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Abstract

We recently discovered that in rat spermatids, kinesin light chain KLC3 can associate with outer dense fibers, major sperm tail
components, and accumulates in the sperm midpiece. Here, we show that mitochondria isolated from rat-elongating spermatids have bound
KLC3. Immunoelectron microscopy indicates that the association of KLC3 with mitochondria coincides with the stage in spermatogenesis
when mitochondria move from the plasma membrane to the developing midpiece. KLC3 is able to bind in vitro to mitochondria from
spermatids as well as somatic cells employing a conserved kinesin light chain motif, the tetratrico-peptide repeats. Expression of KLC3 in
fibroblasts results in formation of large KLC3 clusters close to the nucleus, which also contain mitochondria: no other organelles were present
in these clusters. Mitochondria are not present in KLC3 clusters after deletion of KLC3’s tetratrico-peptide repeats. Our results indicate that
the rat spermatid kinesin light chain KLC3 can associate with mitochondria.

© 2004 Elsevier Inc. All rights reserved.
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Introduction

Spermatogenesis is characterized by continuous germ
cell proliferation and differentiation and takes place in
seminiferous tubules, where developing germ cells undergo
a series of characteristic differentiation steps in close
association with somatic Sertoli cells. After an initial
proliferative phase, mitotically active spermatogonia enter
a pre-meiotic phase and become spermatocytes that
undergo meiotic division. Upon completion of meiosis,
spermatids emerge that differentiate into spermatozoa
through a process known as spermiogenesis. Dramatic
morphological changes occur in this phase including the
formation of the sperm tail, which contains two unique
structures: outer dense fibers (ODF) and fibrous sheath
(FS). Several ODF components and associated proteins
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were recently cloned (Burfeind and Hoyer-Fender, 1991;
Hoyer-Fender et al., 1998; Morales et al., 1994; Petersen et
al., 2002; Schalles et al., 1998; Shao et al., 1997, 1999,
2001; Turner et al., 1997; van der Hoorn et al., 1990) and
we demonstrated that they interact specifically via leucine
zipper motifs (Kierszenbaum, 2001; Shao et al., 1997). A
distinct region of the tail is the midpiece, which contains
mitochondria surrounding the ODF and axoneme, but lacks
the FS. The mitochondria form a helical mitochondrial
sheath. The basis for the formation of the midpiece is not
understood: in step 15 rat spermatids a constriction point
called the annulus (Irons and Clermont, 1982a,b) that
separates the bulk of spermatid cytoplasm from the growing
tail descends. In its wake mitochondria, which until that
time are located at the plasma membrane, migrate to ODF
that are now accessible in the future midpiece region. In
mature spermatozoa, mitochondria appear connected to
ODF by a proteinaceous structure, the submitochondrial
reticulum (SMR) (Olson and Winfrey, 1990, 1992). Its
composition and involvement in aligning mitochondria is
not clear.
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We recently reported the isolation of the novel kinesin
light chain KLC3 (KLC3 mRNA GenBank accession no.
AF166267) that is expressed in rat testis as well as in some
other tissues (Junco et al., 2001). Together with kinesin
heavy chains (KHC), KLC form kinesin motor molecules.
Kinesins and kinesin-related proteins (KRPs) transport
cargo along microtubules (reviewed in (Block, 1998;
Endow, 2003; Goldstein, 2001a,b; Hackney, 1996; Higuchi
and Endow, 2002; Hirokawa, 1998; Howard, 1996; Kamal
and Goldstein, 2002; Moore and Endow, 1996; Schnapp,
2003; Scholey, 1996). The role of KLC may be regulation of
motor activity (Verhey et al., 1998) and/or binding of cargo,
which can include proteins, mitochondria (Khodjakov et al.,
1998), and various vesicles (Gindhart et al., 1998; Johnson
et al.,, 1996). Kinesins and KRPs have been detected in
mammalian testis including six KRPs (Sperry and Zhao,
1996) and a conventional kinesin associated with the
manchette, a transient microtubule structure that may
function as an organizational scaffold for proteins that are
required in the sperm tail or head (Hall et al., 1992;
Kierszenbaum, 2001). KRP3A and KRP3B localize to
spermatid nuclei (Zou et al.,, 2002), KIFC5 kinesin
associates with all microtubule-containing spermatid struc-
tures (Navolanic and Sperry, 2000) and Kinesin II (Miller et
al., 1999), kinesin-associated protein 3 KAP3 (Yamazaki et
al., 1996) and kinesin KIFC1 are found in close association
with the developing acrosome (Yang and Sperry, 2003).
These results indicate a role for kinesins in sperm tail
development, including organelle movement and transport
in the tail. No kinesin or kinesin components have been
described thus far in association with mitochondria in
elongating spermatids.

The germ cell expression pattern of KLC3 is interesting:
mRNA is present before and after meiosis, in contrast to the
neuronal KLC1 and ubiquitous KLC2 (Rahman et al., 1998)
that are only expressed before meiosis (Junco et al., 2001).
KLC3 has domains characteristic of KLC including the
conserved heptad repeat (HR) that binds to KHC (Die-
fenbach et al., 1998; Gauger and Goldstein, 1993) and
tandem tetratrico-peptide repeats (TPR) that in other
proteins mediate protein interactions (Gindhart and Gold-
stein, 1996). Our recent results suggested that KLC3 might
be involved in sperm tail midpiece formation: KLC3
accumulates in the sperm tail midpiece, which contains
the axoneme, ODF, and the mitochondrial sheath (Junco et
al., 2001). We recently described that KLC3 can bind to
ODF (Bhullar et al., 2003).

Here, we studied the developmental expression of
KLC3 and discovered its interaction with rat spermatid
mitochondria both in vitro and in vivo. We asked which
region is responsible for this interaction and the in vitro
assays demonstrate that KLLC3 can bind to mitochondria
mediated by specific repeats in the TPR domain.
Expression of KLC3 in fibroblasts produces KLC3 protein
clusters which contain mitochondria but not other
organelles.

Materials and methods
Immunoelectron microscopy

Processing of tissues for Lowicryl K4M embedding
followed a standard protocol used in our laboratory (Oko et
al., 1996). Lowicryl-embedded ultra thin sections of five
independently processed testes and epididymides prepara-
tions were mounted on 200-mesh, Formavar-coated nickel
grids, transferred and floated tissue side down on 10-20 pl
drops of the following solutions: 10% goat serum (gs) in 20
mM Tris—HCI buffered saline (TBS), pH 7.4, 15 min; anti-
KLC3 MAbD diluted 1:10 in TBS, 1 h; TBS containing 0.1%
Tween-20, 5 X 5 min; 10% gs in TBS, 15 min; colloidal
gold (10 nm)-conjugated goat anti-mouse IgG diluted
1:20 in TBS, 45 min; TBS-Tween-20, 3 X 5 min; and dH,0),
2 X 5 min. Sections were counterstained with uranyl acetate
and lead citrate and 35 and 20 representative sections of step
15/16 elongating spermatids and step 19 elongated sperma-
tids, respectively, were examined by electron microscopy.
Controls consisted of replacing the primary antibody (anti-
KLC3) step with TBS and pre-immune mouse sera diluted
1:10 in TBS.

Constructs used in this study

KLC3 mutants were made by PCR using pBS(ATG)KLC3
(Junco et al., 2001) as template. To produce KLC3-AC the
following primers were used: Cf1478 (5CGCTAAGTG-
GACTGGCTGCAG 3)and C, 1174 (5 GCTGAGGATCTC-
CTTGTATAGCTCC 3'). To make KLC3ATPR, we used as
primers: TR2012 (5 GATGTGGGCCAAGCAGCTCAAC 3')
and T, 2012 (YGTCGACCATGGTGGGTACGTC 3'). The
KLC3-AHR mutant has been described before (Junco et al.,
2001). Mutant forms of KLC3 were cloned into the pCI-
HA vector for in vitro translation and binding experiments
and into the pGFP vector for cell transfection studies.

Isolation of liver and spermatid mitochondria

Round and elongating spermatids were isolated from rat
testes by centrifugal elutriation as described previously
(Higgy et al., 1995). Mitochondria were isolated from rat
liver and epididymal spermatozoa as follows. Cells were
resuspended in ice cold RSB (10 mM NaCl, 1.5 mM MgCl,,
10 mM Tris—HCL, pH 7.5) and transferred to a 15-ml
Dounce homogenizer. Cells were disrupted with several
strokes of the B pestle, 2.5x MS buffer was added
immediately to a final concentration of 1xX MS (210 mM
mammitol, 70 mM sucrose, 5 mM Tris—HCL, pH 7.5, 1 mM
EDTA). The homogenate was transferred to a centrifuge
tube and spun at 1300 X g for 5 min to remove nuclei,
unbroken cells and large membrane fragments. This was
repeated twice. The supernatant was transferred to a clean
centrifuge tube and mitochondria were pelleted at 17,000 x
g for 15 min. The crude mitochondrial pellet was purified
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on a sucrose step density gradient (1.0 M sucrose and 1.5 M
sucrose in 10 mM Tris—HCI, pH 7.5, 1 mM EDTA) at
60,000 x g for 20 min and resuspended in test buffer (1 M
KCI, 0.1 M KH,PO4, 50 mM succinate, | M HEPES, pH
7.4). All preparations were examined under the microscope
and were found not to contain major contaminating cellular
structures. Also, they do not contain appreciable amounts of
tubulins as determined by Western blotting assays. Total
protein extracts were also prepared from elongating
spermatids.

Mitochondrial binding assay

KLC3, p21™, which is not known to bind mitochon-
dria, and mutant KLC3 proteins, which allow determina-
tion of the region(s) involved in mitochondrial binding,
were translated in vitro using the TNT reticulocyte
transcription and translation system (Promega, Madison,
WI) in the presence of [*>S]-methionine. Radiolabeled
proteins were incubated with purified mitochondria at
30°C for 30 min. The mitochondria were pelleted at
17,000 x g for 15 min at 22°C through a sucrose cushion.
Supernatants were saved for SDS-PAGE analysis, and two
subsequent pelleting steps were performed. Aliquots of
both supernatants (called sl and s2) and the final pellet
(indicated as p) were boiled in SDS sample buffer and
analyzed by electrophoresis on 10% w/v SDS-PAGE gels.
Gels were dried and exposed to Kodak BIOMAX film.
Radiolabeled proteins present in the mitochondrial pellets
were identified by autoradiography, and the intensity of
bands was quantitated. In control experiments, the above
procedures were followed except that no mitochondria
were added.

Western blot analysis of mitochondrial KLC3

Mitochondria were isolated from elutriated elongating
spermatids, spermatozoa, and liver, resuspended in SDS
loading buffer, boiled for 5 min and analyzed by SDS-
PAGE. Gel-separated proteins were transferred to nitro-
cellulose membranes. Membranes were blocked in 5% w/v
non-fat dry milk in TBSTN (25 mM Tris—HCI, pH 7.5,
150 mM NaCl, 0.1% Tween-20, 0.1% NP-40) and
incubated with 1-5 pg/ml primary polyclonal anti-KLC3
antibody in blocking solution for 1 h at room temperature,
followed by goat anti-rabbit IgG at 1:12,000 dilutions.
Finally, chemiluminescent reagents (KPL) were used for
detection.

Cell culture and transfection

NIH 3T3 cells were cultured in DMEM supplemented
with 10% fetal bovine serum and 1% sodium pyruvate on 6-
well plates containing glass coverslips. Cultures were
transfected with the indicated GFP-KLC3, GFP-KLCI,
and GFP-Odf2 fusion construct DNAs using Lipofectamine

Plus reagent as recommended by the manufacturer. GFP-c2
DNA (1 pg) was used as control. Cells were analyzed 48 h
after transfection.

Organelle labeling and microscopy

Mitochondria were stained as follows: transfected and
control NIH 3T3 cells grown on glass coverslips were
incubated for 30 min at 37°C in DMEM medium containing
10 nM MitoTracker Red CMXRos and washed three times
with dye-free medium. Next, cells were fixed in 3.7%
formaldehyde. Transfected cells were observed with a
Nikon fluorescence microscope or with a Zeiss confocal
microscope.

Golgi vesicles and lysosomes were visualized by indirect
immunofluorescence microcopy of transfected cells using
anti-Golgi and anti-lysosomal primary antibodies (gift of Dr.
M. Fritzler) and Cy-3 labeled secondary antibodies. Images
obtained by confocal microscopy were analyzed by decon-
volution processing (Microscopy and Imaging Unit, Uni-
versity of Calgary). Images were merged using Adobe
Photoshop.

Results

KLC3 is associated with mitochondria from epididymal
spermatozoa

The KLC3-staining pattern observed in previous con-
focal analysis of epididymal spermatozoa resembled that of
mitochondria in the sperm midpiece (Junco et al., 2001).
Since virtually nothing is known about molecules that play
a role in sperm midpiece formation, we investigated if
mitochondria isolated from elongating spermatids and
epididymal sperm contain associated KLC3. As control,
we used mitochondria from liver that expresses little if any
KLC3 (Junco et al., 2001). Mitochondria were isolated
from spermatozoa and liver and protein extracts were
prepared and analyzed by Western blotting. Total elongat-
ing spermatid proteins acted as positive control. Fig. 1
shows a Coomassie-stained gel of the indicated separated
proteins (lanes 1-3), and the corresponding Western blot
result is shown in lanes 4-6. As expected, we observe
KLC3 in elongating spermatids (lane 4), but not in liver
mitochondria (lane 6). The result in lane 5 shows that
KLC3 is indeed associated with mitochondria from
epididymal spermatozoa.

Ultrastructural developmental analysis of KLC3 expression

Previous immunocytochemical analysis using mono-
clonal antibodies had shown that KLC3 expression can
first be detected in step 12 spermatids reaching its highest
levels in steps 15-17 elongating spermatids (Bhullar et
al., 2003). Peak production thus coincides with the period
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Fig. 1. KLC3 is associated with sperm mitochondria. Protein extracts prepared from total elongating spermatids (lanes 1 and 4), from mitochondria isolated
from spermatozoa (lanes 2 and 5), and from mitochondria isolated from liver, which does not express detectable levels of KLC3 (lanes 3 and 6), were analyzed
by Western blotting using anti-KLC3 MADb. Lanes 1-3, Coomassie stained gel; lanes 4-6, Western blotting results of indicated protein extracts.

in spermiogenesis when mitochondria move away from
the cell periphery to the developing spermatid midpiece
where they encircle the growing ODF. The association of
KLC3 with sperm mitochondria suggested that KLC3
might also be found in association with mitochondria in
steps 15—17 elongating spermatids. To examine this, we
carried out immunoelectron microscopy of elongating
spermatids of different developmental stages using anti-
KLC3 MADb that specifically recognizes the 58-kDa
KLC3 protein. The results are shown in Fig. 2. Since
the intensity of gold label was low, we quantitated label
in a large number of sections at different stages of
spermatid development (steps 15/16 and step 19). The
results of quantitation are shown in Fig. 3. Fig. 2, panel
A shows that KLLC3 label can be detected in association
with a step 15 spermatid mitochondrion that is not yet
adjacent to ODF. Panel B shows KLC3 label on
membranes of step 15 spermatid mitochondria that have
moved near ODF (arrows). At this stage, KLC3 label can
also be observed on ODF (panel B, arrowheads),
extending our previous observations made in mature
sperm (Bhullar et al., 2003). In step 17 spermatids (panel
C) KLC3 localizes to the surface of mitochondria
(arrows) and between ODF and mitochondria or adjacent
ODF (arrowheads). Note that in step 17 spermatids
mitochondria are beginning to reshape and become more
intimately associated with ODF (compare mitochondria in
panels B and C). Panel D shows a cross-section through
the midpiece of a step 19 mature eclongated spermatid
about to be released in the lumen of the seminiferous
epithelium: KLC3 label can be observed associated with
mitochondria (arrows), as well as with ODF and the SMR
(arrowheads). Little labeling was seen over the axoneme
(Figs. 2B-D) or the fibrous sheath (not shown) in
agreement with earlier observations (Bhullar et al.,
2003). Quantitation of these results thus demonstrated
that KLC3 not only associates with ODF in elongating
(steps 15/16) and elongated (step 19) spermatids but also
with mitochondria. We also observed significant label in
the SMR in step 19 spermatids.

KLC3 forms clusters that contain mitochondria in
transfected fibroblasts

Organelles can be cargo of kinesin motor molecules:
however, the only light chain shown to bind mitochondria
(Khodjakov et al., 1998) is not expressed in spermatids
(Junco et al., 2001). The timing of KLC3 expression in
elongating spermatids and the association of KLC3 with
mitochondria suggested that KLC3 might play a role similar
to that of rat KLC1 in somatic cells (Khodjakov et al.,
1998). However, an effect of KLC3 on mitochondria cannot
be investigated in isolated elongating spermatids, which are
short lived and refractory to transfection. Therefore, we
analyzed possible effects of KLC3 on cellular organelles in
transfected fibroblasts that do not express endogenous
KLC3 protein (not shown). To visualize KLC3 in trans-
fected cells, we produced GFP-KLC3 fusion protein
expression constructs.

Fibroblasts were transfected with GFP or GFP-KLC3
fusion protein. After transfection cells were stained with
MitoTracker to visualize mitochondria, fixed, and analyzed
by fluorescence microscopy. In some experiments, trans-
fected cells were fixed, incubated with antibodies specific
for Golgi or lysosomes, and analyzed by fluorescence
microscopy. Fig. 4 shows the results. As expected, GFP is
present throughout the transfected cells (panel A). In GFP-
positive cells mitochondria have a normal distribution
(panel B). GFP does not co-localize with mitochondria
(panel C, merged images). In contrast to GFP, we
observed that expression of GFP-KLC3 caused formation
of large KLC3-positive cytoplasmic clusters (panels D, G,
J). These clusters appear close to the cell nucleus.
Interestingly, we observed that these KLC3-positive
clusters contain mitochondria (MitoTracker stain, panel
E; merged images, panel F). Examination of over 200
KLC3-cluster-positive cells indicated that they all demon-
strated mitochondrial clustering as well. However, clusters
do not contain lysosomes (panel H; merged images, panel
I) or Golgi apparatus (panel K; merged images, panel L).
These experiments indicate that in transfected cells, KLC3
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Fig. 2. KLC3 is associated with mitochondria in elongating spermatids. Anti-KLC3 MAbs were used in immunoelectron microscopy of rat testis sections to
investigate the KLC3 expression pattern and ultrastructural localization during spermiogenesis. Panels A and B show electron micrographs of step 15
spermatids: KLC3 label (arrows) is over the periphery of individual mitochondria (panel A) and mitochondria that are congregating at the ODF (panel B,
arrows). Arrowheads indicate label associated with ODF. Panel C shows KLC3 label on mitochondrial membranes in step 17 elongating spermatids (arrows)
and ODF (arrowheads). Note the more advanced condensation of mitochondria in step 17 spermatids. In mature step 19 elongated spermatids, KLC3 gold label
can be observed on mitochondrial membranes (arrows) as well as in association with ODF (arrowheads). Ax, axoneme; m, mitochondria; odf, outer dense

fibers. Magnification: panels A—C, 50,000x; panel D, 75,000%.

and mitochondria can accumulate in artificial structures
(clusters).

We next investigated if the observed effect is specific for
KLC3 or could also be seen using other proteins that can
form clusters. Cells were transfected with GFP-KLCI1 or
with GFP-Odf2 fusion proteins. The results show that both
GFP-KLC1 and GFP-Odf2 form cytoplasmic clusters
(green signal: panels M and N, respectively). However, in
contrast to GFP-KLC3 neither GFP-KLC1 nor GFP-Odf2
containing clusters contained mitochondria (red signal:
panels M and N, respectively). Together, these results
indicate that mitochondria are only captured by KLC3-
containing clusters.

Binding of KLC3 to mitochondria is mediated by TPR
sequences

To delineate sequences involved in KLC3-mitochondrial
associations observed in spermatids, we designed an in

vitro binding assay where mitochondria isolated from
sperm or from liver are incubated with in vitro-translated
KLC3 or KLC3 deletion mutants. Fig. 5, panel A, shows
the results of binding experiments using liver mitochondria
and KLC3 or p21™°, which protein does not bind
mitochondria. Identical results were obtained using sperm
mitochondria (not shown). KLC3 (lane 2) was mixed with
mitochondria, which were pelleted through a cushion
resulting in supernatant “s1” (lane 4), washed, re-pelleted
resulting in supernatant “s2” (lane 6), and the final pellet
“p” (lane 8). KLC3 can be observed in the pellet (lane 8),
but not in the corresponding supernatant “s2” (lane 6).
Thus, KLC3 can bind mitochondria from liver (and sperm)
in vitro. These results do not differentiate if binding is
direct or indirect. As expected, p21™ (lane 1) does not
associate detectably with mitochondria as evidenced by its
absence from the pellet fraction “p” (lane 7). To demon-
strate that in vitro-translated KLC3 does not partition to the
pellet as a result of low solubility, we carried out the same
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Fig. 3. Quantitation of gold label observed in immunoelectron microscopy.
To quantitate gold label observed over different subcellular structures in
step 15/16 elongating spermatids and step 19 elongated spermatids, label
was counted in 35 and 20 representative sections of these cells, respectively.
The Y axis shows the total number of gold label associate with indicated
structures within the indicated cells: “mito”, mitochondria; “smr”, sub-
mitochondrial reticulum; “odf”, outer dense fibers; “ax”, axoneme; “fs”,
fibrous sheath.

binding procedure in the absence of mitochondria: the
results in panel B demonstrate that in this case, no KLC3 is
observed in the pellet fractions (lane p). Thus, in vitro-
translated KLC3 is not insoluble.

We next employed this assay to delineate the mitochon-
drial-binding domain of KLC3 using the KLC3 deletion
mutants that are schematically represented in Fig. 5, panel
C. We focused on three important kinesin light chain regions
and constructed the following three mutants: a 52-kDa
KLC3-AHR mutant, which lacks the heptade repeat
sequence that binds to the kinesin heavy chain, the 28-
kDa KLC3-ATPR mutant, which lacks TPR repeats, and the
43-kDa KLC3-AC mutant, which has a deletion in the C-
terminal variable region, which in somatic rat KLC1 was
shown to bind mitochondria (Khodjakov et al., 1998). These
mutant proteins and wild type KLC3 were translated in vitro
and incubated with liver mitochondria. Binding was
analyzed as described for panel A and results are shown
in Fig. 5, panel D. Lanes 1-4 show the translation products
for KLC3-AHR, wild type KLC3, KLC3-AC, and KLC3-
ATPR, respectively, and lanes 5-8 show the KLC3 proteins
present in the final mitochondrial pellets. We observe that
mitochondrial binding of the KLC3-AHR mutant (lane 5)
was similar to that of wild type KLC3 (lane 6), suggesting
that HR sequences do not mediate mitochondrial binding.
The binding efficiency of the KLC3-AC mutant (lane 7)
appeared slightly decreased compared to wild type KLC3.
However, deletion of TPR sequences significantly reduced
binding (lane 8). Signals observed for bound KLC3 variants
were quantitated and normalized for input. Compared to
KLC3 (set at 100%), the binding efficiency was approx-
imately 100%, 75%, and 9% for KLC3-AHR, KLC3-AC,
and KLC3-ATPR, respectively. These data indicate that
KLC3 TPR sequences mediate the in vitro association with

mitochondria—be it direct or indirect—a result which
differs from that of rat KLC1.

To analyze if TPR sequences also play a role in the
observed inclusion of mitochondria in KLC3-positive
clusters in transfected cells, the following experiments were
performed. Fibroblasts were transfected with three mutant
GFP-fusion constructs, which contain GFP linked to the
deletion mutants analyzed for binding as described in Fig.
5B, and mitochondria were detected in transfected cells
using MitoTracker. The results are presented in Fig. 6. First,
the results show that all three deletion constructs cause
formation of KLC3-positive clusters in transfected cells
(panels A, D, and G) similar to wild type KLC3. Second,
clusters formed in cells expressing either the HR domain
deletion mutant (KLC3-AHR) or the C-terminus deletion
mutant (KLC3-AC) contain mitochondria similar to clusters
formed in wild type KLC3-expressing cells (note the
overlap of the GFP-KLC3 deletion mutant signals and
MitoTracker signals in merged images in panels C and F,
respectively). In contrast to these results, KLC3-ATPR-
positive clusters fail to capture mitochondria (merged
images, panel I). Together with the binding data this
suggests that the KLC3 TPR region is involved in
mitochondrial binding, but not clustering.

Discussion

Kinesins and KRPs are expressed during spermiogenesis.
Their presence makes sense. From morphogenetic studies, it
appears that a flagellar transport mechanism must exist
because during post-meiotic differentiation of spermatids, a
structure called the annulus separates the narrow and long
membrane bound periaxonemal compartment from the bulk
of the cytoplasm (Cesario and Bartles, 1994); proteins that
are needed for the development of the FS and ODF are
transported past the annulus. The axoneme, which repre-
sents the first tail structure to be formed during spermio-
genesis, likely provides the molecular tracks for
microtubule-based transport by kinesins and perhaps other
motor proteins. There has however not been any evidence
for involvement of kinesins or other motor molecules in
processes involving spermatid mitochondria.

Kinesins are involved in mitochondrial transport in somatic
cells

Several results gathered from neurons and in vitro
systems support a role in the transport of mitochondria by
specific kinesins and KRPs (Jellali et al., 1994; Leopold et
al.,, 1992): KIF1B transports mitochondria along micro-
tubules in vitro (Conforti et al., 1999; Nangaku et al.,
1994); KIF3A functions in fast axonal transport of
mitochondria (Elluru et al., 1995; Kondo et al., 1994);
activated PKA negatively regulates kinesin-mediated mito-
chondrial transport (Okada et al., 1995); Drosophila KHC
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Fig. 4. Association of mitochondria with KLC3 clusters. To investigate the specificity of binding of KLC3 to mitochondria 3T3 fibroblasts (KLC3 negative)
were transfected with GFP (panels A—C), GFP-KLC3 (panels D-L), GFP-KLC1 (panel M), and GFP-Odf2 (panel N). GFP signal (green) was observed by
fluorescent microscopy. Mitochondria were labeled with MitoTracker (red stain: panels B, C, E, F, M, and N), and lysosomal vesicles (red stain: panels H and I)
and Golgi apparatus (red stain: panels K and L) were visualized with antibodies in indirect immunofluorescence microscopy. Panels C, F, I, L, M, and N show
merged images (overlays) of green and red signals. In panels M and N, nuclear DNA was stained with DAPI (blue). Note that GFP-KLC3, GFP-KLCI, and
GFP-Odf2 all cause cluster formation, but that only mitochondria co-localize with only KLC3 clusters as demonstrated by the yellow signal in the merged
image (panel F). Magnification in panels A-I, 40X. Magnification in panels J-N, 100X.

mutants display disrupted fast axonal transport and organ-
elle jams involving mitochondria (Hurd and Saxton, 1996);
KIF5B™~ knockout mice are embryonic lethal and—
among other defects—show perinuclear aggregations of
mitochondria (Tanaka et al., 1998); and overexpression of
tau slows down fast axonal transport of mitochondria
(Ebneth et al., 1998; Trinczek et al., 1999). Recent evidence
suggests that the mutation in Charcot-Marie-Tooth disease
type 2A, which involves a human peripheral neuropathy, is
in kinesin KIF1B, one of the main neural transporters of
mitochondria (Zhao et al., 2001). Direct evidence for the
involvement of kinesin light chains in binding to somatic

mitochondria is limited to one report describing binding of
the C-terminus of rat KLC1 to mitochondria (Khodjakov et
al., 1998). Circumstantial evidence for KLC involvement
comes from a study showing that tumor necrosis factor
causes hyperphosphorylation of KLC, impairs kinesin
motor activity, and results in perinuclear aggregation of
mitochondria (De Vos et al., 2000). Recently, we demon-
strated that of the three known mammalian kinesin light
chains, only KLC3 is expressed in spermatids (Junco et al.,
2001) and it was suggested that KLC3 might thus play roles
in many transport processes in those cells. Here, we show
that KLC3 associates with mitochondria in elongating
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Fig. 5. In vitro binding analysis of KLC3-mitochondrial interactions. (A) To analyze if KLC3 can bind to purified mitochondria an in vitro binding assay was
done: liver mitochondria were incubated with in vitro translated, radiolabeled KLC3 or p21™* (negative control), pelleted, resuspended, washed, and pelleted
once more before analysis. Protein extracts from the input in vitro translation products (TNT), from the first supernatant (*s1”) and from the final supernatant
(“s2”) and corresponding mitochondrial pellet (“p™) were analyzed by SDS PAGE and autoradiography. Lanes 1, 3, 5, and 7; p21™ and lanes 2, 4, 6 and 8;
KLC3. Note that KLC3, but not p21™°, binds mitochondria. (B) To ensure that the presence of KLC3 in the mitochondrial pellets did not result from the KLC3
protein being insoluble, the binding experiments as described under section A were done with in vitro translated KLC3 in the absence of mitochondria. Lane
TNT shows in vitro translated KLC3, lane “s1” shows protein in the first supernatant, and lanes “s2” and “p” show the corresponding final supernatant and
pellet fractions. (C) Schematic representation of KLC3 deletion mutants that were tested for mitochondrial binding in comparison to wild type KLC3 (WT):
AHR lacks the heptade repeat, ATPR lacks the tetratrico-peptide repeat sequences, AC lacks the variable C-terminus. The approximate extent of the deletions is
shown. (D) The in vitro binding assay was next used to analyze KLC3 sequences involved in binding to mitochondria. In vitro translated proteins (“TNT?,
lanes 1-4) were incubated with liver mitochondria and examined as described in section A. Radiolabeled proteins bound to mitochondria (“pellet”: lanes 5-8)
are shown. Lanes 1 and 5: KLC3-AHR (“AHR”) lacks sequences that bind to KHC. Lanes 2 and 6: wild type KLC3 (“wt”). Lanes 3 and 7: KLC3-AC (“AC”)
lacks the variable C-terminus. Lanes 4 and 8: KLC3-ATPR (“ATPR”) lacks the TPR. Note the significant decrease in binding upon deletion of TPR sequences.

spermatids and spermatozoa in vivo and in vitro, and
KLC3-positive clusters in transfected fibroblasts contain
mitochondria.

KLC3 TPR domain mediates mitochondrial binding

The developmental study carried out at the ultrastructural
level indicates that in rat spermatids KLC3 associates with
mitochondria at stages during spermiogenesis when mito-
chondria relocate and attach to ODF in the future sperm tail
midpiece. This region, containing the axoneme surrounded
by ODF, becomes accessible in step 15 elongating
spermatids after descent of the annulus. Mature spermatozoa
also show KLC3-specific label surrounding ODF and in the
protein-rich SMR located between mitochondria and ODF
(Olson and Winfrey, 1990). Isolated sperm mitochondria
contain associated KLC3. Our binding studies further
indicate that mitochondria from somatic cells that do not
express endogenous KLC3 (liver) are able to bind KLC3
directly or indirectly. This indicates that the mitochondrial
KLC3 binding site is ubiquitous, rather than spermatid-
specific. We further discovered that KLC3 TPR repeats
mediate mitochondrial binding, in contrast to results

obtained for rat KLC1 (Khodjakov et al., 1998). TPR
repeats have previously been shown to act in binding
membrane vesicles in axonal transport (Bowman et al.,
2000; Stenoien and Brady, 1997; Tsai et al., 2000) and our
findings now expand that repertoire to include mitochon-
dria. Our transfection data show that KLC3 clusters contain
somatic cell mitochondria. The specificity of the observed
association of mitochondria with the KLC3 clusters is
demonstrated by the absence of Golgi and lysosomal
vesicles in such clusters. In addition, we show that clusters
formed by ODF2 do not contain mitochondria. A similar
observation was made for KLCl1: it is not clear at present
why KLCI clusters do not contain detectable amounts of
mitochondria. Possibilities are that regions involved in
KLC1 clustering and mitochondrial binding are mutually
exclusive, or that the KLC1 C-terminus which binds
mitochondria is not accessible in KLCI1 clusters. Impor-
tantly, the in vitro binding experiments and transfection
experiments gave the same results indicating that the TPR
region is involved in mitochondrial binding.

We do not at present know if the KLC3 clusters
containing mitochondria that we observe are similar to the
aggregates reported in KIF5B ™'~ knockout cells (Tanaka et
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Fig. 6. KLC3 TPR domain is required for mitochondrial clustering. To analyze the region in KLC3 responsible for capturing mitochondria in clusters, 3T3
fibroblasts were transfected with GFP-KLC3-AHR (panels A-C), GFP-KLC3-AC (panels D-F), and GFP-KLC3-ATPR (panels G-I) and analyzed by
fluorescent microscopy. Mitochondria were stained using MitoTracker. GFP signal (green), MitoTracker signal (red) and merged images (panels C, F and I) are
indicated. Note that colocalization is evident from the yellow color in merged images.

al., 1998) or to aggregates observed after inactivation of
KLC and kinesin motor activity (De Vos et al., 2000). These
studies suggest that the action of KIF1B, KIF5B, or other
mitochondrial kinesins are required for maintenance of
cytoplasmic mitochondrial localization and axonal transport
in somatic cells (Nangaku et al., 1994; Tanaka et al., 1998).
As reported by several groups (De Vos et al., 2000; Tanaka
et al., 1998), intervention results in abnormal clustering of
mitochondria which usually has adverse effects on the cell.
Indeed, we have thus far not been able to obtain fibroblast
cell lines that stably express KLC3 (not shown).

A similarity in underlying mechanism would imply that
mitochondrial aggregation in KLC3-positive clusters might
result from an inactivation of a kinesin or kinesin
component that normally maintains the subcellular mito-
chondrial distribution. The role of KLC3 in mitochondrial
localization and/or movement in spermatids is unclear at
present. In step 15, spermatids microtubules are present in
the axoneme. However, they are surrounded by ODF and
not accessible to KLC3-labeled mitochondria. Possible
models for KLC3 function include an unconventional role
for KLC3 in bringing together mitochondria and ODF that
does not involve classical kinesin-microtubule-mediated
transport (see below), movement along tracks other than
microtubules by association with other motor molecules
(spermatids contain actin filaments that support myosin-
related transport), and a role as a “glue” bringing together
ODF fragments or components and mitochondria. At
present, based on our results, it can be suggested that a
role of KLC3 in spermatid midpiece formation might
include mitochondrial processes. Recently, a 14-kDa sper-

matid protein called Spergenl was shown to bind mitochon-
dria (Doiguchi et al., 2002). Spergenl shares no homology
with KLC3. Its relationship, if any, with KLC3 and
spermatid mitochondrial associations in elongating sperma-
tids remains to be determined.

The observations presented here may help address an
aspect of the phenotype of certain mouse mutants that fail to
assemble an axoneme during spermiogenesis: homozygous
male sterility-inducing mutation hpy mice (Bryan, 1981)
and infertile transgenic OVE 129 mice (Russell et al., 1994)
lack normal axonemes and as a result ODF assembly is
abnormal. In these mice, abnormal ODF fragments are
found grouped with mitochondria. It had been concluded
that ODF assembly and organization requires an axoneme,
and we recently provided evidence in support of this notion
by showing that SPAG4 may be a crucial factor in this
process (Shao et al.,, 1999). The molecular basis of the
association of ODF fragments with mitochondria is not
known. Our results together with previous observations
show that KLC3 can bind to ODF (Bhullar et al., 2003),
employing the HR region, and to mitochondria, using the
TPR region. Thus, KLC3 may play multiple independent
roles in spermatid development, or these observations may
be related suggesting the possibility that KLC3 might bring
together ODF fragments and mitochondria.
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