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Abstract 

        DNA replication stress induces responses such as cell cycle checkpoint arrest and DNA repair. 
The two kinds of responses are carried out by specific proteins, however some of them (such as 
replication protein A, Mre11, Rad50 and Nbs1 forming the MRN complex) are involved in both 
checkpoint and repair. Here we report for the first time the possible involvement of Rad22 of 
Schizosaccharomyces pombe (ortholog of Rad52 from other species), a well known repair factor, in the 
checkpoint response to the replication challenge due to hydroxyurea and camptothecin. In liquid 
asynchronous culture, a strain carrying a loss-of-function rad22 allele (E-rad22) had a constant 
septation index during 8 hours of treatment with 12 mM hydroxyurea while a strain carrying the wild 
type allele showed an important drop of the septation index that lasted 7 hours. Survival tests in double 
mutants carrying E-rad22 and checkpoint gene (chk1 or cds1chk2) deletion, in chronic treatments with 
hydroxyurea and camptothecin, showed that rad22 and chk1 belonged to the same epistasis group while 
rad22 and cds1 belonged to different epistasis groups. We conclude that the protein Rad22 may be 
involved in the Chk1-dependent pathway of the checkpoint response.  
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Introduction 
Genome stability is important for heredity and welfare of any organism. DNA can be 

damaged by external agents (radiation, genotoxins) or during its own metabolism, especially 
replication. The damage, also called lesion, may result in mutations, cell death or DNA 
rearrangements leading (in higher eukaryotes) to cancer. Organisms have developed strategies 
to cope with DNA damage. One of them is the "Quality control" of the genome integrity 
during one or the other of cell cycle phases which results, in case of failures or errors, in 
stoppage of the cycle before entering the next phase, offering the opportunity for the repair 
mechanisms to restore integrity. These processes are usually termed DNA integrity 
checkpoints and they are remarkably well conserved in all eukaryotes. Proteins with 
homology of structure and similarity of function (orthologs) attending the checkpoint 
responses are known in several eukaryotic species and named differently in different species. 
In this report we shall use the names of Schizosaccharomyces pombe orthologs and (when 
different) the most popular of their name in other species (usually human) as a superscript. 

DNA replication is particularly challenging for its integrity. During this process, the 
replication structure (fork) may be stalled (or arrested) by numerous naturally occurring 
replication fork block (RFB) factors: tight association with proteins, collision with 
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transcription, various kinds of DNA damage, nucleotide insufficiency, etc. which create a 
special state (replication stress) and induce a response to it (reviewed by S. LAMBERT & 
A.M. CARR [1], S. LAMBERT & al. [2]). Experimentally (or therapeutically) two of the 
most used RFBs agents are treatments with hydroxyurea (HU) and camptothecin (CPT). The 
usage of these treatments elucidated a lot of the response mechanisms to replication stress. 

HU is an inhibitor of ribonucleotide reductase, an enzyme which catalyses the reduction 
of nucleoside diphosphates to deoxynucleoside diphosphates, which are further 
phosphorylated to deoxynucleoside triphosphates (dNTPs), so providing the necessary 
material for DNA synthesis. Following HU treatment, the dNTP supply is reduced. The 
replication polymerases of the replication fork cannot advance any further while the 
replication helicase continues advancing (helicase/polymerase uncoupling) (J.M. SOGO & al. 
[3]; S. LAMBERT & A.M. CARR [1]). The helicase leaves behind a single-stranded DNA to 
which the single-strand binding replication protein A (RPA) attaches. RPA recruits the 
Rad3ATR kinase through its accompanying protein Rad26ATRIP. Rad3 phosphorylates the 
coupling protein Mrc1 and Mrc1-P recruits and activates the autophosphorylating properties 
of the Cds1Chk2 kinase (A.A. ALCASABAS & al. [4], D. BRANZEI & M. FOIANI [5]). 

The activated Cds1 is essential for arresting cell cycle in the S phase (intra-S checkpoint) and 
for recruiting and activating the fork protection complex Swi1/Swi3 (E. NOGUCHI & al. [6]). 
This complex prevents fork from collapsing (decomposing into its separate components). The 
stabilized fork keeps helicase and polymerase coupled, allows repair of DNA lesions occurring 
during the fork arrest, and promotes the replication restart (S. LAMBERT & A.M. CARR [1]). 

Activated Cds1Chk2 kinase can also inhibit Cdc25 phosphatase, an activator (by 
dephosphorylation) of the Cdc2 kinase, the regulator of entry into mitosis (M phase of the cell 
cycle). The consequence is the arrest of cell cycle before the M phase (the S/M checkpoint) 
(S. FURNARI & al. [7]). 

Cells deprived of Cds1Chk2, but also cells maintained under HU treatment more than 4 
hours (during this time an adaptation to the drug occurs) or cells released from HU treatment, 
continue / resume DNA synthesis and complete the S phase entering G2 with unrepaired lesions 
(S. FURNARI & al. [7], P. MEISTER & al. [8], J.M. BAILIS & al. [9]). Many of these are 
double-strand breaks (DSB) or equivalents (regressed forks) (J. M. SOGO & al. [3]) that induce 
the G2/M checkpoint. DSBs recruit first the MRN (Mrc11-Rad50-Nbs1) complex which is able 
to activate the Tel1ATM kinase and which processes the DSB end(s) leaving 3' overhangs that 
attach RPA protein. As described above, the RPA-coated single-stranded DNA recruits 
Rad3ATR kinase through its associated Rad26ATRIP protein. Rad3 coupled with Crb253BP1 
activates the Chk1 kinase which, in turn, phosphorylates and inhibits Cdc25 phosphatase, the 
activator (by dephosphorylation) of the Cdc2 kinase, the mitosis regulator. The consequence is 
the arrest of cell cycle before entrance into M (G2/M checkpoint) (FURNARI & al. [7], S. 
LAMBERT & A.M. CARR [1]). There is a difference between acute treatment (that lasts for a 
few hours) with HU and chronic treatment (that lasts for a few days), the chronic one resulting 
mainly in double-strand breaks and being deleterious at lower concentrations. 

Camptothecin is an inhibitor of the ligating phase of the reaction catalyzed by the enzyme 
topoisomerase I (S. WAN & al. [10]). In a first step this enzyme cleaves the phosphodiesteric 
bond of one strand of the double-stranded DNA and remains attached covalently to one end of 
the break allowing the superhelical DNA to relax. In a second step the enzyme religates ends 
and releases itself from DNA. In the presence of CPT the single-strand break remains 
unligated. During DNA replication, if the single-strand break occurred on a leading strand 
template, this becomes a double-strand break due to the lagging strand discontinuity. The 
DSB induces a pre-M checkpoint arrest following one of the pathways described above (Cds1 
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or Chk1-dependent) according to the moment during S in which this occurs: early or late S 
respectively. A sub-pathway - the spindle checkpoint pathway - has been described (A. 
COLLURA & al. [11]), depending on Chk1 and Mad2 but not on Cdc2 or its activator Cdc25. 
This sub-pathway causes arresting of cell cycle during M, in case the attachment of 
chromosomes on the spindle filaments did not occur correctly (COLLURA & al. [11]).  

Rad22Rad52 is a protein necessary for recombination and double-strand break repair (C. L. 
DOE & al. [12]). In the replication stress, Rad22 contributes to the arrested fork restarting and 
to the repair of DSBs resulting from fork collapse. Studies with green fluorescent protein 
(GFP)-tagged Rad22 in S. pombe have shown that fluorescent foci appear in nuclei after a few 
hours of treatment with HU, proving that their role is important in the response to replication 
stress (P. MEISTER & al. [8], J.M. BAILIS & al. [9]). We present evidence that, apart from 
its role in repair, Rad22Rad52 may also be involved in the DNA damage checkpoint arrest.  

 
Materials and methods  

Strains 
Wt (wild type) strains (complete genotype: ade6-704 ura4-D18 leu1-32 h+, h- or h90) 

were kind gifts from A. M. Carr, Genome Damage and Stability Center, University of Sussex, 
Falmer-Brighton, UK. 

E-rad22 strain (E-rad22 ade6-704 ura4-D18 leu1-32 h-) was obtained in our laboratory 
and will be described further under Results. 

Strains cds1-d (cds1::ura4 ura4-d18 leu1-32) and chk1-d (chk1::ura4 ade6-704 ura4-d18 
leu1-32) were kind gifts from J. Huberman, Roswell Park Cancer Institute, Buffalo NY, US.  

Double mutant strains cds1-d E-rad22 and chk1-d E-rad22 were constructed in our 
laboratory as follows: The strains carrying simple checkpoint gene deletions (J. Huberman 
strains) were crossed with a wild-type strain of the opposite mating type (h+), the free spores 
resulting from the cross were spread and colonies growing on a minimal medium without 
uracil and h+ mating-type were selected. Then they were crossed with the strain carrying E-
rad22 and, among free spore clones, the ones growing on uracil-less medium and being 
sensitive to camptothecin 1 μM were selected. The presence of the insert at rad22 was PCR 
checked with one primer specific to the inserted sequence and another specific to rad22. 

Culture media  
Media were YEL (yeast extract liquid) and YEA (yeast extract agar) (0.5% yeast extract, 

2% glucose without or with 2% agar). 
Microscopy  
Samples of the liquid cultures in YEL with or without HU were added Phloxin B and then 

examined under an optical microscope. At least 300 live cells (the pale looking) were examined 
and the percentage of cells with septa determined; the dead cells (red stained) were neglected. 

Other methods are described in the legends to figures. 
 

Results 
1. The construction of mutant rad22 strain 
In the course of attempts to tag Rad22 with EGFP at its N terminus according to P. J. H. 

WERLER & al. [13] protocol, the EGFP sequence was PCR amplified from a pGEM plasmid 
(pPW9 - EGFP, a kind gift from A. M. Carr) and fused by PCR with two 500 bp fragments 
with sequences upstream and downstream of the rad22 initiation codon which flanked the 
construct. In a subsequent step the construct was  inserted by homologous recombination into 
the S. pombe genome. The correct insertion was checked by PCR, amplifying a fragment with 
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one primer specific to the insertion fragment and another specific to genomic rad22 (outside 
the common sequences of the insert and genome). We obtained a strain with the phenotype of 
a rad22 loss-of-function, including sensitivity to genotoxins and defect in switching of mating 
type in a homothallic background. Sequencing of the genomic construct carried out in A. 
Carr's laboratory showed that one of the primers had misprimed  with the PW9-EGFP 
plasmid. The result was the insertion of a “stop” codon, in-frame with the initiation codon and 
a few codons downstream of it. Presumably, that led to a stop in the expression of the EGFP-
Rad22 fusion protein, as shown in Fig. 1.  

 

 
 

Figure 1. Schematic presentation of the sequence around the initiation codon of the 
modified rad22 locus. (A) The intended situation. The initiation codon (shaded) 
placed at the appropriate position with respect to the rad22 promoter would translate 
through the EGFP sequence and rad22 sequence resulting in a fusion protein EGFP-
Rad22. (B) The erroneous result (E-rad22), due to an insertion of a longer fragment 
comprising a supplementary sequence belonging the host plasmid (bold). 
Translation would start at the initiation codon (shaded), in the appropriate position 
with respect to the rad22 promoter, but it would stop at a termination codon 
(underlined). The result would be a non-functional peptide of only 25 aminoacids. 

 
The loss-of-function mutants of rad22 often carry suppressors (F. OSMAN & al. [15]), 

that confer a selective advantage over the slow growing rad22 mutant strain. The suppressors 
are represented by other mutant genes (especially fbh1). These new mutations may introduce 
new phenotypes. To be sure that the new phenotype we describe in this paper (lack of cell 
cycle stoppage) was not due to an extragenic suppressor, we backcrossed the radd22 mutant 
strain with the wild type strain and dissected tetrads. None of 9 spore-clones carrying E-rad22 
(confirmed by PCR analysis) had a more severe phenotype than the initial strain, therefore the 
presence of a suppressor in the E-rad22 strain is unlikely. 

 
2. The rad22 mutant strain has a defect in arresting of the cell cycle following 

treatment with hydroxyurea  
During microscopic examination of cell suspensions from exponentially growing cultures 

of S. pombe, we noticed that the hydroxyurea-treated wild-type cells grew in lengths and had 
less septa (which suggested a checkpoint cell cycle arrest) than the untreated cells. In contrast, 
the cells carrying E-rad22 (already long, but not as long as the hydroxyurea treated wild-type 
cells) did not grow further and presented septa more frequently. Dead cells, more numerous in 
the E-rad22 strain, often had unresolved septa, but live cells (those excluding the phloxin B - 
magdala red) (M. RUSU [14]) had frequent septa as well. A quantitative account of this 
observation is shown in Fig. 2 which presents the time course of septation index (percentage of 
septated cells from all live cells) in wild-type and E-rad22 cells treated or not with hydroxyurea. 
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Septation index (equivalent to mitotic index in fission yeast) was small at the start-point (in 
asynchronous cultures only a small fraction of cells, around 10 %, found themselves at the 
septation stage of the cell cycle), but approximately equal in wt and E-rad22 cells. In 
hydroxyurea- treated wild-type it dropped to almost zero, was low about 7 hours of HU 
treatment, then rose again. In E-rad22 treated as well as in both wild-type and mutant untreated 
cells during the following 8 h it was quite variable between 8 and 12 %, but did not show a 
tendency to diminish. The temporary dropping of the septation index in wild-type cells under 
hydroxyurea suggested a checkpoint arrest in wild-type and its absence in E-rad22 cells.  

 
 

 
 

Figure 2. Checkpoint arrest of cell proliferation in hydroxyurea treated asynchronous 
cultures of S. pombe strains carrying or not a mutant allele of rad22. Exponential 
growing cultures of the two strains carrying the rad22 wild type allele (rad22+) and 
mutant allele (E-rad22) were each divided into two samples; to one of the samples 
hydroxyurea (HU) was added in a concentration of 12.5 mM (at 0 h timepoint) and all 
the cultures were incubated at 30°C under gentle shaking. At 1 hour intervals the 
percentage of living cells  carrying septa was determined. At least 300 cells were 
counted for each time point. Results of one typical experiment, two others gave 
essentially similar results. 

 
3. rad22 belongs to the same epistatic group with chk1 and to a different epistatic 

group than cds1 
Maintaining of septation index under treatment with hydroxyurea may have at least one 

alternative explanation (not involving the checkpoint): a cytokinesis defect,  since 
multiseptated cells occurred quite often the E-rad22 strain (they were not counted in the 
experiment shown in fig 2). 

To rule out this or other alternative explanations we constructed double mutant strains 
carrying deletions of established checkpoint genes chk1 and cds1chk2  then tested single and 
double-mutants for sensitivity to a chronic treatment with hydroxyurea and camptothecin.  
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We reasoned that, if Rad22 were involved in any of the checkpoint pathways, the 
addition of a checkpoint gene deletion to the loss-of-function E-rad22 allele would not add up 
at the sensitivity, when it acted in the same pathway. Conversely, if Rad22 were not involved 
in checkpoint, the deletion of a checkpoint gene in a strain carrying E-rad22 would add up at 
sensitivity because this situation would create more DNA damage as it would hamper repair 
by mechanisms independent of Rad22. The same result would be obtained when both Rad22 
and the checkpoint protein were involved in checkpoint but on different pathways. 

 

 
 

Figure 3. Epistasis relationships between the checkpoint genes chk1 or cds1chk2 and 
the recombination mediator rad22rad52. The spots on each panel resulted from the 
growth of 5μL of cell suspensions of different cell densities deposited on YEA 
agarized medium containing (B-E panels) or not (A) the genotoxins in the 
mentioned concentrations. The number of cells deposited were 105 (first spot on the 
left), 104 (second from left), 103 (third), 102 (fourth) and 10 (fifth) in each row. The 
display of the strains is as shown in the top text panel. Photographs were taken after 
5 days of incubation at 30°C. WT = wild type allele for all the genes involved. 

 
Fig. 3 presents sensitivity to DNA-damaging agents hydroxyurea and camptothecin of the 

single and double mutants. Cell survival was tested on plates with solid medium, containing 
or not genotoxins, by dropping rows of five serial tenfold dilutions of cell suspensions of each 
of the single or double-mutant strains. Cells which survived made confluent colonies (spots) 
and the more spots there were in a row, the better survival (lower sensitivity).  

In Panels B and C sensitivity to hydroxyurea (in chronic treatment) is showed. There is 
an increase in sensitivity of the strains carrying cds1 single mutation and rad22 cds1 double 
mutation (rows C3 and C6 respectively) at 2 mM HU, with respect to wild-type (row C1) and 
rad22 single mutant (row C4) but the sensitivity was almost equal in cds1  single and double 
mutants. However, at a smaller HU concentration (1 mM) there was a small difference 
between single cds1 (row B3) mutant and double cds1rad22 (row B6) mutant: the latter was 
slightly more sensitive, suggesting a synthetic effect. We interpreted this as a non-epistatic 
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relationship between the two genes, that was concealed at the higher concentration of HU by 
the overwhelming effect of cds1. No obvious difference was found between sensitivities of 
single chk1 (row 2) and and single rad22 (row 4) mutants and chk1rad22 (row 5) double 
mutant at any concentration of HU. 

Panels D, E and F present the sensitivity to camptothecin. The double mutant cds1 rad22 
(row E6) is more sensitive than the single mutant cds1 (E3) and single mutant rad22 (E4), 
showing a clear synthetic effect, while no such synthetic effect could be seen in chk1 rad22 
double mutant. That suggests that chk1 and rad22 work in the same pathway while cds1 and 
rad22 work in different pathways. The fact that, at a higher concentration of camptothecin (1 
μM) the double mutant chk1 rad22 (row F5) appears as more sensitive than the single mutant 
chk1 cannot be interpreted as a synthetic effect because the double mutant is as sensitive as 
the rad22 single mutant (F1).    

All in all, the results presented in Fig. 3 show that rad22 and chk1 are in the same epistasis 
group and suggest that Rad22 is involved in the Chk1-dependent pathway of G2/M and/or spindle 
checkpoint arrest. rad22 is not in the same epistasis group with cds1chk2 and this suggests that 
Rad22 is not involved in the Cds1-dependent intra-S checkpoint arrest. The functional Cds1Chk2 
appears to have diminished the effect of E-rad22 in terms of camptothecin and hydroxyurea 
sensitivity (Fig. 3 A and B). This can be interpreted as a favorable effect of Cds1Chk2 on 
replication fork challenged by chronic treatments with both hydroxyurea and camptothecin, 
possibly by recruiting and activating the fork stabilization complex (E. NOGUCHI & al. [6]). 

 
Discussion 

We presented some evidence suggesting an involvement of Rad22Rad52 in the Chk1-
dependent checkpoint arrest. Mainly, two kinds of evidence were presented: 1) No stoppage 
of septation in the strain carrying the loss-of-function mutation at rad22 under prolonged 
effect of hydroxyurea (Fig. 2) and 2) Lack of synthetic effect of double loss-of-function 
mutations of both rad22 and chk1, but presence of this synthetic effect with respect to 
sensitivity to hydroxyurea and camptothecin in a strain with loss-of-function of both rad22 
and cds1 (Fig. 3). The checkpoint which rad22 is presumed to be involved in is the G2/M 
checkpoint or the spindle checkpoint because these are the ones activated by Chk1 (S. 
LAMBERT & A.M. CARR [1], S. LAMBERT & al. [2], A. COLLURA & al. [11]). The 
presence of a synthetic effect in the double-mutant E-rad22 cds1 (Fig. 3) suggests that the 
intra-S checkpoint is not affected by the rad22 loss-of-function. Previously published data 
have also stated that the intra-S checkpoint was not affected by the deletion of rad22 (J. M. 
BAILIS & al. [9]). The data in Fig. 2 do not show a stoppage of septation in the E-rad22 
carrying strain, although this would have been expected in the first hours of HU treatment, as 
HU activates the intra-S checkpoint. We suppose that E-rad22 strain may in fact have arrested 
in S, but this arrest (in terms of septation index) may have been more transient, as not being 
"enforced" (BODDY & al. [16]) by the following M checkpoint arrest and, in consequence, 
obliterated by the important variance of the septation index as shown in Fig. 2.  

The idea of Rad22 being involved in the checkpoint arrest has not been formally stated so 
far. However, some facts presented previously (J. M. BAILIS & al. [9]) are consistent with it, 
although they have been interpreted differently. S. pombe cells deleted of rad22 or of rhp51, 
treated with HU and then released, completed M with DNA unrepaired lesions resulting in 
unequal distribution of chromosomes. A lack of the pre-M checkpoint is postulated by the 
authors, but attributed to the nature of lesions that would not induce it. We would rather 
presume an absence of checkpoint due to the absence of Rad22 which is involved in the 
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checkpoint arrest. Our opinion is based on the epistatic relationship between Chk1 and Rad22, 
as presented in this report, Fig. 3. 

The data presented in this report do not allow any speculation about the position of the 
putative Rad22 attendance in the Chk1-dependent checkpoint pathway or suggest a 
mechanism. One question is whether only Rad22 or the recombination complex is involved. 
The previous study already mentioned (J.M. BAILIS & al. [9]) have found that deletion of 
rhp51rad51 also results in entering M phase with DNA lesions after releasing from HU-induced 
arrest. This suggests that the recombination complex is involved. 

 
Conclusion 

The Rad22Rad52 recombination protein in fission yeast may be involved in the chk1-
dependent checkpoint arrest, as a result of lesions induced by hydroxyurea or camptothecin 
treatment. This conclusion is based on two kinds of evidence. First, the unmodified septation 
index under the treatment with hydroxyurea in a strain lacking the function of Rad22 (in 
contrast with the stoppage of septation in a strain with an intact Rad22). Second, the lack of a 
synthetic effect on sensitivity to camptothecin and hydroxyurea in a double-mutant cumulating 
losses of function of Rad22 and the checkpoint protein Chk1 (in conditions in which such a 
synthetic effect is present in strains cumulating the loss of function of Rad22 and another 
checkpoint protein Cds1Chk2). To this evidence, some of already published data (J.M. BAILIS & 
al. [9]) that cells carrying deletion of rad22 pass the G2/M checkpoint with DNA unrepaired 
damage may be added in support of attributing Rad22 a role in the G2/M checkpoint. 
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