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C-reactive Protein Exists in an NaCl Concentration-dependent
Pentamer-Decamer Equilibrium in Physiological Buffer®
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C-reactive protein (CRP) is an acute phase protein of the pen-
traxin family that binds ligands in a Ca>*-dependent manner,
and activates complement. Knowledge of its oligomeric state in
solution and at surfaces is essential for functional studies. Ana-
lytical ultracentrifugation showed that CRP in 2 mm Ca>* exhib-
its a rapid pentamer-decamer equilibrium. The proportion of
decamer decreased with an increase in NaCl concentration. The
sedimentation coefficients s9, , of pentameric and decameric
CRP were 6.4 S and in excess of 7.6 S, respectively. In the absence
of Ca>*, CRP partially dissociates into its protomers and the
NaCl concentration dependence of the pentamer-decamer
equilibrium is much reduced. By x-ray scattering, the radius of
gyration R values ranged from 3.7 nm for the pentamer to
above 4.0 nm for the decamer. An averaged K, value of 21 um in
solution (140 mm NaCl, 2 mm Ca>*) was determined by x-ray
scattering and modeling based on crystal structures for the pen-
tamer and decamer. Surface plasmon resonance showed that
CRP self-associates on a surface with immobilized CRP with a
similar K, value of 23 um (140 mm NaCl, 2 mm Ca>*), whereas
CRP aggregates in low salt. Itis concluded that CRP is reproduc-
ibly observed in a pentamer-decamer equilibrium in physiolog-
ically relevant concentrations both in solution and on surfaces.
Both 2 mm Ca®* and 140 mm NaCl are essential for the integrity
of CRP in functional studies and understanding the role of CRP
in the acute phase response.

C-reactive protein (CRP)? is a 115-kDa acute phase protein
of the pentraxin family of calcium-dependent ligand-binding
proteins in serum (1). CRP binds phosphocholine (2), as well as
phosphoethanolamine, microbial surface proteins, chromatin,
histones, fibronectin, small nuclear ribonucleoproteins, lami-
nin, and polycations (3). CRP-ligand interactions are important
for the recognition of damaged or apoptotic cells and bacterial
pathogens. CRP possesses pro-inflammatory effects, where
ligand-bound, cross-linked, or aggregated CRP activates the
classical pathway of complement by interacting with Clq in a
manner similar to antigen-bound or aggregated IgG (3, 4). CRP
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interacts with immunoglobulin receptors to recruit phagocytic
cells, in addition to exerting regulatory effects on neutrophils
(5). CRP ligand binding is important for complement activation
at cell surfaces (6—8). CRP has been described as also having
anti-inflammatory effects. This apparent contradiction in CRP
activity resulted from the study of CRP in an abnormally mod-
ified form (mCRP), with different biological and antigenic
properties (9-13). mCRP consists of dissociated CRP pro-
tomers that are produced in vitro under harsh conditions of
high acidic pH (2.0), temperature (above 60 °C), or 8 M urea.
mCRP may occur naturally in normal or inflamed human and
animal tissues (14—-17). However, once CRP is denatured, it is
rapidly catabolized in normal conditions, and there is no firm
evidence for the persistence of monomeric, denatured, or
aggregated CRP in vivo (1).

Native CRP is unglycosylated and consists of five identical
subunits arranged non-covalently as a cyclic pentamer with a
central pore. When co-crystallized with Ca>" and phosphor-
ylcholine, each subunit has a phosphocholine ligand-binding
site proximate to two bound Ca** ions held 0.4 nm apart by
acidic side chains on the B (B = binding) face of the pentamer
(1, 18). The A (A = a) face of the protomer possesses a single
a-helix and binds to ligands such as C1q (19). The B face of the
pentamer is negatively charged, whereas the A face showed a
more varied charge distribution with a ring of negative charge
at the central pore (18, 20). This suggests a role for electrostatic
effects in both lipid binding at the B face and C1q binding at the
A face (19). Native CRP with Ca®>" present exists physiologi-
cally as a pentamer according to electron microscopy, gel chro-
matography, and crystallography (18, 21-23). However, in the
presence of Ca>", CRP shows a marked concentration depend-
ence in its scattering and sedimentation properties, showing
that self-association had occurred (24, 25). In the absence of
Ca®*, mCRP is formed (26, 27). In contradiction to this, crys-
tallographic studies in 100 mm NaCl in the absence of Ca**
suggested that CRP formed a decamer through an A face-A face
association of two pentamers (20). Although the unfolding of a
large Ca®" -binding loop on the B face after Ca®>* depletion may
explain the Ca®*-dependent affinity of CRP for lipids, this Ca®"
site is neither located at the protomer interface nor at the A
face. Thus the effect of Ca®>* removal on CRP stability is
unclear. Even though Ca>™ is present in at least 2 mm in plasma
(28), there is much emphasis in structural literature on the
effect of Ca®>* depletion on CRP, even though Ca*>" depletion
appears unlikely to occur in vivo.

A critical knowledge of the oligomeric state of CRP is essen-
tial for understanding its function. Accordingly, a multidisci-
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plinary strategy based on analytical ultracentrifugation (AUC)
and x-ray scattering in solution, and surface plasmon resonance
(SPR) on surfaces established the self-association state of CRP
in a concentration range of 0.1-5.4 mg/ml in 2 mm Ca®". CRP
normally circulates in blood at a median value of 0.0008 mg/ml,
which can be as low as 50 ng/ml, but this increases to over 0.5
mg/ml following an acute phase stimulus (a range of 0.4 nm to
4.4 pm) (1). Using previously established methods (29, 30), we
show from AUC size distribution analyses c(s) that pentamers
and decamers of CRP are readily identified, whereas con-
strained x-ray scattering modeling quantified the amounts of
pentamers and decamers in solution. We show that SPR
observes a similar degree of CRP self-association with immobi-
lized CRP at surfaces in 140 mm NaCl (31). This joint applica-
tion of AUC, scattering, and SPR methods shows that CRP with
2 mm Ca®" exists in what was previously an unidentified rapid
pentamer-decamer equilibrium that is NaCl-concentration de-
pendent. Molecular modeling accounted for the formation of
decamers in terms of salt bridges between the pentamers. To
clarify previous CRP studies without Ca®>*, we show that Ca>"
removal leads to the reduced formation of decamers and the
partial dissociation of pentamers into monomers. Our study
resolves the outcome of previous studies of CRP and its li-
gands, and emphasizes the importance of physiological 2 mm
Ca?* and 140 mm NaCl when studying the complex between
CRP and complement factor H (see accompanying manuscript

(51)).

EXPERIMENTAL PROCEDURES

Purification of CRP—Human CRP was isolated and purified
as described previously (32). Samples were extensively dialyzed
into 10 mm Tris buffers (with or without 2 mm CaCl,) contain-
ing 50 mm NaCl, 140 mMm NaCl, or 250 mm NaCl, all at pH 8.0,
for AUC and x-ray scattering data acquisition. Size exclusion
chromatography was carried out using HEPES buffer (10 mm
HEPES, 140 mm NaCl, pH 8.0), with or without 2 mm CaCl,.
Samples were routinely analyzed by SDS-PAGE before and
after experiments to confirm their integrity. CRP concentra-
tions were determined using an absorption coefficient of 17.5
(1%, 280 nm, 1-cm path length), which is consistent with a value
of 19.2 calculated from its composition (33, 34). CRP is ungly-
cosylated and its composition resulted in a calculated molecu-
lar mass of 115.0 kDa, an unhydrated volume of 150.3 nm?, a
hydrated volume of 197.3 nm?, and a partial specific volume v of
0.7408 ml/g (34). The buffer densities for AUC were measured
at 20 °C using an Anton-Paar DMA5000 density meter to be
1.00096 or 1.00092 g/ml (50 mm NacCl), 1.00482 or 1.00455 g/ml
(140 mm NaCl), with or without 2 mm CacCl, in that order, and
1.00934 g/ml (250 mm NacCl).

Analytical Ultracentrifugation Data and Analyses—AUC
data for CRP were obtained on two Beckman XL-I instruments
equipped with AnTi50 and AnTi60 rotors. Sedimentation
velocity data were acquired at 20 °C at a rotor speed of 50,000 X
gin two-sector cells with column heights of 12 mm. Sedimen-
tation analysis was performed using direct boundary Lamm fits
of up to 300 scans using SEDFIT (version 11.0) (35, 36). SEDFIT
resulted in size-distribution analyses ¢(s) that assume that all
macromolecular species have the same frictional ratio, f/f,. The
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final SEDFIT analyses used a fixed resolution of 200 and opti-
mized the c(s) fit by floating f/f, and the baseline until the overall
root mean square deviations and visual appearance of the fits
were satisfactory (see Fig. 2). The percentage fraction of pen-
tamers, decamers, or lower oligomers in the total loading con-
centration was derived using the c(s) integration function (see
Fig. 3).

X-ray Scattering Data Collection and Analysis—X-ray scat-
tering data were obtained in two beam sessions in 16-bunch
mode at the European Synchrotron Radiation Facility (ESRF),
Grenoble, France, operating with a ring energy of 6.0 GeV on
the Beamline ID02 (37). Storage ring currents ranged from 68 to
77 mA (session 1) and from 70 to 92 mA (session 2). Data were
acquired using a recently installed fiber optically coupled high
sensitivity and dynamic range CCD detector (FReLoN).
Together with a smaller beamstop, this allowed a shorter sam-
ple-to-detector distance of 2.0 m to be used and resulted in
higher signal-to-noise ratios (38). CRP was studied at concen-
trations between 0.3 and 5.4 mg/ml (with 2 mm Ca>") or
between 0.1 and 2.5 mg/ml (without Ca>*). Sample volumes of
100 wl were measured in flow cells to reduce radiation damage
by moving the sample continuously during beam exposure. Sets
of 10 frames, with frame durations 0of 0.2, 0.3, or 0.5 s each were
acquired. Buffers were measured using the same exposure
times in alternation with the samples to eliminate background
subtraction errors. On-line checks during data acquisition con-
firmed the absence of radiation damage, after which the 10
frames were averaged. Sample temperatures corresponded to
ambient conditions at 20 °C. Other details including the data
reduction procedure are described elsewhere (39).

In a given solute-solvent contrast, the radius of gyration (R )
is a measure of structural elongation if the internal inhomoge-
neity of scattering densities within the protein has no effect.
Guinier analyses at low Q (Q = 41 sin 6/A; 20 = scattering
angle; A = wavelength) gives the R and the forward scattering
at zero angle (0) (40).

In I(Q) = In I(0) — R;2 Q¥/3 (Eq. 1)

This expression is valid in a Q'R range up to 1.5. The R anal-
yses were performed using an interactive PERL script program
SCTPL7* on Silicon Graphics O2 workstations. Indirect trans-
formation of the scattering data /(Q) in reciprocal space into
real space to give the distance distribution function P(r) was
carried out using the program GNOM (41).

©

P(r) = ;JI(Q) Qr sin (Qr) dQ (Eq.2)

772
0

P(r) corresponds to the distribution of distances r between vol-

ume elements. For this, the x-ray I(Q) curve utilized up to 562

data points in the Q range between 0.05 and 1.9 nm ™ *.
Modeling of CRP— All CRP modeling was based on the crystal

structure for the pentamer in the presence of Ca®>" (Protein

4).T.Eaton and S. J. Perkins, unpublished software.
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Data Bank code 1b09) (18). The CRP decamer was formed by
superimposition of two pentamers face-to-face upon the Ca>" -
depleted decamer structure (PDB code 11j7) (20). The superim-
position resulted in a root mean square deviation of 0.460 nm in
a-carbon atoms, and overcame the issue of missing residues in
the Ca®"-depleted crystal structure. Insight II 98.0 (Accelrys,
San Diego, CA) software on Silicon Graphics OCTANE work-
stations was used for manipulations. A cube side length 0f 0.532
nm in combination with a cutoff of 4 atoms was used to convert
the coordinates into Debye sphere models with 998 and 1997
spheres that corresponded to the unhydrated pentamer and
decamer structures, respectively. The hydration shell was cre-
ated using HYPRO (42), where the optimal total of hydrated
spheres in the CRP models were 1310 (pentamer) and 2620
(decamer) (Table 1). The x-ray scattering curves I(Q) for CRP
were calculated using the Debye equation adapted to spheres
(43). Other details are given elsewhere (44). The pentamer and
decamer curves were merged in increments of 1% from 0 to
100% of the decamer for comparison with nine x-ray curves in
140 mm NaCl buffer containing 2 mm Ca>”, and six (50 mm
NaCl) or four (140 mm NaCl) curves in buffers without Ca?™.
Sedimentation coefficients were calculated from the x-ray
hydrated sphere models using the HYDRO program (42, 45),
and also from the crystal coordinates using HYDROPRO soft-
ware (46). The default value of 0.31 nm was used to represent
the hydration shell. To generate a putative decamer with the B
faces now in contact with each other, one pentamer in the
decamer model was translated by 7.4 nm relative to the other
along its central symmetry axis.

Surface Plasmon Resonance Data—The self-association of
CRP was analyzed by surface plasmon resonance using a Bia-
core X100 instrument and version 1.1 of its evaluation software
(GE Healthcare). Native CRP stored in 140 mm NaCl buffer
containing 2 mm Ca*>* was coupled to the flow cell of a carbox-
ylated dextran (CM5) research grade sensor chip via a standard
amine coupling procedure according to the manufacturer’s
protocol. 10 ug/ml of CRP in 10 mm acetate buffer (pH 4.3) in
the presence of at least 20 um Ca®" was injected over flow cell 2
for 45 min until 150 response units (RU) was attained. Between
experiments, the CRP-immobilized chip was stored in a buffer
containing 2 mm Ca®*. A control surface was prepared identi-
cally on flow cell 1 but without protein immobilization. Binding
and equilibrium analyses using these CRP-immobilized chips
were performed at 25 °C in duplicate or triplicate runs using the
appropriate Biacore X100 wizards at flow rates of 10-30
pl/min. Regeneration after each run was achieved by pulsing 10
mM acetate buffer, 2 M NaCl (pH 4.6) across both flow cells once
for 30 s. Running buffer was either Tris-buffered saline (10 mm
Tris, 140 mm NaCl, 0.005% P20 surfactant, pH 8.0) or HBS
(HEPES-buffered saline, 10 mm HEPES, 50 mm NaCl, 0.005%
P20 surfactant, pH 8.0), with or without 2 mm CacCl,,.

RESULTS

Size Exclusion Chromatography of CRP—Size exclusion
chromatography is a qualitative method that measures the
effective hydrodynamic volume of a protein (47). CRP may self-
associate into decamers (20) and/or dissociate into protomers
when stored in the absence of Ca?™ (26, 27). This was reinves-
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FIGURE 1. Size exclusion chromatography of 1 mg/ml of CRP in 140 mm
NaCl buffers. The elution positions of four globular standards are shown in
kDa. CRP stored for over 12 weeks in Ca®"-containing buffer eluted as a single
peak (solid line). A fresh sample of CRP eluted with the Ca®"-depleted buffer
eluted earlier (dashed line). CRP stored for 12 weeks in Ca®*-depleted buffer
(dotted line) eluted earlier still, and showed an additional smaller peak at
90 ml.

tigated by size exclusion chromatography of CRP in 140 mm
NaCl buffer. CRP stored at 1.0 mg/ml at 4 °C in the presence of
2 mm Ca>" eluted as a single clean peak in both the presence
and absence of Ca®>" (Fig. 1). Molecular weight standards indi-
cated that this peak corresponded to an apparent molecular
mass of 80-94 kDa, and was therefore assigned to the penta-
mer. There was no evidence of a decamer. However, when CRP
was stored at 4 °C in a buffer lacking Ca®" for 12 weeks, a sec-
ond peak was observed at a later elution volume (Fig. 1), in
agreement with earlier observations (27). This second peak had
an apparent molecular mass of 23 kDa and corresponded to
~10% of the total eluted protein. It was concluded that partial
dissociation into CRP monomers and other lower molecular
weight forms occurred slowly in the absence of Ca®>*. Small
shifts in the elution position of CRP to earlier elution positions
were observed with increased storage periods in Ca®*-depleted
buffer (Fig. 1). This is attributed to small increases in the
amounts of aggregated forms of CRP.

Sedimentation Velocity Analyses of CRP—AUC studies mac-
romolecular structures in solution by following their sedimen-
tation behavior in a high centrifugal force (48). The much
improved resolution of sedimentation coefficient distribution
analyses c(s) from sedimentation velocity experiments using
Beckman Proteomelab XL-I instruments compared with older
technology was used to monitor CRP self-association. The
observed sedimentation boundaries in sedimentation velocity
experiments were fitted to yield a c(s) plot according to the
Lamm equation using SEDFIT (“Experimental Procedures”).
This takes into account all the species present in the sample,
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FIGURE 2. NaCl concentration dependence of CRP decamer formation by AUC. Protein concentrations ranged from 0.2 to 2.5 mg/ml, and are labeled at the
right of each c(s) plot. The c(s) plots are displaced vertically and the peak intensities normalized for clarity. The boundary fits corresponding to 0.8 or 0.6 mg/ml
are shown in the upper panels, where only every fifth to 10th scan is shown for reason of clarity. Experiments were performed at a rotor speed of 50,000 r.p.m.
A-C, buffers containing 2 mm Ca®* and 50, 140, and 250 mm NaCl. D and E, buffers without Ca®" and containing 50 mm NaCl and 140 mm NaCl.

although the algorithm assumes that the same frictional ratio
applies for all the sedimenting species. The number of species is
determined from the peaks observed in the c(s) plot. Macromo-
lecular elongation is monitored through the sedimentation
coefficient 9, ,, values. The effect of NaCl concentration on
CRP was studied in the concentration range of 0.2 to 2.5 mg/ml
in 50, 140, and 250 mMm NaCl buffers, all containing 2 mm Ca%™*.
The c(s) analyses of interference optics data using SEDFIT
resulted in good sedimentation boundary fits (top of Fig. 2,
A-C). In all three buffers, a single species was observed at the
lowest concentration of 0.2 mg/ml, whereas two species were
observed above 1 mg/ml. The c¢(M) mass distribution plot
showed a molecular mass of 118 = 23 kDa for the single species.
This was accordingly assigned to pentameric CRP, which has a
sequence-calculated molecular mass of 115.0 kDa. The penta-
mer was consistently observed at s, ,, values of 6.5 + 0.1, 6.4 *
0.2,and 6.4 * 0.3 S at all concentrations in 50, 140, and 250 mMm
NaCl buffers, respectively, indicating that the NaCl concentra-
tion has no major effect on the CRP conformation (Fig. 2, A-C,
Table 1). These values agree with the value of 6.6 S for pentam-
eric CRP in 2 mm Ca** obtained using older Beckman Model E
technology (25).

A pentamer-decamer equilibrium was identified from the
c(s) plots. Above 0.2 mg/ml in 50 mm NaCl, 0.8 mg/ml in 140
mM NaCl, and 1.0 mg/ml in 250 mm NaCl, the ¢(s) distributions
showed steady growth of a second species that indicats a higher
oligomer in equilibrium with the pentamer (Fig. 2, A—C). This
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peak was attributed to the formation of decameric CRP. How-
ever, the s3 , values for this peak are variable in ranges from 7.7
to 8.4 S in 50 mm NaCl, 7.6 to 8.2 S in 140 mm NaCl, and 7.5 to
7.7 S in 250 mMm NaCl. The molecular mass of 138 =+ 10 kDa for
this peak from c¢(M) analyses is too low compared with the
expected value of 230 kDa. The variation in 53, ,, values and the
low molecular mass indicate that this peak is not a second CRP
species but is instead a reaction boundary corresponding to a
rapid equilibrium between pentameric and decameric CRP on
the time scale of sedimentation (49). In fact, a s, ,, value of 9.5
Shasbeen reported for a stabilized cross-linked form of decam-
eric CRP (25). Integration of the two c(s) peak areas resulted in
an estimated dissociation constant K, value of 19 um for the
CRP pentamer-decamer equilibrium in 50 mm NaCl, 2 mMm
Ca?" buffer (Fig. 34). Estimates of the K, values in 140 and 250
mM NaCl buffers were not possible because of poor resolution
of the two peaks at lower concentrations. The rapid exchange
accounts for the lack of resolution of pentamer and decamer by
size exclusion chromatography (Fig. 1).

The removal of Ca*>* at CRP concentrations of 0.1 to 2.4
mg/ml in 50 mMm and 140 mm NacCl buffers revealed the pres-
ence of smaller oligomers of CRP, together with pentamers and
decamers by AUC. Good boundary fits were obtained (Fig. 2, D
and E). At all concentrations, pentamers dominated the c(s)
analyses with mean 53, ,, values of 6.4 = 0.1 S in 50 mm NaCl and
6.3 = 0.1 S in 140 mMm NaCl (Table 1). These values were
unchanged from those obtained in the presence of Ca®"

sV
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TABLE 1
X-ray scattering and sedimentation coefficient data and modeling of CRP
Sgo,w
Spheres Rg R-factor K,
Pentamer Decamer”
nm % N
Experimental buffer
50 mm NaCl, 2 mm Ca®* 6.5+ 0.1 7.7-8.4 19
140 mm NaCl, 2 mm Ca** 3.8-4.5; 3.8-4.3" 6.4 0.2 7.6—8.2 22+*5
250 mm NaCl, 2 mm Ca** 6.4+ 0.3 7.5-7.7 NA®
50 mm NaCl buffer, no Ca** 3.8-4.1;3.7-4.1° 6.4+ 0.1 7.5-8.9 NA
140 mm NaCl buffer, no Ca** 3.6-4.1; 3.6-4.0° 6.3 0.1 7.3-7.7 NA
Scattering modeling
CRP pentamer 12567 3.7 6.0-6.2
CRP decamer 2492 4.2 9.8
Best fit scattering curves (2 mm Ca>") 2.0-3.7 23

Best fit scattering curves (no Ca®")

1.8-3.5;1.7-2.8°

“ The experimental value corresponds to the decamer reaction boundary (Fig. 2).

© The first value is from the Guinier RG analyses (Fig. 4, A and B); the second is from the GNOM P(r) analyses (Fig. 5).

¢NA, not available.

4 The optimum number of hydrated spheres predicted from the sequence are 1310 and 2620 for pentamer and decamer, respectively.

¢ The first value is for 50 mm NaCl; the second is for 140 mm NaCl.

% abundance

2.0

3.0
CRP concentration (mg/ml)

FIGURE 3. NaCl concentration and Ca®>* dependence of the pentamer-
decamer equilibrium by AUC. At each CRP concentration, the relative per-
centage of pentamer and decamer corresponds to data obtained at 50,000
r.p.m.The apparent K, value (K5_,,,,) in 50 mm NaCl is estimated as the point of
intersection of the two data sets when fitted to a non-linear regression for an
exponential rise (decamer: y = y, + a(1-b*)) or decay (pentamer:y = y, +
a(10) %) as appropriate. A, data correspond to 50 mm NaCl (@), 140 mm NaCl
(O), and 250 mm NaCl (A) in the presence of 2 mm Ca® ™. B, data correspond to
50 and 140 mm NaCl in the absence of Ca®*. The inset shows the percentage
contribution of lower oligomers of CRP, which was not seen with Ca*"
present.

(Table 1). The c(M) analyses yielded a mean molecular mass
of 119 = 26 kDa in agreement with the assignment as pen-
tamers. It was concluded that the loss of Ca>" leads to only
small effects in pentameric CRP, in agreement with size
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exclusion chromatography (Fig. 1). Two further observa-
tions were made. First, at all concentrations, one or two addi-
tional c(s) peaks were seen at 2.8 = 0.2 and 4.3 = 0.3 S in 50
mM NaCl, and at 3.0 = 0.2 and 4.0 = 0.3 S in 140 mMm NaCl
(Fig. 2, D and E). These peaks showed no concentration
dependence and were therefore not in equilibrium with the
pentamer. Because the ¢(M) analyses yielded mean molecu-
lar masses of 37 = 5 and 72 = 7 kDa, these peaks are possible
dimer (46 kDa) and trimer (69 kDa) forms of CRP. Thus in
the absence of Ca**, CRP partially dissociates into lower
molecular weight oligomers. This agrees with the size exclu-
sion chromatography results after storage in the absence of
Ca®" (Fig. 1). Second, at 1.0 mg/ml and above, the CRP
decamer was observable with s, ,, values ranging from 7.5 to
8.9 and 7.3 to 7.7 S in 50 and 140 mm NaCl buffers, respec-
tively, and a mean apparent molecular mass of 172 = 59 kDa
(Fig. 2, D and E). Peak integrations showed that the apparent
K, value for the pentamer-decamer equilibrium is much
weakened in higher salt (Fig. 3B). No K, values were esti-
mated because of the presence of 2—33% of the lower molec-
ular weight oligomers. It is concluded that Ca®>™ is essential
to stabilize the CRP pentamer and formation of decamers.

X-ray Scattering Analyses of CRP—X-ray scattering is a dif-
fraction technique that studies the overall structure of biologi-
cal macromolecules in random orientations in solution (50).
This was used to observe the self-association and conformation
of CRP in the presence and absence of Ca®". Previous x-ray
experiments with 2— 6 mg/ml of CRP were performed on Sta-
tion 7.3 at the Synchrotron Radiation Source at Daresbury,
Cheshire, which utilized a linear detector with a limited Q range
(24). In comparison, instrument ID02 at the European Synchro-
tron Radiation Facility in Grenoble, France, enabled much
improved experiments in a more extended CRP concentration
range of 0.3-5.4 mg/ml. ID02 was equipped with a flow cell to
eliminate possible radiation effects and a two-dimensional area
detector with better sensitivity and larger Q range (see “Exper-
imental Procedures”).

X-ray Guinier analyses confirmed CRP self-association in
140 mm NaCl buffer with 2 mm Ca®*. Guinier analyses of the
scattering data I(Q) at low Q values yielded the forward scat-
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FIGURE 4. X-ray scattering Guinier R; analyses for CRP. A, the filled circles
correspond to the data points used to obtain R; values using a Q range of
0.06-0.36 nm~ " and the straight lines correspond to the best fit through
these points. The Q-R;; fit range is indicated by the arrows. In the presence of
2 mm Ca?*, from bottom to top, concentrations of 0.3, 1.3, 2.7, 4.0, and 5.4
mg/ml were used. B, in the absence of Ca?*, the Guinier fits were made ina Q
range of 0.18-0.36 nm . From bottom to top, the CRP concentrations were
0.1,0.3,0.6, and 2.4 mg/ml. C, concentration dependence of the Guinier /(0)/c
parameter in 140 mm NaCl buffer containing 2 mm Ca®*. The K, value was
determined by a non-linear regression fit (solid line) for an exponential rise to
amaximum (y = y, + a(1-b%), and the vertical dashed line corresponds to 26
M. Error bars are shown where visible. D, concentration dependence of the
Guinier /(0)/c parameter in 50 mm NaCl (@) and 140 mm NaCl buffer (O) with-
out Ca2*. Note that the /(0)/c values were obtained in a different beam session
from that of (c), therefore the /(0)/c values are not comparable. No K, value
could be determined. E and F, the corresponding Guinier R values for CRP in
140 mm NaCl buffer containing 2 mm Ca?*, and in 50 mm NaCl (@) and 140 mm
NaCl buffer (O) without Ca?*.

tered intensity 1(0) at zero Q and the radius of gyration R.. The
I(0)/c value is proportional to molecular weight (where c is the
CRP concentration in mg/ml) and R, monitors the degree of
overall macromolecular elongation. Guinier plots gave linear
R fits within appropriate Q R limits (Fig. 4A). The 1(0)/c val-
ues increased from 14.2 to 21.9 units between CRP concentra-
tions from 0.3 to 5.4 mg/ml (Fig. 4C), in agreement with a
self-association equilibrium. Assuming that this is a pentamer-
decamer equilibrium, extrapolation of 1(0)/c to zero concentra-
tion gave a value of 13.1 units for the pentamer, thus assigning
26.2 units for the decamer 1(0)/c value, and a K, value of 26 um
(3.0 mg/ml) from the mid-point. The concentration depend-
ence of the R values ranged from 3.8 * 0.1 to 4.5 = 0.2 nm (Fig.
4E). Extrapolation to zero concentration yielded an R value of
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FIGURE 5. Concentration dependence of the x-ray distance distribution
P(r) for CRP. CRP was studied in 140 mm NaCl buffer containing 2 mm Ca?*
(A) and without Ca®™ (B). The two maxima in P(r) are denoted by M1 and M2 at
3.1 and 5.7 nm, respectively, assigned to pentamer and decamer, respec-
tively. The maximum dimension is denoted by L. The CRP concentrations
correspond to those in Fig. 4, A and B. The dashed line in A corresponds to 2.7
mg/ml;in B, this is shown again and normalized to M2 using that at 2.4 mg/ml
to compare the effect of Ca>* removal.

3.7 nm for the pentamer. The R values agreed with the previ-
ously reported values of 4.1-4.5 nm at CRP concentrations of
2—-6 mg/ml (24).

The distance distribution function P(r) in real space was cal-
culated from the /(Q) data, following an assumption of the value
of the maximum dimension (D,,,,). The P(r) curve represents
all the distances between pairs of atoms within CRP, and pro-
vides an independent verification of the Guinier R values. The
P(r) curves from Fig. 5A yielded mean R values of 3.8 = 0.1 to
4.3 = 0.1 nm, in good agreement with the Guinier values. Two
maxima M1 at r = 3.1 nm and M2 at r = 5.7 nm correspond to
the most frequently occurring interatomic distances within
CRP. Comparison with the pentamer and decamer crystal
structures (PDB codes 1b09 and 11j7) (18, 20) showed that M1
and M2 could be assigned to the CRP pentamer and decamer,
respectively. Although the r values of M1 and M2 remained
unchanged with concentration, the intensity of M2 relative to
M1 increased with CRP concentration. This showed that the
proportion of decameric CRP increased with the concentra-
tion, as expected. The maximum dimension L of CRP is the r
value when P(r) decreases to O at large r. The L values were
unchanged with concentrations at 11-13 nm (Fig. 5A4). The
outermost ring diameter of the CRP pentamer is 11-13 nm by
electron microscopy (23). Both are in good agreement with the
longest dimensions measured from the unhydrated pentamer
and decamer crystal structures of 10.5 and 11.9 nm, respec-
tively, provided that these were increased to 11.1 and 12.5 nm,
respectively, by the addition of a uniform shell of water mole-
cules of 0.3 nm thickness on all surfaces (18, 20, 44). The lack of
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a significant change in L on decamer formation shows that the
pentamers are arranged face-to-face within the decamer.

X-ray scattering showed that Ca®>"* removal from CRP pro-
moted some self-aggregation, and reduced the proportion of
CRP decamer, but left the CRP conformation largely
unchanged. Ca*>* removal was studied using a CRP concentra-
tion range of 0.1-2.5 mg/ml using 50 and 140 mm NaCl buffers
without Ca®". Trace amounts of nonspecific aggregation were
readily visible in Guinier plots as non-linear increases in the
I(Q) values at very low Q values. Accordingly a reduced Q range
was employed for the R fits (Fig. 4B). The I(0)/c values showed
areduced concentration dependence compared with that in the
presence of Ca>™, increasing from 11.7 to 12.9 units and 8.6 to
11.6 units in 50 and 140 mMm NaCl, respectively (Fig. 4D). This
small increase showed that, even though the pentamer-
decamer association is weakened compared with studies in the
presence of Ca®>", the pentamer-decamer equilibrium is not
eliminated by the removal of Ca®>*. The R, values of CRP like-
wise increased in smaller ranges from 3.8 = 0.0 to 4.1 = 0.0 nm
in 50 mm NaCl, and from 3.6 = 0.1 to 4.1 = 0.0 nm in 140 mm
NaCl buffers (Fig. 4F). Extrapolation to zero concentration
yielded an R value of 3.5 nm for the pentamer in 140 mm NaCl
(Fig. 4F). This is similar to the R value of 3.7 nm for the pen-
tamer in 140 mm NaCl with Ca®" present (Fig. 4E). The P(r)
curves yielded R values of 3.7—4.1 nm in 50 mm NaCl (data not
shown) and 3.6 — 4.0 nm in 140 mm NaCl (Fig. 5B), in agreement
with the Guinier analyses. The r values of the peaks M1 (r = 3.1
nm) and M2 (r = 5.7 nm) were unchanged on Ca®>"* removal,
although the increase in the intensity of the M2 peak relative to
M1 was now reduced. The L values of 10—13 nm showed no
change from the L values in buffers containing Ca>". Thus no
large conformational change in CRP occurred on Ca**
removal.

Modeling of Pentameric and Decameric CRP—Constrained
modeling starting from crystal structures permits the molecu-
lar interpretation of scattering curves (50). Here, modeling was
used to determine a K, value for the CRP pentamer-decamer
equilibrium and establish the similarity of the solution struc-
ture of the CRP decamer to its crystal structure. The scattering
curve for the CRP pentamer was calculated from its crystal
structure with Ca®* (PDB code 1b09) (18). Because several res-
idues were missing and Ca>" was not present in the CRP
decamer crystal structure (PDB code 1]j7) (20), the decamer
scattering curve with Ca?" was calculated from a revised
decamer crystal structure based on superimposition of two
copies of the pentamer crystal structure on it. The modeled
pentamer and decamer scattering curves resulted in R values
of 3.7 and 4.2 nm, respectively (Table 1). These agree well with
the experimental R value of 3.7 nm on extrapolation for the
pentamer and the observed range of 3.8 = 0.1 to 4.5 = 0.2 nm
for the pentamer-decamer equilibrium (Fig. 4E). The amounts
of pentamer and decamer in each x-ray curve was quantified by
comparison with 101 combinations of the modeled pentamer
and decamer curves in 1% increments from 0 to 100 and 100 to
0%, respectively. Nine experimental x-ray curves at different
concentrations in 140 mm NaCl with Ca®>" were fitted and
assessed using a goodness-of-fit R-factor (Fig. 6A4). Excellent
R-factors of 2.0 to 3.7% were obtained for pentamer-decamer
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FIGURE 6. X-ray scattering curve fits for the CRP pentamer and decamerin
the presence and absence of Ca®>*. The Q range for the R analyses is
denoted by a horizontal bar. A, in buffer with 2 mm Ca>™, representative best
fit curves are shown for CRP concentrations of 1.3 (54% pentamer/46%
decamer), 2.7 (41% pentamer/59% decamer), and 5.4 mg/ml (28% pentamer/
72% decamer) from bottom to top. B, in Ca®*-depleted buffer, representative
best fit curves are shown for CRP concentrations of 0.3 (99% pentamer/1%
decamer), 0.6 (96% pentamer/4% decamer), and 2.4 mg/ml (71% pentamer/
29% decamer). C, K, determination for the CRP pentamer/decamer equilib-
rium in the presence of 2 mm Ca?*. Data points correspond to the best fit
pentamer/decamer ratio for each CRP concentration between 0.3 and 5.4
mg/ml in 140 mm NaCl buffer. The data were fitted according to Fig. 4C, and
the vertical dashed line corresponds to a K, of 16 um. D, in Ca®"-depleted
buffer, no K, value could be determined in either 50 (®) or 140 (O) mm NaCl
buffer as this was outside the concentration range studied. £ and F, compar-
ison of the modeled (dashed lines) and experimental (full lines) P(r) curves in
the presence (E) and absence (F) of Ca®*.

ratios that ranged from 74 to 26% at 0.3 mg/ml to 28 to 72% at
5.4 mg/ml (Fig. 6C). In comparison, the worst possible R-factor
was 15.0%. The pentamer-decamer ratios resulted in a K, value
of 16 um (Fig. 6C), which agrees well with the Guinier-deter-
mined value of 26 um (Fig. 4C). The modeled and experimental
P(r) curves likewise agree well (Fig. 6E). The curve fits show that
the decamer crystal structure with the two A-faces facing each
other at the center is a good model for its solution structure.
Constrained modeling also confirmed the NaCl concentra-
tion dependence of the pentamer-decamer equilibrium in the
absence of Ca®>* that was seen by AUC and Guinier analyses.
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Comparison of the 101 pentamer/decamer curves with five
experimental x-ray curves in 50 mM NaCl again resulted in
excellent best-fit R-factors of 1.8 to 3.5% (see Table 1). The good
quality of the curve fits indicated the absence of a large confor-
mational change in CRP upon Ca®" removal. The best fit ratios
ranged from 100 to O to 56 to 44% of the pentamer/decamer
(Fig. 6D). Likewise the four experimental curves in the 140 mm
NaCl buffer resulted in excellent best fit R-factors of 1.7-2.8%
(Fig. 6D and Table 1). The best fit ratios of 100—0 to 71-29%
showed that the proportion of decamer had decreased in 140
mm NaCl after Ca>" removal (Fig. 6D). No K, values were
determined because these were too large to be measured. The
modeled P(r) analyses showed good agreement with experi-
mental data (Fig. 6F). Although lower molecular weight CRP
oligomers will be present according to the ¢(s) plots by AUC
(Fig. 3B), these will have a small effect on curve fits because the
scattered intensities are proportional to the square of the
molecular weight.

The CRP scattering curves show a minimum Q value of 0.87
nm~ ' (Fig. 7A). This minimum is more prominent in the
decamer than the pentamer. The mean diameter of the pen-
tameric ring is given by 27/Q as 7.2 nm, which is in good agree-
ment with the neutron value of 7.4 nm (24) and a value of 7.5 nm
measured from the pentamer and decamer crystal structures
(Fig. 7B). The agreements support the A face-to-A face crystal-
lographic model for the CRP decamer, in which one pentamer
is rotated relative to the other by about 20°, then brought into
contact at their A faces (20).

Sedimentation coefficients s3,, for the pentamer and
decamer were calculated from their crystal structure models
(Table 1). Those for pentameric CRP were 6.0—6.2 S, in good
agreement with the experimental value of 6.4 S. That for the
decamer was 9.8 S, for which no experimental value from this
study was available for comparison. The value 0f 9.8 S is in good
agreement with the experimental value of 9.5 S for the cross-
linked CRP decamer (25).

SPR Analyses of CRP—SPR monitors the interaction between
a binding partner in solution (analyte) and a partner (ligand)
immobilized at the surface of a sensor chip (31). CRP aggregates
at damaged and apoptotic cells by binding to charged groups at
their cell surfaces (6—8). Accordingly the self-association of
CRP in solution with CRP immobilized on a sensor chip may
provide insight on this interaction, provided that Ca®* is pres-
ent throughout the SPR experiments including the immobiliza-
tion stage (“Experimental Procedures”) and that CRP is not
denatured.

The NaCl concentration dependence of CRP self-association
seen by AUC and scattering was confirmed by SPR, which
showed that 140 mm NaCl buffer is essential for this. CRP was
flowed across a sensor chip surface containing 150 RU of immo-
bilized CRP, which was prepared in the presence of Ca*"
(“Experimental Procedures”). The binding analysis of 50 um
(5.8 mg/ml) CRP in 50 mm NaCl buffer in the presence of Ca>"
showed that CRP aggregated on the chip surface, as evidenced
by the extremely high binding response to greater than 15,000
RU. This was rapidly followed by CRP dissociation to baseline
levels (Fig. 84). On increasing the salt to 140 mm NaCl, the
corresponding analysis of 50 uM CRP resulted in a much

1048 JOURNAL OF BIOLOGICAL CHEMISTRY

12
A Experimental
8 -
with Ca**
4 | I L

B Theoretical

% decamer

0.0

Q (nm'1)

FIGURE 7. Comparison of the x-ray scattering curves for CRP pentamer
and decamer. The arrow corresponds to the minimum position in the scat-
tering curve. A, comparison of the experimental scattering curves for CRP at
2.7 mg/mlin 2 mm Ca®" buffer (black) and 2.4 mg/mlin Ca’*-depleted buffer
(white). The intensity of /(Q) at the minimum (arrow) is lower in the presence of
Ca?", showing that more decamer has formed. B, comparison of the scatter-
ing curves for CRP for mixtures of pentamer and decamer calculated from
crystal structures. The intensity of the /(Q) minimum decreases as the propor-
tion of decamer increases from 0 to 100%.

reduced but more rapid binding response of 34 RU, followed by
its rapid dissociation (Fig. 8B). This represents 23% saturation
of immobilized CRP. At a lower CRP concentration of 20 um
(2.3 mg/ml), the binding responses were reduced to 245 RU in
50 mm NaCl and 24 RU in 140 mm NacCl (Fig. 8, C and D).
Dissociation constants K, for CRP self-association were
determined using equilibrium SPR studies in 50 mm NaCl and
140 mm NaCl buffers with Ca>" present. At concentrations of
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FIGURE 8. Surface plasmon resonance analysis of CRP self-association. Data correspond to buffers contain-
ing 2 mm Ca?" unless stated otherwise. A and B, 50 um CRP was flowed over immobilized CRP in 50 (A) and 140
(B) mm NaCl buffers. An abnormally high response (>15,000 RU) was observed in 50 mm NaCl, whereas in 140
mm NaCl the response was normal (~35 RU). Cand D, comparison of binding of CRP in the presence (solid lines)
and absence (dotted lines) of Ca®*. 20 um CRP was flowed over immobilized CRP in buffers containing 50 (C) and
140 (D) mm NaCl. Approximately 10-fold more response was observed in C than D. The dotted lines did not
return to baseline levelsin Cand D. Eand F, equilibrium analyses for CRP self-association in 50 (E) and 140 (F) mm
NaCl buffer. The binding response increased continuously between 1 and 20 um in E, whereas saturation was
approached in F, from which a K, value of 23 um was determined from CRP concentrations between 1 and 35
M. G and H, sensorgrams used for the equilibrium analyses, where panel G corresponds to the data in £, and
panel H corresponds to the datain F.

1-20 pm in 50 mm NaCl buffer, CRP showed a continuously
increasing binding response that is consistent with aggregate

because binding saturation was not
attained. In 140 mm NacCl buffer, a
K, value of 23 uMm was determined
using CRP concentrations between
1 and 35 um (Fig. 8, F and H). This
agrees well with the K, values of 26
and 16 uM in 140 mm NaCl from the
x-ray analyses above, and shows that
immobilized CRP self-associated
with CRP with the same affinity as
CRP in solution when monitored by
x-ray scattering.

The corresponding experiments
in the absence of Ca®>™", but using the
same immobilized CRP sensor chip,
showed that CRP binding to immo-
bilized CRP was much reduced.
Using 20 wm CRP, the binding
responses were reduced from 245 to
115 RU in 50 mm NaCl buffer, and
from 24 to 19 RU in 140 mm buffer
(Fig. 8, C and D). Interestingly, with
both buffers, CRP did not com-
pletely dissociate from immobilized
CRP on the sensor surface back to
baseline levels when this was com-
pared with buffers containing Ca®"
(dashed lines in Fig. 8, C and D).
This suggested that, in the absence
of Ca®*, lower molecular weight olig-
omers of CRP bind irreversibly to
partially dissociated immobilized
CRP on the sensor chip surface to
form aggregates. This is consistent
with our AUC results showing
reduced CRP decamer formation
and partial dissociation of CRP in
Ca®*-depleted buffers.

DISCUSSION

An essential pre-requisite for elu-
cidating CRP function is an under-
standing of its solution properties.
The properties of unbound CRP are
important for several biological
functional processes involving CRP.
Here, we have shown that CRP in 2
mm Ca®" exists in a rapid pentamer-
decamer equilibrium in solution
and on surfaces using a combination
of three different analytical instru-
mentation methods with improved
resolutions compared with previous
studies. To our knowledge, this is
the first identification for decameric
CRP as a molecular species in phys-

iologically relevant buffer conditions and its dependence on

formation (Fig. 8, E and G). A K, value could not be determined ~ NaCl concentration. The CRP concentration in plasma ranges
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from as little as 50 ng/ml (0.4 nm) at normal levels to over 0.5
mg/ml (4.4 um) during acute phase conditions (1). Calcium is
present in plasma at 2.5 mm, of which ionic Ca®>* is present at
1.18 mM (28). Only CRP pentamers and decamers are observed
in 2 mm Ca®>" in CRP concentrations between 0.1 and 5.4
mg/ml (0.9-47 um), where these concentrations include the
physiological range of the CRP acute phase response. The for-
mation of decameric CRP with a mean K, value of 22 * 5 um
can be relevant for the interaction of CRP with its ligands in
plasma. Most importantly, our AUC data shows that the non-
physiological removal of Ca®>* causes CRP to dissociate slowly
into lower oligomers and reduces the proportion of decamers.
Many previous functional studies of CRP have reported the
existence of denatured or monomeric forms of CRP in the
absence of Ca®", and have suggested that these are functionally
relevant (9—13). There is currently no rigorous evidence for the
existence of monomeric (i.e. denatured) CRP in vivo (1). The
standard preparation protocol for CRP in this study involved 2
mum Ca”" throughout (32). Because our AUC data confirm that
pentameric CRP is stable in the presence of Ca*>*, functional or
structural experiments with CRP in which Ca®* is omitted or
insufficient need to be interpreted with caution.

Functional Relevance of the Pentamer-Decamer Equilibrium—
The CRP pentamer-decamer equilibrium is attributed to inter-
actions between two CRP A faces in the pentamer to form
decamers (see below) and will be important for the acute phase
response when CRP concentrations in plasma reach 4.4 pm.
This rapid equilibrium between CRP pentamers and decamers
provides a means to reduce nonspecific protein binding to CRP
and therefore may maintain the integrity of CRP when CRP is
abundant in plasma. This may be functionally important
because plasma contains at least 70 mg/ml of other proteins.
Further work will be required to establish that the pentamer-
decamer exchange occurs in blood, plasma, or serum. Many
low-affinity rapid exchange ionic strength-dependent reactions
may not occur in the context of IgG antibody, human serum
albumin, and other abundant plasma proteins.

Because C1q and complement factor H are presumed to bind
to the A face of CRP, whereas lipids bind to its B face, decamer
formation will affect only the former ligands. Given that the
CRP decamer K, value is 22 um, CRP decamer formation shows
that CRP will only bind to Clq, factor H, and other ligands at its
A face if the K, value of these ligand interactions is well below
this K, value. Our study of factor H interaction with CRP
indeed suggests that CRP decamer formation is inhibited in the
presence of factor H, for which the K, value is 4 um (51). In the
decamer, the CRP B faces remain exposed and this will permit
lipid binding at damaged host cells or other surfaces irrespec-
tive of whether pentamers or decamers are present. At the pres-
ent time, no direct function is attributable to the decamer form
of CRP, although a role in host defense or apoptotic cell clear-
ance cannot be ruled out.

Molecular Explanation for Decamer Formation—In previous
studies, self-association of CRP was reported by x-ray and neu-
tron scattering and by AUC, but its occurrence or importance
had not been explained (24, 25). Here, the molecular basis of
self-association was identified by a combination of AUC c¢(s)
analyses and x-ray scattering modeling. The AUC data revealed
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a pentamer-decamer equilibrium in the presence of Ca®".
Although pentamers were unambiguously identified as the 6.4
S ¢(s) peak, the second c(s) peak corresponds to a reaction
boundary that could not be assigned to a decamer. This ambi-
guity was resolved by the excellent x-ray curve fits based on the
pentameric and decameric CRP crystal structures. The K, val-
ues of 19 uMm (50 mm NaCl) by AUC, 26 and 16 um (140 mm
NaCl) by x-ray Guinier fits and modeling, and 23 um (140 mm
NaCl) by SPR show consistency. The mean K, value of 22 = 5
M (140 mm NaCl) indicates that 0—15% of CRP will be decam-
eric in its physiological concentration range of 0.4 nm to 4.4 um
if no other factors are involved.

The decamer is formed in 140 mm NaCl from contacts
between either the two A faces or the two B faces of the pen-
tamers. The A faces were preferred as the buried interface
because this is observed in the Ca®>*-free CRP decamer crystal
structure, excellent x-ray modeling fits were obtained with the
decamer crystal structure (20), and appropriate ionic interac-
tions at the A faces were observed that account for the NaCl
concentration dependence of decamer formation. These
results imply that the observed 15-mers of CRP in chemically
cross-linked CRP are not physiologically relevant (4).

CRP decamer formation is reduced with increased NaCl con-
centration, and this indicates that the A face-A face interface in
the decamer is stabilized by ionic interactions. The partially
disordered decamer crystal structure initially suggested that 10
pairs of Thr'”? and Pro'”? side chains form the closest contact
between the A faces (20). These are uncharged residues that
cannot form salt bridges. If the Ca>"-bound pentamer crystal
structure at higher resolution was superimposed onto the
decamer crystal structure (18), it turns out that 10 pairs of
charged Asp-169 and Arg-188 residues on the A faces are well
positioned to form the requisite ionic bridges (Fig. 94). No clear
candidates for ionic bridges between the B faces have been
detected by modeling so far. Lys®*~Asp’® and Glu'*~Arg*’
pairs exist within each B face, however, these cancel each other
out. Additionally, there is a surplus of acidic residues on the B
face (in addition to those involved with Ca>* and phosphocho-
line binding) that may repel each other.

The NaCl concentration dependence of decamer formation
shows that CRP self-association may be affected by the local
environment. For example, CRP binding to lipids at the B faces
may influence pentamer-decamer association. We observed
indefinite CRP aggregation at immobilized CRP in 50 mm NaCl
in the SPR analyses. In this context, CRP is known to interact
with a variety of polycations, as well as with polyanion-polyca-
tion complexes (52-54).

Structural Role of Calcium—The present study has clarified
the effect of removal of Ca>* on CRP. Previous high resolution
CRP crystallographic studies identified the role of Ca®* in bind-
ing to the B-face. Ca®" binds at a double site on the B face (Fig.
9B). Ca*>" site 1 is coordinated by amino acids Asp®®, Asn®,
Glu'?8, Asp'*®, and Leu'®® (a total of five ligands), whereas Ca>"
site 2 is coordinated by GIn'?%, Asp'*°, GIn'*°, and possibly
Glu'*” (18, 22). Both Ca>"-binding sites in CRP possess equal
affinity for Ca®>" in solution with a K, of 60 um (55). A recent
study reported a slightly lower K, of 30 um using SPR (56). The
presence of at least 2 mm Ca>™ in plasma is well in excess of the
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(18). This conformational sensitiv-
ity of the B-sheets to Ca®>" removal
provides an explanation for the
notable absence of polymorphic
forms of CRP (1), because any resi-
due changes will perturb the CRP
pentamer structure.

Several studies have proposed
that alterations in Ca®>* binding to
CRP are important for the mecha-
nism of CRP action. In the absence
of Ca®>*, CRPis partially dissociated
to form lower molecular weight olig-

Kp=22+% 5uM
* Caz*” (140 mM NaCl,
+ Ca2*)
g B8
D

Complement activation

omers (Fig. 9C). Our AUC studies
show that these smaller oligomers
were not in equilibrium with pen-
tameric CRP, and were not domi-
nant. The existence of these lower
oligomers of CRP consisting of
monomers to trimers (mCRP) has
been reported previously in func-
tional studies under extreme condi-
tions of denaturing pH or tempera-
ture (9—11) or Ca®>" depletion (26,
27). Given the prevalence of Ca?* in
plasma, an allosteric mechanism
involving the removal or addition of

+Ci1q

Ca®"* during CRP function appears

FIGURE 9. Pentamers and decamers of CRP. A, crystal structures for pentameric CRP with bound Ca** (cyan
and green ribbons) were superimposed onto the crystal structure of decameric CRP without Ca®* to reveal 10
pairs of Arg'®® (blue) and Asp'®° (red) ionic bridges proposed to stabilize CRP decamer formation between the
two A faces. Three pairs of bridges are shown in this view. B, the B face of pentameric CRP is viewed in blue with
bound Ca?*, and magenta without Ca®*. The Ca®"-binding loop comprising amino acid residues 138-150 in
each protomer is colored red (with Ca™) or orange (without Ca**). C, pentameric CRP (blue, with bound Ca**
shown as yellow spheres) self-associates in rapid equilibrium in the presence or absence of Ca®" to form
decamer (green and cyan) through contacts between the A faces in an NaCl concentration-dependent manner.
This has a mean dissociation constant K, value of 22 um determined in 140 mm NaCl containing Ca®*. In the
absence of Ca?", CRP irreversibly dissociates into individual protomers (magenta) and decamer formation is
reduced. When Ca®™ is present, pentameric CRP binds to macromolecular ligands to form complexes that

unlikely, as proposed in some stud-
ies (20, 25).

Native and Denatured CRP—An
understanding of the solution struc-
tural behavior of CRP is crucial to
elucidate its function in comple-
ment and the acute phase response.
The interaction of native CRP with

interact with C1q to activate the classical pathway of complement.

K, value for Ca®* binding to CRP, and will result in 97-99%
occupancy. This is necessary to ensure that CRP is in its native
conformation. Although two CRP pentamer crystal structures
were reported in the presence of Ca®>" (18, 22), CRP was crys-
tallized as decamers in 100 mm NaCl buffer in the absence of
Ca** (20). Our AUC data now explains the crystallization of
Ca**-free decamers, simply because decamers were observable
by AUC under these conditions. Thus Ca*>* bound to the B face
is not structurally involved with decamer formation, and this
also argues for decamer formation through A face contacts. In
addition, Ca®* is not structurally related to the contacts
between the five protomers in the pentamer, each of which is
stabilized by four ionic bridges that span the interface (Glu**~
Lys'®, Glu'®-Lys®®, Asp'**-Arg'’®, and Glu'®’-Lys'?3).
Accordingly our observation of weaker decamer formation and
dissociation of smaller oligomers on the removal of Ca®" is best
explained by destabilization of the double B-sheet structure of
the CRP protomer. Indeed, comparisons of CRP crystal struc-
tures with and without Ca®>* bound (Fig. 9B) show that there is
a 0.174-nm root mean square difference in residue positions
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complement factor H is described in

the accompanying article (51).
Here, our main results show that the three key parameters for
rigorous experimental studies are 2 mm Ca®*, 140 mm NaCl,
and 0.01-4.4 uMm CRP. Our data show that native CRP exists as
stable pentamers in rapid equilibrium with decamers in 2 mm
Ca*>* and 140 mm NaCl (Fig. 9). The spontaneous formation of
denatured mCRP under conditions of Ca®>* depletion is slow
but observable by AUC. Importantly, our SPR studies of CRP
binding to immobilized CRP surfaces show that CRP aggregates
in low salt, but not in 140 mm NaCl. The latter results are cau-
tionary in that experimental work with surface-bound CRP can
readily lead to artifactual observations. This is attributable to
the ease with which Ca®>" can be removed from CRP and the
sensitivity of CRP self-association to the NaCl concentration.
Cases have been reported when CRP becomes denatured and
shows subunit rearrangement on binding to membranes (57).
Studies have suggested that mCRP may be produced in normal
or inflamed human and animal tissue (14—17), and that mCRP
possesses distinct antigenic properties from native CRP (9-12).
Further work will be required to establish the existence of
mCRP in vivo and a mechanism for its formation. For these
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studies, a proper appreciation of the oligomeric forms of CRP
and the need to work with an appropriate buffer will be essential
to understand the role of CRP in the acute phase response and
in complement activation.
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