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The motor protein kinesin is implicated in the intracellular transport of organelles along
microtubules. Kinesin light chains (KLCs) have been suggested to mediate the selective
binding of kinesin to its cargo. To test this hypothesis, we isolated KLC cDNA clones
from a CHO-K1 expression library. Using sequence analysis, they were found to encode
five distinct isoforms of KLCs. The primary region of variability lies at the carboxyl
termini, which were identical or highly homologous to carboxyl-terminal regions of rat
KLC B and C, human KLCs, sea urchin KLC isoforms 1-3, and squid KLCs. To examine
whether the KLC isoforms associate with different cytoplasmic organelles, we made an
antibody specific for a 10-amino acid sequence unique to B and C isoforms. In an indirect
immunofluorescence assay, this antibody specifically labeled mitochondria in cultured
CV-1 cells and human skin fibroblasts. On Western blots of total cell homogenates, it
recognized a single KLC isoform, which copurified with mitochondria. Taken together,
these data indicate a specific association of a particular KLC (B type) with mitochondria,

revealing that different KLC isoforms can target kinesin to different cargoes.

INTRODUCTION

Kinesins are motor proteins that utilize ATP hydroly-
sis to drive the transport of macromolecular structures
along microtubules (for review, see Bloom and En-
dow, 1995). Among the members of the superfamily,
conventional kinesin (reviewed in Scholey, 1996) is the
most ubiquitous motor, which is found in a variety of
cells and tissues (Hollenbeck, 1989) and functions dur-
ing both interphase and mitosis (Wright et al., 1991).
The kinesin molecule is an elongated heterotetramer
containing two heavy (KHC) and two light (KLC)
chains (Bloom et al., 1988; Kuznetsov et al., 1988).
Molecular masses vary in different species from 110 to
130 kDa for the KHCs and from 51 to 76 kDa for KLCs
(Bloom and Endow, 1994). The globular, amino-termi-
nal domain of the KHC forms the motor head contain-
ing the ATPase and microtubule-binding activities
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(Scholey et al., 1989; Yang et al., 1989). Two motor
domains are connected with the globular tail domain
through a coiled-coil stalk (Hirokawa et al., 1989).

Kinesin is implicated in the transport of various
membrane-bound organelles (for review, see Goodson
et al., 1997). However, mechanisms regulating kinesin-
dependent transport and particular kinesin—cargo in-
teractions still remain vague. Since the KLCs have
been localized to the cargo-binding tail domain of the
molecule, they have been suggested to be involved
with cargo interaction (Hirokawa et al., 1989). This
hypothesis is very attractive, particularly because each
organism usually contains multiple KLC isoforms.
Two distinct KLCs were found in kinesin purified
from bovine brain (Pfister et al., 1989; Wagner et al.,
1989) and unfertilized sea urchin eggs (Johnson et al.,
1990). KLCs isolated from various cDNA libraries also
show evidence of a family of isoforms for this protein
(Cyr et al., 1991; Beushausen et al., 1993; Wedaman et
al., 1993).

KLCs, cloned from rat (Cyr et al., 1991), Drosophila
(Gauger and Goldstein, 1993), human (Cabeza-Arve-

333



A. Khodjakov et al.

laiz et al., 1993), sea urchin (Wedaman et al., 1993),
squid (Beushausen et al., 1993), and Caenorhabditis el-
egans (Fan and Amos, 1994), are highly conserved for
most of their sequence. The amino-terminal polypep-
tide regions contain multiple heptad repeats that are
responsible for binding to KHC, presumably through
a coiled-coil mechanism (Gauger and Goldstein, 1993).
The central region of the molecule contains several
long imperfect repeats which suggest protein—protein
interactions (Cabeza-Arvelaiz ef al., 1993; Gindhart
and Goldstein, 1996; Stenoien and Brady, 1997). Both
the extreme amino and carboxyl termini of KLCs re-
veal notable sequence variability. Multiple methioni-
nes at the amino terminus might give rise to isoforms
differing at their amino-terminal sequences, whereas
alternative splicing likely generates different carboxyl
terminus ends (Cyr et al., 1991; Beushausen et al., 1993;
Cabeza-Arvelaiz ef al.,, 1993; Fan and Amos, 1994;
Wedaman et al., 1993). Such variability has led to the
suggestion that the amino-terminal splicing of KLCs
leads to formation of isoforms with different affinity to
KHCs, whereas differential cargo trafficking is accom-
modated through the heterogeneity of the carboxyl
termini (Beushausen ef al., 1993).

In this article, we address the question whether
unique sequences at the carboxyl terminus of KLCs
determine the association of the motor with particular
cytoplasmic organelles. By screening an expression
library from CHO-K1 cells, we found cDNA molecules
encoding at least five different variants of KLC. We
made a monospecific antibody against one of these
unique sequences and showed that it specifically as-
sociates with mitochondria. Thus, among multiple
KLCs expressed in a distinct cell type, there is at least
one that specifically targets kinesin to mitochondria.

MATERIALS AND METHODS

Library Screening and Sequence Analysis

A commercial CHO-K1 Uni-Zap cDNA expression library (Stratagene,
La Jolla, CA) was used for screening. Immunoscreening was per-
formed with the a-KLC antibody (see below) following standard meth-
ods (Sambrook et al., 1989). Purified phage was excised in vivo accord-
ing to the manufacturer’s instructions (Stratagene). Resulting
pBluescript SK™ plasmids carrying KLC inserts were sequenced using
the Sequenase II kit (United States Biochemical, Cleveland, OH).

Antibody Production and Purification

Antibody a-KLC was raised in a rabbit against the recombinant rat
KLC-A. The pBluescript KS* plasmid carrying the corresponding
gene was kindly provided by Dr. Janet Cyr and Dr. Scott Brady. The
cDNA insert was subcloned into the pET21b vector (Novagen,
Madison, WI) and has been expressed in Escherichia coli strain
BL21(DE3). The recombinant KLC-A was purified from bacterial
lysate by 30% ammonium sulfate precipitation. The pellet was dia-
lyzed against phosphate-buffered saline (PBS) and used for immu-
nization. For the affinity column preparation, KLC-A was recloned
into the pGEX-3X vector (Pharmacia, Piscataway, NJ) modified by
adding an Xhol site and expressed as the fusion protein with glu-
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tathione S-transferase (GST) in E. coli strain J]M109. The GST-KLC-A
fusion protein was affinity purified on glutathione-agarose (Sigma
Chemical Co., St. Louis, MO) and bound to BrCN-Sepharose (Sigma
Chemical Co.). Affinity purification of the monospecific antibodies
was performed as described elsewhere (Harlow and Lane, 1988).

To generate the antibody against the unique sequence of hamster
KLC-B (a-B), a PstI-Xhol DNA fragment, encoding a 78-amino acid
carboxyl-terminal region of this KLC isoform was recloned into mod-
ified pGEX-3X vector. Fusion protein was expressed in E. coli strain
JM109, affinity purified on glutathione-agarose, and used as an immu-
nogene. To purify the specific antibody, the IgG fraction was isolated
from the immune serum using 50% ammonium sulfate precipitation.
To remove the antibodies against GST and the conserved KLC se-
quence, the IgG fractions were thoroughly depleted on a column of
immobilized recombinant rat KLC-A fused with GST. Finally, o-B
antibody was affinity purified on BrCN-Sepharose containing the im-
mobilized carboxyl-terminal portion of KLC-B fused with GST.

To obtain the antibody a-HCT, an antiserum was raised in a
rabbit against a synthetic peptide, corresponding to the last 57-
carboxyl-terminal amino acid residues of the human KHC, which
was conjugated with hemocyanin. The specific antibody was affinity
purified on the same peptide conjugated with bovine serum albu-
min (both conjugates were kindly provided by Dr. Sergei Axenov-
ich, University of Illinois, Chicago, IL).

Cell Culture

Green monkey kidney epithelial cells CV-1 (American Tissue Cul-
ture Collection, Rockville, MD), and human skin fibroblasts, line
1029 (kind gift from Dr. V. Kukharenko, Institute of Medical Genet-
ics, Russian Academy of Medical Sciences, Moscow, Russia), were
maintained in DMEM (Flow Labs, Woodcock Hill, England) sup-
plemented with 10% heat-treated fetal calf serum (Hyclone, Logan,
UT), 100 U/ml penicillin, and 100 pg/ml streptomycin. CHO-K1
cells (American Tissue Culture Collection) were maintained in
Ham’s F12 medium (Flow Labs) supplemented with 10% fetal calf
serum and antibiotics. All cultures were grown at 37°C in a 5% CO,
atmosphere.

Indirect Immunofluorescence Microscopy

Cells grown on glass coverslips were rinsed in warm PBS and fixed
with methanol at —20°C. For immunolabeling, PBS was supple-
mented with 1% bovine serum albumin and 0.1% Triton X-100.
Fixed cells were blocked with 5% normal goat serum in this solution
and incubated with 50 pug/ml primary antibody for 30 min at room
temperature followed by TRITC-labeled goat anti-rabbit IgG (Jack-
son ImmunoResearch Labs, West Grove, PA) diluted 1:100. Immu-
nofluorescence was observed and photographed using a Zeiss Pho-
tomicroscope III.

Mitochondria Labeling in Live Cells

A 1 mM stock solution of MitoTracker Green FM (M-7514, Molec-
ular Probes, Eugene, OR) in DMSO was stored at —20°C and diluted
in DMEM before labeling. Live cells on coverslips were rinsed in
warm DMEM and transferred to a Petri dish containing a fresh
portion of DMEM with 0.5 uM MitoTracker. The cells were labeled
for 40 min at 37°C, rinsed in DMEM and then with warm PBS, and
fixed with methanol at —20°C. The green fluorescence of Mito-
Tracker was observed in the FITC channel.

Mitochondria Isolation from CV-1 Cells

Mitochondria were isolated from cultured CV-1 cells following the
method described for the purification of mitochondrial membranes
from bovine brain (Leopold et al., 1992). CV-1 cells were grown to
confluence on 90-mm cell culture plates. For each experiment, 25
plates were used. Cells were rinsed three times with warm PBS and
collected with a rubber policeman in ice-cold buffer A containing
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100 mM Tris-HCl (pH 7.4), 250 mM sucrose, 1 mM potassium-
EDTA, and protease inhibitors: 1 mM phenylmethylsulfonyl fluo-
ride, 1 pug/ml leupeptin, 1 pug/ml aprotinin, 1 ug/ml pepstatin A,
and 1 pug/ml N2-p-tosyl-L-arginine methyl ester (TAME) (1 ml of the
buffer per each plate). All succeeding procedures were performed at
+4°C. Cells were homogenized with a tight-fitting Dounce homog-
enizer and spun at 2000 X ¢ for 5 min to remove nuclei and cell
debris. The supernatant was recentrifuged at 12,500 X g for 8 min to
obtain a crude fraction mitochondrial fraction and postmitochon-
drial supernatant. The crude mitochondrial fraction was then resus-
pended in 100 wl of buffer B: 3% Ficoll 400 (Pharmacia), 120 mM
mannitol, 30 mM sucrose, 50 uM potassium-EDTA, 10 mM Tris-HCl
(pH 7.4) and layered onto 500 ul of buffer 2XB (6% Ficoll 400, 240
mM mannitol, 60 mM sucrose, 50 uM potassium-EDTA, 10 mM
Tris-HCl, pH 7.4). Mitochondria were centrifuged through the cush-
ion in a SW55 Beckman rotor at 10,000 rpm for 30 min. The pellet
was resuspended in 1 ml of buffer A and centrifuged in an Eppen-
dorf centrifuge. The final pellet was resuspended in 100 ul of buffer
A and considered as the mitochondrial fraction.

The postmitochondrial supernatant (see above) was centrifuged
for 40 min at 150,000 X g to isolate cytosol and microsomes.

Protein concentration was determined with bicinchoninic acid
(Pierce Chemical Co., Rockford, IL) using bovine serum albumin as
a standard.

During mitochondria isolation, the activity of the mitochondrial
enzyme succinate dehydrogenase, determined as described in Vi-
nogradov (1979), increased 11.6 fold, as compared with the initial
level in the cell homogenate.

Immunoprecipitation of Mitochondria-associated
KLC Isoform

Mitochondria, isolated from CV-1 cells, were resuspended in 1 ml of
ice-cold buffer containing 0.2 M KI, 1% Nonidet P-40, 50 mM Tris-
HCI (pH 8.0), and protease inhibitors: 1 mM phenylmethylsulfonyl
fluoride, 1 ug/ml leupeptine, 1 ug/ml pepstatin A, 1 ug/ml TAME,
and 1 pug/ml aprotinin. After a 15-min incubation on ice, mitochon-
dria were centrifuged at 25,000 X g at 0°C for 15 min. The super-
natant was divided equally and supplemented with either 20 ug of
a-B antibody or 20 ug of a-B* antibody preadsorbed on 20 ul of
protein A beads (Sigma Chemical Co.). Reactions were incubated for
1 h at +4°C, then the beads were rinsed three times with buffer (KI
+ Nonidet) and three times with 50 mM Tris-HCI (pH 8.0), and
resuspended in SDS sample buffer.

SDS-PAGE and Western Blotting

Samples were analyzed by SDS-PAGE in 4-12% linear gradient gels
according to the method of Laemmli (1970) and electroblotted onto
a nitrocellulose membrane (Schleicher & Schuell, Keene, NH). After
staining with Ponceau S, blots were blocked in 5% goat serum in
TTBS (0.05% Tween 20, 150 mM NaCl, 50 mM Tris-HCl, pH 7.5),
incubated with 1-5 pug/ml primary antibodies in the blocking solu-
tion for 1 h at room temperature, followed by horseradish peroxi-
dase-conjugated goat anti-rabbit IgG (Jackson ImmunoResearch
Labs) at 1:5,000-10,000 dilution. For detection, diaminobenzidine or
SuperSignal reagents (Pierce Chemical Co.) were used.

RESULTS

Pan Antibody against KLCs

We raised a polyclonal antibody against the light
chain A of rat brain kinesin (the plasmid was kindly
provided by J. L. Cyr and S. T. Brady). This polypep-
tide is the shortest isoform among three KLCs cloned
from rat brain and contains only one unique carboxyl-
terminal amino acid residue (Cyr ef al., 1991). There-
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Figure 1. Characterization of the a-KLC antibody by immunoblot-
ting. (A) Rat brain homogenate Coomassie R-250-stained gel; (B)
corresponding immunoblot, probed with a-KLC antibody; and (C)
immunoblot of purified bovine brain kinesin probed with a-KLC
antibody. The positions of the molecular mass markers are shown
on the left.

fore, we reasoned that the antibody would recognize
mostly the conserved amino acid sequence of KLCs.

Affinity-purified antibody (a-KLC) recognized sev-
eral polypeptides of the appropriate molecular mass
for KLCs (62-70 kDa; Cyr et al., 1991; Cabeza-Arvelaiz
et al., 1993; Beushausen ef al., 1993) in Western blots of
total rat brain homogenate and in purified bovine
brain kinesin preparations (Figure 1). Similar staining
patterns were obtained in Western blots of total cell
homogenates from CHO-K1, CV-1 cells, or human
skin fibroblasts (see below).

Library Screening

We used the a-KLC antibody to screen a CHO-K1
cDNA expression library (Stratagene). After three
rounds of phage selection and in vivo excision into
pBluescript (SK™) vector, 13 immunoreactive clones
were isolated. The molecular masses of the expressed
in E. coli polypeptides correlated with the length of
cDNA inserts (1200-200 bp). To determine whether
the isolated clones represented KLCs, the longest
cDNA was sequenced (the sequence data have been
submitted to the EMBL database under accession
number Y14586).

Deduced amino acid sequence revealed a high level
of homology to the rat KLC-A (overall identity of
>80%, Figure 2). Throughout the entire sequence
length the rat KLC-A differed from the CHO KLC only
by substitutions of 13-amino acid residues that all
were conservative and randomly distributed, and a
short deletion of 9-amino acid residues (positions 496
503 of rat KLC-A sequence, Figure 2).
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Figure 2. Alignment of the deduced amino acid sequences of rat KLC-A and hamster KLC-D. Asterisks indicate identical amino acids.

Restriction analysis showed that, although the 5°  c¢DNAs (starting approximately from the amino acid
regions of 13 isolated DNA clones were very similar, 510 of rat KLC-A). Figure 3A shows the carboxyl-
the 3’ ends were different. To characterize this vari-  terminal amino acid sequences deduced from the nu-
ability, we sequenced 3’ segments of all of the KLC  cleotide sequences of the isolated cDNAs. Beginning
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Rat

1

CHO -
Human

CHO -
CHO -
Squid

DNSVSMKRASSMSVLHTSSKDDKLN. . .

Figure 3. Deduced carboxyl-terminal amino acid sequences of different CHO KLC isoforms compared with the unique regions of the rat
KLC-B and -C, the human, and the squid KLCs.
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from the position corresponding to the last amino acid
residue of rat KLC-A and running upstream to the
ends of the hamster KLC cDNAs, there was no heter-
ogeneity between 13 isolated clones. However, on the
basis of diversity of the extreme 3’ ends, the 13 clones
fell into 5 different groups. A BLASTP sequence ho-
mology search using carboxyl-terminal regions of
hamster KLCs as query sequences revealed significant
local similarity to known mammalian KLCs (Figure 3).
Two hamster KLC polypeptides, designated as KLC-B
and C, were identical to those of rat KLC isoforms B
and C (Cyr et al., 1991). The carboxyl terminus of a
third hamster polypeptide, KLC-H, was highly homol-
ogous to the human KLC (Cabeza-Arvelaiz et al.,
1993). Two other isoforms, KLC-D and KLC-E, were
homologous to sea urchin and squid KLCs (Beus-
hausen et al., 1993; Wedaman et al., 1993). Thus, by
screening one CHO-K1 expression library we found
five variants of KLC polypeptides. This suggests that
at least five KLC isoforms can be expressed simulta-
neously in a single cell type.

Generation of Anti-B Isoform-specific Antibodies

To test whether a particular KLC was associated with
a specific class of cargoes, we raised an antibody
against the unique sequence MRKMKLGLVK of the
hamster KLC. This sequence was present in the B and
C isoforms but not in the other three KLCs (Figure 3).
After failing to obtain an antiserum against a synthetic
oligopeptide MRKMKLGLVK, we immunized a rabbit
with a recombinant 7-kDa carboxyl-terminal portion
of the B isoform fused with GST. To obtain the specific
antibody to the unique region, we then used a purifi-
cation scheme based on the thorough removal of un-
desirable antibodies against the conservative se-
quence. For this purpose, the antiserum was exposed
to rat KLC-A-GST fusion protein bound to BrCN-
Sepharose. We repeated the chromatography until the
flow-through fraction was completely devoid of reac-
tivity to the rat KLC-A-GST fusion protein in Western
blots. Antibodies were then affinity purified from the
depleted antiserum on the 7-kDa carboxyl-terminal
fragment of CHO KLC-B isoform expressed as GST fu-
sion protein. We designated the resulting antibody as
a-B, although it should recognize both B and C isoforms.
To prove that the reactions demonstrated by the anti-
body were specific to the unique sequence of B and C
isoforms, we preadsorbed the a-B antibody on the syn-
thetic oligopeptide MRKMKLGLVK bound to an Affigel
10 column and used the flow-through fraction (designat-
ed as antibody «-B*) as a negative control.

We tested antibody «-B by Western blotting of
whole-cell homogenates from several different cell
types (Figure 4). In CHO-K1 antibody «-B reacted
with a set of polypeptides similar to those stained with
a pan KLC antibody, o-KLC (Figure 4, B and C). A
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Figure 4. Characterization of a-B antibody by immunoblotting
with total cell homogenates of CHO-K1, human skin fibroblasts, and
CV-1 cells. (A) Coomassie R-250 stained gel; (B) immunoblot probed
with a-KLC antibody; (C) immunoblot probed with a-B antibody;
and (D) immunoblot, probed with «a-B* antibody. The positions of
the molecular mass markers are shown on the left.

similar staining pattern was obtained with «-B* anti-
body (Figure 4D), and therefore we had to conclude
that our purification scheme was not rigorous enough
to produce a monospecific reagent for CHO-K1 cells.

In contrast, antibody «-B selectively reacted with a
single polypeptide in both human skin fibroblasts and
CV-1 cells (Figure 4, lanes C). The estimated molecular
mass of this immunoreactive polypeptide was the
same for both cell types (68 kDa). Preadsorption of
antibody a-B on the MRKMKLGLVK oligopeptide
(a-B* antibody, Figure 4, lanes D) completely elimi-
nates the staining. Therefore, we conclude that in
these cell lines, the a-B antibody selectively recognizes
an endogenous light chain that contains the unique
MRKMKLGLVK sequence.

Immunolocalization of 68-kDa KLC Isoform in
Cultured Cells

To establish whether the 68-kDa KLC isoform was
specifically associated with cytoplasmic structures, we
stained CHO-K1 cells, CV-1 cells, and human fibro-
blasts with a-KLC, a-B, and «a-B* antibodies (Figure 5).
As expected from immunoblotting results (see above),
all three antibodies stained similar patterns in
CHO-K1 cells (Figure 5, A, B, and D). However, in the
CV-1 cells and human fibroblasts, the o-KLC and a-B
staining patterns were dramatically different. Anti-
body a-KLC revealed a dense vesicular staining pat-
tern (Figure 5, A, E, and I). A similar pattern of fluo-
rescence was obtained with the antibody specific to
the motor domain of KHC (antibody HD; Rodionov et
al., 1991) in methanol-fixed cells (not shown). In con-
trast, organelles labeled with the a-B antibody were
homogenous and, by their appearance and distribu-
tion, resembled mitochondria (Figure 5, F and J). To
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Figure 5. Immunolocalization of different KLC isoforms in CHO-K1 cells (A-D), human skin fibroblasts (E-H), and CV-1 cells (I-L). (A, E,
and I) a-KLC staining; (B, F, and ]) a-B staining; (C, G, and K) MitoTracker staining of the corresponding cells presented in B, F, and J. (D,

H, and L) a-B* staining. Bars, 10 um.

confirm this, we used the fluorescent dye MitoTracker
to label mitochondria in live cells and then fixed cells
with cold methanol and stained them with the «-B
antibody. The fluorescent patterns obtained in the
cells double stained with «a-B antibody and Mito-
Tracker were identical (Figure 5, compare F with G
and J with K). No specific staining was obtained in
CV-1 and human fibroblasts treated with the «-B an-
tibody preadsorbed with the synthetic oligopeptide
MRKMKLGLVK (a-B* antibody, Figure 5, H and L) or
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the fraction of IgG isolated from the preimmune se-
rum. Thus, our immunofluorescence microscopy indi-
cates the specific association of the 68-kDa KLC-iso-
form with mitochondria.

Detection of the 68-kDa KLC in Mitochondrial
Fraction

To independently confirm the immunolocalization
data, we isolated fractions of mitochondria, micro-
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Figure 6. Western blot analysis of KLCs in fractions of mitochon-
dria (A), postmitochondrial supernatant (B), microsomes (C), and
cytosol (D) of CV-1 cells. Immunoblots probed with o-KLC, o-B,
and a-B* antibodies. The positions of the molecular mass markers
and the Coomassie R-250 stained gel of the mitochondrial fraction
(CBB) are shown on the left.

somes, and cytosol from cultured CV-1 cells and com-
pared them in Western blots with «-KLC and «-B
antibodies. Both membrane fractions as well as cytosol
contain multiple KLC polypeptides recognized by the
a-KLC antibody (Figure 6, left panel). The molecular
masses of the immunoreactive polypeptides varied
slightly in the fractions, suggesting a selectivity in
their distribution. In Western blots with the «a-B anti-
body, the 68-kDa KLC was found only in the mito-
chondrial fraction; it was not detected in microsomal
or cytosol fractions (Figure 6, middle panel). Pread-
sorbed antibody «-B* failed to recognize this KLC
isoform in immunoblotting (Figure 6, lane A in the
right panel). Thus, we concluded that the 68-kDa iso-
form of KLC copurifies with mitochondria from CV-1
cells.

Interestingly, another polypeptide with the molecu-
lar mass of approximately 72 kDa was detected with
a-B antibody in the fraction of microsomes (Figure 6,
middle panel, lane C). However, this polypeptide
could also be recognized with preadsorbed antibody
a-B* (a-B*, Figure 6, lane C), and was not detected in
the total cell homogenate (CV-1 cells, Figure 4, lane C)
and postmitochondrial supernatant (a-B, Figure 6,
lane B). Moreover, the residual staining pattern ob-
served in CV-1 cells and human fibroblasts probed
with o-B* antibody (Figure 5, H and L) was not af-
fected by preadsorption of the a-B* with microsomal
fraction (not shown).

The 68-kDa KLC in the Mitochondrial Fraction Is
Associated with KHC

To verify that the 68-kDa polypeptide really corre-
sponds to a KLC isoform bound to KHC, and thus

Vol. 9, February 1998

Mitochondrial Light Chain of Kinesin

A B C D E F
-

16— == B &L

97 — .

66 —
45—

29 — _

Figure 7. Immunoblot probed with anti-kinesin heavy chain anti-
body. (A) Purified bovine brain kinesin. (B) CV-1 whole-cell homog-
enate. (C) Mitochondrial fraction of CV-1 cells. (D) KI extract of
CV-1 mitochondrial fraction. (E) Immunoprecipitate of KI extract
with a-B antibody. (F) Immunoprecipitate of KI extract with a-B*
antibody.

represents a full kinesin molecule, we tested whether
KHC was also present in the mitochondrial fraction
and whether the a-B antibody could immunoprecipi-
tate a complex of the light and heavy chains.

For these experiments, a polyclonal antibody against
the last 57-carboxyl-terminal amino acid residues of
the human KHC was raised in a rabbit and affinity-
purified (antibody «-HCT). On Western blots, this
antibody recognized the heavy chain of purified bo-
vine brain kinesin (Figure 7A) and a single polypep-
tide corresponding to the mass of KHC in the total
homogenate of CV-1 cells (Figure 7B). The polypep-
tide of the same molecular mass was also detected in
the mitochondrial fraction isolated from CV-1 cells
(Figure 7C). This result is consistent with previous
studies where KHC was found in mitochondria iso-
lated from mammalian brain (Leopold et al., 1992;
Jellali et al., 1994).

To perform immunoprecipitation, we first solubi-
lized mitochondria-bound kinesin with 0.2 M KI (Jel-
lali ef al., 1994) and 1% Nonidet P-40. Under these
conditions both the 68-kDa KLC (not shown) and
KHC (Figure 7D; see also Jellali et al., 1994) can be
detected in the extract. We then immunoprecipitated
KLC from the KI extract using either a-B or «-B*
antibody and probed the precipitates with «-HCT an-
tibody, recognizing KHC. As shown in Figure 7E,
KHC clearly coprecipitated with KLC when antibody
a-B was used, but not with antibody a-B*. We there-
fore conclude that the 68-kDa KLC isoform in the
mitochondrial fraction is associated with a KHC, and
thus is a part of the full kinesin molecule, capable of
motor activity.
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DISCUSSION

Hamster KLC Isoforms: Identification of Conserved
Sequence Motifs

In this study, we isolated five different isoforms of
KLC from an expression library of CHO cells. Se-
quence comparisons showed that the hamster
polypeptides were identical or highly homologous to
other KLCs; however, distinct variability was revealed
at the extreme carboxyl-terminal ends. The variability
found among these clones corresponds to carboxyl-
terminal regions of rat KLC isoforms B and C (Cyr et
al., 1991), human KLC (Cabeza-Arvelaiz et al., 1993),
sea urchin KLC isoforms 1, 2, and 3 (Wedaman et al.,
1993), and squid KLC (Beushausen et al., 1993). As
such, the clones group together to form a family of five
related but distinct polypeptides. A BLASTP search of
the National Center for Biotechnology Information
(Bethesda, MD) peptide-sequence database using as
query sequences the unique regions MRKMKLGLVK
and VSMSVEWNG, which hamster polypeptides
share with rat and human isoforms (Figure 3), failed to
find any other related proteins. The same result was
obtained for the short unique sequence QQQPRRR
ending three of the hamster isoforms.

Previously, multiple isoforms of KLC have been
isolated from the expression libraries derived from
heterogeneous cell populations: rat brain (Cyr et al.,
1991), squid optic lobe (Beushausen et al., 1993), and
the whole nematode Caenorhabditis elegans (Fan and
Amos, 1994). The only exception was the library ob-
tained from sea urchin eggs, where four KLC isoforms
were found (Wedaman et al., 1993). However, these
cells are known to store inactive mRNAs needed for
the following early development (Alberts et al., 1994).
Our data provide the first evidence that several KLCs
isoforms can be simultaneously expressed in a single
cell type.

Isoform-specific Antibody

To directly test the hypothesis that KLC diversity pro-
vides specific interaction with different cargoes, we
raised an antiserum against the recombinant carboxyl-
terminal portion of hamster KLC-B and purified the
antibody against the unique sequence MRK-
MKLGLVK. Since this motif was found in two of five
hamster KLCs, we expected the antibody to distin-
guish the B and C isoforms from the other three.
Contrary to our expectations, the a-B antibody did not
show absolute specificity in the reaction with hamster
KLCs. The reason for this is unclear but probably
indicates that our purification scheme was not rigor-
ous enough to remove all undesired antibodies cross-
reacting with other KLC isoforms in CHO-K1 cells.
There are several amino acid substitutions in the con-
served part of the KLC sequences specific for the CHO
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cells (Figure 2). These amino acids can be recognized
by particular antibodies in the immune «-B serum.
Since we used rat KLC-A isoform to remove antibod-
ies against conserved sequences from original anti-
serum, these species-specific anti-KLC antibodies pos-
sibly contaminated the purified «a-B antibody. This can
also explain why we observed similar staining pat-
terns in CHO-K1 cells stained with the antibodies a-B
and a-B*.

The a-B antibody did prove to be highly specific in
two other cell types, CV-1 and human fibroblasts, for
a 68-kDa polypeptide, which likely represents the
KLC homologue of B or C hamster isoforms. This
conclusion is based on several different types of evi-
dence: 1) the molecular mass of the 68-kDa polypep-
tide was appropriate for KLC; 2) it was not recognized
with the «a-B antibody after preadsorption with the
MRKMKLGLVK synthetic peptide; and 3) it was pre-
cipitated by the antibody «-B in the complex with
KHC.

Taken together, these data indicate that we obtained
an antibody specific to a distinct KLC isoform that can
be used for its localization in situ and in subcellular
fractions.

Mitochondria-associated KLC

The role of kinesin in the transport of mitochondria
has been a subject of intense study for several years.
Upon microinjection, an antibody raised against the
motor domain of KHC (antibody HD) causes mito-
chondria to collapse into the perinuclear region of
cultured fibroblasts (Rodionov et al., 1993). Since this
antibody was raised against the highly homologous
motor domain, it could affect not only conventional
kinesin but also kinesin-related motors. Indeed, two
such motors, mouse KIF1B (Nangaku et al., 1994) and
KLP67A from Drosophila (Pereira et al., 1997), were
recently implicated in mitochondria transport. More-
over, the distribution of mitochondria did not change
upon the antisense oligonucleotide suppression of
KHC in rat neurons and astrocytes (Feiguin et al.,
1994) or upon overexpression of the dominant nega-
tive KHC in mouse fibroblasts (Nakata and Hirokawa,
1995). Taken together, these data suggest that there are
multiple mitochondria-associated motor proteins,
which is consistent with the general redundancy of
motor proteins in essential cellular activities (Gold-
stein, 1991). Nevertheless, association of the conven-
tional kinesin with mitochondria has been directly
shown by immunoblotting of isolated organelles with
monoclonal (Leopold et al., 1992) and polyclonal (Jel-
lali et al., 1994) antibodies against KHC. In both cases,
a single immunoreactive polypeptide with the molec-
ular mass of KHC was detected in mitochondrial frac-
tion. In our study, the antibody directed against the
carboxyl-terminal portion of the heavy chain, and thus
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specific to conventional kinesin, also detected a single
polypeptide in the homogenate and mitochondrial
fraction of CV-1 cells.

Analysis of the light chain distribution revealed that
several KLC polypeptides were always present in mi-
tochondrial as well as microsomal and cytosolic frac-
tions of CV-1 cells. However, the particular set of
KLCs associated with the mitochondrial fraction dif-
fered from those found in cytosol and microsomal
fraction. This is consistent with the observation show-
ing an existence of two different pools of kinesin:
soluble and membrane associated (Hollenbeck, 1989;
Schmitz et al., 1994). The presence of multiple KLCs
with different molecular masses has been demon-
strated for the soluble kinesin isolated from mamma-
lian brain (Wagner et al., 1989; Matthies et al., 1993).
The cytosolic pool has been suggested to contain enzy-
matically inactive forms of the motor that require some
posttranslational modification; for instance, phosphory-
lation, to become competent for both ATP hydrolysis
and cargo binding (Hollenbeck, 1993). Contrary to cyto-
solic fractions, multiple light chain isoforms in the mem-
brane fractions were totally unexpected.

Despite the observation that each subcellular frac-
tion contains more than one KLC isoform, our data
reveal selective association of particular KLC isoforms
with membranes. Indeed, the 68-kDa B-type KLC iso-
form was found only in the mitochondrial and not in
any other subcellular fraction. This conclusion was
supported by the immunolocalization of the 68-kDa
KLC isoform in cultured cells by immunofluorescent
staining. In two different cell lines it proved to be
associated with mitochondria, verifying that this KLC
was bound to mitochondria prior to homogenization
of the CV-1 cells.

In previous studies, the L2 monoclonal antibody
against bovine brain KLC has been shown to label
structures in primary rat brain cells with morpholo-
gies suggestive of mitochondria (Pfister et al., 1989).
Another experiment using immunogold staining of
isolated brain mitochondria showed that kinesin was
restricted to the large clusters on the surface of mito-
chondria (Leopold et al., 1992). Our data confirm the
association of kinesin with mitochondria, although the
lower resolution of immunofluorescent microscopy
could not resolve patches on mitochondrial surface
even if they occurred.

Interestingly, «a-B antibody reacted with another
polypeptide with the molecular mass of approxi-
mately 72 kDa in the microsomal fraction. However,
this band also reacted with the a-B* antibody and thus
did not contain the unique MRKMKLGLVK sequence.
Whether this polypeptide is a KLC isoform specific for
a microsomal fraction or represents some other pro-
tein not related to kinesin remains unknown.

Since the KLCs have been localized to the tail do-
main of the molecule, the region opposite from the
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motor domain, they have been suggested to mediate
kinesin to cargo binding (Hirokawa et al., 1989). How-
ever, evidence to support this hypothesis has been
indirect.

A monoclonal antibody (KLC-All) that recognizes a
highly conserved epitope in the tandem repeat do-
main of KLC can inhibit directional vesicles move-
ment in isolated squid axoplasm and release kinesin
from the membrane surfaces (Stenoin and Brady,
1997). This implies that KLC is directly involved in
kinesin-membrane interaction and that this interac-
tion is likely to be mediated by sequences that are
present in all different KLC isoforms. On the other
hand, there is evidence that KHC alone is sufficient for
binding microsomes in vitro (Skoufias et al., 1994) and
exocytotic vesicles in vivo (Bi et al., 1997). Moreover,
there are members of the kinesin superfamily which
do not appear to have light chains or sequences ho-
mologous to KLCs (e.g., Steinberg and Schliwa, 1995;
Seiler et al., 1997).

This discrepancy in data indicates that kinesin—
cargo interactions are complex. Kinesin appears to be
involved in trafficking at least several different types
of cargo, e.g., endoplasmic reticulum (Henson et al.,
1992), lysosomes (Hollenbeck and Swanson, 1990),
synaptic vesicles, mitochondria, coated vesicles
(Leopold et al, 1992), etc. This implies that there should
exist a mechanism that specifically targets kinesin
molecules to the different cargoes. It has been pro-
posed that kinesin may be targeted to a particular type
of cargo depending on a particular light chain associ-
ated with the heavy chains (Cyr et al., 1991, Wedaman
et al., 1993, Skoufias et al., 1994). Two facts observed in
our study, simultaneous expression of multiple KLC
isoforms in a single cell type and association of one
specific KLC isoform with a particular type of cargo
(mitochondria), bring some additional support to this
hypothesis. However, this does not imply that specific
KLCs involved in targeting function are also directly
involved in kinesin to cargo binding. The binding per
se may be mediated directly by KHC or through a
cooperative action of KHC and some ubiquitous iso-
forms of KLCs. The fact that we always observed
multiple KLCs associated with different membrane
fractions may indicate that a specific KLC isoform that
targets kinesin to the specific cargo is not sufficient for
binding.

At present, the particular mechanism of kinesin—cargo
interaction remains unclear. Nevertheless, our data es-
tablish for the first time that there is a specific membrane
fraction (mitochondria) that carries a distinct light chain
of conventional kinesin (B/C KLC isoforms). This find-
ing constrains the involvement of conventional kinesin
in mitochondria transport and supports the hypothesis
that different KLC isoforms can target kinesin molecules
to different types of cargoes.
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