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Identification of Acidic pH-dependent Ligands of Pentameric
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C-reactive protein (CRP) is a phylogenetically conserved pro-
tein; in humans, it is present in the plasma and at sites of inflam-
mation. At physiological pH, native pentameric CRP exhibits
calcium-dependent binding specificity for phosphocholine. In
this study, we determined the binding specificities of CRP at
acidic pH, a characteristic of inflammatory sites. We investi-
gated the binding of fluid-phase CRP to six immobilized pro-
teins: complement factor H, oxidized low-density lipoprotein,
complement C3b, IgG, amyloid �, and BSA immobilized on
microtiter plates. At pH 7.0, CRP did not bind to any of these
proteins, but, at pH ranging from 5.2 to 4.6, CRP bound to all six
proteins. Acidic pH did not monomerize CRP but modified the
pentameric structure, as determined by gel filtration, 1-anili-
nonaphthalene-8-sulfonic acid-binding fluorescence, andphos-
phocholine-binding assays. Some modifications in CRP were
reversible at pH 7.0, for example, the phosphocholine-binding
activity of CRP, which was reduced at acidic pH, was restored
after pH neutralization. For efficient binding of acidic pH-
treated CRP to immobilized proteins, it was necessary that the
immobilized proteins, except factor H, were also exposed to
acidic pH. Because immobilization of proteins on microtiter
plates and exposure of immobilized proteins to acidic pH alter
the conformation of immobilized proteins, our findings suggest
that conformationally altered proteins form a CRP-ligand in
acidic environment, regardless of the identity of the protein.
This ligand binding specificity of CRP in its acidic pH-induced
pentameric state has implications for toxic conditions involving
protein misfolding in acidic environments and favors the con-
servation of CRP throughout evolution.

C-reactive protein (CRP)4 is an evolutionarily conserved
protein. CRP is found in all animals, from invertebrates to ver-
tebrates, where it has been sought. HumanCRP is a pentameric

protein comprised of five identical, non-covalently associated
23,028-Da subunits (reviewed in Refs. 1–3). At physiological
pH, CRP is best known for its Ca2�-dependent binding to phos-
phocholine (PCh)-containing substances such as pneumococ-
cal C-polysaccharide (PnC) (4). Each CRP subunit binds two
Ca2� ions with a KD value of 30 to 60 �M (5, 6). Binding of CRP
to some nuclear proteins, enzymatically modified low-density
lipoprotein and phosphoethanolamine-conjugated materials
has also been reported (7–11). The Ca2�- and PCh-binding
sites are located on each subunit of CRP, and the available data
suggest that these sites participate in the binding of CRP to
most of its known ligands. Under certain conditions, CRP dis-
sociates to generate the monomeric form of CRP (mCRP),
which can be distinguished frompentamericCRPusing specific
monoclonal antibodies (12–17).
In normal healthy individuals, the median concentration of

CRP in the serum is 0.8 �g/ml; in acute phase, the concentra-
tion increases to 500 �g/ml or more (18). CRP is also found at
the sites of inflammation, both in humans and experimental
animals (19–23). The deposition of CRP at the sites of inflam-
mation is independent of the circulating concentration of CRP.
For example, CRP is deposited at atherosclerotic lesions
although the circulating concentration of CRP increases only
minimally in atherosclerosis (8, 22–24). Due to the deposition
of CRP at the sites of inflammation, the concentration of CRP at
the sites of inflammation is not known. The mechanism pro-
posed for the deposition of CRP at the sites of inflammation is
largely based on the PCh-binding and other ligand-binding
properties of CRP, which occur at physiological pH. Because
the pH at the sites of inflammation may be acidic (25–35), in
this study, we investigated the binding specificities of CRP at
acidic pH to define the functions of CRP at the sites of
inflammation.
Factor H is a complement regulatory protein that protects

host cells from complement attack (36). Factor H can also pro-
tect pathogens from complement attack if the pathogens can
recruit factor H (37, 38). We explored CRP-factor H interac-
tions because of their possible involvement in the anti-pneu-
mococcal functions of CRP observed in murine models of
pneumococcal infection. Human CRP protects mice from
lethality following infection with Streptococcus pneumoniae
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type 3 (39–42). Because type 3 pneumococci bind factor H (38)
and because CRP also binds factor H under certain conditions
(43–45), it has been proposed that CRP may bind to pneumo-
cocci-bound factor H and contribute to anti-pneumococcal
function of CRP (46, 47). We explored CRP-factor H interac-
tions also because of their possible involvement in age-related
macular degeneration. If CRP could bind to factor H, then it
could be important for age-relatedmacular degeneration due to
the implications of factor H in this disease (48).
Oxidized low density lipoprotein (oxLDL) is an atherogenic

form of LDL. It enters macrophages to form foam cells that
contribute to the development of atherosclerosis, which is an
inflammatory disease (49). CRP is localizedwith LDL in athero-
sclerotic lesions present in humans and experimental animal
models (8, 22, 23). Because the pH of the atherosclerotic lesions
may be acidic (28–32), in this study, we also investigated the
effects of acidic pH on CRP-oxLDL interactions.
In addition to factor H and oxLDL, we randomly selected

four other proteins: complement component C3 fragment C3b,
IgG, amyloid � fragment 1–38 (A�), and BSA, to explore the
binding reactivities of CRP at acidic pH.We expected that CRP,
at acidic pH, might bind to factor H, oxLDL, C3b, IgG, and A�,
but would not bind to BSA. Surprisingly, we found that CRP, at
acidic pH, bound to all six proteins including BSA, as if CRP
recognized a general pattern created by these proteins thatwere
immobilized to microtiter plates and also exposed to acidic pH
at 37 °C.

EXPERIMENTAL PROCEDURES

Purification of CRP, Factor H, LDL, and IgG—Native CRP
was purified from pleural fluid in three steps: Ca2�-dependent
affinity chromatography on a PCh-conjugated-Sepharose col-
umn (Pierce), followed by anion-exchange chromatography on
a MonoQ column (GE Healthcare), and gel filtration on a
Superose 12 column (GE Healthcare), as described previously
(50). On the day of the experiments, CRP was re-purified by gel
filtration on a Superose 12 column (GE Healthcare) to remove
any form of modified CRP that might have been generated due
to storage of CRP. Re-purified CRP was stored in 10 mM Tris-
HCl, pH 7.2, 150 mM NaCl (TBS) containing 0.1 mM CaCl2 at
4 °C and was used within 2 weeks.
Factor H was purified from normal human plasma as

described previously (51). Purified factor H was greater than
97% homogenous by SDS-PAGE with an apparent molecular
mass of 155 kDa in its reduced form. Three different extinction
coefficient values have been reported for factor H (1%) at 280
nm using a 1-cm light path: 12.4, 16.2, and 19.5 (51–53). The
concentration of factor H was determined using all three
extinction coefficient values.
LDL (1.019� d� 1.063) was isolated fromhuman plasma by

sequential ultracentrifugation, as described previously (54). IgG
was purified from human serum by caprylic acid precipitation,
as described previously (55), followed by affinity chromatogra-
phy on a protein A-Sepharose column (Pierce) and anion-ex-
change chromatography on aMonoQcolumn (GEHealthcare).
Preparation of OxLDL—OxLDL was prepared by treating

LDLwith 20�MCuCl2 for 24 h at 37 °C, as described previously
(56, 57). Oxidation was arrested with 0.5 mM EDTA. OxLDL

was dialyzed against PBS/Chelex 100 resin (Bio-Rad), filter ster-
ilized, and stored in the dark at 4 °C. Oxidation of LDL was
evaluated by agarose gel electrophoresis: oxLDL had 35-fold
higher RF values compared with native LDL. The degree of oxi-
dation was also determined by TBARS assay: the oxLDL
resulted in 16–22 nmol of MDA/mg of protein. The protein
concentration in the oxLDL preparations wasmeasured using a
protein assay kit (Bio-Rad).
Construction, Expression, and Purification of P115A Mutant

CRP—Site-directed mutagenesis of CRP to substitute Pro115
with Ala was carried out using the mutagenic oligonucleotide
5�-TCACCCTGGCCTTCCCAT, as described previously (58).
The P115Amutant CRP cDNAwas expressed in COS cells and
purified from the culture supernatant as described above for
native CRP.
Protein Ligand-bindingAssay—In the protein ligand-binding

assays, we determined the binding of CRP to factor H, oxLDL,
human C3b (Calbiochem), IgG, A� fragment 1–38 (catalog
number A0189, Sigma), and BSA (catalog number A0281,
Sigma). Microtiter wells were coated with factor H (2 �g/ml
based on the extinction coefficient value of 12.4; 1.5 �g/ml
based on the extinction coefficient value of 16.2; 1.3 �g/
ml based on the extinction coefficient value of 19.5), oxLDL (10
�g/ml), C3b (5 �g/ml), IgG (10 �g/ml), A� (2 �g/ml), or BSA
(10�g/ml), in TBS, overnight at 4 °C. The unreacted sites in the
wells were blocked with TBS containing 0.5% gelatin. CRP
(native or P115A mutant), diluted in TBS containing 0.1% gel-
atin, 0.02% Tween 20, and 0.1 mM CaCl2 (TBS-Ca), was added
in duplicate wells, and incubated for 2 h at 37 °C. Asmentioned
in the figure legends, this step in some assayswere performed in
TBS-Ca with pH ranging from 7.0 to 4.6, in some assays this
step was performed at room temperature (25 °C), in some
assays performed in 2mMCaCl2, and in some assays performed
in 1 mM EDTA. After the CRP incubation step, the wells were
washed with TBS-Ca. Immunoaffinity purified polyclonal rab-
bit anti-CRP antibody (1�g/ml), diluted inTBS-Ca, was used (1
h at 37 °C) to detect bound CRP. Immunoaffinity purified poly-
clonal rabbit anti-CRP antibody was purified from the rabbit
anti-human CRP antiserum (Sigma) by affinity chromatogra-
phy on a CRP-conjugated agarose column prepared by using
the AminoLink Immobilization kit (Pierce), as described previ-
ously (11). In some assays, monoclonal anti-CRP antibodies
(mAb) were used to detect bound CRP. HRP-conjugated don-
key anti-rabbit IgG (GE Healthcare) and HRP-conjugated goat
anti-mouse IgG (Thermo Scientific), diluted in TBS-Ca, were
used (1 h at 37 °C) as secondary antibodies. Color was devel-
oped and absorbance was read at 405 nm in a microtiter plate
reader (Molecular Devices).
To determine the effects of PCh (Sigma) on the binding of

CRP to immobilized proteins, the protein ligand-binding assays
were performed as mentioned above, except that CRP was
added to the wells in the presence of PCh. The pH of the buffers
was readjusted to the desired value after addition of all other
components to TBS.
PnC-binding Assay—Binding activity of CRP for PCh was

evaluated by using PnC (Statens Serum Institut) as the ligand.
Microtiter wells were coated with 10 �g/ml of PnC in TBS
overnight at 4 °C. The unreacted sites in the wells were blocked
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with TBS containing 0.5% gelatin. CRP diluted in TBS-Ca (pH
7.2 and 4.6) was added in duplicate wells. As mentioned in the
figure legends, in some assays, CRPwas first diluted in TBS-Ca,
pH 4.6, incubated for 2 h at 37 °C, and then the pH was read-
justed to 7.2 before adding CRP to the wells. After incubating
the plates for 2 h at 37 °C, the wells were washed with TBS-Ca.
Three different anti-CRP antibodies were used (1 h at 37 °C) to
detect bound CRP: a polyclonal anti-CRP antibody and two
anti-CRP mAb, HD2.4 and 3H12. HRP-conjugated donkey
anti-rabbit IgG and HRP-conjugated goat anti-mouse IgG,
diluted in TBS-Ca, were used (1 h at 37 °C) as the secondary
antibodies. Color was developed and the absorbance was read
at 405 nm in a microtiter plate reader.
Gel Filtration—Gel filtration analysis of CRP at pH 4.6 was

carried out on a Superose 12 column. The column was equili-
bratedwithTBS, pH4.6, containing 0.1mMCaCl2 before apply-
ingCRP to the column, and elutedwith the samebuffer at a flow
rate of 0.25 ml/min. CRP at pH 7.2 was used to determine the
elution volume of native pentameric CRP. Sixty fractions (0.25
ml) were collected and protein was measured to locate the elu-
tion volume of CRP from the column.
1-Anilinonaphthalene-8-sulfonic Acid-binding Fluorescence

Assay—The hydrophobic fluorescent probe 1-anilinonaphtha-
lene-8-sulfonic acid (ANS) was purchased from AnaSpec, Inc.
The ANS-binding fluorescence assays were performed as
described previously (59, 60) to investigate the structural
changes in CRP at pH 4.6. CRP (50 �g/ml) in TBS containing
0.1 mM CaCl2, at various pH, was mixed with ANS at a final
concentration of 100 �M. The fluorescence intensity of the
binding of ANS to CRP was measured using the excitation and
emission wavelengths of 390 and 460 nm, respectively, in a
spectrofluorometer (Fluostar Galaxy, BMG Lab Technologies).

RESULTS

All experimentswere performed three times and comparable
results were obtained each time. Results of a representative
experiment are shown in the figures where the raw data (A405)
were used to plot the curves.
AtAcidic pH, CRPBinds to a Variety of Other Proteins Immo-

bilized to Microtiter Plates—Fig. 1 shows the results of protein
ligand-binding assays in which we determined the binding of
CRP to immobilized factor H, oxLDL, C3b, IgG, A�, and BSA,
as a function of pH (7.0–4.6), at 25 and 37 °C. As shown in Fig.
1A, at 25 °C, CRP did not bind to factor H at any pH. However,
at 37 °C, CRP bound to factor H but only when the pH was
decreased from 7.0 to 5.2; and the binding increased when the
pH was further lowered to 4.6. Similar results were obtained
with oxLDL (Fig. 1B). At 25 °C, CRP did not bind to oxLDL at
any pH. At 37 °C, CRP bound to oxLDL when the pH was
decreased from 7.0 to 5.2; and binding increased when the pH
was further lowered to 4.8. As shown in Fig. 1C, at 25 °C, CRP
bound to C3b only at pH 4.6. At 37 °C, CRP bound to C3bwhen
the pH was decreased from 7.0 to 6.0; and the binding was
increased when the pHwas further lowered to 5.2. As shown in
Fig. 1D, at 25 °C, CRP did not bind to IgG at any pH. At 37 °C,
CRP bound to IgG when the pH was decreased from 7.0 to 5.2;
and binding increased when the pH was further lowered to 4.6.
As shown in Fig. 1E, at 25 °C, CRP bound to A� only at pH 4.6.

At 37 °C, CRP bound to A� when the pH was decreased from
7.0 to 5.6; and binding increased when the pH was further low-
ered to 5.0. We have previously reported that CRP binds to A�
at acidic pH (61); we included it here with the detailed investi-
gation of the CRP-A� interaction for completeness. As shown
in Fig. 1F, at 25 °C, CRP did not bind to BSA at any pH.At 37 °C,
CRP bound to BSA when the pH was decreased from 7.0 to 5.2;
and binding increased when the pH was further lowered to 4.6.
In control experiments, in which only gelatin-coated wells

were used, CRP did not bind to gelatin at acidic pH.When only
the immobilized proteins, and not CRP, were treated with
acidic pH and the assay was performed at pH 7.0, CRP did not
bind to immobilized proteins (data not shown). These results
indicated that CRP acquired the capability to bind to immobi-
lized proteins when both CRP and immobilized proteins were
exposed to acidic pH.We have not yet investigated the mecha-
nism of action of temperature in the binding of CRP to immo-
bilized ligands at acidic pH.
The Binding of CRP to Immobilized Proteins at Acidic pH Is

Not a Nonspecific Protein-Protein Interaction—To show that
the binding of CRP to immobilized proteins at acidic pH
was not a nonspecific protein-protein interaction, our first
approach was to use two other proteins, chicken ovalbumin
(Sigma) and rabbit IgG, in addition toCRP, and determine their
binding to all six immobilized proteins at acidic pH.Ovalbumin
did not bind to any of the six immobilized proteins at pH 4.6
(Fig. 2). As shown in supplemental Fig. S1, therewas no effect of
acidic pH on the binding of rabbit IgG to five of the six immo-
bilized proteins. Whatever background absorbance (A405) was
noted at pH 7.0 remained unchanged at pH 4.6. Our second
approach was to use PCh with CRP in the protein ligand-bind-
ing assays. We reasoned that if binding of CRP to immobilized
proteins at acidic pH was nonspecific and involved completely
denatured and fragmentedCRP, then the binding should not be

FIGURE 1. Binding of CRP to six different immobilized proteins as a func-
tion of pH and temperature. Results of a protein ligand-binding assay are
shown. Microtiter wells were coated with factor H, oxLDL, C3b, IgG, A�, and
BSA. The unreacted sites in the wells were blocked with gelatin. CRP (10
�g/ml), diluted in TBS-Ca, pH 7.0 – 4.6, was then added to the wells. One set of
wells was incubated at 25 °C and another at 37 °C, for 2 h. Bound CRP was
detected by using a rabbit polyclonal anti-CRP antibody and HRP-conjugated
donkey anti-rabbit IgG. The absorbance of the developed color was read at
405 nm and plotted on the y axis.
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affected by the presence of PC with CRP. As shown in Fig. 3,
PCh inhibited the binding of CRP to all six immobilized pro-
teins at pH 4.6. Combined data suggested that binding of CRP
to immobilized proteins at acidic pHwas a function of CRP and
not a nonspecific protein-protein interaction occurring at
acidic pH.
Acidic pH Does Not Monomerize CRP but Modifies the Pen-

tameric Structure—Weevaluated the effects of acidic pHon the
structure of CRP by using gel filtration and ANS-binding fluo-
rescence assay. Using gel filtration, we determined whether
CRP remained pentameric at pH 4.6 when incubated for 2 h at
37 °C. As shown in supplemental Fig. S2, the elution profiles of
CRP at pH 7.2 and 4.6 were similar. The peak in the elution
profile at pH4.6was lower than the peak in the elution profile at
pH 7.2 because the amount of CRP injected into the column at

pH 4.6 was less than the amount of CRP injected at pH 7.2. The
elution profile of CRP, whichwas preincubated at pH 4.6 for 2 h
at 37 °C and then the pHwas neutralized was also similar to the
elution profile of CRP at pH 7.2. These data indicated that CRP
remained pentameric at pH 4.6.
Using ANS-binding fluorescence assays, we determined

whether the pentameric structure of CRP was modified at pH
4.6 (Fig. 4). When CRP, at pH 7.2, was incubated with ANS,
negligible fluorescence was observed (reaction 1). The binding
of ANS to CRP at pH 4.6 was increased compared with that at
pH 7.2 (compare reactions 2 and 4 with 1) as reflected by the
increase in fluorescence.When the pH of CRP solutions, which
were preincubated at pH 4.6 for 2 h at either 25 or 37 °C, was
neutralized, the binding of ANS toCRPwas not increased com-
paredwith that at pH7.2 (compare reactions 3 and 5with 1).No
fluorescence was observed when we assessed the binding of
ANS to CRP at pH 7.2 in the absence of Ca2� and in the pres-
ence of 1 mM EDTA (reaction 6), suggesting that the increased
fluorescence seen in reactions 2 and 4 was dependent on the
acidic pH and was not only due to the possible detachment of
Ca2� from CRP at acidic pH.
Because, as shown in Fig. 3, PChwas found to inhibit binding

of CRP to immobilized proteins, we next determined if PCh
inhibited the acidic pH-induced structural change in CRP
(reactions 7–12). The increase in the fluorescence of CRP at pH
4.6 (reactions 9 and 11) was inhibited by the presence of 10 mM

PCh with CRP (compare reactions 10 and 12 with 9 and 11).
These results indicated that PCh-bound CRP was resistant to
acidic pH and that the acidic pH-induced modification of the
pentameric structure of CRP was required for the binding of
CRP to immobilized proteins. To determine the reversibility of
the acidic pH-induced changes in the structure of CRP, we
sequentially alternated the pH of a CRP solution between 4.6
and 7.2 (reactions 13–18). Again, the ANS fluorescence of CRP
did not increase when CRP was at pH 7.2 and increased when
the same CRP solution was at pH 4.6. Combined data from gel

FIGURE 2. Comparison of the binding of chicken ovalbumin and CRP to
immobilized proteins at acidic pH. Microtiter wells were coated with factor
H, oxLDL, C3b, IgG, A�, and BSA. The unreacted sites in the wells were blocked
with gelatin. CRP (10 �g/ml) and ovalbumin (10 �g/ml), diluted in TBS-Ca, pH
4.6, were added to the wells and incubated at 37 °C for 2 h. Bound CRP was
detected as described in the legend to Fig. 1. Bound ovalbumin was detected
by using a goat anti-chicken egg albumin IgG (MP Biomedicals) and HRP-
conjugated bovine anti-goat IgG (Santa Cruz Biotechnology). The absor-
bance of the developed color was read at 405 nm and plotted on the x axis.
Results are shown as mean � S.D. of three independent experiments.

FIGURE 3. Inhibition of the binding of CRP to immobilized proteins by PCh
at acidic pH. Results of a protein ligand-binding assay are shown. Microtiter
wells were coated with factor H, oxLDL, C3b, IgG, A�, and BSA. The unreacted
sites in the wells were blocked with gelatin. CRP (10 �g/ml), diluted in TBS-Ca,
pH 4.6, with and without 10 mM PCh, was then added to the wells, and incu-
bated at 37 °C for 2 h. Bound CRP was detected as described in the legend to
Fig. 1. The binding of CRP to each immobilized protein in the absence of PCh
was taken as 100%. Results are shown as mean � S.D. of three independent
experiments.

FIGURE 4. Effects of acidic pH on the pentameric structure of CRP. ANS-
binding fluorescence of CRP at pH 7.2 and 4.6 are shown. Reaction 1, CRP at
pH 7.2; reaction 2, CRP at pH 4.6 preincubated at 25 °C for 2 h; reaction 3, after
incubating CRP at pH 4.6 at 25 °C for 2 h, the pH was neutralized; reaction 4,
CRP at pH 4.6 preincubated at 37 °C for 2 h; reaction 5, after incubating CRP at
pH 4.6 at 37 °C for 2 h, the pH was neutralized. Reaction 6, CRP at pH 7.2 in the
presence of 1 mM EDTA; reaction 7, CRP at pH 7.2; reaction 8, CRP with 10 mM

PC at pH 7.2; reaction 9, CRP at pH 4.6 preincubated at 25 °C for 2 h; reaction
10, CRP with 10 mM PC at pH 4.6 preincubated at 25 °C for 2 h; reaction 11, CRP
at pH 4.6 preincubated at 37 °C for 2 h; reaction 12, CRP with 10 mM PC at pH
4.6 preincubated at 37 °C for 2 h. Reactions 13–18, CRP at pH 4.6 was first
incubated at 37 °C for 2 h. After removing an aliquot, the pH was neutralized.
After removing another aliquot, the pH was readjusted to 4.6 and CRP was
again incubated at 37 °C for 2 h. After removing an aliquot, the pH was neu-
tralized again. This process was continued until three neutralizations of pH.
Results are shown as mean � S.D. of three independent experiments. * indi-
cates p � 0.05 when compared with reaction 4.
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filtration and ANS-binding assays suggested that, at acidic pH,
CRP was not monomerized, CRP was not completely dena-
tured, the pentameric structure of CRP was modified, and at
least some modifications were reversible.
The Acidic pH Reversibly Modifies the PCh-binding Site of

CRP—Wenext determined the effects of acidic pH on the PCh-
binding site ofCRPusing a PnC-binding assay (Fig. 5). A change
in the PnC-binding activity would reflect a change in the PCh-
binding site of CRP.We first used the polyclonal anti-CRP anti-
body to detect PnC-bound CRP. At pH 7.2 (Fig. 5A), CRP
bound efficiently, even at 12.5 ng/ml, to PnC. However, at pH
4.6 (Fig. 5B), the PCh-binding activity of CRP was drastically
reduced. At least 1.0�g/ml of CRPwas required to detect some
binding ofCRP toPnC. Surprisingly, when the acidic pHofCRP
was neutralized to 7.2 (Fig. 5C), the PCh-binding activity of
CRP was restored. These results indicated that acidic pHmod-
ified the PCh-binding site of CRP, but the modification was
reversible.
We next determined whether CRP remained pentameric

once it was bound to PnC at pH 4.6, by using anti-CRP mAb
HD2.4 and anti-mCRP mAb 3H12 (Fig. 5). The HD2.4 mAb
recognizes native pentameric CRP (62). The 3H12 mAb does
not recognize native pentameric CRP because the epitope of
3H12 is hidden in the intersubunit contact zones of the penta-
mer; it recognizes modified and monomeric forms of CRP (15,
63). At pH 7.2 (Fig. 5A), PnC-bound CRP could be detected by
using HD2.4 mAb, but not 3H12 mAb, indicating that the
native pentameric structure of CRP was maintained after bind-
ing to PnC.However, at pH4.6 (Fig. 5B), PnC-boundCRP could
be detected by using 3H12 mAb, but not HD2.4 mAb. At pH
4.6, the HD2.4 reactivity was lost and 3H12 reactivity was
gained, indicating monomerization of CRP after binding to
PnC at pH 4.6. Surprisingly, when the acidic pH of CRP was
neutralized (Fig. 5C), the HD2.4 reactivity of PnC-bound CRP
was recovered, and the 3H12 reactivity was lost. These results
indicated that CRP, after binding to PnC at pH 4.6, was either
monomerized or remained pentameric but the structure was
further modified. These results also confirmed that acidic pH-
mediated change in the PCh-binding site of CRPwas reversible.

Except for Factor H, the Exposure of Immobilized Proteins to
Acidic pH Is Also Required for CRP to Bind—Next, we evaluated
the effects of pH neutralization on the protein ligand-binding
specificity of CRP (Fig. 6). CRP, at pH 7.0, did not bind to any of
the six immobilized proteins. At pH 4.6, CRP bound to all six
immobilized proteins.When the pHof theCRP solution, which
was 4.6 and incubated for 2 h at 37 °C, was neutralized, and the
binding assay was performed at pH 7.0, CRP still bound to fac-
tor H, indicating that the factor H-binding site formed on CRP
by acidic pH treatment was not abolished after pH neutraliza-
tion. This finding also suggested that the acidic pHwas required
for CRP to be capable of binding to factor H, but, the acidic pH
was not required for factor H to be a CRP-binding protein.
When the pH of the CRP solution, whichwas 4.6 and incubated
for 2 h at 37 °C, was neutralized, and the binding assay was
performed at pH 7.0, the binding ability of CRP to oxLDL, C3b,
IgG, A�, and BSA was either lost or significantly reduced, sug-
gesting that exposure of both CRP and these immobilized pro-
teins to acidic pH was required for the binding of CRP.
The Structure of CRP Is Changed Further after Binding to

Immobilized Proteins at pH4.6—Because, as shown in Fig. 5, we
found that CRP expressed amCRP epitope after binding to PnC
at pH 4.6, we next determined whether CRP also expressed the
mCRP epitope after binding to immobilized protein ligands.
Fig. 7 shows the results of a protein ligand-binding assay in
which we detected the binding of CRP to factor H, oxLDL, C3b,
IgG, A�, and BSA at 37 °C, as a function of pH (7.0–4.6), by
using anti-CRP mAb HD2.4 and 3H12. Polyclonal anti-CRP
antibody was used as a control; the results with the polyclonal
antibody were similar to that shown in Fig. 1. The mAb 3H12
efficiently recognized CRP bound to all immobilized proteins.
The mAb HD2.4 did not recognize CRP bound to immobilized
proteins.With the IgG-coatedwells (Fig. 7D), assays usingmAb
could not be performed due to cross-reactivities between dif-
ferent antibodies and due to high background color develop-
ment in the wells. These results indicated that CRP, after bind-
ing to immobilized proteins at acidic pH, was either
monomerized or remained pentameric but the structure was

FIGURE 5. Reversible decrease in the PC-binding activity of CRP at acidic
pH. Results of a PnC-binding assay are shown. Microtiter wells were coated
with PnC. The unreacted sites in the wells were blocked with gelatin. CRP was
then added to the wells and incubated at 37 °C for 2 h. Bound CRP was
detected using a polyclonal anti-CRP antibody, anti-CRP mAbs HD2.4 and
3H12, and corresponding HRP-conjugated secondary antibodies. The
absorbance of the developed color was read at 405 nm and plotted on the y
axis. A, CRP was in TBS-Ca, pH 7.2. B, CRP was in TBS-Ca, pH 4.6, and incubated
at 37 °C for 2 h before adding to the wells. C, as in B, except that the pH was
neutralized before adding CRP to the wells.

FIGURE 6. Reversible protein ligand-binding activity of CRP at acidic pH.
Microtiter wells were coated with factor H, oxLDL, C3b, IgG, A�, and BSA. The
unreacted sites in the wells were blocked with gelatin. CRP (10 �g/ml) was
then added to the wells and incubated at 37 °C for 2 h. Bound CRP was
detected as described in the legend to Fig. 1. A, CRP was in TBS-Ca, pH 7.2.
B, CRP was in TBS-Ca, pH 4.6, and incubated at 37 °C for 2 h before adding to
the wells. C, as in B, except that the pH was neutralized before adding CRP to
the wells. Results are shown as mean � S.D. of three independent protein
ligand-binding assays. * indicates p � 0.006 between B and C.
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partiallymodified in away to allowCRP residues involved in the
intersubunit contact zone to be antigenically expressed.
The Binding of CRP to Immobilized Proteins Is Independent of

the Ca2�-binding Site of CRP—To define the binding site on
CRP for immobilized proteins, we first investigated the require-
ment of Ca2� for the binding of CRP to immobilized proteins.
We compared the binding of CRP that was diluted in EDTA
buffer with that of CRP that was diluted in TBS-Ca to immobi-
lized proteins as a function of pH (Fig. 8A–F, left panel). As
shown, the binding curves of CRP in the presence of Ca2�

(either 2 or 0.1 mM) or EDTA were similar for all six proteins.
Next, we performed a CRP dose-response experiment at pH
4.6, in the presence of Ca2� or EDTA. As shown (Fig. 8, A–F,
right panels), the binding curves of CRP in the presence of
Ca2� (either 2 or 0.1 mM) or EDTA were similar for all six
proteins. These results indicate that the binding of CRP to
immobilized proteins was independent of the Ca2�-binding
site of CRP.
Substitution of Pro115 with Ala in CRP Reduces the Require-

ment of Acidic Buffer by 1 pHUnit and Enhances the Binding of
CRP to Immobilized Proteins—Based on the data suggesting
that the binding of CRP to immobilized proteins was indepen-
dent of the Ca2�-binding site of CRP but dependent on themod-
ification of pentameric structure of CRP, we hypothesized that
the site in CRP for binding to immobilized proteins was hidden
at pH 7.0 and exposed by acidic pH-mediated loosening of pen-
tameric CRP. Accordingly, we focused on amino acids partici-
pating in the intersubunit interactions in the CRP pentamer. In
this study, we selected one such amino acid, Pro115, and
mutated it to Ala, with the aim to generate a CRP mutant that
does not bind to immobilized proteins at acidic pH. The P115A
mutant CRPwas expressed well in COS cells and could be puri-
fied by the same method used for native CRP. The elution pro-
file of the P115A mutant CRP from the gel filtration column

was identical to that of native CRP (data not shown). Similarly,
the PCh-binding activity of the P115Amutant CRP was identi-
cal to that of native CRP (data not shown). Thus, the mutation

FIGURE 7. Structural change in CRP after binding to immobilized proteins
at acidic pH. Microtiter wells were coated with factor H, oxLDL, C3b, IgG, A�,
and BSA. CRP (10 �g/ml), diluted in TBS-Ca, pH 7.0 – 4.6, was then added to the
wells and incubated at 37 °C for 2 h. Bound CRP was detected using three
different anti-CRP antibodies: a polyclonal anti-CRP antibody, anti-CRP mAb
HD2.4, or anti-CRP mAb 3H12. After addition of appropriate HRP-conjugated
secondary antibodies, the absorbance of the developed color was read at 405
nm and plotted on the y axis.

FIGURE 8. Effects of Ca2� on the binding of CRP to immobilized proteins
at acidic pH. Microtiter wells were coated with factor H, oxLDL, C3b, IgG, A�,
and BSA. Three preparations of CRP were used: two with Ca2� (2 mM and 0.1
mM) and one with EDTA. Left panels, CRP (10 �g/ml), diluted in TBS-Ca, pH
7.0 – 4.6, with Ca2� (2 mM and 0.1 mM) or EDTA, was added to the wells and
incubated at 37 °C for 2 h. Right panels, increasing concentrations of CRP,
diluted in TBS-Ca, pH 4.6, with Ca2� (2 mM and 0.1 mM) or EDTA, was added to
the wells and incubated at 37 °C for 2 h. In all panels, bound CRP was detected
as described in the legend to Fig. 1.
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of Pro115 to Ala did not affect the overall pentameric structure
of CRP.
We first compared the binding of purified P115A mutant

CRP to immobilized ligands with that of native CRP as a func-
tion of pH (Fig. 9,A–F, left panel). As shown, the P115Amutant
CRP bound to all six immobilized proteins. However, for com-
parable binding of native and P115A mutant CRP to any of the
six proteins, the requirement of acidic buffer by P115Amutant
CRP was decreased by at least 1 pH unit compared with that
required by native CRP. We also performed a CRP dose-re-
sponse experiment at pH 5.2 and compared binding of the
P115A mutant CRP to immobilized ligands with that of native
CRP (Fig. 9, A–F, right panel). The P115A mutant CRP was
�10-fold more efficient than native CRP in binding to all six
immobilized proteins.
Because P115AmutantCRP required a buffer less acidic than

that required by native CRP for comparable binding to immo-
bilized ligands, we hypothesized that the substitution of Pro115
to Ala changed the structure of CRP. We evaluated the change
in the structure of CRP caused by substitution of Pro115 to Ala
using ANS-binding fluorescence assays. As shown in supple-
mental Fig. S3, at acidic pH, binding of ANS to the P115A
mutant CRP was more efficient than binding of ANS to the
native CRP. The structural change in the P115Amutant CRP at
pH 5.2 was similar to the structural change in native CRP at pH
4.6, which supports the finding that P115A mutant CRP
required a buffer less acidic than required by native CRP for
comparable binding to immobilized ligands.

DISCUSSION

In this study, we investigated the binding of fluid-phase CRP
to six proteins: factor H, oxLDL, C3b, IgG, A�, and BSA, which
were immobilized onmicrotiterwells.Ourmajor findingswere:
1) at pH7.0, CRP did not bind to any of these proteins; however,
at acidic pH, CRP bound to all six proteins. 2) The acidic pH did
not monomerize CRP but modified the pentameric structure.
Some modifications were reversible at pH 7.0. 3) For CRP to
bind to immobilized proteins, exposure of bothCRPand immo-
bilized proteins to acidic pH was required, except in the case of
factor H. 4) The binding was unaffected by the presence or
absence of Ca2�. 5) Substitution of Pro115, an amino acid that
participates in intersubunit interactions in the CRP pentamer,
with Ala reduced the requirement of acidic pH by 1 unit and
enhanced the binding of CRP to all six immobilized proteins.
We used CRP at 10 �g/ml (�100 nM) or lower concentra-

tions in the binding assays.We used Ca2� at a concentration of
0.1mM, which was�1000-foldmolar excess of CRP concentra-
tion. However, we also used 2 mM Ca2� in a key experiment
(Fig. 8). There was no difference in the results obtained with 0.1
or 2 mM Ca2� when 10 �g/ml of CRP was used. Also, for two
reasons we did not investigate binding of fluid-phase CRP to
fluid-phase protein ligands. First, our aimwas to investigate the
binding of CRP to deposited proteins. Second, we thought it
unlikely that CRP interacted with other proteins while in
circulation.
The following observations suggested that the binding of

CRP to immobilized proteins was a specific binding activity of
CRP. 1) At least two other proteins, rabbit IgG and chicken

ovalbumin, did not bind to any of the six immobilized proteins
at acidic pH. 2) CRP bound to immobilized proteins in a CRP
concentration-dependent and pH-dependent manner. 3) There

FIGURE 9. Binding of native and P115A mutant CRP to immobilized pro-
teins at acidic pH. Microtiter wells were coated with factor H, oxLDL, C3b,
IgG, A�, and BSA. Left panels, native and P115A mutant CRP (10 �g/ml),
diluted in TBS-Ca, pH 7.0 – 4.6, was added to the wells and incubated at 37 °C
for 2 h. Right panels, increasing concentrations of native and P115A mutant
CRP, diluted in TBS-Ca, pH 5.2, was added to the wells and incubated at 37 °C
for 2 h. In all panels, bound CRP was detected as described in the legend to
Fig. 1.
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was variation in the strengths of acidic pH required for the
binding of CRP to each individual immobilized protein. 4) The
binding of CRP to all six immobilized proteins was inhibited by
PCh. 5) The binding of CRP was drastically affected by mutat-
ing only a single amino acid in CRP.
Although in the absence of a ligand, CRP remained pentam-

eric at acidic pH, perhaps this was not the case once CRP was
bound to the ligand. The data obtained with the use of mAb
specific for modified forms of CRP indicated that CRP, after
binding to PnC or protein ligands at acidic pH, was either
monomerized or remained pentameric but the structure was
partially modified in a way to express intersubunit contact res-
idues that are hidden in the intact pentameric structure. These
results are consistentwith the previously published reports that
CRP monomerizes after binding to membranes and activated
platelets (15, 17). These results also explain the successful
detection of CRP deposited in vivo at the sites of inflammation
evenusingmCRP-specificmAb in immunohistochemistry (17).
It is possible that mCRP remains bound to the ligand once it is
formed after binding to an immobilized ligand, and, therefore,
mCRP may be considered a ligand-bound by-product of CRP.
The acidic pH could be found at localized inflammatory sites

or in extracellular spaces where damaged cells are present (35).
Although there have been many unsuccessful attempts to
determine the pHof tissues in vivo, an in vitro study determined
that activated macrophages can acidify the microenvironment
between the cells to pH 3.6, by proton generation (27, 28). One
example of a localized inflammatory site where the pH could be
acidic is atherosclerotic lesions. Atherosclerosis is an inflam-
matory disease and in areas in which inflammation takes place,
the extracellular pH decreases due to hypoxia, lactate genera-
tion, and proton generation (27–31). Atherosclerotic lesions
may therefore have a transient decrease in pH to acidic levels.
Other examples of a localized inflammatory site where the pH
could be acidic are the synovial fluid in various joint diseases
and tumors (25, 26, 33, 34).
Binding ofCRP to all six immobilized proteins including BSA

at acidic pH was surprising. To interpret these results, we first
considered that the immobilized protein ligands were also
exposed to acidic pH when CRP, diluted in acidic pH buffer,
was added to the microtiter wells. We hypothesize that CRP
binds to a common structure formed by all proteins after
immobilization and exposure to acidic pH. Because the expo-
sure of acidic pH to immobilized proteins causes conforma-
tional alteration of proteins, in addition to deposition and
aggregation of proteins on the walls of the microtiter plates, we
conclude that, at acidic pH,CRPbinds to deposited, aggregated,
and conformationally altered proteins, as we have proposed
previously (61). Our data suggest that conformationally altered
proteins, regardless of the identity of the protein, form a CRP
ligand. It is possible that the temperature of 37 °C also contrib-
uted to the conversion of immobilized proteins into a CRP
ligand. This ligand binding specificity of CRP may play a bene-
ficial role not only in atherosclerosis where LDL gets conforma-
tionally altered, but also at other inflammatory sites, such as
synovial fluid in various joint diseases, where local inflamed
tissue becomes acidic and IgG antibodies present in the
immune complexes may be conformationally altered (25, 26).

The binding of CRP to oxLDL and IgG at these sites would not
reflect the specificity of CRP for these two ligands but instead
highlight the ability of CRP to bind to conformationally altered
proteins. Additionally, the binding specificity of CRP for con-
formationally altered proteins raises the possibility that CRP
may also bind to aggregates of misfolded proteins and amyloids
at the sites where the pH is acidic. Indeed, CRP immunoreac-
tivity has been demonstrated in the brains of Alzheimer
patients (64–66).
It has been reported previously that, at acidic pH, CRP also

binds to extracellular matrix protein fibronectin (67–70).
Fibronectin is a multifunctional glycoprotein and is highly
expressed in several tumors that are sites of acidic pH (26, 71).
The interaction of CRP with fibronectin does not require Ca2�

and themaximal interaction occurs at pH 5.0. Our current data
suggest that the binding of CRP to fibronectin at acidic pH is
due to the binding specificity of acidic pH-treated CRP for con-
formationally altered proteins.
Because all the previously known ligand-binding sites on

CRP were active at physiological pH and because our data sug-
gested that the binding of CRP to immobilized proteins at
acidic pHwas independent of the Ca2�-binding site of CRP, we
hypothesized that the binding site onCRP for immobilized pro-
teins required the participation of amino acids thatwere hidden
in the intersubunit regions in native pentameric CRP. The
majority of the intersubunit contacts in CRP involve the loop
containing amino acids 115–123 on one subunit interacting
with a variety of residues in the next subunit. For example, the
side chain of Pro115 in one subunit interacts with Trp205 of the
adjacent subunit and the main chain of Pro115 interacts with
Tyr40 (72, 73). The data obtained with the P115A CRP mutant
did not reveal the binding site onCRP for immobilized proteins,
but, these data suggested that acidic pH changes the intersub-
unit region perhaps from a closed to an open conformation and
that the change in CRP induced by acidic pH could be mim-
icked in part by mutating Pro115.

The exact mechanism of action of acidic pH on the structure
and function of CRP is not clear. Here, by using gel filtration
and ANS fluorescence, we show that acidic pH changes the
pentameric structure of CRP but does not monomerize CRP.
The acidic pH-dependent conformational change in CRP has
also been shown previously by using circular dichroism and
fluorescence spectra analyses (74). Another previous report
indicated that acidic pH does not monomerize CRP but
changes the conformation of the pentameric structure and that
some acidic pH-induced conformationally altered CRP pen-
tamers form decamers (75). Thus, it is possible that the binding
specificities that we found in this study were due to acidic pH-
induced formation of CRP decamers. Alternatively, because we
found that the binding of CRP to immobilized ligands at acidic
pHwas unaffected by the presence of Ca2�, it seems reasonable
to assume that acidic pH protonates CRP, perhaps at the Ca2�-
binding site, and induces the detachment of one or both Ca2�

from CRP. The effects of loss of Ca2� on the structure of CRP
combinedwith the direct effects of acidic pHon the structure of
CRP might have contributed to acidic pH-dependent binding
specificity of CRP.
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Initially, the aim of our study was to explore the binding of
CRP to factor H and oxLDL. The results showed that even if we
had not used these two proteins, we would have arrived at the
same conclusions.However, our finding thatCRPdoes not bind
to immobilized factor H at physiological pH is consistent with
other reports showing that native pentameric CRP does not
bind to immobilized factor H (76–78). One recent study
reported thatCRPbound to factorH at physiological pH. In this
study (45), CRP, when added at concentrations of 1.4 mg/ml to
factor H but not at lower concentrations, bound to factor H at
physiological pH. We do not have an explanation for what
structural changes occurred in CRPmolecules or how the func-
tion of CRP molecules was changed when CRP was present at
high concentrations. In our studies, we usedCRP at 10�g/ml or
less and did not observe binding of CRP to factor H at physio-
logical pH. We did not use CRP at higher concentrations
because it has been shown that CRP, in the purified form, at
high concentrations such as 1.4 mg/ml, has a tendency to self-
aggregate (79–81). Whether such self-aggregation of CRP at
high concentrations occurs in body fluids in vivo is not known.
Also, we used ELISA-based assays, which can detect CRP even
if 100 ng of CRP was bound to the ligand-coated microtiter
wells. If we had used 1.4 mg/ml of CRP in our assays, then
assuming that 0.0001% (that is, 140 ng/ml) of this CRP was
modified and assuming that modified CRP binds to factor H at
physiological pH, we would have detected the binding of mod-
ified CRP, and not of native pentameric CRP, to the ligand
coated on the wells. Considering the sensitivity and limitations
of ELISA-based assays, we felt that using CRP at low concen-
trations wasmore appropriate to investigate the ligand-binding
properties of CRPmolecules in our assays. Combined data sug-
gest that if factor H is deposited at an inflammatory site or on a
pathogen and if the pH of the environment is acidic, then pen-
tameric CRP can also bind to factor H.
The binding of native pentameric CRP to oxLDL has been

investigated previously in many laboratories. Some reports
indicated that CRP bound to oxLDL at physiological pH (82–
84). Another study showed that CRP did not bind to oxLDL
(14).Our data suggest thatCRP should be able to bind to oxLDL
present in atherosclerotic lesions after a partial change in struc-
ture induced by a localized decrease in extracellular pH. With-
out this structural change that allows binding to oxLDL, CRP
was not atheroprotective in murine models of atherosclerosis
(85, 86). It follows that if indeed CRP requires an acidic envi-
ronment to function in vivo, then it would be necessary to
achieve acidic pH at the sites of inflammation in animal models
of human diseases. This could be a rate-limiting step in the
bioactivity of CRP; without sufficient acidity, a possible effect of
CRP may be missed.
We conclude that pH regulates some functions of CRP.

Acidic pH transforms native pentamericCRP into another pen-
tameric form, which displays two binding specificities: one for
factor H and another for a ligand made up of conformationally
altered proteins irrespective of the identity of the protein. The
second binding specificity of CRP may be responsible for the
deposition of CRP at the sites of inflammation with acidic pH.
These bioactivities are consistent with CRP being a component
of the innate immune system, which confers pattern recogni-

tion function. These bioactivities of CRP also support the
hypothesis that CRP has been conserved throughout evolution
for protection against disease and toxicity caused by protein
misfolding and conformationally altered proteins in acidic
milieu.
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43. Sjöberg, A. P., Trouw, L. A., Clark, S. J., Sjölander, J., Heinegård, D., Sim,
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