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In eukaryotic cells, S phase can be reversibly arrested
by drugs that inhibit DNA synthesis or DNA damage.
Here we show that recovery from such treatments is
under genetic control and is defective in fission yeast
rghl mutants. rghl*, previously known as hus2t,
encodes a putative DNA helicase related to thEscher-
ichia coli RecQ helicase, with particular homology to
the gene products of the humarBLM and WRN genes
and the Saccharomyces cerevisiae SG§dne.BLM and
WRN are mutated in patients with Bloom’s syndrome
and Werner’s syndrome respectively. Both syndromes
are associated with genomic instability and cancer
susceptibility. We show that, like BLM and SGS1
rghl* is required to prevent recombination and that
in fission yeast suppression of inappropriate recombin-
ation is essential for reversible S phase arrest.
Keywords cell cyclehusZrecombination/RecQ DNA
helicasebchizosaccharomyces pombe

Introduction

Replication elongation is also likely to be highly regu-
lated, although much less is known about these controls.
The presence of DNA damage or limiting concentrations
of nucleotides in the cell are known to block DNA
elongation (Vassilev and Russev, 1984; Friedbetral.,
1995). Although arrest of replication elongation could be
due to mechanical or chemical blocks to DNA polymeriz-
ation, it is equally possible that the pausing and resumption
of DNA replication are regulated by external controls,
like many other cell cycle processes (Hartwell and Weinert,
1989; Murray, 1992). Indeed, elegant studies in the budding
yeast Saccharomyces cerevisid@ve demonstrated that
the slowing of DNA replication in response to DNA
damaging agents requires gene products previously shown
to be involved in other cell cycle checkpoints (Paulovich
and Hartwell, 1995; Longheset al, 1996). Here we
demonstrate that reversible S phase arrest also requires
protective functions that are distinct from cell cycle
checkpoint controls.

We have previously studied S phase arrest in the fission
yeastSchizosaccharomyces pomiiiy isolating mutants
that are sensitive to hydroxyurea (HU), a drug that blocks
DNA replication by depleting deoxynucleotides. Our
screening strategy was based on the observation that
checkpoint-defective cells undergo an aberrant mitosis
(‘cut’) when treated with HU (Enoch and Nurse, 1990).
Under the same conditions normal cells cease DNA
synthesis and arrest cell division, displaying an elongated
cell morphology. By screening for mutants that ‘cut’ in
HU, a number of checkpoint-defective HU-sensitiheig
mutants were identified (Enoodt al., 1992). Several of
the mutants were found to be allelic to previously known
rad (radiation-sensitive) genes, includingd3*, shown

Multiple cellular mechanisms ensure the accurate transmis-independently by Al-Khodairy and Carr to be required for
sion of genetic material from one generation to the next. checkpoint control (Al-Khodairy and Carr, 1992pd3"
These include enzymes which repair specific DNA lesions iS related to the human ataxia telangiectasia géey
after DNA damage, as well as regulators that coordinate (Bentleyet al, 1996), mutation of which causes a variety

DNA repair and cell cycle progression. Mutations abolish-

of severe symptoms, including increased rates of cancer

ing many of these processes result in genomic instability (seée Lehmann and Carr, 1995).

and cause cancer-prone syndromes in humans, including A single allele ofhus2 hus2-22(rgh1-h2, was also
xeroderma pigmentosum (excision repair), colorectal identified in the screen fohus mutants (Enochet al,
cancer (mismatch repair) and ataxia telangiectasia (check-1992). For reasons that will become clear below, we have

point control) (see Bootsmat al, 1995; Chung and

renamed this geneghl*. Like the otherhus mutants,

Rustgi, 1995; Enoch and Norbury, 1995; Lehmann and rgh1- cells undergo an aberrant ‘cut’-like mitosis in HU
Carr, 1995; Chu and Mayne, 1996). Chromosomes areand are also radiation sensitive. Here we show that, unlike

likely to be particularly vulnerable to DNA damage during

checkpoint mutantsgghl- cells arrest DNA replication

replication, as DNA is decondensed and partially single and cell division normally in response to HU but then
stranded and therefore highly accessible to damagingdisplay significant defects in chromosome segregation in
agents. DNA replication is, therefore, subject to exquisite the subsequent mitosis. We propose tijatl* is required

regulation which ensures its coordination with DNA repair

for recovery from S phase arrest. Our studies also indicate

and other cell cycle processes. Control of DNA replication thatrghl* is required for recovery from cell cycle arrest
initiation has been studied extensively and a picture of induced by DNA damage.
the molecular mechanisms involved is beginning to emerge  We have sequencadhl® and found that it encodes a

(see Peepest al, 1994; Chevalier and Blow, 1996).
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human BLM (Bloom’s syndrome) andVRN (Werner’s Rghl, Blm, Wrn and Sgs1 show little sequence similarity,
syndrome) genes (Ellist al,, 1995; Yuet al.,, 1996) and they are all rich in charged and polar amino acids,
to theS.cerevisiae SGSfene (Ganglofet al.,, 1994; Watt especially serines, and have patches of acidic residues

et al, 1995). Bloom’s and Werner's syndromes are rare (Figure 1A) (Elliset al, 1995; Rothstein and Gangloff,
congenital diseases associated with genomic instability 199%:tal, 1996).

and significant cancer predisposition (German, 1993; Yu

et al, 1996). Sgsl has been identified as a protein that Analysis of the rqh1 deletion strain

interacts genetically and physically with type | and type Therghl null phenotype was determined by disruption of
Il topoisomerases (Gangloét al.,, 1994; Wattet al.,, 1995; therghl™ gene in theS.pombegenome. Most of theghl*

Lu et al, 1996). Theghl®, BLM, WRNand SGSlgenes open reading frame, including the entire N-terminus, all

encode proteins of similar sequence and length and contain of the region encoding the helicase domain and half of

a central domain closely related to the DNA helicase the C-terminus, was replaced with thiea4™ gene (see

domain of theEscherichia coli REC@ene product. Figure 2A and Materials and methods). The strain carrying
Increased genomic instability iBLM™ cells is caused  the rghl deletion (ghlA) is viable, although in rich

at least in part by elevated levels of genetic exchange, medium, cultuneghtf cells, like those ofrghl-h2

particularly between sister chromatids. Exchanges betweenhave a 38% longer doubling time than wild-type cells

sister chromatids and homologs can be readily detected (data not shown; &nalch1992).rgh1A cells show

cytologically in BLM~ cells and such exchanges are no other obvious defects under normal growth conditions.
further stimulated by exposure to DNA damaging agents Appropriate crosses establisheghiAaand rgh1-h2
(Krepinsky et al, 1979, 1982; Heartleiret al, 1987; are allelic.

Kuriharaet al, 1987). Recombination is also elevated in We have previously shown thaghthen2 mutant is
sgst cells (Gangloffet al., 1994; Wattet al, 1996). sensitive to the DNA replication inhibitor hydroxyurea
Here we show tharghl® is also required to prevent (HU) and to UV irradiation (En@ttal, 1992). The HU
recombination, particularly during S phase arrest. Thus, sensitivities ofrgh1A cells (TE767, see Table 1) anghl-

the function of this subfamily of DNA helicases in h2 cells (TE232, see Table 1) were compared. During a
regulating genetic exchange and maintaining genomic 10.5 h incubation in 10 mM HU, wild-type cells remained
stability has been highly conserved during evolution. largely viable, but the viabilityhdA andrghl1-h2cells
Moreover, prevention of inappropriate recombination is dropped>50-fold (Figure 2B). The sensitivities ofh1A,
required to ensure that cell cycle progression can resumerghl-h2 and wild-type cells to UV irradiation were also
normally if S phase has been interrupted. examined. Unlike wild-type cells, botighlA andrghl-

h2 cells were markedly sensitive to low doses of UV
irradiation, with the viability of rgh1~ cells dropping

Results >500-fold upon irradiation at 200 JAiFigure 2C). Since
rqh1* encodes a RecQ-like DNA helicase rghlA and rghl-h2 cells behaved identically in these
The rghl* gene, previously calletus2”, was cloned assays, we believe thglt1-h2is a null allele.

from a genomic library by complementation of the UV

sensitivity of thergh1-h2(hus2-22 mutant (see Materials  rqh1A cells undergo aberrant mitoses upon

and methods). Two overlapping complementing clones treatment with HU or UV irradiation

were isolated, both containing the same open readingrghl-h2 mutants were initially identified in a screen for
frame. The sequence of the open reading frame predictscheckpoint mutants that were unable to arrest the cell
rghl* to encode a large, 1328 amino acid protein con- cycle in response to HU. Like known checkpoint mutants,
taining a 325 amino acid domain that shows sequencerghl mutants are hypersensitive to HU and HU-treated
homology with the helicase domains of RecQ-like DNA rghl-h2cells undergo septation in the absence of chromo-
helicases. This sequence was subsequently reported byome segregation (Enockt al, 1992). This results in

the Sanger CenteB.pombegenome sequencing project, cells where the septum has either bisected the single
accession No. Q09811. Our sequence, which agrees withnucleus or divided the cell such that one daughter is
that from the Sanger Center, has DDBJ/EMBL/GenBank anucleate. We refer to this as the ‘cut’ phenotype, as it
accession No. Y09426. Related proteins are the humanresembles the phenotype of previously descrilmed

BIm, Wrn and RecQL proteinsS.cerevisiaeSgsl and mutants, which have defects in chromosome segregation
E.coli RecQ (Figure 1A). Figure 1B shows a sequence (Hirano et al, 1986). In contrast, wild-type cells arrest
alignment of the helicase domains of the members of the the cell cycle when they are incubated in HU and become
RecQ-like family of helicases, including Rghl. The Rghl elongated, because they continue to grow without dividing.
helicase domain shows most similarity to the BIm helicase  rghlA cells, like rghl-h2 mutants, show the ‘cut’
domain (55% amino acid identity) and least similarity to phenotype when incubated in HU, while wild-type cells

the Wrn helicase domain (40% amino acid identity). While do not (compare Figure 3A and B). The ‘cut’ cells are
all six members of the RecQ helicase family share sequencefirst observed after 7 h incubation in HU (see Figure 3E)
homology within the core helicase domain, Rghl appears and are noticeably elongated, indicating that the aberrant
to belong to a subfamily consisting of Rghl, BIm, Wrn mitosis occurs after a cell cycle delay (the cells in Figure

and Sgs1. These four proteins are approximately the same 3A and B had been incubated in HU for 9 h). This is in
length, considerably longer than tEecoli prototype. They contrast to checkpoint mutants, which do not elongate at

also show an extended region of sequence homology and all in HU because cell cycle progression is not delayed.
have a similar positioning of the helicase domain (see Cells with the ‘cut’ phenotype also accumulate much more
Figure 1A). In addition, although the N- and C-termini of rapidly in cultures of checkpoint mutants than they do in
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Rgh1 S. pombe
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Fig. 1. rgh1" encodes a RecQ-like DNA helicasé)(Schematic representation of the members of the RecQ-like DNA helicase family; the name of

the gene product is shown on the left and the organism is on the right. The conserved helicase domains are shown as black boxes; regions of
extended homology are shown as striped boxes; acidic domains are shown as white boxes; regions with no sequence homology are stippled. The
proteins were arranged by aligning the helicase domaB)sSéquence alignment of the helicase domains of the members of the RecQ-like DNA
helicase family (black boxes in A). The gene product names are shown on the left, the amino acid position for each protein on the right. The
sequence alignment was carried out using the DNASTAR Megalign program. Residues that are identical to the consensus are shown in white on a
black background; dashes indicate spaces introduced by the program to maintain sequence alignment. The positions of the seven helicase domains
(Gorbalenyzet al., 1989) are indicated by lines above the sequence.rinE"™ sequence has been submitted to the DDBJ/EMBL/GenBank database,
accession No. Y09426. This sequence has also been reported by the SangeS@entdegenome sequencing project, accession No. Q09811.
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A rgh1- cells for the first 3 h after addition of HU. This is
because exponentially growin§.pombecells are pre-
dominantly in the G phase of the cell cycle, so after
addition of HU these cells divide once before they encoun-
3 ter the S phase block. For the next 4 h neither wild-type
nor rghl- cells divide, showing that the cell cycle is
blocked. After ~7 h in HU, however, the number of cells
in both the wild-type andghl- cultures starts to increase
once more, showing that the cells have overcome the HU-
1.0Kb induced block and have re-entered the cell cycle. This
establishes that HU delaygh1™ and wild-type cell cycles
to the same extent. Thus, by definitioghl- cells do not
B have a defect in the S—M checkpoint (Hartwell and
Weinert, 1989). Resumption of the cell cycle after 7 h in
M —— Wt HU is consistent with previous studies showing that HU
g e rghla only blocks cell division temporarily ir5.pombe(Sazer
T and Nurse, 1994). Microscopic analysis shows tigat~
S cells showing the ‘cut’ phenotype only start to accumulate
T, as wild-type andqghl- cells re-enter the cell cycle (Figure
g 3E). Thusrghl™ cells may ‘cut’ because they are unable
to segregate chromosomes after S phase arrest.
Hours in HU We also investigated the morphology afhlA cells
(TE767, see Table I) after UV irradiation (see Materials
C and methods). Figure 3C showghlA cells 13 h after
irradiation at 150 J/f Like rgh1A cells treated with HU,
1= o wt UV-irradiatedrghlA cells ‘cut’. In contrast, UV-irradiated
---e--- rghlA wild-type cells and unirradiatedjh1A cells do not show
the ‘cut’ phenotype (Figure 3D and data not shown).
Like HU-treated cells, UV-irradiatedjhl~ cells that are
0.01 ‘cutting’ are elongated compared with irradiated wild-type
R cells (compare Figure 3C and D), indicating that aberrant
: I , mitosis has taken place after a cell cycle delay. Cell
0 50 100 150 200 number measurements confirm that, as in HU-treated cells,
UV irradiation (Jm-2) the aberrant mitosis in UV-irradiatedh1- cells does not
Fig. 2. Construction and analysis of thghl deletion mutant. occur until wild-type cells have recovered from UV-
(A) Diagram of the DNA construct used to make tiga1 deletion induced arrest and re-entered the cell cycle (data not
mutant. The open reading frame of tfghl® gene is shown as a shown). This suggests that, likghl™ cells incubated in
black box with a stippled box representing the region of the gene HU, UV-irradiatedrgh1- cells may have a chromosome

encoding the helicase domain. Thead"™ gene is shown as a striped fi defect but t checkpoint defecti
box. Theurad4™ gene was inserted between thbd and Agd sites in segregation derect but are not checkpoint detectve.

therghl* genein vitro. (B) rgh1A andrghl-h2cells are sensitive to
HU. The viability of wild-type (TE271, see Table lighlA (TE767, ‘Cut’ rqgh1~ cells have completed DNA replication
see Table 1) andgh1-h2(TE232, see Table I) cells was assayed by Previously described S—M checkpoint mutants ‘cut’ in

colony formation at times after the addition of 10 mM HU to the . . . . . .
cultures. The relative viability was calculated by dividing the number HU without replicating their DNA. To investigate whether

of viable cells at each time point by the number of viable cells before  CUt' rgh1™ cells have completed DNA replication, we

b rght*ORF —————————

helicase domain

+
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addition of HU to the culture (see Materials and methods).rgh1A examined the DNA content and cell morphology of wild-
andrghl1-h2cells are sensitive to UV irradiation. The viability of type andrghl- cells during recovery from HU arrest.
wild-type (TE271, see Table IyghlA (TE767, see Table I) andjhl- Cultures of WiId-type (TE271, see Table |) anth-h2

h2 (TE232, see Table |) cells was assayed by colony formation after . . .
UV irradiation. The viability of cells after irradiation was expressed (TE232, see Table 1) cells were incubated in medium

relative to the viability of unirradiated cells (see Materials and containing 10 mM HU for 4 h, then filtered into fresh
methods). medium without HU. Samples were taken from the culture
at 20 min intervals after removal of HU and fixed for
rghlA cultures, being readily observed after only 3 h FACS analysis, to determine the DNA content of the cells,
incubation in HU (Enoctet al,, 1992). and examined microscopically for ‘cuts’ (see Materials
As shown in Figure 3B, by the time thghlA cells and methods). As shown in Figure 4A, wild-type and
cut, wild-type cells are no longer particularly elongated, rghl- cells resume and complete DNA replication with
suggesting that they have re-entered the cell cycle after asimilar kinetics after HU arrest. In both wild-type and
period of cell cycle arrest. To investigate whether this was rgh1- cells DNA replication starts between and 20 and 40
the case, wild-type (TE271, see Table I) armghl-h2 min after removal of HU and is complete after 80 min.
(TE232, see Table I) cells were incubated in 10 mM HU Figure 4B shows rffiat~ cells showing the ‘cut’
and the number of cells in the culture and the percentagephenotype were first observed 80 min after removal of

of cells showing the ‘cut’ phenotype were analyzed at HU and were still accumulating at 140 min, well after
regular intervals. As Figure 3E shows, the cell number DNA replication was complete. Thughl cells are able
continues to increase in cultures of both wild-type and to arrest the cell cycle upon inhibition of S phase and can
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Table I. Schizosaccharomyces pondteains and DNA plasmids described in this paper

Strain Markers

TE232 rgh1-h2 h"

TE271 972h~

TE480 diploidade-M216ade-M216 leul-32eul-32 ura4-D18ira4-D18 H/h* (GP109)
TE558 diploidade6-M210ade6-M210 leul-3ful-32 ura4-D18ira4-D18 h/h~

TE725 ade6-L469 leul-32h

TE728 ade6-M26 his3-27 mat2-102

TE730 rgh1-h2 ade6-M26 his3-27 mat2-102

TE744 rgh1-h2 ade6-L469 leul-32°h

TE745 diploidade6-L46%de6-M26 leul-32eult his3-27his3" h/mat2-102

TE747 diploidrgh1-h2rgh1-h2 ade6-L462de6-M26 leul-3Reult his3-27his3" h/mat2-102
TE767 rghl:ura4t ura4-D18 i

TE786 rghl::ura4t ura4-D18 ade6-M21@ontaining CA®

TE788 ade6-M210containing CA®

Plasmid Construct

pTE151 rqghlB

pTE152 rghlA

pTE436 rgh1* disruption construct

complete bulk DNA replication in a normal manner once
HU has been removed from the culture. However, even
though DNA has been replicated, normal chromosome

cells following a 4 h incubation in 10 mM HU (for details
see Materials and methods). Under these circumstances
the wild-type loss rate was elevated 4.7-fokil@5.6

segregation cannot take place in many of the cells. Theseper generation, while the rate of chromosome loss from
results suggest that correct chromosome segregation afterghl- cells was elevated to a rate of X502 per
S phase arrest requires special functions that are absengeneration. Thus the chromosome loss rate from HU-

in rghl mutant cells.

rqh1* is required for accurate chromosome
segregation, especially after HU arrest

The above experiments establish thghl™ cells are
defective in chromosome segregation after HU treatment.

treatedghl~ cells was more than 8-fold higher than
untreatedrgh1- cells and nearly 30-fold higher than the
rate of loss from HU-treated wild-type cells (Figure 5A).
Indeed, minichromosome loss rates after HU treatment of
rghl- cells may be even higher than those figures stated
here. After a 4 h incubation in HU ~65%rqhlhe

Similar aberrant mitoses are observed in fission yeastcells were unable to recover from the S phase arrest and

top2 and cut mutants, which lack functions required for
chromosome segregation (Uemura and Yanagida, 1984
Hirano et al., 1986). To analyze the chromosome segre-
gation defect inrghl mutants further, we measured the
rate of loss of a non-essential minichromosome frghil~
and wild-type cells.

rgh1A and wild-type strains o6.pombecontaining the
ade6-M210allele at the genomiade6locus and a single
copy of the non-essential, centromeric minichromosome
Ch'® (Niwa et al, 1986) were constructed (TE786 and
TE788 respectively, see Table | and Materials and
methods). Since CHh contains theade6-M216 allele,
which shows intragenic complementation wéitie6-M210
(Leupold and Gutz, 1964), cells containing the mini-
chromosome arade’, but those that have lost &hare
ade. The chromosome loss rates of wild-type antil”
cells were calculated by determining the proportion of
cells that becamade in a known number of generations
(see Materials and methods). As shown in Figure 5A,
under normal growth conditions the rate of chromosome
loss for wild-type cells was 1210 per generation, in
close agreement with the rate previously observed by
Niwa et al. (1986). In contrastigh1™ cells were 15 times
more likely to lose CK, with a loss rate of 1.81072 per
generation. These results suggest thgtl™ cells lack

many went on to form the ‘cut’ phenotype. Since the

;‘cut’ phenotype could be an extreme manifestation of a

chromosome segregation defect, many of the cells that
did not survive the incubation in HU may have shown
chromosome loss. As we can only measure loss rates for
those cells that survive, our numbers may represent
an underestimation for minichromosome loss after HU
treatment. UV-irradiatedghl- cells also display signific-

antly elevated rates of chromosome loss (data not shown).
Thus rghl™ function appears to be required for proper

chromosome maintenance under normal growth conditions
and is even more important after S phase arrest or
DNA damage.

rqh1*, like BLM, negatively regulates
recombination
As described aboveghthe gene product is structurally
similar to the product of th8LM gene.BLM™ cells show
substantially elevated levels of recombination, with a
particularly striking increase in sister chromatid exchange
(SCE). SCE levelsBiM- cells are further elevated by
treatment with agents thatinduce DNA damage (Krepinsky
et al, 1979, 1982; Heartleiet al., 1987; Kuriharaet al,
1987). Recombination rates are also elevate®.icere-
visiaecells lacking theSGSlgene (Ganglofet al., 1994;

functions required for accurate chromosome segregationWatt et al., 1996). To determine whethegh1™ cells have

even under normal growth conditions, which may account
for the longer doubling time of culturedjhl™ cells (see

above). Chromosome loss rates were also measured in
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Fig. 3. HU-treated and UV-irradiatedjh1A cells ‘cut’ when they

recover from the cell cycle block and re-enter the cell cycle.

(A) rghlA cells (TE767, see Table 1) anB)(wild-type cells (TE271,
see Table 1) aftea 9 hincubation in 10 mM HU. €) rgh1A cells
(TE767, see Table 1) and] wild-type cells (TE271, see Table I) 13 h
after UV irradiation at 150 J/A Wild-type cells are not extended
because they have resumed cell division after initially arresting in
response to HU or UV (see E and text for details). All cells were heat
fixed and stained with 'é-diamidino-2-phenylindole (DAPI), which
stains nuclear material brightly. The cytoplasm also stains weakly,
allowing visualization of the septa as dark lines across the cells. Note
that in (A) and (C) many cells show the ‘cut’ phenotype, with the
septum either forming across the nuclear material or dividing the cell
such that one daughter is anucleat€) HU-treatedrgh1-h2cells cut

only once the cells have recovered from the cell cycle block. 10 mM
HU (final concentration) was added to asynchronous cultures of wild-
type (TE271, see Table 1) arrdh1-h2(TE232, see Table 1) cells
growing in rich medium. Samples were removed for analysis of cell
number using a hemocytometer and analysis of ‘cut’ formation by
microscopic examination of DAPI stained cells. Cell number data are
shown as a proportion of the cell number when HU was added to the
culture.
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A

Wild-typs

Asynchronous culture

4 hours in HU

|
Release from HU 0 i |‘.!
(minutes) 20 i il

v y)

et

% 2C cells
]
% 'cut' cells

0 30 80 50 120 180
Minutes after HU removal

Fig. 4. rgh1™ cells are not checkpoint defective but are deficient in
recovery from S phase arrest. 10 mM HU (final concentration) was
added to asynchronous cultures of wild-type (TE271, see Table I) and
rgh1-h2(TE232, see Table I) cells growing in rich medium. After 4 h
in HU the cells were filtered and transferred to rich medium without
HU. Samples were removed and fixed in ethanol at 20 min intervals
after removal of HU. The ethanol-fixed cells were either stained with
propidium iodide for analysis of DNA content by FACS or stained
with DAPI and examined microscopicallyA] FACS analysis of cells
released from S phase arrest. Cultures of wild-type rghd-h2cells
were treated with HU fo4 h then released, as described above. Note
that asynchronous cultures of fission yeast have a predominantly 2C
DNA content. B) Comparison of the percentage roghl1-h2cells
showing the ‘cut’ phenotype and the percentage with a 2C DNA
content after HU treatment. The percentage of cells showing the ‘cut’
phenotype was determined by microscopic examination of DAPI
stained cells. The percentage of cells with a 2C DNA content was
determined by FACS analysis, using the bracket indicated in (A).

generation respectively (Figure 5B, left panel). This is
comparable with rates determined ®.cerevisiaefor
similar intervals (Watet al., 1996). After a 4 h incubation
in 10 mM HU, recombination was stimulated in both

diploid cells were constructed that were heterozygous at cultures, but the effect was much more dramaticqginl-

the ade6 locus, carrying differentade6 alleles with
mutations at either end of ttaele6gene (TE745 and TE747

respectively; see Table | and Materials and methods).

cells (Figure 5B, right panel; note that a different scale is
used in each panel). While the wild-type recombination
rate increased 80-fold t®x16:34the rghl- rate

Homologous recombination occurring between the hetero- increased>800-fold to 6.36<10* Thusrghl™, like BLM

alleles results in restoration of thalet phenotype. The
levels of recombination in these wild-type arghl- cells

under normal growth conditions and after a 4 h incubation

an&GS] prevents recombination, particularly after S
phase arrest. Like the minichromosome loss data, our
figures for recombination rates after HU treatment of

in HU were calculated by determining the proportion of rghl- cells may be lower than the true rates, since the

cells that becamade” in a known number of generations
(see Materials and methods).

The levels of recombination occurring under normal

cells that died upon HU treatment may have the highest
levels of recombination.
Our results show rdidt™ is required to prevent

growth conditions were almost identical in wild-type and excessive recombination after S phase arrest. High levels

rghl- cells, with rates of 7.58107 and 7.65<10~ per

of recombination could cause the chromosome segregation
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Like checkpoint mutantsghl- cells are hypersensitive to
HU and rghl cells incubated in HU display the ‘cut’
phenotype (Figures 2 and 3). However, unlike checkpoint
mutants,rghl- cells arrest cell division in response to
HU. Moreover, when released from the S phase arrest,
rgh1 cells complete bulk DNA replication in an apparently
normal fashion (Figure 4). Neverthelesghl™ cells are
unable to segregate their chromosomes in the mitosis after
S phase arrest, leading to the ‘cut’ phenotype. These

>

0.015

0.010

0.005 -

Chromosome loss/generation

________ /- experiments show thaihl mutants are not checkpoint
T rqht- + defective, but rather are unable to recover from S phase
-HU arrest. Thus reversible S phase arrest entails more than

stopping and resuming DNA synthesis. Additional pro-
cesses, which are dependent mhl", are required to
ensure normal segregation of chromosomes in the mitosis

B that follows arrest of DNA replicationtghlt may be
required either while DNA replication is arrested or after
1105 781107 it resumes, to ensure that the arrest can be reversed.
S Under normal growth conditionghl™ mutants have a
§  8x0° modestly elevated generation time and show enhanced
& el son0* ] rates of minichromosome loss. Although we were not able
S to observe elevated recombination levels in untreated
% ax10° | p5iod | rgh1 cells, we have only analyzed recombination between
E . one pair of heteroalleles and only over a small interval
g and thus our assay may not have been sensitive enough
o | . 7 | 0 to detect increased recombination. It is possible that
+ rght” + rght elevated recombination levels might be revealed if larger
-HU +HU intervals were examined. Thus we believe thghl*

Fig. 5. Chromosome instability and recombination in HU-treated and ~ Could have a fun_Ction during the normal cell cycle which
untreated wild-type andjh1~ cells. @) Chromosome loss. Wild-type becomes essential after S phase arrest or DNA damage.
andrghlA strains of fission yeast were constructed containing a single Alternatively,rqgh1™ might play a different role during the

copy of the non-essential minichromosome'&fstrains TE788 and ; :
TE786 respectively, see Table I). The rate of loss of&atas normal cell cycle, unrelated to its function after S phase

calculated as described in Materials and methods. The left two arrest or DNA damage.

columns show the rate of chromosome loss per generation from cells

under normal growth conditions. The right two columns show the rate  Genetic control of S phase arrest and recovery
oLchromoscf)rIne Iofss pelggeneratior;] from ITe”S geated Witlh HU fr(:r 4 h. Analysis of the fission yeastheckpointgenes has pre-
The rates of loss for wild-type angh1A cells under normal growt . .

conditions were 1.210 ag’g 1_&""1"03 respectively. After HS viously shpwn that normal S phase arrest requires at least
treatment the values were %80 and 1.5<1072 respectively. two genetically controlled processes; arrest of mitosis by
(B) Mitotic homologous recombination. Stable homozygous wild-type  negative regulation of the cyclin dependent kinase Cdc2
or rgh1-h2diploids were constructed containing tade6heteroalleles and induction of functions that are necessary to allow
(strfilns TE745 and TE747‘res_pect|ver, see Table I). Restoration of an recovery of cells after S phase arrest (Enetlal., 1992:

ade” phenotype to these diploids occurred when homologous . .
recombination occurred between the mutations. The rate of Al-Khodairy et al-g 1994). Both re.cover.y and checkpomt
recombination was calculated as described in Materials and methods. control are abolished by mutations icheckpoint rad
The left panel shows the rate of recombination per generation in wild- genes us1, rad1", rad3*, rad9*, rad17" andrad26").
type andrgh1™ cells under normal growth conditions. The right panel However, mutations in cell cycle control genes:i(tz*,

shows the rate of recombination per generation in wild-type rghd” - oAt . .
cells incubated in 10 mM HU. Note the differences in scales between cdc25, weel” and mik1 ) only abolish the checkpoint

the two panels. The rates of recombination for wild-type &gfull function (EnO_Ch and Nurse, 1990; Enoeh al, 1991,
cells under normal conditions were 758007 and 7.65¢10°7 1992; Sheldrick and Carr, 1993). Here we show that
respectively. After HU treatment the values were 6147 and recovery, but not checkpoint control, is abolished by

6.36<10° respectively. mutation of therghl* gene. A possible model linking

checkpoint control and recovery is presented in Figure 6.
defect in HU-treatedghl- cells, as it may be impossible  Thecheckpoint radyene products are proposed to function
to segregate sister chromatids that are linked via recombin- early during S phase arrest, possibly generating a signal
ation intermediates. that engages the cell cycle checkpoint and activaes' -
dependent recovery processes. Thus checkpoint control
and recovery are both dependentareckpoint radgene

Discussion function, although they are independent processes. Inter-
rqh1- cells are defective in recovery from S phase actions between theheckpoint radgene products and
arrest downstream gene products could be direct or indirect.

The rghl-h2 mutant was first identified in a screen rgh1- cells are also sensitive to UV irradiation. Again

for HU-sensitive checkpoint mutants. Here we describe this is not due to a checkpoint defghti-a=lls arrest
characterization of theghl deletion strain and theghl- upon UV irradiation and only ‘cut’ when they re-enter

h2 mutant, which appears to be a null allele (Figure 2). the cell cycle and try to segregate their chromosomes.
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Initiation of Replication chromosome segregation would be difficult or impossible.
l This model is consistent with studies showing that certain
types of entangled chromosomes are not sensed by cell
UV, HU cycle checkpoints. For exampl8,pombendS.cerevisiae

mutants lacking topoisomerase Il also ‘cut’, as mitosis is
l initiated even though sister chromatids are catenated

(Uemura and Yanagida, 1984; Holet al., 1985; Uemura
hus1* rad9* et al, 1987).
rad1* rad17+ rqgh1l* could prevent recombination by a number of
rad3* rad26* mechanisms. It could be a negative regulator of recombin-
l ases, with a particularly important function during S phase
arrest, when a considerable amount of recombinogenic
S-phase arrest single-stranded DNA is present in the cell. Alternatively,
\\ the absence afgh1l* could cause DNA damage, leading
N to the generation of recombinogenic lesions. For example,
cdczt it has been proposed that the RecQ helicases function
cdc2s5t i together with topoisomerases to resolve replication inter-
Recovery from arrest weelt Checkpoint mgdiates at thepend of S phase (Rothsteinpand Gangloff,
l mik1t 1995). It will be important to investigate interactions
/ betweenrghl™ and S.pombedopoisomerases, particularly
Replication complete since the ‘cut’ phenotype observed after HU treatment
_ - resembles the phenotype caused by reduced topoisomerase
t— Il function (Uemura and Yanagida, 1984, 1986; Uemura
v et al, 1987).
Mitosis The role of DNA helicase enzymatic activity in the
Fig. 6. Genetic control of reversible S phase arrest. When DNA reQUI_anon of recomb'nat'on by the RecQ-related helicases
replication is inhibited at the elongation stage by HU, many genes are remains to be determined. Although Sgs1 has been shown
required to ensure that inhibition and subsequent recovery from S to be a helicase biochemically, &ncerevisiae sgghutant
phase arrest occur with minimal loss of cellular viability. The lacking helicase activity is wild-type with regard to its

checkpoint radgenes lfus1’, rad1*, rad3", rad9*, rad17" and : : .
rad26") are required both for the checkpoint that prevents mitosis interactions withtop1 andtop3 mutants (Luet al,, 1996).

occurring in the absence of completed DNA replication (dashed line) HoweVer, the Effe(_:t of thf-'se mUta}tiPnS on recombinaﬁon
and for functions that allow recovery from S phase arrest. The cell is not known. Possibly helicase activity may be required for

cycle control genescfic2", cdc25, weel” andmik1®) are only some but not all of thén vivo functions of these proteins.
required for the checkpoint (dashed linggh1" is required for

functions that allow the recovery of cells from S phase arrest. . . .
y P Control of recombination by a conserved family of

RecQ helicase-related proteins

Possibly this UV sensitivity is also due to a defect in S Based on structural featuregjhl™ encodes the fourth
phase recovery, as UV-induced lesions could be inhibiting member of a subfamily of putative DNA helicases related
ongoing DNA replication. Previous studies have shown to the product of theE.coli RECQgene. In addition to
that mutants lacking S phase recovery functions are the helicase domain, the four members of this subfamily
particularly sensitive to UV during S phase (Al-Khodairy are approximately the same size and have other structural
et al,, 1994). similarities. The other members of the subfamily are the

It is remarkable that arrest and recovery in response to human BIm and Wrn proteins and ti®cerevisiaeSgs1
HU or UV irradiation in fission yeast requires two genes, protein (FigureBLM™, sgsT and rghl~ cells show
rad3* andrghl*, related to human genes mutated in two enhanced levels of genetic exchange, suggesting that the
different cancer-prone syndromes, ataxia telangiectasia function of the RecQ-related proteins has been conserved
and Bloom’s syndrome. This suggests that reversible S during evolution. Loss oBLM function is associated with
phase arrest may be a critical aspect of the response to DNA increased rates of carcinogenesis, suggesting that proper
damage and prevention of cancer in higher eukaryotes. Theregulation of genetic exchange plays a vital role in the
fission yeast mutants will provide valuable tools for further maintenance of genetic integrity. The Wrn protein also
investigation of the molecular mechanisms involved in plays a role in maintenance of the genome and tumor
this process. prevention, although it may not regulate genetic exchange,

as SCE is not elevated WRN cells (Bartramet al.,

Failure to recover from S phase arrest is 1976; Darlingtonet al,, 1981; Gebharet al., 1988).
associated with increased recombination Although bothSGSlandrghl™ prevent recombination,
S phase arrest enhances loss rates of a non-essentidbss of the gene has different biological consequences in
minichromosome and elevates recombination rgl the two yeasts, agghl™ fission yeast are UV sensitive
mutants. These results suggest that the rolegbfl* in (Figure 2) andsgsT cells are not (Watet al., 1996). As
recovery from S phase arrest could be to prevent excess we show here, the fissiaghFagene also plays a
recombination. High levels of recombination may explain vital role in recovery from S phase arrest, wh8&S1is
the ‘cut’ phenotype ofrghl™ cells after treatment with not known to function in cell cycle control. Thus each
HU; if cells enter mitosis with sister chromatids entangled yeast provides a unique opportunity to investigate the
by unresolved recombination intermediates, subsequent consequences of unregulated genetic exchange and, there-
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fore, to understand the function of this new class of tumor
suppressors.

Materials and methods

Genetic and molecular methods

Plasmids and strains were constructed using standard techniques

(Sambrooket al., 1989; Morencet al,, 1991). All strains and plasmids
used in this report are listed in Table I. Unless otherwise stated, ‘wild-
type’ refers to strain TE271, which is 912; ‘rgh1-h2 refers to strain
TE232 and fgh1A'’ refers to strain TE767 (see Table §chizosaccharo-
myces pombenedium was prepared as previously described (Moreno
et al, 1991).

Molecular analysis of rqgh1*

Thergh1-h2(hus2-22 strain was transformed with ttf&pombgenomic
libraries pURSP1 and pURSP2 (Barbett al, 1992) and clones that
complemented the radiation sensitivity of this strain were isolated, as
described in Murrayet al. (1992). Two independent overlapping clones

23 cn? plates. The plates were irradiated at 1502and cells were
then washed off the plates using 20 ml pre-warmed medium and
incubated at 29°C. Samples were removed and examined microscopically
for ‘cuts’. To analyze recovery from S phase arrest (Figure 4), cultures

were grown to early log phase and then arrested by the addition of HU

to a final concentration of 10 mM. Cells were incubated for 4 h, filtered
onto 0.45uM HA filters (Millipore, Bedford, MA) and resuspended in
fresh medium. Samples were removed at the indicated time points for
FACS analysis (Shazer and Sherwood, 1990) and scoring of ‘cuts’.

Determination of chromosome loss rates
The rate of loss of C¥¥ (Niwa et al., 1986) from wild-type andghi-
cells under normal growth conditions was calculated using two different
methods. In the first method, chromosome loss was measured in the
progeny of a singledet cell after a known number of generations. In
the second method, the increase in the number of cells that had lost
Ch'® in a population of cells was determined after approximately
one generation.

For the first method, TE786 and TE788 strains (see Table 1) were
grown in the absence of adenine to select for the presence §fadd

were isolated, one of ~4850 bp (rgh1A) and one of ~6000 bp (rgh1B). then streaked onto YE plates. After 3 days growth at 29°C, whole

5151 bp of the rgh1B insert was sequenced using nested deletions andcolonies of cells were dispersed in 1 ml YE medium. Cell number was
shown to contain an open reading frame of 3987 bp with no introns. Measured using a hemocytometer and used to calculate the total number

Subsequently this sequence was reported by the Sanger Geptenbe

of cells in the colony, which can be used to determine the number of

genome sequencing project, accession No. Q09811. Our sequence, whictgenerations since the originalde” progenitor. The cells were then

agrees with that from the genome project, has also been submitted to
the DDBJ/EMBL/GenBank database, accession No. Y09426.

Sequence alignments of the predictgtil™ gene product with other
members of the RecQ-like DNA helicase family were carried out using
the DNASTAR Megalign program. Similarities between the helicase
domains of the members of this family were calculated using the GCG
Bestfit program.

Construction of the rqgh1 deletion mutant
The disruption construct was created by replacing the 3.8lk#—Agd
fragment of rgh1B (see Figure 2A) with a linker containindletl site:

5’-CTAGCGGCCGCA
GCCGGCGTGGCC-3

This construct was unable to complement the HU sensitivity ofghé-

h2 allele. An insert bearing theghl deletion was removed from the
pUR19 vector by digestion witBad and SpH and ligated intoSad and

SpH digested pUC19. The 1.7 kiva4* gene was then inserted into the
Notl digestedrghl deletion construct as described previously (Barbet
et al,, 1992). This plasmid (pTE436, see Table I) was digested Sétth

and SpH and the linear disruption construct, consisting of tha4"

gene flanked byghl® sequences, was isolated. This DNA was used to
disrupt one copy of theghl® gene by the one-step disruption method

in an h*/h* ura4-D18ura4-D18 stable diploid (TE480, see Table I; a
generous gift from G.Cottarel). The homologous integration event was
confirmed by Southern blotting. This strain was crossed tchah™
ura4-D18ura4-D18 stable diploid (TE558, see Table 1) to generate a
sporulating diploid heterozygous for thighl deletion. These diploids
were sporulated, tetrads were dissected and haploids that were HU
sensitive andira™ were identified. The HU-sensitive anta* pheno-
types were found to co-segregate and to segregate 2:2 in all of the

diluted into YE medium, sonicated briefly and plated onto YE plates at
a concentration of ~1000 cells/plate. We did not see any difference
between the growth rates aide” and ade cells on YE plates. After
2.5-3 days growth at 29°C the cells were replica-plated onto EMM
plates supplemented with Ig/ml adenine, on whictade cells are a
pink color. Two days later the proportion afle colonies was calculated.
Only those colonies which were completely pink (and had therefore
arisen from a singlede progenitor cell) were scored. For each wild-
type colony dispersed in YE medium, ~37 000 colonies were screened
for their ade phenotype; for eacighlA colony, ~6000 colonies were
screened. Rates of loss of Bhwere determined for two wild-type
colonies and 10gh1A colonies.

For the second method, cultures of cells were grown under selective
conditions to ensure maintenance of '€o an OB of 0.05-0.15.
The cells were then filtered and resuspended in an equal volume of YE
medium and incubated for 6 h. Samples were removed at the beginning
and the end of the incubation period and cell number and the proportion
of ade segregants was determined as described above. In each of two
experiments ~37 000 wild-type colonies were counted from the first
time point and 40 000 from the last time point, and 37 GgB1A
colonies were counted from the first time point and 15 000 from the last
time point.

The rate of loss of CK in each type of experiment was calculated
using the following formula, adapted from Murakastial. (1995).

rate of loss= 1M INR/R,

whereR, and R, are the proportion ofide' cells 0 andn generations
after removal of selection respectively. In experiments using a single
colony, Ry was taken as 1, since the single progenitor cell for each
colony wasade'.

The rates of loss of the minichromosome from wild-type cells using

tetrads analyzed. One such haploid was picked for further analysis and the first method were calculated as X204 and 5.0<10°® for each of

Southern blot analysis was used to confirm deletion ofrgftel* gene two separate experiments, those using the second method wete 1.2

(TE767, see Table I). Further crosses establishedrtffdA was allelic 10 and 2.5¢10™ for each of two separate experiments. We believe

to rgh1-h2 that differences in the rates between individual experiments are due to

experimental error and are not significant. This is because the rates of

loss of the minichromosome fromghlA cells in the absence of HU
calculated using the first method described above vary between 6.9

Analysis of HU and UV response

UV and HU sensitivity were determined as previously described (Al-
Khodairy and Carr, 1992; Enocht al, 1992). Cells were fixed for 10 and 3.36<10°3, even though each experiment was carried out using
microscopy and analyzed for ‘cut’ formation as previously described identical strains and techniques. Thus the two different methods of
(Enochet al,, 1992). Unless otherwise noted, cells were grown on rich calculating the rate of loss of the minichromosome from cells under
medium at 29°C. The number of colonies growing on two plates was normal growth conditions give essentially the same results.

counted for each viability measurement and each number was expressed The overall loss rate was taken as the median value from 12 individual

as a proportion of the number of viable cells for that cell type at experimentgyfidA cells and four individual experiments for wild-

the start of the experiment. In every case the starting measurementtype cells.

corresponded to at least 480 cells. To investigate cell number increase To determine chromosome loss rates after incubation in HU, cells
in the presence of HU, cultures were grown to early log phase and HU were grown under selective conditions to early mid log phase as

was added to a final concentration of 10 mM. Samples were removed described above, filtered and resuspended in rich medium (time 0). HU
at the indicated times for analysis of cell number using a hemocytometer was then added to the cultures to a final concentration of 10 mM and

and scoring of ‘cuts’. To examine ‘cut’ formation after UV irradiation, they were incubated at 29°C. After 4 h the cells were filtered again,
1x10 cells from an early log phase culture were plated on each of two resuspended in fresh medium without HU and incubated for a further
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