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Abstract Binding of carbohydrate ligand by human C-

reactive protein (CRP), in both native form and struc-

turally deviated form (neoCRP or mCRP), was investigated

using galactose-6-phosphate (Gal6P)- and Galβ3GalNAc-

containing bovine serum albumin (BSA) derivatives. To this

end, we synthesized glycosides of Gal6P and Galβ3GalNAc

that can potentially generate a terminal aldehyde group. ω-

Aldehydo glycosides were then conjugated to BSA via re-

ductive amination. Using these neoglycoproteins, we showed

that: (1) Gal6P-BSA and Galβ3GalNAc-BSA bound to both

forms of CRP, the former with or without calcium and the lat-

ter only in the absence of calcium; (2) phosphate-containing

ligands can be bound with or without calcium, but the bind-

ing is much stronger in the presence of calcium than in

the absence, underscoring the importance of direct coor-

dination of phosphate to two calcium ions observed in the

X-ray structure of phosphorylcholine (PC)–CRP complex;

(3) cross-inhibition studies further corroborated the hypoth-

esis that binding sites of PC and sugar are contiguous; (4)

while PC-BSA bound to the native CRP over a wide pH

range of 4.5 to 9, all the carbohydrate ligands and protamine-

BSA (poly-cation-based ligand) exhibited optimal binding at

around pH 6 to 6.5; and (5) ligand-binding conformation of

mCRP appears to be more fragile than that of the native CRP

in the acidic media (pH < 6).
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BCA bicinchoninic acid

BSA bovine serum albumin

Bn benzyl

Bz benzoyl

Bzl benzylidene

Cbz benzyloxycarbonyl

CRP C-reactive protein

DCC dicyclohexylcarbodiimide

DMF N ,N -dimethylformamide

DTPA diethylenetriamine pentaacetic acid

EDC 1-[3-(dimethylamino)propyl]-3-

ethylcarbodiimide

Gal6P 6-O-phospho-D-galactopyranose

α-GP α-glycerophosphate

HRP horseradish peroxidase

HSA human serum albumin

Lac lactose

MBP mannose-binding protein

MES 2-(N -morpholino)-ethanesulfonic acid

HEPES N -(2-hydroxyethyl)piperazine-N′-(2-

ethanesulfonic acid)

AMPSO 3-[N ,N -dimethyl(2-hydroxyethyl)amino]-2-

hydroxypropanesulfonic acid

OPD o-phenylenediamine

PC phosphorylcholine

PEG polyethyleneglycol

PBS phosphate-buffered saline

TFAah 6-(N -trifluoroacetylamino)hexyl

TLC thin-layer chromatography

Introduction

Human C-reactive protein (hCRP) is a prototype acute phase

reactant that plays important roles in the defense against

microbes and also in the clearance of the inflammation or
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tissue injury sites [1,2]. The removal of microbes and apop-

totic cells can be accomplished by CRP first binding to one

of its ligands, phosphoryl choline (PC) groups, which are

present on the pneumococcal cell-wall C-polysaccharide or

the PC groups that became accessible on the apoptotic cells.

This will trigger the classical complement cascade lead-

ing to eventual elimination of these cells [3]. In addition to

PC, certain polysaccharides[4–6] and poly-cationic macro-

molecules, such as poly-L-lysine and protamine sulfate [7],

are known to be bound by CRP and activate the complement

system in a similar fashion.

hCRP in circulation, known as native CRP, is a non-

covalently associating pentamer with each subunit interact-

ing side by side with two neighboring subunits in a circular

fashion to form a disc-like structure with a hole in the middle

[8]. The two sides of the disc present very different surfaces.

One side displays two closely located calcium binding sites

on each subunit, and the phosphate group of PC is directly

bound to the two calcium ions [9]. The opposite side is the

site of interaction with the complement system. In addition

to native CRP, a slightly denatured but physiologically sig-

nificant form of CRP, known as neoCRP or mCRP, exists.

mCRP is formed under mild denaturing conditions, such as

acidic media below pH 4, heating at 65◦, and coating on a

plastic surface. mCRP presents new antigenic epitopes, and

is thought to be a monomeric form, similar to the nascent

subunit that can associate in a different fashion to form large

aggregates [10,11]. mCRP is found deposited on the site of

inflammation and is shown to exert immunomodulatory ef-

fects on lymphocytes [12–14].

A considerable knowledge exists with regard to the

PC-based binding, including the PC-liganded CRP crystal

structure [15]. As to the polycationic binding, we showed it

to depend solely on the presence of multiple units of Lys-Lys

or Arg-Arg sequences [16]. The carbohydrate-based binding,

however, is much more complex and not well characterized.

Although there are a few well-characterized structures of mi-

crobial polysaccharides that bind strongly to native CRP, the

complexity and the varied structures of these polysaccharides

do not shed much light on the minimum structural require-

ment for the binding to native CRP. While the lactosylated

HSA or BSA binds to mCRP [17,18], the amount of Lac-

BSA bound to native CRP was miniscule [16]. As it turns

out, Lac-BSA was a poor choice as a binding probe, since

the inhibition assay using mCRP showed that lactose itself

was a poor inhibitor. The best, small carbohydrate inhibitor

was a negatively charged Gal6P, which was ∼6-fold better

inhibitor than the best neutral sugar inhibitors which include

Galβ3GalNAc, and these sugars were in turn ∼8-fold better

than lactose. Based on these results, we surmised that the

neoglycoproteins containing Gal6P and Galβ3GalNAc may

represent the best anionic and neutral sugar ligands for CRP.

We synthesized such BSA derivatives and demonstrated their

binding to both native CRP and mCRP. These neoglycopro-

teins allowed us to probe the carbohydrate-binding character-

istics of native CRP, as well as to expand the characterization

on the binding to mCRP.

Materials and methods

Materials and general methods

Chemicals were generally obtained from Sigma-Aldrich-

Fluka (St. Louis, MO). Europium nitrate was from Alfa Aeser

(Ward Hill, MA) and organic buffers were from Research

Organics (Cleveland, OH). Protamine sulfate from salmon

milt was from Calbiochem (La Jolla, CA), and horseradish

peroxidase conjugate of goat anti-human CRP was from

Bethyl Labs, Inc. (Montgomery, TX). Stable hydrogen per-

oxide buffer, o-phenylenediamine (OPD), SuperBlock and

maleic anhydride activated microplates were from Pierce

(Rockford, IL). The preparations of 6-trifluoro-

acetamidohexyl β-D-galactopyranoside (TFAah β-Gal)

[19], PC-BSA [20], and Lac-BSA [21] have been reported.

PC is attached to BSA amino groups via ethylene linkage, and

lactosyl residues are attached as Lac-SCH2CONH(CH2)2-

protein. Recombinant human CRP was a gift of Dr. I.

Takagahara (Oriental Bio-Service Kanto, Tsukuba, Japan).

The following colorimetric methods were used for the de-

termination of concentrations: neutral sugar, phenol–sulfuric

acid method [22], organic phosphate, pyrolysis–molybdate

method [23], protein, bicinchoninic acid (BCA) assay [24];

and primary amino group, fluorescamine assay [25]. The de-

tections of aromatic groups and carbohydrates on silica gel

(F254) TLC plates (E. Merck) were by UV absorption and by

spraying with 15% sulfuric acid in 50% ethanol and heating.

The 1H-NMR spectra were recorded using a Varian Unity

400 MHz FT-NMR spectrometer. The europium fluorescence

was determined after dissociating europium from the DTPA-

chelate in a fluorescence enhancing milieu [26], in 96-well

microplate, using a Wallac microplate fluorometer (Victor

1420 multilabel counter).

General synthetic methods

O-Benzoylation was by reacting the substrate with benzoyl

chloride in pyridine. After the reaction, the mixture was evap-

orated, dissolved in chloroform or methylene chloride, and

washed with water. Organic layer was dried and evaporated.

O-Benzylation was carried out in DMF by first reacting the

available OH groups with NaH, followed by addition of ben-

zyl bromide. The reaction mixture was diluted with chloro-

form, extracted with water, and the chloroform solution was

dried and evaporated. De-O-acylation was by 10 mM NaOMe

in dry methanol for 2 h at room temperature, followed by
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Fig. 1 Syntheses of Gal6P glycosides. Conditions: (i) 1,1-dimethoxy-
toluene, p-toluenesulfonic acid; (ii) benzoyl chloride/pyridine;
(iii) 80–90% acetic acid, 80◦; (iv) DIDBP, tetrazole, then 3-
chloroperoxybenzoic acid; (v) 10 mM sodium methoxide in methanol;
(vi) H2 with Pd/C; (vii) NaH, benzylbromide.

neutralization (Dowex 50, H+ form) and evaporation. O-

Benzylidenation was carried out in N, N-dimethylformamide

(DMF) with 2–4 fold excess 1,1-dimethoxytoluene and a cat-

alytic amount of p-toluenesulfonic acid at 50 to 60◦ for 4 h.

For de-O-benzylidenation, the compound in 80 to 90% acetic

acid was heated at 80◦ for 1 h and evaporated. Hydrogena-

tion was carried out in a Brown hydrogenator [27] using H2

at atmospheric pressure and 10% Pd on carbon as catalyst.

The formation of glycosidic linkage was by reacting an OH-

containing compound with per-O-acetylated 1-bromo sugar

(abbreviated as acetobromo sugar hereafter) in 1.1 to 1.5-

fold molar excess over the alcohol in toluene–nitromethane

mixture (1:1) with Hg(CN)2 (equimolar to 1-bromo sugar)

and Drierite for overnight at room temperature. The reaction

mixture as chloroform solution was washed with NaCl (1 M)

and KBr (1 M), and its ethanolic solution was fractionated

on a column of Sephadex LH-20 (5 × 195 cm) using 95%

ethanol as eluant. Fractions were monitored with TLC.

Preparation of glycosides of Gal6P and Galβ3GalNAc

for conjugation to BSA

We synthesized two β-glycosides of Gal6P: a long form

having –O(CH2)6NHCO(CH2)2CONHCH2CH(OCH3)2 as

aglycon and a short form having glyceryl aglycon. Reac-

Fig. 2 Synthesis of ω-acetal glycoside of Galß3GalNAc. Conditions:
(i) 1,1-dimethoxytoluene, p-toluenesulfonic acid; (ii) acetobromoGal,
Hg(CN)2; (iii) 10 mM sodium methoxide in methanol; then 80%
acetic acid, 80◦; (iv) acetic anhydride/pyridine, then 3-thiopropionic
acid, AIBN, UV irradiation; (v) 2-aminoacetaldehyde dimethyl ac-
etal, 1-hydroxybenzotriazole, DCC; then 10 mM sodium methoxide
in methanol.

tion schemes for these preparations are shown in Fig. 1.

Both preparations start with β-galactosides with properly

protected aglycon (compounds 2 and 9), which are con-

verted to the respective 4, 6-O-benzylidene derivatives, fol-

lowed by protection of remaining hydroxyls with benzyl or

benzoyl group, removal of the benzylidene group to ex-

pose 4- and 6-OH groups, and mono-phosphorylation at

the 6-position by use of a bulky phosphorylating agent,

dibenzyl diisopropylphosphoramidite, in a slight excess of

the molar equivalent amount [28,29]. In the case of the

long form of Gal6P glycoside, the final product shown

in (Fig. 1), 6-aminohexyl β-Gal6P (1), is conjugated with

HOOC(CH2)2CONHCH2CH(OCH3)2 to form an ω-acetal

glycoside as described [18].

Synthesis of glycoside of Galβ3GalNAc, 14, as shown

in Fig. 2 starts with allyl α-GalNAc, which was prepared

from per-O-acetylated α-GalNAc [30], by refluxing it with

allyl alcohol in DMF in the presence of BF3-etherate. Af-

ter deacetylation followed by benzylidenation, the product,

16, was galactosylated to yield 17. After de-protection and

per-O-acetylation, the aglycon was elongated first with

thiopropionic acid via Michael addition (UV irradia-

tion in the presence of AIBN), then by conjugating 2-

aminoacetaldehyde dimethylacetal to the newly generated

carboxyl group using dicyclohexyl carbodiimide as coupling

agent in the presence of 1-hydroxybenzotriazole.

Throughout the syntheses, reactions were monitored by

TLC and the products were purified by crystallization. If

necessary, silica gel or gel filtration chromatography was

performed before crystallization. Most of the intermediates

and final products were characterized by 1H-NMR. Here we

present only the 1H-NMR data of the final products or the

intermediates immediately before the final de-protection.
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1H-NMR of 6′-(benzyloxycarbonylamino)hexyl-6-O-

(di-O-benzylphosphoryl)-β-D-galactopyranoside (7) in

CD3OD: δ 7.473–7.28 (m, 15 H, aromatic Hs); 5.138, 5.118,

5.060 (s, 2 H, benzyl CH2); 4.657 (d, J = 2.81 Hz, 1 H, H4);

4.44–4.33 (m, 2 H, 2 H6s); 4.298 (d, J = 7.6 Hz, 1 H, H1);

3.872 (m, 1 H, H5); 3.693 (broad s, 1 H, 1/2 CH2O); 3.622

(m, 1 H, H3); 3.58–3.527 (m, 2 H, H2 and 1/2 CH2O); 3.108

(t, J = 7.2 Hz, 2 H, CH2N); 1.636 (m, 2 H, CH2); 1.505 (m,

2 H, CH2); 1.435–1.29 (m, 4 H, 2 CH2). Comparison of
1H-NMR spectra of 7 with the non-phosphorylated coun-

terpart indicated that phosphate group is at the 6-position.

Product 7 and the final product, ω-acetal glycoside, both

showed large down-field shifts of H4 and H6 signals, and

only small shifts or no shift for other H signals. These

tendencies are similar to 1H-signals of Gal6P versus

galactoside. See also 1H-NMR characterization of 8 below.
1H NMR of 8 in D2O: δ 4.49 (d, J = 2.8 Hz, 1H, H4);

4.378 and 4.374 (d, J = 8 Hz, 1H, H1); 4.303 (broad d, J =
12.8 Hz, 1H, H6); 4.158 (d, d, J = 12 and 21.8 Hz, 1H, H6);

3.88 (d, d, J = 3.6 and 10.4 Hz, 1H, H3); 3.845–3.783 (m, 2H,

H2 and H5); 3.672–3.451 (m, 5H, aglycon Hs). For the po-

sition assignment of O-phospho group, 1H-NMR spectrum

of 8 in D2O was compared to that of 2,3-dihydroxypropyl

β-D-galactopyranoside, which was obtained from 9 by hy-

drogenolysis. There were small down-field shifts in H1, H2,

H5 and aglycon H signals, major down-field shifts of H4

and H6 signals, and no change in H3 signal, indicating that

O-phospho group is at 6-position. Signal for H4 of non-

phosphorylated glycoside was at 3.796 (d. J = 2.8 Hz, 1H)

and those of H6s were at 3.825–3.771 (m, 2H).
1H-NMR of 14 in D2O: There are 6 methylene groups

in the aglycon. They are labeled in alphabetical order from

the one closest to the sugar as “a” and the farthest as “f”.δ

4.756 (d, J = 3.6 Hz, 1H, H1); 4.419 (t, J = 5.2 Hz, 1H,

methine in aglycon); 4.336 (d, J = 8.0 Hz, 1H, H1′); 4.189

(dd, J = 2.8 and 11.2 Hz, 1H, H3′); 3.857 (d, J = 6.4 Hz,

1H, unknown); 3.776 (d, J = 3.2 Hz, 1H, H4); 3.693–3.578

(m, 5H, unknown); 3.528 (dd, J = 3.4 and 4.4 Hz, 1H, H6 or

H6′); 3.494 (dd, J = 3.4 and 10 Hz, 1H, H6 or H6′); 3.452–

3.35 (m, 2H, unknown); 3.305 (s, 6H, O-methyl Hs); 3.241

(d, J = 5.2 Hz, 2H, f); 2.694 (t, J = 7 Hz, 2H, e); 2.564 (t,

J = 7 Hz, 2H, d); 2.443 (t, J = 7 Hz, 2H, c); 1.894 (s, 3H,

N-acetyl methyl Hs); 1.778 (m, 2H, b). Unassigned signals

for 8 Hs should represent H2′, H3, 2 H5, 2 H6 or H6′, and 2

“a” methylene Hs.

Preparations of neoglycoproteins and Eu labeling

The glycosides to be conjugated to protein contained either

a glyceryl group or a terminal acetal group. The aldehydo

group was generated from ω-acetal glycosides by heating at

100 ◦C in 0.05 M HCl for 20 min, followed by neutralization

and evaporation [21], and from the glyceryl aglycon by

periodate oxidation (NaIO4 at 2 mM initially, and additional

amounts introduced every 30 min until equimolar amount

is reached). The periodate-oxidized product was evaporated

and purified on a column of Sephadex G-15 in water. The

aldehydo glycosides were then conjugated to BSA at pH

7.2 with pyridine borane as the reducing agent [21]. The

BSA derivatives were stored as lyophilized products after

successive dialysis against PBS, 0.15 M NaCl (twice) and

water (twice). Contents of Gal6P and Galβ3GalNAc in the

BSA derivatives were determined as organic phosphate and

by the phenol-sulfuric acid method using proper standards.

The structure of linking arms between the sugar and

BSA and the assigned abbreviations of BSA derivatives

are shown below. BSA derivative containing the long

form of Gal6P: −(CH2)6NHCO(CH2)2CONH(CH2)2−,

Gal6P-ASA-BSA; the short form of Gal6P: −(CH2)2−,

Gal6P-ET-BSA; Galβ3GalNAc-containing BSA:

−(CH2)3S(CH2)2CONH(CH2)2−, Galβ3GalNAc-PEE-

BSA.

To attach europium to proteins, neoglycoproteins (0.5 to

1 mg) were derivatized with the acetal-containing DTPA-

labeling reagent as described [18,31]. Europium nitrate was

then added, and the BSA derivative containing Eu-chelate

was purified by gel filtration.

Conjugation of protamine to BSA

Protamine sulfate from salmon milt is a mixture of highly ba-

sic polypeptides with average molecular weight of ∼6000.

It contains a high percentage (>50%) of arginine, but no

lysine or acidic amino acids, and N-terminus is frequently

occupied by a proline. For this reason, we utilized the

C-terminus of protamine for conjugation to BSA. Protamine

sulfate (30 mg), 1,8-diaminooctane (45 mg, ∼60-fold mo-

lar excess over protamine) and EDC methiodide (30 mg,

∼20-fold molar excess over protamine) in 5 ml of 0.2 M

NaCl at pH 5.5 was kept at room temperature overnight,

and the mixture was separated on a column (2 × 140 cm) of

Sephadex G-15 in water, collecting 5 ml/fraction. The mon-

itoring of eluted fractions by microBCA and fluorescamine

assays showed that reproducibly only the earliest eluting

fractions of protamine (∼ 1/4 of the whole protamine peak)

contained free amino group. It may be that only the largest

protamine molecules possess the easily modifiable carboxy-

late group. The amino-containing protamine fractions were

combined and lyophilized.

In order to increase the efficiency of coupling to BSA, the

amino-containing protamine was conjugated to partially suc-

cinylated BSA, which had been prepared by reacting BSA in

0.2 M sodium borate buffer, pH 8.5, with succinic anhydride

(0.66 equivalent of total amino group), followed by dialysis

and lyophilization. Conjugation of the protamine derivative
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(3 mg) and succinyl-BSA (25% of amino group had been suc-

cinylated, 13 mg) was carried out in 0.1 M cacodylate buffer,

pH 6.5, containing 0.1 M NaCl using EDC methiodide (6 mg,

added in 2 portions) as the coupling agent. The mixture was

fractionated on a column (2.5 × 110 cm) of Sephadex G-100

using 10 mM HEPES buffer, pH 7.2, as eluant. Fractions con-

taining protein were combined, lyophilized and labeled with

DTPA as described above.

Ligand-binding assay for mCRP

The assay method has been described in detail [18]. It

involves plating CRP in the wells of a high protein-binding

96-well microplate [17], incubating the CRP-surface with

an Eu-ligand with or without inhibitor, and the subse-

quent release of Eu from the ligand–CRP complex for

fluorescence measurement. The standard assay is done in a

MES [2-(N-morpholino)-ethanesulfonic acid] buffer at pH

6.5 containing 0.15 M NaCl and 0.1% BSA. For blanks,

either BSA was immobilized in lieu of CRP or Gal6P or

α-glycerophosphate (α-GP) was included in the incubation

at 100 mM. Inhibition assays were carried out at 50 nM

Eu-Gal6P-BSA or 100 nM Eu-Galβ3GalNAc-BSA, and the

results were plotted in semi-logarithmic fashion (Fig. 6) to

obtain the IC50 (concentration that causes 50% reduction

in the binding) values. For the pH studies, the following

buffering salts (at 25 mM) were used: pH 4.5, acetate; pH 5.0

to 6.5, MES; pH 7.0 to 8.0, N-(2-hydroxyethyl)piperazine-

N′-(2-ethanesulfonic acid) (HEPES); and pH 8.5 to

9.0, 3[N,N-dimethyl(2-hydroxyethyl)amino]-2-hydroxyl-

propanesulfonic acid (AMPSO).

PEG-Assisted precipitation–filtration assay for native

CRP

The assay method which is based on precipitating ligand–

CRP complex with PEG, followed by filtration through a

Durapore filter plate using MultiScreen filtering system (Mil-

lipore) has been described in detail [16].

ELISA-based native CRP assay

The native CRP assay based on the PEG-assisted precipi-

tation and filtration described above produced a very high

non-specific background above pH 7, which we attributed to

non-specific binding mainly to the filter. To overcome this

problem, we devised an assay method that does not involve

filtration. A maleic anhydride-activated 96-well plate was

reacted with PC-BSA or neogycoproteins according to the

manufacturer’s protocol. For control, BSA was similarly im-

mobilized. After blocking twice with SuperBlock, the wells

were washed and then incubated with a CRP solution for

1h with shaking. The incubation buffers at various pHs con-

tained 25 mM buffering salt, 0.15 M NaCl, and 0.1% BSA.

Washing buffers were as above except they contained 0.05%

Tween 20 instead of BSA. The wells were washed and then

incubated with a goat anti-human CRP HRP conjugate (500–

1000 dilution of 1 mg/ml stock solution) for 1 h, then with an

OPD–peroxide solution per manufacturer’s instruction. The

developed color was determined at 490 nm at 15 min and

30 min using BioRad microplate reader.

Results

Binding of Eu-Gal6P-BSA and Eu-Galβ3GalNAc-BSA

to mCRP

We have shown earlier that binding of Eu-PC40-BSA and Eu-

Lac40-BSA had opposite calcium requirement, i.e., the for-

mer bound in the presence of calcium while the latter bound

in the absence of calcium [18]. The newly synthesized Eu-

Gal6P22-ASA-BSA, on the other hand, was bound through-

out the calcium range of 0–10 mM (not shown), which agrees

well with the earlier results of Gal6P inhibiting both Eu-

PC40-BSA and Eu-Lac40-BSA equally well, and suggests

that Gal6P binds between the PC and the neutral sugar bind-

ing areas. As to the binding of neoglycoprotein containing

a neutral sugar, Eu-Galβ3GalNAc41-PEE-BSA, binding oc-

curred only in the absence of calcium (Fig. 3) in agreement

with the earlier result of Eu-Lac40-BSA [18].

The pH dependence of Eu-Gal6P22-ASA-BSA binding to

mCRP was determined from pH 5 to 9 at 5 mM calcium

or without added calcium. Figure 4 shows the results from

several experiments which were compiled by setting the net

bound fluorescence at pH 6.5 as 100%. The optimal binding

occurred at pH 6.5 with or without calcium, but the pH range

of binding seems to be narrower in the presence of calcium

than in the absence. Figure 5 shows that the pH dependence of

Eu-Galβ3GalNAc-BSA was similar to that of Eu-Lac-BSA

Fig. 3 Dependence of binding of Eu-Galß3GalNAc41-PEE-BSA on
calcium concentration. �, mCRP; �, native CRP.
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Table 1 Inhibition constants of small inhibitors in mCRP assay using Eu-PC40-BSA, Eu-Gal6P22-ASA-BSA, and Eu-
Lac40-BSA as reference ligands

IC50, mM

Eu-Gal6P22-BSA
Eu-PC40-BSAa Eu-Lac40-BSAa

Inhibitor +Ca +Ca −Ca −Ca

PC 0.017 1.5 15 36

Pi 3.6 0.45 3.8 2.7

α-GP 1.35 0.72 22 2.0

Gal6P 1.1 0.25 0.8 1.35

GalA 8.7 10 10 3.8

TFAah β-Gal >30 ∼50 ∼33 4.2

Galβ3GalNAcα-All NDb >50 ∼45 8

aData for Eu-PC40-BSA and Eu-Lac40-BSA are from reference [18].
bND = not determined.

Fig. 4 Dependence on pH of binding of Eu-Gal6P22-ASA-BSA to
mCRP: �, no calcium added; �, in the presence of 5 mM calcium.
Dependence on pH of binding of Eu-Gal6P38-ET-BSA to native CRP:
�, in the presence of 5 mM calcium.

Fig. 5 Dependence on pH of binding of various Eu-labeled ligands.•,
Eu-PC40-BSA to mCRP; �, Eu-Galß3GalNAc41-PEE-BSA to mCRP;
�, Eu-protamine-BSA to mCRP; �, Eu-PC40-BSA to native CRP. Data
for Eu-labeled PC40-BSA to native CRP and mCRP are from references
[16] and [18], respectively.

[18]. At pH 6.5, binding of both Gal6P- and Galβ3GalNAc-

BSAs increased in a dose-dependent manner up to 150 nM,

former in the presence of 5 mM calcium and the latter without

added calcium (not shown). Non-specific binding of the Eu-

ligands in these assays ranged from 13 to 20% of the total

bound amount in the absence of a competitor.

The inhibition studies using Eu-Gal6P22-ASA-BSA was

carried out at pH 6.5 with 5 mM calcium or without. Figure 6

shows as example inhibition curves of Gal6P and α-GP with

and without calcium. The inhibition constants of small in-

hibitors are presented in Table 1, and those for neoglyco-

proteins in Table 2. Table 1 also lists for comparison the

earlier inhibition data of Eu-PC40-BSA and Eu-Lac40-BSA.

The inhibition data using Eu-Galβ3GalNAc-BSA were not

included, since the results were similar to those obtained with

Eu-Lac40-BSA. Because Eu-Gal6P-BSA (both ASA and ET

type) can bind with or without calcium, we were able to

make a side-by-side comparison of the effect of calcium on

the inhibition potencies of various compounds, which was

not possible using either Eu-PC40-BSA or Eu-Lac40-BSA.

Results in Table 1 (under the Eu-Gal6P22-BSA subheading)

show that all the phosphate-containing inhibitors, i.e., PC, α-

GP, and Pi, with the exception of Gal6P, had 8-fold or higher

affinity in the presence of calcium than in the absence (see

also Fig. 6).

In general, inhibition of the self was most effective; for

instance PC (IC50 = 0.017 mM) was the best inhibitor of

Eu-PC-BSA and Gal6P (IC50 = 0.25 mM) was the best

inhibitor of Eu-Gal6P-BSA. However, this is not true for

Eu-Lac-BSA or Eu-Galβ3GalNAc-BSA, since Gal6P was

much better inhibitor than the best neutral sugar in-

hibitors, e.g., TFAah β-Gal and α-allyl (all) glycoside of

Galβ3GalNAc. This demonstrates the dominant role the

phosphate group plays in binding the carbohydrate ligand.

This is also manifested in the inhibition constants of the two

neutral glycosides being much higher against Eu-Gal6P-BSA

(IC50 = 30–50 mM) than against Eu-Lac-BSA (IC50 = 4–

8 mM). These facts emphasize the strong affinity-enhancing

effect of the 6-O-phospho group of Gal6P even in the absence

of calcium.
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Table 2 IC50 values of neoglycoproteins obtained by mCRP assay using Eu-Gal6P22-ASA-BSA (Ligand 1) and Eu-
Galβ3GalNAc41-PEE-BSA (Ligand 2) as reporter ligands

Sugar coupling level IC50, μM

Ligand 1
Ligand 2

Inhibitor mol/mol +calcium −calcium −calcium

Gal6P-ASA-BSA 21 9.5 12.5 11

30 7.6 NDa ND

Lac-BSA 19 NTb 35 ND

40 NT 24 28

Galβ3GalNAc- PEE-BSA 41 NT ND 16

aND = not determined.
bNT = Not tested, since these inhibitors do not bind in the presence of calcium.

Fig. 6 Inhibition of
Eu-Gal6P38-ET-BSA binding to
mCRP. Solid symbols: binding
in the presence of 5 mM calcium
chloride; open symbols: binding
in the absence of calcium.
Squares: Gal6P; triangles: α-GP.

Fig. 7 Concentration
dependence of binding of
Eu-neoglycoproteins to native
CRP. �,
Eu-Galß3GalNAc41-PEE-BSA;
�, Eu-Lac40-BSA.
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Binding to native CRP by the

precipitation–filtration assay

While the long form of Gal6P-BSA conjugate, i.e., Gal6P-

ASA-BSA, produced good binding data for the mCRP

assay, it produced rather high non-specific background bind-

ing (∼80%) in the native CRP assay that utilizes PEG pre-

cipitation and filtration. On the assumption that the long

linker is largely responsible for the high non-specific bind-

ing, we synthesized the short form, Gal6P-ET-BSA, which

has an ethylene group as the linker. Under the standard assay

conditions at pH 6.5, Eu-Gal6P38-ET-BSA did give a much

lower background of ∼30%. As in the case of mCRP, native

CRP bound Eu-Gal6P38-ET-BSA with or without calcium in

a dose-dependent manner (not shown), and the inhibitory

potency of Gal6P was comparable whether calcium was

present or not (IC50 = 0.07 mM in the presence of 5 mM

calcium, and 0.09 mM in the absence). Figure 7 shows the

binding of Eu-Galβ3GalNAc41-PEE-BSA in the absence of

calcium, which increased in a dose-dependent manner, while

Eu-Lac40-BSA failed to bind under the same conditions, as

was observed in an earlier study [16]. Similar to mCRP, the

binding of Eu-Galβ3GalNAc-BSA to native CRP was inhib-

ited in the presence of high concentrations of calcium. How-

ever, unlike mCRP, the binding to native CRP seemed to be

quite favorable in the low range of calcium concentration (0

to 0.2 mM) (Fig. 3).

ELISA-based native CRP assay

As mentioned in the Methods section, the precipitation–

filtration assay presented a problem of very high non-specific

binding for neoglycoproteins above pH 7, although this was

not the case for PC-BSA, perhaps due to its binding affin-

ity being very much higher than those of neoglycoproteins.

The ELISA-based assay did eliminate the problem of large

background increases in the alkaline pH range. Surprisingly,

the specific binding of CRP to the PC-BSA surface (i.e., the

amount of CRP bound to the PC-BSA surface minus the

amount bound to the BSA surface) reached a plateau at a

very low CRP concentration of 0.5 nM, which is about 1000-

fold lower than that observed in the precipitation–filtration

assay. Presumably, highly clustered PC residues on the sur-

face enhanced the binding affinity as compared to the one-to-

one interaction in the solution phase. In contrast, the bind-

ing to the Gal6P-BSA-immobilized surface required much

higher CRP concentration of 0.25 μM to produce a good

signal for specific binding, whereas even at this concen-

tration binding of CRP to Galβ3GalNAc-BSA-immobilized

surface was quite weak (non-specific background ∼80%).

As monomers, PC has ∼40-fold and ∼200-fold higher affin-

ity than Gal6P and Galβ3GalNAc, respectively. It appears

that these affinity differences were greatly magnified in the

surface-immobilization assay. To confirm if the ELISA as-

say truly exhibits the characteristics of native CRP, the pH

dependence of binding to the PC-BSA surface was carried

out (Fig. 5). The pH-profile was almost exactly the same as

seen with the precipitation–filtration assay [16], in that the

binding was maintained in a wide pH range of 4.5 to 8.5.

Maintaining the high binding capacity at pH 4.5 is indica-

tive of native CRP, since mCRP steadily loses its binding

capacity below pH 6. In addition, Gal6P was much better in-

hibitor than other sugar phosphates (data not shown), which

is another characteristic for native CRP. These results indi-

cated that CRP in the ELISA assay behaved as native CRP.

(See Discussion for detail). Using this assay, we were able

to generate the pH-profile of CRP binding to the Gal6P-BSA

surface (Fig. 4), which showed that the pH-profile was quite

similar to that of mCRP, with the exception of the pH optima

of native CRP being at a slightly more acidic region than that

of mCRP.

Binding of Eu-protamine-BSA to mCRP

In the past, we used Eu-labeled poly-L-lysine (PL) as lig-

and for the study of polycation-dependent binding to CRP

[16]. While binding of Eu-PL in the native CRP assay

(precipitation–filtration) was robust, miniscule amounts of

Eu-PL were bound (both specific and non-specific) in the

mCRP assay as compared to Eu-PC-BSA and Eu-Lac-BSA,

suggesting that perhaps the highly cationic nature of PL was

refractive to binding to the hydrophobic surface. To overcome

this problem, we prepared a BSA-based polycationic lig-

and by conjugating a well-known polycationic ligand, pro-

tamine sulfate, to BSA. Eu-protamine-BSA was bound in a

dose-dependent manner to mCRP in the absence of calcium

(not shown). As in the case of Eu-PL binding to native CRP

[16], the binding of Eu-protamine-BSA to mCRP occurred

with or without calcium, and more was bound in the ab-

sence of calcium than in the presence. The bound amount of

Eu-protamine-BSA at 5 mM calcium was about 70% of that

in the absence of calcium.

The pH dependence of protamine-BSA binding to mCRP

is included in (Fig. 5). The binding was optimal at pH 6,

which is somewhat different from that of native CRP binding

Eu-PL [16]. Eu-PL was bound to native CRP in a wide pH

range of 4.5 to 9, although the bound amount was highest

around pH 6 to 7.

Summary of binding dependence

of CRP to calcium and pH

Results on the calcium-dependence of various ligands bind-

ing to native CRP and mCRP from this and earlier studies are

compiled in Table 3. The calcium requirement was the same
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Table 3 Calcium requirement for the binding
of various ligands

Binding

Eu-Ligand +calcium −calcium

PC-BSA + −
Gal6P-BSA + +
Galβ3GalNAc-BSA − +
PL, protamine-BSA + +

for native CRP and mCRP for all the ligands examined. PC

and neutral sugars have the opposite calcium requirement, the

former binding in the presence and the latter in the absence of

calcium, whereas Gal6P was bound under both conditions.

Polycationic compounds also bound with or without calcium.

The accumulating data on the pH dependence of CRP seem

to suggest that CRP, whether native or m-form, has highest

binding capacity slightly below the neutral pH, regardless of

the nature of ligand. It is possible that PC-BSA, which shows

a broad binding range of 4.5 to 9 for native CRP and from 6 to

9 for mCRP (Fig. 5), may actually have the highest binding

capacity at pH near 6, but its strong binding affinity obscures

the presence of such binding optima.

Discussion

hCRP is composed of five identical monomers, with each

monomer associating non-covalently with two neighboring

monomers in a circular fashion to form a disc-shaped struc-

ture. Two closely placed calcium-binding sites per monomer

are all located on one side of the disc, the side where the

best known ligand, PC, is bound via the two calcium atoms

[9]. The opposite side is thought to be the site of interac-

tion with complement components. In addition to PC, CRP

is known to bind two other classes of ligand: poly-cationic

compounds, such as poly-lysine and protamine, and a variety

of polysaccharides containing galactose and related struc-

tures as a component (Table 4).

In the previous studies, we demonstrated that polycations

appear to bind on the same side of the disc where PC is bound,

Fig. 8 Schematic presentation of PC–carbohydrate binding area of
CRP.

but the binding sites of two ligands do not overlap [16]. The

carbohydrate ligands, on the other hand, bind next to the PC

site, as depicted in (Fig. 8). The best known small carbohy-

drate ligand, Gal6P, shares the phosphate binding site with

PC, and the galactosyl group occupies the site opposite from

the choline site. Interestingly, however, PC and lactose have

opposite calcium requirement; i.e., PC binds in the presence

of calcium, whereas lactose binds in the absence of calcium

[18]. Inhibition assays suggested that Gal6P, which straddles

the PC and the sugar sites, can bind both in the presence

and absence of calcium. In order to probe the carbohydrate-

binding area in more detail, we synthesized neoglyco-

proteins containing Gal6P and Galβ3GalNAc. Gal6P was

chosen since, in addition to being the best carbohydrate in-

hibiter, it bridges the binding areas of PC and neutral sug-

ars, and Galβ3GalNAc was chosen as one of the best small

neutral sugar ligand structures. Using Eu chelate as the re-

porter group, we showed that both neoglycoproteins bound

to mCRP as well as to native CRP. Thus, we showed for the

first time that BSA derivatives containing multiple copies of

simple sugar structures can be bound by native CRP. Demon-

strating binding of neoglycoproteins to native CRP has been

elusive thus far, although binding to mCRP has been demon-

strated by us and others using lactosylated BSA and HSA

[17,18]. Our failure to demonstrate the lactosylated BSA to

Table 4 Repeating unit of microbial polysaccharides that bind to CRP

Source Repeating unit structure Reference

S. pneumoniae C-polysaccharide

type 1 -6Glcβ-3AATaGalα-4GalNAcα-3(6-PC)GalNβ-1ribitol-5-P- [40]

type 4 -4ManNAcβ-3-L-FucNAcα-3GalNAcα-4CEtGalα- [6]

Rough -4GlcNAcβ-4(6-P)GalNAcα-4GlcNAc- [6]

Rough -6GalNAcβ-P- [4]

Leishmania donovani -6Galβ-4Manα-P- [39]

aAbbreviations used in the table are: AATGal, 2-acetamido-4-amino-2,4,6-trideoxygalactose; CEtGal, 2, 3-O-
carboxyethylidene-galactose.
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bind to native CRP, despite it binding well to mCRP, proba-

bly stems from the difference in sensitivity of the two assay

systems, rather than the difference in binding affinity. Assays

that involve immobilized binding proteins used for mCRP are

known to show higher affinity than the solution assays, due

presumably to the clustering of binding sites, as well as to a

much slower dissociation of ligand from the binding surface

[32]. In addition, our solution-phase assay for native CRP in-

volves dilution of the reaction mixture and a separation step

(filtration) which cannot be carried out as expeditiously as

the assays using microplate.

In accordance with the earlier inhibition data, Eu-Gal6P-

BSA bound almost equally well to both forms of CRP

whether calcium is present or not. This fact allowed us to di-

rectly compare and examine the effect of calcium on the bind-

ing characteristics of various inhibitors, which has hitherto

been not possible. As shown in Table 1 under the sub-heading

of Eu-Gal6P22-BSA, phosphate-containing compounds, with

exception of Gal6P, are bound 8-fold or more strongly in the

presence of calcium than in the absence. The X-ray struc-

ture of CRP complexed with PC shows that the two oxygen

molecules of phosphate are coordinating directly to two cal-

cium ions, which are 4 Å apart in the PC-binding site [9]. Our

results suggest that phosphate-containing ligands can occupy

the binding site with or without calcium, but the calcium-

coordinated binding of phosphate greatly enhances the bind-

ing strength. Gal6P, however, was bound almost equally well

with or without calcium. This is understandable because cal-

cium has the opposite effects on the binding of galactosyl and

phosphate groups: i.e., the galactosyl residue binds only in

the absence of calcium and the phosphate group binds much

stronger in the presence of calcium than in the absence. These

two effects seem more or less to cancel each other, so that the

resulting affinity of Gal6P is not too different with or with-

out calcium. Results of cross inhibition using Eu-labeled PC-,

Gal6P-, and neutral sugar (Galβ3GalNAc) containing BSA

derivatives (Table 1) concur well with the postulated con-

tiguous binding area (Fig. 8), since PC and Gal6P inhibited

each other’s binding site very effectively, and Gal6P, not PC,

was the best inhibitor for the neutral sugar-dependent bind-

ing. The latter result further stresses the affinity-enhancing

effect of phosphate group on carbohydrate ligands, even in

the absence of calcium.

mCRP is a slightly denatured form of CRP that presents

a set of new epitopes in addition to the native CRP epitopes

[10]. We found that the binding characteristics of two forms

of CRP did not differ much in terms of calcium requirement,

pH optima and majority of inhibition data, suggesting that

the ligand-binding area of mCRP is similar to that of native

CRP. One significant difference is in the ligand-binding ca-

pacity at pH below 6, as seen in (Figs. 4 and 5). Binding

of all ligands to mCRP, regardless of its nature being zwit-

ter ionic (PC-BSA), negatively charged (Gal6P-BSA), neu-

tral (Galβ3GalNAc-BSA), or positively charged (protamine-

BSA), steadily decreased below pH 6, whereas PC-BSA still

possessed a good deal of capacity to bind to native CRP even

at pH 4.5. This suggests that a slight denaturation accom-

panying the production of mCRP made the protein structure

more susceptible to acid. However, both forms of CRP appear

to be quite stable on the alkaline side up to pH 9. Another

difference is that the binding specificity of mCRP is less strin-

gent than that of native CRP with respect to the carbohydrate

structure. For instance, two assay methods for native CRP

both showed that Gal6P is a much better inhibitor than any

other sugar phosphates, e.g., Man6P and Galα1-P, whereas

Gal6P was only a marginally better inhibitor than other sugar

phosphates in the mCRP assay. It may be that the conforma-

tional change which accompanies the formation of mCRP

affects the neutral sugar binding area in such a way as to

allow accommodation of varied sugar structures.

Lectins of both plant and animal origin generally bind tar-

get sugar residue(s) at the non-reducing terminus, and this

interaction is in some cases further augmented by interaction

with the penultimate sugar residue(s). Mannose-binding pro-

tein (MBP) is no exception, but it is also capable of binding to

sugar residues in the middle of polysaccharide chains [33].

This is understandable from the fact that MBP has a shal-

low binding area with a spacious opening in both the C1 and

C6 ends of the mannose residue [34], and that the binding

strength is generated essentially by a coordinated interac-

tion at the C3–C4 region [35]. Neoglycoproteins we used in

the present study contain non-reducing terminal sugar struc-

tures. However, as shown in Table 4, many straight-chain

bacterial polysaccharides and a lipophosphoglycan of Leish-
mania donovani [36], bind strongly to CRP. The name CRP

is derived from its interaction with the C-polysaccharide of

type 1 pneumococcus (entry 1 in Table 4), which contains a

PC side chain in its repeating unit [37], and presumably owe

its strong interaction with CRP to these PC side chains. In

the remaining polysaccharides, the likely target structures for

CRP are GalNAc residues and Gal6P/GalNAc6P residues in

monoester or diester forms, all imbedded within the sugar

chain, suggesting that the carbohydrate-binding area of CRP

is constructed in such a way as to allow easy access to the

target sugars located in the polysaccharide chain.
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