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Abstract

Most bacteria adapt to their surroundings
by means of ”two-component regulatory sys-
tems”. Bacterial infections remain one of
the leading causes of morbidity and mortal-
ity of humans in the world. The investi-
gation of two-component regulatory systems
would greatly contribute to the understand-
ing of bacterial physiology and pathogenesis.
A two-component regulatory system is com-
posed of several functional domains. Profile
hidden Markov models are probably the most
popular application of hidden Markov models
in molecular biology at the moment. By ap-
plying profile HMMs technology, we propose
methods to report and recognize the posi-
tions and types of two-component regulatory
systems in bacterial genomes by constructing
and integrating similarity scores and Bayesian
posterior probabilities of functional domains.

Keywords: Two-component regulatory sys-
tem, composite analysis, functional domains,
profile hidden Markov models.

1 Introduction

Rapid adaptation to environmental challenge
is essential for bacterial survival. To orches-
trate their adaptive responses to changes in
their surroundings, bacteria mainly use so-
called “two-component regulatory systems”
[7]. These systems are usually composed of
a sensor kinase, which is able to detect one
or several environmental stimuli, and a re-
sponse regulator, which is phosphorylated by
the sensor kinase and which, in turn, activates
the expression of genes necessary for the ap-
propriate physiological response [18].

In this paper, we propose a new method

to recognize positions and types of two-
component regulatory systems in a bacterial
genome by constructing and integrating sim-
ilarity score diagrams of 2CS’s functional do-
mains. In the process of constructing these
diagrams we (1) collect and classify the 2CS
gene sequences according to different sub-
families respectively based on the functional
and structural knowledge, (2) MSAs (mul-
tiple sequence alignment) are made respec-
tively for sequences of each of the subfami-
lies, (3) sequences corresponding to each func-
tional domain are trimmed from the MSA
according to the known domain information,
and (4) build a profile HMM database from
trimmed aligned sequences of 2CS’s func-
tional domains. We design a window slid-
ing method scanning from the beginning to
the end of a bacterial genome. Along the
way the window sliding, we calculate a sim-
ilarity score (bit score or Bayesian posterior
probability) for the window of being a specific
type of 2CS’s functional domains in that posi-
tion of the genome. Then we can construct a
bit score diagrams for every 2CS’s functional
domain along the different positions on the
query genome. In terms of integrating these
diagrams we can recognize the positions and
types of two-component regulatory systems
in a bacterial genome by observing and ana-
lyzing the interactions between these curves
from these diagrams.

To proceed with our experiments, we take
the genomic sequence of Pseudomonas aerug-
inosa as the target genome. Pseudomonas
aeruginosa is well studied, and it is one
of the most important human pathogen as
it is commonly responsible for respiratory-
tract infections in cystic fibrosis patients as
well as nosocomial infections in immuno-
compromised patients following surgery or
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the administration of cytotoxic drugs, or pa-
tients with burn wounds [14]. P. aeruginosa
produces a wide variety of exoproducts, many
of which contribute to the virulence of this op-
portunistic pathogen [18]. The investigation
of 2CS (two-component regulatory system)
will greatly contribute to the understanding
of bacterial physiology and pathogenesis. The
complete genome sequence of P. aeruginosa
strain PAO1 has been released [21].

2 Method

Hidden Markov models (HMM) have been ap-
plied successfully over the last two decades in
a wide variety of speech and language related
recognition problems including speech recog-
nition [10], named entity finding [1], optical
character recognition [11], and topic identifi-
cation [19]. A hidden Markov model is de-
fined by a set of output symbols, a set of
states, a set of probabilities for transitions
between the states, and a probability distri-
bution on output symbols for each state [16].

Functional biological sequences typically
come in families, and many of the most pow-
erful sequence analysis methods are based on
identifying the relationship of an individual
sequence to a sequence family. If you already
have a set of sequences belonging to a family,
you can perform a database search for more
members using pairwise alignment with one
of the known family members as the query
sequence. To be more thorough, you could
even search with all the known members one
by one. However, pairwise searching with any
one of the members may not find sequences
distantly related to the ones you have al-
ready. An alternative approach is to use sta-
tistical features of the whole set of sequences
in the search. Similarly, even when family
membership is clear, accurate alignment can
be often be improved significantly be concen-
trating on features that are conserved in the
whole family. We know that a multiple align-
ment can show how the sequences in a family
relate to each other. Here we use a particu-
lar type of hidden Markov model called pro-
file HMM which is well suited to modeling
multiple alignments. Profile HMMs are prob-
ably the most popular application of hidden
Markov models in molecular biology at the
moment [3].

Here we present the flow diagram of our
method as illustrated at Figure 1.

2.1 Classifying the 2CS Gene
Sequences

We first collect an inventory of 2CS gene se-
quences of Pseudomonas aeruginosa. This
goal can be achieved simply by browsing the
web pages for the gene sequences classified
by functions in the Pseudomonas genome
project database [21] and then downloading
the sequences from the category of “two-
component regulatory systems”. With the
typical 2CS gene sequences in hands, we can
classify the 2CS gene sequences according to
different subfamilies respectively based on the
functional and structural knowledge accord-
ing to the annotations [20] to these gene se-
quences.

We apply Dr. Rodrigue’s research [18]
that there are putative genes encoding 63 sen-
sor kinases and 64 response regulators. The
Figure 2 shows the number of genes belonging
to a specific family, and the Figure 3 shows
the subfamilies of sensor kinases. In Figure 4
we lists the subfamilies of response regula-
tors. The following subsections describe sub-
families of two-component systems in Pseu-
domonas aeruginosa in details.

2.1.1 Sensory kinases

Classical sensory kinases are composed of a
transmitter domain preceded by an amino-
terminal input domain. Sequence analysis
of the 63 potential histidine kinases identi-
fied in the genome of P. aeruginosa revealed
42 putative classical sensory kinases. The P.
aeruginosa genome also contains five histi-
dine kinase genes that are homologous to the
chemotaxis protein CheA. These kinases dif-
fer from other histidine kinases as the trans-
mitter domain is located near the amino ter-
minus and the amino acid sequence surround-
ing the conserved histidine is more closely
related to histidine containing phosphotrans-
fer module (Hpt) domains than to classical
transmitters [2]. More complex histidine ki-
nases also possess a receiver domain adjacent
to the transmitter domain. This receiver do-
main is similar to those of response regulators
and is linked to an Hpt module. We have
identified five P. aeruginosa genes that could
encode unorthodox histidine kinases (ORFs
42081, 40722, 41506 and 41910, and gacS)
in which the three phosphotransfer domains
(i.e.transmitter, receiver and Hpt) are com-
bined. The five Hpt-domain sequences can
be aligned with the corresponding domain of
known unorthodox kinases such as TorS and
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Figure 1: The flow diagram of our method.

3



Figure 2: The number of genes belonging to a specific family.

Figure 3: The subfamilies of sensor kinases. (a)classical (b)unorthodox (c)hybrid

 

Figure 4: The subfamilies of response regulators. D is the strictly conserved aspartate residue,
and +n is the number of potential response regulators that were previously unknown.
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ArcB of E. coli and BvgS of Bordetella pertus-
sis [9, 8, 24]. The other 11 sensory kinases are
receiver-containing hybrid kinases that do not
contain an extended carboxy terminus in the
receiver domain. In one example, the trans-
mitter domain is followed by two tandem re-
ceiver domains (ORF 41634) [17]. The phos-
phorelay from such hybrid kinases has been
studied in detail in Saccharomyces cerevisiae
[15] and Vibrio harveyi [6].

2.1.2 Response regulators

The output domains of response regulators
can be classified into different subfamilies
on the basis of whether they are similar
to the E. coli OmpR, NarL or NtrC out-
put domains [13]. Examination of these
domains in P. aeruginosa response regula-
tors revealed that 24, 12 and eight are sim-
ilar to OmpR, NarL and NtrC, respectively.
These 44 open reading frames (ORFs) are po-
tentially DNA-binding transcriptional regula-
tors, as these three E. coli protein families
are DNA-binding proteins. Among the 20
other P. aeruginosa response regulators, four
can be classified in the CheB subfamily, in
which the output domain has esterase activ-
ity [12]; five resemble CheY in that they lack
an output domain; and one has two receiver
domains side by side and thus lacks an output
domain, as does FrzZ in Myxococcus xanthus
[23]. Finally, 10 response regulators possess
output domains that share only weak simi-
larities with other known response regulators
and with each other.

2.2 Locating the Functional Do-
mains by MSA

We use the ClustalW package [22] to MSA our
family sequences. Then we trim these MSAs
into smaller ones for each of them as a func-
tional domain MSA. In order to trim these
MSAs properly, a lot of literatures concern-
ing 2CS gene structures have been discussed
in the past. Here we consider parts of the
MSAs from the gene families has been prop-
erly trimmed by biologists according their bi-
ological functional or structural evidences.

2.3 Build a profile HMM
database from MSAs of
Functional Domains

Since we have MSAs for different functional
domains of 2CS in bacterial. For every MSA

from sequences belonging to the same func-
tional domain, we construct a profile HMM
using the hmmbuild program in the HMMER
profile HMM package. Developed chiefly
by Sean Eddy, the HMMER package [4] is
freely available under the GNU General Pub-
lic License and includes the necessary model-
building and model-scoring programs rele-
vant to homology detection. In addition, the
package contains a program that calibrates
a model by scoring it against a set of ran-
dom sequences and fitting an extreme value
distribution to the resultant raw scores; the
parameters of this distribution are then used
to calculate accurate E-values for sequences
of interest. All HMMER models used in this
study were calibrated in this way [5].

2.4 Prediction and Classifying
Positions and Types of Do-
main Families

Here we design a window sliding from the be-
ginning to the end of a bacterial genome. As-
sume that the window size is s bps wide and
slide forward k bps every time. Along the
way the window sliding, we calculate a bit
score for the window of being a specific type
of 2CS’s functional domains in that position
of the genome by using hmmsearch program
in the HMMER package. Then we can con-
struct a similarity score diagrams of 2CS’s
functional domains along the different posi-
tions on the query genome. In terms of inte-
grating these diagrams we can recognize the
positions and types of two-component regula-
tory systems in a bacterial genome by observ-
ing and analyzing the intersections between
these curves from these diagrams. The fol-
lowing are details of bit score calculation [5]:

The bit score is a log-odds score in log
base two (thus, in units of bits). Specifically,
it is:

s = log2

P (seq|H)
P (seq|null)

P (seq|H)is the probability of the target
sequence according to your profile HMM.
P (seq|null) is the probability of the target se-
quence given a “null hypothesis” model of the
statistics of random sequence. In HMMER,
this null model is a simple one-state HMM
that says that random sequences are i.i.d. se-
quences with a specific residue composition
(this “null model distribution” is part of the
profile HMM save file, and it can be altered
when you do an hmmbuild). Thus, a posi-
tive score means the profile HMM is a better
model of the target sequence than the null
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Figure 5: The bit score and Bayesian posterior diagram effectively reflect the position of PA2687
two-component sensor PfeS [21].
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model is (e.g. the profile HMM gives a higher
probability).

If we take the Bayesian view, we’re in-
terested in the probability of a hypothesis H
given some observed data seq:

P (H|seq) =
P (seq|H)P (H)∑

Hi
P (seq|Hi)P (Hi)

,

an equation which forces us to state explicit
probabilistic models not just for the hypothe-
sis we want to test, but also for the alternative
hypotheses we want to test against. Up until
now, we’ve considered two hypotheses for an
observed sequence seq: either it came from
our profile HMM, or it came from our null
hypothesis for random, unrelated sequences
(call that model null). If these are the only
two models we consider, the Bayesian poste-
rior for the model H is:

P (H|seq)

=
P (seq|H)P (H)

P (seq|H)P (H) + P (seq|null)P (null)

Recall that the log odds score reported by
HMMER’s alignment algorithms is

s = log2

P (seq|H)
P (seq|null)

,

and let’s assume for simplicity that a priori,
the profile and the null model are equiprob-
able, so the probabilities P (H) and P (null)
cancelled with each other. Then the log -odds
score s is related to the Bayesian posterior by
the sigmoid function,

P (H|seq) =
es

es + 1
.

See [5, 4, 3] for the details and validations of
the discussions.

3 Preliminary result

As we mention in Section 2.2, trimming sub-
families MSAs remains a tedious and time-
consuming process for the functional biolo-
gists. Here we use a MSA of sensor kinase
gene sequences in P. A. as a profile HMM
training data to construct a sensor kinase
gene profile HMM. We use this profile HMM
to serve as one of the functional domain pro-
file HMMs that we are interested. This pro-
file HMM is used to validate our computation
mechanism correctly operates as expected.
The bit score and Bayesian posterior dia-
gram with the window size is 3000 bps wide

and slide forward 300 bps every time. Note
that Figure 5 does effectively reflect the po-
sition of PA2687 two-component sensor PfeS
[21]. Totally we calculate 20873 bit scores and
Bayesian posteriors along the P. A. genome
with length about 6263000 bps.

4 Conclusions

We propose methods for recognizing the po-
sitions and types of two-component regula-
tory systems in a bacterial genome by con-
structing and integrating similarity score di-
agrams of 2CS’s functional domains. Cur-
rently, we are still constructing websites to
help biologists to recognize the positions and
types of two-component regulatory systems
as well as other domains signatures in a bac-
terial genome. Our system will be designed to
have the function of estimating probabilities
in which a recognized domains family belong,
and try to explain this result according to sur-
veyed 2CS gene structure literature. Most of
the materials and some of our preliminary re-
sults can be obtained in our website [25].
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