
Substitution rates in�-helical transmembrane proteins

TIMOTHY J. STEVENS1 AND ISAIAH T. ARKIN 2

1Cambridge Center for Molecular Recognition, Department of Biochemistry, University of Cambridge,
Cambridge, CB2 1GA, United Kingdom
2The Alexander Silberman Institute of Life Sciences, Department of Biological Chemistry, The Hebrew University,
Jerusalem, 91904 Israel

(RECEIVED March 15, 2001; FINAL REVISION August 30, 2001; ACCEPTEDSeptember 6, 2001)

Abstract

It has been shown previously that some membrane proteins have a conserved core of amino acid residues.
This idea not only serves to orient helices during model building exercises but may also provide insight into
the structural role of residues mediating helix–helix interactions. Using experimentally determined high-
resolution structures of�-helical transmembrane proteins we show that, of the residues within the hydro-
phobic transmembrane spans, the residues at lipid and subunit interfaces are more evolutionarily variable
than those within the lipid-inaccessible core of a polypeptide’s transmembrane domain. This supports the
idea that helix–helix interactions within the same polypeptide chain and those at the interface between
different polypeptide chains may arise in distinct ways. To show this, we use a new method to estimate the
substitution rate of an amino acid residue given an alignment and phylogenetic tree of closely related
proteins. This method gives better sensitivity in the otherwise-conserved transmembrane domains than a
conventional similarity analysis and is relatively insensitive to the sequences used.
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Membrane proteins with at least one transmembrane�-helix
account for >25% of the proteins in almost every genome
sequenced so far (Stevens and Arkin 2000). They are also
the therapeutic targets for most of the drugs currently in
medicinal use. However, as the native structures of mem-
brane proteins require the presence of a lipid bilayer or
substitute amphiphile, experimental determination of struc-
tures is extremely difficult. Thus,�-helical transmembrane
proteins are severely under-represented in protein structural
databases (Sakai and Tsukihara 1998). Of all the (non-ho-
mologous) proteins in the Protein Data Bank (PDB) (Bern-
stein et al. 1977) there about a dozen high resolution (<3 Å)
�-helical transmembrane protein structures.
With this set of structures we can begin trying to under-

stand why the membrane domain folds the way it does. This
important class of proteins exists in an environment quite

unlike that of aqueous proteins. Thus, the folding membrane
domain has a different set of guiding influences that govern
the final form. For example, without a polar solvent the
bilayer-bound peptide backbone almost always fulfills its
hydrogen bonding potential with an�-helical secondary
structure. The two-stage model of membrane protein fold-
ing and oligomerization (Popot and Engelman 1990) has
been used as a basis for understanding transmembrane do-
main formation. This model considers the thermodynamic
motivation for helices to fold and then to associate laterally
within the bilayer. By investigating the patterns of mem-
brane domain structure we can build on this basic frame-
work to show how a particular association of helices gen-
erates the final structure. In particular, the two-stage model
does not distinguish mechanistically between helices from
the same or different polypeptide chains.
The structural characteristics of an�-helical bundle make

membrane domains worthy targets for molecular modeling,
compensating for the deficit in high resolution structures.
However, molecular modeling of transmembrane helical
bundles often results in multiple low-energy structures.
These require additional low-resolution structural informa-
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tion to distinguish between false minima and the native
protein structure. This augmentation can come in the form
of empirical data (Arkin et al. 1997) or from constraints
based on knowledge of the biological function and folding.
Such constraints include the placing of biologically func-
tional residues in appropriate positions and locating substi-
tution-sensitive residues in particular positions, most nota-
bly at helix–helix interfaces (Treutlein et al. 1992; Adams et
al. 1995, 1996). Consistent with this approach, previous
studies have looked at evolutionarily conserved residues
and placed them in a structural context (Donnelly et al.
1993). These analyses have formed the basis of the principle
that membrane proteins have conserved cores. However, the
initial observations of a conserved transmembrane core
were limited to the analysis of single proteins. Hence, the
deduction may be subject to the peculiarities of the particu-
lar protein chosen. For example, when considering hydro-
phobicity, significant proportions of hydrophilic residues in
a transmembrane protein core seem specific to a few pro-
teins (e.g., rhodopsins).
Using the recently increased number of high resolution

structures of�-helical membrane domains, we have exam-
ined a database of non-homologous hydrophobic�-helical
bundles. We present a rigorous and statistical approach for
exploring the structural significance of evolutionary varia-
tion in transmembrane�-helix residues. Not only do we
analyze a much larger data set than prior analyses, but we
also make use of a new technique for calculating the evo-
lutionary preservation of protein residues based on esti-
mated substitution rates (rather than residue similarity).
This technique is intentionally insensitive to the choice of
related sequences used to generate conservation data. Our
results show that the cores of helical transmembrane pro-
teins, as a class, are indeed more conserved than the lipid-
exposed regions. However, this conservation seems to be
strongest at the core of individual polypeptide chains and
possibly biologically active homo-oligomers thereof. As a
class, the oligomerizing surfaces within the transmembrane
domains are not well-conserved and in this respect are simi-
lar to the lipid-facing surfaces.

Results

Substitution rate of accessible residues

The distribution of relative substitution rates for three dif-
ferent residue classes is shown in Figure 1. Buried residues
are defined as those that have <7% of the maximum solvent-
accessible surface area (Hubbard and Blundell 1987) ex-
posed to a solvent probe (1.4 Å diameter). The distribution
of substitution rate indices for buried residues is biased
towards lower values compared to both the solvent-exposed

residues (given the native structure) and the oligomer-inter-
face residues. The differences are particularly apparent for
Ri values >1.5; there are approximately twice as many ex-
posed residues than buried ones. The mean vales ofRi are
0.88, 1.09, and 1.00 for the buried, exposed, and oligomer-
interface classes, respectively. When the accessibility cal-
culation uses single chains, rather than oligomeric struc-
tures, the distribution of relative rates is virtually unaltered
(not shown). In effect, by using the single-chain accessibil-
ity, the oligomer-interface residues are reclassified as sol-
vent-exposed. With a distribution similar to the solvent-
exposed residues, this reclassification makes little differ-
ence.

Protein pictures

Figure 2, a representation of bacteriorhodopsin from the
structural database, illustrates a clear instance in which the
most variable residues are found around the periphery of the
protein and the most preserved are in the center. The picture
of a bacteriorhodopsin subunit shows a more variable exte-
rior, with no clear distinction between lipid-contacting sur-
faces and oligomerizing surfaces. Also, this illustrates that
the use of estimated substitution rates gives a picture with
better gradation than is generated from conservation values.
Figure 3 shows how theRi of residues can be used to gen-
erate vectors that illustrate which side of the transmembrane
helices are most preserved. For large hetero-oligomeric pro-
tein complexes, such as cytochromec oxidase, coloring in-
dividual residues according to conservation or substitution
rate (Fig. 3A) does not produce such a clear correlation,
although it may noted that the variable residues seem to be
around the edges of the subunits. By creating substitution

Fig. 1. The distribution of substitution rate indicesRi for buried, exposed,
and oligomer-interface transmembrane residues. A substitution rate index
>0 indicates a substitution rate higher than the alignment average.
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rate vectors (Fig. 3B) this picture is clarified greatly. On the
whole, the most preserved sides of the helices (indicated by
the arrow) face the inside of helical bundles from the same
polypeptide chain. As with bacteriorhodopsin, the oligomer-
izing surfaces show no special evolutionary preservation.
Only two protein examples are shown here using the residue
color method, as it is simpler to represent the overall trend
for the whole database by the vector correlations presented
below.

Substitution rate and lipid exposure

For all the proteins in the structural database, potential cor-
relations of the substitution rate and conservation vectors
with the solvent-accessible surface are shown by generating
vector dot products, shown in Figures 4 and 5. The dot
product is the parallel projection of one vector property on
another. Hence, the dot product will be large and positive if
a vector is coincident with the accessibility vector, large and
negative if the vectors are anti-parallel, and near zero if the
vectors are perpendicular or if one vector has a small mag-
nitude. In this case, positive dot products indicate that the
most evolutionarily variable face of a helix is on the same
side as the lipid-accessible face. Overall, in Figures 4 and 5
the shape of the dot product distributions are modeled rea-
sonably well by the random distribution. However, there are
some obvious differences to the null hypothesis; these dif-
ferences depend on the use of different accessibility and
evolutionary variability measure combinations. All of the
histograms show some indication of an evolutionarily pre-

served core in transmembrane domains; relative to the ran-
dom distribution, there is an absence of negative dot prod-
ucts and an over-abundance of positive dot products. The
bias for positive dot products is more distinct when using
estimated substitution rates (Ri) as compared to conserva-
tion (Ci). It should be noted that no improvement of this
trend is found forCi if it is expressed as a value relative to
the helical average, as is done forRi. For a given type of
residue variability measure (Ri or Ci), using a single poly-
peptide chain in the accessibility calculation shows a greater
bias for positive dot products than using the native oligo-
meric structure. This is particularly noticeable in the con-
servation analysis. The combination of single-chain acces-
sibility and relative substitution rate generates the most non-
random distribution (Fig. 5B). Indeed, there is only one
significant substitution rate vector pointing away from the
core of the polytopic transmembrane polypeptides in the
data set of helices studied. This single exception is for the
helix corresponding to residues 931–950 of the Ca2+

ATPase (1eul). Many of the dot products that are large and
negative in the single-chain calculation are near zero when
the native oligomeric structures are used. This is consistent
with helices at oligomer interfaces having small native ac-
cessibility vectors, but large single-chain accessibility vec-
tors. Finally, Figure 6 shows the correlation between the
oligomerizing surface area and substitution rate. Most heli-
ces in the data set do not have any oligomerizing surface
and thus are not represented. Overall, the dot products fit the
null (i.e., random) hypothesis. However, when the substitu-
tion rate vectors have their largest magnitude they are op-
posite to the oligomer interface.

Fig. 2. The transmembrane residues within bacteriorhodopsin (1c3w) shaded according to estimated substitution rate indexRi (A) and
conservationCi (B). The delineated helices are shown (upper right) for clarity. Within the shading scales, black indicates residues
which are the most preserved during evolution and white those which are most variable.
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Discussion

Helix–helix interfaces

Earlier observations on the photosynthetic reaction center
(Donnelly et al. 1993) indicated that the lipid-exposed re-
gions of transmembrane proteins were less well-conserved
during evolution. The distribution of the substitution rates
for buried and exposed residues (Fig. 1) and the accessibil-

ity vector correlations (Figs. 4, 5) for whole helices confirm
this trend and also provide a more significant statistical
basis that this is a property of polytopic membrane proteins
as a class.
Comparing Figures 4A and 5A with Figures 4B and 5B

illustrates how the less variable residues predominate at the
helix–helix interfaces of individual polypeptide chains. The
inclusion of multiple polypeptide chains in the accessibility
calculation appears to obscure the correlation between es-

Fig. 3. The transmembrane helices of cytochromec oxidase with residues colored according to estimated substitution rate indexRi (A;
as in Fig. 4) and with superimposed substitution rate vectors (B). For the vector analysis, each subunit of the structure is colored
differently.
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timated substitution rate (ESR) vectors and the core residues
of individual polypeptides. Investigation of the oligomeriz-
ing interfaces with a vector analysis (Fig. 6) illustrates that
they are not significantly preserved during evolution. In-
deed, if significant, there is a bias for the most evolution-
arily preserved face of a helix to be on the opposite side to
the contact. This observation of helical properties is consis-
tent with the single residue analysis presented in Figure 1.
Here, the distribution of ESR values for oligomer-contact-
ing residues resembles that of lipid-exposed residues most
closely. As a class, the core residues (mostly at same chain
interfaces) are more highly preserved than the oligomer-
interface residues. These data indicate that there is a differ-
ence in the selective pressures imposed on same-chain and
(mostly hetero-) oligomerizing interfaces. One may infer
that within the transmembrane helices of a single polytopic
membrane protein, helix–helix interactions are preserved to

maintain proper folding. In contrast, for oligomerization the
helices need not be so conserved, except for cases in which
the subunit interfaces form a bio-functional environment
(see below). This indicates that the specificity of these
oligomerizing interactions is mediated more by extramem-
branous elements. It is notable that, within the constraints of
hydrophobicity, changing a transmembrane residue at a het-
ero-oligomerizing helix interface would not be expected to
affect the folding of the polypeptide in the initial instance
(i.e., the surfaces are separate and lipid-solvated.)

Structure and functionality

The analysis presented here may seem to be at odds with the
well-accepted notion that the oligomerizing interfaces of
particular homo-oligomeric transmembrane domains must
be well conserved. For example the glycine-rich dimeriza-

Fig. 4. The distribution of dot products between the conservation vector and native-chain accessibility vector (A) or single-chain
accessibility vector (B). Dot products are positive if vectors are coincident with the accessibility vector, negative if the vectors are
anti-parallel, and near zero if the vectors are perpendicular or if one vector has a small magnitude. The absolute values of the dot
products (left) and the distribution expected if helices were oriented randomly (solid line). The difference between the observed dot
product data and the random distribution (right). The dotted lines and error bars represent the width of one standard deviation for a
random data set with the same number of data points as the structural data. Note that the magnitude of the conservation vectors has
been scaled linearly by a factor of −1.6 to give histograms directly comparable with those in Figure 7; ordinarily, the conservation
vector would be in the opposite direction to the substitution rate vector.
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tion motif of glycophorin has been shown readily by muta-
genesis (Lemmon et al. 1992, 1994). Also, the mutagenesis
of residues in ion channel proteins shows that loss-of-func-
tion substitutions involve residues within the channel pore

or at helix interfaces (i.e., in the core; Arkin et al. 1994;
Adams et al. 1995). However, the data set used here is
dominated by large hetero-oligomeric protein complexes.
Hence, the oligomerization occurs predominantly between

Fig. 6. The distribution of dot products between the substitution rate vector and the hetero-oligomer contact vector. In the left hand
chart the dotted line indicates the null hypothesis distribution. The chart (right) shows the difference between the observed dot-product
data and the null distribution.

Fig. 5. The distribution of dot products between the substitution rate vector and (A) native-chain accessibility vector or (B) single-chain
accessibility vector. The absolute values of the dot products (left) and the distribution expected if helices were oriented randomly (solid
line). The difference between the observed dot product data and the random distribution (right). The dotted lines and error bars
represent the width of one standard deviation for a random data set with the same number of data points as the structural data.
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helices with different amino acid sequence, rather than be-
tween the identical helices of functional homo-oligomers.
Reclassification of the few homo-helix interactions in the
data set as same-chain interactions gives a very slightly
increased bias for a preserved core, but the significance
cannot be judged on so few interactions. The distinction
between a conserved homo-oligomer interface and the gen-
erally undiscerning oligomer interfaces presented here may
reflect merely where the functionality of a protein lies. As
the primary constraint on the transmembrane amino acid
sequence will be fulfilling the biological function of the
protein, the placement of residues required to create the
biologically active environment will be preserved. This en-
vironment can be formed either by an oligomerization (e.g.,
phospholamban) or, as predominates here, by the associa-
tion of helices within a polytopic bundle (e.g., bacteriorho-
dopsin). Hence, the conserved polytopic cores illustrated
here may reflect the requirement for a functional scaffold.

Estimated substitution rates

Of particular importance in this study is the use of substi-
tution rates together with sequence similarity to give an
indication of evolutionary variability. Given a significant
data set, substitution rate analysis is by its nature insensitive
to the choice of sequences aligned for evolutionary com-
parison. Also, as we have shown, a substitution rate analysis
can show details of biological interest better than a similar-
ity analysis. In this instance, substitution rates may provide
better parameters for modeling transmembrane domain
structures. A good example is the picture of bacteriorho-
dopsin (Fig. 2) as the picture generated by conservation
values can be attributed to maintenance of functional resi-
dues, but the more graduated distribution of substitution rate
shows a discernable structural influence.
Part of the reason for the difference between conservation

and substitution rate may reflect the fact that ESR analysis
has a built-in expectation of how many differences will
occur. For conservation, it cannot be judged whether a large
variation in a sequence element is expected as a result of the
particular sequences chosen. Thus, conservation cannot pro-
vide as much sensitivity among the more variable residues.
It is obvious that, for a given protein, closely related se-
quences have fewer residue differences than more distantly
related ones; indeed this is the expectation of ESR analysis.
ESR data will show any significant bias for a residue to
change or be preserved relative to this base line. For struc-
tural analyses, estimation of substitution rates is like site-
directed mutagenesis, in that the tolerance of a site for
change is measured, rather than the similarity in the se-
quences chosen. A similarity analysis can miss important
information, as illustrated in Figure 7.
Also important is that transmembrane helices always

carry a significant complement of hydrophobic residues, but

this conservation of hydrophobic character is not under in-
vestigation as ESR analysis treats all substitutions equally.
Thus, conservation data may mask the structurally signifi-
cant differences in substitution rate.

Conclusions

Polytopic membrane proteins evolve to preserve residues in
the cores of a particular polypeptide chain. Residues at
oligomer interfaces, except perhaps when there is a direct
involvement in biochemical processes, are less well-pre-
served. Hence, the means of interaction between oligomer-
izing transmembrane proteins may in general be mediated
by extramembranous protein elements. These observations
are of particular relevance if molecular modeling of trans-
membrane proteins is to consider larger, oligomeric com-
plexes. Substitution rates may be used to provide constraints
and rationalization for the orientation of helices of a par-
ticular polypeptide chain, but there is no statistical founda-
tion indicating that this method can be used to predict the
contacts between chains of different sequence.
For a significant number of aligned sequences, ESR

analysis provides a rigorous means of generating a picture
of substitution rate; it is at least comparable to similarity
measurements, but is relatively unbiased by sequence selec-
tion and potentially more sensitive than a conservation
analysis. Thus, ESR analysis may be applied well for sub-
jects other than hydrophobic transmembrane domains for
which an unbiased overview of site-specific evolution is
required, especially if the residue characteristics are other-
wise conserved.

Materials and methods

Protein structure database

The membrane protein structures used in this analysis represent all
of the currently available, non-homologous high resolution struc-

Fig. 7. An illustration of sequence elements in two distinct evolutionary
situations. A simple similarity analysis cannot distinguish between the
higher (left) and lower substitution rate (right).
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tures within the PDB which traverse a lipid bilayer with one or
more hydrophobic�-helices and have a sufficient number of se-
quenced homologues (see below). This analysis is not concerned
with the structures of�-barrel, transient, or amphipathic mem-
brane proteins. The structures studied range in size from the two
helices of a glycophorin A to the 54 helices of the cytochromec
oxidase. The proteins also have diverse functions. The database
used includes the following proteins (PDB identifiers are indicated
in parentheses):

• Bos taurusCytochromec oxidase (1occ) (Tsukihara et al. 1996)
• Gallus gallusCytochromebc1 complex (1bcc) (Zhang et al.
1998)

• Halobacterium halobiumBacteriorhodopsin (1c3w) (Luecke et
al. 1999)

• Rhodopseudomonas acidophiaLight harvesting complex (1kzu)
(Fyfe and Cogdell 1996)

• Homo sapiensGlycophorin A (1afo) (MacKenzie et al. 1997)
• Rhodopseudomonas viridisPhotosynthetic reaction center
(1prc) (Deisenhofer et al. 1995)

• Streptomyces lividansPotassium channel (1bl8) (Doyle et al.
1998)

• Escherichia coliSuccinate dehydrogenase (1fum) (Iverson et al.
1999)

• Oryctolagus cuniculusCa2+ transporting ATPase (1eul)
Toyoshima et al. 2000)

• Bos taurusRhodopsin (1f88) (Palczewski et al. 2000)

These structures represent 80 distinct transmembrane helices con-
taining a total of 1430 residues. The structures of the transmem-
brane domains of the above proteins were obtained by selecting the
bilayer-traversing subset of the PDB structures. This delineation
was performed in the same manner as previous analyses (Stevens
and Arkin 1999), with automated hydropathy searching and helical
secondary structure selection together with a manual check of each
structure. To avoid over-representation, in which PDB structures
consist of homo-oligomers, only one of the identical subunits was
used in further analyses.

Sequence preparation

Sequence selection

For each of the proteins in the high-resolution structural databases,
the amino acid sequence was used to find evolutionary variant
sequences of the same type of protein. The sequence from the PDB
structure was compared for homology with the sequences from the
SPTR sequence database, which contains SWISSPROT (Bairoch
and Boeckmann 1991) sequences and translated EMBL (Stoesser
et al. 1999) sequences, as well as the translated open reading
frames (proteomes) of all those organisms which have had their
entire genomes sequenced. It should be noted that these databases
are not mutually exclusive; repeat sequences were ignored during
the analyses. Searches of the SPTR and proteomes databases used
the FASTA (Pearson and Lipman 1988) algorithm. Of those ho-
mology matches identified for the PDB-derived query sequences,
only those with a random match probability <1 in 105 were chosen
for further analysis. When large numbers of homologues were
identified, only the best 100 with the closest match of their func-
tional description to the query protein were used. For each mem-
brane protein sequence a multiple sequence alignment of the ho-
mologues was created using the PILEUP program of the GCG
Wisconsin package. Once aligned, hydropathy analysis was per-
formed on each of the sequences to delineate transmembrane re-

gions. This was done using very permissive search parameters, a
window of 15 residues and a hydropathy threshold of −22 kCal
mole−1 (Stevens and Arkin 2000). Any sequence that did not pos-
sess a hydrophobic putative-transmembrane region which overlaps
(according to the alignment) each of those predicted from the
PDB-derived sequence was removed from consideration. This fil-
tering eliminated significantly truncated homologues and non-
membrane variants.

Phylogenetic trees

Using the multiple sequence alignments as input, evolutionary
distance matrices were calculated using the PROTDIST programs
of the PHYLIP package (Felsenstein 1989); then evolutionary
trees were calculated using the FITCH program of the same pack-
age. The global alignment used to calculate the evolutionary dis-
tance matrix employs the Dayhoff PAM 250 matrix scores (Day-
hoff et al. 1983). A more sophisticated alignment scheme was
believed unnecessary, as the sequences are already known to share
a high degree of homology. Evolutionary tree generation used the
Fitch-Margoliash algorithm (Fitch and Margoliash 1967) and con-
sidered global rearrangements to give the best possible tree.

Substitution rate

Comparison of residues at a single alignment position is used to
estimate the rate of amino acid substitution, given the phylogenetic
tree generated by global comparison. In a multiple sequence align-
ment of different homologues of a protein, for each residue posi-
tion i the ESRsi is calculated as the ratio between the estimated
number of substitutions and the total evolutionary distance
sampled:

si =
Si
Di

(1)

Assuming a given evolutionary tree for the alignment,Si is the
minimum number of substitutions required to give rise to the se-
quence variation of the alignment at positioni andDi is the total
evolutionary distance spanned at the same position.
The number of substitutionsSi required to generate the sequence

found in an alignment, according to the phylogenetic tree, is esti-
mated by assuming parsimony. Given that the total number of
possible amino acid transitions is much higher than for single
nucleotide transitions, the probability of a sequential pair of recip-
rocating transitions (X→ Y → X) is assumed to be negligible.
Substitutions were counted in a regressive manner from the outside
of the phylogenetic tree (i.e., the actual sequences) towards the
central nodes. By working inwards, it is possible to predict the
sequence at each node of the tree. If the branches that emanate
from a node differ in amino acid (and their assignment is unam-
biguous), a substitution is scored. A sequence element can only be
assigned for each trigonal node once sequence elements of two of
its branches are known (see Fig. 8). The assignment and scoring of
substitutions were done according to the scheme presented in
Table 1.
Total evolutionary distanceDi is calculated as the sum of the

evolutionary distancesdi over the pathsj of the phylogenetic tree
for one positioni in the sequence alignment. Note that total path-
length varies according to alignment position because of the pres-
ence of gap insertions; that is, certain branches of the phylogenetic
tree are absent if a sequence has no representative residue at that
alignment position (di,j � 0). However, this is rare in transmem-
brane domain sequences. For a total ofJ branches,

Stevens and Arkin
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Di = �
j=1

J

di,j (2)

The substitution rate indexRi provides a measure of the deviation
of the substitution rate at a single position from the average rate for
the whole protein alignment. In this way, all indices (Ri) are rela-
tive to a normalized value for the alignment. Hence, different
proteins can be compared in a consistent manner. The average
substitution rate s̄ is determined from the total number of substi-
tutions estimated to occur over all the evolutionary distance rep-
resented by the phylogenetic tree at all alignment positions.

s=
�
i

Si

�
i

Di

(3)

Ri is calculated by the expression:

Ri =
si − s

s
(4)

Hence,Ri has a lower limit of −1 when there are no substitutions.
In the sequence data used here there were no values ofRi >4. Also,
for transmembrane residuesRi was very rarely >3. In subsequent
analyses, for example to generate helical vectors (see below),Ri
may be used as is or expressed relative to the averageRi for a given
helix.

Minimum number of nodes

It should be noted thatRi can be generated only for alignments
with sufficient protein sequences. With a small number of se-
quences, the number of nodes of the evolutionary tree is also small.
Hence, the substitution events will be sampled poorly. Over large
evolutionary distances, intermediate substitutions may be missed
and, for small distances, substitutions may have undue signifi-
cance. In other words, the substitution rate will be anomalously
high if only a single substitution event has occurred and anoma-
lously low if no substitution has occurred. The average probability
of finding a substitution event over all the sequence alignments of
the proteins studied here is∼ 16%, so as a rough guide we have
estimated the minimum number of nodes for a representative phy-
logenetic tree to be∼ 25. At this level, the difference of a single
substitution will change the substitution rate by ±4%. Thus, the
mean ±1 substitution (16% ± 4%) is at least 2 substitutions away
from 0 + 1 substitution. For 10 nodes, 16 ± 10% is indistinguish-
able from 0 + 10%.

Similarity analysis

A more traditional conservation analysis of the sequence align-
ments was done using the PLOTSIMILARITY program of the
GCG Wisconsin package considering a window of a single resi-
due. As with the ESR analysis, this generates a value for the
variability of the amino acids at each position in the alignment.
The conservation value at each positionCi is used in subsequent
analysis in the same manner asRi.

Visualization

For positions in the alignment corresponding to the delineated
helices (as used in the hydropathy check), the ESR indices and
conservation values were tabulated to find any structurally related
patterns of evolutionary variation. The residues in a pictorial rep-
resentation of the three-dimensional transmembrane domain struc-
ture were colored according to ESR index and conservation, as
shown in Figures 2 and 3. The color used for each residue was a
shade between variable (red) and conserved (blue), in which the
proportion of red and blue color components increase and de-
crease, respectively, in a linear manner according toRi or Ci.
Also, for each of the transmembrane helices, accessibility was

compared to the ESR index and conservation by creating helical
property vectors. A helical property vector shows the overall di-
rection and relative magnitude of a given residue property in a
helix. Accordingly, ESR index, conservation, and accessibility
vectors were calculated to indicate which face of a helix has the
lowest substitution rate, is most conserved, and most solvent-ac-
cessible, respectively. Each helix vector is the sum of its residue
vectors resolved in a plane orthogonal to the axis of the helix. The
direction of each residue vector is parallel to the vector from the
�-carbon position to the geometric mean of the side chain and the
magnitude of the vector is simply proportional to the property

Fig. 8. The scoring of substitutions given a phylogenetic tree of globally
aligned protein sequences. The diagram shows the scoring at a single
amino acid position. (scoring of a substitution byasterisks).

Table 1. The scoring scheme used to estimate the occurrence of
substitutions at the nodes of a phylogenetic tree

Node branch 1
Node
branch 2

Node
assignment

Substitution
scored?

A A A No
A B Aor B Yes
A or B A A No
A or B A or B A or B No
A or B A or C A No
A or B C Undefined Yes
A or B C or D Undefined Yes
A Undefined A No
Undefined Undefined Undefined No

A, B, C,andD represent different, unspecified amino acid residues esti-
mated to occur at the nodes of a phylogenetic tree.

Substitution rates in membrane proteins

www.proteinscience.org 2515



under investigation (e.g.,Ri). Two types of accessibility value
were calculated using the output of the program MSRoll (Gerstein
et al. 1995). The first is the native accessibility; the solvent-ex-
posed surface area of residues in the complete PDB structure. This
includes cofactor atoms and ions but excludes small molecules
required for crystallization (e.g., lipids and sulfate anions). The
second is the single chain accessibility, which is the solvent ex-
posed surface area of residues of a single polypeptide chain in
isolation (see Fig. 9). Lastly, oligomer-contacting surfaces were
calculated using these accessibility values; the single chain acces-
sibility is greater than the native accessibility because of the ex-
posure of oligomerizing surfaces to the solvent accessibility cal-
culation. Hence, the oligomerizing surface area is calculated as the
difference between single chain accessibility and the native acces-
sibility. As with the other types of surface, the oligomerizing areas
can be used to generate helix vectors, in this instance to indicate
which face of the transmembrane helices touch other chains.

Dot products

Dot products were calculated to compare the relative magnitude
and direction of the ESR and conservation vectors with the acces-
sibility vectors. This calculation is done to generate a measure of
coincidence of the vector properties. These data were then used to
generate histograms, showing the distribution of dot products for
all helices in the database. The dot products for the helix vectors
were compared with the null hypothesis distribution, which con-
siders vectors to be oriented randomly. This null distribution is
generated from the dot product between two real helix property
vectors, in which one is rotated in increments through 360°. To
generate a smooth and representative distribution, dot products for
each pair were calculated for 10,000 orientations. Given the rela-
tively limited number of helices in the data set, the dot products
have a degree of sampling noise. The potential influence of the

sample size on the histograms was determined by calculating the
standard deviation of randomly oriented helices. Accordingly, a
large number of random data sets were generated that are equal in
size to the real helix set. These dot products were partitioned into
the same histogram bins as the structural data to estimate the width
of the random distribution at each bin. The standard deviations
thus calculated were used to illustrate the confidence bounds of the
histogram data.
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