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Figure S10. De novo emergence of new transcription start sites. Single mutations create new
transcription start sites in the (A) mglBp, (B) tolCp4 and (C) ghoSp promoters. Mutations either effect the
-10 or -35 regions. Each of these promoters is activated under certain conditions. On the right, predicted
transcription rates are shown for sequences with the suggested mutation and without the suggested mutation
for each possible transcription start site.
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Figure S11. Transcription start sites for the ompR and tolC promoters. (A) Footprints for the four
reported ompR promoters are shown for medium cold shock (19C for 1h), where the genomic locations of the
footprints are aligned. Annotated binding sites are shown for IHF and CRP. (B) Footprints for the four
reported tolC promoters are shown for induction with 2,2-dipyridyl, where the genomic locations of the
footprints are aligned. Annotated binding sites are shown for PhoP, MarA, Rob, SoxS and the small RNA
SdsR.
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Figure S12. Transcription start sites for the crp and galE promoters. (A) The galE gene has three
annotated transcription start sites (galEp1, galEp2, galEp3) within a window of ∼100 bases, with annotated
binding sites for GalS/GalR and CRP. Information footprints for the three reported promoters in 1-day
stationary phase, with genomic locations aligned, show a single coherent footprint architecture (CRP activator
site and the −10 element) consistent with one active transcription start site associated with galEp1/galEp2
rather than three independent initiation events. (B) The crp gene has three annotated transcription start
sites (crpp1, crpp2, crpp3) with annotated binding sites for Fis, CRP, and Cra. Footprints for the three
reported promoters, with genomic locations aligned, show a single active site associated with crpp1; crpp2 and
crpp3 show footprints that are offset replicas of the crpp1 signal rather than independent initiation events.
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in magnesium-limiting conditions. Indeed, in one of our replicates for magnesium starvation, we find1731

an activator binding site at the annotated position at -46 relative to the annotated transcription start1732

site for tolCp2. The footprints for tolCp1 and tolCp2 are very similar, with an offset that is equal to the1733

annotated distance between the two start sites (Figure 7(B)), indicating that there is actually a single1734

transcription start site with mRNAs of different lengths originating from this single start site. The1735

other two annotated promoters, tolCp3 and tolCp4, are 50 bases downstream, and have been found to1736

be activated by MarA, SoxS, and Rob through a mar-box [115, 116]. Here, we only observe activation1737

by Rob under its activating conditions, namely induction with 2,2-dipyridyl. The other annotated1738

activators, i.e. MarA and SoxS, are not found to activate tolC from this site even under inducing1739

conditions. In previous work, activation of these two transcription factors relied on overexpressing the1740

proteins [115, 116], which may have led to conditions where protein copy numbers heavily exceed those1741

in physiological conditions. We do observe activation by these transcription factors in these conditions1742

on other promoters, such as the acrZ promoter. Interestingly, we find the binding site for Rob on the1743

studied region for tolCp2, which contains the activator binding site and the -10 region of the tolCp31744

and tolCp4 promoter on its 3’ end due to the proximity of the promoters, but not in the promoter1745

regions for tolCp3 and tolCp4. The sequence for tolCp2 does not include the annotated binding site1746

for the small RNA SdsR, which binds the 5’ UTR of the mRNA and reduces mRNA abundance [117],1747

which explains why we only find noisy footprints for tolCp3 and tolCp4. To summarize, for tolC we1748

find two distinct transcription start sites rather than the four annotated sites. We find more examples1749

for promoters with multiple annotated transcription start sites in our dataset, where only a subset of1750

the annotated start sites are active, such as the promoter for galE and crp (Figure S12).1751

68

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 11, 2026. ; https://doi.org/10.1101/2025.05.13.653802doi: bioRxiv preprint 

https://doi.org/10.1101/2025.05.13.653802
http://creativecommons.org/licenses/by/4.0/


Supplementary Figures1752
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Figure S13. Information footprints supporting condition-dependent regulation by CpxR and
LexA. Footprints for cpxRp and yqaEp under gentamicin, 500 µM copper sulfate, and 2 mM copper sulfate
(left and middle columns), confirming the CpxR activator site shared by both promoters. Footprints for tisBp,
recNp, and sulAp under gentamicin (right column), showing the LexA repressor signal at promoters in our
pool. Annotated binding sites (CpxR, LexA) and core promoter elements (−10, −35) are indicated above each
panel. Color encodes the average effect of mutations at each position (blue: mutations decrease expression;
orange: mutations increase expression). Absolute mutual information values are not directly comparable
across promoters because barcode counts differ between promoters and conditions; see Section S3.2.
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novel transcription factor binding sites with identified transcription factor using mass spectrometry(A)
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Figure S14. Information footprints paired with mass spectrometry enrichment for transcription
factor identifications. Each promoter is shown as a footprint (top) with the bait sequence used for DNA
chromatography indicated by the bracket labeled “DNA target,” and the corresponding mass spectrometry
enrichment plot (bottom). The two columns within each enrichment plot are the two biological replicates.
Enrichment is defined as in Section S2.7.3: a value of 1 (no specific binding) indicates that a protein occupies
the same fraction of the recovered proteome on the target as on the control. Each dot represents one protein
detected by mass spectrometry; the protein highlighted in orange is the primary candidate transcription factor
identified for each bait, and a second highlighted hit (where present) is shown in green. (A) Novel binding
sites with transcription factor identified by mass spectrometry: ybiYp in anaerobic growth (YciT), yagBp in
stationary phase (XynR), yahMp in arabinose (IhfA, IhfB), and ygiWp in stationary phase (TyrR).
(B) Confirmation of CpxR binding at cpxRp under gentamicin (left) and 2 mM copper sulfate (right).
(C) Mass spectrometry does not recover CRP at the candidate yadIp bait (stationary phase) or at the mglBp
positive control with a confirmed CRP binding site (arabinose). CRP is detected in both samples but is not
enriched over the control bait. For mglBp, the left replicate was supplemented with cAMP and the right was
not; the lack of enrichment in either case indicates that cAMP supplementation is not the limiting factor for
CRP recovery in our setup. The full discussion of the CRP negative result and its implications for the yadIp
CRP assignment is given in Section S5.2.
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novel transcription factor binding sites without identified transcription factor
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Figure S15. Information footprints for novel binding sites at which the responsible transcription
factor could not be identified. Each panel shows the footprint for one promoter under the condition in
which the novel signal is most pronounced. Boxes above the footprint indicate the architecture: known
binding sites for annotated transcription factors (named), core promoter elements (−10, −35), and the
position of the novel unidentified site (marked “?”). Color encodes the average effect of mutations as in
Figure S13. The novel site at rspAp is the unidentified repressor at approximately −100; the known RspR and
CRP sites are also visible at this promoter and are shown for context. The novel site at galSp is the
unidentified activator at approximately −95; the known CRP site is also visible. For zapBp, rcsBp2, and
fldAp, no annotated binding sites overlap the novel signals.
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Supplementary Tables1753

Table S5. All genes chosen for this study.

group gene

Gold Standard
rspA
araA
araB
znuB
znuC
xylA
xylF
dicC
relE
relB
ftsK
lacI
marR
dgoR
dicA
araC

Antibiotic/toxin
tisB
blr
gyrA
ghoT
emrA
emrB
yagB
yjjJ
prlF
yhaV
acrB
acrZ
ldrD
rdlD
tabA
ratA
dinQ
tolC

Continued on next page
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Table S5. All genes chosen for this study (continued).

group gene

Incoherent feed forward, type 4
ihfA (X)
ompR (Y)
ompF (Z)

Schmidt et al.
hdeA
aceA
ecnB
mcbA
tnaA
mglB
gatA
lpp
tmaR

Schmidt et al. uncharacterized
cusF
yjbJ
elaB
yncE
yqjD
ybaY
ygiW
zapB
ybeD

Incoherent feed forward, type 1
crp (X)
galS (Y)
mglB (Z1)
galE (Z2)

YmfT iModulon
fur
sulA
intE
xisE
ymfH
ymfJ
ymfT

Continued on next page
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Table S5. All genes chosen for this study (continued).

group gene

ymfL
ymfM
ymfN
beeE
jayE
ymfQ
stfE
icdC
recN

YgeV iModulon
ybiY
rcsB
xdhA
xdhB
xdhC
ygeW
ygeX
ygeY
hyuA
ygfK
ssnA
ygfM
xdhD
ygfT
uacT
cpxR

Uncharacterized protein (y-ome)
yacC
yacH
yadG
yadI
yadE
yadM
yadN
yadS
ykgR
yahC
yahL

Continued on next page
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Table S5. All genes chosen for this study (continued).

group gene

yahM
yqaE
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Table S6. All primers and identifies used in this work.

Primer Sequence
SC142 ACCTGTAATTCCAAGCGTCT
SC143 CGGTTTATGGGTGTTATCGCGTTGTCTCAGGCACGTATTC
SC172 CGATAAACGTCGACNNNNNNNNNNNNNNNNNNNNCCTGCAGGCGGTTTATGGGTGTTATCGC
SC185 TTGGTCCAGTGCCATGTTATCCCTGAATCTAGT
SC184 ATACCTGTAGCTAAATCCCACCCGATGCTCGAC
SC196 AATGATACGGCGACCACCGAGATCTACACTTGGTCCAGTGCCATGTTATCC
SC199 CAAGCAGAAGACGGCATACGAGATCAGTGTATACCTGTAGCTAAATCCCACCC
SC201 GTCGAGCATCGGGTGGGATTTAGCTACAGGTAT
SC219 CTGTGACAGAGAAAAAGTAGCCGAAGATGACGGTTTGTCACatgatcctgacgac

ggagaccgccgtcgtcgacaagccATGGAGTTGGCAGGATGTTTGATTAAAAACATAACAGGAAG
SC354 CAAGCAGAAGACGGCATACGAGATTGCTCTACTCCAATCGGTGATGGTCCTG
SC355 CAAGCAGAAGACGGCATACGAGATCTGTAGTATCCAATCGGTGATGGTCCTG
SC356 CAAGCAGAAGACGGCATACGAGATCTACAGCGTCCAATCGGTGATGGTCCTG
SC357 CAAGCAGAAGACGGCATACGAGATCAGCGCAGTCCAATCGGTGATGGTCCTG
SC358 CAAGCAGAAGACGGCATACGAGATCAGTCGACTCCAATCGGTGATGGTCCTG
SC359 CAAGCAGAAGACGGCATACGAGATGAGCTAGATCCAATCGGTGATGGTCCTG
SC360 CAAGCAGAAGACGGCATACGAGATGTATCTCATCCAATCGGTGATGGTCCTG
SC361 CAAGCAGAAGACGGCATACGAGATACACTGACTCCAATCGGTGATGGTCCTG
SC362 CAAGCAGAAGACGGCATACGAGATTATCTCACTCCAATCGGTGATGGTCCTG
SC363 CAAGCAGAAGACGGCATACGAGATAGTAGACTTCCAATCGGTGATGGTCCTG
SC364 CAAGCAGAAGACGGCATACGAGATATCGATAGTCCAATCGGTGATGGTCCTG
SC365 CAAGCAGAAGACGGCATACGAGATACAGCTATTCCAATCGGTGATGGTCCTG
SC366 CAAGCAGAAGACGGCATACGAGATCGTCGTGATCCAATCGGTGATGGTCCTG
SC367 CAAGCAGAAGACGGCATACGAGATACATACTATCCAATCGGTGATGGTCCTG
SC368 CAAGCAGAAGACGGCATACGAGATTACGAGATTCCAATCGGTGATGGTCCTG
SC369 CAAGCAGAAGACGGCATACGAGATTCGATGTGTCCAATCGGTGATGGTCCTG
SC370 CAAGCAGAAGACGGCATACGAGATTACAGCGCTCCAATCGGTGATGGTCCTG
SC371 CAAGCAGAAGACGGCATACGAGATGCGTCACGTCCAATCGGTGATGGTCCTG
SC372 CAAGCAGAAGACGGCATACGAGATGCGCATACTCCAATCGGTGATGGTCCTG
SC373 CAAGCAGAAGACGGCATACGAGATTACTCATGTCCAATCGGTGATGGTCCTG
SC374 CAAGCAGAAGACGGCATACGAGATTGAGCACTTCCAATCGGTGATGGTCCTG
SC375 CAAGCAGAAGACGGCATACGAGATGCTACGACTCCAATCGGTGATGGTCCTG
SC376 CAAGCAGAAGACGGCATACGAGATCGCATGAGTCCAATCGGTGATGGTCCTG
SC377 CAAGCAGAAGACGGCATACGAGATTCTGCTGATCCAATCGGTGATGGTCCTG
SC378 CAAGCAGAAGACGGCATACGAGATGTGTGTGTTCCAATCGGTGATGGTCCTG
SC379 CAAGCAGAAGACGGCATACGAGATCGCACACATCCAATCGGTGATGGTCCTG
SC380 CAAGCAGAAGACGGCATACGAGATCAGCATCATCCAATCGGTGATGGTCCTG
SC381 CAAGCAGAAGACGGCATACGAGATCATACTGCTCCAATCGGTGATGGTCCTG
SC382 CAAGCAGAAGACGGCATACGAGATAGCTGCATTCCAATCGGTGATGGTCCTG
SC383 CAAGCAGAAGACGGCATACGAGATGACGATGATCCAATCGGTGATGGTCCTG
SC384 CAAGCAGAAGACGGCATACGAGATGTCGTCGCTCCAATCGGTGATGGTCCTG
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Primer Sequence
SC385 CAAGCAGAAGACGGCATACGAGATTGACGCGTTCCAATCGGTGATGGTCCTG
SC386 CAAGCAGAAGACGGCATACGAGATGTGAGCTGTCCAATCGGTGATGGTCCTG
SC387 CAAGCAGAAGACGGCATACGAGATATAGTACGTCCAATCGGTGATGGTCCTG
SC388 CAAGCAGAAGACGGCATACGAGATTACTGTCATCCAATCGGTGATGGTCCTG
SC389 CAAGCAGAAGACGGCATACGAGATGCATGTAGTCCAATCGGTGATGGTCCTG
SC390 CAAGCAGAAGACGGCATACGAGATTGTCATAGTCCAATCGGTGATGGTCCTG
SC391 CAAGCAGAAGACGGCATACGAGATCATGACGTTCCAATCGGTGATGGTCCTG
SC392 CAAGCAGAAGACGGCATACGAGATTGCGACTGTCCAATCGGTGATGGTCCTG
SC393 CAAGCAGAAGACGGCATACGAGATCTCACTATTCCAATCGGTGATGGTCCTG
SC394 CAAGCAGAAGACGGCATACGAGATCTCATATCTCCAATCGGTGATGGTCCTG
SC395 CAAGCAGAAGACGGCATACGAGATAGCGTATATCCAATCGGTGATGGTCCTG
SC396 CAAGCAGAAGACGGCATACGAGATATATCGTCTCCAATCGGTGATGGTCCTG
SC397 CAAGCAGAAGACGGCATACGAGATACGCACGTTCCAATCGGTGATGGTCCTG
SC398 CAAGCAGAAGACGGCATACGAGATGTAGCGAGTCCAATCGGTGATGGTCCTG
SC399 CAAGCAGAAGACGGCATACGAGATACTCGTCGTCCAATCGGTGATGGTCCTG
SC400 CAAGCAGAAGACGGCATACGAGATGAGTACATTCCAATCGGTGATGGTCCTG
SC401 CAAGCAGAAGACGGCATACGAGATTCTATACATCCAATCGGTGATGGTCCTG
SC402 CAAGCAGAAGACGGCATACGAGATGATGCGCTTCCAATCGGTGATGGTCCTG
SC403 CAAGCAGAAGACGGCATACGAGATGATCAGTCTCCAATCGGTGATGGTCCTG
SC404 CAAGCAGAAGACGGCATACGAGATAGTGACACTCCAATCGGTGATGGTCCTG
SC405 CAAGCAGAAGACGGCATACGAGATATGCGATATCCAATCGGTGATGGTCCTG
SC406 CAAGCAGAAGACGGCATACGAGATCGCTATCTTCCAATCGGTGATGGTCCTG
SC407 CAAGCAGAAGACGGCATACGAGATCATCTACTTCCAATCGGTGATGGTCCTG
SC408 CAAGCAGAAGACGGCATACGAGATCGATGACGTCCAATCGGTGATGGTCCTG
SC409 CAAGCAGAAGACGGCATACGAGATTCGTGAGATCCAATCGGTGATGGTCCTG
SC410 CAAGCAGAAGACGGCATACGAGATATCACGCGTCCAATCGGTGATGGTCCTG
SC411 CAAGCAGAAGACGGCATACGAGATAGTCTAGCTCCAATCGGTGATGGTCCTG
SC412 CAAGCAGAAGACGGCATACGAGATACGACATCTCCAATCGGTGATGGTCCTG
SC413 CAAGCAGAAGACGGCATACGAGATTGACAGTATCCAATCGGTGATGGTCCTG
SC414 CAAGCAGAAGACGGCATACGAGATGATCGTATTCCAATCGGTGATGGTCCTG
SC415 CAAGCAGAAGACGGCATACGAGATTCAGTCTCTCCAATCGGTGATGGTCCTG
SC416 CAAGCAGAAGACGGCATACGAGATGCTGTCATTCCAATCGGTGATGGTCCTG
SC417 CAAGCAGAAGACGGCATACGAGATTCGACTCTTCCAATCGGTGATGGTCCTG
SC418 CAAGCAGAAGACGGCATACGAGATCGTCTCTGTCCAATCGGTGATGGTCCTG
SC419 CAAGCAGAAGACGGCATACGAGATCATAGATATCCAATCGGTGATGGTCCTG
SC420 CAAGCAGAAGACGGCATACGAGATGTACTCTATCCAATCGGTGATGGTCCTG
SC421 CAAGCAGAAGACGGCATACGAGATCGTGCGTATCCAATCGGTGATGGTCCTG
SC422 CAAGCAGAAGACGGCATACGAGATCTATATGCTCCAATCGGTGATGGTCCTG
SC423 CAAGCAGAAGACGGCATACGAGATATGATAGTTCCAATCGGTGATGGTCCTG
SC424 CAAGCAGAAGACGGCATACGAGATGCACGACTTCCAATCGGTGATGGTCCTG
SC425 CAAGCAGAAGACGGCATACGAGATGCAGCATATCCAATCGGTGATGGTCCTG
SC426 CAAGCAGAAGACGGCATACGAGATACTGAGCATCCAATCGGTGATGGTCCTG
SC427 CAAGCAGAAGACGGCATACGAGATATCTCAGATCCAATCGGTGATGGTCCTG
SC428 CAAGCAGAAGACGGCATACGAGATGACGTGTGTCCAATCGGTGATGGTCCTG
SC429 CAAGCAGAAGACGGCATACGAGATTCAGATCGTCCAATCGGTGATGGTCCTG
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Primer Sequence
SC430 CAAGCAGAAGACGGCATACGAGATCGAGTCGATCCAATCGGTGATGGTCCTG
SC431 CAAGCAGAAGACGGCATACGAGATCTCGTGCATCCAATCGGTGATGGTCCTG
SC432 CAAGCAGAAGACGGCATACGAGATGACAGACGTCCAATCGGTGATGGTCCTG
SC433 CAAGCAGAAGACGGCATACGAGATTCTCGATCTCCAATCGGTGATGGTCCTG
SC434 CAAGCAGAAGACGGCATACGAGATGTGCTGATTCCAATCGGTGATGGTCCTG
SC435 CAAGCAGAAGACGGCATACGAGATCACTGAGTTCCAATCGGTGATGGTCCTG
SC436 CAAGCAGAAGACGGCATACGAGATGAGACTAGTCCAATCGGTGATGGTCCTG
SC437 CAAGCAGAAGACGGCATACGAGATGCTAGCGATCCAATCGGTGATGGTCCTG
SC438 CAAGCAGAAGACGGCATACGAGATAGATAGAGTCCAATCGGTGATGGTCCTG
SC439 CAAGCAGAAGACGGCATACGAGATTAGTAGCGTCCAATCGGTGATGGTCCTG
SC440 CAAGCAGAAGACGGCATACGAGATATGAGTACTCCAATCGGTGATGGTCCTG
SC441 CAAGCAGAAGACGGCATACGAGATGAGTGATCTCCAATCGGTGATGGTCCTG
SC442 CAAGCAGAAGACGGCATACGAGATCACGCTCGTCCAATCGGTGATGGTCCTG
SC443 CAAGCAGAAGACGGCATACGAGATGTCTAGACTCCAATCGGTGATGGTCCTG
SC444 CAAGCAGAAGACGGCATACGAGATCACTACTCTCCAATCGGTGATGGTCCTG
SC445 CAAGCAGAAGACGGCATACGAGATTGTGTGCGTCCAATCGGTGATGGTCCTG
SC450 TAGCTAAATCCCACCCGATGCTCGAC
SC270 GCAGCAGAACAGGACCATCACCGATTGGA
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Growth Condition of Lysate Final Concentration of Supplement(s) Added
M9-Glucose 0.5% Glucose, 1 mM cAMP

M9-Arabinose 0.5% Arabinose, 1 mM cAMP
M9-Xylose 0.5% Xylose

LB None Added
Stationary Phase (1d) 1 mM cAMP

Leucine 10 mM Leucine
Phenazine Methosulfate 100 µM Phenazine Methosulfate

2,2 Dipyridyl 5 mM 2,2 Dipyridyl
Gentamicin 5 mg/l Gentamicin

Copper Sulfate 2 mM Copper Sulfate
Heat Shock None added

H2O2 2.5 mM H2O2

High Osmolarity (LB + 0 .75 M NaCl) 0.2 M NaCl, 0.15 M KC1, 1 mM cAMP

Table S7. Growth Conditions for lysates used for mass spectrometry and associated
supplements added. Notes: A supplement of 1 mM cAMP, a known co-factor for CRP binding, was used
for our initial mass spectrometry runs of M9-glucose, M9-arabinose, stationary phase, and high osmolarity
growth conditions, where we expected there to be annotated (e.g. mglB and araB) or predicted (e.g. yadI )
binding sites of CRP. Since no significant enrichment for CRP was found for any of these runs, cAMP was not
added to lysates for the other growth conditions. For high osmolarity, we based the concentration of
supplemented salts on Figure 3 of Shabala et.al [118], which shows measurements of intracellular salt
concentrations for growth in external media of varying NaCl concentrations.

Time Duration Flow (nl/min) %B
0:00 0:00 300 2
7:30 7:30 300 6
90:00 72:00 300 25
120:00 30:00 300 40
121:00 1:00 300 98
130:00 9:00 300 98

Table S8. Liquid chromatography gradient parameters for mass spectrometry. Mobile Phase A
contains 0.2% formic acid, 2% acetonitrile, and 97.8% water. Mobile Phase B contains 0.2% formic acid, 80%
acetonitrile, and 19.8% water.
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Global Settings
Ion source type NSI
Spray voltage 1500 V
Ion transfer tube temperature 275 C
Polarity Positive
MS1 Scan Settings
Resolution 120000
Normalized AGC target 250
Maximum IT 50 msec
Scan range 375-1600 m/z
MS2 Scan Settings
Resolution 50000
Normalized AGC target Standard
Maximum IT Dynamic
Loop time 3 sec
Isolation window 0.7 m/z
NCE 35
Spectrum data type Centroid
Fixed first mass 110 Z

Table S9. Mass spectrometry scan settings for TMT samples
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Sequest HT Settings
Enzyme name Trypsin (Full)
Max. missed cleavage 2
Min. peptide length 6
Max. peptide length 144
Precursor mass tolerance 10 ppm
Fragment mass tolerance 0.02 Da
Max. equal modification 3
Dynamic modification Oxidation/ +15.995 Da (M)
Dynamic modification (peptide terminus) Acetyl/ + 42.011 Da (N-Terminal)
Dynamic modification (peptide terminus) Met-loss/ - 131.040 Da (M)
Dynamic modification (peptide terminus) Met-loss+Acetyl/ - 89.030 Da (M)
Static modification (peptide terminus) TMTpro/ + 304.027 Da (N-Terminal)
Static modification TMTpro/ + 304.027 Da (N-Terminal)
Static modification Carbamidomethyl/ + 57.021 Da (C)
Percolator
Target/Decoy selection Concatenated
Validation based on q-Value
Target FDR (Strict) 0.01
Target FDR (Relaxed) 0.05

Table S10. Search parameters for Protein Discoverer 2.5
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