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The amino acid sequences of transmembrane regions of helical
membrane proteins are highly constrained, diverging at slower rates
than their extramembrane regions and than water-soluble proteins.
Moreover, helical membrane proteins seem to fall into fewer families
than water-soluble proteins. The reason for the differential restric-
tions on sequence remains unexplained. Here, we show that the
evolution of transmembrane regions is slowed by a previously un-
recognized structural constraint: Transmembrane regions bury more
residues than extramembrane regions and soluble proteins. This
fundamental feature of membrane protein structure is an important
contributor to the differences in evolutionary rate and to an increased
susceptibility of the transmembrane regions to disease-causing
single-nucleotide polymorphisms.

disease mutation | potassium channel | protein folding |
protein stability | single nucleotide polymorphisms

E volutionary rates vary considerably in different cellular
compartments (1). Membrane proteins have been found to
diverge faster overall than soluble proteins (2, 3), but this
increased rate is confined entirely to the rapidly evolving ex-
tramembrane regions. Transmembrane regions, on average,
diverge much more slowly than the extramembrane regions more
slowly than soluble proteins (1, 4-6).

A major factor controlling protein sequence divergence is the
need to preserve protein function by maintaining a folded
structure (7). Because the physical forces that drive folding can
change with environment, proteins in different cellular locations
can be subject to distinct evolutionary constraints. Membrane
proteins, in particular, must accommodate to a dramatically
varied environment, ranging from hydrocarbon chains in the
bilayer core to water as they emerge from the membrane (8, 9).
It therefore seems possible that distinct structural imperatives
found in different environments could be an important contrib-
utor to evolutionary rates. An obvious sequence adaptation is
the hydrophobic matching of the protein exterior, reflected in an
apolar transmembrane amino acid composition. Although
amino acid diversity is more limited in the transmembrane
segments, simple compositional differences do not explain the
slower divergence rates of transmembrane regions (1, 4, 5).

Here, we find that the transmembrane regions of membrane
proteins bury more residues on average than soluble proteins
and much more than extramembrane regions, a possible mech-
anism for increasing stabilization in the absence of the hydro-
phobic effect. Because buried residues evolve at slower rates
than surface residues (10-12), the higher level of residue burial
in the transmembrane regions leads to slower sequence diver-
gence. Moreover, we find that higher residue burial may explain
a higher prevalence of disease-causing mutations in the trans-
membrane region of membrane proteins compared with the
extramembrane regions.

Results and Discussion

Transmembrane Regions Bury More Residues. Fig. 14 shows plots of
the fractional surface area buried per residue versus oligomer
size for transmembrane regions, extramembrane regions, and
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Fig. 1. Transmembrane segments bury a larger fraction of their surface area
on average than soluble proteins or membrane protein extramembrane seg-
ments. The plot shows the average fraction of surface area buried per residue
as a function of the number of residues in the native oligomer for (A)
transmembrane segments (red circles), all residues of water-soluble proteins
(open green squares), and all residues of extramembrane segments (blue
diamonds) and for (B) transmembrane segments (red circles), helices of helical
soluble proteins (open green squares), and helices of extramembrane seg-
ments (blue diamonds).

soluble proteins. Transmembrane segments clearly bury more of
their surface on average than soluble proteins and much more
than the extramembrane regions. When transmembrane seg-
ments are compared only with a-helices of extramembrane
regions or a-helices of helical soluble proteins, the difference,
albeit less pronounced, still remains (Fig. 1B). We note that the
average surface area buried per residue is similar in membrane
and soluble a-helices, because transmembrane segments bury
smaller residues on average (13, 14) (supporting information
(SI) Fig. S1). Transmembrane helices, however, bury more of
their available surface and thus, in effect, use more residues for
structure maintenance than soluble protein helices and much
more than extramembrane helices.

The reason for the higher burial rate for transmembrane helices
is unclear. It is possible that increased burial is driven by a need to
maximize van der Waals packing. Alternatively, the use of small
residues that can facilitate polar backbone interactions and reduce
entropy costs simply may necessitate a closer apposition of the
transmembrane helices, increasing the rate of burial (15).

Is Residue Burial an Important Factor Controlling Evolutionary Rates?
The higher level of residue burial in transmembrane helices
could impose a greater structural constraint on the rate of
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Fig. 2. Comparison of the divergence rates as a function of burial for the
residues in transmembrane and extramembrane regions of integral mem-
brane proteins. The average conservation scores in different categories are
shown. The pair of histogram bars on the left reports the average normalized
conservation scores for all residues in the transmembrane region (red bar) and
the extramembrane region (blue bar). The next 3 pairs of histogram bars
represent the average conservation scores at different levels of burial for the
transmembrane region (gray bars) and extramembrane region (white bars).
The residues in the combined transmembrane and extramembrane regions
were divided according to their level of burial into quartiles of equal numbers:
1 (0-52% buried), 2 (52.1-81.3% buried), 3 (81.4-97.3% buried), and 4
(97.4-100% buried). The p-values shown were calculated using a paired t test,
in which each pair is the conservation score for the extramembrane and
transmembrane region within a particular family (Table S1). The number of
residues in each category, n, is shown on the histogram bars.

sequence divergence compared with environments that demand
less residue burial. Nevertheless, many factors influence se-
quence divergence rates, so how important is simple residue
burial in explaining the slower divergence rates in the trans-
membrane segments?

To assess the impact of residue burial on conservation differ-
ences in the transmembrane versus the extramembrane environ-
ments, we compared the divergence rates of residues grouped
according to their extent of burial. In the extreme scenario, in
which residue burial is the only factor controlling the disparity in
evolutionary rates, buried residues in the transmembrane seg-
ments showed essentially the same variability as buried residues
in the extramembrane segments. The same finding was true for
exposed residues.

From 19 distinct helical membrane proteins of known struc-
ture, we collected all 21 unique polytopic chains and prepared
sequence alignments of family members. Conservation scores
were calculated for each position using the trident scoring
method (16), with the conservation scores adjusted to account
for trivial composition effects as described in ST Materials (results
are given in Table S1). Fig. 2 shows the distribution of conser-
vation scores for the transmembrane regions and the extramem-
brane regions. As expected, the extramembrane segments had
lower conservation scores overall than the transmembrane re-
gions (P = 2.3 X 107%), corroborating the slower divergence of
the transmembrane regions compared with the extramembrane
regions. When residues were divided according to their degree
of burial, however, the scores were very similar on average (Fig.
2). For both the extramembrane regions and transmembrane
regions, the conservation scores increase with increasing burial,
as expected, but for residues with a similar level of burial the
conservation scores are statistically indistinguishable for the 2
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regions. Thus, within a given membrane protein family, the rate
of residue burial seems to have a significant influence on
divergence rates.

Effect on Deleterious SNPs. The high level of residue burial also
could increase the susceptibility of transmembrane regions to
deleterious substitutions, such as those that occur in genetic
diseases. In water-soluble proteins, 80% of disease-causing
mutations were found to destabilize structure (17). For mem-
brane proteins, however, it remains unclear how important
structural factors are compared with the many other mechanisms
that can compromise protein viability, such as the impairment of
membrane insertion or the alteration of functional sites. If
transmembrane residue burial is an important factor in genetic
disease etiology, we would expect disease-causing mutations
would be (i) more probable in the transmembrane domains and
(ii) targeted to buried residues. If another factor is the primary
cause of disease, there might be little or no correlation with
structural parameters. A strong bias for disease-causing SNPs to
occur in the transmembrane regions of G protein-coupled
receptors (6, 18) and potassium channels (19) has been observed,
although the structural basis of this observation has not been
investigated. We therefore collected a set of disease-causing
variants as described in Methods and listed in Table S2.

To assess the relative preference for disease mutations in
different structural categories, we define a disease bias ratio
(DBR) as follows:

DBR = F(D,i)/F(i)

where F(D,i) is the fraction of all disease-causing mutations in
category i and F(i) is the fraction of all residues in category i.
Thus, if the DBR is >1, disease mutants are more prevalent than
expected by chance in category i. Consistent with our hypothesis
and prior observations, there is a clear preference for disease-
causing mutations to reside in the transmembrane regions for
each of the protein families (Fig. 34). Moreover, in the trans-
membrane regions, the DBR increases dramatically as residues
become more buried (Fig. 3B). The strong bias for transmem-
brane disease mutations to occur in buried residues suggests that
transmembrane segments are more structurally sensitive than
extramembrane segments because of the higher level of residue
burial.

Conclusion

Our results indicate how environmental influences on the ability
to fold may limit membrane protein evolution. The hydrophobic
effect is a dominant contributor to the structure stabilization of
soluble proteins and the extramembrane regions of membrane
proteins (7, 20), but water is essentially absent in the hydrocar-
bon core of the bilayer, where membrane proteins must operate.
Consequently, the relative importance of other forces, such as
van der Waals packing and hydrogen bonds, must increase in the
apolar environment of the membrane core (13). To make good
use of dispersion forces and polar interactions, membrane
proteins therefore may need to pack a larger fraction of their
surface area to maintain a stable structure. Regardless of the
reason for additional packing, this physical constraint seems to
be important for disease etiology and could be a factor in the
smaller number of integral-membrane protein families that seem
to exist compared with water-soluble protein families (21, 22). It
has been suggested that water-soluble proteins evolved from the
extramembrane segments of primordial membrane proteins
(23). If so, the ability to break out of the folding constraints
imposed by the membrane may have been a key factor in the
early evolution of life.

Oberai et al.
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Fig. 3. There is a bias for disease-causing mutations to occur in buried positions of the transmembrane helices. (A) Disease-causing mutations are more likely
in the transmembrane regions. The plot shows the DBR observed for the transmembrane (red) and extramembrane (blue) regions. For KCNQT and hERG, the
transmembrane/extramembrane assignment was taken from Jackson and Acili (19); for the other entities it was taken directly from the mapping onto the
structures. The transmembrane region of rhodopsin has 167 residues and 17 disease mutations, whereas the soluble region has 162 residues and 9 disease
mutations; the transmembrane region of Ca?* ATPase has 180 residues and 5 disease mutations, whereas the soluble region has 814 residues and 6 disease
mutations; the transmembrane region of the voltage-gated K channel (Kv1.1/Kv1.3) has 144 residues and 8 disease mutations, whereas the soluble region has
242 residues and 4 disease mutations; the transmembrane region of KCNQ17 (Kv7.1) has 146 residues and 49 disease mutations, whereas the soluble region
has 458 residues and 81 disease mutations; the transmembrane region of hERG (Kv11.1) has 151 residues and 40 disease mutations, whereas the soluble
region has 753 residues and 93 disease mutations. (B) Disease-causing mutations in the transmembrane region are biased toward buried residues. The DBR
for the residues in the transmembrane regions are grouped by the degree of side-chain burial for the residues that were mappable onto the structures (see Table
S2). (C) The position of disease variants on the protein structures. The sequences were aligned to 3 proteins of known structure: rhodopsin (1GZM) (34), Ca2*
ATPase (1SU4) (35), and voltage-gated K* channel Kv 1.2 (2R9R) (36). Kv1.1/Kv3.3 were aligned to the Kv1.2 structure. The a-carbons of the residues associated
with disease-causing mutations are shown as spheres color-coded according to the degree of side-chain burial for the membrane proteins used in A and B. Blue
corresponds to 0-50% buried, green to 50-95% buried, and red to 95-100% buried. The transmembrane and extramembrane regions are highlighted in yellow
and blue, respectively, and are separated by planes of blue dots. Cofactors and substrates for each protein (retinal for rhodopsin, Ca2* for Ca2* ATPase, and K*
for Kv 1.2) are highlighted in violet. KCNQ7 and hERG are not included in this figure because only partial alignments to the known Kv1.2 structure are possible.

Materials and Methods

Protein Structure Database Analysis. A set of 31 helical membrane proteins
(Table S3) of known structure were selected using the membrane proteins of
known 3D structure database (24) and 533 water soluble proteins of known
structure were selected from the ACT database (27), so that none had >30%
sequence identity with any others in the respective sets. Quaternary structures
of membrane proteins were obtained from the PQS (25) and OPM (26)
databases, and quaternary structures of the soluble proteins were determined
using the ACT database (27). The transmembrane domain boundaries were
taken from the OPM database (26). Solvent accessibilities were determined
using the method of Le Grand and Merz (28) as implemented in EZPROT (27).
The atomic radii and free residue areas were taken from ref. 29. Cofactors
were included in the solvent accessibility calculations, but substrates and other
bound molecules were removed.

Helical soluble proteins were defined as water-soluble proteins whose total
residue content constitutes at least 50% helix-structured residues. A set of 137
helical water-soluble proteins was obtained from the 533 water-soluble pro-
tein structures.

Oberai et al.

Sequence Alignments. Proteins from our membrane protein list were com-
pared with sequences from the UniProt sequence database using Blast 2.0 (37).
Hits with a minimum sequence identity threshold of 30% and a minimum
overlap in length of 70% were extracted and aligned using ClustalW (30). A
final set of 21 protein families that have highly informative conservation
scores (> 90% diversity of scores) was selected for further analysis.

Conservation Scoring. The trident scoring method in SCORECONS was used to
obtain conservation scores (16). Trident is an entropy-based method that also
utilizes amino acid physico-chemical properties and is weighted by the se-
quence similarity of family members. Scores were considered only for posi-
tions in the alignment with <80% gaps; the remainder were considered
noninformative and were removed.

There is an inherent bias in conservation scores between the transmem-
brane and extramembrane regions because of the lower residue diversity in
the apolar membrane regions. To remove this bias, we determined the aver-
age conservation score obtained for random sequences with compositions of
either the extramembrane or transmembrane regions. We determined this
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score by creating 2 random pseudofamilies 200 residues long with 200 family
members. The pseudofamilies then were scored as a multiple alignment using
SCORECONS. The random score for the transmembrane region was 0.136 and
for the extramembrane region was 0.055. Because for both regions the
maximum score is 1.0, the expected range of values is ~10% smaller for the
transmembrane region sequences because of composition alone. To correct
for this small difference, a normalization was applied to both transmembrane
and extramembrane residue scores according to the formula:

NS = (0S — RS)/(1 — RS)

where NS is the normalized score, OS is the original score, and RS is the
randomized score.

Identification and Structure Mapping of Disease-Causing Variants. The mem-
brane proteins for which an experimental structure from a mammalian species
is available were used to identify disease-causing variant alleles of genes from
the Online Mendelian Inheritance In Man (OMIM) database (31), which con-
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tains data on human monogenic disorders. We were able to find homologues
with disease-causing variant data for 3 proteins of known structure (requiring
>30% sequence identity). Only those nonsynonymous SNP disease-causing
variants that result in an amino acid change were used; others, such as those
resulting in a termination or those from deletions, were removed from the set.
To map the residues on the known structures, the sequences corresponding to
the disease-causing genes were aligned to the sequence of the protein with an
experimental structure using BLAST. The proteins used were rhodopsin
(aligned to 1GZM), calcium ATPases (aligned to 715U4, 1T5S, TWPE, TWPG, and
2AGV), and the voltage-gated potassium channels Kv1.1 and Kv3.3 (aligned to
2R9R). In addition, we made use of hand-curated alignments of KCNQT (32)
and hERG (33) to portions of the 2R9R (Kv1.2) sequence and the disease-
mutation database for these proteins compiled by Jackson and Accili (19) (see
Table S2).
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