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ABSTRACT Analysis of a database of struc-
tures of membrane proteins shows that membrane
proteins composed of 10 or more transmembrane
(TM) helices often contain buried helices that are
inaccessible to phospholipids. We introduce a
method for identifying TM helices that are least
phospholipid accessible and for prediction of fully
buried TM helices in membrane proteins from se-
quence information alone. Our method is based on
the calculation of residue lipophilicity and evolution-
ary conservation. Given that the number of buried
helices in a membrane protein is known, our method
achieves an accuracy of 78% and a Matthew’s corre-
lation coefficient of 0.68. A server for this tool
(RANTS) is available online at http://gila.bioengr.u-
ic.edu/lab/. Proteins 2006;63:1–5.
© 2006 Wiley-Liss, Inc.
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INTRODUCTION

Integral membrane proteins (MP) fulfill important cellu-
lar roles and constitute up to 25–30% of a typical ge-
nome.1,2 However, there is only a handful of structures of
membrane proteins available at the present time because
of the experimental difficulties in obtaining high-quality
crystals. Accurate modeling of MP structures is an impor-
tant task that can help to fill the gap between sequence,
structure, and function of the membrane proteins. Predic-
tion of helix orientation is an important first step in the
modeling of the structures of multispan membrane pro-
teins.3,4 There are several highly effective methods to
predict the orientation of helices (i.e., to identify the
regions on a helix that face phospholipids).5 However,
membrane proteins with 10 or more transmembrane (TM)
helices often contain helices that are completely buried
within the helical bundle and are not accessible to lipids.
Global topology analysis of the Escherichia coli inner
membrane proteome estimates that there are 20–25% of
membrane proteins with 10� TM helices, which are often
involved in transport of small molecules across the mem-
brane.6 A significant number of these proteins are likely to
contain buried helices. Thus, modeling of the larger mem-
brane proteins would require a method to identify the fully

buried helices. To the best of our knowledge, no methods
currently exist that can predict buried helices in integral
�-helical membrane proteins. In this study, we present a
method that uses sequence information alone to rank
transmembrane helices by their lipid accessibility. Given
that the number of buried helices in a membrane protein is
known, our method can identify these buried helices with
an accuracy of 78% and a Matthew’s correlation coefficient
(MCC) of 0.68. A server for this tool (RANTS) is available
online at http://gila.bioengr.uic.edu/lab/.

MATERIALS AND METHODS
Empirical Burial Function to Identify the Most
Buried Helices

We develop an empirical helix burial function f based on
a few assumptions. First, the residues in the buried helices
are more conserved because of structural and functional
constraints. Second, the residue composition of the buried
helices is different from the composition of helices facing
the lipid environment. Finally, the difference between
minimal and maximal values of conservation entropy for
every position in the multiple sequence alignment of the
TM helix should be smaller in buried helices than in
lipid-exposed helices because of the homogeneity of the
environment. We design the helix burial function f as the
product of the average entropy s� of all residue positions of
the TM helix,7 the average lipophilicity l� as calculated
using lipophilicity scales TMLIP2,8 and the slope k of the
sorted entropy values of all residue positions in a helix of
length d for helices 1 . . . n of the membrane protein

f � k � s� � l�
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where s� � (s1 � . . . � sd)/d and l� � (l1 � . . . � ld)/d. Here,
the most buried helices are the ones with the minimal
value of burial function f.

The f values of the buried as well as the exposed helices
may differ significantly from protein to protein. An impor-
tant reason is that there are usually different numbers of
sequences in the multiple sequence alignments for two
different proteins, which reflects the different evolution-
ary history of the two genes. This affects the values of the
average entropy s� of the TM helices. For multisubunit
membrane proteins, the f values will only be comparable
for the TM helices within the same subunit. To compare f
values for TM helices from different subunits, one needs to
build multiple sequence alignments using exactly the
same set of sequences from the same set of species for all
subunits, which is not always feasible. In addition, the
stability of different membrane proteins in the lipid envi-
ronment as reflected by l� may also be different. For
example, a membrane protein from a thermophilic archaea
may have very different stability in lipid environment
than a membrane protein from a eukaryote.

To account for the ambiguity in the definition of the ends
of TM helices, we calculate the f values for variant
sequences of the same helix by changing the putative
positions of both N- and C-termini up and down within a
range of 5 residues. We generate a total of 5 � 5 � 25
candidate sequences for each of the n TM helices in the
helical bundle. We then randomly sample 100 � n combina-
tions of the candidate helical sequences from the pool of
25n possible combinations and rank helices by their f
values for every combination. We calculate the expected
ranking r�i for every helix i as

r� i �

�
ri�1

n

c�ri� � ri

100 � n ,

where c(ri) is the number count of termini combinations
where helix i had ranking ri. For example, helix 1 in a
helical bundle of n � 10 helices had rank r1 � 3 in 800
combinations and rank r1 � 4 in 200 combinations of
helices. Then the expected rank r�1 for helix 1 would be

r� 1 �
800 � 3 � 200 � 2

1000 � 2.8.

An important factor for our prediction is the quality of the
multiple sequence alignment, which is crucial for the
computation of the average entropy and average lipophilic-
ity. We manually inspect all sequences obtained from
BLAST searches and include only those that represent the
same protein (with identical annotation) and are at least
35–40% identical to the query sequence. We manually
close all gaps found in the MSA of TM segments using the
Pfaat9 program.

We compare our results with calculated lipid accessibil-
ity of the residues in the TM helix. The lipid-accessible
surface for the whole TM region is calculated with a 1.9 Å
probe using the VOLBL algorithm (http://www.cs.ust.hk/

faculty/edels/alpha3d.html) as described previously.8 The
fraction f(SA) of the total lipid-accessible surface of the TM
region was then calculated for every TM helix.

RESULTS AND DISCUSSION
Ranking of Transmembrane Helices by Helix Burial
Function F and Robustness Coefficient �

We have tested our method using six different polytopic
membrane proteins (1EUL, 1IWG, 1KPL, 1OCR, 1Q90,
1RH5), all of which contain completely or partially buried
helices. Figure 1 shows the sorted expected rankings ri� by
the helix burial function f and the corresponding fraction
of lipid-accessible surface f(SA) for TM helices from these
proteins. The best prediction results were obtained for
some of these proteins: Ca2�-ATPase (1EUL), multidrug
efflux transporter AcrB (1IWG), b6 subunit of cytochrome
b6f complex (1Q90), and for the protein-conducting chan-
nel (1RH5).

In Ca2�-ATPase (1EUL),10 helices M4, M5, M6, and M8
form the internal layer of helices in the helical bundle [Fig.
2(a)]. They are the least accessible to the 1.9 Å probe, have
the lowest values of f, and are consistently the four lowest
ranked helices as shown on Figure 1(a). In bacterial
multidrug efflux transporter AcrB (1IWG),11 helices TM4
and TM10 [Fig. 2(b)] are the most buried and consistently
have the lowest f values as shown on Figure 1(b). Our
method also correctly identifies the buried helix B of
cytochtome b6 subunit of cytochrome b6f complex from
Chlamydomonas reinhardtii (1Q90)12 as shown on Figure
1(c).

There are no completely buried helices in the protein
conducting channel (1RH5),13 but the f values for helices
from �-subunit are in a good agreement with the lipid
accessibility of the helices [Fig. 1(d)], with only one incor-
rectly ranked helix (helix 7).

The ranking of helices in subunit I of cytochrome c
oxidase (1OCR)14 is presented in Figure 1(e). Here, buried
helices 2, 6, and 10 are correctly predicted. Helix 8, which
has a lipid-facing surface and interacts with TM helices 1
and 2 from subunit II, is also predicted to be buried. The
latest structure of cytochrome c oxidase at 1.8 Å resolution
(1V54)15 shows a cardiolipin molecule that is tightly bound
to helix 8 of subunit I and helix 2 of subunit II. Robinson et
al16 showed that two molecules of tightly bound cardiolipin
are required for full functional activity of each monomer of
detergent-solubilized bovine heart cytochrome c oxidase. It
is clear that cardiolipin serves as one of the cofactors for
cytochrome c oxidase. This interaction requires conserva-
tion of amino acid residues in the binding site to ensure a
stable and specific association between a protein and a
phospholipid. Figure 2(c) shows the subunits I (blue at-
oms) and II (green atoms) of cytochrome c oxidase and a
bound cardiolipin molecule (yellow atoms). Residues from
helix 8 are shown in magenta. This figure demonstrates
that interacting acyl chains of cardiolipin cover almost all
lipid accessible surface of helix 8. Thus, helix 8 is structur-
ally constrained due to the packing interactions with
neighboring helices from subunits I, II, and a cardiolipin
molecule. If these considerations are taken into account,
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Fig. 2. Examples of buried TM helices. (a) Top view of the TM region of Ca2�-transporting ATPase (1EUL). Buried helices TM4, TM5, TM6, and TM8
are shown in color. (b) Top view of the TM region of multidrug efflux transporter (1IWG). Buried helices TM4 and TM10 are shown in color. (c) Side view
of subunits I (blue) and II (green) of Bos taurus cytochrome c oxidase (PDB: 1V54) with bound cardiolipin (CDL) molecule (yellow). Helix 8 (magenta)
from subunit I is almost completely shielded from phospholipids by CDL and subunit II. It is predicted as buried.

Fig. 1. Comparison of expected ranking r�i by helix burial function (■) and the fraction of lipid-accessible
surface area (f(SA), in symbol ‚) for every TM helix. f(SA) for a helix is the percentage of its lipid-accessible
surface area for the whole TM region of the protein. (a) Transmembrane helices of Ca2�-ATPase (1EUL). TM
helices are denoted as in Ref. 10. (b) TM helices of multidrug efflux transporter AcrB (1IWG).11 (c) TM helices of
cytochrome b6 subunit from cytochrome b6f complex 1Q90.12 (d) TM helices of �-subunit of a protein-
conducting channel (1RH5).13 (e) TM helices of subunit I of cytochrome c oxidase (1OCR).14 (f) Transmem-
brane helices of ClC chloride channel (1KPL).17 Overall, among the 19 buried helices and 43 lipid-exposed
helices in the set of 6 multispan helical membrane proteins, 15 buried helices are predicted correctly (78%),
and 39 exposed helices are predicted correctly (90%).
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the fact that helix 8 is not lipid-exposed is correctly
predicted.

The ClC chloride channel (1KPL)17 has a complex
topology for its TM helices, where helices G, N, and O are
significantly buried within a TM bundle. In addition,
helices H and P are buried at the oligomerization interface
of the functionally important dimer. Figure 1(f) shows that
helices G, H, and O are correctly predicted as buried.
However, the ranking of helices N and P places them
among the helices with much higher lipid-accessibility
[Fig. 1(f)].

To summarize, among the 19 buried helices and 43
lipid-exposed helices in the set of 6 multispan helical
membrane proteins, 15 buried helices are predicted cor-
rectly (78%), and 39 exposed helices are predicted correctly
(90%).

Comparison of Ranking Results for
Computationally Predicted versus Structure-based
Transmembrane Helices

We compare the ranking results of lipid exposure of
predicted TM helices and helices obtained from the X-ray
structure. Our goal is to estimate the applicability of the
proposed method to membrane proteins for which only
sequence data are available. We chose a structure of Leu
transporter LeuTAa from Aquifex aeolicus (PDB ID:
2A65),18 which is a bacterial homologue of Na�/Cl�-
dependent neurotransmitter transporters. The hidden
Markov model topology predictor TMHMM19 predicted 12
transmembrane helices, which had a good overlap with
TM helices from the structure. Unfortunately, a BLAST
search of nonredundant database of protein sequences
found no additional sequences annotated as Na�-depen-
dent Leu transporters. The majority of the retrieved
homologues of LeuTAa were annotated as “Na�-dependent
transporters of the SNF family,” for which the exact
transported substrates were unknown. These sequences
were used to build a multiple sequence alignment for
predicted and structure-based TM helices. The f values
calculated for predicted and structure-derived TM helices
are very similar, with a correlation coefficient R � 0.94.
The results of ranking of the burial functions f are shown
on Figure 3. There are three significantly buried helices in
LeuTAa: helices 1, 6, and 8. Helices 1, 2, and 6 are
consistently given the lowest f values for both predicted
and structure-based sets of transmembrane helices. Of
these, helices 1 and 6 are true positives, whereas helix 2 is
a false positive. Buried helix 8 was ranked among the
lipid-exposed helices and is a false negative. Buried helices
1 and 6 comprise the sodium-binding site and are the
mostly conserved helices in all Na�-dependent transport-
ers. Buried helix 8 forms a substrate-binding site together
with helix 3. The failure to correctly predict the solvent
accessibility for helix 8 is likely due to the quality of the
multiple sequence alignment, which contained sequences
of different transporters.

Performance of the Method

The overall accuracy of the prediction is difficult to
estimate without a priori knowledge of the total number of

buried helices. Unfortunately, the number of structures of
large multispan membrane proteins is still too small to
develop a statistically sound relationship between the
total number of TM helices and the number of buried
helices. However, if the number of buried helices in the
membrane protein is known a priori (e.g., 4 in 1EUL, 2 in
1IWG, 5 in 1KPL, 3 in 1OCR (Subunit I), 1 in 1Q90
(cytochrome b6 subunit), 4 in 1RH5 (�-subunit), and 3 in
2A65), then the performance of our prediction, which
produces over- and under-predictions, can be measured
using the Matthews correlation coefficient (MCC)20,21 as
follows

MCC �
pn � ou

��p � o��p � u��n � o��n � u�
.

Here, p is the number of correctly predicted buried helices
(17 for this set of 7 multispan membrane proteins), n is the
number of correctly predicted lipid-accessible helices (47),
o is the number of incorrectly predicted buried helices (5),
and u is the number of incorrectly predicted lipid-
accessible helices (5). The Matthew’s correlation coeffi-
cient ranges from �1� MCC � 1, where MCC � 1
indicates the best possible prediction. Our method of
ranking of solvent accessibility of transmembrane helices
gives a good Matthew’s correlation coefficient of 0.68.

CONCLUSIONS

We describe here for the first time an empirical helix
burial function for ranking TM helices by their phospho-
lipid accessibility and for predicting buried helices in
polytopic membrane proteins, if the number of such helices
is known a priori. Our method can provide informative
predictions with accuracy of 78% and a Matthew’s correla-
tion coefficient of 0.68.

Fig. 3. Ranking results of predicted and structure-derived transmem-
brane helices from LeuTAa, a bacterial homologue of Na�/Cl�-dependent
neurotransmitter transporter. Helices 1 and 6 are correctly predicted for
both sets of TM helices, whereas helices 2 and 8 were ranked incorrectly
and are false positive and false negative, respectively.
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