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The patterns of evolution of proteins of low sequence
complexity (LC proteins) are beginning to receive at-
tention. In this study we have carried out comparative
analysis of LC proteins from closely related strains of
Escherichia coli and Mycobacteria. Species-specific
differences were observed in all functional super-
classes between E. coli and Mycobacteria. Inter-species
comparisons of overall distribution of LC proteins
within the genus Mycobacteria revealed differences in
cellular processes (CP), transport and membrane-
associated and characteristic (CH) super-classes.
Strain-specific differences in E. coli were most appar-
ent in the CH super-class, whereas in M. tuberculosis
differences were observed in both CP and the CH
super-classes. Further, differences among the E. coli
strains with respect to the CH super-class could be
directly correlated with their pathogenic vs non-
pathogenic features, whereas with respect to the same
super-class, two strains of Mycobacterium tuberculosis
differed mainly in the number of proteins with a role
in virulence.

THE availability of complete genome sequences of over
50 bacteria offers us new opportunities to investigate
several issues of fundamental interest to biology using
comparative genomics. One such aspect is the evolution
of proteins with differing sequence complexities.

Majority of the proteins identified so far are of high
sequence complexity. In general, these proteins tend to
have a globular or near globular shape' . Many proteins
such as enzymes belong to this category. Recently, large-
scale sequencing has revealed a large number of proteins
with low sequence complexity (LC proteins; containing
significant proportion of simple sequences) in different
organisms™*. While proteins of high sequence complexity
have been the focus of analysis with respect to structure—
function relationships over the last few decades, LC pro-
teins have received less attention. Earlier reports de-
scribed LC proteins as having either structural or
transmembrane characteristics’. The vast number of LC
proteins identified by genome sequencing in various or-
ganisms calls for analysing the patterns of evolution of
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these proteins and identifying species-specific and strain-
specific differences with respect to function.

Here, we report the comparative analysis of LC pro-
teins from the bacteria Escherichia coli and Mycobacte-
ria, and the identification of species and strain-specific
LC proteins. We also describe a general computational
procedure for rapid identification of such species and
strain-specific LC protein-coding genes for further
experimental investigations.

The complete genome files’® of protein sequences in
FASTA format were downloaded from the NCBI data-
base. LC proteins were identified using the computer
program ScanCom, according to the criteria described
previously'?. The ScanCom algorithm identifies the
extent of reiterations of dipeptides in a given protein
sequence, compares it with the maximum possible dipep-
tides for the same amino acid composition and classifies
proteins into either the high complexity or low complex-
ity category'”.

Sequence comparisons were carried out using pro-
grams available from The Wisconsin Package Ver. 10.1
and from the NCBI website. Sequence analysis of LC
proteins was re-verified using genome BLAST with de-
fault settings. Differences in representation arising due to
annotation differences or to partial sequences possibly in-
ferred from internal start sites were ignored. To identify
species and strain-specific differences, LC proteins with
either no homologues or greater than 50% sequence di-
versity in either species or strains were noted. Identifica-
tion of homologous proteins to a given sequence was
carried out according to the standard procedure involving
masking the low-complexity sequences to reveal true
orthologous relationships. After the identification of
homologues, sequence differences among them were as-
sessed using the entire sequence.

In order to identify species and strain patterns in LC
proteins, we have carried out systematic grouping of the
LC proteins into different super-classes based on their
functional annotation. The procedure was simplified by
combining the information class and the metabolic class
into a super-class called cellular processes (CP). The
transport and membrane-associated classes were com-
bined into transport and membrane-associated (TM)
super-class. After the LC proteins were placed into the
CP and TM super-classes, the remaining consisted of
several proteins whose functional roles correlate with the
characteristic biology of a given species or strain. There-
fore, these proteins were placed into characteristic (CH)
super-class. This procedure, a slight modification of Ri-
ley’s method'®, enables a rapid comparative analysis of
the genomic information on LC proteins'’.

Let us consider species-specific patterns. A summary
of the LC proteins from two strains of . coli and Myco-
bacterium tuberculosis and M. leprae is provided in
Table 1. It is apparent that the distribution pattern in the
Mycobacteria contrasts that of E. coli. The normalized
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number of LC proteins in the Mycobacteria is higher
(~3—6-fold) in the CP super-class. The opposite trend was
observed in the TM super-class of the M. tuberculosis
strains. The normalized number was lower by about two
fold. The distribution in the CH super-class shows strik-
ing differences (~3—-10-fold) among different species and
strains.

When the number of LC proteins is compared within
the strains of the same species, it is apparent that the two
E. coli strains differ with respect to the CH super-class.
In contrast, the two M. tuberculosis strains have similar
proportion of LC proteins in this super-class.

Let us now consider strain-specific differences. The
great majority of LC proteins in both strains of E. coli

Table 1. Distribution of LC proteins in the functional super-classes
CP, TM and CH in Escherichia and Mycobacteria
Number of LC proteins in different functional classes®

Species CP ™ CH 0°

E. coli K12 5.40 12.20 4.46 12.43

E. coli 0157 6.59 13.18 12.70 12.45

M. tuberculosis 32.44 7.15 43.93 88.89
H37Rv

M. tuberculosis 30.79 8.06 42.77 87.73
cdel551

M. leprae 15.60 2433 14.35 28.70

“Number of LC proteins in each functional super-class was normalized
to the total number of proteins scanned using ScanCom” and upscaled
by a factor of 1000.

"H, Group of proteins with no known function and are annotated as hy-
pothetical.

Table 2. Strain-specific differences in distribution of LC proteins in
different functional super-classes and their assigned functions in
E. coli K12 vs O157%

Functional
super-class

Function assigned to
LC protein in strain K12

Function assigned to LC
protein in strain O157

CP Calcium-binding protein
required for initiation of
chromosome replication

Putative acyl carrier
protein

™ Citrate-dependent iron
transport (2)
Membrane protein

Transport {2)

ABC transport (2)

Membrane protein of
prophage CP-933X

Ribose-specific transport

CH Proteins of phage

CP-933 (26)

Putative adhesion

Exoproteins (2)

Intimin receptor protein

Secreted protein EspB

SepZ

Type III secretion
apparatus

*The number of proteins if greater than 1 is mentioned in brackets.
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were assigned the same functions in the genome se-
quence. In order to identify strain-specific patterns, the
comparative distribution of LC proteins in the different
functional super-classes and classes for the two E. coli
strains K12 and O157 were analysed. These are listed in
Table 2. With respect to the CP super-class, LC proteins
identified in 0157 are involved in metabolic roles,
whereas in K12 the lone LC protein is involved in repli-
cation. In the case of TM super-class, in O157 they
belong to the group of ABC transporters, a protein of
prophage CP-933, a polyamine transport system protein,
sugar transport, and a cyanate transporter. In K12, the
transporters belong to citrate-dependent iron uptake, and
a membrane protein of unknown function. In the case of
CH super-class, K12 has no LC protein that does not
have a homologue in the O157 strain. On the other hand,
in O157 there are several prophage CP-933 encoded pro-
teins, exoproteins, intimin receptor protein, secreted pro-
teins EspB and SepZ, and the type III secretion apparatus
protein that do not have homologues in the K12 strain.

As in the case of E. coli, majority of LC proteins be-
tween the two Mycobacterial strains have the same func-
tional roles. Strain-specific differences were observed in
the CP and CH super-classes. These observations are
summarized in Table 3. In the TM super-class, the two
strains had identical functional representation of the LC
proteins. A transhydrogenase subunit in H37Rv has no
homologous protein in the CDC1551. Likewise, a ade-
nylate cyclase in the CDC strain has a protein in H37Rv
that differs in sequence by more than 50%. A DNA-
binding protein in the CDC strain has no similar protein
in H37Rv. With respect to the CH super-class, the differ-
ences are in the number of the proteins belonging to the
PGRS, PPE and PE families between the two strains.

Species-specific differences between M. leprae and M.
tuberculosis H37Rv are as follows. With respect to the
CP super-class, no difference was observed in the LC
proteins of M. leprae when compared with M. ruberculo-
sis. Two membrane proteins in the TM super-class and
one protein (a secreted protein) have no reported homo-
logues in M. tuberculosis (Table 4). Although there are
sequence differences (an average of 20%) between the
homologous LC proteins from M. leprae and M. tubercu-
losis, functionally they are highly similar except in the
presence of the above-mentioned genes coding for LC
proteins in M. leprae.

Differences in the LC protein distribution among dif-
ferent strains and species in various functional super-
classes arise due to two reasons: first, the presence or
absence of the protein (or the encoding gene) itself and
second, the differences in the proportion of reiterated
motifs (low complexity sequences) within the same pro-
tein. Here, we have focused on the presence or absence
of an LC protein, and LC proteins exhibiting greater than
50% sequence diversity in inter-species and strain com-
parisons.
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Table 3. Strain-specific differences in distribution of LC proteins in
different functional super-classes and their assigned functions in
M. tuberculosis H37Rv vs CDC1551*%

Functional
super-class

Function assigned to LC
protein in strain H37Rv

Function assigned to LC
protein in strain CDC1551

CP Transhydrogenase
subunit alpha

Adenylate cyclase, DNA-
binding protein CopG family

CH PE (32), PE_PGRS PE (31 proteins), PE PGRS
(61), PE_PGRS(wag22), (50 proteins), PPE
PPE (60) (56 proteins)

*The number of proteins if greater than 1, is mentioned in brackets.

Table 4. Species-specific differences in distribution of LC proteins in

different functional super-classes and their assigned functions in M.

leprae compared with M. fuberculosis H37Rv. The corresponding gi
numbers are also shown

Function assigned to LC protein in

Functional super-class M. leprae

™ Membrane protein (gi 13093305)
Integral membrane protein (gi 13093730)

CH Secreted protein (gi 13092813)

In general, low complexity sequences undergo sequence
variations at the DNA level due to slippage during repli-
cation and/or unequal crossing-over mechanisms'>. In
pathogenic organisms, sequence variations have been
hypothesized to confer survival advantage against the
host immune defence mechanisms". In this respect, the
genome sequences from different species and strains
from a wide phylogenetic spectrum offer an opportunity
to investigate the patterns of such sequence variations
and their evolution.

E. coli O157 is an enteropathogenic strain, whereas F.
coli K12 is not. Functional differences in the LC proteins
of the two strains of E. coli, K12 and O157, are most
apparent in the CH super-class. In E. coli O157 strain, a
substantial number of LC proteins belong to the prophage
CP-933, indicating transfer of genes due to phage inva-
sion. Other LC proteins in O157 have functional roles in
secretion and adhesion in relation to its pathogenic fea-
tures. Noteworthy in this regard are the type III secretion
apparatus and the Escherichia-secreted proteins'*".
Thus, it is apparent that in the Escherichia strains, differ-
ences in LC proteins have arisen due to phage transfer
and acquisition of enteropathogenic features.

M. tuberculosis strain CDC1551 is a clinical strain,
whereas H37Rv is the commonly used laboratory-
virulent strain. Earlier reports described that CDC1551
has large sequence and single nucleotide polymorphisms
in various genes compared to H37Rv. Here we observed
minor differences in the LC proteins of the two strains
with respect to functional diversity. A transhydrogenase
in H37Rv has no reported homologue in the CDC1551
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strain and likewise, a DNA-binding protein identified in
CDC1551 strain does not have a reported homologue in
the H37Rv strain. Sequence differences in the adenylate
cyclase proteins of the CDCI1551 and the H37Rv strains
as identified in this work were reported earlier®. Differ-
ences between the two strains were also observed due to
the number of LC proteins belonging to the same family,
such as PPE and PE_PGRS family of proteins that have a
role in virulence. These observations on LC proteins are
in agreement with the current paradigm that the differ-
ences in the two strains of M. tuberculosis have arisen
due to insertion/deletion and nucleotide polymorphisms.

M. leprae has a drastically reduced number of proteins
when compared to M. tuberculosis’. Three LC proteins
(two membrane proteins and one secreted protein) in M.
leprae do not appear to have homologues in M. tubercu-
losis. It would be of interest to characterize the functional
roles of the genes encoding these proteins.

It is apparent from this comparative analysis of E. coli
and Mycobacteria that significant functional differences
in the LC protein-coding genes in different strains of the
same species and different species of the same genus oc-
cur in the TM and CH super-classes. In summary, our
computational procedure of analysing sequence complex-
ity and subsequent comparative analysis using a modified
functional classification scheme can be used for rapid
identification of species and strain-specific differences
for further experimental characterization.
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