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a b s t r a c t

Water molecules in hydrophobic biological cleft/cavities are of contemporary interest for the bio-
molecular structure and molecular recognition of hydrophobic ligands/drugs. Here, we have explored
picosecond-resolved solvation dynamics of water molecules and associated polar amino acids in the
hydrophobic cleft around Cys-34 position of Endogenous Serum Albumin (ESA). While site selective
acrylodan labeling to Cys-34 allows us to probe solvation in the cleft, Förster resonance energy transfer
(FRET) from intrinsic fluorescent amino acid Trp 214 to the extrinsic acrylodan probes structural integrity
of the protein in our experimental condition. Temperature dependent solvation in the cleft clearly shows
that the dynamics follows Arrhenius type behavior up to 60 �C, after which a major structural pertur-
bation of the protein is evident. We have also monitored polarization gated dynamics of the acrylodan
probe and FRET from Trp 214 to acrylodan at various temperatures. The dynamical behavior of the
immediate environments around the probe acrylodan in the cleft has been compared with a model
biomimetic cavity of a reverse micelle (w0 ¼ 5). Using same fluorescent probe of acrylodan, we have
checked the structural integrity of the model cavity at various temperatures using picosecond-resolved
FRET from Trp to acrylodan in the cavity. We have also estimated possible distribution of donor-acceptor
distances in the protein and reverse micelles. Our studies reveal that the energetics of the water mol-
ecules in the biological cleft is comparable to that in the model cavity indicating a transition from bound
state to quasibound state, closely consistent with a recent MD simulation study.

� 2013 Elsevier Masson SAS. All rights reserved.
1. Introduction

The hydrophobic effect e the interaction of waters with non-
polar molecules e is very crucial in various fields of scientific
research and most important in biomolecular structure and func-
tion [1]. Particularly, structure and energetics of water molecules
in the hydrophobic cavity/cleft of protein trigger a number of
research works in the field of experimental biophysics [2e6]. In
most of the time “disordered” water molecules in hydrophobic
protein cavities are essentially missed in X-ray crystallographic
studies, however, clearly revealed in NMR structural studies [7].
From a number of recent experiments, it is an accepted fact that
dynamical behavior of water molecules in hydrophobic protein
cavities is not unique, rather very much case specific and depends
on the structural (slower) [3] and functional (faster) [5] re-
quirements of the protein. For example, due to substantial negative
free energy generated by high enthalpy and low entropy factors,
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water molecules present within the substrate binding cavity of
a-chymotrypsin are expelled easily upon ligand binding [8]. In
many proteins, nonpolar cavities are often located at or near the
active site and are thought to be involved in the uptake, transfer,
and release of both nonpolar and polar molecules [9]. One of such
examples include the presence of a cleft around Cys-34 (Fig. 1) in
the domain I of endogenous serum albumin (ESA), which is
reported to be responsible for the binding of an anticancer drug
doxorubicin [10]. The X-ray structure of the native protein reveals
that Cys-34 residing in a hydrophobic crevice that is w10e12 �A
deep from the protein surface [10]. Site selective acrylodan label-
ing of Cys-34, offers unique opportunity to investigate the dy-
namics of water molecules in the cleft. In recent past, Zewail group
has explored the hydration dynamics using site selective acrylodan
probe at Cys-34 and correlated the dynamics with unfolding
pathways of the protein [11]. As mentioned in a review of bio-
logical water [12], femtosecond dynamics essentially reveals
rotational and inertial (roto-translational) motions of water mol-
ecules, however, complete diffusion of water molecules in the
several hundred ps to ns time scales is expected to be beyond
experimental time windows of the measurement.
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Fig. 1. The cavity region around Cys-34 in the protein is schematically presented (Left).
Förster resonance energy transfer (FRET) from intrinsic tryptophan to acrylodan
residing in the cavity attached to Cys-34 occurs upon excitation of tryptophan residue
in the protein. In artificial biomimetic, AOT reverse micelle, the occurrence of FRET
from tryptophan to acrylodan is schematically shown (Right).
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In the present study, we have selectively labeled Cys-34 using
thiol reactive probe acrylodan and probed the environmental dy-
namics with picosecond resolution in an experimental time win-
dow of several 10 s of nanoseconds. The hydrophobic crevice on the
protein surface at Cys-34 is approximately 10e12 �A deep [10] and
careful observation of the crystal structure [13] reveals the pres-
ence of 4e5 water molecules within 10 �A distance from Cys-34
residue. Temperature dependent solvation dynamics over wide
range of physiologically relevant temperature region (10e70 �C)
clearly indicates that dynamics is essentially due to the water
molecules in the cleft and follows Arrhenius type behavior up to
60 �C, beyond which the structural integrity of the protein is not
preserved [14]. Significant spectral overlap of the single tryptophan
(Trp 214) with the site-selective probe acrylodan offers unique
opportunity to apply FRET for the investigation of distance with
molecular resolution between two specific sites at various tem-
peratures, thus revealing the structural integrity of the protein in
our experimental condition [15]. The distance distribution between
donor and the acceptor in our experimental condition has also been
investigated. Fluorescence anisotropy of acrylodan attached to Cys-
34 at different temperatures reveal that physical motion of the
probe is much slower than the reorganization of the immediate
environments of the probe. In order to understand the importance
of the water molecules in the solvation of acrylodan probe in the
protein cleft, we have extended our studies on a nano-sized water
pool of AOT (Aerosol-OT) reversemicelles (RMs) [16e18]. Similarity
of the dynamics of the protein with that of RMs (w0 ¼ 5), indicates
that the dynamics is essentially fromwater. A careful comparison of
our dynamics in the above systems with those in MD simulation
studies [19] reveals an interesting water dynamics in the cleft. The
bound water molecules in the lower temperature undergo quasi-
bound state, where the water molecules get immobilized by double
or more hydrogen bond bridges and exhibit slower dynamics
compared to free water molecules [20].
2. Material and methods

Bis (2-ethylhexyl) sulphosuccinate (AOT), Tryptophan, Endoge-
nous Serum Albumin (ESA), and Phosphate buffer were obtained
from Sigma. The fluorescent probe acrylodan was purchased from
Molecular probe. The sample solutions were prepared in phosphate
buffer (pH7) usingwater fromMillipore system. Preparation of ESA-
acrylodan conjugate was done in the following way. Briefly, a stock
solution containing 100 mM ESA was prepared in 0.1 M phosphate
buffer pH 7.0. A minimum amount of concentrated acrylodan so-
lution in dimethylformamide (w40 ml) was added to 5 ml of above
solution to make final molar ratio of ESA to acrylodan to be 1:1. The
mixturewas stirred gently andmaintained at room temperature for
2 h and then dialyzed at 4 �C against phosphate buffer. The dialysis
bufferwas changed at 12 h intervals for 3 days. AOTwas dissolved in
isooctane to a concentration of 100 mM, and then the calculated
amount of water was injected into to form the reverse micelles
(RMs) of desired hydration (w0 ¼ 5). For FRET study in RMs, the
donor (tryptophan) concentration was 20 mM and the acceptor
(acrylodan) was 130 mM. The steady-state absorption and emission
spectra were measured with Shimadzu UV-2450 spectropho-
tometer and Jobin Yvon Fluoromax-3 fluorimeter, respectively.

Fluorescence transients were measured in a commercially avail-
able spectrophotometer (Life-Spec-ps) from Edinburgh Instrument,
UK (excitation wavelength 375 nm, 70 ps instrument response
function, (IRF)). Tryptophanwas excited by the third harmonic laser
beam (299 nm) of the 897 nm (0.5 nJ per pulse) using amode-locked
Ti-sapphire laser with an 80 MHz repetition rate (Tsunami, Spectra
Physics), pumped by a 10WMillennia (Spectra Physics) followed by
a pulse-peaker (rate 8 MHz) and a third harmonic generator (Spec-
tra-Physics, model 3980). The third harmonic beam was used for
excitation of the sample inside the TCSPC instrument (instrument
response function, IRF ¼ 50 ps) and the second harmonic beam
triggers the start pulse. The picosecond-resolved fluorescence
transients were fitted with multi-exponential (n) function,Pn

i¼1 Aiexp
�
� t
si

�
where, Ai’s are weight percentages of the decay

components with time constants of si. The average excited state
lifetime is expressed by the equation s ¼ Pn

i¼1 Aisi, whenPn
i¼1 Ai ¼ 1.
The Förster distances of donoreacceptor pairs were calculated

using the equation [21],

R0 ¼ 0:211�
h
k2n�4FDJðlÞ

i1=6
In

�
�A
�

(1)

where, R0 is the distance between the donor and the acceptor at
which the energy transfer efficiency is 50%, k2 is a factor describing
the relative orientation in space of the transition dipoles of the
donor and acceptor. The magnitude of k2 is assumed to be 0.66 for
random orientation of donor and acceptor pair. The refractive index
(n) of the medium is assumed to be 1.4 [21]. J(l), the overlap inte-
gral, which expresses the degree of spectral overlap between the
donor emission and the acceptor absorption, is given by,

JðlÞ ¼

ZN
0

FDðlÞ 3AðlÞl4dl

ZN
0

FDðlÞdl
(2)

where, FD(l) is the fluorescence intensity of the donor in the
wavelength range of l to l þ dl and is dimensionless. 3A(l) is the
extinction coefficient (in M�1 cm�1) of the acceptor at l. If l is in
nm, then J(l) is in units of M�1 cm�1 nm4. Once the value of R0 is
known, the donoreacceptor distance (r) can easily be calculated
using the formula:

r6 ¼
h
R60ð1� EÞ

i.
E (3)

The efficiency of energy transfer (E) can be estimated from time-
resolved studies by following equation:

E ¼ 1� sDA
sD

(4)

where sD and sDA are lifetimes of the donor in absence and in
presence of the acceptor.
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Distance distribution between donor and acceptor was esti-
mated according to the procedure described in the literature [21].
The observed fluorescence transients of the donor molecules in
absence of acceptor (acrylodan) in the protein and RMs were fitted
using a nonlinear least-squares fitting procedure (software SCIEN-
TIST) to the following function,

IDðtÞ ¼
Zt

0

Eðt0ÞPðt0 � tÞdt0 (5)

which comprises the convolution of the instrument response
function (IRF) (E(t)) with exponential ðPðtÞ ¼ P

i
aDiexpð�t=sDiÞÞ.

The convolution of the distance distribution function P(r) in the
fluorescence transients of donor in presence of acceptor in the
system under studies (protein and RMs) is estimated using the
same software (SCIENTIST) in the following way.

The intensity decay of DeA pair, spaced at a distance r, is
given by

IDAðr; tÞ ¼
X
i

aDiexp
�
� t
sDi

� t
sDi

�
R0
r

�6�
(6)

and the intensity decay of the sample considering P(r) is given by

IDAðtÞ ¼
ZN

r¼0

PðrÞIDAðr; tÞdr (7)

where P(r) consist of the following terms:

PðrÞ ¼ 1
s

ffiffiffiffiffiffiffi
2p

p exp
�
� 1
2

�
r � r
s

�2�
(8)

In this equation r is the mean of the Gaussian with a standard
deviation of s. Usually distance distributions are described by the
full width at half maxima. This half width is given by hw ¼ 2.354s.

To construct Time Resolved Emission Spectra (TRES), we fol-
lowed the technique described in literature [21,22]. The time
dependent fluorescence Stoke’s shifts, as estimated from TRES,
were used to construct the normalized spectral shift correlation
function or the solvent correlation function, C(t), defined as,

CðtÞ ¼ nðtÞ � nðNÞ
nð0Þ � nðNÞ (9)

where n(0), n(t), and n(N) are the emission maxima (in cm�1) at
time 0, t, and N, respectively. The n(N) value corresponds to the
emission frequency beyond which insignificant or no spectral shift
is observed. The C(t) function represents the temporal response of
the solvent relaxation process, as occurs around the probe follow-
ing its photo-excitation and the associated change in the dipole
moment.

For anisotropy (r(t)) measurements, emission polarization was
adjusted to be parallel or perpendicular to that of the excitation and
anisotropy is defined as,

rðtÞ ¼
	
Ipara � Iperp


	
Ipara þ 2� Iperp


 (10)

The time-resolved anisotropy of a probe reveals the physical
motion of the probe in a microenvironment. The time constants
reflect rotational correlation time of the probe in the micro-
environment. A fluorescent probe in a geometrical restriction can
be well-represented in Wobbling-in-Cone model [23,24], where
the rotational anisotropy is defined as:

rðtÞ ¼ r0
�
be�t=sslow þ ð1� bÞe�t=sfast

�
(11)

According to this model sslow and sfast essentially represent the
time constants for global tumbling motion of the host and lateral
diffusion of the guest probe, respectively [23]. b ¼ S2 and S is the
generalized order parameter that describes the degree of restric-
tion on the wobbling-in-cone orientational motion. The magnitude
of S is considered as ameasure of the spatial restriction of the probe
and can have a value from zero (for unrestricted rotation of the
probe) to 1 (for completely restricted motion). The semicone angle
qW is related to the ordered parameter as,

S ¼ 0:5� cosqW ð1þ cosqW Þ (12)

qW can be calculated from the value of S by using the following
equation:

qW ¼ cos�1
n
0:5�

�
½1þ 8� S�1=2 � 1

�o
(13)

The diffusion coefficient for wobbling motion DW can be
obtained from the following relation,

DW ¼ 1�
1� S2

�
sW

"
x2ð1þ xÞ2
2ðx� 1Þ


ln
�
1þ x
2

�
þ
�
1� x
2

��

þ 1� x
24

�
6þ 8x� x2 � 12x3 � 7x4

�#
ð14Þ

Where x ¼ cosqW. The value of sW, which represents the time con-
stant for wobbling motion of the probe, can be obtained from the
following equation:

1
sfast

¼ 1
sW

þ 1
sslow

(15)

The interfacial microviscosity (hm) experienced by the probe at
various temperatures [25], can also be estimated from the time-
resolved fluorescence anisotropy using the modified Stokese
EinsteineDebye equation (SED) [26,27],

sr ¼ hmVh

KBT
(16)

where KB is the Boltzmann constant, T the absolute temperature. sr
refers to the faster decay time in the anisotropy decay which de-
scribes the tumblingmotion of the probe. Hydrodynamic volume of
the probe (Vh) can be calculated as:

Vh ¼ VmfC (17)

where f is the shape factor (f ¼ 1 for a spherical probe) and C rep-
resents solute-solvent coupling constant (C¼ 1 for “stick” condition
and C < 1 for “slip” condition) and Vm the molecular volume of the
probe [28]. In our case, molecular volume of acrylodan was esti-
mated to be 222 Å3. In case of f ¼ C ¼ 1, Eq. (16) reduces to the
original simple SED equation [29],

sr ¼ hmVm

KBT
(18)
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3. Results and discussion

Fig. 2A depicts the fluorescence characteristics of acrylodan
probe attached to Cys-34 residue of Endogenous Serum Albumin
(ESA). As shown in the figure, the emission is blue shifted from
530 nm (in buffer) to 488 nm upon covalent attachment to Cys-34
residue in protein. As the fluorescence of acrylodan is very sensitive
to the polarity of the medium [30], it can be used to probe the
solvation dynamics in the surrounding environment [11]. With
increasing temperature (10e70 �C), the emission of the probe in the
protein is observed to be slightly blue shifted (Fig. 2A), which in-
dicates that probe resides in hydrophobic cleft even at elevated
temperatures. Fig. 2B reveals temperature dependent picosecond-
resolved Förster resonance energy transfer (FRET) from intrinsic
tryptophan of ESA to extrinsic fluorescent probe acrylodan. It is
well documented that tryptophan and acrylodan serve as excellent
FRET pair [31,32] as there is significant spectral overlap between
tryptophan emission and acrylodan absorption spectrum. The
FRET study confirms the location of the probe (Fig. 1) and also
elucidates structural integrity of the protein at various tempera-
tures (10e70 �C). As evident in the inset of Fig. 2B, at 10 �C, the
lifetime of tryptophan is significantly quenched in acrylodan
labeled ESA in comparison to unlabeled ESA. The lifetime quench-
ing occurs due to the nonradiative energy transfer from tryptophan
Fig. 2. (A) Represents the steady-state emission spectrum of acrylodan (AC) in buffer
and in endogenous serum albumin (ESA). The emission of acrylodan is significantly
blue shifted in protein. The dotted line indicates the emission spectrum of acrylodan in
ESA at elevated temperature (70 �C). (B) The energy transfer efficiency from trypto-
phan to acrylodan in the protein at various temperatures was estimated as represented
in the figure. The dotted line is the guide to the eye. The inset figures show the lifetime
quenching of tryptophan (Trp) in presence of acrylodan (Trp-AC) at two representative
temperatures in ESA protein. Tryptophan was excited at 299 nm and emission was
collected at 350 nm.
to acrylodan (FRET). From the observed FRET efficiency of 83% at
10 �C, the distance (r ¼ 36 �A) between tryptophan and acrylodan
was estimated according to equation (3) and found to be in good
agreement with the distance (w40�A) between Cys-34 and Trp 214
as revealed from the X-ray crystal structure (PDB code: 2XSI [13]).
At 10 �C, tryptophan in ESA has lifetime decay components of
0.18 ns (20%), 3.16 ns (25%) and 7.96 ns (55%) with average lifetime
of 5.13 ns. In the acrylodan labeled ESA, the lifetime components of
tryptophan becomes 0.10 ns (54%), 0.97 ns (33%) and 4.20 ns (13%)
with average lifetime of 0.9 ns. With increasing temperature, life-
time of tryptophan in both labeled and unlabeled protein is affected
due to the perturbation of the secondary structure of the protein. As
shown in the inset of Fig. 2B, at 70 �C, the tryptophan lifetime be-
comes faster in both the cases and overall FRET efficiency is esti-
mated to be 70%. The lifetime values of tryptophan under various
conditions are summarized in Table 1. As shown in Fig. 2B, the
temperature dependent energy transfer profile consists of three
distinct regions, 10 �Ce30 �C, 30 �Ce60 �C and above 60 �C. The
efficiency up to 30 �C sharply decreases from 82% to 72% and re-
mains almost same up to 60 �C after which it starts to fall again.
Around 60 �C, the protein structure is reported to be collapsed [14]
which is well reflected in our temperature dependent FRET studies.
The sharp change in the energy transfer efficiency with increase of
temperature from 10 to 30 �C could be attributed to the different
flexibilities of the protein domains (I, II and III) [11] at various
thermal regions. However, the CD study [14] of thermal unfolding
of the protein does not reveal any such specific pattern and requires
further investigation to appropriately justify the behavior.

In order to exploit the local environmental dynamics around
acrylodan attached to Cys-34 residue of ESA, wavelength depend-
ent fluorescence transients of acrylodan in ESA were collected
starting from lower (10 �C) to higher temperatures (70 �C). The
Table 1
Fluorescence lifetimes (si), average fluorescence lifetimes <savg>, respective am-
plitudes (Amp %) and Förster resonance energy transfer (FRET) efficiency (EFRET %)
from tryptophan (Trp) to acrylodan (AC) at different temperatures.

Systems Temperature
(�C)

s1 (ns) s2 (ns) s3 (ns) <savg>
(ns)

EFRET
(%)

FRET in ESA
Trp 10 0.15 (20%) 3.16 (25%) 7.96 (55%) 5.14 82.7
Trp-AC 0.10 (55%) 0.97(33%) 4.19 (12%) 0.89
Trp 20 0.11 (20%) 1.93(15%) 6.99 (65%) 4.88 77.3
Trp-AC 0.08 (50%) 0.87 (30%) 3.79 (20%) 1.10
Trp 30 0.15 (17%) 2.35 (21%) 6.66 (62%) 4.60 72.3
Trp-AC 0.18 (47%) 1.19 (32%) 3.97 (21%) 1.27
Trp 40 0.10 (24%) 2.56 (31%) 6.51 (45%) 3.77 73.7
Trp-AC 0.11 (52%) 1.02 (30%) 3.73 (18%) 0.99
Trp 50 0.09 (25%) 1.96 (25%) 5.23 (50%) 3.13 71.8
Trp-AC 0.20 (54%) 1.02 (33%) 3.48 (13%) 0.88
Trp 60 0.17 (17%) 1.72 (37%) 4.43 (46%) 2.69 71.9
Trp-AC 0.14 (49%) 0.78 (38%) 3.15 (13%) 0.75
Trp 70 0.18 (28%) 1.41 (46%) 3.99 (26%) 1.73 70.1
Trp-AC 0.11 (65%) 0.76 (28%) 3.53 (07%) 0.51
FRET in AOT RMs
Trp 10 0.10 (20%) 1.80 (30%) 6.21 (50%) 3.67 75.4
Trp-AC 0.10 (54%) 0.97 (33%) 4.23 (13%) 0.90
Trp 20 0.11 (19%) 1.81 (34%) 6.19 (47%) 3.52 74.9
Trp-AC 0.11 (55%) 0.85 (31%) 4.22 (14%) 0.88
Trp 30 0.14 (18%) 2.35 (21%) 6.66 (61%) 4.60 70.9
Trp-AC 0.15 (47%) 1.19 (33%) 4.13 (20%) 1.25
Trp 40 0.10 (23%) 2.32 (29%) 5.52 (48%) 3.29 66.4
Trp-AC 0.12 (53%) 1.25 (30%) 4.11 (17%) 1.10
Trp 50 0.08 (25%) 1.86 (28%) 4.82 (47%) 2.79 58.2
Trp-AC 0.12 (51%) 1.21(29%) 3.88 (20%) 1.16
Trp 60 0.18 (28%) 1.68 (46%) 4.52 (26%) 1.98 52.1
Trp-AC 0.12 (53%) 1.02 (31%) 3.61 (16%) 0.94
Trp 70 0.18 (28%) 1.65 (46%) 4.21 (26%) 1.86 48.5
Trp-AC 0.12 (53%) 1.02 (30%) 3.64 (17%) 0.96



Table 2
Solvation correlation data for acrylodan in ESA and AOT RMs at different tempera-
ture values.a

Temperature (�C) a1 s1 (ns) a2 s2 (ns) <ssolv> Ea (kcal mol�1)

Acrylodan in ESA 1.80 � 0.1
10 0.39 0.30 0.60 0.28 0.25
20 0.46 0.11 0.53 0.32 0.23
30 0.50 0.11 0.50 0.29 0.20
40 0.61 0.13 0.36 0.23 0.17
50 0.68 0.11 0.31 0.25 0.15
60 0.85 0.13 0.12 0.27 0.14
70 0.72 0.14 0.28 0.18 0.15
Acrylodan in AOT RMs 1.90 � 0.2
10 0.67 0.15 0.37 0.46 0.26
20 0.68 0.15 0.38 0.46 0.26
30 0.67 0.15 0.38 0.46 0.26
40 0.65 0.15 0.36 0.43 0.25
50 0.72 0.15 0.31 0.44 0.23
60 0.80 0.14 0.23 0.46 0.21
70 0.70 0.08 0.36 0.40 0.18

a s represents the solvent correlation time constant, a represents its relative
weight. ssolv is the average solvation correlation decay time.
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fluorescence transients collected at blue end, decay faster in com-
parison to the transients collected at the red end of the spectrum.
Time-resolved emission spectra (TRES) were constructed from the
fluorescence decay transients for different temperatures. As illus-
trated in Fig. 3A, at lower temperature (10 �C), the net spectral
shift in TRES was estimated 1500 cm�1 in 1 ns time window. The
spectral shift decreases with increasing temperature and becomes
700 cm�1 at 70 �C. The decrease in the spectral shift of 800 cm�1,
associated with faster solvation at elevated temperatures confirms
that a considerable fraction of solvation is lost due to the transition
of water molecules. Fig. 3B represents the solvation correlation
function (C(t)) constructed for acrylodan probe attached to Cys-34
in ESA at various temperatures. The solvation correlation decay
profiles were fitted to bi-exponential function to obtain water
relaxation times and corresponding decay constants are tabulated
in Table 2. The overall decrease of solvation correlation decay time
up to certain temperature range (w60 �C) indicates that increase in
temperature accelerates the solvation process leading to a decrease
in water relaxation time. The observed temperature-induced ac-
celeration of solvation dynamics of acrylodan in ESA is associated
with the transition of water molecules with temperature, which in
turn is governed by an Arrhenius type of activation energy barrier
crossing model [33,34]. The activation energy barrier crossing
model was applied in order to calculate the activation energy bar-
rier (Ea) for water transition using the following relation [33],

1
< ssolv >

¼ kbf ¼ A exp
�
�Ea
RT

�
(19)

where, <ssolv > represents the average solvation time constant, kbf
is the rate of water conversion, A is the pre-exponential factor and
Ea is the corresponding activation energy for the transition process.
Fig. 3. (A) Depicts the constructed TRES for acrylodan attached to Cys-34 in endoge-
nous serum albumin (ESA) at two different temperatures, 10 �C and 70 �C. (B) Solvation
correlation decay profiles of acrylodan in ESA at various temperatures are plotted. Inset
shows the plot of 1/ssolv against 1/T (the solid line is a fitting to the Arrhenius equation
with 1% error bar).
Activation energy for water transitions was estimated from the
slope of the plot of ln(1/ssolv) against 1/T. The activation energy (Ea)
was found to be 1.80 � 0.1 kcal mol�1. It is well documented that
transition of bound to the bulk-type water is associated with
a higher energy barrier of 7e8 kcal mol�1, which is much higher
than our estimated value [35,36]. The activation energy barrier
value is closely consistedwith the transition of water frombound to
quasibound state in the cavity around the probe attached to Cys-34
[20].

At this juncture, it is important to know the rotational flexibility
of the probe acrylodan in the cavity in the experimental tempera-
ture range (10e70 �C). Fig. 4A represents the polarization gated
time-resolved anisotropy decay of acrylodan attached to Cys-34 at
two different temperatures. As evident from the Fig. 4A, at 10 �C,
the anisotropy decay is much slower in comparison to that at 70 �C.
The anisotropy decay collected at 10 �C consists of bi-exponential
Fig. 4. (A) Temporal decays of rotational anisotropy at 10 �C and 70 �C of acrylodan
(AC) covalently attached to Cys-34 are shown. Inset figure depicts the rotational ani-
sotropy of acrylodan (srot ¼ 200 ps) in phosphate buffer (B) diffusion coefficient for
wobbling motion (DW) of AC in ESA at different temperatures. Dotted line is guide to
eye. (C) Plot of ln(hm), hmexpressed in cP, against 1/T of AC in ESA with a linear fit (2%
error bar included).



Fig. 5. (A) Represents the steady-state emission spectrum of acrylodan (AC) in AOT
reverse micelle at various temperatures. Acrylodan emission is blue shifted and
quenched with increase of temperature. (B) The energy transfer efficiency from
tryptophan to acrylodan at various temperatures was estimated as represented in the
figure. The dotted line is the guide to the eye. The inset figures represent the lifetime
quenching of tryptophan in RMs in presence of acrylodan at two different tempera-
tures. Tryptophan was excited at 299 nm and emission was collected at 350 nm.
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decay function having time constant of 60 ns (96%) and
0.50 ns (04%). The 60 ns component reveals the overall global
motion of the protein molecule and is consistent with the reported
value [14]. The shorter 0.5 ns component with insignificant
weightage represents the rotational motion of the probe within its
immediate microenvironment [14]. At elevated temperature of
70 �C, the anisotropy decay constants become 15 ns (93%) and 50 ps
(7%). The average rotational time constants srot, were estimated at
various temperatures and summarized in Table 3. To account for the
effect of temperature on the rotational relaxation process of the
probe in the protein cavity, the anisotropy decays were analyzed
using the wobbling-in-cone model [24]. Fig. 4B represents the
change of diffusion coefficient for wobbling motion (DW) value with
increasing temperature. The diffusion coefficient (DW) values are of
the same order of magnitude as reported in one of our earlier works
on another probe in the protein [23]. The corresponding semicone
angles (qW) experienced by the acrylodan probe in different ther-
mal regions are summarized in Table 3. The observation is con-
sistent with higher lability of the probe AC in the protein cavity at
elevated temperature. Fig. 4C represents the plot of microviscosity,
experienced by the probe at different temperatures. The energy
barrier (En) for the viscous flow can be obtained using the following
equation by estimating the microviscosity (hm) at different tem-
peratures [37],

hm ¼ h0exp
�
En
RT

�
(20)

The energy barrier (En) for the viscous flow was estimated from
the slope of the plot of ln(hm) against 1/T. As shown in Fig. 4C,
a good linear fit was obtained with an estimated En value of
1.90 � 0.2 kcal mol�1. The good agreement between the energy
barrier values (En obtained from the rotational anisotropy study and
Ea value obtained from solvation dynamics study) is indicative of
the interlinking of the two processes involved in the cavity. It has to
be noted that, there prevails a possibility of interference bond
rotation in the solvation dynamics [38]. In our case, the possibility
of interference of bond rotation in the solvation dynamics, can be
safely rule out as the solvation time scale (ssolv ¼ 230 ps) is much
faster compared to the rotational flexibility of the probe
(srot ¼ 500 ps) as observed with time-resolved anisotropy study.

In order to compare the dynamics and energetics of water
molecules with that in a well-known model biomimetic cavity,
similar experiments were carried out in AOT reverse micelle (RMs)
of w0 ¼ 5. FRET from tryptophan to acrylodan in the model cavity
was applied to confirm structural integrity of the cavity at various
Table 3
Fluorescence anisotropy decays, Wobbling-in-Cone data, microviscosity around the probe
temperature values.

Temperature (�C) sslow (ns) sfast (ns) srot (ns)

Acrylodan in ESA
10 60 (97%) 0.53 (03%) 58.33
20 55 (95%) 0.49 (05%) 52.50
30 42 (96%) 0.41 (04%) 40.62
40 40 (96%) 0.38 (04%) 39.12
50 36 (97%) 0.30 (03%) 35.21
60 29(98%) 0.11 (02%) 28.42
70 15 (94%) 0.05 (04%) 14.44
Acrylodan in AOT RMs
10 22 (67%) 0.67 (33%) 14.96
20 20 (65%) 0.60 (35%) 13.21
30 18 (64%) 0.53 (36%) 11.71
40 16 (63%) 0.40 (37%) 10.23
50 15 (62%) 0.33 (28%) 9.42
60 13 (61%) 0.28 (39%) 8.04
70 12 (61%) 0.23 (39%) 7.41
temperatures. The steady-state fluorescence spectra of AC in RMs of
w0 ¼ 5 are presented in Fig. 5A. The [water]/[surfactant] ratio (w0)
was carefully chosen in our experiment. In one of our earlier
studies, we have established that at w0 ¼ 5, the effect of temper-
ature on the size of the RMs is little or insignificant [23]. In addition,
we noticed that the non-radiative twisted intramolecular charge
transfer [39] feasibility of AC in RMs of w0 ¼ 5 is minimum in
and energy barrier for viscous flow of acrylodan in ESA and in AOT RMs at different

qW (deg) DW � 108 (s�1) hm (cP) En (kcal mol�1)

1.90 � 0.2
7.8 0.10 8.38

10.1 0.18 8.09
8.5 0.15 6.97
6.9 0.11 6.71
6.9 0.14 5.41
6.6 0.35 2.04
9.0 1.44 0.95

2.05 � 0.2
29.1 0.99 10.28
30.1 1.18 9.33
30.6 1.37 8.63
31.2 1.87 7.69
31.7 2.34 6.32
32.2 2.84 5.58
32.2 3.46 4.75



Fig. 7. (A) Depicts the constructed TRES for acrylodan in AOT reverse micelle at lower
and higher temperatures. (B) Solvation correlation decay profiles of acrylodan in RMs
are plotted for various temperatures. When the temperature was increased from 10 to
30 �C, insignificant change in C(t) was observed. Inset shows the plot of 1/ssolv against
1/T (the solid line is a fitting to the Arrhenius equation with 1% error bar).
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comparison to higher w0 values. As evident from Fig. 5A with
increase in temperature, the relative intensity of acrylodan de-
creases and the emission spectrum is blue shifted. Inset of Fig. 5B
represents the lifetime of tryptophan in reverse micelle in presence
and in absence of acrylodan at various temperatures. In presence of
acrylodan, the lifetime of tryptophan is significantly quenched due
to FRET. The temperature dependency of the energy transfer pro-
cess is represented in Fig. 5B. The lifetime traces of tryptophan in
absence and in presence of acrylodan for two different tempera-
tures (10 �C and 70 �C) are shown in the insets of Fig. 5B. The
occurrence of FRET confirms the coexistence of tryptophan and
acrylodan within AOT reverse micelle in our experimental tem-
perature window. In order to understand the possible distribution
of the acceptor molecules from the donor in the systems (protein
and RMs), we have fitted the fluorescence transients of the donor in
absence and presence of acceptor following equations (5) and (6)
and are shown in Fig. 6. As shown in Fig. 6, at 10 �C, the half
width (hw) of the distance distribution functions are 2 �A and 2.5 �A
for protein (Fig. 6A and B) and RMs (Fig. 6C and D) respectively. The
observed narrow distribution in the donor acceptor distance in the
studied system may indicate their dynamical flexibility.

The estimated energy transfer efficiencies at various tempera-
tures are plotted in Fig. 5B. As evident from the figure, energy
transfer rate remains almost same up to 30 �C. With further
increase of temperature, the energy transfer efficiency gradually
decreases. The lifetime decay constants of tryptophan in RMs under
various temperatures are tabulated in Table 1. As evident from the
energy transfer studies, the probe acrylodan resides within the
interior of reverse micelle (Fig. 1), which offers a unique opportu-
nity to study the water dynamics of nano-size water pool inside the
reverse micelle using the probe. Fig. 7A depicts the constructed
TRES of acrylodan in RMs at 10 �C and 70 �C respectively. It is
Fig. 6. (A) and (C) depict the fitting of time-resolved lifetime traces considering the distance distribution between donor and acceptor in ESA and RMs respectively. The inset shows
the residual of the fitting. (B) and (D) show the probability of distance distribution (P(r)) with respect to mean distance.
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evident from the figure that with increase of temperature, the
net spectral shift decreases. The solvation correlation decay func-
tion, C(t), of acrylodan was estimated for a temperature range of
10e70 �C and are represented in Fig. 7B. It has to be noted that, the
temperature dependent solvation correlation decay function of
acrylodan in RMs follows a different course than that in the protein.
When the temperature is raised from 10 �C to 30 �C, little or
insignificant change in the C(t) was observed. After 30 �C, with
further increase of temperature, the solvation correlation decay
function becomes faster as elaborated in Fig. 7B. The corresponding
solvation correlation decay constants at various temperatures are
tabulated in Table 2. Inset of Fig. 7B represents the Arrhenius plot of
activation energy barriermodel. The slope of the plot of ln(1/ssolv)vs
1/T yielded a value of activation energy of 1.70� 0.2 kcal mol�1. The
result indicates that AC is located in the hydration shell at the
interior of the RMs and solvation relaxation of AC essentially in-
volves the transition between interfacially bound waters to quasi-
bound state [20]. Insignificant change of C(t) in the temperature
region of 10e30 �C indicates the increase in temperature does not
perturb the relaxation dynamics of water molecules inside the RMs
in the temperature range.

Fig. 8A represents anisotropy decay plot of acrylodan in RMs at
lower (10 �C) and elevated temperature (70 �C). The anisotropy
experiments elucidate the rigidity of the probe molecules within
RMs, and hence the water dynamics. At lower temperature (10 �C),
the anisotropy consists of two decay components (22 ns (67%) and
0.67 ns (33%)). The slower 22 ns time component is due to the
global motion of the RMs which is well corroborated with the
estimated value using SED equation [29] considering the hydro-
dynamic radius of RMs (3.5 nm) for w0 ¼ 5 as reported in the lit-
erature [23]. At 70 �C, the anisotropy decay constant becomes
12 ns (61%) and 0.23 ns (39%). The corresponding time constants for
the anisotropy decays are summarized in Table 3. Fig. 8B represents
the change of diffusion coefficient for wobbling motion (DW) value
with increasing temperature. The diffusion coefficient (DW) values
are of the same order of magnitude as reported in one of our earlier
work by Mitra et al. [23] for coumarin-500 in AOT RMs and in-
creases with increasing temperatures. The corresponding semicone
angles (qW) experienced by the probe in different thermal regions
Fig. 8. (A) Temporal decays of rotational anisotropy of acrylodan in RMs at 10 �C and
70 �C are shown. (B) Diffusion coefficient for wobbling motion (DW) of AC in AOT RMs
at different temperatures. Dotted line is guide to eye. (C) Plot of ln(hm),hmexpressed in
cP, against 1/T of AC in AOT RMs with a linear fit (5% error bar included).
are tabulated in Table 3. The observation is consistent with higher
lability of the probe AC in the RMs at elevated temperature. Fig. 8C
represents the plot of microviscosity, experienced by the probe at
different temperatures. The energy barrier (En) for the viscous flow
was estimated from the slope of the plot of ln(hm) against 1/T as
described in equation (20). A good linear fit is obtained with a cal-
culated En value of 2.05 � 0.2 kcal mol�1. Reasonably good agree-
ment between the energy barrier values (En obtained from the
rotational anisotropy study and Ea value obtained from solvation
dynamics study) is found.

4. Conclusion

In summary, we have carried out detail investigation of an
important fluorescent probe acrylodan in biological and bio-
mimetic cavities. The study provides some new insights about the
cavity water dynamics for both biological and biomimetic systems.
The estimated activation energy for water transition for both bio-
logical (ESA) and biomimetic (RMs) cavities using Arrhenius type
activation energy model is similar and essentially indicates the
water transition from bound to quasibound state. The rigidity of
water molecules around Cys-34 of the protein cleft might have
significant role in protein stability as well as crucial functional role
in the ligand binding including an important anticancer drug
doxorubicin. The persistency of the structural flexibility of the
protein in the physiologically relevant temperature range (30e
60 �C) as revealed from FRET and anisotropy studies is well justi-
fied from the perspective of protein activity. The considerable
similarity of the dynamical properties of the water molecules in the
protein cavity with that in the nano-droplets in the RMs is clearly
revealed from our experiment. From the FRET studies, we have also
observed a very narrow donor-acceptor distance distribution in the
protein and RMs. The observation is important as a mammoth of
theoretical (MD simulation in particular) and experimental un-
derstanding on the biomimetic RM-cavity is evident in the liter-
ature. Our experimental study is expected to have deep impact in
the understanding of water relaxation/activity in hydrophobic
cavity of protein interiors.
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