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Abstract Tryptophan octyl ester (TOE) represents an
important model for membrane-bound tryptophan res-
idues. In this article, we have employed a combination of
wavelength-selective fluorescence and time-resolved flu-
orescence spectroscopies to monitor the effect of varying
degrees of hydration on the dynamics of TOE in reverse
micellar environments formed by sodium bis(2-ethyl-
hexyl) sulfosuccinate (AOT) in isooctane. Our results
show that TOE exhibits red edge excitation shift (REES)
and other wavelength-selective fluorescence effects when
bound to reverse micelles of AOT. Fluorescence
parameters such as intensity, emission maximum,
anisotropy, and lifetime of TOE in reverse micelles of
AOT depend on [water]/[surfactant] molar ratio (wo).
These results are relevant and potentially useful for
analyzing dynamics of proteins or peptides bound to
membranes or membrane-mimetic media under condi-
tions of changing hydration.

Keywords Tryptophan octyl ester Æ Reverse micelle Æ
REES Æ Hydration

Abbreviations AOT: Sodium bis(2-ethylhexyl)
sulfosuccinate Æ REES: Red edge excitation shift Æ
TOE: Tryptophan octyl ester

Introduction

Tryptophan is the most extensively used amino acid for
fluorescence analysis of proteins. The role of tryptophan
residues in the structure and function of membrane

proteins and peptides has attracted considerable atten-
tion. Membrane-spanning proteins are reported to have
a significantly higher tryptophan content than soluble
proteins (Schiffer et al. 1992). In addition, it has been
observed that tryptophan residues in integral membrane
proteins and peptides are not uniformly distributed and
that they tend to be localized toward the membrane
interface. Statistical studies of sequence databases and
available crystal structures of integral membrane pro-
teins also show preferential clustering of tryptophan
residues at the membrane interface (Reithmeier 1995;
Ulmschneider and Sansom 2001). Furthermore, trypto-
phan has been found to be an efficient anchor at the
membrane interface for transmembrane peptides and
proteins (Schiffer et al. 1992) and defines the hydro-
phobic length of transmembrane helices (Demmers et al.
2001). The tryptophan-rich aromatic belt at the mem-
brane interface in transmembrane helices is thought to
stabilize the helix with respect to the membrane envi-
ronment (Reithmeier 1995). Importantly, the role of
tryptophan residues in maintaining the structure and
function of membrane proteins is exemplified by the fact
that substitution or deletion of tryptophans often results
in reduction or loss of protein functionality (Becker
et al. 1991; Miller and Falke 2004).

The analysis of fluorescence from multitryptophan
proteins is often complicated because of the complexity
of fluorescence processes in such systems and the het-
erogeneity in fluorescence parameters (such as quantum
yield and lifetime) due to the environmental sensitivity
of individual tryptophans. Use of suitable model
systems could prove to be helpful in such cases. In spite
of the importance of membrane-bound tryptophan
residues very few model systems have been developed
that could help understand the behavior of tryptophan
residues in the membrane. Tryptophan octyl ester
(TOE) has been recognized as an important model for
membrane-bound tryptophan residues (see Fig. 1). The
fluorescence characteristics of TOE incorporated into
model membranes and membrane-mimetic systems have
been shown to be similar to that of membrane-bound
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tryptophans (Ladokhin and Holloway 1995; Chatto-
padhyay et al. 1997; de Foresta et al. 1999; Sengupta
and Sengupta 2000).

In this article, we have employed a combination of
wavelength-selective fluorescence and time-resolved flu-
orescence spectroscopies to monitor the effect of varying
degrees of hydration on the dynamics of TOE in reverse
micellar environments formed by AOT [sodium bis(2-
ethylhexyl) sulfosuccinate] in isooctane. Hydration is
known to play a key role in lipid–protein interactions in
membranes (Ho and Stubbs 1992). Reverse micelles of-
fer the unique advantage of monitoring dynamics of
embedded peptides and proteins with varying degrees of
hydration, i.e., in a controlled water-restricted environ-
ment (Luisi and Magid 1986). They represent an
attractive model system for biomembranes since they
mimic a number of important and essential features of
biological membranes although the constituent mono-
mers in reverse micelles are negatively charged while in
biomembranes the constituent lipids could be of various
charge types.

Wavelength-selective fluorescence comprises a set of
approaches based on the red edge effect in fluorescence
spectroscopy, which can be used to directly monitor the
environment and dynamics around a fluorophore in an
organized molecular assembly (Chattopadhyay 2003). A
shift in the wavelength of maximum fluorescence emis-
sion toward higher wavelengths, caused by a shift in the
excitation wavelength toward the red edge of absorption
band, is termed red edge excitation shift (REES). This
effect is mostly observed with polar fluorophores in
motionally restricted media such as very viscous

solutions or condensed phases where the dipolar relax-
ation time for the solvent shell around a fluorophore is
comparable to or longer than its fluorescence lifetime.
The unique feature of REES is that while other fluo-
rescence techniques yield information about the fluoro-
phore itself, REES provides information about the
relative rates of solvent relaxation which is not possible
to obtain by other techniques. We have previously
shown that REES and related techniques (wavelength-
selective fluorescence approach) serve as powerful tools
to monitor the organization and dynamics of probes and
peptides bound to membranes and membrane-mimetic
media such as micelles and reverse micelles (reviewed in
Chattopadhyay 2003; Raghuraman et al. 2005).

Materials and methods

Materials

AOT and TOE were purchased from Sigma Chemical
Co. (St Louis, MO, USA). The purity of AOT was
confirmed by the good agreement of its UV absorption
spectrum with previously reported spectrum (Luisi and
Magid 1986). The purity of TOE was confirmed as
previously reported (Chattopadhyay et al. 1997) by thin
layer chromatography on precoated silica gel plates in
n-hexane/methanol/diethyl ether/acetic acid (80:25:20:1,
v/v/v/v), which gave a single spot with both ninhydrin
and Ehrlich spray. The isooctane used was of spectro-
scopic grade. Water was purified through a Millipore
(Bedford, MA, USA) Milli-Q system and used
throughout.

Preparation of reverse micelles

Reverse micelles of AOT-containing TOE were prepared
without the addition of any cosolvent as described ear-
lier (Chattopadhyay et al. 2002). Briefly, TOE in meth-
anol was dried under a stream of nitrogen while being
warmed gently (�35�C). After further drying under high
vacuum for at least 4 h, 1.5 ml of 25 mM AOT in iso-
octane was added, and the samples were vortexed for
3 min. Appropriate amounts of water were subsequently
added to make reverse micellar dispersions of different
[water]/[surfactant] molar ratio (wo). Background sam-
ples were prepared the same way except that TOE was
not added to them. Samples were kept in the dark for at
least 8 h before measuring fluorescence. All experiments
were done at 23�C.

The molar ratio of fluorophore (TOE) to surfactant
(AOT) was carefully chosen to give an optimum signal-
to-noise ratio with minimal perturbation to the micellar
organization and negligible interprobe interactions. The
concentration of TOE used for experiments in which
fluorescence intensity and anisotropy were measured
was 20 lM, while for REES and time-resolved fluores-
cence experiments, it was 100 and 50 lM, respectively.
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Fig. 1 Chemical structure of the protonated form of TOE. This
form is predominant under conditions of the experiments described
here (see ‘‘Materials and methods’’ and ‘‘Discussion’’ for details)
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The concentration of AOT was 25 mM in all cases
which is much above the critical micelle concentration of
AOT in isooctane (Mukherjee et al. 1993), thereby
ensuring that it is in the reverse micellar form. This
corresponds to a fluorophore-to-surfactant molar ratio
of not more than 1:250 (mol/mol) in any case. At such a
fluorophore-to-surfactant ratio, not more than one
probe molecule would be present per reverse micelle on
an average, keeping in mind the aggregation number of
AOT (Zhou et al. 2002), thereby ruling out any probe
aggregation effects.

Steady-state fluorescence measurements

Steady-state fluorescence measurements were performed
with a Hitachi F-4010 spectrofluorometer using 1 cm
path length quartz cuvettes. For REES experiments,
1 cm path length quartz cuvettes (Hellma, Germany)
which are mirror-coated on two surfaces were used for
enhancing the signal-to-noise ratio. Excitation and
emission slits with a nominal band pass of 5 nm were
used for all measurements. Background intensities of
samples in which the fluorophore (TOE) was omitted
were negligible in most cases and were subtracted from
each sample spectrum to cancel out any contribution
due to the solvent Raman peak and other scattering
artifacts. The spectral shifts obtained with different sets
of samples were identical in most cases. In other cases,
the values were within ±1 nm of the ones reported.
Fluorescence anisotropy measurements were performed
using a Hitachi polarization accessory. Anisotropy val-
ues were calculated from the equation (Lakowicz 1999):

r ¼ ðIVV � GIVHÞ=ðIVV þ 2GIVHÞ ð1Þ

where IVV and IVH are the measured fluorescence
intensities (after appropriate background subtraction)
with the excitation polarizer vertically oriented and
emission polarizer vertically and horizontally oriented,
respectively. G, the grating correction factor, is the ratio
of the efficiencies of the detection system for verti-
cally and horizontally polarized lights and is equal to
IHV/IHH. All the experiments were done with multiple
sets of samples and average values of anisotropy are
shown in Figs. 4 and 5.

Time-resolved fluorescence measurements

Fluorescence lifetimes were calculated from time-re-
solved fluorescence intensity decays using a Photon
Technology International (London, Western Ontario,
Canada) LS-100 luminescence spectrophotometer in the
time-correlated single photon counting mode. This ma-
chine uses a thyratron-gated nanosecond flash lamp fil-
led with nitrogen as the plasma gas (17±1 in. mercury
vacuum) and is run at 17–20 kHz. Lamp profiles were
measured at the excitation wavelength using Ludox

(colloidal silica) as the scatterer. To optimize the signal-
to-noise ratio, 10,000 photon counts were collected in
the peak channel. The excitation wavelength used was
297 nm and emission was set at 328 nm. All the exper-
iments were performed using excitation and emission
slits with a band pass of 10 nm or less. The sample and
the scatterer were alternated after every 5% acquisition
(which amounts to �1 min for a typical 20 min total
acquisition time) to ensure compensation for shape and
timing drifts occurring during the period of data col-
lection. This arrangement also prevents any prolonged
exposure of the sample to the excitation beam, thereby
avoiding any possible photo damage to the fluorophore.
The data stored in a multichannel analyzer were rou-
tinely transferred to an IBM PC for analysis. Fluores-
cence intensity decay curves so obtained were
deconvoluted with the instrument response function and
analyzed as a sum of exponential terms:

F ðtÞ ¼ Riai expð�t=siÞ ð2Þ

where F(t) is the fluorescence intensity at time t and ai is
a pre-exponential factor representing the fractional
contribution to the time-resolved decay of the compo-
nent with a lifetime si such that Siai=1. The decay
parameters were recovered using a nonlinear least
squares iterative fitting procedure based on the Marqu-
ardt algorithm (Bevington 1969). The program also in-
cludes statistical and plotting subroutine packages
(O’Connor and Phillips 1984). The goodness of fit of a
given set of observed data and the chosen function was
evaluated by the reduced v2 ratio, the weighted residuals
(Lampert et al. 1983), and the autocorrelation function
of the weighted residuals (Grinvald and Steinberg 1974).
A fit was considered acceptable when plots of the
weighted residuals and the autocorrelation function
showed random deviation about zero with a minimum
v2 value not more than 1.4. Mean (average) lifetimes
<s> for biexponential decays of fluorescence were
calculated from the decay times and pre-exponential
factors using the following equation (Lakowicz 1999):

\ s >¼ ða1s21 þ a2s
2
2Þ=ða1s1 þ a2s2Þ ð3Þ

Results

The fluorescence emission spectra and intensity of TOE
incorporated in AOT reverse micelles as a function of wo

are shown in Fig. 2. Figure 2a shows that the maximum
fluorescence emission of TOE in AOT reverse micelles
without any added water (wo=0) is 324 nm, which is
significantly blue-shifted relative to the emission maxi-
mum in aqueous buffer at pH 7 (�353 nm) or in mem-
branes (�335 nm; Chattopadhyay et al. 1997). This blue
shift in emission maximum indicates the nonpolar nat-
ure of the site of localization of the tryptophan moiety
on TOE in the reverse micellar assembly. However, the
fluorescence emission maximum of TOE undergoes a
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progressive red shift of 10 nm (from 324 to 334 nm)
when the water content is increased, i.e., when wo is
increased from 0 to 30 (Fig. 2a). This red shift in emis-
sion is accompanied with a marked reduction (� 40%)
in peak fluorescence intensity when wo is increased from
0 to 30 (Fig. 2b). Taken together, these results clearly
show that there is an increase in the polarity around the
tryptophan of TOE in AOT reverse micelles due to an
increase in water content, in agreement with an earlier
report (Sengupta and Sengupta 2000).

The shifts in the maxima of fluorescence emission1 of
TOE in AOT reverse micelles of varying wo as a function
of excitation wavelength are shown in Fig. 3. As the
excitation wavelength is changed from 280 to 302 nm,
the emission maxima of TOE shift toward longer
wavelengths in all cases. They are shifted from 324
to 329 nm (for wo=0), 325 to 330 (wo=5), 328 to 333
(wo =10), 332 to 337 (wo=20), 334 to 339 nm (wo=30),
which correspond to a REES of 5 nm. A further red
shift could be possible if excitation is carried out beyond
302 nm. We found it difficult to work in this wavelength
range due to the low signal-to-noise ratio and artifacts
due to the solvent Raman peak that sometimes remained
even after background subtraction. Such dependence of
the emission maximum on excitation wavelength is
characteristic of the REES. This implies that the tryp-
tophan moiety of TOE is localized in a motionally re-
stricted region of the reverse micelle. We have previously
shown that when bound to membranes, the tryptophan
moiety of TOE is localized in a motionally restricted
interfacial region of the membrane and exhibits REES
(Chattopadhyay et al. 1997). Thus, the observation of
REES for TOE bound to reverse micelles would directly
imply that the interfacial region of the reverse micelle
offers considerable restriction to the reorientational
motion of the solvent molecules (dipoles) around the
excited state fluorophore. The interfacial region of re-
verse micelles is associated with bound water with
characteristic dynamics (Jain et al. 1989; Ikushima et al.
1997; Faeder and Ladanyi 2000; Brubach et al. 2001;
Venables et al. 2001). Since REES arises due to the rate
of reorientational motion of solvent molecules, these
results therefore assume significance in the context of
recent reports of slow (�ns) water relaxation in reverse
micelles (Bhattacharyya 2003).

The steady-state anisotropy of TOE in AOT reverse
micelles as a function of increasing amounts of water
is shown in Fig. 4. As shown in the figure, fluores-
cence anisotropy of TOE decreases with increasing wo,
which implies that there is a decrease in rotational
restriction experienced by the tryptophan moiety with
increasing hydration. In addition to the shift in

Fig. 2 Effect of increasing amounts of added water on (a)
fluorescence emission spectra and (b) fluorescence intensity of
TOE in AOT reverse micelles. Fluorescence emission spectra are
shown as a function of [water]/[surfactant] molar ratio (wo) in order
of decreasing intensity corresponding to wo = 0 (solid line), 4
(dotted line), 10 (dashed dotted line), and 20 (broken line).
Fluorescence intensity was monitored at 328 nm and plotted as a
function of wo in (b). The data points shown are the mean-
s ± standard errors of three independent measurements. The
excitation wavelength used was 280 nm. The ratio of fluorophore
(TOE) to surfactant (AOT) was 1:1250 (mol/mol). See ‘‘Materials
and methods‘‘ for other details

1We have used the term maximum of fluorescence emission in a
somewhat wider sense here. In every case, we have monitored the
wavelength corresponding to maximum fluorescence intensity, as
well as the center of mass of the fluorescence emission. In most
cases, both these methods yielded the same wavelength. In cases
where minor discrepancies were found, the center of mass of
emission has been reported as the fluorescence maximum
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emission maximum on red edge excitation, fluores-
cence anisotropy is also known to depend on the
excitation wavelength in motionally restricted media
(Mukherjee and Chattopadhyay 1995 and references
therein). Due to strong dipolar interactions with the
surrounding solvent molecules, there is a decreased
rotational rate of the fluorophore in the solvent-re-
laxed state. Red edge excitation results in selective
excitation of this subclass of fluorophore. Because of
strong interactions with the polar solvent molecules in
the excited state, one may expect these ‘solvent-re-
laxed’ fluorophores to rotate more slowly, thereby
increasing the anisotropy. Figure 5a shows the
fluorescence anisotropy of TOE in AOT reverse mi-
celles of various wo plotted as a function of excitation
wavelength. The considerable increase in fluorescence
anisotropy in all cases as the excitation wavelength is
shifted toward the red edge reinforces our earlier
conclusion that the tryptophan moiety is in a
motionally restricted environment in the reverse
micelle. Such an increase in anisotropy upon red edge
excitation for peptides and proteins containing
tryptophans, especially in media of reduced mobility,
has been previously reported (Valeur and Weber 1977,
1978; Mukherjee and Chattopadhyay 1994).It should
be noted that in agreement with Fig. 4, lower anisot-
ropy values are displayed in general by samples with
higher wo.

It is known that tryptophan has two overlapping
So fi S1 electronic transitions (1La and 1Lb), which are
almost perpendicular to each other (Callis 1997).
Both So fi 1La and So fi 1Lb transitions occur in the
260–300 nm range. In nonpolar solvents, 1La has
higher energy than 1Lb. However, in polar solvents,
the energy level of 1La is lowered, making it the lowest
energy state. This inversion is believed to occur
because 1La transition has higher dipole moment (as it
is directed through the ring –NH group) and can have
dipole–dipole interactions with polar solvent mole-
cules. Irrespective of whether 1La or 1Lb is the lowest
S1 state, equilibration between these two states is be-
lieved to be very fast (of the order of 10�12 s), so that
only emission from the lower S1 state is observed
(Ruggiero et al. 1990). In a motionally restricted polar
environment, absorption at the red edge photoselects
the lowest energy S1 (1La in this case), and thus the
anisotropy is high since depolarization only due to
small angular differences between the absorption and
emission transition moments and solvent reorientation,
if any, occurs. Excitation at shorter wavelengths,
however, populates both 1La and 1Lb states. Equili-
bration between these two states produces a depolar-
ization due to the approximately 90� angular
difference between 1La and 1Lb moments. Thus, near
285 nm, there is a dip in anisotropy due to maximal
absorption by the 1Lb state. Figure 5a shows such a
characteristic dip around 285 nm in the excitation
anisotropy spectrum of TOE. Thus, the sharp increase
in anisotropy toward the red edge of the absorption

band is probably because the extent of depolarization
in TOE is reduced at the red edge due to not only the
decreased rotational rate of the fluorophore in the
solvent-relaxed state, but also the photoselection of
the predominantly 1La transition, which in turn
reduces the contribution to depolarization because of
1Lb fi 1La equilibration.

For fluorophores incorporated in motionally re-
stricted media, fluorescence anisotropy is also known to
be dependent on emission wavelength. Under such
conditions, a steady and significant decrease in anisot-
ropy is observed with increasing emission wavelength
(Mukherjee and Chattopadhyay 1995 and references
therein). Figure 5b shows variation in steady-state
anisotropy of TOE in AOT reverse micelles as a function
of wavelength across its emission spectrum. As seen
from the figure, there is a considerable reduction in
anisotropy with increasing emission wavelength. The
lowest anisotropy is observed toward the red edge where
the solvent-relaxed emission predominates. Taken to-
gether, the changes in fluorescence anisotropy of TOE in
AOT reverse micelles as a function of excitation and
emission wavelengths reinforce the presence of motion-
ally restricted environment in the vicinity of TOE.

Fluorescence lifetime serves as a faithful indicator of
the local environment in which a given fluorophore is
placed (Prendergast 1991). In addition, the fluorescence
lifetime of tryptophan, in particular, is sensitive to sol-
vent, temperature, and excited state interactions is well
known (Kirby and Steiner 1970; Beechem and Brand
1985). A typical decay profile of the tryptophan moiety
of TOE in AOT reverse micelles with its biexponential
fitting and the various statistical parameters used to
check the goodness of fit is shown in Fig. 6. The fluo-
rescence lifetimes of TOE in AOT reverse micelles ob-
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Fig. 3 Effect of changing excitation wavelength on the wavelength
of maximum emission of TOE in AOT reverse micelles corre-
sponding to wo = 0 (filled circle), 5 (open circle), 10 (open triangle),
20 (open square), and 30 (filled square). The ratio of fluorophore
(TOE) to surfactant (AOT) was 1:250 (mol/mol). See ‘‘Materials
and methods’’ for other details
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tained as a function of wo are shown in Table 1. As seen
from the table, all fluorescence decays could be fitted
well with a biexponential function. We chose to use the
mean fluorescence lifetime as an important parameter
for describing the behavior of TOE in AOT reverse
micelles since it is independent of the number of expo-
nentials used to fit the time-resolved fluorescence decay.
The mean fluorescence lifetimes of TOE in AOT reverse
micelles calculated using Eq. 3 are plotted as a function
of wo (Fig. 7). In general, an increase in polarity of the
tryptophan environment is known to reduce the lifetime
of tryptophans due to fast deactivating processes in
polar environments (Kirby and Steiner 1970). The in-
creased polarity around the tryptophan moiety in AOT
reverse micelles with increasing wo is reflected in the
decrease in the mean lifetime (�40%) of TOE with in-
crease in the reverse micellar water content. Interest-
ingly, the reduction in mean fluorescence lifetime is more
pronounced at low values of wo (up to wo = 15).

To ensure that the observed change in steady-state
anisotropy of TOE as a function of wo (see Fig. 4) is not
due to change in lifetime with increasing wo (Fig. 7), the
apparent (average) rotational correlation times for TOE
in AOT reverse micelles with increasing wo were calcu-
lated using Perrin’s equation (Lakowicz 1999):

sc ¼ ð< s > rÞ=ðro � rÞ ð4Þ

where ro is the limiting anisotropy of tryptophan, r the
steady-state anisotropy, and <s> the mean fluores-
cence lifetime as calculated from Eq. 3. Although Per-
rin’s equation is not strictly applicable to this system, it
is assumed that this equation will apply to a first
approximation, especially because we have used mean
fluorescence lifetimes for the analysis of multiple

component lifetimes. The values of the apparent rota-
tional correlation times, calculated this way using a va-
lue of ro of 0.16 for excitation at 280 nm (Eftink et al.
1990), are shown in Fig. 7. The overall change in rota-
tional correlation times of TOE with increasing wo

shows that the observed change in anisotropy values
(Fig. 4) was not due to any lifetime-induced artifacts,
and reinforces our earlier conclusion that there is a de-
crease in rotational restriction experienced by TOE with
increasing hydration.

Discussion

Reverse micelles are relatively simple yet versatile sys-
tems and represent ideal systems to address a variety of
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problems in biology including their application as
reaction media (Khmelnitsky et al. 1989; Carvalho and
Cabral 2000) and in protein biotechnology (Melo et al.
2001). They offer certain inherent advantages in fluo-
rescence studies over membranes since reverse micelles
are smaller and optically transparent, have well-defined
sizes, and are relatively scatter-free (Laane and Visser
1987; Visser et al. 1988). Reverse micelles represent a

type of organized molecular assembly which offers the
unique advantage of monitoring dynamics of molecules
with varying states of hydration that is difficult to
achieve with complex systems such as membranes.
Hydration plays an important modulatory role in the
formation and maintenance of organized molecular
assemblies such as micelles, membranes, and folded
proteins in aqueous solutions (Israelachvili and Wen-
nerstörm 1996). Application of the wavelength-selective
fluorescence approach to reverse micellar systems is
therefore particularly appealing since REES is capable
of monitoring the dynamics of the solvent molecules
surrounding the fluorophore. In this paper, we have
examined the effect of hydration on TOE, a model for
tryptophan residues in membranes. We report here that
TOE exhibits wavelength-selective fluorescence effects
when bound to reverse micelles of AOT. Our results
show that fluorescence parameters such as intensity,
emission maximum, anisotropy, and lifetime of TOE in
reverse micelles of AOT depend on [water]/[surfactant]
molar ratio (wo).

The ionization state of TOE under the conditions of
our experiments and its consequence on our results de-
serve comment. The apparent pKa of the amino group of
TOE in water is �9.7 (Chattopadhyay et al. 1997). The
amino group of TOE would therefore predominantly be
in the protonated state when bound to reverse micelles
of AOT (see Fig. 1). Since AOT itself is negatively
charged due to the sulfonate group, the restriction in the
tryptophan environment of TOE could be partly due to
the electrostatic interaction between these moieties. This
could possibly account for the invariance of REES with
wo since the electrostatic interaction could somehow
mask the effects of slow solvent reorientation. Interest-
ingly, here we report REES for TOE in the so-called
‘‘dry micelles’’ (wo = 0). However, the ternary phase
diagram for AOT/water/nonpolar solvent shows that
reverse micelles with wo = 0 are not stable (Luisi and
Magid 1986). Fortunately AOT always contains some
water since it is impossible to obtain completely dry
AOT.

The fluorescence decay of tryptophan in water is bi-
exponential. This has been attributed to the rotamer
model of tryptophan fluorescence, originally proposed
by Szabo and Rayner (1980) and later confirmed by the
analysis of conformational heterogeneity of tryptophan
in crystals of erabutoxin b (Dahms et al. 1995).
According to this model, the lifetime heterogeneity of
tryptophan could be attributed to tryptophan rotamers
that interconvert slowly in nanosecond time scale. These
rotamers, defined relative to their Ca–Cb bond, have
different distances between the carboxylate and amino
groups, and the indole ring, and consequently exhibit
different extents of electrostatic interactions between
these groups. Since the fluorescence lifetime of indole is
sensitive to the surrounding environment, different ro-
tamers exhibit different lifetimes. The observation of
short lifetimes is generally taken as an indication of
extensive deactivation mechanism. Our lifetime analysis

Fig. 6 Time-resolved fluorescence intensity decay of TOE in AOT
reverse micelles at wo=4. Excitation wavelength was at 297 nm
which corresponds to a peak in the spectral output of the nitrogen
lamp. Emission was monitored at 328 nm. The sharp peak on the
left is the lamp profile. The relatively broad peak on the right is the
decay profile, fitted to a biexponential function. The two lower
plots show the weighted residuals and the autocorrelation function
of the weighted residuals. The ratio of fluorophore (TOE) to
surfactant (AOT) was 1:500 (mol/mol). See ‘‘Materials and
methods’’ for other details

Table 1 Lifetimes of TOE in AOT reverse micelles as a function of
wo

[Water]/[surfactant] molar ratioa (wo) a1 s1(ns) a2 s2(ns)

0 0.87 1.25 0.13 3.00
4 0.78 0.86 0.22 2.34
10 0.89 0.85 0.11 2.28
15 0.88 0.54 0.12 2.06
20 0.85 0.52 0.15 1.81
25 0.86 0.57 0.14 1.84
30 0.87 0.61 0.13 1.91

The excitation wavelength was 297 nm; emission was monitored at
328 nm aThe ratio of TOE to AOT was 1:500 (mol/mol)
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with TOE in AOT reverse micelles shows biexponential
decays and a predominant short lifetime component,
especially toward higher wo values (see Table 1). We
suggest that in the case of TOE, due to the esterification
of the free carboxylic group of tryptophan by the octyl
chain (which causes steric crowding) and the fact that
the high hydrophobicity of this chain demands that it be
embedded in the apolar region of the reverse micelle, it
loses its freedom of rotation about the Ca–Cb bond. This
is illustrated in Fig. 8 where the Newman projections of
three rotamers along the Ca–Cb bond of TOE in its
protonated form (the form predominant in AOT reverse
micelles, see above) are shown. We propose that rotamer
(a) will be preferred due to (1) lack of steric constraints
between the octyl chain of TOE and the indole ring and
(2) the stabilization gained from the energetically
favorable electrostatic interaction between the delocal-
ized p electron cloud of the indole ring and the positively
charged quarternary nitrogen atom. This could repre-
sent a cation–p interaction which is known to be
important in a number of interactions in biology
(Dougherty 1996). Such interaction could lead to fluo-
rescence quenching and reduction in fluorescence life-
time (Raghuraman and Chattopadhyay 2003). We
further propose that the short lifetime component
corresponds to rotamer (a). The predominance of the
short lifetime component indicates that rotamer (a) has
substantial contribution under such conditions because
of energetically unfavorable steric crowding in rotamers
(b) and (c). In other words, addition of the hydrophobic
octyl chain to the tryptophan results in one of the ro-
tamers (rotamer a) to be ‘frozen’ in space. Similar frozen
rotamers are also expected in case of tryptophans that
anchor transmembrane stretches of amino acids to the
membrane interface, the hydrophobic transmembrane
amino acid sequences acting as the orienting force in
these cases. We must emphasize here that the model
proposed here is a plausible one and alternate interpre-
tations of our data cannot be ruled out at present.

It is known that the dynamics of liquids in confined
spaces is different from that of their bulk counterparts
(Granick 1991; Levinger 2002) and this constitutes one
of the main reasons for the popularity that reverse mi-
celles enjoy as a model system in studies of water
dynamics. The highly structured, yet heterogeneous,
water molecules in reverse micelles represent interesting
models for water molecules present in biological systems
such as membranes, which are more difficult to analyze
experimentally. The properties of water in reverse mi-
celles of AOT at low wo values are rather different from
those of bulk water (Jain et al. 1989; Ikushima et al.
1997; Brubach et al. 2001; Venables et al. 2001). Three
types of water populations (pools) have been shown to
coexist in reverse micelles. These are bound water,
trapped water, and free water (Jain et al. 1989; Ikushima
et al. 1997). The crucial parameter is the [water]/[sur-
factant] molar ratio which determines the relative pro-
portions of these three types of water pools.

Water plays a crucial role in mediating lipid–protein
interactions in membranes, thereby controlling the
folding and functionality of membrane proteins (Ho
and Stubbs 1992; Fischer et al. 1994; Sankararama-
krishnan and Sansom 1995; Arumugam et al. 1996).
For example, it has been previously shown using neu-
tron diffraction of small peptides in membrane bilayers
that there was a direct association of water with the
peptides, possibly with a tryptophan residue (Jacobs
and White 1989). It was suggested that such an effect, if
enhanced by larger peptides, would be important for
the insertion of helices into bilayers and for helix–helix
interactions involving hydrogen bonding. Very recently,
it has been shown that water molecules localized in the
vicinity of highly conserved residues and in the retinal
pocket of rhodopsin regulate the activity of rhodopsin
and other G-protein-coupled receptors by mediating
intermolecular interaction (Okada et al. 2002). Our
results therefore could be potentially useful for the
analysis of dynamics of proteins or peptides bound to

wO ([H2O]/[AOT])

M
E

A
N

F
LU

O
R

E
S

C
E

N
C

E
L

IF
E

T
IM

E
(n

s)

3020100

1.8

1.6

1.4

1.2

1

0.8

1.8

1.6

1.4

1.2

1

0.8

A
P

P
A

R
E

N
T

R
O

T
A

T
IO

N
A

L
C

O
R

R
E

LA
T

IO
N

T
IM

E
(ns)

Fig. 7 Effect of increasing
amounts of water on mean
fluorescence lifetime (open
circle) of TOE in AOT reverse
micelles. The excitation
wavelength used was 297 nm
and emission wavelength was
set at 328 nm. Mean
fluorescence lifetimes were
calculated from Table 1 using
Eq. 3. All other conditions are
as in Fig. 6. See ‘‘Materials and
methods’’ for other details. The
apparent rotational correlation
times (filled circle) of TOE in
AOT reverse micelles are also
shown. The apparent rotational
correlation times are calculated
using Eq. 4 (see text for other
details)
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membranes or membrane-mimetic media under condi-
tions of changing hydration.
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