
Enzymatic Modification of Heparan Sulfate on a Biochip
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A heparan sulfate glycosaminoglycan chain, biotin-
lated at its reducing-end, was bound to a strept-
vidin-coated biochip. Surface plasmon resonance
pectroscopy showed a low affinity interaction with
ntithrombin III (ATIII) when it was flowed over a
urface containing heparan sulfate. ATIII bound
ightly with high affinity when the same surface was
nzymatically modified to using 3-O-sulfotransferase
soform 1 (3-OST-1) in the presence of 3*-phospho-
denosine 5*-phosphosulfate (PAPS). The 3-OST-1 en-
yme is involved in heparan sulfate biosynthesis and
ntroduces a critical 3-O-sulfo group into this glycos-
minoglycan affording the appropriate pentasaccha-
ide sequence capable of high affinity binding to ATIII.
his experiment demonstrates the specific structural
odification of a glycosaminoglycan bound to a bio-

hip using a biosynthetic enzyme, suggesting a new
pproach to rapid screening glycosaminoglycan-pro-
ein interactions. © 2000 Academic Press

Antithrombin III (AT III) is a member of the serine
roteinase inhibitor (Serpin) superfamily and is the
rincipal inhibitor of thrombin and factor Xa, serine
roteinases involved in the blood coagulation cascade.
eparin, a polysaccharide based anticoagulant, works
y binding tightly to ATIII causing it to undergo a
onformational change exposing a reactive loop on
hich the serine proteinases can act (1). Action of

hrombin or factor Xa on this reactive loop in ATIII
esults in the formation of a 1:1 covalent complex in-
ctivating the serine proteinase. The rate of complex
ormation is dramatically enhanced through the inter-
ction of ATIII with glycosaminoglycans containing a
pecific pentasaccharide sequence (2). In addition to
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ulfate found on the endothelium also contains this
entasaccharide sequence (3).
Heparan sulfate (HS) is initially biosynthesized as a

opolymer of glucuronic acid and N-acetylated glu-
osamine by D-glucuronyl and N-acetyl-D-glucosami-
yltransferase (4), followed by various modifications.
hese modifications include C5-epimerization of glucu-
onic acid to form iduronic acid residue, 2-O-sulfation
f iduronic and glucuronic acid, N-deacetylation and
-sulfation of glucosamine as well as 6-O-sulfation and
-O-sulfation of glucosamine. Several enzymes that are
esponsible for the biosynthesis of heparan sulfate
ave been cloned (5–10). In addition, heparan sulfate
-deacetylase/N-sulfotransferase, 3-O-sulfotransferase
nd 6-O-sulfotransferase are present in multiple iso-
orms, each isoform is believed to recognize the saccha-
ide sequence around the modification site to generate
pecific sulfated saccharide sequences (11–15). HS
odified by 3-O-sulfotransferase isoform 1 (3-OST-1)

inds to antithrombin to contain anticoagulant activity
16), whereas the HS modified by 3-O-sulfotransferase
soform 3 (3-OST-3) binds to herpes simplex 1 envelope
lycoprotein D to serve as an entry receptor for herpes
implex virus 1 infection (17).
ATIII-binding HS (HSact) contains defined ATIII-

inding sites with the sequence of -GlcNS(or Ac)6S-
lcA-GlcNS3S(66S)-IdoA2S-GlcNS6S- (where GlcN is
lucosamine, IdoA is iduronic acid, GlcA is glucuronic
cid, S is sulfate and Ac is acetate) (15, 16). The 3-O-
ulfation of glucosamine to generate GlcNS3S(66S) is
critical modification that results in the formation of
Sact (20). 3-OST-1 (EC 2.8.2.23) is the critical enzyme

hat forms the ATIII binding site (10, 16). Using puri-
ed 3-OST-1 enzyme to study the synthesis of HSact in
itro, we had previously found that there were six
TIII-binding sites in a single HSact chain. These re-
ults suggest that the synthesis of HSact is a highly
rganized process and requires a specific biosynthetic



pathway (21). Besides the important role of 3-OST-1
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odification in increasing the binding of HS to ATIII, it
s worthwhile to note that ATIII-binding HS also binds
o fibroblast growth factor-2 receptor (22). However, it
emains to be determined whether fibroblast growth
actor-2 receptor and ATIII bind to identical saccharide
equences.
One of the most important considerations in under-

tanding heparan sulfate-related biological functions is
o link the saccharide structural specificity with a par-
icular biological process. We have been focusing our
ttention on developing a high-throughput approach to
creen the proteins that may bind to a heparan sulfate
ontaining a specific saccharide sequence. Surface
lasmon resonance (SPR) is a sensitive, real-time, op-
ical measurement of ligand binding at the surface of a
iosensor chip. This study uses SPR to examine ATIII
nteraction to a biochip containing HS and 3-OST-1

odified heparan sulfate (HSact). Differences in the
inding kinetics and dissociation constant of ATIII for
urfaces containing both HS and HSact are reported.

ATERIALS AND METHODS

Materials. Unlabeled 39-phosphoadenosine 59-phosphosulfate
PAPS), chondroitin sulfate C, Mops, Mes Chaps, Triton X-100, ADP-
garoses concanavalin A-Sepharose 4B and protamine chloride were
urchased from Sigma (St. Louis, MO). Human ATIII is from Cutter
iological (Berkeley, CA). Heparin-Toyopearl was from TosoHaas

Montgomeryville, PA). Peptidoglycan heparan sulfate was prepared
rom bovine kidney (23) following the procedure for preparing hepa-
an sulfate proteoglycan (24). Succinimidyl-6-(biotinamido) hexano-
to (NHS-LC-biotin) and BSA were from Pierce, (Rockford, IL). Di-
lysis tubing was from Spectrum Medical (Los Angeles, CA). SPR
easurements were performed on a BIAcore 2000 (Biacore, Uppsala,
weden) operated using the version software. SPR buffers and
treptavidin sensor chip were from Biacore.

Expression of 3-OST-1. Mouse 3-OST-1 in pcDNA3 (7) was di-
ested with XmaI and XhoI and cloned into an XmaI/XhoI cleaved
Bluescript vector (from Stratagene). The resultant construct was
igested with XhoI, and partially digested with BamH1. The frag-
ent was then cloned into BamH1/XhoI cleaved pMelBacA vector

from Invitrogen). The product and the anticipated reading frame of
he expression plasimid were confirmed by DNA sequencing analysis
Nucleic Acid/Protein Research Core Facility, Children’s Hospital of
hiladelphia). Recombinant virus containing mouse 3-OST-1 was
btained by using MaxBac 2.0 Baculovirus kit (from Invitrogen).
Expression of mouse 3-OST-1 enzyme was achieved by infecting

xponentially growing SF9 cells as described previously for the ex-
ression of 3-OST-3A (25). Briefly, fast growing SF9 cells (3 to 4 3
07 cells/T175 flask) were infected with 25 ml (2 to 4 3 107 plaque
orm units/ml) of recombinant viral stock solution. The cell medium
40 ml/T175 flask) was changed to serum-free medium (from Invitro-
en) 48 h after infection. The medium was harvested every 24 h for
days. The harvested medium was centrifuged at 1000g for 15 min,

nd Chaps was added to a final concentration of 0.6%. This solution
as frozen in liquid nitrogen and stored at 280°C for subsequent
urification.

Purification of 3-OST-1. Purification of 3-OST-1 from serum-free
edium was carried out on heparin-toyopearl gel and 39,59-ADP-

garose at 4°C. The harvested medium was mixed with Tris–HCl to
final concentration of 10 mM, adjusted pH to 8 with 1 N sodium

ydroxide. The solution was centrifuged at 3,000g for 15 min to
293
buffer containing 10 mM Tris, pH 8, and 2% glycerol. The diluted
edium (approximately 2 L) was loaded onto a heparin-toyopearl gel

1 3 10 cm, TosoHaas) at a flow rate of 4 ml/min. The column was
hen washed with 80 ml of a buffer containing 150 mM sodium
hloride, 10 mM Tris, and 0.6% Chaps, pH 8. The enzyme was eluted
ith 30 ml of a buffer containing 500 mM sodium chloride, 10 mM
ris, and 0.6% Chaps, pH 8. The eluate was dialyzed against a buffer
ontaining 25 mM Mops, 50 mM NaCl, 1% glycerol and 0.6% Chaps,
H 7 using a 12,000 to 14,000 MWCO dialysis membrane. The
ialyzed material was loaded onto a 39,59-ADP-agarose column (1 ml)
t a flow rate of 0.2 ml/min. The column was then washed with 10 ml
f a buffer containing 50 mM sodium chloride 25 mM Mops, 1%
lycerol, and 0.6% Chaps, pH 7. The enzyme was eluted from the
olumn by a linear gradient of sodium chloride from 50 mM to 1000
M in 60 min in a buffer containing 25 mM Mops, 1% glycerol, and

.6% Chaps, pH 7 at a flow rate of 0.2 ml/min.

Assay of 3-OST-1 activity. The procedures for determining the
ctivity of 3-OST-1 have been published previously (16). Briefly,
n a 50 ml-standard reaction mixture, it contains 100,000 cpm of
35S]HSinact (isolated from [35S]Na2SO4-metabolically labeled wild
ype CHO cells), 0.5 mM PAPS, 50 mM Mes, pH 7.0, 10 mM MnCl2,
mM MgCl2, 75 mg/ml protamine, 0.4 mg/ml chondroitin sulfate C,

.12 mg/ml bovine serum albumin, and 1% Triton X-100 (v/v). The
eaction was incubated at 37°C for 20 min, and deactivated by
eating to 80°C for 10 min, mixed with water (60 ml), and centrifuged
t 2000g for 10 min to remove insoluble matters. The supernatant
as added to 50 ml of 10 mM Tris–HCl, pH 7.5, 1 mM MnCl2, 1 mM
aCl2, 150 mM NaCl, 0.0004% Triton X-100 (v/v), 0.02% NaN3 (w/v)

ConA gel buffer) containing 0.1 mg/ml antithrombin and 60 mg/ml
extran sulfate. The reaction mixture was incubated at 24°C for 30
in, and 120 ml of the mixture was applied to a 200 ml-column of Con
-Sepharose 4B equilibrated with Con A gel buffer. The gel was

ncubated at 24°C for 15 min, washed with 2 ml of Con A gel buffer,
nd eluted with 750 ml of 1 M NaCl in Con A gel buffer. The eluate
as mixed with scintillation fluid to determine the amount of radio-
ctivity to calculated the percentage of [35S]HS bound to antithrom-
in/ConA gel. The percentage of HSact is linearly related to the
mount of 3-OST-1 activity in the reaction.

Biotinylation of peptidoglycan heparan sulfate. The N-succin-
midal ester of biotin was reacted with the free amino groups of the
eptide side-chain of peptidoglycan HS as follows. Peptidoglycan HS
10 mg, 0.71 mM) was dissolved in 1 ml of 50 mM sodium bicarbonate
t pH 8.3 and incubated with NHS-LC-biotin (2 mg, 4.3 mmol) dis-
olved in 10 ml of dimethylformamide at 4°C for 2 h. The reaction
ixture was exhaustively dialyzed (3500 MWCO) to remove unre-

cted biotin. Following dialysis, the biotinylated peptidoglycan HS
as freeze-dried and stored at 220°C.

Immobilization of biotinylated peptidoglycan heparan sulfate onto
iochip. A streptavidin sensor chip was pre-treated with 5 ml injec-
ions of 50 mM NaOH in 1 M NaCl, to remove any non-specifically
ound contaminants. The sensor chip contains four lanes, and each
an be modified differently. HS was bound to two of the four lanes.
iotinylated HS (5 ml 10 mg/ml) in HBS running buffer (10 mM
epes, 150 mM NaCl, 3.4 mM EDTA adjusted to pH 7.4, containing
.005% (v/v) Tween-20 surfactant) was flowed, (5 ml/min) over the
urface followed by a 10 ml injection of 2 M NaCl. The last two lanes
n the sensor chip that are not exposed to biotinylated HS serve as
ontrol lanes to determine the contribution of non-specific interac-
ion between streptavidin and ATIII. The surface of the biochip (all
anes) was cleaned by injecting 10 ml of running buffer containing

M NaCl.

Modification of biochip by 3-OST-1. The 3-OST-1 (1 ml, 70 ng)
as dissolved in a buffer containing 50 mM MES, 0.1 mg/ml bovine

erum albumin, 5 mM MgCl2, 10 mM MnCl2, 75 mg/ml protamine
hloride, 1% Triton X-100, and 0.5 mM PAPS, which was added just
efore making an injection on the HS surface. The above enzyme
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olution (15 ml) was then injected for four times into the first lane, at
flow of 1 ml/min and at a temperature of 28°C, to ensure the
aximum modification of HS on the biochip surface (modified HS).
fter each enzyme injection the surface was cleaned using a 10 ml

njection of running buffer containing 1 M NaCl. The enzymatic
eaction terminated and the modified HS surface in the first lane was
leaned with running buffer (HBS).

Kinetic measurement of ATIII interaction with unmodified and
-OST-1 modified heparan sulfate. A 15 ml injection of ATIII (at
oncentrations ranging from 0.18 to 1.08 mM) was made at a flow rate
f 5 ml/min to each of the four lanes in the sensor chip. After injection
f the sample, the same buffer (without added protein) was flowed
ast the sensor chip surface to allow dissociation. After a suitable
issociation phase the sensor surface was regenerated for the next
rotein sample by injecting 10 ml of 2 M NaCl. In each experiment
urface plasmon resonance in response units (RUs) was monitored as
function of time (sensogram) at 25°C. The data were fit to a simple
iomolecular reaction model using the BIA Evaluation software from
IACORE (The New version 3.0.2, 1999).

ESULTS

The chemistry used for immobilization of biotinyl-
ted HS on the streptavidin surface is shown in Fig. 1.
iotinylated HS was injected multiple times over a
ensor chip until a constant SPR response was ob-
erved. The immobilization of biotinylated HS was con-
rmed by the observation of a 330 RU increase in the
ensor chip (Fig. 2A). The biotinylated HS was stably
mmobilized on the sensor surface, as .90% of the
eactivity remained even after 10 regeneration steps
sing 2 M NaCl.
The modification of HS on the sensor surface was

arried out by injecting 3-OST-1 in buffer containing
APS (Fig. 1). After injecting the enzyme solution con-
aining PAPS a response of 5500 RU was observed

FIG. 1. A HS chain immobilized on the surface of a sensor chip
-O-sulfo group and the formation of an ATIII pentasaccharide bind
ach chain. SA, streptavidin; B, biotin; AA, amino acid; n 1 m, ;40
is treated with 3-OST-1 and PAPS resulting in the introduction of a
ing site. Minor structural variants are shown in square brackets below
.

294
FIG. 2. Sensograms showing the modification of the HS contain-
ng biochip. (A) Sensogram of the immobilization of biotinylated
eptidoglycan heparan sulfate onto a streptavidin containing bio-
hip. Two injections of HS are shown. (B) Sensogram of the injection
f 3-OST-1 and PAPS over the HS biochip. During this process a
-OST-1 catalyzed reaction between HS and PAPS results in the
ntroduction of a 3-O-sulfo group into the HS (Fig. 1). After the
njection of 3-OST-1 and PAPS the surface was cleaned up with a 5
l injection of 1 M NaCl.
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howing that 3-OST-1 interacts with the HS on the
urface of the chip (Fig. 2B). The bound 3-OST-1 and
esidual PAPS were removed from the surface by
ashing with NaCl and the signal returned to a base-

ine value (Fig. 2B).
Sensograms for the interaction of ATIII with

-OST-1 modified and unmodified HS are shown in
igs. 3A and 3B. ATIII showed a small non-specific

nteraction with the underlying streptavidin surface
not shown) so that the control lanes were used to
ubtract the contribution of this interaction. The initial
art (0–20 s) of these sensogram curves represents a
uffer flowing past the sensor surface. The second and
ising part of the curves (22–60 s) corresponds to the
esponse of the sensor surface following the injection of
TIII. The final portion of the curves (195–210 s) cor-

esponds to the dissociation of bound ATIII as the
uffer flows past the sensor surface again. The Rmax

alues, reflecting the maximum amount of bound
TIII, increased from 70 to 100 RU (at 1.08 mM con-
entration) following 3-OST-1 modification of the HS

FIG. 3. Sensograms showing the interaction of ATIII with the
nmodified HS surface (A) and with the 3-OST-1 modified HS sur-
ace (B).
295
n the biosensor surface, demonstrating that the intro-
uction of a 3-O-sulfo group into HS, increased the
mount of surface bound ATIII.
The ATIII binding curves for the unmodified and

-OST-1 modified HS were fitted to an A 1 B 5 AB
odel and analyzed by linear transformation. A plot of

s versus ATIII concentration from the association
hase (Figs. 4A and 4B) yielded the association rate
onstants (k on) for unmodified and 3-OST-1 modified
S (Table 1). The dissociation rate constants (k off) were

FIG. 4. A plot of the observed association rate, k s, as a function
f the concentration of injected ATIII is shown for: the unmodified
S surface (A) and with the 3-OST-1 modified HS surface (B). The

lope of these plots gives k on (Table 1).

TABLE 1

SPR Data for Interaction of ATIII with Biochips
Containing Unmodified and 3-OST-1 Modified HS

Heparan sulfate k on (M21s21) k off (s21) K d (nM)

nmodified 1.7 3 104 2 3 1023 118
-OST-1 modified 2.7 3 104 3 3 1024 11
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hase of the sensograms (Figs. 4A and 4B, Table 1).
he binding of AT-III to modified HS is characterized
he dissociation constants K d, where K d 5 k off/k on. Mod-
fication of HS by 3-OST-1 increased its binding affinity
K d) for ATIII by 11-fold.

ISCUSSION

Biological chips (biochips), such as those used in
icroarrays for oligonucleotide-chip technology in

unctional genomics (26, 27) and sensor chips used for
creening hybridomas or phage display libraries (28,
9), represent important tools for modern biochemistry
nd clinical chemistry. Biochips have been used pri-
arily to study oligonucleotide–oligonucleotide, oligo-
ucleotide–protein, and protein–protein interactions.
here are few examples of biochip technology being
pplied to the study of carbohydrate-protein interac-
ions. The highly specific interaction between ATIII
nd a specific pentasaccharide sequence was selected
or this study. A carbohydrate biochip was prepared
nd modified enzymatically to examine a carbohy-
rate-protein interaction.
The biochip in SPR is divided into discrete lanes,

orresponding to a microarray, solutions of binding
artners are passed over the biosensor surface and
nteractions are measured. HS was immobilized to two
anes of the biosensor chip through the very strong,
on-covalent biotin-streptavidin interaction (30). This
ttachment was through the reducing-end of the gly-
osaminoglycan chain, resembling its natural attach-
ent in a proteoglycan (30) and optimally exposing the

lycosaminoglycan chain to the solution phase contain-
ng its protein-binding partner (31). One limitation of
treptavidin chips is the non-specific interactions be-
ween streptavidin and many proteins, which must be
ompensated for through the use of control lanes, as
one in the current study. ATIII showed some interac-
ion with unmodified HS (Table 1). This interaction
as expected, as HS is known to have a nonspecific
lectrostatic interaction with ATIII, known as low af-
nity binding (32). Furthermore, the HS peptidoglycan
sed in these experiments contained a small number
.3% of the chains bound an ATIII affinity column) of
hains containing ATIII binding sites (HSact) that
ould be expected to demonstrate high affinity bind-

ng. Next, 3-OST-1 in the presence of PAPS was used to
odify the immobilized HS to form HSact. While this
odification resulted in only a slight increase in the

on, it significantly decreased k off, resulting in an 11-
old decrease in K d affording a value comparable to
hat measured by other methods (33). The conforma-
ional change in ATIII, which takes place after binding
o HSact (1) may strengthen this interaction. This effect
ay explain the significant decrease in k off observed on

-OST-1 modification of HS.
296
S containing biochip suggests that other recently iso-
ated enzymes, involved in glycosaminoglycan biosyn-
hesis (4–16) might be similarly used to prepare HS
hains containing very specific structural modifica-
ions. This approach opens the possibility of preparing
lycosaminoglycan biochips containing structural mi-
roarrays for the screening of glycosaminoglycan-
inding proteins. Such screening methods might be
seful for biochemists investigating the specificity of
uch interactions and clinical chemists interested in
sing changes in heparin binding proteins for diagnos-
ic applications.
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