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Abstract

Bacterial toxin—antitoxin (TA) pairs transcriptionally autoregulate their expression via a repression/derepression mechanism in response to chang-
ing environmental conditions. The structural diversity of TA systems influences the mechanisms of transcriptional regulation. Here, we define
the molecular mechanism for the plasmid-encoded HigB—HigA TA pair originally identified in a post-operative infection with antibiotic-resistant
Proteus vulgaris. We determine DNA binding and promoter activity by the HigB—HigA complex supported by structural biology and molecular
dynamics simulations of an elusive DNA operatorTA repressor complex. To define the optimal oligomeric TA repressor—DNA operator complex
required for derepression, we engineered a dedicated trimeric HigB—HigA, complex that represses transcription more than 26-fold as compared
to the tetrameric HigB,—HigA,. These results expand the known diversity of how the HigB-HigA TA family is autoregulated.
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Introduction eight different types of TA systems classified by the charac-

Bacterial toxin—antitoxin (TA) modules are two-component teristics of the antitoxin [10]. In the past few decades, con-
systems arranged in bicistronic operons. TAs were originally  flicting data regarding the endogenous roles of TAs have led
found on plasmids and subsequently found in bacteriophages ~ to ambiguity and controversy surrounding their functions in
and on the chromosomes of bacteria [1-9]. There are now  bacterial physiology [11]. Despite this, we know that TAs are
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activated during diverse environmental cues, and more re-
cently, they have been implicated in phage resistance and bac-
terial immunity [12-14].

Type II TAs are the most abundant and best-studied systems
with both the toxin and antitoxin being proteinaceous. Anti-
toxins are generally more labile and need continued expres-
sion to suppress cognate toxin partners and thus prevent toxin
action, which is generally inhibition of a cellular process [15-
17]. Expression is autoregulated at the transcriptional level via
a negative feedback loop [11, 18]. Antitoxin proteins contain
both a toxin binding domain and a DNA-binding motif and
bind at DNA operator sequences that overlap with the pro-
moters of TA genes to repress transcription. While both the
TA complex and the antitoxin alone can bind at operator sites,
toxin binding usually results in greater transcriptional repres-
sion. Transcription is then tuned to changes in toxin:antitoxin
ratios bound at DNA operators, which results in a response
called conditional cooperativity [19-23]. In this mechanism,
toxin binding is enhanced at low molar levels of the TA-DNA
repressor complex. When toxin levels increase and achieve a
greater than 1:1 molar stoichiometry with the antitoxin bound
at the DNA operator, the toxin switches from a transcriptional
co-repressor to a derepressor. However, the mechanism of con-
ditional cooperativity does not seem to describe how all type 11
TAs are transcriptionally regulated and these outliers include
Escherichia coli MqsR-MgsA, E. coli HicA-HicB, and E. coli
DinJ-YafQ [24-27].

The structural diversity and distinct toxin- and DNA-
binding motifs of different type II antitoxin proteins may par-
tially explain why they can exert different regulatory mech-
anisms [18]. Antitoxins contain ribbon-helix-helix (RHH),
helix—turn-helix (HTH), Phd/YefM, or SpoVT/AbrB DNA-
binding motifs, with RHH and HTH being the most com-
mon [26,28-33]. The type of DNA-binding motif affects tran-
scriptional repression and directly affects the oligomeric state
of the TA-DNA repressor complex. HTH-containing anti-
toxins contain a complete DNA-binding motif, while RHH-
containing antitoxins contain only a half site requiring anti-
toxin dimerization to bind to the DNA repressor site (Fig. 1).
TAs usually contain multiple repressor operator sites and an-
titoxin binding at adjacent sites can lead to cooperativity and
an increase in transcriptional repression [21-23, 34]. Since an-
titoxins are labile and susceptible to proteases especially dur-
ing changing cellular conditions [35], the reduction in anti-
toxin concentration increases the level of free toxin that, in
turn, inhibits growth. Free toxin can also interact with anti-
toxins bound at their operators in the context of the DNA-
TA repressor complex changing the TA ratio and resulting in
an increase in transcription. In TA systems that are regulated
by conditional cooperativity, higher oligomeric TA-DNA re-
pressor complexes lead to greater affinity for the DNA opera-
tor and directly influence transcriptional repression as seen in
the CcdB-CcdA, RelB-RelE, Phd-Doc, and TacA-TacT sys-
tems [21-23, 30]. In the other TAs not regulated by condi-
tional cooperativity, like the HicB-HicA, MqsR-MgsA, and
GraT-GraA systems, toxin binding to either the antitoxin or
the DNA repressor complex is mutually exclusive and anti-
toxin binding to the DNA operator solely functions as a dere-
pressor [24, 27, 36]. Alternatively, other TA systems appear
to function as simple on/off transcriptional switches (e.g.,
DinJ-YafQ) [25]. While there exists some experimental evi-
dence that distinguishes between these modes of regulation,

the molecular basis for each mechanism is ambiguous because
there is little or no structural evidence to support changing TA
molar ratios as a foundation for the conditional cooperativity
model.

The host inhibition of growth BA (higBhigA) TA mod-
ule was first identified on the antibiotic-resistance plasmid
Rts1 associated with Proteus vulgaris and discovered post-
operatively in an urinary tract infection [37, 38] (this TA
pair is called “HigB-HigA” to denote both the HigB toxin
and HigA antitoxin proteins). The HigB toxin belongs to
the RelE family of toxins, resembles a microbial ribonucle-
ase, and cleaves mRNA substrates bound to a translating ri-
bosome [26, 39-42]. The HigB-HigA family is also found
chromosomally, and in E. coli, Pseudomonas putida (called
GraTGraA), and Vibrio cholerae, these HigB toxins are also
RelE family members [36, 43-46]. However, the structural or-
ganization and the regulation of these systems as compared
to the P. vulgaris TA module are different [26]. For exam-
ple, while all four HigA homologs contain an HTH DNA-
binding motif, the P. vulgaris antitoxin binds to each of its
two operator sites (O1 and O2) in a noncooperative man-
ner distinct from E. coli and P. putida HigA [26, 46—47].
Further, V. cholerae HigA2 antitoxin contains an intrinsi-
cally disordered region found to be important for binding
to operator DNA. These different mechanisms, even among
HigB-HigA homologs, speak to the diversity in mechanisms
among TAs.

Here, we determined that addition of P. vulgaris HigB toxin
does not increase transcriptional repression and, in fact, the
HigA antitoxin alone robustly represses transcription. Despite
this, excess HigB can still cause derepression of the HigB-
HigAehig DNA complex. Structures of the HigB-HigAehig
DNA repressor complex reveal that HigB-HigA can adopt ei-
ther trimeric HigB-HigA, or tetrameric HigB,-HigA, forms.
Engineered trimeric HigB-HigA, can still bind hig and re-
presses transcription >26-fold more than tetrameric HigB,-
HigA,. These results provide insights into an atypical TA sys-
tem and reveal different mechanisms even within HigB-HigA
homologs.

Materials and methods

Strains and plasmids

E. coli BL21(DE3) were used for expression of Hisg-
HigA, Hiss-HigB-HigA, and HigB-HigA-Hiss proteins from
pET28a, pET28a, and pET21c vectors, respectively, as pre-
viously reported [26]. E. coli BW25113 were used for all -
galactosidase (B-gal) experiments and HigB(H54A)-Hisy ex-
pression [48]. All point mutations were introduced by site-
directed mutagenesis and sequences were verified by DNA se-
quencing (Azenta).

HigA, HigB, and HigB-HigA purification

The His¢-HigA, Hise-HigB-HigA, and HigB-HigA-Hiss pro-
tein complexes were overexpressed and purified as previously
described with minor modifications [26]. These differences in-
cluded expression of Hisg-HigA at 18°C overnight after pro-
tein induction and removal of the Hisg tag from Hisg-HigA
and His¢-HigB-HigA with thrombin prior to gel filtration
chromatography. HigB(H54A) protein was overexpressed and
purified as previously described [49].

Gz0z AInr ¢z uo Jasn sjelas 1deg suonisinboy Aq 097£028/01 9¥ed6/¢ L/£G/al01e/1eu/woo dnoolwspede//:sdpy woly papeojumoq



Regulation of the Proteus vulgaris HigB-HigA toxin—-antitoxin system 3

—r—
2 TA complexes/operator

®:
70
et

1TA complex/operator

—

-
b %
K

turn

A2 ribbon-helix-helix H\

*“.‘J

1

Dimer 1
2.

operator DNA

Single dimer

operator DNA

Figure 1. Diverse transcriptional control mechanisms that regulate expression of Type Il TA complexes. Toxin (T) and antitoxin (A) proteins form
multimeric complexes that bind operator sites (O1 and O2) that overlap with their promoters (P1a) to repress transcription using different DNA-binding
domains (black dotted circles). (A) Ribbon-helix-helix DNA-binding motifs form a half-site, requiring antitoxin dimerization to form a single complete
DNA-binding motif. (B) In contrast, other antitoxins that contain a helix-turn—helix DNA- binding motif are a complete DNA-binding motif and do not

require dimerization for DNA binding.

Electrophoretic mobility shift assays

To construct the dsDNA for the electrophoretic mobility
shift assays (EMSA), pairs of complementary single-stranded
oligonucleotides were diluted to 2 pM each in DNA buffer
(100 mM NaCl, 10 mM Tris-HCI, pH 8). The O1-02,
01-02(scrambled), O1(scrambled)-02, and O1(scrambled)—
O2(scrambled) oligonucleotide mixtures of the hig promoter
fragment were incubated in boiling water and then cooled at
room temperature overnight (Supplementary Table S1). The
dsDNA oligos were diluted to 150 nM in EMSA binding
buffer (100 mM NaCl, 10 mM MgCl,, 5% glycerol, 0.01
mg/ml bovine serum albumin). Purified wild-type HigB-HigA
protein was diluted to 10 pM in EMSA binding buffer and
serially diluted to give a series of protein concentrations rang-
ing from 0 to 600 nM. The binding reactions were incubated
at room temperature for 20 min and 10 pl of each reaction
was loaded onto 8% native, polyacrylamide-0.5x TBE/10%
glycerol gels (50 mM Tris-HCI, pH 8, 50 mM boric acid, 5
mM EDTA, 10% glycerol) and subjected to electrophoresis
at 110 V limiting at 4°C for 120 min. To visualize the DNA
and DNA-protein complexes, the gels were stained with SYBR
Green stain (Thermo Fisher Scientific) in 0.5 x TBE/10% glyc-
erol for 30 min with gentle agitation and then the fluorescence
was imaged with a Typhoon Trio phosphoimager (GE Health-
care; 488 nm excitation and 526 nm emission). Assays were
performed in duplicate with representative gels shown. Band
intensities for both free and bound hig DNA were quantified
with ImageQuant 1D gel analysis software using the rolling
ball background subtraction. For HigB-HigA bound to ei-

ther O1 or O2, the binding data were fit using a one site-
specific binding equation [Y (specific binding, uM) = By,x X
X/(Kq4 + X)] in GraphPad Prism 9.0.0.

Reporter assays

For the p-gal activity assays testing binding of HigB-HigA
to the hig O1 or O2 DNA sites, the hig operator was chem-
ically synthesized (IDT), digested, and ligated into a pQF50
vector with lacZ downstream (pQF50-Phig or pQF50-Phig-
higA). E. coli BW25113 transformed with pQF50-hig mu-
tants were used for all experiments. Activity in Miller units
(MUs) was measured using the following formula: total activ-
ity (MU) = (1000 x OD430)/[ODggp x volume of culture used
(ml) x 0.5]. Assays were performed in triplicate with two tech-
nical replicates. Error bars represent the mean + SD of values
from three independent experiments performed in technical
replicates (raw values shown as individual points).

For the -gal activity assays where E. coli BW25113 was
transformed with pOU254-Phig and pOU254-Phig-higBhigA,
pOU254-Phig-higB(LSext)higA, or pBAD33-higB(HS54A),
hig was chemically synthesized (IDT), digested, and ligated
into a pOU254 vector with lacZ downstream as previously
used for RelB-RelE studies [22]. E. coli BW25113 trans-
formed with pOU254-hig variants or pPBAD33-higB(H54A)
were used for all experiments. The (-gal activity assays in the
absence or presence of HigB(H54A) were performed using a
previously described method [47] and activity was measured
similarly as described above.
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Crystallization, data collection, and structure
determination of the HigB-HigAehig O2 DNA
complexes

The complex was formed by mixing either Hisg-HigB-HigA
or selenomethionine-derivatized HigB-HigA-Hisg (both in 40
mM Tris—=HCI, pH 7.5, 250 mM KCI, 5§ mM MgCl,, and 5
mM B-mercaptoethanol) with O2 DNA (10 mM Tris, pH
8, 100 mM NaCl, and 1 mM EDTA) at one HigB,-HigA,
tetramer to one O2 dsDNA molar ratio. The complexes
were diluted to 5.95 mg/ml HigB-HigA and 1.55 mg/ml
02 DNA by the addition of buffer (20 mM Tris-HCI, pH
8, 10 mM MgCl,, and 100 mM NaCl). Crystals of HigB-
HigA bound to O2 DNA were grown by sitting drop va-
por diffusion and crystallized in 0.2 M CaCl, and 10%-
25% (w/v) polyethylene glycol 3350 at 20°C. Both crystal
forms grew after 2 days and were cryoprotected by serially
increasing the concentration of ethylene glycol in the mother
liquor from 10-30% (w/v) followed by flash freezing in liquid
nitrogen.

Two X-ray datasets were collected at the Northeastern Col-
laborative Access Team (NE-CAT) 24-ID-C and Southeast Re-
gional Collaborative Access Team (SER-CAT) 22-1D facilities
at the Advanced Photon Source (APS) at the Argonne Na-
tional Laboratory. For the tetrameric HigB,HigA,ehig O2
complex, 360° data (0.5° oscillations) were collected on a
PILATUS 6M-F detector (DECTRIS Ltd, Switzerland) using
0.9792 A radiation. For the trimeric HigB-HigA,ehig O2
complex, 90° data (0.5° oscillations) were collected on a
MARMOSAIC 300-mm CCD detector (Rayonix, LLC, USA)
using 1.0 A radiation. XDS was used to integrate and scale
the data [50]. The tetrameric HigB,-HigA,ehig O2 struc-
ture was solved by single wavelength anomalous diffraction
phasing using AutoSol from the PHENIX software suite [51]
and 13 heavy atom sites were found. The trimeric HigB-
HigA,ehig O2 structure was solved using the structure of
the HigA, dimer (PDB code 6CF1) as a molecular replace-
ment search model in the PHENIX software suite. XYZ
coordinates, real space, and B-factors (isotropic) were re-
fined iteratively in PHENIX and model building was per-
formed using the program Coot [52]. Final refinement of the
structures gave crystallographic Ry,oi/Rpee Of 17.6/21.8%
for trimeric HigB-HigAj,ehig O2 and 17.5/22.1% for
tetrameric HigB,—-HigA,ehig O2. All figures were created in
PyMol.

Dianthus binding assays

To determine the affinity of HigB-HigA binding when both
operators are available, we monitored the change in fluores-
cence of a 12.5 nM CyS5-labeled hig DNA operator (in EMSA
binding buffer) upon the addition of increasing amounts of
HigB-HigA. Purified wild-type HigB-HigA was diluted to 325
nM in EMSA binding buffer and serially diluted to give a series
of protein concentrations ranging from 50 to 325 nM. Re-
actions were incubated on ice for 10 min. Fluorescence was
measured using a Dianthus NT.23 Pico (NanoTemper Tech-
nologies) instrument. Fluorescence values were baseline cor-
rected and plotted against HigB-HigA concentration. Data
from three independent measurements were fit using a spe-
cific binding equation with Hill coefficient equation [Y (spe-
cific binding) = Bmax x X"/(K4" + X™); b = Hill coefficient]
in GraphPad Prism 9.0.0.

Differential scanning fluorimetry

The thermal stabilities of wild-type HigB-HigA and
HigB(LSext)-HigA were assessed using a Tycho NT.6 in-
strument (NanoTemper). Protein was heated at 0.1°C steps
over a temperature range of 35-95°C, during which intrinsic
fluorescence at 350 and 330 nm was measured. Inflection
temperature (T;) was determined for each apparent unfolding
transition from the temperature-dependent change in the ratio
of 350 and 330 nm measurements. Assays were performed in
triplicates.

Molecular dynamics simulations

Starting models for molecular dynamics (MD) simulations
were prepared from PDB codes 6W6U (HigB,-HigA,ehig
02) and 6WFP (HigB-HigA,ehig O2). Simulations were per-
formed on the tetrameric or trimeric HigB-HigA structures
in the absence or presence of O2 DNA (HigB,-HigA,ehig
02, HigB-HigA,ehig O2, HigB,-HigA,, and HigB-HigA,).
All complexes were prepared using the Xleap module of Am-
berTools 18 [53], the ff14SB forcefield for protein atoms, [54]
and the OL1S5 forcefield [55] for DNA. Complexes were sol-
vated in an octahedral box of TIP3P water [56] with a 10
A buffer. Tons were added to each complex to achieve a final
concentration of 150 mM NaCl. Minimization was performed
in three rounds, each employing steepest descent (5000 steps)
followed by conjugate gradient (5000 steps). In the first round,
restraints of 500 kcal/(mol A2) were applied to all solute
atoms. In the second round, solute restraints were reduced to
100 keal/(mol A2). All restraints were removed in the third
round. Complexes were heated from 0 to 300 K with a 100-ps
run with constant volume periodic boundaries and restraints
of 10 keal/(mol A%) on solute atoms. All MD simulations
were performed using AMBER2018 [53, 57, 58]. Two stages
of equilibration were performed: 10-ns MD in the NPT en-
semble with 10 kcal/(mol A2) restraints on solute atoms, fol-
lowed by an additional 10-ns MD run with restraints reduced
to 1 kcal/(mol A2). Finally, all restraints were removed and 1-
us production simulations obtained for each complex. Long-
range electrostatics were evaluated with a cutoff of 10 A and
all heavy atom-hydrogen bonds were fixed with the SHAKE
algorithm [59]. Following MD, the CPPTRA] module [60] of
AmberTools 18 was used to calculate root mean square fluc-
tuations (RMSFs) of each protein residue in each complex.

Results

Independent HigB-HigA recognition of DNA
repressor O1 site or O2 site

The hig promoter (Phig) is repressed by the HigB-HigA com-
plex binding at operators O1 and O2 that overlap with its
—35 and —10 sites and prevent RNA polymerase from gain-
ing access to the promoter [38] (Fig. 2A). We previously deter-
mined the binding affinities of both HigA and HigB-HigA to
hig O1 or O2 [47]. In these studies, we used a 21-bp dsDNA
that contained either hig O1 or O2. HigA antitoxin binds to
either hig O1 or O2 with a similar affinity (0.14 & 0.03 or
0.13 £ 0.03 uM, respectively) and HigB-HigA binds to either
hig O1 or O2 with a two-fold lower affinity (0.36 £+ 0.10 or
0.24 + 0.04 uM, respectively). We next sought to determine
whether the binding of HigB-HigA at its operators is coopera-
tive. We monitored HigB—HigA binding to hig O1 or O2 using
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Figure 2. Binding of HigB-HigA to a single operator is sufficient for transcriptional repression at hig. (A) Organization of hig containing operators O1 and
02, Phig, higB toxin and higA antitoxin genes, the +1 transcriptional start site, and the —35 and —10 sites are indicated. The DNA sequence recognized
by HigA is highlighted in gray and nucleotides that HigA directly contacts are shown in bold (C_z9, G_24, G_g, and C_5). (B) EMSA of HigB-HigA binding
to Phig containing only O1 (02 scrambled; top), only O2 (O1 scrambled; bottom), and (C) both O1 and O2. Band intensities were plotted from EMSAs as
the percent of HigB—HigA bound to DNA as a function of HigB—HigA concentration (concentrations used: 0-0.6 uM). The resulting plotted data
represent the fit from which Kp values were calculated. (D) HigB-HigA binding assays measuring ligand-induced photo-enhancement of Cy5-labeled hig
fluorescence. The DNA concentration was kept constant at 12.5 nM, while the concentration of HigB-HigA varied between 50 and 325 nM.
Fluorescence values were baseline corrected and plotted against HigB-HigA concentration. Data of three independent measurements were fit with a

specific binding with Hill slope equation (n = 3 independent measurements,

error bars represent the SEM). (E) 3-gal activity assays of E. coli BW25113

transformed with pQF50-Phig-lacZ (black bar) or pQF50-Phig-higA-lacZ (gray bar). Each operator site was tested using known operator mutations of
either O1 ("O1 mut, G_p4T, C_30A) or 02 (“O2 mut’ G_gT, C_»A). In the case of pQF50-Phig-higA-lacZ, O1 mut, and O2 mut, [3-gal activity was

normalized against pQF50-Phig-lacZ.

an EMSA (Fig. 2B). The HigB-HigA complex was purified as
previously described [26] and the hig O1 and O2 DNA consist
of the entire 61-bp operator region (Supplementary Table S1).
To determine whether HigB-HigA binds with high affinity to
either O1 or 02, all 21 nucleotides in each operator were
randomized individually (Supplementary Table S1). Each of
these 21 nucleotides located in either O1 or O2 was previously
shown to be protected upon HigA binding [61]. Therefore,
any change in the mobility of the DNA band using a scrambled

O1 or O2 would represent binding of HigB-HigA to either O1
or O2. The HigB-HigA complex binds to each of the two sites
represented as a single molecular weight shift with similar dis-
sociation binding constants (0.36 £+ 0.09 uM for O1 and 0.24
+ 0.04 uM for O2) (Fig. 2B and Supplementary Table S2).
This binding affinity is almost identical to what was seen when
only the 21-bp O1 or O2 site was tested [47]. HigB-HigA
was unable to bind to operator DNA containing both scram-
bled O1 and O2 DNA from E. coli hig indicating that the
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P. vulgaris HigB-HigAeDNA repressor O1-O2 sites are dis-
tinct from the E. coli HigB—HigA-DNA repressor O1-O2 sites
(Supplementary Fig. S1A and B). Titration of HigB-HigA with
hig containing both O1 and O2 causes two distinct molecular
weight shifts, indicating binding of HigB-HigA at each op-
erator site (Fig. 2C). To determine a quantitative measure of
HigB-HigA binding to both operators, we used a Cy5-labeled
hig containing both O1 and O2 (61 bp). Increasing concen-
trations of HigB—HigA were added to hig that resulted in a
dissociation binding constant of 0.24 + 0.09 uM. The data
were plotted to yield a Hill coefficient of 0.87, which indicates
that the system is noncooperative (Fig. 2D).

To test transcriptional repression of wild-type HigB-HigA
in vivo, we designed reporter constructs that encode lacZ in
two different contexts: downstream of the hig promoter (Phig-
lacZ) and downstream of hig but also containing higA (Phig-
higA-lacZ) (Fig. 2E). The hig-lacZ construct reports on the
activity of hig in the absence of the repressor HigA antitoxin,
while the HigA-encoding pQF50-Phig-higA-lacZ construct re-
ports on how HigA expression represses hig. Phig-lacZ shows
robust 3-gal activity, which is basal activity from hig. Expres-
sion of HigA efficiently represses big, giving an ~211-fold de-
crease in 3-gal activity (Fig. 2E and Supplementary Fig. S2).
To test whether HigA binding to a single operator region is
sufficient for repression, we mutated either O1 or O2 recog-
nition sequences important for HigA binding [47] and re-
peated the assays. Mutations to O1 only (G_4T/C_30A; “O1
mut”) reduce B-gal activity by ~67-fold, while mutations
to O2 only (G_gT/C_A; “O2 mut”) reduce B-gal activity
by ~117-fold as compared to the wild-type Phig (Fig. 2E).
These results show that HigA binding at both O1 and O2 re-
sults in optimal transcriptional repression and HigA binding
at either O1 or O2 results in ~3- and ~2-fold decrease in
repression.

Structure of HigB,-HigA,ehig O2 DNA

The HigB-HigA complex forms a tetrameric assembly with
two HigB monomers and a HigA dimer (we will denote this
as HigB,-HigA;) [26]. Each HigA antitoxin contains a fully
functional HTH DNA-binding motif and forms an obligate
HigA, dimer (Fig. 1). In the context of a HigB,-HigA, com-
plex, two HigA antitoxins—and thus two HTH motifs—bind
to two inverted repeats of a single DNA operator (either O1
or 02) [26,47]. To determine how HigB-HigA represses at its
operator DNA, we determined a high-resolution X-ray crys-
tal structure of HigB-HigA bound to the single O2 operator.
We performed crystallization trials using two HigB—HigA con-
structs: a six-histidine (Hisg) affinity tag located at the N ter-
minus of HigB and a Hisg affinity tag located at the C termi-
nus of HigA as previously described [40]. Both HigB-HigA
constructs crystallized in the same crystallization condition;
however, each structure resulted in a different ratio of HigB
and HigA bound to O2. In the monoclinic space group crys-
tal structure, the HigB-HigA-Hisqehig O2 complex was de-
termined to 2.4 A resolution by single-wavelength anomalous
diffraction phasing and contained a HigA, dimer bound to
two HigB monomers (Fig. 3). In this structure, residues 1-
91 were built for each HigB monomer (92 total residues), all
nucleotides [1-21] were built for the O2 DNA duplex, and
residues 1-101 and 1-102 were built for HigA monomers
(Supplementary Fig. S3).

In HigA’s HTH motif, o2, loop 3, and «3 interact with
the major groove of the operator O2 DNA (Fig. 3A). In the

tetrameric HigB,—HigA,ehig O2 structure, HigA contacts the
T_1, G_», T_3, and A_4 sequence on the hig negative strand
[47] (Fig. 3A and B). HigA residue Arg40 interacts with the
Hoogsteen face of G_, to make the only sequence-specific
protein—-DNA contact. Residues Thr34 and Thr37 (from «3)
contact the phosphate of G,7 while the sidechains of Ser23
(from loop 2), Ser39 (from «3), and Lys45 (from «3) are all
within hydrogen bonding distance of nucleotides T_7, A_g,
T_s, and T_4, respectively, which are located on the oppo-
site DNA strand (Supplementary Fig. S4). Additionally, Ala36
and Thr34 form van der Waals interactions with the nucle-
obase C5 methyl of A_;. These interactions are similar to
those previously observed in the HigA,ehig O2 DNA repres-
sor complex [47] and are also present between HigA and O2
on the opposite strand, indicating that HigB binding to form
the tetrameric HigB,-HigA,ehig O2 complex does not change
interactions of HigA, with O2.

The termini of antitoxins are typically intrinsically dis-
ordered and this contributes to their proteolysis during en-
vironmental cues [21, 22, 34]. In the free HigA, structure
[47], the N-terminus is also disordered (Supplementary Fig.
SSA and B). Upon HigB binding, the HigA termini becomes
ordered both in the free HigB,-HigA, structure [26] and
upon binding DNA (HigB,-HigA,ehig O2 DNA) (Fig. 3C
and Supplementary Fig. S5C and D). The N- and C-termini
of HigA form intramolecular interactions in addition to in-
teractions with a1 of an adjacent HigB in the crystal lat-
tice (Supplementary Fig. SSA and B). Specifically, N-terminal
residues Arg2 (side chain) and GIn3 (backbone carbonyl) form
salt bridges with C-terminal residues Glu80 and Arg77, re-
spectively, and these interactions presumably stabilize the ter-
mini. Thus, binding of HigB stabilizes HigA both in the pres-
ence or absence and in the DNA.

To examine the transcriptional repression of wild-type
HigB-HigA in response to excess HigB in vivo, we designed
constructs that encode lacZ in two different contexts: down-
stream of the hig promoter (Phig-lacZ) and downstream of
hig but also containing higBhigA (Phig-higBhigA-lacZ) (Fig.
4A). Cells were co-transformed with either of these con-
structs and with a construct that encodes HigB(H54A). The
HigB(HS54A) variant was used because this amino acid change
renders the HigB toxin inactive and thereby prevents inhi-
bition of growth [41, 49] (Supplementary Fig. S6). We also
tested whether HigB(H54A) binds to HigA and we confirm
that the mutation does not prevent the HigB-HigA interac-
tion or expression (Supplementary Fig. S7). As expected, Phig
alone shows robust B-gal activity (7000 MUs) because of
the absence of transcriptional repressor HigA (Fig. 4A and
Supplementary Fig. S8). When HigA is expressed (Phig-higA-
lacZ), there is a reduction in 3-gal activity, indicating HigA re-
pression at Phig (1453 MUs) (Supplementary Fig. S8). HigB—
HigA expression (Phig-higBhigA-lacZ) causes a reduction in
B-gal activity indicating HigB-HigA repression at hig (867
MUgs) is ~1.6-fold weaker as compared to HigA alone. HigB-
HigA expression also results in an ~8-fold change of 3-gal
activity as compared to Phig alone. In an attempt to disrupt
the molar ratio of HigB:HigA bound at the O1 and O2 repres-
sor sites and to test the conditional cooperativity model, we
overexpressed HigB(H54A), which resulted in a decrease in
repression by ~2.5-fold (Fig. 4A and Supplementary Fig. S8).
These data suggest that while excess HigB may be able to dis-
rupt the HigB-HigA complex, it cannot fully destabilize the
complex to cause derepression at wild-type promoter-only lev-
els in vivo.
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Figure 3. Structure of tetrameric HigB,—HigA, bound to hig O2 DNA. (A) The 2.4-A structure reveals that the O2 nucleotides T_1, G_»,T_3, and A_,
interacts with HigA via «2 and 3. The N- and C-terminal regions of HigA are boxed (PDB code 6\W6U). (B) HigA Arg40 makes the only sequence
specific interactions with the nucleobase of G_,, while HigA residues Thr34 and Thr37 (both from «3) interact with the phosphate of G_,. (C) The N-and
C-terminal residues of HigA become ordered upon HigB binding. HigA residue Arg77 forms a hydrogen bond with the backbone carbonyl of GIn3 and
Arg2, and Glu80 interacts via a salt bridge. (D) Comparison of the tetrameric HigB,-HigA, complex (all black; PDB code 4MCX) and HigB,-HigA,ehig O2
DNA complex (PDB code 4MCX) reveals an ~14° rotation of HigB,—HigA, away from the O2 DNA.

To biochemically test whether HigB disrupts the HigB-
HigAehig O1-O2 DNA repressor complex, we performed
EMSAs using purified HigB-HigA, HigB, and HigA (Fig. 4B).
Addition of HigB alone to O1-02 shows no change in mo-
bility shift as expected, whereas addition of HigA reveals a
slower moving band indicative of HigA binding to hig O1-O2
DNA. Addition of HigB-HigA reveals two additional higher
molecular weight shifts when the same molar equivalent of
HigB-HigA is added to hig O1-O2. The largest molecular
weight band is smeary indicating possible multiple conforma-
tions of the HigB-HigA ehig O1-02 DNA repressor complex.
This smeariness goes away upon addition of 0.5 and 1.0 mo-
lar equivalents of HigB. Addition of >2 molar equivalents of
HigB to HigB-HigA destabilizes the higher molecular weight
band resulting in HigB-HigA disengaging from O1-O2 DNA
(Fig. 4B).

Structure of HigB-HigA,ehig O2 DNA

As noted above, both the tetrameric HigB,-HigA,ehig O2
DNA and trimeric HigB-HigA,ehig O2 DNA crystal forms
grew in the same crystallization condition and resulted in two
different macromolecular structures (Supplementary Table
S3). The Hisg-HigB-HigA,ehig O2 complex crystallized in
the tetragonal space group 41, and the structure was de-
termined by molecular replacement using the HigA, model
(PDB code 6CF1) to a resolution of 2.8 A. This structure

contained a HigA, dimer bound to a single HigB (Fig. 5
and Supplementary Table S3). Residues 1-91 were built for
each HigB monomer (92 total residues), residues 1-91 and
1-95 were built for each HigA (104 total residues), and
all nucleotides [1-21] were built for the O2 DNA duplex
(Supplementary Fig. S3). Interestingly, not all interactions
seen in tetrameric HigB,~HigA,ehig O2 are conserved in the
trimeric HigB—HigA, ehig O2 structure. While critical interac-
tions of HigA with the T_y, G_,, T_3,and A_4 recognition se-
quence are maintained, «2 and «3 of the HTH DNA-binding
motif slightly move away from the O2 DNA, no longer po-
sitioning Ser23 and Lys45 to hydrogen bond with the phos-
phates of T_7 and T_4 (Fig. 5B).

Comparison of the overall architecture of HigB,—
HigA,ehig O2 to HigB,-HigA, [26] or HigA, [47] re-
veals subtle changes that may be important for O2 DNA
binding and transcriptional repression. Aligning analogous
HigA monomers from the HigB,-HigA,ehig O2 and the
HigB,-HigA; structures (PDB code 4MCX) reveals an ~14°
displacement of the adjacent, second HigA promoter (Fig.
5D). Similarly, comparison of the free HigA, dimer (PDB code
6CF1) to HigB,-HigA,ehig O2 shows a rotation of HigA
upon DNA binding, although the movement is not as large
as compared to when HigB is present (~8° rotations versus
an ~14° rotation) (Supplementary Fig. S9). Thus, HigA,
reorients to bind DNA and HigB binding to a HigA,ehig O2
complex minimally influences the protein-DNA interface.
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Figure 4. Formation of higher oligomeric states upon addition of HigB to the HigAeDNA complex is disrupted by excess HigB. (A) 3-gal assays of E. coli
BW25113 transformed with pOU254-Phig-higB(H54A) higA-lacZ or with also pBAD33-higB(H54A) (depicted in second and third rows of schematic). (3-gal
activity assays are shown as fold changes compared to E. coli BW25113 transformed alone with pOU254-Phig (top row of schematic). Error bars
represent the mean + SD of values of two independent experiments, each with three technical replicates. Asterisks represent the result of an unpaired
ttest comparing the fold change in 3-gal activity of higBhigA without HigB(H54A) to higBhigA with addition of HigB(H54A) (****P < .0001, t = 13.79, df
= 10). (B) EMSA of HigB addition to the HigB-HigAehig O1-02 DNA complex. The hig O1-02 DNA migrates the fastest (lane 1) and incubation with
HigB alone does not cause a shift in the hig O1-02 band (lane 2). Incubation with 0.5 uM HigA results in a slower movement of hig O1-02 indicating
HigA binding (lane 3). Addition of 0.5 uM HigB-HigA results in two slower moving but distinct hig O1-02 bands where the slowest moving band is
smeary (vertical line; lane 4). Equivalent molar amounts of HigB (lanes 5 and 6) result in two similar higher molecular weight complexes as HigB-HigA
alone but the slowest moving band lacks the smeariness and the band is more defined. When HigB exceeds the molar excess of HigB-HigA, the two

molecular weight shifts are no longer observed indicating that neither HigA nor HigB binds (lanes 7-10).

Global comparison of the HigB,~HigA,ehig O2 structure
with the HigB-HigA,ehig O2 structure reveals only an ~1°
difference emphasizing how similar the two structures are
(Fig. 5D). Likewise, there are very little differences in the po-
sition of HigA; bound to O2 [47] in the absence or presence
of HigB. Thus, it does not appear that HigB binding influ-
ences the position of HigA, on DNA. The largest structural
change results from either HigA, or HigB,HigA, binding to
DNA (~14° rotation; Fig. 3D). In the context of the HigB,—
HigAjehig O2 structure, the HigA N- and C-terminal residues
move from a disordered to ordered transition where Arg2 and
GIn3 interact with Arg77 and Glu80 (Fig. 3C). We find that
even a single HigB binding in the trimeric HigB-HigA, ehig
O2 structure causes these terminal residues to become ordered
(Fig. 5C).

A curious crystallization note for the trimeric HigB-
HigA,ehig O2 complex is that there is an adjacent molecule in
the neighboring asymmetric unit that overlaps with the miss-
ing HigB (Supplementary Fig. S10). This ejection of HigB from

the HigB-HigA complex is surprising given the known tight
interactions of toxins and antitoxins for each other where
affinities are typically sub-nanomolar [24, 62-64]. Therefore,
we think it is unlikely that the trimeric HigB-HigA, ehig O2
complex resulted from crystal packing. Interestingly, the struc-
tures of both HigB-HigA complexes with the different place-
ment of the Hisg tag were solved and both were found to be
tetrameric HigB,—HigA, in the absence of DNA [26]. Taken
together, we propose that there is likely a mixture of both
trimeric and tetrameric HigB—HigA complexes bound to DNA
repressor sites consistent with mixed ratios of TA from other
systems [23, 30, 65].

Trimeric HigB-HigA, represses Phig to a greater
extent than HigB,-HigA,

At this point, we assume that the majority of the HigB-
HigA complex used in the EMSA is tetrameric HigB,—HigA,
because prior HigB,—HigA, structures show that the com-
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Figure 5. Structure of trimeric HigB-HigA, bound to hig 02 DNA. (A) The 2.8-A structure of trimeric HigB—HigA,ehig 02 DNA (PDB code 6WFP). HigA
recognizes the T,g, G,7, T,g, and A,g DNA region via &2 and 3. N- and C-terminal regions of HigA are boxed. (B) In the HigB,—HigA,ehigO2 DNA
structure (PDB code 6W6U), HigA residues Ser23, Ser39, and Lys45 interact with the backbone phosphate of T_7, T_s, and T_4, respectively, to rigidify
the T_y, G_,, T_3, and A_4 sequence for nucleotide-specific recognition on the opposite strand. In the trimeric HigB—-HigA,ehig O2 structure, only Ser39
interacts with the phosphate backbone and Ser23 and Lys45 are too distant (red highlighted region). (C) The N- and C-terminal residues of HigA become
ordered upon a single HigB monomer binding similar to when two HigB monomers bind. (D) Comparison of trimeric HigB—-HigA,ehig O2 DNA (PDB
code 6WFP) and tetrameric HigB,-HigA,ehigO2 DNA (PDB code 6W6U) reveals incredibly similar structures with an RMSD of 0.7 A (for 1479 equivalent

atoms) and less than an ~1° rotation.

plex is tetrameric [26]. To test whether a trimeric HigB-
HigA, complex represses transcription to the same extent as
tetrameric HigB,-HigA,, we attempted to engineer such a
trimeric variant. Comparison of the HigB,-HigA, structure
with the HigB,-HigA,ehig O2 DNA structure shows that the
two HigB monomers are closer to each other in the pres-
ence of DNA (Fig. 6A). In particular, HigB loop 5 (LS) lo-
cated at the interface of the HigB monomers moves ~4 A to-
wards each other (Fig. 6A). Additionally, PISA analysis of the
HigB-HigA structure (PDB code 4MCX) also reveals an in-
terface between HigB monomers of 228.8 A2 mainly at loop
LS. We therefore decided to extend loop L5 by the addi-
tion of a short, flexible sequence of four residues (Asn, Gly,
Asn, Gly; we denote this as HigB(L5ext)-HigA;). This exten-
sion is predicted to prevent concurrent binding of two HigB
monomers to HigA,ehig O2 repressor complex (Fig. 6A). Ex-
pression and purification of HigB(L5ext)-HigA, showed a de-
layed elution of the complex from the size exclusion column
as compared to wild-type HigB,-HigA,, at a volume corre-
sponding to a molecular weight of ~42 kDa (compared to 56
kDa for wild-type HigB,-HigA,; Fig. 6B). The difference in
apparent molecular weights indicates that the HigB(LSext)-
HigA, complex is ~14 kDa smaller than the wild-type com-
plex that roughly corresponds to a HigB monomer (molec-
ular weight of ~13 kDa). To assess its thermal stability, we
performed nano-differential scanning fluorimetry (nano-DSF)

that provides information on the melting temperature (Ty,)
of the complex. Since this measurement is not at equilibrium,
the inflection point is known as T;. HigB(L5ext)-HigA, is
~5°C less thermostable than wild-type HigB,—-HigA, (60.5°C
versus 54.0°C) consistent with an altered oligomeric state
(Fig. 6C).

One possibility that we wanted to explore was whether hig
is responsive to changing HigB toxin levels iz vivo in the pres-
ence of a trimeric HigB-HigA, ehig O2 DNA repressor consid-
ering that toxin overexpression in the Phd-Doc, CcdB-CedA,
and RelB-RelE TAs and now HigB-HigA can relieve repres-
sion [21, 22, 34] (Fig. 4). For this assay, we overexpressed
the same inactive HigB(H54A) variant used previously with
tetrameric HigB,—HigA,. Engineered HigB(LS5ext)-HigA, ro-
bustly represses transcription ~26-fold more than what we
presume is tetrameric HigB,-HigA, (897 MUs versus 34
MUs; compare Figs 6D and 4A; Supplementary Fig. S8). Ex-
cess HigB(HS54A) has little to no effect on repression when
trimeric HigB-HigA, is bound at hig (34 MUs versus 36
MUs; Fig. 6D and Supplementary Fig. S8), likely because
the engineered loop L5 prevents another HigB from bind-
ing. These results show differences in hig repression and dere-
pression that are dependent on whether a trimeric HigB-
HigA, or a tetrameric HigB,—-HigA, binds at hig repressor
sites that, in turn, change its responsiveness to excess HigB
toxin.
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Figure 6. Engineering a trimeric HigB-HigA, complex. (A) To prevent two HigB monomers binding, loop L5 of HigB was extended by the insertion of
four residues (Asn, Gly, Asn, Gly (NGNG); “L5ext,") after residue Asp82. A zoomed in view of this interaction is shown in the dotted box (right). The
theoretical extension of loop L5 is shown in magenta with the wild-type HigB and HigB(L5ext) amino acid alignment shown beneath. (B) Size exclusion
chromatography (SEC) of purified wild-type HigB,-HigA, shows an elution volume that corresponds to a molecular weight of 52 kDa. HigB(L5ext)-HigA,
complex elutes at a volume corresponding to a molecular weight of 42 kDa with the inset showing a zoomed in view. Molecular weight standards are
shown in gray. (C) Nano-DSF analysis of wild-type HigB,—HigA, and HigB(Lb5ext)-HigA, shows that the HigB(Lbext)-HigA, complex has ~5°C lower T,
value than HigB,—-HigA,. Fluorescence values were normalized to the highest tested temperature and the boundary of each line represents the mean +
SD of values from three independent experiments. (D) (3-gal activity assays of E. coli BW25113 transformed with pOU254-Phig-higB(H54A,
L5ext)-higA-lacZ or with pBAD33-higB(H54A) (left schematic). Fold change in 3-gal activity is compared to E. coli BW25113 transformed with
pOU254-Phig (top left row of schematic). Error bars represent the mean 4 SD of values of two independent experiments, each with three technical
replicates. N.S. represents the non-significance result of an unpaired t-test comparing the fold change in (3-gal activity of the higB(L5ext)-higA without
HigB(H54A) to higB(L5ext)-higA with addition of HigB(H54A) (P = .5807, t = 0.5708, df = 10, n.s.). (E) EMSA of HigB(L5ext)-HigA, binding to hig O1

DNA (02 scrambled; left) or to O2 DNA (O1 scrambled; right).

We next attempted to determine whether the binding of
engineered HigB(L5ext)-HigA, to hig O1 or O2 retained
the noncooperative features we observed when HigB,-HigA,
binds hig O1 or O2 (Fig. 2B). The HigB(L5ext)-HigA, com-
plex was purified and the same hig O1 and O2 DNA was used
as in prior EMSAs (Fig. 2A and B). Titration of HigB(LSext)-
HigA, with hig containing either O1 or O2 (with each of
the other scrambled to allow for only one available hig op-

erator) unexpectedly causes two distinct molecular weight
shifts (Fig. 6E). While the HigB(LS5ext)-HigA, complex elutes
as one defined SEC peak suggestive of the complex adopt-
ing one defined oligomeric state, in the presence of either
hig O1 or O2, two molecular weight shifts occur indicat-
ing two distinct binding events. Since HigA, is an obligate
dimer [47], we hypothesize that binding to either hig O1 or
02 changes the molecular interactions and thus affinities be-
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Figure 7. Trimeric HigB-HigA, and tetrameric HigB,—HigA, exhibit similar dynamics in the presence or absence of hig 02 DNA. RMSFs of Ca atoms for
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tween HigB(L5ext) with the HigA, dimer. This change allows
for the HigA, dimer to bind independently to either hig O1
or O2 but permits HigB(L5ext) binding to the HigA,—~DNA
repressor complex.

HigB,-HigA,ehig 02 and HigB-HigA,ehig 02
complexes exhibit similar dynamics

The structure of the trimeric HigB-HigA,ehig O2 complex
is intriguing as most models that describe the transcrip-
tional regulation of type II TA systems conclude that such
a toxin:antitoxin ratio is more stable than the fully loaded
complex [22, 29, 64]. However, prior to our new structure,
there has been no biochemical or direct evidence for the exis-
tence of this oligomeric state. To assess the dynamics of both
complexes in the presence or absence of O2, we performed
MD simulations of four complexes: HigB,~HigA, and HigB-
HigA; in the presence or absence of O2 (Fig. 7). The trimeric
HigB-HigA, complex in the absence of DNA has not been
solved and we generated the model based upon the HigB-
HigAjehig O2 structure. We obtained 1-ps-long MD trajec-
tories of each complex and subsequently performed RMSF
analysis. This analysis reveals overall comparable dynamics:
in tetrameric HigB,—HigA,, binding to O2 only marginally af-
fects dynamics, with the largest effects observed at intrinsically
flexible regions such as the C termini of the HigA monomers
(residues 94-102) and loop 3 of HigB (residues 56-62) (Fig.
7A).In trimeric HigB—HigA,, similar trends are observed, con-
firming that both oligomeric states represent similarly stable,

DNA-bound complexes (Fig. 7B). One noted difference is that
in the trimeric HigB—HigA,ehig O2 complex, the C-terminus
of one of the two HigAs is disordered and is not modeled.
The binding of two HigB monomers causes the C-terminus of
HigA to regain order, but while the C-terminus of both HigA
monomers can be modeled, this region still exhibits dynamic
behavior.

Discussion

In this study, we focus on the regulation of the HigB-HigA TA
module first identified on the antibiotic resistant Rts1 plasmid
associated with a urinary tract infection caused by P. vulgaris
[38]. Our prior work revealed that while the P. vulgaris HigB
toxin adopts a canonical microbial ribonuclease fold that is
similar to other members of the RelE family [26], the struc-
ture of the HigA antitoxin and its transcriptional repression
at the hig O2 site suggested that its regulation was different
from other known type II modules. For example, HigA does
not wrap around the HigB toxin to suppress toxicity and the
binding of the HigB-HigA complex to hig O2 DNA is weaker,
rather than stronger, than HigA alone [49]. Based upon these
differences, we therefore sought to understand how the diverse
architecture of HigB-HigA influences transcriptional repres-
sion at hig operator sites.

Other type II TA modules including CcdB-CcdA, Kis—Kid,
RelB-RelE, Phd-Doc, and TacT-TacA are regulated by chang-
ing toxin levels that alter TA formation at DNA operator sites
and thus the repression/derepression cycle [21-23, 30, 66].
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Figure 8. Diverse modes of transcriptional repression within the HigB—HigA family. Toxin (T) and antitoxin (A) proteins form multimeric complexes that

bind operator sites (O1 and O2) that overlap with their promoters (Pa) to

repress transcription. In the P vulgaris HigB—-HigA system (left), diverse

oligomeric complexes of HigB—HigA sufficiently repress transcription. In contrast, the GraT toxin of the GraT-GraA TA system acts as a derepressor for
the gra operon by binding to the GraA antitoxin relieving repression. GraT-GraA and HigB-HigA complexes have high sequence identity and structural
homology indicating that even among evolutionarily conserved HigB—-HigA family members, the modes of transcriptional repression vary significantly.

In the TacT-TacA system, the two TacA antitoxins contact a
single TacT toxin for suppression and its changing oligomeric
state contributes to its repression—derepression cycle, indicat-
ing that this TA is regulated in a unique way. [65]. In the
RelB-RelE TA system where the RelE toxin is very similar
to HigB, the trimeric RelB,-RelE is proposed to bind with
high affinity to the 7elO operator, while the tetrameric RelB,—
RelE; represents a low-affinity complex for relO that causes
derepression [22,29]. However, the tetrameric RelB,-RelE; is
the only oligomeric complex observed [29]. The conditional
cooperativity model for RelB-RelE regulation is attractive be-
cause it permits the system to be responsive to changing levels
of toxin. However, at this point, there are limited biochemi-
cal and structural data that show examples of these changing
oligomeric states.

The structure of apo P. vulgaris HigB-HigA reveals a
tetrameric architecture with two HigB and two HigA pro-
tomers (HigB,-HigA,) [26]. The HigB toxin does not increase
the affinity of HigA for the hig operator, and thus, hig does
not appear to be regulated by conditional cooperativity. In
fact, HigA binds to hig O2 two-fold tighter than HigB-HigA
in contrast to the important role of RelE in optimally sup-
pressing relO by increasing the affinity of RelB [22]. Since we
saw neither cooperative binding of HigB-HigA binding at hig
01-02, we concluded that the HigB-HigA system was not
regulated by conditional cooperativity. Therefore, it was sur-
prising when we serendipitously solved two different struc-
tures of the HigB-HigAehig O2 complex that differ in their
molar ratios of HigA antitoxin to the HigB toxin. The differ-
ent oligomeric HigB-HigA complexes bound to hig O2 thus
capture how different ratios of toxin:antitoxin complexes in-
teract with a single operator. The trimeric HigB-HigA, ehig
02 DNA structure was especially unexpected given that the
apo tetrameric HigB,-HigA, form predominates as observed
in prior structural studies [26]. In an attempt to perturb the
system in vivo by increasing HigB concentrations in the pres-
ence of what we presume is predominantly the tetrameric
HigB,-HigA, complex bound at hig O1-O2 operators, we
find an ~2.5-fold increase in transcriptional derepression (Fig.
4A and Supplementary Fig. S8). These data show that while
HigB does not function as a transcriptional co-repressor at
hig, HigB toxin can disrupt interactions between HigB-HigA
and hig and thus is a transcriptional derepressor. Engineer-
ing a trimeric HigB(L5ext)-HigA, complex revealed a ~26-

fold increase in transcriptional repression over the tetrameric
HigB,-HigA, indicating either a tighter binding or avidity
of the trimer complex for hig. Excess HigB toxin has lit-
tle to no effect on derepression of the trimeric HigB(L5ext)-
HigA,, suggesting that this engineered complex likely pre-
vents binding of a second HigB because of the loop LS5 ex-
tension. Molecular dynamic simulations of both the trimeric
and tetrameric HigB-HigAehig O2 repressor complexes show
that each complex has similar dynamics and stability when
bound to DNA, offering further support for the ability of both
oligomeric states to contribute to repression. Together, these
results point to a system where the toxin is not a co-repressor
yet is a derepressor, an example of an atypical HigB-HigA
system.

HigB-HigA shares high sequence (29%) and structural sim-
ilarity with the GraT-GraA system from P. putida [36] (Fig.
8; overall RSMD of 2.5 A for residues 23-92). Despite these
structural similarities, there are several key differences in reg-
ulation. Although the GraT toxin adopts a microbial ribonu-
clease fold similar to HigB, the N-terminal 23 amino acids
remain disordered in complex with antitoxin GraA, while in
the HigB structure, the N-terminal HigB residues form interac-
tions with a HigA monomer. Another significant distinction is
that GraA binding to its operator causes high levels of repres-
sion and the GraT toxin is unable to bind to GraA while GraA
is simultaneously bound to DNA. While both GraT and HigB
toxins are not co-repressors in contrast to other type II toxins,
in fact, the way these two structurally similar toxins function
is completely different. The GraT toxin dissociates GraA anti-
toxin from its operator causing derepression, while HigB can
bind to HigA-hig O2 complex. Additionally, the binding of
multiple GraA antitoxins at its operator is highly cooperative,
while there appears to be no cooperative binding of the HigA
antitoxin to big [47] (Fig. 2). These functional differences be-
tween the GraT-GraA and HigB-HigA systems are surprising
given their high structural homology.

The results presented here provide new insights into
the transcriptional regulation of plasmid-associated higB-
higA and add to the growing diversity of mechanisms used
to balance transcriptional responses of these abundant bac-
terial gene pairs. In the future, additional biophysical studies
are needed to reconcile the role of changing macromolecular
complex formation in the regulation of TA pairs and to align
these properties with transcriptional responsiveness.
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