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C1q is the recognition subunit of the first component of the
classical complement pathway. It participates in clearance of
immune complexes and apoptotic cells as well as in defense
against pathogens. Inappropriate activation of the complement
contributes to cellular and tissue damage in different patholo-
gies, urging the need for the development of therapeutic agents
that are able to inhibit the complement system. In this study, we
report heme as an inhibitor of C1q. Exposure of C1q to heme
significantly reduced the activation of the classical complement
pathway, mediated by C-reactive protein (CRP) and IgG. Inter-
action analyses revealed that heme reduces thebindingofC1q to
CRP and IgG. Furthermore, we demonstrated that the inhibi-
tion of C1q interactions results from a direct binding of heme to
C1q. Formation of complex of hemewithC1q caused changes in
the mechanism of recognition of IgG and CRP. Taken together,
our data suggest that heme is a natural negative regulator of the
classical complement pathway at the level of C1q. Heme may
play a role at sites of excessive tissue damage and hemolysis
where large amounts of free heme are released.

The complement system is among the first lines of defense
against pathogens and is a sensor for altered self (1, 2). A set of
recognitionmolecules detect foreign and altered self structures
and trigger one of the three complement pathways, referred to
as classical, lectin, and alternative (3). The three pathways
merge at the level of the central component C3 to execute a
common terminal pathway leading to inflammation, pathogen

opsonization, and lysis. When the complement cascade is trig-
gered on altered self, it is tightly regulated to proceed to clear-
ance of apoptotic cells and debris without inducing inflamma-
tion (3, 4). The recognition molecule of the classical
complement pathway C1q has a complex topology, consisting
of six globular (gC1q)5 heterotrimer domains and a collagen-
like region (5). C1q detects pathogen associated patterns (6). It
also recognizes immunoglobulins (IgG and IgM) and pentrax-
ins (such as C-reactive protein, CRP) (7) bound to their targets.
CRP exists as a pentamer (8, 9) in solution and is considered to
dissociate to monomers once bound to a membrane (10, 11).
C1q was reported to recognize both forms of CRP. C1q also
binds and participates in the clearance of host apoptotic cells
and debris. Complement activation and regulation are balanced
in physiological conditions, but complement dysregulation is
responsible for severe tissue damage in a variety of pathological
conditions. Therefore, specific inhibitors of complement are
needed for clinical practice (12).
Pathological activation of complement has been associated

with ischemic tissue after reperfusion, autoimmune hemolytic
anemia, lupus nephritis, and etc. (13–15). In these conditions
the alternative and/or lectin pathways are mostly involved. In
these conditions, tissue or cellular damages are often accompa-
nied by the release of large amounts of intracellular macromol-
ecules and low molecular weight compounds including heme
(16, 17). Heme (iron protoporphyrin IX) is a macrocyclic com-
pound utilized as prosthetic group by many proteins for gas
transport and oxidative metabolism. Tissue damage and
hemolysis were shown to result in release of heme from hemo-
proteins such as hemoglobin, myoglobin, and cytochromes
(16–19). Free heme is redox-active and cytotoxic (16, 20).
Therefore, it must be scavenged and removed quickly from the
circulation. This is achieved by heme-binding plasma proteins
such as hemopexin, �-microglobulin and albumin (16). How-
ever, as a result of excessive tissue damage and hemolysis,
heme-binding proteins are saturated, and high local and/or sys-
temic concentrations of heme (�20 �M) may be achieved (18,
21). In such situations, heme accumulates in the endothelial
cells membranes and plasma lipoproteins, imposing oxidative
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stress and inflammation (21, 22). Heme also interacts with var-
ious plasma proteins and modulates their functions (23–26).
We have demonstrated previously that in vitro exposure of C1q
to heme results in concentration-dependent inhibition of C1q
binding to its main targets, IgG and CRP (27). The underlying
mechanisms of this inhibition, however, remain poorly under-
stood. In the present study, we investigated the functional
aspect and the molecular mechanisms of inhibition of C1q by
heme.We identify heme as an endogenous negative regulator of
the classical complement pathway activation that acts at the
level of C1q and may play a role at sites of excessive tissue
damage and hemolysis.

EXPERIMENTAL PROCEDURES

Materials—The oxidized form of heme (ferriprotoporphyrin
IX chloride) was obtained from Fluka (Taufkirchen, Germany),
hematoporphyrin IX was obtained from Sigma-Aldrich. The
Zn(II) protoporphyrin IX (Zn(II)PP), Mg(II)PP, Mn(III)PP,
Ni(II)PP, Sn(IV)MP, Cr(IV)PP, and Co(III)PP were obtained
from Frontier Scientific (Logan, UT). In all assays, ferriproto-
porphyrin IX chloride was dissolved in dimethyl sulfoxide (des-
ignated in the text as hemin) or 0.05 N NaOH (designated as
hematin) and kept in the dark before use. Human C1q isolated
fromplasma and humanC-reactive proteins isolated from asci-
tes were obtained by Calbiochem. Rituximab (Mabtera, Roche)
was used as a source of human IgG1with high purity. Endobulin
(Baxter, Austria) was used as a source of pooled human IgG.
Pneumococcal C-polysaccharide (PnC) was obtained from the
Staten Serum Institute (Copenhagen, Denmark). Human
serum depleted of C1q and the kit for determination of sC5b-9
(MicroVue sC5b-9 Plus EIA kit) were obtained from Quidel
(San Diego, CA). All buffers were prepared with ACS reagent
grade chemicals.
Assessment of Classical Complement Pathway Activation in

Presence of Heme—The level of complement activation in pres-
ence of C1q, exposed to increased concentrations of hemin was
evaluated by C3 deposition ELISA, after addition of C1q-de-
pleted serum. Microtiter plates were coated with 10 �g/ml
pneumococcal C-polysaccharide as a natural ligand for CRP or
5 �g/ml tetanus toxoid as an antigen for IgG-containing
immune complex formation. After blocking with 1% BSA, the
wells werewashedwith 10mMTris, pH 7.4, 140mMNaCl, 5mM

CaCl2, 0.05% Tween 20 for the plate coated with PnC or PBS
with 0.05% Tween 20 for the plate coated with tetanus toxoid.
CRP was applied at 1 �g/ml in 1% BSA-containing washing
buffer for 1 h at 37 °C. Pooled human IgG at 0.5 mg/ml was
applied on the tetanus toxoid-coated plate to form immune
complexes. Anti-tetanus toxoid antibodies are present in the
immunoglobulin preparation due to common vaccination
against tetanus. After washing of all plates with 10 mM Hepes,
pH 7.4, 100 mM NaCl, 5 mM CaCl2, 1 mM MgCl2 0.05% Tween
20, intact or hemin-treated C1q was applied. For treatment of
C1q with hemin, purified protein at 0.1 �M was incubated with
increasing concentrations (0–15 �M) of hemin for 20 min at
4 °C in the dark. After incubation, the samples were diluted
with washing buffer to a final C1q concentration of 1 nM (C1q
molecular mass, 460 kDa) and applied at 50 �l/well to the
microtiter plates. After incubation for 1 h at 37 °C, the plates

were washed and either developed with anti-C1q-HRP
(Abcam), or 50 �l of C1q-depleted serum (Quidel) diluted
1/400 with the washing buffer was added. The plates were then
incubated for 1 h at 37 °C. After washing, the plates were incu-
bated with biotinilated rabbit polyclonal anti-C3 antibody
(diluted 1/500) or chicken anti-human C3 (Biodesign, diluted
1/10,000) for 1 h at 37 °C, followed by incubation with strepta-
vidin-HRP for 30min or goat anti-chicken HRP at 37 °C. Alter-
natively, anti-membrane attack complex (MAC) neoantigen-
specific antibody-HRP (Quidel) was added to reveal the MAC
formation. The reaction was developed by using tetramethyl-
benzidine (Sigma-Aldrich) substrate system and stopped by
adding 1 MH2SO4. The level of C3 deposition in the presence of
C1q, without hemin was considered as 100%, and the percent-
age of inhibition was scored for each hemin concentration. The
optimalCRP, IgG,C1q concentration, andC1q-depleted serum
dilution were determined prior running the experiment. To
assure that the observed C3 deposition is due to activation of
the classical pathwaywithout being amplified by the alternative
pathway, a serum dilution factor of 1/400 was used. To deter-
mine the level of soluble C5b-9 released in the fluid phase dur-
ing the incubation with C1q-depleted serum, the supernatants
from the wells were transferred to sC5b-9-specific ELISA
(Quidel) and developed according to the manufacturer’s
instructions.Wells, where coating with IgG1 or CRP was omit-
ted, served as a control for the baseline level of sC5b-9 present
in the C1q-depleted serum.
Thermodynamics of Interaction of Native and Heme-exposed

C1q to IgG1 and mCRP—The kinetic constants of the binding
of C1q to IgG1 and CRP were determined as a function of tem-
perature by using BIAcore 2000 system. Human IgG1 and CRP
were immobilized on research grade CM5 sensor chip, as
described in the supplemental data. Kinetic experiments were
performed using PBS as sample dilution and running buffer.
C1q (0.1 �M) was treated with 2.5 �M hemin or with vehicle for
5 min at 4 °C. Native and hemin-exposed C1q were injected
sequentially over the sensor surface at concentrations of 4, 2, 1,
0.5, 0.25, 0.125, 0.0625, 0.0312, and 0.0156 nM. The samples
were always injected with flow rate of 10 �l/min. The associa-
tion and dissociation were monitored for 5 min. Regeneration
of the chip surface was performed by a 30-s exposure to 1.25 M

guanidine�HCl. All kinetic measurements were performed at
temperatures of 10, 15, 20, 25, 30, and 35 °C. BIAevaluation 4.1
software (Biacore) was used for the evaluation of the rate con-
stants by global analysis of the experimental data using amodel
of Langmuir binding with correction of the drifting baseline.
Evaluation of the thermodynamic parameters (�H, T�S, and

�G) of the binding of C1q to its targets was performed as
described previously (28). Further details are given in supple-
mental data.
Absorbance Spectroscopy—Absorbance spectra of hemin

were recorded by using UNICAMHelios b, UV-visible spectro-
photometer. Human C1q was diluted to 0.2 or 0.4 �M in PBS,
pH 7.4. Aliquots of hemin, resulting in final concentrations in
the range of 0.01 to 20.5 �M were added to an optical cell con-
taining C1q and to a reference optical cell containing PBS only.
The absorbance spectra in the wavelength range of 350–700
nm were read after addition of each aliquot of hemin and incu-
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bation for 2min in the dark at 20 °C. The spectra were recorded
at a rate of 1500 nm/minute. The data of difference of the
absorbance of protein bound hemin from free hemin at absorb-
ance maxima (� � 395 nm) in the Soret region were used to
build titration binding curves. The data were fitted by using
GraphPadPrism software (version 5.0) to the single binding site
hyperbolic equation: y � �Amax x/(Kd � x), where x is the con-
centration of hemin, �Amax is the maximal change in the
absorbance intensity, andKD is the apparent equilibrium disso-
ciation constant. The effect of the imidazole on the spectral
characteristics of heminwas studied by addition of imidazole at
final concentration of 2 mM to optical cell containing 12.8 �M

hemin only or 12.8 �M hemin in the presence of 0.2 �M C1q.
The absorbance spectra were measured as described above.

Fluorescence Spectroscopy

Quenching of Intrinsic C1q Fluorescence by Heme—Fluores-
cence spectra were recorded with a Hitachi F-2500 fluores-
cence spectrophotometer (Hitachi Instruments, Inc., Woking-
ham, UK). C1q was diluted to 0.5 �M in PBS, pH 7.4. The
emission spectra of tyrosine and tryptophans after excitation at
280 nm and at 295 nm, respectively, were recorded in a 1-cm
quartz cell. The excitation and emission slits were 10 nm. The
spectra were recorded in a wavelength range of 300–500 nm
with a scan speed of 1500 nm/min. Increasing aliquots of hemin
stock solutionswere addeddirectly into the optical cell contain-
ing C1q solution. After intensive homogenization and a 2-min
incubation in the dark, the emission spectra were recorded. All
measurements were performed at 20 °C.
Fluorescence of Zn(II) Protoporphyrin IX Bound to C1q—Spec-

trofluorimetric analyses of the binding of Zn(II)PP to human C1q
were performed in PBS, pH 7.4, by using aHitachi F-2500 fluores-
cence spectrometer. Aliquots of Zn(II)PP dissolved in dimethyl
sulfoxide was added to C1q solution (0.1 �M) or to buffer only to
increasing concentrations of 0.010–5.12 �M. Samples were then
homogenized and allowed to stand in the dark for 2 min at 20 °C.
EmissionspectraofZn(II)PP in thewavelengthrange550–700nm
were recorded after excitation of at 410 nm. The excitation and
emission slits were set to 10 nm. The rate of wavelength scan was
1500nm/min.Allmeasurementswereperformed ina1-cmquartz
cell at 20 °C.

Measurement of Binding of Heme to C1q by Surface Plasmon
Resonance

The interaction of heme with C1q was studied by surface
plasmon resonance (BIAcore 2000). C1q was immobilized on a
research-grade CM5 sensor chip using an amino-coupling kit
(Biacore). In brief, C1q were diluted in 5 mMmaleic acid, pH 5,
to a final concentration of 5 �g/ml and injected on an EDC/
NHS-activated flow cell. The experiments were performed
using PBS, pH 7.4. Hemin solutions were prepared by diluting
the stock in PBS just before injection. Heminwas injectedman-
ually on immobilized C1q at concentrations of 0.05, 0.1, 0.25,
0.5, 0.75, and 1 �M with a flow rate of 20 �l/min. The associa-
tion and dissociation phases of the interaction of hemin with
C1q were monitored for 7 and 10 min, respectively. Regenera-
tion of the chip surface was achieved by brief exposure (30 s) to
a solution containing 0.05 M NaOH and 0.5 M NaCl. The bind-

ing to the surface of the control flow cell was always subtracted
from the binding to the C1q-coated flow cells. BIAevaluation
software (version 4.1; Biacore) was used for the evaluation of
the kinetic rate constants.

Size-exclusion Chromatography

The molecular composition of native and hemin exposed
C1q was analyzed by using an FPLC Akta Purifier 10 (GE
Healthcare Europe) system with a Superose-12 column equili-
brated with PBS, pH 7.4. C1q (2.17 �M) was incubated for 10
min on ice with 43.4 �M hemin, giving 20-fold molar excess.
One hundred�l of native or heme-exposedC1qwere diluted to
final volume of 1 ml with PBS. The samples were loaded to 30
ml Superose 12 column.Detectionwas set at a dual wavelength,
at 280 nm for presence of protein and 405 nm for presence of
hemin.

Molecular Docking of Heme to gC1q

The atomic coordinates of gC1q (Protein Data Bank code
1PK6) containing a Ca2� ion (29) were used for the molecular
docking. An apoform was created by omitting the Ca2� ion, as
described previously (30). AutoDock (version 3.0.5) (31) was
used to accommodate the hememolecule to gC1q. Options for
rigid protein and flexible heme were applied. Independently,
Hex 6.1 andHexServer (32, 33) were utilized considering or not
the electrostatic interactions. Because both docking partners
are rigid-body structures, hememolecules (both in normal and
in upset planes) from Protein Data Bank codes of different
hemoproteins were selected. The criteria for final gC1q-heme
complex selection were based on the total energy of binding.
The final representative complexes were chosen statistically.

Electrostatic Analysis of gC1q-Heme Complex

Electric moments determinations were performed using the
PHEMTO sever (Institute of Organic Chemistry, Biophysical
Chemistry Lab at Bulgarian Academy of Sciences) as
described previously (34, 35). PHEMTO (PH-dependent Elec-
tric Moments of proteins TOols) uses three different
approaches to calculate three-dimensional electrostatic poten-
tials grid(s) of proteins and their complexes. As amain function,
it predicts explicitly the scalar and the orientation of electric
moments,�e (in particular the dipolemoment (�d) whenZ� 0,
i.e. in the isoelectric point, pI) based on space integration of the
electrostatic potential. A variety of molecular viewers (RasMol,
JMol, and Chimera) were used for results visualization and
analysis.

RESULTS

Heme Is an Inhibitor of Classical Complement Pathway—Im-
munoglobulins and CRP are important targets for C1q binding
and subsequent classical pathway activation, leading to C3 dep-
osition. Here, we assessed whether native and heme-exposed
C1q have different abilities to activate the classical complement
pathway on IgG and CRP-coated surfaces. C1q was allowed to
interact with ligand-bound CRP (PnC-CRP as described in Ref.
36) or IgG-containing immune complexes. Fifteen �M hemin
inhibited up to 90% of the binding of C1q to the immune com-
plexes and �30% of the binding of C1q to PnC-CRP complexes
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(Fig. 1A). Furthermore, C1q-depleted serum was added as a
source of complement proteins. Exposure of C1q to different
doses of hemin resulted in decreased deposition of C3, reduced
MAC deposition, and decreased formation of sC5b-9 (Fig. 1).
The inhibition of theC3 deposition on IgG-containing immune
complexes reached �80% at 15 �M hemin and 50% at 6 �M

hemin. Deposition of C3 on PnC-CRP was inhibited �60% in
the presence of 15�Mhemin (Fig. 1B). IgG-containing immune
complexes activated the terminal complement pathway more
strongly than PnC-CRP. Fifteen �M hemin resulted in a �50%
inhibition of theMAC (Fig. 1C) and sC5b-9 (Fig. 1D) formation
on IgG-containing immune complexes. Inhibition of the termi-
nal complement pathway on PnC-CRP was also detected but was
less efficient compared with the one on immune complexes.
Different Metaloporphyrins Affect Differentially the Binding

of C1q to IgG1 and CRP—Furthermore, we investigated the
interactions of C1q to its targets, IgG1 and CRP, by biosensor
real time interaction analyses, as described in the supplemental
“Experimental Procedures” (Fig. 2). Both pentameric and
monomeric forms of CRP were used because the two forms are
suggested to have a physiological relevance and are able to
interact with C1q (10, 11, 37, 38). Exposure of C1q to increasing
concentrations of heme, resulted in a dose-dependent decrease
in the interactionwith IgG1,mCRP, and pCRP (Fig. 2,A andB).
The exposure of C1q to a heme analog hematoporphyrin IX, a
compound with a structure similar to that of heme but devoid
of central iron ion and with modified vinyl groups, resulted in
considerably lower inhibitory activity of C1q interactions (Fig.
2A). Furthermore, we studied the contribution of the central
metal ions in porphyrins for the inhibition of C1q interactions.

To this end, different metalloporphyrins were used that differ
in their coordination chemistries. Co(III)PP, Mg(II)PP, and
Zn(II)PP were found to inhibit strongly the interactions of C1q
with its targets. In a contrast exposure of C1q to Sn(IV)MP,
Mn(III)PP and Cr(III)PP had only negligible inhibitory effect
(Fig. 2A), and Ni(II)PP had an intermediate inhibitory activity
on the IgG and CRP binding.
To rule out the possibility that heme causes changes in the

surface-bound IgG or CRP that further affect C1q binding, we
pretreated surface-bound IgG and CRP with the highest con-
centration of hemin introduced with C1q in our analyses. The
injection of native C1q afterward showed binding profiles iden-
tical with the binding of native C1q on the untreated chip sur-
face (data not shown).
Kinetic and Thermodynamic Characterization of Heme-me-

diated Inhibition of C1q Interactions—To understand the
mechanism of heme-mediated inhibition of C1q interactions,
we performed kinetic and thermodynamic analyses. The asso-
ciation and dissociation rate constants of binding of native and
hemin-exposed C1q (0.1 �M C1q exposed to 2.5 �M of hemin)
to IgG1, mCRP, and pCRP were evaluated as a function of the
temperature. The association rate constants of the interaction
of native C1q with IgG1 and both forms of CRP showed iden-
tical temperature dependence. Thus, for the binding of C1q to
proteins, the increase in the temperature resulted in a concom-
itant increase in the association rate (i.e. negative slopes in left
panels of Fig. 3). Exposure of C1q to hemin resulted in qualita-
tive and quantitative differences in the temperature depend-
ence of ka of the interaction with IgG1 (Fig. 3); the association
rate was reduced in the whole temperature range, and the tem-
perature dependence was opposite to that of native C1q (Fig.
3A, left panel). Thus, an increase in the temperature resulted in
the decrease of the association constant of hemin-exposed C1q
to IgG1. The change in the temperature had similar effect on ka
for hemin-exposed C1q and native C1q when the binding to
mCRP was studied (Fig. 3B, left panel). However, the slope of
the Arrhenius plot was greater in the case of hemin-treated
C1q, implying a higher temperature sensitivity of the associa-
tion rate. In contrast, the hemin exposure decreased the tem-
perature sensitivity of association rate constant for the binding
to pCRP.
The effect of the temperature on the dissociation rate con-

stant was similar for all studied interactions. The increase of the
temperature resulted always in an increase in the rates of dis-
sociation (Fig. 3, right panels).
Differences in the temperature sensitivity of the rate con-

stants of native and hemin-exposed C1q reflect differences in
molecular mechanism of targets recognition. To characterize
the biophysical mechanism of C1q interactions, we determined
the changes in the thermodynamic parameters. The changes in
enthalpy (�H), entropy (T�S), and free energy (�G) were eval-
uated for the association and dissociation phases, as well as for
equilibrium of the binding of native and hemin-exposed C1q to
IgG1 and both forms of CRP (Fig. 4). The exposure of C1q to
hemin resulted in qualitative and quantitative changes in the
thermodynamic parameters of the association in case of the
three studied targets (Fig. 4). In contrast, the energetic changes
during the dissociation phase of C1q interactions were less

FIGURE 1. Inhibition of the classical complement pathway activation by
hemin. The capacity of native and hemin-exposed C1q, bound to IgG-con-
taining immune complexes or ligand-bound CRP to activate the classical
complement pathway, was evaluated by ELISA. C1q (0.1 �M) was exposed to
increasing concentrations of hemin (0 –15 �M) and was allowed to interact
with immune complexes (tetanus toxoid, anti-tetanus toxoid antibodies from
an IVIg preparation) and PnC-bound CRP. C1q-depleted serum was added as
a source of complement proteins. A, C1q binding; B, C3 deposition; C, MAC
formation; D, sC5b-9 release in the fluid phase, measured by Quidel ELISA kit.
The results for the native C1q were taken as 100%. Each point represents
mean � S.D. of three repetitions.
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affected by the presence of hemin (Fig. 4). The thermodynamic
changes at equilibrium indicated that C1q binding to mCRP
and pCRP occur by identical mechanism that differed qualita-
tively from those typical for IgG1 (Fig. 4).
Heme Binds to C1q—We hypothesized that the inhibition of

C1q recognition of its targets may result from a direct interac-
tion of hemewithC1q. The specific electronic characteristics of
heme allow investigating its binding to proteins by spectro-
scopic approaches. A UV-visible absorbance spectrum of oxi-
dized heme showed an increase in the molar extinction coeffi-
cient at the Soret band (�400 nm) in the presence of C1q (Fig.
5A). The titration of C1q with increasing concentrations of
hemin resulted in saturable (at 12-fold heme excess) increase in
the differential spectrum at the Soret band. These data indicate
that hemin binds to C1q molecule and that each C1q molecule

binds 12 heminmolecules (i.e. two heminmolecules per gC1q).
Furthermore, we studied the effect of imidazole on the hemin
electronic properties (Fig. 5B). Incubation of hemin with imid-
azole resulted in a red-shift in the Soret band and the appear-
ance of two absorbance peaks in the �/�-region of the spec-
trum. These changes are consistent with a transition of the
heme iron to a bis-imidazole hexacoordinated low spin state.
The addition of imidazole to C1q preincubated with hemin
resulted in less pronounced changes in the absorbance spec-
trumof hemin, indicating the engagement of hemin in an inter-
action with the protein that may reduce the ability of imidazole
to coordinate the hemin iron.
To further confirm binding of hemin to C1q and to charac-

terize the kinetics of the interaction, we applied a surface plas-
mon resonance-based technique. Injection of hemin over

FIGURE 2. Inhibition of the interaction of C1q with IgG1 and CRP by heme and different porphyrins. A, the inhibitory activity of different porphyrins on the
binding of C1q to pCRP, mCRP, and IgG1 was assessed by real-time interaction analyses. C1q (0.1 �M) was exposed to increasing concentrations of metallo-
porphyrins (0 –30 �M) and injected for 5 min over immobilized IgG, pCRP, and mCRP. The graph depicts the percentage of residual binding of C1q as a function
of the porphyrin concentration. The binding of native C1q is considered as 100%. All stock solutions of metalloporphyrins were in dimethyl sulfoxide except
Mg(II)PP, which was dissolved in water. B, real-time profiles of the interaction of native and hematin-exposed C1q to IgG1, pCRP, and mCRP. C1q at 0.1 �M was
exposed to the indicated concentrations of hematin or to vehicle only. The profiles were generated by injecting increasing concentrations of C1q (5, 2.5, 1.25,
0.625, 0.312, and 0.156 nM) over sensor chips immobilized with IgG1, mCRP, and pCRP. The time-dependant binding of C1q in the indicated conditions is
presented in resonance units (R.U.). The experimental binding curves (black lines) and curves generated by fitting the data to Langmuir binding with drifting
baseline model (gray lines) are presented. SnMP, Sn(IV)MP; MgPP, Mg(II)PP; MnPP, Mn(III)PP; HPIX, hematoporphyrin IX; CrPP, Cr(IV)PP; NiPP, Ni(II)PP; CoPP,
Co(III)PP.
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immobilized C1q resulted in a concentration-dependent
increase in hemin binding to C1q (Fig. 5C). Evaluation of the
kinetic parameters of the interaction revealed that hemin binds
toC1qwith an affinity in the 1–2�M range. The interactionwas
characterized by a slow association, ka of 3.2� 103 M�1 s�1 and
a relatively fast dissociation, kd of 3.44 � 10�3 s�1. By using
size-exclusion chromatography (Fig. 5D), we analyzed the
molecular integrity of C1q after exposure to hemin at concentra-
tions that are able to significantly inhibit C1q binding to its targets
(Figs. 1 and 2). The elution profile of hemin-C1q did not differ
from that of C1q alone, indicating that heme treatment is not
inducing aggregation of C1q. Size-exclusion chromatography
analyses also confirmed that heme forms stable complexes with
C1q. Thus, when C1q was treated with hemin, the elution of the
protein, detected by absorbance at 280 nm, coincidedwith elution
of hemin, detected by its specific absorbance at 405 nm (Fig. 5D).
Another evidence for hemin binding to C1q was provided by

using fluorescence spectroscopy. Titration of C1qwith increas-
ing concentrations of hemin resulted in quenching of the
intrinsic fluorescence of aromatic residues (mainly of Tyr and
Trp excited at 280 nm) and more specifically of Trp (excited at
295 nm) in C1q (Fig. 5E). These results suggested that hemin
binds in close vicinity to aromatic residues.
Finally, we studied the ability of the fluorescence compound

Zn(II)PP, which differs from heme only by the nature of its

central metal, to bind to C1q. Spectroscopy analyses revealed
that incubation of C1q in the presence of Zn(II)PP resulted in
an increase in the fluorescence intensity of the porphyrin (Fig.
5F), which was saturated at the highest concentration used
(data not shown). These data indicate that C1q is able to bind
Zn(II)PP and highlight the importance of the porphyrin ring in
the interaction.
Heme-induced Alteration of Electrostatic Properties of

gC1q—The attempt to dock heme to gC1q by using Auto-
Dock resulted in a large number of possible structures with
close values of the binding energy. The preferred binding site
appeared to be located in the lower part of the heterotrimer,
close to the collagen-like part. The complexes obtained
using Hex and HexServer with and without electrostatic
contributions gave less scattering of the possible binding
sites and allowed us to select two models (Fig. 6), represent-
ing the most probable site (with lowest value of energy) with
(Fig. 6A) and without (Fig. 6B) taking into account the elec-
trostatic contributions. In both cases, heme is located at the
lower part of gC1q, bound to the A-chain (Fig. 6A, A-model)
or to the C-chain (Fig. 6B, C-model).
The residues that make a direct contact with heme in the

A-model are as follows: ValA114, IleA115, AsnA117, GluA119,
GluA120, AsnA124, ArgB159, LysB188, and GluB190 (supplemen-
tal Fig. 1A). The closest aromatic residue is TyrA122, which is at

FIGURE 3. Temperature dependence of the binding kinetics of C1q to IgG1 and CRP. Arrhenius plots depict the temperature dependence of the association
and dissociation rate constants that characterize the binding of native (open circles) and hemin-exposed C1q (filled squares) to IgG1 (A), to monomeric CRP (B),
and to pentameric CRP (C). C1q diluted to 0.1 �M in phosphate buffer, pH 7.4, and was treated with 2.5 �M of hemin or with the same volume of vehicle. After
5 min of incubation, C1q was diluted to 4, 2, 1, 0.5, 0.25, 0.125. 0.0625, 0.0312, and 0.0156 nM in phosphate buffer and injected over the sensor chip. The kinetic
values were obtained by global analyses of at least six binding curves. To determine the slopes of the Arrhenius analyses, the kinetic data were subjected to
linear regression analysis.
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3Å from the hememoiety. The contact residues for heme in the
C-model are as follows: ValB118, IleB119, ThrB120, AsnB121,
MetB122, AspC156, ArgC182, LeuC183, GlnC184, GluC187, and
AspC217, with TrpC190 being at less than 10 Å away from the
heme (supplemental Fig. 1B). The two binding sites may be
occupied simultaneously.
To get an insight to the mode of heme-induced inhibition,

the value and the direction of the electric moment vectors were
calculated for the free gC1q and the two selected heme-con-
taining complexes in a large pH range. At a pH interval of 5–11,
all vectors are directed toward heme moieties, mainly through
the A-chain for the A-model and fixed through the iron-heme
atom on the C-model. The position of the vectors does not
depend on the presence or absence of the Ca2� ion. These
directions strongly differ from the ones in the native gC1q in
presence of Ca2� (directed toward the apex of gC1q) or in a
Ca2�-free state (toward the lateral surface of the B-chain). In
case of simultaneous occupancy of the two binding sites, the
electricmoment vector remains directed toward the apex of the
heterotrimer as in the native (Ca2�-bound) form, but cannot be
redirected when the Ca2� ion is removed.

DISCUSSION

In this study, we demonstrated that heme is able to inhibit
IgG- andCRP-mediated complement activation by direct bind-

ing to C1q. The inhibitory effect of heme resulted from altera-
tions in themolecular mechanism that drives the interaction of
C1q with its targets. Spectroscopic and biosensor analyses
revealed that heme binds to C1q with micromolar equilibrium
affinity. Heme binding to C1q was saturable with two binding
sites for each of the six gC1q domains. The spectral data
obtained by absorbance and fluorescence spectroscopy suggest
that binding of heme to C1q is not accompanied by changes in
its molecular environment. The absence of shifts in the absorb-
ance maxima implies that hememost probably bind to the sur-
face of the protein. Heme is a hydrophobic compound and has
a tendency to interact with hydrophobic regions of proteins.
The marked quenching of the intrinsic Trp and Tyr fluores-
cence of C1q by hemin indicates that heme forms contacts at
regions that are rich in aromatic residues. The collagen-like
region of C1q is composed primarily of glycine-hydroxypro-
line-hydroxylysine repeats. The majority of the aromatic resi-
dues are found in the globular domains, the surface of which
consists of charged and hydrophobic patches (5, 29). In accord-
ance with the experimental results, the data obtained bymolec-
ular docking of heme to the structure of gC1q suggested that
heme binds to the surface of the protein, in close proximity to
TyrA122 (for the binding site in theA-chain) and toTrpC190 (for
the binding site in the C-chain).

FIGURE 4. Thermodynamics of the binding of C1q to IgG1 and CRP. Changes in the thermodynamic parameters, enthalpy (�H), entropy (T�S), and Gibbs free
energy (�G), during the association, dissociation, and equilibrium phases of the binding of native (white bars) and hemin-exposed (black bars) C1q to IgG1 (A),
monomeric CRP (B), and pentameric CRP (C). Reported values were obtained by applying thermodynamic calculations (see “Experimental Procedures”) to the
Arrhenius plots shown in Fig. 3. The thermodynamic parameters were determined by using a reference temperature of 298 K (25 °C).
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The thermodynamic analyses of interactions of native and
heme-exposed C1q indicate that reduced binding of heme-C1q
to its targets ismainly due to unfavorable changes in association
thermodynamics. The changes in the thermodynamic parame-
ters that characterize intermolecular recognition reflects the
formation of noncovalent contacts (changes in enthalpy) and
the presence of structural alternations in the interacting pro-
teins (changes in entropy) (39–41). Negative values of the
changes in the entropy during association are usually asso-
ciated with “induced fit” binding of macromolecules, where
the conformational heterogeneity (high entropy) of free
binding partners is reduced (decrease in entropy) upon com-
plex formation (40–42). Interestingly, the physicochemical
mechanisms underlying the inhibitory effect of heme were
not identical when the interactions of C1q with IgG1, and

both forms of CRP were studied. The marked increase in the
negative value of T�S observed for the association of heme-
bound C1q to IgG1 and to pCRP suggests that heme
increases the structural flexibility of C1q; the energetic pen-
alty of the structural adjustments of heme-bound C1q to IgG
increases the activation energy of association and thus neg-
atively influences the overall binding affinity. In contrast, the
binding of heme-C1q to mCRP was characterized by a favor-
able contribution from T�S (positive sign), implying the
absence of structural changes during association. The latter
interaction can be categorized as obeying to the “lock-and-key”
recognitionmodel, an interactionof preformed rigid binding sites.
The reduction of the binding affinity of C1q for mCRP derives
mainly from a highly unfavorable change in the association
enthalpy. Thus, the binding of hememost probably prevents vital

FIGURE 5. Binding of heme to C1q. A, left panel, absorbance spectra (350 –550 nm) of 0.2 �M C1q (solid gray curve), of 0.2 �M C1q preincubated for 5 min with
0.8 �M hemin (solid black curve), and of 0.8 �M hemin alone (dashed black curve). The absorbance spectra were measured in phosphate buffer, pH 7.4, at 20 °C
by using optical cells with a 1-cm path. A, right panel, the specific binding of heme to C1q was estimated by addition of increasing concentrations of hemin
(0 –20.5 �M) to an optical cell containing C1q (0.4 �M) and using optical cells containing phosphate buffer as a reference. The binding curve was generated by
plotting the difference in absorbance at 395 nm (AC1q/hemin � Ahemin) versus the molar concentration of hemin. Data were fitted with the single binding-site
hyperbola equation. B, absorbance spectra (350 –750 nm) of hemin (12.8 �M) and C1q/hemin (12.8/0.2 �M) in the absence (dashed black and solid black curves,
respectively) or presence of 2 mM imidazole (dotted black and solid gray curves, respectively). The samples were incubated with imidazole for 5 min at 20 °C
before measurement of the absorbance spectra. C, detection of heme binding to C1q by biosensor measurements. Real-time interaction profiles generated
after injections of increasing concentrations of hemin (0.05, 0.1, 0.25, 0.5, 0.75, and 1 �M) over immobilized C1q. The association and dissociation of hemin to
C1q were followed for 7 and 10 min, respectively. The specific heme-binding responses to C1q-coated chip surface were generated by subtracting the response
from a reference surface. The experimental data were fitted to a Langmuir model with drifting base-line (Chi2, 1.95). D, size-exclusion chromatography for
determination of molecular composition of hemin-exposed C1q. Elution profiles of native and hemin-treated C1q from a Superose 12 column were recorded
at 280 and 405 nm. Dotted black and solid black lines represent the profiles of native C1q and heme-treated C1q, respectively, detected at 280 nm (protein
absorbance). Solid gray and dashed black lines refer to native C1q and heme-treated C1q, respectively, detected at 405 nm (heme absorbance). E, quenching of
the fluorescence of C1q by hemin. Fluorescence spectra of C1q (0.5 �M in phosphate buffer, pH 7.4) were recorded after addition of increasing concentrations
of hemin (0 –25.6 �M). After each addition of hemin, samples were incubated for 2 min in the dark. The left panel shows the emission spectra of C1q after
excitation at 280 nm. The right panel shows the emission spectra after excitation at 295 nm (tryptophan fluorescence). The gray curves on the graphs represent
the background emission from the phosphate buffer. F, emission spectra of Zn(II)PP (0.320 �M) after excitation at 410 nm in the absence (black line) and
presence (gray line) of 0.1 �M C1q. The spectra were recorded 2 min after addition of Zn(II)PP to solution of C1q in phosphate buffer. R.U., resonance units; a.u.,
arbitrary units; ZnPP IX, Zn(II) protoporphyrin IX.
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noncovalent interactions between C1q and mCRP, resulting in a
reduction of the binding affinity.
The thermodynamic analyses further provide important evi-

dence about the mechanism of target recognition by the native
C1q. These data indicate that native C1q associates to IgG
monomeric and pentameric CRP by similar physicochemical
mechanisms. However, quantitative differences in the associa-
tion and the dissociation phase for the targets results in quali-
tative alteration of the equilibrium thermodynamics. Thus, in
the case of IgG1, the interaction is driven by favorable changes
in equilibrium enthalpy. In contrast, the binding to mCRP and
pCRP is driven by favorable changes in equilibrium entropy.
These data are supported by previous observations indicating
that the binding sites for IgG and CRP may overlap but are not
identical (30, 43, 44). The observed differences in the binding
mechanism of native C1q also reflect the different nature of the
target proteins.
Heme is not the only porphyrin capable of inhibiting the

binding of C1q to IgG and CRP. We observed that Co(III)PP,
Mg(II)PP, and Zn(II)PP also have potent inhibitory activity on
the interactions of C1q. In contrast, porphyrins containing
Cr(III), Mn(III), or Sn(IV) ions, or devoid of metal ions, such as
hematoporphyrin IX, possess much lower potential to inhibit
C1q. This result suggests that coordination of the central metal
in the porphyrins by C1q plays an essential role for inhibitory
activity. Indeed, the differences in the coordination geometries
of different metals would result in different preferences and
energies of coordination by particular amino acid residues in
the protein.
Previous studies have demonstrated that other heterocyclic

compounds structurally similar to heme are also able to inhibit
C1q functions. Thus, unconjugated bilirubin, which is a prod-
uct of heme catabolism, found at high concentrations in the

case of liver diseases or of hemolytic anemia, binds to C1q and
inhibits the classical complement pathway (45, 46). Moreover,
synthetic heterocyclic compounds such as bisphenol disulfates,
sulfated steroids, and triterpenoids also inhibit the classical
complement pathway at the level of C1q (47, 48). Two of these
compounds, betulin disulfate and 9,9-bis(4�-hydroxyphenyl)
fluorene disulfate, were studied in detail (43). They bind to
gC1q and inhibit its interaction with IgG1 and CRP by modu-
lating the electrostatic properties of the protein, reducing the
scalar values, and altering the orientation of the electric
moment vectors of gC1q. These dipole/electric moment effec-
tors impair the electrostatic properties of C1q and conse-
quently inhibit the complement activation. Here, we provide
evidence that similar electric moments inhibition occurs with
natural heterocyclic compounds such as heme. The iron ion
appears to be important for this activity, as hematoporphyrin,
which has the similar macrocyclic backbone but lacks the
metal ion, inhibits C1q binding to a much smaller extent.
Interestingly, heme, like bisphenol disulfates, sulfated ste-
roids, triterpenoids, and bilirubin, share common structural
features: two negative charges, separated by 8–12 Å by bulky
hydrophobic groups in the central part of the molecules.
These characteristics were demonstrated to be of impor-
tance for inhibition of the classical complement pathway (47,
48) and may explain the inhibitory effect of heme. The bind-
ing sites for heme on C1q, predicted by molecular docking,
are different from the ones predicted in the case of betulin
disulfate and 9,9-bis(4�-hydroxyphenyl) fluorene disulfate,
but the effect on the electric moments orientation is similar.
Yet, the binding of heme also results in a reorientation of the
electric moment vectors of gC1q. We therefore hypothesize
that heme is an endogenous electrostatic effector, which

FIGURE 6. Heme-induced alteration of the direction of the electric moment vectors of gC1q. The direction of the electric moment vectors (�) two
most probable gC1q-heme docking complexes are represented in a native form (� native), as calculated from the Protein Data Bank code 1PK6 structure
and in presence of heme (� heme). The docking complexes where heme is bound to the A-chain (A-model, panel A) and to the C-chain (C-model, panel
B), or both (panel C) are depicted. The three chains of gC1q are colored as follows: A, green; B, blue; and C, magenta. The heme is shown in sphere
representation.
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alters the binding properties from C1q by modulation of its
physicochemical characteristics.
A complement is a double-edged sword, capable of destroy-

ing invading pathogens but also of damaging self-tissues, as
seen in many pathological conditions. Inappropriate comple-
ment activation has been shown to induce tissue injury in the
context of severe inflammation, ischemia/reperfusion, trans-
plantation, stroke, myocardial infarction, hemolytic anemia,
immune complex diseases, malaria, and etc. (13–15, 49). Sev-
eral natural inhibitors of the early steps of the classical pathway
activation, like C1 inhibitor (50, 51) and C1q inhibitor (chon-
droitin-4 sulfate proteoglycan) (52), can counteract the delete-
rious effects induced by undesired complement triggering.
However, in many situations, these systems are insufficient to
prevent attack by the complement, and there is an urgent need
for developing synthetic inhibitors of the early stages of classi-
cal pathway activation (12, 53, 54). A good understanding of the
interaction between C1q and its target molecules is an indis-
pensable step toward designing proficient inhibitors of the clas-
sical complement pathway. Based on our results, it is tempting
to speculate that heme is an endogenous negative-feedback reg-
ulator of the activation of the classical complement pathway.
Indeed, in cases where high levels of free heme are present, like
malaria and ischemia/reperfusion, the classical complement
pathway plays only a minor role (if any) despite of the presence
of damaged cells (ligands for C1q) and activation of other path-
ways (49). The heme that is released during cellular damage
maymodulate the classical pathway triggered by immune com-
plexes and CRP. This anti-inflammatory activity of free heme
may be a natural last chance for rescue in such severe, life-
threatening conditions. Novel, optimized molecules based on
the heme scaffold could be candidates for future therapeutic
agents.

REFERENCES
1. Walport, M. J. (2001) N. Engl. J. Med. 344, 1058–1066
2. Walport, M. J. (2001) N. Engl. J. Med. 344, 1140–1144
3. Ricklin, D., Hajishengallis, G., Yang, K., and Lambris, J. D. (2010) Nat.

Immunol. 11, 785–797
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