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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 (RM) upo
encapsulation of a digestive enzymechymotrypsin (CHT). We have used one donor, Coumarin 500 (C500), and three acceptors Rho-
damine 123 (R123, cationic), ethidium bromide (EtBr, cationic), and Merocyanine 540 (MC540, anionic). By selectively exciting the donor
at the surface of the RM with a proper excitation wavelength we have examined solvation dynamics in the microenvironment. The solva-
tion correlation function in the RM without CHT exhibits single-exponential decay with time cons&6@ ps, which is similar to that of
the CHT-included RM. However, in the case of CHT-included RMy = 10), the time-resolved anisotropy and spectral linewidth analysis
of the surface-bound donor reveal the existence of an annular aqueous channel of thickiseBsbetween the enzyme surface and the
inner surface of the RM. The agueous channel is a potential host for the water-soluble substrate and also is involved in maintaining the
proper functionality of RM encapsulated CHT. The studies use both steady-state and time-resolved fluorescence resonance energy trar
fer (FRET) techniques to measure donor—acceptor distances in the RM and also emphasize the danger of using steady-state fluorescer
guenching as a method in careful estimation of the distances. The local geometrical restriction on the donor and acceptor molecules we
estimated from time-resolved polarization (anisotropy) measurements. The time-resolved anisotropy of the donor and acceptor molecule
also revealed significant randomization of the relative orientation of transition dipoles of the donor and acceptor, justifying th¢3use of 2
the value of the orientation facte. These studies attempt to elucidate the excellence of the RM as a nanohost of biological macromole-
cules.

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction paramount intereg§P—4]. In order to explore the interplay
between hydration and enzymatic structure/function it has
become necessary to design novel experimental systems.
Several systems, such as protein films at various levels of
hydration[5], have been developed. However, two systems
d- have widely evolved in which the relation between water
f and enzymes can be experimentally approached. One in-
volves the entrapment of enzymes in the reverse micelle
[6-8] and the other the dispersion of enzymes in nonpolar
" Corresponding author. Fax: +91 33 2335 3477. solvents[9,10]. These two nonconventional systems have a
E-mail address: skpal@bose.res.iS.K. Pal). common factor: the amount of water available to enzymes

Water molecules in the close vicinity of biological macro-
molecules (hydration) are particularly important for the
function of biomolecular recognitiofil]. Modulating the
number of water molecules available to an enzyme for mo
ifying its activity has opened a new field of research o
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can be controlled and made much lower than in the usual VCN H3CH,CHN o o
. . 0. O.
biological systems. -
CF;

Reverse micelles (RM) are tiny aqueous droplets sur-

rounded and stabilized by a monolayer of surfactant mole- nes

cules and dispersed in a water-immiscible organic sol- ° °/\<\/\ Coumarin 500 (Donor)
vent [4]. A well-known direct relationship exists between

the radius of RM of AOT (surfactant; aerosol OT) in isooc- AOT (Surfactant) HN

tane (nonpolar solvent) and their degree of hydratiog,
described by

NH,

rm (A) = 2wy, 1)

where rp, is the radius of the water pool in A andy = Rhodamine 123 (Acceptor)

[watel]/[AOT]. At present, reverse micellar microemulsions

are widely used as organic media for performing biocataly- o
. . . . (o]

sis. They have been associated with the idea of a “nanocage” N

or “microreactor’[6—8] where enzyme can be sheltered and N S NN

protected from the solvent detrimental effects. In some par- \ /J\s

ticular cases it is possible to solubilize enzymes in RM with-

out the loss of the native structures of those enzyfhk Nt O /H
3

Ethidium Bromide (acceptor)

(o]

In a recent study from this groug], the catalytic activ-
ity of an enzymex-chymotrypsin (CHT) was measured in
the RM with various degrees of hydration and was found
to be retarded by at least two orders of magnitude relative scheme 1. Molecular structures of the surfactant AOT, donor Coumarin
to that of the free enzyme in buffer solutions. In the ex- 500, and acceptors Rhodamine 123, ethidium bromide, and Merocyanine
perimental investigatiori4] the reactions were studied at 540

those values ofvg where the native structure of CHT was

preserved11]. The work inferred that the locations of the 2- Material and methods

enzyme and substrate were important factors in the observed

enzymatic activity of CHT in the RM. The present study fo- h_L?]/ophiIizeg C'TT powder \évas purchhasedggrooT Sigmaz
cuses on the location of small molecules (substrate mimics)( ighest grade). Isooctane (Spectrochem, 99.5%), bis-(2-

L i : : . : ethylhexyl)-sulfosuccinate sodium salt (AOT; Fluka, 99%),
h diff h RM with h I ; ) . ;
\(I)VfltC:.lr erent charges in a with and without inclusion Coumarin 500 (Exciton, 99.9%), Rhodamine 123 (Sigma,
y 99%), ethidium bromide (Molecular Probes, 99.9%), and
In this work we used fluorescence resonance energy

i 0 I -
transfer (FRET) technique to assess distances of three ac—'vI erocyanine 540 (Fluka, 99%) were used as received. Re

o o verse micellar microemulsion with donor only was pre-
ceptor probe molecules (two cationic and one anionic) from d by dissolvi lid AOT i h ived d
the surface of the RM before and after encapsulation of CHT parec by dissoving SOl n a prec araf:tenze onor=
Th d C in 500 (C500: neutral | " isooctane solution. The final AOT concentration was 0.01 M.
e energy donor, Loumarin ( >0, neu r_a_), was S€IC1n most of our experiments the hydration level of the reverse
tively excited at the RM surface by using specific excitation

: micelle was maintained asg = 10. The donor-acceptor
wavelength. The energy acceptors Rhodamine 123 (R123;complexes in the RM were prepared by mixing acceptors
cationic), ethidium bromide (EtBr; cationic), and Merocya-

‘ R > Y2 with donor-RM, equilibrating for 3 h and filtering the final
nine 540 (MC540; anionic), being extremely hydrophilic, gq|ytion. In order to avoid multiple occupancy of the accep-

are completely insoluble in the nonpolar phase (isooctane) of s in the RM, the ratio [RM]/[acceptor] was maintained
the RM. The molecular structure of the donor, the acceptors, o pe at most 1:1. For the same reason, donor concentration
and the surfactant AOT are shownSgheme 1Upon selec- 4t the micellar surface was maintained to be lower than the
tive excitation, the donor C500 at the RM surface undergoes concentration of the RM. The concentration of the RM at our
FRET to the acceptors in the aqueous phase of the RM. By[AOT] was determined on taking the aggregation constant of
observing the picosecond-to-nanosecond dynamics of Non-AQT in isooctane to be 100 ufa2]. Inclusion of CHT in the
radiative energy transfer of the donor in the RM without and RM was made by adding CHT powder to the RM, stirring
with CHT, we elucidate locations of the charged acceptors vigorously for 3 h and filtering the solution. Concentration
with respect to the anionic inner surface of the RM. In order of the enzyme CHT samples in the aqueous solutions was
to unravel the change in the environmental dynamics arounddetermined using the supplied (by the vendor) extinction co-
the donor we also studied picosecond-resolved solvation dy-efficient value at 280 nnpge(1%) = 20.4 cmi 1.

namics and polarization-analyzed anisotropy of the donor at ~ Steady-state absorption and emission were measured
the surface of the RM without and with CHT. with a Shimadzu Model UV-2450 spectrophotometer and a

Merocyanine 540 (Acceptor)
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Jobin Yvon Model Fluoromax-3 fluorimeter, respectively. anisotropy measurements of the donor and acceptor mole-
All transients were taken using the picosecond-resolved cules (see below). The refractive inde® of the medium is
time-correlated single photon counting (TCSPC) technique. assumed to be 1.4p, the quantum yield of the donor in the

We used a commercially available picosecond diode laser-absence of acceptor is measured to be 0.46 and 0.48 respec-
pumped time-resolved fluorescence spectrophotometer fromtively in the RM without and with the enzyme CHT.()),

IBH, UK with instrument response function (IRF120 ps the overlap integral, which expresses the degree of spectral
at the Indian Institute of Technology, Kharagpur, India. The overlap between the donor emission and the acceptor absorp-
picosecond excitation pulse from the diode laser was used atiion is given by

405 nm. A liquid scatterer was used to measure the FWHM 00 4
of the instrument response functions (IRF). The fluorescence j()) = Jo FEO()”)SA(M)‘ d (3)
from the sample was detected by a microchannel plate pho- Jo Fo()di

tomultiplier tube (MCP-PMT) after dispersion through a \hereFp (1) is the fluorescence intensity of the donor in the
double-grating monochromator. For all transients the polar- \yayelength range of to A -+ dx. and is dimensionlessa (1)

izer on the emission side was adjusted to be at5ériagic is the extinction coefficient (in M*cm~1) of the acceptor
angle) with respect to the polarization axis of the excitation 4t |f 1 is in nm, then/ (1) is in units of M~L cm2 nm.
beam. Once the value oRg is known, the donor—acceptor dis-

For anisotropy measurements, emission polarization wastance(r) can easily be calculated using the formula
adjusted to be parallel or perpendicular to that of the excita-

tion and anisotropy defined a&) = [Ipara— G Iperpl/[Ipara r®=[R§(1-E)]/E. (4)

T 2.G]Perp]' The magnitude oG, the grating factor of the HereE is the efficiency of energy transfer. The transfer effi-
emission monochromator of the TCSPC system, was found gjency is measured using the relative fluorescence intensity

py using a cour_’narin dye_in methanol and following a long- of the donor in the absencéif) and presencefpa) of the
time tail-matching techniquél3] to be 1.5. To construct  pecentor. The efficiency is also calculated from the life-

time-resolved emission spectra after the excitation pulse,times under these respective conditionts éndtpp):
we adopted the method detailed in R@f4]. The observed

fluorescence transients were fitted using a nonlinear least-E =1 — (Fpa/Fb), (5a)

squares fitting procedure (sof'tware SC!ENTIST) toafunc- p_q_ (oA /D). (5b)

tion composed of the convolution of the instrument response

function with a sum of exponentials. The purpose of this fit- The distances measured using Egs.) and (Sbare revealed

ting is to obtain the decays in an analytic form suitable for as RS (steady state measurement) aR&f (time-resolved

further data analysis. For each detection wavelength the tran-neasurement), respectively.

sient was normalized using the steady-state spectrum. The

resulting time-resolved spectra were fitted with a lognormal

shape function to estimate the spectrum maximun. The 3. Resultsand discussion

temporal Stokes shift can be represented by the time depen-

dence of the fit. By following the time-resolved emission, 3.1. Steady-state spectroscopic studies

we constructed the hydration correlation functi6iir) =

(1) — v(00)]/[v(0) — v(c0)], Wherev(0), v(r), andv(co) 3.1.1. Solvation and selective excitation of the donor

denote the observed emission energies (in wavenumbers) at 1he donor C500 is sparingly soluble in water and shows

times 0,¢, andoo, respectively. For the construction of time- reasonably good solubility in isooctane. In bulk water the

resolved area-normalized emission spectra (TRANES) we absorption peak (400 nm) is significantly red-shifted com-

followed the method described in R§E5]. pared to that in isooctane (360 nm). The emission peak of
In order to estimate the fluorescence resonance energyc200 in bulk water (500 nm) also shows a 90-nm red shift

transfer efficiency of the donor (C500) and hence to de- c_om_p_ared to that in isooctane (_ex0|tat|on at 35_0 nm). The

termine distances of donor—acceptor pairs, we followed the Significantly large solvatochromic effect (solvation) in the

methodology described in chap. 13 of Rd#]. The Forster absorption and emission spectra of C500 makes the dye an

distance Ro) is given by attractive probe for microenvironments. As showirig. 1,
in isooctane C500 offers significant solubility and the ab-
Ro= 0.211[K2n_4QDJ(/\)]1/6 (in A), ) sorption spectrum shows a peak at 360 nm with a shoulder

at 380 nm. Upon addition of AOTufp = 10), another shoul-
where«? is a factor describing the relative orientation in der (at 400 nm) appears in the absorption spectrum, which
space of the transition dipoles of the donor and acceptor.remains similar for C500 in CHT-included RMv§ = 10),
For donor and acceptors that randomize by rotational diffu- indicating a population of the donor in the polar environ-
sion prior to energy transfer, the magnituderfis assumed  ment of the RM. The signature of the population of donor
to be 23. In the present study the same assumption hasmolecules in the polar environment of the RM is also evi-
been made, and it has further been justified by time-resolveddent from the difference spectrum (middle panekFdj. 1)
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of the donor in the RMo = 10) with respect to the donor  C500 is sparingly soluble in bulk water and expected to re-
in isooctane. From the absorption spectra it is clear that side at the surface of the RM.

upon excitation at 400 nm, only that population of donor

molecules is excited which are in the polar environment of 3.1.2. Quenching of the donor emission in the reverse

the RM. The lower panel oFig. 1 clearly shows the ef-  micelle

fect of excitation wavelength on the emission of the donor  |n Fig. 2 (upper panel), the spectral overlap of the donor
in the RM. The donor in the AOT/isooctane mixture shows (C500) emission and absorption of R123 (energy acceptor)
an emission peak at 430 nm with excitation wavelength at js shown. The specific property of accumulation in the mito-
350 nm, indicating emission from both the population of the chondria of living cells and the ability to selectively reduce
donor molecules in polar and nonpolar environments. Upon clonal growth of carcinoma cells in vitro makes R123 an
excitation at 400 nm the donor emission is peak-shifted to attractive probe in biomedical researf#¥]. The cationic
500 nm revealing the population of donor molecules in the dye R123 being extremely soluble in bulk water and com-
polar environment only. The insignificant change of absorp- pletely insoluble in isooctane makes it a very good reporter
tion/emission spectra of the donor witfy and upon inclu-  of the aqueous phase of a RM. The fluorescence-quenching
sion of CHT in the RM is not surprising, given the fact that effects of the donor C500 in the RM without and with CHT
on the acceptor R123 are shown in the middle and lower

Absorption of C-500 — ———Isooctane panels ofFig. 2, respectively. In the case of RM without
"""""" RM, With Enzyme CHT (Table 1)) the quenching efficiency, measured by the
] — RM, Without E . . .
8 hout Enzyme ratio Fpa/Fp, where Fp and Fpa are the emission inten-
5 J
2 | 1e+5
g = D A Spectral Overlap m
< | 2 L gets &
_c% D (é—SQO.(Donor) 3
| E a mission | 6e+a g
' ' T T T T e A R-123 (Acceptor) o
g i L 4e+4
300 325 350 375 400 425 450 o] 5 Absorption € %
Z9 o
J Difference Absorption Spectra of C-500 g [ 2e+4 g
[T
. . . : 0
o | RM, With Enzyme | 450 500 550 600 650 700
(C) 1 —— RM, Without Enzyme "
S )
% .. 1 Quenching of C-500 Fluorescence in RM without CHT
2 1. Z
< S A D C-500 Emission
i o D-A C-500 Emission
2 in Presence of
. T T T T T T 8 | R-123
300 325 350 375 400 425 450 475 §
S |
- Emission of C-500 ———— Isooctane L
-‘5; 1 /-\_ AOT/Isooctane T T T T T T
c Lo A =350 nm 450 500 550 600 650 700 750
o < o
£ / \ """""" AOT/Isooctane
8 A I 2=400 nm
c < > 71 Quenching of C-500 Fluorescence in RM with CHT
g | X, ———— RM, w;=10, =
2 é g D C-500 Emission
S E
=] [OR D-A C-500 Emission
T 2 in Presence of
: . : : . S . R-123
360 420 480 540 600 660 g
S |
Wavelength (nm) [

Fig. 1. Upper panel shows absorption spectra of C500 (donor) in isooc- 450 500 550 600  &%0 700 750

tane and in the RMyg = 10) without/with the enzyme CHT. Differential Wavelength (nm)

absorption spectra of C500 in the RM are shown in the middle panel. A so-

lution of C500 in isooctane, which appears as base line in the spectra is Fig. 2. The fluorescence energy-transfer processes of C500 (donor) to a
used as reference. From the absorption spectra the signature of the C50@Qationic acceptor R123 in the RM as evidenced from steady-state measure-
population in the aqueous environments at 400 nm is clearly evident. In ments are shown. In the upper panel the spectral overlap between donor
the lower panel emission spectra of C500 in nonpolar solvent (isooctane), emission and acceptor absorbance is shown. Middle and lower panels show
AQT/isooctane mixture, and the RM (without CHT) with various excitation  quenching of the donor emission in the presence of the acceptor in CHT

wavelengths are shown. Note that at excitation wavelength of 400 nm, C500 excluded and included RM, respectively. Estimated parameters are given in
in the aqueous environments of the RM would selectively be exited. Tables 1 and 2
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Table 1 o Spectral Overlap 6000 .
Energy transfer from C500 (donor) to various acceptors-thymotrypsin ‘@ D C-500 (Donor) 5000 ,>.5<;
excluded reverse micelle: steady-state measurement © € Emission 4000 2
Ny S
Acceptor Overlap integral Fpa/Fp Ro (A) RS (A) ® O A EtBr (Acceptor) 3000 ©
1.1 Eo Absorption o
(M~ Iecm1nn?) 58 8
Z3 2000 i
R123 199 x 1015 0.061 4897 3108 S 1000 3
EtBr 246 x 1014 0.206 3456 2759 =
Mc540 274 % 1015 0.141 5165 3823 ; ' ; 0
450 500 550 600 650
Table 2 .. | Quenching of C-500 Fluorescence in RM without CHT
Energy transfer from C500 (donor) to various acceptoks-thymotrypsin - o
included reverse micelle: steady-state measurement ,Eg D C-500 Emission
; S ‘o D-A C-500 Emission
Acceptor Ov_elrlap _|r1tegra| Fpa/Fp Ro (R) R> (R) 8 T resonea ot
(M~ Lem1nmt) 3 DA EtBr
R123 211 x 1015 0.028 5020 2774 5
p=3
EtBr 250 x 10M 0.471 3518 3452 r
Mc540 264 x 101° 0.353 5212 4710 . . . : . .
450 500 550 600 650 700 750
sities of the donor in the absence and presence of the ac- Quenching of C-500 Fluorescence in RM with CHT
. . . . >
ceptor, is higher than that in the RM with CHT&ble 2. ® D
. . S D C-500 Emission
The estimated donor—acceptor distances from steady-state £
experiments in the RM without and with CHT are 31.08 8 D-A C-200 Emission
and 27.74 A, respectively. Note that in the case of R123 3 EtBr
there is a huge disagreement of the donor—acceptor distances %
measured from steady-state and time-resolved experiments,

which will be discussed later.

The spectral overlap of the donor C500 and cationic ac-
ceptor EtBr is shown in the upper panel Big. 3. EtBr
is a well-known fluorescent probe for DNA, which readily Fig. 3. The fluorescence energy-transfer processes of C500 (donor) to a
intercalates into the DNA double helix. Compared to the cationic acceptor EtBr in the RM as evidenced from steady-state mea-
case of bulk water, the emission intensity and lifetime of ZUfeme”t_S are Shzwn- Intthe tl;ppir panel t:e Spel\C/It'rczia(Ij Iover(ljalp between

. . . . OoNnor emission and acceptor absorpance Is snown. M € ana lower pan-

EBr increase .nearly 11 tlm.es when EtBr intercalates into els show quenching of thg donor emission in the presence of the accepptor
the double helix of DNA. This remarkable fluorescence en- in CHT-excluded and -included RM, respectively. Estimated parameters are
hancement of EtBr is utilized to study the motion of DNA  given inTables 1 and 2
segments. The photophysical processes of the fluorescence

enhancement have recently been expldfeg]. The selec-  of the fluorescence enhancement have recently been ex-
tive accumulation of the acceptor in the aqueous phase ofpjored[19]. The selectivity of the acceptor to the aqueous
the RM comes from the SpeCifiC nature of the SOlUblIlty of phase of the RM comes from the Speciﬁc nature of the solu-
EtBr; it is completely insoluble in isooctane and highly sol- pjlity of MC540; it is completely insoluble in isooctane and
uble in the bulk water. The fluorescence quenching effects h|gh|y soluble in bulk water. The Signiﬁcanﬂy |arge over-
of the donor C500 in the RM without and with CHT by the |ap facilitates quenching of the donor in the donor—acceptor
acceptor EtBr are shown in the middle and lower panels of system in RM without and with CHT as shown in the middle
Fig. 3 respectively. In the case of RM without CHTaple ) and lower panels oFig. 4, respectively. In the case of RM
the quenching efficiencyipa/ Fp, is lower than that in the  without CHT (Table 1) the quenching efficiencyipa/ Fp, is
RM with CHT (Table 2. The estimated donor—acceptor dis- lower than that in the RM with CHTTable 3. The estimated
tances from steady-state experiments in the RM without and donor—acceptor distances from steady-state experiments in
with CHT are 27.59 and 34.52 A, respectively. the RM without and with CHT are 38.23 and 47.10 A, re-
Fig. 4, upper, shows spectral overlap of the donor C500 spectively.
emission and acceptor MC540 absorption spectra. MC540is  From the steady-state quenching studies of the donor
an anionic lipophilic polymethine dye, which readily binds C500 it has been revealed that upon inclusion of CHT in
to biomembranes, micelles, and proteins. In agueous solu-the RM the donor-acceptor distances for EtBr and MC540
tions, the fluorescence intensity of MC540 increases by anincrease. However, in the case of R123, the more efficient
order of magnitude on binding to these biological systems. quenching of the donor reveals the donor-acceptor distance
Further, leukemia cells stained with MC540 are rapidly de- in the case of CHT-included RM to be lower than that in
stroyed on irradiation by light. The photophysical processes RM without CHT. This observation is not in agreement with

450 500 550 600 650 700 750
Wavelength (nm)
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| 1.6e+5

Z Spectral Overlap | 4 4o,5 & the bulk buffer. Second, hydrophobic/charge interactions of
gé - 12e+6 3 CHT with the acceptors could be different from those in
%g D C-S00@onor) [ 109+ 3 the buffer because of the spatial distribution of pH of the
gg A MC-540 (Accepton| &% % agueous m(_edlum in the_RI{/lS]._ Nevertheless, our tlme-_

5 Absorption - 4.0e+4 0. resolved anisotropy studies, which reflect the spatial restric-

= 200 2 tion on the acceptor molecules (see below) in the CHT in-

450 500 550 600 650 700 cluded/excluded RM, indicate negligibly small interactions
of the acceptor molecules with CHT upon encapsulation in
= | Quenching of C-500 Fluorescence in RM without CHT the RM. Thus within the structural integrity of the enzyme
_é 1 b b C.500 Emission in the RM, it is most expected that in the CHT-included RM,
= o acceptors reside in the interstitial space between the enzyme
§ D aneson surface and the inner surface of the RM.

o

3 3.2. Time-resolved studies
o me e s e T 3.2.1. Solvation and rotational dynamics of the donor at

> Quenching of C-500 Fluorescence in RM with CHT the reverse micellar surface . T
G In order to explore the local environmental rigidity and
2 ° D  C-500 Emission its change upon inclusion of the enzyme CHT, we studied
g DA C-500 Emission solvation dynamics of the RM by using the donor as probe

% in Presence of in absence and presence of CHFig. 5 (upper) shows the

S picosecond-resolved transients of the donor C500 in the RM
- . : : : : = without CHT at three characteristic wavelengths. For solva-

450 500 5% 600 650 700 750 tion dynamics studies a series (at least seven) of systematic
Wavelength (nm) wavelengths were taken. The signal initially decays with

. time constants 200 ps and 1.0 ns at the blue sid26 nm)
Fig. 4. The fluorescence energy-transfer processes of C500 (donor) to an . . L .
anionic acceptor MC540 in the RM as evidenced from steady-state mea- of the fluorescence spectrum but rises with the similar time
surements are shown. In the upper panel the spectral overlap betweerconstant at the red side-625 nm). A decay component for
donor emission and acceptor absorbance is shown. Middle and lower pan-all wavelengths was found with a time constant~ab ns

els show quenching_of the donor emissior_l in presence of the acceptor ingg shown irFig. 5, upper. The slower 5-ns component is the
C_HT—e_chuded and -included RM, respectively. Estimated parameters are fluorescence lifetime of the probe C500 in the microenviron-
given inTables 1 and 2 ment.

The constructed time-resolved emission spectra (TRES)
the time-resolved studies, as discussed in the following sec-are shown inFig. 5, lower. The steady-state spectrum of
tion. The absolute intensity of C500 in the CHT-included C500 in the RM is also shown for comparison (dotted
RM, as shown in the middle panels &fgs. 2—4should line). The solvation correlation functiafi(z) (Fig. 6) shows
not be compared with that in the RM with CHT (lower single-exponential decay with time constant 645 ps; any
panels ofFigs. 2—4, because the experimental condition, sub-50-ps components in these dynamics are unresolved.
namely optical density of the probe C500, in the above two The net spectral shiftAv) is 1889 cnr! from 21,755 to
cases was different. However, the steady-state quenching ef19,866 cnt! (up to 3.0 ns). The anisotropyr) of the donor
ficiency (Fpa/Fp) does not depend on its absolute intensity. is shown in the inset oFig. 6. The measured(r) decays
In the cases of the donor-acceptor systems of R123 andwith time constants 210 ps (36%) and 1.2 ns (51%) resulting
MC540, the acceptors show large emission intensities, asa persistence (13%) oft) in our experimental window (up
shown inFigs. 2 and 4respectively. These emissions are to 10 ns). The value of(r) atr = 0 is found to be 0.39.
not due to the direct excitations of the acceptors, because in  Fig. 7, upper, shows picosecond-resolved transients of the
the excitation wavelength (400 nm) the acceptors offer neg- donor C500 in the CHT-included RM. On the blue edge of
ligibly small optical absorptions. The enhanced emissions the fluorescence spectrum the signals decay with time con-
from the acceptors are the indications of energy-transfer stants (240 ps—1.1 ns) depending on wavelengths, whereas
processes in the RM. In the buffer solution the steady-stateon the red edge the signals are seen to rise (time constant
spectroscopic studies (absorption, emission, and anisotropyup to 1.1 ns). A decay component, of time constant 5 ns,
data not shown) did not reveal any indication of complex- reflective of the lifetime of the probe, is present in all wave-
ation of the acceptors with CHT. However, the possibility lengths detectedg. 7, lower). Fig. 7, lower, shows TRES
of some specific interactions of the acceptor molecules with (up to 3.0 ns) of the donor in the CHT-included RM. The
the RM-encapsulated CHT cannot be completely ruled out dotted spectrum indicates the steady-state spectrum of the
for the following reasons. First, the proximities of the ac- donor. TheC(¢) function inFig. 8 can be fitted to a single-
ceptors to CHT in the RM are much higher than those in exponential decay with time constant 668 ps; any sub-50-ps
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C-500 in Reverse Micelle Without Enzyme C-500 in Reverse Micelle With Enzyme
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Fig. 5. In the upper panel picosecond-resolved transients of the C500 in the Fi9- 7- In the upper panel picosecond-resolved transients of the C500 in
CHT-excluded RM are shown at three characteristic wavelengths. Note the e CHT-included RM are shown at three characteristic wavelengths. Note
decay in the blue edge (425 nm) and the rise in the red edge (625 nm) of theth® decay in the blue edge (425 nm) and the rise in the red edge (625 nm)
emission spectrum. Solid lines show numerical fitting of those transients. ©f the emission spectrum. Solid lines show numerical fitting of those tran-
Instrument response function (IRF) is also shown. The transients are nor- SieNts. Instrument response function (IRF) is also shown. The transients
malized for comparison. Lower panel shows time-resolved emission spectra@'€ normalized for comparison. Lower panel shows time-resolved emission
(TRES) of C500 in the RM. The steady-state spectrum of the sample is also SPectra (TRES) of C500 in the RM. Steady-state spectrum of the sample is

shown for comparison (dotted line). Note that the emission maximum at also shown for comparison (dotted line). Note that the emission maximum
time 3 ns is similar to that of the steady-state emission. at time 3 ns is similar to that of the steady-state emission.
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components in these dynamics are unresolved. The net specwords, the environments around the donor in the RM are het-
tral shift is 1412 cm® from 21,301 to 19,889 cm (up to erogeneous.

3.0 ns), which is similar to that of the RM without CHT.

As shown in the inset dfig. 8, the fluorescence anisotropy 3.2.3. Diffusion of the probe donor through various

r(¢) at 500 nm decays exponentially with time constants of environments. emission linewidth analysis

434 ps (44%) and 1.7 ns (33%). In contrast to the RM with-  The full width at half maximum (linewidthg") of emis-

out CHT, the anisotropy at= 0 (0.4) and relatively large  sion spectra of the C500 prob&ig. 1, lower) were ob-
residual anisotropy (23%; up to 10 ns) reveal slower rota- served to be different in various environments. It increases
tional dynamics of the probe in the RM upon inclusion of upon changing the polarity of the inmediate environment of

the enzyme CHT. C500. In the RMwg = 10, the emission linewidth of C500
o . is larger than that in pure isooctane. The linewidth of emis-
3.2.2. Heterogeneity in the local environments of the donor sion of C500 in the RM is also very sensitive to inclusion of

To investigate possible interference of emission from var- the enzyme CHT. In the RM without CHT the magnitude of
ious excited species, we further use a time-resolved areathe I” (3845 cntl) is larger than that in the CHT-included
normalized emission spectroscopic (TRANES) technique RM (3606 cnT). The observation is consistent with the fact
developed recentlf5]. TRANES is a model-free modified  that in the polar environment, the fluorescence spectrum of
version of TRES mentioned aboveéig. 9 shows TRANES g solute (C500) with a higher excited-state dipole moment
spectra of the donor in the RM without (upper) and with compared to that in the ground state is the superposition of
CHT (lower). Anisoemissive point at 21,000 ctis clearly  emission from different excited states of diverse degrees of
evident in the spectra of both the samples. One of the pos-splvation[14]. The broadening of emission spectrum may

sible reasons for the existence of two emissive species ina|so be indicative of spatial microheterogeneity of the im-
the excited state is due to the solubilization of the C500 mediate environment of the probe Cq_zz]_

chromophore in two different sites of the RI¢5]. In other The linewidth (") of TRES €ig. 10 of C500 in the RM
is found to vary with time, which is an evidence of change
1 TRANES of C-500 Time in local environment during solvation. In the RM without
in Reverse Micelle - CHT (Fig. 10 I'(¢+) exhibits a relatively faster rise and a
1 Without Enzyme

slower decay with time constants 322 ps and 1.6 ns, respec-
tively. The amplitudes of the rise and decay components of
linewidth (AT") are 342 cm! (up to 400 ps, from 4426 to
4768 cnrl) and 1010 cm?® (up to 3.0 ns, from 4768 to
3758 cntl), respectively. For the CHT-included RMI(r)

3.0ns
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Fig. 10. Time-resolved linewidthd ) of TRES of C500 in the RM without
Fig. 9. Time-resolved area-normalized spectra (TRANES) of C500 in the (up) and with (down) the enzyme CHT are shown. Note the significantly
CHT-excluded (upper) and in the CHT-included (lower) RM. Note the iso- large amplitude of the rise component in the linewidth with time for the

emissive points at 21,000 cr for both systems (see text). 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 Solvation correlation Rotational anisotropy;(t)
(nm) function, C (1)
a-Chymotrypsin excluded 500 Single exponential decay ro=0.39
T =645 ps 71 =0.21ns,A1 =36%
Av=1889 cnr! 19 =1.2ns,A2 =51%
Residual (1) = 13%
a-Chymotrypsin included 500 Single exponential decay ro =0.40
T =668 ps 71 =043 ns,A1 =44%
Av=1412 cm? 19 =1.7ns,As = 33%

Residual (r) = 23%

shows similar temporal characteristics; however, the ampli- 1 Time-resolved Emission of C-500 in
tude of the rise component is much smaller than former case. Reverse Micelle Without Enzyme (500 nm)
In the latter case the amplitudes of the rise (time constant
410 ps) and decay (time constant 1.6 ns) components of
linewidth (AT") are 13 cm! (up to 200 ps, from 4564 to
4577 cnrl) and 1010 cm?® (up to 3.0 ns, from 4577 to
3567 cmr'1), respectively.

From the studies of time-dependent spectral width an in-
teresting feature of the relaxation dynamics of C500 in the
RM is evident. In the case of the RM without CHT, the rise
with time constant 322 ps is indicative of diffusion of the
probe from the surface of the RM to the polar aqueous and
nonpolar isooctane phases of the RM making the spatial en-
vironments of the donor more heterogeneous with time. Af-
ter certain time (up to 400 ps), the probe is expected to cross =
the aqueous phase and again face the nonpolar isooctane § C-500 + R-123 (Acceptor)
medium offering relatively homogeneous environments, as
evidenced by the decay of thg(r). Taking the diffusion
constant of an organic probe at the micellar surface to be
15.3 A?/ns [23], the estimated distance traversed by the

C-500 + MC-540 (Acceptor)

J C-500 + EtBr (Acceptor)

ormalized Fulorescence

probe in 400 ps is 3.5 A. This is much shorter than the di- C-500 (Donor)
ameter of the RM (40 A) atvg = 10. Conversely, in the
CHT-included RM, the available aqueous phase (shell) for 0 5 10 15 20 25

the diffusion of the donor probe is much less than that of the
former case. The estimated distance traveled by the donor in
200 ps is 2.5 A. As indicated by the magnitude of the rise, Fig. 11. Time-resolved transients of the donor (C500) in the CHT-excluded
the population of the donor molecules in this journey is sig- RMin the absence and presence of various acceptor molecules are shown.
nificantly lower than in former case of RM without CHT. All the 'tran.sic.ents were taken at 590 nm and normalized for comparison.
The similarity in the amplitudes and time constants of the Numerical fitting parameters are giventable 4

decay components for both the cases is not surprising, given

the fact that these decays are associated with the diffusion ofconstants 500 ps (35%) and 4.5 ns (65%). The persistence of

Time Delay (ns)

the donor in the nonpolar isooctane medium. the longer lifetime (4.5 ns, 65%) distinctly indicates that in
the donor—acceptor system only 35% of the donor population

3.2.4. Fluorescence resonance energy transfer of the donor is undergoing an energy-transfer procd€g. The estimated

inthe RM donor—acceptor distance is 33.98 A. From the biexponential

In Fig. 11the transients of the donor C500 without and transient of time constants 1.1 ns (40%) and 4.6 ns (60%) of
with different acceptors in the RM in the absence of CHT are the C500-EtBr system in the RM it is evident that 40% of
shown. As shown infables 4 and 5the fluorescence tran-  the donor population is responsible for the energy transfer,
sient of the donor in the RM shows a fast rise (time constant with an average distance of 27.94 A from the acceptor EtBr.
200 ps), indicating solvation, followed by a decay of time In the case of the C500-MC540 system the biexponential
constant 5.0 ns, which is the lifetime of the donor in the mi- decay of the donor fluorescence reveals two time constants
croenvironment. In the presence of the acceptor R123, time-of 720 ps (35%) and 4.7 ns (65%). This indicates that 35%
resolved fluorescence shows biexponential decay of timeof the donor molecules in the RM transfer their energy to ac-
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Time-resolved Emission of C-500 in Table 4
Reverse Micelle With Enzyme (500 nm) Numerical fitting parameters of the transients of donor and donor—acceptor
systems in the CHT-excluded RM

System ai (%) 11 (ns) ap (%) t2(ns) ma/o RTR(A)
C-500 + MC-540 (Acceptor) Donor -32 02 132 50 - -

Donor—acceptor

R123 35 05 65 45 0.100 3398
EtBr 40 11 60 46 0.218 2794
MC540 35 072 65 47 0.144 3837
C-500 + EtBr (Acceptor)
Table 5

Numerical fitting parameters of the transients of donor and donor—acceptor
systems in the CHT-excluded RM

Normalized Fulorescence
|

System a1 (%) 11 (ns) ap (%) 1o (ns) ma/md R™RA)
_J g C-500 + R-123 (Acceptor) Donor -28 02 128 50 - -
] Ty Donor—acceptor
R123 -30 02 130 49 ~1 -
EtBr 38 10 62 47 0200 2792
MC540 26 076 74 48 0.152 3914

C-500 (Donor)

measure donor—acceptor distance by using the energy trans-
fer mechanism in chemical and biological systems. From the
biexponential transient of time constants 1.0 ns (38%) and
4.7 ns (62%) of the C500—EtBr system in the RM, it is evi-
Fig. 12. Time-resolved transients of the donor (C500) in the CHT-included dent that 38% of the donor population is responsible for the
RM in the absence and presence of various acceptor molecules are shownenergy transfer with an average distance of 27.92 A from the
All the‘tran_si(‘ents were taken at 5_00 nm and normalized for comparison. acceptor EtBr. In the case of the C500—-MC540 system the
Numerical fitting parameters are giventiable 5 biexponential decay of the donor fluorescence reveals two
time constants of 760 ps (26%) and 4.8 ns (74%), which in-
ceptors at an average distance of 38.37 A. The efficiency of dicate that 26% of the donor molecules in the RM transfer
the energy transfer for various donor—acceptor systems andheir energy to acceptors at an average distance of 39.14 A.
estimated average donor—acceptor distances is summarize@he estimated distances are similar to that in the RM with-
in Table 4 All estimated distances in the RM without CHT out CHT, except for the acceptor R123, where the distance is
are less than the diameter of the water pool (40 A) of the RM too large to have resonance-type energy transfer in the CHT-
atwg = 10. included RM.
Fig. 12 shows fluorescence transients at 500 nm of the
donor C500 in the CHT-included RM in the absence and 3.2.5. Local environmental restriction on the acceptors
presence of various acceptors. The fluorescence transient of In order to explore the local geometric restriction of the
the donor in this case shows a fast rise (time constant 200 ps)microenvironment on the physical motions of the accep-
indicating solvation, followed by a decay of time constant tors in the RM without and with CHT, we performed time-
5.0 ns, which is the lifetime of the donor in the RM. In the resolved anisotropy studies(()) of the acceptors. In these
presence of the acceptor R123 a significant quenching of thestudies we excited the donor molecule and measured the
emission of the donor is evidenced by steady-state measureanisotropy at the peak wavelengths of the acceptor mole-
ment Fig. 2) and also by the poor signal-to-noise ratio of cules. In the CHT-excludedr{g. 13 and -includedFig. 14
the acquired transienE{g. 12 second from bottom). How-  RM fluorescence anisotropy decays of the accepiars)(
ever, the transient is similar to that of the donor in absence could be described by biexponential functions. The time
of the acceptor, indicating the quenching to be reflective of constants, relative amplitudes, and residual anisotropy val-
a radiative mechanism of energy transfer (reabsorption by ues are shown iffable 6 The fast depolarization compo-
the acceptor)not the resonance type. In contrast to the for- nents can be attributed to the local tumbling motions of the
mer case, the lack of coexistence of donor and acceptor inacceptors. The slow component, which is similar to that of
the CHT-included RM is the possible reason for the radia- the donor molecules in the corresponding RM, can be as-
tive energy transfer mechanism. The disagreement of thesigned tentatively to a rotation of the whole molecule and/or
estimated donor—acceptor distances from steady-state ( to global rotational motion of the RM.
ble 2) and time-resolved studie$dble § warrant a potential The similarity in the transients of anisotropy of the ac-
danger of using the former as a conclusive experiment to ceptor molecules in the CHT-included RM with that in the

0 5 10 15 20 25
Time Delay (ns)
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Fig. 13. Time-resolved anisotropies of the acceptor molecules, MC540 (up- Fig. 14. Time-resolved anisotropies of the acceptor molecules, MC540 (up-
per), EtBr (middle), and R123 (lower), in the CHT-excluded RM are shown. per), EtBr (middle), and R123 (lower) in the CHT-included RM are shown.
Note that acceptors were excited indirectly (via donor). Numerical fitting Note that acceptors were excited indirectly (via donor). Numerical fitting
parameters are given fable 6 parameters are given ifable 6

RM without CHT is reflective of an analogous geometri- entation between donor and acceptor molecules prior to or
cal restriction on the acceptors in the microenvironments. during the energy transfer process.

This observation is consistent with the fact that the interac-

tions of acceptor molecules with CHT in the RM are not

significant. Note that the anisotropy values &t O (o) and 4. Conclusion

the faster time constants of the acceptor molecules in the

CHT-excluded/-included RM may have interference from Reverse micelle (RM) is well known as an important
the energy transfer dynamics from the donor molecule. From chemical and biological medium. The reported studies with
the data given inTables 4, 5, and ,Git is evident that the  picosecond resolution of the donor C500 selectively excited
faster time constants (0.1-0.4 ns) in the anisotropy decaysat the surface of a RM elucidate its solvation dynamics and
are faster than those of the characteristic time constants ofresonance energy transfer in the RM without and with the
energy-transfer processes (0.2-1 ns) and the slower timeenzymea-chymotrypsin (CHT). The enzyme is known to
constants are comparable in both cases. This observation igpreserve its native structural integrity in the RM with the
consistent with the significant randomization of relative ori- degree of hydrationuo = 10) used in our experimefit1].
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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 ro=0.39 ro=0.23 ro=0.40 ro=0.30

11 =0.21 ns,a; = 36%
0 =1.2ns,ap =51%
Residual (1) =13%

11 =0.13 ns,a; = 30%
70 =1.7 ns,ap = 40%
Residuat (1) = 30%

CHT included ro = 0.40 ro=0.30
71 =0.43 ns,a; = 44% 71 =0.10 ns,a; = 30%
0 =1.7 ns,ap = 33% 70 =1.9 ns,a = 32%
Residual(r) = 23% Residuat(r) = 38%

11 =0.37 ns,a; = 38%
70 = 1.5 ns,a2 = 30%
Residuat (r) = 32%

ro = 0.40
11 =0.12 ns,a; =24%
70 =1.1nS,ap = 45%
Residuat(r) = 31%

11 =0.10 ns,a1 =27%
75 =0.98 ns,ay = 23%
Residuat (1) =50%

ro=0.27
11 =0.11 ns,A1 = 35%
T2 =1.3nS,A> =22%
Residuat (1) = 43%

The solvation process of C500 in the CHT-excluded RM was evident that EtBr and MC540 rearranged their locations near
found to be similar to that of the CHT-included RM, giving the surface of the RM upon inclusion of CHT. However,
a single-exponential decay of the solvation correlation func- the acceptor R123 has to leave the CHT-included RM in or-
tion C(r) with a time constant of~660 ps. In contrast, the der to create a space for the enzyme. It is worth noting that
time-resolved anisotropy-(r)) measurement of the donor EtBr and R123 both are cationic dyes but behave quite dif-
in the CHT-included RM shows more geometrical restric- ferently when encapsulated in the RM containing CHT. The
tion on the donor probe C500 compared to that in the RM proper explanation of the incoherent behavior of R123 com-
without CHT. These observations are consistent with the fact pared to that of EtBr demands further investigation and is
that in the CHT-included RMwo = 10) when the diameter  currently the prime focus of our group. These observations
of the water pool of the RM is just sufficient to engulf native may have significance in understanding the enzymatic reac-
CHT, the aqueous space (labile type) available to the donortions of RM-bound CHT with hydrophilic substrates.
forms an annular shell. The annular agueous space impose The time resolved anisotropy of the acceptor molecules
a restriction on the physical motion of the donor C500, as as shown irFig. 14 (Table § reveals biexponential decays
confirmed byr(t) measurement of the CHT-included RM.  with significantly large residual anisotropy (residuat)),
However, upon inclusion of CHT in the RM the mobility which do not decay within our experimental time window.
of the solvent molecules in the close vicinity of the donor The longer decay components, which remain similar for both
remains similar as discussed above. The formation of the an-the RM (CHT-included/-excluded), are consistent with those
nular shell like structure in the CHT-included RM is further  of the donor anisotropies without acceptors, revealing rota-
supported by time-resolved spectral linewidth analysis of the tjonal motions of the acceptor molecules as a whole and/or
donor revealing its translational diffusion in the RM without global motion of the RM. The shorter time constants of the
and with the enzyme CHT. From the temporal behavior of () decays could be assigned to the tumbling/segmental mo-
the diffusion of the donor in the CHT-included RM we es- tjon of the acceptors. Note that indirect excitation of the
timate the t_hlckness of the annular shell tob25 A. The _ acceptor molecules (via donor) may have some effect on the
effect of this aqueous Iayer on thg structure .and function- anisotropy values at= 0 (o). The time-resolved anisotropy
ality of the enzyme CHT included in the RM is extremely st the donor and acceptor molecules revealed significant
important4,11]. _ _ randomization of the relative orientation of the transition
In order to study the change in locations of the hy- ginoles of the donor and acceptor justifying the value of ori-
drophilic accept(_)r molegules in the RM upon inclusion of entation factorg?, which is assumed to be/2 in this study.
CHT and to estimate distances of those acceptors from aCurrentIy we are examining the effect of size of the RM (hy-

donor at the polar surface of the RM, we used steady-state a(iqn, evel) on the solvation and energy-transfer processes
and time-resolved spectroscopic techniques. The estlmatedof a donor molecule sitting on an enzyme/protein encapsu-
donor-acceptor distances from the steady-state fluorescencg,o in the RM

energy-transfer experiments on the CHT-excluded/-included

RM are in close agreement with those of the picosecond-

resolved studies except for the acceptor R123. In the case

of R123 the estimated donor—acceptor distance measured*cknowledgments
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