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ABSTRACT

The identification of regulatory targets of all TFs is
critical for understanding the entire network of the
genome regulation. The /ac regulon of Escherichia
coli K-12 W3110 is composed of the lacZYA operon
and its repressor lacl gene, and has long been recog-
nized as the seminal model of transcription regula-
tion in bacteria with only one highly preferred target.
After the Genomic SELEX screening in vitro of more
than 200 transcription factors (TFs) from E. coli K-12,
however, we found that most TFs regulate multiple
target genes. With respect to the number of regula-
tory targets, a total of these 200 E. coli TFs form a
hierarchy ranging from a single target to as many as
1000 targets. Here we focus a total of 13 single-target
TFs, 9 known TFs (Betl, KdpE, Lacl, MarR, NanR,
RpiR, TorR, UlaR and UxuR) and 4 uncharacterized
TFs (Yagl, YbaO, YbiH and YealM), altogether forming
only a minor group of TFs in E. coli. These single-
target TFs were classified into three groups based
on their functional regulation.

INTRODUCTION

Bacteria constantly monitor physical, chemical and biolog-
ical conditions in environment, and respond for adaptation
and survival by modifying the expression pattern of their
genomes. Transcription, the major step of regulation of the
genome expression, is carried out by a single species of
RNA polymerase (RNAP). The intracellular concentration
of RNAP in growing Escherichia coli K-12 W3110 strain is
about 2000 molecules per genome, which is less than a to-
tal of about 4500 genes on its genome (1,2). The pattern of
genome transcription, however, changes through modula-
tion of the selectivity of transcription targets of RNAP by
two steps of protein—protein interaction, i.e. seven species
of the RNAP sigma subunit with the promoter recognition

activity in the first step (3—5) and about 300 species of the
DNA-binding transcription factors (TFs) in the second step
(6-9). Based on the protein structure of DNA-binding mo-
tifs, we classified these TFs into 63 families (6,10; also cited
in TEC database [www.shigen.nig.ac.jp/ecoli/tec/]). When
bound to the target DNA, the activator-type TFs inter-
act directly with one of the RNAP subunits for function
(1,9,11). A tight correlation exists between the mode of tran-
scription regulation and the contact subunit (class-I, I1, TIT
and IV for contact with «, o, § and B’ subunit, respectively)
(6,12). In order to facilitate the frequent and quick replace-
ment of RNAP-interacting TFs, the affinity of protein—
protein interaction between RNAP and TFs must be weak
enough, but the binding of TFs at specific target sites near
promoter enables the effective protein—protein interaction
by increasing the local concentration of pairing TFs at the
promoter region.

In advance in the genome-wide research technologies
such as transcriptomics (13-16), ChIP-chip (17-19) and
ChIP-seq analyses (19,20), the regulatory role of each TF
has been identified mainly based on the transcription pat-
terns in vivo in the absence of test regulator or after its over-
expression. A large amount of knowledge of TFs is assem-
bled in databases such as EcoCyc (21,22) and RegulonDB
(23,24). Up to the present time, about 70-80% of the esti-
mated 300 TFs in E. coli have been linked to at least one
regulatory target gene or operon in the genome, but with
use of in vivo analyses, it is in principle difficult to get the
complete set of regulatory target promoters, genes or oper-
ons because the binding in vivo of TFs to their DNA tar-
gets is interfered by ~300 co-existing TFs (10,25) and more
than 200 species of other DNA-binding proteins that are in-
volved in DNA functions (26). The majority of regulatory
targets of TFs so far detected in vivo represent those not un-
der the direct control of TFs but instead indirectly regulated
by TFs (1,6) because the regulatory targets of TFs often in-
clude the genes encoding other TFs, forming the hierarchy
of TF network (10). In addition, another serious problem of
using unselected data sets of in vivo transcription is related
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to the difference in genetic backgrounds of bacterial strains
used in these experiments. Up to the present time, the whole
sequence has been determined for more than 1000 E. coli
strains and it turned clear that a high-level difference ex-
ists in the genome sequence between E. coli strains (27,28).
The difference exists even in both sigma and TF sequences
not only between different E. coli strains but also even be-
tween laboratory stock strains of the same E. coli strain.
For instance, the sequence difference exists in the rpoS gene
encoding the stationary-phase sigma factor even between
stock strains of the same E. coli K-12 W3110 from different
laboratories (29). In addition, some of the regulatory targets
listed in databases were predicted in silico simply based on
the presence of sequences similar to the TF recognition se-
quence of low-level accuracy but without experimental con-
firmations. Thus, even for the characterized TFs, we have
only fragmentary knowledge even for the best characterized
model prokaryote E. coli K-12.

Identification of the connections between TFs and their
direct targets represents a major bottleneck for modeling
the transcriptional regulatory networks. The first step of a
bottom-up approach to make a breakthrough toward un-
derstanding the regulatory network is to make the complete
list of regulatory targets for all TFs. The knowledge of such
a list of the targets under the direct control of TFs and the
intracellular concentrations of these TFs under test envi-
ronmental conditions are absolutely needed for detailed un-
derstanding the whole view of the genome regulation. To
avoid the problems included in in vivo approaches as noted
above, we then decided to employ several lines of in vitro ap-
proach. The Genomic SELEX (systematic evolution of lig-
ands by exponential enrichment) is one short-cut approach
for the identification of regulatory targets under the direct
control of a test TF, because bacterial TFs generally bind to
the recognition sequences located near the regulation tar-
get promoters (10,25,30). For identification of the regula-
tory targets of TF, the Genomic SELEX in vitro offers a
number of advantages over in vivo analyses such as anti-TF
antibody-based ChIP-chip. First, the binding site of TF can
be identified in the absence of other interfering competitive
DNA-binding proteins. Second, the TF-binding affinity to
target can be monitored by using various concentrations of
test TF or controlling the SELEX cycles. Third, possible
influence of effectors on TF function can be examined in
the presence and absence of effectors. Forth, only the di-
rect targets under a test TF can be identified, excluding in-
directly affected targets that are associated with in vivo data
(see above). Using the newly developed Genomic SELEX
system, we have so far identified the complete set of the
constitutive promoters for five sigma factors (RpoD, RpoS,
RpoH, RpoF and RpoE) (31,32). In parallel, we have per-
formed a systematic Genomic SELEX screening for all 300
TFs from E. coli K-12 W3110, including both character-
ized and uncharacterized TFs. One unexpected finding of
our ongoing research is that most of E. coli TFs regulate
multiple target genes or operons. Based on the number of
regulatory targets, we propose a novel classification system:
single-target regulators (number of targets, 1 or a few); local
TFs (targets ranging 10-50); global regulators (more than
100 targets); and nucleoid-associated regulators (as many
as 1000 binding sites) (Figure 1). Since we performed the

SELEX screening using the purified TF alone, TFs that re-
quire as yet unidentified effector for target recognition were
not identified in this study. In this report, we describe a total
of 13 single-target TFs, altogether forming a minor group
among the total of as many as 200 E. coli K-12 TFs so far
examined. With respect to the mode of modulation of TF
activity, these TFs could be classified into three groups.

MATERIALS AND METHODS
Escherichia coli strains and culture conditions

The genome of E. coli K-12 W3110 type-A (29) was used as
the source for construction of TF expression plasmids, and
the DNA library for SELEX screening of regulatory targets
of TFs. Escherichia coli DH5a was used for plasmid am-
plification. Escherichia coli BL21(DE3) was used for over-
expression of all TFs. Cells were grown in LB medium with
shaking at 37°C in the presence of 100 pg/ml ampicillin.

Expression and purification of TFs

Expression plasmid of all TFs was constructed according
to the standard procedure (33). In brief, the TF-coding se-
quences were polymerase chain reaction (PCR)-purified us-
ing the E. coli K-12 W3110 type-A genome DNA as a tem-
plate, and inserted into pET21a vector. The expression of
His-tagged TFs was performed in E. coli BL21(DE3). His-
tagged TFs were affinity-purified according to the standard
procedure (33). The purity of all TFs used in this study was
more than 95% as detected by protein-staining of polyacry-
lamide gel electrophoresis (PAGE) pattern. All the purified
TFs used in this study were obtained from the E. coli TF
collection in Ishihama laboratory (Hosei University, Japan)

Genomic SELEX screening of TF-binding sequences

The Genomic SELEX was performed according to the
standard procedure (25,30). In each SELEX screening, the
substrate DNA mixture was generated by PCR using the
genome DNA library of E. coli K-12 W3110 type-A as tem-
plate. For SELEX screening, the DNA mixture (5 pmol)
and TF (10 pmol) were mixed in the binding buffer. This SE-
LEX cycle was repeated several times depends on each TF.
The original mixture of genomic DNA fragments formed
smear bands on PAGE, but after several cycles of genomic
SELEX, DNA fragments with high affinity to TF were en-
riched, forming sharper bands on PAGE gels. DNA was
isolated from gel bands of DNA-TF complexes and PCR
amplified. Mapping of SELEX fragments along the E. coli
genome was performed by the SELEX-chip system by us-
ing a 43 450-feature DNA microarray (Oxford Gene Tech-
nology) (25). Approximately 300 bp long SELEX fragments
should bind to two or more consecutive 60 bp long probes
aligned at 105 bp intervals. The genomic SELEX sample
obtained with use of TF was labeled with Cy3, while the
reference SELEX sample obtained in the absence of TF ad-
dition was labeled with Cy5. After hybridization of both
samples with the same DNA tilling array, the Cy5/Cy3 ra-
tio was measured for each probe. The scanned pattern was
plotted along the E. coli K-12 genome. Some of SELEX pat-
terns shown in this report include minor non-specific peaks,
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Figure 1. Classification of TFs of Escherichia coli K-12 W3110. The Genetic SELEX screening of regulatory targets has been performed for more than
200 TFs from E. coli K-12 W3110 (reference 10; also see TEC database [www.shigen.nig.ac/ecoli/tec/]). Based on the number of regulatory targets, we
propose to classify E. coli K-12 TFs into four groups: nucleoid-associated regulators; global regulators; local regulators; and single-target regulators. Some
representative regulators are shown. The estimated number of the regulatory targets is shown after each TF (note that: the numbers in parenthesis shown
the range of minimum and maximum number of regulatory targets). Some representative TFs analyzed by SELEX are shown in each group. In the case
of nucleoid-associated regulators, the total number of regulatory targets has not been identified at this moment, and thus the Y-axis represents the total
number of binding sites on the E. coli K-12 genome. Details of the single-target TFs are described in this report.

but these peaks disappear after repeated cycles of SELEX
[for the change of SELEX pattern after repetition of SE-
LEX cycle see ref. 25]. All the SELEX-chip data described
in this report were submitted to the “Transcription Factor
Profiling of Escherichia coli‘ (TEC) database at the National
Institute of Genetics (https://shigen.nig.ac.jp/ecoli/tec/) un-
der the accession codes: Betl, KdpE, Lacl, MarR, NanR,
RpiR, TorR, UlaR, UxuR, CecR(YbiH), DecR(YbaO),
NimR(YeaM) and XynR(Yagl).

Gel shift assay

The gel shift assay was performed according to the stan-
dard procedure (34). Probes containing the recognition tar-
get sequences of test TFs were generated by PCR amplifica-
tion using a pair of primers and Ex Taq DNA polymerase
(Takara, Kusatsu, Japan). For gel shift assays, a mixture of
each probe and each purified TF was incubated at 37°C for
30 min in the gel shift buffer. After addition of a DNA load-
ing solution, the mixture was directly subjected to PAGE.
Probe DNA in gels was stained with GelRed (Biotium, Fre-
mont, CA, USA) and detected using LAS-4000 IR multi-
colour (GE Healthcare, Little Chalfont, UK).

RESULTS AND DISCUSSION
Genomic SELEX search for regulatory targets of TFs

For quick search of DNA sequences that are recognized
by DNA-binding proteins, we developed the Genomic SE-
LEX system (25,30), in which TF-associated DNA seg-
ments can be isolated from mixtures of purified TF and a li-
brary of genome DNA fragments. Sequences of the protein-

bound SELEX DNA fragments can be determined by ei-
ther SELEX-clos (cloning and sequencing) and SELEX-
chip (mapping by tilling array consisting of 43 450 species
of 60 bp long oligonucleotide probe aligned at 105 bp inter-
vals along the E. coli genome) (25,30). Combination of the
SELEX-clos and SELEX-chip patterns provides not only a
more reliable set of regulatory targets of the test TF but also
the order of binding affinity between the predicted targets.
The SELEX screening system is also useful for quick search
of the influence of effector ligands and protein modification
on the target selectivity of TFs. However, TFs that require
as yet unidentified effectors for the target recognition were
not analyzed in this study.

In the classic molecular genetic studies, E. coli promoters
were considered to be regulated by a single specific regu-
latory protein, either a repressor or an activator, as origi-
nally identified in regulation of the /ac operon by Lacl re-
pressor (35). Accordingly, most of TFs in E. coli have been
believed to be the Lacl-type TF, herein referred to ‘single-
target TF’, that regulates transcription of one specific tar-
get gene (36). Until recently only a small number of TFs
have been classified into the global regulators, which in-
fluence the expression of a large number of transcription
units that belong to different metabolic pathways, thereby
exhibiting pleiotropic phenotypes (8,37,38). After Genomic
SELEX screening of TFs with known regulatory roles, how-
ever, we realized that the number of regulation targets of
most E. coli TFs are more than those hitherto identified or
predicted (1,6,10). Even though the regulation of multiple
targets has been indicated in vivo by using modern technolo-
gies, it was not discriminated, in most cases, whether the tar-
gets were under direct or indirect control. Based on the re-
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Figure 2. Genomic SELEX pattern of Lacl. The Genomic SELEX screening was performed for Lacl in the absence (A) and presence (B) of the inducer
IPTG. In the absence of IPTG, a single peak was detected within the spacer between the lacZ YA and lacl operons. The appearance of low-level peaks was
not reproducible, suggesting no specific binding to these sites. By adding increased concentrations of IPTG, the level of Lacl binding to the single target
decreased gradually. Minor peaks in (A) are located inside ORF of appY (a), ycgZ (b), yfdI (c) and rfaS (d). These one-point peaks might be non-specific
background noise because ~300 bp long SELEX fragments should bind to two or more consecutive 60 bp long probes aligned at 105 bp intervals on the

tilling array used (25).

sults of the Genomic SELEX screening (see TEC database
[www.shigen.nig.ac/ecoli/tec/]), we propose in this report an
improved classification system of E. coli TFs (Figure 1).
Among a total of more than 200 TFs so examined, the
single-target regulators were found to be only 14, includ-
ing 9 known TFs and 5 unknown TFs. From the ongoing
SELEX screening of the remaining TFs, we estimate that
the total number of single-target TFs are less than 20 at
most, altogether forming only a minor group within a total
of about 300 E. coli TFs. This report describes the detailed
analysis of the single-target TFs so far identified.

LaclI as the seminal model of single-target regulator

In the presence of glucose, E. coli utilizes this carbon source
exclusively, even when other sugars are present. Based on
the study on lactose utilization system, Jacob and Monod
(39) proposed the epoch-making framework, the operon
theory, which delineated how E. coli switches from glucose
to lactose. When glucose is depleted, E. coli upregulates ex-
pression of the /ac operon encoding proteins that transport
and metabolize lactose. Transcription of the /ac operon is
regulated by Lacl TF, which was the first regulatory pro-
tein isolated and tested for its function in vitro (40). In the
absence of lactose, Lacl binds with high affinity to the pro-
moter of the lac operon at a specific operator DNA se-
quence, leading to repression of transcription (41). The reg-

ulation model of the /ac operon has since served as a model
system in the gene regulation in bacteria.

After the Genomic SELEX screening of more than 200
TFs from E. coli K-12, however, we found that most TFs
regulate multiple target genes and operons whereas the
single-target TFs are rare (reviewed in 6,10). We then ex-
amined the regulatory target of Lacl by using the SELEX
screening in vitro of Lacl-binding sites along the E. coli K-
12 genome. The SELEX pattern, however, indicated only
a single binding site upstream of the /acZ YA operon (Fig-
ure 2A). Low-level peaks were identified, but inside open
reading frames (ORFs) of several genes. Furthermore the
appearance of these peaks was not reproducible after re-
peated tilling array analysis. As expected from the regula-
tion model of lac operon, the level of Lacl binding at the
lacZ promoter region decreased concomitant with the in-
creased addition of IPTG (isopropyl-B-D-thiogalactoside),
the synthetic inducer for lac operon expression (Figure 2B),
indicating that Lacl binding to the target is interfered by the
inducer such as IPTG. Within the promoter region of the lac
operon, three Lacl-binding sites have been identified, all in-
volved in the regulation of the /ac operon (42). By SELEX
screening, multiple TF-binding sites have been identified for
some TFs near promoters, implying the regulation of a sin-
gle and the same target. We then concluded that Lacl is a
typical single-target TF.
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Figure 3. Genomic SELEX patterns of uncharacterized TFs. A total of about 50 uncharacterized TFs from Escherichia coli K-12 W3110 (for the list see
TEC database) were subjected to the Genomic SELEX screening, of which four were identified to be the single-target TFs. The regulatory functions for
these TFs have been described elsewhere: (A) Yagl (renamed to XynR) (43); (B) YbaO (renamed to DecR) (45); (C) YbiH (renamed to CecR) (44); and

(D) YeaM (renamed to NimR) (46).

Identification of single-target TFs within the uncharacterized
TF group

Bacterial DNA-binding TFs generally bind to DNA near
promoters for effective interaction of RNAP (6,10). The
Genetic SELEX screening was then developed for mapping
the TF-binding sites along the E. coli genome (25,30). The
SELEX screening is, in particular, a useful short-cut ap-
proach for identification of the regulatory targets of as yet
uncharacterized TFs because the prediction of regulatory
function of TFs with unknown functions is not easy with
use of the phenotype screening. So far we performed SE-
LEX screening for all 53 uncharacterized TFs, referred to
Y-gene TFs (see TEC database [www.shigen.nig.ac.jp/ecoli/
tec/]) for the complete list). After experimental confirmation
of each of the predicted targets, we have so far published
the regulatory functions for 15 TFs (Table 1). Among these
characterized Y-TFs, five have been identified to belong to
the group of single-target TFs, including Yagl (renamed to
XynR; regulator of xylonate catabolism) (43), YbiH (re-
named to CecR; regulator of cefoperazone and chloram-
phenicol sensitivity) (44), YbaO (renamed to DecR; regu-
lator of cysteine detoxification) (45) and YeaM (renamed to
NimR; nitroimidazole regulator) (46) (Figure 3).

Identification of single-target TFs within the characterized
TF group

The regulatory functions of hitherto characterized TFs have
mostly been analyzed in details with use of one or a few rep-
resentative targets, and thus the whole set of regulatory tar-
gets have not been identified for most of E. coli TFs. We
then extended the Genomic SELEX screening for all the
known TFs from E. coli K-12 W3110. As a result, we found
that most of TFs regulate multiple targets, and Lacl-type
single-target regulators are rather rare, forming only a small
group of <20 TFs (Table 2). We summarize in this report
the whole set of experimentally confirmed TFs including
five uncharacterized single-target TFs (see above) and eight
known single-target regulators: Betl (regulator of glycine
betaine synthesis), KdpE (regulator of K* uptake operon),
MarR (regulator of multi-antibiotic resistance), NanR (reg-
ulator of sialic acid utilization), RpiA (regulator of D-ribose
utilization), TorR (regulator of TMAO-based respiration),
UlaR (regulator of L-ascorbate utilization) and UxuR (reg-
ulator of hexuronic acid utilization). Since the regulatory
function of these TFs is modulated through chemical or
physical modification of proteins, these single-target TFs
are classified into three subgroups.
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Table 1. Regulatory functions of Y-gene TFs

Data
TF Regulatory function Family Size (aa) source Target gene or operon
Y-name Renamed
Yagl XynR Regulator of xylonate catabolism IcIR 252 SELEX yagE/yagA (single target)yagE/yagA (single target)
Regulon None
YbaO DecR Regulator of cysteine detoxification AsnC 152 SELEX yhaO (single target) yhaO (single target)
Regulon None
YbiH CecR Regulator of cefoperazone-chloramphenicol TetR 223 SELEX cecR (single target)cecR (single target)
sensitivity
Regulon cecR-ybhGFSR
YbjK RcdA Regulator of csgD (master regulator of TetR 178 SELEX ybjJIybjK, sulAlsxy, yedT, csgD, ycgFlycgZ, ydel, asr, yeh A, rrlD
biofilm formation)Regulator of csgD (master
regulator of biofilm formation)
Regulon asr, bluF, csgDEFG, sul A, yagK, ydel
YedC RutR Regiator of pyrimidine metabolisma and TetR 212 SELEX carA,gadW,gadC,gInE, glxR,deo L, ycdM [ycdC
purine degradation
Regulon carAB, fepB,gadAXW,nemR,pdeR,rutA,rutA
Yz PgrR Regulator of peptidoglycan (PG) recycling LysR 299 SELEX leuLlleuO, pheP, ycj YlycjZ, ydjE, yedX yedS, xapR, yfgFlyf gG, yhil, rf
aL, rfas$, yjgL
Regulon y¢jG,ycjXF-tyrR,ycj Y-ymfDC-mpaA
YdeO PhhR Regulator of intracellular pH homeostatis AraC 253 SELEX hyaA,appC,cadX,hdeD,nhaA,slp,yiiS
Regulon appCBX A, gadAXW, gad EF-mdtEF, hyaABCDEF , saf A-ydeO, slp-dct
R
YdcN SutR Regulator of sulfur utilization Xre 178 SELEX yagR, xseB, ydcOlydeN, ynfG, pfk B fliZ, ypfN, yfgM, yfiC, tdcF, yjcS
Regulon cysE flidZ-tcyJ sutR
YdhM NemR Regulator of N-ethylmaleimide reductase TetR 199 SELEX nemR (single target)
Regulon nemRA-gloA
YeaM NimR Regulator of resistance to 2-nitroimidazole AraC 273 SELEX yeaM/yeaN (single target)
Regulon nimR,nimT
YedW HprR HprSR-TCS response regulator of H202 OmpR 223 SELEX ydeS,ybaS/yegT dctA
sensitivity
Regulon cusCFBA, cusRS,cyoABCDE,yedX
YgiP Dan Nucleoid-associated regulator for anaerobic LysR 310 SELEX (688 binding sites)
growth
Regulon 1tdA, ttdR

Table 2. Regulatory targets of single-target TFs with known functions

TF Family Size (aa) Target operon

Group-S1

Lacl GalR/Lacl 360 SELEX lacZ (single-target)lacZ (single-target)

Regulator of lactose utilization Regulon lacZYA

MarR MarR 144 SELEX nanC/marR (single-target )nanC/marR (single-target)
Multiple antibiotic resistance regulator Regulon marRAB

RpiR RpiR 296 SELEX rpiR/rpiB (single-target )rpiR/rpiB (single-target)
Regulator of D-ribose utilization Regulon rpiB,rpiRalsBACE

UlaR DeoR 251 SELEX ulaR,ulaG/ulaA (single-target )ulaR ulaG/ulaA (single-target)
Regulator of ascorbate utilization Regulon ulaABCDEFulaG

UxuR GntR 257 SELEX gntP/uxuABR (single-target )gntP/uxuABR (single-target)
Regulator of hexuronic acid utilization Regulon exuR, gntR,Igo R uidABC,uxudB,uxuR

Group-S2

Betl TetR/AcrR 195 SELEX betl/betT (single-target)betl/betT (single-target)
Osmo regulator of blycine betaine synthesis Regulon betIBA,betT

NanR GntR 263 SELEX nanC/fimB (single-target)

Regulator for sialic acid utilization Regulon fimBnanATEKyhcH,nanCMS,yjhBC

Group-S3

KdpE OmpR 255 SELEX kdpF/ybfA (single-target)

Tugor-keeping regulator for controlling K+ level Regulon kdpFABC

TorR OmpR 230 SELEX torR/torC (single-target)

Regulator for TMAO-based respiration Regulon gadAXW,hdeAByhiD,tnaCAB,torCAD,torR

Group-S1 (Lacl-type): recognition of the single-target by TF
alone

MarR: multiple antibiotic resistance regulator. The mul-
tiple antibiotic resistance regulator (MarR) in E. coli was
discovered based on genetic selections to identify mu-
tants that conferred resistance to a range of antibiotics
(47,48). MarR controls a wide variety of phenotype includ-
ing not only multiple antibiotic resistance (MDP) but also
the catabolism of aromatic compounds, stress responses
and virulence in the case of pathogenic E. coli. The well-
characterized target of MarR is located within the inter-

genic region between marC and marRAB, thereby repress-
ing the bidirectional transcription of both operons (49,50).
MarC is an inner membrane protein but is not essential for
MDR while MarB is a periplasmic protein that is needed
for expression of the full activity of MDR but MarR and
MarA are both TFs. After the Genomic SELEX screen-
ing with use of purified MarR and a library of E. coli K-
12 genome segments, we identified only a single target for
MarR at the spacer between the marC and marRAB oper-
ons (Figure 4A), indicating that MarR is a single-target TF.
However, more than 30 genes have been identified in vivo
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Figure 4. Genomic SELEX patterns of group-S1 single-target TFs. After Genomix SELEX screening of more than 150 TFs with known regulatory func-
tions, a total of 8 TFs have been identified to regulate only single targets, of which four showed specific binding to the respective targets in the presence
and absence of effectors. This group-S1 of single-target TFs includes MarR (A); RpiR (B); UlaR (C); and UxuR (D). The binding site of each TF and the
physiological function of each target gene are shown inside each SELEX pattern. In the case of UlaR and UxuR, two binding sites were identified within
the same operons. The location of minor peaks is indicated in each panel. Each of these minor peaks represents TF-binding to a single probe, and the
binding center is located inside ORF (except for peak of panel D). Thus, we predicted these peaks represent non-specific background noise.

to be under the influence of MarR (51). These genes are,
however, not under the direct control of MarR, but instead
regulated by MarA, which is under the control of MarR.
Taken together we concluded that the mar phenotype is de-
termined mainly by MarA, which is under the control of
single-target MarR. The activity of MarR is controlled by
aromatic acids and antibiotics (52,53) (Table 3).

RpiR: regulator of D-ribose utilization. For growth on D-
ribose as a carbon source, E. coli K-12 employs two-types of
uptake system, the high-affinity ABC-type RbsACB trans-
porter (54) and the low-affinity ABC-type AlsBAC trans-
porter (55). Inside the cell, D-ribose is first converted by ri-
bokinase (RbsK) to ribose-5-phosphate (56). The RbsACB
transporter and RbsK ribokinase are encoded by the rbs-
DACBKR operon (54), which is regulated by RbsR. Pre-
viously we identified by Genomic SELEX screening that
the Lacl-family RbsR regulates not only the rbsDABCKR
operon but also a set of genes involved in purine and
pyrimidine nucleotide metabolism (34). On the other hand,
the AISBAC transporter is encoded by the rpiR-alsBACE
operon (57) that is regulated by RpiR (or AlsR) (55). RpiR
was identified as a negative regulator of the expression of
genes involved in transport and catabolism of D-allose. The
catabolism of ribose 5-phosphate requires the participation
of enzymes of the pentose phosphate pathway. By this path-
way, ribose S-phosphate, ribulose 5-phosphate and xylu-

lose 5-phosphate are inter-converted in reactions catalyzed
by the action of RpiB and UlaE. These three species of
the pentose phosphate are all converted into fructose 6-
phosphate and glyceraldehyde 3-phosphate, the glycolytic
pathway intermediates. Ribose-5-phosphate also serves as
the substrate for the synthesis of nucleotides and amino
acids, histidine and tryptophan (58).

The rpiR-alsBACE operon containing the genes for trans-
port and metabolism of both D-allose and D-ribose is or-
ganized in a divergent transcription unit with the rpiB gene
coding for a secondary D-ribose-5-phosphate isomerase
(57,59). Here we attempted to identify the whole set of reg-
ulatory targets of RpiR. After SELEX-chip analysis us-
ing the purified RpiR alone, we identified a single high-
level peak within the spacer of bidirectional rpiR-alsBACE
operon and rpiB gene (Figure 4B), indicating that RpiR is a
single-target TF. The rpiR gene is located at 5'-proximal end
of the rpiR operon. Expression of the rpiR and rpiB genes
is both induced when E. coli is grown on D-allose in the
absence of glucose, suggesting that D-allose binds to RpiR
as an inducer (57,59). Transport systems of D-allose and
D-ribose are functionally redundant. The reporter assay of
the rpiB promoter, however, indicated that D-ribose is more
potent inducer than D-allose (see below).

UlaR: regulator of ascorbate utilization. Enteric bacte-
ria are able to ferment and oxidize L-ascorbate. In E.
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Table 3. Modulation of target-selectivity of TFs

TF Family Size(aa) Effector Reference

Group-S1

Lacl GalR/Lacl 360 Allolactose, IPTG Jobe and Bourgeois (118) Barkley et al. (121)
MarR MarR 144 Aromatic acids, Antibiotics Alekshun and Levy (53) Chubiz and Rao (52)
RpiR RpiR 296 D-Allose, D-Ribose Poulsen et al. (58)

UlaR DeoR 251 L-Ascorbate, L-Ascorbate-6-phosphate Garces et al. (63)

UxuR GntR 257 D-Glucuronate, D-Fructuronate Bates Utz et al. (122) Tutukina et al. (68)
Group-S2

Betl TetR/AcrR 195 NaCl, Choline, Glycine betaine Esho et al. (123) Rokenes et al. (124)

NanR GntR 263 N-Acetylneuramic acid Kalivoda et al. (80) Kalivoda et al. (83)
Group-S3

KdpE OmpR 255 Phosphorylation by KdpD, AcP Walderhaug et al. (90)

TorR OmpR 230 Phosphoorylation by TorS, AcP Joutlin et al. (125)

coli, the divergent ulaG and ulaABCDEF operons are in-
volved in transport and catabolism of L-ascorbate (60).
The ulaG gene encodes L-ascorbate-6-P lactonase (61)
while the ulaABCDEF operon encodes the three com-
ponents of the L-ascorbate phosphotransferase trans-
port system (UlaABC) for uptake and phosphoryla-
tion of L-ascorbate (62) and three catabolic enzymes
(UlaDEF) (61). Intracellular L-ascorbate-6-P is trans-
formed by L-ascorbate-6-phosphate lactonase (UlaG) to 3-
keto-L-gulonate-6-phosphate, which is decarboxylated by
UlaD to L-xylulose-5-phosphate, and then converted to D-
xylulose-5-phosphate by the sequential action of UlaE (3-
epimerase activity) and UlaF (4-epimerase activity) (61).
Overall the function of the gene products of the ula system
is the transport of L-ascorbate and its transformation into
D-xylulose-5-phosphate (61), which is subsequently metab-
olized by the pentose phosphate pathway.

The ula regulon is under the control of the DeoR-family
UlaR repressor (60). After SELEX-chip analysis, a single
peak was identified within the ulaR-ulaG-ulaABCDEF re-
gion (Figure 4C), indicating that UlaR is a single-target TF.
After high-resolution analysis of the SELEX pattern, how-
ever, two UlaR-binding sites were identified in this peak,
one upstream of ulaR (but downstream of ulaG) and an-
other between the ulaG and ulaABCEDEF operons. The
binding of UlaR upstream of its own gene indicates the au-
togenous regulation of the ulaR gene. The activity of UlaR
is controlled in vitro by L-ascorbate 6-phosphate while its
activity is controlled in vivo by the addition of ascorbate
(Table 3) (63).

UxuR: regulator of hexuronic acid utilization. Hex-
uronates are abundant in natural environments, including
the bodies of warm-blooded animals, and thus the hex-
uronate catabolism is important for the colonization of
E. coli in host animals (64,65). D-Galacturonate and
D-glucuronate are transported into E. coli K-12 by the
action of hexuronate transporter (ExuT) (66,67). By the
action of the uronic isomerase (UxaC), D-galacturonate
and D-glucuronate are converted into D-tagaturonate
and D-fructuronate, respectively. D-Glucuronate is then
degraded into 2-keto-3-deoxy-D-gluconate by the action
of UxuB (D-mannonate oxidoreductase) plus UxuA
(D-mannonate dehydratase) (66) while D-galacturonate
is degraded into 2-keto-3-deoxy-D-gluconate by the ac-
tion of UxaB (altronate oxidoreductase) (67). Finally

2-keto-3-deoxy-D-gluconate is converted to pyruvate via
the Entner-Doudoroff pathway. These genes are organized
in the uxaCA, uxuAB and uxaB operons. Three local
regulators, UxuR, ExuR and UidR, are involved in the
regulation of this hexuronate pathway (68-70).

In order to get insight into the cross-regulation between
three local regulations, we first analyzed the set of regula-
tory targets of UxuR by using the SELEX screening system.
The purified UxuR alone binds to only a single-specific site
within the intergenic spacer between gntP and uxuA in the
absence of glucuronate (Figure 4D). Thus, we concluded
that UxuR is one of the single-target TFs. Upon addition
of increasing concentrations of D-glucuronate, the level of
UxuR binding to this probe decreased (data not shown),
supporting the hypothesis that glucuronate is an inducer for
inactivation of UxuR. In the presence of D-glucuronate, the
divergent [goRT and Igo D operons are induced, each encod-
ing a uncharacterized TF (LgoR) and galactonate:H* sym-
porter (LgoT) and L-galactonate oxidoreductase (LdoD),
respectively (70). This finding apparently disagrees with the
single-target TF model for UxuR predicted based on the
SELEX screening in the presence of UxuR alone. However,
the IgoRT and IgoD operons might be regulated in vivo by
ExuR-UidR heterodimer.

Group-2 (Betl-type): recognition of the single-target in the
presence of effector

BetlI: regulator of glycine betaine synthesis for osmoprotec-
tion.  Escherichia coli is able to adapt to environments of
high osmolarity by the intracellular accumulation? of com-
patible solutes, so-called osmoprotectants, which accumu-
late in large amounts for protection against osmotic stress
(71). The molecular species of the osmoprotectant varies de-
pending on the cell growth conditions, including the pres-
ence of potassium glutamate, trehalose, proline or glycine
betaine. The highest osmotolerance is achieved by the ac-
cumulation of glycine betaine (72,73). When added exoge-
nously to E. coli at an inhibitory osmotic strength, glycine
betaine can be taken up from the environment through the
ProU and ProP transport systems (74,75). In the absence
of glycine betaine in environments, it can be synthesized de
novo from its precursor, choline, by the choline-to-glycine
betaine pathway (71,72).

The bet regulon comprises a regulatory gene, betl and
three structural genes: betT (choline porter), betA (choline
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Figure 5. Genomic SELEX patterns of group-S2 single-target TFs. In the absence of effectors, Betl and NanR bound to a number of non-specific sites
(A1 and B1). In the presence of specific effectors (choline for Betl and NANA for NanR), both Betl and NanR bound only to the respective specific target
site, but all the non-specific binding disappeared (A2 and B2). TFs showing this type of binding specificity are classified into group-S3 single-target TFs.

dehydrogenase) and betB (betaine aldehyde dehydrogenase)
(73), which are organized into the divergently transcribed
betIBA and betT operons. Expression of the bet genes is in-
duced by oxygen, choline and osmotic stress (71,76). Except
for the regulation of the divergent betl and betTAB oper-
ons, possible participation of Betl in regulation of as yet
unidentified operons has not been seriously examined. In
this study, we attempted to identify a complete set of the reg-
ulatory targets of Betl using the Genomic SELEX screen-
ing system (25,30). After SELEX screening, Betl binds to a
number of sites (Figure SA1) but in the presence of choline,
the inducer of bet regulon expression, Betl remained bound
only at a single site inside the overlapping promoter re-
gion within the betl-bet T spacer (Figure SA2). This unique
property can be used for discrimination between specific
and non-specific binding (76). After addition of choline and
KCl, Betl binding disappeared except the betl-bet T spacer
site, indicating that all other bindings are non-specific (Fig-
ure 5SA2). The gel shift assay also supported the stable bind-
ing of Betl to a target irrespective of the presence and ab-
sence of effector choline (see below).

NanR: regulator for sialic acid utilization. The sialic acids
are a unique family of about 40 natural derivatives of
the nine-carbon monosaccharide N-acetylneuraminic acid
(NeuSAc or NANA). In eukaryotes, sialic acids play im-
portant roles and sialate biosynthesis is generally con-
fined to higher eukaryotes. In the case of bacteria, how-
ever, sialic acids are used as sources of carbon, nitro-
gen and metabolic energy. Sialic acid metabolism is also

central in host-microbe interactions (77,78). Utilization of
sialic acid by E. coli K-12 requires the nanATEK operon
(79). The first products of sialic acid catabolism by the N-
acetyl-B-neuraminidase (the nanA gene product) are pyru-
vate and a six-carbon amino sugar, N-acetylmannosamine
(ManNAc).

The nanATEK operon is negatively regulated by the up-
stream nanR-encoded NanR (80-82). When E. coli is grow-
ing in glucose minimal medium, nanA expression is barely
detectable due to repression by NanR. The exogenous ad-
dition of sialic acid results in the marked induction of the
nanATEK operon (82). The most common sialic acid, N-
acetylneuraminate (NeuSAc or NANA), has also been im-
plicated as an additional inducer of the E. coli nan system
(81,83-84). By the Genomic SELEX screening, the purified
NanR alone was found to bind to a number of sites along
the entire E. coli genome including the intergenic spacer be-
tween the nan CM S operon and the fimB gene (Figure 5B1).
The binding of NanR to these non-specific sites disappeared
in the presence of Neu5SAc but NanR remained bound at a
single target for the divergent expression of nanCMS and
fimB operons (Figure 5B2). NanR remains bound to the
target site even in the presence of inducer NeuSAc. This
unique property is similar to that of Betl and thus we pro-
pose a subgroup of the single-target TFs, including both
Betl and NanR that remain bound at the operator in the
inactive form with respect to repression.
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Figure 6. Genomix SELEX patterns of group-S3 single-target TFs. Two TCA response regulators, KdpE (A) and TorR (B), were found to regulate only
single targets, and thus are classified into group-S3 single-target TFs. In the absence of AcP for protein phosphorylation, KdpE bound to several sites (A1),
of which the specific target within the spacer between the kdpABCDE and ybfA4 operons remained bound in the presence of ApC (A2). On the other hand,
TorR bound only to the spacer between the torR and rorcAD operons in the presence and absence of AcP (B1 and B2).

Group-3 (TCS response regulator): recognition of the single-
target by phosphorylated TF

KdpE: turgor-keeping regulator for controlling K* level.
K* is important for maintenance of turgor (85) and the in-
tracellular pH (86). Escherichia coli K-12 has at least three
K* uptake systems, the constitutive TrkG/TrkH and Kup
systems and the inducible high-affinity K* uptake Kdp-
FABC system, altogether contributing to adjust the intra-
cellular K* concentration at an optimum level under a given
environmental condition (87), but only the Kdp system is
controlled by medium K* concentration and thus serves as
an emergency system to scavenge K* (85). The Kdp system
is composed of four proteins, KdpFABC, altogether form-
ing the K*-translocating Kdp-adenosine triphosphatase
(ATPase) for high affinity K+ uptake (88,89). The genes
encoding KdpFABC are organized in a single kdpFABC
operon.

Transcription of the kdpFABC operon is under the con-
trol of a two-component system (TCS) consisting of the
sensor kinase KdpD and the response regulator KdpE.
The kdpED operon is located downstream of the kdpFABC
operon. Under K*-limiting conditions, KdpD and KdpE
together induce expression of the kdpED operon (90-92).
Under K* limitation or high osmolarity imposed by a
salt, KdpD autophosphorylates and transfers the phospho-
ryl group to the response regulator KdpE (92). The re-
sponse regulator KdpE receives the phosphoryl group from

KdpD and induces kdpFABC transcription. Phosphory-
lated KdpE exhibits increased affinity for a KdpE-box lo-
cated upstream of the kdpFABC promoter and thereby trig-
gers kdpFABC transcription (93). Except for the kdpFABC
operon, serious search has never been performed to identify
additional regulatory targets.

We then carried out the Genomic SELEX search for an
additional target(s) of KdpE. After SELEX screening in the
absence of AcP (acetyl phosphate), the binding of unphos-
phorylated KdpE was detected at the known target within
the spacer between the kpdF and ybfA genes (Figure 6Al).
Besides this peak, several low-level and supposedly non-
specific peaks were detected in the absence of AcP. In the
presence of AcP that is able to phosphorylate KdpE in the
absence of KdpD sensor kinase, however, only a single and
high-level peak was identified at the promoter region within
the kdpFABC operon (Figure 6A2). The binding affinity to
this single target increased in the presence of AcP, but the
binding to non-specific sites almost disappeared. We then
concluded that the activated form of KdpE is a single-target
TF.

TorR: regulator for TMAO-based respiration. Under
anaerobic conditions, E. coli is able to use alternative ter-
minal electron acceptors such as nitrate, nitrite, fumarate,
dimethyl sulfoxide (DMSO) or trimethylamine N-oxide
(TMAO) for respiration (94). The TMAO-based respira-
tion system is composed of two parts: a catalytic respi-
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Figure 7. Control of the activity of Betl by two effectors. Activity control of Betl by KCI and choline. Gel shift assay was performed to observe the influence
of KCl and choline, the predicted effectors of Betl, on the Betl activity. In the presence of 0.5 M KCl, the binding of Bet was observed only at the spacer
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ration TorCAD pathway and a regulatory TorSR two-
component pathway (TCS) (95). The TorC protein is a c-
type cytochrome anchored to the membrane and oriented
toward the periplasmic compartment. The TorA protein,
located in the periplasm, is the terminal reductase and re-
ceives the electrons from TorC (96). TorD is a cytoplasmic
protein that acts as both a specific chaperone for matura-
tion of TorA (97). In the absence of TMAO, the TorCAD
system is not expressed.

TorR forms, together with TorS, an alkaline- and acid-
stress response TCS system. TorS is a typical TCS histidine
kinase receptor, but containing three phosphorylation sites
while TorR is an OmpR-family response regulator (98,99).
TMAO stimulates its His phosphorylation and the phos-
photransfer cascade, leading to formation of functional
phosphorylated TorR (100). In order to identify the set of
regulatory targets of TorR, we carried out SELEX screen-
ing in the presence and absence of AcP. In the presence and
absence of AcP, a single high-level peak of TorR binding
was identified within the spacer between the divergent forR
and torCAD operons although the level of TorR binding to
this target was higher in the presence of AcP (Figure 6B).
We then concluded that the phosphorylated form of TorR
is a single-target TF. This finding agrees with the previous
observations that TorR is a transcriptional DNA-binding
positive regulator in transcription of the genes related to
TMAO induction (101,102).

Functional modulation of single-target TFs

Single-target TFs were classified into three groups (Table 3).
Group-S1 TFs such as Lacl repressor recognize and bind
to promoter regions of the respective single-target genes in
the absence of effector ligands, but after interaction with ef-
fectors, the binding affinity to targets decreases, leading to
derepression of the respective targets. The effector ligands
are known for Lacl, MarR, RpiR, UlaR and UxuR. Lacl
repressor is inactivated by allolactose, but IPTG, a non-
hydrolyzable analog of lactate, is widely used for induction
of the lac promoter. The activity of MarR, RpiR, UlaR and
UxuR is all controlled by at least two different inducers (Ta-
ble 3). Recently the increased number of TFs have been rec-
ognized to be under the control of more than two effector
ligands such as allantoin and glyoxalate for AlIR (103), argi-
nine and lysine for ArgP (104), glyoxylate and pyruvate for
IcIR (105), ATP and maltoriose for MalT (106), and uracil
and thymine for RutR (107). In the case of SdiA, at least
three analogs of homoserine lactone (HSL) participate, be-
side the natural HSL, in the activity control of SdiA (108).
The single-target TFs appear to monitor multiple effectors,
thereby leading to control their targets at various levels in
response to various external signals.

The regulatory mode of group-S2 TFs such as Betl is
different remarkably from that of group-S1 TFs. Group-S2
TFsalone bind to not only specific targets but also a number
of non-specific sites, but in the presence of specific effectors,
the recognition specificity is defined so as to inhibit its bind-
ing to non-specific DNA sites (see Figure 3). For instance,



3932 Nucleic Acids Research, 2018, Vol. 46, No. 8

Lacl

XynR MarR

\ 4
yagF yagE xynR

UxuR

NimR

’acg lacY lacZ ’acl nimR nim

marC marR marA marB

CecR

ybtR ybhS yghF cecR rhlg

RpiR
alskE alsC alsA alsB rpiR rpiB

Betl TorR

__-ﬁ_w —_—-!—— —-i-?—
gntP  uxuA uxuB uxu betA betB betl betT torR torC torA tori

UlaR UlaR
A /

ulaR ulaG ulaA ulaB ulaC ulaD ulaE ulaF

DecR

yhaM cutP  yhaQ
NanR

nanS nanM nanC fimB

cof decR mdIA

KdpE

kdpE kdpD kdpC kdpB kdpA kdpF ybfA

nanK nanE nanT nanR dcuD

Figure 8. Organization of the genes for single-target TFs and their regulatory targets. (A) Most of the TF genes are adjacently arranged on the Escherichia
coli K-12 genome with the genes encoding their regulatory target genes. (B) The TF gene and its regulatory target genes are separated on the E. coli genome

for two single-target TFs, DecR and NanR.

BetI alone binds to a number of sites but in the presence of
0.5 M KCl, its binding was detected only at the specific betl-
betT site (Figure 7A), but the non-specific binding to the
non-specific ybjE and srmB probes disappeared (Figure 7B
and C), indicating that the functional holo-conformation
of Betl is induced in the presence of 0.5 M KCI. The effec-
tor K* plays a role in transient (or Neu5Ac) increase of the
intracellular turgor for survival upon exposure to elevated
salt (109). For the permanent adaptation, glycine betaine
is synthesized by the bet regulon, of which transcription is
regulated by Betl. By adding another effector choline, Betl
still remained bound at the specific probe (Figure 7D). This
unexpected finding agrees with the prediction that Betl re-
mains bound to the operator even in the presence of choline
(76,110). One possibility of this unique characteristic is that
the inducer binds to the group-S2 TFs, leading to inacti-
vation of a site other than DNA-binding such as the site
needed for interaction with RNAP. The binding of Betl to
the non-specific probes, however, increased by the addition
of choline even in the presence of KCI (Figure 7E and F).
Recruiting of Betl to non-specific sites might lead to de-
crease in the intracellular level of available Betl, ultimately
reducing the expression of targets. In addition to Betl, we
found that NanR is another example of group-S2 TF, which
remained bound to the operator even after addition of the
inducer NeuSAc (see Figure 3).

Group-S3 TFs recognize and bind to the respective
single-targets only when phosphorylated. Group-S3 KdpE
is the response regulator of KdpDE TCS involved in os-
moregulation and K* sensing. Under K limitation or high
osmolarity imposed by a salt, KdpD autophosphorylates
and transfers the phosphoryl group to the response regula-
tor KdpE (92). KdpE is also phosphorylated through TCS
cross-talk by non-cognate sensor kinases UhpB, which is
responsible for sensing and transport of the metabolic in-
termediate glucose-6-phosphate (33), and PhoB, which re-
sponds to phosphate limitation (111). Thus, the level of ac-
tivated KdpE is controlled by three different sensor kinases,
each monitoring a different environmental signal. We found
that TorR, the response regulator of TorSR TCS, regulates
only a single target, the torCAD operon for TMAO-based
respiration system (see Figure 6). The activation process of
TorR is unique, involving four-step of phosphorelay within
TorR protein (96) by TorS that senses both alkaline- and
acid-stresses. Again this single-target TF is able to response
to multiple environmental signals.

The single-target TFs respond to multiple signals in en-
vironment through different mechanisms, and regulate the
respective targets at different levels. Toward understanding
the whole view of genome regulation by these single-target
TFs; however, another important background knowledge is
their intracellular concentrations. We have determined the
level of all seven sigma factors (cited in 7) and of more than



70 TFs in a single and the same E. coli K-12 W3110 type-
A strain (112). With respect to the intracellular level, the
single-target TFs herein described belong to the group of
low abundance, being <100 molecules per genome in grow-
ing cells of E. coli K-12 W3110.

Gene organization of single-target TFs

Here we identified a total of 13 single-target TFs, 9 hith-
erto identified TFs and 4 uncharacterized TFs [the regula-
tory functions of these TFs have been identified by the Ge-
nomic SELEX screening as noted in this report]. Most of
the genes encoding these single-target TF's are located close
or adjacent to their regulatory target genes (Figure 8), be-
cause this type of the gene organization is easily transferred
into E. coli from other bacteria existing in the same envi-
ronment in nature, and moreover, the set of single-target TF
and its targets can be easily retained in E. coli if the prod-
ucts of target genes confer a benefit to the host. One ma-
jor pathway of the gene transmission is phage infection. In
E. coli K-12, phage fossils exist as a total of ten prophages
(113,114), which altogether comprise about 3.6% of the E.
coli K12 genome and carry a total of 14 TF genes (43,115),
of which the regulatory function remains unidentified for 10
TFs. Using the Genomic SELEX screening, we have identi-
fied the function of XynR (renamed Yagl), which encodes
the single-target regulator of xylonate catabolism (see Fig-
ure 2) (43,115). The set of the xynR gene and its regulatory
target genes exists inside CP4-6 prophage in E. coli K-12
(see Figure 8). With use of the xynR regulon, E. coli is able
to utilize xylonate, a degradation product of xylan, the rep-
resentative hemicellulose in plants. The regulatory targets
of XynR in E. coli K-12 are still fixed within the prophage.
In agreement of the regulation of only one specific target,
the single-target TFs recognize and bind to one unique se-
quences.

Lacl regulates the operon consisting of a set of the genes
for transport and catabolism of lactose. Likewise, the single-
target TFs herein identified regulate the operons involved in
transport and catabolism of carbon sources such as NanR
for Neu5Ac, RpiR for D-allose and D-ribose, UlaR for L-
ascorbate and UxuR for glucuronate and gluconate. The
operons under the control of CecR and DecR are also com-
posed of a set of the genes for transport and metabolism
of transported chemicals. This type of the regulon could
be transferred from donor microorganisms into E. coli and
maintained in functional forms in the host.

After the Genomic SELEX screening of a total of 53 un-
characterized Y-gene TFs (see TEC database for the com-
plete list), we realized that a majority of these TFs are in-
volved in either regulation of the genes involved in utiliza-
tion of natural materials in nature or for response to vari-
eties of the environmental stress (reference 10; details will be
described elsewhere). Thus, the functional characterization
of these uncharacterized TFs could not be identified in the
absence of stresses such as under the ordinary laboratory
culture conditions.
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