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Abstract

Neutron scattering experiments have been performed on oriented dipalmitoylphosphatidylcholine (DPPC) bilayers containing
diphenylhexatriene (DPH) or its trimethylammonium analog (TMA-DPH). DPH and TMA-DPH were either protonated or
deuterated in one of the phenyl rings which afforded by using proton—deuterium contrast methods the location of these fluorescent
probes in the model membrane. Both probes exhibit bimodal distributions in DPPC. The position, population and orientation in
the two sites vary depending upon the physical state of the bilayer (gel or fluid) and the presence or absence of the TMA group.
In gel (Lp.) phase lipids DPH is located close and parallel to the bilayer surface (site I) and near the bilayer center, oriented at
= 30° with respect to the normal to the surface (site IT). On going to the fluid (L) phase, a distribution of orientations around
the parallel to the surface is only observed for site II. Orientation of DPH in site I is unchanged. In the gel phase TMA-DPH is
found in a position close and parallel to the bilayer surface (site I) and in a position (site II) oriented at an angle of = 25° with
respect to the bilayer normal, with the trimethylammonium group anchored in the head group domain. On going to the fluid
phase there is a change in molecular orientation of each of the sites. In site I the molecule penetrates deeper in the bilayer and
adopts a =20° tilt with respect to the surface, with an orientational distribution of 4 10°. In site IT the molecule becomes
perpendicular to the membrane surface. Changes in population of sites, both with DPH and TMA-DPH, are observed on going
from low to high temperatures. They are however difficult to quantitate due to experimental conditions. The H,0-"H,O exchange
experiments afforded an estimate of the water layer thickness as well as the maximum penetration of water into the interior of
the bilayer.
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1. Introduction

Abbreviations: IR = infrared; NMR = nuclear magnetic resonance ; Most of our understanding of the dynamics and

EPR = electron paramagnetic resonance ; DPH = 1,6-diphenyl-1,3,5-
hexatriene; TMA-DPH= 1-[4-(trimethylammonium)phenyl]-6-
phenyl-1,3,5 hexatriene; DPPC = 1,2-dipalmitoylphosphatidylcho-
line
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structure of biological membranes relies on techniques
such as vibrational spectroscopy (IR, Raman), mag-
netic resonance (NMR, EPR) and fluorescence for the
dynamics, and X-ray diffraction for the structure. Some
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of these are probe techniques which monitor the molec-
ular order and dynamics of extrinsic molecules embed-
ded in the membrane structure. The structural and
dynamical properties of fluorescent lipid probes in
membrane systems are considered to reflect the struc-
tural order and dynamics of the acyl chains surrounding
them. Time-dependent fluorescence decay and fluores-
cence anisotropy measurements are a convenient
means of studying acyl chain lipid structure and
dynamics, provided that the reorientational motions of
the probe molecules take place on the timescale of the
intrinsic fluorescence decay. 1,6-diphenyl-1,3,5-hexa-
triene (DPH) and its polar analogue, 1-[4-(trimethyl-
ammonium ) phenyl]-6-phenyl-1,3,5-hexatriene
(TMA-DPH) have been used extensively in such flu-
orescence measurements owing to several favourable
properties [ 1,2]. Both molecules, especially DPH, are
insoluble in aqueous buffers. Hence they both associate
with lipid bilayers, and it has been thought that DPH
partitions into the acyl chain hydrophobic core of mem-
branes. On the other hand TMA-DPH is thought to be
anchored with the positively charged trimethylammon-
ium group in the lipid water interface and the phenyl-
hexatriene portion in the acyl chain interior, perhaps at
a lesser depth than DPH itself. The exact location of
these probes in the lipid bilayer and membrane has
largely been inferred from solubility properties, effects
of dielectric constant on their spectroscopic properties,
and their cylindrical shape. In truth their localization
and orientational distribution in the lipid bilayer has
not been structurally defined, especially in the fluid
phase.

It has been recently shown that the analysis of time-
resolved fluorescence anisotropy from these two probe
molecules in lipid bilayer membranes was not straight-
forward [3]. The anisotropy decay data was best fit by
a model where the DPH exhibits a bimodal orienta-
tional distribution with respect to the bilayer surface.
Ameloot et al. [4] report that TMA-DPH is located at
a site which is nearly parallel to the bilayer normal.
There are now a number of recent reports which suggest
that these fluorescent lipid probes, especially DPH, are
heterogencously distributed in membranes [5-8].
Straume and Litman [9] in their time resolved fluores-
cence study of DPH and TMA-DPH in unsaturated acyl
chain lipid vesicles concluded that there was a bimodal
distribution of DPH in these vesicles and that increasing
the temperature or degree of insaturation of the acyl

chains resulted in an orientational redistribution of
DPH. One of these distributions was that with the long
axis of DPH aligned along the bilayer normal. The other
site which was occupied by a considerable proportion
of the DPH was oriented parallel to the bilayer plane,
orthogonal to the first site, and in the interfacial region
of the bilayer.

The goal of the present work is to determine the
location of these fluorescent probes in a bilayer
membrane, by means of a completely different tech-
nique, i.e. neutron diffraction experiments. Protonated
and deuterated DPH and TMA-DPH molecules were
successively embedded in membranes in order to take
advantage of the difference in sign and magnitude of
the coherent scattering amplitudes of these two hydro-
gen atom isotopes. It has been already demonstrated
[10-14], that the difference between Fourier profiles
obtained from samples containing deuterated and
undeuterated probes allows to locate, in real space, i.e.
within the bilayer thickness, their accurate location. It
is worthwhile mentioning that similar labelling exper-
iments have been recently performed using X-ray dif-
fraction with brominated lipid analogs or brominated
cholesterol in lipid bilayers [15-17]. It has also been
shown, from X-ray diffraction experiments, that fluo-
rescent probes in lecithin bilayers perturb the bilayers
[18]. Recently, a work was reported in which both X-
ray and neutron diffraction experiments were used to
refine the bilayer structure described as a number of
quasimolecular components [19].

The model membrane used herein is dipalmitoyl-
phosphatidylcholine (DPPC). Experiments have been
performed below and above the temperature, T, of the
gel-to-fluid phase transition, in order to monitor the
effect of the physical state of the lipid membrane
(ordered or disordered) on probe locations.

2. Experimental
2.1. Materials

Protonated DPH, TMA-DPH and DPPC were
obtained from Sigma (France) and used without fur-
ther purification. The fluorescent probes were deuter-
ated in one of the phenyl rings, as shown in Figs. 4-7,
according to procedures which will be published else-
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where (A.G. Szabo, D.T. Krajcarski and L. Smith,
manuscript in preparation).

2.2. Sample preparation

Oriented multilayers were prepared as follows. Lip-
ids (30 mg), DPH and TMA-DPH were dissolved sep-
arately in chloroform. Solutions of the probe molecules
were added to lipids in order to obtain 10 and 20 mole
percent of the fluorescent probe with respect to DPPC.
The relatively high concentrations of DPH (20%) and
TMA-DPH (10%) were used for all experiments decri-
bed herein in order to ensure a sufficient signal to give
significant differences after subtraction (vide infra).
The organic solvent was removed from the solution
mixture by evaporation under nitrogen gas. Further sol-
vent evaporation was performed under high vacuum
for one hour. The dried mixture was then dispersed in
a phosphate buffer (50 mM, pH=7.0) and several
freeze—thaw cycles coupled with mechanical shaking
on a vortex mixer were performed in order to ensure
sample homogeneity. Microscope slides (previously
treated by overnight immersion in a chromic acid solu-
tion, washed and dried) were coated with the lipid
dispersion and placed for 3 h in an oven (55°C, 75%
humidity), to achieve sample annealing to form ori-
ented multilayers.

This procedure was repeated for samples containing
protonated or deuterated molecules. In order to deter-
mine the sign of the structure factors (vide infra), sam-
ples were also prepared with different heavy water
contents in the buffer of 0, 50 and 100%.

2.3. Neutron diffraction

Diffraction experiments on the oriented samples
were performed on the D16 neutron diffractometer at
ILL. This instrument is installed on a cold neutron
guide and a pyrolitic graphite monochromator selects
a wavelength of 4.54 A. The diffracted intensities are
recorded on a two-dimensional *He detector. The sam-
ples were mounted on a goniometer placed in a sealed
temperature-controlled can in the presence of an appro-
priate saturated NaCl bath to maintain constant relative
humidity of 75% at both temperatures studied [20].

Diffraction peaks were measured by setting the cen-
ter of the detector approximately to 26 and by scanning
the sample around the Bragg angle, 6, in a narrow

angular range relatively to the mosaicity. The frames
were recorded on a MicroVax II. A first integration was
performed in the vertical direction, masking each frame
in order to sum only the area under the peaks. The
vertical peak width results from the convolution of the
sample mosaic spread and the beam geometry (beam
height and divergence), it increases with the peak
order. Therefore less of the detector is masked for
higher orders. For samples of a 10° mosaic spread,
under usual experimental conditions (beam height of
2 cm and 0.4° of divergence), the vertical integration
was performed on the central half of the detector for
the first order. The mask size decreased progressively
and the eighth order was measured with no masking.
The different frames were then added together and a
final integration of the Bragg peaks along the 26 axis
(angle between diffracted and direct beam ), with back-
ground subtraction, yielded I(h), i.e. the total inte-
grated diffracted intensity versus 4, where A is the order
of the Bragg peak (Fig. 1). The lamellar spacings, d,
were obtained by fitting the peak positions according
to Bragg’s law (2d sin 6=hA).

The absolute values of the structure factors are
related to the measured intensities in the following way
[12]:

|F(h)| = [{(h)a(h)P(h)L(h)]"? corr(h), (1)

where a(h) is the absorption correction for a one-
dimensional crystal, P(k) is a geometric factor taking
into account the amount of sample in the neutron beam,
L(h) is the Lorentz factor and finally corr( /) is a factor
resulting from the method of integrating the intensities
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Fig. 1. Diffraction patterns /() of oriented samples of: (1) DPPC
with 20% DPH-?H; at 26°C. (2) DPPC with 20% DPH-*H; at 64°C.
(3) pure DPH-?H; crystals. 26 is the angle between the direct and
the diffracted beams. Neutron wavelength, A =4.54 A.
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which tends to underestimate the lower orders. The
absorption correction for a one-dimensional crystal on
aplate is [12]:

a(h) =1/{h[1— exp( —4ud/hA)1}, (2)

where u is the attenuation factor (5 cm ™! for DPPC
bilayers), ¢ the thickness of the sample, d the lamellar
spacing and A the wavelength. P(h) is a surface cor-
rective factor for higher orders for which the sample
does not entirely lay in the neutron beam. The Lorentz
factoris L(h) =sin(20)sin @ as for a powder type sam-
ple. Although the samples are oriented, they still have
a notable mosaicity. As a result, the diffraction spots
are spreading out vertically, increasingly with the
Bragg angle. For the higher orders, the spots are larger
than the detector height. To avoid truncation errors of
the profile wings, the spots are integrated only over the
maximum plateau of the profile using a mask which is
different for each order. The vertical peak profile is the
convolution of sample mosaicity, beam dimension and
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beam divergence. Our samples have mosaicities rang-
ing from 5 to 10°: in such conditions, the profile of the
first order is determined by the beam geometry while
for the fourth order the mosaicity is predominant. The
intensity plateau for the first order is thus diminished
by the contribution of the beam profile. To take into
account this underestimation of the first order, corr(k)
is introduced, it varies linearly from 1.64 for k=1 to
1.0 for A=10. This factor is first experimentally deter-
mined with pure DPPC bilayers and can be described
by a simple peak profile model where mosaicity and
divergence are modelled by gaussian distributions and
the beam profile by a square function ( Pebay—Peyroula,
unpublished results).

Since the sample structure is considered to be cen-
trosymmetric, the phases of the structure factors are
either 0 or 7. It is known that in this case, the depend-
ence of the neutron structure factors versus the *H,O
content in the water layer is linear for each order [21].
Thus the phase differences between two *H,O concen-
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Fig. 2. Variation of structure factors, F(k) versus *H,O concentration. See text for details. (1) sample D at 26°C. (2) sample D at 64°C. (3)

sample E at 26°C. (4) sample E at 64°C.
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trations are obtained by collecting data for three con-
trasts: 0, 50 and 100% “H,O and the relative signs of
F(h) are chosen such that F(4) versus these concen-
trations are linear (Fig. 2). Two of the 0% phases are
fixed, one by the choice of origin: the cell origin is fixed
at the center of the bilayer, the other by choosing a
positive scattering density difference between the head-
groups and the bilayer center. Supplementary infor-
mation is required for the determination of other
phases, these were obtained from the difference profile
between the same sample in 100% “H,O and in 0%
2H,0. This difference profile only reflects the scattering
of the water layer and should therefore correspond to a
positive peak centered on +d/2, where d is the cell
dimension [11].

Scattering profiles in real space are then derived from
the Fourier transform of structure factors:

p(x)=2/dZF(h) cos(2mhx/d), (3)
h

where x is the direction normal to the bilayer surface.

Specific positions can be labelled by chemical sub-
stitution of one or several protons by deuterons [12].
These substitutions are generally isomorphous, there-
fore the diffraction profile of the labelled position
results from the difference between the labelled, pp(x),
and the non-labelled, py(x), profiles:

Praber (X) = pp(x) —spu(x), 4)

where s is an appropriate scaling factor. An absolute
scaling for each sample was obtained from the water
distribution profiles [11]. Profiles can be normalized
by considering that the surface of the water peaks cor-
responds to the difference in scattering length of n *H,O
and n H,O molecules, where n is number of water
molecules per unit cell, which is otherwise known
[22].

The label distribution profile was modeled by Gaus-
sian distributions. More exactly the structure factors of
the labels were fit to the structure factors of one or two
Gaussian distributions. Instead of fitting the real space
profile there are advantages in fitting the experimental
to calculated structure factors from a model with Gaus-
sian labels [ 12]. This has the advantage of minimizing
considerably the truncation errors due to the low reso-
lution. The scattering profile of one label is described
by:

g(x) = (w,/2vy/m) (exp{— [(X“xo,-)/Vf]z}
+exp{_[(x+x0i)/vi]2})’ . (5)

where x,, is the label position, v, is related to the distri-
bution width (v,=FWHM/2/In2) and w, is the
weight for label i. The structure factors in reciprocal
space are:

F.(h) =2tw;
Xexp[ — (hmwv,/d)?] cos(2mhx,/d), (6)

where ¢, is the extra scattering length of label i (scat-
tering length difference between deuterated and hydro-
genated label).

3. Results
3.1. Neutron diffraction patterns

Diffraction patterns were recorded for the following
samples: DPPC (A), DPPC with 20% DPH (B),
DPPC with 20% DPH-H; (C), DPPC with 10% TMA-
DPH (D) and DPPC with 10% TMA-DPH-*H; (E).
Letters in parenthesis are the abbreviations for these
samples in the following text. Each sample was exam-
ined in 75% relative humidity (obtained from a satu-
rated NaCl solution), for two temperatures 26°C (gel
phase, L) and 64°C (fluid phase, L,,) and for three
’H,0 concentrations (0, 50 and 100% °H,Q). NaCl
was chosen because the relative humidity imposed by
a saturated NaCl solution is nearly constant between
26°C and 64°C [20]. Significant intensities were
obtained up to the fourth or fifth order. Figs. 1.1 and
1.2 show the diffraction pattern of sample C at 26°C
and 64°C respectively. There are two sets of reflections.
The set labelled 1, 2, ... are from the bilayer structure,
the set labelled I, I, ... are from DPH crystals remaining
in the sample as shown in Fig. 1.3. There is a super-
position of a DPH crystal peak and the fourth order in
sample C at 26°C. The crystalline dimension of DPH
crystals is 14.5 A, the vertical peak profile indicates
that this dimension is parallel to the bilayer crystal axis.
These crystal reflections are not affected by the tem-
perature: the scattering profile (Fig. 1.3) is the same at
26°C and 64°C. As a consequence, the two contribu-
tions can easily be separated. The ratio of the two DPH-
crystal peaks is estimated from a DPH crystal sample
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Table 1

Diffraction intensities, /(#), for DPPC in the presence and the absence of DPH and TMA-DPH

Sample * h® 2H,0 content (%)
T=26°C T=64°C
0 50 100 0 50 100

A 1 4678 73035 9456 236049
2 559 3043 457 13925
3 707 0 913 0
4 209 68 292 258

B 1 3382 7960 70350 9147 35772 204847
2 895 3172 2982 348 147 11284
3 861 0 0 804 563 0
4 190 0 49 305 346 181

C 1 9175 14663 22664 13966 19453 110057
2 411 113 330 1768 120 4906
3 1186 190 100 2438 199 32
4 2516 ¢ 1795 ¢ 1601 © 415 169 179

D 1 5182 18753 31220 14280 28930 86397
2 375 71 890 774 72 3860
3 543 188 0 1555 409 0
4 151 34 0 436 198 0

E 1 5559 15992 34867 9092 47305 68110
2 389 123 1594 892 328 2712
3 825 142 0 1250 217 0
4 328 82 0 321 121 46

* Sample composition: (A) DPPC, (B) DPPC with 20% DPH, (C) DPPC with 20% DPH-*H;, (D) DPPC with 10% TMA-DPH, (E) DPPC

with 10% TMA-DPH-*Hs,.
® Diffraction order.

¢ These intensities result from the superposition of bilayer diffraction peak and crystalline DPH diffraction.

and from sample C at 64°C. Thus measuring the second
peak of DPH-crystals in sample C at 26°C, we estimate
the intensity of the first DPH-crystal peak. Subtracting
this intensity from the measured intensity we could
estimate /(4) for sample C. The amount of DPH incor-
porated into the membrane in sample B and C was
considered to be the same because of the identical way
of preparing the sample. Evidence of small amounts of
crystals in the samples was also seen in the TMA-DPH
samples. The peaks resulting from TMA-DPH crystals
are well separated from the bilayer peaks, leading to
straightforward measurements of lamellar intensities.
Table 1 summarizes the diffracted intensities for all the
samples in different conditions of temperature and
2H,0 content. The statistical errors on the intensities

scale as (N+ B) Y%/ (N— B), where N is the total num-
ber of counts in the peak and B the number of back-
ground counts. Typically the statistical errors range
from 1% to 2% for large peaks, 2% to 5% for medium
peaks and the errors can go up to 30% for very weak
peaks.

The lamellar spacings reported in Table 2 show no
significant differences for pure DPPC samples nor for
DPPC initially incubated with 20% DPH or 10% TMA-
DPH at a given temperature. The same conclusion can
be made regarding the thickness of the lipid bilayers
because of the constant water thickness observed in the
water profiles (see below). The change in spacing
going from 26°C to 64°C is also the same for DPPC
and DPPC containing the fluorescent probes, suggest-
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Table 2

51

Structure factors and lamellar spacings for 0% *H,O water content samples, in gel and fluid phases

Temp. Sample * F(1) F(2) F(3) F(4) d(A) atemA=%)®
26°C A -123 -78 +123 -84 58.0 1.95 X107
B -105 —-99 +136 -80 58.7 1.89 x10~Y
C -172 —67 +160 -130 58.2 2,00 x10~V
D -130 —64 +108 -72 59.0 3.00 10V
E -134 —65 +133 ~105 58.6 2.60 X107
64°C A -173 -70 +140 -103 52.1 1.06 X10~V
B -170 -61 +132 —106 517 117 x10™V
C —211 -138 +229 -123 522 111 X107V
D ~213 -91 +183 —-121 51.9 173 X10™V
E —-170 —-98 +164 - 104 51.6 1.98 X10™7

Accuracy of d spacings is +0.1 A, accuracy on F'(h) ranges between 5% (large F values) to 15% (weak F values).

* Sample composition as in Table 1.

® a is a normalization factor (scattering length per unit volume) by which F(#) has to be multiplied to obtain absolute F(4) factors.

ing that the phase transition is not perturbed by the
probes. Moreover, solid state deuterium NMR, using
chain perdeuterated DPPC showed that the lipid phase
transition and the chain order parameter profile were
little affected by the presence of DPH (Dufourc,
unpublished results). The presence of DPH and TMA-
DPH crystals indicates that the concentration of fluo-
rescent probes in the membrane is less than the 20% or
10% initially incubated during sample preparation. In
fact, some control experiments performed with 2.5%
fluorescent probe concentration led to comparable
results (data not shown), supporting the results
obtained at higher concentrations. The uncertainties on
the lamellar spacings in Table 2, result from the stan-
dard deviations when calculating the spacing for each

scattering density

diffraction order. In fact, for each order the experimen-
tal error results from the wavelength dispersion (less
than 1%) and the angular resolution (0.15° using a
sample to detector distance of 100 cm).

3.2. Phase determination and water distribution

Relative phases were obtained by plotting F(h) ver-
sus “H,O concentration as shown in Fig. 2. The straight
lines which are obtained are consistent with a centro-
symmetric structure. The plots obtained for samples D
and E are of very good quality at both 26°C and 64°C
(Fig. 2). For sample B at 64°C and C at 26°C and 64°C
the plots are of lesser quality but still acceptable. For
sample B at 26°C, the 50% *H,0 sample was probably

scattering density

| 1 1 1 ! 1 1

-40 -30 <20 -10 ] 10 20 30

A

40

-40 -30 -20 -10 0 10 20 30 40

A

Fig. 3. Water distribution in model membranes. (1) in DPPC at 26°C. (2) in DPPC at 64°C. (3) in DPPC with 20% DPH at 26°C. (4) in DPPC
with 20% DPH-*H; at 64°C. The origin represents the bilayer center. The flat distribution inside the membrane shows that there is no water
penetrating inside. The two peaks centered at +d/2 correspond to water layer.
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not sufficiently equilibrated, i.e. the *H,0O exchange
between the bilayer and the salt solution had not sta-
bilized. The choice of the unit cell origin fixes one of
the phases. The other phases are chosen such that the
water profiles show peaks centered on +d/2 and a flat
density between the peaks.

For each sample, the water profiles were obtained by
subtracting the 0% from the 100% *H,0 profile. Fig. 3
shows the water scattering profiles for some samples.
It is noteworthy that the width of the water layer is the
same for all samples at a given temperature. Except for
sample C at 26°C (for which the 100% *H,O was prob-
ably not sufficiently equilibrated) all the water profiles
show the correct flat profile at the bilayer center. A
relative scaling can be obtained for all the samples by
equating the areas of the water peaks [21]. In order to
estimate the absolute scale, we consider a unit cell of
surface S, and of volume V= Sd. For a DPPC bilayer
at 20°C and 6% water content (obtained from a satu-
rated LiCl salt solution), Tardieu and co-workers [22]
have shown that the composition of the unit cell is five
water molecules for two DPPC molecules and § =42.7
A2, In their case the bilayer repeat distance was 57.7
A, which is not very different from our repeat distance
at 26°C. Therefore we felt justified in using the same
unit cell composition and the same S value. The surface
under the water peak (in one unit cell) is the difference
in scattering length of five *H,O and five H,O mole-
cules divided by the unitary surface S. This allows to
determine the absotute scale for each profile.

The structure factors and lamellar spacings obtained
for samples A, B, C, D and E at 26°C and 64°C in 0%
“H,0 water content are shown in Table 2.

3.3. Diffraction profiles and label positions

The one-dimensional Fourier transform of the struc-
ture factors for each sample gives the corresponding
diffraction profile. The difference between the *H-
labelled sample and the non-labelled sample, gives the
label position. The deuterated ring positions are pre-
sented for TMA-DPH in DPPC gel (Fig. 4) and fluid
(Fig. 5) phases and for DPH in the same lipid in gel
(Fig. 6) and fluid (Fig. 7) phases.

The peak positions observed from the scattering pro-
files in Figs. 4-7 can be modelled by Gaussian peaks,
according to Eq. (5) [23]. The parameters (number
of Gaussians, position, width and weight) are deter-

scattering density cm A®

-40 -30 -20 -10 0 10 20 30 40

A

Fig. 4. (Bottom) Scattering profile for the labelled ring of TMA-
DPH, in DPPC bilayers, at 26°C. Solid line: experimental data.
Dashed line: calculation using a gaussian distribution with parame-
ters of Table 3 (see text). The dashed vertical lines represent the
lower limit for water penetration in the bilayer. (Top) Tentative
representation of the TMA-DPH molecules in the lipid bilayer. The
full circles represent the deuterated labels. The solid vertical lines
represent the upper limit of the bilayer (choline head groups).

mined by comparing the experimental profile obtained
from the measured intensities to the calculated profiles
up to the fourth order. Unfortunately, this profile com-
parison cannot be obtained by a mathematical mini-

scattering density cm-2

-40 -30 -20 -10 0 10 20 30 40

Fig. 5. Same as in Fig. 4, except T=64°C.



E. Pebay-Peyroula et al. | Biophysical Chemistry 53 (1994) 45-56 53

X

o 81077 |
«
£ 2108
o
>
S 15
= i
@ 110
o
©
o
o 0
=
©
= 15
= .
%110
w

2 10715 L .

40 30 20 10 0 10 20 30 40

Fig. 6. (Bottom) Scattering profile for the labelled ring of DPH, in
DPPC bilayers, at 26°C. Solid line: experimental data. Dashed line:
calculation using a gaussian distribution with parameters of Table 3
(see text). The dashed vertical lines represent the lower limit for
water penetration in the bilayer. (Top) Tentative representation of
the DPH molecules in the lipid bilayer. The solid vertical lines rep-
resent the upper limit of the bilayer (choline head groups).

mization because the number of parameters (5 for two
Gaussians) is larger than the number of experimental
data (4 orders). The width of the experimental distri-
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Fig. 7. Same as in Fig. 6, except T=64°C.

bution is a convolution between the effective label dis-
tribution width in the sample and the experimental
resolution. The experimental width is correlated to the
occupancy and even with more experimental data it
would not be significant to refine both values. Therefore
the widths are fixed to a reasonable value (larger than
4 A). The positions and the relative occupancies are
fitted by minimizing the usual crystallographic R factor
and by maximizing the correlation between the exper-
imental and the calculated structure factors. All the
label profiles were best fit by two Gaussian peaks (in
the asymetric unit) with different widths and weights.
Results of best fits are collected in Table 3 and the
corresponding calculated profiles using four orders are
shown (dashed line) by superimposition on the exper-
imental ones in Figs. 4-7. The close correspondence
between the model fitting and the experimental data
gives confidence in the data treatment which involved
scaling procedures for profile subtractions.

4. Discussion

The peaks in Figs. 4-7 represent the positions of the
deuterated rings, which allows to propose positions of
the whole molecule in the different samples.

4.1. TMA-DPH

TMA-DPH, with a trimethylammonium group
attached to one of the phenyl rings, has a positively
charged group and therefore is expected to be anchored
near the surface of the lipid bilayer, owing to electro-
static interactions. The deuterated phenyl ring is oppo-
site to the TMA-attached ring. In the gel phase (Fig.
4), two ring positions are observed in a bilayer half.
The profile can be fit according to Eq. (5) and gives a
ring positioned at 21.6 A (site I) and another at5.7 A
(site IT), relative to the bilayer center (0 A) . The width
of the Gaussian distributions of the labels is 5 A ( Table
3). The drawing in Fig. 4 is an attempt to visualize the
molecule locations of the probe in the bilayer. It must
be emphasized here that the drawings represent ring
positions for the average value of the Gaussian distri-
bution, that is, the molecules occupy the shown position
within +5 A. The vertical lines represent the bilayer
surface, i.e. the end of the phosphocholine head group.
This representation shows the TMA group approxi-
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Table 3
Model fitted locations of DPH and TMA-DPH deuterated rings

Site DPH TMA-DPH
26°C 64°C 26°C 64°C
I position (A) 23+0.2 164+ 0.4 214+ 0.2 1284 0.2
width (A) 4 5 5 10
weight 0.9+0.2 0.8+0.2 0.4+0.05 0.940.05
il position (A) 53405 0+2 57402 26+04
width (A) 4 8 5 5
weight 0.1 0.2 0.6 0.1
correlation 99.9% 99.7% 100% 100%
R factor 1.4% 7% 0.2% 1.2%

Positions are expressed relative to the bilayer center (origin). Gaussian widths and weights correspond to v, and w; of Eq. (5) (see text). The
positions and the relative occupancy of one label were refined by maximizing the crystallographic R factor:

R=Y I Feue(h) | = | Fouu(0) 11/ S | Foy () |
h h

and maximizing the correlation between the F, (h) and F,.(#). The steepness of the minima or maxima leads to the accuracy indicated in the

table. Parameters without accuracy were not refined.

mately at the level of the phosphate and glycerol back-
bone groups. In site II, the molecule would be tilted by
~25° relative to the bilayer normal, whereas site I
would be required to lie parallel to the membrane sur-
face. Orientation in site Il is in agreement with the well
known acyl chain tilt in the gel phase [24].

In the fluid phase (Fig. 5), a peak is observed at 12.8
A from the origin (site I) and a plateau occurs in the
bilayer center. This plateau can be accounted for by the
superimposition of peaks (site II) very close to the
origin. The calculation gives a peak position at 2.6 A
(Table 3). Site I has a width for the gaussian distribu-
tion of labels of 10 A. The width of the gaussian dis-
tribution is larger than the average size of the deuterated
phenyl ring (4-5 A). This suggests that there is a dis-
tribution of locations around 12.8 A. It is noteworthy
that the distribution is larger than in the gel phase. Since
the TMA group is considered to be anchored at the
interface, this large distribution can tentatively be rep-
resented by a conical envelope for TMA-DPH in Fig.
5, top. The fluorophore in site I would then be tilted by
= 20° ( +10°) away from the bilayer surface. The sec-
ond location (site II) in the fluid phase, is better local-
ized as shown in Fig. 5. The TMA-DPH is then

perpendicular to the bilayer surface, with the deuterated
phenyl ring very close to the bilayer center.

4.2. DPH

Contrary to TMA-DPH, the DPH molecule is sym-
metric and it is supposed that the deuterated ring has
no preferential position as compared to its hydrogen
containing counterpart. Consequently, if a deuterated
ring position is observed, there is also a hydrogenated
ring in the same position and vice versa. Therefore, a
given location for the DPH molecule is obtained by
relating two peaks in Figs. 6 and 7. The distance
between these two peaks may vary from 12 AwoA
for molecules respectively parallel and perpendicular
to the bilayer normal. The 12 A is estimated from the
barycenters of the two phenyl rings.

In the gel phase (Fig. 6) two peaks are observed at
respectively 5.3 A and 23 A from the bilayer center (0
A). Model fit locations according to Eq. (5) are done
considering a 4 A gaussian width for each label. These
two peaks cannot be due to the same molecule, hence
two DPH locations are needed to account for the profile.
In site I, the fluorophore necessarily lies flat, parallel to
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the surface (Fig. 6, top) whereasin site II, two locations
could account for the observed profiles. Similarly to
site [, the peaks at 5.3 A relative to the bilayer center
could be accounted for by molecules oriented parallel
to the bilayer surface. Alternatively, molecules tilted
by = 30° with respect to the bilayer normal would also
account for the peaks near the bilayer center. It seems
that the second orientation is more probable since the
tilt angle is comparable to that of the lipid chains in the
Lg- phase [24]. Furzhermore with this angle and the
length of DPH (12 A), the two aromatic rings would
correspond to the 5.3 Aand -53A peaks (Fig. 6).

In the fluid phase, two peaks are also observed (Fig.
7, bottom). As in the gel phase, these locations cannot
be related to one molecule distribution only. Calcula-
tions give ring locations at 16.4 A and 0 A, the latter
being at the bilayer center, for sites I and I1, respectively
(Table 3).SiteThasas A gaussian width for the label.
As for the gel phase the DPH molecule in this site would
lie parallel to the membrane surface, (Fig. 7, top). Site
IT is characterized by its location at the bilayer center,
nearly parallel to the surface. There is a 8 A gaussian
width for the label. As for the TMA-DPH molecule in
the fluid phase (site I), the Gaussian width for DPH in
site Il is larger than the deuterated ring size, indicating
a broader distribution of molecule orientations. Fig. 7,
top illustrates this distribution by a domain (dashed
lines) in which the DPH molecule would be found at
the bilayer center. In this position, the molecule ori-
entation would vary from 90° to 70° with respect to the
bilayer normal. Attempts to fit the data to a distribution
where there was a population of DPH with its long axis
aligned with the acyl chains was not satisfactory. This
orientation at the bilayer center in the fluid phase is a
most controversial proposal, but is the only one con-
sistent with the data.

Table 3 also reports on relative populations of mol-
ecules in each of the sites. We would like to emphasize
here that caution must be taken in the interpretation of
populations or temperature-driven population changes
of DPH and TMA-DPH in the two sites. The fluorop-
hore containing samples indeed showed little but
marked presence of non adsorbed crystals of DPH or
TMA-DPH. Although these contributions can casily be
substracted from the bilayer diffraction, the small
bilayer insoluble excess of fluorophore could alter the
population distribution of molecules in the bilayer. As
a consequence, the populations of sites as given in

Table 3 must be regarded as rough estimates. Never-
theless it appears that the amount of DPH in site I (near
the bilayer surface) is predominant and independent of
temperature. For TMA-DPH the population of both
sites is about the same in the gel phase and changes on
going to the fluid phase where the location roughly
parallel to the surface (site I) dominates.

It is interesting to note that a bimodal distribution
function for DPH orientations in bilayers was proposed
in order to account for time resolved fluorescence ani-
sotropy data [25-27]. Our results are consistent with
such a proposal. However, there is a marked concen-
tration difference of fluorescent probes in the
membrane between neutrons and fluorescence experi-
ments. In order to draw a parallel between the two sets
of measurements one should idealy repeat the neutron
experiments with a lower concentration of fluorophore
in the bilayer. However the neutron scattering is not
strong enough to really perform the experiment.

The neutron diffraction data allows to estimate the
penetration water depth into the bilayer interior. Fig. 3
indicates that there is some population of water to a
depth of 17 A and 15 A on each side of the bilayer
center for the DPPC gel and fluid phases, respectively.
The deepest water penetration in the bilayer is repre-
sented by a vertical dashed line in Figs. 4-7. On the
other hand, it is known that the fluorescence decay of
DPH is markedly affected by the dielectric constant of
the surrounding medium [28-30]. In polar solvents a
lower fluorescence intensity and concomitantly shorter
decay times are observed. As a consequence, the major-
ity of the fluorescence would be due to molecules in
the bilayer interior (site IT).

The above rationalization indicates that care is
required in the interpretation of fluorescence data of
these probes in lipid bilayers. In studies of membranes
where the surface bound water may be affected, i.c.
dehydrated by extrinsic bound proteins or metal ions
[31,32] or where water can penetrate even further into
the bilayer core owing to integral proteins, this could
affect the distribution of sites and polarity of the probe
environment. The data in this report show that the
orientational distribution of the probes depend on the
physical state of the lipid matrix, i.e. either ordered or
disordered. Hence, it is expected that cholesterol which
causes an ordering of the lipid matrix could lead to
unimodal or at least reduced bimodal fluorescence
decay behavior [25].
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5. Conclusion

The use of neutron diffraction of protonated and
specifically deuterated molecules embedded in oriented
lipid bilayers demonstrated that the fluorescent probes
DPH and TMA-DPH both exhibit a bimodal distribu-
tion function in DPPC bilayers. In addition, both the
orientation and the populations of the two membrane
sites vary with the physical state of the lipid membrane
(gel or fluid). It is also found that these fluorescent
probes have rather well defined positions in the ordered
gel (Lg') phase and show a broad distribution of loca-
tions in the less ordered fluid (L,) phase. Moreover,
determination of water penetration by proton—deute-
rium contrast methods allows to discuss which of the
molecules in the various membrane sites may be active
in fluorescence experiments.
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