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Pharmaceutical heparin’s activity arises from a key high affinity and high selectivity antithrombin bind-
ing motif, which forms the basis for its use as an anticoagulant. The current problems with the supply of
pig heparin raises the emphasis of understanding heparin biosynthesis so as to control and advance
recombinantly expressed agent that could bypass the need for animals. Unfortunately, much remains
to be understood about the generation of the antithrombin-binding motif by the key enzyme involved
in its biosynthesis, 3-O-sulfotransferase-1 (30ST-1). In this work, we present a novel computational
approach to understand recognition of oligosaccharide sequences by 30ST-1. Application of combinato-
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rial virtual library screening (CVLS) algorithm on hundreds of tetrasaccharide and hexasaccharide
sequences shows that 30ST-1 belongs to the growing number of proteins that recognize glycosaminogly-
cans with very high selectivity. It prefers very well defined pentasaccharide sequences carrying distinct
groups in each of the five residues to generate the antithrombin binding motif. CVLS also identifies key
residues including His271, Arg72, Arg197 and Lys173, which interact with 6-sulfate, 5-COO, 2-/6-
sulfates and 2-sulfate at the —2, —1, +2, and +1 positions of the precursor pentasaccharide, respectively.
Additionally, uncharged residues, especially GIn163 and Asn167, were also identified as playing impor-
tant roles in recognition. Overall, the success of CVLS in predicting 30ST-1 recognition characteristics that
help engineer selectivity lead to the expectation that recombinant enzymes could be designed to help

resolve the current problems in the supply of anticoagulant heparin.
© 2020 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Glycosaminoglycans (GAGs) are linear polysaccharide chains
composed of repeating disaccharide units, which can be used to
define the superfamily into heparin/heparan sulfate (Hp/HS), chon-
droitin sulfate (CS), dermatan sulfate (DS), keratan sulfate (KS) and
hyaluronan [1]. GAGs interact with a large number of diverse pro-

* Dedicate this article to the memory of Professor Robert D. Rosenberg.

* Corresponding authors at: Department of Medicinal Chemistry and Institute for
Structural Biology, Drug Discovery and Development, Virginia Commonwealth
University, Richmond, VA, United States (U.R. Desai). Departments of Biology,
Bioengineering & Medicinal Chemistry and Interdepartmental Program in Neuro-
sciences, University of Utah, Salt Lake City, UT 84112, USA (B. Kuberan).

E-mail addresses: kuby.balagurunathan@utah.edu (B. Kuberan), urdesai@vcu.
edu (U.R. Desai).

! Both authors contributed equally to this work.

https://doi.org/10.1016/j.csbj.2020.03.008

teins, such as proteases and protease inhibitors, growth factors and
growth factor receptors, chemokines and chemokine receptors, and
extracellular matrix proteins [2-4]. These interactions position
GAGs as key players in the regulation of many processes, such as
coagulation, angiogenesis, cell proliferation, viral invasion, etc
[2-4].

Heparin is a lifesaving drug that has been in use as a blood thin-
ner for most of the past century [5,6]. Its anticoagulant activity
arises from the presence of a key five residue sequence, which
binds to antithrombin (AT) with high affinity and high selectivity
resulting in a large increase in the rate of inactivation of coagula-
tion proteases, especially thrombin and factor Xa [6]. This five resi-
due sequence is called the antithrombin binding pentasaccharide
and contains three glucosamine residues and two uronic acids car-
rying several key structural components, including the 6-0- sulfate
on the non-reducing end glucosamine, the glucuronic acid (GlcA)
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Fig. 1. The antithrombin-binding motif (ABM) in heparin/heparan sulfate (Hp/HS)
is introduced by 3-O-sulfotransferase isoform 1 (30ST-1; also called HS3ST-1) when
it acts on the precursor sequence to convert the 3-OH group of central GIcN residue
(red) to the 3-O-sulfate group (OSO3 ). In this work, the precursor sequence residues
are labeled as -2, —1, 0, +1, +2 residues (red labels), where the site of 3-O-sulfation
by 30ST-1, identified as the Oth residue, is the centerpiece of biosynthetic
modification. X can be SO3 or COCH; and Y can be H or SO3. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

residue, the N- and 3-0O-sulfates on central glucosamine, the iduro-
nic acid (IdoA) residue and the N-sulfate (GIcNS) on the glu-
cosamine at the reducing end (Fig. 1).

The biosynthetic machinery of Hp/HS generates various types of
3-O-sulfated sequences with the aid of seven major 3-0-
sulfotransferase enzymes (30ST-1, 2, 3a, 3b, 4, 5, and 6) [7]. Of these,
30ST-1 is known to be fairly selective for generating the five-residue
antithrombin-binding motif (ABM, Fig. 1). 30ST isoforms 2, 3a, 3b,
and 6 are known to generate glycoprotein D-binding motifs (gDBM),
whereas 30ST-5 generates both ABM and gDBM. The two groups of
30STs, i.e., the ABM and gDBM generating enzymes, display three-
dimensional similarity of the overall catalytic site but present impor-
tant differences in the placement of several residues [7].

Much work has been undertaken in understanding the sub-
strate and binding specificity of 30ST-1, given its importance in
the generation of pharmaceutical Hp [8-10]. A number of 30ST-1
residues, including Arg67, Arg72, Lys123, Asnl163, Asnl67,
His168, Lys171, Lys173, Arg197, Thr256, His271, Ser273, Lys274
and Trp283, have been implicated as important for recognition of
the oligosaccharide substrate. From the perspective of the oligosac-
charide sequences recognized by 30ST-1, a seminal study shows
strong preference of GlcA residue at position —1 [10]. Generally,
it has been assumed that 30ST-1 prefers GIcNAc6S residue at the
—2 position and GIcNS6S at the +2 position based on crystal struc-
ture studies [8]. However, rigorous studies using a fairly large
library of oligosaccharides sequences of varying lengths have not
been undertaken. Considering the dearth in the availability of such
a diverse library of sequences, comprehensive studies are needed
to rigorously test the assumption of selectivity and disprove the
possibility of elements of promiscuity, if any [7].

Theoretically, nature can generate 15,552 pentasaccharide
sequences from 12 possible GIcN and 3 uronic acid (UA) residues.
Of these, 16 possible sequences are the ‘motifs’ that can bind
antithrombin with high affinity and high selectivity. This approxi-
mates to a maximal theoretical proportion of one ABM for every
1000 possible pentasaccharides assuming that the 3-O-sulfation
reaction was fully random. However, natural preparations of phar-
maceutical Hp show a much higher proportion of the ABM. It is

estimated that one in three commercial unfractionated Hp chains
carry this sequence, which approximates to 1 in 30 pentasaccha-
ride sequences” considering that the average chain of Hp could be
thought of as 10 pentasaccharide units long.

This raises interesting questions. How does a template-less pro-
cess generate higher level of ABM? Is it driven by one or more
enzymes? If so, what are the key elements of the recognition pro-
cess that engineers this selectivity? How are less optimal
sequences filtered out? What is the optimal length of the precursor
sequence that confers selectivity in generation of the ABM? Is it the
pentasaccharide precursor? Understanding recognition of precur-
sor sequences by biosynthetic enzymes could lead to rational mod-
ification of biosynthetic pathway for cellular expression of Hp/HS.
The current problems revolving around the supply of Hp from pigs,
which is highly susceptible to infection and disease in these ani-
mals, could be averted if bacterial Hp could be expressed to have
defined levels of ABM. This would bypass the need for pigs as fac-
tories for world’s supply of pharmaceutical Hp.

In this work, we present a novel computational approach to
understand recognition of oligosaccharide sequences by isoform
1 of 3-O-sulfotransferase (30ST-1; now renamed as HS3ST-1), the
key enzyme that generates the ABM in Hp/HS. We utilize combina-
torial virtual library screening (CVLS) algorithm, developed in our
lab in the mid-2000s [11,12] and demonstrated to identify GAG
sequences that bind to target proteins with high affinity and high
selectivity [13]. We apply this technology to understand substrate
specificity of 30ST-1, which offers key insights into how nature
engineers higher level of expression of ABM, despite a massive pos-
sibility of indiscriminate generation of sequences. We find that
30ST-1 is an enzyme that recognizes the precursor sequence and
its few variants with high selectivity (Fig. 1). Based on this work,
we infer that a recombinant biosynthetic process that generates
this five residue precursor sequence in larger proportion is likely
to yield recombinant heparins with higher proportions of ABMs.

2. Experimental methods
2.1. Protein modeling

The crystal structure coordinates of 30ST-1 were extracted
from the 30ST-1-HS heptasaccharide complex (PDB ID: 3UAN)
[8]. The 30ST-1 protein from the co-complex was extracted;
hydrogens added; side chain amides checked for any steric clashes;
protonation states of acidic and basic groups assigned; and the pro-
tein minimized with fixed heavy-atom coordinates using the Tri-
pos force field for a maximum of 10,000 iterations subject to a
termination gradient of 0.05 kcal/(mol-A), a fixed dielectric con-
stant of 80, and a non-bonded cutoff radius of 8 A in SYBYLX 2.1
(Tripos Associates, St. Louis, MO). 3’-phosphoadenosine-5’-phos
phosulfate (PAPS) is an obligatory co-factor in the 3-O-sulfation
reaction and hence 30ST-1 was prepared in both PAPS bound
and unbound forms. Oligosaccharide docking and screening exper-
iments (see below) showed no variation in results with either
forms (not shown). Hence, the PAPS free form of 30ST-1 was used
for all experiments described in this work.

2.2. Native saccharide modeling

The coordinates for HS oligosaccharide from 30ST-1-
heptasaccharide co-complex (PDB ID: 3UAN) were extracted using

2 Commercial unfractionated heparin is known to have an average molecular
weight in the range of 12,000 - 18,000 Da and the pentasaccharide is about 1,800 Da,
approximately 10 pentasaccharide units are likely to be present in an average chain.
Because one in three heparin chains carry the high-affinity pentasaccharide sequence,
effectively one such sequence is present every 30 pentasaccharide units.
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SYBYLX 2.1, then hydrogen atoms added, atom types fixed, ring
conformations evaluated, inter-glycosidic torsion angles calcu-
lated, charges assigned and then the oligosaccharide was energy
minimized using Gasteiger-Hiickel charges for a maximum of
100,000 iterations. Note that the summation of Gasteiger-Hiickel
partial charges for atoms in a charged moiety, e.g., the sulfate
group, equals the naked charge of the moiety. This optimized
structure was used for re-docking of the protein-GAG complex
using GOLD V. 5.2 [14].

2.3. Virtual library generation

Two libraries of tetrasaccharide and one library of hexasaccha-
ride topologies were constructed using naturally occurring saccha-
ride residues including GIcNS, GIcNS6S, GIcNAc, GIcNACc6S, 1doA,
IdoA2S and GlcA. For tetrasaccharide sequences, the non-
reducing end (NRE) residue was either a GlcN or a UA (Fig. 2). Since
IdoA exists in multiple conformations, of which the chair ('C4) and
skew-boat forms (*Sp) dominate at room temperature in aqueous
solution [15], IdoA and IdoA2S were modeled in silico in both forms
[13,15] As observed in aqueous solution, both GIcA and GIcN resi-
dues were modelled in “C; chair forms. Thus, a total of 400
tetrasaccharide topologies were built for Glenge- (Fig. 2A) and
UAnge- (Fig. 2B) libraries each from the possible 4 GIcN and 3 UA
residues. The topologies were built in an automated manner using
the in-house scripts that operate in SYBYLX 2.1. In theory, the two
UAnge and GlcNpgg tetrasaccharide libraries could consist of 2592
unique topologies; however, residues not possible in precursor
tetrasaccharides because of the known specificity of prior biosyn-
thetic enzymes, e.g., 20ST (also known as HS2ST), were discarded.

The hexasaccharide sequences were built with a GIcN residue at
the NRE (Fig. 2C) because these would encompass the entire length
of the pentasaccharide irrespective of the NRE residue. Thus, the
library of hexasaccharide sequences consisted of 1000 topologies.
The procedure for generation of GAG libraries can be found in
detail from our earlier work [13,16,17]. The sequences were energy
minimized using Gasteiger—-Hiickel charges for a maximum of
10,000 iterations. Each sequence from the library was analyzed
using automated scripts for the parameters corresponding to the
three filters of the computational algorithm.

2.4. Genetic algorithm-based docking and scoring protocol
The molecular docking of the library of Hp/HS sequences onto

30ST-1 was performed using GOLD V. 5.2. software [14]. For GAGs,
the inter-glycosidic bonds were constrained and the rest of the
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molecule was treated completely flexible during the docking step.
Based on our earlier GAG studies [11,13,17], the parameters were
optimized, the binding site was defined as 10 A around the crystal
structure substrate binding site for tetrasaccharide, and 12 A for
hexasaccharide binding site to make sure enough space for sam-
pling. Each GAG structure was docked using 100 genetic algorithm
runs, each consisting of 100,000 iterations. The early termination
option was turned on in the docking step if the top three solutions
displayed an RMSD of 2.5 A or lower. Each experiment was carried
out in triplicate and two best poses were analyzed from each run.
This yields six solutions for each sequence from three different
experiments, which were used for further analysis.

The identification of high affinity/high specificity sequences
binding to 30ST-1 utilized our CVLS algorithm (Fig. 3) [13]. The
CVLS utilizes more than one filter to select sequences that bind
with high interaction score (the ‘affinity’ filter) and high consis-
tency of binding (the ‘specificity/selectivity’ filter). For this work,
we used GOLDScore as the ‘affinity’ filter and root mean square
deviation (RMSD) between several docking runs as the ‘speci-
ficity/selectivity’ filter (Fig. 3). Briefly, multiple genetic algorithm
(GA)-docking runs were performed and the RMSD between best
six solutions for each sequence was calculated. If RMSD was found
to be less than 2.5 A, the sequences are deemed to be binding with
high consistency, and therefore selectivity. Among the selective
sequences, those with higher GOLDScore are deemed as ‘high affin-
ity and high selectivity/specificity’ sequences. For this work, we
introduced a third filter to deduce the ‘major binding ensemble’,
which is the largest cohort of sequences that display identical
binding pose among the most selective sequences (Fig. 3). Alterna-
tively, we analyzed all the predicted binding poses following the
application of the first two filters into bins of similar poses and
identified the largest cohort as the major binding ensemble. This
advanced CVLS algorithm was optimized and implemented to dis-
tinguish substrate recognition that yields productive binding from
the vast number of non-productive interactions.

3. Results and discussion

3.1. Rationale for selection of 30ST-1 as the enzyme for selectivity/
specificity study

Experiments conducted over the past three decades have delin-
eated the molecular mechanism of Hp/HS biosynthesis, which
could be thought off primarily in terms of N-deacetylation/
sulfation, Cs-epimerization, 2-O-sulfation, 6-O-sulfation and 3-0-
sulfation [18-21]. Compilation of a large body of information have
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Fig. 2. Libraries of tetrasaccharide and hexasaccharide sequences were generated from naturally occurring saccharide residues including GIcNS (Q), GIcNS6S (H), GIcNAc (),
GIcNAc6S (&)' IdoA (%), IdoA2S () and GlcA (4). IdoA and IdoA2S were modeled in 1C4 and 2S,, forms, which increase the number of topologies to be studied. Labels —2, —1,
0, +1, and +2 refer to position of the residue from the site of 3-O-sulfation by 30ST-1, which is numbered 0. A) shows the generation of a tetrasaccharide library with a GIcN
residue at the non-reducing end (position —2); B) show the tetrasaccharide library with a UA residue at the non-reducing end (position —1); and C) show the hexasaccharide

library with a GIcN residue at the non-reducing end (position —2).



936 N.V. Sankaranarayanan et al./ Computational and Structural Biotechnology Journal 18 (2020) 933-941

led to the conclusion that N-sulfation of GIcN is required for Cs-
epimerization; O-sulfation (but not N-sulfation) inhibits Cs-
epimerization; 2-0 sulfation of IdoA residues occurs before 6-O-
sulfation; and 3-O-sulfation of GIcN is dependent upon adjacent
UA residues [7,22]. Interestingly, nearly all biosynthetic enzymes,
except for Cs-epimerase and 20ST, exist in nature in multiple iso-
forms, which are likely to influence distribution of sequences being
biosynthesized. For example, there are seven isoforms of 30STs,
including 30ST-1, -2, —3a, —3b, —4, -5, and -6, which catalyze
the conversion of a 3-OH group of an appropriate GIcN residue to
its 3-O-sulfated form in vertebrates [7]. Considering that 3-O-
sulfation is a rare modification, it is interesting that nature has
engineered a large number of isoforms. Alternatively, it is highly
probable that each of these isoforms leads to structural motifs that
are important for selective biological functions, as exemplified by
30ST-1 generating the ABM for anticoagulant function. Thus, we
reasoned that among all the biosynthetic enzymes, computational
analysis of 30ST-1 recognition of precursor sequences should be
undertaken first to not only understand substrate specificity but

Generation of Combinatorial Library
(GIeN (*C)), GIcA (*C)), & IdoA ('C, & 2Sp)

I
—
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Fig. 3. Combinatorial virtual library screening (CVLS) algorithm used to study the
30ST-1 binding to Hp/HS sequences. Our CVLS protocol evaluated tetrasaccharide
and hexasaccharide topologies (Fig. 2) using a triple-filter strategy that relied on the
consistency of binding (the ‘specificity/selectivity’ filter), the GOLDScore (the ‘affinity’
filter) and the size of ‘binding ensemble’ to assess selectivity of substrate recognition
by 30ST-1 of the Hp/HS biosynthetic pathway.

avail of the opportunity of pinpointing directions for rational
design of better recombinant heparins.

3.2. Rationale for using CVLS as a tool to understand substrate
specificity

For computational studies, we utilized the CVLS algorithm [11-
13,16,17,23], which we hypothesized would be particularly suit-
able for understanding substrate specificity of enzymes. The
genetic algorithm-based CVLS strategy attempts to emphasize
‘consistency of binding’ of each sequence, via the RMSD parameter,
to offer a comprehensive view of how a library of unique sequences
would recognize the ligand binding site of a protein [13]. Because
highly negatively charged sequences, such as the precursor
oligosaccharides, tend to rely more on electrostatics, a majority
bind in a promiscuous manner [24]. Such promiscuity would not
allow the Oth residue, i.e., the GIcN unit to be 3-O-sulfated by
30ST-1, to bind in an optimal orientation resulting in non-
productive binding. Only those precursor sequences that bind con-
sistently, i.e., display low RMSD; with high enough affinity, i.e., dis-
play good interaction score, and bind an optimal orientation in the
active site, i.e., display optimal ensemble, would be potentially 3-
O-sulfated (see Fig. 3). We hypothesized that these three filters
would help parse precursor sequences that serve as optimal sub-
strates of 30ST-1 from the majority that bind in a non-
productive manner.

3.3. Validation of docking protocol for 30ST-1

To assess whether CVLS could be implemented for studying
30ST-1 recognition of its potential substrates, we first performed
re-docking of the Hp/HS sequence present in the crystal structure
30ST-1-heptasaccharide co-complex. For this, the coordinates of
30ST-1 were extracted from the PDB (ID: 3UAN) [8], the oligosac-
charide was prepared for molecular docking in terms of ring puck-
ering, torsional angles, atomic charges, etc. [13]. GOLD-based
docking, wherein the inter-glycosidic bonds were constrained
within +30° of the average and the substituents accorded full flex-
ibility, as described in our earlier works [13], led to several very
similar poses as the highest scoring geometries. The all-atom
RMSD between the docked poses and the native crystallographic
heptasaccharide was found to be 0.83 A (Fig. 4). An RMSD of less
than 2.5A is typically considered as indicative of equivalence
[25], which implies that the observed RMSD between docked poses
and the crystal structure conveys high predictability of the molec-
ular modeling protocol. The results indicated that the GOLD-based
docking protocol and parameters could be used for CVLS studies.

3.4. CVLS study of libraries of precursor tetrasaccharides

We designed two libraries of precursor tetrasaccharides based
on the known substrate specificity of 20ST, the enzyme that has
only one known isoform and contributes to biosynthesis 2-0O-
sulfated sequences present in Hp/HS [18,26,27]. This enzyme pref-
erentially introduces a 2-O-sulfate group onto IdoA residues to
yield IdoA2S. In contrast, a GlcA residue is very ineffectively con-
verted to GIcA2S residue [19]. This preference of 20ST for IdoA,
but not GIcA, results in GlcA2S occurring rarely in HS chains. How-
ever, in the presence of excessive sulfate donor (PAPS), 20ST can
generate GIcA2S, as exemplified by published works [7,28]. We
also reasoned that GIcN that is unsubstituted at the 2-position is
extremely rare and unlikely to contribute to generation of the
ABM. Hence, we designed two tetrasaccharide libraries that are
devoid of both GIcA2S and GIcNH, residues. The two in silico
libraries were generated by having either GlcN or UA at the NRE
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Fig. 4. Comparison of GOLD-based modeled native heptasaccharide (cyan) docked
onto 30ST-1 with the geometry of the same sequence found in the co-crystal
structure of 30ST-1 (green). An RMSD of 0.83 A was calculated between the docked
poses and the crystal structure pose. Note: The crystal structure displays only the
hexasaccharide part of the heptasaccharide. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

with GlcA/IdoA/IdoA2S and GIcNS/GIcNS6S/GIcNAc/GIcNAC6S resi-
dues (see Fig. 3).

Application of CVLS to each of the 400 unique sequences from
the tetrasaccharide libraries gave very interesting results. The vast
majority of sequences from both libraries failed to satisfy either of
the first two filters and interacted in essentially random orienta-
tion (Fig. 5A). Only five sequences passed both ‘selectivity’ filter 1
and ‘affinity’ filter 2 (Fig. 5B, Table 1); however majority of these

bound in an orientation that did not allow for productive binding,
as indicated by the oligosaccharide present in the crystal structure.
In contrast, sequence GlcA-GIcNS6S-IdoA2S-GIcNS6S passed all
three filters with a binding pose comparable to the crystal struc-
ture (Fig. 5C, Table 1).

Interestingly, sequence GlcA-GlcNAc6S-IdoA2S-GIcNS6S, which
has an acetyl group instead of the sulfate group in the Oth residue,
did not satisfy the ‘affinity’ filter (Fig. 5D, Table 1) although it was
generally predicted to bind in an orientation that matched the
crystal structure. A closer inspection of the four sequences that
do not satisfy filter 3 shows that variation in the —1 and +1 posi-
tions, especially the former (IdoA residue), induces non-
productive binding. In combination, 30ST-1 selectivity appears to
arise primarily from GIcA and GIcNS6S residues in the —1 and 0
positions of the tetrasaccharide. In other words, selectivity charac-
teristics for the generation of the highly specific ABM are being
induced at the tetrasaccharide level.

3.5. CVLS Study of the library of precursor hexasaccharides

Of the two precursor libraries possible to study, i.e., GIcNyrg- or
UAnge- hexasaccharides, we studied only one because either would
accommodate the five residue ABM. As for the case of tetrasaccha-
ride libraries, we did not include GlcA2S and GlcNH, residues in
the library. Thus, the hexasaccharide library prepared with GlcA/
IdoA/IdoA2S and GIcNS/GIcNS6S/GIcNAc/GIcNAC6S residues con-
tained 1000 distinct sequences (Fig. 3).

CVLS analysis offered some very interesting insight into 30ST-1
recognition. First, sequences devoid of sulfation at the 6- and 2-
positions, i.e., having GIcNS-GlcA/IdoA-GIlcNS-GlcA/IdoA-GIcNS-
GlcA/ldoA backbone, did not pass the ‘specificity’ filter. Second,

Fig. 5. CVLS analysis of library of tetrasaccharides binding to 30ST-1 (grey ribbons). A) Overlay of the best predicted poses of best 100 tetrasaccharide sequences (colored
sticks). B) The five sequences that satisfied the first two filters of the CVLS approach but did not satisfy filter 3, the major binding ensemble. For comparison, the
hexasaccharide sequence (green ball and stick) of the crystal structure is shown. C) The predicted binding pose of the only sequence [GlcA-GIcNS6S-1doA2S-GIcNS6S; pink
sticks] that satisfied all three filters and its comparison with the oligosaccharide sequence [GIcNAc6S-GlcA-GIcNS6S-1doA2S-GIcNS6S-GlcA; green ball and sticks] of the
crystal structure. D) The predicted binding pose of the tetrasaccharide carrying GIcNAc6S residue at the ‘0™ position (pink sticks) is similar to that of the hexasaccharide in
the crystal structure, but this sequence did not pass filter1 of CVLS. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)
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Table 1

CVLS analysis of most promising tetrasaccharide sequences binding into the active site of 30ST-1.

Sequence GOLD Score (IdoA form') CVLS Results
Filter 1 (Selectivity) Filter 2 (Affinity) Filter 3 (Binding ensemble)
1 IdoA-GIcNS6S-GlcA-GIcNS6S 102.6 ('Cy)
2 IdoA2S-GlcNS6S-GlcA-GIcNS6S 94.4 ('C4) & 106.8 (%So)
3 IdoA2S-GlcNS6S-1doA-GIcNS6S 83.9 ('C4 and 2Sp) & 98.5 (2Sp and 2Sp)
4 IdoA2S-GlcNS6S-1doA2S-GIcNS6S 87.1 (3Sp and 'Cy)
5 GIcA-GIcNS6S-1doA2S-GIcNS6S 102.6 ('C,4) & 103.0 (%So)
6 GlcA-GIcNAc6S-IdoA2S-GIcNS6S 71.0 ('C4) & 75.4 (%So)

*Forms ('Cy4 or 2So) are listed for IdoA at the NRE; & - passed filter; [X] - failed to pass filter.

sequences devoid of sulfation at the 6-position, but carrying the 2-
sulfate, displayed selective binding depending upon the location of
the sulfate group. For example, GIcNS-GIcA-GIcNS-1doA2S-GIcN
S-GlcA/ldoA2S and GIcNS-1doA2S-GIcNS-1doA2S-GIcNS-1doA2S
satisfied the ‘specificity/selectivity’ filter. Of these, only the former
bound in an orientation similar to the crystal structure and satis-
fied filter 3 (not shown). Yet, the in silico ‘affinity’ (GOLDScore) of
this sequence was not high (~70 units), which implied reduced
preference for 30ST-1. In comparison, the high specificity tetrasac-
charide sequences displayed GOLDScore of >100 units. Third, we
analyzed sequences containing one or more 6-O-sulfate groups,
but devoid of the 2-sulfate group. Herein, only two sequences
passed the specificity (RMSD <2.5A), affinity (~90 GOLDScore)
and binding ensemble filters including GIcNS6S-GlcA-GIcNS6S-I1
doA-GIcNS6S-UA, where UA is either GlcA or IdoA (Fig. 6). Finally,
we analyzed 6-O- and 2-O- sulfated sequences to find that only

four sequences satisfied all three filters including GIcNX6S-GIcA-
GIcNS6S-1doA2S-GlcNX6S-UAZ, where X = S or Ac and UAZ = GIcA
or IdoA (Fig. 6, Table 2). Interestingly, the GOLDScores of these
sequences were higher than any of the other hexasaccharide
sequence group (~100 units or higher; Table 2).

The above results provide some very interesting insight into
recognition by 30ST-1 in terms of generation of the ABM. The con-
stant feature of the sequences that pass all the three filters, irre-
spective of the GOLDScore, is the GIcA-GIcNS6S-IdoA2S
microstructure at the —1, 0 and +1 positions, respectively. Of these,
the —1 and O positions are identical to those deduced from the
tetrasaccharide libraries. Another key point is that both GICNS6S
and GIcNAc6S are reasonably well accommodated at the —2 and
+2 positions. In terms of the biosynthetic mechanism, 30ST-1 pre-
fers epimerized form of UA at only one of the two positions. Sec-
ond, 6-O-sulfation appears to be more important in terms of

Fig. 6. CVLS study of precursor hexasaccharides binding to 30ST-1. A) Overlay of predicted poses for GIcNS6S-GlcA-GlcNS6S-IdoA2S-GIcNS6S-IdoA2S, GIcNS6S-GlcA-
GlcNS6S-1doA2S-GlcNS6S-GlcA, and GIcNS6S-GlcA-GlecNS6S-1doA-GIcNS6S-IdoA, which passed all three filters. B) Overlay of predicted poses for GIcNS6S-GlcA-GIcNS6S-IdoA-
GIcNS6S-GIcA, GIcNAc6S-GlcA-GIcNS6S-1doA2S-GIcNAc6S-1doA2S, and GIcNAc6S-GlcA-GlcNS6S-1doA2S-GlcNS6S-GlcA, each of which passed the three filters. Sequences are
shown as sticks (pink) and the native crystal structure oligosaccharide is shown as ball and stick (green). C) and D) show hydrogen bond interactions of a representative
sequence (pink ball and stick) from panels A) and B), respectively. The representative sequences are shown as ball and stick (pink color by atom); hydrogen bond interacting
residues are green sticks, and hydrophobic non-bonded interactions are white sticks. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)
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Table 2
HS hexasaccharide sequences identified by CVLS as 30ST-1 specific substrates.
S. No Sequences that passed CVLS GOLD Score RMSD (in A)
1 GIcNS6S-GIcA-GIeNS6S-1doA2S(2S0)-GleNS6S-1doA2S('C4) 106.7 1.61
2 GIcNS6S-GlcA-GIeNS6S-IdoA2S(?Se )-GIcNS6S-GlcA 111.8 1.52
3 GIcNS6S-GIcA-GleNS6S-1doA(2S)-GIcNS6S-1doA('C,) 100.1 1.38
4 GIcNS6S-GlcA-GIeNS6S-IdoA(%So)-GlcNS6S-GlcA 102.0 1.37
5 GIcNACc6S-GlcA-GIcNS6S-IdoA2S(?Se)-GIcNAc6S-IdoA2S('Cy) 102.7 1.56
6 GIcNACc6S-GIcA-GIcNS6S-1doA2S(2S0)-GlecNS6S-GlcA 104.8 1.17

enhancing selectivity and binding affinity of recognition than 2-0-
sulfation. In fact, 2-O-sulfation of the IdoA residue is not a strict
requirement for 30ST-1 recognition.

3.6. Minimal pharmacophore analysis for generation of antithrombin-
binding motif

To deduce key interactions between 30ST-1 and the preferred
precursor sequences, we performed detailed analysis of each of
the predicted co-complexes (Fig. 6). Major interactions that were
repeatedly observed included a) the 6-O-sulfate at the —2 position
forming a hydrogen bond with His271, b) the carbonyl group at the
—1 position forming a Coulombic bond with Arg72, c) the 3-
hydroxyl group at the 0 position forming a hydrogen bond with
Glu90, d) the 2-hydroxyl or 2-O-sulfate group at the +1 position
and the 6-O-sulfate group at the +2 position forming hydrogen
bonds with Arg197, and e) the 2-O-sulfate group at the +2 position
forming hydrogen bond with Lys173.

It is important to note that Glu90 is the catalytic site residue,
which implies that the predicted co-complexes show 3-OH group
of GlcN residue at the O position to be well aligned for modification
by the 30ST-1. Thus, poses different from this prediction would be
non-productive. Also, the enhanced flexibility of the residue at the
+3 position, which can either be GlcA or IdoA, results in inconsis-
tent binding interactions. Thus, the conformation of the residue
located at +3 position only marginally influenced binding. Finally,
several other polar but uncharged residues, e.g., GIn163, Asn167,
etc. appear to be involved in precursor sequence recognition.
Although it is difficult to ascribe a quantitative role for these polar
residues at this time, the literature reports that many GAG-protein
systems rely on recognition of polar residues to enhance selectivity
[29].

In combination, the pharmacophore for selective recognition of
30ST-1 lies within the pentasaccharide motif. The origin of selec-
tivity appears to be in the —1, 0 and +1 positions, which when pre-
sent in either a tetrasaccharide or a hexasaccharide generates
optimal affinity and orientation for modification at the 3-OH
group. Additional pharmacophore elements are likely to enhance
affinity of binding in water, thereby enabling biosynthesis at low
concentration levels.

4. Conclusions and significance

This work shows for the first time that it is possible to identify
elements of selectivity/specificity in recognition of GAG sequences
by biosynthetic enzymes, e.g., 30ST-1, using virtual screening anal-
ysis. This is highly valuable because generating a large library of
homogeneous GAG sequences is difficult [30,31], which places a
major barrier to understanding detailed substrate specificity fea-
tures of important enzymes such as 30STs.

The CVLS algorithm developed in this work consisted of three
sequential filters, which advance the application of this technology
to elucidating GAG sequences that bind proteins with high selec-

tivity. Following in silico construction of libraries of tetrasaccharide
and hexasaccharide sequences carrying differences in type and
position of functional groups (sulfate or acetyl), epimerization
state (IdoA or GlcA) and length of chain, analysis of consistency
of binding (low RMSD), high affinity (GOLDScore) and optimal
geometry of binding (the binding ensemble) afforded identification
of structural components that engineer selective recognition.
Together, the three filters present a mechanism to understand effi-
ciency of catalysis, i.e., kcar/Kv. Whereas RMSD represents a surro-
gate for the intrinsic catalysis rate kcat, GOLDScore attempts to
reflect Ky. Either of these two terms, i.e., RMSD and GOLDScore,
would not carry much significance, if the preferred pose of binding
was non-productive. Alternatively, only those poses that can lead
to product formation (i.e., 3-OH — 3-0SO3 at the 0 position) can
lead to meaningful results on selective recognition by 30ST-1.

Both the precursor tetrasaccharide and hexasaccharide
sequences led to the conclusion that the vast majority of sequences
are not recognized well by 30ST-1. Although not rigorously
demonstrated earlier, this result was anticipated because 30STs
are known to generate rare sequences, which could arise primarily
from good selectivity of substrate recognition. Yet, only a very few
sequences of the several possible precursor substrates are recog-
nized by 30ST-1 suggests that this enzyme demonstrates a much
higher level of selectivity. This also implies that other likely
sequences not sulfated by 30ST-1 are possible substrates for other
30STs, thus confirming a divergent recognition and 3-O-sulfate
motif generation phenomenon.

The encoding of the rare ABM in heparin is ascertained by 30ST-
1, which is the final enzyme of the biosynthetic pathway. Our
results suggest that the structural elements that govern tight
antithrombin binding [6,32] are essentially identical to those nec-
essary for 30ST-1, except for the presence of 3-sulfate group at the
Oth position. Thus, the CVLS studies predict an extremely interest-
ing one-to-one correspondence between the pharmacophores of
antithrombin and 30ST-1. In turn, each occurrence of sequences
shown in Table 2 in a precursor chain is highly likely to be con-
verted into ABM by 30ST-1. This can have major consequences in
terms of biosynthetic expression of ABM-enriched heparin
preparation.

GAGs have been presumed to recognize proteins with rather
poor selectivity [1-4]. However, the CVLS technology is proving
this to be a false assumption. In addition to antithrombin [13],
our CVLS work has shown exquisite recognition of heparin cofactor
Il by a unique hexasaccharide sequence [23]. Likewise, we have
recently shown that GAGs modulate cancer stem cells in highly
chain length and structure specific manner [33]. This work shows
that 30ST-1 is part of the growing number of proteins that recog-
nize GAGs with a higher level of selectivity.

Although interesting in terms of recognition, the results raise
the key question on why the ABM is present at high levels in pig
heparin. This is especially intriguing because typically tight selec-
tivity, as for 30ST-1, is expected to reduce the proportion of ABM
in polymeric chains. We hypothesize that nature bioengineers
the precursor pentasaccharide sequences at elevated levels. This
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could be brought about by the specificity of prior biosynthetic
enzymes, e.g., epimerase, 20ST and 60STs. In other words, nature
tends to encode higher levels of the 30ST-1 precursor sequences
in a preferred manner, rather than utilize 30ST-1 to encode higher
levels of ABM. Another possibility is the processive action of HS
modification enzymes, which are known to generate non-random
distribution of different sequences [34]. Both these hypotheses
could be put to test by exhaustive sequencing of Hp/HS. Consider-
ing the advances being made today in mass spectrometry-based
sequencing of GAGs, the level of ABM and the preferred 30ST-1
substrate sequence(s) should be possible to measure quantitatively
in pharmaceutical heparin and/or cell-surface HS, which could help
identify the dominant mechanism at work to explain higher levels
of ABM in pharmaceutical Hp.

Our CVLS work identifies key residues for further studies
including His271, Arg72, Arg197 and Lys173, which interact with
6-sulfate, 5-COO, 2-/6-sulfates and 2-sulfate at the -2, —1, +1,
and +2 positions, respectively. Several polar residues, especially
GIn163 and Asn167, were also identified as playing a key role in
recognition. Based on crystal structure studies, these residues were
known to contribute to precursor binding [8]. Further, at least one
site directed mutant (Asn167Ala) has been shown to be defective
in catalytic reactivity. Yet, to correlate in silico predictions on con-
sistency and affinity of binding with catalytic efficiency (kcar and
Ky, respectively), it would be important to express and study site
directed mutants. More importantly, it may be possible to develop
better 30ST-1 mutants with enhanced catalytic efficiency for gen-
eration of the ABM. We predict that the in vitro recombinant hep-
arin technology, which is currently in developmental stages
[35,36], could benefit greatly by opting for such particularly effi-
cient 30ST-1 mutant(s).

In summary, our work shows that GAG recognition of 30ST-1 is
highly selective; there is a one-to-one correspondence between
selectivity elements of antithrombin and 30ST-1; and an under-
standing on why high levels of ABM exist in heparin could be found
at the level of other HS biosynthetic or metabolizing enzymes,
rather than through 30ST-1. Our work on CVLS study of 30ST-1
should be of particular use to other HS biosynthetic enzymes,
e.g., 20ST and 60ST. It is possible that such an analysis could help
alter selectivity features so that recombinant heparins could be
produced with higher proportion of ABMs.
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