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Programmed cell death in prokaryotes is frequently found as
postsegregational killing. It relies on antitoxin/toxin systems that
secure stable inheritance of low and medium copy number plas-
mids during cell division and kill cells that have lost the plasmid.
The broad-host-range, low-copy-number plasmid pSM19035 from
Streptococcus pyogenes carries the genes encoding the antitoxin/
toxin system &/ and antibiotic resistance proteins, among others.
The crystal structure of the biologically nontoxic £;{, protein
complex at a 1.95-A resolution and site-directed mutagenesis
showed that free ¢ acts as phosphotransferase by using ATP/GTP.
In €245, the toxin {is inactivated because the N-terminal helix of the
antitoxin & blocks the ATP/GTP-binding site. To our knowledge,
this is the first prokaryotic postsegregational killing system that
has been entirely structurally characterized.

programmed cell death | & protein | ¢ protein | toxin
inactivation | phosphotransferase

lasmids may harbor genes that encode proteins conferring

resistances to their host against antibiotics and toxic heavy
atoms and are the principal players in the current crisis in
antibiotic therapy. They can spread horizontally by conjugational
transfer and are maintained through subsequent generations by
utilizing self-encoded operons (1). The gene products of the
latter act on the respective plasmids as resolvases, recombinases
and, if a bacterium has lost its plasmid during cell division, as
postsegregational killing (PSK) systems leading to programmed
cell death (PCD). Most importantly, the PSK systems guarantee
stable maintenance and inheritance of plasmids in prokaryotes
with low and medium copy number (2).

The € and ¢ proteins studied here belong to PSK systems and
are encoded as a bicistronic operon on the SegB region of the
low-copy-number, broad-host-range plasmid pSM19035 that is
hosted by the Gram-positive Streptococcus pyogenes (3). The
system /¢ belongs to the protein PSK-type with antitoxic & and
toxic { proteins, whereas a second type features an antitoxic
antisense RNA and a stable mRNA that encodes a toxic protein.
In both types, bicistronic operons encode for an in vivo unstable
antitoxin and a stable toxin. The products form an inactive
complex in the cell cytosol. Continuous production of the
antitoxin counteracts its in vivo instability and maintains a
stoichiometric excess to the toxin. Loss of the entire plasmid or
of the antitoxin gene results in decreasing antitoxin levels in the
cytosol, so that the toxin freed from the unstable antitoxin
becomes active and induces PCD. In this sense, PSK systems act
as emergency buttons against ineffective inheritance of plasmids.

Several genes encoded on pSM19035, a plasmid belonging to
the inc18 family (pAMB1, pIP501), are also found on plasmids
of other Gram-positive bacteria, such as Streptococci, Entero-
cocci, and Lactococci. These bacteria are associated with the
wide distribution of antibiotic resistance in food production (4)
and carry genes closely related to the genes € and ¢ of pSM19035
(see Discussion).

www.pnas.org/cgi/doi/10.1073/pnas.0434325100

The herein-reported x-ray crystal structure of the biologically
nontoxic protein complex formed by ¢ and { is, to our knowledge,
the first describing an entire antitoxin/toxin system of either
Gram-positive or -negative bacteria. A search of the Protein
Data Bank suggested a functional mechanism for ¢ that was
corroborated by site-directed mutagenesis. These studies render
g/{ the first PSK system of a plasmid hosted in Gram-positive
bacteria to be investigated using the tools of molecular biology.
It delivers insight into the mechanism of inactivation and acti-
vation of the potent toxic protein ¢ and suggests possible
inactivation mechanisms of related PCD systems.

Experimental Procedures

Crystallographic Methods. For overexpression, purification, and
crystallization of wild-type and selenomethionine-derivated /¢
complex, see ref. 5. An x-ray dataset of a wild-type &/ crystal
and multiple anomalous diffraction (MAD) data of the sel-
enomethionine derivative were measured at 100 K to a 1.95- and
3.1-A resolution at beamlines BM14 (European Synchrotron
Radiation Facility, Grenoble, France) and X31 (European Mo-
lecular Biology Laboratory/Deutsches Elektronen Synchrotron,
Hamburg, Germany), respectively. For relevant characteristics
describing quality and processing of the data, see ref. 5.
Selenium sites were determined with SOLVE v.1.17 (6) based on
MAD data to a 4-A resolution. When using a noncrystallo-
graphic twofold axis (NCS), phase extension to 3.1 A by using the
program DM (7) improved the electron-density map, and the
polypeptide chains were traced with the program o (8). Il
defined parts of the polypeptide chains were traced as polyala-
nine. Rigid body refinement of this model with the wild-type
protein dataset, using the CNS program package (9), enabled
phase extension to 1.95 A. Structure refinement was supported
by manual model building and simulated annealing, and NCS
restraints were deleted. Near convergence of refinement, solvent
molecules and sulfate ions were added in the F, — F. map. All
refinement steps used the CNS package and were monitored with
the free R factor based on 5.1% of the x-ray data; for refinement
statistics, see Table 1. The stereo-chemical quality of the final
model was assessed by WHAT_.CHECK (10), and the figures were
drawn with MOLSCRIPT Vv.2.1.2 (11) and RASTER3D (12). Surface
potentials were calculated using DELPHI (13) and mapped on
surfaces generated with MSMs (14). Sequence alignments by
CLUSTALW V.1.74 (15) were plotted using ALSCRIPT (16).
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Table 1. Crystallographic data

Space group P212124
Lattice parameters, A a = 59.54
b =79.85
c=191.44
Number of &, heterotetramers per AU 1
Resolution limit, A 20.00-1.95
Réfree 0.235
Rwork 0.199
rmsd bonds, A 0.005
rmsd angles, ° 1.1
Number of amino acids per AU 712
Number of identified water molecules per AU 695
Number of bound [SO4]2~ ions per AU 2
Number of atoms per AU 6,482

AU, asymmetric unit; rmsd, rms deviation.

Mutagenesis Studies. DNA purification, PCR, cloning, and se-
quencing followed standard procedures. Mutations were intro-
duced by the two-stage overlap extension method, using the
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Fig. 1.

pBT288-borne wild-type ¢ gene as template. After Ncol (5’
restriction site) and BamHI (3’ restriction site) restriction digest,
the fragment was ligated in pTrc99A (Stratagene) and trans-
formed into Escherichia coli ER2566 (New England Biolabs).
Plasmid DNA of positive transformants was isolated and se-
quenced. The construct {(V234Stop) was amplified in one step
from pBT288 plasmid DNA by using a reverse primer that
generates a stop codon downstream from the codon for Val-
234¢. Cloning was performed as described above.

Results

Model Building and Refinement. The copurified proteins & and ¢
crystallized as a heterotetrameric, dymbbell-shaped e2{, com-
plex with dimensions 41 X 47 X 97 A3 (Fig. 1a). The NCS axis
cuts the handgrip that is formed by the &, dimer and stabilized
mainly by hydrophobic interactions; the ¢ proteins forming the
outer parts of the dumbbell interact with the &, dimer but not
with each other (Fig. 1a). In agreement with matrix-assisted laser
desorption ionization-time-of-flight (MALDI-TOF) mass spec-
trometry (data not shown), € and ¢ proteins do not contain
N-terminal methionines. There are some differences in electron
densities of the halves &,{ I and &,{ I1. No electron density could

(a) Structure of the £,4, heterotetramer. The green line near the center shows the NCS axis. a-Helices of proteins £ and { are yellow and red, respectively, and

B-strands of protein ¢ are green. (b) Heterodimeric ¢,¢-half in stereo; coloring as in a and labeling of secondary structure elements as in c. The well ordered water
molecules in the ATP site (the large crevice near the center of the complex) and the substrate site (closer to the viewer and located between «-helices E and F) are
indicated by magenta spheres. (c) Topography of secondary structure elements; a-helices are shown as circles labeled in lower- and uppercase letters in proteins ¢ and
¢, respectively, and B-strands in ¢ as triangles and numbered. Black numbers give the respective N- and C-terminal residues within the amino acid sequences.
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Superposition of the ATP-binding site of Cmp with the large crevice in protein {. a-Helices of the latter are red, B-strands are green, relevant side chains

areyellow and labeled, and side chains in Cmp are gray and not labeled. (a) The open conformation of Cmp with inorganic phosphate (gray; sulfate ion in protein
{are yellow/red) bound to the P-loop (Lys-46¢ in protein ). (b) Superposition as in a, but both enzymes with bound ATP and of Mg?* according to the Cmp crystal
structure; the binding site for the yet unknown substrate of protein ¢ is indicated. Conformations of Arg-158¢ and Arg-171¢ (with the appending loop region)
are modeled according to the analogous amino acids in the closed conformation of Cmp and in NMP kinases.

be attributed to Ala-2e and Ala-90¢ in &,{ I or to the segment
Glu-87¢ to Ala-90¢ in &,¢ I (for amino acid sequences, see Fig.
5). In the C-terminal regions of both & polypeptide chains, an
increase of temperature factors indicates partial disorder. Be-
cause of poorly defined electron density, the solvent-exposed,
proline-rich C termini of the ¢ polypeptide chains could not be
fitted so that they terminate with Pro-273¢ in ¢,{ I and Leu-271¢
in &,{ II. Structure refinement converged at Ry of 19.9% and
Riree 0f 23.5%. Structural differences between the &,{ halves I
and II in the &;{, complex of 0.909 A rmsd on C® atoms can be
attributed to contacts with crystal-symmetry-related molecules.
Atomic parameters were deposited in the Protein Data Bank
under PDB ID code 1gvn, and chain identifiers A,B and C,D
correspond to &,{ I and &, 11, respectively.

Protein Folding. Protein & (10.7 kDa) is folded into a three-helix
bundle and protein ¢ (32.4 kDa) features an «/p structure (Fig.
1b), the central twisted B-sheet comprising six B-strands in the
order 2/3/1/4/5/6 (Fig. 1 b and ¢). B-strands 1-5 are parallel
but B-strand 6 is antiparallel and connected by a short loop
to B-strand 5. a-Helices are inserted between and flank the
B-strands (Fig. 1c). The two C-terminal helices K and L are only
weakly bound to the bulk of the complex and form a solvent-
exposed helix-loop-helix appendage. Helices A, B, C, and G of ¢
confine a crevice containing a well ordered network of water
molecules (Fig. 1b). The top of this crevice is closed by the
N-terminal half of helix a of the adjacent protein e.

The Toxin { Is Folded Like a Phosphotransferase. A PROSITE (17)
search showed that { features a Walker A motif (18), also known
as P-loop (19) and typical for ATP/GTP-binding proteins. This
motif is formed by “*“GXXGXGKT*” as a loop between S-strand
1 and a-helix B and binds the B-phosphate of ATP/GTP or
inorganic phosphate (20, 21). In agreement with the positive
electrostatic potential of this segment, the electron density of the
e20» heterotetramer showed two tetrahedral-shaped molecules,
each bound by residues *GSGK*® of the Walker A motifs. These
molecules were identified as sulfate ions because the protein was
exposed to 1.3 M ammonium sulfate during purification (5).
A DALI (22) superposition of the tertiary structure of { to
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other structures in the Protein Data Bank showed that the
folding of ¢ is similar to adenylate kinase (AK) from Bacillus
stearothermophilus (23) with a 3.2-A rmsd on C-atom positions
and 15% sequence identity and to chloramphenicol phospho-
transferase (Cmp) from Streptomyces venezuelae (24) with a
3.4-A rmsd on C*-atom positions and 8% sequence identity. The
next five highest scores all belong to nucleoside monophosphate
(NMP) kinases. These «/f proteins feature a central parallel
B-sheet with the strand sequence 2/3/1/4/5 (19). Although the
sequence identity to { is low, the folding of the active site of NMP
kinases and Cmp is similar to that of {, and amino acids that are
catalytically important in AK and Cmp are found at correspond-
ing positions in {. Fig. 2a shows a superposition of ¢ with the
active site of the free Cmp in the open conformation (24). Amino
acids involved in Cmp ATP binding are: the entire P-loop
(Gly-10 to Ser-17), Arg-133, and Arg-136. In free Cmp, Arg-136
pomts away from the active site but the side chain is rotated if
ATP is bound, its guanidinium group being moved by 9 A. For
¢, the corresponding residues are Gly-40¢ to Thr-47¢ (the P-loop)
and amino acids Arg-158¢ and Arg-171{. In accordance with
Arg-136 of Cmp, Arg-171¢ is located within a flexible loop
segment distinguished by high temperature factors. In Cmp,
Asp-92 binds a Mg?* ion to promote ATP hydrolysis, whereas in
¢, electron density at this particular position is attributed to
Glu-116¢. Additionally, Asp-37 in Cmp deprotonates the chlor-
amphenicol (C-3) hydroxyl group and conducts the nucleophilic
attack. This amino acid is conserved in { with Asp-67¢.

The substrate-binding site of NMP kinases and of the related
Cmp is located around B-strand 3 and the adjacent region (25).
In the tertiary structure of ¢, the equivalent helix E, B-strand 3,
and helix F form a pocket that is 7% deep, 15 A long, and 10 A
wide and filled by well ordered water molecules (Fig. 10). The
pocket is connected with the large crevice of { where ATP binds

(Fig. 3).

Mutagenesis Studies on ¢ Because { is toxic for E. coli, the
wild-type gene ¢ could not be cloned and expressed without
coexpression of gene e. The importance of functional amino
acids conserved among phosphotransferases and ¢ was studied
by site-directed mutagenesis. Changes Lys46{Ala in the Walker
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Fig. 3.

Cut through protein ¢ (stereo view) showing the substrate-binding site (right) forming a hydrophilic entrance to the large crevice of { to which ATP is

modeled as in Fig. 2b. Positive electrostatic potential is blue and negative red; maximum values are =10 kT/e. Catalytically active amino acids and Mg2* (yellow)
are labeled. The two Arg and Mg?* stabilize the negative charge of ATP, Glu-116¢ stabilizes Mg?", and Asp-67( is essential for deprotonation of the substrate

(not shown) that creates the functionally essential nucleophile.

A motif and Asp67¢{Thr enabled cloning and expression of the
genes {(K46A) and {(D67T) in E. coli without coexpression of the
antagonistic gene e. Construct {(R1584) could be cloned into
E. coli but not overexpressed. Among the obtained nonlethal
constructs for (R171S), four were chosen for sequencing and
they all showed a second point mutation. However, a construct
for {(R1584+R171S) could be cloned and expressed. Another ¢
variant truncated after Val-234 was obtained that lacks the helix
K-loop-helix L appendage.

Toxin-Antitoxin Interactions. The predominant contacts between
antitoxin e and toxin { involve helix a of e. While the C-terminal
part of helix a binds to ¢, the N-terminal part closes the large
crevice of ¢ like a lid (Fig. 4), with side chains of Tyr-5¢ and
Phe-9¢ pointing into the crevice and impeding binding of
ATP/GTP. In addition, in both halves of £,{, the side chains of
Glu-12¢ point toward ¢; the carboxylate groups of Glu-16¢
hydrogen bond to Arg-158¢ (with short donor-acceptor dis-
tances in the 2.76- to 2.84-A range) and fix their orientation away
from the crevice. In &,{ I, Arg-158{ hydrogen bonds to the
backbone C=0 group of Arg-171¢ (3.26 A), whereas in ¢,{ II,
this interaction is mediated by a water molecule.

Fig.4. Steric hindrance of ATP binding to &2{. The putative position of ATP
ismodeled according to Cmp and NMP kinases. a-Helices of proteins e and {are
yellow and red, respectively, and B-strands are green and labeled as in Fig. 1c.
The hydrogen bonds between Arg-158¢ and Glu-16¢ are indicated by dashed
lines. a-Helix a of & covers the large crevice in £, its side chains filling the crevice
and interfering with ATP binding. The substrate binding pocket is located at
the bottom of the crevice.

1664 | www.pnas.org/cgi/doi/10.1073/pnas.0434325100

The Operon ¢/{ Is Frequently Found. A BLAST search (26) indicated
several genes encoding proteins closely related to e and ¢. The
amino acid sequence alignment in Fig. 5 shows the similarity of
several Enterococcus, Streptococcus, and Lactococcus proteins to
the g/¢ system. In Enterococcus faecalis plasmid pRE2S5, two /¢
homologous operons (orf18/orf19 and orf49/orf50) could be
identified (27). High sequence identities are found for proteins
pRE250rf18 (78% to &) and pRE250rf19 (91% to {), as well as
for pRE250rf49 (80% identity to ¢) and pRE250rf50 (81%
identity to £). Although the N-terminal 70 aa in pRE250rf50 are
highly conserved, it seems to be truncated and restricted to only
85 residues. In Enterococcus faecium, a plasmid-borne, truncated
{-homologous protein corresponding to { amino acids 101-287
(97% sequence identity) was identified and designated ¢ (28).
The published sequence (GenBank accession no. AAL02178.1)
is artificially truncated and the authors confirmed the presence
of the entire /¢ operon but did not publish the sequence.
Streptococcus agalactiae plasmid pIP501 encodes for protein
pIP501orfX (87% identity to £; ref. 29) but lacks amino acids
214-269 of ¢ (Fig. 5), and a hypothetical protein sharing 77%
sequence identity with ¢ (pIP501¢) was identified (27). The
plasmid-borne gene product orfdA of Enterococcus hirae
(AAK96239.1) shares 96% sequence identity with ¢, but the
existence of the e-related gene in this particular strain remained
unidentified. Finally, an ORF of Lactococcus lactis plasmid
pCRL291.1 (AAKS59285.1) shows 55% sequence identity with &
(pCRL291.1¢). Recently, the chromosomal gene SP105/ from
Streptococcus pneumoniae TIGR4 was described sharing 45%
sequence identity and 65% sequence homology with gene ¢ (not
shown in Fig. 5). SP1051 is encoded in a bicistronic operon
together with upstream gene SP1050 that encodes a transcrip-
tional regulator protein homologous to Cro that bears no
resemblance with & (30). In preliminary investigations we found
that proteins encoded by SP1050 and SP1051 form a stable
complex in vitro and behave in E. coli like a PCD system (data
not shown).

Discussion

In all known protein systems responsible for PCD in pro-
karyotes, the stoichiometric relationship of antitoxin and toxin,
the lability of the antitoxin, and the stability of the toxin play the
key regulatory role. Although proteases responsible for contin-
uous degradation of protein ¢ are still unidentified, protein { was
shown to be more stable than protein ¢ in the cell cytosols of

Meinhart et al.
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Fig. 5.

Sequence alignment of gene products from Enterococci, Lactococci, and Streptococci that are related to proteins £ and {. Secondary structure elements

of proteins ¢ and ¢ are indicated by cylinders (helices) and arrows (B-strands) on top of the alignments. Coloring and labeling are as in Fig. 1 b and c. Amino acids
of protein & that are shown in Fig. 4 to interfere with binding of ATP to the &,¢> complex and catalytically important amino acids in protein { are red. Parts of
the amino acid sequence that are conserved in four or more sequences are beige, and those conserved in only three sequences are blue.

Bacillus subtilis and E. coli (31). The toxicity of ¢ could be
described, but its functional mechanism and target substrate are
still unknown (2).

Binding of ATP to the P-loop in the large crevice of { was
homology modeled on the structures of NMP kinases and Cmp
(Fig. 2b). As in the related structures, ATP binding to { may
involve hydrogen bonding from peptide N-H groups of the
P-loop to the B-phosphate and of Lys-46 in the Walker A motif
to one oxygen atom each of the 8- and y-phosphates. Addition-
ally, Arg-158¢ and Arg-171¢ may form hydrogen bonds to the
phosphate groups. As in Cmp, the adenine would be located in
the tertiary structure of { at a position that is occupied by side
chains Tyr-5¢ and Phe-9¢ of helix a of ¢ in the &,{,-complex (Fig.
4), which impede ATP binding by steric hindrance. Furthermore,
Glu-16¢ of helix a binds tightly to the side chain of Arg-158¢,
thereby stabilizing it in a conformation pointing away from the
ATP-binding site. An association of ATP binding with the toxic
function of free ¢ has been verified by changes Lys46{Ala,
Argl158¢Ala, and Argl71¢Ser. Substitution of only one of the two

Meinhart et al.

arginines Arg-158¢ and Arg-171¢ was not sufficient to entirely
destroy the toxic effect of ¢, but exchanging both arginines in one
construct resulted in a variant that was no longer toxic and could
be expressed in high levels in E. coli. Similarly, a Lys46{Ala
replacement in the Walker A motif abolished the toxic effect
of ¢.

We can assign toxin { as phosphotransferase because the
P-loop is located between B-strand 1 and the adjacent helix B,
similarly found in protein kinases and bacterial phosphotrans-
ferases. Additionally, two strictly invariant aspartates are of
fundamental importance in phosphotransferases (32-35). In
Cmp, Asp-92 coordinates the catalytically essential Mg?*, and
Asp-37 deprotonates the C-3 hydroxyl of the substrate chloram-
phenicol, enabling the latter to conduct nucleophilic attack on
the y-phosphate of ATP (24). In ¢, the carboxylate groups of
Glu-116¢ and of Asp-67¢ are in positions to perform these tasks.
The change Asp67(Thr resulted in a nontoxic variant of ¢,
indicating that the toxicity of { is associated with a phosphory-
lation reaction because in Cmp, the related Asp-37 interacts
solely with the substrate and not with ATP.

PNAS | February 18,2003 | vol. 100 | no.4 | 1665
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Asp-67¢ lies beneath the large crevice, between the ATP- and
substrate-binding sites (Figs. 2 and 3). This is comparable to the
NMP family (25), where the substrate-binding site is formed by
B-strand 3 and the flanking N- and C-terminal helices, analogous
to the proposed substrate-binding site of { («a-helix E-B-strand
3—a-helix F). Consequently, we propose the pocket that is
connected with the large crevice to be the substrate-binding site
(Fig. 3). Assuming that no dramatic conformational changes
occur on substrate binding, the substrate for ¢ can only be a small
molecule or a solvent-exposed segment of a protein or nucleic
acid.

We have derived a possible functional mechanism of ¢ by
analogy with the structurally related Cmp and adenylate kinase
(AK), suggesting that Asp-67¢ deprotonates the substrate. The
resultant nucleophile then attacks the y-phosphate of ATP to
yield a pentacovalent transition state that is stabilized by Arg-
171¢ and Arg-158¢ through hydrogen bonding to the B- and
y-phosphate groups. Because the side chain of Arg-171¢ points
away from the ATP-binding site in the &,{, complex, it has to
rotate toward the binding site in free { when ATP is coordinated,
as similarly described for Arg-136 in Cmp (24). This assumption
is supported by high B factors of the segment containing
Arg-171¢, which indicates flexibility. Although a Mg?* ion could
not be identified in the &{, electron density, we assume that
Glu-116¢ binds this catalytically important ion to favor product
formation through neutralization of the developing negative
charge and that the Walker A motif stabilizes the transferred
phosphoryl group. Collapse of the pentacovalent transition state
yields the phosphorylated substrate and ADP.

Fig. 5 shows that & and { occur as highly homologous proteins
in plasmids from various pathogenic bacteria, among which
several, such as Streptococci, Enterococci, and Lactococci, are
found in food production (4). Less conserved amino acid se-
quences are located in loop segments of ¢ and in helix A of ¢,
which are not involved in &,¢> complex formation. In the L. lactis
plasmid pCRL291.1¢ gene product, only N- and C-terminal
amino acids of a-helix a that are responsible for inactivation of
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toxin ¢ by complex formation are conserved. We suggest that the
proteins shown in Fig. 5 are PSK systems that are structurally and
functionally homologous to &/{. In S. agalactiae, pIP501orfX
lacks the C-terminal three helices I, K, and L, but the last 17 aa,
which are rich in prolines, are strictly conserved. Because ¢
truncated after V234{ is not toxic, this proline-rich C-terminal
segment region might also be engaged in substrate binding.
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