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ABSTRACT

The semisterile meiotic mutant mei-352 alters the distribution of meiotic exchanges without greatly affecting
their total frequency. We show that the mei-352 mutation is an allele of the klp3A gene, which encodes a
kinesin-like protein of the Kinesin-4 family. The semisterility observed in mei-352 females results from a
known defect of klp3A oocytes in mediating pronuclear fusion. Interestingly, other klp3A alleles also exhibit
defects in meiotic recombination similar to those of mei-352. Finally, we show that the Klp3A protein
localizes within the oocyte nucleus during meiotic prophase, the time at which exchange distribution is
established, and extensively colocalizes with DNA. The parallel of the klp3A phenotype with a meiotic
defect observed for kar3 mutants in yeast suggests a role for kinesins in early meiosis and might reflect a
previously suggested role for this class of kinesins in chromosome condensation.

EIOTIC exchanges occur at nonrandom locations
along chromosome arms. In Drosophila melanogas-
terfemales, meiotic exchange occurs most frequently in
medial regions of chromosomal arms and less often in
proximal or distal regions (LINDSLEY and SANDLER 1977;
McKM et al. 2002). This regulation of exchange distribu-
tion is necessary for ensuring at least one exchange per
bivalent. Failures in establishing an exchange and aber-
rant exchange distributions along bivalents have been
associated with nondisjunction (HassoLp and HuNT
2001; LamB et al. 2005). A desire to understand the
mechanism by which exchanges are distributed and the
biological importance of this mechanism have fueled
extensive efforts to characterize mutants that alter the
regional distribution of exchange.

Mutants that alter the distribution of exchange have
been isolated in a number of genetic screens in Dro-
sophila (SANDLER et al. 1968; BAKER and CARPENTER
1972; SERELSKY et al. 1999) and are often described as
precondition mutants (CARPENTER and SANDLER 1974;
LiNDSLEY and SANDLER 1977; BHAGAT et al. 2004). Most
such mutants decrease the total amount of meiotic re-
combination per chromosome and also make the ex-
change distribution within the euchromatin more pro-
portional to physical distance (BAKER and HaLL 1976;
LINDSLEY and SANDLER 1977). Exchange does not occur
in the heterochromatin in wild type, and none of these
mutants allows exchange within the heterochromatin
(CARPENTER and BAKER 1982). The mei-352 mutant is
unique among precondition mutants because it does
not decrease the overall frequency of exchange despite
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altering the distribution of those exchanges. This phe-
notype makes the Mei-352 protein a candidate for a
function that is specifically required for mediating the
distribution of exchanges.

mei-352 was identified in a screen for ethyl methane-
sulfonate (EMS)-induced meiotic mutants (BAKER and
CARPENTER 1972). Although the total frequency of ex-
changes is unchanged in mei-352 females compared to
wild type, the locations of those exchanges differ. Ex-
changes are increased near the centromere and de-
creased near the telomere of a chromosome arm, while
exchange remains prohibited in the heterochromatin
(BAKER and CARPENTER 1972; CARPENTER and BAKER
1982). In addition, mei-352 females display a modest
meiotic nondisjunction phenotype and are semisterile.

We show here that mei-352is an allele of k{p3A, which
encodes kinesin-like protein at 3A (KIp3A). Drosophila
Klp3A is 2 member of the Kinesin-4 family within the
kinesin protein superfamily, whose members play multi-
ple roles in mitosis and meiosis (VERNOS and KARSENTI
1995; LAWRENCGE et al. 2004). Studies of Drosophila em-
bryos microinjected with antibodies or mutant proteins
that exert a dominant-negative effect have shown Klp3A
to be involved in the organization of interpolar microtu-
bules and in anaphase B spindle elongation during mito-
sis (BRUST-MASCHER et al. 2004; KwoN et al. 2004). RNA
interference depletion of Klp3A in S2 cells resulted in
numerous spindle defects and in abnormal prometa-
phase chromosome alignment (GOosHIMA and VALE
2003; KwoN et al. 2004). In Drosophila spermatocytes,
Klp3A is necessary for contractile ring assembly during
meiotic cytokinesis (WILLIAMS ef al. 1995; GIANSANTI
et al. 1998), although evidence for a role in mitotic
cytokinesis has not been found (Somma et al. 2002).
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Female meiotic spindle formation and chromosome seg-
regation proceed relatively normally in klp3A mutants,
although a low frequency of spindle defects was re-
ported (WiLLIAMS et al. 1997). Immediately following
fertilization, KIp3A is involved in the separation of the
female pronucleus from the polar bodies or in the mi-
gration of the female pronucleus toward the male pro-
nucleus. In the absence of functional Klp3A, the major-
ity of embryos fail to undergo pronuclear fusion and
arrest prior to the first gonomeric division (WILLIAMS
et al. 1997).

Our data suggest an additional function for Klp3A in
regulating the distribution of exchanges during meiosis.
We also show that the Klp3A protein localizes within the
oocyte nucleus during meiotic prophase, the time at which
exchange distribution is established. These findings, which
are similar to observations made for the yeast Kar3 kinesin-
like protein (Bascom-Srack and Dawson 1997), sug-
gest a novel function for KIp3A and perhaps other
kinesin-like proteins during meiotic prophase.

MATERIALS AND METHODS

Genetics: Genetic markers and chromosomes used in this
study are described in FlyBase (http:/www.flybase.org) (Drys-
DALE et al. 2005). Flies were reared on a standard Drosophila
medium at 25°. Genetic analysis of recombination along the
left arm of chromosome 2 was performed as described pre-
viously (PAGE et al. 2000). Deficiencies Df(1)ED6582 and
Df(1)ED6579were constructed using FLP-mediated mitotic re-
combination between FRT-bearing P elements as described
by RYDER et al. (2004). The pairs of P elements used were
P{RS3}CB-5899-3 and P{RS5}5-SZ-3093 [Df(1)ED6582] and
P{RS3}UM-8329-3 and P{RS5}5-SZ-3093 [Df(1)ED6579].

Egg hatch assay: Females of the stated genotypes were mated
to males for 1 or more days and allowed to lay eggs on grape
juice agar plates supplemented with wet yeast paste (RoTh-
WELL and SULLIVAN 2000) for a period of 14 hr at 25°. Parental
flies were then removed and the plates containing eggs were
incubated at 25° for an additional 24 hr. The numbers of
hatched eggs (empty eggshells) and unhatched eggs were
then counted under a dissecting microscope to determine the
frequency of hatched eggs among all eggs laid.

Antibodies: Mouse antihistones antibody (MAB052, Chemi-
con International, Temecula, CA) was used at a dilution of
1:500. Rat antitubulin, clones YL.1/2 (Chemicon) and YOL1/
34 (Serotec, Oxford), were used together with each at a dilu-
tion of 1:250. Mouse monoclonal anti-C(3)G, clone 1A8-1G2
(ANDERSON et al. 2005) was used at a dilution of 1:500. Affinity-
purified anti-KIp3A (KwoN e/ al. 2004) was used at a dilution
of 1:750. Mouse monoclonal antilamin, clone ADL101, was
used at a dilution of 1:50. Primary antibodies were detected
with Alexa 488-conjugated anti-mouse IgG and anti-rabbit IgG
(Molecular Probes, Eugene, OR) and Cy3-conjugated anti-rat
IgG and anti-mouse IgG (Jackson ImmunoResearch Labora-
tories, West Grove, PA). Secondary antibodies were each used
at a dilution of 1:1000.

Immunofluorescence and microscopy: To examine embry-
onic phenotype by immunofluorescence, embryos were col-
lected by the method described in Fgg hatch assay, above.
Embryos were collected over a period of 2.5 hr at 25°, fixed
in methanol, and rehydrated prior to immunostaining essen-
tially as described by RorHwWELL and SurLivan (2000). Anti-

body staining of embryos was performed as described pre-
viously for ovarioles (PAGE and HawrLry 2001). Following
antibody staining, embryos were cleared in 2:1 benzyl benzo-
ate:benzyl alcohol and mounted on slides as described by
THEURKAUF (1994). For immunofluorescence of ovarioles,
ovaries were dissected, fixed, and immunostained as described
in PAGE and HAawLEY (2001). Ovarioles were mounted in
either Prolong or Prolong Gold antifade mountant (Molecular
Probes). Immunofluorescence data were collected using a
Leica TCS SP2 confocal microscope.

RESULTS

Mapping of mei-352: A single allele of the mutant mei-
352 was isolated by BAKER and CARPENTER (1972) in
their screen for Xlinked meiotic mutants. During the
initial analysis of mei-352, it was noted that homozygous
females produced a reduced number of progeny, and
this defect in fertility was more severe than would be
predicted, given the frequency of nondisjunction ob-
served among the surviving progeny (BAKER and CAR-
PENTER 1972). (As described in detail below, we have
shown that this semisterility is a consequence of mater-
nal-effect lethality.) The original report did not deter-
mine whether the meiotic and semisterility phenotypes
were due to a single mutation or to mutations in two
separate loci on the X chromosome (BAKER and CAR-
PENTER 1972). To map the mei-3521ocus and determine
whether the two phenotypes were separable, we first under-
took classical recombination mapping of the semisterility
defect exhibited by mei-352" homozygotes. Analysis of re-
combinants showed that this defect mapped to the vicinity
of the white locus, which is located in polytene map
region 3C (data not shown).

To further map mei-352, we tested 16 deficiencies and
two duplications in the 2F6-4F11 interval for comple-
mentation of the semisterility of mei-352. The series of
aberrations tested is listed in Table 1. The interval con-
taining mei-352 was further defined by the construction
of two new deficiencies, Df{1)ED6582 and Df(1)ED6579,
for which the breakpoints are defined at the sequence
level (see MATERIALS AND METHODS). Both Df(1)ED6582
and Df(1)ED6579 failed to complement mei-352 (Table
1). Thus, the mutation responsible for the semisterility
of mei-352 was localized to between positions 2345982
and 2399458 on the X chromosome of the Drosophila
Genome, Release 3.1 (CELNIKER ef al. 2002), the inter-
val defined by the smaller of these two deficiencies,
Df(1)ED6579.

To determine whether the semisterility and exchange
distribution defects of mei-352 mapped together, we as-
sayed exchange along chromosome arm 2L in mei-352'/
Df(1)ED6579 females (Figure 1). The results indicated
a defect in exchange distribution that was similar to that
observed in mei-352' homozygotes. This result suggested
that the meiotic phenotype and semisterility mapped
either to the same locus or to closely spaced loci posi-
tioned within a region of ~54 kb.
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TABLE 1

Deficiencies and duplications for the 2F6-4F11 interval tested for

complementation of the semisterility defect of mei-352'

Complementation of

Aberration Breakpoints mei-352" semisterility Reference for aberration
Df(1)JC19 2F6; 3Ch Fails to complement CRAYMER and Roy (1980)
Df(1)X12 2F6; 3B5 Fails to complement JupD et al. (1972)
Df(1)62g18 3A1; 3A4 Complements JupD et al. (1972)
Df(1)65526 3A1; 3A4-6 Complements JupD et al. (1972)

Df(1)54 <3Al1; 3A9 Fails to complement GOLDBERG el al. (1989)
Df(1)HCI194 3A1;3C3-4 Fails to complement PauLl et al. (1995)
Df(1)w258-11 3A2; 3C4 Fails to complement SL1zyNsKA (1938)
Df(1)ED6582 3A4; 3A8 Fails to complement This study

Df(1)ED6579 3A6; 3A8 Fails to complement This study

Df(1)w-N"" 3A6:3C10 Complements CrayMER and Roy (1980)
Df(1)o64j4 3A9; 3B2 Complements SMmiTH and Konorka (1981)
Df(1)w” 3A9; 3C2-3 Complements JupD et al. (1972)
Df(1)w258-45 3B3-4; 3C2 Complements DeMEREC (1940)

Df(1)N-8 3C1; 3D6 Complements SL1zyNskA (1938)
Df(1)GA102 3D5; 3F7-8 Complements PauLl et al. (1995)
Df(1)HC244 3E8; 4F11 Complements CRAYMER and Roy (1980)
Dp(1;3)w" 67k 3A5; 3E8 Complements JupD et al. (1972)
Dp(1;2)w" 70h 3A7-8; 3C2-3 Fails to complement JupD et al. (1972)
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The mei-352 mutant is an allele of the klp3A gene:
Several point mutations in the region were tested for
complementation with the mei-352 semisterility pheno-
type. Female double heterozygotes for mei-352" and each
of the following mutants were generated: wds, egh, klp3A,
mit(1)15, sgg, I(1)3Ad, (1)3Ag, and [(1)3Ah. With the
exception of klp3A, the fertility of double heterozygote
(i.e., mutant +/+ mei-352") females for each genotype
was equivalent to that of mutant/+ controls, indicating
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F1GURE 1.—Alterations of meiotic exchange distribution are
a general feature of klp3A mutants. Genetic map distances
relative to wild type were calculated by dividing the map dis-
tance by the map distance for the Df/+ for the same interval.
These data are plotted on the y-axis for four intervals on the
left arm of chromosome 2 (x-axis). Df, Df(1)ED6579.

complementation. In contrast, mei-352'/kip3A°*" and
met-352'/ kip3A°* females were only weakly fertile in com-
parison to klp3A/+ or mei-352'/+ females. klp3A°* is a
point mutation and klp3A** is a small deletion that dis-
rupts two genes, kip3A and egghead (egh). kip3A** failed
to complement mei-352' in the presence of an egh™ trans-
gene (WILLIAMS et al. 1995), which ruled out egh as a
candidate for mei-352. These results demonstrated that
the kip3A°* and kip3A** mutations failed to complement
mei-352.

To confirm that mei-352 is a klp3A allele, we tested
whether a transgene carrying a wild-type copy of the
klp3A gene, P{SCA9} (WiLLIAMS et al. 1995, 1997), could
rescue the semisterility of mei-352". As shown in Table
2, the egg hatch rate for mei-352'; P{SCA9}/+ mothers
is increased >10-fold over that for mei-352" females with-

TABLE 2
Frequency of hatching among eggs from klp3A mutant females

Eggs hatched

Maternal genotype % n

kip3A"72 [EM 7w 90.21 1175
Df(1)ED6579/+ 55.52 996
kip3A772/Df(1)ED6579 2.02 1239
kip3Am>? 3.70 675
kip3A7 72 [RIp3A™ 1.90 1053
kip3A™2 [kIp3A™ 1.46 1303
kip3A™72 [kIp3ATH 10.29 1399
kip3A7' /Df(1)ED6579 0.34 1470
kip3Am372 ; P{SCA9}/+ 43.33 2804
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allele: 521 mei-352 835 1124
mutation:  R16C E321K W683stop E829K

1 | I
motor domain stalk domain

tail domain

FIGURE 2.—Schematic of the 1212-amino-acid Klp3A pro-
tein, showing domain structure and locations of identified
mutations. KIp3A contains an N-terminal kinesin-like motor
domain (aa 1-342, hatched area), a coiled-coil-rich stalk do-
main (aa 343-996, open area), and a C-terminal tail domain
(aa 997-1212, stippled area). The locations and nature of four
point mutations in klp3A identified in this study (klp3A°™%,
kIp3A™77 kip3A®, and kip3A'"*) are indicated above the pro-

tein.

out the transgene, indicating that the mei-352 semisteri-
lity phenotype is ameliorated by the presence of kip3A™.
The lack of full rescue of the mutant phenotype to wild
type may be due to poor expression from the transgene,
which was not the same insertion used in other studies
(WiLLIAMS ef al. 1995, 1997). These data support the
view that mei-352 is an allele of the klp3A gene.

mei-352 bears a missense mutation in the klp3A gene:
To further investigate the possibility that mei-352 is an
allele of klp3A, we sequenced the klp3A gene from mei-
352and from three previously identified alleles of kip3A.
The klp3A alleles kip3A°%, kip3A%, and kip3A™"** were
originally recovered in an EMS screen for female sterile
mutants (MOHLER 1977; MOHLER and CARROLL 1984;
WiILLIAMS el al. 1995). Similarly, mei-352 was isolated
during an EMS screen for meiotic mutants (BAKER and
CARPENTER 1972), and thus all four mutations were
expected to be single-base changes.

Sequencing of the klp3A gene from mei-352 revealed
two base substitutions that would be predicted to result
in amino acid changes within the protein. One of these
changes the isoleucine at position 609 to a threonine
residue. Although this is a nonconservative change, the
identical substitution was found in the k/p3A gene pres-
ent on the parental chromosome used in the original
mutagenesis, so it is most likely a polymorphism. The
second amino acid change was not present on the paren-
tal chromosome and results in a glutamic acid-to-lysine
change at residue 321, located within the kinesin-like
motor domain (Figure 2). A glutamic acid residue at
this position is highly conserved throughout the kinesin
superfamily, and replacement of the corresponding resi-
due of kinesin heavy chain (E311) with alanine results
in reduced ATPase and motor activity (WOEHLKE et al.
1997). This suggests that the E321K change in mei-352
could result in decreased Klp3A function. Given the
nature of this mutation, its absence on the parental
chromosome, and the noncomplementation demon-
strating allelism with klp3A, we will henceforth refer to
mei-352 as klp3Am2.

We also determined the molecular lesion present in
three additional klp3A alleles (Figure 2). Comparison
of the sequence of the klip3A gene from kip3A°, kip3A%,
and klp3A"* with the klp3A sequence from the parental

chromosome allowed the identification of a single-base
change in each allele compared to the parental se-
quence. In klp3A°%, a C-to-T transition results in the
replacement of arginine at residue 16 with a cysteine
residue. This residue corresponds to the second argi-
nine within the conserved motif RXRP, which is involved
in ATP binding (SAcK et al. 1999). The missense muta-
tion in kip3A""?*is a G-to-A change resulting in a glutamic
acid-to-lysine change at residue 829. Although a role
for this residue in protein function has not been deter-
mined, it is conserved between Klp3A and other Kine-
sin-4 proteins and is located within a section predicted
to form a coiled-coil structure. The G-to-A base change
in the klp3A%” allele changes the tryptophan at position
683 to a stop codon that is expected to result in the
expression of a truncated protein consisting of the mo-
tor domain and approximately half of the stalk domain.
Previously, WILLIAMS et al. (1995) demonstrated a lack
of full-length Klp3A protein in kip3A*” by Western blot
analysis but reported the presence of a band of smaller
size and weaker intensity that may represent the pre-
dicted truncated protein.

The semisterility of the klp3A™*>> mutation is due to
maternal-effect lethality, a known phenotype of klp3A:
The semisterility phenotype of kip3A™?? could result
from a defect in oogenesis or from early embryonic
lethality, but it is not thought to be simply due to the
death of aneuploid embryos (BAKER and CARPENTER
1972). Mutations in klp3A are known to exhibit a mater-
nal-effect lethality phenotype that is not rescuable by
fertilization by klp3A* sperm and results in a low fre-
quency of egg hatching (WiLLiams et al. 1997). Thus,
it is possible that maternal-effect lethality could also be
the cause of the semisterility in klp3A™7? females. To
determine whether the semisterility of kp3A"7* results
from maternal-effect lethality, we determined the fre-
quency of egg hatching for klp3A™**>2 homozygotes and
kIp3A™2 /kIp3A transheterozygotes (Table 2). Testing
of heterozygous control females (klp3A™*?/ FM 7w) indi-
cated hatching of ~90% of eggs laid. In comparison, <4%
of eggs laid by klp3A™? homozygous females hatched. A
similar decrease in hatching frequency was observed for
kip3A™32/ Df(1)ED6579 compared to Df(1)ED6579/ + con-
trols. A comparably low frequency of egg hatching oc-
curs for klp3A°*/ Df(1)ED6579females (0.34%). We then
measured hatch rates for eggs from klp3A™ 72/ klp3A°%,
kip3A™ 72/ kIp3AY, and  kip3A™?/ kip3A1* females. In
each case, the egg hatch rate was severely decreased in
comparison to the kip3A™72/FM7w control. These data
support the view that the semisterility defect in klp3A™2
is the result of maternal-effect lethality.

The maternal-effectlethality in mei-352 resembles that
of klp3A mutants: Mutations in klp3A result in an early
arrest of embryonic development prior to pronuclear
fusion (WiLLIAMS e al. 1997). In most of the embryos
from kip3A mutant females, the female pronucleus fails
to separate from polar body chromosomes, indicating a
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TABLE 3

Development of embryos produced by klp3A mutant females

Developmental stage (%)

One Two Cycles Cycles Cellular
Maternal genotype nucleus nuclei 2-9 10-13 blastoderm Later N
kip3Am>? 62.6 25.2 7.3 3.3 0 1.6 123
kip3A™ 72 [RIp3ATH 67.4 4.7 10.2 12.6 1.9 3.3 215
kip3Am372 [klp3A™H 89.4 9.7 1.0 0 0 0 207
kip3A772 [RIp A 85.7 5.9 2.1 4.2 2.1 0.8 238
kip3A® 68.8 10.2 17.6 1.7 1.7 0 176
kip3A77 [FM 7w 3.1 7.3 45.8 26.6 10.9 6.3 192
w'" 3.8 5.9 44.6 30.1 12.4 3.2 186

Embryos at 0-2.5 hr were collected from females of the stated maternal genotypes on grape juice agar plates
at 25° prior to fixation and immunofluorescence analysis (see MATERIALS AND METHODS).

defect in female pronuclear specification or migration.
The resulting phenotype is an embryo containing a large
mass of condensed chromatin representing the products
of female meiosis surrounded by an array of microtubules
and a second, smaller chromatin mass, the male pronu-
cleus, located on a bipolar, metaphase-like spindle.

To determine whether the maternal-effect lethality ob-
served for klp3A™7 results from a defect similar to that
for other kip3A mutations, embryos from kip3A™*? homo-
zygote females and heterozygous controls, as well as
klp3A homozygotes and kip3A™2/kip3A transheterozy-
gotes, were analyzed by immunofluorescence. Staining
the kip3A™>? embryos with antihistone and antitubulin
antibodies revealed a phenotype quite similar to that
previously described for k/p3A (Table 3 and Figure 3,
B and C). The development of the majority of embryos
appeared to have arrested very early, with only one small
nucleus plus a mass of polar body chromatin. A small
percentage of embryos apparently escape this early ar-
rest and continue development, which is consistent with
the few adult progeny that are recovered from klp3A™3*
homozygote mothers. In contrast, most of the embryos
from klp3A™ or kip3A™7*?/ FM7w control females prog-
ress beyond this stage (Table 3). Transheterozygotes
between klp3A™7? and kip3A"*, kip3A°, or kip3A® also
display this early arrest phenotype (Figure 3, D and E;
Table 3). In addition, centrosome abnormalities were
frequently observed. In contrast to centrosomes from
wild-type embryos, which are associated with the spindle
poles in early embryos (Figure 3A), centrosomes in em-
bryos derived from mutant females often appeared to
have detached from spindles and to have undergone
cycles of centrosome replication independent of mito-
sis, resulting in multiple centrosomes (Figure 3, C and
E). The same types of centrosome defects were pre-
viously reported for klp3A mutants (WILLIAMS et al.
1997). Like WiLLIAMS et al. (1997), we were unable to
obtain sufficient numbers of embryos from kip3A°* and
klp3A"1* homozygotes for analysis, but we were able to
analyze embryos from homozygotes for klp3A%”, which

was thought to be a weak hypomorphic allele. However,
embryos from klp3A%7 displayed an early arrest pheno-
type that was essentially identical to that which was pre-
viously reported (WiLL1aMS et al. 1997), although we
noted a much higher frequency of early-arrested em-
bryos (Table 3).

These results indicate that the maternal-effect lethal-
ity in both klp3A™?2 and other kip3A mutants occurs
at a very early stage of embryogenesis and that this
phenotype is not complemented in klp3A™?/ kip3A het-
erozygotes. The lack of pronuclear fusion, due to either
failure of female pronucleus specification or movement
of pronuclei toward each other (WILLIAMS et al. 1997),
most likely underlies this early arrest phenotype. The
degree to which mutations in k{p3A manifest this pheno-
type varies depending on the allele. Our results show
the greatest frequency of early arrest among embryos
from kip3A™77 /kip3A°*' transheterozygotes, and the low-
est frequency for kip3A™7?/kip3A"** (Table 3). This
agrees with a previous analysis of these alleles performed
using Df(1)54and kip3A* transheterozygotes (WILLIAMS
et al. 1997).

Alterations of meiotic exchange distribution are a
general feature of klp3A mutants: To determine whether
disruptions in meiotic exchange distribution are specific
to the kip3A™#% allele or a general phenotype of kip3A
mutants, we analyzed meiotic exchange in females car-
rying mutations in k{p3A (Figure 1 and Table 4). Al-
though the maternal-effect lethality among progeny of
these females results in near sterility, we were able to
measure exchange in the minority of progeny that es-
cape this phenotype.

Homozygotes for klp3A™7? show little deviation from
wild-type controls in terms of total exchange frequency
(Table 4). However, the distribution of exchanges is
altered. In the most telomeric interval, net-dp, the ge-
netic map distance is decreased to ~50% of wild type,
whereas the b-prand pr-cnintervals are increased relative
to wild type. The map distance for the prcn interval,
which spans the centromere region of chromosome 2,
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is >2.5 times the length of wild type. The frequency
of exchange is elevated in centromeric regions, which
ordinarily have less exchange per unit of physical dis-
tance, whereas the reverse occurs in the distal region
of the chromosome, in which exchange per unit of
physical distance is normally high. The distribution of
exchange observed for klp3A™? is thus more random
than that in wild type. A similar phenotype is observed
for kip3A™32/ Df(1)ED6579females. The total frequency
of exchange is very close to that measured for Df{1)
ED6579/+ control females, yet the distribution of those
exchanges is altered. The degree to which the distribution
is skewed seems to be increased in klp3A™?? homozygotes

relative to klip3A™2/Df(1)ED6579. This could indicate
a dose-dependent effect caused by a higher level of the
mutant KIp3A protein encoded by the kip3A™72 allele
or perhaps the existence of genetic modifiers of the
exchange phenotype.

To compare the effects of k[p3A mutants on exchange,
we analyzed females that were transheterozygous for
kip3A°%, kip3A%”, or kip3A"%, and the deficiency Df(1)ED
6579 (Figure 1 and Table 4). Similar to the kip3A™*
allele, all three mutant genotypes demonstrated a total
exchange frequency that was similar to the Df(1)ED
6579/+ control. For both kip3A°*'/Df(1)ED6579 and
klp3A%7 / Df(1)ED6579, the exchange distribution was al-
tered in a manner similar to klp3A™ Interestingly, the
klp3A11#/ Df(1)ED6579females revealed a distribution of
exchange that was similar to control (with the exception
of the b-printerval). Studies of the maternal-effect lethal-
ity phenotype suggested that klp3A"* is a weaker allele
than the others tested (WILLIAMS et al. 1997; this study),
so the results could represent a very subtle phenotype.
Alternatively, the residue affected in the klp3A'"** allele
may not be required for the role of Klp3A in exchange
distribution.

Klp3A protein is present in germline cysts during early
meiotic prophase: In the Drosophila ovary, germline
cells form 16-cell cysts within region 2A of the germar-
ium. Meiotic recombination is thought to be initiated
soon after 16-cell cyst formation and completed by the
exit of the cyst from the germarium, on the basis of
timing of the appearance and disappearance of recom-
bination nodules and phosphorylated histone H2AV
(CARPENTER 1979; JANG et al. 2003). To better under-
stand the role that KIp3A could be playing in the regu-

FIGURE 3.—Phenotype of embryos from klp3A females. In
A-E, embryos are stained with antihistones (green) to visualize
chromatin and antitubulin (red) to visualize microtubules.
(A) Embryo from a klp3A™?/EM7w female in mitotic cycle
2. Two zygotic nuclei are present on mitotic spindles with
centrosomes at each pole (small arrows). The polar body chro-
matin mass is visible at left (large arrow). (B) Low-magnifica-
tion image of an embryo from a kl{p3A™*? homozygous female
showing that only two masses of chromatin are present: a large
mass of polar body chromatin and a smaller nucleus on a
spindle. (C) Higher-magnification image of the embryo from
B. The mass of polar body chromatin is associated with a
circular concentration of microtubules (large arrow) and the
small nucleus sits on a spindle (small arrow). However, the
spindle appears to lack asters associated with the spindle poles
but several free-lying centrosomes are present (arrowheads).
(D) Embryo from a kip3A™72/ klp3A°* female. The only anti-
histone signals are the polar body chromatin mass (large
arrow) and a small nucleus residing on a spindle (small arrow).
Centrosomes (arrowheads) appear to have dissociated from
the spindle and additional centrosomes are visible in the em-
bryo. (E) Embryo from a kip3A"7?/ kip3A'* female. Five inde-
pendent centrosomes are visible (arrowheads), but none ap-
pear associated with the single spindle (small arrow) or polar
body chromatin mass (large arrow).
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TABLE 4

Results of crosses of females of the genotype X/X; net ho dp Sp b pr cn/+ + + + + + + carrying the
indicated X chromosomes by +/Y; net ho dp b pr cn/net ho dp b pr cn males

Maternal genotype

klijmei—ﬁZ/ klpj'»AiZJ/ klp3A1124/ klpj’AS;‘i/

Progeny type* Df(1)ED6579/+ Df(1)ED6579 Df(1)ED6579 Df(1)ED6579 Df(1)ED6579 kip3A7372
Noncrossover 1139 856 132 374 34 156
Single crossover

1 235 128 19 75 4 13

2 546 361 50 191 17 52

3 66 73 18 46 3 14

4 17 42 5 7 1 7
Double crossover

1,2 11 7 1 5 0 1

1,3 3 9 0 4 0 0

1,4 2 3 1 0 1 0

2,3 7 9 0 4 1 4

2,4 7 9 3 3 1 2

3,4 1 1 0 0 0 0
Triple crossover 0 1 0 0 0 0
Total progeny 2034 1499 229 709 62 249
Map distances

1 (net-dp) 12.34 9.87 9.17 11.85 8.07 5.62

2 (dp-b) 28.07 25.82 23.58 28.63 30.65 23.69

3 (b-pr) 3.79 6.14 7.86 7.62 6.45 7.23

4 (prcn) 1.33 3.74 3.93 1.41 4.84 3.61
Total 45.53 45.56 44.54 49.51 50.00 40.16
Map relative

to control

1 (net-dp) 1 0.800 0.743 0.960 0.654 0.455

2 (dp-b) 1 0.920 0.840 1.020 1.092 0.844

3 (b-pr) 1 1.620 2.074 2.011 1.702 1.908

4 (prcn) 1 2.812 2.955 1.060 3.639 2.714
Total 1 1.001 0.978 1.087 1.098 0.882
Exchange rank
frequencies

E, 0.150 0.193 0.197 0.100 0.194 0.309

E, 0.789 0.708 0.716 0.810 0.613 0.578

K, 0.061 0.093 0.087 0.090 0.194 0.112

E; 0 0.005 0 0 0 0

Female progeny were scored (see PAGE el al. 2000) except for the klp3A™%? cross, in which all progeny were scored.
“Region 1 is net-dp; region 2 is dp-b; region 3 is b-pr; and region 4 is pr-cn.

lation of exchange, we examined the distribution of
Klp3A protein in germaria from wild-type females.

In previous studies, Klp3A displayed a dynamic local-
ization pattern during embryonic mitotic divisions and
meiotic divisions in oocytes and spermatocytes (WiL-
LIAMS et al. 1995, 1997; KwoN et al. 2004). This pattern
is generally characterized by nuclear localization during
interphase and prophase and association with the spin-
dle midzone during anaphase and telophase. Although
previous studies investigated KIp3A localization on fe-
male meiotic spindles from metaphase through ana-
phase II, the presence of KIp3A at earlier stages of fe-
male meiosis was not determined.

To localize KIp3A in germline cysts that were entering
meiosis, germaria were co-immunostained with antibod-
ies against Klp3A and the synaptonemal complex (SC)
protein C(3)G (Figure 4, A-D). The SC forms between
homologous chromosomes at the start of meiotic pro-
phase and can be visualized using anti-C(3) G as a thread-
like nuclear staining pattern (PAGE and HAwLEY 2001).
C(3)G thus acts as a marker for cysts in which meiosis
has initiated and also indicates nuclei in which meiotic
recombination is occurring, since exchange normally
occurs in the context of the SC in Drosophila (PAGE
and HAwWLEY 2001; JANG et al. 2003).

In the germarium, developing cysts travel from the
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F1cure 4.—Localization of KIp3A protein during early mei-
otic prophase. (A-D) Two optical sections from the same
w'"® germarium stained with anti-KIp3A (red) and anti-C(3)G
(green). The germarium is oriented with the anterior tip at
the top. As developing cysts (dotted outlines) move toward
the posterior, the initiation of meiosis is marked by the forma-
tion of the SC, of which C(8)G is a component. Mitotically
dividing germline cells display a variable localization of KIp3A,
including concentration at the spindle midbody in telophase
(arrowhead in B), similar to KIp3A localization in embryos
(Kwon et al. 2004). Klp3A level is low in zygotene cysts, in
which the SC is just beginning to form and the anti-C(3)G
signal is weak and punctate (small arrows in B and D). Two
pachytene 16-cell cysts that show full accumulation of C(3)G
protein (large arrows in B and D) also show distinct, strong
nuclear localization of Klp3A. The level of KIp3A apparently
decreases in older 16-cell cysts as prophase continues, al-
though Klp3A can be observed in the follicle cells surrounding
these cysts. Bar, 10 pm. (E-H) A cell from a 16-cell cyst stained
with anti-KIp3A (red, E), DAPI (blue, F), and anti-C(3)G
(green, G). A merged image is shown in H. The anti-KIp3A
signal shows extensive colocalization with DAPI-stained DNA
and G(3)G, suggesting that the Klp3A protein may be associ-
ated with chromatin. Bar, 1 pm. (I-L) A cell from a 16-cell cyst
stained with anti-KIp3A (red, I), DAPI (blue, J), and antilamin
(green, K). A merged image is shown in L. The strong anti-
KIp3A signal is contained within the nuclear envelope, as
detected by antilamin, whereas Klp3A protein in the cytoplasm
is not detected above background levels. Bar, 1 pm.

anterior tip toward the posterior. The most-anterior
cysts that contain cells expressing C(3)G protein are
therefore newly formed 16-cell cysts in which meiosis
hasinitiated. Within these cysts, KIp3A isinitially present
in low levels that rise as SC formation proceeds (Figure
4, A-D). In cysts that have reached full SC formation,
Klp3A protein shows strong nuclear localization in all
cells of the cyst, including the pro-oocytes that contain
the highest levels of C(3)G. Klp3A protein could also
be observed in younger cysts that had not yet entered
meiosis and were undergoing mitotic divisions. The nu-
clear or cytoplasmic localization of Klp3A within the

younger cysts appeared to vary both within and between
germaria, as might be expected for cells undergoing
mitosis and therefore in different phases of the cell
cycle. A fraction of these were in telophase and displayed
Klp3A localization to midbodies between cells (Figure
4, A and B). In contrast, the robust nuclear localization
in 16-cell cysts was consistent among germaria. The
strong nuclear localization of KIp3A was present in ap-
proximately one to three 16-cell cysts per germarium,
which always coincided with the most-anterior cysts in
which a pachytene level of C(3)G was also present. In
older cysts that were in more posterior positions in the
germarium, the anti-KIp3A signal was dramatically re-
duced, possibly indicating a rapid reduction of Klp3A
protein level.

In pachytene meiotic cells, Klp3A appears to be pres-
ent throughout the nucleus and shows extensive colocal-
ization with DNA. Comparison of anti-KIp3A staining
with nuclear DNA visualized using DAPI (Figure 4, E
and H) showed that KIp3A is found throughout the
nucleus. Much of the anti-Klp3A signal overlaps with
DNA, although in some nuclei (as shown in Figure 4,
I-L), KIp3A was clearly less intensely localized in regions
of heterochromatin, which appear as regions that are
more brightly stained with DAPI in the nucleus. Co-
immunostaining germaria with anti-KIp3A and anti-
lamin indicated that the majority of the KIp3A signal is
located within the interior of the nucleus (Figure 4,
I-L). KIp3A protein in the cytoplasm was not detected
above background levels in these cells.

The intense localization of Klp3A in early meiotic pro-
phase nuclei suggests that Klp3A could act prior to or
during the initiation of meiotic recombination or per-
haps during the processing of recombination intermedi-
ates to influence the final distribution of exchanges during
meiosis. KIp3A contains a cysteine-rich zinc-finger-like mo-
tif in its tail region that might mediate interactions with
chromatin. The action of Klp3A in the recombination
process may be limited to early meiotic prophase, however,
since the level of Klp3A protein in meiotic cysts appears
to decrease rapidly following SC formation.

DISCUSSION

Many species exhibit a nonrandom distribution of mei-
otic exchanges along the length of a chromosome, but
little is known about the factors that determine the non-
random exchange distribution. These determinants may
differ among species as well. Human, mouse, Drosoph-
ila, and maize chromosomes generally show increased
rates of exchange as distance from the centromere in-
creases and distance from the telomeres decreases
(LINDSLEY and SANDLER 1977; FROENICKE el al. 2002;
McKim et al. 2002; ANDERSON et al. 2003; KONG et al.
2004). This does not seem to be the case for yeast chro-
mosomes, although recombination rates are highly vari-
able along each chromosome in both yeast and mam-
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mals (KABACK et al. 1989; BAUDAT and Nicoras 1997;
FROENICKE et al. 2002; KONG et al. 2004; MALKOVA el al.
2004). In yeast, recombination rates are correlated with
sites of frequent double-strand break (DSB) formation
(BAUDAT and Nicoras 1997). Mapping of these recombi-
nation hotspots in yeast has suggested that the distribution
of hotspots is related to G/C content and transcriptional
activity rather than position relative to centromere or telo-
meres (GERTON et al. 2000). The phenomenon of interfer-
ence, in which exchanges are inhibited from occurring
near each other, also affects their distribution along a
chromosome arm. Interference is thought to result from
either the physical properties of the structural axis of the
chromosome or regulation of the periodicity of resolv-
ing recombination intermediates as crossovers (KLECK-
NER et al. 2004; STAHL et al. 2004).

Along the euchromatin of Drosophila chromosome
arms, exchange per unit of physical distance increases
with distance from the centromeric heterochromatin
and peaks in the distal half of the chromosome, some-
times with a slight decrease near the telomere (LINDs-
LEY and SANDLER 1977; McKim et al. 2002). LINDSLEY
and SANDLER (1977) proposed that the distribution of
exchanges is determined both by cisacting chromo-
somal features and by trans-acting proteins. Studies of
exchange along chromosomes bearing inversions that
reposition euchromatic sequences on the chromosome
arm relative to the centromere and/or heterochromatin
showed that the pattern of exchanges generally remains
associated with the sequence intervals, regardless of ori-
entation or distance from the centromere or hetero-
chromatin (SzauTER 1984). A series of cisacting sites
located along the euchromatin appear to have a role
in establishing this pattern (HAWLEY 1980; SHERIZEN et
al. 2004). Putative {ransacting factors that affect ex-
change distribution have been identified among a class
of exchange-defective meiotic mutants in Drosophila
that reduce the total frequency of exchange while alter-
ing its distribution. This group has been called “precon-
dition” mutants because their phenotype was thought
to result from a defective ability for chromosome re-
gions to establish the capability to undergo exchange
(CARPENTER and SANDLER 1974). However, analyses of
the molecular function of many of the genes identified
through these mutations support the contention that
alterations in exchange distribution may result from
defects in any of several stages of meiotic recombination
(BHAGAT et al. 2004).

In contrast to most mutants that affect the distribution
of exchange, the total frequency of exchange is unaf-
fected by mutations in k/p3A. The lack of an exchange
reduction in klp3A mutants suggests that Klp3A may be
required specifically for establishing the distribution of
exchange along the chromosomes. Since meiotic ex-
change is measured among progeny that escape from
the maternal-effect lethality that also results from muta-
tion of klp3A, it is possible that the phenotype results

from selection against embryos derived from oocytes
in which the chromosomes experienced medially or
distally located exchanges or lack exchanges completely.
This could occur if oocytes lacking KIp3A were impaired
in their ability to segregate chromosomes lacking an
exchange or with particular exchange configurations.
However, few abnormalities in meiotic spindle function
and chromosome segregation were observed for klp3A
mutants (WILLIAMS et al. 1997), and the frequency of
meiotic nondisjunction is low for both the X and always
achiasmate 4¢th chromosomes (BAKER and CARPENTER
1972). Moreover, the distribution of crossovers in prog-
eny from kip3A""* /Df(1)ED6579mothers differs from the
distributions observed in other k/p3A mutant genotypes,
even though the maternal-effect lethality phenotype is
quite similar, suggesting that the defect resulting in
maternal-effect lethality does not determine the ability
to recover certain recombinant progeny types. Thus, it
is unlikely that the specific defect in exchange distribu-
tion is the result of a selection bias.

The Klp3A protein could regulate exchange distribu-
tion in several ways. First, KIp3A may regulate the non-
random localization of DSB formation along the chro-
mosome. In the absence of KIp3A, the DSB sites may
be redistributed more in proportion with physical dis-
tance. If, as in yeast, the frequency of exchange is largely
determined by the frequency of DSB formation, the
recombination machinery acting on the DSBs would
distribute exchanges similarly. Second, Klp3A could in-
fluence the decision between crossover and noncross-
over fates for DSBs or recombination intermediates. In
wild type, Klp3A would act to promote crossover fate in
the distal region of chromosome arms and/or promote
noncrossover fate in proximal regions. The loss of this
regulation in k/p3A mutants could then result in the
observed redistribution of crossovers. Third, KIp3A may
be necessary for an aspect of chromosome organization
that normally enables the wild-type distribution of ex-
change. The abnormal distribution of exchange caused
by klp3A mutants would arise through a regional misreg-
ulation of recombination resulting from the defective
organization of homologous sequences during meiotic
prophase.

Evidence for a role for kinesin-like motor proteins in
chromosome organization has been found in other sys-
tems. In yeast, Kar3p was proposed to regulate chromo-
somal interactions during early meiotic prophase (Bas-
coM-SrAack and DawsoN 1997). Mutations in the kar3
gene result in defects in SC and DSB formation, and
TRELLES-STICKEN et al. (2003) demonstrated a defect in
the release of telomere clustering in kar3-deficient haploid
meiosis. Similar to Klp3A, Kar3p has been shown to local-
ize to the nucleus and to the spindle poles during mei-
otic prophase (SHANKS et al. 2001). Immunolocalization
of the SC protein C(3)G in kip3A™#? mutant ovaries
has not indicated a defect in SC formation, however
(data not shown).
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Alternatively, KIp3A could be required for normal
chromatin condensation during meiotic prophase. We
have demonstrated that Klp3A localizes within pachy-
tene nuclei, where it seems to preferentially colocalize
with euchromatin. Another Kinesin-4 protein, human
KIF4, has been shown to interact with the condensin
complex, and depletion of KIF4 results in hyperconden-
sation of mitotic chromosomes (MAZUMDAR et al. 2004).
The condensation state of meiotic chromatin is likely to
affect the ability of meiotic DSBs to form (BAupAT and
Nicoras 1997; REppy and VILLENEUVE 2004; YAMADA et
al. 2004). Thus, disruption of the normal degree or rate
of chromatin condensation in meiotic prophase in the
absence of Klp3A could result in an altered distribution
of exchanges. Although no evidence of a condensation
defect has been reported in Klp3A-depleted mitotic cells
(GosHiMA and VALE 2003; BRUST-MASCHER et al. 2004;
KwoN et al. 2004), this role may be accomplished by a
redundant kinesin when Klp3A is eliminated.

In conclusion, we have identified mei-352 as an allele
of klp3A and uncovered a previously unrecognized func-
tion for the kinesin-like protein Klp3A in regulating the
distribution of exchanges during meiosis. Loss of KIp3A
function results in an increase in exchange in centro-
mere-proximal regions of chromosomes and a decrease
in exchange in distal regions of chromosome arms. The
meiotic defect is specific to the distribution of exchanges,
as the total frequency of exchange along a chromosome
arm is unchanged. The meiotic defect observed for
klp3A may reflect a role for this kinesin-like protein in
chromosome organization during early meiosis.
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