAGTAGTTACCC

,260, ....... .270. ....... .280. ....... .290,

4F5 LC T ACACGT TCGGAGGGGGGA CCAAGC TGGAAA TAA AACG
JK2 TACACGTTCGGAGGGGGGACCAAGCTGGAAATAAAACG

10 20, ... ... . . 30. , . 40 ,

MVAJRG2
4F5 HC

HVARG2
4F5 HC

C TGC AGC AGTCTGGAC C TGAGCTGGTGAAGCCTGGGGCTTCAGTGAAGTT
C TTC AGGAGT CGGGAC C TGAGCTGGTGAAGCCTOGGGCTTCAGTGAGGA T

10 20 30 40 .50

GTCCTGCAAGGCTTCTGGCTACACCTTCACAAGC TACGATATAAACTGGG
ATCC TGCAAGGCTTCTGGCTACACCTTCACAAGC TACTATATACAC TGGG

. 60 . .70. . 80. . 90 . .100

MVAJRG2
4F5 HC

TGAAGCA GAGGCC TGG AC A GGGAC T TGA GTGGA T TGGA TGGATTTATCCT
TGAAACAGAGGCCTGGACAGGGACT TGAGTGGAT TGGATGGAT TTATCCT

110. .120 130, 140. 150

MVAKG2

4F5 HC

MVARG2
4F5 HC

AGAGATGGTAGTACTAAGTACAATGAGAAGTTCAAGGGCAAGGCCACATT
GGAAATGTTTATACTAAGTACAGTGAGAAGTTCAAGGACAAGGCCACACT

,100. ....... ,1UU, ,19U. ,2UU

GACTGTAGACACATCCTCCAGCACAGCGTACATGGAGCTCCACAGCCTGA
GACTGCAGACAAATCCTCCAGCACGGCCTACATGCAGCTCAGCAGCCTGA

.210, ,220, .230, ,240.

MVARG2
4F5 HC

CATCTGAGGACTCTGCUGTCTATTTCTGTGCAAGA
C C TC TG A GG A C TC TGC GGT C T A TT TC TG TGG A AG A

........ ,260, ....... .270, ....... .280, ....... .290.

JH2 T TGA C TA CTGGGGCCA AGGCACCACTCTCACAGTCTCCTCA
4F5 HC T TGAGTA CTGGGGCCA AGGCACCACTCTCACAGTTTCCTCA

,10 , ,20, . , 30. ....... .40. . 50

Figure 5.3
An alignment of 4F5 with the germline genes from which the sequences are likely
to be derived.
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The alignment identified differences between the primer derived DNA sequence of
4F5 and the germline genes. At the 5' end there are seven differences in the LC
and three in the HC. The HC germline sequence begins nine bases upstream from
the start site, so the first three amino acids are unverifiable. In the primer regions
the germline sequence was taken to be correct. The sequences of the Ch and Cl
domains of 4F5 were compared to the sequence of murine immunoglobulin
constant domain gene. A single mutation was found in the LC (546 T—>C) and
three differences were found in the 3' primer region (606 G—>A, 614 G—»A, 615

C-»G).

Region

(HC & LC)

R:S DNA mut'ns Protein mutations

LC HC LC HC

FWRl 2

(4:2)

3 3 I^V, E—»V K^R, L—»I

CDRl QO

(5:0)

3 2 S—»N, Y—»F,

M—»I

D—»Y, N->H

FWR2 0

(0:1)

0 1 none none

CDR2 6

(6:1)

0 7 none R->G, D—>N,

G—»V, S->Y,

N—»S, G—»D

FWR3 0.83

(5:6)

1 10 none V—»A, T—»K,

E->Q, H—>S,

A^G

J 1

(1:1)

0 2 none D^E

Table 5.3

The distribution of mutations in the DNA and protein sequence of 4F5 compared
with the identified germline sequences.
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LI Q
L2 I
L3 V
L4 L
L5 T

L6Q
L7 S
L8P
L9 A
L10 I
LI 1 M
L12 S
L13 A
L14 S
L15 P

L16 G
L17 1
L18 K
L19 V
L20 T

L21 I

L22 T

L23 C
L24 s
L25 A
L26 S
L27 S
L29 s
L30 V
L31 1
L32 p
L33 I
L34 H
L35 W
L36 F

L37Q
L38Q
L39K
L40P

L41 G
L42T
L43 S
L44P
L45 K
L46L
L47 W
L48 I

L49 Y
L50 S
L51 T
L52 S
L53 N
L54L
L55 A
L56 S
L57G
L58 V
L59P
L60 A
L61 R
L62F
L63 S
L64G
L65 S
L66 G
L67 S
L68 G
L69T
L70 S
L71 Y
L72 S
L73 L
L74T
L75 I
L76 S
L77R
L78M
L79E

L80 A
L81 E
L82 D
L83 A
L84 A
L85 T
L86 Y
L87 Y
L88C
L89 |
L90Q
L91 R
L92 S
L93 S
L94 Y
L95 P
L96 Y
L97T
L98F
L99 G
L100 G
L101 G
L102T
L103 K
L104L
L105 E
L106 I
L106A-
L107K
L108R
LI09 A

HI D
H2 V
H3 K
H4L

H5Q
H6Q
H7 S

H8 G
H9P
H10E
HI 1 L
H12 V
H13 K
H14 P
H15 G
H16 A
H17 S
H18 V
H19 I
H20 I
H21 S
H22 C
H23 K
H24 A
H25 S
H26 G
H27 Y
H28T
H29F
FOOT
431 S
432 Y
433 |
434 I
435 |
436 W
H37 V
H38 K

H39Q
H40 R
H41 P
H42 G
H43 Q
H44 G
H45 L
H46E

H47 W
H48 I
H49 G
H50 W
H51 I
H52 Y
H52AP
H53 |
H54 8
H55 I
H56 |
H57T
H58K
H59 Y
H60 S
H61 E
H62K
H63 F
H64K
H65 |
H66K
H67 A
H68T
H69L
H70T
H71 |
H72 D
H73 K
H74 S
H75 S
H76 S
H77T
H78 A
H79 Y
H80M

H81 |
H82L
H8? A S
H82B S

H82CL
H83 T
H84 S
H85 E

H86D
H87 S
H88 A
H89 V
H90 Y
H91 F
H92 C
H93 |
H94R
H95 D
H96 A
H97H
H98L
H101 E
H102 Y
H103 W
11104 G
H105 Q
H106 G
H107T
H108T
H109L
HI 10 T
Hill V
HI 12 S

Figure 5.4
The 4F5 sequence numbered according to Kabat, with CDRs boxed. Residues

highlighted in green are those that differ from the germline sequence. The

sequences in the primer region have been changed to those of the germline and are

highlighted in yellow.
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5.4 4F5 and 2G4 IgG Characterisation

4F5 and 2G4 are bind preferentially to non-reduced rather than reduced TPO

(personal communication RSR Ltd.) and do not inhibit enzyme TPO activity [Gut

2000], Enzyme-linked immunosorbant assay (ELISA) experiments were carried
out in order to determine the relationship between the epitopes on TPO recognised

by 4F5 and 2G4. Further experiments were undertaken to see whether these

epitopes are the same as those bound by autoantibodies from patients with AITD.

100 pi of 0.025 pg/ml of recombinant TPO was added to a Nunc Immuno Module

MaxiSorp plate coated with 2G4. 50 pi of 0.2 pg/ml biotin labelled 4F5 was added
and the reaction incubated for 30 minutes at room temperature with shaking. The

plates were washed three times and 100 pi of a streptavidin-peroxidase (SA-POD)

conjugate and 100 pi of tetramethyl benzidine (TMB) substrate were added. The
reaction was incubated for 15 minutes in the dark and quenched with 50 pi of 2M

H2SO4. The absorbance at 450 nm was then measured. The assay is illustrated in

Figure 5.5A. The OD450 was 0.14 with no TPO added, and 2.25 with TPO added.
As 4F5 can only bind to TPO if it reacts with a different epitope from 2G4, this
shows that the 4F5 and 2G4 recognise different epitopes on TPO.

In a second experiment (Figure 5.5B), a NIBSC (National Institute for Biological
Standards and Control, Potters Bar, UK) polyclonal, human TPO autoantibody
standard was used with 4F5 or 2G4 coated plates. 100 pi of NIBSC standard,
diluted 1:10 in 0.025 pg/ml of TPO in assay buffer and 10% normal human serum,

and 50 pi of 2G4-Bi in assay buffer (0.2 pg/ml) were added to the plate and
incubated for 30 minutes shaking at room temperature. The plate was washed three

times, 100 pi of SA-POD conjugate was added, and the reaction incubated for 15

minutes in the dark. 50 pi of 2M H2SO4 was used to quench the reaction and the

OD450 read. The results (Figure 5.6A) show that the TPO autoantibody standard
inhibited the binding of 2G4 and 4F5 to TPO. This indicates that the epitopes
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recognised by 2G4 and 4F5 antibodies are similar to those recognised by TPO
autoantibodies from patients with AITD.

A) | -2G4 (±) TPO + 4F5-Bi SA-POD + TMB

B) | -4F5 l TPO + 2G4-Bi + SA-POD + TMB

\ /
TPO Ab standards

C) | -4F5 + TPO-Bi + SA-POD + TMB

t
TPO Ab patient sera

Figure 5.5
The ELISA experiments.

A) Comparison of the epitopes of 4F5 and 2G4 on TPO, B) Competition for TPO

binding with antibody standards, C) Competition for TPO binding with patient sera.

Bi (biotin), (SA-POD (streptavidin-peroxidase), TMB (tetramethyl benzidine).

A third experiment (Figure 5.5C) used 4F5 or 2G4 coated plates to test the effect of
TPO antibody positive sera of TPO-Bi binding. 50 pi of a patient serum sample

and 100 pi of 0.01 pg/ml TPO-Bi were incubated for 60 minutes with shaking at

room temperature and then washed three times. 50 pi of a 1 pg/ml SA-POD

conjugate was added and the reaction incubated for 30 minutes at room temperature

with shaking. After three washes, 100 pi of TMB substrate was added. The

reaction was incubated for 20 minutes in the dark and 50 pi of 2 M H2SO4 was

added to quench the reaction. The absorbance at 450 nm was then measured. For

comparison, the total amount of TPO autoantibodies in each sera were estimated

using a radioimmunoassay. The results (Figure 5.6B) show that all the TPO
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antibody positive sera inhibit binding of TPO to 4F5 or 2G4 indicating that these
sera contain TPO Ab reactive with 4F5 and 2G4 epitopes. The degree of inhibition
was related to the total amount of TPO autoantibodies present.

0 0.67 2 6.7 20

TPO Ab unit/ml

B)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Patient sera

□ Total TPO antibodies ca4F5 coated plate a2G4 coated plate

Figure 5.6

Results from the 4F5 and 2G4 ELlSAs.

A) Competition for TPO binding with antibody standards.

B) Competition for TPO binding with patient sera, the total TPO antibodies is in

antibody units /ml.
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5.5 4F5 and 2G4 Fab Fragment Production

4F5 was received as a hybridoma culture supernatant, intact 2G4 had already been

purified. 4F5 supernatant was mixed with double strength binding buffer (2 M

glycine, 0.3 M sodium chloride pH 8.6) and run on an affinity column containing 2
mis of protein A bound to glass beads (Prosep A) in binding buffer. The antibody
was eluted with 0.1 M citrate pH 3.0, the fractions were monitored by their OD28o,
and the elution peak containing antibody was pooled. The pooled peak was

dialysed overnight into phosphate buffered saline (PBS) at pH 7.4. The elution

profile of the protein A column and corresponding SDS-PAGE are shown in Figure
5.7. The elution peak is 4F5 and the flow-through is contaminating proteins,

mainly BSA.

Purified 4F5 and 2G4 IgGs were cleaved into Fab and Fc fragments using papain.
The IgG was concentrated to 4 mg/ml and then incubated with 20 mM EDTA, 100
mM L-cysteine and 18 mg/ml papain at 0.05% v/v (2G4) or 0.1% v/v (4F5) for 6
hours at 37°C. These conditions were found to be optimal by setting up trial digests
at different papain concentrations and incubation times. The maximum reaction
volume that was successful was 500 pi. The reaction was quenched by adding 200
mM iodoacetamide and incubating for 30 minutes at room temperature.

The digested antibody was dialysed into binding buffer overnight and run on a

protein A column, using the protocol for the intact IgG purification. The flow

through was collected and dialysed overnight into TPO buffer (50 mM sodium

chloride, 20 mM Tris pH 7.6, 0.1 mM potassium iodide). The purified Fab and Fc
were filtered through a 0.45 pm filter and concentrated to about 8 mg/ml in a

Centricon 10 Mw cut-off concentrator. The SDS-PAGE of the papain treated 4F5
and 2G4 is shown in Figure 5 .8, along with the elution profile of the protein A
column. The percentage yield was 11% for 4F5 and 20% for 2G4. The yield for
each step is shown in Table 5.4.
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A)

Figure 5.7
The elution profile of the Protein A column used to purify intact 4F5 (A) and a 12%
reduced SDS-PAGE gel showing the 4F5 purification (B).
1. Markers 3. Flow through 5. Elution
2. Load material 4. Wash
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Figure 5.8

The elution profile of the Protein A column used to purify 4F5 Fab (A) and a 12%
reduced SDS-PAGE gel of 4F5 and 2G4 Fab purification (B).

1. Low molecular weight markers
2. 4F5 IgG 6. 2G4 IgG
3. 4F5 Papain digest 7. 2G4 Papain digest
4. 4F5 Fc 8. 2G4 Fc

5. 4F5 Fab 9. 2G4 Fab
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Step 4F5 2G4

Amount (mg) Yield (%) Amount (mg) Yield (%)

Cell supernatant 21.3 100 - -

Protein A column I 14.6 69 22.9 100

Papain digest 9.8 46 16.8 73

Protein A column II 5.7 26 9.7 42

Concentration 2.3 11 4.5 20

Table 5.4

The yield from each step of the 4F5 and 2G4 Fab purification.

5.6 4F5 and 2G4 Fab Fragment Characterisation

During the purification procedure a radioimmunoassay (RIA) was used to monitor
the concentration of 4F5 and 2G4 IgGs and Fab fragments. Following purification,
the binding of the Fab fragments to TPO was characterised and the affinity constant

for the interaction was estimated using Scatchard analysis. The affinity constant of
the binding of full length IgGs to TPO was also carried out to allow comparison.

The full-length antibodies were assayed for TPO binding using a direct

radioimmunoassay [Beever 1989], 125I-labelled TPO (RSR Ltd), anti-mouse IgG
coated cellulose suspension (Sac-cel) and the antibody sample were diluted in assay

diluent (lOmM Tris pH 7.5, 150 mM NaCl, 0.1 mM bovine serum albumin, 10 mM
sodium azide, 0.1% Tween). 50 pi of serial dilutions of a 0.2 mg/ml antibody

preparation were mixed with 50 pi of 125I-TPO and the reactions incubated for one

hour at room temperature. 100 pi of Sac-Cel was added to each tube and incubated
for a further hour at room temperature. Finally 1 ml of assay diluent was added to

each tube, the tubes vortexed, and then spun at 2400 rpm for 30 minutes at 4°C.
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The supernatant was aspirated and the radioactivity of the pellets counted for 1
minute.

The assay for 2G4 was identical, except that 50 p.1 of Protein A instead of Sac-cel
was used as the precipitating agent. All tubes were set up in duplicate and the mean

count used in calculations. Percentage binding was calculated as the counts per

minute for the sample divided by the total counts per minute for the 'total' tube (50

p.1 of 125I-TPO only). Percentage binding was then converted to antibody
125 •concentration using a calibration curve of antibody standards. The amount of I in

the pellet measures the percentage antibody binding as the radiolabelled TPO will

only be precipitated if bound to Sac-Cel via the antibody. The calibration curve

using 4F5 standards for the direct assay RIA is shown in Figure 5.9. The graph is

sigmoidal and calibrations readings were taken from the central linear section.

log concentration ng/ml

Figure 5.9
The calibration curve for the 4F5 antibody direct assay RIA.
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The same assays were used to characterise the binding to TPO of Fab fragments.

However, as Protein A interacts with the Fc region of IgGs, the 4F5 Fab assay was

modified. A new assay was developed incorporating an anti-Fab antibody to

interact with the Sac-cel antibody. 50 pi of 125I-labelled TPO and 50 pi of 4F5 or

2G4 Fab (10 to 106 dilution of a 0.2 mg/ml solution) were incubated for one hour at

room temperature. 50 pi of Fab specific antimouse IgG from goat (diluted 1:102)
was then added and incubated for a further hour at room temperature. 100 pi of
Sac-cel binding goat antibodies was added and the tubes were incubated for a final
hour at room temperature before spinning and counting as before. The method used
to assay IgG and Fab concentration is summarised in Figure 5.10.

4F5 IgG 2G4 IgG 4F5 Fab 2G4 Fab

TPO

Ig/Fab

Anti-Fab

Sac-

Cel/Protein A

Y

r

r i

Y

Y

i

Y

Y

Key

^ i25I-TPO Y Sample Ig

Q Protein A | Sample Fab

Anti-Fab

Sac-Cel

Figure 5.10
The methods used to assay the 2G4 and 4F5 IgG and Fab fragments.
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In order to determine the affinity of 4F5 and 2G4 for TPO, Scatchard analysis was

used [Scatchard 1949], A similar assay to that used to calculate percentage binding
was carried out, except that 50 pi of cold TPO was added to the first incubation.
Each assay was repeated. 4F5 Fab was assayed with mouse Sac-Cel in addition to

adding anti-Fab IgG and goat Sac-Cel, as the two methods gave similar results. The

affinity constant, Ks, was calculated using the equation:

v = n - Ks v/[L]

where v is the number of moles of TPO bound per mole of antibody, n is the
number of identical non-interacting sites on the antibody and [L] is the
concentration of free TPO. A graph of v against v/[L] (Scatchard plot) has a slope

of-Ks with an intersect on the v/[L] axis of n. The specific activity of the 125I-TPO
was 740 Bq/ng and the gamma counter efficiency was 0.78.

The total TPO (ng/tube) is calculated as follows:

Total TPO = Cold TPO + Hot TPO

Where:

Hot TPO = Count of'total' tube/740 (Bq/ng) x 0.78 x 60 sec

The bound TPO concentration (ng/tube) is calculated as follows:

[% binding - background % binding (buffer only control)] x total TPO ng/tube
0.78 x 100

The free TPO concentration (ng/tube) is:

Total TPO - Bound TPO

The bound TPO is converted to molar concentration:
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TPO (g) / Mr TPO (90 000) x vol in assay tube (1)

A graph was plotted of bound/free TPO against bound TPO, and the gradient of the
best-fit line through the points was calculated using Trendline in Microsoft Excel.

The percentage binding of the purified, intact 4F5 and 2G4 and Fab fragments to

TPO is shown in Figure 5.11. Nonspecific binding is measured by the percentage

binding in the presence of zero standard and was 2.73% ± 0.69 (mean ± SD, n = 11)

for 2G4, and 2.92% ± 0.34 (n = 19) for 4F5. Five out of the six curves show similar

sigmoidal behaviour as the calibration curve, showing that the purified IgGs and
Fabs bind to TPO. 2G4 Fab assayed with Protein A show no evidence for binding,
as protein A binds to the Fc region of antibodies this result was expected. In

contrast, mouse Sac-cel interacts with 4F5 Fab to the same extent as the interaction

of with full length IgG. This indicates that the anti-Ig antibody is specific for the
Fab region of murine antibodies.

The concentration of IgG molecules read from the calibration curve was

comparable with that estimated by measuring the absorbance at 280 nm. The same

concentration of IgG and Fab molecules were used in all six experiments, however
the different assay procedure used in each case means that the results are not

directly comparable. For example, 2G4 Fab (assayed with anti-Fab and goat Sac-

cel) shows higher percentage binding than 2G4 IgG (assayed with protein A) due to

the use of protein A instead of Sac-cel.

Scatchard analysis of the anti-TPO antibody interactions is shown in Figure 5.12.
The analysis gave approximately linear plots, as measured by the R2 value (a perfect

straight line has an R2 of 1). The affinity constants were calculated assuming a

univalent interaction and are shown in Table 5.5. The results show that the affinity
of 4F5 IgG for TPO (2.4 x 109M_1) is about ten-fold higher than 2G4 IgG (4.2 x 108
M"1). Both the 4F5 Fab and 2G4 Fab have slightly lower affinities than the full
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length antibodies for TPO (1.5 x 109 M"1 and 1.4 x 108 M"1 respectively). The two

runs of the 4F5 Fab assay (with and without the anti-Fab) gave similar results,

showing that addition of the anti-Fab antibody does not affect the outcome of the
2G4 experiment.

1 2 3

log antibody concentration

—*-4F5 IgG 4F5 Fab Mouse Sac-Cel

4F5 Fab Goat Sac-Cel -*-2G4 IgG
2G4 Fab Protein A ~~2G4 Fab Goat Sac-Cel

Figure 5.11
The percentage binding of 4F5 and 2G4 Igs and Fabs to TPO.
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Antibody Experiment 1 Experiment 2 Mean KSM 1
Ks M"1 R2 Ks M"1 R2

2G4 IgG 4.2 x 108 0.89 4.2 x 108 0.98 4.2 x 108

2G4 Fab (anti-Fab) 1.5 x 108 0.74 1.3 x 108 0.74 1.4 x 108

4F5 IgG 2.9 x 109 0.97 1.9 x 109 0.75 2.4 x 109

4F5 Fab 1.5 x 109 0.94 1.5 x 109 0.76 1.5 x 109

4F5 Fab (anti-Fab) 2.0 x 109 0.87 4.2 x 109 0.82 3.1 x 109

Table 5.5

The results of Scatchard analysis of 2G4 and 4F5 intact antibody and Fab

fragments, each experiment was repeated and the mean calculated.

Affinity constants of cloned TPO autoantibodies range from 1.4 x 108 M"1 to 1 x

1011 M"1 [Mcintosh 1998], and the affinity of autoantibodies to TPO in patients'
sera are reported to be 1 x 109 M"1 [Beever 1989], The calculated affinities of 4F5
and 2G4 antibody and Fab fragments fall within the range of those observed in
cloned autoantibodies and are similar to that of patient sera. The affinity of 2G4 for
TPO is ten fold lower than that previously reported for 2G4 [Horimoto 1992] (2.5 x

109 M"1). The same method for calculating the affinity constant was used in both

cases, the only difference being that 2G4 had been re-cloned for the second
determination. It is unclear if re-cloning has altered the affinity constant, or if the
difference was due to experimental technique.

The similar affinity constants obtained for the full length and Fab fragments of 2G4
and 4F5 confirm that the purified Fab domains have retained the ability to bind
TPO. The slightly higher affinity of the full-length molecules compared with the
Fab may be due to the ability of the full-length antibody to form bivalent
interactions with two TPO molecules. Alternatively, some of the Fab may have lost

binding affinity, for example due to denaturation during preparation.
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Figure 5.12
Scatchard analysis of A) 4F5 and B) 2G4 IgGs and Fab fragments.
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5.7 Summary

The variable domain DNA of the LC and HC of 4F5 has been sequenced. The

germline V and J genes have been identified and replacement somatic mutations
found to be concentrated in the CDRs.

The binding of 4F5 and 2G4 to TPO has been studied. It has been shown that 2G4
and 4F5 recognise two different epitopes on TPO, and that these are the major

epitopes recognised by autoantibodies from patients with AITD.

In preparation for crystallisation of 4F5 and 2G4, the Fab fragments of both
antibodies have been produced and purified to homogeneity. Characterisation of
the Fab fragments showed that they bound to TPO with high affinity. 2G4 Fab
bound to TPO with an affinity of 1.4 x 10 8 M"1, 4F5 Fab bound with an affinity of
1.5 x 10 9 M"1. The affinities were comparable with those of the full-length

antibodies, showing that the Fab fragments had the same TPO binding properties.
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Chapter 6

4F5 Crystallography

6.1 Introduction

2G4 is a human IgGl, kappa monoclonal antibody isolated from Hashimoto thyroid

lymphocytes. 4F5 is a mouse IgGl, kappa monoclonal antibody. Each antibody
has been shown to bind to a different autoimmune epitope on TPO.

The structure of the Fab fragments of 2G4 and 4F5 will allow study of the nature of
the antibody combining sites. The Fc fragment of TPO autoantibodies also has

biological interest as the effector functions mediated by this region have been

implicated in disease [Salvi 1988],

Crystallisation of the Fab fragments of 4F5 and 2G4 and the Fc fragment of 2G4
was therefore attempted. Crystals were grown of each fragment and data were

collected from 4F5 Fab. The large number of solved Fab structures, all with the
same fold, makes molecular replacement the obvious method for solving the phase

problem.

6.2 Crystallisation

Pure 4F5 Fab (8.3 mg/ml), 2G4 Fab (9.3 mg/ml) and 2G4 Fc (6.2 mg/ml) in 50 mM
sodium chloride, 20 mM Tris pH 7.6, 0.1 mM potassium iodide were used to set up

Hampton Screens I and II using the hanging drop method as described in 3.2. The
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drops contained 1-2 pi of protein and 1-2 pi of reservoir, and the plates were kept at

room temperature.

a) 4F5 Fab

Crystals and plates of 4F5 were observed in the following conditions after one to

three days:

• 20 % PEG 8K, 0.1 M sodium cacodylate pH 6.5, 0.2 M magnesium acetate

tetrahydrate
• 30 % PEG 4K, 0.1 M Tris pH 8.5, 0.2 M sodium acetate trihydrate
• 30% PEG 4K, 0.1 M trisodium citrate dihydrate pH 5.6, 0.2 M ammonium acetate

• 2% PEG 400, 2.0 M ammonium sulphate, 0.1 M Hepes pH 7.5
• 2 M ammonium sulphate, 0.1 M Tris pH 8.5
• 2 M ammonium sulphate
• 0.2 M ammonium sulphate, 0.1 M MES pH 6.5, 30 % PEG MME 5K
• 20 % PEG 10 K, 0.1 M Hepes pH 7.5

The most promising looking crystals were in the first two conditions and these were

optimized by varying pH from 6 to 9, using 30% PEG 4K and 20% PEG 8K and
with both 0.2 M magnesium and sodium acetate. Crystals grew in many of the

optimised conditions. The crystals dissolved due to temperature fluctuations during

transportation but re-grew after two weeks at 20°C. The crystals were about 200

pm long and are shown in Figure 6.1.
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• «

Figure 6.1

Crystal of 4F5 Fab grown in 20 % PEG 8K, 0.1 M Tris pH 8.0, 0.2 M sodium
acetate.
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b) 2G4 Fab

Rhombohedral crystals about 50 jam in length were observed in 0.5 M lithium

sulphate monohydrate, 15% PEG 8K after two days. Attempts to optimise the

crystals in 0.3 M to 0.8 M lithium sulphate and 10 % to 20 % PEG 8K failed to

produce any crystals. Fishing for the original crystals with cryoloops was

problematic as the drop had become biphasic and the crystals clumped together. A

repeat of the successful Hampton Screen condition on the same protein preparation

produced heavy precipitate rather than crystals, and this was thought to be due to a

modification of the protein caused by storage at -70°C. A fresh protein preparation
was carried out and the protein set down for crystallisation trials without being

subjected to low temperatures, but no crystals could be grown. As no diffraction
data could be collected, and the crystals could not be reproduced, it could not be
confirmed that the crystals were of 2G4.

c) 2G4 Fc

After a few hours many small rods were visible in 0.2 M ammonium acetate, 0.1 M
trisodium dihydrate pH 5.6, 30% PEG 4K. After one day larger rods had grown in
0.2 M ammonium sulphate, 0.1 M sodium cacodylate pH 6.5, 30% PEG 8K. Both

crystals are shown in Figure 6.2. The crystals were flash frozen in 15% glycerol
and also mounted in quartz capillaries at room temperature, but no diffraction was

observed with in-house X-rays. This was probably due to disorder in the crystals.

Optimization of the crystallisation conditions failed to produce any diffracting

crystals.
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Figure 6.2

2G4 Fc crystals in A) 0.2 M ammonium acetate, 0.1 M trisodium dihydrate pH

5.6,0% PEG 4K B) 0.2 M ammonium sulphate, 0.1 M sodium cacodylate pH 6.5,
30% PEG 8K.
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6.3 Data Collection

Crystals of 4F5 Fab grown in 0.2 M sodium acetate, 20 % PEG 8K 0.1 M Tris pH

8.0 were place in a 15% solution of glycerol in mother liquor for 2 minutes and then
fished into a 0.5 mm diameter loop and flash-frozen at 100 K in liquid nitrogen.
Data were collected at the Deutsches Elecktronen-Syncrotron (DESY), Flamburg on

beamline XI1, X = 0.902 A, on a MAR-CCD detector (165 mm), with a crystal to

detector distance of 150 mm. 145 frames were collected with an oscillation angle of
1° and a dose dependent exposure time of approximately five minutes per image.
The experimental set-up is shown in Figure 6.3. The data were indexed and scaled

using the programmes DENZO and SCALEPACK from the HKL suite

[Otwinowski & Minor 1996],

Figure 6.3

The experimental set-up at the X-ll station.

(1) Mar imaging plate, (2) video microscope, (3) collimator (4) mounting structure

(5) beam exit (6) detector translation (7) optical table (8) aluminium frame structure

on wheels, (9) rotation axis for crystal with an integrated angle measuring device.
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The 4F5 Fab crystals diffracted to 1.86 A, a typical diffraction image is shown in

Figure 6.4. The images indexed in crystal class P2 and the presence of OkO

systematic absences indicated a screw axis along b. Therefore the space group was

assigned as P2], The unit cell is a = 36.7 A, b = 83.7 A, c = 68.7 A, a = y = 90 °, P
= 99.1 °. The Matthews calculation (Section 3.2) gave 43% solvent with one

molecule in the asymmetric unit. The data collection statistics are given in Table
6.1 and the space group diagram in Figure 6.5.

All Data Highest Resolution
shell (1.93 - 1.86 A)

Space group P2, -

Unit Cell a = 36.7 A, b = 83.7 A, c = 68.7 A,

p = 99.1 °

Measured

Reflections

153 646

Unique Reflections 33 420 3 138

Rmerge f (%) 3.0 9.0

I/sigl 27.5 6.5

Completeness (%) 96.3 91.1

Mosaicity (°) 0.30 -

Resolution (A) 1.86 -

Table 6.1

The data collection statistics for 4F5.

t Rmerge = Z 11 (k) - <I> | / E I (k), where I (k) is the value of the kth measurement of the intensity of a

reflection, <I> is the mean value of the intensity of that reflection and the summation is over all
measurements.
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Figure 6.4
The diffraction image of a 4F5 crystal.
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Figure 6.5
The space group diagram for P2i.

6.4 Molecular Replacement

The scaled intensities must be combined with phases in order to calculate electron

density. Molecular replacement is an ideal approach for solving a Fab structure

given that there are over 200 known structures in the database [ABG 2000], All
known Fab structures have the same overall structure, the main difference being the
elbow angle between the constant and variable domains, which can range from
127.2° to 176.2° [Padlan 1994], Therefore, the variable and constant domains need
to be treated separately in molecular replacement.

The merged reflection file from SCALEPACK was converted to mtz format using
the CCP4 programme SCALEPACK2MTZ [Collaborative Computer Project
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Number 4 1994], which uses TRUNCATE to convert intensities into structure

factor amplitudes (Fs) and CAD to sort the data into the correct asymmetric unit of

reciprocal space. The format of the reflection file was converted into X-PLOR

[Brunger 1992] format (F0bS) using MTZ2VARIOUS. The pdb file used for
molecular replacement was HyHEL-5, an antibody complexed with lysozyme

(2hfl). This is a mouse IgGl kappa antibody solved to 2.5 A. Sequence identity
could not be taken into account when choosing the molecular replacement model as

the sequence of 4F5 was not known at this stage. The pdb file was converted to X-
PLOR format using PDBSET [Collaborative Computer Project Number 4 1994],
and a pdb and protein structure (psf) file for input into X-PLOR were created using
GENERATE. A psf file contains atom, bond, dihedral and hydrogen bonding
terms.

The first step is a cross-rotation function performed in Patterson space. A Patterson

map of the whole 2hfl Fab molecule was calculated, and rotated with respect to that
of 4F5, using data from 10 A to 4 A and an angular grid size of 5 °. The structure

factors were compared at each orientation and their correlation expressed by an R-

function. The orientation was expressed in Eulerian angles, 0i, 02, and 03 [Brunger

1992], Local rotation functions using the variable and constant domains were

performed 30° either side of the direct rotation function peak.

The translation search involves moving the 2hfl molecule through the asymmetric
unit and calculating structure factors which are then compared to those of 4F5.
Both domains were rotated to their refined position and a Patterson correlation
translation search was carried out with data from 15 A to 4 A. A pdb file of the
translated constant and variable domains was then produced and an R-factor
calculated. The resulting pdb file was used in a translation search with the whole
molecule. The method is summarised in Figure 6.6.
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2hfl.pdb

Figure 6.6
The procedure for molecular replacement of a Fab molecule in X-PLOR.
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The direct rotation function gave a top peak of (0i = 182.254, 02 = 15.000, 02 =

142.254) with a R-function of 0.1165. The next highest R-function was 0.0888.

The local rotation functions gave peaks of (0i = 182.005, 02 = 15.005, 03 =

144.505) and (0, = 192.007, 02 = 35.008, 03 = 134.504) for the variable and

constant domains respectively, with R-functions of 0.1625 and 0.1378. The relative
translation search gave an R-factor of 50.4% and the translation search of the whole
molecule gave an R-factor of 43.6%.

Rigid body refinement was carried out with the whole Fab molecule using X-PLOR
with data from 10 A to 4 A. Rigid geometry is assigned to the whole structure and
the position and the orientation in the unit cell is optimised. This was followed by
refinement in which the variable and constant domains were treated as separate

rigid bodies using data from 8 A to 4 A. Rigid body refinement of the whole Fab to

4 A gave an R-factor of 42.0%, refinement of the position of individual domains to

2 A gave an R-factor of 47.3%. The translated and rotated pdb file was read into
the molecular graphics programme O [Jones 1991], and the symmetry related
molecules displayed. The molecules pack in a head-to tail fashion as is shown in

Figure 6.7.

6.5 Refinement

Refinement was carried out with of cycles of reciprocal space calculations, and real

space model building, as shown in Figure 6.8. Reciprocal space refinement was

carried out in CNS [Brunger 1998] and progression was monitored using R-factors.
A 4F5 reflection file was created with a test set of 5% of all reflections flagged,
these were then omitted from refinement. The RWOrk is the R-factor corresponding
to reflections in the working set, and the Rgee is a more independent measure as it is
the R-factor calculated from test set reflections only.
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Figure 6.7

Packing of the 4F5 molecules in the unit cell, viewed down the Y-axis. Each Fab
molecule is shown in a different colour, variable and constant domains are labelled.
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Figure 6.8
The refinement procedure in CNS.
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The correctly positioned and orientated 2hfl pdb file was used to create a pdb and
molecular topology file (mtf) in GENERATE. An mtf file is the equivalent of an

X-PLOR psf file. B-factors were estimated from the Wilson plot in TRUNCATE to

be 16.8 A2. Bulk solvent correction, in which the regions of electron density

corresponding to solvent are flattened, was used throughout.

Simulated annealing was carried out using data from 20 A to 1.86 A with a starting

temperature of 2500 K and 1000 cycles of molecular dynamics steps with a drop in

temperature of 25 K at each step. Least-squares fitting of the position of the atoms

and the B-factors was then used, initially with overall anisotropic B-factor
correction. 20 steps of energy minimisation were followed by 10 steps of restrained
individual isotropic B-factor minimisation. Refinement in CNS gave a Rfree of
39.5% and a Rwork of 34.9%.

A sigma-A weighted 2F0bs - Fcaic map was calculated in CNS using phase
information from the 2hfl model. The electron density maps were visualized in O,
the initial 2F0bs - Fcaic map was of good quality. As the amino acid sequence of 4F5
was not available, the residue type present in the phasing model was maintained,
unless a mutation was obvious, in which case the residue was changed to alanine.
36 out of 212 residues of the LC and 21 out of the 215 residues of the HC were

mutated to alanine. Loop regions that deviated from the electron density were

remodelled using lego-loop. Loops LI, L2 and HI appeared to have similar
conformations to the phasing model and were retained. However, residues L90-93

(L3), H61-67 (H2) and H97-105 (H3) deviated from the density and were removed
from the model. After a further round of refinement in CNS H2, H3 and L3 could

be modelled with confidence.

Waters were added in CNS using automatic selection, with the minimum peak

height set at 3o and the distance between water and any atom in the range 2.6 A to

4 A. Rounds of manual rebuilding, refinement in CNS, and addition of water

molecules led to a steady improvement of the map quality and assignment of all the
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residues to specific amino acids. Ambiguous residues in the complementarity

determining regions, such as aspartate/asparagine and glutamate/glutamine were

assigned by studying F0bs - Fcaic maps, contoured at +3o and -3a, of the 4F5
structure containing each of the possible amino acids. A cis-alanine was identified
at residue H96 (in CDR H3), and a new parameter file to maintain cis geometry was

created in CNS and used in subsequent refinement steps.

Towards the end of the refinement, the DNA sequence of 4F5 was determined. The
amino acid sequence changes were incorporated into the model and refinement
concluded with cycles of energy minimisation and individual B-factor refinement.
The 4F5 amino acid sequence as deduced from the DNA sequence was the same as

that derived from the structure except for 67 residues (16% of all residues). The

single residue deletion in 4F5 LI and the five residue deletion in 4F5 H3, as

compared to 2hfl, had been correctly identified from the electron density.

The 67 residues that were incorrectly identified from the electron density map fall
into two categories. Slightly over half of the changes led to small differences in the

properties of the amino acids, for example from an asparagine to an aspartate, and
were due to ambiguous density. The remainders were more substantial changes, for

example alanine to glutamate. Inspection of the electron density map around the
latter residues showed that density did not extend over the whole side chain. For

example, density limited to the Ca of a glutamate, made it appear to be an alanine.
The lack of electron density around these residues was probably due to thermal or

static disorder.

An alignment of the phasing model, the sequence identified from the structure, and
the sequence derived from the DNA sequence is shown in Figure 6.9. The identity
between the phasing model amino acid sequence and that of 4F5 is 79%. The
amino acid differences between 4F5 and 2hfl are clustered in the CDRs. Both 4F5

and 2hfl share the same HC and LC constant regions.
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From structure
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AQTNSMVTLG CLVKGYFPEP VTVTWNSGSL SSGVHTFPAV LQSDLYTLSS
. ...||M§TLG CLVKGYFPEP V§VTWNSGSL S§GVHTFPAV L(SDLYTLSS
....SMVTLG CLVKGYFPEP VTVTWNSGSL SSGVHTFPAV LQSDLYTLSS

Phasing model
From structure

From DNA

SVTVPSSTWP SETVTCNVAH PASiTKVDKK IVPRD

SVTVPgsTWP S|TVTCNVAH PASfTKVDKK l|p..
SVTVPSSTWP SETVTCNVAH PASKTKVDKK IVPR.

Figure 6.9
An alignment of the 2hfl sequence, the 4F5 sequence derived from the electron

density map, and the 4F5 sequence deduced from the DNA sequence. The
differences between the true 4F5 sequence and that derived from the structure are

highlighted in blue, and between 4F5 and 2hfl in green. CDR residues are boxed.
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Final refinement gave an Rfree of 22.9% and an Rwork of 19.3%. 327 water

molecules were built into the structure. The LC is from LI to L213, with L156 and

LI57 omitted from the model due to insufficient electron density. The HC model
runs from H1 to H213, and is missing residues HI28 to HI33. Example sections of
the final electron density map are shown in Figure 6.10. The progression of Rfrce
and Rwork during refinement is shown in Figure 6.11.

6.6 Validation

A Ramachandran plot was generated using Procheck [Laskowski 1993], Further
model statistics were generated in CNS.

The dihedral angles phi (((>) and psi (vp) are defined in Figure 6.12 and the
Ramachandran plot is shown in Figure 6.13. The geometry and stereochemistry of
the model are good, with 92.2% of residues in the most favoured region of
conformational space. The residue in a disallowed region (threonine L51) is in a

strained conformation with angles cp = 70.0° ([> = -49.6°. These are similar to the

average angles that this residue adopts in 17 high resolution Ig structures [Al-
Lazikani 1997], The rmsd for bond angles is 1.39° and 0.0048 A for bond lengths.
The average B-factor over the whole structure is 17.00 A2, with a minimum of 4.33
A2 and a maximum of 66.54 A2.

A total of eighteen residues of amino acid type arginine, lysine and glutamate had

poor electron density for some side chain atoms. Two of these residues were in the
CDRs (glutamate H61 and lysine H64). The lack of density was probably due to

thermal or static disorder of the side chains. The residues that have poor density are

listed in Table 6.2 and example electron density from two of these residues shown
in Figure 6.14.
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B)

Figure 6.10
Sections of the final 2F0bs- Fcaic electron density map.

A) Stereo diagram of P-strands (b and e) of the LC forming anti-parallel sheet C,
contoured at 1 sigma.

B) An example of the electron density around water molecules, contoured at 1

sigma.
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Figure 6.11
A graph showing the value of RWOrk and Rfree during refinement.

Figure 6.12

A stereo diagram of the main chain conformational angles in a polypeptide, phi (<|>)
and psi (\|/). In the diagram both angles are 180°.
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Figure 6.13
A Ramachandran plot of the 4F5 structure.

The dihedral angles phi (<j>) and psi (vj/) are plotted. The most favourable regions of
conformational space are indicated by the dark polygons, the lighter grey indicates
less favourable regions and disallowed angles are found in white regions. Glycines
are indicated by triangles, squares represent all other residues. The region labelled
a corresponds to a-helices, b to P-sheets, 1 to left handed helices, and p to

polyproline conformations.
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LC No density from atom HC No density from atom

K 77 Cy K 3 NC
K 103 NC K 13 NC
E 105 Cy K 23 Cy

K 147 Cy *E 61 C5

K 149 Ce *K 64 C5

R 155 C5 K 66 Ce

K 169 cp E 85 Cy

E 195 Cy K 115 C8

K 203 C8

K 205 Ce

Table 6.2

Residues that had side chain density missing, starred residues are in the CDRS.

Figure 6.14

Lysine residues with side chain density missing, a 2F0bS - Fcaic map contoured at 1

sigma.
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6.7 Summary

Crystals of the Fab and Fc fragments of 2G4 were grown, but no diffraction data
could be collected. It is possible that further purification and optimisation of the

crystallisation conditions may yield diffracting crystals. This was attempted for
2G4 Fab but the crystals could not be reproduced using the original conditions.

The crystals of 4F5 Fab diffracted to 1.9 A resolution and were of space group P2i.
A data set of 96% completeness was collected using synchrotron radiation. The
structure was solved using molecular replacement in X-PLOR, with HyHEL-5

lysozyme as a phasing model. Refinement was carried out in CNS, and gave a final
R-factor of 19.3% and an R-free of 22.9%. The stereochemistry and geometry of
the final model is good. Residue L51 has a disallowed dihedral angle, a common

occurrence in Fab structures The map extends over the whole LC and HC with the

exception of the loop L156-L157 and helix F1128-FI133.
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Chapter 7

4F5 Structure Analysis

7.1 Introduction

It has been shown that a panel of murine anti-TPO antibodies recognize four major
domains on TPO, two of which (A and B) are also recognised by human anti-TPO
autoantibodies [Ruf 1989], 4F5 is a mouse monoclonal antibody that competes

with AITD patient sera for TPO binding, it is therefore likely to bind to the A or B

domain of TPO.

The structures of antibody-antigen complexes show that the interactions are based
on topological and charge complementarity [Braden 1998], An uncomplexed

antibody structure can be used to make predictions about the residues likely to be
involved in binding to the antigen. The size and charge of surface accessible CDR
residues determine the properties ot the potential antigen combining site, assuming

there is no induced fit. The contact definitions of CDRs give the residues most

likely to contact antigen based on contacts observed in antibody-antigen structures

[MacCallum 1996], The specificity determining residues (SDRs) [Padlan 1995]
indicate residues likely to contact antigen based on sequence hypervariability.

The structure of TR1.9, a human autoantibody to TPO has also been solved by
crystallography [Chacko 1996], This autoantibody binds to the A domain. There is
no experimental information on how the TR1.9 epitope relates to the 4F5 epitope.
The antibody combining site of 4F5 was studied and compared to that of TR1.9.
The colour scheme used in analysis given in Table 7.1.
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Colour Amino acid Property

Dark grey Alanine, glycine, isoleucine, leucine, proline,
valine

Aliphatic

Light grey Asparagine, glutamine, histidine, serine threonine Polar

Green Phenylalanine, tyrosine, tryptophan Aromatic

Yellow Cysteine, methionine Sulphur

containing

Red Glutamate, aspartate Negative

Blue Arginine, lysine Positive

Table 7.1

The colour code used in analysis.

7.2 Framework Regions

B-factor distribution (all atoms) and buried and exposed surface area were

calculated in CNS [Brunger 1998], Surface accessibility was calculated using the
Lee and Richards method [Lee & Richards 1971] with a probe radius of 1.4 A.
Residues were assigned as accessible if the side chains had a total accessible area of

greater than 5 A2. Secondary structure and hydrogen bonding were identified using
DSSP [Kabsch & Sander 1983], Interactions were analysed using the Protein-
Protein Interaction Server [Jones & Thornton 1996], Superimpositions were carried
out in O [Jones 1991] using LSQ. The elbow angle, defined as the angle between
the Vl-Vh and Cl-Ch1 pseudodiads, was calculated by superimposing the Vl
domain onto Vh, and Cl onto ChI in O. The resulting matrices were deconvoluted
into vectors using NCSSTRICT in X-PLOR [Brunger 1992], The dot product of
the vectors was calculated, the inverse cosine of this number gives the elbow angle.

Diagrams were created with MOLSCRIPT [Kraulis 1991] and GRASP [Nicholls

1991],
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The structure of 4F5 is that of a standard Fab fragment and is shown in Figure 7.1.

There are four Ig domains, each made up of two antiparallel (3-sheets of four and
five strands (variable domains) and three and four strands (constant domains). The

secondary structure is listed in Table 7.2. The main chain atoms of the two [3-sheets
are about 10 A apart and the sheets are inclined at an angle of -30°. Disulphide
bonds are present between residues L23-L88, L134-L194, H22-H92 and HMO-

HI 95. The constant domains have a short stretch of a-helix linking strands a and

b, this linkage could not be built into the HC domain model due to insufficient
electron density. Surface representations of the LC and HC with their interaction
surfaces exposed, and of the whole Fab are shown in Figure 7.2. The Kabat

numbering scheme [Wu & Kabat 1970] has been used throughout.

The surface area of the LC is 11 140 A2 that of the HC is 11 160 A2. The surface

area buried in the interface between the two chains is 1 735 A2 for the LC and 1 641

A2 for the HC. 34% of the atoms in the interface are polar and there are 10

hydrogen bonds, two salt bridges and 273 hydrogen bonds. The interface between
the HC and LC is similar to that observed in other Fab structures [Padlan 1994],
The elbow angle was calculated to be 141.2°, which falls within the range of those

previously observed [Padlan 1994], The distribution of B-factors over the whole
molecule is shown in Figure 7.3. It can be seen that the B-factors are high at the
termini of the molecules due to increased flexibility in these regions. Areas of high
B-factor also correlate with the position of the CDR loops LI, L3 and H2. The
amino acids that are missing from the final model are surrounded by regions of high
B-factor.

A superimposition of the variable domain of the phasing model, 2hfl, with 4F5
shows a root mean square deviation (rmsd) over the variable domain of 0.77 A,
over the constant domain of 0.75 A, and over the whole Fab of 1.6 A. The

superimposition is shown in Figure 7.4. The difference in elbow angle between the
structures is 18°.

179



Figure 7.1
The structure of 4F5.

CDRs are labelled. Red - VL, blue - CL, green - VH, yellow -
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A) B)

Figure 7.2

A grasp representation of the interface region of the light (A) and heavy (B) chains,
red indicates negative charge and blue positive charge. The Fab dimer is shown in

(C), HC in green and LC in yellow. In all pictures the variable domain is at the top.
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Residues 2°

Structure

Part of

sheet

Residue 2°

Structure

Part of

sheet

L4-7, 10-13 Strand a A H3-6, 10-12 Strand a E

L19-25 Strand b A HI 8-27 Strand b E

L24-34 LI - H31-35 LI -

L34-40 Strand c B H34-40 Strand c F

L43-49 Strand c' B L44-52 Strand c' B

L50-56 L2 - H50-65 L2 -

L62-67 Strand d A H56-59 Strand c" B

L69-72 Strand e A H67-72 Strand d E

L84-90 Strand f B H77-82 Strand e E

L89-97 L3 - H88-94 Strand f F

LI01-105 Strand g B H95-102 L3 -

LI 14-118 Strand a C H102-103, 107-111 Strand g F

L122-127 Helix a - HI 20-124 Strand a G

L129-139 Strand b c Missing Helix a -

L145-150, 153-4 Strand c D H134-H145 Strand b G

L159-163 Strand d C HI 51-154 Strand c H

L171-182 Strand e C H163-5, 169-71 Strand d G

L183-186 Helix b - H 174-184 Strand e G

L191-197 Strand f D H194-199 Strand f H

L205-210 Strand g D H204-209 Strand g H

Table 7.2

The secondary structure of 4F5, calculated in DSSP.
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A)

residue

Figure 7.3
A plot of B factor against residue number for the HC (A) and LC (B).
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V domain

C domain

Figure 7.4

Superimposition of the phasing model 2hfl (green) and 4F5 (red), residues from the
variable domains were used to position the alignment.
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7.3 Complementarity Determining Regions

The CDRs of 4F5 are listed in Table 7.3. The Kabat definition is based on

sequence variability [Wu & Kabat 1970] and the contact definitions is based on the

analysis of structures of antibody-antigen complexes [MacCallum 1996], The
SDRs [Padlan 1995] indicate residues likely to contact antigen based on sequence

hypervariability.

CDR Sequence
LI Kabat A V Ft

Contact V FI WF

SDR

L2 Kabat

Contact LW'IY LA

SDR A

L3 Kabat L R YPY

Contact L R YPY

SDR L R Y

HI Kabat YYI

Contact YYI

SDR Y

H2 Kabat WIYPG VY KY EKFKD

Contact WIGW1YPG VY K

SDR W Y G Y K

H3 Kabat DA LEY

Contact GRDA LEY

SDR DA

Table 7.3

The CDRs of 4F5 as using Kabat and contact definitions, with SDRs marked.
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LI is 10 residues long and has a contact range of seven residues, L2 is seven

residues long and has a contact range of 10 residues, none of the residues are

charged. L3 contains nine residues (contact range eight residues) including arginine
L91. HI is five residues long (contact range six residues) and is uncharged. H2 is
the longest and most highly charged CDR, containing 17 residues (contact range

13) including lysine H58, glutamate H61, lysine H62, lysine H64 and aspartate

H65. H3 is six residues long and contains aspartate H95 and glutamate H101, the
contact range extends two residues to the N-terminal and includes arginine H94.

The structures of CDR loops have been used to generate a set of canonical forms
for all loops apart from H3. Each canonical form is defined by a set of key residues
in the CDRs and the framework region. Those so far identified are listed in Tables
7.4 and 7.5 [Al-Lazikani 1997; Martin 1998], There are eight canonical forms for

LI, one for L2 and five for L3. Four canonical forms have been identified for HI

and four for H2.

Stereo diagrams of the CDR loops of 4F5 are shown in Figures 7.5 and 7.6. LI of
4F5 is likely to be class 1, with the exception that L33 is isoleucine and only
leucine or methionine are allowed at this position. However, superimposition of
4F5 with the template loop (2fbj) gives a rmsd of 0.56 A, indicating that LI is class
1. There is only one canonical class for L2 identified, class 1, to which the
structure of 4F5 conforms. L3 and HI are both class 1, and have no mismatches

with the key residues. H2 conforms to class 2 with the exception a mismatch of
valine H55 in H2 with the allowed residues of glycine or serine. Again,

superimposition with the template (lbbd) gives a rmsd of 0.52 A, showing H2 is
class 2. With only six residues, the H3 loop of 4F5 is on the short end of the range

of loops lengths identified [Wu 1993]. The structure is classified as kinked, due to

a hydrogen bond between the carbonyl of residue H98 and the ring N of tryptophan
HI03 (Figure 7.6C).
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Class LC Length Template Key residues
Ll-1 K 10 2fbj L2 I, L25 A, L29 VIL, L33 LM, L71 YF

LI-2 K 11 likf L2 I, L25 A, L29 VIL, L33 LV, L71 YF

LI-3 K 17 lhil L2 I, L25 S, L29 VIL, L33 L, L71 YF

Ll-4 K 16 lrmf L2 V, L25 S, L29 L, L33 L, L71 F

Ll-5 X 13 2fb4 L25 G, L30 I, L33 V, L71 A

Ll-6 X 14 7fab L25 G, L30 I, L33 V,L71 A

Ll-7 K 14 Igig L25 S, L30 V, L33 A, L71 A

Ll-8 K 12 lfig L2 N, L25 A, L29 V, L33 L, L71 Y

L2-1 K 7 llmk L48 IV, L64 G

L3-1 K 9 ltet L90 QNH, L95 P

L3-2 K 9 2fbj L94 P, L95 L

L3-3 K 8 2hfl L90 Q, L96 P

L3-4 K 9 7fab L90 LS, L94 NS, L95 HL

L3-5 K 11 2fb4 L94 DNG

Table 7.4.

The residues used to define the canonical forms of the LC CDRs.
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Class Length Template Key Residues
Hl-l 10 2fbj H24 TAVGS, H26 G, H27 FYTG, H29 FLIV,

H34 M1VLT, H94 RKTA

Hl-l' 10 7fab H26 G, H27 SD, H29 FI, H34 YW, H94 RN

HI-2 ll lbaf H24 VF, H26 G, H27 GFY, H29 IL, H34 CW,

H96 HR

Hl-3 12 Iggi H24 VFG, H26 G, H27 FGD, H29 ILV, H34

WV, H94 HR

H2-l 9 Igig H55 GD, H71 RKVI

H2-2 10 lbbd H52A PTA, H55 GS, H71 ALT

H2-3 10 ligc H52A DP, H54 GNDS, H55 GS, H71 R

H2-4 12 lmcp H54 KS, H55 Y,II71 R

Table 7.5

The residues used to define the canonical forms of the HC CDRs.

The Ca trace of the combining site of 4F5 is shown in Figure 7.7, with the CDR
residues highlighted. The contributions of the CDRs (Kabat and contact definition)
and the SDRs to the surface of the combining site are shown in Figure 7.8. The
distribution of CDRs making up the combining site is standard, with H3 and L3

having a central position, HI and LI further out, and H3 and L3 on the periphery.
The residues of the Kabat CDRs that are have an accessible surface area (ASA) of
more than 5 A2 are listed in Table 7.6. Also given is the total ASA of each CDR.
H2 contributes the largest surface area of 884 A2 followed by LI with an ASA of
401 A2.
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Figure 7.5
Stereo diagrams of the CDR loops of the LC of 4F5.

189



Figure 7.6
Stereo diagrams of the CDR loops of the HC of 4F5.
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Figure 7.7
The position of the CDR loops using the Kabat definition. CDRs are coloured LI

(red), L2 (light blue), L3 (yellow), HI (green), H2 (dark blue), H3 (pink).
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A) B)

tJmv-

Figure 7.8

Grasp profiles of the combining site of 4F5, coloured by CDR contribution.

A) Kabat definition, B) Contact definition, C) SDRs.
CDRs are coloured LI (red), L2 (light blue), L3 (yellow), HI (green), H2 (dark

blue), H3 (pink), the pictures are in the same orientation as Figure 7.7.
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CDR Sequence Total ASA (A2)
LI F 401

L2 LW Y LA 243

L3 R YFY 235

HI YY 202

H2 W W Y VY KY EKFKD 884

H3 RDA LEY 243

Table 7.6

The accessible surface area of the CDRs of 4F5.

The characteristics of the combining site are shown in Figure 7.9. The surface is
made up of a patchwork of acidic and basic regions and is relatively flat. The

charged residues that make up the combining site are predominantly from the H2

loop (lysines 58, 62 and 64 and glutamine 61). H3 (aspartate 95) and L3 (arginine

91) each contribute a charged residue, both of which are located in a central hollow.

Figure 7.9C highlights the surface curvature, a representation in which the hollow is
accentuated. The most striking feature of the combining site is the preponderance
of aromatic residues, shown in green in Figure 7.9 B. Aromatic residues,

particularly tyrosines have been shown to be common in antibody binding sites
[Padlan 1990], Figure 7.10 shows the tyrosine and phenylalanine residues
clustering at the combining site interface, predominantly on the HC.
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DH95

L3 RL91

Figure 7.9
The combining site of 4F5.

Grasp profiles coloured by charge (A) and amino acid contribution as defined in
Table 7.1, (B) surface curvature (black concave, green convex).
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Figure 7.10
The combining site of 4F5 with surface accessible tyrosine and tryptophan residues
in the CDRs shown in ball and stick. HC in red, LC in blue.
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The CDR residues of one 4F5 molecule in the crystal interact with residues in the

Cl domain of a neighbouring molecule (see Figure 6.7). The position of the two

molecules in the crystal is shown in Figure 7.11. The interaction involves residues
in the LI, HI, H2 and H3 CDRs with helix 2 (L184-190), the N-terminus (LI 12)
and residues LI 51 and LI 53 of the Cl domain. The CDR residues are mapped onto

the combining site in Figure 7.12A. The interface accessible surface area is 471 A2
for VH and 457 A2 for Cl.

46% of the Vh atoms and 58% of the Cl atoms in the interface are polar, the
remainder are nonpolar. The details of the contacts between the molecules are

shown in Table 7.7. There are nine hydrogen bonds, three van der Waals
interactions and one hydrophobic interaction. A close up of the interaction of the

proteins, showing residues that form hydrogen bonds, is shown in Figure 7.13.
There are two bridging water molecules forming hydrogen bonds with both 4F5

molecules, one of which is shown in Figure 7.14.

Sequencing showed that 12 of the amino acids in the 4F5 CDRs are a result of
somatic mutation (see Figure 5 .4). The position of these residues on the surface of
4F5 is shown in Figure 7.12B. It can be seen that there is a striking similarity
between the somatically mutated residues and those involved in crystal contacts.

The exception is the pink patch corresponding to residues in H3. However two out

of three of the contacting residue in H3 interact via water molecules. It is likely
that these residues normally bind to a feature of TPO that is missing in the crystal
contact and instead compensate by using bridging waters. Of the seven residues
that are within 4 A of the neighbouring 4F5 molecule in the crystals, four have been

somatically mutated (Table 7.7). Somatic mutation is evidence for antigen driven
selection. It is therefore likely that the CDRs involved in the crystal contact

interaction are involved in contacting TPO.

However, it is unlikely that this interaction is fully representative of that with TPO
as the interaction surface area on 4F5 is less than 500 A2, whereas that in antibody-
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antigen complexes is 700-900 A2 [Padlan 1994], In addition, only CDR residues
from LI, HI, H2 and H3 are involved, whereas L3 has been shown to play a

significant part in interactions with antigen [Wilson & Stanfield 1994],

Helix B of Cl

Antibody combining
site

Figure 7.11
The interaction of the CDRs of one molecule of 4F5 (HC red, LC blue) with the Cl
domain of a neighbouring molecule in the crystal (green).
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Figure 7.12

The combining site of 4F5, LI (red), HI (green), H2 (dark blue), H3 (pink).

A) Residues involved in the crystal contacts.

B) Residues that have undergone somatic mutation.
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Loop CDR residues Cl residues Contact Distance

(A)
LI * Phe L32 CE1 Ser LI53 OG Van der Waals 3.3

HI Ser H31 OG,

0

Glu LI87 OE2, Arg
T .211 NH2

H bonds 3.2,2.8

HI * Tyr H33 OH Asp LI84 0, Arg LI88
NE

H bonds 2.6, 3.4

H2 Tyr H52 OH Glu L187 0E1 H bond 2.5

H2 * Asn H54

ND2

Asp LI84 CB Van der Waals 3.2

112 * Tyr 1156 CE1 Asp LI 84 0D2 Van dcr Waals 3.6

H3 Ala H96 CB Asn LI90 CB Hydrophobic 3.4

H3 His H97 NE2 Asp LI51 OD1 H bond via

water

2.8,2.8

H3 Glu 101 OE2 Asn L212 OD1 H bond via

water

2.5, 3.6

Table 7.7

Contact residues between the CDRs of 4F5 and the adjacent molecule in the crystal
lattice. Starred residues are those that have undergone somatic mutation.
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Figure 7.13
The residues involved in the crystal contacts between the 4F5 Vh domain (red) and
helix A of the Cl domain (green). Residues involved in hydrogen bonds are shown
as ball-and-stick (Vh purple, Cl light green).

200



Figure 7.14
An electron density map (2F0bs- Fcaic) of a bridging water molecule in the interface
between adjacent molecules in the 4F5 crystal, contoured to 1 sigma. Hydrogen
bonds arc shown by broken lines.

7.4 Comparison with TR1.9

TR1.9 is a high-affinity IgGl k human autoantibody to TPO. The crystal structure

of the Fab fragment has been solved by crystallography to 2.0 A resolution [Chacko

1996], TR1.9 has a flat combining site and flexible H2 and H3 loops that may

result from the mutation of germline asparagines and the presence of several

glycines. A superimposition of 4F5 and TR1.9 is shown in Figure 7.15. The rmsd
between the structures is 1.0 A. The elbow angle of TR1.8 is 138.7 °, 2.5° smaller
than 4F5. For comparison, TR1.9 has been renumbered according to the Kabat

system.
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Figure 7.15

Superimposition of the variable domain of 4F5 (red) and TR1.9 (green).

The canonical class of the CDRs of TR1.9 are reported to be 2, 1, 1, 1, 3 compared
with 1, 1, 1, 1, 2 for 4F5. It can be seen in Figure 7.15 that the LI canonical form

templates for class 1 and 2 are very similar (rmsd 0.62 A), with the latter being a

single residue longer. L2, L3 and HI show very little deviation between 4F5 and
TR1.9 (rmsd 0.20 A, 0.27 A, 0.17 A respectively), as would be expected by the fact
that they are of the same canonical class. H3 is six residues longer in TR1.9 than
4F5 and they both share the same stem conformation.
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H2 of TR1.9 has been assigned to canonical class 3, however, the conformation of
the loop is very similar to 4F5 which is class 2 (rmsd 0.72 A). Analysis of the

sequence of TR1.9 indicates that H2 of TR1.9 may in fact be class 2. Using the
canonical templates, H2 has two outliners if class 3, compared with one outlier if
class 2 (arginine H71). Superposition of the example templates for each canonical
class showed a rmsd of 0.531 A for class 2 (lbbd) and 1.125 A of class 3 (licg)

using residues from H50 to H65. Therefore it appears that the canonical class of H2
in 4F5 and TR1.9 is the same. The canonical classes of 4F5 and TR1.9 are

compared in Table 7.8.

CDR Rmsd A Canonical class

4F5 TR1.9
LI 0.62 1 2
L2 0.20 1 1

L3 0.27 1 1

HI 0.17 1 1

H2 0.72 2 2(3)

Table 7.8

A comparison of the canonical class of the CDRs of 4F5 and TR1.9.

The Kabat and contact definitions of the CDR residues, the SDRs and the ASA of

the TR1.9 combining site are given in Table 7.9. The Kabat CDRs of TR1.9 are of
similar length to 4F5, apart from H3 which is 12 residues long in TR1.9, compared
to only six in 4F5. LI and L2 possess negative charges in TR1.9 but not 4F5,
whereas L3 has a positive charge in 4F5 alone. H2 of 4F5 has two negative

charged residues in addition to the three positive charges in both 4F5 and TR1.9.
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H3 of TR1.9 has three negative and one positive charge, compared to the two

negative of 4F5. The contact definition shows similar differences in charge

distribution, with 4F5 having a total of two negatively charged residues, compared
with the five of TR1.9, and both sharing a total of three positively charged residues.

Grasp profiles of the combining site of TR1.9 are shown in Figure 7.16. The
surface is more highly charged than 4F5 and slightly less flat, due to the increased

length of H3. Like 4F5, TR1.9 has a high number of aromatic residues in the

combining site. As would be expected from the different CDR sequences, the
overall charge distribution and topography of the antibody combining sites are very

different. It therefore seems unlikely that 4F5 and TR1.9 recognise the same

structure on TPO.

7.5 Summary

The structure of 4F5 is that of a standard antibody Fab fragment, and has CDRs of
canonical class 1, 1, 1, 1 and 2. The combining site is relatively flat and is
characterised by a large number of tyrosine residues.

Crystal packing leads to the interaction of the CDRs of one molecule of 4F5 with
the constant domain of a different molecule. Residues from CDRs LI, HI, H2 and

H3 are involved in the interaction. Over half of the interacting residues have arisen
due to somatic mutation, suggesting the contact may have physiological

significance. However, the interaction surface is not extensive enough to be fully

representative of the binding to TPO.
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CDR Sequence
LI Kabat RA GI ALA

Contact I ALAWY

SDR A A

ASA R ' A

L2 Kabat DA . LE

Contact LLIYDA LE

SDR D E

ASA YD 'LE

L3 Kabat f YPL

Contact f YPL

SDR Y L

ASA f YP

HI Kabal YGL

Contact YGL

SDR YG

ASA 7j£Y

H2 Kabat WI ag g ky kfrg

Contact WI ag g k

sdr W ag k k

asa w v:ky kfr

H3 Kabat DPYGGGK EFDY

Contact ARDPYGGGK EFDY

SDR PYGGGK E

ASA R PY K DY

Table 7.9

An analysis of the residues in the CDRs of TR1.9.
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A)

Figure 7.16

The combining site of TR1.9.

Grasp profiles coloured by charge (A) and amino acid contribution as defined in
Table 7.1, (B) surface curvature (black concave, green convex).

KH106

RH66

DH100

KH64

KH60

D HI 10

EL55

EH108

DL50
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Comparison of the structure of 4F5 with TR1.9 shows that the variable and constant

domains have the same overall structure and a similar elbow angle. The CDR
structures of both Fabs also have a strong resemblance, reflected in the similar
canonical classifications. However, the 4F5 and TR1.9 CDR sequences are

different, leading to distinct surface profiles. The differences indicate that 4F5 and
TR1.9 are unlikely to recognise the same structure on TPO, although due to the
static nature of crystal structures, the possibility of induced fit has not been taken
into account.
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Chapter 8

Discussion

8.1 Thyroid Peroxidase Heterogeneity

Heterogeneity has been shown to be present in the TPO preparation used for

crystallisation. The heterogeneity is visible as a broad band or doublet on SDS-
PAGE gels, and as a number of species of different pi on IEF gels. Heterogeneity
in the protein sample is known to contribute to poorly diffracting crystals [Ducruix
& Giege 1992J. It is therefore likely that the identified heterogeneity is responsible
for the low diffraction limits of the TPO crystals. The determination of the reasons

for the heterogeneity, and the elimination of its causes are necessary before crystals
can be grown that diffract to high resolution.

Evidence has been provided, at least for this recombinant TPO preparation, that a

degree of heterogeneity results from cleavage at N-terminus of the protein. N-
terminal sequencing of the individual bands on a non-reduced SDS-PAGE indicates
that there are at least two forms of TPO, which differ in the length of the N-terminal
domain. This is confirmed by MS analysis which gives a molecular mass estimate
that is consistent with degradation of expressed protein.

In addition, it has been shown that the heterogeneity is unlikely to be due to

multiple glycoforms as previously thought. IEF gels show that a range of charged

species is present, and that these remain following deglycosylation. MS analysis of
released glycans confirmed that the carbohydrates on TPO are uncharged and so

would not contribute to the multiple bands on IEF gels, even if deglycosylation
were incomplete. The lack of charged sugars on TPO is in disagreement with a

lectin binding study of the same recombinant preparation, which showed sialic acid
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to be present [Grennan Jones 1996]. However, it is unlikely that sialic acid is

present on recombinant TPO as insects are not thought to have the ability to

synthesize sialylated proteins [Altman 1993].

Despite the addition of protease inhibitors to the cell culture, it appears that at some

stage in the expression and purification of TPO there is more than one proteolytic

cleavage event that results in a population of TPO molecules. N-terminal

sequencing showed that cleavage at residues 76 and 109 had occurred. A trypsin

recognition site is found at residue 109, and cleavage here has been experimentally
shown by N-terminal sequencing of pig and human TPO [Yokoyama & Taurog

1988; Taurog 1990], However, the sequence around residue 76 does not

correspond to any commonly known protease recognition sites [Wilkins 1997],

N-terminal sequencing of other TPO preparations has rarely been reported.

Therefore, it is not clear if similar proteolysis is responsible for the doublet seen on

native and other recombinant TPO gels. N-terminal sequencing of recombinant
TPO produced in CHO cells showed that the first amino acid was phenylalanine 19,
however, this TPO ran as a single band at 106 kDa and not as a doublet [Fan 1996],

Interestingly, the sequencing of trypsin purified native TPO identified a N-terminus
at residue 112 (in addition to 109), which does not correspond to a trypsin cleavage
site [Taurog 1990] and it was postulated that the N-terminal domain of TPO may be
cleaved by an endogenous protease. Such proteolysis occurs in the closely related

peroxidase, MPO, in which the N-terminal 141 residues are removed by post-

translational processing [Olsen & Little 1983], The alignment of N-terminal
domains of TPO sequences from human, pig, mouse and rat (see Figure 4.15)
shows that the first 60 residues are poorly conserved, implying that they may not

have a physiological role.

Assuming N-terminal heterogeneity is responsible for the disordered crystals, the
N-terminus must by made more homogeneous before well diffracting crystals can

be obtained. One approach would be to purify an individual band of the doublet,
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however, the results presented here show that each doublet band may be made up of
more than one species. Treatment of the expressed protein with a protease to cleave
the N-terminal domain in the same position in all the molecules is a potential
solution. However, a unique and accessible cleavage site on TPO is necessary and
this method is likely to introduce more heterogeneity than it removes.

Alternatively, use of additional protease inhibitors during the production of TPO

may inhibit the proteolysis and produce TPO molecules with the N-terminus intact.

A new DNA construct of TPO could be made, in which the N-terminus was

truncated C-terminal to residue 109. However, this may lead to expression

problems, as there is evidence that the N-terminus is necessary for translocation to

the cell surface and proper folding [Andersson 1998]. In addition, expression of

only half of the N-terminus may prevent the domain from folding correctly and so

introduce further heterogeneity. Alternatively, the cleavage sites present in the N-
terminus could be removed by mutation, although it is not clear which protease is

responsible for cleavage at residue 75. An accessible cleavage site at the beginning
of the peroxidase domain could be introduced into TPO, and then the N-terminus

post-translationally cleaved, mirroring the naturally occurring situation in MPO. It
is unlikely that the N-terminal domain is antigenic as there was no change in

autoantibody binding when the N-terminal domain was replaced with that of MPO

[Nishikawa 1993; Nishikawa 1994b]. Therefore it is likely that molecules mutated
in this domain would have the same autoantibody binding properties as the full-

length molecule.

Other than the N-terminal heterogeneity, the presence of multiple glycoforms and

carbohydrate or interdomain flexibility are possible reasons for the low-resolution
diffraction of the TPO crystals. The carbohydrate residues could be removed by

deglycosylation, or by the mutation of sugar binding asparagine residues.

Deglycosylation studies of TPO were attempted in this study, but not enough TPO
was available to carry out a fully exhaustive study. The mutation of sugar binding
residues may be problematic as carbohydrates are thought to be necessary for the
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correct trafficking and folding of proteins [Elbein 1991], Comprehensive MS

analysis to identify the occupation and heterogeneity of each N-glycosylation site
could be used to target mutations to the most heterogeneous sites.

Interdomain movement could be overcome by expressing individual domains of
TPO. The cleavage of the N-terminal domain described above may go some way to

reducing flexibility. There is evidence that the CCP/EGF domain pair may contain
an antigenic site [Estienne 1998], Separate construct could be made of the
CCP/EGF pair and of the peroxidase domain. Autoantibody binding could then be

mapped to the expressed domains which would be expected to be fully folded. If
the isolated peroxidase domain did not bind to autoantibodies, the structure of this
domain would still shed light on the enzyme active site.

8.2 Thyroid Peroxidase Structure

The 7 A dataset collected from a recombinant, human TPO crystal was processed
and a potential molecular replacement solution found using MPO as a phasing
model. Crystal packing led to two different TPO dimers formed by crystallographic
two-folds. One set of crystal contacts involves residues 605 to 618. Interestingly,
these are the same as those shown by Hobby et al. to comprise an immunodominant

region on TPO [Hobby 2000], The other set of crystal contacts are mediated by the

loop that is involved in the interchain disulphide bond in MPO [Davey & Fenna

1996J.

An alignment of the TPO and MPO sequences shows that the position of the

disulphide bonded cysteine is conserved in both proteins. Therefore, assuming one

of the dimers is representative of the physiological dimer, it is more likely to be the
dimer formed by the cysteine containing loop. In this dimer, the association
between monomers is not as close as in MPO, and the monomers are at a different
relevant orientation to each other. The cysteines are not close enough to form a
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disulphide bond, however the bond may be able to form as TPO has a ten residue
insertion in this loop compared with MPO. The solution provides evidence that the
dimer interface in TPO uses the same interchain disulphide bridge as in MPO, but
that the monomers are at a different orientation to each other. The association of

domains from homologous proteins using different surfaces has been previously
identified in the C-type lectin domain family [Drickamer 1999],

The electron density map of TPO did not show any additional features beyond the
MPO model. However, given the low resolution and the quality of the data this is
not entirely surprising. Therefore, the molecular replacement solution must remain
tentative. In order to trace the chain, data to higher resolution is required, and it

may also be necessary to locate the position and orientation of the N- and C-
terminal domains by molecular replacement. The high AMORE correlation
coefficient and the generation of a crystallographic symmetry related dimer

involving the interchain cysteine is evidence that the solution may be correct.

In the absence of high resolution data, a molecular model of TPO has been built.
The peroxidase domain was modelled using MPO, the EGF domain with fibrillin,
and the CCP domain with vaccinia CCP. The high degree of sequence identity and
the conservation of structurally important residues in the template structures suggest

that the predictions made by the model may be treated with some confidence. The

identity between EGF and CCP domains of TPO and the homology models are

lower than that of the peroxidase domain with MPO (39% and 35% respectively,

compared with 46% for MPO), but still high enough to lead to reliable models. The
N-terminal domain was threaded onto the structure of sperm lysin. This is the most

tentative region of the model as it was built by de novo techniques which are

inherently less reliable than homology modelling.

The model of the peroxidase domain of TPO shows that all seven key residues in
the active site of MPO are within 1 A of their position in MPO. This suggests that
the mechanism of oxidation of iodide by TPO is likely to be similar to that of
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chloride by MPO. A surface representation of the model shows that a bridge is
formed in TPO, close to the active site, by the peptide that is cleaved in MPO to

give a light chain and a heavy chain. If this region of the model is correct, the

bridge may be involved in thyroglobulin binding. The peroxidase model also

explains the inactivity of TPO-2, due the structurally integral nature of the missing

peptide.

The model provides evidence that the dimer interface in TPO is different from that
of MPO. Firstly, the loop containing the interchain disulphide is longer in TPO,

secondly, the glycosylation sites that binds sugars important in stabilising the MPO
interface is absent in TPO, and thirdly residues that form hydrogen bonds across the
MPO interface are mutated in TPO. The model is consistent with the possibility,

suggested by the low resolution TPO structure, that the two-fold rotational

symmetry centered on the interchain disulphide of the MPO dimer is maintained in

TPO, but that the monomers are at a different relative orientation.

The different dimer interface in TPO may be due to constraints on the dimer
formation in TPO that are not present in MPO. TPO has three addition domains
and a membrane anchorage. The position of the N- and C-termini of the domains
and the length of the domain linkers will only allow certain peroxidase dimers to

form. The presence of transmembrane helices restricts the position of the C-
terminus of each monomer to a two dimensional plane. In addition, TPO
interactions with a large substrate (thyroglobulin), and access to the active site may

restrict positions of the monomers in the dimer.

The identification of a four-helix structure as a model for the N-terminal domain

agrees with a previous secondary structure prediction [Banga 1990], The role of the
N-terminal domain of TPO is unclear. It has been proposed that in MPO it is

important in the trafficking of the mature protein [Andersson 1998], However,

post-translationally cleavage of the N-terminal domain in TPO has not been

reported, suggesting that the domain may play some additional role. A four-helix
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bundle could be involved in interacting with thyroglobulin during thyroid hormone

synthesis, for example mediating interactions between TPO and thyroglobulin. It is
therefore interesting that the scaffold used to thread the N-terminal domain, sperm

lysin, is an adhesion protein.

N-terminal sequencing indicates that the recombinant TPO preparation has been
cleaved in the centre of the N-terminal domain. The model of the N-terminal

domain positions both the N-terminal start sites in loop regions, suggesting that

they are accessible to protease cleavage. Therefore, the N-terminus of the
recombinant preparation is likely to be extended tail rather than a fully folded
domain. Heterogeneity in the TPO preparation due to different lengths of N-
terminal sequence would explain the low resolution diffraction obtained from the
TPO crystals. The crystals would not be able to pack in a sufficiently regular array

to diffract to higher resolution due to the differing lengths, and possible flexibility
of the N-termini.

The 'divide and conquer' modelling strategy does not provide any information on

the relative orientation of the domains. A model of the potential domain

orientation, considering the interchain disulphide bond, the proximity of the N- and
C-termini of the peroxidase domain, and the short length of the linkers between
domains has been proposed. The model shows that, due to steric considerations,
there are certain regions of the structure that would not be accessible to

autoantibodies. Inaccessible regions are defined by the interface between domains,
between the protein and the membrane, and between dimers. In order to visualise
the sizes of the molecules involved, a full length IgG molecule is drawn at the same

scale as an MPO dimer in Figure 8.1. The model of the quaternary structure of
TPO explains observations that dimeric TPO is more antigenic than monomeric
TPO [Baker 1994b] and that autoantibodies do not interact with the TPO dimer
interface [Nishikawa 1994b],
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Figure 8.1
The structure of IgG (blue) drawn to the same scale as an MPO dimer (red).
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Recently, it has been shown that cellular TPO but not purified TPO and adjuvant
induces antibodies in mice that resemble autoantibodies [Jaume 1999b], This may

be a reflection of the monomeric nature of purified TPO compared with dimeric
cellular TPO. Purified TPO is used for epitope mapping studies [Rapoport 1995]
and to generate the widely used panel of mouse monoclonals [Ruf 1989], The

oligomeric nature of purified TPO is not clear, but the recombinant TPO used in
this study behaves as a monomer on SDS-PAGE gels and on a gel filtration column.
The disruption of dimer interface may be caused by the lack of membrane

anchorage and, in the case of recombinant TPO, altered glycosylation. Membrane

anchorage may promote the formation of oligomers by limiting diffusion from three
to two dimensions. Recombinant TPO has been shown to have a different

carbohydrate content from native protein [Guo 1998b], which may disrupt the
dimer interface. Catalytically active recombinant MPO expressed in CHO cells has
been shown to be monomeric, whereas the native enzyme is dimeric [Moguilevsky

1991].

In contrast, it is thought that, in vivo, autoantibodies bind to dimeric, membrane
bound TPO. Lymphocyte infiltration in the thyroid gland is common in AITD

patients and the site of synthesis of TPO autoantibodies is believed to be the thyroid

[Weetman & McGregor 1994]. It is possible that extrathyroidal sites of

autoantibody synthesis, such as the lymph nodes draining the thyroid gland, may

contain monomeric TPO. However, TPO-reactive Fab isolated from the thyroid
and lymph node of the same patient showed similar genes sequences and

recognition of native TPO [Czarnocka 1997], In addition, the low concentrations of
autoantibodies that recognise denatured TPO [Guo 1999] suggests that the selection
of the B-cell repertoire occurs at the surface of the thyroid cells. Therefore, it is

possible that the A and B immunodominant domains on TPO, identified by

competition studies with patient sera, may simply be those regions of the structure

that are accessible to autoantibody binding in the membrane bound dimer.
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It can be speculated that TPO contains an ancestral adhesion site. It has been

proposed that the animal peroxidase family may have evolved from proteins with
adhesion functions [Taurog 1999], The site of adhesion in peroxinectin has been
localised to a KGD peptide [Johansson 1995], and a protein sequence alignment
shows the homologous sequence in TPO is RGD, a related motif known to bind

integrins [Ruoslahti 1987]. The RGD motif is also present in the same position in
MPO. However, the RGD motif is not positioned on the surface of the TPO model,
as would be expected for an adhesion site. This may indicate that the model is
incorrect in this region, or that the RGD motif is no longer a functional adhesion
site.

Assuming the RGD motif is on the surface of TPO and has a role in adhesion, it is

possible that it may form an inherently 'sticky' patch that is a target for
autoantibodies. In support of this hypothesis is the fact that MPO is also an

autoantigen, with autoantibodies to MPO found in patients with systemic vasculitis

[Kallenberg 1998]. This possibility could be tested by site-directed mutatgenesis of
the RGD motif.

8.3 4F5 Structure

4F5 is a murine antibody that binds with high affinity to TPO. Competition studies
have shown that, despite being a murine antibody, 4F5 competes with
autoantibodies from AITD patient sera for binding to TPO. Therefore, the structure

of 4F5 provides information that can be directly applied to the interaction of
autoantibodies with TPO. Antibody molecules are susceptible to cleavage into

fragments which exhibit some of the properties of the intact molecule. The Fab

fragment of 4F5 contains the antigen binding site and experiments have shown that
it binds to TPO in a similar fashion to the full-length IgG.
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The structure of the combining site of 4F5 provides a hint of the nature of the

autoantigenic surface of TPO. The centre of the antigen binding site contains a

small basic and acidic cavity, the charges contributed by aspartate H95 and arginine
L91. Next to the cavity is a protruding negative (glutamate H61) and positive

(lysine H58) charge. In common with other antibody structures, there are many

tyrosine residues with accessible side chains in the combining site. The

complementary surface on TPO may contain a ridged surface with a negative and a

positive charge juxtaposed with a hollow containing a positive and negative charge.
If the structure of TPO becomes available it may be possible to carry out docking
simulations in order to identify such a surface.

It has been shown that some antibodies undergo a conformational change, or

induced fit, on binding antigen and that water molecules are involved in the
interface [Davies & Cohen 1996], If this occurs with 4F5, then direct

extrapolations from antibody to antigen structure are more difficult. However,
there is evidence that induced fit may be less common in antibodies that have

undergone extensive maturation [Wedemayer 1997], Given the presence of somatic
mutations and the high affinity of 4F5 it is likely that it may have matured to a

structure that binds to TPO using a lock-and-key mechanism.

The interaction in the crystal of the CDR residues of one 4F5 molecule with the
constant domain of another may be representative of antigen binding. Head-to-tail

packing is a common feature of antibody fragment crystals [Cygler 1987], and
intermolecular contacts have been used to propose a model for antigen binding of
the Fv fragment MFE-23 to its protein ligand [Boehm 2000], The 4F5 interaction
involves seven CDR residues that are within 4 A of the Cl domain of a

neighbouring molecule, and two residues that bind to bridging water molecules.
Four residues that are involved in the interaction have undergone somatic mutation

(phenylalanine L32, tyrosines H33 and H56 and asparagine H54), and are therefore

likely to be involved in the physiological interaction with TPO. It would be
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interesting to perform site-directed mutagenesis of these residues in order to study
their role in binding to TPO.

It is unlikely that this interaction is fully representative of that with TPO as the
interaction surface area is less than 500 A2, whereas antibody-protein complexes
have been shown to bury 700-900 A2 [Padlan 1994], In addition, only CDR
residues from LI, HI, H2 and H3 are involved in the interaction, whereas L3 has

been shown to play a significant part in interactions with antigen [Wilson &
Stanfield 1994],

The region of the Cl domain of 4F5 that interacts with the CDRs is composed

predominantly of helix B. Three charged residues are involved in hydrogen bonds,

they form the sequence X Asp X X Glu Arg X X (where X is an amino acid). The
TPO sequence contains a related motif, X Glu X X Glu Arg X X (residues 558 to

565), which corresponds to helix 11 of MPO. This sequence is on the surface of the

peroxidase domain model and the side chains of the two glutamates and the

arginine are accessible to the solvent. Extrapolating from the crystal contacts, it is

possible 4F5 binds to this region of TPO. This could be studied using site directed

mutagenesis of the two glutamates and the arginine on TPO.

The combining site of 4F5 can be compared with that of TR1.9, an autoantibody to

TPO of known structure [Chacko 1996], TR1.9 defines the A domain on TPO

[Nishikawa 1994a] and 4F5 has been shown to experimentally to recognise one of
two autoantigenic domains on TPO. However, it is not known how the domain
bound by 4F5 relates to the A and B domains. 4F5 and TR1.9 have a similar
structure in all CDRs apart from H3, but the surface charge profile differs

significantly. It is likely, due to differences in charge and topology between the

combining site of the two antibodies, that they do not bind to the same region on the
surface of TPO. However, the possibility that either or both of the antibodies

undergo induced fit in order to bind to a similar structure TPO cannot be completely
excluded. It is also possible that the epitopes recognised by 4F5 and TR1.9 are
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overlapping. It would be interesting to see how 4F5 and TR1.9 compete with each
other for binding to TPO.

The analysis of the antibody combining site of 4F5 has been undertaken using the

assumption that the conventional site (i.e. the CDRs) is used for antigen binding.
The structure of rheumatoid factor bound to an Ig has shown that other regions are

involved in binding to antigens [Corper 1997], However, rheumatoid factor is a

low affinity antibody which may use the conventional site for binding a different

antigen, whereas the interaction between TPO and 4F5 is monospecific and of high

affinity.

8.4 Summary

This work provides information on the structure of TPO and the structure of an anti-
TPO antibody. A potential molecular replacement solution to low resolution TPO
data has been found, indicating that a different dimer interface from MPO may be

present. Characterisation of TPO has shown that N-terminal heterogeneity may be

responsible for the low diffraction of the crystals, and ways to increase the
resolution have been proposed. A model of TPO has been built which provides
evidence that the dimer interface is different from MPO, and indicates that regions
of membrane bound TPO are likely to be inaccessible to autoantibodies. The high
resolution structure of an antibody to TPO has been solved and residues in the

combining site that are likely to be involved in binding TPO have been identified.
It is hoped that this study has provided groundwork that will allow the solution of

crystal structures of TPO-autoantibody complexes.
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Appendix A

Protein Crystallography Theory1

Protein Crystallisation

Individual protein molecules interact with X-rays weakly, therefore the diffraction

signal must be amplified by a three-dimensional array of molecules. Such an array

can be found in a crystal. Protein crystals are held together by weak non-covalent

interactions, and contain 30% to 80% solvent. Growth is achieved by steadily

increasing the protein concentration using a precipitant to cause removal of water.

To obtain ordered crystals, the protein must be maintained in a state of

homogeneous content and conformation. Due to the large number of variables in a

crystallisation experiments, developing a method is largely empirical.

A saturated solution contains the maximum possible amount of solute under

equilibrium conditions. The aim of a crystallisation experiment is to induce the
formation of a metastable supersaturated solution which contains more than the

equilibrium amount of solute. At low ionic strength protein solubility increases
with ionic strength and the protein's net charge, a process called salting-in. At high
salt concentrations salting-out occurs, whereby protein solubility decreases

logarithmically with increasing ionic strength. Precipitants cause the formation of a

precipitant-poor layer near the protein surface, either due to the higher affinity of
the protein for water than for the precipitant (for example ammonium sulphate) or

solvent exclusion effects (polyethylene glycol). The formation of a precipitant-

1 Reviewed in Drenth, J. (1994). Principles of Protein X-ray Crystallography. Springer.

Rhodes, G. (1993). Crystallography made Crystal Clear. Academic Press..
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depleted layer is energetically unfavourable and promotes molecular associations
that decrease the total protein surface area exposed to solvent.

The first step in the growth of a crystal is nucleation. This is the assembly of a

thermodynamically stable ordered aggregate, which, on reaching a critical size (10-
100 molecules) favours growth over dissolution. Growth is the addition of
molecules to the crystal and competes with the formation of other non-crystalline

aggregates. Nucleation and growth both require supersaturation, the extent of
which changes during the experiment. The process is illustrated on a phase diagram

(Figure 1).

Figure 1
A phase diagram for a protein solution.

In a successful crystallisation experiment the conditions will be gently changed so

as to allow the solution to enter the nucleation zone, whilst avoiding precipitation.

During nucleation a small number of stable nuclei are formed which leads to

removal of molecules from solution. The lower protein concentration promotes

return to the metastable zone where the nuclei can grow.

01
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Salt, concnntration
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Supersaturation is normally achieved by slow changes in precipitant and protein
concentration caused by diffusion. Initial screening experiments sample a wide

range of reagents, pH, protein concentration and temperature, often Hampton
Research commercial screen are used. Crystals or crystalline precipitates can then
be optimised by adjusting several experimental parameters. Vapour diffusion is the
most common method for growing protein crystals and the hanging drop setup is
shown in Figure 2.

Figure 2
A hanging drop crystallisation experiment.

Protein Crystals

Definitions of the terms used to describe protein crystals are given in Table 1. The

positions within a crystal are described by vectors, a, b and c, that define the unit
cell (Figure 3). Symmetry considerations leads the possibility of seven different
three-dimensional crystal systems, these are reflected in the external symmetry of
the crystal. Internally, the protein crystals are restricted to 14 Bravais lattices (P =

primitive, I = body-centered, F = face-centered, C = single-face centred). There are

Coverslip

"Protein solution ~ 2 pi 10
mg/ml protein + 2 pi reservoir

Reservoir solution — 0.5 ml
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32 crystal classes, or point groups, 11 of which are found in protein crystals. The
combination of Bravais lattices and point groups leads to the 65 space groups that
are found in protein crystals. These are listed in Table 2.

Figure 3
The crystallographic coordinate system.

Crystal Cell parameters Bravais Point Space groups

system lattices groups

Cubic a=b=c, a=p=y=90° P, I, F 23, 432 With/without screws

Tetragonal a=b, a=p=y=90° P,I 4, 422 With/without screws

Orthothombic a=p=y=90° P, I, C, F 222 With/without screws

Triclinic No restrictions P 1 PI only

Monoclinic a=p=90° P,C 2 With/without screws

Trigonal a=b, a=p=90°, y=120° P 3, 32 With/without screws

Hexagonal a=b, a=p=90°, 7=120° P 6, 622 With/without screws

Table 2

The space groups of protein crystals
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Crystal

Unit Cell

Asymmetric Unit

Lattice

Symmetry Operation

Symmetry Element

Crystallographic Sym.

Non-crystallographic Sym.

Rotational Symmetry
Screw Operation

Point Group

Space Group

Atoms or molecules arranged in a pattern that repeats

periodically in three dimensions.
The fundamental volume of the crystal.
Geometric entities of subsets within the unit cell that

are equivalent by crystallographic symmetry.

A simplified geometric representation of the
translational repetition within the crystal, each unit
cell is represented by a single point.
An action that converts between indistinguishable
states.

i

A geometric entity (point, line or plane) associated
with a symmetry operation.

Symmetry that is a property of the crystal lattice.

Symmetry only valid within a single part of the unit

cell, a property of the protein.
A rotation by 360°/n about an axis or a line.
The combination of rotation and translation parallel to

the axis of rotation, symbol np (rotation by 360°/n
followed by translation of tp/n, where t is the shortest
lattice translation parallel to the screw axis.
A symmetry operation that leaves one point in space

unmoved: rotation, reflection or rotatory-inversion.
A description of the internal structure of the crystal,
there are 230 three-dimensional space groups. The

symmetry operations of the space group are sufficient
to build the unit cell from the asymmetric unit.

Table 1.

Definitions of terms used to describe protein crystals
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The X-ray Diffraction Experiment

In order for an object to diffract light, the wavelength of the light must be shorter
than the object. X-rays are in the same region of the electromagnetic spectrum as

bonded atoms in a protein, which are around 1.5 A apart. X-rays can be produced
in-house by a metal-anode generator, which emits a continuous spectrum of
radiation with sharp lines of Cu-Ka X-rays (X = 1.542 A). An alternative source is
the very intense, polarised, and tunable radiation emitted by bending the path of
accelerated electrons in a synchrotron. Optical elements such as monochromators,

filters, mirrors and focusing elements define the beam size and energy, and a

goniometer head is used to position the crystal. Electronic area detectors with

phosphor screens and video or CCD readout capture the position and intensity of
the diffracted spots.

X-ray scattering is the redirection of a small fraction of a beam of X-rays by the
electrons in a sample. The extent of elastic scattering (scattering without a change
in energy) is recorded by the detector. The discrete directions of the diffracted
beams are determined by the repetitional symmetry of the crystal lattice, the

intensity distribution is determined by the distribution of atoms in the unit cell.

Diffraction can be depicted as occurring in reciprocal space, where the distances are

reciprocally related to those in real space. A schematic diagram of the generation
of a diffraction pattern is shown in Figure 4. A sphere with a radius equal to the

reciprocal wavelength is drawn, called the Ewald sphere. Diffraction only occurs

when the Ewald sphere passes through the reciprocal lattice points.
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Detector

Figure 4
The generation of an X-ray diffraction pattern in reciprocal space.

Two or more interacting waves may show interference. If two waves arrive at a

point with the same phase, then the net amplitude is the sum of the individual

amplitudes. If the difference in phase is a non-integral number of wavelengths,
then the phase will be modulated and the combined amplitude will be smaller than
the sum of the two amplitudes. If the pathlength difference is an integral number of

wavelengths, as happens in a regular array of scatterers, then the waves completely
interfere and there will be no net scattering. The result of interference caused by
diffraction of the atoms arranged in a protein crystal is restriction in the directions
of scattering, giving rise to an ordered pattern of diffraction spots on the detector.

A wave can be regarded as being reflected against a plane at angle 0 (Figure 5).
Vector so is the incoming wave of length MX, and s is the reflected wave. S is the
difference between s and so and is perpendicular to the reflecting plane. Therefore,

using the rules of trigonometry:
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S = 2(sin0)/A, [1]

Figure 5
The reflection of a primary wave so against a plane.

A unit cell has a total scattering function F(S) derived from the scattering of all its
atoms. A crystal made up of unit cells spaced by the vectors a, b and c will lead to

interference with respect to the three spacings. This leads to the Laue equations,
which must simultaneously be satisfied:

a.S = h b.S = k c.S = 1 [2]

where h, k, and 1 are independent integers called Miller indices. In practice, it is
more convenient to use a coordinate system of reciprocal dimensions, and a

reciprocal unit cell of vector a*, b*, and c*.

Bragg's law explains the location of maxima in the diffraction pattern by analogy to

the reflection of waves from plane surfaces. If the reflecting plane in Figure 4 is
taken to be the lattice plane (hkl) and the distance between planes to be d, then

using the Laue condition d.S = 1 and substituting into [1]:

228



X = 2dsin0 [3]

In order to sum individual structure factors they are described by periodic functions:

f(x) = vertical height of the wave at any horizontal position x, where x is one full

wavelength
F = amplitude
h = frequency
a = phase in radians

For mathematical reasons is more useful to convert equation [4] to the form of a

complex number. The phase a is not shown, but is implicit in the combination of
cosine and sine functions:

The summation of all the atomic structure factors can then be written as a Fourier

series in which each term gives the contribution of one atom (j ) to the reflection hkl.
This leads to the structure factor equation:

The structure factors must be multiplied by a temperature dependent factor, B, to

account for the vibration of atoms around an equilibrium position:

f(x) = F cos 2n (hx + a) [4]

f(x) = F [(cos 2 7i (hx) + i sin 2 7i (hx) ] = F exp [27ti (hx)l [51

Fhki = Sj F j exp [27U (hx, + ky, + lzj)] [6]

-Bj [(sinO) / X] 2 [7]
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B is related to the mean square displacement of the atomic vibration (u2) such that a

B-factor of 30 A2 corresponds to a root mean square displacement of 0.62 A of the
atoms from their equilibrium position:

B = 8 7i2 u2 [8]

The Fourier transform of the structure factor equation gives the electron density

equation:

p (x, y, z) = 1/V Ehki Fhki exp [-2rci (hx + ky + lz)] [9]

Using these equations it is possible to get from experimentally determined
intensities (which are equal to the amplitude, or Fhki, squared) to the electron

density, if the phase information is known.

The Phase Problem

Phase information is not measured in the diffraction experiment, therefore three
methods have been developed that used a reference vector with a 'known' phase.
These are isomorphous replacement, anomalous diffraction and molecular

replacement. Direct methods can be used in some circumstances where very high
resolution data have been collected.

In multiple isomorphous replacement, atoms of high atomic number are added to

the crystal by soaking pre-grown crystals in a solution containing a heavy-atom

reagent. The unit cell must remain isomorphous to the native crystal. Substitutions
of highly diffracting atoms generate a measurable change in the intensity pattern,

from which the added atoms can be located by Patterson methods. Patterson
functions (Fp) are amplitudes (structure factors squared) with phase angles equal to

zero, and Patterson maps displays peaks at locations corresponding to vectors
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between atoms. Fp is calculated from the native data and FpH from the heavy atom

data. A difference Patterson function is used to locate heavy atoms, this function is
a map of vectors between the heavy atoms:

P (u, v, w) = 1/V Zhki (Fph - Fp)2 cos [2k (hu + kv + lw)] [10]

When combined with the measured amplitudes from the native crystal, the
reference vector from the heavy atoms provides phasing information for the protein.

Anomalous diffraction signals arise from the variation in atomic scattering as a

function of X-ray wavelength that is associated with absorption edges. A tunable

X-ray source, such as a synchrotron, is necessary to access the absorption edge.
The signal most commonly comes from selenium atoms that replace the sulphur
atoms in cysteine residues. Phasing by anomalous diffraction requires the
measurement of several difference signals, a technique called multiwavelength
anomalous diffraction, or MAD.

The method of molecular replacement uses the phases of a correctly positioned and
orientated model structure to provide initial phases. The first step is a cross-rotation
function to determine the orientation of the known and unknown molecules with

respect to each other. A rotation function is the angular relationship between
identical molecules (self-rotation function) or between closely related or identical
molecules in two different crystal forms (cross-rotation function). This is followed

by translation to superimpose the two molecules. Patterson maps are independent
of the position of the structure in the unit cell, so the maps of the measured data and
the phasing model will have the highest correlations when the molecules are in the
same orientation. The search is monitored by calculating the R-factor between the
two sets of structure factors (where F0bs are the observed structure factor amplitudes
and Fcaic are the calculated structure factor amplitudes):

R = £hk1 Fobs Fcalc / ^hkl F0bs [11]
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The choice of the known structure and the content of the phasing model are

important considerations.

Phases can be improved by map modification techniques that use various

assumptions about the electron density. The density in solvent channels should be
constant and lower than average protein density, so solvent density can be flattened
if a protein-solvent boundary can be calculated. Histogram matching is a related
technique where the distribution of densities in the protein is matched to an

expected distribution. The electron density of protomers in a multimeric protein are

usually equivalent. If the protomers are crystallographically independent then the
related densities may be averaged to construct an improved map. Molecular

averaging can also be used if the protein crystallizes in more than one crystal form.

Model Building and Refinement

Information about protein structure such as geometry, stereochemistry and

fragments of solved structures are used to model the amino acids into the electron

density map. The most useful type of map for model building is a 2F0bS - Fcaic map

which reduces the overall model influence and produces a continuous trace. The

maps are weighted according to the reliability of the atom positions, for example

using sigma-A. Sigma-A is an error measurement that can be approximated by the

square root of the correlation coefficient between the observed and calculated
normalised structure factors.

Refinement is composed of cycles of reciprocal space calculations, and real space

model building. It is an iterative process in which the reliability of the atomic

parameters, x, y and z (the position of the atoms) and B (the isotropic temperature

factor) are improved, in order to minimise the difference between F0t,s and Fcaic.
The minimized function, <t>, includes terms for stereochemical restraints. These are

bond lengths, bond angles, planarity of aromatic rings, chirality, van der Waals
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interactions, and torsion angles. Terms for bond lengths and angles are shown
below.

d* - Zhkl Whkl ( I Fobs I - I Fcalc I )2 hkl

+ ZibondsWi(diideal- dimode1)2

+ s,an8leswi(<))ildeal- (t)™0^1)2 [12]

w = weight corresponding to the reliability of the reflections

di= length on bond i

<|>i = bond angle at location j

Simulated annealing is a molecular dynamics technique that removes regions of
structure trapped in local minimum. Atoms are assigned velocities in a random

direction, from a Boltzman distribution, which states that the number of structure5

with potential energy spot is proportional to:

exp [-Sp0t/kT] [13]

k = Boltzmann's constant

T = temperature K

The increase in energy is sufficient to allow the structure to escape from the local

energy minima. The temperature is then gradually dropped in steps to approach the

global minimum.
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The progression of refinement is monitored by the R-factor, calculated as in

equation [9], The free R-factor uses a test set of 5-10% of the observed reflections
so is unbiased by the refinement procedure.
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Appendix B

Amino Acid Sequences of TPO
Autoantibodies

Anti-TPO autoantibody sequences are from the KabatMan database (last update

September 30 1999) [Martin 1996] and the NCBI database (last update 1 July 2000)

[NCBI 2000], and collated from papers. The 4F5 sequence is added for

comparative purposes. CDRs were defined (Kabat definitions) and the canonical
class identified (Chothia templates) automatically by KabatMan. Lengths of CDRs
are given with canonical class in brackets, a question mark signifies that the
canonical class was not automatically identified. Canonical class assigment could

only performed if the sequence of the entire V domain was available, incomplete

sequences are indicated with a star. The colour code used is that used to analyse the
structures of 4F5 and TR1.9, and is shown in Table 7.1.

The subset of the sequences which have been mapped to autoantigenic domains of
TPO are compared separately. The immunodominant domains are named A and B
as identified in [Ruf 1989] or 2G4/not 2G4 as identified in [Hexham 1994],
Minor domains are shown in brackets, and both domains separated by a slash if

they are equally important.
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Light Chain CDRs

CDR length

CDR Sequence (canonical class)
Name LI L2 L3 LI L2 L3 Reference

101 ra i yl aa. l y pf 11(?) 7(1) 9(1) [Hexham 1994]
1261P5 ra :QS i yl aa l; y jtit 11(?) 7(1) 8(?) [Mcintosh 1997]
126A ra gid yla aa l vy ypl 11(?) 7(1) 9(1) [Mcintosh 1997]
126C ra pqgi yla aa l vy ypl : 11(?) 7(1) 9(1) [Mcintosh 1997]
126D ra ri wla aa l a fpl 11(?) 7(1) 9(1) [Mcintosh 1997]
126F ra pqgi yla aa l vy ypl 11(?) 7(1) 9(1) [Mcintosh 1997]
126G ra gi - yla aa. 3tlqs v ypv 11(?) 7(1) 9(1) [Mcintosh 1997]
126H ra 3qgi yla aa. l 2lm: ypl 11(?) 7(1) 9(1) [Mcintosh 1997]
1261 ra gid yla aa l vy: ypl': 11(?) 7(1) 9(1) [Mcintosh 1997]
126T01 ra 3qsi yl aa iSLQS y pf 11(?) 7(1) 9(1) [Mcintosh 1997]
126T02 ra 331 yl aa 5slqs y >tit 11(?) 7(1) 8(?) [Mcintosh 1997]
126T06 rv 5q3i yl aa l y st it 11(?) 7(1) 8(?) [Mcintosh 1997]
126T08 ra 3qgi yla aa l v . ypvr 11(?) 7(1) 9(1) [Mcintosh 1997]
126T09 ra 3qgi yla aa le v 11 ypl 11(7) 7(1) 9(1) [Mcintosh 1997]
126TO10 ra ;gid yla va. 1tlh3 vy ypl"" 11(7) 7(1) 9(1) [Mcintosh 1997]
126T015 ra gid yla aa I l vy ypl 11(7) 7(1) 9(1) [Mcintosh 19971
126TP1 ra gid yla aa; l . vy ypl 11(7) 7(1) 9(1) [Mcintosh 1997]
126TP2 ra 3Q3-l yl. aa: . l y pf 11(7) 7(1) 9(1) [Mcintosh 1997]
126TP5 ra

'

I yl aa slqg y pw 11(7) 7(1) 9(1) [Mcintosh 1997]
126TP6 ra w.i yl aa l vy yp* 11(7) 7(1) 9(1) [Mcintosh 1997]
126TP7 ra "qgi yla aa jtlhi v' ypl 11(7) 7(1) 9(1) [Mcintosh 1997]
126TP8 ra gid yla aa: tlhs vy ypl r 11(7) 7(1) 9(1) [Mcintosh 1997]
126TP9 ra, , t yt, aa t, y tit 11(7) 7(1) 8(?) [Mcintosh 1997]
126TP13 ra Q 31 yl aa. l y tplt 11(7) 7(1) 9(1) [Mcintosh 1997]
126TP14 ra v 3nla ga ra y wlpf 11(7) 7(1) 10(?) [Mcintosh 1997]
126TP15 ra

.. i yl aa l y tplt 11(7) 7(1) 9(1) [Mcintosh 1997]
131TP5 ra q 31 yl aa. l y p* 11(7) 7(1) 9(1) [Mcintosh 1997]
131TP6 ra ■ i yl ; aa. SLQ£ y l* 11(7) 7(1) 9(1) [Mcintosh 1997]
131TP14 ra v 3snla ga ra y wp* 11 7 9 [Mcintosh 1997]
2G4 r aa rayl G ' craa ydm ppgit 12(7) 7(1) 11(?) [Hexham 1994]
4F5 sa v fi nla5 l r ypy 10(7) 7(1) 9(1) Unpublished
ICA g. igukyv d krp c kaag yv 13(5) 7(?) 10 (?) [Chapel 2000]
ICA5 g , tgagydy g rp aawdd l gpv 15(6) 7(1) 11(?) [Chapel 2000]
ICB7 g g yv d erp g wd l ayv 13(7) 7(1) 11(?) [Chapel 2000]
JA.9 ra 031; ryl aa. . l y tplt 11(7) 7(1) 9(1) [Chazenbalk 1993]
Lambda gg ig k v 3 dd drp wd d yv 11 7 11 [Prummel 1994]
SP1.2 ra e i, ry aa l y pf 11(7) 7(1) 9(1) [Portolano 1993]
SP1.4 ra vg yl tas L y pw 11(7) 7(1) 9(1) [Portolano 1993]
SP1.5 ra igkyl g. l y p* 11 7 9 [Portolano 1993]
SP1.12 ra i ayl a l 11 7 [Portolano 1993]
SP1.13 r i ryl aa' slot 11 7 [Portolano 1993]
SP1.14 ra igkyl g l s 11 7 [Portolano 1993]
SP1.16 ra di, ryl ga. le 11 7 [Portolano 1993]
3P1.17 ra e i ry aa l 11 7 [Tortolano 1993]
SP1.18 ra rai. yl g l 11 7 [Portolano 1993]
SP1.20 ra i ayl a l, 11 7 [Portolano 1993]
TR1.3 ra igdyl aa l ya pw 11(7) 7(1) 9(1?) [Portolano 1993]
TR1.5 ra Q 3 i : yl aa ll y p* 11(7) 7(1) 9(1?) [Portolano 1993]
TR1.6 r ll g gy yl lg ra m al ppy 16(7) 7(1) 9(1) [Portolano 1993]
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D

TR1.8 R
n

LL .GY YL L RA M AL PPY 16(?) 7(1) 9(1) [Portolano 1993]

TR1.9
U

RA .■GI, ALA DA LE F YPL 11(7) 7(1) 9(1?) [Chazenbalk 1993]
TR1.10 RA I KYLA D L G AY W 11(7) 7(1) 8(?) [Chazenbalk 1993]
TR1.13 RA GI RGLA DA LE F YPL 12(7) 7(1) 9(1) [Chazenbalk 1993]
TR1.21 RA I YL AA L Y PF 11(7) 7(1) 9(1) [Portolano 1993]
TR1.22 RA I YL AA L YG PY 11(7) 7(1) 9(1) [Portolano 1993]
TR1.23 RA I YL AA NLC Y IPF 11(7) 7(1) 9(1) [Portolano 1993]
TR1.32 RA I YL AA . L Y PL 11(7) 7(1) 9(1?) [Portolano 1993]
TR1.37 R LL GY YL LG RA M AR I PY 16(7) 7(1) 9(1) [Portolano 1993]

TR1.41
JJ

GGD IG K V YD ARP VWDR YV 11(7) 7(1) 11(?) [Prummel 1994]
WR1.7 RA IGRYL TA LL GYD P* 11 7 9 [Chazenbalk 1993]
WR1.102 . GT DVGGYKYV EV RP Y 14(7) 7(1) 6(?) [Portolano 1993]
WR1.107 GDALPK YA KD ERP AD G 11(7) 7(1) 8(?) [Portolano 1993]
WR1.112 :GDALPK YAP KD ERP AD .GY 11(7) 7(1) 8 (?) [Portolano 1993]
WR1.201 RA )3VSSNLA GA RA Y WP* 11 7 9 [Jaume 1996]
WR1.202 RA V LA G RAA Y WP* 11 7 9 [Jaume 1996]
WR 1.204 RA I YL AA L Y P* 11 7 9 [Jaume 1996]
WR1.213 RA I YL AA NLC YI P* 11 7 9 [Jaume 1996]
WR1.214 RA I YL AA LL YIPP* 11 7 9 [Jaume 1996]
WR 1.222 RA L WLA K LE Y YP* 11 7 9 [Jaume 1996]
WR 1.223 K

T 7\

ILY K Y WA RE YF S P * 17 7 9 [Jaume 1996]

WR4.2
J_lA.

RA I YL A LL YI P* 11(7) 7(1) ? [Chazenbalk 1993]
WR4.3 RA IGRYL A LV Y P* 11(7) 7(1) ? [Chazenbalk 1993]
WR4.4 RA VGRYL AT 5 . LLS F PY* 11(7) 7(1) ? [Chazenbalk 1993]
WR4.5 RA IS YL. AT. >NLLS YI P* 11 7 9 [Chazenbalk 1993]
WR4.7 RA IGRYL A TLL GYD PW 11(7) 7(1) 9(1) [Chazenbalk 1993]
WR4.8 RA IGRYL A NLVG Y PY 11(7) 7(1) 9(1) [Chazenbalk 1993]
WR4.9 RA IGRYL TA: tSLLS YD PW 11(7) 7(1) 9(1) [Chazenbalk 1993]
WR4.10 RA IGRYL AT f; LV F PP Y 11(7) 7(1) 11(?) [Chazenbalk 1993]
WR4.12 RA VGRYL A LL F PY* 11(7) 7(1) ? [Chazenbalk 1993]
WR4.21 RA I YL A LL YI P* 11(7) 7(1) ? [Chazenbalk 1993]
WR4.22 RA IGRYL ATS LVG Y PY 11 7 9 [Chazenbalk 1993]
WR4.25 RA VGRYL A DLL F PY 11(7) 7(1) 9(1) [Chazenbalk 1993]
WR4.32 RA IGRYL A HLVG Y PY 11(7) 7(1) 9(1) [Chazenbalk 1993]
WR4.33 RA MV YL A LV Y PY 11(7) 7(1) 9(?) [Chazenbalk 1993]
WR4.35 RA I YL A. LL YI PY 11(7) 7(1) 9(1) [Chazenbalk 1993]
WR4.36 RA IGRYL A LV Y PY 11(7) 7(1) 9(1) [Chazenbalk 1993]
WR4.37 RA VGRYL A LV Y PY 11(7) 7(1) 9(1) [Chazenbalk 1993]
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Heavy Chain CDRs

CDR length

CDR Sequence (canonica

Name HI H2 H3 HI H2 H3

101 yam f a gdfayyad vkg agrilgwlwy lyy 5(1) 17(3) 19

gfdv

126A y m id g afvyyad vkg gg wl ld ffd 5(1) 17(3) 13
126B f m sig g aylyyad vkg gg wlpld ffdl 5(1) 17(3) 13

126C ■! m: sinsg afiyyad vkg gg wl ld ffd 5(1) 17(3) 13
126D ty m id g ayvyyad vkg gg wl ld ffdl 5(1) 17(3) 13

126F 7 y m . ld g ayvyyad vkg gg wl ld ffd 5(1) 17(3) 13
126G y m idpg ayvyyad vkg gg wl >ld ffd 5(1) 17(3) 13
126H y m id g ay yyad vkg gg flpld wl 5(1) 17(3) 13

126J k m . idpg ay yyad vkg gg wl ld wfd 5(1) 17(3) 13
126T01 yai wi d gr kf e l,g r d: gff gmdv 5(1) 17(3) 13

126T02 yah; wi ag gr ky ekl g r e aff gmdv 5(?) 17(3) 13
126T03 yai wi ag. gr ky ekl . g r e aff gmdv 5(7) 17(3) 13

126T06 yai wi ag gr ky ekleg re ff gmdv 5(7) 17(3) 12

126T08 y r' mi pidpg ayvyyad vkg gg wl ld ffdp 5(1) 17(3) 13

126T09 tf m:. ig g aylyyad vkg gg' clpld ffdl 5(1) 17(3) 13
126TO10 f 3mn ig g. aylyyad vkg gg wlpld ffdl 5(1) 17(3) 13

126T015 f.:m; ig g aylyyad vkg gg wlpld ffdl 5(1) 17(3) 13

126TP1 f m ig g aylyyad vkg gg wlpld ffdl 5(1) 17(3) 13

126TP5 nyai - wi ag gr ky ekl g e vlf gmav 5(1) 17(3) 12

126TP6 ty mi idpg.ayvyyad vkg gg wl md ffdp 5(1) 17(3) 13

126TP7 f m ig g aylyyad vkg gg wlpmd ffdl 5(1) 17(3) 13

126TP8 y m idpg. ayvyygd vkg gg wl ld ffd 5(1) 17(3) 13

126TP9 yai1 r wi' ag gr kf ekl g rre aff gmdv 5(1) 17(3) 12

126TP10 f m ig g aylyyad vkg gg wlpld ffdl 5(1) 17(3) 13
126TP13 yai wi d gr ky e l g r d gff. gmdv 5(1) 17(3) 12

126TP14 yai wl ag. gr ky ekl g r e aff gidv 5(?) 17(3) 12

126TP15 yai wl ag gr ky ekl. g r e aff gidv 5(7) 17(3) 12

131TP14 yem yi pygr iyyad vrg af lrf yyygmdv 5(1) 17(3) 14

131TP15 yam i gg yae vkg rgpipyyyyaldv 5(?) 17(3) 13

131 IP2 yam i gg yae vkg rgpipyyyyaldv 5(?) 17(3) 13

131TP5 yam yae vkg rgpipyyyyaldv 5(?) 17(3) 13

131TP6 yam i gg yae vkg rgpipyyyyaldv 5(?) 17(3) 13

131TP7 yam yae vkg rgpipyyyyaldv 5(?) 17(3) 13

131TP8 yvm i gg yae vkg rgpipyyyyaldv 5(?) 17(3) 13

2G4 ikyl ll dg pfyad vrg df lla 5(1) 16(1) 9

4F5 yyi wiypg; vy ky ekfkd da ley 5(1) 17(?) 6

6F Din wi rg rya kf g gagagg wgmdv 5(1) 17(3) 12

7F dgdyyw iyy g yy p l g graalfg e ypld 7(7) 16(1) 15

ICA iy i wi ag g rky vf d dp fgdfd 5(1) 17(?) 9

ICA5 rpv giipifrk ya ky g rmki vfa ldy 5(?) 17(?) 14

ICB7 iy i wi ag g rky vf d dp fgdfd 5(1) 17 (?) 9

JA.9 g ym wi p rga r fa kf g r ayygmdv 5(1) 18 (?) 10

Lambda yai giipifg a ya kf g drggp rrgdafdv 5 17 14

SP1.2 g ym wi p rga rfa kf g r ayygmdv 5(1) 17(?) 10

SP4.6 dy v : wi pk ag ry kf g gvgvg. 5 17 6

TR1.3 l ym vif dg pyyad vrg g r yyyidv 5(?) 16(1) 12

TR1.5 l ym v f dg fyad vkg g r yyyidl 5(?) 16(1) 12

class)
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[Chapel 2000]
[Chapel 2000]
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[Portolano 1993]
[Portolano 1993]
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TR1.6 KFAI GFIPMFG YA KF G G DRGPVA FGVFDL 5(1) 17(2) 15 [Portolano 1993]
TR1.8 FAI: GFIPMFGA YYA KF G A DRGAYA FGGFDV 5(1) 17(2) 15 [Portolano 1993]
TR1.9 YGL WI AG G . KY KFRG DPYGGGK EFDY 5(1) 17(?) 12 [Portolano 1993]
TR1.10 Y LY WI PGKG KY KF G VLGIIAAD 5(1) 17(?) 9 [Portolano 1993]
TR1.21 D YIO WIRP RG RYA KF G G WGFDY 5(1) 17(?) 8 [Portolano 1993]
TR1.22 D YI WIRP GA RFA KF G G WGLDY 5(1) 17(3) 8 [Portolano 1993]
TR1.23 Y I WI AA GK RY F A GVG DF FALGY 5(1) 17(2) 14 [Portolano 1993]
TR1.32 L YM VI Y DG YYAD VKG G R YYYIDL 5(?) 16(1) 12 [Portolano 1993]
TR1.37 RPAI GFIPMFGA YYA KF G G DRGALA FGGFDV 5(?) 17(2) 15 [Portolano 1993]
TR1.41 YVI GVIP FG A YAKKFLG DRGGP RRGDALDI 5(?) 17(2) 14 [Prummel 1994]
WR1.7 YMI WI AD GKIRY KF G RGD I 5(?) 17(?) 6 [Chazenbalk 1993]
WR1.9 YMI WI SAG! .GKIRY KF G RGD I 5(?) 17(?) 6 [Chazenbalk 1993]
WR1.102 YGM VI G GG YYAD VKG 5(1) 17(3) [Portolano 1993]
WR1.107 D YI WI P GG RFA KF G 5(1) 17(?) [Portolano 1993]
WR1.112 G YY IGYI Y G YY A LK 5(?) 18(7) [Portolano 1993]
WR1.201 YAM GI G GG YYRD VKG 5 17 [Jaume 1996]
WR 1.202 YYM II P G Y KF G 5 17 [Jaume 1996]
WR 1.204 Y I WI GD GG. KY KF G 5 17 [Jaume 1996]
WR1.213 TYAIH WI AG G KY KF G 5 17 [Jaume 1996]
WR1.214 Y V WI GG G KY KF G 5 17 [Jaume 1996]
WR1.222 YRI WI TWIG' RY KL D 5 11 [Jaume 1996]
WR1.223 RYAIC GI G GG YY D VKG 5 17 [Jaume 1996]
WR4.2 DY III WI PK AG RY EKF G GVGVG 5(1) 17(7) 6 [Chazenbalk 1993]
WR4 5 DYKIH WI P GG YA KF R 5 17 [Portolano 1993]
WR4.10 DFYI I WI PK AG RF ERF GG RGLGVG 5(1) 18(7) 4 [Chazenbalk 1993]
WR4 12 DFYI •: WI K RF ERF G GLGVG~T; 5(1) 17(7) 6 [Chazenbalk 1993]
WR4.25 DYYI . WI K RF ERF AG GLGVG 5(1) 18(7) 6 [Chazenbalk 1993]
WR4.27 DY I WI PK AG" RF ERF G GLGVG 5(1) 17(7) 6 [Chazenbalk 1993]
WR4.28 DYYI WI PK AG RF ERF AG GLGVG 5(1) 18(7) 6 [Chazenbalk 1993]
WR4.31 DYYI WI PK AG RF EKF G GVGVG 5(?) 17(7) 6 [Chazenbalk 1993]
WR4.32 DYYI WI K RY EKF G GVPVG 5(?) 17(7) 6 [Chazenbalk 1993]
WR4.34 DYYI WI PK AG RY EKF G GVGVG' 5 17 6 [Chazenbalk 1993]
WR4.35 DYYI' WI PK AG RY EKF G GVGVG" 5(?) 17(7) 6 [Chazenbalk 1993]
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Heavy and Light Chain CDRs (Length and Canonical Class) of TPO
Autoantibodies with Mapped Autoantigenic Domains

CDR Length (Canonical Class)
Immunodominant

Name LI L2 L3 HI H2 H3 domain

2G4 12(7) / (1) 11(?) 5(1) 16(1) 9 2G4
6F 11(?) 7(1) 9(1) 5(1) 17(3) 12 2G4
7F 12(7) 7(1) 8 (?) ? (?) 16(3) 15 2G4
4F5 10(7) 7(1) 9(1) 5(1) 17(?) 5 NOT 2G4
101 11(7) 7(1) 9(1) 5(1) 17(3) 19 NOT 2G4
WR4.5 11 7 ? 5 17 B
WR4.2 11(7) 7(1) ? 5(1) 1 "7 (?) 6 B
WR4.3 11(7) 7(1) ? B
WR4.4 11(7) 7(1) ? B
WR4.8 11(7) 7(1) 9(1) B
WR4.10 11(7) 7(1) 11(?) 5(1) 18(?) 7 B
WR4.12 11(7) 7(1) ? 5(1) 17 (?) 6 B
WR4.21 11(7) 7(1) ? 5 18 6 B
WR4.22 11 7 9 B
WR4.25 11(7) 7(1) 9(1) 5(1) 18(?) 6 B
WR4.27 5(1) 17(?) 6 B
WR4.28 5(1) 18(?) 6 B
WR4.31 5(?) 17(?) 6 B
WR4.32 11(7) 7(1) 9(1) 5(?) 17 (?) 6 B
WR4.33 11(7) 7(1) 9(1) B
WR4.34 5(?) 17 (?) 6 B
WR4.35 11(7) 7(1) 9(1) 5(1) 17 (?) 6 B
SP1.2 11(7) 7(1) 9(1) 5(1) 17 (?) 10 B
SP1.4 11(7) 7(1) 9(1) B
SP1.5 11(7) 7(1) 9(1) B
SP1.12 11 7 B
SP1.13 11 7 B
SP1.14 11 7 B
SP1.16 11 7 B
SP1.17 11 7 B
SP1.18 11 7 A
SP1.20 11 7 A
SP4.6 5 17 6 A
TR1.10 11(7) 7(1) 8 (?) 5(1) 1? (?) 9 B(A)
IK1.23 11(7) /(1) 9(1) 5(1) 17(2) 14 B(A)
WR1.7 11 7 9 5 17 6 B(A)
126T01 11(7) 7(1) 9(1) 5(1) 17(3) 13 B(A)
126T02 11(7) 7(1) 8 (?) 8 (?) 17(3) 12 B(A)
126T03 8 (?) 17(3) 12 B(A)
126T06 11 (?) 7(1) 8 (?) 5(?) 17(3) 12 B(A)
126TP5 11(7) 7(1) 9(1) 5(1) 17(3) 12 B(A)
126TP9 11(7) 7(1) 9 (?) 5(1) 17(3) 12 B(A)
126TP13 11(7) 7(1) 9(1) 5(1) 17(3) 12 B(A)
126TP14 11 (?) 7(1) 10(?) 5(?) 17(3) 12 B(A)
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126TP15 11(?) 7(1) 9(1) 5 (?) 17(3) 12 B(A)
131TP5 11(?) 7(1) 9(1) 5(?) 17(3) 13 B(A)
131TP6 11(?) 7(1) 9(1) 5(?) 17(3) 13 B(A)
131TP7 6 (?) 17(3) 13 B(A)
131TP8 5(?) 17(3) 13 B(A)
131TP15 5 (?) 17(3) 13 B(A)
TR1.3 11(?) 7(1) 9(1?) 5(?) 16(1) 12 B/A

TR1.5 11(?) 7(1) 9(1?) 5(?) 16(1) 12 B/A

126T08 11(?) 7(1) 9(1) 5(1) 17(3) 13 A(B)
126H 11(?) 7(1) 9(1) 5(1) 17(3) 13 A(B)
131TP14 11 7 9 5(1) 17(3) 14 A(B)
TR1.6 16(?) 7(1) 9(1) 5(1) 17(2) 15 A

TR1.8 16 (?) 7(1) 9(1) 5(1) 17(2) 15 A

TR1.9 11(?) 7(1) 9 (?) 5(1) 17 (?) 12 A

TR1.13 12(?) 7(1) 9(1) A
TR1.41 11(?) 7(1) 11(?) 5(?) 17(2) 14 A
126B 5(1) 17(3) 13 A

WR1.102 14 (?) 7(1) 6 (?) 5(1) 17(3) 0 A
WR1.107 11(?) 7(1) 6 (?) 5(1) 17(?) 0 A

WR1.223 17 7 9 5 17 A
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