GBE

Comprehensive Computational Analysis of Bacterial CRP/FNR
Superfamily and Its Target Motifs Reveals Stepwise Evolution
of Transcriptional Networks

Motomu Matsui'?, Masaru Tomita"?>, and Akio Kanai'?3*

Tinstitute for Advanced Biosciences, Keio University, Tsuruoka, Japan

2Systems Biology Program, Graduate School of Media and Governance, Keio University, Fujisawa, Japan
SFaculty of Environment and Information Studies, Keio University, Fujisawa, Japan

*Corresponding author: E-mail: akio@sfc keio.ac.jp.

Accepted: January 8, 2013

Abstract

The cAMP receptor protein (CRP)/fumarate and nitrate reduction regulatory protein (FNR)-type transcription factors (TFs) are
members of a well-characterized global TF family in bacteria and have two conserved domains: the N-terminal ligand-binding
domain for small molecules (e.g., cAMP, NO, or O,) and the C-terminal DNA-binding domain. Although the CRP/FNR-type TFs
recognize very similar consensus DNA target sequences, they can regulate different sets of genes in response to environmental
signals. To clarify the evolution of the CRP/FNR-type TFs throughout the bacterial kingdom, we undertook a comprehensive com-
putational analysis of a large number of annotated CRP/FNR-type TFs and the corresponding bacterial genomes. Based on the amino
acid sequence similarities among 1,455 annotated CRP/FNR-type TFs, spectral clustering classified the TFs into 12 representative
groups, and stepwise clustering allowed us to propose a possible process of protein evolution. Although each cluster mainly consists of
functionally distinct members (e.g., CRP, NTC, FNR-like protein, and FixK), FNR-related TFs are found in several groups and are
distributed in a wide range of bacterial phyla in the sequence similarity network. This result suggests that the CRP/FNR-type TFs
originated from an ancestral FNR protein, involved in nitrogen fixation. Furthermore, a phylogenetic profiling analysis showed that
combinations of TFs and their target genes have fluctuated dynamically during bacterial evolution. A genome-wide analysis of
TF-binding sites also suggested that the diversity of the transcriptional regulatory system was derived by the stepwise adaptation
of TF-binding sites to the evolution of TFs.
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Introduction proteins (Shaw et al. 1983). Currently, there are a variety of

Because bacteria are constantly exposed to various environ-
mental stresses during their evolution, they have developed
many types of mechanisms to accommodate or resist these
stresses. These include the repression of unnecessary gene
expression and the activation of the metabolic gene expres-
sion that is required for survival (Perez and Groisman 2009).
The cAMP receptor protein (CRP)/fumarate and nitrate reduc-
tion regulatory protein (FNR)-type TFs exemplify these pro-
cesses well. The TFs are intrinsically involved in the system
that senses environmental changes, activating selective gene
expression to allow the organism to adapt to these changes
(Korner et al. 2003). The CRP/FNR-type TF family was first
proposed after CRP and FNR were recognized as homologous

family members, with correspondingly numerous functions
(Korner et al. 2003). Historically, CRP was the first protein to
be identified as being fundamentally involved in the control of
catabolite repression, initiating gene expression when glucose
levels drop (Sttlke and Hillen 1999). When cAMP binds to the
N-terminal domain of CNP, the C-terminal DNA-binding
(helix-turn-helix [HTH]) domain in the molecule is activated.
Recently, it has been reported that CRP is involved in many
types of regulation, affecting more than 200 genes (Zheng
et al. 2004; Shimada et al. 2011). In contrast, FNR is a repre-
sentative TF involved in oxygen-regulated gene expression
(Spiro and Guest 1990; Green et al. 2001). When oxygen
concentrations become limiting, an iron—sulfur cluster
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(Fe=S-binding motif) at the N-terminus of FNR undergoes a
structural change, causing FNR to bind to its target DNA
(Lazazzera et al. 1996). FNR also contains a DNA-binding
domain in its C-terminal region that shows a high degree of
similarity to that of CRP (Spiro et al. 1990). Based on a chroma-
tin immunoprecipitation-on-chip analysis, FNR is reported to
transcribe 63 target genes in Escherichia coli (Grainger et al.
2007). Other members of the family include FixK, which regu-
lates nitrogen fixation genes both positively and negatively in
soil bacteria (Batut et al. 1989); FNR-like protein (FLP), which is
found in Gram-positive bacteria and is also involved in
oxygen-regulated gene expression, but binds different se-
guences than those bound by FNR (Gostick et al. 1998,
1999); and Yeil, which is expressed in E. coli and is proposed
to regulate postexponential-phase nitrogen starvation (Anjum
et al. 2000).

Structure (amino acid sequence)-based classification is the
first research step in clarifying the evolution of the CRP/
FNR-type TFs. Fischer (1994) first classified this family of TFs
into three groups based on information about their func-
tional domains: 1) a group mainly consisting of FNR and
FixK; 2) a CRP group; and 3) a group consisting mainly of
CysR/NtcA. Korner et al. (2003) then classified 314 CRP/
FNR-type TFs with comprehensive phylogenetic profiling
and demonstrated the relationships among several groups.
Dufour et al. (2010) focused on three proteins, FNR, FixK,
and DNR, in the class a-Proteobacteria and identified coevo-
lutionary features in the TFs and their binding sequences with
Markov clustering. All these studies have been very innova-
tive in the functional classification of the TFs, but the evolu-
tionary mechanisms involved remain unclear. This is partly
attributable to the difficulty in choosing an outgroup for
the phylogenetic analysis of a family of proteins. Clustering
based on graph theory is suggested to effectively overcome
this problem, and spectral clustering is one potentially useful
representative methodology (Paccanaro et al. 2006). Several
studies have reported the application of spectral clustering to
the analysis of protein families, with great accuracy (Waite
et al. 2006; Hooper et al. 2009), mainly because the method
reduces the problems caused by clustering multidomain pro-
teins (Pipenbacher et al. 2002).

In contrast, the functional evolution of TFs should be dis-
cussed from a coevolutionary perspective to accommodate
their target genes. The evolutionary relationships between
TFs and their TF-binding sites have been an important and
longstanding problem. A number of models have been pro-
posed to resolve this problem: statistical models for TF-binding
sites (Berg and von Hippel 1987, 1988), evolutionary models
of transcription networks (Madan Babu and Teichmann 2003;
Berg et al. 2004), models of transcription regulatory systems
that evolve rapidly by point mutations at the TF-binding sites
(Stone and Wray 2001; Gerland and Hwa 2002; Gonzalez
Perez et al. 2008), and microscopic evolution models
(Hershberg and Margalit 2006; Kuo et al. 2010; Yang et al.

2011). Recently, a laboratory-based evolution experiment
showed that at least 115 genes began to be expressed in a
CRP-dependent manner during the evolution of E. coli for
20,000 generations (Cooper et al. 2008). It was suggested
that these genes were acquired either by direct regulation
or by an epistatic interaction involving CRP. It is likely that
such direct regulation was the result of CRP promoter capture.
Promoter capture is thought to be a key innovation in evolu-
tion, and the concept has also been supported by another
laboratory-based evolution experiment in E. coli, for more
than 10,000 generations (Blount et al. 2012). A comparative
analysis of the upstream nucleotide sequences of each gene
during E. coli evolution showed that promoter capture gave
the exact time point representing a novel characteristic (e.g.,
aerobic citrate utilization), although the corresponding gene
had already been acquired before the capture event. These
results suggest that the nucleotide sequences of TF-binding
sites change in the short term, contributing to the evolution of
the transcription network. The computational prediction of
TF-binding sites in a wide range of species is another effective
approach to analyzing the evolution of transcriptional net-
works (McCue et al. 2002). For examples, new CRP-binding
sites were predicted in the Cyanobacteria (Xu and Su 2009)
and in E. coli (Brown and Callan 2004), as well as the non-
canonical CRP-binding sites in the y-Proteobacteria (Cameron
and Redfield 2006).

In this article, we clarify the possible origin of the CRP/
FNR-type TFs using spectral clustering and phylogenetic
approaches. Stepwise clustering, in particular, allows us to
identify possible processes in the evolution of a protein
family, and a coevolutionary analysis of the TFs and their bind-
ing sites suggests that frequent shuffling of pairs of TFs and
their target genes occurs through the selection of TF-binding
sites. On the basis of these observations, we present a model
of the molecular coevolution of a family of TF proteins and
their binding sites during the expansion of bacterial species.

Materials and Methods

Data Sources

The complete chromosomal and plasmid sequences of 1,969
species (1,845 bacteria and 124 archaea) were downloaded
from the National Center for Biotechnology Information
(NCBI) ftp site (ftp://www.ncbi.nlm.nih.gov/Ftp) (June
2012). The bacterial and archaeal 16S rRNA nucleotide se-
guences were downloaded from the Ribosomal Database
(release 10, update 29) (Cole et al. 2009). Both the nucleo-
tide and amino acid sequences for 1,455 CRP/FNR-type pro-
teins were downloaded from the Kyoto Encyclopedia of
Genes and Genomes (KEGG) Orthology database
(Kanehisa et al. 2010) with their KEGG Ortholog IDs
(KO1420, K10914, K13642, or K15861). The amino acid se-
guences for 82 well-annotated CRP/FNR-type proteins were
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also downloaded from the Swiss-Prot database (UniProt
Consortium  2012) with their motif IDs (InterPro,
IPRO01808, IPRO12318, or IPRO18335; Pfam, PF00325;
PRINTS, PRO0034; PROSITE, PS00042, or PS51063; SMART:
SM00419). The information is summarized in supplementary
table S1, Supplementary Material online.

Spectral Clustering of Protein Sequences and
Construction of Networks

Spectral clustering is a method that classifies factors based
on the structure of a network graph (in a type of graph-
partitioning problem). This method is powerful when an
extremely complex network is clustered, such as the CRP/
FNR-type family proteins. We first calculated the similarity
scores of all the TFs and constructed the network, and then
performed spectral clustering.

The similarity scores (Basic Local Alignment Search Tool
[BLAST] bit scores) (Altschul et al. 1997) for all the CRP/
FNR-type proteins obtained from the KEGG Orthology data-
base were calculated based on a round-robin BLASTP (BLAST
2.2.25+) analysis (Camacho et al. 2009) with a cutoff at £
value < Te-5. This score is defined as S'piws(X, ¥) and indicates
the bit score between the “database” sequence x and the
“query” sequence y. The bit scores were normalized accord-
ing to the following equation (Dufour et al. 2010):

MaX(Spiss (X ¥)s Siss (V> X))
max(si)its(xa X)& Si)its(ya y)) '

with 0<Sim(x, y)<1, where Sim(x, ) represent the
normalized sequence similarity between two sequences x
and y. Each Sim(x, y) value was then calculated against
all pairs of CRP/FNR-type proteins, and a weighted-undirected
graph was constructed. Clustering was performed with the
spectral clustering algorithm using SCPS 0.9.5 (Nepusz et al.
2010), and the network graph was visualized from
the clustering results with Cytoscape 2.8.2 (Smoot et al.
2011).

Sim(x, y) = M

Bacterial and Archaeal Phylogenetic Trees Based on
16S rRNA Gene Sequences

We classified 1,969 bacterial and archaeal species into
36 phyla (31 Bacteria and 5 Archaea) according to the
NCBI Taxonomy database (http:/Avww.ncbi.nlm.nih.gov/
Taxonomy, last accessed January 25, 2013). We then manu-
ally selected one representative species from each phylum
(supplementary table S2, Supplementary Material online). A
multiple alignment of the 16S rRNA sequences of these spe-
cies was created with Muscle 3.7 (Edgar 2004), and a phylo-
genetic tree was constructed with the maximum likelihood
method using PHYLIP 3.5 (Felsenstein 1989, 1993) (LG
model with 1,000 bootstrap replicates).

Multiple Sequence Alignment of the CRP/FNR
Family Proteins

We selected 41 unique proteins from the 82 CRP/FNR-type
proteins in the Swiss-Prot database by removing the homolo-
gous proteins of related species. The amino acid se-
guences were aligned with Muscle 3.7 (Edgar 2004), and a
phylogenetic analysis was performed using PHYLIP 3.5
(Felsenstein 1989, 1993) based on the LG substitution model,
supported by bootstrap resampling with 1,000 replications.
Seaview 4.3.3 (Gouy et al. 2010) was used to visualize the
multiple sequence alignment and the phylogenetic
tree. Information about the protein secondary struc-
tures was obtained from their motif IDs in the Swiss-Prot data-
base and was represented using the R software (R Development
Core Team 2012). Spectral clustering of the 82 CRP/FNR-type
proteins was conducted as described earlier.

Evolutionary Conservation Analysis

The list of phosphotransferase system (PTS)-related proteins in
both E. coli and B. subtilis was obtained from GenBank (NCBI).
The proteins with the highest amino acid sequence similarities
to these PTS-related proteins and the representative CRP/
FNR-type TFs were extracted from either the chromosomal
or plasmid sequences of 1,969 bacterial and archaeal species
with a TBLASTN analysis (Camacho et al. 2009), with a cutoff
at E value < 1e-5. The similarity distance score between each
retrieved sequence was measured based on Sim(x,y) (eq. 1)
using the bit scores calculated with the TBLASTN analysis.

Coevolutionary Analysis

Coevolutionary analysis is a group of methods used to
identify the evolutionary relationships among multiple
factors. Phylogenetic profiling is one of these methods and
indicates the intensities of the evolutionary relationships
by calculating coconservations based on comparative
genomics.

To quantify the pairwise evolutionary distances among the
PTS-related proteins and the representative CRP/FNR-type TFs,
a phylogenetic profiling analysis was performed. In this study,
a linear regression was applied as a measure of phylogenetic
profile using similarity distance scores with a cutoff at
0.2 <Sim(x,y). The linear correlation coefficient r (Pearson’s
correlation coefficient [Goh et al. 2000]) between sequences
x and y was defined as:

r— 0L =X —Y)
VEL =222 -
with —1<r<1, where x; and y; are the similarity distance
scores of x and y, respectively, in species i. x and y are the

means of all x;and all y;, respectively. If the r value is closer to
1, the pair is estimated to be evolutionarily interactive. If the

)
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rvalue is closer to —1, the pair is estimated to be evolution-
arily unrelated.

For the coevolutionary analysis of a transcription factor (TF)
and its target genes, a list of target genes for the CRP/
FNR-type TFs in E. coli and B. subtilis was obtained from the
RegulonDB (Gama-Castro et al. 2011) and DBTBS (Sierro et al.
2008), respectively. The pairwise evolutionary distances
among the CRP/FNR-type TFs and their target genes were
calculated using the linear correlation coefficient r, in the
manner described earlier.

For the coevolutionary analysis of a TF and its target nu-
cleotide sequence (TF-binding site [TFBS]), possible TFBSs
were predicted using a position weight matrix (PWM)
model (Tan et al. 2001) for all genes from the 1,969 species
examined. Initially, 300 bases in the 5’-upstream region from
the start codon of each gene were obtained from the NCBI
database. The PWMs described by Tan et al. (2001) were
used for both the CRP and FNR models, and the PWM for
the CcpA model was obtained from the DBTBS. The list of
target genes of CRP and FNR in E. coli was obtained from the
RegulonDB, and the list of target genes of CcpA in B. subtilis
was obtained from the DBTBS. Proteins with the highest
amino acid sequence similarities to these target-
gene-encoded proteins were extracted from either the
chromosomal or plasmid sequences of the 1,969 species
with a BLASTP analysis (Camacho et al. 2009), with a
cutoff at £ value<1e — 5. The similarity distance score
between each retrieved sequence was measured based on
equation 1, using the bit scores calculated with the BLASTP
analysis. Orthologous genes are defined as those genes
showing a similarity distance score with a cutoff at
0.4 <Sim(x,y).

Results

Spectral Clustering of the CRP/FNR-Type Transcription
Regulators Reveals Their Stepwise Evolution in Bacteria

The CRP/FNR-type TF family is one of the very large, highly
diverse protein families, and it is difficult to apply commonly
used strategies to classify the members. Therefore, we used a
spectral clustering methodology and analyzed the relation-
ships among the clusters thus defined to reveal the molecular
evolution of the family.

To clarify the evolution of the CRP/FNR-type TFs throughout
the bacterial kingdom, we used a well-organized database,
the KEGG Orthology database, and obtained 1,455 amino
acid sequences for CRP/FNR-type TFs with reliable annotated
information (supplementary table S1, Supplementary Material
online). Because these 1,455 sequences include various types
of family members, a spectral clustering technique was used to
classify them into functional subgroups based on sequence
similarities (BLAST bit scores) (Nepusz et al. 2010), and the
sequence similarity networks were visualized. Figure 1 shows

the results of this stepwise clustering (examples of 2, 4, 6, 8,
10, or 11 groups). In the first two-group stage, a group pri-
marily consisting of FNR is distinguished (shown in black). A
group mainly consisting of CRP is then distinguished (green) at
the four-group stage. The group mainly consisting of FNR is
then segmented (black, yellow, and magenta) at the six-group
stage. From the 8-group stage to the final 12-group stage
(fig. 2), both CRP and FNR are further segmented (pink,
white, and gray). We constructed a phylogenetic tree that
represents the order of the group segmentation (supplemen-
tary fig. S1A, Supplementary Material online) and found that
the tree corresponds well to the functional divergence of the
protein family and/or the species distributions (fig. 3 and
table 1). These results suggest that stepwise clustering could
clarify the processes of protein evolution.

In the final 12-group stage, group VI, mainly consisting
of FnrN, and group IX, mainly consisting of FixK, are differ-
entiated (supplementary figs. S1 and S2, Supplementary
Material online), although their boundaries are still tangled.
It has been reported that the amino acid sequences of these
two proteins are quite similar, although only FnrN has the
four conserved cysteine residues that are required for Fe-S
binding (Moore et al. 2006). Based on these results, the
12-group stage was used for the functional subgroups in
this article. In these 12 groups, three of the four KEGG
Ortholog IDs correspond well to three individual groups:
K10914 (group ), K13642 (group Xl), and K15861
(group IX). Conversely, ID K01420 corresponds to many
groups (table 1). Some proteins are classified well into spe-
cific groups according to the protein annotations: CRP
(group 1), FLP (group VI), FixK (group IX), NtcA (group X),
and FtrB (group XI). In contrast, FNR straddles several groups
(groups I/IVNVINVIIAX). Furthermore, the protein network
structure shows that two large clusters are located at the
edges of the network: one cluster consisting of group |
(mainly CRP proteins) and the other consisting of groups
I/VAVINX (mainly FNR proteins). Between these two clusters
is another cluster consisting of groups IIINVNIINIX/XI/XII,
with several annotated genes (fig. 2).

To analyze the evolutionary positions of the 12 clustered
groups (I-XII), a phylogenetic tree of 31 bacterial and five ar-
chaeal phyla was constructed using a multiple alignment of the
16S rRNA sequences of representative species from each
phylum (supplementary table S2, Supplementary Material
online), and the 12 groups were mapped onto the tree. As
shown in figure 3, no archaeal proteins are related to the CRP/
FNR-type TFs. Groups | and INIVVI/IX, which are located at
opposite  ends of the network, correspond to the
Proteobacteria phylum, whereas the groups located in the cen-
tral region of the network correspond to multiple phyla, includ-
ing Firmicutes, Proteobacteria, Actinobacteria, Bacteroidetes,
and Cyanobacteria. Groups lll, V, and X show especially wide
ranges of bacterial species from Aquifex to Proteobacteria.
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Fic. 1.—Stepwise analysis of the sequence similarity networks of the CRP/FNR-type transcription regulators. A total of 1,455 CRP/FNR-type transcrip-
tion regulators obtained from the KEGG Orthology database were clustered into 2, 4, 6, 8, 10, or 11 groups based on the spectral clustering method. The
circular symbol represents each transcription regulator, and the colors indicate regulators from the same group. The edge lengths represent the sequence
similarities. The heatmap box on the lower left shows the rearranged similarity matrix of the network. Darker dots correspond to greater similarities.

Characterization of the Structural Domains in the
CRP/FNR-Type Transcription Regulators

To determine the relationships between the clustered CRF/
FNR-type TF groups and their functional features, focusing
particularly on their structural domains, a further analysis
was conducted using the amino acid sequence data for 82
of these TFs in the Swiss-Prot database, although the number
of CRP/FNR-type TFs registered in the database is limited (sup-
plementary table S1, Supplementary Material online). Initially,
the same spectral clustering analysis was performed. In this
analysis, both CRP and FNR were clearly separated as individ-
ual groups at the seven-group stage (supplementary fig. S2,
Supplementary Material online): group A contained mainly
FNR proteins and group C mainly contained CRP proteins.
Groups B and D corresponded to the CRP/FNR-type TFs
from either Firmicutes or Cyanobacteria, respectively. In con-
trast, groups E, F, and G showed “independent” characteris-
tics, with no connections to other groups. It is noteworthy that
group F contained two Yeil proteins, which are reported to

have only 20% amino acid similarities to known CRP/FNR-type
TFs, such as FNR, FLP, and FixK (Gostick et al. 1999; Anjum
et al. 2000). However, groups E and G contained different
types of proteins, with only a secondary structural motif similar
to the HTH motif in the CRP/FNR-type TFs (Projan et al. 1987,
Mashhadi et al. 2008). We also confirmed that the main clus-
tered groups from the two databases, Swiss-Prot and KEGG
Orthology, overlap (see supplementary fig. S3, Supplementary
Material online; discussed later).

Based on this analysis, of the 82 proteins taken from the
Swiss-Prot database, 41 unique proteins with appropriate
functional annotations were further selected manually as ref-
erence sequences. A phylogenetic analysis of the 41 proteins
supported the clustering results (supplementary fig. S4,
Supplementary Material online). A multiple alignment analysis
of the amino acid sequences of the 41 proteins was then
performed, focusing on the ligand-binding and DNA-binding
domains (fig. 4). Most of the group A proteins contained the
four conserved cysteine residues of the Fe-S-binding motif
in the ligand-binding domain and another seven group A
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- Group |
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Vil

FNR: Firmicutes

CRP: Escherichia coli

CRP: y-Proteobacteria

Fic. 2.—Sequence similarity network of the CRP/FNR-type transcription regulators (12 groups). A total of 1,455 CRP/FNR-type transcription regulators
obtained from the KEGG Orthology database were clustered into 12 groups (-XII) based on the spectral clustering method. Symbols (circle or star) represent
each transcription regulator, and the colors indicate regulators from the same group. The edge lengths represent the sequence similarities. The annotated
gene names with the corresponding species are shown below each group name. The heatmap box on the lower left shows the rearranged similarity matrix

of the network. Darker dots correspond to greater similarities.

proteins lacking the motif included proteins such as FixK. It has
been reported that FixK, an FNR homolog, lacks the
Fe—S-binding motif and does not bind the Fe(ll) ion (Batut
et al. 1989). However, all the proteins in group A contain
the ExSR motif (FNR-type DNA-binding motif), and all the pro-
teins in group C contain an RExxR motif (CRP-type
DNA-binding motif) in each of their DNA-binding domains
(Tan et al. 2001). The proteins of groups B and D also contain
the RExxxH motif and the RxxxxR motif, respectively, and both
these motifs are considered to be CRP-like DNA-binding
motifs (Vega-Palas et al. 1992; Maghnouj et al. 2000). In con-
trast, the proteins in groups E, F, and G share neither
the CRP-type nor the FNR-type DNA-binding motifs. The
domains in the same 41 proteins were also characterized
according to information about their secondary structures
(supplementary fig. S5, Supplementary Material online). As
the ligand-binding domain, the N-terminal region of nine pro-
teins in group A were annotated as containing the Fe-
S-binding motif, and all the proteins in group C contained
the cyclic nucleotide monophosphate (cNMP)-binding motif
in their N-terminal regions. Interestingly, the Fe-S-binding
motif was also observed in both groups F and G. Some pro-
teins in groups A, B, and D also contained the cNMP-binding
motif. All the proteins, except those in groups E and G, con-
tained the HTH motif in the C-terminal region, the
DNA-binding region. Some discrepancies between the

analyses based on the amino acid sequences and the second-
ary structures are discussed later.

Coevolution of the CRP/FNR-Type Transcription
Regulators and Their Target Genes

To determine the relationships among the TFs and their tar-
get genes during bacterial evolution, both an evolutionary
conservation analysis and a phylogenetic profiling analysis
were conducted. The results showed that combinations
of TFs and their target genes have fluctuated dynamically
during evolution.

First, an evolutionary conservation analysis of the CRP/
FNR-type TFs and their target genes in bacteria was per-
formed. In this analysis, we focused on two major TFs, CRP
from E. coli (class y-Proteobacteria) and CcpA from Bacillus
subtilis (phylum Firmicutes), as well as other CRP/FNR-type TFs
from several bacteria. The PTS-related genes were selected as
the target genes. For example, it has been reported that CRP is
involved in carbon catabolite repression (CCR) through the
PTS proteins, such as Ptsl, PtsH, Crr, and CyaA in E. coli
(Ishizuka et al. 1994); CcpA is also involved in CCR through
the B. subtilis PTS genes, including PtsG, PtsH, and Crh
(Warner and Lolkema 2003). Figure 5 shows that CRP and
the target proteins that are homologous to the E. coli PTS
proteins are highly coconserved in Escherichia, Yersinia, and
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Fic. 3.—Phylogenic distribution of the CRP/FNR-type transcription regulator groups in bacteria. The numbers in each CRP/FNR group clustered by the
sequence similarity network analysis (fig. 2) are mapped onto a 16S rRNA phylogenetic tree of 36 representative phyla (31 Bacteria and five Archaea).
Bootstrap values are shown near the nodes (based on 1,000 replications). The CRP/FNR-type transcription regulators (1,455 in total) were obtained from the

KEGG Orthology database (table 1). A single dot represents zero.

Vibrio genera in the class y-Proteobacteria. It is especially note-
worthy that within the genus Escherichia, the level of cocon-
servation per protein is quite uniform (supplementary fig. S6,
Supplementary Material online). However, lower levels of
coconservation of the PTS-related proteins in the genera
Pseudomonas, Xanthomonas, Shewanella, and Haemophilus
were observed, although the CRP/FNR-type TFs, such as CRP,
FNR, and HlyX, represent higher levels of coconservation.
Markedly lower coconservation of the CRP/FNR-type TFs was
observed in the genera Buchnera and Xylella. However, CcpA
and proteins homologous to the B. subtilis PTS proteins are
also highly coconserved in the genera Bacillus and
Staphylococcus of the phylum Firmicutes. No other CRP/
FNR-type TF is highly conserved throughout the phylum, al-
though ArcR, FNR, PrfA, and FLP are conserved genus

specifically in the phylum Firmicutes (fig. 5). Within the
Bacillus genus, subspecies-specific coconservation was also
observed. For example, FNR and FLP are conserved in a mu-
tually  exclusive  manner  (supplementary  fig. S7,
Supplementary Material online).

Next, a phylogenetic profiling analysis of all members of the
CRP/FNR-type TFs was performed. The results showed two
strong clusters (C1 and C3) and one weak cluster (C2) in
the coevolutionary matrix plot (fig. 6). The C1 cluster con-
tained the PTS-related proteins as well as CcpA and FNR
from B. subtilis, and the C3 cluster contained the
PTS-related proteins as well as CRP and FNR from E. coli.
The C3 cluster also contains HlyX from Actinobacillus pleur-
opneumoniae, ANR from Pseudomonas aeruginosa, FnrA
from P. stutzeri, and CysR from Synechococcus elongatus.
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Table 1
CRP/FNR-Type Transcription Regulator Groups and Their Numbers of Annotated Genes

Groups KEGG Orthology Annotated Proteins
K01420 K10914 K13642 K15861

| 273 CRP:116, Vfr:10, CLP:8

I 265 FNR:106, ANR:17, HlyK:6, EtrA:2, CRP:1, CydR:1

I 158 8 CRP:5, FNR:3, NssR:1, Vfr:1, DNR:1, YielJ:1

v 156 FNR:18, BTR:7, FnrL:4

\Y 135 Nnr:2, CRP:2, CrpA:2, FNR:1, CooA:1

Vi 112 FLP:11, FNR:2, RcfA:1, CRP:1

Vil 107 FixK:7, FnrN:7, AadR:4, FNR:4, FnrA:4, FnrL:4, CRP:2, ANR:1

Vil 79 1 FNR:16

IX 22 48 FixK:32, CRP:2

X 56 NtcA:16, FNR:1, GIxR:1

Xl 3 29 FtrB:21

Xl 3 FNR-like:3

Note.—The number in each group is listed according to the four KEGG Orthology IDs (K01420, K10914, K13642, and K15861). See also supplementary table S1,
Supplementary Material online.

Ligand-binding region DNA-binding region

C20 C23 C29 Ci122 Helix 2
Groups v v Y Y
VIl rrrcEGFRGETHIRVR-—-C: IGGVTVEKF FATFTKLER  AadR: R P
IVVII  VRALPQAHQ LETTSVCEI S FTRFQO ANR: Pseudomonas aeruginosa
v LSPDAA LEDSEVCNVI S FSRFGR BTR: Bordetella pertussis
- AASGCAIH(Q LETSMVCEI Pf{LLGRFQK  EtrA: Shewanella oneidensis
VINIX MIEPNGHF IGAVTVCPF SI{TFTKLER  FixK: Bradyrhizobium japonicum
VIl  VRAQROA LETTSVCEI GLA 5F FTRFQQ FnrA: Pseudomonas stutzeri
IVVII EVPTILH TTDLLMCCF OVSALKR FnrL: Rhodobacter sphaeroides
-  QOSGGCAI LETAMVCEI LGRFQK Anaerobicr y protein: Agg
Il QSGGCAIH LETSMVCEI {LLGRFQK FNR: Escherichia coli
- SGGCAIH LETAMVCEI LGRFQK Anaerobicr y protein:
A 1] SGGCAIH| LETSMVCEI LGRFQOK FNR: Klebsiella oxytoca
= OSGGCAIH LETSMVCEI LGRLOK  Anaerobic regulatory protein: Pasteurella multocida
Il OSGGCAIH LETSMVCKI LGRFQK FNR: Salmonella typhi
I OSGGCAIH LETSMVCEI LGRFQK FNR: Shigella flexneri
Il OSGGCAIH LETSMVCEI LGRFQK FNR: Vibrio cholerae
Il OSGGYAIH LETSMVCEI LGRFQK FNR: Yersinia pestis
= ORTRCTIH LETSMICEI LGRFQK HlyX: Actil illus p!
Vi MAHS| LTAATVE[LT LKRLAE FLP: Lactobacillus casei
- I A ic r y protein: C:
w”% AQAYAHPM-PSNRWS---EMA VSECRLVRV LTYLEE FixK: Azorhizobium caulinodans
OSIEVEHL-GPAPMS— - ITETTLAIF TKLKE _FixK: meliloti
= NKLEHELKA-LADYIN-—--—--—- LTDCTVLGL TTHELEKD ArcR: Staphylococcus aureus
I TVVITTTVRN-ATF SLA-—=—=— RTOCELAET LKKLOA CLP: Xanthomonas campestris
| OTDFPTLEWFLSHCHIH-———-—-— KTACEVAEI JTILKMLED CRP: Escherichia coli
| OTDFTLEWFLSHCHIH-————-— KTACEVAEI JILKMLED CRP: Enterobacter aerogenes
c I ORDPVLDWFLTHCHLH=====-— KngE IAEI Ggg R GRILIKMLED CRP: Haemophilus influenzae
| SIDPTLEWFLSHCHIH=-===-- K EIAEI G CIJILKMLED CRP: Pasteurella multocida
| OTDFPTLEWFLSHCHIH=-===—=— KTACEVAEI GCS| REL G : ILKMLED CRP: Salmonella typhimurium
| OTDFTLEWFLSHCHIH-==——- KTACEVAEI JILKMLED CRP: Shigella flexneri
1 KLKHLDKLLAHC KVECEVAEI JVLKSLEE CRP
- VRPSDSDLISSDLYEL LEDGEVLVI JEIS - VNJJMLGDLRK  Anaerobic regulatory protein: Bacillus subtilis
- TLLPPTSPA-TPAPHR—-=—=——— LTAVEVVAV &l LGEFRQ CysR: Synechococcus elongatus
- KALANVFROMATGAFP======— FTPVELLSA [LLGCDLRE Global nitrogen regulator: Nostoc sp.
D - MDOSLT-0ODR=====— FTPVELLSA [LLGDLRE Global nitrogen regulator: Synechocystis sp.
- -EQATAYVI I ISKLKQ PrfA: Listeria monocytogenes
- NNHYLNQGCSFEKVSKNIL---— LDVAQVLSI NEVS-ITRTI ISKLIH Ycf28: Porphyra purpurea
- eeme———— YIV GTSLOT-VITTLKILEE Replication and maintenance protein: Bacillus subtilis
E = eme——— YIV GTSLQT-VIT‘T‘T KILEE and maintenance protein: Staphylococcus aureus
F - MSESAFKDCFLT-DVS—-————- IEECWCLAL GVSYRH-LLVYVLAQFIH YeiL: Escherichia coli
= MLEVLKALAMMNATRK---VVK YRKQFREKL SPV----KLRDKLGLKD Rib in kinase: Ar
G - LIELSERNAIGRPVR=======— YEPLIEEYL APV----NLREALKLKD Ri in kinase: Pyr

Fic. 4.—Amino acid sequence alignment of the ligand-binding and DNA-binding domains of the CRP/FNR-type transcription regulators. Amino acid
residues of two conserved regions (ligand-binding and DNA-binding domains) are compared among 41 unique CRP/FNR-type transcription regulators from
the Swiss-Prot database. These sequences are clustered into seven groups (A-G) based on the spectral clustering method (supplementary fig. S2,
Supplementary Material online). The corresponding groups based on spectral clustering using the KEGG Orthology database are also indicated. Amino
acid residues are colored according to their physicochemical properties, and functionally important amino acid residues are boxed. Protein and species names
are shown on the right. Each group corresponds to a specific functional group (see supplementary figs. S4 and S5, Supplementary Material online). For
example, the ligand-binding domain in group A is characterized by the amino acid residues required for Fe=S binding (red arrows; C20, C23, C29, and C122).
The amino acid sequences from the second helix region of the helix-turn-helix (HTH) DNA-binding domain are also shown.
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Fic. 5.—Amino acid conservation analysis of the PTS-related proteins and the other CRP/FNR-type transcription regulators in bacteria. Degrees of amino
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as heatmaps. The PTS-related proteins contain both the CRP/FNR-type transcription regulators and their target gene products (black dots). Darker red
corresponds to a greater similarity score. The phylogenetic dendrogram was generated with the neighbor-joining method.

All these proteins showed strong coevolutionary profiles. In
contrast, the C2 cluster contained Nnr, CooA, FnrlL, FixK, and
AadR from various bacteria. It is noteworthy that no coevolu-
tionary profile was identified between FNR from E. coli and
FNR from B. subtilis, although they are orthologous proteins.
Similarly, no coevolutionary profile was identified between
FNR and FixK, although the amino acid sequences of these
two proteins are quite similar. These results are consistent with
the results of the spectral clustering analysis (figs. 2 and 3).
A phylogenetic profiling analysis of the TFs (CPR, FNR,
and CcpA) and their target gene products was conducted
based on the deduced amino acid sequences from 1,969
prokaryotic genomes. For this analysis, sets of target gene
products were initially created per genome based on informa-
tion about the E. coli CPR targets, E. coli FNR targets, and
B. subtilis CcpA targets, and the degrees of phylogenetic
co-occurrence were calculated (see Materials and Methods).
The results confirmed the known relationships between each
of the three TFs and their targets, with strong degrees of phy-
logenetic co-occurrence (clusters C4a, C4b, C5a, C5b, and
C6a in fig. 7). The results also showed that some target
gene products are not phylogenetically conserved with their
TFs; CRP and the gene products from neither the paa operon

nor the prp operon (C4b); FNR and neither NarG nor NarH;
and CcpA and the gene products from neither the ara operon
nor XylA (C6b). In contrast, the enzymes related to sugar me-
tabolism, such as the gene products from the ara operon and
XylA, showed weak degrees of phylogenetic co-occurrence
with CRP (cluster C6c), although the gene products from
the paa operon were not phylogenetically conserved with
any other CRP/FNR-type TF, except CRP. According to the
observation of clusters C6b and Céc, the relationships be-
tween TFs and their target gene product are exchanged
rarely in the two species E. coli and B. subtilis. It is also true
that some of the CRP target gene products are evolutionally
regulated either only by CRP (cluster C4a) or also by other TFs,
such as FixK, Btr, Anr, CysR, and DNR (clusters C4c and C4d).
Similarly, some of the FNR target gene products are evolution-
ally regulated either only by FNR (cluster C5b) or also by other
TFs (clusters C5a and C5c¢).

Evolution of the TF-Binding Sites Targeted by the CRP/
FNR-Type Transcription Regulators

TFs regulate their target genes by binding to TF-binding
nucleotide sequences located in the promoter regions of
these genes. We investigated the evolutionary processes
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underlying the relationship between each TF and its target
gene by analyzing the TF-binding sequences at a genome-
wide level.

A correlation analysis of the TFs (CRP, FNR, and CcpA) and
their binding sites was conducted. Initially, each TF-binding
site was predicted in 1,969 prokaryotic genomes based on
the consensus sequence. The proportions of genes containing

the consensus sequence recognized by each TFs and the
degree of amino acid conservation for each TF was compared
(fig. 8A-(C). The binding sites for CRP and FNR were roughly
divided into three categories, depending on the degree of
amino acid similarity with the TFs. In the species with low
amino acid conservation of the TF (Sim(x,y) = 0.0-0.3), the
proportion of genes containing the consensus sequence
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was distributed relatively widely (0-15%). In the species with
medium amino acid conservation of the TF (Sim(x,y) =0.3—
0.7), the proportion of genes containing the consensus se-
quence was distributed a little less widely (0-10%). Finally,
in the species with high amino acid conservation of the TF
(Sim(x,y) =0.7-1.0), the proportion of genes containing the
consensus sequence was again high (4%-15%). The same
data were also analyzed for the following three taxa (fig. 8):
v-Proteobacteria (shown in red), Firmicutes (blue), and other
(gray). The results can be clearly divided into two categories:
1) Firmicutes phylum and other bacteria (Sim(x,y) <0.3) and
2) vy-Proteobacteria class (Sim(xy)>0.3). In the range
Sim(x,y) < 0.3, the proportion of genes containing the CRP
consensus sequence is relatively higher in the Firmicutes
phylum, but the proportion of genes containing the FNR
consensus sequence is the same in all three phyla. For
CcpA, which is not one of the CRP/FNR-type TFs, the propor-
tion of genes containing the CcpA-binding site correlates
weakly with the degree of amino acid conservation in
CcpA. In this case, a phylum-specific distribution of the
genes containing the CcpA-binding site was also observed:
the phylum Firmicutes (Sim(x,)y)>0.3) and the class

v-Proteobacteria (Sim(x,y) = 0.2-0.35). However, the weak
correlation was not dependent on the kind of phylum. The
same analysis was performed on extracted known target
genes and their homologs (fig. 8D-F). The number of genes
containing the TF-binding site increased for all TFs (CRP, FNR,
and CcpA) in the range Sim(x,y) = 0.7-1.0. However, the over-
all patterns of these distributions were similar in the two sets
of data (shown in fig. 8A-F).

Discussion

In this study, a spectral clustering analysis of 1,455 annotated
CRP/FNR-type TFs was performed and classified the TFs into
12 representative groups (fig. 2). Stepwise clustering allows us
to clarify the possible processes of protein evolution and our
results suggest that the origin of the CRP/FNR-type TFs was an
ancestral FNR protein. The 12 groups actually correspond to
functionally different proteins and are not influenced by any
factor that might create inappropriate bias in the KEGG
Orthology database. There are obvious relationships between
4 of the 12 groups (groups I-XII) from the KEGG Orthology
database and four of the seven groups (A-G) from the
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Swiss-Prot database: I-to-C (mainly consisting of CRP), Il-to-A
(mainly consisting of FNR), VI-to-B (CRP/FNR-type TFs from
the phylum Firmicutes), and X-to-D (CRP/FNR-type TFs from
the phylum Cyanobacteria) (supplementary fig. S3,
Supplementary Material online). Furthermore, some proteins
also overlap between groups Ill and F. Group F consists of two
Yeil proteins, which are known to be distinct CRP/FNR-type
TFs with only 20% amino acid sequence similar to other CRP/
FNR-type TFs, such as CRP, FNR, FLP, and FixK (Gostick et al.
1999; Anjum et al. 2000). These results indicate that the main
distributions of the CRP/FNR-type TFs in the two networks are
quite similar between the two clustering groups. In summary,
our clustering approach provides well-fractionated represen-
tative CRP/FNR-type TFs, including CRP, FNR FixK, CysR, and
FLP. Moreover, the sequence similarity network calculated in
this study (fig. 2) is consistent with those of previous studies
(Fischer 1994; Korner et al. 2003; Dufour et al. 2010).
Therefore, our method of spectral clustering combined with
a phylogenetic analysis is very effective, especially for families
of proteins for which it is difficult to define an outgroup. In
contrast, groups E and G did not contain the corresponding
orthologous proteins from the KEGG Orthology database.
Group G was composed of two archaeon-specific riboflavin
kinases (Mashhadi et al. 2008), and group E was composed of
proteins similar to a firmicute plasmid replication protein, RepL
(Projan et al. 1987). According to the Uniprot database (http:/
www.uniprot.org/, last accessed January 25, 2013), all four
proteins from group E contain the CRP-type HTH motif in the
middle of the protein, suggesting that the HTH motif is used to
bind to the plasmid replication origin. Similarly, each of the
two proteins from group G has an HTH motif in its N-terminal
half and an Fe-S-binding-like motif in the C-terminal half,
suggesting that these motifs are related to the Zn(ll)- and
CTP-dependent activities of the archaeon-specific riboflavin
kinases, although the location of each motif is inverted relative
to those of the usual CRP or FNR proteins. Because these
group E/G proteins are not the members of the CRP/
FNR-type TF family, they can be treated as “negative controls”
for the clustering of the CRP/FNR-type TFs from the KEGG
Orthology database.

There is a discrepancy in the annotation of the Fe-S motif
between the primary amino acid analysis (fig. 4) and the
secondary structural analysis (supplementary fig. S5,
Supplementary Material online). Specifically, five proteins
(ANR, BTR, EtrA, FnrA, and HlyX) are shown to contain the
four conserved cysteine residues that act as an Fe-S-binding
motif, similar to another nine proteins in figure 4. However,
these five proteins are not annotated as proteins with Fe-S
motifs in supplementary figure S5, Supplementary Material
online. We observed that the nine annotated proteins
showed complete conservation of both the four cysteine res-
idues and the neighboring amino acid residues in the motif.
However, in ANR, BTR, EtrA, FnrA, and HlyX, several amino
acid replacements have occurred in the sequences

neighboring each conserved cysteine residue. Two interpreta-
tions can be made. 1) There might be an annotation bias in
the Swiss-Prot database, such that the Fe-S motif was anno-
tated using the orthologous FNR-type TFs as the first data set.
2) Alternatively, the neighboring sequences of each conserved
cysteine residue are actually important for the ligand-binding
activity of each protein. The latter explanation is supported by
the observation that the regular positioning of the four cyste-
ine residues is important in binding Fe(ll) ions (Lazazzera et al.
1996).

In this article, we have suggested that the " core protein” of
the sequence similarity network graph, which indicates the
origin of the CRP/FNR-type TFs, is the FNR-type TF, because
FNR orthologs are located in the center of the network graph
(fig. 2) and are widely distributed on the 16S rRNA phyloge-
netic tree (fig. 3). On the phylogenetic tree of representative
CRP/FNR-type TFs (supplementary fig. S4, Supplementary
Material online), the evolutionary distances among the mem-
bers of group A (FNR family proteins) are longer, and the
members are more diverse than those of group C (CRP
family proteins). Because the core protein has persisted for
more evolutionary time, longer evolutionary distances are usu-
ally observed between its orthologous proteins. Similarly, pro-
teins that are derived from the core protein are located at
distances that reflect the time since their divergence.
Therefore, we conclude that the phylogenetic analysis also
supports the concept that the core protein is the FNR-type
TF. The facts that nitrogen-fixing bacteria are ancient organ-
isms (Fani et al. 2000; Raymond et al. 2004; Muraki et al.
2010) and FNR is involved in nitrogen fixation supports this
concept. Furthermore, TFs such as CRP, NtcA, FixK, Nnr, and
CooA, each with a specific function, are distributed through-
out the surrounding areas of the network (fig. 2), and these
proteins are clustered in a phylum-specific manner (fig. 3).
Therefore, it is reasonable that these CRP/FNR-type TFs
evolved from the ancestral FNR in a phylum-specific way.
Based on these observations and the phylogenetic position
of each organism, a model of the evolution of the CRP/
FNR-type TFs is proposed (fig. 9).

A coevolutionary analysis of the CRP/FNR-type TFs revealed
a rather complex relationship among this family of proteins
(fig. 6). For example, evolutionary conservation is observed
between two different functional TFs, such as between CRP
and Hly, between CRP and ANR, and between FixK and AadR.
Evolutionary conservation is also evident between the
PTS-related proteins and each newly reported member of
the TFs (CysR, FnrA, ANR, and HlyX). Furthermore, the same
complexity of relationships is observed between the TFs and
their target genes (proteins) in figure 7. All these results sug-
gest that the partnerships between TFs or between TFs and
their target genes are not fixed as a single specific combina-
tion but represent a variety of combinations. Furthermore, the
coevolutionary analysis of the PTS-related proteins and the TFs
that regulate their expression showed that some of these pairs
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Fic. 9.—Model of the evolution of the CRP/FNR-type transcription regulator genes. The tentative common ancestor of the CRP/FNR-type transcription
regulator is defined as “ancestral FNR.” The arrows indicate a possible evolutionary scenario for the protein family. Representative protein names are shown

with their phyla and ligands.

are rearranged in a species-specific manner (figs. 5 and sup-
plementary figs. S6 and S7, Supplementary Material online).
These results suggest that the partnerships between TFs and
their target genes vary, even within the same phylum.
According to a mathematical model analysis (Berg et al.
2004) and laboratory-based evolutionary experiments
(Blount et al. 2012), genetic variability in promoter sequences
plays an important role in the rapid evolution of transcriptional
networks. Therefore, promoter sequence (TF-binding site) var-
iations could contribute to the rearrangement of pairs of TFs
and their target genes at the species level. In this context,
figure 8A (CRP) and B (FNR) shows that the proportions of
genes with a TF-binding site can be divided roughly into three
categories, depending on the degree of amino acid similarities
within the TFs. Here, the consensus sequences of the
TF-binding sites extracted in the low-amino-acid-conservation
group may have emerged coincidentally after neutral fluctu-
ations in the nucleotide sequences, and many of these con-
sensus sequences suggest the existence of a neutral variation
step during the molecular evolution of the sequences, even
before the emergence of specific TFs (such as o). These results
suggest that the promoter sequence (TF-binding site) itself
evolved according to the evolution of the TFs, in the following
three steps: 1) neutral variations; 2) reduction in the numbers
of TF-binding sites under selective pressure; and 3) increase
in the numbers of TF-binding sites undergoing adaptation. In
contrast, this type of evolutionary process is not applicable to
CcpA (fig. 80), probably because CcpA is not a member of a
family of proteins in a single organism, whereas CRP and FNR
coexist in one organism. When a new TF with the same
DNA-binding specificity is generated by gene duplication,
new pairs of TFs and their target genes also arise, causing
harmful “cross lines” through the DNA-binding sites
that were previously neutral features. In this case, strong se-
lection pressures may remove unfavorable DNA-binding sites.
Thus, we have presented a speculative model of the

coevolution of the TFs and their target sequences (supplemen-
tary fig. S8, Supplementary Material online). In this model, it is
important to include an “idling step” in the evolution of the
promoter (especially step 3 of supplementary fig. S8,
Supplementary Material online). This step may contribute to
the generation of the variety of transcriptional networks and
TF family proteins. To date, several coevolutionary models of
TFs and their target sequences have been proposed to explain
some specific situations (Berg et al. 2004; Hershberg and
Margalit 2006; Kuo et al. 2010). However, we believe that
our model (both figs. 9 and supplementary fig. S8,
Supplementary Material online) explains the more general
evolutionary processes, including the origins of protein fami-
lies and the shuffling of pairs of TFs and their target genes via
the selection of TF-binding sites. This model also contributes to
the effective compartmentalization of many family proteins.

Supplementary Material

Supplementary tables ST and S2 and figures S1-5S8 are
available at Genome Biology and Evolution online (http:/
www.gbe.oxfordjournals.org/).
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