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HISTORICAL ASPECTS

Dvnein: The name of dynein was given an ATPase
that had been extracted from the cilia of Tetrahymena
by Gibbons and Rowe (9). The impressive work of
Gibbons and his colleagues (8, 51) from the late 1960s
to the early 1970s led to the acceptance of dynein as a
motor protein that is responsible for flagellar and ciliary
movements. In the mid 1970s, studies of dynein took a
newturn when it became clear that tubulin, the compo-
nent protein of microtubules (32), is present at high
levels not only in cilia and flagella but also in brain, and
when the polymerization in vitro of tubulin from brain
became possible (57). It was apparent, then, that dynein
might play a much broader role in the cytoplasm, and it
seemed natural to postulate that proteins of high molec-
ular weight associated with polymerized microtubules
could be forms of dynein that act as the motor for mi-
crotubule-based motility in the cytoplasm of brain cells
(2,5).

A Brief History: The first evidence suggesting that
dynein might be located in the mitotic apparatus was
presented by Mohri et al. (34), after the successful
preparation of antibodies that were able to suppress the
ATPase activity of dynein and reactivate the Triton-
model in sea urchin sperm (39, 42). Figure 1A shows an
electron micrograph of a sea urchin sperm axoneme
after immunostaining with antibodies against dynein
fragment A (formed by digestion of dynein with tryp-
sin) and ferritin-conjugated second antibody (40). The
ferritin particles are visible between the outer doublet,
in the vicinity of the distal end of the outer arm. This
evidence confirmed for the first time that dynein is lo-
cated in the outer arm. Although the inner arm also con-
tains dynein distinct from the outer arm dynein, the pre-
sent review will focus on the outer arm dynein. On in-
specting electron micrographs, we noticed that immuno-
labeling was quite rare on the outer arm that projected
from outer doublet no.5. This feature suggested that

Corresponding author: Kazuo Ogawa, Radioisotope Facility, Na-
tional Institute for Basic Biology, Okazaki 444, Japan.

PHONE: +81-564-55-7662, FAX: +81-564-53-3299

e-mail: ogawaai@nibb.ac.jp

this outer arm might be maskedby a structure that pro-
jects backward from doublet no.6. This finding also in-
dicated that the binding of antibodies to the dynein of
outer arm no.5 is prevented by the presence of this pro-jection, that the doublets no.5 and no.6 are firmly

bound so that they do not movewith respect to each
other, and that the no.5 dynein probably does not func-
tion as an active ATPase. This observation might be re-
lated to the fact that flagellar bending occurs in the
plane perpendicular to the central pairs of microtu-
bules.

Some Disputes: The antibodies against dynein frag-
ment A reacted not only with cytoplasm but also with
the mitotic apparatus of the cleaving sea urchin egg (34,
Fig. IB). The weakly stained antigen in the cytoplasm
might be partly due to the presence of precursor dynein
stockpiled in the egg that is required for ciliogenesis.
Sakai et al. (47) demonstrated the ATP-induced segrega-
tion of chromosomes in vitro was suppressed by the
same antibodies. From these observations, we proposed
that an axonemal dynein-like protein might be associ-
ated with the mitotic spindle and might be responsible
for chromosomesegregation. Supporting our finding,
Hisanaga et al. (16) prepared a monoclonal antibody
against 21S dynein of sea urchin sperm (corresponding
to the outer arm dynein) and demonstrated that cyto-
plasmic dynein was located at the mitotic apparatus.
Our observation was, however, called into question by
a paper of Zieve and Mclntosh (62) who claimed that
their antibodies against axonemal dynein did not react
with any cellular components. This dispute seemed
fruitless since our antiserum completely inhibited the
ATPase activity of dynein, while their antibodies were
raised against antigen eluted from a denaturing SDS-
polyacrylamide gel and did not inhibit the ATPase.
Complete sequencing of both isoforms of dynein and a
comparison of their primary structures should resolve
this dispute. Moreover, Mclntosh and colleagues (24)
reported that antibodies directed against selected se-
quences of dynein from the cellular slime mold Dictyo-
stelium reacted not only with a cytoplasmic isoform of
dynein from HeLa cell but also with the sea urchin
sperm dynein.
Video Assay and the Discovery of Kinesin: From
the late 1970s to the early 1980s, studies aimed at the
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Fig. 1. Localization of dynein in sea urchin sperm axoneme (A) and a cleaving egg (B).

isolation of cytoplasmic dynein in a pure form were re-
ported. Although Hisanaga and colleagues isolated
"cytoplasmic" dynein from un fertilized sea urchin eggs
(15), the possibility could not be ruled out that this pro-
tein might have been a precursor to dynein that had
been stockpiled in eggs for subsequent ciliogenesis. Un-
fortunately, the presence of a cytoplasmic isoform of
dynein was disputed until the successful isolation of
dynein from non-ciliated tissues. During this period, a
revolutionary methodology, namely, video-enhanced
differential interferential contrast microscopy, which
allows detection of single microtubules as little as 25 nm
in diameter, was developed by Allen et al. (1), making it
possible to monitor the motor activity of individual pro-
teins of interest. Use of this video assay and an axoplas-
mic extract of squid giant axons led to the discovery of
a novel, microtubule-based motor that was named "kin-
esin" (54). The growth of a microtubule occurs more
rapidly at one end, denned as the plus-end, than at the
other end, denned as the minus-end. Kinesin adsorbed
to glass was able to movemicrotubules, which moved
with the minus-end leading. Thus, kinesin was shown to
be a motor protein responsible for transport towards
the nerve terminal from the cell body in an axon (antero-
grade transport).
Isolation of Cytoplasmic Dynein: After the discov-
ery of kinesin, much interest was concentrated on find-
ing the motor protein that was responsible for the trans-
port of vesicles towards the cell body from a nerve ter-
minal (retrograde transport). Eventually, microtubule-

associated protein 1C (MAP1C) was isolated from rat
brain and retrograde motor activity in vitro was demon-
strated by the video assay (43). MAP1C has some simi-
larities to axonemal dynein, but there are differences as

well. MAP1C has microtubule-activated ATPase ac-
tivity, as does dynein (44). Electrophoretic comparison
showed that MAP1C migrates with mobility similar to
that of the outer arm dynein of Chlamydomonas.On
the basis of these findings (43, 44), MAP 1C was defined
as cytoplasmic dynein or a cytoplasmic isoform of dy-
nein (55). Lye et al. (28) purified a protein of high molec-
ular weight that combined some dynein-like properties
with the in vitro motility properties of kinesin from the
nematoda C. elegans. It is unknownwhether or not this
protein is a novel microtubule-translocator that is dis-
tinct from MAP 1C (cytoplasmic dynein).

RECENT PROGRESS IN MOLECULAR CLONING

Dynein Heavy Chains
Introduction: Native dyneins are very large com-

plex proteins, which range in molecular mass up to 1 to
2x lO6 daltons. Each dynein contains two or three
heavy chains (HCs) with ATPase activity, which range
in molecular mass up to 500 kDa. The motor activity of
dynein is associated with these chains. Somefunctional
differences have been reported between HCs of outer
arm dynein. Sea urchin outer arm dynein is a heterodi-
mer ofHCs (a and /3) and at least the /5 HC is able to in-
duce gliding of microtubule in vitro. The a HCmight
amplify the function of /5 HC and it has been reported
to have no motile activity (35, 50). The outer arm dy-
nein of Chlamydomonas is a heterotrimer of HCs (a, /3,
and j). Kamiya and colleagues revealed the functional
differences between a and /3 HCs using mutants that
were partially defective in outer arm structure (19, 48).
The outer arm of Chlamydomonascan be assembled
without the a HC, and outer arms that lack the a HCre-
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tain partial function (48). There appear to be some em-
pirical rules with respect to the numbers of HCsin outer
arm dyneins. The outer arm dyneins of unicellular or-
ganisms, such as Tetrahymena, Chlamydomonas, and
Paramecium,contain three different HCs that reflect
their three-headed structure, whereas those of multicel-
lular animals, such as oyster (56), sea urchin (53), rain-
bow trout (6), and pig (14), contain only two HCs. This
difference is due to the presence of the outermost ap-
pendage of the outer arm that is seen in unicellular or-
ganisms (Fig. 2A). Sakakibara et al. (48, 49) showed
that this appendage is derived from the a HC. Examina-
tion of cross-sections of axonemes of other unicellular
organisms revealed images of outer arms of the multicel-
lular organisms listed above that are quite similar to
those of a mutant (odall) of Chlamydomonasthat
lacks a HC(33, Fig. 2B). This observation provides us
with a useful tool for predicting the numbers of HCsor
heads of outer arm dynein in situ. Images of outer arm
dyneins of all metazoan flagella and cilia examined to
date revealed the presence of two HCs. Thus, a decrease
in the numberof HCsin outer arm dynein seemsto
have occurred during evolution from protozoa to meta-
zoa (33, 56). Scanning transmission electron micro-
graphs of cytoplasmic dynein revealed that most par-
ticles have a pair of globular heads. This dynein can be
split into two species, designated a and /3 according to
the convention used for axonemal dyneins, and it
would appear, therefore, that cytoplasmic dynein con-
sists of two species of HCs(55). However, molecular
cloning of a cytoplasmic HCfrom a variety of organ-
isms revealed that this cytoplasmic dynein is a homodi-
mer (29).

The Four P-Loop Family: After the first cloning of
/3 HC from sea urchin ciliary axonemes (10, 37), the
sequences of /3 HC (30) and y HC (58) of Chlamydo-
monas outer arm dynein and of the /3 HC (20) ofPara-
meciumouter arm dynein were determined in their en-
tirety. The a HCsof sea urchin and Chlamydomonas
outer arm dyneins have also been almost completely se-

quenced. Sequence comparisons have shownthat sea ur-
chin a and /3 HCs are much more closely related to Chla-
mydomonas y and /3 HCs, respectively, than either sea
urchin chain or Chlamydomonaschain is related to the
other. Chlamydomonasa-HC is much more closely re-
lated to p HC than to y HC (7). With respect to cytoplas-
mic HCs, cloning was completed for Dictyostelium by
Koonce et al. (24), for rat brain by Mikami et al. (29)
and Zhang etal. (61), for yeast by Eshel et al. (3) and Li
et al. (26), for Drosophila by Li et al. (25), for Aspergil-
lus by Xiang et al. (60), for Neurospora by Plamann et
al. (46), and for nematoda C. elegans by Lye et al. (27).
Without exception, all the HCscloned to date contain
four P-loop (ATP-binding) sequences in the midregion
of the molecule. Thus, they can be classified as a four P-
loop family. The P-loops can be abbreviated as PI, P2,
P3, and P4, from the N-terminal end. PI and P4 are
conserved in all axonemal HCs, while PI and P3 are
conserved in all cytoplasmic HCs.

Unique Conformation: Predictions of secondary
structure suggest that all the HCs cloned to date consist
of three regions with dominant /3 sheet structure sepa-
rated by two mainly a helical regions. Werefer to these
regions as the N, M, and C domains from the N-termi-
nus to the C-terminus in the case of the sea urchin /3 HC
(37, 38, Fig. 3A), and we present a tail-head model,
wherein the M and C domains form a head (motor do-
main) and the N domain forms an irregularly shaped
tail, in Figure 3B. The leucine zipper structure found in
the al region promotes the association of two domains.
The corresponding heptad repeats of hydrophobic ami-
no acids are well conserved in all HCs.Thus, a similar
tail-head structure can be proposed for each of them.
Variable NDomain: A dot-plot matrix comparison
between the HCs of Dictyostelium and sea urchin dy-
nein showedthat sequence similarities are not uniform-
ly distributed and are limited to the Mand C domains
(the motor domains). Nosequence similarity was found
among the 1,400 N-terminal amino acids (N domain).
The sequence of the N domain is well conserved among

Fig. 2. Diagrams of outer arm dynein (arrow) projecting from an outer doublet microtubule of protozoan (a) and animal (B) axonemes (from
reference 33 with copyright permission).
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Fig. 3. Diagram showing that the HCs ofdynein cloned to date con-
sist of three regions with dominant ^-sheet structure, separated by
two regions with dominant a-helical structure (A) and the tail-head
model of these HCs (B). The two arrows on two long dominant a-heli-
cal structures define the trypsin cleavage sites. Dynein fragment Acon-
sists of the M and C domains (motor domain).

axonemal and cytoplasmic families of HCs. Thus, the
N domain could specify the function of an axonemal or
cytoplasmic HC. Sakakibara et al. (49) showed that the
N-terminal 160-kDa region in the /3 HCof Chlamydo-
monas includes a so-called cargo-binding site or ATP-
independent A-tubule-binding site. Because of the re-
stricted localization of axonemal dyneins, the difference
in cargoes that they bind in situ could be small. By con-
trast, cytoplasmic dyneins are thought to bind a variety
of different cargoes that include nerve vesicles (43),
spindles (3, 26), morphogens (25), and nuclei (47, 61),
depending on the location of the motor. However, geno-
mic Southern blots probed with isolated CDNAclones
suggest that there is only a single copy of the gene for
cytoplasmic HCin a variety of organisms. Thus, the
question of whether the HCmakes direct contact with
each of these cargoes remains to be answered.

Multigene Family: Gibbons et al. (ll) and Tanaka
et al. (52) synthesized sets of degenerate primers for the
sequences in the vicinity of the PI site, which is the
most highly conserved region, and they amplified thir-
teen kinds of new gene for the HCsof the sea urchin em-
bryo and the rat brain, respectively, by involving re-
verse transcriptase and the polymerase chain reaction
(RT-PCR) strategies. From a molecular evolutionary
analysis, Tanaka et al. (52) concluded that there are at
least two non-axonemal HCs in animals. According to
Kagami and Kamiya (18), the inner arm dynein of Chla-
mydomonasprobably contains as manyas eight differ-
ent HCs in all. Thus, a Chlamydomonascell contains at
least twelve different isoforms of HC, which include
three outer arm HCsand one cytoplasmic HC.The mul-
tiple genes for HCs identified by the RT-PCR method
might correspond to the genes for each HC in the outer
and inner arm dyneins in cytoplasmic dynein (7).

Dynein Intermediate Chains
Introduction: The outer arm dyneins contain two
or three proteins that range in molecular mass from 70
to 120 kDa and copurify with HCs. During the prepara-
tion of cytoplasmic dynein, a set of three 74-kDa pro-
teins was associated with the HC. They were named dy-
nein intermediate chains (ICs). ICs of sea urchin outer
arm dynein are abbreviated as IC1, IC2, and IC3.
Those of Chlamydomonas are called IC78 and IC69,
and ICs of cytoplasmic dynein are called IC74. Chla-
mydomonas IC78 has been shown to be in direct con-
tact with the A-tubule in vivo (22), to be a microtubule-
binding protein (23), and to be essential for assembly of
outer arms onto axonemes(59). IC69 is also necessary
for outer arm assembly (31). However, in contrast to
IC78, it does not appear to bind directly to microtu-
bules and it might function in the binding of IC78 to
HCs or in the stabilization of the entire dynein com-
plex. Since the enzymatic activities of ICs have not been
determined and they are believed to be non-functional
regulatory proteins, the relationship between these pro-
teins from different species remained unknown until the
successful clonings of all six proteins.
A WDFamily: Chlamydomonas IC78 and IC69

were cloned by Wilkerson et al. (59) and Mitchell and
Kang (31), respectively. The sequences of sea urchin
IC2 and IC3 were determined by Ogawa et al. (41). IC1
has recently been cloned (K. Ogawa, accession number
D63884). Rat brain IC74 was cloned by Paschal et al.
(45). Thus, all the ICs found in the axonemal and cyto-
plasmic dyneins of the model organisms used for stud-
ies of dynein function have been completely sequenced.
Comparison of amino acid sequences of IC2 and IC3
with those of IC78 and IC69 and with that of IC74
showed that, although all five ICs are homologous, IC2
is much more closely related to IC78, and IC3 is much
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Fig. 4. Relative positions of WDrepeats (filled boxes) in sea urchin
outer arm IC2 and IC3, Chlamydomonas outer arm IC78 and IC69,
and rat cytoplasmic IC74. Types of shading mean subclass of ICs.

moreclosely related to IC69, than either sea urchin
chain or either Chlamydomonaschain is related to each
other. Regions of similarity between all five ICs are lim-
ited to the C-terminal halves of the molecules. Similari-
ties are due primarily to conservation of the WDrepeats
in all of these chains. The WDrepeats are involved in
protein-protein interactions in a large family of regula-
tory molecules (36). The relative positions of WDre-
peats in these chains are shownschematically in Figure
4. A parsimony tree for these chains shows that, al-
though the C-terminal halves of all these chains contain
WDrepeats, the chains can be divided into three dis-
tinct subclasses (IC3 plus IC69, IC2 plus IC78, and

IC78) on the basis of sequence similarities throughout
the N-terminal halves of each homologous pair. The
fact that specific structural differences between ICs have
been highly conserved in different species suggests that
functions specific to each of these ICs are likely to have
been conserved throughout evolution. Thus, we can pos-
tulate that IC2 and IC3 might have similar functions in
the outer arm dynein of sea urchin.
IsIC1 Unique?: Seaurchin IC1 is not amember of
the WDfamily. Sequence analysis showed that IC1
consists of a thioredoxin-related (TRXR) sequence and
three nucleoside diphosphate kinase-related (NDPKR)
sequences. The relative positions of these sequences
are shown schematically in Figure 5. Outer arm dy-
neins from rainbow trout and Chlamydomonasdo not
contain a polypeptide homologous to IC1. However,
Gagnon et al. (4) reported that homologues of IC1 are
widespread in Oxyrrhis marina (a primitive dinoflagel-
late) and human, and play a dynamic role in flagellar
bending and/or wave propagation. We have recently
succeeded in identifying the homologues of IC1 in the

TRXR NDPKR-1 NDPKR-2 NDPKR-3

- å  " ' n
NH2 COOH

Fig. 5. Diagram showing the positions of TRXRand NDPKRse-
quences in the IC1 of sea urchin outer arm dynein.

outer arm dyneins from Halocynthia and rainbow trout
sperm axonemes.

Dynein Light Chains
Introduction: An analysis by SDS-PAGErevealed
several small polypeptides that ranged in molecular
mass from 8 to 30 kDa and copurified with axonemal
outer arm dynein, as well as proteins that ranged in mo-
lecular mass from 53 to 61 kDa and copurified with cyto-
plasmic dynein. These chains are knownas dynein light
chains (LCs). In the case of cytoplasmic dynein, they
are also referred to as dynein intermediate-light chains
(or ILC). Because of the great difference in molecular
mass between HCs and LCs, the exact numbers of LCs
reported to be associated with dynein tend to vary. Re-
cently, interest in LCs has been generated as a conse-
quence of the relationship between phosphorylation of
LCs and a possible regulatory role in dynein function.
Hamasaki et al. (13) observed that a 29-kDa protein
(LC29) associated with the outer arm dynein of Parame-
cium is phosphorylated in a CAMP-and Ca2+-sensitive
manner. Phosphorylation of LC29increased the veloci-
ty of translocation in vitro of microtubules by the outer
arm dynein.

Work in Progress: King and Patel-King (21) re-
ported the molecular cloning of LCs of 8 and ll kDa
from the outer arm of Chlamydomonas flagella. Both
molecules contained a highly amphiphilic a-helix,
which is presumably involved in protein-protein interac-
tions. Several LC homologues have been identified in
organisms that lack cilia and flagella. Gill et al. (12)
showed that LCs from chicken cytoplasmic dynein
from two major families, a higher Mr family (LC-A)
and lower Mr family (LC-B), and that they are tightly as-
sociated with the HC, while ICs are more readily re-
leased. All the LCs were phosphorylated. Gill et al. (12)
also isolated a CDNAclone that encoded LC-A, which
contained a consensus P-loop sequence in the N-termi-
nal region. Hughes et al. (17) also isolated a CDNA
clone for ILC53/55 of rat brain cytoplasmic dynein.

The sequences of the proteins from chicken and rat
were 64% identical and 80% similar. The enzymatic ac-
tivity of these LCs/ILCs has not been examined and
their functions are unknown.At present, there are no re-
ports of proteins associated both with axonemal and
cytoplasmic dyneins.

CONCLUSIONS

Dynein was discovered 30 years ago by Professor Ian
R. Gibbons, the winner of the eleventh International
Prize for Biology. It then took ten years to demonstrate
that dynein is the motor responsible for flagellar and cili-
ary movement. The study of dynein took a new turn in
the next 10-year period when interest was focused on
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finding a cytoplasmic homologue of dynein. Then, as a
result in large part of the development of a video assay,
cytoplasmic dynein was isolated from non-ciliated cells,
and the idea became established that axonemal and
cytoplasmic dyneins constitute a family of retrograde
motors that are strikingly different from kinesins, a fam-
ily of anterograde motors. In the past 5 years, axonemal
and cytoplasmic dyneins were successively cloned from
a variety of organisms, and primary structures not only
of HCsbut also of other subunits, ICs and LCs, were
determined. Analysis of cloned genes revealed that HCs
are members of the four P-loop family while ICs are
members of the WDfamily, and that axonemal and
cytoplasmic dyneins consist of two different families.

In human, the immotile cilia syndrome (or
Kartagener's syndrome) which causes situs inversus, re-
spiratory complaints, and male sterility is thought to
the cause of a mutation occurring in the assembly of dy-
nein onto the outer doublet. Cloning of dynein proteins
such as HCs, ICs, and LCs will make it possible to
isolate homologues in humans and give a new direction
in the clinical investigation of this disease at the genetic
level.
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