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Abstract
C1q is a versatile recognition protein which binds to a variety of targets and consequently triggers
the classical pathway of complement. C1q is a hetero-trimer composed of three chains (A, B and C)
arranged in three domains, a short N-terminal region, followed by a collagenous repeat domain that
gives rise to the formation of (ABC) triple helices, each ending in a C-terminal hetero-trimeric
globular domain, called gC1q, which is responsible for the recognition properties of C1q. The
mechanism of the trimeric assembly of C1q and in particular the role of each domain in the process
is unknown. Here, we have investigated if the gC1q domain was able to assemble into functional
trimers, in vitro, in the absence of the collagenous domain, a motif known to promote obligatory
trimers in other proteins. Acid-mediated gC1q protomers reassembled into functional trimers, once
neutralized, indicating that it is the gC1q domain which possesses the information for trimerization.
However, reassembly occurred after neutralization, only if the gC1q protomers had preserved a
residual tertiary structure at the end of the acidic treatment. Thus, the collagenous domain of C1q
might initialize the folding of the gC1q domain so that subsequent assembly of the entire molecule
can occur.
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1. Introduction
The classical pathway of complement is one of the routes of innate immunity, and is triggered
by C1, a multi-molecular complex which combines the ability to bind pathogens and to convert
a recognition signal into specific proteolytic activities [1]. As the recognition subunit of C1,
C1q is the first player in the complement cascade and is able to recognize a plethora of different
targets, including viruses, bacteria and even misfolded proteins such as amyloid and prions
[2–7]. Though, the mechanism of such versatile recognition is unknown, it is clearly related
to the structure of C1q which is a heterotrimer comprising three chains, A, B and C of similar
lengths (~220 residues) and of homologous amino acid sequences. Each chain comprises a
short N-terminal region, involved in the formation of A–B and C–C inter chain disulfide bonds,
followed by a repeating collagen-like sequence which assembles into six ABC triple helices.
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These six triple helices first associate to form a “stalk” and then, due to interruptions in the
repeating Gly-Xaa-Yaa collagen-like sequence, diverge to form six “arms” [8,9]. Each arm
merges at its C-terminal end into a globular “head” region consisting of ABC heterotrimers,
known as gC1q and responsible for the recognition properties of C1q [10–12]. The C-terminal
domains assembled from gC1q modules are also found at the C-terminal end of various other
collagen-containing proteins such as types VIII and X collagens and adipocyte complement-
related protein-30 [12,13]. These proteins share similar macromolecular organization with
C1q, i.e. a short N-terminal domain followed by collagenous repeats forming triple helices and
ending with a trimeric globular C-terminal domain. The folding and the assembly processes
leading to the formation of such a complex structure has not been addressed on the full-length
protein, but for some members of the family, the C-terminal domain expressed in bacterial
system or synthetic peptides from the C-terminal domain have been shown to trimerize in vitro
[14,15]. In those cases, the sequence of the C-terminal domain contains the information
required for trimerization and the domain constitutes an independent folding unit, or a so-called
foldon. Interestingly, these proteins also contain the collagen-like triple helix, which is one of
the few 3D-assembly motifs known to trigger obligatory trimerization [16,17]. Therefore, for
the C1q molecule, it remains to be established if it is the C-terminal domain or the collagenous
repeats domain which triggers the assembly of the entire C1 molecule. We addressed this
question by using the heterotrimeric C-terminal domain of C1q (gC1q) which had been
separated from the collagenous repeats by a collagenase treatment. The X-ray structure of
human gC1q shows that it is stable as a trimer [18], indicating that whatever roles the
collagenous repeats might have in the assembly process, maintaining the gC1q trimeric
association is not one of them. In the present work, a protocol has been established to
disassemble in vitro the gC1q trimer so that its subsequent ability to reassemble, upon
neutralization, could be investigated. After various acidic treatments and subsequent
neutralization, the structural states of gC1q have been analyzed using different spectroscopic
methods and its stoichiometry has been determined by chemical cross-linking experiments
coupled with SDS-PAGE (Sodium dodecyl-sulfate polyacrylamide gel electrophoresis)
analysis. The data show that the gC1q modules have the ability to self-assemble into functional
trimers, only if some residual tertiary structure is maintained at the end of the dissociation
phase.

2. Materials and methods
2.1. Reagents and buffers

Type III collagenase from Clostridium histolyticum and human IgG purified from serum were
obtained from SIGMA as well as all other chemicals. The buffers used were McIlVaine buffer
(0.2 M di-sodium hydrogen phosphate, 0.1 M citric acid) at pH 3–7 and 0.1 M HCl/KCl at pH
1.0 or 1.7. All buffers were filtered through a sterile 0.22 µM filter before use.

2.2. Purification of the C1q globular domain
The globular domain of human C1q was generated essentially as described by Tacnet et al.
[6]. Briefly, C1q was treated with collagenase (C1q:collagenase ratio=15:1, w/w) for 16 h at
37 °C and purification was achieved by high-pressure gel permeation on a TSK-G2000 SW
column (LKB).

2.3. Production of recombinant gC1qR
The strategy for the construction of a plasmid containing the full-length gC1qR cDNA was
described in detail previously [19,20]. Briefly, the cDNA was subcloned downstream of the
glutathione-S-transferase (GST) gene in the expression plasmid pGex-2T (Pharmacia Biotech
Inc.), transformed into Escherichia coli BL-21 (DE3) and protein expression was induced by
isopropyl β-D-1 thiogalacto pyranoside. The protein was expressed as a GST fusion product

Tacnet et al. Page 2

Biochim Biophys Acta. Author manuscript; available in PMC 2009 July 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



with GST at the N-terminus of gC1qR. The fusion product was purified on a glutathione-
Sepharose 4B column, then cleaved by thrombin and the GST-free gC1qR was purified by
FPLC using a Mono-Q ion exchange column. The single peak containing gC1qR was pooled,
concentrated to about 1 mg/ml, and stored at −80 °C.

2.4. N-terminal sequence analysis
N-terminal sequence analysis of the purified C1q globular domain was performed after SDS-
PAGE and electrotransfer using an Applied Biosystems model 477 A protein sequencer as
described previously [21].

2.5. SDS-PAGE analysis
SDS-PAGE was performed on 15% gels using a Bio-Rad mini-Protean 3 cell system according
to Laemmli [22]. Samples containing about 1 µg protein were loaded in each well and gels
were silver stained.

2.6. Fluorescence spectroscopy
Fluorescence measurements were performed using a Cary eclipse Varian spectrofluorimeter.
Both Tyr and Trp residues were excited at wavelength 280 nm whereas selective excitation of
Trp residue was performed at wavelength 295 nm. Slit widths were 5 nm for both excitation
and emission. When emission spectra were recorded, the Raman contribution for water was
removed by subtraction of a buffer blank. When time-dependent changes in the Trp-
fluorescence of gC1q were monitored, the fluorescence intensity was recorded at an emission
wavelength of 344 nm. The gC1q trimer contains three tryptophans, two in the A protomer and
one in the C protomer. It also contains 20 tyrosine residues, five in the A protomer, seven in
the B protomer and eight in the C protomer. Protein samples were directly added to the cuvette
containing appropriate buffer at a final protein concentration of 75 µg/ml, otherwise stated.
The measurement was started at once and taken for 30 min. The dead time of the instrument
is a few seconds (<10 s). The experiments were carried out at 23 °C. Samples were collected
at different times of the kinetics of denaturation and of renaturation for subsequent analysis of
their trimeric state by chemical cross-linking and SDS-PAGE.

2.7. Circular dichroism (CD)
Circular dichroism spectra were recorded on a Jasco J810 spectropolarimeter. A cell with a
path length of 0.1 cm, a spectral band width of 4 nm, and a time constant of 1 s were used, and
each spectrum was recorded as an average of 4 scans. Circular dichroism measurements were
made on samples diluted from a protein stock solution in McIlVaine buffer at pH 7.0 or at pH
5.0 and in 0.1 M HCl KCl buffer at pH 1.7 to a final protein concentration of 0.2 mg/ml. Samples
were mixed directly in the cuvette and scans were taken immediately. The Far-UV spectra of
the samples were scanned again, after further 15 min incubation at each pH. The dead time of
the instrument is a few seconds (<5 s). The experiments were performed at 23 °C.

2.8. Denaturation of the C1q globular domain
Native gC1q trimer (0.9 mg/ml) was diluted to a final protein concentration of 75 µg/ml in 0.1
M HCl/KCl at pH 1.7 or at pH 1.0 or in McIlVaine buffers at pH ranging from 3.0 to 7.0 and
incubated for 15 or 30 min at 23 °C. The pH of the samples was measured with a microelectrode.

2.9. Renaturation of the C1q globular domain
Renaturation was performed after acidification either at pH 1.7 or at pH 5.0, followed by
neutralization to provide renaturation conditions. For the treatment at pH 1.7, the gC1q native
trimer (0.9 mg/ml) was diluted two-fold in 0.1 M HCl/KCl at pH 1.0 for 10 s, 2 min and 15
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min followed by a 6-fold dilution in the McIlVaine buffer at pH 7.0. For the treatment at pH
5.0, the gC1q native trimer (0.9 mg/ml) was diluted two-fold in McIlVaine buffer at pH 5.0
for 10 s, 30 s or 15 min, followed by a 6-fold dilution in the McIlVaine buffer at pH 7.0. To
test the role of the buffer in the denaturation and renaturation processes, the gC1q native trimer
was diluted two-fold in PBS containing 0.1 M HCl/KCl at pH 1.0 so that after the dilution, the
final pH was 5.0. To do so a 10-times dilution of 0.1 M HCl/KCl at pH 1.0 was necessary. This
guaranteed that the denaturation occurred at the same protein concentration for both the buffer
systems. The sample was incubated for 30 s at pH 5.0 then neutralized by a 6-fold dilution in
the McIlVaine buffer at pH 7.0. Otherwise stated, the final protein concentration was 75 µg/
ml and all experiments were carried out at 23 °C for 30 min. The return to pH 7.0 was checked
by measuring the pH with a microelectrode. To achieve the final pH of 1.7, the two-fold dilution
in acid was performed with 0.1 M HCl/KCl at pH 1.0. A two-fold dilution was sufficient to
bring the pH to 5.0 when the McIlVaine buffer at pH 5.0 was used. When Trp- and Tyr-
fluorescence experiments were performed, the protein was, treated in acid, and then added
directly to the cuvette containing McIlVaine buffer at pH 7.0 and the measurement was started
immediately. Trp- and Tyr-scans were taken at the end of the 30 min incubation.

2.10. Chemical cross-linking and SDS-PAGE analysis of the oligomeric state of the gC1q
trimer

The gC1q trimer is not resistant to SDS and hence each gC1q subunit migrates as a monomer
on SDS-PAGE. To assess the oligomeric state of gC1q, chemical cross-linking was performed
to covalently attach the three protomers together prior to SDS-PAGE analysis. Incubation of
the gC1q trimer in the presence of 0.4% (v/v) glutaraldehyde for 2 min at 23 °C at pH 7.0, led
to almost complete cross-linking of the trimer with only little gC1q monomer left not cross-
linked. Increasing the amount of cross-linker did not permit complete cross-linking of the gC1q
trimer but increased the amount of the cross-linked gC1q higher oligomeric species observed
on top of the gel. These cross-linked gC1q higher oligomeric species were the result of an
excess of cross-linker. Thus, treatment of gC1q with 0.4% glutaraldehyde for 2 min was the
optimum condition for cross-linking. After the treatment of gC1q at different pH, 0.1 M NaOH
was added to the samples, just before addition of the glutaraldehyde. As a result, the final pH
during the cross-linking reactions was 10.5. Thus, loss of the cross-linking of the gC1q trimer
after denaturation could not be due to an inhibition of the cross-linking reaction by a low pH.
The amount of the gC1q trimer cross-linked for the native gC1q was similar at pH 7.0 and at
10.5. Glutaraldehyde was chosen as the fastest cross-linker to avoid interference between the
time needed for cross-linking and the time leading to reassembly. The cross-linking reaction
was stopped by diluting the sample 2-fold in the sample buffer containing β-mercaptoethanol
and SDS and then boiling the sample for 5 min. Samples were then analyzed by SDS-PAGE.

2.11. Surface plasmon resonance spectroscopy and data evaluation
Measurements were performed using a BIAcore 3000 instrument (BIAcore AB). The running
buffer for protein immobilization was 145 mM NaCl, 5 mM EDTA, 10 mM HEPES, pH 7.4.
The protein ligand gC1qR was diluted to 40 µg/ml in 10 mM formate, pH 3.0 and immobilized
on the surface of a CM5 sensor chip (BIAcore AB) using the amine-coupling chemistry.
Binding of native gC1q and of gC1q samples incubated either at a final pH of 1.7 for 10 s or
at pH 5.0 for 15 min and subsequently neutralized at pH 7.0 for 60 min was measured over
2100 resonance units (RU) of immobilized gC1qR at a flow rate of 20 µl/min in McIlVaine
buffer at pH 7.0 containing 0.005% surfactant P20 (BIAcore AB). Equivalent volumes of each
protein sample were injected over a surface with immobilized BSA to serve as blank
sensorgrams for subtraction of the bulk refractive index background. Regeneration of the
surface was achieved by injection of 10 µl of 20 mM NaOH. Data were analyzed by global
fitting to a 1:1 Langmuir binding model of both the association and dissociation phases for
several concentrations simultaneously, using the BIAevaluation 3.1 software (BIAcore AB).
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The apparent equilibrium dissociation constants (KD) were calculated from the ratio of the
dissociation and association rate constants (koff/kon).

2.12. Binding of gC1q to aggregated IgG
gC1q samples were submitted to treatment at a final pH of 1.7 for 10 s or at pH 5.0 for 15 min
and subsequently neutralized for 60 min. These samples were diluted 20-fold in McIlVaine
buffer at pH 7.0 and 0.375 µg was coated on a 96-well plate overnight at 4 °C. The same amount
of native gC1q trimer was also coated on the plate. In addition, a sample of the native gC1q
which had been heated at 120 °C for 10 min was also coated on the plate, under the same
condition. This heat-aggregated gC1q was used to test whether aggregated gC1q recognized
IgG molecules. Duplicated plates were prepared, one was tested for recognition of aggregated
IgG molecule and the other was used to measure the amount of coated gC1q molecule, using
anti C1q antibody. After blocking with PBS (phosphate-buffered saline) containing 2% milk
for 45 min at 37 °C, and subsequent washings, the wells were incubated for 2 h at 37 °C with
either heat-aggregated IgG (10 min at 120 °C) at 10 µg/ml in PBS containing 0.05% tween 20
and 5 mM CaCl2 or with anti gC1q polyclonal antibody (1/4000 dilution). After washing, the
wells were incubated for 2 h at 37 °C with goat anti-human IgG conjugated to horse radish
peroxidase when the wells had been incubated with IgG molecule or with a secondary antibody
conjugated with horse radish peroxidase when the wells had been incubated with anti gC1q
antibody. The color was developed using O-phenylene diamine-dihydrochloride (OPD) and
the absorbance read at 492 nm after quenching of the reaction with 2 M sulfuric acid. For the
sake of comparison between the different gC1q samples, the results were normalized by
calculating the ratio of absorbances after reaction with IgG and after reaction with the anti C1q
antibody.

3. Results
Our main objective is to investigate whether gC1q, the C-terminal domain of C1q, has alone
the ability to fold and assemble into a native heterotrimer, or whether proper assembly is
prevented in the absence of the collagenous repeats. To address this question, the gC1q domain
generated by collagenase digestion of purified C1q, which is known to remain a heterotrimer
after the treatment, was used as a starting material [18]. N-terminal sequence analysis of the
purified material indicated that it comprises residues Gly79-Ala223 of the A chain, Gly81-
Ala226 of the B chain, and Gly78-Asp217 of the C chain. Each segment therefore only
contained three collagenous triplets at its N-terminal end, out of the 26–27 repeats in the full-
length A, B, and C chains. Since, formation of a collagen-like triple helix requires multiple
collagenous repeats, the three repeats left after collagenase treatment were unlikely to be
sufficient for the generation of a triple helix and trimerization of the C-terminal domain [16].

3.1. Disassembly and unfolding of the gC1q trimer
In order to test the capacity of gC1q to reassemble in vitro, we first looked for conditions
leading to its disassembly. The native gC1q trimer was treated in different acidic conditions,
as follows: samples were incubated for 30 min either in 0.1 M HCl/KCl buffer at pH 1.7 and
at pH 1.0 or in McIlVaine buffer at pH from 3.0 to 6.0. To see if the acidic treatments
disassembled the gC1q trimer, the oligomeric states of the samples were analyzed by SDS-
PAGE, 15 min after incubation at each pH. However, direct analysis of the oligomeric state of
gC1q on the gel was not possible because the trimer does not withstand the denaturating activity
of SDS, and as a consequence migrates as three dissociated protomers, A, B and C (Fig. 1a,
left gel). To detect the trimer by SDS-PAGE, glutaraldehyde was used to covalently cross-link
the three chains to one another, prior to addition of the SDS sample buffer. Treatment of the
native gC1q trimer for 2 min with 0.4% (v/v) glutaraldehyde followed by SDS-PAGE analysis
resulted in a cross-linked gC1q species migrating with an apparent molecular weight of about
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48 kDa, in good agreement with the molecular weight of the gC1q trimer calculated from the
sequence of the three chains (A, 16 kDa, B, 16.4 kDa, C, 15.5 kDa) (Fig. 1a). After this
treatment, only a small amount of the gC1q protomers remained seen on the gel, indicating
that most of the gC1q trimer had been successfully cross-linked. Increasing the amount of
glutaraldehyde did not lead to a 100% cross-link of the gC1q trimer (not shown). However, it
significantly increased the amount of cross-linked gC1q higher oligomers, observed on top of
the gel, indicating that those species resulted from an excess of cross-linker. Those cross-linked
species were observed not only on the native gC1q sample but after all the pH treatments (see
below), indicating the gC1q tendency to aggregate in solution, resulting in intermolecular
cross-linking of gC1q trimer when in excess of cross-linker. However, reducing the amount of
glutaraldehyde did not prevent intermolecular cross-linking but reduced the amount of the
gC1q protomers cross-linked to one another. Therefore, 0.4% (v/v) glutaraldehyde and 2 min
incubation was used in all the subsequent experiments to cross-link the gC1q samples.
However, to prevent any effect of the pH on the cross-linking reaction, after treatment in acid,
the pH of the samples was raised to 10.5 by adding 0.1 M of NaOH, prior to the addition of
the glutaraldehyde (see Material and Methods). The presence of the NAOH did not change the
cross-linking pattern of the native gC1q trimer.

When gC1q was treated in acid at pH 1.0, 1.7 or 3.0, it dissociated rapidly and no trimer could
be cross-linked even after only a few seconds of incubation (Fig. 1a, left gel). Mostly protomers
and little cross-linked heterodimers could be observed after the short exposure to the acidic
pH. A longer incubation time of 15 min at pH 1.0, 1.7 or 3.0 did not lead to further dissociation
of the remaining gC1q heterodimers into protomers (Fig. 1a, left gel). After a few seconds at
pH 4.0, a small amount of the gC1q trimer could still be cross-linked, suggesting that increasing
the pH might slow the dissociation of the gC1q trimer (Fig. 1a, right gel). This was confirmed
when gC1q was treated at pH 5.0 for a few seconds, conditions for which little gC1q trimer
dissociated (Fig. 1a, right gel). Longer incubation at pH 5.0 decreased the amount of the gC1q
trimer that was cross-linked and after 15 min, the gC1q trimer was almost entirely dissociated
(Fig. 1a, right gel). The stoichiometry of the dissociated gC1q could however not be established
since neither cross-linked heterodimers nor cross-linked protomers accumulated significantly
on the SDS-PAGE (Fig. 1a). The easiest explanation was that gC1q had dissociated into three
heterodimers (AB, AC and BC) and into three protomers (A, B and C) and as a result the amount
of each individual species failed below the detection level of the silver stain. No dissociation
happened if gC1q was treated for 15 min at pH 6.0 (Fig. 1a, right gel). At all pH, if gC1q was
incubated for 30 min instead of 15 min and subsequently cross-linked, the same pattern was
obtained indicating that after 15 min incubation, the maximum dissociation had taken place
(data not shown). The cross-linked of higher gC1q oligomers due to an excess of glutaraldehyde
was observed after all the treatments and prevented any quantification of the gC1q dissociation
based on the cross-linking pattern. However, it is important to note that in order to observe
small amount of the cross-linked gC1q trimer, the gels were over stained. As a result, the
amount of the cross-linked gC1q higher oligomers detected on the gels is misleading and over-
estimated.

Spectroscopic parameters were observed to change in parallel with the dissociation process.
At 23 °C and at pH 6.0 no time-dependent changes were seen in the intensity of the fluorescence
maxima (excitation 295 nm, emission 344 nm) of gC1q over 30 min (Fig. 1b). Thus, at this
pH, the gC1q molecule was neither dissociated nor denaturated. In contrast, at 23 °C and pH
values of 5.0 or lower, a time-dependent decrease in the intensity of the fluorescence maxima
was observed (Fig. 1b). The fluorescence intensity of free Trp remained unchanged from pH
3.0 to 5.0, showing that the decrease of the fluorescence of the gC1q samples resulted from a
change of the protein tertiary structure (not shown and [23]). Similarly, at pH 1.7 and 1.0, the
drop of the intensity of the fluorescence maxima also indicated a conformational change of
gC1q since addition of 0.1 M Tris at pH 8.0 which quickly raised the pH back to 7.0, did not
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lead to a fast return of the fluorescence signal to the level of the native fluorescence intensity
(not shown). Each pH mediated changes in the tertiary structure of the gC1q to different degree
as seen by the different levels of the intensity of the fluorescence maxima reached after the 30
min incubation. At pH 4.0 and lower, the decrease of the fluorescence intensity happened within
one minute, when the gC1q was already dissociated (Fig. 1a). It therefore corresponded to a
change in the tertiary structure of the gC1q protomers. The dead time of the instrument was of
a few seconds, so the changes in the fluorescence intensity due to the dissociation of the gC1q
trimer were too fast to be detected under these pH conditions. The same lowest fluorescence
intensity was reached at pH 1.7 and 1.0, indicating that the maximum change in the tertiary
structure of the gC1q protomers was already induced at pH 1.7. At pH 5.0, the fluorescence
intensity decreased slowly within the first 15 min, and only a little further decrease was
observed if gC1q was left for another 15 min. The fluorescence level of gC1q remained higher
after pH 5.0 than after lower pH suggesting that the gC1q molecules remained more structured.
The dissociation of gC1q observed during the 15 min incubation at pH 5.0 was slow (Fig. 1a)
and it was therefore likely that the drop of the fluorescence intensity corresponded to changes
in the tertiary structure of the gC1q trimer associated with its dissociation. The fluorescence
signal of gC1q was stable after 15 min at pH 5.0 suggesting that gC1q did not undergo
significant changes in its tertiary structure subsequent to its dissociation. The structural states
of gC1q after treatments at pH 5.0 and at pH 1.7 were further investigated.

Far-UV circular dichroism was used to analyze the secondary structure of gC1q after both the
acidic treatments (Fig. 2a). The native gC1q far-UV CD was typical of a fully β-protein
consistent with the X-ray structure of the protein [18,24]. But it had the rare peculiarity of
having a positive peak around 235 nm, suggesting the contributions of the side chains of
aromatic residues, Trp or Tyr, to the far-UV CD [25]. This seems to occur, in particular in
proteins with low α-helical contents [24,25]. No significant modification of the spectrum was
observed when gC1q was incubated for 15 min at pH 5.0, indicating that the native secondary
structure was maintained even after gC1q was dissociated. In contrast, when gC1q was
incubated for 15 min at pH 1.7, it showed a large change in the secondary structure of the
protein, consistent with a significant reduction in the β sheet. The change in the gC1q secondary
structure was very rapid and the far-UV spectrum recorded immediately after addition of the
protein to the buffer at pH 1.7 was identical to the one recorded 15 min later (not shown). Thus,
there was no more change in the secondary structure of the gC1q protomers when changes in
their tertiary structure still took place (Fig. 1b). But even after 15 min at pH 1.7, the gC1q
protomers did not have a CD-spectrum typical of a fully denaturated protein and retained some
residual secondary structure [26,27]. The presence of a disulfide bridge in each chain of gC1q
(chain A: C150–C168, chain B: C154–C171, chain C: C151–C165) might be responsible for
the residual secondary structure in the dissociated molecule. But when the disulfide bridges
were reduced using β-mercaptoethanol and the protein treated at pH 1.7, it precipitated. It was
therefore not possible to determine if it was the disulfide bridges that maintained some
secondary structure in the gC1q protomers. However, it showed that the disulfide bridges were
essential to maintain a residual structure in the gC1q protomers that prevented its precipitation
in acid. The peak at 235 nm was still present after treatment at pH 5.0 but was absent after
treatment at pH 1.7 confirming that the gC1q dissociated at pH 5.0 maintained some residual
tertiary structure that was lost after treatment at pH 1.7, as already inferred from the lower
fluorescence intensity of the gC1q sample after treatment at pH 1.7.

The Trp-fluorescence scans measured after treatment for 15 min at pH 5.0 and at pH 1.7 showed
a shift of the native maximum emission wavelength from 344 nm for the native gC1q to 341
and 339 nm, respectively (Fig. 2b). This again highlighted the two different tertiary structures
adopted by gC1q after both pH treatments and showed that if the proteins were not completely
unfolded as indicated by the Far-UV spectra, their tertiary structures was however significantly
disturbed.

Tacnet et al. Page 7

Biochim Biophys Acta. Author manuscript; available in PMC 2009 July 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3.2. Reassembly of the gC1q trimer
To summarize, treatment at pH 1.7 led to the fast dissociation of the gC1 trimer into protomers
and rapid loss of its native secondary structure followed by subsequent changes in the tertiary
structure of the gC1q protomers. In contrast, the treatment at pH 5.0, led to the slow dissociation
of the gC1q trimer, into probably a mixture of dimers and protomers, associated with some
changes in the gC1q tertiary structure. The native secondary structure was maintained even at
the end of the dissociation and no further changes in the tertiary structure of gC1q was detected
after the dissociation. We were now interested to test if gC1q could reassemble after these pH
treatments and subsequent neutralization and to determine if the different secondary and
tertiary structures adopted by the gC1q at the end of the dissociation phase would somehow
play a role in the gC1q capacity to reassemble.

The gC1q native trimer was treated at pH 1.7 for 15 min and subsequently neutralized for 30
min and the oligomeric states of the gC1q samples were assayed by cross-linking and SDS-
PAGE analysis (Fig. 3a). Little trimer was cross-linked even 30 min after neutralization
indicating that most of the gC1q protomers could not reassemble. Since the tertiary structure
of the gC1q protomers changes over the time the molecules spent at pH 1.7, we looked if that
had an effect on the capacity of gC1q to reassemble, after neutralization. After 10 s at pH 1.7
and the return to neutral conditions, gC1q protomers could reassemble into trimer and the
majority of gC1q trimerized 30 min after neutralization (Fig. 3a). After a 2 min incubation at
pH 1.7 and subsequent neutralization, a significant amount of gC1q was still able to trimerize
(Fig. 3a). So, it appeared that gC1q lost its capacity to reassemble when left at pH 1.7. The
reassembly of gC1q into trimer was then monitored by Trp-fluorescence. After the short
treatment of 10 s at pH 1.7 and neutralization, within 30 min, gC1q recovered both the
maximum emission wavelength of the native gC1q trimer and an intensity of the fluorescence
maxima close to that of the native gC1q (Fig. 3b). This showed that the time-dependent increase
of the intensity of the fluorescence maxima was associated with the reassembly of gC1q into
trimer. Consistently, the time-dependent increase of the intensity of the fluorescence maxima
was inhibited by the increase of the time gC1q spent at pH 1.7, before neutralization (Fig. 3b)
as observed in the cross-linking experiment (Fig. 3a).

The neutralization led to rapid changes in the tertiary structure of the gC1q protomers as
illustrated by the increase of the fluorescence intensity maxima from the acidic state (FI ~ 150
a.u.) to the neutral states (Fig. 3b, arrows). The fluorescence intensity maxima detected
immediately after the neutralization (Fig. 3b, arrows) were higher than that observed at the end
of the acidic phase, indicating that the initial structural changes within the gC1q protomers
were too fast to be detected and the data were lost in the dead time of the instrument. Thus, the
gC1q protomers had already undergone some conformational changes due to the neutralization
when the measurements started. Interestingly, the data showed that those fast changes within
the tertiary structure of the gC1q protomers were inhibited by the time gC1q spent at pH 1.7
(Fig. 3b, arrows). When the increase of the fluorescence intensity, just after neutralization (fast
changes) and 30 min later (trimerization) were plotted against the time gC1q spent at pH 1.7,
the two curves correlated (Fig. 3c). This suggested that the capacity of the gC1q protomers to
reassemble was inherent to their capacity to return to an assembly-competent neutral
conformation.

The best condition to study the reassembly of gC1q itself was after its treatment for 10 s at pH
1.7 and its subsequent neutralization for 30 min. Under these conditions, analysis of the
concentration-dependence of the gC1q reassembly showed that over the range 9–75 µg/ml of
protein, the protein always reached approximately the fluorescence level of the native gC1q
trimer, indicating that the reassembly of gC1q into trimer occurred at all concentrations (Fig.
3d). The time-dependent increase of the intensity of the fluorescence maxima followed first
order kinetics (Fig. 3d). The reassembly appeared only slightly concentration-dependent since
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the rate constant increased less than twice and the half time decreased only by about three
times, over a 8-fold protein concentration increase (Table 1 and Table 2, respectively).

We then studied if after treatment at pH 5.0 and subsequent neutralization, the dissociated gC1q
could also reassemble. The reassembly of gC1q was analyzed by cross-linking combined to
SDS-PAGE and by Trp-fluorescence (Fig. 4). After 15 min at pH 5.0 and neutralization, gC1q
reassembled to the same extent than after treatment at pH 1.7 for 10 s and neutralization,
indicating that the capacity of gC1q to reassemble into trimer was independent of the structural
state adopted at the end of the dissociation phase (Fig. 4a). It was therefore surprising to observe
a lower intensity of the fluorescence maxima when gC1q had been acidified to pH 5.0 and
neutralized for 30 min (Fig. 4b: FI ~ 350 a.u.), than when it had been acidified to pH 1.7 and
neutralized for 30 min (Fig. 3b: FI ~ 420 a.u.). Since the reassembly yield was similar whatever
the pH treatments had been, prior neutralization, it looked as if the reassembly of gC1q into
trimer was not involved in quenching the Trp-fluorescence. This was confirmed by a treatment
of the gC1q native trimer, for 30 s at pH 5.0, a time, not long enough to dissociate the gC1q
trimer (Fig. 4c), but enough to lower the intensity of the fluorescence maxima to 350 a.u. (Fig.
4b and d). Now, because the gC1q trimer treated at the lower pH of 1.7 and neutralized,
recovered the native fluorescence, it was important to check if it was the buffer system itself
that led to the lower fluorescence intensity observed. To test this possibility, a native gC1q
sample was treated at pH 5.0 for 30 s, using PBS containing 0.1 M HCl/KCl at pH 1.0 to lower
the pH to 5.0, and gC1q was subsequently neutralized for 30 min. Both the oligomeric state of
the gC1q trimer and the Trp-fluorescence scan of the sample were compared to those obtained
for the gC1q sample which had been treated at pH 5.0 using the McIlVaine buffer instead (Fig.
4c and d, respectively). For both the buffer systems, gC1q remained trimeric, yet the intensity
of the fluorescence maxima was lower than the native gC1q trimer, excluding the role of the
buffer system in quenching the fluorescence. Thus, the lower fluorescence intensity was either
the result of some artifacts or indicated that the treatment at pH 5.0 led to a change, irreversible
even after neutralization, in the gC1q trimeric conformation.

The involvement of Trp-quenching processes, which occur in nano- to milliseconds, was ruled
out because a short-time exposure of the native gC1q to pH 5.0, followed by neutralization
only lowered the signal to ~410 a.u. (Fig. 4b) [28–31]. Next, the possibility of some gC1q
aggregation happening as a consequence of the pH 5.0 treatment was investigated. The
functional state of the gC1q trimer after reassembly was studied, as it was unlikely that a protein
aggregate would still be functional. The capacity of gC1q to recognize aggregated IgG
molecules was tested by ELISA (Enzyme-Linked Immunosorbent Assay) following a protocol
adapted from Kishore et al. (Fig. 5) [32]. Both the reassembled trimers had similar capacity to
recognize aggregated IgG molecules than the native gC1q trimers. But when gC1q was
aggregated by a heat-treatment (120 °C for 10 min), as expected, the protein lost its capacity
to recognize aggregated IgG (Fig. 5). This argued against the presence of protein aggregates
in the sample of the reassembled gC1q trimer, after treatment at pH 5.0 and neutralization. To
confirm the functional state of the reassembled gC1q trimers, interaction with the gC1q receptor
(gC1qR) was assayed using surface plasmon resonance spectroscopy and the dissociation
constants were determined (Table 3). Similar dissociation constants were obtained for native
gC1q and gC1q reassembled after treatment at pH 5.0 and subsequent neutralization for 60
min, confirming that the reassembled trimer was functional. Surprisingly, a lower dissociation
constant was obtained for gC1q reassembled after treatment at pH 1.7 and subsequent
neutralization for 60 min, indicating a higher affinity for the receptor than the native gC1q.
The results again supported the idea that the reassembled gC1q trimer failed to recover its
native tertiary structure after treatment at pH 5.0 and neutralization, rather than aggregated.
Near-UV CD could not be used to show that the native and the reassembled trimer had different
tertiary structures because for detection, a protein concentration about 6 times higher was
required and a two-fold increase in the gC1q concentration at which reassembly happened led
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to the precipitation of the protein [24,33]. The protein precipitated whether the gC1q trimer
had been treated at pH 1.7 or at pH 5.0 and subsequently neutralized. The effect of protein
concentration on the reassembly reaction was then tested to minimize potential aggregation of
the gC1q at the higher concentration. The reassembly reaction was studied at a protein
concentration (37.5 µg/ml) 2-fold lower than previously and the time-dependent increase of
the intensity of the fluorescence maxima was measured (Fig. 4b). The rational was that at the
lower protein concentration, protein aggregation would be less and therefore, we should expect
an increase of the fluorescence signal close to that of the native gC1q trimer at the same
concentration (FI ~ 225 a.u.). Result observed at that concentration, when gC1q had been
treated at pH 1.7 and neutralized (Fig. 3c). But on the contrary, the time-dependent increase
in the intensity of the fluorescence maxima was entirely abolished by the decrease of the gC1q
concentration. This rather indicated that protein assembly was totally abolished by decreasing
the protein concentration and argued that protein aggregation was unlikely to happen at the
higher protein concentration. The effect of the protein concentration also indicated that the
reassembly of gC1q was strongly concentration-dependent after treatment at pH 5.0 and
neutralization, in contrast to what was observed for the reassembly of gC1q after treatment at
pH 1.7 and neutralization. This showed that the reassembly of gC1q into trimer followed two
different pathways depending on the pH used prior neutralization, and that was consistent with
the gC1q trimer reassembling into two different conformations. Interestingly, the trimer
reassembled after treatment at pH 5.0 also recovered the native maximum emission wavelength
after neutralization for 30 min (Fig. 4d), indicating that it shared some structural characteristic
with the native trimeric state.

The difference of conformation between the two reassembled trimers was again confirmed
using Tyr-spectroscopy. Tyr-scans were performed for the native gC1q trimer and for both
reassembled trimers, and similarly to what had been observed on the Trp-scans (Fig. 3b and
Fig. 4d), the gC1q trimer recovered native tertiary structure only after treatment at pH 1.7 and
30 min neutralization (Fig. 6). Because gC1q contains 20 Tyr residues located throughout the
entire molecule, it showed that the difference in the conformations of the two reassembled
trimers was not limited to the vicinity of the Trps but was spread within the overall protein.

4. Discussion
The primary aim of this study is to investigate whether the hetero-trimeric gC1q globular
domain located at the C-terminal end of the C1q collagenous triple helices is able to reassemble
in vitro in the absence of the N-terminal collagenous domain. The gC1q trimer obtained by
collagenase treatment of intact C1q was used as a starting material. To address this question,
gC1q was first submitted to different pH treatments to induce its disassembly and subsequently
neutralized to provide renaturating conditions. A model describing the disassembly and the
reassembly of gC1q is depicted in Fig. 7. The treatment at pH 6.0 induces neither dissociation
nor unfolding of the gC1q trimer. At pH 5.0, the gC1q native trimer rapidly lost its native
tertiary structure and slowly disassembled, into probably both dimers and protomers (Fig. 7a).
Additional changes in the gC1q tertiary structure occurred during the dissociation without
changes in the secondary structure which remained native throughout the treatment. After the
dissociation had taken place, there was no more structural change that could be detected. Below
pH 5.0, the gC1q dissociated more readily into protomers which underwent further structural
changes. But it was only after treatment at pH 1.7, that the gC1q protomers adopted the most
unfolded structure which, however, still kept a residual secondary structure (Fig. 7b).
Interestingly, the Trp-scans showed that the maximum emission wavelength of the Trp blue-
shifted upon acidification (pH 5.0 and pH 1.7), whereas one might have expected a red shift
due to exposure of the Trp to the water in the acidified gC1q states. According to the gC1q X-
ray structure, none of the three Trps are buried in the core of the protein, which might explain
the partially-exposed maximum emission wavelength of the native gC1q [18]. Trp 194 and Trp
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190 have their benzene ring partially exposed to water whereas that of the Trp-147 is almost
fully exposed. Yet, upon the acidic treatments, the Trps could become entirely exposed to water
and induce a red shift. Recent work has shown that Trp exposure to water molecules had less
influence on the maximum emission wavelength than the residues lying close to the Trp [34,
35]. The studies show that the presence of positive charges (Lys, Arg, N-terminal) create a red
shift when on the benzene ring end and a blue shift when on the pyrrole ring end, and the reverse
for the negative charges (Glu, Asp and C-terminal) [35]. Thus, if the Trps had a particular
environment in the native gC1q, the blue shift could arise from its loss upon the acidic
treatments. In the native gC1q, there are two opposite charges, Glu 158 and Lys 129 in close
proximity to the benzene ring of Trp 190, making it difficult to anticipate what would be the
resulting shift of the maximum emission wavelength. The only charged residue in close
proximity to the pyrrole ring of Trp 147, is a histidine, His 203, and is therefore not expected
to contribute to the shift of the maximum emission wavelength in neutral condition (pKa ~ 6.0).
Glu 196 is located near the pyrrole ring of the Trp 194 and two arginine residues, Arg 163 and
Arg 128, are located near its benzene ring. In this case, the environment around Trp 194 would
be expected to contribute for a red shift of the maximum emission wavelength. Thus, the loss
of the environment around Trp 194 might explain the blue shift of the maximum emission
wavelength upon the acidic treatments.

The different structural states reached by gC1q after the pH 5.0 and the pH 1.7 treatments, are
probably the result of different protonation states with the likely involvement of glutamic and/
or aspartic acid residues (pKa ~ 4.4) as well as of the C-termini (pKa ~ 3.1), respectively. These
residues would have to be accessible within the trimer to be responsible for the loss of the
native tertiary structure of the gC1q trimer and they would have to be located also nearby
interfaces to be responsible for its dissociation. Using the coordinates from the X-ray structure
of the gC1q trimer, we looked for residues or domains within the gC1q molecules that could
fulfill those requirements [18]. Because there are several accessible aspartic and glutamic acids
within the trimer, it was not possible to isolate particular residues or domain of the protein
involved in the loss of the native tertiary structure of the gC1q trimer. In contrast, aspartic and
glutamic residues at or nearby interfaces and accessible within the trimer are all located in the
C-terminal domains of the three protomers (E209A, D211A, E209B, D223B, D206C, D217C).
Additionally, there are two residues, D172B and D169A, respectively located at the AB and
AC dimeric interfaces which are inaccessible within the trimer. Maybe those are not protonated
at pH 5.0 but are at pH 1.7, leading at the end of the acidic phase, to a mixture of dimers and
protomers and to fully dissociated protomers, respectively.

After a short time at pH 1.7 and subsequent neutralization, gC1q was able to reassemble into
a native trimer as shown by its functional state and the recovery of the fluorescence intensity
level of the native trimer (Fig. 7b). The first order kinetics and the weak concentration-
dependence for the reassembly are both consistent with the rate-limiting step for reassembly
from the acid-denatured state being intramolecular. This may arise from a slow folding state
within an assembly intermediate, as occurs in the α-chain of tryptophan synthetase, rather than
within a monomeric intermediate, since the gC1q protomers refold rapidly probably within the
dead time of the instrument [36]. Cross-linking of the gC1q at early times after the
neutralization failed to isolate any heterodimer assembly intermediates suggesting that the rate-
limiting step represents an intramolecular rearrangement within a gC1q trimer (not shown).
Over the time gC1q spent at pH 1.7, the gC1q protomers lost their capacity to reassemble
because they failed to return to an assembly-competent conformation, once neutralized. Thus,
at pH 1.7, the gC1q protomers underwent a second-acid mediated step during which the residual
structure, which provided the protomers their capacity to reassemble, once neutralized, was
lost. As a consequence, the gC1q protomers probably misfolded and became assembly-
defective (Fig. 7b). The residual structure required for gC1q assembly did not contain only
secondary structural elements since even when the secondary structure remained unchanged
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(few seconds to 15 min at pH 1.7) the capacity of the gC1q to reassemble decreased. It is
therefore a residual tertiary struture that holds the gC1q protomers capacity to reassemble. The
loss of this residual structure occurred after treatment at pH 1.7, and might therefore be
consecutive to the protonation of glutamic and/or aspartic acid residues, located at the C-
terminal of the gC1q protomers and/or to the protonation of the C-termini of the gC1q
protomers themselves. This would imply that the C-terminal domain of gC1q provides the
molecule its capacity to trimerize.

After a short treatment at pH 5.0, the gC1q trimer changes conformation and lose its capacity
to return to the native conformation after subsequent neutralization, as illustrated by a lower
fluorescence intensity than the native sample (Fig. 7a). If additionally, the gC1q is dissociated
at pH 5.0 and subsequently neutralized, it also loses its capacity to return to the native
conformation although it remained able to reassemble as after treatment at pH 1.7 and
neutralization (Fig. 7a). Aggregation of the gC1q trimer, consecutive to the treatment at pH
5.0 and neutralization, could explain the lower fluorescence intensity. But it is rather unlikely
that a gC1q trimer dissociated and subsequently reassembled, would aggregate similarly to a
gC1q trimer which had never been dissociated, so that it gives rise to the same fluorescence
intensity level and the same cross-linking pattern. Moreover, the conditions used, limits the
possibility of protein aggregation, since the experiments are performed at low protein
concentration and far from the pI of chains A (8.87) and B (9.07). The pI of chain C is close
to 7 (7.07), but again, it is unlikely that the chain C would aggregate similarly, and hence lead
to the same fluorescence level and the same cross-linking pattern, whether it is within the gC1q
trimer or dissociated, prior neutralization. So it is more likely that the treatment at pH 5.0
induces a permanent change in the tertiary structure of the gC1q protomers within the trimer
and as a consequence prevents the recovery of the native tertiary fold, even after neutralization.
After treatment at pH 5.0 and neutralization, the reassembly reaction becomes rate limiting as
indicated by the strong concentration-dependence. Once more, the results suggest that the
protonations of glutamic and/or aspartic acid residues, located at the C-terminal end of the
gC1q protomers are probably involved in controlling the refolding and the reassembly
reactions. This would also be consistent with the gC1q trimer being a functional molecule,
even in the absence of a native tertiary fold, at least in the recognition of the IgG molecule,
since it is residues located on the B protomer, but outside its C-terminal domain that are
involved in the gC1q recognition site for IgG [18,32].

In summary, the results show that after the pH 1.7 and 5.0 treatments, gC1q adopts two different
structural states and consequently, after neutralization, follows two different refolding and
reassembly pathways. Both the pathways lead to the formation of a native trimer and a non
native trimer, respectively. In other words, the structural state of gC1q in acid, from which
refolding and reassembly start, affects the final structural state reached by gC1q, after
neutralization. This is in good agreement with the funnel-shaped energy landscape theory
which indicates that multiple folding routes exist and that depending on the pathways and the
kinetic of the reactions, different thermodynamically stable functional isomers can be formed
[37–39]. The concept of multiple energy minima conformational isomers seems to be
particularly appropriate to describe protein with multiple ligand capacities, as are the gC1q and
the C1q molecules [2,6,20,32,38]. The structural state of the gC1q protein after the treatment
at pH 5.0, keeps some native-like structure, the secondary structure, in particular, suggesting
that it has a structure closer to the native state than after the treatment at pH 1.7. Thus, the
protein might be in an energy minimum close to that of the native protein and as a consequence
lack the driving force to return to the native structural state, after neutralization. Now, the
protonation of additional residues at pH 1.7, obviously leads to further unfolding of the gC1q
molecule, and hence brings the protein to a different refolding pathway, after neutralization.
This pathway leads to the successful reassembly into a native gC1q trimer.
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Altogether, the result shows that the gC1q sequence contains the information for the proper
assembly of gC1q into trimer so that the fold, the stoichiometry and the chain-selectivity are
respected. During the reassembly of gC1q, no other oligomeric species than the gC1q trimers
or homotrimers, expected to run at different position than the native gC1q heterotrimer, have
been observed on SDS-PAGE (Fig. 3 and Fig. 4).

5. Conclusion
Hence, for gC1q, as for other members of the collagen-containing family such as collagen X,
it is the non-collagenous domains which carry the assembly registration [14,15,40]. However,
in vitro, the presence of a residual tertiary structure, probably located within the C-terminal
domain of gC1q, appears crucial for the protein ability to reassemble and to refold into a native
form. This might indicate that the role of the collagenous domain in the assembly of C1q, is
to initialize the folding of the gC1q protomers to generate the tertiary structure required for the
assembly of the entire molecule.
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Fig. 1.
pH-mediated denaturation of the native gC1q trimer. (a) Effect of pH on the oligomeric state
of gC1q. gC1q native samples were treated in acid at 75 µg/ml, for 0 and 15 min, left and right
lanes, respectively, for each indicated pH. On the right gel, only 15 min incubation time is
indicated for the pH 6.0 treatment, whereas 0, 2 and 15 min are indicated for the pH 5.0
treatment. All the samples were cross-linked prior addition of sample buffer and analysis by
SDS-PAGE. A sample of the native gC1q was also analyzed on the gel after cross-linking. T,
gC1q trimer; D, gC1q heterodimers; M, gC1q protomers, O, cross-linked gC1q higher
oligomers. L, molecular weight standards indicated in kDa. The gels were silver stained. (b)
Kinetics of the pH-mediated denaturation of the native gC1q trimer. The Trp-fluorescence
intensity of the gC1q sample was monitored with excitation and emission wavelengths of 295
and 344 nm, respectively. The native gC1q was diluted to a final concentration of 75 µg/ml in
a cuvette containing buffer at pH 7.0 (■), pH 6.0 (△), pH 5.0 (●), pH 4.0 (⊡), pH 3.0 (◣), pH
1.7 (○) and pH 1.0 (◆) and measurement was started immediately. The double bar (//) indicates
that the incubation time from 5 to 10 min was omitted for the sake of clarity. a.u. stands for
arbitrary unit.
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Fig. 2.
(a) Effect of pH on the secondary structure of gC1q. Far-UV CD spectra of gC1q were recorded
after incubation for 15 min at room temperature, at pH 7.0 (■), 5.0 (●) and 1.7 (○). (b) Effect
of pH on the tertiary structure of gC1q. Changes in the Trp-fluorescence were monitored at pH
7.0 (■), 5.0 (●) and 1.7 (○). a.u. stands for arbitrary unit.
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Fig. 3.
Reassembly of the gC1q, after treatments at pH 1.7 and subsequent neutralization (a). Effect
of the time spent at pH 1.7 on the capacity of gC1q to reassemble into trimer. The oligomeric
state of gC1q was determined by cross-linking and SDS-PAGE analysis. The native gC1q was
treated at pH 1.7 for the indicated times and subsequently neutralized for 0 and 30 min, left
and right lanes, respectively. A sample of the native gC1q was also analyzed on the gel after
cross-linking. T, gC1q trimer; D, gC1q heterodimers; M, gC1q protomers, O, cross-linked
gC1q higher oligomers. L, molecular weight standards indicated in kDa. The gels were silver
stained. (b). Effect of the time gC1q native trimer spent at pH 1.7, on the Trp-fluorescence
intensity of gC1q after neutralization. The wavelengths parameters are as in Fig. 1b. The native
gC1q samples were treated at pH 1.7 for 10 s (◆), 2 min (⊡) and 15 min (●) and subsequently
added to a cuvette containing McIlVaine buffer at pH 7.0 and measurements were started
immediately. The Trp-fluorescence of the native gC1q was measured in McIlVaine buffer at
pH 7.0 (■). Inset. Trp-emission scans. The Trp-scans of the native (■) and the reassembled
gC1q trimer (◆) after treatment at pH 1.7 for 10 s and subsequent neutralization for 30 min.
a.u. stands for arbitrary unit. (c) Effect of the time gC1q spent at pH 1.7 on the fluorescence
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of gC1q just after and 30 min after neutralization. For comparison purpose, the fluorescence
intensities just after neutralization (0 min, ●) and 30 min later (○) have been normalized as
follows: the fluorescence intensity just after neutralization (FIt), was divided by the
fluorescence intensity of gC1q after it had spent 10 s at pH 1.7 (FI10 s) and just after
neutralization. The same normalization was performed for the fluorescence intensity 30 min
after the neutralization. (d) Effect of the protein concentration on the fluorescence increase
observed after neutralization. gC1q was acidified for 10 s at pH 1.7 and subsequently
neutralized at different concentrations (9 µg/ml (△), 18 µg/ml (▲), 37.5 µg/ml (◇) and 75
µg/ml (◆)) in a cuvette containing McIlVaine buffer at pH 7.0. The wavelengths parameters
are as in Fig. 1b. The fluorescence intensity of the native gC1q at different concentrations is
indicated by dashed lines. The time-dependent increase of the fluorescence intensity best fits
to first order processes (R2 = 0.97, 0.98, 0.99 and 0.98 for 75, 37.5, 18 and 9 µg/ml,
respectively). The reassembly happened at a final protein concentration of 75 µg/ml (otherwise
mentioned).
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Fig. 4.
Reassembly of the gC1q after treatments at pH 5.0 and subsequent neutralization. (a).
Oligomeric state of the gC1q samples after acidic treatment and subsequent neutralization.
Native gC1q samples were incubated at the pH, and for the times indicated on the figure, and
subsequently neutralized for 0 and 30 min, left and right lanes, respectively. A sample of the
native gC1q was also analyzed on the gel after cross-linking. All the samples were cross-linked
prior addition of sample buffer and analysis by SDS-PAGE. T, gC1q trimer; D, gC1q
heterodimers; M, gC1q protomers, O, cross-linked gC1q higher oligomers. The molecular
weight standards were indicated in kDa. The gels were silver stained. (b) Measurements of
Trp-fluorescence after the acid pre-treatment at pH 5.0 and subsequent neutralization. The
wavelengths parameters are as in Fig. 1b. gC1q was acidified at pH 5.0 for a few seconds (+),
for 30 s (□) and for 15 min (▼), and subsequently neutralized at pH 7.0. gC1q was acidified
at pH 5.0 for 15 min and subsequently neutralized at pH 7.0 at final protein concentration of
37.5 µg/ml ( ). The fluorescence intensity of the native gC1q at different concentrations is
indicated by dashed lines. (c). Effect of the buffer system on the oligomeric state of the gC1q
samples. gC1q native samples were treated for 30 s in McIlVaine buffer at pH 5.0 or in PBS
containing 10 mM HCl/KCl buffer at a final pH 5.0 and were subsequently neutralized for 0
and 30 min, left and right lanes, respectively. A sample of native gC1q was also analyzed on
the gel after cross-linking. All the samples were cross-linked prior addition of sample buffer
and analysis by SDS-PAGE. T, gC1q trimer; D, gC1q heterodimers; M, gC1q protomers, O,
cross-linked gC1q higher oligomers. The molecular weight standards were indicated in kDa.
The gels were silver stained. (d) Trp-emission scans. The Trp-scans of the native gC1q (■), of
the gC1q trimer after treatment for 30 s in McIlVaine buffer at pH 5.0 (◆) or in PBS-10 mM
HCl/KCl buffer at pH 5.0 (○) and subsequent neutralization for 30 min and of the reassembled
gC1q trimer (▼) after treatment at pH 5.0 for 15 min and subsequent neutralization for 30 min.
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a.u. stands for arbitrary unit. The neutralization step is at a gC1q concentration of 75 µg/ml,
otherwise stated.
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Fig. 5.
Recognition of heat-aggregated IgG. Samples pre-incubated at pH 1.7 for 10 s and at pH 5.0
for 15 min, subsequently neutralized for 60 min were coated on a 96-well plate and allowed
to interact with aggregated IgG. Aggregated IgG bound to gC1q samples was probed using
goat anti-human IgG conjugated to horse radish peroxidase. The amount of gC1q samples
coated on the plate was measured on a duplicate plate using an anti C1q antibody. The
absorbance for each sample has been normalized accordingly. Native gC1q trimer and heat-
aggregated gC1q were also coated on the plate under the same conditions. The error bar
corresponded to triplicate experiments.
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Fig. 6.
Tyr-emission scansofreassembled gC1q. Tyr-emission scans were recorded 30 min after
neutralization for samples pre-incubated at pH 1.7 for 10 s (◆) or at pH 5.0 for 15 min (▼)
and for the native gC1q trimer (■).a.u. stands for arbitrary unit.
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Fig. 7.
Schemes of the disassembly and reassembly of gC1q. (a). After a pre-treatment at pH 5.0 and
subsequent neutralization. At pH 5.0, the native gC1q trimer (TN) rapidly loss its native tertiary
structure to become (T′U), which subsequently slowly dissociates into probably, both
heterodimers and protomers (D′ and M′, respectively). Upon neutralization, D′and M′ re-
associates into a non native trimer (T′U). The return to a native trimeric conformation is
abolished by the treatment at pH 5.0. (b). After pre-treatment at pH 1.7 and subsequent
neutralization. Upon denaturation at pH 1.7, the native gC1q trimer (TN) dissociates rapidly
into protomers (M) which further change their tertiary structure to become U1 and U2,
depending on the time gC1q spend at pH 1.7. U1 and U2 gC1q protomer conformations can
not be distinguished during the acidic phase. Just after subsequent neutralization, U1 and U2
lead to assembly-competent (M1) and assembly-defective (M2) gC1q protomers, respectively.
During the neutralization, M1, protomers reassemble into an assembly intermediate, most
probably a non native trimer (TU) that subsequently rearranged into a native gC1q trimer
(TN). For the sake of clarity and because of the lack of evidences of individual behavior from
the three different chains A, B and C, the heterogeneity of the protomer is not indicated. The
dimer is indicated, although no experimental conditions have permitted its isolation. Solid
arrows indicate permitted transition, dashed arrows non-permitted.
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Table 1
Rate constants for gC1q reassemblya

gC1q Concentration (µg/ml)

75 37.5 18 9

k (min−1) 0.39±0.02 0.38±0.01 0.26±0.007 0.24±0.008

a
Native gC1q was acidified at pH 1.7 for 10 s and subsequently neutralized at pH 7.0 for 30 min.
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Table 2
Half-times of the gC1q reassembly reactionsa

Acidic
treatments

gC1q Concentration (µg/ml)

75 37.5 18 9

pH 5.0 3±0. 5′ n.d. n.d. n.d.

pH 1.7 0.8±0. 2′ 1.8±0. 5′ 2.1±0. 5′ 2.7±0. 3′

a
Native gC1q was acidified at pH 5.0 for 15 min or at pH 1.7 for 10 s and subsequently neutralized at pH 7.0 for 30 min. n.d. not determined.
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Table 3
Analysis of the interaction between gC1q and its receptor gC1qR by Surface Plasmon Resonancea

Samples kon (M−1s−1) koff (s
−1) KD (nM)

Native 3.5±0.3 × 103 1.3±0.2 × 10−3 370±70

Reassembled (pH 5.0/7.0) 3.0±0.4 × 103 1.2±0.01 × 10−3 400±50

Reassembled (pH 1.7/7.0) 7.3 ±0.3 × 103 4.5±0.2 × 10−4 62±5

a
Native gC1q was treated as described in Table 1 but left for 60 min at pH 7.0. The capacity of the native gC1q and of the reassembled gC1q trimer to

bind to gC1q R was tested by measuring both the dissociation (koff) and association (kon) rate constants. The apparent equilibrium dissociation constants
(KD) were calculated from the koff/kon ratio.
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