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Finding a Needle in a Haystack: Development of a Combinatorial Virtual Screening Approach
for Identifying High Specificity Heparin/Heparan Sulfate Sequence(s)
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We describe a combinatorial virtual screening approach for predicting high specificity heparin/heparan sulfate
sequences using the well-studied antithromifieparin interaction as a test case. Heparan sulfate
hexasaccharides were simulated in the ‘average backbone’ conformation, wherein the inter-glycosidic bond
angles were held constant at the mean of the known solution values, irrespective of their sequence. Molecular
docking utilized GOLD with restrained inter-glycosidic torsions and intra-ring conformations, but flexible
substituents at the 2-, 3-, and 6-positions and explicit incorporation of conformational variability of the
iduronate residues. The approach reproduces the binding geometry of the sequence-specific heparin
pentasaccharide to within 2.5 A. Screening of a combinatorial virtual library of 6859 heparin hexasaccharides
using a dual filter strategy, in which predicted antithrombin affinity was the first filter and self-consistency

of docking was the second, resulted in only 10 sequences. Of these, nine were found to bind antithrombin
in a manner identical to the natural pentasaccharide, while a novel hexasaccharide bound the inhibitor in a
unique but dramatically different geometry and orientation. This work presents the first approach on
combinatorial library screening for heparin/heparan sulfate GAGs to determine high specificity sequences
and opens up huge opportunities to investigate numerous other physiologically relevantpBA&n
interactions.

Introduction to date. Further, the iduronic acid residue (IdoAp) can exist in
multiple conformations, especialC, and 2o for internal
locations, that can interconvert relatively easfy! Thus,
combination of structural and conformational variability gener-
ates millions of sequences, of which few are expected to
recognize a target protein. This expectation is further borne out
antithrombin and heparin cofactor #%° coagulation protein- by the growing evidence that the heparan sulfate biosynthetic

asesOfibroblast growth factors and their receptdfsiiplatelet ~ @PParatus has considerable specificity and organizétion.
factor-4512 interleukins®13 and viral cell envelope glycopro- On the protein front, considerable effort has been made in
teins? It is commonly assumed that these roles arise from an ying to deduce consensus binding sequences that recognize
optimal combination of specificity and affinity, yet, except for heparin structures. Whereas Cardin and Weintraub suggested

Glycosaminoglycans heparin and heparan sulfate play diverse
roles in a number of physiological and pathological processes
including coagulatiod;? angiogenesi&? immune response’
and viral infection’-2 These functions originate from their
interaction with numerous proteins, which include serpins,

the interaction with antithrombin (AT)214.15and perhaps with !inear consensus sequences with specific repeat pattern to_be
glycoprotein D of herpes simplex virustd!” specificity of important for _heparm binding, oth_er_s have sugges?e_d a spatial
heparin and heparan sulfate (M8)eractions remain ill-defined ~ distance relationshig: 2° Although itis clear that arginine and
and poorly understood. Iysme resldues lining protein s.urfaces dominate htlapann-bmf;h'ng
A major reason for the ill-defined structuractivity relation- sites, their optimal 3D orientation that generates high specificity

ships in these heparin/HS interactions is the phenomenal@d affinity remains unclear. The situation is further com-
structural diversity of heparin/HS glycosaminoglycans (GAGs) Pounded because not all arginine and lysine interactions with
and its concomitant difficulties, especially synthesis, purification, Sulfate and carboxylate groups of heparin/HS are identical.
and structure identificatiol Both heparin and heparan sulfate While heparin interaction with antithrombin and basic fibroblast
are complex, highly anionic polysaccharides composed of 9rowth factor involves-40 and 30% ionic binding igergﬁ',ﬂ
alternating +-4-linked glucosamine and uronic acid residues, 'eSPectively, that with thrombin involves-80%: Thus,
which are variously modified through sulfation, acetylation, and 1dentifying the precise heparin-binding site on proteins, although
epimerizatior? These modifications can produce 48 different €XPected to be straightforward, has not been an easy task.
building blocks, or disaccharides, of which 23 have been found N the past decade, fifteen hepariprotein cocrystal or NMR
structures have become available. These include complexes with
* Address for correspondence: Department of Medicinal Chemistry, thromt_)m’zg growth factor and growth factor receptdfs;
Virginia Commonwealth University, 410 N. 12th Street, P.O. Box 980540, annexin V83 heparan sulfate 3-O-sulfotransferdRANTES3®
Rlchrqpnda VA 23298-3540. Ph: (804)828-7328, Fax: (804)827-3664, and antithrombin. Of these, antithrombin is the most studied
e-ngib.b?erviea??olrgvﬁgé%:u.AT, antithrombin; DEFGH, sequence specific prOte!n With,ﬂve cocrystal str.uctures_ dgtgiling th.e interagtion
heparin pentasaccharide; DS, dermatan sulfate; GAG, glycosaminoglycan;Of a five-residue sequence with the inhibitor in either a binary
GlcAp, glucuronic acid residue; GIcNp, glucosamine residue; HCII, heparin or a ternary comple%é-3° Yet, these represent a small fraction

cofactor Il; HS, heparan sulfate; HL-GAG, heparan sulfate-like glycosami- i ; ;
noglycans; IdoAp, iduronic acid residue; PDB, Brookhaven Protein Data of the vast number of physiologically active complexes. Further,

Bank; RMSD, root-mean-square difference; serpin, serine protease inhibitor; EXCEPt for with amithrombim the *heparin’ structure reported
SPL, SYBYL Programming Language; UAp, uronic acid residue. in these complexes is the fully sulfated saccharide, the most
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common structure found in heparin, which may not be the
optimal sequence.

In view of the limited structural knowledge on GA&protein
interactions and the phenomenal structural diversity of HS, 5
computational docking approaches represent a powerful means
of assessing binding affinity and specificity. In fact, the
computational literature is replete with numerous GAG studies,
yet no approach has been devised that predicts high specificity
sequences. Modeling GAGs is challenging because of their high

H,050, COO~
. : o " . 0 o o

negative charge density, which induces recognition of practically H5¢pys &Aﬁ@k 0s

any collection of positively charged residues and their surface- o

exposed, shallow binding sites on protedfs®> With respect OMe OMe

03
. .. . . 0S0,
to antithrombin in particular, two computational attempts have

OH

NHSO;

CH,0S0;

been made to understand heparin binding with mixed re¥ifts.
Both Grootenhuis and van Boeck&ind Bitomsky and Wadé

Figure 1. Structure of natural pentasaccharide H5 and its derivative
H5crvs extracted from crystal structure study of Li ef&aknd used in
docking studiesD, E, F, G, and H refer to historical label of residues

attempted to derive the heparin pentasaccharide binding site 0ryom the nonreducing end. Sulfate groups in H5 highlighted as filled
antithrombin using molecular dynamics and docking, but their ovals are critical for high-affinity interaction with antithrombin.

modeled geometry turned up to be significantly different from

the cocrystal structure. Similar challenging results were noted heparin chain containing a synthetic pentasaccharide sequence,

with our small, sulfated molecules, which were rationally

H5crys, Which is a variant of the natural pentasaccharide DEFGH

designed to recognize the pentasaccharide-binding site in(Figure 1). This synthetic pentasaccharide-kig has sixO-sulfate

antithrombin but were found to preferentially interact with the
extended-heparin binding sit&.** Thus, we reasoned that a

robust docking protocol for GAGs in general, and heparin/HS

in particular, would be very useful for understanding specificity
of their interactions.

groups in residues D (position 6), F (positions 2, 3, and 6), and H
(positions 2 and 6), has glucose residues instead of glucosamines,
and has all available OH groups in residues D (positions 2 and 3),
E (positions 2 and 3), G (positions 2 and 3), and H (positions 1
and 3) protected in the form of OGIdroups (Figure 1). In SYBYL,

the atom type of sulfur and oxygen atoms in ;S@oups was

This paper describes our novel approach of predicting high mogified to S.02 and O.co2, respectively, and the bond type between

specificity GAG sequences with the well-studied antithrombin

these atoms was modified to aromatic bond. Hydrogen atoms, absent

heparin interaction as a test case. Our approach is based on & the PDB structure, were added in SYBYL, and the resultant

two-filter strategy, with the first step involving an affinity filter

structure was minimized to optimize geometry of hydrogen atoms

followed by a geometry convergence filter using the genetic only (no change in non-H atoms).

algorithm-based docking tool, GOL The two-filter strategy
rapidly sorted a combinatorial virtual library of nearly 7000

Natural Pentasaccharide DEFGH CoordinatesThe sequence-
specific pentasaccharide H5, or sequence DEFGH (Figure 1), was

heparin hexasaccharides into specific and nonspecific sequencednodeled by introducing the necessary changes to the 1TB6

thus suggesting its potential use for identifying ‘needle(s) in
haystack’.

Computational Methods

Software/Hardware. SYBYL 6.9.2 (Tripos Associates, St.
Louis, MO) was used for molecular visualization, for minimization,

a pentasaccharide. The methylated anomeric reducing end was

retained to simulate the environment of thd residue. Several
research groups have reportggyy inter-glycosidic torsion angles

for heparin sulfate-like GAGs (HL-GAGS) in the free and bound
conformationg?.36:4649 These torsion angles fall within a relatively
narrow range and suggest that they remain fairly constant irrespec-
tive of a change in substitution pattern around the inter-glycosidic

and for adding hydrogens to protein structures from the Protein bond. Thus, we utilized an average value of bond torsion for each

DataBank. All modeling was performed on MIPS R16K or R14K

IRIX 6.5-based SGI Tezro and Fuel graphical workstations. GOLD,

version 2.2%> was used for docking experiments. Combinatorial

inter-glycosidic linkage, which was the mean of the two extremes
reported in the literature. The natural sequence H5 was minimized
at the averagen/yy values, subject to a restraining force constant

GAG structures were built in an automated manner using in-house of 0.01 kcaimol~*-deg? The final ¢u/yy values, following

SPL (SYBYL Programming Language) scripts.
Energy Minimizations. Energy minimization of modeled struc-

minimization, deviated by not more thatv° from the initial values.
The minimized structure retained the init#&h IdoAp conformation

tures was performed to optimize the geometric conformation of and was used for docking studies.

GAG and AT. Except where stated, energy minimization was
performed using the Tripos force field with Gasteigerekiel

Coordinates for Variant Pentasaccharides.The ‘average-
backbone’ natural pentasaccharide DEFGH structure was used as

charges, a fixed dielectric constant of 80, and a nonbonded cutoff a template for the generation of H5 variants. These variants include

radius of 8 A. Minimization was carried out for a maximum of
5000 iterations subject to a termination gradient of 0.05 kcal{mol

A).
Protein Coordinates. The coordinates for the activated form of

AT were extracted from the crystal structure of the ternary-AT

pentasaccharidethrombin complex (PDB entry 1TB6§.Hydrogen

truncated forms, tetrasaccharides H5-H and H5-D, trisaccharides
H5-GH and H5-DE, and functional group variants H%S,,
H5+3%, H5+3S;, H5-6%, H5-3%, and H5-2% (Figure 2). For
each of these structural variants, following appropriate structural
modifications in the natural pentasaccharide sequence, minimization
was performed with constraints that retain the averagey values.

atoms were added in SYBYL 6.9.2, and the structure was minimized In addition to these structural variants of the natural sequence, a

with fixed heavy-atom coordinates using the Tripos force field for
1000 iterations subject to a termination gradient of 0.05 kcal{mol
A). Single-point mutants of AT, including K114Q, K125M, and

DEFGH sequence was also prepared in which the iduronic acid
residue G was in théC, conformation, labeled as H5/G*, rather
than the?Sp form. ThelC, IdoAp ring coordinates were taken from

R129H, were generated using the residue mutation protocol in the crystal structure of FGF2-GAG (PDB entry 1BF€and the
SYBYL. The side-chains of the mutated residues were optimized structure was minimized as described above.

through energy minimization in which the all other side chains were

held rigid.
Coordinates for Synthetic Pentasaccharide H&vs. The 1TB6
antithrombin-heparin-thrombin ternary crystal structifehas a

Coordinates for HL-GAG Virtual Library. The coordinates
for the HL-GAG sequences of the virtual HS hexasaccharide library
were generated with a series of SPL scripts and a set of nineteen
HS disaccharide building blocks (Figure 3). Although the number
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Figure 2. Structures of H5 and its truncated variants studied for
docking. D, E, F, G, and H refer to residue labels. Variations in structure
(V, W, X, Y, Z, and Z) to give variants with either one more sulfate
group (H5+3S, H5+3S, and H5+-3Ss) or one less sulfate group (H5-
6S, H5-3%, H5-2S;) are highlighted as filled ovals. Truncated
pentasaccharides H5-H, H5-GH, H5-D, and H5-DE refer to one or two
residue deletion variants from the either end.

of possible HL-GAG UAp(1>4)GIcNp disaccharides is 48, only

Journal of Medicinal Chemistry, 2006, Vol. 49, N855B2

definition of the binding site covers all important known heparin-
binding residues including Lys11, Arg13, Arg46, Arg47, Trp49,
Lys114, Phel21, Lys125, Argl29, and Argl32é GOLD is a
“soft docking” method that implicitly handles local protein flex-
ibility by allowing a small degree of interpenetration, or van der
Waals overlap, of ligand and protein atoms. GOLD also optimizes
the positions of hydrogen-bond donating atoms on Ser, Thr, Tyr,
and, most importantly, Lys residues as part of the docking process.
Whereas all saccharide bonds were constrained for the rigid body
docking experiment, only the inter-glycosidic bonds were con-
strained when docking structures with the average torsion angles.
Unless specified otherwise, default parameters were employed
during the GOLD docking runs.

For the native H5 sequence, and its truncated and variant forms
(Figure 2), docking was performed using no speed-up and a genetic
algorithmic search with 100000 iterations for each of 10 runs. In
this search, GOLD starts with a population of 100 arbitrarily docked
ligand orientations, evaluates them using a scoring function (the
GA “fitness” function) and improves their average “fitness” by an
iterative optimization procedure that is biased toward high scores.
As the initial population is selected at random, several such GA
runs are required to more reliably predict correct bound conforma-
tions. In this study 10 GA runs were performed with the GOLD
score as the “fitness” function. Collectively, these 10 GA runs will
be referred to as one docking experiment. In addition, to enhance
speed, the GA was set to preterminate if the top two ranked
solutions were within 2.5 A RMSD. Docking experiments were
performed in triplicate to ensure reproducibility and to reduce false
positives. The top two solutions of each docking experiment were
considered for further analysis. Thus, a typical triplicate docking
experiment would yield a minimum of six solutions.

In contrast, when docking the HS combinatorial library made
from 19 disaccharides (Figure 3), a two-step docking protocol was
utilized. The first step consisted of screening all possible sequences
using 10000 GA iterations (78x speed up) and GOLD score
evaluation of only the top-ranked solution. This step identified the
most promising sequences top 1%) that have a relatively high
GOLD score. The second step consisted of docking these most
interesting sequences according to the protocol described above
for the natural pentasaccharide DEFGH and its variants.

Docking was driven by the GOLD scoring function. Although
this scoring function correlates with the observed free energy of
binding, a modified form of the scoring function has been found
to be more reliabl&® This modified GOLD score, which utilizes
hydrogen-bonding and van der Waals interactions (eq 1), was used
to rank the final docked solutions.

23 have been experimentally observed. On the basis of sequence-

specific natural pentasaccharide sequence, we restricted our library

to include GIcAp sequences that have GIcNp3S and IdoAp

sequences that do not contain GIcNp3S. Because IdoAp residuesyhere HB. and VDWey are the “external”

in heparin can exist either in tH#&o or 1C4 conformations, each
IdoAp residue was modeled explicitly in these two different states.
Thus, our virtual library consisted of 16 IdoAp- and 3 GIcAp-
containing disaccharides generating a total of 19 building blocks
(Figure 3).

GlcAp- and?So-IdoAp-containing disaccharides were generated

using the EF and GH residues from the 1TB6 cocrystal structure

as template, while the template for th&,—IdoAp disaccharides
was obtained from the 1BFC structifeAppropriate side-chain

GOLD-Score= HBgyy + 1.375x VDW gy (1)

(nonbonded interac-
tions taking place between the ligand and receptor) hydrogen
bonding and van der Waals terms, respectively.

Results and Discussion

GOLD Predicts the Binding Geometry of Synthetic
Pentasaccharide Hgrys to within 0.6 A. The ability to predict
the conformation of GAG in the receptor-bound state was
studied using a rigid body docking procedure in GOLD. The

modifications were made to generate the 19 building blocks. Each rigid body docking procedure reduces the search space signifi-

disaccharide was minimized at the averggéyy value subject to
a restraining force constant of 0.01 keabl~!-deg? The 19

disaccharides were then used to build a combinatorial HS hexas-

accharide library using an SPL script, following which each
sequence was minimized with 10000 iterations as described abov
in an automated manner. Thus, the HS combinatorial library
contained 19x 19 x 19 = 6859 hexasaccharide sequences.
Docking of HL-GAG SequencesDocking of saccharide ligands
onto the activated form of antithrombin was performed with GOLD
v.2.2#5The binding site in antithrombin was comprised of all atoms
within 16 A from the G atom of Phe121 in the D helix. This

€,

cantly and allows an assessment of GOLD's fitness function,
which is comprised of four energy terms: external and internal
hydrogen bonding and external and internal van der Waals
energy. Docking was evolved for 100000 iterations in each of
the runs to ensure sampling of most of the conformational space
available in the predefined binding site on antithrombin. Further,
to ensure greater confidence in docked geometries, the process
was repeated three times.

Successful docking is typically evaluated by RMS difference
between the docked solution(s) and the X-ray geometry, if
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Figure 3. Disaccharide sequences used to build virtual library of 6859 hexasaccharides. Although theoretically 48 disaccharides are possible, 23
have been experimentally obsenf@®n the basis of the sequence of H5, our library included GlcAp sequences with GIcNp3S and IdoAp sequences
without GIcNp3S, with IdoAp in eithefSo or 1C, conformation. These variations made up 19 disaccharide sequences to produck919 19

= 6859 hexasaccharides.

available. While a RMSD value of less than 1.0 A would — X-r)
indicate near identity of the two geometries, values between 1. GOLD
0 and 3.0 A have been utilized by many researchers to indicate
correctly docked geometries of drug-like small molecules (MW
< 500)51-53 Considering that our penta- and hexasaccharides
are significantly bigger (MW~ 2000) and the resolution of
antithrombir-heparin-thrombin crystal structure was only 2.5
A.38 we employed a 2.5 A RMSD criterion.

When the synthetic pentasaccharide-ki& was docked onto
antithrombin, the GA search preterminated in all three inde-
pendent runs, each with a high GOLD score of greater than
100. All six solutions were identical with an inter-solution
RMSD of less than 0.6 A, suggesting a strong preference for
this orientation in the binding site (not shown). Comparison of
these solutions with the H&ys structure present in the crystal
suggests identical orientation and binding site. The maximal
RMSD between the docked solutions, and the crystal structure
was also 0.6 A. In addition, interaction at the atomic level for Figure 4. Comparison of GOLD predicted binding geometry of natural
the docked and cocrystal complexes were found to be essentiallypentasaccharide H5 having ‘average backbone’ with that ofrbd
identical, suggesting that the rigid-body docking procedure can determined in the ‘crystal structure. H5 VYIth average |nter-gly(:(_)5|d|c
reliably identify the binding geometry and the binding site of g_ond parameters (‘the average backbone’) was docked onto antithrom-

- - in. Structurally H5 differs from H&sys (see Figure 1). An overlay of
the most active pentasaccharide sequence. six solutions from three independent docking runs shows high

Prediction of Binding Geometry of Natural Pentasaccha- consistency in the predicted binding geometry, which matches the
ride Sequence DEFGH with an “Average GAG Backbone” crystal structure geometry with an RMSD less than 2.5 A. The structure
Conformation to within 2.5 A. X-ray fiber diffraction studies  in green is the crystal structure geometry, while those in atom-type
indicate that GAGs adopt a helical struct@fayhich has now _color_(red, yellow, gray, and blue) are six docking solu_tions. Note the
been confirmed through several crystal structdfe® For identical orientation of key groups, 2- and 3-OS©f residue F (25

. . and 3%), 6-COO of residue E (64) and 6-OS@" of residue D (69).
heparan sulfate-like GAGs (HL-GAGs), the helix has a 2 Helices A, D, and P of antithrombin (in ribbon diagram) are indicated

symmetry with inter-glycosidic torsion angleg([Hua—Cua— ashA hD andhP, while D, E, F, G, and H labels correspond to residues
O—Cagiengl and yy [Cua—O—Caienp—Haienp]) cOnstrained to of the pentasaccharide. K114, K125, and R129 are shown in ball-and-
generate the helix. These conclusions are borne out in a numbestick representation. See text for details.

of NMR and molecular dynamics studies on hep&ri>5and

heparin oligosaccharidé&:84° which show that thepp/yn glycosidic bond angles are held constant at the mean of known
angles vary within a relatively narrow range in solution. Thus, solution values. This implies that docking of any heparin/HS
heparin appears to maintain a 2-fold helix irrespective of its sequence with an “average backbone” model should reliably
sequence and substitution patterns. Additionally, crystal struc- simulate the physiological GAG binding structure.

tures of pentasaccharidantithrombiri®3° and hexasaccha- To test our hypothesis, the natural sequence-specific pen-
ride—FGF° complexes demonstrate that only small changes in tasaccharide H5 (Figure 1) was modeled in which inter-
¢nlypw angles occur on protein binding, a result also observed glycosidic torsions were held at the ‘average backbone’ values,

with NMR studies of pentasaccharides bound to %A1° rather than set to those obtained from the crystal structure of
Compiling these results indicates that andyy values vary H5crys Docking was performed in which the inter-glycosidic
from 35° to 61° and 6 to 25°, respectively, for the UAp(4)- torsions and intra-ring conformations were held constant, while
GlcNp inter-glycosidic linkage, whiley varies betweenr-68° substituents present at the 2-, 3-, and 6-positions were allowed
and —9° and yy varies between-60° and —1° for GIcNp- conformational flexibility. All three docking experiments ter-
(1—4)UAp linkage. These variations represent a maximal minated rapidly indicating a strong preference for one type of
change of only 19 to 59 or less thant30°, a relatively small binding geometry. Figure 4 shows a comparison of the six

deviation considering the large number of possibilities for a GOLD solutions with the geometry present in the crystal
structurally diverse molecule. Thus, we reasoned that HL-GAGS, structure. All six solutions predict an essentially identical binding
irrespective of their sequence and substitution pattern, could geometry, an observation typically not found in such statistical
be simulated by an “average” structure, whereingthi)y inter- docking studies. Small differences are found for the orientation
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of the terminal OS@ and OCH groups, especially in the G A) H5
and H residues. All six solutions were within 2.5 A RMSD T Ny
(Figure 4) of each other and comparison of these structures with ‘
H5crys present in the crystal structure indicates nearly iden-
tical orientation, conformational state, and interactions (Figure
4).
Analysis of the GOLD solutions at the atomic level facilitates
identification of groups important for specificity of interaction.
For example, the average RMSDs for the sulfate groups at
positions 2 and 3 of residue F were found to be$.R.1 and
0.3+ 0.2 A, indicating a virtually invariant conformation in
all solutions. Likewise, the average RMSDs for sulfates at 6
and 2 positions of residues D and H, respectively, were found
to be 1.1+ 0.5 and 1.0+ 0.8 A suggesting reduced tendency
for alternative rotational states. In contrast, the average RMSDs
of sulfates at the 6-, 2-, and 6-positions of residues F, D, and H
were 2.4+ 1.2, 2.1+ 1.2, and 1.60.9 A, respectively,
indicating greater conformational variability. Our docking results 1
suggest that four sulfate groups, at positions 6-, 2- and 3-, and
2- of residues D, F, and H, respectively, have minimal
conformational variability in the binding site. Thus, these sulfate <) H5_T_3S_E 1

RMSD (&)

RMSD (R)

1 5 2¢
2 3 1.2

groups, organized in a specific three-dimensional orientation, [

afford the specificity of interaction, a conclusion proposed earlier ‘ 15 c@
on the basis of a large number of structuegtivity studies (see '
Figure 1)2:14.15.26.61 8 a
Prediction of Binding Geometry with a Flexible H5 Fails |4 =
To Give Reasonable SolutionsThe above docking procedure 8, =

utilized constrained intra- and inter-glycosidic conformations 1y
to maintain solution-state structure in the protein-bound state. i 5. Specificity of GAG ; tithrombin. Variati
To test whether full conformational flexibility during docking irﬁﬁ;eRMsgegét'&'geg six Soljﬁgﬁserz(l:,e Qorzan3| ;;r?(;ng)lrl;bt;::zdlon
would result in better predictability, docking of H5 was fom three independent docking experiments of heparin pentasaccharide
performed under conditions wherein the HL-GAG backbone and H5 variants, containing either one additional sulfate group at the
saccharide conformations were unrestrained. Striking differences3-position of residue E or lacking a sulfate at the 3-position of residue
were noted in these docking studies. None of the three dockingF, binding to antithrombin. Whereas for H5 (A) the RMSD was less
experiments converged, suggesting a lack of preference for athan 2.0 Afbetwese” eafh solution, for ":]5F33) and ';75 zSE (g)ﬁ a
defined binding geometry (not shown). In addition, the final Maority of RMSD values were much greater~57 A). Other

. . ; - pentasaccharide variants were also studied. See text for details.
six solutions display completely random profiles. Further, the
pyranose rings in the docked solutions were found to exhibit gyifation of residue H was not detrimental to biological
conformations not found in solution. To test whether partial 5ctjyity 2657
flexibility is tolerated, H5 was docked with unrestrained inter-  aAp opvious explanation for the changes in antithrombin
glycosidic torsions, but constrained intra-ring torsions matching affinity is the loss or gain of favorable or unfavorable interac-
geometries in their bound state. The RMSD matrix showed an tions, Yet, this explanation suggests that individual interactions
inconsistent set of six solutions corresponding to several affect the changes independently. To gain a more fundamental
different binding geometries (not shown). Only 1 of these ynderstanding, we studied the docking of several H5 variants
geometries was within 2.5 A RMSD of igys These experi-  including H5-3$, H5-6%, and H5-2§ (Figure 2), lacking a
ments suggest that determining binding geometries with a fully gyifate at position 3 in F, position 6 in D, and position 2 in H,
f|eXIb|e I|gand, though h|gh|y deSIrab|e, IS d|ﬂ:|CU|t. These I‘eSU|tS respective'y, onto an“thromb'n In add|t|0n’ HBSE and
demonstrate that the imposition of an average backbonens+3s; described above, and a heparin hexasaccharide with
constraint significantly increases the chances of arriving at the common repeat sequence GH (IdoAp2S-GIcNp2S6S) were also
true binding geometry by reducing the GA conformational stydied. Finally, an H5 sequence with IdoAp residue locked in

3 1,2

search space. the unfavorable!C, conformation (H5/G*) was studied to
The Docking Protocol Sorts Pentasaccharides Based on  understand the importance of conformational flexibility in this
Specificity of Interaction with Antithrombin. The natural residue.

pentasaccharide sequence H5 is a rare sequence in heparin in These H5 analogues were prepared in silico, minimized at
which the EF unit (Figure 1) with the presence of th®©-3- the average GA@u/yy values, and docked using the protocol
sulfate group is both unique and interesting. Studies with a large described above for H5. Figure 5 shows the RMSD between
number of H5 derivatives have led to the understanding that the solutions obtained in three docking experiments for each of
other sulfate groups present in the pentasaccharide sequencehe H5 variants. Whereas for H5, all six solutions are essentially
e.g., theN-sulfate of D and 89-sulfate of F, are not importafg. identical with RMSD less than 2.5 A (Figure 5A), none of the
Interestingly, certain analogues with sulfation level higher than variants display this behavior. For example, H53[&cking

H5, e.g., H5-3S: and H5+3S; (Figure 2), were less active than  the critical 3O-sulfate group, displays only two RMSDs within
H5, in sharp contrast to the expectation that greater sulfation 2.5 A (Figure 5B), while H3-3S, possessing an additionalCs-
level, especially 3>-sulfation, would induce higher antithrom-  sulfate in residue E, displays only one (Figure 5C). Likewise,
bin-affinity.56 At the same time, our studies suggested th@3-  the number of docked solutions that are within 2.5 A RMSD
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200 of 4.2 GOLD score units per kcal/mol reflects a less-than-

o 15 HS/K “ﬁ’K‘” H5 optimal sensitivity to structural change, especially considering
S HS-D H5+35,, that multiple docking geometries were not considered in the

» 100 HS_DEtH H5.H analysis. In general, predicting protein-binding affinities of
S 5 5-GH H5/R129 GAGs has been difficult because of the exposed nature of the
8 binding site and the unquantified interaction parameters of
0 * * sulfate groups. In addition, knowledge-based or empirical

0 5 10 15 20 scoring functions do not take into account entropic contributions

-AGO® (kcal/mol) to AG®°, which arise from the release of Nand HO species

_ _ 0BS _ _ o from antithrombin surface following saccharide binding and are
Figure 6. Correlation of GOLD score with antithrombin binding  the dominant factors in the stabilization of the complex. Finally,
affinity. Modified GOLD score (See Methods) determined following the scoring function cannot compute the energy required for

100000 iterations and multiple docking runs linearly increases with ) . - .
the observed antithrombin binding affinity under physiological condi- conformational flips of iduronate residues as well as the energy

tions. Only those antithrombin complexes for which binding affinities onsumed to induce an allosteric, two-step binding interaction
were measured under essentially equivalent conditions are used fornecessary for antithromb#:5”In light of these unknowns, the
analysis. Labels refer to pentasaccharide or its variant, identified in correlation observed in Figure 6 is reasonably good, especially
Figures 1 and 2, interaction with wild-type antithrombin. HB*KH5/ considering that the affinity varies from the higiM to the

K2, and H5/R? refer to natural pentasaccharide H5 interaction with |5\ nM.

mutant antithrombin&-%° The solid line represents linear regression e . - . I
line with slope of 4.2 GOLD score units per kcal/mol and an intercept  ldentification of High-Affinity, High Specificity Sequences

of 78.9 GOLD score units. See text for details. through a Combinatorial Virtual Screening Approach.
Although a large number of proteins interact with HL-GAGs

of each other is 8, 7, and 4 for H5-2SH5-6%,, and (GH3, in our body, little information is available on sequences that

respectively, out of the possible 15, while that for+H55; and recognize these proteins. This is also the status for other GAGs,

H5/G* are 6 and 1, respectively (not shown). Thus, whereas Such as dermatan sulfate, chondroitin sulfate, and keratan sulfate.
100% of solutions are found within 2.5 A of each other for H5, In addition, knowledge regarding the specificity of these
only 53%, 47%, and 13% are found for H5;2%15-6S, and interactions is completely lacking. We reasoned that our
H5-3%, respectively. For H53S and H5+3S, variants with protocol, which combines two functionsffinity in the form
additional 30-sulfation, this percentage is 13 and 40%, while of GOLD score and specificity in the form of consistency of
for 1C, conformationally locked H5 (H5/G*) it is only 6.7%.  docking—represents a powerful tool to deduce high-affinity
The above results indicate that self-consistency of docking GAG sequences that bind proteins with high specificity.
geometries is sensitive to sulfate group distribution and pen-  To test this hypothesis, we generated a combinatorial library
tasaccharide topology. Alternatively, the loss or gain of sulfate of heparin hexasaccharides for docking onto antithrombin. The
groups orlC, iduronate conformation gives rise to alternate library was generated from a set of 19 disaccharides (Figure
binding modes significantly differing from each other and from 3), which included all monosaccharides found in nature, except
that of the natural high-affinity sequence H5. A closer inspection for the rare free glucosaminésThe library considered the
of the binding geometries suggests that many of these variantconformational flexibility of IdoAp residues in an explicit
sequences favor a completely different pattern of interactions. manner through inclusion of bo#€; and?So conformations.
These altered preferences, especially a multitude of them, areThus, the combinatorial library consisted of 6859 unique heparin
likely to be nonproductive, generating significant nonspecific hexasaccharides built with the ‘average backbone’ geometry in
binding, thus resulting in a loss of binding affinity. Thus, these an automated manner.
docking experiments indicate that the ‘self-consistency’ of the A biphasic docking protocol was used for screening this
RMSD matrix of top-ranked solutions is a sensitive measure of library. The first phase evaluated the binding of each hexasac-
GAG specificity. charide onto antithrombin using 10000 iterations §& speed-
GOLD Scores Correlate with Antithrombin Affinity. up), instead of 100000 (no speed-up), followed by GOLD score
Implicit in our docking protocol is the assumption that GOLD screening. The histogram of GOLD score frequency obtained
scores correlate with protein binding affinity. To establish that from this analysis suggests an approximately Gaussian distribu-
this is indeed true, we studied the docking of pentasaccharidetion of sequences centered between 40 and 55 GOLD score units
variants with antithrombin for which the binding affinity had  with the highest at 115 (Figure 7). A majority of hexasaccha-
been measured under standardized condifiéh87 69 These rides, 6352 sequences or 92% of the total, have a GOLD score
include H5, H5-3S,, H5-GH, H5-H, H5-D, and H5-DE binding  of 75 or less, suggesting that these sequences minimally or do
to wild-type antithrombi2657 and H5 binding to R129H,  not bind antithrombin. Nearly 6.4% or 439 sequences have a
K125M, and K114Q antithrombin mutarits:%° These nine ~ GOLD score between 75 and 100. This score corresponds to
complexes represent a range~ef2 kcal/mol in free energy of  «M to mM antithrombin affinity, most probably arising from
binding, a wide range spanning very strong to very weak nonspecific, nonproductive interactions.
interactions. Docking was performed in a manner identical to | ess than 1% of the sequences or 28 sequences, each with a
that for native pentasaccharide H5 and the top solution analyzedGOLD score greater than 100 were identified as ‘hits’ or high-
for binding energy correlation. Figure 6 shows a profile of affinity sequences. Of these 28 sequences, 23 were strikingly
modified GOLD score versus the observed free energy of similar in possessing three sulfate groupsp,655, and 2$.
binding under physiological conditions. For the nine complexes |n addition, these 23 sequences had a glucuronic acid residue

studied, the modified GOLD score increased linearly frof5 in the ‘E’ position. This similarity is particularly significant
to ~150 giving a slope of 4.2 GOLD score units per kcal/mol  considering that 513 sequences of the 6859 hexasaccharides,
and an intercept of 78.9. i.e., ~7%, contain these structural features. In other words, the

The reasonable linear correlation between modified GOLD ‘DEF’ motif has been enriched fromy7% to ~82% through
score and\G°ops validates the docking protocol. Yet, the slope the affinity filter.
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& 1000 —5 chemical experiments have suggested a lateral movement as

g 3 B 28 chain length increasés.

£ 800 21 Identification of an Unusual High-Affinity, High-specific-

2 M 14 ity Sequence.Our combinatorial virtual screening approach

g 600 % H ﬂ o results in one hexasaccharide sequence that binds antithrombin
o - , .

s 95 105 115 in an unusual, unexpected manner. This sequence, IdoAp2S

> 400 (1—4) GIcNp2Ac (1—4) 1doAp2S (1~4) GIcNp2Ac (1—4)

- IdoAp (1—4) GIcNp2S6S (Figure 8), does not have the critical

S 200 DEF scaffold, is much less sulfated than H5, and has all three

g HH HHHH IdoAp residues inlC, conformation. The sequence binds

. = g antithrombin reproducibly in triplicate docking experiments with

0
0 10 20 30 40 50 60 70 80 90 100 120 R 4 - .
o a GOLD score of 109.0 indicating a high-affinity, high
) ) GOLD Score ) specificity interaction. The binding geometry is unique but
Figure 7. Histogram of number of HS hexasaccharide sequences for jistinct from H5 and other sequences identified above (Figure

every 5 unit change in GOLD score. Modified GOLD score was e :
calculated for all 6859 hexasaccharides docked onto antithrombin 8), specifically the sequence occupies part of both the pentasac-

following the first phase of combinatorial library screening. Inset shows charide-binding site and the extended-heparin binding site in
an expanded portion of the histogram in the range®®D GOLD score  antithrombin? Significant binding energy originates from
units. See text for details. hydrogen bonding with amino acids Argl3, Arg46, Arg47,
Lys125, and Argl129, in which the sulfate groups at the
The 28 ‘hits’ identified in the affinity screen were then 2-position of the GlcNp and IdoAp residues make multivalent
subjected to specificity analysis through a ‘consistency test’ with interactions. At the same time, greater than 50% of its binding
100000 iterations over triplicate docking runs. This step involved energy, as predicted by the modified GOLD score, originates
greater evolution of docking geometries, whereby significantly from van der Waals interactions. Thus, despite a lower than
more conformational space around the binding site is searchednormal sulfation level, a fortuitous combination of sequence
multiple times. Of the 28 high-affinity sequences, 10 docked and conformational features introduces high antithrombin af-
to consistently give a single geometry with an RMSD of less finity in this sequence.
than 2.5 A among the top six solutions (Figure 8). The other It is difficult to predict whether this sequence will be
18 sequences did not dock consistently 100% of the time. The physiologically active. The observation that less sulfated GAG
self-consistent binding geometry for each of the 10 sequencessequence can demonstrate high antithrombin specificity in silico
indicates a high specificity interaction. Of the 10 sequences, 9is exciting. Assuming that specific interactions of H5 are
bind antithrombin in manner identical to the natural pentasac- responsible for the allosteric conformational change in anti-
charide H5, while one hexasaccharide interacts with a signifi- thrombin, the dramatically different binding geometry suggests
cantly different geometry and orientation (Figure 8). reduced likelihood of an agonist activity in this unusual

A closer look at these 9 sequences shows that 8 contain theSequence. At the same time, the high affinity of the sequence
—4) GIcNp6S (++4) GIcAp (1—4) GIcNp2S3S (2~ structure suggests an antagonistic activity may be expected.
that matches key structural features within DEF necessary for ) o
high-affinity interaction with antithrombin (Figure 2657 The Conclusion and Significance
last sequence in this category also has this structure, except for Qur interest in heparin/HS stems from our work on rational
the absence of 6S Structural differences within DEF in these  design of antithrombin-based anticoagulafts:4462 Despite
eight sequences include the presence of either an acetyl or &eing the anticoagulant of choice for the past 8 decades, heparin-
sulfate group at the 2 position of residue D and the presence orbased therapy is still beset with several adverse effects, principal
absence of a sulfate at 6-position of residue F. Our virtual being an enhanced risk toward bleeding. A large body of
screening shows that an IdoAp residue, either with or without structure-activity studies spanning more than two decades
a sulfate in 2-position, is consistently present at the G location resulted in several potent pentasaccharides, of which fonda-
in these 9 sequences (Figure 8). Alternatively, GIcAp residue parinux was introduced in the clinic in late 2081563 Yet,
is forbidden in this position. Further, the IdoAp residue these pentasaccharides, and also several low-molecular-weight

overwhelmingly prefer€So conformation overCy (~89%), heparins introduced in mid-1996%are essentially ‘heparin’ and
suggesting that the self-consistency filter is greatly sensitive to structurally represent a small advance.
the local topology of the GAG helix. Finally, location H with Nonheparin anticoagulants with high specificity for anti-

GIcNp residue tolerates considerable variations, e.g., sulfationthrombin may afford a solution to current adverse effects of
and acetylation in the 6- and 2-positions assuming that the high- heparin therapy. Yet, designing nonheparin, organic activator-
affinity DEF sequence is present. (s) of antithrombin is challenging, especially due to the
The GOLD scores for the 9 hexasaccharide sequences rangedionavailability of techniques that address specificity of bind-
from 109.5 to 127.5 suggesting each of these sequences to béng.*® Previous two simulations of heparin pentasaccharide
potent antithrombin ligands. Yet, despite having all the key binding to antithrombin were successful in identifying only a
structural features these are not as potent as sequence-specifiiew of the critical interactioné?4! A major reason for this is
pentasaccharide H5, which shows a GOLD score of 140. the difficult simulation of GAG interactions originating from
Comparison of the docking geometry of H5 with that of the the primary sequence complexity of GAG polymers, the
hexasaccharide sequences reveals a lateral displacementof 0.3inadequate parametrization of sulfate groups, and the shallow,
0.5 A in all solutions irrespective of substitution pattern. This exposed, and highly flexible nature of GAG binding pockets.
effect is most noted on G and H residues, resulting in weaker Most docking approaches to date focus primarily on the
interactions at the reducing end of the sequence. Although theaffinity of interaction and minimally on the specificity of
small difference in binding geometry between pentasaccharideinteraction®* Predicting affinity accurately of proteirligand
H5 and hexasaccharides remains unconfirmed, previous bio-complexes is in its infancy, especially due to the poorly defined
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Figure 8. Finding a needle in a haystac{d) An overlay of final 10 hexasaccharide sequences obtained after second phase of combinatorial
library screening. Structure in green is thedds, while those in atom-type color are nine sequences with nearly identical binding orientation and
geometry. Sequence in purple color was found to bind antithrombin reproducibly with high specificity and affinity but dramatically differetioorien
Labels 2%, 3%, 6Ae and 6% represent sulfate or carboxylate groups at the 2- and 3-position of residue F, 6-position of residue E, and 6-positon
of residue D. (B) Symbolic representation of the high-affinity, high-specificity hexasaccharide structures shown above. The hexasacaharide libr
sequence runSUAp(1—4)GIcNp(1—4)} 5, where UA is either IdoAp (shaded hexagon) or GlcAp (shaded square). Sulfated substitution at the 2-,
3-, or 6-positions of either UAp or GIcNp is indicated with a line)( while acetate substitution at the 2-positon of GlcNp is indicated with a
line-dot (—e). Iduronic acid residues iASo conformation are shown as fully shaded hexagons, while thod€simonformation are shown as
half-filled hexagons. See text for details. See Supporting Information for a MOL2 file of these sequences.

contribution of water molecules in the process. Further, affinity select only those sequences that satisfy self-consistency 100%
alone is not a powerful tool in predicting potent GAG sequences of the time. In combination, a high overall enrichment was
because of poor sensitivity to structural change, as the currentrealized (660-fold). If one considers only those hexasaccharide
study (see Figure 6) and work elsewhere demonstfatstead sequences that possess IdoAp~@) GlcNp (1—4) GIcAp
of affinity, our genetic algorithm-based approach places em- (1—4) GlcNp (+>4) IdoAp (1—4) GlcNp structure, which is
phasis on specificity of interaction. This approach affords the base sequence present in the final 9 hexasaccharides, even
screening of a large amount of conformational space that ensureghen the enrichment remains substantial7{-fold). It was
elimination of a number of false positives. Thus, specificity is possible to use high filtering stringency because antithrombin
perhaps a more critical filter that offers significantly high heparin interaction is biochemically a well-studied system.
reliability. However, the stringent criteria may eliminate potentially useful
Our work represents the first approach on combinatorial information, especially for less well-understood systems.
library screening for heparin/HS GAGs. The phenomenal  Our combinatorial screening approach relies on a fundamental
structural diversity of these GAGs is a challenge to medicinal hypothesis. The combinatorial library was generated based on
chemists and represents a frontier extremely difficult to traverse the ‘average backbone’ hypothesis in which uniformity of inter-
through traditional structureactivity studies’® More specifi- glycosidic torsion angles, irrespective of sequence and intra-
cally, it is impossible to ever isolate all the sequences so as toring conformational variability, is assumé:*® For heparin/
fully delineate their interaction with proteins. This work HS, this hypothesis appears to hold true for all known cases,
demonstrates that library screening is feasible for heparin/HS although only a fraction of possible homogeneous sequences
oligosaccharides, especially if a high-resolution crystal structure have been studied in solution. For GAGs other than HS, such
of the protein is available. Further, the approach is geared towardas dermatan sulfate and chondroitin sulfate that involve mixed
predicting high specificity sequences. Thus, it is expected to inter-glycosidic linkages, the approach needs rigorous testing.
be especially useful for heparin binding proteins, e.g., heparin ~ Another approximation that our work relies upon is the rigid
cofactor I, protein C inhibitor, and growth factors, for which  framework of the protein binding site during docking, despite
specificity features remain poorly defined. In addition, for many the highly flexible nature of arginine and lysine side chains.
other proteins, including glycoprotein D of herpes simplex The heparin-binding site in antithrombin is an engineering
virus-1 and protease nexin 1, information regarding the heparin- marvel. It possesses an exquisite asymmetrical arrangement of
binding site may also become feasible. its positively charged residues, which are involved in the
Our dual filter strategy-affinity and specificity-utilized fairly formation of intricate networks of charge&806566 Such
stringent criteria for selection. While the affinity filter selected networks, possibly of salt bridge-type or hydrogen-bonding-
the upper 20% of sequences, the specificity filter was set to type, likely engineer some ‘rigidity’ in the binding site, thus
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a more rigorous virtual screening approach would be to
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GAG sequences with high specificity, it facilitates the extraction
of a ‘pharmacophore’, key interactions that drive binding
specificity. A map of RMSD of individual atoms, backbone, a, o I Stephens, 2 ot poseroerd. R0 -

H H i variation In heparin octasaccnharides wi Igh aifinity from anti-
and functional groups can be readily created from the combi thrombin Ill. Biochemistry1984 23, 5801-5812.

natorial library screening experiments to identify those locations (15) Lindahl, U.; Thunberg, L.; Backstm, G.; Riesenfeld, J.; Nordling,

with minimal variation, e.g., 3$ 2S5, and 6% in DEF, which K.; Bjork, I. Extension and structural variability of the antithrombin-
define the pharmacophore. In contrast, domains with higher 16) gﬂﬂﬂgsgq“.ﬁfﬁ '-”é}i?i?é?f'p?'i gmrgrﬁs‘,l\l 25\/3 '152?8)21'%533166 ]
RMS_D, ar_1d thgrefore possessing _S|gr_1|f|cant movement, define D.; Cohen, G. H.. Eisenberg, R. J.; Rosenberg, R. D.. Spear, P. G.
locations in which structural modification can be introduced to A novel role for 3-O-sulfated heparan sulfate in herpes simplex virus
design new ligands. Thus, this approach is also likely to be an 1L,er1ter-CS';II_1999299,Pl3—22|.Q - Thor. S, G- D .
H H H i, J.; rver, £.; Pope, R. i orp, o. C.; buncan, . b,
useful for deglgnlng therapeutlcal!y use_fUI m9'69“'es' . Copeland, R. J.; Raska, C. S.; Yoshida, K.; Eisenberg, R. J.; Cohen,
In conclusion, the work describes identification of high- G.; Linhardt, R. J.; Sasisekharan, R. Characterization of a heparan
affinity high-specificity heparin/HS sequences that bind anti- Srlfate OCt_aSgC;hg_”?eCtEat Blggz ;37h§f3e1855&33lr;1£ge7x virus type 1
: i : : : : : glycoprotein D.J. Biol. Chem f .
thrombin utilizing a Comb',natonal V'rtuajl library Scr?e”'”g (18) Keiser, N.; Venkataraman, G.; Shriver, Z.; Sasisekharan, R. Direct
approach. The approach relies on a dual filter strategy involving isolation and sequencing of specific protein-binding glycosaminogly-
affinity and specificity filters and is based on average heparin/ cans.Nat. Med.2001, 7, 123-128.
; ; ; _(19) Rabenstein, D. L. Heparin and heparan sulfate: structure and function.
II:S bgc(l;bokr)e hypc(;thesg The apprcl)acrr: useslgfﬁnenc algorlth.rfn Nat, Prod. Rep2002 19, 312331,
ased docking and scoring p“?tOCO - The dua _' te'_’ strategy, | (20) Mulloy, B.; Forster, M. J. Conformation and dynamics of heparin
found useful for other heparin/HS systems, is likely to be and heparan sulfat&lycobiology200Q 10, 1147-1156. _
extremely useful in the design of pharmaceutically useful agents. (21) Ferro, D. R.; Provasoli, A.; Ragazzi, M.; Casu, B.; Torri, G.;
Bossennec, V.; Perly, B.; Sinay, P.; Petitou, M.; Choay, J. Conformer
. populations of L-iduronic acid residues in glycosaminoglycan
Acknowledgment. We thank Professors Richard B. West- sequencesCarbohydr. Res199Q 195, 157-167.
kaemper and Glen E. Kellogg of Virginia Commonwealth  (22) Esko, J. D.; Selleck, S. B. Order out of chaos: Assembly of ligand
University for two GOLD licenses and critical comments on b'”ld'”g sites in heparan sulfa#nnu. Re. Biochem2002, 71, 435~
the man_uscrlpt, respectively. We also thank Cambridge Crystal- (23) Cardin, A. D.; Weintraub, H. J. R. Molecular modeling of protein-
lographic Data Centre (CCDC) User Support for helpful glycosaminoglycan interactiondrteriosclerosisl989 9, 21-32.
technical support. This work was supported by the National (24) 'Vflaftga“tf, Hil; F('jsi_hefa 'r\]‘ B?n-g_asfon, S. A Compafaﬂ\lle agalg(SlSt
: Of structurally define eparin binding sequences reveals a distinc
Heart, Lung and Blood _Instltute (RO1 HL.069975. and R4l spatial distribution of basic residued. Biol. Chem.1993 268,
HL081972) and the American Heart Association National Center 19228-19231.
(EIA 0640053N). Hileman, R. E.; Fromm, J. R.; Weiler, J. M.; Linhardt, R. J.

(25)
Glycosaminoglycan-protein interactions: definition of consensus sites
in glycosaminoglycan binding proteinBioEssaysl998 20, 156—

167.

Desai, U. R.; Petitou, M.; Bjg, |.; Olson, S. T. Mechanism of heparin

activation of antithrombin. Role of individual residues of the

pentasaccharide activating sequence in the recognition of native and
activated states of antithrombid. Biol. Chem.1998 273 7478~

7487.

Thompson, L. D.; Pantoliano, M. W.; Springer, B. A. Energetic

characterization of the basic fibroblast growth factor-heparin interac-

tion: Identification of the heparin binding domaBiochemistry1 994

33, 3831-3840.

(28) Olson, S. T.; Halvorson, H. R.; Bjo I. Quantitative characterization
of the thrombin-heparin interaction. Discrimination between specific
and nonspecific binding model3. Biol. Chem.1991, 266, 6342—
6352.

(29) Carter, W. J.; Cama, E.; Huntington, J. A. Crystal structure of
thrombin bound to heparid. Biol. Chem2005 280, 2745-2749.

(30) Faham, S.; Hileman, R. E.; Fromm, J. R.; Linhardt, R. J.; Rees, D.
C. Heparin structure and interactions with basic fibroblast growth
factor. Sciencel996 271, 1116-1120.

(31) Pellegrini, L.; Burke, D. F.; von Delft, F.; Mulloy, B.; Blundell, T.

(5) Kelton, J. G. The pathophysiology of heparin-induced thrombocy- L. Crystal structure of fibroblast growth factor receptor ectodomain

topenia: biological basis for treatme@hest2005 127, 9S-20S. bound to ligand and hepariiNature 200Q 407, 1029-1034.
(6) Sasisekharan, R.; Shriver, Z.; Venkataraman, G.; Narayanasami, U. (32) Schlessinger, J.; Plotnikov, A. N.; Ibrahimi, O. A.; Eliseenkova, A.

Supporting Information Available: A MOL2 file of the
sequences depicted in Figure 8. This material is available free of (2g)
charge via the Internet at http://pubs.acs.org.

References

(1) Pike, R. N.; Buckle, A. M.; Le Bonniec, B. F.; Church, F. C. Control
of the coagulation system by serpins. Getting by with a little help
from glycosaminoglycandzEBS J.2005 272 4842-4851.

(2) Desai, U. R. Antithrombin activation and designing novel heparin
mimics. InChemistry and Biology of Heparin and Heparan Sulfate
Garg, H. G.; Linhardt, R. J.; Hales, C. A, Eds.; Elsevier: New York,
2005; pp 483-513.

(3) Presta, M.; Dell’Era, P.; Mitola, S.; Moroni, E.; Ronca, R.; Rusnati,
M. Fibroblast growth factor/fibroblast growth factor receptor system
in angiogenesisCytokine Growth Factor Re 2005 16, 159-178.

(4) Rops, A. L.; van der Vlag, J.; Lensen, J. F.; Wijnhoven, T. J.; van
den Heuvel, L. P.; van Kuppevelt, T. H.; Berden, J. H. Heparan
sulfate proteoglycans in glomerular inflammatistidney Int.2004
65, 768-785.

@7

Roles of heparan-sulphate glycosaminoglycans in cahr.Re.
Cancer2002 2, 521-528.

(7) Liu, J.; Thorpe, S. C. Cell surface heparan sulfate and its roles in
assisting viral infectionsMed. Res. Re 2002 22, 1—-25.

(8) Whitelock, J. M.; lozzo, R. V. Heparan sulfate: a complex polymer
charged with biological activityChem. Re. 2005 105, 2745-2764.

(9) Gettins, P. G. Serpin structure, mechanism, and fundfibam. Re.
2002 102, 4751-4804.

V.; Yeh, B. K.; Yayon, A.; Linhardt, R. J.; Mohammadi, M. Crystal
structure of a ternary FGH-GFR-heparin complex reveals a dual
role for heparin in FGFR binding and dimerizatidviol. Cell 2000

6, 743-750.

(33) Capila, I.; Hernaiz, M. J.; Mo, Y. D.; Mealy, T. R.; Campos, B.;
Dedman, J. R.; Linhardt, R. J.; Seaton, B. A. Annexin V-heparin
oligosaccharide complex suggests heparan sutiaediated as-
sembly on cell surfacesStructure2001, 9, 57—64.



3562 Journal of Medicinal Chemistry, 2006, Vol. 49, No. 12

(34) Moon, A. F.; Edavettal, S. C.; Krahn, J. M.; Munoz, E. M.; Negishi,
M.; Linhardt, R. J.; Liu, J.; Pedersen, L. C. Structural analysis of
the sulfotransferase (3-O-sulfotransferase isoform 3) involved in the
biosynthesis of an entry receptor for herpes simplex viruks Biol.
Chem.2004 279, 45185-45193.

(35) Shaw, J. P.; Johnson, Z.; Borlat, F.; Zwahlen, C.; Kungl, A.; Roulin,
K.; Harrenga, A.; Wells, T. N. C.; Proudfoot, A. E. |. The X-ray
structure of RANTES: heparin-derived disaccharides allows the
rational design of chemokine inhibitoiStructure (Cambridge2004
12, 2081-2093.

(36) Jin, L.; Abrahams, J.-P.; Skinner, R.; Petitou, M.; Pike, R. N.; Carrell,
R. W. The anticoagulant activation of antithrombin by hepafirc.

Natl. Acad. Sci. U.S.AL997, 94, 14683-14688.

(37) Johnson, D. J. D.; Huntington, J. A. Crystal structure of antithrombin
in a heparin-bound intermediate steBégochemistry2003 42, 8712—
8719.

(38) Li, W.; Johnson, D. J.; Esmon, C. T.; Huntington, J. A. Structure of
the antithrombin-thrombinheparin ternary complex reveals the
antithrombotic mechanism of hepariNat. Struct. Mol. Biol2004
11, 857-862.

(39) Dementiev, A.; Petitou, M.; Herbert, J. M.; Gettins, P. G. The ternary
complex of antithrombin-anhydrothrombieparin reveals the basis
of inhibitor specificity.Nat. Struct. Mol. Biol.2004 11, 863-866.

(40) Grootenhuis, P. D. J.; van Boeckel, C. A. A. Constructing a molecular
model of the interaction between antithrombin Il and a potent heparin
analogueJ. Am. Chem. Sod.991 113 2743-2747.

(41) Bitomsky, W.; Wade, R. C. Docking of glycosaminoglycans to
heparin-binding proteins: Validation for aFGF, bFGF, and anti-
thrombin and application to IL-8J. Am. Chem. Socl999 121,
3004-3013.

(42) Gunnarsson, G. T.; Desai, U. R. Designing small, nonsugar activators
of antithrombin using hydropathic interaction analysed4ed. Chem.
2002 45, 1233-1243.

(43) Gunnarsson, G. T.; Desai, U. R. Interaction of sulfated flavanoids
with antithrombin: Lessons on the design of organic activatdrs.
Med. Chem2002 45, 4460-4470.

(44) Gunnarsson, G. T.; Desai, U. R. Hydropathic interaction analyses of
small organic activators binding to antithrombBioorg. Med. Chem.
2004 12, 633-640.

(45) Jones, G.; Willett, P.; Glen, R. C.; Leach, A. R.; Taylor, R.
Development and validation of a genetic algorithm for flexible
docking.J. Mol. Biol. 1997, 267, 727-748.

(46) Ragazzi, M.; Ferro, D. R.; Perly, B.; Sinay, P.; Petitou, M.; Choay,
J. Conformation of the pentasaccharide corresponding to the binding
site of heparin for antithrombin IlCarbohydr. Res199Q 195 169—

185.

(47) Mulloy, B.; Forster, M. J.; Jones, C.; Drake, A. F.; Johnson, E. A;;
Davies, D. B. The effect of variation of substitution on the solution
conformation of heparin: a spectroscopic and molecular modelling
study.Carbohydr. Res1994 255 1—26.

(48) Mikhailov, D.; Linhardt, R. J.; Mayo, K. H. NMR solution conforma-
tion of heparin-derived hexasacchari@ochem. J1997, 328 51—

61.

(49) Hricovini, M.; Guerrini, M.; Bisio, A.; Torri, G.; Petitou, M.; Casu,
B.; Conformation of heparin pentasaccharide bound to antithrombin
IIl. Biochem. J2001, 359, 265-272.

(50) Personal communication from Dr. G. Battle, User Support
of Cambridge Crystallographic Data Centre, UK. Also see

Raghuraman et al.

http://www.ccdc.cam.ac.uk/products/life_sciences/gold/
fags/scientific_fag.php#bindingaffinity.

(51) Verdonk, M. L.; Cole, J. C.; Hartshorn, M. J.; Murray, C. W.; Taylor,
R. D. Improved proteirtligand docking using GOLDProteins2003
52, 609-623.

(52) Erickson, J. A.; Jalaie, M.; Robertson, D. H.; Lewis, R. A.; Vieth,
M. Lessons in molecular recognition: the effects of ligand and protein
flexibility on molecular docking accuracy. Med. Chem2004 47,
45-55.

(53) Kroemer, R. T.; Vulpetti, A.; McDonald, J. J.; Rohrer, D. C.; Trosset,
J.Y.; Giordanetto, F.; Cotesta, S.; McMartin, C.; Kihlen, M.; Stouten,
P. F. Assessment of docking poses: interactions-based accuracy
classification (IBAC) versus crystal structure deviatiodsChem.

Inf. Comput. Sci2004 44, 871—-881.

(54) Atkins, E. D.; Nieduszynski, I. A. Crystalline structure of heparin.
Adv. Exp. Med. Biol.1975 52, 19-37.

(55) Mulloy, B.; Forster, M. J.; Jones, C.; Davies, D. B. NMR and
molecular-modeling studies of the solution conformation of heparin.
Biochem. J1993 293 849-858.

(56) van Boeckel, C. A. A.; Petitou, M. The unique antithrombin III
binding domain of heparin: A lead to new synthetic antithrombotics.
Angew. Chem. Int. Ed. Engl993 32, 1671-1818.

(57) Desai, U. R.; Petitou, M.; Bjg, I.; Olson, S. T. Mechanism of heparin
activation of antithrombin: Evidence for an induced-fit model of
allosteric activation involving two interaction subsit@ochemistry
1998 37, 13033-13041.

(58) Desai, U. R.; Swanson, R. S.; Bock, S. C.71Bjd.; Olson, S. T.
The role of arginine 129 in heparin binding and activation of
antithrombin.J. Biol. Chem200Q 275, 18976-18984.

(59) Arocas, V.; Bock, S. C.; Raja, S.; Olson, S. T.;iBjd. Lysine 114
of antithrombin is of crucial importance for the affinity and kinetics
of heparin pentasaccharide bindidgBiol. Chem2001, 276, 43809~
43817.

(60) Schedin-Weiss, S.; Desai, U. R.; Bock, S. C.; Gettins, P. G. W.;
Olson, S. T.; Bjok, I. The importance of lysine 125 for heparin
binding and activation of antithrombiBiochemistn2002 41, 4779~
4788.

(61) Belzar, K. J.; Dafforn, T. R.; Petitou, M.; Carrell, R. W.; Huntington,
J. A. The effect of a reducing-end extension on pentasaccharide
binding by antithrombinJ. Biol. Chem200Q 275 8733-8741.

(62) Desai, U. R. New antithrombin-based anticoagulavitedd. Res. Re
2004 24, 151-181.

(63) van Boeckel, C. A. A.; Petitou, M. The unique antithrombin Il
binding domain of heparin: A lead to new synthetic antithrombotics.
Angew. Chem., Int. Ed. Endl993 32, 1671-1818.

(64) Kitchen, D. B.; Decornez, H.; Furr, J. R.; Bajorath, J. Docking and
scoring in virtual screening for drug discovery: methods and
applicationsNat. Re. Drug Discaery 2004 3, 935-949.

(65) Schedin-Weiss, S.; Arocas, V.; Bock, S. C.; Olson, S. T.; Bjork, I.
Specificity of the basic side chains of Lys114, Lys125, and Arg129
of antithrombin in heparin bindindiochemistry2002 41, 12369~
12376.

(66) Monien, B. H.; Krishnasamy, C.; Olson, S. T.; Desai, U. R.
Importance of tryptophan 49 of antithrombin in heparin binding and
conformational activatiorBiochemistry2005 44, 11660-11668.

JM0600920



