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Chaotropes such as urea perturb the organization of molecular assemblies formed by the hydrophobic effect.
We have monitored the change in the organization and dynamics of Triton X-100 micelles induced by urea
utilizing wavelength-selective fluorescence and related approaches using the environment-sensitive fluorescent
membrane probes NBD-PE{(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-dipalmitogth-glycero-3-phosphoet-
hanolamine) and DPH (1,6-diphenyl-1,3,5-hexatriene). NBD-PE is a phospholipid in which the headgroup is
covalently attached with the fluorescent NBD group. On the other hand, DPH is an extensively used fluorescent
membrane probe which partitions into deeper hydrocarbon region of membranes and micelles. Our results
utilizing several sensitive fluorescence parameters (such as emission maximum, anisotropy, lifetime, and
quenching) show increased polarity around the NBD group of micelle-bound NBD-PE in the presence of
varying concentrations of urea. This could possibly be due to increased water penetration in Triton X-100
micelles induced by urea. Data from experiments using the deeper hydrocarbon region probe DPH support
this observation. Interestingly, the extent of red edge excitation shift (REES) was invariant in the presence of
varying concentrations of urea. Fluorescence quenching measurements of the micelle-bound NBD-PE using
the agueous quencher €dndicate increased accessibility of the NBD group at higher urea concentrations.
These results could be due to an increase in solvation of the polar headgroups -bwateramixture than

water alone, along with an increase in water penetration.

Introduction membrane proteins in the functional stat€riton X-100 has
been extensively used in the past few years to explore the
detergent resistance (insolubility) of membrane fractions which
could be indicative of the presence of membrane doniditrs.

Detergents are extremely important in studies of biological
membranes because of their ability to solubilize membrane

proteinst—3 They are soluble amphiphiles and above a critical I - i
concentration (strictly speaking, a narrow concentration range), addition, Triton X-100 has peen used asa substratg d||ugnt for
enzymes such as phospholipases and lip&seserestingly, it

known as the critical micelle concentration (CMC), self-associate L : 4

to form thermodynamically stable, noncovalent aggregates called.has Tece”t'y beer! showr_1 that the activity of lipases increases
micelles? The studies on micellar organization and dynamics n Trltpn ).('100 micelles n the presence of chaptroﬁﬁa%he
assume special significance in light of the fact that the general organization and dynamics of Triton X100 micelles in the
principle underlying the formation of micelles (that is, the presence of urea therefore assumes _s|gn|f|cance.
hydrophobic effect) is common to other related assemblies such A direct consequence of any Qrgaplzed molecular assemply
as reverse micelles, bilayers, liposomes, and biological mem_(such as micelles) is the restriction imposed on the dynamics

branes'~7 Micelles are highly cooperative, organized molecular and_mobmty of the constituent ;tructural units. We have
assemblies of amphiphiles and are dynamic in nat@iFurther previously shown that the microenvironment of molecules bound
y to such organized assemblies can be conveniently monitored

they offer certain inherent advantages in fluorescence studiesusin the wavelenath-selective fluorescence anorgAeNyay
over membranes since micelles are smaller and optically trans- 9 . 9 . pp ave
length-selective fluorescence comprises a set of approaches on

parent, have well-defined sizes, and are relatively scatter-free.th basis of th d ed ffoct in ¢
In general, chaotropes such as urea perturb the organization € basis of the red edge efiect in Tiuorescence Spectroscopy

of molecular assemblies whose formation is driven by the Wwhich can be used to directly mqnitor the enyironment and
hydrophobic effect®1! This is due to their ability to weaken dynamics around a fluorophore in an organized molecular

9-22 ift i ; N
hydrophobic forces in aqueous solutions. It is therefore expectedassembly‘ A shift in the wavelength of maximum fluores

that chemical agents such as urea will influence the organization cence emission toward higher wavelengths, caused by a shift

. : : : he excitation wavelength toward the red edge of absorption
and stability of assemblies such as micelles which are deter- " the o . o
mined by the delicate balance between hydrophilic and hydro- band, is termed red edge excitation shift (REES}! This effect

phobic forces. It has been well established that urea, a commonl S Toftg ob_served \t/wth pholar fluoropholrets_, n motlor&ally d
used protein denaturant, affects the formation and structures of ESUICted environments such as viscous solutions or condense

nonionic micelles such as Triton X-10913 Triton X-100 is a phases where the dipolar relaxation time for the solvent shell

mild nonionic (uncharged) detergent containing polyoxyethylene around a fluorophore is comparable to or longer than its

i i 9—26 i
chains as hydrophilic moieties characterized by a low CMC. It fIlfJorelsce?ce I"fe“t’.“é- REE? ?I‘ISSS becaduse of slgtwdratte?
is widely used in membrane biochemistry for solubilization of of solvent relaxation (reorientation) aroun an excited state
fluorophore, which is dependent on the motional restriction

* Address correspondence to this author. Telephor@1-40-2719-2578;  Imposed on the solvent molecules in the immediate vicinity of
fax: +91-40-2716-0311; e-mail: amit@ccmb.res.in. the fluorophore. Utilizing this approach, it becomes possible to
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probe the mobility parameters of the environment itself (which fluorescence. To reverse any photoisomerization of DPH,
is represented by the relaxing solvent molecules) using the samples were kept in the dark in the fluorimeter for 30 s before
fluorophore merely as a reporter group. This makes the use ofthe excitation shutter was opened and fluorescence measured.
REES in particular and the wavelength-selective fluorescence The excitation wavelength was 358 nm and emission was
approach in general very useful since hydration plays a crucial monitored at 430 nm. Excitation and emission slits with band-
modulatory role in the formation and maintenance of organized pass of 1.5 and 20 nm were used for all measurements. The
molecular assemblies such as micelles, membranes, and folde@xcitation slit used was the minimum possible to minimize any
proteins in aqueous solutioRs. photoisomerization of DPH during irradiation.

We have previously shown that REES and related techniques Sample Preparation.Concentrations of Triton X-100 used
(wavelength-selective fluorescence approach) serve as powerfulvere double the CMC of Triton X-100 at any given concentra-
tools to monitor organization and dynamics of probes and tion of urea to ensure that the detergent is in micellar state.
peptides bound to membram&s3” membrane-mimetic media  The molar ratio of fluorophore to Triton X-100 was carefully
such as micelle¥) '8 and reverse micell€$:3°In addition, we chosen to give optimum signal-to-noise ratio with minimal
have previously used the wavelength-selective fluorescenceperturbation to the micellar organization and negligible inter-
approach to analyze the organization and dynamics of tryp- probe interactions. The ratio of fluorophore to Triton X-100
tophans in the soluble hemolytic proteintoxin3> and the used was 1:1000 (mol/mol) in all cases. At such a low
cytoskeletal proteins tubultf and spectrirt! fluorophore-to-detergent molar ratio, not more than one probe

In this report, we have monitored the change in the organiza- molecule would be present per micelle on an average which
tion and dynamics of Triton X-100 micelles induced by urea rules out any probe aggregation effects, especially keeping in
utilizing wavelength-selective fluorescence and related ap- mind the aggregation number 0f140 for Triton X-100%2
proaches using the fluorescent membrane probes NBDNPE (  Background samples were prepared the same way except that
(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-dipalmitost-glycero- the fluorophore was not added to them. All experiments were
3-phosphoetha nolamine) and DPH (1,6-diphenyl-1,3,5-hexa- done at room temperature (28). Samples were equilibrated
triene). NBD-labeled lipids are widely used as fluorescent in the dark for an hour before measuring fluorescence.
analogues of native lipids in biological and model membranes Steady-State Fluorescence MeasurementsSteady-state
and membrane-mimetic systems to study a variety of pro- fluorescence measurements were performed with a Hitachi
cessed$? In NBD-PE, the NBD group is covalently attached to F-4010 spectrofluorometer using 1 cm path length quartz
the headgroup of a phosphatidylethanolamine molecule. The cuvettes. Excitation and emission slits with a nominal band-
NBD group in NBD-PE is localized in the interfacial region of pass of 5 nm were used for all measurements except in
the membrarfé—48 and its location in the micellar environment  experiments involving DPH where slits with band-pass of 1.5
is most likely to be interfacial. DPH and its derivatives represent and 20 nm were used. Background intensities of samples in
popular membrane probes for monitoring organization and which NBD-PE was omitted were subtracted from each sample
dynamics of the interior regions in membranes and micéfles. spectrum to cancel out any contribution due to the solvent
Our results utilizing several environment-sensitive fluorescence Raman peak and other scattering artifacts. The spectral shifts
parameters show an increase in polarity in Triton X-100 micelles obtained with different sets of samples were identical in most
in the presence of increasing concentrations of urea. Thecases. In other cases, the values were witiimm of the ones

mechanistic basis of the enhanced polarity is discussed. reported. Fluorescence anisotropy measurements were performed
using a Hitachi polarization accessory. Anisotropy values were
Experimental Section calculated from the equatics:
Materials. Triton X-100, ultrapure grade urea, cobalt chloride, L —Gl
MOPS (3-N-morpholino)propanesulfonic acid) and DPH were f=_W “VH (1)
purchased from Sigma Chemical Co. (St. Louis, MO). NBD- lw + 2Gly

PE was obtained from Molecular Probes (Eugene, OR). Concen-
trations of stock solutions of NBD-PE and DPH in methanol wherelyy, andlyy are the measured fluorescence intensities
were estimated using molar absorption coefficieat®{ 21 000 (after appropriate background subtraction) with the excitation
M~ cm® and 88000 M! cm! at 463 and 350 nm, polarizer vertically oriented and emission polarizer vertically
respectively?3°0 The purity of NBD-PE was checked by thin- and horizontally oriented, respectivel@. is the instrumental
layer chromatography on silica gel precoated plates (Sigma) in correction factor and is the ratio of the efficiencies of the
chloroform/methanol/water (65:35:5, v/v/v) and was found pure detection system for vertically and horizontally polarized light
when detected by its color or fluorescence. Solvents used wereand is equal tdyy/Iny. All experiments were done at 2&
of spectroscopic grade. Water was purified through a Millipore with multiple sets of samples and average values of anisotropy
(Bedford, MA) Milli-Q system and used throughout. The purity shown in Tables 1 and 2 and Figure 3.
of Triton X-100 was checked by measuring its critical micelle Time-Resolved Fluorescence MeasurementSluorescence
concentration (CMC) value and comparing with literature CMC. lifetimes were calculated from time-resolved fluorescence
Determination of Critical Micelle Concentration of Triton intensity decays using a Photon Technology International
X-100 Micelles.The CMC of Triton X-100 in the presence of (London, Western Ontario, Canada) LS-100 luminescence
varying concentrations of urea was determined fluorimetrically spectrophotometer in the time-correlated single photon counting
using a widely used meth8Hpreviously developed by one of mode. This machine uses a thyratron-gated nanosecond flash
us. The method utilizes enhancement of DPH fluorescence uponlamp filled with nitrogen as the plasma gas (361 in. of
micellization. Briefly, 1 uL of 10 mM DPH dissolved in mercury vacuum) and is run at 225 kHz. Lamp profiles were
tetrahydrofuran was added to various amounts of Triton X-100 measured at the excitation wavelength using Ludox (colloidal
dispersed in a total volume of 2 mL of agueous solution silica) as the scatterer. To optimize the signal-to-noise ratio,
containing appropriate amounts of urea. Tubes were incubated10 000 photon counts were collected in the peak channel. All
for 30 min in the dark at room temperature before measuring experiments were performed using excitation and emission slits
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with a nominal band-pass of 4 nm or less (excitation slit used 18 F

was 1.5 nm for experiments with DPH). The sample and the

scatterer were alternated after every 5% acquisition to ensure 15

compensation for shape and timing drifts occurring during the

period of data collection. This arrangement also prevents any % 12

prolonged exposure of the sample to the excitation beam thereby Y

avoiding any possible photodamage of the fluorophore. Nev- 2 09|

ertheless, we recorded the fluorescence emission spectra of the

fluorophore before and after the time-resolved data acquisition, 06 r

and the data remained unchanged indicating no photodamage

during data acquisition. This is an important control since both 03 ¢ ! ! s .
NBD-labeled lipids and DPH have previously been reported to 0 9 4 6 8

be photobleached under certain conditiéh¥. The data stored

in a multichannel analyzer was routinely transferred to an IBM
PC for analysis. Intensity decay curves so obtained were fitted
as a sum of exponential terms:

CONCENTRATION OF UREA (M)

Figure 1. CMC of Triton X-100 micelles as a function of urea concen-
tration determined fluorimetrically utilizing enhancement of DPH fluo-
rescence upon micellization. See Experimental Section for other details.

F(O) = Zai exp(-t/r) @) quencher concentration, akgy is the Sterr-Volmer quenching
: constant. The SteraVolmer quenching constamtsy is equal

whereaq, is a preexponential factor representing the fractional to Ko \_/vh(_erekq is the b|mo|ecular_ quenching constant and
contribution to the time-resolved decay of the component with is the lifetime of the fluorophore in the absence of quencher.
a lifetime 7. The decay parameters were recovered using a
nonlinear least squares iterative fitting procedure based on the
Marquardt algorithn¥* The program also includes statistical and Effect of Urea on the CMC of Triton X-100. The principle
plotting subroutine packagésThe goodness of the fit of a given  of the DPH assay of CMC is that DPH fluorescence will be
set of observed data and the chosen function was evaluated byyreatly enhanced above the CMC because of its incorporation
the reduceg? ratio, the weighted residuat8and the autocor-  into the hydrophobic interior of the micelle. A unique advantage
relation function of the weighted residudfsA fit was consid- of this method is that, unlike some other methods, the CMC
ered acceptable when plots of the weighted residuals and thedetermined using this approach is reliable even for charged
autocorrelation function showed random deviation about zero detergents. This is in contrast to methods which employ charged
with a minimumy? value not more than 1.5. Mean (average) fluorescent probes where it has been demonstrated that such
lifetimes <> for biexponential decays of fluorescence were assays usually do not work if probe and detergent have opposite
calculated from the decay times and preexponential factors usingcharge$8

Results

the following equatior® Figure 1 shows the CMC of Triton X-100 determined using
) 5 the DPH method as a function of urea concentration. The CMC
T, + 0,7, of Triton X-100 in the absence of urea is 0.3 mM which is in
[# m ®) excellent agreement with the literature vaki€2However, the

CMC increases in the presence of varying concentrations of
Fluorescence Quenching MeasurementsFor quenching urea. Thug, the CMC shows6-fold increase from Q.S to 1.72

experiments using G, the fluorescence intensities of NBD- MM upon increasing urea concentration op8tM (Figure 1).
PE in Triton X-100 micelles containing varying concentrations We attribute the increase in CMC with increasing urea
of urea were measured in separate samples containing increasingencentration to the ability of urea to weaken hydrophobic force
concentrations of G taken from a freshly prepared stock responsible for the formation and maintenance of the micellar
solution in 10 mM MOPS, 150 mM NaCl, pH 7.2 buffer. assembly in aqueous solutions. For all subsequent experiments,
Depending on the urea concentration, the quencher concentratiofgoncentrations of Triton X-100 used were double the CMC of
was varied so that quenching of NBD fluorescence by*Co Triton X-100 at the respective urea concentration. This ensures
showed linear dependence in each case. Samples were incubatdffat the detergent is in micellar state in all cases.
in dark for 12 h before measuring fluorescence. Corrections for  Fluorescence Emission Maximum of NBD-PE in Triton

inner filter effect were made using the following equatin: ~ X-100 Micelles.The fluorescence emission maximum of NBD-
PE in Triton X-100 micelles as a function of increasing urea
F = Fpsantilog [(A, + Ae)/2] (4) concentration is shown in Table 1. The maximum of fluores-
cence emission of NBD-PE in Triton X-100 micelles in absence
whereF is the corrected fluorescence intensity @hgs is the of urea is 529 nm which is in agreement with our previously

background subtracted fluorescence intensity of the samgle. ~ reported valué’ This is similar to the emission maximum
and Aem are the measured absorbance at the excitation andobserved in membranes (530 rififf where the NBD-PE is
emission wavelengths. The absorbance of the samples wadocalized in the motionally restricted interfacial regitin:®
measured using a Hitachi U-2000 WVisible absorption Table 1 shows that the fluorescence emission maximum of

spectrophotometer. Quenching data were analyzed by fitting to NBD-PE undergoes a progressive red shift of 4 nm (from 529

the Sterr-Volmer equatiorf? to 533 nm) when the concentration of urea is increased from 0
to 8 M. This suggests that there is an increase in polarity around
FJ/F =1+ Kgy[Q] =1+ k7, [Q] (5) the NBD group of NBD-PE when bound to Triton X-100

micelles in the presence of urea.
whereF, andF are the fluorescence intensities in the absence  Red Edge Excitation Shift of Micelle-Bound NBD-PE.The
and presence of the quencher, respectively, [Q] is the molar shifts in the maxima of fluorescence emissibnf NBD-PE
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TABLE 1: Emission Maximum and Anisotropy of NBD-PE , 017
in Triton X-100 Micelles as a Function of Urea a @
Concentration? lno_c
[urea] (M)  emission maximum (nm)  fluorescence anisotPopy 8 0.16
0 529 0.130% 0.001 z
2 530 0.137 0.001 W o015 |
4 531 0.139+ 0.001 =
6 532 0.151+ 0.002 S
8 533 0.159+ 0.001 ﬁ 014 -
2 The excitation wavelength used was 465 nm. The ratio of NBD- S
PE to Triton X-100 was 1:1000 (mol/mol) and the concentration of o 013 . .

NBD-PE ranged from 0.6 to 3.6M depending on the concentration
of urea used. See Experimental Section for other deta@islculated 460 480 500 520
using eq 1. Anisotropy values were recorded at 531 nm and the EXCITATION WAVELENGTH (nm)
excitation wavelength used was 465 nm. The data shown represent the

meanst standard error of three independent measurements. > ©)
o
O 018 r
543 =
° O
= )
E 540 | (1 E 0.16
w
% D O
s =
S 537 b w a
é 8 0.14 >
(3
= 2
z 534 | [e)
o =
% - 012 i 1 1 1 1 1
S 531 r
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508 L1 L L L EMISSION WAVELENGTH (nm)

Figure 3. (a) Fluorescence anisotropy of NBD-PE in Triton X-100
micelles in the absenc®] and presencef@ M (®) and 6 M (A) urea

as a function of excitation wavelength. Anisotropy values were recorded
Figure 2. Effect of changing excitation wavelength on the wavelength at 531 nm. (b) Fluorescence anisotropy of NBD-PE in Triton X-100

of maximum emission for NBD-PE in Triton X-100 micelles in the — micelles in the absenc®©j and presencefel M (®), 6 M (), and 8
absence®) and presencef® M (®) urea. All other conditions areas M (M) urea as a function of emission wavelength. The excitation

in Table 1. See Experimental Section for other details. wavelength used was 465 nm. The data points shown are the means of
three independent measurements. The error bars represent the standard

when bound to Triton X-100 micelles in the absence and &or All othe( conditions are as in Table 1. See Experimental Section
- - for other details.
presence of urea as a function of excitation wavelength are
shown in Figure 2. As can be seen from the figure, upon as a function of urea concentration is shown in Table 1. The
excitation at 465 nm, the fluorescence emission maxima of fluorescence anisotropy of NBD-PE shows a steady increase
NBD-PE is at 529 and 533 nm in Triton X-100 micelles in the in the presence of increasing concentrations of urea. This
absence and presencE®M urea, respectively. The value of  suggests that the rotational mobility of NBD-PE is considerably
these emission maxima suggests that the NBD group in NBD- reduced in the presence of urea. This supports our earlier
PE is localized at the interfacial region of the micelles. As the conclusion that the NBD-PE is in a motionally restricted region
excitation wavelength is changed from 465 to 520 nm, the when bound to micelles. The increase in the rotational restriction
emission maxima of micelle-bound NBD-PE are shifted from with increasing urea concentration could be due to increased
529 to 538 nm (in the absence of urea), and 533 to 542 nm (in hydrogen bonding of the NBD group to urea because of its
the presencef@ M urea), which correspond to REES of 9 nm  presence in the immediate vicinity. In fact, it has recently been
in each case. The magnitude of REES was 9 nm even whenshown that urea can induce enhanced solvation of polar groups
intermediate concentrations of urea were used between 0 and 8n an amphiphilé® However, there are other factors that need
M (not shown). Such dependence of the emission spectra onto be considered while interpreting changes in fluorescence
the excitation wavelength is characteristic of red edge effect. anisotropy with urea concentration. An important factor is the
This in turn implies that the NBD moiety in NBD-PE, when viscosity of the medium which increases considerably at higher
incorporated in Triton X-100 micelles, is in an environment urea concentrations. This could also contribute to increase in
where its mobility is considerably reduced. Since the NBD group anisotropy with increasing urea concentration. However, an
is localized in the interfacial region (see above), such a result increase in medium viscosity generally brings about an increase
would directly imply that this region of the micelle offers in fluorescence lifetimé&-62Interestingly, we observe a decrease
considerable restriction to the reorientational motion of the in mean fluorescence lifetime in this case (see later, Table 3).
solvent dipoles around the excited-state fluorophore. Interest- We therefore rule out viscosity change as a possible cause for
ingly, the magnitude of REES is independent of the presencethe observed changes in anisotropy with urea concentration.
of urea. This shows that the presence of urea does not change Fluorescence anisotropy is also known to be dependent on
the restriction to solvent reorientation in the excited state excitation wavelength in motionally restricted meéiaA plot
although the emission maximum shows a red shift of 4 nm of steady-state anisotropy of NBD-PE incorporated in Triton
because of increased polarity in the presence of urea. X-100 micelles as a function of excitation wavelength is shown
Fluorescence Anisotropy of Micelle-Bound ProbesThe in Figure 3a for various concentrations of urea. The observed
fluorescence anisotropy of NBD-PE in Triton X-100 micelles increase in anisotropy value strengthens our earlier conclusion

465 480 495 510 525
EXCITATION WAVELENGTH (nm)
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TABLE 2: Anisotropy and Rotational Correlation Times of TABLE 3: Lifetimes of NBD-PE in Triton X-100 Micelles as
DPH in Triton X-100 Micelles as a Function of Urea a Function of Urea Concentratior®
Concentration

[urea] (M)  au u(ns) o (ns) @M(ns)  x2

[urea] (M) fluorescence anisotropy 7> (ns)

0 0.15 8.27 0.85 4.36 5.34 1.28
0 0.147+ 0.002 5.52 1 0.11 8.21 0.89 4.44 5.14 1.27
1 0.149+ 0.001 5.54 2 0.11 8.49 0.89 4.14 5.02 1.26
2 0.157+ 0.002 6.00 3 0.21 7.06 0.79 3.82 4.89 1.29
3 0.157+ 0.001 5.93 4 0.12 7.97 0.88 3.83 4.75 1.33
4 0.163+ 0.002 6.17 5 0.26 6.36 0.74 3.55 4.64 1.27
5 0.166+ 0.003 6.28 6 0.24 6.59 0.76 3.35 4.59 1.26
6 0.179+ 0.001 7.11 7 0.28 6.28 0.72 3.31 4.57 1.28
7 0.180+ 0.001 7.16 8 0.22 6.67 0.78 3.16 4.47 1.30
8 0.187+ 0.001 7.74

aThe excitation wavelength was 465 nm; emission was monitored
aCalculated using eq 1. Anisotropy values were recorded at 430 at 531 nm. All other conditions are as in Table°Talculated using
nm and the excitation wavelength used was 358 nm. The data showneq 3.
represent the means standard error of three independent measure-
ments. All other conditions are in Table 1. See Experimental Section

for other details® Calculated using eq 6. TABLE 4: Lifetimes of DPH in Triton X-100 Micelles as a

Function of Urea Concentration?

that the NBD group of NBD-PE is localized in a motionally _[urealM) ox  nu(s) e w(ns) GEMS) »

restricted environment in this micellar system and this increase 033 948 067 701 8.00 121
in anisotropy is more pronounced at higher urea concentrations. 039 911 061 677 7.85 1.23
This clearly shows, in agreement with Table 1, the increased 8'28 g'ég 8'38 g'gg ;'gg 1'22
motional restriction of NBD-PE as the concentration of urea is 044 875 056 5.97 746 113

increased.

In addition, we monitored the change in fluorescence aniso-
tropy of NBD-PE in Triton X-100 micelles as a function of
emission wavelength (see Figure 3b). There is a considerable
reduction in fluorescence anisotropy upon increasing the emis- 2 The excitation wavelength was 358 nm; emission was monitored
sion wavelength irrespective of the presence of urea in Triton at 430 nm. All other conditions are as in Table®Talculated using
X-100 micelles. The lowest anisotropy is observed toward longer €4 3.
wavelengths (red edge) where emission from the relaxed
fluorophores predominates. Taken together, these results supporimes of micelle-bound NBD-PE at various concentrations of
that the NBD moiety of NBD-PE in Triton X-100 micelles urea are shown in Table 3. As seen from the table, all
experiences increased motional restriction upon increasing thefluorescence decays could be fitted well with a biexponential
urea content. function. The mean fluorescence lifetimes of NBD-PE in Triton

Although the exact shape of Triton X-100 micelles is not X-100 micelles were calculated using eq 3 and are plotted as a
yet resolved, the most likely shape is that of an oblate spherefunction of increasing urea concentration in Table 3. As shown
which would display considerable anisotropy in its organiza- in the table, there is a continuous decrease in mean lifetime of
tion.%® A comprehensive description of any change in the NBD-PE with increasing urea concentration in the Triton X-100
organization and dynamics of such an organized assemblymicelles. Thus, the mean lifetime decreases fref3 to~4.4
should include information from probes which are localized in ns (i.e., by~17%) when urea concentration is increased from
the deeper hydrophobic core region of the micelle. We therefore 0 to 8 M.
used a fluorescent probe DPH, which would partition to deeper  The lifetime of NBD-PE incorporated in various membranes
regions of the micelle, to characterize the changes taking placehave been reported to be7 ns3067In water, however, NBD
in these regions in the presence of increasing concentrations ofiifetime reduces to~1.5 ns, which has been attributed to an
urea. increase in polarity as well as the nature of hydrogen-bonding

Table 2 shows the fluorescence anisotropy of DPH incorpo- interactions between the fluorophore and the soRffemhich
rated in Triton X-100 micelles with increasing urea concentra- is accompanied by an increase in the rate of nonradiative
tions. The plot shows a steady increase in the presence ofdecay?® Thus, the observed reduction in fluorescence lifetime
increasing concentrations of urea suggesting that the rotationalof NBD-PE with increasing urea concentration could possibly
mobility of DPH is considerably reduced in the presence of urea. be attributed to an increase in polarity of the microenvironment
The size of nonionic micelles such as Triton X-100 have and any possible alteration in hydrogen-bonding interactions
previously been shown to be reduced in the presence offfirea. around the NBD group of NBD-PE (supported by data from
The decrease in rotational mobility of DPH in Triton X-100 Table 1).
micelles in the presence of urea could be due to the packing DPH fluorescence is environmentally sensitfvand has
constraints generated in the interior of the micelles because ofearlier been used to probe the water content of membranes since
reduction in size. its lifetime is reduced with increasing water content in its

Time-Resolved Fluorescence Measurements of Micelle- immediate environmertf To explore changes in the interior
Bound Probes. Fluorescence lifetime serves as a sensitive of the micelle, we measured the change in fluorescence lifetime
indicator of the local environment in which a given fluorophore of the deeper probe DPH as a function of urea concentration
is placed®® In addition, it is well known that fluorescence (see Table 4). All fluorescence decays for micelle-bound DPH
lifetime of the NBD group is sensitive to the environment in  could be fitted well with a biexponential function. Table 4 shows
which it is placed® Any change in the microenvironment of a  that there is a continuous decrease in mean fluorescence lifetime
micelle-bound probe therefore could be expected to give rise of DPH with increasing urea concentration. Thus, the mean
to differences in fluorescence lifetime. The fluorescence life- lifetime decreases from+8 to ~7.1 ns (i.e., by~11%) when

0.43 8.60 0.57 5.98 7.34 1.25
0.63 8.01 0.37 4.94 7.19 1.26
0.43 8.53 0.57 5.58 7.16 1.14
0.36 8.74 0.64 5.82 7.16 1.26
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Figure 4. Representative data for SterWolmer analysis of C& Figure 5. Stern-Volmer quenching constantssy (O) and bimolecular
quenching of NBD-PE fluorescence in Triton X-100 micelles in the quenching constantk, (®) for Co?" quenching of NBD-PE incorpo-
absence 4) and presencefd M (®) and 8 M Q) urea.F, is the rated in Triton X-100 micelles as a function of urea concentration. The

fluorescence in the absence of quenchkes, the corrected fluorescence  excitation wavelength was 465 nm and emission was monitoored at
in the presence of quencher. The excitation wavelength was 465 nm531 nm. All other conditions are as in Table 1. See Experimental Section
and emission was monitored at 531 nm. All other conditions are as in for other details.
Table 1. See Experimental Section for other details.

eq 5). The quenching parameters obtained by analyzing the

urea concentration is increased from 0 to 8 M. This could be gtarn-volmer plots (bothKsy andkg) are plotted in Figure 5.
due to increased polarity in the micelle interior induced by urea. 1 jg encouraging to note from the figure that the bimolecular

To ensure that the observed change in _stea_dy-state a”iSOtrOplﬁuenching constants are in overall agreement with the
of DPH asa functlc_m pf urea concentration is not due to any giern-Volmer constantsKsy) implying that the conclusions
change in lifetime with increasing urea concentration (see above yarived from the analysis of Sterivolmer constants are not
and Table 2), the apparent (average) rotational correlation timesinfyenced by changes in lifetime. It is apparent from the figure
for DPH in Triton X-100 micelles with increasing concentrations - that increasing urea concentration increases the accessibility of
of urea were calculated using Perrin’s equafidn: NBD group of NBD-PE to C&', irrespective of the parameter
<r>r chosen Ksy or kg). Maximum quenching of NBD-PE is
T, = (6) observed in Triton X-100 micelles contaigi® M urea clearly
-r indicating that presence of urea increases micellar water
penetration which in turn results in an increased polarity.

wherer, is the limiting anisotropy of DPHy is the steady-
state anisotropy, andz> is the mean fluorescence lifetime as  niscussion
calculated from eq 3. Although Perrin’s equation is not strictly
applicable to this system, it is assumed that this equation will  The stability of organized molecular assemblies such as
apply to a first approximation, especially because we have usedmicelles is determined by the delicate balance between hydro-
mean fluorescence lifetimes for the analysis of multiple philic and hydrophobic forces. In agueous solution, the balance
component lifetimes. The values of the apparent rotational between hydrophilic and hydrophobic forces and hence the
correlation times, calculated this way using a valuer obf stability of micelles can be modulated by modifying the
0.36/* are shown in Table 2. There is a considerable increase properties of the aqueous medium. A convenient way to achieve
in rotational correlation times from-5.5 to 7.7 ns (i.e., by this is by using chemical agents that affect the properties of the
~39%) of DPH with increasing concentrations of urea which aqueous solvent by interacting with it. Chaotropes such as urea
clearly shows that the observed change in anisotropy valuesperturb the structure of organized molecular assemblies such
(Table 2) were not due to any lifetime-induced artifacts. as micelles?1! Traditionally, this has been thought to be due
Accessibility Studies of Micelle-Bound NBD-PE. The to the ability of urea to act as a “water structure breakér”.
results presented above show that increasing concentrations oHowever, recent evidence suggests that the ability of urea to
urea enhance the polarity of the micelles and induce increasedperturb nonionic micellar structures is dependent on either
hydration in the micelle. To examine the accessibility and replacement of water molecules in the hydration shell of the
relative location of NBD-PE and confirm that the presence of soluté? or by enhancement of the hydrophilic properties of water
urea increases water penetration in Triton X-100 micelles, which results in more strongly solvated polar headgroups of
fluorescence quenching experiments were performed with the the constituent monomers of the micéfléhe latter mechanism
aqueous quencher €o The paramagnetic cobaltous ion is suggests that ureavater mixture solvates the polar groups in
soluble in water and is an efficient quencher of NBD fluores- micellar aggregates better than water alone.
cencel8447273The results of these experiments for quenching  In this report, we have monitored the change in the organiza-
of NBD-PE by C@*" in Triton X-100 micelles containing  tion and dynamics of the nonionic Triton X-100 micelles
different amounts of urea are plotted in Figure 4 as Stern induced by urea utilizing wavelength-selective fluorescence and
Volmer plots. The slope of such a pldt4y) is related to the related approaches using the fluorescent membrane probes NBD-
degree of exposure (accessibility) of the NBD group to the PE and DPH. The NBD group represents a widely used extrinsic
aqueous phase. In general, the higher the slope, the greater thBuorophore in biophysical, biochemical, and cell biological
degree of exposure, assuming that there is not a large differencestudies (for a review, see ref 42). NBD-labeled lipids are
in fluorescence lifetime. The bimolecular quenching constant extensively used as fluorescent analogues of native lipids in
(kg) is a more accurate measure of the degree of exposure sincéiological and model membranes to study a variety of pro-
it takes into account the differences in fluorescence lifetime (see cesse$34468.75The NBD moiety possesses some of the most



Effect of Urea on Organization and Dynamics

desirable properties for serving as an excellent probe for both
spectroscopic and microscopic applications. It is very weakly
fluorescent in water. Upon transfer to a hydrophobic medium,

J. Phys. Chem. B, Vol. 108, No. 7, 2002495

(20) Chattopadhyay, A. Iirluorescence Spectroscopy, Imaging and
Probes Kraayenhof, R., Visser, A. J. W. G., Gerritsen, H. C., Eds.; Springer-
Verlag: Heidelberg, Germany, 2002; pp 21424.

(21) Raghuraman, H.; Kelkar, D. A.; ChattopadhyayPAoc. Ind. Natl.

it fluoresces brightly in the visible range and exhibits a high Sci. Acad. A2003 69, 25.

degree of environmental sensitivit4466.76.77 Fluorescence

lifetime of the NBD group is extremely sensitive to the

environmental polarity838661t is relatively photostable, and

(22) Chattopadhyay, AChem. Phys. Lipid2003 122 3.

(23) Demchenko, A. PTrends Biochem. Sci988 13, 374.

(24) Demchenko, A. PLuminescenc002 17, 19.

(25) Galley, W. C.; Purkey, R. MProc. Natl. Acad. Sci. U.S.A97Q

lipids labeled with the NBD group mimic endogenous lipids in 67, 1116.

studies of intracellular lipid transpot?.More importantly, we

have earlier shown using solvatochromic and quantum chemical
approaches that the dipole moment of the NBD group changes

by ~4 D upon excitatiof® an important criterion for a
fluorophore to exhibit REES effect322DPH and its derivatives,

on the other hand, represent popular membrane probes for
monitoring organization and dynamics of the interior regions
in membranes and micellé$The large degree of environmental
sensitivity of NBD and DPH fluorescence is useful in monitoring  g1g°
micellar organization under various conditions. For example,

the observation that NB#66 and DPH70 lifetimes are

shortened in polar environment offers a convenient way to study

micellar organization with varying concentrations of urea.

Our results utilizing several sensitive fluorescence parameters
show increased polarity in Triton X-100 micelles in the presenc

(26) Lakowicz, J. R.; Keating-Nakamoto, 8iochemistry1984 23,
(27) Israelachvili, J.; Wennersto, H. Nature 1996 379 219.
(28) Ghosh, A. K.; Rukmini, R.; Chattopadhyay, Biochemistry1997,
36, 14291.
(29) Chattopadhyay, A.; Rukmini, FEEBS Lett 1993 335, 341.
(30) Chattopadhyay, A.; Mukherjee, Biochemistry1993 32, 3804.
(31) Mukherjee, S.; Chattopadhyay, Biochemistry1994 33, 5089.
(32) Chattopadhyay, A.; Mukherjee, S.; Rukmini, R.; Rawat, S. S;
Sudha, SBiophys. J.1997 73, 839.
(33) Chattopadhyay, A.; Mukherjee, 3. Phys. Chem. B999 103

(34) Chattopadhyay, A.; Mukherjee, Bangmuir1999 15, 2142.
(35) Raja, S. M.; Rawat, S. S.; Chattopadhyay, A.; Lala, ABKphys.
J. 1999 76, 1469.
(36) Kelkar, D. A.; Ghosh, A.; Chattopadhyay, A. Fluoresc.2003
13, 459.
(37) Mukherjee, S.; Raghuraman, H.; Dasgupta, S.; Chattopadhyay, A.

e Chem. Phys. Lipid2004 127, 91.

(38) Chattopadhyay, A.; Mukherjee, S.; Raghuraman].iPhys. Chem.

of varying concentrations of urea. This could possibly be due g ;505 106 13002.

to increased water penetration in Triton X-100 micelles induced
by urea. This is supported by fluorescence quenching experi-
ments which indicate increased accessibility from the aqueous

(39) Raghuraman, H.; Chattopadhyay, llangmuir2003 19, 10332.

(40) Guha, S.; Rawat, S. S.; Chattopadhyay, A.; Bhattacharyya, B.
Biochemistry1996 35, 13426.

(41) Chattopadhyay, A.; Rawat, S. S.; Kelkar, D. A.; Ray, S.; Chakra-

phase at higher urea concentrations. In addition, this could resultparti A. Protein Sci 2003 12, 2389.

from better solvation of the polar headgroups by ureater
mixture than water alone.
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