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Abstract 30 

Bacteria regulate gene expression to adapt to changing environments through 31 

transcriptional regulatory networks (TRNs). Although extensively studied, no TRN is fully 32 

characterized since the identity and activity of all the transcriptional regulators that 33 

comprise a TRN are not known. Here, we experimentally evaluate 40 uncharacterized 34 

proteins in Escherichia coli K-12 MG1655, which were computationally predicted to be 35 

transcription factors (TFs). First, we used a multiplexed ChIP-exo assay to characterize 36 

genome-wide binding sites for these candidate TFs; 34 of them were found to be DNA-37 

binding protein. We then compared the relative location between binding sites and RNA 38 

polymerase (RNAP). We found 48% (283/588) overlap between the TFs and RNAP. 39 

Finally, we used these data to infer potential functions for 10 of the 34 TFs with validated 40 

DNA binding sites and consensus binding motifs. These TFs were found to have various 41 

roles in regulating primary cellular processes in E. coli. Taken together, this study: (1) 42 

significantly expands the number of confirmed TFs, close to the estimated total of about 43 

280 TFs; (2) predicts the putative functions of the newly discovered TFs, and (3) confirms 44 

the functions of representative TFs through mutant phenotypes. 45 
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Introduction 53 

Bacteria employ a broad range of mechanisms to regulate gene expression to achieve 54 

and maintain phenotypic states (1). One of these mechanisms relies on promoter 55 

recognition by the RNA polymerase (RNAP) and its subsequent initiation of transcription 56 

(2). However, the core enzyme is unable to recognize promoters or to initiate transcription 57 

without the assistance of one of a set of sigma factors. A sigma factor binds to the core 58 

enzyme, forming a complex known as RNA polymerase holoenzyme, which is able to 59 

orchestrate transcription initiation from specific promoters (1). Additionally, transcription 60 

factors (TFs) bind to intergenic regulatory regions, preventing or promoting RNAP binding 61 

upstream from a transcription start site (3). Thus, the identification of transcription factors 62 

and the transcription factor binding sites (TFBSs) is fundamental to understanding how 63 

an organism responds to varying phenotypic demands through transcriptional regulation. 64 

 65 

Chromatin immunoprecipitation (ChIP) technologies have enabled the genome-wide 66 

characterization of TFBSs (4, 5). Comprehensively mapping these regulatory interactions 67 

is important for understanding how an organism achieves and maintains different 68 

phenotypic states (6). However, the current knowledge of the transcriptional regulatory 69 

network (TRN) for the well-studied model Escherichia coli K-12 MG1655 strain is still 70 

incomplete (7, 8). To address this challenge, we previously developed a pipeline for 71 

computational prediction followed by experimental validation of candidate TFs in E. coli 72 

(9). The initial use of this pipeline resulted in the characterization of ten novel TFs in E. 73 

coli, chosen from a rank-ordered list of computationally predicted candidates.   74 

 75 

To achieve a comprehensive characterization of the E. coli K-12 MG1655 TRN, we 76 

employ this pipeline again in a high-throughput manner to characterize an additional 40 77 

candidate TFs. We assembled a collection of data sets, including information about 78 

TFBSs and consensus DNA sequences of binding motifs, relative location of RNAP 79 

holoenzyme and TFBSs in the promoter region, and gene expression profiling. We 80 

integrated these diverse data to classify candidate TFs into three different groups—type 81 

I global regulator (>100 target genes, N=1), type II local regulator (2-100 target genes, 82 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 11, 2021. ; https://doi.org/10.1101/2021.06.10.447994doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.10.447994


N=29), and type III single-target regulator (N=4) (10) — and to explore the putative 83 

functions of 10 validated TFs with detailed analysis. These results illustrate that candidate 84 

TFs have a varied number of regulatory targets and participate in the primary cellular 85 

processes in E. coli, from replication, transcription, and nutrition metabolism, to stress 86 

responses. Taken together, our results expand the total number of E. coli TFs to 276 (an 87 

increase of ~12%), and support the estimated total of 280~300 TFs comprising the TRN 88 

in E. coli K-12 MG1655 (11).  89 
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 90 

Methods and Materials 91 

Computational prediction of candidate TFs 92 

We previously generated a list of candidate TFs and 16 of the top candidates were used 93 

to assess the discovery pipeline (9). Ten of the 16 candidates were found to be TFs. Here, 94 

we extended the experimental validation of these computationally predicted targets by 95 

selecting additional candidates from this previously generated list. Briefly, the list was 96 

generated using the TFpredict algorithm (12) modified for use with bacterial genomes (9). 97 

The TFpredict algorithm takes a protein sequence as input and generates a quantified 98 

score in the range [0,1] that represents the likelihood of that protein being a TF based on 99 

sequence homology, where a score of 1 represents the highest confidence. We selected 100 

40 of the top candidate TFs from this rank-ordered list. See (9) for a full description of the 101 

computational methods. 102 

Bacterial strains, media, and growth conditions 103 

All strains used in this study are E. coli K-12 MG1655 and its derivatives, deletion strains, 104 

and myc-tagged strains (Dataset S1). For ChIP-exo experiments, the E. coli strains 105 

harboring 8-myc were generated by a λ red-mediated site-specific recombination system 106 

targeting the C-terminal region as described previously (13). For ChIP-exo experiments, 107 

glycerol stocks of E. coli strains were inoculated into M9 minimal media (47.8 mM 108 

Na2HPO4, 22 mM KH2PO4, 8.6 mM NaCl, 18.7 mM NH4Cl, 2 mM MgSO4, and 0.1 mM 109 

CaCl2) with 0.2% (w/v) glucose. M9 minimal media was also supplemented with 1 mL 110 

trace element solution (100X) containing 1 g EDTA, 29 mg ZnSO4.7H2O, 198 mg 111 

MnCl2.4H2O, 254 mg CoCl2.6H2O, 13.4 mg CuCl2, and 147 mg CaCl2 per liter. The culture 112 

was incubated at 37 oC overnight with agitation and then was used to inoculate the fresh 113 

media (1/200 dilution). The volume of the fresh media was 150 mL for each biological 114 

replicate. The fresh culture was incubated at 37 oC with agitation to the mid-log phase 115 

(OD600 ≈ 0.5). To create oxidative stress, the overnight cultures were inoculated to an 116 
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optical density OD600 = 0.01 into the fresh 70 mL of Glucose M9 minimal medium in a 117 

500-mL flask supplemented with 250 μM paraquat (PQ) at OD600 = 0.3 and incubated for 118 

20 min with stirring (Dataset S2). 119 

 120 

To address the susceptibility of bacterial cells to H2O2, mid-log phase cells were treated 121 

with 60 mM H2O2 for 15 min (cells were washed by TBS before treatment). Serial dilutions 122 

were then prepared, and 10 μl of aliquots from the dilutions were spotted in triplicate on 123 

plates and incubated at 37℃ overnight. The sensitivity of cells to the lethal effects of the 124 

stressor was expressed as percent survival of treated cells relative to that of untreated 125 

cells determined at the time of treatment.  126 

 127 

The effects of carbon sources on cell growth were examined by growing E. coli K-12 128 

MG1655 and yciT deletion strains on different carbon sources: (1) M9 minimal glucose 129 

(0.2% w/v) medium; (2) M9 minimal fructose (0.2% w/v) medium; and (3) M9 minimal 130 

sorbitol (0.2% w/v) medium. Cells grown overnight on M9 minimal medium with one sole 131 

carbon source (glucose, fructose, or sorbitol) at 37℃ with agitation were inoculated into 132 

these three kinds of fresh media, then were intubated at 37℃ with agitation. Similarly, the 133 

effects of the osmotic stress on cell growth were examined by growing E. coli K-12 134 

MG1655 and yciT deletion strains on M9 minimal sorbitol (0.2% w/v) medium with or 135 

without 0.5 M NaCl. Cells grown overnight on M9 minimal medium with 0.2% sorbitol at 136 

37℃ with agitation were inoculated into fresh media with sorbitol (0.2% w/v) with or 137 

without 0.5 M NaCl. All of the growth curves were measured every 30 min by six 138 

independent experiments at least and recorded by OD600 using a Bioscreen C (Growth 139 

curves USA).  140 

Multiplexed ChIP-exo experiment 141 

A multiplexed ChIP-exo experiment was performed on a simple modification of our 142 

standard ChIP-exo method described previously (14). Here, after ligating the first adapter 143 

to each sample separately, the samples are then pooled together and this pool undergoes 144 

the remainder of the enzymatic reactions used for library preparation.  Each sample 145 

receives a different first adapter bearing a unique 6-base sequence (barcode) which 146 
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allows for the data to be demultiplexed. To identify each candidate TF binding maps in 147 

vivo, the DNA bound to each candidate TF from formaldehyde cross-linked E. coli cells 148 

were isolated by chromatin immunoprecipitation (ChIP) with the specific antibodies that 149 

specifically recognize myc tag (9E10, Santa Cruz Biotechnology), and Dynabeads Pan 150 

Mouse IgG magnetic beads (Invitrogen) followed by stringent washings as described 151 

previously (15). Cells were grown in glucose minimal medium to OD600 = 0.5, and 152 

incubated with 1% formaldehyde (Thermo Scientific) for 25 min at room temperature. 153 

Formaldehyde was quenched by 2.5 M glycine (Thermo Fisher Scientific) for an additional 154 

5 min and the cells were washed with ice-cold TBS (Thermo Fisher Scientific) three times, 155 

and lysed with Ready-lyse lysozyme solution (Epicentre). Lysates were sonicated using 156 

a sonicator (QSonic) to generate 300–500 bp randomly sheared chromosomal DNA 157 

fragments. The extent of shearing was monitored with a 1% agarose gel and confirmed 158 

by separation on a 2100 High sensitivity Bioanalyzer chip (Agilent Technologies) upon 159 

completion of the immunoprecipitation. Immunoprecipitation was carried out at 4°C with 160 

overnight incubation and 15 μl anti-c-myc mouse antibody (9E10, Santa Cruz 161 

Biotechnology). The protein of interest, together with its cross-linking DNA and covalently 162 

bound mouse antibody, was captured with 50 μl Dynabeads Pan mouse IgG (Invitrogen), 163 

washed by washing buffer I (50 mM Tris-HCl (pH 7.5), 140 mM NaCl, 1 mM EDTA,1% 164 

Triton X-100).  165 

 166 

ChIP materials (chromatin-beads) were used to perform on-bead enzymatic reactions of 167 

the ChIP-exo method (5). Briefly, the sheared DNA of chromatin-beads was repaired by 168 

the NEBNext End Repair Module (New England Biolabs) followed by the addition of a 169 

single dA overhang and ligation of the first adaptor (5’-phosphorylated) using dA-Tailing 170 

Module (New England Biolabs) and NEBNext Quick Ligation Module (New England 171 

Biolabs), respectively. The first adaptor was designed to have different indices to 172 

distinguish different DNA samples after the sequencing. After ligation, multiple ChIP 173 

materials could be pooled together. Nick repair was performed by using PreCR Repair 174 

Mix (New England Biolabs). Lambda exonuclease- and RecJf exonuclease-treated 175 

chromatin was eluted from the beads and overnight incubation at 65 oC reversed the 176 

protein-DNA cross-link. RNAs- and Proteins-removed DNA samples were used to 177 
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perform primer extension and second adaptor ligation with following modifications. The 178 

DNA samples incubated for primer extension as described previously (14) were treated 179 

with dA-Tailing Module (New England Biolabs) and NEBNext Quick Ligation Module (New 180 

England Biolabs) for second adaptor ligation. The DNA sample purified by GeneRead 181 

Size Selection Kit (Qiagen) was enriched by polymerase chain reaction (PCR) using 182 

Phusion High-Fidelity DNA Polymerase (New England Biolabs). The amplified DNA 183 

samples were purified again by GeneRead Size Selection Kit (Qiagen) and quantified 184 

using Qubit dsDNA HS Assay Kit (Life Technologies). Quality of the DNA sample was 185 

checked by running Agilent High Sensitivity DNA Kit using Agilent 2100 Bioanalyzer 186 

(Agilent) before sequenced using HiSeq 2500 (Illumina) following the manufacturer’s 187 

instructions. The antibody (NT63, Biolegend) that specifically recognizes RNA 188 

polymerase β was used to conduct the ChIP-exo experiment to detect the binding sites 189 

of RNA polymerase in E. coli K-12 MG1655. The antibody (2G10, Biolegend) that 190 

specifically recognizes σ70 was used to detect the binding sites of σ70 in E. coli K-12 191 

MG1655. Each step was also performed following the manufacturer’s instructions. ChIP-192 

exo experiments were performed in biological duplicates (Dataset S3 and S4). 193 

Peak calling for ChIP-exo dataset 194 

Peak calling was performed as previously described (14). Sequence reads generated 195 

from ChIP-exo were mapped onto the reference genome (NC_000913.2) using bowtie 196 

(16) with default options to generate SAM output files. The MACE program was used to 197 

define peak candidates from biological duplicates for each experimental condition with 198 

sequence depth normalization (17). To reduce false-positive peaks, peaks with signal-to-199 

noise (S/N) ratio less than 1.5 were removed. The noise level was set to the top 5% of 200 

signals at genomic positions because top 5% makes a background level in a plateau and 201 

top 5% intensities from each ChIP-exo replicates across conditions correlate well with the 202 

total number of reads (14, 18, 19). The calculation of S/N ratio resembles the way to 203 

calculate ChIP-chip peak intensity where IP signal was divided by Mock signal. Then, 204 

each peak was assigned to the target gene, according to genomic position 205 

(Supplementary Figure 1). Genome-scale data were visualized using MetaScope 206 
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(https://sites.google.com/view/systemskimlab/software?authuser=0) and NimbleGen’s 207 

SignalMap software. 208 

Motif search from ChIP-exo peaks 209 

The consensus DNA sequence motif analysis for validated TFs was performed using the 210 

MEME software suite (20). For YciT, YcjW, YdcN, YdhB, YfeC, YfeD, and YidZ, 211 

sequences in binding regions were extracted from the reference genome (NC_000913.2).  212 

COG functional enrichment 213 

The regulons were categorized according to their annotated clusters of orthologous 214 

groups (COG) category (21). Functional enrichment of COG categories in the target 215 

genes was determined by performing a hypergeometric test, and p-value < 0.01 was 216 

considered significant. 217 

 218 

Transcriptomics 219 

RNA-seq was performed using two biological replicates (Dataset S5). The strains were 220 

grown under the same conditions as those used in the ChIP-exo experiments. Transcripts 221 

were stabilized by mixing 3 mL of cell cultures at the mid-log phase with 6 mL of 222 

RNAprotect Bacteria Reagent (Qiagen). Samples were immediately vortexed for 5 sec, 223 

incubated for 5 min at room temperature, and then centrifuged at 5000 g for 10 min. The 224 

supernatant was decanted and any residual supernatant was removed by inverting the 225 

tube once onto a paper towel. Total RNA samples were then isolated using RNeasy Plus 226 

Mini kit (Qiagen) following the manufacturer’s instruction. Samples were then quantified 227 

using a NanoDrop 1000 spectrophotometer (Thermo Scientific) and quality of the isolated 228 

RNA was checked by running RNA 6000 Pico Kit using Agilent 2100 Bioanalyzer 229 

(Agilent). Paired-end, strand-specific RNA-seq library was prepared using KAPA RNA 230 

Hyper Prep kit (KAPA Biosystems), following the instructions (22, 23). Resulting libraries 231 

were analyzed on an Agilent Bioanalyzer DNA 1000 chip (Agilent). Sequencing was 232 

performed on a Hiseq 2500 sequencer at the Genomics Core facility of University of 233 

California, San Diego. 234 
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 235 

Calculation of differentially expressed genes 236 

Expression profiling was performed as previously described (14). Raw sequence reads 237 

generated from RNA-seq were mapped onto the reference genome (NC_000913.2) using 238 

bowtie v1.2.3 (16) with the maximum insert size of 1000 bp, and two maximum 239 

mismatches after trimming 3 bp at 3’ ends (16). Transcript abundance was quantified 240 

using summarizeOverlaps from the R GenomicAlignments package, with strand inversion 241 

for the dUTP protocol and strict intersection mode (24). We then calculated the dispersion 242 

and differential expression level of each gene using DESeq2 (25). In DESeq2, it uses 243 

empirical Bayes shrinkage for dispersion estimation, which substantially improves the 244 

stability and reproducibility of analysis results compared to maximum-likelihood-based 245 

solutions. This also makes DESeq2 applicable for small studies with few replicates (25). 246 

Transcripts per Million (TPM) were calculated by DESeq2. For significance testing, 247 

DESeq2 uses a Wald test to calculate p-value. The Wald test calculates p-values from 248 

the subset of genes that pass an independent filtering step, and they are adjusted for 249 

multiple testing using the procedure of Benjamini and Hochberg (25). Expression with 250 

log2 fold-change ≥ log2(2.0) and adjusted p-value < 0.05 or log2fold-change ≤ -log2(2.0) 251 

and adjusted p-value < 0.05 was considered as differentially expressed (Dataset S6).  252 

 253 

Structural analysis of candidate TFs 254 

Homology models of the candidate transcription factors YidZ, YfeC, YciT, YcjW, YdcN 255 

and YgbI were constructed using the SWISS-MODEL pipeline (26). Multiple templates 256 

were analyzed, and inference of the oligomeric state was based on the reported interface 257 

conservation scores to existing complexes of similar sequence identity. The structures 258 

were annotated using information in UniProt (27) and visualized with VMD (28).  259 

  260 
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 261 

Results 262 

Here, we describe the discovery and characterization of candidate TFs in E. coli following 263 

our previously reported and validated pipeline (9). First, we present an overview of the 264 

genome-wide binding sites, determined by ChIP-exo, for these candidate TFs, 265 

highlighting their structural and functional properties. We then describe the local 266 

regulation of transcription initiation by these candidate TFs through a separate ChIP-exo 267 

screen for the RNAP holoenzyme. We then characterize the putative functions of 10 of 268 

the candidate TFs in E. coli, which provide insights into biological roles (Figure 1). Finally, 269 

three (YbcM, YciT, YgbI) of ten TFs were selected for mutant phenotype analysis. 270 

Putative transcription factors in E. coli K-12 MG1655 271 

Previously, we had generated a rank-ordered list of candidate TFs from a list of 272 

uncharacterized genes (“y-genes”) using a homology-based algorithm (9). We 273 

experimentally tested 16 of the top hits from this list, verifying that ten (62.5%) were 274 

indeed TFs. In the present study, we selected an additional 40 candidate TFs from the 275 

list of candidates and experimentally tested them in a high-throughput manner 276 

(multiplexed ChIP-exo) (Table 1). In the time since we initiated this TF discovery effort, 277 

several of the candidate TFs have been independently suggested to be TFs using in vitro 278 

assays: ComR (YcfQ) (29), YcjW (30), SutR (YdcN) (31), RcdB (YhjC) (32), NimR (YeaM) 279 

(19), CsqR (YihW) (33, 34), YqhC (35). Our results provide in vivo genome-wide binding 280 

of these reported TFs, which is important for expanding the knowledge of the target genes 281 

and for building complete TRNs in E. coli.  282 

  283 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 11, 2021. ; https://doi.org/10.1101/2021.06.10.447994doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.10.447994


Table 1 Overview of 40 candidate TFs with the predicted location of the helix-turn-helix (HTH) 284 

domain 285 

Gene 
name 

Locus_tag 
(b_number) 

Total length 
(AA) 

TF Family 
type* 

Relative HTH 
position# 

yahB b0316 310 LysR 3% - 29% 

ybcM b0546 265 AraC 80% - 99% 

ybdO b0603 300 LysR 3% - 30% 

ybeF b0629 317 LysR 8% - 33% 

ybhD b0768 317 LysR 1.2% - 35% 

ycaN b0900 302 LysR 1% - 37% 

ycfQ b1111 210 TetR 5% - 39% 

yciT b1284 249 DeoR 1% - 24% 

ycjW b1320 332 GalR/LacI 0% - 17% 

ydcN b1434 178 N/A* 2% - 40% 

ydcR b1439 468 GntR 0% - 15% 

ydhB b1659 310 LysR 2% - 28% 

ydiP b1696 303 AraC 77% - 94% 

yeaM b1790 213 AraC 72% - 94% 

yebK b1853 289 N/A* 0% - 28% 

yedW b1969 223 CheY 0% - 56% 

yeeY b2015 309 LysR 2% - 28% 

yehT b2125 239 CheY 0% - 51% 

yfeC b2398 114 N/A* 0% - 50% 

yfeD b2399 130 N/A* 4% - 63% 

 286 

 287 

 288 

 289 

 290 
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Table 1  Overview of 40 candidate TFs with the predicted location of the HTH domain (cont.) 291 

Gene name Locus_tag 
(b_number) 

Total length 
(AA) 

TF Family 
type* 

Relative HTH 
position# 

yfiE b2577 293 LysR 0% - 29% 

yfjR b2634 233 N/A* N/A 

ygaV b2667 99 N/A* 11% - 99% 

ygbI b2735 255 DeoR 2% - 23% 

ygeR b2865 251 N/A* N/A 

ygfI b2921 298 LysR 3% - 29% 

yggD b2929 169 N/A* N/A 

yhjB b3520 200 LuxR N/A 

yhjC b3521 299 LysR 1% - 28% 

yiaU b3585 324 LysR 2% - 35% 

yidL b3680 297 AraC 80% - 96% 

yidZ b3711 319 LysR 2% - 25% 

yihL b3872 236 GntR 1% - 31% 

yihW b3884 261 DeoR 3% - 31% 

yjhI b4299 262 IclR 3% - 29% 

yjjJ b4385 443 N/A* N/A 

yneJ b1526 293 LysR 0% - 37% 

ynfL b1595 297 LysR 1% - 30% 

ypdC b2382 285 AraC 82% - 99% 

yqhC b3010 318 AraC 82% - 98% 

Note, TF Family type* is annotated by Hidden Markov Model (36).  292 
N/A* indicates no annotation due to the lack of structural information. 293 
Relative HTH position# is calculated by the position of HTH domain at the full length of protein 294 
sequence. N/A# indicates the results are not available due to the lack of HTH domain.  295 
 296 
  297 
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To predict the putative protein family type of candidate TFs, we employed Hidden Markov 298 

Models to annotate them based on the homology to the collection of known protein 299 

structures in the SUPERFAMILY 2 database (37) (Table 1, Dataset S7). We found that 300 

the majority of these 40 candidate TFs contain winged HTH DNA-binding domains, and 301 

can be grouped into different TF family types based on homology to known transcription 302 

factors (Supplementary Figure 2A, Supplementary Table 1) (36). These candidates 303 

can be classified into nine known TF family types (LysR, AraC, GntR, CheY, TetR, LuxR, 304 

GalR/LacI, IclR, DeoR) and one unknown group (due to the lack of structure information), 305 

which were listed in “TF family type” (Supplementary Figure 2A). We then calculated 306 

the relative position of the helix-turn-helix (HTH) domain for all the candidate TFs, 307 

according to the start and end position of HTH domain (amino acids sequence) (11) 308 

(Supplementary Figure 2B). Several candidate TFs (YfjR, YgeR, YggD, YhjB, YjjJ) do 309 

not have a predicted DNA-binding domain due to a lack of structural information, the 310 

relative HTH positions of which were annotated as N/A.  311 

Identification of the genome-wide binding sites for candidate TFs 312 

Having predicted the structural properties of the 40 candidate TFs, we next characterized 313 

their genome-wide DNA-binding sites. We constructed 40 myc-tagging strains 314 

corresponding to each candidate TF of interest and employed a multiplexed chromatin 315 

immunoprecipitation combined with lambda exonuclease digestion (Multiplexed ChIP-316 

exo) to detect the large-scale DNA binding sites under the experimental conditions 317 

(Supplementary Figure 3) (13).  318 

 319 

We examined the genome-wide binding profiles for all candidate TFs using the peak-320 

calling algorithm MACE (17), which confirmed that 34 out of 40 were DNA-binding 321 

proteins (Figure 2A). A total of 588 reproducible binding sites were identified for verified 322 

DNA-binding proteins (Figure 2B). Four of the six unconfirmed candidates, YgeR, YggD, 323 

YjjJ, and YfjR were annotated as non-HTH domain proteins by Hidden Markov Models 324 

(36), which could possibly explain why they did not bind to the genome. Conversely, given 325 

the high homology to known DNA-binding proteins, it is possible that YpdC and YeeY are 326 

putative TFs but are not active under the experimental conditions used in this study.  327 
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 328 

For the 34 validated candidate TFs, we analyzed the conserved binding motifs using the 329 

MEME algorithm (38) (Figure 2C). We found that the consensus binding motifs for YciT, 330 

YcjW, YdcN, and YidZ were palindromic, an observation consistent with the structural 331 

predictions that these TFs likely form dimers or tetramers that facilitate binding to specific 332 

DNA sequences (Supplementary Table 2). Though the remaining validated TFs had a 333 

small number of binding peaks, we found similarities of the binding sequences exist within 334 

the binding peaks for YbcM, YbdO, YcaN, YcfQ, YdiP, YedW, YihW, and YqhC 335 

(Supplementary Figure 4). 336 

Mapping interactions between RNA polymerase and candidate 337 

transcription factors 338 

Gene expression relies on promoter recognition by the RNAP holoenzyme and 339 

subsequent transcription initiation. Bacterial promoters consist of at least three RNAP 340 

recognition sequences: the −10 element, the −35 element, and the UP element (39, 40). 341 

The -10 element is optimally positioned between 7 and 12 bp upstream of the transcription 342 

start site. The −10 and −35 elements are recognized by the RNAP ς subunit (41), and the 343 

UP element, located upstream of the −35 element, is recognized by the RNAP α subunit 344 

(39, 42). The RNAP holoenzyme consists of a core enzyme and one of the sigma factors 345 

in bacteria. In E. coli, the majority of the promoter regions are bound by RNA polymerase 346 

sigma factor RpoD (σ70) (15). Thus, we performed ChIP-exo experiments to identify 347 

genome-wide binding peaks for RNAP and σ70 (Figure 3A). To examine transcription 348 

initiation of the binding sites of candidate TFs, we defined three interactions between RNA 349 

polymerase, RpoD, and candidate TFs: (i) RNAP + RpoD: a binding site is located 350 

upstream of a target gene, and both RNAP and RpoD recognize the promoter region of 351 

this gene; (ii) RNAP_only: a binding site is located upstream of the coding region of a 352 

target gene, but only RNAP recognizes the promoter region (while RpoD could not 353 

recognize the promoter region, it is likely that alternative sigma factors recognize this 354 

promoter region); and (iii) others: includes two interactions; one where a binding site is 355 

located within the coding region, the other where a binding site is located within the 356 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 11, 2021. ; https://doi.org/10.1101/2021.06.10.447994doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.10.447994


upstream of the coding region but neither RNAP or RpoD recognize the promoter region. 357 

Given these criteria, we identified 208 binding sites belonging to type (i) and 75 binding 358 

sites belonging to type (ii). Thus, a total of 283 binding sites overlap with RNAP for the 34 359 

candidate TFs, accounting for 48% (283/588) of total binding sites (Figure 3B).  360 

 361 
 362 
 363 
 364 
 365 
 366 
 367 
 368 
 369 
 370 
 371 
 372 
 373 
 374 
 375 
 376 
 377 
 378 
 379 
 380 
 381 
 382 
 383 
 384 
 385 
 386 
 387 
 388 
 389 
 390 
  391 
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Table 2 The classification of representative candidate TFs and proposed functions in E. coli K-392 
12 MG1655 393 

Gene# 

(b-number) 

Classification 
of candidate 

TFs 
(# of TFBSs) 

Family 
Type 

Binding sites 
associated with 

metabolic 
pathway 

Proposed 
regulatory roles Results 

yidZ 
(b3711) 

Type I 
(118) LysR Widespread, 

intragenic binding 
Target genes have 
diverse functions Figure 4 

yfeC 
(b2398) 

Type II 
(50) N/A* 

chaAB, panD, grxC, 
pqqL, hybE, lpp, 

rpmH, rpmB 

yfeC mutant was 
reported to increase 
eDNA release (43) 

Figure 5 

yciT 
(b1284) 

Type II 
(49) DeoR ybiO, ybiV, ybiY 

 A regulator involved 
in osmolarity Figure 6 

ydhB 
(b1659) 

Type II 
(29) LysR ydhB, ydhC 

A regulator involved 
in purine 

metabolism 

Supplementary 
Figure 5 

ybcM 
(b0546) 

Type II 
(12) AraC ybcL, ucpA A regulator related 

to stress response Figure 7 

yneJ# 

(b1526) 
Type II 

(8) LysR sad, yneJ 
A regulator involved 

in glutamate 
metabolism 

Supplementary 
Figure 6 (44) 

yjhI# 

(b4299) 
Type II 

(5) IclR yjhG, yjhH, yjhI 

A regulator related 
to the energy 

conversion between 
pyruvate and 

glycolaldehyde 

Supplementary 
Figure 7 

yfiE# 

(b2577) 
Type II 

(4) LysR yfiE, eamB 

A regulator related 
to the control of a 
cysteine and O-

acetylserine 
exporter 

Supplementary 
Figure 8 

ygbI 
(b2735) 

Type III 
(1) DeoR ygbJ, ygbK 

A regulator related 
to four-carbon acid 
sugar catabolism 

Figure 8 

ynfL 

(b1595) 
Type III 

(1) LysR ynfL, ynfM 

A regulator involved 
in the control of  
arabinose efflux 

transporter 

Supplementary 
Figure 9 

*N/A indicates no prediction due to the lack of structural information.  394 
Genes# were analyzed and presented in the supplementary material.  395 
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Deciphering regulatory targets of candidate transcription factors 396 

Having verified whether candidate TFs were DNA-binding proteins, we next assessed 397 

their putative functions. We used the definition put forth by Shimada et al.—based on the 398 

number of target genes—to classify the regulatory nature of the TFs studied here (10). 399 

This definition uses four classes: (i) nucleoid-associated regulators (hundreds of target 400 

genes); (ii) global regulators (>100 target genes); (iii) local regulators (<100 target genes); 401 

and (iv) single-target regulators. Accordingly, we classified the 34 validated TFs into three 402 

types of regulators based on the number of target genes identified: global regulator (type 403 

I, >100 target genes); local regulator (type II, <100 target gene); and single-target 404 

regulator (type III). We inferred the putative biological functions of ten validated TFs based 405 

on the genome-wide binding sites (Table 2). To confirm the regulatory roles, five of ten 406 

validated TFs in the three categories—one global regulator (YidZ), three local regulators 407 

(YfeC, YciT, and YbcM), and one single-target regulator (YgbI)—were selected as the 408 

representative TFs for detailed analysis. The remaining five validated TFs can be found 409 

in the Supplementary Material. To infer the regulatory roles, we combined the genome-410 

wide binding sites with gene expression profiling to analyze the most significant 411 

enrichment of pathways in which validated TFs are involved. 412 

 413 

A global regulator (type I), YidZ. We identified 118 genome-wide binding sites (Figure 414 

4A). All identified peaks had the expected bimodal shape (45). We used MEME to identify 415 

the enriched sequence motif of YidZ binding sites, which is a highly significant enrichment 416 

to the consensus DNA sequence (38) (E-value = 1.2e-140, Figure 2C, Supplementary 417 

Figure 10). Most of the identified binding peaks (108 out of 118 peaks) contain part of or 418 

the full consensus motif, indicating that the majority YidZ-DNA binding sites are high 419 

confidence. The consensus binding motif is palindromic, suggesting YidZ is capable of 420 

forming a dimeric protein in vivo. This finding is consistent with the structural predictions 421 

(Figure 4B, Supplementary Table 2).  422 

 423 

To determine the relative location between YidZ binding in vivo and RNA polymerase, we 424 

used ChIP-exo to map the genome-wide distribution of RpoB and σ70 under the same 425 

growth condition used for YidZ. Among 27 intergenic bindings, we found that there are 12 426 
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binding sites in the promoters in the presence of core RNAP and σ70, 9 binding sites at 427 

the promoter in the presence of core RNAP, and 6 binding sites at the promoter DNA in 428 

the absence of core RNAP and σ70 (Figure 3A). Of the 91 intragenic binding sites, 34 are 429 

located inside the genes in the presence of core RNAP at the promoter DNA; the 430 

remaining 57 binding sites are in the absence of core RNAP at the promoter.  431 

 432 

Next, to test whether YidZ impacts the expression of these target genes, we compared 433 

the gene expression profile between the wild type strain and the yidZ knockout strain 434 

using RNA-seq. We noted that 26% (19 of 74) differentially expressed genes were directly 435 

regulated by YidZ, though most of the YidZ target genes were not differentially expressed 436 

after the deletion of yidZ (Figure 4C). We also examined the functions of differentially 437 

expressed genes and found that operons associated with acid stress and amino acid 438 

transport and metabolism (gadA, gadBC, hdeD, hdeAB-yhiD) are down-regulated after 439 

the deletion of YidZ, while the genes involved in carbohydrate transport and metabolism  440 

(rbsD, malM, malE, malX) are up-regulated. There are, however, a large number of genes 441 

regulated by YidZ with unknown functions (Figure 4D).  442 

 443 

Overall, we observed two notable features of the YidZ binding profile. First, YidZ has a 444 

large number of binding sites, with 77% (91/118) located within the genes and 23% 445 

(27/118) located within the intergenic regions. Second, we found that the YidZ binding is 446 

associated with diverse gene functions based on Clusters of Orthologous Groups (COGs) 447 

annotations (21) (Figure 4D). However, we did not find any significantly enriched COGs 448 

(p < 0.01), indicating that genes regulated by YidZ are not, as a group, strongly associated 449 

with any specific function(s).  450 

 451 

A local regulator (type II), YfeC. The yfeC gene was found by screening the entire Keio 452 

collection to identify genes whose deletion increases extracellular DNA (eDNA) 453 

production in E. coli (43). However, there are no experiments to characterize the 454 

interactions between YfeC and DNA. Here, we identified 50 genome-wide binding sites 455 

of YfeC in E. coli K-12 MG1655 (Figure 5A). Functional classification showed that 50 456 

target genes of YfeC are involved in various functional groups, such as nutrient transport 457 
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and metabolism, DNA replication, transcription, translation, and cell envelope biogenesis 458 

(Figure 5B). We then enriched the sequence motif of YfeC binding sites (E-value=7.1e-459 

10, Figure 2C). The consensus DNA binding sequence showed that the TFBS of YfeC 460 

enclose TTC-rich inverted repeats separated by 6-nt. It is likely that YfeC can form the 461 

homodimer in the cell as inferred from its structure (Supplementary Figure 11).  462 

 463 

To determine a causal relationship between YfeC binding and transcript level, we 464 

compared the expression of all genes between wild type and yfeC deletion strains. A total 465 

of 205 genes were differentially expressed after deletion of yfeC (cut-off value is log2 fold-466 

change >=1, or <=-1, and adjust p-value < 0.05) (Figure 5C, Supplementary Figure 12). 467 

Of 205 differentially expressed genes, 124 (60.2%) of them were up-regulated after the 468 

deletion of yfeC. Combining YfeC ChIP-exo results with the transcriptome data, we found 469 

that 40% (20 of 50) of the genes (or operons) with YfeC binding sites were directly 470 

regulated by YfeC under the test conditions (Figure 5C, Supplementary Table 3). Of 471 

these 20, 80% (16 of 20) of direct regulon are repressed by YfeC, indicating that these 472 

genes are up-regulated in the yfeC deletion strain (Figure 5D). These direct regulon 473 

impact various functional groups, such as nutrient transport and metabolism (chaB, ychO, 474 

panD), translation (rpmH, rpmB, rpsU), post-translational modification (grxC, pqqL, 475 

hybE), and cell envelope (lpp). Therefore, the global picture of the YfeC regulon highlights 476 

the complexity of the cellular response mediated by this transcriptional regulator. With 477 

this information, we demonstrated that the physiological roles of YfeC are those involved 478 

in these cellular processes in E. coli. The next question is whether any phenotype is 479 

caused by the yfeC mutant in E. coli. 480 

 481 

A previous study reported that single-gene deletion strains for genes (rna, hns, nlpI, rfaD, 482 

yfeC) altered eDNA production in E. coli. These mutations were related to general cellular 483 

processes, such as transcription (rna, hns), lipid transport (nlpI), cell envelope (rfaD), and 484 

unknown function (yfeC) (43). These results suggest that the yfeC gene is associated 485 

with a mutant phenotype-eDNA production in E. coli. Furthermore, although the 486 

underlying mechanisms remain unknown, the study hints that eDNA release might be 487 

related to multiple cellular processes rather than a single biological pathway.  488 
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 489 

At this point there is no detailed molecular study to determine the mechanism of eDNA 490 

release that YfeC regulates in E. coli. Designing such a study may serve as the context 491 

of future studies.  492 

 493 

Local regulator (Type II), YciT. YciT was annotated as a DeoR-type putative 494 

transcription factor via Hidden Markov Model. However, direct measurement in vivo of 495 

YciT binding has not been achieved. Therefore, we identified 49 genome-wide binding 496 

sites of YciT in E. coli K-12 MG1655 (Figure 6A), and then enriched the sequence motif 497 

of YciT binding sites (E-value = 1.8e-37, Figure 2C). Similar to the YidZ binding motif, 498 

the consensus DNA binding motif is palindromic, suggesting it could form a dimeric 499 

protein in vivo.  500 

 501 

To predict the putative functions of YciT, we assessed the genomic location of YciT 502 

binding sites and the functions of corresponding target genes using currently available 503 

genome annotation. We found 47% (23 out of 49) of binding sites located within regulatory 504 

regions, indicating that these binding events may modulate the target genes. The majority 505 

of these target genes code for proteins involved in key metabolic pathways - sugar 506 

phosphatase (ybiV), a putative pyruvate formate-lyase activating enzyme (ybiY) and 507 

fructose-6-phosphate aldolase1 (fsaA) (Figure 6B). Some of the other genes encode 508 

products involved in membrane components, such as moderate conductance 509 

mechanosensitive channel YbiO (ybiO), copper/silver export system periplasmic binding 510 

protein (cusF), and outer membrane protein X (ompX) (Figure 6C). The remaining genes 511 

are unknown functions (ykfC, ycaP, ydbD, and yfdQ). With this information, we 512 

hypothesized that YciT may regulate: (1) target genes (ybiV, ybiY, fsaA) involved in the 513 

metabolic pathways, and (2) target genes (ybiO, cusF, ompX) related to the osmotic 514 

stress. Combining the ChIP-exo result with the transcriptome data, we found that these 515 

target genes involved in metabolic pathways and membrane components were directly 516 

regulated by YciT under the test conditions (Supplementary Figure 13), indicating that 517 

YciT may participate in the control of the metabolic pathways and (or) osmotic stress in 518 

E. coli.  519 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 11, 2021. ; https://doi.org/10.1101/2021.06.10.447994doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.10.447994


 520 

To test the hypothesis, we evaluated the impact of yciT deletion on the growth of E. coli 521 

in M9 minimal media containing different carbon sources (glucose, fructose, sorbitol). We 522 

found that deletion of the yciT gene did not reveal significant growth deficiencies 523 

compared to the wild type strain, though the final OD600 of the yciT deletion strain at the 524 

stationary phase was slightly lower than the wild type strain (Supplementary Figure 14). 525 

This observation suggests that these carbon sources are not natural substrates of 526 

enzymes (FsaA, YbiV, YbiY). A previous work reported that fructose-6-phosphate 527 

aldolase is related to a novel group of bacterial transaldolases (46). However, the 528 

physiological role of FsaA is not yet fully understood. Due to the rare, unidentified enzyme 529 

activities and substrate, little is known about the impact of YciT on the metabolic 530 

pathways.  531 

 532 

We then assessed the effects of osmotic stress on E. coli grown in the M9 minimal 533 

medium with sorbitol (0.2% w/v) as the sole carbon source (Figure 6D). We found osmotic 534 

stress induced growth retardation in the wild type and yciT deletion strains. Specifically, 535 

high osmolarity resulted in impaired growth and slowed the growth rate of the yciT deletion 536 

strain. Thus we demonstrated that YciT is involved in the control of osmolarity in E. coli.  537 

 538 

Local regulator (type II), YbcM. The ybcM gene of Escherichia coli was found by 539 

screening genes whose products protect E. coli from lethal effects of stresses. A previous 540 

study reported that the ybcM mutant showed hyper lethal phenotype under sodium 541 

dodecyl sulfate (SDS) stress, which induces oxidative stress (47). But there are no in vivo 542 

experiments to confirm its DNA binding capacity. To determine the binding sites, the 543 

ChIP-exo experiment for YbcM was conducted under oxidative stress. We then identified 544 

12 genome-wide binding sites in E. coli  K-12 (Figure 7A). 92% (11/12) of the binding 545 

sites are located upstream of target genes. We found one binding site located upstream 546 

of operon ybcLM, indicating autoregulation of ybcM (Figure 7B). The gene ybcL encodes 547 

the periplasmic protein YbcL, and has sequence and structural similarity to rat/human 548 

RKIP (Raf kinase inhibitor protein), which modulates signal transduction pathways (48).  549 

 550 
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To predict the functions of YbcM, we examined 12 binding sites and their functions. We 551 

found that there are two important binding sites involved in stress response. The first was 552 

located upstream of the gene ucpA, encoding the oxidoreductase UcpA. YbcM was found 553 

to bind the upstream of ucpA (Figure 7C, upper panel). Overexpression of ucpA in 554 

plasmids was previously shown to lead to improved tolerance to furan (49), a chemical 555 

likely generating oxidative stress. The other divergent binding site was located between 556 

operons ubiT-yhbS and ubiUV (Figure 7C, bottom panel). Here, the ubiT gene encodes 557 

anaerobic ubiquinone biosynthesis accessory factor UbiT, yhbS encodes putative N-558 

acetyltransferase YhbS, and ubiUV encodes ubiquinone biosynthesis complex UbiUV. 559 

Another gene, ubiW, nearby operon ubiUV, encodes putative luciferase-like 560 

monooxygenase. We then identified a consensus YbcM binding motif in the promoter 561 

region of these target genes (Supplementary Figure 4). Taken together, these target 562 

genes suggest that YbcM might be a regulator involved in the oxidative stress in E. coli.  563 

 564 

To confirm the physiological role, the survival rate of the wild type and ybcM deletion 565 

strains were compared under oxidative stress conditions (Figure 7D). The survival rate 566 

of the wild strain was 8-fold higher over the ybcM deletion strain after 15 min 60 mM H2O2 567 

treatment. This observation supports the involvement of YbcM in the reactive oxygen 568 

species (ROS) stress response. Therefore, this data supports that YbcM is involved in 569 

the oxidative stress response.  570 

 571 

A single-target regulator (type III), YgbI. YgbI was annotated as a putative transcription 572 

factor via Hidden Markov Model. However, in vivo analysis of direct interactions between 573 

YgbI and DNA in E. coli has not been reported. Here, we identified a single divergent 574 

binding site between the ygbI and ygbJ genes, indicating autoregulation of ygbI (Figure 575 

8A). To explore how the YgbI binding site regulates target genes, we compared the 576 

interaction between the YgbI binding site and RNAP binding site at the promoter region, 577 

and found that YgbI binding overlaps the promoter region recognized by RNAP. This 578 

suggested that YgbI could block RNAP binding to the promoter or inhibit the transcription 579 

initiation, repressing the expression of downstream genes (ygbJ, ygbK).  580 

 581 
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To examine this assumption about the regulation of YgbI, we compared gene expression 582 

profiling between the wild type and the ygbI mutant (Figure 8B). The results showed that 583 

the expression of a cluster of genes (ygbJ, ygbK, ygbL, ygbM, ybgN) are upregulated 584 

after the deletion of ygbI (Figure 8C). These data suggested that YgbI regulates the 585 

downstream gene cluster (ygbJKLMN) as a repressor, which is consistent with the 586 

prediction of a regulatory effect.  587 

 588 

Previous studies reported that the downstream gene cluster (ygbJKLM) had putative 589 

functions for four-carbon sugar catabolism (50), and hypothesized that E. coli K-12 strain 590 

carrying mutations in the ygbI gene would provide a growth benefit on the tartrate medium 591 

(51). To verify the function of YgbI, the growth profiles of the wild type and the ygbI 592 

deletion strain were measured in 20 mM L-tartrate medium. The data showed that the 593 

deletion of gene ygbI demonstrated the capability for growth on L-tartrate. However, the 594 

wild type strain does not grow on L-tartrate medium (Figure 8D). Taking these factors 595 

into consideration, the potential pathway that YgbI is involved in was proposed as follows: 596 

when YgbI is present and active in vivo, it directly binds to the promoter of the operon 597 

ygbJK, and indirectly inhibits the expression of the genes ygbLM and ygbN. When the 598 

gene ybgI is knocked out, it leads to de-repression of operons ygbJK and ygbLM and the 599 

gene ygbN (Figure 8E). Based on the putative function of genes (ygbJKLMN), we 600 

demonstrated that YgbI is a transcriptional repressor involved in catabolic pathways for 601 

four carbon acid sugars in E. coli K-12 MG1655.  602 

  603 
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Discussion 604 

Despite extensive research over many decades focused on the E. coli genome, around 605 

35% of its genes are still poorly characterized, including some uncharacterized 606 

transcription factors (9, 52). Our primary goal was to generate a large data set to further 607 

identify DNA-binding proteins from a pool of uncharacterized proteins in E. coli. In this 608 

study, we used a systematic approach to validate 34 computationally predicted 609 

transcription factors in E. coli K-12 MG1655. We employed a multiplexed ChIP-exo 610 

method to characterize genome-wide binding sites and classify this experimental 611 

evidence for each TF. Next, we compared the binding profiles of the candidate TFs with 612 

binding peaks for RNAP holoenzyme, which generate a total of 283 out of 588 sites that 613 

are likely to be regulating a close-by promoter (Dataset S4), and provide a coarse-grained 614 

functional prediction. Finally, we inferred the putative functions for ten of these candidate 615 

TFs (YidZ, YfeC, YciT, YdhB, YbcM, YneJ, YjhI, YfiE, YgbI, YnfL), and verified the 616 

biological roles of the representative TFs with detailed analysis. The implications of our 617 

results are below.  618 

 619 

First, our study collected a large dataset of 588 TFBS, and expanded the total number of 620 

verified TFs in E. coli K-12 MG1655, close to the estimated total number of 280 621 

(Supplementary Figure 15). Comparative analysis of genome-wide binding sites of the 622 

TFs and RNAP enables the identification of target genes that are recognized by RNA 623 

polymerase complexes. Of the total 588 TFBS, 283 RNAP binding sites represent that 624 

almost half of binding sites are likely to be regulating a close-by promoter under the test 625 

conditions. Also, the interaction between RNAP and recognition sequence at the promoter 626 

region may change depending upon the test conditions. It is possible that some TFBSs 627 

that are not identified by RNAP may be recognized by the RNAP complex under different 628 

conditions. Further, discovering all of the TFs is fundamental to fully understand the key 629 

role TRNs play in enabling bacteria to modulate the expression of thousands of genes in 630 

response to environmental and genetic perturbations (6). This study has brought us closer 631 

to revealing the identity of all the TFs in E. coli K-12 MG1655.  632 

 633 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 11, 2021. ; https://doi.org/10.1101/2021.06.10.447994doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.10.447994


Second, we used the definition of TFs reported by Shimada et al., to classify candidate 634 

TFs into three groups: type I regulators, type II regulators, and type III single-target 635 

regulators (10). This classification was based on the number of genes regulated by TFs 636 

as determined from the systematic evolution of ligands with exponential enrichment 637 

(SELEX) (56). Our rationale for using this classification was twofold: (i) the multiplexed 638 

ChIP-exo method employed here offers a similar readout to SELEX (i.e., the number of 639 

target genes), allowing for its application in the same context; and (ii) it has a successful 640 

track record of assigning annotations (e.g., “global” or “local” regulator) prior to a full 641 

understanding of the functions of the validated TFs, helping to guide their future study. 642 

Thus, we employed this classification based on the number of target genes shown by 643 

genome-wide experiments. We expect that a detailed characterization of these validated 644 

TFs will help us develop a comprehensive understanding of transcriptional regulation in 645 

E. coli. 646 

 647 

Third, we did not identify binding sites for six of the candidate TFs tested in this study 648 

(YgeR, YggD, YjjJ, YfjR, YeeY, YpdC). This result may be due to two reasons. The first 649 

is the false-positive predictions of candidate TFs due to the limitations of the sequence 650 

homology search. Since the computational predictions were made, studies focusing on 651 

the function of four of these six candidates have appeared. YgeR has been recently re-652 

annotated as putative lipoprotein involved in septation (54). YggD has been verified as 653 

fumarase E (57). Overexpression of YjjJ increases toxic effects in E. coli, thus yjjJ is likely 654 

to be a toxin (58). YfjR is predicted as a putative TF involved in biofilm formation (59), but 655 

a recent study that searched novel TFs involved in biofilm formation has not validated this 656 

prediction (32).  A second reason for failed prediction is that we may need to test for DNA-657 

binding activity under the right activation conditions. YeeY and YpdC are annotated as a 658 

LysR-type regulator with a C-terminal HTH domain and an AraC-type regulator with a C-659 

terminal HTH domain, respectively (Table 1), and thus they may have regulatory 660 

functions under the appropriate growth conditions.  661 

 662 

Fourth, while we identified additional TFs with our experimental data, we did not fully 663 

decipher mutant phenotypes. For example, we identified YciT as a TF and found that it 664 
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directly regulated multiple target genes (fsaA, ybiY, ybiV). This result hinted at an 665 

uncharacterized pathway composed of genes encoding DUF1479 domain-containing 666 

protein (ybiU), a sugar phosphatase (ybiV), a putative pyruvate formate lyase (PFL) 667 

(ybiW), a putative pyruvate formate-lyase activating enzyme (PFL-AE) (ybiY), and a 668 

fructose-6-phosphate aldolase1 (FSA) (fsaA) (Supplementary Figure 16). However, 669 

these enzymes and their corresponding substrates are rare and have not been identified, 670 

little is known about their physiological roles in E. coli (46). These bottlenecks may pose 671 

challenges in fully examining mutant phenotypes. Studying these enzymes should 672 

provide insight into biological roles of YciT.  673 

 674 

Finally, a collection of data sets about TFBS will lay the foundation for understanding the 675 

mechanisms of transcription regulation. In this study, we found YfeC regulates multiple 676 

cellular processes in E. coli. Previous studies had not dived into a possible relation 677 

between eDNA and YfeC. So, we employed a yfeC mutant to better understand any 678 

possible connections. Consider the common mechanism of eDNA release in bacteria - 679 

this through membrane vesicles (MVs) secretion (43). eDNA production relies on several 680 

biological processes: (1) DNA replication, to produce DNA for the secretion (refer as to 681 

eDNA); (2) nutrient transport and metabolisms, to generate lipid metabolisms for  MVs; 682 

(3) energy conversion, to produce the energy for conversion of metabolisms and secretion 683 

of MVs; (4) transcription and translation, to produce the proteins for the assembly of MVs; 684 

(5) post-translational modification, protein turnover, and chaperones, to modify and fold 685 

the proteins for the secretion; and (6) cell wall/envelope biogenesis, to recover the cell 686 

wall after the secretion of eDNA (Supplementary Figure 17) (60). As a repressor, YfeC 687 

participates in multiple cellular processes, including lipid metabolism, translation, post-688 

translational modification, and cell wall/envelope biogenesis. Accordingly, these 689 

corresponding biological processes are up-regulated after the deletion of yfeC. We 690 

proposed that the deletion of the yfeC gene may speed up cellular processes, leading to 691 

eDNA release in E. coli. 692 

 693 
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This study focused on the remaining uncharacterized TFs  in E. coli K-12 MG1655. Taken 694 

together, it significantly expands the size of the potential TFs with experimental evidence, 695 

broadening our knowledge of transcriptional regulation in E. coli.  696 

 697 

 698 

  699 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 11, 2021. ; https://doi.org/10.1101/2021.06.10.447994doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.10.447994


Supplementary materials 700 

See the supplementary materials 701 

 702 

Data availability 703 

The whole dataset of ChIP-exo and RNA-seq has been deposited to GEO with the 704 

accession number of GSE159777 (secure token: klinmsskfzgbtwd) and GSE159658 705 

(secure token: kvydaewevbgxtmp), respectively.  706 
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 911 
Figure 1 | A systematic approach to identify and validate candidate transcription 912 
factors in E. coli K-12 MG1655. The approach used in this study can be divided into four 913 
steps: 1) We examined 40 computationally predicted candidate TFs from our previous 914 
study; 2) For each candidate TF, we highlighted its structural features based on the 915 
annotation from hidden Markov models; 3) We performed experimental validation using 916 
multiplexed ChIP-exo; and 4) We combined the genome-wide binding sites with 917 
expression profiling data to characterize regulatory roles of representative TFs with a 918 
suite of experimental tests.  919 
 920 
 921 
 922 
 923 
 924 
 925 
 926 
 927 
 928 
 929 
 930 
 931 
 932 
 933 
 934 
 935 
 936 
 937 
 938 
 939 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 11, 2021. ; https://doi.org/10.1101/2021.06.10.447994doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.10.447994


 940 
 941 
 942 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 11, 2021. ; https://doi.org/10.1101/2021.06.10.447994doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.10.447994


Figure 2 | A global landscape of DNA binding events for uncharacterized TFs during 943 
growth at active conditions. (A) Binding sites identified by ChIP-exo are mapped onto 944 
the E. coli genome to provide a network-level perspective of binding activity. 945 
Experimentally verified candidate TFs are shown in black, uncharacterized TFs without 946 
binding peaks under the growth conditions are shown in grey. Each line indicates the 947 
interaction between the TF and the target gene. (B) 34 validated TFs show a varied 948 
number of binding sites between the intragenic region and promoter region. The numbers 949 
(#/#) above the bar indicate the number of sites that are located at the intragenic region 950 
and promoter region, respectively. The number (#) behind the TF name in the x-axis is 951 
the total number of binding sites for each validated TF. (C) The consensus sequence 952 
motifs for seven uncharacterized TFs determined by ChIP-exo. The height of the letters 953 
(in bits on the y-axis) represents the degree of conservation at a given position within the 954 
aligned sequence set, with perfect conservation being 2 bits. Arrows above motif indicate 955 
the presence of palindromic sequences. 956 
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 958 

 959 

 960 
Figure 3 | Mapping genome-wide binding sites with RNA polymerase activities.  (A) 961 
The landscape of RNAP and RpoD binding sites at the genome in E. coli K-12 MG1655. 962 
Upper panel: overview of RpoB binding sites. Bottom panel: overview of RpoD binding 963 
sites. S/N denotes signal-to-noise ratio. (+) and (−) indicate reads mapped on forward 964 
and reverse strands, respectively. (B) The classification of the interactions between 965 
RpoB, RpoD, and binding sites for 34 candidate TFs. The number (#/#/#) above the bar 966 
indicates the number of sites that fit for different types of interactions (in the order of 967 
“Others, RNAP_only, and RNAP + RpoD”). Others include two interactions: one where a 968 
binding site is located within the coding region, the other where a binding site is located 969 
within the upstream of the coding region but neither RNAP or RpoD recognize the 970 
promoter region. The number (#) behind the TF name in the x-axis is the total number of 971 
binding sites for each validated TF.  972 
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 974 
 975 
Figure 4 | Using YidZ as a representative to illustrate type I global regulator.  976 
(A) Genome-wide binding of YidZ identified 118 reproducible binding events at the 977 
genome. 77% (91/118) of binding sites are located within the coding region while 23% 978 
(27/118) are located within the regulatory region. S/N denotes signal-to-noise ratio. (+) 979 
and (−) indicate reads mapped on forward and reverse strands, respectively. (B) 980 
Structural analysis of YidZ. YidZ is annotated as a LysR-type putative transcription factor 981 
by hidden Markov model. 3D structure is predicted by SWISS-MODEL. The Helix-Turn-982 
Helix domain is highlighted by the red color. (C) 74 genes were differentially expressed 983 
after deletion of yidZ (cut-off value is log2 fold-change >=1, or <=-1, and adjust p-value < 984 
0.05). (D) Functional classification of genes regulated by YidZ. The functions of genes 985 
regulated by YidZ are diverse. Additionally, the biological significance of 38% (28/74) of 986 
genes is still unknown. 987 
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 989 
Figure 5 | Using YfeC as a representative to illustrate type II regulators.  990 
(A) Genome-wide binding of YfeC identified 50 reproducible binding events at the 991 
genome. 40% (20/50) of binding sites are located within the coding region while the 992 
remaining 60% (30/50) are located within the regulatory region. S/N denotes signal-to-993 
noise ratio. (+) and (−) indicate reads mapped on forward and reverse strands, 994 
respectively. (B) Functional classification of target genes from YfeC genome-wide 995 
bindings. The enriched functions are in three groups: transport and metabolism pathways, 996 
cellular process/signaling, and transcription/translation. (C) Comparison of ChIP-exo 997 
results and gene expression profiles to distinguish direct and indirect YfeC regulon under 998 
the test condition. (D) Functional classification of genes directly regulated by YfeC. One-999 
letter abbreviations for the functional categories are the same as those in figure 6B. Red 1000 
triangles represent activation by YfeC. Green triangles represent repression by YfeC. The 1001 
number behind the triangle represents the number of direct regulon.   1002 
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 1004 
 1005 
Figure 6 | Using YciT as a representative to illustrate type II local regulators.  1006 
(A) Genome-wide binding of YciT identified 49 binding events at the genome. S/N denotes 1007 
signal-to-noise ratio. (+) and (−) indicate reads mapped on forward and reverse strands, 1008 
respectively. (B) YciT binding peak at the upstream of operon ybiUVWY and gene fsaA. 1009 
(C) YciT binding peak at the upstream of gene ybiO. (D) Growth profiles of the wild type 1010 
and yciT deletion strains in the absence and presence of 0.5 M NaCl in M9 minimal 1011 
medium with 0.2% (w/v) sorbitol as the sole carbon source. Width of shaded bands 1012 
represents standard deviation of the corresponding growth trajectory.  1013 
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 1015 
Figure 7 | Using YbcM as a representative to illustrate type II regulators.  1016 
(A) Genome-wide binding of YbcM identified 12 reproducible binding events at the 1017 
genome. S/N denotes signal-to-noise ratio. (+) and (−) indicate reads mapped on forward 1018 
and reverse strands, respectively. (B) In-depth mapping of YbcM binding site explains 1019 
how YbcM interacts with the upstream of operon ybcLM. The rectangle denotes the 1020 
sequence recognized by YbcM. (C) Zoom-in binding peaks of YbcM at the upstream of 1021 
genes ucpA and ubiT. (D) Susceptibility of wild type and ybcM deletion strains under the 1022 
oxidative stress. Both wild type and ybcM KO strains (mid-log phase cells) were treated 1023 
with 60 mM H2O2 for 15 min. The sensitivity of cells to the lethal effects was expressed 1024 
as percent survival of treated cells relative to that of untreated cells determined at the 1025 
time of treatment. Wild type strain showed 7 times higher survival rate than that of ybcM 1026 
KO strain.  1027 
 1028 
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 1034 
 1035 
Figure 8 | Using YgbI as a representative to illustrate type III regulators (single-1036 
target). (A) Zoom-in mapping of YgbI, RpoB, and RpoD binding events explains how YgbI 1037 
binds onto the upstream of operon ygbJK, covering the region that RpoB can recognize. 1038 
Thus YgbI blocks the transcription initiation of operon ygbJK when YgbI is active. (B) 113 1039 
genes were differentially expressed after deletion of ygbI (cut-off value is log2 fold-1040 
change >=1, or <=-1, and adjust p-value < 0.05). (C) Expression changes for genes in 1041 
the ygbI deletion strain in a set of genes (ygbJKLMN) near the binding peak, compared 1042 
to the wild type strain. (D) Growth of E. coli K-12 MG1655 and ygbI deletion strains on 20 1043 
mM L-tartrate medium, a four-carbon sugar. Circle markers represent growth of the wild 1044 
type strain. Triangle markers represent growth of the ygbI deletion strain. (E) The 1045 
proposed mechanism for the regulatory role of YgbI. When YgbI is present (active), it 1046 
directly represses the promoter of the operon ygbJK, and indirectly inhibits the expression 1047 
of operon ygbLM and gene ygbN. When gene ybgI is knocked out, it leads to de-1048 
repression of the operons ygbJK, ygbLM and ygbN.  1049 
 1050 
  1051 
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