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The application of time-resclved fluorescence micro-
scopy in cell biology research is presented. The exam-
ples presented here are the following: estimation of (i)
cytoplasmic viscosity, (ii) cytoplasmic pH, and (iii)
membrane fluidity and heterogeneity. We use a variety
of fluorescence probes to monitor the above in various
cell types. The following fluorescence parameters are
used in this work: fluorescence lifetime, rotational
reorientation time, and fluorescence lifetime distribu-
tion by the maximum entropy method. We show how
one could address and provide answers to specific
questions even in a complex system such as a living
cell.

Tue living cell is a very complex machinery wherein
a variety of physical and chemical processes occur. Our
current knowledge on many of these processes has
accrued from in vitro studies in isolated systems.
Although such reductionist approaches are very powerful
and have yielded a wealth of information on cell physio-
logy, in vive studies on living cells have their own
attraction over in vitro studies which, 1in some cases,
fail to provide accurate descriptions. These failures, in
many cases, are due to the nonapplicability of in vitro
studies to the processes occurring in Intact systems.
These processes could be environment-sensitive and re-
production of these environmental conditions in the in
vitro studies is plagued by the lack of knowledge on
the exact conditions applicable for the process of interest.
Hence it becomes important either to observe the process

of interest in vivo or to get the information on the -

environmental conditions relevant for that process.
Several physical techniques have been devised in
the past decades for studying cellular processes in vivo.
Fluorescence microscopy' is one of such techniques
extensively used in biomedical research. This technique
allows one to study living cells and tissues in culture.
Also it offers high sensitivity and selectivity arising
from specific fluorescence labeling of the system of
interest, The technique of fluorescence microscopy itself
is not new and has been in use for a long time. Mapping
the system of interest (e.g. a specific protein) in a cell
suspension has been the main use so far, Occasionally
quantitative measurements have been made to estimate
either the amount of a particular material present in
different locations or the state of the environment and
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local dynamics®?. For such measurements the fluore-

scence intensity has been the only parameter widely
used. Although such steady state fluorescence microscopy
has been proved to be extremely useful in many studies,
its quantitative capability suffers due to some drawbacks.
Light scattering due to cellular suspensions, background
fluorescence and variations In the path length of the
observed sample volume often make the measurement
of fluorescence intensity unreliable.

Time-resolved fluorescence overcomes many of the
problems associated with fluorescence intensity measure-
ments*>. The parameters obtainable from time-resolved
measurements are (i) Fluorescence lifetime, (ii) Rotational
correlation time, (iii) Lifetime-resolved spectra, and (1v)
Number of fluorophore populations (having distingui-
shable lifetimes) and population heterogeneity. Judicial
use of these parameters with appropriate models would
offer powerful insight into the dynamics of molecular
systems. Thus time-resolved fluorescence techniques
when combined with a fluorescence microscope ofter
the capability to address interesting problems in cell
physiology. A striking disadvantage of time-resolved
techniques over steady-state measurements, in general,
is the loss of signal intensity which occurs during time
resolution. However, the use of high sensitivity detection
systems largely alleviates these problems. A word of
caution is in order at this juncture. One could question
the appropriateness of applying rigorous physico-~
chemical methodologies, evolved for well-defined simple
systems, to complex systems such as living cells. It 18’
to be noted that such applications are quite appropriate
provided the problems addressed are well defined and
devoid of any ambiguities.

In the work described here, we have addressed the
following three aspects of living cells and have given
answers through the use of time-resolved fluorescence
microscopy. These are (i) cytoplasmic viscosity, (ii)
cytoplasmic pH, and (iii) cell membrane tluidity.

Time-resolved fluorescence microscopy

The technique of time-resolved fluorescence microscopy
is powerful in studying various aspects of cell structure,
dynamics and function (refs 6-8 and references cited
therein). The basic experimental set-up which is a com-
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bination of a time-resolved fluorescence spectrometer
and a fluorescence microscope offers the capability to
perform dynamic fluorescence measurements with a
spatial resolution of a micrometer.

The experimental set-up used in the present study is
shown in Figure 1 (ref. 6). An inverted epifluorescence
microscope (Nikon, Diaphot 300) was optically modified
in order to steer the dye laser pulses into the optical
path of the microscope. A CW mode-locked frequency-
doubled Nd-YAG laser-driven dye (Rhodamine 6G) laser
which generates 4-10 ps pulses was used®!”. The laser
beam was guided to the objective lens (40x, NA 0.55,
Nikon or 40x, NA 0.65 Leitz) by a dichoric mirror
(610 nm, XF43 of Omega Optical Co, USA) and focused
on to the cell suspension. The diameter of the focused
beam was estimated to be 1.2 £ 0.2 um. The fluorescence
which was collected by the same objective lens was
passed through a cut-off filter, a Glan-Taylor polarizer
and a pin hole assembly (placed at the image plane)
and detected by a thermoelectrically cooled (Products
for Research, USA) fast response photomultiplier
(XP2020Q). Time resolution of the fluorescence signal
was obtained by the time-correlated single-photon-
counting experimental setup described elsewhere®!'”.

The entire set-up of time-resolved fluorescence
microscope was extensively tested with several standard

samples whose fluorescence lifetime, rotational correla- .

tion time and initial anisotropy could be accurately
estimated by the microscope-based set-up. Further tests
with focused (~ 1 um) laser beams on standard homo-
geneous samples showed that we could perform reliable
time-resolved fluorescence measurements on a minimum
of ~ 100 fluorophore molecules. This, and the fact that
a temporal resolution of ~ 50 ps and a spatial resolution
of ~ 1 um is obtainable, makes this set-up quite powerful.
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Figure 1. Schematic diagram of the experimental set- up. ML Nd-YAG
LASER, mode-locked Nd-YAG laser; M, mirror: P, polarizer; DM,
dichroic mirror; OBJ, objective lens; F, filters; PH, pin-hole assembly,
PMT 2020, signal photomultiplier XP2020Q; PMT, start signal photo-
multiptier; CFD, constant-fraction discriminator; TAC, time-to-amplitude
convertor, PC 486, IBM PC 486 computer.
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Cytoplasmic viscosity

There have been lively and controversial discussions' on
the physical state of water inside living cells'™'?, The
observation of water bound to macromolecular surfaces'3
and the fact that the intracellular medium is crowded
with cytoskeletal networks, macromolecules and small
solutes'"" raises the possibility of altered properties of
intracellular water when compared to bulk water. There
have been several experimental attempts in answering
this question. Early experiments by using mainly mag-
netic resonance methods'*"” had indicated significantly
high value (2-8 times that of bulk water) for the viscosity
of intracellular water. More recently, fluorescence
microscopy techniques have been applied in charac-
terizing the fluid-phase viscosity of cell interior. Several
techniques such as fluorescence depolarization of
small molecule probes'™'”, fluorescende recovery after
photobleaching® and steady state fluorescence intensity
(viscosity-sensitive quantum yield)?' have been used.
The general conclusion from these studies is that the
fluid-phase viscosity of cytoplasm is very close (~ 1.2 cP)
to that of bulk water (1.0 cP). However, .the possibility
of spatial heterogeneity of cytoplasmic viscosity has not
been addressed in sufficient detail. Phase separation in
cytoplasm leading to ‘compartmentation’**?* could lead
to spatial heterogeneity of cytoplasmic viscosity.
Although spatial organization in terms of cytoskeletal
network 1s quite expected for cellular functions such as
cell division, motility and maintenance of cell shape, the
relevance of spatial heterogeneity of viscosity is less clear.

The dynamics of some of the chemical and transport
processes occurring inside a living cell could be
dependent on the viscosity of cytoplasm apart from
other (rate-limiting) process. In principle, the cytoplasmic
viscosity could be controlled by at least two factors:
(1) structuring of solvent water by the presence of high
concentration of macromolecules® and (ii) the presence
of high concentration of macromolecules and small mole-
cules such as metabolites which could directly control
the viscosity. Since the composition of cytoplasm is
highly dependent on cell type®® and the location within
the cytoplasm, the fluid-phase viscosity of cytoplasm is
also expected to be dependent on both the cell type
and the location.

We have estimated the cytoplasmic viscosity of a
number of cell types by monitoring the rotational dif-
fusion of a fluorescence probe Kiton Red (Figure 2).
The parameter used here is the rotational correlation
time 7. Cells are loaded in Kiton Red and probed with
a spatial resolution of ~ 1 um using the focused laser
beam®. Figure 3 shows typical decay curves of total
fluorescence intensity (b) and fluorescence anisotropy
(¢) of Kiton Red in a living cell (a). The intensity
decay kinetics could be nicely fitted to a sum of two
exponentials.
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ID=a, exp(-1/7,)+q, exp (—1/7), (1)

where I(r) is the intensity at time ¢, a is the amplitude
and 7 is the fluorescence lifetime. o +a, =1. Analyses
showed that 7, (1.5 ns) and 7, (3 ns) represent the life-
times of Kiton Red ‘free’ and bound to macromolecules
in the cell respectively®. The fraction () of the bound
population was < 30% in all the cell types studied. The
rotational dynamics of the ‘free’ population of Kiton
Red was used in the estimation of cytoplasmic viscosity.
Decay of fluorescence anisotropy (Figure 3 ¢) shows
‘dip-and-rise’ pattern in most of the cells and in various
model systems such as giant single liposomes. The
dip-and-rise is a consequence of the two population
models?’. The anisotropy r at time t is given by

H)=f,()r,()+f, ) r, (D, (2)

where f (f) and f, (f) are the fractions of the emitted
photons corresponding to the free and bound Kiton Red
at time ¢ respectively. r. () and r, (1) are the anisotropy
decay functions of the free and bound probes respectively.

r. (1) = Tor €XP (—~ /), 3)

Ty (t) = Ton (Bbl cXp (_" Il/'z...-|-1.| ) +ﬁh'_1_ CXp (_ t/rrhg )) (4)

_50201-1

Kiton Red

SNARF -1

The anisotropy decay (r, (#)) of free Kiton Red followed
a single exponential (as observed in bulk solutions) and
that of the bound Kiton Red (r, () followed a sum of
at Jeast two exponentials. Of the two correlation times
of bound Kiton Red (z,, and 7_,) one could correspond
to local motion and the other could represent the global
motional dynamics of the macromolecule to which the
Kiton Red is bound. The fraction £ () is given by

a, exp(—t/t)

£ () = -

a, exp (~t/1)+a, exp(—t/t) ©)
The anisotropy decays were analysed according to this
model (see the smooth line fit in Figure 3 ¢) and the
results are shown in Table 1. z has the information
on the cytoplasmic viscosity.

For a dipolar molecule such as Kiton Red rotating in

a polar solvent, the rotational correlation time z_1is given
by28—30

T =T, +7,,
vV fC  Ami* (e—-1)
“T T T T 3VAT (2¢ + 1) for (©)

where 7, and 7. are the contributions due to hydro-

Nile Red

Figure 2. Fluorescence probes used in this work. The water-soluble Kiton Red was used for the estimation of cytoplasmic viscosity; SNARF-1
is a pH probe; Nile Red partitions into membranes and report their dynamics.
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Figure 3, g, A single cell of Tradescantia under observation. The focused laser spot is also seen, The decay of fluorescence intensity (b) and
fluorescence anisotropy {¢) of Kiton Red corresponding to the sample (a) is shown, The smooth lines in & and ¢ are the fits acconhing to the
models (see text).
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dynamic (Stokes—Einstein-DEbye—Perrin)' and dielectric
friction respectively. n7 is the solvent viscosity, V is the
molecular volume of the probe, f is the molecular shape
factor (f21), C is a factor (0£C<1) describing
hydrodynamic boundary conditions, u is the dipole
moment of the probe molecule, ¢ and 1, represent the
dielectric constant and Debye dielectric relaxation time
of the solvent respectively. It has been shown that
r, > 7. in aqueous solvents™ and hence the change in
7, could be used in getting information on 5. 17 values
estimated in this way are also given in Table 1. (A
value of 1.0 cP for » in water was used as the standard.}

The following picture emerges from these data: (1)
the cytoplasmic viscosity is not very far from that of
bulk water for all the cells studied; (ii) the average
value of cytoplasmic viscosity is larger in case of the
plant cells when compared to those of the animal cells
studied here; (i11) the positional variation in the value
of cytoplasmic viscosity is larger in the case of the
plant cells when compared to the animal cells; 3-fold
variation was seen 1n some cases; (1v) the average value
of viscosity 1s closer to the lower bound of the extent
of spatial variation of viscosity in all the cells studied
showing the dominance of low-viscosity region in the
total cell volume; (v) cytoplasmic viscosity 1inside the
tumor cell Sarcoma-180 is not different from the normal
mammalian cells studied here; (vi) # values were higher

near the plasma membrane or near the cell—cell junction

when compared to the cell interior; (vii) # values
estimated 1n either cytoplasm or nucleoplasm were very
similar to each other, and (viii) » values were very
similar in either adherent monolayer cells (such as 3T3
and CHO) or suspensions such as human mononuclear
cells.

Our observation of cell type dependence and spatial
location dependence of the cytoplasmic viscosity could
have the origin in the variation in one or more of the
following conditions within the cells: (i) the level of
structured water, (11) the concentration of small and
macro molecules, (iii) the hydrodynamic shape (compact
or extended structure) ot the molecules present, and (iv)
physical restrictions such as proximity of membrane and
cytoskeletal network.

What is the relevance of these observations in cell
biology? Firstly, our finding of higher value of average
cytoplasmic viscosity in the plant cells when compared
to animal cells could be the result of either higher
concentration of solutes or larger fraction of molecules
which have higher influence on the solvent viscosity.
These could be either small molecules or macromolecules
in unstructured open chain conformation (see above).
Secondly, the spatial location dependence of viscosity
in some of the cells studied (Table 1) could be due to
observed variation in the solute composition apart from
factors such as spatial restriction. Cell cytoplasm is a
crowded milieu'*" and is composed of a variety of
molecules of vartous sizes and shapes. The present
finding of spatial dependence of viscosity supports the
hypothesis of phase separation in cytoplasm***, The
proposed phase separation which could result as a con-
sequence of segregation of incompatible macromolecules
could be important in many cell physiological functions
such as channelizing metabolites and macromolecules
into specific organelles. Spatial dependence of viscosity
would imply spatial location dependence of rates of
reactions which are controlled by diffusion. Modulation
of reaction rates across the dimension of the cell is an

attractive and unexplored area in cell biology. The estima-

Table 1. Typical parameters associated with the decay of fluorescence anisotropy of Kiton Red inside various cells

Rotational correlation time (ns)?

Ampliudes

Bound Bound Viscosity 7 (cP)®
Free — Free -
Cell type T T, T, B, B, B. o Typical Range Average
Mammalian cells
Chinese hamster ovary cells 0.22 £0.02 6.0 > 20 0.86 0.08 0.06 1.01 [.1 1.0-1.4 i.1
Swiss 3T3 fibrobiast 0.22+0.02 10.0 > 20 0.86 0.10 0.04 1.01 1.1 1.0-1.4 1.1
Human mononuclear cell 0.24 £0.03 10.0 > 20 0.90 0.01 0.10 1.10 1.2 [.0-1.5 1.1
Sarcoma-180 tumour cell 0.22+£0.02 3.5 > 20 0.51 0.29 0.20 1.10 1.1 1.1-1.4 1.2
Plant cells
Stamen hair cells of Tradescantia* 0.24 £ 0.02 3.0 > 20 0.59 0.25 0.16 1.10 1.2 1.2-3.0 1.5
0.35+0.04 2.0 > 20 0.63 0.19 0.18 1.10 1.7
0.45+£0.06 3.5 > 20 0.50 0.30 0.20 1.10 2.3
Digitalis lanata 0.35+0.03 13.0 > 20 0.58 0.21] 0.21 0.99 1.8 1.1-3.7 1.3
Guard mother cells of Allium cepu 0.30£0.02 7.0 > 20 0.78 0.15 (.07 1.01 1.5 1.1-3.5 1.3

“The error in the parameters is about 10%.

®n was calculated by using the equation 7. =nV/kT and the value of 1.0cP for the 7 in buffer. ‘Typical’ viscosity values refer to the typical
data given for each cell type. Range of viscosity corresponds to the extent of variation observed during many single spot measurements either
on a same cell or on many cells. Average viscosity refers to total observations on a collection of cells without spatial resolution.

“The three entries correspond to three different positions within a single cell. The second and third entries correspond to positions very close
to cell—cell junctions.
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ion of cytoplasmic viscosity is one example which shows
that one could address and answer well-defined questions
even in a complex system such as a living cell.

Modelling cytoplasmic viscosity

In order to check whether the observed high viscosity
in some region of the cells is due to any physical
restriction, the rotational diffusion of Kiton Red in the
inner aqueous phase of sonicated lipid vesicles (300 A
dia)®* was measured. Analysis showed that the solvent
viscosity in the inner aqueous compartment is ~ 2-3¢P
which is significantly higher when compared to the bulk
viscosity. This suggests that the higher value of viscosity
observed in some part of the cells such as locations
very close to membranes or at junctions between cells
(Table 1, Tradescantia cells) could be due to physical
restrictions dictating the apparent viscosity.

Another important aspect in modelling the cytoplasmic
viscosity is the effect of macro molecules and small
molecules which could be present in high concentrations.
The concentration of proteins and nucleic acids in cy-
toplasm is as high as 10-20% by weight'*>*, We
observed that the rotational diffusion of free Kiton Red
was retarded by the presence of either small or large
molecules®, The estimated solvent viscosity was in the
range of 1.1cP to 1.9¢P at 5% (w/v) concentration of
the additives. A few specific comments could be made
on these observations: (i) The apparent solvent viscosity
increased (from 1.2cP to 1.9 ¢P) with the increase in
the average molecular weight of the polyethylene glycol
from 200 to 10,000 and (i1) The viscosity depended
also on factors other than the molecular weight of the
additive. For example, polyglutamic acid (mol. wt 14,000)
had almost no effect on the viscosity whereas the
observed viscosity was 1.9 cP in the presence of either
polylysine (mol. wt 19,000) or polyethylene glycol (mol.
wt 10,000). The overall picture which emerges from
these data is that the hydrodynamic shape of the macro-
molecule dictates the apparent solvent viscosity sensed
by small molecule probes such as Kiton Red.

Estimation of intracellular pH

Intracellular pH is implicated in the survival, proliferation
and signalling in cells. Optical measurement of Intra-
cellular pH scores over other methods of pH estimation
in two respects: (i) facile measurement of real time
variation of intracellular pH, and (ii) the capabibity to
map the spatial variation of pH within a single cell
with the help of fluorescence microscope. A variety of
fluorescent pH indicators have been developed specially
for intracellular pH measurements™, Although fluore-
scence intensity is the most convenient parameter for
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measurements, the convenience is offset by various
uncertainties in the estimation of pH from fluorescence
intensity. The measured intensity would depend upon
the following factors also apart from the pH: (a) con-
centration of the probe, (b) path length of the observation
along the z-axis of the microscope optics, (c) photo-
bleaching of the probe, (d) scattering by the specimen,
and (e) binding of probe to macromolecules and mem-
branes. In order to overcome these drawbacks, dual
emission wavelength probes were recently introduced.
In these probes, the emission intensity at one of the
wavelengths is independent of pH (isoemissive wave-
length) and that at another wavelength depends on pH.
Hence, estimation of pH from the ratio of intensities
at the two wavelengths will correct for the first three
of the causes listed above. However even this nontrivial
ratiometric procedure cannot correct for probe binding.
Binding of probes to macromolecules and membranes
could result in (i) significant changes in the emission
spectrum and quantum yield and (ii) apparent shift in
the acid-base equilibrium of the probe. These perturba-
tions would cause significant levels of error in the
estimation of pH.

Measurement of fluorescence lifetime could be an
alternative approach for the estimation of pH»>’. The
principle of lifetime-based pH sensing lies in the esti-
mation of relative amplitudes of the lifetime components
of the protonated and deprotonated forms of the probe
which have distinctly different lifetimes. The main
advantage of lifetime-based sensing is the absence of
complications due to change in the path length of
observation and the presence of light scattering and
photobleaching. We have evaluated, using time-resolved
fluorescence microscopy the performance of the dual
emission pH probe carboxy SNARF-1 (Figure 2) which
is being widely used in cell biology (e.g. refs 37, 38).

The fluorescence decay curves of carboxy SNARF-1
in buffers of various pH values fit to a sum of two
exponentials of time constants 0.5 ns and 1.5 ns repre-
senting the protonated and deprotonated forras of carboxy
SNARF-1 respectively®. Plots of the amplitudes asso-
ciated with the two lifetimes indicated a pK of ~6.7
similar to the observations with the fluorescence inten-
sity*>. The mean lifetime 7_(=Z ar), which is propor-
tional to the steady-state fluorescence intensity, also
showed a similar titration with pH.

Fluorescence decay of carboxy SNARF-1 loaded into
a variety of cell types showed that, unlike in the case
of buffers (see above), the decays could not be fitted
to a sum of two exponentials. A sum of three exponentials
could fit the decay curves quite satisfactorily, kree fits
of the decay curves gave the following three lifetimes
in most of the cases: 0.5-0.6ns, ~1.5ns and 3—4ns
(Table 2). In some cases a fourth lifetime component
of ~0.1ns was also necessary to fit the decay curves
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(Table 2). It is likely that the lLifetime components
0.5-06ns and 1.5ns represent the protonated and
deprotonated forms of unbound SNARF-1 respectively
and the other two lifetimes could be due to bound
populations of SNARF-1.

The fractions of the bound populations was quite
small ((a,+a,)<£0.2) in all the cases, indicating that
the majority of the probe was in the free form inside
the cells. However significant levels of errors in the
estimation of pH could arise 1if these bound populations
are not taken into account, as shown below. Standard
curves obtained in buffer solutions showed that the pH
values estimated either from the mean lifetime (7, ) or
from the fractional amplitudes are identical™. In contrast,
in all the cell hnes studied, the pH values estimated

value estimated by r_ is lower than that estimated by
the renormalized amplitude. Although the difference of
0.1-1.0 pH unit seen in our pH estimations based on
either 7 or normalized amplitudes may be considered
as relatively small, such differences could turn out as
significant in situations where the level of probe binding
is even higher. Also such differences arising from probe
binding could be incorrectly interpreted as due to pH
oradients within a cell.

In summary, we have shown that the binding of the
probe inside the cells could lead to significant levels
of error in pH estimations. Separation of the free popu-
lations (from the bound probe) using the time resolved
fluorescence has been established as a reliable method

of intracellular pH estimation.

either from r_ or from the normalized ampiitude of
either the protonated (~0.5 ns) or deprotonated (~1.5
ns) forms of free carboxy SNARF-1 differ substantially
from each other (Table 2). In these estimations, the
amplitude of the protonated form (for example) was
renormalized as the fraction of the total amplitudes
corresponding to the protonated and deprotonated free
forms (Table 2). It can be seen that, in most of the
cases, the pH values estimated by 7_ is about 0.1-1.0 pH
unit higher than that estimated from the renormalized
amplitudes of the free probe. The origin of this difference
lies in the higher value (~ 3 ns) of the lifetime of the-
predominant population of bound probe when compared
to those of the free forms. In case where a fourth
hifettme component (7, ~{.1 ns) was observed, the pH

Membrane structure and dynamics

Apart from providing boundaries of living cells and of
their organelles, biological membranes control many of
the functions of the cell through their physical state.
Hence a knowledge of their physical state is important
for a complete description of cell physiology. Although
the physical state of pure lipid bilayers has been chara-
cterized in terms of gel and liquid crystalline phases,
the presence of microdomain structures suggested in the
case of mixed lipid membranes®* and cell mem-
branes?** could also control their physical state. There
are several molecular mechanisms for microdomain struc-
tures: (i) segregation of lipids in mixed lipid membranes

Table 2. Parameters obtained from the analysis of fluorescence intensity decays of carboxy SNARF-1 in various cells and intracellular pH
values estimated by either the mean lifetimes or the normalized amplitude of the unbound protonated probe

Lifetimes (ns)” Amplitudes Mean lifetime Normalized pH estimated by

- — T, amplitude —

Cell type T, (o T, T, a, a, a, a, (ns) a/(a,+a,) T a./(a, +a,)
Swiss 3T3 fibroblast” 0.56 1.45 3.34 - 0.34 058 0.08 - 1.30 0.37 7.4 7.0
064 145 340 - 0.41 .54 003 - 1.22 0.43 7.2 6.9
0.58 1.45 3.39 ~ 0.41 0.53 0.06 - 1.21 0.44 7.2 6.9
0.65 145 298 - 047 052 0.0l] - 1.09 0.47 6.9 6.8
0.56 142 320 - 0.33 058 0.09 - 1.31 0.42 1.5 6.9
056 148 3.23 - 0.27 061 0.12 - 1.40 0.30 8.0 1.2
Chinese hamster ovary cells 0.60 145 431 ~ 0.36 062 0.02 - 1.20 0.37 7.1 7.0
050 1.57 373 - 0.37 050 0.13 - 1.46 0.42 9.3 6.9
(.55 320 010 Q.15 024 006 055 0.67 (.38 5.8 1.0
Human mononuclear cells 0.55 142 388 - .50 042 008 - .18 0.35 7.1 6.6
0.55 142 3.20 - 0.39 051 0.10 - 1.26 0.43 7.3 6.9
065 154 423 011 027 029 004 040 0.81 0.48 6.2 6.8
Guard mother cells of 0.60 140 3.70 - 046 049 0.05 - 1.15 0.48 7.0 6.8
Allium cepa 060 140 370 - 0.55 049 0.06 - 1.24 0.41 1.2 1.0
0.49 152 371 ~ 040 044 0.16 - 1.46 0.48 9.3 6.3
Tumour cell sarcoma-180 049 1.42 400 ~ 0.33 057 Q.10 - 1.37 0.37 7.7 7.0
0,49 142 446 - 0.36  0.59 0,05 - 1.24 0.38 7.2 7.0
049 142 4.00 - 0.33 057 0.10 - 1.36 0.37 7.6 1.0

“Chi-square values were between 1.0 and 1.1 for all the data.

*The first three entries correspond to three different locations within a single 3T3 cell. Subsequent entries correspond to different single cells.

840

CURRENT SCIENCE, VOL. 72, NO. 11, 10 JUNE 1997



SPECIAL SECTION: CHEMISTRY-BIOLOGY INTERFACE

induced by immiscibility of the components, (ii) binding
of Ca>* and positively charged peripheral proteins to
segregated negatively charged lipids, and (ii1) coexistence
of gel and liquid crystalline phases. Apart from such
microdomains, special structures such as lipidic cubic
phases*** and structures formed by non-bilayer forming
liptds such as phosphatidylethanolamine have been sug-
gested to have functional roles in living systems**".
Thus a general description in which the membrane
function is controlled by the overall membrane fluidity*
and local specific structures such as microdomains and
non-bilayer structures is quite attractive.

Several physical techniques have been used in the
characterization of membrane fluidity, membrane micro-
domains and non-bilayer structures. Of these, only a
few are suited for studies on single living cells. These
include optical techniques based on fluorescence micro-
scope. A large variety of fluorescence probes have been
developed for studying the structure and dynamics of
membranes*’. Although fluorescence depolarization'®"
and - fluorescence photobleaching recovery’’ are the
commonly used methods, there are several other
fluorescence-based techniques which could be applied
to single living cells.

Fluorescence lifetime distribution of membrane
probes

Fluorescence lifetime distribution of membrane probes
could be a powerful method in characterizing the mem-
brane structure and dynamics through the heterogeneity
of population of the probe. The fluorescence decay
kinetics of probes distributed in complex systems
generally show a considerable level of heterogeneity. It
is reasonable to assume that, in the absence of evidence
of the number of population of the probe, the probe 1s
distributed into a very large number of populations
whose properties could vary from each other. In such
situations, fitting the observed decay kinetics to a dis-
tribution of lifetimes is more rational when compared
to fitting them to a sum of a few (£4) discrete expo-
nentials. Several functional forms such as Lorentzian or
Gaussian distributions have been used in the past in
several situations such as proteins®'** and membranes®~*.
However it should be clearly pointed out that there 1is
no physical rationale based on any model for the use
of the functional forms mentioned above. In contrast,
fitting the fluorescence decay kinetics in such complex
systems to a distribution of lifetimes based on the
maximum entropy method (MEM) is quite attractive™>".

The fluorescence intensity (/(r)) decay kinetics could
be represented by the general expression

I(t) = J “e:(r) exp(— /1) d(r), (7)

{}
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where 7 is-the fluorescence lifetime and the function
a(t) represents the distribution of lifetimes. In the case
of discrete exponential fits, eq. (7) reduces to

(1) = Z o, exp(—t/T,) 1= 14, (3)

and in the case of Lorentzian fits, a(z) is represented
by an Lorentzian function.

The MEM (refs 55-57) starts with the assumptlon
that the functional forms of «(r) is unknown. MEM
begins with an initial condition in which the lifetimes
are distributed in a particular range (say 10ps to 10
ns), all having equal probability (amplitude). The range
is covered by N exponentials (N=150) with 7 values
equally spaced in the log T space. For this distribution
the entropy S (Shannon-Jaynes entropy) and the reduced
y* are calculated;

—E a. loga. . (9)

Data analysis consists of modifying «. in each iteration
such that minimization of ¥* and maximization of S
occurs. Procedures for the modification of . in each
iteration are given elsewhere®™’. For a particular value
of ¥° there will be many possible distributions of «;
MEM identifies that distribution for which § is maximum.
This method will not give structures in the distribution
unless warranted by the data. The analysis is terminated
if ¥2<1.0 or if subsequent iterations have negligible
effect on the values of % S and the «, profile.

MEM gives a continuous distribution of lifetimes as
the required solution without assuming any model or
mathematical function. The distribution given by MEM
is a general one which includes also the solution obtained
by a discrete multiexponential analysis. If the decay is
truly a sum of N exponentials (representing N popula-
tions), then the MEM analysis would generate a distri-
bution with N peaks provided the signal to noise ratio
in the data is adequate to resolve the peaks’’.

There are several features which are apparent In
lifetime distributions obtained by MEM. They are (1)
the number of peaks, (ii) the width of the distribution,
and (iii) the shape of the distribution. The width of the
peaks is dependent on the signal to noise ratio; the
width decreases with the increase in peak counts and
levels off at high peak counts®. This residual width
which is likely to represent the true width of the system
could be ascribed to the heterogencity of the probe. In
the present work, we use the width of the distribution
associated with the membrane probe Nile Red in gaining
insight into heterogencity in the population and hence
the dynamics of membranes. Nile Red s commonly
used to label membranes in cells™™ and the fluorescence
decay kinctics of Nile Red is very sensitive to the
environmen®,
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Fluorescence lifetime distribution in pure lipid
membranes

Figure 4 shows the distribution of fluorescence lifetime
of Nile Red in eithcr in DMPC or DPPC vesicle
membranes at 35°C. The gel-liquid crystalline phase
transition temperatures of DMPC and DPPC are 25°C
and 42°C respectively®'. Hence DMPC and DPPC are
expected to be in the liquid crystalline phase and the
el phase respectively at 35°C. The most striking
feature of these distnbutions is the difference in the
width between DMPC and DPPC membranes. The width
observed in the case of DPPC was about 3-4 times
larcer when compared to that observed in the case of
DMPC (Table 3 and Figure 35).

Figure 5 shows the temperature dependence of width
in the case of Nile Red in DMPC, DPPC, egg PC and

soybean phospholipid vesicles. It can be seen that the
width tracks accurately the physical state of the lipids,
with transition temperature around 25°C and 42°C in
the case of DMPC and DPPC respectively. In contrast,
the width did not show any transition in the cases of
egg PC and soybean phospholipid as expected. One
could have several models for explaining the variation
of width in pure lipid membranes. In the membrane,
Nile Red molecules could be distributed into various
orientations and environments each having an individual
lifetime. In the gel phase, the translational and rotational
mobility of Nile Red i1s likely to be slower than the
decay time. This would result in a continuous distribution
of lifetimes represented by a broad gaussian as observed
in the case of membranes below the phase transition
temperature (Figures 45 and 5). In contrast, in the
liquid crystalline state, Nile Red molecules could be
highly dynamic and experiences an average environment
during the hifetime of the excited state. This would
result in narrowing down of the distribution since the

Y S S B S M S

192°  average lifetime of all the Nile Red molecules become

3 « | DMPC ’ DPPC imilan h other. Th distribution obtained
4o _ 0 /\ at 352 Jose similar to each other. The narrower distri ution obtaine
o0 at 30 7 ~ above the phase transition temperature (Figures 4 a and

.'-i , lose ) would fit with this explanation.
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< , leos  ©Of Nile Red responsible for the continuous distribution

lL of lifetimes? An attractive model is the orientational

0.0 | N R—— Ny lo0o  heterogeneity wherein there is a continuous distribution
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Figure 4. Fluorescence lifetime distribution (analysed by the maximum
entropy method) of Nile Red in DMPC (dimyristoyl phosphatidyl
choline) and DPPC (dipalmitoyl phosphatidyl choline) vesicles at 35°C.
At this temperature, DMPC 1s in liquid crystalline phase and DPPC
1s in gel phase.

of 0, the angle between the emission dipole of the probe
and the normal to the surface of the bilayer membrane.
The radiative rate (k) is a function of 0 and the refractive
index of the membrane (n_) and the aqueous phase (n)
(ref. 62).

k =G rsinf@)n+ G rm? cos*0) n, (10)

Table 3. Parameters obtained by the maximum entropy method analysis of fluorescence inten-
sity decay of Nile Red in lipid membranes

Width of lLifetime

Peak position Order

Composition of vesicles? distribution {ns) (ns) parameter (S)
DMPC at 35°C 0.34 3.90 0.45
DPPC at 35°C 1.70 4.22 0.72
DMPC-60% (w/v) sucrose at 35°C 0.27 3.91] 0.31
DPPC-6(0% (w/v) sucrose at 35°C 0.72 412 0.79
ePC at 25°C 0.34 3.55

SPL at 25°C 0.51 3.60 0.51
SPL + 14% cholesterol 1.33 3.85

SPL + 28% cholesterol .83 3.92 0.75
SPL + 57% cholesterol 2.62 4.18

ePC + 40% (w/w) mellitin 0.87 3.78

ePC-PA (1:1)+ 10uM cytochrome C 0.97 4.07

SPL + cytochrome oxidase (.97 4.07

(lipid/protcin ratno 20: 1)
DMPC + 10% (w/w) capric acid 0.70 4.40

“DMPC, dimyristoyl phosphatidyl choline; DPPC, dipalmitoyl phosphatidyl choline; ePC, egg
phosphatidyl choline; SPL, soybean phospholipids; PA, phosphatidic acid; cholesterol percentage is
by molar ratio.
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where r is the combination of several constants®’. Since
T=1/(k +k ), where k_ is the combined rate of all the
non-radiative processes, the observed lifetime 7 will
depend upon @ and hence the orientation of the probe
with respect to the membrane plane. If the orientation
is distributed over a large range of @, then one would
expect a broad distribution of r. When the refractive
index of the membrane (n_) and the aqueous phase (n )
are equal to each other, k. will be independent of 8. It
has been shown that n_=~n_ at 60% (w/v) sucrose in
the aqueous phase®*®. The width observed in DPPC
membranes 1n 60% sucrose was significantly smaller
when compared to the situation in sucrose-free buffers.
Thus the difference in the width in the gel and liquid
crystalline phase is very much reduced in the presence
of 60% sucrose. These results indicate that the orien-
tational distribution of Nile Red is the major source of
larger width in the gel phase.

Lifetime distribution in mixed lipid membranes
and lipid—protein membrane

As mentioned earlier, the physical state of cell membranes
could also be controlled by microdomain structures
which could be created in a variety of ways. Mixtures
of incompatible lipids, binding of ions such as Ca** and
some peripheral proteins are some of the causes of
formation of membrane domains***. Distribution of Nile
Red into the domain structures, protein—lipid intertaces
and other regions of the membrane could increase the
heterogeneity and hence the width of the distribution.
In such a model, the distribution of 7 would arise mainly
from the heterogeneity of k__ rather than in k. Table 3
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Figure 5. Temperature dependence of the width of lifetime distitbution
of Nile Red in various membrane vesicles, ¢PC, egg phosphatidyl
choline;, SPL, soybean phospholipids,
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lists the width of the distribution obtained in a variety
of lipid mixtures and in the presence of peripheral and
membrane proteins. It can be seen that cholesterol has
a significant influence on the width. The increase in
the width and in the position of the peak with the
increase in cholesterol content suggests increased rigidity
of the membrane with the increase in the level of
cholesterol. Alternatively, cholesterol could have created
domains in the membrane leading to increased hetero-
geneity in the environment of the Nile Red. The
heterogeneity in 7 is caused by the heterogeneity in k
in former model and by the heterogeneity in k_ in the
latter model. The decay kinetics of fluorescence aniso-
tropy of Nile Red supports the first model wherein the
membrane shows increased gel character with the increase
in cholesterol content. This was revealed in the increase
in the order parameter, S (S=(3 <cos*0>—1)/2) with
the increase in the cholesterol content (Table 3). Another
perturbation which resulted in a significant increase in
the width of lifetime distribution was the presence of
membrane proteins such as mellitin and cytochrome
oxidase (Table 3). The increase in the width in these

0.10 :

T T
QL a O
™ 0.08 - ~
= 3
- 0.06 | - e
— : —i
E“ 0.04 - E
<G 0.02 \ 4
0.00
6 8 10
Time (ns)
0.12 1
L c
Fg 0.08 | -
e
::
E‘ 0.04 |- -
¢ \
0.00 . N Y E——
0 2 4 6 8 10
Time (ns)
0.4 —~—p————1— 0.20 pm——————1—
] 3 H
W N o - L. £ -
- 03 5 0.15 f
3 =R
. — 0.10
et 0.2 . A, 10 _ -1
0L
5 0.1 |- 4 5 0.05 =
< }

6 2 4 6 8 10 o 2 4 6 B 10

Time (ns) Time (ns)

Figure 6. Maxunum entropy method disttibutton ol fluoteseenee fite-
time of Nile Red in various cells. a, Chinese hamster oviay cells; b,
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