J. Mol. Biol. (1992) 225, 487494

Membrane Protein Structure Prediction

Hydrophobicity Analysis and the Positive-inside Rule
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A new strategy for predicting the topology of bacterial inner membrane proteins is proposed
on the basis of hydrophobicity analysis, automatic generation of a set of possible topologies
and ranking of these according to the positive-inside rule. A straightforward
implementation with no attempts at optimization predicts the correct topology for 23 out of
24 inner membrane proteins with experimentally determined topologies, and correctly
identifies 135 transmembrane segments with only one overprediction.

Keywords: membrane protein; protein structure; prediction

1. Introduction

The prediction of protein structure from sequence
is a central problem in molecular biology. For
globular proteins, even secondary structure predic-
tion is fraught with difficulties and not very reliable
(Kabsch & Sander, 1983); however, recent progress
in the field of membrane protein assembly and
folding has fuelled hopes that a solution to the
folding problem may be within reach for this impor-
tant class of proteins (von Heijne & Manoil, 1990).

The basic structural building-block in plasma
membrane proteins of both prokaryotic and eukary-
otic cells is the apolar, often slightly amphipathic,
transmembrane a-helix (Jennings, 1989; Pattus,
1990), and the arguably most important event
during the biogenesis of an integral membrane pro-
tein is the insertion of its transmembrane
segment(s) into the lipid bilayer. Once this has been
accomplished, the basic topology of the molecule is
defined. What then remains is for the trans-
membrane helices to assemble into a membrane-
embedded helix bundle and for the polar segments
exposed outside the bilayer to fold into their proper
tertiary structure. It should be noted that the situa-
tion may be very different for outer membrane
proteins in Gram negative bacteria, where the cano-
nical structural principle is that of a large, antipar-
allel f-barrel rather than a helical bundle (Jeanteur

et al., 1991; Weiss et al., 1991); this latter type of

protein will not be considered further here.
Thus. at least for multi-spanning (polytopic)
membrane proteins with most of their mass buried
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within the bilayer in the form of transmembrane
helices, the insertion event is decisive. For structure
prediction, this means that a good part of the
problem is solved if the transmembrane organiza-
tion of the chain can be effectively calculated from
the amino acid sequence. At the present state of the
art, this is best attempted using some method of
hydrophobicity analysis, where the amino acid
sequence is scanned to locate segments rich in
apolar residues. Typically, such an analysis will
identify some segments of such high average hydro-
phobicity that they can be considered ‘“‘certain”
transmembrane segments, but will also produce one
or more candidate segments of intermediate average
hydrophobicity that cannot be confidently
predicted as transmembrane.

Clearly, the ultimate hydrophobicity analysis
method would be able to discriminate perfectly
between transmembrane and non-membrane
segments in any protein chain; this might be accom-
plished by better algorithms and better hydrophobi-
city scales. Here, however, 1 suggest a
complementary approach: to ‘‘bootstrap” the
output from a standard hydrophobicity analysis by
a subsequent step of charge-bias analysis that ranks
all possible structures on the basis of their confor-
mity with the positive-inside rule; ie. on the
observation that positively charged amino acids are
manifold more abundant in cytoplasmie, as
compared to periplasmic, segments of integral
membrane proteins (von Heijne, 1986; von Heijne &
Gavel, 1988; Gavel et al., 1991) and that positively

charged residues can be used to manipulate the
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L=2n+1i

Figure 1. Sliding window used in the hydrophobicity
analysis. For a given window-position, the hydrophobi-
city value &; for each residue in the window is multiplied
by the corresponding window-weight, w;, and the sum
over the window is taken. w; is given by w; = {i/S for
I1<i<n—g+1; (mn—g+1)/S for (n—g+1)<i<{n+g+1)
(2rn+2-0)/S for (n+q+1)<i<2n+1}, where 8=
(1+n)2—¢?* is a normalization factor to make.

2n+1

Z w;=1
i=1

In the calculations reported here, n = 10 and ¢ = 5.

topology of such proteins (Boyd & Beckwith, 1990;
Dalbey, 1990; von Heijne & Manoil, 1990). As
shown below, this strategy leads to a considerable
improvement in prediction accuracy, at least for
bacterial inner membrane proteins.

2. Methods
(a) Collection of sequence data

Twenty-four bacterial inner membrane proteins of
known sequence and with experimentally well-character-
ized topologies were collected from the literature (Table
1). In most cases, the topology has been determined by
fusion protein analysis (Manoil & Beckwith, 1986).
Although this method seems to be a very reliable way of
obtaining topological information, it should be kept in
mind that the 3-dimensional structure has been deter-
mined for only 3 of the proteins listed in Table 1, namely
bacteriorhodopsin, and the recation center L and M
subunits.

(b) Hydrophobicity analysis

Hydrophobicity analysis was carried out using the
GES-scale (Engelman et al., 1986) and a trapezoid sliding
window composed of a central, 1l-residue rectangular
section and 2 flanking wedge-like sections, each 5 residues
long (Fig.1). This window-shape was chosen to combine
the favorable noise-reduction of a triangular window
(Claverie & Daulmiere, 1991) with a physically more
realistic rectangular window representing the central
apolar part of a lipid bilayer. In this way. one obtains a
physically reasonable, soft transition from the apolar
interior to the polar surface of the membrane.

From the hydrophobicity profile, candidate trans-
membrane segments were extracted automatically by a
procedure that 1st identifies the highest peak, records its
average hydrophobicity (H ), and removes the part of the
profile that corresponds to the 21 residues in this segment.
This is repeated until either no stretch longer than 20
residues remains, or until no peak higher than the lower
cutoff ((H)» = 0-5) remains. All peaks with {(H)»>1-0 are
considered ‘‘certain” transmembrane segments, and all
with 0-5 <{H) <10 are considered putative candidates.
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Figure 2. Peak-height distributions derived from
hydrophobicity analysis of 92 bacterial inner membrane
proteins ([1), 25 periplasmic Escherichia coli proteins (@),
and the 135 transmembrane segments identified in the 24
bacterial inner membrane proteins discussed in the text

().

These cutoff values were chosen on the basis of an initial
analysis of the bimodal peak-height distribution for the
whole sequence sample obtained with no cutoffs (Fig. 2:
see von Heijne, 1986).

Finally, all possible topologies that include the certain
transmembrane segments and either include or exclude
each of the candidate segments were automatically gener-
ated, and the difference in the number of positively
charged amino acid residues (Arg and Lys) between the 2
sides of each structure was calculated. If the penultimate
N-terminal amino acid was neither Arg, Lys, Leu, Phe nor
Ile (i.e. residues that block f-Met removal in prokaryotes
(Flinta ef al., 1986)), an additional positive charge repre-
senting the free N-terminal amino group was added to the
1st polar segment. Polar segments longer than 70 residues
were not included in the charge-bias calculation, since
their content of charged residues does not seem to be
dependent on their cytoplasmic or periplasmic location
(von Heijne & Gavel, 1988). The possible topologies were
then ranked in decreasing order of charge bias, and their
orientation was predicted as the one with the more highly
charged side facing the cytoplasm. A program called
TOP-PRED (TOPology PREDiction program. written in
THINK Pascal for Macintosh computers) implementing
these steps is available upon request.

3. Results

(a) The positive-inside rule holds for all exposed
loops in bacterial inner membrane proteins

The positive-inside rule was originally suggested
by the observation that positively charged amino
acid residues (Arg and Lys) are much more abun-
dant in cytoplasmic as compared to periplasmic
regions of bacterial inner membrane proteins {von
Heijne, 1986), and has since been confirmed by a
number of experimental as well as further statistical
studies (von Heijne, 1989; Boyd & Beckwith, 1990,
Dalbey, 1990; Nilsson & von Heijne, 1990; von
Heijne & Manoil, 1990). However, to be able to
make use of this rule for prediction purposes, it was
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Table 1
Membrane segments identified by hydrophobicity and charge-bias analysis
Membrane Segment Charge
Protein segments category?t bias} Reference
Bacteriorhodopsin 2242 c+ —2.0. +3 Henderson et al. (1990)
57-11 c+ —5*
96-116 t+
119-139 c+
151-171 ct+
189-209 e+
217-237 t+
ColA immunity 17-37 c+ +4* Geli et al. (1989)
protein 72-92 c+
104-124 c+
143-163 c+
('olE]l immunity 6-26 c+ —h, +7* Song & Cramer (1991)
protein 37-57 t+
90-110 c+
(yvoA 9-29 c+ +7* Chepuri & Gennis (1990)
46-66 c+
88-108 c+
Cvol3 16-36 c+ —16*, +6. Chepuri & Gennis (1990)
57-77 c+ -6, —4
105-125 c+
143-163 c+
194-214 c+
235-255 c+
265-285 t—
286-306 c+
313-333 c+
342-362 c+
380400 c+
421-441 c+
456-476 c+
494-514 c+
539-559 t—
590-610 c+
611-631 c+
Cyol! 35-55 e+ +6* Chepuri & Gennis (1990)
71-91 e+
97-117 c+
145-165 c+
184-204 c+
CyoD 19-39 c+ +3* Chepuri & Gennis (1990)
40-60 c+
78-98 c+
CyvoE 11-31 c+ +19* Chepuri & Gennis (1990)
36-56 c+
85-105 e+
107-127 c+
133-153 c+
160-180 e+
208-228 e+
231-251 e+
264-284 c+
CytB-558 12-32 c+ +4* Fridén (1989)
60-80 c+
93-113 e+
137-157 c+
178-198 c+
LacY 7-27 e+ +9, +17* Calamia & Manoil (1990)
45-65 c+
78-98 e+
102-122 e+
145-165 c+
167-187 e+
219-239 c+
263-283 c+
291-311 c+
315-335 t+
349-369 e+
382402 c+
Phage M13 procoat 5-25 c+ +6* Kuhn et al. (1986)

protein 44-64 c+
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Table 1
Contd.
Membrane Segment Charge
Protein segments categorv?t bias} Retference
MalF 17-37 c+ +11*% +8 Froshauer ef al. (1988)
39-59 ¢+
72-92 c+
276-296 c+
319-339 ¢
346-366 t -
372--392 o+
417 437 o+
484-504 et
Phage pf3 coat 17 37 ¢4 —1* Rohrer & Kuhn (1990)
protein
Lep 2-22 ¢ —8, =2 Moore & Miura (1987)
60--80 e+
83-103 c—
254-274 t—
Lsp 4-24 e+ — b, +3* Munoa et al. (1991)
69--89 o+
94-114 t+
139-159 e+
Light-harvesting 20440 o+ +4* Drews (1985)
complex LH1
Light-harvesting 25-45 o4 +1* Drews (1985)
complex LH2
Reaction center 2949 ¢+ +8* +2 Michel et al. (1986)
complex
L-subunit 83-103 o+
114-134 e+
135-155 t—
174 194 c+
232252 ¢+
Reaction center 54-T74 “+ +9* 43 Michel et al. (1986)
complex
M-subunit 109-139 ¢+
144- 164 e+
170-190 t—
199-219 ¢+
166-286 o+
Seck 16--36 “+ +6* Schatz et al. (1989)
45-65 ¢+
91 -i11] “+
SecY 23-43 4 +26% +8 Akivama & Tto (1987)
75--95 ¢+
122--142 ¢+
155-175 e+
184-204 «+
217-237 e+
271-291 ¢—
292312 ¢+
317-337 ¢+
371- 391 c+
397417 ¢+
TetA 727 ¢+ +13* Fekert & Beck (1989)
42-62 o+
81 101 «+
102-122 o+
133-153 o+
159179 ¢+
201-221 e+
240 260 ¢+
276-296 e+
298318 ¢+
337-357 ¢+
369-389 ¢+
UhpT 25-45 4 +27% Lloyd & Kadner (1990)
59-79 o+
97-117 o+
118138 e+
167 IRT Cc+

190-210 ¢+

aro amo
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Table 1
Contd.
Membrane Segment Charge
Protein segments category?t bias{ Reference
299-319 e+
326-346 [
351-371 c+
405-425 e+
427-447 c+
Unek 11-31 c+ — 2% Deckers-Hebestreit &
59-79 c+ Altendorf (1986)
te. certain; t. tentative; 4+, a membrane segment present in the known structure; —, a membrane

segment not present in the known structure.

{The total difference in the number of Arg+ Lys residues between the 2 sides of the structure for all
possible topologies generated as described in Methods are given, with the value corresponding to the
known topology marked with an asterisk. Positive values correspond to topologies where the N
terminus is predicted to be cyvtoplasmic. negative values to topologies predicted to have the N terminus

facing the periplasm.

important to establish that it holds for all segments
of a transmembrane protein, and not just for the
N-terminal or (-terminal ends, say.

To this end, 24 bacterial inner membrane proteins
of known sequence and with experimentally
mapped topologies were analyzed (see Table 1). For
each protein, the number of Arg and Lys residues in
each cytoplasmic and periplasmic segment was
recorded, and the counts were pooled according to
the position of the segment (counting from the N
terminus) and its cytoplasmic or periplasmic loca-
tion. As shown in Figure 3, the bias in the distribu-
tion of Arg+ Lys is equally strong throughout the
sequences; 1.e. all cytoplasmic loops have a similarly
high content (~159,) whereas all periplasmic loops
have a low content (~59,). It is thus clear that all
parts of a multi-spanning inner membrane protein
conform to the positive-inside rule.

(b} The positive-inside rule can be used to improve
the prediction of transmembrane seqments

Since the positive-inside rule apparently applies
to any part of a bacterial inner membrane protein.
it should provide a strong criterion for testing
whether a putative transmembrane topology is
likely to be correct or not. One is thus led to
consider the following procedure. First, make a list
of all possible transmembrane segments in the pro-
tein based on some standard method of hydrophobi-
city analysis and a liberal cutoff criterion; second.
decide which of these candidates are certain and
which must be regarded as tentative based on a
more stringent cutoff criterion; third, construct all
possible transmembrane structures always including
the certain candidates but either including or
excluding each of the tentative segments: and
fourth, rank these structures according to their
degree of bias in the distribution of positively
charged residues. The rationale behind the last step.
is that any structure with an incorrect number of
transmembrane segments would have one or more
polar domains placed on the wrong side of the

membrane, and hence would be likely to have a
smaller charge bias than the correct structure.

As an example, consider the LacY protein, which
is known to have a cytoplasmic N terminus followed
by 12 transmembrane segments (Calamia & Manoil,
1990). The hydrophobicity plot shown in Figure
4(a). predicts 11 certain segments and one putative
candidate. Thus, two topologies can be generated,
one excluding and one including the putative candi-
date (Fig. 4(b)). The former has a bias in the distri-
bution of positively charged residues of nine, the
latter of 17, and it is clear from the Figure that the
(C-terminal part of the second, correct model has a
much better correspondence with the positive-inside
rule.

To test this strategy more thoroughly, hydropho-
bicity analysis was carried out on the 24 proteins
listed in Table 1 as described in Methods, with a
lower cutoff set to {H)» = 0-5 and a higher cutoff set

K + R/segment

I 2 3 4 5 >5

Segment position

Figure 3. Mean number of Lys4Arg in cytoplasmic
(stippled bars) and periplasmic (open bars) polar segments
as a function of the position of the segment (Ist cyto-
plasmic segment. 2nd cytoplasmic segment, etc., counting
from the N terminus) in a sample of 24 bacterial inner
membrane proteins with known topology.
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Figure 4. (a) Hydrophobicity plot for the SecY protein.
The upper and lower cutoffs are marked. A tentative
transmembrane segment with a mean hydrophobicity
falling between the 2 cutoffs is marked by an arrow.
(b) Two possible topologies for the SecY protein based on
the hydrophobicity plot. The putative transmembrane
segment is shown in black. The number of Arg+Lys
residues is shown next to each polar segment. Note that
the correct alternative (bottom, including the putative
transmembrane segment) has a much higher charge-bias
than the incorrect one.

to (H) =10 (i.e. the criterion for tentative trans-
membrane segments was 0-5<{H) <1:0). Fourteen
proteins were predicted to contain only certain
transmembrane segments with no additional tenta-
tive candidates; all of these turned out to be correct
and their orientation in the membrane was correctly
predicted by the positive-inside rule in all cases. For
the remaining ten proteins, the correct structure
had the highest charge bias (highest difference
between the number of periplasmic and cytoplasmic
Arg+ Lys) in eight cases (Table 1). An extra, incor-
rect certain transmembrane segment ((H) = 1-06)
was predicted for the SecY protein; closer inspection
revealed that this resulted from a “‘shoulder” on a
higher, somewhat broad peak. Inclusion of this
segment gave a topology with a charge bias of eight,
and its exclusion gave a charge bias of 26. Thus.

although the fully automated method goes wrong in
this case (upper cutoff is set marginally too low). a
subsequent check of the hvdrophobicity plot would
have suggested the correct topology. Finally. one
protein (Lep) was erroneously and irretrievably
predicted to contain one more certain trans
membrane segment ((H) = 1-15) than the real pro-
tein. Tt should be noted that thix unusually
hydrophobic non-transmembrane segment has been
suggested to be functionally important (Bilgin ef of ..
1990). and that a single Asp—Leu mutation in it
seems to convert it into a transmembrane segment.
(our unpublished data).

Thus. using the positive-inside rule as a sereen,
the transmembrane topologies of 22 (or. with some
good-will. 23) out of 24 proteins were correctly
predicted, and all of the 135 transmembrane
segments were identified with only one overpredie-
tion (Lep).

(¢) Possibilities for improvements in the
hydrophobicity scales

In the above analysis, the standard GES hydro-
phobicity secale (Engelman et al.. 1986) based uiti-
mately on physico-chemical considerations was used
and no attempt at optimization was made. With
this scale and through application of the positive-
inside rule, 135 transmembrane segments were
correctly identified in the 24 proteins analvzed.
From these data, we derived a new. statistically
based scale by comparing the amino acid frequen-
cies f in the central ll-residue stretch of the
transmembrane segments with the amino acid
frequencies f;* in the non-membraneous segments
(taking the membrane-embedded segments to be 17
residues long): &; = In(fM/f*), Table 2. With an
upper cutoff of 0:05 and a lower of —0-1 and the

Table 2
Hydrophobicity scale based on 135 transmembrane
segments from 24 bacterial inner membrane proteins

One-letter Hydrophobicity
amino acid code value

A 0267
! 1-806
D —2-:303
E — 2442
F 0427
G 160
H —-2189
I 0971
K —2:996
L 0623
M 0136
—1-988

P — 0451
Q —1-814
R —2:749
N —0-119
T —(-083
v 0721
\i4 —0-875
Y - (-386
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same sliding window as above, this scale seems to
perform slightly better than the original GES-scale,
with 18 out of the 24 proteins (including SecY) now
being predicted to contain only certain trans-
membrane segments (all correct). Again, ranking
based on the positive-inside rule produced the
correct topology for all but one (lLep) of the
remaining proteins.

4. Discussion

Two important conclusions can be drawn from
the data presented here: first, the positive-inside
rule applies with equal strength to all parts of
polytopic bacterial transmembrane proteins, and,
second, the positive-inside rule can very efficiently
be used to rank possible predicted transmembrane
topologies and thus in a sense to bootstrap the
standard hydrophobicity analysis.

The first conclusion has certain mechanistic impli-
cations, and suggests a mode of assembly of
bacterial membrane proteins where locally formed
“helical hairpins” composed of two neighboring
hydrophobic  helices and a connecting loop
containing few positively charged residues insert
into the membrane more or less independently of
the remaining parts of the polypeptide chain
{Engelman & Steitz, 1981; von Heijne, 1986).
A similar model is also suggested by recent experi-
mental data on the topological consequences of
deleting one or more transmembrane segment
(Yamane et al., 1990; Bibi et al., 1991. Ehrmann &
Beckwith. 1991. McGovern et al., 1991). This is in
contrast to a “linear” insertion model, where the
most N-terminal transmembrane segment(s) insert
first. and the rest of the chain simply follows the
topological dictate of this first insertion (Wessels &
Spiess, 1988: Hartmann et al., 1989). It may be.
though, that the latter model more accurately
describes membrane protein assembly into the endo-
plasmic reticulum membrane, which is thought to
be obligatorily co-translational and hence likely to
proceed in an N to C-terminal direction (High et al.,
1991). Tt should be noted in this regard that the bias
in the distribution of positively charged residues.
although clearly there, is nevertheless less marked in
eukaryotic plasma membrane proteins (von Heijne
& Gavel, 1988).

For prediction purposes, a combination of hydro-
phobicity analysis and charge-bias analysis clearly
improves the results. almost to the point where very
little experimental work would have to be done to
confirm a predicted topology. In this study. the
topology of 959, of the proteins was correctly
predicted by a fully automatic method, even when
the initial hydrophobicity analysis method had not
been consciously optimized. Thus, the topology of
bacterial inner membrane proteins seems to be
rather straightforward to predict directly from their
sequence, setting the stage for attempts to develop
methods for modeling their full three-dimensional
structure.

This work was supported by grants from the Swedish
Natural Sciences Research Council and the Swedish
Board for Technical Development.
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