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Abstract

Tryptophan octyl ester (TOE) represents an important model for membrane-bound tryptophan residues. In this article, we have explored the
effect of sphere-to-rod transition of sodium dodecyl sulfate micelles on the dynamics of the membrane-bound tryptophan analogue, TOE, utilizing
a combination of fluorescence spectroscopic approaches which include red edge excitation shift (REES). Our results show that REES and
fluorescence spectroscopic parameters such as lifetime, anisotropy and acrylamide quenching of micelle-bound TOE are sensitive to the change in
micellar organization accompanied by the sphere-to-rod transition.
© 2007 Published by Elsevier B.V.
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1. Introduction

Tryptophan residues serve as intrinsic, site-specific fluores-
cence probes for protein structure and dynamics. The role of
tryptophan residues in the structure and function of membrane
proteins and peptides has attracted considerable attention.
Membrane-spanning proteins are reported to have a significantly
higher tryptophan content than soluble proteins [1,2]. 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 [3]. Statistical
studies of sequence databases and available crystal structures of
integral membrane proteins also show preferential clustering of
tryptophan residues at the membrane interface [4,5]. Further-
more, tryptophan has been found to be an efficient anchor at the
membrane interface for transmembrane peptides and proteins
[1,2]. The tryptophan-rich aromatic belt at the membrane
interface in transmembrane helices is thought to stabilize the
helix with respect to the membrane environment [4]. This
aromatic belt has also been proposed as a means of directing and
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stabilizing structural changes during conformational transitions
within the transmembrane regions of integral membrane proteins
[6]. 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 [7].

The analysis of fluorescence from multitryptophan proteins is
often complicated because of the complexity of fluorescence
processes in such systems, and the heterogeneity 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 themembrane. Tryptophan octyl
ester (TOE, see Fig. 1) has been recognized as an important model
for membrane-bound tryptophan residues. The fluorescence
characteristics of TOE incorporated into model membranes and
membrane-mimetic systems have been shown to be similar to that
of membrane-bound tryptophans [8–12].

Micelles are used as membrane mimetic systems to characterize
membrane proteins and peptides [13]. Micelles are highly
cooperative, organized molecular assemblies of amphiphiles and
are dynamic in nature. Further, they offer certain inherent
advantages in fluorescence studies over membranes since micelles
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Fig. 1. Chemical structures of (a) protonated and (b) deprotonated forms of TOE.

Fig. 2. Effect of sphere-to-rod transition of SDS micelles on ionization state of
micelle-bound TOE. Representative data for fluorescence intensity of TOE in
SDS micelles in the absence (■) and presence (●) of 0.5 M NaCl as a function
of pH are shown. The excitation wavelength used was 280 nm and emission was
monitored at 340 nm. The ratio of TOE/SDS was 1:800 (mol/mol) in all cases.
Reversibility of fluorescence intensity upon acidification of higher pH samples
of TOE in SDS micelles in the absence (□) and presence (○) of 0.5 M NaCl is
also shown. Sample pH was lowered by addition of aliquots of 1 M acetic acid
and fluorescence was immediately measured. After pH reversal, the samples had
a pH of 4.8±0.1. See Materials and methods section for other details. The inset
shows a schematic representation of the sphere-to-rod transition in charged SDS
micelles induced by salt (adapted from ref. [17]). Note that the headgroup
spacing is reduced in rod-shaped micelles due to attenuation of interactions
among the charged headgroups by the added salt.
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are smaller and optically transparent, have well-defined sizes, and
are relatively scatter-free. Structural transition can be induced in
chargedmicelles at a given temperature by increasing ionic strength
of the medium or amphiphile concentration [14]. For example,
spherical micelles of sodium dodecyl sulfate (SDS) that exist in
water at concentrations higher than critical micelle concentration
(CMC) assume an elongated rod-like structure in presence of high
electrolyte (salt) concentrations when interactions among the
charged headgroups are attenuated due to the added salt (see
inset in Fig. 2). This is known as sphere-to-rod transition [15]. This
shape change induced by increased salt concentration is accompa-
nied by a reduction in CMC [16]. It has been suggested that large
rod-shaped micelles are better models for biomembranes [17] and
the hydrocarbon chains are more ordered in rod-shaped micelles
compared to spherical micelles [14] giving rise to higher micro-
viscosity in rod-shaped micelles [18]. Micellar sphere-to-rod
transitions can be explained in terms of the packing model des-
cribed by Israelachvili [19]. In this paper, we have explored the
effect of sphere-to-rod transition of SDS micelles on the organi-
zation and dynamics of the membrane-bound tryptophan analogue,
TOE, utilizing a combination of fluorescence spectroscopic
approaches.

2. Materials and methods

2.1. Materials

SDS and TOE were purchased from Sigma Chemical Co. (St.
Louis, MO, U.S.A.). The purity of SDS was checked by
measuring its CMC and comparing with literature CMC. CMC
of SDS was determined fluorimetrically utilizing the enhance-
ment of DPH fluorescence upon micellization [16]. The purity of
TOE was confirmed as previously reported [9] 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), and it
gave a single spot with both ninhydrin as well as Ehrlich spray.
Ultra pure grade acrylamide was from Invitrogen Life Technol-
ogies (Carlsbad, CA, U.S.A.). The purity of acrylamide was
checked from its absorbance using its molar extinction coefficient
(ε) of 0.23M− 1cm− 1 at 295nm and optical transparency beyond
310nm [20]. All other chemicals used were of the highest purity
available. Water was purified through a Millipore (Bedford, MA,
U.S.A.) Milli-Q system and used throughout.

2.2. Sample preparation

The concentration of SDS (16mM) used was double its CMC
(except the REES experiments where it was 48mM), to ensure
that it is in the micellar state in all experiments. The molar ratio of
TOE/detergent was carefully chosen to give optimum signal-to-
noise ratio with minimal perturbation to the micellar organization
and negligible interprobe interactions. The maximum molar ratio
of TOE/SDSusedwas 1:120 (mol/mol).At such TOE to detergent
ratio, not more than one TOE molecule would be present per
micelle on an average, which rules out any TOE aggregation
effects [21]. To incorporate TOE into micelles, TOE from
methanol stock solution was dried under a stream of nitrogen
while beingwarmed gently (∼ 35°C). After further drying under a
high vacuum for at least 3h, 1.5ml of 16mM (or 48mM for REES
measurements) SDS was added, followed by addition of NaCl
(final concentration 0.5M) in case of rod-shaped micelles, and
samples were vortexed for 3min. The buffers used were 5mM
acetate (pH 5), MOPS (pH 6 and 7), Tris (pH 8 and 9), CAPS
(pH 10-12). Background samples were prepared in the
similar way except that TOE was omitted from them. All
samples were equilibrated at room temperature (∼ 23°C) in the
dark for 1h.
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2.3. Steady state fluorescence measurements

Steady state fluorescence measurements were performed with
aHitachi F-4010 spectrofluorometer using 1cm path length quartz
cuvettes. Excitation and emission slits with a nominal bandpass of
5nm were used for all measurements. Background intensities of
samples in which the fluorophore (TOE) was omitted were neg-
ligible 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 sampleswere identical inmost cases, orwere
within ± 1nm of the ones reported. Fluorescence anisotropy
measurements were performed using aHitachi polarization acces-
sory. Anisotropy values were calculated from the equation [22]:

r ¼ IVV � GIVH
IVV þ 2GIVH

ð1Þ

where IVV and IVH are the measured fluorescence intensities
(after appropriate background subtraction) with the excitation
polarizer vertically oriented and the emission polarizer vertically
and horizontally oriented, respectively. G is the grating
correction factor and is equal to IHV/IHH. All experiments
were done with multiple sets of samples and average values of
fluorescence anisotropy are shown in Table 4.

2.4. Time-resolved fluorescence measurements

Fluorescence lifetimes were calculated from time-resolved
fluorescence intensity decays using a Photon Technology Interna-
tional (London, Western Ontario, Canada) LS-100 luminescence
spectrophotometer in the time-correlated single photon counting
mode. This machine uses a thyratron-gated nanosecond flash lamp
filled with nitrogen as the plasma gas (17 ± 1 inches of mercury
vacuum) and is run at 18–20kHz. 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 wave-
length usedwas 297nm and emission was set at 335 and 345nm for
charged and neutral form of TOE, respectively. All experiments
were performed using excitation and emission slits with a bandpass
of 10nm or less. The sample and the scatterer were alternated after
every 5% acquisition to ensure compensation for shape and timing
drifts occurring during the period of data collection. This arrange-
ment also prevents any prolonged exposure of the sample to the
excitation beam thereby avoiding any possible photodamage to the
fluorophore. The data stored in a multichannel analyzer was rou-
tinely transferred to an IBMPC for analysis. Fluorescence intensity
decay curves so obtained were deconvoluted with the instrument
response function and analyzed as a sum of exponential terms:

F tð Þ ¼
X

i
aiexp �t=sið Þ ð2Þ

where F(t) is the fluorescence intensity at time t and αi is a pre-
exponential factor representing the fractional contribution to the
time-resolved decay of the component with a lifetime τi that
Σiαi = 1. The decay parameters were recovered using a non-
linear least squares iterative fitting procedure based on the
Marquardt algorithm [23]. The program also includes statistical
and plotting subroutine packages [24]. The goodness of the fit
of a given set of observed data and the chosen function was
evaluated by the reduced χ2 ratio, the weighted residuals [25],
and the autocorrelation function of the weighted residuals [26].
A fit was considered acceptable when plots of the weighted
residuals and the autocorrelation function showed random
deviation about zero with a minimum χ2 value not more than
1.4. Mean (average) lifetimes bτN for biexponential decays of
fluorescence were calculated from the decay times and pre-
exponential factors using the following equation [22]:

bsN ¼ a1s21 þ a2s22
a1s1 þ a2s2

ð3Þ

2.5. Fluorescence quenching measurements

Acrylamide quenching experiments of TOE fluorescence
were carried out by measurement of fluorescence intensity
after serial addition of small aliquots of a freshly prepared
stock solution of 2M acrylamide in water to a stirred sample
followed by incubation for 3min in the sample compartment in
the dark (shutters closed). The excitation wavelength used was
295nm and emission was monitored at 335nm and 345nm for
samples at pH 5 and pH 11, respectively. Correction for inner
filter effect were made using the following equation [22]:

F ¼ Fobsantilog Aex þ Aemð Þ=2½ � ð4Þ
where F is the corrected fluorescence intensity and Fobs is the
background subtracted fluorescence intensity of the sample
(also corrected for dilution). Aex and Aem are the measured
absorbances at the excitation and emission wavelengths. The
absorbances of the samples were measured using a Hitachi U-
2000 UV-visible absorption spectrophotometer. Quenching data
were analyzed by fitting to the Stern-Volmer equation [22]:

Fo=F ¼ 1þ KSV Q½ � ¼ 1þ kqso Q½ � ð5Þ
where Fo and F are the fluorescence intensities in the absence
and presence of the quencher, respectively, [Q] is the molar
quencher concentration and KSV is the Stern-Volmer quenching
constant. The Stern-Volmer constant KSV is equal to kqτo where
kq is the bimolecular quenching constant and τo is the lifetime
of the fluorophore in the absence of quencher.
3. Results

3.1. Determination of ionization state of TOE in SDS micelles

TOE fluorescence is known to be sensitive to pH [9]. We
utilized this property of TOE fluorescence to follow the ionization
of TOE in micelles. Fig. 2 shows the effect of pH on the
fluorescence intensity of TOE in SDS micelles in the absence and
presence of 0.5M NaCl. In SDS micelles without NaCl, there is a
steady increase in fluorescence intensity up to pH 11 after being



Table 1
Fluorescence emission maximum of TOE in SDS micelles

Host Fluorescence emission maximuma

(nm)

(A) pH 5
SDS micelles 335
SDS micelles (in presence of 0.5 M
NaCl)

332

(B) pH 11
SDS micelles 345
SDS micelles (in presence of 0.5 M
NaCl)

343

a The excitation wavelength was 280 nm. See Materials and methods section
for other details.
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constant up to pH 8. In case of SDS micelles in the presence of
0.5M NaCl, there is a steady increase in fluorescence intensity up
to pH 10, after being constant up to pH 7. It is well established,
from studies of the pH dependence of the fluorescence of
tryptophan and its derivatives, that in compounds with an amino
group in the vicinity of the indole ring, fluorescence is more
quenched when the amino group is protonated [27]. We therefore
interpret the pH-dependent change in TOE fluorescence as
indicative of the deprotonation of theα-amino group of tryptophan
in micelle-bound TOE. In other words, the increase in TOE
fluorescence with increasing pH can be attributed to the release of
the quenching effect of TOE fluorescence with deprotonation of
the α-amino group at higher pH. If this change in TOE
fluorescence corresponds to deprotonation, it should be reversible.
This was tested by the addition of acetic acid permitting fast
equilibration of internal and external pH. Fig. 2 shows that these
changes in fluorescence intensity are indeed reversible thereby
confirming that the observed fluorescence change was due to
deprotonation. The apparent pKa for the α-amino group of the
micelle-bound TOE, obtained from Fig. 2, is 9.5 in the absence of
salt and 8.7 in the presence of salt. This difference of 0.8 units in
the pKa of TOE indicates different microenvironments experi-
enced by the fluorophore in these two cases. More importantly, the
knowledge of pKa is helpful in selecting a suitable pH in which
TOE exists predominantly in the protonated or the deprotonated
form (see Fig. 1). This is important since a homogeneous
population of fluorophores avoids complications arising from
ground state heterogeneity. We therefore chose to work at pH 5
(where TOE would be predominantly protonated) and 11
(deprotonated) for the subsequent experiments.

3.2. Fluorescence and red edge excitation shift of TOE in SDS
micelles

Table 1 shows the maximum of fluorescence emission1 of
TOE in SDS micelles at pH 5 and 11 in the absence and presence
1 We 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 observed, the
center of mass of emission has been reported as the fluorescence maximum.
of salt (representative spectra are shown in Fig. 3). There is a red
shift of 10nm in the maximum of fluorescence emission of TOE
in SDS micelles (from 335 to 345nm) upon increasing the pH
from 5 to 11 corresponding to the deprotonation of TOE. This is
similar towhatwas observed in case of TOE inmodelmembranes
[9]. Interestingly, there is a blue shift of 2–3nm in the maximum
of fluorescence emission (from 335 to 332nm, and 345 to 343nm)
upon addition of salt at both pH, indicating a decrease in polarity
in the environment around the tryptophan moiety brought about
by the transition of the micelle shape from spherical to rod-like.
This is possibly due to a reduction in water content as a result of
tighter packing in rod-shaped micelles owing to neutralization of
the charge on detergent headgroups by the counterions.

Red edge excitation shift (REES) represents a powerful
approach which can be used to directly monitor the environment
and dynamics around a fluorophore in a complex biological
system [2,28]. A shift in the wavelength of maximum fluorescence
emission toward higher wavelengths, caused by a shift in the
excitation wavelength toward the red edge of the absorption band,
is termed REES. This effect is mostly observed with polar
fluorophores in motionally restricted media such as viscous
solutions or condensed phases where the dipolar relaxation time
for the solvent shell around a fluorophore is comparable to or
longer than its fluorescence lifetime [2,28,29]. REES arises from
slow rates of solvent relaxation (reorientation) around an excited
state fluorophore which depends on the motional restriction
imposed on the solvent molecules in the immediate vicinity of the
fluorophore. Utilizing this approach, it becomes possible to probe
the mobility parameters of the environment itself (which is
represented by the relaxing solvent molecules) using the
fluorophore merely as a reporter group. Further, since the
ubiquitous solvent for biological systems is water, the information
obtained in such cases will come from the otherwise ‘optically
silent’ water molecules. The unique feature about REES is that
while all other fluorescence techniques (such as fluorescence
quenching, energy transfer, and anisotropy measurements) yield
information about the fluorophore (either intrinsic or extrinsic)
itself, REES provides information about the relative rates of
solvent (water in biological systems) relaxation dynamics which is
not possible to obtain by other techniques. This makes REES
extremely useful since hydration plays a crucial modulatory role in
a large number of important cellular events including protein
folding, lipid-protein interactions and ion transport [30].

The shifts in the maxima of fluorescence emission of TOE in
SDS micelles as a function of excitation wavelength are shown in
Fig. 4. As the excitationwavelength is changed from280 to 302nm
(307nm in case of pH 11), the emissionmaxima of TOE are shifted
toward longer wavelengths in all cases. At pH 5, the emission
maximum is shifted from335 to 339nm in case of TOE in spherical
micelles, which corresponds to a REES of 4nm. Such dependence
of the emission maximum on excitation wavelength is character-
istic of REES. This implies that the tryptophan moiety of TOE is
localized in a motionally restricted region of the SDS micelle. It is
possible that there could be further red shift if excitation is carried
out beyond 302nm. We found it difficult to work in this
wavelength range due to low signal-to-noise ratio and artifacts
due to the solvent Raman peak that sometimes remained even after



Fig. 4. Effect of changing excitation wavelength on the wavelength of maximum
emission of TOE in SDS micelles: pH 5 in the absence (□) and presence (■) of
0.5 M NaCl, and pH 11 in the absence (○) and presence (●) of 0.5 M NaCl. The
ratio of TOE/SDS was 1:120 for pH 5 and 1:160 (mol/mol) for pH 11 samples.
See Materials and methods section for other details.

Fig. 3. Representative fluorescence emission spectra of TOE in SDS micelles at
pH 5 in the absence (—) and presence (- - -) of 0.5 M NaCl. The excitation
wavelength was 280 nm. The ratio of TOE/SDS was 1:120 (mol/mol). See
Materials and methods section for other details.
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background subtraction. At pH 11, the emission maximum is
shifted from 345 to 349nm for TOE in spherical micelles as the
excitation wavelength is changed from 280 to 307nm, which
corresponds to a REES of 4nm. 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 [9]. Thus, the observation of REES
for TOE bound to SDS micelles would imply that the tryptophan
moiety of TOE is in the interfacial region of the SDSmicelles, and
this region offers considerable restriction to the reorientational
motion of the solvent molecules (dipoles) around the excited state
fluorophore. In the presence of 0.5M NaCl (i.e., in the rod-shaped
micelles), the emissionmaximumof TOE exhibits a shift from332
to 338nm (at pH 5) as the excitation wavelength is changed from
280 to 302nm, corresponding to a REES of 6nm. The observed
REES of TOE is therefore influenced by the organization and
packing of the constituent amphiphiles such that an increased
REES is observed in rod-like micelles. At pH 11, the emission
maximum is shifted from 343 to 348nm in case of TOE in rod-like
micelles (i.e., in presence of 0.5MNaCl) in response to the change
in excitation wavelength from 280 to 307nm, which corresponds
to a REES of 5nm.

3.3. Fluorescence lifetime of TOE in SDS micelles

Fluorescence lifetime serves as a sensitive indicator of the local
environment in which a given fluorophore is placed [31]. In
addition, it is known that the fluorescence lifetime of tryptophan is
sensitive to solvent, temperature and excited state interactions
[27,32]. A typical decay profile of TOE in SDS micelles at pH 11
with its biexponential fitting and the various statistical parameters
used to check the goodness of the fit is shown in Fig. 5. The
fluorescence lifetimes of TOE in SDS micelles obtained in the
absence and presence of salt are shown in Table 2. 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 SDS micelles since it is independent of the number of
exponentials used to fit the time-resolved fluorescence decay. The
mean fluorescence lifetimes of TOE in SDS micelles calculated
using Eq. (3) are shown in Table 2. Mean fluorescence lifetime of
TOE appears to be higher at pH 11, irrespective of the presence of
salt. This is in agreement with earlier results in which it was
shown that mean fluorescence lifetime of TOE bound to
membranes is increased with increasing pH [9]. The shortening
of lifetime at lower pH could signify a change in hydration since
tryptophan lifetimes are known to be reduced with an increase in
water content of the surrounding medium [32]. Alternatively, the
shortening of lifetime at pH 5 could also be due to the cation–π
interaction between the positively charged amino group and the
indole aromatic ring. Such interaction has previously been
implicated in fluorescence quenching and reduction in fluores-
cence lifetime [33]. Interestingly, the lifetime of TOE in rod-like
micelles is more compared to what was observed for TOE in
spherical micelles, irrespective of pH. Since the hydrocarbon
chains in rod-shapedmicelles are more ordered, water penetration
is relatively reduced as compared to spherical micelles. In other
words, the spherical micelles would allowmore water penetration
into themicellar interior (see acrylamide quenching results below)
and this could lead to a reduction in tryptophan lifetime [32].

3.4. Acrylamide quenching of TOE in SDS micelles

Acrylamide quenching of tryptophan fluorescence is widely
used to monitor tryptophan environments in proteins [34]. Fig. 6
shows representative Stern-Volmer plots of acrylamide quenching
of TOE in spherical and rod-shaped micelles at pH 5 and 11. The
slope (KSV) of such a plot is related to the accessibility (degree of
exposure) of the tryptophan moiety to the quencher. The
quenching parameters obtained by analyzing the Stern-Volmer
plot are shown in Table 3. At pH 5, the Stern–Volmer constant
(KSV) for acrylamide quenching of TOE in SDS micelles was
found to be 6.37M−1 in the absence of salt while the value ofKSV

in the presence of salt was found to be 4.40 M−1. At pH 11, the
value of KSV for TOE in SDS micelles in the absence of salt was



Table 2
Fluorescence lifetimes of TOE in SDS micelles a

Host α1 τ1
(ns)

α2 τ2
(ns)

bτN b

(ns)

(A) pH 5
SDS Micelles 0.96 0.54 0.04 2.78 0.94
SDS Micelles (in presence of 0.5 M NaCl) 0.97 0.76 0.03 3.82 1.17

(B) pH 11
SDS Micelles 0.90 2.03 0.10 3.89 2.36
SDS Micelles (in presence of 0.5 M NaCl) 0.81 2.23 0.19 3.82 2.69
a The excitation wavelength was 297 nm; emission was monitored at 335 and

345 nm for pH 5 and 11, respectively. The ratio of TOE/SDS was 1:133 for pH 5
and 1:213 (mol/mol) for pH 11 samples. See Materials and methods section for
other details.
b Calculated using Eq. (3).

Fig. 5. Time-resolved fluorescence intensity decay of TOE in SDS micelles at pH 11. Excitation wavelength was 297 nm, which corresponds to a peak in the spectral
output of the nitrogen lamp. Emission was monitored at 345 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
TOE/SDS was 1:213 (mol/mol). See Materials and methods section for other details.
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found to be 16.72 M−1 while the value in the presence of salt was
found to be 12.52 M−1. However, interpretation of the Stern-
Volmer constant is complicated this way due to its intrinsic
dependence on fluorescence lifetime (see Eq. (5)). The
bimolecular quenching constant (kq) for acrylamide quenching
is therefore a more accurate measure of the degree of exposure
since kq takes into account differences in fluorescence lifetime.
The bimolecular quenching constants, calculated using Eq. (5),
are shown in Table 3. The kq values show that the tryptophan
moiety of TOE in SDS spherical micelles (in the absence of salt)
are considerably more accessible to acrylamide, relative to that in
rod-shaped micelles (in presence of salt). This could be a result of
reduced water penetration (and therefore reduced accessibility to
the aqueous quencher acrylamide) in the more tightly packed rod-
shaped micelles formed in the presence of NaCl.

3.5. Fluorescence anisotropy and apparent rotational correlation
time

The steady state fluorescence anisotropy of TOE in SDS
micelles is shown in Table 4. As seen in the table, at pH 5,
fluorescence anisotropy for TOE is higher in SDS micelles in the
presence of salt. At pH 11 however, the fluorescence anisotropy
for TOE in SDS micelles in the presence and absence of salt
remains the same. In order to correct for any lifetime-induced
artifact in fluorescence anisotropy, the apparent (average)



Table 4
Fluorescence anisotropy of TOE in SDS micelles a

Host Fluorescence
anisotropy b

τc
c

(ns)

(A) pH 5
SDS micelles 0.057 0.52
SDS micelles (in presence of 0.5 M NaCl) 0.065 0.80

(B) pH 11
SDS micelles 0.022 0.38
SDS micelles (in presence of 0.5 M NaCl) 0.022 0.43
a The excitation wavelength was 280 nm; emission was monitored at 335 nm

and 345 nm for pH 5 and 11, respectively. The ratio of TOE/SDS was 1:400 for
pH 5 and 1:800 (mol/mol) for pH 11 samples. See Materials and methods
section for other details.
b Calculated using Eq. (1). The values shown are the means of three

independent measurements.
c Calculated using Eq. (6). See text for other details.

Table 3
Acrylamide quenching of TOE in SDS micelles a

Host KSV
b

(M−1)
kq (×10

−9) c

(M−1s−1)

(A) pH 5
SDS micelles 6.37±0.19 6.78
SDS micelles (in presence of 0.5 M NaCl) 4.40±0.22 3.76

(B) pH 11
SDS micelles 16.72±0.40 7.08
SDS micelles (in presence of 0.5 M NaCl) 12.52±0.47 4.65
a The ratio of TOE/SDS was 1:213 for pH 5 and 1:800 (mol/mol) for pH 11

samples. The excitation wavelength was 295 nm; emission was monitored at 335
and 345 nm for pH 5 and 11, respectively. See Materials and methods section for
other details.
b Calculated using Eq. (5). The quenching parameter shown represents the

means±S.E. of at least three independent measurements while quenching data
shown in Fig. 6 are from representative experiments.
c Calculated usingmean fluorescence lifetimes from Table 2 and using Eq. (5).
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rotational correlation times for TOE in micelles were calculated
using Perrin's equation [22]:

sc ¼ bsNr
ro � r

ð6Þ

where ro is the limiting anisotropy of tryptophan, r is the steady
state anisotropy, and bτN is the mean fluorescence lifetime taken
from Table 2. Although Perrin'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 fluores-
cence lifetimes for the analysis of multiple component lifetimes.
The values of the apparent rotational correlation times, calculated
this way using a value of ro of 0.16 [35], are shown in Table 4. The
rotational correlation times are lower at pH 11 compared to values
Fig. 6. Representative data for Stern-Volmer analysis of acrylamide quenching
of TOE fluorescence in SDS micelles: pH 5 in the absence (□) and presence (■)
of 0.5 M NaCl, and pH 11 in the absence (○) and presence (●) of 0.5 M NaCl.
Fo is the fluorescence in the absence of quencher, and F is the corrected
fluorescence in the presence of quencher. The excitation wavelength was fixed at
295 nm and emission was monitored at 335 nm and 345 nm for samples at pH 5
and 11, respectively. The ratio of TOE/SDS was 1:213 for pH 5 and 1:800 (mol/
mol) for pH 11 samples. See Materials and methods section for other details.
at pH 5, possibly due to motional restriction caused by charge
interactions at pH 5 where TOE exists in the protonated form and/
or a change in probe location. Both at pH 5 and 11, the rotational
correlation time of TOE appears to be longer in rod-shaped
micelles indicating that rotational motion is faster in spherical
micelles. Interestingly, the anisotropy and rotational correlation
times for TOE in rod-shaped micelles closely resemble the
corresponding values for TOE in membrane bilayers [9] thereby
reinforcing the fact that rod-shaped micelles are more represen-
tative of membrane bilayers [17].

4. Discussion

Structural transitions involving shape changes play an
important role in cellular physiology. For example, the shape of
erythrocytes (red blood cells) has been shown to change with the
pH and ionic strength of the medium [36]. The shape of the
erythrocyte is thought to be maintained by the membrane skeleton
in close interactionwith the plasmamembrane [37]. Investigations
into the role of the membrane in such shape changes have revealed
that modification of either the membrane composition or the
structure of its individual constituents can lead to shape changes
[38]. Thus, alteration of the cholesterol composition, selective
removal of phospholipids from the outermembrane leaflet, pH and
membrane potential alterations, metabolic depletion, and intro-
duction of lysophospholipids, fatty acids, and charged amphipathic
agents in membranes leads to shape changes in erythrocytes [38–
40]. Shape changes can be induced even in liposomes by
mechanical stress, temperature or pH variation, osmotic shock,
and by asymmetric transmembrane distribution of phospholipids
[41]. Shape changes in cellular membranes that occur due to
modifications of membrane composition [38–40] can directly
affect the function ofmembrane proteins such asmechanosensitive
channels that respond to changes in membrane curvature [42]. For
example, the function of the gramicidin channel has been shown to
be sensitive to curvature changes of the membrane bilayer [43].
Interestingly, SDS micellar shape change induced by chlorprom-
azine, an amphiphilic cationic phenothiazine drug, has recently
been reported [44].
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In this paper, we have examined shape changes associatedwith
the salt-induced sphere-to-rod structural transition in charged
micellar assemblies by monitoring changes in fluorescence of
micelle-bound TOE, a model for tryptophan residues in
membranes. We report here that REES of micelle-bound TOE
is enhanced in rod-like micelles. This is possibly due to the fact
that micelles are intrinsically more dynamic than membranes and
the organization and packing of amphiphiles in rod-like micelles
are similar to that of a membrane bilayer. The difference in
organization of spherical and rod-shapedmicelles is also apparent
from differences in fluorescence anisotropy and lifetime, along
with accessibility monitored by acrylamide quenching measure-
ments. These results could have implications for membrane
proteins and peptides. For example, it has been recently reported
that the conformation and dynamics of the ion channel gramicidin
is sensitive to structural changes in the host assembly [45]. Taken
together, our results show that REES, in combination with other
fluorescence parameters, offer a sensitive approach to monitor
structural changes in organized molecular assemblies. These
results could be significant in changes in membrane morphology
observed under certain physiological conditions.
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