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Conformational changes of dynein during ATP hydrolysis are demonstrated by the dif-
ference in the tryptic fragments of the dynein heavy chain between in the absence and
presence of ATP and vanadate. Here tryptic sites in the presence of ATP and vanadate
(Tav sites) have been mapped on the B heavy chain of outer arm dynein from sea urchin
sperm flagella. Tav sites are located not only near the central catalytic domain which
includes four P-loops, but also near the carboxyl-terminal coiled-coil region. The Tav2
site is located in the most carboxyl-terminal region, which is nearly 850 amino acid resi-
dues apart from the the fourth P-loop (P4 site). The region from the most amino-termi-
nal Tav site (Tavl site) to the Tav2 site covers approximately 2,100 amino acid residues,
which is almost half the whole B heavy chain. Comparison of the sequences around the
tryptic sites of the sea urchin B chain and those of the dynein heavy chains from other
organisms reveals that the sequence around the Tavl site is highly conserved in both
cytoplasmic and axonemal dyneins but that around Tav2 sites is only conserved in
axonemal dyneins, suggesting functional differences in the Tav2 region between the two

subfamilies of dynein.
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Dyneins are microtubule-dependent molecular motors
involved in several microtubule-dependent intracellular
translocation processes, including vesicle transport, nuclear
segregation, and ciliary and flagellar motility. Dyneins are
generally classified into cytoplasmic and axonemal ones,
both of which are multisubunit complexes composed of two
or three heavy chains and several intermediate and light
chains (for reviews, see Refs. 1 and 2).

The dynein heavy chains (~500 kDa) have an ATP-cata-
lytic domain and are responsible for producing the force for
microtubule movements (3, 4). The four ATP-binding
motifs, called P-loops, are located in the central one-third
portion of the dynein heavy chain and are well-conserved
among the dyneins from many organisms (2). The central
catalytic domain along with an extending carboxyl-termi-
nal region constitute the head portion of a dynein molecule
(5). The amino-terminal one-third region constitutes the
tail portion, which is thought to be important for the bind-
ing of other components, such as intermediate chains, sev-
eral cargos or A-tubules of doublet microtubules (1). The
portion between the central and carboxyl-terminal regions
forms a coiled-coil domain which constitutes a stalk extend-
ing from each head and is suggested to be responsible for
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ATP-sensitive microtubule-binding (6).

Although the cytoplasmic dynein is a homodimer of a
single species of heavy chain, the axonemal dynein is com-
posed of heterogenous dynein heavy chains which are
encoded by separate genes and have distinct functions in
axonemal motility (7, 8). In Chlamydomonas, Tetrahymena,
or Paramecium, the outer arm dynein contains three heavy
chains, termed «, B, and y. The outer arm dyneins from
most multicellular organisms contain a heterodimer of
heavy chains (9), for example, the outer arm dynein from
sea urchin sperm flagella contains « and B heavy chains
(10). In the outer arm dynein from sea urchin sperm fla-
gella, it is conceivable that the B heavy chain functions in
force generation, and the a heavy chain mediates struc-
tural and rigor binding of B-containing subparticles to
microtubules (11, 12).

The sliding of microtubules is caused by mechanochemi-
cal transduction by dynein. The rigor state of dynein disso-
ciates from microtubules by binding ATP, followed by ATP
hydrolysis into ADP and P,. The release of these products is
the rate-limiting step and is presumed to be responsible for
force production (13, 14). Vanadate (V,) acts as an analogue
of inorganic phosphate (P;) and can form a stable dynein-
ADP-V, complex which mimics the relaxed state. The mor-
phology of the rigor and relaxed states of dynein in an
axoneme apparently differs in situ (15-17), although the
molecular nature of this conformational change is poorly
understood.

Among several tools for studying protein conformations,
limited proteolytic digestion has been useful for surveying
the conformation of the dynein molecule (18-22). We have
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detected a conformational change of the outer arm dynein
from sea urchin sperm flagella by means of tryptic diges-
tion, and revealed that dynamic conformational changes
occur in the dynein B heavy chain between the rigor and
relaxed states (I8). The conformational changes of the B
heavy chain also involve changes in the interactions with
the « heavy chain (20) and the intermediate chain 1 (23,
24). The mapping of Tav sites, which become susceptible to
trypsin in the presence of ATP/V,, has been performed pre-
viously for the sea urchin B heavy chain by means of a bio-
chemical procedure (21). However, since the primary
structure of the B heavy chain is now available (25, 26), it is
possible to map the sites much more precisely. Here these
sites are determined by analyzing the amino-terminal
amino acid sequences of tryptic fragments of the B heavy
chain and the sequences or secondary structure around
these sites are investigated.

MATERIALS AND METHODS

Isolation of Dynein—The flagellar axoneme was prepared
as described previously (27). The outer arm dynein was iso-
lated from the axoneme by extraction with a high salt solu-
tion, followed by 5-20% sucrose density gradient centri-
fugation (18). The dynein was dialyzed against a buffer con-
taining 0.15 M KCl, 2 mM MgClL,, 1 mM EGTA, 10 mM
Tris-HCI, pH 8.0, and 0.1 mM DTT, to remove sucrose.

Tryptic Digestion and Peptide Sequencing of Tryptic
Fragments—The outer arm dynein (~05 mg/ml) was
digested with TPCK-treated trypsin (Sigma, 300 pg/ml) at
20°C for 30 min. The reactions were terminated by the
addition of soybean trypsin inhibitor to 2 mg/ml. The tryp-
tic fragments were separated by SDS—polyacrylamide gel
electrophoresis (28) with a 5% polyacrylamide gel as the
separating gel. The proteins were electrophoretically trans-
ferred to a PVDF membrane (Applied Biosystems, Pro-
Blott™), and stained with Coomassie Brilliant Blue R-250,
and then the amino-terminal sequence was determined
with a Applied Biosystems Model 476 protein sequencer.

Sequence Analysis—The similarities of the sequence
around each tryptic site between the sea urchin dynein B
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Fig. 1. SDS-PAGE showing the difference in the tryptic frag-
ments of outer arm dynein between in the absence or pres-
ence of ATP/V,. Outer arm dynein was digested with trypsin at
20°C for 5 and 40 min. Major tryptic fragments are indicated by
closed circles (in the presence of ATP/V)) and closed squares (in the
absence of ATP/V,) with the molecular masses given in kDa.
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heavy chain and other dynein heavy chains were examined
with the GCG program BESTFIT with default parameters.
Overall comparison between the sea urchin B and Chlamy-
domonas B heavy chains was performed with the GCG pro-
gram COMPARE. The coiled-coil region in the sea urchin 8
heavy chain was predicted using the Lupas algorithm
COILS (29). Multiple alignment was performed with
CLUSTALW.

RESULTS

Proteolytic Pathway of the B Heavy Chain—The tryptic
fragments of outer arm dynein from sea urchin sperm fla-
gella in the absence and presence of ATP/V, are shown in
Fig. 1. All the fragments observed are derived from the B
heavy chain (19). The difference in the fragments produced
in the absence and presence of ATP/V, is considered to be
due to the difference in the conformation of the B heavy
chain between the two conditions (18). The digestion path-
way of the B heavy chain was previously determined by
means of V -dependent photocleavage and antibodies which
recognize a specific region of the B heavy chain (21). In the
absence of ATP/V,, two products, 165 and 135 kDa frag-
ments, are produced by trypsin through cleavage at the T1,
T2, and Ts sites. In the presence of ATP/V, the T2 site
becomes less susceptible to trypsin, resulting in the produc-
tion of a relatively stable 300 kDa fragment, and four new
sites, named the Tav1-Tav4 sites, become more susceptible
to trypsin to produce 200, 150/148, 105, and 96 kDa frag-
ments (Fig. 2).

Mapping of Tryptic Sites on the B Heavy Chain—To local-
ize the tryptic sites more precisely, each fragment sepa-
rated by SDS-PAGE was transferred to a PVDF mem-
brane and then subjected to amino-terminal amino acid
sequencing (Table I). The sequences were searched for in
the complete amino acid sequence of the outer arm dynein
B heavy chain from sea urchin (25; Accession number
D01021). Although some amino acids could not be identi-
fied, the sequences completely matched the following por-
tions of the B heavy chain; N2512 to 12525 for the amino-
terminal sequence of the 200 kDa fragment, F1379 to
1.1393 for the 165 kDa fragment, A1571 to F1586 for 150
kDa, L1572 to P1584 for 148 kDa, T3324 to N3339 for 135
kDa, A1571 to Y1587 for 105 kDa, and 13648 to A3660 for
96 kDa. Thus all the tryptic sites except the Tav3 site were

smaf fragments
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Fig. 2. Digestion pathway of the B heavy chain. The molecular
size of each tryptic fragment is indicated in kDa. The T1 and T2 sites
are primary sites for the production of 195 and 135 kDa fragments.
The 110 kDa fragment is further degraded into fragments. The Ts
site is the tryptic site which is cleaved in the presence of salt and
Mg?* (21). Tav sites are cleaved by trypsin in the presence of ATP/V,.
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determined and mapped on the § heavy chain (Fig. 3).

The Tavl and Tav4 sites are located relatively near the
P1 and P3-loop, respectively. The Tav2 site is located at
more than 300 amino acids carboxyl-terminal from the T2
site and nearly 850 amino acids apart from the P4 site. The

TABLE I. Amino-terminal amino acid sequences of tryptic

fragments.
Fragment Sequence
200K NYGPPGTKKIVYFI
165K FITMDKEXTLXDLLAL
150K ALAEYLETKRLAFPRF
148K XLAEYLEXKRLAFP
135K TITLANRLVGGLASEN
105K ALAEYLETKRLAFPRFY
96K INEARELYRPAAA

X: undefined amino acid.

A
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Fig. 3. Mapping of tryptic sites on the B heavy chain. The num-
ber at each P-loop shows the lysine residue in the ATP-binding con-
sensus sequence. The V1 sgite is the vanadate-mediated photo-
cleavage site (30). The dark shaded area shows the coiled-coil region,
which forms a B-link stalk structure (6) (residues 3028-3083 and
3262-3303). The light shaded area shows the homologous region
whose deletion causes both loss of photocdeavage and ATP-insensi-
tive rigor binding to microtubules in rat cytoplasmic dynein (resi-
dues 1252-1413 and 4103-4463) (6).
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1 1 4000 (aa) Fig. 4. The structure of the
T2 Tav2 sea urchin B heavy chain
and comparison with Chla-
mydomonas outer arm dy-
nein heavy chains. A: Pre-
diction of coiled—coil regions in
the sea urchin f heavy chain
with the Lupas algorithm (29),
with a window length of 28 on
the MTIDK matrix. Probability
(P) against amino acid residues
(a.a.) is shown. B: Pairwise se-
quence comparison between
whole (left) and central regions
i’ (right) of the sea urchin g and
. Chlamydomonas B dynein
heavy chains, performed with
the GCG program COMPARE
with a compare window of 30
and a stringency of 135. C: Mul-
tiple alignment of highly conser-

-
el

. . . B . I
SbetoCom 1 8 L4, 1t LEXE

100 10 2000 20m0 2400 (asy  VALiVe region near the Tavl site

among the sea urchin B (upper;
residues 1565-1604), Chlamy-
domonas B (middle; residues
1632-1671), and a (lower; 1432—
1471) heavy chains. The align-
ment was performed with CLU-
STAL W. Asterisks, colons and
dots indicate identical residues
in all sequences in the align-
ment, conserved substitutions
and semi-conserved substitu-
tions, respectively.
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TABLE II. Pairwise % similarity comparisons of the region
around tryptic sites.

SuU-
P1-P4 Tavl Tav4 T2 Tav2
SU-a 49 NA 58 NA NA
Chla-a 62 87 70 47 63
Chla-g 62 70 66 44 65
Chla-y 50 (55) 54 48 61
Chla-IA | 54 59 59 41 49
Tetra-B 60 57 61 45 60
Parame-B 60 61 83 44 _5_6__ _
SU-cyto 46 83 (70) NA NA
Parame-cyto 48 54 (60) 39 38
Dicty-cyto 46 55 (65) 32 42
Droso-cyto 46 83 (70) 30 43
Rat-cyto 47 53 (70) 33 45
Parame-cyto
P1-P4 Tavl Tav4d T2 Tav2
SU-cyto 70 73 (90) NA NA
Dicty-cyto 70 80 (90) 56 62
Drosocyto 69 73 (85) 61 52
Rat-cyto 70 71 (30) 61 53

The regions of each dynein heavy chain homologous to the central
catalytic (P1-P4; residues 1852~2811), Tavl (residues 1540-1600),
Tav4 (residues 2481-2541), T2 (residues 3293-3353), and Tav2
(residues 3617-3677) regions of the sea urchin B heavy chain were
searched with BLAST and then compared with the GCG program
BESTFIT. The lower part of the table shows comparison of cyto-
plasmic dyneins against the Paramecium cytoplasmic dynein
heavy chain. The % similarity, which is the same or higher than
that in the P1-P4 region in each pair, i8 indicated in boldface. The
pair for which the sequence of the homologous region is not avail-
able in the database is denoted by NA. The value in parentheses
show % similarity limited to the short homologous region hit by
BESTFIT (29 residues for the Tavl region for SU-8 vs. Chla-vy; 22—
25 residues for SU-B vs cytoplasmic dyneing, or Parame-cyto vs
cytoplasmic dyneins. See the text). The dynein heavy chains and
the accession numbers in the database are sea urchin outer arm
dynein B (SU-B; D01021) and a (SU-; U03970) heavy chains;
Chlamydomonas outer arm dynein a (Chla-o; 1.26049), 8 (Chla-B;
U02963), and vy (Chla-y, Q39575) heavy chains; Chlamydomonas
inner arm dynein heavy chain 1 (dhc 1XChla-IA; AJ243806);
Tetrahymena outer arm dynein f heavy chain (Tetra-B; AF072878);
Paramecium outer arm dynein B heavy chain (Parame-B; Y19464);
sea urchin cytoplasmic dynein heavy chain (SU-<cyto; Z21941)
Paramecium cytoplasmic dynein heavy chain (Parame-cyto;
U20449); Dictyostelium cytoplasmic dynein heavy chain (Dicty-
cyto; Z15124); Drosophila cytoplasmic dynein heavy chain (Droso-
cyto; L23195); and rat cytoplasmic dynein heavy chain (rat-cyto;
1.08505).

region from the Tavl site to the Tav2 site covers approxi-
mately 2,100 amino acids. This is almost half the whole B
heavy chain.

In this study, the Tav2 site was mapped at a position dif-
ferent from that previously reported (21). Since the Tav2
gite was previously determined using carboxypeptidase
digestion, followed by peptide mapping, this was probably
due to unexpected cleavage by an endopeptidase contami-
nating the carboxypeptidase. The Tav3 site has not been
determined in the present study, but it should be ~2 kDa
amino-terminal from the T2 site, as described previously
@n.

Correlation of Tryptic Sites to the Secondary Structure of
the B Heavy Chain—The coiled-coil regions were predicted
and correlated with the tryptic sites. The result showed
that the Tavl, T2, and Tav?2 sites are all located at the cal-
boxyl-ends of the coiled-coil region (Fig. 4A). Although the B
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heavy chain has no long a-helix coiled-coil structure in the
amino-terminal region like myosin or kinesin (25), analysis
of the coiled-coil region by mean of the Lupas algorithm
(29) has shown that there are many short coiled-coil
regions in the amino-terminal region of the B heavy chain.
The Tav] site is located at the carboxyl-end of this cluster
of short coiled-coil regions (Fig. 4A).

On the other hand, a previous study has shown that the
coiled-coil region between the central catalytic and car-
boxyl-terminal domains at residues 3,028-3,083 and 3,262-
3,303 appears to form a stalk structure responsible for
ATP-sensitive microtubule binding (6). In the present
study, another coiled-coil portion has been found in this
region at around residue 3,600 with the Lupas algorithm
(Fig. 4A). The T2 and Tav2 sites are located at the carboxyl
end of the second and third coiled-coil regions, respectively
(Fig. 4A).

Sequence Comparison between the Sea Urchin 8 and
Chlamydomonas B Heavy Chains—Analysis of homologous
regions between the sea urchin 8 and Chlamydomonas B
heavy chains revealed that the Tavl site is located within
the very conservative region between the two species (Fig.
4B). When the analysis was performed with the GCG pro-
gram COMPARE at high stringency, highly conservative
regions (HCRs) between two heavy chains could be visual-
ized (Fig. 4B). The most amino-terminal HCR is around the
Tav] site, and the 40 amino acids around the Tavl the site,
(residues 1565-1604) of the sea urchin B chain show 83 and
78% identity with the corresponding region of the Chlamy-
domonas B and a heavy chains, respectively (Fig. 4C).
There are two other HCRs in the central portion and one
HCR in the carboxyl-terminal portion (Fig. 4B, left).

Sequence Comparisons around Tryptic Sites among Sev-
eral Dynein Heavy Chains—Because tryptic sites are con-
sidered to be located between structural domains in the
dynein heavy chain, they must have important roles in the
dynein function. Hence, in this study, sequences around
each tryptic site are compared among several dynein spe-
cies (Table II). The result showed that the sequences
around some tryptic sites are surprisingly conserved
among several dyneins.

First, the Tavl region shows high similarity with those of
axonemal dyneins, including inner arm dynein, and cyto-
plasmic dyneins, except that the Chlamydomonas y heavy
chain has only a 29 amino acid region homologous to the
Tav1 region of the sea urchin B heavy chain.

Second, the Tav4 region is also conserved among axone-
mal and cytoplasmic dyneins, although the conservation is
limited to a short region (20-25 amino acid residues) in the
case of cytoplasmic dyneins. The similarity of the sea
urchin B heavy chain to Chlamydomonas B is much higher
in the Tavl region than that in the Tav4 region, but the
similarity to Chlamydomonas a, Tetrahymena B, or Para-
mecium B in the Tav4 region is higher than that in the
Tavl region. The homologous regions detected with the
BESTFIT program around the Tavl site between the sea
urchin B and cytoplasmic dynein heavy chains range from
50 to 60 amino acid residues, whereas those around the
Tav4 region only range up to 25 amino acid residues. How-
ever, they show high similarity to the sea urchin B heavy
chain in this short region (Table II, parentheses). This
region also shows very high homology among cytoplasmic
dyneins.
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Third, in contrast to the Tavl or Tav4 site in the central
catalytic region, the carboxy terminal T2 region shows no
significant similarity among the dynein heavy chains. The
Tav2 region, however, shows high similarity between the
sea urchin B and axonemal dyneins, especially the Chlamy-
domonas a, B, or vy heavy chain, although it shows low simi-
larity between the sea urchin B and cytoplasmic dynein
heavy chains (Table II).

DISCUSSION

In this study, four tryptic sites whose susceptibilities to
trypsin change in the presence of ATP/Vi were mapped on
the B heavy chain of sea urchin outer arm dynein. Tav sites
are located not only in the central catalytic domain but also
near the carboxyl-terminal coiled-coil region, and the re-
gion from the Tavl site to the Tav2 site covers approxi-
mately 2,100 amino acid residues, this length being almost
half that of the 8 heavy chain.

The predicted secondary structure suggests that the B
heavy chain is composed of an amino-terminal a-helix dom-
inant region, a central 8 sheet dominant region containing
four P-loops, and a carboxyl-terminal B sheet dominant
region (see Ref 25). Both the B sheet dominant domains
are split by three to four short a-helix dominant regions.
When the conformation-dependent tryptic sites (Fig. 3)
were collated with the predicted secondary structure, all
the sites could be located at the boundary between the a-
helix dominant and B-structure dominant regions.

The Tavl and Tav4 sites located in the central catalytic
domain are well conserved in both cytoplasmic and axone-
mal dyneins, suggesting that these site are closely related
to the fundamental process of the dynein mechanochemical
cycle, such as ATP hydrolysis. The Tavl site is located at
~90 amino acid residues toward the amino-terminus from
the P1 site, which is believed to be the primary ATP hydro-
lytic site (25, 26, 30). This appears to be related to the fact
that deletion of the region near the Tavl site causes the
loss of the photocleavage of the dynein heavy chain and
ATP-insensitive rigor binding to microtubules (6). The pre-
diction of coiled-coil regions shows that the Tavl site is
located at the end of a long cluster of short potential coiled-
coils in the amino-terminal region (Fig. 4A). This is remi-
niscent of the 20 kDa region of myosin subfragment 1,
which is located at the neck of the globular head and is con-
nected to a long coiled-coil tail region (31). This is interest-
ing in the light of the recent finding suggesting that this
region of myosin swings during the power stroke (32, 33).

The T2 site, which becomes less sensitive to trypsin in
the presence of ATP/V, (19), is located at 500 amino acid
residues toward the carboxyl-terminus from the P4 site.
The region around the T2 site forms a coiled-coil structure
(Figs. 3 and 4A), which is observed on electron microscopy
as the “stalk” (15) and is involved in microtubule binding
(6). This region also appears to be involved in the coordina-
tion of dynein arm activity, since the deletion around this
region, known as the sup-pfl mutation in Chlamydomonas,
modifies the activity of outer arm dynein and restores
motility to paralyzed central pair/radial spoke defective
mutants (34). Although the region around the T2 site is less
conserved among several dynein heavy chains, the second-
ary structures are well conserved among cytoplasmic and
axonemal dyneins (6). The T2 site is located at the car-
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boxyl-terminal end of the a-helical coiled-coil region (Fig.
4A). The low sensitivity to trypsin around this region in the
dynein-ADP-V, complex may be related to the displacement
of this region during the power stroke (17).

The Tav?2 site is located far from central catalytic P-loops:
It is 324 residues apart from the T2 site and 836 residues
apart from the P4 site toward the carboxyl-terminus. How-
ever, it becomes susceptible to trypsin in the dynein-ADP-V,
complex, suggesting that the conformational change
around the Tav2 site is closely coupled to ATP hydrolysis by
the central catalytic domain. The 165 kDa tryptic fragment
derived from the central catalytic domain and the 135 kDa
carboxyl-terminal fragment are strongly associated with
each other (18). Hence, there would be a mechanism which
induces the conformational changes of the non-catalytic
carboxyl-terminal domain through intramolecular interac-
tion between the two regions. This idea is supported by the
fact that deletion of the carboxyl-terminal region causes the
loss of photocleavage and rigor-like interaction with micro-
tubules (6), and that there are two HCRs near the car-
boxyl-terminus (Fig. 4B). Interestingly, the regiod around
the Tav2 site is conserved in the heavy chain of outer arm
dynein but not in either the inner arm or cytoplasmic
dynein (Table II), suggesting a certain role of this region in
the function of outer arm dynein.

Overall sequence comparison among the outer arm
dynein heavy chains of sea urchin and Chlamydomonas
indicates that the sea urchin a heavy chain is homologous
to the Chlamydomonas v heavy chain (4). These two heavy
chains appear to have separated rapidly from the branch
carrying the sea urchin B or Chlamydomonas o and B
heavy chains, as shown on phylogenetic tree analysis (4).
Comparison around the Tav site also supports this idea
(Table II). As for the property of translocation of microtu-
bules, however, the Chlamydomonas y heavy chain translo-
cates microtubules whereas the sea urchin a heavy chain
does not, although both heavy chains are bound to microtu-
bules in both ATP-sensitive and -insensitive manners (11,
12, 35). In terms of force production for microtubule trans-
location, as discussed above, it is interesting to compare the
sequences of the Tavl and Tav2 regions between the sea
urchin a and Chlamydomonas y heavy chains. The molecu-
lar cloning of the full length sea urchin a heavy chain will
provide more information on this issue.

In summary, the present study clearly shows that the
dynein B heavy chain undergoes not local but global confor-
mational changes during ATP hydrolysis, which has also
been shown in morphological studies using electron micros-
copy (I15-17). The conformational changes of the dynein
heavy chain involve the regions around the boundaries
between the a-helix region and the B-sheet structure, and
are characterized by the involvement of the long carboxyl-
terminal region, which would be related to the displace-
ment of the dynein head (17) and to the variable angulation
of the B-link or stalk (15, 17). These changes must be
caused by intracellular transmission of some structural sig-
nal from the central catalytic domain to the carboxyl-termi-
nal domain, resulting in the application of tension on the
stalk, which is responsible for exerting the force.

The protein sequencing was conducted at the Misaki Marine Bio-
logical Station, The University of Tokyo, when the author was a
member there. The author wishes to thank the staff of the Misaki
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