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Abstract

In contrast to water-soluble proteins, membrane proteins reside in a heterogeneous environment, and their
surfaces must interact with both polar and apolar membrane regions. As a consequence, the composition of
membrane proteins’ residues varies substantially between the membrane core and the interfacial regions.
The amino acid compositions of helical membrane proteins are also known to be different on the cytoplas-
mic and extracellular sides of the membrane. Here we report that in the 16 transmembrane �-barrel
structures, the amino acid compositions of lipid-facing residues are different near the N and C termini of the
individual strands. Polar amino acids are more prevalent near the C termini than near the N termini, and
hydrophobic amino acids show the opposite trend. We suggest that this difference arises because it is easier
for polar atoms to escape from the apolar regions of the bilayer at the C terminus of a �-strand. This new
characteristic of �-barrel membrane proteins enhances our understanding of how a sequence encodes a
membrane protein structure and should prove useful in identifying and predicting the structures of trans-
membrane �-barrels.
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Transmembrane (TM) �-barrel proteins comprise 2%–3%
of the Gram-negative bacterial genomes and belong to a
variety of protein functional groups, such as nonspecific and
specific pores, transporters, lipases, and proteases (Wimley
2003). As is exemplified by Omp A, the polypeptides are
secreted into the periplasmic space, where they bind a chap-
erone (Mori and Ito 2001; Kleinschmidt and Tamm 2002).
Their insertion into the outer membrane is then facilitated
by binding to a periplasmic lipopolysaccharide. In eukary-
otes, TM �-barrels are found in the outer membrane of
mitochondria and chloroplasts (Benz 1994; Fischer et al.
1994). The known structures include �-barrels containing

8–22 �-strands (Schulz 2002). Frequently, the strands are
contained within the same polypeptide chain, although there
are exceptions. For example, in the heptamer, �-hemolysin,
each subunit contributes two �-strands to a 14-stranded
�-barrel (Song et al. 1996).

The membrane can influence the protein’s amino acid
composition. Some amino acids in TM helical proteins have
a bias toward residing on the cytoplasmic or extracellular
side of the membrane (Sipos and von Heijne 1993). In
�-barrel proteins, however, there are apparently no strong
periplasmic/extracellular biases, with the exception of Lys
(Ulmschneider and Sansom 2001). Recently, we uncovered
another amino acid bias in �-helical membrane proteins:
The amino acid composition differs between the N- and
C-terminal ends of the helices (Chamberlain et al. 2004). In
general, the N-terminal end contains more hydrophilic
amino acids, whereas the C-terminal end contains more hy-
drophobic amino acids. This preference appears to arise
from the geometry of the �-helix and from the preference of
hydrophilic amino acids to “snorkel” their polar atoms out
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of the membrane. Side chains in a helix extend back toward
the N terminus, making it easier for polar atoms to escape
the bilayer when they reside at this terminus.

Here we report an analogous trend in the amino acid
pattern of �-barrels; namely, that the amino acid distribu-
tion varies between the N- and C-terminal ends of the
strands within the membrane. In TM strands, the N-terminal
half contains an abundance of hydrophobic amino acids
when compared to the C-terminal half. The hydrophilic
amino acids have the opposite preference. These trends de-
fine a new constraint on �-barrel membrane protein struc-
tures that may also arise from the limitations imposed on the
side chains by the membrane polarity gradient.

Results

We identified the transmembrane �-strands of 16 �-barrel
membrane proteins and divided the transmembrane residues
into groups based on their location in the structure. The 220

�-strands contained a total of 2042 residues. We categorized
each residue based on its burial or exposure to the mem-
brane and on its location in one half of the membrane. We
considered the membrane to be 30.0 Å thick and divided it
into either two 15.0 Å sections or six 5.0 Å sections. Here
we refer to the half of the membrane toward the N- or
C-terminal end of the strands as the N- or C-terminal side of
the membrane.

The frequencies of the amino acids facing the lipids differ
in the N- and C-terminal regions of the membrane (Fig. 1A).
Several hydrophobic amino acids are more frequent in the
N-terminal half of the membrane than in the C-terminal
half. For example, Ile is twice as frequent in the N-terminal
half compared with the C-terminal half. It comprises 9.1%
(48 of 528) of the amino acids in the N terminus and only
4.7% (24 of 515) in the C terminus. Leu and Val also show
a similar bias for the N-terminal side. In contrast, the C
terminus has a higher frequency of many polar amino acids
compared with the N terminus, and particularly Arg, Gln,

Figure 1. Amino acid frequencies in the �-strands of 16 �-barrel membrane proteins. (A) The frequency of amino acids facing the
membrane lipids in the N-terminal (black) and C-terminal (gray) halves of the membrane. Glu and Arg are not found in the N-terminal
half. (B) The statistical significance of the N/C bias of lipid-facing amino acids. For each amino acid, we show the random probability
of having the observed distribution, or a more biased distribution, for one particular membrane half. A small probability indicates that
the likelihood of having the observed bias is improbable. Amino acids with a gray bar above the drawn line have distributions with
less than a 5% chance of occurring at random. (C) The frequency of amino acids facing into the �-barrel in the N-terminal (black) and
C-terminal (gray) halves of the strands. (D) The statistical significance of the N/C bias of amino acids facing into the �-barrel center.
The amino acids are listed in order of decreasing hydrophobicity (Engelman et al. 1986).
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and Tyr. Tyr is the most common amino acid in the C-
terminal half, with a frequency of 16.8%. Of the Tyr resi-
dues facing the lipids, 89 of 117 (76%) are in the C-terminal
half, whereas 28 of 117 (24%) are in the N-terminal half.

Because of the limited data in the current database, not all
of the differences seen in Figure 1A are statistically signifi-
cant. In Figure 1B, we show the statistical significance of
these results based on a random, binomial model of placing
residues in either the N- or C-terminal half. A low prob-
ability indicates that the difference observed between the
two halves is unlikely to be a chance occurrence. The sig-
nificance of tyrosine’s preference for the C-terminal half is
the greatest because of its strong bias and high overall abun-
dance. The likelihood that the observed C-terminal bias for
Tyr residues would be seen by chance is only 9 × 10−9.
Other amino acids are also significantly biased. For Ile, Leu,
Val, Gly, Gln, and Arg, there is less than a 0.05 chance (Fig.
1B, horizontal bar) of a random occurrence of the observed
distribution. Of the 19 lipid-facing Gln residues, five are
located in the N-terminal half and 14 are in the C-terminal
half, which has a modestly significant likelihood of 0.033.
Of those residues with biases that are statistically signifi-
cant, polar residues favor the C terminus, and apolar resi-
dues favor the N terminus.

In contrast, the amino acids facing into the core of the
�-barrel do not differ appreciably in composition between
the two halves of the �-strands (Fig. 1C,D). Overall, the
hydrophobic amino acids are less frequent and the hydro-
philic amino acids are more frequent than in the residues
facing the lipids. The N- and C-terminal frequencies, how-
ever, are essentially equal. Phe is the only exception, having
a bias for the C-terminal half and a statistical likelihood of
0.014. Of the interior-facing residues, none of the hydro-
philic residues shows a statistically significant composition
bias, even though the interior of the �-barrel is generally
more hydrophilic than the exterior. These results suggest
that the residue composition differences arise from interac-
tions with the bilayer, rather than from constraints intrinsic
to �-barrel geometry.

The composition differences in the residues facing the
membrane lipids are also seen by dividing the membrane
into six 5.0 Å sections from the N- to C-terminal sides of the
membrane. As shown in Figure 2A, the hydrophilic amino
acids Glu, Gln, Asp, Asn, Lys, and Arg are more populated
in the membrane edges and, in particular, in the C-terminal
edge. We found all three Glu residues and seven of eight
Arg residues in the most C-terminal membrane section. Tyr
makes up nearly one-fourth (23.3%) of the most C-terminal
section and only 11.3% of the most N-terminal section (Fig.
2B). In contrast, the hydrophobic amino acids are most fre-
quent in the N-terminal side of the membrane core (Fig.
2C). The combined total of Phe, Ile, Leu, and Val is most
populated in the second membrane section, making up
64.5% of the total amino acids. This section includes resi-

dues between 5.0 and 10.0 Å from the N-terminal edge of
our 30.0 Å-thick membrane. The preference of the hydro-
phobic amino acids for this section arises from their high
frequency in the membrane core and from their bias to be
more populated in the N-terminal halves of the strands.

Discussion

We suggest that the N-terminal/C-terminal bias in amino
acid composition is the result of the interactions of the

Figure 2. Amino acid frequencies in six 5.0 Å sections of the membrane
from the N-terminal side (abscissa, left) to the C-terminal side (abscissa,
right) of the membrane. (A) The frequencies of some of the polar amino
acids, Asp (solid bar), Glu (diagonally hatched bar), Lys (vertical stripes),
Asn (open bar), Gln (vertically hatched bar), and Arg (diagonal stripes). (B)
The frequency of Tyr alone. (C) The frequencies of the hydrophobic amino
acids, Phe (solid bar), Ile (diagonally hatched bar), Leu (vertically striped
bar), and Val (open bar).
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strands with the membrane lipids. Each side chain should
have a preferred orientation that matches its polarity gradi-
ent to that of the membrane. Polar residues in a membrane
environment prefer to extend their side chains out of the
membrane core and toward the aqueous regions. Side chains
have three favored choices of the �1 dihedral angle: −60°,
+60° , or +180°. On the outside of a TM �-barrel, extension
of the side chain out of the lipid core is better accomplished
with a �1 dihedral angle of 180° than with �1 angles of −60°
or +60°. For example, in Figure 3, a Tyr side chain with �1
� 180° extends its O� atom 5.0 Å toward the C-terminal
side of the membrane, but the side chains with �1 � +60°
and −60° extend the O� atom only 3.2 Å and 2.0 Å toward
the N terminus, respectively. Because the largest extension
occurs toward the C terminus, Tyr residues are easier to
accommodate at the C terminus.

This explanation is analogous to our explanation of
amino acid composition differences in TM helices (Cham-
berlain et al. 2004). In TM helices, however, polar amino
acids generally are more populated in the N terminus. The
helix geometry favors side chain extension toward the N
terminus because of the direction of the C�-C� bond. In
�-barrels, the C�-C� bond extends essentially parallel to
the membrane, but the tilt of the strands with respect to the

membrane normal favors the �1 � 180° extension toward
the C terminus over the other �1 angles extending toward
the N terminus.

These results aid our understanding of transmembrane
�-barrels and could be directly applied to the prediction of
�-barrels from genomic sequences (Martelli et al. 2002;
Wimley 2002; Zhai and Saier Jr. 2002). In particular, the
identification of TM �-strands in a sequence should be im-
proved by knowing the amino acid composition in each
�-strand position. A more specific description of the
�-strands will become feasible as more structures become
available. Thus, understanding how the amino acid compo-
sition varies in different regions of �-barrels aids our inter-
pretation of genomic information and illuminates the inter-
actions between the membrane and transmembrane pro-
teins.

Materials and methods

Choice of �-barrel membrane proteins

The �-barrel membrane proteins were selected from a list at the
Max Planck Institute (http://www.mpibp-frankfurt.mpg.de/michel/
public/memprotstruct.html). Each pair of proteins has less than
30% sequence identity (http://www.ncbi.nlm.nih.gov/BLAST/),
and all structures were determined by X-ray crystallography to a
resolution of 3.0 Å or better. The 16 PDB codes used were 1A0S,
1E54, 1EK9, 1FEP, 1I78, 1K24, 1KMO, 1PHO, 1PRN, 1QD6,
1QJ8, 1QJP, 2FCP, 2MPR, 2POR, and 7AHL.

Identification of transmembrane residues

The strands making up each �-barrel were identified by eye, and
the secondary structure assignments were listed in the PDB header
file. Each strand was represented as a vector from the second to the
eighth C�, and we inverted the vectors of the odd-numbered
strands. By averaging the strand vectors of each protein, we cal-
culated a vector normal to the membrane. If more than one subunit
was in a crystal structure, we used all the subunits to determine the
membrane normal, but used only one subunit in subsequent cal-
culations. We identified the transmembrane residues by orienting
a 30.0 Å-thick slab perpendicular to the membrane normal and
positioning it along the membrane normal such that the average
hydrophobicity (Fauchere and Pliska 1983) of the residues in the
slab were a maximum. A residue was considered to be inside the
membrane if its C� atom was contained in this slab. The 16 struc-
tures contain 220 strands and 2042 transmembrane residues. None
of the transmembrane strands contains any Cys residues.

We placed each residue into a group based on whether the side
chain faced into or out of the center of the �-barrel. A residue was
counted as inward facing if its C� atom was closer than its C�
atom to the center of mass of the �-barrel. For Gly, we built in and
used a H�2 atom in place of the C� atom. We further subdivided
the residues according to the location of their C� atoms in the
membrane to the N- or C-terminal end of the strands. We used six
5.0 Å-thick slices or two 15.0 Å-thick slices of the membrane. The
frequency of each amino acid in a membrane section is simply the
number of counts of the amino acid divided by the total number of
amino acids in that section. Error estimates of the frequencies are

Figure 3. Extension of the Tyr side chain out of the membrane in different
rotamers. The distance the Tyr O� atom extends out of the membrane core
depends on the Tyr �1 angle. The O� atom extends 5.0 Å toward the
C-terminal side of the membrane with �1 � 180°, but it only extends 3.2
Å and 2.0 Å toward the N-terminal side with �1 � +60° and −60°, re-
spectively. These distances are the extension of the O� atom from the C�

along the membrane normal. For each �1 angle, we averaged the distances
of Tyr placed in eight different positions in �-strands. These values are
specific to lipid-facing Tyr residues. Residues facing inside the �-barrel
have a different angle between the N-C� bond and the normal membrane,
and therefore the �1 angles affect the O� extension differently.
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the square roots of the counts divided by the total number of amino
acids. Because the strands of �-barrels are antiparallel, misplacing
the membrane toward one end of the �-barrel would add counts of
residues to both the N- and C-terminal membrane sections. In this
way, our results that show a bias of certain residues for the N- or
C-terminal regions of the membrane are not created by errors in
the membrane placement.

Statistical test of amino acid bias

To test the statistical significance of the bias of an amino acid to
reside in either the N-terminal half or C-terminal half of a trans-
membrane �-strand, we constructed a null model in which the
amino acid is distributed randomly between the two halves. We
then calculated the probability of finding the observed distribution
or a more biased distribution, given this random null model. The
probability is calculated from the binomial distribution, with the
total number of trials equaling the total number of interior-facing
or lipid-facing residues. A successful trial occurs when the amino
acid is placed in the N terminus. The random frequency that an
amino acid will occur in the N terminus is 50.6%, which is the
average frequency over all amino acids. A low probability implies
that the observed preference of the amino acid for one half is
unlikely to occur by random chance.

Measurement of tyrosine side-chain extension

We measured the extension of Tyr side chain along the membrane
normal from the C� atom to the O� atom in its three most common
rotamers. We used the �1 and �2 angles from Dunbrack Jr.’s
rotamer library (Dunbrack Jr. and Karplus 1993; Dunbrack Jr. and
Cohen 1997) and present the average distances using eight posi-
tions in two TM barrel structures. These outward-facing positions
were residues 223, 274, 292, and 324 in 1E54 and 81, 95, 139, and
164 in 1QJP.
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