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Eukaryoticcells crawl, swim, divide, and transport their in- 
ternal components with the aid of mechanochemical en- 
zymes. These “motor” proteins contain a specialized enzy- 
matic domain that hydrolyzes ATP and uses the derived 
chemical energy to produce force and movement along a 
cytoskeletal polymer (actin in the case of the myosin fam- 
ily; microtubules in the case of kinesin and dynein). Move- 
ment of the motor along the polymer is unidirectional, 
which is a consequence of the inherent asymmetry of the 
polymer and the motor. The myosin motors all move to- 
ward the barbed (or plus) end of the actin filament. The 
microtubule motors, on the other hand, are either plus- 
end directed (kinesin) or minus-end directed (dynein). 

Cells accomplish a variety of mechanical tasks by or- 
ganizing motors and polymers in different ways. For exam- 
ple, to carry out intracellular transport, a motor attaches 
to a “cargo” (e.g., a vesicle, chromosome, or possibly a 
macromolecule such as an RNA or protein) and trans- 
ports it along astationary polymer (e.g., Figure 1A). On the 
other hand, to elicit muscle contraction and mitotic spin- 
dle elongation during anaphase B, motors form cross- 
bridges between cytoskeletal polymers and cause them to 
slide relative to one another (e.g., Figure 1B). 

In light of the many types of actin and microtubule- 
based movements that occur within a cell, it is somewhat 
problematic to envisage how the proper motor attaches to 
the correct structure at the right time. One possible solu- 
tion would be to utilize superfamilies of motor proteins in 
which each member possesses a conserved force-gen- 
erating domain joined to a different “tail” that confers spe- 
cific attachment properties. Here we briefly review the 
mounting evidence for the existence of such motor protein 
superfamilies, and focus our discussion on two newly dis- 
covered kinesin-like proteins described in this issue of 
Ceil. 

A variety of biochemical and genetic evidence has un- 
covered a superfamily of myosins, whose various mem- 
bers share in common a highly homologous (at least 30% 
amino acid identity) force-generating “head” domain (Fig- 
ure 2). The tail domains, in contrast, differ significantly in 
their amino acid sequence, predicted structure, and func- 
tional properties (reviewed in Kiehart, 1990). Muscle myo- 
sin and cytoplasmic myosin II both contain tail domains 
that self-assemble into filaments. Myosin Is, on the other 
hand, have been reported to interact with intracellular or- 
ganelles, with the plasma membrane, with a second actin 
filament, and with calmodulin. Recent studies identified 
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several myosin l-like genes in Dictyostelium with similar 
motor heads and different tails at the carboxyl terminus 
(Titus et al., 1989). An even more exotic myosin may be 
the ninaC gene product in Drosophila, which is predicted 
to contain a putative serine kinase domain at its amino ter- 
minus and a myosin head-like domain at its carboxyl 
terminus (Monte11 and Rubin, 1988). The myosin domain 
might be used to translocate the kinase to a particular cel- 
lular target. Thus, a variety of actin-based movements 
may be generated by a superfamily of myosin motor units 
attached to various tails, each of which enables the motor 
to be attached to specific cytoplasmic components. 

The minus-end microtubule motors, the dyneins, may 
also constitute a superfamily of force-generating proteins 
with distinct attachment domains. The outer- and inner- 
arm flagellar dyneins attach to different sites on axonemal 
microtubules, while cytoplasmic dynein (MAPlC) inter- 
acts with organelles (Schnapp and Reese, 1989; Schroer 
et al., 1989) and possibly chromosomes. Since none of the 
dynein heavy chain genes have been sequenced, the de- 
gree of similarity between these motors is unknown. How- 
ever, structural and enzymological studies suggest that 
the motor domains of the dyneins are similar to one an- 
other. Hence, it is likely that the members of the dynein su- 
perfamily share a common motor domain linked to distinct 
tails with unique binding properties. 

Alone and orphaned has been the plus-end directed 
microtubule motor kinesin. Kinesin was originally purified 
from neuronal tissue based upon its ability both to induce 
microtubule gliding when adsorbed to glass surfaces and 
to move beads along microtubules (reviewed in Vale, 
1987). This motor protein is a tetramer consisting of two 
heavy chains (120 kd) and two light chains (62 kd) (Bloom 
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Figure 1. Possible Roles of Kinesin Motors 
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Figure 2. Motor Superfamilies 

Solid circles or ellipses are the head or motor domains. Open ellipses 
represent a-helical coiled coils; the zigzag line in bimC represents the 
long putative a-helical region. Shaded ellipses, circles, squares, and 
rectangles represent the various types of tails. The number of chains 
(i.e., monomer or dimer) in KARS, bid, and ninaC is hypothetical and 
based on sequence analysis, not hydrodynamic data. For each motor, 
the amino end of the mechanochemical polypeptide is on the left. 

et al., 1988; Kuznetsov et al., 1988). In the cell, kinesin has 
been postulated to power plus-end directed (anterograde 
in an axon) organelle transport along microtubules and 
perhaps to play a role in mitosis. The heavy chain of Dro- 
sophila kinesin has been cloned, sequenced, and ana- 
lyzed by expression studies. The data predict that the 
kinesin heavy chain is composed of three distinct domains 
(Yang et al., 1989): (1) an apparently globular amino- 
terminal domain that contains the ATP and microtubule 
binding sites, and is likely to be the mechanochemical do- 
main; (2) a middle domain that appears to form an a-he- 
lical coiled-coil structure, which presumably enables two 
kinesin heavy chains to dimerize; and (3) a carboxy-ter- 
minal domain that may be globular and that interacts with 
the light chains (Hirokawa et al., 1989) and perhaps other 
structures such as organelles. Consistent with these pre- 
dictions, kinesin appears by electron microscopy as an 
elongated molecule with two globular heads at one end, 
a long stalk in the middle, and a feathered tail at the oppo- 
site end (Amos, 1987; Hirokawa et al., 1989; Scholey et al., 
1989; redrawn in Figure 2). A similar kinesin isotype has 
been purified from sources as diverse as mammalian 
brain and Dictyostelium. Up to now, however, it has not 
been clear whether any cell contains more than one type 
of kinesin motor. 

This issue of Cell contains the birth announcement of 
a superfamily of kinesin motors (Meluh and Rose, 1990; 
Enos and Morris, 1990). This discovery has been made by 
exploiting classical and molecular genetics rather than 
protein biochemistry. Meluh and Rose examined a Sac- 
charomyces cerevisiae gene (KAR3) in which mutations 
cause defects in karyogamy, the process by which two 
haploid nuclei migrate toward one another along microtu- 
bules and then fuse during conjugation. Enos and Morris 
studied the bimC gene in Aspergillus nidulans. A temper- 
ature-sensitive bimC cell cycle mutant is unable to com- 
plete mitosis, primarily as a result of an inability to sepa- 
rate its spindle pole bodies. In both studies, the genes 
identified by these mutations were cloned and sequenced. 
Each gene appears to encode a protein containing a ki- 
nesin-like motor domain attached to a different type of tail. 

These results strongly suggest that the bimC and KAR3 
gene products are kinesin-like force-generating proteins 
that move nuclei or spindle pole bodies during karyogamy 
and cell division. 

The evidence for these conclusions initially came from 
phenotypic analyses. When two KAR3 null mutant cells 
mate, karyogamy is severely impaired; cell fusion occurs, 
but the internuclear microtubule bundle does not form and 
the two haploid nuclei fail to migrate together. In addition, 
KAR3 null mutants display a mitotic phenotype. Many 
KAR3 null mutant cells become arrested during cell divi- 
sion with short mitotic spindles. This phenotype raises the 
possibility that the KAR3 product functions in the zone of 
microtubule overlap to produce sliding forces during ana- 
phase B spindle elongation (e.g., Figure 1B). However, the 
ability of KAR3 null mutant cells to grow, albeit slowly, sug- 
gests that additional spindle elongation motors must also 
exist, or that elongation of the spindle per se is not abso- 
lutely essential for some cells to divide. The temperature- 
sensitive bimC mutants display an even stronger mitotic 
phenotype. At the restrictive temperature, the spindle poles 
duplicate but fail to separate. As a result, cells tend to form 
monopolar spindles and are unable to segregate their 
chromosomes. The bimC protein may separate the spin- 
dle poles by cross-bridging and elongating antiparallel 
microtubules, similar to the elongation of the spindle dur- 
ing anaphase B. (Alternative models are also discussed 
by Enos and Morris.) 

Clues to how the KAR3 and bimC proteins might carry 
out mechanical events during karyogamy and mitosis 
were provided by their sequences and intracellular locali- 
zations. Both sequences predict proteins with regions of 
great similarity (approximately 40% amino acid identity) to 
the amino-terminal motor domain of the Drosophila kine- 
sin heavy chain; a particularly high degree of conserva- 
tion is shown in the ATP binding pocket. Interestingly, 
however, there is little amino acid homology between the 
three proteins outside of the domain involved in mechano- 
chemical transduction, suggesting that they each have 
different attachment sites. The bimC gene product, whose 
size is similar to previously described kinesins (130 kd), 
has three apparent structural domains (Figure 2). Like 
conventional kinesin, the putative motor domain is located 
at the amino terminus. The middle domain of the bimC 
protein is predicted to be a-helical but, unlike previously 
described kinesins, does not contain the characteristic 
heptad repeat that gives rise to coiled-coil interactions, 
thus raising the possibility that bimC may exist as a mono- 
mer rather than a dimer. The carboxy-terminal domain of 
bimC may be globular, and is of unknown function. The 
KAR3 protein (80 kd) is also predicted to contain three ma- 
jor structural domains: an apparently globular motor do- 
main, a kinesin-like coiled-coil stalk, and a second poten- 
tially globular domain (Figure 2). Surprisingly, the order of 
these domains is the reverse of Drosophila kinesin and 
bimC. The presumptive motor domain of KAR3 is at the 
carboxyl terminus and the second globular domain is at 
the amino terminus, which is reminiscent of the organiza- 
tion of the ninaC myosin-like protein (Figure 2). The ami- 
no-terminal globular domain of KAR3 appears to contain 



Minireview 
005 

a microtubule binding site, since a protein containing this 

domain fused to 8-galactosidase localizes to cytoplasmic 
microtubules when expressed in vivo. Hence, the KAR3 
protein probably contains two microtubule binding do- 
mains, one in the proposed motor domain and one in the 
amino terminus. 

Since KAR3 null mutants do not form microtubule bun- 
dles, Meluh and Rose suggest that the KAR3 protein can 
form cross-bridges between antiparallel microtubules, 
which originate from the spindle pole bodies of the two 
haploid nuclei. Assuming that the KAR3 protein is a plus- 
end directed motor like kinesin, and assuming that the 
plus ends of the microtubules radiate away from the spin- 
dle pole body, this arrangement would elongate a microtu- 
bule bundle (e.g., Figure 1B). This organization would ex- 
plain anaphase B movements but would not explain how 
nuclei migrate together during karyogamy. Immunofluo- 
rescence data, however, reveal that some KAR3 protein 
may also be located at the spindle pole body. Meluh and 
Rose propose that this population of the KAR3 protein 
pulls on the microtubules of the internuclear bundle, caus- 
ing them to depolymerize at the poles (e.g., Figure 1C). 
Such a mechanism would cause the microtubules to 
shorten, thereby enabling the two nuclei to move toward 
one another. The direction of KAR3 protein-induced move- 
ment and the polarity of the microtubules will have to be 
determined in order to assess the validity of this model. 

These studies raise the possibility that the kinesin 
heavy chain, KAR3, and bimC genes identify distinct 
members of a kinesin superfamily possessed by all organ- 
isms. The members of this superfamily may all contain 
similar force-generating heads linked to different attach- 
ment domains. Consistent with this view, the KAR3 and 
bimC genes hybridize at low stringency to several DNA 
fragments in yeast and Aspergillus, respectively, suggest- 
ing that several kinesin isoforms do indeed exist within a 
single genome. Additional members of this family will 
probably be discovered in the future. Dynamin, a recently 
described motor protein (Shpetner and Vallee, 1989) 
forms cross-bridges and induces sliding between microtu- 
bules in vitro-the activity that has been proposed for the 
KAR3 and bimC proteins. Hence, dynamin may turn out 
to be KAff3, bimC, or another member of the kinesin su- 
perfamily in higher eukaryotes. We might also expect 
eventually to see short single-headed kinesins analogous 
to myosin I, kinetochore-specific kinesins, and perhaps 
kinesins involved in morphogen or RNA transport. 

Finally, the studies on KAR3 and bimC are exciting be- 
cause they signify the discovery of a treasure trove of mi- 
totic motors. The forces involved in moving chromosomes 
have been appreciated and studied for over a century, but 
the molecules involved in these mechanical activities 
have eluded characterization. KAR3, bimC and perhaps 
the newly discovered motor dynamin now provide a means 
of studying the molecular aspects of this problem. Addi- 
tional kinesin-like and dynein-like motors may also be in- 
volved in other spindle and chromosome movements. Af- 
ter a century of anticipation, one can now expect the 
molecular characterization of mitotic force-producing com- 
ponents to progress at a rapid pace. 
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