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Bacterial contact-dependent growth inhibition (CDI) is mediated by the CdiA /CdiB family of
two-partner secretion proteins. CDI* cells bind to susceptible target bacteria and deliver a
toxic effector domain derived from the carboxyl terminus of CdiA (CdiA-CT). More than 60
distinct CdiA-CT sequence types have been identified, and all CDI toxins characterized thus
far display RNase, DNase, or pore-forming activities. CDI systems also encode Cdil immu-
nity proteins, which specifically bind and inactivate cognate CdiA-CT toxins to prevent
autoinhibition. CDI activity appears to be limited to target cells of the same species, sug-
gesting that these systems play a role in competition between closely related bacteria. Recent
work on the CDI system from uropathogenic Escherichia coli (UPEC 536) has revealed that its
CdiA-CT toxin binds tightly to a cysteine biosynthetic enzyme (CysK) in the cytoplasm of
target cells. The unanticipated complexity in the UPEC CDI pathway raises the possibility that
these systems perform other functions in addition to growth inhibition. Finally, we propose
that the phenomenon of CDI is more widespread than previously appreciated. Rhs (re-
arrangement hotspot) systems encode toxin-immunity pairs, some of which share significant
sequence identity with CdiA-CT/Cdil proteins. A number of recent observations suggest that
Rhs proteins mediate a distinct form of CDI.

he term “microbiome” was introduced to
Tencompass microbes, their combined ge-
nomes, and their physiological interactions
within a specific environment (Lederberg
2000). We have coevolved with our microbiome,
and the microorganisms that colonize us play a
significant role in determining health and resis-
tance to disease (Dominguez-Bello and Blaser
2008; Benson et al. 2010; Ley 2010). The enor-

mous diversity of bacterial species that reside
within our intestines presents a daunting task
if we wish to determine all the antagonistic
and synergistic interactions they have with us
and each other. Bacterial pathogenesis focuses
on the relatively few species that cause adverse
outcomes for the host, and has been explored to
a much greater extent than bacterial ecology,
which encompasses all interactions within the
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microbiome. However, this situation is likely to
change as we realize that microbial ecology is
central to our understanding of bacterial disease
and the design of effective interventions. For
example, Clostridium difficile infections are
often precipitated by perturbations to the mi-
crobiome resulting from antibiotic treatment
(Bakken et al. 2011). Moreover, antibiotic treat-
ment can increase susceptibility to influenza vi-
rus through alterations in the microbiome and
its interplay with the host immune system (Ichi-
nohe et al. 2011). These examples illustrate the
importance of developing therapies that target
specific bacterial pathogens. One way to accom-
plish this goal is to understand the mechanisms
by which bacteria interact and compete with one
another. Significant progress has been made in
understanding how bacteria communicate and
compete via secreted chemicals and peptides
(Keller and Surette 2006; Ng and Bassler 2009).
Some secreted factors control the expression of
virulence factors, and therefore blocking these
signaling pathways provides a strategy for spe-
cificintervention (Chen etal. 2011). In contrast,
comparatively little is known about bacterial
communication mediated by direct cell-to-cell
contact (Hayes et al. 2010; Konovalova and So-
gaard-Andersen 2011; Pathak et al. 2012). Be-
cause bacteria in diverse environments grow
on solid surfaces in biofilms, contact-dependent
communication could play important roles that
are distinct from the communication mediated
by secreted signaling factors. This review focuses
on contact-dependent growth inhibition (CDI),
a mechanism that we discovered in 2005 (Aoki
et al. 2005) and have recently shown plays a role
in bacterial competition (Aoki et al. 2010).

CDI

The phenomenon of CDI was first described in
Escherichia coli EC93, a wild-type isolate cul-
tured from the intestinal tract of rats (Aoki
etal. 2005). E. coli EC93 was found to profound-
ly inhibit the growth of most other E. coli strains
in coculture experiments. Although enteric bac-
teria often produce soluble factors that kill relat-
ed bacteria, the growth inhibition mediated by
E. coli EC93 is unique in that it requires direct

cell-to-cell contact with target cells. The CDI
locus in E. coli EC93 is comprised of a three-
gene cluster (cdiBAI), which is sufficient to con-
fer the CDI inhibitor phenotype when intro-
duced into laboratory strains of E. coli K-12
(Fig. 1). The cdiB and cdiA genes encode mem-
bers of the two-partner secretion protein family
(Jacob-Dubuisson et al. 2013). CdiB is a predict-
ed outer membrane B-barrel protein that is re-
quired for the secretion and presentation of the
CdiA exoprotein onto the cell surface. Like other
two-partner secretion exoproteins, CdiA con-
tains an amino-terminal transport domain fol-
lowed by a hemagglutinin repeat region that is
predicted to adopt a filamentous B-helical struc-
ture (Kajava et al. 2001). The CDI growth inhib-
itory activity is localized to the carboxy-termi-
nal region of CdiA (CdiA-CT), and the cdil
gene product neutralizes the CdiA-CT toxin to
protect E. coli EC93 cells from autoinhibition.
The Cdil immunity protein is also sufficient to
protect CDI™ target cells from growth inhibi-
tion mediated by the E. coli EC93 CdiA-CT tox-
in. Thus, the E. coli EC93 CDI system encodes
both toxin and immunity functions that are pre-
sumably used for growth competition.

CDI Systems Are Modular

The proliferation of bacterial genome sequence
information has revealed that CDI systems are
widely distributed throughout the a-, -, and
y-proteobacteria and are commonly found in
human, plant, and arthropod pathogens. Pro-
teobacterial species contain zero to multiple
CDI loci (Fig. 1). In Table 1, CdiA proteins
present in a number of pathogenic bacterial spe-
cies are annotated with accession numbers.
CdiA proteins from y-proteobacteria typically
share sequence identity along most of the ami-
no-terminal hemagglutinin repeat region, but
the CdiA-CT sequences diverge abruptly after
a common VENN peptide motif (Aoki et al.
20105 Poole et al. 2011). CdiA-CT sequences
can also vary considerably between CDI systems
from different strains of the same species. The
predicted Cdil immunity proteins are also var-
iable, indicating that CdiA-CT/Cdil pairs con-
stitute a family of polymorphic toxin-immunity

2 Cite this article as Cold Spring Harb Perspect Med 2014;4:a010025



m Cold Spring Harbor Perspectives in Medicine

PERSPECTIVES

www.perspectivesinmedicine.org

Contact-Dependent Growth Inhibition Systems

Burkholderia pseudomallei 1106a chromosome | 6500 bp

A HEEH)- H(

Burkholderia pseudomallei 1106a chromosome ||

) KK

Dickeya dadantii Ech3937
*% %

HEEH DR (e (e HEH

Escherichia coli EC93

Escherichia coli O157:H7 Sakai

D i D - B

Neisseria meningitidis MC58

* % k% * %

HEDIDIIDHIOH HEE-HIEK

Yersinia pseudotuberculosis IP31758

HDHE—EDH

Yersinia pseudotuberculosis PB1*
* % % * *
G DD DEEmH

Figure 1. Organization of cdi and rhs genes in select bacterial pathogens. The cdi and rhs loci present in the
chromosome(s) of the indicated bacterial pathogens are shown. Gaps between loci indicate that they are not
closely linked. The order of gene regions and orientation of genes is as in the published genomic sequences,
except for E. coli 536 and Yersinia pseudotuberculosis PB17, which have been reversed. Orphan cdiA-CTand rhs-
CTregions are denoted by asterisks. Symbol key: cdiA, green arrows; cdiB, yellow arrows; cdil, short blue arrows;
rhs, orange arrows; and rhsl, short red arrows. Shaded regions show toxin-immunity modules that are found as
an orphan in one strain and part of a full CdiA gene in another. Selected pathogens illustrate different aspects of
gene organization. Burkholderia pseudomallei 1106a, gene order cdiA-I-B instead of the typical cdiB-A-I gene
order (chromosomes [ and IT) and rhs gene linkage to a CDI module (chromosome I1); E. coli O157:H7 Sakai, rhs
genes present but CDI modules absent; E. coli EC93, E. coli 536, and Neisseria meningitides MC58, CDI modules
but rhs genes absent; N. meningitides MC58, multiple CDI modules with orphan c¢diA-CT genes; B. pseudomallei
1106a, Dickeya dadantii Ech3937, Y. pseudotuberculosis IP31758, and Y. pseudotuberculosis PB17, CDI modules

together with Rhs modules; E. coli EC93, E. coli 536, Y. pseudotuberculosis IP31758, and Y. pseudotuberculosis
PB17, exchange of toxin-immunity pairs between orphan cdiA-CTand full cdiA-CT genes.
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Table 1. CdiA and Rhs proteins encoded in select pathogens

Species and strain

CdiA protein IDs

Rhs protein IDs

Acinetobacter baumannii str. ACICU  ACC57223 (no orphans)

Bartonella grahamii as4aup

Bartonella tribocorum str. CIP 105476

Burkholderia pseudomallei 1106a
chromosome I

Burkholderia pseudomallei 1106a
chromosome II

Dickeya dadantii Ech586

Dickeya dadantii 3937

Dickeya zeae Ech1591

Edwardsiella ictaluri 93-146

Erwinia pyrifoliae Ep1/96

Escherichia coli 536

Escherichia coli O157:H7 str. Sakai

Escherichia coli CFT073
Escherichia coli UT189
Klebsiella pneumoniae str. 342
Neisseria meningitidis 72491
Neisseria meningitidis MC58

YP_002971801 (no orphans),
YP_002972394 (no orphans),
YP_002972429 (no orphans),
YP_002972520 (no orphans);

two additional loci lack a Pfam

PF04829 domain
CAKO00851 (two orphans),
CAKO00866 (four orphans),
CAKO01426 (one orphan),
CAKO01664 (two orphans)
ABN92080 (no orphans),
ABN91683 (no orphans)
ABN92652 (no orphans)

ACZ76770 (one orphan),
ACZ78808 (three orphans)

ADMO98580 (one orphan),
ADMO98660 (no orphans)

ACT06763 (two orphans),
ACT06855 (no orphans)

ACR70209 (one orphan),
ACR70465 (frameshift in cdiA;
five orphans)

CAX56670 (three orphans)

ABG72516 (no orphans)
No cdiA genes

AAN78830 (two orphans)
ABE10349 (one orphan)
ACI08381 (no orphans)
CAMO07945 (three orphans)
AAF40927 (no orphans),
AAF40929 (five orphans),

AAF42109 (no orphans; linked to
AAF42119), AAF42119 (one orphan)

ACC56430 (no orphans),
ACC56574 (no orphans)
No rhs genes

No rhs genes

ABN90290 (no orphans)

ABN92960 (no orphans),
ABN93053 (no orphans)

ACZ76163 (no orphan),
ACZ76342 (no orphans)

ADMO97066 (no orphans),
ADMY97666 (two orphans),
ADM99131 (no orphans)

ACT05308 (no orphans),
ACT06027 (no orphans),
ACT06362 (one orphan),
ACT07636 (no orphans),
ACTO07641 (no orphans, but
ACTO07636 is immediately
downstream)

No rhs genes

CAX54630 (no orphans),
CAX54893 (one orphan),
CAX56922 (three orphans)

No rhs genes

BAB33660 (one orphan),
BAB34028 (one orphan),
BAB34152 (no orphans),
BAB35484 (no orphans),
BAB37893 (no orphans),
BAB38287 (no orphans)

No rhs genes

No rhs genes

No rhs genes

No rhs genes

No rhs genes

Continued
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Contact-Dependent Growth Inhibition Systems

Species and strain

CdiA protein IDs

Rhs protein IDs

Pectobacterium carotovorum WPP163 ACX86275 (no orphans),

Photorhabdus asymbiotica subsp.
asymbiotica ATCC 43949

Photorhabdus luminescens subsp.
laumondii

Yersinia pestis bv. Antiqua str
Antiqua

Yersinia pseudotuberculosis serotype

ACX88282 (no orphans)

CAQ82538 (no c¢diB; two orphans),
CAQ83255 (no orphans),
CAQ83577 (five orphans)

NP_927589 (no orphans),
NP_927898 (no orphans),
NP_928461 (one orphan),
NP_928667 (no orphans),
NP_930296 (no orphans),
NP_930925 (one orphan)

ABG13952 (one orphan),
ABG15152 (no orphans)

ACA67915 (one orphan)

ACX86200 (seven orphans),
ACX86474 (no orphans),
ACX87399 (no orphans),
ACX88449 (one orphan)

CAQ85102 (no orphans),
CAQ83059 (no orphans),
CAQ85097 (no orphans)

NP_930352 (no orphans)

ABG15350 (no orphans),
ABG15382 (has an upstream
orphan)

ACA66708 (ACA66715 just

0O:3 str. YPIII

downstream),
ACA66715 (no orphans),
ACA67067 (three orphans)

Protein accession numbers are listed. Notations in parentheses indicate whether the CDI or Rhs module contains orphan

cdiA-CT or rhs-CT genes.

proteins. Together these observations suggest
that CdiA proteins are modular, with the large
amino-terminal B-helical “stick” region capable
of delivering a variety of CdiA-CT toxins, each
associated with a distinct immunity protein. To
test this hypothesis, we generated cdiA chimeras
that encode the amino-terminal region of CdiA
from uropathogenic E. coli 536 (UPEC 536)
fused at the VENN motif to heterologous
CdiA-CTs from Yersinia pestis CO92, E. coli
EC93, and Dickeya dadantii 3937. The resulting
chimeric CdiA proteins are functional in CDI
against E. coli target cells (Aoki et al. 2010).
Moreover, target cells are only protected if they
express the Cdil immunity protein that corre-
sponds to the grafted CdiA-CT, consistent with
the specificity of cognate CdiA-CT/Cdil inter-
actions. This modularity suggests that cdiA
genes may evolve rapidly by horizontal gene
transfer and recombination to deploy novel tox-
ins. This hypothesis is supported by metage-
nomic analysis indicating that cdiA-CT/cdil
modules are actively exchanged between CDI
systems (Poole et al. 2011).

CDI Orphan Toxin-Immunity Modules

Many CDI systems contain tandem arrays of
cdiA-CT/cdil toxin-immunity gene pairs down-
stream from the main cdiBAI gene cluster (Fig. 1,
green arrows with asterisks). The cdiA-CT se-
quences typically encode the conserved VENN
peptide motif, but lack translation initiation sig-
nals. We have termed these gene pairs “orphan
modules,” because the cdiA-CT sequences ap-
pear to be displaced from full-length cdiA genes.
Orphan ¢diA-CT/cdil modules from E. coli
EC93, D. dadantii 3937 and E. coli EC869 each
encode a functional CdiA-CT toxin that is spe-
cifically neutralized by the corresponding or-
phan Cdil immunity protein (Poole et al.
2011). Thus, orphan c¢diA-CT/cdil modules
have the capacity to mediate CDI, but their
deployment requires a mechanism to load or-
phan toxins onto full-length CdiA for export
and assembly on the cell surface. There is evi-
dence of orphan c¢diA-CT/cdil module translo-
cation based on metagenomic analysis. For ex-
ample, comparison of CDI loci from E. coli

Cite this article as Cold Spring Harb Perspect Med 2014;4:a010025 5
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EC93/E. coli 536 or from Yersinia pseudotuber-
culosis TP31758 /Y. pseudotuberculosis PB1" in-
dicates that an orphan cdiA-CT/cdil module in
one strain is fused to the full-length cdiA gene in
another strain (Fig. 1) (Poole et al. 2011). Be-
cause CdiA-CTs are interchangeable, it is likely
that the resulting CdiA chimera is functional
and delivers the orphan CdiA-CT to neighbor-
ing cells. We propose that orphan cdiA-CT/cdil
modules represent a reservoir of toxin diversity
that confers a growth advantage to bacteria ex-
pressing them (S Koskiniemi, CS Hayes, and DA
Low, unpubl.). Most orphan c¢diA-CT fragments
also encode nonvariable, CdiA “stick” sequences
that are identical to the upstream full-length
cdiA gene. These direct repeat regions could fa-
cilitate homologous recombination, but such an
event would delete the cdil immunity gene and
render the recombinants susceptible to growth
inhibition by neighboring sibling cells. Alterna-
tively, duplication of the CDI region could occur
before recombination of an orphan cdiA-CT/
cdil module onto one of the duplicated cdiA
genes. Under this scenario, the recombinant
cell would express a novel CdiA protein loaded
with an orphan CdiA-CT, yet would remain im-
mune to the parental CDI system because it re-
tains the main cdil gene. Such recombinants
could conceivably have a competitive advantage
if the parental cells do not express sufficient or-
phan Cdil protein to confer immunity to the
new chimeric CdiA protein.

THE CDI PATHWAY

Initial work on the CDI pathway has focused on
the system deployed by E. coli EC93 (Aoki et al.
2005). A model for CDI is shown in Figure 2,
which depicts the events known to occur follow-
ing contact between a CDI " inhibitor cell and a
target cell. These events are described below in
detail.

Binding to Target Cells

Genetic selections for E. coli K-12 mutants that
are resistant to the CDI system from E. coli iso-
late EC93 (CDIE®®?) identified the outer mem-
brane protein BamA (also known as YaeT and

Omp85) as a possible CDI receptor on target
cells (Aoki et al. 2008). A single transposon in-
sertion just upstream of the bamA open read-
ing frame was found to confer a CDI® pheno-
type, and mutants carrying this allele (termed
bamA101) have ~10-fold less BamA on the cell
surface compared with wild-type E. coli cells.
BamA is a highly conserved, essential protein
that is required for the assembly of all 3-barrel
proteins into the outer membrane (Bos et al.
2007; Knowles et al. 2009; Ricci and Silhavy
2012) and therefore the resistance conferred by
bamA101 could be an indirect effect. To test
whether BamA itself is the CDI receptor, target
cells were preincubated with a-BamA anti-
bodies and then challenged with inhibitor cells
expressing the CDI®“** system. This antibody
treatment protected target cells from growth
inhibition, whereas treatment with preimmune
serum or antibodies to the periplasmic POTRA-
3 domain of BamA showed no protective effect
(Aoki et al. 2008). Moreover, expression of BamA
lacking the POTRA-3 domain (BamAAP3) in
the bamA101 background restored suscepti-
bility to CDI. BamAAP3 is stable and localizes
to the outer membrane, but is not functional in
B-barrel protein assembly. Thus, the biogenesis
function of BamA, which involves interaction
with other members of the 3-barrel assembly
machine (Ricci and Silhavy 2012), is not re-
quired for CDI. BamA is also required for the
stable binding of CDI" inhibitor cells to target
cells. Coculture of fluorescently labeled CDI™
inhibitor cells and target cells produces a distinct
population of inhibitor-target cell aggregates
that can be quantified by flow cytometry. The
bamA101 mutation reduces target cell adhesion
to inhibitor cells ~10-fold, and the interaction
between CDI* cells and wild-type bamA " target
cells can be blocked by a-BamA antisera but not
antibodies to the POTRA-3 domain (Aoki et al.
2008). Taken together, these results indicate that
BamaA is the target cell receptor for the CDI**
system.

Growth inhibition mediated by the E. coli
EC93 CDI system is species restricted. Although
E. coli EC93 inhibits most other E. coli strains,
it has no effect on the growth of related y-pro-
teobacteria including Salmonella enterica sero-

6 Cite this article as Cold Spring Harb Perspect Med 2014;4:a010025
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Figure 2. The CDI model. The major steps involved in CDI are depicted. CDI" inhibitor cells make contact with
susceptible target cells through interactions between CdiA and the BamA receptor ( panel 1). The CdiA protein is
then thought to undergo proteolytic cleavage ( panel 2) to liberate the CdiA-CT for transport through the target
cell outer membrane (panel 3). Enzymatic CdiA-CT toxins are presumably transported through the inner
membrane with the assistance of integral membrane proteins (panel 4). Once delivered into the target cell
cytoplasm, nuclease toxins degrade DNA or RNA to inhibit cell growth. For the UPEC 536 CDI system, the
CdiA-CT toxin requires activation by the CysK “permissive factor” (panels 5A and 5B). If target cells express the
cognate Cdil immunity protein (e.g., isogenic CDI" siblings), then the CdiA-CT toxin is neutralized to prevent

growth inhibition (panel 5C).

var Typhimurium, inhibitor-target cell aggre-
gates, Citrobacter freundii, and Proteus mirabilis
(Ruhe et al. 2013). These observations suggest
that some step(s) in the CDI*“** pathway is spe-
cific for E. coli target cells. This finding is some-
what unexpected because CDI systems are wide-
ly distributed across proteobacterial clades and
appear to be horizontally transferred (Table 1).
Multiple sequence alignment of BamA proteins
from vy-proteobacteria show a high degree of
sequence identity, but remarkably extracellular
loops 4, 6, and 7 are highly variable in sequence
and length (Fig. 3) (Noinajetal. 2013). Through
allelic exchange it was shown that bamA al-
leles from related species, such as Enterobacter
cloacae, could compliment a bamA deletion in

E. coli while rendering these strains resistant to
CdiA®**. Additionally, binding of CdiA®“** to
BamAwas shown to require bothloop 6 and loop
7 of E. coli BamA. These results suggest that the
CDI target cell range results from a direct inter-
action between CdiA and extracellular loops 6
and 7 of E. coli BamA. This hypothesis was tested
by grafting loops 6 and 7 from E. coli BamA onto
BamA from Enterobacter cloacae. E. coli express-
ing this chimeric BamA bound to and were ren-
dered susceptible to CDI*®®*, supporting the
hypothesis that intraspecies restriction of CDI
is caused by cell receptor heterogeneity (Ruhe
et al. 2013). Notably, the BamA proteins from
Burkholderia species appear to lack extracellular
loops entirely, suggesting that a different surface

Cite this article as Cold Spring Harb Perspect Med 2014;4:a010025 7
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Figure 3. Conservation of BamA in the y-proteobacteria. The predicted topology of BamA is presented with each
residue color coded with a heat map indicating the degree of conservation (Ruhe et al. 2013). High and low
degrees of conservation are shown as warm (red) and cool (blue) colors, respectively. Amino acid numbering is
based on the preprocessed (including signal sequence) form of E. coli BamA. Conservation analysis was per-
formed using the PRALINE multiple alignment tool (www.ibi.vu.nl/programs/pralinewww/) with an input of

40 different BamA sequences from -y-proteobacteria.

receptor may be exploited by the CDI systems
from this group of B-proteobacteria.

CdiA-CT Toxin Activities

How do CDI systems inhibit the growth of tar-
get bacteria? Although there are approximately
60 distinct CdiA-CT/Cdil families, all charac-
terized CDI toxins appear to either disrupt tar-
get cell membrane integrity or degrade cellular
nucleic acids. During E. coli EC93-mediated
CD], the target cell proton gradient is dissipated
with an attendant decrease in respiration and
ATP levels (Aoki et al. 2009). These findings
suggest a CDI-dependent membrane pore that
leaks ions. Presumably, the very hydrophobic
Cdil*“®® immunity protein localizes to the in-
ner membrane and prevents the assembly and/
or gating of the membrane pore. Other CdiA-
CTs are nucleases that are specific for RNA or
DNA. The CdiA-CTV"** from UPEC 536 is a
tRNase that cleaves in the anticodon loop of all
tRNA isoacceptors, and CdiA—CTﬁd13937 from
D. dadantii 3937 has Mg*"-dependent DNase
activity (Aoki et al. 2010). Both of these CdiA-

CT nuclease activities are specifically blocked
by the binding of cognate Cdil immunity pro-
teins, suggesting that the nuclease activities are
responsible for growth inhibition during CDI.
The importance of nuclease activity has been
established for the UPEC 536 CDI system. A
His’'*?Ala missense change in the carboxy-ter-
minal region of CdiA"?*“>*¢ ablates tRNase ac-
tivity in vitro and completely blocks UPEC 536-
mediated CDI. The mutated CdiA-CTY?<>%¢
domain still binds to its cognate Cdil’PE>%¢
immunity protein, indicating that it retains its
native tertiary structure. Moreover, the inactive
variant is expressed on the inhibitor cell surface
at the same level as wild-type CdiAYPE>%,
demonstrating that the His’'*’Ala mutation
does not interfere with exoprotein biogene-
sis. Thus, although CdiA"P*“>*¢ is a very large
protein (331 kDa) with the potential to carry
multiple toxin activities, the tRNase activity
contained within the carboxy-terminal ~140
residues accounts for all growth inhibition dur-
ing CDI (Diner et al. 2012). Bioinformatic anal-
yses indicate that a number of Cdil immunity
proteins belong to the SUKH superfamily,

8 Cite this article as Cold Spring Harb Perspect Med 2014;4:a010025
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which includes eukaryotic members such as
Smil/Knr4 in yeast, which is involved in con-
ferring resistance to a killer toxin (Zhang et al.
2011). By examining genes adjacent to those
coding for SUKH family members a variety of
putative nuclease and deaminase enzymes have
been identified (Zhang et al. 2011).

Identification of a Permissive Factor Required
for CdiA-CT Activity

Recent work has revealed unexpected complex-
ity in the CDI pathway of UPEC 536 (Diner et al.
2012) . As described above, the CDJVPECS36 sys-
tem delivers a CdiA-CTwith toxic tRNase activ-
ity into target cells. However, purified CdiA-
CTYPEC>% does not cleave tRNAs in vitro unless
the reactions are supplemented with E. coli cell
lysate, suggesting that an activating factor(s) is
required for nuclease activity. Biochemical frac-
tionation of E. coli lysates revealed that the CysK
protein is necessary and sufficient to activate the
CdiA-CTYPEC>% tRNase in vitro. CysK is a bio-
synthetic enzyme that catalyzes the second step
of L-cysteine synthesis from L-serine, but its en-
zymatic activity is not required to activate CdiA-
CTYPESS3® Instead, CysK binds to the carboxy-
terminal GYGI sequence of CdiA-CTY**<** to
form a stable, active tRNase complex. Remark-
ably, the CdiA-CTUPEC¢ GYGI motif mimics
the GDGI peptide sequence found at the carbox-
yl terminus of CysE, which normally binds CysK
to form the cysteine synthase complex in bacte-
ria and plants. Thus, the CdiA-CTYPEC>3® toxin
exploits an evolutionarily conserved protein—
protein interaction to promote nuclease activi-
ty. CysK is also required for CdiA-CTYPF>%¢
tRNase activity in vivo, and AcysK mutants are
completely resistant to cell-mediated CDIVPE<>%¢
(Diner et al. 2012). Because target cells must
express CysK to be inhibited by UPEC 536, we
have designated CysK a “permissive factor.” The
requirement for a permissive factor is perplexing
if CDI is viewed simply as a mechanism for bac-
terial competition, because target cells can read-
ily acquire resistance through cysK mutations.
Although there are likely to be fitness conse-
quences for cysK mutations, these mutants are
still prototrophic for cysteine owing to the pres-
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ence of CysM—an isoenzyme that catalyzes the
same reaction as CysK, but does not activate the
CdiA-CTYPES ¢ toxin. One intriguing possibil-
ity is that CysK provides a mechanism for com-
munication between UPEC 536 cells. There is no
known exclusion mechanism in CDI and CDI™"
cells appear to actively deliver CdiA-CTs to each
other (manuscript in preparation). At face val-
ue, this exchange of toxins between immune
cells appears futile, but perhaps the “inactive”
CdiA-CT/Cdil complexes serve an unappreciat-
ed signaling function. The CdiA-CTY?<*% can
bind to both CysK and the Cdil”"**>*° immu-
nity protein simultaneously, suggesting that this
ternary complex could affect cysteine metabo-
lism or other pathways in UPEC 536 cells. We
have recently found that the UPEC 536 CDI sys-
tem modulates biofilm formation, although the
molecular mechanism(s) underlying this phe-
notype has yet to be determined (Diner et al.
2012).

CDI Systems in Burkholderia Species

The CDIsystems found in Burkholderia, Cupria-
vidus, and Variovorax species are distinct from
the systems found in other proteobacteria (Aoki
et al. 2010; Anderson et al. 2012; Nikolakakis
et al. 2012). These CDI systems are arranged in
analternative cdiAIB gene order (Fig. 1) and lack
the orphan cdiA-CT/cdil modules present in
most other bacteria. B. pseudomallei serves as a
convenient model to study Burkholderia CDI
diversity because several clinical and environ-
mental isolates have been sequenced, revealing
significant genome heterogeneity between dif-
ferent strains. Our recent analysis of 85 assem-
bled and unassembled B. pseudomallei genomes
shows that almost every strain contains one to
three predicted CDI systems (Nikolakakis et al.
2012). These systems fall into two classes based
on the sequence of the amino-terminal hemag-
glutinin repeat region within CdiA proteins. The
B. pseudomallei CDI systems can be further sub-
divided into 10 sequence types based on the
polymorphic CdiA-CT region, which is demar-
cated by a conserved (Q/E)LYN peptide motif
instead of the VENN sequence found in most
other bacteria (Nikolakakis et al. 2012). Analysis
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of three different B. pseudomallei CdiA-CT/Cdil
pairs confirmed that these proteins do indeed
function as toxin-immunity pairs. Each toxin
inhibits cell growth by cleaving tRNA at distinct
positions within the anticodon loop, T-loop, or
aminoacyl acceptor stem; and each tRNase ac-
tivity is specifically blocked by its cognate Cdil
immunity protein (Nikolakakis et al. 2012). The
B. pseudomallei toxins are modular and can be
exchanged between different Burkholderia CDI
systems when fused at the (Q/E)LYN sequence
within CdiA (Nikolakakis et al. 2012). However,
B. pseudomallei CdiA-CTs are not functional
when grafted onto E. coli CdiA proteins (Aoki
et al. 2010; SK Aoki and DA Low, unpubl.), in-
dicating that CDI pathways are significantly dif-
ferent in these two bacteria.

Rhs Systems Are Functionally
Similar to CDI

CdiA proteins share a number of characteris-
tics with the Rhs protein family. The rhs genes
were first identified in E. coli by C.W. Hill and
colleagues and were named rearrangement hot-
spots based on their role in chromosome dupli-
cations (Lin et al. 1984; Wang et al. 1998). Rhs
proteins are widely distributed throughout the
eubacteria, but their function is poorly under-
stood. Like CdiA, Rhs proteins are large, rang-
ing from ~1500 residues in Gram-negative
bacteria to over 2000 residues in some Gram-
positive species. Rhs proteins also possess a cen-
tral repeat region, although the characteristic
YD peptide repeat of Rhs proteins is unrelated
to the hemagglutinin repeats within CdiA.
Moreover, Rhs proteins have variable carboxy-
terminal domains that are sharply demarcated
by a conserved peptide motif (PxxxxDPxGL in
the Enterobacteriaceae (Jackson et al. 2009). Re-
markably, some Rhs and CdiA proteins share
related carboxy-terminal sequences (Poole et
al. 2011), indicating that the two protein fam-
ilies carry similar toxin domains. Moreover,
CDI and Rhs systems have a similar genetic or-
ganization with several rhs loci containing
one or more “silent cassettes” that resemble or-
phan c¢diA-CT/cdil toxin-immunity modules
(Hill et al. 1994; Poole et al. 2011). Like CDI

systems, there are zero to multiple rhs loci
in different bacterial strains (Fig. 1, Rhs = or-
ange and RhsI = red; Table 1). Taken together,
the striking parallels between CDI and Rhs sug-
gest that the two systems are functionally anal-
ogous.

Several independent lines of experimental
evidence indicate that Rhs systems encode func-
tional toxin-immunity protein pairs. Early work
from Hill and colleagues showed that overex-
pression of the carboxy-terminal region of
E. coli RhsA inhibited recovery from stationary
phase (Vlazny and Hill 1995). This inhibitory
activity appeared to be neutralized by coexpres-
sion of the downstream open reading frame
(Vlazny and Hill 1995), suggesting this gene
(yibA) encodes an antitoxin protein that blocks
RhsA activity. A more recent study has shown
that RhsA inhibits protein synthesis in E. coli,
but the precise biochemical mechanism re-
mains unknown (Aggarwal and Lee 2011). We
recently showed that the Rhs systems in
D. dadantii 3937 encode functional toxin-im-
munity pairs (Poole et al. 2011). The carboxy-
terminal regions of D. dadantii RhsA and RhsB
proteins contain endonuclease NS (PF13930)
and HNH endonuclease (PF01844) domains
(respectively), and both proteins degrade cellu-
lar DNA when expressed in E. coli (Koskiniemi
et al. 2013). These toxic activities are blocked
specifically by small immunity proteins encoded
immediately downstream from each D. dadantii
3937 rhs gene (Poole et al. 2011). These results,
together with other reports indicating that Rhs
proteins may be exported to the cell surface (Hill
et al. 1994; McNulty et al. 2006) are consistent
with the hypothesis that Rhs systems mediate a
distinct form of CDI. We recently showed that
RhsA and RhsB systems in the plant pathogen
D. dadantii, and WapA, an Rhs homolog
in Bacillus subtilis, mediate CDI and interbacte-
rial competition (Koskiniemi et al. 2013). Pre-
vious work showed that Pseudomonas aerugi-
nosa delivers an Rhs protein into eukaryotic
cells where it acts as a virulence factor (Kung
et al. 2012). These findings not only confirm
that Rhs proteins are secreted toxins, but also
define a new role for these systems in bacterial
pathogenesis.
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CONCLUDING REMARKS

Although CDI was discovered nearly a decade
ago, its importance in bacterial competition
and cell-to-cell signaling is only beginning to be
explored. The mechanisms of toxin delivery dur-
ing CDI are not well understood, nor are the
mechanisms responsible for the remarkable tox-
in-immunity diversity found throughout CDI
systems. Insight into these fundamental features
of CDI will significantly advance our under-
standing of interbacterial competition and con-
tact-mediated signaling between bacterial cells.
The orphan modules found in CDI and Rhs sys-
tems represent reservoirs of toxin-immunity pro-
tein diversity that can be potentially mobilized
and deployed when needed, and rapidly lost un-
der nonselective conditions. This concept is nov-
el, but built on a foundation of research showing
that gene duplications influence bacterial fitness
(Reams et al. 2010) and that recombination pro-
vides a mechanism to rapidly alter the bacterial
cell surface (Cahoon and Seifert 2009). Our re-
cent data shows that Rhs constitutes a previously
unrecognized CDI system (Koskiniemi et al.
2013). The function(s) of Rhs systems has been
a mystery since their discovery in E. coli 30 years
ago (Capage and Hill 1979). Rhs proteins are
found throughout the eubacteria and eukary-
otes (Minet and Chiquet-Ehrismann 2000),
and therefore the elucidation of Rhs mecha-
nisms and biological functions will have an im-
pact on the study of a number of organisms.
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