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Pseudo Real-Time Method for Monitoring of the Limiting
Anisotropy in Membranes
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Data acquisition and analysis of the time-resolved fluorescence anisotropy is typically a time consum-
ing process preventing usage of this experimental method for monitoring of time-dependent phenom-
ena. We describe a method for pseudo real-time monitoring of the limiting fluorescence anisotropy
I allowing to track changes of the membrane order occurring on the time scale of minutes. Principle
and performance of the method is demonstrated in the time domain with the time-correlated single
photon counting detection. DMPC liposomes stained with 1,6-diphenyl-1,3,5-hexatriene (DPH) have
been used to test influence of the diffusion membrane potential on the membrane order during the
temperature-induced phase transition in DMPC membranes. It has been found that the transmembrane
field of the order of—70 mV increases the phase transition temperature by abcl@-425C. It is
proposed that the full advantage of the method can be utilized with a gated detection, which besides
a faster data acquisition brings additional advantage of excitation light suppression. The method can
be also used for imaging.

KEY WORDS: Fluorescence anisotropy; limiting anisotropy; gating; membrane potential; DPH; phase transition;
DMPC; LUV.

of groups experimentally demonstrated théj reaches
certain limiting valuer,, in membranes [4-7]. Kinosita

Understanding of biological functions of lipid mem- et al.was the first who theoretically related characteristics
branes requires knowledge of their structure and physi- of the fluorescence anisotropy to membrane properties by
cal characteristics. Time-resolved polarized fluorescenceintroduction of the wobble-in-cone model [3]. Later the-
techniques and hydrophobic fluorescence probes intro-oretical analyses have shown thas is directly related
duced to the lipid membrane offer a great possibility for to the second-rank order parame{é) by the relation
studying rotational diffusion of the probes. Since the re- r = ro(P,)? [8-12], wherer is an initial fluorescence
orientation of the fluorophore reflects its interactions with anisotropy. The is experimentally measurable and is
lipid chains, the fluorescence anisotropy reports on their characteristic for the probe used only. From this point of
statistical order and dynamics [1]. When the probe residesview r, and(P,) carry the same information.
in an anisotropic environment where its motion is angu- Measurement of the time resolved fluorescence data
larly restricted, e.g. membrane, the time resolved fluores- by standard time domain [13] or frequency domain [14,15]
cence anisotropy(t) does notdecayto zero [2,3]. Number methods is a time consuming process typically requir-

ing minutes, sometimes even hours, of the data acquisi-
tion time. Additional time is needed for the data analysis
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ing of dynamic processes. Attempts have been done to
develop devices capable of fast data acquisition by mas-

3 To whom correspondence should be addressed. E-mail: herman@ Sively parallel data collection, the effort, however, resulted
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in a rather complex and expensive devices [17,18].
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We have developed a simple method allowing as-
sessment af,, in seconds by reducing the information ex-
tracted from the anisotropy decays and by complete elimi-
nation of the time-consuming reconvolution data analysis.
The method is fast enough to measure slow processes on
the time scale of minutes.

Number of physical factors can modulate physical
properties of the biological membranes. One of them is a
membrane potential, which is essential for living cell. An
important component of the transmembrane electric field
is the diffusion potentials created by ion gradients across
the membrane. Understanding how the strong transmem-
brane field modulates the structural organization of the
lipid bilayer itself is of great interest since a barrier func-
tion of the bilayer under wide range of external conditions
is critical for all living cells. This was the motivation to
apply the method for detection of potential-driven struc-
tural changes in synthetic lipid bilayer during the phase
transition.

THEORY

Herman, Malinsky, Plasek, and Vecer
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Fig. 1. Intuitive description of the limiting anisotropy measurements.

(A) Pulse excitation, (B) polarized fluorescence decays, (C) fluorescence

Prior to demonstration of the direct measurement

anisotropy decay. The parameter values used for the simulations-are

we will describe the theory and principles of the method. 10 ns,¢ = 3 ns,rg = 0.4, 1o = 0.15. The collection of the polarized

Intuitive description of the,, measurement is presented
in Fig. 1. The anisotropy decay is described by the
formula:
() = H®=1® _ h®=1®
Ly(t) + 21 .(t) 1(t)
wherel (t) is a fluorescence intensity decay dpt) and

I, (t) are fluorescence components polarized parallel and
perpendicularly to the polarization of the excitation pulse.

1)

componentslﬁ and|/ started at; = 20 ns and finished d = 45 ns
after the excitation pulse.

possible and integrate decalyét) andl | (t) over the time
interval (t; t2), Fig 1B:

tz t2
|ﬁ=/ﬁ ) dt, Ii:/ﬁ Ldt (3

Suppose that the fluorescence probe is placed in the envi-The upper integration limit, can be set to any value
ronment restricting its angular reorientation. Under such fz > ti. The larger is the value df the more photons
circumstances the anisotropy does not decay to zero reachfrom the decay is collected and S/N ratio improves. How-

ing limiting valuer,. The anisotropy decay is complex
in most cases, however, for simplicity we can assume a
monoexponential decay [3]:

)

where the ¢ and¢ are the initial anisotropy and the ro-
tational correlation time, respectively. From Fig. 1C and
Eq. (2) it is seen that after timg the time-dependent
terms of the anisotropy decay die off. For instance af-
ter timet; = 4¢ the exponential term of the fluorescence
anisotropy decays below 2% of its original value and the
anisotropy remains with reasonable accuracy constant. If
we were able to measuré) at any time > t;, we would
obtain value (t) = r.. In order to increase signal to noise
(S/N) ratio it is advisable to collect as many photons as

rt)=@o—ro) €Y +ry

ever, increasing o, to values larger then about five flu-
orescence lifetimes; > 57, does not bring further sig-
nificant improvement of the S/N ratio, since the intensity
I (t) has already decayed below 0.7% of its original value
and almost no photons left to collect. Even more, col-
lection of background and noise signal in the region of
very weak emission could eventually bias the measure-
ment and should be avoided. An optimal valugofias
to be chosen according to the instrument sensitivity and
noise.

The anisotropy’ calculated from the integral inten-
sitiesl; andl/ is given by formula:

=10 [ - rt)dt
S 1) dt

/

I +21]

(4)
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By substituting Eq. (2) and fdg > ¢ we obtain:
L el

C+21]

) - (o — 1) - e dt
to
S 1) dt

It should be stressed that Eq. (5) holds true forigihyde-
caying to the limiting value,. For assessment of tig,
from Eq. (5) is not necessary to know the exact shape of
the anisotropy decay, assuming that the starting integration
limit t; is large enough compared to the longest rotation
correlation time in the decay. Since only integral signals
I; and1] are collected, the anisotropy can be instan-
taneously calculated according to Eq. (5) without need
of a complicated deconvolution analysis. Measurements
with such setup resemble standard steady state anisotrop
experiment.

It is instructive to inspect to which extent the light
sensitivity of the instrument is affected by discarding the

+reo XTlo (5)
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MATERIALS AND METHODS

Measurement of r o,

In this report we have used an alternative approach
to the gating. We have employed time-correlated single
photon counting (TCSPC) for direct measurement,of
The block diagram of the instrument is shown in Fig. 2.
Picosecond excitation at 355 nm twia 4 MHz repeti-
tion rate obtained after doubling the 710 nm output of the
cavity-dumped dye laser (Spectra Physics) with the Pyri-
dine 1 dye. Emission was accumulated at 430 nm. The
wavelength was selected by monochromator with the slit-
width of 8 nm. A glass absorption filter with the cut-off
wavelength of 400 nm was placed in front of the input slit
for better rejection of the scattered light. The polarized sig-
nals were measured with the emission polarizer set in the
fixed vertical position and the excitation polarization plane

Yvas rotated between 0 deg and 90 deg, respectively, by the

PC-controlled quartz polarization-rotator. This approach
minimized the correction for unequal transmittances of

early parts of the fluorescence decays. When assuming a

monoexponential decay and the lower integration limit set
to t; = 4¢, the measured fractioR of the fluorescence
intensity is:

f:; I0~e*t/f dt

_ — oM/
= e
/000 lg-et/rdt

F (6)

From Eq. (6) it is seen that the method cannot be used for
sampleswherg ~ 1, since no emission remains aft¢tr)
reaches the plateau. The light collection efficiency rapidly
increases with decreasing ratio ¢ft. For values used

in simulation in Fig. 1, i.ez = 10 ns andp = 3 ns, we
obtainF = exp(—12/10) = 0.3. Fortunatelly, the ratié

for the favorite membrane probe DPH is usually close to
the number given in the example and the experiment can
be accomplished. Employment of long-lived fluorophores
such as metal-ligand complexes (MLC) [19-23] with mi-
crosecond lifetimes [24] would bring tHe ratio close to
100%.

Itis easy to envision that the described method can be
easily accomplished with a gated detection. The detector,
which is normally gated off, is gated on and off at the time
t; andt, after excitation, respectively. Cutoff ratios larger
than 7x 10° have been reported for side window PMTs
[25], so we believe that a complete suppression of signal
outside the time windowty, t;) can be readily accom-
plished. An additional advantage of the gating approach
is an effective suppression of the scattered excitation light
which is known to severely affect measured anisotropy
values [25-27].
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Fig. 2. Block diagram of the apparatus.
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the detection channel for different polarizations, since the 15 min. Large multilamellar vesicles (MLV), 25 mM total
G-factor was close to one. This was verified by an inde- DMPC concentration, were formed by hand-shaking of
pendent experiment. the dried lipid film with the TK buffer. Large unilamellar

We have used NIM modules from EG&G Ortec as liposomes (LUVS) were extruded by 21 passages of the
components of the TCSPC detection. Output from the MLV suspension through the polycarbonate filter, 0
time-to-amplitude converter was analyzed by a single pore diameter (Nuclepore Corp., Pleasanton, CA) [31].
channel analyzer (SCA), Ortec 567, which is generating The extrusion was done above the phase transition tem-
a TTL pulse for any fluorescence photon detected at the perature, at 4CC.
time window {1, t;). Photons outside the interval are re- The diffusion membrane potential was set by proce-
jected. The limitd; andt; are freely adjustable. Number dure of Veceet al.[32]. The potential was created by the
of the pulses, equal to the integral intensity in the time K* ion gradient on the liposomal membrane. Liposomes
window (t, t), was counted by a plug-in card CTMO5 prepared in the TK buffer and containing 150 mM k-
(Metra Byte) configured as a fast 32-bit counter. The po- side were diluted 259 (v/v) by the TC buffer contaning
larized intensitied | and| were sequentially measured, 150 mM choline chloride instead of KCI. The value of the
stored in the computer memory, and the anisotirdpyas transmembrane potential generated by this method was
immediately calculated. Values of, can be obtained ev-  estimated to be about70 mV, negative inside [32]. The
ery 5—20 swhich is much faster then the classical approachpresence of the membrane potential was verified with the
and not much worse then the time typically required for potentiometric indicator diS+4{3) [32—34]. Liposomes
acquisition of the steady state fluorescence anisotropy. without the membrane potential were prepared by diluting
the stock LUV suspension by the TK buffer to the final
concentration of 10@M lipid/mL. Diluted samples were
stained by DPH, 5 10~7 M final probe concentration.

Full fluorescence and anisotropy decays were ac- The sample preparation was done at@@nd the result-
quired with the standard TCSPC setup. The apparatus re-ing LUV suspension was kept well above the DMPC phase
sponse function was reconstructed from emission of a pair transition temperature until measured.
of reference compounds [28]. The time resolved data were
fitted by the standard least squares method. The general
model [16,29] has been used for fitting the fluorescence RESULTS
anisotropy decays [30].

Samples were measured in a thermostatic holder con- The direct measurementf, is demonstrated on the
nected to the programmable water bath. Temperature wasphase transition in the model DMPC membrane monitored
measured directly in the cuvette by thermocouple with by fluorescence of DPH. We have tested influence of the
an accuracy of 0°L. For the temperature scans the tem- diffusion membrane potential on the lipid order during
perature measurements were synchronized with the datahe main phase transition. Before describing the experi-
collection and readings were stored in the PC. ment we will examine validity of the approach under our
particular conditions. In order to set the time window on
the SCA, we have measured full fluorescence anisotropy
decays at the low and high ends of the temperature range

Dimyristoylphosphatidylcholine (DMPC) was pur- used, Figs. 3and 4. Figures 3A and 4A show polarized flu-
chased from Sigma, 1,6-dipheny-1,3,5-hexatriene (DPH) orescence decays of DPH in the DMPC vesicles aC15
was obtained from SERVA, and diS;(3) from Molec- and 30C, respectively. Consistently with literature [16],
ular Probes. Other chemicals, all analytical grades, werethe least squares data analysis revealed a biexponential
obtained from FLUKA. fluorescence decay of DPH with the mean lifetime close

The TK and TC buffers were prepared by supplying to 10.6 ns and 8.8 ns at U5 and 30C, respectively. The
the 17 mM Tris-base solution by 150 mM KCland 150mM parallel decays o (t) andl , (t) atlong times after the ex-
choline chloride, respectively. The pH of the both buffers citation indicate incomplete fluorescence depolarization
was adjusted to 7.4 by the hydrochloric acid. and a significant value af,,, Fig. 3A. Inspection of the
anisotropy decay at &, Fig. 3B, reveals thaf(t) rapidly
decays to the limiting value af,, = 0.33 and within the
experimental accuracy stays constant. This is true from

Lipid dissolved in chloroform was dried on the test about 10 ns to 50 ns after excitation when DPH fluores-
tube wall under nitrogen and kept in a vacuum for at least cence diminishes. At & the DMPC membrane is in the

Fluorescence and Anisotropy Decays

Chemicals and Buffers

Liposome Preparation
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Fig. 3. Fluorescence decay (A) and anisotropy decay (B) of DPH-stained DMPC liposomes at 3. The dashed line in the panel (A) is an appa-
DMPC liposomes at I%C. The dashed line in the panel (A) is an appa- ratus response function. Solid lines indicate the best least squares recon-
ratus response function. Solid lines indicate the best least squares reconvolution fit of the data. The solid line in the panel (B) is an anisotropy
volution fit of the data. The solid line in the panel (B) is an anisotropy calculated from the fitted curves.

calculated from the fitted curves.

lection rate. The upper integration limit was set to 50 ns

gel phase and the high, value reflects high lipid order  since there is no significant emission from the probe at
below the phase-transition temperature. later times.

Figure 4B displays anisotropy decay of DPH atG0 Figure 5 shows dependencergf on the tempera-
i.e. above the phase transition temperature of DMPC mem-ture during the phase transition of the DMPC membranes.
branes. It is seen that in the liquid phase t{i® decays We have tested possibility to detect influence of the diffu-
to much lower limiting value of ., = 0.051 reflecting sion membrane potential on the lipid order during the main
higher rotational freedom of DPH and higher disorder of phase transition. The phase transition was induced by tem-
the lipid bilayer. Small increase of the anisotropy located perature decrease from<5to 15C and then its increase
near 20 ns correlates with the afterpulse in the apparatusback to 30C. Temperature was changed with the rate of
response function. Such afterpulse is typical for conven- 2°C/min and about 100 anisotropy readings was measured
tional head-on PMTs and prevents setting of thémit during the full temperature cycle. Closed circles in Fig. 5
closer then about 25 ns after the excitation pulse. Inspec-represent the phase transition of liposomes without the
tion of the tabulated fitted curve from Fig. 4B revealed membrane potential, i.e. with the aqueous environment
that the anisotropy remains with 7% accuracy constant identical inside and outside the LUVs. The phase transi-
for all timest > 25 ns. From Eq. (4) we have estimated tiontemperaturg, was found to be close to 236, which
that setting of the; limit to 25 ns results in less then is consistent with the literature data [35]. By a visual in-
5% systematic deviation of the final valuerdf which is spection it is seen that the presence of the transmembrane
expected to be within the experimental uncertainty. For- electric field increases thg, about 1.8C-2°C. The re-
tunately, modern MCP-PMTs do not suffer from such af- sult is similar to the finding of Antonov [36] who reported
terpulsing which allows setting df to lower value and, similar increase of th, in the electric field. The increase
as a consequence, to significantly improve the data col- was assessed from the electric conductivity of DPPC and
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Fig. 5. Temperature dependence of the limiting fluorescence anisotropy
I~ of DPH in membranes of the DMPC vesicles. Closed and opened cir-

cles represent LUVs without and with negative membrane potential, re-
spectively. Arrows indicate heating and cooling of the LUV suspension.

DSPC bilayers. In order to verify that the observed differ-

Herman, Malinsky, Plasek, and Vecer

it would be possible with a standard detector and mea-
surements af,, can be done much faster. Risetime of the

standard side-on PMTs is usually in the range of 1-5 ns,
which is sufficient for this application. The response of

modern MCP PMTs is even much faster, usually in the
subnanosecond time range.

In the last decade there has been increased interest
in the time resolved imaging techniques [37]. Number
of them use gated PMTs or gated image intensifiers.
Recent gated intensifiers can operate at high repetition
frequencies with gating pulses as narrow as several
hundreds of picoseconds [38—40]. Shutter ratios as high
as 10-10" has been reported [41]. It is not difficult to
imagine implementation of the presented method for the
r-imaging where the output is a map of the limiting
anisotropyr ., or the second-rank order parametéb)
in the biological sample.
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ence is not caused by the presence of choline ions, instead

of KT, outside the vesicles, the same experiment was per-
formed with LUVs prepared in the TC buffer. Such LUVs
had a zero diffusion potential on the membrane. No effect
of choline ions on the,, has been found and the curves
for LUVs prepared in the TK and TC buffers within the
experimental uncertainty overlapped (data not shown).

It is not ambition of this paper to explain detailed

mechanisms how transmembrane potential influences the ;

membrane order. This will be the subject of a separate
paper. We rather want to demonstrate a capability of the
method and present a proof-of-the-principle experiment.
To the best of our knowledge, we are the first who present
fluorescent measurements of potential-induced changes o
lipid order during the phase transition.

DISCUSSION

We are aware that the presented implementation of
the method for measurementf has a limitation. We
used the TCSPC approach since at present we do not hav
an accesstothe gated detection. The limitationis the inher-
ently restricted data acquisition rate. The correct function
of the TCSPC requires the data collection rate to be less
then about 1% of the excitation repetition frequency in
order to avoid systematic errors due to the pileup effect
[13]. This certainly influences performance of the method,
especially for bright samples.

The gated detection does not suffer by this limitation.
Moreover, the initial blast of light which could saturate the
detector is gated off together with the scattered excitation.
One can work therefore with much brighter samples than
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