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The cytolethal distending toxins (CDTs) are secreted virulence proteins produced by several bacterial
pathogens, and the subunit CdtB has the ability to create DNA lesions, primarily DNA single-strand breaks
(SSBs) in vitro, and cause cell cycle arrest, cellular distension, and cell death in both mammalian and yeast
cells. To elucidate the components of the mechanisms underlying the response to CdtB-induced DNA lesions,
a CdtB expression plasmid was transformed into a series of diploid yeast strains harboring deletions in 4,708
nonessential genes. A total of 4,706 of these clones were successfully transformed, which we have now
designated as a systematic transformation array (STA), and were subsequently screened. We identified 61
sensitive strains from the STA whose deleted genes can be categorized into a number of groups, including DNA
metabolism, chromosome segregation, vesicular traffic,c RNA catabolism, protein translation, morphogenesis,
and nuclear transport, as well as one unknown open reading frame. However, only 28 of these strains were
found to be sensitive to HO endonuclease, which is known to create a DNA double-strand break (DSB),
suggesting that CdtB-induced DNA lesion is not similar to the direct DSB. Amazingly, CdtB expression elicits
severe growth defects in haploid yeast cells, but only marginal defects in diploid yeast cells. The presence and
absence of genes known to be involved in DNA repair in these genome-wide data reveal that CdtB-induced DNA
damage is specifically repaired well in the diploid by homologous recombination but not by other repair
mechanisms. Our present results provide insights into how CdtB pathogenesis is linked to eukaryotic cellular

functions.

The cytolethal distending toxins (CDTs) are secreted viru-
lence proteins produced by a number of bacterial pathogens,
including Escherichia coli, Haemophilus ducreyi, Campylobacter
Spp., Salmonella enterica serovar Typhi, Actinobacillus actino-
mycetemcomitans, Shigella dysenteriae, and Helicobacter spp.
(42, 44, 56). CDTs consist of the three subunits CdtA, CdtB,
and CdtC and form a ternary complex (40). CdtB shares con-
served residues with the active sites of DNase I-like nucleases,
and purified CdtB primarily shows single-strand nicking activ-
ity on coiled plasmid DNA and subsequently produces linear
DNA in vitro (15, 35, 40). Enzymatically active CdtB induces
cell cycle arrest at the G,/M phase, inhibits cell proliferation,
and causes cellular enlargement in mammalian cells (28, 40).
Biochemical analysis has also demonstrated that DNA damage
checkpoint machineries and Rho-type GTPase function are
involved in CdtB-induced cell cycle arrest and cellular enlarge-
ment (13, 15, 16, 30, 60). However, the entire complement of
genes required for the repair of CdtB-induced DNA lesions
and also those leading to cell cycle arrest, cellular enlargement,
and cell death have not been fully identified. Because Hassane
et al. showed that CdtB is active in yeast (Saccharomyces cer-
evisiae) cells similar to mammalian cells (19), we used the yeast
genome to further elucidate and characterize the components
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of the CdtB response pathway and to illustrate the conse-
quences of CdtB activity in host cells.

Genome-wide deletion strains of yeast have now been used
in many studies (33, 50, 61), and genome-wide analyses have a
number of advantages over their classical genetic counterparts,
not only in terms of the greater ease in obtaining global results
but also because of their far greater comprehensiveness.
Hence, if all of the yeast deletion strains in a particular set are
screened for desirable phenomena, the known genes identified
in this screening will reveal novel features of the required
functions. Moreover, the absence of specific genes can also
disclose features of unrelated functions. The value of identify-
ing absent genes in such screening approaches has not been
highly emphasized in traditional genetics, even in genome-wide
analysis, because these analyses need to be sufficiently system-
atic to verify that such an absence is not an artifact or due to
leakage from the screening filters. In our present study, we
have adopted a systematic transformation method that allows
us to analyze each deletion strain one by one for the CdtB-
induced growth phenotype. This method also allows us to gen-
erate a comprehensive series of results for genes required for
the CdtB response, which illustrates a genome-wide view of
host-pathogen interactions.

In comparison with the numerous previous studies of dou-
ble-strand breaks (DSBs) (26), little is currently known about
the repair mechanisms for single-strand breaks (SSBs). Even if
there is no direct evidence for SSB creation induced by CdtB
expression in vivo, yeast genome-wide analysis will reveal the
feature of CdtB-induced DNA lesions by comparison with the
responses to the direct DSB that can be created by the ectopic
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FIG. 1. Ploidy-dependent phenotypes of CdtB. (A) CdtB-induced growth defects are severe in haploid (BY4740 and W303-1A) but not in
diploid (BY4743 and W303) yeast cells. The HO endonuclease (HO)-induced growth defect was also found to be strain dependent but not ploidy
dependent. (B) CdtB induces slow S-phase progression, G,/M arrest, and the accumulation of overreplicated cells with a higher DNA content in

haploid but not in diploid strains.

expression of HO endonuclease in yeast (47) and the other
DNA damage. In the present study, we report the results of our
genome-wide screen of genes required for CdtB response in
yeast. We show here that evolutionally conserved mechanisms
involving components of homologous recombination (HR),
DNA replication, chromosome maintenance, and mRNA de-
cay are required for the response to CdtB. The genes that we
identified in this analysis also indicate that there are specific
features of CdtB response that do not fully overlap with the
components required for direct DSB and other DNA damage.

MATERIALS AND METHODS

Yeast strains, plasmids, and growth media. Complete homozygous diploid
deletion strains (#95401.H1R3) were obtained from Research Genetics (Hunts-
ville, AL). BY4743 (MATa/MATo leu2A0/leu2A0 ura3A0/ura3A0 his3A1/his3A1
met15A0/+ +/lys2A0) and BY4740 (MATa leu2A0 ura3A0 lys2A0) were used as
the parental strains. The diploid W303 strain and isogenic haploid W303-1A
strain were also used (57). YPD medium and dropout synthetic medium were
prepared using standard procedures (46). The plasmids used were pDCH-CdtB
from Campylobacter jejuni (19), YopM (pCFL140) (29) and pRS315 (52).
p315GAL-HO was constructed by insertion of the GAL-HO fragment from
pGAL-HO (21) into the pRS315 vector.

Yeast transformation. Systematic yeast transformation experiments were per-
formed using the S. cerevisiae direct transformation kit (Wako Pure Chemicals,
Osaka, Japan), which was originally developed in our laboratory. Yeast deletion
strains were grown on YPD square plates and picked using 96-pin QReps
(X5052; Genetix, Hampshire, United Kingdom). The selected clones were then
inoculated in 25 pl of YPD liquid medium in microplates and grown for 24 h
without shaking. Twenty-five microliters of direct transformation solution pre-
mixed with plasmid DNA was directly added to each well, and the plates were
then vortexed and incubated at 42°C for 2 h. Ten-microliter aliquots of the
growth mixtures were spotted on square selection plates using a 96-channel
pipetting machine (HT station 500; Cosmotec, Tokyo, Japan).

Screening and characterization of CdtB-sensitive strains. Transformant ar-
rays were generated in a 96-well format on square selection plates. The trans-
formed yeast deletion clones were picked, transferred to 50-ul volumes of
leucine-dropout medium in 96-well microplates, and incubated at 28°C for 24 h

without shaking. These cell cultures were then spotted onto synthetic medium
containing 2% glucose, 2% galactose, or 2% raffinose and 2% galactose.

For growth assays, deletion strains were grown for 24 h and cell concentrations
were adjusted to optical density at 600 nm (ODg,) values of 1, 0.1, 0.01 and
0.001. Eight-microliter aliquots of these serial dilutions were then spotted onto
galactose or glucose plates. For alternative cell growth and survival assays, the
yeast cells were precultured in synthetic dropout liquid medium containing 2%
raffinose and then transferred to dropout liquid medium containing 2% raffinose
and 2% galactose to give an ODggy, of 0.1. After 24 h, ODg, values were
measured to compare cell growth, cell suspensions were adjusted to an ODg
value of 0.001, and 100 pl was spread onto YPD plates to compare their survival
frequency with that of the CdtB-transformed BY4743 control parental strain.
Results were obtained from three independent experiments. For drug sensitivity
assays, YPD medium containing 0.25 M hydroxyurea (HU), and 0.2% methyl
methanesulfonate (MMS) was used. UV sensitivities were examined by irradia-
tion of spotted serial dilutions of the yeast strains according to a previously
described procedure (39).

For flow cytometric analysis, cells were fixed with 70% ethanol, washed with
phosphate-buffered saline, and incubated with 1 mg/ml RNase. Cells were then
suspended in 20 wg/ml of propidium iodide in phosphate-buffered saline. Flow
cytometry was performed using FACS Calibur (Becton Dickinson, Franklin
Lakes, NJ).

RESULTS

The impact of ploidy upon CdtB-induced toxicity in yeast.
CdtB induces cell cycle arrest during G,/M phase and also
causes cellular enlargement in both mammalian and yeast cells
(19, 60). We further compared the defects in growth and cell
cycle progression in haploid and diploid yeast strains express-
ing CdtB and found that even in strains of different back-
grounds, the CdtB-induced growth defects were severe in hap-
loid cells but not in diploid cells (Fig. 1A). For comparison,
HO endonuclease was also expressed under the control of the
same GAL promoter in these yeast strains, but the resulting
growth defects in this case were found not to be ploidy depen-
dent but strain dependent (Fig. 1A). To next compare cell
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FIG. 2. The systematic transformation array. (A) Deletion strains were transformed with CdtB plasmid, and transformants were then obtained
by growth on selection plates. (B) Transformed deletion strains (plate no. 0330) were screened on glucose (repression) and galactose (induction)

plates. Arrows indicate candidate CdtB-sensitive strains.

cycle progression in the haploid and diploid strains expressing
CdtB, flow cytometric analyses were performed (Fig. 1B). In
haploid yeast, S-phase progression was delayed, and there was
a detectable accumulation of cells with a higher DNA content.
In diploid yeast, an S-phase delay was not observed but cells
were found to accumulate in G,/M phase. These results sug-
gest that CdtB-induced DNA lesions are repaired effectively in
diploid cells but not in their haploid counterparts during the
transition from S to G,/M. To elucidate the identity of the
CdtB response components in diploid yeast, we next screened
an array of CdtB-sensitive yeast strains from an established
genome-wide set of diploid nonessential deletion mutants (61).

Genome-wide screening of CdtB sensitive yeast deletion
strains. Homozygous nonessential deletion strains were inoc-
ulated onto YPD plates, but 84 clones could not be recovered
from the frozen stocks. The remaining 4,708 strains were suc-
cessfully recovered and were transformed with a CdtB-expres-
sion plasmid (pDCH-CdtB) via our systematic transformation
method (see Materials and Methods). A total of 4,602 strains
have been successfully transformed by the initial transforma-
tion procedure (Fig. 2A). A total of 106 clones were subjected
to transformation once more using the same method, and 98 of
these strains were successfully transformed. The remaining
eight strains were then transformed one by one, and only the
ilvl and leu3 clones that are auxotrophic for leucine could not
be transformed but were successfully transformed with a URA3
plasmid (data not shown). This indicates that there are no
transformation-incompetent yeast strains in this set of nones-
sential gene deletion mutants.

The transformant array was then transferred to liquid syn-
thetic dropout medium in 96-well microplates and grown for a

further 24 h. The cultures were then spotted onto synthetic
glucose (repression) or galactose (induction) plates, except for
the 0370, 0371, 0372, and 0380 plates, where 2% raffinose-2%
galactose plates were used instead because of the presence of
many strains that are slow growing on galactose. In our initial
screening, 242 sensitive deletion strains were selected (Fig. 2B)
and several criteria were used for further qualifying these sen-
sitive clones. Cells from each of these strains, which were not
transformed, were spotted onto synthetic glucose or galactose
plates, supplemented with the required nutrients, to examine
their growth. Seventy-six strains were found to grow slowly on
galactose. The remaining 166 strains were transformed again
with either pDCH-CdtB or an empty vector control, and seri-
ally diluted cultures of each were then spotted onto galactose
plates. Among these strains, 76 had a strongly sensitive phe-
notype, but the remaining 90 were only weakly sensitive or not
sensitive. Two of the 76 strains transformed with an empty vector
grew slowly on galactose medium. The growth characteristics of
the remaining 74 sensitive strains were then examined on syn-
thetic minimal medium supplemented with only leucine, uracil,
and histidine (LUH) to determine the auxotrophic mutations of
the parental diploid strain. Eleven strains (coglA, fiv10A, mtol A,
nploA, rad54A, swi4A, swibA, tosiA, ydl041wA, yil039wA, and
ypl208wA) did not grow on the LUH medium. Moreover, two
strains (ybr099cA and ynr068cA) mated with a mating-tester
strain. Hence, these strains may not be diploid or may be
affected by unknown problems that arose during the con-
struction process. Finally, 61 strains were determined to be
CdtB-sensitive deletion strains (Fig. 3 and Table 1).

To examine the possibility that enhanced gene expression
was caused by these gene deletions, the 61 selected CdtB-
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FIG. 3. CdtB-sensitive strains and their cross-sensitivity properties. Deletion strains were transformed with empty vector and with CdtB, HO
endonuclease, and YopM expression constructs, and diluted cultures were then spotted onto galactose plates. CdtB-sensitive strains without
plasmid were spotted onto YPD and YPD plates containing 0.25 M HU. The spots on YPD plates were exposed to UV irradiation.
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TABLE 1. CdtB-sensitive genes
% of wild type”:
Gene? Function —ym DNA . Cell size?
Viability ~ Growth ~ content

DNA metabolism
DDC1 DNA damage checkpoint protein 12 67 = ++
HPRS DNA helicase 5 40 < ++
MEC3 DNA damage checkpoint protein 7 82 = +
MMS1 Protection against replication-dependent DNA damage 14 39 < ++
MMS4 Subunit of Mus81-Mms4 endonuclease 17 38 << ++
MRCIAM/YCL060C S-phase checkpoint protein 63 33 G, -
MUSS81* Subunit of Mus81-Mms4 endonuclease 10 39 << ++
RAD9Y DNA damage checkpoint protein 11 81 = +
RAD17 DNA damage checkpoint protein 8 72 = ++
RAD24* DNA damage checkpoint protein 8 66 = ++
RAD27* Exonuclease required for Okazaki fragment processing 23 45 < ++
RAD50* Subunit of Mrel1-Rad50-Xrs2 protein complex 7 25 < ++
RADSIT* Strand exchange protein 10 20 < ++
RADSS Protein that stimulates strand exchange 15 30 < ++
RADS57* Protein that stimulates strand exchange 13 17 < ++
RAD59* Protein involved in double-strand break repair 18 43 < ++
RTTI01 Subunit of a ubiquitin ligase complex 14 42 < ++
RTTI107 Regulator of Tyl transposition 31 82 < ++
RTTI09 Regulator of Tyl transposition 18 51 < ++
SAE2 Protein with a role in double-strand break repair 16 23 < +++
SGSI1* Nucleolar DNA helicase 28 45 < ++
TOF1 S-phase checkpoint protein 83 46 G, -
TOP3AC*/YLR235C DNA topoisomerase III 13 36 < ++
UMEG6 Transcriptional regulator of early meiotic genes 62 53 = -
XRS2 Subunit of Mrell-Rad50-Xrs2 protein complex 9 24 < ++

Chromosome maintenance
ASFI* Nucleosome assembly factor 16 42 < -
BIMI* Microtubule-binding protein 36 36 G, +
CHLI* Protein required to establish sister-chromatid pairing 61 38 G, -
CTF$ Component of replication factor C complex 23 32 = -
CTF19 Outer kinetochore protein 55 28 G, -
DCCI* Component of replication factor C complex 31 23 = -
ELGI Component of replication factor C complex 45 34 G, ++
MCM1I16 Protein involved in minichromosome maintenance 60 34 G, -
MCM21 Protein involved in minichromosome maintenance 44 30 G, -
MCM22 Protein involved in minichromosome maintenance 85 43 G, -
NBP2* Interacts with Napl involved in chromatin assembly 65 46 = +
SFHIAN*/VPS65 Subunit of a chromatin-remodeling complex 15 58 < +
SPTI0 Putative histone acetylase 22 58 < +
VID21 Component of a histone acetyltransferase complex 37 20 < ++

Vesicular traffic and ion homeostasis
DID4* Vps protein of the ESCRT-III complex 15 36 < ++
PEP3* Vacuolar peripheral membrane protein 30 30 < +++
PEP7* Protein that facilitates vesicle-mediated protein sorting 17 37 < ++
PERI* Vacuolar membrane protein 14 20 < ++
PMRI* High-affinity Ca®>*/Mn>* P-type ATPase 54 48 < ++
PMRIAC*/HURI Protein required for hydroxyurea resistance 14 23 < +++
RCS1 Transcription factor involved in iron utilization 58 25 G, ++
RVS161* Amphiphysin-like lipid raft protein 11 26 Sub-G, ++
SNF7% Subunit of the ESCRT-III complex 20 47 < ++
SWA2* Auxilin-like protein involved in vesicular transport 16 34 < ++
VPS24% Subunit of the ESCRT-III complex 19 32 < ++

RNA catabolism
NAM7* Nonsense-mediated mRNA decay pathway 13 16 < +++
NMD2* Nonsense-mediated mRNA decay pathway 12 23 < +4++
UPF3 Nonsense-mediated mRNA decay pathway 9 23 < +++

Morphogenesis
ELMI* Protein kinase that regulates cellular morphogenesis 35 82 < ++
NAT3* Subunit of the NatB N-terminal acetyltransferase 18 26 < -
SAC7* GTPase-activating protein for Rholp 11 24 < ++
VRPIAN/YLR338W Proline-rich, actin-associated protein 33 25 Sub-G, ++

Continued on following page
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TABLE 1—Continued

% of wild type”:
Gene* Function e DI;IA . Cell size?
Viability ~ Growth ~ content

Protein translation

ASCI* Protein involved in translation regulation 23 29 < ++

zZUor1* Cytosolic ribosome-associated chaperone 22 31 < +4++
Nuclear transport

NUPI20 Subunit of the nuclear pore complex 24 70 = ++
Unknown

YELO33W Hypothetical protein 29 22 G, +4++

“ Genes with human homologs are indicated with asterisks. Short ORF deletions overlapping with longer ORFs on either the same or the opposite strand were
classified as the longer ORF with an indication of the deleted regions. AN, AC, and AM indicate N-terminal, C-terminal, and middle part deletions, respectively.

® Viability and cell growth were measured at 24 h after CdtB induction and are expressed as a percentage of values divided by the value of BY4743 wild-type cells
with a CdtB plasmid. The data shown are the means of three independent experiments.

¢ DNA content is expressed as follows: =, wild-type levels; << and <, higher and slightly higher DNA content, respectively; G, increased G, cell population; Sub-G,,

appearance of sub-G, fraction.

@ +++, ++, and +, very large, large, and slightly large, respectively; —, no enlargement compared with vector-transformed strains. The BY4743 wild-type cell size

was designated as +.

sensitive strains were transformed with a plasmid harboring
galactose-inducible YopM, a Yersinia virulence factor (29).
None of these mutants was sensitive to YopM (Fig. 3), how-
ever, indicating that enhanced gene expression was not the
underlying cause of the CdtB-sensitive phenotype. Some of the
mutations in these strains are partial deletions of longer open
reading frames (ORFs) in the opposite strands and are classi-
fied as the longer ORF in each case. The protein function is
listed on the basis of information in the Saccharomyces Ge-
nome Database (12), which shows that 32 of the deleted genes
among these clones have human homologs (Table 1).

The genes corresponding to our 61 selected CdtB-sensitive
deletion strains could be classified into seven groups and one
unknown ORF. The major group comprises genes involved in
DNA metabolism, including HR repair genes such as RAD50,
RADS51, RADS55, RAD57, RADS59, and XRS2 (27). The absence
of RAD52, RAD54, and MRE11 in this group, which are known
as HR repair genes, was due to incorrect deletions. We there-
fore constructed diploid strains with homozygous deletions in
these three genes and confirmed that all of them display CdtB
sensitivity (data not shown). Our screen also identified all
three known complexes for nonessential replication factor C
(RFC), which associates with proliferating cell nuclear an-
tigen (PCNA) to form the replication fork structure (34).
These complexes comprise Rad24-RFC; the PCNA-like
clamp consisting of Rad17, Ddcl, and Mec3; Ctf8/Dccl-

RFC; and Elgl-RFC. We also identified the S-phase check-
point proteins Tofl and Mrcl (32); DNA damage mediator
Rad9 (32), the Sae2 regulator (3); the Hpr5 (Srs2) helicase
required for recovery from a stalled replication fork (59);
another helicase, Sgsl (23); and the Top3 DNA topoisom-
erase and Mus81-Mms4 endonuclease required for replica-
tion fork stability (4). In addition, proteins such as Biml,
Chll, Ctf19, and Mcm21, which are required for efficient
sister chromatid cohesion (36), were also identified. The
additional genes that we identified could be assigned to
vesicular traffic and ion homeostasis, RNA catabolism, pro-
tein translation, morphogenesis, and nuclear transport
groups. Only one unknown ORF, YEL033W, which was
previously identified in an ionizing radiation screen (6), was
also identified in our current CdtB screen.
Cross-sensitivity of CdtB-sensitive strains to other geno-
toxic agents. To compare the CdtB mode of action with the
activity of other genotoxic agents, we examined the sensitivity
of our selected CdtB-sensitive strains to HO endonuclease
expression, UV irradiation, and hydroxyurea treatment (Fig. 3
and Table 2). As shown in Fig. 3, not all of the CdtB-sensitive
strains are HO endonuclease sensitive, indicating that these
particular clones respond differently to HO endonuclease-in-
duced DSB. Strains that harbor deletions in genes involved in
HR repair were found to be sensitive to all forms of induced
DNA damage. In contrast, deletion strains for the RFC com-

TABLE 2. Cross-sensitivity of CdtB-sensitive strains to other DNA-damaging agents

Sensitivity” Gene/ORF”
UV® HU® HO® ASC1, ASF1, CTF8, DCCI, HPRS, RAD50, RADSI, RADSS, RADS7, RTT107, RTT109,
TOP3AC, VID21, XRS2, YELO33W
UV HU® HO ...ttt BIM1, MMS4, MUS81, NUP120, SGS1, TOF1, SFHIAN
UV® HU" HO?® NAT3
UV HU HO ...ttt DDC1, MEC3, RAD17, RAD24, RAD27, RAD59, RADY, SPT10
UV" HU® HO® CTF19, MMS1, PERI, PMRIAC, RCS1, SAC7, RTT101, PEP3, UME6
UV" HU® HO* CHLI1, DID4, ELM1, MRCIAM, NBP2, PEP7, PMRI, RVS161, SNF7, VPS24, VRPIAN
UV" HU" HO®. MCM21, MCM22, ZUO1
UVF HU' HO' ELG1, MCM16, NAM7, NMD2, SAE2, SWA2, UPF3

s, sensitivity; 1, resistance; HO, HO endonuclease.
® Entries in boldface indicate that the strain was camptothecin sensitive (43).
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sponse to CdtB-induced DNA damage. Deletion strains that had not
been identified by the CdtB screen but have been associated with DNA
repair mechanisms were examined for their sensitivity to CdtB, HO
endonuclease, UV, HU, and MMS. The DNA repair mechanisms in
these deletion strains were nucleotide excision (radIA, rad2A, rad4A,
rad7A, radl0A, radl4A, and rad23A), postreplication (rad5A, rado6A,
and rad18A), base excision (maglA), and nonhomologous end joining
(tel1A, yku70A, yku80A, pol4A, dnl4A, lifIA, and nejlA).

plexes (rad24A, radl7A, ddclA, mec3A, ctfSA, dcclA, and
elglA) are susceptible to different forms of DNA damage.
Similarly, the rad9A strain is specifically sensitive to UV irra-
diation, whereas the mrclAM strain is sensitive to HU. Table 2
also indicates strains that are sensitive to camptothecin, which
is known to produce SSB in the presence of DNA topoisom-
erase I (22). Nearly all genes (22/25) categorized in DNA
metabolism in Table 1 were listed as camptothecin sensitive
(43), but in the other categories there are not many overlapped
genes (8/36).

Phenotypic analyses of CdtB-sensitive strains. To examine
the phenotypic consequences of CdtB activity, we investigated
the growth and survival frequency and the DNA content and
cell size distributions (Table 1 and see Fig. S1 in the supple-
mental material) at 24 h after CdtB induction in our selected
CdtB-sensitive yeast strains. In all of our CdtB-sensitive dele-
tion strains, the cell growth and survival frequency were re-
duced (Table 1). In the DNA damage checkpoint deletion
strains (ddclA, mec3A, rad9A, radl7A, and rad24A), however,
the cell growth was close to wild-type levels but the overall
viability was significantly reduced. Consistent with this, these
DNA damage checkpoint deletion strains show similar DNA
content distributions to CdtB-expressing wild-type cells (Table
1 and see Fig. S1A in the supplemental material). In contrast,
deletion strains for S-phase checkpoint (mrcIAM and tofIA),
Elgl-RFC (elglA), and chromosome maintenance proteins
(bimIA, ctf19A, mem16A, mem21A, and mem22A) have higher
survival frequencies that are accompanied by the accumulation
of cells in G,. Deletion strains for Nam7, Upf3, and Nmd2,
which are three tightly interacting proteins required for non-
sense-mediated RNA decay (20), accumulated a considerable
number of enlarged cells. In addition, deletion strains for ve-
sicular traffic, ion homeostasis, morphogenesis (except for
NAT3), protein translation, and nuclear transport genes accu-
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mulate large cells (Table 1 and see Fig. S1B in the supplemen-
tal material).

The absence of known DNA repair gene deletions in the
selected list of CdtB-sensitive strains. We speculated that if
our genome-wide screen had identified all of the components
required for the CdtB response, the lack of known DNA repair
genes would implicate a role for unused repair mechanisms in
this pathway. We confirmed again that 18 strains harboring
deletions in genes responsible for nucleotide excision repair
(NER) (RAD1, -2, -4,-7,-10, -14, and -23) (45), postreplication
repair (PRR) (RADS, 06, and -18) (9), base excision repair
(BER) (MAGTI) (37), and nonhomologous end joining (NHEJ)
(TEL1, YKU70, YKUS0, POL4, DNL4, LIF1, and NEJI) (41)
were not sensitive to CdtB except for the tellA, yku70A, and
ykuS80A deletion strains, which showed very weak growth de-
fects (Fig. 4). All of the rad deletion strains examined are
sensitive to UV, the rad5 strain is sensitive to HU, and the
rad5, rad6, and radl8§ strains are sensitive to MMS, as is magl.
This indicates that although these genes are necessary for the
cellular response to selective DNA damage pathways, they do
not function in the response to CdtB-induced DNA lesions.

DISCUSSION

STA. In our present study, we transformed a CdtB expres-
sion plasmid into 4,706 nonessential diploid deletion strains
and the resulting array was used as a comprehensive screen for
genes required for the CdtB response (Fig. 2). The transfor-
mation method is simple and reliable: i.e., yeast cell cultures
grown in a microplate can be directly mixed with the direct
transformation solution (Wako Pure Chemicals) containing
plasmid DNA (0.5 to 1 pg/pl) that has been prepared by an
alkaline-sodium dodecyl sulfate method without removing E.
coli RNA (7). The mixtures were then incubated at 42°C for 2 h
(1) and spotted on selection plates. Transformation-incompe-
tent deletion strains were not found among the 4,708 strains
that we utilized in our screen, indicating that none of the
nonessential genes are necessary for plasmid transformation.
Uptake and maintenance of plasmids may thus be essential
processes in yeast. The use of the systematic transformation
array (STA) thus enabled us to perform a genome-wide func-
tional screen and analyze the mechanisms underlying the CdtB
response in 4,706 yeast deletion strains. As shown here, the
STA apparently can be used for genome-wide functional anal-
yses of other virulence factors which elicit phenotypes when
expressed in yeast (2, 29, 33, 49, 54).

Genes required for the CdtB response. Our genome-wide
analysis of the response to CdtB identified genes involved in
HR repair, the DNA damage checkpoint, S-phase checkpoint,
Mus81-Mms4 endonuclease, DNA topoisomerase, and DNA
helicases (Table 1), but not for the other DNA repair mecha-
nisms such as NER, PRR, and BER (Fig. 4). The contribution
of the NHEJ repair pathway to the CdtB-induced DNA lesion
is difficult to interpret because the NHEJ repair pathway is less
important than HR in yeast (26). Although there may be a
possible partial role of NHEJ for the repair of CdtB-induced
DNA lesions (Fig. 4), CdtB-induced DNA lesions appear to be
predominantly repaired by the HR repair mechanism, with the
involvement of DNA checkpoint and DNA metabolism pro-
teins in yeast. These genome-wide findings thus indicate that



1400 KITAGAWA ET AL.

CdtB-induced DNA lesions are different from other lesions of
this type, such as those induced by IR, MMS, or UV, which
require RAD genes for NER and PRR (6, 8, 11, 17, 18). In
addition, not all CdtB-sensitive strains are sensitive to HO
endonuclease (Fig. 3 and Table 2), indicating that the DNA
damage events caused by CdtB are not direct DSBs.

It was thought previously that HR repair utilizes sister chro-
matids in haploid cells but can utilize homologous chromo-
somes in addition to sister chromatids in diploid cells, and thus
this response may be optimal in strains with greater ploidy.
However, there are only a few reports that describe different
sensitivities to DNA-damaging agents between haploid and
diploid yeast cells (38, 48). HO endonuclease-induced DSB is
preferably repaired by HR, but there is no phenotypic differ-
ence between haploid and diploid cells in this response (Fig.
1). HR repair of DSBs is known to prefer sister chromatids
over homologous chromosomes in yeast (24). Therefore, it has
been unclear whether the presence of homologous chromo-
somes in diploid organisms provides a significant advantage in
terms of the DNA repair process. In this study, we show that
CdtB-induced growth defects and an S-phase delay were se-
vere in haploid but not in diploid yeast cells (Fig. 1). Identifi-
cation of chromosome maintenance genes in this study also
suggests that SSB repair requires proteins for chromosome
behavior. If homologous chromosomes but not sister chroma-
tids are used for repair substrate during S phase, sister chro-
matid cohesion should be released during repair with homol-
ogous chromosomes. Chromosome maintenance genes may be
necessary for SSB repair in diploid cells due to the use of
homologous chromosomes during S phase as is the case for the
postreplicative DSB repair (53, 55, 62). Due to the strong CdtB
effects in haploid yeast, we could not compare the CdtB sen-
sitivities of haploid deletion strains even though CdtB expres-
sion can be reduced by the addition of small amounts of glu-
cose together with galactose. However, evolutionally conserved
genes in this study and the genes specifically required for CdtB
response will provide clues toward our further understanding
of DNA repair mechanisms for SSB and also the importance of
homologous chromosomes in diploid cells.

Our selected list of CdtB-sensitive deletion strains includes
many components that function during S phase. In particular,
three nonessential RFC complexes (34) were all found to be
sensitive to CdtB, in which only Ctf8/Dccl-RFC was sensitive to
HO endonuclease. In addition, the individual deletion strain of
Elg1-RFC did not show significant sensitivity to UV, HU, or HO
endonuclease, as shown in our study, nor did it show sensitivity to
MMS (5, 25). This suggests that Elgl is required at least for SSB
and replication-induced DSB, but not for other types of DNA
damage. Identification of many components that function during
S phase suggest that SSB is repaired during S phase, possibly due
to the creation of DSBs by the replication of SSBs (Fig. 5).
Moreover, this is not similar to DNA damage caused by the
replication fork stall, because HU sensitivity is not fully over-
lapped among the CdtB-sensitive strains (Table 2).

The DNA-damage checkpoint deletion strains (ddcIA,
mec3A, rad9A, radl7A, and rad24A) showed growth close to
wild-type levels after the CdtB induction, but the overall via-
bility was significantly reduced (Table 1). Consistent with this,
these DNA-damage checkpoint deletion strains show DNA
content distributions similar to those of CdtB-expressing wild-
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FIG. 5. CdtB-induced DNA lesion. CdtB primarily shows SSB ac-
tivity which produces a DSB when the nicked strand is replicated
during the S phase of the cell cycle. Homologous recombination mech-
anism is exclusively required for the repair. The SSB also produces an
aberrantly terminated mRNA molecule. The mRNA decay pathway is
required for the response and associated with the cellular distension.

type cells (Table 1 and see Fig. S1A in the supplemental ma-
terial). Growth and cell cycle progression in the presence of
CdtB-induced DNA lesions may cause lethal damage in the
DNA damage checkpoint deletion strains. In contrast, the
strains with deletions for S-phase checkpoint (mrc/AM and
tof1A), Elgl-RFC (elgIA), and chromosome maintenance pro-
teins (bimlIA, ctfI9A, mem16A, mem21A, and mcm22A) have
higher viability that is accompanied by the accumulation of
cells in G,. We could not explain the accumulation of G, cells
in these strains, but the G, phase may not be susceptible to the
CdtB-induced DNA lesion.

Features of CdtB-induced DNA lesions. As shown in the lists
in Tables 1 and 2, CdtB analysis in yeast demonstrated specific
features for DNA repair machineries. If CdtB creates an SSB
in vivo, it produces a DSB during the S phase (Fig. 5). As
expected, many S-phase repair machineries including all non-
essential RFC components were identified in this study. CdtB-
sensitive genes categorized in DNA metabolism are well over-
lapped with the genes identified in the camptothecin-sensitive
screen (43). However, there are many nonoverlapping genes in
the categories of vesicular traffic, RNA catabolism, and protein
translation. Camptothecin is thought to produce SSB mainly
during the S phase in the presence of DNA topoisomerase I;
thus, the nonoverlapping genes are thought to be required for
the problems that occurred during the other cell cycle phases.
Figure 5 illustrates another possible problem caused by CdtB
(i.e., aberrantly terminated mRNA). The transcription of
genomic regions harboring SSBs will produce incomplete short
mRNAs due to termination at the nick points. This seems
problematic during all phases of the cell cycle. Accordingly, we
identified NAM7, NMD2, and UPF3 in our screen as CdtB-
specific genes which encode closely interacting factors required
for the nonsense-mediated mRNA decay pathway (20). Inter-
estingly, the accumulation of small RNAs in response to CdtB
has been observed in yeast (19). Therefore, our data suggest
that the mRNA decay pathway plays a role in the degradation
of accumulated aberrant RNAs caused by CdtB. It is also
noteworthy that the cell size of the three deletion strains for
the mRNA decay pathway became significantly larger in re-
sponse to CdtB (Table 1 and see Fig. S1B in the supplemental
material). Cellular distension, the phenotype from which the
name of CdtB is derived, is possibly caused by the accumula-
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tion of incomplete mRNAs, which will produce truncated pro-
teins that have to be degraded. Deletion strains for vesicular
traffic and protein translation also showed accumulation of
larger cells in response to CdtB, which may be required for the
control of aberrant proteins.

There is a known mammalian SSB repair system that play a
role in neurodegenerative diseases (10, 14). This SSB repair
machinery involves poly(ADP) ribose, DNA polymerase (3,
and DNA ligase III, but these have not been found in micro-
organisms. In neuronal cells, which are nonproliferative and do
not enter S phase, a long persistent G, phase is the only phase
of the cell cycle that is evident. Therefore, we speculate that
neuronal cells, or cells that remain in G, require special DNA
repair machinery for SSBs, which may be necessary for reduc-
ing aberrant mRNAs and the resulting abnormal proteins.

CdtB pathogenesis. Although many pathogenic bacteria ap-
pear to produce CDT (42, 44, 56), there is no clear association
between the action of CDT and disease symptoms. Several
genes associated with CdtB virulence have already been iden-
tified in mammalian cells (13, 16, 44, 56, 60); we have identified
a lot of genes required for the CdtB response by our yeast
genome-wide analysis. If CdtB-induced DNA lesions are re-
paired by HR repair machineries that act predominantly dur-
ing S phase (31, 32, 34), CdtB seems to be a time bomb for
proliferating cells such as T cells, becoming harmful when cells
replicate their DNA. Since Actinobacillus CdtB has been
known as an immunosuppressive factor capable of impairing
human lymphocyte function (51), the sensitivity of lymphocytes
to CdtB may be due to their capability for proliferation or HR
repair. Many identified genes in this study are conserved from
yeast to humans and thus must be involved in the pathogenesis
in mammalian cells that occurs in response to CdtB.

In conclusion, the yeast genome can be effectively used for
the analysis of bacterial virulence factors (58). Furthermore,
STA provides geneticists and pathologists with a new tool for
the analysis of all yeast and nonyeast genes, and the resulting
genome-wide data have the potential to elucidate many of the
salient features of gene function and of the associated path-
ways. In addition, CdtB, which creates a specific DNA lesion,
probably an SSB, will become a new tool for the analysis of a
novel DNA repair mechanism in diploidy, a common feature
of eukaryotic organisms.
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