Biophysical Journal Volume 79 December 2000 2909-2917 2909

Heparan Sulfate Biosynthesis: A Theoretical Study of the Initial Sulfation
Step by N-Deacetylase/N-Sulfotransferase

Anna Gorokhov,*T Lalith Perera,” Thomas A. Darden,* Masahiko Negishi,” Lars C. Pedersen,* and
Lee G. Pedersen*t

*National Institute of Environmental Health Sciences, Research Triangle Park, North Carolina 27709 and TDepartment of Chemistry,
University of North Carolina, Chapel Hill, North Carolina 27599-3290 USA

ABSTRACT Heparan sulfate N-deacetylase/N-sulfotransferase (NDST) catalyzes the deacetylation and sulfation of N-
acetyl-p-glucosamine residues of heparan sulfate, a key step in its biosynthesis. Recent crystallographic and mutational
studies have identified several potentially catalytic residues of the sulfotransferase domain of this enzyme (Kakuta et al., 1999,
J. Biol. Chem. 274:10673-10676). We have used the x-ray crystal structure of heparan sulfate N-sulfotransferase with
3’-phosphoadenosine 5'-phosphate to build a solution model with cofactor 3'-phosphoadenosine 5’-phosphosulfate (PAPS)
and a model heparan sulfate ligand bound, and subsequently performed a 2-ns dynamics solution simulation. The simulation
results confirm the importance of residues Glu®#?, Lys®'4, and Lys®33, with the possible involvement of Thr®'” and Thr®'®, in
binding PAPS. Additionally, Lys®”® is found in close proximity to the reaction site in our solvated structure. This study
illustrates for the first time the possible involvement of water in the catalysis. Three water molecules were found in the binding
site, where they are coordinated to PAPS, heparan sulfate, and the catalytic residues.

INTRODUCTION

Biological sulfation, a vital process in living organisms, effect a prerequisite for the proper functioning of these
involves the transfer of a sulfuryl group from the ubiquitous processes.

sulfuryl group donor, 3phosphoadenosin€-phosphosul- In general, sulfated glycosaminoglycans act as universal
fate (PAPS), to a wide variety of biomolecules. Sulfationbinding sites for many proteins and growth factors, activat-
constitutes an integral part of heparin and heparan sulfateag them or helping to localize them on the cell membrane.
biosynthesis. Heparin is synthesized only by mast cells andhe list of functions that these sulfated species perform is
is more highly sulfated than heparan sulfate, which is proextensive. Heparan sulfate, for example, plays a role in the
duced by most animal cells (Pikas et al., 2000). Howevergoagulation cascade through its enhancement of anticoagu-
both exhibit a high degree of structural diversity, which islant activity of antithrombin (Berry et al., 1998). It is also
facilitated by the first modification step in the biosynthesis,involved in cell growth and lipid metabolism (Conrad,
N-deacetylatiord-sulfation of p-glucosamine (GIcN) resi- 1998). Recently, a novel mechanism of microbial pathogen-
dues. This reaction is catalyzed by a bifunctional Golgiesis was described that involves sulfated polysaccharides.
enzyme, N-deacetylasé&l-sulfotransferase (NDST) (Perri- Certain bacterial specie¥ ¢rsiniaand Staphylococcysfor

mon and Bernfield, 2000). The enzymatic action of NDSTexample) utilize the ability of heparin and related polysac-
predetermines the final structure of the heparan sulfateharides to serve as binding sites for many other proteins.
chains, as the remaining modification steps (epimerizatioBy recruiting these polysaccharides, bacteria are able to
andO-sulfation at selected sites) are restricted by the posiattach themselves to a variety of host proteins without
tion of the sulfated residues (Pikas et al., 2000). Furtherhaving to develop specific receptors for them (Duensing et
more, recent studies of the four known isoforms of NDSTal., 1999). Furthermore, sulfated glycosaminoglycans have
indicate that each isoform is associated with a specifideen implicated in Alzheimer's disease as binding sites for
polysaccharide (NDST-1 is primarily responsible for theboth 7 protein and amyloid8 peptides, promoting their
sulfation pattern observed in heparan sulfate chainsaggregation in the brain (Bame et al., 1997). Recent genetic
whereas NDST-2 is associated with heparin synthesis$tudies (Perrimon and Bernfield, 2000) indicate that muta-
(Forsberg et al., 1999). Since protein activation, bindingtions in NDST homolog irDrosophilaresult in phenotype
and signaling processes depend on the availability of sulwith severely impaired Wingless (Wg), fibroblast growth
fated glycosaminoglycans, the sulfation mechanism is irfactor (FGF), and Hedgehog (Hh) signaling pathways. This
study, among with other recent investigations of the Wnt
family proteins involved in signaling (Peifer, 1999; Lin and

_ . o Perrimon, 1999; Payre et al., 1999), demonstrates the im-
;{gggwed for publication 30 May 2000 and in final form 12 Septemberportance of NDST for the proper functioning of cellular
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investigations of tumor growth, HIV, and prion protein charge-stabilizing species seems reasonable. The proposed
diseases such as scrapie report that sulfated polysaccharideschanism was found to be largely dissociative in character
act as inhibitors of angiogenesis, virus replication, and priorby Bartolotti et al., who studied a greatly simplified reaction
aggregation, respectively (Parish et al., 1999; Witvrouw andnodel by ab initio and semiempirical quantum mechanical
De Clercq, 1997; Caughey and Raymond, 1993). Notablymethods (Bartolotti et al., 1999). Here we report a predicted
these studies indicate that the inhibitory activity of thesesolution structure for the active ternary complex of NST-1,
polysaccharides increases with increased molecular weigfRAPS, and HSP. We find that both associative and disso-
and degree of sulfation. The mechanisms of sulfation andiative pathways are feasible in our final predicted solution
heparan sulfate biosynthesis, and possible impairment, mastructure, and consequently we must rely on future com-
therefore be directly connected to the development of dishbined quantum mechanical/classical studies that account for
ease (Kolset and Salmivirta, 1999). bond breaking/forming to determine which pathway is most
We have begun our investigation of this complex proces$avorable (work in progress).
with an experimental model based on the x-ray crystal
structure of heparan sulfakésulfotransferase (NST-1) with
3’'-phosphoadenosiné-phosphate (PAP) bound (Kakuta et COMPUTATIONAL PROCEDURE
al., 1999), as well as the x-ray crystal structures of estrogen
sulfotransferase (EST)/PAP/estradiol (Kakuta et al., 1997Yhe initial model of the sulfotransferase domain of NDST-1
and EST/PAP/vanadate complexes (Kakuta et al., 1998). Iresidues 580—880) was based on the crystallographic co-
this study, we explore the solution structure of NST-1. Theordinates of NST-1 with PAP bound (pdb entry: 1NST)
active site of the enzyme is postulated to be in the open cleftKakuta et al., 1999). The fragments missing from the
(Kakuta et al., 1999). We find the binding of heparan sulfatecrystal structure (residues 587—-602 and 664-671) were
precursor (HSP, a GIcA-GIcN disaccharide) to be accomimodeled using Sybyl 6.4 loop search (Tripos, St. Louis,
panied by a formation of several hydrogen bonds betweeMO). Hydrogen atoms were added to the protein, and all
the model ligand and residues of this binding site. These&rystallographic waters were included in the calculation.
interactions help position the HSP in a favorable conforma+urthermore, the x-ray crystal structure of EST with PAP
tion for an in-line transfer of the sulfate group from PAPS and vanadate bound (pdb entry: 1bo3) (Kakuta et al., 1998)
to HSP. Moreover, the sulfuryl transfer mechanism appearéspecifically, the position of the vanadate with respect to
to involve several catalytic residues in the PAPS bindingPAP) was used as a guide for modeling the sulfuryl group of
site (Lys, Glu, Thr), as well as three or more water mole-PAPS. This was possible because, despite the low sequence
cules. The involvement of water has not previously beerhomology between NST and EST, the regions important for
discussed as a possible catalytic pathway of sulfotransPAPS binding are conserved between the two enzymes (Fig.
ferases and is a novel feature derived from our studyl). PAPS (Fig. 2) was modeled by placing a sulfuryl group
However, considering the many similarities between sulfu4in the position occupied by vanadate in the EST crystallo-
ryl and phosphoryl transfer, the involvement of water as agraphic structure. The geometry of the entire PAPS mole-

EST: 1  METSMP---- -EYYEVFGEF RGVL----- M DKRFTKYWED VEMFLARPDD 40
NST : 558 LQOTLPPVQLA QKYFQIFSEE KDPLWQDPCE DKRHKDIWSK -EKTCDRFPK 606
EST: 41  LVIATYPKSG TTWISEVVYM IYKEGDVEKC KEDAIFNRIP YLECRN---- 86
NST : 607 LLIIGPQKTG TI--ALYLFL GMHPDLSSNY PSSETFEEIQ FFNGHNYHKG 654
EST: 87  -~---EDLI-- --NGIKQLKE KESPRIVKTH LPPKVLPASF WEKNCKMIYL 128
NST : 655  IDWYMEFFPI PSNTTSDFYF EKSANYFDSE VAPRRAAALL --PKAKVLTI 702
EST: 129  CRNAKDVAVS YYY¥------- -FLLMITSYP NPKSFSEFVE KF--MQGQVP 168
NST : 703 LINPADRAYS WYQHQRAHDD PVALKYTFHE VITAGSDASS KLRALQNRCL 752
EST: 169  YGSWYDHVKA WWEKSKNSRV LFMFYEDMKE DIRREVVKLI EFLERKPSAE 218
NST : 753  VPGWYATHIE RWLSAYHANQ ILVLDGKL-- -LPTEPAKVM DMVQKFLG-- 797
EST: 219  LVDRIIQHTS FQEMKNNPST NYTMMPEEMM NQKVSPFMRK --GIIGDWKN 266
NST : 798  -VINTIDYHK TLAFDPKKGF WCQLLEGGKT KCLGKSKGRK YPEMDLDSRA 846
EST: 269  HFPEALRERF DEHYKQQOMKD C---TVKFRM EL 295

NST : 847  FLKDYYRDHN TIELSKLLYKM GQTLPTWLRE DLQONTR 882

FIGURE 1 Alignment of the amino acid sequences of NST and EST. TR&B loop (residues 613—-618 of NST) and théB loop (residues 703—-715
of NST and additional PAPS-binding residues (833—837, unique to NST)) are shaded. The underlined resifitfed ¥, Lys®33 GIut42 Thrl?,

Thr%®) are most likely catalytic. Adapted from Sueyoshi et al. (1998).

Biophysical Journal 79(6) 2909-2917



Heparan Sulfate Biosynthesis: A Theoretical Study 2911

HB, H6, TABLE 1 RESP charges for PAPS
Nep” PAPS atom RESP charge PAPS atom RESP charge
CSIP 01s —0.7034 Cc2 0.0785
N7P\C5p/ \\MP SD 1.2546 H2 0.0692
HEP—Cod I 02S —0.7034 02 —0.7049
can o 03S —0.7034 H1 0.4925
NPT N 0o1P —0.4419 c1 —0.0199
o O s, N3P PP 1.3157 o4 —0.3002
__h |: . I. s 03P —0.8052 H1 0.1429
023——S:D—O1P—F’:P—°5—CT“”1 oa 02P —0.8052 NOP —0.0309
' ;‘ b }CT o5 —0.5366 c4p 0.4218
038 03p |\ | P4 c5 0.0082 N3P —0.6178
u CBII_CT i H51 0.0810 c2pP 0.5609
o3 02 H52 0.0810 H2P 0.0478
| e ca 0.0996 N1P ~0.8220
HOP—09P—P2P—(7p H4' 0.1415 ce6pP 0.7810
| ! C3 0.1407 N6P —0.9977
oapi H3' 0.0776 H61 0.4039
o3 —0.5204 H52 0.4039
. P2P 1.3601 C5P —0.0123
FIGURE 2 3-Phosphoadenosine’-5phosphosulfate (PAPS). The3 o7P —0.8302 N7P —0.6509
anion is shown. The terminal sulfuryl group is not present in the x-ray 09P —0.7498 H8P 0.1252
crystal structure (Kakuta et al., 1999). Hop 0.4417

The geometry used for charge fitting was obtained with Gaussian98 (3-21

cule was then enerav-optimized by using a 3-21G* basis s (%* basis set) (Frisch et al., 1998). A single point 6-31G* calculation was
gy-op y g %erformed to determine charges based on the optimized geometry.

of Gaussian 98 (Frisch et al., 1998). After that, a 6-31G*
single point calculation was performed based on the
3-21G* geometry, to obtain charges. HSP (Fig. 3) wa:

modeled as a dimer of 1-4 glycosidically linked residuesWere 22.5 Ax 22.5 Ax 22.5 A, and a grid spacing of 0.375
Ejgluciuronlc a;'dl (?_EA) acr;dl GIcN, usmgfthe Syby]lt A was used. The Monte Carlo Simulated Annealing algo-
lopolymer module. The mode _rt_epresents a fragment O Bithm was applied in two steps. Initially, 25 runs consisting
heparan sulfate chain in its initial step of postsynthetlcof 50 cycles each were performed. The maximum of ac-
modification, immediately afteN-deacetylation and before cepted or rejected steps for each cycle was set at 100,000.

N-sulfation. The geometry of this structure was similarly The temperature reduction factor of 0.95 was applied to an
energy-optimized via a 3-21G* basis set of Gaussian 98

. . . . ) . ~rinitial RT of 616 cal/mol, and the maximum translation step
and an electrostatic potential grid was obtained with a Smgl%vas 0.2 A. The resulting docked conformations were clus-
point 6—-31G* calculation based on the 3-21G* o

The ch tor PAPS and HSP fitted usi giomsgétered according to an all-atom RMS deviation, with a cluster
€ charges for an were fitted using t e ) ﬁ)lerance of 0.5 A. The conformation with the lowest RMS
algorithm (Bayly et al., 1993). These charges are listed 'ind from the lowest energy cluster was selected and sub-

Tables 1 and 2. . ; .
ected to another 10 docking runs, using the same schedule
Subsequently, the disaccharide was docked into the binda g g

ing site of NST-1. using Autodock 2.4 (Morri L 1996 s in the first docking.
mg site 0 A ,.usmg Ut9 oc N ( orns_eta., )- Three chloride ions were added to counterbalance the
Grids for computing atom interaction energies were cen

total charge of the protein-ligand complex. The system was
therefore electrically neutral during the entire simulation.
All energy minimization cycles were accomplished using

Sered on the binding site of the protein. The grid dimensions

o4t a combination of conjugate gradient and steepest descent
MNP o o o0 gradient methods. A nonbonded cutoff of 8.0 A was used
/C3~Cﬂ\\02/ /°27\[\C26/ (see, however, the more accurate method used for dynam-

o7 c5 ot CRg— ics), with the nonbonded pair list updated at every step.
N S 00— N An energy minimization of the side chains, crystal water

o037 hydrogens, and HSP was performed in vacuum for 5000

steps. The system, including crystal water and counterions,

was then solvated in a box of 14,493 TIP3P water molecules

FIGURE 3 H _ éJorgensen et al., 1983). The total number of atoms in the
eparan sulfate precursor model. The dimer was create .

using Sybyl 6.4 (Tripos). It consists of two residug@sp-glucuronic acid solvated system was 48,447. After solvation, three energy

(GIcN) and a-p-glucosamine (GIcA), linked by a 1-4 glycosidic bond. Minimization cycles were performed. In the first cycle, the
N36 is sulfated by the sulfotransferase. water molecules, HSP, and chloride ions were allowed to

c44
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TABLE 2 RESP charges for the HSP other atoms were held fixed. The distance between the HSP
HSP atom RESP charge HSP atom RESP charge@Nd PAPS reduced to 3.8 A in the course of this simulgtion.
o12 0.8013 . 0.3029 hTo observe the effeccjt of boulnd HS_P (;n thg behawofr cr)]f
Ci1 0.8211 H35 0.03s61 the enzyme, a second control run in the absence of the
013 ~0.8013 033 ~0.7364 ligand was also performed. Finally, an equilibrated structure
c2 0.1206 H43 0.4788 after 2 ns of dynamics was stripped of all solvent water
H14 0.09236 C29 0.1213 molecules (excluding the x-ray crystal water), resolvated,
ﬁis g'ggggg :22 - 00432;1 and subjected to 300 ps of dynamics, to investigate the
07 0.4525 H22 0.3476 behgylor of solvept water at the binding site. The;e three
c19 ~0.01628 H42 0.3476 additional dynamics runs were performed following the
H23 0.07102 H51 0.3476 same protocol for heat-up and equilibration as described
H24 0.07102 C30 —0.01309 above.
H32 0.07102 H39 0.1633 All energy minimization and molecular dynamics calcu-
C4 0.03941 037 -0.2901 lati ¢ d usi b ,
H16 0.06539 cas 01526 ations were performed using Amber, version 5.0 (Case et
08 ~0.7351 H49 0.1146 al., 1999), with the Particle Mesh Ewald method (PME)
H20 0.4840 H48 0.1146 implemented for calculating long-range interactions (Dar-
G5 0.4053 H50 0.1146 den et al., 1993; Essman et al., 1995). Previous studies
237 _8'32850 82265 _06339125 s (Yorketal, 1993) have indicated the importance of proper
Ho1 0.4742 H31 0.1164 t_reatm.ent of_ long-range electrostatic interactions for long-
c6 0.1938 C40 0.08023  time simulations.
H18 0.1315 H45 0.1259
o1 —0.5349 H46 0.1259
010 —0.4417 041 —0.6880
co7 003176 a7 0.4432 RESULTS AND DISCUSSION
H34 0.2560 Global aspects of the simulation

The geometry used for charge fitting was obtained with Gaussian98 (3-2 . . . .
G* basis set) (Frisch et al., 1998). A single point 6-31G* calculation was{.Ne carried out a 2.0-ns simulation of NST-1 in the presence

performed to determine charges based on the optimized geometry. of the model HSP disaccharide ligand as well as a 1.0-ns
simulation of NST-1 without the ligand. Both structures
stabilized in solution. The backbone structure of NST-1 in
) . solution equilibrated within the first 200 ps. The stability of
relax while all other atoms were kept fixed, for 10,000 stepSinese structures was ascertained by calculating the root
In the next cycle, the side chains were also allowed to rela,ean square deviations (RMSDs) of the backbone atoms,
in addition to water, HSP, and counterions, for 15,000 stepsyith respect to the x-ray crystal coordinates. An RMSD
Finally, an all-atom energy minimization was performed forersys time plot for backbone atoms of NST-1 fluctuates
15,000 steps. about the value of 1.25 A for both structures, as shown in
A gradual heat-up protocol was then applied to bring therig. 4. No major disturbances to the tertiary structure re-
system to 300 K, followed by 25 ps of constant-volumegyjted from the omission of the ligand. We now present a
dynamics. All atoms were subsequently reminimized formore detailed analysis of the tertiary complex simulation.
15,000 steps. Another gradual heat-up cycle followed at The simulation B-factorsR, = 87%/3(Ar;%), where(Ar;?)
constant pressure. Once the system was heated to 300 Kjgthe variance in the position of atdiy were calculated for
constant volume/constant temperature dynamics run wage backbone atoms during the last 500 ps of dynamics (Fig.
initiated (25 ps). Finally, a constant pressure/constant tems). The x-ray crystal coordinates were used as a reference
perature run was performed for 2 ns. A time step of 1 fs wagonfiguration. The B-factor fluctuation pattern is identical
used for dynamics. for the backbone atoms N, C, anduCAlthough the general
In an initial segment of the simulation (during the 204 pattern of variance of backbone atoms matches that of the
214-ps period of dynamics), a constraint was applied to thg-ray crystal structure, significant enhancement of some
distance between the nitrogen of the GIcN moiety and thdluctuations is observed upon solvation. The two largest
sulfuryl group of PAPS. This constraint was in the form of peaks (around residues 587—602 and 664—671) are caused
a harmonic potential and was employed to reduce the disby the fluctuations of those loops that were absent from the
tance between N of the GlcN and S of the sulfuryl groupcrystal structure as they readjust to adopt a favorable con-
from 9 A to 4 A in thecourse of 10 ps. To ascertain that the figuration in the course of the dynamics. The major thermal
distance between these two species would naturally redudiictuations occur, as expected, at the turn residues or in the
to less than 4 A, a control vacuum dynamics simulation wasandom coil. Such is the case for the peaks observed around
also initiated for 1 ns. The binding site residues, HSP andesidues 688—-702, 737-741, 758-777, 784—813, and 822—
PAPS, were allowed to move, while the positions of all 825. An interesting region is found near residues 623—-632,

Biophysical Journal 79(6) 2909-2917
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FIGURE 6 Gux deviation for the solution structure of NST. ThexC

deviations of the backbone atoms were calculated using the final config-
uration (after 2 ns of dynamics). The x-ray crystal positionscafarbons

were used as a reference. The missing portions of the graph correspond to
the residues missing from the x-ray crystal structure.

contacts upon solvation, the rearrangement of residues in
(B) ] the binding loops of PAPS (the’ Hhosphosulfate binding
0 bl L. loop (5PSB loop) and 3 phosphate binding loop (BB

0 200 490 600 800 1000 loop)) during dynamics, and to the motion of the backbone

Time () of external residues under the influence of the solvent. All
FIGURE 4 Relati deviations (RMSDS) of the backb of these deviations were found to be under 3.0 A,
atoms. The RMeSaDg/ﬁﬁg?\laSnTsv?/il:ﬁrﬁepz\r/;ISLTI?ate precjrs?)r boeun(e:iu:(Z—r?sne Majo.r x-ray cry§tal contacts that are dlsrUpted upon sol-
simulation) and B) NST without heparan sulfate precursor bound (1-ns vation involve residues 579-586, 601-610, 614, 617, 619,
simulation) were calculated relative to the positions of the backbone atom§21,622, 625—-629, 631-633, 635, 640, 647, 651, 658, 663,
in the x-ray crystal structure (Kakuta et al., 1999). 670—-674, 679-701, 704-720, 726740, 742, 745, 748,

751, 752, 754, 756, 758773, 775-785, 792, 794803, 806,

i . 807, 809-852, 854, 855, 866, or 872—877. The important
where the fluctuations occur upon solvation. These fluctujnyamolecular contacts observed during the simulation are
at!ons are most I|ke_Iy due to the loss of crystal contacts inyiscussed below.
this segment of residues. Moreover, the pattern here can be
explained by correlated motion arising from the close con-
tacts of this segment of residues with two highly mobile PAPS binding
neighboring loops (residues 587—602 and 664—-671).

A plot of a carbon positional deviations with respect to
the crystal coordinates (Fig. 6) was obtained to evaluate th
changes in the backbone conformation upon solvation. Th
deviations observed here can be attributed to loss of cryst

The binding of the cofactor PAPS is facilitated by several
residues of the 5PSB loop (residues 613-618) and the
S-PB loop (833—-837). These residues form an extensive
etwork of hydrogen bonds that anchors PAPS in its bind-
g site.
The hydrogen bonding patterns described in the x-ray
crystal structure of NST-1 (Kakuta et al., 1999) are largely

200 — T preserved in our solvated structure during the course of the
"""" v simulation (Tables 3A and B). In the 5-PSB loop, the
backbone amide nitrogens of Phr, Thi®*", and Thf®
100 form hydrogen bonds with’§phosphoryl oxygens of PAPS.

B-factors

Furthermore, the @ of Thr®*® and Thf'” are involved in

side-chain bonding to the'fphosphoryl oxygens. The'b

¥ PSB segment also contains Py$ The catalytic importance

O LT - of this residue has been confirmed by mutagenesis experi-
600 650 700 750 800 850 ments, which demonstrated that the activity of the enzyme

Residue number was abolished upon K614A mutation (Kakuta et al., 1999;

Sueyoshi et al., 1998). Its backbone amide nitrogen as well

FIGURE 5 B-factors of the solvated NST as compared with the exper- th ide-chai it ithin hvd bondi
imental B-factors. The simulation B-factors of the backbone atoms wereas € side-chain nifrogen are within hydrogen-bonding

calculated using the x-ray crystal structure as a reference configuratiorlistance of the Sulfuryl oxygens of PAPS. As the HSP
over the last 500 ps of the simulation. moves into its docked position, an oxygen of the GIcN

Biophysical Journal 79(6) 2909-2917
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TABLE 3 Interactions of binding site residues with PAPS An interesting detail, not possible to observe in the x-ray
PAPS Protein contact Distance (A) Angle () Crystallography study, is the presence of &sin close
vicinity to PAPS sulfuryl group, in a position where its side
A : .
o1s Ly$1N 3.03 154.9 chain can form a hydrogen bond with one of the sulfuryl
03S LyS™Ng 2.83 151.6 oxygens of PAPS. This side chain also interacts with the
02s Ly$7eNg 2.82 1586  side-chain oxygens of Gi' and GIf*2
o3P ThE*N 3.12 153.2 During the course of the simulation, L% is occasion-
82P TThhr;N:E ;:g? iii:g ally found in a position to form a hydrogen bond with the
03p ThF'Z.0y1 273 165.0 5’-sulfuryl oxygen and so may also serve as a proton donor
0o2pP ThFEN 281 146.9 that neutralizes the negative charge of the sulfuryl group.
o2p ThPE0y1 2.73 162.5 However, its position is less stable than that of $4sand
N6P TrF?Z-O 2.95 151.0 Lys®7® As in the case of Ly8* the contact of Ly&*3 with
8gg g:gmﬁ g'gg igg'g the Sphosphate oxygen is disrupted, because of a motion of
oop ArGS”N 205 1502 this residue toward the sulfuryl group.
Finally, an interaction of T!” with the N6 nitrogen of
(B) the PAPS adenine ring, which was observed in the crystal
01P LyS*“N 2.91 structure, remained present throughout the simulation. This
o3P LyS"*Ng 3.16 stabilization of the adenine ring is observed in some nucle-
05 Gly®*eN 3.16 . N . )
02p ThFEN 315 otide-binding kinases (Matte et al., 1998) and may be im-
o2pP Ly$33Ng 3.19 portant in positioning the cofactor.
o3P LyS$33N¢g 3.04 Overall, the important features of the x-ray crystal hy-
0o9P GIWZ‘;-N 2.95 drogen bonding were, for the most part, present throughout
8gg gglz-_c’;‘H Zgz the simulation. Contacts with the sulfuryl group oxygens,
o8p TyF3.0H 265 not present in the x-ray crystal structure, which contained

. . : : the ligand PAP rather than PAPS, were formed as the three
(A) 2-ns simulation of NST/PAPS/HSP in solution. The hydrogen bond

; 4 676 3
distances and angles listed in the table are averaged over 20 ps of siml‘ays residues (L)gl » Lys™™, and Ly§ 3) assumed more

lation. The distance and angle cutoff values were 3.2 A and 110°, respecﬁ'ﬂvorabIe positions fqr neUtra“Zing the negative char.ge of
tively. For comparison purposes, the distances between binding site resthe sulfuryl group. Similar changes were observed in the

dues and PAP in the x-ray crystal structure are listed in (B). dynamics of the protein in the absence of HSP, as well as in
the control vacuum simulation, which leads us to conclude
that the rearrangements of the Lys positions are not artifacts,
moiety also forms hydrogen bonds with the side-chain ni-but are likely to be of catalytic significance.
trogen of Ly$§** It should be noted that during our simu-
lation the Lys residue has shifted from its original position.
The contact between the’-phosphoryl oxygen and the
backbone nitrogen of Ly$* observed in the x-ray crystal We find that GI#** and Hig'®, as well as three residues of
structure is disrupted in solution, and instead, the nitrogen ithe 5 and 3 loops (GIf*3 Lys®** and Ard>9, form
bound to an oxygen of the sulfuryl group. Thus B¥&isin  hydrogen bonds with the HSP (Table 4). A bridging water
a favorable position to neutralize the negative charge of thenolecule is located between &fd and the amino group of
sulfuryl group. the GIcN fragment of the HSP. It is possible that &fu
Additional stabilization of PAPS is provided by the res- functions as a catalytic base by shuttling a proton via the
idues of the 3PB loop, which mainly form contacts with
3'-phosphoryl oxygens of PAPS. These residues ar&¥ly
and Args35’ which form stable hydrogen bonds with the TABLE 4 Interactions of binding site residues with the HSP

3'-phosphoryl oxygens, via the amide nitrogens. Two resi{2-"S Simulation of NST/PAPS/HSP in solution)

Ligand binding

dues (Seft? and TyFP*") were reported to be within hydro- Heparin atoms Protein contact Distance (A) Angle (°)
gen-bonding distance in the x-ray crystal structure (Kakuta N36 GIrf20s1 2.90 119.0
et al., 1999); however, they move away from PAPS in the 033 LyS™N¢ 2.93 119.9
course of dynamics. In the case of $&rthis disruption of 041 GIP*20e1 2.82 146.3
the hydrogen-bonding contact is most likely caused by the 812 ::37835‘_’;'\‘8”21 ;g 12;3
motion of the helix containing SEX with respect to its 013 ANl 208 1393
original position. In the case of T§t, the side chain is 013 Ard3=Nn2 2.80 160.4

rotated about the &Cp bond, causing the dlsruptlon of the The hydrogen bond distances and angles listed in the table are averaged

hydrogen bond between thé-Bhosphoryl oxygen of PAPS  gyer the last 20 ps of simulation. The distance and angle cutoff values were
and TyF¥’. 3.2 A and 110°, respectively.
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bridging water. Several of these residues f@&luGIu®*?,  sulfuryl group is absent. Ht88 is not conserved in NST-1,
His"'9 are indicated to be involved, based on recent muand its catalytic base function may rather be carried out by
tagenesis experiments on NST-1 with a heparan sulfat&lu®4?

hexamer (Kakuta et al., unpublished results). We find that several water molecules are present in the
binding site during the entire course of the simulation and
may be involved in the catalysis. The position of these
waters (Fig. 7) was tracked throughout the simulation to
The sulfuryl transfer mechanism was first described bydetermine whether their presence might have any functional
Kakuta et al. (1998), based on the investigation of thesignificance. Specifically, three water molecules are de-
crystal structure of EST with vanadate ion bound, andtected: water 1 is bound to one of the carbonyl oxygens of
mutational analysis. The study identified §of ESTasa Glu®*? water 2 to the NH* group of HSP, and water 3
likely catalytic acid that protonates the phosphate-sulfatéwhich is also found in the x-ray crystal structure) to one of
bridge oxygen in PAPS, thereby neutralizing the negativehe 5-phosphoryl oxygens. It is important to note that, with
charges and stabilizing the dissociation transition statethe exception of the x-ray crystal water, these sites are
His'®® was implicated as a catalytic base that abstracts accupied by different water molecules at different points in
proton from the attacking phenol group of the estradiolthe simulation; i.e., they undergo exchange. Therefore we
ligand. Furthermore, Ly§, His'®® and Lys° were postu- conclude that, although the waters spend more than the
lated to stabilize the transition state and enhance the catasual residence times in the three sites, they are not simply
lytic efficiency of the enzyme. Ly of EST is conserved in  trapped, but are present to perform a particular function. For
NST-1 (Ly$'% and is found in a similar position in the example, the water bound to the &t of the simulation
x-ray crystal structure, forming a hydrogen bond with theforms a bridge with a neighboring water molecule, which is
5’-phosphoryl oxygen (Sueyoshi et al., 1998; Kakuta et al.jn turn bonded to a sulfuryl oxygen of PAPS (this geometry
1999). However, we find that upon solvation, Py of s established during the first 600 ps of dynamics; not shown
NST-1 shifts closer to the sulfuryl group. This is not ob-in Fig. 7). Later in the simulation, these two waters are
served in the x-ray crystal structure, most likely because theeplaced by a single water molecule (no. 1), which bonds to

Water involvement in the reaction
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GIu®*2 GIcN, and PAPS. Based on these observations, wgroup being transferred. To stabilize the developing charge
propose that the sulfuryl transfer mechanism may requiren that group, the neighboring residues would likely form a
the participation of water. The water may serve as a protomydrogen-bonding network, with possible proton transfer.
shuttle between the Git? and NH,*. In this case, GItf?  In our model, these residues are P Lys®’, Lys®*3 and
would act as a catalytic base by abstracting a proton frona solvent water (water 1). All of these residues are within
the water, with the resulting hydroxide ion acting to depro-hydrogen-bonding distance from the sulfuryl group oxygens
tonate the amine group of GIcN. Alternatively, the amineand could act as proton donors to the transferring sulfuryl
group of GIcN may be deprotonated by water 2, while watergroup. Their action may be cooperative, as described by
3 provides neutralization for the charges of thgphospho-  Mildvan (1997) for kinases. Therefore, not one but all three
ryl group. residues could be involved in stabilizing the associative
To test this hypothesis, an additional simulation wastransition state. Besides transferring a proton, they also
performed. The NST/PAPS/HSP complex (after a 2-ns simanchor the group in place, positioning it for in-line transfer
ulation) was stripped of all waters and resolvated by theand reducing the possible degrees of freedom.
protocol outlined in the Computational Procedure. Subse- The role of the GI&*2 could be that of a general base,
quently, the system was subjected to a protocol identical tabstracting a proton from a water molecule. This water
that of the first simulation. The purpose of this control molecule could be functioning to deprotonate the J;NH
simulation was to ascertain whether water molecules wouldroup of HSP, to make it a better nucleophile.
move to the binding sites where the likely catalytic water In summary, the picture of the reactive site in our simu-
molecules were found in the original simulation. After 1 nslation presents an extensive hydrogen-bonding network
of dynamics, two water molecules had migrated to roughlyaround the 5end of PAPS, resulting in several possible
the same locations as waters 1 and 2. One was bound to tipaths for the reaction. Some may be more energetically
nitrogen of GIcN and simultaneously to O3S of PAPS. Thefavorable than others, and a combined quantum/classical
second was also bound to the nitrogen of GIcN. The x-rayapproach is necessary to decide which path is most ener-
crystal water (no. 3) remained in its original position, asgetically favorable (work in progress).
expected.

CONCLUSION

We have built a model of NST with PAPS and HSP disac-
Sulfuryl transfer reactions share several key features witltharide bound, based on the crystal structure of NST with
the phosphoryl transfer reactions, which have been exterPAP bound, and carried out molecular dynamics simula-
sively studied (Mildvan, 1997; Hart et al., 1999). In phos-tions on this solvated complex. We find that the structure is
phoryl transfer studies, discussion about whether phosphatable after 2 ns of dynamics in solution. No large-scale
ryl transfer proceeds via an associative or dissociativeonformational changes were observed. Some local motion
mechanism is inevitable. It is reasonable that the variousfloops occurred during the dynamics, and can be attributed
enzyme modes of action favoring associative and/or dissato solvation effects. As expected, the largest motion took
ciative transfer are similar in kinases and sulfotransferaseglace in the loops that were absent from the crystal structure
Our solution model provides several possibilities for bothand were modeled in the enzyme, as well as those most
associative and dissociative pathways. The key catalytiexposed to solvent. Some motion of the residues in the
residues are shown in Fig. 7. binding site in response to the HSP binding was detected.
In the case of dissociative sulfuryl transfer, the leaving Our model confirms the importance attributed to tHe 5
group (8-phosphoryl group) gains a negative charge, withloop residues, which anchor PAPS and act to stabilize
the bridging oxygen undergoing the largest change ircharges on the'sphosphoryl and sulfuryl groups. The cat-
charge. Therefore, to stabilize the dissociative transitioralytic residues Ly and Ly€33 are in a good position to
state, the enzyme may provide hydrogen-bonding contacisteract directly with the sulfuryl group being transferred (in
to stabilize the increasing charge on théphosphoryl addition, our study pointed to a possible involvement of
group. The necessary stabilization could be provided by theys®”® in catalysis). The GRf* residue may perform the
two Thr residues (TH!” and ThP*® and/or the crystal function of a general base. This proposal is confirmed by the
water molecule that is found in the crystal structure and irfact that GI§*? is conserved in several kinases and is
the simulation within hydrogen bonding distance of a non-associated with a water molecule. A similar water molecule
bridging 5-phosphoryl oxygen (water 3). The proton trans-appears in the binding site of several kinases (Wild et al.,
fer would not be required in this case, as the hydrogeni1997; Shirakihara and Evans, 1988; Feese et al., 1994) and
bonding interaction of these residues would be sufficient tds likely to play a catalytic role in sulfuryl transfer as well.
polarize the charges of thé-phosphoryl group. Two water molecules, in addition to an x-ray crystal water,
If one assumes a largely associative mechanism, howwere found to be important in the sulfuryl binding site; they
ever, then the largest change in charge occurs on the sulfurgke possibly involved in deprotonation of the amine group

Sulfuryl transfer mechanism
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