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Enzymatic cleavage of IgG antibodies is a common strategy used by pathogens for the ablation of
immune effector function. The bacterium Streptococcus pyogenes, for example, is a common human
pathogen and is highly adapted for human infection. The bacterium secretes several enzymes which
inactivate human IgG, including the protease IdeS and endoglycosidases EndoS/EndoS2, which
catalyse cleavage and deglycosylation of IgG antibodies, respectively. This activity, along with their
fine specificity for IgG, has enabled the development of these enzymes with diverse applications.
IdeS has received clinical approval for use as a pre-treatment for hypersensitised patients undergoing
kidney transplantation, and, along with EndoS, has been tested in several pre-clinical models of
autoimmune disease. The endoglycosidases EndoS and EndoS2 have additional application in
engineering antibody glycosylation. Despite these extensive therapeutic and biotechnological

applications, the structural basis for how these enzymes specifically deactivate IgG is unclear.

This thesis presents crystal structures of IdeS, EndoS and EndoS2 in complex with their IgG1 Fc
substrate, which were generated using “less-crystallisable” Fc variants, to evade the common
bottleneck of preferential Fc self-crystallisation in the crystallisation of Fc-protein complexes. These
structures reveal the molecular basis behind the exquisite specificity of each enzyme for IgG. The
IdeS protease displays extensive Fc recognition and encases the antibody hinge region. Conversely,
the glycan hydrolase domain in EndoS/EndoS2 traps the Fc glycan in a previously unobserved
“flipped-out” conformation, while additional recognition of the Fc peptide surface is driven by the
so-called carbohydrate-binding module. This work reveals the molecular basis of specific IgG
deactivation by these streptococcal immune evasion enzymes, which will aid in the development of

next-generation enzymes for a wide range of applications.
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Chapter 1 Introduction

During infection, the human body works to destroy the invading pathogen using a series of immune
defences [1-3]. Unfortunately, this results in a strong selective pressure on the pathogen to find ways
to survive, and has thus resulted in the evolution of sophisticated strategies for evasion of the human
immune system. During instances in which immune activation becomes aberrant, such as in
autoimmune disease, or is unwanted, such as following organ transplantation, strategies for

dampening the immune response are an attractive therapeutic avenue.

The bacterium Streptococcus pyogenes is highly adapted for human infection and thus possesses a
diverse range of immune evasion mechanisms, including enzymes which directly modulate
components of the immune system [4, 5]. This bacterium secretes several enzymes which target
immunoglobulin G (IgG) antibodies: IgG-degrading enzyme of S. pyogenes (IdeS) [6],
endoglycosidase S (EndoS) [7] and endoglycosidase S2 (EndoS2) [8]. The ability of these bacterial
agents to specifically deactivate IgG has prompted their investigation as biologics for various
therapeutic and biotechnological applications, as well as extensive research into their structure and
function, which will be discussed in the following sections. This thesis describes work towards
elucidating the structural basis behind the exquisite substrate specificity of the aforementioned

enzymes for IgG antibodies, in order to facilitate their continued development.

Some of the figures included in this chapter and prepared by the author (specifically, Figure 4,
Figure 5, Figure 7 and Figure 12) have been adapted or reproduced from the publication: Bauer-
Smith H, Sudol ASL, Beers SA, Crispin M. Serum immunoglobulin and the threshold of Fc receptor-
mediated immune activation. Biochim Biophys Acta Gen Subj. 2023:130448.

1.1 The human immune system

The immune response against an incoming threat can be classified into two main branches: innate
and adaptive immunity. In brief, the innate immune response constitutes the first line of defence and
is non-specific, i.e., not tailored towards the specific foreign antigen recognised [1]. Components of
innate immunity in humans include: physical barriers to infection (e.g., skin and mucosal
membranes), physiological barriers (e.g., acidic pH in the stomach), non-specific
phagocytic/endocytic cells and inflammatory responses to infection (causing influx of phagocytic
cells to the infection site) [1, 2]. In contrast, adaptive immunity is dependent upon recognition and
destruction of a specific antigen, and retains “memory” of that antigen, so that a targeted immune
response can be launched upon future exposure to the same antigen. Cells involved in adaptive

immunity include T and B lymphocytes [1, 3].
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T cells are activated by antigen-presenting cells, which present foreign peptides using a complex of
cell surface proteins called the major histocompatibility complex (MHC), or also known as human
leukocyte antigens (HLAs) [1]. These proteins are integral in distinguishing “self” antigens from
foreign antigens, and thus are the cause of rejection during organ transplantation (discussed further
in section 1.4.1). MHC-peptide complexes bind immature T cells with compatible T cell receptors,
causing the cells to differentiate into more specialised cells types. One such subtype, termed T helper

cells, subsequently secrete cytokines which cause further activation of B cells [1, 3].

B cells are stimulated directly by foreign antigens, which bind compatible proteins called antibodies
present on their cell surface. This causes their differentiation into several specialised cells: plasma
cells, which produce and secrete antibodies specific towards the target antigen, and memory cells,
whose function is to produce large amounts of these antibodies upon antigen re-exposure. These
antibodies, also called immunoglobulins, bind cells displaying the target foreign antigen, marking
them for immune destruction [1, 9]. The structure and function of these proteins are discussed in the

following section.

1.1.1 Immunoglobulins

Immunoglobulins (Igs) are Y-shaped proteins produced by B cells which target specific “foreign”
antigens present on pathogen cell surfaces, following initial recognition of said antigen by the
immune system. Ig binding to a foreign antigen has the function of marking the pathogen for immune
destruction (termed opsonisation) by various immune effector pathways [1, 9], some of which will
be discussed in the following sections. Igs are comprised of two identical heavy and two identical
light chains linked together with disulphide bonds (Figure 1) [10]. In humans, there are five types
of heavy chain (o, J, €, y and p), which define the Ig isotype as either IgA, IgD, IgE, 1gG or IgM,
respectively. There are also two forms of light chain: k and A. IgA and IgG antibodies can be further

classified into two and four distinct subclasses (IgA1-2 and [gG1-4), respectively [9, 11, 12] (Figure
1).
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Domain structure of human immunoglobulin isotypes

™

IgA1 IgA2
IgG1 I9G2 IgG4

Variable disulphide patterns

Secretory
component

O

J chain

IgE IlgD

Figure 1: Domain structure of human immunoglobulins. There are five distinct Ig isotypes in
humans: IgA, IgD, IgE, IgG and IgM. IgA and IgG can be classified into further subclasses: I[gA1-2
and IgG1-4. Igs are homodimers, comprised of two identical heavy chains (depicted in silver), which
are each linked to two identical light chains (depicted in pink). Heavy chains comprise an N-terminal
variable (Vi) domain, followed by three constant (Cu) domains (exceptions are IgE and IgM which
contain four Cy domains). The first and second Cy domains in IgA, IgD and IgG are linked by a
flexible hinge region. IgA antibodies can form dimers by associating with the J-chain (dark pink)
and secretory component (blue). IgM can form larger oligomers, such as pentamers, by association
with the J-chain [9]. N- and O-linked glycosylation is omitted for clarity.

Within each Ig heavy and light chain, there exists an N-terminal, highly variable (V) region, which
binds target antigens. The remaining chain is comprised of varying numbers of constant (C) domains,
whose sequence is largely conserved (for each Ig isotype) [10]. During B cell maturation, genes
encoding these V and C regions are assembled in tightly-regulated recombination pathways [12-14],
resulting in Ig production. In brief, Ig variable regions, encoded by Vu, Dy and Jy genes (Vi and Jp
in the light chain gene locus) are shuffled in a process called V(D)J recombination, which produces
randomly-altered variable region sequences [12, 13]. Upon activation by a specific antigen which
can bind the presented Ig variable regions, B cells undergo further genetic alteration to fine-tune Ig
production, without affecting the antigen specificity [12]. Affinity maturation of antibodies is
achieved by a process called somatic hypermutation, which introduces further mutations into the Ig
variable region gene loci [14, 15]. Moreover, a process called class-switching modifies the Ig heavy
chain locus (Cu), which alters the Ig isotype produced. This mechanism functions by deletional

recombination (and is therefore irreversible): the isotypes which can be “switched” to thus depends
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on the order of Cy genes within the locus [9, 11, 16]. Such antibody production is regulated by
cytokine signals, which direct the B cell to produce a particular Ig isotype [12, 16].

The various Ig isotypes possess different structure, and thus perform different functions as part of
the adaptive immune response. IgM is the first isotype secreted by B cells, and is therefore important
in initial pathogen neutralisation and clearance. The multimeric structure of IgM (typically
pentameric, as shown in Figure 1, but it can also be hexameric) provides high avidity towards
antigens and so, upon binding, IgM is a strong inducer of the complement pathway (detailed in
section 1.1.3) [9, 17, 18]. IgD plays a role in mucosal immunity [19], while IgE mediates allergic
responses, immune responses against parasites, and growing evidence suggests a role in protection
against tumours [9, 20]. IgA is the most abundant antibody within humans and plays a central role in
the neutralisation of a diverse range of pathogens, particularly at mucosal surfaces [21]. Both IgA
isotypes can form dimers, stabilised by association with the secretory component (Figure 1); so-
called “secretory IgA” (SIgA in Figure 1) is transported to the gut lumen and has a role in coating
microbes for maintenance of gut homeostasis [9, 22, 23]. In-depth discussions of these antibody
isotypes are beyond the scope of this thesis, which is focussed on IgG antibodies and their

deactivation by bacterial immune evasion factors.

1.1.2 Immunoglobulin G

IgG is the most abundant Ig isotype found within human serum and is thus involved in the majority
of humoral antibody responses. It can be classified into four subtypes (IgG1—4; numbered in order
of decreasing abundance, with IgG1 being most abundant), which are highly similar in amino acid
sequence but possess different functional properties [11, 24]. IgG1 and IgG3 antibodies induce strong
immune responses against protein antigens, by activation of Fcy receptors (FcyRs) and the
complement pathway (discussed in section 1.1.3). IgG4 also responds to protein antigens, but is
typically produced following repeated antigen exposure [11, 24, 25]. In contrast, IgG2 responses are

induced following exposure to polysaccharide antigens [11, 24-26].

Owing to their sequence similarity, IgG antibodies have a similar domain architecture, comprising
two heavy and two light chains, which are linked by disulphide bonds. Each heavy chain comprises
an N-terminal variable (Vi) domain, followed by three constant domains (Cul, Cu2 and Cy3; also
called Cyl, Cy2 and Cy3): similarly, the light chains possess and N-terminal variable (Vi) domain
followed by a constant region (Cr). As depicted in Figure 2, these chains assemble to form the
characteristic “Y” shape of antibodies, comprised of two “fragment antigen binding” (Fab) regions,
which bind target antigens, and a “fragment crystallisable” (Fc) region, which mediates immune
activation. A flexible hinge region links the Cyl and Cy2 domains, which permits conformational

flexibility of the molecule. Furthermore, IgG antibodies all have a conserved N-linked glycan site
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within each Cy2 chain, at amino acid N297 [11]. This moiety is implicit in Fc-mediated effector

functions of IgG and will be discussed further in section 1.1.4.

a Antigen binding site b IgG1 crystal structure
A2 PDB 1HZH

Fab

| Hinge
region

N-linked
glycans

Fc

Cud

Figure 2: Structure of IgG antibodies. a Schematic representation of IgG1. b Crystal structure of
full-length IgG1 (PDB 1HZH [27]). a, b Heavy and light chains are depicted in light grey and light
pink, respectively. Fc N-linked glycans at N297 are shown in dark grey. Antigen binding sites are
located at the tip of each Fab, as indicated with a pink circle.

There are a few notable differences between the structures of IgG subclasses. The greatest diversity
exists within the hinge region (Figure 3), particularly in the case of IgGG3, which contains up to 62
amino acids (dependent upon the allotype) [24]. This confers an elongated structure of IgG3
compared to the other IgG subclasses [28]. This extended hinge has been suggested to enable
improved antigen binding [29] and improved ability to induce phagocytosis [30], and has also been
implicated in FcyRI binding, although several studies show that the ability of IgG3 to bind
complement with high affinity is not due to its longer hinge region [31-33]. Recent cryo-EM
structures of antigen-bound IgG3 alone and in complex with complement factors have provided
further insight: the extended hinge in IgG3 allows tighter packing of the Fab domains on the antigenic
cell surface, which may enhance neutralisation, and the increased distance from the cell surface to

the Fc may enable improved receptor binding when compared to complexes with IgG1/IgM) [34].
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Figure 3: Structural comparison of IgG isotypes. a Domain structure of IgG subclasses, as
depicted in Figure 2. Varying disulphide bridges within the hinge regions of IgG2 and IgG4 are
indicated. b Multiple sequence alignment of IgG1—4 lower hinge (from amino acid 221, as numbered
in IgG1) and Fc regions, generated using Clustal Omega [35]. Sequence corresponding to sections
of the lower hinge region is indicated with a dashed box. Amino acid substitutions in IgG2, IgG3 and
IgG4 (relative to IgG1) are coloured red, blue and purple, respectively. ¢ Crystal structures of 1gG1,
1gG2, IgG3 and 1gG4 Fes (PDB 3AVE [36], 4HAG [37], 6D58 (deposited but not yet published) and
4C54 [38], respectively). Amino acid substitutions relative to IgGl are mapped onto the
corresponding structure and coloured as in b.

IgG2 and Ig(G4 antibodies have slightly shorter hinge regions (of 12 amino acids) compared to IgG1,
whose hinge length is 15 amino acids [24]. In addition, IgG2 can be classified into further subclasses

(IgG2A, A/B and B; Figure 3a) owing to different disulphide formations within its hinge region and

6
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Fab domains [39]. This confers increased rigidity of the IgG2 hinge and has been shown to result in
“super agonistic” antibodies [40-42]. Within IgG4, the exchange of P228 to a serine (compared to
IgG1) allows for easier hinge disulphide breakage. This modification, along with a K409R exchange
(relative to IgG1; Figure 3¢) which impedes interactions between Cy3 domains, promotes the “Fab
arm exchange” observed in IgG4 antibodies, which enables formation of bi-specific IgG4 antibodies

[43-45].

1.1.3 Immune activation by IgG

IgG antibodies display a wide range of effector functions in response to detected pathogens, which
is summarised in a recent review by Lu et al. [46]. Firstly, IgG can exhibit neutralisation responses,
which simply involves binding of the antibody Fab regions to antigens, in order to inhibit the
pathogen in some way. For example, IgG can neutralise toxins produced by bacteria and/or prevent
pathogen entry into cells. Antibodies have also been shown to inhibit other virulence factors which
enable invasion or pathogenesis, such as by inhibiting biofilm formation [47] or preventing bacterial
adherence to epithelial cells [48]. Although immune activation by the Fc domain is integral in IgG-
mediated immune responses, some studies have shown that neutralisation with antibody Fab

fragments can provide immune protection [48-50].

The Fc region of antibodies is responsible for binding immune effector molecules, and thus mediates
immune activation against foreign antigens. Immune activation is induced by activation of signalling

pathways, which are discussed in detail below.
Fcy receptor-mediated immune activation

IgG Fc binds a series of receptors present on immune effector cells, termed Fcy receptors (FcyRs).
These receptors are classified according to affinity for monovalent IgG: FcyRI is termed the “high
affinity” receptor, while the remaining receptors are classed as “low affinity” [51] (Figure 4). FcyRs
have different affinities for the various IgG subclasses [52] and are populated differently across
different cell types [53] (Table 1). Fc-mediated effector functions induced by binding FcyRs include
antibody-dependent cellular cytotoxicity (ADCC) and antibody-dependent cellular phagocytosis
(ADCP). ADCC is largely mediated by Fc binding to FcyRIIIA on natural killer (NK) cells [54]; this
mechanism plays a role in clearing viral infections, and is increasingly being utilised for tumour cell
killing by therapeutic antibodies [46, 55, 56]. In contrast, ADCP is mediated by a range of phagocytes

and granulocytes, and is a commonly-utilised mechanism against bacterial pathogens [46].
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Figure 4: Structure of human FcyRs. Crystal structures for soluble FcyR domains are shown (PDB
codes 4W40 [57], THIV [58], 3WIJJ [59], 5XJE [60] and 6EAQ [61] for FcyRs I, IIA, IIB, IIIA and
IIIB, respectively), showing overall domain architecture. FcyRI and FcyRIIIA cytoplasmic tails
associate with a common y-chain (shown in grey) for downstream signalling. FcyRIIIB is associated
to the membrane via a GPI anchor. ITAM, immunoreceptor tyrosine-based activation motif; ITIM,
immunoreceptor tyrosine-based inhibition motif; GPI, glycosylphosphatidylinositiol. Adapted from
Figure 1 in Bauer-Smith et al. [62].

Table 1: Properties of human FcyRs.

Receptor FeyRI FcyRITA FeyRIIB FeyRIITA FcyRIIIB
Allele - H131 R131 - F158 | V158 -
Kp (nM)* 15.4 192 286 8,330 855 500 5,000
Subclass 1>3>4 1>3>2>4 | 1>3>4>1 | 4>3>1>2 | 3>1>4>2 | 3>1 3>1
preference
Expression | Monocytes/ Monocytes/ B cells, NK cells, Neutrophils
profile’ | macrophages, macrophages, DCs, monocytes/
DCs, neutrophils, DCs, | basophils macrophages
(neutrophils, basophils, mast
mast cells)” cells, eosinophils

“Affinity constants are reported for IgG1 (to 3 significant figures), and calculated from Ka values
reported in Bruhns et al. [52]. "Data is reported for the NA1 isoform of FeyRIIIB. “Expression profiles
are reported from a review by Bruhns [53]. “Parentheses indicate inducible expression.

Upon Fc binding and subsequent FcyR clustering, downstream signalling pathways are induced to
modulate activity of the immune effector cell. The majority of FcyRs possess an immunoreceptor
tyrosine-based activation motif (ITAM), either within their cytoplasmic tail directly or by association
with a common y-chain, which mediate immune cell activation (Figure 5). In NK cells, activation of
this pathway results in the release of granzymes and perforins which lyse the target cell [63, 64]. In
phagocytic cells, it regulates microtubule growth to promote phagosome formation [46]. FcyRIIB
conversely contains an immunoreceptor-based inhibition motif (ITIM), which inhibits downstream
signalling [11]. The interplay between activating and inhibitory FcyRs mediates whether an immune
cell becomes activated or not, which is affected by the expression profile of receptors on a particular
cell type [65]. In addition, some antibodies show preferential binding to the inhibitory FcyRIIB, such
as IgG4, despite its lower binding affinity to the other FcyRs. IgG4 has therefore been proposed to
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act as a dampener of immune activity, by blocking prolonged activity of stronger binders IgG1 and

IgG3, or preventing sustained responses against allergens by IgE [43].
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Figure 5: Signalling by ITAM domains within FcyRs. Tyrosine residues in ITAM motifs become
phosphorylated by SRC family kinases, such as Lyn, following cross-linking of cell surface FcyRs
by IgG-immune complexes. This leads to recruitment and activation of SRC homology 2 (SH2)-
containing kinases, such as Syk. This results in downstream activation of phospholipase C gamma 1
(PLCy) and phosphoinositide 3 kinase (PI3K). PI3K catalyses phosphorylation of PI(4,5)P; into
PI(3,4,5)Ps present in the plasma membrane, which serves as a docking site for PLCy, thus recruiting
it to the membrane and promoting further phosphorylation and activation. PLCy generates inositol
triphosphate and diacylglycerol second messenger molecules, which increases intracellular Ca*" and
activates protein kinase C, which induces various immune effector functions [66]. Adapted from
Figure 1 in Bauer-Smith et al. [62].

IgG Fc binds asymmetrically to FcyRs in a 1:1 stoichiometric ratio, which involves residues in the
IgG hinge region, the Cy2 domain and the Fc N-linked glycan [11, 67, 68]. IgG1 and IgG3 bind to
all FcyRs, while IgG2 and IgG4 generally show much weaker binding [52]. Amino acid variations
have been implicated in the distinct FcyR binding profiles of IgG isotypes. For example, 1gG2
contains several exchanges within the lower hinge region (such as E233P, L235A and deletion of
G236, relative to IgG1l) which contribute to its reduced binding [67, 69-71]. Similarly, 1gG4
antibodies have been shown to induce lower levels of immune activation when compared to other
subclasses [43, 52, 72, 73], which is likely due to substitution of amino acids implicated in IgG1
binding FcyRs and complement (including L234F, A327G and P3318, relative to IgG1) [38, 43, 67,
74, 75].

Complement-mediated immune activation

The IgG Fc region also mediates immune effector function by activation of the complement cascade,
termed complement-dependent cytotoxicity (CDC). Upon Fc binding to the C1q subunit within the
C1 complex (comprising Clqrs2), the Clr and Cls proteases are activated, which initiates a cascade
involving cleavage of other complement proteins, and culminates in formation of a ‘membrane attack

complex’ (comprised of C5b, C6, C7, C8 and C9 subunits) which induces pore formation and lysis
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of the target cell. Activation of the complement cascade also results in opsonisation of target cells
with cleavage fragments (C3b, C4b and C1q), thereby marking the cells for immune destruction, and
recruitment of immune cells to the infection site (by production of C3a and C5a peptides) [76]. C3a
and C5a peptides can also induce pro-inflammatory cytokine release and generation of reactive

oxygen species to aid in pathogen clearance [77].

IgG Fc binds Clq across a similar interface to the FcyRs (Figure 6). IgG1 and IgG3 are strong
activators of complement, with reported affinity constants (Kx) of ~1.5 x 10* M, while IgG2 and
I1gG4 display little to no complement binding and activation [24, 75, 78]. As elucidated with binding
and mutagenesis studies, amino acids involved in the Clq binding interaction include L235 in the
hinge region [79], along with D270, K322, P329 and P331 in the Cy2 domains [75, 80, 81]. A cryo-
electron microscopy (cryo-EM) structure of the Fc-C1q complex also found Fc residues 266272,
294-300 and 325-331 to be implicit within the binding interface [82]. The reduced ability of IgG2
and IgG4 to activate complement is largely attributed to L235A [79] and P331S [75] substitutions,
respectively (relative to IgG1). As elucidated by the cryo-EM structure [82], IgG Fc can bind
complement as a hexameric ring, in which one Fc interacts with one Clq subunit (Figure 6).
Complement activity can thus also be modulated by amino acid substitutions which promote
formation this hexameric assembly [83, 84], such as E345K and E430G exchanges (within IgG1)

[84]. Fc N-glycosylation also affects this binding interaction, as discussed in section 1.1.4.
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Figure 6: Comparison of FcyR and complement activation by IgG Fe. IgG Fc binds FcyRs (a)
and complement factor C1q (b) across similar regions of its protein surface (lower hinge region and
Cy2 domains). Experimentally-determined structures of IgG Fc in complex with FcyRIIIA (crystal
structure; PDB 5XJE [60]) and Clq (cryo-EM; PDB 6FCZ [82]) are depicted. Interfaces of each
protein with IgG Fc are mapped onto the Fc protein surface, as calculated using PDBePISA [85].
Schematic models of binding are depicted. a FcyR binding induces formation of immune complexes,
which activates downstream signalling. b A hexameric ring of Fcs (e.g., as observed in PDB §8BTB
[34]) binds Clq, with one Fc homodimer binding one C1q subunit. N-linked glycans are omitted for
clarity.

A recent study by So et al. demonstrated that Clq can directly inhibit Fc:FcyR interactions and
prevent FcyR-mediated functional effects, particularly for larger immune complexes [86]. This is
likely due to the overlapping Fc binding sites of C1q and FcyR, and suggests an additional role of

Fc:Clq binding as a buffering mechanism against prolonged immune complex activation of FcyRs.
Other ligands for IgG Fc

IgG Fc has several other binding partners which modulate its immune activation. A notable example
is the neonatal Fc receptor (FcRn), which is expressed across a wide range of tissues and cell types,
particularly myeloid cells [87, 88]. Binding to IgG occurs at the Fc Cy2—Cy3 interface [89], at the
low pH of 5—6 within early and recycling endosomes (due to the protonation of H310 and H435 side
chains), which enables IgG salvage from lysosomal degradation; the Fc subsequently dissociates at
physiological pH of ~7.4 [90-92] (Figure 7). A single amino acid exchange of H345R, present in
some allotypes of IgG3 (relative to IgG1), has been implicated with the reduced half-life of this
subclass compared to IgG1,2 and 4 [93].
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Figure 7: FcRn and biodistribution of IgG. a Crystal structure of IgG Fc bound to human FcRn
(PDB 7Q15 [94]) shows how the receptor binds IgG Fc at the interface between its Cy2 and Cy3
domains. b Amino acid variations in IgG Fc which affect binding affinity to FcRn, which are
currently being utilised in the clinic [95, 96]. IgG Fc residues implicated in FcRn binding are coloured
purple. ¢ FcRn regulates the in vivo persistence of IgG and enables biodistribution of IgG within
tissues. IgG can be salvaged in early or sorting endosomes from lysosomal degradation, due to
increased binding affinity for FcRn at acidic, endosomal pH (pH 6). Figure is taken from Bauer-
Smith et al. [62].

Tripartite motif-containing protein 21 (TRIM21) is an additional IgG Fc binding partner [11]. In
brief, this molecule is a cytosolic receptor expressed highly in immune cells and binds Fc at a similar
position to FcRn (at the Cy2—Cy3 interface) [97]. TRIM21 binds to intracellular pathogens opsonized
by IgA, IgG or IgM, which triggers their degradation by the proteasome, along with transcription of

cytokines which regulate immune function [98, 99].

1.14 IgG Fe glycosylation

The Fc region of IgG has a conserved N-linked glycosylation site at N297 on each Cy2 heavy chain
(Figure 8). This post-translational modification is implicit in maintaining thermal stability and
structural integrity of the Fc [100-105], and is involved in Fc-mediated effector functions [11, 103,

106]. The core glycan structure comprises N-acetylglucosamine (GlcNAc) and mannose

12



Chapter 1

monosaccharides; further processing occurs to add various amounts of galactose, core fucose, sialic
acid and/or bisecting GlcNac. The precise composition of N-linked glycans is modulated by
glycosyltransferase and glycosidase enzymes present in the endoplasmic reticulum (ER) and Golgi

apparatus [107].
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Figure 8: IgG Fc glycosylation at N297. Crystal structure of IgG1 Fc bearing sialylated glycans is
shown (PDB 4BYH [108]). Monosaccharides within the crystal structure are coloured to reflect the
Symbol Nomenclature For Glycans [109]. Monosaccharide prevalence in serum IgG is indicated
[110].

The Fc region of IgG displays around 20 different common glycoforms [111, 112]. Fc glycans are
largely biantennary, complex-type, with ~94 % fucosylation, variable galactosylation (20—80 %) and
low levels of bisecting GIcNAc (10-15%) and sialic acid (2-10 %) [110] (Figure 8). Due to their
positions between the Fc Cy2 domains, these glycans are relatively sterically-restricted and are thus
relatively well-resolved in crystal structures [113]. Aromatic residues within the Cy2 domain interact
with monosaccharide residues in order to stabilise the protein [103, 114]. Despite this, Fc glycans
still possess conformational flexibility, evidenced by incomplete resolution in crystal structures and

nuclear magnetic resonance/molecular dynamics studies [115-119].

The Fc glycans help mediate interactions with FcyRs [74, 120, 121], and their removal impedes Fc-
mediated effector functions [103, 105, 106, 122-124]. The structural basis for this has been heavily
researched. Within the plethora of IgG Fc crystal structures, the Cy2 domains are observed in a broad
range of conformational states relative to each other, while the Cy3 homodimer remains unchanged
[113]; a molecular dynamics study found that N-glycan truncation increases the conformational
flexibility of the Cy2 domains [125], indicating that their presence stabilises the Fc. The glycans
interact with amino acids along the Fc protein surface (including L235, F241, F243, K248, V262,
V264 and Y300, amongst others [103]), and truncation of monosaccharides from the glycan has been
reported to increase disorder within the Fc protein [100, 103]. NMR studies have elucidated that the

presence of these glycans stabilises the Fc C'E loop, which contains the glycosylation site at N297,
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thereby priming the Fc for FcyIIIA binding [121, 126]. NMR and crystallographic studies have also
shown that interactions with the Fc protein surface increase as glycans undergo processing from

immature, oligomannose-type to mature, complex-type [127, 128].
Fc glycoengineering

Modulation of the Fc N-linked glycans has been utilised to optimise antibody effector function. IgG
Fc glycans lacking core fucose have up to ~50-fold greater affinity for FcyRIIIA, which increases
ADCC levels [112, 129-132]. This increased affinity is thought to arise from improved interactions
with the N162 glycan on FeyRIIIA: Falconer et al. proposed that the presence of fucose in Fc glycans
limits the conformations which can be samples by the receptor N162 glycan, thereby impeding high
affinity binding [133]. Afucosylated antibodies are therefore being used clinically for their improved

immune effector function [56].

Galactosylation can further increase FcyRIIIA binding affinity of IgG Fc lacking core fucose [112,
132]. It has also been shown to induce stronger CDC responses in IgG1 and IgG3 antibodies [112,
134], by promoting hexameric Fc formation which drives Clq binding [135, 136]. Sialylation can
further promote this increased binding effect [112, 134]; however, sialylation is most commonly
associated with anti-inflammatory activity [110, 137-140], although the mechanism for this has not

been fully elucidated.

Given the importance of the Fc N-linked glycans to antibody immune effector function,
deglycosylated antibodies can be used in therapeutic contexts where immune activation is unwanted
[141]. Deglycosylation at N297 perturbs the Fc quaternary structure, as indicated by crystallographic
analysis [105] and small-angle X-ray scattering [142]. The therapeutic uses of enzymatic

deglycosylation of IgG Fc are discussed in section 1.4.

1.2 Streptococcus pyogenes

Streptococcus pyogenes, also known as group A Streptococcus (GAS), is a Gram-positive, [3-
hemolytic bacterium, comprised of cocci (round cells) which commonly link in long chains [143].
Its cell structure comprises, from the innermost layer: a cell membrane, a peptidoglycan-containing
cell wall and, a capsule of hyaluronic acid (not always present). This bacterium is characterised by
possessing the group A carbohydrate as a cell surface antigen, according to the Lancefield
classification [144, 145]. GAS is further classified by its surface M protein, encoded by the emm
gene, which gives rise to over 220 serotypes [146]. The M protein is embedded within the cell wall
via its C-terminus; the N-terminal region is hypervariable and thus exhibits the antigenic diversity
which dictates serotype classification [146, 147]. Other GAS surface antigens include lipoteichoic
acid and protein F, which mediate adhesion to host cells [148, 149].
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1.2.1 Disease caused by GAS

GAS causes a wide variety of disease in humans. Infection can be mild; for example, superficial
infections such as pharyngitis, scarlet fever and impetigo. In more severe cases, infection can
penetrate into deeper tissues. Examples of more invasive infection include streptococcal toxic shock
syndrome and necrotising fasciitis. Moreover, GAS infection can lead to immune-mediated sequelae,
including acute rheumatic fever, rheumatic heart disease and acute post-streptococcal
glomerulonephritis [150]. Recent estimates predicted the occurrence of over half a million deaths

from GAS infection each year, the majority of which occur in developing countries [151].

1.2.2 Treatment of GAS

GAS infections are currently treated with antibiotics; however, the bacterium has evolved a multitude
of resistance mechanisms against these (reviewed by Brouwer ef al. [150]). Generally, B-lactam
antibiotics such as penicillin are still effective, although subclinical resistance has been reported in
some strains [152, 153]. Efforts to manufacture a vaccine for GAS are challenging, in part due to the
extensive genetic diversity within the GAS genome and the serotype-specific responses to GAS
infection. Other contributing factors include the difficulty in producing effective animal models of a
human-adapted pathogen, and concerns about possible autoimmune complications arising from the

vaccine [150, 154].

Nevertheless, GAS vaccine research is still ongoing [155]. All current vaccines currently being
clinically tested target the M protein, which target either a mixture of the hypervariable N-terminal
peptides from clinically-relevant GAS serotypes, or the conserved C-terminal region of the protein
(which should confer protection against all GAS serotypes) [150]. StreptAnova is the most clinically-
advanced multivalent N-terminal epitope-based vaccine, which was found to be well-tolerated and
immunogenic in a Phase I trial [156]. Vaccines targeting M protein C-terminal epitopes are also in
development [157-160]. In addition, there are several vaccine candidates targeting non-M protein

antigens which have been efficacious in animal models of GAS infection [161-164].

1.2.3 Host immune response against GAS

Upon GAS infection, both innate and adaptive immunity contribute in bacterial clearance. Immune
responses against GAS isolates causing superficial versus invasive infection can vary, due to
differential expression of various virulence factors which modulate the host immune response [165]

(discussed in section 1.3).
Innate immunity

Numerous cell types are involved in innate responses against GAS, which can determine the

pathogenicity of the infection. Neutrophils, for example, produce antimicrobial peptides, reactive
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oxygen species (ROS) and neutrophil extracellular traps (NETs) for clearance of bacteria [165]. The
response of neutrophils is thought to be implicit in initial responses: impaired neutrophil activity has
been shown to promote the severity of GAS infection in animal models [166, 167]. Activity of
macrophages [168, 169] and dendritic cells (DCs) [170, 171] is also important for controlling initial
GAS infection. These cells produce a variety of cytokines and chemokines which mediate
downstream immune responses, such as interleukin (IL)-13 and CXCL1, which promote neutrophil
recruitment [172, 173]. A recent study by Imai et al. demonstrated the role of macrophage inducible
C-type lectin (Mincle) in recognising monoglucosyldiacylglycerol, which comprises part of the
lipoteichoic acid anchor in GAS, and subsequently inducing secretion of ROS, nitric oxide and
proinflammatory cytokines in DCs [174]. Moreover, another subset of myeloid cells termed
interferon-y (IFN-y)-producing immature myeloid cells (yYIMCs), have been isolated from mouse
models of severe, invasive GAS infection [175, 176]. Matsumura et al. demonstrated that, upon GAS

recognition, such yYIMCs secrete IL-6, which in turn upregulates Mincle [175].
Adaptive immunity

Accumulation of anti-GAS IgG antibodies are thought to confer increased immunity to GAS over
time [177, 178]. Antibodies produced in response to both serotype-specific GAS infection (i.e.,
targeted against the M protein) and conserved GAS antigens have been reported [179-181].
Subsequent activation of the complement pathway by these antibodies is an important immune

mechanism against GAS [4].

In order to prolong infection, GAS has evolved a myriad of mechanisms for targeting various

components involved in the host immune response, which will be discussed in the following section.

1.3 Immune evasion mechanisms of GAS

GAS is highly adapted for human infection and thus has developed an extensive range of immune

evasion mechanisms, which are summarised below (Figure 9).
Inhibition of the complement pathway

The surface M protein (along with M-like proteins, such as protein H) is a major virulence factor in
GAS. As well as promoting adhesion to host epithelial cells, these proteins also bind complement
factors and immunoglobulins [182, 183]. M proteins also help GAS evade phagocytic killing by the
complement system by binding other host proteins and [184, 185] complement inhibitors [186]. For
example, binding of fibrinogen has been proposed to prevent recognition of opsonised GAS by steric
hindrance [184]. In contrast, recruitment of plasmin(ogen) results in degradation of opsonised
complement factor C3b [185]. Protein F1 (also known as Stbl), also promotes GAS adhesion and
entry into host epithelial cells, and provides similar immune evasion activity, by preventing C3b

deposition and thus preventing complement activation [187]. The hyaluronic acid capsule, although

16



Chapter 1

not present in all GAS strains, also confers resistance to phagocytic killing, likely due to prevention
of immune cells from recognising opsonising complement factors [188]. Additional GAS cell surface
proteins, such as FbaA and Scll, aid in immune evasion by binding regulators of complement

activation [189, 190].
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Figure 9: Immune evasion strategies of Group A Streptococcus. Schematic representation of
strategies utilised by GAS for immune evasion, including: complement pathway inhibition,
phatocyte/neutrophil inhibition, resistance to antimicrobials, molecular mimicry, Ig-binding proteins
and Ig-degrading enzymes. Partially adapted from Figure 1 in Walker et al. [5].

GAS also produces a peptidase (ScpA) which targets the complement factor C5a for cleavage [191],
and has recently been reported to cleave C3 and C3a factors [192]. Moreover, streptococcal inhibitor
of complement-mediated lysis (SIC) prevents formation of the membrane attack complex by binding

the C5b67 complex [193].

Recent studies have identified additional GAS immune evasion factors. A study by Honda-Ogawa et
al. identified an endopeptidase (PepO) secreted by GAS, which binds the complement activator C1q.
Deletion of pepO rendered GAS more susceptible to killing by human serum, indicating its
involvement in immune evasion [194]. The mechanism of this protein has not been fully elucidated;
however, it has been shown to regulate the activity of GAS protease SpeB (discussed below) [195].
Okumura et al. also identified a novel GAS protein which binds various complement factors (Clr,
Cls, C3 and C5), which was named complement evasion factor (CEF). Again, its role in GAS
infection has not been fully determined, although a Acef deletion mutant showed decreased virulence

compared to wild-type GAS [196].
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Phagocyte inhibition

GAS secretes cytolytic toxins, termed streptolysins, which aid in virulence by causing pore formation
in various host cells, including immune cells [197]. Streptolysin O (SLO) has the ability to impair
neutrophil function by suppressing ROS production by these cells, along with production of NETs
[198]. Along with streptolysin S (SLS), SLO also induces killing of macrophages by inducing
programmed cell death [199].

Neutrophil inhibition

GAS secretes a protease called S. pyogenes cell envelope proteinase (SpyCEP) which cleaves IL-8,
a chemokine which recruits and activates neutrophils [200]. Moreover, secreted DNAses degrade the
DNA component of NETSs, and thereby release any bacteria trapped within [201, 202]. DNAses also
provide the function of autodegrading bacterial DNA, which prevents recognition of this foreign

DNA by immune cells [203].
Resistance to antimicrobials

Extracellular histone proteins can function as potent antimicrobial agents [204]. GAS utilises a
protein called streptokinase to protect itself from this type of killing: streptokinase binds and activates
the host zymogen plasminogen, which mediates cleavage of extracellular histones as the recruited
plasminogen acquires plasmin-like (i.e. protease) activity [205]. Plasmin recruitment to the GAS
membrane determines the pathogenicity of GAS infection [206], and can assist with cleavage of
antimicrobial peptides such as human cathelicidin LL-37 [207]. The broad-spectrum protease SpeB
(discussed in further detail below) also degrades this antimicrobial peptide [208].

Antimicrobial peptides are typically positively-charged, and thus are attracted to bacterial negative
surface charges. Modification of the cell surface to increase the net positive surface charge therefore
helps to repel these peptides. GAS achieves this using a protein called DItA, which catalyses D-

alanylation of lipoteichoic acid on the bacterial cell surface [209].
Molecular mimicry

Wierzbicki ef al. have recently described the activity of an additional cell surface protein, named S
protein, which is highly conserved in GAS and helps the bacterium evade immune detection by
binding red blood cell membranes [210]; this observation also provides a rationale for the haemolytic

properties of this bacterium.
Ig-binding proteins

Several GAS proteins have the ability to bind and sequester immunoglobulins by their Fc region,
which prevents their downstream Fc-mediated immune activity. Along with binding complement

factors, M and M-like proteins on the cell surface also bind IgG and IgA antibodies [183, 211, 212].

18



Chapter 1

The secreted immunoglobulin binding protein from GAS (SibA) also binds the Fc and Fab regions
of IgG, along with IgA and IgM antibodies [213].

Ig-degrading enzymes

In addition to all the immune evasion mechanisms outlined above, GAS utilises several enzymes for
the inactivation of immunoglobulins, which directly inhibits the adaptive immune response against

the bacterium.

Streptococcal pyrogenic exotoxin B (SpeB) is a broad-spectrum cysteine protease and major
virulence factor of GAS [214]. Substrates for SpeB include epithelial junction proteins [215],
extracellular matrix proteins [216], autophagy proteins [217], chemokines [218] and the
antimicrobial peptide LL-37 [219]. It promotes a pro-inflammatory response by cleaving and
activating pro-inflammatory cytokines IL-13 and IL-36y [220, 221], which has been implicated in
severe GAS infection [222].

SpeB also degrades molecules involved in the immune response against GAS, including various
complement factors [223-225]. More controversially, it has been reported to cleave IgA, IgD, IgE,
IgG and IgM antibodies [226, 227]. A study by Persson et al. reported that SpeB only cleaves
immunoglobulins under reducing conditions, with no activity under physiological conditions [228§].
In contrast, recent work by Blochl et al. reported that SpeB does cleave all IgG subclasses, under
both reducing and non-reducing conditions. Cleavage within the IgG hinge region was observed
under reducing conditions only; however, the major IgG cleavage site observed under non-reducing
conditions was at the junction between the Fc Cy2 and Cy3 domains [229]. SpeB may therefore

contribute to GAS immune evasion by IgG degradation.

The focus of this thesis is enzymes secreted by GAS which specifically target IgG antibodies, namely
IgG-degrading enzyme of Streptococcus pyogenes (IdeS) and endoglycosidases S and S2

(EndoS/EndoS2). These enzymes are discussed in detail in the following sections.

1.3.1 IdeS

IdeS is a 35 kDa protease secreted by GAS, which cleaves within the lower hinge region of IgG
(specifically, between amino acids G236 and G237) [6]. Cleavage at this site separates the immune-
modulating Fc region from the Fabs which recognise antigens, yielding F(ab), and Fc fragments [6,
230, 231], thereby rendering the antibody inactive. IdeS activity inhibits the killing of GAS by
opsonophagocytosis or neutrophil ROS production [6, 232], and so helps GAS evade the adaptive
immune response. As discussed in section 1.1.2, the IgG hinge region is important for conformational
flexibility of the molecule, and is also involved in the interaction of IgG with FcyRs and Clq [11,

67, 68]. This region is thus an attractive target for inhibiting antibody activity, and is targeted by
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several other proteases, including papain, pepsin, and some matrix metalloproteases [230, 231, 233].

Within the literature, IdeS has also been referred to as Mac1/2 [232, 234] and Sib35 [235].

Different GAS strains have been found to possess one of two alleles of the ideS gene [236]; the two
resulting variants of IdeS (often distinguished by naming the first and second variants IdeS/Mac-1
and Mac-2, respectively) display less than 50 % sequence identity between residues 111-205 [236],
but possess largely indistinguishable endopeptidase activity [237]. An exception to this is Mac-2
from the M28 serotype of GAS, whose impaired enzymatic activity is attributed to a cysteine side
chain at position 257, which can form a disulphide bond with the catalytic cysteine at position 94
[237]. Full cleavage of IgG is mediated in two steps in which each Fc chain is cleaved separately,
with a much slower rate of proteolysis for the second chain [230, 231, 238, 239]. Deveuve et al.
reported how cleavage of one antibody chain by IdeS resulted in much weaker binding to FcyRIIIA
and Clq, and rendered the antibody unable to induce FcyRIIIA-dependent NK cell functional
responses [238]. Similarly-impeded Fc-mediated effector functions have been reported for single-

cleaved antibodies by other lower hinge-targeting proteases [231, 238, 240-242].

Enzymatic characterization of IdeS previously reported non Michaelis-Menten kinetics for IgG
cleavage [243-245], which provided evidence for IdeS functioning as a dimer, a suggestion
corroborated by crystallographic analyses [246]. A more recent study by Vindebro ef al., however,
investigated the kinetics of each chain cleavage separately, reporting Ky values of 7.2 uM and 28
uM, along with ke values of 10.1 s and 0.10 s for the first and second IgG cleavage steps,
respectively. Both reaction steps were found to follow typical Michaelis-Menten curves, indicating
that IdeS is active as a monomer [239]. Dynamic light scattering and analytical size exclusion

chromatography (SEC) also provided evidence for IdeS behaving as a monomer [239].

Prior to the start of this project, several crystal structures of IdeS had been determined [246, 247].
The structure of wild-type IdeS from GAS serotype M1 (strain MGAS5005; PDB 2AU1 [246]) is
depicted in Figure 10. IdeS displays an a/p fold, similar to other proteases within the papain
superfamily [246, 247]. Adopting the nomenclature for this papain superfamily, the protein is
comprised of two domains: the L-domain, containing mostly o-helices, and the R-domain,
comprising a twisted antiparallel B-sheet. The L and R domains mostly comprise the N- and C-
terminal halves of the protein sequence, respectively (Figure 10a). The catalytic activity of IdeS is
attributed to its single cysteine residue (C94) [6, 236] and is therefore classified as a cysteine
protease. This residue, along with H262 and D284 (as numbered in Mac-1) form the catalytic triad,
which is present at the junction between the L and R domains [247, 248] (Figure 10a, b).
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Figure 10: Crystal structure of wild-type IdeS from GAS serotype M1. a Overall structure of
IdeS (PDB 2AU1 [246]), coloured as a rainbow from the N-(blue) to the C-terminus (red). b Catalytic
triad within IdeS, comprising C94, H262 and D284 amino acids. Side chains are coloured by
heteroatom (oxygen, red; nitrogen, dark blue; sulphur, yellow).

Agniswamy et al. measured the binding affinities of IdeS H262A and D284A variants for I[gG1 to be
reduced ~20-fold relative to that of the wild-type enzyme (Kp of 2.6 uM), along with undetectable
catalytic activity [246]. Amino acid K84 was also proposed to be important for catalysis by
comprising the oxyanion hole, a positively-charged pocket within the active site which helps to
stabilise a negatively-charged intermediate formed during catalysis. This residue was identified by
an overlay of the IdeS active site to papain and cathepsin B (other papain superfamily cysteine
proteases) [247]. Unsurprisingly, a K84A substitution displayed no detectable binding or
endopeptidase activity for [gG1 [246].

Other amino acids found to be involved in enzyme activity include D286 and Y255. Alanine
substitution of each of these two amino acids reduced IdeS binding affinity for IgG1 by ~10-fold,
and also resulted in reduced catalytic activity [246, 248]. D286 was proposed to be important for
orienting K84, as it was observed interacting with this side chain within an IdeS crystal structure
[247]. Similarly, the role of Y255 was attributed to its interaction with D286, stabilising D286 and,
in turn, K84 [246].

IdeS is distinct from the family of papain superfamily cysteine proteases due to its strict specificity
for IgG (its only known substrate) [6], an observation which is in stark contrast to other bacterial
cysteine proteases displaying broad substrate specificities [249-251]. IdeS cleaves all four subclasses
of IgG, although IgG2 is cleaved more slowly [6]. This is likely due to IgG2 lacking the double
glycine motif within the lower hinge region that is cleaved by IdeS, with an amino acid sequence of
P—VAGPS for residues 233-239 (distinct to ELLGGPS for the equivalent section in IgG1; see
Figure 3) [6]. Vincents et al. demonstrated that IdeS can cleave neither proteins with similar amino
acid sequences to IgG within the hinge region, nor synthetic peptides designed to mimic the IgG1

hinge [244], indicating that the enzyme recognises IgG using exosite binding.
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The protein sequence of IdeS additionally contains an RGD motif (amino acids 214-216), which is
typically associated with integrin binding [236]. Indeed, Lei et al. reported IdeS binding to human
integrins avPB3 and allbB3 [236]. Interestingly, SpeB also contains an RGD motif [252]. The
importance of this motif in IdeS is unknown; however, it is possible that integrin binding may serve

the function of IdeS binding to immune cells, in order to intercept Fc-mediated immune activation.

1.3.2 Endoglycosidases

GAS additionally secretes two endoglycosidases which specifically remove the N-linked glycans
present at N297 on all IgG Fc subclasses: endoglycosidase S (EndoS) [7] and endoglycosidase S2
(EndoS2) [8]. Specifically, these enzymes cleave the 31—-4 glycosidic linkage between the two N-
acetylglucosamine (GlcNAc) residues within the glycan core, releasing the majority of the glycan
and leaving a single GlcNAc, variably modified with fucose. As discussed in section 1.1.4, this
glycan modification is important for the structural integrity of the Fc [100-105], and mediates binding
to FcyRs and complement [11, 103, 106]. Therefore, IgG Fc glycan removal by EndoS/EndoS2
inhibits Fc-mediated effector functions [105, 122, 253]. EndoS was demonstrated to improve survival
of GAS in an opsonophagocytic assay, due to reduced FcyR- and complement-mediated immune
activation [253]. Moreover, IgG glycan hydrolysis by EndoS has been shown to promote virulence

and survival of the bacterium in vivo [254], thus demonstrating its role in immune evasion.

EndoS and EndoS2 are encoded by the ndoS and ndoS2 genes, respectively, which are 53 % identical
in their nucleotide sequences and only 37 % similar in amino acid sequence [8]. The majority of GAS
serotypes secrete EndoS [7], while serotype M49 secretes EndoS2 [8]. Both enzymes cleave Fc V-
linked glycans from all four IgG Fc subclasses [8, 122]; however, they show distinct Fc glycoform
specificities. EndosS is specific towards complex-type, biantennary glycans on IgG Fc [7, 105, 255],
whereas EndoS2 exhibits broader glycan specificity, also cleaving other classes of N-linked glycans
such as oligomannose-type and hybrid-type [8, 256]. Moreover, both enzymes are highly specific for
IgG [8, 227], although EndoS2 was reported to also have some activity against al-acid glycoprotein
[8]. The enzymes lose activity against denatured IgG, indicating that specific recognition of the IgG

protein surface is required [8, 227].

Prior to the start of this project, crystal structures of EndoS and EndoS2 had been elucidated, in both
apo forms and in complex with their isolated glycan substrates [257-259] (Figure 11). The enzymes
have similar domain architectures, both containing a glycosylhydrolase (GH) domain, a leucine-rich
repeat (LRR) domain, a hybrid immunoglobulin (hlg) domain and a carbohydrate-binding module
(CBM). EndoS additionally contains N- and C-terminal 3-helix bundles (3HB) (Figure 11a). The
GH domain contains the glycan-binding groove, and thus contains the active site dyad residues:

D233/E235 for EndoS [258, 260], and D184/E186 for EndoS2 [8, 259]. The broader glycoform
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specificity exhibited by EndoS2 appears to be possible due to a larger glycan-binding groove within

the active site which can accommodate bulkier glycans [259], in comparison to that of EndoS [258].

EndoS domain key:
N N-3HB N GH [ LRR
hlg /CcBM [E= C-3HB

Glycan-binding
groove

d Crystal structure of EndoS

PDB 6EN3

G2 glycan |
substrate |

b Crystal structure of EndoS2 Glycan-binding | | EndoS2 domain key:
| _ groove [0 GH B8E LRR [ hig 1 CBM

substrate

Figure 11: Crystal structures of EndoS and EndoS2 in complex with G2 oligosaccharide
substrates. Structures of EndoS (a; PDB 6EN3 [258]) and EndoS2 (b; PDB 6MDS [259]), from
GAS serotypes M1 and M49, respectively. Both enzymes comprise a glycosylhydrolase (GH)
domain, leucine-rich repeat (LRR) domain, hybrid immunoglobulin (hlg) domain and a
carbohydrate-binding module (CBM). EndoS has additional N- and C-terminal 3-helix bundles (N-
3HB and C-3HB, respectively). G2 oligosaccharides are bound within the GH domain of each
enzyme, which are depicted as sticks and coloured by heteroatom (oxygen, red; nitrogen, blue).

However, it was unclear from these crystal structures how exactly how EndoS and EndoS2 are able
to recognise their [gG substrate with such high specificity. Dixon et al. showed that the smallest
fragment of IgG that EndoS can hydrolyse is the isolated Cy2 domain, suggesting that the antibody
Fab regions and Cy3 domains are dispensable for EndoS activity [261]. Within EndoS, the CBM was
named according to its homology to carbohydrate-binding modules from Clostridium thermocellum
proteins (e.g., C*CBM62, which binds galactose-containing polysaccharides). Several studies have
shown how removal of the CBM, in both EndoS and EndoS2, severely hinders enzyme activity [257,
259, 261]. It was thus postulated that the CBM is somehow involved in Fc glycan recognition,
although the molecular basis behind this had not been defined.

Moreover, despite the EndoS and EndoS2 crystal structures showing a similar overall domain
architecture [257, 259], domain-swap experiments showed that substitution of the GH domain from

EndoS2 onto an EndoS scaffold produces a non-functional enzyme. However, subsequent
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substitution of the EndoS2 CBM onto this scaffold results in a chimeric enzyme with EndoS2-like
activity [259]. These experiments indicate that the GH domain and CBM from EndoS2 have co-

evolved to produce optimum enzymatic activity, although the structural basis for this is unknown.

1.4 Applications of IgG-degrading enzymes

It is clear that GAS utilises IdeS and EndoS/EndoS2 enzymes as part of its sophisticated immune
evasion strategy [6-8]. However, these enzymes are unique in that they specifically target IgG [8,
227, 244]. There is thus significant interest in repurposing these enzymes as biologics for use in a

wide range of therapeutic and biotechnological applications, which are summarised below.

14.1 Organ transplantation

Organ transplantation is currently the best treatment for patients suffering from end-stage renal
disease. The availability of transplants is limited, however, by the need to match a patient with a
suitable donor. Human leukocyte antigens (HLAs), which are present on almost all nucleated cells,
identify cells as “self” and are thus not targeted by the immune system [1]. A patient receiving a
transplant must therefore be screened for anti-HLA antibodies which would recognise HLA
molecules on a donated organ as “foreign”, ultimately leading to organ rejection [262]. Patient
sensitisation is a significant barrier to successful organ transplantation: in 2017, ~30 % of the patients
on the waiting list for a kidney transplant in the US were sensitised to HLA, with ~50 % of those
considered highly sensitised (calculated panel-reactive antibody (cPRA) of at least 80 %) [263].

IdeS has been employed as a means of desensitisation in such patients, due to its ability to effectively
cleave any donor-specific antibodies circulating within a patient prior to transplantation. Under the
name Imlifidase (brand name Idefirix®), it has recently been clinically-approved for use as a pre-
treatment for kidney transplantation in hypersensitised patients [262, 264, 265]. An international,
phase II clinical trial showed how Imlifidase treatment resulted in an ~88.9 % graft survival rate (at
6 months post-transplantation) in highly sensitised patients (median of 99.83 % cPRA) [264], and is

therefore highly effective as a pre-treatment.

Moreover, EndoS has been tested as a desensitization treatment in a mouse model of bone marrow
transplantation. In combination with Imlifidase, it was shown to be successful at inactivating donor-

specific antibodies and improved the survival of transplanted bone marrow cells [266].

1.4.2 Autoimmune disease

IgG-degrading activity has clear applications to autoimmune disease, in which pathogenic auto-
antibodies cause aberrant activation of the immune system. IdeS has thus been tested in a variety of

pre-clinical models of autoimmune disease, such as small vessel vasculitis [267], arthritis [268],
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thrombocytopenic purpura [269], antibody-mediated skin injury [270], anti-glomerular basement
membrane disease [271, 272], heparin-induced thrombocytopenia [273], and Guillain-Barré
syndrome [274]. IdeS has also been tested in a phase 2a clinical trial for anti-glomerular basement
membrane disease, after which 67% of patients were no longer dependent on dialysis (the current

best treatment) [275], although these results have yet to be confirmed with a randomised trial.

A recent paper by Lynch et al. also describes the anchoring of IdeS to FcyRIIA for treatment of
immune thrombocytopenia (ITP: a bleeding disorder characterised by aberrant platelet activation,
which is caused by IgG-mediated FcyRIIA activation), which resulted in reduced thrombocytopenia
in an ITP mouse model [276]. Being a bacterial enzyme, IdeS itself is immunogenic and can be
inhibited by anti-IdeS antibodies generated during infection [277]. Therefore, a more targeted
approach for IdeS administration, as described in Lynch et al. [276], could be useful in reducing the

required dose and minimising harmful immune responses against IdeS.

EndoS has also been successfully utilised as a treatment in several pre-clinical models of autoimmune
disease, including anti-glomerular basement membrane disease [271], systemic lupus erythematosus
[278, 279], arthritis [279-281], small vessel vasculitis [267, 282], thrombocytopenic purpura [283],
antibody-mediated skin injury [270], multiple sclerosis [284] and autoimmunity against type VII
collagen [285].

14.3 In vivo gene therapy

Gene therapy is being utilised for the treatment of several diseases, such as hemophilia B [286],
which involves the administration of an adeno-associated virus (AAV) vector for the delivery of a
missing/defective gene. However, such treatment can be inhibited by the presence of neutralising
antibodies against the viral capsid [287]. A recent study by Leborgne et al. demonstrated how IdeS
administration can reduce anti-AAV antibodies in human plasma samples in vitro, as well as murine

and non-human primate models in vivo [288], indicating its potential use for in vivo gene therapy.

144 Inactivation of competing serum IgG

IgG circulates in human serum at concentrations significantly greater than the Kp of IgG Fc:FeyR
binding interactions, which results in the majority of FcyRs being bound with IgG under
physiological conditions (reviewed in [62]). Therefore, an administered therapeutic antibody must
compete with serum IgG for binding FcyRs, and the presence of serum IgG weakens the Fc-mediated
effector functions of a therapeutic antibody. A study by Kelton et al. in 1985 demonstrated this using
radiolabelled red blood cells; clearance rates of these cells were measured to be quicker when lower
levels of serum IgG was present. They also showed how the abnormally fast RBC clearance in a
patient with hypogammaglobulaemia could be returned to “normal” levels by gamma globulin

treatment [289] (Figure 12a). Subsequent work by Preithner et al. showed how the inhibitory effect
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of serum IgG is dependent upon the density of target antigen: in instances of high target density, the
inhibitory effect of serum IgG can be overcome using higher concentrations of therapeutic antibody.
In contrast, when target density is low, the presence of serum IgG limits the maximum response

elicited, even at high therapeutic antibody concentrations [290] (Figure 12b).

d Serum IgG concentration b Inhibitory effect of serum
determines clearance rate of depends on target density

IgG-sensitised red cells (schematic representation of data
(schematic representation of data from Preithner et al., 2006)
from Kelton et al., 1985)
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Figure 12: Effect of serum IgG concentration on antibody function. a Schematic representation
of data from Kelton et al. (1985) [289], showing effect of serum IgG concentration on clearance rate
of IgG-sensitised red blood cells (RBCs). Unusually fast clearance rate in a patient with
hypogammaglobulaemia was reduced to a normal level following gamma globulin treatment. b
Schematic representation of data from Preithner ef al. (2006) [290], showing how the inhibitory
effect of serum IgG depends on target antigen density. The inhibitory effect of competing serum IgG
can be overcome using higher concentrations of therapeutic antibody when target density is high;
however, the maximum antibody response is limited where target density is low, and cannot be
overcome with increasing therapeutic antibody concentration. Figure taken from Bauer-Smith ef al.
[62].

The strategy of serum IgG removal is therefore being investigated for the potentiation of therapeutic
antibodies. IdeS can cleave IgG present on B cells, thereby preventing downstream responses to B
cell antigen recognition [291], and directly prevents FcyR activation by IgG [292]. Jarnum et al.
showed how IdeS treatment can potentiate the efficacy of rituximab in a tumour mouse model. An
ex vivo experiment was also carried out, in which sera from two human participants (from a phase 11

clinical trial of IdeS utilisation as a pre-treatment for kidney transplantation [293]) before and after
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IdeS treatment was tested for rituximab blocking ability. Sera from both patients prior to IdeS
treatment significantly inhibited rituximab-mediated ADCP, while sera collected 24 hours after IdeS
treatment had no inhibitory effect [292]. These results indicate that, in humans, a single dose of IdeS

can reduce serum IgG levels enough to prevent its inhibitory effect on therapeutic antibody efficacy.

Similarly, EndoS has been researched for its ability to block the inhibitory effect of serum IgG.
Baruah et al. demonstrated that, in vitro, serum IgG significantly reduced the ability of a monoclonal
antibody to bind to FcyRIITA [105]. This antibody was designed to be resistant to EndoS cleavage,
by engineering the Fc glycosylation to be oligomannose-type, a glycoform not cleaved by EndoS
[256]. Addition of EndoS significantly increased binding of the antibody to FcyRIIIA, demonstrating

its potential use in “receptor refocussing”, as termed by the authors [105].

1.4.5 Engineering IgG Fc glycosylation

As discussed in section 1.1.4, IgG Fc glycoforms influence antibody effector functions by mediating
binding to FcyRs and complement [103, 105, 106, 122-124]. The precise control of antibody
glycosylation has thus been applied in several clinically-used antibodies for improved immune
effector function [56, 294-297]. The ability of EndoS and EndoS2 to specifically remove IgG Fc N-
linked glycans has led to biotechnological use of these enzymes as tools for antibody
glycoengineering [ 107, 298]. In brief, wild-type EndoS and EndoS2 can be used to cleave off existing
Fc N-linked glycans, and transglycosylation reactions can subsequently be performed on this
antibody scaffold to generate desired glycoforms [299-303] (Figure 13). Crystal structures of
EndoS/EndoS2 in complex with their isolated glycan substrates revealed the carbohydrate groups
bound within a groove in the GH domain, bringing them into close proximity with the catalytic dyad

(D233/E235 in EndoS; D184/E186 in EndoS2; Figure 13a).
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Figure 13: IgG Fc N-linked glycan remodelling by EndoS/EndoS2. a Crystal structures of EndoS
(PDB 6EN3 [258]) and EndoS2 (complex-type glycan, PDB 6MDS; high-mannose glycan PDB
6MDV [259]) in complex with their isolated glycan substrates. Glycans are bound within the
glycosidase domain of the endoglycosidase, in the vicinity of the catalytic dyad (D233/E235 for
EndoS; D184/E186 for EndoS2). b IgG Fc glycoengineering by EndoS/EndoS2. Existing glycans
are cleaved from IgG Fc using a wild-type endoglycosidase. Preferred Fc glycoforms are generated
in a transglycosylation reaction, in which an N-linked oxazoline is used as a substrate and forms a
glycosidic bond with the GIcNAc (+1) on the deglycosylated antibody scaffold [304].

EndoS and EndoS2 cleave between the two core GIcNAcs of IgG Fc glycans (marked as +1 and —1
in Figure 13). Cleavage occurs in a hydrolysis reaction, in which the catalytic glutamate (E235 in
EndoS; E186 in EndoS2) transfers a proton to the glycosidic oxygen, cleaving the glycosidic bond.

The carbonyl oxygen within the GIcNAc N-acetyl group attacks the anomeric carbon to generate an
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oxazoline intermediate, which is oriented by interaction with D233/D184. This intermediate breaks
down by nucleophilic attack of the glutamate side chain of an incoming water molecule, which
subsequently attacks the anomeric carbon within the intermediate to regenerate the hemiacetal
GlcNAc (-1) group (Figure 13b) [304]. Aside from the catalytic dyad, additional residues are thought
to aid in catalysis, such as a conserved tyrosine (Y305/255 in EndoS/EndoS2) which helps to
optimally position the N-acetyl group in GIcNAc (-1) [304, 305].

Replacement of the catalytic water with a sugar molecule (such as an N-linked oxazoline, whose
structure mimics the intermediate generated in hydrolysis) allows a glycosylation reaction to occur,
in which the GIcNAc (+1), activated by the catalytic glutamate, attacks an incoming donor
carbohydrate to form a glycosidic bond (Figure 13b) [304]. Both wild-type EndoS [255, 306] and
EndoS2 [301] have been shown to possess some transglycosylation activity, although enzyme
variants have been developed which optimise this process. Huang et al. reported two EndoS variants,
D233A and D233Q, which are more efficient glycosynthases than wild-type EndoS and generated
precise, homogenous glycoforms of rituximab (such as the fully-sialylated S2G2F) for improved
effector functions [299]. These EndoS variants can also be used to produce azido-tagged IgG

glycoforms, which have application as antibody-drug conjugates [299, 307, 308].

Within EndoS2, the equivalent residue to D233 is D184; Li et al. demonstrated how a D184M
exchange in EndoS2 confers potent transglycosylation activity (with yields exceeding 90%) of
oligomannose, hybrid-type and complex-type glycans to deglycosylated IgG [301]. Subsequently,
Tong et al. showed that the equivalent EndoS wvariant, D233M, showed an improved
transglycosylation/hydrolysis ratio compared to the previously-described D233A and D233Q
variants. The greater transglycosylation efficiency of EndoSP**™ was found to be due to a ~4-fold
increase in turnover rate (measured by k), and improved binding affinity for deglycosylated
antibody (Kw of ~30 uM, compared to >200 uM for EndoSP#***); similar observations were made in
a comparison of EndoS2°"*** and EndoS2”"*™ variants [300]. An EndoS2 T138Q variant has also
been described, which displays potent transglycosylation activity [302]. Moreover, wild-type
EndoS2 has been utilised in “one-step” reactions for synthesis of antibody-drug conjugates [309,

310].

1.5 Aims

Despite the extensive therapeutic and biotechnological applications of the GAS immune evasion
enzymes IdeS and EndoS/EndoS2, it was largely unknown how these enzymes are able to specifically
target and deactivate IgG antibodies. Therefore, the aim of this project was to elucidate the structural
basis behind the unique specificities of these enzymes for IgG, by generating X-ray crystal structures

of the inactive enzymes in complex with the IgG Fc region. Previous attempts to yield these co-
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crystals are thought to have been limited by the strong ability of IgG Fc to crystallise on its own,
thereby inhibiting co-crystal growth.

An initial aim was to elucidate the structural basis behind the strong crystallisation ability of IgG Fc,
in order to understand how this may be overcome for co-crystallisation experiments. Chapter 3
describes analysis of “typical” IgG Fc crystallisation, and the subsequent identification of Fc variants
which display reduced self-crystallisation, by exchanging an amino acid implicit in the Fc crystal
packing interactions. These Fc variants were used for subsequent co-crystallisation experiments with

the aforementioned GAS immune evasion enzymes.

Within chapters 4 and 5, crystal structures for IdeS, EndoS and EndoS2 in complex with their IgG1
Fc substrate are described. For each of the enzyme-Fc complexes, the structural basis behind enzyme
activity and specificity towards IgG are discussed. In addition, chapter 5 describes the differences in
IgG recognition between related enzymes EndoS and EndoS2. Final conclusions and perspectives

are outlined in chapter 6.
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Chapter 2 Materials and Methods

2.1 Cloning and mutagenesis

All synthesised constructs were optimised for their respective expression systems using the codon

optimization tool from GENWIZ (https://clims4.genewiz.com/Toolbox/CodonOptimization).

2.1.1 Immunoglobulins
2.1.11 IgG1 Fes

Immunoglobulins were sourced as encoded within a pFUSE-hIgG1-Fc vector (plasmid purchased
from InvivoGen), which results in expression of residues 221447 in IgG1. Wild-type IgG1 Fc was
expressed exactly as encoded within this plasmid; E382R, E382S and E382A exchange variants
(collectively called “E382X”) were introduced to this construct by site-directed mutagenesis, using
a QuikChange II kit (Agilent). The method was used as described in the manufacturer’s protocol.
Primers for site-directed mutagenesis of E382X variants were synthesised by Eurofins Genomics and

are shown in Table 2.

Table 2: Primers used for introduction of E382R, E382S and E382A exchanges into IgG1 Fe.

Construct Mutagenic primer sequence (written 5'=>3')
Forward primer Reverse primer

IgGl1 GACATCGCCGTGGAGTGGAGTGGAG | TTGTTCTCCGGCTGCCCATTGCTCCT
Fc™*® | GAGCAATGGGCAGCCGGAGAACAAC CCACTCCACGGCGATGTCG

IgGl1 GACATCGCCGTGGAGTGGAGTGGAG | TTGTTCTCCGGCTGCCCATTGCTGCTC
Fc™* | CAGCAATGGGCAGCCGGAGAACAAC CACTCCACGGCGATGTCG

IgGl1 GACATCGCCGTGGAGTGGAGTGGGC | TTGTTCTCCGGCTGCCCATTGCTCGCC
Fc™** | GAGCAATGGGCAGCCGGAGAACAAC CACTCCACGGCGATGTCG

Sequences of the wild-type IgG1 Fc construct and the E382X Fc variants are displayed as a multiple

sequence alignment in Figure 14.
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221

Fc WT DKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVD
Fc E382R DKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVD
Fc E382S DKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVD
Fc E382A DKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVD

Fc WT GVEVHNAKTKPREEQYNSTYRVVSVLTVLHODWLNGKEYKCKVSNKALPAPIEKTISKAK
Fc E382R GVEVHNAKTKPREEQYNSTYRVVSVLTVLHODWLNGKEYKCKVSNKALPAPIEKTISKAK
Fc E382S GVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAK
Fc E382A GVEVHNAKTKPREEQYNSTYRVVSVLTVLHODWLNGKEYKCKVSNKALPAPIEKTISKAK

382
FCWT GQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDS
FcE382R GQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWRSNGOPENNYKTTPPVLDS
Fc E382S GQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWSSNGOQPENNYKTTPPVLDS

a

*

Fc E382A GOQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVE SNGOPENNYKTTPPVLDS

447

Fc WT DGSFFLYSKLTVDKSRWQOGNVFSCSVMHEALHNHYTQKSLSLSPG
FcE382R DGSFFLYSKLTVDKSRWQOGNVFSCSVMHEALHNHYTQKSLSLSPG
FcE382S DGSFFLYSKLTVDKSRWQOQGNVFSCSVMHEALHNHYTQKSLSLSPG
FcE382A DGSFFLYSKLTVDKSRWOOGNVFSCSVMHEALHNHYTQKSLSLSPGK

Figure 14: IgG1 Fc constructs expressed from pFUSE-hIgG1-Fc vectors. pFUSE-hIgG1-Fc
vector expresses [gG1 Fc residues 221-447. E382R/S/A exchanges introduced with site-directed
mutagenesis are indicated with a red asterisk. Sequences were aligned with Clustal Omega [35] and
the resulting alignment depicted using ESPript 3.0 [311].

Genes for IgG1l Fc E382X variants containing an additional L234C exchange (to introduce an
additional disulphide bridge within the lower hinge) were cloned into a pFUSE-hIgG1-Fc vector by
NBS Biologicals.

2.1.1.2 “Asymmetric” IgG1 Fc"#%®

A construct for a “short” IgG1 Fc y-heavy chain was designed to mimic one that had been cleaved
by IdeS (therefore, starting from G237). This chain would be combined with an equivalent, “long”
IgG1l Fc y-chain (starting from D221, as encoded within the pFUSE-hIgG1-Fc vector), thereby
mimicking an Fc that has been cleaved by IdeS on one chain only. Knob-into-hole amino acid
exchanges were included to encourage the formation of heterodimer Fcs (i.e., not homodimers of
two “short” chains or two “long” chains, as described by Merchant et al. [312]). The “knob”
exchanges (S354C, T366W and K409A) were included within the “long” Fc chain, while the “hole”
exchanges (Y349C, T366S, L368A, F405K and Y407V) were included within the “short” chain. An
E382R exchange was included with both “long” and “short” chains, in order to discourage
preferential Fc self-crystallisation. The two constructs designed for expression of this “asymmetric”

IgG1 Fc variant are depicted in Figure 15.
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a "Long" IgG1 FcE3¥2R chain (residues 221-447)

PAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHN
AKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQ
PREPQVYTLPPCREEMTKNQVSLWCLVKGFYPSDIAVEWRSNGQPENNYKTTPPVL
DSDGSFFLYSALTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK

b "Short" 1gG1 FcF#2R chain (residues 237-447)

GPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPR

EEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQV

CTLPPSREEMTKNQVSLSCAVKGFYPSDIAVEWRSNGQPENNYKTTPPVLDSDGSF
KLVSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK

Figure 15: Protein sequences of “long” and “short” IgG1 Fc constructs used for “asymmetric”
Fc formation. a “Long” IgG1 Fc containing “knob” amino acid exchanges (S354C, T366W and
K409A; highlighted in purple). b “Short” IgG1 Fc containing “hole” amino acid exchanges (Y349C,
T366S, L368A, F405K and Y407V; highlighted in pink). a, b E382R exchanges are included to
discourage Fc self-crystallisation (highlighted in orange).

2113 IgG2/3/4 FcE3#R

Protein constructs for IgG2, IgG3 and IgG4 Fc (GenBank accession numbers AAB59393.1,
CAA27268.1 and AAB59394.1, respectively) were designed as shown in Figure 16. The equivalent
glutamate to E382 in IgG1 Fc was exchanged to an arginine, in order to discourage preferential Fc

self-crystallisation.

IgG4 KYGPPCPSCPAPEFLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSQEDPEVQFNWYVD 60
IgG2 KCCVECPPCPAPP—VAGPSV?LFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVQFNWYVD 59
IgG3 DTPPPCPRCPAPELLGGPSVFLFPPKPKDTLMI SRTPEVTCVVVDVSHEDPEVQFKWYVD 60
*k k ok ok ok :_-k**'k**'k************************:*******:****
IgG4 GVEVHNAKTKPREEQFNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKGLPSSIEKTISKAK 120
IgG2 GVEVHNAKTKPREEQFNSTFRVVSVLTVVHQODWLNGKEYKCKVSNKGLPAPIEKTISKTK 119
IgG3 GVEVHNAKTKPREEQYNSTFRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKTK 120

EE R S o I e I e I R S S I R S SCRI i i O

IgG4 GOPREPQVYTLPPSQEEMTKNQVSLTCLVKGFYPSDIAVEWRSNGQPENNYKTTPPVLDS 180
IgG2 GQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDISVEWRSNGOPENNYKTTPPMLDS 179
IgG3 GQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWRSSGQPENNYNTTPPMLDS 180

KAKAAKRFARARFAKR « FAKAKRAFAIAFARARKRAA AN AT I e AAFAFT A hhAhhd e Fhdx . khk

IgG4 DGSFFLYSRLTVDKSRWQEGNVEFSCSVMHEALHNHYTQKSLSLSLGK 227
IgG2 DGSFFLYSKLTVDKSRWQOQGNVFSCSVMHEALHNHYTQKSLSLSPGK 226
IgG3 DGSFFLYSKLTVDKSRWQQGNIFSCSVMHEALHNRFTQKSLSLSPGK 227

KAKKAKKAKAK e AAKAIA XA KA K s AKX s hh AR A A AA XA Rk, s Fhkxhkhhhx *x

Figure 16: Multiple sequence alignment of IgG2/3/4 Fc®***® constructs. The majority of sequence

diversity occurs within the lower hinge region (indicated with the dashed box). E382R exchanges
were included within the constructs in order to discourage preferential Fc self-crystallisation
(highlighted in red). Sequence alignment was generated using Clustal Omega [35].
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2.1.2 IdeS and related constructs

All constructs were designed and cloned into a pET21a(+) vector by NBS Biologicals. Constructs
were designed to contain a C-terminal linker and His-tag (sequence LEHHHHHH) to enable protein
purification by nickel affinity chromatography.

2.1.2.1 Truncated IdeS***

A gene construct encoding ideS from serotype M59 of S. pyogenes (GenBank accession number
AFC66043.1) was designed. The construct was optimised for crystallisation by encoding only amino
acids 41-339 of IdeS (based off the resolved amino acids within elucidated crystal structures [246,
247]). A C94A exchange was included to abolish catalytic activity, as previously elucidated [247].

The resulting protein construct is shown in Figure 17.

Truncated IdeSc4A

MSEVTPYHVTSVWTKGVTPPAKFTQGEDVFHAPYVANQGWYDITKTFNGKDDLLA
GAATAGNMLHWWFDQNNEKIEAYLKKHPDKQKIMFGDQELLDVRKVINTKGDQT
NSELFNYFRDKAFPGLSARRIGVMPDLVLDMFINGYYLNVYKTQTTDVNRTYQEKDR
RGGIFDAVFTRGDQSKLLTSRHDFKEKTLKEISDLIKKELTEGKALGLSHTYANVRIN
HVINLWGADFDSNGNLEAIYVTDSDSNASIGMKKYFVGVYNSAGKVAISAKEIKEDN
IGAQVLGLFTLSTGQDSWNQLERHRHHH

Figure 17: Protein sequence of truncated, inactive IdeS variant utilised for co-crystallisation
experiments. Truncated IdeS (amino acids 41-339) with a C94A exchange to abolish catalytic
activity (amino acid A94 is highlighted in orange). C-terminal linker and His-tag are highlighted in
blue.

2.1.2.2 Truncated Imlifidase®***

A gene for a truncated form of Imlifidase (isolated from S. pyogenes serotype M1; GenBank
accession number AAK33786.1) was designed to encode amino acids 41-337. A C94A amino acid
exchange was included to abolish catalytic activity. The protein sequence of this Imlifidase construct

is shown in Figure 18.

34



Chapter 2

Truncated Imlifidase®**

MSEVTPYHVTSVWTKGVTPPANFTQGEDVFHAPYVANQGWYDITKTFNGKDDLLA
GAATAGNMLHWWFDQNKDQIKRYLEEHPEKQKINFNGEQMFDVKEAIDTKNHQL
DSKLFEYFKEKAFPYLSTKHLGVFPDHVIDMFINGYRLSLTNHGPTPVKEGSKDPRG
GIFDAVFTRGDQSKLLTSRHDFKEKNLKEISDLIKKELTEGKALGLSHTYANVRINHV
INLWGADFDSNGNLKAIYVTDSDSNASIGMKKYFVGVNSAGKVAISAKEIKEDNIG
AQVLGLFTLSTGQDSWNQLEERHHHAHH

Figure 18: Protein sequence of truncated, inactive Imlifidase variant utilised for co-
crystallisation experiments. Truncated Imlifidase (amino acids 41-338) with a C94A exchange to
abolish catalytic activity. Amino acid A94 is highlighted in orange; C-terminal linker and His-tag
are highlighted in blue.

2.1.3 Endoglycosidases

All constructs were designed and cloned into a pET21a(+) vector by NBS Biologicals. Constructs
were designed to contain a C-terminal linker and His-tag (sequence LEHHHHHH).

2.1.3.1 Truncated EndoSP*34/E35t

A gene construct of ndoS from serotype M1 of S. pyogenes (GenBank accession number
AP012491.2) was designed to encode amino acids 98—995 of EndoS. D233A and E235L exchanges
were included to abolish catalytic activity, as described previously [258]. The protein construct is

shown in Figure 19.

Truncated EndoSP233A/E235L

MIPEKIPMKPLHGPLYGGYFRTWHDKTSDPTEKDKVNSMGELPKEVDLAFIFHDWT
KDYSLFWKELATKHVPKLNKQGTRVIRTIPWRFLAGGDNSGIAEDTSKYPNTPEGN
KALAKAIVDEYVYKYNLDGLDVAVLHDSIPKVDKKEDTAGVERSIQVFEEIGKLIGP
KGVDKSRLFIMDSTYMADKNPLIERGAPYINLLLYQVYGSQGEKGGWEPVSNRPEK
TMEERWQGYSKYIRPEQYMIGFSFYEENAQEGNLWYDINSRKDEDKANGINTDITG
TRAERYARWQPKTGGVKGGIFSYAIDRDGVAHQPKKYAKQKEFKDATDNIFHSDYS
VSKALKTVMLKDKSYDLIDEKDFPDKALREAVMAQVGTRKGDLERFNGTLRLDNPA
IQSLEGLNKFKKLAQLDLIGLSRITKLDRSVLPANMKPGKDTLETVLETYKKDNKEEP
ATIPPVSLKVSGLTGLKELDLSGFDRETLAGLDAATLTSLEKVDISGNKLDLAPGTEN
RQIFDTMLSTISNHVGSNEQTVKFDKQKPTGHYPDTYGKTSLRLPVANEKVDLQSQ
LLFGTVTNQGTLINSEADYKAYQNHKIAGRSFVDSNYHYNNFKVSYENYTVKVTDS
TLGTTTDKTLATDKEETYKVDFFSPADKTKAVHTAKVIVGDEKTMMVNLAEGATVIG
GSADPVNARKVFDGQLGSETDNISLGWDSKQSIIFKLKEDGLIKHWRFFNDSARN
PETTNKPIQEASLQIFNIKDYNLDNLLENPNKFDDEKYWITVDTYSAQGERATAFSN
TLNNITSKYWRVVFDTKGDRYSSPVVPELQILGYPLPNADTIMKTVTTAKELSQQKD
KFSQKMLDELKIKEMALETSLNSKIFDVTAINANAGVLKDCIEKRQLLKKLEERHHH
HH

Figure 19: Protein sequence of truncated, inactive EndoS variant used for crystallography.
Construct includes amino acids 98-995, and contains D233A/E235L exchanges to abolish catalytic
activity (highlighted in orange). C-terminal linker and His-tag are highlighted in blue.
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2.1.3.2 Full-length EndoSP233A/E235L

The ndoS gene from serotype M1 of S. pyogenes (GenBank accession number AP012491.2) was also
utilised to design a construct encoding full-length EndoS (amino acids 37-995, as described
previously [258]). D233A/E235L exchanges were included to render the enzyme inactive. The

protein sequence of this construct is included within Figure 20.

Full length EndoSP233A/E235L

MEEKTVQVQKGLPSIDSLHYLSENSKKEFKEELSKAGQESQKVKEILAKAQQADKQ
AQELAKMKIPEKIPMKPLHGPLYGGYFRTWHDKTSDPTEKDKVNSMGELPKEVDLA
FIFHDWTKDYSLFWKELATKHVPKLNKQGTRVIRTIPWRFLAGGDNSGIAEDTSKY
PNTPEGNKALAKAIVDEYVYKYNLDGLDVAVLHDSIPKVDKKEDTAGVERSIQVFEE
IGKLIGPKGVDKSRLFIMDSTYMADKNPLIERGAPYINLLLYVQVYGSQGEKGGWEPV
SNRPEKTMEERWQGYSKYIRPEQYMIGFSFYEENAQEGNLWYDINSRKDEDKANG
INTDITGTRAERYARWQPKTGGVKGGIFSYAIDRDGVAHQPKKYAKQKEFKDATDN
IFHSDYSVSKALKTVMLKDKSYDLIDEKDFPDKALREAVMAQVGTRKGDLERFNGT
LRLDNPAIQSLEGLNKFKKLAQLDLIGLSRITKLDRSVLPANMKPGKDTLETVLETYK
KDNKEEPATIPPVSLKVSGLTGLKELDLSGFDRETLAGLDAATLTSLEKVDISGNKLD
LAPGTENRQIFDTMLSTISNHVGSNEQTVKFDKQKPTGHYPDTYGKTSLRLPVANE
KVDLQSQLLFGTVTNQGTLINSEADYKAYQNHKIAGRSFVDSNYHYNNFKVSYENY
TVKVTDSTLGTTTDKTLATDKEETYKVDFFSPADKTKAVHTAKVIVGDEKTMMVNLA
EGATVIGGSADPVNARKVFDGQLGSETDNISLGWDSKQSIIFKLKEDGLIKHWRFF
NDSARNPETTNKPIQEASLQIFNIKDYNLDNLLENPNKFDDEKYWITVDTYSAQGER
ATAFSNTLNNITSKYWRVVFDTKGDRYSSPVVPELQILGYPLPNADTIMKTVTTAKEL
SQQKDKFSQKMLDELKIKEMALETSLNSKIFDVTAINANAGVLKDCIEKRQLLKKLE
EHHHHHH

Figure 20: Protein sequence of full-length, inactive EndoS variant used for crystallography.
Construct includes amino acids 37-995, and contains D233A/E235L exchanges to abolish catalytic
activity (highlighted in orange). C-terminal linker and His-tag are highlighted in blue.

2.1.3.3 EndOSZD184A/E186L

A gene for ndoS2 from serotype M49 of S. pyogenes (GenBank accession number KC155346.1) was
designed to encode amino acids 38—843 of EndoS2, as described previously [259]. The construct
includes D184A/E186 exchanges to abolish catalytic activity (Figure 21).
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EndoS2P184A/B186L (rasidues 38-843)

MEKTVQTGKTDQQVGAKLVQEIREGKRGPLYAGYFRTWHDRASTGIDGKQQHPEN
TMAEVPKEVDILFVFHDHTASDSPFWSELKDSYVHKLHQQGTALVQTIGVNELNGR
TGLSKDYPDTPEGNKALAAAIVKAFVTDRGVDGLDIAILHEFTNKRTPEEDARALNYV
FKEIAQLIGKNGSDKSKLLIMDTTLSVENNPIFKGIAEDLDYLLRQYYGSQGGEAEV
DTINSDWNQYQNYIDASQFMIGFSFFEESASKGNLWFDVNEYDPNNPEKGKDIEG
TRAKKYAEWQPSTGGLKAGIFSYAIDRDGVAHVPSTYKNRTSTNLQRHEVDNISHT
DYTVSRKLKTLMTEDKRYDVIDQKDIPDPALREQIIQQVGQYKGDLERYNKTLVLTG
DKIQNLKGLEKLSKLQKLELRQLSNVKEITPELLPESMKKDAELVMVGMTGLEKLNL
SGLNRQTLDGIDVNSITHLTSFDISHNSLDLSEKSEDRKLLMTLMEQVSNHQKITVK
NTAFENQKPKGYYPQTYDTKEGHYDVDNAEHDILTDFVFGTVTKRNTFIGDEEAFAI
YKEGAVDGRQYVSKDYTYEAFRKDYKGYKVHLTASNLGETVTSKVTATTDETYLVDV
SDGEKVVHHMKLNIGSGAIMMENLAKGAKVIGTSGDFEQAKKIFDGEKSDRFFTW
GQTNWIAFDLGEINLAKEWRLFNAETNTEIKTDSSLNVAKGRLQILKDTTIDLEKMD
IKNRKEYLSNDENWTDVAQMDDAKAIFNSKLSNVLSRYWRFCVDGGASSYYPQYT
ELQILGQRLSNDVANTLKDLEEHHHRHH

Figure 21: Protein sequence of inactive EndoS2 variant used for crystallography. Construct
encodes amino acids 38-843 and includes D184A/E186L exchanges (highlighted in orange) to
abolish catalytic activity. A C-terminal linker and His-tag were also included (sequence
LEHHHHHH; highlighted in blue).

2.2 Protein expression

2.2.1 Immunoglobulins

Immunoglobulin constructs were transformed into XL10-Gold® Ultracompetent cells (Agilent)
using the manufacturer’s protocol. DNA was extracted prior to transfection using a QIAGEN®
Plasmid Maxi Kit (Agilent) using the manufacturer’s protocol. Constructs were transiently expressed
in FreeStyle293F cells (ThermoFisher) using FreeStyle™ MAX Reagent (ThermoFisher), as
described in the manufacturer’s protocol. Following transfection, cells were incubated at 37 °C and

8 % CO, for seven days, shaking at 125 rpm (New Brunswick S41i incubator).

2.2.2 IdeS, EndoS and EndoS2 variants

Proteins originating from the S. pyogenes bacterium were expressed in E. coli BL21 (DE3)pLysS

cells (ThermoFisher), all using the same method.

Constructs were transformed into 30 uL of expression cells (using 1 pL. of DNA at a concentration
of 50 ng/uL), using the manufacturer’s protocol. For large-scale expressions, 1 L cultures of cells
were grown in 2 L baffled conical flasks (Fisher Scientific). Cells were grown in Terrific Broth
(Melford) with 100 pg/mL ampicillin and 34 pg/mL chloramphenicol. Cells were grown at 37 °C,

shaking at 200 rpm (in an Innova 43 R incubator, New Brunswick Scientific), until an optical density
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at 600 nm (ODsoo) of 0.8 was reached. Protein expression was induced by addition of 1 mM isopropyl
[-D-1-thiogalactopyranoside (IPTG), after which the incubation temperature was lowered to 25 °C
and cultures were left to shake overnight at 200 rpm. Cells were harvested by centrifugation at 6220
x g for 20 minutes, after which supernatant was discarded. Cell pellets were stored at —20 °C prior

to purification.

2.3 Protein purification

2.3.1 Immunoglobulins

Cells were harvested by centrifugation at 3100 x g for 30 minutes, following which cell pellets were
discarded. Supernatants were filtered through a Nalgene™ Rapid-Flow™ Sterile Disposable Filter
Unit (0.2 um; ThermoFisher) to remove any remaining cell debris. All immunoglobulins were
purified by affinity purification with a HiTrap Protein A HP column (Cytiva), with the exception of
IgG3 Fc™*® which was purified with a HiTrap Protein G HP column (Cytiva). Buffers used for

antibody purification are detailed in Table 3.

Table 3: Buffers used for antibody purification.

Buffer Composition

Binding A: 20 mM NaH,PO4 Mix A and B to reach pH 7.0
B: 20 mM Na,HPO4

Elution A: 0.1 M sodium citrate tribasic|Mix A and B to reach pH 3.0
dihydrate
B: 0.1 M citric acid monohydrate

Neutralisation 1 M Tris-HCI, pH 9.0
SEC PBS

For affinity purification, the column was first equilibrated with 10 column volumes (CV) binding
buffer, prior to sample application. The column was washed with 10 CV binding buffer and
antibodies subsequently eluted with 30 mL elution buffer (into 10 mL neutralisation buffer). Wash
steps were carried out at a flow rate of 5 mL/min; sample application and elution were carried out at

flow rates of 2.5 mL/min.

Antibodies were exchanged into phosphate-buffered saline (PBS) buffer using a Vivaspin 20
centrifugal concentrator (MWCO 30 kDa, Sigma) and concentrated to under 1 mL. Further
purification was carried out by size exclusion chromatography (SEC), using a Superdex 200 16/600

column (Cytiva) equilibrated in PBS. The sample was applied to the column at 1 mL/min.
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2.3.2 IdeS, EndoS and EndoS2 variants

All purification steps up to and including the nickel affinity purification were carried out at 4 °C,
with buffers and cells kept on ice throughout the purification process. Buffers used in purification
are detailed in Table 4. Cell pellets were resuspended in PBS containing 2 pg/mL DNAsel (Sigma)
and a pinch of lysozyme (Sigma), and homogenised with a glass homogeniser (Fisher) and broken
apart using a cell disruptor (Constant Cell Disruption Systems). Cell lysates were centrifuged at 3100
x g for 20 minutes to remove any remaining cell debris, and then centrifuged at 100,000 x g for 1

hour, to remove cell membranes.

Table 4: Buffers used for purification of bacterial proteins expressed in E. coli.

Buffer Composition

Resuspension PBS with 2 pg/mL DNAsel and a pinch of lysozyme

Dilution 100 mM HEPES, 150 mM NacCl, pH 7.5 (NaOH), 10 mM imidazole
Binding 100 mM HEPES, 150 mM NaCl, pH 7.5 (NaOH)

Elution 100 mM HEPES, 150 mM NacCl, pH 7.5 (NaOH), 500 mM imidazole
SEC 10 mM HEPES, 150 mM NacCl, pH 8.0 (NaOH)

The remaining supernatant was diluted in an equal volume of dilution buffer, filtered through a
Nalgene™ Rapid-Flow™ Sterile Disposable Filter Unit (0.2 pm; ThermoFisher) and subsequently
applied to a HisTrap HP column (Cytiva) equilibrated with 10 CV binding buffer. Following sample
application, the column was washed with 10 CV binding buffer with 10 mM imidazole (achieved
with a mix of 98 % binding buffer and 2 % elution buffer). Proteins were eluted with a stepwise
gradient of increasing elution buffer %, collecting 25 mL fractions at increasing concentrations of
imidazole (specific concentrations used for each protein are detailed in their respective results
chapters). Wash steps were carried out with a flow rate of 5 mL/min; sample application and elution

steps were carried out with a flow rate of 2.5 mL/min.

Fractions were concentrated separately using Vivaspin 20 centrifugal concentrators (MWCO 10 kDa)
and checked for purity using SDS-PAGE (see section 2.5.2). Fractions containing the most and purest
protein were then pooled and applied (at 1 mL/min) to a Superdex 75 16/600 column (Cytiva)
equilibrated in 10 mM HEPES, 150 mM NaCl, pH 8.0.
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24 Enzyme-substrate complex formation

241 IdeS-IgG1 Fc complexes

Purified IdeS and IgG1 Fc (E382X variants) were combined in a 1:1 molar ratio. The sample was
concentrated to under 1 mL and then applied to a Superdex 200 16/600 column (Cytiva) at 1 mL/min.
The column was equilibrated in 10 mM HEPES, 150 mM NaCl, pH 8.0. Peak fractions were
subsequently pooled and checked for purity with SDS-PAGE prior to crystallisation.

2.4.2 EndoS-IgG1 Fc complexes

Purified EndoS and IgG1 Fc E382X variants were combined in a 1:1 molar ratio. The sample was
concentrated to under 1 mL and then applied to a Superdex 200 16/600 column (Cytiva) at 1 mL/min.
The column was equilibrated in 10 mM HEPES, 150 mM NaCl, pH 8.0. Peak fractions were
subsequently pooled and checked for purity with SDS-PAGE prior to crystallisation.

N.B. following initial crystallisation attempts, the stoichiometry of EndoS to IgG1 Fc in the crystal
structure was observed to be 2:1 (i.e., two EndoS molecules binding one IgG1l Fc homodimer).
Subsequent purifications were adjusted so that EndoS and IgG1 Fc were combined in a 2:1 molar

ratio.

Full-length EndoS and EndoS2 were combined with IgG1 Fcs in a 2:1 molar ratio and purified using

an identical method.

2.5 Biophysical methods

2.5.1 Determination of protein concentration

Protein concentrations were determined using a DS-11+ Spectrophotometer (DeNovix). Molecular
weight and extinction coefficient parameters for each construct were calculated using the ProtParam

tool [313] from the EXPASY server.

2.5.2 SDS-PAGE

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out using
NuPAGE™ 4 to 12% Bis-Tris protein gels. 5 pL of NuPAGE™ lithium dodecyl sulfate (LDS)
Sample Buffer was added to 15 pg of protein sample prior to loading. The buffer used for SDS-
PAGE was NuPAGE™ MES SDS Running Buffer. Gels were run at 160 V for 45 minutes, stained
using Coomassie Brilliant Blue (ThermoFisher) for 20 minutes (or longer if needed) and destained

using a solution comprised of 10 % acetic acid, 40 % methanol and 50 % milliQ water. 10 pL of
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Precision Plus Protien™ Kaleidoscope™ Prestained Protein Standards (Bio-Rad) was run alongside

protein samples, as molecular weight standards.

2.6 Protein crystallisation

Proteins were exchanged into a buffer containing 50 mM HEPES, 150 mM KCl, pH 7.5 (KOH) using

Vivaspin 20 centrifugal concentrators (Sigma) prior to crystallisation.

Crystallisation experiments were kindly set up by Christopher Holes (Technician, Macromolecular
Crystallography, University of Southampton), as detailed below. Sitting-drop crystallisation
experiments were set up into Intelli-Plate 96-3 LVR plates (Alphabiotech), using an Oryx4 robot
(Douglas Instruments). Experiments for each well were set up in triplicate, with the top, middle and
bottom droplets for each condition comprising 200 nL protein + 100 nL condition (2:1), 100 nL
protein + 100 nL condition (1:1) and 100 nL protein + 200 nL condition (1:2), respectively. Droplets
were set up next to a reservoir containing 40 uL of crystallisation condition. Experiments using seed
stock to promote crystal growth were comprised of 100 nL protein + 100 nL condition + 100 nL
seed. Crystallisation experiments were attempted with JCSG-plus™ (a screen which uses results
from a crystallisation study by the Joint Center for Structural Genomics), Morpheus and ProPlex™

HT-96 screens (Molecular Dimensions). Crystals were left to grow at 21 °C.

Crystals were cryoprotected with a solution comprising the mother liquor (i.e., solution the crystals
were grown in) with 20 % glycerol added. Crystals were harvested using LithoLoops (Molecular

Dimensions) and vitrified in liquid nitrogen prior to data collection.

Crystalline seed stock for various projects was kindly made by Christopher Holes (Technician,
Macromolecular Crystallography, University of Southampton), using MicroSeed Beads (Molecular
Dimensions). Crystals to be made into seed stock were pipetted into an Eppendorf tube containing
the bead, along with the reservoir of the crystallisation condition. Crystals were crushed by vortexing
the seed bead tube, keeping the tube cold by transferring to ice every ~30 seconds, and then stored

at —20 °C prior to use.

A hanging-drop optimisation screen (detailed in section 4.2.3, Appendix D) was set up manually
using a 24-well plate (Molecular Dimensions). The screen was designed by the ‘Make Tray’ server
on the Hampton Research website (https://hamptonresearch.com/make-tray.php). Volumes of
reagents to add were calculated by this server, by inputting the desired crystallisation condition to be
optimised, in order to comprise a final reservoir volume of 500 pL. Droplets were set up as 1 puL
protein + 1 pL reservoir, and suspended over the reservoir using 22 mm? Siliconized Cover Slips
(Molecular Dimensions). Wells were sealed using Molykote High Vacuum Grease (Sigma), and the

plate was left to incubate at 21 °C.
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2.6.1 Quantification of IgG1 Fc crystallisation

For comparison of crystallisation ability of various IgG1 Fc constructs, identical sitting-drop
crystallisation experiments were set up as detailed above. Crystallisation of wild-type IgG1 Fc and

E382X variant was trialled with JCSG-plus™ and Morpheus screens, at Fc concentrations of

each Fc
10 mg/mL and 15 mg/mL. Crystals were left to grow at 21 °C for eight days, after which the number

of conditions producing crystals were counted.

2.6.2 IgG1 Fes

Crystals of IgG1 Fc™" were grown in 0.2 M ammonium sulphate, 0.1 M Tris (pH 7.5), 25 % w/v
PEG 8000. Crystals of IgG1 Fc*** were grown in 0.17 M ammonium sulphate, 25.5 % w/v PEG
4000, 15 % v/v glycerol.

2.6.3 Truncated IdeS“***-IgG1 Fc"**** complex

Crystal trays were set up with truncated, inactive IdeS in complex with each of the Fc E382X
variants. Crystals of the IdeS®**-IgG1 Fc™** complex were grown in condition F9 from the
Morpheus crystallisation screen, comprising 0.12 M monosaccharides mix, 0.1 M buffer system 3

(pH 8.5), 30 % v/v precipitant mix 1.

2.6.4 Truncated EndoS?*** L [gG1 Fc™ ¥R complex

E382X Variants.

Crystal trays for truncated, inactive EndoS were set up in complex with all the IgG1 Fe
Subsequent crystallisation experiments were set up using seed stock of EndoS-IgG1 Fc crystals
harvested from initial trials, diluted to 1 in 1000. Crystals of the EndoSP***F#5L [¢G1 Fc™¥2R
complex were grown in condition B8 from the Morpheus crystallisation screen [314], comprising

0.09 M halogens, 0.1 M buffer system 2 (pH 7.5), 37.5 % v/v precipitant mix 4.

2-6.5 EndoszD184A/E186L_IgG1 FcL234C/E382A Complex

E382X variants, truncated

Crystal trays of inactive EndoS2 were set up in complex with all the [gG1 Fc
versions of these variants, and variants containing an additional disulphide bridge within the hinge
region (detailed in section 5.2.3). Crystals of the protein complex were grown in condition G12 from
the Morpheus crystallisation screen [314], comprising 0.1 M carboxylic acids, 0.1 M buffer system

3, pH 8.5, precipitant mix 4.
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2.7 X-ray crystallography

Protein crystals were taken to either Diamond Light Source (DLS) in Oxford, UK, or the European
Synchrotron Radiation Facility (ESRF) in Grenoble, France, for X-ray diffraction studies.

2.7.1 Data collection

Vitrified crystals were stored in liquid nitrogen prior to data collection, and were placed in a 100 K
cryo-stream during data collection. Crystallographic data collection parameters for proteins

investigated in this thesis are detailed in the tables below.

Table 5: Data collection parameters for X-ray diffraction of IgG1 Fc crystals.

Parameter Protein
IgG1 Fc™*%s IgG1 Fc™#4
Beamline ID30A-3 (ESRF) ID23-2 (ESRF)
Wavelength (A) 0.968 0.873
Flux (photons/s) 6.50e+11 5.45e+11
Transmission (%) 10.2 10.3
Exposure (s) 0.024 0.031
Beam size (um) 15%x 15 4x4
Oscillation angle (°) 0.25 0.1
Number of images 3600 3600
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Table 6: Data collection parameters for X-ray diffraction of IdeS***-IgG1 Fc™**** crystals.

Parameter IdeS®**-IgG1 Fc™3#24
Beamline ID30A-3 (ESRF)
Wavelength (A) 0.9677
Flux (photons/s) 7.32e+11
Transmission (%) 10.2
Exposure (s) 0.005
Beam size (um) 15 %15
Oscillation angle (°) 0.1
Number of images 1200

Table 7: Data collection parameters for crystals of EndoSP*AE35L_[gGl Fc™*R and

EndoS2P##AEIS6L [ G Fl#4C/E382A erystals used for structure solution.

Parameter Protein
EndoSP*PVERSL_[gG1 ™8R EndoS2P'#AVEISL_1oG1
FoL234C/E382A
Beamline 103 (DLS) 103 (DLS)
Wavelength (A) 0.9763 0.9763
Flux (photons/s) 9.07e+11 8.52e+11
Transmission (%) 10.00 10.00
Exposure (s) 0.0091 0.0182
Beam size (um) 80 x 20 80 x 20
Oscillation angle (°) 0.10 0.1
Number of images 3600 3600
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2.7.2 Data processing

Any specific data processing steps are described in the relevant results chapters. In brief, diffraction
data images were processed using DIALS [315], xia2 [316] and/or XDS [317]. Merging of multiple

data sets was achieved using the xia2.multiplex pipeline [318].

2.7.3 Structure determination and analysis

Specific methods for structure determination and refinement are outlined in the relevant results
chapters. In brief, software within the ccp4i2 interface [319] was used for crystal structure solution
and refinement. Structures were solved by molecular replacement, using the program Molrep [320].
Successive rounds of model building and refinement were carried out for iterative model
improvement, using the programs Coot [321] and Refmac5 [322], respectively. Carbohydrates
within protein structures were modelled in Coot [323] and validated using Privateer [324].
MolProbity [325, 326] and the Protein Data Bank (PDB) validation server [327] were utilised for
validation of models. PDBePISA [85] was used for analysis of protein-protein interfaces in crystal

structures. Figures depicting protein structures were prepared using UCSF ChimeraX [328].
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Chapter 3 Engineering IgG1 Fc for protein complex

crystallisation

IgG is the most abundant antibody present in human serum, and is potent against protein and
carbohydrate-based antigens [11]. As discussed in chapter 1 (section 1.1.3), the “fragment
crystallisable”, or Fc, region binds receptors present on immune cells, as well as other proteins
involved in immune activation, in order to activate signalling cascades which ultimately induce
immune responses against foreign antigens [11]. Due to this strong immune-activating ability, [gG
can be targeted for degradation in order to hinder immune response, such as during bacterial
infection, or within the tumour microenvironment [230, 231, 233]. The majority of this thesis
describes attempts to elucidate the structural basis behind IgG degradation as an immune evasion

mechanism of the bacterium S. pyogenes.

X-ray crystallography is a high-resolution structural biology technique which can resolve atomic-
level resolution of protein structure. The major drawback of this technique is that it often requires
milligrams of highly purified protein, and the subsequent growth of protein crystals (often
serendipitous) which diffract to high resolution. The use of multiple crystallisation screens allows
hundreds of different conditions to be tested for crystallisation of a particular protein, in the hope
that this will yield at least one “hit”. The ability of a protein to crystallise is affected by a multitude
of factors, and many methods exist for encouraging crystal growth, which are discussed in an

excellent review by Deller ef al. [329] and are summarised below.

By nature, proteins are dynamic and thus forcing them into a conformationally-restrained lattice of
molecules, which is required for crystallography, is not always favourable. Therefore, in order to
improve the chances of successful crystallisation, the smallest, most compact form of a protein
should be used. Methods such as ESPRIT (Expression of Soluble Proteins by Random Incremental
Truncation [330, 331]) and Combinatorial Domain Hunting [332, 333] can identify soluble protein
fragments ideal for structure determination. Techniques such as hydrogen-deuterium exchange
(HDX) coupled with mass spectrometry can be used to identify flexible regions within a protein
[334-337], which can inform protein construct design for successful crystallisation [338-340]. In situ
proteolysis can also be used to remove accessible, flexible regions of proteins and identify stable
peptide fragments for crystallisation [341-351]. In addition, proteins can often be stabilised by the
addition of ligands or additives such as polyethylene glycol [329, 352].

Modification of protein surface amino acids is a common technique for enhancing crystallisation
[353, 354]. Reductive alkylation, such as methylation of the g&-amino groups in lysine side chains
[355], can promote crystallisation by introducing new surface contacts for crystal packing

interactions [356, 357]. A similar technique is the exchange of large, flexible amino acids on the
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protein surface which rarely form crystal contacts (such as lysines, glutamates and glutamines). Such
modifications reduce the surface entropy of the molecule, which, according to thermodynamic
principles, should aid in the crystallisation process [353, 354, 358, 359] (Figure 22). A recent study
by Gao et al. describes the use of this approach to generate crystals of several botulinum neurotoxins
with improved diffraction quality [360], while Diaz et al. reported the use of surface entropy
reduction to grow crystals of human spermine oxidase, prior to which no crystals were obtained

1361].
AGOCTySt = AHocryst - TASOcryst

Figure 22: Simplified equation for the thermodynamics of crystallisation. As discussed in
Derewenda et al. [354], the enthalpic contribution towards crystallisation (AH®¢;-ys¢) is governed by

formation of weak intermolecular bonds within the crystal lattice and is therefore minimal. The
entropic contribution (AS°.yys:) is thus the main determinant of whether a protein will crystallise or
not.

In a similar tactic, post-translational modifications (PTMs) present on protein surfaces can often
hinder crystallisation. N-linked glycosylation, for example, is a very common PTM within eukaryotic
systems. N-linked glycans possess both large conformational and compositional heterogeneity: IgG
Fc glycans, which are relatively homogenous and sterically-restricted [36, 113] compared to those in
other proteins, still comprise around 20 different glycoforms [111, 112] and possess significant
conformational flexibility [115-119]. Strategies to remove glycans which hinder crystallisation
include generation of protein variants lacking consensus sequences for glycosylation (Asn-X-
Ser/Thr; [362]), use of glycosylation-deficient cell lines for expression [363-366] and use of
glycosylation inhibitors to stall N-glycan processing at a particular stage [367-369] followed by
deglycosylation with EndoH [370].

Moreover, crystallisation can be encouraged by stabilisation of the quaternary structure within a
protein crystal. For example, introduction of cysteine side chains can induce formation of disulphide
bridges within the crystal packing interface [371], which can stabilise novel oligomeric assemblies
with improved crystallisation [372-375]. Engineered metal-binding sites [375, 376] and leucine
zipper-like interfaces [377] have also been utilised for this purpose. An example of improved
crystallisation by engineered crystal packing is a structure of the neonatal Fc receptor (FcRn) in
complex with IgG Fc [89]: crystallisation of the native complex resulted in dimers of FcRn packing
in-between Fc homodimers, which formed a so-called “oligomeric ribbon” structure diffracting
anisotropically to very low resolution (Figure 23a; [378]). In order to overcome this, Martin et al.
designed a heterodimeric Fc which could bind FcRn on one y-chain only, which altered the crystal
packing and allowed structure solution to 2.8 A resolution (Figure 23b; [89]). Furthermore, crystal
packing can sometimes be improved by co-crystallisation of a protein with a binding partner, thereby
altering the surface area available to form packing interactions [379, 380]; examples include co-

crystallisation with DNA [381] and antibody fragments [382].
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a Homodimeric Fc-FcRn complex b Heterodimeric Fc-FcRn complex

PDB 1FRT PDB 1I1A

"Oligomeric ribbon"
crystal packing

FcRn only binds
one Fc chain

Fc homodimers
bridge gaps
between FcRn

dimers Key:
[ FcRn [ Wild-type Fc
I B.m [ Fclacking FcRn
binding site

2.8 A resolution

4.5 A resolution

Figure 23: Improved resolution of FcRn-Fc crystal structure by altered crystal packing. a
Crystal structure of homodimeric Fc-FcRn complex (PDB 1FRT [378]) diffracting to 4.5 A.
Resolution is limited by “oligomeric ribbon” structure formed during crystallisation. b Crystal
structure of heterodimeric Fc-FcRn complex (PDB 111A [89]) diffracting to 2.8 A. Crystal packing
is altered by engineering one Fc y-chain to lack the FcRn binding site. Adapted from Figure 1 in
Martin et al. [89].

There are several examples of crystal lattice engineering carried out for crystallisation of proteins
involved in immune recognition [89, 383, 384]. However, the crystallisation of IgG-protein
complexes presents a unique challenge. As its name indicates, the Fc region of IgG is highly
crystallisable, a property which can outcompete the growth of Fec-protein complex crystals. This is
highlighted by the number of crystal structures deposited within the PDB: 107 structures of apo,
human IgG Fc had been deposited as of August 2023. In contrast, 45 structures of human IgG Fc in
complex with another protein had been solved (not including structures presented within this thesis).
The solution to this problem was hypothesised to be the use of IgG Fc constructs with reduced self-
crystallisation ability, in order to encourage growth of Fc-protein complex crystals. This was
attempted by substitution of an amino acid found to be important for Fc crystal packing (described
in section 3.1). This strategy, in which a highly self-crystallisable binding component has been
engineered to promote protein complex crystallisation, has been used elsewhere: for example, by
Kirchdoerfer et al. for crystallisation of a Bacillus anthracis glycoprotein in complex with a variable
lymphocyte receptor [384]. In addition, Davies et al. applied mutagenesis of an omalizumab Fab to

prevent its self-crystallisation and generate a crystal structure of the IgE Fc-Fab complex [385, 386].

The following chapter describes analysis of typical IgG1 Fc crystallisation, and the design of “less-
crystallisable” IgG1 Fc variants for Fc-protein complex crystallisation. These Fc variants were
subsequently used for structural characterisation of the interactions of immune evasion enzymes from

S. pyogenes with IgG antibodies (discussed in subsequent chapters). Some of the results presented in
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this chapter (specifically, Figure 26 and Figure 27, along with the IgG1 Fc®* crystal structure with
PDB 8A48) appear in the following publication: Sudol ASL, Butler J, Ivory DP, Tews I, Crispin M.
Extensive substrate recognition by the streptococcal antibody-degrading enzymes IdeS and EndoS.

Nat Commun. 2022;13:7801. This publication is included within Appendix A for reference.

3.1 Analysis of typical IgG1 Fc crystallisation

The co-crystallisation of IgG Fc with enzymes is notoriously difficult, due to the inherent ability of
the Fc fragment to crystallise on its own. The aim of this work was to identify favourable contacts
present in typical Fc crystals, in order to devise a strategy to counteract its selective self-
crystallisation. Human IgG Fc structures deposited within the PDB have commonly crystallised in
the P2,2,2; space group (~61 % of apo IgG Fc structures, as of August 2023; Table 8).

Table 8: Space groups reported for apo, human, IgG Fc crystal structures deposited within the
PDB.

Space group” Number of IgG Fc | Average Average solvent| Average
structures resolution (A) content (%) Matthews
coefficient
P2,12:2 65 2.25 55.1 2.75
C222, 14 2.35 56.6 2.76
P12,1 7 2.30 50.0 2.55
P6,22 6 2.65 65.6 3.63
C121 5 2.40 55.0 2.78

“The five most common space groups are listed (as of August 2023).

For all the deposited IgG Fc crystal structures, the reported space group has little influence on
resolution, solvent content or Matthews coefficient (Table 8). The exception to this is structures
crystallising in P6:22, which diffracted to lower resolution and had less-tightly packed crystal lattices
(as inferred from greater solvent content and Matthews coefficient), although this may be biased by
the small sample size of structures. The range of space groups reported reflects the vast diversity of
Fc structures crystallised, with a range of amino acid exchanges included and differing glycosylation
which affect crystallisation. It is clear, however, that the preferred space group for IgG Fc crystals is

P2,2,2;.

The crystal lattice contacts present in a typical, wild-type Fc structure crystallised in P2,2,2; (PDB

3AVE [36]) were studied, in order to identify amino acids which are important in this favourable
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packing arrangement. This structure of wild-type IgG1 Fc reveals a tightly packed crystal lattice,
with largely conserved contacts across both Fc chains (Figure 24). Of note was amino acid E382,
which forms salt bridges with R255 in a neighbouring Fc molecule (and vice versa), in both chains
of the Fc homodimer (Figure 24b). It was therefore hypothesised that replacement of this side chain

would hinder the self-association of the Fc into this preferred crystal lattice.

a Typical IgG1 Fc crystallisation
P2,2,2, space group (PDB 3AVE) C222, space group (PDB 3V7M)
[ Crystal packing interface [ cCrystal packing interface

Il Polar and charged interactions Il Polar and charged interactions

. Symmetrical interface Symmetrical interface
and interactions and interactions

E382-R255
salt bridges

Tightly packed crystal lattices '

Figure 24: Observed crystal packing in “typical” IgG Fec crystal structures. a Analysis of crystal
packing interface and interactions present in a typical, wild-type IgG1 Fc structure, as calculated
using PDBePISA [85]. b Crystal packing resulting from IgG Fc crystallisation. E382—R255 salt
bridges between symmetry-related Fcs in the crystal lattice are highlighted with a yellow circle.
Neighbouring Fcs in the crystal lattice contacting the origin Fc within a 3.2 A contact distance are
shown. a, b Analysis relating to IgG Fc structures crystallising in typical space groups P2,2,2; (PDB
3AVE [36]) and C222; (PDB 3V7M [387]) is depicted in blue and purple, respectively.

While the majority of IgG Fc crystal structures have been solved in space group P2:2:21, the second
most common space group reported for IgG Fc structures is C222; (Table 8). Upon inspection, the
majority of structures solved in this space group also have the conserved E382—R255 salt bridges
and conserved crystal packing when compared to those solved in P2,2:2; (Figure 24); this results in
~70% of deposited IgG Fc crystal structures containing this salt bridge. Due to the homodimeric

nature of the Fc, a pseudosymmetry axis can be placed between the two Cy2—Cy3 heavy chains,
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which allows the structure to be solved in €222, if a single Cy2—Cy3 unit is utilised as the
asymmetric unit. The simple conclusion from this analysis is that Fc structures solved in P2,2,2; and
(222, space groups (as reported in the PDB) utilise the E382—R255 salt bridges in their favourable

crystal packing arrangements.

Having identified the E382—R255 salt bridge commonly present in IgG Fc crystal lattices, [gG1 Fc
variants containing amino acid exchanges at E382 were designed with the aim of hindering the self-
crystallisation of the Fc. Three distinct variants were designed: IgG1 Fc™*® IgG1 Fc™*S and
Fc™®A The substitution to an arginine was hypothesised to disrupt the typical crystal lattice
formation with the introduction of a large, oppositely charged amino acid at position 382.
Substitutions to serine and alanine were also utilised: these amino acids are small and therefore
commonly used for removal of residues without disrupting overall protein structure (e.g., generation

of inactive IdeS and EndoS variants [246, 258]).

E382X

3.2 Expression and purification of IgG1 Fc variants

As described in section 2.1.1, E382R/S/A amino acid exchanges were introduced into wild-type IgG1
Fc using site-directed mutagenesis. The resulting constructs were expressed in FreeStyle293F cells
and purified with affinity chromatography followed by SEC. The purity of Fcs was checked using
SDS-PAGE, which is displayed in Figure 25. A equivalent, wild-type (WT) IgG1 Fc was expressed

and purified to homogeneity using an identical protocol (Figure 25).

a SEC purification of IgG1 Fcs b sDs-PAGE of IgG1 Fcs
IgG1 Fc WT IgG1 FcE382R
500 650 kDa
600 250
4007 150
2 2
2 i 100
300+ 500 75
0 70 8]0 9‘0 150 40 TIIJ BID 9‘0 160 5 0
mL mL
37
IgG1 FcE382s IgG1 FcE382A
1200 1400 25
1000 12004 20
5 5 1000
E 800 E s00- 15
600 600 10
e L A . p w0 e
mL mL

Figure 25: Purification of IgG1 Fcs. a SEC purification of wild-type (WT) IgG1 Fc, and Fc
E382R/S/A variants. b SDS-PAGE of purified IgG1 Fcs. Within each sample, there is a single band
consistent with the molecular weight of IgG1 Fc (~50 kDa).
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Each Fc eluted as a single peak after SEC purification (Figure 25a). N.B. the baseline for each SEC
run is not at zero due to a software fault. Fcs eluted at ~81-82 mL, with the exception of Fc™%*
which eluted at ~69 mL (the reason for this observation is unknown and was possibly a fault with
the software/an unknown error in the protocol. Other SEC purifications for this protein construct
eluted as expected; see Appendix B for an example). Subsequent SDS-PAGE analysis revealed, for
each sample, a single band present at ~50 kDa, which is consistent with the molecular weight of IgG1
Fc (Figure 25b). A small amount of smearing is present within each of the bands, which likely

reflects the heterogenous glycosylation present within each Fc sample.

E382X

Following successful purification of WT IgG1 Fc and IgG1 Fc variants, samples of each Fc were

taken forward for crystallisation experiments.

3.3 Quantification of IgG1 Fc crystallisation

In order to compare the crystallisation abilities of the IgG1 Fc*%%

variants versus a wild-type IgG1
Fc, identical crystallisation experiments were set up for each Fc, using two different crystallisation
screens (JCSG-plus™ and Morpheus; both from Molecular Dimensions). For each Fc, plates were
set up at 10 mg/mL and 15 mg/mL. Crystals were left to grow at 21 °C and, after eight days, the
number of conditions in each screen producing crystals were counted. The results of this analysis are

depicted in Figure 26.
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Figure 26: Crystallisation of wild-type IgG1 Fc and IgG1 Fc™** variants. Fcs were crystallised
in JCSG-plus™ and Morpheus screens, at 10 mg/mL and 15 mg/mL, and at 21 °C. Crystal “hits” are
indicated with a coloured circle. Results for each Fc are shown in panels a, b, ¢ and d for wild-type
IgG1 Fc, IgG1 Fc™%5 1gG1 FcM™*® and IgG1 Fc™** 1gG1 Fc variants, respectively.

Across the four crystallisation experiments set up with the wild-type Fc, a total of 49 crystal “hits”
were observed (29 in JCSG-plus™ and 20 in Morpheus; Figure 26a). In contrast, all the Fc®%%
variants displayed reduced crystallisation abilities with respect to the wild-type. Fc®**?% and Fc™*4
variants displayed similar levels of crystallisation, with 20 and 19 hits, respectively, resulting in a
reduction in crystallisation ability compared to the wild-type of 59 % and 61 %, respectively (Figure
26b, d). Fc™*?® displayed further reduced crystallisation with 16 hits (Figure 26¢), resulting in a 67

E382X

% reduction compared to the wild-type Fc. For all three Fc variants, crystallisation was

essentially abolished in the Morpheus screen.

E382X variants; however,

This analysis showed a clear reduction in crystallisation of the IgG1 Fc
crystallisation was not abolished completely. We therefore sought to determine the crystal structures

of these Fc variants, in order to elucidate how the E382X exchanges affect the crystal packing.
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E382X

3.4 Structural characterisation of IgG1 Fec variants

34.1 IgG1 Fc™#%

Crystals of IgG1 Fc™" were grown in 0.2 M ammonium sulphate, 0.1 M Tris (pH 7.5), 25 % w/v
PEG 8000. Crystals were cryo-protected in mother liquor with 20 % glycerol added and flash-frozen
in liquid nitrogen prior to data collection, which was carried out on beamline ID30A-3 at the
European Synchrotron Radiation Facility (ESRF). Parameters for data collection are detailed in

Table 5 (section 2.7.1).

These crystals diffracted to ~3 A. Diffraction images were processed using XDS [317] and scaled in
space group P3,21. The data were truncated to a final resolution of 3.04, to yield a CChair 0of >0.3 for
the highest resolution shell [388, 389]. Data collection statistics for this crystal are detailed in Table
9 below. As of August 2023, space group P3,21 had not previously been reported for a human apo
IgG Fc structure; however, there were examples of IgG Fc crystallised in complex with a small
peptide (for example, PDB code 5DVK [390]) where the reported space group was P3,21.
Interestingly, this peptide binds at the Cy2—Cy3 interface within the Fc, around the same area as

E382, which likely affected the ability of these Fcs to crystallise in their “typical” lattice.
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Table 9: Crystallographic data collection statistics for less-crystallisable IgG1 Fc™*? variant.

Data Collection IgG1 Fc™#%
Beamline ID30A-3 (ESRF)
Resolution range (A) 47.5-3.04 (3.25-3.04)"
Space group P3521

Unit cell dimensions:

a b, c(A) 106.78, 106.78, 104.01
a f,y(°) 90, 90, 120
Wavelength (A) 0.968

Unique reflections 13476 (2358)
Completeness (%) 99.7 (98.4)

Rinerge 0.034 (1.117)

Rineas 0.048 (1.580)

Rpim 0.034 (1.117)

1/o(]) 15.2(0.6)

Multiplicity 1.9 (1.9)

CCrar 0.999 (0.321)

Wilson B factor (A?) 113.7

“Values for the highest resolution shell are shown in parentheses.

The structure of IgG1 Fc™* was solved by molecular replacement, using a wild-type IgG1 Fc
structure as a search model (PDB 3AVE). When refining the model, non-crystallographic symmetry
(NCS) restraints were used, in addition to restraints provided by the PDB-REDO server [391].
Refinement statistics for this structure are included within Table 10 below. Coordinates for this

crystal structure have been deposited within the PDB, with accession code 8A48.
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E3828

Chapter 3

variant.

(protein/ligand/water)

Refinement IgG1 FcF%%s
Number of reflections (all/free) 13476/654
Rwork (%) 19.7

Riree (%) 21.8
RMSD":

Bonds (A) 0.0025
Angles (°) 0.797
Molecules per ASU? 1

Atoms per ASU? 3,549
Average B factors (A?)

(141.27/176.11/105.09)

Model quality (Ramachandran plot):
Most favoured region (%)
Allowed region (%)

Outliers (%)

95.88
3.63

0.48, 0.0*

RMSD, root-mean-squared deviation
2 ASU, asymmetric unit

*according to wwPDB X-ray Structure Validation Report

This crystal structure of the IgG1 Fc

E328S

variant was subsequently compared to that of a wild-type

IgG1 Fc, which crystallised in the “typical” space group P2:2,2; (as discussed in section 3.1).

Interfaces within the crystal packing arrangement were calculated using PDBePISA [85]. This

analysis is depicted in Figure 27.
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a Highly crystallisable IgG1 Fc Less crystallisable IgG1 FcE3825
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Figure 27: Observed crystal packing in wild-type and “less crystallisable” IgG1 Fc®¥%*

fragment. a Analysis of crystal packing interface and interactions present in a typical, wild-type
IgG1 Fc crystal structure (PDB code 3AVE [36]) and IgGl Fc™™5 variant, as calculated by
PDBePISA [85]. b Crystal packing resulting from crystallisation in typical space group P2:12:2; and
atypical space group P3,21, for the wild-type IgG1 Fc and IgG1 Fc™** variant, respectively. E382-
R255 salt bridges between symmetry-related Fcs in the P2,2,2; crystal lattice are highlighted with a
yellow circle. Neighbouring Fes in the crystal lattice contacting the origin Fc within a 3.2 A contact
distance are shown. a, b Analysis relating to the wild-type IgG1 Fc and IgG1 Fc™®* variant is
depicted in blue and red, respectively.

E3288 yariant makes fewer interactions with

Analysis of the crystal contacts revealed that the IgG1 Fc
symmetry-related molecules in the crystal (four salt bridges and sixteen hydrogen bonds; Figure
27a), which are asymmetrical across the two Fc chains, resulting in altered crystal packing (Figure
27b). Furthermore, as calculated within the ccp4i2 interface [319], the E382S variant had a higher
solvent content and Matthews coefficient compared to the wild-type Fc (Figure 27a), and
additionally when compared to the average values for Fc crystals with the P2,2,2; space group
(Table 8). The Matthews coefficient of a crystal is defined as the crystal volume per unit of protein
molecular weight [392], therefore the smaller value for the wild-type structure indicates a more

tightly packed crystal. Crystallisation of this Fc variant therefore appears to have been rendered less

favourable.
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3.4.2 IgG1 Fc™#%4

Crystals of the IgG1 Fc®** variant were grown in 0.17 M ammonium sulphate, 25.5 % w/v PEG
4000. These crystals were cryoprotected (as described in section 2.6) and taken for data collection
on beamline ID23-2 at the ESRF. Parameters for data collection are detailed in Table 5 (section
2.7.1). IgG1 Fc¥™ crystals from this condition diffracted to ~2.6 A; diffraction images from this
dataset were subsequently processed using xia2 and DIALS [315, 316]. The final resolution of the
dataset was cut to 2.7 A, to yield a completeness of >95 % and a CChar of >0.3 for the highest
resolution shell [388, 389]. Data collection statistics are detailed below in Table 11.
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Table 11: Crystallographic data collection statistics for less-crystallisable IgG1 Fe

E382A

variant.

Data Collection

IgGl FCE382A

Beamline

ID23-2 (ESRF)

Resolution range (A)

46.14-2.70 (2.74-2.70)°

Space group

P3521

Unit cell dimensions:

a, b, c(A) 106.6, 106.6, 103.3
a f,y(°) 90, 90, 120
Wavelength (A) 0.873

Unique reflections

19,105 (1046)

Completeness (%)

99.9 (95.8)

Rinerge 0.189 (3.691)
Rineas 0.194 (3.799)
Rpim 0.045 (0.887)
1/o(]) 11.3 (0.98)
Multiplicity 18.6 (18.2)
CChart 0.998 (0.540)
Wilson B factor (A?) 59.1

“Values for the highest resolution shell are shown in parentheses.

The structure of the IgG1 Fc™*** fragment was solved with molecular replacement (using PDB

3AVE as a search model), in the same “atypical” space group of P3,21 as observed for the IgGl

FCE382$

variant. Automatic translation-libration-screw (TLS) parameters [393] and automatic NCS

restraints improved the R factors and thus were applied during refinement. The model is of good

quality, with no Ramachandran outliers as calculated by the wwPDB X-ray Structure Validation

Report (see Appendix C). Refinement statistics for the final structure are listed in Table 12 below.
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Table 12: Crystallographic refinement statistics for less-crystallisable IgG1 Fc™**** variant.

Refinement IgG1 Fcf3#24
Number of reflections (all/free) 19,063/912
Rwork (%) 19.4

Riree (%) 253

RMSD":

Bonds (A) 0.0085
Angles (°) 1.57
Molecules per ASU? 1

Atoms per ASU? 3,698
Average B factors (A?) 71.6/97.0/59.2
(protein/ligand/water)

Model quality (Ramachandran plot):

Most favoured region (%) 97.57
Allowed region (%) 2.19

Outliers (%) 0.24, 0*

" RMSD, root-mean-squared deviation

2 ASU, asymmetric unit

*according to wwPDB X-ray Structure Validation Report

Analysis of the crystal packing was carried out using PDBePISA [85], as described above for the
IgG1 Fc™® model, and is depicted in Figure 28. The IgG1 Fc™®* crystal structure was found to

E3825 crystal structure. When compared

display similarly altered crystallisation, as observed for the Fc
to the example of a “typical” IgG Fc crystal (PDB 3AVE, as in Figure 24, Figure 27), IgG1 Fc™*
makes fewer interactions within the crystal lattice (three salt bridges and thirteen hydrogen bonds).
The calculated solvent content (of 62.9%) and Matthews coefficient (of 3.32; Figure 28) is also
higher than those values from the wild-type crystal (as well as the average values of Fc structures

crystallising in P2,2,2;; Table 8), indicating a less-tightly packed crystal lattice.

61



Chapter 3

a IgG1 FcF#* variant b

'Atypical space '

[ Crystal packing interface a1y | group P3521 !
[l Polar and charged interactions
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3 salt bridges Matthews coefficient = 3.32 (0.98) '
|13 H bonds Solvent content = 62.92 %

IgG1 FcF3®2S variant Atypical space

roup P3,21
[ crystal packing interface group 722

Il rolar and charged interactions

and interactions

4 salt bridges  Matthews coefficient = 3.35 (0.969) I Neighbouring Fcs in crystal lattice
16 H bonds Solvent content = 63.32 % [ (within 3.2 A contact distance)

Figure 28: Comparison of crystal packing in “less crystallisable” IgG1 Fc™*?* and IgG1 Fc™%*
fragments. a Analysis of crystal packing interface and interactions present within the crystal of each
Fc variant, as calculated by PDBePISA [85]. b Crystal packing resulting from crystallisation in
atypical space group P3,21 for each Fc variant. Neighbouring Fcs in the crystal lattice contacting the
origin Fc within a 3.2 A contact distance are shown. a, b Analysis relating to the IgG1 Fc™** and
IgG1 Fc™*S variants is depicted in green and red, respectively.

Figure 28 shows how the IgG1 Fc®** and Fc™®* variants crystallised in the same “atypical” space
group, and this display very similar crystal packing interfaces. This is perhaps unsurprising, given
the similar crystallisation profiles observed (Figure 26 in section 3.3) by these two Fc variants. It

therefore appears that crystallisation of these two Fc variants has been rendered less favourable.

3.43 IgG1 FcF82R

Although the IgG1 Fc™*® variant was still able to crystallise at reduced capacity (see Figure 26,
section 3.3), no diffracting crystals were obtained for analysis of the structure. It can therefore be

concluded that the crystallisation ability of this Fc variant has also been severely impeded.
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3.5 Discussion

The Fc fragment of IgG is known to crystallise readily, indicated inherently with its name “fragment
crystallisable”, as first identified in 1959 [394]. This poses a significant barrier to the generation of
Fc-protein complexes. The aim of this chapter was therefore to elucidate the amino acid residues
involved in this favourable Fc crystal packing arrangement, and from this deduce a strategy to impair

Fc self-crystallisation, in order to promote protein complex crystallisation.

Analysis of the presently deposited human IgG Fc crystal structures revealed the strong preference
for crystallisation in the P212,2; space group. Upon inspection, this favourable lattice arrangement
is driven by the formation of salt bridge interactions between E382 and R255 side chains between
adjacent molecules within the crystal lattice. This salt bridge was also found to be present in the
majority of Fc crystal structures crystallising in space group (€222, further highlighting its
importance. It was therefore hypothesised that disruption of this salt bridge would hinder Fc

crystallisation.

It is interesting to note that this salt bridge occurs in close proximity to the Fc Cy2—Cy3 interface.
Inspection of the Fc-protein complexes currently deposited within the PDB shows that around half
the complexed proteins bind Fc around this interface (which includes Protein A from Staphylococcus
aureus, and the neonatal Fc receptor). Binding at this interface may therefore help prevent favourable

Fc crystal lattice interactions.

Three IgG1 Fc variants were designed: E382R, E382S and E382A. The crystallisation ability of each
variant was tested against a wild-type Fc using a simple experiment, in which identical crystallisation
experiments were set up for each Fc and the number of crystals produced were counted. Each Fc
variant displayed significantly reduced crystallisation compared to the wild-type, with a ~60%
reduction in the E382A and E382S variants, and a near 70% reduction in the E382R variant. This
may reflect the introduction of the oppositely-charged arginine residue in this variant, while the other
two variants are more conservative and only remove the negative charge of the glutamate. It can be
concluded that all three Fc variants are “less-crystallisable”, compared to Fcs able to form the

intermolecular E382R—R255 salt bridges.

Crystal structures were determined for the IgG1 Fc™®* and Fc™® variants, which both crystallised
in the P3,21 space group. It was interesting to note that this space group has not previously been
reported for a human, apo IgG Fc crystal structure, although it is reported for a group of Fc structures
crystallised in complex with a peptide binding around the Fc Cy2—Cy3 interface (e.g., PDB 5SDVK
[390]). Inspection of the crystal lattice packing for these two Fc variants revealed smaller packing
interfaces and fewer packing interactions when compared to a typical, wild-type IgG1 Fc structure
(PDB 3AVE). Larger calculated solvent content and Matthews coefficients for these variants also

E382R

indicate less tightly-packed crystals when compared to the wild-type. Crystals of the IgG1 Fc

63



Chapter 3

variant did not diffract sufficiently to enable structure solution, also suggesting severely reduced
crystallisation, although this does not mean well-diffracting crystals of this variant are impossible to

obtain.

In general, it can be concluded that this panel of Fc variants have been rendered “less-crystallisable”
by exchange of the amino acid E382. It can be envisaged that the exchange of any amino acid
similarly impacting crystal lattice formation could be employed for generating protein complex
crystals, as evidenced in the solution of other immune complexes using this strategy [384, 386]. The
IgG1 FcP¥R FcF¥¥2S and Fc™™4 variants were therefore utilised for the attempted co-crystallisation

with IgG-degrading enzymes from S. pyogenes, which is described in the following chapters.
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Chapter 4 Extensive substrate recognition of IgG Fc¢ by

the streptococcal protease IdeS

The bacterium Streptococcus pyogenes has evolved a diverse range of mechanisms for evading the
human adaptive immune system [4]. This pathogen secretes multiple enzymes that target components
of the immune system [4, 5]: one such example is IgG-degrading enzyme of Streptococcus pyogenes
(IdeS), which directly targets and cleaves IgG antibodies [6]. Specifically, the enzyme cleaves
between glycines 236 and 237 in the lower hinge region, yielding F(ab’), and Fc fragments [6, 230,
231]. The enzyme cleaves each Fc chain in sequential steps [230, 231]; however, a single cleavage
is sufficient to render the antibody unable to recruit the immune system [231, 238]. The enzyme
therefore has a role in immune evasion, by impeding cellular responses through immune recruitment

mediated by the antibody Fc domain [6, 232, 238].

The interest in IdeS is two-fold: firstly, the enzyme is extremely efficient at cleaving human IgG
[238]. In addition, IdeS is highly specific for IgG, and in fact no other substrates for the enzyme have
been identified [6], in stark contrast to other cysteine proteases within the papain superfamily [7,
249-251]. Interestingly, IdeS is unable to hydrolyse synthetic peptides mimicking the IgG hinge
region [244], which indicates that exosite binding to other regions of the Fc is required for IgG
recognition by IdeS. This unique activity has prompted extensive research into the structure and
function of this enzyme, in order to aid in its development for a wide range of therapeutic

applications.

Under the name Imlifidase (brand name Idefirix®), IdeS has been clinically-approved as a pre-
treatment for transplantation in hypersensitized individuals with chronic kidney disease [262, 264,
265]. The ability of IdeS to inactivate IgG has also led this enzyme to be investigated for use in the
deactivation of pathogenic antibodies, such as in treatment of autoimmune disorders [267, 271, 273-
275, 278, 280], deactivation of neutralising antibodies for in vivo gene therapy [288], and the
potentiation of therapeutic antibodies by deactivation of competing serum IgG [105, 292]. Imlifidase
has also been used in combination with endoglycosidase S (another IgG-inactivating enzyme
secreted by S. pyogenes, which is discussed in chapter 5) for inactivation of donor-specific antibodies

in murine allogeneic bone marrow transplantation [266].

Prior to the start of this project, it was largely unknown exactly how IdeS is able to cleave human
IgG with such high specificity. This chapter describes work towards determining the crystal structure
of IdeS in complex with the Fc region of IgG, in order to elucidate the structural basis behind its
action. The panel of “less-crystallisable” IgG1 Fc variants described in chapter 3 were utilised for
this work, in order to prevent selective self-crystallisation of the Fc, which had been observed in

previous attempts to crystallise this protein-protein complex (see Dixon, E.V. (2014). Mechanisms
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of immunoglobulin deactivation by Streptococcus pyogenes [PhD thesis]. University of Oxford.
[395]).

Analysis of the IdeS-IgG1 Fc crystal structure (PDB 8A47) is included in the following publication:
Sudol ASL, Butler J, Ivory DP, Tews I, Crispin M. Extensive substrate recognition by the
streptococcal antibody-degrading enzymes IdeS and EndoS. Nat. Commun. 2022;13:7801. This

publication is included within Appendix A for reference.

4.1  Expression and purification of IdeS“***-IgG1 Fc¢ complexes

IdeS and related bacterial constructs were expressed in BL21 (DE3)pLysS cells and purified as
detailed in sections 2.2.2 and 2.3.2.

4.1.1 IdeS“***-I1gG1 Fc complex

Truncated IdeS“** was initially purified using nickel affinity purification, using step-wise elutions
at increasing concentrations of imidazole: 20, 40 80, 100, 200 and 300 mM. SDS-PAGE analysis of
each eluted fraction revealed a dominant band consistent with the molecular weight for truncated
IdeS“** (~34 kDa) within the 80 mM, 100 mM and 200 mM imidazole fractions (Figure 29a). These
fractions were therefore taken forward for further purification. IgG1 Fcs containing E382R/S/A
exchanges were expressed and purified as detailed in sections 2.2.1 and 2.3.1. Figure 29b shows
SDS-PAGE analysis of the Fcs following protein A purification; each of the eluted Fc samples
contained a dominant band at a size consistent with IgG1 Fc molecular weight (~50 kDa). The E382S
and E382A variants were homogenous following this purification; the E382R variant contained
additional contaminating bands at ~150 and ~300 kDa. This Fc variant was therefore purified further

using SEC (over a HiLoad® 16/600 Superdex 200 pg column), in order to remove these impurities.
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aQ His-trap purification of IdeS*** b Protein A purification of [1Zg383R
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Figure 29: Purification of truncated IdeS®®** and IgG1 Fc"*¥**5A_ a SDS-PAGE gel of fractions
eluted from nickel affinity purification of IdeS“***. Truncated IdeS“*** is overexpressed and present
as a dominant band at ~35 kDa. Fractions were collected at 20 mM, 40 mM, 80 mM, 100 mM, 200
mM and 300 mM imidazole. The 80 mM, 100 mM and 200 mM fractions only were pooled for
further purification. The lane marked by a red cross had overspilled from another lane and should be
ignored. b SDS-PAGE of eluted IgG1 Fc®***5 antibodies from Protein A purification. Each Fc is
present as a dominant band at ~50 kDa. All Fcs were taken forward for further purification.

As judged by the SDS-PAGE in Figure 29a, the 80 mM, 100 mM and 200 mM fractions from
truncated 1deS“*** nickel affinity purification were taken forward for SEC purification (using a
HiLoad® 16/600 Superdex 75 pg column). Each run produced a main peak eluting at ~96 mL (Figure
30a). T21 and T22 fractions (corresponding to 93.2-96.7 mL and 96.7-100.2 mL, respectively) were
concentrated separately and subjected to SDS-PAGE analysis, which revealed that the majority of
impurities had been removed (Figure 30b). The 100 mM and 200 mM fractions were pooled prior

to subsequent purification.
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a SEC purification of IdeS®**A
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Figure 30: SEC purification of truncated IdeS“***. a Individual SEC purifications of IdeS®***
fractions from nickel affinity purification (80, 100 and 200 mM). Fractions corresponding to the main
peak (T21 and T22 for each SEC run) were concentrated separately. b SDS-PAGE analysis of main
peak fractions from each SEC run in a. Each lane contains a dominant band consistent with the
molecular weight for truncated 1deS“*** (~35 kDa).

The ability of IdeS to form stable complexes with IgG1 Fc was subsequently investigated using
analytical SEC (Figure 31a). Purified IdeS, IgG1 Fcs and their complexes were passed through the
same HiLoad® 16/600 Superdex 200 pg column, at 1 mL/min, equilibrated in 10 mM HEPES, 150
mM KCI (pH 8.0). As expected, IdeS eluted at a later time point (~99 mL) compared to the three
IgG1 Fes (95.95 mL, 96.53 mL and 95.87 mL for E382R, E382S and E382A variants, respectively).
IdeS was subsequently combined with each of the IgG1 Fc variants in a 1:1 molar ratio and applied
to the column again. Each of the IdeS-IgG1 Fc complexes eluted earlier than the Fc on its own (at
92.87 mL, 92.53 mL and 92.42 mL for complexes with Fc variants E382R, E382S and E382A,
respectively; Figure 31a), indicating the presence of a heavier molecular weight species. Each of the
complexes eluted as a single peak with a slight shoulder on the right-hand side, indicating either

lower molecular weight impurities or some complex dissociation.
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Figure 31: Purification of truncated IdeS“***-IgG1 Fc™*®%* complexes. a Analytical SEC of

C94A C94A
IdeS  -IgGl FcP¥RSA complexes. IdeS and Fcs containing E382R, E382S and E382A
substitutions were first applied to a HiLoad® 16/600 Superdex 200 pg column, then complexes were
combined in a 1:1 molar ratio and applied to the column again. b SDS-PAGE of the main peak and
tail fractions following purification of each complex. Main peaks for each complex contain dominant

C94A . .
bands for IgG1 FcB82R5A (=50 kDa) and IdeS (~35 kDa). Main peak fractions only were taken
forward for crystallisation.

Fractions corresponding to the main and “tail” peaks of each complex were concentrated separately
and analysed using SDS-PAGE. The tail peaks each contained dominant bands consistent with the
molecular weights of IdeS and IgG1 Fc, with small amounts of lower molecular weight impurities.
Main peaks of each complex were judged pure as no contaminating bands could be observed, with
the exception of a faint band at ~150 kDa in the IdeS-IgG1 Fc®*® complex (Figure 31b). Fractions

corresponding to the main peak of each complex only were taken forward for crystallisation.

4.1.2 Imlifidase“®**-IgG1 Fc complexes

Following successful expression, purification and crystallisation of IdeS in complex with IgG1 Fc,
additional related targets were identified. One such target was the clinically-approved variant of IdeS,
named Imlifidase (brand name Idefirix®). This variant originates from the Mac-1 isoform of IdeS,
which partially differs in sequence from the IdeS construct purified in the previous section (see
chapter 1, section 1.3.1 and Figure 45 within this chapter) [236]. The two variants have identical
catalytic activity against IgG [237], thus the mechanism for binding IgG Fc is likely to be conserved.
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However, a crystal structure of the Imlifidase-IgG1 Fc complex was pursued, in order to obtain

structural information about the clinically-relevant IdeS variant.

A truncated variant of Imlifidase was expressed and purified as described in sections 2.2.2 and 2.3.2,
with the inclusion of a C94 A exchange to abolish catalytic activity. SDS-PAGE analysis of the eluted
fractions from nickel affinity purification is shown in Figure 32a. A band consistent with the

molecular weight of truncated Imlifidase“***

(~34 kDa) was present in all fractions; however, fewer
contaminating bands were observed in the 80 mM 100 mM and 200 mM fractions (Figure 32a).
These fractions were therefore taken forward for further purification; the 100 mM and 200 mM
fractions were combined prior to SEC purification, due to low protein concentrations present within

these fractions.

aQ SDS-PAGE of truncated b SEC of truncated Imlifidase®A
Imlifidase“®** His-trap fractions
[Imidazole] (mM) 80 mM fraction
200 40 80 100 200 300
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250
200 -
150 3
£
100 100 -
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37 80 100+200 mM fractions
60
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2
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0 1 1 1 1
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Figure 32: Purification of truncated Imlifidase“***. a SDS-PAGE of fractions from nickel affinity
purification of Imlifidase, corresponding to elution at 20 mM, 40 mM, 80 mM, 100 mM and 200 mM
imidazole. A dominant band consistent with the molecular weight of truncated Imlifidase“*** (~34
kDa) is present within the 80 mM, 100 mM and 200 mM fractions. b SEC purification of the 80 mM
fraction, and 100 + 200 mM fractions, of truncated Imlifidase“**, using a HiLoad® 16/600 Superdex
75 pg column.

Figure 32b shows SEC purification of the 80 mM truncated Imlifidase“***, and that of the pooled
100 mM and 200 mM fractions. Both samples resulted in a main peak eluting at ~95 mL. SEC of the
100 + 200 mM fraction produced a peak with relatively low mAU (~70), which additionally

contained heavier molecular weight impurities or aggregation, as evidenced by a shoulder on the left-
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hand side of the peak. In contrast, SEC of the 80 mM fraction produced a single peak only, with an
approximately 4-fold increase in mAU (Figure 32b). Therefore, protein from this SEC run only
was taken forward for further experiments. Fractions corresponding to the main peak only were

pooled.

C94A was subsequently combined in a 1:1 molar ratio with the panel of “less-

Truncated Imlifidase
crystallisable” IgG1 Fc variants (purified as described in section 2.3.1). Complexes were purified
using the same method as the truncated IdeS“***-IgG1 Fc complexes (described in section 2.4.1).
Each complex was applied to a HiLoad® 16/600 Superdex 200 pg column for additional purification,

and eluted as a single peak at ~95 mL (Figure 33a). Elution volumes cannot be compared to that of

C94A

apo truncated Imlifidase (detailed in Figure 32), however, due to use of different types of

filtration columns utilised during these purifications.
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Figure 33: Purification of truncated Imlifidase“***-IgG1 Fc complexes. a SEC purification of
complexes over a HiLoad® 16/600 Superdex 200 pg column. Fractions corresponding to the main
peak of each complex were pooled for crystallisation. b SDS-PAGE of the purified complexes.
Within the sample of each complex, dominant bands consistent with the molecular weights of
truncated Imlifidase (~34 kDa) and IgG1 Fc (~50 kDa) are present. N.B. gel picture is missing the
250 kDa band in the protein ladder due to an error; no additional bands were present on the gel above
this point.
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SDS-PAGE analysis revealed that each of the complexes had been purified to homogeneity: within
each sample, dominant bands are present which are consistent with the molecular weights of
truncated Imlifidase (~34 kDa) and IgG1l Fc (~50 kDa) (Figure 33b). Samples for each of the

Imlifidase-IgG1 Fc complexes were therefore taken forward for crystallisation experiments.

4.1.3 IdeS“***-asymmetric IgG1 Fc complex

IdeS cleaves each IgG Fc chain in two distinct reactions, in which the second chain is cleaved ~100-
fold more slowly, as reported by Vindebro et al. [239]. In order to investigate the structural basis of
how IdeS cleaves the second Fc chain, an “asymmetric IgG1 Fc” construct was designed to mimic
an Fc that has been cleaved by IdeS on a single chain. As detailed in section 2.1.1.2, this asymmetric
Fc was comprised of one “long” strand containing “knob” amino acid exchanges, and one “short”
strand (starting with amino acid G237) containing “hole” amino acid exchanges [312]. Such knob
and hole variants were included in order to encourage a stable complex forming between these
distinct Fc chains, and discourage the formation of “knob-knob” or “hole-hole” Fc homodimers.

E382R substitutions were also included to reduce Fc self-crystallisation.

The asymmetric Fc was expressed in HEK293-F cells and purified using Protein A affinity
purification, followed by SEC purification (sections 2.2.1 and 2.3.1). Asymmetric Fc eluted from the
SEC column as a single peak at ~77 mL, indicating that a stable species had formed. An “uncleaved”
control “knob-hole” construct (i.e., both Fc chains start with amino acid 221, see section 2.1.1.2 for
details) eluted slightly earlier, at ~76 mL, and as a single peak, indicating that this Fc heterodimer
had also formed correctly (Figure 34a). SDS-PAGE analysis showed that, compared to the
“uncleaved” Fc construct, the asymmetric Fc ran slightly further on the gel, consistent with a
molecular weight reduction of ~0.7 kDa (achieved from IdeS cleavage of one chain of construct 1;

Figure 34b).
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Figure 34: Purification of knob-hole (KH) IgG1 Fc* R constructs. a SEC purification of Fc
constructs using a HiLoad® 16/600 Superdex 200 pg column. N.B. mAU was not zeroed correctly
prior to purification of the “long” knob-hole Fc, therefore the baseline is lower than zero. b SDS-
PAGE analysis of purified Fc constructs. Each Fc contains a dominant band at the approximate
molecular weight (~49 kDa for the “long” Fc; ~48 kDa for the asymmetric Fc).

SC94A C94A

Following this purification, the asymmetric Fc was combined with Ide and Imlifidase
(purified using identical methods as described in section 2.3.2) in a 1:1 molar ratio and purified again
using SEC (Figure 35). Each complex eluted as a single peak only, at ~99 mL (Figure 35a). SDS-
PAGE analysis showed that each complex contained a dominant band consistent with the molecular
weight of the asymmetric Fc (~48 kDa) and that of truncated IdeS/Imlifidase (~35 kDa and ~34 kDa,
respectively). The asymmetric Fc-Imlifidase complex still contained a small amount of lower

molecular weight impurities, however (Figure 35b).
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Figure 35: Purification of asymmetric IgG1 Fc complexes. a Asymmetric IgG1 Fc and
truncated 1deS“**/imlifidase“** were combined in a 1:1 molar ratio and purified using SEC,
yielding a single peak for each complex. N.B. mAU was not zeroed correctly prior to purification of
the asymmetric Fc-IdeS complex, therefore the baseline is lower than zero. b SDS-PAGE. Lanes
comprise, from left to right: “long” knob-hole IgG1 Fc¥*® asymmetric IgG1 Fc™®*®, truncated
1deS*4, truncated Imlifidase“***, asymmetric Fc-IdeS complex, asymmetric Fe-Imlifidase complex.
N.B. lanes 1 and 2 in Figure 34 show the same SDS-PAGE gel as included here.

For each complex, fractions corresponding to the main peak were pooled and taken forward for

crystallisation.

4.1.4 IdeS“*** in complex with IgG2, IgG3 and IgG4 Fc

Along with IgG1, IdeS additionally cleaves IgG2, IgG3 and IgG4 antibodies [6]. The various IgG
subclasses are similar in sequence (as discussed in section 1.1.2), but contain some notable
differences, such as the length and disulphide patterning in the hinge region [24]. Compared to the
other IgG subclasses, [gG2 antibodies contain a distinct sequence of P-VAGPS within the lower
hinge (compared to ELLGGPS in IgG1; see Figure 3), and thus does not possess the G236—G237
motif cleaved by IdeS, which likely explains the decreased binding affinity of IdeS to this isotype
[6]. In order to elucidate the structural basis behind the ability of IdeS to cleave 1gG2, IgG3 and 1gG4
antibodies, variants of these antibody Fc regions were designed (detailed in section 2.1.1.3), with the

inclusion of E382R substitutions to reduce preferential Fc self-crystallisation.

IgG2 Fc™*R 1gG3 Fc™™® and IgG4 Fc™**® fragments were expressed and purified as described in
section 2.2.1 and 2.3.1. Unfortunately, expression yields for these constructs were relatively poor,

and so SEC purification was not carried out, in order to retain enough protein for crystallisation
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experiments. Truncated IdeS“***

was expressed and purified (as described in sections 2.2.2 and 2.3.2)
and then combined with each of the IgG Fc fragments in a 1:1 molar ratio. SDS-PAGE analysis of
these complexes revealed the presence of dominant bands consistent with the molecular weights of
IgG Fc (~50 kDa) and truncated IdeS“** (~35 kDa) within each sample (Figure 36). However, the
IgG2 Fc-IdeS complex contained some faint bands for heavier molecular weight impurities or
aggregation, and the [gG4 Fc-IdeS contained an additional band at approximately 30 kDa (Figure

36).

SDS-PAGE of truncated IdeS®*A-
IgG FcE382R complexes
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Figure 36: SDS-PAGE of truncated IdeS“***-IgG Fc™*?® complexes. Truncated 1deS®** was
combined in a 1:1 molar ratio with IgG2 Fc™*® (2), 1gG3 Fc™**® (3) and 1gG4 Fc™**® (4) and
subsequently analysed by SDS-PAGE. Truncated IdeS“** alone was analysed also as a control.
Complexes contain dominant bands consistent with the molecular weights of IgG Fc (~50 kDa) and
truncated IdeS (~35 kDa).

Despite small amounts of contamination in these samples, each of the complexes was deemed largely

pure, and so samples were taken forward for crystallisation experiments.

4.2 Crystallisation of IdeS-IgG1 Fc complexes

The panel of “less-crystallisable” IgG1 Fcs described in chapter 3 were used to attempt crystallisation
of the truncated IdeS“***-IgG Fc complex. Following successful crystallisation of this complex, the
strategy of rendering IgG Fc less crystallisable with substitution of amino acid E382 was applied to
a broader range of IgG antibodies also cleaved by IdeS, and crystallisation of these complexes was

attempted also. All crystals were grown at 21 °C.
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4.2.1 IdeS“***-1gG1 Fc complex

Truncated IdeS“***-IgG1 Fc complexes were purified as described in section 2.4.1. Initial
crystallisation trials yielded crystal hits in several conditions across the JCSG-plus™ and Morpheus
screens (Figure 37). The crystals were vitrified and stored in liquid nitrogen prior to data collection,
which was carried out on beamline ID30A-3 at the ESRF (Grenoble, France). Parameters used for

data collection are detailed in Table 6 (section 2.7.1).

IdeS *\-1gG1 Fc®82" IdeS*-1gG1 Fc®92 IdeS **-1gG1 Fc&82A

-

Figure 37: Crystallisation of truncated IdeS“***-IgG1 Fc complexes. Examples of crystals grown
for each complex are pictured: IdeS®**-IgG1 Fc™*® (a, Morpheus F9; b, Morpheus D9); IdeS“**-
IgG1 Fc™%5 (¢, JCSG-plus™ C2; d, Morpheus H9); 1deS“**A-IgG1 Fc™*** (e, Morpheus F9; f,
Morpheus G8). All crystals were grown by sitting-drop vapour diffusion, at 21 °C.

Crystals grown in condition F9 from the Morpheus crystallisation screen (Figure 37e) diffracted to
~2.3 A. Two datasets were collected from the same crystal and merged together using xia2.multiplex
[318] in order to improve the completeness in the highest resolution shell. This merged dataset was
scaled in space group C121 and truncated to a final resolution of 2.34 A, to yield a CChar value of
>0.3 [388, 389] for the highest resolution shell. Data collection statistics for this complex are detailed
in Table 13 below.
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Table 13: Crystallographic data collection statistics for truncated IdeS“***-IgG1 Fc™%*4

complex.

Data Collection

Truncated IdeS“***-IgG1 Fc™%*4

Beamline

ID30A-3 (ESRF)

Resolution range (A)

48.53-2.34 (2.38-2.34)°

Space group

c121

Unit cell dimensions:

a b, c(A) 217.56, 108.45, 63.05
a, B,y (°) 90.00, 90.06, 90.00
Wavelength (A) 0.9677

Unique reflections

60351 (3005)

Completeness (%)

97.7 (98.8)

Rinerge 0.229 (0.877)
Rineas 0.225 (0.978)
Rpim 0.112 (0.426)
1/o(]) 5.3(1.0)
Multiplicity 4.96 (4.98)
CChart 0.954 (0.335)
Wilson B factor (A?) 34.8

“Values for the highest resolution shell are shown in parentheses.

The structure of IdeS“**-IgG1 Fc™** was solved by molecular replacement. Two rounds of

molecular replacement were required: firstly, the enzyme was fitted into the density using a search

model for wild-type IdeS (PDB 1Y08). This solution was used as a fixed model for a second round

of molecular replacement, in which a model of wild-type IgG1 Fc (PDB 3AVE) was searched for.

The presence of twinning was detected in the data by an improved Rf.. upon refinement in Refmac5

with the option for twinning enabled (compared to an equivalent refinement job with default
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parameters) [322]. Subsequent analysis of the data intensity statistics using phenix.xtriage within the

PHENIX software suite [396] also indicated the presence of twinning (see Appendix E).

The twin fraction converged to 0.493 for operator -4, -k, [ during refinement, which shows an almost
perfect twin. Therefore, the potential for model bias is much greater, and care needs to be taken in
analysing fine details of the structure. Automatically-defined NCS restraints were used during
refinement, which also resulted in lower R factors. Final refinement statistics are detailed in Table

14.

Table 14: Crystallographic refinement statistics for IdeS“**-IgG1 Fc"™*?* complex.

Refinement IdeS®**A-IgG1 FcF¥%24
Number of reflections (all/free) 60350/3049

Rwork (%) 18.2

Riree (%) 20.6

Twinning fraction 0.507 for h,k,1

0.493 for -h,-k,1

RMSD":

Bonds (A) 0.0079
Angles (°) 1.36
Molecules per ASU? 2
Atoms per ASU? 6,185
Average B factors (A?)

(protein/ligand/water)
(38.48/45.71/38.81)

Model quality (Ramachandran plot):

Most favoured region (%) 96.95
Allowed region (%) 2.77
Outliers (%) 0.28, 0.1%*

RMSD, root-mean-squared deviation
2 ASU, asymmetric unit
*as calculated within the full wwPDB X-ray Structure Validation Report
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The final model is of good quality, with an Rg.. of 20.6 % and only a single Ramachandran outlier,
as calculated within the wwPDB X-ray Structure Validation Report. As discussed in section 4.3, this
outlier is believed to be “true”, as it arises from a distortion in the IgG hinge backbone at the scissile
peptide bond (i.e., where the enzyme would cleave IgG if it were active). A B factor distribution
reveals that the structure is generally well-ordered, with relatively higher B factors in the Fc Cy2
domain bound by the enzyme (Figure 38), which is also discussed in section 4.3. The crystal
structure reveals how the enzyme binds over this chain of the Fc, in order to encase the lower hinge
region in a cavity containing the active site residues. The presence of the IgG hinge at this site is
validated with clear electron density in this region (Figure 38), shown by the final density map and
a polder omit map (calculated using phenix.polder module in the PHENILX software suite [396, 397]).
This structure has been deposited within the PDB with code 8 A47.

a B factor distribution b Electron density maps for IgG1 hinge

B factor (A?)
2F ops~Fcaic density map

Figure 38: Analysis of IdeS®**-IgG1 Fc™** structure. a Distribution of average B factors per
residue for IdeS“**-IgG1 Fc™*** complex. b Final 2Fps—Faic electron density map (blue, contoured
at 1.5 o), and polder map calculated in PHENIX [396, 397] (teal, contoured at 3 o) for the IgGl
Fc™%4 hinge region (residues 231-239 in chain A) bound within the IdeS“*** active site. The IgG1
Fc™%4 hinge peptide is depicted as sticks and coloured silver, with oxygen atoms coloured red and
nitrogen atoms coloured blue.

A full analysis of this crystal structure is included within section 4.3.

4.2.2 Imlifidase“***-IgG1 Fc complexes

Complexes of truncated Imlifidase“***-IgG1 Fc were expressed and purified as detailed in section
4.1.2. Unfortunately, no crystals large enough for data collection were obtained from crystallisation

experiments using JCSG-plus™ or Morpheus crystallisation screens.
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4.2.3 IdeS“***-asymmetric IgG1 Fc™**® complex

Complexes of the asymmetric IgGl Fc™®®

(i.e., cleaved by IdeS on one chain) with truncated
IdeS“*** and truncated Imlifidase“*** were expressed and purified as described in section 4.1.3. Some
small, fragile crystals of the IdeS-asymmetric Fc complex grew in a few different conditions (Figure
39) from the JCSG-plus™ and Morpheus crystallisation screens. Most of these crystals were
unsuitable for data collection due to their small size. An optimisation screen was also designed based
on condition b from Figure 39 (see Appendix D), in order to try and improve the crystals grown in

this condition; however, the crystals grown in the initial screening could not be reproduced.

E382R

IdeS®***-asymmetric IgG1 Fc

C94A E382R
S .

Figure 39: Crystallisation of truncated Ide in complex with asymmetric IgG1 Fc
Crystals were grown in condition A5 from the Morpheus crystallisation screen (a) and conditions
G4, G5 and A9 from the JCSG-plus™ screen (b, ¢ and d, respectively).
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Crystals grown from condition ¢ in Figure 39 (from subsequent purifications) were harvested and

taken for data collection on beamline 104 at Diamond Light Source. Data collection was carried out

using parameters detailed in Table 15.

Table 15: Data collection parameters for X-ray diffraction of truncated IdeS“***-asymmetric

IgG1 Fc™*® complex.

E382R

Parameter Truncated IdeS“***-asymmetric IgG1 Fc complex
Beamline 104 (DLS)

Wavelength (A) 0.9795

Flux 2.82e+11

Transmission (%) 100

Exposure (s) 0.0137

Beam size (um) 30x20

Oscillation angle (°) 0.1

Number of images 3600

A low-resolution data set (diffraction to ~3.5 A) was obtained from a single crystal. Diffraction

images were processed using DIALS and cut to a final resolution of 3.45 A. The data were scaled in

space group P6,. Data collection statistics for this complex are detailed in Table 16 below.
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Table 16: Crystallographic data collection statistics for truncated IdeS®**-asymmetric IgG1
Fc"¥R complex.

Data Collection Truncated IdeS“***-asymmetric IgG1 Fc"*®

Beamline 104 (DLS)

Resolution range (A) 48.91-3.45 (3.51-3.45)°

Space group Po6,

Unit cell dimensions:

a b, c(A) 97.8,97.8,103.2

a f,y(°) 90, 90, 120

Wavelength (A) 0.9795

Unique reflections 7,459 (358)

Completeness (%) 100 (100)

Rinerge 0.145 (3.661)

Rineas 0.148 (3.749)

Rpim 0.033 (0.806)

1/o(]) 13.5(0.4)

Multiplicity 20.9 (21.6)

CChart 1.000 (0.400)

Wilson B factor (A?) 108.4

“Values for the highest resolution shell are shown in parentheses.

The structure was solved by molecular replacement, using PDB entry 3AVE (wild-type IgG1 Fc) as
a search model. However, it was discovered that the asymmetric Fc has crystallised on its own, and
no density consistent with an additional protein bound was observed. Therefore, no further structure

solution of this dataset was pursued.
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4.2.4 IdeS“*** in complex with IgG2, IgG3 and IgG4 Fc

Complexes of truncated IdeS®** with IgG2 Fc™*?® 1gG3 Fc™*® and 1gG4 Fc™*® were expressed
and purified as detailed in section 4.1.4. Initial crystallisation experiments were carried out using
Morpheus, JCSG-plus™ and Proplex™ screens. Crystals grew in several conditions across these
screens, for the complexes with IgG2 Fc™**® and IgG4 Fc™*?®, as shown in Figure 40. No crystals
were obtained for the complex with IgG3 Fc™*?®, Crystals large enough for data collection were

harvested and taken to Diamond Light Source.

IdeS*-1gG2 Fc82R IdeS*A-1gG4 FcP82R

0.05188 mm
—

Figure 40: Crystals of truncated IdeS®** in complex with IgG2 Fc™**® and IgG4 Fc"%R,
Pictured crystals grew in the following conditions: Proplex™ D11 (a); JCSG-plus™ B2 (b); JCSG-
plus™ A5 (¢); Morpheus B12 (d).

Crystals for the IdeS“***-1gG4 Fc™*® complex typically diffracted to 3.5 A or lower. However, a
2.6 A dataset was obtained from a crystal grown in condition H9 from the Morpheus crystallisation

screen. Additionally, a~2 A dataset was obtained for the IdeS“***-1gG2 Fc™**® crystals, which were
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grown in condition A5 from the JCSG-plus™ screen (Figure 40b). These data were collected on

beamline 103 at Diamond Light Source, using parameters detailed in Table 17.

Table 17: Data collection parameters for X-ray diffraction of truncated IdeS“*** in complex
with IgG4 Fc" ¥R and IgG2 Fc™*%,

Parameter Truncated IdeS“***-IgG4 Fc"*® Truncated IdeS“***-1gG2
complex Fc™*® complex

Beamline 103 (DLS) 103 (DLS)

Wavelength (A) 0.9763 0.9763

Flux 6.51e+11 8.84e+11

Transmission (%) 10 10

Exposure (s) 0.0091 0.0070

Beam size (um) 80x20 80x20

Oscillation angle (°) |0.1 0.1

Number of images 3600 3600

For the 1deS®**-1gG4 Fc**® complex, merged reflections were downloaded from the xia2/DIALS
automatic processing pipeline [315, 316] were downloaded and used for structure solution. The data
were scaled in space group P6; and truncated to a resolution of 2.6 A. Diffraction images from the
IdeS“***-1gG2 Fc™*® complex were processed using DIALS and also scaled in space group P6;.
This dataset was truncated to a resolution of 1.95 A. Data collection statistics for both datasets are

detailed in Table 18 below.
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Table 18: Crystallographic data collection statistics for truncated IdeS“***-IgG4 Fc"***® and -

IgG2 Fc™*® complexes.

Data Collection

Truncated IdeS“***-IgG4 Fc"¥®

Truncated IdeS“***-IgG2 Fc"¥®

Beamline

103 (DLS)

103 (DLS)

Resolution range (A)

69.53-2.60 (2.65-2.60)

49.12-1.95 (1.98-1.95)°

Space group

P6,

P6,

Unit cell dimensions:

a, b, c(A) 109.8, 109.8, 101.9 98.2, 98.2, 100.6
@ B, 7(°) 90, 90, 120 90, 90, 120
Wavelength (A) 0.9763 0.9763

Unique reflections

21,510 (1049)

40,041 (1922)

Completeness (%) 100 (100) 99.7 (96.7)
Rinerge 0.080 (4.402) 0.136 (1.707)
Rineas 0.082 (4.507) 0.140 (1.796)
Rpim 0.018 (0.966) 0.031 (0.545)
1/o(]) 22.0(0.3) 10.8 (0.4)
Multiplicity 21.0 (21.6) 19.0 (10.5)
CCrar 1.000 (0.252) 0.998 (0.801)
Wilson B factor (A%)  [87.05 31.58

“Values for the highest resolution shell are shown in parentheses.

The structures were solved by molecular replacement, using PDB entries 4C54 (human [gG4 Fc) and
4HAG (human IgG2 Fc) as search models. However, the structures revealed that each of the
antibodies had crystallised on their own (i.e., not in complex with the enzyme). Structure solution
was therefore not pursued to completion; however, crystal packing interactions were analysed in

order to determine amino acids involved in Fc self-crystallisation.
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IgG2 FcE382R

Interface analysis revealed that the majority of crystal packing interactions within the P6, cell occur
between one Fc molecule and a symmetry-related molecule at (x—y+1, x+1, z+1/6). The interface
has a total surface area of 1071.8 A%, as identified by PDBePISA [85]. This analysis revealed that
the exchanged R382 in IgG2 Fc™*® is involved in the crystal contacts at this interface, in both Fc
chains. Figure 41 shows the packing interactions present at this interface: in one Fc molecule, R382
forms interactions with the backbone and side chain of H433. R382 in the second Fc molecule
interacts with the backbone of Y436 and N434. The nearby residue E380 also interacts with N434
(Figure 41Db).

aQ 1gG2 FcB382R crystal packin b cCrystal contacts
g g

Molecule 1 Molecule 2
X, ¥, 2 g5 X-y+1, x+1,

R382

Figure 41: Analysis of crystal packing interactions within IgG2 Fc®***® structure solved in P6;.

a Crystal packing between molecule 1 (at X, y, z) and a symmetry-related molecule (at x—y+1, x+1,
z+1/6) within the crystal. b Interactions present within the packing interface between these two
molecules. Exchanged amino acid R382 (E382 in the wild-type protein) forms several interactions
at this interface. Hydrogen bonds are depicted as yellow dashed lines.

This analysis indicates that R382 and E380 side chains could be modified, such as to an alanine, in
order to render the Fc less crystallisable, which could be utilised in future attempts to crystallise the

IgG2 Fc complexes.

IgG4 FcP#2R

E382R

Interface analysis of the IgG4 Fc crystal in P6; revealed the largest crystal packing interface to
be between a molecule at (X, y, z) and a symmetry-related molecule at (x—y, x, z+1/6). This interface
has an interface of 995.9 A2, as identified by PDBePISA [85]. As also observed for the IgG2 FcF%*®
crystal, R382 and E380 side chains are involved in the crystal packing interactions at this interface.
As depicted in Figure 42, R382 on one chain forms hydrogen bonds with the backbone of N434 and
Y436, while that of the other chain forms hydrogen bonds with the H433 and Y436 backbone. E380
on both Fc chains forms a hydrogen bond with N434 side chain and a salt bridge with the H433 side

chain.
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a IgG4 FcF382R crystal packing b Crystal contacts
Molecule 1 Molecule 2 NaB4
X, ¥, Z 7 ? \,4,77 x-y, X, z+1/6 N434 T HABS

o\

Figure 42: Analysis of crystal packing interactions within IgG4 Fc™*?® structure solved in P6;.

a Crystal packing between molecule 1 (at x, y, z) and a symmetry-related molecule (at x—y, X, z+1/6)
within the crystal. b Interactions formed by E380 and exchanged side chain R382 within the packing
interface between these two molecules. Hydrogen bonds are depicted as yellow dashed lines.

As for the 1gG2 Fc®*® crystal, the exchange of amino acid E382 to an arginine has likely not
significantly hindered crystal packing. Therefore, future attempts to crystallise IgG4 Fc in complex
with another protein could instead be attempted with a construct utilising E380A and/or E382A

exchanges, in order to prevent the crystal packing interactions observed here.

4.3 Structural basis of IgG1 Fc recognition by IdeS

Prior to the start of this project, several crystal structures of wild-type and inactive IdeS had been
solved [246, 247]. The enzyme was known to be highly efficient and highly specific for IgG [6, 244];
however, it was largely unknown exactly how IdeS is able to recognise its sole substrate. This section

describes the analysis of the inactive IdeS-IgG1 Fc crystal structure.

Electron density resolves amino acids 43—339 in IdeS, as well as 229445 and 230444 for chains A
and B in IgG1 Fc, respectively. Density is also observed for seven/eight monosaccharide residues at
the N-linked glycosylation site (at N297) on Fc chains A and B, comprising a fucosylated biantennary
glycan with a single B-1,2-linked GIcNAc on the mannose 6-arm (chain A) and the equivalent glycan
with terminal B-1,2-linked GlcNAc on both arms (chain B). The final structure was refined to 2.34
A (Table 14, section 4.2.1) and is depicted in Figure 43.
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Overlay of A94

‘ models: p
| Y08 M L

| 2401 H264 Qg o
A 2AvW D ™
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Figure 43: Crystal structure of IdeS“***-IgG1 Fc***** complex. a Overall structure of complex,
with 1deS®** shown as a surface and IgG1 Fc™** shown as a cartoon. N-linked glycans and the
IgG1 Fc™** hinge peptide in the focused panel are shown as sticks and coloured by heteroatom
(oxygen, red; nitrogen, blue; sulphur, yellow). b Superposition of complexed IdeS“*** with three
published apo structures of IdeS (PDB codes 1Y08, 2AU1 and 2AVW, coloured in red, orange and
yellow, respectively) and focused view of the prosegment binding loop. ¢ Binding of IgG1 Fc®%*4
hinge peptide within the IdeS®** active site. Fc®*** peptide and 1deS“*** active site residues are
depicted as sticks and coloured by heteroatom; catalytic triad residues are coloured purple. The
scissile peptide bond is coloured in cyan; hydrogen bonds are depicted as green dashes. The final
2F obs—Feale electron density map corresponding to the Fc¥¥** peptide is shown (contoured at 1.5 o).
a, b, ¢ IdeS“*** is coloured blue; IgG1 Fc™®** is coloured in silver.

The crystal structure shows asymmetric binding of IdeS across the Cy2 domains of the Fc and its
lower hinge region (Figure 43a). It appears that the upper hinge region of IgG and its Fab regions
do not contribute significantly to complex formation, as indicated with the lack of electron density
for the hinge above residues 229/230 (in Fc chains A and B, respectively), and reported cleavage of
both full-length IgG and its Fc fragment by IdeS [244]. However, it cannot be formally excluded

from this crystal structure alone that there is some interaction of IdeS with the IgG Fab regions.
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The 1:1 stoichiometry observed in the crystal structure is consistent with previous kinetic analyses
[239] showing that IdeS functions predominantly in a monomeric form. The enzyme appears to
clamp down over the lower hinge region of one Fc chain (Figure 43a), creating a cavity in which
the catalytic residues are brought into close proximity with the cleavage site. Binding of the enzyme
to the Fc appears to displace the two Cy2 domains slightly, as shown by superposition with a structure
of wild-type IgG1 Fc (PDB code 3AVE) (Figure 44b). Residues within the Cy2 domain in chain A
have higher B factors compared to the rest of the complex (Figure 44a), which could indicate that

binding of IdeS pulls this domain away slightly from the rest of the antibody.

a B factor distribution by residue b Overlay of apo/complexed IgG1 Fc

B factor (R?) W Apo Fc

[ (PDB 3AVE)
1 Fc complexed
with IdeS

Figure 44: Analysis of IdeS“***-1gG1 Fc™*?* crystal structure. a Distribution of average B factors
per residue for IdeS“**-IgG1 Fc¥*** complex. b Superposition of complexed IgG1 Fc™** (depicted
in silver) with wild-type, apo IgG1 Fc (PDB code 3AVE; depicted in dark grey).

Role of prosegment binding loop in IdeS-Fc complex

IdeS crystallised in complex with IgG1 Fc here is the Mac-2 variant, and thus deviates in sequence
from the three published apo structures of IdeS (all of which are the Mac-1 variant; Figure 45).

Despite this, a structural alignment shows very few deviations (Figure 43b).
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50 60 70 80 20 100
IdeS-Fec SEVIPYHVISVWIKGVTPPAKFTQGEDVFHAPYVANQGWYDITKTFNGKDDLLA[GAATAGN
1Y08 |SEVIPYHVTSVWTKGVTPPANFTQGEDVFHAPYVANQGWYDITKTFNGKDDLLSGAATAGN

A
S
2001 |....... VISVWTKGVTPPANFTQGEDVFHAPYVANQGWYDITKTFNGKDDLLCGAATAGN
2A/VW [SEVIPYHVTSVWTKGVTPPANFTQGEDVFHAPYVANQGWYDITKTEFNGKDDLLAGAATAGN

119 12? 139 14? 159 169
IdeS-Fc MLEWWFDQONVEKIEAYLEKHPDKQRKIVNFGDQELLDVREVINTKGDQTNSELF NYFRDKAFP
1Y08 MLHWWFDQNKDQIKRYLEEHPEKQKINFNGEQMFDVKEAIDTKNHQLDSKLFEYFKEKAFP
2AU1 MLHWWFDQONKDQIKRYLEEHPEKQKINFNGEQMFDVKEAIDTKNHQLDSKLFEYFKEKAFP
2AVVW MLHWWFDQNKDQIKRYLEEHPEKQKINFNGEQMFDVKEAIDTKNHQLDSKLFEYFKEKAFP

170 180 190 200 210 220

IdeS-Fe CLSARRIGVVMPDLVLDMFINGY LNVYKTQTTDVURT Y/OEKDRRGGIFDAVFTRGDQSKLL
iY08 YLSTKHLGVFPDHVIDMFINGYRLSLTNHGPTPVKEGS|. .KDPRGGIFDAVFTRGDQSKLL
2AUdl YLSTKHLGVFPDHVIDMFINGYRLSLTNHGPTPVKEGS|. .KDPRGGIFDAVFTRGDQSKLL
2AWVW YLSTKHLGVFPDHVIDMFINGYRLSLTNHGPTPVEKEGS|. .KDPRGGIFDAVFTRGDOSKLL

230 240 250 260 270 280

IdeS-Fc TSREDFKEKTLKEISDLIKKELTEGKALGLSHTYANVRINHVINLWGADFDSNGNLEAIYV
1Y08 TSRHDFKEKNLKEISDLIKKELTEGKALGLSHTYANVRINHVINLWGADFDSNGNLKAIYV
2AU1l TSRHDFKEKNLKEISDLIKKELTEGKALGLSHTYANVRINHVINLWGADFDSNGNLKAIYV
2AVYW TSRHDFKEKNLKEISDLIKKELTEGKALGLSHTYANVRINHVINLWGADFDSNGNLKAIYV

290 300 310 320 330

IdeS-Fc TDSDSNASIGMKKYFVGVNSAGKVAISAKEIKEDNIGAQVLGLFTLSTGQODSWNOQ. .
1Y08 TDSDSNASIGMKKYFVGVNSAGKVAISAKEIKEDNIGAQVLGLFTLSTGQDSWNQTMN
2AU1 TDSDSNASIGMKKYFVGVNSAGKVAISAKEIKEDNIGAQVLGLFTLSTGQDSWNQTLN
2AVVW TDSDSNASIGMKKYFVGVNSAGKVAISAKEIKEDNIGAQVLGLFTLSTGQDSWNQTN

Figure 45: Multiple sequence alignment of complexed IdeS“*** vs published apo IdeS
structures (PDB codes 1Y08, 2AU1 and 2AVW; all Mac-1 variants). Alignment was generated
in Clustal Omega [35] and depicted using ESPript 3.0 [311]. Conserved residues are coloured blue;
catalytic triad residues are highlighted in purple; similar residues are shown in black font; residues
with differing chemical properties are coloured in pink font. Numbering is shown for the complexed
form of IdeS“** (Mac-2).

Complexed IdeS contains ten a-helices and twelve B-strands, as calculated by DSSP [398, 399]
(Figure 46). Inspection of the structural superposition reveals that the loop located between [-strands
seven and eight is modelled in distinct conformations for each of the apo structures [246] and is not
included within 1Y08 [247] (Figure 43b), signifying its inherent flexibility in the apo form. This
loop is equivalent to the “prosegment binding loop” present in other papain superfamily cysteine
proteases; in these enzymes, which are synthesised as inactive zymogens, this loop packs against the
prosegment as a mode of inhibition [400-402]. In complexed IdeS, the loop curls upwards to

accommodate the Fc hinge within the active site cavity (Figure 43a).
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Figure 46: Secondary structure of complexed IdeS<**. IdeS is coloured as a rainbow from the N-
(red) to C-terminus (blue) and labelled with secondary structure, as calculated by DSSP [398, 399].

Alanine substitution variations within this loop were previously found to have little effect on both
IdeS binding to IgG, and its catalytic activity [246]. The IdeS-Fc crystal structure shows, however,
that the majority of interactions present here involve the IdeS backbone, whose conformation won’t
be significantly altered by alanine substitutions. The inability of IdeS to cleave IgG hinge-mimicking
peptides [244] also indicates an occlusion of the active site in the absence of substrate, especially
given the strong potential of hydrogen bonding and hydrophobic interactions observed at the Fc hinge
(discussed in the following section). It is possible that a conformational change in the active site
could occur upon Fc binding; however, superposition of wild-type IdeS (PDB code 2AU1) with the
complexed enzyme shows the catalytic triad residues in very similar conformations, although this
cannot be ruled out given the sequence diversity present (Figure 47). Moreover, IdeS®** has been
shown to retain antibody binding and inhibit IgG-mediated phagocytosis at levels comparable to the
wild-type enzyme [236], suggesting that the inactive enzyme retains antibody binding. Therefore,

the likely role of this loop is mediation of substrate access to the active site.
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SC94A

Figure 47: Superposition of catalytic residues of complexed Ide vs apo wild-type IdeS.
IgG1 Fc™** is coloured silver; N-linked glycans and residues in zoom panel are coloured by
heteroatom (oxygen, red; nitrogen, blue). IdeS“*** is coloured blue, catalytic residues in zoom panel
are coloured purple. Wild-type IdeS (PDB 2AU1) is coloured orange.

Interaction of IgG1 Fc hinge at IdeS active site

Clear density is observed for the IgG1 Fc hinge region bound within the IdeS active site cavity, in
both the final electron density map (Figure 43c¢) and a polder map as calculated in PHENIX [396,
397] (Figure 38b). The carbonyl oxygen of G236 forms a hydrogen bond with the amide nitrogen
of the catalytic cysteine (exchanged to alanine here) and the side chain of K84, which collectively
form the oxyanion hole, as predicted [246, 247]. Binding of the hinge distorts the Fc peptide
backbone at G236 in order to promote scissile bond cleavage (Figure 43c); this residue is thus
identified in Molprobity [325] as a Ramachandran outlier. Superposition of wild-type IdeS (PDB
code 2AU1) with the complexed enzyme gives an indication for placement of the catalytic cysteine
side chain (Figure 47): in this conformation, the cysteine sulphur is ideally poised for nucleophilic

attack on the carbonyl carbon within the scissile peptide bond.
Extended exosite binding of IdeS to the Fc Cy2 domains

It has long been suspected that IdeS must recognise its sole substrate IgG with exosite binding [244,
246, 247]. The IdeS-Fc crystal structure now reveals that IdeS binds across both chains of the Fc
region (Figure 48a). Unsurprisingly, the most extensive interface is formed with the Fc chain being
cleaved (annotated as chain A in the crystal structure) (Figure 48b), with an interface area of 1392
A? and a solvation free energy gain upon interface formation of -16.2 kcal/mol, as calculated by
PDBePISA [85]. The interface extends across the entire hinge region (C229-S239; Figure 48b),
with hydrogen bonds formed with the backbone at A231, L234, G236 and G237 and the E233 side
chain, and favourable hydrophobic interactions predicted here (inferred by positive solvation

energies of hinge residues). Within the Fc Cy2 domain, IdeS interacts with residues in proximity of
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the BC loop, which aids in stabilising an “open” conformation of the prosegment binding loop (as

discussed above), and additionally the FG loop (Figure 48b).
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Figure 48: Asymmetric binding interface of IdeS“**-IgG1 Fc™**** complex. a Overall view of

complex depicted as a surface, with IdeS“** coloured blue and IgG1 Fc™*** coloured silver.
Interfaces of IdeS®** with chains A and B of the Fc are coloured indigo and coral, respectively.
Glycans within the Fc have been omitted for clarity. b Interface between IdeS“*** and IgG1 Fc™%*4
chain A, involving the Fc hinge region, BC loop and FG loop. ¢ Interface between IdeS“*** and IgG1
Fc™%4 chain B, involving the hinge region, BC loop and C'E loop. b, ¢ Residues involved in binding
are depicted as sticks and coloured by heteroatom (oxygen, red; nitrogen, blue), with hydrogen bonds
depicted as green dashes.

A secondary interface is formed across the second Fc chain (annotated as chain B in the crystal
structure; Figure 48¢), with an interface area of 804.7 A? and a solvation free energy gain of -7.6
kcal/mol. A smaller proportion of the Fc hinge contributes (A231-G237), but PDBePISA predicts
favourable hydrophobic interactions here, albeit not to the same extent as chain A. Subsequent
recognition of this Fc chain is driven by interactions with the BC loop, and, in contrast to chain A,
the C'E loop containing the N-linked glycan (Figure 48c). PDBePISA additionally predicts a small
number of interactions between the enzyme and the Fc N-linked glycans; the lack of electron density

for any monosaccharides past B-1,2-linked GIcNAc suggests that any further glycan processing
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doesn’t affect complex formation, and that IdeS can accommodate IgG with heterogenous

glycosylation.

Although IdeS interacts with both chains in the Fc hinge simultaneously, following cleavage of the
first chain, the complex would need to dissociate before the second cleavage could occur. This
observation is also evidenced by detection of single-cleaved Fc in enzymatic assays and in clinical
studies [230, 239, 293, 403]. The binding interface is likely altered for single-cleaved Fc and would
likely explain the slower rate of cleavage [230, 231, 239]. It is also interesting to note that, aside
from the hinge region, IdeS binds Fc regions implicit in Fcy-receptor binding, an observation also
inferred by its ability to counteract Fc-mediated effector functions by competitive binding inhibition
[236]. Moreover, IdeS residues interacting with the Fc are largely conserved across the two IdeS
isoforms, and any substitutions are mostly to similar amino acids, which aids in explaining their near

identical activity [237].

4.4 Discussion

The mechanism of action of the streptococcal protease IdeS on human IgG was largely unknown
prior to the start of this project. This chapter details work towards the goal of solving the structure of
this enzyme in complex with IgG, using the panel of “less-crystallisable” IgG1 Fcs described in
chapter 3 to encourage co-crystal growth. A truncated version of the enzyme was designed (lacking
the signal sequence, which is not resolved in IdeS crystal structures), in order to remove any flexible
regions which may inhibit crystallisation. Catalytic activity was abolished by the inclusion of a C94A
amino acid exchange. Following successful crystallisation of one complex, a series of other
constructs were tested, including the clinically-used variant of IdeS (Imlifidase), and additional IgG

substrates cleaved by the enzyme.

All complexes were successfully expressed and purified, as detailed in section 4.1. However, only
the truncated I1deS“***-IgG1 Fc complex was successfully crystallised. Purification of this complex
using SEC resulted in a peak shift relative to the apo enzyme and the Fc, indicating stable complex
formation, and subsequent SDS-PAGE analysis showed how this additional purification removed
some remaining lower molecular weight impurities. As a result, complexes with each of the “less-

crystallisable” Fcs produced crystals in several different conditions.

The Imlifidase-IgG1 Fc complexes were purified to homogeneity as judged by SDS-PAGE.
Although direct analytical SEC was not performed, complexes eluted as a single peak, indicating
stable complex formation. Initial crystallisation attempts did not produce crystals large enough for
data collection, however. Further attempts could utilise crystalline seed stock of the IdeS-IgG1 Fc

complex, now that structure solution has confirmed these crystals are of the protein-protein complex.
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Crystallisation trials of the asymmetric IgG1 Fc in complex with IdeS did yield some initial hits,
although some of these could not be reproduced in subsequent purifications. It was later elucidated
that the crystals forming in condition G5 from the JCSG-plus™ screen were of the antibody only,
and diffracted to relatively low resolution (~3.5 A). With more time, crystals from some of the other
conditions could be optimised further: condition A5 from the Morpheus screen, in particular,
produced some sharper-looking crystals (Figure 39a), although the quality of a crystal cannot be
judged based on its appearance alone. In addition, in further purifications, seed stock of the IdeS-

IgG1 Fc complex could be utilised to try and encourage complex crystallisation.

Expression yields for IgG2 Fc™*® 1gG3 Fc*® and IgG4 Fc™*® were low, and thus limited
purification steps were carried out in order to retain sufficient protein for crystallisation experiments.
Although SDS-PAGE analysis showed complexes were relatively pure, particularly the IgG3 Fc-
IdeS complex, some faint contaminating bands were present. SEC purification of the complexes
would thus remove some of these unwanted contaminants, and likely also remove any leftover apo
proteins, which would improve the chances of successful crystallisation. The lower affinity of IgG2
Fc for IdeS might make this complex unsuitable for SEC purification, however. As with the other
complexes described in this chapter, crystallisation could also be attempted using IdeS-IgG1 Fc seed

stock to encourage complex crystallisation, and complexes with Imlifidase could also be tested.

Crystals obtained for the IgG2 Fc and IgG4 Fc-IdeS complexes were found to be the respective

E382R

antibodies alone. [gG4 Fc appeared to crystallise poorly, with the majority of crystals diffracting
to fairly low resolution (>3 A). A single crystal diffracted to ~2.6 A, however. Analysis of the crystal
packing for this construct, along with that of IgG2 Fc®*?® which diffracted to <2 A, revealed that the
exchanged arginine at position 382 was involved in the crystal packing interactions, along with
nearby amino acid E380. IgG2/4 Fc could therefore be rendered “less-crystallisable” by utilising

amino acid exchanges of these residues, such as to an alanine side chain, which may encourage co-

crystal growth.

E3824 was solved to a resolution

The crystal structure of truncated IdeS“*** in complex with IgG1 Fc
of 2.34 A. This confirmed previous suggestions that IdeS recognises IgG Fc using exosite binding
[244, 246, 247], by revealing how the enzyme not only binds along a large section of the IgG hinge
region (specifically, residues 229-239), but also across both Fc Cy2 domains. The enzyme clamps
down over the Fc lower hinge region, which brings the scissile peptide bond (between glycines 236
and 237) into close proximity with the active site. Substrate access to the active site appears to be
mediated by the so-called “prosegment binding loop”, which is observed in a distinct conformation

in the complexed enzyme, with respect to previously-elucidated apo structures [246, 247], and has a

role in enzyme inhibition in related cysteine proteases [400-402].

The IdeS-IgGl Fc crystal structure has enabled mapping of the extensive binding interface

recognised by the enzyme. The Fc chain being “cleaved” within the structure is contacted most
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extensively, while a secondary interface is formed with the other chain within the Fc homodimer.
The hinge region of this second Fc chain is too far away from the IdeS active site to be cleaved within
a single binding event, which is also evidenced by detection of single-cleaved Fc in enzymatic assays
and in clinical studies [230, 239, 293, 403]. The binding interface for cleavage of the second Fc chain
is likely altered, due to the destabilisation caused by a single cleavage of the hinge region, which in
itself renders the antibody unable to activate the immune system [238]. This altered binding interface
is likely less extensive, which would explain the slower cleavage rate for this chain [230, 231, 239];

crystallisation of the single-cleaved Fc could be used to confirm this.

The structural knowledge presented here will aid in further expanding the therapeutic uses of IdeS.
For example, the deactivation of serum IgG using IdeS can strengthen the potency of therapeutic
antibodies [292]; this strategy could be applied to potentiate any therapeutic antibody, in theory, if
the antibody were designed to be resistant to cleavage by these enzymes, a venture which will be
aided greatly by structural information. A current limitation of using bacterial enzymes as
therapeutics is that they are inherently immunogenic, and so, during infection with S. pyogenes, anti-
IdeS antibodies are produced [277]. Design of immunologically-distinct enzyme variants will
therefore be imperative for the long-term therapeutic use of IdeS, and would enable repeated dosing.
The de novo design of enzymes is only recently emerging [404] and its success is improved by
utilising structure prediction methods [405]. The IdeS-Fc crystal structure can thus be used as a

template to inform future structure-guided design of new enzyme variants.

To conclude, the crystal structure of IdeS in complex with its IgG1 Fc substrate provides a structural
rationale for the unique properties of this enzyme, particularly its exquisite substrate specificity

towards human IgG [6].
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Chapter 5 Distinct substrate recognition by IgG-
specific endoglycosidases EndoS and EndoS2

Streptococcus pyogenes secretes two endoglycosidases, EndoS [7] and EndoS2 [8], which
specifically cleave the N-linked glycans from IgG Fc. The two enzymes differ slightly in their
substrate specificities: EndoS is highly specific towards IgG bearing biantennary, complex-type Fc
glycans [7, 255], whereas EndoS2 can also cleave oligomannose-type, hybrid-type and glycans
containing bisecting GlcNAc [8, 256]. These carbohydrate moieties, covalently linked to residue
N297 on each heavy chain of the Fc, are important for the structural integrity of the molecule [100-
105] and are implicit in Fc-mediated immune activation, by mediating FcyR and complement binding
[11, 103, 106]. Removal of these N-linked glycans is thus detrimental to Fc-mediated immune
activation [105, 122]. Along with the protease IdeS (discussed in chapter 4), these enzymes are
thought to help S. pyogenes to evade the immune system [253, 254].

The ablation of IgG Fc-mediated immune function by EndoS and EndoS2 has potential applications
for dampening unwanted immune activation, such as during organ transplantation, or in an
autoimmune disease context. EndoS has been successfully utilised as a treatment in several pre-
clinical models of autoimmune disease [267, 270, 271, 278-281, 283-285], and, along with IdeS, was
shown to be successful at inactivating donor-specific antibodies in a murine model of bone marrow
transplantation [266]. The specific deactivation of competing serum IgG by EndoS and/or IdeS is
also being investigated for the potentiation of therapeutic antibodies [105, 292]. Furthermore, EndoS
and EndoS2 have additional biotechnological applications as tools for engineering antibody
glycosylation [107, 298]: firstly, native glycans can be cleaved using wild-type EndoS or EndoS2,
and then the desired glycoforms can be generated using this deglycosylated antibody scaffold. Such
transglycosylation reactions have been optimised using variants of EndoS and EndoS2 [299-303].
The precise control of antibody glycosylation has been applied in several clinically-used antibodies
for improved immune effector function [56, 294-297], thus demonstrating the potential utility of

these enzymes in antibody engineering.

The potential therapeutic and biotechnological uses of EndoS and EndoS2 have prompted extensive
research into their structure and function. Prior to the start of this project, crystal structures for both
EndoS [257, 258] and EndoS2 [259] had been solved in complex with their respective glycan
substrates, which identified a glycan-binding groove within their respective catalytic domains. This
groove was observed to be larger in EndoS2, which allows the enzyme to accommodate a broader
range of Fc glycans, including the bulkier oligomannose-type [259]. In addition, both enzymes were
found to contain a so-called “carbohydrate binding module” (CBM). This domain was found to be
essential for activity of both EndoS and EndoS2 [257, 259, 261], although its precise function was
unknown.
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This chapter describes work towards the goal of determining the structural basis behind the extreme
specificity of EndoS and EndoS2 for their IgG Fc substrate. The panel of “less-crystallisable” 1gG1
Fc variants described in chapter 3 were utilised with the aim of obtaining crystal structures of EndoS

and EndoS2 in complex with IgG1 Fc.

Analysis of the EndoS-IgG1l Fc crystal structure (PDB 8A49) is included in the following
publication: Sudol ASL, Butler J, Ivory DP, Tews I, Crispin M. Extensive substrate recognition by
the streptococcal antibody-degrading enzymes IdeS and EndoS. Nat Commun. 2022;13:7801. This
publication is included within Appendix A for reference. Furthermore, the EndoS2-IgG1 Fc crystal
structure (PDB 8Q5U), along with analysis comparing EndoS and EndoS2 recognition of IgG, is
included within the following pre-print: Sudol ASL, Tews I, Crispin M. Bespoke conformation and
antibody recognition distinguishes the streptococcal immune evasion factors EndoS and EndoS2.

bioRIV. 2023:553389 (see Appendix F).

5.1  Expression and purification of EndoSP?34E235L apd

EndoS2PB4AEISL complexes with IgG1 Fe

In order to obtain crystal structures of the endoglycosidases in complex with uncleaved IgG1 Fc,
inactive versions of the enzymes were required. Previous structural work had described constructs of
EndoS and EndoS2 which could be successfully expressed, purified and crystallised [257-259, 406];
therefore, sequences of these constructs were utilised for enzyme production in this work. Constructs
for full-length EndoS [258] and a truncated form of EndoS lacking the N-terminal 3-helix bundle
(residues 98-995) [257] were both tested, since both versions of the enzyme hydrolyse IgG Fc
glycans [257], and a truncated version may be more suitable for crystallographic studies. Specific
mutations of catalytic residues were included to abolish enzyme activity: D233A/E235L exchanges
were included within EndoS as previously described [258], while D184A/E186L exchanges were
included as the equivalent substitutions within EndoS2. Constructs were synthesised into pET21a(+)
vectors and designed to contain a C-terminal linker and His-tag (sequence LEHHHHHH) by Eurofins
Genomics, as detailed in section 2.1.3. EndoSP*P4EZSL and EndoS2P*AEIL constructs were
subsequently expressed in E. coli BL21 (DE3)pLysS cells and purified as detailed in sections 2.2.2
and 2.3.2, respectively. EndoS/EndoS2 was subsequently combined with IgG1 Fcs and purified

further as described in section 2.4.2.

5.1.1 EndoSP?AE2SL_19G1 Fe

The truncated form of EndoSP***F#°t was purified using nickel affinity purification. Fractions
corresponding to 80 mM, 100 mM and 200 mM elutions were collected and analysed by SDS-PAGE
(Figure 49a). A dominant band with a molecular weight consistent with that of truncated EndoS

(~101 kDa) was present in each of the fractions. Fractions were concentrated separately (in 50 kDa
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MWCO concentrators) and purified further using SEC. The trace for the 80 mM fraction produced a
very broad peak suggesting lots of impurities or aggregation present; traces for 100 mM and 200 mM
fractions, however, showed a single peak (eluting at ~103 mL and ~104 mL, respectively) with
minimal impurities either side of the curve (Figure 49b). Fractions corresponding to the main peak

for the 100 mM and 200 mM SEC runs were pooled for further investigation.
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Figure 49: Purification of truncated EndoS"?***%5L_ 3 SDS-PAGE of 80 mM, 100 mM and 200
mM fractions collected from nickel affinity purification of truncated EndoSP***#3°" The main band
in each fraction at ~101 kDa is consistent with overexpression of truncated EndoS. b SEC of
collected 100 mM and 200 mM fractions from nickel affinity chromatography. Fractions
corresponding to the main peak only were pooled for further investigation.

EndoS was combined with IgG1 Fcs in a 1:1 molar ratio for complex formation, due to previous
work indicating that the enzyme behaves as a monomer in solution [257, 258]. Truncated
EndoSP*AEL10G1 FeP¥R and EndoSP**AF#L_[gGl Fc™** complexes were subsequently
subjected to SEC purification over a HiLoad® 16/600 Superdex 200 pg column, at a flow rate of 1
mL/min, which resulted in two separate species eluting off the column (Figure 50a). The main peak
for each complex eluted at ~103 mL, while the second peak eluted at ~109 mL. SDS-PAGE analysis
of the two peaks for each complex revealed that, in each peak, there was a band consistent with the
molecular weights of both truncated EndoS (~101 kDa) and IgG1 Fc (~50 kDa). Each peak also
contained a contaminating band at ~65 kDa (Figure 50b).
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Figure 50: Purification of truncated EndoS”*****5'_IgG1 Fc complexes. a SEC of complexes
combined in a 1:1 molar ratio and applied to a HiLoad® 16/600 Superdex 200 pg column at 1
mL/min. The samples eluted as two separate species, annotated as peaks 1 and 2. Fractions
corresponding to these peaks were pooled and concentrated separately. b SDS-PAGE of peaks 1 and
2 following SEC of truncated EndoSP***F51gG1 Fc complexes. For peak 1 of each complex,
there are bands present consistent with the molecular weights of truncated EndoS (~101 kDa) and
IgG1 Fc (~50 kDa). Fractions corresponding to peak 1 for each complex only were pooled and taken
forward for crystallisation.

In peak 1 for each complex, the 101 kDa band is much more prominent compared to the 50 kDa
band, suggesting a greater proportion of EndoS compared to Fc. Conversely, in peak 2, the 101 kDa
band is less prominent, and the 50 kDa band is relatively stronger (Figure 50b). Although it would
be expected for the heavier molecular weight protein to absorb more dye and therefore produce a
more prominent band, the relative intensities of the bands did not seem consistent with a 1:1 complex.
However, the presence of a ~50 kDa band in peak 1 (more visible for the Fc®*?® complex; an error

E3824 complex and therefore fainter bands)

likely resulted in less protein being loaded for the Fc
suggested some complex formation. Fractions corresponding to peak 1 of each complex were pooled

and taken forward for crystallisation experiments.

SD233A/E235L_IgG1 FCE382R/E382A Complexes y161ded

Initial crystallisation trials of the truncated Endo
crystals in many different conditions across the JCSG-plus™ and Morpheus crystallisation screens.
Crystals from condition A8 from JCSG-plus™ diffracted to ~4 A and yielded an initial solution of
the structure, which revealed that the EndoS-IgG1 Fc complex had crystallised in a 2:1 stoichiometry
(i.e., two copies of EndoS in complex with one copy of the Fc homodimer). Therefore, for subsequent

purifications, EndoS was combined with IgG1 Fc in a 2:1 molar ratio, as shown in Figure 51 below.
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a Truncated EndoSP233A/E235L b  Truncated EndoSP233#E235L.19G1
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Figure 51: Purification of truncated EndoS"****2L_[gG1 Fc 2:1 complex. Comparison of SEC
of truncated EndoS alone (a) versus truncated EndoS combined in a 2:1 molar ratio with IgG1 Fc%®
(b), over a HiLoad® 16/600 Superdex 200 pg column, using the same batch of EndoS protein. The
enzyme-Fc complex eluted as a single peak (with a slight shoulder), suggesting formation of a stable
complex. N.B. curves cannot be compared directly due to different flow rates of the SEC purifications
(1 mL/min in a; 0.5 mL/min in b).

When combined in a 2:1 molar ratio, truncated EndoS-IgG1 Fc eluted as a single peak, with a slight
shoulder on the right (Figure 51b), either from complex dissociation or lower molecular weight
impurities. The complex also eluted more quickly (at 91.53 mL) compared to apo EndoS (~106 mL)
from the same batch of protein (Figure 51a), which typically indicates elution of a heavier molecular
weight species, (i.e., a complex). However, due to these SEC purifications being performed using
different flow rates (1 mL/min in a; 0.5 mL/min in b), the curves cannot be compared directly. SEC
of the complex was carried out at a slower flow rate in order to maximise the separation of
impurities/aggregation from the sample, and thus obtain a purer batch of protein immediately prior
to crystallisation. Fractions corresponding to the main peak of the complex only were taken forward

for subsequent crystallisation experiments.

5.1.2 Full-length EndoS"*** %L [gG1 Fe

Following successful crystallisation of the truncated form of EndoS in complex with IgG1 Fec,
crystallisation of the complexed full-length, inactive enzyme was attempted (residues 37-995 as
described previously [258]; residues 1-36 correspond to the signal peptide). Full-length
EndoSP**AE25L (EndoSFL) and IgG1 Fc™®** were purified as described in sections 2.3.1 and 2.3.2.
SDS-PAGE analysis of the fractions from nickel affinity purification of EndoSFL revealed a
dominant band consistent with the EndoSFL molecular weight of 108 kDa within the 100 mM and
200 mM fractions (Figure 52a); these fractions were pooled and taken forward for further

purification.
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Figure 52: Purification of full-length EndoS”****>**" and its complex with IgG1 Fc™*** a SDS-
PAGE of 80 mM, 100 mM and 200 mM fractions from nickel affinity purification of full-length
EndoSP34E25L (EndoSFL). The 100 mM and 200 mM fractions contained a dominant band just
above 100 kDa, which is consistent with the molecular weight of EndoSFL (108 kDa). b SEC
purification of pooled 100 mM and 200 mM fractions from nickel affinity purification. ¢ SEC
purification of EndoSFLP#34E25L_[6G1 Fc™®A (2:1 molar ratio of enzyme to Fc). d SDS-PAGE
analysis of the main peak of the purified complex in ¢, versus the tail of the peak. The main peak
(lane 1) contained bands consistent with molecular weights of EndoSFLP?**4F25L (108 kDa) and
IgG1 Fc%4 (50 kDa). Fraction 2, (corresponding to the tail of the peak) contained the same bands,
along with additional contaminating bands. Fractions corresponding to the main peak only were
pooled and taken forward for crystallisation.

SEC purification of the pooled 100 + 200 mM EndoSFL fractions produced a single peak, which
eluted at ~95 mL (Figure 52b). The purified protein was subsequently combined with IgG1 Fc#%4
in a 2:1 molar ratio (of enzyme to Fc) and applied to the column again, after which the complex
eluted as a single peak at ~92 mL (Figure 52¢). The earlier elution of this species with respect to
EndoSFL alone suggested formation of a stable 2:1 complex. SDS-PAGE analysis of the main peak
revealed dominant bands consistent with the molecular weights of EndoSFL (108 kDa) and IgG1
FcF¥R (50 kDa). The tail of the peak contained additional contaminating bands (Figure 52d);

therefore, fractions corresponding to the main peak only were taken forward for crystallisation.

5.1.3 EndoS2P#*VEI8L_16G1 Fe

Inactive EndoS2 (EndoS2P'#*AE186Ly \wag expressed and purified as detailed in sections 2.2.2 and
2.3.2. SDS-PAGE analysis of the 80 mM, 100 mM and 200 mM fractions eluted from nickel affinity
purification showed that only the 80 mM fraction contained a dominant band consistent with the

expected molecular weight of EndoS2 (~91 kDa) (Figure 53a), therefore protein from this fraction
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only was taken forward for further purification. The following SEC purification resulted in the

elution of a single peak at ~90 mL (Figure 53b).
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Figure 53: Purification of EndoS2P"3AF18L 3 SDS-PAGE of EndoS2P'AF!5L 80 mM, 100 mM
and 200 mM fractions from nickel affinity purification. A dominant band consistent with the
molecular weight of EndoS2 (~91 kDa) is present in the 80 mM fraction. b SEC purification of
EndoS2P#AEIEEL ¢ollected from the 80 mM fraction.

Due to the similar domain architectures of EndoS and EndoS2 [257-259], it was hypothesised that
EndoS2 may also bind IgG1 Fc in a 2:1 stoichiometry (of enzyme to Fc). Therefore, EndoS2 and
“less-crystallisable” IgG1 Fcs were combined in a 2:1 molar ratio and purified again with SEC
(Figure 54a). Each of the complexes eluted as a single peak with a slight shoulder to the right, and
eluted earlier than inactive EndoS2 alone, indicating formation of stable complexes (complexes with
Fc E382R, E382S and E382A variants eluted at ~87 mL, ~88 mL and ~89 mL, respectively). SDS-
PAGE of the main and tail peaks for each complex revealed that the purified complexes were in the
main peak, and the tail peaks contained additional lower molecular weight impurities (Figure 54b).

Fractions corresponding to the main peak only were taken forward for crystallisation.
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Figure 54: Purification of EndoS2°'**F13¢L_[gG1 Fc complexes. a SEC of inactive EndoS-IgG1
Fc complexes (combined in a 2:1 molar ratio of enzyme to Fc). Each complex eluted as a single peak
with a slight tail peak on the right-hand side; fractions corresponding to the main and tail peaks were
pooled separately. b SDS-PAGE of main and tail peaks for inactive EndoS2-IgG1 Fc complexes.
Main peaks (1) for each complex contain bands consistent with the molecular weights of EndoS2
(~91 kDa) and IgG1 Fc (~50 kDa). Tail peaks (2) contain additional contaminating bands. Fractions
corresponding to the main peak only for each complex were taken forward for crystallisation.

Initial crystallisation of each of the three EndoS2P"**4F!¥-_1oG1 Fc complexes produced crystals in
many different conditions across the JCSG-plus™, Morpheus and Proplex™ crystallisation screens;
however, all these crystals diffracted to very low resolution (~6 A or lower). The flexible nature of
the Fc was hypothesised to possibly be inhibiting crystallisation; therefore, an IgG1 Fc construct with
L234C exchanges was designed, in an attempt to engineer in an additional disulphide bridge within
the hinge region and thereby reduce flexibility in this region. IgG1 Fcs containing both E382R/A
exchanges and the 1L.234C exchanges were expressed and purified as detailed in sections 2.2.1 and

2.3.1.
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a SDS-PAGE of inactive EndoS2- b SEC of inactive EndoS2-1gG1 Fc
IgG1 Fc complexes complexes
1 2 3 4 5 500 Inactive EndoS2-
kDa IgG1 FcL234C/E382R
250 400 -
150 - 300
=
100 € 2004
75 100
0
50 70 80 90 100 Mo 120
mL
37
500 Inactive EndoS2-
IgGl FCL234C/E382A
400
25
300 -
20 2
E 200
15 100 -
0 1 1 1 1 1
10 70 80 90 100 110 120

mL

Figure 55: Purification of inactive EndoS2-clamped hinge IgG1 Fc complexes. a SDS-PAGE of
inactive EndoS2 and IgG1 Fcs containing 1.234C mutations (in addition to E382R/A exchanges)
before and after complex formation. Dominant bands are present at molecular weights consistent
with that of inactive EndoS2 (~91 kDa) and IgG1 Fcs (~50 kDa). b SEC purification of inactive
EndoS2-IgG1 Fc complexes, each yielding a single peak with a slight tail on the right-hand side.
Complexes were applied to a HiLoad® 16/600 Superdex 200 pg column at 0.5 mL/min.

SDS-PAGE analysis revealed that, prior to complex formation, IgG1 Fc"***“®82R (Jane 2) and 1gG1
Fcl#4C/E382A (Jane 3) had been purified to homogeneity, while inactive EndoS2 still contained some
impurities (lane 1; Figure 55a). EndoS2 and the clamped hinge IgG1 Fcs were subsequently
combined in a 2:1 molar ratio and purified again by SEC, which yielded single peaks for each
complex, eluting at ~86 mL and ~87 mL for the complexes with Fcs from lanes 2 and 3, respectively.
Small amounts of lower-molecular weight impurities were observed as a small shoulder on the right-
hand side of each peak (Figure 55b); these “tail” sections were discarded, and fractions

corresponding to the main peak only were taken forward for crystallisation experiments.

SDS-PAGE of the resulting complexes revealed dominant bands consistent with the molecular
weight of inactive EndoS2 (~91 kDa), along with less-prominent bands consistent with the molecular
weight of IgG1 Fc (~50 kDa), as observed for previous EndoS/EndoS2-Fc 2:1 complexes (Figure
50b, Figure 52¢, Figure 54b). Small amounts of contaminating bands at just above 150 kDa and
~75 kDa were also observed; however, crystals of the inactive EndoS2-IgG1 Fc complex were still

obtained from these protein samples.
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5.2 Crystallisation of EndoS/EndoS2-I1gG1 Fe¢ complexes

The expressed and purified endoglycosidase-IgG1 Fc complexes were next used for crystallisation

experiments (full methods of which are detailed in section 2.6.4). All crystals were grown at 21 °C.

5.2.1 EndoS"*PE25L_1gG1 Fe complex

Initial crystallisation trials for the truncated (residues 98—995), inactive form of EndoS in complex
with IgG1 Fc™*® and Fc™*** yielded many different hits across the JCSG-plus™ and Morpheus
crystallisation screens (Figure 56). The majority of these crystals diffracted to very low resolution
(between 5 and 7 A); however, crystals from condition A8 from the JCSG-plus™ screen produced
crystals diffracting to ~4 A. The diffraction images from one of these datasets were processed to a

resolution of 3.88 A and used to solve an initial structure of the complex.

Figure 56: Crystals of EndoS"*** %L [gG1 Fc™*® complex. Crystals grew in many different
conditions, including: JCSG-plus™ A8, B4, D1 and G4 (a, b, ¢ and d, respectively) and Morpheus
D10 and F10 (e and f, respectively).

Subsequent crystallisation trials were set up using freshly purified protein complexes. Crystals from
the initial trials were harvested to make seed stock (as detailed in section 2.6), and utilised for seeding
these new plates, in an attempt to find novel crystal hits and yield better quality crystals. These
subsequent trials also utilised the full panel of “less-crystallisable” IgG1 Fc variants (E382R, E382S
and E382A). In total, two rounds of seeding yielded crystals diffracting to sufficient resolution for
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structure solution. The full list of crystals taken for data collection are detailed in Table 19; crystals

diffracting well enough for structure solution are detailed in Table 20.

Table 19: Crystals of truncated EndoS"*******'_IgG1 Fc complexes taken for crystallographic

data collections.

Complex Condition crystals | Beamline Date Best resolution
harvested from achieved (A)*
EndoSP?*AEXL | JCSG-plus™ A8 103 10/04/2022 4.03
IgG1 Fc™5R
JCSG-plus™ A12 103 13/05/2022 6.17
JCSG-plus™ B2 103 30/05/2022 3.73
JCSG-plus™ B4 103 10/04/2022 5.30
JCSG-plus™ B12 103 30/05/2022 5.76
JCSG-plus™ C4 103 13/05/2022 6.69
JCSG-plus™ D1 103 10/04/2022 6.82
JCSG-plus™ G4 103 13/05/2022 3.79
JCSG-plus™ G6 103 10/04/2022 N/A®
JCSG-plus™ G7 103 13/05/2022 4.00
JCSG-plus™ H6 103 30/05/2022 N/A
Morpheus A2 103 30/05/2022 6.65
Morpheus A6 103 30/05/2022 5.70
Morpheus A10 103 30/05/2022 4.15
Morpheus B8 103 30/05/2022 3.25
Morpheus D2 103 30/05/2022 5.56
Morpheus D6 103 30/05/2022 N/A
Morpheus D10 103 13/05/2022 N/A
Morpheus D11 103 30/05/2022 5.34
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Complex Condition crystals | Beamline Date Best resolution
harvested from achieved (A)*
Morpheus E3 103 30/05/2022 7.00
Morpheus E10 103 13/05/2022 6.69
Morpheus F10 103 13/05/2022 6.29
Morpheus H10 103 13/05/2022 5.52
EndoSP#*AEXE_ | JCSG-plus™ A9 103 30/05/2022 6.01
IgG1 FcFs
JCSG-plus™ A10 103 30/05/2022 3.94
JCSG-plus™ B4 103 30/05/2022 5.93
JCSG-plus™ C4 103 30/05/2022 N/A
JCSG-plus™ C10 103 30/05/2022 N/A
JCSG-plus™ E12 103 30/05/2022 N/A
JCSG-plus™ G4 103 30/05/2022 3.49
JCSG-plus™ G6 103 30/05/2022 6.72
JCSG-plus™ G7 103 30/05/2022 3.85
JCSG-plus™ H6 103 30/05/2022 N/A
Morpheus A10 103 30/05/2022 3.72
Morpheus F6 103 30/05/2022 5.79
Morpheus H10 103 30/05/2022 N/A
EndoSP?*AEXSE_ | JCSG-plus™ B4 103 30/05/2022 N/A
IgG1 FcP%4
JCSG-plus™ B12 103 10/04/2022 N/A
JCSG-plus™ C4 103 30/05/2022 N/A
JCSG-plus™ E12 103 30/05/2022 N/A
JCSG-plus™ G4 103 30/05/2022 3.57
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Complex Condition crystals | Beamline Date Best resolution
harvested from achieved (A)*

JCSG-plus™ G7 103 30/05/2022 N/A

JCSG-plus™ H6 103 30/05/2022 N/A

Morpheus A2 103 30/05/2022 6.22

Morpheus B2 103 30/05/2022 4.95

Morpheus E2 103 30/05/2022 6.09

Morpheus F2 103 30/05/2022 5.98

Morpheus F10 103 10/04/2022 6.21

Morpheus H10 103 30/05/2022 7.71

“Best resolution is given as determined by the xia2/DIALS automatic processing pipeline. "N/A refers
to either no diffraction or processing failure by xia2/DIALS.

Table 20: Crystals of the EndoS”******L_[gG1 Fc complex used for structure solution.

Complex Crystallisation condition Date Resolution
acquired (A)*

EndoSPZ3AE25L_ | 0.2 M ammonium formate, 20 % w/v PEG” 3350 | 10/04/2022 3.88
IgGl FCE382R
(JCSG-plus™ AR)

EndoSP#*AE25L. 102 M TMAO®, 0.1 M Tris (pH 8.5), 20 % w/v PEG | 13/05/2022 3.71
IgG1 FcP%R 2000 MME

(JCSG-plus™ G4)

EndoSP#*AE25L_ 10,09 M halogens (contains sodium fluoride; sodium | 30/05/2022 3.45
IgG1 FcP%R bromide; sodium iodide), 0.1 M buffer system 2

(contains sodium HEPES; MOPS (acid)), pH 7.5,
37.5 % v/v precipitant mix 4 (contains 25 % v/v

MPDY; 25 % w/v PEG 1000, 25 % w/v PEG 3350)

(Morpheus B8)

“Diffraction images were manually processed to the given resolution. "PEG, polyethylene glycol;
‘TMAO, trimethylamine N-oxide; ‘MPD, 2-methyl-2,4-pentanediol.

The best dataset obtained was produced by crystals of the EndoSP***4F#5L_[gG] FcH¥2R

complex,
which were grown in condition B8 of the Morpheus crystallisation screen. Data collection was
carried out on beamline 103 at Diamond Light Source (Oxfordshire, UK), using parameters detailed

in Table 7 (section 2.7.1). The complex crystallised in an orthorhombic space group P2,2,2,, with
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unit cell dimensions a = 96.529, b = 174.294, ¢ = 193.059 and o = = y = 90°. The data were cut
to a final resolution of 3.45 A, yielding a CChar of 0.599 for the highest resolution shell. Final data

collection statistics for the complex are detailed in Table 21 below.

Table 21: Crystallographic data collection statistics for truncated EndoS"***F2L_[gG1 Fc™%®

complex.

Data Collection

Truncated EndoSP**E35L_[gG1 Fc™%2R

Beamline

103 (DLS)

Resolution range (A)

49.78-3.45 (3.51-3.45)°

Space group

P2:2,2,

Unit cell dimensions:

a b, c(A) 96.529, 174.294, 193.059
a f,y(°) 90, 90, 90
Wavelength (A) 0.9763

Unique reflections

43678 (2124)

Completeness (%)

100 (100)

Rinerge 0.144 (1.951)
Rineas 0.150 (2.023)
Rpim 0.040 (0.532)
1/o(]) 11.2 (0.6)
Multiplicity 13.7 (14.3)
CChart 1.000 (0.599)
Wilson B factor (A?) 116.4

“Values for the highest resolution shell are shown in parentheses.

The structure of the EndoSP**#F#L_[gG1 Fc™*?® complex was solved by molecular replacement,

using the program Molrep [320] within the ccp4i2 software suite [319]. The structure was solved

using several rounds of molecular replacement, in which existing models for EndoS (PDB 4NUY)

and IgGl Fc (PDB 3AVE) were searched for separately within the density, yielding a model
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containing two copies of truncated EndoSP***5%L and one IgG1 Fc™**® homodimer. Section 2.7.3

details the general methods used for the structure solution process. Due to the relatively low

resolution of the data, electron density maps were calculated using map sharpening in Refmac5 [322].

In addition, automatically-calculated non-crystallographic symmetry (NCS) restraints were used in

refinement, which resulted in lower R factors. Final refinement statistics are included within Table

22.

Table 22: Crystallographic refinement statistics for truncated EndoSP**E25L_[gG1 Fc™*2R

complex.
Refinement Truncated EndoSP**E35L_[gG1 Fc™%2R
Number of reflections (all/free) 43613/2116
Rwork (%) 253
Riree (%) 31.1
RMSD":
Bonds (A) 0.0018
Angles (°) 0.604
Molecules per ASU? 3
Atoms per ASU? 17087
Average B factors (A?) 157, 156, 90
(protein/carbohydrate/water)
Model quality (Ramachandran plot):
Most favoured region (%) 92.65
Allowed region (%) 6.33
Outliers (%) 1.02, 0.4%*

" RMSD, root-mean-squared deviation

2 ASU, asymmetric unit

*as reported in the full wwPDB X-ray Structure Validation Report

This model of the truncated EndoSP***FL_1gG1 Fc™*® complex has been deposited within the

PDB (with accession number 8A49). The model has a relatively high Rfe. of 31.3 %, along with

relatively high B factors, which can in part be expected due to the low resolution of the data.

Validation of the structure in the PDB additionally computes an RSRZ score (Real Space R-value,

normalised against residue type and resolution), which gives an indication of how well the model fits
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against the experimental data. The EndoS-IgG1 Fc model also has a relatively high RSRZ score
compared to structures of a similar resolution. Within the structure, one copy of truncated EndoS is
well-resolved in the electron density, along with the Fc homodimer; however, the second copy of
EndoS exhibits much more disorder and less well-resolved electron density. This is visualised in
higher B factors and RSRZ scores for residues within this copy of the enzyme (annotated as chain D
in the structure), as shown in Figure 57. The well-ordered copy of the complex was therefore used

for structure depiction and analysis (discussed in section 5.3.1).

EndoS
molecule 1
(chain C)

EndoS

) ! molecule 2
EndoS EndoS (chain D)
molecule 2 molecule 1

(chain D) (chain C)

Key:
B factor (A?)

9Q°
49 162 274
IgG1 Fc 1gG1 Fc
(chain B) (chain A)

EndoS
molecule 1
(chain C)

EndoS
molecule 2

EndoS EndoS

(chain D)
molecule 2 molecule 1
(chain D) (chain C)
900 i —
<2 2 8 14 20
IgG1 Fc X IgG1 Fc
(chain B) (chain A)

Figure 57: Analysis of order within the EndoS"**E2L_[gG1 Fc™*® crystal structure. a B
factor distribution (depicted as average B factor per residue); b RSRZ distribution as reported in the
wwPDB X-ray Structure Validation Report for this structure (PDB 8A49). Residues identified as
outliers (RSRZ of 2.0 or greater) are coloured as shown in the scale; residues with RSRZ lower than
2.0 are coloured white.
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As discussed in section 5.3.1, EndoS captures the Fc N-linked glycan in a “flipped-out conformation,
which has not been observed previously in a crystal structure of IgG Fc. The presence of this
carbohydrate group within the crystal structure was validated using a polder map [397], as included
within Figure 58.

Q 2F,,.-F.,c density map b Polder map

N-linked
glycan

N-linked
glycan

Chain A \& Chain A
C'E loop C'E loop

E382R

Figure 58: Electron density maps for the /N-linked glycan on IgG1 Fc in complex with
EndoSP*PE2L g Final 2F jps—F el electron density map (blue, contoured at 1.1 o) for the N-linked
glycan within chain A of IgG1 Fc®®*, b Polder map for the N-linked glycan (teal, contoured at 3.5
0), as calculated with the phenix.polder tool [397] within the PHENIX software suite [396]. A model
of the EndoSP#**E2L_[6G1 Fc™™® complex was generated by molecular replacement in Molrep
[320], using PDB models devoid of a glycan in this conformation (4NUY for EndoS; 3AVE for IgG1
Fc), and subsequently used in calculation of the polder map. a, b The glycan and the N297 side chain
are depicted as sticks and coloured by heteroatom (oxygen in red and nitrogen in blue); the C'E loop
is depicted as a cartoon.

A full discussion of the EndoS-IgG1 Fc complex is included within section 5.3.1.

5.2.2 Full-length EndoS****L_JgG1 Fc complex

SPZBAESL 1G] Fc™A complex were set up in JCSG-

Crystallisation trials for the full-length Endo
plus™, Morpheus and Proplex™ screens, using seed stock of EndoS-Fc crystals in a 1:100 dilution.
Despite SDS-PAGE indicating that the complex had been purified to homogeneity (Figure 52¢),
crystallisation trials were unsuccessful and did not yield any hits that could be further optimised.
However, only a single purification of this complex was attempted due to time limitations, and with

only one IgG1 Fc construct.

5.2.3 EndoS2°"**AE86L_[6G1 Fe complex

Initial crystallisation attempts for the EndoS2P'**4E¥6L_[¢G1 Fc complex produced lots of crystals

across the JCSG-plus™, Morpheus and Proplex™ crystallisation screens. These initial trays were
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seeded with stock made from crystals of the truncated EndoSP***F!¥L_[gG1 complexes (detailed in
section 5.2.1) at a 1:100 dilution. These initial crystals diffracted very poorly, if at all (between 6 and
9 A). Subsequent crystallisation trials were set up using seed stock made from crystals of
EndoS2P'#AERL_[6G] Fe; multiple rounds of seeding were attempted but did not improve the
diffraction capabilities of the crystals. A strategy to reduce the flexibility of the Fc within this
complex, by inclusion of L.234C exchanges within the lower hinge (in an attempt to engineer an
additional stabilising disulphide bridge, detailed in section 5.1.3), was also utilised. A selection of

EndoS2-Fc crystals grown throughout these experiments is pictured in Figure 59 below.

Figure 59: Crystals of EndoS2°"****13¢L_[gG1 Fc complexes. a, b, ¢ Crystals of EndoS2P!84A/EI86L
IgG1 Fc™*® complex, grown in: JCSG-plus™ G1 (a), Morpheus A6 (b), Proplex™ D7 (¢) and
Proplex™ E9 (d). e Crystals of EndoS2P"##4E!6L_1gG1 FcM4CE382R complex grown in JCSG-plus™
B2. f Crystals of EndoS2P'™AEI8L_ [gG1 FcMHCE82A complex, grown in Morpheus G12.

The majority of all these crystals still diffracted very poorly (see Table 23). However, crystals
harvested from a single well (condition G12 from the Morpheus crystallisation screen) diffracted to
~3 A and were used to solve the structure of the complex (Figure 59f).
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Table 23: Crystals of EndoS2°"***¥_[oG1 Fc complexes taken for crystallographic data

collections.
Complex Condition crystals | Beamline Date Best resolution
harvested from achieved (A)"
EndoS2P##AEIEL_ | JCSG-plus™ A2 103 22/07/2022 7.37
IgG1 FcP%R
JCSG-plus™ A3 103 22/07/2022 N/A?
JCSG-plus™ A6 103 22/07/2022 6.17
JCSG-plus™ A1l 103 22/07/2022 8.19
JCSG-plus™ B7 103 22/07/2022 N/A
JCSG-plus™ B12 103 24/05/2023 6.03
JCSG-plus™ C7 103 22/07/2022 N/A
JCSG-plus™ D2 103 22/07/2022 N/A
JCSG-plus™ E11 104 17/09/2022 N/A
JCSG-plus™ F2 103 22/07/2022 7.61
JCSG-plus™ G1 103 22/07/2022 6.80
JCSG-plus™ H2 103 22/07/2022 N/A
JCSG-plus™ H11 103 22/07/2022 6.94
Morpheus A2 104 17/09/2022 7.73
Morpheus A3 103 22/07/2022 N/A
Morpheus A6 104 17/09/2022 N/A
Morpheus B2 104 17/09/2022 N/A
Morpheus B8 103 24/05/2023 8.44
Morpheus D5 104 17/09/2022 N/A
Morpheus E7 104 17/09/2022 N/A
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Complex Condition crystals | Beamline Date Best resolution
harvested from achieved (A)"
Morpheus F1 104 17/09/2022 8.55
Morpheus F10 103 24/05/2023 N/A
Morpheus H2 104 17/09/2022 N/A
Morpheus H5 104 17/09/2022 N/A
Proplex™ B12 103 24/05/2023 N/A
Proplex™ C7 104 17/09/2022 N/A
Proplex™ C8 104 17/09/2022 N/A
Proplex™ E12 104 17/09/2022 N/A
Proplex™ F2 104 17/09/2022 N/A
EndoS2PM$#AEIEL_ | JCSG-plus™ D1 104 17/09/2022 4.46
IgG1 Fc™#
JCSG-plus™ G1 104 17/09/2022 N/A
JCSG-plus™ G6 104 17/09/2022 7.00
Morpheus A10 104 17/09/2022 N/A
Morpheus B12 104 17/09/2022 N/A
Morpheus D7 104 17/09/2022 N/A
Morpheus D9 104 17/09/2022 N/A
Morpheus F12 104 17/09/2022 N/A
Proplex™ C1 104 17/09/2022 N/A
Proplex™ D3 104 17/09/2022 N/A
Proplex™ D9 104 17/09/2022 7.92
Proplex™ E3 104 17/09/2022 N/A
Proplex™ E4 104 17/09/2022 N/A
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Complex Condition crystals | Beamline Date Best resolution
harvested from achieved (A)"

Proplex™ E6 104 17/09/2022 N/A

Proplex™ ES8 104 17/09/2022 N/A

Proplex™ E10 104 17/09/2022 N/A

EndoS2P!#AEIREL_ 1 JCSG-plus™ A2 104 17/09/2022 N/A

IgG1 Fc™%*

JCSG-plus™ B2 104 17/09/2022 5.72

JCSG-plus™ Gl 104 17/09/2022 7.60

Morpheus A2 104 17/09/2022 N/A

Morpheus All 104 17/09/2022 N/A

Proplex™ C8 104 17/09/2022 N/A

Proplex™ E6 104 17/09/2022 N/A

Proplex™ E10 104 17/09/2022 N/A

Proplex™ F2 104 17/09/2022 7.40

EndoS2P84AEIEL_ | proplex™ B10 103 24/05/2023 N/A
IgGl FCL234C/E382R

Proplex™ D3 103 24/05/2023 N/A

Proplex™ D4 103 24/05/2023 7.06

Proplex™ D§ 103 24/05/2023 N/A

EndoS2P!84A/EIS6L_ Morpheus D9 103 24/05/2023 4.39
IgGl FCL234C/E382A

Morpheus G12 103 24/05/2023 3.07

Morpheus H8 103 24/05/2023 8.73

“Best resolution is given as determined by the xia2/DIALS automatic processing pipeline. “N/A
indicates either no diffraction or processing failure by the xia2/DIALS pipeline.

The crystals diffracting to ~3 A were grown in condition G12 from the Morpheus crystallisation
screen, and comprised inactive EndoS2 in complex with IgG1 Fc"***“E82A Data collection was
carried out on beamline 103 at Diamond Light Source, using parameters detailed in Table 7 (section

2.7.1). Diffraction images were processed and data scaled in space group P432,2, with unit cell
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dimensions of a = b = 228.775, ¢ = 161.629 and a = B = y = 90°. The data were truncated to a

resolution of 3.00 A, to yield a CChair of >0.6 for the highest resolution shell. Data collection statistics

for this complex are detailed in Table 24 below.

Table 24: Crystallographic data collection statistics for the EndoS2°'#AF186L_[gG1 Fcl234C/E3824

complex.

Data Collection

EndOSZD184A/E186L-IgG1 FCL234C/E382A

Beamline

103 (DLS)

Resolution range (A)

49.91-3.00 (3.05-3.00)"

Space group

P4;2,2

Unit cell dimensions:

a, b, c(A) 228.775,228.775, 161.629
a f, 7 (%) 90, 90, 90
Wavelength (A) 0.9763

Unique reflections

85,926 (4250)

Completeness (%)

100 (100)

Rinerge 0.187 (2.614)
Rineas 0.191 (2.668)
Rpim 0.036 (0.527)
1/o(]) 12.6 (0.5)
Multiplicity 27.5(25.4)
CChart 1.000 (0.640)
Wilson B factor (A?) 76.994

“Values for the highest resolution shell are reported in parentheses.

The structure of inactive EndoS2-IgG1 Fc was solved by molecular replacement, using search

models of apo EndoS2 (PDB 6E58) and IgG1 Fc (PDB 3AVE). Within the complex, each EndoS2

monomer binds one chain within an Fc homodimer. Successive rounds of molecular replacement

were required for modelling the whole asymmetric unit, which contains three copies of the EndoS2-
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half Fc complex (depicted in Figure 60a). Automatic NCS restraints were used for refinement of the
complex, along with defined translation-libration-screw (TLS) groups (detailed in Table 25) and
restraints generated by the PDB-REDO server [391]. TLS groups were defined for the various
domains in EndoS2 (detailed in section 5.3.2), and the Cy2/Cy3 domains within IgG Fc. Electron
density maps were calculated using map sharpening in Refmac5 [322]. Final refinement statistics are

shown in Table 26 below.

Table 25: Defined translation-libration-screw (TLS) groups used in refinement of

EndOSZD184A/E186L-IgG1 FcL234C/E382A Complex.

Endos2D184A/E186L

IgGl FCL234C/E382A

TLS For Peptide chain D
RANGE 'D 45."'D 386."'
RANGE 'D 387."'D 547."'
RANGE 'D 548." 'D 680. '

RANGE 'D 681."'D 832."'

TLS For Peptide chain A
RANGE 'A 237."'A 340."'

RANGE 'A 341."'A 444."

TLS For Peptide chain E
RANGE 'E 264." 'E 386."'
RANGE 'E 387." 'E 547."'
RANGE 'E 548." 'E 680. '

RANGE 'E 681." 'E 832."

TLS For Peptide chain B
RANGE 'B 237." 'B 340."'

RANGE 'B 341.''B 444."'

TLS For Peptide chain F
RANGE 'F 46. " 'F 386.'
RANGE 'F 387." 'F 547."'
RANGE 'F 548." 'F 680. '

RANGE 'F 681." 'F 832."'

TLS For Peptide chain C
RANGE 'C 236." 'A 340."'

RANGE 'C341.''C 443."'
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Table 26: Crystallographic refinement statistics for EndoS2P'8AEI86L_[gG] [l 23C/E82A

complex.
Refinement EndoS2P184AEISEL_Tg(G] Fel234C/ES2A
Number of reflections (all/free) 85,849/4376
Rwork (%) 21.6
Riree (%) 25.1
RMSD":
Bonds (A) 0.0066
Angles (°) 1.18
Molecules per ASU? 6* (3 copies of EndoS2-half Fc complex)
Atoms per ASU? 21,168
Average B factors (A?)
(protein/ligand/water)
(105.75/105.07/73.20)
Model quality (Ramachandran plot)’:
Most favoured region (%) 95.98
Allowed region (%) 3.82
Outliers (%) 0.19, 0.0**

RMSD, root-mean-squared deviation

2 ASU, asymmetric unit

3calculated in Molprobity

*each half Fc (i.e., one chain within the homodimer) is counted as a separate molecule
**according to wwPDB X-ray Structure Validation Report
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Figure 60: Crystal structure of EndoS2P'#4F18¢L_[gG1 FclB4CE3824 complex. a Arrangement of
molecules within the crystal asymmetric unit (AU), containing three copies of the half Fc-EndoS2
complex. IgG1 FcM#*“E3824 i coloured silver; EndoS2P ™AL molecules are coloured purple, lilac
and pink. b B factors by residue. a, b Far right panels show the complex AU with chains C and F
hidden for clarity.

As also observed for the EndoS-Fc complex, one copy of the EndoS2-Fc complex (annotated as
chains D and A for the enzyme and Fc monomer, respectively) is well-ordered within the structure,
and is used for the discussion and depiction of the structure in the following sections. In contrast, the
second copy of EndoS2 (annotated as chain E), which binds the second monomer within the Fc chain
A/B homodimer, is more disordered, which can be visualised by higher B factors compared to the
rest of the complex (Figure 60b). This copy of the enzyme was difficult to place in the density with
molecular replacement, and as such the whole enzyme could not be built reliably into the density.
Despite this, the model is of good quality for a resolution of 3 A, with no Ramachandran outliers and
a final R 0f 25.1 (Table 26). The structure has been pre-deposited within the PDB with code 8Q5U
(at the time of writing, the model is being held for publication, i.e., not yet available to the public).

The wwPDB X-ray Structure Validation Report for this structure is included within Appendix G.

The Fc N-linked glycan is captured by the enzyme in a “flipped-out” conformation, as seen within
the EndoS-Fc complex and discussed in the following sections. The presence of the glycan moiety

in this conformation was validated using a polder map [396, 397] (shown in Figure 61b). The glycan
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residues also have relatively low B factors (Figure 61a), indicating it is bound in a stable

conformation.

Q B factors by residue (A?) b Polder map

" EndoS2
m chain D

IgG1 Fc
chain A
N-linked
glycan

IgG1 Fc chain . |
A C'E loop and C'E loop
N-linked glycan

Figure 61: Validation of observed N-linked glycan conformation in EndoS2P"**AEB6L_[oG1
Fc24C/E382A opystal structure. a B factors per residue. b Polder map for the N-linked glycan
modelled for chain A of IgG1 Fc"**“E3%24 calculated in PHENIX [396, 397] and contoured at 3 o.

Full details of this crystal structure are discussed in section 5.3.2.

5.3 Structural analysis of EndoS/EndoS2 complexes with IgG1 Fe

Prior to the start of this project, there were several known structures of endoglycosidases in complex
with their glycan substrate, including EndoS and EndoS2 [258, 259, 407-409]. This section details
the crystal structures of inactive EndoS and EndoS2 in complex with their full IgG1 Fc substrates.
Crystal structures of each complex are described separately and subsequently compared in section

54.

5.3.1 EndoSP***E25L_[¢G1 Fe complex

The structure of truncated EndoSP#34F (residues 98-995) in complex with IgG1 FcF**® was
solved in space group P2;2:2; and refined to a resolution of 3.45 A, as detailed in section 5.2.1. The
AU contains two copies of EndoS, each of which binds one Cy2-Cy3 monomer within the Fc
homodimer. The best-ordered copy of the complex (annotated as chains A and C for the Fc monomer
and enzyme, respectively) is used for structure depiction and analysis. The overall structure of the

complex is depicted in Figure 62.
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Figure 62: Crystal structure of EndoS"****#5L_[gG1 Fc****® complex. a Overall structure of
complex depicted as a cartoon. IgG1 Fc®*?® is coloured silver, with C'E loops coloured purple; the
N-linked glycan is shown as sticks and coloured by heteroatom (oxygen, red; nitrogen, blue). EndoS
domains are coloured as follows: proline-rich loop (PRL), maroon; glycosidase domain (GH), red;
leucine-rich repeat domain (LRR), orange; hybrid Ig domain (hlg), yellow; carbohydrate-binding
module (CBM), green; C-terminal 3-helix bundle (C-3HB), blue. b EndoSP***EE1gG1 FcF™R
complex depicted as a surface, highlighting binding to IgG1 Fc®*® by the CBM and GH domains.
Residues involved in binding are depicted as sticks and coloured by heteroatom. Hydrogen bonds
are depicted as green dashes.

This structure of EndoS shows the same “V” shape as observed in its previously-solved structures
[257, 258]. Following the previously-described domain classification [257], the structure comprises,
from the N- to the C terminus: a proline-rich loop (PRL; residues 98—112), a glycosidase domain
(GH; residues 113—445), a leucine-rich repeat domain (LRR; residues 446—631), a hybrid Ig domain
(hlg; residues 632—764), a carbohydrate-binding module (CBM; residues 765-923) and a C-terminal
three-helix bundle domain (C-3HB; residues 924-995) (Figure 62a). One Cy2 domain in IgG1 Fc
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(annotated as chain A in our structure) binds across the termini of the “V”, in-between the GH domain
and CBM, with the rest of the antibody remaining exposed to the surrounding solvent. Previous work
investigating the ability of EndoS to cleave the N-linked glycans from various Fc fragments in
comparison to full-length IgG showed EndoS was able to cleave the majority of glycans in all
instances, indicating that the IgG Fab regions are unimportant in complex formation [261]. However,
the possibility that EndoS interacts with the IgG Fab regions cannot be excluded based on this crystal

structure alone.

The N-linked glycan on this chain is “flipped-out” from the usually-observed position between the
two IgG Fc Cy2 domains [36] and is bound within the previously-identified glycosidase domain
cavity [258] (Figure 62b). A structural overlay with full-length EndoS in complex with its G2
oligosaccharide substrate (PDB code 6EN3 [258]) shows that the overall morphology and domain
organisation of EndoS is approximately maintained (Figure 63a), apart from a slight shift of the
CBM and C-3HB, likely due to a pinching of the CBM around the Fc as it binds.

a N-terminal
3-helix bundle 7 —

EndoS domain key:
N PRL 3 LRR CBM
[ GH [ hIg B2 C-3HB

Cy2A Cy2B

. Chaln B
Q@ CE loop

s

(
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C'E loap

Cy3A Cy3p / / %l

Figure 63: Superposition of EndoSP?4F»_[gGl Fc™*® complex with respective apo
structures. a Superposition of full-length EndoS (PDB code 6EN3, coloured in cyan) with
complexed EndoSP?*E25L Focused view of N-terminal 3-helix bundle (not present in the
complexed EndoSP****F# construct) indicates that it would not bind IgG1 Fec. b Superposition of
wild-type IgG1 Fc (PDB 3AVE; coloured in dark grey) with complexed IgG1 Fc®*2®, which reveals
conformational changes in the C'E loops containing the N-linked glycans at N297 (whose side chain
is shown as sticks and coloured by heteroatom). a, b Complexed EndoSP*3#F#L and 1gG1 Fc™¥2R
are coloured as in Figure 62a. N-linked glycans have been omitted for clarity.

124



Chapter 5

Role of CBM in governing specificity of EndoS for IgG

The structure of the EndoS-Fc complex reveals how one Cy2 domain of the Fc binds across the GH
domain and CBM (Figure 62). As calculated by PDBePISA [85], the interface between chain A of
the Fc and EndoS comprises an area of 1323.5 A% and yields a solvation free energy gain of -9.1
kcal/mol. The GH domain of EndoS is observed forming contacts with the glycan-containing C'E
loop, while the CBM forms additional interactions at the Fc Cy2—Cy3 interface (Figure 62b). Residue
W2803 within the CBM of EndoS, whose substitution to an alanine has previously been shown to
abolish hydrolytic activity against all human IgG subclasses [257], appears to act as a hydrophobic
“plug”; it binds within a cavity at the Fc Cy2—Cy3 interface containing residues 1253, H310, L314
and H435 (Figure 62b), and has the highest solvation energy (of 2.06 kcal/M) of all EndoS residues
calculated by PDBePISA, indicating that strong hydrophobic interactions are present here. A small
number of contacts are also predicted between EndoS and the second Fc Cy2 domain, although these
are unlikely to be necessary for complex formation, given that EndoS can cleave the Fc Cy2 lacking

the hinge region, which is likely to be monomeric [261].

The complex structure presented here corroborates previous findings that both the GH domain and
the CBM are important for IgG Fc binding to EndoS [257] and resulting glycan hydrolysis [261],
and that EndoS can cleave the Cy2 homodimer fragment of IgG Fc [261]. While substitution of
residues within the glycan binding site of EndoS (and the related enzyme EndoS2) abolishes
hydrolytic activity [258, 259], EndoS lacking the CBM can still hydrolyse IgG, albeit at greatly
reduced capacity [257, 261]. Therefore, the CBM appears to drive additional specificity of EndoS
for the Fc peptide surface.

Interestingly, although the name “carbohydrate-binding module” was assigned to the EndoS CBM
based on homology to a legitimate carbohydrate-binding domain [257] and previous work has
indicated that it has the capacity to bind galactose (albeit with low affinity) [261], here the CBM is
not observed to bind the Fc N-linked glycan. Furthermore, the N- and C-terminal 3 helix bundles,
which are homologous to IgG-binding protein A from Staphylococcus aureus [258, 410], are not
interacting with the substrate polypeptide within this complex. A structural overlay of complexed
EndoS with full-length EndoS (PDB code 6EN3) indicates that the N-terminal bundle would not
contact the Fc (Figure 63a), thus its contribution to EndoS-IgG binding and glycan hydrolysis is
likely solely due to stabilisation of the GH domain, as suggested previously [258]. Indeed, existence
of the crystal structure is evidence in itself that EndoS forms a stable complex with IgG in the absence

of the N-terminal bundle.
Stoichiometry of the EndoS-IgG Fc complex

Within the crystal, each of the two IgG Fc chains binds a distinct EndoS molecule, resulting in a
complex with 2:2 stoichiometry (Figure 64a). The first EndoS molecule (chain C) is binding chain
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A of the Fc, and clear electron density for the Fc N297 glycan binding within the EndoS GH domain
cavity is observed, which was identified with a previous crystal structure [258] (Figure 64b). The
polder map for this carbohydrate group, calculated in PHENIX [396, 397], supports the presence of
an uncleaved N-linked glycan in the substrate binding pocket of EndoS, as discussed in section 5.2.1
(Figure 58b). The observation of an Fc glycan in this “flipped-out” conformation is in strong contrast
to typical crystal structures of IgG Fc, whose N-linked glycans are interspersed between the Cy2
domains [36] (Figure 64b).
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Figure 64: Stoichiometry of the EndoS****#5'_[gG1 Fc™*® complex. a One EndoSP#*4F235L
molecule interacts with one chain within IgGl Fc™®®, resulting in an overall 2:2 binding
stoichiometry. The two EndoS molecules are coloured teal and magenta and depicted as a surface at
50 % transparency, while the Fc is coloured silver and depicted as a cartoon. C'E loops within the Fc
are coloured purple; the N-linked glycan is depicted as sticks and coloured by heteroatom (oxygen,
red; nitrogen, blue). b Comparison of N-linked glycan positions observed in IgG1 Fc™**® bound to
EndoSP*AE25L and a wild-type IgG1 Fc structure (PDB code 3AVE, coloured in dark grey). N-
linked glycan is observed in a “flipped-out” structure in the complexed Fc®*®, while N-linked
glycans in typical Fc structures are observed between the Fc Cy2 domains. Electron density from the
final 2Fops-Fcalc map, corresponding to the glycan and C'E loop, is shown (contoured at 1.1 o).

Chain B of the Fc appears to be binding a second EndoS molecule (chain D; Figure 64a); however,
this EndoS molecule is poorly resolved in the electron density, with higher B factors and a greater

proportion of residues identified as RSRZ outliers (Figure 57; section 5.2.1). Moreover, the Fc N297
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glycan in chain B is not fully visible in the electron density, although the second EndoS molecule
appears to bind this Fc chain in the same manner as its more ordered counterpart (Figure 64a).
Electron density for the Fc C'E loop in chain B (albeit less clear than chain A) also indicates that the

glycan is in close proximity to the GH domain in the second EndoS molecule.

It is fascinating to observe the glycan trapped in this “flipped-out” conformation, and this
substantiates several recent studies documenting the existence of IgG Fc glycan conformational
heterogeneity [115-119]. Superposition of this complexed IgG with a wild-type Fc (PDB 3AVE)
illustrates that movement of the glycan into this position is governed by movement of the C'E loop
only (Figure 64b), although it is possible that the lower resolution of the data is masking small chain
shifts. The observation of a “flipped-out” glycan conformation may also provide a structural
explanation for the ability of cellular glycosidases and glycosyltransferases to process this otherwise
sterically-restricted substrate. Moreover, it appears that the capture of Fc N-linked glycans in this
state allows space for two enzymes to bind the Fc homodimer simultaneously (Figure 64); however,
there is no evidence to suggest that this 2:2 assembly is required for activity, especially given
previous work showing that EndoS is largely monomeric in solution [257, 258]. Although EndoS
crystallised here is lacking the N-terminal 3-helix bundle, a structural superposition with full-length

EndoS (Figure 63a) suggests 2:2 binding would be able to occur in its presence.

5.3.2 EndoS2P'#VEISL_[9G1 Fel#4C/E3824 complex

The EndoS2-IgG1 Fc complex was solved in space group P43;2:2, with three copies of the complex
modelled within the AU, as detailed in section 5.2.3. As observed for the EndoS-IgG1 Fc structure
(Figure 62), one copy of EndoS2 binds a Cy2—Cy3 monomer within the Fc homodimer. In addition,
one copy of the complex is not as well-resolved in the electron density (annotated as chains E and B,
for the copies of EndoS2 and half Fc, respectively) and thus not fully built into the density. This is
also inferred from a B factor distribution of the AU content (Figure 60b). The best-resolved copy of
the complex (annotated as chains D and A, for the EndoS2 and Fc copies, respectively) is therefore
used for depiction and analysis of the structure. The final model was refined to 3.0 A and is displayed

in Figure 65.
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Figure 65: Overall structure of EndoS2P"**AF¥L oGl FclP4CE3824 complex. a Surface

representation of the EndoS-IgG1 Fc complex. Two EndoS2 molecules bind each Fc homodimer in
the crystal (see Figure 66); for clarity, only one EndoS2 molecule is shown here. IgG1 Fc is depicted
in silver, with the N297 glycan depicted as maroon sticks and coloured by heteroatom (oxygen, red;
nitrogen, blue). EndoS2 domains are coloured as follows: glycoside hydrolase (GH), coral; leucine-
rich repeat (LRR), blue; hybrid immunoglobulin (hlg), lilac; carbohydrate-binding module (CBM),
green. b Superposition of apo EndoS2 (PDB 6E58) and EndoS2 in complex with IgG1 Fc, with
respect to the GH domain (aligned Cas for EndoS2 residues 46—386). IgG1 Fc in complexed EndoS2
is omitted here for clarity. The figure reveals the shift of GH and CBM relative to each other, with
the entire GH-LRR-hIg—CBM scaffold in different orientation. RMSDs and plane angle differences
for EndoS2 domain shifts after these superpositions are indicated, as calculated in UCSF ChimeraX
[328].

EndoS2 comprises a glycosylhydrolase domain (GH, coral, residues 43—386), a leucine-rich repeat
domain (LRR, blue, residues 387-547), a hybrid immunoglobulin domain (hlg, lilac, residues 548—
680) and a carbohydrate binding module (CBM, green, residues 681-843) [259]. The enzyme is
shaped like a “V”, and captures one Cy2 domain of the Fc through binding by the GH and CBM
domains (Figure 65), similar to that observed in the structure of the EndoS-Fc complex. Each Fc y-
chain is seen to interact with one EndoS2 molecule, similar to what was observed with the EndoS-

Fc crystal lattice (Figure 66).
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Figure 66: Stoichiometry within EndoS2P'8VEI186L_[gG1 Fcl24C/E3824 crystal structure. One
EndoS2 molecule binds a single chain of the IgG1 Fc homodimer within the EndoS2P'8*4/E1%L_[oG1
Fcl#4CE82A orystal structure, resulting in a 2:2 stoichiometry as also observed for the EndoS-IgG1
Fc complex. EndoS2 and IgG1 Fc are coloured as in Figure 65.

In the EndoS2-IgG1 Fc complex, the uncleaved Fc N-linked glycan is captured in a “flipped-out”
conformation and bound within the GH domain groove (Figure 65a), which was identified by co-
crystals of EndoS2 in complex with glycan substrates [259]. This observation is in stark contrast to
the typically-observed position of Fc glycans within crystal structures, in which they appear to sit in-
between the Cy2 domains and interact with Fc surface residues [36, 113, 114, 128]. The carbohydrate
is well-ordered, displaying low B factors with respect to the average B factor of the complex (105.8
A?, Table 26, section 5.2.3). A polder map additionally displays clear density consistent with an
uncleaved glycan in this conformation (Figure 61, section 5.2.3). Overall, this demonstrates the same
mode of glycan capture as observed in the EndoS-IgG1 Fc complex, and further corroborates

literature reporting heterogeneity of Fc N-linked glycan conformations [115-119].

Superposition of complexed and apo EndoS2 (PDB 6E58) reveals a shifting of multiple domains
upon Fc binding (Figure 65b). An overlay with respect to the GH domain (calculated by aligning
Cas for residues 46—386) results in a 10° tilt of the LRR (with respect to its position in the apo
structure). Consequently, the hIg and CBM are also displaced (with RMSDs of 8.2 A and 19.4 A,
respectively). An overlay with respect to the CBM (calculated by aligning Cas for residues 681—
843) results in smaller domain shifts: the adjacent hlg domain is tilted by 4.2°, while the LRR and
GH are displaced by 5.1 A and 6.3 A, respectively. Therefore, both the GH and CBM domains are
rearranged with respect to the rest of the enzyme upon Fc binding. The conformation of the LRR—
hlg scaffold is also affected: an overlay with respect to the LRR domain (calculated by aligning Cas
for residues 387-547) results in a 11.6° tilt in the hlg. Thus, the relative domain positioning within
EndoS2 is shifted upon binding the Fc substrate, although discrete domains can be fully
superimposed and so do not undergo individual conformational changes. Analysis of apo and glycan-

bound EndoS2 crystal structures has revealed no conformational changes upon glycan binding [259],
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which indicates that EndoS2 domain shifts observed here are solely due to binding the Fc peptide

surface.

The binding interface of the EndoS2-IgG1 Fc complex is analysed in Figure 67. The GH and CBM
domains within EndoS2 both contact the same Fc Cy2 domain. This corroborates hydrogen-
deuterium exchange data of the EndoS2-rituximab complex, which suggested a role for both domains
in complex formation [259]. Crystal structures of EndoS2 in complex with oligomannose- and
complex-type glycan substrates have identified GH amino acids involved in glycan binding [259];
the EndoS2-Fc complex structure additionally reveals interactions with the first GIcNAc and fucose
moieties within the glycan (Figure 67b). The aromatic side chains of F189, Y251, Y252 and W297
provide hydrophobic stacking interactions, while the Y252 backbone and Q255 side chain form
hydrogen bonds with the fucose (Figure 67b).
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Figure 67: Binding interface of the EndoS2°'**EB6Ll_[gG1 FclP4C/F3824 complex. a Overall
structure of EndoS2P'8#/EIL_[0G1 Fcl#4CE82A complex, with interfacing areas highlighted. b N-
linked glycan capture by the EndoS2 GH domain. Final 2Fps—Falc electron density map for the N-
linked glycan and residue N297 is shown (contoured at 1.5 o). Approximate positions of catalytic
residues D184 and E186 at the active site are indicated (from an overlay with wild-type EndoS2
(PDB 6MDS) via the GH domain: aligned Cas of residues 43—386). ¢ Fc protein surface binding by
EndoS2 CBM. EndoS2 and IgG1 Fc are coloured as in Figure 1; residues involved in binding are
shown as sticks and coloured by heteroatom. Hydrogen bonds are depicted as yellow dashes. d
Overlay of EndoS2 CBM interface with EndoS CBM (PDB 8A49). EndoS residues are coloured teal;
IgG1 Fc complexed with EndoS is coloured dark grey.

Atypical ¢ and y torsion angles are observed for the B1—4 linkage between the two core GIcNAcs of
5.9° and —121.2°, respectively, using C1-O—C(x)'-C(x—1)’ as the definition of y. These values lie

outside the range of average glycosidic linkages reported in crystal structures (—73.7° + 8.4 for ¢;
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116.8° + 15.6 for y angles, calculated from 163 structures) [411]. In a catalytic context, the distortion
of the torsion angles at the site of hydrolysis is consistent with promoting cleavage of the p1-4
linkage. Such glycan distortion is also observed within the EndoS-Fc complex, with equivalent ¢ and
y torsion angles of —58.6° and —121.2°, respectively. In addition, several crystal structures of
endoglycosidases in complex with their cleaved glycan substrate show the second GlcNAc adopting
a higher-energy, skew-boat conformation, and so glycan distortion has been suggested to comprise
part of the catalytic cycle in such enzymes [259, 304, 412]. As observed for the structure of EndoS2
bound to an isolated, complex-type glycan (PDB 6MDS [259]), the second GIcNAc is bound close
to the catalytic dyad residues D184 and E186 (exchanged to alanine and leucine in the structure of
the EndoS2-Fc complex, respectively; Figure 67b). An overlay of PDB 6MDS with the EndoS2-
Fc complex via the GH domain indicates that, in this approximate position, E186 is oriented in close
proximity to the distorted B1—4 linkage between the two GlcNAcs, facilitating nucleophilic attack

and subsequent cleavage of the glycan.

The CBM interface in the EndoS2-IgG1 Fc complex is analysed in Figure 67¢c. Amino acid W712
in EndoS2 has been shown to be important for Fc binding, as substitution to alanine abolished
hydrolytic activity towards IgG Fc bearing complex-type or oligomannose-type glycans [259]. The
EndoS2-Fc structure reveals how W712 binds within a hydrophobic pocket at the Fc Cy2—Cy3
interface, formed by 1253, H310, L314, N434 and H435. Thus, W712 makes similar interactions as
W2803 in EndoS, similarly shown to be essential for enzyme activity [257] and observed binding in
the same cavity within the EndoS-Fc crystal structure (Figure 67d). Another important amino acid
in EndoS2 is Y820: Klontz et al. found that a serine exchange variant of this side chain severely
reduced hydrolytic activity towards IgG bearing both complex- and oligomannose-type glycans
[259]. This side chain makes not only a main chain contact to Fc residue Q311, but also forms
stacking interactions with the Q311 side chain (Figure 67c). The equivalent amino acid in EndoS is
a serine, similarly providing a main chain interaction with Q311 but lacking the hydrophobic
interaction. A further parallel between the two structures is observed with the side chain of EndoS2
Y819 that hydrogen bonds to the D312 side chain from the Fc, similar to the equivalent interactions
of the EndoS T835 side chain.

5.4 Comparison of EndoS/EndoS2 recognition of IgG1 Fc

Comparison of the EndoS2 and EndoS CBM interfaces with IgG1l Fc reveals some unique
interactions formed by EndoS2, such as the side chain of R708 that hydrogen bonds to the Fc
backbone (Figure 67¢, d). PISA analysis [85] also predicts distinct Fc protein surface interfaces
across the two enzymes: the EndoS2-IgG1 Fc interface has a surface area of 977.9 A?and a solvation
free energy gain of —8.6 kcal/mol. Conversely, EndoS forms a 1323.5 A interface with the Fc, with

a—9.1 kcal/mol solvation free energy gain. A sequence alignment of EndoS and EndoS2 reveals that
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side chains interfacing with the Fc protein are not particularly conserved (Figure 68). Moreover,
aside from residue W712 (W803 in EndoS), other CBM residues found to be important for IgG Fc
binding (R908 and E833 in EndoS [257]; Y820 in EndoS2 [259]) are not conserved (Figure 68).

These observations indicate distinct modes of IgG recognition by the two endoglycosidases.
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Figure 68: Multiple sequence alignment of EndoS2 and EndoS protein sequences. Sequences
are shown as present in crystal structures of EndoS2P"#4AE186L_[oG Fcl#4C/E382A (PDB 8Q5U) and
EndoS-IgG1 Fc (PDB 8A49). Interfaces of EndoS2 and EndoS with the IgG1 Fc protein surface are
coloured purple and maroon, respectively, with interfaces formed by the GH domain and CBM of
each enzyme indicated with dashed lines. Interfaces of each enzyme with their glycan substrate are
coloured in orange. Sequence alignment was generated by Clustal Omega [35].
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Although the two enzymes bind IgG1 Fc in a similar way, a comparison of the EndoS2-Fc and
EndoS-Fc crystal structures reveals differing angles of recognition between the two enzymes.
Superposition of the two complexes with respect to the interfacing Fc Cy2 domain (calculated by
aligning Cas of amino acids 237-340) shows how different GH domain and CBM orientations allow
the enzymes to discover different surfaces on the Fc peptide (Figure 69a). This is accompanied with
distinct Fc surface interfaces recognised by the two enzymes (Figure 69b). Differential capture of
the Fc by the two enzymes is also observed: superposition of EndoS2- and EndoS-bound Fc by their
Cy3 domains (alignment of Cas for amino acids 341-444) reveals more “open” Cy2 domain
placements in the former (Figure 69¢). However, an overlay of the interfacing Cy2 (alignment of
Cas for amino acids 238-340) within the complexed Fcs and the equivalent domain from a wild-
type IgG1 Fe structure (PDB 3AVE) shows that conformational changes only occur in the C'E loop,
allowing capture of the Fc glycan in a “flipped-out” state (Figure 69b). A superposition of the GH
domains from EndoS- and EndoS2-Fc complexes shows that the interfacing Fc Cy2 domains are
captured in different orientations (Figure 70), which may reflect the altered Cy2 domain placements

observed here.
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a Comparison of EndoS/EndoS2 binding to IgG1 Fc b Enzyme interface with Fc
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Figure 69: Comparison of EndoS and EndoS2 binding their IgG1 Fc substrate. a EndoS2-Fc
and EndoS-Fc crystal structures, superimposed with respect to the interfacing Fc Cy2 domain (Cas
for residues 237-340). Complexed EndoS and EndoS2 are depicted in maroon and purple,
respectively; complexed IgG1 Fc is depicted in silver. b Binding interfaces of each enzyme mapped
onto IgG1 Fc, as calculated by PDBePISA [85]. ¢ Comparison of Fc capture by EndoS and EndoS2.
Superposition of EndoS-bound and EndoS2-bound Fc relative to the Cy3 homodimer (Cas for
residues 341-444) reveals differential shifting of Cy2 domains upon enzyme binding. Fc N-linked
glycans (shown as sticks and coloured by heteroatom) are captured by both enzymes in a “flipped-
out” conformation, occurring with shifts in the C'E loop which is covalently linked to the glycan
(relative to a wild-type IgG1 Fc structure: PDB 3AVE, depicted in dark grey). EndoS-bound and
EndoS2-bound Fc are coloured maroon and purple, respectively.
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Comparison of EndoS/EndoS2 glycan capture Key:

I EndoS2 GH domain B EndoS GH domain
RMSD between GH 1 EndoS2-bound Fc [ EndoS -bound Fc
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Interfacing Fc
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Figure 70: Superposition of GH domains from complexes of EndoS2 and EndoS (PDB 8A49)
with IgG1 Fc. Complexes were superimposed in ChimeraX [328] in relation to GH domains (amino
acids 46-386 for EndoS2; amino acids 113445 for EndoS), with a calculated RMSD of 0.73 A
between 273 pruned atom pairs. EndoS and EndoS2 GH domains are coloured as in Figure 69;
EndoS- and EndoS2-bound IgG1 Fc are coloured dark grey and silver, respectively. Fc N-linked
glycans are shown as sticks.

The observed differences in EndoS and EndoS2 binding to IgG1 Fc, in distinct protein-protein
interfaces and differing angles of recognition for the GH and CBM domains (Figure 69), provide a
structural rationale for experiments with chimeric EndoS/EndoS2 enzymes, which showed that
substitution of the EndoS2 GH onto an EndoS scaffold was not enough to confer EndoS2-like
activity, but rather required substitution of both EndoS2 GH and CBM domains [259]. This chimeric
enzyme was still not fully functional with respect to wild-type EndoS2 [259], thus the LRR-hIgG
scaffold must also play a role in orienting the GH and CBM domains optimally. The EndoS2-Fc
crystal structure can help guide future efforts for synthesis of chimeric enzymes, which have
application in engineering antibody glycosylation. Enzymes using EndoS/EndoS2 scaffolds are of
particular interest due to their exquisite specificity for IgG antibodies: for example, a recent paper by
Fan et al. shows how the glycosidase domains in EndoS/EndoS2 can be replaced with an o-L-
fucosidase from Lactobacillus casei BL23 for significantly enhanced antibody defucosylation, when

compared to the native fucosidase [413].

5.5 Discussion

This chapter describes work towards determining the structural basis behind the unique specificity
of two endoglycosidases secreted by the S. pyogenes bacterium: EndoS and EndoS2. The “less-
crystallisable” IgG1 Fc variants described in chapter 3 were used in an attempt to co-crystallise IgG1
Fc in complex with both EndoS and EndoS2. Crystallisation using two different constructs of EndoS
were attempted: full-length, inactive EndoS (EndoSFLP**#F#5L) and truncated, inactive EndoS
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(EndoSP*34EZ5Ly  The equivalent catalytic residues were exchanged in EndoS2 to produce an

inactive construct of this enzyme (EndoS2P!#4/E186L)

All three proteins were successfully expressed and purified from E.coli BL21 (DE3)pLysS cells.
Each of the expressed EndoS/EndoS2 constructs were subsequently combined with IgG1 Fc variants,
in order to produce complexes for crystallisation experiments. Despite previous work indicating that
EndoS behaves as a monomer in solution [257, 258], combining EndoS and IgG1 Fcs in a 1:1 molar
ratio did not produce a single protein species as judged by SEC. Successful crystallisation of the
EndoS-IgG1 Fc complex confirmed that, within the crystal, two copies of EndoS were binding a
single Fc homodimer. Therefore, in subsequent purifications of EndoS and EndoS2, the enzyme was
combined with IgG1 Fcs in a 2:1 molar ratio. When purified by SEC, these 2:1 complexes eluted as
a single peak, indicating stable complex formation. The solved structure of EndoS2 in complex with
IgGl1 Fc later also confirmed its 2:1 binding stoichiometry in the crystal lattice. However, for both
EndoS and EndoS2, binding events of one enzyme molecule interacting with one Fc Cy2-Cy3

monomer appear to be independent (i.e., EndoS/EndoS2 are not dimeric).

The truncated EndoS-IgG1 Fc and EndoS2-IgG1 Fc complexes both crystallised readily, with hits in
many conditions across multiple crystallisation screens. However, upon sample irradiation, it was
found that the majority of these crystals diffracted very poorly. Two rounds of seeding further
crystallisation plates produced EndoS-Fc crystals diffracting to 3.45 A. The EndoS2-Fc complex was
much more difficult to solve; seeding techniques did not improve the resolution and neither did most
attempts to reduce flexibility of the Fc. A single condition was found for inactive EndoS2 in complex
with a Fc engineered to contain an additional disulphide bridge in the lower hinge region (conferred
by L234C exchanges), which produced crystals diffracting to ~3 A and enabled structure solution.
Crystallisation of the full-length EndoS-Fc complex was unsuccessful and produced no initial hits;
further attempts to crystallise this complex could be attempted with the full range of “less-
crystallisable” Fcs.

Prior to the start of this project, crystal structures of EndoS and EndoS2 in complex with their isolated
glycan substrates had been elucidated, allowing identification of the glycan-binding grooves present
within the glycosidase (GH) domain [258, 259]. This domain, along with a putative carbohydrate-
binding module (CBM), was known to be important for enzymatic activity in both EndoS and
EndoS2 [257-259, 261]. The crystal structures of EndoS-IgG1 Fc and EndoS2-IgG1 Fc presented
within this chapter corroborate these findings, by showing that the GH and CBM domains, which
form the termini of these V-shaped enzymes [257-259], bind across one Cy2 domain of IgG Fc. The
role of the CBM is therefore to drive additional specificity for the enzyme towards its IgG substrate.
This provides a structural rationale for the observation that EndoS unable to hydrolyse the glycans
from denatured IgG Fc [227]. A recent cryo-EM structure of EndoS in complex with IgG Fc also

corroborates these findings [414].
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Examination of both crystal structures revealed that the Fc N-linked glycans have been captured in a
“flipped-out” conformation, due to conformational changes within the Fc C'E loops. This is an
exciting observation and has not been previously seen within an IgG Fc crystal structure: Fc N-linked
glycans are typically observed between the Cy2 domains, where they interact with particular Fc
residues [36, 113, 114, 128]. However, the flexible nature of IgG Fc glycans has been studied using
other techniques [115-119]; the crystal structures presented here therefore corroborate the existence
of Fc glycan conformational heterogeneity. This also provides a structural rationale for the ability of
these enzymes, and other glycosidases, to access the (apparently) sterically-restricted glycan

substrate.

A comparison of the interfaces of EndoS/EndoS2 binding to IgG1 Fc reveals, despite the overall
similarity in binding modes, distinct modes of IgG recognition. The LRR-hlIgG scaffold of each
enzyme, although not involved in substrate recognition or catalysis, appear to be important in
orienting the GH and CBM domains for optimal binding to their respective interfaces on IgG Fc. An
EndoS scaffold with the GH domain from EndoS2 was found to be non-functional, but subsequent
substitution of the CBM from EndoS2 restored partial EndoS2-like activity [259]. The crystal
structures presented here provide a structural rationale for these experiments, by revealing that the
interfaces formed by the enzyme binding to the Fc protein surface are not as highly conserved as
those formed with the Fc N-linked glycan. Moreover, these structures can be utilised as templates for
future structure-guided design of novel IgG-specific chimeric enzymes, as recently demonstrated by
Fan et al. [413], in which a fucosidase enzyme was fused onto EndoS scaffold (lacking its catalytic
domain), to yield an IgG-specific fucosidase. Given the co-dependence of the GH domain and CBM
within these endoglycosidases [259], and the role of the LRR-hIgG scaffold in orienting these
domains for optimal IgG binding, simple substitution of a catalytic domain onto an IgG-specific
scaffold may not yield a functional enzyme. Structural information for two distinct IgG-specific
enzyme scaffolds (from EndoS and EndoS2) provides two possible templates for chimeric enzyme

design, which should greatly aid such ventures.

Overall, the crystal structures of EndoS and EndoS2 in complex with IgG1 Fc presented here reveal
the molecular basis behind their extensive substrate specificity. This structural knowledge will aid in
the continued development of enzyme variants, and chimeric EndoS/EndoS2-based enzymes, as tools

for improved antibody glycoengineering and as biologics for use in immune modulation.
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Chapter 6 Conclusions

The aim of this thesis was to elucidate the structural basis behind the unique specificity of IdeS and
EndoS/EndoS2 for IgG antibodies, which provides the bacterium Streptococcus pyogenes with
potent evasion mechanisms against the human immune system. The successful expression,
purification, crystallisation and structure solution of the inactive enzymes in complex with IgG1 Fc

1s described.

Chapter 3 presents a panel of IgG1 Fc variants designed to be “less-crystallisable”, by substitution
of amino acid E382, which forms an important salt bridge with R255 in typical Fc crystal lattice
interactions. A crystal counting experiment was utilised to confirm that the three Fc variants
(containing E382R, E382S and E382A exchanges) crystallise less readily than a wild-type Fc.
Structural analysis of IgG1 Fc™* and Fc™** showed similarly altered crystallisation, with both
variants crystallising in space group P3,21, not previously reported for a human, apo Fc structure.
These Fc variants were hypothesised to be of use for co-crystallisation experiments of enzyme-Fc
complexes; successful crystallisation of these complexes demonstrates their suitability for this
purpose, and highlights their potential use for other Fc-protein complexes, such as complexes with

FcyRs.

The IdeS-IgG1 Fc crystal structure confirms the long-suspected belief that IdeS must recognise IgG
using exosite binding, as it shows extensive binding across both chains of the hinge region and both
Fc Cy2 domains. The enzyme is observed encasing the IgG hinge region to be cleaved within the
active site cavity, mediated by the so-called “prosegment binding loop”. Binding of the hinge peptide
at the active site distorts the scissile peptide bond to promote cleavage. IdeS cleaves both chains of
the hinge sequentially and the structure indicates an altered binding interface for the second chain
cleavage. Further work needs to be undertaken to understand the structural basis of this, along with

the ability of IdeS to additionally cleave the IgG2, IgG3 and IgG4 subclasses.

Similarly, the EndoS-IgG1 Fc and EndoS2-1gG1 Fc crystal structures confirm the importance of not
only the catalytic glycosylhydrolase domain, but also the carbohydrate-binding module for
EndoS/EndoS2 activity. The role of the CBM was previously unclear and proposed to be in glycan
recognition; however, the structures presented here elucidate its role in Fc protein surface
recognition, and thus in driving specificity towards IgG. This mode of binding was corroborated
shortly after publication of the EndoS-Fc crystal structure (PDB 8A49) with a cryo-EM structure of
the EndoS-IgG1 Fc structure. Moreover, these crystal structures observe the Fc N-linked glycan in a
“flipped-out” conformation, corroborating previous molecular dynamics simulations and providing
a structural rationale for the ability of these enzymes, and likely other endoglycosidases, to process

this relatively sterically-restricted substrate.
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Comparison of the EndoS and EndoS2-Fc structures additionally reveals differences in Fc
recognition, providing a structural rationale for recent experiments showing how the catalytic domain
from EndoS2 cannot be readily substituted with that from EndoS. This is important to note for the
design of chimeric enzymes for use in antibody glycan remodelling. The high specificity of EndoS
and EndoS2 for IgG makes them ideal scaffolds for IgG glycoengineering, and the structural

information presented herein will aid in their development as chimeric enzymes.

In conclusion, the crystal structures presented within this thesis provide a structural rationale for the
unique properties of these immune evasion enzymes, particularly their exquisite substrate specificity
towards human IgG. Furthermore, these structures can serve as templates for structure-guided design
of novel enzymes, such as immunologically-distinct IdeS/endoglycosidase variants for long-term
therapeutic use, and development of mnovel IgG-specific endoglycosidases with varying

glycosyltransferase activities for precise antibody glycoengineering.

140



Appendix A

Appendix A  Publication 1

Sudol ASL, Butler J, Ivory DP, Tews I, Crispin M. Extensive substrate recognition by the
streptococcal antibody-degrading enzymes IdeS and EndoS. Nat Commun. 2022;13:7801.

Publication is included overleaf for reference:

141



Appendix A

nature communications a

Article

hittps://dol.org/ 10,1038 /s41467-022-35340-1

Extensive substrate recognition by the
streptococcal antibody-degrading enzymes
IdeS and EndoS

Received: 16 August 2022

Accepted: 25 November 2022

Fublished onling: 17 December 2022

® Chack for updates

Abigail 5. L. Sudol @', John Butler’, Dylan P. vory @, Ivo Tews ®' &
Max Crispin @'

Enzymatic cleavage of IgG antibodies is a common strategy used by patho-
genic bacteria to ablate immune effector function. The Strepfococcus pyagenes
bacterium secretes the protease ldeS and the glycosidase EndoS, which spe-
cifically catalyse cleavage and deglycosylation of human IgG, respectively. 1deS
has received clinical approval for kidney transplantation in hypersensitsed
individuals, while EndoS has found application in engineering antibody gly-
cosylation. We present crystal structures of both enzymes in complex with
their IgG1 Fc substrate, which was achieved using Fc engineering to disfavour
preferential Fc crystallisation. The IdeS protease displays extensive Fc recog:
nition and encases the antibody hinge. Conversely, the glycan hydrolase
domain in Ende$ traps the Fc glycan in a “flipped-out” conformation, while
additional recognition of the Fc peptide is driven by the so-called carbohy-
drate binding module. In this work, we reveal the molecular basis of antibody
recognition by bacterial enzymes, providing a template for the development

of next-generation enzymes.

The bacterium Streprococcus pyagenes has evolved a diverse range of
mechanisms for evading the human adaptive immune systent’. Infec-
tion with 5 pyogenes can be mild, causing for example throat infec-
tions, butat the other extreme can cause terminal necrotising fasciitis”,
Two enzymes secreted by this bacterium, ldeS' and EndoS®, directly
target and cleave lgG antbodies, and thereby impede cellular
responses through immune recruitment mediated by the antibody Fc
domain. The specificity of these enzymes for IgG has led to the
development of a wide range of clinical and bictechnology
applications’ and haswarranted extensive studies of their enzymology.

Of the two immune evasion Factors, 1deS & most advanced in clin-
ical development”*®, 5 pyogenes expresses two variants of this enzyme
(often distinguished by naming the first and second variants IdeSMac-1
and Mac-2, respectively), which display less than 50 % sequence identty
within the middle third of the protein®, but nonetheless exhibit largely
indistinguishable endopeptidase activity'™. The enzyme @rges Igt by
cleaving within the lower hinge region, yielding Flab’), and Fc
fragments*™, an activiiy which has enabled its development

(specifically, the Mac-1 enzyme variant) as a pre-treatment for ans-
plantaton in hypersensitsed individuals with chronic kidney disease
(Imlifidase, brand name Idefirix®/°, Along with EndoS, it has further
potential use in the deactvation of pathogenic antbodies in auto-
immune disorders™"?, deactivation of neutralising antibodies for invivo
gene therapy™, and for the potentiaton of therapeutic antibodies by
deactivation of competing serum igG*+~. Imlifidase has also been used in
combination with EndoS for inactivation of donorspecific antibodies in
murine zllogeneic bone marrow trans plantation™,

The endoglycosidase EndoS has additional biowchnological
applications in engineering antbody glycosylation™ it hydrolyses the
(=L4 linkage between the first two N-acetylglucosamine (GlcNAc)
residues within biantennary complex-type Nlinked glycans on 1gG Fe,
thereby removing the majority of the glycan®. The related enzyme
EndoS2 from serotype M49 of 5. pyogenes also targets IgG* but exhi-
bits broader glycan specificity®. Variants of both enzymes have been
utilised in cransglycosylaton of various glycoforms o intact 126 o
enable precise antdbody glycan remodelling™*" =,
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It is still unclear, however, how exactly these enzymes specifically
targetand degrade 1gG, Full cleavage of an antibody by IdeS occurs in
two distinct steps, inwhich the second chain is cleaved more slowly;™*
this observation, along with the finding that IdeS exhibits low activity
towards synthetc hinge peprides'®, suUggests a more extensive recog-
nition interface with the target IgG. Similarly, multiple domains within
EndoS contribute to substrate recognition and catalysis®™ ™, but the
molecular details of substrate recognition remain undefined.

Here, we illustrate the molecular basis behind the unique sub-
strate specificity of these enzymes using X-ray crysmllography. We
show that mutation of IgG Fe residue E382, which consistently forms
salt bridge interactions in Fc crystal structures, can be used as a
srategy to discourage Fo selfcrystallisation and thus promote crys-
tallisation of protein complexes. We present crystal structures of ldeS/
IgGl and EndoS/1gGl complexes, to aresoluton of 234 A and 3.45A,
respectively, and map the extensive inter faces that are formed in these
complexes. Undersanding substrate interaction and recognition of
these enzymes facilitates their further clinical development and their
application as highly specific bictechnological tools,

Results and discussion

Analysis of Fe crystal structures for Fc engineering

The co-crystallisation of 1gG Fc with enzymes is notoriously difficult
due m the inherent ability of the Fc fragment to crystallise on its own.
We therefore sought to identify favourable contacts present in typical
Fcorystals, inorder to devise a strategy to counteract its selectve self-
crystallisaton.

We have observed, from looking at structures currently present in
the PDB, that human g6 Fe commonly crysallises in the F2,2,2, space
group (60,2 % of 108 apo IgG Fc structures, as of August 2022), We
studied the crystal lattice contacts present in a typical, wild-type Fc
sructure (PDB 3AVE™ ), in order to identify amino acid residues which
are important in this favourable packing arrangement. As calculated in
PDBePISA®, model 3AVE forms thirteen sak bridges and fifteen
hydrogen bonds with neighbouring molecules within its crystal lattice
(Fig. 1b). In addition, contacts are largely conserved across both Fe
chains, resulting in a tight packing arrangement (Fig, 1b, c). We iden-
tified residue E382, which forms salt bridges with R255 in a neigh-
bouring Fc molecule (and vice versa), in both Fo chains (Fig. 1b). We
hypothesised that replacement of this residue would hinder the self-
association of the Fc into this preferred crystal lattice, and therefore
designed three IgGl Fc variants: E382R, E382S and E382A, which we
collectively term as “Fx” variants.

Inorder to compare the crystallisationabilides of our “Fx” variants
versus a wild-type IgGl Fc, we set up identical crystallisation experi-
ments in JCSG-plus™ and Morpheus screens (both from Molecular
Dimensions) for each Fc at 10 mg'mL. Crystals were left to grow at
21°C and, after eight days, the number of conditions in each screen
producing crystals were counted. Ofthe three Fx variants, we illustrate
results here for the E3825 variant. Wild-ty pe IgGl Fo produced a total of
21 crystal “his” (14 in JCSG-plus™ and 7 in Morpheus). In contrast, the
E3825 variant produced 9 hits intotal, all of which were in JCSG-plus™
(Fig. 1a); this variant therefore displaved a -57 % reduction in crystal-
lisation compared to the wild-type Fc. The E382A and E3B2ZR variants
simikarly produced no hits in the Morpheus screen, and yielded 8and 6
hits in JCSG-plus™, respectively.

Crystals of the Fc E3825 variant were found to have grown in an
atypical space group P3.21. The structure was determined by molecular
replacement using 3AVE as a search model and refined to a resolution of
3.04 A (Supplementary Table 1, Supplementary Fig. 1). As of August 2022,
this space group has not previously been reported for a human apo 1gG
Fc structure; we did, however, find examples of IgG Fc crystllised in
complex with a small peptide (for example, PDB SDVK™) where the
reported space group was F3.21 Interestingly, this peptide binds at the
Cy2-Cy3 interface within the Fc, around the same area as E382

Analysis of the crystal contacts revealed that this variant makes
fewer Interactions with symmetry-related molecules in the crystal
{four salt bridges and sixteen hydrogen bonds; Fig. 1b), which are
asymmetrical across the two Fc chains, resulting in akered crystal
packing (Fig 1c). Furthermore, as calculated within the ccpdi2
interface™, the E382S variant had a higher solvent content and Mat-
thews coefficient compared to the wild-type Fc (Fig. 1b). indicating that
the molecules are less tightly packed in this crystal form. We conclude
that crystallisation of this Fc variant has been rendered less favourable;
this indicates that other substitutions at E382, as in the E382R and
E382A variants, would have similarly alered crystallisation. In general,
‘we envisage that any mutation impacting lattice formation could be
similarly employed, We subsequently used these E382 variants for
screening of enzyme-Fc complexes, and believe that they would
similarly be ideal for crystallisation of other Fc complexes, such as
those of IgG with Fo y-receptors.

The ldeS-1gGl Fo complex

IdeS from Streprococcus pyagenes (strain MGASLS252), containing a
CO94A mutation to abolish catalytic activity, was combined in a 11
molar ratio with our panel of IgG1 Fe variants, and the resulting com-
plexes were purified by size exclusion chromatography (Supplemen-
tary Fig 2). We obtined crystals of IdeS in complex with the Fc®=*
variant, which crys@llised in space group Cl1Z1 (Supplementary
Table 2}, The structure wasdetermined by molecular replacement with
1¥08 and 3AVE search models, The data for this crystalis twinned, with
arefined twin fraction of0.493 for o perator -, -k, as determined using
win refinement in Refmacs™, Such a high twin fraction means that
significant model bias is to be expected, and care must be mken in
madel analysis (see Supplementary Table 2 and Supplementary Fig. 4.

Electron density resolves amino acids 43-339 in 1deS, as well as
229-445 and 230-444 for chains A and B in lgG1 Fc, respectively. We
addidonally observe density for seven/eight monesaccharide residues
at the Nlinked glycosylation site (at N297) on Fc chains A and B,
comprising a fucosylated biantennary glycan with a single f-1,2-linked
GleNAc on the mannose 6-arm (chain A) and the equivalentglycan with
terminal f=1,2-inked GlcNAc on both arms {chain B). The final struc-
ture was refined o 2.4 A {Supplementary Table 2, Supplementary
Fig. 3) and is depicted in Fig. X

The crystal struciure shows asymmetric binding of ldeS across the
Cy2 domains of the Fc and its lower hinge region (Fig 2a). We envisage
that the upper hinge region of IgG and its Fab regions do notcontribute
significantly to complex formation, as indicated with the lack of elec-
rron density for the hinge above residues 229/230 {in Fo chains A and B,
respectvely), and reported cleavage of both full-length IgG and its Fc
fragment by IdeS™". However, we cannot formally exclude the possibility
that there is some interaction of IdeS with the IgG Fab regions,

The 11 stoichiometry obse rved in the crystal structure is consistent
with previous kinetic analyses™ showing that IdeS functions pre-
dominandy ina monomeric form. The enzyme appears @ clamp down
over the lower hinge region of one Fc chain (Fig 2a), creating a cavity in
which the catlytic residues are brought into close proximity with the
cleavage site. Binding of the enzyme to the Fc appears to displace the
two Cy2 domains slighty, as shown by superposition with a soructure of
wild-type 1gG1 Fo (FDB 3AVE) (Supplementary Fig. 4b). Residues within
the Cy2 domain in chain A have higher 8 factors compared to the rest of
the complex (Supplementary Fig. 4a), which could indicate that binding
of IdeS pulls this domain away slighty from the rest of the antibody.

Role of prosegment binding loop in ldeS-Fc complex

Ides crystallised in complex with IgGl Fc here is the Mac-2 variant, and
thus deviates in sequence from the three published apo soructures of
IdeS (all of whichare the Mac-1variant; Supplementary Fig 5a). Despite
this, a seructural alignment shows very few deviations (Fig, Zb). Com-
plexed IdeS contains ten o helices and twelve B-strands, as calculated
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13 salt bridges
Solvent content = 54.95 %

15 H bonds

Crystallisation in typical space group £2,2,2,
Tightly packed crystal lattice

Fig. 1 | Observed crystal packing in wild-type and “less crystallisable” IgG1 Fo
fragments. a Crystallisation of wild-type lgGl Fc and lgGl FE™ variant in JCSG-
plus™ and Morpheus screens, at 30 mg/ml and 21%C, Crystal *hits”™ are indicated
with a coloured cincle. b Analysis of crystal packing interface and interactions
present in a typical. wild-type igGl Fo crystal structure (PDB 1D 3AVE) and IgGi
FC™™ yvariant, as cabculated by PDBePISA™, ¢ Crystal packing resulting from

Matthews coefficient = 3.35 (0.969)

4 salt bridges
Solvent content = 63.32 %

AR Hliorids

E382-R255
salt bridges
R2
F e Crystallisation in atyplcal space group
g P3,21
Reduced packing within crystal lattice
EZE2
[ Neighbouring Fes in crystal lattice
[ (within 3.2 A contact distance}

crystallisation in typical space group P22, 2 and atypical space group P3.21, for the
wild-type lgG1 Fc and kGl FO™ variant, respectively. E382R255 salt bridges
between symmetry-related Fos in the F222, crystal |attice are highlighted with a
yellow circle. Neighbouring Fos in the crystal lattios contacting the origin Fo within
a3.2A comact distance are shown. a-c Analysis relating to the wildtype lgG1Fc and
lg Gl Fe™™ variant is depicted in blue and red, respectively.

by DSSP'™* (Supplementary Fig. 4c); we note that the loop located
between P-strands seven and elght is modelled in distinct conforma-
tions for each of the apo structures™ and Is notincluded within 1Y08*
{Fig, 2b), signifying its inherent flexibility in the apo form. This loop is
equivalent @ the “prosegment binding loop™ present in other papain
superfamily cysteine proteases; in these enzymes, which are synthe-
sised as inactive zymogens, this loop packs against the prosegment as
amode of inhibition****, In complexed IdeS, the loop curls upwards to
accommodate the Fc hinge within the active site cavity (Fig. 2a).
Alanine substiwtion mu@tons within this loop were previously
found to have lictle effect on neither [deS binding to 1gG, nor its cat-
alytic activiy®>. Our structure shows, however, that the majority of

interactions present here involve the ldeS backbone, whose con
formation won't be significantly altered by alanine mutatons. The
inability of ldeS o cleave IgG hinge-mimicking peptides™ also indi-
cates an occlusion of the active site in the absence of subsrate,
especially given the smong potential of hydrogen bonding and
hydrophobic interactions observed at the Fc hinge (discussed in the
following section). It is possible that there may be a conformational
change inthe active site upon binding; however, superposition of wild-
type IdeS (PDB 2AU1) with the complexed enzyme shows the camlytic
triad residues in very similar conformations, although we cannot rule
this out given the sequence diversity present (Supplementary Fig 5).
Moreover, IdeS"™* has been shown to retzin antbody binding and
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Fig. 2 | Crystal structure of igGl Fc™ " HeS™* complex. a Overall structure of
complex, with IdeS™** shown as a surface and IgGl F<™™* shown as a cantoon,
Melinked ghycans and the 1gGl FA™™* hinge peptide in the focused panel are shown
as sticks and coloured with oxyzen, nitrogen and sulphur aoms in red, blue and
yellow, respectively. b Superposition of complexed IdeS™* with three published
apo structures of [deS (FOE 1D IVOE, 2ALTLand 2AVW, coloured in red, orange and
vellow, respectively) and focused view of the prosegment binding loop. ¢ Binding

of IgGl Fe™* hiinge peptide within the 1de5™* acthe site. Fo™™ peptide and
IdeS™** active site residues are depicted as sticks and coloured by heteroatom;
catalytic triad residues are coloured purple, The scissile peptide bond is ool oured
incyan; hydrogen bondsare depicted asgreen dashes. The final 2F . F .. clection
density map corresponding to the FO™™ peptide s shown (weighted at 1.5 o). a~c
Ides™ is coloured blue; 1gGl FE™™ i coloured in sibver.

inhibit lgG-mediated phagocytosis at levels comparable w the wild-
type enzyme’, suggesting that the inactive enzyme retains antibody
binding. We therefore conclude that the likely role of this loop &
mediation of substrate access to the active site.

Interaction of 1gG1 Fo hinge at IdeS active site

Weobserve clear density for the IgG1 Fc hinge region bound within the
IdeS active site cavity, in both the final elecron density map (Fig. 2c)
and a polder mapas calculated in PHENIXY= {Supplementary Fig. 4d).
The carbonyl oxygen of G236 Is hydrogen bonded to the amide
nitrogen of the catalytic cysteine (mutated to alanine here) and the
side chain of KB4, which collectively form the oxyanion hole, as
predicted***", Binding of the hinge distortsthe Fc peptide backbone at
G236 in order to promote scissile bond cleavage (Fig. 2c); this residue
is thus identified in Molprobity™ as a Ramachandran cutlier. Super-
position of wild-type ldeS (PDB 2401} with the complexed enzyme
gives an indication for placement of the catalytic cysteine side chain
{Supplementary Fig. Sb): in this conformation, the cysteine sulphur is
ideally poised for nucleophilic attack on the carbonyl carbon within
the scissile peptide bond.

Extended exosite binding of 1deS to the Fc Cy2 domains
It has long been suspected that IdeS must recognise its sole substrate
IgG with exosite binding****, Our structure now reveals that 1deS

binds across both chains of the Fc region (Fig. 3a). Unsurprisingly, the
most extensive Interface is formed with the Fc chain being cleaved
(annotated as chain A in our scructure) (Fig 3b), withan interface area
0f 1392 A? and a solvation free energy gain upon inter face formation of
~16.2kcalmol, as calculated by PDBePISA™. The interface extends
across the entire hinge region (C229-S239; Fig. 3b), with hydrogen
bonds formed with the backbone at A231, 1234, G236 and G237 and the
E233 side chain, and favourable hydrophobic interactions predicted
here (inferred by positive solvation energies of hinge residues). Within
the Fc Cy2 domain, ldeS Interacts with residues in proximity of the BC
loop, which aids in stabilising an “epen” conformation of the proseg-
ment binding loop (as discussed above), and additionally the FG
loop (Fig. 3b).

A secondary Interface is formed across the second Fc chain
{annotated as chain B in our structure; Fig. 3c), withan interface area of
8047 A% and a solvation free energy gain of 7.6 keal/mol. A smaller
proportion of the Fe hinge contributes (A231-G237), but PDBePISA
predicts Favourable hydrophobic interactions here, albeit not w the
same extent as chain A, Subsequent recognition of this Fc chain is
driven by interactions with the BC loop, and, in contrast to chain A, the
CE loop containing the N-linked glycan (Fig, 3c). PDBePISA addition-
ally predicts a small number of interactions berween the enzyme and
the Fc N-linked glycans; the lack of electron density for any mono-
saccharides past p-12-linked GicNAc suggests that any further glycan
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of Ide5 to IgG1 Fc
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I Fc chaln A
[0 Fe chain B

C Chain B interface

goa 2

Fig. 3 | Asymm etric binding interface of ideS™ " gG1 F™™ complex, a Overall
view of complex depicted as a surface, with 1de5™ coloured blue and IgGl F&E™*
coloured silver. Interfaces of 1deS™* with chains A and B of the Fc are col oured

indigo and coral, respectively. Ghrcans within the Fc have been omitted for clarity.
binterface between |deS™ and IzG1 F™™ chain A, imvalving the Fc hinge region,

Chain A
interface

187 “baes

IBC loop and FG loop. ¢ Interface between 1deS™* and 1gG1 F&™* chain B, involving
the hinge reglon, BC loop and CE loop. b, ¢ Residues invohed in binding are
depicted as sticks and coloured by heteroatom {oxymen in red and nitrogen in
ilue), with hydrogen bonds depicted as green dashes.

processing doesn't affect complex formadon, and that IdeS can
accommodate IgG with heterogenous glycosylation.

Although kdeS interacts with both chains in the Fc hinge simul-
taneously, following cleavage of the first chain, the complex would
need to dissociate before the second cleavage could occur. This
observation s also evidenced by detection of singlecleaved Fc in
enzymatic assays and in clinical studies' %, We suspect that the
binding interface is altered for single-cleaved Fe and that this explains
its slower rate of cleavage'-'>*. Itis also interestng to note that, aside
from the hinge region, IdeS binds Fc regions implicit in Foyreceptor
binding, an observation ako inferred by its ability to counteract Fc-
mediated effector functions by competitive binding inhibidon®,
Moreover, we observe that ldeS residues interacting with the Fc are
largely conserved across the two Ides isoforms, and any substitutions
are mostly to similar amino acids, which aids in explaining their near
identical activity,

The EndoS-lgGl Fe complex

To date, there are several known smuctures of endoglycosidases in
complex with their glycan substrates™™****, Here, we present the
structure of truncated EndoS (residues 98-995 as described
previously™) in complex with its 1gGL Fc substrate (E382R variant. A
catalytically inactive version of EndoS was generated by the inclusion

of D2334/E2351 substitutions, asdescribed previously™, The complex,
containing two coples of EndoS and one 1gG1 Fc molecule, crystallised
in space group F2,2,2, and was refined to a resclution of 3.45 A (Sup-
plementary Table 3, Supplementary Fig. 6). The second copy of EndoS
{annotated as chain D) is much more poorly resolved in the electron
density compared to the rest of the structure (discussed below), and
thus we have used the more ordered copy of EndoS (annotated as
chain C) for structure depicdon and analysis. In addidon, the density
resolves only the N-linked glycan on chain A of the Fe (not its coun-
terpart on chain B), which is bound within the more ordered copy of
EndoS. We therefore elucidate the mode of glycan binding and 1gG
recognition by inspecting the interaction of EndoS with this Fc chain.
The final structure & depicted in Fig. 4.

COwr structure of EndoS shows the same “V” shape as observed in
its previously solved structres™*, Following the previously-described
domain classification”, the structure comprises, from the N-to the C-
terminus: a proline-rich loop (residues 98-112), a glycosidase domain
(residues 113-445), a leucine-rich repeat domain (residues 446-631), a
hybrid Ig domain (residues 632-764), a carbohydrate-hinding module
{CBM; residues 765-923) and a C-terminal three-helix bundle domain
{C-3HB; residues 924-905) (Fig. 4a) One Cy2 domain in IgGl Fe
(annotated as chain A inour structure) binds across the termini of the
“¥*, in-between the glycosidase domain and CBM, with the rest of the
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EndoS domain key:
N PRL T LRR 0 CBM
9 GH 1 hig BEEC-3HB

Fig. 4 | Crystal structure of EndoS =V™2.jo0) F**= complex. a Overall
structure of complex depicted as a cartoon., IgGl F™™ s colourned silver, withits
E loops coloured purple: the M-linked glycan ks shown as sticks and coloured by
heteroatom {oxygen inred and nitrogen in blue), EndoS domains are coloured as
follows: proline-rich loop (FRL), maroon; glycosidase domain (GH), red; leucine-
rich repeat domain (LRR), orange: hybrid Iz domain (hig), vellow: carbohydrate

binding module (CEM), green; C-terminal 3helbx bundle (C-3HE), blue.,
bEnd oS =g Fc™™ complex depicted as asurface, highlight ing binding to
Iz Gl F™™ by the CBMand GH dom ains, Residues invoived in binding are depicted
a5 sticks and coloured by hetercatom. Hydrogen bonds are depicted as green
dashes.

antibody remaining exposed to the surrounding solvent. Previous
work imvestigating the ability of EndoS t cleave the N-linked glycans
from various Fc fragments in comparkon to full-length 1gG showed
EndoS was able to cleave the majority of glycans in all instances,
indicating that the IgG Fab regions are unimportant in complex
formation™. However, as with the IdeS-IgGl Festructure, we are unable
to exclude the possibility that EndoS interacts with the lgG Fab regions
from this crystal structure alone

The N-linked glycan on this chain is “flipped-out” from its
usually-observed position between the two IgG Fc Cy2 domains™
and is bound within the previously-identified glycosidase domain
cavity” (Fig. 4b). A structural overlay with fulllength EndoS in
complex with its G2 oligosaccharide substrate (PDE 6EN3™)
shows that the overall morphology and domain organisation of
EndoS is approximately maintained (Supplementary Fig. 7a),

apart from a slight shift of the CBM and C-3HB, likely due to a
pinching of the CBM around the Fc as it binds.

Role of CBM in governing specificity of EndoS for 1gG

Our structure of the EndoS-Fc complex reveals how one Cy2 domain of
the Fc binds across the glycosidase domain and CBM (Fig, 4). As cal-
culated by PDBePISA™, the Interface between chain A of the Fc and
EndaS comprises an area of 13235 A’and yields asolvation free energy
gain of -9 keal/mel. The glycosidase domain of EndoS ks observed
forming contacts with the glycan-containing C'E loop, while the CBM
forms additional interactions at the Fc Cy2-Cy3 interface (Fig. 4b). We
note that residue WB03 within the CBM, whose substitution m an
alanine has previously been shown to abelish hydrolytic activity
against all human IgG subclasses”, appears to act as a hydrophobic
“plug®; it binds within a cavity at the Cy2-Cy3 interface containing Fc
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Fig. 5| Stoichlometry of the EndoS™V 5= g1 Fo™™ complex. a One
EndoS™ V=2 molecule interacts with one chain within IgGl FO™™, resulting inan
overall 2:2 binding stoichiometry. The two EndoS maolecules are coloured teal and
meagentaand depicted as a surface at 50K transparency, while the Fels coloured
silver and depicted as acartoon. C'E loops within the Fc are coloured purple: the
Melinked glycan is depicted as sticks and coloured by heteroatom (oxygen in red
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between Cy2 domains

EndoS
molecule 1

and nitrogen in blue). b Comparison of Ndinked glycan positions observed in 1gGi
F&™™® bound to EndoS™™™ ™%, and a wild-type lgG1 Fo structure (PDE ID 3AVE,
ooloured in dark greyl. N-linked glycan is observed in a *flipped-out® structure in
the complexed Fc™=, while N-linked glycans in typical Fo structures are ohserved
between the Fo Cy2 domains. Blectron density from the final 2F .. F oo map. cor-
responding tothe ghrcan and CE loop, is shown (weighted at 11 o

residues [253, H310, L314 and H435 (Fig. 4b), and has the highest sol-
vation energy (of 206 kcal/M) of all EndoS residues calculated by
PDBePISA, indicating that strong hydrop hobic interactions are present
here. A small number of contacts are also predicted between EndoS
and the second Fc Cy2 domain, although these are unlikely to be
necessary for complex formation, given that EndoS can cleave the Fo
Cy2 lacking the hinge region (likely monomericr™,

The complex structure presented here corroborates previous
findings that both the glycosidase domain and the CBM are important
for IgG Fcbinding” and ghycan hydrolysis™, and that EndoS can cleave
the Cy2 homodimer fragment of IgG Fc™, The related enzyme EndoS2
likely binds l2G in a similar manner;™ hydrogen-deuterium exchange
mass spectromery on this complex has similarly indicated strong
binding of IgG to the glycosidase domain and the CBM™, Whik
mutaton of residues within the glycan binding site of both enzymes
completely abolishes their hydrolytic activity™", EndoS lacking the
CBM can still hydrolyse IgG, albeit at greatdy reduced capacity™™
Therefore, the CEM appears to drive additional specificity of EndoS for
the Fe peptide surface,

Interestngly, although the CBM was assigned based on homology
to a legitimate carbohydrate-binding domain™ and previous work has
indicated that it has the capacity to bind galactose (albeit with low
affinity)™, here the CBM is not observed to bind the Fo N-linked glycan.
Furthermore, the N- and C-terminal 3 helix bundles, which are

homologous to 1gG-binding protein A from Staphylococcus aureus™,
are not interacting with the substrate polypeptide within this complex.
A structural overlay of complexed EndoS with full-length EndoS (PDB
BEN3) indicates that the N-terminal bundle would not contact the Fe
(Supplementary Fig. 7a), thus is conribution to EndoS-1gG binding
and glycan hydrolysis is likely solely due to stabilisatdon of the glyco-
sidase domain, as suggested previously”. Indeed, exisience of the
crystal structure is evidence in itself thatEndoS formsa stable complex
with IgG in the absence of the N-terminal bundle.

Stoichiometry of the EndoS-1gG Fc complex
Within the crystal, each of the two 1gG Fc chains binds a distinct EndoS
malecule, resulting ina complex with 22 stoichiometry (Fig. 5a). The
first EndoS molecule (chain C) Is binding chain A of the Fc, and we
observe clear electron density for the N297 glycan binding within the
EndoS ghycosidase domain cavity previously identified™ (Fig. 5b). The
polder map for this carbohydrate group, calculated in PHENDC™S,
supports the presence of an uncleaved N-linked glycan in the substrate
binding pocket of EndoS {Supplementary Fig. 8). This observation of
an Fc glycan in this “flipped-out” conformation Is in strong contrast to
typical crystal structures of IgG Fo. whose N-linked glycans are inter-
spersed between the Cy2 domains™ (Fig. 5h).

Chain B of the Fc appears to be binding a second EndoS molecule
ichain D; Fig. 5a); however, this EndoS molecule is poorly resolved in

Mature Communlcations | (2022713:7801

148



Article

Appendix A

hitps ffdolorg/10.1038 /s41467-022-35340-2

the electron density, with higher B factors and a greater proporton of
residues identified as RSRZ outliers (Supplementary Fig. 2). Moreover,
the Fc N297 glycan in chain B 1s not visible in the electron density,
although the second EndoS molecule appears to bind this Fc chain in
the same manner as its more ordered counterpart (Fig, 5a). HBectron
density for the Fo CE loopinchain B (albeit less clear thanchain A) also
indicates that the glycan & in close proximity to the glycosidase
domain in the second EndaoS molecule,

It is fascinating to observe the glycan trapped in this “fipped-out”
conformation, and this substantates several recent studles doc-
umenting the existence of IgG Fc glycan conformational
heterogeneity™ ™. Superposition of this complexed IgG with a wild-
type Fc (PDE 3AVE) illustrates that movement of the glycan into this
position is governed by movement of the C'E loop only (Supplemen-
tary Fig. 7b), although itis possible that the lower resolution of the data
is masking small chain shifts. The observation of a“flipped-out”™ glycan
conformation may ako provide a structural explanaton for the abilicy
of cellular glycosidases and gycosyltransferases to process this
otherwise sterically-restricted subsirate. Moreover, it appears that the
capture of Fc Nlinked glycans in this state allows space for two
enzymes to bind simultaneously; however, there is no evidence to
suggest that this 22 assembly is required for activity, especially given
previous work showing thatEndoS is largely monomeric in solution™*,
Although EndoS crystallised here is lacking the N-terminal F-helix
bundle, a srructural superposition with full-length EndoS (Supple-
mentary Fig. 7a) suggests 2:2 binding would be able to occur in is
presence.

The crystal structures presented here provide a structural ratio-
nale for the unique pro pertes of these two enzymes, particularly their
exquisite substrate specificity towards human IgG. Understanding the
malecular basis of this activity is critical for expanding their clinical
and biotechnological use, For example, the deactivation of serum IgG
using both IdeS and EndoS can srengthen the potency of therapeutic
antibodies;™" this strategy could be applied to potentate any ther-
apeutic antibody, in theory, if the antibody were designed w be
resistant © cleavage by these enzymes, a venture which can be aided
greatly with structural informaton. This will also be invaluable in the
synthesis of immunologically-distinct enzyme variants which retain
identical activity, for their long-term therapeutic use. While EndoS
variants have already been designed to expand the ability o engineer
antibody glycosylation™ , the structural information presented here
will allow this to be extended further. We also envisage that this
structural informadon will help in the development of anti-
sireptococcal biologics resisant to enzyme-mediated degradation,
To conclude, this work willassist in the continued development of [deS
and EndoS as enzymatic tools with wide clinical and biotechnological
applications.

Methods

Cloning, expression and purification of 1deS/EndoS

Gene fragments encoding | deS™* (amino acids 41-339, geneaccession
number AFC660431) and EndoS™W=E (amino acids 98995, as
described previously'™™, genome accession number APO124912) were
synthesised to contain a C-terminal linker and His tag (seguence
LEHHHHHH), and cloned Into pET21ai+) vectors by NES Biologicals.
Constructs for truncated, inactive ldeS and EndoS used for 1gG com-
plex crystallography are shown in Supplementary Fig. 10, Constructs
were expressed in £ coff EL21 (DE3)pLysS cells (Thermo Fisher), Cells
were grown at 37°C in Terrific Broth (Melford) in the presence of
100 pg/mL ampicillin and 34 pg/mL chloramphenicol, until an ODgpg
of 0.8 was reached, when protein expression was induced by addition
of 1mM IPTG. Cells were left to shake overnight at 25°C, 200 rpm
{Innova 43 Rincubator; New BErunswick Scientific). Cells were collected
by centrifugation at 6220 =g for 20 min, resuspended in PBS con-
taining 2 pg/mL DMAsel (Sigma) and a pinch of lysozyme (Sigma),

homogenised using a glass homogeniser and broken apart using a cell
disruptor {Constant Cell Disruption Systems). The remaining sample
was centrifuged first at 3100 = g for 20 min, then again at 100,000 =g
for one hour, to remove remaining celldebrisand cell membranes, The
resulting supernatant was subsequently filtered through a 02 pm
membrane, Proteins were purified from the supernatant using Ni affi-
nity chromatgraphy with a HisTrap HP column (Cytiva) followed by
size exclusion chromatography with a Superdex 75 16/600 column
{Cytiva), equilibrated in 10 mM HEPES, 150mM NaCl, pH 8.0,

Cloning, expression and purification of IgG1 Fes

IgGl Fos were expressed from a pFUSEhIgGl-Fe vector (encoding
residues 221-447 of IgGl; plasmid purchased from InviveGen), Wikd-
type 1gGl Fc was expressed exacdy as encoded within chis plasmid;
mutations for the E3824/SR constructs were introduced by site-
directed mumgenesis (QuikChange Il kic Agilent), using mutagenic
primers (Supplementary Table 4) synthesised by Eurofins Genomics.
Sequences ofresuldng |gG1 Fo constructs are shown in Sup plementary
Fig. 11. Fcs were transtently expressed in FreeStyle293F cells (Ther-
moFisher), using FreeStyle™ MAX Reagent (ThermoFisher), as descri-
bed inthe manufacturer's protocol. Cells were left to incubate at 37 °C,
8% COs, shaking at 125 rpm (New Brunswick S41i incubator), and har-
vested after seven days by centrifugation at 3100 x g for 30 minutes,
Supernatants were filtered through a 0.2 pm membrane and anti-
bodies purified by affinity purificadon with a HiTrap Prorin A HP
ocolumn (Cytiva), followed by size exclusion chromatography with a
Superdex 200 16/600 column (Cytiva) in 10mM HEPES, 150 mM
MNaCl{pH B.0).

Quantification of lgGl Fc crystallisation

Wild-type [gGl Fc and Fc E382A4/S/R variants were expressed and
purified as detailed above. Identical sitting drop vapour diffusion
crystallisation trays were set up using an Oryxd robot (Douglas
Insruments), in JCSG-plus™ and Morpheus crystallisation screens
{Molecular Dimensions), using Fes concentrated to 10 mg/mL. Crystaks
were left to grow at 21°C for elght days, after which the number of
crystal “hits” were counted (a “hit” constitutes crystals observed
growing in a particular conditgon),

Protein crystallisation

Protein concentrations were determined with a D511+ Spectro-
photmeter {DeNovix), using molecular weight and extinction coeffi-
clents calculated by the ProtParam tool*, deS/EndoS were combined
with IgGl Fes ina 1 molar rado and applied to a Superdex 200 16/600
column (Cytiva) equilibrated in 10 mM HEPES, 150 mM NaCl (pH 8.0).
Fractions corresponding to the main peak only were pooled for crys-
tallisation. Purified complexes were exchanged into 50 mM HEPES,
150 mM KCl (pH 7.5} prior o crystallisation, using a Vivaspin 20 cen-
trifugal concentrator (MWCO 30kDa; Sigma). Sitting drop vapour
diffision crystllisation trays were set up using an Oryx4 robot (Dou-
glas Instruments). Crystals of the ldeS™*I1gG1 Fc®®24 complex were
grown in 0.12M monosaccharides mix, 0.1 M buffer system 3 (pH 8.5),
30 % v/v precipitant mix 1 (Morpheus crystallisation screen; Molecular
Dimensions). Crystals of the EndoS™ ™ jgG1 Fc™* complex were
grown in 0.09 M halogens, 01M buffer system 2 (pH 75), 37.5 % viv
precipitant mix 4 (Morpheus crystallisation screen; Molecular
Dimensions). Crystals of IgGl Fi*®* were grown in (0.2 M ammonium
sulphate, 0.1M Tris (pH 7.5), 25 % w/v PEG 8000. Crystals were cryo-
protected in mother liquor with 20 % ghycerol added and flash-frozen
in liquid nitrogen prior to data collection,

Data collection and structure determination

Data collection for the HeS™*lgGl Fo™=* complex was carried out at
the Eurcpean Synchrotron Radiation Facility (Grenoble, France) on
beamiline ID30A-3, under a 100K cryostream (A = 0.9677 A). Data
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collection for the IgGl Fc*™= variant was carried out at the European
Synchrotron Radiation Facility on beamline ID304A-3, also at 100K
(A=02968 A). Data collection for the EndoS™™*®.jg(] Fc™™ complex
was carried out at Diamond Light Source (Oxford, UK) on beamline 103,
at 100K (A=05763A). Data processing of diffraction images was car-
ried out using DIALS* and XDS™, Structures were solved by molecular
replacement with the program Molrep®. 3AVE was used as a search
model o solve the BGL F®5 sorucmre; ldeS™AgGl Fco2=* and
EndoS™ =¥ 4001 FO™2® were solved using initial search models for
the enzyme (FDB ID 1YOR for ldeS; 6EN3 for EndoS), after which the
resulting solution was used as a fived model for a second round of
malecular replacement. using 3AVE as the search model. Models were
improved with successive rounds of model bullding and refinement,
using Coot™ and RefmacS®, respectively, within the ccpdi2 suite'”. Due
to the presence of twinning in the [deS™**gGl Fc*** data, this struc-
ture was refined with the option for twinning ticked in Refmacs and
converged to a twin fraction of 0.493 for operator .-k L Al structures
were refined using local non-crystallographic symmetry restraints.
Elecron density maps for the EndoS™ ™ gGl F® model were
calculated using map sharpening in Refmacs. The PDB-REDO® server
was used to generate restraints for the 1gGl Fo™= model for use in
refinement MolProbity® and the PDB validation server®” were used for
maodel validation prior to deposition. Carbohydrates were modelled in
Coot™ and validated using Privateer. Data collection and refinement
statistics for lgGl FE™™, Ides™*IgGl F™™ and EndoS™ ™™ |51
Fc™™ modek are presented in Supplementary Tables 1-3, respectively.
Polder maps were calculated with the phenix polder ool within the
PHENIX software suite*” using default settings. Protein complex inter-
faces were analysed using PDBePISA™, UCSF ChimeraX™ was used to
prepare figures depicting protein structure.

Reporting summary
Further information on research design is available in the Nawre
Partfolio Reporting Summary linked to this ardcle.

Data availability

The data that support this study are available from the corresponding
author upon request Structure factor files and atomic coordinates for
each of the crystallographic models presented in this study have been
deposited inthe PDB, with accession codes 8A47, A48, and BA49, for
the IdeS™*1gG1 Fc™* complex, IgGl FE™™ and the EndoS B3t
IgGl Fe**® complex, respectively. Previously-elucidated crystal struc-
tures analysed in this sidy are deposited in the PDB, with accession
codes 3AVE, 1YOB, 2AUL 2AVW and 6EN3, which correspond to wild-
type IgGl Fc, 1deS™, wild-type IdeS, 1deS™* and EndoSMBvERs,
respectively,
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Appendix B Example IgG1 Fct3#2% SEC purification

SEC purification of IgG1 FcE3825

1300 Elution at
82.5 mL

1250 4
2 1200
£

1150 4

1100

70 80 920 100

mL

Example IgG1 Fc®* SEC purification over a HiLoad® 16/600 Superdex 200 pg column (method
detailed in chapter 2, section 2.3.1). Peak elutes at ~82.5 mL, which is similar to the values for the

other IgG1 Fcs reported in Figure 25. N.B. baseline is not at zero due to a fault with the software.
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Appendix C  wwPDB X-ray Structure Validation
Report for IgG1 FcF3%24

E382A

Preliminary wwPDB X-ray Structure Validation Report for IgG1 Fc crystal structure (not yet

deposited). Report is included overleaf:
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[J'RL.I)WI

2PDB

FRGTEIN DATA BANK

Preliminary Full wwPDB X-ray Structure Validation
Report (i)

Jan 10, 2023 - 11:04 AM EST

This wwPDB validation report is NOT for manuscript review

This is a Preliminary Full wwPDB X-ray Structure Validation Report.

This report is produced by the standalone wwPDB validation server.
The structure in question has not been deposited to the wwPDB.
This report should not be submitted to journals.

We welcome your comments at validation @mail. wwpdb.org
A user guide is available at
https:/ /www.wwpdb.org/validation /2017 /XrayValidationReport Help
with specific help available everywhere you see the (1) symbol.

The types of validation reports are described at
http://www.wwpdb.org/validation /2017 /FAQs#types.

The following versions of software and data (see references (1)) were used in the production of this report:

MolProbity : 4.02b-467

Mogul : 1.8.5 (274361), OSD as54lbe (2020)
Xtriage (Phenix) : 1.13
EDS : 2313

Percentile statistics : 20191225.v01 (using entries in the PDB archive December 25th 2019)
Refmac : 5.8.0158
CCP4 : 7T.0.044 (Gargrove)

Ideal geometry (proteins) : Engh & Huber (2001)
Ideal geometry (DNA, RNA) : Parkinson et al. (1996)
Validation Pipeline (wwPDB-VP) : 2313
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Preliminary Full wwPDB X-ray Structure Validation Report
Page 2 (*Not Forlafmsed82aRanmwifput_adding_stats_to_ mmcif i2

1 Overall quality at a glance (i)

The following experimental techniques were used to determine the structure:
X-RAY DIFFRACTION

The reported resolution of this entry is 2.70 A.

Percentile scores (ranging between 0-100) for global validation metrics of the entry are shown in
the following graphic. The table shows the number of entries on which the scores are based.

Metric Percentile Ranks Value

Rivee BN 0 I 257

Clashscore I
Ramuchandran outliers NN

Sidechain outliers [T I o — i

(5]

RSRZ outliers D 7
B Pereniie rebisive tm all ey strocnies
[ Percennite elmive w Koy stracties of similir fescbeim
Metric Whole archive Similar resolution
(#Entries) (#Entries, resolution range(A))
R jree 130704 2808 (2.70-2.70)
Clashscore 141614 3122 (2.70-2.70)
Ramachandran outliers 138081 3069 (2.70-2.70)
Sidechain outliers 138945 3069 (2.70-2.70)
RSRZ outliers 127900 2737 (2.70-2.70)

The table below summarises the geometric issuea observed across the polymeric chains and their
fit to the electron density. The red, orange, yellow and green segments of the lower bar indicate
the fraction of residues that contain outliers for >=3, 2, 1 and 0 types of geometric quality
criteria respectively. A grev segment represents the fraction of residues that are not modelled.
The numeric value for each fraction is indicated below the corresponding segment, with a dot
representing fractions <=5% The upper red bar (where present) indicates the fraction of residues
that have poor fit to the electron density. The mumeric valie is given above the bar.

Mol | Chain | Length Quality of chain
1 A 227 - T % oo
I B 227 A A% B
2 C g T8 22%
2 D 9 Rtk Tioe

The following table lists non-polymeric compounds, carbohydrate monomers and non-standard

'V

LB P B
Pil!LIN BATA BARE

157



Appendix C

Preliminary Full wwPDB X-ray Structure Validation Report
Page 3 (*Not For3dlafmsed8PaRammeifdut_adding_stats_to_ mmeif i2

residues in protein, DNA, RNA chains that are outliers for geometric or electrorn-density-fit crite-
ria:

Mol | Type | Chain | Res | Chirality | Geometry | Clashes | Electron density
2 FUC C 9 - - - X

$PDE
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Preliminary Full wwPDEB X-ray Structure Validation Report
(*Not For3lafmse3BPaRammeifput_adding_ stats_to_ mmeif i2

Appendix C

2 Entry composition (i)

There are 6 unique types of molecules in this entry. The entry contains 7134 atoms, of which 3436
are hydrogens and 0 are deuteriums.

In the tables below, the ZeroOce column contains the number of atoms modelled with zero oceu-
pancy, the AltConf column contains the number of residues with at least one atom in alternate
conformation and the Trace column contains the number of residues modelled with at most 2

atoms.

e Molecule 1 is a protein.

Mol | Chain | Residues Atoms ZeroOec  AltConf | Trace
Total € ©H N O 8

1 A 207 3206 1032 1580 271 307 T oa 0 0
Total C H N O 8

! B A 3987 1051 1633 9280 316 7 RA 0 ¢

* Molecule 2 is an oligosaccharide called beta-D-galactopyranose-(1-4)-2-acetamido-2-deoxy-b
eta-D-glucopyranose-(1-2}-alpha-D mannopyranose-( 1-6)-[2-acetamido-2-deoxy-beta- D-gluc
opyranose-(1-2}-alpha-D-mannopyrancse-(1-3) |beta-D-mannopyranose-( 1-4)-2-acetamido-2-
deoxy-beta-D-glucopyranose-(1-4)- [alpha-L-fucopyranose-(1-6)]2-acetamido-2-deoxy-beta-D
-glucopyranose.

Y

@ ;
| et PRt P
H @

Mol | Chain | Residues Atoms ZeroOcc | AltConf | Trace
Total C H N O

Z = 8 213 62 103 4 44 a g 8
Total C H N O

2| B 8 213 62 103 4 44 = g 0

* Molecule 3 is GLYCEROL (three-letter code: GOL) (formula: C3HzO3).

o % LB wiDe
r\=u.|||.|n-||a|-.||1r\b
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Preliminary Full wwPDB X-ray Structure Validation Report

Page 5 (*Not For3lafmeed82aRanmwifput_adding_ stats_to_ mmeif i2
GOL
c3a
OHos
1 c2
HO OH
o1 oz
Mol | Chain | Residues Atoms ZeroOcc | AltConf
Total C H O |
3 | A 1 4 38 3|02 0

* Molecule 4 is SULFATE ION (threeletter code: SO4) (formula: 0,S).

504
o1

@3 )" O o4

S
02

Mol | Chain | Residues Atoms ZeroOcc | AltConf
Total O 8

4 E 1 5 11 0 0
Total O 8

4 E 1 5 41 0 0
Total O 8

4 E 1 5 41 0 0

SPDE

FROTEIN HaTA BANE
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Preliminary Full wwPDB X-ray Structure Validation Report

Appendix C
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¢ Molecule 5 is CHLORIDE ION (three-letter code: CL) (formula: Cl).

Mol | Chain | Residues Atoms ZeroOcc  AltConf
5 a 1 Lol G 0 0

1 1
¢ Molecule 6 is water.
Mol | Chain | Residues Atoms ZeroOcc | ARConf
6 F 185 kel O 0 0

185 185

$PDE
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Preliminary Full wwPDB X-ray Structure Validation Report
Page 7 (*Not For3flafmeedf2eRammwifput_ adding_ stats_to_ mmeif i2

3 Residue-property plots (i)

These plots are drawn for all protein, RNA, DNA and oligosaccharide chains in the entry. The
first graphic for a chain summarises the proportions of the various outlier classes displayed in the
second graphic. The second graphic shows the sequence view annotated by issues in geometry and
electron density. Residues are color-coded according to the number of geometric quality eriteria
for which they contain at least one cutlier: green = 0, yellow = 1, orange = 2 and red = 3 or more.
A red dot above a residue indicates a poor fit to the electron density (RSRZ > 2). Stretches of 2
or more consecutive residues without any outlier are shown as a green connector. Residues present
in the sample, but not in the model, are shown in grey.

* Molecule 1:

12%
. e
Chain A: B6% 55k 9%

5-a-1 e

s Molecule 1:

Chain B: Bo L

B EEE R 2 # B 8 F 3 3

e Molecule 2: beta-D-galactopyranose-(1-4)-2-acetamido-2-deoxy-beta-D-glucopyranose-{1-2}-alp
ha-D-mannopyranose-( 1-6 - [2-acetamido-2-deoxy-beta-D-glucopy ranose-(1-2) -alpha- D-mannopyr
anose-(1-3)|beta-D-mannopyranose-( 1-4)-2-acetamido-2-deoxy-beta- D-glucopyranose-(1-4)-[alpha-
L-fucopyranose-(1-6)]2-acetamido-2-deoxy-beta-D-glucopyranose

Chain C:
i

e Molecule 2: beta-D-galactopyranose-(1-4)-2-acetamido-2-deoxy-beta-D-glucopyranose-{1-2})-alp
ha-D-mannopyranose-(1-6)-[2-acetamido-2-deoxy-beta-D-glucopyranose-(1-2)-alpha-D-mannopyr
anose-({1-3)|beta-D-mannopyranose-(1-4)-2-acetamido-2-deoxy-beta- D-glucopyranose-(1-4)-[alpha-
L-fucopyranose-(1-6)]2-acetamido-2-deoxy-beta-D-glucopyranose

Th : 735

Chain [, B9% 11%
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FE ITEIR HaT& BAKE

162



Preliminary Full wwPDB X-ray Structure Validation Report

Appendix C

Page 8 (*Not ForMafmsed82aRammeifput _adding_ stats_to_ mmeif i2

4 Data and refinement statistics (i)

Property Value Source
Space group P3221 Depositor
Cell constants 106.55A 106.55A 103.27A ;
a, b, c, a, B, v 90.00°  00.00°  120.00° Dapastbor
; 46.18 - 2.70 Depaositor
Bl TA) 4614 — 270 EDS
% Data completeness 99.7 (46.18-2.70) Depositor
(in resolution range) 99.7 (46.14-2.70) EDS
Ry (Not available) Depositor
Reoym (Not available) Depositor
<Ifa(l} =1 1.26 {at 2.694) Xtriage
Refinement program REFMAC 5.8.0403 Depositor
R R 0.194 , 0.253 Depositor
1 free 0.203 , 0.257 DCC
R fres test set 912 reflections (4.78%) wwPDB-VP
Wilson B-factor (A%) 67.1 Xtriage
Anisotropy 0.246 Xtriage
Bulk solvent k,4(e/A%), B, (A% 0.41 , 53.6 EDS
L-test for twinning” < |L]> =051, < L* >=035 Xtriage
Estimated twinning fraction 0.010 for -h -kl Xtriage
F,.F. correlation 0.96 EDS
Total mumber of atoms 7134 wwPDEB-VP
Average B, all atoms [A®) 710 wwPDB-VP

Xtriage's analysis on translational NCS is as follows: The largest off-origin peak in the Patterson
function is 4.10% of the height of the origin peak. No significant pseudotranslation is detected.

ntensities estimated from amplitudes.

*Theoretical values of < |L| =, < I? > for acentric reflections are 0.5, 0.333 respectively for untwinned datasets,

and 0.375, 0.2 for perfectly twinned datasets.
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5 Model quality (i)

5.1 Standard geometry (i)

Bond lengths and bond angles in the following residue types are not validated in this section: GAL,
FUC, CL, BMA, NAG, MAN, S04, GOL

The Z score for a bond length (or angle) is the number of standard deviations the observed value
is removed from the expected value. A bond length (or angle) with |Z| > 5 is considered an
outlier worth inspection. RMSZ is the root-mean-square of all Z scores of the bond lengths (or

angles).

. Bond lengths Bond angles
Mol | Chain | oy #IE'T >5 | RMSZ #IT% >5
1 A 0.46 | 0/1662 | 0.72 | 0/2269
1 B 0.47 | 0/1699 | 0.75 | 0/2314
Al | A | 046 | 0/3361 | 0.73 | 0/4583

Chiral center outliers are detected by calculating the chiral volume of a chiral center and verifving if
the center is modelled as a planar moiety or with the opposite hand. A planarity outlier is detected
by checking planarity of atoms in a peptide group, atoms in a mainchain group or atoms of a
sidechain that are expected to be planar.

Mol | Chain | #Chirality outliers | #Planarity outliers
1 B 0 1

There are no bond length outliers.

There are no bond angle outliers,

There are no chirality outliers.

All (1) planarity outliers are listed below:

Mol | Chain | Res | Type | Group
1 B 255 | ARG | Sidechain

5.2 Too-close contacts (i)

In the following table, the Non-H and H(model) columns list the number of non-hydrogen atoms
and hydrogen atoms in the chain respectively. The H{added) column lists the number of hydrogen
atoms added and optimized by MolProbity. The Clashes column lists the number of clashes within
the asymmetric unit, whereas Symm-Clashes lists symmetry-related clashes.

$PDE
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Mol | Chain | Non-H | H(model) | H(added) | Clashes | Symm-Clashes
1 A 1617 1580 1566 6 0
1 B 1654 1633 1622 5 0
2 C 110 103 94 1 0
2 D 110 103 94 1 0
3 A b 8 2 0
4 E 15 0 0 1 0
5 G 0 0 ] 0
6 F 185 0 0 i 0
All All 3608 3436 3384 12 0

The allatom clashscore is defined as the number of clashes found per 1000 atoms (including
hydrogen atoms). The all-atom clashscore for this structure is 2.

All (12) close contacts within the same asymmetric unit are listed below, sorted by their clash

magnitude.
Interatomic Clash
Atomm:1 Aoz distance (A) | overlap (A)

2:C:T:-MAN:O4 2:D:7T:-MAN:O6 2.13 0.66
1:B:346:PRO:HBE3 | 1:B:372:PHE:HR3 1.95 0.47
1:A:8T0:VAL:H J:A:R01:GOL:H2 | 1.7 0.47
1:A:346:PRO:HB3 | 1:A:372:PHE:HB3 | 1.99 0.45
1:B:367:CYS:HB2 | 1:B:381:TRP:CZ2 | 2.53 0.44
1:A:286:ASN:HA 6:F:118:HOH:O0 | 2.18 0.43
1:B:266:VAL:HB 1:B:300: TYR:HB2 | 2.00 0.43
1:B:255: ARG:NH2 4:E:2:504:01 2.46 0.42
1:A:36T:.CYS:HB2 | 1:A:381:TRP:CZ2 2.55 0.42
1:A:266:VAL:HB | 1:A:300:TYR:HE2 2.02 0.42
1:A393: THR:HG21 | 3:A:501:GOL:H32 | 2.03 0.41
1:B:274:LYS:HE3 | 1:B:276:ASN:0OD1 2.20 0.41

There are no symmetry-related clashes.

5.3 Torsion angles (i)

5.3.1 Protein backbone (1)

In the following table, the Percentiles eolumn shows the percent Ramachandran outliers of the
chain as a percentile score with respect to all X-ray entries followed by that with respect to entries

of similar resolution.

The Analysed column shows the number of residues for which the backbone conformation was
analysed, and the total number of residues.

$PDB
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Mol | Chain Analysed Favoured | Allowed | Outliers | Percentiles
1 A 205/227 (90%) | 200 (98%) | 5 (2%) 0
1 B 206/227 (91%) | 201 (98%) | 5 (2%) 0
All All | 411/454 (90%) @ 401 (98%) | 10 (2%) 0

There are no Ramachandran outliers to report.

5.3.2 Protein sidechains (1)

In the following table, the Percentiles column shows the percent sidechain outliers of the chain as a
percentile score with respect to all X-ray entries followed by that with respect to entries of similar

resolution.

The Analysed column shows the number of residues for which the sidechain conformation was

analysed, and the total number of residues.

Mol | Chain Analysed Rotameric | Outliers Percentiles
1 A 184/200 (88%) 182 (99%) | 2 (1%) 73 190
1 B | 102/200 (92%) 187 (97%) | & (3%) 46 75
All All | 376/418 (90%) ' 369 (98%) 7 (2%) 57 |82

ATl (7) residues with a non-rotameric sidechain are listed below:

Mol | Chain | Res | Type
1 A 239 SER
1 A 284 VAL
1 B 239 SER
1 B 244 FPRO
1 B 311 GLN
1 B 355 ARG
1 B 384 ASN

Sometimes sidechains ean be flipped to improve hydrogen bonding and reduce clashes. All (1) such

gidechains are listed below:

Mol

Chain

Res

Type

1

A

310

HIS

5.3.3 RNA (D

There are no RNA molecules in this entry.
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5.4 Non-standard residues in protein, DNA, RNA chains (i)

There are no non-standard protein/DNA/RNA residues in this entry.

5.5 Carbohydrates (i)

18 monosaccharides are modelled in this entry.

In the following table, the Counts columns list the number of bonds (or angles) for which Mogul
statistics could be retrieved, the number of bonds (or angles) that are observed in the model and
the number of bonds (or angles) that are defined in the Chemical Component Dictionary. The
Link column lists molecule types, if any, to which the group is linked. The Z score for a bond
length (or angle) is the number of standard deviations the observed value is removed from the
expected value. A bond length (or angle) with |Z| > 2 is considered an cutlier worth inspection.
RMSZ is the root-mean-square of all Z scores of the bond lengths (or angles).

. . Bond lengths Bond angles
Mol | Type | Chain | Res | Link | oy | RMSZ | #|2]5 2 | Counts | RMSZ | #|2] > 2
3 [NAG| © | T | 12 |141415 07l 0 17,1021 0.36 0
3 [NAG| € | 2 | 2 |14,4,15 082 0 17,1021 0.52 0
5 [BMA| C | 3 | 2 |1I,l1,12| 065 0 15,15,17| 110 0
5 [MAN| C | 4 | 2 [ILii2| 06l 0 15,15,17 | 0.76 0
5 [NAG| € | 5 | 2 |14,1415 062 0 17,1021 057 0
2 [GAL | C | 6 | 2 |I1i1,12 005 0 | 15,15,17| 0.02 0
3 [MAN| € | 7 | 2. [iL,i1,12| 077 0 | 15,15,17 | 0.00 0
2 |NAG| C | 8 | 2 |141415 062 0 17,1021 100 | 1(5%)
3 [FUC| € | @ | 2 |10,0,11 0358 0 | 14,1416 | 0.85 0
5 [NAG| D | 1| 12 | 14,1415 063 0 17,1021 0.38 0
5 [NAG| D | 2 | 2 |14,1415 052 0 17,1921 064 0
5 [BMA| D | 8 | 2 |1Li,12 089 0 15,1517 1.20 0
3 [MAN| D | 4 | 2 |iL,i,12 084 0 | 15,15,17 | 0.74 0
3 [NAG| D | 5 | 2 [14,14,15 064 0 17,1021 0.00 0
5 [GAL | D. | 6 | 2 |11,11,12| 108 0 15,15,17 | 0.2 0
5 |MAN| D | 7 | 2 |11,11,12] 083 | 1(9%) |15,15,17| 0.9 0
5 [NAG | D | 8 | 2 |141415 035 0 17,1021 047 0
5 [FUG| D | 0 | 2 |10,10,11 064 0 14,1416 116 0

In the following table, the Chirals column lists the number of chiral outliers, the number of chiral
centers analysed, the number of these observed in the model and the number defined in the
Chemical Component Dictionary. Similar counts are reported in the Torsion and Rings columns.
-’ means no outliers of that kind were identified.

Mol | Type | Chain | Res | Link | Chirals | Torsions | Rings
2 NAG C 1 1,2 - 0/6/23/26 | 0/1/1/1
Continued on next page...

EO VL w D
FEOTEIM HaTA BARE

167



Appendix C

Preliminary Full wwPDB X-ray Structure Validation Report

Page 13 (*Not For Mafmsedf2aRanmwifput _adding stats to  mmeif i2

Continued from previous page...

Mol | Type | Chain | Res | Link | Chirals | Torsions | Rings
2 NAG C 2 2 - 2/6/23/26 | 0/1/1/1
2 | BMA C 3 2 - 0/2/19/22 | 0/1/1/1
2 | MAN C 4 2 - 2/2/19/22 | 0/1/1/1 |
2 NAG C h 2 - 4/6/23/26 | 0/1/1/1
2 GAL C G 2 - 0/2/19/22 | 0/1/1/1 |
2 | MAN C T 2 - 2/2/19/22 | 0/1/1/1 |
2 NAG C 8 2 - 3/6/23/26 | 0/1/1/1
2 FUC C 9 2 - - 0/1/1/1
2 NAG D 1 1,2 - 0/6/23/26 | 0/1/1/1
2 NAG D 2 2 - 0/6/23/26 | 0/1/1/1 |
2 | BMA D 3 2 - 0/2/19/22 | 0/1/1/1
2 | MAN D 4 2 - 0/2/19/22 | 0/1/1/1
2 NAG D b 2 - 4/6/23/26 | 0/1/1/1
2 GAL D 6 2 - 2/ 2[19;'22 0/1/1/1
2 | MAN D T 2 - 2/2/19/22 |0/1/1/1
2 NAG D 8 2 - 1/6/23/26 | 0/1/1/1
2 FUC D 9 2 - - 0/1/1/1

All (1) bond length outliers are listed below:

Mol | Chain | Res | Type | Atoms | Z | Observed(A) Ideal(A)
2 D 7 | MAN | C2-C3 | -2.08 1.49 1.52

All (1) bond angle outliers are listed below:

Mol | Chain | Res | Type | Atoms Z  Observed(®) | Ideal(”)
2 C 8 | NAG | C2-N2-C7 | 2.04 125.81 122.90

There are no chirality outliers.
All (22) torsion outliers are listed below:

Mol Res | Type Atoms

MAN | O5-C5-C6-06
NAG | 05-Ch-C6-06
NAG | C4-C5-C6-06
NAG | C4-C5-C6-06
MAN | C4-C5-C6-06
NAG | 05-C5-C6-06
MAN | C4-C5-C6-06

Continued on next page...
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Continued from previous page...

Mol | Chain | Res | Type Atoms
MAN | OB-C5-CG-06
NAG | C8-CT-N2-C2
NAG | O7-CT-N2-C2
NAG | C8-C7-N2-C2
NAG | O7-CT-N2-C2
NAG | C4-C5-C6-06
NAG | O5-C5-C6-06
MAN | O5-C5-C3-O6
NAG | O5-C5h-C6-06
GAL | O5-Ch-C6-06
NAG | C4-C5-C6-06
MAN | C4-C5-C6-06
NAG | CI1-C2-N2-C7
NAG | C4-C5-C6-06
GAL | C4-C5-C6-06

=T

b2 b3 B3| B3| B3| B3| B3| B3| B3| B3| B3| 83| B3| D[ b
Do oo oo oo aaa
| 00| oof wx| el ol el w=| e en| ex| enl en| en

There are no ring outliers.
2 monomers are involved in 1 short contact:

Mol | Chain | Res | Type | Clashes | Symm-Clashes
2 & 7 | MAN 1 0
2 D 7 | MAN 1 0

The following is a two-dimensional graphical depiction of Mogul quality analysis of bond lengths,
bond angles, torsion angles, and ring geometry for oligosaccharide.

SPDB

FRUTEIN HATA BARE

169



Appendix C

Preliminary Full wwPDB X-ray Structure Validation Report
Page 15 (*Not For3dlafmsed8PaRammeifdut_adding_ stats_to_ mmeif i2

wONLLE¥IiOE
vE:Tl:llall-LrA. BARE

170



Appendix C

Preliminary Full wwPDB X-ray Structure Validation Report

Page 16 (*Not ForMafosed82aRammeifput _adding_ stats_to_ mmeif i2
Oligosaccharide Chain D -
L - ezt e — _
N J)I"-ﬁ/ o ) 2
1 aE 1 7
L-.(Li_‘ L{"‘ -\()\"1 ‘Lf_
£ T o [T LT
{ ) b { ' 5
oy \ 1 ' " i |
3 “":_uf:a (b"‘{/ {2“‘ b { v 2 ___{} /b"""’ L_(L"' P { ¥,
. _‘L{; by *)-4' L‘(xq ( {,‘L--\‘f T e p ) k“).q
)‘-f ""',i "‘"{/. L_‘:}“'* 1 ‘)'-—-J}L ] “"‘-:h L% ";. }*-r X
Lo~ L it §
x {3
Bond lengths Bond angles
I . )
"--.-. .;L .. 30 .t_)‘--q -lL.._J‘ﬁ
¥ / A . - g
> 1 B . * h .' &
\ C ‘L y - " | \ Lj - " (“L_‘} "L i
(.a L ey / u ; ¥ 3 » 1/.} . i - -
¢ T, ; L Yy ™t B
v \ .L“l oo
Toreions Rings

5.6 Ligand geometry (i)

Of 5 ligands modelled in this entry, 1 is monoatomic - leaving 4 for Mogul analysis.

In the following table, the Counts columns list the mumber of bonds (or angles) for which Mogul
statistics could be retrieved, the number of bonds (or angles) that are observed in the model and
the number of bonds (or angles) that are defined in the Chemical Component Dictionary. The
Link column lists molecule types, if any, to which the group is linked. The Z score for a bond
length (or angle) is the number of standard deviations the observed value is removed from the
expected value. A bond length (or angle) with |Z| > 2 is considered an outlier worth inspection.
RMSZ is the root-mean-square of all Z scores of the bond lengths (or angles).

G . Bond lengths Bond angles
Mol | Type | Chain | Res | Link | o 10| RMSZ | #|Z| > 2 | Counts | RMSZ | #|2] > 2
4 (S0 | E |73 | - | 442 [ 0.2 0 666 | 0.26 0
1 [S0L | E | 2 | - | 444 [ 037 0 6,66 | 0.14 0
4 S04 | E | 1 | - | 444 [ 0.20 0 6,66 | 045 0
3 TGOL| A 801 - | 555 | 0.2 0 555 | 0.65 0

In the following table, the Chirals column lists the number of chiral outliers, the number of chiral
centers analysed, the number of these observed in the model and the number defined in the
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Chemical Component Dictionary. Similar counts are reported in the Torsion and Rings columns.
-’ means no outliers of that kind were identified.

Mol | Type | Chain | Res | Link | Chirals | Torsions | Rings
3 GOL A 501 - - 2/4/4/4 -

There are no bond length outliers.
There are no bond angle outliers.
There are no chirality outliers.

ATl (2) torsion outliers are listed below:

Mol | Chain | Res | Type Atoms
3 A 501 | GOL | O1-C1-C2-C3
3 A 501 | GOL | 01-C1-C2-02

There are no ring outliers.
2 monomers are involved in 3 short contacts:

Mol | Chain | Res | Type | Clashes | Symam-Clashes
4 E 2 504 1 0
3 A 501 | GOL 2 0

5.7 Other polymers (i)

There are no such residues in this entry.

5.8 Polymer linkage issues (i)

There are no chain breaks in this entry.

RO R LB DR
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6 Fit of model and data (i)

6.1 Protein, DNA and RNA chains (i)

In the following table, the column labelled ‘#RSRZ> 2’ contains the number (and percentage)
of RERZ outliers, followed by percent RSRZ outliers for the chain as percentile scores relative to
all X-ray entries and entries of similar resolution. The OWAB column contains the minimum,
median, 95" percentile and maximum values of the occupancy-weighted average B-factor per
residue. The column labelled ‘Q< 0.9' lists the number of (and percentage) of residues with an
average occupancy less than 0.9,

Mol | Chain | Analysed | <RSRZ>| #RSRZ>2 | OWAB(A?) [ Q<009
1 A | 207227 (91%) | 0.84 27 (13%) [3}12] | 39,70, 126,156 | 0
1 B | 208/227 (01%)  0.50 1(0%) 191 }J92] 42,65 101,119 | O
Al | Al | 415/454(91%)  0.67 |28 (6%) 17 |16 39,67,114, 156 | 0

All (28) RSRZ outliers are listed below:

Res | Type | RSRZ
300 | TYR 5.8
266 | VAL 5.2
268 | HIS 44
332 | ILE 4.3
208 | SER 41
201 | FRO 4.1
267 | SER 3.9
205 | GLN 3.7
264 | VAL 3.7
209 | THR 3.6
270 | ASP 3.5
206 | TYR 3.4
302 | VAL 3.3
269 | GLU 3.1
271 | PRO 2.9
204 | GLU 2.9
239 | SER 2.9
241 | PHE 2.9
323 | VAL 2.7
200 | LYS 2.7
265 | ASP 2.5
305 | VAL 2.5
202 | ARG 2.5
253 | ILE 2.5
Continued on next page...
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Continued from previous page...

Mol | Chain | Res | Type | RSRZ
1 303 | VAL 2.5

203 | GLU 22

328 | LEU 21

207 | ASN 21

| |

1
1
1

6.2 Non-standard residues in protein, DNA, RNA chains (i)

There are no non-standard protein/DNA/RNA residues in this entry.

6.3 Carbohydrates (i)

In the following table, the Atoms column lista the number of modelled atoms in the group and the
number defined in the chemical component dictionary. The B-factors column lists the minimum,
median, 95" percentile and maximum values of B factors of atoms in the group. The column
labelled ‘Q< (.97 lists the number of atoms with occcupancy less than 0.9,

Mol | Type | Chain | Res | Atoms | RSCC | RSR | B-factors(A®) | Q<0.9
2 NAG C 8 14/7 0.71 0.31 | 52,131,152,158 3
2 FUC C 9 10/7 0.72 0.54 | 52,140,150,167 3
2 GAL C 6 11/7 0.85 0.36 52,99,110,113 4
2 MAN C 7 11/7 0.85 0.27 52,08,114,122 3
2 NAG D 2] 14/7 0.85 0.21 | 52,121,131,146 3
2 GAL D [ 11/7 (.88 0.26 | 52,105,114,121 4
2 NAG C 1 14/7 0.88 0.27 | 52,106,114,125 1
2 NAG C 5 14/7 0.90 0.27 | 52,101,113,114 2
2 MAN C 4 1/? 0.91 0.21 52,08,109,114 3
2 NAG C 2 14/7 0.91 0.21 52,87,105,110 2
2 FUC D 9 10/7 0.91 .15 52,80.92,06 3
2 NAG D 5 14/7 0.93 0.20 52,71,76,83 2
2 BMA D 3 11/7 0.93 0.13 52,61,73,74 2
2 BMA C 3 11/7 0.94 0.10 52,75,70,80 2
2 MAN D 7 11/7 0.95 0.18 52,87,94,106 3
2 NAG D 2 14/7 0.95 0.14 52,73,76,77 2
2 NAG D 1 14/7 0.95 0.20 52,84.89,03 1
2 MAN D 4 11/7 0.96 0.16 52,75,79.87 3

The following is a graphical depiction of the model fit to experimental electron density for oligosac-
charide. Each fit is shown from different orientation to approximate a three-dimensional view.
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Electron density around Chain C:

2mF,-DF, (at 0.7 rmsd) in gray
mF,-DF, (at 3 rmsd) in purple (negative)
and green (positive)
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Electron density around Chain D:

2mF _-DF, (at 0.7 rmsd) in gray
mF,-DF, (at 3 rmad) in purple (negative)
and green (positive)

6.4 Ligands (i)

In the following table, the Atoms column lists the number of modelled atoms in the group and the
number defined in the chemical component dictionary. The B-factors column lists the minimum,
median, 95 percentile and maximum values of B factors of atoms in the group. The column
labelled ‘Q< 0.9’ lists the number of atoms with occupancy less than 0.9,

Mol | Type | Chain | Res | Atoms | RSCC | RSR | B-factors(A?) Q<0.9
4 S04 E 3 5/1 0.82 0.33 | 84,104,134,156 0
3 GOL A 501 6/7 0.87 0.26 30,73,80,86 2
4 S04 E 2 5/7 0.88 0.42 | 116,120,125,155 0
4 S04 E 1 5/7 0.95 0.26 67,79,91,94 0
5 CL G 1 1/? 0.99 0.30 41,4141 41 1
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6.5 Other polymers (i)

There are no such residues in this entry.
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Appendix D

Appendix D IdeS“***-asymmetric IgG1 FcF¥*R
optimisation screen

Optimisation screen set up for an initial hit of the asymmetric IgG1 Fc™**® in complex with truncated

IdeS“***, obtained from condition G4 (from the JCSG-plus™ crystallisation screens; see Figure 39).

Table 27: Optimisation screen set up for crystallisation of truncated IdeS“***-asymmetric IgG1
Fc™*R_ from an initial hit in condition G4 (JCSG-plus™).
Al A2 A3 A4 AS A6 pH 7.5
B1 B2 B3 B4 B5 B6 pH 8.0
Cl Cc2 C3 C4 (O] C6 pH 8.5
Dl D2 D3 D4 D5 D6 pH 9.0
18 % 19 % 20 % 21 % 22 % 23 % -

This condition comprised 0.2 M TMAO, 0.1 M Tris (pH 8.5), 20 % w/v PEG 2000 MME; the
optimisation was designed to mimic this condition, with varying PEG 2000 MME (from 18 % to
23 %; x-axis) and pH (7.5 to 9.0; y-axis). TMAOQO, trimethylamine-N-oxide; PEG, polyethylene
glycol.
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Appendix E  Diagnostic tests for twinning: IdeS-1gG1

Fc crystal structure

Twinning is a crystallographic pathology in which a crystal contains several distinct domains with
distinct orientations. Upon irradiation with X-rays, this results in a diffraction pattern which
comprises a sum of the diffraction by these distinct domains. These diffraction patterns overlap
depending on how the domains are oriented in relation to each other. The presence of twinning
therefore affects the distribution of observed reflection intensities [415]. Detection of this data

pathology is important for successful structure solution and proper refinement of the data.

Analysis of the truncated IdeS“***-IgG1 Fc™*** data set in phenix.xtriage [396] suggested the
presence of twinning within the crystal (see Figure 71 and Figure 72 below). In brief, these analyses
study the distribution of reflection intensities throughout the data set. Figure 71a shows the N(Z)
plot, which is a cumulative intensity distribution. Within a twinned data set, the overlapping
diffraction patterns comprising the distinct twin domains results in more “average” reflection
intensities, and fewer apparent “extreme” intensities (i.e., very strong or very weak reflections).
Therefore, a twinned data set tends to produce a cumulative intensity distribution with a more

sigmoidal shape.
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Figure 71: N(Z) test for detection of twinning within the truncated IdeS“***-IgG1 Fc™%*4
crystallographic data set. The cumulative intensity distribution of the data produces a more
sigmoidal-shaped curve (blue for acentric reflections; green for centric reflections) compared to
theoretical distributions for “normal” data. Analysis was performed by phenix.xtriage [396].

A more robust test for twinning is the L test, which is also a cumulative distribution of observed
reflection intensities. This test examines differences in intensities of pairs of spatially-related
reflections (i.e., close together within the diffraction pattern), therefore this test is less affected by

the presence of other possible crystal pathologies (e.g., anisotropy or non-crystallographic symmetry)
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[416]. L is derived below, where /4; and h; are two spatially-related reflections, and / is the intensity

value of each reflection:

1) — ()
~ I(hy) + 1(hy)

A cumulative distribution of L, as shown in Figure 72, is expected to be linear for “normal” data.
Analysis of the data from the truncated IdeS“***-IgG1 Fc™*** crystal shows that the L distribution is
significantly different from that expected for normal data (orange) and closely follows that expected

for perfectly-twinned data (green).

L tESt —a— Observed

«— Acentric theory

L test —— Acentric theory, perfect twin

1.0 tf’-oﬂ—t-ﬁ
_e— ’

0.8 -
0.6 el

0.4 //

0.2 A

P(L>=I)

Figure 72: L test for detection of twinning within the truncated IdeS“***-IgG1 Fc™¥%*4
crystallographic data set. The L distribution differs significantly from that expected for “normal”
data (orange) and closely resembles that predicted for perfectly-twinned data (green), which indicates
the presence of twinning within this data set. Analysis was performed by phenix.xtriage [396].
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Appendix F  Publication 2 (pre-print)

Sudol ASL, Tews I, Crispin M. Bespoke conformation and antibody recognition distinguishes the

streptococcal immune evasion factors EndoS and EndoS2. bioRIV. 2023:553389.

This publication pre-print is included overleaf for reference:
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Bespoke conformation and antibody recognition distinguishes the

streptococcal immune evasion factors EndoS and EndoS2
Abigail S. L. Sudol!, Ivo Tews!®, Max Crispin'*.
1School of Biological Sciences, University of Southampton, Southampton, SO17 1BJ, UK

*Correspondence to Ivo Tews (Ivo. Tews(@soton ac.uk) and Max Crispin
(Max Cnispm@soton.ac.uk)

Absiract

The IgG-specific endoglycosidases EndoS and EndoS2 from Streprococcus pyogenes ablate
IgG function by removing the conserved N-linked glycans present on the Fe region. Their role
m immune evasion, by mactivation of IgG antibodies, has led these enzymes to be mnvestigated
as therapeutics for suppressing unwanted immume activation. Their activity and precise
substrate specificity has also prompted the development of these enzymes as tools for
engineering IgG glycosylation. Recent structural studies have revealed how EndoS drives
specificity for IgG by binding the Fc peptide surface with a domain that has homology for a
carbohydrate-binding module (CBM). Here, we present the crystal structure of the EndoS2-
IgG1 Fc complex at 3.0 A resolution. Comparison with the EndoS-IgG1 Fc structure reveals a
similar mode of interaction, but slightly different orientations resulting from different mterfaces
with glycosidase and CBM domains, leading to recognition of distinct Fc surfaces. These
findings rationalise previous observations that non-catalytic domamns cannot readily be
substituted. The structural information presented here will guide the contineed development of
IgG-specific endoglycosidases i antibody glycoengineenng and immunotherapy.

Key words: antibody; glycosylation; erystal; endoglycosidase; Fe; structure
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Main text

The pathogen Straptococcus pyogenes i1s mghly adapted for human infection and has thus
developed a range of mmmune evasion mechanisms for prolonging infection [1]. This
pathogenic bacterial species possesses a toolkit of enzymes which specifically target and
degrade immunoglobulin G (IgG) antibodies, the most abundant antibody found within human
serum [2]. For example, the protease IgG-degrading enzyme of S. pyvogenes (IdeS) deactrvates
IgG by cleaving within the lower hinge region. yielding F(ab"): and Fc fragments [3, 4].
Another protease, SpeB. also cleaves a broader range of immunoglobulins and other
components of the immune system [5, 6]

Streptococcal EndoS [7] and EndoS2 [8] enzymes are additionally utilised by the bacterum
for the removal of N-linked glycans from IgG Fc. Specifically. these enzymes cleave the p1—4
glycosidic linkage between the two N-acetylglucosamine (GlcINAc) residues within the glycan
core, releasing the majority of the glycan and leaving a single GlcNAc, variably modified with
fucose. EndoS is specific towards complex-type, biantennary glyvcans on IsG Fe [7, 9], whereas
EndoS2 exhibits broader glycan specificity, also cleaving other classes of N-linked glycans
such as oligomannose-type and hybnid-type [8. 10]. The broader substrate specificity exhibited
by EndoS2 appears to be possible due to a larger glycan-linding groove within the active site
which can accommodate such bulkier glycans [11], i comparnison to that of EndoS [12]. The
glycosylation of IgG occurs at residue N297 within the Fc Cy2 domains and 1s conserved across
all IgG subtypes [13]. Glycosylation of the Fc domain 1s implicated in mamtaining Fe structural
mtegrity [14-19]. Fc gamma receptor (FoyR)- and complement-mediated immune actrvation
[2. 17, 20]. Removal of the glycan therefore impedes Fc-mediated effector functions [19, 21],
although activity can sometimes be detected for particular IgG subclasses when deglycosylated
Fcs are presented m immune complexes [22].

EndoS was demonstrated to improve survival of 5. pyogenes i an opsonophagocytic assay,
due to reduced FcyR- and complement-mediated immune activation [23]. Moreover, IgG
glycan hydrolysis by Endo5 has been shown to promote virulence and survival of the bacterium
in viva [24], thus demonstrating its role m immune evasion. This highlights the potential of
EndoS, and EndoS2, as therapeutic agents for dampening unwanted immune activation, such
as dunng organ transplantation or in an autoimmune disease context. Indeed, EndoS has been
successfully utilised as a treatment in several pre-climcal models of autoimmume disease [25-

185



Appendix F

bioRxiw preprint doi: hitps:/fdoi org/10.1101£2023.08. 15.5533588; this version posted ust 18, 2023. The ight holder for this preprint
P {nmhwas rEi certifie peer review) is the authortfunder. All rig resellp'tvel-gd Mo reuse dlm&ﬁﬁﬂgtﬂ DEMMISSIon.

34]. and, in combination with IdeS, was shown to be successful at inactivating donor-specific
antibodies in a munne model of bone marrow transplantation [35]. The specific deactivation
of competmg serum IgG by EndoS and/or IdeS is also being mvestigated for the potentiation
of therapeutic antibodies [19, 36].

Additional mterest m these enzymes stems from potential use m biotechnological application,
providing tools for antibody glycoengineening [37, 38]. Wild-type enzymes can be used to
cleave off unwanted glycoforms, and transglycosylation reactions can be performed on this
antibody scaffold to generate desired glycoforms [39-43]. Such transglycosylation reactions
have been optimised using variants of these enzymes. although both wild-type EndoS [9, 44]
and Endo52 [41] have been shown to possess some transglycosylation activity. A further
development has been the use of wild-type EndoS2 in “one-step™ reactions for synthesis of
antibody-drug conjugates [45. 46]. The precise control of antibody glycosylation has been
applied in several clinically-used antibodies for improved mmune effector function [47-51],
thus demonstrating their utility in antibody engineening.

The potential therapeutic and biotechnological uses of EndoS and EndoS2 have prompted
extensive research mto the structure and function of these enzymes. These endoglycosidases
are multi-domain enzymes, with the catalytic glycosidase domain and the so-called
carbohydrate binding module (CBM) being of particular interest [12, 52-54]. Recent structural
studies revealed that the fimctional role of the CBM in EndoS is not to bind carbohydrate, but
rather to specify peptide binding on the Fc surface [55, 56]. which prowvided a structural
rationale for the abrogated enzymatic activity of EndoS lacking the CBM [52, 53], further
explaining the inability of EndoS to cleave glycans from denatured IgG [6]. Similarly, it 1s
known for that the CBM of EndoS2 1s essential for activity. Furthermore, the CBM must work
m tandem with the catalytic domain. as a chimenc enzyme displacing the EndoS2 catalytic
domain onto the EndoS scaffold leads to a non-functional enzyme [11].

We therefore sought to vestigate the structural basis belind the specificity of EndoS2 for IgG,
and how 1t differs from EndoS m substrate recognition We used the previously established
“less-crystallisable™ Fe to obtain crystals of the EndoS2-IgG1 Fc complex [55]. We further
mitroduced a L234C exchange, m an attempt stabilise the flexible hinge region through
disulphide formation (see Supplementary Information). The enzyme EndoS23zps was
expressed as an mactive exchange vanant D184 A/E186L with C-terminal His-tag (see SI [11]).
Purified EndoS2P1#ABISL and ToG1 FelP*#CE3E2A were combined m a 2:1 molar ratio and the
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resulting complex punfied by size exclusion chromatography and submutted to crystallisation
for structure determunation (see SI).

Crystallographic studies of enzymes in complex with their glycan substrate have provided
msight mto the mechanism of action of endoglycosidases [11, 12, 57-59]. Our recent structure
of EndoS in complex with its IgG1 Fc substrate [55] and a cryo-electron microscopy study [56]
provided further msight Here, we present the crystal structure of EndoS2 mn complex with
IgG1 Fc substrate at a resolution of 3.0 A (Table 1), with N-linked glycans modelled using the
carbohydrate module in Coot [60] and validated using Pnivateer [61], as shown in Figure 1.
The complex crystallised m space group P4:2:2, with three copies of the EndoS2-half Fc
complex within the asymmetric unit (Table 1).

Table 1: Crystallographic data collection and refinement statistics for EndoS201#AE136L_
IgG1 Fel B3O8 camplex. Values for the highest resolution shell are reported in parentheses.

Data Collection

Beamline 103 (Diamond Light Source)
Resolution range (A) 49 91-3 .00 (3.05-3.00)
Space group P2

Umnit cell dimensions:

a b c(A) 2288, 228.8. 161.6

o B ¥(°) 90, 90, 90
Wavelength (A) 0.9763

Umaque reflections B5.926 (4230)
Completeness (%) 100 (100)

R 0.187 (2.614)

Rnas 0.191 (2.668)

Rpim 0.036 (0.527)

I'a(l) 12.6 (0.5)

Multiplicity 275(25.4)

CC half 1.000 (0.640)

Wilson B factor (A7) 77

Refinement

WNumber of reflections (all/free) 85.849/4376

Ry (%0) 216

Rree (%a) 25.2

RMSD!:

Bonds (A) 0.0066

Angles (%) 1.18

Molecules per ASTT? 6* (3 copies of EndoS2-half Fc complex)
Atoms per ASU? 21,168

Average B factors (A9

(protein/higand/water) (105.2/105.0/73.1)
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Model quality (Ramachandran plot)*:
Most favoured region (%) 96.06
Allowed region (%a) 375
| Outhiers (%5) 0.19, 0.0**
1 RMSD, root-mean-squared deviation
I ASU, asymmetric unit
3calculated in Molprobity
*each half Fc (i e.. one chain within the homodimer) 1s counted as a separate molecule
**according to wwPDB Structure Validation Report

d Dn.rEraIL structure of Endo52-10G1 Fc complex EndoS2 domain key:
Endos2 e = =0 GH NN LRR [ hig =21 CBM

CBM

8 domain
Fc chain B Fc chain A glycan b
b Owverlay with apo EndoS2 [ﬁﬂmm Shift in CB-MA
i Lk A et (RMSD=19.4 4)

Shift in hig
(RMSD=

(PDB GESB) 82 4)

Il Apo EndoSd

Figure 1: Overall structure of EndoS2DIHAEIGL [o(0] FelMOEMM complex. a Surface
representation of the EndoS-IgGl Fe complex. Two Endo52 molecules bind each Fc homodimer
in the crystal (see Supplementary Figure 2); for clanty, only one EndoS2? molecule 1s shown here.
IzG1 Fc 1s depicted in silver, with the W297 glycan depicted as maroon sticks and coloured by
heteroatom (oxygen, red; nitrogen, blue). EndoS2 domains are coloured as follows: glycoside
hydrolase (GH), coral; leucine-rich repeat (LER), blue; hybrid immmmeglobulin (hig), hilac;
carbohydrate-binding module (CBM), green. b Superposition of apo FndoS2 (PDB 6E58) and
EndoS?2 in complex with IgG1 Fe. with respect to the GH domain (aligned Cos for EndoS2 residues
46-386). IgGl Fc in complexed EndoS2 is omitted here for clarity. The figure reveals the shift of
GH and CBM relative to each other. with the entire GH-LRR-hIg-CBM scaffold in different
onentation. EMSDs and plane angle differences for EndoS2 domain shifts after these
superpositions are indicated, as calculated in UCSF ChimeraX. Images depicting protein structure
were prepared using UCSF Chimera¥ [62].
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EndoS2 compmnses a glycosylhydrolase domain (GH, coral. residues 43-386), a leucine-nich
repeat domain (LRE. blue, residues 387-547), a hybnd immunoglobulin domain (hlg, lilac,
residues 548—680) and a carbohydrate binding module (CBM. green, residues 681-843) [11].
The enzyme 1s shaped like a “V”, and captures one Cy2 domain of the Fc through binding by
the GH and CBM domains (Figure 1), similar to that observed i the structure of the EndoS-
Fc complex [55, 56]. Each Fc y-chain 1s seen to interact with one EndoS2 molecule, simmlar to
what was observed with the EndoS-Fc crystal lattice [55].

In the EndoS2-IgG1 Fc complex. the uncleaved Fc N-linked glycan 1s captured 1 a “flipped-
out” conformation and bound within the GH domain groove (Figure 1a), which was identified
by co-crystals of EndoS2 m complex with glycan substrates [11]. This observation s in stark
contrast to the typically-observed position of Fc glycans within crystal structures, in which they
appear to sif m-between the Cy2 domains and mteract with Fc surface residues [13, 63-65]. The
carbohydrate is well-ordered, displaying low B factors with respect to the average B factor of
the complex (105.8 A2, Table 1). A polder map additionally displays clear density consistent
with an uncleaved glycan in this conformation (Supplementary Figure 3). Overall, this
demonstrates the same mode of glycan capture as observed in the EndoS-IgGl Fc complex
[55]. and further corroborates literature reporting heterogeneity of Fc N-linked glycan
conformations [66-70].

Superposition of complexed and apo EndoS2 (PDB 6ES58) reveals a shifting of mmltiple
domains upon Fc binding (Figure 1b). An overlay with respect to the GH domain (calculated
by aligning Cos for residues 46-386) results in a 10° tilt of the LRR (with respect to 1ts position
m the apo structure). Consequently, the hlg and CBM are also displaced (waith RMSDs of 8.2
A and 19.4 A, respectively). An overlay with respect to the CBM (calculated by aligning Cas
for residues 681—843) results in smaller domain shifis: the adjacent hlg domain 1s tilted by 4 2%,
while the LRR and GH are displaced by 5.1 A and 6.3 A_ respectively. Therefore, both the GH
and CBM domains are rearranged with respect to the rest of the enzyme upon Fe binding. The
conformation of the LRR-hlg scaffold is also affected: an overlay with respect to the LRR
domam (calculated by aligning Cos for residues 387-547) results 1n a 11.6° tilt 1 the hig
Thus, the relative domain positioming within EndoS2 is shifted upon binding the Fc substrate,
although discrete domains can be fully supenimposed and so do not undergo individual
conformational changes. Analysis of apo and glycan-bound EndoS2 crystal structures has
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revealed no conformational changes upon glycan binding [11], which indicates that EndoS2
domain shifts observed here are solely due to binding the Fc peptide surface.

The binding interface of the EndoS2-IgG1 Fc complex 1s analysed i Figure 2. The GH and
CBM domains within EndoS2 both contact the same Fc Cy2 domain. This corroborates
hydrogen-deuterium exchange data of the EndoS2-rituximab complex, which suggested a role
for both domains in complex formation [11]. Crystal structures of EndoS2 in complex with
oligomannose- and complex-type glycan substrates have identified GH amino acids mwvolved
m glycan binding [11]; the Endo52-Fc complex structure additionally reveals interactions with
the first GlcNAc and fucose moieties within the glycan (Figure 2b). The aromatic side chains
of F189, Y251, ¥252 and W297 provide hydrophobic stacking interactions, while the Y252
backbone and Q255 side chain form hydrogen bonds with the fucose (Figure 2b).
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Figure 2: Binding interface of the EndoS2P1844EBEL Jo G FclPMOEHA complex. a Overall
structure of EndoS2PMAELL 03] FelP30UEEA complex, with mterfacing areas highhighted.
b N-linked glycan capture by the EndoS2? GH domain. Final 2Fobs—Fcac electron density map
for the N-linked glycan and residue N297 15 shown (weighted at 1.5 o). Approximate positions
of catalytic residues D184 and E186 (from an overlay with PDB 6MDS via the GH domain:
aligned Cas of residues 43-386) at the active site are mdicated. ¢ Fc protein surface binding
by EndoS2 CBM. EndoS2 and IgGl Fc are coloured as in Figure 1; residues mvolved in
binding are shown as sticks and coloured by heteroatom. Hydrogen bonds are depicted as
vellow dashes. d Overlay of EndoS2 CBM imterface with EndoS CBM (PDB code 8A49).
EndoS residues are coloured teal: IgG1 Fc complexed with EndoS i1s coloured dark grey.
Residues involved in mterface formation were identified using PDBePISA [71].

We observe atypical ¢ and w torsion angles for the B1—4 linkage between the two core GlcNAcs
of 5.9° and —121.2°, respectively, using C1-0-C(x)'—C(x-1) as the definttion of w. These
values lie outside the range of average glycosidic hnkages reported i crystal structures (—73.7°
+ 8.4 for ¢ 116.8° = 15.6 for w angles, calculated from 163 structures) [72]. In a catalytic
context, the distortion of the torsion angles at the stte of hydrolysis 1s consistent with promoting
cleavage of the B1—4 linkage. Such glycan distortion 1s also observed within the EndoS-Fc
complex, with equivalent & and  torsion angles of —58.6° and —121.2°, respectively [55]. In
addition, several crystal structures of endoglycosidases in complex with their cleaved glycan
substrate show the second GlcINAc adopting a higher-energy, skew-boat conformation, and so
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glycan distortion been suggested to compnse part of the catalytic cycle in such enzymes [11,
73. 74]. As observed for the structure of EndoS2 i complex with a complex-type glycan (FDB
6MDS [11]), the second GlcNAc 1s bound close to the catalytic dyad residues D184 and E186
(exchanged to alanine and leucme mn our structure, respectively; Figure 2b), as mdicated with
an overlay of wild-type, apo EndoS2 (PDB 6MDS) via the GH domain. In this approximate
position. E186 1s onented in close proxaimity to the distorted p1—4 hnkage between the two
GlcNAcs, facilitating nucleophilic attack and subsequent cleavage of the glycan.

The CBM mterface i the EndoS2-IsGl Fc complex 1s analysed in Figure 2c. Amino acid
W712 in EndoS2 has been shown to be important for Fc binding, as substitution to alamne
abolished hydrolytic activity towards IgG Fc bearing complex-type or oligomannose-type
glycans [11]. The EndoS2-Fc structure reveals how W712 binds within a hydrophobic pocket
at the Fc Cy2-Cy3 interface, formed by 1253, H310, L314, N434 and H435. Thus, W712 makes
stmilar interactions as W803 in EndoS, simularly shown to be essential for enzyme activity [53]
and observed binding 1n the same cavity within the EndoS-Fe crystal structure [55] (Figure 2d).
Another important ammno acid m EndoS2 1s Y820: Klontz et al. found that a senine exchange
variant of this side chamn severely reduced hydrolytic activity towards IgG beanng both
complex- and chigomannose-type glycans [11]. This side chain makes not only a main chain
contact to Fc residue Q311, but also forms stacking interactions with the Q311 side chain
(Figure 2c). The equivalent amino acid in EndoS 1s a sernine, similarly providing a main chain
mteraction with Q311 but lacking the hydrophobic mteraction [55]. A further parallel between
the two structures 1s observed with the side chain of EndoS2 Y819 that hydrogen bonds to the
D312 side chain from the Fc, sumlar to the equivalent mteractions of the EndoS T835 side
cham [55].

Companson of the EndoS2 and EndoS CBM interfaces with IgG1 Fc reveals some umique
mteractions formed by EndoS2, such as the side chain of R708 that hydrogen bonds to the Fe
backbone (Figure 2c and 2d). PISA analysis [71] also predicts distinct Fc protem surface
mterfaces across the two enzymes: the EndoS2-1gG1 Fc mnterface has a surface area of 977.9
A?and a solvation free energy gam of 8.6 kecal/mol. Conversely, EndoS forms a 1323.5 A?
mterface with the Fc, with a —9.1 kcal/mol solvation free energy gamn. A sequence alignment of
EndoS and EndoS2 reveals that side chains interfacing with the Fc protein are not particularly
conserved (Supplementary Figure 4). Moreover, aside from residue W712 (W803 mn EndoS),
other CBM residues found to be important for IgG Fc binding (R908 and E833 i EndoS [53];
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Y820 in EndoS2 [11]) are not conserved (Supplementary Figure 4). These observations mdicate
distinct modes of IgG recognition by the two endoglycosidases.

Although the two enzymes bind IgG1 Fc in a similar way, a companson of the Endo52-Fc and
EndoS-Fc crystal structures reveals differing angles of recognition between the two enzymes.
Superposition of the two complexes with respect to the interfacing Fe Cy2 domain (calculated
by aligning Cas of residues 237-340) shows how different GH domain and CBM onentations
allow the enzymes to discover different surfaces on the Fc peptide (Figure 3a). This is
accompanied with distinet Fe surface interfaces recognised by the two enzymes (Figure 3b).
We additionally observe differential capture of the Fc by the two enzymes: superposition of
EndoS2- and EndoS-bound Fc by their Cy3 domains (alignment of Cas, residues 341-444)
reveals more “open” Cy2 domain placements in the former (Figure 3c). However, an overlay
of the interfacing Cy2 (alignment of Cos, residues 238—340) within the complexed Fes and the
equivalent domain from a wild-type IgG1 Fc structure (PDB 3AVE) shows that conformational
changes only occur in the C'E loop, allowing capture of the Fec glycan in a “flipped-out™ state
(Figure 3b) [55]. A superposition of the GH domains from EndoS- and EndoS2-Fc complexes
shows that the mterfacing Fec Cy? domams are captured m different omentations
(Supplementary Figure 5), which may reflect the altered Cy2 domain placements observed
here.
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d Comparison of Endo5/EndoS2 binding to IgG1 Fo b Enzyme interface with Fc

N EndoS2 Distinct GH/CEM
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recognition

PDB BA4D9

€ Fccapture by EndoS/EndoS2 ~_ WT vs Endo52- Dmyfl_d_ Fc  WT vs EndoS-bound Fc
I |
l Glycan | Glycan
B EndcS-bound Fo == WT lgGL Fc | "Mipped-out” | “flipped-out"
B EndoS2-baund Fe (PDB 3AVE) !
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Cy3 domains Differential Cy2
retain their displacement by
confarmation enzyme binding *for gverlay of Fc chain A Cy2 {residues 236-340)

Figure 3;: Comparison of EndoS and EndoS2 binding their IgG1 Fc substrate. a EndoS2-
Fc and EndoS-Fc crystal structures, supenimposed with respect to the miterfacing Fe Cy2
domain (Cos for residues 237-340). Complexed EndoS (PDB 8A49; [55]) and EndoS2 are
depicted 1 maroon and purple, respectively; complexed ToG1 Fe 15 depicted i sitver b
Bmding mterfaces of each enzyme mapped onto IgG1 Fc, as calculated by PDBePISA [71]. ¢
Comparison of Fc capture by EndoS and EndoS2. Superposiiion of EndoS-bound and EndoS2-
bound Fc relative to the Cy3 homodimer (Cos for residues 341-444) reveals differential
shifting of Cy2 domamns upon enzyme binding. Fc N-linked glycans (shown as sticks and
coloured by heteroatom) are captured by both enzymes mn a “flipped-out™ conformation,
occurring with shifis in the C'E loop which 1s covalently linked to the glycan (relative to a
wild-type IgG1l Fc structure: PDB code 3AVE, depicted i dark grey). EndoS-bound and
EndoS2-bound Fe are coloured maroon and purple, respectively.
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The observed differences i EndoS and EndoS2 binding to IgG1 Fe, in distinct protein-protein
mterfaces and diffening angles of recognition for the GH and CBM domains (Figure 3), provide
a structural rationale for expenments with chimeric EndoS/EndoS2 enzymes, which showed
that substitution of the EndoS2 GH onto an EndoS scaffold was not enough to confer EndoS2-
like activity, but rather requured substitution of both EndoS2 GH and CBM domains [11]. This
chimeric enzyme was still not fully functional with respect to wild-type EndoS2 [11]. thus the
LRR-hlIgG scaffold must also play a role in onenting the GH and CBM domains optimally. We
envisage that our crystal structure can guide future efforts for synthesis of chimeric enzymes,
which have application m engineering antibody glycosylation. Enzymes using EndoS/EndoS2
scaffolds are of particular interest due to their exquisite specificity for IgG antibodies: for
example, a recent paper by Fan ef al. shows how the glycosidase domains in EndoS/EndoS2
can be replaced with an ca-L-fucosidase from Lactobacillus casei BL23 for sigmficanily
enhanced antibody defucosylation, when compared to the native fucosidase [75].

Taken together, our crystal structure of EndoS2 i complex with IeG1 Fe reveals the molecular
basis behind its extensive substrate specificity. This structural knowledge will aid in the
continued development of EndoS2, and chimeric EndoS/EndoS2-based enzymes. as tools for
mproved antibody glycoengineermg and as biologics for use in immune modulation.

Protein Data Bank accession number

Model coordinates and structure factors for the EndoS2P1#AEIRL ToG] Fcl2MOEEA crygtal
structure have been deposited in the Protein Data Bank with accession number 8Q5TU.
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Appendix G  wwPDB X-ray Structure Validation
Report for EndoS2-IgG1 Fc

wwPDB X-ray Structure Validation Report for EndoS2P'#AE6L_ oG] FlB4CE82A rytal structure
(deposited with code 8Q5U but being held for publication at time of writing). Report is included

overleaf:
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W[}RLI}WI

2PDB

FRGTEIN DATA BANK

Full wwPDB X-ray Structure Validation Report (i)

Aug 10, 2023 - 09:22 am BST

PDBID : 8Q5U
Title : FEndoglycosidase 52 in complex with IgG1 Fe
Deposited on = 2023-08-09
Resolution : 3.00 A(reported)

This wwPDB validation report is for manuscript review

This is a Full wwPDB X-ray Structure Validation Report.
This report is produced by the wwPDB biocuration pipeline after annotation of the structure.

We welcome your comments at validation @mail wwpdb.org
A user guide is available at
https:/ /www.wwpdb.org/validation/2017 /XrayValidationReportHelp
with specific help available everywhere you see the (1) symbol

The types of validation reports are described at
http://www.wwpdb.org/validation,/2017 /FAQs#types.

The following versions of software and data (see references (1)) were used {n the production of this report:

MolProbity : 4.02b-467
Mogul : 1.8.4, CSD asbdlbe (2020)
Xtriage (Phenix) : 1.13
EDS : 2.35
Percentile statistics : 2019122501 (using entries in the PDB archive December 25th 2019)
Refmac : 5.8.0158
CCP4 : 7.0.044 (Gargrove)

Ideal geometry (proteins) : Engh & Huber (2001)
Ideal geometry (DNA, RNA) : Parkinson et al. (1996)
Validation Pipeline (wwPDB-VP) : 2.35
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Full wwPDB X-ray Structure Validation Report
Page 2 (*For Manuscript Review™") 805U

1 Overall quality at a glance (i)

The following experimental techniques were used to determine the structure:
X-RAY DIFFRACTION

The reported resolution of this entry is 3.00 A.

Percentile scores (ranging between 0-100) for global validation metries of the entry are shown in
the following graphic. The table shows the number of entries on which the scores are based.

Metric Percentile Ranks Value
Riree EEEE [[— .52
Clashscore [T

| 5]

Ramachandran outliers NN [}]
Sidechain outliers MMM ] _fe— v
RSRZ outliers NN | T O

Wi Arener

B Peruntite rekmive o all K -guy =iy

[ Peeceinite relimive e Xy stractures of similur Fewbbin
Metric Whole archive Similar resolution
(#Entries) (#Entries, resolution range(A))
R free 130704 2092 (3.00-3.00)
Clashscore 141614 2416 (3.00-3.00)
Ramachandran outliers 138081 2333 (3.00-3.00)
Sidechain outliers 138045 2336 (3.00-3.00)
RSRZ outliers 127900 1990 (3.00-3.00)

The table below summarises the geometric issues observed across the polymeric chains and their
fit to the electron density. The red, orange, yellow and green segments of the lower bar indicate
the fraction of residues that contain outliers for »>=3, 2, 1 and 0 types of geometric quality
criteria respectively. A grey segment represents the fraction of residues that are not modelled.
The numeric value for each fraction is indicated below the corresponding sepment, with a dot
representing fractions <=5% The upper red bar (where present) indicates the fraction of residues
that have poor fit to the electron density. The numeric value is given above the bar.

Mol | Chain | Length Quality of chain

1 A 227 Rl . e B
&>

1 B 22? BA% . ey
A%

1 C 227 - T Sa 9%
3

2 D 816 | ° o -

Continued on next page...
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Continued from previous page...
Mol | Chain | Length Quality of chain
2 E 816 = BTt i
2 F 816 = 8% A% 6%
3 G 8 62% 25% 12%
4 H 7 7% 7L S v

The following table lists non-polymeric compounds, carbohydrate monomers and non-standard

residues in protein, DNA, RNA chains that are outliers for geometric or electron-density-fit crite-

ria:
Mol | Type | Chain | Res | Chirality | Geometry | Clashes | Electron density
6 PGE D 903 - = - x
6 PGE F 901 - - - X
$PDBE
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2 Entry composition (i)

There are 8 unique types of molecules in this entry. The entry contains 41613 atoms, of which
20445 are hydrogens and 0 are deuteriums.

In the tables below, the ZeroOce column contains the numhber of atoms modelled with zero ocen-
pancy, the AltConf column contains the number of residues with at least one atom in alternate
conformation and the Trace column contains the number of residues modelled with at most 2
atoms.

¢ Molecule 1 is a protein called Uncharacterized protein DKFZp686C11235.

Mol | Chain | Residues Atoms | ZeroOcc | AKConf | Trace
Total C H N {0 -8
1 A 208 3268 1049 1621 276 315 7T g2 0 0
Total C H N O 8§
1 & 2p 3188 1025 1581 271 304 7 &6 o 4
Total C H N O §
L B a 3224 1020 1606 275 307 7 | O2 o 0
There are 6 discrepancies between the modelled and reference sequences:
Chain | Residue | Modelled | Actual | Comment Reference
A 234 CYS LEU  engineered mutation | UNP Q6MZVT
A 382 ALA GLU | engineered mutation | UNP Q6MZVT
C 234 CY5 LEU | engineered mutation | UNP Q6MZVT
C 382 ALA GLU | engineered mutation | UNP Q6MZVY
B 234 CYS LEU | engineered mutation | UNP Q6MZVT
B 382 ALA GLU | engineered mutation | UNFP Q6MZVT
* Molecule 2 is a protein called Endo-beta-N-acetylglucosaminidase.
Mol | Chain | Residues Atoms ZeroOcc | AltConf | Trace
Total C H N O S
2 p T8 12398 3936 6137 1069 1241 15 188 0 ¢
Total C H N O 8
4 B W 6703 2166 3346 58S 687 O T 0 .
Total C H N O 8
5 F T 11928 3801 5879 1029 1204 15 102 0 g

There are 36 discrepancies between the modelled and reference sequences:

Chain | Residue | Modelled | Actual Comment Reference
D ar MET = initiating methionine | UNP AOASH2NIT2
D 184 ALA ASP | engineered mutation | UNP ADASHZN1T2
Continued on next page...
SPDB
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Continued from previous page...
Chain | Residue | Modelled | Actual Comment Reference
D 186 LEU GLU | engineered mutation | UNF AOAS8H2N1T?2
D 844 LEU - expression tag UNP ADABH2N1T?2
D 845 LEU - expression tag UNP ADASH2N1T2
D 846 GLU - expression tag UNP AGASH2N1T2
D 847 HIS - expression tag UNP AODASH2N1T2
D 848 HIS - oxpression tag UNFP AODASH2N1T2
D 849 HIS - expression tag UNP AGABHZN1T2
D 850 HIS = expression tag UNP ADASH2N1T2
D 851 HIS = expression tag UNP ADASH2NIT2
D 852 HIS - expression tag UNP AODASH2NIT2
E 37 MET - initiating methionine | UNF ADARH2N1T2
E 134 ATA ASP engineered mutation | UNP AOABH2ZNIT2
E 186 LEU GLU | engineered mutation | UNP AOASH2NIT2
E 844 LEU = expression tag UNP ADASH2NIT2
E 845 LEU - expression tag UNP ADARH2NIT2
E 846 GLU - expression tag UNFP ADASH2N1T2
E 847 HIS — expression tag UNP ADABH2N1T?2
E 848 HIS - | expression tag UNP AODASH2N1T2
E 840 HIS = : ocxpression tag UNP ADARH2N1T2
E 850 HIS - [ expression tag UNP ADASH2NIT2
E 851 HIS - | expression tag UNFP ADASH2N1T2
E 852 HIS 3 | expression tag UNP ADASH2N1T?2
F a7 MET - ! initiating methionine | UNP ADARH2NIT2
F 134 ATA ASP engineered mutation | UNP AOAS8H2NIT2
F 186 LEU CLU | engineered mutation | UNP AOARH2ZNIT2
F 844 LEU - oxpression tag UNFP ADASH2N1T2
F 845 LEU - expression tag UNP ADASH2N1T?2
F 846 CGLU = expression tag UNP ADASH2NIT2
F 847 HIS = expression tag UNFP ADASH2N1T2
F 848 HIS F expression tag UNP ADARH2NIT2
F 849 HIS - expression tag UNP ADASBH2N1T2
F 850 HIS - expression tag UNP AODASH2N1T?2
F 851 HIS = expression tag UNP ADASH2N1T2
F 852 HIS = expression tag UNP ADASH2N1T2

e Molecule 3 is an oligosaccharide called 2-acetamido-2-deoxy-beta-D-glucopyranose-(1-2)-alp
ha-D-mannopyranose-(1-3)-|2-acetamido-2-deoxy-beta-D-glucopyranose-(1-2)-alpha-D-man
nopyranose-(1-6)|beta-D-mammopyranose- (1-4)-2-acetamido-2-deoxy-beta-D-glucopyranose-(
1-4)-[alpha-L-fucopyranose-( 1-6)]2-acetamido-2-deoxy-beta- D-glucopyranose.

210
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N.® =
'.’.‘, J.. J..
...'
Mol | Chain | Residues Atoms ZeroOcc | AltConf | Trace
Total C H N O
3 G 8 195 56 96 4 39 18 C 0

Molecule 4 is an oligosaccharide called 2-acetamido-2-deoxy-beta-D-glucopyranose-{1-2)-alp
ha-D-mannopyranose-(1-6)- [alpha-D-mannopyranose-(1-3)|beta-D-mannopyranose-(1-4)-2-a
cetamido-2-deoxy-beta-D-glucopyranose-( 1-4)-|alpha-L-fucopyranose-( 1-6)] 2-acetamido-2-de
oxy-beta-D-ghicopyranose.

L J
H.e .
g BN P B
...
Mol | Chain | Residues Atoms ZeroOcc | AltConf | Trace
Total C H N O
4 H T 167 48 &2 3 34 15 0 g

Molecule 5 is GLYCEROL (three-letter code: GOL) (formula: CsHgO4).

GOL
G3
; OHos
o CE_ .
HO OH
O o2
Mol | Chain | Residues Atoms ZeroOcc | AltConf
Total C H O
5 A 1 14 3 8 3 2 0
Total C H O
5- D 1 14 3 8 3 - 2 0
o ,'?E*",‘tf'{‘“*‘-’d on next page...
sPDB
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Continued from previous page...

Mol | Chain | Residues Atoms ZeroOcc | AltConf
Total C H O
5 B 1 14 3 8 3 .
Total C H O
5 B 1 14 3 8 3 2

* Molecule 6 is TRIETHYLENE GLYCOL (three-letter code: PGE]} (formula: CgH;40,).

PGE
OH
[ O.
HO
Mol | Chain | Residues Atoms ZeroOcc | AltConf
Total C H O
g D J 24 6 14 4 L
Total C H O
6 o k 24 6 14 4 t
Total C H O
6 B 1 24 6 14 4 4
Total C H O
8 P * 16 4 9 3 1
Total C H O
6 F ’ 24 6 14 4 L

* Molecule 7 is CALCIUM ION (three-letter code: CA) (formula: Ca).

212

Mol | Chain | Residues Atoms ZeroOcc | AtConf
7 D 1 Total Ca 0 0
1 1
7 E 1 T“i“" Cia 0 0

Continued on next page...
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Continued from previous page...
Mol | Chain | Residues Atoms ZeroOcc | ARConf
i F 1 Ll Ca 0 0
1 1
# Molecule B is water.
Mol | Chain | Residues Atoms ZeroOcc | AltConf
Total O
8 A 43 43 43 0 0
Total O
8 D 105 105 105 0 0
8 C 1 T‘“"]t“l ? 0 0
Total O
8 E 19 19 190 0 0
Total O
8 F 51 51 51 0 0
Total ©O
8 B 62 62 62 0 0
SPDB
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3 Residue-property plots (i)

These plots are drawn for all protein, RNA, DNA and oligosaccharide chains in the entry. The
first graphic for a chain summarises the proportions of the various outlier classes displayed in the
second graphic. The second graphic shows the sequence view annotated by issues in geometry and
electron density. Residues are color-coded according to the number of geometric quality criteria
for which they contain at least one outlier: green = 0, yellow = 1, orange = 2 and red = 3 or more,
A red dot above a residue indicates a poor fit to the electron density (RSRZ > 2). Stretches of 2
or more consecutive residues without any outlier are shown as a green connector. Residues present
in the sample, but not in the model, are shown in grey.

e Molecule 1: Uncharacterized protein DKFZp686C11235

Chain A: B8 es B

B-a-g-t-b-4-6-2-iy o

e Molecule 1: Uncharacterized protein DKFZp686C11235

4%

Chain ¢: ™

SRR B R SR NEE R S

e Molecule 1: Uncharacterized protein DKFZp686C11235

o
n
Chain B: Bad P

| N T

s Molecule 2: Endo-beta-N-acetylglucosaminidase

]

Chain D . B0, L

FRI T L SRR I REEEEE I R PR [ TR

LpwioeE

wow
PE ITEIM HATA BARE
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P s

o Molecule 2: Endo-beta-N-acetylglucosaminidase

39
i -
Chain E: S1% . i

i v

o ot s 1 ]
Bseanageeaas

e Molecule 2: Endo-beta-N-acetylglucosaminidase

- ™ o
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¢ Molecule 3: 2-acetamido-2-deoxy-beta-D-glucopyranose-(1-2)-alpha-D-mannopyranose-(1-3)-[2-
acetamido-2-deoxy-beta-D-glucopyranose- ( 1-2)-alpha- D-mannopyranose-( 1-6)|beta-D-mannopyra
nose-( 1-4)-2-acetamido-2-deoxy-beta-D-glucopyranose- ( 1-4)- [alpha-L-fucopyranose-( 1-6) | 2-acetam
ido-2-decxy-beta-D-glucopyranose

Chain G: B2%h 5% -

i

* Molecule 4: 2-acetamido-2-deoxy-beta-D-glucopyranose-(1-2)-alpha-D-mannopyranose-(1-6)-[al
pha-D-mannopyranose-( 1-3)|beta-D-mannopyranocse-( 1-4)-2-acetamido-2-deoxy-beta-D-glucopyra
nose-{ 1-4)-[alpha-L-fucopyranose-(1-6)|2-acetamido-2-deoxy-beta-D-glucopyranose

. § I i e R et
Chain H: T1% as, o 1A%

LB wIlDe

Bo
r‘i ITEIM HATA BAKE

216



Definitions and Abbreviations

Full wwPDB X-ray Structure Validation Report

Page 12

(*For Manuscript Review™)

8Q5U

4 Data and refinement statistics (i)

Property Value Source
Space group P43212 Depositor
Cell constants 228.T8A 228.7BA 161.63A )
a, b, ¢, a B, 7 00.00°  00.00°  00.00° Do -
, 49.91 - 3.00 ositor
Hesibkioni {1) 4001 — 3.00 DepEDS
% Data completeness 100.0 (49.91-3.00) Depositor
(in resolution range) 03.7 (49.91-3.00) EDS
R 0.19 Depositor
| ; P (Not available) Depositor
<Ifa(l})>! 0.52 {at 3.014) Kiriage
Refinement program REFMAC 5.8.0419 Depositor
R R 0.216 , 0.252 Depositor
1 Hifree 0.221 , 0D.252 DCC
R free test set 4385 reflections (5.10%) wwPDB-VFE
Wilson B-factor (A%) 70.4 Xtriage
Anisctropy 0.350 Xtriape
Bulk solvent k,,(e/A%), B,y (A?) 0.34 , 56.5 EDS
L-test for twinning” < |L] =050, < > =033 Xtriage
Estimated twinning fraction No twinning to report. Kiriage
F..F. correlation 0.92 EDS
Total mumber of atoms 41613 wwPDB-VP
Average B, all atoms (A”) 103.0 wwPDB-VP

Xtriage’s analysis on translational NCS is as follows: The largest off-origin peak in the Patterson
function is 2.02% of the height of the origin peak. No significant pseudotranslation is detected.

ntensities estimated from amplitudes.

2Theoretical values of < |L| =, < I? = for acentric reflections are 0.5, 0.333 respectively for untwinned datasets,
and 0.375, 0.2 for perfectly twinned datasets.

Eo L LpwiDe
r\-=r.|||.|n.".|.|.-|p,
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5 Model quality (i)

5.1 Standard geometry (i)

Bond lengths and bond angles in the following residue types are not validated in this section:
MAN, FUC, GOL, PGE, CA, BMA, NAG

The Z score for a bond length (or angle) is the number of standard deviations the observed value
is removed from the expected value. A bond length (or angle) with |Z| = 5 is considered an
outlier worth inspection. RMSZ is the root-mean-square of all Z scores of the bond lengths (or

angles).

. Bond lengths Bond angles
Mol | Chaim (. pyioz #Tg'ﬁ >5 | RMSZ #If:q >5
1 A 0.30 | 0/1693 | 055 | 0/2300
1 B 0.30 | 0/1660 | 0.54 | 0/2262
1 g 0.30 | 0/1650 | 054 | 0/2249
2 D 0.28 | 0/6379 | 0.53 | 0/8610
2 E 028 | 0/3500 | 052 | 0/4732
2 F 0.28 | 0/6161 | 051 | 0/8334
All | Al | 028 | 0/21043 | 053 | 0/28505

Chiral center outliers are detected by calculating the chiral volume of a chiral center and verifying if
the center is modelled as a planar moiety or with the opposite hand.A planarity outlier is detected
by checking planarity of atoms in a peptide group, atoms in a mainchain group or atoms of a
sidechain that are expected to be planar.

Mol | Chain | #Chirality outliers | ##Planarity outliers
2 D 0 4
2 E 0 1
) F 0 1

All Al 0 6

There are no bond length outliers.

There are no bond angle outliers.

There are no chirality outliers.

All (6) planarity outliers are listed below:

Mol | Chain | Res | Type | Group
2 D 363 | ARG | Sidechain
2 D 524 | ARG | Sidechain
2 D 609 | ARG | Sidechain
2 D 622 | ARG | Sidechain

Continued on next page...

mo el wioe
l‘=|r:|ll.|n.||l|n.|l'|l\.|,
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Continued from previous page...
Mol | Chain | Res | Type | Group
2 E 524 | ARG | Sidechain

2 F 524 | ARG | Sidechain

5.2 Too-close contacts (i)

In the following table, the Non-H and H(model) columns list the number of non-hydrogen atoms
and hydrogen atoms in the chain respectively. The H{added) column lists the number of hydrogen
atoms added and optimized by MolProbity. The Clashes column lists the number of clashes within
the asymmetric unit, whereas Symm-Clashes lists symmetry-related clashes.

Mol | Chain | Non-H H(model) H(added) | Clashes | Symm-Clashes
1 A 1647 1621 1603 6 0
1 B 1618 1606 1581 G 0
1 C 1607 1581 1548 6 0
2 D 6261 6137 6102 29 0
2 E 3447 3346 | 3262 13 0
2 F 6049 5870 5814 24 0
3 G 499 96 35 1 0
4 H 85 82 73 1 0
5 A 6 2 8 1 0
5 B 12 16 | 16 0 0
5 D 6 8 | B 1] 0
6 D 30 42 i 42 4 0
6 F 17 23 | 23 0 0
7 D 1 0 0 1] 0
7 E 1 0 0 0 0
7 F 1 0 0 1] 0
8 A 23 | 0 _ 0 2 0
8 B 62 = 0 { 0 2 0
8 C 1, | 0 0 1] 0
8 D 105 | 0 0 1 0
8 E 19 0 0 1 0
8 F 51 0 0 2 0

All All 21168 20445 20165 83 0

The allatom clashscore is defined as the number of clashes found per 1000 atoms (including
hydrogen atoms). The all-atom clashscore for this structure is 2.

All (83) close contacts within the same asymmetric unit are listed below, sorted by their clash
magnitude.

mo el winor
FROTEIM HA&T4 BAKE
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Interatomic Clash
Akoml Adom:3 distance (A) | overlap (A)

2F:144:LET-HD11 | 2:F:183:ILE:HD13 1.67 0.76
2:F:452: LEUO &:F:1001:HOH:O 2.11 0.68
2:E:505:GLIGHGS | 2E:618:TYR:CD2 2.29 0.658
2:F:148:THR:HA 2:F:152:.LYS:HE2 1.75 0.68
1:A:205:CLN-HG2 &:A:635:HOH:O 1.95 0.67
1:B:443:LEU:O 8:B:601:HOH:O 2.14 0.66
2:F:665:HIS:ND1 8:F:1002:-HOH:O 2.32 0.60
2:D:587:LYS:HE2 6:D:001:PGE:H4 1.84 0.50
1:A:256: THR:OC1 &:A:601:HOH:O 2.15 0.50
2:F:520:THR.:O 2:F:533:GLN:HG2 2.02 0.58
2:D:540:ILE:HG23 | 2:D:545: THR:HG21 1.86 0.57
2:E:T02:ASP:O 2:F:825:GLU:0E2 2.25 0.55
2:F:373:ASP:0D2 | 2:F:375:THR:0OCG1 2.25 0.54
2:F:540:ILE:HCG23 | 2:F:545: THR:HG21 1.90 0.54
2:D:524:ARG:0 2:D:528:MET:-HG2 2.08 0.53
4:H:1:NAG:03 4:H:2:NAC:H2 2.00 0.53
1:C:311:GLN:OFE1 2.F:819:TYR:HA 2.10 0.52
2:D:510:1ILE:HD11 | 2:D:527:LEU:HD13 1.93 0.51
2:D:604:GLY:O &:D:1001:HOH:O 2.18 0.51
2:F:304: ASP-:0OD1 2:F:415:LYS:NZ 2.43 0.51
2:0:90:CLU:O 2:D:381:.LYS:HG3 2.00 0.51
1:B:355: ARG:NH2 8:B:604:HOH:O 2.36 0.51
2:D:320.-THR:HB 2:D:422: ASN:ND2 2.25 0.51
2:E:h05:GLU-HG3 2:E:618:TYR:CE2 2.45 0.51
2:D:304: ASP-0D1 2:D:415:LYS:NZ 244 0.50
2E:524:ARG:O 2.E:528 MET-HG2 2.11 0.50
2:D:400:CLN:HG3 | 2:D:410:CLN:HG3 1.93 0.50
2:D:459:THR:OG1 | 2:D:461:GLU:HG2 2.11 0.49
2:F:320.THR:HE 2:F422:ASN:ND2 2.27 0.49
1:C:355:ARG:H 1:C:355:ARG:CD 224 0.49
2.F:510:ILE:HD11 | 2:F:527:.LEU:HD13 1.95 0.49
2:F:179:ASP:0 2:F:221:LYS:HA 2.13 0.48
1:A:26T7:SER:0OG 1T:A27T0:ASP:0D1 2.32 0.48
2:D:179:ASP:0 2:D:221:LYS:HA 2.14 0.48
2:D:126:HIS:O 2:D:130:GLN:HG2 2.14 0.48
2:D:581:VAL:HG21 | 2:D:657:VAL:HG21 1.96 0.48
22ES510:ILE-HD11 | 2:E:R27:LEU:-HD13 1.96 0.48
2:F:581:VAL:HG21 | 2:F:657-VAL:HG21 1.96 0.48
Z:E:581:VAL:HG21 | 2:E:65T-VAL:HG21 1.95 0.47
2:F:734:PHE:CD2 | 2F:825:CLU:HB3 2.50 0.47
2:F:144:1EU:CD2 | 2:.F:168ILE:HD13 2.45 0.46
2D:314:1LE:HG22 | 2:D:376:VAL:HG13 1.96 0.46
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Continued from previous page...

Interatomic Clash

Atom-1 Atom-2 distance (A) overlap (A)
1:B:278: TYR:HB2 1:B:320:LYS5:HB3 1.98 0.46
2D:140:GLY:HA3 3:G:T:NAG:H81 1.98 0.46
2:E:650:A5F:0D2 2E:673:8ER:OC 2.22 (.46
2:D:535:5ER:HB3 | 2:D:540:ILE:HD11 1.98 0.45
2:F:126:HIS:0 2:F:130:GLN:HG3 2.16 0.45
2:D:268:TRFP:CD1 | 2:D:327:PRO:HBE3 2.52 0.45
2:E:260:AS5N:0 2.E:272:CLN:HG2 217 0.45
1:B:355:ARC:NE 1:B:355:ARG:H 2.14 0.45
2.F:T00:ILE:-HG13 2:F:701:PHE:CE2 2.52 0.44
2:F:734.PHE:HD2 2:F:825:GLU.HB3 1.53 0.44
2D:47T:GLY:HA2 2:D:501:5ER:HE2 1.99 0.44
2:E:613:5ER:OG 2:E:616:TYR:HB2 2.18 0.44
2:F:268:TRP:CD1 2:F:327.PRO:HE3 2.53 0.44
2:D:686:LYS:HD2 | 2:D:688.ILE:HG22 2.00 0.44
1:C:344: ARG:INH1 1:C:403:SER:HE3 2.33 0.44
2:D:120:LEU:O 2:D:125:-VAL:HG23 2,19 0.43
2F:727.LEUHD11 | 2:F:802:ASN:HE3 2.00 0.43
2:D:793:.LYS:HE3 2:D:796:PHE: CD2 2.54 0.43
1:A:278: TYR:HB2 1:A:320:LY5:HE3 2.01 0.43
2:D:470: THR:O 2:D:504:HIZ:ND1 2.47 0.43
2E:727:LEU:HD11 | 2:E:802:ASN:HE3 2.01 0.43
1:B:420:HIS:0 1:B:435:HIS:HA 2.19 0.42
2:F:120.LEU:O 2:F:125:VAL:HG23 2.19 0.42
2:E:T16:ASN:OD1 &:E:1001:HOH:O 221 0.42
1:A:433:HIS:HA 5:AH1LCQOL:H32 201 0.42
2:E:708: ARC:NH1 1:B:253:.ILE:O 2.53 0.42
2:D:267:ASP:HB3 2D:271:TYR:CE2 2.55 0.42
2:F:267:ASP:HE3 2F27T1: TYR:CE2 2.55 0.42
2D:T2T:LEUHD11 | 2:D:R02:ASN:HB3 2.01 0.41
2:D:493:THR:HG22 | 6:D:901:PCGE:H52 2.03 0.41
2:D:587:LYS:HE2 6:D:901:PGE:H5 2.02 0.41
1:C:4209:HIS: O 1:C:435:HIS:HA 2.21 0.41
1:C:268:HIS.CD2 1:C:300: TYR:HH 2.38 0.41
1:C:202:ARG:CC | 1:C:302:VAL:HG22 2.51 0.41
2:D:202LEUHDI1 | 2:D:230:CLY:-HA3 2.02 0.41
2:D:613:5ER:OG 2:D:615:A8F:0D1 2.36 0.41
2:E:479:THR:O 2:E:504:HIS:ND1 2.45 0.41
1:A:4209:HIS:O 1:A:435:HIS:HA 221 0.40
2:D:587:LYS:HE2 6:D:001:PCE:C4 2.50 0.40
2:F:50:VAL:HG11 2:F:120:HIS:HB3 2.02 0.40
2F:TT0:ILE-HD13 | 2F:773:ARG:NH2 2.37 0.40
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There are no symmetry-related clashes.

5.3 Torsion angles (i)
5.3.1 Protein backbone (i)

In the following table, the Percentiles column shows the percent Ramachandran outliers of the
chain as a percentile score with respect to all X-ray entries followed by that with respect to entries
of similar resolution.

The Analysed column shows the mumber of residues for which the backbone conformation was
analysed, and the total number of residues.

Mol | Chain Analysed Favoured Allowed | Outliers | Percentiles
206/227 (91%) | 208 (98%) | 3 (2%) 0
203/227 (89%) | 201 (99%) @ 2 (1%)
200,227 (88%) 196 (98%) | 4 (2%)
786/816 (96%) | 756 (96%) | 30 (4%)
431/816 (53%) | 411 (95%) | 20 (5%)
T63/816 (94%) | 732 (96%) | 31 (4%)
All All | 25809/3120 (83%) | 2499 (96%) 90 (4%)

B | BD | B3| = |

S|lolo|o|oe

There are no Ramachandran outliers to report.

5.3.2 Protein sidechains (1)

In the following table, the Percentiles column shows the percent sidechain outliers of the chain as a
percentile score with respect to all X-ray entries followed by that with respect to entries of similar
resolution.

The Analysed column shows the number of residues for which the sidechain conformation was
analysed, and the total number of residues.

Mol | Chain Analysed Rotameric | Outliers Percentiles
100/209 (91%) | 188 (99%) = 2 (1%) 73| |90
185/200 (88%) | 183 (99%) | 2(1%) | 73 |90
181/209 (87%) | 180 (99%) = 1(1%) = |86)]95]
678/712 (95%) | 666 (98%) @ 12 (2%) @ 59 |85
)
)

360/712 (51% 349 (97%) @ 11 (3%) 40 75
645/712 (91% 624 (97%) | 21 (3%) 38 73
Continued on nezt page...
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Continued from previous page...
Mol | Chain Analysed Rotameric = Outliers | Percentiles

All | Al | 2239/2763 (81%) | 2190 (98%) @ 49 (2%) | 52 |81

All (49) residues with a non-rotameric sidechain are listed below:

Mol | Chain | Res | Type
1 A 256 THR
1 A 205 GLN
2 D 46 THR
2 D 205 PHE
2 D 249 | ARG
2 D 202 SER
2 D 409 GLN
2 D 461 GLU
2 D 526 LEU
2 D 529 THR
2 D 631 HIS
2 D T08 ARG
2 D 714 GLN
2 D 780 ASP
1 C 360 LYS
2 E 267 ASP
2 E 328 SER
2 E 301 ASP
2 E 305 GLN
2 E 451 GLN
2 E 482 GLU
2 E 529 THR
2 E 704 GLU
2 E T08 ARG
2 E 714 GLN
2 E 780 ASP
2 F 48 GLN
2 F 7 ARG
2 FE 205 PHE
2 F 232 GLU
2 F 249 | ARG
2 F 202 SER
2 F 203 LYS
2 F 483 LYS
2 F 525 LYS
2 F 528 MET
2 F 529 THR

Confinued on next page...
SPDEB
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Continued from previous page...
Mol | Chain | Res | Type

2 F 589 ASN
2 F 506 GLU
2 F 631 HIS
2 F 708 ARG
2 F 714 GLN
2 F 730 GLU
2 F 741 CGLU
2 F 780 ASP
2 F 790 ASP
2 F 799 LYS
1 B 340 LYS
1 B 355 ARG

Sometimes sidechains can be flipped to improve hydrogen bonding and reduce clashes. There are
no such sidechains identified.

5.3.3

RNA (D

There are no RNA molecules in this entry.

5.4 Non-standard residues in protein, DNA, RNA chains (i)

There are no non-standard protein/DNA/RNA residues in this entry.

5.5 Carbohydrates (i)

15 monosaccharides are modelled in this entry.

In the following table, the Counts columns list the number of bonds (or angles) for which Mogul
statistics could be retrieved, the number of bonds (or angles) that are observed in the model and
the number of bonds (or angles) that are defined in the Chemical Component Dictionary. The
Link column lists molecule types, if any, to which the group is linked. The Z score for a bond
length (or angle) is the number of standard deviations the observed value is removed from the
expected value. A bond length (or angle) with |Z| > 2 is considered an outlier worth inspection.
RMSZ is the root-mean-square of all Z scores of the bond lengths {or angles).

224

3 t Bond lengths Bond angles
Mol | Type | Chain | Res \ Link | oo o | RMSZ | (2] > 2 | Counts | RMSZ | 2] > 2
3 | NAG | G T | 1,3 | 14,14,15| 0.50 0 17,1021 | 0.50 0
3 | NAG | C 2 | 3 |141415| 0.51 0 17,1921 | 133 | 1 (5%)
3 |BMA | G 3 | 3 |11,11,12 064 0 15,1517 | 0.04 0
$rDB



Definitions and Abbreviations

Full wwPDB X-ray Structure Validation Report

Page 20 (*For Manuscript Review™) 805U
. . Bond lengths Bond les
Mol | Type | Chajy| Bed | Link | o RMSEEt#|Z| >2 | Counts RM?ZIE #|2] =2

3 MAN G 4 3 11,111,120 0.43 0 1 15,15,17 | 0.64 0
3 |NAG| G | 5 | 3 |141415| 041 0 | 17,921 ] 089 | 1(5%)
3 [MAN| G | 6 | 3 |1,1Li2] 053 0 | 1B15.17] 0.0 0
3 |NAG| G | 7 | 3 |141415] 029 0 | 171021 | 077 | 1(5%)
3 FUC G 8 3 10,10,11 @ 0.46 0 14,1416 | 0.45 0
4 [NAG| H | 1 | 41 |14,14,15] 051 0 1171021 0.44 0
4 NAG H 2 4 141415 | 0.42 0 17,19.21 | 1.04 1 (5%)
1 [BMA| H | 3 | 4 [1iiii2] 030 0 7 | 15,1517 | 0.55 0
4 [MAN| H | 4 | 4 |11,11,12] 0.38 0 15,1517 | 0.68 0
4 NAG H 5 4 14,14,15 | 0.55 0 17,1921 | 0.59 0
1 [MAN| H | 6 | 4 [1i112] 0.43 0 15.15,17] 0.50 0
4 FUC H 7 4 10,10,11 | 0.44 0 14,1416 | 0.61 0

In the following table, the Chirals column lists the number of chiral outliers, the number of chiral
centers analysed, the number of these observed in the model and the number defined in the
Chemical Component Dictionary. Similar counts are reported in the Torsion and Rings columns.
' means no outliers of that kind were identified.

Mol | Type | Chain | Res | Link | Chirals | Torsions | Rings
3 NAG G 1 1,3 - 0/6/23/26 | 0/1/1/1
3 NAG G 2 3 - 4/6/23/26 | 0/1/1/1
3 | BMA G 3 3 e 1/2/19/22 | 0/1/1/1
3 | MAN G 4 3 - 0/2/19/22 | 0/1/1/1
3 NAG G 5 3 - 1/6/23/26 | 0/1/1/1
3 | MAN G 6 3 - 2/2/19/22 | 0/1/1/1
3 NAG G 7 3 - 2/6/23/26 | 0/1/1/1
3 FUC G 8 3 - - 0/1/1/1
4 NAG H 1 41 - 0/6/23/26 | 0/1/1/1
4 NAG H 2 4 - 3/6/23/26 | 0/1/11
4 | BMA H 3 4 - 0/2/19/22 | 0/1/1/1
4 | MAN H 4 4 - 0/2/19/22 | 0/1/1/1
4 NAG H 5 4 - 1/6/23/26 | 0/1/1/1
4 | MAN H 6 4 - 1/2/19/22 | 0/1/1/1
4 FUC H 7 4 E i 0/1/1/1

There are no bond length outliers.
All (4) bond angle outliers are listed below:

Mol | Chain | Res | Type | Atoms Z | Observed(?) | Ideal(”)
3 G 2 | NAG | 05C1-C2 | 4.60 118.56 111.29
Continued on next page...
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Continued from previous page...
Mol | Chain | Res | Type | Atoms Z | Observed(®) | Ideal(")
4 H 2 | NAG | 05-C1-C2 | 3.28 116.46 111.29
3 G 7 | NAG | 05-C1-C2 | 2.29 114.91 111.29
3 G 5 | NAG | O5-C1-C2 | 2.06 114.54 111.29

There are no chirality outliers.
All (15) torsion outliers are listed below:

Mol | Chain | Res | Type Atoms
4 H 2 | NAG | 0O5-Ch-Cb-06
4 H 2 | NAG | C4-C5-C6-06
3 G 6 | MAN | O5-C5-C6-06
3 G 6 | MAN | C4-C5-C6-06
3 G 7T | NAG | CRCT-N2-C2
3 G 7 | NAG | O7-CT-N2-C2
3 G 2 | NAG | O5-C5-CB6-06
3 G 5 | NAG | CRCT-N2-C2
4 H 2 | NAG | CL-C2-N2-C7
3 G 2 | NAG | C4.C5-C6-06
4 H 5 | NAG | CA-C5-C6-06
4 H 6 | MAN | O5-C5-C6-06
3 G 2 | NAG | C1-C2-N2-C7
3 G 2 | NAG | C3-C2-N2-C7
3 G 3 | BMA | O5-C5-C6-06

There are no ring outliers.

J monomers are involved in 2 short contacts:

Mol | Chain | Res | Type | Clashes | Symm-Clashes
4 H 1 NAG 1 0
3 G 7 | NAG 1 0
4 H 2 | NAG 1 0

The following is a two-dimensional graphical depiction of Mogul quality analysis of bond lengths,
bond angles, torsion angles, and ring geometry for oligosaccharide.
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5.6 Ligand geometry (i)

Of 12 ligands modelled in this entry, 3 are monoatomic - leawing 9 for Mogul analysis.

In the following table, the Counts columns list the number of bonds (or angles) for which Mogul
statistics could be retrieved, the number of bonds (or angles) that are observed in the model and
the number of bonds (or angles) that are defined in the Chemical Component Dictionary. The
Link column lists molecule types, if any, to which the group is linked. The Z score for a bond
length (or angle) is the number of standard deviations the observed value is removed from the
expected value. A bond length (or angle) with |Z| = 2 is considered an outlier worth inspection.
RMSZ is the root-mean-square of all Z scores of the bond lengths (or angles).

228

= = Bond lengths Bond an
Mol | Type Sain,) Bes L Link | ot RMSZEt#|Z|:>2 Counts RMSZEI#|Z|>2
5 | GOL | B | 501 | - | 555 | 0.10 0 555 | 0.36 0
6 |PGE | F | 902 | - | 999 | 0.25 0 888 | 0.11 0
6 |[PCGE | D |90l | - | 999 | 021 0 888 | 0.1i 0
6 |PGE | D | 903 | - | 999 0.2 0 888 | 0.17 0
5 |GOL | D |904| - | 555 | 0.10 0 555 | 028 0
5 [GOL | B |502| - | 555 | 010 0 555 | 0.20 0
6 |PGE | D |902| - | 999 | 0.20 0 888 | 0.12 0
$PDB
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. . Bond lengths Bond angles
Mol | Type | Chain | Res | Link | o\ 0 | RMSZ | #(Z| > 2 | Counts | RMSZ | #(2] > 2
5 GOL A 501 - 55,5 0.09 0 0.30
6 | PGE F 901 - 6,6,9 0.23 0 0.25

In the following table, the Chirals column lists the number of chiral outliers, the number of chiral
centers analysed, the number of these observed in the model and the number defined in the
Chemical Component Dictionary. Similar counts are reported in the Torsion and Rings columns.

! means no outliers of that kind were identified.

Mol | Type | Chain | Res | Link | Chirals | Torsions | Rings

5 GOL B 501 - - 2/4/4/4 -
6 PGE F a02 - - 4/7/7/7 -
6 PGE D 901 - - 6/7/7/7 -
6 PGE D 903 - - 5/7/T/7 -
5 GOL D 004 - - 0/4/4/4 -
5 GOL B 502 - - 4/4/4/4 -
G PGE D 902 - - 3T/ -
5 GOL A 501 - - 0/4/4/4 -
6 PGE F a01 - - 1/4/4/7 -

There are no bond length outliers.

There are no bond angle outliers.

There are no chirality outliers.

All (25) torsion outliers are listed below:

Mol | Chain | Res | Type Atoms
5 B 501 | GOL | C1-C2-C3-03
5 B 502 | GOL | C1-C2-C3-03
5 B 502 | GOL | 02-C2-C3-03
G D 901 | PGE | 01-C1-C2-02
6 F 902 | PGE | 01-C1-C2-02
6 D 901 | PGE | 02-C3-C4-03
6 D 903 | PGE | 03-C5-C6-04
G D a03 | PGE | 02-C3-C4-03
5 B 501 | GOL | 02-C2-C3-03
G F 902 | PGE | 02-C3-C4-03
6 D 903 | PGE | 01-C1-C2-02
6 F 902 | PGE | 03-C5-C6-0O4
6 D 902 | PGE | 03-C5-C-0O4
6 D 901 | PGE | C6-C5-03-C4
Continued on nert page...
$rDB
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Continued from previous page...

Mol | Chain | Res | Type Atoms
6 D 903 | PGE | C4-C3-02-C2
6 D 903 | PGE | C3-C4-03-C5
5 B 502 | GOL | 01-C1-C2-0O2
G F 902 | PGE | C6-C5-03-C4
6 F 901 | PGE | 01-C1-C2-02
6 D 901 | PGE | 03-C5-C6-04
6 D 901 | PGE | C1-C2-02-C3
6 D 902 | PGE | C1-C2-02-C3
6 D 901 | PGE | C3-C4-03-C5
5 B 502 | GOL | 01-C1-C2-C3
6 D 902 | PGE | 01-C1-C2-02

There are no ring outliers.

2 monomers are involved in 5 short contacts:

Mol | Chain | Res | Type | Clashes | Symm-Clashes
6 D 901 | PGE 4 0
5 A 501 | GOL 1 0
5.7 Other polymers (i)
There are no such residues in this enfry,
5.8 Polymer linkage issues (i)
There are no chain breaks in this entry.
SPDE
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6 Fit of model and data (i)

6.1 Protein, DNA and RNA chains (i)

In the following table, the column labelled ‘#RSRZ> 2’ contains the number (and percentage)
of RERZ outliers, followed by percent RSRZ outliers for the chain as percentile scores relative to
all X-ray entries and entries of similar resolution. The OWAB column contains the minimum,
median, 95 percentile and maximum values of the occupancy-weighted average B-factor per
residue. The column labelled ‘Q< 0.9’ lists the number of (and percentage) of residues with an
average occupancy less than 0.9.

Mol | Chain | Analysed <RSRZ> #RSRZ>2 OWAB(A®) | Q<0.9
A 208/227 (91%) 013 | 1(0%))9o1) 75 | 61,85, 125, 152 0

1 B 207/227 (91%) 0.28 3(1%) 75 49 | 59, 86, 146, 175 0

1 C 206/227 (90%) 0.41 9(4%) 34 13| | 94,119,160,183 0

2 D 788/816 (96%) 0.22 7.(0%) 84| 63 | 57,01, 120, 153 0

2 E 447/816 (54%) 028 | 28 (6%) 20 E 83, 134, 159,166 | 0

2 F 769,816 (94%) 0.18 | 20(2%) 56 27 |84,107,140,157 | 0

All | Al | 2625/3120 (83%) 0.23 | 68(2%) 56 27 | 57,104,149,183 | 0

All (68) RSRZ outliers are listed below:

Mol | Chain | Res | Type | RSRZ
1 C | 277 | TRP | 49
2 F | 346 | VAL | 48
2 E | 435 | LEU | 47
2 D | 826 | LEU | 43
2 E |/330 | GLY | 4.1
2 F /|34l | ILE.| 38
1 C~ | 348 [ VAL | 3.5
2 F | 345 | GLY | a5
2 E 403 | LEU | 35
2 E |398 | ILE | 34
2 F | 284 | PHE | 34
2 F | 319 | ALA | 33
2 F | 286 | PHE | 3.3
2 E | 458 | ILE | 32
2 E. | 320 | THR | 30
2 D | 72 | LEU | 29
2 E |82 | LEU | 2.9
2 E | 788 | GLN | 2.9
2 E | 787 | ALA | 2.8

Continued on next page...
SPDE
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Continued from previous page...

Mol | Chain | Res | Type | RSRZ
2 E 527 | LEU 2.8
2 F 377 | SER 2.8
1 & 367 | CYS 2.8
2 F 347 | ALA 2.8
2 E 407 | ILE 2.7
1 C 368 | LEU 2
2 E 486 | LEU 20
2 F 71 | PHE 2.6
2 F 366 | VAL 2.6
2 E 733 | LEU 2.6
2 E 268 | TRP 2.6
2 E 410 | GLN 2.6
2 F 287 | PHE 2.5
2 D 731 | TRP 2.5
1 C 260 | THR 2.5
2 E 531 | MET 2.5
2 D 145 | ASN 24
g F 388 | LYS 2.4
2 E 606 | VAL 24
2 E 434 | ASN 24
2 E 681 | LEU 24
2 D 685 | ALA 24
2 E 481 | LEU 24
2 E 660 | LEU 24
2 F 375 | THR 2.3
1 B 207 | ASN 2.3
1 B 209 | THR 2.3
2 E 272 | GLN 2.3
2 D 732 | ARG 2.3
1 C 306 | LEU 2.3
2 F 203 | LYS 2.2
2 E 786 | VAL 22
2 E 803 | VAL 22
2 E 404 | LEU 22
1 A 288 | LYS 2.2
2 F 343 | ARG 2.2
2 E 608 | GLY 22
a F 380 | LEU 22
2 F 383 | LEU 21
2 F 342 | ASP 21
2 E 425 | LEU 21
1 & 405 | PHE 21

232
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Continued from previous page...

Mol | Chain | Res | Type | RSRZ
2 D | 407 | ILE | 21
1 B | 271 | PRO | 21
1 C | 436 | TYR | 21
i C | 430 | LYS | 21
2 F | 282 | ILE | 21
2 E | 731 | TRP | 20
2 F | 8 | GLN | 20

6.2 Non-standard residues in protein, DNA, RNA chains (i)

There are no non-standard protein/DNA/RNA residues in this entry.

6.3 Carbohydrates (i)

In the following table, the Atoms column lists the number of modelled atoms in the group and the
number defined in the chemical component dictionary. The B-factors column lists the minimum,
median, 95" percentile and maximum values of B factors of atoms in the group. The column
labelled ‘Q< 0.9 lists the number of atoms with occupancy less than 0.9,

Mol | Type | Chain | Res | Atoms | RSCC | RSR | B-factors(A®) | Q<0.9
4 MAN H 6 11/12 0.82 0.19 | 69,123,120,130 3
4 NAG H i 14/15 0.86 0.27 | 69,144,147 153 3
4 NAG H 2 14/15 0.88 0.22 | 69,128,134,138 2
4 MAN H 4 11/12 0.90 0.19 | 69,124,128,137 2
3 NAG G i 14/15 0.01 0.27 69,01,95,97 3
4 NAG H a2 14/15 0.91 0.19 | 69,118,127,127 1
4 BMA H 3 11/12 0.92 0.15 | 69,123,127,129 1
3 NAG G 5 14/15 0.92 0.30 60,88,92,05 3
3 MAN G 6 11/12 0.93 0.19 60,85 88,88 2
4 FUC H T 10/11 0.93 0.15 | 69,106,109,110 3
3 NAG G 1 14/15 0.95 0.21 63,72,90,96 1
3 NAG G 2 14/15 0.96 0.27 65,71,76,80 2
3 BMA G 3 11/12 0.97 0.20 69,71,73,75 2
3 FUC G 8 10/11 0.97 0.21 69,74,74,77 3
3 MAN G 4 11/12 0.97 0.24 69,71,74,81 2

The following is a graphical depiction of the model fit to experimental electron density for oligosac-

charide. Each fit is shown from different orientation to approximate a three-dimensional view.
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Electron density around Chain G:

2mF,-DF, (at 0.7 rmsd) in gray
mF,-DF, (at 3 rmsd) in purple (negative)
and green (positive)
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Electron density around Chain H:

2mF,-DF, (at 0.7 rmsd) in gray

mF-DF, (at 3 rmsd) in purple (negative)
and green (positive)

6.4 Ligands (i)

In the following table, the Atoms column lists the number of modelled atoms in the group and the
number defined in the chemical component dictionary. The B-factors column lists the minimum,
median, 95" percentile and maximum values of B factors of atoms in the group. The column
labelled Q< 0.9" lists the number of atoms with cccupancy less than 0.9,

Mol | Type | Chain | Res | Atoms | RSCC | RSR | B-factors(A®)  Q<0.9
G PCE D 903 | 10/10 0.51 1.23 | 69,142,148,150 1
6 PGE F 902 | 10/10 0.65 0.34 | 609,125,132,133 1
6 PGE F 901 7/10 0.67 0.52 | 60,104,108,109 1
5 GOL D 0904 6,6 0.76 0.37 | 69,105,108,110 2
5 GOL A 501 6,6 0.77 .33 69,96,100,100 2
5 GOL B 502 6/6 0.79 0.31 | 69,112,116,116 2
7 CA D 905 1/1 0.80 0.18 | 135,135,135,135 0
6 PGE D 901 | 10/10 0.82 0.48 | 69,105,110,111 1
5 GOL B 501 6/6 0.85 (.36 | 69,104,107,100 2
G PGE D 902 | 10/10 0.85 0.52 | 69,116,118,119 1
7 CA F 903 1/1 0.90 0.13 | 123,123,123,123 0

i CA E 901 1/1 0.96 0.19 | 124,124,124,124 0
sPDB

235



Definitions and Abbreviations

Full wwPDEB X-ray Structure Validation Report
Page 31 (*For Manuscript Review®) 805U

6.5 Other polymers (i)

There are no such residues in this entry.
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Glossary of Crystallographic Terms

Acentric reflections............ Any reflection that does not have centrosymmetry. These reflections
are much more abundant than centric reflections, and are therefore more important to consider when

assessing cumulative intensity distributions for twinning analyses, for example.

Anisotropy ..........ccoceveeveennen. A crystal is said to be anisotropic when it possesses different diffraction
limits in different directions, which results in a more oval-shaped diffraction pattern (rather than a

circle).

Asymmetric unit................. The smallest region within a crystal which can generate the full unit cell

of the crystal, upon application of the space group symmetry operations.

B factor .........ccoovevvennnnnn. Describes the displacement of an atom relative to its mean position

within an atomic model (higher B factors indicate greater displacement). Derived as:
B = 8m%(u?)
where u is the isotropic displacement of the atom.

CChalf..ooovvoeeeeiniiieiiiieieens A correlation coefficient calculated from two randomly-generated
halves of a crystallographic set of reflections. The (unmerged) reflections are divided into two equal
parts, and a correlation is calculated between the intensity estimates of these two groups, which
ranges from a value of 0 (no correlation) to 1 (perfect correlation). The CChar value therefore
indicates how well one half of the data predicts the other half. CChair can be calculated for different
resolution bins within the data, and is useful for determining the high-resolution cut-off which should

be applied (typically at a value of 0.3).

Centric reflections.............. Any reflection that does possess centrosymmetry (also called inversion,

i.e., an atom at coordinate vector x is identical to an atom with coordinate vector —x).

Contour level..................... Usually stated for representation of an electron density map. Level of
density is represented in terms of standard deviations (o) above the mean density; therefore, a map
contoured at greater values of o show areas of the map where the density is stronger (greater signal

to noise).

Cryoprotectant................... A substance added to the mother liquor prior to crystal harvesting,
which prevents ice formation upon exposure of the crystal to liquid nitrogen. Common examples are

glycerol and polyethylene glycol.

Enthalpy, H ..................... In the context of crystallisation thermodynamics, 4H describes the heat
transfer during crystal formation, i.e., formation of contacts between symmetry-related molecules

within the crystal lattice.
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Entropy, S......cccooveninnnnn. In the context of crystallisation thermodynamics, 4S describes the
change in order during crystal formation, and has a negative value when order is created. The
formation of protein molecules within an ordered crystal lattice has inherent negative entropy; this
can be overcome by release of ordered solvent molecules around the protein surface upon crystal
formation. Replacement of bulky side chains on the protein surface with smaller amino acids, such
as alanine, is a strategy for improving chances of successful crystallisation, and is termed surface

entropy reduction.
) [ 0 ) O USSR U Signal-to-noise ratio.

Matthews coefficient.......... Crystal volume per unit of protein molecular weight, therefore a smaller

value indicates a more tightly-packed crystal lattice.

Molecular replacement ..... A method for estimating the (unknown) phases of a set of structure
factors, enabling structure solution. Phases from an existing model (which has a similar structure to

the unknown protein structure) are used as initial estimates to phase the unknown structure.

Multiplicity.............cccuee.... Average number of independent measurements for each unique
reflection.
NCS...coeeeee, Non-crystallographic symmetry. Arises when more than one copy of a

structural unit is present within the asymmetric unit of a crystal, e.g., when a protein crystallises as a

dimer.

Refinement ......................... Iterative adjustment of parameters defining a crystallographic model, in

order to optimise the agreement/fit between the model and observed (raw) data.

Rirce covvveeieaiiieieeeceeeceeenn Calculated in the same method as Rwork, but only uses a small percentage
of reflections (usually 5%) which aren’t used in refinement and therefore aren’t biased by the model.

Riee should be similar to Ryork for a model that has not been over-refined.

Rumeaseveoveeeeneinicnicnicnne, Multiplicity-independent R factor. Derived from Rmerge, in which each

Nhkl
Nhkl—

reflection is corrected by a factor of T which removes the dependence on multiplicity.

Derived as:

n —
Zhia [z g Limalli(hkD) — I(RKD)]

Yhkt 2i=q Ii (RED)

where nyy; describes the multiplicity of reflection /kl.

Rierge.eveoveeeeneenecnicnicnncnn Merged R factor. Indicates the precision of the multiple measurements

for each unique reflection. Derived as:

Ykt 2ieqlI; (hkl) — I(hkD)|
Yhkt 2i=q Ii (RED)
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where I;(hkl) is the intensity of reflection 4kl, I (hkl) is the average intensity of the unique reflection,
summed over i distinct measurements. The value of Rmerge i affected by multiplicity, in that its value

increases with more measurements of the unique reflection (despite the increased precision).

Rpim e, Precision-indicating merged R factor. Derived from Rmerge and accounts

for the improvement in precision which is actually present with an increased number of

measurements for a unique reflection, by correcting each reflection by a factor of ’n ! T Rpim
hkl™
therefore decreases with increasing multiplicity, and is derived as:
St e St sl (kD) — TChD)|
hkl Npkl — 1 4«i=1l4
Ykt ui=1 li (hkD)

where nyy; describes the multiplicity of reflection ikl.
Ruyork ceeeeveeneeneeniiicecncenen. Indicates the fit between raw crystallographic data and the current

atomic model. Derived as:

_ thllFobs B Fcalcl

R
thl Fobs

where Fops represents observed structure factor amplitudes (calculated from observed reflection
intensities) and Fa represents structure factor amplitudes calculated from the current atomic model.

A smaller R factor therefore indicates a better fit between the raw data and the model.

RSRZ.......cooviiiiiie, Real Space R-value normalised against residue type and resolution.

Provides a measure for how well a particular residue fits into the electron density map.

Polder map ......................... A type of omit map which is calculated to validate the presence of a
particular section of a crystallographic model. Omit maps are typically calculated by omission of
these atoms in calculation of the electron density map; if present, the omission of these atoms should
result in a positive difference density peak. Observation of this difference density can be masked by
bulk solvent modelling, however. Calculation of a polder map accounts for this by preventing bulk

solvent entering the omitted region of the model.

Space group...........ccc....... A group of symmetry operators describing the arrangement of

molecules within a crystal lattice.

Structure factor.................. A mathematical description (i.e., a complex wave function) of an
observed reflection within a diffraction pattern. Each atom in the unit cell contributes to the scattering
of any given reflection, and so a structure factor can be described as the summation of scattered
waves from each atom, which interfere constructively and destructively to produce a complex wave.
The scattering of an X-ray photon by a single atom is defined by three factors: amplitude, direction

and phase. A structure factor describing a particular reflection 44/ can be defined as:
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n
Fij = Efjezm(hxj+kyj+lz]-)
j=1

where structure factor Fiuq is calculated from n atoms in the unit cell, starting from atom j. The
contribution of an atom j to the scattering of reflection 4kl is determined by the amplitude f;, position
of the atom within the unit cell (expressed by fractional coordinates /x;, ky; and /z;) and phase a,
which is defined implicitly within the exponent 27i(/x; + ky; + Iz)). i is a complex number used in the

definition of a structure factor as a complex vector.

TLS o Translation-libration-screw. A refinement protocol in which the
positional adjustment of a group of atoms (e.g., a domain within a protein) is parametrised by

translation, libration (“rocking” motion) and screw motions.

Twin fraction...................... The fractional volume of crystal occupied by the smaller of twin

domains present within a crystal.

Twin operator .................... Symmetry operator which relates the orientation of distinct twin

domains within a crystal.

Twinning...........ccccoeeneneene The presence of two or more domains within a crystal, containing
identically-arranged protein molecules but arranged in distinct orientations (described by the twin
operator). Irradiation of such a crystal results in a diffraction pattern comprising contributions from

both domains, which may overlap and therefore influence the reflection intensities observed.

Unitcell.........ocooenrnnnne The smallest unit within a crystal which describes the complete space

group symmetry repeating across the entire crystal.

Vapour diffusion................ A method used for protein crystallisation, in which a protein is
gradually forced into a supersaturated state, by diffusion of water from a protein droplet to a reservoir

containing various precipitants (in an enclosed system).

Wilson B factor .................. Overall B-factor of a crystallographic data set, obtained from a Wilson

sin%0

plot (average reflection intensity vs FTR

where 6 represents the scattering angle and A represents

the X-ray wavelength). Estimates the average B factor /degree of order within the crystal.
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