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Abstract

Bacterial genomes are shaped by cryptic prophages, which are viral genomes integrated into the bacterial chromosome. Escherichia coligenomes
have 10 prophages on average. Though usually inactive, prophage genes can profoundly impact host cell physiology. Among the phage genes in
the E. colichromosome, there are several putative transcription factors (TFs). These prophage TFs are predicted to control only phage promoters;
however, their regulatory functions are not well characterized. The cohabitation of prophages and bacteria has led to conditions under which the
majority of prophage genes are unexpressed, at least under normal growth conditions. We characterized a Rac prophage TF, YdaT, expression
of which is normally inhibited by Rac TFs and, surprisingly, by the host global regulator OxyR. YdaT, when expressed, leads to a toxic phenotype
manifested by drastic cell filamentation and cell death. We determined the binding sites and regulatory action for YdaT, finding two sites within the
Rac locus, and one upstream of the host rcsA gene, which codes for the global regulator RcsA. The resulting increase in RcsA strongly impacts
the bacterial RcsA/B regulon, which includes operons related to motility, capsule biosynthesis, colanic acid production, biofilm formation, and
cell division. Our results provide novel insights into the host's genetic network, which appears to integrate YdaT in a complex manner, favoring
its maintenance in the silenced state. The fact that the potentially toxic YdaT locus remains unmutated suggests its importance and potential
benefits for the host, which may appear under stress conditions that are not yet known.

Graphical abstract

YdaT TF dual effect
on prophage and host genes

prophage Rac

cell surface
adhesion

rcsA gene

cell motility

exopolysaccharide
synthesis

bacterial genome

colanic acid synthesis (cps operon)

direct and indirect effects of prophage YdaT TF on host via RcsAB regulon

Introduction detected or predicted in Escherichia coli K-12 substr. MG1655

Bacterial genetic networks include regulatory scaffolding, fun-
damental for coordination and maintenance of bacterial phys-
iology and communication with the dynamic environment.
The main components of the genetic networks are DNA-
binding transcription factors (TFs), which modulate gene ex-
pression within operons and regulons. They can quickly adjust
gene expression levels as needed. Approximately 300 TFs were

genome. However, still some fraction of TFs are unknown and
not all TFs’ functions are comprehensively characterized, in-
cluding determination of their DNA interaction sites [1-4].
Some of the predicted TFs belong to a set encoded by cryptic
prophages and are not well characterized [5]. Cryptic or de-
fective prophages are segments of DNA, which have remained
in a host’s genome after domestication of active lysogenic
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phages, which has usually resulted from their loss of genes
necessary to excise from the bacterial chromosome and to pro-
duce phage progeny [6, 7]. The well-studied bacterium E. coli
K-12 has ~10 cryptic prophages, representing almost 4% of
the host genome [8, 9]. Some of them, like DLP12, e14, Rac,
CPZ-55, and Qin, are fairly well characterized [6, 10]. Some
other E. coli strains, like E. coli O157:H7 str. Sakai, has even
bigger number of prophages (up to 18) that can constitute
~16% of the total genome [11]. Many such cryptic prophages
contain TFs of unknown function, many of which are not
even predicted or properly annotated. However, the collective
data obtained so far on known prophage TFs suggest that a
great majority of them regulates the expression of their own
prophage’s genes [12, 13]. Surprisingly, only in rare cases have
impacts of prophage TFs on host global gene expression been
characterized, like an AppY from prophage DLP12, which af-
fects >200 genes of E. coli K-12. In DLP12, some genes were
directly regulated by AppY, including these involved in the
acid stress response and biofilm formation. Some other genes
were indirectly affected resulting in strong motility defect [14].
It seems clear that the number of prophage TFs having strong
effects on the host may be underestimated, as most prophage
genes are unexpressed under normal conditions [15, 16], as
exemplified by DLP12 prophage [17]. There is growing body
of evidence that cryptic phages modulate cell growth, resis-
tance to antibiotics, stress responses, and biofilm formation
[9, 18]. Prophage genes allow the host to survive harsh condi-
tions and to adapt to the new ecological niches, which is cru-
cial for microbial evolution [19]. It seems that understanding
the action of single cryptic prophage operons is not enough,
without the broader context of the genetic relationships be-
tween phages and their hosts. It is very likely that long-term
persistence of phage TFs inside of their host genomes might
have selected for binding site adaptation so as to establish new
regulatory links.

One of the cryptic prophage unknown TFs is YdaT, whose
gene is located in the immunity region of Rac in E. coli K-
12 [10]. Despite Rac prophage being highly conserved in the
E. coli genomes [10], most of its 29 genes have not yet been
characterized, with some exceptions like: active type I toxin—
antitoxin system, RalRA [20] or KilR, a cell division inhibitor
[9]. Rac prophage genetic relationships have not been deter-
mined [21]. YdaT gene was computationally predicted, and
initially annotated as a putative bacterial toxin that is neutral-
ized by the putative antitoxin Yda$S [22]. In contrast, we have
shown that both YdaT and YdaS$ are Rac prophage TFs, in-
volved in the Rac lysis/lysogeny decision [23-25]. In similar
cryptic CP-933P phage, in E. coli O157:H7 strain EDL933,
regulatory genes analogous to racR, ydaS, and ydaT were
found and compared to the A phage repressors: CI, Cro, and
CII, respectively [26] (Fig. 1A).

Of note, all three Rac genes (racR, ydaS, and ydaT) are
considered to be essential in E. coli [21, 27-29]. The Keio
collection of E. coli single gene deletions mutants does not
contain AracR, and that deletion could only be obtained in
AydaST background. YdaT gene expression is undetectable
under normal growth conditions. When YdaT is produced,
there is strong cellular filamentation leading to cell death, if
prolonged (Fig. 1A) [23, 24]. Moreover, ydaT expression due
to insufficient RacR repressor level also results in Rac DNA
excision, and the excised Rac DNA is rapidly lost from cells
due to its defect in replication. Thus, the lethal YdaT effect

is counteracted by Rac prophage induction. We have shown
how E. coli rewires its regulatory network, so as to mini-
mize the adverse regulatory effects of adventitiously unleashed
YdaT [25]. This suggest possible YdaT engagement in some
fundamental host processes, though this remains to be tested
experimentally.

So far, the exact role of YdaT in E. coli cell physiology re-
mains elusive, thus our objective was to characterize YdaT
regulatory interactions with its host’s genetic networks and
biochemical pathways. Our results indicate that YdaT has ex-
panded beyond its local phage regulatory function, impacting
the host RcsAB regulon. The fact that E. coli has maintained
the active ydaT gene, while losing some other Rac genes, might
indicate an important YdaT function within a specialized, but
yet undetermined pathway.

Materials and methods

Bacterial strains, plasmids, and oligonucleotides

The bacterial strains and plasmids used in this study are listed
in Supplementary Table S1 of Supplementary Data. Oligonu-
cleotides used are listed in Supplementary Table S2.

Reporter assays

The tested promoters or genes with their native
promoter/operator sequences were cloned as fusions
to a lacZ or red fluorescence (mKate) reporter gene
(Supplementary Table S1). When indicated, a second compat-
ible plasmid was introduced - a pBAD33 derivate carrying
the ydaT gene or other tested TF gene, cloned after an
arabinose-inducible P, ,pap promoter. All experiments were
performed in a Arac background, to eliminate expression of
the Rac repressors. Briefly, fresh transformants were inocu-
lated into LB supplemented with appropriate antibiotics, and
when the cultures reached mid-log phase (ODgg9 = 0.5-0.6),
ONPG (ortho-nitrophenyl-3-galactoside) hydrolysis was
measured and Miller units were calculated. When YdaT
variant or OxyR effect was tested, the cells were incubated
to early log phase (ODgopp = 0.1-0.2), then the expression
of TF was induced with varied concentration of arabinose,
and cultures were further incubated for 60 min, followed
by ONPG test. To measure fluorescence of racR fused to
mKate the bacterial pellet was collected and resuspended
in physiological saline (0.85%) to (ODgpp = 0.3-0.6), and
the relative red fluorescence (mKate2 gene) was measured as
the red intensity (emission at 633 nm with an excitation at
588 nm) using a 96-well plate reader (EnSpire Multimode;
Perkin Elmer) divided by the bacteria cells optical density.
Statistical tests were conducted, as described in figure legends.
Details on plasmid cloning and features are outlined in the
Supplementary Data (Supplementary Table S1).

Cell viability analysis

Overnight cultures of E. coli MG1655 Arac carrying pBAD33
or pBAD33-ydaT were subcultured in LB supplemented with
chloramphenicol (34 ug/ml) until early log phase (ODggp 0.1—
0.2), followed by induction of gene expression with 0.1% L-
arabinose. Control cultures remained uninduced (actually re-
pressed, treated with glucose). Bacteria were incubated with
shaking for an additional 3 h, samples were taken at the in-
dicated times and, after serial dilution, spotted onto LB-agar
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Figure 1. Gene organization of three Rac prophage TFs: RacR, YdaS, and YdaT and its analogy to A bacteriophage with CI, Cro, and Cll proteins (not in
scale). Upper right: representative E. coli MG1655 single cells phenotype under induction of ydaT expression, stained with SYTO 9 (green fluorescence).
(A) The experimentally verified promoters are indicated. (B) Quantitative LacZ assay shows the activity of Py4.st, a shared promoter (—35box TTGACA
and —10box TAATAT) driving expression of ydaS and ydaT genes (pLexydaSshort), its mutated variant (—35 box TTGACA into CCCGGG;
pLexydaSshortMUT), and the negative effect of reverse promoter Pr,cq activity located within ydaS coding sequence on the complementary DNA strand
(pLexydaSPracR4). (C) The expression of ydaT gene depends on its operon background under presence of inactive RacR and inactive YdaS (pLexydaST
versus pLexydaSAydaT), as well as knocked-down reverse promoter (P scra promoter —35 box TTGACG into CCCGGG; pLexydaSAPracR4MUT). The
error bars indicate the averages (£SD) of three independent measurements. Statistical significance calculations were performed using a two-tailed

unpaired Student's t-test (*** P-value < 0.002).

(LA) containing antibiotics and arabinose inducer. The same
samples were used for microscopic analysis and for the flow
cytometry to visualize live and dead cells using LIVE/DEAD
BacLight™ Bacterial Viability Kit (Thermo Fisher, Invitrogen)
that includes a mixture of SYTO 9 and propidium iodide (PI)
fluorescent dyes. The green fluorescent dye SYTO 9 perme-
ates both intact and damaged membranes of the cells, bind-
ing to nucleic acids and fluorescing green when excited by a
485 nm wavelength laser. Conversely, the red fluorescent dye
PI alone enters only cells with significant membrane damage,
which are considered to be nonviable, and binds with higher
affinity to nucleic acids than SYTO 9. DAPI (4,6-diamidino-
2-phenylindole) was also used to stain DNA in viable cells.
Bacterial suspensions were stained according to the manufac-
turer’s protocol and imaged using a Leica DMI4000B micro-
scope equipped with a DFC365FX camera (Leica).

For the flow cytometry, a dead cell control was prepared by
treating E. coli MG1655 Arac pBAD33 with 70% ethanol,
followed by centrifugation and resuspension in 0.85% NaCl
to match the other samples and minimize background fluores-
cence. Data were acquired using an Amnis FlowSight Imag-
ing Flow Cytometer (Luminex) with a 488 nm laser. Laser
power was adjusted to avoid signal saturation in the sample
with the highest fluorescence intensity. The IDEAS 6.2 soft-
ware was used to analyze the data, allowing for the gating of
single cells to prevent the counting of fluorescence from ag-

gregates. This was particularly important due to the increased
slime production and aggregation propensity of ydaT-induced
cells. IDEAS 6.2 also enabled the creation of a dividing line
based on a dead-only control (ethanol-killed cells), differen-
tiating between dead cells (PI fluorescence > 1000) and live
cells (PI fluorescence < 1000). Percentage evaluations were
also performed using IDEAS 6.2. Raw data are accessible at
RePOD repository: https://doi.org/10.18150/1BZXHU.

TEM (transmission electron microscopy) and SEM (scan-
ning electron microscopy) were employed to investigate struc-
tural changes in cell morphology and ultrastructure subse-
quent the ydaT induction. For ultrastructure (TEM), the col-
lected bacteria samples were fixed overnight in 2.5% glu-
taraldehyde (Agar) and postfixed in 1% osmium tetroxide
(Agar), then gradually dehydrated in ethanol and embedded in
EPON (Agar). Samples were cut (65 nm) on ultramicrotome
(Leica UC?7), stained with Uranyless and Reynold’s lead citrate
(Delta Microscopies). Analyses were performed using Tec-
nai Spirit BioTWIN TEM (FEI Company, Eindhoven, Nether-
lands) at 120 kV. For SEM, samples were fixed overnight
in 2.5% glutaraldehyde (Agar) and postfixed in 1% osmium
tetroxide (Agar), then gradually dehydrated in ethanol. Bacte-
ria were mounted onto SEM stubs, air dried, and coated with
gold using a spi-module sputter coater prior SEM observation.
The samples were examined and photographed using a Prisma
E Thermo SEM (Fisher Scientific).
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YdaT overexpression, purification, and
size-exclusion chromatography

The N-terminally 6x His-tagged YdaT variants were puri-
fied as follows. Plasmids carrying ydaT gene variants were
pLATES1 derivatives (Thermo Scientific), where the ydaT
gene is cloned under control of the Pr; promoter, with
T7 RNA polymerase induced by IPTG (isopropyl B-D-1-
thiogalactopyranoside). Plasmid p51ydaT carried wild-type
YdaT, while YdaTLA and YdaTmut variants carried muta-
tions in ydaT gene affecting (respectively) two oligomeriza-
tion residues (L107P and A110P) or two resides responsi-
ble for DNA binding (H56A R57A). Freshly transformed E.
coli ER2566 carrying pS1ydaT, p51ydaTLA, or pS1ydaTHR
were used to inoculate 10 ml of LB supplemented with ampi-
cillin (100 pug/ml) and incubated overnight following dilution
(1:50) in 200 ml LB supplemented with ampicillin. These were
incubated until they reached early log phase. Then ydaT ex-
pression was induced with 1 mM IPTG, cultures were incu-
bated for an additional 3 h, and the cell pellets were collected
and stored at —80°C.

Frozen cells were thawed in NPi10 buffer (50 mM K/POy,
pH 8.0; 0.5 M NaCl; 10 mM imidazole; 10% glycerol) sup-
plemented with 0.25 mM phenylmethylsulfonyl fluoride and
sonicated (40 x 10 s). The lysates were cleared by centrifu-
gation and applied to a column packed with TALON cobalt
resin (Clontech), and washed with NPi10 buffer and NPi20
(as NPi10, but with 20 mM imidazole). Proteins were eluted
with 200 mM imidazole in NPi10 buffer; protein-containing
fractions were pooled and dialyzed overnight either against
DE buffer (10 mM Tris—=HCI, pH 8.0, 1 mM EDTA), for elec-
trophoretic mobility shift assay (EMSA) and footprint analy-
sis, or against SEC (size-exclusion chromatography) buffer (50
mM K/POy4, pH 7.0; 150 mM NaCl; 5% glycerol) for deter-
mination of oligomerization status. For that purpose, SEC on
a Superdex 75 10/300 GL column using the AKTA Pure 25
system (GE Healthcare) were performed. The predicted size
of 6His-tagged YdaT monomer is 18.81 kDa. The 1 mg pro-
teins sample was loaded onto the column equilibrated with
50 mM potassium phosphate buffer (pH 7.0), 150 mM NaCl,
and eluted at a flow rate of 0.5 ml/min in the same buffer.
The column was calibrated with proteins of known molecu-
lar masses: alcohol dehydrogenase, 146.8 kDa; bovine serum
albumin, 66 kDa; ovalbumin, 43 kDa; trypsin inhibitor, 22
kDaj; and cytochrome C, 12.4 kDa (Sigma-Aldrich, St. Louis,
MO, USA).

In vitro binding assays: electrophoretic mobility
shift assay and spectral shifts

For both assays, DNA substrates were polymerase chain reac-
tion (PCR)-amplified using fluorescently Cy5-labeled primer
at one end (Supplementary Table S2).

For EMSA, reactions containing 20 nM DNA and the indi-
cated purified protein concentrations were prepared in a bind-
ing buffer [10 mM Tris-HCI (pH 8.0), 50 mM NaCl, 10 mM
MgCl,, and 1 pg of poly(dI-dC) as a nonspecific competitor]
in a final volume of 20 pl, and incubated for 20 min at 22°C.
Rac DNA substrate within intergenic region (IGR, 271 bp)
covered region —186 to +85 bp, where +1 refers to racR trans-
lational start site. Its negative control was an irrelevant se-
quence, a 262 bp long from bla gene. DNA substrates to test
YdaTg,e and YdaTcp.o33p cross-reactivity covered the equiva-

lent region of Rac and CP-933P prophages, spanning from the
ydaS$ gene end to the start of the ydaT coding sequence (206
bp). The rcsA substrate covered the rcsA gene region from
—390 to + 51 (441 bp) in relation to the rcsA translation start.
Samples were electrophoresed on 5% native polyacrylamide
gels in 0.5 x TBE buffer at 22°C. Detection of the Cy35-labeled
DNA was performed using the Typhoon 9200 variable mode
imager (Molecular Dynamics, USA).

The spectral shifts (SpS) procedure was performed using
Monolith X (NanoTemper Technologies, Germany) [30]. SpS
quantifies the strength of the interaction between fluores-
cently labeled DNA and protein in a rapid and sensitive
manner. The detection of SpS is achieved through dual-wave
length detector at 650 nm and 670 nm in isothermal envi-
ronment. The reactions contained 5 nM CyS-labeled DNA
(Supplementary Table S2) and increasing concentration of
protein over a dilution series (for YdaTWT in a range from
1.1 x 1071 to 3.59 x 107 M; for nonbinding YdaTmut in
a range from 5.95 x 107'° to 1.95 x 10~ M) in binding
buffer [10 mM Tris—HCI (pH 8.0), 50 mM NaCl, 10 mM
MgCl,, and 1 pg of poly(dI-dC) as a nonspecific competitor]|
in final volume of 15 ul. The standard MST (microscale ther-
mophoresis) glass capillaries were used in the auto-detected
channel with automatic power (mostly 100%) at 25°C tem-
perature. The dissociation constant (Kp), representing binding
affinity, was determined by plotting a fluorescence intensity ra-
tio (670 nm/650 nm) against the increasing concentration of
proteins. The data were processed with MO.Control 2 soft-
ware v.2.5.4 (NanoTemper Technologies, Germany). All mea-
surements were performed in triplicates.

DNasel footprinting assay

Protein—-DNA binding reactions were performed with 40 nM
DNA in 20 ul of the following buffer: 10 mM Tris-HCI (pH
8.0), 10 mM MgCl,, and 50 mM NaCl. DNA substrates
were PCR-amplified using fluorescently Cy5-labeled primer at
one end (Supplementary Table S2). For footprints three DNA
fragments were used. First one was to determine the YdaT-
binding site within the racR—ydaS IGR, from —105 to +60
bp, relative to translation start for ydaS (165 bp). The sec-
ond one was to map a binding site upstream of ydaT coding
sequence, region from —136 to +70 bp, relative to transla-
tion start for ydaT (206 bp). Third, DNA substrate covered
sequence upstream of rcsA gene from —390 to +51 bp, rela-
tive to translation start for 7csA (441 bp). For EMSA reactions,
the following protein concentrations were used: YdaTWT and
YdaTmut at 0, 360, 720, 1440, and 2880 nM. The samples
were incubated at 22°C for 20 min, followed by an addition
of DNasel (0.075U; Eurx, Gdansk, Poland) and further in-
cubation at 22°C for 4 min. Reactions were terminated by
adding EDTA to 25 mM, pH 8.0, and concentration by vac-
uum evaporation. Next, the samples were resuspended in 20
ul of loading solution (30% formamide, 6M urea, and 10 mM
NaOH), denatured at 100°C for 2 min, and loaded (7 ul) on
6M urea, 8% acrylamide gels along with sequencing reactions
(5’-CyS5-labeled primers) according to manufacturer’s recom-
mendations (ddNTPs from Jena Bioscience, Jena, Germany
and TERMIPol DNA Polymerase for efficient incorporation
of ddNTPs from Solis BioDyne). The Typhoon 9200 variable
mode imager (Molecular Dynamics, USA) was used for gel
scanning.
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Motility, biofilm, and membrane sensitivity assays

E. coli MG1655 Arac strains, transformed either with the
pBAD33-ydaT or pBAD33 vector as a control, were cultured
in LB medium supplemented with chloramphenicol until they
reached mid-log phase (ca. ODgpo 0.2), when expression of
genes under Pgap promoter was induced with 0.1% arabinose.
Two hours after induction 1 ul of cell culture was injected in
the center of thick LB soft agar plates (0.3% agar) enriched
with chloramphenicol and 0.1% arabinose to ensure that the
agar is punctured halfway to prevent the bacterial suspension
from escaping to the surface or coming into contact with the
bottom of the plate. Additionally, the cells were applied at
a precise right angle to ensure uniform cell diffusion. Plates
were incubated 20 h at 32°C. After that time, motility was
determined as the diameter of the zone migrated by bacteria
inoculated into plate center. Each growth spot was measured
twice by diameter (mm) and the average was taken.

For biofilm assay crystal violet staining was applied. Freshly
transformed E. coli MG1655 Arac strains harboring pBAD33
or pBAD33-ydaT were grown on LB agar plates supplemented
with chloramphenicol and 0.1% arabinose for 48 h at 37°C.
Bacterial suspensions were prepared from both transformants
in LB broth containing 0.1% arabinose to the ODggg of 0.08.
Two hundred microliters of each bacterial suspension and a
blank control (LB broth only) were transferred to individual
wells of a 96-well polystyrene microtiter plates (Sarstedt, Ger-
many) and were cultured for 48 h at 37°C. The plates were
then washed twice with distilled water to remove planktonic
cells. The attached biofilm was stained using 125 ul of 0.1%
crystal violet solution for 30 min and washed three times with
distilled water to remove the excess stain. The biofilm-bound
dye was resolubilized by adding 200 pul of 33% acetic acid
to each well. Absorbance at 595 nm was measured after 20
min incubation at room temperature using the Tecan plate
reader.

For membranes sensitivity assay, the same strain was in-
duced with 0.1% arabinose, serially diluted and spotted on
LB agar supplemented with 0.1% SDS (sodium dodecyl sul-
fate) and 0.8 mM EDTA or on MacConkey medium supple-
mented with chloramphenicol and glucose/arabinose, as indi-
cated. Plates were incubated 20 h at 37°C.

DNA affinity purification assay for the identification
of DNA-binding proteins

The assay utilized the natural affinity of streptavidin to biotin
and was performed to analyze the interaction between tested
DNA and cellular proteins [31]. Two DNA regions, one en-
compassing the locus of interest (165 bp) and another serving
as a negative control (172 bp, promoter region of Csp231I R-
M system [32]) were generated by PCR using primer pairs
BIOydaSpdfor and ydaSpdrev; and Fbiotl and pdnrev, re-
spectively (Supplementary Table S2). One primer of each pair
was biotinylated. The reaction products were visualized by
agarose gel electrophoresis and purified with Clean up kit
(A&A Biotechnology). Approximately 5 pg of DNA was im-
mobilized to 1 mg of Dynabeads M280 streptavidin (Invitro-
gen) in buffer A (DNA binding and washing buffer: 50 mM
Tris—=HCI, pH 7.5, 0.5 mM EDTA, 1 M NaCl) according to
the manufacturer’s instructions. The cell extract was prepared
from the pellet of 25 ml log phase culture of MG1655 by son-
ication in buffer (50 mM Tris—=HCI, pH 8.0, 100 mM NaCl,

Unknown prophage regulator of RcsA gene expression 5

and 0.5 mM EDTA). Dynabeads were prewashed with buffer
B (protein binding buffer: 20 mM Tris, pH 8, 1 mM EDTA
10% glycerol, 1 mM DTT (dithiothreitol), 100 mM NaCl,
and 0.05% Triton X100). The cell extract was also enriched
with poly(dI-dC) competitor (Thermo Scientific), which binds
unspecific proteins. The cell extract was loaded four times in
300 ul aliquots (20 min shaking with 500 RPM followed by
magnet separation). The magnetic particles were washed four
times with buffer B (20 min, 500 RPM). The final fraction was
collected to assess unbound proteins. Bound proteins were
eluted with 60 ul of buffer C (elution buffer, 20 mM Tris pH
8, 1 mM EDTA, 10% glycerol, 1 mM DTT, 1 M NaCl, and
0.05% Triton X100).

LC-MS/MS analysis

Samples for LC-MS/MS (liquid chromatography-mass spec-
trometry) analysis were prepared according to a standard
protocol FASP [33] on a 10 kDa membrane. Obtained pep-
tide fractions were subjected for a final clean-up on C18 (ex-
change disks 3M EmporeTM) StageTips following the de-
scribed protocol [34]. LC-MS/MS analysis was performed on
a hybrid Triple-TOF 5600+ mass spectrometer with DuoSpray
Ion Source (AB Sciex LLC, Framingham, MA, USA) coupled
with Ekspert MicroLC 200 Plus System (Eksigent, Dublin, CA,
USA). The system was controlled by SCIEX Analyst TF 1.7.1
software. The chromatographic gradient for the analysis was
11-42.5% B (solvent A: 0% aqueous solution 0.1% formic
acid; solvent B: 100% acetonitrile, 0.1% formic acid) with a
flow rate of 10 ul/min for 60 min. Chromatographic separa-
tion was carried out on a ChromXP C18CL column (3 um,
120 A, 150 x 0.3 mm; Eksigent). The data-dependent acqui-
sition (DDA) analyses comprise precursor spectra accumula-
tion in 100 ms in the range of 400-1200 m1/z, followed by
top 20 candidate ions per scan in 50 ms in the range of 100-
1800 2/z resulting in a total cycle time of 1.15 s. Experiment
was performed in a looped product ion and high sensitivity
modes.

LC-MS/MS spectra were processed using PEAKS Studio
version 11 (Bioinformatics Solutions Inc., Waterloo, ON,
Canada) with the settings previously described [35]. The data
were analyzed against the E. coli K-12 database (Uniprot,
January 14, 2024). The mass spectrometry proteomic data
have been deposited to the ProteomeXchange Consortium via
the PRIDE [36] partner repository with the dataset identifier
PXDO059580.

Bioinformatics analysis and molecular modeling

The 3D structures of YdaT and its homologs were predicted
utilizing a range of tools: AlphaFold3 [37], Chai-1 [38],
AlphaFold2 [39], ESM [40], OmegaFold [41], RGN2 [42],
Phyre2 [43], HHsearch [44], and Modeller [45]. Compara-
tive analysis, structural alignment, and modeling part were
conducted using UCSF Chimera [46]. Putative oligomers and
DNA-protein interactions were modeled using AlphaFold3
[37] and Chai-1 [38] comparison with DNA-containing tem-
plates from homologous structures (e.g. ACII repressor) in
the PDB, identified by FoldSeek [47] and DALI web server
[48]. The files related to the bioinformatics protein modeling
are accessible at RePOD repository: https://doi.org/10.18150/
1BZXHU.


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf113#supplementary-data
https://doi.org/10.18150/1BZXHU

6 Wonsetal

Results

The racR-ydaS-ydaT operon regulatory insights

Organization of the racR—ydaST operon, along with its pro-
moters is shown in Fig. 1A. We previously demonstrated po-
sitions of the experimentally identified promoters for racR
gene (Pr,r1-3) and the RacR repressor multiple binding sites
(four operators) within the IGR, as well as a single promoter
for ydaS gene [24]. In the present work, we aimed to dis-
sect the activity of the Py4,gr promoter in its natural con-
text, which is silent under normal conditions, in spite of the
exceptional, nearly perfect consensus sequence for —10 box
(TAATAT) and a perfect one for —35box (TTGACA), and
perfect 18 bp spacing between the two [49]. Such sequence
characteristics suggests strong expression from Pyg,r pro-
moter, which was confirmed previously by iz vitro transcrip-
tion [24]. We wondered whether ydaT expression in vivo
also depends on the apparently strong Pyq,sr promoter. We
first tested whether Py 4,57 drives production of the bicistronic
mRNA for ydaS—ydaT genes. We used reverse-transcription
PCR (RT-PCR) with primers encompassing the ydaS—ydaT
region. PCR products were generated for each primer set lo-
cated within the ydaS and ydaT genes, clearly indicating that
a bicistronic transcript is made (Supplementary Fig. S1). We
also determined that ydaT does not have a separate promoter,
as the cloned IGR between ydaS and ydaT does not yield any
promoter activity in reporter assay.

Next, we also noticed that there is a reverse-oriented pro-
moter within the yda$ coding sequence, as predicted by pro-
moter finder (BProm; www.softberry.com), and also indicated
in EcoCyc (www.ecocyc.org). Based on the consensus se-
quence for E. coli 6’ RNA polymerase promoters, the de-
duced —10 and —35 boxes of the reverse P,,.p4 are TACGCT
(consensus TATAAT) and TTGACG (consensus TTGACA),
respectively. Two convergent promoters being 107 bp apart
(from the respective transcription starts) usually results in neg-
ative effect on transcription [50]. We examined this by con-
struction of yda$’::lacZ fusions with the separate Pyq,g1 pro-
moter extracted out of its operon, its knocked-down variant
(=35 box TTGACA into CCCGGG) and ydaS$ fusion vari-
ant with extended coding sequence containing the reverse pro-
moter (schemes at Fig. 1B). The in vivo data show that indeed
Pygast WT drives high gene expression (up to 25 000 Miller
units), typical for exceptionally strong promoters, as predicted
by the i silico analysis. The reverse P.,cr4 promoter action ap-
parently inhibits transcription from the Pyg,s1 by 2-fold (Fig.
1B). We also wondered if the reverse P.,.r4 promoter affects
racR expression, being far from but in the same orientations as
promoters Pp,cr1-3. However it seems, at least under our tested
conditions, that there were effects on gene expression, so the
P.acr4 promoter activity is linked to ydaS/ydaT transcription,
but not to that of the racR gene (Supplementary Fig. S2).

Next, we used the same approach to test gene expres-
sion, but in the native genetic context of the racR—ydaS-ydaT
operon. All plasmid fusion constructs had racR gene inacti-
vated (restriction site Klenow filled), so as not to interfere
with Pyy,¢r-dependent transcription, as we showed previously
that RacR binds upstream of ydaS, within IGR [24] (Fig.
1B). In the racR-negative context, the Pyq,sr promoter is quite
weak, however inactivating the ydaS (deletion of 10 codons
downstream of P.,.r4 reverse promoter), increases transcrip-
tion from Py4,¢1 by 16-fold (Fig. 1C). Additional knock-down
of the reverse promoter (—35 box TTGACG into CCCGGG)

resulted in a further increase of gene expression up to 20 000
Miller units. Altogether, we demonstrated that at least the TFs
RacR and YdaS together with the reverse promoter within
yda$ collectively play a negative role in transcription initi-
ation from the Pyg4,gr promoter, as measured by ydaT gene
expression.

Two separate YdaT-binding sites within the Rac
locus

In order to demonstrate specific binding of YdaT, and to iden-
tify its DNA targets, we performed in vitro gel shift assay
(EMSA) to detect complex formation between purified YdaT
and selected DNA fragments. For this purpose, a set of CyS5-
labeled targets were selected, where finally two separate DNA
fragments showed the specific binding.

First, we used PCR-amplified DNA substrate containing the
IGR between racR and ydaS genes and another, irrelevant,
similar-size DNA fragment as a negative control (Fig. 2A). The
assay clearly exhibited the YdaT dose-dependent formation
of single shifted complexes. Binding was not observed with a
non-specific probe targeting the DNA fragment that codes for
the bla gene (Fig. 2A).

To identify YdaT-binding sites within its bound DNA
fragment, we next performed DNasel footprinting analysis,
with YdaT WT and its nonbinding variant YdaTmut (H56A
R57A). We found a 100 bp long DNA segment, which was
protected from DNasel treatment, unlike the same substrate
with YdaTmut protein. The protected DNA was located in
the range —60 bp to +40 bp where +1 refers to A of the start
codon of the ydaS coding sequence (Fig. 2B). We observed two
regions: one 20 bp long, more distinct region (red bar, Fig.
2B) and the other much wider region, more downstream of
ydaS coding sequence, where YdaT binding may be weaker
(blue bar, Fig. 2B). The protected areas correspond to the lo-
cation of promoter for ydaS (completely overlapping the —35
and —10 box of Pyg,sr), as well as ribosome binding sites
and several codons. We could not distinguish any palindrome
or evident sequence motif within protected region. How-
ever, we attempted to assign the binding sites as three oper-
ators based on data obtained in following text sections below
(Fig. 2C).

For the second DNA substrate that had yielded a positive
gel shift assay, we also performed DNasel footprints analy-
sis, in this case close to the start of ydaT coding sequence. A
distinct region of DNA protection was observed, overlapping
the translation initiation codon for ydaT (Fig. 3A). Within the
protected region, this time we identified the inverted repeats
5'-ATGATTCATGAAAATCAA-3, which are nearly perfect
and spaced by 6 nt. The ATG in the spacer is the ATG initia-
tion codon of ydaT. Another report, on YdaT homolog from
prophage CP-933P in the genome of E. coli O157:H7, showed
the binding site as being 5'-TTGATT-Ng-AATCAA-3’, which
is only 1 nt different at the first position of the first repeat
[51]. We named this binding site as “YdaT-box,” unlike YdaT
operators within IGR.

Given the similarity of the apparent binding sites, we sought
to test whether YdaT of Rac binds the CP-933P prophage
substrate and vice versa, and we were not surprised to see
that the cross-binding did occur (Fig. 3B and C). We used an
in vitro approach to test cross-reactivity of purified YdaTg,c
with different prophage DNA substrates (Fig. 3B) and in vivo
assays to confirm that both YdaT homologs can activate the


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf113#supplementary-data
http://www.softberry.com
http://www.ecocyc.org
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf113#supplementary-data

Unknown prophage regulator of RcsA gene expression 7

-35box Pygst -1000X Pygast 49

non-specific DNA
B ' j . i

A

5- CCTA‘ TTGCGTTAGGCGTCGC-! TCTGTGTGTTTTTGGA
B E—— Oy

GTTCATTCGATGAAAAAAGAGAACTATTCATTCAAGCAAGCTTGTGCTG -3’

0

YdaT [0 - 2880 nM]
IGR DNA substrate

LEE
i
LLLLLLLLE

YdaT [0 - 2880 nM]

ATGC

Og

Cc

ATGATT-n6-AATCAA

inverted repeat

* % %
TTGACAATTGCGTTAGGC
operator left (O,)

* * % Kok ok
TGTGTTTTTGGAGTTCAT

operator middle (Oy)

*

* *k Khkk
AACTATTCATTCAAGCAA
operator right (Og)

123 405
|
YdaT WT

172 345
p—— |
YdaT mut

Figure 2. Mapping the YdaT binding sites within Rac prophage racR-ydaS IGR. (A) YdaT binds specifically to the 271 bp rac region spanning IGR and
part of coding sequence of ydaS and racR. As a negative control, DNA substrate of a similar size was used (DNA coding bla gene). DNA substrates were
amplified by PCR with one primer introducing the Cy5-label at the 5’end. Each binding reaction was carried out with the same amount of DNA (20 nM)
and increasing concentrations of YdaT, as indicated. “0" refers to lane control with no protein. Open and filled arrows denote positions of unbound DNA
and shifted DNA-protein complexes, respectively. (B) Determination of the YdaT-binding sites by DNasel footprinting. The reactions contained 40 nM
Cyb-labeled DNA fragment (IGR substrate) and increasing amounts of purified YdaT WT protein or its inactive variant YdaTmut [H56A R57A] (lanes 1-5
correspond to protein concentration: 0, 360, 720, 1440, and 2880 nM) for 20 min at 22°C. The resulting complexes were briefly digested with DNasel,
and the products were run on 8% denaturing acrylamide gels along with sequencing reactions (ATGC), as outlined in “Materials and methods” section.
The protected areas, resistant to DNasel digestion, are indicated by red and blue bars, and the corresponding DNA sequence is presented above the gel
picture, including part of the ydaS coding sequence (in green) and elements of P4.st promoter (blue boxes). (C) Protected sequence was analyzed and
three 18 bp operators (O ; On; Ogr) were distinguished (binding sites in red font spaced by 6 bp in black) based on data presented in Fig. 3A. The
inverted repeat 5’-ATGATT-n6-AATCAA-3’ served as a reference sequence (Fig. 3A) to assign the similar sequences as operators within indicated

protected regions (identities marked by asterisks).

YdaT-dependent promoter to the same extent (Fig. 3C). Com-
pared prophage-derivative YdaT homologs share only 30%
amino acid identity, though with some highly conserved re-
gions (Fig. 3D).

YdaT binding within the intergenic region and its
effect on ydaS and racR expression

To test the effect of YdaT binding to its three operators, lo-
cated between racR and ydasS, but in the absence of the YdaT-
box within ydaT, we used plasmids where both genes are
fused to a reporter lacZ gene. In the second plasmid, the ydaT
gene was cloned under the control of inducible Pgsp promoter,
where YdaT gradient is correlated with arabinose concentra-
tion added to the culture medium.

First, we tested the level of 7acR expression, when the YdaT
binding occurred in the IGR when YdaS and RacR are absent.
Clearly, even a very low level of YdaT decreases racR expres-
sion (Fig. 4A). However, when the lacZ reporter reflects ex-
pression of the other side of the IGR (ydaS), we observe no
effect of YdaT binding. The shorter or longer genetic context
did not change the results (Fig. 4B and C). Overall, it seems the
role of the YdaT binding within the IGR is rather to control
the level of RacR, and not of YdaS.

YdaT binding to the YdaT-box activates racR
expression from a distance, via a reverse promoter
present within ydaS
To explore the potential regulatory role of the YdaT bind-
ing site (YdaT-box) within ydaT (as opposed to the one
in the IGR), we prepared plasmids to test the activity of
the reverse P.,r4 promoter by fusing it to a lacZ gene
with an inserted SD (Shine-Dalgarno) sequence. In this plas-
mid, the YdaT-box is localized at its natural distance, ~190
bp upstream from the tested reverse P.,.rsa promoter (Fig.
5A). In addition, neither ydaS nor ydaT is active, and their
shared promoter is absent. We also prepared a variant of
this plasmid as control, where YdaT-box is mutated (YdaT-
boxWT = ATGATTCATGAAAATCAA changed to YdaT-
boxmut = CCCGGGTTCATGGCGCGC) via site-directed
mutagenesis. Neither of these constructs showed any change
in promoter activity (Fig. 5B). However, when YdaT expres-
sion was induced in #rans by arabinose, only the reverse
promoter with WT YdaT binding sites drove transcription
strongly (up to a 29-fold increase) (Fig. 5B). This result clearly
indicates a dependence of the high reverse promoter activity
on the YdaT interaction with its YdaT-box.

We wondered if such great stimulation of the reverse pro-
moter could affect nearby convergent promoter driving the
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Figure 3. Identification of the YdaT binding site and YdaT homologs cross-reactivity. (A) Mapping YdaT binding sites within ydaT upstream region of Rac
locus (assigned here as YdaT-box) by DNasel footprinting. The reactions with purified YdaTWT and YdaTmut were composed and treated with DNasel
as described at Fig. 2. Protected area is indicated by a bar and corresponding DNA sequence is presented above the gel picture. The recognition
sequence, an inverted repeat, assigned as YdaT-box is shown. (B) YdaT of Rac can cross-interact with two DNA substrates, natural and of CP-933P
prophage, using in vitro assay. The Cyb-labeled DNA substrate contained the recognition site, YdaT-box of Rac and of CP-933P prophage. Each binding
reaction was carried out with the same amount of DNA (20 nM) and increasing concentrations of YdaTg,e (0, 90, 180, 360, 720, and 1440 nM). “0"
refers to lane control with no protein. Open and filled arrows denote positions of unbound DNA and shifted DNA-protein complexes, respectively. (C)
The YdaT homologs from two cryptic prophages of E. coli (Rac and CP-933P) were tested in vivo for ability to cross-activate YdaT-box-dependent
promoter. The same plasmid with reporter LacZ gene carrying YdaT-box of Rac (WT or mutated) (pLexPracR4YdaTbox versus pLexPracR4YdaTboxMUT)
was used to measure the promoter activity following induced expression of YdaT from either Rac or CP-933P (pBAD33-ydaT or pBAD-ydaTCR
respectively). (D) Alignment of amino acid residues of YdaT homologs from E. coli using CLUSTAL Omega (1.2.4): YdaTgse (Uniprot P76064) and
YdaTcpgazp (Uniprot Q8 x 4Y2). The conserved residues H56 and R57, located within the oc-helix (o) and crucial for DNA binding are boxed. In addition,
residues L107 and A110, marked in boxes, were mutated to prolines to disrupt the long o-helix («6) that serves as an oligomerization scaffold. The
secondary structure of YdaT is also shown.
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Figure 4. YdaT binding within its operators in the IGR affects racR expression rather than ydaS expression. A two-plasmid genetic system was used to
estimate the gene expression by quantitation of LacZ. The racR (pLexPracR1-3) (A) or ydaS [wider context, pLexydaST (B) and shorter context (C),
pLexydaSshort] genes were fused to lacZ reporter on one plasmid, whereas the second plasmid delivered empty vector (orange) or a wild-type YdaT
gene (blue) under the inducible P,apap promoter. Gene expression was measured as LacZ activity (Miller units) at increasing YdaT concentrations (under
glucose, or from 0 to 0.01% arabinose). The error bars indicate the averages (£SD) of at least three independent measurements. Statistical significance
calculations were performed using a two-tailed unpaired Student's t-test (ns, not significant; * P-value < 0.05; *** Pvalue < 0.001).
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Figure 5. YdaT increases racR expression by binding to its YdaT-box and boosting the reverse promoter. (A) The YdaT-box, and elements of the reverse
Pracra €lements, are shown at the top, along with schematics of the plasmids used. In all experiments, this two-plasmid system was used to test the
effects of YdaT delivered in trans, using the same procedures as described in Fig. 4. (B) P.,cra promoter activity was measured in the absence of active
ydaS and ydaT genes, but preserving the natural distance between promoter elements and YdaT-box, as indicated in the plasmid scheme. Two
constructs were used with either the WT YdaT-box or its mutated variant (pLexPracR4 or pLexPracR4MUT, respectively). The second plasmid delivered
either inducible ydaT over a gradient of inducer (arabinose) or empty vector. (C and D) A two-reporter construct (pLexydaSAracR::mKate) was prepared
to measure ydaT expression via LacZ activity (C) and racR expression was assessed from a red fluorescent reporter (mKate) (D). Again, the same
plasmid delivering inducible ydaT to test whether binding to YdaT-box (or its mutated variant) affected the divergent Pracra or Pygast promoters, located
between the two reporters. Colors indicate which plasmid pair was used. The error bars indicate the averages (£SD) of at least three independent
measurements. Statistical significance calculations were performed using a two-tailed unpaired Student's t-test (*** (P-value < 0.001).

ydaST transcript and/or same direction promoters for racR
gene. Accordingly, we constructed a two-reporter plasmid.
Though none of TF is active, all of the binding sites for YdaT
are present. One reporter measures ydaT expression (LacZ
units), while the second shows racR expression (red fluores-
cence from mKate) (Fig. SA). In addition, the same plasmid
but with a mutated YdaT-box served as control. We varied
YdaT expression in trans again, and measured both reporters
with WT and mutated YdaT-box in parallel. The level of ydaT
expression did not change much over the entire arabinose gra-
dient, so it seems, the Pyq,5r promoter activity did not change
much regardless of YdaT binding to its YdaT-box (Fig. 5C).
However, when we measured expression of 7acR, we observed
a steep increase only in case of WT YdaT-box, and not within
the mutated variant (Fig. 5D).

Altogether, we clearly demonstrated the importance of
YdaT binding to the YdaT-box for activation of racR expres-
sion, which is mediated by the P.,cr4 promoter located at ydaS
coding sequence. It seems this may explain the cooperation of
RacR and YdaT to achieve a common goal, which is a stable
maintenance of prophage within a genome.

YdaT expression is blocked by the host oxidative
stress TF-OxyR

Expression of ydaS/ydaT is undetectable under physiolog-
ical growth conditions [21]. We previously determined the
start of a single bicistronic transcript for ydaS and ydaT, and

mapped their common Py 4,¢r promoter [24]. This promoter
has nearly perfect sequences as compared to the E. coli ¢”°
consensus promoter [49], including the —10box (TAATAT),
—35box (TTGACA), and 18 bp spacing between them (Fig.
2B), indicating strong promoter potential, as we have actually
seen in vitro [24]. This raises the question of why Pyt is
normally silent in vivo. Thus, we sought to find some host
cellular TFs, which might be involved in suppressing tox-
icity of ydaT. We already found the abundant presence of
RacR repressor in the IGR between ydaS and racR genes,
but Pyg,st promoter had weak activity even in AracR back-
ground [21, 24]. To identify proteins that might bind to the
promoter region upstream of ydaS, we employed a DNA pull
down assay. We prepared two biotinylated DNA probes, one
spanning the entire IGR region (between the racR and ydaS
genes, Fig. 6A) and the second serving as a negative con-
trol, encompassing an irrelevant promoter region of simi-
lar length (from the Csp231I restriction-modification system
[32]). Three biological replicates of E. coli cell extracts were
applied and the pulled-down proteins were analyzed by mass
spectrometry.

The LC-MS/MS analysis showed >300 proteins bound to
both DNA probes. For further analysis, we considered only
peptides identified solely in the IGR region (absent in negative
control) and present in all three pull-down replicates (Fig. 6A
and B; Supplementary Table S1). We also limited our analysis
to proteins with regulatory potential, such as TFs. Only two
proteins met all these criteria: RacR and OxyR. The RacR
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Figure 6. Negative impact of global transcriptional regulator OxyR on ydaST expression. (A) A Venn diagram (not to scale) illustrates the number of
protein hits obtained from a DNA pull-down assay using two DNA substrates (probes): one with the IGR between rach and ydaS genes (a scheme
below Venn diagram), and a negative probe with DNA similar length. (B) Identified proteins which are TFs are listed in table form, in columns
representing the three tested probe replicates and one of the negative probe. Only two TFs fulfilled the criteria of (i) being present in all three replicates,
(ii) absent from the negative control: RacR and OxyR. (C) The ydaT gene expression was measured in a Arac background with either AoxyR or Ahns
Ahha (as a control). Expression was measured from a plasmid construct, in which ydaT was transcriptionally fused to the lacZ reporter gene (pLexydaST
on the scheme). (D) Effect of inducible oxyR expression, under control of the arabinose-inducible promoter, showing its negative effect on ydaT
expression. The ydaT expression level was measured in E. coli Arac AoxyR strain with two plasmids: one with ydaT fused to /acZ (as in schematic), and
the other delivering OxyR from arabinose-inducible Pgap promoter (pBAD-oxyR plasmid). Empty vector served as a negative control. LacZ assay was
performed in triplicate, over a gradient of arabinose, and the averages and standard deviations (£ SD) are shown. Statistical significance calculations
were performed using a two-tailed unpaired Student's t-test (ns, not significant; * P-value < 0.05; ** P-value < 0.01; *** P-value < 0.001).

repressor appearance was expected and served as an internal
positive control. The OxyR regulator is associated with global
oxidative stress [52], though the experiment was performed
under physiological conditions in LB medium.

To determine whether OxyR indeed is involved in negative
regulation of ydaS and ydaT operon, we constructed a double
mutant strain of E. coli (Arac AoxyR) and quantitated Pyg,s1
promoter activity. We used also Abns Abba mutant strain as a
control, which eliminated a global transcription regulator H-
NS and Hha (hemolysin expression modulating protein), from
among protein candidates to bind IGR region (H-NS bound to
both DNA segments, Fig. 6B). Hha acts as a helper to H-NS,
enhancing its global gene silencing efficiency [53, 54]. To mea-
sure Py g7 activity, the reporter lacZ gene was fused to ydaT
gene in presence of active ydaS and in the absence of racR gene
(Fig. 6C). Our results confirmed that in the Arac background
only OxyR, but not H-NS, affects expression from Py g,qr, as
the expression level increases 2.5-fold in the absence of OxyR,
while it is not changed in Abns strain. In addition, we also
tested the effects of overexpressing oxyR, from an arabinose-
inducible promoter, on Pyg,sr in the same Arac AoxyR strain.
As expected, increasing OxyR levels reduced Pyg,s1 promoter
activity (Fig. 6D). In fact, we tried to find a sequence typical

for OxyR binding sites, but such sequence is poorly conserved

[5S].

Evidence for direct YdaT binding to the host rcsA
promoter region and its regulatory impact

In the previous section, we found that a host TF (OxyR) con-
trols a Rac prophage promoter (Pyg,s7). Here we did the re-
ciprocal experiment, looking for host genes controlled by the
Rac prophage TF YdaT. Previously, we found an additional
effector gene for YdaT outside the rac locus by creating a Tn§
genome library without Rac genes and selecting for growth
under YdaT overexpression [25]. The selected TnS-disrupted
gene was rcsA, coding a multifunctional transcriptional acti-
vator, which controls a phosphorelay system and is involved
in biofilm production, cell division, motility, swarming, and
other functions [56, 57]. We used an essential complemen-
tation assays and de novo rcsA mutagenesis, to confirm the
ydaT-rcsA genetic associations responsible for inducting cell
filamentation and death under prolonged ydaT expression
[25]. To determine whether YdaT affects rcsA expression di-
rectly, we used gel shift assay to test whether YdaT protein
binds a DNA fragment containing the upstream region of rcsA



gene and part of its coding sequence (Fig. 7). YdaT binding
was evident, in contrast to its nonbinding variant YdaTmut
(H56A RS57A) (Fig. 7A). We fused the same DNA fragment
with the native rcsA promoter, to the lacZ reporter gene in a
Arac background, and induced ydaT expression in trans (Fig.
7B). The results show that higher YdaT levels led to increased
rcsA expression, by almost 5-fold. EMSA and LacZ fusion ex-
periments, together, indicate that YdaT activates rcsA directly.
However, the same test when conducted in Arac Abns Abha
cells resulted in high rcsA gene expression with no response
of rcsA promoter for YdaT action. This confirms that rcsA
expression is under negative regulation by H-NS (Fig. 7B), as
reported before [58].

Next, to reinforce the binding assay results, and to confirm
that the change in RcsA expression was due to direct YdaT
binding to the 7scA region, we performed binding site mapping
assays using again DNasel footprinting (Fig. 8A). We used the
same DNA fragment as a substrate that we used in EMSA
studies. We also checked that the rcsA promoter region did
not reveal any DNA inverted repeats like the YdaT-box site
determined within ydaT sequence 5'-ATGATT-ng-AATCAA-
3, so we expected some deviation from this recognition se-
quence. Indeed, a distinct region of DNA protection was ob-
served far upstream of rcsA promoter (~170 bp upstream
from rcsA transcription start site). Of note, the protection site
overlapped the recognition sites for the TF heterodimer RcsA—
ResB [59], as an important element of 7csA gene autoregu-
lation. In fact, their binding sites are formed by two boxes,
where box1, but not box2, is present within the protected area
determined by footprint assay analysis (red bar at Fig. 8A).
Such an area of protection was not detected when YdaTmut
was used. We identified the sequence resembling YdaT-box
within the protection sequence, as 5'-TGAATT-ng-AATATA-
3, where only 7 nt out of 12 nt is identical with YdaT-box.

Of note, we determined that YdaT homolog from CP-933P
prophage is unable to activate the rcsA promoter, indicating
that some protein flexibility is achieved toward targets, like
conserved YdaT-box sequences, but not others (Fig. 7C). This
property may illustrate some limitations in TF specialization
and effect on host.

Next, we also asked whether YdaT has any significant pref-
erences among its molecular targets. We used the sensitive
biophysical method of SpS analysis, for rapid and easy deter-
mination of affinity constants (Kp) for the three determined
DNA substrates having YdaT-binding sites. Plotting the ra-
tio of the fluorescence signals (670 nm/650 nm) against the
concentration of YdaT protein provided binding curves that
could be used to generate Kp values (Fig. 8B). The obtained
dose-response curves were not observed using YdaTmut pro-
tein, which confirmed its inability to bind DNA. Overall, we
did not see any great differences in binding, as all tested disso-
ciation constants (Kp) were in the same order of magnitude,
being 1.23 uM for rcsA promoter; 0.66 pM for racR—ydaS
IGR; 1.1 uM for the upstream ydaT coding sequence (Fig.
8B). This suggests that, at any given cellular concentration of
YdaT and under our growth conditions, all molecular targets
are bound without any significant preference.

YdaT homologs, its predicted structure, and
analogy to ACII repressor

YdaT is usually annotated in gene and protein databases as
a putative bacterial toxin that is neutralized by the puta-

Unknown prophage regulator of RcsA gene expression "

tive antitoxin YdaS. We and others have shown previously
that both YdaT and YdaS are rather Rac prophage TFs
(21, 24-26].

A BLAST database search revealed that YdaT is easily iden-
tifiable in most E. coli strains, particularly within prophage re-
gions, and more broadly within the Enterobacteriaceae fam-
ily. The predicted structure of YdaT and its homologs indi-
cates that the 3D structure is highly conserved (Fig. 9 and
Supplementary Fig. S3).The protein is composed of an N-
terminal DNA-binding domain (DBD), which contains a clas-
sical helix-turn-helix (HTH) motif that binds to the major
groove of DNA (Fig. 9A-C). This HTH motif is formed by
five o-helices packed into a compact, globular domain. Specif-
ically, the «3 helix interacts with the DNA’s major groove,
while helices a1-a2 and «3—a4 stabilize the interaction with
the DNA backbone (Fig. 9C). To confirm this interaction,
we mutated residues H56 and R57 to alanine, which re-
sulted in the loss of DNA binding. Using size-exclusion chro-
matography, combined with co-chromatographed molecular
size markers, we confirmed that YdaT forms tetramers (Fig.
9B). More precisely, the individual DBDs pair into two sets
of dimers, with monomers A and B forming one dimer, and
C and D forming another. At the C-terminus, the protein fea-
tures a long o-helix (a6, residues 95-128), which serves as
a scaffold for tetramerization (Supplementary Fig. S4A and
B). The significance of this «6 helix was demonstrated by
mutating residues L107 and A110 to prolines, which dis-
rupted oligomerization (Supplementary Fig. S4C-E). These
mutations, known for their helix-breaking properties, likely
caused a disruption in secondary structure, as suggested by
molecular modeling. The YdaT tetramer behaves similarly to
its homolog CP-933P, forming a tetrameric structure. Each
YdaT unit contains two independently binding sites within
two inverted repeats, such as those found in YdaT operator
recognition sites (Supplementary Fig. S5) [51]. YdaT also ap-
pears capable of recognizing single inverted repeats as a dimer,
such as those in the rcsA promoter. Alternatively, it may re-
quire additional binding sites at a suitable distance to func-
tion as a tetramer, if possible. It can recognize two double
DNA motifs located, for instance, at operator left (Or) and
operator right (Og) from the IGR, or a YdaT-box at one site
and the operator middle (Oy) from the IGR at another site
(Supplementary Fig. S6).

Interestingly, the mode of action of YdaT resembles that
of CII from Lambda phage, another well-studied TFE. Struc-
turally, these two proteins also share a similar architecture,
with a crucial a-helix («3 in both YdaT and CII) showing
high sequence similarity (Fig. 9D). In both proteins, arginine
residue stabilizes DNA binding (YdaT R57; CII R43), while
next tryptophan residue maintains the overall DBD fold, with
both residues conserved across the two proteins. This «3 helix
from the HTH motif binds the major groove of DNA, while
the rest of the DBD stabilizes the interaction by binding to the
DNA backbone from above (Fig. 9E).

YdaT-mediated toxicity in subpopulation of E. coli
cells

Our previous work demonstrated first that YdaT protein ex-
pression is lethal to E. coli MG1655 cells [23, 24] and sec-
ond that to counteract the toxicity, the entire Rac prophage
DNA is excised and eliminated from cells [25]. The cells cured
of Rac completely recovered, provided that they could resist
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performed using a two-tailed unpaired Student's t-test (ns, not significant; * P-value < 0.05; **P-value < 0.01; *** P-value < 0.001).

the transient ydaT expression for several generations. We ob-
served that the lethal effect was preceded by cell elongation,
but was not observed at every cell. Because a subset of cells
were resistant, eventually the entire population was restored.

In addition, previous transcriptomic analysis [23], revealed
that high ydaT expression was also associated with repression
of an entire group of genes responsible for lipopolysaccharide
(LPS) synthesis, such as operon waaBGLOPRSUYZ, wbbI]K,
gmhB, glf, lpxP, and nlpA.

Thus, we aimed to explore the toxicity more closely, but
in Arac cells to avoid the effect of other Rac regulators and
genes. We employed the LIVE/DEAD™ BacLight™ Bacterial
Viability Kit (Thermo Fisher, Invitrogen) to differentiate the
viable (green, SYTO 9 staining) and dead cells (red, PI stain-
ing) using fluorescence techniques at both population and sin-
gle cell levels. In this assay, the dead cell ratio is defined as a
number of red cells (that have lost the membrane integrity) to
the total number of green cells stained with SYTO 9. The E.
coli Arac cells carrying the pBAD-ydaT plasmid were exposed
either to glucose (ydaT OFF) or to arabinose (ydaT ON), and
samples were collected over 180 min (Fig. 10). We observed
that cell viability (CFUs) started to decrease about 50 min af-
ter ydaT expression. By 90 min the viable cell number dropped
by four orders of magnitude, but remained at that level over

the next 3 h (Fig. 10A). This is in agreement with a parallel
test measuring dead cells via PI fluorescence, where the highest
level of dead cells was observed ~90 min after ydaT induction,
again followed by a leveling off (Fig. 10B). The microscopic
and flow cytometry analysis revealed that within 3 h approxi-
mately 20 + 5% of cells are already dead, as Pl-staining (red)
is only seen in cells that lost membrane integrity (Fig. 10C and
D). However, with prolonged observation it is hard to calcu-
late the exact number of dead cells by this method, as the dead
cells undergo the lysis. In addition, at that point the cell mor-
phology undergoes a transition from rod-shaped to slightly
elongated, spindle-shaped cells with bright center, where DNA
has condensed (Fig. 10D, internal window). This stage pre-
cedes the full filamentation observed several hours after ydaT
induction (Fig. 1A).

We also carried out more single-cell studies on YdaT-
induced cells using TEM and SEM, respectively. The TEM
images indicate chromatin condensation, revealed as white
blobs within cells (Fig. 10E indicated by arrows). In accord,
the SEM images capture the membrane collapse stages, dis-
playing the profound membrane damage and cellular content
leakage (Fig. 10F indicated by arrows). The fluorescent mi-
croscopy also shows the cytoplasm efflux, as a haze of red PI
dye leaking from dead cells (Fig. 10G marked by arrows).
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DNAs.

In addition, we tested also whether the decreased LPS syn-
thesis associated with ydaT expression affects membrane per-
meability. Usually such cells may be characterized by hyper-
sensitivity to a low level of SDS (0.1%) and bile salts. Though
the YdaT-expressing cells are less viable than empty vector
controls in the absence of SDS, we attempted to test the cell
growth (as CFUs), and confirmed that ydaT expression makes
cells more sensitive to SDS (Fig. 10H). Similar results were ob-
tained when the growth was tested on McConkey agar con-
taining bile salts (Fig. 10I). Taken together, the viability test,
including SEM, TEM and membrane sensitivity test are clear
evidence of the toxic high-level YdaT effect for the majority of
cells, but independent of genes within the Rac prophage. How-
ever it seems some cells are able to escape the genetic pressure
of YdaT, suggesting the strong host response to survive.

Impact of YdaT expression on E. coli cell motility
and biofilm formation

It was reported before that ResA/RcesB heterodimer can effi-
ciently repress expression of the fIbDC operon, which encodes
the master regulator of flagella production, by binding to Rcs
boxes located just downstream of fIhDC transcription start
[60, 61]. In addition, RcsA alone can repress the fIh operon,
and reduce motility [62]. Thus we wondered if, under condi-

tions of high RcsA expression following induction of ydaT,
the cell motility is inhibited enough to show a difference in
a standard motility assay. We prepared soft agar plates with
arabinose, and spotted the cells after ydaT induction to eval-
uate the motility-associated phenotypes. The results clearly
showed that motility was significantly reduced (about 5-fold)
with ydaT expression, as measured by migration diameter
(Fig. 11A and B). In order to confirm that weaker motility
is not only the effect of lower cell viability under induction of
ydaT expression, we took the bacteria sample from the spot
center on soft-agar and stained with PI (red; dead cells) and
DAPI (blue; all cells). We observed a strong majority of live
cells, with some isolated elongated dead cells (Fig. 11C).

The Res phosphorelay is known to negatively impact cell at-
tachment to surfaces, an early stage of biofilm formation, by
repressing genes responsible for surface adhesins and inhibit-
ing the expression of the flhDC operon, which encodes the
master regulators of flagella biosynthesis—both essential for
the initiation of biofilms [60, 63—65]. On the other hand, the
RcsA TF stimulates expression of the ¢ps operon, leading to
the production of extracellular colanic acid, which is essential
for the maturation of biofilms in E. coli during the late stages
of biofilm formation [56, 66]. Thus, we also predicted that
YdaT production may indirectly affect biofilm formation, and
we addressed this issue experimentally. Again, we grew the



14 Wons et al.

operator right
AGAACTAT-TCATTC-AAGCAAGC

operator left YdaT tetramer
TATTGACA-ATTGCG-TTAGGCGT

wal 22 ISR
g 8 < S
B kpa: T 5 yvy vy
70 == <+——77.55 kDa
55 — c 4
40 . = YdaT WT
35 - &3
5 - d g <—34.30 kDa
E=}
- 1—% ) tetramer
15 . m
)
10 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

volume (mL)

C

a8 (95-131)

a1 (5-19)
05 (83-92)
a4 (64-80)
@2Eie o
R57
TGGAGCAACGCAAACAAACGTGCTTAT

E

7 81 9
..DKSQ.I%RWKRD 44444 ..I‘P SM. .[LLiav
NNQQ|. .NTYHRWLKGETKTQREKI . .Q. .KLIP. .
||

a3 helix

L
cn 0 GSHMANK
YdaT 1 ......

101 11 121 131 41 151 161 171 181

cn SSLE. . WG. . V. VDDDMARLARQVAATLTNKK . oo\ttt it e it i et e e e e e e e
YdaT 76 . . AIL|.ATLPREL. ................ RHRLCIFDTLERRALLAAQEALSTAIDAHDDAVQAVYRKAHFSGGGSSDDSVIVH
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two types of cells: WT and ArcsA cells with empty vector, or
plasmid carrying arabinose-inducible ydaT at 37°C without
shaking for 48 h, then measured biofilm formation via crystal
violet staining (Fig. 11D). The quantification clearly showed
that YdaT induction led to a 7-fold increase in biofilm forma-
tion in the presence of genomic rcsA, while failed to enhance
biofilm formation in the absence of rcsA (Fig. 11D). Hence,
we claim that YdaT stimulates biofilm production via RcsA
activation.

Discussion

To date, the exact role of the Rac prophage TF YdaT in E. coli
cell physiology remains elusive, due to the fact that this TF
is not expressed under normal growth conditions. However,
we created a genetic context in which YdaT expression was
induced via adventitious transcriptional cross-talk between a
C protein (regulator of a restriction-modification system) and
the Rac master regulator - RacR [24, 67]. We previously de-
scribed this phenomenon and demonstrated that the toxic ef-
fect on E. coli cells is associated with YdaT induction, and
that this toxicity may be obviated by Rac prophage excision
and elimination of prophage genes [25].

Our major objective in this report was to determine YdaT
action as a TF, and to characterize YdaT regulatory proper-
ties, both within its prophage racR-ydaST operon, as well as
outside of its native locus.

YdaT expression and its prophage locus regulatory
landscape

Although Rac prophage is cryptic, and many of its struc-
tural genes are disabled, the 7acR—ydaST regulatory operon is
still active. However expression of this operon is blocked by
multilayered molecular mechanisms, which we attempted to
characterize. This Rac region was previously investigated and
noted to have an analogy to the immunity regions of other
lambdoid prophages in terms of gene organization, operator
locations, and gene regulation [21, 24, 26]. Specifically, this
Rac region resembles the lysis/lysogeny decision region be-
tween the CI and Cro genes in the case of A bacteriophage [68,
69], the dicA and dicC genes in case of E. coli Qin prophage
[16], and many other prophages. We previously identified sev-
eral promoters between racR and ydaS genes (IGR), as well as
multiple RacR (CI homolog) binding sites [24] (Fig. 1). The
stable production of RacR assures the prophage maintenance,
and its loss drives the Rac excision and subsequent elimina-
tion. The very strong Py 4,¢r promoter (equivalent of Pr of A
phage) drives expression of both TFs genes: ydaS and ydaT,
and yet under normal growth conditions its transcript is barely
detectable. Previously we showed that YdaT expression does
not induce Rac excision, unlike Yda$, supporting the notion
of YdaT and RacR cooperation in maintaining the lysogen
status of Rac [24]. We determined two areas of YdaT bind-
ing, one within the ydaT coding sequence (YdaT-box), and
the other within the racR—ydaS IGR. The YdaT-box has in-



verted repeats that are nearly perfect in symmetry, but is quite
variable in other regions, like the intergenic Rac locus (three
operators) and rcsA promoter at genomic site. Of note, YdaT-
box is almost the same as that for the YdaT homolog of CP-
933P prophage [51]. YdaT forms a tetramer, and similarly to
ACIL, activates transcription from the reverse Pp,r4 (equiva-
lent of Prg of A phage). This stimulates RacR repressor ex-
pression via binding to the YdaT-box, and possibly by RNAP
recruitment, to maintain the lysogenic state [70, 71]. We tested
the role of YdaT-box in Rac immunity region and found out
that YdaT binds it to achieve stimulation of the reverse P ,r4
promoter, just like in lambda and CP-933P phage. However
YdaT in CP-933P prophage does not seem to affect the analog
of ACI (PaaR2) [26]. In addition, YdaT of CP-933P does not
bind within the paaR2-ydasS region (CI-Cro analog in lambda
phage), as we observe in Rac. The ACII binding to Pgg re-
sults in the elevated levels of CI repressor [72], what we also
observe.

Moreover, we showed that RacR and YdaS strongly depress
ydaT expression, as does the global host regulator OxyR.
These three TFs have binding sites in the IGR [24]. OxyR is a
major sensor of oxidative and nitrosative stress, and controls
over hundred E. coli genes [52, 73], but also affects prophage
genes and resultant lysis/lysogeny decisions in E. coli (and
in other hosts having OxyR homologs) [74-76]. So far, there
is no evidence, of any lambdoid phage repressor having ex-
panded its role beyond the phage locus, aside from the obser-
vation of poor E. coli growth and reduced fitness upon over-
expression of ACII [77, 78], or of ACI in E. coli growing on
succinate as a carbon source (due to direct inhibition of host
pckA gene by CI [79]. Overall, we see much greater similarity
in Rac immunity region regulation with lambda phage than
with CP-933P prophage (which apparently lacks YdaT bind-
ing sites between ydaS and paaR2) [26].

Transcriptional prophage-host relationships

Many studies have focused on prophage genes that can di-
rectly contribute to the repertoire of host genes that affect
host physiology or metabolism [6, 7, 9, 10, 18, 80, 81]. How-
ever, much less attention has been paid to prophage regulatory
elements, like TFs or sSRNAs, that may modulate expression
of host genes. The co-existence of a prophage and its host’s
genes would seem to offer opportunities for positive selec-
tion of prophage TFs’ gaining the ability to regulate some host
operons. Likewise the host would seem to be under selective
pressure to use its regulatory mechanisms to domesticate its
prophages for its own benefit [6, 7]. (Taking this a step fur-
ther, some prophage regulatory genes also control other co-
resident prophages [82], and even communicate within a bac-
terial population in a phage specific code to make a coordi-
nated lysogeny decisions [83]).

This report is a continuation of our previous studies, show-
ing that a single prophage TF is able to induce a pheno-
typic changes through regulation of host-encoded genes [23,
25]. We mapped the crucial molecular interaction between
prophage YdaT and a DNA sequence within so called RcsAB
boxes, affecting expression of the host TF RcsA. ResA is an
auxiliary protein that helps to form more stable RcsA/RcsB
heterodimer, with greater affinity for RcsAB boxes, which are
present in many bacterial promoters [59, 84]. However, not
much is known about function of box1 and box2 in the Re-
sAB binding regions, except that binding to both boxes acti-
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vates target gene expression. YdaT binding to box1 enhances
the activation mode via box2 only, to an even higher extent.
Interestingly, the same DNA region is also bound by the bacte-
rial histone-like protein H-NS [85], and yet YdaT can interfere
with rcsA expression. However, in a Abns context, full rcsA
expression occurs regardless of YdaT action. This distant up-
stream rcsA region contain long A/T-rich tracts, inducing a
DNA curvature that affects some proteins’ preferential bind-
ing, resulting in gene expression changes. These effects may
include binding of regulatory proteins like H-NS, RcsA /ResB,
and YdaT, or the small regulatory RNA DsrA [58], which to-
gether modulate the level of 7csA transcript. In addition, ResA
level is achieved and controlled through direct processing by
the Lon protease [57].

The ResA, together with ResB, affects hundreds of genes
within its regulon that are related to the exopolysaccharide
and colanic acid biosynthesis (cps), cell motility, lipoprotein
synthesis, and other gene regulators [56, 57, 86]. In addi-
tion, Rcs system can sense cell envelope damage, and regu-
late gene expression to counteract this stress. In this sense,
YdaT might stand as an interesting prophage-encoded exam-
ple of a TF with pleiotropic effects on E. coli physiology. Fur-
thermore, since YdaT is notably able to interact with rather
poorly conserved DNA sites, it is highly possible that interac-
tion within the genome is not limited solely to RcsAB box, but
it may appear also at other genomic sites affecting other genes
expression.

Another TFE the DLP12 prophage protein AppY, was found
to interact directly with 11 molecular targets, which collec-
tively increase bacterial survival under low pH conditions,
while also boosting biofilm formation and decreasing motil-
ity [14]. Other E. coli O157:H7, CP-933H prophage-encoded
regulatory protein, PatE, increases the expression of genes as-
sociated with acid resistance and to inhibit the ones belonging
to the heat shock family and type III secretion pathways [87].
In similar fashion, the E. coli Qin prophage TF - DicC (an
analog of Cro repressor of lambda immunity region) binds
hundreds of genomic loci related to acid and oxidative stress
resistances, as well as host cell growth defects [88]. Though
Qin-related TFs affect closely located genes controlling cell di-
vision, they seem not be linked to YdfX (Qin prophage YdaT
homolog), which is coded for in the same operon as DicC (Rac
prophage YdaS homolog). However some reports, related to
the Qin prophage, describe growth defect mechanisms con-
nected to the action of dicF (which specifies a small RNA
that inhibits cell division by preventing f¢sZ translation [89];
dicB encoding a protein that inhibits cell division by enhanc-
ing MinC’s inhibitory activity on FtsZ [90, 91]; and ydfD en-
coding a protein capable of lysing cells [92].

Our results are also in accord with other reports showing
that some prophage TFs’ actions promote biofilm formation.
Biofilms result in direct “cell-to-cell” and “cell-to-surface” in-
teractions, via a matrix environment produced by the cells,
including extracellular polymeric substances, certain proteins,
curli pili, flagella, and extracellular DNA (eDNA) [93]. Here,
the rcsA upregulation by YdaT of Rac leads to inhibition
of the cell motility, as the Rcs phosphorelay components in-
hibit the expression of the flhDC operon, encoding the mas-
ter regulators of flagella biosynthesis [60, 61]. In addition,
RcsA also play a negative role in curli synthesis [63]. On the
other hand, production of the colanic acids via activation of
rcsA also may contribute to growth of the exopolysaccha-
rides facilitating the attachment to the surface, that is crit-
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ical for maturation of the biofilm [66]. YdaT is toxic and
seems to be lethal for a high proportion of cells, and may
thus deliver a crucial biofilm component - the extracellular
DNA from lysed cells. The function of eDNA in biofilm for-
mation and accumulation [94] was highlighted in number of
reports [95], also linking the induction of lytic cycles with
biofilm formation [735, 76, 96]. Although we don’t understand
the detailed YdaT role in pathways leading to biofilm pro-
motion, we predict the involvement of the mentioned factors,
which could collectively contribute to this modulation in host
physiology.

Taken together, our studies provide molecular insights into
a prophage-encoded TF that has been integrated into the E.
coli regulatory network. Specifically, YdaT activity has ex-
panded beyond its local phage regulatory function, impact-
ing the global host regulatory network controlled by ResAB.
We highlighted the YdaT negative effects on host cells, which
might indicate why ydaT expression is silenced. However, the
fact that host cells maintained the active ydaT gene, while let-
ting some other Rac genes decay mutationally, may reflect an
important YdaT function within a yet undetermined pathway.
This phenomenon could indicate that YdaT provides signifi-
cant benefits to the host, particularly under non-optimal con-
ditions, such as stress. Further testing with conditions of mim-
icking the environmental stress, such as oxidative and osmotic
stress, heat shocks, exposure to low pH, could help eluci-
date the specific roles of YdaT in cellular survival mechanisms
and its potential contributions to host resilience in challenging
scenarios.
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