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still interacts with Arp2/3, we do not know wheth-
er Arp2/3 binds to a composite site including ele-
ments from both the VCA and B-GBD fragments
(as modeled in Fig. 2D), or if it only interacts with
the B-GBD site. We only know that the second
binding site helps shift the VCA-Arp2/3 complex
into a nonproductive conformation.

32. M. G. Rudolph et al., J. Biol. Chem. 273, 18067
(1998).

33. Simulation of cooperativity model. The fractional
activity of N-WASP was calculated to be

KelA] + Ku[B] + c[A] [8]

8 = Kk + KolA] + KalB] + C[A B]

REPORTS

where [W] is the concentration of mini-N-WASP, [A]
is the total concentration of input molecule A, [B] is
the total concentration of input molecule B, ¢ is the
cooperativity factor linking binding of A and B, and

_WIA] _ [w][e]

AT WAl TP [weB]
Ka  [WB][A] Ks [W-A][B]
< [WAB] ¢ [W-aAB

This model assumes that [W, ] << [A] and [B], and
that species WA, WB, and WAB have equal activity
(W is inactive). Theoretical curves describing the
behavior for different values of ¢ were calculated

Direct Coupling Between
Meiotic DNA Replication and
Recombination Initiation

Valérie Borde,? Alastair S. H. Goldman,? Michael Lichten*

During meiosis in Saccharomyces cerevisiae, DNA replication occurs 1.5 to 2
hours before recombination initiates by DNA double-strand break formation.
We show that replication and recombination initiation are directly linked.
Blocking meiotic replication prevented double-strand break formation in a
replication-checkpoint-independent manner, and delaying replication of a
chromosome segment specifically delayed break formation in that segment.
Consequently, the time between replication and break formation was held
constant in all regions. We suggest that double-strand break formation occurs
as part of a process initiated by DNA replication, which thus determines when
meiotic recombination initiates on a regional rather than a cell-wide basis.

During meiosis in most organisms, division
of the diploid genome among haploid ga-
metes is accompanied by frequent recombi-
nation between homologous parental chro-
mosomes. Recombination occurs after meiot-
ic DNA replication but before the first mei-
otic division. In the yeast Saccharomyces
cerevisiae, blocking meiotic replication has
been shown to prevent recombination (/—4),
but the connection between these two funda-
mental processes remains unknown. A repli-
cation dependence of meiotic recombination
would be expected if replication-inhibited
cells could not form the double-strand breaks
(DSBs) that initiate recombination. This
could result either from a direct coupling
between replication and DSBs or from check-
point systems that sense incomplete replica-
tion and prevent DSB formation.

To test these suggestions, we examined
DSBs in cells undergoing meiosis in the pres-
ence of 100 mM hydroxyurea (HU), a con-
centration that prevents DNA replication (4).
In such conditions, meiotic progression is
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normally blocked before the first nuclear di-
vision (meiosis I) by the MECI-dependent
checkpoint system; progression is restored in
mecl-1 mutants (4). Wild-type cells sporu-
lated in HU did not form DSBs, and meiotic
progression was blocked (5). By contrast,
about 40% of mec!-1 mutant cells progressed
through the meiosis I in the presence of HU,
but DSBs still did not form (Fig. 1). Thus, the
failure to form DSBs without replication is
not due to a MECI-dependent checkpoint
block to meiotic progression, making it likely
that replication is directly required for DSB
formation. This conclusion is reinforced by
the finding that c¢/b5 clb6 double mutants,
which prevent meiotic replication without in-
ducing the MEC1 block (4), also fail to form
DSBs (6).

To further examine the relation between
replication and DSBs, we used two methods
to delay replication in the left arm of chro-
mosome /I (chr/ll-L). One approach used an
ars305 ars306 ars307 triple mutation to in-
activate all meiotic replication origins on
chr/ll-L (7) (Fig. 2A). The ars305 ars306
ars307 chrlll-L is replicated passively by
forks initiating at ARS309 on the right arm
(chrllI-R) or further to the right, at least 126
kb from the left-hand telomere. On the basis
of a fork progression rate of 2 kb/min (8),
replication of the ars305 ars306 ars307
chr/ll-L should take at least 40 min longer
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than when these origins are present and ac-
tive. The other approach used a reciprocal
translocation (his4::TELI-L, Fig. 2A), re-
placing the first 70 kb of chromosome ///
with the first 4 kb of chromosome / (TELI-L).
This places TELI-L next to the HIS4-CEN3
region, which undergoes frequent DSBs (9)
and contains the early-firing origin ARS306
(10). Yeast telomeres are late replicating and
impose this property on nearby sequences
(11, 12), so this translocation should delay
replication in the HIS4-CEN3 region.

We monitored meiotic replication on
chromosome /// by two-dimensional (2D) gel
electrophoresis of replication intermediates
(13). Replication occurred simultaneously at
three locations on the normal chromosome /11
(Fig. 2D). By contrast, in ars305 ars306
ars307 strains, replication on chr//I-L was
delayed by 60 min relative to chr///-R (Fig. 2,
B and D), as expected if chr///-L was repli-
cated passively by forks initiating on chr///-
R. On his4::TELI-L, replication in the HIS4-
CEN3 region was delayed by 30 min relative
to chr//l-R (Fig. 2D), and most ARS306 ori-
gin activity was eliminated (5), as expected
for a telomere position effect on replication.

Delaying replication did not markedly af-
fect DSB frequencies on chr//l-L, as mea-
sured from blots of pulsed-field gels (Fig.
2C). Maximum DSB levels on the ars305
ars306 ars307 chrlll-L were identical to
those on the normal chromosome (20% * 6%
compared with 20% =* 5%), as were break
levels at individual sites (5). DSBs between
HIS4 and CEN3 on his4::TELI-L were mod-
estly reduced (6 * 2% compared with 12 *
2% on a normal chromosome), the reduction
being stronger near 7EL/ than near CENS.
However, delaying replication locally had a
distinct, reproducible effect on DSB timing
(Fig. 2, C and D). DSBs formed simulta-
neously (1.5 to 2 hours after replication) in
both arms of the normal chromosome ///. By
contrast, overall DSB formation in the late-
replicating ars305 ars306 ars307 chrlll-L
was delayed by 30 min compared with
chrl/l-R (Fig. 2, C and D). Thus, the time
interval between replication and DSB forma-
tion was maintained in both arms. Further-
more, the DSB delay in the originless chr///-L
varied with distance from active right-arm
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origins (Fig. 3), being greater at a centro-
mere-distal site (YCL49c, 1-hour delay) than
at a centromere-proximal site (YCLI0c, 30-
min delay). In the his4::TELI-L chromo-
some, DSBs formed 30 min later in the late-
replicating his4-CEN3 interval than in the

REPORTS

5" ends (14, 15). Failure to remove Spollp
results in the accumulation of unrepaired
breaks, which are more easily detected and
quantified. We observed, in sae2A or rad50S
mutants, a marked effect of replication timing
on DSB frequencies (Fig. 4). In ars305 ars306

ars307 sae2A strains, total DSBs on the late-
replicating chr///-L were reduced fourfold rela-
tive to a sae2A strain with all origins intact (Fig.
4A). Breaks in the late-replicating HIS4-CEN3
region of his4::TELI-L sae2A strains were re-
duced almost 10-fold (Fig. 4A); repression at

earlier replicating chr///-R, again maintaining
a 2-hour gap between replication and DSBs

. . . A
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Fig. 1. DNA replication is required for DSB
formation. A checkpoint-deficient mec7-1/
mec1-1 diploid was sporulated in the absence
(—HU) or presence of 100 mM hydroxyurea
(+HU), which blocks meiotic DNA replication
(4, 26). (A) Meiotic progression, monitored by
fluorescence microscopy of 4',6’-diamidino-2-
phenylindole (DAPI)-stained cells. Cells with
more than one nucleus were scored as having
completed the first meiotic division. (B) DSB
formation. Blots contain digested DNA extract-
ed at the indicated time during meiosis (26).
The rightmost lane contains meiotic DNA from
an untreated wild-type control (MJL1071).

Fig. 2. DSB formation is delayed in late-replicating regions. (A) Map of chromosome //I. Filled and
open squares, functional and inactive origins, respectively, in ars305 ars306 ars307 mutants; zig-zag
line, breakpoint of the his4::TELT-L translocation (27). (B) Meiotic replication intermediates in an
ars305 ars306 ars307 strain. 2D gel blots with DNA extracted at the indicated times were probed
with left arm (GLK7) and right arm (YCR54c) probes (27). “Y" arc, replication intermediates; “X"
spike, recombination intermediates (28); vertical arrows, time of maximum intermediate levels. (C)
DSBs on whole chromosomes. Pulsed-field gel blots with DNA extracted at the indicated times
were probed with left-end probes (27). Vertical arrows, time of maximum DSB levels in each arm.
(D) Replication intermediate and DSB quantitation. Dotted lines, replication intermediates at GLK7
(A), at ARS306 (), or at YCR54c (A). Solid lines, DSBs on the left arm (M) and on the right arm
(CJ), measured on pulsed-field gels. The time that a strain initiates meiosis after transfer to
sporulation medium varies between cultures. In the experiments presented here, measurements of
the time of nuclear divisions indicate that the his4::TEL7-L strain initiated meiosis 1 half-hour later
than did the other two strains (5).
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Fig. 3. The DSB delay A
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individual sites increased with proximity to the
new telomere (Fig. 4B). DSBs near the right-
hand telomere of chromosome [II were also
differentially reduced in sae2A mutants (5). We
speculate that this sae2A/rad50S-dependent re-
duction in late DSBs could be due to check-
point systems that sense unprocessed DSBs and
prevent later break formation. Alternatively, it
could result from a failure to recycle a DSB-
forming complex, thought to remain at DSB
sites in the absence of processing (/6). In either
case, break measurements obtained with
rad50S or sae2 mutants should be interpreted

cautiously, because these mutants specifically
reduce DSBs in late-replicating regions.

In summary, our data confirm that meiotic
replication is required for DSB formation.
DSB formation is most likely directly cou-
pled to replication because a fixed time peri-
od is maintained between these two events.
DSB processing-defective mutants allow a
further distinction between break formation
in early- and late-replicating regions. Collec-
tively, these findings identify meiotic DNA
replication as the primary event governing
DSB formation. Evidence for a replication-

bination as another chromosomal transforma-
tion coupled to DNA replication and thus
provide evidence for a mechanistic link be-
tween these two fundamental processes. In
meiosis, the 1.5- to 2-hour period observed
between replication and DSB formation
might reflect the time needed to assemble
protein complexes that participate in DSB
formation (/7, 22) or to establish interho-
molog contacts needed for efficient DSB for-
mation (17, 23, 24). Our findings indicate
that such processes are coupled to replication
on a regional basis, rather than by a cell-wide
progression signal. The ability to create and
distinguish between early- and late-replicat-
ing regions should allow the determination if
other landmark events of meiosis, such as the
assembly of early homolog pairing structures
or the formation of synaptonemal complex,
are also directly coupled to meiotic DNA
replication and thus are affected by its timing.
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Genomic Analysis of Gene

Expression in C. elegans
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E. L. Brown'

Until now, genome-wide transcriptional profiling has been limited to single-cell
organisms. The nematode Caenorhabditis elegans is a well-characterized meta-
zoan in which the expression of all genes can be monitored by oligonucleotide
arrays. We used such arrays to quantitate the expression of C. elegans genes
throughout the development of this organism. The results provide an estimate
of the number of expressed genes in the nematode, reveal relations between
gene function and gene expression that can guide analysis of uncharacterized
worm genes, and demonstrate a shift in expression from evolutionarily con-
served genes to worm-specific genes over the course of development.

The nematode C. elegans is a genetically
accessible model organism that is widely
used to study genetics, development, and oth-
er biological processes (I, 2). In 1998, the
genome of this organism was completely se-
quenced, and the presence of 19,099 genes, or
open reading frames (ORFs), was predicted.
This made it possible to use oligonucleotide
arrays for genome-wide gene expression
monitoring in this metazoan (3, 4). We de-
signed three oligonucleotide arrays (denot-
ed A, B, and C) to monitor the mRNA
expression levels of 18,791 (98%) of the
predicted worm ORFs; the remaining ORFs
were not included because they were al-
most identical to one or more of the select-
ed ORFs (5). To maximize the number of
detected transcripts, we quantitated nema-
tode gene expression in six developmental-
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ly staged populations from eggs to adult
worms, in isolated oocytes, and in aged
worms near the end of their ~2-week life-
span (6). We anticipated that the resulting
data set would provide insight into gene
expression in the nematode and also serve
as a baseline for further experiments in C.
elegans.

The number of ORFs called “present” by
the Affymetrix GeneChip software (7) in any
readout across all RNA samples is summa-
rized in Table 1. In total, 10,747 ORFs (56%)
were detected in at least one hybridization.
This number of detected genes is comparable
to the ~10,000 independent genes represent-
ed by the current set of C. elegans expressed
sequence tags (ESTs) (8). We detected most
ORFs with ESTs, and most of the ORFs that
we did not detect are likely transcripts in very
low abundance. For example, we detected
78% of the ORFs on the A array, which had
sequence homology to C. elegans cDNAs. In
contrast, 90% of the ORFs that we failed to
detect are represented by at most a single
cDNA in the C. elegans database ACEDB
(version WS6).

Our ability to detect genes as expressed is
dependent on many factors, but the most
important two are the sensitivity of the oli-

mozygous for the indicated mutations. Complete ge-
notypes, construction details, and protocols for
sporulation and conventional agarose gel analyses
are available on Science Online (25).
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gonucleotide chip and the relative abundance
of the transcripts. To estimate the sensitivity
of the oligonucleotide arrays, we included in
vitro synthesized transcripts in each hybrid-
ization (Table 1) (9). As determined by the
signal response from these control tran-
scripts, the sensitivity of detection of the
arrays ranged between ~1:300,000 and
1:50,000. By way of example, we estimate
that embryos contain ~107 transcripts (/0);
thus, a sensitivity level of 1:300,000 corre-
sponds to detecting a gene expressed at an
average of 30 transcripts per embryo. To be
reliably detected, transiently expressed genes
would need to be expressed at higher levels.
Furthermore, as the animal grows, rare tran-
scripts, particularly those expressed in only a
few or single cells, would be further diluted
by ubiquitous and abundant transcripts. In-
deed, preliminary data from isolated gonads
indicates the presence of many gonad- and
germ line-specific messages that were at low
or undetectable levels in whole worms (/7).
Thus, many of the ~8400 ORFs that were not
detected in any experiment are probably
genes that are expressed at levels below our
limits of detection. Consistent with this, in a
separate series of experiments that monitored
expression in worms grown under stressful
conditions (which should induce gene expres-
sion), we detected 611 additional transcripts
that were not detected during the unperturbed
life cycle (11).

By applying a one-way analysis of vari-
ance (ANOVA) to our replicated measure-
ments, we isolated the subset of transcripts
that had a significant (P < 1 X 1073) in-
crease or decrease in frequency (/2) at some
point during the life cycle and that were
called “present” at least once; 4221 (22%) of
the ORFs met these criteria. The expression
profile of each of these developmentally
modulated genes was normalized to have a
mean value of zero and a variance of one, and
the normalized profiles were clustered by
means of a self-organizing map (SOM) (13).
Examples of selected clusters are shown in
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