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Modeling the biologically active sulfated saccharides is an important tool for understanding the molecular mechanism of their
biological activity. The present study aims to provide insights on partial charge assignment methods for sulfated saccharides. 4b
initio calculations at HF/6-31G(d), HF/6-31+G(d,p), HF/6-31++G(d,p) levels and molecular dynamics simulations have been
performed in order to evaluate the impact of the theory level used for charge derivation on the geometry and solvent interactions of a
model monosaccharide. The results show that higher quantum levels of theory does not necessary give better results in the quality of
the obtained charges. The calculated geometry and the hydrogen bonding network properties are in agreement with the experimental

crystallographic and NMR data.

INTRODUCTION

One class of important biologically active
saccharides 1is represented by the sulfated
glycosaminoglycans, the most well-known being
chondroitin sulfate and heparin. Glycosaminoglycans
(GAGs) are natural polymers made of specific
repeating disaccharide units in which one sugar is
uronic acid and the other is either N-acetylglucosa-
mine or N-acetylgalactosamine. Due to their variable
distribution of negatively charged sulfate groups,
they display wunique properties which are
indispensable for their biological functions. They
may act as structural components of connective tissue
and the extracellular matrix, as co-factors in cell
surface receptor activation,'” as agent in blood
clotting homeostasis, angiogenesis’ or immune
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defense.' Sulfated GAGs were among the first
carbohydrates studied by NMR spectroscopy (‘H and
BC NMR),”’ the most important structural
information being extracted through three bond
proton-proton coupling constants®® and chemical
shifts.'™"" Crystallographic studies have also been
performed on sulfated monosaccharides'”'® and
oligosaccharide/protein complexes.'”* Despite the
large pool of experimental data regarding this class of
compounds there is still much to be understood
especially regarding the specificity of interaction with
biologically relevant macromolecules like proteins.
This has to be done by establishing the relationship
between their chemistry, microscopic three
dimensional structure and biological functions.”’ The
lack of high resolution structures for the large variety
of sulfated GAGs limits the progress in this field.

** Supplementary material on http: //web.icf.ro/rrch/ or http: revroum.getion.ro
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OROHFXODU PRGHOLQJ PHWKR &R PSEKSWLHVIHROW RD WRKMRUDHFWURV W
WRRO Rl WKHRDWWRBNODRGY BVEWAWRGMWH® PROHFXOBE LQBAIARUKDHE O ;
DSSOLHG IRU VLPXODWLRQ )RRN DEERRVMFOIMUWUHH JREN PHW
PDFURPROHRXOHYJ XVHIXO LQVLBKWRWHNV RUNRANK EDVI#) IXQFWLRQ
PROHFXODU OHYHO ZLWK WLPH UHVROXWLRQ RQ *SEFRVHFRQG * G S
VEFDOHV WKDW DUH QRW UHDGLOWDKRBHVVLBOH E\WH [IS\H KIRFZHHQYW D OX Q F
PHWKRGV (PSLULFDO IRUFH IIH®WGIQWHWKRGILIIXWHQW OHYHOV RI
SDUDPHWHUV REWDLQHG E\ FRPSIDPHRQ HALMAKNVY WKH G\QD
H[SHULPHQWDO GDWD RU IURP KIERM B WCPHDWHICR @ D RKHRVIWOHIQB W H G
TXDQWXP PHFKDQRFV W K H SUREHG \VEVFPRAHBX®DU B\QDPLRV IV
HOHFWURVWDWLF LQWHUDFWLRQ\P SRKMAOH WRCGRWVRRON IRDU\GHNQJ G
SRLQW FKDUJHV VLWXDWHG DW IWHGIGYXIRWHLESSRVILWXRQWLRRHEXW
GHVLJQ RI DFFXUDWH FKDUJHV DIAFRXKQW W& DMP SHRIKIMEMDXWO HPYHHF K D C
UHTXLUHPHQW IRU D JRRG IRUFH HWKRG\HUSARKLDE®\ ZBHPRUH FRPS
FKDUJHG VSHFLHV DUH SUHVH@®W\ QRW EHUQMAHSYDWLIRQ D VDWLV
FKDUJHV PRVW RI WKH QRZDG DMWKHPHWRISRHEM HAS @RWKHVH PROHFX
TXDQWXP PHFKDQLFV XVLQJ O0XO@LNHH PEYXMIFWMLRQ D VI\VWHPD\
DQDO\WILBZLQ SRSXODRVWLROWWERONWIRY WKH SUHVHQW SDSHU D
TXDQWXP PHFKDQLFDO PROHFXODRQ IIOXHFVEHRR W BWIL Fi SR @AM QO YDHDO V
0(3 7 K H PHWZKRG WVVRIQPHQW 3RQ | WKW W ILP®XRODWF
SUHIHUDEOH DV WKH\ RIIHU VHBHUDBUBQ@F¥BQWIQEY GKHIPLFV RI
DSSOLHG WR SROIKWH PRIOM A XY ONWYPRI) RMDFFKIDEH G H XVLQJ 2 PHWK\
VHYHUDO DSSURBGHKHY DMRUR QVKRD FSDNV\GLDIDODFWRVDPLIMLI$F 62 OH
FKDUJHV Rl VXOIDWHG PRQRVDFFKDULGHBYV EVRRG HZL IRROHHEW O H
OHYHO RI TXDQWXP PHFKDQLFDO WKHRU\ IRU WKH
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FDOFXODWLRQV RI \®KH KWDDUH HFMBRBHF®R Q IRUPDWLRQDO SUHIHUHQ
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molecule at the simulation temperature and in the
presence of the solvent (denoted in the following
as SEA — Solvated Ensemble Average). The
conformations used to compute the charges of the
1-O-Me- -GalNAc(4S) monosaccharide were
generated from an initial molecular dynamics
simulation as explained below. One drawback of
this approach is that the partial charges needed for
the initial molecular dynamics simulation are not
known. To overcome this problem methyl sulfate
was selected as a model compound to determine an
initial guess of the charges for the sulfate group
while using the GLYCAM_06c partial charges set
for the rest of the 1-O-Me- -GalNAc molecule.

&KDUJH GHULYDWLRQ SUR
DQG TXDQWXP PHFKDQLFDO 4

The partial charges of the methyl sulfate and
1-O-Me- -GalNAc(4S) were computed applying
the RESP method of Bayly and co-workers® and
CHELPG algorithm™ with 1 fitting stage and an
weighting factor of 0.01. Prior to all MEP quantum
evaluations the geometries of the modeled
molecules were optimized using the Quadratic
Approximation (QA) algorithm, taking as the
convergence criteria the largest component of the
energy gradient to be less than 10 Hartrees/Bohr
(Ha/b) for the small molecule of methyl sulfate and
respectively  10°  Ha/b  for  GalNAc(4S)
monosaccharide. For the two-electron integrals the
Direct-SCF method was used with a cutoff of 107"
The Huckel method was selected for the initial
orbital guess. The SCF was considered to be
converged when the density change between two
consecutive SCF cycles was less than 10, All the
geometry optimizations have been performed at the
Hartree-Fock D E L QelkeWukifg the Pople split-
valence double zeta basis set approach with
6 Gaussian functions for core orbitals and 3 plus
1 Gaussians for the valence orbitals; d-type
polarization functions for the heavy (non
hydrogen) atoms were added to the basis set
(HF/6-31G(d)). The Quadratic Aproximation (QA)
algorithm was used to locate the optimized
geometry with a gradient convergence tolerance of
10° Hartree/Bohr. In order to preserve the
molecular conformation during the optimization
step all the rotatable exocyclic torsional angles
were constraint to their particular values as
resulted from the molecular dynamics simulation.
To evaluate if the optimization procedure reached
a true minima and not a saddle point on the

potential energy surface vibrational analysis was
performed on the methyl sulfate optimized
structure. The positive value for the frequency of
the normal vibration of minimum energy
(vo = 79.7 cm™) shows that a true minima for
methyl sulfate molecule was reached in the
optimization process. Due to the fact that the
optimization process in the case of GalNAc(4S)
monosaccharide is performed in the presence of
applied constraints, in this case a more direct
method was applied. Taking into account that the
geometry optimization is done in a subspace of the
full coordinate space, at the end of optimization
process the force on the constraint is very likely
not zero and the final structure is not a stationary
I?PithiR d full cartesian space. Yibrational
6nal)§s15 §1Ft o) ﬁ_SrfJJéd\Package is always
performed 1nthe full cartestan space and so it is
meaningless in this case. A less arbitrary way of
checking whether a true minima or a saddle point
was reached is to add random displacement to the
atom coordinates of the optimized structure and
repeat the constrained optimization. As long as the
displacements are truly random, the structure will
optimize away from a saddle point, but will return
to a (constrained) minumum. This procedure was
applied for all of the 25 conformers and the data
obtained shows the reach of true minima in each
case in the course of the initial optimization
process (see Table 1 and Fig. 1 in “Supplementary
Material”). $E L QchlWlhtlens using different
basis sets had been performed on the molecules
included in the study as described below. For the
initial charge assignment for the sulfate moiety the
methyl sulfate was considered as the reference
molecule and the quantum HF/cc-pVTZ,*
calculated molecular electrostatic potential was
fitted based on electrostatic point charges located
at the nuclei positions using the RESP procedure.
The correlation-consistent polarized cc-pVTZ basis
set incorporates a triple zeta valence split model. It
is designed to systematically converge to the
complete-basis-set (CBS) limit using extrapolation
techniques. The selection of the cc-pVTZ basis set
in the case of methyl sulfate was suggested by the
GLYCAM 06¢ developing methodology,*
maintaining in this way the consistency with this
force field. For the 1-O-methyl- - 1-GalNac(4S)
conformers three D E L Qeludl¥ bfRtheory were
used: (1) the Hartree-Fock method with the
6-31G(d) basis set (HF/6-31G(d)); (2) the Hartree-
Fock method with the 6-31+G(d,p) basis set (HF/6-
31+G(d,p)) which adds, supplementary to the
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SUHYLRXV EDVLV VHW RQH SROKXHIPMWIGRQWRQFWLRQ®RQ HBWK 'XH
K\GURJHQ DWRPXDBGXRFMWIGRQ * KNDWLQQ FRROLQJ VFKHPH WKH VF
WKH XVXDO QRPHQFODWXUH RQ BIGBRBWHW®R\ DWKRIP VXUWMKFHH RI WKHF
+DUWUHH )RFN ZLWKS WKBVLY VHWHO)PLQDWLQJ WKLV ZD\ WKH ORF
*G S ZKLFK FRQVHTXHQWO\CGDX®GYJ FRREDEKGEOGLQJ VWHS ZK
ZLWK WKH SUHYLRXV RQH GLIIXVHJWIQPWIWR @HRQURIBAURRAY RI WK
DWRPV WRR 4XDQWXP FDOFXODNWEREVXHBEQWHSGRGNFWALRQ UXQV
SDUDOOHO RQ D 'HOO 3UHFLVLRWOWDJHRWNHVBWLVRIQP ZEDWK VXEMH F W
*% RI 5%0 DQG FRPSXWH FRVHRX@DWHK RW KIHRLQ WG LZDWIKRRQQW L P
*$0(66 86 VRIWZDDHQ G 5 ( ' SV YXULQV WKHWWRGXFWLRQ U
KWWS T PG IRUFHILHOGWRROV REXSOHG WR D WKHUPRVWDW DW
EDWK RI DWP )URP WKH REWDLC
FRQIRUPDWLRQV )LJ ZHUH H[W
HYHU\ QV DQG VXEMHFWHG WR

7KH SDUDPHWHUV WKDW GHFB@LWWQ 'éGXUH SULRU
LQWUDPROHFXODU LQWHUDFWL \WLB cZbV SHU

GLKHGUDOV DQG WKH /HQDU EB%}]@%&?\%KQJ%'% VKH +)
LQWHUDFWLRQVW RDOLKR 62 BROH 86 Q RUGHU WF
ZHUH WDNHQ GLUHFWO\ IURP %bFF?:Q'RUPDW'-RQ GXULG
SDUDPHWHU VHW H[FHSW IRU W % WORY REER FIRE
VXOIDWH PRLHW\ 7KH IROORZLQ L§N KHLU S
ZHUH DVVRFLD\ADH-IIIB\NZI—LWLKRWKI—DW H PROHFXODU (
WKH VXOSKXU 6 i )LJ D IRlI \AN 7 L1 \A7TDT1TIDI MMM
R[\JHQ DWRPV 2 2 2 DQG Ul

26 IRU WKH R[\JHQ DWRP ERQGHG
2  7KH UHVW RI WKH DWRPV LQ
PRQRVDFFKDULGH KDG XVXDO */<&3
7KH SDUDPHWHUV IRU WKH ERQGV [
IURP WKH */<&$0 SDUDPHWHUV VHW
SDUDPHWHUV IRU WKH 2 6 26 &* 6
6 26 &* &* WRUVLRQDO DQJOHV ZHU
GDWD QRW VKRZQ E\ UHSURGXF
FRPSXWHG HQHUJ\ SURILOHV DORQ
GLKHGUDO FRROBZQOWHWKHR SUR
GHVFULEHG LQ WKH *JRI$0WSOBHY X

JURXS WKH PHWK\O VXOIDWH FR)Ibé%m-?g;l)fﬁ%@@ﬁﬂ'%@ﬁg@“ﬂf&uhﬁ%
XVHG

/KH FKDUJH RWRWKR DY DCMXVWHE WRK RI WKH WKUHH FKDUJH \
REWDLQ DQ RYHUDOO FKDUJH Rl IRY WG@I/J, QWLAJd;' S 2DQG 6($ +)
OH *DO1$F 6 PROHFXOH (DFK 6(% GKOUJIHR ODU G\QDPLFV VL

ZDV FRPSXWHG E\ 5(63 SURFHGXWBQpRIROHEMIROWKH VOPH
RI FRQIRUPHUV H[WUDFWHG IURR \PQ o QLM & P WHL uxQ R
P
&l

Molecular dynamics simulations

G\QDPLFV WUDMHFWRU\ 7KH LQ;L\ [5,99:\,6 g\ E 99 ZHUH SHU
G\QDPLFV VLPXODWLRQ ZDV YWHG ¢ ,5% 138 'HO
%

FRQILIXUDWLRQ REWDLQHG E\ Vﬁ& IPJ GL\Q_,J D Vd_r_Q ZEWK FRP
OH8 *DO1$F 6 PROHFXOH ZLW HE LFWXUHV ZHUHD GBRG X!
PROHFXOHV LQVLGH D FXELF ERé\g K }_A/Mdi J %‘JWK

RI ¢ 2QHLIQ ZDV DGGHG WR WKH VLPXO WLRQ

ER[ IRU RYHUDOO FKDUJH QHXWUDOL]DWLRQ 3ULRU WR WKH
SURGXFWLRQ UXQ WKH V\VWHP ZDWRr$sUL¥ANpHISeMsI6N E\

VORZO\ KHDWLQJ IURP . WR . LQ SV IROORZHG

E\ FRROLQJ EDFN WR . LQ DQRWKHWH BWRPRFWVKHUWRDO FKDUJIHYV
VWHS RI WKHQHWXIHO VEVWWRRZBW vIMWPHQQHG (OHFWURVWDWLF 3]
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SURFHGXUH DW GLIITHUHQW TXDQWXPSPHP®DL Q UWAD/C HORHAYLHYOAO \
IRU WKH 2D@HL$F 6 PROHFXOH GD®HYV +) *G S 7KLV V
SUHVHQWHG LQ 7DEOH $ORQIWK W MKKOH IHE/G IMWWKLHRUH DMIUW KH GLI
DOVR JLYHQ WXV DWLPRIY WKAHFROBXO DWIRRPY LQIOXHQFHV DW D
RI WKH PROHFXODU HOHFWURY WDV H G RSARHLQ W L OFE IMDUWIRHX QY GRIQHHV
FRQIRUPDWLRQ RI WKH PROHFXDEGRLW DRRPHWWRXWHK HHRIEWXHY VHW R
FRPSXWDWLRQDO HIITRUW QHHGHKGGIUR HDF KD WIRWVYN GWRHD @QEW LPSU
VHHQ IURP 7DEOH WKDW WWHKHEWLRYXOW VFKEKBMIRROHFXOH XQ
GLIITHUHQFH RQ WKH FRUUHVEROQWGLQJ DDWHRWVQHUIWWLYH FKDUJ
HQFRXQWHUHG EHWZHHQ WKH Rl GLIGXMHQAXQFWLRQV ZKLFK D
*G S VHWV 7KH FKDUJH GLITBYHMQIEBY IDXWH WIRZGW WKDW PRUH
WKDQ H DEVROXWH YDOXH WKHFEKWDLGOGRERXIWRQHREI WKH ZDY
IRU WKH VXOSKXU DWRP )RU WYXHWHDW R]ISWRKW HGN RRYEWMMWIWHU U
GLITIHUHQFHY DUH XQGHU H-KDKHHS&RRQWV LOMDQHDU WKH FKDUJ

6TXDUHG 'HYLDWLRQV 506" EHWZHHQ WKH VHWYV RI
FKDUJHYV DUH H IRU +) *G YV +)

7TDEOH

5(63 FRPSXWHG 6($ SDUWLDHOIRKDUKHV*DAQHEPDLWVPRQRVDFFKDULGH DWRP'
DW GLIIHUHQW VXM PO ¥ RHYBERSWLR Q

+ * G

$WRP g EDV ) "G S *) "G S

QDPH IXQFW 6WG GHY EDV IXGBMMG GHY EDV IXQFWMG GHY
F ¢V FROQI 1 V FROQI 1 V FROQI

N + + NN N +
Qo QUHHQONNQQ ONNNQOQQQOI\)QQI\)Q’

P$O0O QRQ SRODU K\GURJHQV ERQGHEH® RVRDKIERK D WRFR/ FK B UBHF W& VRDULE
FRPSDWLELOLW\ ZLWK WKH */<&%$0 IRUFH ILHOG

E1XPEHU RI *DXVVLP@VEDWHE WK B\M MF K\LMEH DK EF B PRROHFXOH
F7KH WLPH QHHGHGWIRRIQO$H B OFIRFX @ D 8 D WD @ Q H{ P@IFRIRISKMA. QJ FRUHV
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7KH VWDQGDUG GHYLDWLRQV XK GRER X WH ® GFH AL FKWHW G R (
VWDWLVWLFDO HQVHPEOH RI KR R UHP® W L R DVR SRR IBHDRKEOR JHQ |
DWRP 7KH YDOXHV VKRZV 10XFWHXDMILRMW EH® ZHMZ HH® WKH R[\JH(
DQG H WKHEDULWUEWDQIDREVHRXSG2IRU2 2 DQG WKH ZDWH
WKH S\UDQRVH ULQJ DWRPV DQ®8HWKBWWRED CROHMW WKW WHKHNLUH PI
DWRPV ZKLFK OLH IDUWKHU IURPWUIOM WEWR UJURXS G@MWHHWRK  ORV\
R[\JHQ DWRPV RI WKH VXOIDWH PRROHAXO HAK IS IARIQF IESDWH WR WKH
H[SODLQHG E\ WKWK PRVURFKDXWKHRBRWMEHQ DWRPV DW D PHDQ
FKDUJH ILWWLQJ RI WKH &+(/3* BBWRZHHQK BV KAV IFRIQW HIUN RI WKH ZI
RSWLPL]DWLRQ WDUJHW WKH SR\WFARMSVDRUF DADKERK BPIN NP RRIGE OWK R F
RI SRLQWV VLWXDWHG LQVLGH DLEXUMWDDQ GAKHN DR H QRV H UWKDHO K
QHDU WKH PROHFXODU VXUIDFH RKHJHVYH®\WRPVK IG OH) WCRH VEKHL QH G
ODUJHU QXPEHU RI FKHPLFDOSERQGALSDMWHKWR/KHKH ERQG KDV I
QHLJKERULQJ KHBYD WDWRPNL S DDWDISKVWRRZY D O HUX YRRG DJUHHP]
HWHQW WR WKH IRUPDWLRQ RI RB G HRRBWUAWEOLRRQFFXOBRWK (
VXUIDFH LQ WKLWJRADEHULRHLUWW IFQPAXYWKHGHWXFFHVVLYHO\ ZLWK W
DFFXUDF\ 7KLV GUDZEDFN Rl WKHKPHWMKREWY BORIQQIOYRBW WOKW K
OLWHUDWXUH HVSHFLDOO\ IRU WK®GXPROHEX®® V EXLWKH XYULHG* G
DWRPV XQGHU WKH PROHFXODU VXWI®BFRH VHWV GR QRW SHUWXUE W

7KH WLPH QHHGHG IRU WKH 0(3QFRPS KNG DAY LRIQVR MWDEW L R Q
VLQJOH FRQIRUPDWLRQ UDSLGO\7KLYFUHDXGW LAL WK WKKIR VX VWD L
QXPEHU Rl EDVLV IXQFWLRQV WWHKH SPRWW OFR® S\GH{ UDGLDO GLV\
PHWKRG XVHG KHUH EHLQJ ILY HR W WRKHHV Z\DOVR-ZHREX RIGHKI VKW R RIDWR V D F F
VLPSOHVW RQH 7KLV LV LPSRPRUDHFXOHQ )WKH FDRH QRAIPEHU RI K
HQVHPEOH DYHUDJHG FKDUJHVEHAKFHHQ WKH WAKWDRLID O RYRKY DW
ILWWLQJ LV GRQH RYHU PXOWL SIOHGFRQVWRHIWP DRYLRI@V LV UDSLGO\ ¢

7R IXUWKHU DQBIQHH RIKW KH IO QFWHONHYJ XQLQWHUUXSWHG OLIF
IRXQG LQ FKDUJH YDOXHV EHWZHREWWKMHE) PHD @G YDBWH JRU S¥RQG
DQG WKH +) *GS LW KDV WRKEHKHWNVDEQRRGHBGIJUHHPHQW ZLW}
WKHVH GLIITHUHQFHV DUH ODUJHP HHIMRXIKG WRRQ HP\R BI/LLIR IVKIHE/ ROYHG L
G\QDPLFDO EHKDYLRU RI WKH VW)SGILFHAU RR PRIFXI® HVOGXUHQJ W L P H
VLPXODWLRQV 7KH DQDO\VLV RI GNKIH PHROFF XEDNZ B HED AKEY GLITHUH
WUDMHFWRULH W &HUNWRHG VAHWAKLR| EKOHSHFWY WKH UDGLDO GLVWI
FDQ JLYH XV LQIRUPDWLRQ DERXIDWHKH R{GUHRYIWQ2ERDFEASRWHG IURP
WKH VROYDWHG PROHFXOH VRO GNQ@DP RFNM DU PDWHIERVGR QHHDW WRASDU
PROHFXODU VXUIDFH RI WKH VRGXW HJBQBGHARQ MUHD WARR G IHUHQF
SUHIHUHQFHV RI WKH DQDO\]HGVH®ROFW MG HD \$ GF® QMWKHMH IRU WKH YV
GHSHQG DW D FHUWDLQ GHJUHH \RBUW K& DRX IUHID WREHO\ XRKDAJJHG R
WR GHVFULEH WQXRQHERHFGH®R VY YWHAL b B W RRQY 2 2 DQG 2

7KH K\GURJHQ ERQGLQJ QHVDIRRM RIRWKDQKJEGBGR[\O LQ SRVLWLR(
EHWZHHQ WKH VDFFKDULGH PRO HRX QB \WBGWM KPDYXR)FR OWG DS UR[LP
VROYHQW SOD\V DQ LPSRUWDQWFBRR QH LIGH \ VZ W/ WFKR @/WRHL FPIENLIRXGRDLE X W
VWDELOL]DWLRY K\GRRGWQ ERIQBIQRQPH RID 7KLV PD[LPXP GHILQHV W
WKH PRVW LPSRUWDQW DPRQJ WK\ URWHHR\Q WIKDWWG QHY BKWRUYQJ ZC
SURFHVV %HFDXVH PRVW RI WKW HIRRIERD OUHRXGY KM G/HIORQG DQG
PROHFXODU PHFKDQLFV GR QROWDW\WRQVRDLIQGHSOLEQWOUH GHWHF\
K\GURJHQ ERQGLQJ WHUPV L QU MAHDHF WLHE\QQ IRIIOMREH 2K H2:VHFR C
HOHFWURVWDWLF DQG YDQ GHR®RI :RGQW WIRQHIRDFW KR QM +WKRG UR[\C
UHSURGXFH K\GURWKH BREEBO\YLEZ\ RVKMKYWURQJ LQWHUDFWLRQ RI V
+ ERQG VWDWLVWLFV GXULQJ WWGKHL JKREGRHUF XQQ DX O3 DQDHP UIRNR XS ZL WK
VLPXODWLRQV FDQ EH D VHQVIWKIHY W KIWHHL FRW/RIH RHWWKBLYH VLPI
GLIIHUHQFHV LQ WKH TXDOLW\ RTXDIHV UMK D WH YEHBVIW IRH FS-DQUW ZD & K H
FKDUJHV FRQVLGHWHIGWYLWKHSGLVWULEXWLRQ R
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The second pair of dihedrals, which characterize
the relative orientation of the —O—SO; moiety
relative to its neighboring —CH,-OH in position 5,
comprises the ¥4 (S4-04-C4-C3) and y5(06-C6-
C5-C4) dihedral angles. The (x4, y5) pair is
important as it can give information about the
intramolecular hydrogen bonding involving the
sulfate group, which highly depends on the
assigned charges in the classical model. Three
conformational basins can be identified on the FEL
plot (obtained using the same procedure as above)
in (y4, x5) plane (Fig. 6). The ‘T’ (‘trans’ of %5)
basin with mean central values of (-110°, -180°) for
the (x4, x5) angles; the ‘ST—" (‘staggered minus’)
basin with (-110° -60°) mean values for the (y4,

x5) pair and the ‘ST+’ (‘staggered plus’) basin with
(-110°, 75°) mean values for the (¥4, ¥5) pair. The
most favorable configuration for the -O-SO5™ group
is that with the ¥4 angle around -110° which favors
a hydrogen bond between its negative charged
terminal oxygen and either the —OH group in
position 3 (basin ‘T’) or with the -CH,-OH in
position 5 (basins ‘ST-" and ‘ST+’). This is in very
good agreement with experimental crystallographic
determined structures.'” > From the correspondent
probability plots it can be seen that the most
favorable configuration is when the hydrogen bond
is formed between the sulfate terminal oxygen and
the —OH group in position 3.

HF/6-31+G(d,p) HF/6-31++G(d,p)
150 ~ il AG (kJ/mol) AG (kJ/mol)
[ . O
[ B
- -—
= = . 6 = -
o Q - 3 - 5
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b o 4 -z Y - 12
b it -y 3 _— 14
& & 16 & 16
S S w| & 18
< 7, 20| o 20
o
B

-150  -100 -50

Probability
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14 (54-04-C4-C3)
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Fig. 6 — Free energy landscapes and the corresponding frequency histograms
in the (¥4, x5) conformational plane for the three analyzed charge sets (‘T” — trans, ‘ST’ — staggered, ‘B’ — bent).
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The hydrogen bonding with the —CH,-OH
group can be realized with the angle x5 having
values either around -60° or 75° the first
configuration being more probable than the latter
one. For the HF/6-31+G(d,p) derived charges, a
second minima for the y4 angle around 60° can be
observed. This corresponds to a conformational
basin (‘B’) in which the —O—SO; group is bend
over the ring. A hydrogen bond between the
terminal sulfate oxygen and the —OH group in
position 3 is stabilizing this conformation. It is
however highly unfavorable energetically and is
not present in the conformational space of the other
two cases (HF/6-31G(d) and HF/6-31++G(d,p)
charge sets). Due to the low probability of this
state, its occurrence is presumably rare enough to
be observed in the simulations time frame (50ns)
other than accidentally. The data presented in Figs.
4 and 5 show that the studied molecular models,
based on the three charge sets, detect the same
preferred conformations of the monosaccharide
molecule and their relative populations.

CONCLUSIONS

Quantum mechanical calculations and molecular
dynamics simulations were performed on solvated
1-O-methyl-5-N-GalNAc(4S) monosaccharide
molecules in order to evaluate the impact of partial
atomic charge derivation procedure on the solvent
organization around sulfated monosaccharides and
on the conformational behavior of this class of
substances. The results presented here show small
differences in the atomic charges computed at
different quantum mechanical levels, especially
when diffuse functions are added for heavy atoms.
However, when these different charge sets are
actually used for molecular dynamics simulations
there are no detectable differences in the hydrogen
bonding network organization and dynamics. The
predicted ring shape is in agreement with the
experimental NMR and crystallographic data for
these compounds. However, small differences
appear for the conformational preference of the
analyzed monosaccharide with the skew shape of
the pyranozic ring becoming slightly more favored
when the level of quantum description used for
charge derivation is higher. Due to their low
magnitude, these differences do not exert an
important effect at usual temperatures. It can be
concluded from the data presented here that for
sulfated monosaccharides, like sulfated
N-acetylgalactosamine, the increase in the

complexity of the basis set beyond 6-31G(d), by
adding diffuse and polarization function sets, does
not give an significant improvement over the partial
charge assignment. This is important because the
time needed for a quantum mechanical MEP
computation of the studied molecules rapidly
increase with the basis set functions number. The
present study gives solvated ensemble averaged
charge sets for the 1-O-methyl-B-N-GalNAc(4S)
which can be used for further molecular dynamics
simulations involving GAGs.

It has to be further clarified however to what
extent the small differences observed in the
conformational  behavior of the sulfated
monosaccharides really affect the overall structural
characteristics in more complex systems such as
isolated polymer chains or networks. Even the
simulation time scales presented here (tenths of
nanoseconds) are sufficiently large for isolated
monosaccharides, the influence of the partial
charge derivation protocol on more complex oligo-
and polysaccharide macromolecules has to be
analyzed on time scales at least one order of
magnitude higher.

The conclusions presented here for charge
derivation must be considered only for ab initio
methods with split-valence double zeta basis sets.
The case of higher ‘post Hartree-Fock’ methods
which take into consideration the electron
correlation effects, like the Density Functional
Theory or the Mgller—Plesset perturbation theory,
has to be equivalently evaluated.
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