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N-Deacetylase-N-sulfotransferase 1 (Ndst1) catalyzes the
initial modification of heparan sulfate and heparin during
their biosynthesis by removal of acetyl groups from subsets of
N-acetylglucosamine units and subsequent sulfation of the
resulting free amino groups. In this study, we used a phage dis-
play library to select peptides that interact with Ndst1, with
the aim of finding inhibitors of the enzyme. The phage library
consisted of cyclic random 10-mer peptides expressed in the
phage capsid protein plIIlL Selection was based on the ability of
engineered phage to bind to recombinant murine Ndst1
(mNdst1) and displacement with heparin. Peptides that were
enriched through multiple cycles of binding and disassociation
displayed two specific sequences, CRGWRGEKIGNC and
CNMQALSMPVTC. Both peptides inhibited mNdst1 activity
in vitro, however, by distinct mechanisms. The peptide CRG-
WRGEKIGNC presents a chemokine-like repeat motif (BXX,
where B represents a basic amino acid and X is a noncharged
amino acid) and binds to heparan sulfate, thus blocking
the binding of substrate to the enzyme. The peptide
NMQALSMPVT inhibits mNdst1 activity by direct interaction
with the enzyme near the active site. The discovery of inhibi-
tory peptides in this way suggests a method for developing
peptide inhibitors of heparan sulfate biosynthesis.

Heparan sulfate proteoglycans are found on the cell surface
and in the extracellular matrix where they influence a variety
of biological processes by interacting with physiologically im-
portant proteins, such as growth factors, chemokines and cy-
tokines, extracellular matrix proteins, enzymes, and enzyme
inhibitors (1, 2). Their activity is due in large part to the pat-
tern of sulfated sugar residues along the heparan sulfate
chains covalently bound to the core proteins of the proteogly-
cans. Heterogeneity arises during biosynthesis of the chains,
which is mediated by several families of glycosyltransferases

51 The on-line version of this article (available at http://www.jbc.org) con-
tains supplemental Table S1 and Fig. S1.
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and sulfotransferases (3, 4). The chains can be further pro-
cessed after reaching the plasma membrane by endo-6-sulfa-
tases and heparanase.

The first modification reaction is catalyzed by one or more
members of a family of bifunctional enzymes known as the
N-deacetylase-N-sulfotransferases (Ndsts).> Four mammalian
Ndsts have been identified with high sequence similarity (4).
The N-sulfotransferase activity has been assigned to the C-
terminal domain of Ndst1 (5-7), and a similar domain struc-
ture appears to be conserved in the other Ndsts (8, 9).
N-Sulfation of glucosamine residues is prerequisite for the
downstream modifications, which include C5 epimerization
and 2-O-sulfation of uronic acids and 6-O-sulfation and 3-O-
sulfation of the glucosamine units (3).

Much interest exists in finding ways to block the formation
of heparan sulfate as a way to explore the relationship of
heparan sulfate structure to its biological function. Toward
this end, a number of mutant cell lines and model organisms
with defects in heparan sulfate biosynthesis have been de-
scribed (10-12). Additionally, genistein and rhodamine B,
nonspecific inhibitors of heparan sulfate biosynthesis, and
B-p-xylosides, which act as metabolic decoys, have been ex-
ploited in cell culture and in animal models (13—16). Antago-
nists of heparan sulfate-protein interactions have also been
described (17). Specific biologically active inhibitors of the
glycosyltransferases and sulfotransferases have not yet been
described.

Phage display technology was first reported in 1985 (18). In
this technique, recombinant peptides are expressed as part of
the bacteriophage capsid protein pIII or pVIIL. Libraries of
random peptide sequences attached to the capsid proteins are
subsequently generated during the production of the bacteri-
ophage particles (19). The peptides expressed on the phage
capsid proteins have 10°~10"* permutations and can be se-
lected based on the specific binding to a target molecule. The
success of this methodology has been demonstrated by the
identification of peptides that interact with various proteins

2 The abbreviations used are: Ndst, N-deacetylase-N-sulfotransferase; mNdst,
murine Ndst; hNdst, human Ndst; PAPS, adenosine 3'-phosphate,5’-phos-
phosulfate; PAP, 3’-phosphoadenosine,5’-phosphate; MES, 4-morpho-
lineethanesulfonic acid; Hs3st1, glucosamine 3-O-sulfotransferase-1.
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(20-24), carbohydrates (25), cultured cells (26), as well as
peptides that home to specific tissues (27, 28).

In the present study, we used phage display technology to
select peptides capable of interacting with Ndst1. Two pep-
tides were identified that bound to purified recombinant en-
zyme and inhibited sulfotransferase activity, demonstrating
the utility of this approach for finding potential inhibitors of
heparan sulfate biosynthesis.

EXPERIMENTAL PROCEDURES

Cell Culture—Wild type CHO-K1 cells and the xylosyl-
transferase-deficient mutant (pgsA-745) (29) were grown at
37 °C under an atmosphere of 5% CO, and 100% relative hu-
midity in Ham’s F-12 growth medium (Invitrogen, Carlsbad,
CA), supplemented with 10% fetal bovine serum (Cultilab,
Campinas, Brazil), 100 pg/ml streptomycin sulfate, and 100
units/ml penicillin.

Recombinant Ndst1 and Ndst3—cDNAs for mouse Ndst1
(mNdst1; amino acids 42— 882) and human Ndst3 (hNdst3;
amino acids 48 —873) lacking their cytoplasmic and trans-
membrane domains were cloned in frame with the C-terminal
domain of protein A (8). Either wild type or pgsA745 cells
were transfected with the recombinant plasmids using Fu-
GENE 6 reagent (Roche Applied Science, Basel, Switzerland)
as indicated in the legends. The conditioned culture medium
was collected daily for 5 days, and mNdst1 and hNdst3 were
purified by stirring with IgG-Sepharose beads (10 ul/ml of
medium for 24 h at 4 °C). The beads were washed three times
with 50 mm phosphate buffer, pH 7.0. For kinetic experi-
ments, mNdst1 or hNdst3 was eluted from the IgG-Sepharose
beads using 0.03 M glycine, pH 3.0, and the sample was ad-
justed to pH 7.4 by the addition of a solution containing 0.5 Mm
HEPES, pH 9.0, 1% Triton X-100, 10 mm MgCl,, and 1 mm
MnCl,. All of the other assays were performed with enzyme
bound to IgG-Sepharose beads. Recombinant mHs3st-1 was a
generous gift from Dr. Jian Liu (University of North Carolina).

Endogenous Heparan Sulfate in mNdst1 Preparation—To
investigate whether endogenous heparan sulfate copurified
with mNdst1, recombinant protein was generated in wild type
cells cultured in the presence of 150 uCi of [**S]sulfate/ml of
growth medium. [**S]Glycosaminoglycans were identified by
agarose gel electrophoresis (30) and by enzymatic digestion
with chondroitinase ABC (Sigma) and heparitinases I and II
(31).

Phage Peptide Libraries and Selection—The screening li-
brary used in this study consisted of decamers bound by cys-
teine residues, CX;,C, where C and X represent cysteine and
other amino acid residues, respectively. The peptide phage
library was constructed as described previously (19). The li-
brary titer was ~10'? transforming units/ml.

Biopanning was performed by mixing 10° phage with IgG-
bound mNdst1 (5 ug) prepared from wild type CHO cells in a
solution composed of 3% bovine serum albumin in phos-
phate-buffered saline (137 mm NaCl, 15.2 mm Na,HPO,, 1.5
mm KH,PO,, 2.7 mm KCl, pH 7.5). After 1 h at room temper-
ature, the beads were sedimented by centrifugation and
washed 10 times with buffer. Bound bacteriophage were dis-
lodged with heparin (10 pg/ml, 30 min at room temperature)
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and used to infect K91kan Escherichia coli. After 1 h at room
temperature, the cells were diluted in 20 ml of Luria broth
medium and precipitated with 6% polyethylene glycol in the
presence of 0.32 M NaCl. The precipitated bacteriophage pool
was then used for the next round of biopanning. Five rounds
of biopanning were performed, and in each round an aliquot
of infected K91kan E. coli was grown on agar plates in the
presence of kanamycin (100 pg/ml) and tetracycline (20 ug/
ml). The plates were incubated for 18 h at 37 °C, and individ-
ual plaques were selected for DNA sequencing.

DNA Sequencing—DNA from the phage plaques was ampli-
fied by PCR (25 cycles of 95 °C for 20 s, 50 °C for 15 s, and
60 °C for 1 min) using primers that flanked the peptide inser-
tion sites (5'-GGTCTAGAATTCGCCCCAGCGGCCCC-3’
and 5'-AGGCTCGAGGATCCTCGGCCACGGGGC-3') and
submitted for sequencing.

Recombinant GST Peptides—cDNA sequences encoding
the peptides CNMQALSMPVTC and CRGWRGEKIGNC
were cloned into the vector pGEX-KG (GE Healthcare,
Waukesha, WI) between EcoRI and Xhol sites to generate
fusion peptides with GST. The recombinant GST peptides
were purified according to the manufacturer’s instructions,
and a final concentration of 20 um was used for enzymatic
assays.

Synthesis of Linear Peptides— An automated bench top solid
phase peptide synthesizer (PSSM 8 system; Shimadzu, Co-
lumbia, MD) was used for the synthesis of all the peptides
using the N-(9-fluorenyl)methoxycarbonyl (Fmoc) procedure.
After synthesis the peptides were purified by C18 reversed
phase HPLC chromatography, and their purity was confirmed
by mass spectrometry. The linear peptides were synthesized
without the flanking cysteine residues present in the phage
and GST constructs.

[?*S]PAPS—[**S]PAPS was prepared using yeast enzymes.
Approximately 100 g of frozen baker’s yeast was thawed in the
presence of 50 mm phosphate buffer and homogenized at
4. °C. The supernatant was collected after centrifugation
(6,760 X g for 20 min at 4 °C) and precipitated by slow addi-
tion of saturated ammonia sulfate with stirring (4 °C for 18 h).
The precipitated material was centrifuged as described above
and solubilized using 0.02 m Tris-HCI, pH 8.0. An aliquot of
0.3 ml of this enzyme preparation was incubated with 1 mCi
of carrier-free [**S] (IPEN, Sio Paulo, Brazil) in the presence
of 5 mm ATP, 10 mm MgCl,, and 40 mm KCl, in Tris-HCl
buffer (0.1 M, pH 8.5). The mixture was centrifuged (10,000 X
g 4°C, 10 min), and the supernatant was separated by prepar-
ative electrophoresis on Whatman 3MM paper in a buffer
composed of 0.01 M citrate phosphate and 0.01 m Tris acetate,
pH 6.5 (500 V, 90 min). Under these conditions PAPS sepa-
rates from inorganic sulfate and adenyl-5'-
phospho[**S]sulfate and PAP. The [**S]PAPS was eluted from
the paper, lyophilized, suspended in 0.02 , filtered, and
stored in Tris-HCI, pH 8.0, at —70 °C.

Enzymatic Assay of mNdst1, hNdst3, and mHs3st1—Sulfo-
transferase activity of mNdst1 was assayed for 1 h at 37 °C
with N-desulfoheparin as substrate (32) (0.5 um; apparent K,
of 13 + 2 um), carrier-free [**S]PAPS (10° cpm/reaction), 50
mwm HEPES buffer, pH 7.0, 1% Triton X-100, 10 mm MgClL,,
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and 1 mM MnCl, in a volume of 50 ul. The reaction was
stopped by the addition of 0.5 M EDTA (2 ul) and chondroitin
sulfate (2 mg) as carrier. The sample was applied to a 1-ml
column of DEAE-Sephacel (GE Healthcare, Waukesha, WI),
pre-equilibrated with 20 mm sodium acetate buffer, pH 6.0,
containing 0.2 M NaCl. Labeled chains were eluted using 20
mwm sodium acetate, pH 6.0, containing 1 m NaCl. *S counts
incorporated into N-desulfoheparin were quantified by scin-
tillation counting using Ultima Gold. Sulfotransferase activity
of Hs3st1 was assayed for 1 h at 37 °C with heparan sulfate
isolated from CHO culture medium in the presence of
[**S]PAPS (10°cpm/reaction) in 50 mm HEPES buffer, pH 7.0,
1% Triton X-100, 10 mm MgCl,, and 1 mm MnCl, at a final
volume of 50 ul. The reaction products were quantitated es-
sentially as described above.

The inhibitory activity of the peptides on sulfotransferase
activity in CHO cell homogenates was measured essentially as
described previously (33). CHO cells were grown to conflu-
ence in 10-cm culture dishes in Dulbecco’s modified Eagle’s
medium supplemented with 10% (v/v) fetal bovine serum, 50
units/ml penicillin, and 50 ug/ml streptomycin at 37 °C. Cell
layers were washed thrice with phosphate-buffered saline,
detached with a rubber policeman in 1 ml of ice-cold buffer
consisting of 10 mm Tris, pH 7.2, 2 mm CaCl,, 10 mm MgCl,,
150 mMm NacCl, 0.5% Triton X-100, 20% glycerol and a mixture
of protease inhibitors (5 um N-a-tosyl-L-lysine chloromethyl
ketone, 3 uM L-1-p-tosylamino-2-phenylethyl chloromethyl
ketone, 30 um phenylmethylsulfonyl fluoride, 3 um pepstatin),
and sonicated with three 1-s pulses. The standard reaction
mixture contained 2.5 uwmol of imidazole HCI, pH 6.8, 3.75 ug
of protamine chloride, 25 nmol of N-desulfoheparin (Neopa-
rin, San Leandro, CA), 50 pmol of [**S]PAPS, and 20 ug of
cell protein as described above in a final volume of 50 ul. The
reaction mixtures were incubated at 37 °C for 30 min, and the
reaction was stopped by immersing the reaction tubes in ice.
Radioactive heparan sulfate chains were purified using DEAE-
Sephacel columns as described above, and the *S counts in-
corporated into the sugar chains were quantified.

Enzymatic N-Deacetylase Assay—N-Acetyl glucosamine
N-deacetylase activity of recombinant mNdst1 was assayed as
described previously (8). In short, activity was measured using
[acetyl-*H]heparosan prepared from E. coli K5 capsular po-
lysaccharide (33, 34). The assay was performed in 50 mm
MES buffer, pH 6.5, containing 1% Triton X-100, 10 mm
MnCl,, and 1 X 10° cpm [*H]heparosan. The reaction was
stopped after 30 min at 37 °C by the addition of 0.5 volumes
0of 0.2 m HCI, 1 volume of 0.1 m acetic acid, and 1 volume of
water. [*H]Acetic acid was recovered by extracting the sample
three times with 1 volume of ethyl acetate. An aliquot of the
pooled extracts (0.5 ml) was analyzed by liquid scintillation
counting.

Peptide Competition Assays—Competition assays using the
peptides are described in the text and figure legends. The fol-
lowing equation was used to calculate the apparent K; values,

V /
Vo_ . 10
Vi Kiapp

(Eq. 1)
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where V is the velocity of the reaction without the inhibitor,
V; is the velocity in the presence of the inhibitor, and [I] is
molar inhibitor concentration. The plot of

)

versus [I] was used to calculate the K; ,,,, where the slope rep-
resents 1/K ...

Peptide Binding to Heparin-Sepharose—A heparin-Sepha-
rose column (2 ml; GE Healthcare) was prewashed with 10
mMm HEPES, pH 7.0. Selected peptides (20 um) were applied to
the column and eluted using 10 mm HEPES, pH 7.0, contain-
ing different NaCl concentrations (0.05—1.0 m). Ten bed vol-
umes were used in each step, and the elution profile was mon-
itored by the absorption of the peptide bond at 214 nm.

Competition Binding Assay—mNdst1 was purified from
wild type CHO cells radiolabeled with [**S]sulfate. A sample
of immobilized enzyme (20 ng/ml) was incubated for 1 h at
4 °C with different concentrations of peptide and 4 um PAPS
(Sigma). The beads were then washed six times by centrifuga-
tion with buffer containing 50 mm HEPES, pH 7.0, 0.1% Tri-
ton X-100, 10 mm MgCl,, and 1 mm MnCl,. The remaining
heparan sulfate associated with the enzyme was collected by
sedimenting the beads by centrifugation (3,000 X g for 1 min).
The sample was suspended in 10 ul of buffer containing car-
rier heparan sulfate (Sigma, St. Louis, MO) and subjected to
agarose gel electrophoresis using 0.05 M 1,3 diaminopropane
acetate buffer, pH 9.0. After electrophoresis heparan sulfate
was precipitated in the gel with 0.1% cetyltrimethyl ammo-
nium bromide (Sigma). The dried gel was stained with 0.1%
toluidine blue as described to visualize the heparan sulfate,
and the radioactive heparan sulfate was detected by autora-
diography (30).

Fluorescence Assays—Binding of peptides was measured by
determining the change in intrinsic fluorescence of trypto-
phan residues in recombinant mNdst1. mNdst1 was purified
from conditioned culture medium using IgG-Sepharose beads
as described above and removed from the beads by thrombin
cleavage at 22 °C for 2 h with 10 units of thrombin (GE
Healthcare)/20 ul of resin. Soluble mNdst1 was purified by
binding to PAP-agarose beads (Sigma). The beads were
washed twice with 50 mm phosphate buffer, and mNdst1 was
eluted using 100 ul of 0.5 M HEPES, pH 9.0, 1% Triton X-100,
10 mm MgCl,, and 1 mm MnCL,.

Intrinsic tryptophan fluorescence was monitored by mea-
suring the fluorescence emission (A,,,,) at 350 nm (5-nm slit)
after excitation at A, = 285 nm (5-nm slit) (Shimadzu RF-
5301-PC, Tokyo, Japan). Binding affinities of the peptides for
mNdst1 (20 ug/ml) were determined by measuring the
change in intrinsic fluorescence observed at increasing pep-
tide concentrations in 10 mm HEPES, pH 7.0, at 37 °C. Signal
from buffer alone was subtracted from the readings to elimi-
nate the background. The hyperbolic curves obtained could
be best fitted according to the equation,

(Eq.2)

AF = (AF,.. - [peptide])/(K, + [peptide]) (Eq.3)

where AF is the variation in emission intensity induced by
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FIGURE 1. Inhibition of mNdst1 sulfotransferase activity by phage selected peptides. mNdst1 produced in mutant pgsA-745 was assayed in the pres-
ence or absence of phage, GST chimeras, or synthetic peptides as indicated. A, inhibition by the peptides by two different concentrations of phage (trans-
forming units/ml). B, inhibition by 20 um of peptide-GST fusion. C and D, inhibition by synthetic linear peptides expressed as [(V/V;) — 1] versus different
concentrations of the peptides. The experiments were performed in triplicate at least three times. The error bars represent the standard deviation from the

mean.

bound peptide, AF, ., is the maximum of fluorescence varia-
tion at infinite peptide concentration, and K, is the apparent
dissociation constant of the peptide-mNdst1 complex. The
interaction of the peptide CRGWRGEKIGNC with heparan
sulfate was analyzed using intrinsic tryptophan florescence of
the single tryptophan residue in the peptide.

Molecular Modeling—Three-dimensional coordinates of
the binary complex of the N-sulfotransferase domain with
PAP were retrieved from the Protein Data Bank (35, 36) (Pro-
tein Data Bank code 1NST; resolution, 2.3 A). The peptides
were built using PRODRG2 (37). AutoDock4.0 was used as a
grid-based docking procedure (38, 39). To perform docking
experiments, the missing side chain atoms in the Nst1 were
added, PAP was removed, and the hydrogens and partial
charges were added to the peptide ligands and Nst1. For the
ligand, Gasteiger charges (40) were calculated using Autodock
tools. The enzyme model was also prepared with Autodock
Tools, deleting all water molecules, adding polar hydrogens,
and loading Kollman United Atoms charges (41). The Auto-
Grid settings with 76 X 64 X 68 grid size and a grid spacing of
0.462 A were used for preparing the grid. The genetic algo-
rithm with local search options as implemented in AutoDock
was used to dock the flexible peptide. For the “flexible” dock-
ing experiments, backbone (¢/1) and side chain torsions were
allowed to rotate a total of 32 torsions (42). The Lamarckian
genetic algorithm, with 2.5 X 10® energy evaluations (high)
and 200 generations with step sizes of 0.2 for translation and
5.0 for quaternion and torsion, respectively, was employed.
The best docked conformers with the lowest free energies
(—12 kcal/mol) conformations were taken for further analysis.
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Statistical Analysis—The average values = standard devia-
tion are provided for all of the experiments in which n = 3
replicates were analyzed, as indicated in the figure and table
legends. Significance was determined by single-tailed Stu-
dent’s ¢ test with significance taken as p < 0.05.

RESULTS

Biopanning Assay—A library of bacteriophage was con-
structed containing peptides fused to the plII coat protein,
which is expressed in five copies/bacteriophage. The library
was biopanned against a chimera of mNdst1 consisting of the
full-length protein minus the cytoplasmic tail and transmem-
brane domain fused to protein A. mNdst1l was immobilized
on IgG beads (“Experimental Procedures”), and heparin was
used to displace bound phage. In the third and subsequent
rounds of selection, phage containing two structurally distinct
peptides were greatly enriched, specifically CRG-
WRGEKIGNC and CNMQALSMPVTC. These two peptides
have distinctive amino acid sequence and vary in charge, sug-
gesting that the peptides might have unique binding
properties.

Peptide Inhibition of mNdst1 and hNdst3 Sulfotransferase
Activity—Sulfotransferase activity was determined in the
presence of bacteriophage containing the two identified pep-
tides at different phage titers (10* and 10® transforming units/
ml) (Fig. 1A4). Both peptides, presented as phages, reduced
sulfotransferase activity, with CNMQALSMPVTC somewhat
more potent at both concentrations tested. Both peptides also
inhibited Ndstl when presented as GST chimeras, with
CNMQALSMPVTC again exhibiting greater activity (Fig. 1B).
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FIGURE 2. Peptide-induced changes of intrinsic fluorescence of recombinant Ndst1. A, different concentrations of the peptide NMQALSMPVT were
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showed saturable behavior consistent with binding of the peptide to mNdst1. B, emission spectra were obtained for 20 um mNdst1 alone ([J) or in the pres-
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tryptophan fluorescence of mNdst1. The spectra were obtained for 20 um mNdst1 alone or in the presence of 20 um (A) or 400 um QTMVPASNLM (X), 20
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cate, and the error bars indicate the standard deviation from the mean (p < 0.05).

When displayed on the phage, the peptides assume a cyclic
conformation because of the disulfide bond formation (19).
Whether the peptides are cyclic when fused to GST is un-
known. However, the inhibitory activity appeared to be inde-
pendent of cyclization, because synthetic linear peptides lack-
ing the cysteine residues also inhibited sulfotransferase
activity (Fig. 1, C and D). Analysis of the inhibitory pattern
showed an apparent inhibition constant (K; ,,,) of 140 = 20 um
for NMQALSMPVT and 480 * 12 uM for RGWRGEKIGN. We
attempted unsuccessfully to inhibit N-sulfotransferase activity
in crude CHO cell extracts using linear peptides possibly
caused by rapid degradation of these molecules, as previously
discussed by others (43). However, the peptide-GST fusion
CNMQALSMPVTC inhibited sulfotransferase activity by 25
and 40% at 10 and 100 um, respectively.

In contrast to these findings, linear and peptide-GST fusion
forms of the peptides did not affect the activity of recombi-
nant murine Hs3st1 (33 pmol/min control versus 32 pmol/
min at 100 uMm of peptide CNMQALSMPVTC), even when
assayed at a higher concentrations (32 pmol/min at 1 mm).
Linear and cyclic peptides also had no effect on the
N-deacetylase activity of mNdst (409 cpm/min control versus
415 cpm/min at 100 um of peptide CNMQALSMPVTC).
Thus, the selected peptides selectively affect N-sulfotrans-
ferase activity under the conditions used to measure enzyme
activity in vitro and N-deacetylase activity. As shown below,
docking studies also indicate selective binding of one of the
peptides to Ndst1.
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Binding Studies—The direct interaction of the peptide
NMQALSMPVT with mNdst1 was assessed by measuring
changes in intrinsic tryptophan fluorescence, which reflects
conformational change. Increasing the concentration of pep-
tide resulted in a progressive change in fluorescence and
showed saturability with an apparent K, of 120 * 15 um (Fig.
2A). Interestingly, the estimated affinity of the peptide for the
mNdst1 was similar to the values of K; ,,, found for the inhi-
bition of sulfotransferase activity. Fig. 2B shows the changes
in the mNdst1 fluorescence emission spectra as a function of
peptide concentration. Notably, binding of peptide to the
enzyme promoted a red shift from 306 to 317 nm. The red
shift indicates that the buried tryptophan residues became
exposed to a more polar environment (44). Because Ndst1
contains numerous tryptophan residues, the change in fluo-
rescence could not be ascribed to specific residues. How-
ever, the data are consistent with a conformational change
induced by peptide binding that affects enzyme activity.
The synthetic scrambled peptides QTMVPASNLM and
SVNQATLPMM did not induce a change in intrinsic fluo-
rescence (Fig. 2C) or sulfotransferase activity (Fig. 34). In-
terestingly, the peptide CNMQALSMPVTC also inhibited
the N-sulfotransferase activity of recombinant human
Ndst3 (Fig. 3B), suggesting that it bound to a common de-
terminant in both enzymes.

The peptide RGWRGEKIGN contains three positively
charged amino acids, similar to the spacing of positively
charged residues in many heparin-binding proteins (45,
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46). Thus, the inhibitory activity of this peptide could be
related to its ability to bind to the heparin substrate as well
as the enzyme. Indeed, peptide RGWRGEKIGN bound to
heparin-Sepharose, whereas NMQALSMPVT did not (Fig.
4). Taking advantage of the presence of a tryptophan resi-
due in the RGWRGEKIGN sequence, we tested the interac-
tion of this peptide with heparan sulfate by monitoring its
fluorescence in mixtures. Increasing the concentration of
heparan sulfate induced changes in the fluorescence emis-
sion of the peptide and the fluorescence spectrum, consist-
ent with binding of the peptide to the heparan sulfate chain
(Fig. 5).

Based on these findings, we wondered whether selection of
this peptide in the biopanning experiments might have been
due to the presence of endogenous heparan sulfate bound to
the enzyme, which had been expressed and purified from
wild type CHO cells. To investigate this possibility, CHO cells
transfected with mNdst1 were incubated with [**S]sulfate.
The recombinant enzyme was purified from the conditioned
medium and then analyzed for [**S]glycosaminoglycans by
electrophoresis. The data in Fig. 6 show that [**S]glycosamino-
glycans copurified with mNdst1. The bound material was re-
sistant to chondroitinase ABC degradation and fully
degraded by heparitinases. Thus, the presence of heparan
sulfate in secreted mNdst1 suggested that the peptide
RGWRGEKIGN had been selected based on its ability to bind
heparan sulfate.

25001
20001

-4~ NMQALSMPVT
15001 -8-RGWRGEKIGN

10001

Abs (214 nm)

5001

0.00

0.25

0.50
NaCl (M)

FIGURE 4. Peptide affinity for heparin. Peptides were bound to heparin-
Sepharose and eluted using a gradient of sodium chloride (0-1 m NaCl).
RGWRGEKIGN bound to heparin-Sepharose, whereas NMQALSMPVT did not
bind and eluted in the flowthrough fraction (not shown).

0.75 1.00
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Molecular Docking—W e next examined the docking of pep-
tide NMQALSMPVT with mNdst1. Both heparan sulfate and
heparin were capable of preventing the increase of fluores-
cence induced by the peptide (Fig. 7A). Furthermore, incuba-
tion of mNdst1 containing [**S]heparan sulfate with
NMQALSMPVT displaced the bound chain (Fig. 7B). In con-
trast, the addition of the peptide RGWRGEKIGN was only
partially effective (Fig. 7B). These findings suggested that the
peptide NMQALSMPVT interacted with the binding site for
the acceptor substrate.

Molecular docking of both peptides was performed using
the crystal structure of the sulfotransferase domain (35), as-
suming that the minimum energy represents the best model
for the peptide-binding site. Both linear and cyclic
RGWRGEKIGN peptides did not present reasonable AG dock-
ing energies, consistent with the studies described above showing
that it most likely interacted with the heparan sulfate sub-
strate rather than the enzyme. In contrast, NMQALSMPVT
had a preferred docking site. A cavity formed between the
phosphate-sulfate binding loop and helix a6 defines the
PAP(S)-binding site, with a cleft perpendicular to the PAP(S)-
binding cavity, that can accommodate a hexasaccharide chain.
Helix a6 and the random coil between 82 and helix a2 consti-
tute the cleft near the 5'-phosphate of PAP and thus may be
part of the substrate-binding site. The optimal docking site
for the peptide NMQALSMPVT was in this domain, suggest-
ing that its inhibitory action was due to shielding of the hepa-
ran sulfate entry site and interactions with crucial residues at
the active site (Table 1). In this model, the serine and valine
residues from the peptide interact with the side chains of
Lys®**® and Tyr®*” from the random coil formed after an anti-
parallel B-sheet (86, B7, and 8) from Ndst1 (Fig. 84). These
protein residues are within hydrogen bonding distance to two
oxygen atoms of the 5'-phosphate and the oxygen atom of the
3’-phosphate, respectively (47). The valine residue from pep-
tide NMQALSMPVT form a 0.24-A hydrogen bond with the
Lys®?? residue, which is found in position to form a hydrogen
bond with the 5’-sulfuryl oxygen from PAPS or serve as a pro-
ton donor, neutralizing the negative charge of the sulfate
group (47). The carbonyl group of the asparagine residue in
peptide NMQALSMPVT forms a hydrogen bridge with
Lys®'*, a residue with confirmed catalytic importance (Fig.
8B) (7). The theoretical K, obtained for the binding of the

A 200 B s00
450
150 400
= 3350
LZ o 300
LC 100 S 250
- o
L £ 200
= 150
50,
100
50
o : y . : ; B
0 10 20 30 40 50 310 320 330 340 350 360 370 380 390 400
HS (uM) Wavelength (nm)

FIGURE 5. Peptide RGWRGEKIGN binds to heparan sulfate. A, different concentrations of heparan sulfate were added to RGWRGEKIGN, and fluorescence
emission of the single tryptophan residue in the peptide was measured. B, emission spectra of 0.5 um peptide RGWRGEKIGN alone (O) or with 20 um (H) or

40 puMm heparan sulfate (A).
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peptide NMQALSMPVT is 0.82 um at 25 °C based on the free
energy (AG = 2.303RT X logK))).

Possible binding and/or inhibition of other heparan sul-
fate sulfotransferases was analyzed by structural compari-
son between sulfotransferases, as well as blind docking
with the peptides. Because the transferase reaction requires
insulation from bulk water environment (48), solvent ac-
cessibility (49) and pocket size (50) were also calculated.
The docking energies for both Hs3stl and uronyl 2-O-sul-
fotransferase (Protein Data Bank codes 1T8T and 3F5F,
respectively) with the peptide NMQALSMPVT were infi-
nite, indicating no binding (supplemental Table S1). The
major difference found between Ndst1 and other glyco-
saminoglycan sulfotransferases was the solvent relative ac-
cessibility for the PAPS molecule. In addition, conserved
cleft volume and the proposed reaction mechanism were
observed for the phosphate-sulfate binding motif after
structural alignment of these sulfotransferases with NST
(supplemental Fig. S1).

FIGURE 6. Heparan sulfate binds to recombinant Ndst1. Wild type CHO
cells were transfected with mNdst1 and grown in medium containing
[35S]sulfate. Recombinant enzyme was purified from the conditioned me-
dium, and samples were analyzed for [**S]glycosaminoglycans by agarose
gel electrophoresis before and after degradation with chondroitinase ABC
(ChaseABC) and heparitinases | and Il (Hepase). The positions of standard
heparan sulfate (HS), dermatan sulfate (DS), and chondroitin sulfate (CS) are
shown.
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DISCUSSION

The present study demonstrates the success of phage dis-
play methodology for selecting specific peptides that inhibit
the sulfotransferase activity of recombinant N-deacetylase-N-
sulfotransferase-1. The inhibitory effect was confirmed using
cyclic peptides displayed on the bacteriophage capsid or re-
combinant peptides expressed as a GST chimeras or as linear
synthetic peptides. The data indicate that RGWRGEKIGN
inhibits sulfotransferase activity in a noncompetitive manner,
most likely by binding the potential substrate (heparan sulfate
or heparin), whereas NMQALSMPVT targets the active site
of mNdstl, acting as a competitive inhibitor with respect to
heparan sulfate. The binding site identified by molecular
modeling is similar to that in other Ndst isoforms, and
NMQALSMPVT also inhibited hNdst3, consistent with this
prediction. However, blind docking of NMQALSMPVT and
RGWRGEKIGN peptides against both O-sulfotransferases did
not suggest any interaction. This may be due to structural
differences between the Ndst and O-sulfotransferase catalytic
sites, where conserved residues and the PAPS-binding site
present distinct solvent accessibilities, despite their similar
pocket volumes at the active site. The selected peptides pre-
sented no inhibitory effect on Hs3st1, thereby confirming the
specificity of the selected peptides for Ndst. Moreover, the
selected peptides specifically inhibit the sulfotransferase activ-
ity of full-length Ndst, with no effect on the N-deacetylase
activity. These results together confirm the specificity of the
selected peptides for Ndst sulfotransferase.

The discovery that small cyclic peptides can be used to in-
hibit an enzyme involved in heparan sulfate biosynthesis
raises the possibility that similar sequences might exist natu-
rally in endogenous proteins. Screening various genome data-
bases with the peptide NMQALSMPVT sequence only exhib-
ited a significant resemblance to purine-binding proteins.
These proteins possess a nucleotide-binding domain, which is
known to be spatially similar to the PAPS-binding site in sul-
fotransferases (51, 52), but the relationship of these peptides
sequences to sulfotransferase activity is not known.

Much interest exists in the discovery of antagonists of gly-
cosaminoglycan function. Three classes of inhibitors have

B
10 20 50 100 200 400 10°
NMQALSMPVT
-
. . —— -
10 20 50 100 200 400 10°
RGWRGEKIGN

FIGURE 7. Peptide NMQALSMPVT blocks binding of heparan sulfate to mNdst1. A, emission spectra were obtained for 20 um mNdst1 mixed with 50 um
heparan sulfate (), 400 um NMQALSMPVT (4 ), 400 um NMQALSMPVT, and 50 um heparan sulfate (V) or 400 um NMQALSMPVT and 200 um heparan sul-
fate (H). B, mNdst1 (2 ug) produced in wild type cells radiolabeled with [**S]sulfate was mixed with the indicated concentrations of the peptides. The beads
were sedimented by centrifugation, washed, and analyzed by agarose gel electrophoresis. Peptide NMQALSMPVT displaced bound [**S]heparan sulfate

above 50 um, whereas peptide RGWRGEKIGN was only partially effective.
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been described: (i) antagonists of heparan sulfate that block
heparin-protein interactions (e.g. lactoferrin, protamine, sin-
gle chain antibodies, and surfen) (17, 53); (ii) agents that block
heparan sulfate metabolism (e.g. xylosides, rhodamine B, and
genistein) (13, 14, 16); and (iii) agents that block specific en-

TABLE 1

Predicted interactions of the NST-1-binding site residues with the
peptide NMQALSMPVT

NST domain Peptide contact Distance Angle
A

Ser®*°-HN Thr-OC 1.075 122.1

Lys®"*-NH Asn-OG 1.062 142.9

Lys®2-NH Val-CH 0.241 149.5

Thr®'*-HH Met-O 1.086 1325

Tyr**’-HH Ser-O 2.163 106.8

A

=2

G
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zymes in the pathway (54, 55). The peptides described in

this report fall into two of these inhibitor subclasses.
RGWRGEKIGN behaves as an antagonist by binding to heparan
sulfate and preventing its use as a substrate. In that regard,
RGWRGEKIGN behaves like the small molecule inhibitor
surfen, which was recently shown to block uronyl 2-O-sulfo-
transferase from sulfating 2-O-desulfated heparin. Whether
RGWRGEKIGN can block other protein interactions with
heparin or heparan sulfate is unknown. This peptide may
have similar properties to one described previously (CAR-
SKNKDC) that binds to heparan sulfate and heparin (56).
In contrast, NMQALSMPVT behaves like a true enzyme-
based inhibitor, interacting with a distinct domain of the
protein. Further modifications to the peptide sequence are

Y > \
FIGURE 8. Representation of the complex of NMQALSMPVT with the sulfotransferase domain (Nst1) of Ndst1. A, view of the minimum energy confor-
mation from docking, showing the ligand completely engulfed inside the protein with its side chains pointing into the large hydrated cavity. Dark blue,
NMQALSMPVT peptide; light blue, GIn®'3; green, Lys®'?; yellow, Arg®®; red, PAPS). B, stereo view of the catalytic domain from the complex between Nst1 and

the linear peptide, NMQALSMPVT. Lys®'# on the 5'-phosphate-sulfate binding loop is shown in green, and the asparagine residue from the NMQALSMPVT
peptide is shown in light blue.
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underway to enhance its inhibitory activity, as a segue to in
vivo studies.
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