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Abstract

An important task in biosequences processing is to
decide the presence of subsequences with an asso-
ciated function or specific feature. This task is re-
lated to the prediction of the behaviour of the whole
protein. In this work, we present a method to deter-
mine if a protein contains one of those functional
motifs (coiled coil), which is involved in protein
interaction. We use a known grammatical infer-
ence algorithm to obtain models for both classes in-
volved in the decision task (that is, coiled-coil and
non-coiled proteins). The experiments carried out
prove the good peiformance of the approach as it
obtains better results than previous approaches.

1 Introduction

The selection of proteins with certain characteristics from ge-
nomic sequences is a central goal of computational biology
One aspect of this problem is to detect certain subsequences
(krown as domains or motifs) with some funtional features.

Proteins with coiled coil domains are of interest for molec-
ular biologists studying a variety of processes such as pro-
tein transport and membrane fusions and the infection of cells
by parasites [Skehel and Wiley, 1998][Chan and Kim, 1998]
Predictions based on analysis of primary sequences suggest
that approximately 2-3% of all protein residues form coiled
coils [Wolf ef al., 1997].

The coiled coil is an ubiquitous protein folding and as-
sermbly motif made of a-helices wrapping around each other
forming a supercoil. The sequences of coiled coils are
made of seven-residue repeats {abedefg)n, called heptads,
in which hydrophobic core occurs mostly at positions g and
d. The interaction between two a-helices in a coiled coil in-
volves these hydrophobic residues. The result is a highly ver-
satile protein interaction mechanism (see Figure 1). Due to
its simplicity and regularity, the coiled coil is the most exten-
sively studied protein motif. _

Several programs for predicting coiled coil domains have
been described. The most relevant to large-scale annotations
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are coils [Lupas et al., 1991] (probably the most widely used),
paircoil [Berger et al , 1995) and multicoil [Wolf et al , 19971,
All these programs are based on the probability of appearance
of every amino acid in each position of the characteristic hep-
tad, extracted from known coiled coil motifs = Multicoil is
the most specialized one, and aims to detect double o1 triple
coiled coil domains.

Figure I: On the left, we show a schematic representation of
the relative position of amino acids in a characteristic coiled
coil heptad repeat. Residues at the a and d positions are pre-
dominantly hydrophobic, whereas those al the e and ¢ posi-
tions are frequently charged or polar Due to the o-helical
structure, residues at the @ and d position are spatially close
one each other Note that the dashed connection links the g-
site of one heptad with the a-site of the following one On the
right, we schematically show how the hydrophobic channels
of two coiled coil motifs (1 and 2) can interact (3). Notice
that the bullets represent those amino acids in sites ¢ and d.

Lupas et al. [Lupas er al, 1991] take into account that
even very short proteins have stable coiled coils containing
four or five heptads. A protein sequence is analized using a
sliding window of 28 amino acids. A score for each amino
acid in the sequence of the protein is obtained using the prob-
abilities of appearance for each amino acid in protein se-
quences. The score distributions for general globular proteins
and coiled coil sequences are approximated with Gaussian
curves (namely G, for coiled proteins and G, for general
globular ones).. The processing of an unknown protein starts
by obtaining the scores for each amino acid of its sequence
For any given score S, the probability that such score belongs
to & coiled coll motif is obtained according o the following
function:

TTTTIIITIINIINICLIN119199119911111111111 1111111111111 1



52

aGe.(S)
{BG4(8) + aGee(9))

Thus, for each amino acid of the protein, a probability of
belonging to a coiled coil motif is obtained. The authors ap-
proximate the values of ¢ and A, setting them to 1 and 30
respectively. ‘ _

Although this approach is widely known by the biological
community, it is known that the method leads to a significant

P(8) =

- number of false positives, some of them due to the continy-

ous appearance of some frequent amino acids in coiled coil
regions (ie. (Lys — Lys — Lys), scores highly though it
is not a coiled coil). To solve this problem, Berger et al
{Berger er al., 1995] propose a method that takes into ac-
count the pairwise amino acid correlations in known coiled
coils. The authors obtain a score for each amino acid follow-
ing the general scheme from [Lupas ez al., 19911, but they
consider correlations between amino acids where Lupas con-
siders probabilities of appearance. The correlations and the
size of the window used were empirically selected, thus,

"» the correlations between the pairs of amino acids placed
in positions (4,2 + 1) and (4,2 -+ 4) were considered
o ihe size of the sliding window was set to 30.

The authors claim that the approach is useful to discard
false positives detected by the Lupas’ approach They catry
out a wide experimentation to show the behaviour and present
several examples of false positives detected. This approach is
also widely known and used by the scientific community

Nevertheless, the problem of locating general coiled coil
motifs is far of being solved. Several authors have noted
several important coiled-proteins that are not detected when
the previous approaches are used (among others, fusion-
membrane proteins of the human and simian inmunodefi-
ciency virus or Ebola virus [Singh et al., 1999])). Thus, sev-
eral other works propose solutions for more specific instances
of the problem [Singh ez al , 1998][Singh ef al., 1999}

In our work, we use a grammatical apptoach to decide
whethet a protein contains or not a coiled coil motif This
approach to the processing of biosequences has been used
previously by Yokomoti et al. [Yokomori ez al , 1994}, In his
work Yokomori uses inference of &£-TS$ languages in a pro-
tein c-chains identification task. The experimentation cartied
out by Yokomori uses a low number of samples for training
the models (20 samples out of the 123 positive and 2567 neg-
ative samples available), with no error correcting analysis to
analyze the test set. Nevertheless, the results show good per-
formance of the method Lépez ct al. in the defection of
coiled coil domains. They are limited due to the lack of a
parser able to deal with large automata and sequences [Lopez
et al., 2004}, nevertheless their results are encouraging

We tackle the problem of determining if a given protein
contains at least a coiled coil motif. We will also use gram-
matical inference algorithms in order to obtain models for
the classes involved in the problem, but we use the whole
sequence of the protein instead using the subsequences that
contain such motifs (such approach was used by Yokomori in
his work) The experimental results cbtained show that the
performance of cur method is comparable 1o those described

Figure 2: Automaton obtained for the training sample by the
k-TSS inference algorithm with k = 3

above, This work is structured as follows: in section 2 we
introduce the notation and the inference algorithms that will
be used In section 3 the experimental results are exposed
and discussed. The conclusions of the work and some lines
of future work end this papet. :

2 Detection of functional motifs in
biosequences by grammatical inference

We will next describe some theoretical aspects that will be
used throught the paper. .

Let Iy, Fy, be two sets of strings of length less than or equal
o k—1, and Sy, a set of strings of length k. A given language
L is said to be k-testable in the strict sense (K-T55 ) if the
words in I start by a prefix of Ir, end by a suffix of F}, and
do not contain any segment of 5.

The family of E-TSS has been deeply studied and sev-
eral inference algorithms have been proposed [Garcfa ez al ,
1990][Garcfa and Vidal, 1990]. In these works, the authors
prove that the proposed inference algorithm obtains the min-
imal automaton which accepts the smallest k-TSS language
that contains the training set The inference algorithm for
k-TSS languages has been successfully used in several pat-
tern recognition tasks [Bordel et al., 1994][Cruz and Vidal,
1998][Torres and Varona, 20011

In order to show the behaviour of the algorithms,
let us consider the following training set: M =
{aabb, abbb, abbab, bbb}, in Figure 2 we show the automaton
obtained by the k-75S inference algorithm for k& = 2.

In this work, we used the KTSS algorithm to infer both the
class of proteins that contains a coiled coil motif and the class
of proteins that does not contain such motifs. Once the classes
were obtained, we used the Viterbi algorithm (i e. [Amengual
et al., 20011) to obtain the probability that a protein sequence
belongs to every model. The nature of the problem leads us
to deal with large automata and very long sequences (greater
than 3000 symbols in some cases). Our implementation of
Viterbi’s algorithm does not consider insertion/deletion oper-
ations (those operations has been considered, but do not offer
better results), and allows us to carry out the analysis of the

sequences in a standard personal computer without extra re-
quirements.

All the protein sequences were exiracted from SwissProt
(release 40, April 2003). Al the entries in the database are
annotated with the known domains (motifs) Furthermore,
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DR PROSITE; PS00226; IF; 1.
KW Intermediate f£ilament; Coiled coil.

FT  DOMATIN 1 84 HEAD.
FT  DOMAIN 85 433 ROD.,

FT  DOMAIN 434 589 TATL.

FT ., DOMAIN 85 116 COIL 1A.
FT  DOMAIN 117 130 LINKER 1.
FT  DOMAIN 131 268 COTL 1B.
FT  DOMAIN 269 285 LINKER 12.
FT  DOMAIN 288 433 COTL 2.

5Q SEQUENCE 589 AA; 67694 MW; SEF7D...
SLKQSQESSE YETAYRSTIQ PRTAVRTQSR QSG

Figure 3: Fragment of a example protein from the database.
Note that the protein contains three subsequences correspond-
ing to coiled coil motifs

some potential domains (those whose function has not been
yet assured) are also annotated Figure 3 is one example entry
of the database. _

We extracted from the database the sequences of those pro-
teins with non-potential annotated coiled coil domains The
resulting sct of 350 sequences will be referrad to from now
on as M, in the sequel We also 1andomly extracted a bigger
set of 3500 sequences from de database. All the sequences
in this set correspond to proteins without references to coiled
coil domains .- We will refer to this set as M,,,.. Note that the
absence of annotations for a domain does not mean that the
protein does not contain it, given that it is possible that the
protein has not been studied in that way. |

3 Experimentation and results

The resulting sequences could be seen as strings in an al-
phabet over 22 symbols (20 amine acids plus the glutamic
and aspartic acids'). To reduce the size of the alphabet as
much as possible without loss of information, two different
codifications were considered The first one considered the
hidrophylic properties of the amino acids, ¢lassifying them
in two classes: hidrophobic and polar [Clote and Backofen,
2000]. The second one is due to Dayhoff and has been
used previously in a related work (identification of protein q-
chains [Yokomori et al., 1994]) This codification is based on
some physical-chemical properties of the aminoacids (acid-
ity, aromaticity, hidrophobicity, among others), Although the
original code considers six classes (from o to f) we have ex-
tended it to consider the glutamic and aspartic acids as a new
class Figure 4 shows the correspondence of each armino acid
for both codifications _

The same process is applied to each codification of the
database. We extiacted a training set from M, and M,
and inferred an automata using those sets (namely T'R,, and
T Ryc) and both algorithms exposed above. Using the same
set of samples, probabilities were assigned to the fransitions
of the auntomata.

Ut is possible to find sequences that contains the symbol X . This
symbol appears when it is not clear which amino acids occupy a
certain position. In this work, we do not consider such sequences.

| amino acid [ P/H [ Dayhoff

C P a

R, H K, p d
D,E P C
N, Q D c
B, Z P g
Y P f

G p b

S, T P b
AP h b
FE W h f
VM, I h e’

Figure 4: Amino acid codifications.

To obtain an ertor model, that is, the probability to edit
each symbol in an error-correcting analysis of the test se-

. quences, two disjoint sets of samples respect TR, and TR,

namely 7B, and T B,,., were extracted from the datasets
This table was constructed using Viterbi’s algorithm.

Finally, test sets (TS, and T'S,,.) were extracted from the
database, and membership probabilities were obtained by us-
ing Viterbi’s algorithm. The proteins were classified using a
maximum probability criterion.

Each experiment involved the set M, and one subset of
M. of 350 samples. In order to cbtain as much statistical
relevance of the results as possible, seven different balanced
pattitions of the data were considered The influence of the
codification and the parameter k& were also studied

s0 > T
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Figure 5: Error rate obtained when only coiled-coil sequences
were considered

Figures 5,6 and 7 show the results obtzined Note that the
ticher the codification used the lower the value of the parame-
ter needed to obtain good results. It has to be noted that Day-
hoff’s codification leads to improve the false positive error
rate obtained by PAIRCOIL. while it maintains high detection
rate. As mentioned before, this method is characterized by
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Figure 6: Error rate obtained when non-coiled sequences
were tested.

the low number of false positives that provides, obtaining this
feature by reducing the detection rate The binary codifica-
tion needs higher values of the parameter, leading to similar
error rate when coiled and non-coiled sequences are consid-
ered independently.
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Figure 7: Global error rate obtained by the different

aproaches

We compared our results with the most known predic-
tion algorithms [Lupas er af, 19911[Berger et al., 1995] us-
ing them somewhat in detection mode, that is, we Tun avail-
able versions of the algorithms ([NCOILS][PAIRCOIL] re-
spectively). As stated before, these algorithms give for each
amino acid a probability to belong to a coiled coil domain.
To compare those methods with ours, we set the threshold to
the default value (0.5) and considered as a coiled-coil protein
those sequences containing at least one symbol that reaches
such threshold.
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| T [ 1L, [ Global |
Coils 0.180 | 0.120 | 0.150

g Paircoil 0231 [ 0.040 | 0.136 "
£ ECGI 0.155 [ 0378 | 0.267
g PNP [ 0.071 | 0.074 | 0.073
S || BT55 I Sarhoti | "0.100 1 0.057 T 0.068

Table 1: Comparison between algorithms. The k-TSS au-
tomata were inferred considering the binary and Dayhoff’s
codification. 200 samples were used for training and 100
samples for obtaining the error table. The table shows the
results for & = 16 and binary codification and % = 6 and
Payhott’s codification.

Table 1 show the global behaviowr of every method tested
when applied to the sets M, and M,,.. Notice that the learn-
ing of k-7S5 languages lead to best classification of the sets
independently of the codification. Binary codification lead
to balanced error 1ates, while Dayhoff’s codification allow to
obtain similar results with lower number of false positives.
ECGI results were extracted from [Lopez et al 2004] and
show worse behaviour

4 Conclusions

This work proposes a new method to detect the presence of a
coiled coil motif within a protein  Coiled coil motifs are fre-
quently involved in protein-to-protein interactions, and play
cenfral roles in diverse processes such as cell-invasion (i.e.
BIV, STV [Marti ef al., 2004] and Ebola virus [Watanabe ¢¢
al , 20001}, protein trafficking, signalling and transcription. It
is also one of the principal subunit oligomerization motif in
proteins.

A gramunatical inference approach was used to detect such
motifs in the protein sequences Thus, we considered the in-
ference of k-7SS languages and compared the results with
previous work Fiist of all, we inferred automata for both
classes of coiled and non-coiled proteins. The test set was an-
alyzed using the Viterbi algorithm and classified with a max-
imum probability criterion The experimental results show
that the approach obtains better global results, no matter
which codification was used. Taking into account the differ-
ences on the behaviour of previous methods, Lupas’ method
(coils) has higher detection 1ate than Berger’s method (pair-
coil). This is the main reason that makes coils to have higher
false positive rate than paircoil. Considering the results of our

- method using the binary codification, the shape of the results

are similar to those obtained by coils. When Dayhoff’s codi-
fication is used, the behaviour changes and the approach lead
to lower false positive rates.

During the experimentation we notice abnormal ertor mod-
els for high values of the patameter. Normal error models
give more probability to non edit operations, but the error
models obtained did not follow this behaviour for some sym-
bols. The nature of the task lead to deal with large automata
and long sequences. This fact and the lack of a bigger dataset
could be the main reasons for this behaviour. It remains to
consider standard error models built by hand, which should
be done in future work.



55

1t is very important to note that the database contains an-
notations only for those proteins that contain a coiled coil re-
gion. Several enirjes in the database contain subsequences an-
noted as potential coiled coil, but those annotations are only
based on sequence homology (alignment) with other coiled
coil regions. Therefore, it is not possible to assure that those
subsequences correspond to truly coiled coil regions. Be-
sides, the database does not contair any annotation to assure
that a protein does not contain a coiled coil region. Further-
more, as discussed above, there exist several algorithms de-
voted to detect caited coil domains in specific families of pro-
teins [Singh ez al , 1999][Singh ef al., 1998] This leads us
to think that some other protein families contain coiled se-
quences undetected by traditional approaches.

This fact lead us to think that the results should be easily
improved by considering a wholly annotated database. This
could be done by considering a structural database, where
tridimensional information of the proteins is stored . This in-
formation shouid be used to filter those potential sequences
This way a more confident database could be obtained.

The method proposed by Berger et al. [Berger e al , 1995]
is useful to discard fatse positive coiled coils proteins, and it
is usually a second step after applying the method by Lupas et
al. It should be studied if a similar two-step approach, using
our method, would obtain better results.

Coiled coil are well characterized motifs and its structure is
the key stone of the most used prediction algorithms [T upas
et al., 19911 Berger e al, 19951, Due to its regularity, the
coiled coil motif has been extensively studied The present
study permits us to conjeture that some other important mo-
tifs, whose structure is poorly known, could be detected by
using grammatical inference technigues.
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