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Analysisof a seriesof moleculardynamicssimulationsreveals
that the kinetics of breakingand forming water-water hydrogen
bondsis slowerin thefirst solvationshellof a16-residuepolypeptide
thanin bulk water. Thecorrelationtime of hydrogenbondspersists
significantlylongernearhydrophobicgroupsthanin bulk water. Hy-
drogenbondsarefoundto bestrongerin thesolvationshellof non-
polargroups.Weshow thatthedifferencein hydrogenbondkinetics
in thedifferentenvironmentscanbeunderstoodin thelight of theen-
ergeticsandtheconcertedformingandbreakingof hydrogenbonds.

Hydrogenbondsare responsiblefor many of water’s pe-
culiar properties.[1,2] The processof forming and break-
ing of the water-water hydrogenbondsplays a significant
role in the dynamicalbehavior of liquid water. [3] Consid-
erableeffort hasbeeninvestedin theunderstandingof hydro-
genbondkineticsin liquid water. [4–9] Evidently the struc-
tureanddynamicsof water-waterhydrogenbondsalsodeter-
minemany aspectsof thethermodynamicanddynamicprop-
ertiesof biomoleculesin aqueoussolutions. The hydrogen
bondsin the first solvation shell are of specialimportance.
Probingthese“interfacial” hydrogenbondspresentsanenor-
mouschallengeto experiments.Direct measurementsof hy-
drogenbond relaxationin the solvation shell only emerged
very recently. [10] Computersimulations,on theotherhand,
provide a powerful tool for the studyof water-waterhydro-
genbondkineticsnearthe solvatedbiomolecules.Molecu-
lar dynamicssimulationshave provided tremendousinsight
into thestructuralfeaturesof hydrogenbondsin thesolvation
shells.[11,12]In thisLetter, weusemoleculardynamicssim-
ulationsto studythedynamicprocessesof the formationand
breakingof water-waterhydrogenbondsin thefirst solvation
shellof a polypeptide.We observedsignificantdifferencesin
thedynamicbehavior of thehydrogenbondsin bulk waterand
in theproximity of variousgroupsof thepolypeptide.

The polypeptidechain of the last 16 residues(GEWTY-
DDATKTFTVTE) to the C-terminusof the immunoglobulin
bindingproteinG(PDBID 2gb1)is chosenfor thisstudy. The
16-merpolypeptidehasbeenshown to form a

�
-hairpinstruc-

ture in aqueoussolutions.[13] The residuesTrp43, Tyr45,
Phe52andVal54 form anextended,flat hydrophobicsurface
exposedto the solvent. Hydrogenbondbehavior nearsuch
a surfaceis of particular interestsbecauseof its relevancy
to the understandingof hydrophobichydration. The 16-mer
chain is cut from the NMR structureof the entire protein,
andthe resultingchain is acetylatedandamidatedat the N-
terminusandC-terminus,respectively. The3 negativecharges
on the peptidearebalancedby 3 Na� ions. A waterbox of��� ˚��� ��� ˚��� ��� ˚� is usedto solvate the polypeptide,and

thewatermoleculesthatoverlapwith thesoluteatomsarere-
moved, resulting in 1574 watermoleculesin the box. The
SPC[14] model is usedfor water and the OPLS/AA force
field [15] is usedto modelthe polypeptide.Thestructureof
thefully solvatedpolypeptidechainis first locally minimized
in potentialenergy usingtheconjugategradientmethod.The
backboneof thepeptideis subsequentlyfixedin spacein the
following simulations,but the sidechainsarefree to move.
Thefixedbackboneof thepolypeptidehelpsto betterunder-
standthedependenceof hydrogenbondbehavior on thesur-
facetopography. The mobility of thepolypeptidebackbone,
except for the indirect effect of creatinga fluctuatingenvi-
ronment,shouldhave negligible effectson the observed hy-
drogenbonddynamics,becausethe latter moveson a much
fastertime scale.TherecentlydevelopedP3M Ewald/rRespa
algorithm[16] is usedtocomputetheelectrostaticinteractions
and integratethe equationsof motion. An outer time step
of 4 femtoseconds(fs)is usedto guaranteestabletrajectories.
RATTLE is usedto keepwaterrigid andbondlengthfixed.
Periodicboundarycondition is applied.[17] The systemis
equilibratedfor 500picoseconds(ps)at ��	 ��
���

K and
�
atmby

anisothermal-isobaricMD simulation,usingBerendsenther-
mostatandbarostat.[17] Fifteenuncorrelatedphasepoints,
evenly spacedin time, areselectedfrom a subsequent160-
psisothermal-isobaricMD simulation.Fifteen100-psmicro-
canonicalMD simulationsarecarriedout startingfrom these
phasepoints.Every 20fsa configurationis usedfor theanal-
ysisbelow.

Weemploythewidelyuseddefinitionof solvationshells.A
wateris consideredto beproximalto asoluteatomandbelong
to its first solvationshellif thewater’soxygenis closerto that
atom than to any other soluteatomsand the distanceis no
greaterthan � 
�� ˚� [12,18](

��
 � � ˚� in thecaseof Na� [19]). Of
particularinterestsarethewatermoleculesin thefollowing 4
environments:

0 thewatermoleculeis in bulk, i.e. it’ s fartherawayfrom
any soluteatomsthan � 
�� ˚� .

I the watermoleculeis in the solvationshell of the car-
bonatomsof theabovementionedhydrophobicsurface
formedby Trp43,Tyr45,Phe52andVal54.

II thewatermoleculeis in thesolvationshellof anoxygen
or nitrogenatom.

III the watermoleculeis in the solvation shell of a Na�
ion.
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Theenvironmentof a hydrogenbondcanthenbecategorized
according� to the two watermoleculesforming thebond. e.g.
0 ��� III will signify ahydrogenbondwith onewaterin thebulk
andanotherin thesolvationshellof a Na� .

Thestructuralrelaxationof hydrogenbondscanbecharac-
terizedby thehydrogenbondautocorrelationfunction,

����������� �!� � �"�!�����"#%$��&�'# (1)

where �(�)���*� �
if the taggedwaterpair is hydrogenbonded

at time � , and �!�����+� �
otherwise.[20,9] We adopta geomet-

ric definitionof hydrogenbonds,accordingto which a water
pair is hydrogenbondedif theoxygen-oxygendistanceis no
greaterthan

�,
�� ˚
�

(the first minimum in the oxygen-oxygen
radial distribution function of liquid water) and simultane-
ously the bondedO—H �-��� O anglesis no greaterthan

�.��/
(the magnitudeof the librational motion that breaksthe hy-
drogenbondsbetweenwater). ���)��� is the probability that a
pair of hydrogenbondedwater moleculesat time

�
is also

hydrogenbondedat time � . We calculated���)��� for hydro-
genbondsin variousenvironments(Fig. 1). Comparedwith
hydrogenbondsbetweenbulk watermolecules,���)��� decays
slightly fasterfor hydrogenbondsaroundNa� , but signifi-
cantlyslower for hydrogenbondsin thevicinity of otherso-
lute groups.Therelaxationtime of hydrogenbonds,0 rlx, can
bedefinedas��� 0 rlx

�1�32�4!5 . [21] 0 I 676 I
rlx

�98 
��
psand0 0 676 0

rlx
� �,
 � ps

(Table.I). Thehydrogenbondsbetweentwo watermolecules
both proximal to the extendedhydrophobicsurfacepersist
more thantwice as long as the hydrogenbondsin bulk. In
contrast,the hydrogenbondsaroundNa� ions persistfor a
shortertime( 0 0 676 III

rlx
� � 
 	 ps).

The kineticsof hydrogenbondsfor timeslongerthan1ps
is relatedto the translationalpair diffusionof water. [9] It is
known that the translationaldiffusion of water is slower in
thesolvationshell, [22] thereforetheslowdown of hydrogen
bondrelaxationin thesolvationshell in the long time region
is partly dueto theslownessof waterpair’smutualdiffusion.
To eliminatethecontributionsfrom mutualdiffusion,we cal-
culated

: �������;�&�(� � �<� �+= �(�)���"�?>@�����%#"$��&�(� � �?>@�����%# (2)

where>@������� �
if thepairof watermoleculesarecloserthan��
�� ˚

�
at time � and >@�����A� �

otherwise.
: �)��� is the condi-

tional probability that a hydrogenbond is brokenat time � ,
given that the involved pair of watermoleculeshaven’t dif-
fusedaway.

: �)��� describesthetime-dependentprobabilityof
breakingthehydrogenbonddueto thereorientationbetween
the waterpair. In Fig. 2, we seethat

: ����� exhibits signifi-
cantdifferencesfor differentenvironments. Around neutral
atoms,hydrogenbondsbreakmoreslowly thanin bulk wa-
ter, while aroundthe positively chargedNa� ions, hydrogen
bondsbreakmorerapidly. Thereforediffusion alonecannot
accountfor theslowdown in thelong timebehavior of hydro-
genbondsnearneutralatoms.

Hydrogenbond energy is found to vary in different en-
vironments(Fig. 3 and Table. I), and this differencein en-

ergy can partly accountfor the differencein kinetic behav-
ior. Hydrogenbondsbetweentwo watermoleculesboth of
which are in the solvation shell of hydrophobicgroupsare
stronger( BC I 676 I

ww
� = � 
 �D� kcal� mol 4!5 ) thanhydrogenbondsin

bulk ( BC 0 676 0
ww

� = � 
)�-E
kcal� mol 4(5 ). ( FHG � �,
I� 	 kcal� mol 4(5

at G � �.	 �,
)�-�
K.) This supportsthe“iceberg” modelfor hy-

drophobiceffect, [23] whichstatesthatwatermoleculesform
orderlyclathratestructuresaroundhydrophobicsolutes,with
stronghydrogenbondsbetweeneachother. The increased
strengthof hydrogenbondscontributes to the slownessof
breakinghydrogenbonds.AroundtheNa� ions,on theother
hand,hydrogenbondsareweaker. The smallNa� ions cre-
atea strongelectricfield J which align the waterdipolesin
a radialfashion.Suchdipolealignmentdistortsthehydrogen
bondconfigurationsandweakensthe hydrogenbonds,lead-
ing to morerapid bond breaking. Energetic considerations,
however, cannotaccountfor theslower breakingof hydrogen
bondsbetweenabulk watermoleculeandawatermoleculein
thesolvationshellof thehydrophobicsurface,sincesuchhy-
drogenbondshave almostidenticaldimerenergy distribution
asthosein bulk.

The forming andbreakingof water-waterhydrogenbonds
is a highly concertedprocess.Whena hydrogenbondbreaks,
eachof thetwo involvedwatermoleculesusuallyformsanew
hydrogenbondwith anotherwatermoleculein its coordina-
tion shell. Conversely, whena hydrogenbond forms, each
of the two involvedwatermoleculesusuallybreaksanexist-
ing hydrogenbondwith anotherwatermolecule.Theforma-
tion andbreakingof hydrogenbondsoccursby having water
moleculesswitchbondingalliancewith oneanother, andthe
formationof ahydrogenbondusuallyaccompaniesthebreak-
ing of another. [24] Consequentlythedynamicbehavior of a
hydrogenbondwill dependonthenumberof watermolecules
thatareadjacent,but not hydrogenbonded,to the two water
moleculesforming the hydrogenbond. The moresuch“re-
placement”watermoleculesthereare,thehighertheprobabil-
ity thatthehydrogenbondis tradedwith anew one.To inves-
tigatetheeffectsof suchcooperativity,wecalculatedthenum-
ber of watermoleculesthat arecloserthan

�,
�� ˚
�

but arenot
hydrogenbondedto thewatermoleculeof interestin different
environments,K adj (Fig. 4 andTable.II). Thedirect relation-
ship betweenthe numberof “replacement”watermolecules
andtheprobabilityof breakinga hydrogenbondis manifest.
For waterin thesolvationshellof thehydrophobicsurface(I),
oxygenandnitrogenatoms(II), thenumberof “replacement”
watermolecules,K adj, is smallerthanthebulk value(0). The
smaller K adj slows down thehydrogenbondrelaxationaround
thesesolvationshells.Aroundthepositively Na� , large K adj,
in additionto high

C
ww, acceleratesthebreakingof hydrogen

bonds. (We believe that this accelerationof hydrogenbond
dynamicsin thevicinity of cationscontributespredominantly
to theobservedfasterstructuralrelaxationof water-waterhy-
drogenbondsin aqueousNaClandKCl solutions.[25])

It is worth notingthatwe areusinga nonpolarizablewater
modelfor this study. Experimentallywaterhasa nonzeropo-
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larizability ( LNM-M�OPLNQ<Q�OPL�R�R = (
�S
 � E ˚

�+T O �S
I�.� ˚
�+T O �U
 ��� ˚

�+T
). [26]

WaterV polarizabilitymakeshydrogenbondkineticsmorede-
pendenton the local environment,andintroducesfurtherco-
operativity into hydrogenbondkinetics.Theeffectsof water
polarizabilityonhydrogenbondkineticsis investigatedin an-
otherwork. [27]

To capturemoredetailsof thedynamicprocessof thehy-
drogenbondsin differentenvironments,westudiedtheform-
ing andbreakingof hydrogenbondsin thetimeperiodshorter
than1ps.Rapidlibrationalandvibrationalmotionsdominate
the hydrogenbond dynamicson this time scale. We calcu-
lated the first passagetime of hydrogenbonds, B0 HB, defined
asthe time betweenthe formationof thehydrogenbondand
thefirst breakingof thebond(Table.I). [20,7] Thehydrogen
bonddynamicson this short time scaleis expectedlysensi-
tive to thedefinitionof thehydrogenbond.[21] It is a highly
complex many-bodyproblemthatmakesaquantitativemodel
all but impossible.Therefore,we only give a qualitative ra-
tionalizationof theresults.Whenthehydrogenbondhasonly
onewatermoleculein thesolvationshellof C, O, O 4 andN
atoms(0 ��� I and0 ��� II), themeanfirst passagetime is little dif-
ferentfrom that in bulk (0 ��� 0). The influenceof thesesolute
atomson thefastevolutionof thenearbyhydrogenbondsis a
3-bodyeffect andthereforeweak. Whenthehydrogenbond
is betweentwo watermoleculesin the solvationshell of the
hydrophobicsurface(I ��� I), B0 HB is muchlongerthanthe bulk
value. We speculatethat whenboth watermoleculesare in
thesolvationshell,thegeometricconfinementfrom thesolute
atomsreducestheamplitudeof thehigh frequency rotational
andlibrationalmotionof watermolecules,therebyfixing the
hydrogenbondin its bondingconformation.Oneof thewater
moleculeshasto move out of thegeometricconfinementbe-
foreit canreorienttobreakthehydrogenbond.Thislengthens
the lifetime of thehydrogenbond. Whenthehydrogenbond
is aroundNa� , on the otherhand, B0 HB is muchshorterthan
thebulk value.Thestrongelectricfield distortsthehydrogen
bondsto suchextent that they rapidly vacillatebetweenthe
intactandbrokenstates.
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TABLE I. Hydrogen bond relaxation time q rlx (defined asr-s q rlx t b9uUv ] ), meanfirst passagetime wq HB, andaveragedimer en-
ergy betweenthehydrogenbondedwaterpairs x ww, in thedifferent
environmentsasdefinedin thetext. Thedifferencebetweenq rlx andwq HB indicatesthattherearerapidrecrossingsof thetransitionstateof
breakinghydrogenbonds.

Environment 0 rlx(ps) B0 HB(ps)
C

ww(kcal� mol 4(5 )
0 �y� 0 3.2 0.26 -4.17
0 ��� I 5.0 0.27 -4.17
0 ��� II 5.4 0.27 -4.21
0 ��� III 2.9 0.21 -3.98
I �y� I 6.8 0.31 -4.42
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TABLE II. The averagenumberof hydrogenbondsthat a water
forms with otherwaters, Y HB, andthe averagenumberof adjacent
waterswithin l�m7n ˚W thata wateris nothydrogenbondedto, Y adj. Y HB

and Y adj arecollectedfor waterin differentenvironments,asdefined
in the text. Thereis a direct relationshipbetweenY adj andthe dy-
namicbehavior of hydrogenbonds. (c.f. Table.I). In contrast,no
obviousrelationshipexistsbetweenY HB andthehydrogenbonddy-
namics.

Environment K HB K adj

0 3.5 1.7
I 3.2 1.1
II 2.8 1.2
III 2.1 3.2
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FIG. 1. Thehydrogenbondautocorrelationfunction, r-s{z t , in bulk
andin varioussolvationshells.Differentsolvationshellsaredenoted
by numeralsasdefinedin thetext. Comparedwith hydrogenbonds
in bulk water, r-s{z t decaysslightly fasterfor hydrogenbondsbetween
abulk waterandanotherwaterin thesolvationshellof Nap (0 |}| III).
For hydrogenbondsaroundothersolutegroups,r-s{z t decayssignif-
icantly slower. Whenbothwatermoleculesof a hydrogenbondare
in thesolvationshellof theextendedhydrophobicsurface,thedecay
in r-s{z t is twice asslow (I |}| I).
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FIG. 2. The conditionaltime-dependentprobability of breaking
hydrogenbonds,~ s{z t (c.f. Eqn.2), in differentenvironments.
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FIG. 3. The distribution of dimer energies betweenhydrogen
bondedwater pairs. Hydrogenbondsare strongerwhen both in-
volved watermoleculesareproximal to the extendedhydrophobic
surface,andareweakerwhenaroundtheNap ions.
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FIG. 4. Thedistribution of numberof adjacentyet nonhydrogen
bondedwater moleculesto a water moleculein different environ-
ments.Theprobabilityto find suchadjacentwatermoleculesin the
solvation shell of the hydrophobicsurfaceandoxygenor nitrogen
atoms(I andII) is smallerthanin bulk (0). WateraroundNap ions
hasmoresuchadjacentwatermolecules.
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