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Abstract It has been shown that water molecules par-
ticipate in the proton pathway of bacteriorhodopsin.
Large efforts have been made to determine with various
biophysical methods the number of water molecules in-
volved. Neutron diffraction H,O/D,O exchange experi-
ments have been often used to reveal the position of
water even with low-resolution diffraction data. With
this technique, care must be taken with the limitations of
the difference Fourier method which are commonly ap-
plied to analyze the data. In this paper we compare the
results of the difference Fourier method applied to
measured diffraction data (not presented here) and
models with those from alternative methods introduced
here: (1) a computer model calculation procedure to
determine a label’s scattering length density based on a
comparison of intensity differences derived from models
and intensity differences from our measurements; (2) a
method based on the Parseval formula. Both alternative
methods have been evaluated and tested using results of
neutron diffraction experiments on purple membranes
(Hauss et al. 1994). Our findings indicate that the dif-
ference Fourier method applied to low-resolution dif-
fraction data can successfully determine the position of
localized water molecules but underestimates their inte-
grated scattering length density in the presence of labels
in other positions. Furthermore, we present the results
of neutron diffraction experiments on purple membranes
performed to determine the number of water molecules
in the projected area of the Schiff base at 86%, 75% and
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57% relative humidity (r.h.). We found 19+2 ex-
changeable protons at 75% r.h., which means at least
8-9 water molecules are indispensable for normal pump
function.
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Introduction

Early neutron diffraction experiments on purple mem-
branes (PMs) in 100% relative humidity (r.h.) (Zaccai
and Gilmore 1979) showed that the area of highest H/D
exchange is the lipid region. The difference Fourier maps
could not reveal a water channel spanning the mem-
brane in the protein region. Our previous neutron dif-
fraction studies (Papadopoulos et al. 1990) on PMs at
very low hydration (15% r.h. or less) showed the exis-
tence of about 3—4 (according to the difference Fourier
method) tightly bound water molecules in the projected
region of the Schiff base (i.e. the proton pathway of
bacteriorhodopsin, BR)!. At higher hydration, more
water molecules at the same position were expected
(Dencher et al. 1992). To see if, at higher hydration
(closer to physiological conditions), a larger number of
water molecules is present in the transmembrane proton
pathway, we performed neutron diffraction experiments
at 57%, 75% and 86% r.h. (HauB3 et al. 1997) correlated
to the results of time-resolved laser spectroscopy
(Thiedemann et al. 1992). The analysis of the data of
these experiments with our usual data treatment was not

IThe light absorbing system of bacteriorhodopsin is the “retinal”
connected to Lysin216 of the protein’s backbone via a protonated
Schiff base in the ground state



able to reveal more water molecules than those we found
at very dry PMs. Even worse, at 75% and 86% r.h. we
found fewer water molecules than at 57% r.h. This was
an unexpected and paradoxical result. In order to
resolve this, we examined all steps in our data evaluation
process using model calculations (presented in this
paper) and we have found the following main sources of
error:

1. Low-resolution data.

2. Use of both ratios for overlapping reflections (see
Materials and methods) and phases from electron
microscopy with neutron scattering data.

3. The presence of an extended scattering length density
distribution in the difference map beside that local-
ized at the region of the Schiff base.

Recently, high-resolution X-ray and electron mi-
croscopy structures of wild-type and mutated BR
(Belrhali et al. 1999; Luecke et al. 1999; Sass et al. 2000;
Subramaniam and Henderson 2000) have been pub-
lished. The X-ray studies show about nine functional
water molecules participating in the proton pathway in
the ground state. The M state (one of the intermediates
of the BR photocycle) shows about three water mole-
cules more. These structures represent a fully hydrated
state of BR grown in the lipid cubic phase. The question
is: “How many water molecules in the proton conduct-
ing pathway of BR are really essential for normal
function?” To answer this question, we have to deter-
mine the number of water molecules at the critical
hydration levels for the pump function at 75% and 86%
r.h. (Thiedemann et al. 1992). In order to overcome the
limitations of the difference Fourier (DF) method, we
introduce here two alternative methods and we evaluate
the data of our previous experiments according to them.

In the following sections we first present in Materials
and methods our neutron diffraction experiments and
then the usual data treatment. In following sections we
describe the model calculations to analyze the different
error contributions. Then we present a computer model
calculation procedure referred here as ‘‘simulation”.
This method scans NatMod [the neutron scattering
length density distribution of an atomic model of the
PM constructed by Edholm et al. (1995) projected onto
a 128x128 two-dimensional matrix; it is used here as a
model starting structure] with a circular label of defined
radius and scattering length distribution. Secondary
labels and extended labels are also probed. The calcu-
lated intensity differences between every resulting map
and the original map are then compared to experimental
intensity differences. This procedure is very reliable
in finding the position of local labels (LLs)?. It is also
better than the DF method in determining the total
scattering length of local labels at higher hydration. No

2What we call here a local label is a label with a narrow distribution
of its total scattering length compared to the experimental resolu-
tion; a file of water molecules almost perpendicular to the mem-
brane plane behaves like a local label
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presumptions (beside the use of a model for a BR trimer)
about phases and ratios of overlapping reflections are
needed. We provide a detailed description of the pro-
cedure in Appendix 1. In the next section we present
another method to calculate the integrated scattering
length density of an LL based on the Parseval formula.
This method is valid only for single-label difference
maps and is described in detail in Appendix 2. Finally, in
the Results and discussion section we present the results
of the above methods.

Materials and methods

Neutron diffraction

PMs were isolated and prepared as described elsewhere (Papado-
poulos et al. 1990). The diffraction sample is a stack of lamellar
oriented PMs (100 mg), which gives rise to powder reflections
(many of them are overlapping) due to in-plane rotational aver-
aging in the membrane stack. During data collection the sample is
kept in a thermostatted aluminum can where the humidity is ad-
justed with saturated salt solutions in H,O or DO, respectively
(H,0/D,0 exchange). The samples were equilibrated for a couple
of days before data collection. Diffraction experiments were carried
out on the Membrane Diffractometer V1 at the Berlin Neutron
Scattering Center of the Hahn-Meitner-Institut, Berlin, Germany.
Diffraction patterns were measured in a 0-20 experimental setup at
A=5.686 A and T=25 °C. Data reduction was done using the local
instrument software. Owing to the relatively large divergence of the
neutron primary beam, the shape of the diffraction peaks is es-
sentially Gaussian. Fitting Gaussian functions to the experimental
data and applying a Lorentz correction determined the diffraction
intensities:

I = IV h* + hk + k2 (1)
Structure factor amplitudes were derived taking the square root of
the intensities.

The usual method to determine the position and strength
of a label from a difference map

For a two-dimensional lattice, the distribution of the label’s scat-
tering length density is given by the difference Fourier sum
(Blundell and Johnson 1976):

1 n .
3) = 1352 2] i) exp (i3 xp( 2+ )

(2)

where [F™| and |F"| are the amplitudes of the structure factors of
the labeled and native structure, respectively, ¢ are the phases of
the native structure and A is the area of the elementary cell. The
calculated Ap is half as intense compared to the original (Blundell
and Johnson 1976). In Appendix 4 we demonstrate that the pre-
vious statement is valid for high-resolution data, assuming correct
phases for the native structure. In a powder diffraction pattern,
intensities located at the same distance from the origin of the re-
ciprocal space are overlapping. In order to obtain the structure
factors Fj,; and lacking (in the past) a better choice, we had to use
both phases and split ratios of overlapping reflections derived from
electron microscopy (Henderson et al. 1986).

The scattering length distribution calculated from Eq. (2)
represents only relative contrasts between different parts of the
elementary cell. The final step is to sum up Ap over an area that is
expected to be covered by the label.
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Model calculations to test the limitations
of the usual data analysis

In this paper we use as a starting structure an atomic model of
the PM constructed by Edholm et al. (1995) by molecular
dynamics calculations using electron microscopy data for BR
derived from the literature. In this model, the missing loop amino
acids and lipids (modeled as phosphatidylglycerol) were added
prior to the MD calculations. After adding the missing protons to
the PDB structure and assigning for every atom its neutron
scattering length, we project this scattering length distribution
onto a 128x128 two-dimensional matrix in order to derive a
scattering length X-Y density map. The best agreement between
the calculated intensities and those from experiment has been
obtained by omitting the carboxyl terminus. This is justified by
the flexibility of the carboxyl terminus. The corresponding dis-
tribution is what we call here the “‘native model”” (NatMod). This
is clearly a better choice than using data from electron micros-
copy, because the correlation coefficient between our measured
neutron scattering intensities and those calculated from NatMod
(0.958) is larger than that between our data and those from
electron microscopy (0.735).

Next we put the experimental intensities on the same scale as
those calculated from the model, adjusting the sum of the Lorentz-
corrected experimental intensities to that of the model. We separate
their intensity contributions according to split ratios of NatMod.
The amplitude of the structure factor is then simply the square root
of the intensity. The phases ¢" of the native structure are those
calculated from NatMod.

In order to resolve the extent of the different error contribu-
tions, a series of calculations is presented below, each time taking
into account a different error source.

PM contains one local label

The starting structure for our model calculation is NatMod. To
simulate the neutron diffraction and data evaluation we proceed as
follows:

1. Perform a numeric Fourier transform on NatMod to obtain a
set of (|F"|,¢™) with the desired resolution. NatMod simulates
a dehydrated PM.

2. Now add to NatMod a label by covering an almost circular area of
variable radius around the Schiff base nitrogen with the desired
total scattering length. We call this structure the “labeled model”
(LabMod), which simulates a locally hydrated PM.

S [A1]

3. Asin steP 1, LabMod is Fourier transformed to obtain a set of
(IF™.¢™).

4. We 1apply then Eq. (2) (difference Fourier) using the data set
(IF™|=|F"|,¢™) to determine the label.

The 1db€1 is a distribution of a neutron scattering length of
11.7x107"% cm, corresponding to six water molecules covering ; an
almost circular area of 45 matrix points per monomer or 8.8 A2,
The dimensions have been chosen in a way so that the label can
be regarded as a LL for our experimental resolution (h=7,

k=1) - §=0.1429 A~ or 7 A.

To study the effect of the central assumption of the DF method
(phases from the NatMod), we have reconstructed the label at a
different resolution (from S=0.085 A" to $=0.59 A~ 1. We then
summed up after reconstructing the scattering length distribution
over the position of the label for every resolution. In order to
integrate the scattering length distribution we had to define the area
of integration at each resolution level and to adjust the zero level of
the difference density map. For this purpose, we developed the
numerical algorithms described in Appendix 3.

PM contains two labels, a local label and an extended label

A homogeneous neutron scattering length  distribution
(202.67x10~'2 cm/trimer) over an area of about that of the lipids
(referred to as an extended label, EL)> has been added to LabMod
to simulate the surface D,O hydration. It corresponds to 106 D,O
molecules distributed over 5065 matrix points per trimer. We now
repeat the procedure of the previous section. The result of varying
the resolution is shown in Fig. 1 (triangles).

Simulation procedure to determine labels from low-resolution
neutron diffraction data of PMs

The procedure relies on the comparison of the difference in radial
intensities from a PM sample measured both in H,O and D,O
atmospheres with the calculated difference in radial intensities from
a model. The model is step-by-step modified, aiming at an im-
provement of the similarity between the data sets. As similarity

3A label with its scattering length distributed over a much wider
area compared to the experimental resolution; hydration water that
covers lipid areas of the elementary cell behaves like an extended
label; both kinds of labels are present in the case of hydrated PMs



parameters we used the correlation coefficient (CC), the R-factor
and »2, which are defined in Appendix 1. In Appendix 1 we also
present a detailed description of the simulation method. This is a
tedious and a less direct procedure than the difference Fourier
method, but it has the advantage of avoiding any serious
assumptions about phases and split ratios for the overlapping
reflections.

Determining the strength of a local label
by applying the Parseval formula

In the case of only one LL with a defined area in the difference
map, there is an additional method to determine its total scattering
length. This method relies on the Parseval formula and is described
in Appendix 2. Since for this we need only the intensities, we avoid
strong assumptions about phases and we do not need to define an
integration area for the label. Both of the above introduce errors
inherent in the case of the DF method. However, since we need
(A|F))?, prior to calculating A|F| we have again to split overlapping
intensities according to NatMod. A further approximation is that
we assume a homogeneous distribution of the label over its area.

Equation (19) (see Appendix 2) can be applied to determine the
number of exchangeable protons in the proton pathway of BR. As
already mentioned, this method can be applied if only one label of
defined area is present in the difference map. Therefore we use it to
determine the number of exchangeable protons at a very low hy-
dration (15% r.h.) and the number of water molecules removed
after extreme drying.

Results and discussion

In the present study we look for water molecules that
participate in the proton conduction pathway across
BR. Such water molecules must be accessible by bulk
protons under normal pump function conditions. The
pump function is dramatically disturbed at r.h. condi-
tions lower than 75%. Since we measure H/D exchange,
we have to take into account that the exchange kinetics
become slower by dehydration. This can result in a lower
number of experimentally determined water molecules at
very low r.h. On the other hand, at very high r.h. levels
we expect that some water molecules are too “‘labile” to
be determined by diffraction methods. So we have cho-
sen the conditions 86%, 75% and 57% r.h. as the best
compromise. We can attribute the paradoxical previous
finding of a higher D/H exchange in the proton pathway
at 57% r.h. compared to that at 75% either (1) to the
sample preparation or (2) to the applied data evaluation.
We exclude counting errors or other experimental con-
ditions as the source of this paradox.

1. Since the swelling and spectroscopic behavior of the
sample has been tested, we can exclude the biological
sample as the source of the errors. At high r.h. the
equilibration period is long enough to let most of the
water molecules be exchanged in the proton pathway.
At very low r.h., H;O/D,O exchange may be in-
complete during the equilibration period (60 h at
room temperature). Since only exchanged water
molecules will contribute to the difference map, this
can lead to an underestimation of the number of
water molecules for this r.h. Of course, this cannot
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explain the effect that we did not see more water
molecules in the proton pathway at high hydration
than at a medium one. The only factor that can lead
to a reduced number of water molecules is the higher
“mobility” of some water molecules at high r.h.

2. We consider effects arising from the data evaluation.
The data treatment comprises Lorentz correction of
measured intensities, absolute scaling and finally ap-
plication of the difference Fourier method. The kind
of Lorentz correction factor used can indeed affect
the final result (i.e. the integrated scattering density of
the label). In order to determine both the direction
and the extent of this effect, we have tried different
Lorentz factors on the data at 57% and 75% r.h. We
multiplied AJF| values with the linear function
f(S)=1+2S, which enhances higher orders more
than lower. The final result is 13% higher in both
hydration levels. We repeated this calculation with
f(S)=1-2S, which suppresses higher orders more
than lower. The final result is 13% lower in both
hydration levels. Since we ‘““correct” both data sets
with the same function, we cannot expect that dif-
ferent monotonic functions can invert the results for
57% and 75% r.h. In our opinion the main errors in
the result originate from the rest of the data treat-
ment, namely application of both ratios for overlap-
ping reflections and phases from electron microscopy
with neutron scattering data. Furthermore, low res-
olution and the presence of an extended scattering
length distribution as well as one in the region of the
Schiff base nitrogen in the difference map, make the
determination of the strength of a label difficult.

Model calculations of the integrated scattering
length density

The results of the model calculations described above
(one LL) are shown in Fig. 1 (squares). Evidently the
application of the DF method weakens the strength of
the reconstructed label. Everywhere in this paper we do
not multiply the reconstructed label by a factor of 2, as
the DF method suggests. Furthermore, the DF method
introduces a small artificial secondary peak “ghost™ in
the two-dimensional density map (not shown here). As
expected, the value predicted by DF (half of the original)
is reached at higher resolution. If we reconstruct the
label using phases and split ratios for overlapping
reflections from NatMod, we obtain the results shown in
Fig. 1 (circles). At our experimental resolution (vertical
line) the label’s integrated scattering length density has
been reconstructed 1.5 times weaker instead of twice as
predicted by DF. Upon introducing ratios of the over-
lapping reflections and phases from electron microscopy,
the integrated scattering length distribution is calcu-
lated for a resolution corresponding to our experiments
(Fig. 1, open squares). The reconstructed scattering
length distribution is 1.8 times weaker instead of twice as
predicted by DF. At high resolution the integrated
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scattering length density of the LL in the presence of an
EL (model calculations described above) reaches the
value of the former one when it stands alone (Fig. 1,
triangles). At our experimental resolution the LL ap-
pears to be three times weaker than the original instead
of twice as predicted by DF.

The absolute numbers presented above can vary,
depending on the algorithm we use to sum up the inte-
grated scattering length distribution of the label. Any-
way, a suppression of a LL at low resolution in the
presence of an EL is an obvious fact. This conclusion is
critical in determining by DF the strength of the labels in
two-dimensional difference density maps.

Application of the DF method to our
experimental data

In a normal DF map the only approximation made is
the use of native phases for both the native and the
labeled structures. The label emerges with half of its real
total scattering length, given that we use high-resolution
data. Our model calculations simulating a label at the
Schiff base show that, at a resolution of S=0.118 A™},
no correction by a recovering factor of 2 is needed. It is
remarkable that, for a resolution of $=0.143 A™!, if
both phases and splitting ratios originate from electron
microscopy, the label emerges with half of its real
strength. Reevaluation of previous data (Papadopoulos
et al. 1990) applying DF and corrections according to
our model calculations (see above), we obtained
12+2 D/H at 15% r.h. This is equivalent to 6+ 1 water
molecules. Application of the same procedure to our
measurements at higher r.h. leads to 15+2 D/H at 57%
r.h. and 8+2 D/H at 75% r.h. At 86% r.h. there is
no clearly defined maximum at the projected area of
the Schiff base. It is not satisfactory that even after the
correction according to our model calculations the
integration of the scattering length distribution in dif-
ference maps is unable to provide satisfactory results at
hydration corresponding to higher than 57% r.h.

Application of the simulation method
to our experimental data

Application of the simulation method to our experi-
mental data leads to 19+2 D/H at 75% and 22+2 D/H
at 86% r.h. Unfortunately, the results for 57% r.h. are
not reliable. This is because at this hydration neither the
LL nor the EL applies very well. The model we used to
simulate surface hydration has proved to be not realistic
enough, especially leading to some difficulties in deter-
mining the extended labels at high r.h. data.

Application of the Parseval formula
to our experimental data

Application of the Parseval formula to D/H exchange
data at 15% r.h. gave ~14 exchangeable protons per BR

monomer. The same method applied to difference data
between PM at 15% r.h. in D,O and after extreme
drying gave ~6 removed water molecules per BR
monomer.

Combined results

We summarize the combined results of applying all the
methods presented in this paper in Table 1. We accept
for 15% r.h. the value 14 D/H provided from the
Parseval formula, because this method is very reliable
for very low r.h. At 57% r.h., we accept the result given
by DF. For 75% and 86% r.h., we accept the results
from the simulation method, 19 D/H and 22 D/H, re-
spectively.

The results of the present work are in full agreement
with the findings of the X-ray studies (Sass et al. 2000).
At 75% r.h., where the M-decay time is ~10 times
longer than at 86% r.h., we found 19 +2 exchangeable
protons or 8 £ 1 water molecules. At this humidity level
the pump retains its basic functionality and rehydration
is still possible. It seems to be likely that at least 8§ water
molecules are necessary for pump function. At least 9
water molecules are needed to reach full functionality.

Beside the role of water as a proton-conducting me-
dium, we would like to focus on another possible role for
it related to the pump function (Ferrand et al. 1993). The
most striking difference between the density maps at
86% and 75% concerns surface water removed mainly
from the lipid areas of the PM. Dehydration of the lipid
heads leads to less flexibility, limiting the range of the
necessary conformational changes of BR. Furthermore,
the interlamellar spacing of the PM stacks filled by water
is also drastically shrunk upon dehydration. Since all
steps of the photocycle (except the light driven cis-trans
isomerization of the retinal) are relaxation processes
depending on thermal energy, it is likely to relate the loss
of water to a reduced thermal conduct of BR to the
environment and a reduced rate of energy dissipation.

Table 1 Number of exchangeable protons and water molecules
present in or removed from the proton pathway of BR

R.h. (%) D/H exchanged WM present WM removed
(£2) (£1)?* (£1)°
86 22 9
1
75 19 8
1
57 16 7
1
15 14 6
6
0 Not measured -

“The number of water molecules that are compatible with the
number of exchangeable protons at each relative humidity level,
leaving 2-3 exchangeable protons in the proton pathway not
belonging to the water molecules

®The number of water molecules that are compatible with the
difference in exchangeable protons between two hydration levels



Considering the above, even if no water molecule of the
proton pathway has been removed, the pump will slow
down by reducing surface and interlamellar water.
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Appendix
Appendix 1: the simulation method

The procedure to determine the position and scatter-
ing length density of a LL was evaluated using the
known structure of BR (Edholm et al. 1995). The
neutron scattering length density of a unit cell was
projected onto the plane of the membrane to derive a
model of the natural dry membrane (NatMod). At the
in-plane position of the Schiff base the scattering
length of 10 H>O or 10 D,O molecules was added on
a circular area of ~9 A? per monomer. The additional
scattering length simulated the presence of a file of 10
H,O or 10 D,O molecules perpendicular to the plane
of PM. The structures created in this way simulated
experimental samples equilibrated in a D,O or H,O
atmosphere, respectively. Fourier transformation of
these structures provided intensity pairs and their
differences. These differences were then compared with
intensity differences derived from trial structures,
which were produced as described below. As similarity
parameters between the sets of the intensity differ-
ences, we used the correlation coefficient, the R factor
and »°. Systematic trials with up to three labels per
monomer, equivalent to 10, 6 and 3 water molecules,
at the same time gave the following results concerning
the method.

The CC is a very effective criterion to determine the
position of the label but less effective for the determi-
nation of its strength. The R and y” are less sensitive in
position and more sensitive in strength. The R factor
gave more reliable results than y” and therefore in the
following only CC and R are used as similarity param-
eters. If a label has strength comparable to the Fourier
termination error, it is impossible to determine its po-
sition working in real space. For a resolution of 7 A
(§=0.1429) the termination error is about 10% of the
strength of the strongest label. The localization of the
two larger labels was sufficiently good. It was also pos-
sible to determine their strength. Unfortunately, this was
not possible in the case of the weakest label.

The procedure for the case of both a LL and an EL
together was evaluated using as a model for an EL a
H,O or D,O monolayer defined by an area covering the
lipid area of the PM elementary cell. This area was de-
rived from density maps representing H/D exchange at
high r.h. The LL was equivalent to 10 water molecules at
(x=18.4, y=0.5) with a radius of 1.0 A. All coordinates
in this article are given in A. These labels (both D,O and
H,0) were added to NatMod to simulate hydrated PM
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at high r.h. The Fourier transform of the derived
structures provided a set of pairs of intensities for PM-
D,O and PM-H,O, respectively. Intensity differences
were calculated without scaling of the data to each
other. For the sake of the evaluation of the simulation
method, these intensity differences represent the mea-
sured differences. During the simulation procedure we
have tried to match them and the intensity differences
from trial modifications of NatMod.

During trials we realized that it was more convenient
to start the calculations with the determination of the
EL and then proceed to determine the LL. The region of
the EL was varied stepwise and for every step also the
scattering length that we add on NatMod was varied.
This was done, first in a coarse way by varying the level
that determines the area in steps of 5% and then re-
peating in steps of 1% around the best area found. For
every level the scattering length was varied until no
further improvement of the similarity parameters was
obtained.

After the determination of the EL followed the de-
termination of the LL. This was done by adding the
EL on NatMod and started the calculations as for LL.
We repeated then the determination of the EL starting
with NatMod modified by the LL previously found.
The cyclic procedure was terminated when no further
improvement of the comparison parameters was ob-
tained.

In the case of the model, our simulation method re-
vealed perfectly the location and the strength of the
added labels. Also in the case of scaled intensities
the results accurately represented the model, even if the
converging was slower.

After successful evaluation of the method, we applied
it to data from neutron diffraction experiments.

Coarse determination of the position of a label

The steps used were:

1. To determine a first estimate of the label position, a
test label scanned the asymmetric part (one third) of
the elementary cell in steps of 4 A in both directions.

2. For every label position the CC and R-factor were
calculated between experimental (Al,) and calculated
intensity (Al,,) differences. A candidate for the coarse
label position is the one with the highest CC.

These steps were repeated with labels of different
radius and strength. The position corresponding to the
best CC and R was chosen.

Fine determination of a label position

The above procedure was repeated by scanning the re-
gion around the position that had been defined by the
coarse determination. The step width was 0.5 A. The
strength and radius of the test label was that defined at
the end of the above section. The final position of the
label was the one with the highest CC.
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Determination of a label’s strength and size

The first procedure was repeated, holding the test label
at the position that had been defined by the second
procedure and varying its strength and size. The best
strength/radius combination was the one corresponding
to the minimal R.

The above three steps defined accurately the position,
the strength and the size of a localized area label. In the
case where more than one LL was present, the described
cyclic procedure determined the strongest of them. In
order to determine a possible second label, we started
the first procedure with the NatMod, modified by add-
ing the first label. At the end of the above procedure the
second label was determined.

To refine the strength and the position of the first
label, the first procedure had to be started again with the
NatMod modified by adding the previously determined
second label. After fixing the parameters for the first
label, the second one could be refined.

The cyclic procedure had to be terminated if the
similarity parameters did not improve any more. Trials
with scaled intensities showed no effect on the final re-
sult, but the procedure converged more slowly.

We tested the above simulation method by applying it
to the scaled neutron diffraction data of BR, with specif-
ically deuterated retinals (Hauss et al. 1994). In the sample
called D11, eleven protons of the retinal have been ex-
changed with deuterons, while in the sample called D5,
only five have been exchanged near the Schiff base linkage.

Using the proposed simulation method, the label D11
has been localized at (x=20.3, y=12.1), close to the
position at (x=20.8, y=12.6) given by Hauss et al.
(1994). The simulation method overestimated the num-
ber of deuterons to 12.3 with an error of +11%. The
radius was found to be 1.5 A.

In a next step the determination of the D11 label was
tested by calculating CC and R with the intensity dif-
ferences weighted by (1—¢), where € is the relative error
in intensity. The result was again a position at (x=20.3,
y=12.1), the number of deuterons 9.9 and the radi-
us=0.5 A.

Finally, the method was tested by reducing the dif-
fraction resolution, taking into account 25 (S=0.1183)
intensities instead of the full set of 35 intensities
(S=0.1429). No remarkable differences in the results
were observed.

Considering D5, its position has been found at
(x=18.9, y=4.4), with the scattering length corre-
sponding to 7 deuterons and a radius of 4.4 A. The
simulation method overestimated both the strength and
size of the label. The reason for this deviation is that D5
represents only 0.5% of the maximum contrast in the
elementary cell.

Considering that the simulation method leads to very
good results concerning the position and the strength of
D11 and that 11 deuterons are equivalent to 5.5 D,O
molecules, it is reasonable that the application of this
method to our data for the H,O/D,O exchange experi-

ments at different r.h. will reveal the correct number of
water molecules at the projected area of the Schiff base.
We used the following definitions for the similarity

parameters:
CC — N Y (AlwAle) = 37 Al 35 Al
VN Y (Al =(5 Al)* /N 3 (AL —(T AL
(3)
Z HAIe| - |A1m||
R =100 =l sl @
2 (Al — AL’
VA 5

where N is the number of intensities.

Appendix 2: calculation of the total scattering length
of a label according to the Parseval formula

The scattering density distribution is reconstructed from
the structure factors according to:
1 o)

px) =- Z F(h) exp(—2mihx)

L2 (6)

In the above equation, “x” and “i” stand for “x,y”” and
“h,k”, respectively.

In the following we drop the factor 1/L, since in the
final formula we introduce a factor adapting numerical
results to theory. Integrating p(x) over x we obtain:

/ i F(h) exp(—2mihx) dx

o.¢]
o0
= Y F(h) / exp(—2mihx) dx (7)
h=—00 %

According to a property of the delta function, the last
integral of the above equation is d(/). This means that the
total scattering density over the entire elementary cell
originates from F(0), while Y F(h)exp(—2nihx) gives

h£0

positive and negative contributions, which cancel out in
the sum over the entire elementary cell. After this intro-
duction it is obvious that we can rewrite p(x) as follows:

p(x) = po + py with py =F(0) and p,
= ZF(h) exp(—2mihx)
h£0

So at every one position “x” the scattering density
p(x) is py (with the property Y p, = 0) over a homo-

(3)

geneous background of py. For the numerical calcula-
tions we replace p, with p,. The above considerations are
valid also for the DF maps.

According to the Parseval formula (Killingbeck and
Cole 1971), if F(s) is the Fourier transform of p(x), then:



JRCIRE
—00
= / IF(s)|*ds or numerically Z (po+p:)’= le
% i J
©)
where /;= |Fj|* and ““j” indexes the reciprocal space.
From Eq. (9):
STPi 200> o+ pe=> 1 (10)
i i i J
Because ) p; =0, Eq. (10) gives:
DY = L+ (11)
i i J#0
In our experiments:
Lh=0=py=0=> p;=0 (12)
Finally:
=34 13
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In a difference map, the only source of > /ol.2 is the

label and /; = |AFJ|2 So the sum provides the sum of the
square of the local scattering length density over the area
of the label. So far we have not used any phases at all
but we still do not know AF.
According to the cosine rule:
AFP= [P =2 [P cos(¢™ — ¢") (14)
As is made clear from Fig. 2, cos(¢™—¢p™)~1, at least
for labels similar to a file of 10 D>O molecules perpen-

dicular to the membrane plane, so we can rewrite
Eq. (14) as:
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IAF|= (|F™| — |F"|)* and I
— |AFP= (|F| - 7)) = (AF))? (15)

The method according to Parseval avoids the use of
phases but it cannot avoid the more or less arbitrary
splitting of the overlapping reflections to calculate A|F].
The diffraction data at 15% r.h. (in D,O and H,O at-
mospheres) show significant intensity differences in eight
reflections with Miller indices (1,0), (1,1), (1,2), (3,0),
(4,0), (4,1), (1,4), (4,3). Four of them, (1,2), (4,1), (1,4),
(4,3), are overlapping. Significant differences between
data measured at 15% r.h. in D,O and data at 0% r.h.
show 10 reflections: (1,0), (1,1), (2,0), (1,2), (3,0), (2,2),
(4,0), (3,2), (4,1), (1,4). Four of them, (1,2), (3,2), (4,1),
(1,4), are overlapping.

Since p(x,y) is unknown, in order to apply Eq. (13)
we must assume that the label is a homogeneous distri-
bution of a mean scattering length density d per matrix
point over an area of a total of » matrix points. This is
justified for low resolution. So Eq. (13) is rewritten as:

nd* = Z[ i (16)
J#0
If n 1s known, then:
(17)
or the total scattering length of the label is:
(18)

D=nd = /nZ[_/
J

Model calculations using a label each time spread on
a different number of matrix points n showed that if p; is
the calculated scattering density of the label, then
Eq. (13) holds for any resolution by introducing a con-
stant proportionality factor before X/, This factor ac-
counts for any constant coefficients needed for the
correct application of the Fourier transform, which we
omitted so far. The same calculations showed that for
low resolution or for narrow distribution of the label
the calculated Y p? is much smaller than that from the

1
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Fig. 2 The value of cos(e™—¢™) 1.0
from Eq. (14) versus resolution
for data from model
calculations. The label is a
circular distribution of 0.5
scattering length density at the —
in-plane position of a Schiff N
base equivalent to 10 D,O !
molecules % 00
—
7
Q
O
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model. In order to apply Eq. (18) to low-resolution data,
we determined a correction dependent on n as ~1/n.
Considering the above, Eq. (18) takes the form:
D=nd=9175 |31, (19)
j

In order to test Eq. (19), we applied it to experimental
data of known total scattering length (Hauss et al. 1994).
Sample D11 (known to have 11 protons/monomer re-
placed by deuterons at the retinal ring) gave 10.5 D/H or
only 5% less. D5 (known to have 5 protons/monomer
replaced by deuterons at the retinal end) gave 7.3 D/H
or 45% more. This is a satisfactory result, given that D5
is a weak label. With the Parseval formula we were able
to determine the D11 label with an accuracy of 5% and
the weak D5 label with 45% accuracy.

Before applying Eq. (19), the data must have been
scaled according to NatMod.

Appendix 3: integration of a label’s scattering
length density

In order to sum up the scattering length density over the
region of the label, we have firstly to define this region
and secondly to adjust the zero level of the difference
density map. The latter is necessary because of the
absence of AF(0,0), which has the effect of suppressing
the label by raising the zero level. In the presence of only
one label (three in a threefold symmetry) it is possible to
restore the zero level to its original height by demanding
that the area of the density map outside the label must
fulfill the condition ) p; = 0. So the first step is to define

the area of the label. This is a somewhat complicated
task, given that we deal with 2D maps and that the
position as well as the area of the label can vary with the
resolution and other parameters. We applied two meth-
ods to define the region of the label. According to the
first, starting from the position of a maximum in the
scattering length density we radially scan this region and
define all matrix points as belonging to the label until we
have found a minimum. According to the second meth-
od, matrix points around a maximum belong to the label
if their scattering length density exceeds a predefined
level compared to the total contrast in the elementary
cell. The second step is to exclude the area of the label
from the 128x128 matrix and calculate a suitable offset to
ensure that > p, = 0 in the non-label regions. In a third

step we add this offset to the whole matrix and sum up
over the already defined region of the label.

Appendix 4: the peak heights in difference Fourier
A label is reconstructed by applying:

Apl.y) = ﬁ;; [l | exp(igy ) exp(~2milhx + k)

(20)

In difference Fourier, |Fh]k] exp(id)lhk) is approximately
replaced by (|Ff| — [F5|) exp(idy,):

Apley) =5 03 (A - [ED explid)

hA0 k20

x exp(—2mi(hx + ky)) (21)

The features of the DF map are determined by the fol-
lowing contributions (Blundell and Johnson 1976):

(‘Fhl}cl — |En]) exp(igy,)

1 )
= e+ [ |172k1zexp(l¢2k)

1 .
T+ R ||| Fre| exp(idhyy)

1 1 o

+ F]+ [ ||| Fie | exp(i(= by +2607))

In our model calculations, (|F'|)~ 0.1(|F"|) and
(|F™|) =~ (|F"[), where the symbol () denotes the aver-
age.

The first right-hand term of Eq. (22) is a weak re-
construction of the native structure of the order 0.05|F'|.
The second right-hand term of Eq. (22) contributes with
half of |F'|. An inspection of the behavior of the factor
[F"/(IF" |+ |F™) versus S (Fig. 3) shows that this factor

(22)
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Fig. 3 The factor |F"/(IF"+|F™)) of Eq. (22) versus resolution
using data from our model calculations
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Fig. 4 Curve A: the correlation coefficient between ¢! and @" (full
line) versus resolution. Curve B: the correlation coefficient between
two random variables in the range —180 to 180 (dashed line) versus
size of the statistical samples mapped to resolution



fluctuates around 0.5 and that for resolution S> 0.4 the
amplitudes of the fluctuations clearly become very small.
This is the reason why the upper curve (squares) of
Fig. 1 reaches asymptotically the value predicted by the
DF method.

Finally, the third term in Eq. (22) contributes with
noise because ¢' and 2¢™ are not correlated. The man-
ifestation of the absence of correlation between ¢' and
¢" in our model calculations is shown in Fig. 4 as a
graph of their correlation coefficient versus resolution.
In the same figure the correlation coefficient between
two random variables in the range (—180, 180) is also
presented. The similarity of these curves convinces us
that ¢' and 2¢™ are not correlated.
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