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Lateral diffusion of membrane constituents plays an important role in membrane organization and represents
a central theme in current models describing the structure and function of biological membranes. Fluorescence
recovery after photobleaching (FRAP) is a widely used approach that provides information regarding dynamic
properties and spatial distribution of membrane constituents. On the basis of the unique concentration-dependent
fluorescence emission properties of a fluorescently labeled cholesterol analogue modified at the tail region,
25-[N-[(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-methyllamino]-27-norcholesterol (25-NBD-cholesterol), we have
previously shown that it exhibits local organization even at very low concentrations in membranes. In this
paper, we address aspects regarding the molecular size and dynamics of such an organized assembly of 25-
NBD-cholesterol by monitoring its lateral diffusion characteristics using FRAP. To obtain a comprehensive
understanding of the organization and dynamics of 25-NBD-cholesterol in the membrane, we compare its
diffusion properties to that of a fluorescent phospholipid analogue 1,2-dipalnsitegliycero-3-phosphoet-
hanolamineN-(7-nitro-2-(1,3-benzoxadiazol-4-yl)) (NBD-PE). Our results indicate significant differences in

the membrane dynamics of these NBD-labeled lipids. Importantly, on the basis of a novel wavelength-selective
FRAP approach, our results show that the organization of 25-NBD-cholesterol is heterogeneous, with the
presence of fast- and slow-diffusing species which could correspond to predominant populations of monomers
and dimers of 25-NBD-cholesterol. The potential application of the wavelength-selective FRAP approach to
monitor the organization and dynamics of molecules in membranes therefore represents an exciting possibility.

Introduction sensitivity, time resolution, and multiplicity of measurable
d parameterg-13 Lipids covalently linked to extrinsic fluorophores
are commonly used for such studies. The advantage with this

interface through which cells communicate with each other and approach is that one has a (_:h0|ce of the_ quorescent label to be
with the external milieu. The heterogeneous distribution of used, and therefore, specific probes with appropriate charac-

membrane constituents is responsible for diversity in the [e1iStics can be designed for specific applications. A widely used
membrane environment. Lipids in model and biological mem- e_xtr|n§|c fluor_ophore n lc_nophysmal, b|ochem|cal, and cell
branes are often found distributed nonrandomly in domains or Piological studies is the 7-nitrobenz-2-oxa-1,3-diazol-4-yl (NBD)
pools. Such distribution has been attributed to the unique 9roup (reviewed in ref 12). The NBD moiety possesses some
packing preferences of lipids which are intrinsically determined ©Of the most desirable properties for serving as an excellent probe
by their structures and/or their interactions with neighboring for both spectroscopic and microscopic applicatiné. The
molecules. For instance, the unique chemical structures of lipids fluorescent derivative of cholesterol, 28-[(7-nitrobenz-2-oxa-
such as cholestefot and phosphatidylethanolamitfedistinct 1,3-diazol-4-yl)methyllamino]-27-norcholesterol or 25-NBD-
from phosphatidylcholine which comprise the bulk of the cholesterol, in which the NBD group is attached to the flexible
membrane and electrostatic interactions between proteins andalkyl chain of cholesterol (see Figure 1a), represents one such
phosphatidylinositofscontribute to their sorting in membranes example. The detailed characterization of the spectroscopic
giving rise to regions relatively enriched in such lipids. The properties of 25-NBD-cholesterol in model membranes and
segregation of membrane lipids in domains assumes importancemembrane-mimetic systems has been previously rep&fttédl.
due to their regulatory role in cellular functions such as The NBD group in this analogue has been found to be localized
membrane sorting and signal transducfiditin this regard, the deep in the hydrocarbon region of the membrane, approximately
further development of nonperturbing approaches that quanti-5—6 A from the center of the bilayer, thereby indicating that
tatively analyze the organization of membrane constituents the orientation of this analogue in the membrane is similar to
assumes significance. that of cholesterot*15 It has also previously been shown by
Spectroscopic and microscopic techniques applied to fluo- electrophoretic measurements that 25-NBD-cholesterol is not
rescent lipid analogues represent a powerful set of approachegharged when bound to membranes at neutratpliterest-
for monitoring membrane organization due to their high ingly, unlike phospholipids labeled in their acyl chains, the NBD
group in 25-NBD-cholesterol has been shown not to loop back

*To whom correspondence should be addressed. Fe®i-40-2719- he membrane interf ibl h r hemical
2578. Fax: +91-40-2716-0311. E-mail: amit@ccmb.res.in. to the membrane interface possibly due to the stereochemical
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Scripps Research Institute, La Jolla, CA 92037. due to the methyl group (not present in NBD-labeled phospho-
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Biological membranes are complex assemblies of lipids an
proteins that allow cellular compartmentalization and act as the
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Figure 1. (a) Chemical structures of NBD-labeled cholesterol and phospholipid analogues, 25-NBD-cholesterol and NBD-PE. (b) Schematic diagram
of the membrane bilayer showing the transbilayer tail-to-tail dimers of 25-NBD-cholesterol in membranes at low concentrations (reproduced from
ref 16).

lipids) attached to the NBD moief. This unique orientation  tobleaching (FRAP) is a widely used approach that provides
of 25-NBD-cholesterol offers a convenient means to localize a information regarding dynamic properties and spatial distribution
polar and potentially reactive group deep inside the membrane.of membrane constituentszurthermore, the analysis of lateral
Moreover, the unique position of this probe in the membrane diffusion of membrane constituents by FRAP provides a global
has previously been exploited in fluorescence resonance energyerspective regarding membrane organization relevant to most
transfer experiments to study the spatial orientation of specific biological processes since its temporal and spatial resolution

sites on the chloroplast coupling factor in the membrane in
reconstituted vesicles thereby providing further support for its
orientatior?®

We have previously monitored the organization of 25-NBD-
cholesterol in membrané&17.19These results indicated that,
at low concentrations, 25-NBD-cholesterol exhibits a unique
organization possibly in the form of transbilayer tail-to-tail

are generally in the seconds and micrometer range. In this paper,
we monitored the lateral diffusion characteristics of 25-NBD-
cholesterol using FRAP to gain further insight into the local
organization it exhibits in membranes. Further, we compared
dynamics of 25-NBD-cholesterol to that of phospholipids,
which typically represent bulk membrane constituents, using a
fluorescent phospholipid analogue 1,2-dipalmitesglycero-

dimers that span the bilayer (see Figure 1b). In addition, we 3-phosphoethanolamiré«(7-nitro-2-(1,3-benzoxadiazol-4-yl)
showed that the transbilayer dimer arrangement of 25-NBD- (NBD-PE). The NBD group in NBD-PE is attached to the
cholesterol observed at low concentrations is sensitive to headgroup of a phosphatidylethanolamine molecule (see Figure
membrane curvature and is stringently controlled by a narrow 1a). Interestingly, our results show that the organization of 25-
window of membrane thickness thereby reinforcing the trans- NBD-cholesterol at low concentrations in such membranes is
bilayer (rather than lateral) nature of the dird&tmportantly, heterogeneous and different from bulk phospholipids, with the
these results are supported by similar observations with nativepresence of fast- and slow-diffusing populations which could
cholesterol using calorimetric approacHesnd with dehydro- correspond to the monomer and the previously prop§séd
ergosterol, a naturally occurring fluorescent cholesterol analogue,transbilayer tail-to-tail dimers of 25-NBD-cholesterol.
using fluorescence spectroscopy? Taken together, these It must be mentioned here that the presence of a large and
observations collectively emphasize the existence of a transbi-polar NBD group in 25-NBD-cholesterol buried deep in the
layer organization of 25-NBD-cholesterol at low concentrations membrane bilayer would quite obviously perturb membrane
in the membrane. While these experiments have provided physical properties thereby limiting its use as a bulk cholesterol
valuable insight into the organization of 25-NBD-cholesterol analogue at high concentrations. This is apparent from the
at low concentrations in the membrane, aspects related to thereduced ability of 25-NBD-cholesterol to condense phospholipid
molecular size and lateral diffusion of such an organized fatty acyl chains compared to native cholesterol at high
assembly of 25-NBD-cholesterol and their residence time in the concentrations (20 mol %) and the sorting out of 25-NBD-
membrane remain unexplored. cholesterol in membranes existing in a cholesterol-rich, liquid-
Lateral diffusion of membrane constituents plays an important ordered phas& The use of 25-NBD-cholesterol to analyze
role in membrane organization and represents a central thememembrane organization of molecules using FRAP in this study
in current models describing the structure and function of is therefore prompted by the unique concentration-dependent
biological membrane%2324 Fluorescence recovery after pho- spectroscopic properties exhibited by this molecule (see above).



Membrane Dynamics of NBD-Labeled Lipids

Experimental Section

Materials. Dipalmitoyl-snglycero-3-phosphocholine (DPPC)
and 25-NBD-cholesterol were obtained from Avanti Polar Lipids
(Birmingham, AL). NBD-PE was from Molecular Probes
(Eugene, OR). Cholesterol was from Sigma Chemicals Co. (St.
Louis, MO). The purity of these lipids and fluorescent analogues

was checked by thin layer chromatography on precoated silica

gel plates from Merck (Darmstadt, Germany) with the solvent
system of chloroform/methanol/water (65:25:4, v/viv). All lipids

and fluorescent analogues were found to give only one spot

upon charring with a solution of cupric sulfate (10%, w/v) and
phosphoric acid (8%, v/v) at 15T thereby confirming their
purity. Water was purified through a Millipore (Bedford, MA)
Milli-Q system and used throughout. The concentration of DPPC

was determined by phosphate assay subsequent to total digestio

by perchloric acid’ Lipid digestion was assessed using 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) as an internal
standard. The concentrations of 25-NBD-cholesterol and NBD-
PE in methanol were calculated from their molar absorption
coefficients €) of 22 000 Mt cm™! at 484 nm” and 21 000
M~1 cm! at 463 nn%8 respectively.

Sample Preparations. Samples containing 495 nmol of
DPPC and 5 nmol of 25-NBD-cholesterol or 490 nmol of DPPC,
5 nmol of cholesterol, and 5 nmol of NBD-PE were mixed in
methanol and dried under a stream of nitrogen while being
warmed gently £35 °C). The small amount (1 mol %) of
cholesterol was included in multilamellar vesicles prepared with
NBD-PE as a control for the vesicles containing 25-NBD-
cholesterol. The lipids were further dried under high vacuum
for at leas 3 h and hydrated (swelled) with 0.5 mL of water
maintained at 60°C (i.e., well above the phase transition
temperature of DPPC) while being vortexed vigorously for 3
min to generate multilamellar vesicles. Vesicles prepared in this
manner were incubated at 80 for 3 h and were then kept at
room temperature 23 °C) in the dark for 2 days for

equilibration before making measurements. All measurements

were performed at 23C which ensures that DPPC is in the gel
phase. It must be mentioned here that equilibration of multila-
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detector that provides a minimum spectral resolution of 10.7
nm. Fluorescence emission of 25-NBD-cholesterol and NBD-
PE were acquired at a wavelength range of-5858 nm using

the Meta detector. For wavelength-selective FRAP experiments,
fluorescence emission of 25-NBD-cholesterol was simulta-
neously acquired at the two wavelength ranges {525, 537

558 nm) using the Meta detector. All images were acquired
with the pinhole set to 1 airy unit and at 522 512 pixel
resolution. Qualitative FRAP experiments involved imaging the
entire equatorial section of an isolated multilamellar vesicle,
bleaching a circular region of interest of 1.6 radius within

the vesicle, and monitoring fluorescence recovery kinetics into
the bleached spot by imaging the entire vesicle. Scanning
parameters were optimized by such qualitative FRAP experi-
ments to avoid photobleaching of samples due to repeated
nnaging. This was assessed by monitoring the fluorescence
intensity in regions of the multilamellar vesicle outside the
bleached region for the entire duration of a FRAP experiment.
Quantitative FRAP experiments performed at a higher temporal
resolution involved restricting the area scanned and pho-
tobleached to a circular region of 1.7&n radius within the
multilamellar vesicle. Background fluorescence intensity was
determined by performing the same experiment on an area on
the coverslip devoid of vesicles. The mean postbleach fluores-
cence intensity in the circular region was background subtracted
and normalized to the mean prebleach intensity. The fluores-
cence recovery kinetics was analyzed to determine the charac-
teristic diffusion time €4) on the basis of a model describing

fluorescence recovery into a uniformly bleached circular disk:
29

F(t) = [F(e0) — FO)llexp(—274/t)(1o(274/1) + 11(274/0)] +
F(O) (1)

Here F(t) is the mean background corrected and normalized
fluorescence intensity at tinteén the circular region of interest,
F() is the recovered fluorescence intensity at tinre «, and
F(0) is the bleached fluorescence intensity at time 0. lg

mellar vesicles was critical in achieving reproducibility in the @ndl1 are modified Bessel functions. The bleach time point
concentration-dependent shifts in fluorescence emission of 25-Was calculated as the midpoint of the bleach duration. This
NBD-cholesterol as well as in lateral diffusion measurements 'esulted in the first normalized postbleach time point starting
of fluorescent analogues using FRAP. from a timet > 0. Curve fitting to eq 1 involved constraining

Fluorescence Spectroscopysteady-state fluorescence mea- ghet p?rr]artnetheré(oc)l = OtandFt(oo) ds 1 tFIuo;escem:e ][%c%verly i
surements were performed on a Hitachi F-4010 spectrofluo- ata that showed systematic deviation irom the tted plots

rometer using 1-cm path length quartz cuvettes. Excitation and possik_)ly due to phy_sical displacem_ent (.)f the ves_iqle during the
emission slits with a nominal bandpass of 5 nm were used for experiment were discarded. The diffusion coefficieR) (as

all measurements. The excitation wavelength used was 488 nmdetermmed from the equation

in all cases. Background intensities of samples in which the
fluorescent probes were omitted were subtracted from each
sample spectrum to cancel out any contribution of the solvent
Raman peak and other scattering artifacts. All experiments werewherew is the radius of the circular region of interest. Mobile
done with multiple sets of samples. fraction estimates of the fluorescence recovery were calculated
Confocal Microscopy and FRAP Experiments. Multila- according to the equation
mellar vesicles prepared as described above were concentrated
by low-speed centrifugation followed by resuspension of the 3
pellet in a small volume of water. An aliquot- uL) of this
solution was sandwiched between a clean glass slide and awvhereF(p) is the mean background corrected and normalized
coverslip, and the edges of the coverslip were sealed with nail prebleach fluorescence intensity. Nonlinear curve fitting of the
enamel. Fluorescence images of multilamellar vesicles that werefluorescence recovery data to eq 1 and statistical analysis to
~20 um or larger in diameter were acquired on an inverted determine significance levels by one-way ANOVA were carried
Zeiss LSM 510 Meta confocal laser scanning microscope (Jena,out with Graphpad Prism software version 4.00 (San Diego,
Germany), with a 63, 1.2 NA water-immersion objective using  CA). For representation purposes, fluorescence recovery data
the 488 nm line of an argon laser as the excitation source. in Figures 4 and 7 have been normalized accordind-t9
Fluorescence emission was collected using the Zeiss LSM MetaF(0))/[F(p) — F(0)].

D = w4z, 2)

mobile fraction= [F(c) — F(0)J/[F(p) — F(0)]
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o . Figure 3. Representative FRAP measurement performed on a DPPC
The organization of 25-NBD-cholesterol at low concentrations muitilamellar vesicle containing NBD-PE. Panel a represents confocal

has previously been characterized in detail in gel phase DPPCsections of a DPPC multilamellar vesicle containing NBD-PE at 1 mol
membranes using fluorescence spectroséépyl® An inde- % concentration. The excitation wavelength was 488 nm, and fluores-
pendent, diffusion-based approach to analyze such organizatiorf€nce emission was collected from 505 to 558 nm. Fluorescence images
in gel phase DPPC membranes could therefore corroborate the?! the same vesicle were acquired before bleach (prebleach), im-

Its obtained i inal i t F mediately after bleach (bleach), and after recovery of fluorescence
results obtained earlier using fluorescence Spectroscopy. FUr-,,sipieach). The circular region 1 represents the bleached spot, region

thermore, sensitive detection of a population of molecules on 3 reports fluorescence intensity outside the bleached spot but within
the basis of their size using FRAP appears to be possible onlythe vesicle, and region 3 reports background fluorescence intensity.
in gel phase membrané%.This is due to the fact that the Panel b represents fluorescence intensity in the regions indicated in
dependence of lateral mobility of small molecules on their size Panel a over the entire time period of the FRAP experiment. Data
has been observed only in gel phase membranes and has beeiprrespondlng to the mean normalized fluorescence intensity in regions

: : - . —3 of panel a are shown in panel b. The mean fluorescence intensities
attributed to the constraints imposed on displacement of represented in panel b have been normalized to the prebleach intensities

molecules due to the enhanced order in gel phase membraneg, ihe respective region of interest and to the intensity in region 1. The
(see later). We therefore performed FRAP experiments with 25- aimost constant fluorescence intensity in region 2 indicates no
NBD-cholesterol in gel phase DPPC membranes. The FRAP significant photobleaching in the field due to repeated imaging in spite
approach involves generating a concentration gradient of of the relatively slow diffusion in gel phase membranes. The scale bar
fluorescent molecules by irreversibly photobleaching a fraction "ePresents am. See the Experimental Section for other details.

of fluorophores in the observation region. The dissipation of

this gradient with time owing to diffusion of fluorophores into § 1 EEsay
the bleached region from the neighboring unbleached regions i i I
in the membrane is an indicator of the mobility of fluorophores o 08 r :
in the membrane. We chose to use multilamellar vesicles for §E o6 L1
FRAP measurements due to their large size which allows their ﬁ% Tl I
visualization in a microscopic field and the relative ease with 2% o4 | :
which they can be prepared from a variety of lipfds2 The N - |
large size of the vesicles is also useful in restricting their g o2
movement during experiments involving time-lapse imaging. EZ§ 0 i l,.".mmm!ﬁﬂ‘!fﬂ

To obtain a comprehensive understanding of the organization
and dynamics of cholesterol at low concentrations, we first -10 0 10 20 30 40 50 60 70 80
analyzed the lateral diffusion behavior of phospholipids in gel NORMALIZED TIME (sec)
phase DPPC membranes using NBD-PE with di16:0 fatty acyl Figure 4. FRAP recovery kinetics of NBD-PE in DPPC multilamellar
chains (Figure 1a). The fluorescence emission spectrum of NBD- Vesicles. The excitation wavelength was 488 nm, and fluorescence
PE in such vesicles (Figure 2) appears smooth and homogeneou%rgﬁz'i‘t"igs""gfecgr'%ﬁid;rtog‘ mSeOE tg Sfﬁe”rgélljh?i:géma?gzﬁ‘grﬁ’”rﬁgﬁacr‘
Wlth.a peak centered at 532 nm, .m agreement with the regression fits to the experimental data using eq 1. The data represent
previously reported valu€ These vesicles appear large and meanst standard deviations of several independent experiments (on
uniformly fluorescent when observed under the confocal different vesicles) performed the same day. See the Experimental
microscope (see Figure 3a). Figure 3 shows a representativeSection and Table 1 for other details.
FRAP experiment performed on such vesicles. The scanning
parameters for all FRAP experiments were optimized to ensurefitting analysis of NBD-PE fluorescence recovery kinetics after
no significant fluorescence photobleaching due to repeatedbleach (Figure 4) provides a diffusion coefficient ®2.4 x
imaging. This is indicated by the relatively constant mean 10710 cn? s~1 with a very low mobile fraction{15%) in gel
fluorescence intensity in region 2 of the vesicle for the entire phase membranes (see Table 1). The low mobile fraction of
duration of the experiment (see Figure 3b). Nonlinear curve NBD-PE is apparent from the reduced fluorescence recovery



Membrane Dynamics of NBD-Labeled Lipids J. Phys. Chem. B, Vol. 111, No. 8, 2007979

TABLE 1: Diffusion Parameters of NBD-Labeled Lipids in Gel Phase DPPC Membrane3

fluorescent probe emission wavelerfgthm) diffusion coeff (10~ cn? s7%) mobile fract (%) N
NBD-PE 505-558 24+ 0.3 15+1 15
25-NBD-cholesterol 505558 3.8+ 0.4 88+2 36

505-526 4.9+ 0.3 89+ 2 36
537-558 3.7+ 0.2 74+ 2 36

a Diffusion parameters were obtained from FRAP experiments 4C281 DPPC multilamellar vesicles that contained either 25-NBD-cholesterol
or NBD-PE each at 1 mol % concentration as described in Materials and MettRelsresents the range of wavelength in the fluorescence emission
spectrum between which intensity was collected for FRAP experimebiffusion coefficients were obtained from FRAP experiments carried out
as described in Materials and Methods. The data represent estamdard errors dfl independent experimentéThe data represent meatis
standard errors dfl independent experimentsThese values are different Bt< 0.05.f These values are different Bt< 0.01.

into the bleached region (region 1 in Figure 3) even after a 100
postbleach duration of2 min.

Earlier reports on diffusion of fluorescent lipid probes
monitored using FRAP in well-annealed gel phase multibilayers
and supported membranes have suggested that the fluorescence
recovery in such membranes is contributed by at least two
populations of probes exhibiting different diffusion
characteristic?34738 The slow 1071 cn? s™1) component
is believed to represent probe diffusion in the bulk of gel phase
membrane whereas the relatively fast10—1° cn? s™1) com-
ponent could represent probe diffusion in sub-microscopic linear
defects formed at the interstices of relatively homogeneous gel
phase regions of the membrane. Such defects are believed to 0 e | B,
be intrinsic to the gel phase membrane organization and not 500 520 540 560 580
experimentally induced artifact834-37 In addition, such orga- EMISSION WAVELENGTH (nm)
nization in gel phase membranes has been observed in freezegigure 5. Fluorescence emission spectrum of 25-NBD-cholesterol in
fracture micrograpi8 and inferred from small-angle neutron  multilamellar vesicles of DPPC in the gel phase. The concentration of
scattering® and fluorescence energy trandteaxperiments. The DPPC was 30Q:M in all cases, whereas the concentrations of 25-
regions of defects are characterized by greater disorder andNBD-cholesterol in the samples were 0.3 (0.1 mol %, ---), 1.5 (0.5

enhanced molecular diffusion raf®$5411n the present case, Ml %. = — =), and 3 (1 mol %) M. The excitation wavelength

. ; . - 10 1 was 488 nm. The spectra are intensity-normalized at the respective
the estimated diffusion coefficient 0f2.4 x 10°*% cn? s emission maxima. The shaded portions of the spectra represent the two

could represent mobility of NBD-PE molecules in such defects \yavelength ranges (56526 and 53%558 nm) from which fluores-
in the gel phase membrane. Interestingly, the fraction of cence emission of 25-NBD-cholesterol was acquired for FRAP experi-
molecules exhibiting such mobility is rather low~15%). ments as described in Figure 7. See the Experimental Section for other
Although a correlation between the mobile fraction and the details.
actual concentration of a fluorescent probe in different environ-
ments (e.g., in the bulk gel phase and in defects) would be concomitant spectral heterogeneity of 25-NBD-cholesterol to
strictly valid only if it exhibits similar fluorescence intensities the formation of transbilayer tail-to-tail dimers of 25-NBD-
(quantum yields) in such environments, a possible reason for cholesterol in the membrate’ (see Figure 1b and later). The
such a low mobile fraction could be the low abundance of NBD- spectral features obtained with 1 mol % 25-NBD-cholesterol
PE in defect regions and preferential partitioning into the bulk therefore correspond to the presence of both monomers and
of the gel phase membrane. Due to the slow diffusion rates dimers of 25-NBD-cholesterol. Similar to the experiments
(=107 cn? s71) of molecules in the bulk of the gel phase performed with NBD-PE, diffusion characteristics of 25-NBD-
membrane, NBD-PE present in these regions of the membranecholesterol in gel phase DPPC membranes was monitored by
would appear immobile in the time scale of the present FRAP FRAP experiments on multilamellar vesicles containing 1 mol
experiments. Further, masking of the possible presence of NBD-% 25-NBD-cholesterol with the fluorescence emission acquired
PE molecules in the defect regions due to self-quenching (andacross the entire spectrum of 25-NBD-cholesterol (5658
therefore an underestimation of its mobile fraction) can be ruled nm). This would provide a diffusion coefficient of 25-NBD-
out since one would then have seen an abrupt increase in itscholesterol that would reflect mobility of both monomers and
fluorescence immediately following photobleaching in FRAP transbilayer dimers of 25-NBD-cholesterol averaged over their
experiments, which is not the case (see Figure 3). respective quantum yields (fluorescence). As shown in Figure
Similar experiments performed with 25-NBD-cholesterol in  6a, multilamellar vesicles containing 25-NBD-cholesterol appear
gel phase DPPC membranes showed a markedly different resultlarge and uniformly fluorescent when observed under the
As shown in Figure 5, the fluorescence emission spectrum of confocal microscope. In this case also, the scanning parameters
25-NBD-cholesterol in multilamellar vesicles appears smooth were optimized to ensure no appreciable fluorescence photo-
when the 25-NBD-cholesterol concentration is extremely low bleaching during the measurement (see Figure 6b). Interestingly,
(0.1 mol %) with the maximum of fluorescence emission nonlinear curve fitting analysis of fluorescence recovery kinetics
centered at 522 nm, as reported eadfeAn increase in the after bleach (Figure 7a) shows that 25-NBD-cholesterol displays
concentration of 25-NBD-cholesterol from 0.1 to 1 mol % leads markedly different diffusion characteristics compared to NBD-
to broadening of the fluorescence spectra with the gradual PE in gel phase DPPC membranes. Thus, 25-NBD-cholesterol
buildup of a new population which displays an emission peak displays a significantly1.6 fold) higher mobility than NBD-
at 544 nm (Figure 5). We have previously attributed the PE with a diffusion coefficient 0f~3.8 x 10719 cm? s71 (see
concentration-dependent shift in fluorescence emission and theTable 1). More importantly, 25-NBD-cholesterol exhibits a
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(Arbitrary Units)

FLUORESCENCE INTENSITY




1980 J. Phys. Chem. B, Vol. 111, No. 8, 2007 Pucadyil et al.

(a) PRE-BLEACH BLEACH POST-BLEACH w m
&) 1 [Exxey (a)
P
o I I
175} 08 |
L
Br .0 !
5% 06 |
= |
=
BZ 04 |
N L
3 |
g o2r |
(b) 5 r
'-LUJ 1 uooopo.om.---.#.-o‘?ﬁ%ﬂ.& = 0r, L L L L L L L L
= '
i r . o 10 0 10 20 30 40 50 60 70
08 ! 0,0-000
0] ' oo
i I ,. ooﬂ"woo REGION 1 NORMALIZED TIME (sec)
SE o6 | 3 o®
22 L o° W4 BBigg (b)
8 od [ & I
gz | S 08l |
5 o r '
02 F o >
< oOF
= | REGION 3 S% 06 F |
% 0 [FUDDQ:IUUDDEWDDUUHDGWDUDUDUW iz [ |
Ll
= I I I I I I I BE 04 :
0 20 40 60 80 100 120 140 160 g r |
TIME (sec) = 02 =
Figure 6. Representative FRAP experiment performed on a DPPC Q oF, &
multilamellar vesicle containing 25-NBD-cholesterol. Panel a represents
confocal sections of a DPPC multilamellar vesicle containing 25-NBD- -10 0 10 20 30 40 50 60 70 80
cholesterol at 1 mol % concentration. The excitation wavelength was NORMALIZED TIME (sec)

488 nm, and fluorescence emission was collected from 505 to 558 nm. Figure 7. FRAP recovery kinetics of 1 mol % 25-NBD-cholesterol in

Fluorescence images of the same vesicle were acquired before bleacthppc myltilamellar veisicles. Panel a shows the fluorescence recovery
(prebleach), immediately after bleach (bleach), and after recovery of ¢ 25 NBD-cholesterol with fluorescence emission collected from 505
fluorescence (postbleach). The circular region 1 represents the bleacheq, 558 nm. Panel b shows the wavelength-selective FRAP of 25-NBD-
spot, region 2 reports fluorescence intensity outside the bleached spotelesterol in DPPC multilamellar vesicles where fluorescence emission
but within the vesicle, and region 3 reports background fluorescence a5 collected from 505 to 5260] and 537-558 @) nm. The
intensity. _Panel b represents _fluc_)rescen_ce intensity in the regions normalized prebleach intensities are shown at time 0. The solid
indicated in panel_aoverthe entire time pe_rlod of the FRAP experiment. jines are nonlinear regression fits to the data using eq 1. The data
Data corresponding to the mean normahzed_ﬂuorescence intensity in represent means standard deviations of several independent experi-
regions -3 of panel a are represented in panel b. The mean ments (on different vesicles) performed on the same day. See the

fluorescence intensities represented in panel b have been normalizedzyperimental Section, Figure 5, and Table 1 for other details.
to the prebleach intensities in the respective region of interest and to ' '

tzh?a Lntertnsityin region_lblThehcc;nEtlant ﬂ!mfe.sctﬁ”cf? ilgtgnsittyin regi?” ' measurements, the same molecules displayed size-dependent
Indicates no apprecianlie otobleacning In the 1ie ue 10 repeate .
imaging. The scglrt)a bar repr%sent;srﬁ. Seegthe Experimental Sec?ion ”?Ob"'“es |r} .gel phase membran€sin the present case, the
for other details. higher mobility of 25-NBD-cholesterol compared to NBD-PE
could therefore be due to the smaller molecular size of
significantly higher mobile fractionr¢88%) than that of NBD- cholesterol compared to that of phospholipid (see later). It must
PE (~15%). On the basis of the model of anomalous diffusion be mentioned here that mobility of a headgroup-labeled
behavior of molecules in gel phase membranes (see above), ifluorescent cholesterol analogue has previously been reported
is possible that 25-NBD-cholesterol preferentially partitions into to be higher than a fluorescent phospholipid analogue only in
the region of defects in gel phase DPPC membranes therebygel phase membranés.
contributing to a relatively high mobile fraction. The concentration-dependent shift in fluorescence emission
The lateral mobility of molecules that are of dimensions spectra of 25-NBD-cholesterol in gel phase DPPC vesicles has
similar to those of lipids has been described by the free areabeen reported earliéf:1” Experiments carried out with unila-
theory3043.44The free area theoretical framework is a semiem- mellar DPPC vesicles in the gel phase showed that, at very low
pirical approach based on statistical mechanical considerationsconcentrations (0.1 mol %), the fluorescence emission spectrum
of density fluctuations in the lipid bilayer. According to this of 25-NBD-cholesterol is homogeneous with the maximum of
theory, transient voids that are created in the lipid bilayer by fluorescence emission at 522 nm, which corresponds to the
such density fluctuations are filled by the movement of spectral feature of the 25-NBD-cholesterol monomers in the
neighboring lipid molecules into the void. This results in a type membrane. With an increase in concentration, the emission
of diffusion that is independent of the hydrophobic thickness spectrum of 25-NBD-cholesterol becomes broad with the
of the membrane and the cross-sectional area of the hydrophobi@appearance of a new emission maximum-&41 nm. We have
region of the diffusing molecule. However, the free area theory earlier proposed concentration-dependent transbilayer organiza-
appears to be valid only for diffusion of small molecules in tion of dimers of 25-NBD-cholesterol molecules which alters
membranes that exist in the fluid phase. In the gel phase, the emission properties of the NBD group thereby resulting in
however, it has been observed that small molecules do tend tothe appearance of the emission maximum-&41l nm. It is
display size-dependent lateral mobility. This has been attributed important to mention here that the absorption spectrum of 25-
to the enhanced order in gel phase membranes that impose®NBD-cholesterol also exhibits such concentration-dependent
constraints on displacement of molecue&or instance, while characteristics indicating that the organization of 25-NBD-
the lateral mobilities of NBD-labeled alcohols of varying sizes cholesterol as a transbilayer assembly is not an excited-state
were found to be similar in fluid phase membranes in FRAP phenomenon of the NBD group but reflects ground-state
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heterogeneity of the cholesterol analodfidnterestingly, we
have recently shown that the microenvironment around the NBD — T
group in the dimer arrangement is more rigid and constrained & os |
than that of the monomer as evidenced by red edge excitation AN
shift studiest® This microenvironmental restriction in the dimer %‘? 06
could be generated due to the definite spatial orientation of the o5  fast NBD-cholesterol
two NBD groups in the dimer arrangement resulting in steric zy 04 { Siow NBD-cholesterol
constraints. BX g5 I < NBD-PE
The concentration-dependent spectral features of 25-NBD- L'-é': °
cholesterol (shift in fluorescence emission maximum toward °r, . . . . . .

longer wavelengths) is reproduced in multilamellar vesicles of
. ) L 400 600 800 1000 1200 1400 1600
DPPC (Figure 5). If 25-NBD-cholesterol indeed exhibits such
an organization in gel phase DPPC membranes, the transbilayer OF D'\IAI&LLIIESCIEI(-BAERVC\)IEIEG(:TmoIﬂ
assembly would be larger in size compared to monomers andFigure 8. Dependence of the diffusion coefficient of the probe on its

W.OU|d be expected tp dlsplay dlffere_nt diffusion propertles._The size in gel phase membranes. The figure shows diffusion coefficients
differences in the diffusion properties of the two populations of 5 series of probes in gel phase membranes plotted against their
of 25-NBD-cholesterol could be analyzed by FRAP experiments respective molecular weights. Diffusion coefficients of the probes (open
performed either by varying the concentration of 25-NBD- circles) are from Balcom and Petersen (1983)ata (open circles) on
cholesterol in the membrane or by photoselecting these popu|a_diffusic_>n coefficients _of probes and their respectiye molecular w_eights
tions at a fixed concentration of 25-NBD-cholesterol. We chose Were fit to the equationy = ae™™ + ¢, and the fit results provide

. . . estimates for the constarts= 5.0359,b = 0.0038, andt = 0.0592.
to adopt the latter strategy since (i) wavelength-selective FRAP These estimates and the experimentally obtained diffusion coefficients

experiments would represent a convenient method to photoselecht NBD-PE and the fast- and slow-diffusing populations of 25-NBD-
the two populations of 25-NBD-cholesterol that exist in equi- cholesterol were plugged in the above equation (closed circles) to obtain
librium, (ii) such experiments would involve monitoring dif- empirical estimates of their respective molecular weights. See text for
fusion properties of 25-NBD-cholesterol present at a given other details.

concentration thereby avoiding any possible complications
(heterogeneity) arising due to changes in physical properties of
the membranes upon addition of increasing concentrations of
25-NBD-cholesterol, and (iii) it has been difficult to perform
concentration-dependent FRAP experiments at low concentra-

. O - - 1 -
tions (<1 mol %) of 25-NBD-cholesterol due to the low signal range of 505558 nm is closer to that obtained when the

to-noise ratio. . . . emission was collected from 537 to 558 nm. Nevertheless, our
Wavelength-selective FRAP experiments were carried out yesyits show that mobility of 25-NBD-cholesterol is higher
under conditions similar to those described earlier (see Figure compared to that of NBD-PE irrespective of the wavelength
6) but with the fluorescence emission collected from a wave- range at which emission of 25-NBD-cholesterol is acquired (see
length range of 505526 and 537558 nm simultaneously to  Taple 1). As a control, we performed a similar wavelength-
photoselect 25-NBD-cholesterol molecules. These wavelengthselective FRAP experiment on NBD-PE to determine if diffusion
ranges are shown as shaded portions in the emission spectra gharameters obtained from such measurements are generally
25-NBD-cholesterol in Figure 5. Nonlinear curve fits of the affected by the wavelength at which fluorescence emission is
fluorescence recovery kinetics from such experiments are showncollected. The diffusion parameters of NBD-PE obtained when
in Figure 7b, and the diffusion parameters obtained from such flyorescence emission is collected from a wavelength range
fits are shown in Table 1. Such analysis indicates that the two 505-526 nm P = (2.6 + 0.1) x 10 °°cn?s tandR= 19+
populations indeed display significantly different diffusion 196) are not significantly different from those obtained at a
properties. The population emitting at a shorter wavelength rangewavelength range 537558 nm O = (2.5+ 1.1) x 10710 cn?
(505-526) displays a~1.3-fold higher mobility than that  s1andR = 17 & 1%). These results suggest that diffusion
emitting at a longer wavelength range (5358) (see Table  parameters of NBD-cholesterol obtained from wavelength-
1). In addition, both populations display a higher mobile fraction selective FRAP measurements do not reflect an intrinsic
than that of NBD-PE possibly indicating that they both dependence of diffusion parameters on the range of wavelengths
preferentially localize in defect regions in gel phase DPPC ysed to collect fluorescence emission but indicate the presence
membranes. Moreover, these results indicate that fluorescencef distinct populations of NBD-cholesterol with different
recovery kinetics of 25-NBD-cholesterol obtained from FRAP mobilities.
experiments where the fluorescence from the entire emission If the mobility of molecules in gel phase membranes is
spectrum of 25-NBD-cholesterol (56558 nm) was considered  dependent on the size of the molecule, as has been earlier
(Figure 7a) must reflect mobility of at least two populations of observed for NBD-labeled alcohol$such data could set up
25-NBD-cholesterol averaged over their respective quantum an empirical scale for determining the effective molecular size
yields (fluorescence). It should be kept in mind that the diffusion of the two populations of 25-NBD-cholesterol. We used the data
coefficient of 25-NBD-cholesterol estimated from FRAP mea- reported by Balcom and Petersen (1998) generate a plot of
surements where fluorescence from the entire emission spectrumhe diffusion coefficients of probes vs their respective molecular
(505-558 nm) was collected (see Table 1) would depend on weights (see Figure 8). Interestingly, such a plot appears to
the relative mobility and fluorescence quantum yield of these follow an exponential form such that the difference between
two populations. In general, fluorescence recovery kinetics diffusion coefficients of probes is pronounced in the low
would predominantly reflect diffusion of the faster moving molecular weight range. As shown in Figure 8, data on the
population and the population having higher quantum vyield diffusion coefficients of probes vs their molecular weights could
(fluorescence). The situation is somewhat complicated here sincebe fitted well {2 = 0.98) to an exponential decay function with

the faster moving population (predominantly monomers of 25-
NBD-cholesterol) is characterized by lower intrinsic fluores-
cence (see Figure 5). This could explain our observation that
the estimated diffusion parameters of 25-NBD-cholesterol
obtained when fluorescence was collected from the wavelength
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an offset (see Figure 8 and the accompanying legend). To (a)
analyze the validity of such an approach to predict the molecular
weight of the diffusing probe from its diffusion coefficient, we
derived the molecular weight of NBD-PE by utilizing its
experimentally obtained diffusion coefficient (Table 1). Impor-
tantly, the molecular weight of NBD-PE derived from such
analysis is 876 g mol, which is in excellent agreement with

its actual molecular weight of 872.1 g mél The close
similarity between the derived and actual molecular weights of (b)
NBD-PE ensures that this approach is valid for estimating the
molecular weights of the fast- and slow-diffusing populations

of 25-NBD-cholesterol from the experimentally obtained dif-
fusion coefficients at two emission wavelengths (5826 and
537-558 nm). Such analysis indicates that the fast-diffusing
population of 25-NBD-cholesterol has an effective molecular

weight of 647 g mol* whereas the slow-diffusing population Figure 9. Schematic representation depicting the distribution of NBD
has an effective molgcular weight of 733 g mblwhlle the PE and 25-NBD-cholesterol in gel phase DPPC membranes. Panel a
ac“{"’l‘l molecular weight of 25-NBD-ch0Iest.er0I. is 564.7 g shows a two-dimensional representation of a gel phase bilayer composed
mol™. These estimates suggest that the fast-diffusing populationof bPPC molecules. Panel b is a three-dimensional representation of
could comprise of 25-NBD-cholesterol that predominantly exist the same membrane. The DPPC molecules predominantly adopt a tilted
as monomers, whereas the slow-diffusing population could have orientation with respect to the plane of the bilayer and have their fatty
a significant proportion of dimers of 25-NBD-cholesterol. acyl chains arranged parallel to each other. Such regions (shown in
ltisi tant t tion here that the tw lenath blue) represent well-packed membrane regions which are characterized
IS Important (o mention here 'a . e two wavelengtn ranges by high degree of order and low lateral mobility. The boundary between
used to collect fluorescence emission of 25-NBD-cholesterol 1o well-packed membranes formed of DPPC molecules arranged in
(Figure 5) are not mutually exclusive; i.e., the separation of opposite orientation could represent regions that display packing defects
two diffusing populations of 25-NBD-cholesterol on the basis (shown in yellow). Such regions possess relatively fluidlike charac-
of these two wavelength ranges is not complete. This is due to teristics with lower degree of order and high lateral mobility. The
the fact that fluorescence spectra in solutions (more so in rerglzrsktzf’g’ ig'ﬁ:urcerr]‘tm”:r’ﬁt')'far{:‘SCt('ggz ?;b’I\LBE)‘PSEungt zpsrél;lggr;tial
microheterogeneous dispersions such as membranes) are a.lwa)glartitioning of NBD-PE into the blue ordered regions and 25-NBD-
broad and any assignment of an emission maximum to a givencpojesterol into the yellow disordered regions in the membrane. On
excited-state species could at best be approximate. The kineticshe basis of the heterogeneity in the fluorescence emission spectra in
of fluorescence recovery of 25-NBD-cholesterol may not gel phase DPPC membranes, 25-NBD-cholesterol has been proposed
therefore exclusively reflect the mobility of these two popula- to exhibit transbilayer tail-to-tail dimers that coexist with monori&ts
tions of 25-NBD-cholesterol (monomers and dimers) when (see Figure 1b). Our present results from wavelength-selective FRAP
fluorescence emission is acquired using these two wavelengtheXpe”mems (see Table 1) suggest the presence of at least two

. - . ; populations of 25-NBD-cholesterol that exhibit significantly different
ranges. Itis therefore possible that the derived molecular weights g sion properties and could correspond to predominant populations

of the fast- and slow-diffusing populations of 25-NBD-  of monomers and dimers of 25-NBD-cholesterol. See text for further
cholesterol may not exactly correspond to those of a monomer details.

and dimer of 25-NBD-cholesterol but represent informative ) ) )
estimates. at least two environments that display markedly different

dynamics. The matching lengths of the fatty acyl chains of NBD-
PE and that of the host membrane would favor partitioning of
NBD-PE into the well-packed and homogeneous gel phase
In this paper, we have utilized FRAP to address the spatial membrane regions (shown in blue) that display reduced lateral
organization and dynamics of 25-NBD-cholesterol in the mobility. When monitored for a limited duration of time, such
membrane at low concentrations. Our results on the diffusion reduced mobility would manifest in a reduced mobile fraction
properties of 25-NBD-cholesterol and NBD-PE can be rational- in FRAP experiments, similar to what is observed in the present
ized on the basis of a model that depicts the distribution of these case (see Table 1). On the contrary, due to the structural
two fluorescent analogues in gel phase membranes. Figure 9alifferences between the cholesterol analogue and DPPC, most
shows a two-dimensional representation of a gel phase bilayerof 25-NBD-cholesterol would be expected to partition into the
composed of DPPC molecules which adopt a tilted orientation defect regions of the membrane resulting in a higher mobile
with respect to the plane of the bilayer and where the fatty acyl fraction in FRAP experiments. Spectroscopic measurements
chains are parallel to each other, as has been inferred from X-rayhave earlier shown that 25-NBD-cholesterol molecules could
diffraction studies’® The same bilayer is represented as a three- exist as transhilayer tail-to-tail dimers (shown in Figures 1b and
dimensional membrane in Figure 9b. Membranes composed 0f9) that display fluorescence emission characteristics distinct from
DPPC molecules oriented in this manner represent well-packedthose of 25-NBD-cholesterol monoméfs.’1%We propose that
membrane regions (shown in blue) that are characterized bythe presence of fast- and slow-diffusing populations of 25-NBD-
high degree of order and low lateral mobilityx 1011 cn? cholesterol (see Table 1) could correspond to predominant
s71).30.37.38The boundary between two well-packed membranes populations of monomers and dimers of 25-NBD-cholesterol,
formed of DPPC molecules arranged in opposite orientation respectively (Figure 9). In addition, both these populations
could represent regions that display packing defects (shown indisplay high mobile fractions possibly reflecting their localiza-
yellow). Such regions may possess relatively fluidlike charac- tion in regions of defects in gel phase membrane.
teristics with lower degree of order and high lateral mobility In summary, we report here a novel wavelength-selective
(~1071%cm? s71). The membrane in the gel phase is therefore FRAP approach that distinguishes subpopulations of diffusing
assumed to be intrinsically heterogeneous with the presence offluorescent molecules on the basis of differences in their

Discussion
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fluorescence emission properties. This method can in principle  (10) Glreckhishl?ikova, . V.;hBergstrort?, F.; Johansson, L. B.-A.; Brown,
i ; ; inA ; R. E.; Molotkovsky, J. GBiochim. Biophys. Actd999 142Q 189.

be u'[l'|IZ(=:'[_d in dgfudsmn bgsed fmt?[ra]tsuremenbts to momﬁr thtte (11) Pagano, R. E.. Chen, C. &nn. N.v. Acad. Scl998 845, 152.

organization and dynamics of other membrane constituents 15 chattopadhyay, AChem. Phys. Lipid499Q 53, 1.

labeled with fluorescent probes that exhibit shifted emission  (13) Koval, M.; Pagano, R. El. Cell Biol. 199Q 111, 429.

spectra depending on their aggregation state and microenviron-

(14) Chattopadhyay, A.; London, Biochemistryl%?, 26, 39.
ments in membranes. The cholesterol analogue 25-NBD- A (15) Chattopadhyay, A.; London, Biochim. Biophys. Actag8g 938

' . 4.
cholestergl .dlspla}ys such conc.e'ntrat!on-dependent spec-tral2 (16) Mukherjee, S.; Chattopadhyay, Biochemistry1996 35, 1311.
characteristics which has been utilized in wavelength-selective  (17) Rukmini, R.; Rawat, S. S.; Biswas, S. C.; Chattopadhyay, A.
FRAP experiments in the present case to monitor its organizationBiophys. J2001, 81, 2122.
and dynamics at low concentrations in gel phase membranes., _(18) Kelkar, D. A; Chattopadhyay, Al. Phys. Chem. E2004 108

The ability to detect different diffusing populations using FRAP

(19) Mukherjee, S.; Chattopadhyay, 8hem. Phys. Lipid2005 134,

(which in the present experiments measures diffusion in the time 79.
scale of seconds) further suggests intrinsic heterogeneity of this  (20) Mitra, B.; Hammes, G. GBiochemistry199Q 29, 9879.

analogue in gel phase membranes. The application of the
wavelength-selective FRAP approach to understand the orga-
nization and dynamics of fluorescently labeled membrane
constituents that display concentration- and/or extrinsic cofactor-
dependent alterations in their fluorescence emission propertie
while existing in an intact cellular environment represents an

exciting possibility.
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