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The antibody response has evolved under constant pressure to recognize
common pathogens and also remain adaptable to novel threats. Given the limited size
of the germline antibody repertoire, adaptability requires that some antibodies must be
polyspecific for multiple distinct antigens. Despite the profound importance of
polyspecificity in the antibody response, the structural features that allow it are not well
understood.

Antibodies raised against glycoconjugates of Chlamydiaceae LPS oligosaccharides
of the inner-core sugar Kdo (3-deoxy-b-manno-oct-2-ulosonic acid) have been shown to
cross-react with several inner-core oligosaccharides through conserved recognition of
single Kdo residues in a germline-encoded pocket, with additional sugars
accommodated by flexible side-chains. Two of these antibodies, S25-2 and S25-39, were
observed to bind several Kdo oligosaccharides with an identical binding site
conformation, but adopted unigque conformations of the heavy chain complementarity

determining region loop 3 (CDR H3) in the absence of ligand.



Conformational flexibility of germline antibodies is believed to facilitate
polyspecificity by generating multiple unique binding sites in a single antibody. This
thesis research further explores the conformational flexibility of the antibodies $25-2
and S25-39 to gain insight into mechanisms of antigen recognition and how this feature
may allow polyspecificity. This was achieved first by solving structures of $25-39 from
crystals grown in unique conditions to observe alternate CDR H3 conformations, and
second by designing synthetic Kdo-based antigens so as both to inhibit interaction with
the previously observed liganded conformation of $25-2 and S25-39 and to be
accommodated by their observed unliganded conformations.

These structures reveal an unprecedented level of structural diversity of CDR H3,
notably including the exact ‘liganded’ conformation in the absence of ligand. This is the
first direct structural evidence that CDR H3 can exist in a conformational equilibrium
with antigen binding through a selection mechanism, as opposed to induced fit where
antigen causes the observed conformational change. Definitive evidence for binding the
synthetic antigens was not obtained, however the resulting structures revealed several
additional unique conformations of CDR H3 suggesting that ligands can alter
conformational equilibria during crystallization. A unique conformation was also
observed with CDR H3 coordinating multiple iodide ions, revealing another potential
source of polyspecificity with unique binding paratopes generated by ion coordination.

Finally, the unparalleled level of conformational diversity observed for these

antibodies highlights the challenges of antibody structure classification and prediction,



and stresses the need for additional in-depth studies of conformational diversity and
binding mechanisms to advance these fields for therapeutic application.

This is the first targeted structural study of flexibility in antibodies and provides
insight into their conformational dynamics and antigen-binding mechanisms. These are
of fundamental importance in understanding antibody structure and function, a critical
consideration in practical applications such as modelling and design of therapeutic or

diagnostic antibodies.
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Chapter 1: Introduction

Portions of this chapter are adapted or reproduced from the publication Blackler RJ, et
al. (2012) Antibody Recognition of Chlamydia LPS: Structural Insights of Inherited
Immune Responses. Anticarbohydrate Antibodies, eds Kosma P, Miiller-Loennies S
(Springer Vienna, Vienna), pp 75—-120. See Appendix B for permissions.

1.1. A history of antibody discovery and theories for their formation

“Yet it was with those who had recovered from the disease that the sick

and the dying found most compassion. These knew what it was from

experience, and had now no fear for themselves; for the same man was

never attacked twice — never at least fatally.”

— Thucydides, Athens approx. 430 BC — Translated in (1)

Perhaps the first recorded reference to adaptive immunity was in the Greek historian
Thucydides’ account ‘The Peloponnesian war’ where he describes the plague of Athens
and the resistance of recovered individuals to re-infection. This phenomenon was
observed and exploited across Asia and Europe where inoculation (or ‘variolation’ — a
term derived from the causative agent of smallpox, Variola virus) was practiced since at
least the 10™ century. However, the foundation of modern immunology is often
credited to Edward Jenner’s research and insistent promotion of vaccination, the
administration of Vaccinia virus (the causative agent of cowpox) for the control of
smallpox infection around the year 1800 (2, 3). The term vaccination is now generally
used to refer to the controlled presentation of any antigenic material to the immune
system to develop immunity to a foreign pathogen or any disease with an identifiable
molecular signature (e.g. cancer, Alzheimer’s disease, etc.).

The role of antibodies in immunity was realised by Emil von Behring and

Shibasabura Kitasato in 1890 when they showed that animals given a fatal dose of



diphtheria toxin could be protected through a serum transfer from previously
immunized animals by the action of ‘anti-toxins’ (4). This practise of passive
immunization was a major research focus of Paul Ehrlich, who in 1891 coined the term
‘antibody’ (5) and in 1897 proposed his ‘side-chain’ theory for their production: that a
cellular receptor (the side-chain) will specifically recognize “as a key is to its lock” the
foreign substance, and the cell will respond by producing an excess of these receptors,
some of which will be released into the serum to function as antibodies (6, 7).

Ehrlich’s side-chain theory prevailed for over thirty years, although studies by
Karl Landsteiner and others showing that antibodies could be formed against a variety
of chemically synthesized haptens cast a growing doubt on the ability of a pre-existing
antibody repertoire to match a seemingly infinite antigenic diversity (8). These doubts
led to an increasing popularity of ‘instructional’ theories, implying that antigen played a
role in dictating the specificity of antibody, including Linus Pauling’s landmark ‘direct
template’ theory in 1940 that proposed antigen at the site of antibody production
serves as a folding template to achieve perfect complementary (9, 10). Pauling’s theory
reconciled the limited size of the antibody repertoire with its ability to match an infinite
diversity of antigens but was unable to explain certain phenomena, such as evidence for
antibody multivalency through the precipitation of multiply substituted proteins.

Around the same time, Frank Burnet proposed his ‘adaptive enzyme’ theory that
attempted to better explain observed biologic aspects of the immune response
compared to Pauling’s theory that focused mainly on the chemistry of recognition.

Burnet’s theory stated that antibody-synthesizing enzymes were modified by contact



with antigen to then produce specific antibodies, and these modified enzymes were
replicated and passed on to daughter cells, explaining the heightened immune response
upon re-exposure to antigen (11). His theory was modified later in the same decade
upon the discovery that proteins are under the control of a ‘genome’, to suggest it was
rather this genome that was modified by antigen to then produce specific antibody (12).

In 1955, largely in attempt to explain pre-existing so-called ‘natural antibodies’
that could not be accounted for by the instructional theories, Niels Jerne refreshed
some of Ehrlich’s ideas and presented his ‘Natural Selection’ theory: that antibodies of
all specificities circulated in the blood and upon binding antigen would migrate to
specialized cells where they would influence the cell’s RNA to cause further production
of specific antibody (13).

The critical flaw in theories suggesting an influence of antigen or antibody on
DNA or RNA was emphasized in 1958 with Francis Crick’s “central dogma” of genetics,
that described information flow as a one-way street from DNA to RNA to protein (14).
This led Burnet and others back towards concepts first introduced by Ehrlich, for the
development of the ‘clonal selection’ theory: that natural antibodies pre-exist on the
surface of lymphocyte clones, where interaction with antigen triggers clone proliferation
and somatic mutation to generate “better” antibodies (15-17). Lederberg further
suggested that antibody specificity was determined by a unique amino acid sequence
encoded in nucleic acid, which was subject to a high rate of mutation to account for

antibody diversity.



Although the clonal selection theory was followed by years of debate as to the
genetic source of antibody diversity, it accurately predicted the basic tenets by which
the antibody response is now known to function. Many copies of unique
immunoglobulins (lg) are present on the surface of individual circulating B-lymphocyte
clones as part of the B-cell receptor, and binding to antigen provides a signal to the B-
cell to proliferate and differentiate into antibody secreting plasma cells or long-lasting
memory B-cells (18-21). The genetic basis for antibody diversity and more detail into

the antibody response are given in the following sections.

1.2.  Early studies of general antibody structure

Many fundamentals of antibody structure and function were elucidated in early studies
by Rodney Porter and Gerald Edelman, for which they shared the Nobel Prize in
medicine in 1972 (22-24). Following in the footsteps of Petermann and Landsteiner,
who discovered that an intact immunoglobulin (Ig) is not required for antigen specificity
(25-28), Porter’s work on the digestion of 1gG* with papain revealed its multivalent
nature and established the existence of fragments that were ‘antigen binding’ (Fag) and
‘crystallizable’ (Fc) (Figure 1) (29). Edelman discovered that antibodies were composed
of multiple chains cross-linked by disulfide bridges (30, 31). Further research established
the ‘four peptide chain structure’ of IgG with two light chains and two heavy chains (32)
and a more precise mapping of disulfide bridges (33). In a landmark paper, Kabat

showed that immunoglobulins as a group possessed six regions of hyper-variable

! Antibodies can exist in a number of isotypes, of which IgG is the most common. These are explained in
section 1.3.2



sequence (three on the light chain and three on the heavy chain), which he
hypothesized to lie at the basis of individual antibody specificity (34). The precise
domain structure and location of hypervariable regions were then revealed with the first
high-resolution crystal structure of an antibody Fag, determined in 1973 by Poljak et al.

(35), as will be described in section 1.4.



Figure 1: General schematic of IgG structure

The IgG molecule is composed of two heavy chains and two light chains. The heavy
chains each possess four domains; Vy, Cyl, Cy2 and Cy3. The heavy chains dimerize
through the Cy2 and Cy3 domains and through disulfide bonds in the hinge region. The
Vi and Cy1 domains of each heavy chain pair with the Vk and Ck or VA and VA domains
depending on whether the light chain is of kappa or lambda type. The dimerized Cy2 and
Cy3 domains form the ‘Fragment Crystallizable’ or F.s: or Fc, which is recognized by Fc
receptors on various types of immune cells and is responsible for the effector functions
of the antibody. The heavy chain Vy and Cyl domains paired with light chain Vi/A and
Cx/A\ domains each form a ‘Fragment Antigen-Binding’ or Fag. This is further subdivided
into the ‘Fragment Variable’ or Fy, containing only the Vy and Vk/A domains. Each Fy
contains six loops of hypervariable sequence deemed complementarity determining
regions, or CDRs, that form the antigen binding site (inset shows CDR loops from an
antibody crystal structure, PDB identifier code 30KE?). The schematic and CDRs are
coloured according to which gene segment encodes which region, consistent with Figure
2.

Antigen
Binding Site

Hinge
Region

H2

/

? Atomic coordinates available from the Research Collaboratory for Structural Bioinformatics (RCSB) Protein
Data Bank (http://www.rcsb.org/pdb/home/home.do)



1.3. The genetic basis for antibody diversity

The generation of antibodies from the recombination of multiple gene segments was
first hypothesized by Dreyer and Bennett in 1965 to explain the generation of a vast
antibody repertoire from a limited genome size (36). The first experimental evidence
for this phenomenon was provided by Hozumi and Tongeawa in 1976, when
comparative restriction digests and hybridization revealed that the variable and
constant regions of kappa light chain were located on two distant fragments in early
embryo DNA versus a single joined region in plasmacytoma DNA (37). Additional DNA
digestion, hybridization and sequencing experiments by Tonegawa and others (37-47)
led to his seminal publication In 1983, somatic generation of antibody diversity (48),
where he described the assembly of complete immunoglobulin genes during
lymphocyte development from multiple gene segments scattered across the
chromosome. In 1987, Tonegawa was awarded the Nobel prize in medicine for this

research.

1.3.1. V(D)J recombination: generating the germline repertoire

This assembly involves the recombination of Variable (V), Diversity (D) and Joining (J)
gene segments to create the heavy chain variable region, and the recombination of V
and J gene segments to create the light chain variable region. The V(D)J-recombination
process occurs at the DNA level during lymphocyte development, so that a mature B-cell
contains a single contiguous VDJ heavy chain gene segment and a single contiguous VI
light chain gene segment (Figure 2). It is the light and heavy chain variable regions that

encode the antibody Fv, which contains the antigen binding site (Figure 1). Mature B-



cells therefore express a single unique antibody as part of their B-cell receptor (BCR)
from the rearranged Ig DNA loci.

There are a total of 38-46 V, 23 D, 6 J heavy chain gene segments, 29-33 V and 4-
5 J lambda light chain gene segments and 31-36 V and 5 J kappa light chain gene
segments in humans, and a total of 97 V, 14 D, 4 J heavy chain gene segments, 3V and 3
J lambda light chain gene segments and 95-96 V and 4 J kappa light chain gene segments
in mice (mus musculus) (Table 1). V(D)J recombination and differential light and heavy
chain pairings can therefore generate a maximum of 1.3 x 10’ unique antibody variable
fragments in both humans and mice (49-51).

Further diversity is generated during V(D)J recombination through junctional
flexibility, where imprecise joining of gene segments can generate alternate amino acids
at each coding joint in CDR3, and nucleotide addition or deletion during recombination.
Nucleotide addition can occur when DNA cleavage generates single-strand overhangs
that are repaired to generate short palindromic sequences at coding joints in a process
called P-addition, and also with the addition of up to 15 random non-templated
nucleotides at V-DJ or VD-J coding joints by a terminal deoxynucleotidyl transferase
(TdT) in a process called N-addition. Nucleotide deletion may also occur at cleavage
sites prior to nucleotide addition (18, 52-54). Junctional diversity has been estimated to
increase the combinatorial diversity of the germline repertoire to approximately 10™

different receptors (49, 55-57).



Figure 2: V(D)J germline gene segment recombination

(A) Functional antibody genes are formed by the recombination of germline gene
segments during B-cell development, using so-called V, D and J gene segments in the
heavy chain and V and J gene segments in the light chain. The primary RNA transcript of
recombined VDJ DNA is then spliced with a constant gene segment that determines the
antibody isotype, forming a complete heavy chain mRNA. (B) and (C) show the regions
of VDJ gene segments that encode the CDRs. CDR Residue numbers follow Kabat
definitions (see section 1.4.1).
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Table 1: Human and mouse Ig gene segment diversity

Gene segment numbers were obtained from the IMGT server® locus descriptions of IGH,
IGL and IGK, only including functional genes. Ranges given for some gene segments

account for allelic polymorphism by insertion/deletion.

Human Mouse

Heavy Chain

V gene segments 38-46 97

D gene segments 23 14

D gene reading frames 6 6

J gene segments 6 4

Combinations 31464-38088 32592
Light Chains

Kappa

V gene segments 31-36 94-96

J gene segments 5 4

Combinations 155-180 376-384

Lambda

V gene segments 29-33 3

J gene segments 4-5 3

Combinations 116-165 9
Combined combinatorial diversity of 8.5 x 10° - 1.3 x 10’ 1.3 x 107

heavy and light chains

3 (http://www.imgt.org/) (50)
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1.3.2. Constant genes dictate antibody isotype

The VDJ or VJ recombined gene segments are further joined with Constant (C) gene
segments within their respective Ig DNA loci, through splicing at the RNA level (18, 48).
The light chain gene segments are separated in two multi-gene families, lambda (A) and
kappa (k), located on two separate chromosomes (number 22 and 2 in human, 16 and 6
in mouse, respectively) and each contain different V and J gene segments and a single A
or k C gene segment. There is a single heavy chain multi-gene family located on a single
chromosome (14 in human, 12 in mouse), which, in contrast to light chain, contains
multiple unique C gene segments. These are the C,, Cs, C,, C. and C, gene segments,
with C, variants C,1, C,2, C,3 and C,4 in humans, and C,1, C,2a, C,2b and C,3 in mice
(Figure 2).

The heavy chain constant gene segment dictates the antibody isotype, for
example IgM, IgD, IgG1, IgG2a, 1gG2b, 1gG3, IgE or IgA in mice. The isotypes have unique
sizes and structures (Figure 3), are expressed in different stages of B-cell development
or in response to different antigen classes, and have different effector functions. For
example, 1gG binds to Fc receptor of phagocytes and can cross the placenta, IgA (and
IgM to a lesser extent) can be secreted in mucous, and IgE induces mast cell
degranulation (18).

Mature, naive B-cells express membrane bound germline IgM and IgD. Upon
activation by antigen and T-helper cell help, a B cell can differentiate and undergo class-
switching of the antibody isotype. The exact mechanism of class-switching is still

unknown, but the process involves the enzyme ‘activation-induced cytidine deaminase’

11



(AID) and results in the removal of C gene segments from the Immunoglobulin DNA loci
so that a new gene segment is immediately downstream of the VDJ recombined DNA.
For example, class switching from IgM to 1gG involves the removal of C, and Cs gene
segments (Figure 2). 1gG is the most abundant isotype in serum, and is the most
commonly used in molecular biology and medicine because of its small size, stability,
diversity of effector functions, and comparative ease of laboratory manipulation and

characterization.

12



Figure 3: General schematics of immunoglobulin isotype structures

Simplified schematics to illustrate overall structures of (A) 1gG (B) IgD (C) IgE (D) IgA and
(E) IgM. Schematics are coloured with the Vi, domain in red, the V| domain in pink, and
all constant domains in orange. Thick black lines indicate disulphide bonds. The orange
loops in (D) and (E) each represent a protein component called the ‘joining chain’.

VA
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1.3.3. Somatic hypermutation expands the diversity of the germline repertoire

When a mature naive B-cell displaying membrane-bound IgM and IgD is activated by
antigen stimulation and signalling from a T-helper cell, it will undergo somatic
hypermutation of the Ig locus in addition to class-switching of the isotype as discussed
above (18, 58-62). Somatic hypermutation occurs throughout the VDJ and VJ segments
at a rate of approximately one mutation per every one or two cell divisions, which is at
least 10° times higher than the normal gene mutation rate. After each cell division, B-
cells expressing mutant BCRs with higher affinity for the stimulating antigen undergo
further proliferation or differentiation into long-lasting Memory cells or antibody-
secreting Plasma cells. The iterative process of somatic hypermutation and selection of
B-cells displaying higher-affinity BCRs is called affinity maturation. Through
documentation of mutations during an immune response, it has been observed that

mutations are most likely to occur in the CDRs (18, 63).

1.4. Structural studies of antibodies

The first high-resolution structure of an antibody was the 2.8 A crystal structure of an
Fab’ fragment of the antibody ‘New’, determined in 1973 by Poljak et al. (35). This
structure revealed the four-subunit structure of the Fab, with the V4 and V|, subunits
tightly associated to form a V domain, and the C, and Cy1 subunits tightly associated to
form a C domain (Figure 4). Each subunit consists of an immunoglobulin fold: a pair of
antiparallel 3 sheets bridged by a disulfide bond and forming a hydrophobic core. The

hypervariable regions of both chains are solvent exposed in loops at one end of the

14



molecule where they are restrained by the framework regions, and together form the
antigen binding site. These six hypervariable regions are now referred to as
‘complementarity determining regions’ or CDRs, and are numbered sequentially in the
light and heavy chains as L1, L2, L3, H1, H2 and H3. In the light chain, L1 and L2 are
encoded by the germline V| gene, and L3 by the V,-J, junction. In the heavy chain, H1
and H2 are encoded by the Vy gene, whereas H3 is encoded by the Vy-Dy-Ji junction and
is therefore the most variable CDR in sequence and structure (Figure 2, Figure 3, Figure
4).

There are now 2238 high-resolution structures® of antibodies or their fragments
deposited in the protein data bank (www.rcsb.org/pdb) (64), which have confirmed the
general structural features described above and have allowed for many highly detailed

comparisons and characterizations of antibody structural features (65-74).

4 According to The Structural Antibody Database (SabDab), accessed Dec 30 2015
<http://opig.stats.ox.ac.uk/webapps/sabdab-sabpred/Welcome.php> (107)
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Figure 4: High resolution structure of an antibody Fag

Ribbon diagram of a Fag from a 2.4 A crystal structure (PDB 30KE). Regions are coloured
according to germline gene segment descent as in Figure 1 and Figure 2 with the
exception of the light chain constant region, which is coloured tan for better contrast
with the heavy chain.
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1.4.1. Antibody numbering systems

Given the enormous diversity of antibodies, the significance of antibodies in technology
and medicine, and the utility of antibody structural analysis and comparison, it is
desirable to have a standardized numbering scheme that allows the comparison of
residues in structurally equivalent positions. A standardized numbering scheme allows
identification of residues in critical positions to define CDR boundaries, to interact with
antigen, to influence CDR conformations, to affect domain association, etc. Several such
numbering schemes have been developed. The basis of all schemes is to provide
consistent numbering of framework regions and to account for different CDR lengths
with lettered residue numbers, e.g., 27A, 27B, 27C, etc. denote insertions at position 27.

The first scheme was developed by Kabat in 1983, based on sequence alignments
before structural data were available (75). This was followed by the Chothia method
based on structural data of antibody variable domains, which adjusted the sites of CDR
insertions and deletions compared to the Kabat method (76). The Chothia method
underwent several adjustments (67, 77), and the additional IMGT (78) and Aho (79)
schemes were also introduced to provide unity with T-cell receptor numbering. The
Kabat and Chothia schemes are the most commonly used (80), and it is the Kabat
scheme used in this thesis to provide consistency with the associated publications and

deposited structures.

1.4.2. CDR Canonical conformations

As the first antibody crystal structures were determined, Chothia pioneered attempts to

classify CDR conformations based on sequence and structure (76). He suggested that
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CDRs may each adopt only a small number of so-called ‘canonical structures’ based on
length and sequence. These classifications were updated by Chothia and others as more
structures became available (67, 77, 81), and more recent schemes divide CDR
conformations into canonical ‘clusters’ based on the relative population of each cluster
from available structural data (82, 83) (for example, cluster L2-8-1 would be the most
common conformation among 8-residue long CDR L2s) and one such scheme is available
via the webserver PylgClassify” (82, 84).

Efforts to classify the conformations of CDR H3 have been impeded by the
hypervariability of that loop in length and amino acid sequence, and there have been a
number of studies to focus specifically on H3 classification. Kuroda et al. first proposed
the “H3 rules” for classifying and predicting its structure in 1996 (85), which have since
been revised and expanded by Kuroda and others (85-91).

CDR H3 is divided into two structural regions (Figure 5): the anchor (also called
the base or torso), referring to N-terminal residues (-1) to (+1) and C-terminal residues
(n = 3) to (n), where residues 1 to n represent H95 to H102 as numbered according to
Kabat® (80, 92, 93), and the head (also called B-hairpin), referring to those residues in
between (87). The base can be classified as either kinked (K) or extended (E) depending
on the pseudo-dihedral angle between the Ca atoms from (n — 2) to (n + 1), called Bpase,
where a kinked base is defined by a dihedral angle within the range of -100° to 100°.

These base classifications are further sub-classified into E°, EV, K', K¢, K® forms

> (http://dunbrack?.fccc.edu/PylgClassify/)

® H in residue number indicates heavy chain, whereas L would indicate a light chain residue.
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depending on the specific value of B,.s and a second pseudo-dihedral angle Bem from
(n — 4) to (n — 1), and the additional K" form designating a second bulge immediately
above a K® base (Table 2). There are four possible structural classes of the B-hairpin
region, A through D, which are dictated by CDR length, n, and the base subtype (Figure
6) (85-87, 94). The B-hairpin can form an antiparallel B-sheet and potentially a p-turn
depending on its sequence. The CDR H3 rules i through iv determine the base type,
subtype, (-hairpin structure and p-turn structure, respectively, as described in (85-87)
and summarized in Table 3 through Table 6.

More recently, the CDR clustering scheme of North et al. (82) has categorized the
CDR H3 base/anchor region into eight structural clusters. These clusters are defined by
the backbone @ and  angles (Figure 7) of the first three and last four residues of CDR
H3, and are named H3-anchor-1 through H3-anchor-7 and H3-anchor-cis4-1 according
to their abundance among structures in the PDB (Table 7). The effect of CDR H3 length
on anchor clustering was also investigated (Table 8). The same group clustered full-
length CDR H3 conformations by the same methods, and found that while shorter loops
cluster well, they are low in population, and longer loops form a large number of small
clusters with low predictive value.

A recent analysis of antibody structures found that the majority of CDR H3s
possess a kinked anchor, and that this kink is specifically stabilized by the Ig heavy chain
fold (88). The authors hypothesize that the preference for a kinked base is an evolved
mechanism for loop diversification, as it results in disruption of p-strand pairing and

increases structural diversity.
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Figure 5: CDR H3 structural regions

CDR H3 is divided into an anchor region (green) and a B-hairpin region (yellow). The
anchor is composed of N-terminal residues (-1) to (+1) and C-terminal residues (n — 3) to
(n), where residues 1 to n represent H95 to H102 as numbered according to Kabat (80,
92, 93), and the B-hairpin is composed of the residues in between. Shown is the
backbone of CDR H3 from PDB 30KE.
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Table 2: CDR H3 structural classifications

Kinked (K) and Extended (E) base types and subtypes are determined by By.sc and dictate
the resulting P-hairpin length (m), which in turn dictates the f-hairpin class. In
determining the B-hairpin class, the value ‘j’ is any non-zero integer. For example, a CDR
H3 of length n = 9 with a K® base type will have a B-hairpin of length m = 7 that will be of
class B. Base type and (-hairpin classification definitions are from reference (87). Bpase is
the pseudo-dihedral angle between the Ca atoms from (n — 2) to (n + 1), and Bgem is the
pseudo-dihedral angle between the Ca atoms from (n—4) to (n—1).

Structural definition Outcome

Base Bbase Bstem Resulting B-hairpin length (m)
Kinked (K) -100° to 100°

K’ -170° to -100° n-2

K® -100° to -10° n-2

K -10° to 50° n-3

K* -10° to 50° n-3
Extended (E) Outside -100° to 100°

E” Around 160°

N Around -160°
B-hairpin B-hairpin length (m)

Class A 4j-2

Class B 4j-1

Class C 4j

Class D 4j-3
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Figure 6: CDR H3 f-hairpin classes

The B-hairpin region of CDR H3 can adopt four classes depending on its length, m, which
is determined by the CDR length, n, and the CDR base type and subtype as outlined in
Table 2. ‘j’ is any non-zero integer. Blue dashed lines indicate hydrogen bonds, and
orange circles indicate key residue positions for CDR H3 rule iv to predict B-turns and
outlined in Table 6. The yellow circle in class D indicates the special position of glycine
for the case m =5 of rule iv. Adapted from (87).

m=4j-2 m=4j-3
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Table 3: CDR H3 rule i: identifying base type

CDR H3 rule i predicts the general base types Kinked (K) or Extended (E) based on the identities of key amino acids in the CDR. For
each rule, if the conditions within the blue box are not satisfied, then the top line prediction of the rule is still valid. Adapted from
(87).

Position

Rule n-1 n-2 n-3 1 0 -1 Length Notable signals Base type
i-a Not Asp K
Hydrophilic E
Phe/Met Ala/Gly  Tyr E
Not Phe/Met Not Ala/Gly 7 E
i-b Asp Not Basic E
Phe/Met Ala/Gly K
L49: Basic K
i-C Asp Basic Not Basic K
L46: Basic and L36: not Tyr E

Table 4: CDR H3 rule ii: identifying base sub-type

CDR H3 rule ii predicts the base sub-type from the outcome of rule i and additional key amino acids. Adapted from (87).

Position
Rule Base n-2 n-3 0 Base subclass
ii-a K Gly K®
ii-b K Trp
K Gly Large hydrophobic "
ii-c E Gly/Arg EN
E Not Gly/Arg E”
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Table 5: CDR H3 rule iii: formation of the hydrogen bond ladder

CDR H3 rule iii predicts the structure of the B hairpin region depending on the base type and sub-type from rules | and ii, and
additional key amino acids. Adapted from (87).

Position
Rule Base 2 3 4 m-3 m-=2 m-1 B-hairpin

iii-a Pro Deformed, H-bond ladder broken
Pro Deformed, H-bond ladder broken

Pro Deformed, H-bond ladder broken

Pro Deformed, H-bond ladder broken

iii-b K Aromatic Aromatic Formed with H-bond ladder
K Aromatic Aromatic Formed with H-bond ladder

Table 6: CDR H3 rule iv: formation of the B-turn

CDR H3 rule iv predicts the formation of a typical -turn depending on the B-hairpin class and additional key amino acids. Adapted
from (87).

Position
Rule B-hairpin m/2 m/2+1 (m+3)/2 m/2+2 B-turn
iv Class A Gly/Asp/Asn Typical
Class A Gly/Asp/Asn Typical
Class B Gly/Asp/Asn Typical
Class C Gly/Asp/Asn Typical
Class D When m=5 and the 3" residue is Gly Typical
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Figure 7: Regions of the Ramachandran map

Conformational regions of the Ramachandran map as defined in (82): B is the B-sheet
region, P is polyproline Il, A is the a-helix, D is the & region (near a-helix but at more
negative values of @), L is the left-handed helix, and G is the y region (¢>0°, excluding
the L and B regions). Figure adapted from (82).
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Table 7: CDR H3 anchor clusters

CDR H3 anchor clusters as defined in (82). Loop conformation according to regions
defined in Figure 7 are given for the first three and last four residues of CDR H3, defined
in (82) as Kabat-numbered residues 94 to 105. Residue conformations that differ from
the largest cluster are shown in red, without differentiating between the similar regions
B/P, A/D and L/G. Lower case residues indicate cis residues. Median Angle represents
the average difference of ¢ or | from the median structure over all the loops in each
cluster. Table adapted from (82).

Number Percent
of unique unique Loop Median
Cluster sequences sequences  conformation Angle(°) Comments

H3-anchor-1 169 67 BPP BPAB 21 Bulged
H3-anchor-2 32 13 BBB ABAB 30 Non-bulged
H3-anchor-3 23 9 BPP ABAB 23 H3-7 only
H3-anchor-4 10 4 BPA ALAB 7 Non-bulged
H3-anchor-5 12 5 BPB PPBB 33 H3-7 only
H3-anchor-6 5 2 BBL LLAB 16
H3-anchor-7 4 2 BPP GBBL 26
H3-anchor-cis4-1 2 1 BPA pLAB 38
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Table 8: Abundance of CDR H3-anchor clusters by H3 length

For each loop length of H3, the number of structures (“Count”) and the percentage in
each cluster are given. The most prevalent cluster percentage for each loop length is
highlighted in green. Loop length includes Kabat numbered residues from 94 to 105.
Table adapted from (82)

Loop Percentage in each cluster (%)
length Count 1 2 3 4 5 6 7 cis4-1
7 34 9 - - 68 - 18 - 3
8 5 40 20 - - 40 - - -
9 26 35 65 - - - - - -
10 29 79 21 - - - - - -
11 27 71 11 19 - - - - -
12 37 74 6 12 - 6 - 2 -
13 40 78 10 5 - - - 8 -
14 28 75 4 7 - 14 - - -
15 13 92 - - - 8 - - -
16 24 92 - - - 8 - - -
>16 34 71 - 29 - - - - -
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1.4.3. Antibody structure prediction

Since the first crystal structures of antibodies were determined and efforts to classify
their structures began, the goal has been to develop reliable methods to predict
antibody structures from their sequences. Such predictive power enables optimizing
antibody affinity, specificity and stability, and is critical to the rapidly advancing field of
antibody design for therapy and biotechnology (95-105). There are now many different
antibody modeling methods and programs created by academia (105-112) and

industry’, that generally follow the same steps for structure prediction:

1) Selection of template antibody structures based on sequence
alignments, including CDRs L1, L2, L3, H1 and H2, and the H3
anchor/base/torso

2) Model building from templates and from canonical CDR structures, and
ab initio modeling of CDR H3 (i.e. without template or with partial
templates)

3) Model evaluation and ranking of conformations

To compare the state-of-the art antibody modeling methods in their abilities to
reproduce accurate structures, the “Antibody Modeling Assessment” (AMA) was
initiated in 2009, where two homology modeling strategies (independently developed
by Accelrys Inc. and the Chemical Computing Group CCG) and two fully automated
modeling servers (PIGS and Rosetta Antibody) were compared in a blinded structure

prediction study (113). All methods performed similarly with the PIGS, Rosetta, ACC and

’ For example, Accelrys Antibody Modeling (http://accelrys.com/products/collaborative-science/biovia-
discovery-studio/antibody-modeling.html), Chemical Computing Group Protein and Antibody Modeling
(https://www.chemcomp.com/MOE-Protein_and_Antibody Modeling.htm), Schrédinger Biologics Suite
(http://www.schrodinger.com/biologics/), Macromoltek SmrtMolAntibody
(https://www.macromoltek.com/), Kotai Antibody Builder (http://kotaiab.org/).
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CCG models having average root-mean-square deviation (rmsd) of atomic positions®
from the target structure backbone atoms of 1.3 A for the whole Fv, 1.0 A for
framework regions, 1.2 A for CDRs with canonical structures, and 3.1 A for CDR H3.

Recently, a second antibody modeling assessment (AMA) was undertaken to
assess improvements in antibody modeling from method development and the
increased number of antibody structures in the PDB available for use as templates (114,
115). In this AMA, the average rmsd for distances of modeled backbone atoms from the
target structures were 1.1 A for the whole Fv, 0.9 A for framework regions, 1.1 A for
CDRs with canonical structures, and 2.8 A for CDR H3, showing improvements in all
areas.

Given the difficulty in classifying CDR H3 loop conformations as discussed in
section 1.4.2, it is not surprising that prediction of CDR H3 structure from sequence is
the least reliable. This difficulty has attracted the attention of researchers to develop
specialized tools for H3 prediction. For example, the database loop prediction server

FREAD (http://opig.stats.ox.ac.uk/webapps/fread/php/) has been repurposed for H3

modeling as FREAD-S, with a focus on sequence similarity, and conFREAD, which
additionally includes contact information, neither of which utilize canonical rules but
instead rely on a fragment-based database search method (112). conFREAD was
reported to achieve an average rmsd of 1.23 A for CDR H3 prediction, and an rmsd of

1.35 A when specifically predicting bound structures from the starting point of an

8 . . . .
rmsd is a measure of the average distance between atoms of superimposed proteins:

1 . . . .
rmsd = [=¥L, 87 where is the distance between N pairs of equivalent atoms.
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unbound structure. Another recent study presented a method based on an automatic
learning technique to select optimal structural templates as starting points for CDR H3
building (also ignoring canonical rules) and claimed the highest accuracy and fastest CDR
H3 prediction to date (105).

Significantly, each assessment of antibody structure prediction assumes that the
reference structure represents the only possible conformation of the antibody. This
may be a fundamental flaw of these assessments, since individual antibodies may adopt

a number of unique conformations, as discussed throughout this thesis.

1.5. Expanding the recognition potential of the germline antibody repertoire

Although it has been estimated that VDJ recombination can generate a germline
antibody repertoire of approximately 10 unique receptors, at any given time there are
only 10° circulating B-cell clones able to respond to antigen (49, 55-57, 116). Based on
the finite size of the germline antibody repertoire and the reduced number of available
clones, it is widely accepted that some germline antibodies must be able to recognize
multiple unique antigens to match their infinite diversity (117-119).

This binding promiscuity is now generally categorized as either cross-reactivity,
where chemically-related antigens make highly similar interactions to a single antibody,
or polyspecificity, where chemically-distinct antigens interact uniquely with an antibody
(120). These behaviours can be achieved through either binding different antigen

epitopes’ with the same antibody paratope®, binding different epitopes with different

° An epitope is the region of antigen specifically interacting with antibody. A single antigen can have many
different epitopes.
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paratopes of a single antibody conformation, or binding different epitopes through
different antibody paratopes generated by conformational flexibility.

One of the most drastic examples of antibody polyspecificity is seen among a
large class of antibodies deemed ‘natural antibodies’ or NAbs, that are produced at a
steady state in pre-immune sera and are polyreactive to large numbers of self and non-
self antigens (121-123). These are largely IgM isotype but can also be IgA and IgG, and
have innate-like functions in pathogen elimination and functions in homeostasis such as
removing apoptotic cells. Natural antibodies may represent the extreme of antibody
polyspecificity, and in one study a panel of natural antibodies were each observed to
react with at least 5 of 13 antigens tested (124), suggesting an astonishing ability to bind
diverse antigens. Unfortunately, there have been no structural investigations of natural

antibody polyspecificity.

1.5.1. Cross-reactivity

The phenomenon of antibody cross-reactivity has been known for some time, and was
quickly identified as a potential source of additional germline antibody recognition
diversity (118). Antibody cross-reactivity has significant implications in health and
disease and has been identified as the cause of many autoimmune disorders and
allergies (125-130). The structural basis of cross-reactivity has therefore been a topic of

great interest.

oA paratope is the region of antibody specifically interacting with antigen. A single antibody can have
multiple paratopes.
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Although the term cross-reactivity is sometimes used broadly to define binding
by an antibody to anything other than the original epitope, it is generally meant to refer
to the strict case where binding to similar antigens is achieved through the same critical
antibody contacts to equivalent chemical groups. This is differentiated from the binding
of multiple antigens using different paratopes or alternate chemical interactions, which
is referred to as polyspecificity (131, 132).

Several structural studies of cross-reactive antibodies in complex with multiple
antigens have revealed the molecular basis for the phenomenon, which is the conserved
recognition of common features between the multiple antigens and further
accommodation of variations or additions that do not drastically impact the core
specificity.

For example, the anti-progesterone antibody DB3 bound five conformationally
unique steroids in a single binding site pocket (133). Cross-reactivity was achieved
through accommodation of the apolar steroid skeleton between two tryptophan side-
chains, and additional specific hydrogen bonds to unique substituents among the
different steroids.

In another example, the mAb Anti-p24 bound four unique peptides (131). The
antigen-derived epitope peptide and an epitope-homologous peptide were similarly
bound by the antibody, demonstrating cross-reactivity, whereas two unique peptides
were bound by different antibody paratopes within the same antibody conformation,
demonstrating polyspecificity, with each interaction through a mixture of polar and

apolar contacts.
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Cross-reactivity of antibodies to related carbohydrates has also been observed.
For example, anti-HIV antibody 2G12 was crystallized in complex with both the
carbohydrate backbone of the lipooligosaccharide from Rhizobium radiobacter strain
Rv3, and with MangGIlcNAc, of the high-mannose carbohydrate on HIV-1 gp120, where
binding in both cases was achieved through identical recognition of a shared
aMan(1—2)aMan(1—2)aMan(1—3)aMan(1—5) epitope.

One of the most thorough investigations of antibody cross-reactivity has been
the structural studies of the S25-2 family of antibodies that bind Chlamydiaceae LPS
oligosaccharides through conserved recognition of a single Kdo residue and further
flexible accommodation of different lengths, linkages and synthetic unnatural
modifications (134-142). The results of these studies are discussed in detail in section
1.8.

As cross reactivity has been observed towards proteins, carbohydrates and small
molecules with specific hydrogen bonds or charged interactions and/or through less
specific hydrophobic interaction, it is clear that there are no particular molecular

features that allow cross-reactivity, as it can occur through a variety of interactions.

1.5.2. Polyspecificity

In contrast to cross-reactivity, which is by definition restricted to identical paratope
usage to bind nearly identical epitopes, polyspecificity can occur through differential
epitope and/or paratope positioning. This can include ‘molecular mimicry’ where

unique antigens can form the same types of interactions with the same residues of the
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antibody combining site (125, 143), or can involve binding to unique antigens through
different interactions with the same or altered antibody paratopes.

Similar to Anti-p24 above, the germline antibody 36-65 was crystallized in
complex with five unique peptides that were observed to bind in unique antibody
paratopes (144, 145). Polyspecificity for unique proteins has also been observed, with
the anti-hen egg lysozyme (anti-HEL) antibody D1.3 binding both HEL and the anti-
idiotypic antibody E5.1 with an almost identical binding site conformation (146).

Polyspecificity toward unique classes of antigen has also been structurally
characterized. For example, the antibody SYA/J6 specific for the cell surface O-antigen
polysaccharide of the pathogen Shigella flexneri Y displayed polyspecific binding to the
O-antigen and an octapeptide mimic with identical binding site conformations (147).
Likewise, polyspecific binding was observed for the anti-LPS monoclonal antibody F22-4,
raised against Shigella flexneri serotype 2a, which bound both an LPS decasaccharide
and a dodecapeptide mimic in the same paratope of an identical binding site
conformation (148). In another example, the antibody 2D10 was observed to bind
methyl a-pD-mannopyranoside and a dodecapeptide with overlapping paratopes of a
single antibody binding site conformation (149).

Conformational flexibility of antibodies has also been well documented, and has
been proposed as a mechanism to enable antibody polyspecificity by generating unique
antibody paratopes. This concept has its roots in Linus Pauling’s 1940 antigen-template

theory (10, 150), long before its first kinetic observation (151). Several subsequent
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studies have observed limited antibody conformational flexibility both kinetically (152—
154) and structurally (130, 136, 140, 155-159).

While conformational flexibility has been observed, structural observations of
polyspecificity through conformational changes have been sparse, in contrast to
differential epitope and paratope positioning in single antibody binding site
conformations. Examples include the germline precursor to antibody 7G12, polyspecific
for its cognate immunogen N-methyl-mesoporphyrin and the polyether Jeffamine (160);
antibody SPE7, polyspecific for protein antigen and hapten molecules (161, 162);
antibody DNA-1, polyspecific for ssDNA and HEPES (130, 158); and mAb BBE6.12H3,
polyspecific for four different peptides each with slightly different CDR H3
conformations (163).

A notable example of polyspecificity through structural flexibility is the antibody
bH1, which was engineered to have dual specificity for human epidermal growth factor
receptor 2 (HER2) and vascular endothelial growth factor (VEGF) by randomization of
the light chain CDRs of the anti-HER2 therapeutic antibody Herceptin, and selection by
phage display for developing a second specificity to VEGF (164). Crystal structures of
bH1 in complexes with HER2 and VEGF revealed moderate paratope overlap and a
significant structural change of CDR L1 that was necessary for binding.

As with the examples of cross-reactivity discussed above, there do not appear to
be particular molecular features required for polyspecificity. It has now been observed

between peptides, proteins, carbohydrates, DNA, and small molecules, through polar
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and apolar interactions, and through conserved or unique epitope/paratope positioning

in the same or different antibody binding site conformations.

1.5.3. Conformational flexibility and affinity maturation

Conformational flexibility is intimately related to the process of affinity maturation. If a
given germline antibody is flexible, then mutations that stabilize a given conformation
can decrease entropic penalties of binding the complimentary ligand and increase
affinity. Indeed, many studies of germline and mature antibodies have demonstrated
how mutations accrued during affinity maturation reduce flexibility to generate higher
affinity for specific antigens and simultaneously reduce cross-reactivity or polyspecificity

(144, 165-174).

1.6. The significance of carbohydrates and anti-carbohydrate antibodies

Proteoglycans, glycolipids and glycoproteins are the most prominent types of cell-
surface molecules and are integral to cell-signalling, trafficking, adhesion,
differentiation, embryogenesis, spermatogenesis, angiogenesis, and fertilization (175,
176). Glycoconjugates are generated by glycosylation pathways of varying complexity
involving one or more glycosyltransferases, and the breakdown of these pathways can
lead to a disruption of cellular homeostasis. One mechanism credited with the
prevention of associated diseases is B-cell surveillance of cell surface oligosaccharides
that may be altered as a result of this disruption, and elimination of abnormal cells.
Some of these aberrant glycosylations are known tumour-associated-antigens (TAA) and

have been well-studied for a variety of cancers (177-179). Human antibodies are
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known to be capable of recognizing many of these unusual TAAs, and there is a
substantial research focus in the generation of TAA-conjugate vaccines to stimulate
immune responses to various cancers.

The prevalence of carbohydrate structures on the surfaces of healthy cells leads
to a degree of immune tolerance, and infectious agents can sometimes use these same
structures to mask their antigenic surface proteins to evade immune surveillance (127,
180, 181). However, many antibodies to carbohydrate antigens are remarkably specific
and a significant protective response against most pathogenic bacteria is still achieved
through the generation of antibodies to LPS or capsular polysaccharide (182).

The ability of antibodies to distinguish between closely-related antigens is
exemplified in some transfusion mismatches of the human ABO(H) blood group. The
antibody response to the foreign blood group antigen is often so severe as to result in
fatality, yet the human A and B blood group trisaccharide antigens are nearly identical
and differ only in the substitution of a hydroxyl group for an acetamido group on the
terminal sugar (183). It is this potential to distinguish between closely related antigens
that drives the development of carbohydrate-specific antibodies in diagnostic medicine.

Although many anti-carbohydrate antibodies do display high-specificity, others
are known to be highly cross-reactive or polyspecific. This can pose serious problems, as
the cross-reactivity of some anti-carbohydrate antibodies is associated with
autoimmune disorders that are triggered when infectious organisms display an

immunogen with structural similarities to self-antigens (143, 184). This can occur
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despite the screening of B-cells during development, when B-cells that recognize self-
antigens normally undergo apoptosis (18, 55).

Aside from their sometimes deleterious side-effects, cross-reactivity and
polyspecificity are thought to play a key role in expanding the recognition potential of
the germline antibody repertoire as discussed above, and are largely responsible for the

success of the antibody response to carbohydrates, discussed below.

1.7. The antibody response to carbohydrate antigens

As described in section 1.3, the diversity of the antibody response arises from V(D))
recombination in developing B-cells, and mature circulating B-cells display copies of
single BCRs with defined specificity. Circulating B-cells are normally dormant but can be
activated upon stimulation by immunogen and co-stimulation by T-helper cells, where
they then migrate to peripheral lymphoid organs to undergo somatic hypermutation
and affinity maturation.

In special circumstances, B-cell activation can occur without co-stimulation of T-
helper cells upon stimulation by thymus-independent (TI) antigens. Tl antigens,
including the bacterial cell-wall components LPS and capsular polysaccharides or
polymeric protein antigens (18, 185, 186), activate B-cells by cross-linking BCRs or
through concomitant stimulation of the BCR and the Myeloid differentiation factor-2
(MD-2)/Toll-like Receptor 4 (TLR4) receptor complex (Figure 8). However, the overall
humoral response to Tl antigens is typically weaker than that to thymus-dependent (TD)

antigens, with no generation of memory cells, affinity maturation or class-switching.
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The majority of carbohydrate antigens are Tl and do not by themselves induce
significant affinity maturation (186-188). This suggests that recognition of
carbohydrates from common pathogens should be conserved in germline gene
segments, as this response has evolved not to rely upon affinity maturation.
Furthermore, as there are a limited number of germline gene segments available for the
generation of antibodies to all potential antigens, as discussed in section 1.5,
evolutionary pressure would select for those gene segments that both protect against
common pathogens and remain able to respond to novel threats. Therefore, anti-
carbohydrate antibodies provide excellent models for studying the molecular basis of
inherited immunity combined with adaptability.

Figure 8: B-cell activation through TD or Tl antigens

B-cell activation, proliferation and differentiation occur in response to antigen and may
occur in a T-cell independent (TI) or T-cell dependant (TD) manner. TD responses involve
the processing and presentation of antigen by B-cells to T-cells and require direct
contact between the two. Some antigens such as LPS or capsular polysaccharide may
activate B-cells in a TI manner by cross-linking BCRs and interacting with the TLR-4/MD-
2 complex.
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1.8.  Structural studies of antibodies against Chlamydiaceae LPS

Lipopolysaccharide is a highly immunogenic conserved building block of the Gram-
negative outer membrane, and can be exploited as an excellent probe of the antibody
response to Tl carbohydrate antigens (186—189). It is present in the order of 10° copies
per bacterium, and is crucial for the structural integrity of the membrane and for
blocking serum components such as the membrane attack complex (189).
Lipopolysaccharides from Enterobacteria are the prototypical example of bacterial
endotoxin, and are large molecules generally divided into three components. The lipid
A anchor is a B1-6 linked glucosamine disaccharide with each residue acylated on C2
and C3 to embed in the bacterial outer membrane. Attached to lipid A is a short chain
of sugars called the core oligosaccharide, which is subdivided into the inner and outer
core and can vary significantly between bacterial species. Last is the O-antigen or the O-
polysaccharide, which is a repeating oligosaccharide attached to the outer core that
varies significantly among bacterial strains.

Under natural conditions, a functional outer membrane in Gram-negative
bacteria contains at least Lipid A with an additional (2—4) linked disaccharide of 3-
deoxy-a-D-manno-oct-2-ulosonic acid (Kdo), or a single Kdo phosphorylated in position
4 or 5. In some species such as Burkholderia cepacia and certain strains of
Acinetobacter, one of the Kdo residues may be substituted with the isosteric D-glycero-
D-talo-oct-2-ulosonic acid (Ko) (190-192).

Chlamydiaceae is a bacterial family containing two genera, Chlamydia and

Chlamydophila, with a total of nine species representing a range of human and animal
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pathogens (193—195). The LPS of this family displays an unusual truncated LPS of only
Lipid A and Kdo, consisting of the family-specific oligosaccharide
Kdo(2—8)Kdo(2—4)Kdo linked (2—6) to the Lipid A GIcN4P(1—6)GIcN1P, with
Chlamydophila psittaci also displaying Kdo(2—4)Kdo(2—4)Kdo and the species-specific
branched oligosaccharide Kdo(2—4)[Kdo(2—8)]Kdo(2—4)Kdo (Figure 9) (192, 196—
201). The antibody response to the family-specific antigen is the basis of a diagnostic
test for Chlamydophila pneumoniae infection in humans.

Although most carbohydrates are Tl antigens and therefore do not elicit affinity
maturation or class-switching responses, these can be induced by conjugating the
antigen to a protein or peptide (202-204). This is desirable to obtain IgG for structural
studies, as IgM is difficult to work with in the laboratory and enzyme digest will produce
the Fv fragment in low yield.

Although inducing an affinity-maturation response to study germline antibodies
may seem counterintuitive, much useful information about the germline response can
be obtained through this technique. First, the higher affinity of the IgG will better allow
co-crystallization with the antigens of interest. Second, the class-switching that
accompanies affinity maturation allows the production of large quantities of IgG that
can be digested to yield the Fab fragment in high yield. Third, murine germline genes
are well defined, and analysis of the antibody sequence of a successful structure
determination of an antibody—antigen complex will still reveal the likely germline

interactions.
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Glycoconjugates of oligosaccharides containing various chlamydial Kdo-based
LPS epitopes have proven useful in the immunization of mice for generating a range of
antibodies with varying specificities and affinities for Kdo and Ko containing antigens
(197, 198, 205-213). An example of the glycoconjugates used to generate these
antibodies is shown in Figure 9, and representative lists of the antigens used to raise
antibodies and to test their specificities to chlamydial LPS are presented in Table 9 and
Table 10. A variety of structures were tested to investigate antibody specificity,
including synthetic antigens not found in nature, to probe the limits of cross-reactivity
(Figure 10).

The sizeable panel of antibodies that was developed displayed a range of
specificities (Table 10). Some bound the Kdo(2—4)Kdo glycosidic linkage preferentially
over the Kdo(2—8)Kdo linkage and vice versa. Some would only bind antigens of one or
two carbohydrate residues, while others exclusively bound larger antigens. Some were
highly specific for a single epitope, while some were cross-reactive for several distinct
Kdo epitopes. Together, these antibodies have provided an unparalleled opportunity to
explore germline recognition of carbohydrate antigens and to analyze the effects of

specific mutations on binding.

41



Figure 9: Chlamydiaceae LPS

(A) Shows the detailed chemical structure of Chlamydophila psittaci species-specific LPS
consisting of the branched oligosaccharide Kdo(2—4)[Kdo(2—8)]Kdo(2—4)-
Kdo(2—6)GIcN4P(1—6)GIcN1P. (B) — (D) are simplified schematics of the
Chlamydiaceae family-specific LPS oligosaccharide Kdo(2—8)Kdo(2—4)Kdo and the
Chlamydophila psittaci species-specific oligosaccharides Kdo(2—4)Kdo(2—4)Kdo and
Kdo(2—4)[Kdo(2—8)]Kdo(2—4)Kdo. (E) shows an example glycoconjugate used in
immunizations to generate the S25-2 type antibodies.
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Figure 10: Kdo antigens crystallized in complex with S25-2

Various natural and synthetic antigens were used to probe the cross-reactivity of S25-2:
(a) Kdo(2—4)Kdo(2—4)Kdo, (b) Ko, (c) Ko(2—4)Kdo, (d) 7-epi-Kdo, (e) 3,4-dehydro-
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Table 9: Germline gene segment usage of antibodies raised against Kdo oligosaccharide glycoconjugates

Antibodies generated towards Ko- and Kdo-based LPS antigens display a conserved germline gene segment usage despite their
generation against distinct antigens, evidencing the presence of a Kdo/Ko binding motif evolutionary conserved in the germline.

Light Chain (k) Heavy Chain

Clone Immunogen (conjugated to BSA) V gene J gene V gene D gene J gene

$25-2 Kdo(2—8)Kdo(2—4)Kdo(2—6)BGIcNAC IGKV8-21*01 IGKJ1*01 IGHV7-3*02 IGHD2-9*01 IGHJ3*01
S$25-39 Kdo(2—8)Kdo(2—4)Kdo(2—6)BGIcNAC IGKV8-21*01 IGKJ1*01 IGHV7-3*02 IGHD2-3*01 IGHJ3*01
$45-18 Kdo(2—4)Kdo(2—4)Kdo IGKV8-21*01 IGKJ1*01 IGHV7-3*02 IGHD1-1*01 IGHJ4*01
S54-10 Kdo(2—8)[Kdo(2—4)]Kdo(2—4)Kdo(2—6)BGIcN(1—6)aGIcN  IGKV8-21*01 IGKJ1*01 IGHV7-3*02 IGHD2-14*01 IGHJ4*01
S69-4 Kdo(2—8)[Kdo(2—4)]Kdo(2—4)Kdo(2—6)BGIcN(1—6)aGIcN  IGKV8-21*01 IGKJ1*01 IGHV7-3*02 IGHD2-4*01 IGHJ4*01
S67-27 Ko(2—4)Kdo IGKV8-21*01 IGKJ1*01 IGHV7-3*02 IGHD1-1*02 IGHJ3*01
S§73-2 Kdo(2—8)[Kdo(2—4)]Kdo IGKV8-21*01 IGKJ1*01 IGHV7-3*02 IGHD2-3*01 IGHJ4*01
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Table 10: Relative binding avidities of $25-2 type antibodies for Chlamydiaceae oligosaccharides determined by ELISA

Antibodies generated by immunization of BALB/c mice with LPS glycoconjugates displayed a variety of binding profiles with varying
specificities when tested by ELISA with immobilized glycoconjugates of LPS antigens; some mimics of naturally occurring chlamydial
LPS oligosaccharides and other unnatural variations of these epitopes.

mAb conc. (ng/mL) yielding OD4g5 >0.2 using 2 pmol/well

Antigen $25-2 $25-39 S45-18 S54-10  S69-4 $73-2 S67-27 S64-4
Ko >1000 >1000 >1000 >1000 >1000  >1000 500 >1000
Ko(2—4)Kdo >1000 >1000 63 500 >1000 250 63 >1000
Kdo 500 500 16 150  >1000 250 16 >1000
Kdo(2—4)Kdo 500 125 2 63  >1000 8 16 >1000
Kdo(2—4)Kdo(2—4)Kdo 1000 63 0.5 4 16 4 16 >1000
Kdo(2—4)Kdo(2—4)Kdo(2—6)BGIcNAC 1000 32 1 4 16 4 16 >1000
Kdo(2—4)Kdo(2—4)Kdo(2—6)BGIcN4P(1—6)aGlcN >1000 63 1 8 250 8 16 500
Kdo(2—8)Kdo 250 16 4 250  >1000 250 16 >1000
Kdo(2—8)Kdo(2—4)Kdo 32 8 8 250  >1000 16 16 1000
Kdo(2—8)Kdo(2—4)Kdo(2—6)BGIcNAC 63 8 125 1000  >1000 500 63 >1000
Kdo(2—8)Kdo(2—4)Kdo(2—6)BGIcN4P(1—6)0oGIcN1P 63 16 1000 >1000 >1000 1000 1000 2
Kdo(2—8)[Kdo(2—4)]Kdo(2—4)Kdo >1000 32 0.5 4 16 4 16 >1000
Kdo(2—8)[Kdo(2—4)]Kdo(2—4)Kdo(2—6)BGIcN4P(1—6)aGIctN  >1000 125 1 8 1000 16 32 250
Kdo(2—8)[Kdo(2—4)]Kdo(2—4)Kdo(2—6)BGIcN4P(1—6)aGIcN1P  >1000 32 0.5 4 63 4 16 >1000
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1.8.1. Vregion restriction of anti-Chlamydiaceae antibodies

The germline genes from which an affinity-matured antibody has descended can be
elucidated by a comparison of the nucleotide sequence of the antibody with those of
the germline genes (50). The structure of the antibody in complex with antigen can then
show which conserved residues in contact with antigen were likely responsible for the
germline interaction, and which residues have been mutated presumably to increase
antigen affinity.

The repeated utilization of a particular set of germline genes in response to a
particular class of carbohydrate antigen is a common phenomenon known as V-region
restriction. It has been observed for both the human and murine antibody response to
capsular polysaccharides from Haemophilus influenzae (214, 215), Streptococcus
pneumoniae (216), Cryptococcus neoformans (217, 218), Neisseria meningitidis (219),
and C. neoformans glucuronoxylomannan (220). V-region restriction has been
hypothesized to be a result of the limited epitope diversity of polysaccharides, being
repeating units of short oligosaccharide epitopes (221).

A large proportion of antibodies raised against chlamydial LPS display V-region
restriction as demonstrated by their shared germline gene segment usage (Table 9).
Remarkably, this is true even for those antibodies raised using chemically and
stereochemically distinct immunogens. This redundant usage of germline gene
segments in response to Kdo-based immunogens suggests an evolutionary conservation
of a combining site or sub-site optimized for Kdo recognition, accentuating the

importance of Kdo as an antigenic marker with which the immune system has co-
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evolved to provide inherited immunity. Interestingly, several studies have concluded
that extensive somatic hypermutation can generate a large measure of paratope
diversity even from a limited gene usage (221-224). V-region restriction appears to be
an evolved strategy to provide a mechanism of broad recognition of important related
carbohydrate antigens that places minimal strain on the size of the germline gene
repertoire, and acts as a starting point that can mature towards specific recognition of
particular epitopes of these related antigens.

One particular combination of heavy and light chain V genes repeatedly appears
in response to different chlamydial LPS immunogens (Table 9), that nevertheless results
in antibodies that display a wide range of specificities. As the V genes provide a largely
common L1, L2, L3, H1 and H2, the differences in avidity and specificity shown by these
antibodies can be attributed first to the different D and J genes that code for H3, and
second to mutations arising through affinity maturation (Table 11).

The first of this group of antibodies to be structurally characterized was the
archetypical S25-2 (134, 140), which is the closest of the group to germline in sequence
with only three V-gene mutations. This antibody was raised against
Kdo(2—8)Kdo(2—4)Kdo(2—6)PGIcNAc-BSA and displays its highest avidity for Kdo
antigens with a (2—8) terminal linkage, and also showed weak cross-reactivity for a
range of other antigens (Table 10). The crystal structure of $25-2 was solved in complex
with a variety of ligands representing natural chlamydial epitopes as well as modified
unnatural Kdo ligands. These structures provided the first glimpse into a recurring

theme for the recognition of Kdo-containing antigens by S25-2 type antibodies, which
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involves a highly conserved Kdo monosaccharide binding pocket combined with flexible

recognition of alternate lengths, linkages, and synthetic modifications.

48



Table 11: CDR sequence alignment of S25-2 type antibodies

Amino acid alignment of S25-2 type antibody CDRs to germline sequence. Differences from germline sequence are underlined, and
the Asn H53 to Lys H53 mutation (discussed in section 1.8.4) is shown in bold. Colour-coded germline gene segments are aligned
above the sequences to indicate amino acid origin.

\Y) J V D J
[ I

Clone CDR L1 CDRL2 CDRL3 CDR H1 CDR H2 CDR H3
IGKV8-21*01 and IGHV7-3*02 QSLLNSRTRKNYLA WASTRES CKQSYNL GFTFTDYYMS FIRNKANGYTTEYSAS ARD---—-————-
S25-2 QSLLNSRTRKNYLA WASTRES CKQSYNL--- GFTFTDYYMS FIRNKANGYTTEYSPS ARDHDGYYE
S25-39 QSLLNSRTRKNYLA WASTRES CKQSYNL--- GFTFTDYYMS FIRNKAKGYTTEYSAS ARDHDGYYE
S45-11 QSLLNSRTRKSYLA WAATRES CKQSYNL--- GFTFTDYYMS FIRNKPKGYTTEYSAS VRDIYSFGSRD
$45-18 QSLLNSRTRKSYLA WAATRES CKQSYNL--- GFTFTDYYMS FIRNKPKGYTTEYSAS VRDIYSFGSRD
S45-24 QSLLNSRTRKNYLA WASTRDS CKQSYTL--- GFTFTDYYMS FIRNKAKGYTTEYSAS ARDDYDYPYY
$73-2 QSLLNSRTRKNYLA WASTRES CKQSYNL--- GFTFTDYYMS FIRNKAKGYTTEYSAS ARDINPGSDGYYD
$54-10 QSLLNSRTRKNYLA WASTRES CKQSYNL--- GFTFTDYYMS FIRNKVKGYTIDYSAS ARDMRRFDDGD
$54-13 QSLLNSRTRKNFLA WASTRES CKQFYSL--- GFTFTEYYMS FIRNKTKGYTTEYSTS ARDKHFGSRD
S54-27 QSLLHSSNQKNYLA WASTRES CQQYYRY--- GFTFTDSYMS FIRDKPNGYTTEYSAS TRDSRYY
S$54-30 QSLLHSSYQKNYLA WASTRES CQQYYRY--- GFTFTDYYMS FIRNKANGYTIEYSAS ARDTRYY
$69-4 QSLLNSRTRKNYLA WASTRES CKQSYNL--- GFTFTDYYMG FIRNKAKGYTTEYSAS ARDLIYFDYDD
$46-5 QSLLNSRTRKNNLA WASTREF CKQSSNL--- GFTFTDYYMS FIRNKANGYTTEYSAS ARDVDGNYVE
S46-8 QSLLNSRTRKNNLA WASTRES CKQSYNL--- GFTFTDYYMS FIRNKPNGYTTEYSVS TRDVDENYVE
S61-27 QSLLNSRTRKNYLA WASTRES CKQSYNL--- GFTFTDYYMS FIRNKAKGYTTEYSAS ARDIITTGVAPHYS
S68-5 QSLFHSRTRKNHLA WASTRES CKQSYSL--- GFTFTDYYMS FIRNRANFYTTEYSAS ARDSDSYPV
S68-12 QSLLNSRTRKSYLA WAATRES CKQSYNL--- GFTFTDYYMS FIRNKANFYTTEYSAS ARDSDTYPV
S67-27 QSLLNSRTRKNYLA WASTRES CKQSNNL--- GFTFTDYYMS FIRNKAKGYTTEYSAS ARDISPSYGVYYE
S25-27 QSLLNSRTRKSYLA WASTRES CKQSYNL--- GLTFTDYYMS FIRNKANGYTTEYSAS ARDHDGYYE
S25-37 QSLLNSRTRKNYLA WASTRES CKQSYNL--- GFTFTDYYMS FIRNKAKSYTTEYSAS TRDHDGYYE
S25-38 QSLLNRRTRKNYLA WASTRES CKQSNNL--- GFTFSDFYMS FIRNRVNGYTTEYSAS ARDIGYYE
S23-24 OSLLNRRTRKNYLA WASTRES CKQSNNL--- GFTFSDFYMS FIRNRVNGYTTEYSAS ARDIGYYE
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1.8.2. Conserved recognition of Kdo

PDB codes for all crystal structures discussed are given in Table 12

The Kdo monosaccharide binding pocket observed in the S25-2 structures is composed
exclusively of germline residues from CDRs H1, H2, L1 and L3, with additional
interactions from CDR H3 (Figure 11). The interactions formed with ligand by this
pocket consist largely of hydrogen bonds and VDW forces and include a salt bridge from
Arg H52 to the Kdo carboxyl group, which was the first observation of a charged residue
interaction in anti-carbohydrate antibodies (140, 225). As in other antibody-antigen
complexes, a number of coordinated water molecules also play a role in maximizing
surface complementarity in the S25-2 structures. Although buried water molecules
have been observed in other carbohydrate—antibody complexes (226), none of the

waters described above are completely isolated from the solvent shell.
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Figure 11: Kdo binding by $25-2

The binding site of $25-2 in complex with Kdo. Hydrogen bonds between S25-2 and Kdo
are indicated by dashed black spheres. The S25-2 backbone is shown as an a-carbon
trace unless backbone atoms participate in hydrogen bonds, in which case they are
shown. The S25-2 heavy chain is coloured green and the light chain yellow, and water
molecules are displayed as cyan spheres™.

" Many figures in this thesis are presented in stereoview (all wall-eyed) for better clarity.
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Table 12: PDB codes for crystal structures of $25-2 type antibodies

All PDB files are available from http://www.rcsb.org

Antibody Antigen PDB Code
$25-2 Unliganded 1Q9K, 1Q9L
Kdo 1Q9Vv
Kdo(2—8)Kdo(2—4)Kdo 1Q9Q
Kdo(2—4)Kdo 1Q9T
Kdo(2—8)Kdo 1Q9R
Kdo(2—4)Kdo(2—>4)Kdo 2R2B
Ko 2R2H
Ko(2—4)Kdo 2R23
7-epi-Kdo 2R2E
KdoClred(2—4)Kdo 2R1Y
3,4-Dehydro-3,4,5-trideoxy-Kdo(2—8)Kdo 2R1W
5-Deoxy-4-epi-2,3-dehydro-Kdo(4—8)Kdo 2R1X, 3BPC
S$67-27 Ko 31JH
Kdo(2—8)Kdo 31y
Kdo(2—8)-7-0-Me-Kdo 3IKC
Kdo(2—4)Kdo(2—6)GIcN4P(1—6)GIcN1P 31JS
S73-2 Kdo 3HZM
Kdo(2—4)Kdo 3HZK
Kdo(2—4)Kdo(2—4)Kdo 3HzZY
Kdo(2—8)Kdo(2—4)Kdo 3HzZV
S54-10 Kdo(2—4)Kdo(2—4)Kdo 3102
$25-39 Unliganded 30KM
Kdo 30KD
Ko 30KE
Kdo(2—4)Kdo 30KK
Kdo(2—8)Kdo 30KL
Kdo(2—4)Kdo(2—>4)Kdo 30KN
Kdo(2—8)Kdo(2—4)Kdo 30KO
S45-18 Unliganded 1Q90

Kdo(2—4)Kdo(2—4)Kdo(2—6)GIcN4P(1—6)GIcN1P  1Q9W

S64-4 Kdo 3PHQ
Kdo(2—4)Kdo(2—4)Kdo(2—6)GIcN4P(1—6)GIcN1P 3PHO

52



1.8.3. Cross-reactivity for alternate lengths and linkages

Antigens of alternate lengths and linkages are accommodated in the $25-2 binding site
through highly similar recognition of a terminal Kdo in the conserved binding pocket,
with the remainder of each antigen accommodated by interactions with Arg L27F of CDR
L1 and Asn H53 of CDR H2, which form a groove above the conserved pocket (Figure
12).

The terminal (2—4) and (2—8) glycosidic linkages of the disaccharide and
trisaccharide ligands are accommodated differently by S25-2, with the terminal (2—4)
linkage less favourably oriented and showing fewer interactions. Correspondingly, ELISA
and SPR data show that S25-2 has higher avidity for sugars with terminal (2—8) linkages
than (2—4), and significantly higher avidity for Kdo(2—8)Kdo(2—4)Kdo over Kdo
(2—=4)Kdo(2—4)Kdo (Table 10 and Table 13). This is also evident in the quality of the
electron density maps for the two trisaccharides in the combining site, where the
Kdo(2—4)Kdo(2—4)Kdo trisaccharide shows some disorder (Figure 12).

The ability of the near germline antibody S25-2 to cross-react with distinct
epitopes primarily through the action of a monosaccharide binding pocket of conserved
sequence appears to be an evolved strategy for general recognition of Kdo-containing
foreign antigens, which is especially apparent in the recognition of modified and
unnatural Kdo ligands. Modified monosaccharide ligands that bind S25-2 include Ko and
the 7-epi-Kdo diastereomer. Both of these ligands show slight changes in binding mode
albeit with minor (7-epi-Kdo) or significant (Ko) decreases in avidity (Table 10).

Disaccharides with modifications of non-terminal Kdo residues such as Kdo
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(2—>4)KdoC1red are also accommodated by the flexible groove as long as a terminal Kdo
is present to bind in the monosaccharide pocket. Compounds with significantly altered
terminal sugars were observed to bind in an “upside-down” orientation, so instead of
the modified Kdo occupying the monosaccharide binding pocket the second unmodified
Kdo is bound. Although the Kdo monosaccharide binding pocket observed in the first
structures of $25-2 bound to the natural antigens was initially hypothesized to offer
specific recognition by a germline antibody of a single sugar residue on a foreign antigen
from which highly-specific antibodies could be developed by affinity maturation (140),
the pocket turned out to be surprisingly adaptable and would recognize modified and

non-terminal Kdo residues (134).
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Figure 12: S25-2 complexes with Kdo antigens

Left panels show binding site interactions from crystal structures of S25-2 in complex
with various antigens, and right panels show 2Fo-Fc electron density maps contoured
around antigens to 1.00. (A) Ko, (B) Kdo(2—8)Kdo, (C) Kdo(2—4)Kdo, (D)
Kdo(2—8)Kdo(2—4)Kdo, (E) Kdo(2—4)Kdo(2—4)Kdo, (F) Kdo(2—4)KdoC1red, (G) 5-
deoxy-4-epi-2,3-dehydro-Kdo(4—8)Kdo and (H) 3,4-dehydro-3,4,5-trideoxy-
Kdo(2—8)Kdo. Other than in (A), interactions to terminal Kdo residues are identical to
those illustrated in Figure 11 and so are not shown.
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Table 13: Binding affinities of $25-2 and S67-27 to select Kdo oligosaccharides
determined by SPR

Kps of $25-2 and S67-27 for Kdo antigens were determined by SPR as described in (134,
135).

Antibody/Antigen Ko (x10° M)
$25-2

Kdo 15
Kdo(2—8)Kdo 1.8
Kdo(2—8)Kdo(2—4)Kdo 0.6
Kdo(2—4)Kdo 1.1
Kdo(2—4)Kdo(2—4)Kdo 63
Kdo(2—4)KdoC1lred 31
Ko(2—4)Kdo 190
KdoClred(2—4)Kdo 290
3,4-Dehydro-3,4,5-trideoxy-Kdo(2—8)Kdo 25
5-Deoxy-4-epi-2,3-dehydro-Kdo(4—8)Kdo 16
S67-27

Kdo 3.5
Kdo(2—8)Kdo 0.91
7-0-Me-Kdo(2—8)Kdo 0.035
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1.8.4. Simple mutations significantly improve avidity towards Kdo antigens

The mAb S$25-39 descends from the same heavy and light chain V and J genes as $25-2,
and has an identical CDR H3 with the exception of residue H101 that is Ser in S25-2 and
Ala in §25-39. H101 is at the base of CDR H3 away from the binding site. There is a
single difference in the combining site of these antibodies, where S25-2 possesses Asn
H53 in CDR H2 and S25-39 possesses Lys (Table 11). Crystal structures of $25-39 in
complex with various Kdo oligosaccharides reveal that Lys H53 forms additional
hydrogen bonds and/or charged residue interactions with the second Kdo residue of
every oligosaccharide antigen (Figure 13). These observations are consistent with S25-
39 having a similar specificity as S25-2 but generally higher avidity for all antigens (Table
10).

The NH53K mutation is the result of a single nucleotide substitution in the
germline sequence from T to A that alters the codon from AAU (Asn) to AAA (Lys). This
mutation was found in 11 of the 21 S25-2 type antibodies with known sequence (Table
11). The prevalence and profound benefit to binding of this mutation among the $25-2
type antibodies emphasizes the potential of the germline Kdo monosaccharide pocket
as a starting point for affinity maturation. However, the preservation of Asn H53 in the
germline may be due to its higher bonding versatility (can both donate and accept two
hydrogen bonds), which may better enable cross-reactivity or polyspecificity compared
to Lys H53 (which can only donate hydrogen bonds and/or form a charged-residue
interaction). Furthermore, the accessibility of the AAU (Asn) to AAA (Lys) mutation

would not exert a strong evolutionary pressure for its permanent incorporation.
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Figure 13: S25-39 in complex with Kdo oligosaccharides

Left panels show binding site interactions from crystal structures of S25-39 in complex
with (A) Kdo(2—8)Kdo(2—4)Kdo and (B) Kdo(2—4)Kdo(2—4)Kdo, and right panels
show 2Fo-Fc electron density maps contoured around antigen to 1.0c. Interactions to
terminal Kdo residues are identical to those illustrated in Figure 11 and are not shown.
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1.8.5. Alternate CDR H3 changes the specificity of V-gene pairs

CDR H3 is well known to influence the specificity of antibodies, as many unique loops
arise from the hypervariable VDJ interface (174, 227, 228). One landmark study
revealed that switching the CDR H3 of otherwise identical IgM molecules can
dramatically alter their specificities for haptens and protein antigens (227). The study of
the S25-2 type antibodies reveals that not only are the unique interactions via CDR H3
important in most antigen recognition scenarios, but the shape of CDR H3 has a
significant influence in directing the antigen binding site toward specificity or cross-
reactivity.

The mAb S45-18 shares the same heavy and light chain V genes as S25-2, but
possesses different D and J genes to create a unique CDR H3 (Table 11). Whereas $25-2
was raised against an antigen with a (2—38) terminal linkage, S45-18 was raised against
the Kdo(2—4)Kdo(2—4)Kdo trisaccharide and shows higher avidity for terminal
Kdo(2—4) ligands. The differences in binding specificities between S45-18 and S$25-2
(Table 10) can be attributed to the different CDR H3 sequence and conformation.

The structure of S45-18 in complex with Kdo(2—4)Kdo(2—4)-
Kdo(2—6)GIcN4P(1—6)GIcN1P shows that the terminal Kdo residue is recognized by the
same monosaccharide binding pocket as in S25-2. However, while S25-2 has a
comparatively short CDR H3 and an open combining site, the longer CDR H3 of S45-18
bends inwards to form a more restricted pocket (Figure 14). It possesses a key
phenylalanine residue at position H99 that protrudes into the combining site to form

favourable stacking interactions with the Kdo(2—4)Kdo(2—4)Kdo antigen. These

61



interactions are not available with the alternate structure of Kdo(2—8)Kdo(2—4)Kdo,
and so binding to this antigen is less favoured (Table 10).

The mAb S54-10 shows strikingly similar specificity to S45-18, but with a different
CDR H3 sequence. The structure of S54-10 in complex with Kdo(2—4)Kdo(2—4)Kdo
reveals an identical CDR H3 Ca-backbone conformation as S45-18 despite its different
sequence, which also contains Phe H99 that forms stacking interactions with terminal
Kdo(2—4) ligands and impedes binding of terminal Kdo(2—38) ligands (Figure 15, Table
10). The presence in the germline of multiple DJ combinations that give rise to similar
binding motifs suggests a survival advantage conferred by a redundant repertoire
specific for pathogens displaying Kdo oligosaccharides.

The mAbs S73-2 and S67-27 possess CDR H3 loops that are longer and of
different sequence than S45-18 or S54-10 (Table 11). Structural studies showed that
they lean away from the Kdo pocket in both antibodies (Figure 16, Figure 17).
Interestingly, these antibodies both adopt a backward leaning CDR H3 despite their
being raised with different immunogens; S73-2 with the sterically-challenging
Kdo(2—8)[Kdo(2—4)]Kdo trisaccharide, and S67-27 with the comparatively small
Ko(2—4)Kdo disaccharide (Table 9).

Crystal structures revealed that $73-2 uses CDR H3 only to interact with the
terminal Kdo residue (Figure 16), where Kdo(2—4)Kdo(2—4)Kdo is bound in an
orientation similar to that observed with S25-39.  Remarkably, S73-2 binds

Kdo(2—8)Kdo(2—4)Kdo in a bent conformation with the second Kdo residue in the
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conserved pocket, which emphasizes the versatility of the conserved Kdo-binding pocket
to bind alternate lengths and linkages.

The mAb S67-27 cross-reacts with all Kdo-based epitopes tested with
comparable avidity (Table 10), notably including the synthetic unnatural antigen 7-O-
methyl-Kdo(2—8)Kdo, which binds with 30-fold higher avidity than the cognate
immunogen Kdo(2—8)Kdo (Table 13). The structure of S67-27 in complex with a
number of antigens showed that like S73-2, it possesses a long backward-leaning CDR
H3. However, the bend is more pronounced than in S73-2, resulting in a relatively open
combining site that allows recognition of many antigens with (2—4) or (2—8) linked
terminal Kdo residues. The increased avidity for the unnatural 7-O-Me-Kdo(2—8)Kdo
analog is due to hydrophobic contact between the 7-O-Me group and lle H96, Pro H98
and Tyr H100C, which are exposed by the backward tilt of CDR H3 (Figure 17). S67-27
again demonstrates the adaptability of this V-gene combination to recognize antigens
that the immune system is unlikely to have previously encountered.

Together, these structures of S25-2 type antibodies provide many insights into
how the germline antibody repertoire has evolved to conserve recognition of important

bacterial carbohydrates while also remaining adaptable to unencountered antigens.
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Figure 14: S45-18 in complex with Kdo(2—4)Kdo(2—4)KdoGIcN4P(1—6)GIcN1P

Binding site interactions from crystal structure of S45-18 in complex with
Kdo(2—4)Kdo(2—4)KdoGIcN4P(1—6)GIcN1P. Hydrogen bonds are shown as dashed
black lines. Interactions to terminal Kdo residue are identical to those illustrated in
Figure 11 and are not shown.
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Figure 15: S54-10 in complex with Kdo(2—4)Kdo(2—4)Kdo

Binding site interactions of S54-10 in complex with Kdo(2—4)Kdo(2—4)Kdo. Hydrogen
bonds are shown as dashed black lines. Interactions to terminal Kdo residue are
identical to those illustrated in Figure 11 and are not shown.
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Figure 16: S73-2 in complex with Kdo antigens

Binding site interactions of S73-2 in complex with (A) Kdo(2—4)Kdo(2—4)Kdo and (B)
Kdo(2—8)Kdo(2—4)Kdo. = Hydrogen bonds are shown as dashed black lines.
Interactions to the Kdo residue in the specificity pocket are identical to those illustrated
in Figure 11 and are not shown.
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Figure 17: S67-27 in complex with Kdo antigens

Binding site interactions of S67-27 in complex with (A) Kdo(2—8)Kdo and (B) Kdo(2—8)-
7-0-Me-Kdo. Hydrogen bonds are shown as dashed black lines. Interactions to the Kdo
residue in the specificity pocket are identical to those illustrated in Figure 11 and are not
shown. (C) shows a close up of the hydrophobic interactions between Kdo(2—8)-7-0-
Me-Kdo and CDR H3.
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1.8.6. Flexibility of CDR H3 in Kdo antigen binding

In addition to the structures in complex with Kdo oligosaccharides discussed above, the
structures of both S25-2 and S25-39 were reported in their unliganded states. Although
these antibodies display an identical CDR H3 conformation in all complex structures,
there were two unique unliganded conformations observed for S25-2 and a third unique
conformation observed for S25-39 (Figure 18).

Although structural differences of CDR H3 between bound and unbound states of
antibodies have now been repeatedly observed (229), the differences observed for S25-
2 were at the time among a very small number of observations (155, 230-235). The
differences observed for S$25-2 and S$25-39 remain two of the most significant
observations in terms of their magnitudes, with rmsd of 3.99, 4.16 and 3.47 A between
the CDR H3s of the shared liganded conformation and of S25-2 unliganded #1, S25-2
unliganded #2 and $25-39 unliganded, respectively™.

Each unliganded conformation displays complete or nearly complete electron
density for backbone atoms (Figure 19), suggesting that the CDR H3 of $25-2 and $25-39
is not completely labile when unliganded, but possesses a number of stable conformers
of similar energy. As described in section 1.5.2, such conformational flexibility could

enable polyspecific binding by these antibodies.

2 rmsd calculated using UCSF Chimera (308) between alpha carbon atoms of the 15 residues from Ala H93
to Trp H103 (equal to CDR H3 residues -1 to n+1 as described in section 1.4.2), after superimposition of
the heavy chain variable domains.
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Figure 18: Unliganded conformations of S25-2 and $25-39

The CDR H3 from residue Arg H94 to Trp H103 is shown as ribbon from unliganded
structures of S25-2 (pink, green) and $25-39 (tan) and the shared conformation of both
$25-2 and S25-39 when bound to Kdo (blue), after alignment of the heavy chain variable
domain.
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Figure 19: CDR H3 electron density for $25-2 and $25-39 unliganded conformations

2Fo-Fc electron density maps contoured to 1.0c around CDR H3 backbone atoms of (A)
S25-2 liganded with Kdo (B) S25-2 Unliganded #1 (C) S25-2 Unliganded #2 chain B (D)
$25-2 Unliganded #2 chain D (E) $25-39 liganded with Kdo and (F) S25-39 unliganded
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1.9. Mechanisms of antigen recognition

A large body of research has focused on investigating the more detailed dynamic nature
of conformational changes observed with substrate binding. For antibodies,
observation of conformational changes with antigen binding have traditionally been
categorized as ‘induced-fit" (IF), where an initial weak interaction with antigen is
followed by structural rearrangement of antibody and/or antigen to achieve better
complementarity (158, 159, 231, 236-241). However, beginning in 1965 with the
Monod-Wyman-Changeux model to describe cooperative binding phenomena of protein
oligomers (242) and accelerating in the last decade, there has been a paradigm shift in
the understanding of protein dynamics. Rather than having single lowest-energy
conformational states, proteins are now viewed as conformational ensembles with
multiple low energy states, where binding events occur by ‘conformational selection’
(CS) and are followed by population shift (243—252). These binding events can include
multiple conformational selection steps or CS followed by IF adjustments (248-250,
253-255).

There has been a recent surge in the literature of kinetic and computational
analyses of CS in protein-ligand interactions, including determination of binding
affinities for individual conformational states (255, 256), the description of IF and CS on
a continuum, shifted by both conformational transition rates and ligand concentration
(257-260), and many other observations and discussions of CS (249, 250, 252, 261-266).

Despite this surge in evidence and acknowledgement of the importance of CS in

binding, there have been relatively few discussions of CS as a mechanism of antigen
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binding by antibodies (122, 123, 162, 267). The few instances of experimental evidence
for CS in antibodies include Foote and Milstein’s 1994 observation using stopped-flow
fluorescence of an equilibrium of antibody conformations with ligand binding
preferentially to one form (151), and the 2003 study of James, Roversi and Tawfik,
which demonstrated by x-ray crystallography and pre-steady-state kinetics an
equilibrium of antibody conformations where hapten binding involved selection of a
low-affinity isomer followed by IF to generate the final complex (161).

The relative lack of investigation and observation of CS in antibodies is at odds
with the profound importance of flexibility in molecular recognition, as it is crucial to
our understanding of polyspecificity at the fundamental level of antibody diversity and
off-target effects, and at the applied level of accurate modelling for antibody

engineering.

1.10. Objective of this work

The objective of this thesis research is to test the hypothesis that structural flexibility
may allow antibody cross-reactivity or polyspecificity and thereby expand the
recognition potential of the germline repertoire. Firstly, the flexibility of the anti-
carbohydrate antibodies S25-2 and S25-39 is further investigated to gain insight into the
conformational diversity possible in near-germline antibodies. This is implemented by
crystallizing these antibodies without ligand in numerous conditions to favour alternate
packing arrangements likely to be found in different space groups and so selectively
stabilize unique conformations, and then using x-ray diffraction to solve and

characterize their structures. Secondly, structure-based design is used to modify the
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natural antigen of these antibodies, Kdo, to direct cross-reactivity via alternate
conformations.

This is the first reported in-depth structural analysis of conformational diversity
and its role in antigen binding by near-germline antibodies, and will provide both

fundamental and practical insight into the mechanics of antibody-antigen interaction.
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Chapter 2: Structural investigations into flexibility and polyspecificity of
the anti-carbohydrate antibodies $S25-2 and S25-39

The mAbs utilized in this study were produced by my collaborators Sven Miiller-Loennies,
Lore Brade and Helmut Brade at Research Center Borstel, Leibniz-Center for Medicine
and Biosciences, Parkallee 22, Borstel D-23845, Germany. The antigens used were
synthesized by Barbara Pokorny and Paul Kosma at the Department of Chemistry,
University of Natural Resources and Life Sciences, Vienna, Austria. | performed
purification of IgG from hybridoma supernatants, digestion of IgG, purification and
crystallization of Fag, and all stages of x-ray diffraction data collection, structure solution
and analysis.

2.1. Results

2.1.1. Crystal Structure of $25-39 Unliganded #2

Two new crystal structures of unliganded S25-39 were solved from crystals grown in
conditions different from the original unliganded structure (Table 18, Appendix A).
Both of the new structures solved were in the same space group (P2;) as the original
Unliganded #1 but with different unit cell dimensions. The first displayed the same CDR
H3 conformation as the original Unliganded #1, and the second displayed a CDR H3
conformation identical to the previously observed liganded conformation observed in all
complex structures with Kdo antigens (Figure 20). All complex structures with Kdo
antigens were solved in space group P2:2:2; with a unit cell different from this new

unliganded structure, called Unliganded #2.
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Figure 20: CDR H3 electron density for S25-39 conformations

2Fo-Fc electron density maps contoured to 1.00 around CDR H3 backbone atoms of (A)
S25-39 liganded with Kdo (B) $25-39 unliganded #1 and (C) S25-39 Unliganded #2

2.1.2. Design and synthesis of Kdo-based monosaccharide antigens

The ability of $25-39 and S25-2 to bind unique ligands through alternate binding-site
conformations was investigated through structure-based ligand design. Based on the
binding site topology and ligand interactions observed in previous structures, novel Kdo-
based antigens were designed to inhibit interaction of Kdo 04 with Glu H100A of CDR
H3 in the liganded conformation (Figure 21 A), but to be compatible with observed
unliganded conformations — in particular with S25-2 Unliganded #1 that displays a small
hydrophobic pocket in position to accommodate Kdo O4 substitutions (Figure 21 C).
The first antigen synthesized and crystallized with S25-39 was 4-MeO-Kdo, which was
followed by 4-O-benzyl-KdoOMe, 4-O-Ethoxymethyl-KdoOMe and 4-O-Methoxymethyl-

KdoOMe (Figure 22).
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Figure 21: Analysis of CDR H3 structures for ligand design

(A) Synthetic Kdo analogues with alternate substituents on 04 were created to inhibit
the interaction of Kdo 04 with Glu H100 observed in liganded structures (blue) but
remain compatible with observed unliganded structures (S25-2 Unliganded #1, green;
S$25-2 Unliganded #2, pink; S25-39 Unliganded #1, tan). The binding site surfaces of (B)
S25-39 liganded with Kdo, (C) S25-2 Unliganded #1, (D) S25-2 Unliganded #2 and (E)
$25-39 Unliganded #1 are shown with Kdo overlayed by superimposition with the S25-
39 liganded structure, and the surface contributed by CDR H3 coloured as in (A),

Glu H100A Glu H100A
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Figure 22: Synthetic Kdo analogues

Chemical structures of synthetic antigens (A) 4-MeO-Kdo (B) 4-O-benzyl-KdoOMe (C) 4-
O-Ethoxymethyl-KdoOMe (D) 4-O-Methoxymethyl-KdoOMe.
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2.1.3. Crystal structures of S25-39 in complex with 4-MeO-Kdo

The crystal structure of $25-39 in complex with 4-MeO-Kdo was solved to 2.00 A in
space group P2; with 1 molecule in the AU. The structure displays excellent electron
density for all main chain atoms with the exception of residues H127 to H133 in the
constant region (the opposite end of the Fag from the combining site) that are
disordered and not modeled. Data collection and refinement statistics are given in
Table 20, Appendix A.

Good electron density for 4-MeO-Kdo is observed in the binding site, with an
orientation similar to Kdo in complex with S25-39 (Figure 23). The backbone of CDR H3
adopts the same conformation as previous structures of $25-39 in complex with Kdo
antigens. However, the side chain of Glu H100A is completely disordered and the B-
factors of neighbouring residues are elevated compared to the average B-factor of the
structure, and compared to the CDR H3 B-factors of the Kdo complex structure,

indicating destabilization by 4-MeO-Kdo binding (Figure 23, Table 15).
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Figure 23: S25-39 binding 4-MeO-Kdo

Specific interactions of 4-MeO-Kdo in complex with S25-39 are shown in (A) and a
superposition with Kdo-bound S25-39 in (B). 2Fo-Fc electron density maps contoured to
1.00 around (C) 4-MeO-Kdo and residues of CDR H3 surrounding Glu H100A, (D) all of
CDR H3, and (E) 4-MeO-Kdo, also including Fo-Fc omit maps contoured to 2.0c0 and 3.0c.
(F) shows the binding site coloured by B-factor.
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2.1.4. Crystal structures of $25-39 grown with synthetic antigens

After the initial structure of S25-39 in complex with 4-MeO-Kdo was solved, the
additional antigens 4-O-benzyl-KdoOMe, 4-0O-ethoxymethyl-KdoOMe and 4-O-
methoxymethyl-KdoOMe were synthesized and crystallized with both $25-2 and S25-39.

All 14 structures of S25-39 solved from crystals grown in the presence of these
antigens were unliganded, and three of these structures were unique (Table 18,
Appendix A). Unique structures were solved in space groups P2; (Unliganded #1 and
Unliganded #2, to 1.53 A and 1.30 A each with 1 molecule in the AU) and in space group
C2 (unliganded #3, to 2.10 A with 4 molecules in the AU). Of the 14 total structures,
there were 7 observations of Unliganded #1, 6 observations of Unliganded #2, and a
single observation of Unliganded #3. Data collection and refinement statistics are given
in Table 20, Appendix A.

Unliganded #1 displays excellent electron density for all main chain atoms with
the exception of residues H127 to H133 in the constant region that are disordered and
not modeled. Electron density for a BIS-TRIS molecule from crystallization buffer was
observed coordinated to Glu H148, Val H150 and Ala H168 in the constant region. This
structure shows an identical CDR H3 conformation to the original S25-39 Unliganded #1
structure but was solved to significantly higher resolution (Figure 24).

Unliganded #2 displays excellent electron density for all main chain atoms with
the exception of residues H127 to H133 that are disordered and not modeled. This
structure shows an identical CDR H3 conformation to the original S25-39 Unliganded #2

structure but was solved to significantly higher resolution (Figure 24).
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Unliganded #3 displays good electron density for all main chain atoms with the
exception of residues H127 to H134, B100A to B100B in CDR H3 of chain B, B127 to
B132, D128 to D133, F98 to F100B in CDR H3 of chain F, and F127 to F133"3, which are
disordered and not modeled. In one out of four molecules in the AU (chains C/D) there
was ambiguous electron density in the antigen binding site where 4-O-ethoxymethyl-
KdoOMe could be modeled (Figure 25). However, the density could be equally well-
modeled by water molecules and an omit difference map is more consistent with water
molecules, which are therefore modeled in the final structure. Binding data was not
collected to evaluate this interaction. The four molecules in the AU include two unique
conformations of CDR H3 in molecules H and D, and two partially disordered

conformations in B and F (Figure 24, Figure 26).

* When there are multiple Fag molecules in the AU, the light and heavy chains are labelled L/H for one
molecule, then A/B, C/D, E/F, etc., for others. However, the CDRs of each molecule are still labelled L1, L2,
L3, H1, H2 and H3 regardless of chain label.
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Figure 24: Electron density of $25-39 CDR H3 conformations

2Fo-Fc electron density maps contoured to 1o around backbone atoms of CDR H3 of
S25-39 (A) Unliganded #1, (B) Unliganded #2, (C) Unliganded #3 chain H, (D) Unliganded
#3 chain B, (E) Unliganded #3 chain D and (F) Unliganded #3 chain F.

81



Figure 25: Binding site electron density of $25-39 Unliganded #3

Omit Fo-Fc electron density maps contoured to 20 (magenta) and 30 (green) of the S25-
39 Unliganded #3 chain C/D binding site with superimposed (A) 4-O-Ethoxymethyl-
KdoOMe and (B) water molecules, and refined 2Fo-Fc electron density maps contoured
to 1o around (C) 4-O-Ethoxymethyl-KdoOMe and (D) water molecules.
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Figure 26: CDR H3 conformations of $25-39 Unliganded #3

(A) Aligned CDR H3 from Ala 93 to Tyr 102 of each molecule in the S25-39 Unliganded #3
AU. Chain H Tan, Chain B Blue, Chain D pink, Chain F Green.

2.1.5. Crystal structures of $25-2 grown with synthetic antigens

Four crystal structures were solved of S25-2 from crystals grown in the presence of 4-O-
benzyl-KdoOMe or 4-O-methoxymethyl-KdoOMe. No well-diffracting crystals were
obtained grown with 4-0O-ethoxymethyl-KdoOMe. All structures were unliganded and
two were unique (Table 19, Appendix A). The new structures of S25-2, Unliganded #3
and Unliganded #4, were both solved in space group P2; to 2.15 A and 2.0 A,
respectively, each with 4 molecules in the AU (Unliganded #1 and #2 are the previously
published structures 1Q9K and 1Q9L). Data collection and refinement statistics are
given in Table 20, Appendix A.

Unliganded #3 displays good electron density for all main chain atoms with the
exception of residues B100B and B100C of CDR H3 in molecule B, B128 to B133, and
D127 to D133, which are disordered and not modeled. The four molecules in the AU

display three unique conformations of CDR H3, with one conformation occurring twice
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and one conformation partially disordered (Figure 27, Figure 28), and all conformations
are different from the previously observed Unliganded #1 and Unliganded #2. All
antigen binding sites are occupied by symmetry-related Fag molecules making several
specific interactions, including a salt bridge between the binding site Arg 52 of the heavy
chain and Glu 213 of the symmetry-related light chain, mimicking the salt bridge to the
carboxylate of Kdo antigens (Figure 29). Each Fag in the AU makes slightly different
contacts to the symmetry-related molecules in the binding sites.

Unliganded #4 displays good electron density for all main chain atoms with the
exception of H98 to H100A of CDR H3 in molecule H, and B128 to B133, which are
disordered and not modeled. This crystal was grown in 0.2 M ammonium iodide and 34
iodide ions are modeled in the final structure. Three of the four molecules in the AU
display an identical CDR H3 conformation that is different than previously observed
conformations, and the fourth is partially disordered (Figure 30, Figure 31A). Each CDR
H3 coordinates three iodide ions in similar positions (Figure 31B). The structure displays
the same crystal packing as Unliganded #3 described above, with a symmetry related
molecule occupying each binding site (Figure 31C). None of the four Fag molecules of
Unliganded #4 show additional structural differences from other $25-2 structures due to

iodide coordination.
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ions

Electron density of $25-2 Unliganded #3 CDR H3 conformati

Figure 27

2Fo-Fc electron density maps contoured to 1o around backbone atoms of CDR H3 of

S25-2 Unliganded #3 (A) chain H, (B) chain B, (C) chain D and (D) chain F.
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Figure 28: CDR H3 conformations of $25-2 Unliganded #3

(A) Aligned CDR H3 from Ala 93 to Tyr 102 of each molecule in the S25-2 Unliganded #3
AU. Chain H Tan, Chain B Blue, Chain D pink, Chain F Green.

Figure 29: Binding site crystal contacts of $25-2 Unliganded #3

The binding site of each of the four Fab molecules (A) L/H (B) A/B (C) C/D and (D) E/F in
the AU of the $25-2 Unliganded #3 structure is occupied by the C-terminus of a
symmetry-related light chain. The * in residue labels indicates the symmetry-related
molecule.
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Figure 30: Electron density of $25-2 Unliganded #4 CDR H3 conformations

2Fo-Fc electron density maps contoured to 1o around backbone atoms and iodide ions
of CDR H3 of S25-2 Unliganded #4 (A) chain H, (B) chain B, (C) chain D and (D) chain F.
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Figure 31: S25-2 Unliganded #4 CDR H3 conformations

(A) Aligned CDR H3 from Ala 93 to Tyr 102 of each molecule in the S25-2 Unliganded #4
AU. Chain H Tan, Chain B Blue, Chain D pink, Chain F Green. lodide ions are shown as
spheres. (B) shows contacts™* to iodide residues from chain F. (C) shows an alignment
of the binding sites of all four Fag molecules in the AU, each occupied by a symmetry-
related light chain. Specific interactions are similar to those shown Figure 31.

% Determined using UCSF Chimera (308) Find Clashes/Contacts tool with default contact criteria (atoms with
>-0.4 A VDW overlap)
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2.1.6. Comparison of $25-39 and S25-2 CDR conformations

Superposition of the Fv regions of all crystal structures of S25-2 and S25-39 reveals
conservation in the conformations and positions of most CDRs (Figure 32). CDR L1
shows a nearly identical conformation in all structures but slight shifts in location.
When the light chain variable domains of all molecules are aligned there is an overall
rmsd*> of 0.577 A for CDR L1 Ca atoms and the largest linear displacement of Ca atoms
is 3.6 A, whereas the conformations and positions of CDRs L2 and L3 are essentially
identical with overall rmsd of 0.285 A and 0.305 A, respectively (Figure 32A). Likewise,
when the heavy chain variable domains of all molecules are aligned, the conformations
and positions of CDRs H1 and H2 are essentially identical with overall rmsd of 0.281 A
and 0.250 A, respectively (Figure 32B). The spread of Vy or V, positions observed upon
alignment of the opposite domain reflects a range of possible Vy-V| orientation angles.
Vy-V, orientation differences in bound and unbound antibody structures are relatively
common, and this rearrangement has been proposed as an additional mechanism for

generating unique binding sites to expand germline recognition potential (268).

> Overall rmsd includes the pairwise deviations of Ca atoms between every pair of structures (only modelled
atoms), weighted equally, after superimposition of the relevant variable domain. Calculated with UCSF
Chimera (308).
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In all $25-2 and $25-39 structures, CDRs H1, H2, L1, L2 and L3 adopt the Chothia
canonical conformations H1-1, H2-4, L1-3, L2-1 and L3-6 (76, 77, 269), or the North et al.
canonical clusters H1-13-1, H2-12-1, L1-17-1, L2-8-1, and L3-8-1 (82, 84), summarized in
Table 14. The Chothia canonical conformation L3-6 was an addition to the original
Chothia canonical system (272) with Arg in place of Pro at position 96. This
conformation was re-classified by North et al. (82) as CDR L3-8-1 and further sub-
classified by Teplyakov and Gilliland (303) as CDR L3-8-NP.

The most notable difference between these structures is the observation of
several unique® conformations of CDR H3, with an overall rmsd of 3.224 A and
individual rmsd from the liganded conformation as high as 6 A (Table 15), and linear
displacement of individual Ca atoms as large as 12 A (Figure 32B, Figure 33). The CDR
H3 conformations cover a range from well-ordered with complete electron density for
backbone atoms and low B-factors, to mostly disordered with poor or absent electron
density (Table 15).

S$25-2 and S25-39 do not share any of the same unliganded conformations.
There are a larger number of more similar conformations among the S25-2 unliganded
structures compared to the $25-39 structures; the overall rmsd of the seven unique S25-
2 unliganded conformations is 1.811 A, whereas the overall rmsd of the four unique
$25-39 unliganded conformations is 4.040 A (Figure 33, Table 16).

The CDR H3 anchors of all conformations were classified as kinked or extended

based on the (n — 2) to (n + 1) Ca dihedral angle, with only the liganded conformation

'y unique conformation is defined by a unique Ramachandran code, Table 16.
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and the S25-39 Unliganded #2 conformation being kinked and all other conformations
being extended (Table 16). The Ramachandran code (Figure 7) for each CDR H3 was
determined to compare with the North et al. anchor clusters (Table 7). No
conformation perfectly matches any anchor cluster, but there are some matches when
permitting the similar Ramachandran regions B/P, A/D and L/G. The shared liganded
conformation and S25-39 Unliganded #2 has a Ramachandran anchor BPB/BBAB that is
similar to the H3-anchor-1 cluster BPP/BPAB, and several S25-2 unliganded
conformations are similar to the H3-anchor-5 cluster BPB/PPBB. The Ramachandran
codes further highlight the similarities of some S$25-2 conformations, in particular
Unliganded #2, Unliganded #3 chain C, and Unliganded #4. The clusters for entire CDR

H3 conformations were also determined using PylgClassify (Table 16).
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Figure 32: Superposition of all S25-2 and S25-39 F, conformations

Superposition of all S25-2 and S25-39 conformations through alignment of (A) the light
chain variable domain and (B) the heavy chain variable domain. S25-2 liganded dark
purple, S25-2 Unliganded #1 cyan, S25-2 Unliganded #2 dark blue, S25-2 Unliganded #3
yellow, S25-2 Unliganded #4 light blue, S25-39 Unliganded #1 light purple, S25-39
Unliganded #2 light green, S25-39 Unliganded #3 medium red. The maximum distance
between identical Ca atoms in different conformations is indicated for CDRs L1 and H3.
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Figure 33: Alignment of all $25-2 and $25-39 CDR H3 conformations

Alignment of all S25-2 and $25-39 CDR H3 conformations. (A) side view and (B) top view
of all conformations of both antibodies, (C) side view and (D) top view of only S25-2, and
(E) side view and (F) top view of only $S25-39. S25-2 liganded green, $25-2 Unliganded
#1 cyan, S25-2 Unliganded #2 dark blue, S25-2 Unliganded #3 light blue, S25-2
Unliganded #4 medium blue, S25-39 Unliganded #1 red, S25-39 Unliganded #2 yellow,
$25-39 Unliganded #3 orange.
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Table 14: Canonical classifications of S25-2 and $S25-39 CDRs

Classifications were made with PylgClassify’’ for North Clusters and the Chothia
Canonical Assignment tool from Andrew C.R. Martin's Bioinformatics Group at UCL'®.

*The Canonical class L3-6 was assigned by sequence and structure comparison as
described in (270)

CDR Chothia Canonical North Cluster

L1 L1-3 L11-17-1
L2 L2-1 L2-8-1
L3 L3-6* 13-8-1
H1 H1-1 H1-13-1
H2 H2-4 H2-12-1

v http://dunbrack2.fccc.edu/PylgClassify/default.aspx (84)

18 http://www.bioinf.org.uk/index.html (80)
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Table 15: CDR H3 properties of $25-2 and $25-39 structures

For each conformation of CDR H3, several indicators of loop stability are given. The
amino acid sequence of H3 is given under residue order, coloured based on whether the
backbone atoms are observed with good electron density (green) or poor density
(magenta), and residues not modelled due to disorder are replaced by dashes. The
average B-factor of backbone atoms for each CDR H3 is given, as well as the difference
between this average and the average B-factor of backbone atoms for the whole Fjg,
coloured magenta if H3 has a higher than Fag-average B-factor and green for lower than
Fag-average. The rmsd of each conformation from the liganded conformation was
calculated only with Ca atoms.

DR H RMSD from
Crystal PDB Residue order Av;:. B-faztor (CDR H3 Avg. B) - Iigindec:i
Chain ID (Fas Avg. B) :
conformation
$25-2
Liganded 3T4Y ARDHDGYYERFSY 16.10 -2.73 0
Unliganded 1 1Q9K ARDHDGYYERFSY 73.24 34.67 4.081
Unliganded 2 1Q9L
B ARDHDGYYERFSY 70.02 30.05 4.321
D ARDHDGYYERFSY 76.10 35.40 3.551
Unliganded 3 XXXX*
H ARDHDGYYERFSY 45.43 5.08 4.124
B ARDHDGYYE - -SY 53.53 2.83 2.304
D ARDHDGYYERFSY 34.89 -4.34 4.080
F ARDHDGYYERFSY 52.75 11.09 3.512
Unliganded 4 XXXX
H ARDHD- - - -RFSY 57.11 16.59 3.140
B ARDHDGYYERFSY 44.82 1.89 3.628
D ARDHDGYYERFSY 46.21 -0.66 3.627
F ARDHDGYYERFSY 30.47 -11.49 3.641
$25-39
Liganded 30KL ARDHDGYYERFAY 25.25 -0.47 0
Unliganded 1 30KM ARDHDGYYERFAY 31.72 -6.21 3.573
4-MeO-Kdo XXXX ARDHDGYYERFAY 37.94 10.8 0.299
Unliganded 1 XXXX ARDHDGYYERFAY 9.09 -3.98 3.554
Unliganded 2 XXXX ARDHDGYYERFAY 14.49 -1.21 0.428
Unliganded 3 XXXX
H ARDHDGYYERFAY 38.51 6.36 6.061
B ARDHDGYY - -FAY 38.76 11.20 4.493
D ARDHDGYYERFAY 41.09 13.70 2.195
F ARDHD- - - - - FAY 41.58 11.57 0.979

*XXXX indicates unpublished structures that have not yet been deposited in the protein

data bank
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Table 16: CDR H3 classifications of S25-2 and $25-39 structures

Several characteristics and classifications of CDR H3 structure are given for each
observed conformation of S25-2 and $25-39. The PylgClassify cluster is determined
using the PylgClassify webserver®®. The H3 Ramachandran sequence is determined
according to Figure 7, and the residues composing the H3 anchor (as defined in section
1.4.2) are coloured orange. The similarity to North et al. (82) anchor clusters were
determined by treating B/P, A/D and L/G as equal when comparing Ramachandran
sequences with Table 7.

PylgClassify Anchor Similarity to
Crystal PDB cluster Opase™ type** Ramachandran anchor cluster

$25-2
Liganded 3T4Y H3-13-2 19.437 K BPBPDLDBBBBAB 1
Unliganded 1 1Q9K H3-13-3 139.626 E BPBDBAAPBBGLB NA
Unliganded 2 1Q9L

B H3-13-3 -176.293 E BPBBALAPPBBPB 5

D H3-13-3 -165.203 E BPBBALAPPBBPB 5
Unliganded 3 XXXX

H H3-13-3 -172.776 E BPBBPAABPBPPB 5

B H3-11-1 NA E BPBPPABB----B NA

D H3-13-3 -172.644 E BPBBALAPPBPPB 5

F H3-13-cis7-1  140.757 E BPEBBPPPBPAPE NA
Unliganded 4 XXXX

H N/A 163.044 E BPDG------ BBB NA

B H3-13-3 153.742 E BPBBALAPPBBEBB 5

D H3-13-3 152.290 E BPBBALAPPBBEB 5

E H3-13-3 153.290 E BPBBALAPPBBBB 5
$25-39
Liganded 30KL H3-13-2 30.231 K BPBPDLDPBBBAB 1
Unliganded 1 30KM H3-13-2 171.976 E BPBBPAADAAAPB NA
4-MeO-Kdo XXXX H3-13-2 43.099 K BPBPDLDPBBBAB 1
Unliganded 1 XXXX H3-13-2 166.438 E BPBBPAADAAAPB NA
Unliganded 2 XXXX H3-13-2 32.225 K BPBPDLDPBBBAB 1
Unliganded 3 XXXX

H H3-13-3 -135.295 E BPABBGPAPDPPB NA

B H3-11-2 NA E BPBPBG----- PB NA

D H3-13-1 130.53 E BPBPBPAAPBPDP 1

E NA NA E BPPG------- AP NA

* Bpase is the pseudo-dihedral angle between the Ca atoms from (n —2) to (n + 1)
** The anchor is classified as kinked (K) if Bp.se is within range of -100° to 100°, otherwise it is classified as
extended (E).

19 http://dunbrack2.fccc.edu/PylgClassify/default.aspx (84)
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2.1.7. Comparison of $25-39 and S25-2 sequence and structures

S25-2 possesses 4 mutations away from the germline sequence, whereas S$25-39
possesses 6 (Table 17) (134, 136, 140). The two antibodies do not share any mutations
and possess an identical binding site with the exception of residues H53, which is the
germline Asn in $25-2 and Lys in S25-39, as discussed in section 1.8.4, and residue H101
that is Ala in S25-39 and Ser in S25-2. H101 is located at the base of CDR H3 on the
outside of the binding site and makes no contact to antigen. Ser H101 of S25-2
participates in a hydrogen bond network with Arg H94, Asn H95, Arg H100B, Glu L55 and
several coordinated water molecules (Figure 34).

The crystal structures of $25-2 and $25-39 display ten unique®® unliganded
conformations of CDR H3, none that are shared between the two antibodies, and one
unique conformation used by both antibodies to bind several Kdo-based antigens

(Figure 33) (134, 140).

2% A unique conformation is defined by a unique Ramachandran code, Table 16. Side-chain positions are not
considered.
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Table 17: Amino acid sequence alignment of $25-2 and S25-39 variable regions

Amino acid sequence alignment of S25-2 and $25-39 with germline, broken into framework and CDR regions. Germline sequence is
composed from the mouse gene segments IGKV8-21*01 and IGKJ1*01 for the light chain and IGHV7-3*02, IGHJ3*01 and IGHD2-
3*01 for the heavy chain®'. Amino acids differing from germline sequence are highlighted green for $25-2 and Yellow for $25-39.
Kabat numbers of mutated residues are given below the alighnment.

LFR1 CDR L1 LFR2 CDR L2
Germline DIVMSQSPSSLAVSAGEKVTMSC KSSQSLLNSRTRKNYLA | WYQQKPGQSPKLLT | YWASTRES
S$25-2 DIVMSQSPSSLAVSAGEKVTMSC KSSQSLLNSRTRKNYLA | WYQQKPGQSPKLLT | YWASTRES
$25-39 DIVMTQSPSSLAVSAGEKVTMNC KSSQSLLNSRTRKNYLA | WYQQKPGQSPKLLT | YWASTRES

5 22

LFR3 CDR L3 LFR4
Germline GVPDRFTGSGSGTDFTLTISSVQAEDLAVYYC KQSYNLRT FGGGTKLEIK
S$25-2 GVPDRFTGSGSGTDFTLTIFSVQAEDLAVYYC KQSYNLRT FGGGTKLEIK
$25-39 GVPDRFTGSGSGTDFALTISSVQAEDLAVYYC KQSYNLRT FGGGTKLEIK

72 76

HFR1 CDR H1 HFR2 CDR H2
Germline EVKLVESGGGLVQPGGSLRLSC ATSGFTFTDYYMS WVRQPPGKALEWLG | FIRNKANGYTTE
S$25-2 EVKLVESGGGLVQSGGSLRLSC ATSGFTFTDYYMS WVRQPPGKALEWLG | FIRNKANGYTTE
$25-39 EVKLVESGGGLVQPGGSLRLAC ATSGFTFTDYYMS WVRQPPGKALEWLG | FIRNKAKGYTTE

14 21 53

HFR3 CDR H3 HFR4
Germline YSASVKGRFTISRDNSQSILYLQMNTLRAEDSATYYC | ARDHDGYYERFAY WGQGTLVTVS
S$25-2 YSPSVKGRFTISRDNSQSILYLQMNTLRAEDSATYYC | ARDHDGYYERFSY WGQGTLVTVS
$25-39 YSASVKGRFTISRDNSQSSLYLQMNTLRAEDSATYYC | ARDHDGYYERFAY WGQGTLVTVS

61 76 101

*! Determined using IMGT/V-QUEST (http://www.imgt.org/) (50)
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Figure 34: Amino acid differences of S25-2 and $25-39

(A) Locations of amino acid mutations from the germline of S25-2 (green spheres) and
$25-39 (yellow spheres) are shown on a ribbon diagram of the Fy. Mutant residues are
numbered, and CDRs are coloured as in Table 17. (B) Shows the hydrogen bond network
of $25-39 Ser H101, green, with direct hydrogen-bonded residues and waters in light
green, and second-shell hydrogen-bonded residues and waters in light yellow.
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2.2. Discussion

2.4.1. Affecting antibody conformations with synthetic antigens

To explore the binding potential of previously observed unliganded conformations of
$25-2 and S25-39, synthetic antigens were designed that would inhibit interactions with
the original antigen-binding conformation but remain compatible with the unliganded
conformations. The first compound synthesized and tested was 4-MeO-Kdo, which was
successfully crystallized in complex with S25-39. The 4-MeO substituent was intended
to abolish the hydrogen bond with Glu H100A seen in the Kdo complex structures, and
to be accommodated by a hydrophobic cavity as observed in the S25-2 unliganded #1
structure (Figure 21). This was somewhat successful. In the complex structure with 4-
MeO-Kdo, CDR H3 still adopts the same liganded backbone conformation but Glu H100A
is disordered and B-factors are elevated for the remainder of the CDR (Figure 23, Table
15). This indicates that the ligand does abolish the interaction with Glu H100A, but
binding to this backbone conformation is still more favourable than an alternative.

To enhance the observed conflict between 4-MeO-Kdo and the liganded CDR H3
conformation, compounds with larger substituents, 4-O-benzyl-KdoOMe, 4-O-
ethoxymethyl-KdoOMe and 4-O-methoxymethyl-KdoOMe, were synthesized and used
for co-crystallization with S25-2 and S25-39. Many crystals were obtained from these
screens, but while no bound antigens were seen in any of the resulting structures
several new unliganded conformations were observed (Figure 32, Figure 33). It is

possible that persistent weak interactions with these ligands shift the conformational
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equilibrium of antibody during crystal formation to allow stabilization in new
conformations, or alternatively cause the disorder observed in some structures.

In one structure from a crystal grown with 4-O-ethoxymethyl-KdoOMe, S25-39
Unliganded #3, there is ambiguous weak density in one molecule out of four in the AU
where the ligand can be modeled (Figure 25). Although the electron density for ligand is
inadequate to conclude binding, there is complete electron density for the CDR H3
backbone of this molecule in a unique conformation that would accommodate 4-O-
ethoxymethyl-KdoOMe, with the 4-O-ethoxymethyl moiety in a cavity formed between
CDR H3 and all three light chain CDRs (Figure 35). Regardless of the quality of electron
density for ligand, the observation of this conformation that is compatible with ligand
binding may suggest that the presence of ligand increased the relative population of this
conformation to a level sufficient for crystallization.

Figure 35: Modelling 4-O-ethoxymethyl-KdoOMe into the S25-39 Unliganded #3 chain
C/D binding pocket

A partial surface of the binding pocket is shown coloured according to contributions
from CDR H3 blue, L1 salmon, L2 orange, and L3 yellow. 4-O-ethoxymethyl-KdoOMe
was modelled into the ambiguous electron density of the binding site and refined as
shown in Figure 25.
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2.4.2. Robust conservation of V-gene encoded carbohydrate recognition

Maintenance of binding to 4-MeO-Kdo despite the disruption of a specific interaction
and destabilization of CDR H3 again highlights the amazing versatility of this V-gene
conserved Kdo binding pocket. In addition to its ability to accommodate alternate
lengths, linkages and unnatural modifications through flexible recognition as described
in section 1.8.3, this pocket is also able to accommodate unnatural modifications that
actively disrupt specific interactions with CDR H3. CDR H3 is well known to influence the
specificity of antibodies (174, 227, 228), such as described above for the $S25-2 type
antibodies where unique interactions via CDR H3 are involved in recognizing most
antigens and direct the binding towards specificity or cross-reactivity (section 1.8.5).
Given the importance of CDR H3 in determining antibody specificity it may be
surprising at first that 4-MeO-Kdo is still bound by S25-39, but this is consistent with the
phenomena of V-gene restriction and conservation of carbohydrate recognition in the
germline; It emphasizes the ability of this conserved Kdo-recognition pocket to adapt to
novel modifications and expand the recognition potential of the germline antibody

repertoire.

2.4.3. Conformational flexibility increases recognition potential in the germline
antibody repertoire

The germline antibody repertoire must display a degree of polyspecificity or cross-
reactivity to protect against the enormous antigenic diversity it may encounter. This is
possible through differential epitope or paratope usage in a rigid antibody combining

site, or through a flexible antibody combining site that generates unique paratopes.
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The near-germline antibodies S25-2 and S25-39 display both of these
mechanisms for generating recognition potential. The shared antigen-binding
conformation of $S25-2 and S25-39 is cross-reactive for a number of distinct Kdo-based
oligosaccharides, where a single Kdo moiety is bound in a germline-encoded pocket and
additional lengths, linkages, and unnatural modifications are accommodated in the
remainder of the binding site (Figure 12). As shown here with the structures of $25-39
in complex with 4-MeO-Kdo, the germline pocket can even accommodate unnatural
additions that directly impede binding contacts.

In addition to this cross-reactivity using a single conformation of CDR H3, the
unliganded structures presented here display a range of alternate CDR H3
conformations that generate unique combining sites that may allow recognition of
unrelated antigens (Figure 32, Figure 36). Indeed, there is some evidence for binding to
4-0O-ethoxymethyl-KdoOMe through an alternate conformation as discussed above.

There is a precedent for this type of polyspecificity, as was observed for the
antibodies SPE7 (161), 7G12 (160), DNA-1 (130), BBE6.12H3 (163) and bH1 (164, 271)
that each recognized unique antigens through different binding site conformations
(Figure 37). S25-2 and S25-39 are unique in demonstrating both the largest number of
distinct conformations®?, 7 for $25-2 and 4 for $25-39, with the next highest example
being 5 for BBE6.12H3, and the largest maximum change in Ca position between
conformations, 12 A for $25-39, compared to the next largest, 10.8 A for 7G12 (Figure

32, Figure 37).

?2 A unique conformation is defined by a unique Ramachandran code, Table 16. Side-chain positions are not
considered.
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S25-2 and S25-39 have been shown to exhibit cross-reactivity through single
binding site conformations and to also exhibit an unprecedented level of structural
flexibility, which may allow polyspecificity. These antibodies clearly demonstrate how a
single antibody may protect against a large wedge of antigenic space and reconcile the
limited size of the germline antibody repertoire with a potentially limitless diversity of

antigens.
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Figure 36: Binding surfaces of alternate $25-2 and S25-39 conformations

Binding surfaces generated by different conformations of CDR H3, with heavy chain
green, light chain yellow and CDR H3 blue, are shown for (A) S25-2 liganded with Kdo (B)
S25-2 Unliganded #1 (C) S25-2 Unliganded #2 Chains A/B (D) S25-2 Unliganded #2
Chains C/D (E) S25-2 Unliganded #3 Chains A/B (F) S25-2 Unliganded #3 Chains C/D (G)
S25-2 Unliganded #3 Chains E/F (H) S25-2 Unliganded #3 Chains H/L (l) S25-2
Unliganded #4 Chains A/B (J) $25-2 Unliganded #4 Chains C/D (K) S25-2 Unliganded #4
Chains E/F (L) S25-2 Unliganded #4 Chains H/L (M) S25-39 Unliganded #1 (N) S25-39
Unliganded #2 (0O) S25-39 Unliganded #3 Chains C/D and (P) S25-39 Unliganded #3
Chains L/H.
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Figure 37: Structural changes of polyspecific antibodies

Maximum Ca displacement of CDR structural changes observed in the polyspecific
antibodies (A) DNA-1 in complex with ssDNA (118M chains AB tan, chains HL orange) and
with HEPES (1P7K chains AB light blue, chains HL medium blue), (B) 7G12 unliganded
(INGZ green) and in complex with Jeffamine (INGX yellow), and NMP (1IN7M purple),
(C) SPE7 unliganded (10AQ cyan) and in complex with Az (10AU blue), DNP-Ser (10AR
green), and Trx-Shear3 (10AZ red), (D) BBE6.12H3 unliganded (4A6Y purple) and in
complex with four different peptides (2Y07 blue, 2Y06 yellow, 2Y36 green, and 2XZQ
orange), and (E) bH1 in complex with HER2 (3BE1 green) and VEGF (3BDY orange). Light
and heavy chain CDR displacements were calculated after alignment of either chain
individually, whereas an average alignment of both chains is shown in the figure.
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2.4.4. Affinity maturation effects germline conformational repertoire

As discussed in section 1.5.3, conformational flexibility is relevant to the process of
affinity maturation, as this process has been shown to reduce antibody flexibility to
stabilize a specific antigen-binding conformation, which can increase both affinity and
specificity. The effect of amino acid mutations on the conformational repertoire of CDR
H3 is demonstrated by S25-2 and S25-39. These antibodies differ by only a single amino
acid Ser/Ala H101 at the base of CDR H3, yet were not crystallized in any of the same
unliganded conformations. This suggests that the amino acid differences between these
antibodies, potentially also including those distant from the binding site, significantly
alter their conformational ensembles. Ser H101 of S25-2 interacts with four nearby
amino acids either directly or through bridging water molecules (Figure 34), so it is
understandable that the Ser/Ala difference may alter the hydrogen bonding network at
the base of CDR H3 and influence its conformation.

Interestingly, S25-39 possesses the germline Ala H101 in CDR H3 and displays the
largest Ca displacement between conformations (Figure 33), suggesting that the
germline sequence may allow a greater magnitude of structural change. In contrast, the
conformations displayed by S25-2 are more similar to one another, but a larger number
were observed. Both antibodies utilize the same antigen-binding conformation,
indicating that affinity maturation can alter the conformational equilibrium to
simultaneously preserve or optimize the antigen binding conformation while reducing or

altering potentially polyspecific conformations.
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2.4.5. S25-39 displays exact conformational selection in antigen binding

The closely related antibodies $25-39 and S25-2 have nearly identical binding sites, with
a CDR H3 that has now been observed in ten unique®® unliganded conformations. One
of these well-ordered unliganded conformations is also the active antigen-binding
conformation of both antibodies (Figure 32, Figure 33). The several conformations
observed with good electron density suggest that these exist as relatively low-energy
conformations in equilibrium that are stabilized by specific crystallization conditions.
The partially disordered conformations may indicate the stabilization of partial
conformations with a number of similar energy variants so that no single full
conformation was preferentially stabilized in the crystals. This variety of conformations
with different apparent stabilities is consistent with the ‘rugged energy landscape’
interpretation of proteins (244), where these antibodies exist in an equilibrium of
conformations with different energy levels.

Although crystal packing may be a factor affecting the stability and conformation
of flexible loops in crystals, the observation of the exact antigen-binding conformation
in the absence of ligand with good electron density (S25-39 Unliganded #2, Figure 24)
validates the possibility that other unliganded conformations are also biologically
relevant and not artefacts of crystal packing. Supporting this conclusion is that the $25-
39 Unliganded #1 and #2 structures as well as the structure of $25-39 in complex with
4MeOKdo are in the same space group with very minor differences in unit cell

dimensions and packing arrangements (Appendix A), as are the $S25-2 Unliganded #3 and

2> A unique conformation is defined by a unique Ramachandran code, Table 16. Side-chain positions are not
considered.
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#4 structures. Additionally, $25-39 structures displaying the Unliganded #1 and #2
conformations were solved from crystals grown in identical conditions, and multiple
structures displaying each conformation were also solved from crystals grown in unique
conditions (Appendix A). These results indicate that a given conformation is not
possible only in a certain condition or crystal packing context, and likewise, that a
certain condition is not capable of stabilizing only a single conformation for
crystallization. Rather, the crystallization condition may affect the probability of
nucleation of a specific conformation into a crystal, and it is the conformation that
dictates the crystal packing, not vice versa.

This collection of structures illustrates a conformational selection mechanism of
complex formation where a Kdo-based antigen selects the appropriate CDR H3
conformation from pre-equilibrium.  Significantly, the conformational selection
illustrated by these structures is absolute; there is no evidence of conformational
selection followed by induced-fit adjustment, as the exact liganded conformation is
observed in the absence of ligand. This is in contrast to the only other structural
characterization of conformational selection of antibody SPE7 (161). In the analysis of
mAb SPE7 structures, James et al. presented a case for conformational selection in
binding both protein and aromatic hapten through distinct binding-site conformations.
This antibody was observed in two unique antigen-free conformations, and the
existence of an isomeric pre-equilibrium was supported with pre-steady-state kinetics.
James et al. argued that the two observed unliganded conformations formed the initial

encounter complexes with either hapten or protein antigen, and subsequent induced fit

111



generated the final antigen bound conformations. The conformational selection
between the initial unliganded structures was largely based on a Trp side-chain rotamer
of CDR L3, where only one conformation is compatible with hapten binding. However,
large structural differences of CDR H3 were observed between both unliganded and
liganded structures (Figure 37). Pre-steady-state binding kinetics supported a binding
mechanism involving conformational selection of CDR L3 followed by induced-fit
isomerization of CDR H3.

Crystal structures of the polyspecific antibody 7G12 also revealed conformation
differences between the unliganded and two different liganded states. The authors
suggest that each ligand induces significant structural changes of the unliganded
antibody binding site (160), but with only a single unliganded structure no distinction
between CS and IF can be made.

Antibody BBE3.12H3 was observed to bind four unique peptides through four
distinct binding site conformations, each different than an observed unliganded
conformation. Again with only a single unliganded structure, no comment on the
contributions of conformational selection versus induced fit can be made. Likewise, the
antibody DNA-1 was shown to bind ssDNA and HEPES through alternate CDR H3
conformations (130) that were different from two disordered unliganded conformations
(158).

In contrast to all of these examples, antibodies $25-2 and S25-39 display many
unique antigen-free conformations including the exact antigen-binding conformation in

the absence of antigen observed for S$25-39, which indicates pure conformational
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selection in binding. These structures suggest that the antibodies exist in an equilibrium
of conformations that each may be stabilized by specific crystallization conditions or
upon antigen binding.

Pre-equilibrium and conformational selection have been suggested previously as
a mechanism for Ab-Ag binding and for allowing polyspecificity to expand the
recognition potential of the germline repertoire, but structural evidence for these
phenomena is generally lacking. As discussed by Sela-Culang et al. (229), investigation
of unbound antibody structures is less common then the corresponding Ab-Ag
complexes that tend to have greater biological impact. Furthermore, those studies that
do include unbound structures generally only include a single one, which provides only a
snapshot of a potentially dynamic equilibrium of unbound states. Finally, antibodies
that do exhibit significant structural flexibility (i.e. germline antibodies) are inherently
less amenable to crystallization, which biases the database towards less flexible
structures (i.e. affinity-matured antibodies). This study of S25-2 and S25-39 represents
the first targeted investigation of unbound antibody conformations and provides unique
structural insight into the dynamic conformational equilibrium of unbound Ab, including
direct evidence for conformational selection in Ag binding.

The presence of the exact antigen-binding conformation pre-existing in
equilibrium may also reflect a significant general feature of anti-carbohydrate
antibodies. Carbohydrates are commonly T-cell independent antigens, meaning that
they can activate B-cells without T-cell help. As a result, there is no somatic

hypermutation of the immunoglobulin locus and no affinity maturation of the antibody.
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This suggests that the recognition of important carbohydrates (e.g. from pathogens with
which the immune system has co-evolved) has been optimized in the germline to not
depend on affinity maturation. In the context of a flexible antibody, this may be
achieved through the evolution of a conformational equilibrium that includes the exact
antigen-binding conformation, as a compromise between enabling germline
polyspecificity through alternate conformations and reducing the energetic penalty of
induced-fit binding. In contrast, germline antibodies may recognize T-cell dependent
antigens through less favourable multi-step selection-and-adjustment mechanisms since

these interactions can be subsequently optimized through affinity maturation.

2.4.6. lon coordination alters binding site

An interesting case is presented by the Unliganded #4 structure of S25-2 that
showed a unique CDR H3 conformation with three coordinated iodide ions (Figure 31).
The same conformation and coordination pattern was observed in each of the four
molecules of the AU, suggesting an energetic preference for that configuration or its
specific stabilization by the crystallization conditions. One of these three ions is
coordinated at the base of CDR H3 underneath the antibody binding site (Figure 38),
highlighting the extreme flexibility of CDR H3 required for the ion to enter this site. The
solvent-excluded location of this iodide further indicates that this CDR H3 conformation
cannot be selected by iodide ions, but must be achieved either through induced fit or
through a sequence of selection and adjustments steps. None of the additional 22
locations of coordinated iodide ions in the structure showed altered protein

conformations compared to structures without iodide.
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The effects of ions on protein structure and stability has long been a topic of
interest, pioneered in the late 1800s by Franz Hofmeister, who analysed the effects of
different cations and anions on the precipitation of egg white proteins to develop what
would later be called the Hofmeister series (272). The mechanisms of action of
kosmotropes, which give higher-order structure to water, and chaotropes, which disrupt
water structure, have since been extensively studied and are still debated (272-290).
These two classes of ions “salt-out” or “salt-in” proteins, respectively, meaning to
decrease or increase their solubility.

lodide is a large weakly hydrated anion (a chaotrope) known to interact with
weakly hydrated positive portions of proteins like Arg, Lys, His, and backbone amides, as
well as well as nonpolar surfaces (278, 284). lodide increases protein solubility as a
chaotrope, but it is also generally denaturing due to its extensive interactions with
proteins, notably the peptide backbone. However, given the possibility of specific
interactions, it has been observed that bound iodide can stabilize or destabilize proteins
depending on the context and on ion concentration (291).

The structure of S25-2 from a crystal grown in ammonium iodide (unliganded #4)
shows 34 ordered iodide ions, coordinated in a variety of contexts including charged,
uncharged, polar and apolar side chains, and main chain atoms. Specifically in CDR H3,
the interactions with iodide leading to the same configuration in all four molecules of
the AU is an example of a stabilizing iodide interaction. Similarly, lodide ions have
previously been observed to effect unique conformations of a flexible region in crystal

structures of lysozyme (277), and iodide has been shown to increase the thermal
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stability of lysozyme at low concentrations and decrease stability at higher
concentrations (291). This may reflect a general mechanism for the potential of iodide
at certain concentrations to stabilize flexible regions of a protein and by extension the
stability of protein in solution, as disordered regions are known to be susceptible to
aggregation (292-296).

Only two other antibody fragments have been crystallized in the presence of
iodide ions. One, the nanobody** 7D12, was crystallized in complex with domain 1l of
the extracellular region of EGFR. A single iodide ion interacts with both Nanobody and
ligand, but distant from the major binding interface and with no structural differences
from a complex structure lacking iodide (297).

The second antibody fragment, an Faz of the catalytic antibody 15A9, was
crystallized with its hapten 5’-phosphopyridoxyl (PPL)-N°-acetyl-L-lysine as well as
pyridoxal-5’-phosphate-L-alanine (PPL-L-alanine) and PPL-p-alanine (298). In all three
structures CDR H3 was observed to coordinate an iodide ion. Interestingly, the
structures still showed bound ligands despite the direct contact of iodide ions with CDR
H3. Furthermore, the transaminase activity of 15A9 in solution was decreased by only
42% with the addition of sodium iodide at the concentration used for crystallization (0.2
M). Unfortunately, a structure of 15A9 without iodide is not available for comparison.

As the CDR H3 of $25-2 and S25-39 can be present in an equilibrium of unique
conformations as illustrated by the structures presented in this thesis, it provides a

significantly larger number of potential configurations for ion coordination. This may be

A Nanobody, or VHH domain, consists only of the heavy chain variable domain.
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extrapolated to all antibodies with flexible binding sites to suggest that interactions with
ions may further increase the number of unique paratopes available. As seen with
antibody 15A9 described above, iodide-influenced paratopes can be functional in
antigen-binding, so these paratopes present an additional avenue for generating
antibody polyspecificity. These effects may not be relevant at physiological conditions
where the total iodide ion concentration in blood is typically in the nanomolar range
(299, 300), but may be significant in molecular biology applications where ion

concentrations are much higher.
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Figure 38: CDR H3 buried iodides in $25-2 Unliganded #4

A clipped surface of S25-2 Unliganded #4 is shown with the light chain blue, CDR H3
orange and the rest of the heavy chain light grey. lodide ions are shown as purple
spheres. A ribbon representing CDR H3 and flanking residues is also shown.

2.4.7. Conformational classification and prediction of CDRs

Rather than viewing antibodies, enzymes or other proteins as rigid bodies with single
conformations, considering their dynamic conformational equilibria has significant
implications in structure prediction and structure-based drug design (244). For
antibodies, this directly affects the prediction of CDR conformations based on sequence
and canonical conformations.

Considering the evolutionary pressure for diversity in the antibody repertoire, it
may seem counter-intuitive that five out of six CDR loops often adopt common
canonical structures. However, as these loops are almost entirely encoded by single
germline gene segments (with the exception of CDR L3) that were generated by gene

duplication (20, 21, 185, 301), it is not surprising that they have maintained common
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conformations that form functional binding sites and that the vast majority of variability
in the antibody response instead is generated by CDR H3 encoded by the hypervariable
V-D-J junction.

As discussed in sections 1.4.2 and 1.4.3, the conformations of CDRs L1, L2, L3, H1
and H2 are highly predictable based on sequence, whereas the conformation of CDR H3
is not. The difficulty in CDR H3 classification and prediction is firstly due to the much
larger sequence diversity of that loop, and secondly due to the tendency of individual
CDR H3 sequences to generate structurally flexible loops (171). The latter feature is
clearly demonstrated in the structures of $25-39 and S25-2 (Figure 32, Figure 33).

The CDR H3 loops of S25-2 and S25-39 display a variety of conformations, some
of which satisfy H3 rules and are similar to canonical anchor clusters, and some which
do not satisfy H3 rules and are not similar to any clusters. The shared liganded
conformation and S25-39 Unliganded #2 are kinked and similar to the H3-anchor-1
cluster (Table 16). This conformation satisfies the H3-rule i-a of Kuroda et al. (Table 3)
with (n — 1) not Asp predicting the kinked base, although all other unliganded
conformations display an extended base countering this prediction. Of the remaining
unliganded conformations, many of S25-2 are similar to the cluster H3-anchor-5 (Table
16) whereas those of S25-39 are not similar to any defined anchor cluster. The ability of
these loops to obey the H3 rules or not and to adopt multiple canonical and non-
canonical conformations, while perhaps an extreme case, stresses that flexibility must
be taken into account for CDR H3 prediction. This is reflected by the greatest accuracy

in CDR H3 prediction so far being achieved by techniques that do not rely on canonical
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structures or rules, but instead more adaptive template selection and ab initio methods
(105, 111, 112).

The lack of shared unliganded conformations observed between S25-2 and S25-
39 despite their almost identical CDR H3 indicates another challenge for structure
prediction: different environments (in this case the 10 amino acid differences between
S25-2 and S25-39) may alter the available CDR H3 conformations or their populations in
equilibrium. The observation of different conformations between S25-2 and S25-39
suggests that an identical CDR H3 paired with different V-gene combinations may have
vastly different conformational repertoires. Again, this is reflected by the majority of
CDR H3 modelling techniques being more successful when taking the protein
environment of CDR H3 into account during optimization (114).

It is clear that much more research is required to understand the flexibility and
dynamics of CDR H3 before these characteristics can be accurately modelled or
predicted. This thesis describes the first targeted structural investigation of antibody
conformational diversity, which will hopefully encourage similar investigations of
unrelated antibodies that together will provide knowledge of features that allow
flexibility and dictate conformation. This knowledge is a critical component alongside
improvements in computer processing power and modelling methods to achieve

accurate prediction of antibody dynamics and antigen binding.

120



2.3. Conclusions

Combining cross-reactivity and polyspecificity in a single flexible binding site is an
astounding evolved dual-mechanism that allows the immune response to maintain
recognition of common pathogens and also adapt to new threats, while minimizing the
burden on genome size. The studies of the near-germline anti-carbohydrate antibodies
S$25-2 and S25-39 presented in this thesis reveal an unprecedented level of
conformational diversity in CDR H3, which may enable polyspecificity through alternate
conformations in addition to their robust cross-reactivity by conserved recognition of
Kdo and Kdo-based synthetic antigens through a single conformation.

These structures also shed light on the modification of conformational equilibria
by natural and synthetic antigens and ions, the latter of which were observed to
generate unique paratopes that may heighten polyspecificity. Also revealed are the
effects of a single mutation in CDR H3 and several mutations distant from the combining
site on the conformational equilibria of these similar antibodies that share liganded but
not unliganded conformations, echoing studies that suggest affinity maturation can
proceed by moderating antibody flexibility.

Significantly, this observation of the exact Kdo-binding conformation in the
absence of ligand is the first structural illustration of pure conformational selection in
antigen binding. Conformational selection is an ideal implementation of antibody
binding-site adaptability as it provides the potential for polyspecificity without the
kinetic or entropic disadvantages of induced fit, which may be especially relevant to

anti-carbohydrate antibodies that have evolved not to rely upon affinity maturation.

121



Together, these structures provide insight into the conformational dynamics and
antigen-binding mechanisms of near-germline anti-carbohydrate antibodies. These are
of fundamental importance to our understanding of antibody structure and function,
leading to practical applications such as improved modelling and design of therapeutic

or diagnostic antibodies.
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2.4. Methods

2.4.1. Antibody F,p preparation

The monoclonal antibodies S25-2 and S25-39 (both IgG1k) were produced by my
collaborators Sven Miller-Loennies, Lore Brade and Helmut Brade at Research Center
Borstel, Leibniz-Center for Medicine and Biosciences, Parkallee 22, Borstel D-23845,
Germany, by immunization of BALB/c mice with Kdo(2—8)Kdo(2—4)Kdo(2—6)BGIcNAc-
BSA as described previously (134, 136). 1gG was purified from hybridoma supernatant
using 3 mL Pierce protein A/G agarose resin in a 16 mL Kontes Flex-Column gravity flow
column from VWR. Hybridoma supernatant was diluted 1:1 in binding buffer (20mM
NaH,PO,4 pH 7.0) and centrifuged for 20 minutes at 13000 rpm before loading onto the
column, which was pre-equilibrated with binding buffer. After loading, the column was
washed with 15 mL binding buffer and eluted with 0.1 M Glycine pH 2.7 into 1 mL
fractions that were immediately neutralized with 100 pl of 1 M Tris-HCL pH 8.5.
Fractions were analyzed by SDS-PAGE and absorbance at 280 nm for IgG content.
Fractions containing IgG were pooled and dialyzed overnight in 50 mM Hepes pH 7.5.
Trial papain digests were performed in 150 pl reactions with 0.1 M Hepes pH 7.5, 2 mM
DTT, 2 mM EDTA and 1 mg/ml IgG, with Papain-to-IgG wt:wt ratios of 1:500 and 1:1000,
and 30 pl aliqguots were removed and quenched with 10 mM lodoacetamide at 0.5, 1, 2,
3 and 4 hours. Aliquots were run on SDS-PAGE to analyze digestion of IgG into Fag and
Fc. A batch digest was then performed on remaining dialyzed IgG at a Papain:lgG ratio
of 1:400 for 4 hours, then quenched with 10 mM lodoacetamide and dialyzed overnight

into 20 mM Hepes pH 7.5. The Fas fragments yielded by papain digest were then
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purified by HPLC cation-exchange chromatography using a Shodex CM-825 column, with
20 mM Hepes pH 7.5 and a 0 to 1 M NaCl gradient. The Fag peak from multiple runs was
pooled and buffer-exchanged into 20 mM Hepes pH 7.5 and concentrated to between
20 and 40 mg/mL using 4 mL Amicon ultra centrifugal filtration devices with a 10 kDa

cutoff.

2.4.2. Crystallization of S25-39 and S25-2 Fab

$25-39 and S25-2 Fag were crystallized unliganded or in the presence of the synthetic
ligands 4-MeO-Kdo, 4-O-benzyl-KdoOMe, 4-O-Ethoxymethyl-KdoOMe and 4-O-
Methoxymethyl-KdoOMe (synthesized by my collaborators Barbara Pokorny and Prof.
Paul Kosma at the Department of Chemistry, University of Natural Resources and Life
Sciences, Vienna, Austria), each with 12 mg/ml Fag and 5 mM ligand, using Hampton
Crystal Screens 1 and 2 in Hampton 24-well hanging-drop vapour diffusion plates set up
by hand, and using Qiagen Pegs | and Pegs Il screens in Hampton 96-well sitting-drop
intelli-plates set up with an ARI Crystal Gryphon robot. Initial hits were optimized in 35
x 10 mm tissue culture plates by hanging-drop vapour diffusion. The conditions yielding
crystals from which structures were solved are given in Table 18 and Table 19 of

Appendix A.

2.4.3. Data collection, Structure Determination and Refinement

Before freezing, crystals were dipped in reservoir solution with the addition of 30 %
MPD for cryoprotection (Table 18 and Table 19, Appendix A). Crystals were flash frozen

to -160°C using an Oxford Cryosystems Cryostream 700 crystal cooler. Data were
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collected either on a Rigaku R-AXIS 4++ area with X-rays produced by a Rigaku MM-003
generator, or on beamline CMCF-ID at the Canadian Light Source synchrotron
(Saskatoon, SK). The data were scaled, averaged and integrated using HKL2000 (302).
All structures were solved by molecular replacement using Phaser (303), with a
previously solved S25-39 or S25-2 Fab structure as a search model. Model building and
refinement were carried out with Coot (304) and Refmac5 (305) through the CCP4

interface (306). Final model and refinement statistics are give in Table 20, Appendix A.

2.4.4. Figures

Figures depicting protein structures and electron density were created using SetoMac,
an unpublished development of SETOR (307), and UCSF Chimera, developed by the
Resource for Biocomputing, Visualization, and Informatics at the University of California,
San Francisco (supported by NIGMS P41-GM103311) (308). Chemical drawings were
created using ChemAxon MarvinSketch 15.11.30. Other figures were created using

Microsot PowerPoint.
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Table 18: S25-39 crystal conditions

Appendix A

Crystallographic Data

Details of crystallization conditions and resulting structures of $25-39 and each synthetic antigen. Common conditions are
highlighted in like colours. Common conformations of CDR H3 observed in the resulting structures are highlighted in like colours (no
relation to colours in Condition column). The highest resolution structure of each unique conformation (used for analysis and all
figures) is identified with bold outlines in the final column.

S$25-39 structures

S Crystal
Ligand Condition Drop type pace Unit cell rysta Resolution Conformation
group form
None 0.05 M Zinc Acetate .
0.05 M Sodium Cacodylate pH 6.5 E:r‘]""ii” o) 41.0,83.2,69.5 . S U(gllljgba;i:iij ﬁl
15 % PEG 3350 dri & t 1in AU ' STt
10 % MPD P
0.2 M Ammonium Acetate
0.1 M BIS-TRIS pH 5.5 24-well 55.7,63.1, 62.4
45 % v/v (+/-)-2-Methyl-2,4. - hanging P2, 1in AU 2 1.9 Unliganded #1
. drop
pentanediol
0.05 M Potassium Chlordide 24-well
0.01 M Magnesium Chloride hanging P2, 55'7i?:'A5’U62'2 2 1.85 Unliganded #2
15 % PEG 6000 drop
4-MeO-Kd 10mm dish
eb-ido 0.1M Hepes pH 7.0 mm ars 52.1, 63.6, 62.6 .
. hanging P2, . 2 2.0 Liganded
30% Jeffamine ED-2001 1lin AU
drop
4-0O-Methoxymethyl- 0.2M Ammonium Acetate
KdoOMe 0.1M Tris pH 8.5 sit?ii-wjllo P2, 55'7i?:':’b61'5 2 1.8 Unliganded #2
25% PEG 3350 g drop
0.15M Potassium Bromide 96-well P2, 55.6, 63.1, 61.9 2 1.3 Unliganded #2
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30% PEG MME 2000 sitting drop 1lin AU
24-well
0.15M Potassium Bromide 52.0, 60.6, 63.2
h i P2 ! ! 2.0 Unli ded #1
30% PEG MME 2000 anging 1 1in AU niigande
drop
0.1M Sodium acetate trihydrate 96-well 52.1 61.7, 63.4 _
pH 4.5 sitting dro P2, 1in AU 2.0 Unliganded #1
25% PEG 3350 § drap
0.1M BIS-TRIS pH 6.5 96-well 55.8,63.4,62.0 .
P2 ! ! 1.9 Unl ded #2
25% PEG 3350 sitting drop 1 1in AU niigande
0.1M BIS-TRIS pH 6.5 96-well 52.6,61.2,63.6 .
P2 ! ! 1.53 Unl ded #1
20% PEG MME 2000 sitting drop 1 1in AU niigande
0.2M Sodium chloride
0.1M BIS-TRIS pH 6.5 Sit?ii‘wjilo P2, 528&?:&63'6 2.0 Unliganded #1
25% PEG 3350 g drop
4-0O-benzyl-KdoOMe 0.1M Sodium acetate trihydrate 96-well 55.8,63.2, 61.9 _
pH 4.5 sitting dro P2, 1in AU 1.53 Unliganded #1
25% PEG 3350 g crop
0.2M Sodium chloride
0.1M BIS-TRIS pH 6.5 Sit?ﬁl‘wjilo P2, 556&?:‘2@61'1 1.9 Unliganded #2
25% PEG 3350 § drap
0.05M Zinc acetate dihydrate 96-well 41.1, 82.8,137.7 .
20% PEG 3350 sitting drop P2, 2in AU 1.85 LR
24-well
0.1M TRIS-HCL Ph 8.5 . 55.7,63.2,61.7 .
5% PEG 3000 hanging P2, 1in AU 1.4 Unliganded #2
drop
0.2M Ammonium fluoride 96-well 55.6,62.8, 62.0
P2 ! ! 1.9 Unli ded #2
20% PEG 3350 sitting drop 1 1in AU niigande
4-0O-Ethoxymethyl- 0.1M Sodium acetate trihydrate
KdoOMe pH 4.5 sitg’:ii-wjllo P2, 51.7&?:.A1[J63.5 1.9 Unliganded #1
25% PEG 3350 § drap
0.1M Sodium HEPES pH 7.5 24-well 101.6,111.7, 154.7
’ ’ h i C2 - v ’ 2.1 Unli ded #3
25% PEG MME 2000 Zr;i';g 4in AU g
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Table 19: S25-2 crystal conditions

Details of crystallization conditions and resulting structures of $25-2 and each synthetic antigen. Common conditions are highlighted
in like colours. Common conformations of CDR H3 observed in the resulting structures are highlighted in like colours. The highest
resolution structure of each unique conformation (used for analysis and all figures) is identified with bold outlines in the final
column.

S$25-2 structures

Ligand Condition Drop type Space group Unit cell Crystal form Resolution  Conformation
4-0-Methoxymethyl-KdoOMe 0.2M ,ZA(r)\?%m:En(lauar'\;;I(;Jorlde hi(r)]g:qgcg::p P2, 73.7,41i_%n5i092. 7 5 515 Unliganded #3
4-0O-benzyl-KdoOMe 0.2M ?(r)\:l%mF?En(i;u;;;I(;Joride hanZglli-nV\g/eC:Irop P2, 74.1,41i?;]4A8lj 94.1 5 537 Unliganded #3
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Table 20: Data collection and refinement statistics

Statistics are given only for the highest resolution structure solved of each unique conformation (see Table 18 and Table 19).

$25-39 $25-2
4MeOKdo Unliganded #1 Unliganded #2 Unliganded #3 Unliganded #3 Unliganded #4
Resolution (A) 50.00-2.00 50.00-1.53 40.00-1.30 40.00-2.10 40.00-2.15 40.00-2.00
(2.07-2.00) (1.56-1.53) (1.32-1.30) (2.18-2.10) (2.19-2.15) (2.03-2.00)
Space group P2, P2, P2, C2 P2, P2,
a (A) 52.111 52.610 55.593 101.555 73.733 93.558
b (A) 63.624 61.218 63.135 111.749 135.329 135.497
c (A) 62.636 63.573 61.885 154.701 92.667 73.977
Molecules in AU 1 1 1 4 4 4
Reym 0.071 (0.398) 0.109 (0.612) 0.057 (0.547) 0.070 (0.381) 0.083 (0.634) 0.092 (0.690)
Roim 0.042 (0.248) 0.044 (0.323) 0.036 (0.331) 0.046 (0.251) 0.048 (0.364) 0.054 (0.388)
CC1/2 0.853 0.706 0.807 0.777 0.793 0.830
1/a(1) 16.44 (2.06) 22.75(2.27) 19.05 (2.23) 16.42 (3.04) 16.07 (1.96) 17.53 (2.61)
Completeness (%) 99.1(95.1) 99.3 (86.4) 99.4 (99.4) 99.3 (98.5) 99.8 (100.0) 99.8 (100.0)
Redundancy 3.5(3.0) 6.6 (4.1) 3.7(3.7) 3.3(3.2) 4.1(4.1) 4.1(4.2)
Unique reflections 27284 59940 103442 99437 98548 122420
Refinement
Rwork (%) 21.44 17.60 18.89 17.16 24.78 22.16
Rree (%) 26.14 21.17 22.54 20.19 27.80 25.45
no. waters 161 490 599 230 306 436
r.m.s bonds (A) 0.0103 0.0227 0.0297 0.0197 0.0079 0.0098
r.m.s. angles (2) 1.4945 2.1787 2.6500 1.9593 1.2998 1.4414
Mean B (AZ) 27.783 15.279 17.957 28.998 43.561 44.563
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