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The unique features of a macromolecule and water as a solvent make the issue of solvation unconventional,
with questions about the static versus dynamic nature of hydration and the physics of orientational and
translational diffusion at the boundary. For proteins, the hydration shell that covers the surface is critical to
the stability of its structure and function. Dynamically speaking, the residence time of water at the surface is
a signature of its mobility and binding. With femtosecond time resolution it is possible to unravel the shortest
residence times which are key for the description of the hydration layer, static or dynamic. In this article we
review these issues guided by experimental studies, from this laboratory, of polar hydration dynamics at the
surfaces of two proteins (SubtilisiDarlsberg(SC) and Monellin). The natural probe tryptophan amino acid

was used for the interrogation of the dynamics, and for direct comparison we also studied the behavior in
bulk water-a complete hydration in 1 ps. We develop a theoretical description of solvation and relate the
theory to the experimental observations. In this theoretical approach, we consider the dynamical equilibrium
in the hydration shell, defining the rate processes for breaking and making the transient hydrogen bonds, and
the effective friction in the layer which is defined by the translational and orientational motions of water
molecules. The relationship between the residence time of water molecules and the observed slow component
in solvation dynamics is a direct one. For the two proteins studied, we observed a “bimodal decay” for the
hydration correlation function, with two primary relaxation times: ultrafast, typically 1 ps or less, and longer,
typically 15-40 ps, and both are related to the residence time at the protein surface, depending on the binding
energies. We end by making extensions to studies of the denatured state of the protein, random coils, and the
biomimetic micelles, and conclude with our thoughts on the relevance of the dynamics of native structures
to their functions.

I. Introduction bonding® For biological systems, different experimental and

Biological macromoleculesproteins and DNA-are physi- theoretical (mostly computer simulation) studies probe dynamics

) . . X . on different scales of length and tirfe.

ologically inactive without water. While many aspects of ) . . .
structure and dynamics of bulk water can be regarded as For example, NMR studies give a range of residence times,
reasonably understood at present, the same is not true for theSUb-nanosecond 36300 ps to 10-200 ps? while dielectric
water which is found in interfacial or restricted environments, 'élaxation experiments have given time scales of the order of
such as the surface of proteins or micelles. The water in the 10 NS (see below). NMR is sensitive to very short length scales
immediate vicinity of biomolecules (biological water) are ©f @ few angstroms (with limited time resolution); dielectric
particularly important to the structure and biological function. relaxation averages all length scales. Solvation dynamics is
The focus of the present article is on the nature of this biological Sensitive to both time and length scales and can be a good probe
water and the associated dynamics at the molecular 5cale. ~ Of the dynamics of protein hydration (surface vs buried water)

The water layer on such surfaces (or, inside the pool of a with ft_amtosecond resolution, as discussed h_ere for surface
reverse micelle) is heterogeneous, even on a molecular lengthydration and reported elsewhere for hydrophobic pockets/clefts
scale, and water properties in the layer are sensitive to the detailgsection IlI).
of the interactions with the adjacent surface. In general, these Recently, solvation dynamics studies have been rep@rted
interfacial structures and dynamics are fundamental to solvation, using the natural probe tryptophan amino acid located at the
molecular properties at interfacé$,and the hydrophobic  protein surface. The results elucidated two types of solvation
trajectories, bulk-type and protein-layer-type: both are dynami-

I* Tclz] V\:jhom correspondence should be addressed. Email: zewail@ cally reflective of the distribution in the residence times at the
Ca’EeF(’:er.r?ﬁal:{e'r:]?);dc?rzezsiggoslﬁjlgiate and Structural Chemistry Unit, Indian .pmtem surface, as discussed |n_ our repbrhe blologlc_al water
Institute of Science, Bangalore, 560012, India. Email:  bbagchi@ ndeed has a slower response time (38 ps for Subtilisinisberg
sscu.iisc.ernet.in. (SC) protein) than that of bulk hydration-{ps) (for another
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protein, Monellin, the behavior is similar with a 16 ps relaxation rotational relaxationof the water molecules, on average, is
time instead of 38 ps for SC, as discussed below). That is, the significantly slowed in the close proximity of the protein surface.
time scale is more than 1 order of magnitude longer than that One focus of this article is on the development of a simple
of bulk water, but orders of magnitude smaller than that of description of the interface region which allows for the direct
dielectric measurements. To describe the range of time scalescorrelation to our experimental observables. In so doing, we
we must consider the molecular dynamics of water at the relate residence times to solvation dynamics, define an effective
interface. friction caused by rotational and translational motions, and take
This article gives an overview of these recent experimental INto account the dynamical equilibrium between the bound and

studies of solvation dynamics in two proteins (SC and Monellin) frée water in the hydration layer. A potential energy of mean
in the native and denatured state. We also discuss a simplel©"c€ as a function of the distance from the surface is given
theory, based on the assumption of a dynamic equilibium here to reproduce features of the distribution in residence times.

between the bound and the free states of water molecules inThesg issues are discussed h_ere gu_lded by the reported
the hydration layer, which provides a relationship between the experimental results on two proteins, native and denatured, and

solvation correlation time and the residence time of water onle b'gn:'][nﬁt'c’ a mllgellte. ider bulk hvdrati fh .
molecules. A correlation between the enhanced friction on a . Whatfollows, we first consider bulk hydration ot the amino

protein due to the slow water molecules in its hydration layer agdc;rﬁlggoeﬁhig’teﬁgtﬁ :jhrztt)iz)er?gauéri?cds e;zgr;?eeoﬁgzlé/él:\lzxga
and the residence time is shown. We highlight the theoretical P Y y ' y

L . . . experimentally. We end with the relevance of the findings for
findings here, but more details will be published elsewhere. C .

o ) macromolecular hydration in the denatured state, and with some
One of the early indications that the hydration layer of a general conclusions.

protein is different from the bulk water came from dielectric
measurementsThree distinct regions in the frequency-depend-
ent dielectric function were found, in contrast to one region for

bulk water, suggesting different types of water dielectric  (a) Theoretical. To understand the meaning and scope of
properties. From these measurements it was found that thesejyation dynamics, let us first visualize the physical essence
dielectric relaxation of a protein in solution (e.g., myoglobin  of the dynamical process involved for a solute molecule in a
~10 ps,~10 ns, and~74 ns; see section V.B) contrasts that of 4|5y solvent® A change in the solute is made at tire= 0,

bulk water (8.3 ps). The longer relaxation time, together with py femtosecond (fs) excitation, which leads to the creation of a
the Stokes expression of friction (from hydrodynamics), suggests gipole. This dipole gives rise to an instantaneous electric field
a larger radius for the protein as a result of hydration. This gave on the solvent molecules. Because of the interaction of the
rise to the conjecture of the existence of an “ice-like” static solvent permanent dipoles with the electric field, the free energy
structure at the surface of the protein. This idea is now invalid. minimum of the solvent shifts to a nonzero value of the
Information about biological water is derived from X-taand polarization. The solvent motion is critical (Figure 1). Since
neutron diffractiont? and both indicate that in the crystalline the solute is excited instantaneously (a Fran€london transi-
form of a protein a significant number of water molecules are tion as far the nuclear degrees of freedom are concerned), the
bound in the hydration sites. For example, the neutron diffraction solvent molecules dt= 0 find themselves in a relatively high-
study of ref 12 has shown that, for the protein carboxy- energy configuration. Subsequently, the solvent molecules begin
myoglobin, 89 water molecules are well localized at specific to move and rearrange themselves to reach their new equilibrium
hydration sites. As mentioned above, NMR studies have given positions (Figure 2). The nuclear motion involved can be broadly
a time scale for the dynamics, sub-nanosecond or shorter.  classified into rotational and translational motions.

Several MD simulation studies have revealed the dynamical When the solvent is bulk water, rotational motion would also
nature on the picosecond time scale. Stimulated by neutroninclude hindered rotation, libration, while translation would
diffraction experiment$2it was found recentf# by simulations include the intermolecular vibration due to the extensive
that typically about 80% of the hydration sites of carboxy- hydrogen bonding. The two specific motions, libration and
myoglobin are occupied by water molecules for a snapshot, andintermolecular vibration, are relatively high in frequency and
that only four water molecules remain bound during the entire &€ expected to play a dominant role in the initial part of
length of the simulation (80 ps). The residence time of water solvation!® The molecular motions involved are shown sche-
molecules in the hydration layer of this protein was found to Matically in Figure 1, and in Figure 3 we show a typical

have a distribution between somewhat less than 30 ps to abomsolvation time correlation function which we shall discuss below.
80 ps, which was the longest run time of the simulation. For clarity, we approximate the motions responsible for decay

. . o in different regions.

fuchﬁ)ns;zgﬁ;gx)%inab(s)tr:g?n% ?:r?;rg;; f:2$n Bag'z gliégﬁ)/lrj;g;] A simple way to address the dynamics of polar solvation is

. . : . to start with the following expression for the solvation energy
to the surface, suggesting a solvation shell at an average dlstanceE {t),153
The study of the trajectory of individual water molecules clearly SO
shows two entirely different behavier®ne for the bound and 1
the other for the free water. Rapid exchange between the two Eo (D) = > f dr Eo(r)-P(r,t) Q)
states of binding was evident in the MD suggestingekistence
of a dynamic equilibrium between the two states another
MD study of the dynamics of the protein plastocyaHira
survival correlation time for the hydration layers was defined.
This correlation function was allowed to decay only when water
molecules leave or enter the layer; the function was found to
decay slowly for the molecules that are close to the surface of
the protein. As importantly, it was also observed that the P(r.t) = f dQ () p(r,2,1) 2)

II. Solvation Dynamics in Bulk Water

whereEg(r) is the instantaneously created, position-dependent
electric field from the ion or the dipole of the solute an,t)

is the position- and time-dependent polarization. The latter is
defined by the following expression:
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Figure 1. Schematic illustration of solvation of an ion (or dipole) by water. The neighboring molecules (numbered 1 and 2) can either rotate or
translate to attain the minimum energy configuration. The field is showBoa3he springs connected to the molecules are meant to denote
hydrogen bonding.

where u(€2) is the dipole moment vector of a molecule at shall present a simple physical picture of the observed biphasic
positionr, andp(r,L,t) is the position, orientation, and time-  solvation dynamics.

dependent density. Therefore, the time dependence of the Within linear response theory, the solvation time correlation
solvation energy is determined by the time dependence of function is directly related to the solvation energy:
polarization that is in turn determined by the time depend-
ence of the density. If the perturbation due to the probe on
dynamics of bulk water is negligible, then the time depend-
ence of polarization is dictated by the natural dynamics of the

liquid. wheredE is the fluctuation of solvation energy from the average,
The theoretical analysis of the time-dependent density is equilibrium value. Note that the equality in eq 3 indicates the
usually carried out by using a molecular hydrodynamic approach direct relation for the average of the fluctuations over the
that is based on the basic conservation (density, momentum,equilibrium distribution (left) and the nonequilibrium function
and energy) laws and includes the effects of intermolecular (both (right) which relates to observables; withol(c)Othe cor-
spatial and orientational) correlations. The latter provides the respondence is clear, afii(e)Jis rigorously the result of the
free energy surface on which solvation proceeds. The equationequilibrium term in the numerator and for normalization in the
of motion of the density involves both orientational and denominator.
translational motions of the solvent molecules. The details of The ultrafast component in the solvation time correlation
the theoretical development are available elsewHEteere we function (see Figure 3, upper part), originates from the initial

[DE(0)-0EMT_ E®MT— [E(w)0l
ED [E(0)— (o)

c(t) = Q)
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Figure 2. Schematic illustration of the potential energy surfaces involved in solvation dynamics showing the water orientational motions along the
solvation coordinate together with instantaneous polariz&iolm the inset we show the change in the potential energy along the intramolecular
nuclear coordinate. As solvation proceeds the energy of the solute comes down giving rise to a red shift in the fluorescence spectrum. Note the
instantaneou®, e.g.,P(«), on the two connected potentials.

relaxation in the steep collective solvation potential. The expression for thé&dependent longitudinal polarization relax-
collective potential is steep because it involves the total ation timei>c
polarization of the syste?2¢ This initial relaxation couples

mainly to the hindered rotation (that is, libration) and the 1 D,
hindered translation (that is, the intermolecular vibration), Tuc~ = 2Dgf(k)[ 1 + ) (4)
which are the available high-frequency modes of the solvent; e (K R

neither long amplitude rotation nor molecular translation is

relevant here. The last part in the decay of the solvation Here Dg and D+ are the rotational and translational diffusion
correlation function involves larger amplitude rotational and coefficients, andf(k) is a force constant which describes
translational motions of the nearest neighbor molecules in the orientational correlation among the water molecules at wave-
first solvation shell. In the intermediate time, one gets con- vector k. At large values that correspond to the distance of
tributions from the moderately damped rotational motions of nearest-neighbor separatidik) = 1.0-1.5. At small values
water molecules. In a sense, with the above description one(k ~ 0), the relaxation time goes over to the standard form of
recovers the famous Onsager’s “inverse snow-ball” picture of the longitudinal relaxation time.

solvationt’ The above expression (equation 4) reproduces the observed
A simple but fairly accurate way to describe the slower part slow decay with time constant of about 1 ps. We take the
of solvation dynamics (that involves rearrangement of the following values for watet®2°Dgr = 2.2 x 1011s%, Dy =2.5
solvent molecules which are the nearest neighbors of the probe)x 10 =5 cn/s, f(k) ~ 1, andk = 2z/L, whereL is a measure
is to use a wave-vector-dependent relaxation time, as is routinelyof the separation length between the solute and the solizent;
used in the description of neutron scattering experiments. ~ 1.50, whereo is the diameter of water molecule (2.8 A).
For slow relaxation, one can use a Smoluchow3dKasov- These values give about 1 ps faPU'k, Varying the range for
type kinetic equations of motion to describe the rotational the parameters, we obtained ©2 ps which still in the range
and translational motion of water moleculésThe following of solvation time scale. Actually, the above good agreement is
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Figure 3. (top) A typical solvation time correlation function for water is shown here. The time correlation function exhibits three distinct regions:
the initial ultrafast decay, an intermediate decay of about 200 fs and the last slow decay with time constant of 1 ps. The physical origin of each
region is indicated on the plot itself; see text. (bottom) Green’s fundB@Xt|o) for population relaxation along the solvation coordinXtés

plotted against time in femtosecond.®, X, is the initial position at = 0. This figure shows the position and time dependence of the population,
fluorescence intensity. At early times (when the population ¥;gtthere is an ultrafast rise followed by an ultrafast decay. At intermediate times
(when the population is &) there is a rise followed by a slow decay as shown by the green line. At long times when the population is nearly
relaxed (positionXs, red line) we see only a rise.

a bit surprising because one expects some perturbation causedonstant is about 1 ps which is determined by the indi-
by the transport near the solute. vidual rotational and translational motions of the molecules
From the behavior of the correlation function of hydration in the “first solvation shell” nearly close to the probe.
and the above estimate, the picture is clear. The slowest timeThe femtosecond component is dominated by the high-



Feature Article J. Phys. Chem. B, Vol. 106, No. 48, 2002381

frequency-hindered rotational and translational (vibratio#) characterized as an appropriate probe for solv&tidhThe
polarization. importance of tryptophan in solvation studies is that it can be
Figure 2 shows a schematic of the solvation potential and used to examine the dynamics in a specific location of a protein
the orientational motions for the water molecules involved. From surface tryptophan which is an integral part of the native state.
the shape of the potential, it can be seen that the transientThe indole aromatic ring system in the near UV region has two
behavior for the population during solvation should be a decay overlapping electronic transitiondl, and 1L, with nearly
function on the blue edge of the spectrum and a rise function perpendicular transition dipole mome#sgsThe 1L, state has
on the red edge. These wavelength-dependent features can bbeen identified as the emitting state in nonpolar environments,
explained nicely within a generalized model of relaxation in while thell , state is the emitting state in polar media and has
which a Gaussian wave packet relaxes on a harmonic surfacea large dipole moment.
The relaxation is nonexponential and a Green’s function can Recent anisotropy measurements from fs fluorescence up-
describe the approach of the wave packet along the solvationconversion have determined that the internal conversion process
coordinateX to its equilibrium value. For the general non- of the fluorescent state in watel_¢) actually takes place in
Markovian case it is given By less than 100 %25 This finding contrasts a previous conclu-
sior?” which had indicated that such electronic-mixing dynamics
1 [X — X,C(1)]? occurs on the time scale of 1 to 2 ps, and hence mask the
> > 205 R S solvation dynamics occurring on this time scale. With the sub-
N 27X — C(1)] 20X — C(0)] 100 fs formation of the solvation-sensitiYle, state, the internal
(5) conversion dynamics can be considered to be well-separated
from solvation dynamics which occur on the hundreds of
where [X20is the equilibrium mean-square fluctuation of the femtoseconds and up to 1 ps.
polarization coordinate in the excited-state surface Xnis Figure 4 shows the results of fluorescence up-conversion
the initial value of the packet on the solvation coordinate. experiments of tryptophan in aqueous solui®the upper
Equation 5 describes the motion of the wave packet (polariza- section of the figure depicts population transients at three
tion density) beginning at = 0 (Xo) as a delta function and  representative wavelengths and the lower part gives the corre-
according to the solvation time correlation function. tAs co, sponding spectral evolution (inset) and the hydration (solvation)
C(t) — 0 and we recover the standard Gaussian distribution. At correlation functiorC(t). The solvation dynamics observed were
early times {— 0), the exponential is large, so the decay is fitted to a biexponential decay, with a time constant of 180 fs
ultrafast, but at long times, the relaxation slows down, ultimately (20%) and another of 1.1 ps (80%); the earliess0 fs
to appear as arise. In Figure 3 (bottom), we present calculationscomponent is not resolved. The net dynamic spectral shift is
of G(X,t|Xo) at different positions along the solvation coordi- 2350 cntl. Clearly, these experiments are resolving the slower
nate: a decay ai and X, but with different time constants,  diffusive part of the solvation dynamics following the large
and a rise aKs, as demonstrated experimentally in the coming dipole increase~+6 D?) of the indole chromophore upon the
section. sub-100 fs formation of the fluorescifl, state (up-conversion
(B) Experimental: Tryptophan in Bulk Water, a Case experiments of tryptophan in alcohols also produced the
Study. Time-resolved fluorescence studies have provided very corresponding typical solvation features of these liquids, as
detailed experimental information about the dynamics of sol- shown in this laboratory and elsewh&jeA set of these results
vation. In particular, with the time resolution of the fluorescence give the correlation function shown in Figure 4. From our
frequency up-conversion method, it has been possible to monitorreported results in Figure 4, the behavior of the population

solvation dynamics by following the evolution of the emission change and the correlation function are entirely consistent with
spectrum of a chromophore in solution on the time scale in the theoretical analysis of Figure 3.

which solvent relaxation occuf$2 The shift in the chromo- ) ) .
phore’s emission frequency (peak) which accompanies the !ll. Dynamics of Protein Hydration: Theory
solvent relaxation is then a measure of the dynamics of solvation.  Solvation dynamics of an external probe located at the surface

G(XitIXy) =

From eq 3 we can defin€(t) in terms of observables: or in hydrophobic pockets/clefts of a protein is rather complex
because it derives contributions from spatial and temporal

o) = v(t) — v() ©) inhomogeneities. Experiments have shown, using couffarin

v(0) — v(c0) or eosirf® as an extrinsic dye probe, that a multiphasic behavior

is present but still with short and long time components. In one

wherewv(t) is the emission maximum (in wavenumbers) at time such studies, the observed relaxation (for coumarin) is attributed
t. As noted in Figure 2, the polarization experienced at a given entirely to a hydrophobic pocket in the solvent-inaccessible
time is the result of the switched-on field (excited state). Note region?8 For the other probe (eosi#f)the X-ray structure (see
that in general we must consider the two potentials, excited andbelow, section V) indicates that it is in a hydrophobic pocket.
ground, and the two coordinates of the probe: intramolecular Even with a natural prob¥, we must consider the different
nuclear motion and that of solvation (Figure 2 and its inset). It contributions to solvation, the protein molecule, the water in
is the instantaneous intramolecular Fran€london transition the hydration shell and the bulk water, but we can eliminate
that keeps the solvent polarization (see, €(r) in Figure 2) the inhomogeneity in bindings and the local changes due to a
the samen both these states and makes the energy differenceforeign probe.
between surfaces reflect the behavior of the time-dependent In the following we consider the different processes involved
polarization and solvation. in protein hydration, with the following questions in mind: What

Studies with sub-100 fs time resolution have observed all is the microscopic origin of the long-time solvation dynamics?
the time scales involved in bulk water solvation: from the If the slow solvation arises from the hydration layer, then why
ultrafast features, which take place in a few tens of femtosecondsdoes the 1 ps component continue to persist? What is the
to the slower parts which occur within 1 #5823 Recently, the residence time, and its distribution, and why does it affect the
indole side chain of the amino acid tryptophan (Trp) has been friction by translational and rotational motions?
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Figure 4. Femtosecond resolved fluorescence (upper) and solvent response function (lower) obtained for aqueous tryptophan solutions with an
excitation wavelength of 288 nm. The results give the decay of the hydration correlation function in bulk water. The insert shows the normalized
spectral evolution at five delay points. The evolution with time clearly shows the origin of the observed decay (see, e.g., the point at 32.5) and the
rise (see, e.g., the point at 26). The magnitude of the decay or rise component, relative to the relaxed component, depends on the magnitude of the
net shift and the lifetime of the relaxed state. The spectra shown are normalized, but, in general, they may change in amplitude with time because
of Franck-Condon factors; if the lifetime of the relaxed state is too short then this decrease is serious and a build up may not be observed, as
discussed in text for other systems.
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(A) Polarization Relaxation of Hydration Layer. Both the direct relationships given above, modified by a bifurcation
structure and the dynamics of water molecules in this layer are factor. The expressions of the rates are given below.
influenced by the interactions with the protein, especially with  (B) Orientational Relaxation. Orientational relaxation of
the polar and charged groups at the surface. Water moleculesvater molecules in the hydration shell gets modified because
form hydrogen bonds with these groups and the strength of this of the dynamic equilibrium between free and bound molecules.
bonding vary from group to group, as already discussed in the The logic runs as follows. First note that the orientational
Introduction. When strongly hydrogen bonded to the protein, diffusion Dr = 2.2 x 10's 119 relaxation of the water
the water molecules cannot contribute to solvation dynamics molecules in the bulk is largely single exponential, with a time
because they can neither rotate nor translate. But the hydrogerconstant of about 2.3 ps. The orientational relaxatioguasi-
bonding is transient, and there is a dynamic equilibrium between free water molecules in the hydration shell of a protein is not
the free and the bound water molecules. The physical processexpected to slow appreciably. Simulations have confirmed this
is shown pictorially in Figure 5 (upper part). The potential of fact3® simulations also show the existence of a very slow
mean force can be represented by a double well structure, ascomponent for those water molecules which remain bound at
shown in Figure 5 (bottom), to symbolize the process of bond the surface of a micell&. This slow component, which could
breaking and bond forming. This figure shows an effective last for hundreds of picoseconds, is a clear signature of bound
potential energy of a water molecule as a function of distance water molecules.
from the protein surface. Here we have assumed that the We can derive an expression for this slow relaxation by using
transition from the bound to thguasi-freestate occurs along  the same dynamic exchange model described above. The model
the distance from the protein surface which is taken to be theis to consider the rotation of thguasi-freewater molecules
primary reaction coordinate of this event. within the hydration layer. Thus, the mode of decay of the

However, hydrogen bonds can also break via rotation. In fact, orientational correlation by escape to the bulk is deliberately
in the limit of small binding energy, this mode of interconversion not considered here because our focus is on the dynamics inside
between the free and the bound states could be more efficientthe hydration shell. The details of the model will be discussed
When the binding energy is large (comparedg®, wherekg elsewhere-here we present a somewhat simpler version. The
is Boltzmann's constant and the temperature), then this starting point is the similar kind of coupled reactiediffusion
mechanism is not as efficient because the majority of bonds equations, discussed in Appendix I, which can be solved to
broken by rotation can re-form immediately. Thus, the molecule obtain the two rate constanks given by
needs to be physically removed from the position next to the
protein surface to a certain distance away to be considered as 1 [ . .
free. The kinetic model we employ is general and independent K, = E[_B £ (B” — 8Dgkyy)] (©)
of the potential energy surface. The details of the bond-breaking

mechanism enters only through the rates of interconversion, asith g = 2Dg + ki + kor. This equation is similar to that of eq
discussed below. 7, limiting solvation by only rotational diffusion, i.ere?uk =
The theoretical description requires solution of two coupled 1/(2DR) (see eq 4). In the limit where the rate of conversion
reaction-diffusion equations, discussed in Appendix I, which - from hound to free becomes very small, large barrier, the above
include the dynamic equilibrium. Two rate constarkg,and expression further simplifies and the two rates are giveny 2
ki, are introduced to describe the transition from bound (to the gndk... Thus, while one time constant remains fast, of the order
surface) to free (from the surface) and the reverse, respectively:of o3 ps, the other one becomes much slowgr!, the rate
bound= free (rotating and translating). As shown in Appendix getermined by the binding energy. We note that the fast
|, the resulting equations can be solved for the polarization t0 component of solvation could become even shorter if transla-
find two wave-vector-dependent relaxation times)( tional diffusion is included, eq 7, as discussed below.
The above result has some important ramifications. Dielectric
relaxation measurements of aqueous protein solutions often find
(7) a slow nanosecond component, which is usually attributed, at
least partly, to the orientational relaxation of the water molecules
in the hydration shell. By using the above expression, we can
whereA = [tP"K(K)] 7 + ke + kor. Here,z(K) is the wave-  now put an upper bound on the time constant from knowledge
vector-dependent bulk solvation time, given by eq 4 (with now of the distribution of binding energy. This theory predicts that
f(k) = 1). These rates depend on the binding energy and will the relaxation should be in the range of- 2800 ps. Therefore,
vary from site to site. the ~1—10 ns component reporteih the dielectric relaxation
The above expression of solvation times gives simple results iterature should be primarily due to the side chain (and protein)
in the limit of large activation barrier between the bound and motions and nearly static water, not from the dominant dynamics

free states. This is because’{'(k))* is close to 1&*s™* and of biological water. The theory thus predicts a biexponential
the transition ratesk,s and kg, are expected to be smaller. In  decay for a given binding energy. However, there is a distribu-
this case, the time constants are given by tion of binding energies. This can lead to highly nonexponential
orientational dynamics and can explain the stretched exponential
T = 17| = 7K (8a) decay of orientational relaxation observed recently in MD
simulations of proteiid and micelle$! We now consider

(8b) expressions fok,s andks,, and the residence time.

(C) Residence times and RatesWe first estimate the
residence time by using the following well-known expression
for translational motion:

_ ~k 1
Tslow= |T+| ~ kbf

In the same limit of large activation energy separating the bound
state from the free one, the residence time of the bound water
molecules is given essentially by, which is in the range of )
tens of picoseconds. Evenk is significant one can show the Tres= Ly 76D (10)
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Figure 5. An illustration of the dynamic equilibrium in the hydration layer of a protein, with boundy(Bsi-free(2) and free water molecules
(3). The potential for the exchange is shown in the lower part, see text.

wherertesis the time taken to cross the layBx; is the diffusion typically 4 A, andDy is to be calculated as follows. In the bulk,
in the perpendicular (to the protein surface) direction bnis Dg is Y3Dpui. Typical value ofDpyk is 2.5 x 107 cn?/s20

the width (or, thickness) of the biological layer (note the factor However, in the hydration shell, both the parallel and perpen-
6 here, not 2, because we are still in 3 dimensiohs).is dicular components of the diffusion coefficient decrease, the
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perpendicular one being more affected. It is reasonable to
assume thaDg is somewhat less than the bulk value. Thus we
obtain an estimate afsof 32 ps (forD-=%3DpuK) or longer.

In reality, the residence time of water in the biological layer
is determined by the nature of the interaction with the surface.
Let us assume thaVi(z) denotes the reduced energy of
interaction of a water molecule with the site i on the protein
surfacezis the direction perpendicular to the surfaggz) will
have a minimum az ~ 3—3.5 A. At smaller distances from
the surface, the energy should rise sharply. The potential is
shown schematically in Figure 5. We can obtain a closed
form expression for the escape time by calculating the mean
first passage time which is obtained by using the method of
images®?

The physical picture behind this derivation is simple. The
diffusing molecule is modeled as a random walker. The
boundary on the bulk side is an absorbing wall (or barrier), while
the protein surface is modeled as a reflecting barrier. The water
molecule executes a random walk under the influence of the
potential Vi(2). The equation of motion is given by a Smolu-
chowski equatiori? The first passage time can be obtained from
the adjoint of this equation. An elegant description of the method
is given in ref 32. The final expression of the mean first passage
time is given by

T(zy) = DiT f: dy &0 [ dx &M (11)

whereb is a position of smaller values thagandg = 1/(kgT).
T(20) has a dependence on the initial positimand also on the
hydrogen bond strength, throut{z). Thus, thisT(zy) will have

a distribution. The average residence time is given by the
following double averaging,

Fred = <T(z)> = [ dz Pz) [ de POT(Z) (12)

whereP(z) is the initial population distribution in the potential
well and P(¢) is the distribution of the hydrogen bond energy
with binding energye. One can even include the effects of
hydrophobic interaction by including a repulsive surface. Note
that the above expression for the residence time is general.
Now, if we make the assumption that the interconversion
between the bound ampliasi-freemolecules occur on the same

potential energy surface, then the same procedure as describe
above can be used to obtain expressions for the rate constant

kot andks,. The final expression fokys is
Dy
or = [ dy 0 [ e P
Y b

(13)

Note that the upper limit of integration in the first integral is

different from that in eq 11, because the bond breaks when the

coordinate reaches the positiah The expression foks, is
obtained by reversing the initial and final states.

To make quantitative estimates of the various quantities, we
need to assume a potential enekgfz) for the transition from
bound to free water. As a first approximation, one can assume
that this is given by a double Morse potential

V(2 = Eib[l _ ef(zfzb)/iblz — B, +E[l1— e—(z—zh-)/zb-]z ~E,
(14)

where Eib is the hydrogen bond energy witth polar or ionic
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group of the protein amino aciéy is the hydrogen bond energy

of the quasi-freemolecules. The length parametédisand Ay

are obtained by imposing conditions of continuity of the
potential and its first derivative. As already mentioned, the
presence of a second shallow minimum is suggested by a second
peak in the radial distribution function and is also expected on
theoretical grounds.

With the above representation of the reaction potential energy,
we can now find an estimate of the binding energy responsible
for the slow solvation time. By using eq 13, numerical
calculations give a value of 2.3 kcal/mol for SC and 1.2 kcal/
mol for Monellin in order to account for the observed,
respectively, 38 and 16 ps time constants. Because of the
existence of binding sites of different energies on the protein
surface it is convenient to discuss dynamics in terms of a
distribution of residence times. Once an expression of the
residence time is available, it is easy to translate the distribution
of binding energy to the distribution of residence times. This is
simple because we can calculate the residence time at each
energy, eq 11.

In an extreme limit one may consider an exponential
distribution of binding energies on the protein surface, i.e.,

P) = (1/e,) exp(—¢le,) (15)
where €. is the single energy parameter that quantifies the
distribution. Therefore, the distribution of residence time is a
function of bothe ande. It is now straightforward to obtain
the distribution of residence times, given anln Figure 6 we
show a calculation of the distribution of residence times. Note
the slow tail at long times which is expected and has already
been observed in simulations. In the lower part of the same
figure we show a corresponding solvation time correlation
function where the contributions from the two different time
scales are indicated. A more realistic distribution is that
involving at least a bimodal distribution, that which has a peak
neare ~ 0 and another at a shifted value fer As such the
sum of the two defines théwydrophobic and hydrophilic
interaction regions with totaP = aP; + SP,. For the latter
bimodal distribution, we showZ(t) in Figure 6, which indeed
is robust in its behavior.

(D) Solvation and Residence TimeBecause the residence
time is a measure of the mobility of the water molecules, one
Hwtuitively expects a relationship between solvation dynamics

nd the residence time of a water molecule in the hydration
ayer. The separation in time scales allows us to obtain such
relationship for the two major components of hydration, for the
ultrafast ~1 ps component and for the slow 280 ps
component. The time constant for the fast part of solvation is
given by eq 8a, and earlier we considered only rotational
diffusion, eq 9. We now consider the additional translational
diffusion, t,es = Ly%/(6Dg), which is given in eq 10. We now
combine eq 4 and 8a and use eq 10 to elimiité=D+/3),
yielding

_ _ 1 _
Tsolv t= Trot ! + (ELHZkZ)Tres ! (16)

wherers,y is the solvation time (ultrafast part) of the hydration
shell, 7ot = (2DR) * andk ~ 27/(1.50) = 4.196 cm™L.
According to this linear relationship, the slope in Figure 6
(upper part, inset) gives:9(Ln/0)?, square of the ratio of the
thickness of the layer to the molecular water diameter times 9.
This relation 16 for the ultrafast part of solvation, which is
determined by the motion of free quasi-freewater molecules,
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Figure 6. The calculated probability distribution for the residence time (upper) and solvation time correlation fu®¢}idower). Two different
types of distribution are plotted: A single-exponential function with an average binding enetgydksT, and a bimodal distribution with peak
average values,(1) = 0.9T ande(2) = 3kgT with P = 0.3P; + 0.7P,. In the inset of the upper part we plot the relationship between the
residence time and the solvation time describing the linear behavior and approximate validity regions.

shows that the contribution to the solvation rate is from the most by a factor of~2.3, indicating that the ultrafast component
typically bulk-type rotational diffusion in addition to the remains that of bulk-type.

contribution from translational diffusion; when the latter reaches  On the other hand, for the slow component of solvation-(20
the bulk value Dt = 2.5 x 1075 cn¥/s), which reflects the 50 ps), which reflects the dynamics of bound water molecules,
dynamics of “free molecules”, the solvation time decreases at the residence time is given by the inverse of the rate of transition
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from the bound to the free state, eq 8b; that is,

‘Lflres = kbf (17)

This is an interesting result that shows that the long time

component of polar solvation dynamics is equal to the residence
time of the water molecules. Again, the deviation for the general

case is relatively small, as discussed in section IIl.A.

IV. Experimental: Femtosecond Protein Hydration
Dynamics

In this section we present our studies, with femtosecond
resolution, of hydration dynamics at the surfaces of the proteins
Subtilisin Carlsberg(SC) and Monellin (see Figure 7 for the
high-resolution X-ray structures). The protein SC is an enzyme
(serine endopeptidase), while Monellin is a plant protein that
tastes sweet (50000 times sweeter than ordinary sucrose)
Although the biological function of the proteins are different,
both contain only one tryptophan (SC: Trp-113; Monellin:
Trp-3 of chain B). These single tryptophan (Trp) residues were
used as intrinsic biological probes for the hydration dynamics.
The details of the studies can be found elsewhg#é.

As mentioned above, the main advantage of using the amino
acid tryptophan as a hydration probe is that its intrinsic nature
rules out the ambiguity about the location of the probe and hence
the environmental heterogeneity (spatial averaging). The
photophysical properties of Trp and its spectral shift when it is
solvated in polar environments has been thoroughly studied.
Moreover, the intramolecular processes of Trp occur on the time
scale of less than 100 femtoseonds and do not mask solvatior
dynamics which occur on the one picosecond time scale as
detailed in section I.B. By exciting Trp near the lowest
vibrational energy we can eliminate complications due to
vibrational relaxation and energy redistribution. Finally, the
indole chromophore of Trp has a much larger dipole moment
in the excited state than in the ground staitu( = 6 D)%
indicating the near instantaneous switch of a net dipole in polar
water.

(A) The Enzyme Protein SC. The hydration correlation
function C(t) obtained from fluorescence up-conversion experi-
ments on aqueous solutions of SC is shown in Figure 8 (upper
part). A detail description of the procedure to constrG¢t)
and the time-resolved spectra of the SC has been given
elsewheré? The hydration dynamics of the SC protein shows
significant differences when compared with the results of Trp
in bulk water. In particular, th€(t) decay shows a considerably
slower and additional decay compone@t) of the protein is
described by the sum of two exponentials, with= 800 fs
(61%) andr, = 38 ps (39%); the less than 50 fs component
was not resolved. The net dynamic spectral shift is 1440'cm
For Trp in bulk waterC(t) longest time constant is= 1.1 ps.

To measure the local rigidity of the Trp in SC, we studied
the fluorescence polarization anisotropy, r(t) (see the inset of Figyre 7. The X-ray structure of the protein Subtilis@arlsberg(SC)
the Figure 8, upper part). The behavior of r(t) is not complicated (top). The intrinsic probe tryptophan of the protein is highlighted by a
by internal conversion between tAe, and L, states of Trp circle. In the middle part the extrinsic dye molecule DC attached to
since ther(0) value we observe (0.2) reflects a sti00 fs the protein SC is shown. Two DC binding sites are high!ighted. The
electronic-state mixing? The anisotropy of Trp in the protein lrﬂ\gr?cr)rﬁg? S_:_‘r?‘ef"s d?geeﬁériﬁrigﬁjﬁgr\elvg; ”&%Vm‘ggjggmﬁ'&nMgP;'g%
decays. by a 55 ps to a Cor].Stant value~di.1 (Value at 200 . Data Bank (with the code 4MON) and processed with WEBLAB-
ps). This almost constant anisotropy level, which was absent in\/ewERLITE to show one of the identical monomers, for the sake of
Trp in bulk water, indicates that the orientational dynamics is clarity. In solution, Monellin exists in the monomeric forth.
significantly restricted when compared with bulk orientational
relaxation (35 ps); solvation occurs on an essentially “static’  To estimate the thickness of the hydration layer in the protein
probe. surface, we studied the dynamics for a dansyl chromophore that
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Figure 8. Experimental observations of the hydration for the proteins Subtiisiisbergand Monellin. The time evolution of the constructed
correlation function is shown for the protein SC (top), the Dansyl bonded SC (middle), and the sweet protein Monellin (bottom). The corresponding
time-resolved anisotrop(t) is given in the inset of each part (for SC and Monellin the anisotropy was measured at 370 nm, and for Dansyl bonded
SC, at 510 nm).
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is covalently attached to the water-exposed residues, such agnergy of 1.2 kcal/mol. The relative size of the protein (SC is
lysines and arginines of the protein SC. On the basis of bond 3 times larger than Monellin) and the degree of exposure of
lengths, we estimate that the locatiori7(A) of the dansyl probe  Trp are factors that we shall consider in future MD simulations.
when bound to SC is such that it sees relatively smaller (C) Denatured Monellin. We have discussed how the
interaction with the protein environment in comparison with observed dynamics of the solvent are directly dictated by the
bulk water. The constructe@(t) shows (Figure 8, middle part)  hydration sites near the tryptophan moiety at the surface of fully
an ultrafast decay with a time constant of 1.5 ps (94%); a very folded protein. It is expected that a disruption of this globular
small amount of spectral shift occurs with a time constant of |andscape should lead to important changes in the hydration

40 ps (6%). The near absence of the long decay component (40jynamics, and if it is significant, it provides an opportunity to

ps) indicates that at the separationaf A from the surface of

elucidate dynamics of the nonnative state. Under sufficiently

SC the solvent dynamics resemble, to a large extent, those seegenaturing conditions, the macromolecule unfolds to a statistical

in bulk water.

The anisotropyr(t) for the protein in buffer solution is
consistent with the binding of the dansyl probe to the protein,
not as a free motion in bulk~50 ps in methanoB* The
anisotropy decay (inset of Figure 8, middle part) measure-
ment, from time correlated single photon counting, gives
r(0)~0.4 and shows two decays, 100 ps (46%) atichs (28%),
after which r(t) at ~26% persists for at least 4 ns. The
persistence of thgt) is consistent with the probe being attached
to the protein SC, which has a very long rotational relaxation
time; the 100 ps component may reflect the restricted motion
in a cone®

The behavior of C(t) for the protein is entirely consistent with
the theoretical formulation discussed in section Ill. The Trp site
is probing a dynamical water in the hydration layer with a
thickness of less than 7 A. The ultrafast component, within our
time resolution, indicates that we are obsendogsi-freewater
molecules of the layer with the contribution of translational
diffusion similar to that of the bulk (see eq 16). The long decay
component of 38 ps reflects the motion of bound molecules to

random coil in which the probing chromophore samples a wide
set of environments varying from those which are exposed to
bulk, hydrophobic groups, and the charged groups of amino
acids.

To explore such possibilities, we have studied solvation
dynamics of Monellin denatured with 6 molar guanidine
hydrochloride (GndHCI§2 At this concentration, the protein is
considered to exist in the random coil stéft®enaturation leads
to a significant red-shift of the steady-state fluorescence
spectrum of the protein, from 342 nm in the native state to 352
nm in the 6 M GndHCI solution. This change is associated with
the disruption of the folded state of the protein.

In the 6 M GndHCI solution(t) of Monellin is completely
altered from that of the native state in buffer solution (see Figure
9). The C(t) in this case shows a “biexponential’ decay with
= 3.5 ps (72%) and, = 56 ps (28%). The net dynamic spectral
shift is 1140 cm®. The changes with respect to the native-
state solvation can be summarized as follows: (1) There is an
increase in the time constant of the early dynamics from the
native case of 1.3 ps. (2) The contribution of the fast part to

the surface site, and according to eq 17 gives the bound to freethe total shift is significantly larger, going from 46% in the

residence time. The overall behavior @f(t) reflects the
distribution in residence times, mainly by two types of bond-
ing: 2—3 kcal/mol for the surface bound molecules on our time
scale of 38 ps andsksT kcal/mol for the freejuasi-free
molecules.

(B) The Sweet Protein Monellin. The single tryptophan
residue of the protein Monellin is on the surface and is
significantly exposed to the water environment. By following

native to 72%. (3) The slow component of the spectral shift is
now more than 3-fold increased from the slow component in
the native protein case of 16 ps.

The solution used for the denaturation studies has a very large
concentration of ions. From the density of this solution, we
calculate that there is about one Gnidbir CI~ ion for every
three water molecules. To study how such condition affects the
bulk-type dynamics in the solution, we measui€ft) in a

the time-resolved Stokes shift of the emission spectra, we solution of Trp h 6 M GndHCI solution (Figure 9); for

constructeéf the hydration correlation functio@(t), as shown

in Figure 8, lower part. The hydration at the surface of the
protein gives rise to slower dynamics compared to that in bulk
water. TheC(t) can be fitted to a biexponential with the time

comparison, we also show the result of Trp in buffer solution
without GndHCI. A biexponential fit taC(t) for Trp/GndHCI
givest; = 570 fs (28%) and, = 4.4 ps (72%). The net dynamic
spectral shift is 1335 cm. These time constants are longer

constants 1.3 ps (46%) and 16 ps (54%); the less than 50 fsthan those of Trp in buffer solution without the denaturant (
component is not resolved. The net dynamic spectral shift is = 180 fs (20%) and-, = 1.1 ps (80%)), but considerably shorter

960 cnTl

The anisotropy (t) of the Trp confirms a restricted environ-
ment around the probe. Thi€0) value is 0.24 and(t) can be

than those of the denatured protein.

The absence of the 16 ps component is evidence of the
disruption of the local structure around the Trp site. The

fitted by two terms; one is an exponential decay with time observed 56 ps component (which may have other long time
constant of 32 ps (37%) and another that is a constant term ofcomponents) manifests a much slower “solvation” by the ions
~0.15 (63%), which is persistent at least up to 300 ps (inset of and water molecules in collapsed pockets, and by relaxation of
Figure 8, lower part). The constant term is consistent with the the coiled protein structure around the Trp moiety. The large
very slow rotational relaxation of the probe as it is anchored inhomogeneity that exists in these conditions will most likely
with the protein Monellin, while the faster one may reflect the give multiple solvation times, and the 56 ps component must
restricted motion in a con®. be taken as an average of these time scales in the time window

With C(t) andr(t) for Monellin we arrive at similar conclu-  of our experiments. In fact, our time-resolved Stokes shift shows
sions to that of the SC protein, except for the time scales. The such inhomogeneity in that parts of the spectra exhibit different
ultrafast component is somewhat longer than that of bulk water probe lifetimes; note that Trp lifetime varies from 340 ps
and this is consistent with a contribution from rotational and (shortest among the three time constants) in the protein (the
translational diffusion ofjuasi-freewater (note that the effect  other two are~2 and~5 ns) to 500 ps (shortest among two) in
of k in eq 16 should also be considered). The long time the bulk (another one: 3.1 n®The reported times here are
component of 16 ps is a residence time for a typical binding much shorter.
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Figure 9. (upper part) Experimental observations giving the hydration correlation function for Monellin in a solution with 6M GndHCI as denaturant.
The blue curve corresponds to the solvation function of native Monellin while the red one gives the function of the denatured solution. (lower part)

Solvation function of tryptophan amino acid in a 6M GndHCI solution. The blue curve corresponds to the results of bulk water while the red one
shows the effect of 6M GndHCI solution on the behavior of free tryptophan. Note the difference in time scales for the upper and lower parts.

Figure 10 shows a space-filling depiction of the native state the eigenvalues of the normal modes are given by
of Monellin and of two random coil conformations of this
protein (oqu Trp-containing chain B is shown)'. .From the A= 3DO(|ﬂ)2, 1=1,3,5,..N-1 (19)
schematic images of the random-coil structures it is expected Nb
that the tryptophan moiety has the ability to sample several types
of conformations, including those that are exposed to bulk water, whereN is the number of monomers in the chalid,the mean
hydrophobic cores, and charged sites. In the denatured statesquare bond length, an®, is the translational diffusion
the dynamics of the protein can be described using models coefficient of a monomer. For MonellitN = 50. If we assume
developed for polymeric chairfé.For this case, we consider that an amino acid is a sphere of radius 3 A, then the estimate
the time correlation function for the chain’s solvation energy ©Of Do can be obtained from the StokeEinstein relation with

fluctuations as a multiexponential function: a stick boundary condition. We further set= 5 A. The slowest
time can be obtained by setting= 1 in the above expression,
[OE(0)OE(t) (= z aie“’f‘ (18) giving  ~ 30 ns. Similarly, the fastest one (with= 49) is on

the order of 10 ps.
An approximate estimate @f can now be obtained by assuming Such description indicates that there is multiple time scales
a Rouse chain dynamics for a homopolyr#&#In this model, spanning 3 orders of magnitude for dynamical processes of the
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Figure 10. Space-filling models of the protein Monellin in its native state (left) and two denatured random coiled states (right); only the Trp-
containing chain B is shown.

polypeptide-random coil. With this in mind, it can be argued C(t) displayd®a biexponential decay with time constants of 2.9
that the 56 ps component observed in@g decay of denatured  ps (45%) and 58 ps (55%). The net dynamic spectral shift is
Monellin reflects these fluctuations with an average value in 670 cntL. The inclusion of NATA in the micelle is confirmed
the time window of the solvation experiment. This assumes that by the dynamical behavior of the anisotropy r(t) (inset of Figure
the tryptophan chromophore is sensitive, either directly or 11, lower part). The persistenft) (64%) reflects the absence
indirectly through its degree of bulk exposure, to the dynamics of rotational tumbling of the probe while the 63 ps decay (36%)
of the randomly coiled polypeptide chain. In other words it is probably describes the restricted cone motion of the probe. The
the relatively slow motions of the chain (heavily charged) which observed slow decay i6(t), 58 ps, for the micelle resembles
control the final hydration of the probe. that found in the proteins and the overall respons€@f is

(D) Biomimetics: Micelles.In water most of the surfactants  definitely different from that of bulk water. This long decay
form almost spherical aggregates when their concentration component of~60 ps is observed over the time scale of our
exceeds certain value, called critical micellar concentration experiment and it is possible that it contains longer time
(CMC). These organized assemblies in water, micelles, are oftencontributions, reflective of a strongly bound watérThe
used to mimic the surface effect of proteifig* Recently, the comparison of the micellar surface with that of proteins is not
analogy with protein dynamics has been given in the review direct, but the important point is that in both cases the dynamical
by Bhattacharyya, Bagchi, and co-workét§ As with proteins nature of the water layer is evident.
there exists a slow-component®@(t) which reflects the motions
in the bound-water layer. _ V. Other Aspects of Protein Hydration

Experimentally, it is possible to probe the hydration and local
rigidity dynamics in the palisade layer of a neutral micelle (A) Residence Time and Protein Friction.Residence times
formed with Triton X-100 (TX-100) from measurementsG{t) of water molecules are significant not only for the dynamics
and r(t). We used the indole chromophore oi-acetyl- and function but also for defining the friction on the protein
tryptophan amide (NATA), which is a Trp analogue. A small- and its effective volume. We expect the residence time to give
angle X-ray scattering stué§/has shown that TX-100 micelle = a measure of the additional friction on the rotating protein due
contains a highly dense palisade layer of water of thickneXs to the hydration layer. Two limits are clear. When the residence
A (see Figure 11, upper part for schematic representation). Thistime of the hydration water is very long, even longer than the
micellar system can be considered a chemical model to studyrotational correlation time of the proteingp), then the friction
the hydration phenomenon for the probe-exposed site at awould increase. The change in friction can be incorporated by
surface in contact with water, similar to proteins. increasing the size of the protein singe= 877R®, wherey is

Figure 11, lower part, shows the experimentally derived the viscosity of bulk water anR is the effective radius of the
hydration correlation functiol€(t). The time evolution of the protein. The friction is the force correlation function and in
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Figure 11. Experimental observations giving the hydration correlation func@ (lower part) forN-acetyltryptophanamide (NATA) included
in a micelle. The time evolution of the anisotropft) shows the restricted motion of the probe molecule, NATA (see text). In the upper part a
schematic is shown of the structure.

this case it is determined by the torque for rotation. When the biological water contribution now needs to be calculated
residence time is very short, the effect of the hydration layer microscopically. The biological water friction can be calculated
will not be felt by the protein. Thus, the ratio of the two times from the torque-torque time correlation function (TTTCF). This
TredTRp IS @n important quantity. TTTCEF is proportional to the number of water molecules on

In general, one way to proceed is to assume a splitting of the the surface which is equal to®Ry?Lp wherep is the number
total friction, as is commonly done in dielectric friction density in the hydration shell. Using Kirkwood's formufa:
theoriest

€= Ehya T Sbw (20) Eow = (BI3) [, dt TO)T(HD (21)

where &nyq is the hydrodynamic contribution which can be where [T(0)T(t)U denotes the TTTCF with a standard time
equated to the total rotational friction on the protein in the averaging ang = (ksT)~L. We assume that the decay of the
absence of the biological water; it is equal tey®Ro® (hydro- torque occurs by orientation and translation of the water
dynamic limit) whereR, is the bare radius of the protein. The molecules in the layer, which is related to the residence time of
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the water molecules. Thus, the biological water friction is given constanteo, and/or a longer than bulk Debye relaxation time
by (tp). The expressions = ( e./eg)tp is then used. Sometimes
this procedure is used to provide an estimate of the effective
Epw = B4R Lp) D 3+/3 (22) polarity of such surfaces. It should be clear that a surface layer
is only a few angstroms thick and the basic assumptions of the
where[}*(is the mean-square torque by a single water molecule standard continuum model are not valid especially if the probe
on the protein. Note that the torque correlation timés closely is microscopic in nature.

relate(_j to _the residence timg.s which in turn is_ related _to _ (B) Residence Time and the Time Scale of Observation.
solvation time; note also that the torque correlation funct|o_n IS" As mentioned earlier, dielectric measurements give a rotational
the same as solvation correlation function when the protein is -, ralation time of-45 ns for a protein such as myoglobin in
not r;:ovmg.&bw contfalr;]s the dielectric fr|c|t|on. N solution. Such measurements are sensitive to the motion of the
When the size of the protein is very largBo(> L), the  \yn51e protein, and in fact it is the effective volume, including
hydrodynamlc_term dominates, as expected_ and th? '_nﬂuencehydration, which is responsible for such long time scales as
of .the_f. hydra:llon layer rc:nhthe ,tOt,‘?' rotational frg:tlon 'S shown in the preceding section. In the dielectric constant vs
|rI;S|gn|h|cant. Qt\)/ve_ver,fw € ;15 S;)in' |cant| compareh taf)d b frequency response, different regions were found to span the
then the contribution from the biological water should be ps to the ns range and for myoglobin two experimental results
counted_, espeC|aI_Iy !f the residence time is Iong.' Itis interesting \y ore reported,depending on the concentration of the protein:
to consider the limit of very long residence time when the ¢, oo centrated solutions, the values are 8.3 ps, 40 ps, 10.3

hydration layer is that of an |c_e_-I|!(e structure. In this case, the ns, and 74 ns, assigned tel0 ps (average of 8.3 and 40 ps
mean-square torque from equilibrium fluctuations decreases due,

to the f fi f ll-defined st h ‘ o results) bulk-type relaxation and10 ns for protein water; for
0 the formation of a well-defined structure on the surface. One gy, solution only the slow component of 45 ns was reported.
can derive a simple relationship f& = L,

Measurements of the magnetization transfer using nuclear
QZE&= 4241Bp (23) Ovm_erhause_r eff_ect (NOE) have been involved to obtain a
residence time in the hydration layer. The key idea is to relate
by comparing eq 22 with the totdl for a radius B + L; one NOE intensities to the dipotedipole interaction between
recovers the correct limiting friction: that iR going over to  Protons of the protein and of wateR(°) and to a correlation
Ro + L in the hydrodynamic friction. While the above derivation ~function describing the stochastic modulatiorRahat connects
is by no means a complete theory, it clarifies the relation the two protonsFor the protein bovine pancreatic trypsin, the
between the friction due to the hydration shell and dynamical "esidence time was reportetb be sub-nanosecond300 ps
quantities such as the residence time. A microscopic calculation@nd shorter than 500 ps. This conclusion was supported by a
of 2Owould require knowledge of surfacevater pair cor- simple calculation. In the initial ana]yght was assumed that
relation function and will necessarily depend on the nature of the translational self-diffusion coefficient of water in the layer
the binding site. However, the above formulation can be used IS 0nly about 1.5x 10 cn¥/s. This gave an estimate of the

to obtain an approximate estimate of the relative contribution "esidence time in the same range of 300 ps as that deduced
of the biological water to protein rotational friction. experimentally and this number has been much quoted in the

We consider myoglobin which has a rotational correlation literature. The effective diffusion coefficient, however, ranges
time (from dielectric measurement) of 45 ns (in dilute solutions, from the free water value~2.5 x 107° cn¥/s), toquasi-free
ref 9). The use of Stokes friction with the computed radius (16.5 and to the strongly bound water.
A) gives a value of rotational correlation time of only 14 ns. In another series of studi@&NMR measurements involving
The contribution from the hydration layer requires knowledge water oxygen-17 and deuteron spin relaxation rates have
of the mean-square torque. We assume a simple model wheresuggested an average residence time in the rangéd@s for
the water molecule with dipole moments located at a distance  ribonuclease A, lysozyme, myoglobin, trypsin, and serum
r from an effective surface charggyr. The mean-square torque albumin proteins. Supported by MD simulations and NOE
is obtained by averaging over all the possible orientations of studies, the time range for the residence in the layer is now

the water molecule. The final expression is given by given as 16-200 ps® Following the experimental studies of
Halle’s group?3avery recent MD simulations by Marchi et &P
5 2qeﬁ2y2 have indicated that the rotational relaxation of water molecules
= 3e2(k)r4 (24) in the close vicinity of the surface of the globular protein

lysozyme is retarded significantly {3 times) from that of the

wheree(K) is an effective dielectric constant (not bulk) in the bulk.
layer and r is an average distance of the water molecule from Long relaxation times have recently been obtaffeing
the charge. When we uge= 1.86 D,qest = 2 esu,r = 4 A, three-pulse photon echo peak shift. These experiments provide
e(k) = 5, andtr = 16 = 40 ps, we obtain from eq 22 the less than 30 fs time resolution and have been applied to studies
value of &y, which is 1.8&siokes A total friction of 2.8 Esiokes of solvation dynamics of eosin dye with the protein lysozyme.
translates to~40 ns for the rotational correlation time, which  The results revealed an 8% slow decay component with time
is close to the observed value. This approximate calculation constant of about 500 ps or longer. Although these experiments,
takes the torque correlation time to be the average residencdike dynamical Stokes shift, probe solvation dynamics, the
time. external dye molecule experiences fluctuations due to the protein
We end this section by a comment about the applicability of and strongly bonded water molecules and both contribute to
the inhomogeneous continuum models that are often used tothe decay behavior; the complete X-ray structure of the complex
explain larger values of solvation time at complex surfaces has not been determined but from studies of the protein
(micelles, vesicles, oitwater interface, to name a few). The structuré@ and energy transfer with eoéf it was deduced
basic idea is that one assigns a dielectric constant to the layerthat the probe is located in a hydrophobic pocket, implying a
of interface with a reduced value from that of the bulk dielectric single site and not an inhomogeneous distribution. As we reach
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the ns scale we must consider the relatively slow motions of directionality and adaptability of the hydrogen bond and water
the protein side chains. Finally, when the probe molecule is motion; enzymatic activity mediated by water located at the
larger or comparable to the thickness of the hydration layer, molecular distance scale, not diffusive; and protginotein

probing of the slow dynamics may become less effective. association through water mediation by entropic water displace-
ment (desolvation) and energetic minimization of charge repul-
VI. Conclusion sion. With this in mind, the time scale for the dynamics is

n thi il h dqd d Kev i fcritical—it must be longer than bulk dynamics and shorter than
n this article we have addressed some Kkey ISSUES Of yq (img for any unfolding of the active structure. To maintain

mapromolecular hydration with e_mpha5|s on proteins in the selectivity and order in the layer, the picosecond time scale is
native and denatured state, and micelles. The femtosecond time yeal. For example, in proteirprotein associatioh the time

rhesdolu'qon dprowd_es us V;/]'th _the opr?oru:cnﬁy of malpplnlg Olljt scale of translational diffusion is5 x 1078 s while, as shown
ydration dynamics on the time scale of the actual molecular above, the residence time is 4 orders of magnitude shorter,

moélﬁ/lns olev ater. Fordt\t/\k/]o prtcﬂems, qutllls@gr:sbetrg(fC) allowing for a very effective desolvation and search for the ideal
an | °'.1te n, \t/)ve useth € '? rmsm}i ?r:nlno ?C' tryptop aE asa configuration. Accordingly, the present studies promise many
single site probe on the surface of the native Structure, Known ., extensions since femtosecond time resolution is ideal for

from X-ray studies, and we obtained the change in hydration such mapping of hvdration. spatially and temporall
as a function of time through the shift in the spectral properties . PpINg ydration, spatially P y-

of tryptophan-at early times, the spectrum is that of a

nonequilibrated structure (“blue spectra”) and at longer times
it reaches the equilibrium state (“red spectra”). By constructing
the hydration correlation function, which represents the solvent
energy fluctuation, we obtained the fundamental time constantsAppendix |

for solvation. For comparison, we also studied the same probe . . . .

in bulk water, in the denatured state of the two proteins, and a In this appendix, we describe the Fheqretlcal model employed

probe at a distance beyond the layer. The results for the proteins‘%"_nOI the steps that_ lead to the derivation of eq 7 of the text.

are vastly different from that of the bulk or denatured form and here are sgveral mgred_lents of the theory. First, of course, is

provide the time scales for hydration: ultrafast ps forfree/ the assumption of thg existence of the bound and the frge states

quasi-freewater molecules and 16 and 38 ps for bound water of water molecules in th_e_ '?yer-.Th'S assumption implies the
existence of a local equilibrium in the hydration layer and is

in the hydration layer of Monellin and SC, respectively. . . o . -
; . . ., strictly valid when the binding energy is sufficiently large to
These fs real time studies of hydration have a spatial make the bound states as an identifiable entity. The fraction of
resolution determined big—3 between the water and the probe : . - A
the bound states in the layer is also a function of this binding

dipole. Using a probe molecule with a dipole gives a better energy. Second, we assume a simple reaction diffusion equation

spatial resolution than using a distributed charge because of theto describe the interconversion between the bound and the free
R dependence, as opposedRo' for the lafter. This brings states and the molecular motion of water molecules. The

to focus the following important point, namely, that the ) . : .
S . ) o -~ molecular motions considered are the rotation and translation

definition of a hydration layer is sensitive to the scales of spatial ; . . .
of water molecules. Third, here we shall ignore the interaction

and temporal resolutions intrinsic to the method of probing. Care among the water molecules, for two reasons: (a) These

must be taken to provide the dynamical time scales without . . -
. S . interactions are severely perturbed by the protein surface and
convolution from these intrinsic experimental factors.

. . . . (b) at the nearest-neighbor distance, density relaxation is well
. Theo.retlcal studies of hydratlon have been madg using MD described by diffusion equation. Thus, the effects of interactions
simulations. Here, we provide a simple theory which relates

. . . . n th nami re incl mostly through the diffusion
our observations of solvation to the residence times on the0 the dynamics are included mostly through the diffusio

. . . > constants.
protein surface and address the influence of dielectric relax- ih th . . ¢ . .
ations, by rotational and translational motions, on the dynamics . W/Ith the assumptions, equations of motion are now given
of bound-to-free water exchange. The latter is critical in view
of the fact that the radial distribution function shows a
manifestation of structured layer and MD simulations show the pr(r,sz,t) = D, VZo,(r,Q2,t) + DRV 20i(r,2,t) —
equilibration between bound and free molecules. We consider ot
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the friction in the layer and its relationship to bulk friction and Kepo(1,2,1) + kg (r,2,1) (Al.1a)
the consequences to experiments dealing with other time scales. )
Hydration of proteins through weak forces is a dynamical ﬁpb(r,g,t) = —kypp(r,2,1) + kippe(r,2,t) (Al.1b)

process which defines a molecular layer on the scale of a few
angstroms. The picosecond time scale of the dynamics excludes
a static iceberg type model and it is clear that such ultrafast whereps andpy are the densities of the free and the bound water
mobility, by rotational and translational motions, are unique in Mmolecules and the interconversion ratis éndkyr) have been
determining the hydrogen-bonded layer ordering and, hence,introduced earlier. This is a simple Markovian description which
the structure and function. For the structure, the hydrophobic can be easily generalized to include memory effects. But
collapse in the interior of the protein and the hydrophilic memory effects are not expected to play a significant role on
interaction with hydrogen bonded water results in entropic and the relatively long time scale. In writing the second of the above
enthalpic changes which are determinants of the net free energyequations, we have neglected the rotational and translational
of stability. The hydrophilic structure in the protein exterior motions of the bound water molecules. This is again consistent
defines the order of the layét. with the assumption of high binding energy. In addition, the
But the water in the layer has a finite residence time and its rotation and translation of the protein molecule are not included.

dynamics is an integral part of many functions: selective  The above equations are now solved by the following steps.
molecular recognition of ligands (substrate) through the unique (i) The densitiep(r,2,t) are expanded in spherical harmonics,
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Lala) = ~(2Dg + DiaIaaD) — kydat) +
Kyrahio(Gt) (A1.3a)

Saban = —kalad) + kudldad)  (AL3b)

(A1.4)

with

ks TIF(K)
m(z + I'+(k,2)

2k TH(K)
I(z+ T'r(k,2)

S k)=

wherekgT is the Boltzmann constant times the temperature,
m and| are the mass and the moment of inertia of the water
molecules, and'r(k,2) andI't(k,2) are the wavenumber- and
frequency-dependent rotation and translational friction (or
memory) kernels, respectively. In the wavenumber range of
interest here, and in the long time limi is relatively small),

kT kT

ITak2) Dr mCy(k,2)

=D, fK=1
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