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Abstract

Advances in structure determination of membrane proteins enable analysis of the propensities of amino acids in
extramembrane versus transmembrane locations to be performed on the basis of structure rather than of sequence and
predicted topology. Using 29 available structures of integral membrane proteins with resolutions better than 4 A the
distributions of amino acids in the transmembrane domains were calculated. The results were compared to analysis based on
just the sequences of the same transmembrane o-helices and significant differences were found. The distribution of residues
between transmembrane o-helices and B-strands was also compared. Large hydrophobic (Phe, Leu, Ile, Val) residues showed
a clear preference for the protein surfaces facing the lipids for B-barrels, but in a-helical proteins no such preference was seen,
with these residues equally distributed between the interior and the surface of the protein. A notable exception to this was
alanine, which showed a slight preference for the interior of o-helical membrane proteins. Aromatic residues were found to
follow saddle-like distributions preferring to be located in the lipid/water interfaces. The resultant ‘aromatic belts’ were
spaced more closely for B-barrel than for o-helical membrane proteins. Charged residues could be shown to generally avoid
surfaces facing the bilayer although they were found to occur frequently in the transmembrane region of B-barrels. Indeed
detailed comparison between o-helical and -barrel proteins showed many qualitative differences in residue distributions.
This suggests that there may be subtle differences in the factors stabilising B-barrels in bacterial outer membranes and o-helix
bundles in all other membranes. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction mated that approx. 30% of genes may encode mem-
brane proteins [1,2]. However, difficulties in overex-

Integral membrane proteins play a central role in pression and crystallisation of membrane proteins [3]
many of the biological activities of cells. It is esti- may hinder structural studies. This presents both a

challenge and a problem to attempts to predict mem-

brane protein structure. The difficulties of experimen-

tal structure determination make successful structure

prediction an important and pressing need. The rel-

ative paucity of structural data has hindered the de-

velopment of knowledge-based potentials that have
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of increasing levels of sophistication have employed
either physicochemical considerations or analysis of
databases of experimentally confirmed membrane
protein transbilayer topologies to devise methods
for predicting the location of transmembrane (TM)
o-helices within the sequences of integral membrane
proteins [5-15]. There have been similar attempts to
devise methods for the somewhat rarer B-barrel class
[16,17] of membrane proteins [18-21].

Using such prediction methods to identify TM o-
helices, there have been a number of studies on the
residue distributions between extramembrane and
transmembrane regions within TM helices. For ex-
ample Landolt-Marticorena et al. [22] restricted their
studies to the members of the single helix human
type I single span membrane protein family, which
have a clearly defined TM region, with the amino
terminus located on the extracellular side. More re-
cently Arkin and Brunger [23] screened a large data-
base for TM o-helices and aligned their sequences to
calculate the residue distributions in the TM domain.
Other studies have focused on the role of individual
residues such as glycine [24]. Analyses of residue dis-
tributions have also been used in attempts to aid
prediction of the packing of TM helices within mem-
brane proteins, e.g. [25]. TM helix sequences motifs
associated with certain modes of helix packing have
been investigated [26,27]. Few comprehensive studies
of residue distributions for B-barrel proteins have
been undertaken, mainly because of problems in pre-
diction of TM B-strands.

A number of studies have focused on available
structures of membrane proteins, both «-helical
and B-barrel. For example, Stevens and Arkin [28]
analysed the known structures of TM a-helices while
Bowie [29] investigated the helix packing of 45 TM
a-helices. Seshadri et al. [30] investigated the struc-
tures of trimeric porins and derived the TM distribu-
tion functions for different types of residues. The
study confirmed the existence of aromatics rings or
belts at the interfacial regions that was previously
found in the structure of Rhodobacter capsulatus
[31].

Recent years have seen a dramatic increase in the
number of membrane protein structures available at
atomic resolution [32,33] (a useful summary of cur-
rent structures is provided by White: http://blanco.
biomol.uci.edu/). Consequently a new survey is

timely. Two types of integral membrane proteins
were considered, membrane proteins containing o-
helices and B-barrels. The present study involved 15
o-helical membrane proteins containing a total of
129 TM a-helices and 14 B-barrel membrane proteins
with a total of 220 TM B-strands. The individual
proteins included in our survey are listed in Appen-
dix A and Appendix B.

2. Methods

Two different methods were employed to derive
the amino acid distribution in the TM domain. The
first was based on the sequences of all structurally
known o-helices and B-strands (see Appendix A and
Appendix B), the second was based on the C, coor-
dinates of the amino acids with respect to the centre
of the presumed lipid bilayer.

2.1. Sequence-based method

The sequence method calculates the distribution of
amino acids in a TM o-helix or B-strand, i.e. the
frequency of each amino acid occurring at a certain
position in a TM a-helix/B-strand. First the sequen-
ces of all non-redundant TM o-helices and -strands
were extracted from the Protein Data Bank (PDB)
[34] for the proteins listed in Appendix A and Ap-
pendix B. DSSP [35] (as implemented in Rasmol) was
used to identify the secondary structure elements.
Identical helices and strands were discarded to avoid
biasing the distributions. Since the sequence data for
this study were based on structurally known helices
and strands it proved best to align their sequences
from the termini inwards in the following fashion.

1. Identify the termini of the TM o-helices and
B-strands (using DSSP).

2. Determine which helix/strand terminus faces the
‘outside’ (extracellular or periplasmic space) and
which terminus faces the ‘inside’ (intracellular
space or the matrix).

3. Divide the sequences of each helix or strand into
an outside and an inside part by cutting it in half
in the middle.

4. Align the two parts separately at their respective
termini.
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The number of residues at each position in the
sequence was summed for all helices/strands. For
a-helical proteins the total number of sequence posi-
tions was therefore limited to 22, while for B-barrel
proteins this number was only 12, due to the much
shorter average length of a [B-strand. Helices and
strands with sequences longer than 22 and 12 resi-
dues are thus truncated in the centre after positions
+ 11 and £ 6 respectively. In order to obtain compar-
able results the frequency of each amino acid was
normalised such that

._nij
fl_]_Ni

where N; is the total number of residues of type i (i.e.
i=Ala, Arg, etc.) given by

J
Ni = Znij

all j

and n;; is the number of residues of type i at sequence
position j (i.e. for a-helices j=—1, —2, ..., —11, +11,
+10, ..., +2, +1). The sum is over all histogram posi-
tions j.

Note that there are two assumptions implicit in
this analysis. The first is that all TM segments in a
given class (i.e. o or B) are of the same length; the
second is that all TM segments are centred on the
centre of the bilayer. The first is approximately true;
the second assumption cannot at present be tested in
the absence of structural data for the lipid environ-
ment of each membrane protein.

2.2. Structure-based method

The structure-based method evaluates the distribu-
tion function of each residue along the bilayer nor-
mal z. Taking the centre of the bilayer as the origin
z=0, the normalised distribution function of an ami-
no acid is given by

fi(z)Az = ni(NZ)AZ

where i is the amino acid type, nj(z)Az is the number
of amino acids of type i in the interval z to z+Az
(with the location of an amino acid being defined
by that of its C, atom) and N is the normalisation

constant defined by

N = / ni(z)dz
over
bilayer
width

2.3. Aligning the protein

Before calculating the frequency of each residue at
some distance from the centre of the bilayer z =4, the
protein needs to be properly placed in the membrane.
Unfortunately most crystal structures of membrane
proteins do not indicate the location of the lipids.
TM helices, however, are good indicators of the hy-
drophobic membrane region. Each protein was
aligned by rotating its Cartesian co-ordinates until
the sum of the tilt angles of all TM helices, with
respect to an arbitrary z-axis, was at a minimum.
The z-axis now coincides approximately with the bi-
layer normal. Comparison of the thus aligned X-ray
crystallographic structure [36] with the structure of
bacteriorhodopsin derived from electron microscopy
analysis of 2D crystals containing lipid bilayers [37]
showed a deviation of the calculated z-axis from the
real bilayer normal of less than 1°.

Subsequently the helix termini were used to deter-
mine the centre of the bilayer, defined at z=0. This
was done by calculating the centre of each helix with
respect to the bilayer normal and taking the mean
over all helices in a protein as the centre of the bi-
layer. It is important to keep track which side of the
protein faces the extracellular region and which side
faces the cytoplasm. The proteins were rotated by
180° about the x-axis, if necessary, so that the bilayer
region facing the inside (i.e. cytoplasm or matrix) has
negative and the outside face positive z-co-ordinates.

This method was repeated for all proteins. Once all
proteins are aligned and correctly positioned in the
bilayer the distribution of each residue with respect
to the bilayer centre can be calculated. B-Barrel pro-
teins were aligned in a similar fashion. However, the
alignment along the z-axis caused problems for some
B-barrels which had to be aligned by eye. Unlike o-
helical proteins the B-barrels were not aligned in the
centre of the TM region but on the periplasmic side.
The latter was chosen because the small loops on the
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periplasmic side of B-barrels present a well defined
alignment point which was set to have the z-co-ordi-
nate —15 A.

2.4. Residue distributions

The height /& of the backbone carbon o-atom was
calculated for each residue. It is defined as the z-co-
ordinate of the carbon o-atom. Residues in the TM
region facing the extracellular side have a positive
height and residues facing the cytoplasm have a neg-
ative height, while the modulus of the height repre-
sents the normal distance of the residue from the
centre of the bilayer.

2.5. Solvent and lipid accessible residues

Not all residue side chains in the TM region face
the lipid bilayer, some are buried within the TM
domain of the membrane protein itself while others
line the pores of ion channels or B-barrels. A method
was devised to investigate how the residue distribu-
tion in the TM domain varies between buried and
exposed residues.

First the accessible surface area of each residue
was calculated, using Quanta (Biosym/MSI) and a
probe radius of 1.4 A. The accessibility fraction
was calculated dividing the accessible surface area
reached by the sphere by the total surface area of
the respective residue. If this fraction is greater
than 10% the residue is located at the surface of
the protein.

The surface ratio frv is defined as the fraction of
residues in the TM region which are located at the
surface

_ STM,i
S ™ =
nT™.i

where nv; is the total number of residues of type i
(e.g. i=Ala) in the TM region and sty; 1s the num-

Table 1

ber of residues of type i that are located on the sur-
face of the TM domain.

2.6. Statistics

As part of the structural analysis statistical infor-
mation about the lengths and tilt angles of c-helices
and B-strands was calculated. A helix or strand vec-
tor was defined by the co-ordinates of the two ter-
minal residue’s C, atoms. The tilt angle is then de-
fined as the angle of this vector with respect to the
‘bilayer normal’.

3. Results and discussion
3.1. Overall statistics

It is useful to examine the overall lengths (in res-
idues) and transmembrane heights (in A) of the sec-
ondary structure elements (Table 1). For o-helices,
these results are very close to those of Bowie [29].
Using 45 TM a-helices, Bowie gave a mean number
of 26.4 residues per TM helix compared to our figure
of 27.1 (£5.4). For an ideal a-helix exactly parallel
to the bilayer normal this would correspond to a TM
helix height (i.e. helix length projected onto the bi-
layer normal; see Section 2 for details) of approx.
40 A. However, the mean height of the TM helices
was found to be 35.0 (+7.4) A. The difference lies in
the mean tilt angle of 22° (cf. 21° in Bowie’s analy-
sis). Thus, even if one takes into account the tilting
of TM o-helices, they appear to be somewhat longer
than the ‘canonical’ length of 20 residues spanning a
30 A bilayer [5]. It is noteworthy that the mean
height of the bilayer spanning B-strands (approx.
28 A) is a little shorter than that of TM o-helices.
This may reflect the special lipid composition of bac-
terial outer membranes from that of membranes in
general.

Statistical data from the analysis of both a-helical and B-barrel proteins

Proteins Helices/strands Length of helices/strands Height of helices/strands (A) Tilt angle (°)
(residues)
o 15 129 27.1+£54 35.0+7.4 22.0+11.6
B 14 220 11.9£3.1 27.5£8.6 36.9+7.7

The height represents the projection of the helix or strand vector onto the bilayer normal (see Section 2 for details).
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Fig. 1. Total number of residues (vertical axis) for each height (horizontal axis) with respect to the centre of the bilayer. o-Helical
proteins are shown in the left panel and B-barrels on the right. The bilayer region (shaded) was assumed to have a width of 30 A.
The inside (cytoplasm or matrix for o-helical proteins and periplasmic side for B-barrels) is always on the left of the distribution
graphs and the z-positions at which the proteins were aligned are indicated by a dash-dotted line. All graphs are normalised.

It is also informative to look at the overall distri-
butions of residue frequencies (for all amino acid
types) along the (presumed — see Section 2) bilayer
normal (Fig. 1). The distributions for oa-helical and
B-barrel proteins exhibit distinct differences. While o
helical proteins show a saddle-like distribution with
two peaks at the interfacial regions, caused by loops
connecting helices, [B-barrels show only a single
broad peak. The periplasmic side of the peak is
very well defined due to the short loops at this
side. For B-barrel proteins the 30 A wide TM region

1000
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800 4 Alpha Structure
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LEU ALA GLY VAL ILE PHE THR PRO SER ARG GLU TYR LYS ASP TRP ASN MET HIS GLN CYS
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Fig. 2. Amino acid composition in the TM domain for a-helical
(upper panel) and B-barrel (lower panel) proteins. The total
number of residues of each type (vertical axis) is plotted against
residue type (horizontal axis). For B-barrels plug domains were
excluded.

contains 58% of all the residues in these proteins,
compared to 38% of residues for a-helical proteins
that fall within the TM region. These overall distri-
butions were used to normalise the distributions of
the individual amino acids.

3.2. TM residue composition

The amino acid compositions in the TM domain
for both membrane protein types have been exam-
ined (Fig. 2). Note that plug domains from B-barrels
were excluded (since they contain many water acces-
sible charged and polar residues). As previously re-
ported [38] the hydrophobic residues Ala, Ile, Leu

0.2
0.15 A
O *Gly
© 0.1
[aa]
o Thr * Ala
*Tyr o . .
Asn Y & Ser Val Leu
0.05 | *A» .
Ly $'Rrg g oflge
* rp
Glu o Proe® Met
0 “cys His | |
0 0.05 0.1 0.15 0.2
Alpha

Fig. 3. Normalised frequency of amino acids in the TM do-
mains for a-helical versus B-barrel membrane proteins. Residues
below the diagonal line occur more frequently in o-helical TM
proteins and residues above this diagonal prefer the TM do-
mains of B-barrels.
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Fig. 4. Comparison of sequence-based and structure-based methods for evaluating the amino acid distribution in the TM domain of
a-helical proteins, illustrated for arginine in o-helical membrane proteins. The cytoplasmic side is on the left. By dividing the TM re-
gion into 22 sections of 1.5 A each it is possible to calculate the distribution function by counting the frequency of all residue types
for each section. 1.5 A was chosen as the width of each section as this coincides with the o-helical rise of one residue allowing direct
comparison of the sequence-based and structure-based methods. The vertical axes show normalised frequencies; the horizontal axes
the relative position of a residue in the TM helix sequence or its location projected onto the bilayer normal axis.

and Val make up the bulk of the amino acids in the
TM domain accounting for one third (34%) of all
residues in o-helical proteins and 28% in B-barrels.
There are evidently differences in composition of the
two classes of membrane protein, despite their sim-
ilar environments. These differences are highlighted
in Fig. 3. It can be seen that while charged residues
occur much more frequently in the TM domain of -
barrels hydrophobic residues have higher propen-
sities in the TM domain of o-helical proteins. For
example Leu appears more than twice as often in -
helical proteins than in B-barrels. This preference can
be explained by taking into account that Leu also
acts as a strong helix former [39]. It is also notable
that the hydrophobic B-branched residues (Val, Ile)
occur at a higher frequency in the TM regions of -
helical proteins, in agreement with earlier sequence-
based studies [40] and with experimental studies on
peptides in a membrane-mimetic environment
[41,42]. Also significant is the high frequency of gly-

cine in TM segments. Although sometimes consid-
ered as a ‘helix breaker’ it has been reported that
glycine residues occur frequently at helix-helix inter-
faces and crossing points [24] and it has been sug-
gested that this may facilitate closer packing of TM
helices [27], especially in motifs combining Gly and
B-branched side chains [26].

3.3. Charged residues

Energetic considerations [5] and the positive-inside
rule [6] suggest that charged amino acids should gen-
erally be excluded from TM segments. Thus, charged
residues provide a convenient way of assessing three
different approaches to analysis of residue distribu-
tions across a membrane, namely approaches based
on analysis: (i) of TM segment sequence; (ii) of
structure taking into account all residues in TM seg-
ments; and (iii) of structure taking into account only
those residues which are on the lipid-exposed surface

0.25

< >
< »

90A

Fig. 5. Distribution of the charged residues Asp and Lys for a-helical proteins, using the structure-based method. The vertical axes
show normalised frequencies; the horizontal axes the location of a residue projected onto the bilayer normal axis. The grey band rep-
resents the (presumed) location of the 30 A hydrophobic core of the lipid bilayer.



M.B. Ulmschneider, M.S.P. Sansom | Biochimica et Biophysica Acta 1512 (2001) 1-14 7

Structure

Surface

30A

45A

Fig. 6. Comparison of structure-based and lipid surface-exposed methods for glutamate in o-helical membrane proteins. The total

range of the histogram along the bilayer normal is 45 A.

(see Section 2 for details). The first two approaches
are compared in Fig. 4 for arginine residues in o-
helical membrane proteins. It is clear that taking
into account the structure (i.e. the actual location
of the residues along the bilayer normal relative to
the bilayer centre) provides a much more distinct
distribution than that obtained by simply measuring
the position of residues in the TM helix sequences.
Indeed, in our analysis (using (ii) above) there is only
a single arginine in the centre of the TM region (as
opposed to the two ends where such a residue might
be able to e.g. interact with lipid head groups), this
being from the purple bacteria light harvesting pro-
tein B-800/850 [43] where it forms part of the retinal
binding site. The sequence method (i.e. using (i)
above) on the other hand has a much lower resolu-
tion. Arg shows two pronounced peaks near the ter-
mini of the helices but occurs even near the centre of
TM helices. This apparent discrepancy is due to the
alignment of the helices, which cannot account for
the different lengths and tilt angles. Lysine, aspartate
and glutamate are distributed in a similar fashion in
the structure-based analysis (Figs. 5 and 6), although
the exclusion from the TM region is not as extreme
as for arginine. The structure-based analysis can be
extended by comparing all transmembrane residues

Sequence

with those only present on the lipid-exposed surface.
Such a comparison for glutamate in o-helical mem-
brane proteins (Fig. 6) reveals just one Glu on a TM
lipid-exposed surface. This residue (Glu 32, chain J)
is from the chicken ubiquinol cytochrome ¢ oxidore-
ductase [44]. It is part of a slightly tilted TM helix
and has an accessible surface fraction of 25%. It is
conceivable that it may interact with a lipid head
group (see discussion in [45]).

For B-barrels the sequence- and structure-based
analyses do not give such markedly different results.
Note that for B-barrels the sequence analysis spans a
smaller residue range since the average length of a
TM B-strand is only 12 residues (see Table 1). The
two distributions for lysine (Fig. 7) are rather similar,
both indicating that Lys prefers to be located on the
extracellular side of the membrane. Extending the
structure-based analysis to all four charged residues
(Fig. 8) reveals that their distribution functions do
not drop to zero towards the middle of the mem-
brane region. In general, charged residues are much
more frequent in B-barrels, either forming part of a
pore lining or fixing the plug domain within a barrel.

From this analysis of charged residues it is evident
that the structure-based analysis provides improved
distributions over the sequence-based analysis. We

Structure

0.3
0.25 -
0.2
0.15 1
0.1 -
0.05 A
0 L

l

14 residues

A
Y

30A

Fig. 7. Comparison of sequence-based and structure-based methods for the distribution of lysine in B-barrel membrane proteins. The
sequence-based analysis (left panel) extends over 14 residues. The right panel shows the structure analysis histogram over 30 A.
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90A

Fig. 8. Structure-based distributions of charged residues for B-barrel proteins.

therefore will restrict our attention to structure-based
distributions for the remainder of the paper.

3.4. Hydrophobic residues

Turning to the hydrophobic aliphatic residues, as
expected all four show a clear preference for the
transbilayer region in both o-helical proteins and
B-barrels (Figs. 9 and 10). This is equally true of
the B-branched residues. For both classes of mem-
brane protein, leucine shows the highest propensity
to be in the TM region. Leucine is very hydrophobic
and hence expected to prefer the lipid-exposed sur-
face of a TM region. However, it should be noted

that not all proteins in the study have large extra-
membranous domains so that the distributions are
slightly biased. The bias can, however, be eliminated
by calculating the fraction of Leu residues located at
the surface for each domain (see Table 2). In the TM
domains this fraction is 54% for o-helical proteins
and 69% for B-barrels while for the domains exposed
to the water on either side of the bilayer the fractions
are only 38% and 37% respectively. For B-barrels this
means that a Leu residue is almost twice as likely to
be located on the surface in the TM domain com-
pared to the rest of the protein while for a-helical
proteins the preference for the TM surface is not so
obvious.

0.3

0.25
0.2
0.15
0.1
0.05

90A

Fig. 9. Structure-based distribution functions of aliphatic hydrophobic residues for a-helical proteins.
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Table 2 shows the fraction of residues located at
the surface of the TM domain for Phe, Leu, Ile, Val,
Ala and Gly. For o-helical proteins the values for the
large hydrophobic residues (i.e. Phe, Leu, Ile and
Val) are around 50% indicating that there is no pref-
erence for these residues to be either buried or lo-
cated on the surface of the TM domain. This result is
in agreement with a previous study of seven a-helical
membrane proteins [28] that found no correlation
between hydrophobicity and accessibility in the TM
domain. It also suggests that the notion sometimes
expressed that the TM surface of an o-helical mem-
brane protein is more hydrophobic than its core can-
not be justified on the basis of the current data set of
structures (see [28,46,47] for an extended discussion).
In contrast, the small hydrophobic residues (alanine
and glycine) show a preference (more marked for
glycine) to be buried when in an o-helical TM do-

Table 2
Surface fraction frm (see Section 2 for definition) of hydropho-
bic residues in TM domains of o-helical and B-barrel membrane
proteins

Hydrophobic residue Jrm (%)
o B

Phe 47 68
Leu 54 69
Ile 55 61
Val 47 63
Ala 41 47
Gly 31 46

45A

Fig. 10. Structure-based distribution functions of aliphatic hydrophobic residues for B-barrel proteins.

main. It has been suggested that these residues play
an important role in helix-helix packing due to their
short side chains [26,27] thus explaining their prefer-
ence for the core of the TM region. This suggestion
is in agreement with our analysis.

B-Barrels show an altogether different picture.
Here the hydrophobic residues Phe, Leu, Ile and
Val show a clear preference for the TM surface
with surface ratios around 65%. This suggests a
much more hydrophobic exterior compared to the
core of the protein. Indeed even non-porin B-barrel
proteins like OmpA [48], FhuA [49,50] and OMPLA
[51] contain water molecules flanked by charged and
polar residues inside the barrel. Ala and Gly again
show a different behaviour from the other hydropho-
bic residues, exhibiting no clear preference to be ei-
ther buried or on the surface.

3.5. Aromatic residues

Aromatic residues have been suggested to play a
special role in membrane proteins (see e.g. [45,52]).
They are believed to anchor the proteins into the
membrane through an interaction of their aromatic
rings with the lipid head groups. A preferred local-
isation of aromatic residues in the interfacial regions
has previously been noted for both the photosyn-
thetic reaction centre [53] and bacterial porins [54].
Such anchoring has been explored via molecular dy-
namics simulations [55] and by experimental studies
of model transmembrane peptides [56]. In addition it
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Fig. 11. Structure-based distribution functions of aromatic residues for a-helical proteins.

has been observed that while all aromatic residues in
the TM domain clearly prefer being buried they show
a higher propensity to face the lipid head groups at
either or both TM termini [25].

In the structure-based distributions for o-helical
membrane proteins (Fig. 11), tyrosine and histidine
were found to have two pronounced peaks at both
interfacial regions. For tryptophan the peak is much
stronger at the non-cytoplasmic interface. In con-
trast, phenylalanine is distributed throughout the
transbilayer region. These results are in general
agreement with the kPROT analysis of all predicted
a-helical membrane proteins in the SWISS-PROT
database [25] and with the earlier analysis of [22].

Thus on the basis of an enlarged database of struc-
tures it is clear that an interfacial location requires
both aromaticity and the ability to form a H-bond,
i.e. an amphipathic aromatic side chain.

The distributions of aromatics in the bilayer region
for B-barrels are rather different from those for o-
helical membrane proteins (Fig. 12). In general it
seems that for B-barrels the ‘aromatic belts’ are clos-
er together, with a spacing of about 20 A for B-bar-
rels compared with 30 A for o-helical proteins. This
feature was seen in the earlier analysis of trimeric
porins [30]. Thus, if aromatic residues are located
at the bilayer/water interface, this implies a thinner
bilayer in Gram-negative outer membrane than in

0.2 0.2
0.15 ~ 0.15 4
0.1 0.1 -
0.05 ~ 0.05 +
0 - 0-

0.2 0.2
0.15 0.15 4
0.1 0.1
0.05 0.05 4
0 0-

30A

<
<

45A

Fig. 12. Structure-based distribution functions of aromatic residues for -barrel proteins.
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Fig. 13. Structure-based distribution functions of Gly and Pro for a-helical proteins.

other membranes. Alternatively, the unusual lipid
composition of the outer leaflet of the Gram-negative
outer membrane may lead to a subtly different mode
of lipid head group/protein interaction. This differ-
ence merits further investigation.

3.6. Proline and glycine residues

Proline and glycine are often considered to be ‘he-
lix breaking’ residues. Proline has often been sug-
gested to play a special role in TM a-helices [57-
60] associated with its ability to generate a helix
kink. Glycine may mediate helix flexibility and also
provides an opportunity for close packing of TM
helices (as noted above). Structure-based distribu-
tions for o-helical membrane proteins (Fig. 13)
show that both residues can occur in the TM region.
Although proline is, as expected, predominant in the
loop regions outside the TM domain, a peak is de-
tectable towards the centre of the bilayer which is
associated with kinked helices in the TM domain.
A nice example of this is the strongly kinked G chain
helix in the chicken ubiquinol cytochrome ¢ oxidore-
ductase [44], where two neighbouring Pro residues
(Pro 50 and Pro 51 chain G) cause a large bend in
the middle of the helix. This feature was not found in
an analysis of single spanning TM helices [22], sug-
gesting that prolines may play a structural role in
membrane proteins with multiple TM helices, per-
haps increasing the stability of the TM domain by
‘interlocking’ the helices, or by providing molecular
hinges that enable conformational transitions in
more complex membrane proteins [60,61]. Indeed,
it has been shown that in several TM helices bends
caused by proline are observed when more than one
proline or a combination of proline and glycine res-
idues are found spaced four residues apart [24]. Gly-

cine residues have the highest packing values of any
amino acid and are believed to play an important
role in TM helix packing [27]. Although it has been
pointed out that Gly residues occur more than twice
as often in membrane proteins than in soluble pro-
teins [27] no clear preference for the TM region can
be seen for either o-helical (Fig. 13) or B-barrel pro-
teins (not shown).

3.7. Polar residues

The uncharged polar residues of o-helical mem-
brane proteins display two different types of
behaviour (data not shown) with asparagine and glu-
tamine following the distribution pattern of charged
residues avoiding the TM region. This presumably
reflects their need to form multiple H-bonds. In con-
trast serine and threonine show no preference for
either the transmembrane or extramembrane region.
It has been noted [62] that serine and threonine side
chains in a helix can form H-bonds to the carbonyl
oxygen of the preceding turn of the helix, thus en-
abling such side chains to occur in a TM region.
Furthermore, as noted by FEilers et al. [27] serine
and threonine may be associated with tight packing
of TM a-helices.

4. Conclusion

Previous analyses of amino acid distributions in
the TM domain of o-helical membrane proteins
were chiefly based on sequence analysis of putative
TM helices. This was due to the lack of a sufficient
number of solved structures for a statistically signifi-
cant analysis. The number of membrane proteins
solved at atomic resolution is now sufficient for a
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statistical derivation of the amino acid distribution
functions as well as properties such as average helix/
strand lengths and tilt angles [29]. A comparison of
sequence- and structure-based methods showed the
latter to be better resolved, aiding insights into the
specific roles of amino acids in TM domains. Distri-
bution functions were found to vary significantly not
only between different types of residues but also be-
tween residues located at the protein surface as com-
pared to those buried inside the TM domain. Hydro-
phobic residues with the notable exception of alanine
showed a clear preference for the surfaces of the TM
domain of B-barrel proteins while amphipathic aro-
matic and charged residues appear to prefer the pro-
tein surfaces near the lipid/water interfaces. Aromatic
residues proved to have a saddle type distribution
with increased occurrence at the extra- and intracel-
lular interfacial regions. For o-helical proteins this
seems to follow the overall amino acid distribution.
However, since all graphs were normalised according
to the overall distribution the aromatic belts repre-
sent a genuine effect rather than just following the
overall distribution. Charged residues were found to
likewise have a strong preference for the interfacial
as well as the water accessible regions and plug do-
mains. Distributions for o-helical and B-barrel pro-
teins were seen to differ significantly in some re-
spects, but many key results are comparable. The
differences may reflect differences between the envi-
ronment (e.g. thickness of hydrophobic core) pro-
vided by bacterial outer membranes and by other
membranes.

In summary, these studies support the re-analysis
of residue propensities for membrane proteins based
on three-dimensional structures rather than predicted
topologies. As more structures emerge, statistics will
improve and more detailed analyses will be possible.
In particular, it may be possible to derive empirical
potentials to aid prediction of membrane protein
structures in a similar manner to the derivation of
such potentials for water soluble proteins [63]. Given
the increasing number of medium resolution electron
microscopy structures for membrane proteins (e.g.
[64]), empirical potentials based on residue propen-
sities (as in the paper) combined with analysis of TM
helix packing [29] should provide tools for a hybrid
approach to modelling membrane protein struc-
tures.
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Appendix A. o-Helical membrane

PDB Name
1a91 FoF; ATPase subunit ¢ (Escherichia coli)
lafo Glycophorin A (human)

lap9 Bacteriorhodopsin (Halobacterium salinarium)
larl Cytochrome ¢ oxidase (Paracoccus denitrificans)
1bcc Ubiquinol cytochrome ¢ oxidoreductase (chicken)

1bgy Cytochrome bc¢; complex (bovine)

1b18 Potassium channel (KcsA) (Streptomyces lividans)

lehk ba(3)-Cytochrome ¢ oxidase (Thermus thermophilus)

1fum Fumarate reductase respiratory complex (E. coli)

1kzu Light harvesting protein B-800/850
(Rhodopseudomonas acidophila)

11gh Light harvesting complex II (Rhodospirillum

molischianum)

Imsl Mechanosensitive ion channel (Mycobacterium
tuberculosis)

locc Cytochrome ¢ oxidase (bovine)

1prc Photosynthetic reaction centre (Rhodopseudomonas
viridis)

4rer Photosynthetic reaction centre (Rhodobacter
sphaeroides)

Appendix B. p-Barrel membrane proteins

PDB Name

1a0s Sucrose-specific porin (ScrY) (Salmonella
typhimurium)

laf6 Maltoporin (LamB) (E. coli)

1bxw Outer membrane protein A (OmpA) (E. coli)

1by3 Ferric hydroxamate uptake receptor (FhuA) (E. coli)

1fep Ferric enterobactin receptor (FepA) (E. coli)

Impr Maltoporin (LamB) (S. typhimurium)

lopf Matrix porin (OmpF) (E. coli)

losm Osmoporin (OmpK36) (Klebsiella pneumoniae)

Ipho Phosphoporin (PhoE) (E. coli)

Iprn Porin (Rhodopseudomonas blastica)

1qd5 Outer membrane phospholipase A (OMPLA) (E. coli)

1qj8 Outer membrane protein X (OmpX) (E. coli)

2por Porin (R. capsulatus)

7ahl oa-Hemolysin (o-toxin) (Staphylococcus aureus)
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