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Fig. 4. DNA primase mutants 
accumulate hemi-replicated in- 
termediates. Representative rep- 
licating bubbles from pril-M4 
mutant cells (A and B) (27). The 
molecule in (A) is partially sin- 
gle-stranded. Arrows indicate 
the transition points from 
dsDNA to ssDNA. In (B), the 
white arrowhead indicates the 
replicated arm of a hemi-repli- 
cated bubble; the black arrow- 
head indicates the unreplicated 
strand. (C) Schematic represen- 
tation of Rls in wild-type and 
rad53 cells treated with HU or 
not treated. In HU-treated wild- 
type cells, the accumulation of 
short single-stranded regions 
likely causes checkpoint activa- 
tion. In HU-treated rad53 cells, 
abnormal replication intermedi- 
ates, likely caused by a defect in 
the DNA polymerase ac-primase 
complex, are converted into the 
aberrant structures represented 
in the gray panel. 0, replication 
origin. 
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ATR Homolog Mecl Promotes 
Fork Progression, Thus Averting 

Breaks in Replication Slow 
Zones 

Rita S. Cha and Nancy Kleckner* 

Budding yeast Mecl, homolog of mammalian ATR, is an essential protein that 
mediates S-phase checkpoint responses and meiotic recombination. Elimination 
of Mecl function leads to genomewide fork stalling followed by chromosome 
breakage. Breaks do not result from stochastic collapse of stalled forks or other 
incidental lesions; instead, they occur in specific regions of the genome during 
a G2 chromosomal transition. Break regions are found to be genetically encoded 
replication slow zones (RSZs), a newly discovered yeast chromosomal deter- 
minant. Thus, Mecl has important functions in normal S phase and the genome 
instability of mecl (and, analogously, ATR-/-) mutants stems from defects in 
these basic roles. 
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Proteins of the ATR/ATM family (mamma- 
lian ATR and ATM, Drosophila mei-41, 
Schizosaccharomyces pombe rad3 +, and bud- 
ding yeast Mec and Tell) are chromosome- 
bound signal transduction proteins involved 
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in DNA replication, repair, and recombina- 
tion (1, 2). These proteins are best understood 
as mediators of checkpoint responses: They 
sense the presence of damage or aberrations 
in the genome and transmit appropriate sig- 
nals that trigger cell cycle arrest and coordi- 
nate repair. However, in addition, mutations 
in these genes confer defects during the un- 
challenged life of the cell. Many of these 
defects are also typically associated with ex- 
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posure to exogenous genotoxic agents-for 
example, occurrence of double-strand breaks 
(DSBs), genome instability, and inviability. 
This relationship has led to a model in which 
potentially lethal lesions arise spontaneously 
during normal cellular life, with Mec 1 and its 
homologs being required for processing of 
such incidental lesions (1, 2). Mecl is also 
involved in up-regulation of deoxynucleotide 
triphosphate (dNTP) synthesis through its es- 
sential downstream target Rad53, which in 
turn inactivates Smll, an inhibitor of Rnrl 
(3). Inability to up-regulate dNTP synthesis is 
proposed to contribute to the mecl pheno- 
types by inducing "replication stress"-that 
is, stalled forks that undergo irreversible col- 
lapse and/or are processed by recombination 
proteins into DSBs (2, 4). 

Alternatively, during unchallenged life, 
ATM/ATR/Mecl could coordinate and pro- 
mote basic chromosomal events, with the 
observed mutant phenotypes arising from de- 
fects in these fundamental processes, regard- 
less of any failure to respond to incidental 
lesions. This notion is supported by the fact 
that Mecl and its homologs are required for 
processes that probably occur independently 
of incidental damages or accidental fork stall- 
ing: the G1 to S transition (5), regulation of 
crossover position and partner choice during 
meiotic recombination (6, 7), and establish- 
ment of late origin firing (8). 
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To distinguish between these two possi- 
bilities, we isolated and characterized two 
thermosensitive (ts) mecl alleles, mecl-4 and 
mecl-40. Both mutations confer known mecl 
null phenotypes at nonpermissive tempera- 
ture: cell inviability (Fig. 1A), absence of 
DNA damage checkpoint responses, and sup- 
pression of lethality by smllA mutation. 
Moreover, all phenotypes are fully recessive 
to MEC1, as expected for complete loss-of- 
function alleles. 

To characterize the defects conferred by 
loss of Mecl function, we arrested MEC1 
and mecl-ts cells in GI and released them 
to undergo synchronous mitotic progres- 
sion at nonpermissive temperature. We ex- 
amined cells for DNA content by fluores- 
cence-activated cell scanning (FACS) (Fig. 
1C) and for the status of chromosome III 
(chrIII) by pulsed-field gel electrophoresis 
(PFGE) followed by end-labeling Southern 
analysis (Fig. 1, B, D, and E). In MEC1, 
replication initiates after 45 to 60 min. By 
90 to 120 min, most cells have completed 
bulk DNA synthesis, as indicated by the 

appearance of cells containing two-cell 
DNA content (Fig. 1C) and reemergence of 
full-length linear chrIII species (Fig. 1, D 
to F). MEC1 cells initiate a second round of 
DNA replication, as evidenced by in- 
creased retention of chrIII in the well be- 
ginning at t = 180 min. In contrast, mecl-ts 
cells exhibit prolonged replication stalling 
between 60 and 120 min, as indicated by 
the FACS profile, in which most cells ex- 
hibit intermediate DNA content, and by 
PFGE/Southern analysis, in which most 
chromosomes remain in the well (Fig. 1, D 
and F) in accord with the presence of 
branched replication intermediates (9). Be- 
ginning at about 150 min, chrIII emerges 
from the wells, giving rise to full-length 
linear chromosomes plus a series of dis- 
crete chrIII fragments (Fig. 1E; fig. S1B). 
The latter observation implies the occur- 
rence of chromosome breaks at specific 
preferred positions. Chromosome fragmen- 
tation species increase in abundance and 
then plateau with about one break in every 
four chrIIIs (Fig. IF; fig. S1C). The frag- 

ment level does not decrease, even after 24 
hours, which suggests that broken ends are 
molecularly stable-that is, they are neither 
degraded nor repaired. 

Concomitant with the appearance of 
breaks, additional changes occur (Fig. 1G; 
fig. Si). First, many cells acquire a general 
cellular catastrophe phenotype character- 
ized by nuclear and cellular swelling plus 
chromatin compaction/aggregation [Fig. 1, 
G(a) and G(b)]. This morphology closely 
resembles mitotic catastrophe induced by 
caffeine or loss of ATR function in mam- 
malian cells (10-12). Second, further DNA 
replication occurs, as evidenced by an in- 
crease in total DNA content (supporting 
online text). Third, cells die (Fig. 1G(c); 
fig. S1A). Thus, chromosome breaks in 
mecl-ts cells arise as part of a global tran- 
sition involving additional DNA replication 
plus cellular catastrophe and death. This 
transition occurs well after the end of S 
phase, at about late G2: Diagnostic defects 
appear about 40 min after cells exit the 
small-bud stage, which marks the end of S 
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Fig. 1. mecl-ts phenotypes. (A) mecl-ts alleles. We incubated patches 
of cells (30) at the specified temperatures for 2 days. (B) Chrlll species 
revealed by PFGE followed by indirect labeling of one chromosome 
end (CHA1): full-length linear chromosomes ("FL"), nonlinear forms 
that remain in the wells of the gel ("Well") [for example, DNA 
replication intermediates (9)], and linear chromosome fragments 
extending from the labeled end ("CF"). Break positions along the 
chromosome are deduced from the lengths of CF species. (C-F) and 
(G) are two independent ao-factor arrest/release experiments. (C) 
FACS analysis (28) of bulk DNA synthesis; one- and two-cell DNA 
contents are indicated. (D) PFGE/Southern analysis of chrlll (30). 
Chrill is retained in the well concomitant with the onset of bulk DNA 
synthesis as assessed by FACS (C). Probe: CHA1. (E) Longer exposure 
of gel in (D) reveals CF species in mecl-4. (F) Fraction of hybridization 
signal (that is, the fraction of chromosome ends) present in each chrlll 
species (B). (G) Phase-contrast and 4',6-diamidino-2-phenylindole 
(DAPI) images of MEC1 (a) and mecl-4 (b) cells after a 4-hour 
incubation at 34?C. DAPI-staining entities in mecl-4 could be nuclear 
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and/or mitochondrial DNA. Scale bar, = 5 tm in all images. (c) By t = 140 
min, about 50% of mecl-4 cells have undergone a coordinate transition 
involving commitment to inviability, DSBs, and cellular catastrophe. (d) 
Fractions of no-bud (G1), small-bud (S phase), and large-bud (G2/M) mecl-4 
cells exhibiting catastrophe morphology, which first appears among G2/M 
cells and then in G1 cells. Small-bud cells exhibiting catastrophe mor- 
phology are rare throughout. (e) Fraction of mecl-4 cells that have 
entered (black line) and exited (gray line) S phase is calculated from the 
noncumulative curve describing the fraction of S-phase cells at each time 
point (squares) (28). By t = 100 min, 50% of the cells have exited S 
phase. 
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phase in wild-type cells [compare Fig. 
lG(c) with Fig. IG(e)]; also, catastrophe 
occurs only in cells beyond the small-bud 
stage (Fig. IG(d)). 

We mapped the positions of mecl-ts 
breaks along chrIII from the lengths of the 
corresponding end-labeled chromosome frag- 
ments (Fig. 2, A and B). Breaks occur in 
about 10-kilobase (kb) "zones" in regular 
alternation with active replication origins 
(ARSs) except that no break region occurs 
between the origins that flank the centromere 
(Fig. 2D). This same breakage pattern is 
observed in both mec-1-4 and mecl-40 mu- 
tants, in haploid and homozygous diploid 
mutant strains, and in logarithmic-phase cells 
subjected to temperature upshift as well as 
cells released from (x-factor arrest. Break 
zones are not correlated with other determi- 
nants: cohesin binding/axis-association sites 
(13), R/G-band base composition isochores 
that also correspond to meiotic DSB zones 
(Fig. 2C; fig. S2), or sites of topoisomerase II 
cleavage or DNase hypersensitivity (14). To 
determine whether the positions of breaks are 
genetically specified, we examined structural 
variants of chrIII in which a nonbreak-region 
segment was duplicated (with or without an 
encoded ARS) or in which a single ARS or 
three adjacent ARS elements were deleted 
[Fig. 2E(a)]. In all variants examined, mecl- 
ts chromosome breaks occurred at the same 
genetic positions as in wild-type chromo- 
somes [Fig. 2, E(b) to E(d); fig. S3]. Thus, 
break positions are encoded by determinants 
within break zones themselves. Break zones 
do not represent sites of stochastic fork con- 
vergence, nor do they do arise because forks 
proceed a certain distance from their origins 
and then stall (supporting online text). 

Because chromosome breakage is preced- 
ed by prolonged stalling of bulk DNA syn- 
thesis, we reasoned that break zones might 
represent regions of unusual replication pro- 
gram. Therefore, we analyzed fork progres- 
sion by two-dimensional gel analysis of rep- 
lication intermediates (RIs). We examined 
three regions that exhibit chromosome breaks 
and three regions that do not (Fig. 3A). In 
wild-type cells, RIs appear and disappear in 
all six segments during the period of bulk 
DNA replication as defined by FACS. Only 
Y arcs are seen, which implies the presence 
of unidirectional replication forks throughout 
each segment (Fig. 3B; fig. S4A). However, 
RIs are present in greater abundance in each 
of the three "break" segments than in the 
"non-break" segment examined in the same 
experiment, which implies that forks spend 
longer times in the break segments. Thus, the 
regions identified by mecl-ts breaks corre- 
spond, in wild-type cells, to regions where 
replication fork progression is intrinsically 
slow: "replication slow zones" (RSZs). 
Genomic analysis of replication fork progres- 
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Fig. 2. mecl-ts break zones along chrlll. (A and B) Chromosomal breaks in mecl-4 and mec1-40 
mutants occur in six zones (I to VI), each spanning about 10 kb. CHA and YCR098 probes identify 
four break zones each: III to VI and I to IV, respectively. Chromosome fragment sizes are estimated 
by comparison with bacteriophage X DNA concatemers run in the same gel. Termini were not 
analyzable (dotted regions). DNA coordinates are from the Saccharomyces Genome Database (31). 
(C) Lack of correlation between the positions of mec -ts breaks and programmed meiotic DSBs. (D) 
mecl-ts break zones (BZs) occur between seven highly active (open circle) and one intermediately 
active (gray circle) ARS elements along chrill. Chrill also contains seven minimally active origins 
(gray circle with line) (15, 32). (E) (a) Schematic representation of chrIll structural variants (30). (b 
to d) Break distribution in mecl-4 strains containing wild-type or variant chrlll. Probes: CHA (b and 
c) and YCR098 (d). 

sion on chrIII (15), although less sensitive, 
gives patterns consistent with the current RSZ 
assignments (further discussed in supporting 
online text). 

RSZs retain their basic characteristics in 
mecl-ts cells: higher levels of RIs are seen in 
the three break segments than in the three 
non-break segments (Fig. 3C; fig. S4B). Fur- 
thermore, in all six regions analyzed, RIs 
increase to higher levels in mecl-ts than in 
MEC1 and remain at those high levels until 
the onset of the G2 transition, as defined by 
the appearance of chromosome breaks; there- 
after, RI levels decrease. These observations 
imply that Mecl is required for progression 
of replication forks throughout the genome. 
Furthermore, they point to a causal relation- 
ship between fork stalling and chromosome 
breakage. In additional support for such a 
link, both the mecl-ts fork progression defect 
and mecl-ts chromosome breakage at RSZs 
are suppressed by an smllA mutation (Fig. 3, 
D to F). 

Notably, RI levels in slow zones are at most 
about 3 times as high as in other regions, 
whereas chromosome breaks in slow zones are 
at least 5 to 7 times as high as those in inter- 
vening regions, where they are essentially un- 
detectable. Thus, chromosome breaks occur 
only among the subset of forks that happen to 
have stalled in RSZs. Chromosome breaks, 
along with resumption of replication (support- 
ing online text), could be coordinate conse- 
quences of the global chromosomal transition 
that normally occurs in late G2-for example, 
as signaled by the loss of cohesin proteins seen 
in yeast chrIII (13), as in higher eukaryotes 
(16), with RSZs being especially sensitive to 
this transition. Alternatively, breaks might be 
triggered by G2/M spindle forces (17). Howev- 
er, there is no indication that breaks occur pref- 
erentially in centromere-proximal slow zones 
(Fig. 2, B and C), as might be expected in the 
latter case. 

Additional considerations suggest that, 
when forks stall because of the absence of 
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Fig. 3. Two-dimensional gel analysis of 
replication intermediates in break and 
non-break zones. (A) Break ("B-") and 
non-break-("NB-") segments are ana- 
lyzed. (B and C) MEC1 and mecl-4 cells 
were c-factor arrested and released into 
medium containing yeast extract, pep- 
tone, and dextrose (YPD) at 34?C and 
replication intermediates were analyzed 
(30). (a) Two-dimensional gel patterns 
of segments B-b and NB-b. (b) RI signals 
were quantified and expressed as a frac- 
tion of total signal. (c and d) RI signals 
for two additional B/NB pairs (fig. S3). In 
each panel, both segments were assayed 
in the same genomic DNA sample. S, 
bulk DNA synthesis; DSB, presence of 
breaks. (D and E) Analysis of B-a and 
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Mecl, they are paused in a physiologically 
normal state without attendant collapse. In 
mecl-ts cells exposed to hydroxyurea (HU), 
replication rapidly halts and cells immediate- 
ly lose viability (Fig. 4). Analogous effects 
occur in meclA and related checkpoint-de- 
fective mutants (4), providing further evi- 
dence that the mecl-ts mutation abrogates 
normal checkpoint responses. In contrast, 
fork stalling resulting from the absence of 
Mecl during unchallenged S phase is not 
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4, mecl-4*). The cell death that occurs in 
mecl in response to exogenously imposed 
damage can be directly attributed to replica- 
tion fork collapse (18, 19). By implication, 
fork stalling in unchallenged mecl-ts cells 
does not involve immediate replication fork 
collapse. 
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plays a role in replication fork progression 
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Instead, breaks occur in preferred locations in 
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ment of important chromosomal features be- 
hind the fork-for example, installation of 
nucleosomes or development of intersister 
connections, both of which are tightly linked 
to replication (22-24). Mecl would monitor 
installation of key features in newly replicat- 
ed regions and promote progression of nearby 
replication forks when these events have been 
completed. Such activity would automatical- 
ly be focused at RSZs because of preferential 
occurrence of RIs in those regions. In support 
of this model, Rad53, a key downstream tar- 
get of Mec 1, interacts physically with Asfl, a 
component of the replication-dependent chro- 
matin remodeling complex, which is needed 
for proper completion of DNA synthesis dur- 
ing normal S phase (25). The mechanism of 
such regulation remains to be determined. 
However, dNTPs are provided to replication 
forks by an allosterically coordinated mul- 
tienzyme complex localized at the replisome 
(26, 27). Perhaps Mecl modulates fork pro- 
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complex, giving local pulses of dNTPs at the 
appropriate times. 

Such an S-phase chromosome feedback 
system could also explain temporal program- 
ming and modulation of S-phase length. 
Mecl may act in cis to promote replication 
fork progression and in trans to inhibit late 
replication origin firing as well as S-phase 
exit. If Mec 1-mediated fork progression were 
accompanied by coordinate alleviation of the 
two trans inhibitory effects, orderly progres- 
sion of replication and post-fork development 
throughout the genome could be ensured; 
once all forks are resolved, the cell would exit 
S phase. Moreover, the length of S phase 
could be expanded or contracted as an inte- 
gral process without altering either the num- 
ber or the pattern of fired origins or the 
intrinsic rate of fork progression. Instead, the 
length of S phase could be governed by the 
rate of post-fork chromosome morphogene- 
sis. Correspondingly, meiotic S phase ap- 
pears to be an expanded version of mitotic S 
phase, and its length is modulated positively 
by meiotic cohesin Rec8 and negatively by 
meiotic pairing/recombination protein Spo 11 
(28). This model also explains why Mecl 
(via Rad53) is a negative regulator of late- 
origin firing in unchallenged cells (8) and 
predicts that a rad53 mutant should exhibit 
longer than normal S phase despite its early 
firing of late origins because of its inability to 
promote fork progression through RSZs. We 
observe exactly this effect in both mitosis and 
meiosis (supporting online text). 

Throughout the mitotic and meiotic pro- 
grams, chromosomal changes must occur in a 
regulated way throughout the genome, different 
chromosomal events must be coordinated with 
one another, and progression of the cell cycle 
must be linked to proper completion of such 
processes. We suggest that ATR/ATM-family 
proteins mediate such effects, not only during S 
phase but also potentially during G1 (5), mei- 
otic prophase (6, 7), and in the cytoplasm, 
where ATM mediates signal transduction dur- 
ing normal cellular responses (29). Failure to 
carry out certain of these basic roles then con- 
tributes to the defects observed in the corre- 
sponding mutants in the absence of exogenous 
insult. By this view, DNA damage/replication 
checkpoint responses could represent special- 
ized amplifications and applications of func- 
tions having more basic roles. 
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Biallelic Inactivation of BRCA2 

in Fanconi Anemia 
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Fanconi anemia (FA) is a rare autosomal recessive cancer susceptibility disorder 
characterized by cellular hypersensitivity to mitomycin C (MMC). Six FA genes 
have been cloned, but the gene or genes corresponding to FA subtypes B and 
D1 remain unidentified. Here we show that cell lines derived from FA-B and 
FA-D1 patients have biallelic mutations in BRCA2 and express truncated BRCA2 
proteins. Functional complementation of FA-D1 fibroblasts with wild-type 
BRCA2 complementary DNA restores MMC resistance. Our results link the six 
cloned FA genes with BRCA1 and BRCA2 in a common pathway. Germ-line 
mutation of genes in this pathway may result in cancer risks similar to those 
observed in families with BRCA1 or BRCA2 mutations. 
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Fanconi anemia (FA) is a rare autosomal reces- 
sive cancer susceptibility syndrome character- 
ized by congenital abnormalities, progressive 
bone marrow failure, and cellular hypersensi- 
tivity to DNA cross-linking agents, such as 
MMC and cisplatin (1, 2). FA patients often 
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develop acute myeloid leukemia (AML), but 
also develop squamous cell carcinomas, fre- 
quently of the head and neck or of the gyneco- 
logic system (3). Whether heterozygote carriers 
of FA gene mutations have an increased cancer 
risk remains unknown (4). 

At least eight distinct complementation 
groups of FA (A, B, C, D1, D2, E, F, G) have 
been defined by somatic cell fusion studies 
(5-7), and six FA genes have been cloned (A, 
C, D2, E, F, G). The six known FA proteins 
interact in a common pathway (8). Five of the 
FA proteins (A, C, E, F, G) assemble in a 
multisubunit nuclear complex. Either in re- 
sponse to DNA damage (8) or during S phase 
of the cell cycle (9), this complex activates 
the monoubiquitination of the downstream 
D2 protein, thereby targeting D2 to BRCA1- 
containing nuclear foci. Biallelic mutation of 
an upstream FA gene disrupts the monoubiq- 
uitination of FANCD2, resulting in loss of 
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