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SUMMARY

The classical complement pathway contributes to
the natural immune defense against pathogens and
tumors. IgG antibodies can assemble at the cell sur-
face into hexamers via Fc:Fc interactions, which re-
cruit complement component C1q and induce com-
plement activation. Biophysical characterization of
the C1:1gG complex has remained elusive primarily
due to the low affinity of IgG-C1q binding. Using
IgG variants that dynamically form hexamers efficient
in C1q binding and complement activation, we could
assess C1g binding in solution by native mass
spectrometry and size-exclusion chromatography.
Fc-domain deglycosylation, described to abrogate
complement activation, affected IgG hexamerization
and C1q binding. Strikingly, antigen binding by IgG
hexamers or deletion of the Fab arms substantially
potentiated complement initiation, suggesting that
Fab-mediated effects impact downstream Fc-medi-
ated events. Finally, we characterized a reconsti-
tuted 2,045.3 + 0.4-kDa complex of intact C1 bound
to antigen-saturated IgG hexamer by native mass
spectrometry, providing a clear visualization of a
complete complement initiation complex.

INTRODUCTION

As a potent defense cascade of innate immunity, the comple-
ment system contributes to the natural immune response
against pathogens and tumors (Ehrnthaller et al., 2011). The anti-
body (Ab)-dependent classical pathway of complement activa-
tion is triggered when C1q, the IgG recognition component of
the C1 complex, docks on antigen (Ag)-bound IgM or IgG (Ga-
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boriaud et al., 2004; Kishore and Reid, 2000). C1q is a complex
resembling a bundle of six tulips (Strang et al., 1982), in which
one subunit is formed by a trimer of C1q A, B, and C chains,
which assemble into a collagen-like stalk connected to a glob-
ular headpiece responsible for the recognition of a variety of
target patterns (Kojouharova et al., 2010). C1q is composed as
a trimer of covalently linked dimeric subunits A;B,C,: C1q sub-
chains A and B form a disulfide bridge within an ABC subunit,
while a disulfide between two C chains covalently links two
ABC subunits. C1q associates with the proteases C1ir and
C1s, which are activated by C1q target binding (Gaboriaud
et al., 2014). Mass spectrometry (MS) characterization of C1q
subunits demonstrated their complex post-translational modifi-
cation, and it enabled identification of amino acids crucial to pro-
tein-protein interactions (Pflieger et al., 2010; Petillot et al., 1995;
Brier et al., 2010).

Only in the form of oligomers, IgG is endowed with sufficient
C1g-binding avidity to activate complement (Hughes-Jones
and Gardner, 1979; Sledge and Bing, 1973; Burton, 1990). The
instability of the C1g-Ab complex in solution also has compli-
cated the detailed biophysical and functional characterization
of this initiation step in the classical complement pathway
upon reconstitution from purified components. As a conse-
quence, the molecular events underlying the mechanism of C1
activation by IgG have remained elusive, and the role of molec-
ular determinants, such as glycan form and Ag binding, has
been inferred predominantly from functional activity or studied
using isolated Ab fragments.

Recently, we reported that complement is activated efficiently
by IgG hexamers assembled at the cell surface through Fc:Fc in-
teractions (Diebolder et al., 2014), addressing the functional rele-
vance of oligomeric IgG structures previously observed under
several non-physiological conditions (Burton, 1990; Kuznetsov
et al., 2000; Pinteric et al., 1971). We identified a number of spe-
cific single-point mutations in the IgG1 Fc domain that stimu-
lated hexamerization and complement activity of the mutated
Ab after its binding to cell surface-expressed Ag (de Jong
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et al., 2016). Interestingly, several such mutations were found to
have additive effects, and a variant combining three mutations
(i.e., EB45R, E430G, and S440Y [RGY]) was shown to readily
assemble into hexamers and induce complement activation in
solution in the absence of Ag binding (Diebolder et al., 2014).

Here we used a variety of such solution-phase hexamerizing
IgG mutants as idealized, high-avidity substrates for C1q binding,
which enabled the characterization of C1:1gG complexes by solu-
tion-phase biophysical techniques with an emphasis on native
MS. This strategy made it possible to shed light on multiple molec-
ular events that underlie the activation of C1 by IgG Abs.

RESULTS

Hexamerization of IgG Ab Leads to Efficient C1q Binding
in Solution
To probe the oligomerization propensity of various IgG constructs,
we primarily made use of native MS (Heck, 2008; Diebolder et al.,
2014; Wang et al., 2012). Native MS offered sufficient resolution
and sensitivity to monitor the monomer-hexamer equilibrium of
hexamerization-enhanced IgGs, in which individual oligomeric
states could be clearly separated and identified (Figure 1A). While
monomeric and hexameric (IgG)s species were the predominating
species observed in native mass spectra of the triple mutant IgG1 -
005-RGY (2 uM), lowly abundant dimer, trimer, and tetramers
were detected as well (Figure 1A). The fractional mass of IgG
incorporated in the hexameric state was determined for each
IgG variant, as an indication of the hexamerization propensity of
all tested variants (Figure S1A; see Table S1 for mutations present
in all variants and their corresponding abbreviations; see Table S2
for theoretical and measured molecular weight (Mw) values
of species analyzed in this work). MS observations were
corroborated using ultra-performance liquid chromatography
size-exclusion chromatography (UPLC-SEC), in which low-abun-
dant oligomers of intermediate size were detected as a trace
slightly above the baseline level between two well-defined peaks
corresponding to IgG monomers and hexamers (Figure S1B).
These observations suggest a dynamic interconversion between
the different oligomeric states.

Summarized in Figure 1B are the fractional masses of hexam-
ers formed by wild-type IgG1-005 and 11 mutated variants (see
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Figure 1. Measurements of Hexamerization
Propensity of IgG Mutants in Solution by
Native MS and SEC Are Highly Consistent
(A) Different oligomeric states of IgG1-005-RGY
(indicated in subscripts) could be identified by
native MS. Intensities of the signals with m/z
higher than 7,000 were magnified 5x for better
visualization of these oligomers. Schematic
structures of the IgG monomer and hexamer are
shown beside the corresponding peaks.

(B) Fractional masses of IgG incorporated in the
hexameric state (%) were determined for the IgG1-
005, -2F8, -7D8, and -M1 variants, summarizing
data determined by native MS (solid bars) and SEC
(striped bars), respectively. Data are presented as
average + SD (n > 3). n.d., non-detectable in both
(black) or only SEC (gray) measurements.

See also Figure S1 and Tables S1-S3.

triply mutated

also Table S3), which are all able to significantly enhance com-
plement-dependent cytotoxicity (CDC) (Figures S1E and S1F).
IgG E345R was the only single mutant that formed detectable
hexamers, populating 1% of total mass in the hexameric state.
The introduction of additional enhancing mutations dramatically
enhanced hexamer propensity, causing an increase in hexame-
ric abundance of the resulting double and triple mutants up to
more than 50-fold. The combination of enhancing mutations,
exemplified by the 005-RGY triple mutant, induced effective
hexamerization regardless of the paratopes of the parental
IgG Ab, demonstrated by the hexamerization of RGY variants
of Abs 2F8 (anti-EGFR), 7D8 (anti-CD20), and M1 (anti-mannan)
(Figure 1B).

The fractional hexamer abundance was quantified from both
the native MS and SEC data, and both methods yielded highly
consistent results (Figure 1B; Figure S1C). The propensity of
IgG hexamerization was found to be concentration dependent.
When the concentration of the IgG1-005-RGY was decreased
below 2 pM, the hexamer abundance dropped accordingly. At
1 uM IgG concentration, approximately half of IgG1-005-RGY
molecules populated the hexameric state.

When C1q was incubated with hexamerization-enhanced IgG
variants, stable complexes larger than (IgG)s or C1qg could be
observed by SEC (Figure 2A), although with insufficient resolu-
tion to determine their exact composition. Native MS analysis
of these solutions demonstrated the formation of C1q:IgG com-
plexes predominantly assembled at a stoichiometry of 1:6 (Fig-
ure 2B). Although theoretically each IgG molecule contains two
identical, symmetry-related C1qg-binding sites in its Fc domain,
only one copy of C1g was observed to bind per (IgG)s. Under
native MS conditions, we also observed the interaction between
(IgG)s and a lower abundant sub-complex of C1q, containing
two of the three C1q A;B,C, subunits (Figure 2B; Figures S2A
and S2B; Table S4). We could not detect binding of Ciqg
to the minor amounts of IgG dimers, trimers, and tetramers
observed. All hexamerization-competent mutants bound C1qg
in the hexameric state, while C1q:lgG interactions could not
be detected for variants incapable of solution-phase hexameri-
zation, indicating IgG hexamerization to be a requirement for
C1q binding in this system (Figure S2C). Based on MS signal in-
tensities, we calculated the fractional mass of C1g-bound IgG



A
100+
=)
<
£ 80+
g
g —1gG1-005-RGY
< 60 —C1q
——19G1-005-RGY + C1q
® 9
Q 404
<
@
2
N /\
Q
[
>
D 0

T T T T T T T T T T T
26 28 30 32 34 36 38 40 42 44 46 48
elution time (min)

¢ 400,  []fractional mass of C1g-bound IgG 12
(left scale)
80 C_1q:(IgG)6 / (1gG), | 10
(right scale) %%
] B
60 %
/ L4
©ToT VT ©- o /
o EE E5 ce é ,

> Q/'bb‘%?\ ?/b‘,bQO

IgG1-005-RGY C1a:(IgG),

+C1
a (C10),,:(1gG),

(g0), B

C1q
Cc1

4000 6000 8000 10000 12000

8-
64
4]
2]
oLl

oGt \N 5@ D(u@l?f’?ﬂ

14000 16000 m/z

- -
N »
! |

=
o
L

C4d produced (ug/mL)

Figure 2. Ab Hexamers Enable Reconstitution of Homogeneous and Functionally Active C1q:lgGg Complexes

(A) Size-exclusion chromatograms of IgG1-005-RGY and C1q before and after mixing. A higher mass assembly is observed after mixing C1q and IgG-005-RGY.
(B) Accurate mass and binding stoichiometry of C1q:lgG complex determined by native MS. A C1qg sub-complex containing two of three A;B,C, subunits is
indicated as (C1q)q/3; arrows indicate subpopulations of ions analyzed by tandem MS measurements in Figure S2.

(C) Determination of fractional mass of C1g-bound IgG (%) and equilibrium molar ratio of C1q:(IgG)s to (IgG)s for IgG1-005 variants by native MS are shown. n.d.,

non-detectable.

(D) ELISA measurement of C4d levels generated after incubation of IgG variants in NHS. The baseline is defined as twice the SD of control measurements.
Data in (C) and (D) are presented as average + SD (n > 3). See also Tables S1, S2, and S4.

for several IgG variants to assess the efficiency of C1q binding,
and we plotted the equilibrium molar ratios of C1q:(IgG)e to
(IgG)s to illustrate the apparent C1qg-binding affinities of these
IgGs (Figure 2C).

To test the functional significance of the observed complexes,
hexamerization-enhanced 1gGs were incubated with human
serum and tested in an ELISA assay capturing soluble C4d, a
protein fragment formed as a consequence of C1-mediated pro-
teolysis of complement factor C4 (Figure 2D). All IgG variants dis-
playing efficient solution hexamerization yielded significant pro-
duction of C4d when incubated in normal human serum (NHS),
consistent with their C1q binding observed by native MS and
SEC. Even for IgG variants with low-to-modest hexamerization
propensity, such as E345R and E345R/E430G (Figure 1B), C1q
binding in solution was readily detected (Figure 2C) and corrob-
orated by complement activation (Figure 2D). Efficient C1q bind-
ing (Figure S2D) as well as C4d production (Figure S2E) was
observed for multiple RGY triple-mutant IgGs directed against

distinct Ags. In summary, all tested IgGs that formed detectable
levels of hexamers in solution bound one C1q molecule per IgG
hexamer, and they promoted the production of C4d when incu-
bated in human serum.

IgG Glycosylation Contributes to Hexamerization
Efficiency and C1q Binding

Changes in glycosylation at residue N297 in the Fc region of hu-
man IgG1 and murine IgG2a have been reported to impact com-
plement activity (Tsuchiya et al., 1989; Boyd et al., 1995; Hodo-
niczky et al., 2005; Leatherbarrow et al., 1985; Duncan and
Winter, 1988), and IgG devoid of glycosylation is often used
to abrogate classical pathway complement (Lund et al., 1996;
Tao and Morrison, 1989). We reasoned that these commonly
known defects in complement activation may possibly have
been caused by a potential inhibition of IgG hexamerization as
an underlying cause that had hitherto gone unnoticed. Therefore,
we tested to what extent IgG deglycosylation affects IgG
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hexamerization (Figure 3A), C1q binding (Figure 3B), or C1 acti-
vation (Figure 3C) by variants with differing hexamerization
propensity.

The impact of IgG deglycosylation on hexamer abundance
(Figure 3A) varied strongly: the IgG variants with the lowest hex-
amerization propensity, RG and RGW, displayed a pronounced
decrease in hexamer abundance upon deglycosylation. In
contrast, deglycosylation of variants RGY and RSY had only a
minor impact on their hexamer abundance. Complete deglyco-
sylation was confirmed by MS (Figure S3A). The impact of degly-
cosylation on the apparent C1q affinity of IgG hexamers was
more uniform: all IgG variants for which hexamers could be de-
tected retained their capacity to bind C1q (Figures S3B-S3G),
but with reduced apparent affinities compared to their glycosy-
lated counterparts (Figure 3B). Surprisingly, deglycosylation
only blocked complement activation in solution by E345R, while
the activity of variants with higher hexamer propensity was fully
resilient to deglycosylation (Figure 3C).

Fab Arms Contribute to IgG Hexamerization and C1
Activation

In the cryo-electron microscopy (EM) tomography analysis of the
membrane-bound IgG molecule (Diebolder et al., 2014), it was
observed that one Fab domain was bound to the Ag-coated
membrane, while the other Fab domain appeared to reside in
the plane of the Fc hexamer. To test whether the non-Ag-bound
Fab domain might contribute to IgG hexamer stabilization or
complement activation, we generated IgG1-RGY variants lack-
ing either one (Fab1-RGY) or both Fab arms (Fc-RGY). Deletion
of one or both Fab arms resulted in a decrease in the fractional
mass of IgG present as hexamers by ~30%, but it did not
completely abolish hexamerization (Figure 3D). However, both
the Fc-only and one-armed IgG variants retained efficient C1q
binding (Figure 3E), suggesting that the Fab arms are dispens-
able for C1q binding. The stoichiometry of these IgG:C1q com-
plexes remained 6:1, consistent with the results obtained with
intact I1gG, indicating that the inability to bind a second C1q
molecule is not caused by the presence of the Fab arms. The
removal of Fab arms caused the formation of larger, unspecific
aggregates, such as heptamers (7), octamers (8), and dodeca-
mers (12) (Figure S3H), which were not observed with intact
IgG. These latter aggregates, however, did not yield detectable
C1q binding.

While the Fab arms appeared dispensable for C1q binding, the
formed hexamers showed an unexpected potency increase in
the activation of C1. Incubating human serum with either Fab1-
RGY or Fc-RGY induced a dramatic increase in soluble C4d
production (Figure 3F), far exceeding the levels of the RGY and
heat-aggregated IgG controls, suggesting that the presence of
Fab arms may, to a certain extent, restrict the activation of C1.

Ag Binding by IgG1 Hexamers Contributes to Activation
of C1

For regular IgG and IgM Abs, Ag binding is a prerequisite to com-
plement activation (Feinstein et al., 1986; Burton, 1986; Czaj-
kowsky and Shao, 2009). The low affinity of C1q for individual
IgG-binding sites restricts C1 activation to surfaces presenting
multiple, proximal Ag-bound IgGs to provide a composite C1g-
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binding site of sufficient avidity (Diebolder et al., 2014). Our
C1q:lgG complexes assembled in solution provided a unique
opportunity to assess whether the binding of monovalent Ags
might directly contribute to IgG hexamerization, C1q binding,
and complement activation. We used the extracellular domain
of CD38 (CD38-ECD) as a model Ag that is strongly bound (nano-
molar affinity) to the IgG1-005 Ab and Fc variants used.

When CD38-ECD was titrated into a solution containing IgG1-
005-RGY, the maximal Ag-binding capacities of IgG monomers
and hexamers were determined to be 2 and 12, respectively.
The Mw for the latter complex could be determined by native
MS to be 1,255.2 + 0.1 kDa. These findings are consistent with
complete occupancy of both Fab-Ag-binding sites in each indi-
vidual IgG molecule (Dyachenko et al., 2015) (Figure S4A). We
observed little cooperativity in Ag recruitment, as the number
of Ags incorporated into the IgG-Ag complexes increased evenly
throughout the titration without any sharp transition. While the
capacity of Ag accommodation was not compromised by IgG
hexamerization, Ag binding in turn did not impact the hexameri-
zation propensity of IgG (Table S3).

To examine whether saturating Ag binding for all Fab domains
might affect the recruitment of C1q, we incubated IgG-C1q com-
plexes in the presence of excess Ag. This mixture consisting of
C1q, 1gG1-005-RGY, and Ag produced a single 1,719.6 + 0.1-
kDa assembly corresponding to a C1q:lgG:Ag complex with a
predominant stoichiometry of 1:6:12 (Figure 4A). This stoichiom-
etry was not affected by switching the order of addition of the
individual components (i.e., pre-incubating IgG with C1q or IgG
with Ag) (Figure S4B). Ag binding did not appear to affect the
avidity of IgG hexamers for C1q significantly, as determined by
analyzing the equilibrium molar ratios C1q:(IgG)s:Ag to (IgG)s:Ag
for RG and RGY, in both the presence and absence of Ag
(Figure 4B). Surprisingly, the addition of the monovalent CD38-
ECD to 1gG1-005 hexamers substantially stimulated C4d pro-
duction after incubation in serum. This stimulation was depen-
dent on specific Ag binding, as the non-specific control Ag
CD74-ECD did not affect C4d production by I1gG1-005-RGY
(Figure 4C). The complement activity of IgG variants that failed
to hexamerize in solution was not affected by the presence of
Ag. Soluble Ag also failed to further enhance the complement
activity of a hexameric IgM variant of IgM-005, produced recom-
binantly in the absence of the J-chain (Figure 4C). The stimula-
tion of complement activation also was observed for another
cognate Ag-binding system: EGFR-ECD binding by anti-EGFR
IgG-2F8 variants also promoted the complement activity of
formed hexamers (Figure 4D).

Reconstitution and Molecular Visualization of the
Complete C1:1gG:Ag Protein Assembly

C1q, consisting of six copies of three different (A, B, and C)
chains (Reid, 1979), is the component of C1 responsible for the
recognition of cognate Ag (Kishore and Reid, 2000). C1 further
encompasses its subunits C1r and C1s that provide catalytic
functions, effectively initiating the classical complement
pathway (Gaboriaud et al., 2004). The assembly of a C1:(1gG)e
complex was attempted by first reconstituting a C1 sub-com-
plex from purified serum C1qg and recombinant C1r and C1s pro-
teins (proenzyme mutants; see the Experimental Procedures for
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Figure 3. Molecular Determinants Affecting IlgG Hexamerization and Complement Activation

(A) Quantification of the impact of deglycosylation on normalized IgG hexamer abundance by native MS, displayed as fractional IgG mass assembled into
hexamers (%). The inset stretches the y axis to a logarithmic scale for better visualization of the low levels of hexamerization.

(B) Native MS quantification of the impact of deglycosylation on C1q binding by IgG hexamers is displayed as equilibrium molar ratio of C1q:(IgG)e to (IgG)e for
several glycosylated and deglycosylated IgG1-005 variants. n.d., non-detectable.

(C) ELISA measurement of C4d generation in NHS induced by glycosylated and deglycosylated IgG1-005 variants is shown.

(D) Native MS quantification of hexamer fractional mass abundance (%) upon deletion of one or both Fab arms in the IgG is shown.

(E) Native mass spectra of C1q incubated with RGY variant hexamers that lack one (Fab1-RGY) or both Fab arms (Fc-RGY). Both species bound efficiently to C1q
with the same stoichiometry as intact IgG. (C1q),/3 denotes a C1qg sub-complex containing two of three A;B,C, subunits.

(F) ELISA measurement compares C4d generation in NHS induced by IgG1-005-RGY variants containing two (RGY), one (Fab1), or no Fab arms (Fc-RGY).
Data in (A)—(D) and (F) are presented as average + SD (n > 3). See also Figure S3 and Tables S1-54.
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(B) Native MS quantitation of C1q binding to Ab hexamers saturated with Ag is displayed as equilibrium molar ratio of C1q:(IgG)s to (IgG)e. n.d., non-detectable.
(C) ELISA measurement of C4d produced after incubation of anti-CD38 Ab IgG1-005 variants in NHS in the presence of cognate Ag CD38-ECD or control Ag

CD74-ECD is shown.

(D) ELISA measurement of C4d produced after incubation of anti-EGFR Ab IgG1-2F8 variants in NHS in the presence of cognate Ag EGFR-ECD is shown.
Data in (B)-(D) are presented as average + SD (n > 3). See also Figure S4 and Tables S1 and S2.

details). The native MS-observed mass of the reconstituted
complex containing 22 proteins demonstrated that C1q, C1r,
and C1s were assembled at a stoichiometry of 1:2:2 (Figure 5A),
in accordance with the reported composition of natural C1
(Cooper, 1985; Arlaud et al., 1987; Brier et al., 2010). The recon-
stituted C1 was able to bind effectively to the 1IgG1-005-RGY
hexamer, exhibiting the same binding stoichiometry as C1q
(Figure 5A).

In the presence of excess Ag, the C1:(IgG)s complex accom-
modated maximally 12 copies of Ag (Figure 5A). To unambigu-
ously assign the mass of this complex consisting of 40 protein
subunits, a tandem mass measurement was performed (Snijder
et al., 2013, 2014), in which intact C1:IgG:Ag complexes were
mass-selected inside the mass spectrometer and subjected
to collision-induced dissociation (Figure S5). The resulting frag-
ment ions gave rise to better-resolved ion signals (Figure S5),
and they enabled confirmation of the predominant C1:1gG:Ag
stoichiometry of 1:6:12, with a total mass of 2,045.3 + 0.4 kDa
(Table S2).
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DISCUSSION

By using IgG variants containing mutations that facilitate the for-
mation of ordered hexamers in solution (de Jong et al., 2016), we
were able to generate C1g-Ab complexes that were sufficiently
stable in solution to enable characterization by biophysical and
functional methods. Although these variants differ from natural
IgG1 at one to three amino acid positions, their functional activity
both in solution assays and on cell surfaces supports their rele-
vance to understanding the requirements for Ab-mediated com-
plement activation.

Monomeric IgG is not able to initiate activation of the comple-
ment cascade, although its C1g-binding sites are exposed
(Feinstein et al., 1986). At the cell surface, the presence of mul-
tiple and proximal Ags allows the formation of IgG hexamers
that bind C1g with high avidity and that promote efficient
complement activation (Diebolder et al., 2014). Specific Fc
and Cux2-Cy3 interface mutations were identified that enhance
hexamerization and complement activation by IgG (de Jong
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Figure 5. Stepwise Reconstitution of the 2.1-MDa C1:lgG:Ag Complex, Constituting 40 Individual Protein Subunits

(A) Native MS analysis of reconstituted C1, C1:1gG, and C1:1gG:Ag complexes. The signals shown in dashed boxes are color coded according to the stoichi-
ometries of C1 assembling, as specified to the left of the corresponding spectra. The bottom spectrum demonstrates the successful reconstitution of C1,
containing next to C1q two copies of C1r and two copies of C1s, although the incomplete version was present in low abundance; the middle spectrum shows that
the latter assembly successfully binds to (IgG)s and subsequently to 12 copies of Ag. See also Figure S5 and Tables S2 and S4.

(B) Model summarizing molecular determinants contributing to IgG-mediated activation of the classical complement pathway. The assembly of the complement
initiation complex is proposed to be dependent on (1) the availability of specific antigens recognized by IgG Abs, (2) Ag compatibility with clustering at the cell
surface or in solution, (3) the Fc-domain conformation, (4) the high-avidity binding site for hexavalent C1q, (5) the composition of the IgG glycan chains, (6) the

presence of Fab arms, and (7) antigen binding by Fab arms.

et al., 2016). A triple combination of these mutations was shown
to mediate the formation of ordered hexameric IgG ring struc-
tures in solution in the absence of Ag, suggesting that they
may represent a conformation optimal to C1qg binding (Die-
bolder et al., 2014).

Interestingly, also IgG variants forming hexamers in solution at
low abundance, such as E345R, bound C1q and induced com-
plement activation in solution (Figure 2; Figure S4A). It appears
that mutual stabilization between the multivalent C1q and I1gG
hexamer may drive their binding equilibrium from threshold
levels of free IgG hexamer toward the complexed state. Only
Abs detectably hexamerizing in solution could bind C1q or acti-
vate complement in solution efficiently, as illustrated by control
Abs and variants E430G and E345K (Figures 2C and 2D). Com-
bined with the observation that the described CDC-stimulating
single mutations (de Jong et al., 2016) all promoted increased
hexamerization in solution when combined into double or triple
mutants (Figure 1), this suggests that IgG hexamerization is pre-
requisite to C1q binding and C1 activation.

The possible role of the Fc-domain conformation in IgG
hexamerization and C1q recruitment was assessed by using
mutated and deglycosylated IgG. Mutation E430G may allosteri-
cally affect the formation and stability of hexameric IgG (de Jong
et al., 2016). Amino acid E430 participates in a salt bridge that
stabilizes the C2-C3 interface packing (Saphire et al., 2001)
(IgG fold nomenclature according to Halaby et al., 1999) and
could inhibit Fc:Fc interactions by restraining Fc flexibility.
Even conservative and charge-preserving mutations of this res-
idue dramatically enhanced CDC (de Jong et al., 2016). When
mutation E430G was introduced into variants S440Y or E345R,
it enhanced their hexamerization propensity (Figure 1B) and
serum C4d production (Figure 2D). IgG variants containing
E430G or E430S displayed increased C1g-binding capability
(Figure 2C) and CDC potency (Figure S2), highlighting the role
of Fc-domain flexibility in efficient IgG hexamerization and sub-
sequent C1 activation.

The importance of Fc-domain conformation to both IgG
hexamerization and subsequent complement activation was

Molecular Cell 63, 135-145, July 7, 2016 141

CellPress




Cell’ress

emphasized by removal of the glycan chain connected to N297
in the IgG heavy-chain C2 domain (Figure 3). Each bi-antennary
oligosaccharide chain extends one arm toward the Cpj2-C,3
interface region and the other arm into the space between the
Cx2 domains, making multiple interactions with the surface of
the C2 domain and the glycan of the opposing C2 domain,
respectively (Krapp et al., 2003), resulting in a horseshoe-
like Fc-domain conformation. Glycosylation stabilizes the Cy2
domain, while the truncation of N-linked glycan sugar moieties
leads to conformational changes, a decrease in thermal stability,
and loss of effector functions (Jefferis, 2012). Optimal C1 activa-
tion appeared to require, or be sensitive to, certain defined oligo-
saccharide structures, especially terminal sugar residues, in the
glycan chain attached to IgG, with C1g-mediated effector func-
tions being compromised or ablated for aglycosylated or degly-
cosylated IgGs (Jefferis, 2012). Complement activity can be
modulated by remodeling of the IgG glycan chain using the en-
doglycosidase EndoS; potential clinical applications have been
studied in experimental animal models of, for example, autoim-
mune hemolysis and glomerulonephritis (Allhorn et al., 2010;
Yang et al., 2010; Goodfellow et al., 2012).

In Figure 3, we tested if complement inhibition by deglycosyla-
tion may be partially attributed to inhibition of IgG hexameriza-
tion. IgG hexamerization was inhibited by deglycosylation most
strongly for IgG variants displaying the lowest hexamer abun-
dance (Figure 3A). C1q binding also was reduced by deglycosy-
lation for all detectable IgG variant hexamers, but to relatively
comparable efficiency (Figure 3B). All variants retaining detect-
able hexamer abundance remained capable of activating com-
plement in solution at surprising efficiency (Figure 3C), while de-
glycosylated E345R without detectable hexamer abundance lost
this activity completely. We conclude that IgG deglycosylation
may unexpectedly have a pronounced effect on C1g-binding
avidity via modulation of IgG Fc:Fc interactions, rather than the
commonly considered possible reduction of C1g-binding affinity
(e.g., through local structural changes). It appears that, in the hex-
americ state, mutual Fc:Fc interactions and C1q binding help to
lock Fc domains in a complement activation-competent state.

IgG hexamers appear to be stabilized by their Fab domains, as
hexamer abundance decreased moderately upon removal of
one or both of the Fab arms (Figure 3D). Surprisingly, removal
of either a single or both Fab arms significantly improved the
complement activity of the tested Abs (Figure 3F), which sug-
gests that Fab arms may have a regulatory role during activation
of C1q. In our cryo-EM tomography study of C1 bound to hex-
americ 1gG, the non-Ag-bound Fab arms appeared to reside in
the plane of the Fc hexamer, in close proximity to the C1q head-
pieces (Diebolder et al., 2014). Intriguingly, a possible regulatory
role of IgG Fab arms also was suggested by the stimulation of
complement activation by Ag binding to hexameric IgG (Figure 4).
While Ag binding had little impact on the C1qg-binding avidity of
IgG hexamers formed in solution (Figure 4B), binding of two
different cognate Ags to two different Abs promoted their com-
plement activity (Figures 4C and 4D). We speculate that this acti-
vation may be caused by conformational changes in the C1q:1gG
complex induced upon Ag accommodation in the IgG, suggest-
ing a conformational signal is conveyed from the Ag-bound Fab
arm into the Fc domain.
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Combining our observations with the results from prior studies
of complement activation at the cell surface (Diebolder et al.,
2014; Feinstein et al., 1986), we propose a model of molecular
IgG determinants affecting classical pathway complement acti-
vation by IgG in Figure 5B. The assembly of the complement initi-
ation complex is dependent on (1) the availability of specific Ags
recognized by IgG Abs. Only some epitopes on a limited number
of Ags induce complement activation when bound by (mono-
clonal) IgG1. (2) Possibly, compatibility with surface or solution
Ag clustering is prerequisite to the formation of IgG complexes,
which also is affected by (3) the Fc-domain conformation
imposed by Fc glycan chains or Fc-domain mutations such as
E430G, as well as by post-translational processing of the C-ter-
minal lysine (van den Bremer et al., 2015). Hexameric IgG com-
plexes provide (4) a high-avidity binding site for hexavalent C1q,
the recruitment of which is sensitive to (5) the composition of the
IgG glycan chains. Activation of C1 appears to be modulated
both by (6) the presence of Fab arms and by (7) Ag binding by
Fab arms, which may, for example, induce IgG or C1 conforma-
tional changes, or optimal recruitment or processing of the C1
substrate C4.

By examining the formation of IgG hexamers and the assembly
of the macromolecular complex of Ag, Ab; and C1q, C1r, and
C1s, we provided insight into the molecular determinants that
govern complement activation. It is intriguing that maximal com-
plement activation by IgG may be fine-tuned by such diverse
molecular determinants as its glycosylation state, C-terminal
lysine processing (van den Bremer et al., 2015), the Fc conforma-
tion required for hexamerization providing the binding avidity to
interact with C1q, and the conformation and Ag-binding state
of the Fab arms.

EXPERIMENTAL PROCEDURES

Proteins and Chemicals

All Abs, Ags, and complement factor mutants C1r-S654A and C1s-S632A
were recombinantly expressed and purified in-house as described subse-
quently. Purified natural human C1qg was purchased from Complement Tech-
nology. All other chemicals were of analytical grade or higher.

Construction, Expression, and Purification of Recombinant Proteins
Abs were expressed using an IgG1 heavy chain with the human allotype
G1m(f). The following monoclonal Abs were used: CD20 monoclonal antibody
(mAb) IgG1-7D8 (Teeling et al., 2004), CD38 mAb IgG1-005 (de Weers et al.,
2011), EGFR mAb IgG1-2F8 (Bleeker et al., 2004), HIV-1 gp120 mAb IgG1-
b12 (Burton et al., 1994), and anti-mannan mAb IgG1-M1 (Zhang et al.,
2006). Detailed procedures were described previously (de Jong et al., 2016).
Briefly, Ab variants containing the mutations in the IgG1 heavy-chain constant
region specified in Table S1 were generated by gene synthesis (Geneart) and
cloned into a pcDNA3.3 expression vector (Life Technologies) or by primer-
directed site-specific mutagenesis on the expression vector and verified by
DNA sequencing. Abs were expressed in HEK293F cells or EXPI293 cells
(Life Technologies) by transient transfection according to the instructions sup-
plied by the manufacturer. The fraction of intact Abs at capillary electropho-
resis (CE)-SDS exceeded 90%, and the fraction of HC + LC exceeded 95%.
A high performance (HP)-SEC release criterion was not applied, since many
variants were selected or designed to specifically hexamerize in solution, as
described in Figure 1 and Figure S1.

Variant Fc-RGY is a recombinantly expressed Fc domain, spanning amino
acids (aa) 266-447 (CPPC...SPGK) of human IgG1 m(f). Fab1-RGY containing
a single Fab arm was created by controlled Fab-arm exchange between mole-
cules Fc-E345R/F405L/E430G/S440Y and IgG1-E345R/K409R/E430G/S440Y,



essentially as described previously (Labrijn et al., 2014). Exchange of the Fab
arms was confirmed by non-reducing CE-SDS and yielded 87% heterodimer;
the remaining homodimeric IgG1 and Fc were determined at 4% and 2% of
total protein, respectively. The heavy chain of IgM-005 was generated by
gene synthesis of the IgG1-005 heavy-chain variable domain fused to human
IgM (CAA34971). The protein was produced by cotransfecting an IgG1-005
Kappa light-chain vector with an IgM-005 heavy-chain vector in the absence
of J-chain.

A codon-optimized construct was generated for the recombinant expres-
sion of soluble His-tagged CD38 extracellular domain by gene synthesis
(Geneart). CD38 aa 45-300 (GenBank: AAA68482) was expressed with an
N-terminal His-tag containing six His residues (CD38-ECDHis). The gene frag-
ment was cloned into pEE13.4 (Lonza Biologics), expressed as described
above, and purified from cell supernatant using immobilized metal affinity
chromatography. To reduce spectral complexity during MS analysis, a variant
was generated by gene synthesis (Geneart) in which four asparagine aa at po-
sitions 100, 164, 209, and 219 modified by N-linked glycosylation in the natural
protein were replaced with aspartic acid, expressed using a pcDNA 3.3
expression vector (Life Technologies).

Soluble extracellular domain of EGFR (EGFR-HisECD) contained aa 25-645
(P00533) fused to a six aa C-terminal His-tag and was produced as described
for the CD38 Ags. Soluble extracellular domain of CD74 (CD74-HiseCD) con-
tained aa 73-296 (P04233) fused to an N-terminal six aa His-tag and was pro-
duced as described for the CD38 Ags. Both proteins were expressed using a
PEE13.4 expression vector (Lonza Biologics).

C1r S654A and C1s S632A mutants were generated using the Quikchange
mutagenesis kit (Stratagene) on TOPO clones inserted in pCR8 vectors
(Invitrogen). Mutant genes were subcloned into mammalian expression vec-
tors provided by U-Protein Express BV (U-PE). C1r S654A (fused to N-terminal
His-tag) and C1s S632A (tagless) were co-expressed in N-acetylglucosaminyl-
transferase | (GnTl)-deficient HEK293 cells that stably express Epstein-Barr
virus nuclear Ag EBNA1 (HEK293-ES). The complex was purified by Ni-NTA
affinity chromatography followed by an SEC step on a Superdex 200 column
(GE Healthcare).

All protein concentrations were determined by photospectrometry at
280 nm as described previously (de Jong et al., 2016).

Cell Culture and Reagents

Ramos cells (human lymphoma) were obtained from the American Type
Culture Collection (ATCC CRL-1596). Cells were cultured in RPMI 1640
supplemented with 10% heat-inactivated CCS, 1 U/ml penicillin, 1 pg/ml
streptomycin, and 4 mM L-glutamine. Pooled NHS AB was obtained from
Sanquin.

Native MS

All native MS analyses were conducted with a modified LCT time-of-flight
(Waters) or hybrid triple-quadrupole/time-of-flight (Waters) mass spectrom-
eter adjusted for optimal performance in high-mass detection. Prior to the
analysis, original buffers of recombinant or natural proteins were substituted
with a 150-mM ammonium acetate solution (pH adjusted to 7.5 with ammo-
nium hydroxide) through at least five sequential concentration and dilution
steps at 4°C using a centrifugal filter with an Mw cutoff of 10 kDa (Merck
Millipore). Samples were sprayed from borosilicate glass capillaries mounted
to a standard static nanospray source. Tandem MS measurements were per-
formed by mass selection of precursor ions using a quadrupole mass analyzer
followed by dissociation of selected ions induced by their collision with xenon
molecules in the collision cell. Data analysis was conducted with MassLynx
(Waters) and Origin Pro (Origin Lab) software. Relative abundances of oligo-
meric protein species were determined using a previously described method
(Wang et al., 2012). The equilibrium molar ratio of C1q:(IgG)s to (I9G)s
was calculated by dividing the total intensity of C1q:(IgG)s signals by the total
intensity of (IgG)s signals detected from solutions containing 2 uM IgG and
0.5 uM C1g. The fractional mass of C1g-bound IgG was determined by
dividing the population of IgG incorporated into C1q:(IgG)s complexes by
the total population of IgG, with the concentrations of IgG and C1q increased
to 5 and 0.75 uM, respectively, to improve the signal-to-noise ratio in the high
m/z region.

Deglycosylation of IgG was performed by incubation with PNGase F (Roche)
at 37°C for at least 24 hr. Protein complexes were assembled by mixing the
participants at desired ratios followed by incubations at room temperature
for at least 10 min (for C1qg:lgG and C1 complexes) or 30 min (for C1q:1gG:Ag,
C1:1gG, and C1:1gG:Ag complexes) in each step. Calcium acetate (20 pM) was
added to stabilize the reconstituted C1 complex.

CDC Assay

CDC assays were performed as described (Pawluczkowycz et al., 2009) with
an Ab concentration series diluted in PBS (pH 7.4) (B Braun) and NHS (20%
final concentration) as a source of complement. Killing was calculated as the
fraction (%) of propidium iodide staining-positive cells determined by a BD
FACSCanto Il flow cytometer for Ramos B cells.

Complement Activation in NHS

Complement activation was determined by measuring C4d concentrations, a
marker for classical complement pathway activation, after incubating 100 pg
Ab in 90% NHS for 1 hr at 37°C. C4d concentrations were measured in an
ELISA (MicroVue C4d EIA kit, Quidel) generally according to the manufac-
turer’s instructions, with the exception that all C4d levels were determined
using 1:100 diluted samples in order to circumvent non-linearity deviations
introduced by comparing different dilutions. Deglycosylation of IgG for com-
plement assays was performed by incubation with PNGase F (Prozyme) at
37°C for at least 24 hr. The enzyme was removed by Protein A purification of
the IgG using Protein A HP SpinTrap columns (GE Healthcare) according to
the instructions supplied by the manufacturer. The extracellular domains of
Ags CD38, CD74, and EGFR were incubated with 0.7 uM Ab solutions where
indicated at sub-saturating concentrations of 0.7, 0.8, and 0.3 uM, respec-
tively. Full deglycosylation was confirmed by non-native MS.

UPLC-SEC Analysis

SEC analysis was performed using a UPLC Acquity H-class system (Waters)
connected to an Acquity UPLC BEH450 SEC 2.5-um, 4.6 X 150-mm column.
Samples were injected (5 pl) containing 1,000 png/ml total protein and were
separated at 0.3 ml/min in 10 min in 0.1 M Na,SO, buffered at pH 6.8. Detec-
tion occurred at 280 nm. Results were processed using Empower software
version 2002.
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