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Abstract
Infection with Plasmodium falciparum during pregnancy results in the adherence of infected red
blood cells (IRBCs) in placenta, causing pregnancy-associated malaria with severe health
complications in mothers and fetuses. The chondroitin 4-sulfate (C4S) chains of very low-sulfated
chondroitin sulfate proteoglycans (CSPGs) in placenta mediate the IRBC adherence. While it is
known that partially sulfated but not fully sulfated C4S effectively binds IRBCs, structural
interactions involved remain unclear and are incompletely understood. In this study, structurally
defined C4S oligosaccharides of varying sulfate contents and sizes were evaluated for their ability
to inhibit the binding of IRBCs from different P. falciparum strains to CSPG purified from placenta.
The results clearly show that, with all parasite strains studied, dodecasaccharide is the minimal chain
length required for the efficient adherence of IRBCs to CSPG and two 4-sulfated disaccharides within
this minimal structural motif are sufficient for maximal binding. Together these data demonstrate
for the first time that the C4S structural requirement for IRBC adherence is parasite strain-
independent. We also show that the carboxyl group on nonreducing end glucuronic acid in
dodecasaccharide motif is important for IRBC binding. Thus, in oligosaccharides containing terminal
4,5-unsaturated glucuronic acid, the nonreducing end disaccharide moiety does not interact with
IRBCs due to the altered spatial orientation of carboxyl group. In such C4S oligosaccharides, 14 mer
but not 12 mer constitutes the minimal motif for inhibition of IRBC binding to placental CSPG. These
data have important implications for the development and evaluation of therapeutics and vaccine for
placental malaria.

In Plasmodium falciparum infected individuals, parasite-infected red blood cells (IRBCs)1
sequester in the microvascular capillaries of vital organs, including brain, liver, kidney, causing
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cerebral and other organ-related fatal malaria (1–3). Many studies have demonstrated that the
sequestration of IRBCs is mediated by cell adhesion molecules, such as CD36, ICAM-1,
VCAM-1, E-selectin and P-selectin, expressed on the endothelial surface (4–7). In pregnant
women, however, IRBCs selectively adhere in the placenta, causing a number of severe adverse
clinical conditions, including low birth weight, abortion, still birth, and maternal anemia and
death (8–11). IRBC adherence in the placenta is mediated by a low-sulfated CSPG present
abundantly in the intervillous space and at low levels on the syncytiotrophoblast surface (12–
14). The occurrence and distribution pattern of low-sulfated CSPGs in human placenta mirror
the pattern of IRBC adherence in P. falciparum infected placentas (14).

Previously, we and others have studied C4S-IRBC interactions involved in the adherence of
IRBCs in placenta (15–19). Although the presence of both 4-sulfated and non-sulfated
disaccharide moieties within the C4S binding motif is known to be critical for IRBC binding,
the minimum chain length and number of 4-sulfate groups required for IRBC binding still
remain unclear. Earlier studies have suggested that either a tetradecasaccharide/higher
oligosaccharide motif or a dodecasaccharide is required for IRBC binding (15–18). Recently,
it was reported that, var2-CSA PfEMP1, parasite protein suggested to mediate IRBC adherence
to C4S, binds to lipid-conjugated octasaccharides, and that decasaccharides could maximally
inhibit IRBC binding to placental tissues (20). Thus, it was suggested that an octa- and a
decasaccharide, respectively, are the minimal motifs involved in PfEMP1 binding and in
inhibition of IRBC adherence. Further, the level of sulfate group required for IRBC binding
was reported to vary with polymorphic PfEMP1 expressed by different parasite strains (20).
However, since the C4S chains of placental CSPG are very low sulfated with sulfate groups
located exclusively at the C-4 position of N-acetylgalactosamine, thus presenting similar
receptor structural features, it is likely that the C4S-IRBC structural interactions are conserved.
In this study, to gain further insight into C4S structural requirements for IRBC binding to
CSPG, we performed a detailed study using structurally defined oligosaccharides prepared
from three different methods, including those obtained by an enzymatic procedure, CSPG
purified from placenta, and parasites selected for high binding strength to placental CSPG. Our
data clearly demonstrate that, in all parasite strains studied, dodecasaccharide (12 mer) is the
minimum C4S chain length for IRBC binding to placental CSPG. The data also show that,
regardless of parasite strains, two 4-sulfated disaccharides within the 12 mer minimal motif is
sufficient for maximal inhibition of IRBC binding and that if C4S oligosaccharides contain
4,5-unsaturated GlcA at the nonreducing termini, 14 mer is the minimal chain length for
efficient interaction with IRBCs.

EXPERIMENTAL PROCEDURES
Materials

Proteus vulgaris chondroitinase ABC (120 units/mg) and Streptococcus dysgalactiae
hyaluronidase (0.5 units/vial), sturgeon notochord C4S (98% 4-sulfated, 1.5% 6-sulfated, and
0.5% non-sulfated disaccharides) were purchased from Seikagaku America (Falmouth, MA).
Bovine testicular hyaluronidase (400–1000 units/mg), bovine tracheal CSA (bCSA, 53% 4-
sulfated, 39% 6-sulfated and 8% non-sulfated disaccharides) and N,O-bis(trimethylsilyl)
acetamide were obtained from Sigma-Aldrich. DEAE-Sepharose and PD-10 columns were
from Amersham Pharmacia; Bio-Gel P-4 and Bio-Gel P-6 were from Bio-Rad; Polystyrene
Petri dishes (Falcon 1058) were from Becton-Dickinson Labware. Human term placentas were

1The abbreviations used are: IRBCs, infected red blood cells; PfEMP1, Plasmodium falciparum erythrocyte membrane protein 1; var,
variant; GAG, glycosaminoglycan; CS, chondroitin sulfate; PG, proteoglycan; CSPG, chondroitin sulfate proteoglycan; C4S, chondroitin
4-sulfate; bCSA, bovine tracheal chondroitin sulfate A; BSA, bovine serum albumin; PA, polyamine; GalNAc, N-acetylgalactosamine;
GlcA, glucuronic acid; 6 mer, 8 mer, 10 mer, 12 mer and 14 mers refer to C4S hexa-, octa- deca-, dodeca- and tetradecasaccharide,
respectively.
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obtained from the Maternity Section of the Hershey Medical Center Hospital, Hershey. Human
blood and serum for parasite culturing were obtained from the Blood Bank of the Hershey
Medical Center.

Purification of Low-sulfated CSPG from Human Placenta
The low-sulfated CSPG was purified from human term placentas as described earlier (12,13).

Preparation of C4S with Different 4-Sulfate Content
bCSA (1 g), a heterogeneous mixture of CS copolymers differing in 4- and 6-sulfate contents,
was regioselectively 6-O-desulfated as reported previously (17). Briefly, the pyridinium salt
of bCSA, prepared by chromatography on Dowex 50 W-X 8 (H+) followed by neutralization
with pyridine and lyophilization, was 6-O-desulfated using 40 ml of N,O-bis(trimethylsilyl)
acetamide in 200 ml of anhydrous pyridine (17). The partially sulfated C4S (500 mg) was
chromatographed on a DEAE-Sepharose column (2.5 X 17 cm) equilibrated with 50 mM
sodium acetate, 200 mM NaCl, pH 5.5. The bound C4S was eluted with a linear gradient of
0.2–1.0 M NaCl in the same buffer. Fractions (4.5 ml) were collected and aliquots analyzed
for uronic acid content by the carbazole method (21). The C4S-containing fractions were
pooled as indicated in Figure 2, dialyzed, and lyophilized.

Preparation of Oligosaccharides By Digestion of C4S with S. dysgalactiae Hyaluronidase
Partially sulfated C4S (~10 mg each), obtained from regioselective 6-O-desulfation of bCSA,
were treated with S. dysgalactiae hyaluronidase (200 milliunits) in 600 μl of 100 mM sodium
phosphate buffer, pH 6.2, containing 0.02% BSA at 37 ºC for 36 h (13,22). The enzyme digests
were heated in a boiling water bath for 5 min, centrifuged, and chromatographed on Bio-Gel
P-6 columns (1.5 X 70 cm) using 0.1 M acetic acid, 0.1 M pyridine, pH 5.5. Two-ml fractions
were collected and aliquots analyzed by polyacrylamide gel electrophoresis. Selected
oligosaccharide fractions were fractionated further on a 4.6 X 250 mm amine-bonded YMC-
Pack PA HPLC column (YMC, Kyoto, Japan) using Hitachi L-6200 HPLC (Hitachi, Tokyo,
Japan). The column was eluted with linear gradients of 0 to 1 M NaCl in water at a flow rate
of 0.5 ml/min for 90 min. The elution of oligosaccharides was monitored by recording
absorbance at 215 nm, and fractions of 0.5 ml were collected. The separated oligosaccharide
fractions were desalted using PD-10 columns and dried using Speed-Vac concentrator. The
oligosaccharides were analyzed by mass spectrometry to determine the chain length and level
of sulfation. The oligosaccharides were also analyzed for disaccharide composition, and
quantified by hexosamine analysis.

Preparation of CSA Oligosaccharides of Varying Sizes
Bovine CSA (10 mg), dissolved in 1 ml of 100 mM sodium acetate, 150 mM sodium chloride,
pH 5.0, was treated with testicular hyaluronidase (800 units) at 37 ºC for 3 h. The
oligosaccharides of varying sizes formed were fractionated on Bio-Gel P-6 column and
analyzed by gel electrophoresis as described (17).

Preparation of C4S Dodecasaccharides of Varying Sulfate Contents
C4S (250 mg) consisting of 75% 4-sulfated, 1% 6-sulfated and 24% non-sulfated disaccharides
(Fraction VII in Figure 2 and Table 1) was treated with testicular hyaluronidase (24 mg) in 5
ml of 100 mM sodium acetate, 150 mM sodium chloride, pH 5.0, at 37 ºC for 24 h. The digest
was chromatographed in four aliquots on calibrated Bio-Gel P-4 columns (1.8 X 110 cm) using
0.1 M acetic acid, 0.1 M pyridine, pH 5.5. Fractions (3 ml) were collected and aliquots analyzed
for uronic acid content (21). The fractions corresponding to 12 mers were pooled, dried, and
chromatographed on Amberlite IR-120 columns. The 12 mers were neutralized with pyridine,
lyophilized, and partially desulfated by solvolysis in 10% Me2SO as reported previously
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(17). The oligosaccharide mixture was fractionated by HPLC on a 4.6 X 250 mm amine-bonded
YMC-Pack PA-II (YMC, Kyoto, Japan) coupled to inline UV detector. The elution was at a
flow rate of 1 ml/min with a linear gradient of 0.1–1 M NaH2PO4 for 90 min and at 1 M
NaH2PO4 for 5 min. The oligosaccharide fractions were desalted on PD-10 columns and
analyzed by mass spectrometry. The composition was determined by HPLC analysis of
disaccharides formed by chondroitinase ABC digestion. The oligosaccharides were quantified
by hexosamine analysis.

Enzymatic Synthesis of C4S Dodecasaccharides with Different Sulfate Contents
The oligosaccharides were prepared by testicular hyaluronidase-catalyzed transglycosylation
involving transfer of C4S disaccharide to acceptor oligosaccharides as reported previously
(23–26). Briefly, pyridylaminated (PA) chondroitin oligosaccharides (See Table 2, 10–20
nmol) were incubated with 50–100 μg of C4S from Sturgeon notochord and 5–10 U of bovine
testicular hyaluronidase in 250 μl 100 mM TrisHCl, pH 7.0, at 37°C for 1 h. The reaction
mixture was heated on a boiling water bath for 3 min and chromatographed using Hitachi
L-6200 HPLC system with a fluorescence detector on a TSKgel Amide-80 (21.5 X 300 mm)
TOSOH column equilibrated with 0.1 M sodium acetate-acetic acid buffer, pH 4.0, acetonitrile
(20:80, v/v) at 40°C at a flow rate of 3 ml/min. After sample injection, the above solvent was
mixed linearly with 0.1 M sodium acetate-acetic acid buffer, pH 4.0, acetonitrile (50/50, v/v)
over a period of 330 min and the eluted oligosaccharides were detected by 320 nm excitation
and 400 nm emission. The oligosaccharides fractions were pooled, lyophilized, and quantified
by determining GalN content by Dionex HPLC after acid hydrolysis (see below).

Gel Electrophoresis
The oligosaccharide fractions (4–6 μg each/well) obtained from the Bio-Gel P-6 column
chromatography of S. dysgalactiae hyaluronidase digest of C4S or testicular hyaluronidase-
treated CSA were analyzed by electrophoresis on 10% polyacrylamide gels (15 X 16 cm) using
100 mM borate buffer, 2 mM EDTA, pH 8.3. The gels were stained with 0.03% Alcian blue
followed by ammoniacal silver (17).

Disaccharide Compositional Analysis of C4S Oligosaccharides
The oligosaccharides (5–10 μg) were digested with chondroitinase ABC (5 milliunits) and the
released unsaturated disaccharides were analyzed on a 4.6 X 250 mm amine-bonded silica
PA03 column (YMC Inc., Milford, MA) using Waters 600E HPLC system (Milford, MA) as
described previously (12,17).

Determination of GalNAc Contents in C4S Oligosaccharides
Aliquots of the purified oligosaccharide fractions (2–4 μg each) were hydrolyzed with 400 μl
of 3 M HCl at 100 ºC for 4 h. The hydrolysates were dried in a Speed-Vac and analyzed by
high-pH anion-exchange chromatography on a CarboPac PA1 column (4 X 250 mm) using
Dionex BioLC system equipped with pulsed amperometric detector (27). The column was
eluted with 20 mM sodium hydroxide and the GalN was quantified by determining the response
factor obtained by analyzing a standard solution of GalN.

Mass Spectrometry
The mass spectral analysis of C4S oligosaccharides was performed on API-100 LC/MS (single
quadruple; PE-Sciex, Thornhill, Ontario, Canada) using nitrogen as ionization gas source as
described earlier (28). The mass spectrometer was operated in the negative ion mode. The ion-
spray voltage was set at −3500 V, and the orifice voltage was −55 V. The samples were
introduced in 50% acetonitrile/0.05% formic acid. A JASCO amilic 100N micro HPLC syringe
pump was used to deliver the samples at a flow rate of 3 μl/min. The scanning was performed
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from m/z 300 to 1200 during the 1-min scan. The reconstruction of mass spectrogram was done
using AP1 100/300 SWV1.1.1 data processing system.

P. falciparum Parasites
The parasite strains used in this study were: FCR3, CS2, NF54 (all obtained from MR4, ATCC),
a 3D7 clone used in previous studies (13,17), and a placental isolate obtained as described
previously (29). The C4S-adherent parasites from laboratory strains were selected for high
binding strengths by several rounds of panning on plastic Petri dishes coated with CSPG
purified from human placenta. The adherent parasites were cultured using type O-positive
human red blood cells and human plasma at 3% hematocrit in RPMI 1640 medium. The
parasites were synchronized with 5% sorbitol as described previously (17). IRBCs at the early
trophozoite stage were used for the assays.

IRBC-CSPG Adhesion Inhibition Assays
The purified placental CSPG (0.2 μg/ml in PBS, pH 7.2) was coated onto plastic Petri dishes
as circular spots (0.2–0.4 cm diameter), incubated at 4°C overnight, and blocked with 1% BSA
at room temperature for 2 h. The spots were overlaid with a 2% suspension of cell pellet
(parasite culture with 20–30% parasitemia) in PBS, pH 7.2, pre-incubated for 30 min at room
temperature with the C4S oligosaccharides or C4S polymer at the indicated concentrations.
After 30 min at room temperature, the unbound cells were washed, and the bound cells fixed
with 2% glutaraldehyde, stained with Giemsa, and counted under light microscope (17).

Statistical Analysis
Oligosaccharide inhibitory data are plotted as mean values + standard error of means (SEM).
Analysis of results was performed by one-way ANOVA using Prism GraphPad 3.0. p values
of <0.05 were considered statistically significant.

RESULTS
C4S Chain Length Requirement for Binding of IRBCs from Different P. falciparum Strains to
Placental CSPG

Oligosaccharides obtained by partial depolymerization of bovine tracheal CSA have been
shown to inhibit IRBC binding to placental CSPG or to bovine tracheal CSA in a size-dependent
manner (17,18,20). To determine whether C4S chain length requirement for IRBC binding to
placental CSPG varies with different parasite strains, we prepared CSA oligosaccharides of
varying sizes and characterized by gel electrophoresis (17). The oligosaccharides were
evaluated for their ability to inhibit binding of IRBCs from four laboratory P. falciparum strains
and one placental parasite isolate to placental CSPG. With all parasites strains analyzed, only
12 mers and higher oligosaccharides could maximally inhibit IRBC binding and their inhibitory
capacity was similar to that of C4S polysaccharide containing 35% 4-sulfated disaccharide
moiety (Figure 1). In all cases, the extent of inhibition by deca- (10 mers), octa- (8 mers) and
hexasaccharides (6 mers) were significantly lower. These results suggest that the structural
elements of parasite adhesive protein(s) involved in IRBC binding to placental CSPG are
conserved and are independent of parasite strains.

Sulfate Group Requirement for IRBCs from different P. falciparum Stains Binding to Placental
CSPG

To conclusively determine the level of sulfation required for maximal interaction of IRBC
binding with placental CSPG, we prepared oligosaccharides containing different levels of
sulfate group by two different methods, structurally characterized the oligosaccharides, and
analyzed their inhibitory capacities. bCSA was 6-O-desulfated regioselectively and the product
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was fractioned on DEAE-Sepharose chromatography (Figure 2). The C4S fraction (Fraction
VII in Table 1) consisting of 75% 4-sulfated and 24% non-sulfated disaccharides was partially
depolymerized with testicular hyaluronidase and the oligosaccharide mixture thus obtained
was fractionated by size-exclusion chromatography using Bio-Gel P-4 (not shown). The
oligosaccharide fraction containing predominantly 12 mers was partially desulfated by
solvolysis to yield a mixture of 12 mers with varying contents of 4-sulfate groups (17). HPLC
fractionation of the oligosaccharide mixture furnished 12 mers containing one, two, three, four,
or five sulfated disaccharides. The size and sulfate content of the purified oligosaccharides
were determined by mass spectrometry (Figure 3; 28, 30, 31). Disaccharide compositional
analysis showed that the sulfate groups in the oligosaccharides are exclusively at C4 of GalNAc
residues. A fully 4-sulfated 12 mer was prepared by testicular hyaluronidase treatment of
sturgeon notochord C4S followed by gel filtration chromatography (17). The oligosaccharide
was further characterized by disaccharide compositional analysis and by gel electrophoresis
(17).

The 12 mers having different levels of 4-sulfated disaccharides were quantified based on
GalNAc content as determined by hexosamine compositional analysis. The ability of
oligosaccharides to inhibit adhesion of IRBCs from different parasite strains to placental CSPG
was evaluated. In all parasite strains analyzed, 12 mers having two 4-sulfate groups could
maximally inhibit IRBC binding to placental CSPG and, in each case, the inhibitory activity
was comparable to that of C4S polymer (Figure 4 and not shown). The inhibitory activity of
12 mers with three or four 4-sulfate groups was significantly lower than 12 mers with two 4-
sulfate groups. In contrast, 12 mers with one, five or six 4-sulfated disaccharide moiety were
less inhibitory. These data demonstrate that two sulfate groups within the minimal 12 mer motif
are sufficient for the maximal binding of IRBCs to CSPG. The results further indicate that at
least two disaccharide moieties of the C4S 12 mers should be non-sulfated for effective IRBC
binding, and that these structural requirements for maximal adhesion of IRBCs to CSPG are
strain independent.

To further evaluate the level of sulfate group requirement for IRBC adhesion, C4S 12 mers
with different sulfate contents were prepared by enzymatic synthesis using hyaluronidase-
catalyzed transglycosylation procedure developed by Takagaki and coworkers (23–26,28). The
approach involves transfer of C4S disaccharide moieties to acceptor oligosaccharides and
purification by HPLC (Figure 5). Thus, five oligosaccharides containing one to five sulfate
groups were prepared (Table 2), quantified by GalN content, and analyzed for their capacity
to inhibit IRBC binding to placental CSPG (Figure 6). In agreement with the above results, 12
mer containing two sulfate groups could efficiently inhibit IRBC binding to placental CSPG.
12 mers having 3 and 4 sulfate groups could also inhibit binding, but their activity was 10–
15% lower than 12 mer with two sulfate groups. The 12 mer with one or five sulfate groups
showed substantially lower inhibitory capacity as compared to that with two sulfate groups.
These results are consistent with those obtained from 12 mers prepared from testicular
hyaluronidase hydrolysis of C4S.

The Carboxyl Group of Nonreducing End Glucuronic Acid in C4S Oligosaccharides Interacts
With IRBCs

We previously showed that the carboxyl groups of C4S are critical for IRBC binding (32), but
could not assess the contribution of individual group because of the practical difficulty in
modifying specific carboxylic groups of C4S. However, in the present study, we aimed to
determine the contribution of nonreducing end carboxyl group by preparing oligosaccharides
with altered orientation of the terminal carboxyl group due to the introduction of double bond
on GlcA. To achieve this goal and to further evaluate the inhibitory capacities of low sulfated
C4S oligosaccharides, a C4S fraction consisting of 14% sulfated and 86% non-sulfated
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disaccharide moieties (Fractions III in Figure 2 and Table 1) was digested with S.
dysgalactiae hyaluronidase. This is an endo-β-N-acetylhexosaminyl lyase that can degrade
non-sulfated regions of C4S and produce oligosaccharides with 4,5-unsaturated GlcA residue
at the nonreducing end (22). Bio-Gel P-6 chromatography of the enzyme digest furnished, in
each case, mainly decasaccharides and higher oligosaccharides with ~30% 4-sulfate (fractions
22 to 29 in Figure S1 and Table S1 of the supporting information). The enzyme converted the
non-sulfated regions of C4S polymers into di- and tetrasaccharides (fractions 45 to 52). HPLC
of the selected Bio-Gel P-6 fractions yielded oligosaccharide fractions ranging in size from
dodecasaccharides to eicosasaccharides (Figure S2 of the supporting information). The
oligosaccharides were further characterized by mass spectrometry (Figure 7 and Table 3). The
fractions were designated as Δ-oligosaccharides to indicate the presence of 4,5-unsaturated
GlcA at the nonreducing end.

In efforts to determine the contribution of carboxyl groups for IRBC binding, we analyzed the
inhibitory activity of Δ-12 mers consisting of two 4-sulfated and four non-sulfated
disaccharides (fraction III-F29c in Table 3). The activity of Δ-12 mers was substantially lower
than that of 12 mer containing two 4-sulfated disaccharide moiety and unmodified GlcA at the
nonreducing end (Figure 8). However, the activity of the Δ-12 mers was comparable to that of
10 mers with unmodified GlcA at the nonreducing end. Further, the activity of Δ-14 mers was
comparable to that of C4S 12 mers with unmodified terminal GlcA. These data indicated that,
in the case of Δ-oligosaccharides, the nonreducing end disaccharide moieties essentially do
not interact with IRBCs and therefore, Δ-14 mers comprise the minimum C4S chain length
required for complete inhibition of IRBC binding to C4S.

Further Assessment of the Level of Sulfate Group Required for Optimal Binding of IRBCs to
Placental CSPG

To confirm that two sulfate groups are sufficient for the effective binding of IRBC to placental
CSPG, Δ-oligosaccharides ranging in size from tetradeca- to eicosasaccharides (Table 3)
having two, three, or four 4-sulfated disaccharides were tested for inhibition of IRBC binding
to CSPG. All oligosaccharides could efficiently inhibit IRBC binding and their inhibitory
capacities were similar to each other (Figure 9). Fraction (III-F27b) containing appreciable
amounts of non-sulfated and monosulfated oligosaccharides showed lower activity. Thus, these
results conclusively show that oligosaccharides with two 4-sulfate groups per 12 mer could
inhibit IRBC binding to CSPG as efficiently as that by C4S polysaccharide.

DISCUSSION
In this study, using chemically defined C4S oligosaccharides of varying sizes and sulfate
contents, we investigated whether P. falciparum IRBC binding to human placental CSPG is
structurally conserved among different parasite strains. The results show that C4S structural
requirements for IRBC binding are strain independent. Adherent parasites from several P.
falciparum strains and a placental isolate interacted maximally with C4S 12 mers and in all
cases 12 mers with two sulfate groups could maximally inhibit IRBC binding to placental
CSPG. Twelve mers with three or four 4-sulfated disaccharides could also effectively interact
with IRBCs from various parasite strains, but their inhibitory activity was found to be
significantly lower than that of 12 mers with 2 sulfate groups. In contrast, 12 mers containing
one, five or six 4-sulfated disaccharides interacted with IRBCs to substantially lesser extents.
Oligosaccharides obtained by three different procedures, including synthetic 12 mers of
varying sulfate contents prepared by enzymatic transglycosylation reaction, showed similar
inhibition pattern. Thus, our data conclusively demonstrate that dodecasaccharide is the
minimum chain length and two sulfate groups are sufficient for IRBC binding to C4S. The
C4S 12 mer containing two sulfated disaccharides can exist in 15 different isomeric forms.
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Further studies involving the synthesis of all possible 12 mer isomers having two sulfate groups
at C-4 of GalNAc and evaluation of their inhibitory activity should help in understanding the
precise structural interactions required for binding of parasite adhesive protein to C4S.

Our observation that the synthetic 12 mer containing two sulfate groups, one on each
consecutive disaccharide moiety from the nonreducing end, can efficiently inhibit IRBC
binding suggest that a sulfate groups close to the nonreducing end portion of C4S 12 mer motif
is critical for binding. This is further supported by the observation that 12 mer containing sulfate
group only on the nonreducing end disaccharide moiety also significantly inhibits IRBC
binding. Since in solution C4S assumes a left-handed, single stranded helical conformation
having three disaccharides per turn (33), a C4S 12 mer motif represents two turns of the helix.
Therefore, the requirement of 12 mer chain length for maximal inhibitory activity suggests the
involvement of a C4S conformational structure in IRBC binding to CSPG. It is possible that
specific structural features from each turn of the two helical motifs of 12 mer are recognized
in binding. Further, our results also show that the presence of two nonsulfated disaccharide
moieties is critical for optimal IRBC binding. Therefore, it appears that one or more C-4
hydroxyl group of specific GalNAc residue(s) within the dodecasaccharide motif interact with
IRBCs. Based on these observations, we predict that C4S 12 mer having a sulfate group on
C-4 of GalNAc proximal to the nonreducing end helical turn presents a critical sulfate group
and possibly a C-4 hydroxyl group in a conformationally favorable manner for interactions
with parasite adhesive protein(s), although another sulfate group and a C-4 hydroxyl group at
other locations within the 12 mer motif also likely interact.

Recently, it was reported that var2-CSA PfEMP1 binds to lipid-conjugated C4S 8 mers,
containing unsaturated nonreducing end GlcA, but 10 mers maximally inhibited IRBC binding
to placental tissue sections (20). Further, different parasite strains were reported to exhibit
varied requirement for C4S sulfate content. This was attributed to variation in the PfEMP1
binding characteristics because of gene polymorphism (20). In contrast, our study shows that
binding of IRBCs to CSPG is maximally inhibited by C4S 12 mer having two 4-sulfated
disaccharide moieties irrespective of parasite strains. Since, the minimal structural requirement
for effective inhibition does not vary with parasite strains, the binding domain(s) of parasite
PfEMP1 is conserved among different parasite isolates.

Although polymorphism is a general feature of P. falciparum var genes, recent studies
demonstrated that polymorphism in the var2-CSA PfEMP1 DBL3X, the domain that is
implicated in C4S binding, confines to smaller discrete variable regions within long stretches
of highly conserved regions (34–37). The PfEMP1 polymorphic regions could correspond to
surface exposed variable regions, which seems to be the target of host immune recognition
rather than involved in C4S binding. More recently, the crystal structure DBL3X-C4S
oligosaccharide complex showed that a conformational cluster of positively charged amino
acid residues in the subdomains 2 and 3 of DBL3X interacts with a sulfate group of C4S
oligosaccharides and this conformational motif has been suggested to be involved in C4S
binding (38,39). The basic amino acid residues of DBL3X that are suggested to interact with
the 4-sulfate group of C4S are present in the constant regions and are conserved in different
P. falciparum strains, including many placental isolates (34). Further, we cloned and sequenced
DBL3X from the parasite strains used in this study. Sequence alignment shows that all the key
basic amino acid residues suggested to be involved in C4S binding are conserved in these P.
falciparum strains (Figure S3 of the supporting information). The above data taken together
suggest that the structural interactions involved in binding of IRBCs to C4S are conserved and
PfEMP1 polymorphic regions do not alter IRBC binding specificity.

Another important finding of this study is that the nonreducing end disaccharide moiety of C4S
12 mers is involved in IRBC binding. This conclusion is supported by the observation that
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Δ-12 mers containing 4,5-unsaturated GlcA at the nonreducing end, obtained by the partial
depolymerization of C4S with S. dysgalactiae hyaluronidase lyase, show considerably lower
inhibitory activity as compared to 12 mers containing unmodified GlcA (17,18). Actually, the
activity of Δ-12 mers is similar to that of 10 mer with the terminal unmodified GlcA formed
by treatment of C4S with testicular hyaluronidase. Further, 10 mers with terminal unmodified
GlcA showed ~2-fold lower activity (based on IC50 value) compared to 12 mers, Δ-10 mers
were ~4-fold less inhibitory (Figure 8). Thus, the results of this study clearly show that, in the
case of Δ-oligosaccharides, nonreducing end disaccharide moiety does not interact with IRBCs,
and that only tetradecasaccharides and higher oligosaccharides show activity comparable to
that of the C4S polymer. This conclusion is consistent with the results of a previous study that
Δ-12 mers obtained by partial depolymerization of C4S with chondroitinase ABC exhibit
substantially lower inhibitory activity, whereas Δ-14 mers and higher Δ-oligosaccharides were
as effective as C4S polymers (15). We have previously shown that modification of the reducing
end GalNAc of C4S 12 mers by coupling bulky substituents at C1 does not affect the inhibitory
activity (32). Thus, the nonreducing end GlcA residue, but not the reducing end GalNAc moiety
of 12 mers, interacts with IRBCs.

Our data further demonstrate that the carboxyl group of terminal GlcA interacts with IRBCs.
Since the C-4 hydroxyl group of GlcA residues in C4S are involved in glycosidic bond
formation and because inhibitory activity of 12 mers containing unmodified GlcA are similar
to that of C4S polymer, it is obvious that the C-4 hydroxyl group of GlcA in C4S
oligosaccharides does not interact with IRBCs. Further, the fact that introduction of double
bond between C-4 and C-5 perturbs the chair conformation of GlcA indicates that the carboxyl
group of the nonreducing end disaccharide moiety and its spatial orientation are important for
IRBC adherence.

The results of this study that C4S structural requirements for IRBC binding to placental CSPG
is parasite strain-independent has important implications for the development and evaluation
of C4S dodecasaccharide-based therapeutics and/or vaccine for placental malaria. Further, our
results also have important implications for the development of C4S-oligosaccharide probes
for complete understanding of structural interactions involved in IRBC binding to C4S.
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FIGURE 1.
Inhibition of P. falciparum IRBC binding to placental CSPG by C4S oligosaccharides.
Inhibition was performed using 80, 40, 20, or 10 μg/ml solutions of oligosaccharides or
polysaccharide. The assays were performed two times each in duplicates. The extent of
inhibition by oligosaccharides is expressed as IRBC binding relative to that of control and
values are plotted as means + SEM. Shown is representative graph for the inhibitory activity
of oligosaccharides at 40 μg/ml concentration for all parasites. For placental isolate, inhibition
was also performed at 100 and 120 μg/ml oligosaccharide concentration; 12 mers and
polysaccharide completely inhibited IRBC binding only at 120 μg/ml. In the case of laboratory
strains, 80 μg/ml of 12 mers and of polysaccharide could fully inhibit binding (not shown). *,
p <0.01.
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FIGURE 2.
Fractionation of the partially sulfated C4Ss obtained by the regioselective 6-O-desulfation of
bCSA by DEAE-Sepharose chromatography. The disaccharide composition of the C4S
fractions is given in Table 1.
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FIGURE 3.
Mass Spectrometry of C4S dodecasaccharides obtained by the testicular hyaluronidase
treatment of C4S with 75% 4-sulfate followed by Bio-Gel P-4 chromatography Panels A–E,
respectively, represent mass spectrum of the dodecasaccharides containing 1, 2, 3, 4, or 5
sulfate groups. The identity of the peaks is also indicated in the spectra.
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FIGURE 4.
Inhibition of P. falciparum IRBC binding to placental CSPG by C4S dodecasaccharides
containing one to six 4-sulfate groups. Inhibition was performed with 80, 40, 20 or 10 μg/ml
solutions of dodecasaccharides of varying sulfate contents or polysaccharide. The assays were
performed two times each in duplicates. The extent of inhibition by oligosaccharides of varying
sulfate content is expressed as IRBC binding relative to that of the control. Values are plotted
as means + SEM. In the case of placental isolate, complete inhibition was observed at 120
μg/ml of 12 mer-2S and polysaccharide, whereas in laboratory strains, 80 μg/ml of 12 mer-2S
and of polysaccharide could fully inhibit binding (not shown). NS, not significant, *, p <0.01.
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FIGURE 5.
HPLC fractionation of C4S oligosaccharides prepared by testicular hyaluronidase-catalyzed
transglycosylation reaction. The structures of the 12 mers are shown in bold in Table 2.
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FIGURE 6.
Inhibition of P. falciparum IRBC binding to CSPG by dodecasaccharides prepared by
transglycosylation reaction. The C4S 12 mers containing different 4-sulfate content, prepared
by transglycosylation reaction followed by HPLC fractionation (see Figure 6 and Table 2),
were analyzed for inhibition of IRBC binding to the placental CSPG. The analysis was done
three times each in duplicate and the results are presented as mean + SEM. +, partially sulfated
C4S with 40% 4-sulfated and 60% nonsulfated disaccharides; ○, oligosaccharide
4S-0S-0S-0S-0S-0S-PA; ●, 4S-4S-0S-0S-0S-0S-PA;Δ, 4S-4S-4S-0S-0S-0S-PA;σ,
4S-4S-4S-4S-0S-0S-PA; ■, 4S-4S-4S-0S-4S-4S-PA; ▪, 4S-4S-4S-4S-4S-4S.
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FIGURE 7.
Mass spectral analysis of C4S Δ-oligosaccharide subfractions obtained by HPLC of S.
dysgalactiae hyaluronidase digestion products of C4S (see Figure S3 of the supporting
information). Panel A, B, C, D, and E, respectively, represent mass spectrum of subfractions
III-F25c, III-F26b, III-F26c, III-F28b, III-F28c, and III-F31b. The data is summarized in Table
2.
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FIGURE 8.
Inhibition of P. falciparum IRBC binding to CSPG by Δ-oligosaccharide fractions. Δ-
Oligosaccharide subfractions obtained by HPLC (Figure S2 of the supporting information) and
characterized by mass spectrometry (Table 2) were analyzed for inhibition of IRBC binding
to placental CSPG as outlined in Figure 1. Analysis was performed two times each in duplicates
and the results are presented as mean + SEM. λ, partially sulfated C4S containing 35% 4-
sulfated, 65% non-sulfated; ○, dodecasaccharide with unmodified GlcA at the nonreducing
end (12 mer-2S in Figure 3); σ,Δ-dodecasaccharide (III-F29c);Δ, decasaccharide with
unmodified GlcA at the nonreducing end (sample previously prepared from bovine tracheal
C4S, Ref. 17); ■, Δ-decasaccharides obtained by S. dysgalactiae hyaluronidase digestion of
C4S with 14% 4-sulfate followed by Bio-Gel P-6 chromatography.
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FIGURE 9.
Inhibition of P. falciparum IRBC binding to CSPG by C4S oligosaccharides containing
different ratio of sulfated and non-sulfated disaccharides. Inhibition with oligosaccharides (see
Figure 5 and Table 2)) was performed two times each in duplicate and the results are presented
as mean + SEM. ●, partially sulfated C4S containing 35% 4-sulfated, 65% non-sulfated
disaccharides; ○, oligosaccharide III-F26c; σ, oligosaccharide III-F27d; Δ, oligosaccharide III-
F28c; ▪, oligosaccharide III-F27b; ■, oligosaccharide III-F26b; x, fully 4-sulfated C4S
dodecasaccharide (12 mer-6S prepared by testicular hyaluronidase digestion of fully 4-sulfated
CS). Fractions III-F25c, III-F27c, III-F28b and IIIF28d outlined in Table 2 were also analyzed
and they exhibited maximum inhibitory activity (not shown). The inhibitory activity of 12 mer
with 2S is similar to that of the partially 4-sulafted C4S shown in closed circle.
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Table 1
Disaccharide composition of partially sulfated C4S fractionsa

Disaccharide composition

C4S fraction Δdi-4S Δdi-0S Δdi-6S

% mol proportionb

I 3 97 0

II 9 91 0

III 14 86 0

IV 26 74 0

V 35 65 0

VI 52 48 0

VII 75 24 1

VIII 86 9 5

a
The partially 4-sulfated C4S fractions obtained by DEAE-Sepharose chromatography (see Figure 2).

b
calculated from peak areas in the chromatogram assuming that molar extinction coefficients of non-sulfated, 4-sulfated and 6-sulfated disaccharides are

similar.
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Table 2
The C4S oligosaccharides synthesized by testicular hyaluronidase transglycosylation reaction

Donor Acceptor Productsa

C4S 0S-0S-0S-0S-0S-PA 4S-0S-0S-0S-0S-0S-PA

4S-4S-0S-0S-0S-0S-0S-PA

4S-4S-4S-0S-0S-0S-0S-0S-PA

4S-4S-4S-4S-0S-0S-0S-0S-0S-PA

C4S 0S-0S-0S-0S-PA 4S-0S-0S-0S-0S-PA

4S-4S-0S-0S-0S-0S-PA

4S-4S-4S-0S-0S-0S-0S-PA

4S-4S-4S-4S-0S-0S-0S-0S-PA

4S-4S-4S-4S-4S-0S-0S-0S-0S-PA

C4S 0S-0S-0S-PA 4S-0S-0S-0S-PA

4S-4S-0S-0S-0S-PA

4S-4S-4S-0S-0S-0S-PA

4S-4S-4S-4S-0S-0S-0S-PA

4S-4S-4S-4S-4S-0S-0S-0S-PA

C4S 4S-0S-0S-PA 4S-4S-0S-0S-PA

4S-4S-4S-0S-0S-PA

4S-4S-4S-4S-0S-0S-PA

4S-4S-4S-4S-4S-0S-0S-PA

C4S 0S-4S-4S-PA 4S-0S-4S-4S-PA

4S-4S-0S-4S-4S-PA

4S-4S-4S-0S-4S-4S-PA

4S-4S-4S-4S-0S-4S-4S-PA

4S-4S-4S-4S-4S-0S-4S-4S-PA

4S-4S-4S-4S-4S-4S-0S-4S-4S-PA

a
The oligosaccharides indicated in the bold are used for the inhibition analysis.
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Table 3
Compositions of C4S Δ-oligosaccharide subfractions determined by mass spectrometry

Mass

Δ-Oligosaccharide subfractiona Calculated Found Abundance (%) Structure assignment

III-F25c 3654.6 3655.4 16 Δ18-mer 3Sb

3734.6 3734.4 51 Δ18-mer 4S

4114.0 4114.6 33 Δ20-mer 4S

III-F26b 3195.2 3195.7 100 Δ16-mer 2S

III-F26c 3115.2 3115.4 10 Δ16-mer 1S

3195.2 3195.4 37 Δ16-mer 2S

3275.2 3275.4 53 Δ16-mer 3S

III-F27b 2815.8 2815.6 45 Δ14-mer 2S

3035.2 3036.0 12 Δ16-mer 0S

3115.2 3116.8 16 Δ16-mer 1S

3195.2 3196.2 27 Δ16-mer 2S

III-F27c 2815.8 2815.6 12 Δ14-mer 2S

2895.8 2895.8 26 Δ14-mer 3S

3115.2 3117.2 07 Δ16-mer 1S

3195.2 3195.2 19 Δ16-mer 2S

3275.2 3275.4 36 Δ16-mer 3S

III-F27d 3275.2 3275.0 14 Δ16-mer 3S

3355.2 3355.6 31 Δ16-mer 4S

3734.6 3734.8 55 Δ18-mer 4S

III-F28b 2815.8 2816.0 49 Δ14-mer 2S

2895.8 2896.4 20 Δ14-mer 3S

3115.2 3116.5 10 Δ16-mer 1S

3195.2 3196.2 10 Δ16-mer 2S

3275.2 3275.8 11 Δ16-mer 3S

III-F28c 2815.8 2815.6 19 Δ14-mer 2S

2895.8 2895.8 81 Δ14-mer 3S

III-F28d 2895.8 2895.6 13 Δ14-mer 3S

2975.8 2976.6 29 Δ14-mer 4S

3195.2 3195.6 21 Δ16-mer 2S

3355.2 3355.4 37 Δ16-mer 4S

III-F29c 2436.4 2435.8 100 Δ12-mer 2S

a
Subfractions from HPLC of Δ-oligosaccharide fractions obtained are presented in Table S1, and Figures S1 and S2 of the supporting information.

b
1S, 2S, 3S, and 4S in oligosaccharide length abbreviations refer to number of 4-sulfated disaccharide moiety in oligosaccharides; the remainder is non-

sulfated disaccharides.
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