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Wavelength-selective fluorescence comprises a set of approaches based on the red edge effect in fluorescence
spectroscopy, which can be used to monitor directly the environment and dynamics around a fluorophore in
a complex biological system. 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 the 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. We have previously shown
that REES and related techniques (wavelength-selective fluorescence approach) offer a novel way to monitor
organization and dynamics of membrane-bound probes and peptides. In this paper, we report REES of NBD-
PE, a phospholipid whose headgroup is covalently labeled with the 7-nitrobenz-2-oxa-1,3-diazol-4-yl (NBD)
moiety, when incorporated into micelles formed by a variety of detergents (SDS, Triton X-100, CTAB and
CHAPS) which differ in their charge and organization. In addition, fluorescence polarization of NBD-PE in
these micelles shows both excitation and emission wavelength dependence. The lifetime of NBD-PE was
found to be dependent on both excitation and emission wavelengths. These wavelength-dependent lifetimes
are correlated to the reorientation of solvent dipoles around the excited-state dipole of the NBD group in
micellar environments. Taken together, these observations are indicative of the motional restriction experienced
by the fluorophore when bound to micelles. Wavelength-selective fluorescence promises to be a powerful
tool for studying micellar organization and dynamics.

Introduction fluorophore in a complex biological systeth.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 the red

Detergents are soluble amphiphiles and above a critical
concentration (strictly speaking, a narrow concentration range),
known as the critical micelle concentration (cmc), self-associate

to form thermodynamically stable, noncovalent aggregates calledeqIge excitation shift (REES)'. This effect. IS mostly. observed
micelles! The studies on micellar organization and dynamics with polar fluorophores in motionally restricted media such as

assume special significance in light of the fact that the general Ve"Y Viscous solutions or condensed phases (refs 20 and 21 and
principles underlying the formation of micelles are common to references thereln)_. This ph_enom_enon arises from the_slow rates
other related assemblies such as reverse micelles, bilayersOf Solvent relaxation (reorientation) around an excited-state
liposomes, and biological membrarie$. Micelles have also  fluorophore, which is a function of the motional restriction
been applied as membrane mimetics to characterize membrandnposed on the solvent molecules in the immediate vicinity of
proteins and peptidés® Further, micelles have been used as the fluorophore. Utilizing this approach, it becomes possible
a model for the anesthetic action of certain pharmacological to probe the mobility parameters of the environment itself (which
compoundyand for creating nanostructurés The phenomenon  is represented by the relaxing solvent molecules) using the
of micellization also plays a vital role in the human digestive fluorophore merely as a reporter group. Further, since the
system where micelles formed by bile salts (which are detergentsubiquitous solvent for biological systems is water, the informa-
produced by the liver from cholesterol and secreted into the tion obtained in such cases will come from the water molecules.
intestine) help solubilize the fat ingested as part of the'diet. This makes REES and related techniques extremely useful in
Micelles are highly cooperative, organized molecular as- biology since hydration plays a crucial modulatory role in a
semblies of amphiphiles and are dynamic in naté#é. A direct large number of important cellular events such as figidbtein
consequence of such organized systems is the restrictioninteractiond? and ion transpoft3-25
imposed on the dynamics and mobility of their constituent
structural units. We have previously shown that the microen-
vironment of molecules bound to such organized assembliesful tool to monitor organizati dd . f b )
can be conveniently monitored using wavelength-selective ganization and dynamics of membrane
fluorescence as a novel tod:1® Wavelength-selective fluo- bound probes ar_1d peptides. In one of our StUd'eS’. the
rescence comprises a set of approaches based on the red eddéavelength-selectwe quores_cence charactensuc; of the widely
effect in fluorescence spectroscopy, which can be used toUuSed membrane probie-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-
monitor directly the environment and dynamics around a 1.2-dipalmitoylsn-glycero-3-phosphoethanolamine (NBD-PE),
when bound to model membranes of diolesgglycero-3-
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We have previously shown that REES and related techniques
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a method previously developed by one ofdashich utilizes

CHs(CHz)..-O-ﬁ—M; ‘W@‘“C“zc“zmn—“ enhancement of DPH fluorescence upon micellization.

0 Methods. Concentrations of detergents used were double
sbs Triton X~ 100 (n=9-10) the cmc of the respective detergent to ensure that they are in

the micellar state. Thus, the concentrations of SDS, Triton

chs X-100, CHAPS, and CTAB used were 16, 0.6, 15, and 1.76

CH,(CHZ)',—rlf—CH, B mM, respectively. The molar ratio of fluorophore to detergent

CHy was carefully chosen to give optimum signal-to-noise ratio with

minimal perturbation to the micellar organization and negligible

CHAPS CcTAB interprobe interactions. The ratios used were 1:1000 (mol/mol)

in case of CTAB and Triton X-100, and 1:10 000 (mol/mol)

Figure 1. Chemical structures of detergents used. .
for SDS and CHAPS. All experiments were done at room

Interestingly, in both these peptides the tryptophan residues havd€mperature (25C). _
been shown to be extremely important for the function of the Steady-state fluorescence measurements were performed with

peptide?’.28 a Hitachi F-4010 spectrofluorometer using 1 cm path length
guartz cuvettes. Excitation and emission slits with a nominal

Micelles represent yet another type of organized molecular band ; d for all K q
assemblies formed by the hydrophobic effect. They offer certain ; anapass o o nm were used for all measurements. E_>ac groun
tensities of samples in which fluorophores were omitted were

inherent advantages in fluorescence studies over membraned’ lqible i d b qf h |
since micelles are smaller and optically transparent, have well- neg Itgl e Itn most C?sest an weret§E ';racttz rotm ;ahac S?mpte
defined sizes, and are relatively scatter-free. Further, micelles SPECtrum to cancei out any contribution due to the solven

can be of any desired charge type and can adopt different shapegealmz_in peak and other scattering fartlfa((;;s. _Fluoref'penﬁ_e
and internal packing, depending on the chemical structures ofPolarization measurements were performed using a Hitachi
the constituent monomers and the ionic strength of the polarization accessory. Polarization values were calculated from

medium2-31 The organization and dynamics of micellar e equatiof?
environments, namely, the core, the interface, and the immediate
layers of water on the interface, have been investigated using N Iy — Glyy 1)

experimenta? 38 and theoreticdf approaches. It is fairly well P= Iy + Glyy
established now that practically all types of molecules have
a surface-seeking tendency in micelles (due to very large sur-yhere |\, and Iy are the measured fluorescence intensities
face area to volume ratio) and that the interfacial region is (after appropriate background subtraction) with the excitation
the preferred site for solubilization, even for hydrophobic polarizer vertically oriented and emission polarizer vertically
molecules’ 4042 and horizontally oriented, respectivelyG is the grating

In this paper, we report the observation of red edge excitation ¢qrrection factor and is equal tav/ly. All experiments were
effects of NBD-PE in various types of micelles (see Figure 1) qone with multiple sets of samples and average values of
having different charges and organization [sodium dodecyl pojarization are shown in the figures. The spectral shifts
sulfate (SDS), Triton X-100, 3-[(3-cholamidopropyl)dimethy-  optained with different sets of samples were identical in most
lammonio]-1-propanesulfonate (CHAPS), cetyltrimethylammo- cases. In other cases, the values were withinnm of the
nium bromide (CTAB)]. NBD (7-nitrobenz-2-oxa-1,3-diazol- gpes reported.
4-yl)-labeled lipids are widely used as fluorescent analogues  Time-Resolved Fluorescence Measurementssluorescence
of native lipids in biological and model membranes to study a |ifetimes were calculated from time-resolved fluorescence
variety of processe¥“* In NBD-PE, the NBD group is intensity decays using a Photon Technology International
covglently attached to the headgro_up ofa phosphatidylethano-(London’ Western Ontario, Canada) LS-100 luminescence
lamine molecule. The NBD group in NBD-PE has earlier been spectrophotometer in the time-correlated single-photon-counting
shown to be localized in the interfacial region of the mode. This machine uses a thyratron-gated nanosecond flash
membran€®—50 and its location in the micellar environment is lamp filled with hydrogen as the plasma gas @71 in. of

wavelength-selective fluorescence effects in micellar assemblies,measured at the excitation wavelength using Ludox as the

especially since micelles are more dynamic structures thangcatterer. To optimize the signal-to-noise ratio, 5000 photon

membranes and probably have more water in their Eote. counts were collected in the peak channel. All experiments were
. ) performed using slits with a nominal bandpass of 12 nm. The
Experimental Section sample and the scatterer were alternated after every 10%

Materials. SDS, CTAB, CHAPS, and Triton X-100 were acquisition to ensure compensation for shape and timing drifts
purchased from Sigma Chemical Co. (St. Louis, MO). NBD- occurring during the period of data collection. The data stored
PE, 6-N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]hexanoic acid in a multichannel analyzer was routinely transferred to an IBM
(NBD-AHA), and 1,6-diphenyl-1,3,5-hexatriene (DPH) were PC for analysis. Inten;ity decay curves so obtained were fitted
obtained from Molecular Probes (Eugene, OR). All other as asum of exponential terms:
chemicals used were of highest purity available. Water was
purified through a Millipore (Bedford, MA) Milli-Q system and F(t) = Zai exp(—t/t) (2
used throughout. Solvents used were of spectroscopic grade. [

The purity of NBD-PE was checked by thin-layer chromatog-

raphy on silica gel plates in chloroform/methanol/water (65: whereq, is a preexponential factor representing the fractional
35:5, viviv). It was found pure when detected by its color or contribution to the time-resolved decay of the component with
fluorescence. The purity of the detergents were checked bya lifetime 7;. The decay parameters were recovered using a
measuring their cmc values and comparing with literature cmc. nonlinear least-squares iterative fitting procedure based on the
The cmc of detergents were determined fluorimetrically using Marquardt algorithn¥* The program also includes statistical
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and plotting subroutine packag®s.The goodness of the fit of -
a given set of observed data and the chosen function was _ e) SDS (8 Triton X -100
evaluated by the reduced ratio, the weighted residuatéand E 540l =
the autocorrelation function of the weighted residalsA fit I /
was considered acceptable when plots of the weighted residuals
and the autocorrelation function showed a random deviation of Z
about zero with a minimumg? value (generally not more than 525 B
1.4). Mean (average) lifetimesCfor biexponential decays of % — 4 L - ' L
fluorescence were calculated from the decay times and preex- 3 (c) CHAPS (d) CTAB
ponential factors using the following equation: 3 saof B '/0/
2 2 g //'/4"“
07y + 05T, 525 -
1 1 | A 1 |
Global Analysis of Lifetimes. The primary goal of the 460 490 520 460 490 520

nonlinear least-squares (discrete) analysis of fluorescence EXCITATION WAVELENGTH (nm)

intensity decays discussed above is to obtain an accurate andrigure 2. Effect of changing excitation wavelength on the wavelength

unbiased representation of a single fluorescence decay curve irpf maximum emission for NBD-PE in micelles of (a) SDS, (b) Triton

terms of a set of parameters (j.e;, 7). However, this method X-100, (c) CHAPS, and (d) C‘_I'AB. The ratio of NBD-PE to detergent

of analysis does not take advantage of the intrinsic relations V2S 1:10 000 (mol/mol) for micelles of SDS and CHAPS, and 1:1000

that may exist between the individual decay curves obtained (mol/mol) for Triton X-100 and CTAB micelles. See Experimental
¥ i oo y Section for other details.

under different conditions. A condition in this context refers

to temperature, pressure, solvent composition, ionic strength, .o 4_shifted emission maximum (537 nm) in case of CTAB is

PH, excitation/emission wavelength, or any other independent ,,qqihly due to the electrostatic interaction between NBD-PE
variable that can be experimentally manipulated. This advantage, hich is negatively charged at physiological 4Hand the
can be derived if multiple fluorescence decay curves, acquired

X I~ g -~ positively charged CTAB molecules. As the excitation wave-
under different conditions, are simultaneously analyzed. This length is changed from 465 to 520 nm, the emission maxima
is known as the global analysis in which the simultaneous ¢ micelle-bound NBD-PE are shifted from 532 to 542 nm (in

analyses of multiple decay curves are carried out in terms of . <o ¢ SDS micelles), 529 to 538 nm (Triton X-100), 530 to
internally consistent sets of fitting parameters, thereby enhancinggzg m (CHAPS) a,nd 537 to 545 nm (CTAB) 'which

the accuracy of the recovered parametéré! Global analysis correspond to REES of-8L0 nm in each of these cases. Such

thus turns out to be very useful for the prediction of the manner yonendence of the emission spectra on the excitation wavelength

in which the parameters recovered from a set of separatejg characteristic of the red edge effect. Observation of this effect
fluorescence decays vary as a function of an independent;, icelles implies that the NBD group of NBD-PE, when

variable and helps distinguish between models proposed 10jncqrnorated in these micelles, is in an environment where its
describe a system. , mobility is considerably reduced. Since the NBD group is

In _th|s paper, we have obt_alr_1ed fluorescence decays as &hought to be localized in the micellar interfacial region (see
funct|o_n c_)f excitation and emission Wa_vel_engths. _The global above), such a result would directly imply that this region of
analysis, in this case, assumes that the lifetimes are linked amongy e micelle offers considerable restriction to the reorientational

the data files (i.e., the lifetimes for any given component are p,qti0n of the solvent dipoles around the excited-state fluoro-
the same for all decays) but that the corresponding preexpo-ppare  |n a control experiment (not shown), we monitored the

nentials are free to vary. This is accomplished by using a matriX q¢tact of changing excitation wavelength on the emission
mapping of the fitting parameters inlwhich t.he.preexponentials maximum of NBD-AHA (NBD-labeled fatty acid) incorporated
are unique for each decay curve while the lifetimes are mapped;nt, getergent solutions in premicellar concentrations. There
out to the same value for each decay. All data files are a5 ng significant REES in these cases indicating that the
simultaneously analyzed by the least-squares data analySigyce|ar organization around the fluorophore is responsible for
method using the Marquardt algorithm (as described above) i apove red edge effects. NBD-PE was not used in these

utilizing the ?ap Itobslutz)sn}l}ﬁe pa][tameters agpfropr;}atel;ll ‘g’hl'le experiments because it tends to form mixed micelles with these
minimizing the globaly®. e software used for the globa detergents even at premicellar concentrations since its own
analysis was obtained from Photon Technology International . iicq| bilayer concentration is much low&.

(London, Western Ontario, Canada). In addition to the dependence of fluorescence emission
maxima on the excitation wavelength, fluorescence polarization
is also known to depend on the excitation wavelength in viscous
The shifts in the maxima of fluorescence emis&iai NBD- solutions or in otherwise motionally restricted media (refs-15

PE when bound to micelles of SDS, Triton X-100, CHAPS, 17 and 20 and references therein). Due to strong dipolar
and CTAB as a function of excitation wavelength are shown in interactions with the surrounding solvent molecules, there is a
Figure 2. The emission maximum of NBD-PE in model decreased rotational rate of the fluorophore in the relaxed state.
membranes of DOPC, in which the NBD group has been shown On red edge excitation, a selective excitation of this subclass
to be interfacial®%° has earlier been reported to be around 530 of fluorophore occurs. Because of strong interaction with the
nm1546 Figure 2 shows that upon excitation at 465 nm, the polar solvent molecules in the excited state, one may expect
fluorescence emission maxima of NBD-PE is found to be at these “solvent relaxed” fluorophores to rotate more slowly,
532, 529, 530, and 537 nm in micelles of SDS, Triton X-100, thereby increasing the polarization.

CHAPS, and CTAB, respectively. The magnitude of these  The excitation polarization spectra (i.e., a plot of steady-state
emission maxima suggest that the NBD group in NBD-PE is polarization vs excitation wavelength) of NBD-PE in micelles
localized at the interfacial region of the micelles. The relatively of SDS, Triton X-100, CHAPS, and CTAB are shown in Figure

Results
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Figure 3. Fluorescence polarization of NBD-PE as a function of
excitation wavelength in micelles of (a) SDS, (b) Triton X-100, (c)
CHAPS, and (d) CTAB. Polarization values were recorded at 535 nm
for micelles of SDS and Triton X-100, and at 540 nm for CHAPS and
CTAB micelles. All other conditions are as in Figure 2. See Experi-
mental Section for other details.

460 520

3. The polarization of NBD-PE in these micelles undergoes
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restricted region when bound to micelles. It is interesting to
note here that the polarization values are in general higher in
electrically neutral micelles (such as Triton X-100 and CHAPS)
compared to those in charged micelles (such as SDS and
CTAB). This could reflect the differences in packing arrange-
ments of the detergent monomers in the two types of micelles
as experienced by the micelle-bound NBD group, the packing
being tighter in neutral micelles owing to smaller water content
in the interfacial region (see Discussion).

The origin of the red edge effect lies in differential extents
of solvent reorientation around the excited-state fluorophore,
with each excitation wavelength selectively exciting a different
average population of fluorophoré®?! Since fluorescence
lifetime serves as a sensitive indicator for the local environment
in which a given fluorophore is placed and is known to be
sensitive to excited-state interactions, differential extents of
solvent relaxation around a given fluorophore could be expected
to give rise to differences in its lifetime. Table 1 shows the
lifetimes of NBD-PE in micelles of SDS, Triton X-100, CHAPS,
and CTAB as a function of excitation wavelength, keeping the
emission wavelength constant. All fluorescence decays for
micelle-bound NBD-PE could be fitted well with biexponential
function. As can be seen from the table, when micelle-bound
NBD-PE is excited at its mean excitation wavelength, i.e., 465
nm, the decay fits a biexponential function, with a relatively
short lifetime component (1.332.79 ns) and a longer lifetime
component (3.057.29 ns), with mean lifetimes (see Figure 6)
of 2.69 ns (in case of SDS micelles), 4.44 ns (Triton X-100),

considerable change upon altering the excitation wavelength,5.97 ns (CHAPS), and 2.88 ns (for CTAB micelles). We
with a sharp increase occurring toward the red edge of the attribute this difference in mean fluorescence lifetime of NBD-
absorption band. Such an increase in polarization upon red edgePE in various types of micelles to a combination of factors such
excitation for peptides and proteins containing tryptophans as as the exact site of localization of the fluorophore which will

well as other aromatic fluorophore, especially in media of
reduced mobility such as propylene glycol at low temperature,

be somewhat different in individual cases due to differences in
shape and size of different types of micelles as well as the water

has been previously reported. This reinforces our earlier content in the region of probe localization (see later). A typical

conclusion that the NBD group in NBD-PE is in a motionally

decay profile with its biexponential fitting and the various

TABLE 1: Lifetimes of NBD-PE as a Function of Excitation Wavelength

excitation wavelength (nm) o 71(nS) o2 72(ns)
(a) SDS
465 0.38+ 0.02 (0.49 1.39+ 0.12 (0.37) 0.62t 0.03 (0.51) 3.05t 0.04 (2.83)
480 0.41+ 0.00 (0.66) 0.58t 0.01 (0.37) 0.59: 0.00 (0.34) 2.87 0.00 (2.83)
490 0.51+ 0.10 (0.62) 0.67 0.13 (0.37) 0.49t 0.01 (0.38) 2.93t 0.02 (2.83)
500 0.68+ 0.00 (0.53) 0.3Gt 0.00 (0.37) 0.32: 0.00 (0.47) 2.93t 0.00 (2.83)
505 0.83+ 0.14 (0.78) 0.29t 0.05 (0.37) 0.17 0.00 (0.22) 2.95t 0.02 (2.83)
510 0.95+ 0.00 (0.95) 0.35t 0.00 (0.37) 0.05t 0.00 (0.05) 3.2GE 0.00 (2.83)
(b) Triton X-10G*
465 0.48+ 0.02 (0.65) 1.26+ 0.07 (0.38) 0.52t 0.01 (0.35) 5.16t 0.03 (4.73)
480 0.51+ 0.01 (0.67) 1.93 0.09 (0.38) 0.49t 0.00 (0.33) 5.49t 0.04 (4.73)
490 0.63+ 0.00 (0.76) 0.93t 0.00 (0.38) 0.370.00 (0.24) 5.19+ 0.00 (4.73)
500 0.92+ 0.00 (0.89) 0.4} 0.00 (0.38) 0.08t 0.00 (0.11) 5.36t 0.01 (4.73)
510 0.96+ 0.00 (0.96) 0.36t 0.00 (0.38) 0.04+ 0.00 (0.04) 4.6H 0.00 (4.73)
(c) CHAPS
465 0.52+ 0.00 (0.75) 2.79: 0.00 (0.26) 0.48t 0.00 (0.25) 7.29 0.00 (5.79)
480 0.49+ 0.01 (0.74) 2.64t 0.05 (0.26) 0.5H- 0.00 (0.26) 7.09t 0.03 (5.79)
490 0.62+ 0.0 3.38+0.10 0.38+ 0.02 7.80+ 0.09
500 0.68+ 0.04 1.28+ 0.05 0.32+ 0.00 6.74+ 0.04
505 0.80+ 0.00 (0.94) 1.17 0.05 (0.26) 0.2Gt 0.03 (0.06) 6.49: 0.04 (5.79)
510 0.97+ 0.00 (0.97) 0.28+ 0.00 (0.26) 0.03t 0.00 (0.03) 6.13t 0.01 (5.79)
(d) CTAB®

465 0.60+ 0.02 (0.60) 1.13+ 0.07 (0.99) 0.4Gt 0.01 (0.40) 3.68t 0.03 (3.59)
480 0.62+ 0.02 (0.56) 1.64+ 0.08 (0.99) 0.38t 0.02 (0.44) 3.9 0.06 (3.59)
490 0.59+ 0.01 (0.57) 1.3@+ 0.02 (0.99) 0.4H 0.00 (0.43) 3.79: 0.02 (3.59)
500 0.66+ 0.04 (0.57) 1.16+ 0.08 (0.99) 0.34+ 0.01 (0.43) 3.98t 0.05 (3.59)
505 0.80+ 0.01 (0.78) 1.2 0.04 (0.99) 0.2Gt 0.01 (0.22) 3.9H 0.06 (3.59)
510 0.90+ 0.05 (0.89) 0.85t 0.05 (0.99) 0.1Gt 0.00 (0.11) 4.22+ 0.05 (3.59)

a Emission wavelength 531 nrhEmission wavelength 540 nrhANumber in parentheses are the results of global ana¥/&tbal analysis of
these data were not performed since the position of the peak channel was different for the decay profiles relative to others in this set.
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Figure 4. Time-resolved fluorescence intensity decay of NBD-PE |

in SDS micelles when excited at 465 nm. Emission was monitored at L Pyl P ' T

531 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 T | - WW

function. The two lower plots show the weighted residuals and the
autocorrelation function of the weighted residuals. The ratio of NBD-
PE to SDS was 1:10 000 (mol/mol). All other conditions are as in Figure O TR I TR O .
2. See Experimental Section for other details. oramee 10

Figure 5. Global fittings and the corresponding weighted residuals of

- .. ._the set of decay profiles of NBD-PE in SDS micelles obtained as a
statistical parameter used to check the goodness of the fit 'Stunction of excitation wavelength (a and b), and emission wavelength

shown in Figure 4. - ) (c and d). All other conditions are as in Figure 2. See Experimental
The fluorescence lifetime of NBD group in NBD-AHA has  Section for other details.

previously been reported to be aboutI0 ns in various aprotic

solvents®* The lifetime of the NBD moiety in case of dilauroyl  from discrete analysis), with lifetime components that were
and dimyristoyl NBD-PE incorporated in vesicles of egg assumed to be linked among the data files and whose relative
phosphatidylcholine has previously been reported to 88 6  contributions (preexponential factors) were allowed to vary. The
ns® The lifetime of NBD-PE incorporated into DOPC vesicles  resuits of the global analysis are shown in parentheses in Table
has been reported to be7.4 nst®> In water, however, NBD 1 and are found to be consistent with the above interpretation.
lifetime reduces to~1.5 ns, which has been attributed t0  The fittings of the set of decay profiles analyzed by the global
hydogen-bonding interactions between the fluorophore and the method are presented as a pseudo-three-dimensional plot of
solvent* which is accompanied by an increase in the rate of jensity vs time vs increasing file number in Figure 5a. The
nonradiative decaf. Our results show that the lifetimes of \yejghted residuals corresponding to each of these fittings are
NBD-PE when incorporated into micelles, in general, are smaller 5,5 shown (Figure 5b). The normalized glob@l values
than the lifetime obtained for membrane-bound NBD-PE. This piained were 1.26, 1.25. 1.27, and 1.27 for the data sets in

could be due to greater water content in the micellar interfa_ce case of SDS, Triton X-100, CHAPS, and CTAB micelles,
compared to the membrane interface because of paCk'ngrespectiver
differences in these two types of organized assemblies. Further, The mean fluorescence lifetimes of micelle-bound NBD-PE

the NBD lifetimes in micelles carrying a net electrical charge > .
such as SDS and CTAB are considerably reduced than theVe'® galculated using eq.3 and are pIotteq as a function of
lifetimes obtained with neutral micelles such as Triton X-100 €*citation wavelength in Figure 6 for both discrete and global

and CHAPS, indicating more water content in the charged analysis. As shown in this figure, there is a steady decrease in
micelles. the mean lifetimes of NBD-PE with increasing excitation

When the excitation wavelength was gradually shifted toward wavelength from 465 to 510 nm, irrespective of the method of
the red edge of the absorption band (keeping the emissionanalysis (discrete or global). Such a marked shortening of mean

wavelength constant), it was found that although the long- fluorescence lifetime at the red edge of the absorption band is
lifetime component did not change significantly, there was a indicative of slow solvent reorientation around the excited state

change in the short-lifetime component (see Table 1). Interest-fluorophoret>1720
ingly, the preexponential factor for the short-lifetime component ~ Table 2 shows the lifetimes of micelle-bound NBD-PE as a
increased steadily with shift in the excitation wavelength toward function of emission wavelength, keeping the excitation wave-
the red edge, with a concomitant reduction of the preexponential length constant at 465 nm. All decays corresponding to different
factor for the relatively long-lifetime component. emission wavelengths could be fitted to biexponential functions.
To confirm the above interpretation, the same set of fluo- Global analysis of this set of fluorescence decays was performed
rescence decays was subjected to global analysis. The decayas mentioned above (assuming all decays to be biexponential
were all assumed to be biexponential (on the basis of the resultswith fixed lifetime components and varying preexponential
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Figure 6. Mean fluorescence lifetime of NBD-PE as a function of [
excitation wavelength in micelles of (a) SDS, (b) Triton X-100, (c) 600 J
CHAPS, and (d) CTAB obtained by®] discrete analysis, andj 2:20
global analysis. Emission wavelength was kept constant at 531 nm for 1 1 1 o] 1 1
530 545 560 530 545 560

micelles of SDS, Triton X-100, and CHAPS, while for CTAB micelles
it was 540 nm. Mean lifetimes were calculated from Table 1 using eq EMISSION WAVELENGTH (nm)

3. All other conditions are as in Figure 2. See Experimental Section Figure 7. Mean fluorescence lifetime of NBD-PE as a function of
for other details. emission wavelength in micelles of (a) SDS, (b) Triton X-100, (c)

. . CHAPS, and (d) CTAB obtained by®) discrete analysis, andj
factors) and the results of global analysis are shown in g5ha) analysis. Excitation wavelength used was 465 nm. Mean lifetimes
parentheses in Table 2. The fittings of the set of decay profiles were calculated from Table 2 using eq 3. All other conditions are as in
analyzed by the global method are presented as a pseudo-threerigure 2. See Experimental Section for other details.
dimensional plot of intensity vs time vs increasing file number
in Figure 5¢c. The weighted residuals corresponding to each of of the method of analysis (discrete or global). Similar observa-
these fittings are shown in Figure 5d. The normalized global tions have previously been reported for fluorophores in environ-
%2 values obtained were 1.82, 1.09, 1.16, and 1.39 for the dataments of restricted mobilit{?17-2° Such increasing lifetimes
sets in case of SDS, Triton X-100, CHAPS, and CTAB micelles, across the emission spectrum may be interpreted in terms of
respectively. The mean lifetimes, calculated using eq 3, are solvent reorientation around the excited-state fluorophore as
plotted as a function of emission wavelength in Figure 7 for follows. Observation at shorter wavelengths of emission spectra
both discrete and global analysis. As shown in this figure, there selects for predominantly unrelaxed fluorophores. Their life-
is a considerable increase in mean lifetime with increasing times are shorter because this population is decaying both at
emission wavelength from 531 to 560 nm which is independent the rate of fluorescence emission at the given excitation

TABLE 2: Lifetimes of NBD-PE as a Function of Emission Wavelength

emission wavelength (nm) o 71(NS) o 72(NS)
(a) SDS
531 0.38+ 0.02 (0.63) 1.39+ 0.12 (0.56) 0.62+ 0.03 (0.37) 3.05 0.04 (3.08)
540 0.60+ 0.00 (0.35) 0.25t 0.00 (0.56) 0.4@ 0.00 (0.65) 3.15+ 0.00 (3.08)
545 0.58+ 0.00 (0.28) 0.28t 0.00 (0.56) 0.42t 0.00 (0.66) 3.18t 0.00 (3.08)
550 0.97+ 0.02 (0.32) 2.82t 0.06 (0.56) 0.03t 0.03 (0.68) 5.53t 1.07 (3.08)
560 0.76+ 0.19 (0.22) 3.19 0.14 (0.56) 0.24+ 0.17 (0.78) 1.93t 0.73 (3.08)
(b) Triton X-100
531 0.48+ 0.02 (0.41) 1.26t 0.07 (3.10) 0.52+ 0.01 (0.59) 5.16t 0.03 (5.34)
540 0.53+ 0.00 (0.40) 3.22+ 0.03 (3.10) 0.4# 0.00 (0.60) 5.7% 0.02 (5.34)
545 0.68+ 0.12 (0.35) 3.85: 0.27 (3.10) 0.32+ 0.13 (0.65) 6.22+ 0.45 (5.34)
550 0.52+ 0.09 (0.36) 3.42+ 0.30 (3.10) 0.48 0.10 (0.64) 5.83+ 0.26 (5.34)
560 0.93+ 0.02 (0.32) 4.53t 0.06 (3.10) 0.0 0.02 (0.68) 8.54t 0.71 (5.34)
(c) CHAPS
531 0.52+ 0.00 (0.60) 2.79 0.00 (3.67) 0.48t 0.00 (0.40) 7.29: 0.00 (7.72)
540 0.57+ 0.04 (0.54) 3.76£ 0.23 (3.67) 0.43t 0.05 (0.46) 7.72£0.25 (7.72)
545 0.62+ 0.02 (0.55) 3.94+ 0.12 (3.67) 0.38t 0.02 (0.45) 8.09: 0.12 (7.72)
550 0.54+ 0.01 (0.54) 3.44+ 0.07 (3.67) 0.46t 0.01 (0.46) 7.63:0.04 (7.72)
560 0.47+ 0.02 (0.51) 3.75: 0.15 (3.67) 0.53t 0.02 (0.49) 7.54+ 0.08 (7.72)
(d) CTAB
531 0.80+ 0.01 (0.80) 1.08t 0.02 (0.78) 0.2@: 0.00 (0.20) 3.8 0.03 (3.38)
540 0.60+ 0.02 (0.57) 1.13t 0.07 (0.78) 0.4Gt 0.01 (0.43) 3.68t 0.03 (3.38)
545 0.59+ 0.01 (0.57) 1.33: 0.04 (0.78) 0.41 0.01 (0.43) 3.73£ 0.03 (3.38)
550 0.68+ 0.02 (0.60) 1.83t 0.09 (0.78) 0.32+ 0.03 (0.40) 4.08t 0.08 (3.38)
560 0.59+ 0.01 (0.56) 1.3% 0.07 (0.78) 0.41 0.02 (0.44) 3.74: 0.05 (3.38)

a Excitation wavelength 465 nni.Number in parentheses are the results of global analysis.
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@) SDS (b) Triton X-100 chosen for this study represent various classes of detergents used
in isolation and solubilization of membrane protéhs® and

also as membrane mimetics for characterizing membrane
proteins and peptidés?

The choice of a suitable probe is of considerable importance
in wavelength-selective fluorescence studies of organized mo-
lecular assemblies such as membranes or micell@he probe
chosen for this work (NBD-PE) is appropriate, because the
location of the NBD group in NBD-PE is expected to be
interfacial, a region in the micellar organization, which acts as
a preferred site for solubilizatiéh*%-42 and is characterized by
unique motional and dielectric characterisfe&8° This region
has been implicated to have a major role in reactions catalyzed
o125 2 by micelles®? The lower polarity of this region can provide
stability to the transition state or destabilize the substrate, which
e can accelerate the product formation. The restricted environ-

" 16-090 ment, on the other hand, can be significant in increasing the
500 555 580 500 520 %o effective concentration of the substrate causing an increase in
EMISSION WAVELENGTH (nm) reaction rate required for catalysis.

Figure 8. Fluorescence polarization of NBD-PE as a function of ~ The NBD group possesses some of the most desirable
emission wavelength in micelles of (a) SDS, (b) Triton X-100, (c) properties for serving as an excellent probe for both spectro-
CHAPS, and (d) CTAB. The excitation wavelength was 465 nm in all  scopic as well as microscopic applicatid®slt is very weakly
cases. All othgr conditions are as in Figure 2. See Experimental Sectiong|,orescent in water. Upon transfer to hydrophobic media, it
for other details. fluoresces brightly in the visible range and shows a large degree
of environmental sensitivity846.6483.84 This |arge degree of
environmental sensitivity of NBD fluorescence can prove to be
very useful in probing different types of micellar organizations
formed by various detergents. For example, the lifetimes of
NBD-PE in charged micelles are considerably shorter than
lifetimes observed in neutral micelles. Since NBD lifetimes
are known to be shortened in the presence of wit#rthis
enables us to comment on the extent of water penetration in
various micelles. In general, charged detergents form micelles
with greater interheadgroup spacing due to electrostatic repul-
sions between the headgroups, which can result in more water
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wavelength and by decay to longer (unobserved) wavelengths.
In contrast, observation at the long-wavelength (red) edge of
the emission selects for the more relaxed fluorophores, which
have spent enough time in the excited state to allow increasingly
larger extents of solvent relaxations.

These longer-lived fluorophores, which are also those which
emit at higher wavelengths, should, in principle, have more time
to rotate in the excited state, giving rise to lower polarization.
Figure 8 shows the variation in the steady-state polarization of
NBD-PE in various micelles as a function of wavelength across
its emission spectrum. As seen in the figure, there is a ; .
considerable decrease in polarization with increasing emission'" th_e space between the_ headgroups. 'I_'he_mt_erheadgroup
wavelength in all cases. The lowest polarization is observed SP2¢ing in an uncharged (Triton X-100) or zwitterionic detergent
toward longer wavelengths (red edge) where emission from the (CHAPS) is relatively small leading to less amount of water
relaxed fluorophores predominates. Similar observations havelr@Pped between the headgroups. The extent of hydration
previously been reported for other fluorophores in environments Modulates the dielectric properties of the interfacial regfon.
of restricted mobilityt5-17.2066 This gives further support to The shorter lifetimes observed in our studies in case of the

our interpretation of the wavelength-selective fluorescence charged micelles are indicative of this effect.

effects for NBD-PE incorporated into micelles. The ability of a micelle-bound fluorophore to exhibit red edge
effects will depend on a number of factors such as its polarity,
Discussion as well as the effective polarity of its immediate environment,

and its fluorescence characteristics (e.g., lifetime). Since all
these properties of a probe in a micelle are a function of its
location in the micelle, the extent of REES could very well be

Wavelength-selective fluorescence has been previously ap-
plied for monitoring protein dynamics and conformation in

solution®6”-"1 as well as in more complex systems such as the q dent on its location in the micelle. Wavelenath-selecti
intact eye leng273 We have previously applied this approach ependent on Its location In the micetle. Wavelength-selective

for studying organization and dynamics of membrane-bound flu_orescence Pro”."ses tobea pqwerful approach for mqnitoring
probes and peptidé&:17 Application of the wavelength- mlcella_r organlzathn and dynam|cs_ |ncI_ud|ng conform_anon and
selective fluorescence approach to micellar organization anddynamics of peptides and proteins incorporated into such
dynamics has been the focus of this report. We show here thataSsemblies.

NBD-PE, when incorporated into micelles of different charges
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