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Abstract

Amino acid substitution tables are calculated for residues in membrane proteins where the side chain is accessible
to the lipid. The analysis is based upon the knowledge of the three-dimensional structures of two homologous
bacterial photosynthetic reaction centers and alignments of their sequences with the sequences of related proteins.
The patterns of residue substitutions show that the lipid-accessible residues are less conserved and have distinctly
different substitution patterns from the inaccessible residues in water-soluble proteins. The observed substitutions
obtained from sequence alignments of transmembrane regions (identified from, e.g., hydrophobicity analysis)
can be compared with the patterns derived from the substitution tables to predict the accessibility of residues to
the lipid. A Fourier transform method, similar to that used for the calculation of a hydrophobic moment, is used
to detect periodicity in the predicted accessibility that is compatible with the presence of an «-helix. If the puta-
tive transmembrane region is identified as helical, then the buried and exposed faces can be discriminated. The
presence of charged residues on the lipid-exposed face can help to identify the regions that are in contact with
the polar environment on the borders of the bilayer, and the construction of a meaningful three-dimensional model
is then possible. This method is tested on an alignment of bacteriorhodopsin and two related sequences for which
there are structural data at near atomic resolution.
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We remain unable to predict the three-dimensional struc-
ture of a protein from its amino acid sequence, even with
the help of the knowledge gained from an increasing num-
ber of experimentally determined structures. The predic-
tion of the structure of integral membrane proteins may
seem to be even further from our grasp because there are
still very few known structures for this class of proteins.
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However, membranes are essentially two-dimensional,
and as such they provide a powerful constraint upon the
arrangement of the elements that cross them. These ele-
ments are often a-helices where the need to form hydro-
gen bonds from all main-chain -NH and -CO functions
is easily satisfied (Engelman et al., 1986). There are fewer
ways that this can be achieved for 3-strands, though of
course membrane-buried 8-structures do exist (e.g., Wal-
lace, 1990; Weiss et al., 1991). Furthermore, transmem-
brane helices are likely to be approximately perpendicular
to the plane of the membrane and will therefore pack to-
gether in a parallel or antiparallel fashion (this again will
not always be the case as is evident from the work of
Kiihlbrandt & Wang [1991]).
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The structure prediction of a-helical membrane pro-
teins can often be viewed as a two-dimensional problem
for which four pieces of information are required:

1. The regions of sequence that form the transmem-
brane helices;

2. The basic topology of the transmembrane domain;

3. The side of each helix that faces the interior of the
helical bundle;

4. The relative depth that each helix is inserted into the
membrane.

The transmembrane regions can be identified from the
amino acid sequence by hydrophobicity and hydropathy
analysis or by proteolytic cleavage and chemical probe
methods (e.g., Jennings, 1989, for a review). The predic-
tion of the topology is more difficult, but because the
helices are likely to pack in a parallel or an antiparallel
manner, their possible arrangement is limited once the
number and the relative directions of the helices are
known. The number of candidates can be reduced further
using approaches such as that of Engelman et al. (1980).
In this paper we address the third and fourth require-
ments. This information makes it possible to construct
three-dimensional models and to predict the residues on
different helices that may mutually interact.

The structures of the photosynthetic reaction centers
provide the first high-resolution examples of integral
membrane protein structures. They include proteins from
both Rhodopseudomonas viridis (1IPRC, Brookhaven
Protein Data Bank; Bernstein et al., 1977) and Rhodobac-
ter sphaeroides (1IRCR) (Deisenhofer et al., 1984, 1985;
Chang et al., 1986; Allen et al., 1987a,b, 1988; Yeates
et al., 1987, 1988; Komiya et al., 1988), which are both
composed of three protein subunits: L, M, and H. The
L and M subunits both contain five transmembrane regions
and share a similar tertiary fold. They show sequence ho-
mology with other photosynthetic bacterial reaction cen-
ters, as well as with the D1 and D2 subunits of the
photosystem 11 complex of cyanobacteria, algae, and
green plants (Deisenhofer et al., 1985). The H subunit has
one membrane-spanning helix, but there is no equivalent
subunit in photosystem II.

Comparisons between the reaction center structures
and those of water-soluble proteins (Rees et al., 1989b)
have shown the expected difference in surface polarity
brought about by the large difference in their surrounding
environments. Despite this, the atomic packing and sur-
face area are similar in both classes of protein. Another
feature common to both membrane and water-soluble
proteins is that the surface residues are less conserved than
those in the interior (Smith, 1968; Chothia & Lesk, 1986;
Komiya et al., 1988). The comparison therefore suggests
that, although the surfaces of aqueous and membrane
proteins differ in polarity, their interior structure is sim-
ilar (Rees et al., 1989b). However, this is probably not the
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case for all membrane proteins, especially some ion chan-
nels that require very polar centers.

The differences between the substitution patterns of
surface and buried residues have been described for water-
soluble proteins (Overington et al., 1990, 1992). In this
paper we use alignments of sequences from proteins that
are homologous to the bacterial photoreaction center
structures, in order to calculate substitution tables for
those residues that are accessible to the lipid fraction of
the bilayer. We make the assumption that the mutational
properties of the internal residues in membrane proteins
will be similar to those calculated for aqueous proteins
(Overington et al., 1990, 1992). This is to avoid basing
the substitution tables for buried residues only upon the
reaction center fold, where many inaccessible residues
have specific structural and functional roles — for exam-
ple binding cofactors —unique to the fold and function
of this particular protein family. This assumption seems
reasonabie based upon the comparison described in Rees
et al. (1989b). We compare the substitution patterns of
lipid-accessible residues with those of buried and aqueous-
accessible residues in water-soluble proteins.

Previous workers have used Fourier transform meth-
ods to identify the periodic differences of hydrophobic
and hydrophilic residues in order to identify amphipathic
helices from sequences and sequence alignments (Eisen-
berg et al., 1984; Cornette et al., 1987; Bowie et al., 1990).
However, the difference in the hydrophobicity of buried
and exposed residues is less in membrane proteins com-
pared to water-soluble proteins (Rees et al., 1989a), and
therefore this method is less successful. Because buried
residues are more conserved than exposed residues in both
protein classes (Smith, 1968; Chothia & Lesk, 1986; Ko-
miya et al., 1988) the periodicity of conserved/variable
residues can also be used to predict the presence of heli-
ces (Komiya et al., 1988; Donnelly et al., 1989; Rees et al.,
1989a). In this method (Komiya et al., 1988), a variabil-
ity profile (V) is calculated from a sequence alignment
and used to calculate ¢, an index that is a measure of the
helical periodicity in the profile V. The V; elements of
this profile are defined by the number of different resi-
due types at each position j in the alignment. This pro-
vides a method that is independent of the hydrophobicity
procedure.

We use the substitution tables for buried residues
(Overington et al., 1990, 1992) and for lipid-accessible
residues (described below) to predict the orientation of the
seven helices in bacteriorhodopsin from an alignment of
three sequences. This is achieved using a modified version
of the standard Fourier transform method (described be-
low). The buried face of each helix is identified, and this
information is then used to predict the point at which the
helix makes contact with the aqueous environment at the
borders of the bilayer. The results are compared with
the structure of bacteriorhodopsin (1BRD; Henderson
et al., 1990) and also with the method described in Komiya
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et al. (1988) that we have modified to take into account
the effects of conserved lipid-facing proline residues.

Methods

Construction of substitution tables

The two L. and two M subunits from the reaction centers
from R. viridis and R. sphaeroides were aligned using the
alignment program COMPARER (Sali & Blundell, 1990),
which takes into account features of the three-dimen-
sional structures of the proteins being compared. The
aligned proteins showed between 28 and 58% pairwise se-
quence identity. We aligned the regions of the transmem-
brane helices that are within the lipid portion of the
bilayer (Yeates et al., 1987; Rees et al., 1989b) with the
equivalent sequences of five bacterial and cyanobacterial
reaction center sequences and also with 28 sequences from
the D1 and D2 subunits from photosystem II in green
plants (sequences extracted from the OWL database;
Bleasby & Wootton, 1990). Identical sequences within
each of the five alignments were removed. The single
lipid-spanning regions of the H subunits from the two
structures were aligned to give a sixth alignment. The
alignment for helix 2 is shown in Figure 1.

wnrfms W1iAsffMfvAVwsWwgR
rcem$rhovi WImAGlfMt1SLgswwiR
wnrfls WgiITiCAtgAFvsWalR
rcel$rhovi WgaItvCALgAFiSWm1R
rcem$Srhoca WQIASLFMAISVIAWWVR
rcem$rhocu WQIAGFFLTTSILLWWVR
rcem$chlau WLIATFFLTVSIFAWYMH
rcel$rhocu WQIITFSAIGAFVSWALR
rcel$chlau WOQMTVLFATIAFFGWMMR
psbas$horvu YELIVILHFLLGVACYMGR
psba$chlmo YQLIVCHFFIGICCYMGR
psba$chlre YQLIVCHFLLGVYCYMGR
psbaScyapa YQFVVMHFLLGVACYMGR
psb2$synp7 YQLVVFHFLIGVFCYMGR
psb1$synp7 YQLVVFHFLLGISCYMGR
psb2$syny3 YQLVVFHFLIGIFCYMGR
psba$fredi YQLVIFHFLLGCACYLGR
psba$euggr YQLIVCHFFIGICSYMGR
psbl$syny3 YQLNVFHFLIGIFCYLGR
f2pmd2 WTFVALHGAFGLIGFMLR
f2spd2 WAFVALHGAFALIGFMLR
f2rzd2 WIFVALHGAFALIGFMLR
psbd$chlre WAFVALHGAFGLIGFMLR
psbdS$synp7 WNFVALHGAFALIGFMLR

Fig. 1. Alignment of the sequences of helix 2 from the four structures
with the equivalent regions of 20 related sequences. The lipid-accessible
residues in the four structures are shown in lowercase. The codes for
identifying the sequences are those from the OWL protein sequence
database (Bleasby & Wootton, 1990).
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The percentage side-chain accessibility (a: Lee & Rich-
ards, 1971) was calculated for all residues in both struc-
tures from the intact L, M, and H complex, including the
cofactors. Those residues within the lipid region of the bi-
layer with @ greater than 7% (Hubbard & Blundell, 1987)
were considered as lipid accessible. The sequence of each
one of the four subunit structures was compared, in a
pairwise fashion, with each other structure and sequence
in the alignment. The substitutions observed for the lipid-
accessible residues were scored in a 20 x 20 matrix F’
composed of elements f}, that represent the frequency of
substitutions of the lipid-accessible residue type k to res-
idue type i; 3,853 residue substitutions were observed.

This frequency matrix was converted to a probability
matrix by dividing the frequency of each substitution by
the total number of substitutions observed for that par-
ticular residue type.

20
pic =Tk | 22 Sk 1)
i=1

The probability matrix P’ is composed of elements p, rep-
resenting the probability of the substitution of residue type
k to i. Standard errors were calculated as vx(n — x)/n3
(where x = the frequency of occurrence of an event and
n = sample size) to give errors that correspond to one
standard deviation.

The difference between the substitution patterns of
lipid-accessible residues and those residues buried in the
cores of water-soluble proteins (P?, from Overington
et al. [1992]) can be readily observed by calculating the
difference matrix (D?) (Table 1).

dillz(l = pill’c - pilk- )]

A difference probability greater than 0 indicates that the
substitution (from a residue & to residue ¢) is more likely
if residue type k is buried, whereas a value less than 0 in-
dicates a substitution more likely at a position exposed to
lipid.

The standard Fourier transform procedure

A property profile U is calculated so that a property U;
is assigned at each position j in a sequence or sequence
alignment over a window size N. The moment M can be
calculated as

N 2
M= [[ Ujsin(jw)] + [
i=1

J

N 23172
> U,-COS(jw)] } , 3
=1

Jj=

where w is the angle between adjacent side chains when
the sequence is considered as a regular structure and
viewed down an axis defined by the Co atoms. If the val-
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Table 1. Difference matrix calculated from the substitution tables for buried residues

in water-soluble proteins and for the lipid-accessible residues ®

D. Donnelly et al.

A C D E F G H I K L M N P Q R S T \Y w Y
A +274 —.005 +.027 +.088 —.071 +.040 +.012 +.013 +.019 —.039 +.0i0 +.046 —.165 —.032 +.013 —.016 —.036 —.009 —.126 +.032
C +.007 +.797 0 0 —.029 —.021 0 —.020 0 —.021 —.004 +.006 —.079 +.002 0 —.083 —.016 —.017 —.007 +.006
D +.007 0 +.755 +.039 +.002 +.006 +.005 +.008 +.019 +.002 +.002 +.144 +.005 +.011 0 +.016 +.009 +.007 0 +.006
E +.007 +.011 +.013 +.442 +.002 +.008 0 +.003 0 0 +.015 +.036 0 +.018 +.013 +.007 +.005 +.008 +.001 0
F —.062 —.048 +.001 +.007 +.313 —.132 +.023 —.094 0 -.032 —.059 +.014 +.020 —.010 +.006 —.064 —.137 —.090 —.052 +.070
G —.006 —.020 +.013 +.039 —.026 +.436 0 —.040 0 —.063 —.014 —.040 +.006 +.013 +.019 —.044 —.087 —.059 —.014 +.003
H +.005 0 +.001 0 —.039 +.003 +.722 +.004 +.019 +.004 +.005 +.044 +.005 +.059 +.006 +.012 +.002 +.005 +.006 +.013
I —.043 —.037 +.015 +.025 —.082 —.189 +.008 +.132 +.028 +.024 +.026 —.083 +.015 +.006 +.006 —.032 —.008 +.026 —.103 —.359
K +.012 +.010 +.001 +.004 +.003 +.005 +.002 +.004 +.462 +.004 +.006 +.020 +.016 +.013 +.144 +.009 +.009 +.004 0 +.003
L —.186 —.287 +.004 +.049 +.031 —.123 +.030 —.020 +.009 +.273 +.073 —.105 +.021 —.094 +.045 —.122 —.138 —.096 —.033 +.021
M —.033 —.012 +.002 +.039 —.001 —.054 +.016 —.001 0 +.028 +.044 —.067 +.001 +.059 0 —.006 —.018 +.008 —.121 —.018
N +.012 +.002 +.083 +.014 +.003 +.002 +.025 +.003 0 +.003 +.006 +.386 +.014 —.035 +.006 +.025 +.013 +.004 +.004 —.026
P —.026 +.003 +.005 0 —.048 +.013 +.003 +.007 +.028 +.002 +.00 +.022 +.053 +.011 +.006 +.010 +.019 +.007 0 +.003
Q +.014 +.010 +.007 +.092 +.002 +.010 +.036 +.002 +.057 —.034 +.032 +.018 +.001 —.035 +.104 +.003 +.003 +.007 +.005 +.004
R +.009 +.009 0 +.042 +.005 +.004 +.012 +.004 +.311 +.003 +.002 0 +.003 +.032 +.612 +.010 +.003 +.004 +.002 +.005
S —.054 —.243 +.017 +.032 —.034 +.038 +.018 —.034 +.009 —.057 —.021 —.010 +.020 +.017 0 +.359 +.073 —.001 —.013 +.007
T +.001 —.100 +.013 +.004 —~079 +.003 +.008 —.060 +.019 —.074 —.147 —.162 +.040 —.079 +.006 +.015 +.315 —.050 —.017 —.157
V. +.071 —.094 +.026 +.067 +.028 —.042 +.046 +.099 0 +.040 +.020 —.301 +.016 +.027 +.013 —.093 —.016 +.278 —.097 —.029
W —.011 +.002 +.005 +.004 —.036 —.009 +.008 —.019 0 —.066 —.015 +.004 0 +.004 0 —.005 —.006 —.049 +.605 —.057
Y +.002 +.003 +.012 +.014 +.057 +.001 +.026 +.010 +.019 +.005 +.020 +.028 +.008 +.013 0 —.004 +.011 +.014 —.04l +.472
2 Positive values represent substitutions more likely for buried residues.

ues of Uj; represent the hydrophobicities (/) of the res- 120°

idues, then M is the hydrophobic moment (; Eisenberg (1730) 90° P(w) do

et al., 1984). AP = 507 (8

When calculating the periodicity in the values of Uj, (1/180) P(w) dw
0

the Fourier transform power spectrum is calculated by

P(w) = [x]* + [y]% “)
where
N
x = 2, Ul sin(jw), (%)
j=1
N
y=> U cos(jw), 6
Jj=1
and where
Up=U-0 (j=12...,N). 0

U is the average value of U; over the window. U" is there-
fore a normalized version of the profile U adjusted so that

~, U = 0and hence U” = 0. The new profile U” con-
sists of elements U/ in which the periodicity in internal/
external residues is predicted by the periodicity in posi-
tive/negative values (or negative/positive values) of U].
This results in cleaner power spectra (since P(w) = 0 when
w = 0) so that the alpha periodicity index AP can be cal-
culated as

AP is analogous to ¢ used in Komiya et al. (1988) and to
the amphipathic index Al used in Cornette et al. (1987)
(although the precise boundaries of the helical regions of
the power spectrum differ in the latter). AP is a ratio of
the extent of the periodicity in the helical region of the
spectrum compared with that over the whole spectrum,
Komiya et al. (1988) suggest that a value of AP greater
than 2 indicates that the helical periodicity is significant.
This suggests the presence of a helix within the window
of sequence used, but it is difficult to predict the precise
start and finish of the helix.

The direction of the internal face of a predicted helix
can be estimated from the direction of the moment v P(w)
when w = 100°. This is the moment produced by the pro-
file U” when the sequences form an ideal «-helix. @ is the
angle describing the direction of the moment relative to
the first residue (j = 1). 6 can be calculated by

v = arccos[ y/VP(w)], )
where v is greater than 0° and less than 180°.
¥, if x > 0;
6= (10)
360 — v, ifx<.
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Modifications to the standard Fourier
transform procedure

Although the detection of periodicity is increased by nor-
malizing U to U” (Equation 7), there are still potential
problems that can distort the value of AP in certain situ-
ations. Because this may result in a value of AP below the
limit of significance (2}, we have included three modifi-
cations to the above method in order to reduce the occur-
rence of such distortions. The modifications result in a
clearer detection of the periodicity in the profile U, be it
helical or otherwise. This not only results in a more reli-
able detection of helical regions but also results in a more
reliable value of 6 because this value is only meaningful
if the helical periodicity is significant.

Treatment of outliers

The first potential problem is caused by one or more
unusually high or low value of U;. For example, such a
situation may occur when U; represents the variability
profile V; (Komiya et al., 1988) and where one particular
position is completely conserved (say for a functional pur-
pose) in an otherwise highly divergent family of sequences.
We refer to these high or low values of U; as outliers and
identify them as those values of U; where |U — U;| >
| U — 20| (o = the standard deviation in the elements of
U). These outliers need to be smoothed because they
can distort the value of AP and so mask the underlying
periodicity.

This situation is depicted in Figure 2A where a profile
U is plotted with the average value U = 0 (left). The power
spectrum for this profile is shown on the right where
AP = 2.15. The dashed lines parallel to the x axis repre-
sent the boundaries of 20, and the dashed line through the
points represents the best least-squares fitted line. U; at
position j = 4(U,) is an outlier, which causes the average
value U to be higher than it would otherwise be. The pro-
file U is smoothed to give U~ in which the outlying val-
ues U; are adjusted to U; by

Us = (11)

Unae if U > U,
Unin if U< U,

where

Unax = max[U;]  for each |U— U;| < |U - 24| (12)
and

Unin = min[U;] for each |U— U;| = |U - 20|. (13)
in the example, Uy is given the value of U, because this
is the highest value of U; within the bounds of 2¢. Equa-

tions 4~8 can then be used with this smoothed profile U}
(Fig. 2B; left) to recalculate the power spectrum and AP
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(right). The periodicity about the average value is more
visible with the smoothed values, and AP is increased
to 3.41.

Treatment of ramps

A second improvement can be made to the procedure.
It is evident from Figure 2B (left) that the best least-squares
fitted line through the points U7 (dashed line) is not par-
allel to the x axis (i.e., it is ramped). The best least-squares
fitted line through the elements represents the midpoint
of U’ more accurately than the average value U*. Be-
cause we are actually calculating the periodicity about the
average value (due to Equation 7), the elements of U*®
are adjusted to give the profile U#* for which the gradi-
ent of the best least-squares fitted line is zero (Fig. 2C;
left). The average value and the best least-squares fitted
line are therefore equivalent. The profile U#° is used in
the same way as U to calculate a new power spectrum
(Fig. 2C; right) using Equations 4-8. This procedure re-
moves trends in the data that may produce spurious low
frequency peaks in the power spectrum that can decrease
AP and so may mask the helical periodicity. The profile
U# has an improved value of AP = 3.71,

Therefore in our method, U (for each window of the
sequence alignment) is first smoothed to U®, which is
then adjusted to give U#°. The periodicity in this profile
can then be calculated using Equations 4-8. Equation 7
converts the profile U# to U”¢, which has an average
value of zero. The elements U["*’ represent the extent to
which the residue at position j is likely to be buried and
it is the periodicity in these values that we use to predict
helices.

Modification to variability method

There is a possibility that a proline may be conserved
on the lipid-facing side of a transmembrane helix (possi-
bly to maintain a bend; Barlow & Thornton, 1988) and
hence the Fourier transform of Komiya et al. (1988) will
be disrupted because it assumes conserved residues are
buried. Therefore, if a position in a sequence alignment
contains a conserved proline, we use a slightly modified
version of the method described in Komiya et al. (1988)
by adjusting the profile V so that

V= V-PRO (14)
where ¥ ~FRO is the average value of V; for all positions
in the window excluding ihat of the conserved proline.
Using this new value of V,

yPRO = 7, (15)

where VRO is the new value of V; at the position of the
conserved proline. Thus a conserved proline does not bias
P(w) because VFR® — ¥ = 0. This procedure is also car-
ried out when C; (C; = 21 — V) is being used.
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In many cases these three modifications to the standard
Fourier transform method will have little or no effect on
the value of AP because there may be no outliers or con-
served prolines, and the gradient of the profile may be
close to zero. However, in the cases when any of these sit-
uations result in a low value of AP, the method is still able
to detect the underlying periodicity. It should be noted
that the modifications do not necessarily boost the value
of AP, but rather they make the periodicity in U clearer,
whether or not this is typical of a helix.

Appiication of the Fourier transform method

We use the substitution tables to predict whether a posi-
tion in a sequence alignment is buried or exposed. Using
the difference matrix D¥ described above (Table 1), the
difference probability profile S (composed of elements
S;) is calculated. S; is the average value of the difference
probabilities for all pairwise substitutions at each position
j in the alignment. Therefore, for an alignment of y se-
quences, there are y( y — 1) pairwise substitutions possi-
ble. However, sequences that are identical over the
window being used are included only once.

For a window of length N over the sequence alignment,
the periodicity in the values of S; can be calculated using
the Fourier transform procedure described above. We use
a window range of 7-12 residues to test the method on a
sequence alignment of bacteriorhodopsin and two related
proteins. The values of AP and y quoted for each helix
are the best values obtained within this window range.
This optimal window (W,,,,) is used to calculate 8, and
the entire transmembrane helix is constructed based upon
the phase of this region. Once the lipid-facing side of the
helix has been identified, the point at which this face con-
tacts the more polar environment of the phosphate head
groups and surrounding aqueous solution can be esti-
mated by the point at which charged residues appear on
this side of the helix. Charged residues should not be
present on the lipid-facing side of a transmembrane helix.

The results of a prediction can be tested by comparing
the value of @ calculated from the profile S (or H, V, C)
in the prediction, with 8 calculated from the percentage
side-chain accessibilities (@) computed from the known
structure. A profile I is calculated from the structure and
consists of elements I; where I; = — a for the residue at
position j. The direction of the moment calculated from
I indicates the internal side of the helix using information
derived from the structure of the protein.

We have developed a suite of FORTRAN programs,
PERSCAN, that can be used to search for helical period-
icity in sequence alignments and predict the internal face
of any helix found. Substitution tabies (S;), hydropho-
bicity scales (H;), variability (¥;), conservation (C;) or
accessibility profiles (/;) can be used in the programs so
that the results of each method can be compared.

D. Donnelly et al.
Results and discussion

Lipid-accessible substitution tables

The substitution patterns for each type of amino acid
when buried (water-soluble proteins), aqueous-accessible,
and lipid-accessible are shown in Figure 3. The patterns
for lipid-accessible residues are based on 3,853 pairwise
substitutions and show that they are less conserved than
the equivalent buried residues in water-soluble proteins,
as indicated by the predominantly positive values on the
diagonal in Table 1. There are no charged residues (Asp,
Glu, His, Lys, Arg) on the lipid-facing side of the 22
helices of the reaction center structures used in this anal-
ysis. Moreover, the sequence alignments show that un-
charged residues that face the lipid in one of the structures
are very rarely substituted by charged residues in related
sequences.

The statistical significance of the results for the lipid-
facing residues depends on the residue type as indicated
by the error bars in Figure 3. The results for Cys, Asn,
Pro, Gln, and Tyr are the least significant because they
rarely occur on the lipid-facing side of the helices in the
structures available. The more abundant hydrophobic res-
idues (Phe, Ile, Leu, Val, Trp) give more reliable substi-
tution patterns. As more structures of membrane proteins
become available, the tables will become more general
and hence more significant.

The substitution tables show distinct patterns depend-
ing on the environment. For example, buried isoleucine
residues are usually conserved, but when they are substi-
tuted, it is usually by valine or leucine. Solvent-accessible
isoleucine residues are less conserved, and although valine
and leucine are still the most probable substitutions, there
is a general increase in the probability of substitutions to
nearly all the other amino acid types. In the case of lipid-
accessible isoleucine residues, there is still a reduction in
the conservation but there is not a general increase in sub-
stitutions to other amino acids but rather an increase only
in substitutions by uncharged residues. This reduction in
the conservation and the absence of substitutions by
charged residues is typical of the substitution patterns for
lipid-facing residues. Therefore, a conserved charged res-
idue generally has a greater effect on 0 than a conserved
uncharged residue. This adds an extra dimension to the
method of Komiya et al. (1988), which only considers
variability and assumes that each residue type is equiv-
alent.

Prediction of bacteriorhodopsin helices

The structure of bacteriorhodopsin has been defined using
high-resolution electron cryomicroscopy (Henderson et al.,
1990). Bacteriorhodopsin has seven transmembrane he-
lices, each with one side buried and the other side exposed
to the lipid, and hence it provides an appropriate test for
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Fig. 3. A-T: Individual substitution tables for buried, solvent (water)-accessible, and lipid-accessible residues. Buried residues
tend 1o be more conserved than both solvent-accessible and lipid-accessible residues. Lipid-accessible residucs tend to rarely sub-
stitute to charged residues. (Figure continues on next three pages.)
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the Fourier transform procedure described above. Bac-
teriorhodopsin is homologous to two other proteins
found in halobacteria: halorhodopsin and sensory rho-
dopsin. An alignment of these three protein sequences can
be found in Henderson et al. (1990).

The alignment of the seven transmembrane helices was
used in the test of the prediction method outlined above,
and the results are summarized in Tables 2 and 3. The
Fourier transform method used in Komiya et al. (1988)
(i.e., without the three modifications described above),
using a single scanning window size of 18, detected only
four of the seven helices. However, the use of a variable
window size (7-12) and the three modifications results in
the detection of all seven helices. This is also the case
when profile S is used.

A comparison of the direction of the moment calcu-
lated from the substitution tables (S) with that calculated
from the side-chain accessibilities (/) shows that the in-
ternal side of each helix is correctly predicted. Again, the
results are similar to those obtained using variability
(V). The worst result obtained was for helix 5, where the
difference in the directions of the moments was 52° using
S; and 39° using V.

Figure 4 shows data for helix 7 in more detail. The
alignment of the three sequences is shown in Figure 4A,
and the optimal window is indicated by the dashed line.
The Fourier transform calculated from 7 (Fig. 4B; left)
shows a strong peak at about 100° with AP = 4.10, and
this is similar to the Fourier transform calculated using S,
which has a value of AP = 3.42 (Fig. 4B; right). The val-
ues of 7 and S/ can be plotted for each residue as
vectors in the form of a helical wheel with 3.6 residues
per turn. The vector wheels for helix 7 are shown in Fig-
ure 4C for I7# (left) and for $/*° (right). The vector for
the first residue in the window is plotted at 12 o’clock and

Table 2. Alpha periodicity (AP) indices ®

Helix 6 (if) (iii)
1 1.02 3.04 2.52
2 2.37 3.88 3.21
3 3.50 3.79 3.72
4 3.88 3.89 3.65
5 1.60 3.28 3.72
6 2.59 4.32 3.77
7 1.24 2.90 3.42

2 AP (Equation 8, see text) calculated from the alignment of each of
the seven helical regions using (i) the profile V, a fixed scanning win-
dow size of 18, and the standard Fourier transform approach of Komiya
et al. (1988); (ii) the profile V, a variable scanning window size of 7-
12, and the three modifications described in the text; (iii) the profile S,
a variable scanning window size of 7-12, and the three modifications
described in the text. The modified method results in the detection of
all seven helices, whereas the original approach detects only four. The
values calculated using the substitution tables (S;) are comparable with
those calculated from variability (V).

D. Donnelly et al.

Table 3. Difference (in degrees) between the
direction of the internal face of the predicted
helices (from profiles V and S) and that
calculated from the structure (profile I) 2

Helix Vv S
1 16 14
2 26 42
3 11 30
4 16 9
5 39 52
6 13 S
7 13 2

2 The correct face of each helix is predicted, and the two prediction
methods give comparable results.

the remaining vectors are plotted clockwise at 100° inter-
vals. The sum of these vectors when w = 100 gives the mo-
ment VvP(w). The helical wheels (Fig. 4D) indicate the
direction of this moment, which represents the internal
face of the helix. The difference between the direction of
the moment calculated from the side-chain accessibility
(profile I; left) and that from the prediction (profile S;
right) provides a crude measure of the accuracy of the pre-
diction. In this case the moments differ by less than 2°,
and the chromophore binding lysine (K-216) is clearly po-
sitioned on the inside face of the helix.

The helical wheels can be plotted in a vertical fashion
as shown in Figure 4E so that the horizontal lines project-
ing from the sequence represent the extent to which that
position is buried in the core of the protein. Horizontal
lines to the right indicate buried positions and lines to the
left indicate exposed positions. The window that results
in the optimal value of AP is indicated by solid lines and
capital letters. The asterisks (%) represent positions where
there is at least one charged residue in the alignment, and
these should be absent from the lipid-facing side of the
helix unless they are able to contact the phosphate head
group region of the bilayer or the aqueous environment
outside the membrane. Figure 4E shows the vertical he-
lical plot for helix 7 calculated from profile I (left) and
profile S (right), and it can be seen that although there are
charged residues on the buried face of the helix, there is
an absence of charged residues over a region of 21 resi-
dues on the lipid-facing side. This charge-free region can
be used to identify the membrane-buried portion of trans-
membrane helices and the points at which they reach the
more polar regions at either side of the membrane.

The orientation of each of the seven helices in bacte-
riorhodopsin was predicted and because in this case the
topology of the protein is known, the predictions were
used to place the individual helices into an approximate
representation of the protein fold. Figure SA shows the
seven predicted helices arranged in an antiparallel fash-
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Fig. 4. A: Alignment of helix 7 from bacteriorhodopsin (br) with the equivalent regions in halorhodopsin (hr) and sensory rho-
dopsin (sr). The dashed line indicates the optimal window (range = 7-12) that produced the highest value of AP in the predic-
tion. B: Optimal power spectrum calculated from 7; (left) and S; (right) using a range of 7-12 for the window size. The prominent
peak near 100° in both spectra indicates that this region is helical. C: Individual vectors I/ plotted as a helical wheel (left).
The vectors point to the inside face of the helix, and this is compatible with that calculated from §*° (right). D: Helical wheel
of helix 7. Residues within the optimal window are shown in uppercase. The arrow corresponds to the direction of the sum of
the individual /"*° (left) and S/'®° (right) vectors and represents the predicted internal face of the helix. E: Vertical representa-
tions of the helical wheels in Figure 4D. The N-terminal end of the helix is at the top, and the horizontal lines represent the ex-
tent to which that residue is buried or exposed. Lines to the right indicate buried residues, whereas lines to the left represent
exposed residues. The residues in the optimal window (W ,.,) are in uppercase with solid horizontal lines.
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<

C

Fig. 5. A: The seven helices individually arranged in an antiparallel fashion with the predicted internal faces of each helix point-
ing to the interior of the bundle. The internal faces are compatible with those in the structure shown in B. Only eight residues

are shown for clarity.

ion with the predicted inside face of each helix on the in-
terior of the bundle. Only eight residues are shown for
clarity, but the position of the remaining residues can be
found by extrapolation. Figure 5B and Kinemage 1 show
the equivalent residues in the bacteriorhodopsin structure.
It can be seen that the prediction of buried and exposed
residues from the sequence alignment correlates well with
the structure.

Conclusions

Because only one protein family of transmembrane heli-
ces was available to generate the substitution tables for
lipid-facing residues, we have made the assumption that
the substitution pattern for residues in the core of mem-
brane proteins will be similar to those of the buried resi-
dues in water-soluble proteins. This is necessary because
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the substitution tables for buried residues from the reac-
tion center will be biased by the constraints unique to its
fold and function. For example, many residues in the re-
action center core are important in packing the cofactors
into a specific orientation necessary for electron transport
across the membrane. The lipid-facing residues are less
likely to be biased in this way because they are less impor-
tant to the specific packing and function. Their primary
role, to solubilize the protein in the lipid bilayer, is likely
to be similar in other membrane proteins.

It is difficult to assess fully the accuracy of the method
because there are so few membrane proteins with known
structures. Bacteriorhodopsin provides the only suitable
test case. Although the side-chain accessibilities are likely
to be inaccurate (because the present structure is deter-
mined at only medium resolution), they are probably cor-
rect in general and are suitable for use in determining the
internal face of each helix using the profile /. Only three
sequences are available for this protein family, which also
adds to the difficulty in using substitution tables to pre-
dict periodicity. However, despite these problems, the
predictions show good agreement with the available struc-
ture and with a related prediction method using variabil-
ity. The modifications to the Fourier transform method
provide an increased chance of detecting the underlying
periodicity and these can be applied to other related
methods.

Because there are now many sequences available for
membrane proteins, this method provides a useful way of
predicting the position and orientation of helices in trans-
membrane regions. If the inside face of each helix is pre-
dicted and the depth to which the helices are buried in the
membrane with respect to each other is known, then it is
possible to construct useful three-dimensional models of
the helical arrangement. This approach has been used to
carry out a detailed modeling study on the family of G
protein-coupled receptors and of bacterial light-harvesting
proteins that will be published elsewhere (D. Donnelly,
unpubl.).
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