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Abstract: Protein surface hydration is fundamental to its structural stability and flexibility, and water-protein
fluctuations are essential to biological function. Here, we report a systematic global mapping of water motions
in the hydration layer around a model protein of apomyoglobin in both native and molten globule states.
With site-directed mutagenesis, we use intrinsic tryptophan as a local optical probe to scan the protein
surface one at a time with single-site specificity. With femtosecond resolution, we examined 16 mutants in
two states and observed two types of water-network relaxation with distinct energy and time distributions.
The first water motion results from the local collective hydrogen-bond network relaxation and occurs in a
few picoseconds. The initial hindered motions, observed in bulk water in femtoseconds, are highly
suppressed and drastically slow down due to structured water-network collectivity in the layer. The second
water-network relaxation unambiguously results from the lateral cooperative rearrangements in the inner
hydration shell and occurs in tens to hundreds of picoseconds. Significantly, this longtime dynamics is the
coupled interfacial water-protein motions and is the direct measurement of such cooperative fluctuations.
These local protein motions, although highly constrained, are necessary to assist the longtime water-network
relaxation. A series of correlations of hydrating water dynamics and coupled fluctuations with local protein’s
chemical and structural properties were observed. These results are significant and reveal various water
behaviors in the hydration layer with wide heterogeneity. We defined a solvation speed and an angular
speed to quantify the water-network rigidity and local protein flexibility, respectively. We also observed
that the dynamic hydration layer extends to more than 10 Å. Finally, from native to molten globule states,
the hydration water networks loosen up, and the protein locally becomes more flexible with larger global
plasticity and partial unfolding.

Introduction

Protein surface hydration is essential to its structural stability
and flexibility and protein-associate water often is an integral
element in biological activities.1-13 Water-protein interactions
are fundamental to protein structural and functional behaviors
such as in governing protein glass transition,14-18 facilitating

protein folding,19-23 maintaining structural integrity,24-27 me-
diating molecular recognition,3,4,28-32 and accelerating enzy-
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matic catalysis.33-37 Thus, characterization of dynamic behav-
iors of biological water is critical to understanding its role in
these biological processes. Various methods and strategies38-44

have been used to tackle this longstanding unsolved problem
in protein science. We have recently developed a methodo-
logy,13,45-48 combining femtosecond spectroscopy and site-
directed mutagenesis, to study protein hydration dynamics and
water-protein coupling fluctuations using intrinsic tryptophan
(Trp) as a local optical probe. We were able to place the probe
to any desirable position through site-directed mutations, and

we have examined a series of proteins in different structures
and states ranging from random coil, to R-helix and to self-
assembly of oligomers,49 from recognition state to various pH-
induced isomers in drug delivery through conformation transi-
tions,50 and from charge-rich native to hydrophobic mutant
configurations in examining protein-residue solvation51 and
active-site solvation.52 For all systems studied, we observed a
robust, distinct biphasic distribution of relaxation in a few and
tens to hundreds of picoseconds. The former is attributed to
initial local collective water-network relaxation, and the latter
is assigned to water-network lateral restructuring, facilitated by
local protein fluctuations. These results showed that water
relaxations are dominant and protein contributions could be
minor. However, a series of important issues still need to be
addressed, for example, global heterogeneity of the hydration
dynamics around protein surfaces, correlations between the
dynamics with protein local structures and chemical identities,
and molecular mechanisms of coupled water-protein fluctuations.

We report here our direct global surface mapping of hydration
dynamics and water-protein interactions around a globular
R-helical protein, apomyoglobin (apoMb), in its two states,
native (N) and molten globule (MG), using intrinsic tryptophan
residue as a local molecular probe to scan the surface by protein
engineering. A brief summary of this extensive study has
appeared earlier,53 and here we give a full account of the global
mapping of these water dynamics with detailed description of
observed various correlations and their relationship to protein’s
structure and dynamics. Figure 1 shows the possible structures
of apoMb in two states, based on the X-ray crystal structure
(PDB ID: 1MBD) of sperm whale myoglobin in its holo-form54

and the extensive NMR studies,55-57 with the designed mutation
sites in yellow balls. Myoglobin, the main oxygen transporter
in muscle, has ∼75% helical content with eight helices, namely
A-H. In apo-form, on removal of the prosthetic heme group,
the F helix and the N-terminus of the G helix become random
coils, and the rest of the protein remains an intact globular helical
structure. The protein can be divided into two subdomains,
structural subdomain and functional subdomain. The structural
subdomain mainly contains helices of A, G and H which are
responsible for initial fast folding through hydrophobic core
collapse. The other B-F helices are mainly for the binding of
the prosthetic group heme with their polar amino acids and
flexibility.

For the past decades, apoMb has served as an excellent model
system for the study of protein-folding kinetics with a focus on
hydrophobic collapses through various techniques,58-62 espe-
cially nuclear magnetic resonance (NMR) in a great effort.62

At pH6, apoMb is in native state and possesses ∼55% helical
content while at pH4 the protein is partially folded and the
helical percentage is ∼35%. Kinetic studies of apoMb folding
persistently reveal the existence of an intermediate state which
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has the similar molten globular structure of the protein at pH4.
Early events in folding mainly involve specific native-like
interhelical hydrophobic contracts between helices A, G and
H. Beside the hydrophobic A-G-H core, B and E helices are
hypothesized to partially participate in early core formation.
These studies mostly focused on interhelical interactions inside
the protein, and the role of water was barely addressed.

In this work, by systematic studies of the relaxation dynamics
around the surface of apoMb in two states using single optical
probe tryptophan with femtosecond (fs) resolution, the water
dynamics, their time scales and a series of dynamic correlations
of water-protein fluctuations with local protein properties are
determined. The changes of hydrogen-bond network in the
hydration layer and local conformation flexibility in the probe
proximity in different folding states (N and MG) are observed.
These results reveal the intimate relationship of hydration
dynamics with protein fluctuations and its folding structures.

Materials and Methods

Sample Preparation. The plasmid pMb122, containing sperm
whale myoglobin gene, was generously provided by Sligar’s group
(University of Illinois at Urbana-Champaign).63 Since the wild-
type myoglobin has two intrinsic tryptophans, W7 and W14, we
first examined the double mutation of W7YW14F, and the mutant
was well overexpressed and stable, as also recently studied by the
other group.64 This double mutant was chosen as the triple mutation
template. More than 30 triple mutants were designed based on the
following considerations: (1) The replaced residue has no hydrogen
bonding with neighboring residues to avoid a change of structure
and stability;65 (2) the replacing tryptophan is not in proximity of
potential quenching residues such as histine and cysteine;47,66 (3)

the local topography is flat, concave or convex to examine geometric
effects; (4) the local chemical identity is hydrophilic (polar or
charged) or hydrophobic to examine electrostatic interactions;67 (5)
the distinct water residence times are selected for different mutated
locations from recent MD simulations for all 297 hydration sites;68

and (6) the structural stability of other mutants results from various
previous studies.69 Then, these mutants were carefully screened
based on their folding structures by CD spectra and their stability
and the fluorescence lifetimes. Finally, only 16 mutants were
appropriate for study of hydration, and for each helix we have at
least one mutant which has one tryptophan probe (Figure 1). These
selected 16 mutants were then expressed in Escherichia coli in large
quantity and purified with the methods described elsewhere.63 The
obtained pure holo protein solution was adjusted to pH2, and then
the heme was removed by extraction three times with methyleth-
ylketone.70 Then the solution was dialyzed against neutral deionized
water for two times, each time 6 h to remove methylethylketone,
and then two times against the buffer of 10 mM NaOAc at pH6 or
10 mM NaOAc at pH4, each time 6 h to bring the protein back to
native (pH6) or molten globule state (pH4). CD spectra were double
checked to make sure that all mutant proteins fold properly. The
final protein was concentrated to 100-250 µM for femtosecond-
resolved studies. All the steady-state fluorescence was measured
using a SPEX FluoroMax-3 spectrometer. To ensure no change of
the protein quality during data acquisition, we measured the protein
fluorescence emission before and after each experiment. We also
kept the sample in a rotating cell to minimize possible photobleach-
ing or local heating.

Femtosecond-Resolved Fluorescence Up-Conversion Setup.
All the femtosecond-resolved measurements were carried out using
the femtosecond-resolved fluorescence up-conversion apparatus
described elsewhere.46,71 Briefly, the femtosecond pulse after the
two-stage amplifier (Spitfire, Spectra-Physics) has a temporal width
of 110 fs centered at 800 nm with a pulse energy of more than 2
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Figure 1. Mapping of hydration dynamics and water-protein fluctuations in two folding states of the helical apoMb. (Left) Structure of the native state of
apoMb at pH6.54 (Right) Structure of the molten globule state of apoMb at pH4 based on NMR studies.55-57 The holoMb consists of eight helices, labeled
as helices A-H. In apoMb, the frayed and flexible portions of the proteins are shown as thin loops, and the regions with stable helical structures are shown
as ribbons. The mutation sites studied with the probe tryptophan are shown as yellow balls. Note the difference in contents and positions of secondary
structures in the two states.
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mJ and a repetition rate of 1 kHz. Half of the laser energy was
used to pump an optical parametric amplifier system (OPA-800C
Spectra-Physics) to generate a 580-nm pulse. Then the pulse was
frequency-doubled to generate the pump wavelength at 290 nm by
a 0.2-mm-thick BBO crystal. The pump-pulse energy was typically
attenuated to ∼140 nJ prior to being focused into the motor-
controlled moving sample cell. The fluorescence emission was
collected by a pair of parabolic mirrors and mixed with a gating
pulse (800 nm) in another 0.2-mm BBO crystal through a
noncollinear configuration. The up-converted signals ranging from
218 to 292 nm were detected. The instrument response time under
this noncollinear geometry is between 400 and 500 fs as determined
from the up-converted signal of Raman scattering by water at around
320 nm. For all hydration dynamics studies, the pump beam
polarization was set at the magic angle (54.7°) with respect to the
acceptable axis (vertical) of the up-conversion crystal. For local
rigidity studies, the pump beam polarization was rotated to be either
parallel or perpendicular to the acceptance axis to obtain the parallel
(I|) or perpendicular (I⊥) signal, respectively.

Data Analyses. A series of wavelength-resolved fluorescence
transients of tryptophan in the protein will be obtained for each
mutant, and these transients usually show multiple exponential
decays on the blue side and rise(s) at the red side of the emission
peak. Although the fluorescence signals are from tryptophan
emission, the decay and rise dynamics result from tryptophan’s
energy stabilization through local environment relaxation (water
and/or the protein) and thus represent solvation dynamics.

With the method we have recently developed,45 we are able to
extract solvation response functions from the fluorescence transients
of tryptophan. Briefly, all femtosecond-resolved fluorescence
transients can be represented as a sum of two terms of discrete
exponential functions

where the first term associated with Ri and τi describes solvation
processes and the second term associated with �j and τj represents
intrinsic lifetime emissions (population decays). The coefficient Ri

is positive (decay dynamics) at the blue side of the emission peak
and is negative (initial rise) at the red side. The coefficient �j is
always positive and represents relative contributions of lifetime
emissions. Thus, the oVerall time-resolved emission spectra can
be constructed as follows:

where Iλ
ss is the relative steady-state emission intensity at wavelength

λ. The time-resolved spectrum, after being converted to intensity
versus frequency in cm-1, was fitted to a log-normal function to
deduce the emission maximum νs(t). Thus, a function of emission
maxima with time can be obtained. In a similar manner, the time-
resolved lifetime-associated emission spectra can also be constructed

The emission maximum νl(t) is also deduced from a log-normal
fit of the spectrum. By subtracting the lifetime-associated emission
contribution νl(t) from the overall emission maximum νs(t), all
derived solvation correlation functions can be constructed as
follows:

These solvation correlation functions often follow a robust
double-exponential decay,

Importantly, for the two time constants of τ1 and τ2, the
corresponding solvation energies, ∆E1 and ∆E2, from the total
Stokes shift, ∆E ) ∆E1 + ∆E2 ) νs(0) - νl(0), are also derived.
Thus, we can define an average solvation speed (or an average
solvent reorganization rate) to express how much energy drop (in
cm-1) per picosecond by local polarization changes.

The two variables (S1 and S2) directly reflect how quickly the
local environment responds to the external perturbation by sudden
changes of static dipole moments through optical excitation and
are related to the flexibility of their solvation contributors, mostly
the H-bond water networks.

For examination of the probe’s rigidity, we can obtain parallel
(I|) and perpendicular (I⊥) fluorescence signals to construct anisot-
ropy changes (r) with time, which represents femtosecond-resolved
rotational dynamics,

Typically, the obtained anisotropy dynamics are well fitted by
several exponential decays, and the total anisotropy is usually
expressed by a sum of three parts: r(t)) rI + rW + rT. The initial
ultrafast decay (rI) in about 100 fs results from internal conversion
between the two electronically excited states of 1La and 1Lb, as
observed before.72,73 The anisotropy for all transients initially drops
to a value of ∼0.12 in such a short time and this apparent anisotropy
(rapp ) rW+rT ∼0.12) is consistent with the early reported value at
excitation of 290 nm.74 The second component (rW) represents the
local wobbling motion of the tryptophan probe in time τw, which
reflects the local packing and backbone rigidity. The last term rT is
the global tumbling motion of the entire protein, and the time scale
was about ∼10 ns. The key term here is rW and the corresponding
time scale of τw. The wobbling semi-angle (θ) can be estimated
using the model of an axially symmetric oscillation about a fixed
axis,75 giving the expression:

Accordingly, for the derived semi-angle θ, we can define an
average wobbling angular speed ω, which represents how fast the
probe can wobble in the constrained angle θ.

Results

Femtosecond-Resolved Fluorescence Transient Dynamics.
Figure 2 shows the femtosecond-resolved fluorescence transients
of mutant A71W in two states for several typical wavelengths
from the blue to red side. The steady-state fluorescence emission
peaks of A71W are 337 nm at pH6 and 336 nm at pH4. More
than 10 emission wavelengths are gated for each mutant from
the blue to red side of the emission peak within 3-ns time
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window. The overall decay times in both states are significantly
slower than those of Trp in water.45 A global fitting strategy
was employed to fit all the transients. Four exponential functions
are sufficient to well fit all the transients, and two of the
exponentials are constant lifetime decays. The fitting results
using eq 1 for both states are given in Table 1S in the Supporting
Information.

For the mutants we studied, the lifetimes were found by fitting
the red-side transients, typically at 350-380 nm, with two
exponential decays and one or two ultrafast rise components,
if necessary. For A71W in the Figure 2, the lifetimes were found
to be 680 ps and 7.95 ns at pH6, and 420 ps and 3.1 ns at pH4.
The shorter lifetimes at the molten globule state, mostly resulting
from the electron-transfer quenching by neighboring peptide
amide bond(s),76 indicate a more flexible local protein environ-
ment around the tryptophan than at the native state. This
observation is general for nearly all other mutants. Besides
lifetime contributions, solvation components for all blue-side
transients are well represented by a double-exponential decay,
which gradually slows down toward the longer emissions, and
becomes a fast initial rise at red side (Figure 2). This pattern is
a typical behavior of local solvation dynamics.77,78 For example,
in A71W, the two solvation components decay at pH6 in
2.2-9.9 ps and 58-71 ps from the blue side toward the emission

peak and at pH4 these times become to 2-5.2 ps and 34-45
ps. The time scales in the molten globule state are faster than
in the native state for all mutants studied except one mutant
A57W, but they are all much slower in both states than
tryptophan in bulk water,45 suggesting more constraints for local
relaxation. Globally, the observed time scales of solvation
dynamics are very different for different mutants and states,
strongly depending on local protein properties, as will be
discussed below.

Solvation Correlation Functions and Two Time Scales. Figure
3 shows a 3D representation of constructed femtosecond-
resolved emission spectra (FRES) for mutant A71W in two
states using eqs 2 and 3 and the resulting emission maxima of
νs(t) and νl(t) with time. A-C of Figure 3 are for the native
state and D-F are for the molten-globule state. Using eq 4, we
can obtain the total Stokes shift νs(0) - νl(0) and derive the
solvation correlation function c(t). Figure 4 shows the final
correlation functions of all 16 mutants in native and molten
globule states, along with their local structures and chemical
properties in 12 Å. Strikingly, all solvation correlation functions
can be robustly fitted by double exponential decays with two
time constants using eq 5. One is in a few picoseconds, and the
other ranges from tens to hundreds of picoseconds. The fitting
time constants and the corresponding percentages of all mutants,
along with their fitting lifetimes, total (∆E) and two separated
(∆E1 and ∆E2) Stokes shifts and initial (t ) 0) and measured
steady-state emission peaks, are given in Table 2S in the
Supporting Information.

The observed two time scales in the correlation functions are
the responses of local environment on the sudden dipole changes
of Trp upon excitation. In principle, these responses can result
from surrounding hydration water molecules and protein side
chains and backbone. However, in our recent solvation studies
on enzyme Staphylococcus nuclease51 and human thioredoxin,52

we found that mutations of charged and polar residues around
Trp into nonpolar amino acids have minor effects on the total
Stokes shifts and solvation dynamics. With further demonstra-
tion in our recent MD simulations on W7 in myoglobin,79 we
assigned the two time scales to two kinds of water-network
motions: local collective water-network relaxation and subse-
quent water-network restructuring, coupled with protein fluctua-
tions. Here, any hydrating water motions, coupled or decoupled
with protein fluctuations, are an integral part of the hydration
dynamics and thus are all referred as hydration dynamics.
Hence, the observed 29 solvation correlation functions mainly
represent the local hydration dynamics at 16 specific sites among
A-H helices in two states around the protein surface.

Overall, among 16 mutants in Figure 4, most mutants except
A57W show the slower hydration dynamics in N state than in
MG state. Specifically, the hydration dynamics of eight mutants
on two time scales, W7 (5.0/87 ps in N state and 3.5/73 ps in
MG state), H12W (5.1/99 ps and 3.1/77 ps), W14 (8.2/103 ps
and 4.5/76 ps), A22W (2.9/60 ps and 1.0/61 ps), E41W (6.3/
192 ps and 2.9/144 ps), A71W (3.8/58 ps and 2.5/41 ps), A84W
(2.2/38 ps and 1.3/35 ps) and T95W (1.8/24 ps and 1.1/22 ps),
all show some longer relaxations in N state with more difference
for the first components. However, another four mutants, H48W
(1.3/44 ps and 0.7/21 ps), H113W (2.8/69 ps and 1.8/26 ps),
A127W (5.7/50 ps and 1.7/32 ps) and A144W (5.5/209 ps and

(72) Zhong, D.; Pal, S. K.; Zhang, D.; Chan, S. I.; Zewail, A. H. Proc.
Natl. Acad. Sci. U.S.A. 2002, 99, 13–18.

(73) Shen, X.; Knutson, J. R. J. Phys. Chem. B 2001, 105, 6260–6265.
(74) Valeur, B.; Weber, G. Photochem. Photobiol. 1977, 25, 441–444.
(75) Steiner, R. F. In Topics in Fluorescence Spectroscopy; Lakowicz, J. R.,

Ed.; Plenum: New York, 1991; Vol.2, pp 1-51.
(76) Callis, P. R.; Liu, T. J. Phys. Chem. B 2004, 108, 4248–4259.
(77) Jarzeba, W.; Walker, G. C.; Johnson, A. E.; Kahlow, M. A.; Barbara,

P. F. J. Phys. Chem. 1988, 92, 7039–7041.
(78) Jimenez, R.; Fleming, G. R.; Kumar, P. V.; Maroncelli, M. Nature

1994, 369, 471–473. Horng, M. L.; Gardecki, J. A.; Papazyan, A.;
Maroncelli, M. J. Phys. Chem. 1995, 99, 17311–17337.

(79) Li, T.; Hassanali, A. A.; Kao, Y.-T.; Zhong, D.; Singer, S. J. J. Am.
Chem. Soc. 2007, 129, 3376–3382. Li, T.; Hassanali, A. A.; Singer,
S. J. J. Phys. Chem. B 2008, 112, 16121–16134.

Figure 2. Normalized femtosecond-resolved fluorescence transients of
mutant A71W with a series of wavelength detection in native (red) and
molten globule (blue) states in short (Left) and long (Right) time ranges.
The squares and circles are the experimental data, and the solid lines are
the best multiple-exponential fit.
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3.2/53 ps), have the significantly different hydration dynamics
in two states. For A57W (1.4/24 ps and 1.7/48 ps), we observed
the similar first components but very different second compo-
nents and the hydration dynamics are slower in MG state. Three
other mutants, A15W (5.6/92 ps), G23W (7.2/133 ps) and A74W
(4.0/150 ps), were only studied in N state, not MG state, due to
the extremely low protein expression yields.

The resulting total Stokes shifts and the corresponding two
separated components are shown in Figure 5. The total Stokes
shifts (487-2203 cm-1) show a monotonic increase with the
emission maxima and can be fit with a quadratic function of λ
(nm) in the range from 326.9 to 349.7 nm, i.e., ∆E (cm-1) )
214633.8-1337.5λ + 2.1λ2, as shown in Figure 5B. The first-
component Stokes shifts (∆E1) also show a quadratic function
(Figure 5D), but the second components (∆E2) strikingly follow
a sigmoidal function, reaching a plateau when the emission
maxima are longer than 338 nm (Figure 5C). The corresponding
two time scales (τ1 and τ2) of the hydration dynamics for all 16
mutants in two states are shown in Figure 6. These extensive
experimental data and derived various correlations between the
hydration dynamics with local protein properties will be
discussed below.

Anisotropy Dynamics and Wobbling Rotational Motions.
Figure 7 shows femtosecond-resolved anisotropy dynamics of
mutant A84W by gating wavelengths typically around emission
peaks. The resulting r(t) using eq 7 clearly shows three typical

relaxations of the probe Trp in the proteins: initial electronic
relaxation (rI) around 100 fs, local Trp wobbling rotational
motion (rW) in 55 ps in N state and 69 ps in MG state, and
entire protein tumbling motion (rT) in about 10 ns. Here, we
focus on the local Trp wobbling rotational motions in all
mutants. Using eqs 8 and 9, we obtained the wobbling semi
angles of 14.2° and 16.2° and the angular speeds of 0.26°/ps
and 0.23°/ps for N and MG states, respectively. For all 14
mutants studied, the apparent anisotropies (rapp) after initial
ultrafast electronic relaxation are around 0.12 and the resulting
wobbling angles, time scales, and angular speeds are all given
in Table 3S in the Supporting Information and mostly shown
in Figure 8. Globally, the wobbling rotational semi angles of
the probe tryptophan range from 11.7° (H113W in N state) to
27° (A57W in N state) with most about 17° (Figure 8A). The
local rotational time scales range from tens to hundreds of
picoseconds. Among 14 mutants studied, two mutants T95W
(N and MG) and A144W (MG) in very loose loop regions
(Figure 1) show two wobbling rotational motions with similar
time scales of ∼12 and 382 ps for both N and MG states of
T95W (not shown in Figure 8) and 60 and 800 ps for MG state
of A144W. The first rotational relaxation is apparently from
the local Trp wobbling motion and the second relaxation
represents the loose loop motion, but these two motions are
obviously coupled. For all other mutants, the observed various

Figure 3. Femtosecond-resolved emission spectra (FRES) of mutant A71W in native (A-C, red) and molten globule (D-F, blue) states. (Top: A and D)
3D representation of the evolution of the oVerall FRES. (Middle:B and E) 3D representation of the evolution of the lifetime-associated FRES. (Bottom: C
and F) Temporal evolution of the emission peaks of overall (νs) and lifetime-associated (νl) FRES. The inset shows νs and νl until they reach the steady-state
emission peaks (νss) at tss.
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correlations of local flexibility with protein properties in Figure
8 will be discussed below.

Discussion

The Origin of Two Dynamic Stokes Shifts (∆E1 and ∆E2).
Figure 5B-D shows the total dynamic Stokes shifts and the
individual contributions ∆E1 and ∆E2 from the two hydration
relaxations, τ1 and τ2, respectively, of all 16 mutants in two
states with increase of Trp fluorescence emission peaks (λmax).
The two Stokes shifts of ∆E1 and ∆E2 display distinct
relationships with λmax: ∆E1 increases monotonically from 180
to 1600 cm-1; ∆E2 increases gradually from initial 340 cm-1

and reaches a plateau about 650 cm-1 at 338 nm. According to
the observed trend of ∆E2, we can divide the emission peaks
into three regions: (I) λmax e 330 nm; (II) 330 nm < λmax < 338
nm; and (III) λmax g 338 nm. Surprisingly, these three regions
are well correlated with Trp locations relative to protein surfaces
from buried below 330 nm, to partially buried at 330-338 nm
and to exposed to solvent at the protein surface above 338 nm
(Figure 5).80 Using Trp as a local probe, we can detect
neighboring water molecules within a distance of, at least, ∼10
Å.39,40,81 Thus, the results show that ∆E1 is clearly related to
the extent of Trp exposure and directly proportional to total

amount of relaxing water molecules. However, ∆E2 is only
related to hydrating water molecules in the inner shell at the
water-protein interface. As shown in Figure 5C and D, as long
as the probe moves to the protein surface, ∆E2 is about constant
and all interfacial water relaxation is completely detected, while
∆E1 displays an accelerated increase and more mobile hydration
water relaxation when the outer layer is probed. When the probe
is buried and away from the protein surface, we detected less
hydration water molecules, and hence both ∆E1 and ∆E2 become
smaller. Figure 5A exactly shows such direct correlation between
∆E1 and ∆E2. Below 338 nm, ∆E1 shows a linear relationship
with ∆E2, indicating that both relaxations of ∆E1 and ∆E2 are
from the same number of water molecules in the inner hydration
shell. Above 338 nm, ∆E1 keeps increasing, while ∆E2 is nearly
constant.

These observations are striking, and the observed ∼650 cm-1

Stokes shift at the protein surface, nearly independent of local
protein properties, must reflect the nature of interfacial hydrating
water molecules. With different topological roughness and
chemical property around the surface, ∆E2 only fluctuates within
(75 cm-1, about 12% of the relaxation energy of ∆E2. This
observation clearly indicates that ∆E2 is not mainly from the
contributions of protein solvation, especially the neighboring
charged residues as predicted by MD simulations.82-84 For

(80) Principles of fluorescence spectroscopy; Lakowicz, J. R., Ed.; Springer:
New York, 2006.

(81) Finney, J. L. Faraday Discuss. 1996, 103, 1–18.
(82) Vivian, J. T.; Callis, P. R. Biophys. J. 2001, 80, 2093–2109.
(83) Golosov, A. A.; Karplus, M. J. Phys. Chem. B 2007, 111, 1482–1490.

Figure 4. Hydration correlation function c(t) of 16 mutants in both native (N, red) and molten globule (MG, blue) states. The solid lines are the best
biexponential fit to c(t). The insets show the local protein environments around the mutation sites in about 12 Å in surface map and ribbon representation.
On surface maps, white, blue and red colors represent nonpolar, positively and negatively charged residues, respectively, and mutation sites are in yellow.
On ribbon structures, mutation sites are indicated with yellow balls and the A-H letters indicate the identities of local helices. For mutants of A15W, G23W
and A74W, only the native state was studied. For H12W and A15W, the A-helix was rotated, and the tryptophan was buried inside the protein.
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example, T95W and A144W have very different charge
distributions around Trp (Figure 4) but give similar ∆E2 values.
Thus, ∆E2 is dominantly from the contributions of hydrating
water molecules in the inner layer, and our results are drastically

different from the MD prediction.82,84 The nearly constant value
at the protein surface indicates that all lateral interfacial water
molecules within the probed range (∼10 Å) can completely relax
with a similar water density at different Trp locations around

Figure 5. Dynamic Stokes shifts of all 16 mutants in two states. Red circles
(N) and blue squares (MG) are the original data, and the black lines show
the changing trends. (A) Correlation between the two Stokes shifts ∆E1

and ∆E2. The vertical yellow bar corresponds to ∆E1 of 460 cm-1 and λmax

of 338 nm in (D). (B-D) Correlations between the Stokes shifts and steady-
state emission peaks λmax. The two vertical yellow bars divide λmax into
three regions of tryptophan locations. All mutants are shown on the top in
(B) and the ticks correspond to the data points below. The inset in (B)
shows the physical meaning of two separated Stokes shifts with two distinct
times relative to the steady-state emission in dashed line. The insets in (C,D)
show different contributions of surface hydration waters to ∆E1 (green arcs
and arrows) and ∆E2 (white ellipses and gray arrows) when tryptophan is
buried (left) or exposed (right). Water molecules in big arcs are within ∼10
Å around tryptophan and waters in small ellipses are those directly
interacting with the protein at the water-protein interface and probed by
tryptophan.

Figure 6. Time scales of two water-network relaxations τ1 (A) and τ2 (B)
of 16 mutants in N (left) and MG (right) states. In each panel, above the
bars are the classification of mutation sites, divided according to their
secondary structure (dark blue), charge distribution (green) and probe
location (yellow). The beads correspond to the data below them. The insets
in (B) show the correlation between the two water-network dynamics in
each state. Note the significant differences of these two water-network
dynamics in N and MG states and the heterogeneous distributions of the
time sales at different sites.

Figure 7. Construction of fluorescence anisotropic dynamics of tryptophan
residues in representative mutant A84W in both native and molten globule
states. Fluorescence transients were gated around the emission peak of 340
nm under parallel (I|) and perpendicular (I⊥) conditions. The resulting
anisotropy dynamics, r(t), are shown in top panels, and the insets show the
short-time behaviors.
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the surface and must reflect the unique property of H-bond water
networks in the inner hydration layer.

The Nature of Two Distinct Water Motions (τ1 and τ2). The
stabilization energy of the Stokes shifts above was found to
come from the dominant hydrating water relaxations, but the
relaxation dynamics and time scales are directly related to local
protein structural and chemical properties. As shown in Figure
6A, the initial water relaxation (τ1) occurs in 1.3-8.2 ps in N
state and in 0.7-4.5 ps in MG state for H48W and W14,
respectively, and the time scales are all in a few picoseconds.
Very surprisingly, we did not observe the relaxation on the
femtosecond time scale as did in bulk solution45,77,78 and the
femtosecond relaxation of hindered motions greatly slows down.
This result shows that the H-bond water network in the
hydration layer is much more rigid than in bulk water and the
relaxation in a few picoseconds must be from local collectiVe
water-network motions. Because we observed the shortest time
to be 0.7 ps for H48W in MG state, still much longer than bulk-
water relaxation, the probed relaxation water is not bulklike yet.
Also, the probe is already exposed at the protein surface; thus,
we concluded that the hydration layer probably extends to more
than 10 Å from the protein surface, consistent with recent THz
studies.39 In Figure 9A, we show the relationship of the
relaxation energy (∆E1) and its time (τ1). Overall, the stabiliza-
tion energy increases and the relaxation time decreases,
consistent with Figure 5 and indicating that, when Trp moves

to the protein surface, more outer-layer water molecules are
probed and also these water molecules relax relatively faster.
These collective water-network motions are clearly related to
local chemical property and structural integrity of the protein,
as well as the probe locations.

Specifically, in N state (Figure 6A) we observed: (i) In loop
regions (H48W, A57W, T95W and A84W), the dynamics occur
fastest in 1.3-2.2 ps, consistent with more flexible H-bond
networks around lower-order structures, resulting in fast relax-
ation; (ii) for charge environments, the relaxation dynamics take
from 2.8 ps (H113W) to 7.2 ps (G23W) for partial- to dense-
charged surroundings (Figure 4). Clearly, in the dense-charged
areas (A144W, E41W and G23W) the relaxations are longest,
and a linear correlation of ∆E1 with τ1 was observed (Figure
9A); (iii) for the hydrophobic site of A71W, the initial water
motion occurs in 3.8 ps, slower than those in loop regions and
probably resulting from the collective water-ring structure
relaxation at the hydrophobic site;85,86 (iv) for three buried sites
(H12W, A15W and W14), the distances from the probe to the
protein surface are longer, and the forces on relaxing water

(84) Nilsson, L.; Halle, B. Proc. Natl. Acad. Sci. U.S.A. 2005, 102, 13867–
13872.

(85) Smolin, N.; Winter, R. J. Phys. Chem. B 2004, 108, 15928–15937.
(86) Ruan, C.-Y.; Lobastov, V. A.; Vigliotti, F.; Chen, S.; Zewail, A. H.

Science 2004, 304, 80–84. Yang, D.-S.; Zewail, A. H. Proc. Natl.
Acad. Sci. U.S.A. 2009, 106, 4122–4126.

Figure 8. Correlations of tryptophan’s rotational motion with local protein
properties for both native (red) and molten globule (blue) states. Tryptophan
rotational motion is characterized with physical parameters of wobbling
angle (A), rotational time (B), and angular speed (C). Each parameter shows
certain correlation with local protein properties around tryptophan, and
mutants marked with asterisks are special cases (see text).

Figure 9. Correlations of dynamic Stokes shifts with the corresponding
hydration dynamics. The red and blue circles are the data points of native
and molten globule states, respectively. Each data point is labeled with its
residue number of mutation site. (A) ∆E1 and τ1 show a simple correlation
based on H-bond water-network flexibility and structural flexibility. Dense-
charged sites deviate from the general trend and show a smooth linear
correlation of ∆E1 and τ1. (B) Plot of ∆E2 and τ2 shows three distinct regions
because of different local properties around tryptophan with no direct
correlations. Overall it shows general dependence on surface exposure and
structural flexibility as indicated by arrows.
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molecules would be weaker. We observed the longest relaxation
dynamics around 6-8 ps and especially for the most buried
W14, the distance to the protein surface is about 7 Å and the
dynamics is already falling on the dense-charged trend (Figure
9A); and (v) for MG state, the observed correlations are similar
as in N state and all water motions except A57W become faster
(Figure 6), strongly indicating that the H-bond water networks
around the protein globally become weaker and more mobile
due to the loose and bigger MG structure as observed by others.
For A57W, the probe in N state is near a loop region, but in
MG state, the probe region becomes a part of a helix (Figure
1), as observed from the fluorescence emission (Figure 5),
rotational anisotropy (Figure 8A) and NMR studies.62 These
results strongly indicate that in MG state, the hydration water
networks at many sites are not fully developed as shown here
from emission peaks, Stokes shifts, and the relaxation dynamics
(also see τ2 below), supporting the current hypothesis that water
could be finally squeezed out when the protein collectively folds
into the final tertiary structure.4,61

The dynamics of the second relaxation (τ2) take much longer
times, and the time scales cover a wide range from 24 ps
(T95W) to 209 ps (A144W) in N state and 21 ps (H48W) to
144 ps (E41W) in MG state. This longer relaxation represents
the interactions of the interfacial water molecules in the inner
hydration shell with the local protein and directly reflects the
dynamics of water-protein fluctuations. As reported by our
recent MD simulations (also see below),79 by freezing either
the protein or hydration water, the longer relaxation would
disappear. From the energy relaxation of ∆E2, we know that
the relaxation is dominated by the inner hydration layer of water.

Upon the sudden change of dipole moments of the probe, after
the initial relaxation, the water networks need restructuring
around the new dipole moment of the probe. Such a large
rearrangement requires local protein fluctuations and is also
facilitated by dynamic exchange with outside bulk water. These
interactions are coupled, and the motions are collective.
Although the entire relaxation energy of the inner hydration-
layer water only fluctuates within 12%, clearly the dynamics is

Figure 10. Hydration speed (S1 and S2) representation of water-network
dynamics of all mutants studied. (A) Initial fast local collective relaxation
S1. S1 generally increases with more surface exposure and H-bond network
flexibility. (B) Subsequent slow water-network restructuring S2. S2 is slow
around dense-charged sites and buried sites, and increases with increasing
of local protein structural flexibility. The inset in (B) shows a predominant
linear dependence of S2 on 1/τ2.

Figure 11. Correlations between hydration speeds of water networks and
emission peaks of tryptophan residues for both native (red) and molten
globule (blue) states. (A) S1 is strongly correlated with tryptophan surface
exposure and H-bond water-network flexibility. (B) Besides surface
exposure, S2 also strongly depends on local protein structural flexibility. In
both (A) and (B), layers of shades emphasize that mutants with similar
properties (i.e., surface exposure, structural flexibility, and local chemical
identity) have similar hydration speeds and dense-charged sites slow down
both S1 and S2.

Figure 12. Correlations between the angular speed ω of tryptophan
wobbling motion and its steady-state emission peak λmax. All mutants studied
are shown on the top, and the ticks correspond to the filled circles below.
The angular speed ω increases with increasing λmax, well correlated with
the probe’s locations from buried inside the protein to fully exposed to the
surface. Data in dashed circles are special cases (see text).

10686 J. AM. CHEM. SOC. 9 VOL. 131, NO. 30, 2009

A R T I C L E S Zhang et al.



coupled to protein fluctuations and tightly related to protein
properties as shown in Figure 6B.

Specifically, we observed in N state: (i) For the mutants from
T95W to H113W, the dynamics are well correlated with the
local protein structural rigidity, i.e., tertiary interactions and these
relaxations occur within 70 ps. Because the protein is more
flexible in loop regions, the coupled water-protein relaxation
is fastest for the loop probe T95W, A57W, A84W and H48W;
(ii) for four compact charged probe sites of G23W, A74W,
E41W and A114W, the hydrating water relaxation is slowest
in 133-206 ps, a similar behavior observed in τ1; (iii) for four
buried probe sites of W7, A15W, H12W and W14 in A helix,
they show all similar relaxation times of 87-103 ps, supporting
that the dynamics represents the local coupled motion of the
inner hydration water network with A-helix. The slightly longer
relaxation time also results from the weaker perturbation induced
by the buried distant probe; (iv) For MG state, except A57W
all the dynamics become faster, indicating a loose MG structure.
Indeed, partial helices already become loose loops and the
helices become more flexible due to the loss of higher-order
structures. These observed correlations are shown in Figure 9B
in the relationship of ∆E2 with τ2. Clearly, the dense-charged
sites show distinct dynamical behaviors, and the chemical
identities of the local protein play a critical role.44

The correlations of τ2 and τ1 in Figure 6B for N and MG
states show the intrinsic connection of two water relaxations.
Generally, the slower the initial water relaxation, the longer time
the water-network restructuring takes. The dynamics are con-
voluted with protein chemical properties (τ2 and τ1) and higher-
order structure (mainly τ2). Thus, in N state, the correlation is
more diverse; the mutants with dense-charged surroundings
show longer τ2, and the mutants with distant probe locations
give longer τ1. However, in MG state, since the protein has
more loop regions and the structure becomes more flexible, the
τ2 and τ1 become well correlated, showing nearly a straight line
except a few dense-charged sites and indicating that the
dynamics are less dependent on the protein structures and
dominated by the hydrating water networks.

The Hydration Speed and Water-Network Collectivity. To
evaluate how fast the water networks relax in the hydration layer,
only examination of relaxation times (τ2 and τ1) or energy shifts
(∆E1 and ∆E2) is not complete, and we need to define a rate of
energy relaxation in cm-1/ps. We define such an energy-drop
rate as a hydration (solvation) speed (S) regardless of specific
time and energy. Different mutants can have the similar
hydration speed even though they have different relaxation times
and energy shifts. Figure 10 shows S1 and S2 of all 29 proteins
(16 mutants) and Figure 11 gives their relationship with the

Figure 13. Color scale representation of hydration dynamics (S1 and S2), water-protein fluctuations (S2) and local protein wobbling motions (ω) at 16
positions of apoMb in native (top) and molten globule (bottom) states. The mutant sites are shown in balls, and the colors of the balls are scaled linearly,
with light colors for slow dynamics and dark colors for fast dynamics. Note the difference in contents and positions of secondary structures and colors of
balls in two states.

Figure 14. Comparison of the dynamics of tryptophan wobbling motion
τω, and longtime water-network relaxation τ2. The mutants are labeled by
circles with site numbers. Native state is in red, and molten globule is in
blue. For most positions studied in apoMb, the hydration relaxation is faster
than the wobbling motion, and only a few are special cases (see text).
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emission peaks of mutant proteins. Overall, both S1 and S2 are
widely distributed and significantly heterogeneous. However,
they clearly are larger in MG state than in N state, indicating
that both the H-bond water networks (mainly S1) and local
protein structures (mainly S2) become looser and more flexible.

Since the energy shifts (∆E1) become larger and the water
motions (τ1) get faster when the probe moves to the protein
surface, the S1 generally increases with λmax shifted to the longer
wavelengths (Figure 11A). Specifically, we categorize the S1

values into five regions: (i) For four deeply buried probes of
W14 (N and MG), H12W (N), A15W (N) and W7 (N), the S1

is the smallest and ranges from 22 to 54 cm-1/ps. Two partially
buried mutants with the heavy (dense-)charged surroundings
and higher-order structures, G23W (N) and A127W (N), also
fall into this region; (ii) for partially exposed mutants of W7
(MG), A71W (N), H12W (MG), A74W (N), A71W (MG),
H113W (N), the S1 ranges from 86 to 132 cm-1/ps. In addition,
the solvent-exposed mutant of E41W (N) with the dense-charged
surroundings has a similar hydration speed (106 cm-1/ps); (iii)
for mutants just located at the protein surface with certain higher-
order structures, A22W (N), E41W (MG), H13W (MG) and
T95W (N), S1 has similar values between 198 and 258 cm-1/
ps. The partially buried mutant A127W (MG) close to the loop
region at the end terminus and the fully exposed mutant A144W
with the dense-charged surroundings are also in this region; (iv)
for surface-exposed mutants of A84W (N and MG), A57W (N
and MG), A22W (MG) in or near the loop regions, the S1 ranges
from 334 to 509 cm-1/ps. The fully exposed mutant A144W
(MG) with the dense-charged surroundings in the loop region
also gives a similar hydration speed; and finally (v) for the
mutants located at the protein surface in the loose loop regions,
H48W (N and MG) and T95W (MG), the S1 has the largest
values from 667 to 831 cm-1/ps. The classification of these
regions is important and quantifies the hydration speed corre-
sponding to local H-bond water-network rigidity, especially
when the probe is located at the protein surface. Thus, the
mutants with different environments could have similar hydra-
tion speed and H-bond water-network flexibility. Clearly, the
solvation ability of H-bond water networks reflects hydration
water-network’s collectivity, which is related to its electrostatic

interactions with the protein, i.e., local chemical identity of
charged or hydrophobic residues and structural integrity of
higher order and topological roughness.

The results for the hydration (solvation) speed of S2 are
interesting, and all S2 values are much smaller than those of S1

but have a linear relationship with their τ2
-1 with a slope of

∼650 cm-1 (see inset in Figure 10B), resulting from the nearly
constant ∆E2 when the probe is located at the protein surface.
Thus, the S2 is directly related to τ2, a key time scale of coupled
water-protein fluctuations, having no direct relationship with
the emission peaks (Figure 11B). All values of S2 can be easily
classified into three regimes: (i) For the mutants of E41W (N
and MG), A144W (N), G23W (N), A74W (N) with dense-
charged surroundings and the mutants with buried tryptophan,
W14, H12W, A15W and H12W in both N and MG states, they
have all similar S2 values from 3 to 6.7 cm-1/ps; (ii) for the
mutants from H133W (N) to A84W (MG) in Figure 10B, the
S2 is directly related to the local structural flexibility and tertiary
interactions, ranging from 8.7 to 18 cm-1/ps. Many mutants
nearly have the similar hydration speed; and finally (iii) in the
loose loop regions, the mutants of T95W (N and MG), A57W
(N) and H48 (MG) have the largest S2 values from 25.8 to 32.2
cm-1/ps. In addition, the H113W (MG) also falls in this class
with a similar value of 24.4 cm-1/ps (Figures 10B and 11B),
and we believe that in the MG state, the H113 backbone
becomes a loop or has a loop character. Similarly, the clas-
sification of S2 is important because the S2 directly evaluates
the coupled water-protein fluctuations. Such quantification is
useful and directly shows how fast the coupling dynamics of
water networks with local proteins. Even for different mutants
with various local structures and chemical identities, the resulting
hydration (solvation) speed can be the similar as shown in
Figures 10B and 11B. Clearly, the chemical properties such as
dense-charged residues are critical to water-protein coupling
motions and the hydration networks have the smallest solvation
speeds and thus the largest collectivity due to strong electrostatic
interactions.

The Local Protein Flexibility and Global Plasticity. The
longer hydration dynamics of τ2 and related hydration speed S2

reflect the water-network restructuring in the interfacial layer

Figure 15. Snapshots of water motions in the hydration layer with one typical MD trajectory. Shown here is the A144W site with two water layers in the
hydration shell. Only some water molecules in the shell within 7 Å from the indole ring are shown for clarity. The twin arrows show constant dynamical
exchange of hydrating water molecules with bulk water. At time zero, the ground-state dipole moment of the indole upon photoexcitation is suddenly
increased and reoriented (left). The neighboring hydrating water molecules rapidly rotate and translate at the local position in a few picoseconds (middle).
The subsequent relaxation process is lateral water-network rearrangements coupled with local protein motions over tens of picoseconds (right), which gives
rise to the slow component of the Stokes shift. During this process, some of the initial water molecules in the layer could be replaced by outside bulk water.
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from the initial nonequilibrium state to a final equilibrated
configuration and such water-network rearrangements are
facilitated by the coupling motions of hydrating water with local
protein. Thus, local protein fluctuations must have certain
relationship with the longer hydration dynamics. We examined
all mutant rotational dynamics by measuring anisotropy decays.
Figure 8A shows the restricted rotational motions of the probe
tryptophan side chain in both N and MG states with a semi-
angle from 12° to 26° and mostly in 16-18°. However, their
wobbling dynamics (τw) occur in a wide time range from 52 ps
(A71W) to 262 ps (A74W), a reflection of their different local
structural constraints and electrostatic interactions, i.e., local
protein compactness and rigidity. These dynamics are also
correlated well with local protein properties. In N state, the
hydrophobic site of A71W has the shortest wobbling time,
consistent with less electrostatic interactions. For the two
mutants of H113W and G23W with the smallest rotating space,
they take less rotational relaxation time (58-74 ps). For the
mutants in the loop regions or close to the end termini of helices
(A84W, A144W, H48W, W7, A127W and A57W), the wob-
bling dynamics are well correlated with their structural rigidity
(55-81 ps). For the two buried sites of H12W and W14 inside
the hydrophobic core, the rotational dynamics take a longer time
of ∼160 ps. Finally, for the two dense-charged sites with higher-
order structures (E41W and A74W), the rotational relaxations
are the slowest even in about 260 ps.

In MG state, all of the wobbling angles except A57W and
A144W become larger (Figure 8A), and the structure becomes
looser. For A57W mutant, as observed in the hydration dynamics
with the slower relaxation (Figure 6), the D-helix extends longer,
and the local structure becomes more rigid, resulting in a smaller
wobbling angle. The A144W mutant becomes a loose loop at the
C terminal, and both the probe tryptophan and the loop proceed to
the wobbling motions like the mutant T95W. Both motions are
coupled, and the angle in Figure 8A for MG state could be
underestimated. Similarly, all wobbling dynamics of mutants except
A71W and A84W become faster, indicating that the MG structure
becomes soft with larger global plasticity. For A71W and A84W,
both emission peaks shift to the blue side by 2-3 nm and the

probes move inside the protein with more electrostatic and structural
interactions, resulting in the longer relaxation times.

To reflect the local flexibility, the average angular speed should
be a better variable. As shown in Figure 8C, in N state the dense-
charged sites (A74W and E41W) have the slowest rotational speed
of less than 0.1 deg/ps. Second, the angular speeds are well
correlated with the probe locations from buried, to partially buried
and to fully exposed in 0.15-0.31 deg/ps. Finally, the probe
(A71W) in the hydrophobic patch has the fastest rotational speed
in 0.32 deg/ps. In MG state, nearly all probes rotate faster than in
N state, resulting from a looser structure and reflecting larger global
plasticity in MG state. Similarly, A84W and A71W mutants have
the smaller angular speeds due to the probe more buried inside
the protein in MG state. Again, for H113W, the angular speed in
MG state is largest in 0.44 deg/ps, similar to the loop probe of
H48W and A144W, further indicating the loop nature of H113W
in MG state.

To further examine the plasticity of the protein, we show in
Figure 12 the angular speeds relative to the tryptophan emission
peaks, i.e., the relative probe locations to the protein surface.
For most mutants, the angular speeds of the probe are well
correlated with the emission peaks. The more exposed the probe,
the more flexible the local structure shows. This observation is
striking and indicates gradual changes of flexibility from the
inner protein to the outerside surface, reflecting the inside rigid
compactness and the surface softness. The mutants of A74W
(N) and E41W (N and MG) have relatively smaller angular
speeds due to the dense-charged environments. The H113W
(MG) and A71W (N) have relatively larger angular speeds due
to the loose loop and hydrophobic surrounding, respectively.
The definition of the angular speed here may provide a useful
way to evaluate local flexibility and global plasticity within a
protein or between different proteins.

The Intimate Coupling of Water-Protein Fluctuations.
Figure 13 shows the final mapping of the hydration dynamics,
water-protein fluctuations and local protein motions around the
protein surfaces in N and MG states using the obtained local
hydration speeds, S1 and S2, and tryptophan’s angular speeds,
ω. Globally, all water motions and protein fluctuations become

Figure 16. Unified molecular mechanism of protein hydration dynamics and coupled water-protein fluctuations. The initial ultrafast dynamics in a few
picoseconds (τ1) represents local collective water-network relaxation. On the longer time (τ2), the water networks undergo structural rearrangements in the
layer, strongly coupled with both local protein fluctuations and bulk-water dynamic exchange. The bottom two panels show such dynamic processes. The
two types of water-network relaxations are strongly correlated with local protein chemical identities and structural rigidity.
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faster in MG state than in N state, reflecting the coupling
between hydration water and the protein and the loss of the
H-bond water-network collectivity and protein structural integ-
rity. Individually, the mutants show significant heterogeneity,
and their dynamics strongly depend on local specificity. Hydra-
tion water motions are strongly coupled with local protein
properties, especially local chemical identities and higher-order
structures. The hydrophobic core (A-G-H helices) is more rigid
than the heme-binding site (B-H helices), reflecting structural
stability and functional flexibility.

The observed, second long hydration dynamics is a long
collective relaxation process of H-bond water-network rear-
rangements from the initial nonequilibrium to a final new
equilibrium. These water cooperative motions are strongly
coupled with protein fluctuations, and thus, the time scales (τ2)
should have certain relationships with the local side-chain

motions (τw). Figure 14 shows such correlation, and overall,
except for the mutants of A144W, G23W and H113W, and
A71W, the probe’s wobbling times are longer than the local
hydration water relaxations, clearly indicating that local hydra-
tion network relaxation is faster than local protein side-chain
motion and such two dynamics of hydrating water and protein
side chains are not equal. Given by the small wobbling rotational
angles of the probes (Figure 8A), the water networks completely
finish cooperative restructuring, while the probe side chains only
proceed to a small wobbling motion in a very constrained cone
angle. This observation is significant, indicating that local protein
fluctuations, facilitated initially by fast water motions in the
layer, further assist water-network rearrangements, and such
coupled motions (back and forth) collectively search for the
minimum basin on the energy landscape.

Among four exceptions, the probe tryptophan of A144W
mutant has a dense-charged surrounding, and the water networks
in the layer have much stronger collectivity, resulting in a long
relaxation time in 209 ps. However, the probe is fully exposed
to water and has less intraprotein interactions with nearby side
chains. The wobbling motion becomes relatively easier in 71
ps. Basically, the probes take three times as many of the
wobbling rotations to accommodate the complete water-network
cooperative relaxation. Similarly, for G23W, the dense-charged
environment results in a long relaxation time of local water
networks, but the probe is highly restricted due to the tertiary
intraprotein interactions with a very small wobbling angle
(Figure 8A). For H113W, the probe has the smallest wobbling
rotational angle (11.7°), and for A71W, the probe is in a
hydrophobic environment. Both mutants have the similar time
scales for hydration water-network relaxation and local probe
wobbling motion, indicating that one complete rotational motion
of the probe is enough to facilitate the entire water-network
rearrangements. It should be pointed out that all these local probe
rotational motions are very small in a semi-cone angle of
10-15°. Such constrained local rotations, coupled with hydra-
tion water, assist collective water-network lateral restructuring.

Recent MD simulations have provided deep insights into the
coupled water-protein fluctuations79,83,84,87-90 although sig-
nificant quantitative discrepancies still exist, especially about
the total relaxation energy (∆E), initial ultrafast water motions,
and the origin of second slower solvation dynamics.79,83,84

Figure 15 shows three snapshots from a 500-ps nonequilibrium
trajectory of MD simulations for A144W mutant. Upon sudden
change of the dipole moments of the probe, the nearby hydration
water proceeds to local reorientational and small translational
motions (τ1) with a significant energy drop (∆E1). Currently,
the simulated time and energy are much shorter and larger than
the experimental results, respectively. Subsequently, the water
networks make lateral structural arrangements, and meanwhile
the hydration water dynamically exchanges with bulk water in
tens of picoseconds (residence time). These cooperative, con-
voluted motions result in the significant replacement of original

(87) Pizzitutti, F.; Marchi, M.; Sterpone, F.; Rossky, P. J. J. Phys. Chem.
B 2007, 111, 7584–7590. Giovambattista, N.; Lopez, C. F.; Rossky,
P. J.; Debenedetti, P. G. Proc. Natl. Acad. Sci. U.S.A. 2008, 105, 2274–
2279. Lopez, C. F.; Darst, R. K.; Rossky, P. J. J. Phys. Chem. B 2008,
112, 5961–5967.

(88) Hassanali, A. A.; Li, T.; Zhong, D.; Singer, S. J. J. Phys. Chem. B
2006, 110, 10497–10508.

(89) Bizzarri, A. R.; Cannistraro, S. J. Phys. Chem. B 2002, 106, 6617–
6633.

(90) Gilmore, J.; McKenzie, R. H. J. Phys. Chem. A 2008, 112, 2162–
2176.

Figure 17. Schematic contour representation of the energy landscape for the
longtime water-network dynamics along three coordinates: water-network
arrangement in the hydration layer, coupled local protein fluctuation, and bulk-
water dynamical exchange. (A) The nonequilibrium hydrating water molecules
evolve into a new equilibrated configuration, and along the pathway such water-
network rearrangements couple with local protein motions. The protein
fluctuates among many substates coupled with the water-network relaxation.
(B) The water networks evolve along the minimum energy path and meanwhile
have a dynamic exchange with bulk water on the similar time scale. The bulk
water fluctuates around its equilibrium state.
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water molecules in the layer with bulk water and the hydrating
water molecules finally reaching the new equilibrated config-
uration. By either freezing protein fluctuations or hydration water
motions, the longtime lateral water-network restructuring will
disappear, directly supporting the coupled longtime fluctuations
between interfacial water and the protein. This intimate coupling
is a direct reflection of local protein fluctuations, a key
determinant for biological function.

Conclusion

We report here our direct mapping of global surface hydration
dynamics and water-protein coupling fluctuations around an
R-helical globular protein of apomyoglobin in both native and
molten globule states. With site-directed mutagenesis, 16 single-
tryptophan mutants, one at a time, were designed to cover
different local environments, structural and chemical, and to
scan the entire protein surface. With the femtosecond resolution,
we systematically examined water motions near the termini,
loose loops, rigid helices, hydrophobic patches and different
dense-charged amino acid clusters in the hydration layer. We
observed robust biphasic hydrating water-network motions on
two distinct time scales. One is in a few picoseconds, and the
other ranges from tens to hundreds of picoseconds. Both water-
network dynamics show significant heterogeneity from site to
site and strongly correlate with the local protein properties. A
series of correlations of both energy relaxation and dynamical
motion with the local chemical identity and structural integrity
were observed that helped to elucidate the origin of different
hydrating water motions in the layer and to reveal the nature of
water-protein coupling fluctuations. To quantify the hydrogen-
bond water-network rigidity and local protein flexibility, we also
defined a hydration (solvation) speed for water relaxation and
an angular speed for side-chain wobbling motion from anisot-
ropy dynamics. From native to molten globule states, all
hydration dynamics become faster, the water networks in the
shell loosen up, and the protein becomes more flexible. All these
results are summarized in Figures 16 and 17 and provide
molecular insights into protein hydration dynamics and coupled
water-protein fluctuations at the most fundamental level.

The striking observation of the energy relaxation (Stokes
shifts) in two distinct distributions relative to the probe’s location
unambiguously shows the dominant contributions from water
molecules in the hydration layer. The first contribution is from
all water molecules in the detection range in the hydration shell,
and the second one is only from the inner interfacial rigid
hydrating water in the layer. This observation also explains the
fluorescence emission patterns of tryptophan in the textbook,80

i.e. the emission peak of surface tryptophan is around 340 nm
or longer, regardless of its neighboring protein environments,
hydrophobic or hydrophilic. The different local properties of
this globular protein only result in a fluctuation of second energy
relaxation less than 12%; the hydration water relaxation in the
layer is dominant, and the protein contribution is minor.

The corresponding two time scales are very informative and
show a series of correlations with protein properties, chemical
and structural. The first time scale consists of a few picoseconds,
much slower than that observed in bulk water by 1 order of
magnitude. Such initial water dynamics are local collective
H-bond water-network relaxation, and these water molecules
are highly structured. The rigidity of the water networks is
strongly correlated with local chemical identities, especially
charged amino acids due to strong electrostatic interactions
(Figures 6A, 9A and 11A). This local initial collective relaxation

reflects the water-network flexibility, which is determined by
water-protein interactions and water-network collectivity. The
time scale in few picoseconds reveals the collective nature of
H-bond network dynamics in the hydration layer. The initial
ultrafast hindered motions observed in bulk water are highly
suppressed and dramatically slowed down due to highly
structured water networks in the hydration layer. On the basis
of the observed initial water dynamics, we found that the
dynamic hydration layer extends to more than 10 Å.

The second time scale ranges from tens to hundreds of
picoseconds and truly reflects the coupled water-protein
fluctuations at the interface. Significantly, the energy relaxation
is dominantly from the interfacial water molecules in the inner
layer, and thus the dynamics are coupled with local protein
motions on this time scale. For a given rigid protein structure
as shown in recent MD simulations,79 such coupled water-protein
motions in the layer cease, and the lateral rearrangements of
water networks are eliminated. However, the longitudinal
dynamical exchange with bulk water still occurs, typically on
a similar time scale of tens of picoseconds (residence time).
For a soft protein surface, local protein fluctuations are facilitated
by such longitudinal water dynamics, and to make rearrange-
ments laterally water networks in the inner layer must couple
with protein fluctuations and bulk-water dynamical exchange
(Figures 16 and 17). Such coupled motions between water
networks and the protein, back and forth, from the initial
nonequilibrium to a final equilibrated configuration are il-
lustrated in Figure 17A. Although the local protein fluctuations
are highly constrained in very small space (Figure 8), the actual
coupled water-protein motions depend on local protein chemi-
cal identity, topological roughness, higher-ordered structure and
tertiary intraprotein interaction. The strong correlations of the
coupled motions with chemical property and structural rigidity
of the local protein were observed with wide heterogeneity on
the picosecond time scales. Such coupled longtime water
relaxations reflect the local cooperativity and lateral mobility
of water networks in the layer and reveal the nature of local
water-protein fluctuations, which are determinants for biologi-
cal functions such as in searching for a local minimum in protein
folding, maintaining structural intactness and flexibility, lubri-
cating protein recognition and binding, and mediating catalytic
enzyme reactions at active sites.3,12
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