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Abstract

Lipids that are labeled with the NBD (7-nitrobenz-2-oxa-1,3-diazol-4-yl) group are widely used as fluorescent analogues of
native lipids in biological and model membranes to monitor a variety of processes. NBD-labeled lipids have previously been
used to monitor the organization and dynamics of molecular assemblies such as membranes, micelles and reverse micelles
utilizing the wavelength-selective fluorescence approach. In this paper, we have characterized the organization and dynamics of
various NBD-labeled lipids using red edge excitation shift (REES) and other fluorescence approaches which include analysis
of membrane penetration depths of the NBD group using the parallax method. We show here that the environment and location
experienced by the NBD group of the NBD-labeled lipids could depend on the ionization state of the lipid. This could have
potentially important implications in future studies involving NBD-labeled lipids as tracers in a cellular context.
© 2003 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction of membranes is the 7-nitrobenz-2-oxa-1,3-diazol-4-yl
(NBD) group (for a review, seeChattopadhyay,
Lipid probes have proved to be very useful in 1990. NBD-labeled lipids are extensively used as
membrane biology due to their ability to monitor fluorescent analogues of native lipids in biological
lipid molecules by a variety of physicochemical and model membranes to study a variety of processes
approaches at increasing spatiotemporal resolution (Chattopadhyay, 1990; Mazeres et al., 1996; Rukmini
(Chattopadhyay, 2002 Fluorescent lipids offer a et al., 200). The NBD moiety possesses some of
powerful approach for monitoring organization and the most desirable properties to serve as an excel-
dynamics in membranes due to their high sensitivity, lent probe for both spectroscopic and microscopic
suitable time resolution, and multiplicity of measur- applications Chattopadhyay et al., 20p2
able parameters. A widely used extrinsic fluorophore  We have earlier used NBD-labeled lipids as effi-
in biophysical, biochemical, and cell biological studies cient probes to explore the organization and dynamics
of molecular assemblies such as membranes, mi-
"+ Corresponding author. Tekt91-40-2719-2578: ceIIes.and reverse micelles utilizing the wavelength-
fax: +91-40-2716-0311. selective fluorescence approadbhéttopadhyay and
E-mail addressamit@ccmb.res.in (A. Chattopadhyay). Mukherjee, 1993, 1999; Rawat et al.,, 1997;
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Chattopadhyay et al., 20D2A major reason for it an ideal probe for monitoring red edge effects. Fur-
choosing NBD-labeled lipids for such studies is thermore, previous electrophoretic measurements have
the environmental sensitivity of NBD fluorescence. shown that the NBD group in NBD-PE is uncharged
Wavelength-selective fluorescence comprises a setat neutral pH in the membran€ljattopadhyay and
of approaches based on the red edge effect in fluo- London, 1988. This would ensure that the NBD group
rescence spectroscopy which can be used to directlydoes not project into the external aqueous phase. This
monitor the environment and dynamics around a flu- is advantageous since the ability of a fluorophore to
orophore in a complex biological systemdikherjee exhibit red edge effects could very well be dependent
and Chattopadhyay, 1995; Chattopadhyay, 2003; on its precise location in the membrane (see later).
Raghuraman et al., 20R3A shift in the wavelength of In addition, the change in dipole moment of the
maximum fluorescence emission toward higher wave- NBD group upon excitation, a necessary condition
lengths, caused by a shift in the excitation wavelength for a fluorophore to exhibit REES, has been found
toward the red edge of absorption band, is termed to be ~4D (Mukherjee et al., 1994 This makes
red edge excitation shift (REESPémchenko, 2002;  NBD-labeled probes suitable for monitoring REES in
Mukherjee and Chattopadhyay, 1995; Chattopadhyay, chosen systems. In another study, we reported REES
2003; Raghuraman et al., 2003 his effect is mostly of membrane-bound NBD-cholesterol, in which the
observed with polar fluorophores in motionally re- NBD group is covalently attached to the flexible
stricted environments such as viscous solutions or chain of the cholesterol moleculeCljattopadhyay
condensed phases where the dipolar relaxation timeand Mukherjee, 1999 Lipids that are labeled with
for the solvent shell around a fluorophore is compa- the NBD group both at the headgroup and in the
rable to or longer than its fluorescence lifetime. tail region have recently been used Bgukanova
We have previously shown that REES and re- et al. (2002)to monitor REES in monolayers at the
lated techniques (wavelength-selective fluorescenceair/water interface. In yet another study, REES of
approach) serve as powerful tools to monitor the NBD-labeled peptide fragment of apolipoprotein C-Il
organization and dynamics of probes and peptides bound to membranes has been used to monitor the
bound to membranes, micelles and reverse micellesinsertion of the peptide into the motionally restricted
(Chattopadhyay and Mukherjee, 1993, 1999; Kelkar membrane interfaceMacPhee et al., 1999
et al., in press; Rawat et al., 1997; Chattopadhyay In view of the wide ranging use of NBD-labeled
et al., 2002; Raghuraman and Chattopadhyay, in lipids in membrane biology and the suitability
pres$. In our previous work, we used NBD-PEH(7- of the NBD group in studies utilizing the wave-
nitroberez-2-oxa-1,3diazol-4-yl)-1,2-dipalmitoylsn length-selective fluorescence approach, it would be of
glycero-3-phosphoethanolamine) as a probe to ex- interest to monitor the organization and dynamics of
plore organization and dynamics of membranes various lipids labeled with the NBD group both at the
(Chattopadhyay and Mukherjee, 1993, 199ni- headgroup and the tail region. For this purpose, we
celles Rawat et al., 1997 and reverse micelles used NBD-PE and NBD-PS (1,2-diolecsth-glycero-
(Chattopadhyay et al., 20patilizing the wavelength- 3-phosphoe-serineN-(7-nitrobenz-2-oxa-1,3-diazol-
selective fluorescence approach in general, and REES4-yl)) which are labeled at the headgroup with the
in particular. In NBD-PE, the fluorescent NBD label NBD group. The other lipids used include 6-NBD-PC
is covalently attached to the headgroup of a phos- (1-palmitoy-2-(6-[N-(7-nitroberz-2-oxa-1,3diazol-
phatidylethanolamine molecule. The precise orienta- 4-yl)Jamino] hexanoylsn-glycero-3-phosphocholine),
tion and location of the NBD group of this moleculein  12-NBD-PC  (1-palmitoyl-2-(12§-(7-nitrobenz-2-
the membrane is knowrChattopadhyay and London, oxa-1,3-diazol-4-yl)Jamino]dodecanowj+glycero-3-
1987, 1988; Wolf et al., 1992; Abrams and London, phosphocholine), 6-NBD-SM (64 (7-nitrobenz-2-
1993. The NBD group has been found to be localized oxa-1,3-diazol-4-yl)amino]hexanoyl)sphingosylphos-
at the membrane interface which has unique motional phocholine), and 6-NBD-CM (6-§-(7-nitrobenz-
and dielectric characteristics distinct from both the 2-oxa-1,3-diazol-4-yl)aminolhexanoyl)sphingosine).
bulk aqueous phase and the hydrocarbon-like interior The chemical structures of these lipids used are shown
of the membraneRerochon et al., 1992thus making in Fig. L In this paper, we have characterized the
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Fig. 1. Chemical structures of NBD-labeled lipids used: (a) the NBD group is attached to the polar lipid headgroup, and (b) the NBD
group is attached to then2 fatty acyl chain of the lipid.
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organization and dynamics of various NBD-labeled 320 nmol (640 nmol for time-resolved fluorescence
lipids using REES and other fluorescence approaches.measurements) of DOPC in methanol was mixed
In addition, we have analyzed the depths of penetra- with 3.2nmol (6.4 nmol for time-resolved fluores-
tion of the NBD group in the membrane using the cence measurements) of the specific NBD-labeled
parallax methodChattopadhyay and London, 1987  lipid in methanol. The sample was mixed well and
Our results show that the environment and location of dried under a stream of nitrogen while being warmed

the NBD group in NBD-labeled lipids could depend
on the net charge of the lipid under experimental
conditions.

2. Experimental procedures
2.1. Materials

DOPC  (dioleoylsnglycero-3-phosphocholine),
Tempo-PC (dioleoybnglycero-3-phosphotempocho-
line), 5-PC (1-palmitoyl-2-(5-doxyl)stearogi-gly-
cero-3- phosphocholine), NBD-PS, 6-NBD-PC and
12-NBD-PC were obtained from Avanti Polar Lipids
(Alabaster, AL, USA). NBD-AHA (6-N-(7-nitro-
benz-2-oxa-1,3-diazol-4-yl)aminolhexanoic  acid),
NBD-PE, 6-NBD-CM, 6-NBD-SM, 2-AS (2-(9-
anthroyloxy)stearic acid), and 12-AS (12-(9-anthroy-
loxy)stearic acid) were from Molecular Probes (Eu-
gene, OR, USA). The purity of lipids and concen-
tration of stock solution of DOPC were checked as
described previously Rukmini et al., 200L The
purity of NBD-labeled lipids was checked by thin
layer chromatography in chloroform/methanol/water
(65:25:4, viviv) and were found to be pure when de-
tected by their color or fluorescence. Concentrations
of stock solutions of NBD-labeled lipids in methanol
were estimated using molar extinction coefficients
(Haugland, 19960f 21,000 M1cm~1 for NBD-PE
and 6-NBD PC at 463 and 465 nm, 22,000Mm~1
for 6-NBD-CM and 6-NBD-SM (at 466 nm), NBD-PS
(at 463 nm), and 12-NBD-PC (at 465nm). Solvents

gently (~35°C). After further drying under a high
vacuum for at least 6h, 1.5ml of 10mM sodium
phosphate, 150 mM sodium chloride, pH 7.2 buffer
(or, 10mM sodium acetate, 150 mM sodium chlo-
ride, pH 5.0 buffer) was added, and each sample was
vortexed for three minutes to disperse the lipid and
form homogeneous multilamellar vesicles. LUVs of
diameter of 1000nm were prepared by the extru-
sion technique using an Avestin Liposofast Extruder
(Ottawa, Ontario, Canada) as previously described
(Rukmini et al., 200L Samples were incubated in
dark for 12 h at room temperature-23°C) for equi-
libration before measuring fluorescence. Background
samples were prepared in the same way except that
fluorophore (NBD-labeled lipid) was not added to
them.

2.2.2. Depth measurements using the parallax
method

The actual spin (nitroxide) content of the spin-
labeled phospholipids (Tempo- and 5-PC) was assayed
using fluorescence quenching of anthroyloxy-labeled
fatty acids (2- and 12-AS) as described earlier
(Abrams and London, 1993 For depth measure-
ments, multilamellar vesicles were made by co-drying
160 nmol of total lipid (DOPC) containing 10 mol%
spin-labeled phospholipid (Tempo-and 5-PC) and the
specific NBD-labeled lipid (1 mol%) under a stream
of nitrogen while being warmed gently~35°C)
followed by further drying under high vacuum for
3h. The dried lipid film was hydrated with 1.5 ml of
10 mM sodium phosphate, 150 mM sodium chloride,

used were of spectroscopic grade. Water was purified pH 7.2 buffer (or, 10 mM sodium acetate, 150 mM

through a Millipore (Bedford, MA, USA) Milli-Q
system and used throughout.

2.2. Methods

2.2.1. Sample preparation

All experiments were done using large unilamel-
lar vesicles (LUVs) of 1000 nm diameter of DOPC
containing 1 mol% NBD-labeled lipids. In general,

sodium chloride, pH 5.0 buffer). Duplicate samples
were prepared in each case except for samples lacking
the quencher (Tempo- and 5-PC) for which triplicates
were prepared. Background samples lacking the flu-
orophore (NBD-labeled lipids) were prepared in all
cases, and their fluorescence intensity was subtracted
from the respective sample fluorescence intensity.
Samples were kept in dark for 12 h before measuring
fluorescence.
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2.2.3. Steady state fluorescence measurements Technology International (London, Western Ontario,
Steady state fluorescence measurements were perCanada) LS-100 luminescence spectrophotometer
formed with a Hitachi F-010 spectrofluorometer using in the time-correlated single photon counting mode
1 cm path length quartz cuvettes. Excitation and emis- as described previoushR(kmini et al., 200L The
sion slits with a nominal bandpass of 5 nm were used excitation wavelength used was 337 nm which corre-
for all measurements. Background intensities of sam- sponds to a peak in the spectral output of the nitrogen
ples in which NBD-labeled lipids were omitted were lamp. Emission wavelength was set at 531 nm. All
negligible in most cases and were subtracted from experiments were performed using excitation and
each sample spectrum to cancel out any contribution emission slits with a nominal bandpass of 4 nm or
due to the solvent Raman peak and other scatteringless. Intensity decay curves obtained were fitted as a
artifacts. The spectral shifts obtained with different sum of exponential terms:
sets of samples were identical in most cases. In other
cases, the values were withial nm of the ones re-  F(y) = Zaiexp(—i> (1)
ported. Fluorescence polarization measurements were ; Ti
performed using a Hitachi polarization accessory and ) ) _
polarization values were calculated as described pre-Wherea; is a preexponential factor representing the
viously (Chattopadhyay et al., 20D2All experiments fractional contantlon t.o t_he time-resolved decay of
were done with multiple sets of samples and average the component with a lifetime;. The decay parame-
values of polarization are shown Table 1 ters were recovered as described previouRlykmini
For depth measurements, samples were excited at€t al., 200). Mean (average) lifetimeg) for biexpo-
471 nm and emission was collected at 533 nm. Excita- nential decays of fluorescence were calculated from
tion and emission slits with nominal bandpass of 5nm the decay times and preexponential factors using the
were used. Fluorescence was measured at room temfollowing equation (akowicz, 1999:
perature £3°C) and averaged over two 5-s readings. o172 + apr2
Samples were kept in dark for 30s in the fluorime- (z) = e Bl 2
ter between two readings to avoid any photodamage. @171 + @272
Intensities were found to be stable over time. In all
cases, intensities from background samples without
fluorophore were subtracted. Membrane penetration
depths were calculated usiiig). (4) (seeSection 3.

2.2.5. Measurement of apparent rotational
correlation times

The apparent limiting anisotropy,f, defined as the
anisotropy in a rigid medium at very low temperatures,
of the NBD group was determined by measuring the
anisotropy of NBD-AHA in glycerol in the tempera-
ture range of 15-30C using the excitation and emis-
sion wavelengths of 465 and 531 nm, respectively. The
inverse of the measured anisotropyrjiwas plotted

2.2.4. Time-resolved fluorescence measurements
Fluorescence lifetimes were calculated from time-
resolved fluorescence intensity decays using a Photon

Table 1 versusl/n (the ratio of temperature and viscosity), and
Fluorescence polarization of NBD-labeled ligtds the data were fitted by linear regression. According
NBD-labeled lipid Fluorescence polarization ~ t0 the modified Perrin equatiohgkowicz, 1999, the
T 0117+ 0.003 value of the mtercept on the ordlnas'ea(.x.ls) gives the
6-NBD-PC 0.157+ 0.002 value of the inverse of apparent limiting anisotropy
12-NBD-PC 0.174+ 0.002 (1/r,). These measurements gave an apparent limiting
6-NBD-CM 0.158+ 0.003 anisotropy of 0.354 for the NBD group of NBD-AHA.
6-NBD-SM 0.160+ 0.003 The apparent rotational correlation timesr¢)(
NBD-PS 0.162 0.003 were calculated using Perrin’s equatidrakowicz,
NBD-PS (pH 5.0) 0.17H 0.004 1999:

2 The excitation wavelength was 465nm; emission was mon-
itored at 531 nm. All experiments were done at pH 7.2 unless _ (r)r (3)
mentioned otherwise. Seection 2for other details. Te = Fo—F
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Fig. 2. Effect of changing excitation wavelength on the wave-
length of maximum emission for NBD-labeled lipids in DOPC
large unilamellar vesicles at (a) pH 7.2 and (b) pH 5.0. The plots
correspond to NBD-PE (O), 6-NBD-PO8), 12-NBD-PC (),
6-NBD-SM (M), 6-NBD-CM (A) and NBD-PS #). The concen-
tration of DOPC was 0.21 mM and fluorophore to lipid ratio was
1:100 (mol/mol). SeeSection 2for other details.

wherer, is the apparent limiting anisotropy,is the
steady state anisotropy (derived from the polarization
values using = 2P/(3 — P)), and(r) is the mean
fluorescence lifetime as calculated frdfqg. (2)

3. Results and discussion

Fig. 2(a)shows that upon excitation at 465 nm, the
fluorescence emission maxifaf NBD-labeled lipids

1 We have used the term maximum of fluorescence emission in
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are found to be between 532 and 535 nmat pH 7.2. The
position of these emission maxima indicates that the
NBD moiety in these lipids is localized at the mem-
brane interface regionChattopadhyay and London,
1987, 1988 also see later). Among the three major
regions in the membrane, the interfacial region is char-
acterized by unique motional and dielectric character-
istics Epand and Kraayenhof, 19p8ifferent from the
bulk aqueous phase (experienced by charged aqueous
probes such as ANS and TNS) and the more isotropic
hydrocarbon-like deeper regions of the membrane.
This specific region of the membrane exhibits slow
rates of solvent relaxation and is also known to par-
ticipate in intermolecular charge interactions and hy-
drogen bonding through the polar headgroBpdgs,
1987. These structural features which slow down
the rate of solvent reorientation have previously been
recognized as typical features of environments giving
rise to significant red edge effects. It is therefore the
membrane interface which is most likely to display red
edge effects and is sensitive to wavelength-selective
fluorescence measuremen@hgttopadhyay, 2003

As mentioned above, we have previously shown
that NBD-PE exhibits REES in membranesh@tto-
padhyay and Mukherjee, 1993, 199%his is also seen
in Fig. 2which shows the shift in the maxima of fluo-
rescence emission of NBD-labeled lipids as a function
of excitation wavelength in DOPC vesicles. The emis-
sion maximum of NBD-PE in DOPC vesicles shifts
from 532 to 542 nm, as the excitation wavelength is
changed from 465 to 520 nm. This amounts to a REES
of 10 nm. Interestinglyfrigs. 2 and 3how that all the
other NBD-lipids display REES of comparable magni-
tude when incorporated in DOPC vesicles. Thus, as the
excitation wavelength is changed from 465 to 520 nm,
the emission maxima are shifted from 534 to 540 nm
for 6-NBD-PC, from 535 to 539 nm for 12-NBD-PC,
from 533 to 540 nm for 6-NBD-SM and 6-NBD-CM.
The largest shift is obtained with NBD-PS at pH 7.2.
The emission maximum of NBD-PS shows a shift
from 532nm (when excited at 465nm), to 552 nm
(when excited at 520 nm). This corresponds to a REES
of 20 nm, highest observed among all the NBD-labeled
lipids.

a somewhat wider sense here. In every case, we have monitoredmost cases, both these methods yielded the same wavelength. In

the wavelength corresponding to maximum fluorescence intensity,

cases where minor discrepancies were found, the center of mass

as well as the center of mass of the fluorescence emission. In of emission has been reported as the fluorescence maximum.
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Fig. 3. A comprehensive representation of the magnitude of red edge excitation shift (REES) obtained with NBD-labeled lipids in DOPC

large unilamellar vesicles at pH 7.2 (white bar), and pH 5.0 (shaded bar). All other conditions afé@<irSeeSection 2for other details.

It is noteworthy that the net charge of membrane- of oriented water molecules characterized by optimal

bound NBD-PS at pH 7.2 is-2 (electrophoretic mo-
bility measurements have earlier shown that the NBD
group itself is uncharged at this pkijattopadhyay
and London, 1988. All the other NBD-labeled lipids,
on the other hand, are zwitterionic under the exper-
imental conditions except NBD-PE which has a net
charge of—1 (seeFig. 1). The greater sensitivity of

time scale for REES to be displayellkherjee and
Chattopadhyay, 1995; Raghuraman et al., 2003s
worth noting here that REES of other NBD-labeled
lipids show no significant change at pH 5. This rein-
forces our earlier proposal that it is the change in net
charge of NBD-PS that brings about a corresponding
change in REES upon lowering pH of the medium.

NBD-PS to REES could be related to its charge since The steady state fluorescence polarization of
a charged interface can promote the formation of a NBD-labeled lipids in DOPC vesicles is shown in
stable hydration shell of oriented water molecules Table 1 The polarization values indicate that the NBD
(Kraayenhof et al., 1996characterized by a time groups of the lipids experience motional restriction
scale that would be sensitive to REES measurementswhen bound to DOPC vesicles. The polarization value
(also see later). of NBD-PE (0.117) is in agreement with previously
If the enhanced REES observed with NBD-PS reported value@hattopadhyay and Mukherjee, 1993
is related to its charge, altering the charge should, It is interesting to note that the other NBD-labeled
in principle, change its REES. Since th&yp of lipids show higher polarization values than NBD-PE.
membrane-bound carboxylic acids 187 (Abrams It has previously been shown that the NBD group of
et al., 1992, at pH 5 the charged carboxyl group of the tail-labeled 6- and 12-NBD-PC loops up to the
NBD-PS Fig. 1) should be in its protonated form membrane interface due to its polari§t(attopadhyay
which will reduce the net charge tel. We therefore and London, 1987, 1988; Huster et al., 2001, 2003
tested this out by performing the REES measurements This will reduce the local segmental flexibility of the
at pH 5 (seeFigs. 2b and B The emission maxi-  NBD group in these lipids which could make it more
mum of NBD-PS remains invariant (at 532 nm when constrained resulting in higher polarization. For lipids
excited at 465 nm) when the pH is changed to 5. Inter- where the NBD group is attached to the tail of the
estingly, as the excitation wavelength is changed from fatty acyl region (6-NBD-CM and 6-NBD-SM), this
465 to 520 nm, the wavelength of maximum emis- packing constraint could also be present since depth
sion shifts from 532 to 546 nm which corresponds measurements show that the NBD group loops up in
to a REES of 14nm. This shows that the observed these cases (s@able 3. This could account for their
REES for membrane-bound NBD-PS is dependent high polarization. In case of NBD-PS, the higher po-
on its net charge in the membrane which is related larization (compared to NBD-PE) could be related to
to the stability and maintenance of a hydration shell its charge which facilitates in organizing and orienting
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water molecules in its immediate vicinity in a man- Table 2

ner so as to constitute an ordered environment which Fluorescence lifetimésand apparent rotational correlation tifhes
gives rise to higher polarization. Fluorescence polar- °f NED-labeled lipids

ization, unlike REES, appears to be less sensitive to NBD-labeled lipid a3 71 (ns) a2 72 (ns) (r) (ns) zc (ns)

the charge effect since onvering the pH to 5 d_oes_ not Nep-PE 071 843 029 358 771 229
seem to have any appreciable effect on polarization. 6-NBD-PC 0.37 7.63 063 501 625 282

The fluorescence lifetimes of various NBD-labeled 12-NBD-PC 0.23 753 0.77 488 572  3.05
lipids in DOPC vesicles are shownTable 2 A typical g'mgg'g:\\ﬂ" 8-% ;-22 g-zz ‘é-iz g-;i 2-%
decay profile of NBD-PE incorporated in DOPC LUVs NBD-PS 063 712 037 372 632 300

with its biexponential fitting and the various statistical ngp.ps (pH 5.0) 057 7.64 043 394 660  3.43

parameters used to check the goodness of the fit is— — —

shown inFig. 4 As seen fronTable 2 all fluorescence _ The excitation waveleng_th was 337 nm; emission was mon-
. . . . itored at 531 nm. All experiments were done at pH 7.2 unless

decays could be fitted well with a biexponential func-  yentioned otherwise. Sedection 2for other details.

tion. The mean fluorescence lifetimes of NBD-labeled * calculated fromEq. (3) SeeSection 2for other details.
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Fig. 4. Time-resolved fluorescence intensity decay of NBD-PE in DOPC large unilamellar vesicles. Excitation was at 337 nm which
corresponds to a peak in the spectral output of the nitrogen lamp. Emission was monitored at 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 function. The two lower plots show the
weighted residuals and the autocorrelation function of the weighted residuals. The concentration of DOPC was 0.43mM and probe to lipid

ratio was 1:100 (mol/mol). SeBection 2for other details.
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lipids in DOPC LUVs were calculated usirig. (2) Table 3
and shown inTable 2 The lifetime of NBD-PE is Membrane penetration depth of the NBD group in various
found to be 7.71ns. This is consistent with earlier NED-fabeled lipids by the parallax mettiod

literature values since the lifetime of NBD-PE incor- NBD-labeled lipid Distance from the center
porated in various membranes have previously been of the bilayerze (A)
reported to be~7 ns Chattopadhyay and Mukherjee, NBD-PE 20.3
1993. Table 2shows that the lifetimes of NBD-labeled ~ &NBD-PC 20.7
T ) . 12-NBD-PC 20.7
lipids incorporated in DOPC LUVs isv6ns ex- 6-NBD-CM 20.8
cept for NBD-PE which shows a somewhat longer e6-NBD-SM 20.5
lifetime. NBD-PS 18.8
In order to ensure that the observed steady state NBD-PS (pH 5.0) 14.1
polarization values of NBD-labeled lipids (séable ] a Depths were calculated from fluorescence quenchings obtained

are not influenced by lifetime-induced artifacts, the with samples containing 10mol% of Tempo-PC and 5-PC and
apparent rotational correlation times were calculated “S:I’;%tEefg ;‘Pég’;‘fﬂ'eil‘;"zf ::;gﬁi:ﬁg; gg“r;eagf e;“ifszio:n‘l';iz
using EQ' (3) The values of the. apparen'F fotational (r:T?entioned otherwisé. Se&éeF::tion 2for other details. e
correlation times, calculated this way using a value
of r, of 0.354 (seeSection 3, are shown irTable 2
These values of apparent rotational correlation times previously Chattopadhyay and London, 1987The
show that the observed polarization values are free depths of penetration of the NBD groups for various
from lifetime-induced artifacts. NBD-labeled lipids are shown ifiable 3

Knowledge of the precise depth of a membrane It is worth mentioning here that several lines
embedded group or molecule often helps define the of evidence indicate that the spin label groups in
conformation and topology of membrane probes spin-labeled phospholipids lie close to the correspond-
and proteins Chattopadhyay, 1992; London and ing position expected for an unlabeled phospholipid
Ladokhin, 2002. In order to gain a better understand- in membrane bilayers (summarized@mattopadhyay
ing of the orientation and organization of NBD-labeled and London, 198y In addition, this question has
lipids in DOPC LUVs, penetration depths of the been addressed by studying the positions of the spin
NBD group were determined by the parallax method label groups in vesicles b¥3C nuclear spin lattice
(Chattopadhyay and London, 198using the equa-  relaxation Ellena et al., 1988 This study showed

tion: that even if some amount of deviation is present in the

) positions of the spin labels, it is not enough to create

Zer = Lop+ [(=1/7O)In(F1/F2) — L5y] @) a significant problem for depth measurements. The
2Ly accuracy of such measurements has been checked by

comparing the depths obtained by spin label quench-
where Zr is the depth of the fluorophore from the ing to that obtained from quenching by lipids labeled
center of the bilayed ¢z is the distance of the center with bromine atoms at different positions of the fatty
of the bilayer from the shallow quencher (Tempo-PC acyl chain Abrams and London, 1992 Since the
in this case)Ll 1 is the difference in depth between positions of the bromines in membranes are known
the two quenchers (i.e. the transverse distance be-(McIntosh and Holloway, 1987the depth of the spin

tween the shallow and the deep quencher), @nd labels could be calibrated. This analysis shows that
the two-dimensional quencher concentration in the the depths obtained are accurate to around 2 A, thus
plane of the membrane (moleculeéjAHereF1/F is justifying the assumed positions of the spin labels in

the ratio ofF1/F, andF>/F, in which F; andF» are membranes.

fluorescence intensities in the presence of the shallow Table 3shows that the NBD groups in all NBD-
and deep quencher (5-PC), respectively, both at the labeled lipids are localized at a distance of 18.8—-20.8 A
same quencher concentrati@) F, is the fluores- from the center of the bilayer at pH 7.2. These depth
cence intensity in the absence of any quencher. All the values indicate that the NBD group is located at a
bilayer parameters used were the same as describedghallow interfacial region of the membrane in all
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these cases as has been previously observed withing REES and analysis of membrane penetration depth
the tail-labeled NBD lipids, 6- and 12-NBD-PC using the parallax approach. It was earlier shown that
(Chattopadhyay and London, 1987, 1988; Huster the ionization state of the NBD-labeled lipids plays
etal., 2001, 2008 These results indicate thatthe NBD an important role in their spectroscopic properties and
groups of the tail-labeled NBD lipids, i.e. 6-NBD-PC, membrane location and orientatio€Hattopadhyay
12-NBD-PC, 6-NBD-CM and 6-NBD-SM, loop up and London, 1988 Our results presented here show
to the interface due to their polarity. More impor- that the environment and location experienced by the
tantly, the depth of penetration of the NBD group of NBD group as monitored by REES and depth analysis
NBD-PS changes to 14.1 A when pH is lowered to 5 of the NBD-labeled lipids could depend on the ion-
in response to the protonation of the carboxyl group ization state of the lipid. This could be important in
of NBD-PS. The depth of the NBD group in NBD-PS studies where NBD-labeled lipids are used as tracers
therefore increases by 4.7 A when its net charge is for monitoring sorting and trafficking of acidic vesi-
changed in response to change in pH. This is similar cles such as endosomes and lysosomes.
to what was earlier observed with anthroyloxy- and
carbazole-labeled fatty acid probes where an increase
in probe depth was reported upon protonation of the Acknowledgements
fatty acid carboxyl groupAbrams et al., 1992 The
shallower depth of the ionized NBD-PS at pH 7.2 This work was supported by the Council of Sci-
is consistent with the tendency of ionized carboxyl entific and Industrial Research, Government of India.
groups to be localized at a more polar region of the We gratefully acknowledge R. Rukmini for help with
membrane due to energetically favorable interaction the membrane penetration depth experiments. We
(Abrams et al., 1992 Thus, the observed change in thank Y.S.S.V. Prasad and G.G. Kingi for technical
REES of the NBD group of NBD-PS as a function of help and members of our laboratory for critically
pH (Figs. 2 and Bcould be correlated to the accom- reading the manuscript. S.M. and H.R. thank the
panying change in depth of the fluorophore when pH Council of Scientific and Industrial Research for the
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of the NBD group is an increase in the headgroup the Centre for Cellular and Molecular Biology.
area. For example, it has been estimated that in mem-
branes of POPC (1-palmitoyl-2-oleogt+glycero-3-
phosphocholine), looping back of the NBD group
results in a~3% increase in the headgroup area Abrams, F.S., London, E., 1992. Calibration of the parallax
(Huster et al., 2001 The nature of molecular inter- fluorescence quenching method for determination of membrane
action responsible for looping up of tail-labeled NBD penetration depth: refinement and comparison of quenching by
group deserves comment. A particularly energetically spin-labeled and brominated lipids. Biochemistry 31, 5312—
favorable interaction could be hydrogen bonding of 5322

. Abrams, F.S., London, E., 1993. Extension of the parallax analysis
the NBD group at the membrane interface. The p0|ar of membrane penetration depth to the polar region of model

imino group and the oxygens of the NBD moiety may membranes: use of fluorescence quenching by a spin-label
form hydrogen bonds with the lipid carbonyls, inter- attached to the phospholipid polar headgroup. Biochemistry
facial water molecules, and the lipid headgroup. This 32, 10826-10831. o

is similar to the well-known tendency of tryptophan Abrams, F.S., Chattopadhyay, A., London, E., 1992. Determination

id . b . d id b of the location of fluorescent probes attached to fatty acids
residues in membrane proteins and peptides to be using parallax analysis of fluorescence quenching: effect

localized interfacially due to favorable interaction of of carboxyl ionization state and environment on depth.
the aromatic tryptophan residue with the membrane  Biochemistry 31, 5322-5327.

interface Chattopadhyay et al., 1997; Yau et al., Bo9gs. J.M. 1987. Lipid intermolecular hydrogen bonding:
. influence on structural organization and membrane function.
1998; Raghuraman et al., 2003 _ Biochim. Biophys. Acta 906, 353-404.
In summary, we have characterized the organiza- chattopadhyay, A., 1990. Chemistry and biology bE(7-

tion and dynamics of various NBD-labeled lipids us- nitrobenz-2-oxa-1,3-diazol-4-yl)-labeled lipids: fluorescent
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