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Bacterial contact-dependent growth inhibition (CDI) is mediated by the CdiB/CdiA family of two-partner

secretion proteins. CdiA effector proteins are exported onto the surface of CDI* inhibitor cells, where they interact
with susceptible bacteria and deliver effectors/toxins derived from their C-terminal regions (CdiA-CT). CDI" cells
also produce an immunity protein that binds the CdiA-CT and blocks its activity to prevent autoinhibition. Here,

we show that the CdiA-CT from uropathogenic Escherichia coli strain 536 (UPEC536) is a latent tRNase that
requires activation by the biosynthetic enzyme CysK (O-acetylserine sulfhydrylase A). UPEC536 CdiA-CT
exhibits no nuclease activity in vitro, but cleaves within transfer RNA (tRNA) anti-codon loops when purified
CysK is added. CysK and CdiA-CT form a stable complex, and their binding interaction appears to mimic that of
the CysK/CysE cysteine synthase complex. CdiA-CT activation is also required for growth inhibition. Synthesis of
CdiA-CT in E. coli cysK* cells arrests cell growth, whereas the growth of AcysK mutants is unaffected by the
toxin. Moreover, E. coli AcysK cells are completely resistant to inhibitor cells expressing UPEC536 CdiA,
indicating that CysK is required to activate the tRNase during CDI. Thus, CysK acts as a permissive factor for
CD], providing a potential mechanism to modulate growth inhibition in target cells.
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Bacteria possess a variety of systems that facilitate co-
operation and competition with other organisms in the
environment. One such mechanism is contact-dependent
growth inhibition (CDI), which allows some bacteria to
inhibit the growth of neighboring cells upon direct cell-
to-cell contact (Aoki et al. 2005, 2010; Hayes et al. 2010).
CDI systems are widely distributed amongst the a-, B-,
and y-proteobacteria and have been shown to play a sig-
nificant role in intraspecies growth competition (Aoki
et al. 2010). CDI is mediated by the CdiB/CdiA family of
two-partner secretion proteins. CdiB is a predicted outer-
membrane B-barrel protein that is required for the export
and assembly of the CdiA toxic effector protein onto the
cell surface. CdiA proteins are very large (250-600 kDa)
and contain numerous hemagglutinin peptide repeats
throughout their N-terminal regions. This extensive re-
peat region is predicted to form a B-helical structure pro-
jecting several hundred angstroms from the surface of
CDI* inhibitor cells (Kajava et al. 2001). Presumably, the
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long extended CdiA filaments facilitate interaction
with neighboring bacteria to induce growth inhibition.
All CDI loci also contain a small cdil immunity gene
located immediately downstream from cdiA (Aoki et al.
2005, 2010). The Cdil protein provides immunity to the
CdiA-derived toxin, thereby protecting CDI* cells from
autoinhibition.

We recently localized the CDI growth inhibition activ-
ity to the C-terminal region of CdiA (CdiA-CT) (Aoki
et al. 2010). The CdiA-CT is a highly variable region of
~230-360 residues at the extreme C terminus of CdiA
proteins. This variable C-terminal region is sharply de-
marcated by the conserved VENN peptide motif, which is
part of the DUF638 (Pfam, PF04829) domain of unknown
function (Aoki et al. 2010). The polymorphic nature of the
CdiA-CT region implies that a variety of distinct toxins
are deployed by different CDI systems. The CdiA-CTEC*?
from Escherichia coli isolate EC93 may form a pore in
the inner membrane of target cells, leading to dissipation
of the proton motive force and a concomitant decrease
in respiration and ATP production (Aoki et al. 2009).
Other CdiA-CTs possess distinct nuclease activities (Aoki
et al. 2010). The CdiA-CT®®*" from Dickeya dadantii
3937 has DNase activity, and the CdiA-CTVPES3¢ from

GENES & DEVELOPMENT 26:515-525 © 2012 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/12; www.genesdev.org 515


mailto:chayes@lifesci.ucsb.edu

Diner et al.

uropathogenic E. coli strain 536 (UPEC536) cleaves trans-
fer RNA (tRNA) (Aoki et al. 2010). Like the CdiA-CT
region, the Cdil immunity proteins from different CDI
systems also share little sequence identity with one
another and, accordingly, only confer immunity to their
cognate CdiA-CT toxins (Aoki et al. 2010). In vitro
experiments have demonstrated that the Cdil°%%7 and
CdilYPE536 immunity proteins bind specifically to their
cognate CdiA-CTs and block nuclease activity (Aoki et al.
2010), suggesting that these enzymatic activities are re-
sponsible for growth inhibition during CDL

Here we identify an additional step in the CDI pathway
in which a CdiA-CT toxin is activated by a protein co-
factor in the cytoplasm of target cells. Although CdiA-
CTUPECS36 (hereafter referred to as CdiA-CT) exhibits
tRNase activity when expressed inside E. coli cells, the
purified protein does not cleave tRNA in vitro. Using a
biochemical approach, we identified a biosynthetic en-
zyme, CysK (O-acetylserine sulfhydrylase A), which is
required to activate the CdiA-CT nuclease. CysK is one of
two O-acetylserine sulfhydrylase isoenzymes (along with
CysM) that catalyze the second and final step of cysteine
synthesis from serine. Purified CysK is sufficient to ac-
tivate the CdiA-CT tRNase in vitro, and the resulting nu-
clease activity is blocked specifically by CdilV*E<>36 jm-
munity protein (hereafter referred to as Cdil). CysK and
CdiA-CT form a stable complex, which is directly associ-
ated with tRNase activity. Remarkably, the CysK/CdiA-
CT-binding interaction appears to mimic that of the
cysteine synthase complex formed between CysK and CysE
(serine O-acetyltransferase) in some bacteria and higher
plants (Kredich et al. 1969; Droux et al. 1998; Zhu et al.
1998; Mino et al. 2000b; Kumaran et al. 2009). The cys-
teine synthase complex interaction is mediated by the
C-terminal GDGI peptide of CysE, which binds in the
active site cleft of CysK (Mino et al. 1999, 2000a; Zhao
et al. 2006; Kumaran and Jez 2007). UPEC536 CdiA
contains a similar C-terminal GYGI peptide motif, and
these residues are required for binding to CysK. In accord
with the biochemical data, we found that CysK is also
required for tRNase activity when CdiA-CT is expressed
inside E. coli cells. Moreover, E. coli AcysK mutants are
completely resistant to cell-mediated CDIVPEC>3¢ demon-
strating that CysK is a critical player in this pathway.
Based on these findings, we propose that CysK acts as a
specific permissive factor for CDI mediated by UPEC536.
These results reveal unanticipated complexity in the CDI
pathway and raise the possibility that CdiA-CTs may play
roles in communication between CDI* cells.

Results

CdiA-CT-associated tRNase activity requires
a cofactor

We recently reported that purified CdiA-CT from UPEC536
(corresponding to residues Val 3016-Ile 3242 of CdiA)
cleaves tRNA in the S100 fraction of cell lysates (Aoki
et al. 2010). The S100 fraction is the supernatant from
a 100,000g centrifugation and contains a number of
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soluble proteins in addition to substrate tRNA. To char-
acterize this tRNase activity under defined conditions,
we extracted E. coli S100 fractions with guanidinium
isothiocyanate-phenol (GITC-phenol) to isolate tRNAs
for in vitro assays. Surprisingly, CdiA-CT had no activity
on purified tRNA (Fig. 1A). In contrast, CdiA-CT induced
tRNA cleavage when added to S100 lysates, and this
tRNase activity was neutralized with equimolar Cdil-
Hisg immunity protein (Fig. 1A). We reasoned that tRNA
could be denatured during GITC-phenol extraction, ren-
dering them resistant to cleavage. Therefore, we purified
E. coli tRNA under nondenaturing conditions using DEAE-
cellulose chromatography and found this substrate was
also refractory to cleavage (Fig. 1A,B). Together, these
results suggest that a factor (or factors) present in the
S100 fraction is required to support tRNase activity. To
test this hypothesis, we removed nucleic acids from the
S$100 fraction using DEAE-cellulose in buffer containing
250 mM NaCl (Fig. 1B). Most of the proteins present in
the S100 fraction were not retained on the DEAE-cellu-
lose column under these conditions and were recovered
in the flowthrough fraction (Fig. 1B; data not shown). This
S100 protein fraction supported tRNase activity on puri-
fied tRNA isolated by both DEAE-cellulose and GITC-
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Figure 1. CdiA-CT tRNase activity requires a cofactor. (A) In
vitro tRNase assays. S100 lysates or isolated tRNA (purified by
either GITC-phenol or DEAE-cellulose chromatography) were
incubated with CdiA-CT and Cdil-Hiss (where indicated) as
described in the Materials and Methods. The samples labeled
DEAE tRNA+S100 protein contained a reconstituted S100
lysate in which the separated tRNA and protein fractions were
recombined. Reactions were run on denaturing polyacrylamide
gels, and tRNAs were visualized by ethidium bromide staining.
The migration positions of full-length and cleaved tRNAs are
indicated. (B) Purification scheme for enrichment of the CdiA-
CT-activating factor. Proteins from E. coli S100 lysates were
fractionated by anion exchange (DEAE-cellulose) and hydropho-
bic interaction (butyl-Sepharose) chromatography as illustrated
in the flow chart. The final peak activating fraction was
analyzed by SDS-PAGE, and proteins were visualized by stain-
ing with Coomassie blue.



phenol methods (Fig. 1A; data not shown), suggesting that
a protein in this fraction activates CdiA-CT.

To identify the factor required for CdiA-CT activation,
we fractionated S100 lysates using DEAE-cellulose chro-
matography and a linear salt gradient (Fig. 1B). The
activator eluted from the column at ~100-125 mM NaCl,
and these fractions were pooled for further purification by
butyl-Sepharose chromatography. SDS-PAGE analysis of
the resulting active fraction revealed several proteins (Fig.
1B), which were identified by mass spectrometry follow-
ing digestion with trypsin. This analysis identified sev-
eral dozen E. coli proteins in the CdiA-CT-activating
fraction, although most were present at very low levels
(Supplemental Table S1). To identify the activating factor,
we screened S100 lysates prepared from E. coli strains
deleted for genes that encode candidate proteins. We
focused on the most abundant candidate proteins, testing
those with >35 unique tryptic peptides and >60% se-
quence coverage in the mass analysis (Table 1). The S100
lysates from AsucC, AsucD, AahpC, and AtreC mutants
all supported tRNase activity to a level similar to that of
the lysate prepared from wild-type cells (Fig. 2A). In
contrast, there was dramatically less tRNase activity in
the S100 lysate from E. coli AcysK cells (Fig. 2A). These
results suggest that CysK plays a role in activating the
CdiA-CT tRNase.

CysK activates the CdiA-CT tRNase in vitro

To determine whether CysK is sufficient to stimulate
tRNase activity, we overproduced and purified Hiss-tag-
ged CysK protein for in vitro assays. Equimolar mixtures
of CysK-Hisg and CdiA-CT were able to cleave purified
tRNA, and this activity was blocked by the Cdil immu-
nity protein (Fig. 2B). CysK is a PLP-dependent enzyme
that catalyzes the second and final step of cysteine syn-
thesis from serine. To address whether O-acetylserine
sulfhydrylase activity is required for tRNase activation,
we tested a mutated version of CysK in which Lys 42 had
been changed to an alanine residue (K42A). Lys 42 forms
a Schiff base with PLP and is required for enzymatic
activity (Rabeh and Cook 2004). Although catalytically
inactive, purified CysK(K42A)-Hisg protein still supported
tRNase activity in vitro (Fig. 2B). E. coli contains an ad-
ditional O-acetylserine sulfhydrylase isoenzyme encoded
by the cysM gene (Tai et al. 1993). We tested purified
E. coli CysM-Hisg and found that it did not support tRNase
activity (Fig. 2B). Together, these results show that nu-

Table 1. Proteins identified in the CdiA-CT-activating fraction®
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clease activation requires CysK, but is not dependent on
its O-acetylserine sulfhydrylase activity.

Because both CysK and CdiA-CT are required for tRNA
cleavage in vitro, it is formally possible that CysK is in
fact the tRNase and that CdiA-CT is the activating factor.
We used BLAST analysis to identify CdiA-CT homologs,
reasoning that multiple sequence alignment with related
proteins could identify conserved residues required for
tRNase activity. This analysis revealed that the CdiA-CT
is bipartite, with the N-terminal and C-terminal regions
sharing sequence identity with two distinct sets of pro-
teins (Fig. 3A; Supplemental Figs. S1, S2). The N-terminal
region of CdiA-CT (residues Val 1-Tyr 82) is homologous
to the corresponding region in CdiA proteins from Yersi-
nia pestis, Photorhabdus luminescens, and Enterobacter
cloacae, but the extreme C-terminal sequences of these
proteins are divergent (Fig. 3A; Supplemental Fig. S1).
Because the CDI systems from these other bacteria en-
code distinct Cdil immunity proteins that are unrelated
to the UPEC536 Cdil, we concluded that the shared
N-terminal region of CdiA-CT is not required for tRNase
activity. To test this prediction, we purified a truncated
version of CdiA-CT lacking the N-terminal 82 residues
and tested its nuclease activity in vitro. Remarkably, the
truncated CdiA-CT cleaved tRNA in a CysK-independent
fashion, and its activity was completely blocked by
equimolar Cdil immunity protein (Fig. 3B). Multiple
sequence alignment of the C-terminal tRNase domain
with related sequences from y-proteobacteria and Gram-
positive bacteria revealed a handful of completely con-
served residues that could be involved in catalysis (Fig.
3A; Supplemental Fig. S2). We changed the conserved His
178 residue in CdiA-CT (His 3193 in full-length CdiA) to
alanine and found that the resulting protein lacked
tRNase activity in vitro even in the presence of CysK-
Hisg (Fig. 3A,B). The loss of nuclease activity was not the
result of gross structural perturbation, because the mu-
tant CdiA-CT(H178A) still bound tightly to the cognate
Cdil-Hiss immunity protein (data not shown). Taken to-
gether, these results demonstrate that tRNase activity is
intrinsic to the C-terminal 145 residues of UPEC536 CdiA.

CysK and CdiA-CT form a stable complex in vitro

Because the biosynthetic function of CysK is not required
for tRNase activation, we asked whether CysK and CdiA-
CT form a stable complex. We incubated CdiA-CT with
CysK-Hisg and then subjected the mixture to Ni**-affinity

UniProt Molecular Unique Sequence
Identified protein Gene accession number mass peptides coverage
Alkyl hydroperoxide reductase subunit C ahpC POAEOS8 21 kDa 37 94%
O-acetylserine sulfhydrylase A cysK POABK5 34 kDa 40 90%
Succinyl-CoA ligase (ADP-forming) subunit « sucD POAGE9 30 kDa 36 80%
Succinyl-CoA ligase (ADP-forming) subunit sucC POA836 41 kDa 44 74%
Trehalose-6-phosphate hydrolase treC P28904 64 kDa 40 64%

#This includes proteins with >35 unique tryptic peptides and >60% sequence coverage. See Supplemental Table S1 in the Supplemental

Material for a complete list of identified proteins.
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chromatography. SDS-PAGE analysis of the bound and
free fractions revealed that untagged CdiA-CT was re-
tained with CysK-Hisg on the Ni**-NTA column, sug-
gesting a physical interaction between the proteins (Fig.
4A). Copurification assays also showed that CdiA-CT
forms a stable complex with mutant CysK(K42A)-Hisg
protein but not CysM-Hisg (Supplemental Fig. S3), con-
sistent with the results from the in vitro tRNase assays.
The only known binding partner of CysK is CysE, the
serine O-acetyltransferase that catalyzes the first step in
cysteine biosynthesis. CysK and CysE form the cysteine
synthase complex in many bacteria and higher plants
(Kredich et al. 1969; Droux et al. 1998; Zhu et al. 1998).
Structural and biochemical studies of the cysteine syn-

A

added to the mock treatment control in place of
CysK/CysM. Reactions were analyzed by denatur-
ing gel electrophoresis as described for A.

thase complex indicate that the C terminus of CysE binds
in the active site cleft of CysK (Mino et al. 2000a;
Campanini et al. 2005; Huang et al. 2005; Francois et al.
2006; Zhao et al. 2006; Kumaran et al. 2009). Notably, the
C terminus of UPEC536 CdiA shares some sequence
identity with the C terminus of CysE (Fig. 4B), raising
the possibility that CysK binds the C-terminal Gly-Tyr—
Gly-Ile (GYGI) peptide of CdiA-CT. In accord with this
hypothesis, CdiA-CT proteins lacking the GYGI se-
quence (AGYGI) or the C-terminal isoleucine residue
(AI) failed to copurify with CysK-Hiss (Fig. 4A) and ex-
hibited no in vitro tRNase activity in either the presence
or absence of CysK (Supplemental Fig. S4). The cysteine
synthase complex dissociates in the presence of the CysK

Figure 3. CdiA-CT is an intrinsic tRNase. (A)
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Multiple sequence alignment suggests that
UPEC536 CdiA-CT is comprised of two do-
mains. Homologous CdiA-CT regions from var-
ious proteobacteria were aligned with UPEC536
CdiA-CT using ClustalW. The N-terminal re-
gion of UPEC536 CdiA-CT (Val 1-Tyr 82) shares
sequence identity with the corresponding re-
gions in CdiA proteins from Y. pestis (Uniprot
Q74T84), P. Iuminescens (Q7MB60), and E.
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Val 1 of the VENN motif) are highlighted in red.
The alignment was rendered with 50% conser-
vation visibility using Jalview 2.7. (B) The
C-terminal domain of CdiA-CT has intrinsic
tRNase activity. GITC-phenol-extracted tRNA
was treated with the C-terminal domain of
CdiA-CT (residues Gly 83-Ile 227) and Cdil-
Hise in the presence and absence (mock control)

of CysK-Hisg, and reactions were analyzed by denaturing gel electrophoresis. The migration positions of full-length and cleaved tRNAs
are indicated. (C) The His178Ala missense mutation ablates CdiA-CT tRNase activity. GITC-phenol-extracted tRNA was treated with
purified CdiA-CT(H178A) and Cdil-Hisg in the presence and absence (mock control) of CysK-Hiss. Reactions were analyzed by

denaturing gel electrophoresis.
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Figure 4. CdiA-CT and CysK form a stable complex in vitro.
(A) CdiA-CT and CysK form a stable complex in vitro. Hiss-
tagged CysK was used as bait protein to test for copurification of
untagged CdiA-CT variants. CysK-Hiss/CdiA-CT mixtures (in-
put) were incubated with Ni**-NTA agarose, and the free and
resin-bound fractions were isolated for analysis by SDS-PAGE.
The AGYGI and Al variants are truncated CdiA-CT proteins
lacking the indicated C-terminal residues. The gel migration
positions for each protein are indicated. (B) Comparison of the
C-terminal residues of UPEC536 CdiA-CT and E. coli CysE.
Residue numbers are indicated for each protein. (C) O-acetyl-L-
serine blocks formation of the CdiA-CT/CysK complex. CysK-
Hiss was incubated with either O-acetyl-L-serine or L-serine
prior to addition of CdiA-CT. Samples were then processed as
described in A. The gel migration positions for each protein are
indicated. (D) CdiA-CT/Cdil forms a ternary complex with
CysK. Untagged CdiA-CT and/or Cdil proteins were incubated
with CysK-Hiss, and the mixtures were subjected to Ni>*-NTA
chromatography. All fractions were analyzed by SDS-PAGE. The
gel migration positions for each protein are indicated.

substrate O-acetyl-L-serine (Kredich et al. 1969), presum-
ably because this small molecule displaces the C-terminal
tail of CysE upon binding the CysK active site. Similarly,
we found that preincubation of CysK-Hiss with O-acetyl-
L-serine blocked CdiA-CT/CysK-Hiss complex formation,
whereas pretreatment with L-serine had little effect on the
binding interaction (Fig. 4C). Taken together, these results
suggest that the CdiA-CT GYGI motif mimics the C ter-
minus of CysE to bind the CysK active site.

We next asked whether the Cdil immunity protein
blocks tRNase activity by disrupting the CysK/CdiA-CT
complex. We incubated untagged Cdil with CdiA-CT and
CysK-Hisg and found that all three proteins copurified as
an apparent ternary complex during Ni2*-affinity chro-
matography (Fig. 4D). Cdil does not appear to interact
directly with CysK because these proteins do not copurify
in the absence of CdiA-CT (Fig. 4D). These results in-
dicate that CysK and Cdil bind to nonoverlapping sites on
CdiA-CT and that immunity function does not entail dis-
sociation of the tRNase complex.

CysK is required for CdiA-CT toxicity in vivo

The cleavage of tRNA should block protein synthesis and
is presumably the molecular basis of CdiA-CT-mediated
growth inhibition. To induce CdiA-CT tRNase activity

A permissive factor for CDI

in vivo, we used the controlled proteolysis system of
McGinness et al. (2006) to specifically degrade the Cdil
immunity protein. Briefly, Cdil was tagged at its C ter-
minus with the ssrA(DAS) peptide, which targets tagged
proteins for degradation by the ClpXP protease only in the
presence of the SspB adaptor protein (McGinness et al.
2006). Coexpression of CdiA-CT and Cdil-DAS did not
inhibit E. coli AsspB cell growth, but production of SspB
from a plasmid-borne Pgap promoter resulted in growth
inhibition after ~2 h of induction (Fig. 5A). No growth
inhibition was seen in cells expressing SspB(A47), which
binds the ssrA(DAS) peptide but is unable to deliver tag-
ged proteins to ClpXP (Wah et al. 2002, 2003; McGinness
et al. 2006). These results show that growth inhibition is
dependent on Cdil degradation. Gel analysis of RNA from
the inhibited cells revealed that their tRNAs were degraded
(Fig. 5B). Northern blot hybridization and S1 nuclease
protection assays showed that tRNA was cleaved in the
anti-codon loop upon activation of CdiA-CT (Fig. 5B;
Supplemental Fig. S5). The appearance of cleaved tRNA
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Figure 5. Activation of CdiA-CT in E. coli cells results in
growth arrest and tRNA degradation. (A) E. coli cysK* AsspB
cells producing the CdiA-CT/Cdil-DAS complex were treated
with L-arabinose (L-ara) to induce synthesis of either SspB or
SspB(A47) from plasmid vectors. Wild-type SspB delivers DAS-
tagged Cdil immunity protein to the ClpXP protease, whereas
the SspB(A47) variant does so less efficiently. Cell growth was
monitored by measuring the ODggg as a function of time. (B)
Cells from the experiment in A were removed at various times,
and total RNA was isolated for analysis by denaturing gel
electrophoresis and Northern blot hybridization. The top panel
shows total cellular RNA visualized by ethidium bromide
staining. The bottom panels are Northern blots using probes
specific for E. coli tRNA,*™ and tRNA;SY. The gel migration
positions of ribosomal RNAs (rRNAs) and tRNAs are indicated.
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in vivo was coincident with growth inhibition, strongly
suggesting that tRNase activity is cytotoxic. This con-
clusion was supported by a similar controlled degradation
experiment using the inactive H178A variant of CdiA-
CT, which did not inhibit cell growth (data not shown).

Because tRNase activity arrests cell growth, we next
asked whether CysK is required to activate the CdiA-CT
toxin in vivo. We repeated the Cdil-DAS degradation ex-
periment in AcysK cells and found that SspB induction
had no effect on cell growth in this background (Fig. 6A).
Northern blot analysis showed no evidence of tRNase ac-
tivity in AcysK cells, whereas tRNA,*™ was cleaved and
ultimately degraded in the cysK* background (Fig. 6B). We
also tested CdiA-CT proteins lacking C-terminal residues
for growth inhibition activity. The AGYGI version of CdiA-
CT had no effect on cysK* and AcysK cell growth (data not
shown), consistent with its lack of tRNase activity in
vitro (Supplemental Fig. S4). Although the AI version of
CdiA-CT did not form a stable complex with CysK-Hisg
and had no detectable tRNase activity in vitro (Supple-
mental Fig. S4), this protein inhibited cell growth in
a cysK-dependent manner (Fig. 6A). This growth inhibi-
tion was associated with tRNase activity, although at
a significantly lower level than that observed with full-
length CdiA-CT (Fig. 6B). Together, these results sug-
gest that CdiA-CT(AI) retains tRNase activity, but its
reduced affinity for CysK limits growth inhibition to an
intermediate level.

We next sought to complement the AcysK mutation
with a plasmid-borne copy of the gene. We introduced
plasmid pCH450-CysK (which expresses cysK under the
control of an arabinose-inducible promoter) into AcysK
sspB* and AcysK AsspB backgrounds and then tested
whether the resulting cells could be transformed with
a compatible plasmid expressing the CdiA-CT/Cdil-DAS
toxin/immunity pair. Control cells carrying the pCH450
vector plasmid without cysK were readily transformed
with the CdiA-CT/Cdil-DAS plasmid (Fig. 6C). In con-

trast, no stable transformants were obtained with AcysK
sspB* pCH450-CysK cells when plated on selective me-
dium supplemented with L-arabinose to induce CysK syn-
thesis (Fig. 6C). However, the AcysK AsspB pCH450-CysK
cells could be readily transformed with the CdiA-CT/
Cdil-DAS plasmid (Fig. 6C), reconfirming that SspB-de-
pendent degradation of the DAS-tagged Cdil immunity
protein is required for growth inhibition. This transfor-
mation assay was also used to examine growth inhibition
in cells carrying plasmid-borne copies of the cysK(K42A)
and cysM genes. Consistent with the in vitro tRNase
experiments, we found that cysK(K42A) supported growth
inhibition, whereas cysM did not (Fig. 6C). Together, these
results demonstrate that CysK is required for CdiA-CT-
mediated growth inhibition.

CysK is required for UPEC536 CdiA-mediated CDI

The toxicity of the CdiA-CT tRNase suggests that this
nuclease activity is responsible for growth inhibition
during cell-mediated CDIVPE<%¢. However, the UPEC536
CdiA protein is very large (~331 kDa) and could possess
multiple toxic activities that act in concert to inhibit
target cell growth. Therefore, we examined the role of
tRNase activity by performing growth competitions using
inhibitor cells that express full-length CdiA proteins from
cosmid-borne CDIVYEC536 gystems. Viable target cell
counts were reduced ~100-fold after coculture with in-
hibitor cell expressing wild-type CdiA, whereas target
cell growth was unaffected by inhibitor cells that express
the His3193Ala version of CdiA lacking tRNase activity
(Fig. 7A). Immunofluorescence staining using antibodies
specific for the CdiA-CT confirmed that CdiA(H3193A)
protein was expressed on the cell surface at approxi-
mately the same level as wild-type CdiA (Supplemental
Fig. S6). These data strongly suggest the CdiA tRNase

activity is solely responsible for growth inhibition during
CDIVPEC536.
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CT/CdiI-DAS complex were transformed with plas-
mids that produce CysK, CysK(K42A), or CysM under
control of the arabinose-inducible Pgap promoter.
Transformants were selected on LB agar plates supple-
mented with 0.2% L-arabinose and the appropriate
antibiotics. Transformation of E. coli AcysK AsspB
cells serves as a control to demonstrate that Cdil-
DAS degradation is required for growth inhibition.



We next tested whether CysK is required to activate
CdiA tRNase activity during cell-mediated CDI. Target
cells carrying the AcysK mutation were completely re-
sistant to inhibitor cells expressing UPEC536 CdiA (Fig.
7B), consistent with the toxin-activating function of CysK.
Susceptibility to CDIYYE®>3¢ was almost completely re-
stored by providing AcysK target cells with a plasmid-
borne copy of the cysK gene (Fig. 7B). In contrast, the
AcysK mutation provided no protection against the
E. coli EC93 CDI system (Fig. 7B), which delivers a dif-
ferent CdiA-CT toxin that is thought to inhibit cell
growth by forming a pore in the inner membrane of target
cells (Aoki et al. 2009, 2010). Thus, CysK plays a critical
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Figure 7. CysK is required for growth inhibition during
CDIVPECS3¢ (A) tRNase activity is required for the inhibition of
target cell growth during CDIYTE<>%¢, Target cells were cocultured
with inhibitor cells expressing either wild-type CdiA or a variant
carrying the His3193Ala missense mutation, which ablates
tRNase activity. Growth inhibition was assessed by quantifying
the number of viable target cells as colony-forming units
per milliliter (CFU/mL) at 0 and 4 h of coculture. The CDI™
competition contained mock inhibitor cells carrying a cosmid
vector with no CDI system. (B) CysK is required for growth
inhibition during CDIVPEC53¢ Inhibitor cells expressing either
the UPEC536 or EC93 CDI system were cocultured with cysK*,
AcysK, and pCysK-complemented AcysK target cells. Viable target
cells were determined (CFU/mL) at 0 and 4 h of coculture.
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and specific role in CDI mediated by the CDIVFECS36
system.

Discussion

The results presented here demonstrate that the CdiA-
CT from UPEC536 is an anti-codon nuclease responsible
for the inhibition of target cell growth during CDI. Re-
markably, the cytotoxic tRNase activity of CdiA-CT is
latent and requires activation by the biosynthetic enzyme
CysK. CdiA-CT and CysK bind stably to one another, and
this complex appears to be required for tRNase activity in
vitro and in vivo. CdiA-CT variants lacking one to four
C-terminal residues have a much lower affinity for CysK
and exhibit no tRNase activity in vitro. Of course, the
C-terminal deletions could also interfere with CdiA-CT
structure and ablate tRNase activity independently of the
CysK-binding defect. However, three observations argue
against this latter possibility. First, both C-terminal de-
letion variants copurify with Hisg-tagged Cdil immunity
protein during Ni**-affinity chromatography, indicating
that CdiA-CT structure is not grossly perturbed by these
changes. Second, although CdiA-CT(AI) (which lacks the
C-terminal Ile residue) has no detectable tRNase in vitro,
it significantly interferes with cell growth when expressed
in E. coli. This growth inhibition is dependent on CysK
and is associated with the partial degradation of cellular
tRNAs. These findings suggest that CdiA-CT(AI) remains
an intrinsic tRNase, but its activity is limited by a lower
binding affinity for CysK. Last, appending a Flag peptide
epitope onto the C terminus of CdiA-CT also blocks
CysK binding and abrogates tRNase activity (E] Diner and
CS Hayes, unpubl.). As with the other CdiA-CT variants,
the Flag-tagged domain has high affinity for Cdil, again
suggesting that it retains the wild-type fold. Thus, the
CysK/CdiA-CT complex is likely to represent the func-
tional tRNase. Importantly, these findings are relevant to
cell-mediated CDI. Target cells deleted for the cysK gene
are completely resistant to inhibitor cells expressing
UPEC536 CdiA, demonstrating that CysK is critical for
growth inhibition during CDIYTE®53¢ This function is
unique and distinct from the roles played by other target
cell proteins that act as receptors and/or mediators of
CdiA-CT translocation. Thus, CysK acts as a permissive
factor during CDIYFEC®3¢ allowing the toxic tRNase
activity of CdiA-CT to be manifest in the target cell
cytoplasm.

Although CysK-binding is required to activate the CdiA-
CT tRNase domain, the precise mechanism of activation
is not clear. Initially, we hypothesized that the N-terminal
domain of CdiA-CT suppressed the activity of its
C-terminal tRNase domain and CysK binding altered the
orientation of the two domains to relieve inhibition. This
model is consistent with the observation that the
C-terminal 145 residues of CdiA exhibit tRNase activity
in the absence of CysK. However, deletion of the C-terminal
Ile residue in the context of the CysK-independent
tRNase domain significantly reduces activity in vitro (EJ
Diner and CS Hayes, unpubl.), indicating that the GYGI
peptide does not function simply as a toggle switch for
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nuclease activity. Perhaps CysK binding induces a rear-
rangement of active site residues to promote catalysis.
Presumably, these conformational changes in the tRNase
domain are subtle because CysK-bound CdiA-CT retains
its affinity for the Cdil immunity protein. Alternatively,
CysK could facilitate substrate binding, perhaps even
making direct contacts with tRNA. Finally, it is possible
that the oligomerization of CdiA-CT is required for
activation. CysK is a dimeric protein, and the proposed
CdiA-CT-binding sites are presented on the same side of
the homodimer (Rabeh and Cook 2004; Francois et al.
2006). Therefore, binding to CysK would tether two
CdiA-CT proteins together in close approximation to
one another. It is not immediately clear why an anti-
codon nuclease should require dimerization for activity,
but this mechanism may explain why the truncated
tRNase domain (Gly 83-Ile 227) requires 10-fold higher
concentrations to attain the same activity of the CysK/
CdiA-CT complex. We are currently testing these models
using biochemical approaches and high-resolution crys-
tallography.

In many bacteria and higher plants, CysK also binds
stably to the CysE protein to form the cysteine synthase
complex (Kredich et al. 1969; Droux et al. 1998; Zhu et al.
1998; Mino et al. 2000b; Kumaran et al. 2009). The
molecular basis of the CysK/CysE interaction has been
examined in detail, and these studies have demonstrated
that the C terminus of CysE binds in the active site cleft
of CysK (Bogdanova and Hell 1997; Mino et al. 2000a;
Campanini et al. 2005; Huang et al. 2005; Kumaran et al.
2009). The C-terminal Ile residue of CysE is particularly
critical for complex formation and mediates many of the
contacts with CysK (Francois et al. 2006; Salsi et al. 2010).
CdiA-CT contains a C-terminal GYGI peptide motif that
is similar to the GDGI sequence in CysE, and like the
cysteine synthase complex, the CdiA-CT/CysK interac-
tion requires the C-terminal Ile residue of CdiA-CT and
can be disrupted by O-acetyl-L-serine. These observa-
tions suggest that CdiA-CT and CysE both bind CysK in
the same manner. The evolutionary significance of this
molecular mimicry is unclear, but perhaps the CdiA-CT
has coopted a well-conserved protein—protein interaction
to ensure activation in a wide variety of bacteria. The
CysK proteins from other bacterial species are capable of
promoting CdiA-CT nuclease activity, but CDI growth
inhibitory activities appear to be restricted to the same or
closely related species (E] Diner, ZC Ruhe, and CS Hayes,
unpubl.). Intriguingly, the CdiA-CT tRNase domain
shares significant sequence identity with a handful of
predicted proteins from the Gram-positive species Rumi-
nococcus lactaris, Clostridium acetobutylicum, Listeria
innocua, and Geobacillus sp. Y412MCI10 (see Supple-
mental Fig. S2). In Ruminococcus, Geobacillus, and C.
acetobutylicum, the genes encoding the CdiA-CT homo-
logs are immediately followed by genes for proteins that
are clearly related to UPEC536 Cdil, suggesting that these
genes encode toxin/immunity pairs. The function of
these gene pairs has not been examined, but they may
represent a growth competition system analogous to
CDI. The CdiA-CT homolog in Geobacillus contains a

522 GENES & DEVELOPMENT

WXGI100 domain (Pfam PF06013) in its N terminus,
suggesting it is exported through an ESX/type VII secre-
tion pathway (Simeone et al. 2009; Sutcliffe 2011). It is
unclear whether these Gram-positive tRNase domains
also require activation by CysK. Although each Gram-
positive homolog contains the GYGI motif, these proteins
are predicted to have additional C-terminal residues,
which should prevent CysK binding. However, CysK from
Bacillus subtilis activates CdiA-CT in vitro and in E. coli
cells (E] Diner and CS Hayes, unpubl.), suggesting that the
same activation mechanism could operate in Gram-pos-
itive bacteria, provided the C terminus of the tRNase
domain is processed to expose the GYGI motif.

If growth inhibition is the sole function of the CDIVFE<>3¢
system, then the benefit conferred by CysK-mediated
toxin activation is not immediately obvious. In fact, toxin
activation provides an additional opportunity for target
cells to evolve resistance to CDIYTEC®3¢ bhecause cysK is
not an essential gene. In contrast, soluble bacteriocins
also deliver toxic domains into bacteria to inhibit growth,
but typically only require cell envelope proteins for rec-
ognition and translocation of the toxin (Cascales et al.
2007; Chauleau et al. 2011). One exception appears to be
colicin M (an inhibitor of peptidoglycan synthesis), which
is remodeled into its active conformation by a peptidyl-
prolyl cis-trans isomerase (FkpA) in the periplasm of
target cells (Schaller et al. 1982; El Ghachi et al. 2006;
Hullmann et al. 2008; Helbig et al. 2011). CysK has no
known chaperone activity, but could perhaps stabilize the
CdiA-CT in target cells. The hydrophobic C-terminal
GYGI sequence resembles known recognition determi-
nants for the ClpXP and ClpAP proteases (Sauer et al.
2004; Sauer and Baker 2011). Therefore, CysK could
accentuate growth inhibition by protecting the tRNase
domain from proteolysis. However, E. coli AclpX and
AclpP mutants are no more sensitive to CDIYE<>3¢ than
wild-type cells (CM Beck, JS Webb, DA Low, and CS
Hayes, unpubl.). Perhaps the CysK/CdiA-CT complex
serves other functions in addition to its characterized
role in growth inhibition. For example, the interaction
with CysK provides a possible mechanism to modulate
sulfur metabolism and cysteine biosynthesis, which in-
fluence stress responses, antibiotic resistance, and bio-
film formation (Ren et al. 2005; Ackerley et al. 2006;
Fuentes et al. 2007). According to this model, the delivery
of CdiA-CT between immune CDI* cells would serve a
contact-dependent signaling function to coordinate cel-
lular activities in the same manner as quorum-sensing
systems. Prior work with E. coli EC93 indicates that there
is no exclusion mechanism to prevent CdiA-CT delivery
between CDI* bacteria (Aoki et al. 2010), suggesting that
toxin exchange between isogenic cells is common. In-
triguingly, we also found that UPEC536 carrying the
His3193Ala missense mutation in cdiA exhibits a defect
in biofilm formation compared with wild-type CDI" cells
(JS Webb, T Smith, and DA Low, unpubl.). We are cur-
rently exploring how tRNase activity impinges on the
regulatory pathways that control biofilm formation and
whether CdiA-CT exchange between UPEC536 serves an
intercellular signaling function.



Materials and methods

Bacterial strains and plasmids

All bacterial strains used in this study are listed in Supplemental
Table S2. The AcysK::kan, AsucC::kan, AahpC::kan, AtreC::kan,
and AsucD::kan gene disruptions were obtained from the Keio
collection (Baba et al. 2006) and transduced into E. coli strains
CH1944 (Garza-Sanchez et al. 2006) or JCM158 wzb::kan (Aoki
et al. 2008) using bacteriophage P1-mediated generalized trans-
duction. Kanamycin resistance cassettes were excised using FLP
recombinase as described (Datsenko and Wanner 2000). All plas-
mids and cosmids are listed in Supplemental Table S2, and con-
struction details are outlined in the Supplemental Material.

Protein purification

All CdiA-CT/Cdil-Hiss complexes were overproduced and purified
under nondenaturing conditions in reaction buffer (20 mM sodium
phosphate at pH 7.0, 150 mM NacCl, 10 mM B-mercaptoethanol)
as described previously (Aoki et al. 2010). Each complex was de-
natured in reaction buffer containing 6 M guanidine-HCI, and
the CdiA-CT variants were isolated from Cdil-Hisg by Ni**-af-
finity chromatography. Purified CdiA-CT and Cdil-Hisg proteins
were refolded by dialysis into reaction buffer. Untagged Cdil was
purified in the same manner from a complex with Hise-tagged
CdiA-CT. The various CysK-Hisg and E. coli CysM-Hisg proteins
were purified by Ni**-affinity chromatography under nondena-
turing conditions. All Hiss-tagged proteins were eluted from
Ni2*-NTA resin using reaction buffer supplemented with 250
mM imidazole. Imidazole was subsequently removed by dialysis
against reaction buffer, and the purified proteins were quantified
by absorbance at 280 nm.

Protein—protein interaction assessed by Ni°*-affinity
chromatography

Binding interactions between CdiA-CT and Hisg-tagged CysK
proteins were assayed by copurification on Ni**-NTA resin.
Briefly, Hisg-tagged “bait” (i.e., CysK or CysM) and untagged
“prey” CdiA-CT proteins were mixed together at a final concen-
tration of 10 uM in reaction buffer. An aliquot of the protein
mixture was removed (for subsequent SDS-PAGE analysis), and
then Ni%*-NTA resin was added and the mixture was incubated
at room temperature for 1 h The reactions were centrifuged to
collect the resin, and the supernatant was removed and analyzed
as the “free” fraction. The resin was then washed three times
with reaction buffer supplemented with 20 mM imidazole.
Resin-bound proteins were eluted with reaction buffer supple-
mented with 250 mM imidazole. For the CdiA-CT/CysK com-
plex-blocking experiments, CysK-Hisg was preincubated for 15
min with 50 mM O-acetyl-L-serine (or 50 mM L-serine) in 100
mM Tris-HCI (pH 6.5) prior to the addition of CdiA-CT. All
fractions (input, free, and bound) were analyzed by SDS-PAGE
and staining with Coomassie brilliant blue.

In vitro tRNase assays

Dialyzed S100 fractions were used for tRNase activity assays, as
described previously (Aoki et al. 2010). Purified tRNA substrates
were prepared by either GITC-phenol extraction (Garza-Sanchez
et al. 2006) or DEAE-cellulose chromatography of E. coli S100
lysates (as described below). Reactions contained 0.1 uM CdiA-
CT (and equimolar Cdil-Hiss, where indicated) and 130 ng/uL
tRNA in reaction buffer supplemented with 10 mM MgCl,. The
truncated CdiA-CT(G83-1227) domain was used at a higher
concentration (1 pM final) for in vitro tRNase assays. Where
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indicated, CysM-Hiss and CysK-Hisg protein variants were in-
cluded at a final concentration of 0.1 pM. Reactions were ex-
tracted with GITC-phenol extraction, and the isolated tRNAs
were analyzed by gel electrophoresis on 8.3 M urea/6% poly-
acrylamide gels in 1X Tris-borate-EDTA (TBE) buffer. Gels were
stained with ethidium bromide to visualize nucleic acids.

Purification of the CdiA-CT-activating factor

E. coli strain X90 was grown to ODgpo ~1.0 in LB medium at
37°C and harvested over crushed ice. Cells were broken by
French press, and the S100 fraction was prepared by ultracentri-
fugation at 100,000g for 4 h at 4°C as described (Powers and
Noller 1991). Following ultracentrifugation, the S100 fraction
was dialyzed against 20 mM Tris-HCI (pH 6.0) and 250 mM
NaCl. The dialyzed S100 was passed over a DEAE-cellulose 52
column pre-equilibrated in 20 mM Tris-HCI (pH 6.0) and 250
mM NaCl. The flowthrough fraction (fraction A) contained most
of the proteins present in the original S100 fraction (as de-
termined by SDS-PAGE). Fraction B (which contained tRNAs
and some proteins) was eluted from the DEAE-cellulose column
with 20 mM Tris-HCI (pH 6.0) and 500 mM NaCl and dialyzed
against reaction buffer for use as substrate tRNA for in vitro
tRNase assays. Fraction A was dialyzed against 20 mM sodium
phosphate (pH 7.0) and 75 mM NaCl and further fractionated by
DEAE-cellulose chromatography to enrich for the CdiA-CT-ac-
tivating factor. Proteins were eluted using a linear gradient of 75—
150 mM NaCl in 20 mM sodium phosphate (pH 7.0), and
individual fractions from the gradient were tested for the ability
to stimulate the tRNase activity. The activating fractions were
pooled, adjusted to 0.8 M (NH,4),SO,, and applied to a HiTrap
butyl-Sepharose hydrophobic interaction column (GE Health-
care). Proteins were eluted by decreasing the (NH,4),SO4 concen-
tration using a step gradient. Each fraction was dialyzed against
reaction buffer and assayed for tRNase activity with 0.1 pM
purified CdiA-CT. The fraction eluting at 0.6 M (NH,),SO4
activated CdiA-CT and was analyzed by SDS-PAGE. This protein
fraction (35 pg) was dialyzed into 50 mM ammonium bicarbon-
ate and lyophilized for trypsin digestion and liquid chromatog-
raphy-mass spectrometry analysis.

Growth inhibition activity of CdiA-CT

E. coli strains X90 AsspB and X90 AsspB AcysK carrying plasmids
pCH410::sspB or pCH410::sspB(A47) (Poole et al. 2011) were
transformed with plasmid pTrc99a::CdiA-CT/Cdil-DAS, and the
resulting cells were grown to mid-log phase in LB supplemented
with 150 pg/mL ampicillin and 10 pg/mL tetracycline and then
diluted to ODggg of 0.05 in fresh LB medium supplemented with
ampicillin and tetracycline. Cells were grown for 30 min and
then adjusted to 0.4% L-arabinose to induce the synthesis of
SspB or SspB(A47). The ODggp was measured every 30 min fol-
lowing induction to monitor cell growth. Cell samples from each
culture were removed and fixed with an equal volume of ice-cold
methanol. Whole-cell RNA was then extracted by GITC-phenol
for analysis by denaturing polyacrylamide gel electrophoresis.
Specific tRNAs were also analyzed by Northern blot hybridiza-
tion using end-labeled oligonucleotide probes as described (Hayes
and Sauer 2003; Garza-Sanchez et al. 2006). Complementation
experiments were performed with E. coli X90 AcysK and X90
AsspB AcysK strains carrying plasmid pTrc99a:CdiA-CT/Cdil-
DAS. These cells were made chemically competent and then
transformed with plasmid constructs that express cysM and cysK
variants under control of the L-arabinose-inducible Pgap pro-
moter. Transformed cells were selected on LB agar plates supple-
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mented with L-arabinose (0.2%), ampicillin (150 wg/mL), and
tetracycline (10 pg/mL).

Growth competition assays

Inhibitor and target E. coli strains were grown separately to mid-
log phase (ODggg ~0.5) at 37°C in LB medium without antibi-
otics. Inhibitor and target cells were then diluted to ~3 x 107
colony-forming units (CFU) per milliliter and mixed at a 1:1 ratio
in 10 mL of fresh LB medium. The coculture was then incubated
with shaking in a 125-mL baffled flask at 37°C. Samples were
taken at the 0-h and 4-h time points for serial dilution and
quantification of viable cells (CFUs per milliliter) on LB agar
plates supplemented with the appropriate antibiotics to select
for either inhibitor or target cells. All inhibitor cells were based
on E. coli strain EPI100 carrying cosmids pWEB-TNC (CDI ),
PDALS66 (CAiAYPESS3%) pDAL660A1-39 (CAiAE®3), and pDAL893
[CAA(H3193A)UPEC36] All target cells were based on the JCM158
Awzb background. For the AcysK complementation studies, target
cells carrying pTrc99A::cysK (or pTrc99A vector control) were
grown in 1 mM IPTG prior to coculture with inhibitor cells.

Cell surface immunofluorescence

Cells expressing UPEC536 CdiA were grown to ODggg ~0.8 in LB
medium at 37°C with aeration. Cells were harvested by centri-
fugation and resuspended in 0.2 mL of 4% formaldehyde in
phosphate-buffered saline (PBS). After fixation for 15 min at
room temperature, the cells were washed twice with 0.2 mL of
PBS and resuspended in 1% bovine serum albumin in PBS.
Rabbit polyclonal antisera specific for the CdiA-CT (1:50 di-
lution) were added and incubated at room temperature for 30
min. Cells were washed twice with 0.2 mL of PBS and resus-
pended in 1% bovine serum albumin in PBS. Anti-rabbit Alexa-
Fluor 488 antibody was added and incubated on ice for 30 min.
Cells were washed, resuspended in PBS supplemented with
0.02% sodium azide, and pipetted onto poly-D-lysine slides.
After drying for 5 min, slides were washed three times with 50 wL
of Nanopure water and dried once more. One drop of FluoroGel in
TES buffer (Electron Microscopy Sciences) was applied, followed
by the cover slip. Slides were allowed to dry overnight at 4°C prior
to fluorescence microscopy.
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