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Structure, dynamics, and energetics of water at the surface of a small globular protein:
A molecular dynamics simulation
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The dynamics of water around a biomolecular surface has attracted a lot of attention recently. We report here
protein-solvent simulation studies of the small globular protein ubiquitimarn. The simulations are run
unconstrained, without freezing the bonds. The mean square displacements of the water oxygen atoms show a
sublinear trend with time. The diffusion coefficient data indicate that the water in the first hydration layer
behaves like water at a temperature that is roughly 12 °C lower than the average temperature of the system
(27 °C). Both the dipolar second-rank relaxation and the survival time correlation function of the water layers
show two decay constants, indicating contributions from fast and slow dynamics. A calculation of the interac-
tion energy between the water layers and protein indicates that the interaction energy sharply decreases beyond
4 A from the protein surface.
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[. INTRODUCTION distinct behavior of biological water. A number of studies
have been made using MD simulations to investigate the
The water molecules in the hydration shell of a biologicaldynamical characteristics of the water molecules at the
macromolecule, e.g., protein and DNA, play a crucial role inprotein-solvent interfacéfor a recent review, see R¢22]).
determining their structure, function, and dynami[ds2]. The dynamical properties of water in shells around the pro-
The dynamical behavior of water molecules in the immediatdein are found to depend on the distance from the biomolecu-
vicinity of the protein surface might become important for !ar surface[9,24—27. In particular, the mean square dis-
enzyme-substrate recognition processes. It has been reporte@cement(MSD) evaluated by MD simulations of water
that the mobility of water molecules around hydrophobic and™0lecules that move in the region close to the protein sur-
hydrophilic sites is important for the activity of the enzymesface was found to be sublinear with t|rﬁ24_—23; and the
[1,3,4. The energetics and dynamics of water desolvatioiesuns were confirmed by neutron scattering measurements

have been suggested to be a determining factor in the proce 2s8]. Dipolar first- and second-rank relaxations as well as the

. o . Survival function correlation have been found to follow a
of protein-ligand recognitiof5]. It has been widely recog- stretched exponential decd0,24.29, indicative of com-

n!zed .that a minimum amount qf water is needed for theplex dynamics of the hydration shell water around the pro-
biological functionality of a proteifi6—8]. Moreover, a de- tein surface.
crease in hydration level leads in general to an inhibition of Although numerous studies have been performed on a va-
the protein mobility[6,8]. On the other hand, it was realized yjety of protein-water systems, several issues still remain to
long ago that proteins influence both the spatial and dynamipe addressed. Since the water molecules in the first hydration
cal arrangement of their neighboring water lays11]. It shell form hydrogen bonds with the protein surface, bond
has been established that the properties of the water molibrations are likely to play an important role in determining
ecules in the vicinity of a biomolecule differ significantly the stability and lifetime of the hydrogen bonds. The OH-
from those of the bulk water, and these water molecules arstretch vibration, in particular, in liquid water is important
called “biological water” [12]. This distinction has been because of its coupling to the hydrogen b¢8d]. Extensive
made clear by Nandi and BagdHi3] in relation to dielectric  investigationg31] have shown that the vibrational relaxation
relaxation. takes place with a time constant of 7405 fs in liquids
Understanding the structural organization and dynamicale.g., watey, which could affect the observed short tirte

properties of the water molecules around a protein is imporfast dynamics of the hydration water. In general, the MD
tant in predicting the structural and functional alterations ofsimulations are carried out in the constrained mode, freezing
protein upon changing the environment. Because of importhe bond vibrations. This may lead to some artifact in the
tant role in biological functionality, there have been manyreported fast dynamics. Apart from that, only limited at-
studies, both theoretical and experimeritsd —23 showing tempts have been made to quantify the energetics of the
the differences in dynamical behavior of biological water andprotein-water interaction.
bulk water. Molecular dynamicéMD) simulation is a very In this context, we report here the observations obtained
useful tool to perform an experimeirt silico to show the from MD simulations of the small globular protein ubiquitin

in an explicit water environment. In order to study the effect

of undamped bond vibrations on the dynamics of the protein-
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the hydration water and bulk water. The value of the diffu-and drawing the figures and for giving the different types of
sion coefficient is in excellent agreement with experimentalfits (e.g., stretched-exponential de¢ay the data.

values[32]. A previous report of a constrained MD simula-

tion of ubiquitin in a water box, by Abseheat al. [10], IIl. RESULTS

showed that both the dipolar first- and second-rank relax-

ation follows a single stretched-exponential time law. We The dynamical quantities discussed here have been evalu-
report here a double stretched-exponential decay for the dated in water shells around the whole protein, involving in-
polar second-rank relaxation, indicating the presence of botAreasing distances from the protein surface. A number of
fast and slow dynamic components, and show how the relavater layers of different thickne$s have been defined. The

tive contributions of the faster and slower components ofirst includes solvent molecules moving with#t A of the
decay as well as the relaxation times vary for water molProtein surface. The others concern the water molecules that

ecules at different distances from the protein surface. ThE0Ve within larger distance.g.,R=8 A, 14 A, etc), with

residence times for the water molecules residing in differenf€ Widest region including aimost all the water molecules in

layers around the protein also show a bimodal decay. wihe water box. Since the water molecules can migrate from

have made an attempt to measure the protein-solvent intePhe shell to another during the simulation run, checking the

action energy and show how this interaction energy Changegosition of a water molecule in a particular layer only at the

in magnitude for water molecules in different water layers 2€9inning of the time interval investigated could lead to an
The calculation shows that there is a sharp difference be'COTECt evaluation of the averages of the various types of
tween water molecules residing with#4 A of the protein function calculated. Therefore the position of each water
surface and molecules that reside beyond that region. Th%olecule at each MD configuration step was classified and

might be the reason for the observed anomalous behaviorﬁg e water trajectory for the subsequent time step was fol-
water molecules near the protein surface. owed; in other words, a dynamic checking of the position of

the water molecules was ensured during the analysis. The

scheme is akin to the scheme mentioned in previous studies

[33,34]. The results have been checked in different indepen-

dent trajectories. In each case the last part of the trajectory
The initial structure of the proteithuman ubiquitinwas ~ Wwas used for analysis.

collected from the protein data bariRDB code 1UBQ; it

contained 58 crystallization water molecules. It was solvated o pistribution of solvent molecules around the protein

in a cubic water boXTIP3P model after energy minimiza- ] o
tion of the initial crystal structure. The box size was The picture of the solvent distribution was found from a

47.5 Ax47.5 Ax47.5 &, containing a total of 2940 water plot of the radial distribution function, which is defined as

II. METHODS

molecules, including the crystallization water. Setting a peri- (AN,())
odic boundary to the system, the entire set was first energy g,(r)=-—>"—= (1)
minimized and was heated to 300 K and equilibrated. Six 4Ny pAT

independent trajectories were prepared for performing MD

simulation runs, including four trajectories each of 100 pswhere(AN(r)) is the number of water molecules averaged
one trajectory of 120 ps, and one trajectory of 1 ns. Noover time, within a distance= Ar/2 of a hydration sitey, p
constraint on the bond vibration was imposed. The time stefs the density of the bulk water, aid, is the total number of
used was 0.5 fs and the nonbonding cutoff value was 12 Awater molecules in the systef83]. Ar was chosen as 0.1 A.
The nonbonded lists were updated after each 25 steps. Thestead of calculating the radial distribution for a specific
simulation was performed usingHARMM (version 28. Dif-  hydration site, it is possible to calculatAN(r)), which is
ferent types of analysis need different types of sampling inactually the number of water molecules within a shell of
tervals and trajectory lengths. The coordinates were usuallshicknessAr at a distance from the nearest protein atom
saved after each 125 fs. In addition to that, in edd)0 ps or  [22]. The radial distribution function was calculated here by
120 p3 trajectory from 80 ps to 100 pdor the 1 ns trajec- averaging over trajectory lengths of 100 ps and 400 ps sepa-
tory it was the last 20 psthe coordinates were saved after rately. The data are been plotted in Fig. 1. The two different
each 12.5 fs, which gave sufficient resolution to study thecalculations show almost the same curve, indicating that the
short time dynamic$33]. This part(i.e., 80—-100 psof the  system has achieved a stage of equilibrium within a very
trajectory was used to analyze the diffusion properties of thghort time. The first peak at about 1.9 A arises from a strong
system. We started with a water box of size 47.5 Ainteraction between the water oxygen and the hydrogen bond
x 47.5 Ax47.5 A. The water box was initially optimized at acceptor group on the protein surface and the second peak,
the temperature 300 K and the density was 0.9 §/chqn  whose location is around 2.7 A, is due to the interaction
similar size of water box was prepared with pure water usingbetween the water molecules and the nonhydrogen atoms of
the TIP3P model. It was simulated up to 100 ps at 300 Kthe protein[22]. The radial distribution function is very use-
saving the coordinates after each 12.5 fs. This trajectory watil to get a better insight in defining the hydration shells
used to calculate the diffusion coefficient of pure water. Wearound the protein. For further analysis of the dynamical
performed our simulation on a PIIl IBM server at our depart-properties we select the water layer of thickndsA mea-
ment. MICROCAL ORIGIN 5.0 was used for plotting the data sured from the protein surface as the first shell of hydration.
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35 TABLE I. Diffusion coefficient values for the water in different
——100ps layers around the protein, calculated from the plot of MSD versus
sor [—400ps time (Fig. 3 according to Eq(3). The a values of Eq.(4) were
25k calculated from the slope of the best fitting straight line for the data
from 2 ps to 10 ps. WATCR and WATIP indicate the data for the
20F crystallographic water and pure water, respectively, using the TIP3P
= water model. WATXP indicates the experimental values at different
B st temperature$31].
*r D/10°°
sk Water layer (cm?/s) a
0o ) , , R=0-4A 1.44 0.78
0 2 4 s 8 R=0-6A 1.90 0.82
rA R=0-8A 2.13 0.85
FIG. 1. Water-protein radial distribution around ubiquitin as a R=0-14 A 248 0.88
function of distance between water oxygen atoms and the nearest WATCR
protein atoms, including hydrogen atoms. The distribution was av- (R=0-4A) 1.13 0.77
eraged over 100 p&ontinuous ling and 400 psline containing WATIP 2.90 0.91
triangleg separately and is shown by two different lines in the 1.3(278 K
figure. WATXP 1.8(288 K)
2.3(298 K)

This cutoff value includes all the water molecules that are
responsible for the first two peaks in the radial distribution
function. regime is established within a fraction of a picosecond,
which is very usual for such systerf22]. This information

is needed during calculation of the diffusion coefficient of

B. Velocity autocorrelation of the solvent molecules
solvent molecules.

The velocity autocorrelation functio@,,(t) of the water
molecules(Fig. 2) plotted against time clearly shows that
C,,(t) becomes almost zero within a very short tigmgthin
a fraction of 1 p$ and a diffusive regime is established. ~ The water mobility in the proximity of the protein surface

C. Diffusion properties of the water molecules

C,,(t) is calculated as follows: exhibits a wide range of dynamical behavior, from very
tightly bound water to extremely mobile water diffusing on

(v(0)-v(t)) the protein surface. A good reporter of this mobility is rep-

Cpp(t)= (v(0)?) 2) resented by the self-diffusion coefficient which is widely

used in both spectroscopic investigati@b] and MD simu-
wherev(t) andv(0) are the velocities of water molecules at lation approaches for liquidg36]. The solvent mobility is
time t and at timet=0, respectivelyC,,(t) was calculated MoOst conveniently described by the diffusion coefficiént
using a trajectory length of 1.2 ps with 12.5 fs resolution.related to the slope of the molecular MSD by the Einstein
The angular brackets indicate the average over both the timf&lationship, which ird dimensions ig36]
and the solvent molecules. The data show that the diffusive 1 (n-no)) 1 (Ar?)

D=—Im ———=—1lim ©)
2d At 2d At
10% ——R=4A At— o At— o
——R=14 A
08 wherer;(t) andr;(0) are the position vectors of thi¢ch
solvent molecule at timeand at timet =0 respectively. The
oe angular brackets indicate averaging over both the time and
3 the solvent molecules. This method of calculationDofre-
¢ 04p i A . . )
quires storing of the coordinates with a higher frequency
oz} during the simulation rufi37]. The time intervalAt has to be
large compared to the correlation time of the velocity auto-
eor ~ correlation function, so that any dynamical coherence in the
o2 : . . . . motion of the molecules disapped8,39. Figure 2 shows

0.0 0.2 04 0.6 08 1.0 12

time (ps) that the velocity autocorrelation reaches a value of zero

within a fraction of 1 ps, indicating the establishment of the
FIG. 2. Translational velocity autocorrelation function for water diffusive regime. The diffusion coefficients for the water in
molecules belonging to the two water layers: continuous IRe, different layers have been calculat@@ble ) from the slope
=4 A, and line containing squareB=14 A, whereR is measured of the linear fit of the plot of the MSD of water oxygen
from the protein surface. atoms vs time during the last 8 ps of a total 10 ps trajectory
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300 K. The diffusion coefficient obtained for WATIP is very
close to the experimental valug32] for water (\WATXP). A
value less than 1 fow is indicative of retarded motion with
respect to the Brownian behavior, which actually occurs for
the hydration layer$41]. The greater deviation ot values
near the surface of the protein indicate that anomalous diffu-
sion is taking place for water molecules moving in the prox-
imity of the protein. The value increases as the water mol-
ecules move away from the protein surface. It is to be noted
that the crystallographic waters show the lowest value of
diffusion constant, which is an indication that they are most
retarded.

<MSD> (A?)

o
a2
T

0.01

time (ps)

D. Rotational diffusion
FIG. 3. Mean square displacements of water molecules versus

time around fully hydrated ubiquitin obtained by restricting the . . . .
analysis to the water molecules moving within layers characterize he protein and the solvent on the diffusive properties of the

by different distance® measured from the protein surface: dashed _ydrathn Water can be obtained from Fhe study of th_e rota-
line, R=4 A, continuous lineR=6 A, and dotsR=14 A. Each t!onal dlffu5|o_n of the water electrlc_al d|pole. The reorienta-
curve was obtained by averaging over ten different time regines anfional dynamics of the water electrical dipglecan be ana-
the corresponding water ensemble. The values of the diffusion cdyzed by means of the autocorrelation functibpdefined as
efficients and other parameters are reported in Table 1. [10,33,39,41,4p

Information about the influence of the interaction between

length with a resolution of 12.5 féhe At being 8 p3. Usu- T1(6)=(Pi(s(0) - (D)), ®
ally, at very short timegless than approximately 0.2 jps

before the diffusive regime is established, the MSD'’s follow
a ballistic regime Ar?«At?), followed by a transient pe-

riod, after which the MSD curves seem to exhibit a linear
trend as a function of timg24,4Q. The Einstein relationship
[Eq. (3)] for the determination of the diffusion coefficient o

a solvent presumes a linear increase of the diffusing particl ies, which can be investigated by NM®0]. The relaxation

MSD with time. This condition, usually satisfied for most . . : . .
homogeneous isotropic three-dimensional liquids on timeffthe rotational correlation function of protein hydration wa-

scales longer than a few picoseconds, does not hold for wat fr can be fitted to a biexponential functifs,43:
molecules diffusing around a protein. After the break from A (17D —(Um)
the ballistic regime, théAr?) values follow the lawf24,25 I (t)=Ae < +Be , ®)

where P, is the Ith-order polynomial andu(t) is the unit
vector along the molecular axis at tinhethe angular brack-
ets indicate a time average. The first- and second-order Leg-
endre polynomials are usually investigated. The first-order
f properties can be derived from infrared spectroscopy, while
e second-order polynomial reflects the quadrupolar proper-

(Ar2)xAte. (4 ~Wherers and 7, are the relaxation orientation times. This
trend may be interpreted as arising from two processes, a fast
one accounting for spatially restricted motion due to the li-
brational mode and a slow one involving rearrangement of
the neighboring moleculgd0,43. In particular, this relax-
ation in the proximity of the protein surface can be more
@_ccurately described by a stretched exponential, given by

The value of the exponent is 1 in the ideal case, but any
deviation from unity(usually «<<1) indicates the presence
of anomalous diffusion. Any additional perturbation that re-
stricts the motion of the solvent molecules in an inhomoge
neous solution compared to the pure liquids causes a d
crease of the value of. It is easy to visualize the s s
phenomenon and also to obtain the valueraising a log-log Ii(H)=Ae W7 rBe )7, (7)
plot of MSD vs time(Fig. 3). The values ofa for water
moving within layers of different thickness measured fromwhere B, and 8¢ are two stretching parameters. This type of
the protein surface have been calculated from the plot showtime behavior is termed Kohlrausch-Williams-Wati&/NV\W)
in Fig. 3. Different time origins have been used to label therelaxation[44,45. Table Il shows the two sets of decay con-
water molecules traveling within a specified distaRcom  stants, stretching parameters, and preexponential factors for
the protein surface and subsequent 10 ps trajectories haveater molecules belonging to the layers of different thick-
been used for the analysis. The valuesk@ndD are shown ness described big, measured from the protein surface. The
in Table I. subscripts or | indicates that the values are responsible for
The data show that the water within a distance of 4 Athe short and long components, respectively, of the decay
from the protein shows the lowest value of diffusion coeffi- constants. The rotational relaxation of the solvent molecules
cient. When the same calculation is done at 14DAand«  with time is shown in Figs. 4 and 5 and the data in Table Il
become close to the values obtained after simulating the pufgave been obtained from these plots. The relative proportions
water (WATIP) system using the TIP3P model for water at of the shorter and longer components are given by the con-
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TABLE II. Fitting parameters for the data obtained for the rota-

tional reorientation function calculated according to E8). For er ""';:‘;ﬁ
P,, the best fit was obtained with a single stretched-exponential | | ... R=14 A

function, forP,, with a sum of two stretched-exponential functions
[see Eq(7)].

R(A) Method A 7(p9 B B 7 B

4.0 P 1.0 5.67 0.67

8.0 P, 1.0 471 0.71

14.0 P, 1.0 435 0.75

4.2 P, 1.0 1465 0.51 . ) ) , \ , \

PUI‘e "] 2 4 6 8 10 12 14
wateP P, 1.0 4.08 0.76 time (ps)

4.0 P2 047 048 035 053 219 083 FIG. 5. Rotational reorientation of the water molecule dipole
8.0 P, 051 041 039 049 207 091 (jrection forl=2 [see Eq(5)]. The fitting parametersee Eq(7)]
14.0 P, 046 029 040 054 197 0.90 extracted from the plot are reported in Table IIl. Data for three
4.00 P, 1.0 287 044 progressively thicker layers defined in Fig. 4 have been plotted.
Pure
watef P, 043 030 048 057 185 0.90 E. Residence time analysis

Water residence times could provide useful insights into
the structural and translational dynamical behavior of inter-
facial water in the first or successive hydration shells of pro-
tein atoms exposed to the solvent. Commonly, the residence
time is evaluated from the survival time correlation function
Cg(t) [46—-48 describing the relaxation of the hydration

shells of a protein atortor even a layeraround a macromo-

ation becomes fast as we proc_ee_d ffom the protein surfac_e cular body{33]. The “layer survival time correlation func-
the bulk water and that trend is indicated by the decreasmgon,, can be defined as

values of the decay constants responsible for different layers

&Crystallographic water molecules.
bSimulated at 300 K using the TIP3P model.

stantsA and B [Eq. (7)], where A shows the contribution
from the shorter componefite., fast decayandB is for the
longer one(i.e., slow decay For bothI'; andI', the relax-

of water molecules. The decrease in deviation from exponen- 1 N (pai(0)Pgi(1))
tiality is observed from the increasing values of the stretch- Cr(t)= N—E # 8
ing parametep with increasing values dR. The best fit for wi=1 (Pgi(0)%)

I'; was obtained with a single stretched-exponential function _ _ . .
whereas fol, it was obtained with a sum of two stretched- yvherePRj is a binary functlpn that takes the yalue of 1if the
exponential functions. In previous work with the same pro—J_th water moleculg stays in t_he Iay_er_of thicknézsor a
tein [10], these relaxations were reported with a singlelime t without getting out during this interval and of zero
stretched-exponential function, which fails to show the twoOtherwise[33]. This quantityCg(t) measures the probability

different types of decay constafshorter and longetthat we that a water molecule remains in a given layer for a certain
report here. time t, without having ever exchanged with the bulk water.

The relaxation trend oEg(t) provides information about the
local dynamics of the hydration water molecules. It can be
approximated by a single exponential functietv,4§

Cr(t)=Ae V79, 9)

Fitting the data with the above equation provides the relax-
ation timer, which represents the mean residence time of the
water molecules within a specified distariRdrom the pro-
tein surface. According to the KWW law, a stretched-
exponential fit, given by

r®

I Cr(t)=Ae U7” (10

time (ps)

is used to show the deviation from exponential behavior,

FIG. 4. Rotational reorientation of the water molecule dipole Which is reflected by the deviation from unity of the value of
direction forl =1 [see Eq(5)]. The fitting parameterisee Eq(7)]  the stretching parametes. In the present study, as for the
are reported in Table Il. Data for three progressively thicker layerglipolar second-order relaxation, a double stretched-
have been plotted: dashe@=4 A, continuous lineR=8 A, and  exponential fit was better instead of using a single stretched
dots,R=14 A. exponential:

021921-5



S. G. DASTIDAR AND C. MUKHOPADHYAY PHYSICAL REVIEW E68, 021921 (2003

11
- R=4 A 0
. —— gz? 4AA 2 M‘%‘WM“'%MWM MM*‘
\\A‘M PR soagoer’]
-4 .‘,_.w
3 .l R '
..-..,."”" 6 |
S g of
F 10 |-
., e fy ——R=0-2 A
.. azl L R=24A
wal -y --.-.----..._____-- —— R=4-6 A
S—— 4 |—»— R=8-10 A
03 —— 7 s A 10 0 2 20 P %0 100
time (ps) time (ps)
FIG. 6. Plot of survival time correlation functid®g(t) for three FIG. 7. Variation of solvent-protein interaction energy, with

water layers defined bR measured from the protein surface: time, restricting the calculation to the solvent molecules present

squaresR=4 A, circles,R=8 A, and trianglesR=14 A. The fit-  Within a region specified bjR: squaresR=0-2A, circles,R

ting parameterfsee Eq(11)] extracted from the plot are reported in =2—4 A, trianglesR=4-6 A, and starsR=8-10A. The mol-

Table III. ecules are labeled at tinte= 0. The energy is expressed in kilocalo-
ries per mole of solvent molecules.

Cr(t)=Ae WL g W) (11)  strong interaction between the protein surface and the water
molecules. Figure 7 shows the variation in the interaction

WhEYETS and T are the shorter and Ionger components of theenergy per molecule of i-ﬂ) with time, averaged over the
decay constants. These decays correspond to the solvemhter molecules whose oxygen atoms are within a layer
molecules that stay in the hydration layer for a prolongedspecified byR, labeled at time=0. The plot, hence, shows
period of time or enter and then immediately leave. The dethe variation of protein-solvent interaction energy due to dif-
cay of the survival time correlation function is shown in Fig. fusion of water molecules with time. As we consider layers
6. The values of the decay constants along with the stretctat larger distances from the protein surface, the magnitude of
ing parameter of Eq(11) are shown in Table Ill. The coef- the average interaction energy at titre 0 decreases and
ficientsA andB of Eq. (11) give the relative proportions of yaries Igss rapidly with time. It is interesting to see that the
the shorter and longer components, whérés responsible ~ interaction energyatt=0) between the water layer and pro-
for the shorter componerite., fast decayandB is for the ~ t€in sharply decrease§n magnitude, i.e., neglecting the
longer ongli.e., slow decay It can be inferred from the data SI9" as R becomes more than 2 A. This shows that the
that, as a hydration layer of larger thicknéeseasured from anomalous behavior of the hydration water, which is mainly
the protein surfadeis taken into consideration, the probabil- dU€ tO the stronger interaction of the protein surface with the
ity of exchange with the bulk water for the water moIecuIesSOIVent molecules that reside within a distanéed\ from

within the hydration layer becomes less. The stretching pat—he protein surface. The interaction energy gradually in-

rameterg increases aR increases frm 4 A to 14 A and the creaseddecreases in magnitude, if the sign is negleceed

decay of the survival function approaches exponentialitythe molecules diffuse out of the hydration layer. The layers

. ) ) beyond 4 A have an almost constant interaction with the
Comparison of the relaxation times observed for the shellgotein molecule. I, instead of marking the water molecules
0-4 A (7,=0.39ps, 7=18.0ps) and 14-18 A% att=0 as belonging to a particular layer, at each dynamic
=0.28 ps,7=2.5 ps) clearly indicates that water moleculestrajectory frame they are reselected as the water molecules
in the first layer are less mobile compared to the bulk watefresiding (at that instantwithin a layer specified bRy, the

plot (Fig. 8 shows that the average interaction energy per
F. Interaction energy of the diffusing water molecules molecule of HO remains almost invariant. This is the fin-

The deviation of the behavior of the solvent moleculesgerprint of dynamic e_quilibriqm present between the Watef
near the surface from their behavior in bulk is due to thelayers. The average interaction energy between the protein
and water wittm 2 A is ~—16 kcal/mole, whereas that
TABLE IIl. Fitting parameters for the data obtained for survival Within 2—-4 A is ~—6.2 kcallmole. Thus water molecules

time correlation functiorCg(t) calculated according to E8). The ~ Within 2 A get some additional stability due to interaction

data were fitted to a curve according to Egl). with the protein surface, and this stability decreases with

time as they diffuse to the bulk water. The absolute values of

R (A) A 7 (P9 Bs B 7 (P9 B the energies might be dependent on the force field used
(CHARMM22).

0-4 04 0.39 0.67 0.6 18.0 0.85
0-8 0.2 0.53 0.69 0.8 46.9 0.89
0-14 0.1 0.68 0.70 0.9 137.2 0.92
14-18 0.4 0.28 0.70 0.6 25 0.90 We report here the anomalous behavior of water mol-
ecules near the surface of the small globular protein ubig-

IV. DISCUSSION
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2 figure the lines for the different water layers are very similar.
: After the diffusive regime is established the lines for the
WL water molecules residing within different ranges of distances
N ey split up, and the different slopes indicate differenvalues
E o} Y (less than 1L As we proceed from the bulk water to the
g of ——R=24A protein surface, the value efdecreases. The lowest value of
;_g 2 - RF810A «a is recorded for the water molecules within the first hydra-
14 F . . i . . . .
N Am i tion shell, which is a clear indication that the most restricted
:: \[\/Wm MW W"’UJ motion of the water molecules occurs for those that are di-
2 . \ . rectly interacting with the protein surface. Thevalue and

® “© % % 1% the diffusion coefficients recorded fdR=14 A are very
time (ps) close (@=0.88) to the values obtained from the simulation
FIG. 8. Variation of solvent-protein interaction enefy, with ~ Of Pure water ¢=0.91), and the value db is very close to
time, restricting the calculation to the solvent molecules presentl€ experimental values for pure water. The diffusion coeffi-
within a region specified bR, : squaresR,=0-2 A, circles.R,  cient anda values recorded for the crystallographic waters
=2-4A, and trianglesR,=8—-10 A. R, indicates that during the Show their distinct dynamical behavior.
analysis the molecules were selected after each 1 ps as those mol- The shell averaged rotational reorientational function was
ecules that are present within the specified region at that momentitted with a sum of stretched-exponential functions. A single
stretched-exponential function was needed to obtain the best
uitin. It has been established both by experiments and theoffit for I';, whereas a sum of two stretched-exponential func-
that the dynamics of the hydration water can be separatetions gave the best fit fof',. The values of the stretching
into fast and slow componenfd9]. It has also been estab- parameter8 shown in Table Il indicate that the deviation
lished that OH vibrational relaxations are coupled to the hy{from exponentiality increases on going from bulk water to
drogen bond stability and dynami¢20,30. The conven- the water in close proximity to the protein. This is indicative
tional way of performing MD simulations is by freezing of complex dynamics. The multi-stretched-exponential fitting
bond vibrations and thereby increasing the time step of nufor I',, is useful to reveal the shorter and longer components
merical integration. We have not used any constraints owf the decay constants for this type of relaxation in the sys-
bond flexibility and have used a time step of 0.5 fs. To studytem. The constantd and B show the relative contributions
the fast dynamics of solvent molecules the intervals of savef the two types of component. The values in Table Il show
ing the coordinates also must be reasonably short to hawhat the contributions from the two types of decay are almost
sufficient resolution for analysis. A part of the analysis wasequal (~-50%) in all layers. Interestingly, less and less retar-
done using coordinates saved after each 125 fs, but the diflation effect on the rotational motion is evident from the
fusion properties were analyzed using coordinates saved aflecreasing values of the relaxation times with increasing dis-
ter each 12.5 fs. These time intervals are sufficient to providéance from the protein surface. The data obtained are quite
data accurate enough to study the short time dynaf8i8s  consistent and unambiguous. When a similar fitting was done
Since the definition of the hydration shell is always arbitrarywith the survival time correlation function according to Eq.
to some extent, we have used a radial distribution (fig.  (11), a slower exchangéaccording to the increasing values
1) to get insight into the extent of the first hydration shell. of the decay constants, shown in Table) bf water mol-
The radial distribution plot shows that there is a group ofecules with the bulk water is observed as the thickness of the
water molecules up to a distance of around 3.0 A from thevater layer measured from the protein surface increases.
protein surface. Thus, using a cutoff radius40A for the  Here also the stretching parameapproaches the value of
first shell, we ensured that we included in this subset ofl on going from the protein surface to the bulk. To compare
solvent molecules only those that have a greater chance dfie residence times for the water molecules from different
interacting directly with the protein surface. Any data ob-water layers of similar thickness, a comparison of the decay
tained from the water within the range<d/R<<11 A give  constants for the layers 0—-4 A and 14-18 A is very effec-
information about the structural organization beyond the firstive. The value of 18.0 ps for the longer component in the
hydration layer[9]. The translational motion of the water layer 0—4 A becomes 2.5 ps in the layer 14—-18 A. This
molecules has been analyzed by quantifying their diffusiveshows that the water molecules at a larger distance move
characteristics. A comparison of the diffusion coefficientsmore freely than those at the protein surface. The residence
(see Table)l obtained from the simulation and experimental time of water at the protein surface is a signature of its mo-
data shows that the water molecules within a distance of 4 Aility and binding. In a recent experiment using femtosecond
from the protein surface behave like water at a temperature gitme resolution, Paét al. [12] reported a bimodal decay for
least 12—15°C lower than the average temperature of thihe hydration correlation function with two primary relax-
system. The extent of the retardation influence of the proteimtion times: ultrafast, typically 1 ps or less, and longer, typi-
surface on the diffusion properties of the water is best recally 15—40 ps. Another recent report from the same group
flected by thea values of Eq.(4), which are obtained from on hydration at the surface of the protein mone]23] also
the log-log plot(Fig. 3). The MSD vs time plot shows that using femtosecond resolution has shown that the hydration
before the diffusive regime is establishédr?) follows a  correlation function, which decays due to rotational and
ballistic regime, giving a value of roughly 2 far, and in the translational motion of the water at the protein surface and in
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bulk, exhibits a bimodal behavior with time constants of 1.3tein and shows to what extent the time steps and resolution
and 16 ps, mirroring relaxation of the free or quasifree wateare important.
molecules and the surface-bound water laysrinimum

binding energy of 1—2 kcal/mpl Our observed residence V. CONCLUSION
times are well within the range of experimentally observed i is well accepted now that water play an important role
values. in determining protein structure, and it is also true that the

The appearance of a shorter component could be due §@fluence of a protein on the dynamical behavior of water is
the fact that water molecules vibrate and librate inside a minot negligible. State-of-the-art experimental measurements
croscopic cage formed by their nearest neighbors, before esf water dynamics at femtosecond resolution are possible.
caping from such structurd83]. Water molecules close to Theoretical techniques involving computer simulation are
the boundary of a solvent layer might cross forward andused today more to explain and verify the experimental re-
backward across its surface during such motion, and thisults as well as to suggest new experiments. The opening of
might give rise to the fast initial decay. Previous work with this possibility requires scientists to refine the simulation re-
ubiquitin [10] did not show the bimodal nature of the decay sults of existing data and forces them to search for the suit-
of the correlation of the survival function. The reported val-able simulation schemes and methods of analysis which can
ues of decay constants and stretching parameters also diffgive results closer to the experimental values and are repro-
from ours. The differences may be due to the simulatiorflucible. Improvements in results by modifying the simula-
scheme, definition of hydration layers, and finally the lesdion schemes and methods of analysis should lead us to
effective single stretched-exponential fitting of the data. ~ Progress. Unless the comparison of data for similar types of

We have also attempted to calculate the amount of energ§yStem but with more advanced simulation schemes becomes
involved in this interaction, which puts such a control and ommon, no effective conclusions can be drawn in any di-

retardation on the system that the residence times beconj&Ction- Here, we have shown that MD simulation without
almost seven times larger at the protein surface than in th eezing the vibrations of bonds with a 0.5 fs integration time

bulk water. The quantification of this interaction energystep and a maximum of 12.5 fs data collection resolution for

should give an insight into the slow dynamics at the proteir@n@lysis produces diffusion properties close to the experi-
surface. The protein-solvent interaction energy per monom 'ental results, and the data are much better than those pre-
of solvent averaged over the ensemble is shown in Figs. y'OUSIV reported 10]. The use O.f the T.IP.SP model for the
and 8. A larger negative value of the interaction energy indi-\Wae" box also shares the credit for this improvement.

cates more stability. The figures show that the interactio we report a s_tructured radial _dlstr|but|on function and
energy for water molecules residing within a distance of 4 A fom_the_ interaction energy studies we clearly show the
and labeled at=0 varies with time. This is because these equilibration between bound and free water molecules. Our

molecules lose H bonds and other strong interactions witﬁChe.me of analysis is also gpproprlgte to d'escrlbe the dy-
the protein surface as they diffuse with time into the bulknam'cal phenomeno_na occurring at dlff_erent time scales. The
water presence of dynamics with different time scales has been

All the results reported here have been checked over seproved very recently from femtosecond experlme{nﬂg. n
eral independent trajectories of different simulation time0Ur report the fast and slow components of translational and

spans, and the observed results were consistent. This incﬁ(—)t""t'Onal dynamics have clearly been identified, quantified,

cates that the system reaches dynamic equilibrium within gnd discussed. The present study thus provides a path for

very short time, and a few hundred picoseconds of MD simy!MpProving the simulation results.

lation is good enough to study the short time dynamics of
systems consisting of a small globular protein like ubiquitin.
Our work reveals how a difference in MD simulation proce-  Shubhra Ghosh Dastidar is thankful to CSIR, India for
dure can influence the results of studies with the same prdinancial support through CSIR-NET.
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