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The kinesin superfamily of molecular motors comprises proteins that participate in a
wide variety of motile events within the cell. Members of this family share a highly
homologous head domain responsible for force generation attached to a divergent tail
domain thought to couple the motor domain to its target cargo. Many kinesin-related
proteins (KRPs) participate in spindle morphogenesis and chromosome movement in cell
division. Genetic analysis of mitotic KRPs in yeast and Drosophila, as well as biochemical
experiments in other species, have suggested models for the function of KRPs in cell
division, including both mitosis and meiosis. Although many mitotic KRPs have been
identified, the relationship between mitotic motors and meiotic function is not clearly
understood. We have used sequence similarity between mitotic KRPs to identify candi-
dates for meiotic and/or mitotic motors in a vertebrate. We have identified a group of
kinesin-related proteins from rat testes (termed here testes KRP1 through KRP6) that
includes new members of the bimC and KIF2 subfamilies as well as proteins that may
define new kinesin subfamilies. Five of the six testes KRPs identified are expressed
primarily in testes. Three of these are expressed in a region of the seminiferous epithelia
(SE) rich in meiotically active cells. Further characterization of one of these KRPs, KRP2,
showed it to be a promising candidate for a motor in meiosis: it is localized to a
meiotically active region of the SE and is homologous to motor proteins associated with
the mitotic apparatus. Testes-specific genes provide the necessary probes to investigate
whether the motor proteins that function in mammalian meiosis overlap with those of
mitosis and whether motor proteins exist with functions unique to meiosis. Our search
for meiotic motors in a vertebrate testes has successfully identified proteins with prop-
erties consistent with those of meiotic motors in addition to uncovering proteins that may
function in other unique motile events of the SE.

INTRODUCTION
The accurate and efficient movement of various mac-
romolecules and organelles within the cell is essential
for viability. Motor proteins transport diverse cargoes
necessary for the cell's continued existence. Members
of the kinesin superfamily of motor molecules pro-
duce movement necessary for transport of vesicles,
positioning of nuclei, and proper segregation of ge-
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netic material to daughter cells (reviewed in Endow,
1991; Goldstein, 1993). KRPs contain a mechanochem-
ical domain that is 30-40% identical to other family
members but this sequence conservation does not ex-
tend to the remainder of the molecule. These variable
regions, often termed tail domains, are thought to
specify the target and cellular function of each KRP.
The approximately thirty known members of the ki-
nesin superfamily can be subdivided according to
functional and structural similarities.
Many KRPs so far identified are involved in some

aspect of cell division (reviewed in Gorbsky, 1992;
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Endow, 1993; Sawin and Endow, 1993; Wadsworth,
1993). These movements include spindle morphogen-
esis, maintenance, and elongation at anaphase b; and
chromosome movements at prometaphase, meta-
phase, and anaphase a. The existence of numerous
motor proteins involved in cell division prompts the
question of which specific task(s) an individual KRP
performs. Although the precise mechanism by which
mitotic motors perform their function is not known,
enough molecular participants have been identified to
propose and test models. Members of one mitotic
subfamily, defined by the bimC protein from Aspergil-
lus nidulans, are required for the separation of centro-
somes in the formation of a bipolar spindle. Mitotic
KRPs such as bimC, cut7, Eg5, KIP1, and CIN8 are
localized to centrosomes and are required early in
division to force centrosomes apart to form an intact
spindle (Enos and Morris, 1990; Hagan and Yanagida,
1990; Le Guellac et al., 1991; Hoyt et al., 1992; Roof et
al., 1992; Saunders and Hoyt, 1992). Members of this
subfamily are also found along spindle fibers and are
proposed to mediate microtubule sliding during an-
aphase b.
Although mitotic KRPs display considerable func-

tional diversity, meiotic cell division requires other
levels of complexity due to differences in cell type,
chromosome behavior, and protein:DNA structures.
Meiosis is conducted by a very specific cell popula-
tion, the germ cells, in a highly regulated way to
produce gametes with a haploid DNA complement.
The motor functions of an individual testicular cell
could be modulated by interaction of constitutive pro-
teins with cell type-specific proteins thus altering the
phenotype of the cell. During gametogenesis, germ
cells undergo two nuclear divisions including a reduc-
tive division at meiosis I. In contrast to the separation
of sister chromosomes during mitosis, homologous
chromosome pairs (termed a bivalent), exchange ge-
netic material and disjoin during the first meiotic di-
vision. Crossing over and the formation of chiasma
physically link homologues and result in forces on the
bivalent that are markedly different from those expe-
rienced by sister chromatids during mitosis. The po-
sitioning of chromosomes at the metaphase plate also
differs between the two processes with homologues,
not sister chromatids, orienting toward the poles at
metaphase of meiosis I. These unique chromosome
behaviors suggest that specific motor proteins may
function in the specialized movements and spindle
dynamics of meiosis.
Curiously, although other proteins, such as the tu-

bulins, have isoforms found only in the germ line, no
KRP has been detected with exclusive function in
meiosis (Fuller et al., 1988). Some motors do appear to
have overlapping functions in mitosis and meiosis.
Two KRPs from Drosophila, nod and ncd, are required
for female meiosis and their molecular characteriza-

tion has provided information about the role of KRPs
in meiotic chromosome segregation (Endow et al.,
1990; McDonald and Goldstein, 1990; Zhang et al.,
1990). nod produces the force necessary to maintain
nonchiasmatic chromosomes at the midplate and pre-
vent premature disjunction and chromosome loss
(Theurkauf and Hawley, 1992). Unlike nod, ncd acts on
all chromosomes and is essential for formation of an
intact, bivalent spindle (Endow et al., 1990). Both pro-
teins also function in mitosis as mutations in these
genes cause disruption of early embryonic cell divi-
sion (Komma et al., 1991; Hatsumi and Endow, 1992).
Both Eg5 and cut7, members of the bimC subfamily,
are found in both mitotic and meiotic spindles (Hagan
and Yanagida, 1990; Aizawa et al., 1992). Although it is
clear that KRPs can have dual functions in both types
of cell division, the unique chromosome behavior
characteristic of meiosis seems to require the partici-
pation of specific motor proteins. In addition, kinesin
motors involved in meiosis have only been identified
in invertebrates (Endow et al., 1990; McDonald and
Goldstein, 1990; Zhang et al., 1990). Therefore, we
undertook a systematic analysis of KRPs in a mitoti-
cally and meiotically active vertebrate tissue in an
effort to identify new meiotic motors and to determine
the extent of functional overlap between mitotic and
meiotic motor proteins.
We chose testes RNA as starting material for several

reasons. In addition to the easy availability of this
tissue, the cells of the seminiferous epithelia (SE) of
the testes undergo uninterrupted rounds of meiosis
throughout the life of the adult animal. This is in
contrast to the situation in the ovary where meiosis is
initiated prenatally, arrested at prophase of meiosis I
for a prolonged period, and resumed only during
ovarian maturation just before ovulation. The number
of germ cells available for development into oocytes is
further reduced by the process of follicular atresia or
degeneration, which occurs in most developing folli-
cles. Consequently, the number of meiotically active
cells in the ovary, and therefore the amount of meiotic
proteins, is much reduced as compared with the tes-
tes. We predict that certain meiotic motors identified
in testes will also be active in female meiosis and that
probes developed in this study may be useful in iden-
tifying both universal and gender-specific mitotic mo-
tors.
Polymerase chain reaction (PCR) primers specific

for mitotic KRPs and for the superfamily in general
were used to isolate candidates for meiotic-specific
motors. We describe the identification of a family of
KRPs in rat testes (KRP1 through KRP6). Two testes
KRPs, KRP2 and KRP6, are related to already identi-
fied superfamily members, KIF2 and Eg5, respec-
tively. Unlike KIF2, however, KRP2 is expressed only
in the testes. KRP2, KRP3, and KRP5 appear to be
expressed primarily in the meiotically active cells of
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Table 1. Degenerate oligonucleotides

GCGCTCTAGAAT
(C/A)TT(T/C)GC
(C/A)TA(T/C)GG
(A/T)CA(A/G)AC
GCGCGAGCTC
(A/T)(A/T/G)CC
(G/A/C)GCCA
(A/G)ATC(A/G/C)
AC
GCGCGAGCTC
(A/T/G/C)CC
(A/T/G/C)(G/C)
(A/T)(A/T/G/C)
C(G/T)(A/T/G/C)
CC (A/C )AT(A/G)
TT

5' primer

3' primer

3' primer

64-fold
degenerate

108-fold
degenerate

9216-fOld
degenerate

complementary to the region
encoding the ATP-binding
site

complementary to the region
encoding the conserved
VDLAGS sequence

complementary to a region
encoding the bimC
subfamily specific sequence
NIGRSG

The sequence of the degenerate oligonucleotides used for RT-PCR are shown. The conserved sequence from the kinesin head domain that
each hybridizes to is also indicated.

the seminiferous epithelium, whereas KRP4 and KRP6
show a strikingly different distribution, being ex-
pressed at lower levels than KRP2, KRP3, and KRP5,
and in a different functional compartment of the epi-
thelium. We have identified at least two KRPs from
testes, KRP2 and KRP6, with properties consistent
with motor function in meiosis and mitosis, respec-
tively, in addition to new motors with unknown func-
tion in spermatogenesis.

MATERIALS AND METHODS

PCR Amplification and DNA Manipulations
First strand cDNA from rat testes poly(A+) RNA was template for
amplification of rat kinesin-related proteins. cDNA was prepared
according to the kit from Stratagene (La Jolla, CA). The reaction
contained 2 jig testes poly(A+) RNA, 300 ng oligo-dT, 1 mM
dNTPs, and murine leukemia virus reverse transcriptase. Amplifi-
cation of potential kinesin-related proteins was accomplished using
two sets of degenerate oligonucleotides. The oligonucleotides used
are shown in Table 1.

Recognition sites for the restriction enzymes XbaI and Sacl were
incorporated into the 5' and 3' primers, respectively. Two sets of
PCR reactions were conducted: one with primers 1 and 2 and one
with primers 1 and 3. Amplification reactions contained testes
cDNA, oligonucleotide primers (1 ,uM each), 50 jiM KCI, 100 mM
Tris, pH 8.4, 1.5 mM MgCl2, 0.1% gelatin, and 2.5 U taq polymerase
(Perkin-Elmer, Norwalk, CT). PCR was performed according to the
following schedule: 94°C for 1.5 min, 56°C (for primers 1 and 2) or
60°C (for primers 1 and 3) for 2.5 min, and 72°C for 3 min for 40
cycles. PCR products were separated by gel electrophoresis and
fragments were gel purified, digested with XbaI and Sacl, and
ligated into Bluescript-SK (Stratagene) for sequence analysis. Dou-
ble-stranded DNA was sequenced by the chain termination method
of Sanger using the Sequenase 2.0 kit (United States Biochemical,
Cleveland, OH). Alternatively, lambda clones were sequenced us-
ing cycle sequencing protocols (Promega, Madison, WI).

Isolation and Characterization of cDNA Clones
Recombinant phage containing KRP2 sequences were identified by
hybridization screening of a lambda-gtlO testes cDNA library (Clon-

tech, Cambridge, UK) using radiolabeled KRP2 cDNA fragment as
probe. The probe was labeled using the random-primed method
with the Boehringer-Mannheim kit (Indianapolis, IN). C600 cells
(Clontech) were infected with phage and plated to achieve about
30,000 plaques per 100-mm plate. Approximately 300,000 plaques
were screened by hybridization to the KRP2 fragment. Sixteen pos-
itive plaques were identified after autoradiography and comparison
of duplicate filters. Positive plaques were purified by reinfection
and replating twice. DNA was prepared according to established
procedures. Briefly, phage were precipitated from liquid lysates
with PEG and NaCl, protein was removed by extraction with phe-
nol/chloroform and chloroform, and phage DNA was precipitated
with ethanol. Phage DNA was sequenced using the fmole thermo-
cycle sequencing kit from Promega using primers synthesized by
the oligonucleotide synthesis services at University of Texas South-
westem Medical Center. Both stands of KRP2 DNA were sequenced
using overlapping primers. The head domain within each clone was
mapped with PCR using oligonucleotide primers to the lambda
gt-10 vector and to the borders of KRP2 head fragment.

Slot and Northern Blot Analysis
Five to ten micrograms of poly(A)+ from each tissue, isolated using
the Ultraspec-II procedure (Biotecx), were denatured and applied to
Zetaprobe (Bio-Rad, Richnmond, CA) or Nytran (S&S, Keene, NH)
membrane using a slot blot apparatus. For Northem analysis, 10 jig
total RNA for each tissue was applied to a 1% agarose formalde-
hyde gel and separated by electrophoresis. Blots were hybridized
individually to KRP probes radiolabeled by random priming. After
overnight hybridization, the blots were washed with increasing
stringency, ending with 0.2x SSC/0.1% SDS at 65°C. Blots were
exposed to an activated phosphor screen and the signal was ana-
lyzed with a Molecular Dynamics PhosphorImager (Sunnyvale,
CA).

Localization of KRP mRNAs by In Situ
Hybridization
For hybridization to thick, frozen sections, RNA was transcribed
from Bluescript vectors containing -500 bp of KRP DNA between
the conserved FAYGQT and VDLAGS sequences for each of the six
KRPs. For thin, paraffin sections, a 1623 nt fragment of the 2015 nt
KRP2 open reading frame lacking 392 nt at the 5'-end was used to
detect KRP2 message. [35S]UTP was incorporated into the tran-
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scripts and labeled probes were hybridized to testes sections ob-
tained from adult Sprague-Dawly rats essentially according to the
method of Simmons et al. (1989). Tissue was fixed for sectioning by
perfusion with 4% paraformaldehyde and 0.05% glutaraldehyde.
Sections were prepared for hybridization by paraformaldehyde fix-
ation followed by protease digestion, acetylation, and dehydration.
Paraffin-embedded tissues were processed in essentially the same
manner following depariffinization with xylene. After incubation
with 0.5 x 106 cpm of labeled KRP probe, the sections were washed
with increasing stringency with a final wash in 0.1 x SSC at 55°C,
treated with RNase, dehydrated, and exposed to film for estimation
of hybridization. Slides were then defatted, dehydrated, dipped in
NTB-2 liquid emulsion (Kodak, Rochester, NY), and silver grains
were developed after 3-21 days.

RESULTS

Identification of a Group of Kinesin-related Proteins
in Rat Testes
A slight variation of the typical reverse transcriptase
(RT)-PCR approach was used to identify KRPs poten-
tially involved in chromosome segregation. All mem-
bers of the kinesin superfamily contain stretches of
conserved amino acids in their motor domains. De-
generate oligonucleotide primers corresponding to
these sequences were used to amplify all superfamily

KRP1
KRP2
KRP3
KRP4
KRP5
KRP6
KHC.frg
Eg5. frg
BIMC4A.frg

Consensus

KRP1
KRP2
KRP3
KRP4
KRP5
KRP6
KHC.frg
Eg5. frg
BIMC4A.frg

Consensus

KRP1
KRP2
KRP3
KRP4
KRP5
KRP6
KHC.frg
Eg5.frg
BIMC4A.frg

Consensus

ATGTRKDKGA TVRFVGQ-AQ
----NKKAKL RVL--ED-SK
DPRHEASKTE DTPKVTMLED
GKEPQEK--L EIRLCPD-GS
ELETSMKD-L HIR--ED-EK
SPSSDVSERL QMFDDPR-NK
--DVSKTN-L AVH--ED-KN
SPSPDVGERL QMFDDPR-NK
S--AEENPKL KIYDNEQ-KK

G--------E HAAW--GLQC
A--------- ------KGRL
SK-------E PGS---ATVR
GV-------D CST---GLRT
QVGKSAEATE DGEWCSHRHI
MK-------E TTIDGEELVK
Q--------E NVET--EKKL
MK-------E TTVDGEELVK
IK-------R TTESGEEYVC

___----E..

GDPQLE---- -- IPWAM
GKSQNASK-- -- AMAS
-ERYSD---- -- IPRTT
-TPENP---- -- QRAL
ASVVDG-QK- -- SSRH
PNEVYTWEED P IPRTL
-DPQLM---- -- IPRIA
SDEEFTWEQD P IPRTL
DTLGILSDN- -- IPRVL

...... . . .- ---IPR.

members. Members of kinesin subfamilies also con-
tain characteristic, conserved sequences that can be
used to selectively amplify these messages as well.
Rat testes poly(A+) RNA was used as template for

cDNA synthesis because this tissue undergoes rapid
cell division and is a rich and easily available source of
both meiotic and mitotic messages. Two sets of degen-
erate oligonucleotide primers were used to amplify
KRPs from testes cDNA: one pair, complementary to
sequences that encode the conserved FAYGQT and
VDLAG motifs, was designed to amplify all members
of the kinesin superfamily whereas the other set se-
lects for members of the mitotic bimC subfamily. PCR
products of about 500 bp, a size consistent with KRPs,
were gel purified and subcloned into a Bluescript
vector for sequence analysis. Forty-four of the 53
subclones sequenced contained conserved sequences
characteristic of the kinesin superfamily. The trans-
lated sequence of each clone was distinct from the rat
kinesin heavy chain; therefore, they were classified as
new rat KRPs.
The clones fell into six different sequence classes (see

Figure 1). Two PCR fragments, KRP2 and KRP6, were

RHLFSVAQEM SGQGWTYSFV A§Yn E T V_
RDVILLKNQP RYRSLNLEVY VTLE E GK V EL
SYI EQLQK- -DSSKIYTTH I§YL qEC G'
QLL SEVQEK -ASDWQYNIT VSAA E EV L L
PRNISEHLWK SNIDFKI--K IS ED L L
HQIFEKLTDN GTEFS---VK VSLL EE LE
HDIFDHIYSM -DENLEFHIK VSYA DK IF
HQIFEKLSEN GTEFS---VK VSLL EE LF L
YSLFAKLAD- -TEST---VK CSF] E TEE L L

F ..... ......... K VS.. NE. LL

GVKELTVTNA RYVPMSCEKEkVEALLHLAQQ NWAVAF
QQVQVVGLQE YL--VTCADl VIKMINMGSA CRTS&
PDQNIHTKNT STHQRZTTEE$ ALNTTFLGDT NRMIAE
GQLYVPGLTE FQ-- ,QSVDD INKVFEFGYN NRTTNF
GNTVIVGAKE CQ-- DSVED VMGLLQVGNA ARHTGO
RGV--IIKGL EEIT HNKHE VYQILERGAA KRTTAs
RVPYVKGCTE RF-- SSPER VMDVIDEGKA NRV
RGV--IIKGL EEIS HNKDE VYHILERGAA RRKTA
GHMSTLVQGM EETYIDSATA GIKLLQQGSH KRQVAA

.V....EV...L..G.A.R..A.

GAPLNI
HGIFSI
HAV ,TH
TQiLNI
V$ZFHI
I1LNI
SG LYI
I LNI
PGKLNI

.GKLNI

FA

(C

P.E

;VF QLQIS
CF QILLR
:IF TVHLS
LL IVTVR
kIF TISVC
3VF SVTIH
3IF LINIK
VF SVTIH
'VF TITVN

F'

67
69
64
62
67
71
66
72
67

75

141
135
139
132
136
143
133
144
139

150

162
151
160
153
167
169
156
170
165

183

Figure 1. Sequences of the six KRP PCR fragments. PCR was performed using testes cDNA (as described in the text) and the resultant
fragments were purified, subcloned, and sequenced. The sequences of the isolated fragments are shown. Sequences were aligned using the
Geneworks program from Intelligenetics (Mountain View, CA). All contain sequence motifs characteristic of the kinesin superfamily.
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amplified with the bimC specific primer; KRP2 was
also isolated with the kinesin universal primers. KRP2
and KRP6 show significant homology to previously
identified KRPs involved in mitosis. The KRP6 frag-
ment is 90% identical to a corresponding region from
the head domain of Xenopus Eg5 (Le Guellac et al.,
1991). The KRP2 head fragment is 74% identical to
mouse KIF2 and 88% identical to hamster MCAK
(Aizawa et al., 1992; Wordeman and Mitchison, 1995).
Four of the KRPs isolated from testes, KRP1, KRP3,

KRP4, and KRP5, did not show high levels of homol-
ogy to known motor proteins in database searches.
These proteins may represent new motors with poten-
tial roles in motile events in the testes.

Isolation and Sequencing of the Complete cDNA
for KRP2
KRP2 and KRP6 were isolated with the bimC specific
primers and therefore were obvious candidates for
mitotic/meiotic KRPs. The high sequence identity of
the motor domains of KRP6 and Eg5 (90%) confirmed
our strategy of using subfamily specific primers and
suggests that KRP6 is a new member of the bimC
subfamily. The nonmotor domains of KRP6 are cur-
rently being cloned and sequenced to determine
whether these regions are also highly conserved. High
conservation of these domains would strongly sup-
port a function for KRP6 in spindle morphogenesis
and maintenance similar to that of Eg5 (Sawin et al.,
1992).
Unlike KRP6, the KRP2 head domain is more related

to that of mouse KIF2 than to members of the bimC
subfamily. We focused our attention on KRP2 because
numerous members of the bimC subfamily are cur-
rently under investigation. KIF2 was the first central
motor KRP identified and belongs to a growing kine-
sin subfamily whose members are implicated in chro-
mosome and spindle dynamics (Aizawa et al., 1992).
To determine whether KRP2 shares the central mo-

tor domain arrangement of KIF2 and sequence homol-
ogy throughout the polypeptide, we determined the
complete cDNA sequence and translated sequence for
rat testes KRP2. A rat testes cDNA library in lambda-
gtlO was screened using the KRP2 PCR fragment as
probe. Sequence analysis of the isolated clones identi-
fied a 2015 nt open reading frame encoding a protein
of 75.9 kDa calculated MW (Figure 2A). Sequence
comparison of KRP2 with rat kinesin heavy chain
shows 36% sequence identity to the motor domain
(our unpublished observations). In contrast to the ki-
nesin heavy chain, the motor domain of KRP2 is cen-
trally located from amino acid number 193 to 542 and
flanked by between 100 and 200 aa on either side. This
location is consistent with the high (74%) sequence
identity of the KRP2 motor domain with that of KIF2,
a central motor domain KRP.

Secondary structure analysis programs confirm that
KRP2 has a different domain structure than classical
kinesin but shares some structural features with KIF2.
The amino terminal and central motor domains con-
tain alternating structural motifs suggestive of a glob-
ular structure whereas the carboxyl terminal 100
amino acids are predicted to be largely a-helical (Fig-
ure 2B). KRP2 lacks the extended a-helical stalk char-
acteristic of many KRPs. The KRP2 molecule was an-
alyzed with the Coils 2 program to identify regions of
KRP2 that may form a helical coiled-coil (Figure 2C;
Lupas et al., 1991). In contrast to the kinesin heavy
chain where coiled-coil is located in the central do-
main of the molecule, KRP2 contains stretches of
about 36 amino acids flanking the head domain that
are predicted to assume a coiled-coil conformation.

KRP2 Is a Member of an Emerging Subclass of
Kinesin-related Proteins
Sequence analysis of KRP2 showed high sequence
identity of its head domain to that of mouse KIF2
(Aizawa et al., 1992). KRP2 is homologous to another
protein with high sequence identity to the motor do-
main of KIF2: hamster MCAK (mitosis centromere
associated kinesin), which is localized to centromeres
during mitosis (Wordeman and Mitchison, 1995). This
homology and structural similarity suggest that this
group, like the bimC subfamily, are closely related
proteins with similar, but not identical, functions.
Members of the kinesin superfamily can be grouped
into subfamilies of structurally and functionally re-
lated proteins. Members of these groups have a higher
degree of sequence homology with each other than
with members of other subfamilies, share sequence
homology in their nonmotor domains, and possess a
similar domain arrangement. Subfamily members can
have related cellular function but, unlike true or-
thologs, these proteins can have different cellular lo-
calizations and cargo specificities.
To investigate the relationship between KRP2 and

members of the KIF2 subfamily, we compared the
entire coding sequence of KRP2 with that of other
KIF2 family members and examined the tissue distri-
bution of KRP2 message. The motor domain of KRP2
is 74% identical to that of mouse KIF2 but this homol-
ogy drops to only 36-38% identity in the nonmotor
domains (Figure 3A). This relationship is typical of
homologous subfamily members and suggests that
KRP2 and KIF2 may have different cellular functions.
While completing the analysis of KRP2, the com-

plete sequence of hamster MCAK became available
(Wordeman and Mitchison, 1995). The primary se-
quence of KRP2 is 83% identical to MCAK and this
high level of homology is not restricted to the motor
domain. The nonmotor domains of KRP2 and MCAK
are between 72-77% identical (Figure 3B). This is in
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A
901 gagagccaactggcgtaggtctgctgtggacttctgtgtgcctgcctgtctgccttcctc 960
961 tccacctcagtctcctcactcagtctcccttggcttggaaactggaaacccattccatct 1020

1021 agATGATTGACATTGACGATGTGGCTGCCATAAACCCAGAGCTTGTACAGCTTCTTCCCT 1080
1 M I D I D D V A A I N P E L V Q L L P L 20

1081 TACGACCGAAGGACAGTACTGCCACTGCAGGAGAACGTAACCATCCCAAAGCAAAAACGC 1140
21 R P K D S T A T A G E R N H P K A K T Q 40

1141 AAGTCCGTCAACTCCAAAATTCCAGGTCCAAAAGAAGGCCTTCGAAGCGTTCCACTCGCA 1200
41 V R Q L Q N S R S K R R P S K R S T R I 60

1201 TATCCACTGTCTCCGAAGTTCGAATCCCTGCTCAGGAGAATGAAATGGAGGTGGAGCTGC 1260
61 S T V S E V R I P A Q E N E M E V E L P 80

1261 CTGTGTCCACAAACTCTCGCAAGCCATTTCCCATTCACACAGGCCACCCTAGGCCCTCCT 1320
81 V S T N S R K P F P I H T G H P R P S C 100

1321 GCTCCACAGTGACAGAATTACCGTTGTTGATGATCAGCGAGGAGGCAGAAGNGCAAGCCC 1380
101 S T V T E L P L L M I S E E A E X Q A H 120

1381 ACTCCACCCGAAGCACCTCTTCTGCAAACCCTGGGAATTCAGTTCGGAGGAAATCATGTA 1440
121 S T R S T S S A N P G N S V R R K S C I 140

1441 TTGTGAAGGAGATGGAGAAAATGAAGAACAAGCGAGAAGAGAAGAGGGCCCAGAACTCGG 1500
141 V K E M E K M K N K R E E K R A Q N S E 160

1501 AGATAAGAATAAAGCGAGCTCAGGAATATGACAACAGCTTTCCAAACTGGGAATTTGCCC 1560
161 I R I K R A Q E Y D N S F P N W E F A R 180

1561 GGATGATTAAGGAGTTTCGGGTTACTATGGACTGTAATCCTCTCACTGTGACAGACCCTA 1620
181 M I K E F R V T M D C N lP L T V T D P I 200
1621 TTGAAGAACACAGGATCTGTGTCTGTGTCAGGAAACGCCCACTGAATAAACAAGAACTGG 1680
201 E E H R I C V C V R K R P L N K Q E L A 220
1681 CCAAGAAAGAAATCGATGTGATTTCTGTTCCCAGCAAGTGTCTCCTCCTGGTGCATGAAC 1740
221 K K E I D V I S V P S K C L L L V H E P 240

1741 CCAAGCTGAAAGTGGACTTAACGAAGTACCTGGAGAACCAGGCTTTTTGCTTCGACTTTG 1800
241 K L K V D L T K Y L E N Q A F C F D F A 260

1801 CCTTTGATGAAACTGCTTCCAATGAGGTCGTCTACAGGTTCACAGCAAGGCCACTGGTAC 1860
261 F D E T A S N E V V Y R F T A R P L V Q 280

1861 AGACGATTTTTGAAGGGGGGAAAGCAACGTGCTTTGCCTATGGGCAGACAGGCAGTGGAA 1920
281 T I F E G G K A T C F A Y G O T G S G K 300
1921 AGACACACACAATGGGTGGAGACCTGTCTGGTAAAAGTCAGAACGCATCTAAAGGGATCT 1980
301 T H T M G G D L S G K S Q N A S K G I Y 320

1981 ACGCAATGGCTTCCCGGGATGTCTTCCTTCTGAAGAATCAGCCTCGCTACCGGAGCTTAA 2040
321 A M A S R D V F L L K N Q P R Y R S L N 340

2041 ACCTGGAAGTTTATGTGACGTTCTTCGAGATCTACAATGGGAAGGTATTTGAACTGCTCA 2100
341 L E V Y V T F F E I Y N G K V F E L L N 360

2101 ACAAGAAGGCCAAGTTACGTGTGCTGGAGGACAGCAAGCAGCAGGTGCAGGTTGTGGGGC 2160
361 K K A K L R V L E D S K Q Q V Q V V G L 380

2161 TGCAGGAGTACCTGGTTACCTGTGCCGATGAATGTCATCAAGATGATCAACATGGGCAGC 2220
381 Q E Y L V T C A D E C H Q D D Q H G Q R 400

2221 GCCTGCCAGGAACTTCGGGACAAACATTTGCCAACTCCAATTCCTCCCGCTCCCACGCCT 2280
401 L P G T S G Q T F A N S N S S R S H A C 420
2281 GCTTCCAGATTCTCCTTCGAGCTAAAGGGAGATTACACGGCAAATTCTCTTTGGTGGATC 2340
421 F Q I L L R A K G R L H G K F S L V D L 440
2341 TGGCAGGGAATGAACGAGGAGCCGACACGTCTAGTGCTGACCGACAGACTCGCATGGAGG 2400
441 A G N E R G A D T S S A D R Q T R M E G 460

2401 GTGCAGAAATTAACAAGTCTCTCCTGGCTCTGAAGGAATCGATCCGGGCGCTGGGACAGA 2460
461 A E I N K S L L A L K E S I R A L G Q N 480

2461 ACAAGGCTCATACCCCATTCCGTGAGAGCAAGCTGACTCAGGTGCTGAGGGACTCCTTCA 2520
481 K A H T P F R E S K L T Q V L R D S F I 500

2521 TTGGGGAGAACTCGAGGACATGCATGATCGCCATGATCTCACCGGGGATAAGCTCCTGTG 2580
501 G E N S R T C M I A M I S P G I S S C E 520

2581 AATACACTTTAAACACACTGAGATACGCAGACAGAGTCAAGGAGCTGAGCCCCCACAGCG 2640
521 Y T L N T L R Y A D R V K E L S P H S G 540

2641 GGGCCCAGTGGGAGGAACAGGGCAGTCCAGATGGAGACAGAGGAGATGGACGCATCTCAT 2700
541 A Q] W E E Q G S P D G D R G D G R I S W 560

2701 GGGGCCTCTCTACAGGCAATGAAGAGGAGGAGCTGTCCTCCCAGATGTCCAGCTTTAATG 2760
561 G L S T G N E E E E L S S Q M S S F N E 580

2761 AAGCCATGACTCAGATCAGGGAGCTGGAAGAGAGGGCCATGGAAGAGCTCAGAGAGATCA 2820
581 A M T Q I R E L E E R A M E E L R E I I 600

2821 TACAGCAAGGACCAAGCTGGCTTGAGCTCTCTGAGATGACGGATCAGCCAGACTATGACT 2880
601 Q Q G P S W L E L S E M T D Q P D Y D L 620

2881 TGGAGACCTTCGTGAACAAGGCAGAATCTGCCCTGACACAGCAGGCTAAGCAGGCTAAGC 2940
621 E T F V N K A E S A L T Q Q A K Q A K H 640

2941 ACTTCTCAGCCCTTCAAGAAGTCATCAAGGCCCTACGCCTGGCCATGCAACTGGAAGAAC 3000
641 F S A L Q E V I K A L R L A M Q L E E Q 660

3001 AGGCTAGCAAACAAATAAACAGCAAGAAACGGCACCAATgatgacttcaaataaagatCt 3060
661 A S K Q I N S K K R H Q 680

3061 gaaaggtatcac 3072

Figure 2.
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contrast to the relationship between the KRP2 and
KIF2 polypeptides, which are less homologous out-
side their motor domains. Sequence alignment of
KRP2, MCAK, and KIF2 demonstrates the strong se-
quence identity between KRP2 and MCAK that is
present throughout these polypeptides (Figure 3C).
These observations support the view that KRP2 is
related but not identical to KIF2. The strong sequence
identity between KRP2 and MCAK, a motor associ-
ated with the mammalian centromere, suggests that
KRP2 may function in chromosome segregation.
Our comparisons of KRP2 with members of the KIF2

subfamily included recently described proteins. These
include two proteins from Xenopus: XKCM1 and
XKIF2 (xenopus central motor kinesin and xenopus
kinisin family 2; Walczak et al., 1996). Like MCAK,
XKCM1 has been immunolocalized to the centromere
region of mitotic chromosomes. The head domain of
KRP2 is 81% and 73% identical to XKCM1 and XKIF2,
respectively. In the case of XKCM1 the homology

Figure 2 (cont). Sequence analysis of KRP2 (GenBank
accession number U44979). The nucleotide and predicted
amino acid sequence of KRP2 is shown (A). The sequence
encoding the head domain is bracketed and the locations
of the degenerate oligonucleotides used for RT-PCR are
underlined. The predicted secondary structure for KRP2
is shown in panel B. Panel C shows the position of puta-

300 tive coiled-coil regions in the KRP2 polypeptide as pre-
dicted by the Coils 2 program (Lupas et al., 1991).

extends to the nonmotor domains, indicating a possi-
ble functional similarity. Another central motor kine-
sin has been recently identified in the diatom Cylin-
drotheca fusiformis. DSK1 (diatom spindle kinesin 1) is
located along spindle microtubules and is less homol-
ogous to the other members of this family (Wein and
Cande, personal communication).
The tissue distribution of the KRP2 message was

examined to determine whether its pattern of expres-
sion is consistent with that of a meiotic motor. KRP2
mRNA is found only in the testes, being undetectable
in other tissues, including ovaries (Figure 4, A and B).
The expression pattern of KRP2 is quite different from
that reported for KIF2; KRP2 expression is restricted to
testes whereas KIF2 was detected in all adult tissues
examined (Aizawa et al., 1992). The exclusive expres-
sion of KRP2 in testes is consistent with a role for this
protein in meiosis. Comparison of primary sequence
and expression patterns strengthens the argument that
KRP2 and KIF2 are not orthologs but are related pro-
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Consensus M------------I.I..-----. .... TVEWIE.G.TKGKEID....... NP------------------------KT ...QLQNSSSKRRPSKRSTR.STV.EVRI ..QENEMEVEL 120

KRP2 .............. D.DD.. VA.IINPELVQLLPLRP.DSTATAGERNHPKA .......................... R........ I..I S .PA.79
MCAK .ESLPARLFPGLS.K.QRSNGLIHS.NIS ......G.N. FDDVAAI ..ELLQLFPYTQRQSATAGKCNSSEA. .HIS. S. M.. P... AT.120
KIF2 ............. VrSLN..... EDNESV......N. D . LESIFSL...... DLVPDEDIEP. PELP. PSS. SKVNKIVKN.RTVAAVKND--- 76

Consensus P..... R. . F... . TG. PRPSCS.. TELPLSM. SEEAEEQ. HPTRSTSSANP. . S.RRKSCIVKEME NEEKRAQNSEIRIKRAQEYD. SFPNWEFARMIKEFRVT. DC. PLT . TDP 240

KRP2 .VSTNS.KP.PIH........1.....L.I.. A.S. GN.V.. N...... M..N.. V... 199
MCAK LWLQTLESS.RLA. .....PAM....... V.A-.S ....... .L... 237
KIF2 .PPREN.---WGSARA .. --.QLP.QSS.AQQNGSVSDIS.VQAAKKEFGPP.R.KSN.- .-.....LQE KR.L.QQ.L.E .... DV.ATN. .Y.IMC ..RD.GSL.YR ...TA.. 190

Consensus IEEHRICVCVRKRPLNKQELAKKEIDVISVPSKCLL .VHEPKLKVDLTKYLENQAFCFDFAFDETAEVVYRFTARPLVQTIFEGGKATCFAYGQTGSGKTHTMGGD.SGK SKGI 360

KRP2 .................................... ........................................ L .S.NA.... 319
MCAK T. F. G ..G CLVNLRIHL... 357
KIF2 .D. K.TQM.DL...TI...DVVM .Q..R T.R..Y...DS.P..M. E....R.M. F...N.DC.... 310

Consensus YALA.RDVFLLK.QPRYR.LNLEVYVTFFEIYNGKVFDLLNKKAKLRVLEDSKQQVQWGLQEYLV.CADDV.K.......G -CRTSGQTFANSNSSRSHACFQILLRAKGRLHGKFSLVD 480

KRP2 ..M.S... N. S. E.T...... .ECHQDDQH.QRLPG.................................... 439
MCAK --.----C. S.....N...............................................N. I.MLNM.SA.470
KIF2 .... ...A.MLKK.N.KK.E.Q. .A....S........R.T. .G RE.K.VE ..L.LIDI.NS...... A. ..V .. .R.K.. I. . 429

Consensus LAGNERGADTSSADRQTRMEGAEINKSLLALKECIRALGQNKAHTPFRESKLTQVLRDSFIGENSRTCMIAMISPGISSCEYTLNTLRYADRVKEL- -SP.. - --.. G. Q. --. 600

KRP2 .................................S-....................................H..A.V.WEEQG3-. - 547
MCAK .. .................................................................... 58...........3S.................H...G ..GE.PIQMET E 583
KIF2 .................. L..........R ......... L ARRTPA....T MA... NMA . NN....FGI..SDIPFSQG.GSRPDLSPSYD 549

Consensus .... .SP.GTR---L.VN... -- SQIS.----WG .5. .R- ..L. EEEE.S.Q .. F.EA.SQM.E.EE E..R.V.Q... .W.E..K. .V... 720

KRP2 ------DD... - ...-GR....-LSTG---------N.... L.S.MSS.N. .lT.XIR.L. .RAM.EL.EII.QGPS.L.LSEM.TDQPDYDLETF.NKA 627
MCAK EMEA.SN.. .... A. .FKEEEEL......S.M.S... FNEAM.QI ..E.EERAME.LR.IIQ.GPGWL. -L.E.TDQPDYDL.TF-- .NKAESALTQQT.HFSALR.VIKALRVAM 685
KIF2 YDDF. .SI. .VKE.T. . PAAA. .VHPIMHHPP. . .DDLETQ. .VGS.PQ.DD.KLLCEQN.. .V.P.LFT.H. .V...V.M. ..QW.DH.A.F.ESIR.I.DE.ALLEMT.EVDYD.DSY 669

Consensus ...L.A..Q.. ...L .IK. .R.A.QLEEQASKQIN.K. .R.. 767

KRP2 ESA.TQQAK.AKH-FSA.QEV ..AL.L.M..... S.K- .HQ 672
MCAK QLEEQ.TNTDEQQErAPMMTS. . ICLCHTS. FPYPANFGHLLALVRD 732
KIF2 ATQ.E.ILE.KIDILTE.RDKV.SF.A.L.E...... P.RP.AL 716

Figure 3. Comparison of KRP2 with KIF2 and MCAK. The sequence KRP2 was compared with two members of the KIF2 subfamily using
dot-matrix: KIF2 (A) and MCAK (B). The relationship between KRP2, MCAK, and KIF2 is also displayed by sequence alignment (C). Identical
sequence is indicated with dots, only variant residues are shown in the sequence of each of the three polypeptides. The consensus is shown
above the aligned sequences.

teins with different, perhaps tissue-specific, functions.
It would be helpful to compare the tissue distribution
of KRP2 with that of MCAK, given their high level of
sequence identity; however, this information was not
available for analysis.
The other testes KRPs isolated in our screen are

expressed primarily but not exclusively in the testes.

KRPs 3, 4, 5, and 6 are also expressed in the ovary,
to varying degrees (Figure 4A). Additionally, KRP4
is expressed at a low level in the brain. This expres-
sion pattern is confirmed by Northern analysis,
which shows a smaller KRP4 mRNA species specif-
ically found in testes that is not observed in the
ovary and brain (Figure 4B). This indicates possible
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alternative splicing of the KRP4 message specific to
the testes. The other KRP messages found in the
ovary, KRPs 3, 5, and 6, are not visible on a North-
ern blot of 10 ,ug total RNA. This could be due to
low abundance of the messages or the species het-
erogeneity.

Testes KRPs Are Localized to the
Seminiferous Epithelium
Specific cell types are stratified within the SE (as
shown in Figure 5). This ordered arrangement allows
us to identify cell types that may be enriched in indi-
vidual KRP gene products. Figure 5 shows a schematic
of a representative tubule in cross-section. Mitotically
active spermatogonia are located at the periphery of
the epithelia (Figure 5, region a) while cells undergo-
ing meiosis are located in a more interior area of the
tubule. Spermatids are located even closer to the api-
cal surface of the epithelia (Figure 5, region c) and are

released into the lumen (Figure 5, region d) when their
maturation is complete.
We conducted in situ hybridization experiments to

determine whether individual KRPs are expressed in
specific cell types of the testes (Figure 6). Anti-sense
RNA probes specific for the head domain of each KRP
were hybridized to 25- to 30-,tm frozen testes sections.
KRPs 2, 3, and 5 were expressed in the same region of
the SE whereas KRP3 was expressed to a lower degree
than KRPs 2 and 5 (Figure 6, A-D, G, and H). Expres-
sion of these three genes is localized to a region in the
interior of the epithelia containing meiotic cells. KRPs
4 and 6 are also expressed in the SE but in a pattern
slightly different from that of KRPs 2, 3, and 5
(Figure 6, E, F, I, and J). KRPs 4 and 6 appear to be
expressed primarily in the basal area of the epithe-
lium rather than closer to the lumen as seen for
KRPs 2, 3, and 5. In addition, the reduced intensity
of labeling indicates that KRPs 4 and 6 may be less
abundant messages. The signal associated with the
KRP4 message is less localized than that of KRP6
but appears enriched in the basal region of the SE.
KRP1 does not appear to localize specifically to the
tubules and is found uniformly throughout the tes-
tes (our unpublished observations).
The low level of resolution provided by the thick

frozen sections used in this study does not make it
possible to assign each KRP to a specific cell type. Such
determinations require using thin paraffin sections.
However, it is clear from these studies that the pattern
of expression of KRPs 2, 3, and 5 is different from that
of KRPs 4 and 6. KRP2 mRNA, and possibly 3 and 5,
is localized to a meiotically active region of the SE
whereas KRPs 4 and 6 appear localized to mitotically
active regions of the epithelium.
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Figure 4. Tissue distribution of KRP gene expression. (A) Slot blot
analysis of KRP gene expression. Ten micrograms of total RNA
from each of the tissues indicated was applied to membrane using
a slot blot apparatus. Each strip was then hybridized individually
with labeled probe specific for each KRP. KRPs 2, 3, and 5 are testes
specific whereas KRPs 4 and 6 are enriched in the testes but also
found in other tissues. (B) Northem analysis of KRP gene expres-
sion. Ten micrograms of total RNA isolated from brain, ovary, and
testes was separated by electrophoresis through a formaldehyde
gel, transferred to nylon membrane, and hybridized to labeled DNA
probes specific for each KRP.

KRP2 Is Expressed in a Subset of the Stages of the
Seminiferous Epithelium
The cyclical process of spermatogenesis takes 48-58
days in the rat for stem cells to differentiate into sper-
matozoa. A new cycle is initiated every 12-13 days
resulting in the overlapping of lineages and the asso-
ciation of cells from different developmental stages
with one another within the epithelium. The rat sem-
iniferous epithelium consists of 14 histologically dis-
tinct stages or cell combinations (Leblond and Cler-
mont, 1952). Each stage contains a different collection
of developing cell types and is classified primarily by
the morphology of the developing spermatid (Leblond
and Clermont, 1952). Due to the convoluted nature of
the tubules within the testes, a cross-section reveals
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Figure 5. Schematic of the seminiferous epithelium. The SE of the testes contains several different cell types: rapidly dividing cells of the
spermatogenic lineage, post meiotic cells, and supporting cells. Spermatogenesis involves a well-defined developmental sequence whereby
germ cells undergo reduction in chromosome number and dramatic morphological changes to form active spermatozoa. During their
maturation, developing spermatocytes move toward the lumen of the tubule where they are eventually released. The almost stratified
organization of cell types within the SE permits determination of whether KRPs are expressed in actively dividing cells. The different cell
types of the SE and their relative positions within the epithelium are shown. The epithelia is arbitrarily divided into four zones to indicate
regions of enrichment of certain cell types: (a) basal region where spermatogonia (Sg) reside, (b) intemal zone rich in spermatocytes (Sc), (c)
region of maturing spermatids (St), and (d) the lumen with released spermatozoa (Sz). The mitotic and meiotic activity of cells in each zone
is indicated by the presence of mitotic/meiotic figures. Cell division occurs in zones a and b containing mitotically active spermatogonia and
meiotically active spermatocytes, respectively. Sertoli cells, the somatic cells of the tubule, are shown as pyramidal cells with oddly shaped
nuclei (Se).

tubules in each of the 14 stages. Cross-sections con-
taining meiotically active cells have a characteristic
histology with views of secondary spermatocytes, oc-
casional meitotic figures, and spermatids with a bent
head morphology residing deep in the epithelia. If
KRP2 is indeed a meiotic motor, we predict its pres-
ence in tubes with this appearance and not in tubes
with cells from other developmental stages such as
later stage spermatids arranged at the apical edge of
the epithelia.
To examine whether KRP2 is expressed in all tubule

cross-sections or in only a subset, we used thin (3 ,um)
paraffin sections of rat testes for in situ hybridization.

KRP2 is clearly not expressed to the same degree in all
stages (Figure 7). Expression varies from almost en-
tirely absent in some tube cross-sections to quite in-
tense in others (Figure 7, A and C). We observed that
the tubules with the most intense signal had few sper-
matozoa at the apical aspect of the epithelium whereas
those tubes lacking signal contained abundant sperm
ready for release. The morphology of these tubes is
suggestive of a stage containing meiotically active
spermatocytes. This is consistent with our model that
KRP2 functions in meiotic chromosome segregation.
In addition, no radioactive signal was detected in the
nongerminal pseustratified epithelia of the epididy-
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mis, the convoluted duct that connects the testes to the
ductus deferens, which is mitotically active.

DISCUSSION

An individual eukaryotic cell contains numerous mo-
tor proteins to conduct the movements necessary for
cell viability. Kinesin motors participate in quite di-
verse cellular functions including cell division, or-
ganelle transport, and nuclear movement. Although
many KRPs have roles in mitotic cell division, no KRP
has been identified with exclusive function in meiosis.
One might expect to find specialized motors designed
for the unique chromosome dynamics of meiotic cell
division; however, a systematic search for such pro-
teins has not yet been reported.
Meiotic tissues exhibit unique subcellular move-

ments that may require specialized motors. Chromo-
some behavior during meiosis, particularly during the
first division, differs markedly from that seen during
mitosis. Alignment and disjunction of chromosomes
during meiosis I occurs by orientation of bivalents to
the pole, not sister chromatids as in mitosis. Somatic
cells of the testes may also contain specialized motor
proteins. Sertoli cells contain an atypical microtubule
array that may involve unique microtubule motors
and may mediate the movement and positioning of
spermatids within the SE (Redenbach and Vogl, 1991).
We conducted a PCR screen in an effort to identify

new KRPs involved in meiosis and other motile events
unique to germinal tissue. Rat testes contains at least
six kinesin-related proteins, three of which are ex-
pressed exclusively in the SE. Two of these, KRP2 and
KRP6, are homologous to mitotic motors. The remain-
ing KRPs do not match any known KRP and may
represent motors with previously unknown functions.
These new KRPs are candidates for testes-specific mo-
tors with roles in movements unique to spermatogen-
esis and spermiogenesis including chromosome seg-
regation, nuclear shaping of the sperm head, flagellar
movements, and transport of spermatozoa within Ser-
toli cell crypts.
KRP2 is a new member of an emerging kinesin

subfamily of central domain KRPs (Aizawa et al.,

Figure 6 (cont). In situ localization of KRP gene expression. Per-
fusion fixed testes were frozen, sliced, and hybridized to 35S-labeled
RNA probes complementary to each KRP mRNA. Testes sections
were viewed by dark-field (A, C, E, G, I, and K) and bright field (B,
D, F, H, J, and L) microscopy. KRP genes show varying patterns of
expression. KRPs 2 (A and B), 3 (C and D), and 5 (G and H) are
expressed primarily in an internal zone of the SE. KRP6 message (I
and J) is found more basally, at the outer edge of the SE while KRP4
gene expression (E and F) is found in the SE but is not well localized,
being slightly enriched in the basal region. Panels K and L show
dark field and phase images of negative controls: tissue hybridized
to labeled probe corresponding to the sense strand of KRP2. In situ
hybridization with the KRP1 probe gave a very low signal that was
not discernible above background and therefore is not shown.

1992). This group contains proteins shown primarily
to be associated with the mitotic spindle, centrosome,
and the centromere. The central domain subfamily
appears analogous to the bimC subfamily; both
groups are comprised of proteins with related func-
tions and divergent tail domains.
KRP2 and MCAK are closely related throughout

their sequence and may represent functional homo-
logues. The close relationship between KRP2 and a
mitotic KRP coupled with its localization to the SE
make KRP2 a good candidate for a motor active in
meiosis. This idea is further strengthened by the find-
ing that KRP2 expression is restricted to a subset of
spermatogenic stages including those containing mei-
otic cells. MCAK has been shown to localize to the
mammalian centromere (Wordeman and Mitchison,
1995). Although assignment of KRP2 as a centromere-
associated kinesin awaits development of specific an-
tibodies, the extensive homology of KRP2 with MCAK
suggests a possible association with the centromere in
dividing spermatocytes.
The kinetochore and its associated chromatin dis-

play strikingly different properties during meiosis I
than do their counterparts in mitosis. The centromeres
of sister chromatids must remain fused or very closely
associated during meiosis I to prevent premature sep-
aration and nondisjunction. This behavior is likely
to require meiosis-specific centromere components.
KRP2 could represent a tissue-specific variant of
MCAK designed for the unique chromosomal behav-
ior during meiosis. KRP2 located at the centromere
could provide the force necessary to assure the con-
tinued adherence of sister chromatids during an-
aphase of meiosis I. Other possible roles for the KRP2
motor consistent with its sequence homology and tis-
sue localization include movement of bivalents during
meiosis I and sister chromatids during meiosis II.
Future experiments will determine whether KRP2 is
found only in meiotic cells. Such a localization would
implicate KRP2 in meiosis-specific events such as
orientation and poleward movements of bivalents
and/or bivalent stabilization/adhesion during meio-
sis.
One interesting question raised by our studies is

whether gender-specific motors exist in vertebrates.
Several of the motors isolated from testes are also
expressed in ovaries although one motor, KRP2, seems
testes specific. It is clear from studies in Drosophila that
meiosis in female and male flies progresses by quite
different mechanisms (Hawley et al., 1994). There are
hints that such differences may exist in higher organ-
isms as well. For example, the rate of nondisjunction
during female meiosis in mammals is significantly
higher than that observed in males (Nijhoff and De
Boer, 1981). Certainly, the two sexes have quite differ-
ent problems to contend with during gametogenesis
including the partitioning of different chromosome
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Figure 7. Localization of KRP2 message in thin sections of rat testes. Testes fixed by perfusion were embedded in paraffin, cut into 3 ,um
thick sections and hybridized to 35S-labeled, anti-sense RNA probes complementary to KRP2. Testes sections were viewed by both dark field

(A, C, and E) and bright field (B, D, and F) microscopy. These panels show views representative of data from several experiments. KRP2

message appears specific to one or a small number of spermatogenic stages as it is not uniformly localized to all tubule cross-sections.
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complements and different modes of meiotic regula-
tion. The specific mechanisms underlying many of
these differences are poorly understood. We believe it
is quite likely, as is the case in Drosophila, that verte-
brates will employ gender-specific motor proteins
during meiosis. Further exploration of the motors in-
volved should greatly facilitate our understanding of
these processes.
The mitotic members of the KIF2 subfamily contin-

ues to expand with the recent report of two central
motor KRPs in Xenopus egg extracts and DSK1, a
spindle-associated kinesin from diatom. The two Xe-
nopus proteins have motor domains with high (70%)
sequence identity to KIF2 (Wolczack and Mitchison,
personal communication). One of these, XKCM1, lo-
calizes to the centromere early in mitosis then shifts to
a polar location at later times. Diatom DSK1 has been
localized to the spindle overlap zone (Wein and
Cande, personal communication). DSK1 is the most
divergent member of this group with 45% sequence
identity to the KRP2 head domain.
Most of the central motor KRPs appear to form a

subfamily analogous to the bimC family. Both groups
contain structurally related proteins with similar cel-
lular functions. The exception is mouse KIF2, which
has been reported to function in the movement of
small vesicles in fast axonal transport (Noda et al.,
1994). The existence of a kinesin subfamily member
that is structurally homologous but functionally diver-
gent from other members of its class is unusual. KIF2
shares high sequence identity with KRP2 and MCAK
but that homology declines outside the motor domain.
The expression pattern of KIF2 is also quite different
from KRP2 with KRP2 expression restricted to testes
whereas KIF2 is found in all adult tissues examined.
Characterization of additional members of the central
motor subfamily and determination of the cellular
function of already identified members should clarify
the relationships between these proteins. It is possible
that during the process of evolution KIF2 retained
motor functions similar to those of other subfamily
members while gaining different functionalities by di-
vergence of its nonmotor domains.
Like KRP2, KRP6 is homologous to a previously

characterized mitotic KRP; however, KRP6 has a dif-

(Figure 7 cont.) Instead, some tubules (A and C, filled arrows) are
much more intensely stained than others (A and C, empty arrow-
heads). Tubule cross-sections with maximum signal share several
histological characteristics including sperm heads embedded deep
within the epithelia with few visible at the apical surface (B and D,
filled arrows). In contrast, less well stained tubules were observed to
have a lumen filled with sperm tails and sperm heads lining the
apical side of the epithelia (B and D, empty arrowheads). The
similar morphology of KRP2 positive tubules further confirms the
idea that KRP2 is a stage-specific message. Panels E and F are
sections hybridized to the sense strand of KRP2 as a negative
control.

ferent pattern of expression from KRP2 indicative of a
disparate function. The KRP6 PCR fragment is 90%
identical to the analogous region from Xenopus Eg5.
Such high sequence conservation suggests that KRP6
functions in mitosis in a manner similar to Eg5. Eg5 is
located along spindle pole fibers and appears more
concentrated at the centrosome. It has been proposed
that Eg5 facilitates depolymerization at microtubule
minus ends, thus producing the poleward tubulin flux
seen in the mitotic spindle (Sawin et al., 1992). The
distribution of KRP6 message within the testes is con-
sistent with a role in mitosis: KRP6 mRNA is located
in a region of the SE where mitotically active sper-
matogonia reside.
The observation that KRP6 message is found in

other tissues, although enriched in testes, suggests
that KRP6 may be a more general mitotic protein. The
in situ experiments described here are not of high
enough resolution to determine whether KRP6 is
found in spermatocytes as well as spermatogonia. It is
clear, however, that KRP6 is expressed at a much
lower level in the meiotically active area of the tubule
than is KRP2. Although KRP2 and KRP6 are homolo-
gous to mitotic motors, their distinct expression pat-
terns in the SE indicate functions in different cell types
and at separate stages in the development of haploid
sperm.
The remaining KRPs isolated in our screen, KRP1,

KRP3, KRP4, and KRP5, display interesting localiza-
tions and may represent motors designed for the
unique motile properties of the testes, both in chro-
mosome segregation and other intracellular move-
ments. This is particularly true for the testes-specific
KRP messages. The PCR fragment from the head do-
main of the testes KRP3 gene is 56% identical to a
similar region from a recently discovered kinesin-re-
lated gene from Chlamydomonas reinhardtii (Bernstein
and Rosenbaum, personal communication). This new
KRP was identified by its homology to the kinesin
superfamily and its up-regulation after deflagellation.
Another KRP identified in the same screen, Klpl, has
been characterized further and is located on one of the
central pair microtubules of the Chlamydomonas fla-
gella (Bernstein et al., 1994). Klpl is proposed to exert
force against the central microtubule, thus producing
a twisting movement. The presence of a homologous
gene in a vertebrate is tantalizing and suggests that
KRP3 may be important for the structure and function
of the flagellar axoneme in spermatozoa. It is certainly
possible, given the high level of expression of sperma-
tozoa proteins in testes, that some of the other testes
KRPs identified in our screen may also participate in
flagellar movement.
KRP4 and KRP5 show no significant homology to

protein sequences entered into available databases
and therefore speculation on possible functions must
rely upon cellular localization. KRP5 is expressed in
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the same region of the SE at about the same level as
KRP2 but unlike KRP2 is expressed in the ovaries as
well. Such a restriction to germinal tissue could indi-
cate specific motor function in gametogenesis. It is
unlikely that KRP5 is involved in mitosis in that its
pattern of expression within the testes is quite dissim-
ilar from that of KRP6.
Unlike KRP2, expression of KRP4 is not restricted to

testes, being found in the ovary and brain. Interest-
ingly, the testes appear to express two forms of the
KRP4 message: a constitutive species found in brain,
ovary, and testes and a smaller testes-specific species.
KRP4 message is enriched in a region of the SE more
basally located than where KRPs 2, 5, and 3, are found
and its pattern of expression is far less localized.
Three KRP messages are enriched in the seminifer-

ous epithelium of the testes, suggesting a role for these
proteins in intracellular motility unique to this tissue.
Motors participating in chromosome segregation dur-
ing meiosis would be predicted to localize to the mei-
otically active interior of the epithelium. This appears
to be the case for the KRP2 gene, and possibly for
KRP3 and KRP5 as well. Motor proteins involved in
spermiogenesis would also be localized to the interior
of the tubule and closer examination at higher resolu-
tion is required to define the cell types expressing
these KRPs. KRP3, due to its identity to a flagellar
KRP, is a good candidate for a motor involved in the
formation and functioning of motile sperm.
Mitotic motor proteins should be expressed in the

mitotically active spermatogonia and in Sertoli cells.
Spermatogonia divide only during a small portion of
the developmental cycle of the tubule and are not
subject to the clonal expansion of spermatocytes.
Therefore, mitotic motors should be found in a smaller
percentage of tubules than meiotic motors or motors
involved in latter stages of spermiogenesis. KRP6 fits
this expectation with its localization to the basal area
of the tubule in a fraction of the tubules examined.
We have identified new proteins, some with poten-

tial roles in mitosis and meiosis and others implicated
in the unique motile events of the testes. KRP2, a
testes-specific motor identified in our screen, has
properties consistent with its function as a motor in
chromosome segregation during meiosis. KRP2 is ho-
mologous to a group of proteins located in the mitotic
apparatus and is expressed in a region of the SE con-
taining meiotically active cells. KRP6 is also related to
a mitotic motor but has a pattern of expression distinct
from that of KRP2 and consistent with expression in
mitotically active spermatogonia. The other KRPs
identified in our screen may have roles in chromo-
some segregation or in the later maturation of sper-
matids into spermatozoa.
The description of a new class of testes-specific mo-

tors is important in understanding the complex devel-
opment of mammalian sperm. The proper regulation

and activity of meiotic motors is essential for forma-
tion of viable gametes. Misregulation of motors nec-
essary for chromosome segregation and for successful
completion of spermiogenesis could result in abnor-
mal gametes, abnormal progeny, and infertility. Iden-
tification of motors specific for gametogenesis repre-
sents a first step in understanding the role of motor
proteins in the differentiation of germ cells to func-
tional gametes.
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Note added in proof. Further comparison of the KRP1 sequence
with those in available databases revealed high sequence identity to
HSET, a kinesin-related protein from human (Ando et al., 1994) and
CHO2 from hamster (Kuriyama et al., 1995). Although the function
of HSET has not yet been demonstrated, CHO2 is a minus-end
directed motor associated with the interphase centrosome and mi-
totic spindle.
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