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The neoepitope of the complement C5b-9 Membrane Attack Com-
plex is formed by proximity of adjacent ancillary regions of C9.
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The terminal C5b-9 complement complex (TCC) exists in two forms; the soluble sC5b-9 and the solid-phase inserted
Membrane Attack Complex (MAC). The MAC is responsible for forming large 3-barrel channels in the membranes of
pathogens and can target cells such as gram-negative bacteria. In addition, off-target MAC assembly on endogenous tis-
sue is associated with inflammatory diseases and cancer. Accordingly, a human C5b-9 specific antibody, aE11, has been
developed that detects a neoepitope exposed in C9 when it is incorporated into the C5b-9 complex and in polyC9, but
not present in the plasma native C9. For nearly four decades aE11 has been routinely used to study complement, MAC-
related inflammation, and pathophysiology. However, the identity of this C9 neoepitope remains unknown. Herein, we
determined the cryo-EM structure of aE11 in complex with polyC9 at 3.2 A resolution. The aE11 binding site revealed
that the neoepitope was formed by two separate surfaces on the pore periphery, rather than a conformational change in
the protein structure, and is therefore a discontinuous quaternary epitope. These surfaces are contributed by portions
of the adjacent TSP1, LDLRA and MACPF domains of two neighbouring C9 protomers. By substituting key antibody
interacting residues to the murine orthologue, we validated the unusual binding modality of aE11. Furthermore, our
observations indicated that aE11 can recognise a partial epitope in purified monomeric C9, albeit binding was two
orders of magnitude weaker. Taken together, our results reveal the basis for MAC recognition by aE11 and that the C9
neoepitope can be formed without substantial conformational rearrangements adding insight into how aE11 is used to
quantify MAC formation in disease.

Membrane Attack Complex | Complement system | Monoclonal aE11 antibody | Immunology | Structural biology | Cryo-
electron microscopy

Introduction

The complement system is an integral component of in-
nate immunity composed of a large set of plasma and cell
surface proteins responsible for the rapid detection and elim-
ination of foreign pathogens (1). Complement activation is
initiated via the recognition of antibodies bound to their anti-
gen, by foreign surfaces like bacterial membranes with their
numerous constituents of conserved patterns, or via sponta-
neous cleavage of C3 (2). Recognition leads to the formation
of the central catalytic C3 convertase that propagates a prote-
olytic cascade of post-translational modifications, driving the
opsonisation of pathogens or damaged host cells (2).

This process initiates an indiscriminate immune re-
sponse leading to the terminal effector pathway of comple-
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ment, with formation of the terminal C5b-9 complement
complex (TCC), which exists in two different forms. The
inert soluble sC5b-9 can be measured in plasma and other
body fluids as indicator of complement activation and the
Membrane Attack Complex (MAC) is incorporated in a lipid
membrane and can lead to lysis and cell death, or to sub-lytic
activation on host cells (3, 4). Activation of C5 with forma-
tion of TCC also leads to release of the potent anaphylatoxin
C5a leading to inflammation (5). Unregulated complement
activation can also harm nearby tissues (6). Therefore, to
prevent damage to normal tissues, numerous aspects of com-
plement are tightly regulated (7). For example, host cells are
protected from the terminal complement pathway by the pri-
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mary MAC inhibitor, CD59 (8).

Complement activation and MAC assembly culminate in
the formation of membrane pores that are thought to mediate
cell lysis by direct osmotic influx or the transfer of secondary
effector molecules into a wide variety of pathogenic organ-
isms (9-11). In addition to the elimination of pathogens, the
formation of C5a and MAC contribute to numerous autoim-
mune and inflammatory illnesses such as systemic lupus, age-
related macular degeneration, transplant rejection, as well as
some conditions that involve primary deficiencies of comple-
ment inhibitors, such as CD59, causing paroxysmal nocturnal
haemoglobinuria (12—15). Furthermore, the terminal stages
of complement activation contribute to some of the acute and
chronic inflammatory responses that result from viral infec-
tion, for example, the association of systemic complement
activation with respiratory failure in COVID-19 hospitalised
patients (16—18).

The MAC forms large heterogeneous pores by the se-
quential binding of single copies of C5b, C6, C7, C8 and up
to 18 units of C9. Of these, C6, C7, C8 and C9 are mem-
bers of the Membrane Attack Complex/Perforin/Cholesterol
Dependent Cytolysin (MACPF/CDC) superfamily, a group
of cytolytic pore-forming proteins (19). Recent structural
studies of the MAC and its components have provided in-
sight into the final assembled architecture and the structural
rearrangements that enable its assembly, such as the canon-
ical unravelling of the transmembrane (3-hairpins within the
MACPF/CDC domain and global shifts of its ancillary do-
mains (20). These studies and others indicate that large scale
conformational rearrangements, such as movement of TMH1
in C9, are characteristic of MAC assembly (21-23).

To visualise and quantify the level of complement acti-
vation at various stages, different diagnostics tools have been
developed. These tools are typically in the form of mon-
oclonal antibodies, which detect neoepitopes exposed upon
activation and thus are present specifically in the activation
products and not in their native components (4). One such
tool, the monoclonal mouse antibody aE11, uniquely recog-
nises a neoepitope that is present in C9 only after activation,
either by assembly of TCC or by C9 polymerization (such
as polyC9), but is not present on the native soluble C9 (24).
Therefore, aE11 is used to detect complement activation at
the level of the terminal cascade in vitro, in situ and ex vivo,
either as sC5b-9 by ELISA using plasma samples, or as sta-
ble MAC pores in histology and immunofluorescence sam-
ples (25-27). To date, aE11 is one of the most widely used
commercial tools to detect human TCC in vitro, in situ and ex
vivo. While aE11 is human specific, it has also been shown to
cross-react with baboon, horse, and pig C9, but does not re-
act with mouse C9 (28, 29). Despite being introduced nearly
four decades ago, little is known about the structural basis of
the neoepitope.

In this regard, two main possibilities may give rise to
the C9 neoepitope in TCC. Either extensive conformational
changes in the C9 structure induced by its oligomerisa-
tion may generate novel surface topographies that define the
neoepitope, for example, by release or exposure of previ-
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ously occluded regions. Alternatively, the neoepitope may
be defined by a discontinuous region found in TCC but not
in monomeric C9. Here, a discontinuous epitope is defined
by two or more non-contiguous sequences that are spatially
adjacent in the tertiary structure. Of course, these modalities
are not mutually exclusive and therefore a combination of the
two may similarly define the neoepitope.

The aim of this study was to assess the structural require-
ments for the formation of the C9 neoepitope and investigate
the necessary conformational changes that occur during pore
assembly. For this purpose, we employed cryo-EM to re-
solve the structure of a complex consisting of an aE11-Fab
fragment bound to polyC9 as a mimic of MAC. Further, we
use site-directed mutagenesis and surface plasmon resonance
to study the impact of key residues on epitope presentation
and aE11 recognition.

Results

Structural characterisation of the C9 neoepitope in
MAC by cryo-EM. To investigate the molecular binding de-
terminants of the C9 neoepitope-specific monoclonal anti-
body aEl1, we sought to characterise the structural basis of
the aE11/C9 interaction. For this reason, we prepared a sol-
uble ~2.5 MDa complex (aEl1-Fab/polyC9) consisting of
Fab fragments of aEl1 and in vitro homo-oligomerised C9
(polyC9; as a MAC mimic; (21)) which was visualised by
cryo-EM (Fig 1, Supp. Fig S1, Supp. Table 1).

The aEl11-Fab/polyC9 complex revealed an expected
symmetrical 22-subunit assembly with stoichiometric bind-
ing of aE11-Fab positioned between each C9-C9 interface.
Each molecule of aE11-Fab loosely packs against two identi-
cal neighbouring molecules, anchored by the C9 neoepitope.
Each aE11-Fab molecule possesses notable flexibility about
the hinge region, defined by the boundary of IgG domains,
observable as diffuse cryo-EM density. Further, due to the
intrinsic heterogeneity of polyC9, the reconstruction was ini-
tially limited to >4 A global resolution. To overcome this,
we subsequently performed symmetry expansion and focused
refinement of three C9 protomers and the variable regions
of two aEl11-Fabs. This increased the resolution to 3.2 A,
indicating that flexibility was substantially dampening high-
resolution features. Further, the interpretability of the map
was drastically improved, thereby enabling an atomic model
to be built.

The neoepitope is positioned in the peripheral, upper
portion of the polyC9 assembly at the interface between C9-
C9 protomers as defined by the aEl1-Fab/polyC9 interface
(Fig 1 a, b, c¢). The interface consists of discontinuous regions
contributed by the ancillary TSP and LDLRA domains from
two adjacent subunits, as well as the MACPF/CDC linchpin
on the leading C9 (Fig 1 d). Together these regions pro-
duce a relatively deep groove that accommodates the aE11
complementarity-determining regions (CDRs), defining a to-
tal buried surface area of 1187 A2 Assembly of the interface
is therefore dependent on the proximity of two distinct C9
chains, giving rise to a quaternary discontinuous epitope.

Comparison of the aE11-Fab/polyC9 structure with our
previous polyC9 structure revealed no notable conforma-
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Fig. 1. Cryo-EM reconstruction of aE11-Fab/polyC9. a. Comparison between top-down and side orientations of the full cryo-EM maps of the aE11-Fab/polyC9 complex
(transparent grey surface) and unbound polyC9 (blue). Left: focused refinement of C9 trimer (blue) with aE11-Fab (red) positioned in the global map of aE11-Fab/polyC9
(transparent grey). Right; unbound polyC9 alone (EMDB: 7773). Comparisons of 2D class averages between polyC9 alone and aE11-Fab/polyC9 (below; top-down and side
orientations). b. Focused view of the boxed region from (a; oblique and side views), three C9 subunits and two aE11-Fabs are shown as isosurfaces. ¢. Corresponding
cartoon representation of the atomistic model derived from (b). The direction of MAC assembly is indicated by the arrow. d. The positions of the heavy (H) and light (L) chains
of aE11-Fab, in red and beige respectively, and domains of the C9 subunit: MACPF (grey) and ancillary domains TSP (blue), LDLRA (green) and EGF (purple) e. Top-down
view of the aE11-Fab wedged between the two C9 protomers, defined as leading (light blue) and lagging (grey) subunits. Black arrow shows direction of MAC assembly.

tional differences between the bound and unbound forms at
these resolutions (RMSD 0.989 A; Supp. Fig S2). Notably,
the aE11 bound structure possesses improved cryo-EM den-
sity for the TSP and LDLRA domains compared to our previ-
ous reconstruction enabling this region to be modelled (Fig 1
d). Superposition of the murine C9 crystal structure with the
aE11 bound structure shows only minor deviations in TSP
and LDLRA (i.e., the region of aEll binding), suggesting
that major conformational changes between monomeric and
oligomeric C9 in this region are unlikely (RMSD 1.208 A;
Supp. Fig S2).

Hence, epitope formation does not appear to be predomi-
nantly driven by conformational changes in the peripheral re-
gion of oligomeric C9. Taken together, our structure supports
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a quaternary discontinuous epitope mode of recognition.

Structural basis of aE11 neoepitope recognition. To-
gether three interfaces define the quaternary discontinuous
C9 neoepitope of MAC, contributed from two C9 protomers.
We define these protomers by their relative position with re-
spect to MAC assembly as either the lagging or leading C9
molecule (Fig 1 e) (20). The leading C9 protomer possesses
the largest buried surface area with aE11 (695 A?), forming
the major interface through numerous contacts with the heavy
chain CDRs (Fig 2). This surface is defined by the TSP-
LDLRA loop spanning residues 68 to 82, as well as the upper
portion of the MACPF/CDC linchpin helix. Conversely, the
minor interface is defined by the lagging C9 protomer, con-

bioRxiv | 3


https://doi.org/10.1101/2022.07.06.498960
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.06.498960; this version posted July 6, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

tributing 492 A2 to the buried surface area, all of which orig-
inates from the opposite side of the TSP-LDLRA loop. This
minor interface predominantly interacts with the light chain
CDRs, but not exclusively.

To assign the primary structure of aE11 to the cryo-EM
density, the amino acid composition of the aE11-CDRs was
retrieved by antibody variable domain sequencing using the
original hybridoma cell line (Fig 2 a). The aE11-CDRs are
rich in both aromatic and polar residues. Overall, the aE11-
CDRs produce two distinct negative and positive interfaces,
which have striking and extensive charge complementary to
the major and minor interfaces of the C9 neoepitope (Supp.
Fig S3).

In addition to global charge complementarity, two sur-
face exposed hydrophobic regions form close contacts with
aEll. Together CDR H3 and L3 form a hydrophobic

pocket that accommodates a surface exposed hydrophobic
loop present on the lagging C9. This pocket shields V68
of C9 forming a close hydrophobic interaction with L113 of
aEl1l L3 (Fig 2 c, d). Similarly, L423 present on the tip of
the MACPF/CDC linchpin o-helix of the leading C9, forms
hydrophobic interactions with V50 of CDR H1. Moreover,
numerous CH-n interactions contribute to aE11 binding, for
example between Y120 of CDR H3 and 1423 or between
Y112 of CDR L3 and P72, from the leading and lagging C9
interfaces respectively (Fig 2 c-e).

Mostly the interface contacts are polar, including three
salt bridges that mediate interactions across the discontinuity
of the C9 neoepitope (Fig 2 c-e). CDR H3 is relatively long
and extends across both the leading and lagging interfaces.
On the leading C9 interface, CDR H3 possesses two buried
arginine residues that both contribute salt bridges (R116-E71

Fig. 2. Structural basis of aE11-Fab/polyC9 binding. a. lllustration of the aE11-CDRs (coloured, blue, green, red) on the antibody and its corresponding primary sequence.
b. Focused view of the opened aE11-polyC9 interface (split by 180°) that defines the MAC neoepitope. Left: close-up structure of the aE11-CDRs. Right: Transparent surface
and cartoon illustration of the leading (light blue) and lagging (grey) C9 subunits, where the footprints of heavy and light chain binding regions are shaded red and yellow
respectively. A dashed line illustrates the buried surfaces of the interface. c, d, e. Key regions of antibody binding to C9. Locations of these regions correspond to the boxed
regions in (b). f. Immunoblot of aE11 binding to oligomeric human C9, but not oligomeric mouse C9. MAC intermediates included as controls. g. Sequence alignment of the
linear regions of human and murine C9 that contribute to the quaternary discontinuous epitope.
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and R118-D78) with the predominantly negative C9 TSP-
LDLRA loop (Fig 2 c-e). In addition, CDR H2 D73 con-
tributes a third salt bridge to R65 positioned on the TSP do-
main of the lagging C9 (Fig 2 ¢).

Notably, the CDR L1 loop does not largely contribute
to the aE11-Fab/C9 complex. Similarly, CDR L2 only con-
tributes minor polar contacts with the leading C9 interface. In
entirety, the interface possesses 11 unique non-covalent con-
tacts (Supp. Table 2), of which 4 are contributed by the light
chain CDRs of aEl1. In total, roughly a third (13 of 36 in-
terface residues; Supp. Table 2) of the interface is defined by
the light chain.

Characterisation of aE11 binding to polyC9 by sur-
face plasmon resonance. To validate our molecular model
of aE11-Fab/polyC9 binding, we sought to characterise the
binding of aE11 to several variants of C9 with specific amino
acid substitutions. The recognition of C9 by aE11 is species
dependent, showing cross-reactivity against human, baboon,
and pig orthologs, but not murine (Fig 2 f, Supp. Fig S4)
(28, 29). Sequence alignments of the linear regions defining
the neoepitope revealed poorly conserved residues between
human and murine orthologs, which we reasoned may un-
derpin the molecular basis for aE11 species specificity (Fig
2 g). Based on comparison between the monomeric crys-
tal structure of murine C9 and the structure of the human
aE11-Fab/polyC9, we designed three point-mutants in the
C9 neoepitope by replacing human residues with the murine
counterparts, namely R65Q, V68E, and P72E.

Functional characterisation of the C9 variants indicated
that the point mutations retained the capacity to form MAC,
with only marginal impact on haemolytic activity (EC50) rel-
ative to the wild type (Fig 3 a, Supp. Fig S5). Furthermore,
the mutants retained the capacity to form polyC9 as assessed
by negative stain EM and possessed similar thermal stability
(apparent melting temperature, Ty; Fig 3 b, ¢). These results
suggest the human-to-murine mutations have little impact on
the capacity to form oligomeric C9. This is consistent with
the knowledge that murine C9 ultimately forms the polymeric
component of the murine MAC.

We next performed a series of SPR experiments, by
immobilising aE11 IgG onto a CMS5 chip and introducing
polyC9 as the analyte. We acknowledge two major limita-
tions to this approach. Firstly, these estimates make the sim-
plifying assumption of a homogeneous oligomeric 22-mer of
polyC9. However, we frequently see broken or aggregated
oligomeric C9 by negative stain EM (Fig 3 b). Secondly,
the binding kinetics of aE11 to polyC9 do not obey true one-
to-one binding. As such, a more robust estimate for affin-
ity would require the inverse experiment, whereby polyC9
is immobilised and aE11 Fab is measured as the analyte. We
were unable to quantify the affinity of the interaction between
aE11 and all variants with this method as the necessary quan-
tities of antibody Fab precluded us from performing these
experiments.

Instead, for comparisons between C9 mutants, we used
the maximum binding response as a relative measure of bind-
ing compared to wild type C9 (Fig 3 d, e, Supp. Fig. S6).
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Mutagenesis of a single salt bridge formed between C9 and
aE11-CDR H2, R65Q, resulted in only attenuated binding
of aE11. Conversely, V68E, which introduces a charge re-
pulsion with the opposing D117 of aE11-CDR H3, resulted
in the most substantial loss of binding. Unexpectedly, P72E
alone had no impact on aE11 binding when compared to the
wild-type C9. The combined mutation of R65Q/V68E/P72E
completely abolished binding of aE11 to polyC9, resulting in
a murine-like binding profile as anticipated. Taken together,
these data are consistent with the quaternary discontinuous
epitope observed in the cryo-EM structure and recapitulate
the expected species specificity.

Disregarding the effects of multivalency in polyC9, we
estimated the binding affinity using a one-to-one Kinetic
model to be on the order of single digit nanomolar concentra-
tion for aE11 and wild type oligomeric C9. We note that the
off-rate of polyC9 was on the order of 1076 s~!, indicative of
a very tight interaction. While the one-to-one model roughly
fitted the data, we expect this approximation yields an over-
estimate, as avidity and multivalency introduce a systematic
error that leads to an inflated measurement.

The partial C9 neoepitope is weakly recognised in C9
monomers. Our structural model suggests that only small
conformational transitions occur between monomeric and
oligomeric C9 in the neoepitope region. As such, we rea-
soned aEll binding may occur without the need for C9 to
oligomerise. We initially hypothesised that in solution the
two ancillary domains of C9 may come into sufficient prox-
imity through transient C9-C9 interactions to enable aE11l
binding. We therefore employed the disulphide trapped
C9 variant (F262C/V405C) that prevents C9 oligomerisa-
tion by locking TMHI. A simple immunoblot assay against
monomeric C9 revealed apparent binding of aEl1 to both
wild type and disulphide trapped variants (Fig 4 a). Overall,
we observed less binding of aEl1 to the disulphide locked
mutant relative to the wild-type C9, suggesting the reduced
capacity of this mutant to form C9/C9 interactions may be
responsible for the attenuated binding (Fig 4 a, Supp. Fig.
S7).

These findings suggest that aE11 is capable of binding
monomeric C9 in solution, either by weakly recognising the
partial neoepitope in individual C9 monomers or due to tran-
sient C9/C9 interactions in solution which assemble the full
neoepitope (albeit briefly). To assess the extent, if any, of
transient dimerisation, we conducted analytical ultracentrifu-
gation (AUC) and mass photometry (MP; Fig 4 b, c). We
observed no evidence of higher-order oligomers across both
micro- and nanomolar concentration ranges (AUC ~7.5 uM,
MP ~10 nM). Together, these findings support a model of
weak recognition of a partial C9 neoepitope without transient
dimerisation of C9.

Therefore, to further analyse the kinetics behind this in-
teraction, monomeric C9 and aE11 binding was assessed us-
ing SPR (Fig 4 d-f). All C9 variants were observed to form
moderate interactions with aE11, with dissociation rates on
the order of 10™* s~! (Fig 4 d-f, Supp Fig S7). While consid-
erable, this remains roughly two orders of magnitude weaker
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Fig. 3. Characterisation of the C9 neoepitope by site-directed mutagenesis and SPR. a. Concentration series and effective half-maximal concentration of MAC
haemolytic assay with C9 variants (n=3). b. Negative-staining electron microscopy of polyC9 variants c. Nano-differential scanning fluorimetry measurements of apparent
thermal stability. d. Maximal SPR response of aE11 IgG binding versus concentration of polyC9 and variants e. Maximal binding of aE11 IgG (arbitrary response units) at 20
nM of polyC9 and variants. All SPR plots were performed in duplicate. All plots are shown as averages, with error bars presented as the standard error of the mean (SEM).

than binding to oligomeric C9 (Supp Fig S6). Indeed, we ob-
served a linear relationship between maximum binding and
concentration, indicating steady state could not be reached
despite the concentration exceeding 10-fold that at which
polyC9 saturated binding (Fig 4 d-f). These data indicate the
affinity is in the low micromolar range (~Kp approx. 0.5-2
uM), consistent with estimates by dot immunoblot (Fig 4 a).

We next inspected the effect of the human-to-murine
residue swap mutations. Mutation of R65Q had the most
profound effect on aEll binding to monomeric C9, al-
most reducing binding to the level of the triple mutant
(R65Q/V68E/PT72E; Fig 4 d). This is followed by the P72E
and V68E mutations which reduced binding two-fold. No-
tably, P72E did not significantly affect binding of aEl1 to
polyC9 indicating the partial epitope is weaker and hence
more susceptible to abrogation. Consistent with earlier im-
munoblots, we also observed reduced binding of aE11 to the
disulphide trapped C9 (Fig 4 d-f), which had the highest ap-
parent dissociation rate of all mutants (excluding the triple
mutant; Fig 4 d-f). In the absence of transient dimerisation,
it is difficult to reconcile the reduced aEl1 binding to the
disulphide trapped C9. We speculate that subtle conforma-
tional differences may diminish the capacity of aE11 to bind
to this variant (indeed the thermal stability is reduced relative
to wild-type; Fig 3 c).
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Discussion

The MAC is a key immune effector in pathogen elim-
ination and has been associated with a variety of different
inflammatory and autoimmune diseases. As such, quantify-
ing the level of pores in vivo and in vitro provides insight
into the contributions of the MAC to these diseases. The
monoclonal antibody, aEl1, recognises a neoepitope in the
oligomeric C9 component of the MAC, and therefore acts
as a specific marker for the quantification of MAC. Notably,
however, aEl1 is also known to weakly recognise C5b-8a,
due to cross-reactivity in a neoepitope on the o-chain of C8,
consistent with the common domains between C9 and C8a
(30).

To characterise the structural basis of aE11 recognition
of the MAC, we performed a structural and biophysical anal-
ysis of the C9 neoepitope. The 3.2 A structure of the ar-
tificial MAC mimic polyC9 in complex with aE11-Fab re-
veals the C9 neoepitope is formed by proximity of adjacent
C9 protomers. By comparison between the here presented
aE11-Fab/polyC9 complex and polyC9 alone, we did not ob-
serve any significant structural rearrangements in the regions
that contribute to the aE11-Fab/polyC9 interface that could
explain the emergence of the neoepitope. We conclude the
epitope is not defined by a conformational change but by
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distinct interfaces that are discontinuous in the monomeric
state. These interfaces are defined by the C9 TSP-LDLRA
linker region and the MACPF linchpin a-helix, which lie on
the faces of the lagging and leading C9 protomers respec-
tively. Lastly, we unexpectedly observed aEl1 is also capa-
ble of binding to purified soluble monomeric C9 in vitro in a
concentration dependent manner albeit at much lower affinity
(Fig 5). While this may be due to differences between the re-
combinant form of C9 and native plasma C9 (31), we suggest
aE11 is capable of weakly recognising the partial neoepitope.

We validated our structural model by site-directed muta-
genesis of the neoepitope and identified three critical residues
in human C9 (R65, V68 and P72) that contribute to aE11
specificity for the human homolog. Mutagenesis of residues
across the discontinuous interface had varying impact on

aEl1l binding depending on the oligomeric state of C9.
Specifically, stable formation of oligomeric C9 reduced the
impact of these mutations on aE11 binding, while monomeric
C9 mutants were less proficient at forming a partial neoepi-
tope. These data suggest the combination of interfaces pro-
vides heightened aE11 binding strength indicating a level of
cooperativity, in support of our quaternary discontinuous epi-
tope model of binding.

Our results confirm that the MAC is multivalent for the
C9 neoepitope, consequently aE11 detection in vitro and in
vivo may not be a clear indication of absolute binding to the
fully formed MAC. For immunofluorescence and histology
studies, qualitative results may also signify the presence of
C9 aggregation.

To improve the detection sensitivity and accuracy of

Fig. 4. Purified monomeric C9 is weakly recognised by aE11. a. Immunoblot of human, murine and disulphide trapped C9 variants in the monomeric state detected
by aE11 IgG. b. Analytical ultracentrifugation of wild type and disulphide trapped C9 at micromolar concentration shows only monomeric C9 species. ¢. Mass photometry
measurements of the molecular mass of C9 variants corroborates AUC measurements. Lower molecular weight peaks of R65Q and P72E variants may corresponds to a
known contaminant or mass photometry background noise (enhanced due to normalised distribution). d. Maximal SPR response of aE11 IgG binding versus concentration
of monomeric C9 and variants. e. Maximal binding of aE11 IgG to monomeric C9 at 150 nM f. Kinetic fit of off-rate for one-to-one binding of aE11 IgG to monomeric C9. All
SPR plots were performed in duplicate. All plots are shown as averages, with error bars presented as the standard error of the mean (SEM).
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Fig. 5. Model of aE11 binding to monomeric and oligomeric C9. lllustration of aE11 recognition of the MAC. Under low concentration conditions little or no aE11 binding
occurs. In addition, murine C9, which has a different aE11 binding interface to human C9, results in disruption of aE11 recognition. At high concentrations of monomeric C9,
the partial neoepitope is weakly recognised by aE11. Stable formation of oligomeric C9 produces a long-lived, stable quaternary discontinuous epitope. Binding of aE11 to

the oligomeric C9 component of the MAC is very strong.

sC5b-9 levels in plasma, a sandwich ELISA has been im-
plemented to detect more than one component of the hetero-
geneous complex (4, 25). This and the aE11 approach both
pose a limitation for distinguishing fully assembled C5b-9
containing one or more C9 molecules from its C5b-8 precur-
sor. Given that C5b-8 lead to a sublytic attack with roles in
cellular signalling, quantitative tools that distinguish between
C5b-8 and C5b-9,, may provide insight into the contributions
of complement to various cellular responses.

Similarly, since aEll lacks the ability to recognise
murine C9, murine models of inflammation and disease can-
not be employed to study MAC dysregulation and pathophys-
iology. Variants of aE11 that recognise murine MAC would
be beneficial and would serve to expand the repertoire of
tools to study MAC-driven inflammatory diseases (32, 33).
We anticipate our findings will provide a foundation to en-
able such rational engineering of aE11.

8 | bioRxiv

Material and methods

Protein production and purification. All C9 variants were
expressed and purified as previously described (21). Like-
wise, oligomerisation of C9 to polyC9 was induced as previ-
ously described (21). Human C9 mutants R65Q, V68E, P72E
and R65Q/V68E/P72E were cloned using QuikChange PCR
from the wild-type human C9 plasmid (Supp. Table 3).

For SPR analysis, monomeric C9 samples were passed
through a Superdex 200 Increase 5/150 GL size-exclusion
column (GE Healthcare Life Sciences) in 10 mM HEPES-
NaOH, pH 7.2, 150 mM NaCl and 1 mM EDTA to sepa-
rate monomeric C9 from polyC9 and other aggregates. Frac-
tions of 100 puL were collected, and protein-containing frac-
tions were pooled and concentrated using the 10 kDa molec-
ular weight cut-off concentrator (Merck). For monomeric
C9, samples were extensively dialysed into the SPR run-
ning buffer (10 mM HEPES-NaOH, pH 7.2, 150 mM NaCl,

Bayly-Jones etal. | Structural characterisation of the Membrane Attack Complex neoepitope.
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1 mM EDTA and 0.005% P20) at 4 °C for 3 hours, then
overnight in fresh buffer prior to the SPR run. Serial dilu-
tions of monomeric samples were performed in the SPR run-
ning buffer. PolyC9 samples were prepared by reacting C9
in the polyC9 buffer (10 mM HEPES, pH 7.2, 50 mM NaCl).
After, polyC9 was separated from unreacted monomeric C9
in SPR running buffer by S200 5/150 GL column.

For both SPR analysis and haemolytic assays, the con-
centration of monomeric C9 was determined using the Nan-
oDrop (Thermo Fisher Scientific), where the extinction co-
efficient of the wild-type and mutants was taken as 8.99
(pre-determined using ProtParam, (34)). The extinction co-
efficient for the Murine C9 was taken as 8.85. For polyC9
samples, the concentrations of each fraction were tested us-
ing the Bradford assay. The molecular weight of polyC9 was
taken as ~1.39 MDa, whilst monomeric C9 was taken as ~63
kDa.

Monoclonal aE11 was purified from hybridomas by pro-
tein G chromatography. Briefly, monoclonal hybridoma cell
culture supernatant was concentrated using Vivacell 100 PES
30K MWCO concentrators (Sartorius, Fisher Scientific) and
then bound to a HiTrap Protein G HP column (GE Health-
care). After washing, bound aE11 was eluted using 0.1 M
glycine-HCI, pH 2.7 and the eluate was buffer exchanged
into 1x PBS pH 7.4 (Sigma Aldrich; #D8537). Generation
of aE11-Fab was performed by papain digestion and purifica-
tion using the Pierce Fab digestion kit following the manufac-
turer’s protocol. The aE11-Fab sample was concentrated by
centrifugal concentrator witha MWCO of 3 kDa (Merck Mil-
lipore) and further purified by size exclusion chromatography
into 20 mM Tris, pH 7.2, 150 mM NaCl on a Superdex 75
10/300 column (GE Healthcare). Fractions were assessed for
purity by 15% (w/v) SDS-PAGE and those containing pure
aE11-Fab were pooled and concentrated for cryoEM studies.

Sequence determination of aE11-CDRs. A batch of aE11
expressing hybridoma cells were sent to Genscript (Gen-
Script Biotech [Netherlands] B.V.) for commercial Antibody
Variable Domain Sequencing following their standard oper-
ating procedures, including lysis by TRIzol® Reagent (Am-
bion), PrimeScriptTM 1st Strand cDNA Synthesis (Takara),
sequence retrieval by RACE, cloning and sequencing. A final
report was provided containing the consensus variable gene
sequences with corresponding V-gene and allele retrieved by
IMGT assisted analysis of V(D)J junctions.

Mass photometry. Mass photometry was conducted on a
TwoMP instrument (Refeyn) operating at room temperature
on an active anti-vibration platform. Briefly, calibration stan-
dards were measured on the day of the experiment in 20 mM
HEPES, pH 7.2, 150 mM NaCl, followed by purified recom-
binant variants of C9. Stock solutions of roughly 100 nM
were directly diluted to 5-10 nM and measurements were
repeated for a minimum of two replicates. Mass photom-
etry images were acquired and analysed using the Refeyn
AquireMP and DiscoverMP packages (v2.5) respectively.
Gaussian fit was performed in GraphPad Prism.
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Nano-DSF. Nano-DSF measurements of thermal stability
were conducted on a Prometheus NT.48 (NanoTemper) in-
strument at a protein concentration of 0.5 mg mL™! in 10
mM HEPES, pH 7.2, 150 mM NaCl, 1 mM EDTA. Thermal
protein unfolding was monitored in increments of 1 °C min~!
from 20 °C to 95 °C. The apparent melting temperature was
determined as the inflection point of the ratio of absorbances
at 350 and 330 nm, calculated by taking the maximum of the
first derivative. Measurements were averaged from three in-
dependent experiments.

Analytical ultracentrifugation. Sedimentation velocity an-
alytical ultracentrifugation experiments were performed with
either wild-type or disulphide trapped C9 at 0.5 mg mL"!
(~7.9 uM) in 10 mM HEPES pH 7.2, 150 mM NacCl, 1 mM
EDTA on a Beckman Coulter Optima analytical ultracen-
trifuge with An60-Ti rotor at 25,000 rpm (50,310xg) at 25
°C. Buffer density, buffer viscosity and sample partial spe-
cific volumes were calculated based on their composition in
SEDNTERP (35). Solution absorbance was collected at 280
nm, and all data and frictional ratio calculations were anal-
ysed in SEDFIT (36).

Cryo-EM sample preparation and data collection. A
complex of aE11-Fab/polyC9 was prepared for vitrification
by mixing stoichiometric quantities of polyC9 and aE11-Fab.
Optimal ratios of aE11-Fab to polyC9 were determined em-
pirically by negative-stain transmission electron microscopy
(TEM). Initial grid freezing conditions and negative-stain
TEM were performed on a Tecnai T12 electron microscope
(Thermo Fisher Scientific). Plunge freezing was performed
in liquid ethane using the Vitrobot IV System (Thermo Fisher
Scientific). Briefly, Quantifoil Cu R 2/2 grids were glow-
discharged for 30 s in an PELCO easiGlowTM Glow Dis-
charge Cleaning System (PLANO). A total of 4.5 uL of aE11-
Fab/polyC9 (1 mg mL~! in 10 mM HEPES pH 7.2, 50 mM
NaCl, pH 7.2) was applied to the glow discharged surface and
blotted (blot time of 2.5 s, blot force of —3 and drain time of
1 s) at4 °C and 100% relative humidity. Samples were stored
under liquid nitrogen until data collection. Dose fractionated
movies were collected on a Titan Krios (Thermo Fisher Sci-
entific), equipped with a Quantum energy filter (Gatan) and
Summit K2 (Gatan) direct electron detector. Data acquisition
was performed in EPU (Thermo Fisher Scientific).

Cryo-EM data analysis. Dose fractionated movies were
compressed to LZW TIFF with IMOD (37) and corrected
for beam induced motion and radiation damage by Motion-
Cor2 (38). CTF estimation was performed by CTFFIND
(4.1.13) (39). Particle picking was performed by the Lapla-
cian of Gaussian method as implemented in RELION-3.2
(40, 41). Particles were extracted in a box of 450 pixels.
Initial rounds of 2D classification in cryoSPARC (42) were
used to discard false positive and deformed particles. A con-
sensus refinement was performed in RELION with C22 sym-
metry, which was ultimately resolution limited to 3.9 A due
to heterogeneity and flexibility (C1 refinements confirmed
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the point-group symmetry). Sub-particles were signal sub-
tracted and re-boxed in RELION from symmetry expanded
particles. A trimer of C9 with two aE11-Fab models was ini-
tially extracted. Non-uniformed refinement and local refine-
ments were performed in cryoSPARC (43). Subsequently,
signal subtraction was conducted to remove diffuse signal of
the 3-barrel and the constant region of the aE11-Fab, which
was observed to undergo conformational flexibility about the
Fab hinge region. This final localised reconstruction was re-
fined and classified in cryoSPARC to 3.34 A. Particle pol-
ishing in RELION and CTF refinement (44) in cryoSPARC
further improved the reconstruction to a final resolution of
3.17 A. Conversion between RELION and cryoSPARC were
performed with pyem (45). Local resolution was calculated
by windowed FSC in RELION.

Atomic modelling. A homology model of aE11 was gener-
ated using the primary sequence and a template Fab structure
of the same isotype (PDB 3BAE, IgG 2ax) using SWISS-
MODEL. This model and a trimer of C9 from our previ-
ous reconstruction (PDB 6DLW) were rigid-body fit into
the cryoEM density in UCSF chimera (v1.14). Multi-
ple rounds of flexible refinement in ChimeraX (v1.3) and
ISOLDE (v1.0) were performed, iterating between Coot and
ChimeraX/Isolde to build missing regions and resolve model
errors and clashes. Finally, several rounds of real space re-
finement and manual refinements were performed in Phenix
and Coot. Model validation was performed in Phenix, Mol-
Probity and through the wwPDB OneDep validation server.

Surface Plasmon Resonance. All SPR runs were per-
formed at 25 °C using the Biacore T200 instrument (Cytiva
Lifesciences). Full aE11 IgG, that was stored in 1xPBS, was
diluted to 20-100 ug mL~! in 10 mM sodium acetate, pH 5.5
prior to immobilisation. The antibody was immobilised onto
a Series S CMS chip at 10 uL min~!. To activate the surface,
equimolar ratios of 0.1 M N-hydroxysuccinimide (NHS) and
0.4 M N-ethyl-N’-(3-(dimethylamino)propyl)carbodiimide
(EDC) were first injected for 420 s. Antibody was then in-
jected to allow for the reactive NHS ester to directly amine
couple aEl1 IgG to the activated surface. Thereafter, in-
jection of 1 M ethanolamine for 300 s at 10 uL min~! was
performed to block the surface, as well as remove any un-
bound aE11. Similar amine coupling procedure was applied
to the reference surface except that no antibody was coupled.
Immobilisation levels for monomeric and polyC9 runs were
empirically optimised to rough values of ~7000 and ~700
RU respectively. All experiments were performed using the
multi-cycle kinetics method. In brief, each concentration of
C9 flowed at 40 puL min~! for 250 seconds of contact time,
followed by a 1000 second dissociation time. After, the sur-
face was regenerated with 25 mM NaOH mixed in running
buffer at a 1:3 molar ratio, for 30 seconds at 30 uL min~!.
Data from the experiments were analysed using the BIAeval-
uation software. For monomeric C9 experiments, a simple
exponential decay was assumed (corresponding to a 1:1 bind-
ing model) to extract the off rate (ko). Steady-state affinity
plots were generated by taking the maximum response units
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for each variant (at the same time point) for each concentra-
tion. Raw sensorgrams for both monomeric and polyC9 runs
were blank and drift corrected, i.e., double referenced.

Slot immunoblot. Nitrocellulose paper was pre-soaked in
Tris-buffered saline (20 mM Tris-HCI, 150 mM NaCl, pH
8; 1XTBS) prior to blotting of the sample. A total of 2 uL of
sample at various concentrations was added onto the nitrocel-
lulose using the slot blot apparatus. After, the nitrocellulose
was blocked with 5% skim milk powder in 1XTBS before
blotting with aE11 (diluted 1:10,000 in 5% skim milk powder
in 1xTBS). An additional blocking step was performed with
5% skim milk + TBS before blotting with anti-mouse HRP
(1:10,000 in 5% skim milk + TBS) before a final wash with
0.05% polysorbate 20 in 1xTBS. Equal volumes of chemilu-
minescent reagents A and B (GE Lifesciences) was added to
the nitrocellulose before exposure using the BioRad chemi-
doc.

Haemolytic assay. Haemolytic assays were performed as
previously described (21). In brief, following the final wash
after sensitisation of sheep erythrocytes (shE), cells were di-
luted to a final cell concentration of 1.87x107 cells mL~!.
Each reaction contained 200 pL of sensitised shEs, 5 uL of
diluted C9-depleted serum (Complement Tech; diluted 1 in 5
with 1XDGHB; 2.5% (w/v) D-glucose, 5 mM HEPES, 0.15
mM Ca®*, 0.5 mM Mg?*, pH 7.4) and 2 pL of C9 at vari-
ous concentrations (diluted in 10 mM HEPES, pH 7.2, 150
mM NaCl). Depleted serum and C9 was added to the indi-
vidual wells in the 96-well plate before adding the shEs to
initiate the reaction. The absorbance of shEs was recorded at
620 nm for every minute over 60 minutes. Absorbance val-
ues of each reaction were extracted at 30 mins. These were
plotted against concentration and a sigmoidal curve was fit
with non-linear regression to extract the EC50. Unlocking
experiments were performed to confirm the activity of disul-
phide trapped C9. Identical volumes of reactants were used
as described above. Red blood cells were incubated with C8-
depleted serum for 15 minutes at 37 °C, prior to addition of
C9 and a final concentration of 1 mM DTT. All data were re-
ported as the raw means with error reported as the standard
error of the mean.
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Fig. S1. Electron microscopy of polyC9 in complex with aE11-Fab. a. Raw denoised cryo-electron micrograph of polyC9 in complex with aE11. b. Two-dimensional class
averages of whole aE11-Fab/polyC9 complex. c. Sub-particle 2D class averages of localised segment of the aE11-Fab/polyC9 complex. d. Angular distribution of viewing
orientations and corresponding isosurface rendering of the final reconstruction. e. Local resolution isosurface rendering showing centrally located high resolution features,
including the aE11-Fab/polyC9 binding interface. f. Gold-standard Fourier shell correlation plot and estimate of (masked) global resolution.
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Fig. S2. Structural superposition of C9 shows no major conformational differences in the aE11 binding region. a. Comparison of polyC9 without (yellow) and with
(grey) bound aE11. b. Murine C9 crystal structure (PDB 6CXO) superimposed on aE11-Fab bound polyC9 shows minor shifts in the TSP/LDLRA region of C9. c. AlphaFold
model of monomeric human C9 superimposed on aE11-Fab bound polyC9 is consistent with murine C9 crystal structure and shows little to no differences in conformation.
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Fig. S3. Structural analysis of aE11-Fab/polyC9 interface. a. Cartoon and surface representations of the aE11-CDRs and the C9 epitope respectively. The footprint of
the aE11-CDRs is shaded on the C9 epitope by the colour of the aE11 chains. b. Identical views from (a) with coulombic surface colouring. Distinct charge complementarity
is present between the aE11-CDR and the C9 epitope. Two dominantly charged interfaces are observed. c. Identical views from (a) with surface hydrophobicity colouring.
Two hydrophobic regions are present on the C9 epitope predominantly defined by L423 and V68. Double headed arrow indicates interacting residues. d. Boxed region from
(c) showing a small region of the lagging C9 TSP domain (yellow cartoon; contributing to the hydrophobic surface region shown in [c.]) that is sheltered by the aE11 CDR H3
and L3 groove (surface rendering coloured by hydrophobicity).
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Fig. S4. Multiple sequence alignment of C9 homologs. Alignment of human, baboon (Papio anubis), horse, pig and mouse complement C9. Horizontal box shows signal
peptide which is removed during secretion. Vertical boxes show key aE11 contact residues that disrupt binding upon mutation. The residue numbering is shown for the full
open reading frame of the C9 gene. TSP1 domain (purple), LDLRA (salmon pink), body of MACPF domain (blue), conserved core -sheet of MACPF domain (red), TMH1
region of MACPF domain (green), TMH2 region of MACPF Domain (yellow), HTH region of MACPF domain (cyan), and EGF-like domain (orange).
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Fig. S5. Analytical size exclusion of C9 variants (monomeric versus polyC9). Red blood cell haemolytic time-course assays of MAC assembly with C9 variants. a.
Analytical size-exclusion chromatography of wild-type and variant forms of monomeric and oligomeric C9. Oligomeric C9 elutes in the void volume (~1 mL), while monomeric
C9 (~2.2 mL) is resolved by the column. UV traces are shown in blue, and the conductivity traces are in red. b. Concentration-series of wild-type and variant forms of
C9 are shown as individual curves. Every tenth data point is shown. Experiments were conducted in triplicate. All plots are shown as averages, with error bars presented
as the standard error of the mean (SEM). The absorbance at 30 minutes was taken for each concentration of C9 to determine the effective half-maximal concentration.
The additional experiment of reducing and non-reducing conditions was conducted for the disulphide trapped C9 (F262C/V405C) variant to illustrate inactivity and activity
respectively (+DTT corresponds to 1 mM final DTT concentration). ¢. Non-reducing SDS-PAGE (12% w/w) of purified recombinant C9 constructs.
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Fig. S6. Raw sensorgrams of polymeric C9 and aE11 interactions. Binding of different oligomeric C9 variants to full-length aE11 IgG as measured by surface plasmon
resonance. PolyC9 reactions were performed overnight prior to analytical size exclusion. Concentrations of polyC9 are outlined in the legend below the sensorgrams.
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Fig. S7. Raw sensorgrams of monomeric C9 and aE11 interactions. Binding of different C9 variants to full-length aE11 IgG as measured by surface plasmon resonance.
Regeneration steps were performed between each subsequent concentration, as well as between each variant. Concentrations of the C9 analytes at each injection round
are coloured consistently between graphs (values shown in legend key). Monomeric murine C9 was applied at 200 nM as a control for non-specific binding.

18 | bioRxiv Bayly-Jones etal. | Structural characterisation of the Membrane Attack Complex neoepitope.


https://doi.org/10.1101/2022.07.06.498960
http://creativecommons.org/licenses/by/4.0/

