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The rotational orientation of the seven transmembrane a-helices (A-G) in bacteriorhodop-
sin has been investigated by neutron diffraction. The current model of bacteriorhodopsin is
based on an electron density map obtained by high-resolution electron microscopy (EM).
Assigning helix rotational positions in the EM model depended on fitting large side-chains,
mainly aromatic residues, into bulges in the electron density map. For helix D, which
contains no aromatic residues, the EM map is more difficult to interpret. For helices A and
B. whose position and orientation had been determined previously by neutron diffraction,
the positions defined by EM agree within experimental error with these earlier conclusions.

The orientation of all seven helices has been examined by using neutron diffraction on
bacteriorhodopsin samples with specifically deuterated valine, leucine and tryptophan
residues. Experimental peak intensities were compared to those predicted for an extensive
set of structural models. The models were generated by (1) rotating all helices around their
axis: (2) moving deuterated residues in the extramembrane loops about their probable
positions and changing the weight of their contribution to the neutron diffraction pattern;
(3) allowing deuterated side-chains to change their conformation. The analysis confirmed
exactly the positions previously determined for helices A and B. For an optimal fit to the
data to be obtained, the other five helices, including helix D), must lie either at or within 20°
of their position in the current EM model. The complementarity of medium-resolution EM,
neutron diffraction and model building for the structural study of integral membrane
proteins is discussed.

Keywords: bacteriorhodopsin: membrane proteins; transmembrane a-helix;
neutron crystallography

1. Introduction protein, bacteriorhodopsin (BR; 759,

w/w). Upon

Purple membrane (PMt) is a part of the plasma
membrane of Halobacterium salinarium (formerly
1. halobium), a bacterium that lives in high salt
concentrations  (Stoeckenius & Rowen. 1967:
Oesterhelt & Stoeckenius, 1971). PM is composed of
lipids (259, w/w) and a single integral membrane

t Abbreviations used: PM. purple membrane; BR.
bacteriorhodopsin: EM. electron microscopy: LW1,
LW2, LW3. VAL, the four experimental samples used in
the present study (see Materials & Methods).

illamination, BR pumps protons from the cyto-
plasm to the extracellular medium (QOesterhelt &
Stoeckenius, 1973). The energy transduction is
effected by a retinal molecule covalently linked to a
lysine residue on BR as a Schiff base.

The simple composition of PM, the interest in its
function, its easy availability, and the highly
ordered two-dimensional lattice that BR forms in
the plane of the membrane have stimulated experi-
ments aimed at determining the structure of the
protein and the chemical mechanism of its funetion.
In the years following the discovery of PM,
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X-ray diffraction (Blaurock & Stoeckenius. 1971:
Blaurock, 1975: Henderson, 1975). electron
crystallography (Unwin & Henderson, 1975;
Henderson & Unwin, 1975), and neutron diffraction
(Zaccai & Gilmore, 1979) have been used to deter-
mine the arrangement of protein, lipids and water in
the unit cell and the topology and secondary struc-
ture of the protein. Other biophysical. biochemical
and genetic approaches have led, in particular, to
defining the various steps of the proton-pumping
cycle, establishing the sequence of BR. and identi-
fying, by site-directed mutagenesis, residues that
are important for proton translocation (reviewed by
Khorana, 1988; Oesterhelt et al., 1991).

An early low-resolution structure of BR, obtained
by the combination of electron microscopy (EM)
and electron diffraction, revealed the existence of
seven transmembrane a-helices, indexed 1 to 7.
whose sequence and connectivity, however, could
not be determined (Unwin & Henderson, 1975;
Henderson & Unwin, 1975). The primary structure
of BR (Ovchinnikov et al.. 1979; Khorana et al..
1979) suggested that seven hydrophobic sequence
segments, lettered A to G following their order in
the sequence, were likely to form the trans-
membrane helices (Ovchinnikov et al.. 1979:
Engelman et al., 1980). A model was put forward for
the three-dimensional folding of the polypeptide
(Engelman et al., 1980). There was little experi-
mental evidence, however, as to which of the seven
hydrophobic sequence segments (A to G) corre-
sponded to each of the seven helices (1 to 7) found in
the low-resolution structure, and therefore little
information about the arrangement in space of the
transmembrane residues involved in proton
pumping. Neutron diffraction experiments using
specific deuterium labeling were undertaken in order
to try and solve this problem (Engelman & Zaccai.
1980). Restricting labeling to specific hydrophobic
segments was achieved by reconstituting renatured,
crystalline PM from two proteolytic BR fragments
originating from preparations with different isotopic
compositions (Popot et al., 1986, 1987). Neutron
diffraction data were collected on labeled and
control reconstituted samples and analyzed both by
calculating difference Fourier maps and by a model
building procedure. The two approaches agreed in
locating segments A and B in positions 1 and 7 of
the electron density map, respectively; the angular
orientation of the two helices around their axis was
determined using the model building approach
(Popot et al., 1989). In separate experiments, the
position of deuterated retinal in the projection of
the structure on the membrane plane was also
established by neutron diffraction (Jubb et al., 1984;
Seiff et al., 1986: Heyn et al., 1988).

The best current model of BR has been built into
a three-dimensional electron density map obtained
by the combination of EM and electron diffraction
(Henderson et al., 1990). The resolution of the map
is 3.5A in the membrane plane and about 10 A
perpendicular to it. Bulky features in the map were
attributed to the ring of the retinal. in agreement

with the neutron diffraction location, and to aro-
matic side-chains. Comparison with sequence data
permitted the identity and orientation of all seven
transmembrane helices to be established. The loca-
tion and orientation of helices A and B in the EM
model agree exactly with those found previously by
neutron diffraction (Popot et al.. 1989).

Helix D does not contain aromatic residues and
there is no information on its orientation from
previous neutron diffraction experiments. Its orien-
tation in the EM model is essentially based on
functional considerations and is the least certain
(Henderson et al., 1990). Helix D is located close to
the retinal ring, and contains residue Aspl15. which
plays a poorly understood role in proton pumping
(Mogi et al., 1988: Stern et al., 1989: Marinetti ef al.,
1989).

In the present work. we have set out to define the
rotational orientation of helix 1) in more detail by
neutron diffraction. while. at the same time. gaining
independent information on the rotational orien-
tations of helices (. E. F and (. The neutron
diffraction patterns of four BR samples were
analyzed. Sample LWI contained hybrid BR
molecules in which chymotryptic fragment (-2
(residues 1 to 71, containing helices A and B) had all
the non-exchangeable H atoms of leucines and the
two H atoms on the (¥ of tryptophans replaced by
2H. Sample LW2. also with hybrid BR. was labeled
in the same way in the complementary fragment ('-1
(containing helices (' to (i). Sample LW3 was iden-
tical to LW2 except that deuterated (-1 has been
isotopically diluted with unlabeled (-1 prior to
renaturation. Sample VAL was a native PM sample
in which the non-exchangeable H atoms of all valine
residues were replaced biosynthetically by 2H.
Neutron diffraction data were analyzed using a
model building approach that explores the rota-
tional position of each of the seven helices while
taking into account the uncertainty about the exact
position of labeled residues located in the extra-
membrane loops and the absence of information on
the conformation adopted by amino acid side-chains
in the protein,

2. Materials and Methods
(@) Sample prepuration

Culture of Halobacterium salinarium and extraction of
PM followed Stoeckenius & Kunau (1968). For sample
VAL, the valine in our defined culture medium. M1. was
replaced by uniformly deuterated valine (CEA. France).
The composition of M1 for 11 of solution was as
follows : NaCl 4.2 M, MgSQ, 80 mM. K1l 27 mM. FeSO,
07 mM. CaCly; 23 mM. KH,PO, I'5mM. NH,C1 9mM.
Na,(gHs04 (trisodium citrate) 10 mM. L-alanine 67 mM.
L-arginine 32 mM. L-aspartic acid 60 mM. L-cystine 2 mM.,
L-glutamic acid 61 mM. glycine 80 mM. 1-histidine
13 mM. p-isoleucine 23 mM. L-leucine 45 mM. vr-lysine
48 mM. wL-methionine 13 mM. L-phenylalanine 18 mM.
L-proline 60 mM. L-serine 24 mM. wn-threonine 25 mM.
L-tryptophan 2 mM. L-tyrosine 14 mM. deuterated
L-valine 34 mM. guanine 02 mM, cytosine 0-2 mM. uracyl
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Table 1
Distribution of deuterated positions in the four
samples wsed in the present study

VAL LWI LW2.LW3
helix A 7 58
loop A-B 7
helix B 7 36
loop B-C' 7 9
helix C 76
loop C-1) 7
helix D 14 36
foop D-1 14
helix E 7 3
loop E-F
helix F 49 31
loop F-G 7 9
helix G 21 54

02 mM. thymine 0-2 mM; the pH was adjusted to 7-5 with
NaOH. There was no difference in growth rate (judging
from the increase of dg.0) between M1 and the medium
containing peptone deseribed by Stoeckenius and Kunau
(1968) (Samatey. 1992). The VAL sample used in the
present work contained 300 mg of PM.

Hybrid samples were deuterated either on the leucine
and tryptophan residues of fragment (-2 (residues 1 to 71:
sample LW 1) or on the leucine and tryptophan residues of
fragment (-1 (residues 72 to 248: samples LW2 and
LW3). Samples LW2 and LW3 were deuterated on the
same positions, but the level of deuteration in sample
LW3 was lowered. by dilution with unlabeled (-1 before
renaturation. to 1/3 that in LW2. The preparation.
characterization and diffraction patterns of these samples
have been described by Popot ef al. (1989) under the
sample names # 654, #6355 and # 660, respectively.

Deuteration in all labeled samples was introduced
hiosynthetically. For leucine. tryptophan and valine, this
results in the back exchange of the deuteron on the (*
(Sobol et al.. 1992). The aromatic deuterons of tryptophan
are also exchanged back to hvdrogen during the purifica-
tion of fragments C-1 and (-2 {Popot et al.. 1989). As a
result. deuteration in the final samples is carried by the (#
of the tryptophans, the (%, (%, (®" and (**? of the leucines
and the (*, ("' and ("% of the valines. The distribution of
deuterated positions in the three samples used in the
present study is summarized in Table 1.

(b) Determination of the extent of deuteration

The level of deuteration in sample VAL was measured
by mass spectrometry in collaboration with 0. Sorokine
and A. van Dorssaeler at the Ecole Supérieure de Chimie
(Strasbourg-France). as described by Schindler ef al.
{1993). The mass of delipidated bacterioopsin was
determined with an accuracy of +£8 Da for sample VAL
and for a control, unlabeled sample. A deuteration level of
70489, was calculated from the mass difference. Absence
of spillover of labeling into other classes of amino acids
(Trewhella ef al.. 1983) was controlled by using
[*H|-valine. An analysis of the radioactivity of the 20
residues purified from a culture of Halobacterium sali-
narium grown on [*H|-valine in medium M1 showed that
there was no radioactivity above background elsewhere
than in the valine fraction.

The extent of deuteration in samples LW to 3 could
not be determined precisely (see Popot et al.. 1989).
However. we have shown previously that even large

uncertainties in the level of deuteration assumed for the
calculation have negligible effects on the ranking of the
models (Popot ef al.. 1989). In the present work. calcula-
tions on LW data assumed a deuteration level of 609, in
order to permit direct comparison of the y? values with
the results of Popot ef al. (1989). For samples LW2 and
LW3. we assumed deuteration levels of 702, and 309,
respectively, which gave slightly better y2 values without
changing the ranking of the models.

{¢) Data collection and reduction

Nample VAL. collected as a PM suspension in H,0,
was dried on quartz slides and allowed to reach equili-
hrium for more than 24 hours in 1009, relative humidity
in an air-tight sample holder at 25°(". Neutron diffraction
data were collected on the D16 diffractometer at the
Institut Laue Langevin in Grenoble. The design of the
diffractometer and the treatment of the diffraction
patterns were similar to those described by Zaccai and co-
workers (Jubh ef al.. 1984). The neutron beam wavelength
/. selected by a graphite monochromator, was 4:54 & with
a dispersion A4/4=x 19,. The neutron beam was collimated
by 3 sets of cadmium slits. Other experimental conditions
and data reduction were as described by Popot et al.
(1989). As compared with data collected previously on PM
samples deuterated on valine residues (Trewhella ef al.,
1983). the VAL data differ with respect to (1) a higher
accuracy on the weakest reflections. (2) a procedure for
separating overlapping reflections that is more consistent
with other data sets used in this study. Diffraction data
on samples LW1, LW2 and LW3 and on a control (recon-
stituted) sample (#267) are taken from Popot et al.
(1989). The diffraction intensities of all samples used in
this study are listed in Table 2.

(d)y Analysis

The analysis was done by comparing the experimental
neutron diffraction intensities to intensities calculated
from different BR models, as described previously (Popot
et al.. 1989). As compared with the earlier work, model
building incorporated recent crystallographic progress
achieved by Henderson et al. (1990) and examined the
possible impact of further sources of uncertainty.

(iy Model building

Atomic models of BR were generated by (i) rotating
helices around their axes; (ii) moving deuterated residues
in the extramembrane loops about their probable posi-
tions and changing the weight of their contribution to the
neutron diffraction pattern; (iii) allowing deuterated side-
chains to adopt various conformations.

(i)(a) Heliv rotations

The starting structure was the EM model of Henderson
et al. (1990) (the erroneous Ilel11 in the coordinates was
replaced with a leucine). Helix axes were determined
using the program pcURVE (Sklenar et al.,1989). For each
helix. 18 sets of coordinates were generated, each corre-
sponding to a rotation of N x20° about the helix axis,
with N an integer varying from 0 to 17. Rotation angles
are measured clockwise looking from the helix N
terminus. the initial position (N =0) being the position
defined by the EM model. Any rotation of one of the
seven helices generates a new rotational model to be
tested. Following equation (1) (see below), only the co-
ordinates of the labeled residues had to be calculated for
each model.
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Table 2
Normalized, Lorentz-corrected intensities for the control sample and for
labeled samples

Standard

(h.k) deviations
indices (‘ontrol VAL LW1 Lw?2 LW3 (Y}
1.1 37.006 39,449 39.996 65,211 47.570 3
2.0 13.480 11.941 14.087 30,243 17.658 7
2.1 8456 16.646 12.808 4925 7533 8
3.0 977 702 2391 1184 1650 38
2.2 7504 10.111 11.917 8844 9565 14
3.1 8458 14.313 3317 9974 8824 14
4.0 5050 74 4274 8635 6992 4
3.2 5898 6121 6240 2044 5102 8
4.1 12,452 12,071 10.868 TH42 10.204 11
5.0 7301 4589 6548 1720 1925 7
4,2 11.148 7018 12,148 2606 8H8Y 6
5.1 +176 4676 5695 2537 3115 14
4.3 33.747 26,435 30,320 16.170 26.646 3
52 7096 5675 6375 3896 7276 33
6.1 3674 5989 1866 3319 3780 14
7.0 8430 6810 7024 5454 6957 13
6.2 2020 1555 1205 2506 1340 7l
7.1 5386 4088 3477 2749 4827 25

The VAL data are from the present work.

Other data. including average relative standard

deviations, are from Popot et al. (1989). where LWI1. LW2. LW3 were described as samples # 654,

#0655 and # 660, respectively.

(i)(b) Labeled residues in the loops

Labeled residues in the extramembrane loops (i.e.
outside the 7 transmembrane helices) also contribute to
the diffraction pattern. The unpublished. provisional. co-
ordinates for the BR loops were kindly communicated to
us by Richard Henderson (MRC. Cambridge). They are
not as reliable as those for the rest of the structure
(R. Henderson. private communication). We took this
uncertainty into account by moving these residues on an
XY grid in the plane of the membrane. Both X and Y
coordinates were changed by +4 A about their initial
position in 2 A steps, resulting in 25 different positions for
each loop residue. In the calculation of predicted struc-
ture factors, the contribution of loop residues could be
cancelled by giving them a scaLE factor equal to zero.

(i)c) Side-chain conformations

The exact position of deuterons in leucine and valine
residues depends on the conformation of their side-chains.
In order to test whether assigning arbitrary conforma-
tions to labeled side-chains could be a source of system-
atic errors, models were built with different side-chain
rotamers shown to predominate in well-resolved protein
structures (Tufféry et al., 1991).

(ii) Calculation of model intensities

Calculation of model intensities was done as described
previously (Popot et al., 1989). The diffraction intensity
I.; of the ith diffraction peak predicted by any given
model is given by:

Ioi=(Fp )2 =[Fyn;+(F;xscaLg)? n

where Fp ; is the calculated structure factor of reflection i
of the deuterated sample: Fy; is the experimental struc-
ture factor of the native sample for the same reflection:
F ; is the calculated structure factor for the label (differ-
ence between deuterium and hydrogen); ScALE is a
constant corresponding to the deuteration level of the
labeled sample. Because of the expression for /. the only
difference between different models arises from the posi-

tions of the deuterated residues. Observed and calculated
intensities were normalized to the same sum.

(iii) Ranking of the models

Ranking of the models was done through the calculation
of a y2 factor. as described previously (Popot ef al.. 1989):

NN' Mﬁsn.‘l\o_vn (2)
’ i=1 Q.n i +Q.o.

I. and [, are the calculated and observed intensities,
respectively: o, and 6, are the respective errors on these
intensities. For samples VAL, LW1 and LW3. the sum
was usually taken over all the (k.k) diffraction peaks. For
sample LW2. we noted that the relatively high values of
¥ were due in part to reflections (1.1) and (2.0). which
were systematically higher in the observed pattern than
in calculated ones. Because these reflections correspond to
very low resolution data. they are essentially model-
insensitive. This was checked by _.lxu.m::n 72 caleulations
while omitting these two reflections: x? values decreased,
but the ranking order of the models remained the same.
In all cases. v was taken as equal to N. the total number
of reflections taken into account. Note that. because
moving loop residues and changing side-chain conforma-
tions increases the number of adjustable parameters, the
x% value associated with any given rotational mode!
expected to diminish whenever these parameters are
taken into account. whether the rotational model is
correct or not.

Sources of errors in the experimental intensities and in
the different steps of the calculation of theoretical intensi-
ties have been discussed by Popot ef al. (1989).

3. Results
(a) Overall strategy

BR models were ranked by comparing predicted
reflection intensities calculated for each model to
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experimental intensities using a2 test (see
Materials and Methods). Models that fit the data
better vield lower x2 values. Models differed by the
rotational orientation assigned to each helix. by the
position assigned to each loop residue and by the
conformation assigned to each deuterated side-
chain. The combination of these assignments gener-
ates enormous numbers of models (>10'" for
sample LW1, > 1028 for samples LW2 and LW3 and
> 10'® for sample VAL). which cannot be analyzed
exhaustively. A step-wise screening procedure was
therefore adopted. It was first tested on the data
from sample LWI (labeled in helices A and B).
These data had been analyzed previously by Popot
et al. (1989). using a simpler procedure that did not
take into account the possible effect of moving loop
labels or assigning different side-chain conforma-
tions. We then analvzed the rotational orientations
of helices (* to G using the data from samples LW2,

LW3 and VAL

(b) Helices 4 and B

In sample LW, labeling was restricted to helices
A and B (comprising a total of ten leucine and two
tryptophan residues) and a single loop residue
(Leu66). The model building method generates more
than 10'! models (182 rotational models x 25 posi-
tions for Leutt x6'% combinations of conforma-
tions). The best combinations of rotational
orientations for helices A and B were first deter-
mined (out of 182 =324 models). without taking into
account side-chain conformations or the contribu-

tion of Leu66. The effect of displacing Leub6 and of

varyving the side-chain conformations of the trans-
membrane leucine residues was then investigated.
The first step (rotations in 207 steps without
inclusion of the loop residue) was similar to the
previous analysis of the same data by Popot et al.
(1989). and yielded comparable y? values. The best
of the 324 models had helix A in its EM position and
helix B within +20° from it (not shown). In a
second step, we examined the infuence of the loop
residue on the ranking of the rotational models.
Including Leut6 in the analysis increased g2 values.

suggesting that giving it the same weight as that of

the other leucines may be an overestimate.
Twenty-tive variants of each rotational model were
built by displacing Leu66 in 2 A steps on a square
4 A x4 A grid centered on its EM position, yielding
a total of 8100 madels. The hierarchy of the best
models remained the same as when Leu66 was not
taken into account (not shown). Best 2 values were
obtained when Leu66 was moved at the border of
our field of exploration, 56 A away from its EM
position in the direction of helix (". The position of
Leu66 suggested by this analysis is far from certain,
however, given that (1) displacing Leu66 has less
influence on y? values than optimizing side-chain
conformations (see below); (2) it is not known
whether Leu66 is as well ordered as helix leucines
and contributes as much to the diffraction pattern;
(3) we did not attempt to explore whether a better
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Figure 1. Rotational position of helices A and B.
Contour plot showing the variation of 2 as a function of
the rotational position of helices A and B. Sample LW1.
Leucines were given their most frequent conformation.
The single extramembrane leucine, Leu66. in the loop
connecting helices B and (', was set in its optimal position
(see the text). All reflections were taken into account in
the calculation. (‘ross-hatched region. y? >7-5; hatched
region. 50<y2<7-5: dotted region, 1'5<y2<50; white
regions. contour curves spaced (¢1 apart from y2=14 to
yi=1l.

fit to the data could be obtained by moving Leu66
still further from its initial position. When Leu66
was set in its optimal position, the best four of the
324 rotational models had helices A and B at or
within 20° from their EM position (Figure 1).

In a last step. the effect of side-chain conforma-
tion on the ranking of the best rotational models
was examined. Because of limitations on computing
time, the analysis had to be restricted to a selection
of rotational models. In a first trial. helix rotations
were limited to 4 20°, Leu66 was moved over its 25
positions. and helix leucines were allowed to adopt
either of the two most frequent conformations (which,
taken together. represent 719 of leucine residues in
well-resolved structures; see Tufféry ef al., 1991).
Optimizing side-chain conformations of course
resulted in better values of y2. but the hierarchy of
rotational models and the optimal position for
Leutt were not affected (not shown). In a second
trial. helix rotations were limited to +80°, Leu66
was left in its optimal position and helix leucines
were allowed to take any of their three most prob-
able side-chain conformations (9x3'°x53x 103
models). Differences between models diminished
(because the prediction from an incorrect model can
be partially improved by moving the side-chains in
a compensatory manner), but the hierarchy given
by the rotational analysis alone was maintained.
The best model still had helices A and B in their
initial positions (Table 3).
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Table 3

Values of x? for 25 combinations of rotational positions of helices 4 and B
Helix A —40° -20° (° +20° + 407

Helix B
—40° 1-84 1-14 0-90 1113 2:08
—20° 194 115 0-84 092 1-78
0° 1-93 1-20 0-80 0-85 1-52
+20° 2-24 1-39 0-86 086 1-37
+40° 2-87 1-67 1-02 0-90 1-25

Data from sample LW1. Leucine side chains were left free to adopt any of their 3 most frequent
conformations. Leu66 was left in its optimal position. All reflections were taken into account in the
calculation of x2. Calculations were actually performed over +80° for both helices. in order to check
that the true minimum had not been missed. Only the central part of the resulting table is shown here.

These observations indicate that analyzing helix
orientation while keeping arbitrary settings for loop
labels and conformers does not induce strong bias in
the hierarchy of rotational models. The quality of
the fit to the data, however, is sensitive to the
position of loop residues and to the choice of
conformers.

(¢) Helices C. D, E. F and (7

In the analysis of the last five helices, the same
strategy as the one tested on helices A and B was
followed. with some simplifications made necessary
by the greater combinatorial complexity. Samples
LW2, LW3 and VAL were used in parallel. In
samples LW2 and LW3, helices A and B contained
no label and did not need to be taken into account
when calculating predicted diffraction patterns. In
sample VAL, valine residues in helix A, helix B and
in the loops connecting A to B and B to (' were
deuterated to the same extent as those in the rest of
the structure. They were taken into account in the
same way as the other valine residues, but the
rotational position of helices A and B was set to 0°
in all calculations. All helices contain at least three
leucines and there is a single leucine (L.eu201) in the
loops, while helix C has no valine, helix E has a
single one, and six out of the 21 valines are located
in the loops (Table 1).

In the first step of the analysis, approximate
orientations were determined for each of the five
helices C to G individually. The labeled residues
located in the loops were left in their EM positions
and leucine and valine residues were placed in their
most probable conformations. Each helix in turn
was set successively in each of its 18 possible
angular positions. The other four helices were left
free to rotate in 20° steps over +60° around their
EM position, yielding 7*=2401 rotational models
for each orientation of the helix under study. The
lowest y2 obtained for each orientation is indicated
in Figures 2 and 3. Similar results were obtained

when the rotation range was extended to +80° (not
shown).

For all helices except helix C. all models giving
good fits to the LW2, LW3 and VAL data sets
corresponded to positions in the vicinity of the EM
position. In one case (helix D), an ambiguity left by
the analysis of the LW samples could be removed
by consideration of VAL data. For helix E, the most
poorly labeled. data were more ambiguous and a
wide range of positions was considered for further
analysis. For helix C. best fits to the LW2 and LW3
data sets were obtained for two positions around
—160° and —20° (Figure 2). This ambiguity may
arise because of the roughly symmetric distribution
of deuterons around the axis of the helix {see Figure
1 in Popot et al.. 1989). It cannot be resolved using
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Figure 2. Determination of a restricted range of rota-
tional positions for helix (". Data from samples LW2 and
LW3. For each of the 18 positions of helix (', the x? value
indicated is the best that can be obtained while leaving
helices D. E. F and G free to rotate by up to +60" from
their EM position. Leucine side-chains were left in their
most frequent conformation. Leu201 was either left in its

EM position (—*—. — + —). or not included in the calcu-
lations (--#--, --+--). Left scale:data from LW2 (--%--.
—*—); right scale: data from LW3 (--4+--. —+—).

Vertical lines delimit the restricted rotational domain
selected for subsequent calculations.

Figure 3. Determination of restricted ranges of rotational positions for helices D to (5. Data from samples LW2. LW3
and VAL. (a), helix D: (b). helix E: (c). helix F: (d). helix (i. For each of the 18 positions of the helix under study. the 12
value indicated is the best that can be obtained while leaving the other four helices free to rotate by up to 60" from
their EM positions. Leucine and valine side-chains were left in their most frequent conformation. In the analysis of
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the VAL data. since helix (' contains no valine.
However, a position around —160° is incompatible
with the lateral amphipathy of the helix (as well as
with functional data) and was considered no
further.

The analysis summarized in Figures 2 and 3
defines for each helix a domain outside which an
optimal fit to the data is unlikely to be found
(delimited by vertical lines in Figures 2 and 3). In a
second step of the analysis, helices (' to G were left
free to take any combination of rotational positions
within these angular limits, generating 10,500
distinct rotational models. Among those. only 33
were found to fit each of the three sets of experi-
mental data as well as or better than the EM model.
Of these models, 23 were redundant. in the sense
that they could be converted to another of the 33
models by rotating a single helix by 20°, thereby
improving the quality of the fit to the data. The
remaining ten best models are listed in Table 4 in
the approximate order of decreasing overall fit. In
all of them, all five helices under consideration
occupy positions at most at 40° and generally
within 20° from their EM position.

In a finer analysis. 7200 models in the angular
domains described above were examined once again
using the VAL and LW2 data, this time taking into
account the effects of moving around the deuterated
leucines and valines located in the loops and
changing the conformation of deuterated valine
side-chains among their three most probable
conformers. As had been the case with helices A and
B. there was no difference in the final ranking of
rotational models even though better values of y?
were obtained for certain loop and side-chain con-
figurations (not shown).

For all helices, the most frequently observed posi-

tion is identical to that in the EM model. or at most
207 away from it. For helices (', K. F and (. rota-
tional positions are accurately determined by the
EM data. The 20° variations about the EM model
positions found for these four helices represent the
limits of accuracy of the neutron diffraction
approach. For the determination of the position of
helix D. models therefore were further constrained
by leaving helices (. E. F and ( in their KM
position. while helix I was moved through 360
(Figure 4). Loop residues either were left in their
EM position or were not included in the calcula-
tions. Deuterated side-chains were set in their most
frequent conformation. Best fits to the data were
obtained with D at 07 to +207 (samples LW2 and
LW3) or +20° to +40° (sample VAL). While a
position at 420" would represent the best
compromise between the three sets of neutron
diffraction data. the 07 one is most compatible with
the results of helix packing calculations (Tufféry et
al.. 1994).

4. Discussion
(a) Aecuracy of helix rotational positions

The strategy followed in the present work is
similar to that which previously led to determining
the position and rotational orientation of helices A
and B (Popot e al.. 1989). Significant methodolo-
gical improvements are (1) starting from a more
accurate model (Henderson et al.. 1990): (2) using
data from samples with different labels: (3)
including in the analysis the contribution of laheled
residues in the loops and (4) including the effect of
varving side-chain conformations. Moving loop
residues  and optimizing  side-chain  conformers
increases the number of parameters in the fit, which

Table 4

The 10 best rotational models for helices (' to (7

Helix ¢ Helix D Helix E Helix F Helix G 72 (VAL) 72 (LW2) 72 (LW3)
—=20° +20° +20° 0° 0" 091 1-:56 74
-2 +20° {2 o 1 (r88 227 (62
—20° +40° —207 O + 20 1-08 206 57
—40° +20° —20 (e (18 095 2:69 06
0° +20° +20° (e (4 91 2:30 69
=20 +20° 0° +20° o 1-04 2-60 061
—40° +2¢0° —40° o 0 1-0% 303 rd3
+20° + 207 + 407 0° + 207 1-02 2-44 (72
0 +40° 0° 0” + 207 1-01 2:65 070
—20° + 60° —20" 0 + 207 105 332 o071
Range
—40° to +20° +20° to +60°  —40° to +40° 07 to +207 0% to +207
Most frequent position
—20° +20° —20°/0° 0" (1
EM model (every helix at 0°): 1-:09 344 074

12 values were calculated for each set of data with the following assumptions: VAL sample. most frequent valine conformation. loop
residues in EM positions, helices A and B at 0°, all reflections taken into account: LW2 sample. most frequent leucine conformation,
Leu201 in its EM position, reflections {1.1) and (2.0) excluded from the calculation of z2: LW3 sample. same as sample LW?2 but
reflections (1.1) and (2.0) included in the calculation of ¥2. Following the 10 best models and their y2 values are given the range of
positions occupied by each helix in these models. its most frequent position, and the 32 values obtained for the EM model.
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Figure 4. Determination of the rotational position of
helix 1) assuming all other helices to be in their EM
position. Same as Figure 3(a), except that all helices but
helix 1) were set at 0°.

necessarily leads to lower ¥ values. Because the
ranking of models is not affected. it shows that the
rotational search is not biased by inappropriate
assumptions concerning these parameters. Since
many models with different combinations of side-
chain conformations are predicted to have indis-
tinguishable diffraction patterns, the data cannot be
used to specify the conformation of any particular
side-chain. For the same reason, it is not possible to
determine the exact location of the loop residues
(except. possibly, for Leu66: see Results).

Our primary objective in undertaking this study
was to establish the orientation of helix D. which is
poorly defined in the electron density map. Because
our labeling is not restricted to helix D, however, its
position cannot be determined unless that of the
other labeled residues is known. In practice. we
have re-determined the orientation of all seven
helices, Re-examination of helices A and B could be
done independently from that of the other helices,
hecause we had a specifically labeled sample. This
analysis gave us an opportunity to check our
methodology and to examine, on this simpler
system, the effect of making simplifving assump-
tions about the position of loop residues and the
conformation of side-chains.

The analysis of helices (' to G had to be done
simultaneously. which increased combinatorial
problems. It offered. however, the opportunity to

estimate from a comparison of our positions for
helices (. K. F and G with those given by
Henderson and colleagues. the accuracy of our
conclusions regarding the position of . The main
conclusion of the rotational search is that a good fit
to the data is obtained when helices (' to G are left
in the position they adopt in the EM model. For
most helices. there is a range of accessible positions,
the most frequent of which Hes either at or within
20° of the EM position, that gives at least as good a
fit to the neutron diffraction data as the EM model
does. This suggests that the limit of accuracy of our
approach is probably about 20°. Rotating an a-helix
by 20° corresponds to a linear displacement of about
1:5 A of the (" carbons of a valine or leucine side-
chain. This accuracy is consistent with that
expected from data collected at 7 A resolution (see
below).

We conclude therefore that the orientation of
helix D in the EM model. even though it was
considered by Henderson et al. (1990) to be “‘the
least certain part of (their) interpretation™. is likely
to be within 20° of the correct position. This conclu-
sion is consistent with the result of a model building
analysis of the packing of a-helices in BR recently
carried out (Tufféry et al., 1994). The longitudinal
position of helix D along its axis, on the other hand.
needs to be slightly revised (R. Henderson. personal
communication; Tufféry et al., 1994). Helix D is
almost exactly perpendicular to the membrane
plane. Since we are using projection data, which do
not contain any information on the longitudinal
position of D. our model building analysis is not
dependent on such displacements.

(b) Concerning the use of neutron diffraction in the
study of integral membrane proteins

During the 15 years that separate the publication
of the 7 A resolution EM structure of BR from that
of the current model, a number of neutron diffrac-
tion experiments have been performed on purple
membranes. A similar situation may arise again,
namely. electron or X-ray crystallography vielding
a medium-resolution structure of a membrane pro-
tein. the interpretation of which could be aided by
neutron diffraction data. Two reasons for this belief
are the well-known difficulty of obtaining very well-
ordered 2D or 3D crystals of membrane proteins
(see Michel, 1991; Reiss-Husson, 1992) and the tech-
nical problems associated with collecting high-
resolution EM images (Henderson et al., 1986). Tt is
therefore of interest to examine what the contribu-
tion of neutron diffraction to the study of BR has
been and whether it could also help in the study of
other integral membrane proteins.

All based on deuterium labeling, neutron diffrac-
tion experiments on BR fall into two broad cate-
gories: (1) studies of function, where 'H,0/?H,0
exchange is used to examine the hydration of the
membrane under different conditions (see e.g.
Zaccal, 1987); (2) studies of particular structural
features using specific deuterium labeling. Neutron
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diffraction results continue to be irreplaceable for
the first category of experiments. As an example of
the second category of study. deuterated retinal has
been located in projection by Jubb et al. (1984). This
result was confirmed by Seiff et al. (1986) and Heyn
et al. (1988), who took the study further by deuter-
ating the two ends of the molecule separately, to
show the way it was oriented. Experiments
involving deuteration of specific amino acids, with
or without reconstitution of BR from fragments,
were aimed at identifying and orienting the helices
in the 7 A resolution structure (Engelman & Zaccai.
1980; Popot et al.. 1989). The present work probably
explores the limits of this method. It is reasonable
to believe that. in the absence of the high-resolution
EM structure, our approach probably would have
solved the arrangement of all of the seven helices.
However, given the large number of free parameters
(placing 5 helices over 5 positions without strong
constraints on their orientations). and the relatively
limited number of observables (18 useful reflections
for each sample). removing ambiguities might have
required the preparation of at least one other speci-
fically labeled sample.

In all the analyses, use had to be made of a low-
resolution EM structure, either for phasing the
neutron diffraction reflections andjor as a starting
point for building models. Except in the present
paper, where the most recent KM model was used.
the 7 A resolution EM structure and the sequence
were the only ‘“outside” structural information
required to interpret the neutron diffraction data.
Conversely, knowledge of the location and orien-
tation of the retinal molecule in projection, as well
as that of the location and orientation of helices A
and B, helped in the interpretation of the 31D EM
map calculated at significantly higher resolution,
and are in agreement with the final model
(Henderson et al., 1990). Perhaps the most impor-
tant point to be emphasised is that, thanks to the
combination of specific deuteration and neutron
diffraction, low-resolution data can be interpreted
to yield ‘“higher resolution” information. This
simply reflects the fact that, if contrast is high
enough, the position of a label can be determined
with high accuracy as the center of a peak of density
(Plshn & Biildt, 1986). X-ray or EM data at
7 A-resolution cannot be interpreted in atomic
detail, even on the basis of a model, because of the
low contrast between the different components of a
structure. This is overcome in neutron diffraction by
deuterium labeling. The present study, as well as
those focused on the location of the retinal, confirm
that structural features can be determined to an
accuracy of 1 to 2A using powder diffraction
patterns collected out to 6-9 A, with strong reflec-
tions extending only to 89 A.

In cases where there is a good low-resolution
structure, therefore, low-resolution neutron data
combined with deuterium labeling is a very useful
technique. This is particularly true for integral
membrane proteins, whose transmembrane regions
are often made up of bundles of a-helices (see Popot

& Engelman, 1990: Popot, 1993; Popot et al.. 1993).
Good approximations of the structure can be gener-
ated by combining a-helices. considered as solid
blocks easily built using ideal a-helix parameters.
Working with projection data limits the conse-
quences of the usual uncertainty about the exact
position of helix ends. since most helices are more or
less normal to the membrane plane. Requirements
for applying this approach to other systems than
BR are, however, rather demanding. It is not
possible to work on rare, selected 2D crystals as can
be done with EM. Even though it is unnecessary for
the whole preparation to be crystalline, crystals
must comprise a large enough fraction of the
samples (presumably tens of ¢;) for reflection
intensities to be measured accurately. Specific
deuterium labeling can be achieved either biosyn-
thetically, or by biochemical reconstitution, or, as
was done by Popot et al. (1989) and in the present
work, by combining both. Extensive deuteration is
more easily obtained in prokaryvotic organisms.
which can grow in 1009, 2H,0. but this is not an
absolute requirement: in the present work. accurate
information was obtained from sample LW3, in
which the level of deuteration had been lowered by
dilution to =259,. Finally, and most demanding.
the necessary amounts of crystalline deuterated
material are considerable (of the order of tens of mg)
if the time required for data collection is not to
exceed days. This limit could be lowered by using
brighter sources. The sample, of course. has to be
stable for such durations.

(¢) Conclusion

In conclusion, independent examination by
neutron diffraction of the rotational orientation of
the seven transmembrane a-helices in BR has
vielded positions that are consistent with those in
the current EM model, with an accuracy estimated
at about 20°. In a parallel study, Tufféry et al.
(1994) have developed a model building approach
designed to explore possible rotational arrange-
ments within bundles of transmembrane a-helices
with known axis positions. The results of the two
studies are in very good agreement.
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