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Abstract Wehaverecently identified amicrotubule bind-
ing domain within the motor protein cytoplasmic dynein.
This domain is situated at the end of a slender 10-12 nm
projection which corresponds to the stalks previously ob-
served extending from the heads of both axonemal and cy-
toplasmic dyneins. The stalks also correspond to the B-
links observed to connect outer arm axonemal dyneins to
the B-microtubules in flagella and constitute the microtu-
bule attachment sites during dynein motility. The stalks
contrast strikingly with the polymer attachment domains
of the kinesins and myosins which are found on the sur-
face of the motor head. The differencein dynein’s structu-
ral design raises intriguing questions as to how the stalk
functions in force production along microtubules. In this
article, we attempt to integrate the myriad of biochemical
and EM structural data that has been previously collected
regarding dynein with recent molecular findings, in an ef-
fort to begin to understand the mechanism of dynein mo-
tility.
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I Introduction

The dyneins comprise a class of minus-end directed mi-
crotubule motor proteins which include cytoplasmic and
axonemal isoforms. Over 11 forms of axonemal dyneins
have been identified that function in sliding events which
giverisetoflagellar and ciliary beating (Holzbaur and Val-
lee 1994; Kamiya 1995). The cytoplasmic dyneins func-
tion in minus-end directed organelle movementsalong mi-
crotubules (Paschal and Vallee 1987; Paschal et al. 1987)
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and have been shown to function during nuclear migration
in fungi as well as in movements of other organelles, in-
cluding lysosomes, endosomes, and Golgi, in mammalian
cells (Sweeney and Holzbaur 1996; Corthesy-Theulaz et
al. 1992; Burkhardt et al. 1997). In addition, cytoplasmic
dynein also plays a role in chromosome capture, bipolar
spindle formation and spindle orientation during mitosis
(Vaisberg et al. 1993; Heald et al. 1996; Echeverri et al.
1996).

The dynein complex rangesin size from 1 to 2x10° Da
and is composed of 2-3 different heavy chains =500 kDa
in axonemal dyneinsand 2 identical heavy chains of about
530 kDa in cytoplasmic dyneins. The heavy chains each
contain a globular head domain and are tethered together
via a stem emerging from a globular base (Johnson and
Wall 1983; Witman et al. 1983; Goodenough and Heuser
1984; Vallee et al. 1988; Amos 1989). The entire complex
resembles a fist holding 2-3 balloons. The heavy chains
contain the catalytic ATPase and microtubule-binding do-
mains required for motor function. The dynein complex
also contains an extensive array of lower molecul ar weight
subunits ranging from 8-122 kDa, some of which have
been localized to the base of the complex (King and Wit-
man 1990; Steffen et al. 1997).

Sequences for approximately 15 cytoplasmic or axon-
emal dynein heavy chain genes or cDNAS have been re-
ported (Gibbons et al. 1994; Tanaka et al. 1995; Asai and
Lee 1995; Vaughan et a. 1996). Sequence analysis indi-
cates the presence of four conserved nucleotide-binding
P-loop motifs located within the central ~115 kDa of the
protein. Only the first P-loop has been shown to have
ATPase activity (Tang and Gibbons 1987; Mocz and Gib-
bons 1996; Geeet al. 1997). Recent evidenceindicatesthat
the remaining three P-loops may also be active in nucleo-
tide binding (Mocz and Gibbons 1996), perhaps serving
some regulatory function.



Il Comparison of dynein to myosin and kinesin

Theoverall structureof dynein differsfromthat of theother
motor proteins, kinesin and myosin. The catalytic head do-
main of dyneinisapproximately 350 kDain size (Johnson
and Wall 1983; Vallee et al. 1988) and appears to corre-
spond to ~3300 a.a. of the heavy chain (Koonce and Samso
1996; Gee et al. 1997). Thisis quite large compared to the
motor domains of kinesin and myosin which consist of
~340 a.a. and ~850 a.a. respectively (Rayment et al. 1993;
Kull et al. 1996; Sablin et al. 1996). The two or three dyn-
ein heavy chains appear to be stably linked only near the
base of the complex (Goodenough and Heuser 1984; Amos
1989). The dyneins also differ from kinesin and myosinin
having many more non-catalytic subunits. Given the size
and complexity of dynein compared to the other motors, it
is no wonder that progress in understanding dynein has
been slower.

Thekineticsfor thecross-bridge cycleof axonemal dyn-
ein have been analyzed in detail by Johnson and cowork-
ers (1985). ATP binding to dynein causesthe protein to re-
lease rapidly from the microtubule, similar to ATP-stimu-
lated release of myosin from the actin filament. ATPishy-
drolyzed to ADP and phosphate, followed by release of
phosphate. Microtubule binding to the resulting dynein-
ADP complex stimulatesthe release of ADP, whichiscon-
sidered to be the rate limiting step in the reaction (John-
son 1985; Omoto and Johnson 1986). The power strokefor
dynein islikely to occur during product release (Johnson
1985; Omoto and Johnson 1986). Basal ATPase levels for
axonemal dyneins are quite high (0.15-0.38 umol ATP/
mg - min), asisthe K, for microtubul e stimul ation (Omoto
and Johnson 1986). Cytoplasmic dynein, on the other hand,
has a lower basal ATPase activity (32 nmol/mg - min),
and microtubules stimulate ATP hydrolysis with a K, of
only 0.16 mg/ml (Shpetner et al. 1988). The two classes of
dynein also vary in rates of motility inin vitro gliding as-
says. Axonemal dyneinstypically have amotor velocity of
4.5 um/s, whereas the cytoplasmic dyneins tend to be
somewhat slower (~1.2 pum/s) (Paschal etal. 1987 a, b; Vale
and Toyoshima 1988; Sale and Fox 1988).

Much has been learned about the mechanism of motil-
ity of kinesin and myosin by use of single-molecule ex-
perimentsand structural analysis(reviewed by Block 1996;
Vale 1996; Cope et al. 1996; Howard 1997; Amos and
Cross 1997). Such experiments have provided information
as to step size, processivity, and cooperativity between
heads. Single molecule systems for studying dyneins have
yet to be fully developed. As aresult, mechanistic details
of dynein motility are still lacking. The density of protein
required to translocate microtubulesinin vitro motility as-
says performed on glass coverslips suggeststhat morethan
oneaxonemal dynein may berequired for microtubuleglid-
ing (Vale et al. 1989). In that study, 50 pg/ml or more of
the Tetrahymena [/1C complex was required for motility
with an estimated surface density of ~1000 dyneins per
pm?. Dilution studiesof cytoplasmic dynein have been per-
formed using dynein-coated latex beads in in vitro motil -
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ity assays (Wang et al. 1995). In these experiments, dyn-
ein was adsorbed to beads at concentrations calculated to
yield one dynein molecule per bead and was found to pro-
duce continuous movement along microtubules. However,
bead motility included a high percentage of sideways and
backwards movements suggesting that the dynein wobbled
between protofilaments. This movement was postulated to
result from random diffusion of one of the dynein heads
while the other head was engaged in force production.
Axonemal dyneins are likely to work coordinately in
the flagellum or cilium in which case that any one dynein
would be expected to spend little time actually applying
force to the microtubule, reminiscent of the muscle acti-
nomyosin system (Johnson 1985). In contrast, the func-
tionsof cytoplasmic dynein are moresimilar to that of con-
ventional kinesinin transporting organelleswithinthecell;
thus, it seems reasonable to expect that cytoplasmic dyn-
ein might be processive, since it would be inefficient for
the organelleto dissociate from the microtubul erepeatedly
en route. In order to achieve processivity, one head could
remain attached to the microtubul e during the power stroke
of the second head, similar to the hand-over-hand mecha-
nism proposed for kinesin (Howard 1996; Howard 1997).
Another possibility is that multiple dyneins on the same
organelle act coordinately to propel it along amicrotubule.
Finally, the dynactin complex which has been shown to
both bind microtubulesand berequired for dynein-directed
organelle motility in vitro (Vallee and Sheetz 1996), could
function in keeping dynein and the organelle attached to
the microtubule between power strokes. Such afunctional
role for dynactin would explain why this complex is re-
quired for dynein-directed organelle motility in vitro, but
not for microtubule gliding (Schroer and Sheetz 1991).

Il Microtubule binding domain of dynein

until recently, very little had been done to correlate
dynein sequence information with functional domains of
the protein, largely owing to the immense size of the
heavy chain subunit which has made standard recombi-
nant and molecular genetic experiments difficult. We
have generated a series of 36 mutant and truncated forms
of the rat cytoplasmic dynein heavy chain for expression
and subsequent analysis in cultured mammalian cells
(Gee et al. 1997). These constructs were used to define
the motor domain and to identify the microtubule-bind-
ing region.

Analysis of recombinant dynein containing apoint mu-
tation showed thefirst P-loop to be necessary for vanadate-
mediated photocleavage (Gee et al. 1997). (In this reac-
tion, which blocks further ATPase activity and is charac-
teristic of all dyneins, vanadateisthought to exchange with
the phosphate in the dynein-A DP-phosphate complex sub-
sequent to ATP hydrolysis and, once bound, to prevent re-
lease of ADP blocking further dynein function (Shimuzu
and Johnson 1983). The bound vanadate acts as a chromo-
phore and causes cleavage of the polypeptide chain when
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irradiated with UV light (Gibbons et al. 1991)). Work by
Koonce and Samso (1996) showed that the C-terminal two
thirds of the protein formsaglobular masswhich likely in-
cludes the globular head domain observed in EM and
STEM. When we truncated further into this region of the
heavy chain from either the N- or C-terminus, the result-
ing fragmentswere no longer susceptible to vanadate pho-
tocleavage and co-localized with microtubules as judged
by immunofluorescence microscopy. These results indi-
cated that nearly the entire C-terminal two-thirds of the
protein isrequired for normal ATPase activity and proper
regulation of microtubule binding. Asthese properties are
reguired for dynein motor function, thisregion likely cor-
responds to the minimal motor unit.

We mapped the microtubule binding site to a 131 aa
region using primarily a microtubule-co-localization as-
say, combined with in vitro microtubule binding. Interest-
ingly, this region is located quite far downstream
(~1,400 a.a.) fromthefirst functional P-loop and ~340 a.a.
downstream from the fourth P-loop. We note that studies
using in vitro microtubule binding assays alone have iden-
tified other potential sites. For example, Lee and Asai
(1995) identified three different microtubule binding re-
gions within the P-loop containing segment of the rat cy-
toplasmic dynein heavy chain using co-sedimentation
analysis of bacterially expressed fragments with microtu-
bules. Koonce (1997) in vitro translated a series of dynein
heavy chain segments located in the vicinity of the site
identified by our analysis. Several of the translation prod-
ucts corresponding to distinct regionswere observed to co-
sediment with microtubules. The basis for the disparity in
the results from the several studies is not entirely clear.
However, the functional importance of the site identified
in our study is supported by a significant body of ultra-
structural and physiological evidence (see below).

The microtubul e-binding site defined by our analysisis
flanked by two relatively long regionsthat are predicted to
form coiled coils and are structurally conserved among all
dyneins sequenced to date (Mitchell and Brown 1994; Gee
etal. 1997). Wereasoned that thesetwo regionsmight inter-
actinanti-parallel toformahairpinresultinginal0—12 nm
long structure, with the microtubul e-binding region occur-
ring as aglobular mass at the tip. Goodenough and Heuser
(1984) had reported the presence of a“stalk” with similar
proportions emanating from the globular head of purified
axonemal dyneins when viewed using quick-freeze deep-
etch EM techniques. A similar structure was also reported
by Amos (1989) using negative stain EM to view purified
porcine cytoplasmic dynein. Goodenough and Heuser
(1982) showed that dynein in the axoneme contacts the B
microtubule via a thin filament, referred to as the B-link,
similar in length to the stalk observed on purified dyneins.
Asother investigators had failed to see the stalk, however,
its presence had remained controversial inthedyneinfield
(Satir 1989).

I'n order to examine the morphol ogy of the microtubule-
binding region identified by deletion analysis, we ex-
pressed a 45 kDa polypeptide encompassing the microtu-
bule-binding region and flanking coiled-coils in insect

cellsinfected with recombinant baculovirus. When viewed
by EM, two types of particle were observed; rods measur-
ing ~23 nmx6 nm and astral arrays composed of 12-18
spokes radiating from a central mass (Fig. 1). Theindivid-
ual spokes of the astral arrays were each composed of
~12 nm long filaments containing a globule measuring
6 nm in diameter at the tip. The size and morphology of
the individual spokes approximated that of the stalks ob-
served on purified dyneins using the same EM technique
(Goodenough and Heuser 1984). These data strongly im-
ply that the microtubule-binding region that we identified
using deletion analysis correspondsto the stalk previously
observed on purified dyneinsand axonemal dyneinsinsitu.
The individual rods that we observed in our recombinant
protein preparations could represent single stalks thick-
ened by the metal shadow, or dimers or trimers.

We have not yet determined the specific amino acidsin-
volved in microtubul e contact. Polymer binding regions of
myosin and kinesin have been mapped more precisely
(Rayment et al. 1993b; Woehlke et al. 1997; reviewed by
Cope et al. 1996). The actin filament binding region of
myosin lies opposite to the nucleotide-binding face and
consists of at |east two large loops that are non-contiguous
at the sequence level (Rayment et al. 1993b). Filament
binding is controlled by nucleotide binding on the “back-
side” of the head domain, and vice versa. The actin-bind-
ing face separates into two separate surfaces upon ATP
binding, resulting in release from the filament. Upon hy-
drolysisand phosphate rel ease, the two surfaces moveinto
close proximity to one another, likely resulting in the
10,000 fold increase in actin-binding affinity displayed by
the myosin-ADP complex (Taylor 1992; Rayment et al.
1993b; reviewed by Vale 1996). A low-affinity filament
binding state mediates the events between ATP binding
to myosin and high-affinity binding of myosin to the fila-
ment.

Themicrotubule-binding region of kinesin wasrecently
defined at the residue level using the mutagenic method of
alanine scanningto replaceindividual amino acidswiththe
neutral amino acid alanine (Woehlke et al. 1997). The mi-
crotubule contact residues of kinesin are found in an ap-
proximately 2.5 nm wide strip on the back side of the pro-
tein opposite the nucleotide-binding pocket (Woehlke
et al. 1997). Theregionsthat provide polymer contact cor-
respond spatially to the peptide loops of myosin that inter-
act with the actin filament. Two classes of solvent-exposed
amino acids were found to affect microtubule-binding.
These included primarily basic amino acids, including K
and R, whichwhen mutated individually caused adecrease
in microtubule binding as determined by microtubule-
stimulated ATPase activity. The other class of residues
were primarily acidic amino acids, including D and E,
which when mutated caused an increase in microtubule-
binding affinity. Thus, in kinesin, microtubule-binding af -
finity appears to be regulated by a balance of strategically
placed acidic and basic residues.

Work from several laboratories suggests that both kine-
sin and dynein interact with the acidic C-terminus of tubu-
lin. Each motor has been reported to bind the glutamic acid-



Fig. 1 Electron micrographs of dynein stalks and purified dyneins
(from Gee, Heuser and Vallee 1997). Top Row, astral arrays of re-
combinant dynein microtubule binding domain. These structures are
aggregates of 12—18 spokes emanating from aglobular mass. Thein-
dividual spokes correspond in size and dimension to the stalks on
axonemal and cytoplasmic dyneins observed at the same magnifica-
tion in rows three and four. Second Row, rod-shaped structures ob-
served in preparations of recombinant dynein microtubule binding
domain. These structures are larger in dimension than the individu-
al stalksin the astral arrays and may be dimers or trimers of stalks.
Third Row, purified axonemal dynein corresponding to outer arms
of Tetrahymena flagella. Fourth Row, purified cytoplasmic dynein

rich C-terminal tails of both a and Btubulin (Paschal et al.
1989; Goldsmith et al. 1995; Larcher et a. 1996); however,
only peptides corresponding to the C-terminus of 3 tubulin
were found to interfere with microtubule stimulated
ATPase activity of kinesin (Tucker and Goldstein 1997).
Since dynein and kinesin have both been proposed to bind
the same region of tubulin, the microtubule-binding con-
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tacts of dynein with microtubulesarelikely toinvolve elec-
trostatic forces similar to those of kinesin. Several con-
served basic residues in the globular region of the dynein
stalk are likely candidates for polymer interaction (Fig. 2).
Several of these charged residuesaremorehighly conserved
with in cytoplasmic dyneins than between cytoplasmic and
axonemal dyneins. Such differences could be important in
imparting different microtubule-binding affinities to the
different dynein complexes to facilitate their independent
functions. Microtubule stimulation of cytoplasmic dynein
ATPase activity has been estimated to involve aK,, for mi-
crotubules that is at least 100 fold lower than that for ax-
onemal dynein (Shpetner et a. 1988), and likely reflects
differences in microtubule-binding affinity.

Why dynein should contact the microtubule viasuch an
unusual structure is uncertain. One reasonable possibility
relates to the large size of the dynein head relative to that
of the tubulin subunits which make up the microtubul e sur-
face lattice. The diameter of the dynein head (13-14 nm)
isabout three timesthat of the tubulin monomer (4-5 nm).
Direct microtubule contact by multiple dynein heads
within asingle molecule, or by adjacent dyneinswithinthe
axoneme or on the surface of amembranousorganelle, may
well be sterically impossible; thus, the stalk may have
evolved to alleviate this problem.

Thelength of the stalk as observed by freeze-etch elec-
tron microscopy appears to be comparable among a wide
range of dyneins (Goodenough and Heuser 1982, 1984,
1989). Some variability in the predicted length of the two
coiled coil regionsis observed (Mitchell and Brown 1995;
Geeet al. 1997). However, we notethat the position of pro-
linesthat flank these regionsis highly conserved, suggest-
ing that the actual length of the a-helicesis constant. Per-
hapstento twelve nanometersisasufficient length to over-
come steric hindrance between dynein heads, but short
enough to function efficiently in force transduction (see
below).

IV Ultrastructural and biochemical analysis
of dynein head behavior

Evidence for dynein conformational changes comes from
direct observations of dynein morphology in the axoneme
in which the dynein head changes from a squat “corn ker-
nel” conformation in the rigor state to a ellipsoidal shape
in the presence of ATP (Goodenough and Heuser 1982,
1984; Burgess 1995). The individual heads within each
dynein molecule cannot be discerned in these images and
are likely to be intimately associated with one another, as
isobserved for purified axonemal dynein complexesfixed
with glutaraldehyde (Goodenough and Heuser 1984) and
for the so called “phi particles’ of cytoplasmic dynein
(Amos 1989). Nonetheless, the dynein head, or head con-
glomerate, appearsto change positioninrelationship tothe
base of the molecule depending on ATP availability.
Burgess (1995) has used computer image averaging of
quick-freeze deep-etch EM images of outer arm dyneins
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Fig. 2 Sequence comparison of the microtubule binding region of
cytoplasmic and axonemal dyneins. Sequences from eight cytoplas-
mic and four axonemal (*) dyneinswere compared within theregion
of the microtubule binding domain using the pileup function of the
GCG program, and were analyzed for conservation using the Box-
shade 3.21 software from the Swiss Institute for Experimental Can-
cer Research. Sequences were obtained from Genbank and contain
14 amino acids upstream and downstream of the conserved prolines
(P) that we propose define the beginning of the flanking predicted
coiled coil regions. Sequences showing fifty per cent or higher iden-
tity or conservation are boxed in black or gray, respectively. In the
consensus line, capitol letters indicate complete identity and small
case lettersindicate conserved residues. Conserved basic amino ac-
ids are indicated by +'s and conserved acidic amino acids by —'s.
Note that some of these residues are more highly conserved in the
cytoplasmic versus axonemal dynein heavy chains

observed in the rigor, relaxed, or active states in order to
assign ATP-related states to dynein in active axonemes.
Thisanalysiscorroborated the conformational changespre-
viously described by Goodenough and Heuser (1982,
1984), but also provided evidence that, in rigor, the dynein
head is displaced ~12 nm-roughly its own diameter-to-
wards the distal (plus) end of the axoneme in relationship
to the A microtubule. These data suggest that the dynein
mol ecul e may become more extended, or that the head may
shift relative to the base (stem) of the dynein complex, dur-
ing the relaxed state. These data also imply that the dynein
step size could be relatively large (i.e. as much as 12 nm).

Thereisalso biochemical evidencethat the dynein com-
plex undergoes fairly dramatic conformational changes as
aresult of ATP binding and hydrolysis. Experimentsusing

limited protease treatment indicate that different regions
of the dynein heavy chain are solvent-exposed depending
on whether the protein isincubated with ATP or ADP plus
vanadate (lanaba and Mohri 1989).

In the relaxed (ADP and VO, bound) and active (un-
limited ATP) states, the stalk emanates from a proximal
position on the dynein head(s) and is nearly perpendicular
to the B microtubule. The position of the stalk appears to
be uniform amongst dyneins along the axoneme. In the
rigor state, the stalk emanates from the top of the dynein
head and appearsto tilt at avariety of angles (Goodenough
and Heuser 1982; Burgess 1995).

Contact of the stalk with microtubules in the axoneme
has been observed using freeze-etch EM (Goodenough and
Heuser 1982). The globular tip that is observed on stalks
on purified dynein, however, has not been observed on the
B-links. Several possibilities could account for this phe-
nomenon. The globular tip couldintercalate into the micro-
tubule lattice making it invisible in these preparations. Al-
ternatively, the tip might assume another conformation
when in contact with a microtubule such that it lies flush
against the polymer. Interestingly, in one study the globu-
lar tip of purified cytoplasmic dynein appeared to have mul -
tiple conformations which result in variable stalk lengths
(Amos 1989). In the extended examples, the tip seems to
have “uncoiled” as an extension of the filamentous region.
In addition, longer stalks have been observed in outer arm
dyneins in the axoneme when stretched during rigor
(Goodenough and Heuser 1984). Thus, thisregion could act
as a spring to push or pull along the microtubule.



Another curious feature of the B-links is that the stalk
was not observed to break contact with the B microtubule
in either the relaxed or rigor state, leaving open the pos-
sibility that the stalk contains both a low-affinity and
higher-affinity microtubule-binding surface or that the
stalk resides close to the B microtubule when not engaged
in the power stroke. It isunlikely that these contacts form
strong attachments since the outer doublet microtubules
must be allowed to slide distances of up to 100 nm in re-
lation to one another during flagellar beating (Satir 1989).

A low affinity contact by the stalk could act to tether
the dynein to the microtubule between strokes, while a
higher affinity interaction might be engaged to grip the
microtubul e during the power stroke. A low affinity inter-
action with microtubules has been reported by Vale et al.
(1989) in which microtubules were observed to undergo
bidirectional, one dimensional diffusion inin vitro motil-
ity assays in the presence of vanadate and either ADP or
limiting ATP. Thisinteraction with microtubules may very
well constitute an intermediate state during motility since
the dynein moleculeis presumably locked into an interme-
diate state of ATP hydrolysis under the former conditions.

Another question that arisesfromin situ analysis of ax-
onemal dynein is why only one filamentous contact with
the B microtubule is observed per multi-headed dynein
molecule. This observation suggests that only one dynein
head isin contact with the microtubule at atime. Alterna-
tively, the stalk from the additional heads could be hidden,
or the stalks from multiple heads might closely associate
while making contact with the microtubulein situ forming
a compound coiled coil. Observation of “phi” particlesin
preparations of purified porcine cytoplasmic dynein and
glutaraldehyde-fixed outer arm dyneins supports the latter
possibility (Amos 1989; Goodenough and Heuser 1984,
1989). In these samples, the two or three dynein heads
appeared to interact to form one globular masswith thein-
dividual stalksfusedinto asinglefilament. Asnoted above,
the dimensions of the rod shaped structures that we ob-
served in preparationsof bacul ovirus-expressed stalks sug-
gests that these particles could represent dimers or trimers
(Geeet al. 1997). Whether stalks do, indeed, interact under
physiological conditions, and whether this interaction
might function in modul ating microtubul e binding, remain
fascinating questions for future research.

V The role of the dynein stalk in motility

A major question remaining to be answered ishow the stalk
functions during motility. Two issues must be resolved.
First, how is force transmitted through the stalk? Second,
how is conformational information transmitted? That the
latter form of signal transductionisat issueisevident from
consideration of the dynein cross-bridge cycle. In order to
function in force production, microtubule binding must
cycle between “on” and “off” states in response to nucle-
otide binding states within the head region. Since the
ATPase domain is presumed to reside within the head re-

Fig. 3a—c Three models portraying possible activities of the dyne-
in stalk during force production. In diagram a, the stalk acts asa di-
rectional lever arm to amplify conformational changes within the
head domain. In diagram b, the head domain tugs on the stalk which
acts as an intermediary between the dynein head and the microtu-
bule. In diagram ¢, conformational changes within the dynein head
during the cross-bridge cycle cause the stalk to twist and dissociate
from the microtubule

gion, adistance of at least 10 nm from the site of microtu-
bule binding, some form of feedback between theseimpor-
tant functional regions must occur viathe stalk which links
the two. Thus, the stalk must function to process confor-
mational changes that arise at or near the nucleotide-bind-
ing pocket in the head and transmit this information to the
site of microtubule contact. Furthermore, microtubule
binding at the tip of the stalk must stimulate product re-
lease within the head domain.

Based on current knowledge of the changesin morphol -
ogy of dynein during its cross-bridge cycle (see above),
the stalk may be envisioned to participate in dynein motil-
ity in anumber of ways (Fig. 3). An obvious possibility is
that the stalk actsasa*lever arm” similar to the regulatory
region of conventional myosin (reviewed in Block 1996)
(Fig. 3@). In such a model, the stalk would act to amplify
subtle conformational changes that occur within the head
to produce larger-scale movements along the microtubule.
The anti-parallel coiled coil structure we propose for the
filamentous region of the stalk seems likely to provide ad-
equate rigidity to serve as alever arm similar to therigid-
ity imparted by binding of light chains to the myosin reg-
ulatory region (reviewed in Block 1996 and Howard 1997).
Rigidity of the dynein stalks could be further increased by
interaction of multiple stalks (see above).

We note that an extended intramolecular coiled-coil
structure similar to the dynein stalk has also been reported
projecting from the catalytic domain of seryl t-RNA synthe-
tase (Cusack et al. 1990). This structure has been shown to
rotate ~30° relative to the catalytic domain upon substrate
binding (Biou et al. 1994). A 30° angular rotation of the
~12 nmlong dynein stalk would accommodate a movement
of roughly 6 nm by the stalk tip along the microtubule.

Observationsthat the dynein head itself may move dur-
ing the cross-bridge cycle, however, suggests that rotation
of the stalk(s) does not constitute the only force-produc-
ing motion (Tsukitaet al. 1983; Burgess 1995). Thus, com-
bined movement of the head and stalk may contribute to
the length of the physical lever arm, and thus the dynein
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step, in this mechanism. The head and stalk may not act as
arigid unit at all times, however, since the position of the
stalk in relationship to the head was reported to be vari-
able in the rigor state and to differ between the rigor and
relaxed states (Burgess 1995).

Whether thestalk playsan activeor apassiveroleinforce
production remains an open question. It is unclear whether
the stalk changes position only as a consequence of head
movement, or if it, indeed, acts asan independent lever arm.
Rather than causing an angular rotation of the stalk, thedyn-
ein head may simply tug on this structure to cause move-
ment along the microtubule (Fig. 3b). This mechanism is
easy to imagine for dynein in the axoneme where the dyn-
ein baseisfirmly attached to afixed position, i.e. the A mi-
crotubule; but it is less compelling for cytoplasmic dynein
whose cargo, i.e. organelles, are not fixed in position.

In neither scenario described aboveisit clear how con-
formational information is transmitted through the stalk
between the dynein head and the microtubule binding site.
For a coiled-coil structure, only very small movements
between the interacting a-helices can be accommodated
without their dissociation; thus, it is possible that local or
general melting of the coiled-coil isinvolved in transduc-
ing conformational information between the head and the
microtubule. However, such changes should lead to | oss of
stalk rigidity.

Rigidity and signal transduction can both be accommo-
dated by models involving twisting of the stalk (Fig. 3c).
Such amotion could supply enough force to break the mi-
crotubule-dynein interface or cause the microtubul e-bind-
ing face to tilt into a lower-affinity position. In addition,
strain within the twisted stalk could be transmitted to the
head to enhance product rel ease as aresult of microtubul e-
binding at the tip of the stalk.

Compared to myosin and kinesin, our understanding of
dynein-directed motility at the mechanistic level is still in
itsinfancy. Much will be gained by further mutational and
structural analysis of the dynein complex. Likewise, high
resolution motility assays using single and multiple dyn-
ein heads should contribute greatly to our understanding
of dynein force production. It is already clear that dynein
differs significantly from the other motor proteins in the
structural relationship between its polymer-binding and
ATPase sites. It will be interesting to see just how closely
dyneinfollowsinthe footsteps of itsfellow motor proteins
in mechanistic terms.
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