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Abstract

Oriented stacks of purple membrane (PM) were studied with high-resolution quasielastic incoherent neutron
scattering (QINS). The experiments were carried out under dark conditions at room temperature, for two
different orientations, such that the momentum transfer @ was either parallel or perpendicular to the
membrane plane at 30° scattering angle. The samples were equilibrated in H,O as well as in D,0, both at
100% relative humidity. The analysis of the spectra shows that the hydration water is performing anisotropic
translational diffusion (TD), preferentially parallel to the membrane plane, with a diffusion coefficient about 5
times smaller than that of bulk water at room temperature. From the behaviour at large scattering angles an
average jump distance of about 4 A was estimated. This fast translational diffusion process is accompanied by
an even faster local diffusive motion of the water protons. The approximate description of the latter by a
rotational diffusion model for H,O molecules yields a quasielastic line width of about 70 peV (HWHM). The
observed local diffusive motion of protons in PM is an order of magnitude slower (angular average of the
corresponding linewidth: HWHM = 9 peV).
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dimensional hexagonal lattice, which is embed-
ded in a lipid bilayer matrix [1-3]. Each BR
molecule is a proton pump used by Halobac-
terium halobium to convert sun light into electro-
chemical energy by the generation of a proton
gradient across the membrane [4,5]. Very little is
known about the dynamics of the corresponding
proton translocation mechanism. For instance,
one would like to know the H* pathways [6] on
and through the membrane and the time scales
corresponding to the different stages of the re-
lated proton motion, as well as the role of water
molecules as vehicles for proton transfer, and in
particular as mediators between different proton-
able sites of PM, and especially of BR.

In principle, the proton is itself an excellent
probe for the study of its own motion as an
individual ion or as a part of larger units such as
OH™, H,0, H,0", or any other molecule con-

taining hydrogen atoms, including H-bonded net-

works. Due to its large cross section it dominates
the intensity in quasielastic incoherent neutron
scattering (QINS) experiments, which are suitable
for investigating proton motions in the time range
from 107" to 10® s. The obvious difficulty in
studying specifically the proton pumping mecha-
nism with QINS is the fact that only a very small
number of protons are directly participating in
this process, while all the hydrogen nuclei of the
membrane are contributing to the scattered in-
tensity. On the other hand, it should for the same
reasons be much easier to study the dynamics of
water molecules in the membrane’s hydration
layer, which represents a sizeable weight fraction
of the whole system. At any rate, it is necessary to
obtain comprehensive information on the dynam-
ics of all the protons in PM, before one can hope
to isolate the presumably rather small effects of
proton motion, directly related to photoactivity.
With this in mind we have started QINS experi-
ments on PM in 1991. The first experiments were
carried out with the time-of-flight spectrometer
INS at ILL, Grenoble, using an elastic energy
resolution of about 63 weV (FWHM). The sam-
ples, studied under dark conditions, consisted of
oriented PM stacks with two different degrees of
hydration, defined by equilibration at relative hu-
midities (r.h.) of 86% and 100%, respectively. A
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phenomenological analysis of the observed QINS
spectra, carried out with the aim of separating
contributions from different molecular subunits,
gave the following essential results [7):

At low hydration (86% r.h.) only local diffusive
proton motions were observed at the given energy
resolution. In particular, the water molecules ap-
pear to perform a preferential local diffusive mo-
tion parallel to the membrane plane. At 100%
r.h. there is a strong indication of long-range
translational diffusion (TD) involving water pro-
tons, although other explanations such as a com-
bination of several different local diffusive proton
motions would also be consistent with the data.
For the TD model the estimation of the self-dif-
fusion coefficient, D,, gave a value of 8 X 107°
cm?/s, which is about three times smaller than
that of bulk water at 300 K.

In order to reach a more decisive conclusion,
we have carried out further measurements at
higher energy resolution, as a function of mem-
brane plane orientation, using the same kind of
samples hydrated at 100% r.h., alternatively with
H,0 and D,O0. In the present paper we analyze
the spectra from these H,0O and D,O containing
PM specimens, with the aim of elucidating the
specific dynamics of the hydration water. In this
context the contribution of PM (including that of
the BR molecules) to the scattering will be treated
phenomenologically. An attempt to interpret this
in a biophysically relevant manner will be dis-
cussed in a later publication.

2. The QINS experiment

The experiment was carried out using the in-
verted time-of-flight spectrometer IRIS [8] at the
Rutherford-Appleton Laboratory, with pyrolytic
graphite (PG) and mica crystals as analyzers. Only
the PG results, obtained with an analyzer wave-
length of A =6.6518 A and an elastic energy
resolution of about 16 peV (FWHM), in an en-
ergy window from —400 to 400 peV, will be
discussed here. The spectra were taken at room
temperature under dark conditions at 51 differ-
ent scattering angles in the range 20° < ¢ < 160.8°,
They were added together within 11 angular
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groups, in order to improve the statistics and to
reduce computer time. Two different sample ori-
entations o were studied, so that for the scatter-
ing angle ¢ =90° the elastic @ vector was per-
pendicular (@ =45°) and parallel (a =135 to
the membrane plane, respectively (fig. 1). The
PM stacks had been oriented by drying at 86%
r.h. on aluminium foils, followed by equilibration
at 100% r.h. and subsequently sealed in circular
slab-shaped aluminium containers (sample diam-
eter 50 mm). The amount of sample material
used (including water) was 962 mg PM(H ,0) and
956 mg PM(D,0), with transmission values of
T(90°) = 0.704 and 0.746, respectively. Each sam-
ple contained 750 mg PM as determined by
weighing the samples dried in vacuum after the
end of the experiment. Vanadium standard and
empty container spectra were measured with
identical geometry.

3. Method of comparing PM(H,0) and PM(D,0)
spectra

In order to analyze the scattering of the hydra-
tion layer in the presence of the total scattering
(of PM plus H,0) we have applied the following
method: at first a purely phenomenological ex-
pression for the scattering function was found,
which perfectly fits the PM(D,0) spectra. Then a
model for H,0 was added to this expression and
this was fitted to the PM(H,0) spectra, in order
to determine dynamical parameters of the hydra-
tion water. This method implies the following
simplifications:

(i) The spectra of PM(H,0) (and analogously
those of PM(D,0)) are approximated as arith-
metic sums of intensities scattered by PM and by
the hydration water, respectively. This is certainly
true for first-order incoherent scattering, which
represents about 75% of the total intensity. The
remaining 25% are however due to multiple scat-
tering (MSC) events comprising H,0-H,O and
H,0-PM combinations. Thus the MSC part of
the hydration water spectra is directly affected by
the presence of PM as a scatterer. This has not
been taken into account explicitly in our calcula-
tions, since at this stage of the analysis MSC has
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Fig. 1. Wavevector diagram of QINS experiment showing the
relationship, @ = k ~ k,, between incident (k,) and scattered
(k) neutron wavevectors, scattering vector @, scattering angle
¢ and sample angle e, for the case ¢ = 90° and a =135°. The

orientation of the membrane planes is indicated by a dashed
line.

been neglected altogether. Note however the fol-
lowing: Although the MSC contribution to the
scattering is indeed of the order of 25%, we do
not expect an error of more than about 10% on
incoherent structure factors and QINS linewidths
determined in the analysis of the total scattered
intensity, which will be described below (sections
4 and 5). This order of magnitude is governed by
the value of the sample transmission and is known
from many previous MSC calculations carried out
in connection with the analysis of other experi-
ments; see, for instance ref. [9]. We will return to
this question in the discussion (see section 6).

(ii) The scattering of D,O is not considered
separately; it is contained implicitly in the phe-
nomenological expression found for PM(D,0).
Representing the scattering of PM(H,0) by that
of PM(D,0) plus that predicted by a model for
hydration water will slightly reduce the scattered
intensity found for H,O in the corresponding fit
below its true value. But the modification of its
shape can be neglected.
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(iii) It is assumed that the small difference in
the water dynamics caused by the mass difference
of the isotopes H and D has a negligible effect on
the dynamics of PM, so that for our purpose the
latter can be considered as approximately identi-
cal in the two samples, PM(H,0) and PM(D,0).
This assumption may be justified as follows: Dif-
ferences in the dynamics between H,O hydrated
and D,O hydrated PM are mainly due to an

isotope effect in the coupling of water molecules -

to the PM motions. This coupling is mainly effec-
tive in energy ranges where an appreciable over-
lap exists between the densities of state of water
and purple membrane. Furthermore for the pre-
sent purpose this overlap is only relevant in the
low-energy regime, where diffusive motions of
H,0 molecules are observed, since we are not
studying intramolecular vibrations in this work.
As we will see later (see sections 4 and 5), the
part of the PM dynamics we are concerned with
here corresponds to local diffusive motions which
energetically coincide roughly with the spectrum
due to translational diffusion within the hydra-
tion water layers. We expect that, similar to the
case of bulk water at room temperature, the
diffusion coefficients of H,O and D,O within the
hydration layers differ by less than 10%. We may
assume that this difference will be only partially
transmitted via the coupling phenomenon to PM,
so that the part of PM dynamics which is of
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interest in our context should be identical within
a few percent in the two different samples under
study. Therefore we are convinced that this iso-
tope effect can be neglected in the above sense.
The fitting procedure employed in the compari-
son of different measured spectra, and especially
for the detection of small spectral differences,
requires a precise knowledge of the spectrometer
energy resolution function. We have converted
the measured vanadium spectra into analytical
functions by fitting 2 sum of Lorentzian functions
to them. Because of the intrinsically close-to-
Lorentzian shape of crystal reflections in back-
scattering geometry, and because most of the
dynamical models for diffusive motions, which we
wish to apply lead to scattering functions consist-
ing of sums or series of Lorentzians, this choice
suggests itself. Excellent fits were obtained with a
sum of five Lorentzians with widths, positions
and weight factors as free parameters. This can
be appreciated in figs. 2a and 2b, showing the
results for the scattering angle ¢ = 90.4° and the
orientation angles o = 45° and « = 135°, respec-
tively, of the vanadium plate relative to the inci-
dent beam.

4. The fitting procedure

The following general expression [10] was used
to represent the resolution-broadened, measured
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Fig. 2. Vanadium spectra at scattering angle ¢ =90.4°, for two different sample orientations e, fitted with a sum of five
Lorentzians. triangles: experimental points, solid line: fit. (a) a = 45°% (b) & = 135°.
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scattering functions:
Smeas(Qs “)) =FN CXp( —hw/ZkBT)
xsres(Q’ w) ®Stheor(Q’ w)' (1)

Fy = normalisation factor; exp(—hw/2kT)=
detailed balance factor; S.(Q, w)=resolution
function represented by a sum of Lorentzians, as
described above; ® = convolution operator;
Siheor(Q, @) =model of the incoherent scattering
function. The phenomenological expression, used
in the fit of PM(D,0) data, reads

S&?or(Q, w) =APM6(w)
+(1 - Apy) L(Hpy, ©) + Bpy,
(2)

where Apy = @-dependent weight of measured
elastic component; L(Hpy, )= quasielastic
Lorentzian-shaped component with width
(HWHM) equal to Hpy; Bpy =linear “back-
ground”, mainly due to acoustic phonon-like exci-
tations. Apart from the trivial normalisation fac-
tor Fy, there are four free parameters in this fit:
Apy, Hpy and the constant and slope of Bpy,.
Figs. 3a and 3b show the results obtained at the
scattering angle ¢ =90.4° for the two sample
orientations @ =45° and a =135° It is obvious
from the quality of these fits that the simple
phenomenological model employed is entirely
sufficient for the present purpose. In table 1 the
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numerical values of the parameters Apy and
Hpy are listed. Qualitatively it can be said that
the quasielastic linewidths are of the order of 10
peV (HWHM) for both sample orientations, but
larger by an average factor of about 1.4 for a =
45°, This feature will be discussed in more detail
in a later publication. The behaviour of Bp,, will
not be discussed further, since it is determined by
the scattering intensity far away from the
quasielastic peak region and thus completely
model-independent. For the fit of the PM(H,0)
spectra a “H,0” model was added to S, (Q,
w) to give:

Stheor(Q’ (0) = Sgllgor(Q’ w) + Stl;gg(g’ w)’ (3)

where we started from the expression:

5120, 0 =c|3(@)80) + T (2n+1)

Xjx(Qr)S,(o)

®Smp(Q, @) + By 0. 4

Apart from the “concentration” factor C, this is
the rotational diffusion model [11], which approx-
imates the local motion by diffusion on a spheri-
cal surface with the radius r. It is folded with a
single Lorentzian S(Q, ) for translational dif-
fusion; j, are the spherical Bessel functions, C is
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Fig. 3. PM(D,0) spectra at scattering angle ¢ = 90.4°; triangles: experimental points; solid lines (result of the fitting procedure,
from top to bottom): complete scattering function, fitting the measured spectra; quasielastic component due to local diffusive
proton motion; linear “background”. The first two curves also include the linear “background”. (a) @ = 45°; (b) @ = 135°.
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defined relative to the concentration of PM in the
system PM(H,0), which is set equal to 1. The
energy-dependent factors S,(w) are Lorentzians
with HWHM = n(n + 1)D,, where D, is the rota-
tional diffusion constant. As a further simplifying
approximation we have retained only the first
Lorentzian, S,(w), in this series, since higher
terms become important only at larger @. For
this purpose S,(w) in eq. (4) was replaced by
S,(w), allowing the replacement of the structure
factor sum I%_,(2n + 1)j2 (Qr) by [1-j2(0r)]
and thus conserving the energy integral of
SH0(0. ). The radius r was set equal to 0.98
A, which is close to the O-H distance of the
H,O molecule. This value has also been used in a
successful description of the local diffusive pro-
ton motion in bulk water [12]. The additional free
parameters in the fit procedure are therefore C,
D, and the quasielastic linewidth Hyp of the
translational diffusion Lorentzian. This simple
model must certainly be considered as a crude
approximation of reality; but it allows a relatively
precise determination of the volume available for
the fast diffusive local proton motion and of the
corresponding local diffusion rate. As in the case
of the PM(D,0) spectra, the nonlinear least-
squares fitting calculations were carried out on
each spectrum individually (see figs. 4a and 4b, as
an example for scattering angle ¢ = 90.4°). This
allows us, as a cross-check of the fit results, to
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verify whether the constant model parameters C
and D, are actually found to be Q independent.
This is indeed so: for the “concentration” factor
we obtain C = 0.55 £ 0.07, and for the linewidth
(HWHM) of the rotational component we find
H =2D =664 1t 10.4 peV. This should be com-
pared to the linewidths Hp,, and Hy, which are
smaller by roughly an order of magnitude (see
table 1). In fact, if the H, values are averaged
separately for a =45° and a =135° there is a
tendency to slightly smaller values (by 5%) of H,
at a = 45° suggesting that the local diffusive pro-
ton motion is not completely isotropic. It is inter-
esting to note that these rotational diffusion rates
are about six times smaller than those observed in
bulk water at room temperature [12].

The line-widths H., of the TD Lorentzian,
resulting from the fits are plotted as a function of
Q? in fig. 5. They turn out to be significantly
larger in the case of a=135° (full circles) as
compared to a = 45° (open circles).

§. Long-range translational diffusion

From the observed orientation dependence it
is clear that the motion described by the TD
Lorentzian is strongly anisotropic. The TD
linewidths, Hp, observed for a = 135° are signif-
icantly larger than those observed for a = 45°. In
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Fig. 4. PM(H,Q) spectra at scattering angle ¢ = 90.4°; triangles: experimental points, solid lines (results of the fitting procedure,
from top to bottom): complete scattering function; sum of quasielastic scattering from PM and H,0; H,0 component of the
scattering function; linear “background”. The first three curves also include the linear “background” (a) a = 45°% (b) & = 135°.
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Table 1

Numerical values of the parameters Hpyy, Hrp, H, and Apy
as obtained from the fit of the theory to the spectra measured
at 11 different scattering angles ¢ and two sample orienta-
tions: upper part a = 45°, lower part a = 135°. Hpy, Hyp and
H, are the quasielastic linewidths (HWHM) for local proton
motion in PM, translational and rotational proton diffusion in
the hydration water, respectively; Apy is the phenomenologi-
cal EISF of PM; for details see the text

NR. ¢ (deg) Hpy (neV) Hpp (neV) H, (peV) Apy

a=45
1 2420 11.81 379 50.59 0.926
2 3545
3 4812
4 6216 893 5.60 67.69 0.723
5 7630 12.79 5.17 73.53 0.739
6 90.38 945 444 76.05 0.679
7 103.05 11.25 3.62 73.15 0.663
8 11570 13.14 3.06 69.81 0.655
9 12840 14.62 1.76 58.31 0.653
10 141.08 13.76 1.24 55.66 0.631
1 15516 14.40 0.87 56.68 0.612
a=135°
1 2420 4.53 5.44 69.83 0.840
2 3545 3.57 6.68 67.05 0.746
3 4812 444 8.40 71.36 0.698
4 6216 7.52 8.74 79.06 0.720
5 7630 859 8.38 81.35 0.680
6 9038 9.01 6.19 74.58 0.651
7 103.05 12.23 5.48 70.52 0.668
8 11570 13.48 6.06 65.13 0.702
9 128.40
10 141.08
11 15516 1590 0.24 36.82 0.634

addition to this we note, that the smaller, but
finite, values of H.p observed for a =45 are
probably increased due to MSC combinations of
scattering from proton motions parallel to the
plane with that due to proton motions perpendic-
ular to it. Thus the true anisotropy is presumably
stronger than observed. The decrease of Hp, as
Q =0 is approached, suggests that we have in-
deed observed translational diffusion. We have in
fact succeeded in confirming this result very re-
cently by pulsed-field gradient (PFG)}NMR
spin-echo measurements on a PM(H,0) sample
at the same level of hydration, yielding a proton
self-diffusion coefficient D, of 4.4 X 107% cm?
s~1[13].
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Fig. 5. The Q-dependent linewidths, Hyp, of quasielastic
scattering due to long-range translational diffusion of hydra-
tion water; dotted line: DQ? behaviour of the linewidth in the
small-Q limit, corresponding to a diffusion coefficient D=
4.4%107% cm? s~1; solid circles: values obtained from the fit
to the (a =135°) spectra; open circles: values from the fit to
the (@ =45°) spectra (see table 1); solid lines: linewidths
calculated from a jump diff‘usion model gvith differentojump
distances d: () d=4.7 A; (D) d=50A; () d=54A.

It is well known that in the limit of small Q
the TD linewidth is equal to D Q2 The corre-
sponding straight line is shown in fig. 5, and it is
seen, that this is consistent with our data. How-
ever, since these are not yet corrected for MSC,
we can only expect a qualitative agreement at
present. A more precise analysis including MSC
corrections will be published soon [13]. At the
present stage we will limit the discussion of Hyp
to the comparison with a rather simple isotropic
jump diffusion model, which is however capable
of predicting qualitatively the deviation of the Q
dependence of Hp from the DQ? behaviour,
when Q is not small compared to the reciprocal
jump distance. The jump-diffusion model, in its
simplest form, describes a random walk of the
diffusing particle on a Bravais lattice of sites
available for diffusion [14]. For a single-crystal its
incoherent scattering function is given by the
simple Lorentzian,

1
@)/~ -y )

STD ’ = 1. 5
@)= Troy M re
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In the case of a polycrystalline sample the angu-
lar average of eq. (5) is required. In order to
avoid the corresponding numerical integration,
one may approximate the average by calculating
the orientational mean of the width function,
Hyp = {f(@)/7)q. This is equal to

1-sin(Qd)/0d
Hop= _M’ (6)
T

where d is the distance between nearest-
neighbour diffusion sites. Given the apparent
anisotropy of the diffusion process in the purple
membrane, the angular average of f(Q) in our
case has to be performed over all directions of
the proton displacement within the PM plane,
and not over the whole solid angle 4w. Unfortu-
nately this again requires numerical integration.
To avoid this we have proceeded in the following
way, in order to obtain an approximate interpre-
tation of the measured Hp, values:

) HTD, measured at o = 135°, was compared
to expression (6), calculated for several different
values of the jump distance d. For d =5 A we
obtain reasonable agreement (curve b in fig. 5).
The @-dependent shape of the Hp curve is
rather sensitive to small changcs in d. This is
demonstrated in fig. 5 for d = 4.7 A (curve a) and
d =54 A (curve c).

(2) The jump distance d, determined usmg a
model for three-dimensional diffusion, must be
interpreted in a different way, if the diffusion
process is restricted to two dimensions. In fact,
when a diffusion constant D, is determined, this
is (independently of the dimensionality of the
motion) directly related to the mean square dis-
placement {d2) in the direction of @, by the
relation D;={d}/2r, where 7 is the observa-
tion time. For instance, if = is the mean residence
time of the diffusing particle on a diffusion site,
we have (d3) = 3d* for three-dimensional diffu-
sion, but {d3) = 3d* for diffusion in a plane.
Thus we can calculate the average jump distance
in the membrane plane from the above three-di-
mensional value (5 ;X), using the relation

%(dzn)z = %(dsn)z- (7
One obtains dyp =4 A.

R.E. Lechner / Biophys. Chem. 49 (1994) 91-99
6. Discussion and conclusion

We have reported the results of high-resolu-
tion QINS experiments on purple membrane, hy-
drated at 100% relative humidity. The present
analysis concerned specifically the dynamics of
the hydration layers, which we have separated
from the dynamics of the membrane itself by
careful comparison of purple membrane spectra
obtained for samples hydrated in H,O and in
D, 0, respectively. We were able to show that the
protons are participating in a two-dimensional
long-range translational diffusion process parallel
to the membrane plane (presumably mainly of
water molecules), which is about five times slower
than that known for bulk water. This is accompa-
nied by a local (rotational) motion of molecules,
six times slower than in bulk water. On the otheor
hand a translational jump distance of about 4 A
was obtained, three times larger than that of bulk
water at room temperature [12]. We believe that
these results are related and consistent with each
other. Translational and rotational diffusion may
be expected to be relatively slow because of spa-
tial restrictions. These are obviously strong per-
pendicular to the membrane plane. But even
parallel to the plane the space available for diffu-
sive motion is somewhat less open than in bulk
water, due to a certain ruggedness of the mem-
brane surface. This is caused by the geometrical
arrangement of the BR polypeptide chain, con-
sisting of seven helical sections, well embedded
within the membrane, but linked by loops pro-
truding out of the membrane surface. The diffu-
sion jump length is an average distance between
neighbouring potential minima of the diffusing
particle. Therefore this length can be considered
to some extent to be a measure of the mean
spatial extension of barriers or obstacles to the
motion. Neighbouring water molecules may alter-
nate with protruding loops or other molecular
subunits at the membrane surface as obstacles,
which easily makes the relatively large jump dis-
tance observed plausible.

It is clear that our analysis is based on a
number of approximations and simplifying as-
sumptions as described in sections 3 to 5. We
intend to improve some of this in the near future.
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In particular we expect to obtain more quantita-
tive results after having carried out MSC correc-
tions. Preliminary MSC calculations, performed
to estimate the relative importance of these ef-
fects, have shown that such corrections will not
change our qualitative conclusions.
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