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Abstract

Influence of the transmembrane protein bacterioopsin (the retinal-free form of bacteriorhodopsin) on the polarity of egg-
phosphatidylcholine bilayers was studied by means of a steady-state and time-resolved fluorescence approach exploiting the
solvatochromic properties of the 2-anthroyl fluorophore. Introduced in phosphatidylcholine molecules in the form of 8-
(2-anthroyl)octanoic acid, this fluorophore probed the hydrocarbon core of the lipid bilayer. As previously shown
(E. Pérochon et al., Biochemistry 31 (1992) 7672-7682), water molecules were detected in this region of the terminal part of
the lipid acyl chains. Their number was considerably reduced upon addition of bacterioopsin to the lipids. This was assessed
by a blue shift in the fluorescence emission spectra of the probe and a marked decrease in the fractional population of
fluorophores interacting with water, to the benefit of those experiencing a hydrophobic environment. In agreement with
current theories, this decrease in the hydration of the bilayer may be linked to an increase in the acyl chain order and a
decrease in the lateral diffusion coefficient of lipids near the protein. The data obtained at high protein concentration
accounts for a protein/lipid interface which is much less hydrated than the hydrophobic core of a protein-free lipid
bilayer. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

It has long been recognized that lipid bilayers dis-
play permeability to water [1-3]. Diffusion across the

Abbreviations: DMPC, dimyristoylphosphatidylcholine;
DOPC, dioleoylphosphatidylcholine; egg-PC, egg yolk phospha-
tidylcholine; anthroyl-PC, 1-acyl-2-[8-(2-anthroyl)octanoyl]-sn-
glycero-3-phosphocholine; CHAPS, 3-[(3-cholamidopropyl)di-
methylammonio]-1-propane-sulfonate; POPOP, p-bis(5-phenyl-
2-oxazolyl)benzene
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hydrophobic barrier occurs rapidly and on the aver-
age water molecules are present in the hydrophobic
core of the bilayer, intercalated between the lipid acyl
chains [3-5]. However, because of their relatively low
number and high mobility, these diffusing water mol-
ecules are difficult to observe and their detection re-
quires specific and highly sensitive methods. Fluores-
cence is one of the best suited approaches [5,6] and in
this respect, we have introduced the 2-anthroyl fluo-
rophore in the form of 8-(2-anthroyl)octanoic acid
[7] as a polarity probe because of the remarkable
solvatochromic properties it displays. Thus, when
going from hexane to water, the maximum fluores-
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cence emission wavelength shifts from 404 nm to 526
nm, the relative quantum yield, ¢, increases from 1 to
27 and the fluorescence lifetime, 7, from 1 ns to 20 ns
[7]. Phosphatidylcholine labeled with 8-(2-anthroyl)-
octanoic acid (anthroyl-PC) has been synthesized
and its phase and fluorescence properties have been
carefully investigated [7,8]. In the configuration used
(the aromatic rings and the polymethylenic chain lie
along the same axis), anthracene is poorly disturbing
for the surrounding lipids and anthroyl-PC behaves
like a normal phospholipid. The probe exhibits good
miscibility with lipids [8] and no preference for lipids
in the disordered or ordered states [30]. In bilayers,
and from fluorescence quenching experiments, the
chromophore is located in depth where expected,
1.e., along the C9-C16 segment of the acyl chains
[5]. On these grounds, steady-state and time-resolved
fluorescence experiments carried out with anthroyl-
PC in egg-PC vesicles clearly showed the presence of
water in the hydrophobic core of the lipid bilayers:
the probe experienced at least three different and
quite distinct environments, two of hydrophobic na-
ture and the third corresponding to interactions with
water molecules diffusing across the lipid bilayer [5].

The mechanisms underlying water diffusion across
lipid bilayers are far from well understood. However,
evidence is accumulating which indicates that water
permeability is strongly related to the packing den-
sity of lipids, in relation to the nature and move-
ments of their polar headgroups and acyl chains
[4,9-15]. In this respect, cholesterol which is known
to increase the acyl chain order of lipids [16] has also
been shown to decrease their permeability to water
[9,10,13,17,18]. Accordingly, addition of cholesterol
to egg-PC vesicles increased the fractional population
of anthroyl-PC molecules experiencing a hydropho-
bic environment at the expense of those interacting
with water [5].

Although proteins are massively present in biolog-
ical membranes, their influence on the hydration and
permeability to water of the lipid bilayer remains
poorly documented [9,19]. However, proteins are
known to affect the translational [20,21] and confor-
mational [22,23] motions of lipids and thereby
changes in the hydration of the bilayer should occur.
In the present study, and by means of the above
fluorescence approach, we show that bacterioopsin,
the retinal-free form of the transmembrane protein

bacteriorhodopsin, decreases the hydration of egg-
PC bilayers in its proximity, as cholesterol does,
and that the protein/lipid interface is much less hy-
drated than the hydrophobic core of the bulk lipids.

2. Materials and methods
2.1. Chemicals

Syntheses of methyl 8-(2-anthroyl)octanoate and
corresponding anthroyl-PC have already been de-
scribed [8]. Egg-PC was obtained from Sigma Chem-
ical Co. (St. Louis, MO, USA). Its purity was
checked by thin-layer chromatography on silica gel
plates. It was used without further purification. Sol-
vents were of analytical grade.

2.2. Preparation of purple membrane and
apomembrane

Purple membrane fragments were isolated from
Halobacterium halobium according to well-estab-
lished procedures [24]. Partial delipidation was
achieved by incubation in the presence of CHAPS
1% (wlv). After 48 h contact, the detergent was re-
moved by adsorption on hydrophobic resins (SM2
Biobeads, 2 h contact) [25] and the membrane frag-
ments were washed twice and resuspended in acetate
buffer (100 mM Na-acetate, 150 mM NaCl, pH 5.0).
Determination of the protein [26] and phosphorus
[27] content showed that one molecule of bacterio-
rhodopsin remained associated with approximately
3 molecules of phospholipids as compared to about
10 molecules in the native purple membrane.

Bacterioopsin, the retinal-free form of bacteriorho-
dopsin, was prepared by illumination of purple mem-
brane fragments at a concentration of 2X 107> M
with a halogen lamp (KL 1500 electronic, Schott)
in the presence of 2 M hydroxylamine at pH 7 [25].
After the purple color had completely disappeared,
membrane fragments were collected by centrifuga-
tion, washed twice with the acetate buffer and then
used for reconstitution experiments.

2.3. Reconstitution of bacterioopsin in lipid vesicles

Bacterioopsin was reconstituted in egg-PC vesicles
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and in the presence of 1 mol% anthroyl-PC with
respect to the lipids, exactly as described for bacter-
iorhodopsin [25]. To prevent the formation of lipid
peroxides, care was taken to use peroxide-free dieth-
ylether and to perform experiments in the presence of
nitrogen [25]. The bacterioopsin to lipid molar ratio
was varied from 1:250 to 1:18. Homogeneity and
composition of the proteoliposomes were checked
after ultracentrifugation of the various preparations
on a linear sucrose gradient (5-40%) [25]. In most
cases, a single and sharp band was observed. Its pro-
tein content was analyzed according to [26] and
phospholipids were assayed by measuring the fluo-
rescence of the anthroyl-PC probe. More than 90%
of the reconstituted vesicles were found to be com-
posed mainly (~95%) of proteoliposomes of uni-
form density (the sharp band corresponded in fact
to a small volume of less than 0.1 ml for a total
volume of 11 ml) and with the expected bacterioop-
sin/fegg-PC composition. In these preparations, non-
reconstituted protein was absent and the non-proteo-
liposome material (~ 5%) corresponded to protein-
free lipid vesicles. Absence of lipid peroxidation was
assessed spectroscopically by the absence of the char-
acteristic absorption band at 220-230 nm [28]. The
samples (less than 10%) which did not meet these
criteria of homogeneity and composition were dis-
carded.

2.4. Fluorescence spectrophotometry

Fluorescence emission spectra were recorded with
a SLM-Aminco spectrofluorimeter, model 500. Slit
widths of 1 nm were used for all measurements. Ab-
sorbance of the proteoliposome suspensions was
around 0.05 and never greater than 0.1 in the 350-
700 nm wavelength range. Absorption spectra were
recorded with a Perkin—Elmer Lambda 16 UV/Visi-
ble spectrometer. Experiments were carried out at
20°C.

2.5. Fluorescence Lifetime measurements

Fluorescence decays were monitored by a single
photon counting technique and using an apparatus
which has been described elsewhere [5,29]. The exci-
tation beam was produced by a picosecond mode-
locked titanium/sapphire laser. A pulse repetition

rate of 800 kHz was used. The excitation wavelength
was 380 nm and fluorescence was recorded at 450 nm
with a monochromator (slit width: 5 nm) coupled to
a Philips 2020 photomultiplier tube. The apparatus
response function was evaluated by reference to the
fluorescence decay of POPOP in ethanol (7=1.35 ns)
[5]. Decays were recorded over a time range of 100 ns
and dispatched over the 1024 channels of the multi-
channel analyzer. After deconvolution of the appa-
ratus response function, decays were analyzed as the
sum of a finite number of exponentials, using a least-
square algorithm including a ponderation function
taking into account the fact that the noise of photon
counting obeys a Poisson law of distribution [5,29].
Coupled with statistical analysis of the data, this
procedure enabled us to calculate the characteristic
time 7; and the steady-state intensity I; of each ex-
ponential according to the following equation:

I(Z):iznli/fiexp(—l/ri) with I,'/T,': a; (1)

i=1

In the following, /; and 7; are given with an error
risk of 5%.

When necessary, mean fluorescence lifetimes (7)
were calculated as [30]:

(0 => Lw/> I (2)

2.6. Fluorescence polarization experiments

Experiments were carried out with a T-format au-
tomatic apparatus of our fabrication which has been
described elsewhere [31]. The excitation wavelength
was 360 nm and fluorescence was measured over the
400-500 nm wavelength range. Fluorescence aniso-
tropy r is given as

r= =10/ +21) (3)

3. Results

Because of a significant overlap between the fluo-
rescence emission spectra of the 2-anthroyl chromo-
phore and the absorption spectrum of retinal, a
mechanism of fluorescence energy transfer is ex-
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pected when using bacteriorhodopsin, and in a way
which depends on the protein/lipid ratio. Such con-
sequences on the probe response would make any
interpretation of the fluorescence data in terms of
polarity difficult. To circumvent this drawback, ex-
periments were carried out with bacterioopsin, the
retinal-free form of bacteriorhodopsin, a molecule
which does not absorb light over the 380-650 nm
wavelength range where the fluorescence emission
of the 2-anthroyl fluorophore may occur [7].

3.1. Fluorescence spectra

In egg-PC alone (Fig. 1), and as previously ob-
served [5], anthroyl-PC exhibited a broad steady-
state fluorescence emission spectrum with a maxi-
mum emission wavelength AJ%* around 464 nm,
above that of 404 nm expected for a hydrophobic
environment [7] and indicating a relatively polar en-
vironment for the probe in the lipid bilayer [5]. Ac-
tually, and as explained in details in the Discussion,
this spectrum was shown to be the sum of three well-
resolved decay associated spectra (DAS) correspond-
ing to three distinct environments for the probe, two
of hydrophobic nature and the third corresponding

-

Fluorescence intensities (a.u.)
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Fig. 1. Normalized fluorescence emission spectra of anthroyl-
PC (1 mol%) in vesicles of egg-PC alone (thick line) and after
addition of bacterioopsin (thin line) at the protein/lipid ratio of
1:50. Ay corresponds to the middle of the width of the spec-
trum at half maximum intensity. Ax was 340 nm and the tem-
perature was 20°C.
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Fig. 2. Influence of bacterioopsin on A,/ (see legend to Fig. 1)
of anthroyl-PC (1 mol%) in egg-PC vesicles (#). [, Data ob-
tained in the presence of non-delipidated bacterioopsin.

A2 (nm)

to interactions with water molecules diffusing across
the lipid bilayer [5].

Addition of bacterioopsin to the lipids resulted in
an overall blue shift of the spectra which was evi-
denced by plotting the wavelength A;/, correspond-
ing to the middle of the width of each spectrum at
half maximum intensity. As can be seen in Fig. 2 and
Table 1, A/, progressively decreased upon addition
of bacterioopsin to the lipids, from 473 nm for egg-
PC alone down to 446 nm for the protein/lipid molar
ratio of 1:18 (the highest we tested), indicating a
decrease in the apparent polarity of the probe envi-
ronment.

3.2. Fluorescence decays

It is worth stressing that in all cases, and as pre-
viously observed [5], best fitting of the fluorescence
decays was achieved using three exponentials (3> val-
ues < 1.6, Table 1). Using four exponentials resulted
in the splitting of one of the three previous lifetime
populations (7;, ¢;), into two subpopulations (i; and
ip) of the same lifetime (7;; = 7, = 7;) and correspond-
ing fractional intensity (o4 +op = o).

In egg-PC alone, anthroyl-PC showed fluorescence
lifetimes of 1.3 ns, 5.8 ns and 20.1 ns (Fig. 3, Table
1). They were similar to those of 1.5 ns, 5.5 ns and
20 ns previously reported for the probe in the same
lipid [5] and were shown to account for three distinct
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Table 1
Steady-state and time-resolved fluorescence characteristics of anthroyl-PC (1 mol%) in egg-PC vesicles in the absence and presence of
bacterioopsin
Protein/lipid r l|/2 Tl I D yé3 (%] I3 }CZ <T>
ratios (nm) (ns) (ns) (ns) (ns)
0 0.100  473%1 1.33£0.07 0.08+0.01 579%£0.28 0.17+0.01 20.1£0.8 0.75+0.02 1.094 16.07
1:395 4701 1.33£0.07 0.09+0.01 579+£0.28 0.18+0.01 20.1£0.8 0.73+0.02 1.124 15.83
1:265 4701 1.32£0.07 0.09+0.01 4.99+£0.22 0.21+0.01 19.6£0.7 0.70+0.02 1.316 14.90
1:250 4711 1.21£0.06 0.11+£0.01 501£0.22 0.24+0.01 192%0.7 0.64+0.02 1.157 13.64
1:190 468 £ 1 0.97£0.05 0.07+£0.01 5.15%£0.23 0.21+£0.01 19.3%£0.7 0.72+0.02 1.099 15.05
1:170 468+ 1 1.55£0.08 0.10£0.01 591£0.28 0.19+0.01 194%0.7 0.71+£0.02 1415 15.05
1:140 4661 1.53£0.08 0.15+£0.01 589%0.28 0.26+0.01 189%0.7 0.59+0.02 1.407 12.92
1:120 0.110  465%1 277+£0.11 0.19£0.01 7.44£0.35 0.25+0.01 188%0.7 0.56+0.02 1.530 12.94
1:100 0.116  465%1 1.70£0.08 0.23+0.01 6.78£0.28 0.31+0.01 19.6£0.7 0.46+0.02 1.320 11.79
1:90 464+ 1 1.76£0.08 0.19+0.01 7.5%£0.35 0.30+0.01 17.6%0.6 0.51+0.02 1.372 10.23
1:55 462+1 238%0.11 0.22+0.01 7.65£0.34 0.29+0.01 18.5%£0.7 0.44+0.02 1.514 12.18
1:50 0207  462%1 2.74%£0.11 0.29+0.01 6.58%£0.30 0.25+0.01 16.6x0.6 046£0.02 1.625 9.84
1:40 0.198 4612  22+£0.11 0.29%0.01 539£0.28 0.31+0.01 156%£0.6 0.40+0.02 1.499 8.26
1:25 0206  449+2  2.08%0.14 0.31%£0.01 585%£0.31 0.31+0.02 150%0.7 0.38+0.02 1.639 8.22
1:18 446 %1 1.79£0.13 0.28+0.02 4.95%0.33 0.30+0.02 143%£0.8 041+0.02 1.587 7.88
1:36% 459+1 1.89£0.11 0.31+£0.01 524£0.25 0.30+0.01 152%0.6 0.39+0.02 1.603 8.07

r is the fluorescence anisotropy. 4, corresponds to the middle of the width of the emission spectra at half maximum intensity. 7; and

I; are the fluorescence lifetimes and fractional fluorescence intensities, respectively. (7) is the mean fluorescence lifetime.

4Data obtained in the presence of non-delipidated bacterioopsin.

probe environments [5]. Upon addition of bacterio-
opsin to the lipids, the short and intermediate life-
times remained unchanged around a central value of
~2 ns and ~ 6 ns, respectively, while the long one
progressively decreased, down to a value of 14.3 ns
for the 1:18 protein/lipid ratio (Fig. 3, Table 1).

It should be remembered that bacteriorhodopsin
was delipidated in the presence of CHAPS. On ac-
count of the procedure used for the preparation of
bacterioopsin, residual CHAPS concentration may
be estimated to be less than 0.01 mol% with respect
to the protein which means at the most, less than 0.2
mol% with respect to the lipids. However, to rule out
any possible influence of CHAPS on the structure of
the lipid bilayer (the few residual molecules which
might be brought by the protein), the probe fluores-
cence response in egg-PC vesicles was tested in the
presence of increasing CHAPS concentration in the
aqueous phase. Up to the high CHAPS concentra-
tion of 5 mol% with respect to the lipids, the probe
showed unaltered A2%%, 7;, and I; values (data not
shown), thus allowing us to discard any contribution
of residual CHAPS molecules (if any) on the fluores-
cence signal in the presence of bacterioopsin. Because
the purple membrane was not completely delipi-

dated, the question also arose of a possible perturba-
tion of the lipid bilayer by the remaining endogenous
lipids, especially at high protein/lipid ratios. Ac-
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Fig. 3. Fluorescence lifetimes measured for anthroyl-PC (short
(@), intermediate (X) and long (O) lifetimes) in egg-PC vesicles
in the presence of increasing amounts of bacterioopsin. Aex was
380 nm and A., was 450 nm. Temperature was 20°C. For the
short and intermediate lifetimes, the error bars are within the
size of the symbols.
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Fig. 4. Influence of bacterioopsin on the fractional fluorescence
intensities (A) and probe population (B) associated with the
short (@), intermediate (X) and long (O) lifetimes shown in
Fig. 3. Data in B were obtained by dividing the fractional in-
tensities in A by the relative quantum yields of 2, 10 and 26 as-
sociated with the corresponding short, intermediate and long
lifetimes [7].

tually, in proteoliposomes composed of delipidated
(~3 lipids/protein) and non-delipidated (~ 10 lip-
ids/protein) bacterioopsin and at the high protein/
lipid ratio of ~1:40, the probe showed similar
AT 7, and I; values (Table 1), indicating no influ-
ence of the endogenous lipids on the fluorescence
signal. This also confirmed the above conclusion of
the absence of any contribution of CHAPS molecules
to the probe fluorescence.

The fractional fluorescence intensities associated
with the three lifetimes are shown in Fig. 4A and

Table 1. They were determined at an emission wave-
length of 450 nm where each of the three decays was
found to contribute significantly to the total fluores-
cence. Fig. 4B shows the corresponding probe distri-
bution obtained by dividing the fractional fluores-
cence intensities associated with the short, medium
and long lifetimes by their respective quantum yield
@; of 2, 10 and 26 [7]. Bacterioopsin had no influence
on the fractional population of probes associated
with the intermediate lifetime which remained un-
changed at around 20%. In contrast, the fractional
population of short-lived species grew markedly from
~47% to ~78% while that of the long-lived ones
decreased concomitantly from ~35% to less than
10%. Unlike what was previously found with choles-
terol [5], this occurred in a discontinuous way, with
two breaks in the plots at protein/lipid ratios of
~1:170 and 1:100 (Fig. 4A,B).

3.3. Fluorescence polarization

To evaluate the influence of the protein on the
motional freedom of the lipid acyl chains, the fluo-
rescence anisotropy r of the probe was measured at
the temperature of 20°C where the lipids are in the
liquid phase. As can be inferred from the data in
Table 1, r increased upon addition of bacterioopsin
to the lipids. On account of the Perrin equation [32]:

rn/r=1+1/¢

Any increase in r may originate either from a de-
crease in the mean fluorescence lifetime (7) of the
probe (the fluorescence decays are composed of three
exponentials) or from an increase in its rotational
correlation time ¢ due to changes in the dynamics
of its environment. In this equation, ry is the intrinsic
anisotropy in the absence of any depolarization proc-
ess.

As can be observed in Table 1, {(7) decreased upon
addition of bacterioopsin to the lipids, which may
partly explain the observed increase in r. Let us as-
sume that the protein has no influence on the dynam-
ics of the acyl chains. This leads to the prediction
that ¢ should remain unchanged and therefore (Eq.
3) that 1/r should vary linearly with (7). Actually,
and as can be seen in Fig. 5, 1/r was observed first
to decrease linearly with (7) upon increasing the pro-
tein concentration, up to a protein/lipid ratio of
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1:100. Then, an abrupt drop in 1/r occurred for the
higher protein/lipid ratios of 1:50, 1:40 and 1:25,
this large departure from linearity suggesting an in-
crease in ¢ and therefore a decrease in the dynamics
of the lipid acyl chains at these high protein concen-
trations.

4. Discussion

As previously observed with cholesterol [5], steady-
state fluorescence spectra of anthroyl-PC in egg-PC
bilayers indicate changes in the environmental polar-
ity of the probe after addition of bacterioopsin to the
lipids. However, these changes may be understood
only by analyzing the time-resolved fluorescence
data. In the absence of protein, fluorescence decays
were well accounted for using three discrete exponen-
tials with corresponding lifetimes of 1.3 ns, 5.8 ns
and 20.1 ns, similar to those previously reported
for the same lipid [5]. These lifetimes were independ-
ent of the fluorescence emission wavelength, thus en-
abling the corresponding decay associated spectra
(DAS) to be obtained and therefore the various local
environments of the probe to be clearly specified [5].
The short lifetime of 1.5 ns was associated with a
blue (A23*=410 nm) structured DAS, accounting
for an environment of low polarity (¢~2), as was
expected for the hydrophobic core of the lipid bi-
layer. The lifetime of 5.5 ns was associated with a
green (A%* =440 nm) structureless DAS, indicating
a slightly more polar surrounding (e~ 10) suggested
as corresponding to collisional encountering of probe
molecules in the bilayer [5]. A lifetime of 20 ns was
the largest measured for the probe in solvents and
was detected in the presence of water only [7]. In egg-
PC vesicles, it was associated with a red (A33* =477
nm) structureless DAS, accounting for the interac-
tion of the fluorophore with the water molecules traf-
ficking across the lipid bilayer [5]. The weighed sum
of these three DAS (on the grounds of the fractional
fluorescence intensities) gave the steady-state fluores-
cence spectrum of origin. In agreement with the well-
known influence of cholesterol on the permeability of
lipid bilayers to water, addition of this molecule to
the lipids resulted in a decrease of the fractional
population of fluorophores interacting with water
(long-living species) to the benefit of those reporting

=81
6 -
B v
4 T T T
6 10 14 18

<T> (ns)
Fig. 5. Plot of 1/r, the reciprocal of the fluorescence anisotropy
measured for anthroyl-PC in egg-PC vesicles in the presence of
bacterioopsin at protein/lipid molar ratios of: 0 (®), 1/120 (O),
1/100 (X), 1/50 (a), 1/40 (O) and 1/25 (m) versus the corre-
sponding mean lifetime (7).

on an hydrophobic environment (short-living spe-
cies), and therefore in a blue-shift in the steady-state
fluorescence spectra of the probe [5]. Similar
although slightly different results were obtained in
the presence of bacterioopsin. The three lifetimes
remained unchanged around 2 ns, 6 ns and 19-20
ns up to the protein/lipid molar ratio of 1:100 above
which the long lifetime progressively decreased to
14-15 ns. Along with a blue-shift in the steady-
state fluorescence spectra, the fractional population
of the long-living species decreased to the benefit of
the short-living ones but in a discontinuous way,
with breaks at protein/lipid ratios of 1:170 and
1:100.

As for cholesterol, these results indicate changes in
the environmental polarity of the probe within the
lipid bilayer [5]. As previously discussed [5], the pos-
sibility that this originates from a significant fraction
of fluorophore visiting the hydrated polar headgroup
region of the bilayer because of thermal fluctuations
may be discarded. In anthroyl-PC, the fluorophore is
deeply buried in the hydrophobic region of the lipid
bilayer, at the level of the C9 carbon atom of the acyl
chains [5]. In hydrated DOPC bilayers, the gaussian
distribution functions obtained from X-ray and neu-
tron diffraction [33] and molecular dynamics simula-
tion [4,34] experiments for the water and the C9 car-
bon atom (bearing the double bond) show negligible
overlap. From these distribution functions, the mole
fraction of fluorophores capable of interacting with
the interfacial water may be estimated at less than
0.1%, in marked contrast to the 35% probe molecules
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Fig. 6. Schematic drawing of the influence of bacterioopsin on
the polarity of the supporting lipid bilayer. The shadowed areas
indicate the bilayer regions perturbed by the proteins where lip-
ids exhibit reduced acyl chain dynamics and therefore reduced
acyl chain hydration as compared to the bulk lipids. The per-
turbation is maximum at the contact of the protein and van-
ishes progressively from the protein surface. In A, which corre-
sponds to protein/lipid ratios <1:170, there is no cross-
correlation between proteins and the probe anthroyl-PC distrib-
utes between perturbed and unperturbed bilayer regions. In B,
which corresponds to the protein/lipid ratio of 1:170 (3.5 lipid
annuli around each protein on average), cross-correlation starts
to be detected and the shadowed regions to overlap. All the lip-
id molecules are perturbed, but to various extents. In C, which
corresponds to the protein/lipid ratio of 1:100 (~2.5 lipid an-
nuli), near saturation is reached and all the lipid molecules are
affected by the protein, nearly to the same extent. For protein/
lipid ratios < 1:80, the protein may be considered in the mono-
meric state within the lipid bilayer.

found to be associated with water in protein-free egg-
PC vesicles.

As previously concluded [5], anthroyl-PC detects
the water molecules present in the hydrophobic
core of egg-PC bilayers. Our results in the presence
of bacterioopsin may be understood using the model
in Fig. 6 based on the well-known existence around
transmembrane proteins of a shell of lipids with re-
duced acyl chain motions and consequently with re-
duced permeability to water as compared to the non-
perturbed bilayer regions far from the protein.

With respect to the influence of the protein on the
lipid acyl chain dynamics, the perturbation is maxi-
mum for lipids in contact with the protein and van-
ishes exponentially from the protein surface [35-37].
It is characterized by a coherence length & in the
nanometer range [38] and theoretically it may encom-

pass a rather large number of lipid annuli around the
protein (5-6 annuli for £=1.5 nm [31]). However,
and because of the very nature of the exponential
decay, the number of lipid annuli effectively seen to
be affected by the protein may strongly depend on
the sensitivity of the method of detection used. Thus,
a large body of NMR and ESR data indicates re-
duced acyl chain motions mainly at the protein/lipid
interface [35-37]. On the other hand, in bacteriorho-
dopsin/DMPC  vesicles, time-resolved fluorescence
depolarization and energy-transfer experiments re-
vealed an increase in acyl chain order beyond a dis-
tance of 4.5 nm from the protein surface [39]. Using
a radius of 1.5 nm for the protein [40] and a molec-
ular area of 0.63 nm? for the lipids [41], this corre-
sponds to 5-6 lipid annuli affected by the protein, a
result in agreement with the above theoretical pre-
dictions. In the present work, an abrupt increase in
the fluorescence anisotropy of the probe was detected
for bacterioopsin/egg-PC ratios above 1:100. This
indicates that on the average, one protein molecule
was surrounded by 2-3 annuli of lipids with reduced
acyl chain flexibility (according to the above calcu-
lation, the first, second and third annulus around the
protein are filled with 30, 42 and 55 lipid molecules,
respectively).

With respect to the consequences of these pertur-
bations, the permeability of lipid bilayers to water is
generally described as a process in which individual
water molecules dissolve and then diffuse in the non-
polar region of the bilayer [3]. The diffusion of water
[4] and other solutes [42] is often interpreted within
the framework of dynamic free-volume theory and as
recently shown for nonpolar and spherical solutes by
means of molecular dynamics simulation experi-
ments, overall rotation and local isomerization of
the acyl chains both contribute to free-volume redis-
tribution within the lipid bilayer [42]. Accordingly,
any increase in acyl chain order (or decrease in dy-
namics) is expected to reduce the bilayer free-volume
and dynamics and recent studies do indeed show
strong correlation between interchain hydration and
acyl chain order [12,43,44]. Free-volume motion
(chain isomerization) along the acyl chains is related
to the lateral diffusion rate of lipids [3,42] and in the
case of water an expression has been derived [3]:

P=(V/L)D (4)
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Fig. 7. Comparison of the influence of bacteriorhodopsin on
the lateral diffusion coefficient D (+) of lipids in egg-PC multi-
layers (data taken from [21]) and of bacterioopsin on the frac-
tional population (O) of anthroyl-PC molecules interacting with
water in egg-PC bilayers. For the sake of clarity, error bars
have been omitted.

which relates the water permeability P of a lipid
bilayer to the volume V' of a water molecule, the
lattice distance L between lipid headgroups and the
lateral diffusion coefficient D of lipids. In this re-
spect, membrane proteins are known to affect the
lateral motion of lipids. They act as obstacles and
also by reducing the self-diffusion coefficients of lip-
ids in their neighborhood [21,45], a result which may
be explained within the framework of the free vol-
ume theory [45]. In bacteriorhodopsin/egg-PC
vesicles, FRAP experiments revealed the presence
of a shell of 2-3 lipid annuli around the protein
with reduced self-diffusion coefficient [21]. Bacterio-
rhodopsin and bacterioopsin are structurally closely
related and in Fig. 7, it is worth observing that the
influence of the former on the diffusion coefficient of
lipids follows the influence of the latter on the frac-
tional population of probe molecules interacting with
water. From all these observations, one can expect
the lipid shell around the protein to be less hydrated
than the bulk of the lipids.

With the above in mind, Fig. 6 may be described
as follows. At low protein/lipid ratios <1:170 (Fig.
6A), bacterioopsin is in the monomeric state [47] and
there is no cross-correlation between protein mole-

cules. Anthroyl-PC, which shows no preference for
lipids in the ordered or disordered states [5], distrib-
utes evenly between the perturbed and unperturbed
regions of the lipid bilayer. Marked preference of the
probe for the protein may also be discarded from our
data. If so, and in contrast to what was observed, the
first addition of bacterioopsin to the lipids would
have resulted in an abrupt and large increase in the
fractional population of probe molecules experienc-
ing a highly hydrophobic and constrained environ-
ment, further increase in protein concentration hav-
ing only little consequence on this fractional
population.

Increasing the protein concentration leads to an
increase in the fraction of perturbed lipids and there-
fore in the fractional population of probe molecules
experiencing a more hydrophobic environment, and
that at the expense of those associated with water. At
the protein/lipid ratio of 1:170 which corresponds to
~ 3.5 lipid annuli around the protein (first break in
Fig. 4A,B), cross-correlation between proteins starts
to be detected (Fig. 6B). Overlap between perturbed
lipid regions is now enough for all the lipid molecules
to be significantly affected by the protein. At this
stage, any increase in protein concentration leads to
a marked increase in protein cross-correlations and
therefore in the fraction of strongly perturbed lipids.
This explains the marked and concomitant increases
and decreases in the fractional populations of probes
experiencing an hydrophobic environment and inter-
acting with water, respectively. At the protein/lipid
ratio of 1:100 which corresponds to ~2.5 lipid an-
nuli around the protein (second break in Fig. 4A,B),
near saturation is reached (Fig. 6C). Bacterioopsin is
still in the monomeric form [45] but now cross-cor-
relations between proteins are close to a maximum.
Lipid molecules are perturbed nearly to the same
extent and all exhibit reduced acyl chain flexibility
as assessed by the fluorescence polarization data.
The hydrophobic region of the lipid bilayer is poorly
hydrated, and any further increase in protein concen-
tration has only minor consequences on the acyl
chain flexibility and bilayer hydration. For protein/
lipid ratios higher than 1:80, protein aggregation
may occur [45]. However, delipidation of bacterio-
rhodopsin is not favorable to the formation of the
trimers which more than likely are at the origin of
extensive aggregation of the protein in lipids [46]. In
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any case, at the high protein/lipid ratios of 1:40 and
above, there is less than one lipid annulus around the
protein on the average and all the anthroyl-PC mol-
ecules introduced in the lipids are now in contact
with the hydrophobic surface of the protein. It is
worth stressing that in this case, the fractional pop-
ulation of probe molecules interacting with water is
reduced to less than 10%, with a fluorescence lifetime
of 14-15 ns only, indicating an environmental polar-
ity much lower than that which prevails in the bulk
of the lipid bilayer. Fluorescence studies on gramici-
din and apocytochrome ¢ reconstituted in lipid
vesicles and using DPH as the probe suggested the
existence of an hydrated protein/lipid interface for
these two proteins [19]. Our data obtained with the
help of a specific solvatochromic fluorophore unam-
biguously located in the hydrophobic core of the
lipid bilayer [5] leads to the opposite conclusion. Bac-
terioopsin strongly affects the hydration of egg-PC
bilayers and shows a poorly hydrated protein/lipid
interface. These results should be taken into account
when discussing the various mechanisms which may
contribute to the permeability of biological mem-
branes to water.
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