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Abstract: Heparin—protein interactions play an important role in many steps of the immune system. Here, we
evaluated the search capabilities of three widely used progr&®RdD, DOCK, and AutoDock-for heparin

binding sites. Because of the weak surface complementarity and the high charge density of the sulfated sugar
chain, the docking of heparin to its protein partners presents a challenging task for computational docking.
Our protocols were tested on antithrombin and acidic and basic fibroblast growth factor, the only three proteins
for which structures of their complexes with heparin are available. With all three programs, the heparin binding
site for these test cases was determined correctly. We then used these protocols to predict the heparin binding
site on Interleukin-8, a chemokine with a central role in the human immune response. The results indicate that
His18, Lys20, Arg60, Lys64, and Arg68 in interleukin-8 bind to heparin.

Introduction positively charged residues play a critical role in the interaction
with the sulfate and carboxylate groups of the glucosaminogly-

The interaction of glycosaminoglycans (heparin and heparan : > 9
. . : - b can (GAG) chain, but an energetic characterization of the bFGF
sulfate) with proteins and peptidgslays a role in the regulation (FGF = fibroblast growth factor) interactions showed an

of many physiological processes such as hemostasis, growth . M . 0
factor activity, anticoagulation, cell adhesion, and enzyme electrostatic contribution of these residues of only 30% to the

regulation?=> As such, this interaction is clearly an important binding free energy” How proteins discriminate between

potential target for drug design. Glycosaminoglycan chains sulfat_ed sugars is not complt_etely under_st_ood, but for some
consist of repeating disaccharides, constructed of alternatingpmtems. a clear bmdmg motif or selectivity for a specific
uronic acids and glucosamines, in which the uronic acid may saccharide composition ha_s been_repoﬂeéﬁ

be eitherbp-glucuronic acid orL-iduronic acid, and theo- Seve(al models of pr_otefrhepann complgxes were devel-
glucosamine residue may be either N-acetylated or N-sulfated.oDed prior to the experimental determination of structures of

i ,15,16 i
The disaccharide units are O-sulfated to varying degrees at C6Fd)r°te'n__6'3‘% cgmﬁlexeﬁ.ﬂ ¢ Thhe fgls:thrr_yﬁtal structure lwas
and/or C3 of the glucosamine residues and at C2 of the uronic 9¢t€rmined by Faharet al“"for the eparin complex,

acidst? providing a detailed picture of the atomic interactions at the
Given the importance of protetrglycosaminoglycan interac- b;ndl?g S'tef (see lFlguref 1). Flglihe Ollast t'fhyea[)s., thWO mbore

tions, considerable effort has been invested in the identification 3 TC “Feso? cocrjn%exes_,t %”_i th arl13 ank;q romoin, ta_lved eten

of protein sequences that interact specifically with heparin/ etermined and deposited in the brookhaven protéin data-

8.10 10 s - . ,
heparan sulfate to extract a consensus binding sequence. Cardinasﬁl' bl In view otf tthe Ilrrgedka}mounttrc])f Ztructurgdl |nform?t|lotn |
et al.analyzed the sequences of heparin binding sites, suggestin Vg' a Ie’ comé)ul aflonha oc 'n% metho SI provi 'I"eha Lése# 00
two different sequence patterns for bindingdehelical and 0 develop MOaels Tor Neparprotein complexes. The docking
f-strand region§ Margalit and co-workers suggested a spacing of GAGs to their protein partners represents a challenging task
of 20 A between positively charged residues independent of ~ (10) Thompson, L. D.; Pantoliano, M. W.; Springer, B.Biochemistry

the secondary structure at the binding Siteseems clear that 1994 33, 3831-3840.
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Figure 1. Heparin binding site of bFGF with bound heparin hexa-

saccharide (PDB-entry: 1bfé}The protein is shown as a ribbon with v VI

side chains of important residues at the binding site included in the Figure 2. Formulas of the disaccharide probed;) {-methoxy-2-

plot (high affinity site: N28, R121, K126, Q135; low affinity site: K27,  deoxy-2-sulfamid@®@-glucopyranosyl-83-sulfate (+>4)4-methoxyt-

N102, K136). The bound hexasaccharide is shown in ball-and-stick, glucuronic acid 29-sulfate; (I) 1-methoxy-2-deoxy-2-sulfamidp-

with the atoms of the sulfate groups colored black. glucopyranosyl-89-sulfate(1>4)4-methoxye-glucuronic acid; I )
1-methoxy-2-deoxy-2-acetamideglucopyranosyl-82-sulfate(+4)4-

because of the weak surface complementarity, the high chargemethoxy-glucuronic acid; V) 1-methoxy-2-deoxy-2-sulfamido-

density of heparin and the heparin binding site, and the highly glucopyranosyl-89-sulfate(t~4)4-methoxyt-iduronic acid 20-

flexible nature of the GAG chain. sulfate; §) 1-methoxy-2-deoxy-2-sulfamido-glucopyranosyl-62-

Given the clear importance of electrostatic interactions for sulfate(t~4)4-methoxye-iduronic acid; ¥1) 1-methoxy-2-deoxy-2-
heparin binding, we initally conducted an analysis of the acetamida-glucopyranosyl-62-suifate(1-4)4-methoxy:-iduronic acid.
electrostatic potentials of the proteins computed by solution of ;'\)Arglkfec:lifruccat‘ﬂrg;I(Ijll\)”gﬁgiclir;])tc()iguwrcc))nsigt;gizepgrfbguit%i?tﬁe\zc—ld
the.flnlte dlﬁergnce P0|sso.n Boltzmann equaﬂon. Th.'s Indlcatgd VI); moleculelll corresponds to the major repeating unit of heparan
regions 0.f positive potential on the proteins (putative heparin sulfate, while molecul®&/I corresponds to that in heparin.
binding sites) and how potentials were affected by conforma-
tional differences between the X-ray and NMR structures of
IL-8. However, ligand binding modes could not be obtained by
this approach and so we aimed to develop a fully automated
protocol for the docking of heparin/heparan sulfate to its protein
partners.

In the first step, we tested several programs for their capability
to detect heparin binding sites on proteins, without restricting
the search to a certain protein region, while in the second step
the accuracy of 3D models consisting of acidic or basic FGF
and a docked hexasaccharide was evaluated. To treat two o
_the proper_ties of the proteirheparin intera_ctions me_ntione(_j Methods
in the previous paragraph that make modeling these interactions
challenging, the high charge density and the flexibility, different  The following terminology is used throughout the paper: “global”,
approaches were used in the search for binding sites. The GRIDthe whole protein was searched for ligand binding sites; “local”, only
progran?® was chosen because it has a highly developed force potentlal interaction sites, detected in the_ preced_lng glob_al searches
field for the description of proteinligand interactions. For the for ligand binding sites, were searched; glp, disaccharide probes

. - including a glucuronic acid residue (structutedll in Figure 2); idp,
representation of flexibility, we chose the AutoDock and DOCK disaccharide probes including an iduronic acid residue (struckdres

programs;*2? because both programs allow the handling of v/ in Figure 2); monomers, all monosaccharide probes with coordinates

flexible ligands during docking runs. The results of both steps extracted from the Protein Databank files 1bfc and 1hpn (the latter
(binding site identification and docking of hexasaccharide) were contains the solution structure of a heparin dodec&natimers, all

evaluated by using known crystal structures of protéiaparin disaccharide probes with coordinates extracted from the 1bfc and 1hpn
complexes. files.

Our particular interest is focused on the development of an ~ Software. For the global search for heparin binding sites on each
Interleukin-8(IL-8)-heparin model. IL-8 is a member of the protein studied, the programs GRID (version 15, Molecular Discovery
.Chem()k'ne family, Wh'Ch. plays an important ro!e '.n the hum,an (23) Hoogwerf, A. J.; Kuschert, G. S. V.; Proudfoot, A. E. |.; Borlat, F.;
immune response and is often upregulated in inflammation. Clark-Lewis, I.; Power, C. A.; Wells, T. N. CBiochemistry1997, 36,

Glycosaminoglycans represent the endothelial binding site for 13570-13578.
(24) Webb, L. M. C.; Ehrengruber, M. U.; Clark-Lewis, |.; Baggiolini,

various chemokines and enhance their effects on high-affinity
receptorgs The C-terminaki-helix of IL-8 has been shown to

be important for this interactiotf. Two possible binding modes
have been discussed in the literature: first, a perpendicular
orientation between the heparin and the helical axes, which
would correspond to the platelet factor 4 (PF4)-heparin model
of Stuckeyet al,'> and second, an orientation parallel to the
helical axis as suggested by Spillmaen al,?> causing a
Porseshoe fashion binding of heparin to the IL-8 dimer.

(20) Goodford, P. JJ. Med. Chem1985 28, 849-857. M.; Rot, A. Proc. Natl. Acad. Sci. U.S.A993 90, 7158-7162.

(21) Goodsell, D. S.; Morris, G. M.; Olson, A. J. Mol. Recognit1996 (25) Spillmann, D.; Witt, D.; Lindahl, UJ. Biol. Chem.1998 273
9, 1-5. 1548715493.

(22) Ewing, T. J. A.; Kuntz, I. DJ. Comp. Chem1997, 18, 1175 (26) Mulloy, B.; Forster, M. J.; Jones, C.; Davies, D. Biochem. J.

1189. 1993 293 849-858.
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Ltd.),2027-29 AutoDock (version 2.43 and DOCK (version 4.6 were AutoDock: Grids of probe atom interaction energies were computed
used. Subsequent docking of heparin hexamers was performed withfirst—50 A side grids with a spacing of 0.5 A for aFGF, bFGF, and
the AutoDock and DOCK programs. The Insightll package (BIOSYM IL-8, while 65 A side grids were used for antithrombin. The ligand
Technologies) was used for modeling substituents on the GAGs and probes were then docked by simulated annealing according to the
the addition of methoxy groups at the GAG chain ends. The SYBYL protocol of Coutinhcet al.%® except that the ratio of accepted/rejected
program package (TRIPOS inc.) was used to generate missing hydrogersteps was increased to 3000. All rotatable torsion angles were allowed
atoms for protein and probe structures used in the AutoDock (polar to rotate freely, and the 100 lowest energy structures were stored for
hydrogens only) and DOCK (all hydrogens) runs. The figures were further analysis.

made with the Insightll and Molscript softwai®€The hydrogen bonds DOCK: A 1.4 A radius probe was used to compute the protein
between the docked hexasaccharides and the proteins were calculatetholecular surface that was subsequently represented by sets of
with use of the LIGPLOT program (version 4.38). overlapping spheres with use of the sphgen program from the DOCK
Protein Coordinates. The following Brookhaven database entries ~software package (radmin 1.4 A; radmax 4.0 A; dotlim -0.5). All
were used: bFGF, 1bf¢:aFGF, the A chain of 2axr antithrombin generated clusters were used for the calculation of grids of interaction
I (ATIIN), the I-chain of 2ant?IL-8, 3il8%3 (crystal), and 1il8*' (NMR) energies for probe atoms which had a spacing of 0.5 A and used the

structure. So our test set includes two structures taken from protein  all-atom model implemented in the DOCK program package. Ligands
heparin complexes (aFGF and bFGF) and one unbound protein (thewere docked by optimizing overlap with the protein spheres and
structure of the antithrombisheparin complex was not available at ~ computing interaction energies with the grids. The maximum number
the time of this study). In the case of bFGF, the missing side chain of of orientations and conformations of the probe was limited to 1000,
residue 61 was modeled with use of the WHATIF progfarmrior to and the 100 lowest energy structures were saved.
the docking runs, all protein structures were overlaid on antithrombin ~ Hexasaccharide Docking Prior to all docking runs, the protocols
to allow the same starting coordinates to be used for all the docking were tested by performing rigid-body docking of heparin hexamers to
runs. aFGF and bFGF with the DOCK and AutoDock programs. The
GAG Coordinates. Starting geometries of the disaccharide probes influence of the crystalline environment was evaluated for bFGF by
(Figure 2) were taken from the bFGHReparin complex (residues  performing rigid body docking with all crystallographic neighbors
IDU304 and SGN305). The coordinates of the C atoms of the methoxy included in the calculations. Then docking of monomers and dimers
end groups correspond to the coordinates of the C1 and C4 atoms ofwas performed: these were flexible for DOCK and Autodock runs and
the respectively preceding or following sugar ring. For the GRID rigid for GRID/GROUP runs. After this, docking of flexible hexasac-
program, additional mono- and disaccharide probes (monomers, dimers)charides to aFGF, bFGF, and IL-8 was performed with DOCK and
were used for the representation of structural flexibility. For the AutoDock. For local docking with the AutoDock program, the center
hexasaccharide docking runs, the initial coordinates were taken from of the grid map was evaluated by simply averaging the coordinates of
1bfc for the bFGF and IL-8 trials and from 2axm for docking to aFGF. the docked dimers at a certain interaction site, and then a 35 A side
Prior to the docking runs, all probes were placed arbitrarily at a distance 9rid was constructed around this point (grid spacing 0.5 A). For local

of 30 A from the protein surfaces of antithrombin. docking with the DOCK program, all residues with an ateatom
Partial Charges. For AutoDock and DOCK, the partial charges for distance of less thm4 A from any docked structure were included in
the protein atoms were taken from the AMBER force fiéf (united the molecular surface calculation. For IL-8, only local docking runs
atoms for AutoDock, all atoms for DOCK). The following charges were Were performed for the IL-8 monomer. Both the crystal and the NMR
used for the probe atoms for all programs: C 0.05e; C(CP@500e; structures of IL-8 monomer were used, whereas for the IL-8 dimer,
H (bound to C atom) 0.080e; H (hydroxyl group) 0.400e; H (bound to ©Nly the NMR structure was used. _ _ _
N) 0.250e; N—0.735e; S 1.305e; O (sulfate group)0.650e; O Because test runs showed some interaction energy differences
(carboxylate group)-0.700e; O (hydroxyl group)-0.500e; O (G- between local and global searches for the crystal structure complexes

0-S) —0.550e; O (ether group)0.300e. For Autodock runs, these ~ With the 0.5 A spacing grids, all interaction energies were recalculated
charges were modified so that the charges of the nonpolar hydrogenWith @ O-Z_A spacing grid to reduce interpolation errors. A complete
atoms were assigned to the atom to which the hydrogen atom is bondedSearch with the smaller grid spacing was not possible due to
Protocols. GRID/GROUP. The following single atom probes were ~ COMPputational limits. _

used to represent the polar groups of the mono- and disaccharide ~nalysis. The following protocol was used for the analysis of the
molecules: O:: (shcarboxy oxygen), & (sulfate oxygen), O1 (alkyl global mono- and disaccharide docking runs. In the GRID/GROUP
hydroxyl oxygen), OC2 (ether oxygen), N1: fpH with lone pair) runs, all output docked ligand structures are within a prescribed energy
H (hydrogen atom), and OH2 (water). Interaction energy maps for these cutoff of the lowest energy docked structure. On t_he other hand, the
probes were computed on a grid Wit A spacing. This grid spacing output from the AutoDock and DOCK programs is the 100 lowest

is required (as are maps for the last two probes) for running the GROUP energy structures according to their force-field scoring functions.
module which docks ligands by optimizing their location on the Therefore, to obtain subsets of AutoDock and DOCK structures that

interaction energy maps could be compared with those obtained with GRID, for each program
only structures within a chosen energy cutoff of the lowest energy

(27) Boobbyer, D. N. A.; Goodford, P. J.: McWhinnie, P. M.; Wade, R.  structure were used. A different energy cutoff was used for each

C.J. Med. Chem1989 32, 1083-1094. program. The energy cutoff was chosen to correspond to the smallest
(28) Wade, R. C.; Clark, K. J.; Goodford, P.JJMed. Chem1993 36, of the energy ranges for the 100 structures obtained with each of the
140-147. 6 disaccharide probes (Figure 2). Having obtained a set of structures
(29) Wade, R. C.; Goodford, P. J. Med. Chem1993 36, 148-156. for each probe that lie in the same energy interval, the total number of
(30) Kraulis, P. JJ. Appl. Crystallogr.1991, 24, 946-950. - ? )
(31) Wallace, A. C.; Laskowski, R. A.: Thornton, J. Mrotein Eng. contacts per residue was calculated with use at A cutoff. This
1995 8, 127—134. number was normalized per probe (according to the number of
(32) Skinner, R.; Abrahams, J.-P.; Whisstock, J. C.; Lesk, A. M.; Carrell, structures) and afterward the average and standard deviations of this
R. W.; Wardell, M. R.J. Mol. Biol. 1997, 266, 601-609. “interaction probability” were calculated per probe subtype (glp, idp,

(33) Baldwin, E. T.; Weber, I. T.; Charles, R. S.; Xuan, J.-C.; Appella, monomer, and dimerscf. Tables 7). For the comparison with the
E.; Yamada, M.; Matsushima, K.; Edwards, B. F. P.; Clore, G. M.; ! . ): b

Gronenborn, A. M.; Wlodawer, AProc. Natl. Acad. Sci. U.S.A991, 88, crystal_ Structu.res, th? saml_ A cutoff was used for the IQentlflca_tlon
502—506. of the interacting residues in aF&fand bFGF."3° For antithrombin,

(34) Clore, G. M.; Appella, E.; Yamada, M.; Matsushima, K.; Gronen- the identity of the interacting residues was taken from the literkittfre
born, A. M. Biochemistry199Q 29, 1689-1696. because the coordinates of the complex with heparin were not available

(35) Vriend, G.J. Mol. Graph.199Q 8, 52—56.

(36) Weiner, S. J.; Kollman, P. A.; Nguyen, D. T.; Case, DJAComp. (38) Coutinho, P. M.; Dowd, M. K.; Reilly, P. Proteins: Struct. Funct.
Chem.1986 7, 230-252. Genet.1997 28, 162-173.

(37) Weiner, S. J.; Kollman, P. A,; Case, D. A.Am. Chem. Sod984 (39) Ornitz, D. M.; Herr, A. B.; Nilsson, M.; Westman, J.; Svahn, C.-

106, 765-784. M.; Waksman, GSciencel995 268 432-436.
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Figure 3. Heparin binding site of antithrombin. Interacting residues are labeled and theitdins are shown as spheres: (a) crystal strueture
residues identified by Jiet all®in the crystal structure (res. 11, 13, 45, 46, 47, 113, 114, 125, 129) and by Grootehhliizin their modeled
structure (res. R132, K133, K136, K139, K275, D278); in the case of the docking-(obp&RID; (c) AutoDock; (d) DOCK-only the 10 residues
with the highest interaction probabilities are labelled.

Table 1. Interaction Probabilities for Selected Residues of Antithrorbin
residue number
run/probe K11* R13* N45* R46* R47* E113* KI114* K125* R129* R132 K133 K136 K139 K275 D278

GRID

monomers 0.18 0.05 0.11 0.16 0.08 0.05 0.18 0.08 0.11 0.05 0.03 0.03

dimers 0.57 0.03 0.05 0.40 0.05 0.05 0.50 0.12 0.15 0.03 0.10

alp 0.44 0.14 0.43 0.52 0.10 0.38 033 017 0.33

idp 0.70 011 0.04 0.32 0.04 0.70 0.44 0.44 0.07

AutoDock

glp 0.09 0.22 009 0.02 0.16 0.01 0.18 0.14 0.18 0.16 0.17 0.10 0.17 0.04
idp 0.08 0.13 0.04 0.06 0.07 0.01 0.07 0.08 0.100.15 0.15 0.05 0.11 0.02
DOCK

alp 0.49 0.16 0.04 0.01 0.01 0.43 0.43 0.27 0.18 0.10 0.05
idp 0.01 054 009 001 0.01 053 065 056 038 0.01 004 001 0.01

aOnly the residues of the binding site in the experimental structures (res. 11, 13, 45, 46, 47, 113, 114, -1p%arked with asterisk®) and
in the model of Grootenhuist al. (res. 132, 133, 136, 275, 2#8are listed. The maximum standard deviation is 0.23 for GRID, 0.01 for AutoDock,
and 0.20 for DOCK results (see Methods section for details). The highest probabilities per probe are shown in bold.

at the time of this study. For IL-8, the 10 residues with the highest energy structures show small deviations from the crystal
interaction probabilities are shown (Table 6). For the hexasaccharide strycture coordinates (DOCK 1.3 A; AutoDock 2.5 A). Larger
docking runs, the 100 lowest energy structures, based on the force ﬁelddeviations were observed in the aFGF case (DOCK 7.1 A
scoring, were used for the analysis. The interacting residues WereAutoDock 75 A). This might be because binding is less specific

calculated in the same way as for the mono- and disaccharide docking
runs, and then the docked structures were clustered by @sim A to aFGF than to bFGF (see below) or because a second aFGF

RMSD cutoff for all non-hydrogen atoms. molecule was not included in the docking target. In the crystal
structure of aFGF, the hexasaccharide is sandwiched between
Results and Discussion two aFGF molecules and makes hydrogen bonds to both protein
Rigid-Body Docking of Heparin Hexamers. For the pre- molecules. In the crystal structure of the complex of bFGF, only

liminary testing of the docking protocols, rigid body docking the position of the last three residues of the bound hexasaccha-
runs were performed on bFGF and aFGF. For bFGF, the low- ride is influenced by crystal contacts. The inclusion of the
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Figure 4. Heparin binding site of aFGF: (@) crystal structure of aFG#ith bound hexasaccharide; in the case of the docking+{nsGRID;
(c) AutoDock; (d) DOCK-only the 10 residues with the highest interaction probabilities are showra{@ns shown as spheres and labeled).

Table 2. Interaction Probabilities for Selected Residues of aFGF

residue number

run/probe N18 L111 K112 K113 K118 R122 G126 Q127 K128 Al129

GRID

monomers 0.38 0.12 0.58 0.42 0.52 0.27 0.02 0.18 0.22 0.25

dimers 0.38 0.04 0.56 0.40 0.62 0.54 0.29 0.15 0.19

glp 1.00 0.67 0.67 1.00 0.67 1.00 0.67 0.67

idp 0.23 0.04 0.40 0.23 0.36 0.32 0.04 0.27 0.18 0.13
AutoDock

glp 0.35 0.02 0.48 0.46 0.46 0.41 0.05 0.23 0.27 0.16

idp 0.15 0.25 0.27 0.18 0.25 0.04 0.11 0.17 0.06
DOCK

glp 0.77 0.01 0.98 0.80 0.96 0.88 0.32 0.17 0.30

idp 0.60 0.96 0.72 0.85 0.56 0.01 0.35 0.45 0.32

aQOnly residues with atoms withia 4 A cutoff of the bound saccharide in the experimental structBi@® listed. The maximum standard
deviation is 0.11 for the GRID, 0.03 for AutoDock, and 0.04 for DOCK results. The highest probabilities per probe are shown in bold.

symmetry-related nearest neighbors for aFGF and bFGF did notwhile Lys114, which forms three hydrogen bonds in the crystal
improve the docking results, but this may be because samplingstructurel® shows only a low interaction probability with the
was reduced due to the greater computational requirements fordocked ligands. Residues 132 to 139 and 275 and 278, suggested
docking to a larger target. by the modeling study of Grootenhuis and co-workers, show
Docking of Mono- and Disaccharides. (a) Antithrombin: only low interaction probabilities. The small interaction prob-
Antithrombin has a single binding site for sulfated saccharides abilities for these residues might be due to the size of our probes
but docking is complicated by a conformational change in the (mono- and disaccharides), as these residues might show more
protein that occurs upon bindirt§. Most of the residues interactions with GAG chains longer than 5 residifes.
identified in the global docking runs (Figure 3) correspond o (b) aFGF: The structure of aFGF complexed with heparin
those in the experimentally determined binding‘Siend the a5 recently determined by DiGabriedeal1® and consists of
residues suggested in the modeling study of Grootergtuis'® a fully active dimer of FGF promoters, in which each monomer
The additional residues that are identified in the GRID and js jinked by a heparin decasaccharide, without a direct pretein
DOCK runs (Vals, Asp6, Cys8, Alal0) are in close proximity  hotein contact. As for the antithrombin case, all three programs
to the upper part of the D-helix (residues +1B30) thatis part  ere able to localize the heparin binding site (Figure 4). In the
of the experimentally determined binding site. A more extensive sp|p and AutoDock runs, most of the identified residues
analysis of the residues of the binding Sit? (TabI(_a 1) revealed correspond to those in the experimentally determined binding
Argl13, Lys125, and Arg129 as important interaction partners, site, while in the DOCK case, the preferred site is shifted in
(40) Evans, D. L.; Marshall, C. J.; Christey, P. B.; Carrell, R. w. the direction of the loop region between residues 89 and 95.
Biochemistry1992 31, 12629-12642. The interaction probabilities are shown in Table 2, suggesting
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Figure 5. bFGF with 10 disaccharide structures docked with the AutoDock probram. All the structures are located at the “high preference” binding
site of bFGF. The residues of the “low preference” binding site are labeled and theitdths are shown as spheres.

Table 3. Interaction Probabilities for Selected Residues of bFGF (1st binding site)
residue number

run/probe K27 N28 N102 T104 K120 R121 K126 K130 G134 Q135 K136 Al137
GRID
monomers 0.58 0.64 0.55 0.68 0.42 0.04 0.36 0.30 0.47
dimers 0.23 0.55 0.32 0.47 0.43 0.13 0.11 0.13
alp 0.67 0.67 0.67 0.67 0.67 0.33 0.33 0.33
idp 0.50 0.80 0.57 0.60 0.47 0.03 0.50
AutoDock
glp 0.33 0.61 0.03 0.09 0.49 0.66 0.60 0.37 0.17 0.49 0.70 0.37
idp 0.14 0.08 0.06 0.07 0.10 0.12 0.06 0.10 0.05 0.04 0.14 0.02
DOCK
glp 0.15 0.62 0.08 0.13 0.54 0.65 0.66 0.54 0.05 0.48 0.67 0.37
idp 0.21 0.47 0.08 0.12 0.49 0.52 0.52 0.32 0.07 0.34 0.55 0.24

a Only residues with atoms withia 4 A cutoff of the bound saccharides in the experimental structures (res. 27, 28, 102, 104, 120, 121, 126, 135,
136, 137¥" and (res. 130, 13#are listed. The maximum standard deviation is 0.22 for the GRID, 0.03 for AutoDock, and 0.08 for DOCK results.
The highest probabilities per probe are shown in bold.

that residues 112, 113, and 118 play a very important role in binding sites formed by Asn18, Lys118, and GIn12Tn the

the binding interactions. Two of this residues, Lys112 and minimum energy structure from the AutoDock run (colored
Lys118, take part in the formation of two important sulfate group yellow in Figure 6a), three sulfate groups come near these sites,
binding sites in the crystal structut. but their sulfur atoms are % A apart from those in the crystal

(c) bFGF: In contrast to the preceding proteins, two binding structure. In addition, the location of all the GAG residues is
sites have been identified for sulfated saccharides on bFGF. Theshifted about two residues so that the sulfate group of IDU303
first site is occupied in the tetra-/hexasaccharide structure solvedcomes close to the sulfate group of SGN301 of the crystal
by Faham and co-worke#éwhile the second binding site has  structure, resulting in an RMSD of 9.3 A for the non-hydrogen
been reported only for trisaccharid®sAll three programs show  atoms. The minimum energy structure from the DOCK run
a strong preference for the first binding site (Figure 5), while (colored pink in Figure 6a) shows a similar conformation to
only a few docked probes are located around the second sitethat from the AutoDock run, but the sulfate groups are a bit
(data not shown). A more extensive analysis of the interactions closer to those in the crystal structure, also resulting in an RMSD
at the first binding site (Table 3) suggested the splitting of this of 9.3 A for the non-hydrogen atoms. These deviations from
site into two patchesa “high preference” and a “low prefer-  the crystal structure show similarity to the structural variations
ence” patch. The high preference patch includes the residuesfound in the crystal structures of the aFGikeparin complexes
28, 120, 121, 126, 135, and 136, while the “low preference” (PDB entries: laxm and 2axr Overlaying the three dimer
one consists of residues 27, 102, 104, and 134. This distinctionstructures from the asymmetric unit of the orthorhombic crystal
between the two binding regions corresponds with the one made(1axm) on the monomer A of the hexagonal crystal (2axm)
by Faham and co-workers for high and low affinity binding revealed that only two (residues 302 and 303) out of the three
sites based on their crystal structdfd.he importance of some  sulfate positions mentioned above are observed in all structures,
of the “high preference” residues (residues 28, 121, 126, and but these positions show deviations of up to 1.5 A for the sulfur
135) was demonstrated by Thompsaral,3® who showed that atoms. The position of the third sulfate group in monomer A
the contribution to the binding free energy of each of these (residue 301) is not always observed in the other structures
residues was more than 1 kcal/mol. because of a shift of the GAG chain by about one saccharide

Docking of GAG Hexasaccharides.The interaction prob- unit (dimer B) and the inversion of the chain orientation (dimer
abilities for the hexasaccharides are shown in Tables 4 and 5.C).

(a) aFGF: In the case of aFGF, residues 112 and 113 show (b) bFGF: In the crystal structure of bFGF, the sulfate groups
the highest probabilities, which corresponds to the results of of residues 302 and 303 interact with the high affinity binding
the global docking runs with smaller probes (Table 2). In the region of the proteid’ The minimum energy structure from
crystal structure of the aFGF complex, three sulfate groups the AutoDock run (colored yellow in Figure 6b) shows a similar
(residues 301 to 303) are pointing toward the protein surface, conformation for the first three residues (301 to 303) to the
and two of them (302 and 303) occupy two important sulfate crystal structure, with the sulfur atoms of the O2 groups of
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Figure 6. (a, top) Hexasaccharide structures at the binding site of aFGF. The crystal structure of the bound hexasaccharide is green with sulfate
groups shown in red and represented as ball-and-sticks, the AutoDock minimum energy structure is yellow, and the DOCK minimum energy
structure is magenta. The protein is represented as a ribbon and the residues of the binding site (res. 18, 111, 112, 113, 118, 122, 126, 127, 128,
129) are white. (b, bottom) Hexasaccharide structures at the binding site of bFGF. The crystal structure of the bound hexasaccharide is green with
sulfate groups in red and represented as ball-and-sticks, the AutoDock minimum energy structure is yellow, and the DOCK minimum energy
structure is magenta. The protein is represented as a ribbon and the residues of the high binding preference region (res. 28, 120, 121, 126, 135, 136)
are white, and those of the low preference binding region (res. 27, 102, 104, 134) are pink.

Table 4. Interaction Probabilities for aFGF (hexasaccharide Auns)

residue number
run/prog N18 L111 K112 K113 K118 R122 G126 Q127 K128 A129 _ref E_min

AutoDock
global 0.40 0.04 0.48 0.60 0.42 0.46 0.10 0.30 0.25 0.15 -52.9 -81.8
local 0.50 0.02 0.86 0.80 0.80 0.85 0.12 0.46 0.28 0.24 -52.6 —68.0
DOCK
global 0.26 0.94 0.57 0.46 0.61 0.15 0.15 0.12 -63.2 —96.5
local 0.78 0.01 0.56 0.86 0.15 0.29 0.06 0.44 0.70 0.44 -64.5 —99.6

aOnly residues with atoms withia 4 A cutoff of the bound saccharide in the experimental structtieee listed. E_ref = interaction energy
of the crystal structure, Emin = minimum interaction energy after docking; energies are given in kcal/mol and were calculated with use of a 0.2
A spacing grid; the highest probabilities for each run are shown in bold.

Table 5. Interaction Probabilities for the 1st Binding Site of bFGF (hexasaccharide?runs)

residue number
run/prog K27 N28 N102 T104 K120 Ri121 K126 K130 G134 Q135 K136 Al137_reE E_min

AutoDock
global 0.15 0.30 0.05 0.08 0.66 0.70 0.45 0.62 0.10 0.33 0.31 0.11 -85.9 —87.7
local 0.39 0.1 0.01 0.54 0.94 0.76 0.65 0.30 0.65 0.26 0.26 —85.9 —103.3
DOCK
global 0.61 0.25 0.28 0.43 0.21 0.50 0.19 0.18 0.13 0.150.66 0.06 —675 —-93.1
local 0.92 0.22 0.02 0.49 0.71 0.05 0.02 0.38 0.110.99 0.01 -66.7 —-83.9

aOnly the residues with atoms withia 4 A cutoff of the bound saccharides in the experimental structures (res. 27, 28, 102, 104, 120, 121, 126,
135, 136, 137 and (res. 130, 13#) are listed. E_ref = interaction energy of the crystal structure,_Bin = minimum interaction energy after
docking; energies are given in kcal/mol and were calculated with use of a 0.2 A spacing grid; the highest probabilities per probe are shown in bold.

IDS302 and SGN303 very close to the crystal positions of the AutoDock structure (RMSB= 4.1 A), the minimum
(deviations ca. 0.6 A). One more sulfate group (06 of SGN304) energy structure from the DOCK run (colored pink in Figure
is oriented toward the protein surface, forming a hydrogen bond 6b) shows a completely different orientation. The whole chain
with Lys27. This changes the orientation of the following is rotated about-14C° so that residue 306 of the DOCK struc-
residue, so that the last two residues point away from the proteinture comes close to residue 301 of the crystal structure. This
surface, without forming any further hydrogen bonds and inversion of the chain ordering produces an RMSD of 14.2 A
deviating from the crystal structure position. In the crystal between the crystal structure and the minimum energy structure.
structure SGN306, rather than SGN304, makes a hydrogen bond Assessment of Docking Protocoldn all of the docking runs,

to Lys27 but the position of SGN306 (and thus of 304 and 305) the crystal structure does not represent the most favorable
is also influenced by crystal contacts to Arg34 and His36 of a conformation with respect to the force fields of the docking
symmetry related molecule. In contrast to the good agreementprograms (Tables 4 and 5). In two cases, the global docking
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runs reveal better interaction energies than the local ones, whichthe combination of a global disaccharide run with a local
might reflect incomplete sampling during the docking runs. hexasaccharide run saves computational time, improves the
Given the highly flexible nature and large size of the ligands sampling in important binding regions, and allows the usage of
(41 rotatable bonds in the case of the hexasaccharide of bFGFmultiple ligands, representing different features of the large
and 42 in the aFGF case), the sampling in both variants, the probe, in the global search.
local and the global runs, might be insufficient for detecting Docking Runs with IL-8. Having applied the docking
the global energy minimum. This is also indicated by the ener- protocols to proteirheparin complexes of known structure, we
gy distribution found in the docking results. For the AutoDock searched for the heparin binding region of IL-8. Because IL-8
local run with bFGF, the minimum energy structure has a total shows some structural variability, both the crystal and the NMR
interaction energy of-103.3 kcal/mol, while the second ranked  structures were chosen as target structures for all docking runs.
structure has an energy of89.1 kcal/mol, and is followed by ~ Two different regions of IL-8 were suggested for the interaction
a dense energy distribution for all higher ranked conformations. with the receptor and GA®&.45-48 The receptor binding site
For the global docking run, the lowest energy structure has anshould include the N-terminal-B.—R motif (residues 4 to 6)
interaction energy of87.7 kcal/mol, and is followed by a dense  and a hydrophobic patch, both of which are required for receptor
energy distribution for all higher conformations. A significant binding. The location of the heparin binding site has been
increase of the number of docking trials is prohibitive given suggested to be at the C-terminal-helix by a truncation
that a 10-fold increase in sampling would require a correspond- study?* The global docking runs (Table 6) suggest two possible
ing increase in computation time, raising the calculation time interaction regions for sulfated sugars. The first one is located
from a day (ca. 30 CPU hours on a SGI Origin 2000 for a local near the N-terminus and includes the residues 5, 6, 11, 12, 13,
docking of the hexasaccharide) to weeks for each docking run. 36, and 49, while the second one includes residues of the
One way of solving the sampling problem might be the C-terminala-helix (residues 64 and 68) and the proximal loop
reduction of the number of rotatable bonds, but the choice of region (residue 18). Both regions include a number of basic
which bonds to rigidify is not necessarily obvious. The residues and are spatially separated from each other (Figure 7a).
glycosidic bonds would seem to be good candidates for fixing, The C-terminal region corresponds to the region identified by
but this would inhibit larger structural changes of the hexa- Kuschert and co-workers in their NMR shifting experiméht.
saccharide during the docking runs. Thus although bonds couldThey used various sulfated disaccharides for the determination
be rigidified when experimental structures are known, we of heparin binding residues of IL-8. Their measurement of
preferred not to introduce priori bias by doing this. binding constants identified two trisulfated probes (with the same
The dense energy distribution for the docked structures, Substituent patterns as disaccharide prdbesdil (Figure 2))
despite considerable structural variation, means that multiple @ having the strongest interactions. A preference for binding
binding modes must be considered in analyzing the results. ThisOf these disaccharides could not be detected in our docking runs
may reflect the physical nature of the binding site or it may (data not shown).
point to the need to improve the energy scoring functions used. Considering the available biological and spectroscopic data
One possibility would be to improve the electrostatic model by about the heparin binding site of IL-8, we only performed local
Computing electrostatic bmdmg free energies by using a dOCking runs with hexasaccharide for the second blndlng site
continuum dielectric modéf-#2However, this is considerably ~ (C-terminala-helix and proximal loop region). The results of
more demanding computationally than computation of the the docking runs are shown in Table 7. His18, Lys20, Lys64,
scoring functions used here and further parametrization andLys67, and Arg68 are identified as the most important interac-
calibration would be necessary. Computation of binding energies tion partners-all of these residues have interaction probabilities
might also benefit from explicit consideration of water molecules higher than 70%. Two different orientations were observed for
which could mediate proteinGAG interactions and play an  the docked structures: The first orientation contains a binding
important role in determining the orientation and conformation mode in which the heparin axis is orientated perpendicular to
of the bound hexasaccharides. For example, water moleculeghe a -helical axis (Figure 7b). The bound hexasaccharide
have been observed to mediate sugar binding in arabinoselnteracts with the proximal loop region (His18 and Lys20) and
binding proteir® and the maltodextrin-binding protetfhAnaly- the C-terminal helix. All of the low-energy structures of the
sis of the available proteinGAG complexes revealed several AutoDock and DOCK runs show this orientation. In the second
water molecules that participate in hydrogen bond networks mOde, the heparin axis is orientated parallel to the helix axis
between the protein and the saccharide, but none of these(Figure 7c), but this mode was only observed in some of the
positions seems to be well conserved. We therefore did not high-energy structures.
consider individual water molecules and their effects on binding ~ The first binding mode is similar to the heparin binding mode
in our docking protocols. However, improvement of the treat- of the PF4 dimet®5% in which the heparin axis shows a

ment of solvent and solvation effects in the docking protocols perpendicular orientation and the chain bridges the gap between
and scoring functions is desirable and should improve the the two monomers. The second orientation corresponds to the
docking results. model suggested by Spillmaret al.?> in which the heparin

Analysis of the tables (Tables 2 and 4 for aFGF and Tables ™ (43) vyas, N. K.; Vyas, M. N.; Quiocho, F. Al. Biol. Chem.1991
3 and 5 for bFGF) also allows comparison between the two 266 5226-5237.

docking strategies. In both global docking runs, with disaccha- 26((14‘5‘)235’%“2”1()9’ J. C; Lu, G. Y5 Quiocho, F. Al. Biol. Chem.1991,
rides and with hexasaccharides, the same residues were identi-" 45y eper, C. A.; Vitangcol, R. V.; Baker, J. B. Biol. Chem1991,

fied as possible interaction partners. So what are the advantageses 18989-18994.
of one or the other docking strategy? A global search with Ch(46)1%€£ké|%%m253”1|3 ss_czgulngzcher, C.; Baggiolini, M.; Moser,BBiol.
i i i i i ; em. .
disaccharides is fas? h ofcomputanona_l time, compared v_wth (47) Clubb, R. T.. Omichinski, J. G.: Clore, G. M.; Gronenborn, A. M.
the 50 h needed for a global search with a hexasaccharide. SG-gps’Lett.1994 338 93-97.

(48) Williams, G.; Borkakoti, N.; Bottomley, G. A.; Cowan, |.; Fallow-
(41) Jackson, R. M.; Sternberg, M. J.EMol. Biol. 1995 20, 258-275. field, A. G.; Jones, P. S,; Kirtland, S. J.; Price, G. J.; Price,]JLBiol.
(42) Olson, M. A.; Cuff, L.J. Mol. Recognit1997 10, 277—-289. Chem.1996 271, 9579-9586.
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Figure 7. Heparin binding sites of IL-8: (a) the two potential binding sites of IL-8 identified in the mono- and disaccharide dockingrains

site (res. L5, R6, K11, T13, N36, E48), second site (res. H18, K64, K67, R68); (b and c) two orientations of the docked hexasaccharide, (b) is the
minimum energy structure from the AutoDock run, while (c) represents a high energy structure from the same run; and (d) minimum energy
conformation from the AutoDock run with the IL-8 dimer. The NMR structure of IL-8 was used for all plots.

Table 6. Interaction Probabilities for IL-8 (mono- and disaccharide réins)

GRID
monomers: L5(0.52), Q8(0.64), K11(0.21), K23%(0.21), 128(0.50), H33(0.50), E48(0.18), L49(0.18), C50(0.20), R68*(0.24)
dimers:  110(0.22), K11(0.72), T12(0.50), Y13(0.54), S14(0.41), K15(0.28), R47(0.49), E48(0.46), L49(0.54), C50(0.38)

glp: L5(0.27), R6(0.26), C7(0.43), 110(0.28), K11(0.48), T12(0.43), Y13(0.30), P32(0.26), H33(0.27), N36(0.45)
idp: K3(0.21), E4(0.21), C9(0.24), 110(0.31), K11(0.56), T12(0.47), Y13(0.51), S14(0.33), K15(0.23), D52(0.25)
AutoDock

glp: P16(0.15), F17(0.18), H18+%(0.38), P19%(0.16), K20*(0.33), F21*(0.18), R60*(0.2®M4*(0.42), K67*(0.18), R68*(0.33)

idp: Y13(0.15), K15(0.18), P16(0.11), F17(0.12), H18*(0.19), K20*(0.17), K23*(0.17), R60*(0.K&4*(0.24), R68*(0.15)
DOCK

glp: L5(0.27), R6(0.30), C7(0.25), (C9(0.25),110(0.34), K11(0.29), E48(0.25), C50(0.25), K64*(0.28), R68*(0.25)
idp: L5(0.38), R6(0.34), C7(0.23), 110(0.31), K11(0.26), H33(0.35), E48(0.21), C50(0.25), K64*(0.26), R68*(0.25)

aThe 10 residues with the highest number of contacts for each probe and program used are shown, with the normalized number of contacts given
in parentheses. Maximum standard deviation is 0.40 for GRID, 0.01 for AutoDock, and 0.07 for the DOCK results. For each probe, the residue with
the highest probability is shown in bold. Residues identified as GAG binding in the NMR shifting study by Kusthé&ft are marked with
asterisks.

Table 7. Interaction Probabilities of IL-8 (hexasaccharide fun)

residue number Emin
X-ray
AutoDock F17(0.46)H18*(0.90), K20*(0.73), K64*(0.70), K67*(0.55) —51.5
DOCK H18%*(0.78),K20%(0.92), K64*(0.81), K67%(0.84), R68*(0.83) —42.9
NMR
AutoDock H18*(0.78), K20*(0.67), R60*(0.52)x64*(0.81), R68*(0.74) —74.2
DOCK H18*(0.72), K20*(0.55)K64*(0.98), K67*(0.76), R68*(0.89) —62.8

aOnly the 5 residues with the highest probabilities are reported; the residues with the highest probability are shown in bold. The normalized
number of contacts is given in parenthesesntn = minimum interaction energy after docking; energies are given in kcal/mol and were calculated
with use of a 0.2 A spacing grid. Residues identified as GAG binding in the NMR shifting study by Kustlzff are marked with asterisks.

chain binds in a horseshoe fashion. This binding mode increasesdetween helices can be formed, although the actual interaction
the required length for binding up to an 18-mer, so that a loop site can be as small as a pentasaccharide.
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Having the results for the IL-8 monomer, we also performed allows the use of different probes in the global disaccharide
docking runs with the IL-8 dimer to answer the question whether docking stage, which improves the reliability of binding site
both binding modes could be detected in the IL-8 dimer. All identification. This docking procedure can be realized with either
the docked structures from the AutoDock and DOCK runs show DOCK or AutoDOCK alone or one of these programs in com-
an orientation similar to that shown in Figure 7d. The docked bination with the GRID program. The use of more than one
hexasaccharide has a perpendicular orientation and bridges th@rogram is recommended as no single program produced
gap between the two antiparaltelhelices. Because of the length  dramatically better results than the others although quite different
of the hexasaccharide, only interactions with one of the proximal results were obtained with the different programs in some cases,
loop regions were observed. Interactions with the other proximal e.g., global docking to Antithrombin.
loop caused a shift of all GAG residues by two residues, which  (3) In the case of bFGF, a strong preference for the first

would increase the minimum length for bridging the distance binding site was observed and only a few structures were
between both proximal loops to eight or nine residues, which |ocalized at the second binding site. Considering the hexasac-
corresponds to the minimum length for binding of a heparin charide runs in the aFGF and bFGF cases, our results are in
chain under low ionic strength in the study of Spillmagtral >> good agreement with the experimental results for the heparin
binding sites of FGFs. The interaction site of bFGF seems to
be more specific with regard to the location of the sulfate groups,
In the current work, we tested the reliability of fully —Wwhile more structural variation may occur in the case of aFGF.
automated docking protocols for the detection of heparin binding  (4) Despite the structural differences between the crystal and
sites and applied these protocols for the prediction of the binding the NMR structures of IL-8, a consistent set of residues was
mode of heparin to IL-8. Our findings may be summarized as identified as possible interaction partners for heparin in the di-
follows: and hexasaccharide runs. This set includes the residues His18,
(1) All three docking programs (GRID, AutoDock, and Lys20, Lys64, Lys67, and Arg68. Two possible orientations
DOCK) were able to correctly localize the heparin binding sites were observed for a hexasaccharide docked to the IL-8
on our test case proteins (aFGF, bFGF, and Antithrombin) with monometr-perpendicular and parallel to the helical axigith
sulfated mono- and disaccharides as probes. The suggestethe perpendicular orientation representing the low-energy
interacting residues are in good agreement with the experimen-structures. In the case of the IL-8 dimer, all docked structures
tally determined interactions. show a perpendicular orientation in which the hexasaccharide
(2) The combination of a global search for binding sites with bridges the gap between tlehelices.
sulfated mono- and disaccharides with a subsequent local
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