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ABSTRACT A new and sensitive molecular probe, 2-(2'-
hydroxyphenyl)imidazo[1,2-a]pyridine (HPIP), for monitor-
ing structural changes in lipid bilayers is presented. Migra-
tion of HPIP from water into vesicles involves rupture of
hydrogen (H) bonds with water and formation of an internal
H bond once the probe is inside the vesicle. These structural
changes of the dye allow the occurrence of a photoinduced
intramolecular proton-transfer reaction and a subsequent
twisting/rotational process upon electronic excitation of the
probe. The resulting large Stokes-shifted fluorescence band
depends on the twisting motion of the zwitterionic phototau-
tomer and is characterized in vesicles of dimyristoyl-
phosphatidylcholine and in dipalmitoyl-phosphatidylcholine
at the temperature range of interest and in the presence of
cholesterol. Because the fluorescence of aqueous HPIP does
not interfere in the emission of the probe within the vesicles,
HPIP proton-transfer/twisting motion fluorescence directly
allows us to monitor and quantify structural changes within
bilayers. The static and dynamic fluorescence parameters are
sensitive enough to such changes to suggest this photostable
dye as a potential molecular probe of the physical properties
of lipid bilayers.

Several fluorescent organic molecules have been described as
molecular probes of structural and dynamical changes in lipid
bilayers (1-3). These changes generally are observed by mon-
itoring the variation of photophysical properties, such as
fluorescence anisotropy and lifetime, spectral position, and
fluorescence quantum yield of the dye within the bilayers
(1-4). Recently, molecules showing excited-state proton-
transfer (ESPT) reactions have been suggested as probes for
the study of protein conformation and binding-sites (5-8).
ESPT reactions are very fast elementary processes (9-11)
involved in various area of physics, chemistry, and biology
(6-18). Because of the observed large Stokes-shifted fluores-
cence of the proton-transfer band in these systems, such
molecules might show some advantages with respect to others
having a normal Stokes-shifted emission band.

Very recently, we have shown that the ESPT cycle can be
coupled to a cis-trans isomerization reaction resulting in the
formation of a rotamer of the phototautomer and opening a
possible way to store information at a molecular level (15). We
also reported on the photophysics and cyclodextrin inclusion of
adye, 2-(2'-hydroxyphenyl)imidazo[1,2-a]pyridine (HPIP, Fig.
1). HPIP shows ESPT in fluid (16) and restricted media
(cyclodextrins, CDx) (17). More specifically, we showed that
the proton motion within the internal H bond of this dye in the
first electronically excited state generates a zwitterionic pho-
totautomer emitting a large Stokes-shifted fluorescence band.
In rigid media [poly(methyl methacrylate) films or in CDx] the
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yellow-green fluorescence comes from the tautomer 2 or one
of its close rotamers (17). In fluid media 2 gives rise to the
red-emitting species 3 through a rotational process around the
Cy—C;y single bond (Fig. 1). The spectral shift of the fluo-
rescence going from 2 to 3 is about 70 nm (2,300 cm~!). In
H-bonding solvents, the intramolecular H bond of the dye is
broken and the resulting solvated species (such as 4 in water,
Fig. 1) emits at around 390 nm (17).

We describe herein the quantitative study of the structure/
dynamics of lipid bilayers of dimyristoyl-phosphatidylcholine
(DMPC) and dipalmitoyl-phosphatidylcholine (DPPC) at dif-
ferent temperatures and in the presence of cholesterol based
on the spectral shift of the ESPT fluorescence band and
steady-state anisotropy and fluorescence lifetime measure-
ments.

MATERIALS AND METHODS

Materials. HPIP was synthesized and purified as described
elsewhere (16). Spin labels 5-doxyl-stearic acid (5NS), 16-
doxyl-stearic acid (16NS), and lipids DMPC, DPPC, and
cholesterol were obtained from Sigma-Aldrich. The paraffin
oil, PRIMOL ESSO 352 (viscosity at 20°C, n = 1.9 poise), free
of fluorescent impurities in the wavelength range of interest
(>330 nm), was used as received.

Preparation and Labeling of Spherical Lipid Bilayers.
Multilamellar vesicles were prepared by resuspending the
appropriate amount of dried phospholipid in triple-distilled
water (=~0.25 mg/ml) or in TrissHCI buffer (pH = 7.0). This
suspension was kept at a temperature above the lipid thermal
phase transition and vortexed. Large, unilamellar vesicles
(average diameter ~90 nm) were prepared from a suspension
of multilamellar vesicles by pressure extrusion through 0.1-um
polycarbonate filters. To prepare lipid bilayers containing
cholesterol, dried cholesterol-phospholipid mixtures were dis-
solved in a small amount of chloroform and the solvent was
evaporated with a stream of nitrogen.

The incorporation of the probe to the lipid bilayers was
made by adding microliter amounts of a stock solution of 1073
M HPIP in ethanol to the vesicle suspension (probe/lipid
molar ratio ~1/200).

Spectroscopic Measurements. Absorption spectra were re-
corded on a Cary 3E spectrophotometer (Varian). Fluores-
cence spectra, quenching, and steady-state anisotropy [<r> =
(In— GI. )/ + 2GI ), where G is correction factor (19), Ii,
and 7, are the vertically and horizontally polarized emission
intensities, respectively] measurements were carried out with
a SLM-8000D fluorimeter (SLM-Aminco, Urbana, IL). Emis-

Abbreviations: ESPT, excited-state proton transfer; CDx, cyclodex-
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FiG. 1. Molecular structures of the different species of HPIP in hydrophobic (1) and in aqueous (4) solutions. Tautomer 2 is the intramolecular

proton-transfer phototautomer of 1, and 3 is a rotamer of 2.

sion quantum yields were measured by reference to quinine
sulfate in 0.05 M H,SO4 (¢r = 0.51). Fluorescence lifetimes
with =~0.5-ns resolution were recorded with a time-correlated,
single-photon counting system (16). The samples were excited
at 357 nm with a nanosecond flash lamp (Edinburgh Instru-
ments, EI199) filled with nitrogen. The emission was detected
through a band-pass filter (Schott KV) at 500 nm. To eliminate
rotational depolarization effects, polarizers were inserted in
both channels. The fluorescence decays were analyzed by using
a nonlinear least-squares iterative convolution method (19).

Quenching Measurements. The transverse location of a
fluorescent probe in lipid bilayers can be estimated by means
of lipophilic spin probes that place a quenching nitroxide
group in a defined location within the membrane (20). To this
end, microliter aliquots of a 1073 M stock ethanol solution of
the nitroxide quenchers SNS or 16NS were added to 3 ml of
the vesicle suspension.

Quenching data were analyzed by means of Stern—Volmer
plots of Iy/I versus [Q]L, where Iy and I stand for the fluores-
cence intensities in the absence and in the presence of the
quencher, respectively. [Q]y is the quencher (spin label) molar
concentration within the lipid phase, given by

KpVy
[Q]. = Vit VK [O]r

where K, = [Q]./[Q]4 is the partition coefficient of the
quencher between the lipid and the aqueous phases. [Q]ris the
total concentration of the quencher in the total volume V7 =
Vi, + V4, where V7, and V4 are, respectively, the volume of lipid
and aqueous phases (20). The values of K, for SNS and 16NS
in the fluid phase are 8.9 X 103 and 9.73 X 103, respectively
(21).

RESULTS AND DISCUSSION

HPIP Spectroscopy in Homogeneous Fluid Solutions. The
UV-visible absorption and emission spectra of HPIP in cyclo-
hexane are characterized by a structured absorption band with
maxima at 340 and 357 nm, and a large structureless emission
band of around 590 nm (16). The absorption band is assigned
to the first electronic transition of 1, whereas the emission is
attributed to the rotamer 3 of the phototautomer 2, which

results from an ESPT reaction of 1 (16, 17). Changing the
temperature from 10°C (n = 1.3 X 1072 poise) to 40°C (n =
0.65 X 102 poise) does not modify appreciably the position of
either the absorption or fluorescence spectra in cyclohexane.
The molar absorption coefficient determined at 340 nm is
~22,000 M~! - ecm~!, and the emission quantum yield at room
temperature is 0.071 (Table 1). An Arrhenius plot (not shown)
of log(kny) versus 1/T (where kn, is the nonradiative rate
constant of the phototautomer) gives an activation energy to
radiationless channels of 1.8 (£0.2) kcal/mol.

In paraffin oil at 6°C (n = 4.6 poise), the absorption
spectrum is similar to that obtained in cyclohexane but the
emission band is centered at 578 nm instead of 590 nm. When
the temperature is increased from 6 to 30°C, (the viscosity
decreases from 4.6 to 1 poise), the emission maximum shifts to
586 nm, close to the value observed in cyclohexane at room
temperature (Fig. 24). For both media the spectral shift is
linear in 1/T and extrapolates to 590 nm as n — 0 (Fig. 2B).
In the same interval of temperature, the spectral change in
paraffin oil is much more important than that observed in
cyclohexane. Changes in viscosity therefore are more influen-
tial than temperature in their effects on the spectral shift. The
green fluorescence of HPIP in a polymeric film of poly(methyl
methacrylate) (535 nm) at room temperature (17) agrees well
with this conclusion.

As mentioned, the intramolecular proton transfer of HPIP
is prevented in aqueous solution, and absorption and emission
spectra arise from 4 (Figs. 1 and 24). The molar absorption
coefficient in water at 320 nm is ~15,000 M~ ! - cm~!, and the
estimated fluorescence quantum yield at room temperature is
0.05. The calculated activation energy to radiationless states is
about 1.5 (*0.1) kcal/mol, a value lower than that determined
for 3 in cyclohexane [1.8 (=0.2) kcal/mol].

HPIP in Lipid Vesicles. Upon addition of DMPC vesicles to
an aqueous solution of HPIP at 23°C, an emission band
centered in the 550- to 600-nm region appears, whereas the
390-nm fluorescence band intensity decreases (Fig. 3). A
similar behavior has been observed when adding CDx to an
aqueous solution of HPIP (17), and the phenomenon was
explained as the incorporation and subsequent conformational
change (formation of O—H . .. N internal H bond) of the dye
inside the CDx hydrophobic pocket. We conclude that in the
presence of DMPC vesicles, part of 4 is incorporated into the
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Table 1. Photophysical parameters of the proton-transfer fluorescence band of HPIP in different
media and temperatures
Aem, NM <r>, a1, T1, NS wy, T2, NS b,
Solvent T, °C *2 +0.003 *0.05 *03 =*0.05 +0.2 <t>/ms  *0.007

Cyclohexane

10 1 2.0* 1.8 0.081

15 1 1.9% 1.7 0.076

20 590 0 1 1.8 1.6 0.071

30 1 1.7* 1.5 0.067
DMPC

15 560 0.243 0.64 1.1 0.36 4.0 3.0

18 563 0.235 0.65 1.2 0.35 3.6 2.7

29 587 0.158 0.70 0.8 0.30 1.4 1.0

39 590 0.82 0.6 0.18 1.1 0.7
PMMA

20 535 0.335

Aem, <I>>, o, 7, and ¢ are the wavelength of the emission maximum, the steady-state anisotropy, the

preexponential factors, the fluorescence lifetimes, and the fluorescence quantum yield, respectively.

<> = (7% + T%)/(T] + ).
“Estimated from the quantum yield.

lipid membrane and converted to 1. The excited state of
structure 1 experiences an intramolecular ESPT reaction and
produces an emission in the green-red region.
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F1G.2. (A) Normalized absorption and emission spectra of 10> M
HPIP in neutral water (—) and in paraffin oil (—) at 20°C. Excitation
wavelength, 320 nm. (B) Plot of the wavelength of the maximum
proton-transfer emission intensity of HPIP in paraffin oil (O) and in
cyclohexane (®) as a function of n/T, and in DMPC at 30°C (w) and
15°C (*).
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The phase-transition temperature of DMPC from the gel to
the fluid phase is ~23.5°C (23, 24). The incorporation of 4 into
fluid-phase bilayers of this lipid is fast (a few minutes). To
determine the distribution of the probe between the aqueous
and the lipid phases, large unilamellar vesicles of DMPC were
used. Because the fluorescence bands of HPIP in aqueous (390
nm) and lipid (590 nm) phases are well separated, the pene-
tration of the probe into DMPC vesicles was quantified by the
fluorescence technique of Sklar (22). The lipid concentration
was varied whereas that of HPIP was kept constant (3 X 1073
M). A plot of 1/Ir versus mole H,O/mole lipid, where Ir is the
fluorescence intensity at 580 nm, gives a straight line (data not
shown). The partition coefficient (K,) of the probe between
the lipid and aqueous phases is 4 (+2) X 10* at 30°C. K, =
R1/Ra, where Ry is the ratio between the number of moles of
HPIP in lipid phase and that of total moles of lipids, and Ra
is the ratio between the number of moles of HPIP in the
aqueous phase and that of moles of water.

The degree of penetration of HPIP into lipid bilayers was
studied by using the relative quenching of the proton-transfer
fluorescence by the lipophilic spin probes 5NS and 16NS. The
nitroxide groups are located at 12 A (SNS) and 3 A (16NS)
from the center (25). Proton-transfer fluorescence is quenched
by both 5NS and 16NS. The Stern—Volmer (SV) plot of the
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F16. 3. Fluorescence excitation and emission spectra of HPIP in
water containing large unilamellar vesicles of DMPC at 23°C. The
excitation spectra were recorded observing at 400 (—) and 570 nm
(—), and the emission spectrum was recorded exciting at 300 nm. The
emission anisotropy, <r> (@), at 23°C also is displayed.
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F1G. 4. Stern-Volmer plots of the intramolecular proton-transfer
fluorescence intensity in DMPC upon addition of SNS and 16NS at
30°C; Iy is the intensity without the spin label.

fluorescence intensity in large unilamellar vesicles of DMPC at
30°Cis linear (Fig. 4) and gives the SV constant, Ksy. The ratio
Ksv(iens)/Ksv(snsy ~ 5, indicating a deep penetration of the
dye, species 1, within the membrane and away from the
lipid/water interface. Precise information about the position
and orientation of the buried HPIP cannot be extracted from
the present experiments because the complex mechanism of
quenching of 16NS (20, 25, 26) requires additional experiments
(time-resolved) and theoretical considerations. The purpose of
our steady-state data using SNS and 16NS is to get a global
picture of HPIP in DMPC. Based on the above ratio and from
the molecular structure of the probe, we suggest that the long
axis of the dye tends to be oriented parallel to the acyl chains.
A population of 1 at the center of the vesicles, oriented
perpendicular to the acyl chains, is not excluded, however.
Probing the Structural Change of DMPC and DPPC Bilay-
ers. When the temperature changes from 5 to 35°C, through
the phase transition of DMPC (23.5°C), the emission band
maximum shifts from 558 to 590 nm (Fig. 5), showing an
abrupt change at ~23°C (Amax = 580 nm). In the gel phase,
HPIP presumably is entrapped between the rigid lipid chains,

600_-'--l""l""|""|""|""|""I""_
590 ﬁH H + .
580 [ + .
£ : ]
L b -
) 570'_‘ +++ .
560 + + .
550:...1....|....|....|....|....:....1...'
0 5 10 15 20 25 30 35 40

T/°C

F1G.5. Spectral shift (wavelength of the maximum intensity) of the
proton-transfer fluorescence band in DMPC vesicles as a function of
temperature.
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so the fluorescence at 558 nm is mainly a result of the
photoproduct of the proton-transfer reaction. The local vis-
cosities of the DMPC bilayer (related to the rate of chains
motion) at 15, 25, and 31°C are 2.9, 0.46, and 0.34 poise,
respectively (3). In the fluid phases, the fluorescence band
(structure 3) exhibits maxima at 587 nm (25°C) and 589 nm
(31°C). Both values agree with the linear behavior of Fig. 2B.
Therefore, the plot in Fig. 2B could in principle be used as a
calibration curve to determine viscosities in fluid-phase lipid
membranes. However, at 15°C, the value of the viscosity
extracted from this curve (0.9 poise) is lower than that reported
(2.9 poise) (3). This might be explained by the fact that in gel
phase not only the viscosity is responsible for the emission
behavior of HPIP, but also the acyl chain order (related to the
extent of chains motion) plays a role by hindering the internal
rotation of the phototautomer, 2, around the C,—C;y- single
bond.

The steady-state anisotropy (<r>) of HPIP was recorded in
large unilamellar vesicles of DMPC and DPPC (transition
temperature, 7t = 41°C). As Fig. 6 shows, the value of <r>
decreases significantly when the temperature increases, with a
sharp change at Tr. It is remarkable that the pretransition
(transition associated with a change from the tilted chains to
a lamellar structure distorted by a ripple) temperature of
DPPC (34°C) also is detected by the small change of the
anisotropy around this temperature, showing that HPIP does
not disrupt the overall structure of the lipid bilayers. The data
were compared with the <r> values recorded in paraffin oil
(Fig. 6). Under the viscous conditions of paraffin oil, the effect
of temperature is similar to that observed for fluid phases of
DMPC and DPPC. For instance, in DMPC at 23°C, where gel
and fluid phases coexist, <r> decreases from 0.225 at 510 nm
to 0.196 at 600 nm (Fig. 3). This indicates that excited 2 and
3 coexist at this temperature, and most probably emit from
different environments, with different anisotropies. Structure
2 will emit from the gel phase, whereas 3 will fluoresce from
the fluid environment. In the fluid phase of DMPC, <r> is
constant with the emission wavelength (data not shown). In
polymeric films of poly(methyl methacrylate) where reorien-
tation of the fluorophore is prevented during the lifetime of
the excited phototautomer, the steady-state anisotropy of the
probe is 0.335, indicating that the direction of the absorption
and emission transition moments of HPIP are not very differ-
ent. The <r> values in the gel phase are lower and much more
temperature-dependent than those obtained by using other
fluorescent probes. This property makes HPIP a potential
probe for following structural changes in ordered phases.
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FiG. 6. Steady-state anisotropy (<r>) of the proton-transfer flu-
orescence in large unilamellar vesicles of DPPC (@) and DMPC (O)
and in paraffin oil (*) as a function of temperature.
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The decay of the proton-transfer fluorescence intensity of
HPIP in large unilamellar vesicles of DMPC at temperatures
from 15 to 39°C (both gel and fluid phases) is biexponential
(Table 1). The fluorescence lifetimes slowly decrease when the
temperature increases, with an abrupt change at the transition
temperature of the lipid. Assuming that the radiative lifetimes
of 2 and 3 are similar, we can relate the preexponential factors
(a1 and o in Table 1) to the populations of these fluorophores.
Taking into account that lowering the temperature increases
the viscosity and thus decreases the conversion of 2 to 3, the
trend of the variation of the preexponential factors with the
temperature suggests that the longest lifetime, 1, (1-4 ns),
could be associated with the emission of 2, whereas «; (0.6-1
ns) should be assigned to the fraction of 3. In lipid bilayers both
excited species coexist even below the phase transition, al-
though the fraction of excited 2 significantly increases in the gel
phase. This accords with the spectral position of the emission
band in gel phase (=560 nm), which is intermediate between
the wavelength for cyclohexane (590 nm) and that for poly-
meric films of poly(methyl methacrylate) (535 nm). Therefore,
the rigid chains of the gel phase allow a twisting motion of 2
around the C,—C;' bond and the partial reorientation of the
molecule during the lifetime in the excited state. The relatively
high value of <r> supports this conclusion (Table 1).

HPIP in Mixed DMPC/Cholesterol Bilayers. HPIP was
incorporated into large unilamellar vesicles of DMPC at
different cholesterol concentrations ranging from 0 to 40
mol%. The steady-state fluorescence spectra and anisotropy
measurements were carried out in these lipid mixtures at 15°C
(gel phase) and at 30°C (fluid phase). In both phases, upon
addition of cholesterol up to 30 mol%, the proton-transfer
emission band shifts to short wavelengths (Fig. 74). Further
additions of cholesterol do not modify the spectral position.
The effect is larger in the fluid phase than in the gel phase: with
30 mol% of cholesterol, the shifts are about 40 nm (fluid
phase) and 20 nm (gel phase).

The observed shift at 30°C is expected because it has been
shown (27) that the presence of cholesterol in a fluid phase
reduces the angular range for rotational motion of the acyl
chains, without a substantial change of the lateral and rota-
tional mobility of these chains. Internal rotation of excited 2
around the C,—C;' bond might be prevented at an increased
cholesterol concentration. At 15°C, the phenomenon is much
more interesting. It is known that the presence of cholesterol
in a gel phase induces local disorder and increases the rota-
tional motion of the lipid chains (27), and thus emission from
3 mostly is expected. However, we observed that upon addition
of cholesterol, the maximum of the proton-transfer band shifts
from 570 to 548 nm, indicating that the fluorescence is mainly
a result of the emission of 2.

Several physical techniques have provided strong evidence
for phase separation in model lipid membranes containing
cholesterol concentrations above 6—8% in both gel and fluid
phases (28). Thus, HPIP could preferentially migrate into
cholesterol-rich regions and be located in immediate contact
with the rigid steroid nucleus where its mobility should be
prevented as in rigid media. Then 3 would not be formed and
emission would occur mostly from 2 in both fluid and gel
phases. Therefore, the steady-state anisotropy of the probe was
measured (Fig. 7B). In the fluid phase, the anisotropy in-
creases with the concentration of cholesterol, tending to
plateau at 30 mol%. In the gel phase, addition of 10 mol% of
cholesterol induces an increase of <r> from 0.245 to 0.275.
Further addition above 10 mol% is less effective to change the
steady-state anisotropy. This result accords with the behavior
of the spectral shift of the proton-transfer fluorescence band
and agrees with the explanation regarding the proximity of the
dye to the steroid nucleus.

In conclusion, we have shown that the photoinduced in-
tramolecular proton-transfer reaction coupled to the internal

Proc. Natl. Acad. Sci. USA 95 (1998) 7249
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F1G.7. Spectral shift (4) and <r> (B) measured at the wavelength
of the maximum intensity of the proton-transfer fluorescence band in
DMPC vesicles upon addition of cholesterol. xchot is the molar fraction
of cholesterol.

twisting motion of HPIP can be used to follow the structural
changes of lipid bilayers. The highly Stokes-shifted fluores-
cence band, coming solely from the dye inside the vesicle, the
use of static emission parameters (spectral shift and anisot-
ropy) as well as dynamic measurements (fluorescence life-
time), and the photostability of the dye and its sensitivity to the
space offered by the environment make this combination of
proton transfer and twisting motion suitable for exploring the
structure/dynamics of microdomains in lipid media. We are
continuing such studies by using HPIP and other similar dyes.
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