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15.1 INTRODUCTION

Biological membranes are two-dimensional, anisotropic supramolecular assemblies
consisting of lipids, proteins, and carbohydrates. Cellular membranes allow compart-
mentalization of individual cells and act as the interface necessary for cells to sense
their environment and communicate with other cells. Most importantly, cellular mem-
branes provide an appropriate environment for function of membrane proteins.! It has
been estimated that ~50% of all biological processes occur at the cell membrane.?
Membrane lipids represent crucial components of cell membranes since they carry
out a variety of cellular functions along with membrane proteins. Monitoring lipid
molecules in the crowded membrane constitutes an experimental challenge. In this
context, membrane lipid probes assume relevance.* Fluorescent lipid probes offer
advantages in monitoring membrane organization and dynamics due to their high
sensitivity, suitable time resolution, and multitude of measurable parameters. Many
fluorescent lipid probes have the extrinsic fluorophore covalently attached to the par-
ent lipid molecule. The popularity of these probes arises from the fact that the user
has a choice of the fluorescent tag to be used, and, therefore, specific lipid probes
with appropriate spectral characteristics can be designed depending on the type of
application. Figure 15.1 shows the molecular structures of a few representative mem-
brane fluorescent probes. These probes have sensitive fluorescent groups such as
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Figure 15.1 Chemical structures of representative membrane fluorescent probes.
(a) NBD-PE (the fluorescent NBD group is covalently attached to the polar lipid head
group in this molecule); (b) 2-AS (a representative member of anthroyloxy stearic acid
probes); (c) 25-NBD-cholesterol (the NBD moiety is attached to the flexible acyl chain of
cholesterol); (d) pyrene (a polycyclic aromatic hydrocarbon).
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NBD (7-nitrobenz-2-oxa-1,3-diazol-4-yl) or anthroyloxy moiety attached to various
positions of phospholipids, fatty acids, and cholesterol. One of the probes shown in
the figure is the polycyclic aromatic hydrocarbon pyrene. It is to be noted that pyrene
does not have a fatty acyl chain, characteristic of lipid probes (although it can be con-
jugated to lipid probes). Pyrene partitions into the membrane bilayer and its use in
monitoring membrane environment and dynamics is based on its spectral character-
istics (vibronic peaks; see Section 15.4).

In this review, we focus on the application of membrane fluorescent probes to
obtain information on environment, organization, and dynamics in membranes (or
membrane-mimetic media) with representative examples taken from previous work
from our group. Readers interested in a more detailed information about some of
these probes are referred to our earlier reviews for such information.*>

15.2 NBD-LABELED LIPIDS: MONITORING SLOW SOLVENT
RELAXATION IN MEMBRANES

An extensively used fluorophore in studies of model and cellular membranes is the
NBD group.*> The NBD group is very weakly fluorescent in water but displays
intense fluorescence in a hydrophobic medium. NBD fluorescence is in the visible
range and is characterized by sensitivity to its immediate environment. In addition,
fluorescence lifetime of the NBD group is also sensitive to environmental polarity.
For these reasons, NBD-labeled lipids are widely used in studies of model and bio-
logical membranes.*> We describe below the application of NBD-labeled lipids to
monitor slow solvent relaxation in the membrane utilizing red-edge excitation shift
(REES).

An interesting consequence of membrane organization is the restriction imposed
on the dynamics of the constituent structural components in the membrane. Impor-
tantly, this kind of confinement leads to coupling of the motion of solvent molecules
with the slow-moving molecules in the membrane.® In such a case, REES represents a
sensitive approach that can be used to monitor the environment and dynamics around
the fluorophore in membranes or membrane-mimetic media such as micelles.”!!
REES is operationally defined as the shift in the wavelength of maximum fluores-
cence emission toward higher wavelengths, caused by a shift in the excitation wave-
length toward the red edge of the absorption band. The origin of REES lies in slow
(relative to fluorescence lifetime) rates of solvent relaxation around an excited-state
fluorophore. As a consequence, REES depends on the environment-induced motional
restriction imposed on solvent molecules in the immediate vicinity of the fluorophore.
A striking feature of REES is that it allows to assess the rotational mobility of the
environment itself (represented by the relaxing solvent molecules) utilizing the fluo-
rophore merely as a reporter group (it should be noted here that “solvent” in this con-
text could include the host dipolar matrix such as the peptide backbone in proteins).'?

The biological membrane, with its viscous interior and characteristic motional
gradient along its vertical axis (z-axis), is an ideal molecular assembly for the
application of REES.%!0 The interfacial region in membranes display unique
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motional and dielectric characteristics, different from the bulk aqueous phase and
the more isotropic hydrocarbon-like deeper regions of the membrane. Since the
membrane interface offers slow rates of solvent relaxation, it is most likely to exhibit
REES. However, it is important to choose a suitable membrane probe that displays
appropriate properties (such as site of localization in the membrane and appreciable
change in dipole moment upon excitation).®!? The NBD group in membrane-bound
NBD-PE (see Fig. 15.2a) fulfills these criteria.'* The fluorescent NBD group is
covalently attached to the head group of phosphatidylethanolamine in NBD-PE.
The orientation and location of the NBD group in membrane-bound NBD-PE has
previously been well worked out.!>! The NBD group in NBD-PE is localized at
the membrane interface and is suitable for monitoring REES. Interestingly, the NBD
group displays a relatively large change in dipole moment upon excitation (~4 D),??
a necessary condition for REES.!? Fig. 15.2b and ¢ shows REES of NBD-PE in
dioleoyl-sn-glycero-3-phosphocholine (DOPC) membranes.'# Since the localization
of the fluorescent NBD group in membrane-bound NBD-PE is interfacial,!6-2!
REES of NBD-PE implies that the interfacial region of the membrane offers
considerable restriction to the reorientational motion of the solvent dipoles around
the excited-state NBD group. This property of the membrane interface has huge
implications in membrane protein conformation and function. This is due to the fact
that tryptophan residues in membrane-spanning proteins and peptides are usually
localized at the membrane interface® and, therefore, offer the possibility of REES
as a novel tool to explore membrane protein conformation, 2425

15.3 n-AS MEMBRANE PROBES: DEPTH-DEPENDENT SOLVENT
RELAXATION AS MEMBRANE DIPSTICK

Membranes display considerable anisotropy along the axis perpendicular to the
membrane plane (see Fig. 15.32).%10 The center of the membrane bilayer is nearly
isotropic. However, the upper portion of the bilayer, located only a few angstroms
away toward the membrane surface, is highly ordered. As a result of such an
anisotropic transmembrane environment, the mobility of solvent (water) molecules
is differentially retarded at varying membrane depths compared to their mobility
in the bulk aqueous phase.?® In such a scenario, REES can be effectively used
to monitor the dynamics of differentially localized reporter fluorophores along
the membrane z-axis. This has been validated by demonstrating that chemically
identical fluorescent probes, differing solely in depths at which they are local-
ized in the membrane, experience different local environments, as monitored
by REES.!3?® This was achieved by the use of anthroyloxy stearic acid (n-AS)
derivatives in which the anthroyloxy group has earlier been shown to be either
located at a shallow [2-(9-anthroyloxy)stearic acid (2-AS)] or a deeper location
[12-(9-anthroyloxy)stearic acid (12-AS)] in the bilayer (see Fig. 15.3a). Anthroyloxy
fatty acids have been shown to be located at a graded series of depths in the
bilayer, depending on the position of attachment of the anthroyloxy group to the
fatty acyl chain.?’ Depth analysis using the parallax method has earlier shown
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Figure 15.2 (a) A schematic representation of a leaflet of the phosphatidylcholine membrane
bilayer showing the localization of the NBD group of NBD-PE. The NBD group of NBD-PE
localizes at the membrane interfacial region. The horizontal line at the bottom indicates the
center of the bilayer. Chattopadhyay and Mukherjee!?. Reprinted with permission from Amer-
ican Chemical Society. (b) Intensity-normalized fluorescence emission spectra of NBD-PE in
DOPC vesicles at increasing excitation wavelengths: 465 (—), 500 (——), and 510 (----- )nm.
Chattopadhyay and Mukherjee'*. Reprinted with permission from American Chemical Soci-
ety. (c) REES of NBD-PE in DOPC membranes. Chattopadhyay and Mukherjee'*. Reprinted
with permission from American Chemical Society. See text for other details.
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Figure 15.3 (a) A schematic representation of a leaflet of the membrane bilayer showing the
localizations of the anthroyloxy groups of 2- and 12-AS in phosphatidylcholine bilayer. The
anthroyloxy group of 2-AS localizes at the interfacial region while that of 12-AS resides at the
nonpolar hydrocarbon region. A mobility gradient along the bilayer normal is set up (shown
in the figure) due to differential dynamics at varying depths in the membrane. The dotted hor-
izontal line at the bottom indicates the center of the bilayer. Chattopadhyay and Mukherjee?.
Reprinted with permission from American Chemical Society. (b) Depth-dependent REES of
2-AS (m) and 12-AS (a). Chattopadhyay and Mukherjee®®. Reprinted with permission from
American Chemical Society.

that the anthroyloxy probes in 2-AS (the shallow probe) and 12-AS (the deep
probe) are localized at 15.8 and 6 A from the center of the bilayer, respectively
(see Fig. 15.32).0 REES experiments with these depth-dependent membrane
probes show that the anthroyloxy group of 2- and 12-AS experience different local
membrane microenvironments, as reflected by depth-dependent variation of REES.
The shallow anthroyloxy group in 2-AS displays REES of 5 nm, whereas the deeper
anthroyloxy group in 12-AS does not exhibit REES.?® These results are attributed to
differential rates of solvent reorientation in the immediate vicinity of the anthroyloxy
group as the membrane penetration depth changes, that is, slower solvent relaxation
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at the membrane interface relative to deeper regions. These results show that REES
offers a suitable approach to monitor depth-dependent membrane dynamics, that is,
as a membrane dipstick. Very recently, we have extended the use of such anthroyloxy
membrane probes to monitor depth-dependent heterogeneity in the membrane by
analysis of fluorescence lifetime distribution width.?8

154 PYRENE: A MULTIPARAMETER MEMBRANE PROBE

The polycyclic aromatic hydrocarbon pyrene has been widely used as a fluorescent
probe in membranes and membrane-mimetic media such as micelles. The emission
spectrum of pyrene is sensitive to environmental polarity?” (see Fig. 15.4a). Pyrene
is localized predominantly in the interfacial region in micelles and membranes.3!3?
Interestingly, this is the region of the membrane or micelle that is sensitive to
polarity changes due to water penetration. Figure 15.4b and ¢ shows the application
of polarity-sensitive vibronic peaks of pyrene to monitor environmental changes
in micelles and membranes under various conditions. Structural transition (shape
change) can be induced in charged micelles by increasing ionic strength (salt
concentration).>*3> For example, spherical micelles of sodium dodecyl sulfate
(SDS) that exist in water at concentrations higher than critical micelle concentration
assume an elongated rod-like (prolate) shape in the presence of high salt concentra-
tions. In such a case, utilizing changes in the ratio of polarity-sensitive vibronic peak
intensities (I,/15; see Fig. 15.4b), the apparent polarity in spherical- and rod-shaped
micelles could be determined.?* These results showed that the apparent polarity was
less in rod-shaped micelles relative to the polarity experienced in spherical micelles.
Figure 15.4c shows the change in the ratio of vibronic peak intensities (/,/15) in
pyrene emission spectra in neuronal hippocampal membranes with decreasing
cholesterol content. Hippocampal membranes represent a convenient natural source
for exploring the interaction of neuronal receptors, such as the serotonin; , receptor,
with membrane lipids.3*337 Methyl-p-cyclodextrin (MPCD) is a water-soluble
compound and has previously been shown to selectively and efficiently extract
cholesterol from hippocampal membranes by including it in a central nonpolar
cavity.?® Figure 15.4c shows that hippocampal membranes treated with increasing
concentrations of MBCD (i.e., with increasing extents of cholesterol depletion)
resulted in an increase in the vibronic peak intensity ratio. This implies an increase in
apparent polarity experienced by pyrene in cholesterol-depleted hippocampal mem-
branes, due to an increase in water penetration in the membrane upon cholesterol
depletion. This is in agreement with our earlier results using fluorescence lifetime of
the hydrophobic probe Nile Red.*®

15.5 CONCLUSION AND FUTURE PERSPECTIVES

Tracking lipid molecules in a crowded cellular milieu poses considerable challenge.
Fluorescent membrane probes offer a sensitive way to achieve this. Lipid probes
have proved to be useful in membrane and cell biology due to their ability to monitor
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a wide variety of properties such as polarity, rotational dynamics, and diffusion in a
depth-dependent fashion. Continuous improvement in instrumentation has allowed
detection of fluorescent lipid probes with increasing spatiotemporal resolution.>
Along with this, there have been new approaches to design membrane probes
with specific properties. For example, the use of novel probes to detect membrane
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Figure 15.4 Change in environmental polarity monitored using pyrene fluorescence. (a)
Intensity-normalized fluorescence emission spectra of pyrene in SDS micelles in the absence
(—) and presence (— —) of NaCl. The polarity-sensitive vibronic peaks are clearly seen in
the spectra. Chaudhuri et al. 3. Reprinted with permission from Elsevier. (b) Change in fluo-
rescence intensity ratio of the first (373 nm) and third (384 nm) vibronic peaks of pyrene (/,/1I5)
in SDS micelles as a function of increasing NaCl concentration. Chaudhuri et al. 3. Reprinted
with permission from Elsevier. (c) Change in fluorescence intensity ratio of the first (373 nm)
and third (384 nm) vibronic peaks of pyrene (I,/1;) in hippocampal membranes with decreas-
ing membrane cholesterol content (i.e., increasing MBCD concentration). Chaudhuri et al. 3*.
Reprinted with permission from Elsevier. See text for more details.
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phases could be useful.** Future exciting applications include monitoring amyloid
fibril formation utilizing NBD-labeled lipids and mapping cellular viscosity using
fluorescent “molecular rotors”.*!=*> Another important and exciting area is the
determination of membrane dipole potential in which electrochromic membrane
probes are used.***7 We envision that with novel and intelligently designed probes,
and increasing instrument resolution, membrane probes will provide insightful
information in the context of organization and dynamics of cellular membranes.
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