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Purification and crystallization of Phd, the antitoxin
of the phd/doc operon

The antitoxin Phd from the phd/doc module of bacteriophage P1 was
crystallized in two distinct crystal forms. Crystals of His-tagged Phd contain a
C-terminally truncated version of the protein and diffract to 2.20 A resolution.
Crystals of untagged Phd purified from the Phd—Doc complex diffract to 2.25 A
resolution. These crystals are partially merohedrally twinned and contain the
full-length version of the protein.

1. Introduction

Prokaryotic toxin-antitoxin (TA) modules constitute small regula-
tory networks that play a role in the response to nutritional stress
(Buts et al., 2005; Engelberg-Kulka et al., 2006; Gerdes et al., 2005).
TA operons encode two proteins termed the toxin and the antitoxin.
The toxin component of the TA module interferes with a funda-
mental physiological process such as translation, transcription or
replication. For example, the toxins CcdB and ParE act on gyrase
(Bernard & Couturier, 1992; Jiang et al., 2002), while RelE, YoeB,
HigB and MazF cut mRNA in a codon-specific manner (Christensen
& Gerdes, 2003; Christensen et al., 2003; Christensen-Dalsgaard &
Gerdes, 2006; Kamada & Hanaoka, 2005; Pedersen et al., 2003; Zhang
et al., 2003).

The antitoxin proteins typically contain an N-terminal DNA-
binding/dimerization domain followed by an intrinsically disordered
toxin-binding domain. The antitoxin neutralizes, or even reverses,
the action of the toxin by forming a noncovalent complex with this
virulence factor. This binding also increases the affinity of the anti-
toxin for its operator DNA, resulting in tight regulation of expression
of TA modules (for a review, see Buts et al., 2005).

The phd/doc family of TA modules was first discovered as an
addiction system in bacteriophage P1; it induces post-segregational
killing of Escherichia coli if the P1 plasmid is lost during cell division
(Lehnherr et al., 1993). Members of this family of TA modules have
since been identified in the genomes of both Gram-positive and
Gram-negative bacteria. The 126-amino-acid toxin Doc is similar to
Fic (Garcia-Pino, Christensen-Dalsgaard et al., 2008), a protein that
has been implicated in regulation of cell division in E. coli (Utsumi et
al., 1982). Fic domains are found in both prokaryotes and eukaryotes
and have recently been shown to catalyze ATP-mediated AMPyl-
ation of a conserved tyrosine residue in the switch I region of Rho
GTPases (Worby et al., 2009). Doc itself contains a modified version
of the Fic active-site motif and has been shown to inhibit translation
through binding to ribosomes (Liu et al., 2008).

The 73-amino-acid antitoxin Phd shows weak sequence similarity
to the 92-amino-acid antitoxin YefM from the yoeB/yefM module
(14% sequence identity; Kamada & Hanaoka, 2005). A peptide
corresponding to its 22 C-terminal amino acids (Phd’*"®) was
intrinsically disordered in solution but folded into a kinked a-helix
when bound to Doc (Garcia-Pino, Christensen-Dalsgaard et al.,
2008). In this Phd**"*~Doc complex structure, the peptide is bound to
the Doc protein in a position that corresponds to the C-terminal
a-helix of Fic (which Doc lacks). Therefore, it was suggested that Doc
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might have originated from a Fic-like ancestor that transferred one of
its a-helices to the C-terminus of a Phd-like DNA-binding domain.

Crystallization of full-length TA antitoxins in the absence of their
cognate toxin is not simple. Most structures of antitoxins obtained
to date have been determined by NMR spectroscopy in their free
states (Madl et al., 2006; Oberer et al., 2007) or by crystallography as
complexes with their toxin partners (Mattison et al., 2006; Meinhart et
al., 2003; Miallau et al., 2009; Schumacher et al., 2009; Takagi et al.,
2005). The crystal structure of MazE, the first antitoxin to be crys-
tallized in the absence of its cognate toxin, was determined employing
a llama antibody VHH domain as a crystallization aid (Loris et al.,
2003). The only full-length antitoxin for which a crystal of its free
state is available is a YefM-like protein from Mycobacterium tuber-
culosis. In this structure, the C-terminal region is involved in exten-
sive crystal-packing interactions and folds into an «-helical
conundrum that lacks biological relevance (Kumar ez al., 2008). Here,
we report the crystallization of the Phd antitoxin (73 amino acids;
8133.10 Da) in the absence of it endogenous toxin partner Doc. The
resulting crystal structures of Phd and of its N-terminal domain are
likely to provide new information on the mechanism of action of Phd,
in particular on the conformational states that this protein can adopt
and on the conformational changes that occur between the Doc-
bound and unbound conformations of the protein.

2. Materials and methods
2.1. Expression and purification of Phd in the absence of Doc

The phd gene (SwissProt entry Q06253 PHD_BPP1) was cloned in
pET15b vector using the Ndel and BamHI restriction sites and the
plasmid was transformed into BL21 (DE3) cells. This strategy places
an N-terminal His tag on the protein (tag sequence MGSSHHHHH-
HSSGLVPRGSH, followed by the wild-type Phd sequence including
its N-terminal methionine). 51 LB medium (supplemented with 1%
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Figure 1

glucose and ampicillin) was inoculated with an overnight preculture.
Cells were grown to an ODgq of 0.8-0.9 at 310 K and induced with
0.5 mM IPTG. For overexpression, the temperature was switched to
301 K. 3 h after induction, the culture was harvested by centrifuga-
tion (9000g for 20 min) and the cells were lysed with a cell cracker.
The supernatant was loaded onto an Ni-Sepharose column, which was
subsequently washed extensively with 50 mM Tris pH 7.5 to remove
nonspecifically bound proteins. Phd was eluted with a gradient of
imidazole (from 0 to 1.0 M). Fractions containing Phd were pooled
together, concentrated and loaded onto a gel-filtration column
equilibrated in 50 mM HEPES pH 7.2, 150 mM NaCl. The sample
quality was verified by SDS-PAGE and CD spectroscopy.

2.2. Expression and purification of Phd from the Phd—-Doc complex

The coding region of the phd/doc operon (SwissProt entries
Q06253 PHD_BPP1 and Q06259 DOC_BPP1) was cloned in pET21b
vector and the plasmid was transformed into BL21 (DE3) cells as
described by Garcia-Pino, Dao-Thi et al. (2008). The cloning places a
C-terminal His tag on Doc, while Phd retains its wild-type sequence.
101 LB was inoculated with an overnight preculture selected with
ampicillin. The culture was grown at 310 K to an ODgq of 0.8-0.9,
induced with IPTG for 2 h and harvested by centrifugation (9000g for
20 min). The cells were lysed with a cell cracker and the supernatant
was loaded onto an Ni-Sepharose column. After extensive washing of
the column with 50 mM Tris pH 7.5, 150 mM NaCl, we separated Phd
from Doc using a step gradient (0.0, 1.5 and 3.0 M) of guanidinium
hydrochloride (GdHCI), with Phd eluting at both 1.5 and 3.0 M
GdHCI. The Phd-containing fractions were pooled, diluted ten times
in 50 mM Tris pH 7.0 and dialysed overnight against the same buffer
to completely remove GdHCI. Sample quality was verified by SDS—
PAGE, CD spectroscopy and mass spectrometry.

10 kDa =— — Phd, wild type
— Phd, degradation
— bl
(e

Different crystal forms of the free Phd. (a, b) Typical crystals of the N-terminal fragment of Phd (residues 1-58). (¢) Initial crystals of full-length free Phd. (d) Large trigonal
crystals of Phd obtained after optimization of the conditions used for the crystals in (c). The scale bars correspond to 0.1 mm. (¢) SDS-PAGE of purified Phd after several
days of incubation at 277 K, showing the appearance of a second band arising from proteolytic degradation of the wild-type protein.
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Table 1

Data-collection statistics.

Values in parentheses are for the highest resolution shell.

Form I Form II

Space group €222, P3,21 or P3,21
Unit-cell parameters

a(A) 107.0 719

b (A) 1225 719

¢ (A) 612 68.0

a () 90.0 90.0

B () 90.0 90.0

18) 90.0 120.0
Resolution (A) 34.0-2.19 (2.29-2.19) 12.0-2.23 (2.32-2.23)
Completeness (%) 99.1 (99.9) 98.3 (93.1)

No. of measured reflections
No. of unique reflections

164406 (15896)
20014 (1935)

145806 (25106)
9720 (1685)

Redundancy 82 15.0
(Ilo(I)) 9.0 (6.9) 14.9 (6.7)
Ruerge 0.110 (0.320) 0.074 (0.248)

i Rmerge = th! Zi |Ii(hkl) - <I(hkl))\/2hk1 Zi Ii(hkl)'

2.3. Crystallization

Crystallization conditions were screened by vapour diffusion using
the hanging-drop method. Hampton Research Crystal Screens I and
II were used for initial screening. Hanging drops consisting of
2 pl protein solution and 2 pl precipitant solution were equilibrated
against 400 pl precipitant solution. All crystallization trials were
conducted at 293 K. The protein solution consisted of 10 mg ml™
untagged Phd in 50 mM Tris pH 7.0 or 10 mg ml~" His-tagged Phd in
50 mM HEPES pH 7.2, 150 mM NaCl. Optimization was achieved by
subsequently varying the protein concentration as well as the preci-
pitant concentration.

2.4. Data collection and analysis

A crystal of form I was cryoprotected by transfer to a solution
consisting of 0.1 M sodium cacodylate pH 6.5, 0.2 M magnesium

Figure 2
Typical diffraction patterns of (a) crystals of the N-terminal region of Phd (residues 1-58) and (b) full-length Phd.

acetate, 20% (w/v) PEG 8000 and 15% (v/v) glycerol and subsequently
vitrified in liquid nitrogen. X-ray data were collected on beamline
Proxima-1 of the SOLEIL synchrotron (Gif-Sur-Yvette, France)
using an ADSC Quantum Q315 CCD detector and a wavelength of
0.98 A.

A crystal of form II was directly vitrified in liquid nitrogen from the
crystallization solution [0.1 M HEPES pH 7.5, 10%(w/v) PEG 8000,
25%(v/v) ethylene glycol] without the need for any additional cryo-
protectant. X-ray data for form II were collected on beamline ID-29
of the ESRF synchrotron (Grenoble, France) using an ADSC
Quantum 4 CCD detector and a wavelength of 1.07 A.

All data were indexed and integrated using DENZO and sub-
sequently scaled and merged using SCALEPACK (Otwinowski &
Minor, 1997). Intensities were converted to structure-factor ampli-
tudes using the CCP4 program TRUNCATE (Collaborative Com-
putational Project, Number 4, 1994). Matthews coefficients were
calculated with the program MATTHEWS _COEF for cell-content
analysis (Collaborative Computational Project, Number 4, 1994). As
considerable twinning was identified in the crystals of full-length Phd
(crystal form II), the X-ray data of this crystal form were examined
further using phenix.xtriage (Zwart et al., 2005) from the PHENIX
suite (Afonine er al., 2005) to determine possible twin laws and
twinning fractions.

2.5. Mass-spectrometric analysis

For the acquisition of mass-spectrometric data for Phd, samples
were loaded into a nanoflow capillary electrospray ionization source
(Proxeon, Odense, Denmark). ESI mass spectra were acquired on a
quadrupole time-of-flight instrument (Q-Tof Ultima, Waters/Micro-
mass) equipped with a Z-spray nanoelectrospray source and oper-
ating in the positive-ion mode. The spectra were recorded in the V
mode and represent the combination of 1 s scans. The molecular mass
of the protein was determined after processing the spectra with the
software MaxEnt1 (Ferrige et al., 1992).
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3. Results and discussion

Initially, crystals were obtained of the His-tagged version of Phd that
was overproduced in the absence of Doc (Figs. 1a and 1b). These
crystals were grown from 0.1 M sodium cacodylate pH 6.5, 0.2 M
magnesium acetate, 20% (w/v) PEG 8000 and did not require any
further optimization. Mass-spectrometric analysis of the crystals
showed that the protein was truncated at Ser58. This truncation is
likely to be the result of uncontrolled proteolysis and has also been

Figure 3

Self-rotation functions. (a) k = 180° section of the self-rotation function calculated
for crystal form I. (b) « = 180° section of the self-rotation function calculated for
crystal form II. Contour levels are drawn at 1o intervals. All calculations were
performed with MOLREP (Vagin & Teplyakov, 1997).

observed for other antitoxin proteins (REF). Fig. 1(c) shows the
degradation pattern of His-tagged Phd that appeared after several
days of storage of the purified protein at 277 K. Although this crystal
form did not require further optimization, it was only obtained after a
crystallization process lasting several months. This substantial length
was likely to be related to degradation of the His-tagged Phd being
necessary for crystallization. The crystals belong to space group
(C222,, with unit-cell parameters a = 107.0, b = 122.5, ¢ = 61.2 A, and
diffracted to 2.2 A resolution (Fig. 2a, Table 1). Analysis of the unit-
cell contents with the CCP4 program MATTHEWS_COEF suggested
that the asymmetric unit contains between two (Matthews coefficient
of 3.12 A> Da™'; 61% solvent) and four dimers (Matthews coefficient
of 1.56 A*Da~';21% solvent). Analysis of the self-rotation function
(Fig. 3a) showed a series of prominent nontrivial peaks on the « =
180° section that agreed with the presence of two tetrameric entities
harbouring internal 222 symmetry (likely to be a dimers of dimers, as
the dimer is expected to be the biologically functional molecule). The
k = 120° and « = 90° sections, on the other hand, did not show any
significant peaks.

We also reasoned that it would be possible to obtain nontruncated
and nontagged Phd by co-expressing it with Doc. The affinity
between Phd and Doc is in the micromolar range (Gazit & Sauer,
1999) and it is possible to separate the proteins by treating the
complex with guanidinium hydrochloride (A. Garcia-Pino & R. Loris,
manuscript in preparation); the Phd-Doc complex dissociates at
moderate GdHCI concentrations. Under those conditions Phd
unfolds, but it can be fully refolded without any significant loss of
protein. Indeed, crystals of refolded nontagged Phd were also
obtained. They initially grew from 0.1 M HEPES pH 7.5, 10%(w/v)
PEG 8000, 8% (v/v) ethylene glycol. The crystals which were obtained
directly from the screen were rather small and were associated with
excessive nucleation (Fig. 1d). Further improvement was achieved by
reducing the protein concentration to 5 mg ml~" and increasing the
concentration of ethylene glycol to 15-20%. This resulted in reduced
nucleation and larger crystals (Fig. 1e). Mass-spectrometric analysis
of the protein present in the crystals (Fig. 4) revealed that Phd is an
intact antitoxin; its experimental mass (8132.7 Da) was within 1 Da of
the expected value. The crystals belong to space group P3;21 or
P3,21, with unit-cell parameters a = b = 71.9, ¢ = 68.0 A, and

100 _—Phd 8132.7

%

I
0 A 2 A W \xvfwfw»mJ\.wg\k,\.m.w\_/ s
7900 7950 8000 8050 8100 8150 8200 8250 8300 8350
mlz

Figure 4

Mass-spectrometric analysis of Phd crystals of form II. The sample for mass
spectrometry was obtained from a single crystal that was recovered from the
crystallization drop, washed to remove contamination from Phd molecules still in
solution and then diluted in 10 pl water.
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diffraction data were collected to 2.25 A resolution (Fig. 3b, Table 1).
Analysis of the acentric moments of the intensity distributions indi-
cated partial merohedral twinning. The twinning fraction was esti-
mated to be 0.3-0.45 for the four crystals that were analyzed. The
crystals are most likely to contain a single dimer of Phd in the
asymmetric unit (Matthews coefficient of 3.12 A’Da™!, correspon-
ding to a solvent fraction of 60.7%), although the presence of 1.5
dimers (one dimer formed by applying crystallographic symmetry)
cannot be excluded (Matthews coefficient of 2.08 A®Da™!, corre-
sponding to a solvent fraction of 41.1%). The self-rotation function is
not informative in this respect as only trivial peaks corresponding to
the crystallographic twofold axes were observed.

Several strategies are at our disposal for phasing and structure
determination of Phd. The most straightforward would be molecular
replacement using the N-terminal domain of Phd present in the
crystals of the full-length Phd-Doc complex (Garcia-Pino, Dao-Thi et
al., 2008). We are currently attempting to determine the structure of
this Phd-Doc complex by molecular replacement using the coordi-
nates of the Phd***>~Doc complex (Garcia-Pino, Christensen-Dals-
gaard et al., 2008). In the case of failure, we will screen for suitable
heavy-atom derivatives to obtain experimental phases. Phd does not
contain any methionine residues and hence SAD or MAD phasing
using selenomethionine would require the production and crystal-
lization of a site-specific mutant.
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