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INTRODUCTION

Many problems of bioinformatics include the stage
of aligning the amino acid sequences of proteins [1],
so the quality of alignment is often critical for
sequence analysis [2]. In the case of membrane pro-
teins, it is quite difficult to determine their 3D struc-
tures [3] and crystallographic data for such molecules
are scarce. Hence, it is difficult to construct structural
alignments necessary for the verification of multiple
sequence alignments obtained by automatic methods
[4]. On the other hand, there is good reason to believe
that common alignment procedures do not ensure
good results, because of the unusual and irregular
amino acid composition of membrane proteins [5].
There is the opinion that information about the sec-
ondary structure of proteins should improve align-
ment quality [6]. In the case of membrane proteins, a
consistent decision is to take the protein regions
located within the membrane as such secondary-struc-
ture elements [7], since other regions, located beyond
the membrane, resemble globular proteins in proper-

ties, and globular proteins can be aligned quite well
[8]. Thus, it is necessary to learn how to correctly pre-
dict the transmembrane (TM) segments in a protein
sequence before developing an alignment algorithm
based on such predictions. Unfortunately, the quality
of the methods predicting TM segments, by the pri-
mary amino acid sequence, is far from ideal [9]. There
are some methods, such as PHDpsihtm (part of the
PredictProtein server) [10] or MEMSAT (online
mode) [11], that predict the protein structure based on
the results of a search of homologous sequences in a
protein data bank. In this work we focused on this
problem, seeking its solution without resorting to an
additional homology search. We have failed to find an
approach that would predict TM segments on the basis
of multiple sequence alignments, and would not
require additional homology data, except for the
MEMSAT method (offline mode). This method is
based on choosing an appropriate TM model with the
help of dynamic programming according to the pref-
erential location of amino acid residues on the surface,
within, or beyond the membrane. The method yields a
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—Prediction of transmembrane (TM) segments of amino acid sequences of membrane proteins is a
well-known and very important problem. The accuracy of its solution can be improved for approaches that do
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sequence mask, where each symbol informs about the
location (within or beyond the membrane) of the
amino acid residues from the corresponding align-
ment column. Since there is no certainty that the posi-
tion of a TM segment is rigidly fixed (a protein mole-
cule “breathes”; i.e., there are weak fluctuations of the
chain links), it is more adequate to predict the proba-
bility of the intramembrane location of the given
amino acid (probabilistic membrane profile). This
probability should be rather high in the case of amino
acids located within a membrane, and should
smoothly decrease to zero with amino acids located on
the borders of a membrane. It is possible to obtain
such probabilities by constructing a hidden Markov
model (HMM) for intramembrane and external
regions of a protein. Using the forward–backward
algorithm [12], we can calculate the probability for a
given amino acid to belong to the membrane part of
the model.

The objective of this work was to create a set of
membrane protein clusters with the resolved 3D struc-
tures, for which it is possible to construct an adequate
structural alignment, and to develop a method for con-
structing the membrane profile for the columns of
multiple alignment.

METHODS

The procedure of constructing a membrane profile
where every column of a multiple alignment has a certain
probability of the intramembrane location of its amino
acid residues consists in the following. The amino acid
frequency profile (frequency matrix) is derived on the
basis of multiple sequence alignment. For this purpose it
is necessary to derive a matrix of pairwise evolutionary
distances between the sequences, based on pairwise
identity and using the Poisson correction procedure [13]:
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 = –log((20max{1.1/20, 
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, where 
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 is the
evolutionary distance and 

 

id

 

 is the fraction of align-
ment columns with the same amino acids. Then, a
phylogenetic tree is designed using the nearest neigh-
bor procedure [14], and a weight is assigned to every
sequence via a simple and efficient method proposed
by Gerstein et al. [15]. The weights have the following
property. Weight 
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 is assigned to each of the 
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 iden-
tical sequences, while weight 1 is assigned to each
unique sequence. A frequency profile is created by
averaging all sequence profiles according to their
weights. To obtain a result, we used the forward–back-
ward algorithm based on the HMM, similar to the
model used by the TMHMM server [16]. This model
includes the states of amino acids located in the cyto-
plasm and those exposed out of the cell and the two
sequences of states corresponding to a protein chain
crossing the membrane outward and in the reverse
direction. Two groups of model states are distin-
guished that correspond to the membrane borders. The
parameters of the model were trained with a sample of

single amino acid sequences with determined TM seg-
ments, which are available from the TMHMM server
web site. This server predicts TM segments in a single
amino acid sequence, but cannot work with frequency
matrix or multiple sequence alignment. The work of
the server is based on the Witherby algorithm (see
[12]), which is used to find an optimal path, but in con-
trast to the forward–backward algorithm cannot be
used to build a probabilistic profile.

 

Test Sample Construction

 

A sample of standard multiple sequence align-
ments was created to test our method. We took all
sequences of membrane proteins with the resolved 3D
structure (442 proteins) available from the PDBTM
server web site [17]. Then we constructed all pairwise
alignments, using the CLUSTALW program [1].
When we found a pair of proteins with 95% or higher
identity, we excluded one of them from consideration.
After this we carried out clustering according to pair-
wise identity, using the nearest neighbor procedure
[14] with the lower threshold set at 20%. When the
size of a cluster exceeded 20 proteins, a cluster was
divided into smaller ones by raising the lower thresh-
old of clustering. Only clusters containing at least
three proteins were taken into further consideration.
We carried out multiple structural alignment of the 3D
structures of proteins for every cluster, using the
MAMMOTH server [18]. In the case of low alignment
quality, i.e., a small number of reliable (in view of this
approach) alignment columns, we rejected the most
remote member of the cluster and did the alignment
again.

The final sample contained 11 clusters of 55 pro-
teins. The fraction of structurally reliable alignment
columns varied from 24 to 86%, averaging 63%. The
size of clusters varied from three to eight proteins; the
average number of proteins per cluster was five. We
examined proteins from these clusters for their
belonging to structural families in accordance with the
SCOP [19] and CATH [20] classifications. We found
a two-domain structure in one cluster, and there were
some proteins containing only one of these domains.
Three clusters contained proteins whose structural
families have not been identified in both classification
systems. Two clusters contained proteins from differ-
ent families: one combined the bacteriorhodopsin
(SCOP f.13.1.1) and succinate dehydrogenase/fuma-
rate reductase (SCOP f.21.2.2) families, and the other
proteins belonging to the reaction center of photosys-
tem I (SCOP f.31.1.1) and the ATPase domain of an
ABC transporter (SCOP c.37.1.12).

 

Construction of Reliable Membrane Marking

 

For every protein of every cluster we determined
the TM segment using the TMDET algorithm [21],
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which determines the most probable position of the
membrane across a 3D structure. We allowed the 5-Å
“twilight” areas at the margins of the membrane to
avoid the misclassification of a protein region as a
TMDET segment in the cases of the inaccurate predic-
tion of the membrane location by this algorithm. If a
sequence region was located completely within a twi-
light area, it was not marked as TM. We applied this
marking to structural alignments to create a common
TM marking (TM cores). These TM cores included
only those columns of a structural alignment where all
amino acid positions (except for deletions) had been
marked as TM residues. According to the output infor-
mation of the MAMMOTH server about the reliability
of structural alignment in particular columns, all cores
were divided into two classes, reliable and doubtful.
The first one contained cores in which the alignment
was reliable for two-thirds of the columns according
to the MAMMOTH server, and whose length was not
less than five columns. Doubtful cores were rejected.

As a result we obtained 56 TM cores. The number
of cores per alignment varied from 1–12 and five on
average. In addition in three of the alignments, we
rejected five doubtful TM cores where the portion of
reliable (in relation to the structural alignment) col-
umns was less than 60%. The size distribution of the
TM cores is shown in the figure.

 

Methods for Predicting the Membrane Marking 
from the Alignment

 

We examined the following methods predicting the
TM segments: MEMSAT; FWDBCK, based on the
above procedure of constructing the probabilistic TM
profile; and a procedure of averaging the results
obtained using the HMMTOP server [22] over a pro-
tein alignment (hereafter referred to as HMMTOP
averaged). We used amino acid frequency profiles of
the alignments as input parameters for the MEMSAT
server, taking the sequence weights into account, dis-
regarding deletions. FWDBCK marking of TM seg-
ments was carried out as follows. Columns with a
probability of the intramembrane location equal to 0.8
or more were considered TM columns. However, if
there were less than five adjacent TM columns, they
were not referred to this category.

The HMMTOP averaging procedure was orga-
nized the following way. For every alignment, the TM
segments predicted by the HMMTOP server were
mapped on every aligned amino acid sequence. Col-
umns were considered as TM columns if at least two-
thirds of the deletion-free positions had been marked
as TM residues. If there were less than five adjacent
TM columns, they were not referred to this category.

 

Quality Assessment for the HMMTOP Procedure 

 

We examined the quality of the HMMTOP proce-
dure for every protein sequence of every cluster to
make sure that the methods predicting TM segments,
based on alignment, are better than those operating
with only a single sequence. For each amino acid
sequence, we narrowed the information about the reli-
ability of columns in the structural alignment of the
corresponding cluster. To do this we rejected the col-
umns containing deletions from the given sequence.
In the same manner, we positioned the TM cores on
the amino acid sequence; so we narrowed the marking
made for the whole alignment. Then we applied a fil-
ter to this marking and the one predicted by the
HMMTOP procedure. The filter was similar to the one
above and allowed us to ignore the TM segments and
cores with a small length or a low degree of overlap-
ping with the reliability mask. The result is shown in
the table in the HMMTOP(orig.) row.

 

Assessment of the Prediction Quality

 

Before assessing the quality of the TM marking
predicted by any method, it is necessary to reject all
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Quality of the predictions of TM segments with different
methods

Method Quality_five

 

1

 

Quality_half

 

2

 

MEMSAT 0.964 0.964
FWDBCK 0.977 0.966
HMMTOP (aver.) 0.934 0.934
HMMTOP (orig.) 0.916 0.914

 

Notes:

 

1

 

 The prediction quality represents a ratio of the number of
cores having at least five columns covered by any pre-
dicted TM segment to the maximum of the total number
of cores and the total number of predicted segments.

 

2

 

 The quality of a prediction represents a ratio of the num-
ber of cores having at least 50% of columns covered by
any predicted TM segment to the maximum of the total
number of cores and the total number of predicted seg-
ments.
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doubtful TM segments. We considered a region as
reliable, if two-thirds of its columns had a reliable
structural alignment according to the MAMMOTH
server, and the length of the segment was at least five
columns. Two quality parameters were calculated for
each prediction method and cluster. The first parame-
ter (quality_five) represents a ratio of the number of
cores having at least five columns covered by any pre-
dicted TM segment to the maximum of the total num-
ber of cores and the total number of predicted seg-
ments. The second parameter (quality_half) repre-
sents a ratio of the number of cores having at least
50% of the columns covered by a predicted TM seg-
ment to the maximum of the total number of cores and
the total number of predicted segments. As evident
from the table, the best results were obtained using the
FWDBCK method.

RESULTS

Today, bioinformatics lacks data on membrane
proteins suitable for verifying the quality of different
methods for an automatic prediction of TM segments
and construction of multiple amino acid sequence
alignments. Most of the alignment parts presented in
the membrane protein section of Balibase [4] lack
TM-segment marking, which might have been
obtained through analyzing the resolved 3D struc-
tures. In addition this section lacks the highlighting of
columns whose alignment is reliable according to the
structural alignment method.

In this work we created a sample of membrane pro-
tein clusters. For every cluster a structural multiple
alignment was constructed and TM cores (i.e., groups
of columns belonging to the intramembrane class
according to the structure of each protein of the clus-
ter) were positioned. Although the average length of
cores was 15.5 residues, less than the average length
commonly accepted for a TM segment (21 residues),
the cores did not contain any doubtful columns. In
addition, we determined the columns that are reliable
according to the structural alignment procedure. Thus,
in spite of the small size, this sample can be used to
estimate the quality of methods predicting the TM
segments or constructing multiple sequence align-
ments.

On the other hand, we developed a method for con-
structing a probabilistic membrane profile. The ade-
quacy of the method was tested through analyzing the
TM-segment prediction obtained with its use (see
FWDBCK in the table). The quality of this prediction
proved to be slightly better than with the most precise
methods avoiding a homology search in an additional
data bank.

Such profiles can also be used for constructing
multiple amino acid sequence alignments of mem-
brane proteins. If the alignment procedure is progres-

sive, then, at every step, a merging of two subalign-
ment profiles into one makes it possible to improve the
resulting alignment by varying some column parame-
ters, such as the substitution matrix or penalties for the
opening and extension of gaps. Such variations should
depend on the probability of the intramembrane loca-
tion of amino acids of the given column. 

In addition, we have developed an Internet server
that allows a user to obtain a probabilistic membrane
profile for any alignment.

The server and the test sample are available at
http://bioinf.fbb.msu.ru/fwdbck/.
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