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Bacteria need their internal physiology to be in tune with the external
environment and to respond to changes in the availability of nutri-
ents, the growth temperature, toxic substances such as antibiotics and/
or bacteriocins and other types of stresses. Among the arsenal of
macromolecules that are available to function in the context of
bacterial stress response are the so-called ‘toxin-antitoxin (TA)’
modules. These are pairs of genes, usually forming a separate small
operon, that were originally discovered to be involved in the main-
tenance of low-copy-number plasmids (Ogura & Hiraga, 1983;
Gerdes et al., 1986; Bravo et al., 1987; Lehnherr et al., 1993). They are
now known to be abundant on bacterial chromosomes, with some
organisms such as Mycobacterium tuberculosis possessing over 60 TA
modules (Pandey & Gerdes, 2005). Various roles have been attrib-
uted to TA modules, including selfish entities and the stabilization
of labile chromosomal segments (Magnuson, 2007; Van Melderen,
2010). Most researchers nevertheless agree on an involvement in
stress response, given that various internal and external stresses lead
to their activation (Christensen et al., 2001; Amitai et al., 2009;
Kolodkin-Gal et al., 2009) and that at least in some cases differential
activation is observed based on the type of stress encountered (Fiebig
et al., 2010). However, since knocking out of individual TA modules
does not seem to affect bacterial survival upon stress exposure in
most bacteria, this may be a secondary effect (Tsilibaris ez al., 2007).
However, TA systems have been shown to be essential to cell survival
in M. smegmatis (Frampton et al., 2012). Most interesting is the recent
discovery that all TA modules on the Escherichia coli chromosome
contribute in a cumulative manner to the fraction of persisters in
the population (Maisonneuve et al, 2011). Direct involvement in
persistence could explain both their activation during stress episodes
and why an organism such as M. tuberculosis displays such a high
degree of persistence.

© 2012 International Union of Crystallography Many different families of TA modules exist, encoding toxins with
All rights reserved distinct modes of action and antitoxins with different types of DNA-
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binding domain (Gerdes et al., 2005; Buts et al., 2005; Yamaguchi &
Inouye, 2009; Hayes & Van Melderen, 2011). While initially it was
thought that each family of toxins was associated with a particular
family of antitoxin, recent genomic surveys have indicated that
almost any toxin-antitoxin combination is possible (Leplae et al.,
2011). The antitoxin is a modular protein with a DNA-binding
domain of variable fold linked to a (usually) intrinsically disordered
toxin-neutralizing segment. This toxin-neutralizing segment binds to
or even complements the fold of the toxin and inhibits its biochemical
activity (Kamada er al., 2003; Kamada & Hanaoka, 2005; Garcia-Pino
et al., 2008; Li et al., 2009; De Jonge et al., 2009; Brown et al., 2009).
This activity depends on the family of toxin considered and may
include poisoning DNA gyrase (Bernard & Couturier, 1992; Jiang et
al., 2002), cleaving RNA in a ribosome-dependent or independent
fashion (Zhang et al., 2003; Christensen-Dalsgaard & Gerdes, 2008;
Zhang & Inouye, 2011), direct ribosome inhibition (Liu et al., 2008),
chemical modification of ribosomes (Vesper et al., 2011), modifying
initiator tRNA (Winther & Gerdes, 2011) or a number of other
activities that directly alter the basic physiology of the cell (Yama-
moto et al., 2009; Tan et al., 2010; Mutschler et al., 2011).

The parDE family of TA modules encodes a toxin (ParE) that
poisons gyrase and thus interferes with transcription and replication
(Jiang et al, 2002). While not as well characterized in terms of
mechanism and structure as the CcdB proteins (Dao-Thi et al., 2005;
De Jonge et al., 2009), recent data indicate that the binding site on
gyrase for the two types of toxins is different (Yuan et al., 2010). In
the classic parDE modules ParE is neutralized by the antitoxin ParD,
which consists of an N-terminal ribbon-helix-helix (RHH) DNA-
binding domain involved in auto-repression and a relatively long
C-terminal domain (45 and 50 amino acids for ParE from E. coli
plasmid RK2 and from Caulobacter crescentus, respectively) that is
intrinsically disordered in its native state (Oberer et al., 2007). Upon
binding to ParE, the C-terminal domain mainly folds into large
helical segments that wrap around ParE (Dalton & Crosson, 2010).

Recently, two three-component ParE-containing TA operons have
been identified on the chromosome of E. coli O157 (Hallez et al.,
2010). These operons contain a ParE homologue downstream of a
transcription regulator of the DicA transcriptional repressor family
(PaaR) and an antitoxin (PaaA) which is shorter than the classic
ParD antitoxins and does not display any significant sequence iden-
tity to known ParD proteins. Interestingly, regulation of the system
requires all three components (Hallez et al., 2010). In this paper, we
describe the overexpression, purification, preliminary characteriza-
tion and crystallization of the ParE2-PaaA2 complex encoded by the
paaR2-paaA2-parE2 operon on the chromosome of E. coli O157.

2. Materials and methods
2.1. Cloning, protein production and purification

The paaA2-parE2 coding region (UniProtKB accession Nos.
NP_288008 and NP_310308) was picked up out of E. coli O157:H7
EDL933 as described by Hallez et al. (2010) and was introduced into
the pET21b vector (Novagen) via the EcoRI and Xhol sites using the
primers 5-GAATTCAGGAGGGAGTAATGGATTATAAAGATG-
ACGATGACAAAAATAGAGCCCTTTCACCA-3 (forward) and
5-CGCAAGACGCCAGTTTCCCCTCGAG-3'  (reverse). This
provides PaaA2 with an N-terminal FLAG tag (DYKDDDDK) and
ParE2 with a C-terminal His tag (LEHHHHHH) attached to their
native sequences.

pET21b-paaA2-parE2 was transformed in E. coli strain BL21
(DE3) (Studier et al., 1990) using the CaCl, method (Hanahan et al.,

1991). Transformed cells were selected on LB plates containing
ampicillin (100 ug ml™") and 2% (w/v) glucose and were grown
overnight at 310 K. An individual colony was picked to start an
overnight 100 ml pre-culture incubated in Luria-Bertani medium
(Bertani, 1951) containing 100 pg mI~" ampicillin and 0.2% (w/v)
glucose at 310 K with aeration. A 101 culture was then started by
inoculating ten bottles containing 1 I LB medium supplemented with
100 ug ml~" ampicillin and 0.2% (w/v) glucose with a 100-fold dilution
of the pre-culture. Induction of gene expression was obtained by the
addition of 1 mM IPTG when an ODygy, of 0.6 had been reached.
Cultures were grown overnight at 310 K with aeration and harvested
by centrifugation for 20 min [6500g (5000 rev min~" in a JLA-8.1000
rotor), 277 K]. The bacterial pellets were resuspended in lysis buffer
(50 mM TrissHCl pH 8.0, 500 mM NaCl, 20 mM imidazole,
0.1 mgml™" AEBSF, 1pgml™ leupeptin, 1mM EDTA) and
aliquoted in volumes of 50 ml. The aliquots were flash-cooled using
liquid nitrogen and stored at 192 K.

Cells were lysed using a French press or a cell disruptor and the cell
lysate was centrifuged for 20 min [29 000g (15000 rev min~" in a
JA-20 rotor), 277 K]. The soluble fraction was kept aside and filtered
(0.45 um) prior to purification. The ParE2-PaaA2 complex was
purified on an AKTAexplorer platform (GE Healthcare) using
immobilized metal-affinity chromatography (IMAC; Porath et al,
1975) and size-exclusion chromatography (SEC). A 1 ml HisTrap HP
Nickel Sepharose column (GE Healthcare) was equilibrated with
washing buffer (50 mM TrissHCl pH 8.0, 500 mM NaCl, 20 mM
imidazole) for at least five column volumes. The sample was loaded
onto the column using the washing buffer. The ParE2-PaaA2
complex was eluted by gradually increasing the imidazole concen-
tration present in the elution buffer (50 mM Tris-HCl pH 8.0,
500 mM NaCl, 1 M imidazole) from 0 to 100% over 20 column
volumes. The fractions containing ParE2-PaaA2 were pooled and
concentrated (Amicon Ultra UltraCel 3K) for subsequent SEC. A
Superdex 200 16/60 column (GE Healthcare) was pre-equilibrated
for at least one column volume using SEC buffer (50 mM Tris-HCI
pH 8.0, 500 mM NaCl) and run at 1.0 ml min~". Fractions containing
ParE2-PaaA2 were pooled, flash-cooled using liquid nitrogen and
stored at 193 K. The progress of the purification was monitored by
SDS-PAGE (Laemmli, 1970) and Western blotting (Towbin et al.,
1979). For concentration determination, a 1:1 stoichiometry was
assumed for the ParE2-PaaA2 complex, leading to a calculated
extinction coefficient of 1.34 mg™ ml cm™" for a species of 20.2 kDa
including the affinity tags.

2.2. Crystallization

Protein samples were dialyzed against a suitable buffer (20 mM
Tris-HCI pH 8.0, 100 mM NaCl) and concentrated to 5-20 mg ml™"
(Amicon Ultra UltraCel 3K). Crystallization conditions were
screened manually using the hanging-drop vapour-diffusion method
in 48-well plates (Hampton VDX greased) with drops consisting of
2 ul protein solution (7 mg ml™) and 2 pl reservoir solution equili-
brated against 125 pl reservoir solution. Commercial screens from
Hampton Research (Crystal Screen and Crystal Screen 2) and
Molecular Dimensions (Morpheus) were used for screening (a total
of 192 conditions were tried). The FLAG and His tags were retained
on the proteins for crystallization.

The precipitant concentration, protein concentration and pH of the
single promising hit [Crystal Screen condition No. 1: 20 mM CaCl,
dihydrate, 100 mM sodium acetate trihydrate, 30% (v/v) (£)-2-methyl-
24-pentanediol] were varied in an attempt to further optimize this
condition. These optimizations were also performed manually using
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the same 48-well plates and volumes as described above. Further-
more, microseeding was used to reduce nucleation and grow larger
crystals. For the latter, five single crystals (typical dimensions 50 x 50
X 50 um) were typically transferred to 50 pl mother liquor [20 mM
CaCl, dihydrate, 100 mM sodium acetate trihydrate, 30% (v/v) (£)-2-
methyl-2,4-pentanediol] and vortexed (15s) to obtain microseeds,
which were used immediately. Serial dilutions of the seeds ranging
from 1 to 1077 were mixed in a 1:1 ratio (2 pl each) with fresh protein
solution at 7 mg ml™" and equilibrated against the mother liquor.
Diffraction-quality crystals typically grew after approximately 5 d at
293 K. This led to significantly larger crystals of up to 300 um in all
three dimensions.

2.3. Data collection and analysis

ParE2-PaaA?2 crystals were cryoprotected either by direct transfer
of the crystals into a nitrogen-gas cryostream or by first vitrifying
them in liquid nitrogen without the need for an additional cryopro-
tectant. Crystals were screened on the PROXIMAT1 beamline at the
SOLEIL synchrotron (Gif-Sur-Yvette, France) during two sessions.
In the first session an ADSC Q315 CCD detector was used, while the
second session made use of a Pilatus 6M detector. For the final data
collection, 147.2° of data were collected from a single crystal in 0.2°
slices using the Pilatus detector with an exposure time of 2 s deg™
and a wavelength of 0.984 A. Data were indexed, integrated and
scaled with XDS (Kabsch, 2010). Analysis of the unit-cell contents
was performed with the program MATTHEWS_COEF, which is part
of the CCP4 package (Winn et al., 2011).

2.4. Biophysical characterization

Analytical gel-filtration experiments were performed on an
AKTAexplorer platform (GE Healthcare) using a Superdex 200 HR
10/30 column (GE Healthcare) to determine the size and molecular
mass of the purified ParE2-PaaA2 complex. The column was pre-
equilibrated using running buffer (50 mM Tris—-HCI pH 8.0, 500 mM
NaCl) for at least one column volume. A 500 pul sample at a
concentration of 2 mg ml™" was injected using running buffer with a
flow rate of 0.5 ml min~". To determine the molecular weights and the
hydrodynamic radii of the proteins (Uversky, 1993), the column was
calibrated using molecular-weight standards from Bio-Rad.

Dynamic light-scattering (DLS) experiments were performed on
a DynaPro (Protein Solutions) plate reader (Wyatt Technology) in

50 mM Tris-HCI pH 8.0, 500 mM NaCl at room temperature (293 K).
Data were measured for ParE2-PaaA2 samples at different
concentrations (1-10 mg ml™").

Small-angle X-ray scattering (SAXS) studies were conducted on
the SWING beamline at the SOLEIL synchrotron, Gif-sur-Yvette,
France in HPLC mode (David & Pérez, 2009). A total volume of 80 pl
ParE2-PaaA2 sample at 10 mg ml™"' was injected onto a Shodex
KW404-4F column (Shodex) which had been pre-equilibrated with
running buffer (50 mM Tris-HCI pH 7.5, 500 mM NaCl) for at least
one column volume. The flow rate was set to 0.25 ml min~' and data
were collected with an exposure time of 0.5 s and a dead time of 1.0 s.
Buffer data were collected at the beginning of the chromatogram and
sample data were collected in the peak area. Data processing and
analysis was performed with the programs provided in the ATSAS
package (Konarev et al., 2006) and the online SAXS MoW application
(Fischer et al., 2010).

3. Results and discussion

The coding region of the paaA2 and parE2 genes of E. coli 0157 was
inserted into plasmid pET21b and introduced into E. coli BL21
(DE3) in order to obtain an expression clone that produces an
N-terminally FLAG-tagged version of PaaA2 and a C-terminally His-
tagged version of ParE2. Optimal conditions for protein production
were obtained by varying the density of the culture before induction
and the time of harvest after induction with 1 mM IPTG. Assuming
equimolar production of proteins (&89 nm = 1.34 mg’] mlcm ™' for a
ParE2-PaaA2 homodimer), about 50 mg protein is produced per litre
of culture after overnight induction. IMAC purification resulted in a
single peak that eluted at around 0.2 M imidazole and contained both
PaaA2 and ParE2. During a subsequent gel-filtration step to remove
remaining contaminants, both proteins co-eluted in a single peak,
indicating the existence of a distinct ParE2-PaaA2 antitoxin—toxin
complex.

Analytical gel filtration indicates that this complex has a molecular
mass of around 140 kDa (Fig. 1a), which is unexpectedly large given
the low molecular weights of the constituents of the toxin-antitoxin
complex (8.5 kDa for PaaA2 and 11.7 kDa for ParE2 including their
affinity tags). The DLS experiments (Fig. 1b) at a concentration of
10 mg ml™" support these findings as they indicate the presence of a
single type of particle with a hydrodynamic radius (R;,) of 4.81 nm
and a molecular weight of 133 kDa, which are fully consistent with
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Figure 1

Characterization of the hydrodynamic properties of the ParE2-PaaA2 complex. (a) Analytical gel filtration shows that the ParE2-PaaA2 complex elutes as a single peak at
13.05 ml, corresponding to a molecular weight of 140 kDa and a hydrodynamic radius of 4.81 nm. The inset shows an SDS-PAGE (15% gel) analysis of the elution peak,
which clearly demonstrates that both PaaA2 and ParE2 are present in the complex. (b) DLS measurements performed under the same conditions as the analytical gel-
filtration experiment confirm that the ParE2-PaaA2 preparations contain a single particle with (within error limits) identical hydrodynamic properties.
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the values for the molecular weight and Ry, calculated based on the
analytical gel-filtration data. Furthermore, analytical SEC and DLS
experiments performed at lower concentrations (up to 1 mgml™)
yield the same result, indicating that the formation of a large
oligomer by PaaA2 and ParE2 is not concentration-dependent (data
not shown).

The unanticipated large size of the ParE2-PaaA2 complex
(compared with other TA complexes and given the size of the
individual proteins) was further confirmed by small-angle X-ray
scattering (SAXS). These measurements confirm that the ParE2—
PaaA2 complex is a large single species with a radius of gyration
of 3.95 nm and an estimated molecular weight of around 160 kDa
(Fig. 2). Comparison of the radius of gyration R, and the hydro-
dynamic radius R;, suggests that the particle is globular. For a solid
sphere, the ratio between its radius of gyration and hydrodynamic
radius is about 0.775; based on the presented findings, this ratio is
0.823 for the ParE2-PaaA2 complex. This suggests that the formed
complex is relatively compact. This is further advocated by the
Kratky plot, which indicates that the complex is indeed a well folded
entity without significant disordered regions (Fig. 2, inset).

Screening of crystallization conditions led to a single hit in 20 mM
Ca(Cl, dihydrate, 100 mM sodium acetate trihydrate, 30% (v/v) (£)-2-
methyl-2,4-pentanediol (Crystal Screen condition No. 1; Fig. 3a).
Varying the protein concentration, pH and precipitant concentration
did not lead to any further optimization. Larger crystals could
nevertheless be obtained through microseeding (Fig. 3b; see §2 for
details). The presence of both ParE2 and PaaA?2 in the crystals was
confirmed by washing a few crystals in artificial mother liquor,
dissolving them in water and analyzing them by SDS-PAGE (Fig. 3¢).

Crystals mounted at room temperature (293 K) in MiTeGen
MicroRT X-ray capillaries did not show any crystalline diffraction.
When vitrified directly in the cold stream, weak crystalline diffraction
was observed which at best extended to 6 A resolution. Attempts at
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Figure 2

Small-angle X-ray scattering experiments. The experimental data are shown in
black, while the error margins are shown in grey. Analysis of the scattering curve
indicates that the ParE2-PaaA2 complex is a unique globular entity with a radius
of gyration of 3.95 nm [determined through Guinier and P(r) analysis] and a
molecular weight of about 140-160 kDa (determined through Guinier, Porod and
SAXS MoW analyses). The inset shows the Kratky plot.

Table 1

Data-collection statistics.

Values in parentheses are for the highest resolution shell.

Beamline )
Resolution range (A)
Unit-cell parameters (A, °)

PROXIMAL, SOLEIL

46.8-3.8 (4.0-3.8)

a=b=1429,c=2875,
a=p4=90,y=120

Space group P3,21 or P3,21

Mosaicity (°) 0.30 (

0.094 (0.540)

82058 (11512)

10405 (1559)

Ruerge™
No. of measured reflections
No. of unique reflections

Multiplicity 7.9 (7.4)
N0 12.4 (2.9)
Completeness (%) 97.5 (92.8)

T Rierge = Dk 2o (kD) — (ICRKI) /D0 3 T (L),
Table 2
Matthews analysis assuming a 1:1 stoichiometry between ParE2 and PaaA2.

No. of ParE2-PaaA2 heterodimers Solvent content

in asymmetric unit Vm (A3 Da™') (%) Probability
2 6.42 80.86 0.00
3 4.28 71.28 0.01
4 3.21 61.71 0.11
5 2.57 52.14 0.41
6 2.14 4257 0.41
7 1.83 33.00 0.04
8 1.61 23.42 0.00

annealing or controlled dehydration systematically resulted in a
complete loss of diffraction power and physical damage to the crystal
in the form of extensive cracking. When vitrified in liquid nitrogen,
the crystals showed significantly improved diffraction, although with
variable quality. Most crystals treated this way diffract to between 5
and 4 A resolution. However, diffraction is occasionally observed to
3.8 A resolution (Fig. 3d). The resulting data-collection statistics for
the best crystal (dimensions 300 x 250 x 250 um) among about 100
crystals that were tested are given in Table 1. The crystals belong to
space group P3,21 or P3,21, with unit-cell parameters a = b = 142.9,
¢ = 87.5 A. Matthews analysis suggests that the asymmetric unit is
compatible with 4-6 ParE2-PaaA2 heterodimers (Table 2). In the
light of our solution studies, it is most likely that the asymmetric unit
consists of a single heterododecameric particle with a molecular
weight of 123.6 kDa, although the exact stoichiometry of this complex
and its arrangement should be subjected to further research.
Although the details of the structure of the ParE2-PaaA2 complex
will need to await structure determination by isomorphous replace-
ment or anomalous scattering, it is clear that this complex is un-
expectedly large for two small proteins. A number of other toxin—
antitoxin pairs (e.g. CcdAB, Kis-Kid and Phd-Doc) have also been
shown to form larger aggregates under certain conditions, but in these
cases nonglobular chains of variable length consisting of alternating
toxin and antitoxin molecules were identified (Dao-Thi et al., 2002;
Kamphuis et al., 2007, Garcia-Pino et al., 2010). These extended
structures have recently been interpreted in terms of a specific
mechanism of transcription regulation called ‘conditional coopera-
tivity’ (De Jonge et al., 2009; Garcia-Pino et al., 2010). This type of
gene regulation has recently also been demonstrated for vapBC TA
modules, in which the toxin-antitoxin complex displays a distinct
molecular architecture (Winther & Gerdes, 2012). Unlike the CcdAB
and Phd-Doc TA systems, the proteins encoded by vapBC modules
seem to assemble into a unique globular heterooctameric complex, as
has been shown for VapBC from Shigella flexneri and Rickettsia felis
(Dienemann et al., 2011; Maté et al, 2012). In both cases, these
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X-ray crystallography. (a) Crystals from the initial hit for the E. coli 0157 ParE2-PaaA2 complex similar in size to those used for microseeding. The black bar indicates the
size of the crystals and corresponds to 500 um. (b) Typical crystals of the E. coli O157 ParE2-PaaA2 complex prepared by microseeding and pictured on the same scale as in
(a). (c) SDS-PAGE analysis of crystals of the E. coli O157 ParE2-PaaA2 complex. Lane M, Pre-stained Molecular Weight Marker; lane 1, sample of the purified ParE2—
PaaA?2 complex (c.f. Fig. 1); lane 2, sample of a washed and redissolved crystal; lane 3, sample of the mother liquor surrounding the crystal. (d) Diffraction pattern of a crystal
similar in size to that shown in (b) and from which the data set reported in Table 1 was collected. It shows diffraction spots up to 3.8 A resolution (the 3.8 A resolution limit is
indicated by an orange circle). The dashed box displays an enlargement of the diffraction pattern close to the 3.8 A resolution limit.

complexes have been shown to aptly bind their promoter region to
regulate expression of the operon. The findings presented in this
paper suggest that, like the VapBC complexes, the E. coli O157
ParE2-PaaA2 complex is globular and unique in its stoichiometry
and does not form different extended structures as in the cases of
CcdAB, Kis-Kid and Phd-Doc. Although the architectural principles
of the ParE2-PaaA2 complex resemble those of the VapBC proteins,
their oligomerization states are dissimilar: whereas VapBC complexes
form heterooctamers, our results suggest that the ParE2-PaaA2
complex is arranged as a heterododecamer. This would make it the
largest toxin—antitoxin complex identified to date. The biological
function of this entity still remains speculative. In vivo, this toxin—
antitoxin complex has been shown to partially repress the expression

of the paaR2-paaA2-parE2 operon and to enhance the repression
activity of PaaR2 on its own (Hallez ef al., 2010). This suggests that
the ParE2-PaaA2 complex possesses some DNA-binding activity.
Furthermore, it acts in concert with the regulator PaaR2 to ensure
proper transcription regulation of the paaR2-paaA2-parE2 module in
E. coli O157 (Hallez et al., 2010).
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