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SUMMARY

We have sequenced genomic clones spanning the complete
coding region of one heavy chain (beta) and the catalytic
domain of a second (alpha) of the Chlamydomonas rein-
hardtii flagellar outer arm dynein ATPase. The beta heavy
chain gene (ODA-4 locus) spans 20 kb, is divided into at
least 30 exons, and encodes a predicted 520 kDa protein.
Comparison with sea urchin beta dynein sequencesreveals
homology that extends throughout both proteins. Over the
most conserved central catalytic region, the Chlamy-
domonas alpha and beta chains are equally divergent from
the sea ur chin beta chain (64% and 65% similarity, respec-
tively), wher eas the Chlamydomonas gamma chain is more
divergent from urchin beta (54% similarity). The four
glycine-rich loopsidentified as potential nucleotide-binding

sites in other dynein heavy chains are also present in
Chlamydomonas alpha and beta dyneins. Two of these four
nucleotide-binding motifs are highly conserved among
flagellar dyneins, but only the motif previously identified as
the catalytic site in sea urchin dynein is highly conserved
between flagellar and cytoplasmic dynein heavy chains.
Predictions of secondary structure suggest that all dynein
heavy chains possess three large domains, with the four
nucleotide-binding consensus sequenceslocated in a central
185 kDa domain that is bounded on both sides by regions
that form multiple, short alpha-helical coiled-cails.
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INTRODUCTION

Dyneins have been implicated in avariety of microtubule-asso-
ciated movements, including vesicle transport, mitosis, cellular
organization of membranous organelles, and flagellar motility
(Mclntosh and Porter, 1989; Porter and Johnson, 1989;
Witman, 1992; Vallee, 1991; Corthésy-Theulaz et al., 1992).
These large ATPase complexes typicaly consist of two or
three ~500 kDa catalytic subunits, and as many as twelve
smaller proteins. The mechanism of dynein force production
remains poorly understood, in part because the large size of
these molecules has prevented rapid application of the
molecular approachesthat have proven useful in other systems.
Recent sequence analysis has shown that cytoplasmic and
flagellar dynein heavy chains are similar to each other, but not
to any other motor enzymes, and that cytoplasmic dynein
heavy chainsfrom Dictyosteliumand rat brain are more similar
to each other than either is to a sea urchin sperm flagellar
dynein heavy chain (Gibbons et al., 1991; Ogawa, 1991;
Koonce et al., 1992; Mikami et al., 1993). Dyneins clearly
represent an entirely new class of ATPase motors, but
sequence anaysis of additional family members will be
required to determine the full range of variability within this
family, and to pinpoint conserved sequences and structures
important to the force generating mechanism.

Based on the available sequences, all dyneins contain four

nucleotide-binding consensus sequences near the center of
each molecule. These motifs conform to the nucleotide-binding
A-site (P-loop) consensus (GXXGXGK, where G is glycine,
K islysine, and X indicates any amino acid), which forms a
glycine-rich loop thought to bind to nucleotide phosphates in
many adenine and guanine nucleotide metabolizing enzymes
(Walker et al., 1982; Saraste et al., 1990). Biochemical studies
with sea urchin dyneins suggest that only one of these sites,
that closest to the N terminus, functions asa catalytically active
ATPase (Gibbons et a., 1991). Functions of the remaining
three sites have not been determined, but their comparatively
limited sequence conservation, at least between flagellar and
cytoplasmic dyneins, has left some doubt as to their signifi-
cance.

Secondary structure predictions based on dynein heavy
chain sequences have provided minimal correlations with the
known tertiary structures of these molecules. Although dyneins
appear in electron micrographs as globular particles attached
to elongated tails (Goodenough and Heuser, 1984), unlike
kinesin and sarcomeric myosin, dyneins lack extensive regions
of primary sequence predicted to form rod-like secondary
structures (Gibbons et al., 1991; Koonce et a., 1992). Based
on biochemical analyses, however, models have emerged in
which the N-terminal segment forms the tail and attaches to
the load (outer doublet A-tubule for flagellar dyneins, vesicle
for cytoplasmic dyneins), while the central segment spanning
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the catalytic site forms the globular mechanochemical motor
domain (Gibbons et al., 1991; Witman, 1989). Since the
greatest differences between flagellar and cytoplasmic dynein
heavy chain sequences are located in the N-terminal third of
each molecule (Mikami et al., 1993), these differences might
represent evolutionary adaptations that allow heavy chains to
carry different loads. Until now, however, no other flagellar
dynein heavy chain sequences were available to compare with
urchin beta dynein, so that the divergence of this N-terminal
region among flagellar dyneins, all of which attach to doublet
microtubules, could not be determined.

To increase the number of flagellar dynein sequences
available for comparisons, and to expand our ability to use site-
directed mutagenesis and transformation to analyze flagellar
dynein function, we have begun a sequence analysis of dynein
heavy chain genes from the green alga Chlamydomonas rein-
hardtii. The ability to select mutations in dynein genes, and to
re-introduce and express those genes through DNA-mediated
transformation, have made Chlamydomonas a valuable
organism for molecular studies of flagellar dynein structure and
function. Most of the genetic and biochemical studies of
Chlamydomonas dyneins have been directed at the outer row
dynein arms, which contain alpha, beta, and gamma heavy
chains, as well as two intermediate chains of 78 kDa and 70
kDa and several peptides of lower molecular mass (Piperno
and Luck, 1979; Pfister et a., 1982). Mutations mapping to at
least thirteen loci affect outer arm dynein assembly or function
(Kamiya, 1988; Sakakibara et al., 1991), and among them are
mutations that have been localized to the apha heavy chain
(oda-11; Sakakibara et al., 1991), beta heavy chain (oda-4;
Kamiya, 1988), gamma heavy chain (oda-2; Wilkerson et al.,
1994), and 70 kDa intermediate chain (oda-6; Mitchell and
Kang, 1991) loci. All three outer arm heavy chains (Mitchell,
1989; Wilkerson et a., 1994) and both intermediate chains
(Williams et al., 1986; Mitchell and Kang, 1991; King et al.,
1992) have now been cloned, and molecular studies of inter-
mediate chain structure and function have been reported
(Mitchell and Kang, 1991, 1993; King et a., 1992). Similar
studies with the catalytic subunits should be possible now that
heavy chain sequence information is available (Wilkerson et
al., 1994, and this paper).

Our sequencing efforts have been focused on the alpha and
beta genes because phenotypes of mutations at each locus
suggest that these two heavy chains have distinct roles in outer
arm function. Whereas the oda-11 mutation only blocks
assembly of the alpha subunit, and has a barely perceptible
effect on flagellar beat frequency (Sakakibara et al., 1991),
most mutations in the beta dynein gene (oda-4 locus) com-
pletely block assembly of outer row dynein arms, and reduce
beat frequency by about 60% (Kamiya, 1988). Other less
drastic beta chain mutations do not block outer arm assembly,
but still reduce beat frequency by up to 55% (Sakakibaraet al.,
1993). The sup-pf-1 mutation, which acts as a by-pass sup-
pressor of dynein regulation by the radial spoke system, isalso
a beta dynein allele (Huang et a., 1982). Mutations that
prevent assembly of radial spoke or central pair structures
block motility, but sup-pf-1 restores motility to these flagella
without restoring the missing structures, suggesting that beta
dyneinisaspecific target of regulatory signals from the central
pair/radial spoke system. Although isolation of radial spoke
mutant suppressors has generated multiple sup-pf-1 aleles at

the beta dynein locus (as well as mutations at several other
loci), no suppressors have been isolated at the apha or gamma
loci (Luck and Piperno, 1989; Huang et al., 1982; Piperno et
al., 1992), further supporting a unique role for beta dynein in
outer arm function.

Here we report the nucleotide and predicted amino acid
sequence of the Chlamydomonas flagellar dynein beta heavy
chain, and the most conserved central catalytic domain of the
alpha heavy chain. Our results expand previous comparisons
of flagellar and cytoplasmic dynein heavy chains to revea
sequences that may be common to al dynein motors and
sequences that may subserve flagellar-specific functions.
Further comparisons highlight regions that have diverged
through speciation and through functiona differentiation
within an enzyme complex.

MATERIALS AND METHODS

Overlapping genomic clones spanning the complete beta dynein gene
and part of the alpha dynein gene (Mitchell, 1989) were subcloned
into phagmids pBluescript (Stratagene) or pEMBL (Dente et a.,
1983), and each subcloned segment was sequenced from both orien-
tations using a nested deletion strategy (Erase-a-base, Promega) and
di-deoxy sequencing with Sequenase (United States Biochemicals) of
rescued single-stranded DNA. Sequencing primers (Genosys) were
used to complete some regions.

cDNA clones were sel ected from a Chlamydomonas gametic AZAP
cDNA library (J. Woessner, Washington University) by hybridization
screening with genomic beta clone B4.2a (Fig. 1) using standard
methods (Sambrook et al., 1989). A single plaque-purified cDNA
clone, cB10-1, was released as a plasmid by super-infection with
helper phage and the insert was sequenced from both ends.

To correctly assign intron/exon junctions in genomic sequences,
each reading frame was scanned for the presence of regions of codon
biastypical of Chlamydomonas nuclear genes, using the GCG Codon-
preference program and a codon usage table compiled with Codon-
frequency from the coding regions of 35 different Chlamydomonas
sequences, including the gene for another outer arm dynein subunit.
This table is available from the authors on request.

To clarify ambiguous splice junctions in the beta dynein gene, RT-
PCR (Kawasaki, 1990) was used to amplify selected regions of beta
dynein mRNA. For these reactions, 10 pg of total RNA isolated from
deflagellated vegetative cells (Williams et al., 1986) was reverse-tran-
scribed in a total reaction volume of 24.5 pl containing 500 units of
Superscript reverse transcriptase (BRL), 80 units RNasin (Promega
Biotec), 100 pmole of random hexamers, 0.8 mM each deoxynu-
cleotide, 3 mM MgClp, 8 mM DTT, 75 mM KCI and 50 mM Tris,
pH 8.0, for 10 minutes at room temperature, 60 minutes at 42°C and
30 minutes at 52°C. After heat-inactivation for 10 minutes at 95°C,
10 pl of the reverse transcriptase reaction was mixed with 5 pl (50
pmole) of each gene-specific primer, 9 pl 10x Tag polymerase buffer
and 5 units Tagq polymerase (Boehringer Mannheim Biochemicals) in
atotal volume of 100 pl, and amplified in an MJ Research Minicy-
cler with the following program: 2 minutes initial denaturation at
95°C, 20 cycles of 1 minute at 94°C, 1 minute at 65°C (decreasing
by 0.5°C per cycle) and 1 minute at 72°C, and 15 cycles of 1 minute
at 94°C, 1 minute at 50°C and 1 minute at 72°C followed by a final
10 minute extension at 72°C. Three primer pairs were designed to
amplify sequences between nt 536 and 822, nt 3786 and 4338, and nt
6366 and 6848 of the beta dynein gene sequence. In each caseasingle
amplification product was observed. Amplified fragments were cloned
with a TA cloning kit (Invitrogen) and for each primer pair clones
from at least two RT-PCR reactions were sequenced.

Sequence assembly and most sequence analysis employed the GCG



suite of molecular biology programs (Devereux et a., 1984). Regions
of predicted coiled-coil secondary structure were computed with the
program Newcoils (Lupas et al., 1991), transfered to aMaclntosh l1ci,
and plotted using Kaleidograph.

RESULTS

Nucleotide sequence

Fragments of the Chlamydomonas al pha and beta dynein genes
were selected previously from aAgtll expression library with
monoclonal antibodies (Williams et a., 1986; Mitchell, 1989)
and used to clone genomic regions spanning each gene
(Mitchell, 1989). We have now determined the sequence of the
clones diagrammed in Fig. 1, which span the entire beta gene
(20258 bp) and the central catalytic domain of the alpha gene
(10141 bp).

Because Chlamydomonas genes contain many introns, pre-
diction of amino acid sequences required correct assignments
of intron/exon junctions. Three criteria were used to assign
splice junctions. First, each reading frame was scanned for the
presence of regions of codon bias typical of Chlamydomonas
nuclear genes, as described in Materials and Methods. Since
Chlamydomonas has a well-recognized codon bias (Williams
et a., 1989), and the dynein heavy chain genes retain this bias
(Fig. 2), such crude exon determinations are simple and
reliable. Second, splice donor and acceptor sequences were
identified, based on splice junction consensus sequences
compiled from other, fully characterized Chlamydomonas
genes, and on the necessity to maintain the correct reading
frame across exon boundaries. In most cases unambiguous
choices could be made, and the resulting amino acid sequences
could be aligned with corresponding sequences of other dynein
heavy chainswith no gaps at intron locations. Finally, for three
beta dynein introns, the presence of multiple donor and/or
acceptor sites required direct analysis of mRNA for correct
splice junction assignment. Regions of beta dynein mRNA
spanning each junction were reverse-transcribed, amplified
with specific primers (indicated by inverted arrowheadsin Fig.
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1), and sequenced to identify the correct splice sites. The
sequence of each fragment was identical to previously deter-
mined beta dynein genomic sequences except for the absence
of introns. By comparing the sequence of cDNA clone cB10-
1 with the corresponding genomic region, we found no introns
in the 3' untrandated region; the presence and location of
intronsin the 5' untranslated region have not been determined.
Protein coding regions confirmed directly by cDNA sequence
are indicated by asterisksin Fig. 3.

A summary of the intron/exon structure, and other identified
sequence features of each gene, is presented in Fig. 1. In al,
29 introns wereidentified within the beta dynein coding region,
and 13 introns were present in the alpha dynein sequences
analyzed. Intron sizes ranged from 67 to 432 nt (av. 199 nt).
A beta dynein transcription initiation site has not been located,
but is probably included in the sequenced region, since
northern blot analyses show that adjacent clones extending 10
kb 5' to the sequenced region fail to hybridize to dynein mRNA
(Mitchell, 1989). Because Chlamydomonas flagellar protein
genes often lack a consensus TATA-like promoter element
(Williams et al., 1989; Curry et al., 1992; Mitchell and Kang,
1993), we were unable to identify the beta dynein promoter or
initiation site by inspection.

Assignment of the presumed trandation start site for beta
dynein at nt 536 was based on the presence of an ATG codon
at the beginning of a coding segment (as determined with
Codonpreference), and the absence of additional coding
segments within several hundred nucleotides in the 5
direction. Another potential initiation site occurs at nt 554, but
the surrounding sequence conforms less well to a trandation
initiation site consensus compiled from other Chlamydomonas
nuclear gene transcripts. Beta dynein translation terminates at
aTAA codon at nt 19520, which is followed by two copies of
a Chlamydomonas cleavage and polyadenylation signa
sequence, TGTAA, at positions 20002 and 20049. These two
sites occur within a50 bp tandem duplication. Thefirst of these
sitesis used in vivo, with poly A addition beginning 12 nt 3'
to the TGTAA signal in cDNA clone cB10-1.

Other notable nuclectide sequence features include direct

20 Kb

Fig. 1. Restriction maps of sequenced regions of the (A)
alpha and (B) betadynein loci are shown above lines that
indicate the regions contained in each plasmid clone used for
sequence determination, and representations of major
sequence features of each gene. All clones are fragments of
AEMBL4 genomic inserts except Db1, which was immuno-
selected from aAgtll library (Williams et al ., 1986), and
cB10-1, which was selected from aAZAP cDNA library.
Indicated nucleotide sequence features include exons (open
boxes), sites of trandation initiation (ATG) and termination
(TAA), regions encoding the four nucleotide-binding
consensus sequences (GK sites) of each protein (+), and the
location of primers used for mMRNA amplifications
(arrowheads).
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Fig. 2. Graphic output from the program Codonpreference
demonstrating the identification of coding regions within the beta
dynein sequence. For each coding frame, regions above the dashed
line (arrows) span sequences with high coding probability. The
program was run with a Chlamydomonas-specific codon usage table.

tandem repeats of 45 bp within an intron (nt 11759-11854),
and of 20 bp located 5' to the coding region (nt 160-200) of
betadynein. A string of fifty tandem repeats of the dinucleotide
GT were observed within another betadynein intron (nt 12549-
12639). The functional significance of these repetitive
elements is not known, but genomic Southern blots probed
with fragments containing the GT repeat identify a very large
number of such elementsin the Chlamydomonas genome (data
not shown).

Sequences encoding nucleotide-binding consensus sites
(GK sites; see below), marked with = in Fig. 1, occur at similar
exon locationsin al phaand beta genes. However, no exact con-
servation of intron locations could be seen when either
nucleotide or amino acid sequences were aligned, even in
regions where amino acid sequences were highly similar.

Predicted amino acid sequence

The predicted amino acid sequence of Chlamydomonas beta
dynein (Fig. 3) spans 4568 amino acids and has a calculated
molecular mass of 519,968. Although this calculated size is
considerably larger than the size of 440 kDa determined by
SDS-PAGE (King and Witman, 1987), similar discrepencies
have been noted for other dynein heavy chains (Gibbons et al.,
1991). A search for known functional motifs revealed four
regions that conform to the nucleotide-binding consensus,
GXXGXGK, of Walker et al. (1982). For simplicity, and to
avoid the implication that al four are functional nucleotide-
and/or phosphate-binding sites, we have designated these sites
GK1-GK4. All four sites (underlined in Fig. 3) occur in the
middle third of the sequence and correspond in location to
similar sites previoudly identified in both cytoplasmic (Koonce
et a., 1992; Mikami et a., 1993) and flagellar (Gibbons et al.,
1991; Ogawa, 1991) dynein heavy chain sequences.

The sequence of genomic Agtll clone Dbl, which was
selected by screening an expression library with monoclonal
antibody C11.13 (Mitchell and Rosenbaum, 1986), shows that
the fusion protein recognized by this antibody contains the 32
amino acid sequence indicated by double underlinesin Fig. 3.

The Dbl sequence continues into an intron and encodes an
additional 43 amino acids before reaching a stop codon. When
tryptic digests of sat-extracted dyneins were probed on
western blots with C11.13 and with antibody 18betaC (King
and Witman, 1988a), both antibodies reacted with a common
20 kDa fragment (data not shown). Our location for this
epitope, approximately 125 kDa from the amino terminus, is
consistent with previous maps of the location of the 18betaC
epitope (King and Witman, 1988a).

Direct dot-matrix comparisons between this Chlamy-
domonas flagellar dynein and two previously sequenced
dynein genes (Fig. 4) revedls similarity extending throughout
the sequences. Comparison with a flagellar beta dynein from
the sea urchin Tripneustes gratilla (Fig. 4A) shows that the
greatest sequence divergence occurs within the N-terminal
third of these proteins. A similar distribution of sequence
divergenceisrevealed by aless stringent comparison with Dic-
tyostelium cytoplasmic dynein (Fig. 4B). The C-terminal 700
amino acids of this cytoplasmic dynein retain only alow level
of similarity, while the N-terminal 1200 amino acids show
almost no significant similarity to flagellar heavy chains.

To provide a broader basis of comparison among dynein
catalytic domains, a portion of the Chlamydomonas alpha
dynein gene that encodes the most highly conserved central
region was sequenced (Fig. 1A). Exons from this sequence
encode a 2404 amino acid fragment of apha dynein (Fig. 5)
which also contains four recognizable GK sites, and is homol-
ogous to amino acids 1340-3710 of Chlamydomonas beta
dynein. Comparisons of this domain of the Chlamydomonas
alphaand beta chains with homol ogous regions of other dynein
heavy chains using the GCG program Distances indicate that
these two algal heavy chain catalytic regions are nearly equally
divergent from other dyneins (Table 1). In particular, a phaand
beta are equally divergent (within 1%) from the sea urchin beta
chain, while the Chlamydomonas gamma chain is a more
distant relative of urchin beta. Although the similarity between
beta and sea urchin beta dynein is dlightly higher than that
between alpha and the sea urchin sequence, as confirmed by
parsimony analysis, neither Chlamydomonas heavy chain can
be designated a close homolog of this urchin subunit.

Alignment of the four GK sites of the Chlamydomonas alpha
and beta heavy chains with the GK sites of a cytoplasmic
dynein and sea urchin beta dynein (Fig. 6) shows that GK1 is

Table 1. Percent sequence similarity between central
catalytic domains of dynein heavy chains

Chain Crea Creb Creg Tarb Dicty
Crea -

Creb 60.4 -

Creg 52.0 53.1 -

Tgrb 64.3 64.9 54.4 -

Dicty 47.3 477 48.3 50.1 -
Rat 47.4 47.8 48.2 50.5 75.0

Pair-wise comparisons between homol ogous regions of each heavy chain
were made with the GCG program Distances using default settings. Cre g,
Chlamydomonas reinhardtii alpha dynein partial sequence, residues 1-2404;
Cre b, Chlamydomonas beta dynein residues 1339-3708; Cre g,
Chlamydomonas gamma dynein residues 1245-3640; Tgr b, Tripneutes
gratilla beta dynein residues 1277-3631; Dicty, Dictyostelium cytoplasmic
dynein residues 1378-3858; Rat, rat brain cytoplasmic dynein residues 1320-
3775.
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Fig. 4. Dot-matrix analyses of amino acid sequence similarities
between (A) Chlamydomonas beta dynein and Tripneustes (sea
urchin) betadynein, and (B) Chlamydomonas beta dynein and
Dictyostelium (slime mold) cytoplasmic dynein. Plots were
generated using Compare with awindow of 50 residues and a
stringency setting of either 35 (A), or 22 (B). aa, amino acid.

the most highly conserved of these motifs. In addition to the
10 conserved residues around the GK1 site, two other com-
pletely conserved blocks of six and nine residues are found in
this region, whereas no stretches of more than four consecu-
tive conserved residues are found surrounding any of the other
three GK sites. However, if comparison is limited to GK sites
of the three flagellar dynein sequences, GK4 is seen to be
nearly as conserved as GK1 (16 consecutive identical amino
acids) whereas GK2 and GK3 are poorly conserved. Greatest
divergence is seen in Chlamydomonas alpha dynein GK2,
where the terminal lysine (K) has been replaced by an arginine
(R).

We applied several computer programs that predict protein
secondary structure to the Chlamydomonas beta heavy chain,
and compared our predictions with those reported for other
dynein heavy chains (Gibbons et al., 1991; Ogawa, 1991;
Koonce et a., 1992), but in most cases were able to draw few
conclusions about conserved heavy chain structures largely

due to problems of scale. However, when the apha-helical
coiled-coail predicting program Newcoils of Lupaset al. (1991)
was used, magjor heavy chain domains were revealed. As seen
in Fig. 7, several short regions with coiled-coil probabilities
higher than 0.8 are evident in all four heavy chain sequences
analyzed, and are clustered on either side of a central domain
that contains the four GK sites (indicated by large arrowheads
in Fig. 7). These peaks divide heavy chains into N-terminal,
central, and C-terminal domains. Additional peaks of lower
probability are scattered throughout the N-terminal 1800
residues, but few are seen near the C terminus. The overall sim-
ilarity in peak distribution among all four dyneins analyzed
extends in selected casesto the primary sequence level aswell.
When optimal alignments were created between sequences
under each probability pesk in Fig. 7 and the complete
sequence of each of the other three heavy chains, using the
GCG program Bestfit, probability peaks that are correspond-
ingly numbered in Fig. 7 were aligned. Only peak 3 is present
in all of the sequences analyzed, while peaks 1, 2, and 4 are
each detected in two or three heavy chains. All four peaks
appear in coiled-coil predictions of rat brain cytoplasmic
dynein (Mikami et al., 1993).

DISCUSSION

Recent successes in the expression of cloned dynein genesin
Chlamydomonas (Mitchell and Kang, 1991) make this a useful
organism for molecular studies of dynein function, but
sequence determination is a prerequisite to further heavy chain
studies. Here we report the sequence of al of one and most of
a second dynein heavy chain gene. Genes in this organism
contain numerous small introns, asillustrated in Fig. 1, so that
to extract protein coding information from our genomic
sequences we have by necessity made assumptions about the
correct placement of intron/exon boundaries. In most
instances, only asingle pair of splice junctions could be found
that maintained the reading frame identified by codon bias
scanning. In regions of the sequence where ambiguity
remained, all located in the least-conserved amino-terminal
domain of beta dynein, direct sequence analyses were
performed on cDNA fragments amplified by RT-PCR. Align-
ments between the resulting predicted amino acid sequences
and the sequences of other dynein heavy chains have not
revealed any discrepancies that suggest incorrect exon identi-
fication, but we cannot rule out the possibility that some of the
identified exons might be excluded from some molecules
during transcript processing.

Flagellar dynein heavy chains

Direct comparison of the Chlamydomonas and sea urchin beta
dynein sequences generates an overall identity of only 45%,
indicating a level of sequence conservation far lower than pre-
viously observed for other motor proteins such as sarcomeric
myosins (Goodson and Spudich, 1993; Cheney et al., 1993).
One potential explanation might be that the nomenclature for
sea urchin and Chlamydomonas dyneins is based on relative
mobility on electrophoretic gels, not known structural or func-
tional homology within the respective enzyme complexes. Sea
urchin beta dynein could be more closely related to Chlamy-
domonas apha or gamma dynein, rather than to Chlamy-
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domonas beta dynein. Although analysis based on 100 amino
acid sequences centered around the GK 1 site of the urchin beta
chain, several other sea urchin heavy chains (I. Gibbons,
personal communication), the Chlamydomonas gamma chain
sequence (Wilkerson et al., 1994) and our Chlamydomonas
alpha and beta sequences suggest that the urchin and Chlamy-
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Fig. 5. Predicted amino
acid sequence of the
central catalytic region
of Chlamydomonas
alphadynein.
Nucleotide-binding site
CONSeNnsus sequences
are underlined. These
sequences are available
from GenBank under
accession number
L26049.

Fig. 6. Multiple sequence
alignments of regions
encompassing the four GK sites
were created with Pileup.
Sequences used were the
Chlamydomonas alpha (Cre a; this
study), Chlamydomonas beta (Cre
b; this study), Tripneutes beta (Tgr
b; Gibbons et al., 1991), and
Dictyostelium cytoplasmic (Dicty;
Koonce et al., 1992) dynein heavy
chains. Residues conserved in al
four sequences are displayed on a
consensus line, and each GK siteis
underlined. Only GK 1 is highly
conserved among all four heavy
chains, although GK4 is conserved
among flagellar dyneins.

domonas beta chains are indeed the most closely related (data
not shown), this conclusion should not be taken as evidence
that beta chains of Chlamydomonasflagellaand seaurchin cilia
are functionally equivalent. Comparisons based on a region
spanning all four GK sites indicates that the Chlamydomonas
alpha and beta chains are nearly equally divergent from sea
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Fig. 7. For each sequence, the probability of forming regions of alpha helical coiled-coil structure was determined with the program Newcoils
(Lupaset al., 1991) using awindow of 28 residues. Peaks of high probability encoded by homologous regions in two or more sequences are

numbered. Arrowheads indicate the locations of GK sites.

urchin beta dynein (Table 1). Functiona studies of Chlamy-
domonas al pha and beta dynein mutants clearly show that these
two heavy chains play very different roles in flagellar motility
(Sakakibara et a., 1991, 1993), and until similar information
is available for urchin alpha and beta chains no conclusions
can be drawn concerning the functional equivalence of outer
arm dynein heavy chains in these two species.

Relatively few regions are highly conserved among multiple
dyneins. The most striking of these are two of the ATP-binding
site concensus sequences, GK1 and GK4, which are identical
over aregion of 16-17 amino acids for all three flagellar heavy
chains (Fig. 6). This high degree of conservation argues for an
essential role for these sites. The urchin GK1 site has previ-
ously been identified as the probabl e phosphate-binding pocket
for ATP catalysis and the site of vanadate photo-cleavage in
the presence of magnesium and ATP (the V1 site) (Gibbons et
al., 1991), and the V1 sites of Chlamydomonas outer arm heavy
chains (King and Witman, 1988b, 1987) can aso be approxi-
mately aligned with GK 1 sites (this paper and Wilkerson et al.,
personal communication). The other site highly conserved
among flagellar dyneins, GK4, may be a site of vanadate
photo-cleavage in the presence of manganese (a V2 site)
(Gibbons et a., 1987, 1991; Mocz et a., 1988) but the genera
conclusion that V2 cleavage aways occurs at a GK site must
be tested further. The urchin alpha and beta heavy chains
(Gibbons et a., 1987) and the Chlamydomonas beta chain
(King and Witman, 1987) each have a single V2 site, but the
Chlamydomonas gamma chain has two V2 sites (King and
Witman, 1988b) and the apha chain has three (King and

Witman, 1987). Assuming that discrepancies between the size
of heavy chains as estimated by gel electrophoresis and as cal-
culated from the amino acid sequence can be applied to the
size of vanadate photo-cleavage fragments, the Chlamy-
domonas alpha dynein V2a site corresponds very closely to
GK3, the V2b site dligns with GK4, and the V 2c site islocated
approximately 12 kDa C-terminal to GK4. However, based on
similar calculations, the V2 site in beta dynein lies between
GK3 and GK4, while the V2a and V2b sites in gamma dynein
lie between GK2 and GK3, and between GK3 and GK4,
respectively. Direct sequence analysis of cleavage products
will thus be needed to identify clearly the location of V2 sites
and determine whether or not they are coincident with GK
motifs.

GK2 and GK3 are relatively poorly conserved among the
flagellar sequences we analyzed. By comparison with the much
greater degree of conservation typically found within other
families of known catalytic sites, such poor conservation
suggests that the role of these two central GK sitesis no longer
catalytic. Even so, both sitesretain al of the featuresthat define
a typical phosphate-binding loop, including a group of four
hydrophobic residues before the first glycine. Substitution of
argininefor lysine in Chlamydomonas alphadynein GK2 isthe
greatest deviation from the P-loop consensus. This variation is
known to occur in active sites of phosphorylases, phospholi-
pases, and protein kinases (Fry et a., 1986), so that arole for
this least conserved GK site in some aspect of dynein
mechanochemistry cannot be ruled out at the present time. A
fifth GK site tentatively identified near the N terminus of one



sea urchin beta dynein (Gibbons et al., 1991) has no counter-
part in any of the cytoplasmic or Chlamydomonas flagellar
dynein sequences and probably lacks functional significance.

Secondary structure predictions based on our dynein
sequences in general paralel the results of Gibbons et al.
(1991) and Ogawa (1991) on sea urchin beta dyneins and
suggest that dynein molecules can be broadly divided into three
large domains. No extensive regions of rod-forming structure
were identified, but the C-terminal and N-terminal domains
have a somewhat greater alpha-helical content and, as illus-
trated in Fig. 7, contain isolated short regions of heptad
hydrophobic periodicity that may participate in alpha helica
coiled-coil interactions. A similar distribution of coiled-coil
probability is seen in Chlamydomonas gamma dynein
(Wilkerson et al., 1994). As the algorithm used to detect these
regions cannot differentiate among regions of known parallel
versus anti-parallel or double-helical versus triple-helical
coiled-cail structures, the actual secondary structural charac-
teristics of these regions remains speculative.

Flagellar versus cytoplasmic heavy chains

The distribution of sequence conservation among flagellar and
cytoplasmic dynein heavy chains does not indicate the
presence of large domains with specific flagellar versus cyto-
plasmic function (Koonce et al., 1992). Instead, there is an
overall tendency for greater divergence within the N-terminal
third of each protein (Fig. 4), which suggests that the more
conserved C-terminal two thirds is involved in processes
common to all dynein heavy chains, such as ATP-sensitive
microtubule binding, ATP catalysis, and mechanochemistry,
while the N-terminal domain is free to diverge and may
provide functions specific to each heavy chain. Mutations that
disrupt beta dynein (many alleles at the oda-4 locus) prevent
assembly of all outer arm dynein subunits (Kamiya, 1988), but
preliminary analysis of a new alele, oda-4-s7, suggests that
only the N-terminal 160 kDa (~35%) of the wild-type protein
is required for outer arm assembly (Sakakibara et al., 1993).
This N-terminal domain may therefore play a centra role in
assembly of outer arm dynein proteins onto doublet micro-
tubules and may provide interaction sites for other outer arm
proteins, such as the 70 kDa intermediate chain and 18 kDa
light chain, that co-purify with beta dynein (Mitchell and
Rosenbaum, 1986; Sakakibara et al., 1993).

The GK4 site in Dictyostelium cytoplasmic dynein ends in
serine (GKS) (Koonce et al., 1992), and that of rat brain cyto-
plasmic dynein endsin threonine (GKT) (Mikami et a., 1993),
the two most commonly occurring residues at this position in
P-loop motifs (Saraste et a., 1990). In contrast, all presently
known flagellar dynein GK4 sites end in glutamine (GKQ), a
seguence not previoudly reported for a nucleotide-binding site.
Along with the much greater overall sequence conservation of
GK4 among flagellar dyneins than between flagellar and cyto-
plasmic dyneins (Fig. 6), this glutamine substitution suggests
that GK4 has a specific flagellar function. Candidate functions
might include coordination of outer arm dynein with inner arm
dyneins, which appear to have a slower intrinsic microtubule
trandocation rate (Kurimoto and Kamiya, 1991), and tem-
porospatial regulation of dynein activity during bend propaga-
tion (Omoto, 1991).

The sequence comparisons presented here highlight several
regions of potential functional significance for dynein heavy
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chains. Modification of GK sites and other motifs with site-
directed reagents, through molecular analysis of dynein
mutations, or through site-directed mutagenesis should even-
tually reveal the functional significance of these conserved
regions and provide new insites into the mechanism of dynein
force generation.
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