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Abstract Human C-reactive protein (CRP), as a mediator
of innate immunity, removed damaged cells by activating
the classical complement pathway. Previous studies have
successfully demonstrated that CRPs are differentially in-
duced as glycosylated molecular variants in certain patho-
logical conditions. Affinity-purified CRPs from two most
prevalent diseases in India viz. tuberculosis (TB) and
visceral leishmaniasis (VL) have differential glycosylation
in their sugar composition and linkages. As anemia is a
common manifestation in TB and VL, we assessed the
contributory role of glycosylated CRPs to influence he-
molysis via CRP-complement-pathway as compared to
healthy control subjects. Accordingly, the specific binding
of glycosylated CRPs with erythrocytes was established by
flow-cytometry and ELISA. Significantly, deglycosylated
CRPs showed a 7–8-fold reduced binding with erythrocytes
confirming the role of glycosylated moieties. Scatchard
analysis revealed striking differences in the apparent

binding constants (104–105M−1) and number of binding
sites (106–107sites/erythrocyte) for CRP on patients’ eryth-
rocytes as compared to normal. Western blotting along with
immunoprecipitation analysis revealed the presence of
distinct molecular determinants on TB and VL erythrocytes
specific to disease-associated CRP. Increased fragility, hydro-
phobicity and decreased rigidity of diseased-erythrocytes
upon binding with glycosylated CRP suggested membrane
damage. Finally, the erythrocyte-CRP binding was shown to
activate the CRP-complement-cascade causing hemolysis,
even at physiological concentration of CRP (10μg/ml).
Thus, it may be postulated that CRP have a protective role
towards the clearance of damaged-erythrocytes in these two
diseases.
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Abbreviations
αGalNAc alpha-N-acetyl Galactosamine
αGlcNAc alpha-N-acetyl Glucosamine
α-L-Fuc alpha-L-fucose
ABTS 2, 2′-azino-bis (3-ethylbenzthiazole-

6-sulfonic acid)
ANS 8-anilino-1-napthalenesulfonic acid
BSA Bovine Serum Albumin
CaCl2 Calcium Chloride
CHAPS 3-(3-cholamidopropyl)

dimethylammonio)-
1-propanesulfonic acid

Con A Concanavalin A
CRP C-reactive protein
CRPTB and CRPVL Purified CRP from patients

with TB and VL
CRPSigma CRP purified from human plasma

purchased from Sigma Chemical
Company

DAB 3, 3-diaminobenzidine
DBA Dolichos biflorus agglutinin
DIG Dioxigenin
DPH 1,6-diphenyl-1, 3, 5-hexatriene
DSA Datura stramonium agglutinin
E Erythrocytes
ETB, EVL and EN Erythrocytes from TB, VL and

normal (N) individuals
EDTA Ethylene diamine tetra acetic acid
ELISA Enzyme-linked immunosorbent assay
FACS Fluorescence activated cell sorter
FITC Fluorescein isothiocynate
GLC Gas liquid chromatography
GNA Galanthus nivalis agglutinin
GVB Gelatin-veronal-buffered
HRP Horseradish peroxidase
I Iodine
IEF Isoelectric focussing
IgG Immunoglobulin G
kDa kilo Dalton
MAA Maackia amurensis agglutinin
MAC Membrane attack complex
NaCl Sodium Chloride
NHS Normal human serum
PAGE Polyacrylamide gel electrophoresis
PC Phosphocholine
PNA Peanut agglutinin
SPR Surface plasmon resonance
SD Standard Deviation
SDS Sodium Dodecyl sulphate
SNA Sambucus nigra agglutinin
TB Tuberculosis
TCA Trichloro acetic acid
UEA Ulex europaeus agglutinin

VL Visceral leishmaniasis
WGA Wheat germ agglutinin

Introduction

Human C-reactive protein (CRP) is a member of the pentraxin
family of proteins and is an acute phase protein. Due to
exposure of acute phase stimulus, the levels of CRP increases
rapidly from <1µg/ml to 1 mg/ml approximately within 24–
48 h [1–3]. CRP is synthesized mainly from liver as well as
non-hepatic tissues under certain circumstances [4, 5]. It is
able to bind to exposed phosphocholine (PC) on the cell
surface in a calcium-dependent manner [6]. However, a
new ligand, Protein-A has also been demonstrated estab-
lishing the extended definition of human CRP [7]. Earlier
we have reported that the glycosylated molecular variants of
human CRP appeared in several pathological conditions [8]
and interact with many biological macromolecules [9].

A detailed knowledge of the ligands identified by CRP is
crucial for understanding of its role in host defence and
homeostasis. CRP being a pattern recognition molecule can
bind to varieties of ligands viz. chromatin and histone [10,
11] along with lymphocytes [12]. When bound to PC-
containing substrates or polycations, CRP is known to
activate the classical complement-cascade via C1q [13–15].
Although CRP able to bind with a variety of blood cells, it
remains to be investigated whether CRP interact in vivo as a
free serum protein, or when it is bound to cell surfaces [16].

The knowledge regarding potential pathways for in vivo
clearance of human erythrocytes is inadequate [17, 18]. Here,
we have selected two most widespread diseases of India viz
tuberculosis (TB) and visceral leishmaniasis (VL). The
present study elucidated the interaction of purified glycosy-
lated molecular variants of CRP with diseased-erythrocytes.
This binding of CRPs was through a few specific molecules
on erythrocytes. Significant changes of membrane character-
istics of erythrocytes resulted in CRP-induced complement-
mediated hemolysis. This probably established the
modulatory role of glycosylated CRPs in this process. To the
best of our knowledge, our data provide evidence that glycosy-
lated molecular variants of CRP activate complement-mediated
hemolysis of erythrocytes and may account for the causative
anemia, a common clinical manifestation in TB and VL.

Materials and methods

Patients and controls

Blood samples (n=85) from clinically confirmed and
diagnosed individuals with TB (n=30) and VL (n=30)
with no apparent co-infection and age-matched normal
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healthy donors (n=25) of either sex were included in this
study (Table 1). The TB patients were included based on
the clinical findings, chest radiographs and presence of TB
bacilli in sputum or tissue smears. Diagnosis of VL was
established by microscopic demonstration of amastigotes in
bone marrow or spleen aspirates performed at clinics, as per
World Health Organization recommendation (website:
http://www.who.int/tdr/research/progress/leish_prd/sum
ary.htm). Individuals were devoid of any other red cell
disorder and parasitic infections. With informed consent,
blood samples were collected to obtain erythrocytes in
sterile vacutainer containing anticoagulant Alsever’s solu-
tion (114 mM citrate, 27 mM glucose, 72 mM NaCl, pH
6.1), centrifuged, washed, buffy coat removed and used
within 2–4 h of collection. Fresh sera were obtained by
clotting blood samples without anti-coagulant at 25–30°C.
The Indian Council of Medical Research and the Institu-
tional Human Ethical Committee approved this study.

Purification and characterization of human CRP

Serum samples showing elevated levels of CRP by latex
agglutination (Rhelax-CRP kit, Tulip, India) were selected

for purification. CRPs were separately purified from
patients (n=12) with TB and VL and designated as CRPTB
and CRPVL respectively [8, 19]. The serum amyloid-P
(SAP) component was initially removed by passing the
serum (5.0 ml) through an agarose bead column in the
presence of Tris (50 mM Tris/HCl) buffered saline
(150 mM NaCl, pH 7.5, TBS), with CaCl2 (5.0 mM).
Subsequently, SAP free serum was passed through a
Sepharose—PC affinity column in TBS (20 mM Tris/HCl)
and CaCl2 (10 mM), pH 7.5. The bound proteins were
eluted with EDTA (10 mM) containing CaCl2 (1.0 mM).
The eluted protein were dialyzed with TBS before adjusting
the calcium concentration to 10 mM, and allowed to bind to
a second Sepharose—PC affinity column. This column was
washed with TBS containing CaCl2 (10 mM). Pure CRP
was eluted with PC (2.0 mM) in TBS, pH 7.5 containing
CaCl2 (0.50 mM). Finally, the eluted protein was dialyzed
extensively against Hepes (20 mM) with saline containing
EDTA (2.0 mM), followed by same buffer without EDTA.
Purified CRPs were stored at -20°C without sodium azide
and used within 2-weeks. The protein was estimated using
the extinction coefficient, E1cm

1% at 280 nm of 19.50 [20] and
also by Lowry method [21]. Human CRP, till its discovery

Table 1 Clinical and laboratory features of the patients

Hematological parametersa Patients (Range) Normal (Range)

TB (n=30) VL (n=30) (n=25)

Age, mean, years 30–45 25–40 20–40

Duration of illness (days) 30–60 60–90 –

Spleen size (cm) (below left lower costal margin) 3–4 7–11 Non palpable

Red blood cells count (millions/cubic millimetre) 2.0–4.2 1.5–3.5 4–6

White blood cells count (103/cmm) 12–13 10–11 4–11

Reticulocyte count (%) 0.2–1.0 0.6–1.2 0.2–2.0

Platelet count (103/µl) 200–300 100–400 150–450

Neutrophil (%) 35–50 35–48 50–70

Lymphocyte (%) 45–65 40–58 20–40

Hemoglobin (g/dl) 7 – 8 6.1–8.0 14–16

Hematocrit (%) 33–37 29–35 40–52

Mean Corpuscular volume (Feltolitre) 73–79 75–82 82–92

Mean Corpuscular Hemoglobin (Picogram) 21–26 20–27 26–32

Mean Corpuscular Hemoglobin Concentration (%) 29–32 25–30 31–35

Urea (mg/dl) 25–70 20–60 10–50

Creatinine (mg/dl) 0.7–2.0 0.8–1.7 0.7–1.5

Total Bilirubin (mg/dl) 0.25–9.0 0.3–0.9 0.25–1.0

Total protein (g/dl) 4.5–7.0 6.5–9.0 6.0–8.5

Albumin (g/dl) 2.9–5.2 3.0–5.0 3.2–5.5

Globulin (g/dl) 2.0–3.2 3.0–4.9 2.4–3.5

Erythrocyte Sedimentation Rate (mm/1st hr) 45–98 35–90 0–20

a Clinically confirmed blood samples from patient and age-matched normal individuals was collected in Alsever’s solution and used within 2–4 h.
Each clinical parameter was dictated by Clinicians and represented in a range value
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was reported to be a non-glycosylated protein [22], but our
laboratory for the first time, has demonstrated that human
CRP is glycosylated in certain pathological conditions [8].
For comparison, we have used commercially available non-
glycosylated CRP from Sigma, CRPSigma, purified from
human plasma as internal control.

The purity of CRPs was checked by SDS-PAGE (10%)
under reducing conditions [23]. Molecular masses of the
subunits were detected by using the standard SDS-PAGE
markers along with purified human IgG. CRPs were >99%
pure based on reactivity with anti-human CRP in Western
blotting [24] and no detectable band was observed with
anti-human IgG antibodies. CRPTB and CRPVL were
radiolabeled with Na125I (1.0 mCi) [25] with a specific
activity ~2×106cpm/µg protein. The 125ICRPs were passed
on a Sepharose-PC column, washed and subsequently
radioactive CRPs were eluted using similar purification
protocol. Approximately 99% of the total radioactivity was
observed in bound protein as detected by TCA precipitation.
Approximately >95% 125ICRPs bound to Sepharose-PC in
the presence of Ca+2, indicated no loss of binding properties
of the native protein. The purity of eluted 125ICRPs was
further checked by autoradiographs after SDS-PAGE analy-
sis. 125ICRPs were stored at 4°C and used within 2-weeks.

The degree of glycosylation and sialylation was detected
using equal amounts of CRP (1.0µg/spot) by a digoxigenin
(DIG) enzyme-immunoassay using a DIG-glycan detection and
differentiation kits according to manufacturer’s instructions
(Roche Molecular Biochemical). The developed spots were
scanned and quantified in arbitrary units (Image Master
Totallab Software, Amersham Pharmacia Biotech). The termi-
nal sugars along with their specific-linkages were analyzed
using several lectins, namely Maackia amurensis agglutinin
(MAA), Galanthus nivalis agglutinin (GNA), Sambucus nigra
agglutinin (SNA), peanut agglutinin (PNA) and Datura
stramonium agglutinin (DSA). In parallel, 125ICRPs were
incubated separately with Sepharose-bound lectins (20µl) of
different sugar-linkage and specificity (Table 2), e.g.
Concanavalin A (Con A), Ulex europaeus agglutinin (UEA),
Wheat germ agglutinin (WGA), Dolichos biflorus agglutinin
(DBA), MAA and SNA, overnight at 4°C. After extensive
washing to remove unbound radioactivity, bound radio-
labeled CRPs were monitored in a Gamma-counter. All
experiments were performed twice in triplicate.

The presence of neutral sugars in CRPs was detected by
GLC as their alditol acetates as described earlier [8, 26]. CRPs
(100μg) were hydrolysed with trifluroacetic acid at 120°C
for 90 min to liberate monosaccharides. This was followed
by reduction with sodium borohydride. The generated
alditols were acetylated with acetic anhydride and distilled
pyridine at 22–25°C for 16 h. A GLC instrument using a
Hewlett-Packard 6890 plus gas chromatograph equipped
with a flame ionization detector was used for analysis. Each

constituent sugars were identified from the retention time of
authentic sugars. A Hewlett-Packard 3380A chemstation was
used for the detection and quantitation of the peaks. A fused-
silica capillary column HP-5 (30 m, 0.32 mm, 0.25μm)
along with carrier gas nitrogen was used for resolution with a
temperature program of 150°C (5 min), 2°C (1 min) and
200°C(10 min) at split less mode [27].

Glycosidically bound sialic acids were released by
hydrolysing CRPs (100μg/500μl) at 80°C for 1 h with
trifluoroacetic acid (0.05 M). The hydrolysate was evapo-
rated and co-distilled with water (0.5 ml×3) to remove all
traces of acid [8]. The sample was dried under vacuum over
P2O5 for 4 h. The hydrolyzed sample was dissolved and
analyzed by Ion Chromatography System (ICS3000, Dionex
Corporation, USA) using a PA10 Carbopack column (2×
250 mm) at 32°C isothermal conditions. Chromeleon
software (v 6.8) was used for detection and estimation of
peaks. For resolution, aqueous solution A (200 mM NaOH)
and B (1 M NaOAc) was used with an initial concentration
of A (93%) and B (7%) for 10 min and subsequently, A
(70%) and B (30%) for 4 min showing a linear gradient. The
N-acetyl neuraminic acid present in hydrolysed CRP
(0.8335μg/25μl) was identified by direct comparison with
standard solution of sialic acid (Sigma, St. Louis, USA).

CRPs (50μg)were also hydrolysedwith an equal volume of
propionic acid (4 M) for 4 h at 80°C, cooled on ice for 10 min.
Sialic acids were purified through Dowex 50 W x 8 (100–200
mesh) cation and Dowex 2×8 (200–400 mesh) anion
exchange columns [28]. Purified sialic acids were derivatized
with DMB and directly analyzed by MALDI-TOF-MS
(Applied Biosystem, USA). The samples were prepared by
dried-droplet procedure using 2, 5-dihydroxybenzoic acid
(10μg/μl, DHB) using ethanol (60%) as matrix. All mass
spectra were recorded in the positive ion mode using the
reflector. The ion acceleration potential and the potential in
the reflector were 10.5 kV and 9.7 kV respectively. The
acquired spectra were the average of 1000 laser shots.

To reconfirm the presence of sugars in the induced
CRPs, they were deglycosylated. Fixed amounts of CRPTB,
CRPVL and CRPSigma were initially incubated overnight
with Arthrobacter ureafaciens neuraminidase (specific
activity, 0.5 mU) in denaturation buffer at pH 8.6 at 37°C
and then heated at 100°C for 3 min as described earlier [8].
The reaction mixture was centrifuged and N-glycosidase F
was added and incubated overnight at 37°C in presence of
CHAPS at pH 7.2. Additionally, neuraminidase treated
samples were incubated overnight with the O-glycosidase
(1-2 mU) in potassium phosphate buffer containing EDTA,
Triton X and SDS, pH 7.3 at 37°C. Deglycosylated CRPs
were passed on a Sepharose-PC column to remove enzymes
present in the reaction mixture and further analyzed by
SDS-PAGE (10%). Analytical isoelectric focusing [29] of
glycosylated and deglycosylated CRPs (1.5μg) from TB (n=
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3) and VL (n=3) patients were carried out in capillary tubes
on ampholine polyacrylamide gel (4%), pH range, 3.5 –
10.0 using Mini-PROTEAN II tube cell apparatus (Biorad)
at a constant voltage of 400 V for 6 h. The focused tube
gels were fixed, washed and stained with silver nitrate [8].
The isoelectric point (pI) of the individual protein was
determined as a function of their migration from the
cathode using standard proteins (Sigma).

Binding of erythrocytes with disease-associated CRPs

Different molecular variants of glycosylated, deglycosy-
lated and commercial non-glycosylated CRPs (CRPSigma)
were incubated separately in TBS (2.0 mM CaCl2, 1.0 mM
PC, pH 7.5) for 1 h on ice and designated as CRP-PC-Ca+2

complex. This complex was used subsequently in all the
following experiments.

i. Flow-cytometry

The FITC was conjugated to CRP [30]. The binding of
erythrocytes (1x109) from TB (ETB), VL (EVL) and normal

individuals (EN) with respective FITC-CRPTB or FITC-
CRPVL (0.05 - 1.0μg) was evaluated by flow-cytometry
(CELLQUESTPRO software, Becton Dickinson FACSCali-
bur). Glycosylated and deglycosylated FITC-CRPTB-PC-Ca

+2

or FITC-CRPVL-PC-Ca
+2 complex were incubated with ETB

and EVL for 1 h on ice, washed and fixed with 1%
paraformaldehyde (Sigma). Specific binding was determined
by pre-incubation of 50-fold excess of unlabeled respective
CRP to CRP-PC-Ca+2 complex. Under identical conditions,
the experiments were carried out using EN with FITC-CRPTB,
FITC-CRPVL and FITC-CRPSigma. In parallel, cross-binding
studies were carried out by reacting ETB with FITC-CRPVL or
EVL with FITC-CRPTB. Bound CRP (if any) on the
erythrocytes was determined by incubating cells with
polyclonal murine anti-human CRP (1: 100) followed by
FITC-anti-murine IgG (1:500). Only cells or EN, FITC-BSA
served as different sets of controls.

ii. Scatchard analysis

Erythrocytes were suspended with TBS-Ca+2-1.0% BSA
for 1 h on ice. Increasing doses of 125ICRPTB-PC-Ca

+2 or

Table 2 Status and glycosylation profile of purified CRPTB and CRPVL

Parameters for molecular
characterization of CRPs

Lectin (sugar and linkage specificity) and sugar CRPTB (n=6) CRPVL (n=6)

CRP in crude seruma +++ +++

Concentration of purified CRPs (µg/ml) b 57–75 55–98

Fold increasec 114–150 110–196

Sugard 8,989±283 10,921±1194

Sialic acide 10,200±250 9,000±200

Binding as reflected by densitometric scoresf MAA [Neu 5Ac α (2–3) Gal/GalNAc] 7000±325 9240±125

GNA [Man α(1–3),(1–6) and (1–2)Man] 6400±225 6325±188

SNA [Neu5Ac α (2–6) Gal/GalNAc] – –

PNA [Galβ (1–3) GalNAc] – –

DSA [Galβ (1–4) GlcNAc] – –

Lectin binding (%)g ConA (α-Man, α-Glc) 12.18 8.2

MAA 11.7 6.2

SNA 2 0.87

WGA (GlcNAc, Neu5Ac) 6.03 2.5

UEA (α-L-Fuc) 7.3 4.03

DBA (α-GalNAc) 3.037 1.7

Intensity (%)h Neu5Ac 65% 42%

a Fresh sera, obtained by clotting clinical blood samples at room temperature, showing strong visible agglutination (+++) by latex Rhelax-CRP kit
(Tulip, India) were selected for CRP purification
b The protein concentration was estimated using the extinction coefficient, E1cm

1% at 280 nm of 19.50
c Fold increase of purified CRPs was calculated considering 0.5μg/ml as normal level
d, e, f The intensities of the developed spots (Fig. 1b,c) were quantified and reported as mean ± SD of densitometric score in arbitrary units from
two independent experiments (p<0.001)
g 125 ICRPs were incubated with Sepharose-bound lectins (20µl) and binding (%) was determined as described in Methods. All experiments were
performed twice in triplicate, and a representative profile was reported here
h The Intensity (%) of Neu5Ac with an m/z of 448.7 was derived from MALDI-TOF analysis
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125ICRPVL-PC-Ca
+2 complex were incubated separately with

ETB or EVL or EN (1×109/30µl, n=18) for 1 h on ice.
Following washing with TBS-Ca+2-BSA, cell-bound radioac-
tivity was quantified in a Gamma-Counter (Electronic
Corporation of India). Specific binding was determined from
the difference between total binding and the binding in
presence of 50-fold excess of unlabeled CRP. Scatchard plots
of the binding data was used to calculate the association
constant (Ka) [31] and the number of receptor-sites/cell in
both diseased and normal erythrocytes. Measurements were
done twice in triplicates.

iii. ELISA

Erythrocyte membranes from patients and healthy
normal individuals were prepared by re-suspending eryth-
rocytes in ice-cold buffer containing digitonin (1.0 mg/ml)
for 20 min at 0°C [32, 33]. The membrane proteins were
dissolved in equal volume of extraction buffer (20 mM
Tris-HCl, pH 7.5; 1.0%Triton X-100; 0.1% SDS; 200 mM
NaCl) for 1 h at 0°C and centrifuged. The supernatant
containing only membrane proteins was quantified [21].
Membrane proteins from TB and VL patients along with
normal were immobilized (2.0μg/well/100μl) separately on
microtitre plates (Nunc, USA), overnight at 4°C. The wells
were washed with TBS-Tween (0.01%, TBS-T), blocked
(TBS-2% BSA) and incubated overnight at 4°C with
varying concentrations of CRPTB-PC-Ca

+2 and/or CRPVL-
PC-Ca+2 complex separately. Washed wells were incubated
with polyclonal murine anti-human CRP antibodies (1:2000).
The bound complex was detected by peroxidase-goat anti-
murine IgG (1:8000, Cappel) using azino-bis-thiosulphonic
acid (ABTS) as substrate and quantitated by an ELISA Reader
(Thermo Electron Corporation) at 405 nm. The control wells
were devoid of either membrane protein or CRP. In parallel,
immobilized normal erythrocyte membrane were allowed to
bind with CRPSigma-PC-Ca

+2 complex and processed simi-
larly. To determine the bound CRP on the erythrocytes,
membrane protein in the well was allowed to react with
polyclonal murine anti-human CRP followed by HRP-
conjugated anti-murine IgG.

iv. Surface plasmon resonance (SPR)

The interaction between CRP and erythrocyte membrane
proteins from patient and normal donors was performed by
SPR experiment (Biacore 3000,Biacore). Each flow cells of
a CM5 sensor chip were activated at 25°C at a flow rate of
5µl/min by passing a mixture (20µl) of 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (0.20 M) and N-
hydroxy-sulfosuccinimide (0.05 M), after which CRPTB or
CRPVL was injected. Physiological concentration of CRPs
(10µg/ml) in sodium acetate (10 mM, pH 4.5) was
immobilized onto the carboxymethylated dextran surface of
a CM5 sensor chip using the amine coupling chemistry.

Ethanolamine (1 M, 20µl, pH 8.5) was used to block
unreacted groups. The flow buffer was HEPES (10 mM),
NaCl (150 mM) pH 7.5 along with CaCl2 (2 mM), PC
(1.0 mM) and Tween-20 (0.001%). As negative control,
activated and blocked flow cell were used as blank senso-
grams for substraction of the bulk refractive index back-
ground. Samples were first injected over the control chip and
then over immobilized CRP. Erythrocyte membrane protein
(10–50µg/ml) at a flow rate of 30µl/min was passed.
Association and dissociation times were 5 and 3 min,
respectively. Regeneration was achieved by injecting NaCl
(2 M, 30µl). Sensograms were analyzed with the Biaevalua-
tion software (v 4.1). Resonance responses (RU) (arbitrary
units) were plotted against the varying concentrations of
erythrocyte membrane protein for both the patient and
normal samples.

v. Western blot anlysis

Erythrocyte membrane protein (50μg/ lane) from individ-
ual TB (n=12) or VL (n=12) patients or normal (n=8) was
electrophoresed separately on reducing SDS-PAGE (7.5%).
The separated proteins were transblotted on a nitrocellulose
paper, blocked (TBS-2%BSA) and incubated separately with
CRPTB-PC-Ca

+2 and/or CRPVL-PC-Ca
+2 (5.0μg) in TBS-

BSA for overnight at 4°C. Membranes were washed with
TBS-Ca+2-T, incubated with polyclonal murine anti-human
CRP (1:500) for overnight at 4°C and followed by HRP-
conjugated rabbit anti-murine IgG (1:1000) in TBS-BSA,
washed and visualized by 3, 3-diaminobenzidine (DAB).
Similar experiments were carried out with normal erythro-
cyte membrane proteins and CRPSigma-PC-Ca

+2 complex.
Pre-stained markers were used as standard.

In an attempt to purify bound CRP on erythrocyte,
membrane proteins (400 mg) were passed through first and
second Sepharose-PC affinity-column as described before.
PC eluted material was analyzed by SDS-PAGE.

vi. Immunoprecipitation experiments

Erythrocyte membrane proteins (50μg/25μl) from TB or
VL or normal were incubated separately with CRPTB-PC-
Ca+2 or CRPVL-PC-Ca

+2 and/or CRPSigma-PC-Ca
+2 (5.0μg)

in TBS-BSA for overnight at 4°C, and incubated with
polyclonal rabbit anti-human CRP (1:100/100μl) for over-
night (4°C). This was followed by incubation with Protein
A-Sepharose 4B (5µl, 6 mg/ml, Sigma) for overnight at 4°C.
The Sepharose-bound protein complexes were washed with
cold TBS. The protein samples were boiled with Laemmli
sample buffer (4x) for 10 min and centrifuged. The
supernatant was further incubated overnight with Protein
A-Sepharose 4B (5µl) and centrifuged. Supernatant was
boiled again with Laemmli sample buffer (4x) and loaded on
each lane. The proteins were separated on SDS-PAGE
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(7.5%) followed by electrophoretic transfer to nitrocellulose
paper. The blots were incubated with CRPTB-PC-Ca

+2 or
CRPVL-PC-Ca

+2 and/or CRPSigma-PC-Ca
+2 separately. Sub-

sequently the blots were probed with polyclonal murine anti-
human CRP (1:500) and processed as described above.

Detection of membrane characteristics of erythrocytes

i. Osmotic fragility

ETB, EVL and EN (1×109) were incubated with respec-
tive CRPTB-PC-Ca

+2 or CRPVL-PC-Ca
+2 complex (5.0μg)

for 1 h at 37°C, washed with TBS-Ca+2 and further exposed
to different NaCl concentrations (0.3–0.9%) for 1 h at 37°C
[34]. Only cells in TBS-Ca+2 served as control. Lysis of
erythrocytes in distilled water was taken as 100%. The
hemolysis (%) of erythrocyte (osmotic fragility) was
measured before and after binding with CRPTB or CRPVL
as follows:

Hemolysis ð%Þ ¼ OD412 nm at particular saline concentration=OD412 nm with distilled waterð Þ � 100:

ii. Membrane fluidity

Ghost membrane (0.2 mg/ml) from erythrocytes of TB,
VL and normal was incubated with respective CRPTB-PC-
Ca+2 or CRPVL-PC-Ca

+2 complex (5.0μg) for 1 h at 0°C. A
fluorescent probe, 1,6-diphenyl-1, 3, 5-hexatriene (DPH)
was used for determination of fluidity of erythrocyte ghost
membrane by steady state fluorescent polarization [34]. The
probe after binding with membrane when illuminated by
polarized light emitted a fluorescence signal, which
reflected the motion in the membrane lipid environment.
DPH was excited by vertically polarized light at 340 nm
and its emission intensities were detected at 420 nm
through a polarizer oriented parallel (Iv) and perpendicular
(Ih) to the direction of polarization of excitation beam. The
fluorescence was measured using a fluorescence spectro-
photometer (Hitachi F 4050, Hitachi Ltd, Japan). Fluores-
cence anisotropy (rs) is inversely related to membrane
fluidity. This was calculated according to the equation:

rs ¼ Iv � Ih=Iv þ 2Ih

iii. Hydrophobicity

Washed ETB, EVL and EN (1×109) were separately
incubated initially for 1 h at 0°C with respective CRPTB-PC-
Ca+2 or CRPVL-PC-Ca

+2 complex (5.0μg), washed with
TBS and further incubated with 8-anilino-1-napthalenesul-
fonic acid (ANS, 5.0μl, 1.0 mM) at 37°C. Fluorescence
spectra were recorded (400–700 nm). Excitation wavelength
was 365 nm and the band passes of excitation and emission
were of 5 nm [34].

Complement-mediated hemolysis after erythrocyte-CRP
binding

Washed ETB, EVL and EN (1×109, n=15) were initially
incubated with respective CRPTB-PC-Ca

+2 or CRPVL-PC-
Ca+2 complex (0.10–10μg/ml), for 1 h at 0°C, washed with

ice-cold gelatin-veronal-buffered (GVB) saline containing
Ca+2 (0.15 mM) and gelatin (0.1%). Activation of comple-
ment pathway was assessed by further incubating these
CRP-bound erythrocytes for 1 h at 37°C in the presence of
either normal human serum (NHS, diluted 1:50 in GVB
buffer, 100µl) or patients’ serum or CRP-depleted patient’s
serum, which served as different sources of complement
[35]. The reaction was diluted with GVB buffer (1.0 ml,
4°C), centrifuged and the extent of hemolysis was recorded
in the supernatant at 412 nm, as described above. Cells in
distilled water show 100% hemolysis. Deglycosylated CRPs
(10µg/ml), decomplemented NHS and guinea pig serum,
10 mM EDTA and anti-CRP antibodies were used as
different controls. Experiments were done in triplicates and
reported as mean ± SD.

Statistical analysis

Statistical analyses were performed using the Graph-Pad Prism
statistics software (Graph-Pad Software Inc., USA). Student’s
t-tests were used and p values <0.05 were considered as
statistically significant at 95% confidence interval.

Results

Molecular characterization of purified glycosylated CRPs

CRPs were purified separately from individual patients with
TB and VL (Fig. 1a, Table 1). The amount of CRP in serum
of these patients was in the range of 55–98μg/ml indicating
110–196-fold increase above the normal level (0.5μg/ml).
Only two calcium-binding proteins were eluted from first
PC column (lane 3) from the major proteins present in SAP
free sample (lane 2). Single band after PC elution from
second PC column was taken as pure CRP with differences
in their subunit molecular weight indicating the presence of
molecular variants in CRPTB (lane 4, 29 kDa) and CRPVL
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(lane 5, 28 kDa) samples. CRPSigma showed a single band
with a subunit molecular weight of 23 kDa (lane 6). The
subunit molecular weight for disease-associated CRPs was
always higher than CRPSigma, which coincided with that of
the reported molecular weight (23 kDa) of normal CRP [36].
Autoradiographs of 125ICRPTB (lane 7) and 125ICRPVL (not
shown in figure) showed single band in SDS-PAGE. CRPTB
(lane 8) and CRPVL (lane 9) showed single band with anti-
human CRP antibodies in Western blotting confirming their
homogeneity as also observed earlier [8]. Although standard
human IgG showed strong bands with polyclonal anti-
human IgG (lane 10), under identical condition, purified
CRPs showed no detectable band in Western blotting
confirming the absence of human IgG (lane 11).

As reported earlier [8], purified CRPTB and CRPVL from
these group of patients also demonstrated the presence of
differential glycosylation (i) and sialylation (ii) as evident
from the intensities of spots by densitometric scanning
(Fig. 1b, Table 2). CRPSigma showed no reactivity indicat-
ing the absence of glycosylation and sialylation. Wide
variations in the carbohydrate moieties of CRPTB and
CRPVL were demonstrated by differential binding towards
the different lectins tested as shown in Table 2 [8]. Both
CRPVL and CRPTB showed strong binding with MAA and
negligible binding with SNA suggesting predominance of
α(2–3)-linked sialic acids as shown in Fig. 1c [8, 9]. Equal
binding of GNA with CRPTB and CRPVL revealed the
presence of terminal Man α(1–3), (1–6) and (1–2) mannose
linkages. In contrast, no reactivity was observed with PNA
and DSA indicating absence of both Gal β(1–3) GalNAc
and Gal β(1–4)GlcNAc motif (Fig. 1c, Table 2). The
binding of 125ICRPs with Con A and MAA corroborated
the presence of mannose, glucose and α(2–3)-linked sialic
acids. MAA and WGA binding revealed differential
presence of Neu5Ac in these two CRPs. UEA revealed
the presence of α-L-Fuc. However, low DBA binding may
be due to the presence of less α-GalNAc (Table 2).

The differential glycosylation of these two CRPs was
further investigated by GLC. The chromatogram peaks of
CRPTB [8] and CRPVL revealed striking differences
between the presence of three hexoses, namely mannose,
glucose and galactose. GLC analysis does not revealed the
presence of other hexoses. The amounts (%) of three
hexoses in a representative CRPVL sample are 63.54%,
15.15% and 13.59% respectively (Fig. 1d). The retention
time (RT) of mannose, glucose and galactose are 13.85,
15.21 and 16.87 min respectively. As the molecular weights
of all these hexoses are same, their amount (%) may be
considered to be proportional to their molar ratios. No
detectable peak for different hexoses in GLC profile was
obtained for CRPSigma suggesting absence of glycosylation.

The sialic acid content of CRPTB and CRPVL was also
determined by Ion Chromatography. A representative

profile of the analysis of CRPTB is presented in Fig. 1e.
The Ion Chromatography peaks revealed the presence of
sialic acid as compared with the standard sialic acid. Nearly
7% sialic acid was observed in CRPTB. No detectable peak
was observed in CRPSigma suggesting absence of sialic acid.
The presence of sialic acids on CRPs was investigated by
MALDI-TOF-MS following the release of sialic acid and
labelling with DMB. A peak coincided with an m/z of
448.7 reflected the presence of Neu5Ac.

Fig. 1 Purification and characterization of glycosylated CRP from
serum of patients with TB and VL. a Electrophoretic analysis. Equal
amounts of serially purified fractions from serum of a representative
patient with tuberculosis (TB) were electrophoretically analyzed on a
SDS-PAGE (10%). Lane 1, crude serum; lane 2, unbound fraction
from agarose column; lane 3, EDTA eluates from 1st PC column; lane
4, PC eluates from 2nd PC column (CRPTB); lane 5, CRP from a
representative patient with VL (CRPVL) was purified similarly and
analyzed by SDS-PAGE. Single band of commercially purified
CRPSigma are shown in lane 6. Lane 7 is autoradiograph of 125I
CRPTB. Western blotting of equal amount (14µg) of PC eluted
fraction from a patient with TB (lane 8) and a patient with VL (lane 9)
probed with murine anti-human CRP and detected by HRP-anti-
murine IgG. For comparison, Western blotting of standard human IgG
(lane 10) and CRPTB (lane 11) with HRP-anti-human IgG are shown.
b Detection of glycosylation and sialylation of CRPs. Profile of
glycosylation ( , i) and sialylation (□, ii) as analyzed by DIG-
enzyme-immunoassays were carried out using purified CRPs (1.0μg/
spot) and CRPSigma. CRPs were blotted on nitrocellulose strips and
processed as described in Materials and Methods. Densitometric
scanning scores of CRPTB and CRPVL along with positive (+) and
negative (-) controls is shown in bar graph. Results are reported as
mean ± SD of densitometric score in arbitrary units from three
independent experiments (p<0.001). c Differential glycosylation
pattern in CRPs. CRPs purified from TB and VL patients were
analyzed for detection and linkage specificity of carbohydrate chains
using MAA, GNA, SNA, PNA and DSA lectins by DIG glycan
differentiation kit as described in Materials and Methods. Carbox-
ipeptidase Y (GNA+), fetuin (MAA, SNA and DSA+) and asialofe-
tuin (PNA and DSA+) were used as positive controls (‘+’). d–e
Analysis of carbohydrate composition by GLC and Ion Chromatog-
raphy. d A representative profile for the presence of three hexoses in
purified CRP (100μg) from a VL patient as analyzed by GLC. The
analysis was carried out as described in Materials and Methods.
Response (pico ampere, pA) was plotted against time (min). The
individual peaks represented in relative percent area revealed the
presence of mannose, glucose and galactose. e Analysis of sialic acid
by Ion Chromatography. A representative profile for the presence of
sialic acid in CRPTB (100μg) is shown. The peak was compared with
that of standard sialic acids. Response (in nano coulomb, nC) was
plotted against time (min). f SDS-PAGE before and after treatment
with N-glycosidase F. A representative profile of glycosylated CRPs
purified from two individuals suffering from TB (29 kDa) and VL
(28 kDa) as analyzed by SDS-PAGE (10%) is shown. Each sample
was digested separately with N-glycosidase F at 37°C overnight and
analyzed similarly. Non glycosylated CRPSigma processed similarly. A
23 kDa band was observed both before and after enzyme treatment.
Protein bands were detected by Coomassie staining. g IEF of purified
CRPTB and CRPVL. CRP (1.5μg) was applied to ampholine
polyacrylamide tube gel (4%) in a pH gradient (3.5–10.0) and stained
with silver nitrate. A representative profile of glycosylated CRPTB (pI
9.0), CRPVL (pI 8.5) before and after N-glycosidase F treatment are
shown respectively

b
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As demonstrated earlier [8] a decrease in the molecular
mass of 1.89 kDa and 1.50 kDa respectively was observed
after N-glycosidase F-digestion of CRPTB (29 kDa) and
CRPVL (28 kDa) in SDS-PAGE suggesting glycosylation
possibly through N-linkages (Fig. 1f). No such decrease in
molecular mass was observed following O-glycosidase
digestion of the same samples, suggesting absence of
glycosylation through O-linkages. No changes in the
electrophoretic mobility was observed following enzyme

treatment of CRPSigma, once again confirmed that it is non-
glycosylated (23 kDa).

A representative IEF gel profile [8] of CRPTB and
CRPVL showed single band, corresponding distinct differ-
ences in their pI values are 9.0 and 8.5 respectively
(Fig. 1g). It reconfirmed the purity and existence of a
single molecular variant. After desialylation followed by
deglycosylation, the pI values of CRPTB and CRPVL
increased to 9.8 and 9.2 respectively. Taken together, these
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observations suggested wide variations in glycosylation
pattern induced in these two molecular variants of CRP
(Fig. 1, Table 2) as corroborated by some of our earlier
findings [7–9].

Binding of FITC-CRP with respective erythrocytes

The binding of FITC-CRPTB and FITC-CRPVL with
corresponding erythrocytes (n=15) increased from 5% to
>80 % with increasing concentrations of CRPs and it was
saturated at nearly 1.0μg. In contrast, the binding of FITC-
CRPTB and FITC-CRPVL with EN (n=8, p<0.001) was low
(Fig. 2a). At 1.0μg concentration, significant reduction in
binding with FITC-CRPTB (3.21±0.27-fold) and FITC-
CRPVL (2.61±0.21-fold) was observed with EN as com-
pared to patient erythrocytes. The presence of Ca+2 and PC
facilitated the erythrocyte-CRP binding. The absence of PC
or Ca+2 or both showed no significant binding (Fig. 2b). In
presence of 50-fold excess unlabeled respective CRPs
showed 4.2±0.5-fold and 6.0±0.2-fold reduced binding
thus confirming the specificity of interaction between
FITC-CRPTB and FITC-CRPVL towards respective eryth-
rocytes (Fig. 2b).

As contrary to glycosylated CRPVL, the binding of
deglycosylated FITC-CRPVL (1.0μg) with EVL was drasti-
cally reduced from 84±3% to 12±3% (p<0.001 Fig. 2b).
Similarly, deglycosylated FITC-CRPTB (1.0μg) showed
5.93-fold reduced binding compared to glycosylated CRPTB,

% binding being 89±5 % vs. 15±2% (Fig. 2b). Deglycosy-
lated CRPs also showed negligible binding with EN, being 5
±2% respectively. The binding of FITC-CRPSigma (1.0μg)
with EN was nearly 3±1% (not shown in figure).

In parallel, cross-binding studies between ETB with FITC-
CRPVL or EVL with FITC-CRPTB showed only 5±3% binding
indicating that some common molecules are present both on
patient or normal erythrocytes that reacted with CRPs.

To explore the presence of any CRP already bound on
erythrocytes, cells were allowed to bind with anti-human
CRP antibodies. Only 4±2% binding indicated that
erythrocytes were possibly shielded with some CRP present
in the serum in vivo. Cell only or FITC-BSA gives no
binding suggesting the binding was specific for CRP.

Increased CRP-binding molecules on patients’ erythrocyte
after binding with CRP

Scatchard analysis revealed increased number of receptors
on ETB (1.9±0.7×107/ETB, Fig. 3a, inset) following bind-
ing with CRPTB. In parallel, experiments were repeated
using CRPVL and the number of receptors on EVL was
found to be 1.7±0.5×106/EVL (Fig. 3b, inset). The specific
nature of binding was evaluated by adding excess
unlabeled CRP, the apparent Ka of 125ICRPTB with ETB

and 125ICRPVL with EVL in presence of PC and Ca+2 being
2.30±0.55×105M−1 (Fig. 3a) and 1.30±0.65×104M−1

(Fig. 3b) respectively.

Fig. 2 Comparative analysis of binding of CRPTB and CRPVL with
respective erythrocytes by FACS analysis. a Dose-dependent binding
of CRP with erythrocytes. A fixed number of erythrocytes from TB
(-▲-) and VL (-■-) were incubated with increasing concentration of
respective FITC-CRPTB and FITC-CRPVL (0.05 – 1.0μg) as described
in Materials and Methods. The binding of normal erythrocytes with

FITC-CRPTB (-△-) and FITC-CRPVL (-□-) are shown. b Specificity
of binding of CRP with erythrocytes. Binding of erythrocytes from TB
(ETB) and VL (EVL) with respective FITC-CRPTB and FITC-CRPVL
(1.0 μg) in presence of both PC and Ca+2 (1), in presence of
unconjugated CRP (2), absence of both PC and Ca+2 (3) and binding
with respective deglycosylated FITC-CRPs (4)
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In contrast, Ka for the interaction of EN (n=8) with
125ICRPTB (Fig. 3c) and 125ICRPVL (Fig. 3d), are 4.23±
0.03×104M−1 and 3.84±0.02×104M−1 respectively,
corresponding CRP-receptors/EN are 8.20±0.45×103/EN

(Fig. 3c, inset) and 5.1±0.20×103/EN (Fig. 3d, inset)
respectively.

Increased binding of CRPs with patient erythrocytes
as analyzed by SPR

CRPs with approximately 2000 RU were immobilized on
the CM5 chip. Representative sensograms of the associa-
tion and dissociation phases of binding were recorded. The
RU value of ETB-CRPTB and EVL-CRPVL binding signifi-
cantly increased in concentration-dependant manner in the
range of 10–50μg/ml of respective membrane proteins
(Fig. 4a,c). In contrast, EN -CRPTB and EN-CRPVL binding
showed ~3–4-fold weaker resonance response in the same
concentration gradient (Fig. 4b,d).

Increased binding of CRPs with membrane proteins
from patients’ erythrocytes

A dose-dependent binding of CRPTB and CRPVL with
respective erythrocytes membrane proteins from TB (n=5)
and VL (n=5) patients was observed (Fig. 4e). Both
CRPTB and CRPVL (1.0μg) showed strong binding;
absorbance being 0.76±0.02 and 0.78±0.01 with ETB

and EVL respectively. In contrast, 3.19±0.223 and 2.55±
0.09-fold reduced binding of CRPTB and CRPVL was
observed with EN (n=8, p<0.001). The binding of
CRPSigma with EN (p<0.001) was negligible, absorbance
being 0.08±0.04, thus signifying the disease-associated
interaction.

The binding of ETB and EVL membrane proteins with
anti-human CRP antibodies showed very low binding,
absorbance being 0.10±0.03 and 0.09±0.01 respectively
indicating that low amount of CRP possibly remained
bound with erythrocytes, in vivo.

Fig. 3 Scatchard analysis of binding of 125ICRPs with erythrocyte
(E). a A fixed number of erythrocytes (1×109) from a TB patient
(ETB) were incubated with increasing amounts of 125ICRPTB. For
evaluating the specific nature of binding, a 50-fold excess of unlabeled
CRPTB was added. The bound and unbound CRP was separated at
4°C and the bound radioactivity was determined as described in
Materials and Methods and plotted against added 125ICRPTB. Specific
binding (-♦-) was calculated by the difference between total binding
(-■-) and binding in presence of excess unlabeled CRPTB (-▲-).
Results are expressed as mean ± SD of data from triplicate
experiments (p<0.0001). Inset: Scatchard plot of the binding of
125ICRPTB to ETB in which bound/free was plotted against the various

amounts of bound CRP. b A fixed number of erythrocytes from a VL
patient (EVL) were similarly incubated with increasing amounts of
125ICRPVL as described in Fig. 3a. Specific binding (-♦-) was
calculated by the difference between total binding (-■-) and binding
in presence of unlabeled CRPVL (-▲-). Inset: Scatchard plot of the
binding of 125ICRPVL to EVL. c–d Binding of 125ICRPTB (Fig. 3c) and
125ICRPVL (Fig. 3d) with erythrocytes from normal (EN) were
similarly processed. Specific binding (-◊-) was determined by the
difference between total binding (-□-) and binding in presence of
unlabeled CRP (-△-). Inset: Scatchard plots of the binding of
125ICRPTB (Fig. 3c) and 125ICRPVL (Fig. 3d) to EN
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Disease-associated CRP-binding molecules on erythrocyte
membrane

To pinpoint the molecular identity of the specific protein on
the erythrocyte membrane that reacts with respective CRPs,
Western blotting was performed. A distinct protein
corresponding to 220 kDa was detected on ETB (Fig. 4f,
lane 4) while a different set of CRP-binding molecules
(270, 71 and 36 kDa) was observed on EVL (lane 13) (p<
0.001). In contrast, only a 149 kDa (lane 6 and 11) protein
was observed on EN reacting with CRPTB and CRPVL
respectively. This common band was found on diseased-
erythrocytes. No band was visible after reacting EN with
CRPSigma (lane 8). Membrane profile of ETB (lane 3) and
EVL (lane 15) showed no band corresponding to purified
CRPs (lane 2 and lane 16) indicating that CRP was not co-
purified with erythrocyte membrane protein.

The binding of CRPs with the native structure of
erythrocyte membrane proteins was checked by an immuno-
precipitation experiment and analyzed by Western blotting.
Immunocomplex of erythrocyte membrane proteins from TB
that reacted with CRPTB showed bands at 220 and 149 kDa
(lane 5). Immunoprecipitated erythrocyte membrane proteins
from VL after reacting with CRPVL showed four proteins
represented by 270, 149, 71 and 36 kDa bands (lane 14).
Lane 7 and 12 corresponded to 149 kDa represented
immunoprecipitated erythrocyte membrane proteins from
normal reacting with CRPTB and CRPVL respectively. No
band was detected after reacting erythrocyte membrane from
normal individuals with CRPSigma (lane 9).

CRPs modulates membrane characteristics
of diseased-erythrocytes

Enhanced binding of glycosylated CRPs with diseased-
erythrocytes may be due to increased number of CRP-binding
molecules on this membrane. In order to understand any
alterations on the membrane due to this enhanced specific
binding, membrane fragility, rigidity and hydrophobicity
was investigated (Fig. 5).

a. Enhanced fragility due to binding with CRPs

At normal physiological saline concentration, only ETB

(n=10, Fig. 5a) and EVL (n=10, Fig. 5b) were found to be
2.275±0.075 and 3.45±0.55-fold more fragile than EN.
After binding with corresponding CRPTB and CRPVL,
additional 1.59±0.11 and 2.15±0.255-fold increase in
fragility was observed in both ETB and EVL compared to
unbound erythrocytes. Negligible differences in EN were
observed before and after binding with CRPTB and CRPVL
(Fig. 5a,b). As expected, enhanced hemolysis is more
pronounced at lower concentration (0.1–0.3%) of NaCl.

b. Decreased membrane rigidity of patients’ erythrocytes

The erythrocytes from patients showed reduced mem-
brane rigidity (rs), the corresponding rs values being 0.242±
0.001 for ETB (n=5), and 0.246±0.002 for EVL (n=5) as
compared to 0.270±0.002 for EN. Interestingly, after binding
with CRPTB and CRPVL, rigidity of patients’ erythrocytes
was further decreased to 0.230±0.001 (ETB) and 0.221±
0.003 (EVL) as compared to only ETB or EVL (p<0.001). In

Fig. 4 Evaluation of binding of CRP to erythrocyte membrane
protein. a–d RBC-CRP binding by surface plasmon resonance
(SPR). a Representative sensograms showing the result of the
injection of varying concentrations (bottom to top curves: 10, 25, 40
and 50μg/ml) of ETB membrane protein as analyte, using flow buffer
over a Biacore CM5 chip with covalently coupled CRPTB (10μg/ml)
showing 2000 RU. Membrane proteins (150μl) were injected in the
running buffer at a flow rate of 30μl /min. The detected binding is
expressed in arbitrary resonance response (RU) as a function of time
(s). b The interaction of membrane proteins from EN (bottom to top
curves: 10, 40 and 50μg/ml) with immobilized CRPTB was repre-
sented in different sensograms under identical condition as described
in the Materials and Methods. Sensor chips CM5 were coated with
CRPTB. c Representative sensograms showing the result of the
injection of varying concentrations (bottom to top curves: 10, 25, 40
and 50μg/ml) of EVL membrane protein as analyte, using flow buffer
over covalently coupled CRP(-). d The interaction of membrane
proteins from EN (bottom to top curves: 10, 40 and 50μg/ml) with
immobilized CRPVL was represented in different sensograms. e By
ELISA. Equal amount of membrane proteins (2µg/well/100µl) from
erythrocytes from TB was coated on wells separately, blocked, and
different concentration of CRPTB was allowed to bind in presence of
PC and Ca+2 as described in Materials and Methods. The binding of
CRPTB with membrane protein from TB patient (- -) is shown.
Similarly, the binding of CRPVL with membrane protein from VL
patient (- -) was determined. For comparison, normal erythrocyte
membrane protein was coated similarly and binding with CRPTB (- -)
and CRPVL (- -) was determined separately. Data are represented as
mean ± SD from 5 experiments (p<0.0001) and normal individuals. f
SDS-PAGE, Western blotting and immunoprecipitation of erythrocyte
membrane protein. Erythrocyte membrane proteins (50µg/lane) of
patients and normal were electrophoresed on a 7.5% SDS-PAGE and
transblotted onto nitrocellulose. The blots were incubated separately
with purified respective CRPTB and CRPVL (5.0µg)-PC-Ca+2 complex
and probed with murine anti-human CRP antibodies followed by
HRP-anti-murine IgG as described in Materials and Methods. Lane 1
and 17: Pre-stained broad range molecular weights marker. Lane 2 and
16: Purified CRPTB and CRPVL respectively. Lane 3, 10 and 15:
Membrane proteins from erythrocytes of a representative TB patient,
normal individual and VL patient were visualized by Coomassie stain.
Lane 4: Western blotting of membrane proteins from erythrocytes of a
representative TB patient with CRPTB. Lane 6: Western blotting of
membrane proteins from erythrocytes of a representative normal
individual with CRPTB. Lane 5 and 7: Immunoprecipitation of
membrane proteins from erythrocytes of a representative TB patient
and normal individual with CRPTB. Lane 11 and 13: Western blotting
of membrane proteins from erythrocytes of a normal individual and a
VL patient with CRPVL respectively. Lanes 12 and 14: Immunopre-
cipitation of membrane proteins from erythrocytes of a normal
individual and a VL patient with CRPVL respectively. Lane 8: Western
blotting of membrane proteins from erythrocytes of a normal
individual with CRPsigma (S). Lane 9: Immunoprecipitation of
membrane proteins from erythrocytes of a normal individual with
CRPsigma (S)

�
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contrast, negligible change in rigidity was observed after
binding of EN with CRPTB and CRPVL; rs being 0.268±
0.001 and 0.269±0.001 respectively.

c. Enhanced hydrophobicity due to binding of CRPs

Increased binding of ANS (arbitrary fluorescence inten-
sity, Fig. 5c) to ETB (15±2 a.u, curve 3) and EVL (13±3 a.
u, curve 4) indicated their enhanced hydrophobicity as
compared to EN (3±1 a.u, curve 6). After binding of
patients’ erythrocytes with respective CRPs, a drastic

increase in ANS binding with ETB (35±5 a.u, curve 2)
and EVL (45±6 a.u, curve 1) was observed. This
observation clearly suggested the significant alteration in
the hydrophobicity of patients’ erythrocytes. In contrast,
no significant alteration on EN (8±2 a.u, curve 5) was
observed, may be due to their negligible binding with
CRPTB and CRPVL. Only ANS (2 a.u, curve 7) or buffer (1
a.u, curve 8) gave negligible binding. Due to the
negligible binding of deglycosylated CRPs with respective
erythrocyte, alterations in membrane parameters of ETB/VL
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was not in detectable range under the experimental
conditions.

CRPs differentially triggered complement-cascade causing
hemolysis

Enhanced osmofragility and hydrophobicity together with
reduced membrane rigidity, as compared to EN, indicated
damage in the membrane of patients’ erythrocytes. The
binding of molecular variants of CRP with these eryth-
rocytes showed further alteration in their membrane
suggesting substantial damage in their membranes. Accord-
ingly, the fate of this damaged-erythrocytes through
complement-mediated hemolysis was investigated, using
NHS as a source of complement (Fig. 6).

A dose-dependant increase in hemolysis of diseased-
erythrocytes was observed with increase in the concentration
of CRP using NHS (Fig. 6a). Interestingly, even at normal
physiological CRP concentration (10µg/ml), CRPTB and
CRPVL triggered 72±3% and 81±5% hemolysis of ETB and
EVL respectively. This was nearly 4.085±0.20 and 6.20±
0.42-fold higher than hemolysis of EN (Fig. 6a, p<0.001).

Deglycosylated CRPTB and CRPVL showed very negligible
hemolysis (%) i.e 6±3 % (ETB) and 4±2% (EVL) respec-
tively as binding of deglycosylated CRPs with erythrocytes
were very low. This again re-confirmed that glycosylation
pose a pivotal role in this binding. Lysis (%) of EN triggered
by CRPTB and CRPVL was minimal (2±1%) (Fig. 6b).
Comparable lysis was observed using patients’ serum, CRP-
depleted serum, patients’ serum and NHS as sources of
complement, signifying the in vivo scenario (Fig. 6b). As
CRP-mediated complement-activation requires Ca+2, CRP
and NHS, addition of EDTA or anti-CRP antibodies or
decomplemented serum caused complete abolition of hemo-
lysis. Human CRP did not interact with guinea pig C1q [37]
and addition of guinea pig sera induced no complement-
activation (< 2%, not shown).

Discussion

CRP is a multifunctional protein [3, 38]. It has the ability to
bind to ligands like polymorphonuclear leukocytes; macro-
phage etc, and finally activates the classical complement

Fig. 5 Altered erythrocyte membranes in diseased conditions.
Hemolysis (%) of erythrocytes. Osmotic fragility was determined as
described in Materials and Methods and data are representative of five
experiments as mean ± SD. a The hemolysis (%) of ETB before (-△-)
and after (-▲-) binding with CRPTB and corresponding values of EN

before (-○-) after binding (-●-) with CRPTB are shown at various
NaCl concentrations (%). b In parallel, the % of hemolysis of EVL in
absence (-□-) and presence of CRPVL (-▪-) and corresponding
values of EN before (-○-) after binding (-●-) with CRPVL are
shown. c Induced hydrophobicity of diseased-erythrocytes. Washed

ETB, EVL and EN (1×109) were separately incubated initially for 1 hr
at 0°C with respective CRPTB-PC-Ca

+2 or CRPVL-PC-Ca
+2 complex

(5.0μg), washed and further incubated with ANS at 37°C. Fluores-
cence spectra were recorded as described in Material and Methods.
Binding of ANS has shown in arbitrary fluorescence intensity, a.u.
Curve 1: binding of EVL with CRPVL. curve 2: binding of ETB with
CRPTB. curve 3: ETB. curve 4: EVL. curve 5: Normal erythrocytes after
binding with CRP. curve 6: Normal Erythrocytes. Only ANS (curve 7)
and buffer (curve 8) showed negligible binding
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pathway [37]. CRP binds to damaged or necrotic cells [39–
41], presumably through exposed membrane PC moieties.
The reactivity of CRPs is mainly due to its association with
varieties of ligands [42], therefore, a search for the
identification of more physiological ligands may be useful
in understanding the function of CRPs during infections
and inflammatory conditions [43].

The main aim of this study was to investigate the role of
glycosylated CRP in the clearance of diseased-erythrocytes.
Although, we had earlier reported, the role of CRP in
complement-mediated hemolysis in malaria [44, 45],
however, the direct involvement of glycosylation in CRP
for causing hemolysis has not yet been demonstrated.
Accordingly, in this report, we have systematically inves-
tigated two other related diseases, where anemia is
manifested. We have shown that (i) distinct molecular
variants of glycosylated CRPTB and CRPVL (Fig. 1a) binds
3.16±0.325-fold more to diseased-erythrocytes as com-
pared to normal (Figs. 2, 3 and 4), (ii) presence of distinct
disease-associated CRP-binding molecules on erythrocytes
(Fig. 4f) and the density of CRP-binding molecules was
1000 –10,000-fold more as compared to EN (Fig. 3), (iii)
binding of patients’ erythrocytes with CRPTB and CRPVL
showed alteration in the membrane fragility, fluidity and
hydrophobicity (Fig. 5) and (iv) this binding leads to
hemolysis via complement activation (Fig. 6). Taken
together, it may be envisaged that this could be one of the
probable mechanisms explaining the characteristic anemia
in TB and VL. Interestingly, the binding of erythrocytes of

malaria with disease-associated CRP purified from malaria
patients also showed similar trend of binding, alteration in
membrane parameters and complement-triggered lysis [44,
45]. Thus the pathophysiological mechanism of such
removal of damaged-erythrocytes from patient’s blood by
CRP may be a general phenomenon at least in case of
malaria, TB and VL and demonstrating a potential
effector-function of CRP.

Our results strongly suggest that small but significant
variations in CRPTB and CRPVL at the molecular level may
occur possibly due to the variations in carbohydrate
compositions (Fig. 1; Table 2) as reported earlier (7–9).
The differential presence of carbohydrates in these two
CRPs is demonstrated by various approaches. The binding
with several lectins (Fig. 1b,c, Table 2), an increase in pI after
deglycosylation (Fig. 1g); decrease in molecular weight after
treatment with sialidase followed by N-glycosidase F
enzyme (Fig. 1f), also GLC and MALDI-TOF demonstrated
the existence of variations in glycosylation (Fig. 1d,e). The
decrease in molecular mass after N-glycosidase F-digestion
confirmed the presence of N-linked glycosylation (Fig. 1f).
The oligosaccharides of these CRPs are mainly composed of
mannose, galactose, glucose and sialic acid (Fig. 1c–e,
Table 2). The presence of other sugars may be negligible
as they were undetectable by GLC under this experimental
condition. The presence of sialic acid in CRP was further
confirmed by MALDI-TOF and also its reactivity with sialic
acid binding lectins (Table 2). Increase in pI after sialidase
treatment also hinted for the presence of charged sugar [8].

Fig. 6 Complement-mediated lysis of diseased-erythrocytes. a Dose-
dependant lysis of erythrocytes as induced by CRPs. CRPTB and
CRPVL (0.1–10µg/ml) was allowed to bind with ETB, EVL and EN

separately in presence of PC and Ca+2 followed by addition of normal
human serum (NHS), as a source of complement. Dose-dependent
lysis (%) of ETB (-▲-) and EVL (-■-), after binding with CRPVL and
CRPTB are shown respectively. In contrast, lysis (%) of EN after
binding with CRPTB (-△-) and CRPVL (-□-) was minimum. Each
point is the average of triplicate determination. b Comparative analysis
of complement-lysis. At fixed concentration of CRP (10.0µg/ml),
hemolysis (%) of patients’ erythrocytes was compared separately using

sera either from (1) normal individuals, (2) patients, (3) CRP depleted
patient’s serum and (4) decomplemented NHS as sources of comple-
ment. Pre-incubation of reaction mixture with (5) EDTA (10 mM) and
(6) murine anti-CRP antibodies negligibly reduced this hemolysis (%).
Deglycosylated CRPTB and CRPVL (10µg/ml) were similarly allowed
to bind with ETB, EVL and EN separately in presence of PC and Ca+2

followed by addition of normal human serum (NHS), as a source of
complement. Lysis (%) of ETB with CRPTB (7), EVL with CRPVL (8),
EN with CRPTB (9), and EN with CRPVL (10) are represented
respectively. Results are expressed as mean of ± SD of data from 4–5
separate experiments
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These sialic acids are predominantly α2–3-linked. Based on
these observations, it may be reasonable to conclude that
WGA binding with CRP is preferentially through Neu5Ac.
Additionally, under the experimental condition, no peak for
N-acetylhexoamines was observed both in GLC and
MALDI-TOF may be due to either absence or the presence
of negligible amount of this sugar compared to predomi-
nance of other three hexoses. UEA binding revealed the
differential presence of fucose (Table 2). Absence of
detectable peak in GLC, no shift in pI and electrophoretic
mobility before and after deglycosylation clearly suggested
that CRPSigma is non-glycosylated.

Sialic acids play a major role in different molecular and
cellular reactions [28, 46–49]. The acuteness of a disease
may be reflected from the levels of sialic acids thus it may
be crucial in combating various causative agents. Therefore,
it may be envisaged that in different diseases the sialic acid
content of human CRP may be a key determinant in
combating various inducing agents. Small variations in the
pI (8.5–9.8) of CRPs (Fig. 1g) possibly occur due to the net
donation of charged sugars like sialic acids. Although such
variation in pI of CRP in plasma of various diseases is
known [8, 45, 50, 51], the cause of such differences is not
investigated in detail.

The induction of such distinct chemical entities at the
molecular level has previously been established in our
laboratory [7–9, 44–50, 52–56]. Both glycosylated and
deglycosylated CRP retained their native structure as well
as their calcium-dependant PC binding property and
potential to bind with Sepharose-PC. Considering the
purification procedure, the presence of non-covalently
bound sugars is highly unlikely confirming induction of
glycosylation in TB and VL. The in vivo existence of
glycosylated CRP could be explained due to possible
induction of some glycosyltransferases, which may facili-
tate differential level of glycosylation as a part of post-
translational modification of CRP. Therefore, it is possible
that minute changes in glycosylation make these two CRPs
differ chemically. However, these small changes in CRP
molecule are possibly crucial for specific biological
functions in vivo [8].

The differential lectin-like behaviour, sugar-binding
properties and immunological reactivity of invertebrates
[57], fish [53–55] and human CRPs [16] suggested minute
variations in their structures leading in their possible altered
functions in diseased conditions. The precise outcome of
this glycosylation is still an open-ended question. However,
such induction of glycosylation in CRPs may affect its
binding reactivity towards histones, chromatin, ribonucleo-
protein particles and pathogens or may alter its biological
functions like agglutination, activation of the complement
cascade. It is possible that there is necessity for induction of
such molecular variants of CRP for their proper binding

and successful detoxification of detrimental substances that
enter into the circulation.

Glycosylation appears to be a critical determinant in
facilitating erythrocyte-CRP binding in the presence of
calcium and PC (Figs. 2, 3 and 4). The specificity of this
interaction was reconfirmed by inhibition of binding in
presence of excess cold CRP (Fig. 2b, 3a,b). Loss of
binding of deglycosylated CRP with erythrocytes again
highlighted the significant role of glycosylation induced in
these CRPs (Fig. 2b).

Scatchard analysis suggested the differential and specific
binding of patients’ erythrocyte-CRP with an enhanced
receptor-density as compared to much lower receptor-
densities on normal (Fig. 3). This observation was further
corroborated by SPR analysis wherein a significant differ-
ence was observed between the RU values of patients’
erythrocytes and normal erythrocytes after binding with
CRP (Fig. 4a–d). Differences in the number of specific
molecules on ETB and EVL having affinity towards CRP
also implied the differences in CRPTB and CRPVL (Fig. 4f).
Due to glycosylation, some specific molecules are induced
on patient’s erythrocytes that differentially reacted with
patient’s CRP. Thus disease-associated binding was ob-
served as compared to normal, although, a few binding sites
of the erythrocytes may possibly be blocked by CRP present
in patient’s serum in vivo. However, the amount of bound
CRP may possibly be very low as evident by many of our
approaches described here. No co-purified CRPs were
visible in SDS-PAGE membrane profile of purified eryth-
rocytes (Fig. 4f, lane 3, 15).

Based on their molecular weight, it may be envisaged
that the newly identified CRP-target molecules on erythrocyte
surface are unique and different from the already reported
complement receptor 1 (CR1), decay-accelerating factor
(DAF, CD55), and CD59 molecules [45]. Reports have
revealed a different mechanism of erythrocyte clearance
through liver and spleen [58, 59].

Membrane destabilization of erythrocytes has earlier
been reported in VL, malaria and leukemia patients [45,
60–62]. In this study, patient’s erythrocytes revealed altered
fragility, fluidity, hydrophobicity indicating damage in
membrane, which was further altered due to binding with
CRPs. This membrane destabilization could be due to the
lectin-like behaviour of CRP [16, 45]. Thus CRP when
added exogenously will cross-link with the membrane
surface receptors leading to lateral molecular reorganiza-
tions in the plane of the bilayer [63–65].

This molecular reorganization thus, possibly exposes
PC, the ligand for erythrocyte-CRP binding on the outer
leaflet of bilayer. However, physiological level of PC
and Ca+2 were added to facilitate erythrocyte-CRP
binding in vitro. This erythrocyte-CRP binding might
thus activate the complement mediated-hemolysis in TB
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and VL and this could cause formation of membrane
leaks [63–67].

In presence of calcium and PC, erythrocyte are known to
bind with the ‘recognition face’ of pentameric CRP [3, 22]
and this activates the complement-cascade possibly via
C1q recognition [3, 68] on the ‘opposite face’ of CRP.
Mutational analysis has revealed that Asp112 and Tyr175 are
the major determinants and important contact residues for
C1q binding to complexed CRP [69] while Asn158, did not
cause significant changes in C1q binding. Asn158 is the
reported site of N-glycosylation on CRP molecule [8].
Therefore, C1q binding site (Asp112 and Tyr175) and receptor
binding site (Asn158) on glycosylated CRP is non-
overlapping. This hinted towards the notion that glycosylated
CRP complex may be capable of binding to C1q finally and
thus activating the complement pathway. The critical role of
glycosylation in activating the classical and alternate
complement pathway has previously been demonstrated
from our laboratory [70–72]. This study further substantiates
this concept. The observed hemolysis in our studies
confirmed that CRP-mediated complement-activation ends
with consumption of terminal membrane attack complex
(MAC). Though most of the reported CRP-mediated
complement-activation is essentially limited to stage involv-
ing C1–C4 [73] some reports also suggested deposition of
MAC by CRP [40, 74]. Therefore, our results are consistent
with these reports revealing CRP-complement activation by
binding with erythrocyte-CRP.

Induction of glycosylation in CRP is possibly essential
for endorsing the lysis of damaged-erythrocytes. CRP
essentially favours the host and hence maintains homeostasis
in these diseases. In conclusion, our work provides experi-
mental evidences of the ability of disease-associated CRP to
trigger efficient complement-pathway suggesting one of the
alternative mechanisms for hemolysis causing anemia in TB
and VL.
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