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Abstract. The three-dimensional structure of the 
deoxycholate-treated form of purple membrane has 
been determined to a resolution of about 6 A. Using 
low temperature electron diffraction data, room 
temperature electron microscope images and im- 
proved methods of data analysis, higher resolution 
has been reached than was obtained using native 
membranes of the same size. Statistical analysis of 
the data shows that the new map is considerably 
better than earlier maps. The map indicates the 
probable sites for the lipid molecules that remain in 
the deoxycholate-treated membranes; some of these 
sites differ from those suggested by the projection 
map of Glaeser et al. (1985). Comparison of the 
bacteriorhodopsin structures now determined in- 
dependently from three crystal forms shows that the 
monomer structure is independent of the detailed 
contacts with lipid molecules. The average of the 
three structures gives a picture with very little noise 
showing seven similar rod-like features which are 
clearly best interpreted as c~-helices; there is no indi- 
cation that part of the structure is /~-sheet as 
suggested by Jap etal. (1983). Phases from the 
averaged structure at 6A resolution will enable 
better refinement of the parameters that will be 
required in the analysis of higher resolution images 
from tilted specimens needed to extend the projec- 
tion map at 3.5 A resolution (Henderson et al. 1986) 
to produce a three-dimensional atomic resolution 
map. 

Key words: Bacteriorhodopsin, membrane structure, 
electron diffraction, electron microscopy, protein- 
lipid interactions 

* To whom offprint requests should be sent 
** Current address: Shemyakin Institute of Bioorganic Chem- 

istry, USSR Academy of Sciences, U1. Miklukho-Maklaya, 
16/10, 117871 GSP Moscow, V-437 USSR 

1. Introduction 

Bacteriorhodopsin (BR) is the only protein in the 
specialized purple membrane patches of the cell 
envelope of Halobacterium halobium. It occurs nat- 
urally in a well-ordered two dimensional crystal. BR 
is involved in a photochemical cycle which results in 
the generation of a transmembrane electro-chemical 
gradient of hydrogen ions. This can support cell 
metabolism in an oxygen-deficient environment 
(Oesterhelt and Krippahl 1983; Stoeckenius etal. 
1979). Intrinsic interest in the proton pumping 
mechanism of BR has encouraged extensive investi- 
gations of its chemical sequence (Ovchinnikov et al. 
1979, Khorana etal. 1979) and also of its three- 
dimensional structure in two different crystal forms 
(Henderson and Unwin 1975; Michel etal. 1980; 
Leifer and Henderson 1983). 

The explanation of the mechanism of action of 
BR will require detailed information about the 
structure at atomic resolution. The most powerful 
method of structure determination, X-ray crystal- 
lography, cannot be used in the case of BR because 
attempts to prepare well-ordered three-dimensional 
crystals have so far not been successful. Although 
experimental techniques and software facilities for 
structural studies of two-dimensional crystals are not 
so developed as those for X-ray crystallography, it 
should eventually be possible to obtain an electron 
density map at worthwhile resolution by using data 
collection at low temperature and sophisticated 
methods of data processing (Henderson et al. 1986). 
It should also be possible to improve the accuracy of 
maps by combining data obtained from different 
crystal forms. 

This paper reports the analysis in three dimen- 
sions to 6 A resolution of a third crystal form of 
purple membrane which has trigonal p 3 symmetry 
like the native form but which has a cell dimension 
that is 10% smaller. Treatment of purple membrane 
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with deoxycholate (DOC) removes a large propor- 
tion of the lipids (Hwang and Stoeckenius 1977) and 
it is possible to retain good crystalline order using 
the technique of Glaeser et al. (1985). The determi- 
nation of the projection structure of DOC-treated 
purple membrane showed that the treatment results 
in the removal of a layer of lipid molecules from 
between the BR trimers (Glaeser et al. 1985), replac- 
ing protein-lipid interactions by protein-protein con- 
tacts in forming the crystal bonds. 

The present study was carried out independently 
of the previous studies of native and orthorhombic 
two-dimensional crystals of purple membrane, and 
has produced a map of somewhat higher resolution. 
The improvement has been achieved mainly by 
using recently improved methods for data processing 
of the images (Henderson et al. 1986). Comparison 
of the new structure from DOC-treated membranes 
with those from the previous studies allows a more 
objective assessment of the significance of the 
features seen in each of the three maps and the 
average of the maps provides the most noise-free 
picture of the structure. 

2. Materials and methods 

a) Structure determination of DOC-treated 
purple membrane 

The DOC-extracted two-dimensional p 3 crystal form 
of purple membrane was prepared by the method of 
Hwang and Stoeckenius (1977), modified to produce 
membrane patches composed of single crystalline 
domains (Glaeser et al. 1985). The unit cell dimen- 
sions of a freshly prepared sample, and of the 
sample used for the determination of the projection 
structure by Glaeser etal. (1985), were measured 
from X-ray diffraction patterns of wet pellets of 
membranes. They are the same for both samples 
and are 57.3 A. The unit cell dimensions of native 
purple membrane measured by this method are 
62.4 A. 

Electron diffraction patterns and low dose images 
were recorded as described by Glaeser et al. (1985) 
using crystals of average size 0.5 lain-0.6 gm. Three- 
dimensional data were obtained by tilting the spe- 
cimens by up to 49 ° for electron diffraction patterns 
and by up to 63 o for images. Processing, merging 
and curve-fitting of three-dimensional electron dif- 
fraction intensity data were carried out in the way 
described by Leifer and Henderson (1983) and 
Baldwin and Henderson (1984). Digitized images 
were processed using procedures which correct for 
distortions in real space and which take into account 
contrast transfer function variations across tilted 

images (Henderson et al. 1986). The use of these 
procedures allowed higher resolution spots to be 
detected in the Fourier transforms of the corrected 
images and enabled precise refinement of focus 
parameters (amount of defocus in two perpendicular 
directions and the direction of the astigmatism). 
Curve fitting to the intensity and phase data was 
performed using the program LATLINE (Agard 
1983). 

b) Molecular averaging 

Multiple copies of the electron density map of the 
same protein can be compared and averaged using 
the suite of programs written by G. Bricogne (1974, 
1976). These programs can superimpose and aver- 
age multiple copies obtained by separate determina- 
tions of the structure from different crystal forms as 
well as those that result from non-crystallographic 
symmetry within one space group. Essentially the 
programs determine how to transform coordinates 
in the unit cell of one crystal form to the cor- 
responding coordinates in the different unit cell. 
Three crystal forms of BR with different unit cells 
are available. 

The experimental phase data for the map of the 
native p 3 form were the same as those used for the 
previously published map (Henderson and Unwin 
1975), but the phases were redetermined using the 
program LATLINE. The amplitudes used in the 
phase redetermination and also in the map calcu- 
lation were taken from the electron diffraction data 
of Baldwin and Henderson (1984). The current 
native p 3 map is based on 321 structure factors with 
mean figure of merit 0.95 to a resolution of about 
7 A. Similarly for the orthorhombic form (Leifer and 
Henderson 1983), the phases were redetermined and 
the more accurate amplitudes were used to give a 
map based on 609 structure factors with mean figure 
of merit 0.85 to a resolution of about 6.5 A. The 
DOC map was calculated including 707 structure 
factors to 5.5 A, with mean figure of merit 0.87. 

The molecular averaging procedure requires that 
a molecular envelope enclosing a monomer of BR 
should be defined in each crystal form. For con- 
venience, the map from the orthorhombic form was 
first superimposed on the map from the native p 3 
form, and their average was calculated. Then the 
map of the DOC form was superimposed on this 
average map, and the final average calculated giving 
equal weight to each of the three maps. 

The molecular averaging method can be cycled. 
In such a procedure the averaged map is placed in 
the correct position and orientation in each of the 
unit cells, with the space between molecules given a 
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constant value of density chosen to represent the 
expected level there. Phases are calculated, and 
these are combined with the experimental phases 
and used in the computation of new maps. These 
maps are the starting point for the next cycle of 
averaging. The cyclic process is continued until 
there are no further changes in the calculated 
phases, when the maps become as similar as pos- 
sible. This method has proved successful for phase 
improvement and extension when a sufficient num- 
ber of copies of the structure have been available 
(Gaykema et al. 1984; Rossmann et al. 1985; Hogle 
et al. 1985). Our attempts to improve phase infor- 
mation and to extend it to 5.5 A were unconvincing 
when we had amplitude data to 3 A for the native 
p 3 and orthorhombic forms but experimental phase 
data to only 7 A and 6.5 A respectively (Baldwin, 
unpublished). Our lack of success then seemed to be 
due mainly to the small number of copies of the 
structure and, as we now have only one more copy 
based on phase information to only slightly higher 
resolution, we considered that the method was still 
unlikely to help us. The best we can do is to calcu- 
late the simple average of the three structures which 
will give a more accurate final structure and this is 
what we have done. 

o.o o.65 o.{o o.45 o.~o o.~ 
(h% hk+ kT ~ a* (A -I) 

3. Results and discussion 

a) Electron diffraction data 

The best 20% of all the electron diffraction patterns 
recorded with tilt angles up to 49 ° were selected 
visually for subsequent processing and inclusion in 
the merged three-dimensional intensity data set. The 
intensities of Friedel-related spots on each pattern 
were averaged and the quantity Rsy m was calculated 
as an indicator of the accuracy of the data. Table 1 
shows the mean values of Rsym obtained in different 
ranges of tilt angle. In all, 47 patterns, were used and 
the data from these were good enough to define the 
continuous lattice lines of reciprocal space without 
any large gaps between sampled points, up to a 
resolution of 4A in the plane of the membrane. 
Inevitably there was a missing cone of data, since 
the maximum tilt angle obtainable experimentally 
was 49 °. Figure 1 illustrates the extent of the data in 
z* for each of the lattice lines for which data were 
obtained. After fitting damped since functions to the 
lattice line data and refining parameters for each 
film against these curves, the consistency of the data 
was estimated by examining the quantity Rmerge for 
each film. Table 1 shows the mean values of Rmerge 
obtained in different ranges of tilt angle. As can be 

Fig. 1. Extent of the data used in the determination of the 
structure. The thin lines indicate the regions of z* for which 
electron diffraction data were measured for each of the lattice 
lines out to a horizontal resolution of about  4 A. The very 
thick lines indicate the regions of each lattice line for which 
good phase information was obtained, with figure of merit  
> 0.85. The lines of intermediate thickness indicate regions for 
which there was phase information with figure of merit  be- 
tween 0.25 and 0.85. The circle has a radius corresponding to 
5.5 A resolution 

Table 1. Electron diffraction patterns 

Tilt angle Number  Number  Mean Mean Rmerg e 
range of pat- of good Rsy m Rmerg e Rsy m 
[°] terns spots [%] [%] 

0 -  15 15 3,269 7.90 13.02 1.65 
15 - 35 14 3,085 12.91 16.28 1.26 
35 - 49 18 2,676 20.86 22.42 1.07 

All patterns 

0 - 49 47 9,089 13.55 16.98 1.25 

Z kz,-hl 
Rsym Z I I1 "b 12 I 

Z I Iob~-- Ical I 
R merge Z ]/cal ] 

where 11 and [2 are the intensities of 
Friedel-related spots on one film 

where Iobs is the intensity of a spot on 
one film and Ic. l is from the curve 
fitted to the merged data from all films 
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Fig. 2. The plot of Rmerg e against Rsy m for each electron dif- 
fraction pattern. If all errors were entirely random, the points 
would be scattered about a line of slope 1. (See Table I for 
definitions of Rmerge and Rsym) 

Table 2. Low dose images 

Tilt angle Number Number Number Phase 
range of images of good of corn- residual 
[ o ] spots parisons [ o ] 

0 - 15 16 1,316 1,199 23.92 
15 - 30 16 1,162 1,007 25.58 
30 - 45 23 1,303 1,155 26.93 
58 - 63 11 308 167 36.24 

AUimages 
0 - 63 66 4,089 3,528 25.96 

The interval along the z*-axis for phase comparison during 
the final stages of merging and origin refinement was 
0.005 A -3 

seen from Table 1 and Fig. 2, the Rmerge/Rsym ratio 
for all patterns used is slightly greater than 1 
indicating more disagreement between films than 
within films. The decrease of this ratio with increase 
in membrane tilt may result from a larger contri- 
bution of  random error to the Rsym value for tilted 
patterns which contain weaker and fuzzier spots, 
whilst other errors are similar for all crystals. 

b) Data from electron microscopy 

Sixtyone low dose images (about 10% of  the images 
recorded) with tilt angles form 0 ° to 63 ° were 

selected for processing using optical diffraction. 
Several of the best images among those previously 
used for the projection structure of the DOC- 
extracted form of  purple membrane (Glaeser et al. 
1985) were also included in the merged phase data 
set. The mean phase residuals between the phases of  
spots from each image and those of the merged data 
set are given in Table 2. Judging from these re- 
siduals the mean value of the figure of  merit for 
structure factors calculated from the data should be 
about 0.9. 

The data available from the processing of the 
images do not extend as far in reciprocal space as 
the intensity data from the electron diffraction 
patterns, although more images were processed. As 
the images were taken at room temperature they 
cannot be expected to give data as good as the dif- 
fraction data obtained at near liquid nitrogen tem- 
peratures. However the most important  reason why 
data from images is not as good as that from diffrac- 
tion is explained by Henderson and Glaeser (1985). 
They concluded that beam-induced specimen move- 
ment during the period of radiation damage caused 
blurring of  the image and therefore loss of  contrast 
at high resolution. 

The images were initially processed up to a 
resolution of 4 A in the plane of the membrane. 
Although phases for some spots with resolution 
greater than 5.5 A were obtained, there were not 
enough high resolution phases from each image to 
enable the beam misalignment parameters of the 
image to be refined satisfactorily and the quality of  
the phase information to be assessed. Without ap- 
propriate correction for the effect of  beam tilt the 
phase information is inaccurate beyond a resolution 
of about 5 .5A (Henderson etal.  1986). It was 
therefore decided not to include phases beyond 
5.5 A in the rest of  the analysis. 

After combining intensity data from diffraction 
patterns with phase information from low dose 
images, curve fitting to the lattice lines was per- 
formed using the program LATLINE. The mean 
figure of merit for the 707 structure factors to 5.5 A 
resolution is 0.87 which is similar to the value of 
about 0.9 expected from the average phase residual 
(Table 2). The region of  reciprocal space in which 
phase information was obtained is illustrated in 
Fig. 1. The quality of  the data is demonstrated in 
Fig. 3, which shows four typical lattice lines at dif- 
ferent resolutions. In general the phase curves for all 
lattice lines are much better determined than they 
were for the previous studies in the other crystal 
forms because more images were processed and 
more phases were obtained from each of  them. The 
intensity data are also more accurate than the data 
used for the previously published maps, being mea- 
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Fig. 3. Experimental data for four lattice lines and the smooth curves fitted to them by the program LATLINE. The upperpart of 
each diagram shows the phase data derived from images and the lower part shows the amplitude data derived from electron 
diffraction patterns. The resolutions at z* = 0.0 are 10.8 A, 8.9 A, 7.6 A, and 6.6 A for the (4, 1), (5, 1), (6, 1) and (7, 1) lines 
respectively. For the lines (6, 1) and (7, 1) the resolution at the extreme end of the phase curves is about 6 A. Amplitudes and 
phases for the structure factors are extracted from the smooth curves at intervals of 0.01 A -1 in z*, which gives the required 
sampling for a unit cell dimension perpendicular to the membrane of 100 A. The error bars in the phase plot indicate the figures 
of merit to be given to the structure factors at each sample point; figure of merit = cos (phase error) 
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sured at low temperature,  and there are more data 
points to define the amplitude curves more ac- 
curately. 

c) Electron density map 

Figure 4a shows the DOC-extracted purple mem- 
brane density map with the trimer of  BR molecules 
in the centre. The thickness of  the layer containing 
significant density is about  54A (49A to 59 A 
depending on the choice of  contour level). The 
structure of  the trimers is the same as in the native 
crystal form, confirming the result suggested by the 
study of the projection structure of  DOC-treated 
purple membrane (Glaeser et al. 1985). 

1) Arrangement of lipid molecules. Around the 3-fold 
axis in the centre of  the BR trimer there is enough 
space for three lipid molecules on both the intra- 
cellular (Fig. 4c) and the extracellular (Fig. 4d) 
sides of  the membrane. The central 3-fold axis 
(type I in Fig. 4b) therefore provides sites for 6 lipids 
per trimer. Around the outside of  each BR trimer 
there is enough space for lipid molecules near the 
six 3-fold axes (types II and III in Fig. 4b). The 
spatial arrangement of  the trimers and the slopes of  
the transmembrane e-helices results in there being 
space on the extracellular side of  the membrane for 
three lipids around each of  these axes. On the intra- 
cellular side, however, there is much less room at 
these 3-folds, particularly at the type II axis. Only 
one li~id molecule could be accomodated at each 
axis if the side chains from the neighbouring helices 
were small, or none if these side chains were large. 
These sites, 0 to 6 on the top and 18 on the bottom, 
are shared between 3 trimers, giving sites for 6 to 8 
lipids per trimer. The possible total number  of  
lipids per trimer is therefore 12 to 14, 3 to 5 on the 
intracellular and 9 on the extracellular side (see 
Table 3). This arrangement of  lipid molecules dif- 
fers somewhat from the arrangement suggested by 
Glaeser et al. (1985) from their study of  the projec- 
tion. 

There is some indication of  density for lipid 
molecules on the intracellular side of  the membrane 
(Fig. 4c). There are three density peaks around the 
3-fold axis of type I and one peak on each of  the 
3-fold axes of  types II and III. On the extracellular 
side (Fig. 4d), there are three small peaks around 
the trimer type I axis but no others. 

2) Structure of the BR monomer. As can be seen in 
the density map (Fig. 4a) each BR molecule in the 
trimer shows the same seven rod-like features found 
in the earlier analyses of  native (Henderson and 

Unwin 1975) and orthorhombic (Leifer and Hender- 
son 1983) forms of  purple membrane. A surface re- 
presentation of the BR monomer is shown in 
Fig. 5a. The high density and the shape of the rods 
suggest that they are trans-membrane e-helices. All 
the e-helices are about  the same length and have 
different inclinations with respect to the normal to 
the membrane plane. Helix 1 appears to have a kink 
in the middle of it that divides it into two parts of  
nearly equal length and nearly equal inclination to 
the membrane plane. Helix 1 also had this ap- 
pearance in the map from the orthorhombic form. 
The resolution of  the map, although slightly higher 
than that of  previous maps, is still not sufficient to 
show clear connecting links between the helices. 

3) Molecular averaging. The new map is based on 
significantly more data than was present in the 
previously determined maps. Table 4 summarises 
the amount and quality of  the data that is presented 
in each map. The new data clearly improve the 
quality of  information we have to describe the struc- 
ture to 6 A resolution, and the DOC data extend to 
higher resolution than  was available before. The 
main reason for this is the improved method of 

Table3. Possible arrangement of lipid molecules in DOC- 
extracted purple membrane 

Membrane 
surface 

Number oflipids at 3 different Total per 
types of 3-fold axis surround- trimer 
ing one trimer 

I a I I  a I I I  a 

Intracellular 3 0 or 1 0 or 1 3, 4 or 5 
Extracellular 3 3 3 9 
Both sides 6 3 or 4 3 or 4 12, 13 or 14 

a See Fig. 4b for definition of types of 3-fold axes 

Table 4. Number of measured structure factors for each of the 
three maps 

Resolu- Native p 3 Orthorhombic DOC 
tion 
range Num- Mean % Num- Mean % Num- Mean % 
[A] bet fom bet fom fom 

100.0-7.0 314 0.96 45 472 0.86 57 390 0.90 66 
7.0-6.5 7 0.92 4 69 0.82 37 79 0.87 53 
6.5-6.0 68 0.80 26 102 0.88 53 
6.0-5.5 136 0.81 50 

fom = figure of merit 

% = 100 (number of observed structure factors) 
(total number in resolution range) 
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Fig. 4. a The density map of DOC-extracted purple membrane  showing a trimer of BR molecules. The view is from the 
cytoplasmic side of the membrane  and the depth through the map shown is 54 A. The density at the first contour drawn is 15% of 
the maximum density in the map and the interval between contours is 10% of the maximum density, b The outline of the 
monomers in the central and surrounding trimers. The numbering of the e-helices, 1 to 7 as in Engelman et al. (1980), is shown for 
one monomer. The three distinct types of crystallographic 3-fold axes are labeled I, II and HI. c The top 15 A of the map. d The 
bottom 15 A. of the map. The direction of view for e and d is the same as in a. The space available for lipid molecules is indicated 
by the boundaries drawn around the 3-fold axes in c and d; possible density for the lipids can be seen within some of these 
boundaries, e The average of the maps from the native p 3, or thorhombic  and DOC-treated crystal forms showing a tr imer of BR 
molecules replaced in the native p 3 unit  cell. The contouring scheme is the same as for a, c and d 
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image processing that now includes the removal  of  
distortions f rom the images (Henderson et al. 1986). 

The D O C  map  was compared  to the previously 
determined maps f rom the native p 3 form and from 
the or thorhombic  form, using the suite of  programs 
written by G. Bricogne (1974, 1976) for finding the 
best superposit ion between mult iple copies of  the 
same protein structure. The results f rom the least 
squares comparisons between the electron densities 
from the three crystal forms are summarised  in 
Table 5. When the maps  are opt imally superim- 
posed, the correlation coefficients between all pairs 
of  maps are greater than 0.67. The parameters  that 
describe how to super impose the molecules in the 
three unit cells are given in Table 5. Once the three 
maps were correctly superimposed,  the electron 
densities were averaged, with the reconstituted aver- 
aged map  placed in the native p 3 unit cell, with an 
appropr ia te  constant value of  density between the 
molecular envelopes (see Fig. 4e). 

The molecular  replacement  programs can be 
used to demonstrate  the relative accuracy of  the 
data in the three original maps  and in the average 
map. We now have a very accurate set of  projection 
phases to 3.5 A resolution for the native p 3 form of  
BR (Henderson et al. 1986). We are able to compare  
the phase information in the original native p 3, 
or thorhombic  and D O C  data sets with this new 
projection data as follows. The electron density cor- 
responding to a protein monomer  was extracted 
from each original m a p  and was placed in the three 
correct positions in the native p 3 unit cell with a 
constant level of  density in the space between the 
molecular  envelopes. The phases calculated from 
the maps reconstituted in this way sample the phase 
information of  the original maps  at points that can 
be compared  with the new native p 3 data. The 
mean phase residuals between the new projection 
data and the corresponding values f rom the three 
original data sets are shown in Table 6, along with 
the phase residual obtained with the phases f rom 
the average map.  It can be seen that the D O C  data 
is clearly superior to that  from the original native 
p 3 and or thorhombic  studies out to 6 A  resolution. 
To 7 A resolution the average of the three maps  
gives better phases than do the three maps  separate- 
ly, and to 6 A resolution it gives phases of  the same 
accuracy as those f rom the D O C  data. The calcu- 
lated phases beyond 7 A from the native p 3 recon- 
stituted map  come almost entirely f rom phase exten- 
sion due to flattening the density in the space be- 
tween the molecules. Similarly calculated phases 
beyond 7 A from the map  reconstituted f rom ortho- 
rhombic  data and beyond 6 A from the map  recon- 
stituted from D O C  data are influenced b y  phase 
extension to some extent. The phase residuals in the 

TableS. 1) Superposition of BR molecules in three crystal 
forms 

Correlation Depth 
compared 

c [A] 

Native p 3 and ortho 0.71 56.6 
Native p 3 and DOC 0.77 56.6 
DOC and ortho 0.67 54.5 

Z ol 05- (Z 01 2 o2)/, 
c - [ 2  o7- (2 ~1)2/n1 m. [2 o7 - (2 ~,)2/,11'2 

2) Translational and rotational parameters describing super- 
position 

Comparison X Y Z 01 02 03 O1 + 03 

Native p 3 
and DOC 0.00 0 .00 -4.40 2.2 0.0 -1.0 1.2 
Native p 3 
andortho 35.67 54.71 -5.30 6.35 2.17 24.62 30.97 

This table gives the relationship between BR molecules after 
the best superposition has been found. 3(, Y, Z are the coordi- 
nates in A of the origin of the native p 3 unit cell refered to 
the x, y*, z axes of the DOC or orthorhombic unit cells. 
01, 02, 03 are the standard Eulerian angles in degrees that 
describe the rotations to apply to the x, y*, z axes of the DOC 
or orthorhombic cells to superimpose them on the x, y*, z 
axes of the native p 3 cell. When 02 is zero or very small, 
01 +03 is a useful parameter describing the rotation around 
the z axis 

Table& Phase residuals against 'new' native p 3 projection 
data 

Resolution Number Phase residuals [°] 
of corn- 
parisons Native Ortho a DOC a Aver- 

[A] p 3 a age a 

15.0-7.0 28 22.5 19.7 13.9 12.8 
7.0-6.0 15 61.3 56.5 36.7 42.9 
6.0-5.5 8 71.6 58.0 87.1 70.1 

a Residuals between the entirely independent new native p 3 
projection phases (Henderson etal. 1986) and phases cal- 
culated from maps reconstituted in the native p 3 unit cell 
from molecular densities taken out of the three separate 
original maps and from the averaged map 

resolution range 6 A  to 5.5 A are not statistically 
significant because of  the small number  of  spots for 
comparison, so we cannot assess the quality of  the 
D O C  phase information in this resolution range. 
However, we can be sure that the D O C  data are 
reliable to 6 A resolution. 

Figure 4e  illustrates the averaged structure of  
BR as it would appear  in the tr imer of  the native p 3 
form. The average map  is less noisy than the map  of  
the D O C  form seen from the same viewpoint in 
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Fig. 5. Surface representation of a single BR molecule, a The DOC-treated purple membrane structure. The surface represented is 
that of the second contour level of Fig. 4a. b The best current estimate of the structure produced by averaging the maps from the 
native p 3, orthorhombic and DOC-treated crystal forms. The surface represented is that of the first contour level in Fig. 4 e. The 
views in a and b are the same with helices 1 to 4 in the foreground and the cytoplasmic surface at the top. (A program written by 
G. Vigers was used to produce these pictures from the density maps) 

Fig. 4a.  A surface representa t ion o f  the averaged 
m o n o m e r  and a similar  view of  the m o n o m e r  deter- 
mined  f rom the D O C  crystal form are shown in 
Fig. 5. The resolut ion o f  the averaged m a p  is essen- 
tially only 6 A and no connect ions be tween helices 
are visible. But this m a p  provides  the mos t  reliable 
estimate o f  wha t  the structure looks like at this 
resolution. All the helices have similar density and 
there is no indicat ion that  helices 1 and 2 could be 
fl-sheet as suggested by Jap eta l .  (1983). Four  
strands o f  fl-sheet instead o f  two helices would  not  
have density concentra ted  into two rod-l ike features, 
but  would  have a lower density spread evenly 
th rough  the region. The  structure o f  BR is clearly 
best interpreted as seven t r ansmembrane  e-helices. 
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