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The formation of a spanning two-dimensional hydrogen-bonded water network at the surface of proteins via

a percolation transition enables their biological function. We show in detail how the spanning (percolating)
water network appears at the surfaces of model hydrophilic spheres and at the surface of a single protein
(lysozyme) molecule. We have found essential correlations of the linear extension, radius of gyration, and
position of the center of mass of the largest water cluster with its size. The specific two-peak structure of the
probability distribution of the largest cluster size allowed us to study various properties separately for spanning
and nonspanning largest clusters. The radius of gyration of the spanning cluster always exceeds the radii of
the spheres or the effective radius of the protein. Any spanning cluster envelops essentially more than half of
the surface area. The temporal decay of the spanning networks shows a stretched exponential character. Their
average lifetime at the percolation threshold is about the lifetime of a weatater hydrogen bond.

1. Introduction binding, and enzyme catalysis, highlights the importance of the
solvational environment of cells for the function of proteins.

Because the onset of enzymatic activity coincides with the
formation of an infinite (spanning) network of hydration water
via a two-dimensional (2D) percolation transitiba,qualitative
change of some dynamic properties of the hydrated protein
should be expected at the percolation threshold. Recently, we

tudied the 2D percolation transition of hydration water by
computer simulation®! It was found that the formation of a
spanning water network at the surface of a single protein
molecule occurs in a similar way as to that in a protein powder.
A collective infinite water network in protein powder appears

at a low hydration level and covers less than half of the
hydrophilic surface of each protein molecule. This means that
the first appearance of biological activity may not ultimately

need the existence ofspanningnetwork around a single protein

glcat‘itv i?nzgl:?svsh;ﬂ%eof'rrﬁi:%?:sf:)g?g't{":gé itshﬁlort b'eotlg%gfl molecule but rather the existence of a water network connecting
Y, q y " .. some particular sites of one or several proteins. Comparison of

There seems to be no direct correlation between the enzymatic . . . .
activity and the global dynamics of proteifisHowever, the the simulated hydration procéésvith experimental observa

biological activity of proteins could be driven by the dynamics tions? indicates that the formation of an individual fractal-like

. 5 . percolating water network, which envelops each protein mol-
?i:]ktl?]/(ejr:::?hnalvgsteviILr:nfcgn??jiggﬁ:tmcgrsg::lsr(])tnﬂ;g?eail::gﬁay ecule, can be identified with the first appearance of a water
be of fundamental importance, as fluctuations permit confor- prpootgi?]layer » Which restores the full internal dynamics of the
mational motions. These motions may be “slaved” or they may L ) . )
be “nonslaved” in the case of the protein motions being To_clarlfy the rqle of water in the appearance of b|olog|cz_il
independent of solvent fluctuatiof&Slaved motions therefore  function of proteins, the study of structural and dynamic
have rates that are proportional to the fluctuation rate of the Properties of proteins should be carried out with respect to the
solvent. In a recent study on myoglofhit has been found formation of collective as well as individual spanning water
that the activation enthalpy of protein conformational and Networks. This study should be accompanied by the comparison

vibrational dynamics is controlled by the activation enthalpy ©f various properties of the hydration water networks above
of the solvent. Hence, the fluctuations in the amino acid residues 2nd Pelow the percolation threshold. The specific properties of

and their hydration shells are coupled to and dominated by the & SPanning network of hydration water have not been studied
surrounding solvent thermal bath. On the contrary, the protein Y€l contrary to the various properties of local water netwarks.
and its hydration shell control the activation entropy through ~ Simulations of hydrated protein powders are possible nowa-
the shape of the energy landscdp@he prevalence of slaved ~ days within crude models only (see ref 34 for a detailed
motions, such as the opening and closing of channels, liganddiscussion of this problem), making it impossible to study
dynamic properties as well. However, the structure and dynamics

* Author to whom correspondence should be addressed. E-mail: brov@ Of @ single hydrated protein molecule and its hydration water
heineken.chemie.uni-dortmund.de can be studied by modern computer simulation methods, both
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Hydration water plays an important role in protein functiéres.
Local and orientational ordering of water molecules near
hydrophobic and hydrophilic parts of protein surfaces were
extensively studied during past decades both experimettally
and by computer simulations (see, for example, refd ®).
Dynamic properties of water are strongly affected by the protein
surface, and their changes are sensitive to the particular chemica
structure of the proteit~18 Structural and dynamic properties
of proteins depend on the hydration leV&l24 In particular,
about one “monolayer” of water is required for restoring the
full internal dynamics of proteins and their functiére

Experimental studies on protein powders indicate the onset
of some biological functions only when an infinite water
network spans the protein surfa®-2° It is generally accepted
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at low hydration levels and in aqueous solution. This should be The hydration level was also characterized by the surface

done with and without the presence of a spanning network of coverageC. For a spherical surfac€ = Nu/47(Rsp + 3 A)2,

hydration water, i.e., under conditions above and below the where 3 A is thedistance from the considered hydrophilic

percolation threshold. Hence, location of the spanning network surface to the first maximum of the oxygen local den&ityhe

of hydration water is a necessary prerequisite of such studies.surface coverage of the single lysozyme molecule was estimated
In view of the complexity of the proteinwater system, it is asC = N./SASA, were SASA is the solvent accessible surface

reasonable to study a spanning water network first for a rigid area, found to be about 690¢.&'

model protein. Such an approach neglects conformational Water molecules are considered to belong to the same cluster

changes of the protein molecule upon hydration. These changesf they are connected by a continuous hydrogen-bonded network.

can noticeably affect topological and chemical properties of the Two water molecules were considered as hydrogen bonded when

surface and its area accessible for water molecules and maythe distance between the oxygen atoms is less than 3.5 A and

shift the percolation threshold. However, the main properties the waterwater pair interaction energy is less than

of a spanning water network and the regularities of its formation —10.0 kJ/mol.

are expected to be rather universal and, therefore, should be Several properties of the largest clustBrs. were studied at

similar for rigid and flexible models of proteins. various hydration levels. The size distribution of the largest
It is not obvious how to distinguish spanning and nonspanning clustersP(Snay), studied in our previous papétallows us to

networks at the surface of a finite object. Recently, we have distinguish the spanning and nonspanning largest clusters. The

shown that conventional methods of analysis of clustering and linear extension of the largest cluster is characterized by the

percolation can be used to locate a percolation transition of watermaximum distancé-max between two oxygens of water mol-

at the surface of a hydrophilic sphere or protein (lysozyme) ecules in the largest cluster. The compactness of the largest

molecule34 In the present paper, we studied various topological clusters could be measured by the radius of gyragn

and dynamic properties of spanning and nonspanning water

networks in such systems as a function of the level of hydration, N N

temperature, and object size. Moreover, we propose several R, = m(7, — ?0)2/ m (1)

criteria how to detect in simulations the existence of a spanning & =

network at the surface of a finite object.

wherem; is the mass of water molecule ands a vector that
2. Methods defines the position of théh water molecule relative to the
center of a sphere or to the center of mass of lysozyme, whereas
Ti — Tpis its distance to the center of mass of the largest cluster
located atfo = Y;mTi/Yim. The spanning properties of the
largest cluster could also be described by the position of the
center of mass of the largest clustérax relative to the center
of mass of the sphere or the protein

Molecular dynamics (MD) simulations of lysozyrmewater
systems were carried out in &VT ensemble, using a rigid
model of lysozyme with the crystallographic heavy atom
coordinates from ref 35, the force field from ref 36, and the
TIP4P water model? Trajectories from 8 to 15 ns were used
to analyze water clustering and properties of the largest cluster
at various hydration levels every hundredth integration step —
(every 0.2 and 0.1 ps & = 300 and 400 K, respectively). Hmax =4/ To 2)
Such properties were also studied for water at the surfaces of ) )
the smooth hydrophilic spheres with radi, = 15, 30, and The structure of the hydration water in a surface Iaygr was
50 A by Monte Carlo (MC) simulations in theVT ensemble. described using oxygerpxygen radial distribution functions
The water-surface interaction was modeled by a—@® do-o(r) of water as a function of the hydration level. The
Lennard-Jones potential with= 2.5 A and well deptiJ, = lifetime of water hydrogen bo_nds and th_e spanning water
—19.34 kJ/mol. Configurations after every 1000 MC steps were Network were also analyzed using conventional meti{dds.
analyzed, providing up to & 1C° analyzed configurations for
each hydration level. Details of the simulations can be found 3- Results
elsewheré? In a finite system (with periodic or open boundary conditions)

The occurrence of a 2D liquielvapor phase transition could  and in a closed system without boundaries (such as the surface
distort or even prevent the surface percolation transition. To of a finite object), the percolation transition is smeared out. As
avoid 2D condensation (layering transition), simulations of water a result, contrary to infinite systems, various properties of
at the surface of hydrophilic spheres were performed at clusters indicate the percolation threshold at slightly different
425 K, which exceeds the critical temperature of the layering hydration levels. In particular, close to the percolation threshold,
transition T ~ 400 K) for the studied watersurface interaction  the probability distributiorP(Snay) of the sizeSyax of the largest
strength® Simulations of hydrated lysozyme molecules were water cluster shows a pronounced two-peak structure. The small
performed at 300 and 400 K to explore the effect of temperature size peak oP(Syay represents the nonspanning (finite) largest
on the simulated properties. The lower temperature is of practical clusters, while the large size peak is due to spanning (infinite)
importance and allows comparison with experimental data, clusters. When the two peaks are of comparable heights, the
whereas the higher temperature was chosen to be able toprobability R to observe a spanning cluster is about 50%. At
compare water clustering at the surface of lysozyme with that this hydration level (denoted &%), the mean cluster siZnean
at the smooth hydrophilic spherical surfaces. calculated excluding the largest cluster, approximately reaches

The various hydration levels were obtained by addig its maximum. The fractal dimensiodt of the largest cluster
water molecules to the simulation box, which varies from achieves its 2D threshold valuk?® ~ 1.896 at the slightly
Nw = 200 to 600 atT = 300 K and from 400 to 800 at higher hydration leveC,. Roughly at the same hydration level,

T = 400 K in the case of the lysozyme moleculd, varies the cluster size distributions obeys the power law behavior
from 150 to 450 for the sphere of radiRs, = 15 A, from 900 ns ~ S205gver the widest range of cluster sizes. The hydration
to 1300 forRs, = 30 A, and from 2500 to 3400 fdRsp =50 A. level C, corresponds to the minimum water coverage, which



Spanning Water Networks at Protein Surfaces J. Phys. Chem. B, Vol. 109, No. 21, 20080997

T T T T T T »

3.0+t——R_=15A J
F— RSD =30 A L4 a
25+ R =50A .
ap
X i
< 20} i
*
o 15} ]
a
1.0} 4 .
05} i
0.0 ot
0.0 0.2 0.4 06 0.8 1.0

S . IN,

m.

Figure 1. Probability distributiorP(Snay) 0Of the sizeSyax Of the largest
water cluster normalized to the total number of water molednjesn
the surface of hydrophilic spheres with raBij, = 15, 30, and 50 A at
the hydration levelC;, where the probability to find a spanning water
network is about 50%.

enables the persistent existence of a spanning water network a
the surface. More details of the definitions of the hydration levels «
C; andC; can be found in our previous paper (ref 34).

It is reasonable to perform the comparison of various
properties of spanning and nonspanning water networks at the
hydration levelC;, where both kinds of the largest clusters exist
with equal probability. This threshold hydration level was
determined in our previous pap#rAt T = 425 K, C, is about
0.086 A2 (N,, ~ 350), 0.088 A2 (N,, ~ 1200), and 0.087 A2
(Nw ~ 3100) for the studied hydrophilic spheres of radii 15,
30, and 50 A, respectively. The threshold hydration leSsebf
a single lysozyme molecule was found to be about 0.058 A
(Nw A 400) atT = 300 K and 0.091 A2 (N,, ~ 625) atT =
400 K. The probability distributionB(Snax) Of Size Snax Of the
largest water cluster on the surfaces of three hydrophilic spheres
at the hydration leveC; are compared in Figure 1. The two-

peak struc(;u.re OP(S'“""X& IS cau§ ?]d b{} Fhe fmlt.e size fOf the (transparent) hydrophilic sphere of radRs = 50 A at the hydration
system an 115 expected to vanish with increasing surface aredyaye| C,, where the probability to find a spanning water network is
However, Figure 1 shows that the two peaks are weakly sensitiveapout 50% T = 425 K, N,, = 3100). The oxygen atoms of the water

to the surface area and remain pronounced and well-separateaholecules that belong to the largest cluster are colored in blue, those
even at the surface of a very large sphere (rats= 50 A) of all other water molecules in red. An example of a spanning and a
with a surface area of more than 35 002 ﬂiaking into account nonspa_nning largest water cluster is shown in the upper and lower panel,
that the two-peak structure B{Snay) disappears at significantly ~ "€SPectively.
smaller surface areas in the case of a planar surface with periodic
boundary condition$] we may conclude that the specific closed water molecules in the first hydration shell, the value of
surface topology of spherical surfaces enhances such a two-Lma/2(Rsp+ 3 A) does not exceed 1. Figure 3 shows that even
peak structure. This effect also appears in the larger distanceat low hydration levels the largest clusters extend through the
between the positions of the peaks R(Snay in the case of essential part of the spherical surface. The radial distribution
spherical surfaces in comparison with planar surfaces. Namely,functiongo-o(r) of surface water at smooth hydrophilic surfaces
in the latter case the average spanning cluster is about 1.6 timeshows a specific maximum at- 5.4 A, indicating the presence
larger than the average nonspanning largest cld%tghereas of chainlike water structured.Due to such structure formation,
at the spherical surface this ratio is about Such peculiarity the largest cluster is ramified, and even at low surface coverage
of a spherical surface allows a clear separation of the spanning(C =~ 0.065 A2), its extension is comparable with the diameter
and nonspanning networks, which is very useful for their of the sphere. At the surface coveragg when the probability
comparative analysis, as we will see below. Examples of the R to observe a spanning cluster is about 50%, for the vast
arrangement of water molecules in the cases of the spanningmajority of the largest clusters (both spanning and nonspanning),
and nonspanning largest water clusters on a spherical hydrophilicLmax exceeds Rs, + 3 A) (the blue lines in Figure 3). At a
surface are shown in Figure 2. larger surface coveragkmax Noticeably exceeds R(, + 3 A)

The probability distributions of the maximum linear extension because the largest cluster includes water molecules that do not
Lmax Of the largest water clusté(Lmay) are shown in Figure 3 belong to the first hydration shell.
as a function ofax normalized to the effective diameter of a To analyze the behavior df.x separately for the spanning
hydrophilic sphere, Rs, + 3 A), which accounts for the  and nonspanning largest clusters, we have to classify each largest
distance of abdu3 A from the surface to the location of the cluster of the sizeSnax using the two-peak structure of the
water oxygens in the first hydration layer. For clusters with all distribution P(Snay. For this purpose, we calculated joint

Figure 2. Arrangement of water molecules on the surface of a
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Figure 3. Probability distributionP(Lmay of the maximum linear - I d ' i ' ; *
extensionLmax Of the largest water E\Iuster at the surface of two 60 1
hydrophilic spheresRs, = 15 and 30 A) aflf = 425 K and various
hydration levelsN, given in the inset. The blue and red lines  °<C I -
approximately correspond to the surface covera@esand C,, P 45
respectively. g - i
___J b
probability distributions P(LmaxSnay for various hydration R~ IR TN
levels. For the spherical surface witg, = 30 A, P(LmaxSna) 60 L | ‘ j \ |
obtained at the threshold hydration le¥&lis shown in Figure
4. The two clearly separated peaksHfLmaxSnay correspond < L
to the spanning and nonspanning largest clusters. The projection _~
of this probability distribution on the plangnaxSnax is shown % 45+ y
in the upper panel of Figure 5 (shading is proportional to the E |
probability density). The two shadowed areas in Figure 5 (upper
panel) correspond to the two peaks in Figure 4; the left-hand B ——
and right-hand areas represent the largest nonspanning and 0.0 0.2 0.4 0.6 0.8 1.0
spanning water clusters, respectively. It is clearly seen from S /N
Figures 4 and 5 that these two peak$@fmaxSnax) are hardly max W

resolved, if considering the projection B{LmaxSmay on the Figure 5. Projection of the joint probability distributioR(LmaxSma)

Lmax axis. Indeed, the nonspanning largest clusters can beof the linear extensiohma and sizeSnax Of the largest water cluster at
characterized by an average value of the maximum linear the surface of a hydrophilic sphere Rf, = 30 A (upper panelN, =
extension_max of about 70 A, whereas for the spanning clusters 1200) atT = 425 K and on the surface of lysozyme &t= 300 K

Lnax 72 A (Figure 5, upper pane). These values correspond Tk B, 2 O e 2 F e e eahald hydiation
10 Lmal2(Rep+ 3 A) = 1.06 and 1.09 for the largest nonspanning g ¢ ¢, Shading is proportional to probability density. Each panel
and spanning cluster, respectively, and they can be hardlyq its o
distinguished as a faint shoulder in Figure 3 (lower panel, blue

line). This difference becomes totally indistinguishable for over a wide range of hydration. With an increase in temperature,

wn (proper) probability scale.

smaller spheres (Figure 3, upper panel, blue line). P(Lmay becomes smoother, but the two maxima are still
A similar analysis of the maximum extensidm,ax of the pronounced (Figure 6, lower panel). Similar to smooth surface,

largest water cluster was performed for the hydrated lysozyme the radial distribution functiongo-o(r) of water near the

molecule. The evolution of the probability distributi®@Lmax) lysozyme surface shows a specific maximumrat 5.4 A,

with increasing hydration level is shown in Figure 6. Contrary reflecting its chainlike structure over a wide range of hydration
to the spherical surface, the two maximaPifLmay can be seen levels.
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Figure 6. Probability distribution of the maximum linear extension R / (R +3 A)
Lmax Of the largest water cluster at the surface of lysozyme at two g sp

temperatures and various hydration leveld, (s given in the inset.) Figure 7. Probability distributions®(Ry) of the radius of gyratiorR,
The blue and red lines approximately correspond to the threshold surfaceof the largest water cluster at the surfaces of two hydrophilic spheres
coverage<C; and Cy, respectively. of Ry, = 15 and 30 A afl = 425 K and hydration levelbl, given in

the inset. Blue and red lines approximately correspond to the surface

The projection of the joint probability distribution coverage<; andCo, respectively.
P(LmaxSnax), calculated at the threshold hydration le@lfor
two temperatures, is shown in Figure 5. The two dark areas in
both the middle and the lower panels in Figure 5 can be used
to distinguish the spanning and nonspanning largest clusters a
each temperature. Figures 5 and 6 indicate that the average
maximum extensionLmax Of nonspanning clusters at the
lysozyme surface is about 40 A, whereas the average value of
Lmax = 55 A can be attributed to spanning clusters. £
The noticeable difference between the average valuesff m_

for spanning and nonspanning clusters on the lysozyme surface p”
is obviously determined by the topology of the protein molecule. E’
It could be due to the nonspherical (ellipsoid-like) shape of the
globular protein or due to the specific arrangement of hydro-
philic sites on the lysozyme surface. If the first factor is
dominant, then the difference Inyax could be used to separate
spanning and nonspanning water clusters in computer simula- 20 ,,
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tions of hydrated globular proteins. The effect of the particular % % %W 400 ¢
shape of a protein molecule on the distributf(hmay) deserves R A B 5 2z 200
further studies. ¢ 2 g

The radius of gyratiorRy of the largest water cluster was  Figure 8. Joint probability distribution(Rg,Snay) Of the radius of
analyzed in a similar way as to its maximum extensigix gyration Ry and sizeSnax Of the largest water cluster at the spherical

Figure 7 shows a pronounced two-peak structure of the surface of radiuks, = 30 A atT = 425 K and hydration leveC; ~
probability distributionP(Ry) of the radius of gyration over a 0.088 A% (N, = 1200).

wide range of hydration levels. This could mean that spanning Figure 8 for a sphere of raditRs;, = 30 A and the threshold
and nonspanning networks are characterized by very differenthydration levelC;. Indeed, the sharp peak B{Ry,Snay at large
values ofRy. To check this possibility, we calculated the joint Syax values shows that the radius of gyration of a spanning
probability distributionP(Ry,Snay Of the radius of gyratiorRy cluster is close to the effective radius of a sphd®g ¢ 3 A).

and the size of the largest clust8rax which is shown in The low and wide peak, positioned at a smaliggx value in
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Figure 10. Projection of the joint probability distributioR(Rg,Snax)

of the radius of gyratiofRy and sizeSnax Of the largest water cluster at
Figure 9. Probability distributiond®(R,) of the radius of gyratiorRy the surfaces of lysozyme at the threshold surface coveCage T =

of the largest water cluster on the surface of lysozyme at two 300 K (upper panelN, = 400) andT = 400 K (lower panelN, =
temperatures and various hydration leveld, {s given in the inset.)  625). Shading is proportional to probability density. Each panel has its
The blue and red lines approximately correspond to the surface OWn (proper) probability scale.

coverage<; and C,, respectively.

21 A (see Figure 7 and its discussion above). The obtained lower

Figure 8, corresponds to nonspanning clusters. Figure 7 indicatesvalues OfRy for the spanning water network at the lysozyme

thatRy of the spanning clusters is not sensitive to the hydration Surface are obviously due. to the nonspherllcall shape of the
level, whereasR, of the nonspanning largest clusters continu- lysozyme molecule and the inhomogeneous dls'_trl_butlon of water
ously; increases with increasing hydration level at the lysozyme surface. The latter factor originates from a

. - : irregular distribution of hydrophilic residues, which form the
The behavior of the radius of gyratuﬁg of the 'afg‘?St water preferential sites for adsorption of water molecules at the
cluster on the surface of lysozyme is quite similar to that .
b d th ‘ th hvdrophili h Th surfaces of proteins.
thﬁr\f'n (t)rr:e ?ot?;tr)'?tcez Si:nk?ot'oﬁ y rogf '”'](; fg d.erez.f € Atlow hydration levels, we observe a splitting of the first
t'g : f th [I) t”Iy tIS ! u“; (Rgf) £l us ith pgak ofP(Ry ), corresponding t_o.nonspanning Wgter ngtvyorks
gyration of the largest cluster on the surtace of lysozyme wi (Figure 9,T = 300 K). This splitting correlates with a similar
increasing hydration level is shown in Figure 9. The correlation behavior ’of the size distribution of the largest clus®Bna,)
between the radius of gyratidRy and the size of the largest . . : :
cluster Snax Could be analyzed using the joint probability at low hydration levels (Figure 12 in ref 34) and obviously

N . . . reflects a preferential hydration of two comparatively large
dIStrIbu'FIOI’l P(RgSnax) (Figure 1.0). This cor.relatlon aIIovs{s us hydrophilic parts of the lysozyme surfaé&he importance of
Loorignzlr?rﬁ:] Sec‘?j;ﬁfsly_mi gcglrf gf\%lrjatlonf {ﬁ;snpoinsn'gg_andthe particular structure of the protein surface for various

onsp 9 o 9 B . pan- properties of the largest water cluster vanishes with increasing
ning largest cluster continuously increases with the hydration temperature (Figure 9 = 400 K)
level (Figure 9) Ry of the spanning water cluster is practically ' :

. ! The probability distribution of the distandénax from the
independent of the hydration level and closé&Rjo~ 18 A atT
=~ 300 K andR, ~ 19 A atT = 400 K (Figures 9 and 10). center of mass of the largest water cluster to the center of a

. ; . X ) here also show wo-peak structure over a wide range of
Such universality makes the radius of gyration the appropriate sphere also shows a two-peak structure over a wide range o

indicator of th Anina character of the largest water clust rhydra'[ion levels (Figure 11). Water clusters, covering the
cator ot the spa g character ol e fargest water cluste "spherical surface completely or homogeneously, are represented

The radius of gyration of the simulated model Iysozy_me is by the sharp peak dP(Hmay) at small values oHmay/(Rep +
about 14 A. For a homogeneous sphere of raliuthe radius 3 A) (left peaks in Figure 11). The second peak, positioned at
of gyration is given byRy = \/iR. Thus, for a spherical higher values oHma?/(Rsp + 3 A), obviously represents the
lysozyme molecule with a uniformly distributed mass, the radius nonspanning largest clusters. With a decrease in water coverage,
should be about 18 A. The system of homogeneously distributedthe right peak moves towardma/(Rsp + 3 A) = 1, which
water molecules on the smooth surface of a sphere with such areflects increasing localization of the largest cluster within a
radius should have a radius of gyrationRyf~ 18 A+ 3 A = small surface area.
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Hmax @and sizeSnax Of the largest cluster at a spherical surface of radius
Rsp= 30 A atT = 425 K and hydration leveC; ~ 0.088 A2 (N, =

1200).
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Figure 11. Probability distributionP(Hmay Of the distanceHmax 0.02

between the center of mass of the largest cluster and the center of the
sphere of radiuBs, = 15 and 30 A afl = 425 K and various hydration
levels. Ny is given in the inset.) Blue and red lines approximately
correspond to the threshold surface coverd@esndC,, respectively.

For all spheres studied, a clear minimum BfHmay IS 0.00
observed neamax~ 0.3 Rsp + 3 A). Note that the center of 0.02
mass of a surface spherical segment of helgit located at ’
the distanc&Rs, — /2 from the center. Therefore, the center of
mass of an infinitely thin empty hemisphere is at the distance T
Hmax & Rsy/2. If water covers homogeneously a hemisphere, 5=
then the center of mass of the water molecules should be atQ'
(Rsp+ 3 A)/2 from the center of the sphere. So, the distributions 0.01
P(Hmay at all surface coverages (Figure 11) show a low
probability of the largest clusters to cover homogeneously the
hemisphere and slightly larger areas. This fact could be treated
as an instability of the largest clusters of such sizes. On the
spherical surface of a radilRp, = 30 A, a small peak in the
probability distributionP(Hmay) located atHmax < 0.1 Rsp+ 3 0.00
A) appears already at the surface cover&@jes 0.066 A2
(Figure 11, lower panel, black line), which is noticeably below /A
the percolation threshol@; = 0.088 A2 (which corresponds Hmax
roughly to the blue line). This observation shows that any Figure 13. Probability distributionsP(Hma) Of the distanceHmax
spanning cluster spans essentially more than half of the sphericabetween the center of mass of lysozyme and the center of mass of the
surface. Obviously, the small largest clusters must be strongly largest water cluster at the surface of lysozyme at two temperatures
ramified to span such a large area. and yarious hydration levelsN is given in the inset.) The blue and

The joint probability distributionP(HmaxSnay) Of the distance E:ed Ilrzjeé approxms_ateily correspond to the threshold surface coverages
Hmax and the size of the largest clust8fax at the threshold 1 andt-z, respecively:
hydration levelC; are shown in Figure 12 for a sphere of radius ~ The probability distribution®(Hmay of Hmax calculated for
Rsp= 30 A. Two sharp peaks, separated by a deep well, show the largest water cluster on the surface of a lysozyme molecule
that the calculation of the distandénay is an appropriate at various hydration levels are shown in Figure 13. The evolution
parameter to be used for the detection of spanning clusters onof P(Hmay With increasing hydration level reflects the existence
the surface of a finite object. of the two states of the largest clusters. The shallow minimum

x
T
£
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Figure 15. Joint probability distributionP(HmaxsRy) of the distance
Hmaxand radius of gyratiofR, of the largest water cluster at the surface

R, of the largest water cluster at spherical surfaces obtained from the Of lysozyme at the threshold surface coveragatT = 300 K (upper

joint probability distributionP(HmaxRg). The radii of the spherical
surfacesRs, = 15, 30, and 50 A increase from the bottom to the top.
The red dashed line shows the dependdREmay) as obtained from
eq 4 for a sphere dRs, = 50 A. The hydration levels approximately
correspond to the threshold surface coverdgyeas each system studied.
Shading is proportional to probability density.

of P(Hmay) between two states at atidA at 300 Ktransforms

panel,N,, = 400) andT = 400 K (lower panelN,, = 625). Shading is
proportional to probability density. Each panel has its own (proper)
probability scale.

it approaches a linear dependence. The eq 4 for a spherical
surface of radiuRs, = 50 A is shown by a dashed line in
Figure 14. Deviations of the calculated correlation betwiggn
andHpaxfrom eq 4 can be attributed to the fact that some water

into an isosbestic-like point at 400 K (Figure 13). This behavior molecules in the largest cluster are out of the first water
differs from that observed for smooth spheres where two peaksmonolayer. The latter effect is especially pronounced in the case
are separated much more clearly (Figure 11). Obviously, the of 3 large spanning clusteHx close to zero).

more complex shape of the lysozyme molecule and the chemical

The correlation betweehnax and Ry of the largest water

heterogeneity of its surface smears out the two-peak structurecjyster at the surface of the lysozyme molecule, obtained from

of P(Hmay. The most probable value dfinax for spanning
clusters at the lysozyme surface is ab® at T = 300 K and
abou 5 A at T = 400 K. The minimum oP(Hmay) corresponds
to the most unstable largest clusters. The valuelgiy at the

the calculation of the joint probability distributidP(HmaxRy ),

is shown in Figure 15. In general, this correlation looks
qualitatively similar to the case of water at the spherical surface;
Hmax decreases when the radius of gyration increases. The

minimum could serve as a boundary between spanning andspanning and nonspanning largest clusters can be clearly

nonspanning clusters, which is about 6 and 7.5 A at 300

separated at both temperatures. However, the spanning and

and 400 K, respectively. These values are in good agreementhonspanning clusters obviously show different correlations
with the results for clusters at spherical surfaces. Indeed, if we petweenHma, and Ry This reflects the nonspherical shape of
replace the lysozyme molecule by an effective sphere of radiusthe lysozyme molecule and the inhomogeneity of its surface.

18 A (see above), then we may expect the minimurB(®fnay)
to occur atHmax ~ 0.3 (18+ 3) A ~ 6.3 A.

Finally, we analyze the correlations between the two most

significant propertiesiRy and Hmayx Of the largest water cluster,

Hence, contrary to an ideal spherical surfadgax andRy are

not as closely related in the case of protein molecules.
Additionally, we have analyzed the lifetime of the spanning

water networks at the surface of lysozyme at various hydration

which could be used as sensitive indicators of the presence ofjevels. The two-peak probability distribution of the largest cluster

a spanning water network. Correlations betwéhg, and Ry
obtained from the calculation of the joint probability distribution

size was used to distinguish between spanning and nonspanning
clusters (Figure 1 in this paper and Figure 12 in ref 34). In

P(HmaxRy) for the three studied spherical surfaces are shown particular, aff = 300 K the largest cluster, which includes more
n F|gure 14. Little scatter of the data p0|nts around a parabOIIC- than 270 m0|ecu|es’ was considered as a Spanning one. Every

like dependencéy on Hmax indicates a strong correlation of
these two parameter&®; and Hnax defined by eqs 1 and 2,

100th MD step (0.2 ps) we checked for the presence of a
spanning cluster. The timé between the appearance and

respectively, are related to each other by the following equation dgisappearance of a spanning cluster was defined as the product

=2
2=2ri e
N max

®)

w

If all N, molecules are at the same distafgg+ 3 A from the
center of a spherdf?| is simply equal tdN(Rsp + 3 A)? i.e.

R, = /(R 3A)2 — Hyo2 (4)

In the case of smalHmax values, corresponding to spanning
clusters, the dependenBg(Hmay described by eq 4 is close to
parabolic; for largeHmax Values (nonspanning largest clusters),

of the time step 0.2 ps and the number of consecutive
configurations when the cluster remains spanning. The number
h(t) of spanning clusters, which have a lifetimeallows us to
calculate the numbeM(t) of spanning networks living for a time

t or longep®

t'=co

N(t) = Zl h(t') (5)

The valueN(0) of the decay functioiN(t) corresponds to the
total number of spanning networks observed in the simulation
run, i.e., the number of spanning networks that live during one
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Figure 16. Decay functionN(t)/N(0) of the lifetime of a spanning
water network at the surface of lysozymeTat= 300 K and various
hydration levels. Ny, is given in the inset.) The blue and red lines
approximately correspond to the threshold surface cover@gesd
C,, respectively.

TABLE 1: Parameters 75 and a for Lysozyme at 300 K
Computed by Fitting of N(t)/N(0) with a Stretched
Exponential Function (Eq 6)

Ny o Ts/pS [Fsllps #ps [Fnsllps
375 0.857 0.202 0.219 0.197 1.088
400 ~C,) 0.835 0.371 0.408 0.355 1.084
425 0.800 0.613 0.695 0.653 1.077
450 ~Cy) 0.633 1.038 1.462 1.164 1.075
475 0.573 2.648 4.524 4.727 1.072
550 1) 184 184 176 1.059

2 The lifetime of a single hydrogen bondyg[] calculated by eq 8,
and the lifetimes of a spanning water netwatk[Jand [z[] calculated
by egs 7 and 8, respectively, are also given.

analyzed configuration at least. The simulated function
N(t)/N(0) of spanning water networks at the surface of lysozyme
is shown in Figure 16 for various hydration levels.

At t = 1 ps, the functiorN(t)/N(0) can be well fitted to a
stretched exponential function

N(H)/N(0) = exp(—(ri)“)

wherers;is a characteristic time ardis a stretching parameter.
The deviation of the stretching parameteirom 1 is a signature
of the nonexponential behavior df(t)/N(0). To take all data

(6)

J. Phys. Chem. B, Vol. 109, No. 21, 20061003

exponential decay of the spanning water clusters with time at
all hydration levels. The deviation from the exponential decay
increases with the hydration level and seems to achieve a
maximum @ ~ 0.6) at the percolation threshold, indicating the
existence of a broad range of time scales. Far above the
percolation threshold, the decay functibit) of the spanning
water network could not be fitted satisfactorily to eq 6. As a
result, the quality of the fit foN,, = 550 is worse compared to
the quality of the fits at the other hydration levels given in
Table 1.

It is reasonable to compare the lifetime of a spanning network
with the average lifetimel#ygd of a single waterwater
hydrogen bond. Various procedures can be used to calculate
Fysdfrom MD simulations. In the present paper, we adopt a
procedure similar to the one used to study the lifetime of a
spanning water network. Namely, we calculate the nurhbgy
of water~water hydrogen bonds that occur and remain continu-
ously unbroken during the time interval or longer. The
distributionN'(t) and the average lifetiméygCare found rather
sensitive to the sampling frequency. In fact, the use of a long
interval between sampled configurations assumes that the
breaking and restoring of some hydrogen bonds at shorter time
intervals are ignored. We have chosen the time interval between
the analyzed configurations to be equal to 0.2 ps, i.e., exactly
the same as used in the analysis of the lifetime of a spanning
water network. The average lifetimésygof water—water
hydrogen bonds near the lysozyme surface at various hydration
levels are shown in Table 1. Note thatg[calculated for
hydration water at the lysozyme surface is slightly higher than
the value [#yg0~ 0.9 ps obtained by applying the same
procedure for the bulk liquid water at ambient conditions. The
latter value is in good agreement with the average wateter
hydrogen bond lifetime, obtained in bulk water using the same
sampling frequency 0.2 (s.

4. Conclusions

The formation of a quasi-two-dimensional spanning water
network at the surface of a single protein molecule can be
identified with the first appearance of a water monolayer, which
is a necessary condition for completely restoring the internal
dynamics of proteins, i.e., the dynamics observed in the case
of full hydration. Besides, even in the latter case (protein in
aqueous solution), the spanning network of surface water can
break with temperature and pressure or due to the addition of
cosolvents. This may have important consequences for the
protein structure, dynamics, and hence its function. Therefore

points equally into account at all time scales, we fitted the data the properties of spanning networks of hydration water on the

to eq 6 in a logarithmic form. The obtained fitting parameters
7t and a are listed in Table 1. The average lifetimeg{]
calculated at various hydration levels by the equation

2= o) ™)

(08
with T" as the gamma function, are given in Table 1.
The average lifetimézdof a spanning water network can
also be calculated directly, i.e., without any assumptions
concerning the behavior ¢i(t)/N(0)

0= NO) ™ [T N(t) dtf (8)

surfaces of proteins should be studied in detail, in particular,
by computer simulations.

Percolation theory does not predict how a percolating
(spanning) network should appear and how it can be detected
and characterized in such closed systems as the surface of a
finite object. In a previous papét,we have shown how the
formation of a spanning water network occurs at the surface of
a protein molecule. In the present paper, we performed computer
simulation studies of the various properties of spanning and
nonspanning water networks at the simplest closed surface,
namely, smooth hydrophilic spherical surfaces, and extend this
analysis to the surface of a real protein, a lysozyme molecule.

The two-peak structure of the probability distributi®(Smay)
of the largest cluster size reflects the two different contributions

There is a good agreement between the average lifetimes offrom the largest nonspanning and spanning clusters, respec-
the spanning water networks, obtained in these two different tively.3* This property allows us to identify the spanning

ways (comparétand(z{in Table 1). This shows a stretched

character of the largest cluster based on its size. To explore the
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specificity of various topological properties of a spanning water  Hence, the presence of a spanning network of water mol-

network, we studied their mutual correlations and correlations ecules, connected via relatively strong (stable) and flexible

with the sizeSyax of the largest cluster. hydrogen bonds, could have specific effects on the dynamic
We have found that in the case of a sphere the maximum Properties of the proteir- water system. Besides the appearance

linear extensionLmay Of the largest cluster achieves values Of the eigenmodes of such netwofRshe “rubberlike” character

exceeding the diameter of the sphere, even for comparativelyof & spanning water network may not only facilitate the

small nonspanning clusters. The nonspherical shape of thedynamics of various movements of the protein molecule but

lysozyme molecule seems to increase the difference betweenmay also lead to their coupling. Studies of various dynamic

the values ofLmax for spanning and nonspanning clusters. properties of hydrated proteins with and without spanning

However, we cannot exclude the existence of two kinds of networks of hydration water should be carried out to elucidate

spanning clusters that envelop the ellipsoid-like lysozyme their roles in protein dynamics and function.

molecule in two different ways, along the major or along the

minor axis of the ellipsoid. Acknowledgment. We thank the Deutsche Forschungsge-
The distancédmax from the center of mass of the largest water meinschaft (DFG-Forschergruppe 436) for financial support.
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