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Abstract

Complement C3 is a key fluid-phase protein of the immune system that covalently tags pathogenic
cells and molecules for subsequent clearance. Previously, we reported that complement activation
results in the formation of multiple C3b:plasma protein complexes in serum. However, it is not
known if C3b attaches to any plasma protein in close proximity or preferentially binds damaged
proteins. The objective of this study was to determine if C3b couples to plasma proteins in a non-
native state and if this could be a potential mechanism to detect and clear damaged proteins from
the blood. Using a purified in vitro system with alternative pathway proteins C3, factors B and D it
was observed that guanidinium-HCI denaturation of three purified plasma proteins (albumin,
alpha-1 proteinase inhibitor, vitamin D binding protein) greatly increased their capacity to form
covalent complexes with C3b. However, native vitamin D binding protein, covalently attached to
C3b, still retained the ability to bind its natural ligand G-actin, indicating that C3b links to plasma
proteins in their native configuration but denaturation substantially increases this interaction.
Serum complement activation generated a large number of C3b:plasma protein complexes that
bound red blood cell membranes, suggesting a CR1-mediated clearance mechanism. Thermally
denatured (60°C) serum activated the alternative pathway when added to fresh serum as evidenced
by factor B cleavage and iC3b generation, but this heat-treated serum could not generate the pro-
inflammatory peptide C5a. These results show that C3 recognizes and tags damaged plasma
proteins for subsequent removal from the blood without triggering proinflammatory functions.
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1. INTRODUCTION

The third component of complement (C3) is the most abundant and essential protein of the
complement system in all vertebrates (Mastellos et al., 2013; Zarkadis et al., 2001). High
concentrations of C3 circulate in blood plasma (adult human range: 0.7 to 1.6 mg/ml) and
can increase almost two-fold during the acute phase response of inflammation. C3 is
required for full activation of the classical and lectin recognition pathways and is central for
the initiation and activation of the alternative pathway (Ricklin et al., 2010). During
complement activation, proteolytic cleavage of C3 to C3b exposes the unstable thioester
bond, which then reacts extremely fast with either a target surface or surrounding water
molecules to generate surface bound or soluble C3b (Janssen et al., 2006; Pangburn and
Muller-Eberhard, 1980). It is well established that C3 plays a major role in the clearance of
microbial pathogens, immune complexes, apoptotic cells and tissue debris by covalently
tagging targets with C3 cleavage products (C3b and iC3b) for subsequent removal via
phagocytic cells expressing C3b/iC3b receptors (He et al., 2008).

Extracellular protein misfolding underlies most of the serious conditions of pathological
protein deposition including systemic amyloidosis, Alzheimer’s disease, diabetes and
spongiform encephalitis (Aguzzi and O'Connor, 2010; Naiki and Nagai, 2009). Both the
intra and extracellular compartments can impose strains on protein structure due to
fluctuations in pH, temperature and oxidative stress. Thus, it is critical to maintain correct
protein structure and function in living systems, a process that is collectively known as
protein homeostasis or proteostasis (Aguzzi and O'Connor, 2010; Hipp et al., 2014; Naiki
and Nagai, 2009). The extracellular space is a more oxidizing environment than the
intracellular compartment, and there is an additional challenge posed to protein stability in
the blood due to shear stress of circulating fluids. Chaperones play a key role in protecting
against such stresses either by binding and preventing aggregation of the unfolded/misfolded
protein or by facilitating protein refolding or clearance from circulation. Excessive
misfolding/unfolding can cause disease due to loss of hormal function, gain of pathological
function and/or dysfunctional accumulation in tissues (Aguzzi and O'Connor, 2010; Naiki
and Nagai, 2009). Though the process of protein homeostasis has been studied extensively
in the intracellular context (Hipp et al., 2014), extracellular chaperones are not as well
recognized or understood and characterization of these proteins and their functions has only
recently gained more attention (Wyatt et al., 2013). The number of extracellular chaperones
continues to grow; currently at least seven plasma proteins have been shown to function as
chaperones including clusterin, ap-macroglobulin, haptoglobin, apolipoprotein E, serum
amyloid P (SAP), caseins and fibrinogen (Wyatt et al., 2013).

Recently, we have shown that upon activation of complement, C3 binds covalently via the
thioester to a wide range of plasma proteins of varying abundance, molecular weight and
isoelectric points (Ramadass et al., 2014). A significant proportion of C3b is complexed to
plasma proteins, even with the large disparity in the percentage of water molecules to
proteins in plasma (91.5% of plasma is water, 55 Molar, and only 7.5% is protein). We
speculated that this could be a mechanism to neutralize the C3 thioester and limit deposition
on host cells at sites of complement activation (Ramadass et al., 2014). In the present study
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we investigated if C3 tagging of plasma proteins facilitates their clearance, and if so does
this process have a preference for non-native or unfolded plasma proteins, thus suggesting
an extracellular chaperoning function for C3.

2. MATERIALS AND METHODS

2.1 Reagents

Purified cobra venom factor (CVF), human serum depleted of individual complement
components (C3, factor B and factor D), and purified human complement proteins (C3,
factor B and factor D) were all purchased from Complement Technology, Inc. (Tyler, TX).
The following purified human proteins were all obtained from Athens Research and
Technology (Athens, GA): alpha-1 proteinase inhibitor (a4Pl), vitamin D binding protein
(DBP), human serum albumin (HSA) and neutrophil elastase. The following reagents were
purchased from Sigma-Aldrich (St. Louis, MO): 2-p-toluidinylnaphthalene-6-sulfonate
(TNS), N-methoxysuccinyl-Ala-Ala-Pro-Val p-nitroanilide (MeOSuc-AAPV-pNA) and
MeOSuc-Ala-Ala-Pro-Val chloromethyl ketone (MeOSuc-AAPV-CMK). Bio-Gel P30
matrix with medium polyacrylamide beads (90-180 pum wet bead size) for size exclusion
chromatography and Lowry protein assay based DC Protein Assay Kit both were purchased
from Bio-Rad (Hercules, CA). Pre-diluted bovine serum albumin (BSA) protein standards
were purchased from Thermo-Fisher Scientific (Pittsburgh, PA). Purified actin was
purchased from Cytoskeleton, Inc. (Denver, CO). Protease inhibitor cocktail tablets were
purchased from Roche (Indianapolis, IN). Blood was obtained from several healthy donors
as previously described using a protocol approved by Stony Brook University Institutional
Review Board in accordance with the Declaration of Helsinki (Ramadass et al., 2014).
Normal human serum (NHS) was collected and pooled from several donors.

The 1gG fraction of goat polyclonal anti-human DBP was purchased from DiaSorin
(Stillwater, MN) and then affinity-purified in our laboratory using immobilized DBP.
Chicken polyclonal anti-a1P1 antibody was obtained from ProSci, Inc. (Poway, CA). Mouse
monoclonal anti-human factor B (clone D33/3) was obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). Rabbit polyclonal anti-aloumin antibody was a generous
gift from Dr. Berhane Ghebrehiwet, Stony Brook University. Chicken polyclonal anti-
human C3 was obtained from Gallus Immunotech (Cary, NC).

2.2 Gel electrophoresis and immunoblotting

For denaturing and reducing gels, all samples were separated using 8% polyacrylamide gels
with SDS at 80 V for the stacking gel and 100 V for the resolving gel. Resolved gels then
were transferred onto an Immobilon PVDF membrane (Millipore, Bedford, MA) at 100 V
for 75 minutes. The PVDF membrane was blocked with 5% non-fat dry milk (NFDM) in
Tris-buffered saline with 0.1% Tween 20 (TBS-T) for 30 minutes, followed by primary and
HRP-labeled secondary antibody incubations in 5% NFDM. Finally, blots were developed
using HyGLO Quick Spray chemiluminescent detection reagent (Denville Scientific,
Denville, NJ) and X-ray film. For native gels, the same procedure was carried out using 8%
native polyacrylamide gel but without SDS.
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2.3 In vitro complex formation

To evaluate the role of activated C3 in complex formation, the alternative pathway was
assembled in vitro using the purified proteins C3 (1.3 mg/ml), factor B (200 ug/ml) factor D
(1 pg/ml) and DBP (400 ug/ml) or a;P1 (1 mg/ml) with 0.5 mM Mg2* and incubated at 37°C
for the specified amount of time. In control experiments, a mixture containing either (20%
of the original C3 concentration (0.26 mg/ml) or no C3 was used to test C3 dependence of
the complex formation. The molar ratios of the various components were maintained at
physiological levels even when the exact concentrations could not be maintained due to
dilution effects.

2.4 Denaturation of proteins

The protein of interest was denatured using 5 M guanidinium-HCI (GuHCI), 30 mM DTT,
10 mM EDTA, 100 mM Tris-HCI (pH 8.3) at room temperature for the time indicated on a
rotary shaker. Upon denaturation, the denaturing reagents were removed by gel filtration
using a Bio-Gel P-30 column. The protein concentration of denatured proteins was
quantified using the Lowry assay and then tested for denaturation using functional assays.

2.5 TNS Assay

Purified DBP or purified HSA (both native or GuHCI-denatured at 0.5 pM) were incubated
with 30 nM TNS at room temperature for 20 minutes to allow dye binding, fluorescence
then was measured at an excitation wavelength of 322 nm and an emission wavelength of
465 nm.

2.6 Elastase Assay

Purified elastase (60 nM) was incubated at 37°C for 30 minutes with either 60 nM native
a1Pl, 60 nM GuHCI a4PI or 100 uM of the synthetic elastase inhibitor MeOSuc-AAPV-
CMK (positive control) in assay buffer (0.1 M HEPES, pH 7.25 with 0.5 M NaCl, 0.05%
Tween 20) to allow binding. The p-nitroaniline substrate MeOSuc-AAPV-pNA (100 pM)
was added and the mixture was incubated at 37°C for 30 minutes. Absorbance was read at
405nm to assess elastase activity.

2.7 DBP:actin complex formation

In vitro complex was formed with either native DBP or GUHCI denatured DBP incubated
with purified actin at a 1:5 molar ratio of DBP:actin for 30 minutes at room temperature.
Complex formation was assessed using an 8% native polyacrylamide gel and
immunoblotting for DBP to verify a shift in molecular weight upon binding actin.

2.8 Complex binding to red blood cells

Blood from normal healthy individuals was drawn into EDTA tubes and mixed well. The
blood was transferred into a conical tube containing equal volume of 3% dextran, mixed
thoroughly but gently and allowed to sediment in upright position for 30 minutes at room
temperature until a sharp demarcation between sedimented red blood cells (RBCs) and the
pink supernatant (leukocytes and platelets) was noted. The supernatant was aspirated and the
RBC fraction washed 3 times with DPBS by spinning at 900 rpm for 10 minutes at 15°C.
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The RBCs were resuspended in DPBS and then treated with either normal human serum or
CVF activated normal human serum (108 RBCs + 100 pl serum) for 2 hours at 37°C,
following which the cells were spun at 1000 x g for 3 minutes, washed twice with DPBS by
spinning at 1000 x g at 4°C. The cell pellet was lysed using H,O containing 1X protease
inhibitor cocktail by incubating on ice for 30 minutes. The samples were spun at 3300 x g
for 10 minutes at 4°C to pellet the membranes. The supernatant was collected for analysis.
The membrane fraction was solubilized in 100 pl 0.5 M Tris HCI (pH 8.3) + 0.05% Triton
X-100, centrifuged at 3300 x g for 10 minutes at room temperature and the soluble fraction
was collected for analysis.

2.9 Complement activation using thermally denatured serum

Normal human serum (NHS) was heated to 60°C for 1 hour (A serum) and added to equal
volume of either fresh NHS, factor B depleted serum, factor D depleted serum or C3
depleted serum and incubated at 37°C for the time indicated. The non-heated sham control
received equal amount of fresh serum. The NHS+A serum sample was then activated using
CVF, zymosan or aggregated 1gG for 30 minutes. The samples were separated on an 8%
SDS polyacrylamide gel to evaluate factor B cleavage and iC3b generation. C5a levels in the
samples were quantified using C5a ELISA.

2.10 C5a Sandwich ELISA

A sandwich ELISA to detect human C5a and C5a des Arg was developed as previously
described in detail (Trujillo et al., 2013). Briefly, Maxi-sorb 96 well plates were coated with
500 ng of mouse monoclonal anti-human C5a (clone 295003; R&D Systems, Minneapolis,
MN) capture antibody at 4°C overnight. The coating solution was removed and the wells
were blocked with 300 pl of blocking solution (3% NFDM in PBS-T) for 1 hour at room
temperature. After 3 washes, 100 ul of standards (78 pg/ml to 5 ng/ml of purified natural
human C5a, Complement Technology, Inc.) or experimental samples were added and
incubated at room temperature with shaking for 90 minutes. This was followed by 4 washes
and incubation with 100 ng of the detection antibody, biotinylated mouse monoclonal anti-
human C5a (clone 295009, R&D Systems) for 60 minutes at room temperature with
shaking. Finally, 40 ng of HRP-conjugated streptavidin (KPL, Gaithersburg, MD) was
added to each well and incubated at room temperature for 30 minutes. After 5 washes, 100
ul of HRP substrate solution (KPL) was added until color development followed by addition
of 100 pl stop solution (KPL) and the absorbance was measured at 450 nm using a
SpectraMax M2 plate reader (Molecular Devices, Sunnyvale, CA).

3. RESULTS

3.1 C3b binds more avidly to non-native plasma proteins

Our recent report showing that C3b covalently tags multiple plasma proteins in the fluid-
phase during complement activation (Ramadass et al., 2014) coupled with the fact that C3b
links to altered proteins such as beta amyloid (Ap) (Bradt et al., 1998) prompted us to ask
the question: does C3b react more avidly with misfolded/non-native plasma proteins. To test
this premise, purified vitamin D binding protein (DBP) was employed as a model plasma
protein as we previously described (Ramadass et al., 2014). DBP was denatured with
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guanidine hydrochloride (GuHCI) and dithiothreitol (DTT) for 6 hours and then analyzed
with an in vitro reconstituted complement alternative pathway to evaluate complex
formation with C3b. The denaturation procedure altered the native structure of DBP as
confirmed by a marked reduction in the capacity to bind TNS dye (Fig. 1A). The binding of
TNS to native DBP (or albumin) produces a strong increase in fluorescence emission at 465
nm (Goldschmidt-Clermont et al., 1987). Using purified alternative pathway proteins (C3,
factor B, factor D) at physiological concentrations with 0.5 mM Mg?2*, denatured DBP
formed noticeably more complexes with C3b as compared to native DBP (Fig. 1B,
C3b:DBP band in the DBP and C3 blots). Quantitative densitometry of the C3b:DBP band
(DBP blot in figure 1B) showed a 5-fold increase in band intensity with denatured versus
native DBP (Fig. 1E). Moreover, the intensity of the C3b:DBP complex decreased markedly
when the C3 concentration was reduced by 80%, and no complexes were observed when C3
was excluded, indicating that the complexes were indeed covalent complexes of C3b:DBP,
and not denatured DBP aggregates (Fig. 1B). The C3 blot in figure 1B had two higher
molecular weight bands above the 110 kDa C3 a-chain: the intensity of the C3b:factor B
band decreased slightly when denatured DBP was added while the C3b:DBP band showed a
noticeable increase, further indicating that C3b has greater avidity for denatured proteins.
The intensity of the C3b:factor D band is too faint to be observed in these experiments
because of the very low factor D concentration (1 pg/ml). The bottom panel in figures 1B
and 1D is a blot for factor B showing that generation of the 33 kDa Ba fragment (indicator
of alternative pathway activation) correlates with C3b complex formation. Similar results
were also obtained using purified human serum albumin (HSA), the most abundant protein
in blood with a structure very similar to DBP. Denatured HSA formed more complexes with
C3b as compared to native HSA (Supplementary Figure 1).

The hypothesis was further tested using another abundant plasma protein, as-proteinase
inhibitor (a1Pl). Purified a41PI was denatured with GUHCI/DTT for 20 hours (a1PI required
a longer denaturation time to lose functional capacity), and then tested for C3b complex
formation using the in vitro assembled alternative pathway. To verify loss of native structure
and function, the ability of a1PI to inhibit neutrophil elastase (its primary physiological
target) was determined (Fig. 1C). a;PI covalently binds to the active site serine in elastase
and abolishes its enzymatic activity. Using the chromogenic elastase substrate AAPV-pNA,
it was noted that the GUHCI-a1PI completely lost elastase inhibitory activity, thus
confirming that GUHCI denaturation abolished functional activity (Fig. 1C). Similar to the
results using DBP or HSA, denatured a4P1 formed more intense complexes with C3b as
compared to native a;Pl (Figs. 1D, 1E). The intensity of the denatured C3b:a4Pl also was
decreased dramatically when less C3 was used, and no complexes were seen when C3 was
omitted (Fig 1D). These results indicate that C3b reacts more avidly with denatured proteins
versus their native counterparts.

3.2 C3b binds plasma proteins in their native state, though it binds more readily to plasma
proteins in their non-native form.

Our previous paper (Ramadass et al., 2014) and the results from figure 1 show that only a
small percentage of the total target protein form complexes with C3b. The increased avidity
of C3 for misfolded/unfolded proteins probably is due to an increased accessibility of
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potential thioester binding sites. Although figure 1 shows that denaturation substantially
increases the amount of C3b complexes, these remain a fraction of the total. Thus, it is not
clear if upon activation C3 binds basally to native plasma proteins or only to a small
proportion of the protein pool that is in a non-native state. To examine this possibility,
C3b:DBP complexes were first formed in vitro using native DBP and then tested for the
ability of DBP to bind actin while covalently coupled to C3b. DBP is a known actin
monomer binding protein and it binds G-actin in 1:1 molar ratio with high affinity (Kq of
1079 M), and denaturation of DBP completely abolishes this function (Chun, 2012;
Goldschmidt-Clermont et al., 1987). Purified C3b:DBP complexes were allowed to react
with a 5-fold molar excess of purified G-actin and samples then were evaluated using an 8%
non-denaturing gel to maintain the non-covalent DBP-actin complexes (Fig. 2). Results
demonstrate that DBP in the C3b:DBP complex still retains the ability to bind actin as
shown by the shift in molecular weight in samples where actin was added. This indicates
that C3 can recognize and attach to proteins in their native state. Figure 2 also shows that
GUuHCI denatured DBP formed large aggregates (both with or without C3b attached) that did
not migrate into the gel under non-denaturing conditions. This is in contrast to denaturing
conditions where the SDS-PAGE migration pattern of native and denatured DBP was
similar (Fig. 1B). The results from figures 1 and 2 suggest that C3 attaches to plasma
proteins in their native state during complement activation, but denaturation substantially
increases this interaction.

3.3 C3b:plasma protein complexes bind to red blood cell membranes.

Since C3b binds to plasma proteins, and more specifically to proteins in their non-native
state, we wanted to determine if these complexes bind RBCs as a potential clearance
mechanism. RBCs are the most abundant cell in circulation and primate RBCs express large
amount of complement receptor CR1 that is used to transport C3-opsonized complexes to
the liver and spleen for clearance (Zipfel and Skerka, 2009). To test if RBCs hind
C3b:plasma protein complexes, cells were purified from the blood of healthy individuals and
treated with either normal human serum or complement activated (using CVF) serum. RBCs
were separated from the serum, washed, lysed and the supernatant and pellet (membranes)
were examined by immunaoblotting for C3b:plasma protein complexes. Figure 3 shows that
as expected, there were no C3b:plasma protein complexes in sham-treated serum either
before (pre-RBC Tx) or after incubation with RBCs (post-RBC Tx). However, there were
prominent complexes (degradation of C3b by factor I in the serum generated iC3b:plasma
protein complexes, note increase in the 67 kDa fragment of iC3b) in CVF-activated serum
both before and after incubation with RBCs (Fig. 3). The RBC membranes (pellet) from
cells treated with CVF-activated serum also contained iC3b:plasma proteins and these were
not seen in the RBC supernatant or pellet from cells treated with negative control sham-
activated serum (Fig. 3). These results indicate that C3b:plasma protein complexes can bind
RBC membranes and this can potentially function as a mechanism to clear complexes from
the circulation.
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3.4 Thermally denatured proteins activate the complement alternative pathway but do not
generate Cbha.

The increased capacity of C3b to bind non-native proteins led us to determine if these
proteins could also activate the alternative pathway of complement to trigger clearance. To
test this, normal human serum (NHS) was heated to 60°C for 1 hour to thermally denature
proteins. Heated serum then was added to either fresh NHS, factor B depleted serum, factor
D depleted serum or C3 depleted serum followed by a subsequent incubation at 37°C for 15
or 60 minutes. Factor B cleavage (increase in 33 kDa band) and iC3b generation (increase in
67 kDa band) was then evaluated by immunoblotting to assess alternative pathway
activation (Fig. 4). Controls included 60°C-heated serum treated with EDTA to inhibition
activation or CVF as a positive control for alternative pathway activation. As expected,
complement could not be activated in 60°C-heated serum (not shown), but when added to
fresh NHS for either 15 or 60 minutes at 37°C, the heat-treated serum triggered cleavage of
C3 and factor B (Fig. 4, lanes 2, C3 and factor B blots). These samples also caused the
generation of C3b:plasma protein complexes as seen in the a4PI blot (Fig. 4, lanes 2).
Addition of CVF to the 60°C-heated serum + fresh NHS mixture induced robust
complement activation (Fig. 4, lanes 4). In contrast, factor B and C3 cleavage, as well as
a1Pl:iC3b complex formation, was not observed in untreated NHS incubated at 37°C for 15
or 60 minutes (lanes 1) or in NHS treated with heated serum containing 10 mM EDTA to
inhibit complement activation (lanes 3). Likewise, factor B (lanes 5), factor D (lanes 6) or
C3-depleted (lanes 7) serum samples treated with heated serum show no evidence of
complement activation or protein complex formation.

Although significant levels of factor B cleavage and iC3b generation were observed in NHS
treated with heated serum, there was no C5a generation in these samples serum after 15 (Fig.
5A) or 60 minutes (Fig. 5B). Addition of CVF to the NHS + heated serum sample induced
C5a generation (Figs. 5A and 5B) indicating that the addition of thermally denaturated
serum did not alter the ability of NHS to form a C5 convertase and generate C5a. However,
CVF is the cobra snake’s homologue of mammalian C3b and can function independent of
C3 to generate C5a (Vogel and Fritzinger, 2010). To determine if C3-dependent
complement activators can generate C5a in fresh NHS + heated serum, samples were treated
with zymosan or aggregated 1gG (HAGG). Figure 6 shows that zymosan, HAGG and CVF
treatments could all induce C5a generation in both the NHS alone and NHS + heated serum.
The 50% decrease in C5a levels in the NHS + heated serum treated with HAGG was due the
half the level of active C2 present in that sample (enzymatic activity of C2 is destroyed by
heat treatment). This data indicates that thermally denatured plasma proteins activate the
alternative pathway of complement to generate C3 and factor B cleavage fragments, but do
not result in C5a production. This is consistent with the observation that complement is
involved in the non-inflammatory clearance of apoptotic cells by preventing downstream
effects of complement activation (Ricklin et al., 2010).

4. DISCUSSION

Prompt clearance of damaged proteins from the circulation is essential to prevent potential
pathological consequences triggered by molecules with altered non-native structure. This
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report demonstrates that chemically or thermally denatured plasma proteins activate the
alternative pathway of complement and are covalently tagged by C3b, marking the
complexes for subsequent clearance by cells expressing C3b/iC3b receptors. Moreover,
complement activation induced by non-native protein structure does not proceed to the level
of C5 cleavage, thus avoiding both generation of the potent pro-inflammatory mediator C5a
and activation of the terminal (membrane attack) pathway. This shows that denatured
proteins can activate complement without triggering an inflammatory reaction, perhaps in
much the same manner as apoptotic cells activate complement and are cleared without
triggering C5a-mediated inflammation (Flierman and Daha, 2007; Ricklin et al., 2010).
Thus, the complement system can differentiate between tagging waste products for
clearance (apoptotic cells, denatured proteins) and more serious disturbances such as
infections with pathogenic microorganisms that require rapid activation of the immune
system. The alternative pathway of complement is well-positioned for rapid recognition of
damaged plasma proteins, however, it is not known if denatured plasma proteins can also
activate the classical or lectin complement pathways. Additional studies will be needed to
investigate this possibility.

Proteins in extracellular fluids are exposed to multiple stresses that can alter normal
structure and trigger misfolding and/or aggregation, potentially resulting in pathological
protein deposition in tissues (Wyatt et al., 2013). The mechanism by which extracellular
chaperones function appears to be different than intracellular chaperones (that largely utilize
ATP-dependent re-folding) and involves binding misfolded proteins and inhibiting their
aggregation and/or enhanced clearance from fluids (Hipp et al., 2014; Wyatt et al., 2013).
The work described herein demonstrates that complement C3 displays enhanced recognition
of non-native protein structures and covalently tags the denatured protein for subsequent
clearance, thus effectively functioning as an extracellular chaperone. However, C3 can also
covalently attach to plasma proteins in a native configuration, this may serve to intercept
excess C3b in the fluid-phase and limit deposition on host cells during episodes of
complement activation (Ramadass et al., 2014). The increased binding of C3b to denatured
proteins most likely is due to increased accessibility of potential thioester binding sites.
Disparity in binding of C3b was noted previously where activation of C3 led to 35%
incorporation of nascent C3b into C3b:C4b complexes in the fluid phase, while only 12% of
C3b was incorporated into C3b:1gG complexes (Meri and Pangburn, 1990). Further studies
showed that the C3b attachment site is Ser-1217 in human C4 whereas Thr144 was the
major acceptor site for C3b in the CH1 domain of IgG (Kim et al., 1992; Sahu and
Pangburn, 1994). Thus the thioester binding sites vary from protein to protein, and studies
using model peptides have also shown that Tyr residues react with the thioester in C3b 11-
fold greater than threonine residues, 47-fold better than serine and 50-fold better than
hydroxyl groups in carbohydrates (Sahu and Pangburn, 1995). In the current study, a large
proportion of denatured DBP did not react with C3b and still migrated at its native
molecular weight (56 kDa) on SDS-PAGE (Fig. 1B). GuHCI denatured DBP clearly was
aggregated since it did not migrate into a native gel (Fig. 2) but was dissociated by SDS into
DBP monomers (Fig. 1B). A plausible explanation is that C3 has access only to a small
fraction of nucleophile acceptor groups on the exterior of DBP aggregates, while the
majority of denatured protein is located in the aggregate interior and is unable to react with
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the thioester in C3. So the level of aggregation may limit the extent of C3b binding to
denatured protein targets. In an in vivo system, denaturation and tagging can proceed
simultaneously and hence the proportion of C3 tagged denatured protein could be higher.

Numerous previous reports have shown that C3 is found in amyloid plaques in brain tissue
from Alzheimer’s disease patients (Bradt et al., 1998; Emmerling et al., 1997; Veerhuis et
al., 1995) and C3b binds to beta amyloid (Ap) and results in alternative pathway activation
(Bradt et al., 1998). In addition to interacting with C3, beta amyloid can activate the
classical complement pathway by binding C1q (Jiang et al., 1994; Rogers et al., 1992). It has
been reported that beta amyloid-induced activation of complement does not proceed further
than C3 cleavage (Cadman and Puttfarcken, 1997; Veerhuis et al., 1995), but others have
shown activation with C5a generation and terminal pathway formation (Bradt et al., 1998).
Inhibition of C3 activation in transgenic mice containing the human amyloid precursor
protein (hAPP) using soluble complement receptor-related protein y (sCrry, a murine
complement inhibitor) leads to 2- to 3-fold higher AB deposition in the brain and is
accompanied by a prominent accumulation of degenerating neurons when complement is
inhibited (Wyss-Coray et al., 2002). C3 deficiency also accelerates the brain Af deposition
in a mouse model of Alzheimer’s disease (Maier et al., 2008). Furthermore, beta amyloid
attached to C3b binds to CR1 on RBCs for subsequent clearance (Rogers et al., 2006). These
results indicate that complement activation products can protect against beta amyloid-
induced neurotoxicity and may reduce the accumulation or promote the clearance of
amyloid. These studies with beta amyloid deposition in the brain are consistent with our
findings herein that indicate that C3 is an effective extracellular chaperone that recognizes
non-native plasma proteins and tags them for subsequent clearance from the blood.

C3is highly expressed in physiological fluids and has a central role in the activation of
complement, but this fluid-phase innate immune effector also functions broadly to maintain
homeostasis. Very recent reports have shown that C3 also functions inside cells to regulate
T-cell homeostasis (Liszewski et al., 2013) and sense intracellular pathogens (Tam et al.,
2014). Moreover, covalent attachment of C3b to antigens on apoptotic cells is needed for
proper intracellular processing of apoptotic cell fragments and modulation of T-cell
responses to self-antigens (Baudino et al., 2014). Thus, the functional roles of this versatile
protein are expanding and we believe that the results of this study, coupled with the prior
reports discussed above, indicate that C3 functions as an extracellular chaperone to tag non-
native proteins in extracellular fluids for subsequent clearance.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
C3b binds more avidly to denatured plasma proteins. Panel A: Fluorescence emitted by TNS

binding (ExX/Em 322/465 nm) to native or guanidine hydrochloride (GuHCI) denatured DBP
to measure the level of protein denaturation. Panel B: Native DBP or GuHCI DBP (both at
0.4 mg/ml) were allowed to form complexes with either 1.3 mg/ml C3 (physiological
concentration), 0.26 mg/ml C3 or no C3 in the presence of factor B (fB, 0.2 mg/ml), factor
D (fD, 1 pg/ml) and 0.5 mM Mg?2*. All proteins were mixed at physiological (plasma) ratios
with the exception of reduced or no C3 samples. The samples were incubated at 37°C for 15
minutes. Aliquots were analyzed using SDS-PAGE with -mercaptoethanol on an 8% gel
and then immunoblotted for DBP and C3 (for complex formation) and factor B (for
complement activation). Panel C: Elastase inhibitory activity of a;PI was tested using the
chromogenic substrate AAPV-pNA by measuring the release of pNA at 405 nm. Native and
GuHCl denatured a4PI (both at 60 nM) were incubated at 37°C for 30 minutes with purified
neutrophil elastase (60 nM), enzyme activity was then tested by adding 100 uM AAPV-pNA
in assay buffer (0.1 M HEPES, pH 7.25 with 0.5 M NaCl, 0.05% Tween 20) and incubated
at 37°C for another 30 minutes. Negative control is substrate alone without elastase, positive
control is substrate and elastase only. AAPV-CMK sample is elastase pretreated with this
peptide inhibitor as an additional control for inhibition of enzyme activity. Panel D: Native
or GUHCI a4PI (both at 1 mg/ml) were allowed to form complexes with either 1.3 mg/ml
C3, 0.26 mg/ml C3 or no C3 in the presence of factor B (fB, 0.2 mg/ml), factor D (fD, 1
pg/ml) and 0.5 mM Mg?*. All proteins were mixed at physiological (plasma) ratios with the
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exception of reduced or no C3 samples. The samples were incubated at 37°C for 15 minutes.
Aliquots were analyzed using SDS-PAGE with 3-mercaptoethanol on an 8% gel and then
immunoblotted for a.1Pl and C3 and factor B. Panel E: Densitometry of the C3b:DBP
complex bands in panel B (DBP blot) and C3b:a1PI complex bands in panel D (a1PI blot)
comparing native versus GUHCI denatured proteins with the physiological (1.3 mg/ml) C3
concentration.
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Figure 2.

Native DBP complexed with C3b retains the capacity to bind actin. Native DBP or GuHCI
denatured DBP (both 0.4 mg/ml) were allowed to form complexes with either 1.3, 0.26
mg/ml C3 or no C3, in the presence of fB (0.2 mg/ml), fD (1 pg/ml) and 0.5 mM Mg?* at
physiological ratios. The samples were incubated at 37°C for 15 minutes. The complexes
once formed in vitro were then treated with a 5-fold molar excess of purified G-actin and
allowed to bind at room temperature for 30 minutes. Mixtures were then separated on an 8%

native (non-denaturing) gel and immunoblotted for DBP.
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Figure 3.
iC3b:plasma protein complexes bind to red blood cells (RBCs). Isolated human RBCs were

treated for 30 minutes at 37°C with either with sham-treated NHS or serum activated with
CVF. Serum aliquots were removed before (pre-RBC Tx) and after (post-RBC Tx) RBC
treatment. RBCs were lysed with H,O and the membrane fraction (pellet) was separated
from the supernatant. All samples were separated using SDS-PAGE on an 8% gel and
immunoblotted for C3.
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Figure 4.
Thermally denatured proteins activate the complement system via the alternative pathway.

NHS was heated to 60°C for 1 hour (A serum) and then added to equal volume of either
fresh NHS (lanes 2), factor B depleted serum (lanes 5), factor D depleted serum (lanes 6) or
C3 depleted serum (lanes 7) and incubated for either 15 or 60 minutes at 37°C. The negative
control was untreated NHS (lanes 1) or NHS that received equal amount of A serum in the
presence of 10 mM EDTA (lanes 3) to prevent complement activation. The positive control
was a mixture of A serum plus fresh serum treated with CVF (lanes 4) to activate the
alternative pathway. Samples were separated using an 8% SDS-PAGE gel and blotted for
factor B (alternative pathway activation and generation of the 33 kDa Ba fragment), C3 (110
kDa a-chain cleavage and 67 kDa iC3b generation) and a;PI (iC3b:a;PI complex
formation).
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Figure 5.
Thermally denatured proteins do not generate C5a. The level of C5a measured by ELISA in

the same serum samples analyzed in Figure 4. Panel A: serum incubated for 15 minutes at
37°C. Panel B: serum incubated for 60 minutes at 37°C. The a4PI blot showing iC3b:aPI
complex formation is displayed for comparison below the X-axis.
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Figure 6.
C3 dependent complement activators generate C5a in thermally denatured serum. Untreated

NHS (Control) or NHS plus 60°C heated serum (A Serum) were treated with either CVF,
zymosan, HAGG or buffer (Sham) for 60 minutes at 37°C and C5a levels were quantified by
ELISA.
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