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Abstract

The cryptic prophage CP-933P in Escherichia coli O157:H7 contains a parDE-like toxin—antitoxin module, the operator
region of which is recognized by two flanking transcription regulators: PaaR2 (ParE associated Regulator), which forms
part of the paaR2-paaA2-parE?2 toxin—antitoxin operon and YdaS (COG4197), which is encoded in the opposite direction
but shares the operator. Here we report the 'H, '’N and '3C backbone and side chain chemical shift assignments of YdaS
from Escherichia coli O157:H7 in its free state. YdasS is a distinct relative to HigA antitoxins but behaves as a monomer in

solution. The BMRB Accession Number is 27917.

Keywords Toxin—antitoxin module - DNA binding - Transcription regulation - Macromolecular structure

Biological context

Toxin—antitoxin (TA) modules are small operons involved
in the stress response of bacteria and archaea. Six differ-
ent types of TA modules have been identified based on the
nature and mechanism of action of the antitoxin (for a review
see Page and Peti 2016). The most common type, type II,
encodes a protein toxin that is directly inhibited by a cognate
protein antitoxin. Activation of the toxin involves proteolytic
degradation of the antitoxin (for a review see Muthurama-
lingam et al. 2016) and leads to inhibition of cell growth
(Pedersen et al. 2002) and, in case of prolonged activation,
cell death (Amitai et al. 2004).

The physiological role of TA modules remains contro-
versial. They were initially discovered on plasmids where
they contribute to plasmid stability (Ogura and Hiraga
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1983; Gerdes et al. 1986). The majority of TA modules are,
however, located on chromosomes, where they have been
proposed to serve as stress-response elements (Christensen
et al. 2001), mediators of altruistic cell death (Erental et al.
2014) and/or mediators of persistence (Helaine et al. 2014),
although the latter is being debated (Goormaghtigh et al.
2018). Other proposed functions include anti-addiction mod-
ules for plasmids (Saavedra De Bast et al. 2008), protection
against bacteriophages (Hazan and Engelberg-Kulka 2004;
Otsuka and Yonesaki 2012), selfish genes (Magnuson 2007)
and the stabilization of genomic parasites such as conju-
gative transposons and temperate bacteriophages (Rowe-
Magnus et al. 2003; Dziewit et al. 2007; Bustamante et al.
2014; Igbal et al. 2015).

In line with the latter, the paaR2-paaA2-parE2 operon,
which encodes a ParE-like toxin ParE2, the corresponding
antitoxin PaaA2 and a regulator PaaR2, is located in the
cryptic prophage CP-933P in the genome of Escherichia
coli O157:H7 (Hallez et al. 2010). The antitoxin PaaA2 is
an intrinsically disordered protein without DNA-binding
function (Sterckx et al. 2014), which wraps around ParE2
and sequesters the latter in a hetero-hexadecameric com-
plex (Sterckx et al. 2016). PaaR2 represses transcription of
the paaR2-paaA2-parE2 operon by binding to the opera-
tor region (Hallez et al. 2010; De Bruyn et al. 2019). The
open reading frame of another regulator, COG4197, is found
upstream of this operator, but is transcribed in the opposite
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sense relative to paaR2-paaA2-parE2. COG4197 contains
a helix-turn-helix motif and competes with PaaR2 for the
same operator region, thus adding another dimension to
the regulation of the paaR2-paaA2-parE2 TA operon (our
unpublished results).

Sequence analysis shows that COG4197 is a homologue
of YdaS, a transcription factor found in the cryptic prophage
Rac of E. coli K12 and for which no structural data are avail-
able (Casjens 2003; Jobling 2018) and more distantly of the
HigA antitoxin from Pseudomonas putida (see results). We
will therefore refer to COG4197 as YdaS.

Currently, three types of HigA antitoxins are known. The
first type, represented by Vibrio cholerae HigA, contains a
folded C-terminal regulatory helix-turn-helix domain that is
preceded by an intrinsically disordered N-terminal domain
responsible for toxin neutralization (HadZi et al. 2017). The
second type, represented by HigA proteins from Proteus vul-
garis plasmid Rts1 (Schureck et al. 2014) and Pseudomonas
putida (Talavera et al. 2019), is a fully folded single helix-
turn-helix domain protein that combines both DNA binding
and toxin-neutralizing functions. The third type, as exempli-
fied by members found in E. coli and Shigella flexneri, has
two distinct globular domains: an N-terminal dimerization
domain and a C-terminal HTH domain that are connected
by a long a-helix (Yang et al. 2016). All three types form
obligate dimers, similar to all other known antitoxins that
act as transcription regulators (for a review see Loris and
Garcia-Pino 2014).

Here we describe the expression, purification and NMR
'H, 13C, and N backbone and side chain chemical shift
assignment of YdaS. We show that, contrary to expectation,
YdaS behaves as a monomer and contains an intrinsically
disordered region at its C-terminus. This makes it the rep-
resentative of a fourth yet uncharacterized class of HigA
proteins.

Methods and experiments
Protein expression and purification

The open reading frame of COG4197 from E. coli O157:H7
was cloned in a pET28b vector in the Ncol and NotI sites,
providing a C-terminal His-tag (GSSHHHHHH) on
COG4197. This plasmid was transformed into compe-
tent BL21 (DE3) cells. Transformed cells were plated on
agar plates supplemented with kanamycin (25 pg/ml) and
incubated at 37 °C overnight. LB medium supplemented
with kanamycin (25 ug/ml) was inoculated with one col-
ony and left incubating overnight at 37 °C while shaking
at 130 rpm. Two ml of the overnight culture was added to
500 ml of minimal medium and incubated at 37 °C with
shaking at 130 rpm. Minimal medium contained 6.79 g/l
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Na,HPO,, 3 g/l KH,PO, and 1 g/l NaCl, 2 mM MgSO,,
0.2 mM CaCl,, 5 ml of BME vitamin mix (Sigma), 60 mg/1
FeSO,-7H,0, 12 mg/l MnCl,-4H,0, 8 mg/l CoCl,-6H,0, 7
mg/l ZnSO,-7H,0, 3 mg/l CuSO,-5H,0, 0.2 mg/l H;BO;,
50 mg/l EDTA, 2 g/ 3C-glucose, 1 g/l "'NH,Cl and 25 pg/
ml kanamycin. When the ODy, reached 0.6-0.8 the pro-
tein expression was induced with 0.5 mM isopropyl p-p-
thiogalactopyranoside (IPTG). Upon induction the cultures
were incubated overnight at 20 °C and then centrifugated
at 5000 rpm for 15 min, resuspended in lysis buffer (20
mM Tris, 500 mM NaCl, 20 mM MgCl,, pH 8.0, 0.1 mg/
ml 4-(2-Aminoethyl)benzenesulfonyl fluoride hydrochloride
(AEBSF) and 1 pg/ml leupeptine) and stored at —80 °C. To
purify the protein, the frozen cells were thawed and DNasel
was added (50 pg/ml). The suspension was stirred for 30
min at 4 °C. The cells were lysed by sonication (three times
for 1 min, 5 s on and 5 s off, 60% amplitude) and the lysate
was centrifuged at 18,000 rpm for 45 min. The supernatant
was then filtered (0.45 um HAWP filter) and loaded onto a
pre-packed HisTrap HP Ni>*-Sepharose column (GE Health-
care), pre-equilibrated in 20 mM Tris-HCI, 500 mM NaCl, 5
mM imidazole, pH 8.0. The column was then washed with
the same buffer until the baseline stabilization. A linear gra-
dient (0.0-1.0M imidazole in 20 column volumes) elution
was applied using 20 mM Tris-HCI, 500 mM NaCl, 1M imi-
dazole, pH 8.0. Fractions containing the protein were con-
centrated and loaded on a Superdex 75 16/60 SEC column
(GE Healthcare) pre-equilibrated in 20 mM Tris-HCl, 500
mM NaCl, pH 8.0. The purity of the protein was assessed
by SDS-PAGE. For NMR experiments, the protein was dia-
lyzed against 20 mM sodium phosphate,150 mM NaCl, pH
6.0 and spun down at 13,300 rpm for 10 min prior to the
measurements.

Analytical size exclusion chromatography

The purified protein YdaS was dialysed against 20 mM
sodium phosphate, 150 mM NaCl, pH 6.0 and 100 pl was
injected at a concentration of 1 mg/ml (84 uM) into BioRad
EnRich SEC 70 HR 10 %300 column, pre-equilibrated in
the same buffer. The protein was eluted at the flow rate of 1
ml/min. A BioRad standard (50 pl) containing bovine thy-
roglobulin (670 kDa), bovine y-globulin (158 kDa), chicken
ovalbumin (44 kDa), horse myoglobin (17 kDa) and vita-
min B12 (1.35 kDa) was injected and eluted under the same
conditions as YdaS. The molecular mass and the radius of
hydration were determined according to Uversky (1993).

Nuclear magnetic resonance (NMR) spectroscopy
The NMR sample contained 1 mM U-['3C,'5N] YdasS in 20

mM sodium phosphate 150 mM NaCl pH 6.0 and 10% D,0O
for the lock. All NMR spectra were acquired at 298 K on
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a Bruker Avance III HD 800 MHz spectrometer, equipped
with a TCI cryoprobe. The experimental set comprised 2D
heteronuclear single quantum correlation spectra ("H,'>N-
HSQC and 'H,"3C-HSQC), 3D >N- and '*C-NOESY-HSQC
(mixing times of 120 ms), triple-resonance BEST-HNCACB,
BEST-HN(CO)CACB, BEST-HNCO, BEST-HN(CA)CO,
HBHA(CO)NH, (H)CCH-TOCSY, and H(C)CH-TOCSY
(Sattler et al. 1999) and 2D (HB)CB(CGCD)HD and (HB)
CB(CGCDCE)HE for the assignment of aromatic residues
(Yamazaki et al. 1993). All 3D experiments were acquired
with a non-uniform sampling (20-50%) as implemented in
TopSpin 3.5 (Bruker). The NMR data were processed in
TopSpin 3.5 (Bruker) or MddNMR (Orekhov and Jaravine
2011) and NMRPipe (Delaglio et al. 1995), and analyzed in
CCPNMR (Vranken et al. 2005).

Assignment and data deposition

Semi-automatic assignment of the protein backbone was per-
formed in CCPNMR (Vranken et al. 2005). The assignments
of N, NH, Ha, Hp, CO, Ca, and CP atoms were obtained
from the identification of intra- and inter-residue connectivi-
ties in HNCACB, HN(CO)CACB, HNCO, HN(CA)CO, and
HBHA(CO)HN spectra at the 'H,'°N frequencies of every
peak in the 'H,'>N-HSQC spectrum. Assignments were
extended to the side chain signals using correlations within
(H)CCH-TOCSY, H(C)CH-TOCSY, (HB)CB(CGCD)
HD and (HB)CB(CGCDCE)HE experiments. Remain-
ing aromatic 'H and '*C assignments were obtained from
constant-time 'H,">*C-HSQC and *C-NOESY-HSQC spec-
tra, focused on the aromatic region. Side-chain NH, groups
of glutamines and He atoms of methionines were assigned
from 3D "N- and '*C-NOESY-HSQC spectra. Finally, all
'H, 13C and "N resonances were verified by 3D 5N- and
13C-NOESY-HSQC experiments.

YdaS was expressed in E. coli BL21 (DE3) and purified
to homogeneity. The protein migrates on SDS-PAGE as a
band of an apparent molecular weight of 14 kDa, in close
agreement with the theoretical mass of 11,902.3 Da as cal-
culated from its amino acid sequence. Analytical SEC shows
a single peak eluting at 12.50 ml (Fig. 1), which corresponds
to a radius of hydration (Ry) of 1.53 nm and an estimated
molecular weight of 17.5 kDa. The larger molecular weight
determined by SEC compared to the theoretical one indi-
cates a non-spherical shape or an intrinsically disordered
C-tail, but still indicates that YdaS is a monomer rather than
a dimer.

The 'H,'>N-HSQC spectrum of Yda$S features a com-
plete set of well-resolved resonances, typical for a folded
protein (Fig. 2). Excluding the C-terminal hexa-histidine
tag, 99% of all backbone and 96% of all 'H side-chain
resonances were assigned. The backbone amide of Asp14,
Cy/Hy and C8/HS groups of Pro41, Cy/Hy atoms of Glu48,
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Fig. 1 Elution profile of YdaS (84 uM) on a BioRad EnRich SEC 70
HR 10X 300 column shown together with elution volumes of protein
standards (squares). These MW standards were fitted according to
Uversky (1993). The molecular weight of bovine thyroglobulin (670
kDa) falls outside the linear range of this column and was therefore
not taken into account in the fit

and Cy/Hy and C8/Hd atoms of Arg57 were not observed
in the spectra. In addition, the aromatic resonances of his-
tidine residues 63, 82, and 85 could not be unambiguously
assigned because of a strong spectral overlap with the sig-
nals of the hexahistidine tag. The 'H, '*C and '>N chemical
shifts for YdaS have been deposited in the BioMagRes-
Bank (http://www.bmrb.wisc.edu/) under the Accession
Number 27917.

Predicted from the backbone chemical shifts using the
chemical shift index (CSI) function and the DANGLE
module (Cheung et al. 2010) in CCPNMR, the secondary
structure of YdaS consists of five short a-helices, followed
by a tail that contains several isolated residues with a high
propensity for B-strand. There is, however, only a single such
stretch (residues 80-90) that contains three residues, which
indicates that likely no real p-sheet is formed and that the
C-terminal tail lacks regular secondary structure (Fig. 3).

This secondary structure is consistent with those of hom-
ologues of YdaS being annotated in the UniProt data bank
(The UniProt Consortium 2019) as YdaS-like and/or HigA-
like proteins belonging to the Cro repressor superfamily.
Indeed, a BLAST search of YdaS against the Protein Data
Bank identifies GraA from Pseudomonas putida, a HigA
family member as the closest homolog, although sequence
identity is weak (11%) and concentrated in the HTH core.
Compared to GraA and other HigA proteins, the presence
of a C-terminal intrinsically disordered region is unique for
YdaS. While this is a common feature of many TA antitox-
ins, the HigA family represented by Proteus vulgaris HigA
and Pseudomonas putida GraA does not carry such a region
(Schureck et al. 2014; Talavera et al. 2019). Therefore, YdaS
appears to represent a novel family within the HigA super-
family, although it is not directly part of a toxin—antitoxin
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Fig.3 Secondary structure prediction of YdaS. Threshold deviations
from random-coil *Ca, 13C[3, 13CO, and 'Ha chemical shifts are plot-
ted as a function of the YdaS residue number using the chemical shift
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index (CSI) module in CCPNMR. The secondary structure of YdaS
is shown in cartoon (predicted by the CSI and DANGLE modules in
CCPNMR)
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system as such (Christensen-Dalsgaard et al. 2010; Jobling
2018).
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