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Analysis of a seriesof moleculardynamicssimulationsreveals
that the kinetics of breakingand forming waterwater hydrogen
bondsis slowerin thefirst solvationshellof a 16-residugolypeptide
thanin bulk water The correlationtime of hydrogenbondspersists
significantlylongernearhydrophobigroupsthanin bulk water Hy-
drogenbondsarefoundto be strongetin the solvation shell of non-
polargroups.We shawv thatthedifferencein hydrogenbondkinetics
in thedifferentervironmentsanbeunderstoodh thelight of theen-
emeticsandthe concertedorming andbreakingof hydrogerbonds.

Hydrogenbondsare responsibleor mary of waters pe-
culiar properties.[1,2] The processof forming and break-
ing of the waterwater hydrogenbondsplays a significant
role in the dynamicalbehaior of liquid water [3] Consid-
erableeffort hasbeeninvestedn the understandingf hydro-
genbondkineticsin liquid water [4—9] Evidently the struc-
ture anddynamicsof waterwaterhydrogerbondsalsodeter
mine mary aspect®f thethermodynamianddynamicprop-
ertiesof biomoleculesin aqueoussolutions. The hydrogen
bondsin the first solvation shell are of specialimportance.
Probingthese‘interfacial” hydrogenbondspresentanenor
mouschallengeto experiments.Direct measurementsf hy-
drogenbondrelaxationin the solvation shell only emeged
very recently [10] Computersimulations,on the otherhand,
provide a powerful tool for the study of waterwater hydro-
genbond kinetics nearthe solvatedbiomolecules. Molecu-
lar dynamicssimulationshave provided tremendousnsight
into the structuralfeaturesof hydrogerbondsin the solvation
shells.[11,12]In this Letter, we usemoleculardynamicssim-
ulationsto studythe dynamicprocessesf the formationand
breakingof waterwaterhydrogenbondsin thefirst solvation
shellof a polypeptide.We obsered significantdifferencesn
thedynamicbehaior of thehydrogerbondsin bulk waterand
in the proximity of variousgroupsof the polypeptide.

The polypeptidechain of the last 16 residues(GEWTY-
DDATKTFTVTE) to the C-terminusof the immunoglolulin
bindingproteinG (PDBID 2gb1l)is choserfor thisstudy The
16-merpolypeptidehasbeenshavn to form a -hairpinstruc-
ture in aqueoussolutions.[13] The residuesTrp43, Tyr45,
Phe52andVal54 form anextended flat hydrophobicsurface
exposedto the solvent. Hydrogenbond behaior nearsuch
a surfaceis of particularinterestsbecauseof its relevang/
to the understandingf hydrophobichydration. The 16-mer
chainis cut from the NMR structureof the entire protein,
andthe resultingchainis acetylatedand amidatedat the N-
terminusandC-terminusrespectiely. The3 nggatvechages
on the peptideare balancedoy 3 Na* ions. A waterbox of
384 x 38A x 383 is usedto solvatethe polypeptide,and

thewatermoleculeghatoverlapwith the soluteatomsarere-
moved, resultingin 1574 water moleculesin the box. The
SPCJ[14] modelis usedfor waterandthe OPLS/AA force
field [15] is usedto modelthe polypeptide. The structureof
thefully solvatedpolypeptidechainis first locally minimized
in potentialenegy usingthe conjugategradientmethod.The
backboneof the peptideis subsequentl§ixedin spacen the
following simulations,but the side chainsare free to move.
The fixed backboneof the polypeptidehelpsto betterunder
standthe dependencef hydrogenbondbehaior on the sur
facetopography The mobility of the polypeptidebackbone,
except for the indirect effect of creatinga fluctuatingenvi-
ronment,shouldhave nggligible effectson the obsered hy-
drogenbond dynamics,becausehe latter moves on a much
fastertime scale.TherecentlydevelopedP3M Ewald/rRespa
algorithm[16] is usedto computeheelectrostatiénteractions
and integratethe equationsof motion. An outertime step
of 4 femtoseconds(fdy usedto guaranteestabletrajectories.
RATTLE is usedto keepwaterrigid andbondlengthfixed.
Periodicboundaryconditionis applied.[17] The systemis
equilibratedfor 500 picoseconds(p9t298.15K and1atmby
anisothermal-isobari®/D simulation,usingBerendserther
mostatand barostat[17] Fifteen uncorrelatedphasepoints,
evenly spacedn time, are selectedrom a subsequen160-
psisothermal-isobari®/ D simulation.Fifteen100-psmicro-
canonicalMD simulationsarecarriedout startingfrom these
phasepoints. Every 20fs a configurationis usedfor theanal-
ysisbelow.

We employthewidely useddefinitionof solvationshells.A
wateris consideredo be proximalto asoluteatomandbelong
to its first solvationshellif thewater’s oxygenis closerto that
atomthanto ary othersoluteatomsand the distanceis no
greaterthan4.01°& [12,18] (3.257& in thecaseof Nat [19]). Of
particularinterestsaarethewatermoleculesn thefollowing 4
ervironments:

0 thewatermoleculeis in bulk, i.e. it’ sfartheraway from
ary soluteatomsthan4.0A.

I the watermoleculeis in the solvation shell of the car
bonatomsof theabore mentionechydrophobicsurface
formedby Trp43,Tyr45,Phe52andVal54.

Il thewatermolecules in thesolvationshellof anoxygen
or nitrogenatom.

Il the watermoleculeis in the solvation shell of a Nat
ion.



Theenvironmentof a hydrogenbondcanthenbe cateyorized
accardingto the two watermoleculesforming the bond. eg.
O--111 will signify ahydrogenbondwith onewaterin the bulk
andanotheiin thesolvationshellof aNat.
Thestructuralrelaxationof hydrogenbondscanbe charac-
terizedby the hydrogenbondautocorrelatioriunction,

c(t) = (h(0)A(1))/{R) (1)

whereh(t) = 1 if thetaggedwaterpair is hydrogenbonded
attimet, andh(t) = 0 otherwise[20,9] We adopta geomet-
ric definitionof hydrogenbonds,accordingto which a water
pairis hydrogenbondedif the oxygen-oxygeristanceis no
greaterthan 3.54 (the first minimum in the oxygen-oxygen
radial distribution function of liquid water) and simultane-
ously the bondedO—H- - - O anglesis no greaterthan 30°
(the magnitudeof the librational motion that breaksthe hy-
drogenbondsbetweenwater). ¢(t) is the probability that a
pair of hydrogenbondedwater moleculesat time 0 is also
hydrogenbondedat time ¢. We calculatede(¢) for hydro-
genbondsin variouservironments(Fig. 1). Comparedwith
hydrogenbondsbetweenbulk watermoleculesc(t) decays
slightly fasterfor hydrogenbondsaroundNat, but signifi-
cantly slower for hydrogenbondsin the vicinity of otherso-
lute groups. The relaxationtime of hydrogenbonds,r,,, can
bedefinedase(r,) = e71.[21] 7" = 6.8psandr%® = 3.2ps
(Table.l). Thehydrogenbondsbetweertwo watermolecules
both proximal to the extendedhydrophobicsurfacepersist
morethantwice aslong asthe hydrogenbondsin bulk. In
contrast,the hydrogenbondsaroundNat ions persistfor a
shortertime (73" = 2.9ps).

The kineticsof hydrogenbondsfor timeslongerthan 1ps
is relatedto the translationabair diffusion of water [9] It is
known that the translationaldiffusion of wateris slower in
the solvation shell,[22] thereforethe slovdown of hydrogen
bondrelaxationin the solvationshellin thelong time region
is partly dueto the slownessof waterpair’'s mutualdiffusion.
To eliminatethe contributionsfrom mutualdiffusion,we cal-
culated

O(t) = (h(0)(1 = @) H(@))/(R(O)H())  (2)

whereH (¢) = 1 if the pair of watermoleculesarecloserthan
3.5A attimet and H(t) = 0 otherwise.O(t) is the condi-
tional probability that a hydrogenbond is brokenat time ¢,
given that the involved pair of water moleculeshavent dif-
fusedaway. O(t) describeshetime-dependerprobability of
breakingthe hydrogenbonddueto the reorientatiorbetween
the waterpair. In Fig. 2, we seethat O(¢) exhibits signifi-
cantdifferencedor differentervironments. Around neutral
atoms,hydrogenbondsbreakmore slowly thanin bulk wa-
ter, while aroundthe positively chagedNat ions, hydrogen
bondsbreakmorerapidly. Thereforediffusionalonecannot
accountfor the slowdown in thelong time behaior of hydro-
genbondsnearneutralatoms.

Hydrogenbond enegy is found to vary in differenten-
vironments(Fig. 3 and Table. ), andthis differencein en-

emgy can partly accountfor the differencein kinetic beha-
ior. Hydrogenbondsbetweentwo water moleculesboth of
which arein the solvation shell of hydrophobicgroupsare
stronger(E!:' = —4.42kcatmol~') thanhydrogenbondsin
bulk (E%° = —4.17kcatmol~'). (RT = 0.59kcalmol~!
at7T = 298.15K.) This supportshe “icebeg” modelfor hy-
drophobiceffect, [23] which stateghatwatermoleculeform
orderly clathratestructuresaroundhydrophobicsoluteswith
stronghydrogenbondsbetweeneachother The increased
strengthof hydrogenbondscontritutesto the slownessof
breakinghydrogenbonds.AroundtheNat ions,onthe other
hand,hydrogenbondsare weaker The smallNa* ions cre-
atea strongelectricfield E which align the waterdipolesin
aradialfashion.Suchdipole alignmentdistortsthe hydrogen
bond configurationsaand weakenghe hydrogenbonds,lead-
ing to more rapid bond breaking. Enegetic considerations,
however, cannotaccounfor the slower breakingof hydrogen
bondsbetweera bulk watermoleculeandawatermoleculein
the solvationshell of the hydrophobicsurface sincesuchhy-
drogenbondshave almostidenticaldimerenegy distribution
asthosein bulk.

The forming and breakingof waterwaterhydrogenbonds
is a highly concertegprocessWhena hydrogerbondbreaks,
eachof thetwo involvedwatermoleculesusuallyformsanew
hydrogenbondwith anotherwatermoleculein its coordina-
tion shell. Corversely whena hydrogenbond forms, each
of the two involvedwatermoleculesusuallybreaksan exist-
ing hydrogenbondwith anothemwatermolecule.The forma-
tion andbreakingof hydrogenbondsoccursby having water
moleculesswitch bondingalliancewith oneanotherandthe
formationof ahydrogerbondusuallyaccompaniethe break-
ing of another[24] Consequentlyhe dynamicbehaior of a
hydrogerbondwill dependnthenumberof watermolecules
thatareadjacentput not hydrogenbonded to the two water
moleculesforming the hydrogenbond. The more such“re-
placementivatermoleculeghereare,thehighertheprobabil-
ity thatthehydrogerbondis tradedwith anew one.To inves-
tigatethe effectsof suchcooperatity, we calculatedhenum-
ber of watermoleculesthatarecloserthan3.5A but arenot
hydrogerbondedo thewatermoleculeof interestin different
ernvironments,n.q (Fig. 4 and Table.ll). Thedirectrelation-
ship betweenthe numberof “replacement’water molecules
andthe probability of breakinga hydrogenbondis manifest.
For waterin the solvationshellof thehydrophobicsurfaceg(l),
oxygenandnitrogenatoms(l1), the numberof “replacement”
watermoleculesj.y, is smallerthanthe bulk value(0). The
smallern,, slows down the hydrogenbondrelaxationaround
thesesolvationshells. Aroundthe positively Na* , large n,g,
in additionto high E,,, acceleratethe breakingof hydrogen
bonds. (We believe that this acceleratiorof hydrogenbond
dynamicsn thevicinity of cationscontritutespredominantly
to the obsenedfasterstructuralrelaxationof waterwaterhy-
drogenbondsin aqueoudNaClandKCI solutions[25])

It is worth notingthatwe areusinga nonpolarizablevater
modelfor this study Experimentallywaterhasanonzeragpo-



larizability (g, ayys a2 = (1.474°%,1.534% 1.423°%). [26]
Water polarizability makeshydrogenbondkineticsmorede-
pendenion thelocal ervironment,andintroducedurther co-
operatvity into hydrogenbondkinetics. The effectsof water
polarizabilityon hydrogerbondkineticsis investigatedn an-
otherwork.[27]

To capturemoredetailsof the dynamicprocessof the hy-
drogenbondsin differentervironmentswe studiedthe form-
ing andbreakingof hydrogerbondsin thetime periodshorter
thanlps. Rapidlibrationalandvibrationalmotionsdominate
the hydrogenbond dynamicson this time scale. We calcu-
lated the first passage¢ime of hydrogenbonds,7;, defined
asthetime betweenthe formation of the hydrogenbondand
thefirst breakingof the bond(Table.l). [20,7] The hydrogen
bond dynamicson this shorttime scaleis expectedlysensi-
tive to the definition of the hydrogenbond.[21] It is a highly
complex mary-body problemthatmakesa quantitatve model
all but impossible. Therefore we only give a qualitative ra-
tionalizationof theresults.Whenthehydrogerbondhasonly
onewatermoleculein the solvationshellof C, O, O~ andN
atoms(0--1 andO--11), the meanfirst passagéimeiis little dif-
ferentfrom thatin bulk (0--0). The influenceof thesesolute
atomson thefastevolution of thenearbyhydrogernbondsis a
3-bodyeffect andthereforeweak. Whenthe hydrogenbond
is betweentwo water moleculesin the solvation shell of the
hydrophobicsurface(l--1), 75 is muchlongerthanthe bulk
value. We speculate¢hat whenboth watermoleculesare in
thesolvationshell,thegeometricconfinemenfrom thesolute
atomsreduceghe amplitudeof the high frequeng rotational
andlibrationalmotion of watermoleculestherebyfixing the
hydrogerbondin its bondingconformation.Oneof thewater
moleculeshasto move out of the geometricconfinemenbe-
foreit canreorientto breakthehydrogerbond. Thislengthens
thelifetime of the hydrogenbond. Whenthe hydrogenbond
is aroundNa*, on the otherhand, 7.; is muchshorterthan
thebulk value. The strongelectricfield distortsthe hydrogen
bondsto suchextent that they rapidly vacillate betweenthe
intactandbrokenstates.
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TABLE |. Hydrogen bond relaxation time 7, (defined as
c(m) = '), meanfirst passageime 7.5, andaveragedimer en-
ey betweerthe hydrogenbondedwaterpairs F., in the different
environmentsasdefinedin thetext. The differencebetweenr, and
Tue indicateghattherearerapidrecrossing®f thetransitionstateof
breakinghydrogerbonds.

Ernvironment 7, (ps) T.s(pS) E.w(kcakmol=1)

0--0 3.2 0.26 -4.17
0--1 50 0.27 -4.17
011 54 0.27 -4.21
O--111 29 021 -3.98
[ 6.8 0.31 -4.42




TABLE II. The averagenumberof hydrogenbondsthata water
forms with otherwaters,n.s, andthe averagenumberof adjacent
waterswithin 3.5A thata wateris not hydrogenbondedo, n.q. nns
andn,q arecollectedfor waterin differentervironmentsasdefined
in the text. Thereis a direct relationshipbetweenn,q andthe dy-
namicbehavior of hydrogenbonds. (c.f. Table.l). In contrast,no
obvious relationshipexists betweennz andthe hydrogenbonddy-
namics.

Environmentn,s  n.
0 35 17
I 3.2 11
I 28 1.2
Il 21 3.2

FIG. 1. Thehydrogerbondautocorrelatioriunction,e(t), in bulk
andin varioussolvationshells.Differentsolvationshellsaredenoted
by numeralsasdefinedin thetext. Comparedvith hydrogenbonds
in bulk watet ¢(¢) decaysslightly fasterfor hydrogerbondsbetween
abulk waterandanothemwaterin the solvationshellof Na* (0--111).
For hydrogenbondsaroundothersolutegroups,c(t) decayssignif-
icantly slowver. Whenbothwatermoleculesof a hydrogenbondare
in the solvationshell of theextendedhydrophobicsurfacethedecay
in c(t) is twice asslow (I--1).

15

0.5

0.4 0--1

o
w
T
[S)

o(®)

Too o

0.1—

10
t/ps

FIG. 2. The conditionaltime-dependenprobability of breaking
hydrogerbonds,O(¢) (c.f. Eqn.2), in differentervironments.
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FIG. 3. The distribution of dimer enegies betweenhydrogen FIG. 4. Thedistribution of numberof adjacentet nonhydrogen
bondedwater pairs. Hydrogenbondsare strongerwhen both in- bondedwater moleculesto a water moleculein different erviron-
volved water moleculesare proximal to the extendedhydrophobic  ments.The probabilityto find suchadjacenwatermoleculesin the
surfaceandareweakewhenaroundtheNa' ions. solvation shell of the hydrophobicsurfaceand oxygenor nitrogen

atoms(l andll) is smallerthanin bulk (0). WateraroundNat ions
hasmoresuchadjacentvatermolecules.



