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Abstract

In this contribution we report studies of the nature of solvation and resonance energy transfer processes in a reverse micelle
encapsulation of a digestive enzyme,α-chymotrypsin (CHT). We have used one donor, Coumarin 500 (C500), and three acceptor
damine 123 (R123, cationic), ethidium bromide (EtBr, cationic), and Merocyanine 540 (MC540, anionic). By selectively exciting th
at the surface of the RM with a proper excitation wavelength we have examined solvation dynamics in the microenvironment. T
tion correlation function in the RM without CHT exhibits single-exponential decay with time constant∼660 ps, which is similar to that o
the CHT-included RM. However, in the case of CHT-included RM(w0 = 10), the time-resolved anisotropy and spectral linewidth anal
of the surface-bound donor reveal the existence of an annular aqueous channel of thickness∼2.5 Å between the enzyme surface and
inner surface of the RM. The aqueous channel is a potential host for the water-soluble substrate and also is involved in maint
proper functionality of RM encapsulated CHT. The studies use both steady-state and time-resolved fluorescence resonance e
fer (FRET) techniques to measure donor–acceptor distances in the RM and also emphasize the danger of using steady-state
quenching as a method in careful estimation of the distances. The local geometrical restriction on the donor and acceptor mol
estimated from time-resolved polarization (anisotropy) measurements. The time-resolved anisotropy of the donor and acceptor
also revealed significant randomization of the relative orientation of transition dipoles of the donor and acceptor, justifying the use/3 as
the value of the orientation factorκ2. These studies attempt to elucidate the excellence of the RM as a nanohost of biological mac
cules.
 2005 Elsevier Inc. All rights reserved.

Keywords: Fluorescence resonance energy transfer (FRET); Solvation dynamics; Time-resolved anisotropy; Reverse micelle;α-Chymotrypsin; Nanocage;
Enzyme; Temporal spectral width; TRES; TRANES
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1. Introduction

Water molecules in the close vicinity of biological macr
molecules (hydration) are particularly important for t
function of biomolecular recognition[1]. Modulating the
number of water molecules available to an enzyme for m
ifying its activity has opened a new field of research
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0021-9797/$ – see front matter 2005 Elsevier Inc. All rights reserved.
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paramount interest[2–4]. In order to explore the interpla
between hydration and enzymatic structure/function it
become necessary to design novel experimental syst
Several systems, such as protein films at various leve
hydration[5], have been developed. However, two syste
have widely evolved in which the relation between wa
and enzymes can be experimentally approached. On
volves the entrapment of enzymes in the reverse mic
[6–8] and the other the dispersion of enzymes in nonp
solvents[9,10]. These two nonconventional systems hav
common factor: the amount of water available to enzym
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can be controlled and made much lower than in the u
biological systems.

Reverse micelles (RM) are tiny aqueous droplets
rounded and stabilized by a monolayer of surfactant m
cules and dispersed in a water-immiscible organic
vent [4]. A well-known direct relationship exists betwee
the radius of RM of AOT (surfactant; aerosol OT) in isoo
tane (nonpolar solvent) and their degree of hydration,w0,
described by

(1)rm (Å) = 2w0,

where rm is the radius of the water pool in Å andw0 =
[water]/[AOT]. At present, reverse micellar microemulsio
are widely used as organic media for performing biocat
sis. They have been associated with the idea of a “nanoc
or “microreactor”[6–8] where enzyme can be sheltered a
protected from the solvent detrimental effects. In some
ticular cases it is possible to solubilize enzymes in RM w
out the loss of the native structures of those enzymes[11].
In a recent study from this group[4], the catalytic activ-
ity of an enzymeα-chymotrypsin (CHT) was measured
the RM with various degrees of hydration and was fou
to be retarded by at least two orders of magnitude rela
to that of the free enzyme in buffer solutions. In the
perimental investigation[4] the reactions were studied
those values ofw0 where the native structure of CHT wa
preserved[11]. The work inferred that the locations of th
enzyme and substrate were important factors in the obse
enzymatic activity of CHT in the RM. The present study
cuses on the location of small molecules (substrate mim
with different charges in a RM with and without inclusio
of CHT.

In this work we used fluorescence resonance en
transfer (FRET) technique to assess distances of thre
ceptor probe molecules (two cationic and one anionic) fr
the surface of the RM before and after encapsulation of C
The energy donor, Coumarin 500 (C500; neutral), was se
tively excited at the RM surface by using specific excitat
wavelength. The energy acceptors Rhodamine 123 (R
cationic), ethidium bromide (EtBr; cationic), and Merocy
nine 540 (MC540; anionic), being extremely hydrophil
are completely insoluble in the nonpolar phase (isooctan
the RM. The molecular structure of the donor, the accept
and the surfactant AOT are shown inScheme 1. Upon selec-
tive excitation, the donor C500 at the RM surface underg
FRET to the acceptors in the aqueous phase of the RM
observing the picosecond-to-nanosecond dynamics of
radiative energy transfer of the donor in the RM without a
with CHT, we elucidate locations of the charged accep
with respect to the anionic inner surface of the RM. In or
to unravel the change in the environmental dynamics aro
the donor we also studied picosecond-resolved solvation
namics and polarization-analyzed anisotropy of the dono
the surface of the RM without and with CHT.
”

-

;

Scheme 1. Molecular structures of the surfactant AOT, donor Coum
500, and acceptors Rhodamine 123, ethidium bromide, and Merocy
540.

2. Material and methods

Lyophilized CHT powder was purchased from Sigm
(highest grade). Isooctane (Spectrochem, 99.5%), bis
ethylhexyl)-sulfosuccinate sodium salt (AOT; Fluka, 99%
Coumarin 500 (Exciton, 99.9%), Rhodamine 123 (Sigm
99%), ethidium bromide (Molecular Probes, 99.9%), a
Merocyanine 540 (Fluka, 99%) were used as received.
verse micellar microemulsion with donor only was p
pared by dissolving solid AOT in a precharacterized don
isooctane solution. The final AOT concentration was 0.01
In most of our experiments the hydration level of the reve
micelle was maintained asw0 = 10. The donor–accepto
complexes in the RM were prepared by mixing accep
with donor–RM, equilibrating for 3 h and filtering the fin
solution. In order to avoid multiple occupancy of the acc
tors in the RM, the ratio [RM]/[acceptor] was maintain
to be at most 1:1. For the same reason, donor concentr
at the micellar surface was maintained to be lower than
concentration of the RM. The concentration of the RM at
[AOT] was determined on taking the aggregation constan
AOT in isooctane to be 100 µM[12]. Inclusion of CHT in the
RM was made by adding CHT powder to the RM, stirri
vigorously for 3 h and filtering the solution. Concentrati
of the enzyme CHT samples in the aqueous solutions
determined using the supplied (by the vendor) extinction
efficient value at 280 nm,ε280(1%) = 20.4 cm−1.

Steady-state absorption and emission were meas
with a Shimadzu Model UV-2450 spectrophotometer an
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Jobin Yvon Model Fluoromax-3 fluorimeter, respective
All transients were taken using the picosecond-reso
time-correlated single photon counting (TCSPC) techniq
We used a commercially available picosecond diode la
pumped time-resolved fluorescence spectrophotometer
IBH, UK with instrument response function (IRF)∼120 ps
at the Indian Institute of Technology, Kharagpur, India. T
picosecond excitation pulse from the diode laser was us
405 nm. A liquid scatterer was used to measure the FW
of the instrument response functions (IRF). The fluoresce
from the sample was detected by a microchannel plate
tomultiplier tube (MCP-PMT) after dispersion through
double-grating monochromator. For all transients the po
izer on the emission side was adjusted to be at 54.7◦ (magic
angle) with respect to the polarization axis of the excitat
beam.

For anisotropy measurements, emission polarization
adjusted to be parallel or perpendicular to that of the exc
tion and anisotropy defined asr(t) = [Ipara− GIperp]/[Ipara
+ 2GIperp]. The magnitude ofG, the grating factor of the
emission monochromator of the TCSPC system, was fo
by using a coumarin dye in methanol and following a lon
time tail-matching technique[13] to be 1.5. To construc
time-resolved emission spectra after the excitation pu
we adopted the method detailed in Ref.[14]. The observed
fluorescence transients were fitted using a nonlinear le
squares fitting procedure (software SCIENTIST) to a fu
tion composed of the convolution of the instrument respo
function with a sum of exponentials. The purpose of this
ting is to obtain the decays in an analytic form suitable
further data analysis. For each detection wavelength the
sient was normalized using the steady-state spectrum.
resulting time-resolved spectra were fitted with a lognor
shape function to estimate the spectrum maximumν(t). The
temporal Stokes shift can be represented by the time de
dence of the fit. By following the time-resolved emissio
we constructed the hydration correlation functionC(t) =
[ν(t) − ν(∞)]/[ν(0) − ν(∞)], whereν(0), ν(t), andν(∞)

denote the observed emission energies (in wavenumbe
times 0,t , and∞, respectively. For the construction of tim
resolved area-normalized emission spectra (TRANES)
followed the method described in Ref.[15].

In order to estimate the fluorescence resonance en
transfer efficiency of the donor (C500) and hence to
termine distances of donor–acceptor pairs, we followed
methodology described in chap. 13 of Ref.[16]. The Forster
distance (R0) is given by

(2)R0 = 0.211
[
κ2n−4QDJ (λ)

]1/6
(in Å),

whereκ2 is a factor describing the relative orientation
space of the transition dipoles of the donor and acce
For donor and acceptors that randomize by rotational d
sion prior to energy transfer, the magnitude ofκ2 is assumed
to be 2/3. In the present study the same assumption
been made, and it has further been justified by time-reso
t

-

-

-

t

anisotropy measurements of the donor and acceptor m
cules (see below). The refractive index (n) of the medium is
assumed to be 1.4.QD, the quantum yield of the donor in th
absence of acceptor is measured to be 0.46 and 0.48 re
tively in the RM without and with the enzyme CHT.J (λ),
the overlap integral, which expresses the degree of spe
overlap between the donor emission and the acceptor ab
tion is given by

(3)J (λ) =
∫ ∞

0 FD(λ)εA(λ)λ4 dλ
∫ ∞

0 FD(λ)dλ
,

whereFD(λ) is the fluorescence intensity of the donor in t
wavelength range ofλ to λ+dλ and is dimensionless.εA(λ)

is the extinction coefficient (in M−1 cm−1) of the acceptor
atλ. If λ is in nm, thenJ (λ) is in units of M−1 cm−1 nm4.

Once the value ofR0 is known, the donor–acceptor di
tance(r) can easily be calculated using the formula

(4)r6 = [
R6

0(1− E)
]/

E.

HereE is the efficiency of energy transfer. The transfer e
ciency is measured using the relative fluorescence inte
of the donor in the absence (FD) and presence (FDA) of the
acceptor. The efficiencyE is also calculated from the life
times under these respective conditions (τD andτDA):

(5a)E = 1− (FDA/FD),

(5b)E = 1− (τDA/τD).

The distances measured using Eqs.(5a) and (5b)are revealed
asRS (steady state measurement) andRTR (time-resolved
measurement), respectively.

3. Results and discussion

3.1. Steady-state spectroscopic studies

3.1.1. Solvation and selective excitation of the donor
The donor C500 is sparingly soluble in water and sho

reasonably good solubility in isooctane. In bulk water
absorption peak (400 nm) is significantly red-shifted co
pared to that in isooctane (360 nm). The emission pea
C500 in bulk water (500 nm) also shows a 90-nm red s
compared to that in isooctane (excitation at 350 nm).
significantly large solvatochromic effect (solvation) in t
absorption and emission spectra of C500 makes the dy
attractive probe for microenvironments. As shown inFig. 1,
in isooctane C500 offers significant solubility and the
sorption spectrum shows a peak at 360 nm with a shou
at 380 nm. Upon addition of AOT (w0 = 10), another shoul
der (at 400 nm) appears in the absorption spectrum, w
remains similar for C500 in CHT-included RM (w0 = 10),
indicating a population of the donor in the polar enviro
ment of the RM. The signature of the population of do
molecules in the polar environment of the RM is also e
dent from the difference spectrum (middle panel ofFig. 1)
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of the donor in the RM (w0 = 10) with respect to the dono
in isooctane. From the absorption spectra it is clear
upon excitation at 400 nm, only that population of don
molecules is excited which are in the polar environmen
the RM. The lower panel ofFig. 1 clearly shows the ef
fect of excitation wavelength on the emission of the do
in the RM. The donor in the AOT/isooctane mixture sho
an emission peak at 430 nm with excitation wavelengt
350 nm, indicating emission from both the population of
donor molecules in polar and nonpolar environments. U
excitation at 400 nm the donor emission is peak-shifte
500 nm revealing the population of donor molecules in
polar environment only. The insignificant change of abso
tion/emission spectra of the donor withw0 and upon inclu-
sion of CHT in the RM is not surprising, given the fact th

Fig. 1. Upper panel shows absorption spectra of C500 (donor) in is
tane and in the RM (w0 = 10) without/with the enzyme CHT. Differentia
absorption spectra of C500 in the RM are shown in the middle panel. A
lution of C500 in isooctane, which appears as base line in the spec
used as reference. From the absorption spectra the signature of the
population in the aqueous environments at 400 nm is clearly eviden
the lower panel emission spectra of C500 in nonpolar solvent (isooct
AOT/isooctane mixture, and the RM (without CHT) with various excitat
wavelengths are shown. Note that at excitation wavelength of 400 nm, C
in the aqueous environments of the RM would selectively be exited.
0

C500 is sparingly soluble in bulk water and expected to
side at the surface of the RM.

3.1.2. Quenching of the donor emission in the reverse
micelle

In Fig. 2 (upper panel), the spectral overlap of the do
(C500) emission and absorption of R123 (energy accep
is shown. The specific property of accumulation in the m
chondria of living cells and the ability to selectively redu
clonal growth of carcinoma cells in vitro makes R123
attractive probe in biomedical research[17]. The cationic
dye R123 being extremely soluble in bulk water and co
pletely insoluble in isooctane makes it a very good repo
of the aqueous phase of a RM. The fluorescence-quenc
effects of the donor C500 in the RM without and with CH
on the acceptor R123 are shown in the middle and lo
panels ofFig. 2, respectively. In the case of RM witho
CHT (Table 1) the quenching efficiency, measured by t
ratio FDA/FD, whereFD andFDA are the emission inten

Fig. 2. The fluorescence energy-transfer processes of C500 (donor
cationic acceptor R123 in the RM as evidenced from steady-state mea
ments are shown. In the upper panel the spectral overlap between
emission and acceptor absorbance is shown. Middle and lower panels
quenching of the donor emission in the presence of the acceptor in
excluded and included RM, respectively. Estimated parameters are giv
Tables 1 and 2.
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Table 1
Energy transfer from C500 (donor) to various acceptors inα-chymotrypsin
excluded reverse micelle: steady-state measurement

Acceptor Overlap integral
(M−1 cm−1 nm4)

FDA/FD R0 (Å) RS (Å)

R123 1.99× 1015 0.061 48.97 31.08
EtBr 2.46× 1014 0.206 34.56 27.59
Mc540 2.74× 1015 0.141 51.65 38.23

Table 2
Energy transfer from C500 (donor) to various acceptors inα-chymotrypsin
included reverse micelle: steady-state measurement

Acceptor Overlap integral
(M−1 cm−1 nm4)

FDA/FD R0 (Å) RS (Å)

R123 2.11× 1015 0.028 50.20 27.74
EtBr 2.50× 1014 0.471 35.18 34.52
Mc540 2.64× 1015 0.353 52.12 47.10

sities of the donor in the absence and presence of the
ceptor, is higher than that in the RM with CHT (Table 2).
The estimated donor–acceptor distances from steady-
experiments in the RM without and with CHT are 31.
and 27.74 Å, respectively. Note that in the case of R
there is a huge disagreement of the donor–acceptor dista
measured from steady-state and time-resolved experim
which will be discussed later.

The spectral overlap of the donor C500 and cationic
ceptor EtBr is shown in the upper panel ofFig. 3. EtBr
is a well-known fluorescent probe for DNA, which read
intercalates into the DNA double helix. Compared to
case of bulk water, the emission intensity and lifetime
EtBr increase nearly 11 times when EtBr intercalates
the double helix of DNA. This remarkable fluorescence
hancement of EtBr is utilized to study the motion of DN
segments. The photophysical processes of the fluoresc
enhancement have recently been explored[18]. The selec-
tive accumulation of the acceptor in the aqueous phas
the RM comes from the specific nature of the solubility
EtBr; it is completely insoluble in isooctane and highly s
uble in the bulk water. The fluorescence quenching eff
of the donor C500 in the RM without and with CHT by th
acceptor EtBr are shown in the middle and lower panel
Fig. 3, respectively. In the case of RM without CHT (Table 1)
the quenching efficiency,FDA/FD, is lower than that in the
RM with CHT (Table 2). The estimated donor–acceptor d
tances from steady-state experiments in the RM without
with CHT are 27.59 and 34.52 Å, respectively.

Fig. 4, upper, shows spectral overlap of the donor C5
emission and acceptor MC540 absorption spectra. MC5
an anionic lipophilic polymethine dye, which readily bin
to biomembranes, micelles, and proteins. In aqueous s
tions, the fluorescence intensity of MC540 increases b
order of magnitude on binding to these biological syste
Further, leukemia cells stained with MC540 are rapidly
stroyed on irradiation by light. The photophysical proces
-

e

s
,

e

Fig. 3. The fluorescence energy-transfer processes of C500 (donor
cationic acceptor EtBr in the RM as evidenced from steady-state
surements are shown. In the upper panel the spectral overlap be
donor emission and acceptor absorbance is shown. Middle and lower
els show quenching of the donor emission in the presence of the acc
in CHT-excluded and -included RM, respectively. Estimated parameter
given inTables 1 and 2.

of the fluorescence enhancement have recently been
plored [19]. The selectivity of the acceptor to the aqueo
phase of the RM comes from the specific nature of the s
bility of MC540; it is completely insoluble in isooctane an
highly soluble in bulk water. The significantly large ove
lap facilitates quenching of the donor in the donor–acce
system in RM without and with CHT as shown in the midd
and lower panels ofFig. 4, respectively. In the case of RM
without CHT (Table 1) the quenching efficiency,FDA/FD, is
lower than that in the RM with CHT (Table 2). The estimated
donor–acceptor distances from steady-state experimen
the RM without and with CHT are 38.23 and 47.10 Å,
spectively.

From the steady-state quenching studies of the do
C500 it has been revealed that upon inclusion of CHT
the RM the donor–acceptor distances for EtBr and MC
increase. However, in the case of R123, the more effic
quenching of the donor reveals the donor–acceptor dist
in the case of CHT-included RM to be lower than that
RM without CHT. This observation is not in agreement w
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Fig. 4. The fluorescence energy-transfer processes of C500 (donor)
anionic acceptor MC540 in the RM as evidenced from steady-state
surements are shown. In the upper panel the spectral overlap be
donor emission and acceptor absorbance is shown. Middle and lower
els show quenching of the donor emission in presence of the accep
CHT-excluded and -included RM, respectively. Estimated parameter
given inTables 1 and 2.

the time-resolved studies, as discussed in the following
tion. The absolute intensity of C500 in the CHT-includ
RM, as shown in the middle panels ofFigs. 2–4should
not be compared with that in the RM with CHT (lowe
panels ofFigs. 2–4), because the experimental conditio
namely optical density of the probe C500, in the above
cases was different. However, the steady-state quenchin
ficiency (FDA/FD) does not depend on its absolute intens
In the cases of the donor–acceptor systems of R123
MC540, the acceptors show large emission intensities
shown inFigs. 2 and 4, respectively. These emissions a
not due to the direct excitations of the acceptors, becaus
the excitation wavelength (400 nm) the acceptors offer n
ligibly small optical absorptions. The enhanced emissi
from the acceptors are the indications of energy-tran
processes in the RM. In the buffer solution the steady-s
spectroscopic studies (absorption, emission, and anisot
data not shown) did not reveal any indication of compl
ation of the acceptors with CHT. However, the possibi
of some specific interactions of the acceptor molecules
the RM-encapsulated CHT cannot be completely ruled
for the following reasons. First, the proximities of the a
ceptors to CHT in the RM are much higher than those
-

;

the bulk buffer. Second, hydrophobic/charge interaction
CHT with the acceptors could be different from those
the buffer because of the spatial distribution of pH of
aqueous medium in the RM[18]. Nevertheless, our time
resolved anisotropy studies, which reflect the spatial res
tion on the acceptor molecules (see below) in the CHT
cluded/excluded RM, indicate negligibly small interactio
of the acceptor molecules with CHT upon encapsulatio
the RM. Thus within the structural integrity of the enzym
in the RM, it is most expected that in the CHT-included R
acceptors reside in the interstitial space between the enz
surface and the inner surface of the RM.

3.2. Time-resolved studies

3.2.1. Solvation and rotational dynamics of the donor at
the reverse micellar surface

In order to explore the local environmental rigidity a
its change upon inclusion of the enzyme CHT, we stud
solvation dynamics of the RM by using the donor as pr
in absence and presence of CHT.Fig. 5 (upper) shows the
picosecond-resolved transients of the donor C500 in the
without CHT at three characteristic wavelengths. For so
tion dynamics studies a series (at least seven) of system
wavelengths were taken. The signal initially decays w
time constants 200 ps and 1.0 ns at the blue side (∼425 nm)
of the fluorescence spectrum but rises with the similar t
constant at the red side (∼625 nm). A decay component fo
all wavelengths was found with a time constant of∼5 ns
as shown inFig. 5, upper. The slower 5-ns component is t
fluorescence lifetime of the probe C500 in the microenvir
ment.

The constructed time-resolved emission spectra (TR
are shown inFig. 5, lower. The steady-state spectrum
C500 in the RM is also shown for comparison (dot
line). The solvation correlation functionC(t) (Fig. 6) shows
single-exponential decay with time constant 645 ps;
sub-50-ps components in these dynamics are unreso
The net spectral shift (�ν) is 1889 cm−1 from 21,755 to
19,866 cm−1 (up to 3.0 ns). The anisotropyr(t) of the donor
is shown in the inset ofFig. 6. The measuredr(t) decays
with time constants 210 ps (36%) and 1.2 ns (51%) resul
a persistence (13%) ofr(t) in our experimental window (up
to 10 ns). The value ofr(t) at t = 0 is found to be 0.39.

Fig. 7, upper, shows picosecond-resolved transients o
donor C500 in the CHT-included RM. On the blue edge
the fluorescence spectrum the signals decay with time
stants (240 ps–1.1 ns) depending on wavelengths, whe
on the red edge the signals are seen to rise (time con
up to 1.1 ns). A decay component, of time constant 5
reflective of the lifetime of the probe, is present in all wa
lengths detected (Fig. 7, lower).Fig. 7, lower, shows TRES
(up to 3.0 ns) of the donor in the CHT-included RM. T
dotted spectrum indicates the steady-state spectrum o
donor. TheC(t) function inFig. 8 can be fitted to a single
exponential decay with time constant 668 ps; any sub-5
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Fig. 5. In the upper panel picosecond-resolved transients of the C500 in the
CHT-excluded RM are shown at three characteristic wavelengths. Note the
decay in the blue edge (425 nm) and the rise in the red edge (625 nm) of the
emission spectrum. Solid lines show numerical fitting of those transients.
Instrument response function (IRF) is also shown. The transients are nor-
malized for comparison. Lower panel shows time-resolved emission spectra
(TRES) of C500 in the RM. The steady-state spectrum of the sample is also
shown for comparison (dotted line). Note that the emission maximum at
time 3 ns is similar to that of the steady-state emission.

Fig. 6. The solvation correlation functionC(t) of C500 in the CHT-
excluded RM. Inset shows the time-resolved anisotropy,r(t), of C500 in
the same system. Numerical fitting parameters are given inTable 3.

Fig. 7. In the upper panel picosecond-resolved transients of the C5
the CHT-included RM are shown at three characteristic wavelengths.
the decay in the blue edge (425 nm) and the rise in the red edge (625
of the emission spectrum. Solid lines show numerical fitting of those t
sients. Instrument response function (IRF) is also shown. The trans
are normalized for comparison. Lower panel shows time-resolved emi
spectra (TRES) of C500 in the RM. Steady-state spectrum of the sam
also shown for comparison (dotted line). Note that the emission maxim
at time 3 ns is similar to that of the steady-state emission.

Fig. 8. Solvation correlation function,C(t), of C500 in the CHT-included
RM. Inset shows the time-resolved anisotropy,r(t), of C500 in the same
system. Numerical fitting parameters are given inTable 3.
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components in these dynamics are unresolved. The net
tral shift is 1412 cm−1 from 21,301 to 19,889 cm−1 (up to
3.0 ns), which is similar to that of the RM without CH
As shown in the inset ofFig. 8, the fluorescence anisotrop
r(t) at 500 nm decays exponentially with time constants
434 ps (44%) and 1.7 ns (33%). In contrast to the RM w
out CHT, the anisotropy att = 0 (0.4) and relatively large
residual anisotropy (23%; up to 10 ns) reveal slower ro
tional dynamics of the probe in the RM upon inclusion
the enzyme CHT.

3.2.2. Heterogeneity in the local environments of the donor
To investigate possible interference of emission from v

ious excited species, we further use a time-resolved a
normalized emission spectroscopic (TRANES) techni
developed recently[15]. TRANES is a model-free modifie
version of TRES mentioned above.Fig. 9 shows TRANES
spectra of the donor in the RM without (upper) and w
CHT (lower). An isoemissive point at 21,000 cm−1 is clearly
evident in the spectra of both the samples. One of the
sible reasons for the existence of two emissive specie
the excited state is due to the solubilization of the C5
chromophore in two different sites of the RM[15]. In other

Fig. 9. Time-resolved area-normalized spectra (TRANES) of C500 in
CHT-excluded (upper) and in the CHT-included (lower) RM. Note the
emissive points at 21,000 cm−1 for both systems (see text).
-

-

words, the environments around the donor in the RM are
erogeneous.

3.2.3. Diffusion of the probe donor through various
environments: emission linewidth analysis

The full width at half maximum (linewidthsΓ ) of emis-
sion spectra of the C500 probe (Fig. 1, lower) were ob-
served to be different in various environments. It increa
upon changing the polarity of the immediate environmen
C500. In the RM,w0 = 10, the emission linewidth of C50
is larger than that in pure isooctane. The linewidth of em
sion of C500 in the RM is also very sensitive to inclusion
the enzyme CHT. In the RM without CHT the magnitude
the Γ (3845 cm−1) is larger than that in the CHT-include
RM (3606 cm−1). The observation is consistent with the fa
that in the polar environment, the fluorescence spectrum
a solute (C500) with a higher excited-state dipole mom
compared to that in the ground state is the superpositio
emission from different excited states of diverse degree
solvation[14]. The broadening of emission spectrum m
also be indicative of spatial microheterogeneity of the
mediate environment of the probe C500[20–22].

The linewidth (Γ ) of TRES (Fig. 10) of C500 in the RM
is found to vary with time, which is an evidence of chan
in local environment during solvation. In the RM witho
CHT (Fig. 10) Γ (t) exhibits a relatively faster rise and
slower decay with time constants 322 ps and 1.6 ns, res
tively. The amplitudes of the rise and decay component
linewidth (�Γ ) are 342 cm−1 (up to 400 ps, from 4426 to
4768 cm−1) and 1010 cm−1 (up to 3.0 ns, from 4768 to
3758 cm−1), respectively. For the CHT-included RM,Γ (t)

Fig. 10. Time-resolved linewidths (Γ ) of TRES of C500 in the RM withou
(up) and with (down) the enzyme CHT are shown. Note the significa
large amplitude of the rise component in the linewidth with time for
RM without CHT compared to that in the RM with CHT.
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Table 3
Numerical fitting parameters of the time-resolved solvation and anisotropy of donor and donor–acceptor systems in the RM

Reverse micelle Emission maximum
(nm)

Solvation correlation
function,C(t)

Rotational anisotropy,r(t)

α-Chymotrypsin excluded 500 Single exponential decay r0 = 0.39
τ = 645 ps τ1 = 0.21 ns,A1 = 36%
�ν = 1889 cm−1 τ2 = 1.2 ns,A2 = 51%

Residualr(t) = 13%

α-Chymotrypsin included 500 Single exponential decay r0 = 0.40
τ = 668 ps τ1 = 0.43 ns,A1 = 44%
�ν = 1412 cm−1 τ2 = 1.7 ns,A2 = 33%

Residualr(t) = 23%
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shows similar temporal characteristics; however, the am
tude of the rise component is much smaller than former c
In the latter case the amplitudes of the rise (time cons
410 ps) and decay (time constant 1.6 ns) componen
linewidth (�Γ ) are 13 cm−1 (up to 200 ps, from 4564 to
4577 cm−1) and 1010 cm−1 (up to 3.0 ns, from 4577 to
3567 cm−1), respectively.

From the studies of time-dependent spectral width an
teresting feature of the relaxation dynamics of C500 in
RM is evident. In the case of the RM without CHT, the r
with time constant 322 ps is indicative of diffusion of t
probe from the surface of the RM to the polar aqueous
nonpolar isooctane phases of the RM making the spatia
vironments of the donor more heterogeneous with time.
ter certain time (up to 400 ps), the probe is expected to c
the aqueous phase and again face the nonpolar isoo
medium offering relatively homogeneous environments
evidenced by the decay of theΓ (t). Taking the diffusion
constant of an organic probe at the micellar surface to
15.3 Å2/ns [23], the estimated distance traversed by
probe in 400 ps is 3.5 Å. This is much shorter than the
ameter of the RM (40 Å) atw0 = 10. Conversely, in the
CHT-included RM, the available aqueous phase (shell)
the diffusion of the donor probe is much less than that of
former case. The estimated distance traveled by the don
200 ps is 2.5 Å. As indicated by the magnitude of the r
the population of the donor molecules in this journey is s
nificantly lower than in former case of RM without CH
The similarity in the amplitudes and time constants of
decay components for both the cases is not surprising, g
the fact that these decays are associated with the diffusio
the donor in the nonpolar isooctane medium.

3.2.4. Fluorescence resonance energy transfer of the donor
in the RM

In Fig. 11 the transients of the donor C500 without a
with different acceptors in the RM in the absence of CHT
shown. As shown inTables 4 and 5, the fluorescence tran
sient of the donor in the RM shows a fast rise (time cons
200 ps), indicating solvation, followed by a decay of tim
constant 5.0 ns, which is the lifetime of the donor in the
croenvironment. In the presence of the acceptor R123, t
resolved fluorescence shows biexponential decay of
.

e

f

Fig. 11. Time-resolved transients of the donor (C500) in the CHT-exclu
RM in the absence and presence of various acceptor molecules are s
All the transients were taken at 500 nm and normalized for compar
Numerical fitting parameters are given inTable 4.

constants 500 ps (35%) and 4.5 ns (65%). The persisten
the longer lifetime (4.5 ns, 65%) distinctly indicates that
the donor–acceptor system only 35% of the donor popula
is undergoing an energy-transfer process[16]. The estimated
donor–acceptor distance is 33.98 Å. From the biexpone
transient of time constants 1.1 ns (40%) and 4.6 ns (60%
the C500–EtBr system in the RM it is evident that 40%
the donor population is responsible for the energy trans
with an average distance of 27.94 Å from the acceptor E
In the case of the C500–MC540 system the biexpone
decay of the donor fluorescence reveals two time cons
of 720 ps (35%) and 4.7 ns (65%). This indicates that 3
of the donor molecules in the RM transfer their energy to
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Fig. 12. Time-resolved transients of the donor (C500) in the CHT-inclu
RM in the absence and presence of various acceptor molecules are s
All the transients were taken at 500 nm and normalized for compar
Numerical fitting parameters are given inTable 5.

ceptors at an average distance of 38.37 Å. The efficienc
the energy transfer for various donor–acceptor systems
estimated average donor–acceptor distances is summa
in Table 4. All estimated distances in the RM without CH
are less than the diameter of the water pool (40 Å) of the
atw0 = 10.

Fig. 12 shows fluorescence transients at 500 nm of
donor C500 in the CHT-included RM in the absence a
presence of various acceptors. The fluorescence transie
the donor in this case shows a fast rise (time constant 200
indicating solvation, followed by a decay of time consta
5.0 ns, which is the lifetime of the donor in the RM. In t
presence of the acceptor R123 a significant quenching o
emission of the donor is evidenced by steady-state mea
ment (Fig. 2) and also by the poor signal-to-noise ratio
the acquired transient (Fig. 12, second from bottom). How
ever, the transient is similar to that of the donor in abse
of the acceptor, indicating the quenching to be reflective
a radiative mechanism of energy transfer (reabsorption
the acceptor),not the resonance type. In contrast to the f
mer case, the lack of coexistence of donor and accept
the CHT-included RM is the possible reason for the rad
tive energy transfer mechanism. The disagreement of
estimated donor–acceptor distances from steady-stateTa-
ble 2) and time-resolved studies (Table 5) warrant a potentia
danger of using the former as a conclusive experimen
.

d

f
,

-

Table 4
Numerical fitting parameters of the transients of donor and donor–acc
systems in the CHT-excluded RM

System a1 (%) τ1 (ns) a2 (%) τ2 (ns) τDA/τD RTR (Å)

Donor −32 0.2 132 5.0 – –

Donor–acceptor
R123 35 0.5 65 4.5 0.100 33.98
EtBr 40 1.1 60 4.6 0.218 27.94
MC540 35 0.72 65 4.7 0.144 38.37

Table 5
Numerical fitting parameters of the transients of donor and donor–acc
systems in the CHT-excluded RM

System a1 (%) τ1 (ns) a2 (%) τ2 (ns) τDA/τD RTR (Å)

Donor −28 0.2 128 5.0 – –

Donor–acceptor
R123 −30 0.2 130 4.9 ∼1 –
EtBr 38 1.0 62 4.7 0.200 27.92
MC540 26 0.76 74 4.8 0.152 39.14

measure donor–acceptor distance by using the energy t
fer mechanism in chemical and biological systems. From
biexponential transient of time constants 1.0 ns (38%)
4.7 ns (62%) of the C500–EtBr system in the RM, it is e
dent that 38% of the donor population is responsible for
energy transfer with an average distance of 27.92 Å from
acceptor EtBr. In the case of the C500–MC540 system
biexponential decay of the donor fluorescence reveals
time constants of 760 ps (26%) and 4.8 ns (74%), which
dicate that 26% of the donor molecules in the RM trans
their energy to acceptors at an average distance of 39.1
The estimated distances are similar to that in the RM w
out CHT, except for the acceptor R123, where the distan
too large to have resonance-type energy transfer in the C
included RM.

3.2.5. Local environmental restriction on the acceptors
In order to explore the local geometric restriction of t

microenvironment on the physical motions of the acc
tors in the RM without and with CHT, we performed tim
resolved anisotropy studies (r(t)) of the acceptors. In thes
studies we excited the donor molecule and measured
anisotropy at the peak wavelengths of the acceptor m
cules. In the CHT-excluded (Fig. 13) and -included (Fig. 14)
RM fluorescence anisotropy decays of the acceptors (r(t))
could be described by biexponential functions. The ti
constants, relative amplitudes, and residual anisotropy
ues are shown inTable 6. The fast depolarization compo
nents can be attributed to the local tumbling motions of
acceptors. The slow component, which is similar to tha
the donor molecules in the corresponding RM, can be
signed tentatively to a rotation of the whole molecule and
to global rotational motion of the RM.

The similarity in the transients of anisotropy of the a
ceptor molecules in the CHT-included RM with that in t
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Fig. 13. Time-resolved anisotropies of the acceptor molecules, MC540
per), EtBr (middle), and R123 (lower), in the CHT-excluded RM are sho
Note that acceptors were excited indirectly (via donor). Numerical fit
parameters are given inTable 6.

RM without CHT is reflective of an analogous geome
cal restriction on the acceptors in the microenvironme
This observation is consistent with the fact that the inte
tions of acceptor molecules with CHT in the RM are n
significant. Note that the anisotropy values att = 0 (r0) and
the faster time constants of the acceptor molecules in
CHT-excluded/-included RM may have interference fr
the energy transfer dynamics from the donor molecule. F
the data given inTables 4, 5, and 6, it is evident that the
faster time constants (0.1–0.4 ns) in the anisotropy de
are faster than those of the characteristic time constan
energy-transfer processes (0.2–1 ns) and the slower
constants are comparable in both cases. This observat
consistent with the significant randomization of relative o
f

s

Fig. 14. Time-resolved anisotropies of the acceptor molecules, MC540
per), EtBr (middle), and R123 (lower) in the CHT-included RM are sho
Note that acceptors were excited indirectly (via donor). Numerical fit
parameters are given inTable 6.

entation between donor and acceptor molecules prior t
during the energy transfer process.

4. Conclusion

Reverse micelle (RM) is well known as an importa
chemical and biological medium. The reported studies w
picosecond resolution of the donor C500 selectively exc
at the surface of a RM elucidate its solvation dynamics
resonance energy transfer in the RM without and with
enzymeα-chymotrypsin (CHT). The enzyme is known
preserve its native structural integrity in the RM with t
degree of hydration (w0 = 10) used in our experiment[11].
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Table 6
The time-resolved anisotropy of the donor C500 and donor–acceptor systems in reverse micelle

Reverse micelle Donor (C500) C500–R123 C500–EtBr C500–MC540

CHT excluded r0 = 0.39 r0 = 0.23 r0 = 0.40 r0 = 0.30
τ1 = 0.21 ns,a1 = 36% τ1 = 0.13 ns,a1 = 30% τ1 = 0.37 ns,a1 = 38% τ1 = 0.10 ns,a1 = 27%
τ2 = 1.2 ns,a2 = 51% τ2 = 1.7 ns,a2 = 40% τ2 = 1.5 ns,a2 = 30% τ2 = 0.98 ns,a2 = 23%
Residualr(t) = 13% Residualr(t) = 30% Residualr(t) = 32% Residualr(t) = 50%

CHT included r0 = 0.40 r0 = 0.30 r0 = 0.40 r0 = 0.27
τ1 = 0.43 ns,a1 = 44% τ1 = 0.10 ns,a1 = 30% τ1 = 0.12 ns,a1 = 24% τ1 = 0.11 ns,A1 = 35%
τ2 = 1.7 ns,a2 = 33% τ2 = 1.9 ns,a2 = 32% τ2 = 1.1 ns,a2 = 45% τ2 = 1.3 ns,A2 = 22%
Residualr(t) = 23% Residualr(t) = 38% Residualr(t) = 31% Residualr(t) = 43%
as
g
nc-
e
r

ric-
RM
fact
r
ve
nor

pos
as
.

ty
or
an-

er
the
ut
r of
s-

ion-
ly

y-
of
m a
tate
ated
enc
ded
nd-

case
ured
e in
er,
123
at
the
It is
r at
arly

ear
er,
or-
that
dif-
he

om-
d is
ons
eac-

les
s

w.
oth

ose
ota-
d/or
the
mo-

the
the

y
cant
ion
ori-

y-
sses
su-

S.N.
ued
oni

ing
mar,
on-
The solvation process of C500 in the CHT-excluded RM w
found to be similar to that of the CHT-included RM, givin
a single-exponential decay of the solvation correlation fu
tion C(t) with a time constant of∼660 ps. In contrast, th
time-resolved anisotropy (r(t)) measurement of the dono
in the CHT-included RM shows more geometrical rest
tion on the donor probe C500 compared to that in the
without CHT. These observations are consistent with the
that in the CHT-included RM (w0 = 10) when the diamete
of the water pool of the RM is just sufficient to engulf nati
CHT, the aqueous space (labile type) available to the do
forms an annular shell. The annular aqueous space im
a restriction on the physical motion of the donor C500,
confirmed byr(t) measurement of the CHT-included RM
However, upon inclusion of CHT in the RM the mobili
of the solvent molecules in the close vicinity of the don
remains similar as discussed above. The formation of the
nular shell like structure in the CHT-included RM is furth
supported by time-resolved spectral linewidth analysis of
donor revealing its translational diffusion in the RM witho
and with the enzyme CHT. From the temporal behavio
the diffusion of the donor in the CHT-included RM we e
timate the thickness of the annular shell to be∼2.5 Å. The
effect of this aqueous layer on the structure and funct
ality of the enzyme CHT included in the RM is extreme
important[4,11].

In order to study the change in locations of the h
drophilic acceptor molecules in the RM upon inclusion
CHT and to estimate distances of those acceptors fro
donor at the polar surface of the RM, we used steady-s
and time-resolved spectroscopic techniques. The estim
donor–acceptor distances from the steady-state fluoresc
energy-transfer experiments on the CHT-excluded/-inclu
RM are in close agreement with those of the picoseco
resolved studies except for the acceptor R123. In the
of R123 the estimated donor–acceptor distance meas
from the steady-state quenching of donor fluorescenc
the CHT-included RM was found to be 27.74 Å. Howev
the time-resolved transient of C500 in presence of R
in the CHT-included RM was found to be similar to th
of the donor without the acceptor R123, revealing that
energy-transfer mechanism is not of resonance type.
just reabsorption of the donor emission by the accepto
a significantly large distance. From these studies it is cle
e

e

evident that EtBr and MC540 rearranged their locations n
the surface of the RM upon inclusion of CHT. Howev
the acceptor R123 has to leave the CHT-included RM in
der to create a space for the enzyme. It is worth noting
EtBr and R123 both are cationic dyes but behave quite
ferently when encapsulated in the RM containing CHT. T
proper explanation of the incoherent behavior of R123 c
pared to that of EtBr demands further investigation an
currently the prime focus of our group. These observati
may have significance in understanding the enzymatic r
tions of RM-bound CHT with hydrophilic substrates.

The time resolved anisotropy of the acceptor molecu
as shown inFig. 14(Table 6) reveals biexponential decay
with significantly large residual anisotropy (residualr(t)),
which do not decay within our experimental time windo
The longer decay components, which remain similar for b
the RM (CHT-included/-excluded), are consistent with th
of the donor anisotropies without acceptors, revealing r
tional motions of the acceptor molecules as a whole an
global motion of the RM. The shorter time constants of
r(t) decays could be assigned to the tumbling/segmental
tion of the acceptors. Note that indirect excitation of
acceptor molecules (via donor) may have some effect on
anisotropy values att = 0 (r0). The time-resolved anisotrop
of the donor and acceptor molecules revealed signifi
randomization of the relative orientation of the transit
dipoles of the donor and acceptor justifying the value of
entation factor,κ2, which is assumed to be 2/3 in this study.
Currently we are examining the effect of size of the RM (h
dration level) on the solvation and energy-transfer proce
of a donor molecule sitting on an enzyme/protein encap
lated in the RM.
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