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Given the biomedical of TMPs and the crevice between the number of illumi-
nated TMPs structures and the number of TMPs groupings, arrangement exam-
ination methods are significant. Over the past years, Transmembrane Proteins
(TMPs) or Integral Proteins have taken a extraordinary deal of consideration
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Abstract. Transmembrane proteins (TMPs) have received a great deal
of attention playing a fundamental role in cell biology and are consid-
ered to constitute around 30% of proteins at genomic scale. Multiple
Sequence Alignment (MSA) problem has been studied for some years
and researchers have proposed many heuristic and stochastic techniques
tailored for sequences of soluble proteins, considering that there are a few
particular differences that ought to be taken into consideration aligning
TMPs sequences, these techniques are therefore not optimal to align
this special class of proteins. There is a small number of MSA methods
applied specifically to TMPs. In this review, we have summarized the
features, implementations and performance results of three MSA meth-
ods applied to TMPs: PRALINE™  TM-Coffee and TM-Aligner. These
methods have illustrated impressive advances in the accuracy and com-
putational efforts aligning TMPs sequences.
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playing a fundamental role in cell biology and are among the foremost tended to
targets of pharmaceutical and life science research. TMPs are non-soluble pro-
teins secured in a cell membrane and containing one or more membrane-spanning
sections isolated with intra or extra-cellular domains of variable length [3]. They
carry out fundamental capacities in numerous cellular and physiological pro-
cesses, such as cell-cell recognition, molecular transport and signal transduction.
Around 30% of proteins encoded by the mammalian genome are transmembrane
proteins [2,28]. TMPs are difficult to study [23] and are well known for their
complexities in deciding their structures experimentally. Only 3227 (a: 2848, [:
366) TMP structures are available till date with Protein Data Bank of TMP
with the version 2017.06.16 [20]. Given the biomedical significance of TMPs and
the huge and developing gap between the solved TMPs structures and the TMPs
sequences, sequence analysis methods are very significant.

The special environment of a layer protein compared to a water-soluble pro-
tein leads to particular natural weights on their groupings: it is transcendently
lipophilic, needs hydrogen-bonding potential, and gives small screening of elec-
trostatic interaction [10]. Be that as it may, to date, as it were a little number
of MSA strategies have been proposed particularly for TMPs, or tried utilizing
TMPs datasets

Multiple Sequence Alignment (MSA) is the process of aligning more than
two biological sequences (Protein, DNA or RNA), has many applications in
field of computational biology: protein structure prediction, functional genomics,
genomic annotation, gene regulation networks, or homology searches. Most cur-
rent MSA procedures have been built, and tested, to align homologous soluble
proteins. Indeed in spite of that numerous such procedures are still applicable
to transmembrane regions, yielding a very lower alignment accuracy than for
soluble proteins [11]. There are a few particular differences that ought to be
taken into consideration, TM domains have an adjusted amino-acid composition
and different conservation patterns as compared to soluble proteins. The unique
environment of a TMP compared to a water-soluble protein leads to distinct
environmental pressures on their sequences: it is predominantly lipophilic, lacks
hydrogen-bonding potential, and provides little screening of electrostatic inter-
action [10]. However, to date, only a few number of MSA techniques have been
proposed expressly for TMPs, or tested using TMPs datasets.

In this paper we present an overview of these few MSA methods applied
to TMPs: PRALINE™ [25] and TM-Coffee [3] based on homology extension
tested on datasets of TMPs from the BALiBASE v2.0 [1] benchmark, and TM-
Aligner [2] based on dynamic programming and Wu-Manber algorithm, tested
over the BaliBASE v3.0 reference set 7 of a-helical TMPs proteins [5], Pfam [§]
and GPCRDB [16] databases that contains structure based alignment of TMPs.

The content of the paper is structured as follows: the next section presents
a formal definition of the MSA problem. Section 3 details the transmembrane
substitution rates proposed in literature. An overview of the state-of-the-art
of MSA methods applied to TMPs is described in Sect.4. The benchmarking
for TMPs is presented in Sect. 5. Section 6 illustrates a summary of the results
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presented by the methods described in Sect. 4. And Sect. 7 describes concluding
comments and propose some works for our future research.

2 Multiple Sequence Alignment

In this section, we describe a definition of the MSA problem as follows (MSA
score functions are maximized):

Definition 1. X' represents a finite alphabet set and S a set of k sequences
(81,82,...,8k) of different length Iy to l, with s; = si18i2,--.,8u,(1 < i < k),
where for DNA sequences, X is composed by 4 characters of the nucleotides { A,
T, G, C} and for protein sequences, X is composed of 20 characters of the amino
acids {A, D, C, F, E, H, G, K, , M, L, P, N, R, Q, T, S, W, V, W, Y}, to find
an optimal alignment S’ of S, with respects to a scoring function f(S’), such
that:

k
S = (sp;), with1 <i <k, 1<j<lmax(l;) <1< (1)
i=1

satisfying:

~

sgj € Y U{—}, where “” represents the gap;

2. each row s = S8y, ..., 5,(1 < i < k) of S is the same sequence s; if we
remove all the gap characters;

the length of the all the k sequences are equals;

4. 8" has no fully gaps columns.

o

The complexity of finding an optimal alignment is O(k2*L*), where k is the
number of sequences and L is the maxz{ly,l2, ..., I} [29].

Figure 1 illustrates on the left a set of four unaligned sequences. Then, an
aligned solution (MSA) for these sequences is illustrated on the right, with two
columns totally aligned.

s1: AGERSLAATLVC sl: AG----——- ERSLAA--TLV-C
s2: DNAILAHERLSIJ s2: DNAILAH-ER------- LSIJ
s3: CNGYLFIEQLNA s3: CNGYLFI-E---Q----L-NA
s4: FGLVSDVFEARHMQRLN s4: FGLVSDVFEARH--MQRL--N

Fig. 1. On the left unaligned sequences and on the right an aligned solution example.

3 Substitution Rates for TMPs

PAM [6] or BLOSUM [13] are traditional score matrices communly utilized
for sequence retrieval and alignment, but are consequently not ideal to align
TM domains [12]. Substitution rates for TMPs, S;;, are communly based on
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the frequency of AA substitutions, g;;, in a set of homologous sequences, as

indicated by:
1 Gii
Sij =—<1In Y ) 2

where A represents a constant, and f; represents the background frequencies of
AA [12].

Various substitution matrix have been suggested to take the evolutionary
trends particularly to transmembrane domains, such as: JTT [18], PHAT [24],
the asymmetric SLIM matrices [22] and the bbTM matrix for transmembrane
B-barrels [17].

4 Multiple Sequence Alignment Applied to TMPs

Very few methods have been proposed to perform MSA of TMPs. The initial
proposal is presented by Cserzo et al. in [4], describing an algorithm which
locates helical TM segments. They demonstrated that corresponding helices in
another membrane related protein can be pinpointed just with the location of
TM helices of a protein. Evaluating the applicability of their proposal, obtained
a good starting point for homology modeling of a G-protein couple receptor
(human rhodopsin and bacteriorhodopsin).

The STAM (Simple Transmembrane Alignment Method) method was pro-
posed by Shafrir and Robert in [26] represents a second attempt to improve
alignment accuracy by combining two substitution matrices since the frequen-
cies of occurrence of the various AAs differ for TM and water-soluble regions.
They identified regions likely to form TM a-helices and apply a higher penalty
for insertion/deletions in the TM regions than that of a penalty in the loop region
(non-TM regions). To our knowledge STAM is considered as the first software
that was specifically targeted at TMPs.

Other study presented by Forrest et al. [10] proposed that the use of a
bipartite scheme (composed by BLOSUM62 and PHAT) does not significantly
improve MSA of TMPs. Introduce HOMEP, a benchmark data set of homol-
ogous membrane protein structures and assess current strategies for homology
modeling of TMPs.

And recently, three new MSA software for TMPs have been proposed and rep-
resent the main topics in this work: PRALINE™  TM-Coffee and TM-Aligner.
This methods are described follow:

4.1 PRALINE™

PRALINE™ incorpores transmembrane specific information into the previously
developed multiple alignment tool PRALINE [14,15]. The strategy includes 3
core functions:
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Profile Preprocessing. In the ‘preprofile’ method, for every sequence a
master-slave alignment is created, containing data about neighboring sequences
and used in subsequent progressive alignment. These sequence pre-profiles avoid
mistakes during the progressive steps and are more informative than single
sequences [14,15].

Bipartite Alignment Scheme. Predicts for every input sequence its TM
topology utilizing three different predictors: HMMTOP v2.1 [27], TMHMM
v2.0 [21] and Phobius [19]. Theses predictors are installed locally and run inde-
pendently within the PRALINE™ program. Second, to reliably predicted TM
positions, the profile-scoring scheme applies the TM-specific substitution score
PHAT, applying the following Eq. 3 to score a pair of profile columns x and y:

20 20

Sa.y) =3 i M(i.j) (3)

i=1 j=1

where M (4, j) is the exchange weight for residues ¢ and j provided by the selected
substitution matrix M and «; and §; are the frequencies with which residues i
and j appear in columns x and y, respectively. To ensure conflictingly predicted
positions don’t contrarily impact the alignment quality, two profile columns are
coordinated utilizing the PHAT matrix [24] just in the event that every residue
in the column is predicted to be part of a TM region, but profile columns are
aligned utilizing the BLOSUMG62 matrix by default.

Tree-Based Consistency Iteration. In the tree-based consistency iteration
used by PRALINE-TM, every edge of a guide tree is utilized to separate the
alignment in 2 subalignments, which are progressively realigned. The recent
alignment is held just if an enhanced SOP score (Sum-of-Pairs) is accomplished.
This score is computed by the entirety of the substitution values of both the
BLOSUMG62 and PHAT matrix (depending on the TM topology of the AA pair).
One iterative cycle suggests that every edge of the tree is visited once.

4.2 TM-Coffee

Chang et al. presents in [3] the TM-Coffee software, a TM version of PSI-Coffee
able to align TMPs, while utilizing a decreased reference database for homology
extension, demonstrating how it can be adjusted and joined with a consistency
based approach to improve the MSA of a-helical TMPs. TM-Coffee is included
in the T-Coffee software, and a web version is accessible at: http://tcoffee.crg.
cat/tmcoffee. With the aim of assess the performance of TM-Coffee, Chang et
al. tested their proposal over the reference 7 of BAIIBASE v2.0 benchmark [1]
that contains alpha-helical transmembrane proteins, and demonstrated a rele-
vant improvement over accurate strategies such as MSAProbs, MAFFT, PRO-
MALS, ProbCons, PRALINE™ and Kalign.
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Position Specific Iterative PSI/TM-COFFEE WEB-SERVER. A web
server version was developed by Floden et al. and presented in [9]. This version
also allows a rapidly perform of homology extension, using PSI-BLAST searches
against a choice of reduced complexity redundant and non-redundant database.
Furthermore, using the HMMTOP algorithm outputs topological prediction of
TMPs. Login procedure is not required.

4.3 TM-Aligner

TM-Aligner (Transmembrane Membrane proteins - Aligner) [2] is the most recent
web-server sequence alignment tool of transmembrane proteins. Use Wu-Manber
[30] and dynamic string matching algorithm [7]. The performance of TM-Aligner
is assessed over Pfam database, GPCRDB and BaliBASE v3.0 reference set 7 of
a-helical TMPs. Has been developed in Perl, C and PHP under a web server on
Linux operative system. It is free and available at: http://lms.snu.edu.in/TM-
Aligner/.

Scoring Scheme. TM-Aligner uses by default the PHAT substitution matrix
[24], defines a gap insertion penalty value of eigth and a gap extension penalty
value of one. The alignment process is based on dynamic programming. Aligns
all regions independently.

TM-Aligner Workflow. Given a set of input unaligned sequences, the TM-
Aligner workflow is described as follows:

— Predict TMs domains into the sequences using TMHMM (Transmembrane
Hidden Markov Model) [21].

— Classify into different groups the input sequences, based on the TMs segments
of each sequence.

— For overall alignment process, a seed alignment is defined using classes with
the dominant number of TM sequences.

— Input protein sequences are separated into regions of TM, non-cytoplasmic
and cytoplasmic.

— Dynamic programming technique is used to aligned all these regions indepen-
dently.

— Most similar sequences are aligned using Progressive or tree-based strategy,

— Add less similar sequences to alignment until all sequences are aligned, suc-
cessively.

— An initial guide-tree is created using UPGMA method, this guide-tree
describes sequence relatedness.

— Wu-Manber algorithm is used to stitch the TM domains with non-cytoplasmic
and cytoplasmic segments.

5 Benchmarking Transmembrane Alignments

In this section we detail two benchmarks used to assess the alignment accuracy
of TMPs effectively, and used by PRALINE™  TM-Coffee and TM-Aligner.


http://lms.snu.edu.in/TM-Aligner/
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5.1 BAIBASE

BAUBASE [5] is one of the classical benchmark from the literature. Includes a
set of alignments obtained from manual alignment and/or structural databases.
Contains a special reference set of TMPs, called Reference set 7 [1], with 8
accurately aligned TMPs families namely 7tm, msl, dtd, acr, photo, ion, Nat
and ptga. Contains 435 sequences in total. Have from 2 to 14 TM a-helices
per sequence. The core domains are authors-defined, examining the alignment
of structurally equivalent residues only. The main goal of BAIiBASE is assess
the capacity of the strategies to recapitulate these core domains, mostly made
of a-helices. Furthermore, contains a program to assess accuracy of the candi-
date alignments over reference alignments provided by the benchmark, called
Baliscore that includes two metrics: Total Column (TC) and Sum-of-Pairs (SP)
scores.

5.2 Pfam Database

The Pfam [8] is available at http://pfam.xfam.org, is a large database that con-
tains a set of preserved protein families represented by HMMs (Hidden Markov
Models) and MSA. With the aim of accurately identify the gap penalty, length
parameter in profile hidden markov model and position-specific AA frequency,
seed alignment are based on principal protein sequences. The last version of
Pfam 31.0 contains 16712 entries and 604 clans, in this release over 36% of Pfam
entries are placed within a clan. All the information for every entry as obtained
from UniProt Reference Proteomes.

6 Performance Comparison

In this section, we present a performance comparison between PRALINE™
TM-Coffee and TM-Aligner, compared with themselves and other classical align-
ment methods. Sum-of-Pair (SP) score of BAIiBASE and CPU processing time
(in seconds) were considered for each protein family of BAIiBASE reference set7.
All these results were taken from the literature [2,3,25]. Table 1 shows the indi-
vidual and average SP, bold values are the best score for each set.

In Table1 we see that TM-Coffee achieves the highest average SP over all
eight datasets and the best individual SP score for the 7TM, ACR, DTD and
PTGA sets. TM-Aligner and PRALINE™ achieves the best individual SP score
for the MSL and ION sets, respectively. Furthermore, MAFFT is relatively
robust on TM sequences, obtains the best individual SP score for the NAT
and PHOTO sets. Table 2 shows the results evaluating the CPU processing time
in seconds. These results were taken from [2]. Basharat et al. tested individu-
ally the tools using single threaded machine with two available cores, including
TM-Aligner [2].
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Table 1. Comparison between the PRALINET™  TM-Coffee and TM-Aligner methods
and other widely-used multiple alignment tools

Set ClustalW |Muscle| Mafft| ProbCons|Praline Promals|Kalign| TM-Aligner PRALINE™ | TM-Coffee
7TTM 0.85 0.84 0.84 |0.88 0.82 0.83 0.48 0.82 0.86 0.88
ACR 0.91 0.95 0.94 |0.94 0.93 0.91 0.92 0.92 0.94 0.95
DTD 0.79 0.86 0.84 |0.88 0.82 0.85 0.50 0.87 0.86 0.88
ION 0.35 0.52 0.51 |0.53 0.35 0.50 0.29 0.51 0.54 0.54
MSL 0.86 0.87 0.85 |0.85 0.81 0.85 0.70 |0.89 0.87 0.84
NAT 0.63 0.74 0.77 |0.75 0.72 0.75 0.28 0.75 0.71 0.72
PHOTO|0.89 0.90 0.93 |0.91 0.92 0.91 0.50 0.92 0.93 0.91
PTGA |0.46 0.55 0.73 |0.72 0.40 0.74 0.32 0.70 0.68 0.74
AVG 0.72 0.78 0.80 |0.81 0.72 0.79 0.50 0.80 0.80 0.81

Table 2. Comparison of CPU processing time in seconds of TM-Coffee and TM-Aligner
methods and other widely-used multiple alignment tools, PRALINE™ is not included
because the standalone version is unavailable [2].

Set PROMALS | ClustalW | Muscle | Mafft | Kalign | TM-Aligner | TM-Coffee
PTGA | 17633 5 28 38 |3 17 778
ACR 35622 8 28 35 |6 26 1836
MSL 1055 1 3 12 1 3 17
DTD 21885 6 32 44 3 24 1443
PHOTO | 3962 1 3 26 |1 7 38
ION 18521 4 78 45 |6 26 1385
NAT 21055 6 32 54 |3 21 602
7TM 35865 19 52 117 |6 56 4346
AvG 19450 6 32 46 4 23 1306

7 Conclusions

There is a lot MSA methods proposed in the literature, but to date, there is
a small number of MSA methods proposed specifically for TMPs. In this work
we have addressed three of the MSA methods applied to TMPs: PRALINE™
TM-Coffee and TM-Aligner. We have summarized their principal features and
illustrated a performance comparison between them and other classical MSA
methods evaluating SP score and the CPU processing time over the protein
family of BAIiBASE reference set-7. TM-Coffee achieves high accuracy results,
however TM-aligner is the faster method in terms of CPU processing time (sec-
onds).

The studied methods suggest that 2D structure prediction and dynamic
programming (TM-Aligner), bipartite scheme using membrane-specific scor-
ing matrices (PRALINE™) and homology extension (TM-Coffee) can increase
alignment quality for TMPs.

Finally, considering the complexity of the problem, we suggest that the align-
ment process of TMPs can be tackled with stochastic methods, introducing an
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alternative technique useful from a biological point of view. Furthermore, with
parallel techniques to reduce the execution time.
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