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ABSTRACT: The first step of activation of the classical complement pathway involves the binding of the
globular C1q domain (gC1q) to the antigen-bound IgG or IgM. To improve our understanding of the
mechanism of interaction of gC1q with IgG and IgM, we compared the immunoglobulin binding properties
of single-residue mutants of individual globular modules of A and C chains. We found that Lys*?% and
LysC!70 are significant for binding with both immunoglobulins. In addition, two C1q-specific scFv antibodies
known as potent inhibitors of C1q—IgG and —IgM interactions were used in the epitope mapping analysis.
A set of important residues, which participate in the Clq epitopes for scFv, were identified: Lys®!7" for
the scFv3(V) epitope and ArgB'%® and ArgB!® for the scFv10(V) epitope. The ability of scFv3(V) and
scFv10(V) to bind preformed C1q—IgG or C1q—IgM complexes differed: scFv3(V) retained its ability to
bind Clq, while scFv10(V) lost it. Given the different locations of the epitopes and the varying abilities
of both antibodies to bind C1q—IgG and Clq—IgM complexes, we found that residues from the apical
surface of Clq [where the scFv3(V) epitope was located] were involved in the initial recognition of IgG
and IgM, while ArgB!%® and ArgB!? are able to interact during the initial recognition as well as during the
final binding of immunoglobulins. The reported results provide the first experimental evidence supporting
the notion that apical and equatorial surfaces of gC1q have consecutive involvement following the gClq

reorientation during the interaction with specific Clq ligands.

Clq is the first subcomponent of the classical complement
pathway and a charge-pattern recognition molecule of the
innate immunity. It initiates the classical pathway by binding
IgG and IgM associated with immune complexes, which
results in the formation of the terminal membrane attack
complex (MAC) (4, 2). In addition to binding IgG and IgM,
Clq recognizes a great variety of ligands, which are highly
diverse in their overall structure and charge pattern. Bacterial
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porins, pentraxins such as C-reactive protein (CRP)," serum
amyloid P component (SAP), and long pentraxin 3 (PTX3),
apoptotic cells, viral envelope proteins, and lipopolysaccha-
rides are some examples. C1q binding to its diverse ligands
results in a wide range of immunologically important events,
including inflammation, clearance of apoptotic cells, micro-
bial phagocytosis, viral neutralization, cell adhesion, and
modulation of adaptive immunity (3—5). Clq is also a crucial
link between primordial innate immunity and the humoral
wing of adaptive immunity.

The Clq molecule has a bouquet-of-tulips-like structure
composed of six C-terminal heterotrimeric globular head
domains (gClq) and an N-terminal triple-helical collagen
region (CLR). Each gC1q domain is composed of C-terminal
portions of A (ghA), B (ghB), and C (ghC) chains (6—38).
The strong ability of the gC1q domain to engage such a wide
array of ligands is supported by the modular organization
of the individual globular head regions. Individually ex-
pressed recombinant modules of gClq domain have been
shown to have differential target binding properties, although
in the native C1q molecule they exist as a heterotrimer (9—11).
The notion of the modular nature of the gClq domain has
been reaffirmed by the crystal structure, determined at 1.9
A resolution (12) that has revealed a compact, spherical
heterotrimer with a pseudo-3-fold symmetry with a well-
exposed Ca®" ion, located near the apex of the molecule.
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The three modules within gClq show clear differences in
their electrostatic surface potentials (/2). Two of the modules
(ghA and ghC) show a combination of basic and acidic
residues scattered on their external surface, whereas ghB
shows a predominance of positive charges. Within the Clq
heterotrimer, ghB has an equatorial position, which allows
the module to be most accessible for interactions, especially
with negatively charged target molecules. Thus, the modular
organization of the heterotrimeric assembly together with
different surface charge patterns and the spatial orientation
of individual modules enables gC1q to interact with a diverse
range of ligands (3—)5).

The interactions of Clq with two of its most important
ligands, IgG and IgM, have been studied extensively. It is
widely accepted that they are predominantly ionic in nature
and, thus, sensitive to salt concentrations (/3). In addition,
Ca’" is necessary for reaching the maximum capacity of
binding (/2, 14). The Clq binding site of IgG (the best
examined Clq ligand) is a species-specific motif consisting
of Glu'®, Lys3?°, and Lys*?? residues in murine IgG2b (15)
and Asp?”°, Lys*??, Pro*?°, and Pro**!' in human IgG1 (/6).
The gC1q binding site on IgM is considered to reside within
the Cu3 and probably Cu4 domains (/7, 18). Two motifs
[Asp>®, Asp*!7, Glu*'®, and His*? (19) and Asp*2-X-Pro**-
X-Pro®® (20)] within the mouse Cu3 domain have been
reported as putative Clq binding sites on IgM. The corre-
sponding IgG binding site on Clq was intensively investi-
gated during the past decade using different approaches:
chemical modifications (27), epitope mapping (22), muta-
tional analysis (//, 23, 24), biophysical methods (25), and
molecular modeling (/2). In general, a leading role of the
ghB module in Clq—IgG interaction has recently been
established, whereas the contributions of ghA and ghC are
still debatable. The crystal structure of the human heterot-
rimeric gClq domain (/2) provided new insight into the
organization of the gClq domain. It revealed that the ghB
module has a predominantly positively charged outer surface
composed of a number of arginine residues and is the most
accessible of the three globular head modules (ghA, ghB,
and ghC) due to its equatorial position. Molecular modeling
based on the crystal structure of Clq has predicted that the
IgG binding site on Clq is located on the exposed side
surface of ghB and is represented by a motif consisting of
ArgBlol ArgBl09 ArgBl14 ArgB129 and GluP'%?. The signifi-
cance of the last four residues as well as of several others
(ArgB1%8 ArgBl63 HisB!7 LysB136, and TyrB!7), also residing
within ghB, has been independently demonstrated by mu-
tational analysis (23, 24, 26). The IgM binding site on the
g¢C1q domain is less clear, and no molecular modeling study
involving the C1q—IgM interaction is available at present.
The analysis of the interactions of individual recombinant
ghA, ghB, and ghC modules with IgM led to the speculation
that all three modules of the gClq domain are involved in
IgM binding (0, 22). Mutational analysis revealed that three
of the residues from ghB (ArgP'®, ArgB'®, and Tyr®!”) seem
to be involved to a different extent in interactions with both
immunoglobulins, suggesting that the two binding sites
overlap within the ghB module (24). A similar conclusion
emerged from the study aimed at localizing IgG and IgM
binding sites using C1qg-specific single-chain antibodies (22).
Notably, it was found that scFv10(V), a ghB-specific
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antibody, potently inhibited the interaction of C1q with both
IgG and IgM.

This study addresses the questions of (i) whether amino
acid residues from the apical surface of the gClq domain,
especially from chains A and C, are involved in interactions
with both IgG and IgM and (ii) how gClq can interact with
IgG via the apical and equatorial surfaces simultaneously.
Since the role of His®'%! and Lys®'7 from the Clq apical
area in IgG binding has already been established (/0), it was
important to examine their significance in the gClq—IgM
interaction. Furthermore, the contribution of another well-
exposed residue from the A chain (Lys*?") to the interaction
of Clq with IgG and IgM was investigated. Our results
indicate that lysine residues from ghA (Lys***) and ghC
(Lys®!79), residing within the apical area of the gC1q domain,
participate differently in the interaction with IgM and IgG.
To map more precisely the proper location of the IgG and
IgM binding site(s) on Clq, we studied the epitopes of two
Clg-specific single-chain antibodies [scFv3(V) and scFv10(V)].
These antibodies, which are effective inhibitors of interac-
tions of C1q with IgG and IgM, bind epitopes with different
locations.

MATERIALS AND METHODS

Purified Proteins and Antibodies. C1q was isolated from
human plasma using affinity (IgG-Sepharose) and Mono-S
columns (27). The purity of C1q was assessed by SDS—PAGE
on a 15% (w/v) polyacrylamide gel under reducing conditions
(28) where it appeared as three bands, corresponding to the
A, B, and C chains of 34, 32, and 27 kDa, respectively. Clg-
deficient serum, human IgG and IgM, mouse monoclonal
antibody ME9A10, goat anti-rabbit IgG—horseradish per-
oxidase (HRP) conjugate, rabbit anti-mouse IgG—HRP
conjugate, mouse anti-MBP antibodies, and o-phenylenedi-
amine dihydrochloride (OPD) were purchased from Sigma-
Aldrich. Aggregated human IgG (HAIgG) was obtained as
follows. Human IgG (18—20 mg/mL) in water was heated
to 63 °C for 30 min; the insoluble aggregates were removed
by centrifugation (14000g) for 20 min, and the soluble
immune complexes were precipitated with PEG 6000 (final
concentration of 3.5%) to eliminate the free IgG molecules.
After centrifugation (3000g) for an additional 30 min, the
pellet was washed and dissolved in PBS to a final concentra-
tion of 10 mg/mL. Rabbit anti-human Clq polyclonal
antibodies were purchased from DAKO. Antibodies specific
for the collagen-like region (CLR) of Clq were obtained as
follows. First, the CLR of Clq was isolated from purified
Clq by pepsin digestion as described in ref 29 and im-
mobilized on CNBr-activated Sepharose; then, the antibodies
specific for the CLR of Clq were isolated from rabbit anti-
human C1q polyclonal antibodies by affinity chromatography
on the resulting matrix as described previously (30).

Single-Chain Antibodies. Clones secreting C1g-specific
single-chain antibodies scFv3(V) and scFv10(V) were gener-
ated from large human Vaughan (V) library and kindly
provided by G. Winter (MRC Center for Protein Engineering,
Cambridge, U.K.). Recombinant scFv antibodies were puri-
fied using metal (Ni) affinity chromatography (31).

Site-Directed Mutagenesis and Cloning of Single-Residue
Substitution Mutants of ghA, ghB, and ghC. A number of
single-residue mutants of the recombinant globular modules
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of the Clq A, B, and C chains, which have been generated
recently, were used (17, 23, 24). The mutant Lys*?*Glu was
generated by site-directed mutagenesis using an overlapping
PCR approach (32). The PCR products incorporating the new
mutation were digested with Xbal and HindIII and subcloned
into the pMal-c2 expression vector (New England Biolabs,
Beverly, MA). The following custom-made primers (Invit-
rogen, Paisley, U.K.) for Lys*?®Glu were used to generate
the mutation: FP primer, CCAACAAGGGTCACATTTAC-
CAGGGCT; and RP primer, CTCAGAGCCCTGGTAAAT-
GTGACCCTTGTTGG. The sequence of the mutant was
confirmed by automated DNA sequencing (ABI Prism 3100
analyzer; Applied Biosystems) using bacteriophage M13 and
MBP-specific malE primers.

The mutant Lys*?Glu was used to study the contribution
of Lys?? to IgG and IgM binding. Mutants Lys®'7°Glu and
HisC!%"Ala were used to determine the role of Lys¢!7°
and His'”' in IgM binding. Mutants Arg”!'%?Ala/Glu,
LysA?Glu, His®'?' Ala, Arg®'*°Ala/Glu, and Lys®'7°Glu were
used for characterization of the epitope for scFv3(V), and
mutants Arg®'%Glu, Arg®'®Glu, Arg®!'*Ala/Glu/Gln, His®''7Ala/
Asp, ArgP'?Ala/Glu, ArgB!3Ala/Glu, and Tyr®'Leu were
used for characterization of the epitope for scFv10(V).

Intracellular Expression and Purification of the Wild Types
and Substitution Mutants of Recombinant ghA, ghB, and ghC
Modules. The recombinant globular head regions of the wild-
type (WT) A chain (ghA, residues 88—223), B chain (ghB,
residues 90—226), and C chain (ghC, residues 87—217) and
their corresponding mutants were expressed in Escherichia
coli as fusion proteins linked to MBP and purified using
amylase resin-based affinity chromatography (/0). The
expressed proteins were additionally purified by ion-exchange
chromatography on Q-Sepharose (23). Mutant LysA?°Glu
was tested using an ELISA for its ability to bind polyclonal
human Clg-specific antibodies and anti-MBP monoclonal
antibodies.

ELISA for Detection of the Interaction of Recombinant
WT ghA and WT ghC and Their Substitution Mutants with
HAIgG or IgM. The microtiter wells were coated overnight
at 4 °C with either HAIgG or IgM in sodium carbonate buffer
(pH 9.6), washed with phosphate-buffered saline (PBS)
containing 0.05% (v/v) Tween 20 (PBST), and then blocked
for 2 h at 37 °C with PBS containing 2% (w/v) BSA. Next,
different concentrations of recombinant WT ghA or WT ghC
or their corresponding mutants were added to the wells and
incubated for 2 h at 37 °C. After being washed with PBST,
the wells were incubated with mouse anti-MBP antibodies
for 1 h at 37 °C, and the amount of bound recombinant
protein was detected with a rabbit anti-mouse IgG—HRP
conjugate (2 h at 37 °C). The color was developed using
OPD as a substrate system. MBP was used as a negative
control protein. The data are given as the means of three
experiments + the standard deviation (SD).

Competitive ELISA. The inhibitory effects of mutant
proteins on the interactions between recombinant globular
fragments ghA (and ghC) and HAIgG or IgM were examined
as follows. ELISA plates were coated with WT ghA or WT
¢hC, then blocked, and washed. A fixed amount of HAIgG
(or IgM) and different amounts of mutants were added to
the wells. The amount of bound HAIgG or IgM was detected
with a goat anti-human IgG—HRP conjugate or a goat anti-
human IgM—HRP conjugate, respectively. Alternatively, a
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competitive ELISA was set up to test the inhibitory effect
of mutants on Clq—HAIgG or Clq—IgM interactions.
ELISA plates coated with HAIgG or IgM were incubated
with C1q mixed with recombinant proteins for 2 h at room
temperature. Then the amount of bound Clq was detected
with rabbit polyclonal antibodies, specific for the CLR of
human C1q and anti-rabbit IgG—HRP conjugate. The inhibi-
tion of Clq binding, reached by the WT ghA or WT ghC at
a concentration 100 ug/mL, was considered to be 100%, and
the inhibitory activity of the mutants was compared to this
value. The data included are the means £ SD of triplicate
measurements.

Inhibition of Clq-Dependent Hemolysis by WT ghA or WT
ghC or Their Mutants. Sheep red blood cells (SRBC),
sensitized with hemolysin-derived IgG (EAyg) or IgM
(EAjgm) (107 cells per 100 uL), were prepared in DGVB?*
[dextrose gelatin veronal-buffered saline containing 0.15 mM
CaCl,, 0.5 mM MgCly, 2.5% (w/v) glucose, and 0.1% (w/v)
gelatin (pH 7.4)]. Reconstitution of Clq deficient serum (1/
40 dilution in DGVB?") with 1 ug/mL purified human Clq
was sufficient to lyse >90% of the sensitized SRBC. This
concentration of human Clq was subsequently used in the
assay described below. To determine if the pretreatment of
EAjyg or EAjgv with recombinant modules or mutant proteins
could protect EA,g and EAgy from Clg-mediated hemoly-
sis, aliquots of 100 uL of EAjg or EAgy cells (107 cells)
were preincubated for 1 h at 37 °C with different amounts
of recombinant modules or their mutants (1.25, 2.5, 5, and
10 ug per tube) in DGVB?*, Cells were centrifuged, and
the pellet was washed and resuspended in 100 uL of
DGVB?*. Each aliquot of pretreated EAjyg (or EAjpm) cells
was added to a mixture composed of 1 ug of Clq in 10 uL.
of DGVB?" buffer, 2.5 uL of Clg-deficient serum, and 87.5
uL of DGVB?*. Following incubation for 1 h at 37 °C, the
reaction was stopped by transferring the tubes on ice and
adding 600 uL of ice-cold DGVB?'. The unlysed cells were
pelleted by centrifugation, and the ODy;, of 100 uL aliquots
of the supernatant was red. Total hemolysis (100%) was
estimated as the amount of hemoglobin released upon cell
lysis with water. The C1g-dependent hemolytic activity was
represented as a percentage of the total hemolysis. MBP was
used as a negative control protein.

ELISA for Binding of Clg-Specific ScFv Antibodies to
Individual Clq Globular Head Modules and Their Mutants.
Microtiter wells were coated overnight at 4 °C with the
recombinant proteins (WT or their corresponding mutants)
at 10 ug/mL in sodium carbonate buffer (pH 9.6), washed,
blocked, and then incubated (37 °C for 2 h) with different
concentrations of scFv3(V) or scFv10(V). After three rounds
of washing with PBST, the amount of bound scFv was
probed with a mouse monoclonal ME9A10 antibody (2 h at
37 °C), followed by the rabbit anti-mouse IgG—HRP
conjugate. The color was developed using OPD as a
substrate. OD49, was measured. MBP was used as a negative
control protein. The data are given as the means of three
experiments + SD.

ELISA for Detecting the Interaction of scFv3(V) and
scFvl0(V) with HAIgG- and IgM-Bound Human Clgq. The
ELISA for the interaction of HAIgG- or IgM-captured Clq
with Clg-specific scFv antibodies were performed as de-
scribed previously (33). Briefly, microtiter wells were coated
with Clq, washed and blocked, and allowed to interact with
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FIGURE 1: HAIG and IgM binding of WT ghA and WT ghC and their corresponding mutants LysA?®Glu, His¢!?! Ala, and Lys¢!7°Glu. (a) Direct
ELISA for HAIgG binding of ghA or the Lys*?*Glu mutant. WT ghA and the Lys*?*Glu mutant were incubated at different concentrations
(0.125—1.5 ug/well) with HAIgG-coated microtiter wells (1 ug/well). (b) Direct ELISA for IgM binding of ghA and Lys*?®Glu. Recombinant
globular head proteins (0.125—1.5 ug/well) were incubated with IgM-coated microtiter wells (2 ug/well). (c) Direct ELISA for IgM binding of
ghC or the HisC'?'Ala or Lys®7°Glu mutant. Different concentrations of WT ghC and mutants (0.125—1.5 ug/well) were incubated with IgM-
coated wells (2 ug/well). Mouse anti-MBP antibodies and rabbit anti-mouse IgG—HRP conjugate probed the amount of bound recombinant
protein. MBP was used as a negative control protein. The data are shown as means £ SD of triplicate measurements.

either IgM or HAIgG for 2 h at 37 °C. After the wells had
been washed, scFv antibodies were added and incubated for
2 h at 37 °C. The amount of bound scFv was detected as
described above. The value for scFv binding to Clq alone
was considered to be 100%. The data are given as the means
of three experiments = SD. MBP was used as a negative
control protein.

RESULTS

Bacterial Expression and Purification of Substitution
Mutants of ghA, ghB, and ghC. To examine the contribution
of single amino acid residues from the gClq domain to the
recognition of C1q ligands, a number of mutants of individual
recombinant gC1q modules were generated, using PCR-based
site-directed mutagenesis. All the mutants were expressed
and purified as previously described (10, 11, 23, 24). The
purified proteins reacted immunologically with human Clg-
specific antisera (data not shown), indicating that no signifi-
cant changes in their antigenic structure appeared due to the
single residue replacement.

Specificity-Determining Residues in the Globular Frag-
ments of A and C Chains. To understand if residues residing
within the apical surface of the gC1q domain and belonging
to ghA and ghC were involved in the interactions with IgG
and IgM, we examined the HAIgG and IgM binding ability
of WT ghA and WT ghC and their corresponding substitution
mutants LysA?®Glu, His®!?!Ala, and Lys®'7°Glu. The binding
curves of WT ghA and mutant Lys*?®Glu with immuno-
globulins are shown in Figure 1a,b. In all cases, the binding
was dose-dependent. With an increase in the amounts of WT
or mutant recombinant proteins added to the ELISA wells,
an increased level of binding was detected. The ligand
binding activity of the mutant was significantly lower than
that of WT ghA, reaching ~80% for HAIgG binding and
~72.5% for IgM binding. To estimate the inhibitory ability
of the Lys*?®Glu mutant, two types of competitive ELISAs
were used. First, different concentrations of WT ghA or
mutant Lys??®Glu were allowed to compete with a fixed
amount of Clq for binding solid phase HAIgG or IgM.
Mutant ArgA?®Glu was a less potent inhibitor than ghA.
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Table 1: Inhibitory Potentials of Mutant Forms of ghA and ghC on
Clq—HAIgG and Clq—IgM Interactions”

inhibition of
Clq—IgM binding (%)

inhibition of
Clq—HAIgG binding (%)

inhibitor
(10 ug/well)

ghA 100 + 0.5 100 £ 1.2
Lys"?0Glu 784 +23 71.1+£24
ghC 100 +£2.2 100+ 1.1
HisC'9"Ala 97.1 £1.9 91.3+£2.6
LysC!Glu 80.1 £2.4 67.4+£29

“Clq (1.5 ug/well) and recombinant proteins (10 ug/well) were
co-incubated with ELISA plates coated with HAIgG (1 ug/well) and
IgM (2 ug/well), respectively. The polyclonal anti-CLR antibodies
detected bound Clq. The inhibition of Clq binding, measured with WT
ghA or WT ghC, was considered to be 100%.

When compared to that of WT ghA, the inhibition by the
mutant reached ~78.4% for the C1q—HAIgG and ~71.1%
for the C1q—IgM interaction (Table 1). Similar results were
obtained in the alternative type of competitive ELISA, where
Lys*?™Glu was allowed to compete with WT ghA for
binding of HAIgG (or IgM) (data not shown).

Like LysA2%, HisC!%! and Lys®!7° are located in the apical
area of Clq. To determine their importance for binding of
IgM, the two mutants His®'®'Ala and Lys®'°Glu were
compared to WT ghC (Figure 1c). ghC and the mutants
bound IgM in a dose-dependent manner. The substitution
of His®'%" with Ala did not lead to any significant changes
in IgM binding activity (10% reduction). Unlike His®'%'Ala,
the substitution of Lys®!”? with Glu resulted in significantly
weaker IgM binding (<68%). The inhibitory potential of the
two mutants on the interaction of immunoglobulins with Clq
or WT ghC was tested in a competitive ELISA. The obtained
results correlate well with the data from the direct binding
assays (see Table 1). The significance of Lys*?Glu,
His®%!Ala, and Lys®!"°Glu substitutions was also examined
with a Clqg-dependent hemolytic assay. In comparison to
~68% inhibition of Clg-dependent hemolysis of EA by
WT ghA at the maximum concentration used (10 x«g), mutant
Lys*?®Glu was the weaker inhibitor (~48%) (Figure 2a).
For EAyy cells, the inhibitory activity of WT ghA was found
to be ~51%, as compared to ~18% inhibition of hemolysis
by Lys*?™Glu (Figure 2b). MBP did not interfere with Clg-
dependent hemolysis. When WT ghC and mutants His®!?' Ala
and Lys®7%Glu were tested in a hemolytic assay for EAgm
cells, the inhibition of hemolysis by WT ghC and His®'?' Ala
was almost equal and reached up to ~50%, while mutant
LysC'°Glu was a weaker inhibitor with less than 19%
inhibition (Figure 2c).

Binding of scFv3(V) to ghA and ghC and Their Corre-
sponding Mutants. Since it has been shown that scFv3(V)
binds individual recombinant globular fragments of A and
C chains (22), the effect of point mutations within ghA
and ghC on scFv3(V) binding was analyzed. WT ghA and
mutants ArgA'®?Ala and Lys*?*Glu (Figure 3a) or WT ghC
and mutants His®!"' Ala, ArgC!"Ala, and Lys®'7°Glu (Figure
3b) were tested for scFv3(V) binding. It was found that only
the replacement of Lys®'7° with Glu led to a significant
reduction in the antigenicity of WT ghC (up to ~23%).

Binding of scFvlO(V) to ghB and Its Corresponding
Mutants. scFv10(V) has previously been identified as a B
chain-specific antibody (22). To narrow down the location
of its epitope within the B chain, the binding of scFv10(V)
with WT ghB and mutants Arg®'%Glu, ArgB'®Glu, ArgB'"“Glu/
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Ala, HisB!"7Ala/Asp, ArgB!'?Glu/Ala, ArgB'®Glu/Ala, and
TyrB1PLeu was tested (Figure 3c). A significant reduction
in the level of scFv10(V) binding was found for mutant
ArgPl%Glu (~35%) and even more remarkably for
ArgP'®Glu (~46%). The other mutations caused small
(11—14% for ArgP'? and ArgB!'*) or negligible reduction
(<10% for HisB'"7, ArgB!%3, and TyrP!”) in the level of
antibody binding.

Binding of scFv3(V) and scFvi0O(V) to the Complexes of
Clq with HAIgG and IgM. We compared the binding abilities
of these single-chain antibodies with respect to preformed
Clq—HAIgG and Clq—IgM complexes. When scFv10(V)
was incubated with Clq captured with immunoglobulins, a
significant reduction in its level of binding to Clq was
observed (Figure 4). This reduction reached up to 88% for
IgM-captured Clq and was even more significant (~95%)
for HAIgG-captured C1q. The obtained results suggest that
the epitope of scFv10(V) became hindered after the interac-
tion of the ligand (IgG or IgM) with Clq. A different effect
was observed when scFv3(V) interacted with the C1q—HAIgG
or C1q—IgM complex: scFv3(V) bound almost equally well
to HAIgG-captured C1q and C1q alone, whereas its level of
binding to IgM-captured Clq was significantly reduced
(~42%), indicating that the epitope of scFv3(V) is not
involved in the final formation of, at least, the Clq—HAIgG
complex.

A summary of the characteristic binding features of
scFv3(V) and scFv10(V), based on data reported here and
previously described (22, 33, 34), is presented in Table 2.

DISCUSSION

In this study, we have attempted to provide first experi-
mental evidence supporting the notion that the interaction
of Clq with the majority of its negatively charged targets is
a two-step process, which includes an initial binding of
residues residing within the gC1q apical area, Ca>*-facilitated
rotation of gClq, and subsequent final binding by residues
located within the exposed side surface of the B chain.

We have investigated, for the first time, the contribution
of Lys#?™Glu to binding of both HAIgG and IgM, and the
contribution of His®!°'Ala and Lys®'7°Glu to IgM binding.
The investigated residues are located within the Clq apical
surface; they are well-exposed to the solvent and belong to
the highly variable residues within the gClq domain as
revealed when ghA, ghB, and ghC sequences were aligned
with the other gClg-containing C1q family members using
ConSurf (5). It is expected that such residues are functionally
critical for their ability to form binding sites on the gClq
domain. According to the crystal structure, molecular model-
ing of the C1q—IgG complex, bioinformatics, and in silico
mathematical calculations of electric moments (12, 14), it
has been predicted that Lys*?® is important for CRP binding
and that His®'°! participates in the interaction with
HTLV-1 (12, 5). Recently, it was shown that Lys®'7" is
involved in binding of IgG1 (/7). The mutational analysis
reported here revealed that both Lys*?® and Lys®'"° are
differentially important for binding IgG or IgM, while His®!%!
does not participate in binding of either immunoglobulin.
The contribution of Lys*?® and Lys®'”° is more significant
for IgM binding than for IgG binding. The substitution of
LysA? with Glu resulted in a reduction in the level of
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FIGURE 2: Inhibition of Clq-dependent hemolysis of SRBC sensitized with IgG (a) or IgM (b and c) by WT ghA, WT ghC, or their
corresponding mutants. SRBCs (1 x 107 cells in 100 uL of DGVB?*) sensitized with (a) IgG (EAj.g) or (b and ¢) IgM (EAjpm) were
pretreated with various concentrations of WT ghA, Lys*?®Glu, WT ghC, His®'%'Ala, or Lys®!7°Glu for 1 h at 37 °C. After reconstitution
of Clg-deficient serum, the reaction was stopped, nonlysed cells were pelleted by centrifugation, and ODy;, values of the supernatants were
read. Total hemolysis (100%) was taken as the amount of hemoglobin released upon cell lysis with water. The C1q-dependent hemolytic
activity was expressed as a percentage of the total hemolysis. The means of three experiments are shown.

binding of ~20% for IgG and ~27% for IgM. The substitu-
tion of Lys®!”" with Glu lead to a reduction in the level of
binding of ~31% for IgM (this study) and ~21% for I1gG
(11). Taken together, the data reported here and recently (/1)
demonstrated that three residues from the apical area of Clq
and located within all three C1q chains, namely, Lys*?® from
the A chain, Tyr®'” from the B chain, and Lys®!'”° from the
C chain, take part in the interaction with immunoglobulins.
These results correlate well with analysis of the IgG binding
activity of individually expressed recombinant globular
fragments of Clq (9, 10) and biophysical analysis (25) but
do not correlate with the molecular model of the C1q—IgG
complex, postulating that only residues from the B chain,
located within the side surface of gC1q domain, are engaged
in the binding of 1gG (12).

Recently, it was found (/4) that the exposed Ca?" within
the gC1q heterotrimer influences primarily the target recog-
nition properties of Clq toward IgG, IgM, CRP, and PTX3.
At pH 7.4, the loss of Ca®>" leads to changes in the direction

of the electric moment from the gC1q apical surface toward
the equatorial side of the B chain, perpendicular to the
molecular axis. Thus, two surfaces (the apical and the side
exposed surface of ghB) can be defined with potential
importance for target recognition and binding. It can be
proposed that during the interactions of Clq with target
molecules, Ca?t is attracted by negatively charged Clq
binding sites of the target, which in turn leads to reorientation
of gClq around ArgP!® and ArgP!® (14). The localization
of ArgB'%® and ArgP!® at the apical surface of Clq as well
as at the side surface of the B chain allows the rotation
around them without separating Clq from the target.
Therefore, these two residues should have special importance
for the interactions of the gC1q domain with its ligands. The
finding that three residues (Lys*?®, Tyr®!7, and Lys®'"?) from
any of the three chains are involved in interaction with IgG
and IgM led us to the assumption that they are initially
involved in the interaction with the target. Subsequent
molecular rotation around Arg®'%® and ArgP!® may lead to
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FIGURE 3: Interaction of scFv3(V) and scFv10(V) with wild-type ghA, ghB, and ghC and their corresponding mutants. (a) scFv3(V) binding
to ghA or mutant ArgA'92Glu or Lys#?%Glu was analyzed with an ELISA. Microtiter wells were coated with ghA or Lys*?®Glu at a density
of 1 ug/well and incubated with scFv3(V) at different concentrations (0.125—1.0 ug/well). (b) scFv3(V) binding to ghC or mutant HisC1*'Ala,
ArgC>°Glu, or Lys®'7°Glu was examined with an ELISA. WT ghC or mutants were coated at a density of 1 ug/well and incubated with
scFv3(V) at different concentrations. (c) scFv10(V) binding to ghB or mutant ArgB!%Glu, ArgB'®Glu, ArgB!*Glu, ArgB'?Glu, ArgB!®Glu,
and TyrB!75Leu was examined with an ELISA. Microtiter wells were coated with WT ghB or mutants at a density of 1 ug/well and incubated
with scFv10(V) at a density of 0.125—1.0 ug/well. The amount of bound recombinant scFv was probed with mouse monoclonal antibody
ME9A10 and rabbit anti-mouse IgG—HRP conjugate. The color was developed using OPD as a substrate. OD4g, was measured. MBP was
used as a negative control protein. The data are given as the means of three experiments £+ SD.

disruption of few bonds, while other bonds can be formed
with the residues residing within the equatorial side surface
of the B chain (/4). If this is the case in the Clq—IgG
interaction, it appears that the molecular modeling of the
C1q—IgG complex (/2) deals with the final complex between
these two molecules, and not with the initial stage of their
interaction.

Since it has been difficult to generate recombinant forms
of ghA, ghB, and ghC held together as one structure to fully
represent native conditions, we expressed individual recom-
binant globular head regions of Clq, and we generated point
mutations within each of them. The interpretation of the
results from mutational analysis reported here and recently
(11, 23, 24, 26) is based on the finding that the wild types

of the individually expressed recombinant gClq modules
were functionally active (9, 10). However, the possibility
that some of the residues important for target interaction of
individual C1q heads could be inaccessible within the native
Clq molecule cannot be ruled out.

To validate conclusions derived from mutational analysis,
we used a very important tool, two gC1qg-specific antibodies
[scFv3(V) and scFv10(V)], previously reported as potent
inhibitors of C1q—IgG and C1q—IgM interactions (22). The
binding characteristics (see Table 2) of these antibodies
indicated that scFv3(V) binds two individually expressed
gClq modules, ghA and ghC, while scFv10(V) binds ghB
only. Analysis of the interactions of scFv3(V) with the
mutants of ghA and ghC indicated that its epitope is located
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FIGURE 4: Interaction of scFv3(V) and scFv10(V) with HAIgG- or
IgM-captured Clq. HAIgG (1 ug/well) or IgM (2 ug/well) was
allowed to interact with Clqg-coated microtiter wells (1 ug/well)
for 2 h at 37 °C, washed, and blocked. Wells were incubated with
scFv antibody at a density of 1 ug/well for 2 h at 37 °C. The amount
of bound scFv was detected as in Figure 3.

Table 2: Summary of the Features of Human C1q-Specific Recombinant
scFv3(V)* and scFv10(V)? Antibodies (based on this study and refs 22,
33, and 34)

clone secreting Clqg-specific scFv

characteristic binding

feature of scFv scFv3(V) scFvI10(V)
Clq binding (%) 100 100
reduction of C1q—HAIgG 2.8 95.5
complex binding (%)
reduction of C1q—IgM 42 88.6
complex binding (%)
globular domain binding + +
collagen domain binding - -
Clq, Western blot - —
inhibition of hemolysis + +
¢hA binding + -
¢hB binding - +

¢hC binding +

“Lys®70 is an important constituent of the scFv3(V) epitope.
b ArgB!% and ArgP!® are essential components of the scFv1O(V)
epitope.

within the apical surface of the gC1q domain with participa-
tion and the important contribution of Lys¢!"0, Tt is still
unclear whether scFv3(V) binds a shared epitope formed by
the participation of residues from both ghA and ghC, or
similar epitopes located within the A and C chains of Clq.
However, when scFv3(V) was allowed to interact with the
preformed C1q—HAIgG complex, no significant changes in
Clq binding were found. This finding is very important since
the epitope for scFv3(V) is located within the gC1q apical
surface, and not within the side-exposed part of ghB.
Therefore, we can conclude that this epitope is only initially
engaged in the interaction between Clq and IgG and does
not participate in the formation of the final complex of Clq
and HAIgG. Once the latter is formed, the epitope for
scFv3(V) becomes available for interaction, and scFv3(V)
binds Clq even after formation of the C1q—HAIgG complex.

Using a range of single-residue mutants of ghB, we
identified the location and main components of the epitope
for scFv10(V). This epitope resides within the overlapping
area between the apical surface of Clq and the exposed
surface of the B chain, and ArgP'%® and Arg®'® are its main
constituents. When the ability of cFv10(V) to bind the
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Clq—HAIgG complex was examined, it was found that the
scFv10(V)—Clq interaction is almost completely blocked.
This result supports the idea that the interaction of C1q with
IgG is a process developing in phases. During the first phase,
residues located within the gC1q apical surface and residing
within the three chains are involved. After a Ca?*-dependent
reorientation of the gC1q domain occurs, residues from only
the side part of the ghB module participate in the formation
of the Cl1q—IgG complex. Since ArgP'%® and ArgB'® are
located on the border between both surfaces, and the rotation
around them could occur without tearing C1q from the target,
these residues are able to interact during the initial recogni-
tion as well as during the final binding.

The mutational analysis revealed that the IgM binding site
on gClq appears to involve all three chains (/0). In the
absence of any modeling study on the interaction of Clq
with IgM, this is an interesting step forward. Mutational
analysis (26) has identified several residues from the ghB
module (ArgP'%®, ArgB!® and TyrB'”) as being important
for this interaction. Residues that were previously identified
as important for IgG binding (ArgP''4, HisB!'7, ArgB!?, and
ArgB'9) do not participate in the formation of the IgM
binding site on Clq. The significant contribution of two
lysines (Lys*?% and Lys¢!) reported here supports the
suggestion that residues from the apical surface of the gClq
domain residing within ghA, ghB, and ghC are involved in
binding of IgM. It seems that Clq initially interacts with
both IgG and IgM via the differential involvement of the
same residues (namely, LysA?%, TyrB!75, and Lys®'7%). When
scFv3(V) and scFv10(V) were tested for their ability to bind
the preformed C1q—IgM complex, it was found that the level
of scFv3(V) binding was significantly reduced (42%), and
reduction of the scFv10(V) binding ability is even more
dramatic (88.6%). These results are more complicated to
explain because scFv3(V) is not a chain-specific antibody
and we cannot determine whether it interacts with one epitope
on the apical area of Clg or binds similar antigenic
determinants. Furthermore, IgM has more than one Clq
binding site, and only some of them could be engaged in
the interaction with Clq. We also have to take into
consideration the fact that the geometry of IgM does not
allow binding similar to that of IgG. Whatever the reason
for the reduction of the level of scFv3(V) binding after the
formation of the C1q—IgM complex, this result indicates that
IgG and IgM binding sites differ despite the fact that during
the initial interaction Clq recognizes IgM and IgG via the
same area, and probably via the same residues. This finding
does not rule out the proposed rotation of Clq around the
ArgBlB8—ArgBl® axis and the involvement of residues
different from or in addition to those engaged in the initial
interaction with IgM. The localization of these residues may
be in the proximity of the epitope for scFv3(V).

In conclusion, the interaction of C1q with immunoglobu-
lins appears to proceed initially via differential involvement
of residues residing within the apical area of gC1q, and final
binding via residues from the exposed side part of ghB (for
IgG), or residues located near the epitope for scFv10(V) (for
IgM) (Figure 5). The findings that scFv3(V) and scFv10(V)
differentially bind complexes between C1q and both immu-
noglobulins (IgG or IgM), taken together with the different
locations of their epitopes (within the C1q apical surface or
within the ArgP'%®—ArgP!% area), provide hints for solving
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a)

FIGURE 5: Schematic representation of the proposed model of the
interaction of gClq with IgG and IgM. (a) Initial recognition of
IgG and IgM via residues located within the apical surface of gClq.
(b) Final binding via residues from the exposed side surface of the
B chain (for IgG binding) or residues from the apical surface of
¢Clq located near the ArgBl%—ArgBl® area (for IgM). (c)
Specificity-determining residues in gC1q are sorted on the basis of
their position within the apical and side surfaces of gClq. The
proposed overlapping region of IgG and IgM binding sites on Clq
is indicated with an arrow. The apical surface of gClq is indicated
with a dashed line; the side-exposed surface of the globular fragment
of the B chain is underlined with a solid line, and the proposed
site of rotation around ArgP!% and ArgP!? is shown with a hatched
line.

the puzzle of how it is possible that residues from the top of
the C1q molecule and residues from the side surface of the
B chain are involved in the interaction of C1lq with specific
ligands. Furthermore, the reported results highlight a possible
mechanism for activation of Clr. It has been proposed (35)
that the signal that triggers Clq activation in Cl is a
mechanical stress transmitted through the C1q—Clr—Cls
interface from the Clq stem to the Clr catalytic region when
Clq binds targets. The presented data support the suggestion
that the Ca?"-facilitated rotation of the gClq fragment after
binding to negatively charged target causes this very me-
chanical stress, which in turn induces the necessary confor-
mational changes in the CLR of Clq required for the
formation of active Clr.
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