1854

J. Neurochem. 61, 2322 (1993); ]. M. McCord, Science
266, 1586 (1994); . O. McNamara and . Fridovich,
Nature 362, 20 (1993).

33. T. L. Williamson and D. W. Cleveland, unpublished
data.

34. T. L. Williamson et al., Proc. Natl. Acad. Sci. U.S.A.
95, 9631 (1998).

35. Histology and immunocytochemistry were per-
formed as described (5) using antibodies to glial

REPORTS

fibrillary acidic protein (DAKO, Carpinteria, CA) or
SOD1 (5, 25). For restaining of sections after treat-
ment with hemotoxylin and eosin (H&E), coverslips
were removed and decolorized with 1% HCl in 70%
ethanol before immunocytochemistry.

36. We are grateful to L. B. Corson for critical reading of
the manuscript and to H. Hwang for her technical
assistance. This work was supported by grants to
D.W.C. from NIH (NS 27036) and the ALS Associa-

Regulation of Meiotic S Phase
by Ime2 and a
Clb5,6-Associated Kinase in
Saccharomyces cerevisiae

Léon Dirick, Loretta Goetsch, Gustav Ammerer, Breck Byers*

Cyclin-dependent kinase (Cdk) mutations that prevent entry into the mitotic
cell cycle of budding yeast fail to block meiotic DNA replication, suggesting
there may be fundamental differences between these pathways. However, S
phase in meiosis was found to depend on the same B-type cyclins (Clb5 and
Clb6) as it does in mitosis. Meiosis differs instead in the mechanism that
controls removal of the Cdk inhibitor Sic1. Destruction of Sic1 and activation
of a Clb5-dependent kinase in meiotic cells required the action of the meiosis-
specific protein kinase Ime2, thereby coupling early meiotic gene expression to

control of DNA replication for meiosis.

In eukaryotes, both mitotic chromosomal
DNA replication (S phase) and chromosome
segregation (M phase) are triggered by cy-
clin-dependent kinases (Cdks). In budding
yeast, specific B-type cyclins activate the
principal Cdk, Cdc28, to control entry into
S phase. Late in G, a series of events leads
to activation of the S-phase promoting fac-
tor (SPF), a complex of Cdc28 with either
of two similar B-type cyclins, CIbS and
Clb6 (/-3). Before S phase, the Clb5,-6/
Cdc28 kinase is maintained in an inactive
state by its association with the CDK in-
hibitor (CDI) Sicl. Targeting of Sicl for
degradation requires activity of the Cdc28
kinase in conjunction with the G,-specific
cycling Clnl and Cln2 (4-7). In mutants
lacking ClbS and Clb6, S phase occurs but
is delayed, because other B-type cyclins
(CLBI—-4) that arise later in the cell cycle
can also fulfill this function (§).

In meiosis, the G, - to S-phase transition is
controlled differently. The temperature-sensi-
tive CDK mutation that blocks mitotic S
phase, cdc28-4, has no effect on meiotic S
phase (9). Thus, Cdc28 might render mitotic
DNA synthesis dependent on growth condi-
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tions, while being dispensable for meiotic S
phase (10). One possibility is that the meio-
sis-specific kinase encoded by /ME2, which
has sequence similarity to Cdc28 and is re-
quired for meiotic S phase (77-13), replaces
Cdc28 in an SPF-like function that is required
in meiosis. To find out, we have reinvesti-
gated genetic interactions that influence DNA
replication in meiosis.

Yeast strains mutant for the G,-specific
cyclins CLNI,-2,-3 are blocked in mitosis
at G, (/4, 15) but form viable spores to the
same extent as do wild-type (WT) cells (16,
17). Likewise, mutations eliminating com-
ponents of transcription factors for the
CLNI and CLN2 genes (SBF and MBF)
cause mitotic G, arrest (/&) but fail to
block meiosis (16, /7). These findings are
consistent with a differential control of S
phase between mitosis and meiosis, but the
results of introducing mutations in CLBS
and CLB6 (19) are not. Although a strain
deleted for CLB6 is fully proficient in
sporulation, a ¢/b5A homozygote fails to
sporulate (/6) (Fig. 1C). Because different
genetic backgrounds vary in sporulation ef-
ficiency, we also tested ¢/b5SA in two other
strain backgrounds (W303 and YK) and
obtained similar results (/6, /9). Meiotic S
phase (20) in a ¢/b5A homozygote was
delayed about 3 hours relative to the WT
(Fig. 1B) and meiotic progression was
blocked either in G, (60% of cells) or in
meiosis T (40% of cells) (Fig. 1, A and C).
The delay of S phase did not result from
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delayed initiation of meiosis, for the in-
crease in transcription of both IME2 (an
carly meiotic gene) and CLB6 occurred on
schedule and to even higher levels than that
in WT cells (Fig. 1D) (20). Assessment of
intragenic recombination within the HIS4
locus revealed no His™ progeny (21), indi-
cating either that CLBS is required for re-
combination or that recombinants are invi-
able. We conclude that CLB5 function is
required for scheduled entry into S phase
and that ¢/b5A homozygotes, despite their
capacity for extensive DNA replication, are
unable to progress normally through subse-
quent stages of meiosis. These latter anom-
alies might reflect either qualitative defects
in the newly replicated DNA or an addi-
tional requirement for CLBS function in the
transition from G, to meiosis I. The finding
that CLB5 is also activated by the G,-
specific meiotic transcription factor Ndt80
(22) favors the latter explanation.

Because CLB6 is functionally redundant
with CLB5 in mitosis (/-3), we also tested
strains deleted for both genes (/6). In both
genetic  backgrounds tested, sporulation
failed to occur and DNA replication was
impaired to a greater extent than in cells
lacking CLBS alone (Fig. 1, B and C), which
indicates that either CLBS or CLB6 can act to
promote meiotic DNA synthesis. Flow cyto-
metric profiles showed late and incomplete
DNA replication, and further progression
through the meiotic pathway did not occur
(Fig. 1, A and B) (21).

Because both the C1bS and Clb6 cyclins
and the Ime2 kinase are required for mei-
otic DNA replication (Fig. 1) (//-13), they
might constitute a single complex that pro-
motes the G,-S transition in meiosis (Fig.
4B2). Alternatively, Ime2 might mediate
entry into S phase indirectly by controlling
removal of an inhibitor, such as Sicl (Fig.
4B3). The target of this inhibitor would be
an unspecified meiotic Cdk (designated X)
that is activated by association with Clb5
and Clb6, and the role of Ime2 in meiosis
would parallel that of Clnl,-2/Cdc28 in
mitosis. In this case, deletion of S/C/ might
render /ME?2 dispensable for DNA replica-
tion. Indeed, deletion of SIC! in imeZA
cells restored DNA replication to the level
and kinetics observed for the control sic/A
strain (Fig. 2). Thus, Sicl acts by blocking
entry into meiotic S phase, and Ime2, in-
stead of promoting entry directly, may con-
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trol it indirectly by mediating destruction of
the SPF inhibitor Sicl.

If Ime2 regulates the amount of Sicl,
ime2A cells should accumulate Sicl protein
and Clb5-associated kinase should be ab-
sent from ime2A cells undergoing meiosis.
Protein immunoblot analysis of the meiotic
cells (23) demonstrated that Sicl was lost
near the time of S phase in WT cells but
accumulated in ime2A cells under identical
conditions (Fig. 3A). Furthermore, histone
H1 kinase assays (23) on extracts of mei-
otic cells showed a transient increase in
Clb5-associated kinase in WT cells, but not
in ime2A cells, around the time of DNA
replication (+ = 6 to 10 hours; Fig. 3B). In
ime2A cells, Sicl persisted and CIb5 kinase
activity was absent (Fig. 3, A and B). The
presence of increased ClbS-associated ki-
nase activity in the WT at late time points
(up to 10 hours) might result from persis-
tent CLBS transcription in G, (22), consis-
tent with a possible role for this kinase in
meiosis .

We have shown here that meiotic SPF
has two predominant characteristics ex-
pected for a cyclin B/Cdc28 complex—
dependence on Clb5,-6 (Figs. 1 and 3B)
and inhibition by Sicl (Figs. 2 and 3A). In
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addition, we have ruled out Ime2 as an
essential component of meiotic SPF (Fig.
2). Lacking a cdc28 allele that is specifi-
cally defective in Clb5,-6 activation in
vivo, we cannot exclude the possibility that
enzyme X is Cdc28 itself. It has been
shown that cdc2, the enzyme in Schizosac-
charomyces pombe that is analogous to
Cdc28, is required for meiotic S phase, but

a relevant cyclin is unidentified (24). In
vertebrates, Cdk functions needed for the
G,/S transition are performed by several
Cdks (25) and meiosis-specific activities
remain unresolved.

How might meiosis have evolved from a
mitotic cycle? Because the precondition in
yeast for mitosis (growth conditions) dif-
fers so markedly from that for meiosis

60
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(starvation), the SBF/MBF transcription
program triggered by CIn3/Cdc28 for mito-
sis may have been supplanted by a meiosis-
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meiosis of roles for the same cyclins
(CIb5,-6) and their inhibitor (Sicl) as in
mitosis strongly implicates CIlb5,-6/Cdk
complexes in the control of meiotic S
phase. This suggests that functions of the
cyclin B/Cdk complex in controlling DNA
replication were conserved in the evolution
of meiosis, whereas the role of Clnl,-2/Cdk
complexes in Sicl removal in the mitotic
cycle was replaced by action of the Ime2
kinase in meiosis.
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Fertilization Defects in Sperm
from Mice Lacking Fertilin 3

Chunghee Cho, Donna O'Dell Bunch, Jean-Emmanuel Faure,*
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Fertilin, a member of the ADAM family, is found on the plasma membrane of
mammalian sperm. Sperm from mice lacking fertilin 3 were shown to be deficient
in sperm-egg membrane adhesion, sperm-egg fusion, migration from the uterus
into the oviduct, and binding to the egg zona pellucida. Egg activation was
unaffected. The results are consistent with a direct role of fertilin in sperm-egg
plasma membrane interaction. Fertilin could also have a direct role in sperm-
zona binding or oviduct migration; alternatively, the effects on these functions
could result from the absence of fertilin activity during spermatogenesis.

The sperm surface protein fertilin. a mem-
ber of the ADAM family, is a heterodimer
composed of a and B subunits (/—4). The
ADAM family is comprised of structurally
related cell surface proteins proposed to
have cell adhesion activity, protease activ-
ity, or both (J). Fertilin o and B are made
as precursors in spermatogenic cells and
are processed before sperm maturation is
complete (2, 6). Both precursors are com-
posed of the multiple domains found in all
ADAM family membrane proteins: pro-,
metalloprotease, disintegrin, cysteine-rich,
transmembrane, and cytoplasmic domains
(4, 7). Proteolytic processing removes the
pro- and metalloprotease domains. leaving
an NH,-terminal disintegrin domain on
mature forms of the o and B subunits (3, &).
Processed fertilin may promote sperm-
egg binding. fusion, and egg activation (9—
11).
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of the disintegrin domain that has been
predicted to include the active binding site
of fertilin B (9, /2) (Fig. 1A). Fertilin {3,
using this active site. apparently binds to
an egg integrin o,B, (/3). Homozygous
(fertilin B7/7) mutant mice were identi-
fied by polymerase chain reaction (PCR)
and Southern (DNA) blot analyses of
genomic DNA (Fig. 1B). Fertilin B/~
mice (both male and female) are viable and
develop normally. Both precursor and pro-
cessed fertilin B proteins were absent
from spermatogenic cells and mature
sperm, respectively, from fertilin B/~
male mice (Fig. 1C). In mice lacking ferti-
lin B, the level of fertilin o precursor was
reduced (Fig. 1C). Fertilin o may be de-
graded when unable to form a hetero-
dimer with 3. Similar loss of one subunit
of a plasma membrane heterodimer has
been observed in other cases when the gene

Table 1. Phenotypic analysis in fertilin 37/ and fertilin 3 =/~ mice. Data in sperm analysis (20) represent
the mean + SEM of n individual measurements indicated in parentheses. Cauda epididymal sperm were
used for motility analysis. Motility parameters were measured by computer-assisted sperm analysis (27).
Additional motility parameters measured, including amplitude of lateral head displacement, beat cross
frequency, mean angle of deviation, average path velocity, and straight line velocity, were not different
between +/+ and —/—. Also, there was no time-dependent difference during capacitation in all the
motility parameters between +/+ and —/—. The values shown for acrosome reaction are from sperm
incubated in medium with 3% BSA. At a lower concentration of BSA (0.5%), the values for acrosome
reaction were also not different between +/+ and —/—. The numbers of eggs observed in egg activation

(20) are shown in parentheses.

Genotype
Parameter
+/+ /-
Sperm analysis
Number of sperm
Epididymal (X 107) 3.8+ 1.0(4) 4.4 +0.7(4)
Ejaculated (x10°) 3.2+09(7) 3.7 0.3 (8)
Motility
Motile sperm (%) 67 +8(16) 62 £ 5(17)
Curvilinear velocity (um/s) 266.0 = 7.1(4) 2458 + 20.4 (3)
Linearity (%) 21.5+29(4) 206 * 4.4(3)
Straightness (%) 629+ 54(4) 629 *7.5(3)
Acrosome reaction (%)
Incubation time (min)
0 14+ 4(2) 15+ 4(2)
120 39+7(2) 38+ 2(2)
270 57 + 6 (4) 60 + 3 (4)
Egg activation
Fused eggs with Ca?* oscillations (%) 100 (219) 98.2 (56)
Fused eggs with polar body formation (%) 100 (29) 82.4(17)

* Values for all parameters are not significantly different from +/+ (P > 0.3, Student’s ¢ test).
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