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The genes encoding two Paramecium dynein heavy chains, DHC-6 and DHC-8, have been
cloned and sequenced. Sequence-specific antibodies demonstrate that DHC-6 encodes
ciliary outer arm ,3-chain and DHC-8 encodes a cytoplasmic dynein heavy chain. There-
fore, this study is the first opportunity to compare the primary structures and expression
of two heavy chains representing the two functional classes of dynein expressed in the
same cell. Deciliation of paramecia results in the accumulation of mRNA from DHC-6,
but not DHC-8. Nuclear run-on transcription experiments demonstrate that this increase
in the steady state concentration of DHC-6 mRNA is a consequence of a rapid induction
of transcription in response to deciliation. This is the first demonstration that dynein, like
other axonemal components, is transcriptionally regulated during reciliation. Analyses of
the sequences of the two Paramecium dyneins and the dynein heavy chains from other
organisms indicate that the heavy chain can be divided into three regions: 1) the sequence
of the central catalytic domain is conserved among all dyneins; 2) the tail domain
sequence, consisting of the N-terminal 1200 residues, differentiates between axonemal
and cytoplasmic dyneins; and 3) the N-terminal 200 residues are the most divergent and
appear to classify the isoforms. The organization of the heavy chain predicts that the
variable tail domain may be sufficient to target the dynein to the appropriate place in the
cell.

INTRODUCTION

Dynein is the molecular motor that converts ATP hy-
drolysis into directed translocation along microtu-
bules (see Holzbaur and Vallee, 1994, and Mitchell,
1994, for recent reviews). In situ, dynein is a protein
oligomer of Mr 1200-2000K composed of two or three
heavy chains and several intermediate and light
chains. Although the smaller subunits perform impor-
tant regulatory functions, isolated heavy chains (Mr
-500K) can produce microtubule movements in vitro
(Sale and Fox, 1988; Moss et al., 1992; Mazumdar et al.,
1994). Each heavy chain has two structural domains
that perform distinct functions: the catalytic head do-
main, which contains the MgATPase and ATP-sensi-
tive microtubule-binding activities; and the flexible
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tail domain, which tethers via accessory proteins the
dynein to its molecular cargo. An important problem
is to determine precisely the way the long heavy chain
folds into the functional domains. This is not known,
although evidence suggests that the catalytic domain
includes the central one-third of the protein, which
has four P-loop sequences, and may extend to the
C-terminus, and the tail domain includes the N-termi-
nal -1200 residues (Mocz and Gibbons, 1993; Sakaki-
bara et al., 1993; reviewed in Vallee, 1993).
The many different cellular functions of dynein are

effected by specific combinations of heavy chain iso-
forms, which can be divided into two functional class-
es: axonemal and cytoplasmic. There are at least eight
or nine functionally distinct axonemal dynein heavy
chains-two or three from the outer arm and six or
more from the inner arms (Piperno et al., 1990; Kagami
and Kamiya, 1992; Mastronarde et al., 1992). Axonemal
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dynein specialization occurs in the motor domain: all
axonemal dyneins carry an outer doublet microtubule
as their cargo, but each arm is specialized to generate
precise mechanical force so that the dynein arms
working together initiate and propagate ciliary bends
(Asai and Brokaw, 1993; Brokaw, 1994). In contrast to
axonemal dynein, cytoplasmic dynein carries a di-
verse array of molecular cargoes (Schnapp and Reese,
1989; Verde et al., 1991; Corthesy-Theulaz et al., 1992;
Lin and Collins, 1992; Aniento et al., 1993; Vaisberg et
al., 1993; Saunders et al., 1995; Wang et al., 1995) and is
probably less specialized in force production. The cur-
rent view is that cytoplasmic dynein is a homodimer
of the heavy chain MAPlC (Vallee et al., 1988; Neely et
al., 1990). An important problem is to determine the
mechanism by which each dynein isoform is targeted
to the specific place in the cell where it will perform its
task.
RNA-based polymerase chain reaction (RNA-PCR)

utilizing degenerate oligonucleotide primers has been
used to amplify the highly conserved region around
the catalytic P-loop (Asai et al., 1991; Asai and Cris-
well, 1995; Gibbons et al., 1992). This method has
defined the families of dynein heavy chain isoforms
expressed in several model systems, including sea
urchin (Gibbons et al., 1994), Drosophila (Rasmusson et
al., 1994), Chlamydomonas (Porter et al., 1992; Wilkerson
et al., 1994), and Paramecium (Asai et al., 1994). It ap-
pears that each protein isoform is encoded by a sepa-
rate gene.
We are studying the dynein genes expressed in Par-

amecium to learn about the intracellular targeting of
specific dynein isoforms. Paramecium is a large, single-
celled organism that can be genetically manipulated
and is receptive to DNA-mediated transformation.
Paramecium axonemal dyneins include several inner
arm dyneins and an outer arm dynein composed of
three heavy chains, called a, f, and y. The three outer
arm heavy chains can be resolved on sucrose density
gradients (Travis and Nelson, 1988; Larsen et al., 1991;
Beckwith and Asai, 1993). These heavy chains have
been mapped by the vanadate-mediated UV photo-
lytic reactions Vl and V2 (Lee-Eiford et al., 1986; Tang
and Gibbons, 1987). Only the outer arm (3-chain un-
dergoes a nucleotide-independent vanadate-mediated
photolysis reaction at the Vl site, and this unique
property unambiguously identifies the ,3-chain (Beck-
with and Asai, 1993). Paramecium cytoplasmic dynein,
which is biochemically distinct from axonemal dy-
nein, is thought to be responsible for the recycling of
intracellular membranes to the oral apparatus (Schroe-
der et al., 1990; Fok et al., 1994).
Paramecium expresses at least 12 dynein heavy

chains (Asai et al., 1994), and we have focused on two
of these, DHC-6 and DHC-8. In this paper, we report
the complete sequences of DHC-6 and DHC-8. Se-
quence-specific antibodies demonstrated that DHC-6

encodes the ciliary X3 heavy chain and that DHC-8
encodes cytoplasmic dynein. The steady state level of
DHC-6 mRNA, but not DHC-8 mRNA, increases after
deciliation. This increase is due to an increase in
DHC-6 gene transcription. This presents a unique op-
portunity to compare two classes of dynein expressed
in the same cell.

MATERIALS AND METHODS

Cell Line and Cultivation
Homozygous stock 51 Paramecium tetraurelia was cultured in 0.25%
wheat grass medium (Pines International, Lawrence, KS) buffered
with sodium phosphate. Before addition of paramecia, the sterile
medium was inoculated with a nonpathogenic strain of Klebsiella
pneumoniae (ATCC 27889), which served as a nutrient source.

Genomic Library Screening and DNA Sequencing
A wild-type stock 51 P. tetraurelia genomic library in AEMBL4 (Scott
et al., 1993) was screened by standard methods (Sambrook et al.,
1989). Probes were labeled 180-bp dynein fragments obtained by
reverse transcriptase (RT)-PCR (Asai et al., 1994). Overlapping
genomic clones spanning the complete DHC-6 and DHC-8 dynein
genes were subcloned into phagemids pUC118 and pUC119. Each
subcloned segment was sequenced in both orientations using sin-
gle-stranded DNA templates (Sequenase 2.0, United States Bio-
chemicals, Cleveland, OH).

Ribonuclease Protection Assay and 5' and 3' RACE
Ribonuclease protection assay (Ausubel et al., 1987) was used to
define the 5' end of DHC-6. Templates were transcribed in vitro
using T7 RNA polymerase (United States Biochemicals) with
[a32P]ATP. The resulting RNA probe was hybridized overnight at
30'C with 1 ,ug poly(A)+ RNA or 10 ,ug total RNA isolated from P.
tetraurelia. The hybridized product was digested with RNAse Plus
(a mixture of RNAse A and RNAse T1; 5 Prime-3 Prime, Boulder,
CO) and the protected products were analyzed on a polyacryl-
amide/urea gel. The 3' end of DHC-6 was determined by a proce-
dure in which cDNA synthesis was primed with a poly(T) antisense
oligonucleotide and PCR was performed using the poly(T) primer
and a sense strand primer located upstream of the putative 3' end of
the DHC-6 transcript. The amplified product was sequenced as
described below.
The 5' end of DHC-8 was determined by rapid amplification of

cDNA ends, or 5' RACE (Frohman et al., 1988; Loh et al., 1989).
cDNA was synthesized with Superscript reverse transcriptase (Life
Technologies, Gaithersburg, MD) in which 1 ,ug poly(A)+ RNA was
primed with 25 pmol of an antisense oligonucleotide primer located
downstream of the putative 5' end. The resulting cDNA was mod-
ified at its 5' end by the addition of a poly(G) tail using 0.1 mM GTP
and 20 U of terminal deoxynucleotidyl transferase (Promega, Mad-
ison, WI). PCR was then performed with a nested antisense primer
and a poly(C) sense primer and the amplified product was se-
quenced as described in the RT-PCR section below. The 3' end of
DHC-8 was identified by its close similarity with the end of rat brain
MAPlC (Mikami et al., 1993) and by the presence of two closely
spaced in-frame stop codons.

RNA-directed PCR and Direct Sequencing of
PCR Products
RNA-directed PCR was used in the 5' and 3' RACE procedures and
to identify the introns in DHC-6 and DHC-8. Approximately 1 j,g of
P. tetraurelia poly(A)+ RNA was reverse transcribed (Superscript,
Life Technologies) at 40°C for 100 min using 100 pmol of an anti-
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sense oligonucleotide primer. As a control, 1 ,ug of RNA was mock
reverse transcribed. One-tenth of the first strand cDNA was ampli-
fied with 7.5 U of Taq polymerase using 100 pmol of each primer, 1.5
mM Mg2", and 0.2 mM dNTPs. The DNA was amplified for 30
cycles in which each cycle included 1 min at 94°C, 2 min at 50-55°C,
and 2 min at 72'C. The gel-purified double-stranded PCR product
was sequenced directly using 0.5 pmol DNA and 0.5 pmol oligonu-
cleotide primers with Sequenase 2.0 (United States Biochemicals).

RNA Blotting and In Vitro Nuclear Run-on
Transcription Assays
RNA (Strohman et al., 1977) and nuclei (Gilley et al., 1990) were
isolated at various times from 12-20 liters of P. tetraurelia, growing
in log phase, after deciliation (Machemer and Ogura, 1979). Tran-
scriptional activity was measured using the run-on assay (Gilley et
al., 1990). Filters containing RNA samples for analysis were pre-
pared by standard methods (Sambrook et al., 1989). Ten micrograms
of each RNA sample were applied to Maximum Strength Nytran
(Schleicher & Schuell, Keene, NH) using a vacuum slot-blotter and
the RNA was affixed to the membrane using UV light.

Filters containing DNA for hybridization to labeled RNAs in the
nuclear run-on transcription assay were prepared according to our
standard methods (Leeck and Forney, 1994). Cloned DNAs used in
this study were as follows: the 2.2-kb EcoRI fragment of Paramecium
a-tubulin (pTc2; the gift of John Preer, Jr., Indiana University); the
5-kb HindIII-SalI fragment of DHC-6 (pDHC6-5HS; see Figure 1);
the 5-kb BamHI fragment of DHC-8 (pDHC8-5B; see Figure 1); the
0.4-kb EcoRI fragment of Paramecium calmodulin (pCamtel; Ka-
nabrocki et al., 1991); and lambda phage DNA. Approximately 107
cpm of labeled RNA was incubated with the membranes.

For the RNA slot-blots and the nuclear run-on transcription as-
says, the DNA and RNA samples were applied to Nytran mem-
branes as described above and then hybridized as described else-
where (Leeck and Fomey, 1994). The membranes were washed
three times, 30 min per wash, with 0.2x SET, 25 mM phosphate
buffer, 0.1% sodium pyrophosphate, and 0.1% SDS at 65°C, 68°C,
and 71°C. The intensities of the signals reported in Figure 4 were
measured using a Phosphorimager SF instrument and ImageQuant
software (Molecular Dynamics, Sunnyvale, CA). To control for pos-
sible variations in sampling, the intensities of the dynein and tubu-
lin signals were normalized to the calmodulin signal. This enabled
the comparison among the dyneins and tubulin, but did not neces-
sarily provide an absolute measure of the amounts of the mRNAs.
Thus, the results in Figure 4 are presented as relative amount of
mRNA with respect to a mock deciliated control (control relative
amount = 1).

Sequence-specific Antibodies and Western Blotting
Three new antibodies were produced during this study. Peptides
6-491 (residues 491-509 of DHC-6), 6-3261 (residues 3261-3288 of

DHC-6), and 8-524 (residues 524-539 of DHC-8) (see Figure 2) were
synthesized with an N-terminal cysteine through which the peptide
was coupled to porcine thyroglobulin using sulfo-SMCC (Pierce,
Rockford, IL). The peptide-thyroglobulin conjugates were utilized
as antigens in rabbits.
Paramecium outer arm axonemal dyneins were obtained by a high

salt extraction of demembranated cilia and subjected to VI photol-
ysis in the presence and absence of ATP by our standard methods
(Beckwith and Asai, 1993). Paramecium cytoplasmic dynein was
partially purified by ATP-sensitive binding to exogenously added
taxol-stabilized microtubules (Fok et al., 1994). SDS-PAGE, transfer
to nitrocellulose, probing with the antibodies, and development of
the Western blots using alkaline phosphatase were performed by
our standard methods (Beckwith and Asai, 1993). The JR antiserum,
which is specific for the cytoplasmic dynein catalytic P-loop motif B,
has been described elsewhere (Asai et al., 1994; Tjandra et al., 1994).

RESULTS

The Characterization of the Paramecium DHC-6 and
DHC-8 Genes
The clones of DHC-6 and DHC-8 were obtained from
a lambda phage library of Paramecium tetraurelia
genomic DNA by screening with the short P-loop
containing fragments cloned after RNA-directed PCR
(Asai et al., 1994). The DHC-6 and DHC-8 genes are
diagrammed in Figure 1. The 5' end of the DHC-6
transcript was identified by RNAse protection assay
and occurs approximately 22 nucleotides from the
initiation codon. The 5' end of the DHC-8 transcript
was identified by 5' RACE and occurs 23 or 24 nucle-
otides from the initiation codon. 16,557 bp of the
DHC-6 gene were sequenced; this includes 5'- and
3'-untranslated regions of 1,483 and 1,204 bp, respec-
tively, and a coding region of 13,870 bp. 15,228 bp of
the DHC-8 gene were sequenced; this includes 5'- and
3'-untranslated regions of 371 and 1,210 bp, respec-
tively, and a coding region of 13,647 bp. These se-
quences have been deposited in the GenBank database
(accession numbers U19464 and U20449).
Four introns in DHC-6 and one intron in DHC-8

were identified by analysis of the genomic sequence
and confirmed by direct sequencing of RNA-PCR
products. In DHC-6, the introns begin at nucleotides
128, 339, 513, and 13,468 (where nucleotide 1 is the A

DHC-6

Figure 1. Diagrams of the DHC-6 and DHC-8
genes. Sequenced portions (16,557 bp of DHC-6 and
15,228 bp of DHC-8) are indicated by boxes: coding
regions are unshaded; noncoding regions are dark-
ened. The 5-kb probes pDHC6-5HS and pDHC8-
5B used in the Northem blotting and nuclear DHC-8
run-on transcription assays are shown as hatched
bars. The locations of translation initiation codons,
translation termination codons, the three peptide
epitopes (6-491, 6-3261, and 8-524), and the cata-
lytic P-loops (P-1) are marked.

ATG 6-491

t t

ATG 8-524

* *

P-1 6-3261

*
TGA

*II -

pDHC6-5HS

P-1

*

pDHC8-5B
- = 1 kb
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of the translation initiation codon); in DHC-8, the in-
tron begins at nucleotide 170. As in other Paramecium
genes (Russell et al., 1994) the identified introns are
short (23-28 nucleotides) and conform to the GT-AG
rule for splicing (reviewed in Moore et al., 1993). It is
possible that other introns, which do not alter the
reading frames, are present in both genes. Except for
the first introns in the ,B genes from Chlamydomonas
and Paramecium, the introns in DHC-6 and DHC-8 do
not align with the positions of the introns found in the
heavy chain genes from other organisms, including
Chlamydomonas (Mitchell and Brown, 1994), Aspergillus
(Xiang et al., 1994), and Caenorhabditis (Lye et al., 1995).
The deduced amino acid sequences of DHC-6 (4588

residues) and DHC-8 (4540 residues) were aligned
(PC/Gene, IntelliGenetics, Mountain View, CA) and
the aligned sequences are shown in Figure 2. Both
sequences possess the canonical pattern of four P-
loops found in all dynein heavy chains. The greatest
similarities occur near the P-loops. Secondary struc-
ture analysis (PC/Gene, Intelligenetics) reveals sev-
eral regions in both deduced sequences that have a
high probability of forming coiled-coils. These regions
are clustered in the N-terminal -1800 residues and in
the C-terminal -1500 residues in a pattern very sim-
ilar to what has been reported for other dynein heavy
chains (Mitchell and Brown, 1994). There are two re-
gions in each dynein that could form extended coiled-
coils. These regions are residues 3109-3211 and 3346-
3437 in DHC-6 and residues 3076-3174 and 3302-3373
in DHC-8.

Sequence-specific Antibodies Demonstrate that
DHC-6 Encodes Ciliary 13-Chain and DHC-8
Encodes Cytoplasmic Dynein
Three peptide haptens were synthesized from the
DHC-6 and DHC-8 sequences. The peptide sequences
are indicated in Figure 2. Epitope 6-491 and Epitope
8-524 correspond to amino acids 491-509 in DHC-6
and 524-539 in DHC-8, respectively, and are derived
from homologous positions in the two proteins.
Epitope 6-3261 was derived from the predicted loop
flanked by the two coiled-coil domains predicted from
the DHC-6 sequence, and corresponds to residues
3261-3288.
Antibodies were raised to each of the three peptides.

Competitive solid-phase binding assays demonstrated
that the three antibodies were peptide-specific and did
not cross-react with the inappropriate peptide. The
three antibodies were utilized in Western blotting ex-
periments. Figure 3, A and B, shows Paramecium cili-
ary outer arm dynein, intact and after the Vl photol-
ysis reaction in the absence and presence of ATP.
Epitope 6-491 is near the N-terminus and should
reside on the LUV-1 fragment after photolysis, and
this was the result obtained (Figure 3, lane 3). Epitope

6-3261 should reside on the HUV-1 fragment, and this
was the result obtained (Figure 3, lane 6). The photol-
ysis reaction in the absence of added nucleotide occurs
only in the 13 heavy chain (Beckwith and Asai, 1993),
and the results demonstrate that epitopes derived
from DHC-6 are on the -chain (Figure 3, lanes 2 and
5). Paramecium cytoplasmic dynein (Figure 3C) and
total ciliary dynein (Figure 3D) were probed with the
antibody raised against epitope 8-524. The antibody
reacted with cytoplasmic dynein (Figure 3, lane 9), but
not with ciliary dynein (Figure 3, lane 11). The HMr
band reactive with anti-epitope 8-524 is the same as
that which reacts with JR antibody (Figure 3, lane 8),
which is specific for the catalytic P-loop sequence
motif B and is reactive with all cytoplasmic dyneins
examined (Tjandra et al., 1994). Our preliminary data
indicate that the slower-migrating band present in
crude cytoplasmic dynein, seen in lane 7 of Figure 3C,
corresponds to ciliary dynein precursor residing in the
cell body; the SDS-PAGE does not resolve multiple
heavy chain isoforms in this putative precursor band
(see Fok et al., 1994). These results demonstrate that
DHC-6 encodes ciliary 13 heavy chain and DHC-8 en-
codes cytoplasmic dynein.

Axonemal Dynein Expression Is Transcriptionally
Induced during Reciliation
The steady state concentration of axonemal dynein
mRNA increases in response to deciliation/deflagel-
lation where it has been examined, including in
Chlamydomonas (Williams et al., 1986) and sea urchin
embryos (Gibbons et al., 1992, 1994). In Paramecium,
mRNA from DHC-6 but not DHC-8 was shown to be
substantially increased during reciliation (Asai et al.,
1994). To investigate the cellular mechanism underly-
ing the change in ciliary dynein mRNA, run-on tran-
scription experiments with isolated nuclei were per-
formed. Paramecia were sampled at different times
after deciliation and divided into two portions. From
one portion mRNA was isolated for quantification on
slot blots. The second portion was detergent extracted
for nuclear run-on experiments. Probes for the slot
blots were pDHC6-5HS and pDHC8-5B (see Figure
1), Paramecium a-tubulin DNA, and the Paramecium
calmodulin gene (see MATERIALS AND METHODS
for details). These same DNA samples were immobi-
lized to filters for the nuclear run-on transcription
assays.

Figure 2 (following pages). Deduced amino acid sequences of
DHC-6 and DHC-8. The alignment of the two sequences is shown.
Identical or conserved residues (A and G, D and E, F and Y, I and
L, K and R, N and Q, and S and T) are indicated with an *. The
four central P-loops are in bold. The three peptide epitopes are
underlined. The nucleotide sequences of DHC-6 and DHC-8 have
been deposited in the GenBank database (accession numbers
U19464 and U20449, respectively).
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Beta 1 MGDQEPLKSKEDYFIYRLAC SFNIRNS............. LQQDKFKKSFETEDNKMVFD RLMKDESNMMAVFA .. IQSG AESVTLFSDVPHPDKFRKKG
Cyto 1 MEESETQLNVKVQEQGKLYS ANEIENFNQYLSAICLSLLI IDKDQWNVACHEDVNQQNIC QFLSDSQIKALIVSKTVENE KFNIQIRSEYEASNNYAHTI

* * * ** * * * * * * * * ** *

Beta 86 LIALKIS ... ESPLSVQNIT QNIVFLE............. . LTRNILEHLYSTFY.EIMS PILQNPSNQQGWTDLVAKDL MEKFNAYV.....AQVYVMI
Cyto 101 CFLKRHTFQYDNQLQPQQFS NHVQVINVGYAESQGGANPF TLSHNYVQNCFIPIFTQYKG EIDKKRIVDQSSYNDLIKKL NEVNLAFIKCRQNVEVPEII

* * * * ** * * * ** * * * * * * * * ** * *

Beta 162 GQIEGRTKLPIPSHKLTQS. DTTPAKDKAHVYESSIITWT KQIKNVLKLEPEQALKNGHN PGPLVELKFWENKAANLNSI KEQLEGSEV.IKILRFLEVN
Cyto 181 LQFDPRIKEAVKQRGGKPTI EDAAQLNKPDIVQSISQTVT RWISDINQIS .. NTKLELTN ASIVDEINYWMSMERSLFFI ENQLKQPEVDFTIEVLTQAK

* * * * * * * * * * * * * * * ** ** * * ** ** *

Beta 261 KSTYTNPFSKLQREVTKARE EANDNNKFLDLLKDPFQRLQ DTGGDFQSSLHELFIPIMHRI LLIWKNS.KFYNTPPRLVVL IREICN..AIITKAQDFVNG
Cyto 299 KMNITAQFKEIA........ ..... LKQSLQK ...... CQSCNQFMKEFPINN LLIATNLVEIKDAMIQIFQH MKKLSNIQETYTIPRSLQLA

* * * * ** ** ** *** * * * * * * *

Beta 358 PMIFQMISSEET ..FEACEK LQITIDVCTKFKDAYFEYKA KADGNWKLTTNALFVRLDSF LERCHDI ..LHLTNTIVQFN KL. .AKIDLGGTKGKTL...
Cyto 373 ESFSRELTNEMIKYFKGFQI LHIKYVDFKGLIIKTQEIFS QWDEEYKIFKQSIVKKSVHQ KDQYGQFEHIKLQKQIQHIQ RLREMHENLKEVIEQIIQND

** * * * * * * * ** * * * * * * * * ** * *

Beta 449 .....TESVQQI ..FVEFQKA VEQFQQVK.YDIMDITQKEF DDSFYEFRS R SVTTGFYDTLHGRFKLLD SFEGLLSRPIIQDELEKKHI
Cyto 473 QEEQKENVQQFATLQEIQQA YDIFKNVEVFDLSRDGEDQF- FRALKQYEIAIREM _LaDCLSASSAKEMFRILA KFNKLFSRPRIKGAIQEYQS

* *** * * * * * ** *** * * * * * * * **** * *** * *

Beta 541 VLLDMYKQDLKQVQQIFLEG YELVDKLHERAPIYNNMPPI AGALMWCKGLRDRITEPLDK LAQL.... GQGITEREEYKD VLKLYQSITKQIKDYEQTKI
Cyto 573 QLLKTVHKDIQSLQNKFKET YQKSQ ..NSRLASARDIPLT SGFVIWSKQLQIRLQKYMQK VEQILGPQWAEDTDGKKCKE MGETFERILDSGPALED...

** ** ** * * * * * * * ** ** * ** ** ** * * *

Beta 638 LSWEQEVG.... KVSEEKQK QPLLSKDENGLLRVNFDPAL VRLLREVKYFTLLEQPVPES ASELYSKNDTFREYIVQLEM IVENHNFIVTQLHPMEEPLI
Cyto 668 . . WKQEINHHNKAVSQNEKL FEVVTRRRGLEIRVNYEKKL SQLFKEVRNLSNMKTKVPYS ISHIANDAKASYPFALSLQE SLHTYIQITSQLNAKSAKLV

*** ** ** ****** * * **** * ** * * * * * * *** *

Beta 734 KNRIEKMDEVLKPGIEHYKW KSNDINKFIETAKATVDELH QIVQKMKETLKKIEQALEKF NTKIIERKNKPMSPDDYDQF LKAVVQNKLSIVKDNGTSIN
Cyto 766 AALRKEVQLQIGQGFNYLWT HKTQLQPYVKKFTDKVFELE QAVNGLNERIGQIESLCEAM KTCPVD ..SLADKLKDIQEV IDSLCFNNFSNLHIWIQDID

* * * * * ** * ** * * ** * * * * * * *

Beta 834 KLVKEVL.DQVKVDKKQ .. Q AWINYQYYLNSNVINGLARA IITALNHMNEQINPQYIKKH EIAPLFDIKLELFRNVG.IQ YEPEIEETTQGQSVRNTIRG
Cyto 864 KQIESILCDRVTVQMKEWLN QFINYQKIQERGLVN...QT VVHELKLQDQIIYVDPPVEY AKYFWFQ.. EFHKMIGQIC SLPRLVANRFDNTIQQNTGP

* * * * * * * **** * * * * * * * * * * ** *

Beta 910 WANDMFYIAGQFQRLDSANP FGDYLPEIREYFEIKEVVQA INLNLDQIEEETRSFKQSYM TYSYLWLEDPKQAFEDFMQK NEPK ..DAPEDEDQSQNPLL
Cyto 938 WGTQR.... DLDYSTT INKI.........NQQLIKD AYSQIGQLLEDMEQYVQTWL NYQSLWELDIKQV.EQILQD DIEKWQQMLTDIKQGRATFD

** ** ** ** ** * ** * ** * ** * * * * *

Beta 1028 QGCRIKIPKLDLFDDKITTL KNIQQEINRILTPYEISWLR INLQPLKSALENKVSQQIKV YTEFLVVQFKTTLK.NLKGF IQRTNEGIKENPASEENAGN
Cyto 1040 NS. TTEEHFGAIIIDY RMVQVKINHKYDAW...... .. HKELLNHFGNKFGEQLRV FNKNVTTEKEKLLKINFQDL TSDIIESITIIQEQDK....

* * * * * * ** * ** **** * ** * * * *

Beta 1127 RDLLMKVMRVISDVKDDEHK CEGIVVRMKEMVNKLKKHGV QIMEKGEEDPVQSIDNAFTQ FNETTQKVFKIKAEILPLQT QETINIKKKLDE.
Cyto 1123 ..... KFPGWSADIES ........... FKNGQKVLDRQRY QYP ..GDWLSFEQVEMQWNQ FK.......QIRSKKLQSQE SEMNNIQSKIQQDERYLNQQ

* * * * * * ** * * * ** * * * ** **

Beta 1219 FQKKVSDFRNDTLNNLPYSY HDDMKMDQILYSYVTIDEYY KKLLQMEKEAADYNQLEKLF ELEKSGYKQ.LRETNVDLKS LKIMWDAISMVNYQYNDWKS
Cyto 1198 IQEIEEQWKTSKPDSGDCSP NE... AEQILKSL......N EQLISVQEKYEKCSQAKEIL KMDPPTHQQKLNVLLESISD LQDVWQELGKIWKVMQSIKE

* * * * **** * ** * * * * * * * * * * *

Beta 1318 KPFRQIKADVLLESNKVLGN QLKNLPKEVKNFKGYNAIVD KVKNMSVVLPLVSALHSEFM EDRHWSQVKDMTKSKFEHKA MTFLFDDILALQLYKFDAQI
Cyto 1289 QLISALQNKKIKDTCDEAQK QLNGVSTKTRNYDAFEKMKE KVKNYIKMNKLIMDLKDESM KERHWRQL..LSKLKINESL NQLQMQHLWNANLLNYENLA

* * ** ** *** ** * **** * * * * **** * ** * * ** **

Beta 1418 NEVVEVASKEAKIEKKLKMI ETAWLKQIFEFEDYKET.KV FLPLDNMMEMLDQHSLDLMG MKGQGKYVEFFYNTVEDWRE KLGRVDSVVGEWLKVQKNWK
Cyto 1387 KDIMTVARGEQVLETMISQV KDFWNSFELELVKYQTKCKL IRGWDELFQKLDEDLNNLAS MKI.SPFYKNFEAEISQWDD KLQKVKLTMDIWIDVQRRWV

* ** * ** * * * * * * ** * ** * * * * ** ** ** *** *

Beta 1517 TLVNIFIGSEDIRMQLPEDT KVFEAVDKEFRELMTEVAAN PLVIEA.CINERKDQLVAMS LNIKKCEKALNDYLEQKKKA FPRFYFLSNQSLLTILSNGQ
Cyto 1486 YLEGIFFGSSDIKTQLQNEY NKFKDIDSQFTNLMKKVAQK PQLMDVQGIPNLAKTLERLS DFLQKIQKALGDYLETQRQA FARFYFVGDDDLLDIIGNSK

* ** ** *** ** * * * * ** ** * * * * * * * *** **** * * **** ** ** *

Beta 1616 NPPKVCEFLGDCFDGMKTLS FEPSKNPNDVPRSTHSMISK DDEKVPFSSNFECVGA..VE HWLSALEYKMRETLEEILEK AKETSENWESGDNPREDWVK
Cyto 1586 DVTNVQRHFPKMYAG..IVQ LQSRKDGNDDV..VLGMSSK EGEVVPFSKEVKIAEDPRIN IWLGKVDNEMMNSLALDLEK SVL...DIQANQQNRMKVIE

* * * * ** * ** * * **** ** * * ** *** * *

Beta 1714 NYCAQIALLTTQIVWTEDVT RAFEDLAGGAETAMKECLKL IEVRIDNLIKKVRGNLEILE RMKIINIITIDVHSRDVVEK FCIQKTQELESFAWLSQLKF
Cyto 1679 EHPAQIILLALQVGWCFSVE SSFNN..... EQQMKQTLQY VLEFLSELAESVLKDHPKQL RQKFEQIITDFVHQRDVIRL LMNNKINSKNDFGWQYHMRF

*** ** * * * * * ** * * * * * * **** ** *** ** * *** **

Beta 1814 YWDNKDNDMHLRQALRFKWE KERDKSKCIIRIVDWFRFYS YEYVGNALRLVITPLTDRCY ITLTQALNLTMGGAPAGPAG TGKTETTKDLGRAVGLPvMV
Cyto 1774 NWNSKEADP ......... GKRLLIQMGNAQFHYG FEYLGVAEKLVQTPLTDKCF LTLTQALHLRMGGSPFGPAG TGICTESVKALGAQLGRFVLV

* ** * * ** * *** * * *** ******** ******* * *** * ******* * ** * * *

Beta 1914 FNCSDQMGKDSMAQIFMGLS QSGAWGCFDEFNRIAIEVLS VISTQVKTILDALKEKKPKL IFMEEGEISIQDTVGFFITM NPGYAGRTELPENLKALFRS
Cyto 1859 FNCDETFDFNAMGRIFVGLC QVGAWGCFDEFNRLEERMLS ACSQQILLIQTGLREKQKQI ELMGK.DVKLSSQMGVFVTM NPGYAGRSNLPENLKQLFRQ

*** * ** ** ** * ************ ** * * * ***** * * * * * * ** ******** ****** ***

Beta 2014 CAMVVPDLVLICENMLMSEG FQQARALSRKFVSLYMLSRE LLSKARHYDWGLRAVKSVLR QAGKLKRADP .......... ... QIAEDPLLMRALRDFNM
Cyto 1958 MAMVKPDRELIAQVMLFSQG FRTAEKLAGKIVSLFELCDN QLSSQPHYDFGLRALKSVLN SAGNMKRQEMIDRKQEPVPQ SEIEEFEQTILLRSVCDTVV

**** ** ** * ** *** **** **** ** ** * * ** * *

Beta 2101 PKIVTDDKPIFLGLIGDLFP RIECESKTNPELKRIVVETT KQDMGLVAEEMFVLKVDILA EILEVRHCVFVIGPPGOCGKT SDWKTLAKTHYNRGED.FEL
Cyto 2058 PKLIKDDIKLLETLLQGVFP G.SCIPEIKEEQLRKELALA CQRKNLQSSKNFIEKVLQLY QIQRLQHGLMLVGPCGCGKS AAWRVLLEAMYKCDKVKGEF

*** ** * ** ** * * * * * * ** * * * ** ***** ** * * *

Beta 2200 DTLNPKAVTSDELFGCYTKT K.EWKNGVLSMIMKNQNKCE EKYKQSHLHKWSILDGDIDP EWIESLNTVMDDNKVLTLVS NDRIPLTPSMRLLFEISNLK
Cyto 2157 YIVDPKAISKDELYGRLDNT TLEWTDGVFTSILRK..IIS NQRQESTRRHWIIFDGDVDP EWAENLNSVLDDNKLLTLPN GERLAIPPNVRMIFEVETLK
**** ** *** **** **** **** * *** **

Figure 2 (continued).
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Beta 2299 NATPATVSRGGVLFINETDI GWMPYMNSWLERSFEKCVVK REG....... LMGQVPQSPP IDDIAKSVFYRCFQQYFETN PD..... IRDKSKVRLIVPQ
Cyto 2255 YATLATVSRCGMVWFSEETI NDENIFYHFLERLKQDDYDQ QKSEDDNNKQVNSQESELRT KCVKALESIIKFLSQFLQIA QKPEYKHVMEFTRIRVLEST

** ***** * * * *** * * * ** * ** * *

Beta 2387 VDIAQVMTICMILDALLLET DYTKISAMKEDDQ.KMIYEA YFIYAGMWAIGGCFGGGQDD EKDMKDFNSVWKAAAKVRMP EQGMC..FDYYFDFAEQKWT
Cyto 2355 FALVRRSI ...... SNIIEY NENNSEVPLEDDQINDFMVK QFLIAVMWGVAGSMNLYQR. TQYSKEICQLLPHNVILPQF NDSAPSLIDFEVTLPEAQWS

* *** **** ** * *** ** * ** ** * **

Beta 2484 HWQARVVPY.IATDEAIFSK IYVATLHTTRLRILLDYHLK RKKCVLFVGSAGTGKSAVIK DYLSQTKTDQVSYKTINFSS FTDSLALQKNIESMVEKKSG
Cyto 2448 QYKKKVPQIEIDPQRVTDAD LIIETVDTLRHKDVLCGWLN EHRPFLLCGPPGSGXTMTLM STLKALTDFEMIFINFSSST MPQLIIKQFDHYCEYKKTTN

** * * * * * * * * * * * ,*** * * ** * * * *

Beta 2583 RTFGSATG.KALICFIDDMN MPYVDKYGTQQPIQLLRQVV DYGSVFNREQLEERKFLQDL LFFSALNQKS..GSFIIDLR LQRNFSVFTMYTPNAEIIKT
Cyto 2548 GVFLQPKNQKWLVVFCDEIN LPDQDKYGTMAIITFLRQLT EQHGFW.RSSDRQWISLDRI QFVGACNPPTDVGRKPLTPR FLRHCPLILVDFPGPESLKQ

* * * * ** * * ***** * *** * * * * * * * * * * * * * * **

Beta 2680 IFGAILNSHLATFDDKIHKL SDKLIEATIHLFNKVLKDTR YSPSARKFHYQFNFRELAKV VEGIMRSTPNQYRGQPNRML RLWAHEAKRVFEDRFINEED
Cyto 2647 IYGTFNKAMLRR.TVNLKQY SEQLTNAMVEFYTK...SQQ HFTADQQAHYIYSPRELTRW KYAL..NEALEPLESVEDLV RLWAHEGLRLFQDRLVHEHE

*** * * ** * * * * ** * *** * ** ******* * * ** * *

Beta 2780 IKVFRDYVKDALVKNIGEPD DKDNPLEEPNVFTSFVAAHI GQEQQYTNCDAITLRKVLDD KLREYNEVKAMMNLVLFQQA MEHVCRIARILELPGGNALL
Cyto 2741 KEWCNKLIDQVAYNNFNNL. .KDEALQRPILFSNYLH... ...KVYQSVDREELRKYIQG RLKQFNEEELSVPLVVFDDV LDHILRIDRVLKQPLGHLLL

* ** * * ** * * * *** * *** *** ** * ** ** * * * * **

Beta 2880 VGVGGSGKQSLTRLATFILG YDADQMVVTSNFTINDLRNY LQEIYKKVAKPSSGSRCYIL TDSQIKEEIFLIPINDMLNS GWYFDLFPKEDYDNMIQGLR
Cyto 2833 VGSSGVGKTTLTRFVSWINN LTVFQIKAGRDYQLADFDND LREVMKRAG.AKGEKITFIF DESNVLGPSFLEKMNALLAS GEIPGLFENDEYLALINLLK

* ** **** * * * * * * * * * ** * ** *** ** * * * * ** *** ** **

Beta 2980 NEAKGQGVLDNLDA.ITQYF LDKMRKNLHWLCFSPVGDT MRIRSRKFPGIINSTSVDWF HPWPKDALIDVSYRFIQEVE LDTDDLRKIISLHMAEVHL.
Cyto 2932 ENSNQNKQFDSSEEQLFKNF TYQVQRNLHWFTMNPKNPD FSNRTASSPALFNRCVIDWF GDWTNEALFQVGKAFTMYID PPENAFSKKIKDETQRQHIL

* * * * * ****** * ** *** * *** * *** * * * * **

Beta 3078 .. SIDYANQKYLQL...... .ERRYNYTTPKSFLELIDYY KKLLGEKREQISKQIKRYEQ GLQILADTQGKVQLLQAELK IKMVEVDKKKNETDILIEKV
Cyto 3032 VSTLVYIQNTIIELNNKLQK GAKRFNYITPRDYLDFLKHF EKLHNEKKSQLEDQQLHLNV GLDKLKETEQQVLEMQKSLD QKKVELLTKERQAGEKLQTI

Beta 3169 GKESAVAEVEQKIANEEEEK TNAASKAAEELAETARIELE KALPALEKAKAAVDCIKKPQ ITEMKSLGSPPTGVLTTARA VLILLGEKITLQDPEDKLWK
Cyto 3132 IEEKKIAEKKKEDSTRLSSD AEKKAKEMEVRQSQVNKELN EALPALENAKQCVNSIKKDD LNQIRALGSPPALVKLTMEA VVCAIN... SLEKSPE..WK

* ** * * ** ****** ** * *** * * ***** * * * * * ** * **

Beta 3269 KSOOVNNPOOFLDRTTNFN GKQIDPQILASV.NKIIEDP AQKFNEESMKGQNFAASKLC AWAVNIVTFNTIFKLVDPLE KSRDAAMADLEQKKKELGW
Cyto 3227 DVQKSMANMN.FINNVINFN TETMPPKVKKFILTKYL..S AQEWNIDRINFASKAAGPLA MWLDSQLKYADILQKVDPLR QEVAKLLQESDELNTQKKIY

* * * * ** **** * * * ** * * ** * * * * **** * *

Beta 3368 KEKVRALNEKVNKLKRDLEE AERVKQLVEADANACQEKLS AAEKLVNGLAGENKRWGENV KELSSNIKSVVGNALLAAAF VSYIGAFSAKLRLELWSKIW
Cyto 3324 DDEVAAAEAKIHNLQQEYSE LISQKESIKSEMLKVQEKVT RSQALLSDLSGERVRWEEAS QNFKSQLATMIGDVLLLLAI PVLYWVLDHFYRKVVINT..

* * * * * * * * * *** * * * ** ** * *** * * ** * *

Beta 3468 LTDLQAKQ..IPLTQGIDPL KILTTEAKIASWKNEGLQSD QMSLENASIISACSRWPLII DPQLQGSVWIRG.SQGDNLI TINISQNKWLQQLNQAIPLG
Cyto 3422 WKDYLSGQANIFYRQDLSLI EFLSRPSDRLNWQLHTLPSD DLCMENAIILYRFQRYPLVI DPSGQALSFISSLYKDKKLA RTSFTDESFLKTLETCLRFG

* * * * * * ** * * ** *** ** * ** * ** ** * * * * * * *

Beta 3565 KAVLLEGIQQEIDATLDPLL SRAIVKKGKSIYLELGGEQI DYDPKFKLFLMTKLYNPHFR PEIAAQCTIINFIVTESGLE EQLLAAVVNIERNELEMKRQ
Cyto 3522 CPLLVQDVEK.VDPILNSVL NNETYKTGGRVLIRVGNQEI DFSQGFTMFMITRDSTARFT PDLCSRVTFVNFTVTQSSLQ EQCLNIFLRNESPETEEKRL

* * * * * * * * * ** * * * * *** * ** ** * * ** * * * * **

Beta 3665 ELVKQQNEFSVQLDKLEENL LIQLSEADPSTILENKSLIA NLDNTKQTSNTITEQSKIAK VTEVEINQQREIYRIVAAEG AMLYFLVIQLSVMEHMYQYS
Cyto 3621 NLMKLQGEYIVKLRELEDQL LDSLNNS.RGSILEDEKVIQ TLEKLKKEAAVIVQEMKQAD TIMNEVMNTTHSYVPLANTT SKIFFSLTSLANIHYLYQFS

* * * ** * * ***** * * **** * * * * * * * * * * *** * ****

Beta 3765 LESFNKFFFKAIERTTIRDE TRTEELRKNIRYTIYQWISR GLFEKHKLIFLT.... LITF RLMQKKVIEVVYEPAEMDFL IKCVPRAGVENNLDWLSQTA
Cyto 3720 LQFFMDTIYNVLNKNEQLQK IPKQDLIKR.RILIFNEMFK EIYKRMNFSLLQEDKLVFAI TLAQVKLGD...NTLGQEFL NVFKPPTVMETTFSNTFLQG

* * * * * ** * * *** * ** * * * * * * *** * * *

Beta 3861 WDSVQGLIQLEEFK....................... LFA QNMEKDAPIRFKDWYNELQP EDVKLPFDWKRLDQMPFKK. ... LLVLRCLRPDRITSALT
Cyto 3816 KLSIQQLKQLEGITQQNQTF NRLIDNLNKNEDRWLNFLND EAPENDIP... TQWYNEVQR DDI... VKLDWIDSHQLKRQ LDDLHILRIFRADRFQIIAR

* * * *** * * * * **** * ** ** ** * ** * **

Beta 3934 NFIRQALPQGESFVEMDSKL NFSEVLSGSVDDSDATIPIF FILSPGADPVKEVEKLARIN KIEPGKSFWNISLGQGQD.E IARRRIEEGNKEGHWVMLQN
Cyto 3910 KLINQIL..GEGFMDEQTV. ...DMKLVVEKEASNKIPIL LCSAPGFDPSFKVEQLSR.. ..EMGIKLTSVAIGSAEGFD QAEYEITQSVKSGSWVMLKN

* * * ** * * * * * *** ** ** ** * * * * ** * * * * * * **** *

Beta 4033 IHLMPKWLLELEKILDSFTG EQGGGNPRFRLFLSAEPSSG IPIGLLDRSIKLTNEPPAGL RANMKRAWAYFSKDEIEDKD PKIKSIL.FGLCFFHSTVIE
Cyto 4000 VHLATSWLNDLEKKLFRLTP .....NANFRIFLTMEFNPK IPTTLIRQSYKLVFEPPDGI KASLIRTFKTVLSQQRTDRQ PVERARLHFLLAWLHAVILE

** ** **** * * * ****** * ** ** * ** *** ** ** * ** * * * * * * **

Beta 4132 RRRFGPKGWNMSYPFNMGDL R......DSYLVMNRYMEQG AGGKVPFDDLRYIFGEIMYG GHIVDDWDRRLCMGYLDNIM HEGIFD.ELELFPFIEGKNL
Cyto 4095 RLRFTPIGWSKTYEFNEADQ RCSLDLIDEYVDALGIRQNI DPSKLPWDAFRTILTQNLYG GKVDNEYDQKILQSLVEQFF TEQSFNHNHPLFFTLEGKE.

* ** * ** ** ** ** * * * * * * * * * ** * * * ** ** * * ** ****

Beta 4225 SFKVPPPNNYEKYIEHIEQV LTQETPLAYGLHSNAEIGFR TQQCLTLFSTLLELQPKDSA ........NEESSSGMRTKN EIVQELIKQLAEDINLKSMI
Cyto 4194 AITVPEGRTYLDFMQWIEQL PKTESPEWSGLPSNVERVQR DQLTQKLITKVQNLQQEGEE EITQIEVQTEKTQKKDNKKS DQVQWLQDLLEKVEKFKAIL

** * * *** **** ** * * * * ** * * * * ** * * * *

Beta 4317 FNIDEIKNKIDAENKGPYQN VFLQELEYMNFLLIEIVRSM EEIDQGFRGILTISEQMEQI IDAIALNRVPVVWVALAYPS KRGLASWLTNLLKRIEQLNL
Cyto 4294 PNKISPLERTADSINDPLFR FLDREITVASKLLKAVRQNI EELIQLAQGKILATNILRQL AKDVFNNIVPAQWNKYNVIT .MPLNDWVGDFKRRIDQFDL

* * * ** ** *** * * * * ** * ** * * * * ***** *

Beta 4417 FRDDPYAIPKVTMIGRFFNP QSFLTAIKQVIGRQRAQELN RLYIATEVTKKSIEEIDQTA KDGAYVFGFVLEGARWDVVT GQLE.ESKPKEMFSVLPVVY
Cyto 4393 LGKTKDFQKGQVWFGGLLFP EAYLTATRQYVA.....QAN KWSLE.ELELQMIPEDQGID EDSFVIEGVSMEGGHLDSKT LQVRIVNEISVALKPITLKW

* * ****** * * * * * * * * *** * * *

Beta 4516 CKALMVPAEGKEDKALYQCP CYRTEDRGNTYIFTGQLKT. RLNPRKWILAGVALLLDVEG VSDEAAAAKKEKKA 4588
Cyto 4487 CKTSQKGVVGDDEIVL... P VYLNKTR.KNLIFSLKVKMG KLNRYTLYQKGLSFILFN 4540

** * ** * * ** 2 (co * **

Figure 2 (continued).
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Figure 3. Western blots demonstrate that DHC-6 is ciliary 13-chain and DHC-8 is cytoplasmic dynein heavy chain. (A and B) Paramecium
ciliary outer arm dynein was electrophoresed on 6% SDS-PAGE gels (Dreyfuss et al., 1984), transferred to nitrocellulose, and probed with
antibodies to epitopes 6-491 (A) and 6-3261 (B). Lanes 1 and 4, intact outer arm dyneins; lanes 2 and 5, outer arm dyneins photolyzed
in the presence of Mg2', 50 ,uM vanadate, and no added nucleotide; lanes 3 and 6, outer arm dyneins photolyzed in the presence of Mg2+,
50 ,uM vanadate, and 50 J.M ATP. The antibodies each recognized intact dynein heavy chain (I). Anti-epitope 6-491 reacted with the LUVl
product (L), and anti-epitope 6-3261 reacted with the HUV1 product (H). This pattern of reactivity is the expected result. The VI treatment
in the absence of added nucleotide (lanes 2 and 5) results in the specific photolysis of Paramecium {3-chain (Beckwith and Asai, 1993). Western
blots were developed with alkaline phosphatase. (C) Crude Paramecium cytoplasmic dynein was electrophoresed and transferred to
nitrocellulose. Lane 7 is a Ponceau S-stained blot of the crude dynein; several protein bands are visible. Lanes 8 and 9 are nitrocellulose strips
identical to the one shown in lane 7, probed with JR antiserum (lane 8) and with anti-epitope 8-524 (lane 9). The JR antiserum was raised
against the cytoplasmic dynein P-loop sequence (Tjandra et al., 1994). Of the two high molecular weight bands seen in lane 7 (arrows), the
faster migrating band is cytoplasmic dynein. Western blots were developed with alkaline phosphatase. (D) Total ciliary dyneins were
electrophoresed and transferred to nitrocellulose. Lane 10 is a Ponceau S-stained strip that shows the prominent dynein heavy chains. Lane
11 was probed with anti-epitope 8-524 and developed with alkaline phosphatase.

The relative expression of DHC-6, DHC-8, and tu-
bulin was determined on RNA slot blots and normal-
ized to the calmodulin signal. The specificity of the
dynein probes under the hybridization conditions
used was confirmed in Southern blots in which the
same dynein probes hybridized only with single,
unique bands. The apparent concentrations of DHC-6
and tubulin mRNAs substantially increased after de-
ciliation, but DHC-8 mRNA did not change, which is
the result obtained previously (Asai et al., 1994). These
data are summarized in Figure 4A. The nuclear run-on
assays showed that DHC-6 and tubulin were tran-
scriptionally induced, but DHC-8 was not (Figure 4B).
The results shown in Figure 4 are from samples taken
from one culture of cells; thus, the Northern and
run-on transcription data for each timepoint were ob-
tained from the same sample. The samples from this
culture were independently measured twice: by auto-
radiography followed by densitometric scanning of
the x-ray film, and by phosphorimaging. The results
from both sets of measurements were qualitatively the
same; the data in Figure 4 are based on the phospho-
rimager measurements. The entire experiment was
repeated with a second culture of cells and confirmed
the results shown in Figure 4, except that the second
peak at 90 min for DHC-6 in the run-on experiment

was not as large. The kinetics of tubulin transcrip-
tional induction were similar to what was reported for
tubulin induction in Tetrahymena (Soares et al., 1993).
These results demonstrate that the increase in the
steady state concentrations of DHC-6 and tubulin
mRNAs was due at least in part to an induction of
transcription of these genes in rapid response to de-
ciliation.

The Greatest Sequence Divergence among Dynein
Heavy Chains Occurs in the Tail Domains
The dynein heavy chain can be divided into two func-
tional domains. The catalytic domain, which includes
the four central P-loops, is presumed to fold into the
globular head and produces the motive force along the
microtubule. The tail domain, thought to be com-
prised of the N-terminal -1200 residues, forms the
short flexible tail that interacts with other proteins
including intermediate chains (King et al., 1991) and
dynactin (Gill et al., 1991; Lees-Miller et al., 1992) to
tether dynein to its cargo and to regulate dynein ac-
tivity. The tail domain of the /3-chain mediates the
assembly of the other heavy chains to form the outer
dynein arm (Sakakibara et al., 1993). A comparison of
the available dynein sequences, divided into catalytic
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Figure 4. DHC-6 is transcriptionally activated in response to
deciliation. Paramecia in log phase growth were deciliated and
sampled at various times during reciliation. (A) RNA from each
sample was probed on a slot-blot as described in MATERIALS
AND METHODS. To control for variation in the amount of RNA
in each slot, the signals were normalized at each time point to the
intensity of the calmodulin signal and reported as the amount
relative to the mock deciliated control. (B) Nuclei, from the same
samples from which RNA was isolated for the slot-blot, were
utilized in in vitro nuclear run-on transcription assays as de-
scribed in MATERIALS AND METHODS. Intensities were nor-
malized to the calmodulin transcription signal and the results are

reported as the amount of transcription relative to the mock
deciliated control. In both panels: tubulin, open circles; DHC-6,
filled circles; DHC-8, open squares.

and tail domains, is summarized in Table 1. All dy-
neins are more similar to one another in their catalytic
domains than in their tail domains. Although the cat-
alytic domains of the cytoplasmic dyneins are more
similar to one another than to the axonemal dyneins,
there is significant sequence conservation in the cata-
lytic domains of dyneins irrespective of functional
class. Class distinctions are apparent when examining
the tail domains, where it is clear that the sequences
have diverged between the cytoplasmic and axonemal
heavy chains.
These relationships are further illustrated in the

paired sequence comparisons plotted in Figure 5.
Even dyneins from two different classes-e.g., Para-
mecium ciliary 3-chain and Paramecium cytoplasmic
dynein-are similar through portions of the catalytic
domain. Comparison between dyneins of the same
class-e.g., the f3 chains from Paramecium and sea
urchin, and the cytoplasmic dyneins from Parame-
cium and rat brain-reveals extensive similarity ex-
cept in the most N-terminal -200 residues. Our
unpublished parsimony analysis indicates that the
N-terminal 200 residues of the three sequenced ,3
chains (from sea urchin, Chlamydomonas, and Para-
mecium) are more similar to one another than any is
to the corresponding region of y chain or any cyto-
plasmic dynein. Thus, dynein sequences diverge in
the N-terminal 1200 residues and are most diver-
gent in the N-terminal 200 residues.

DISCUSSION

In this paper, we present the sequences of two dy-
nein heavy chains expressed in Paramecium tetraure-
lia. Sequence-specific antibodies were used to dem-
onstrate that DHC-6 encodes axonemal 13 heavy
chain and DHC-8 encodes cytoplasmic dynein
heavy chain. The cloning of two dynein heavy
chains, representing two functional classes of dy-
nein from the same organism, enabled us to com-
pare their expression in response to deciliation. For
other axonemal genes, including genes encoding
tubulin and radial spokes, there is a transcriptional
induction in response to deciliation (Lefebvre et al.,
1980; Schloss et al., 1984; Johnson and Rosenbaum,
1993). In Paramecium and sea urchin, the only other
organism for which there are probes for both axon-
emal and cytoplasmic genes, there is a significant
increase in the steady state concentrations of mRNA
encoding ciliary dynein but not cytoplasmic dynein
(Asai et al., 1994; Gibbons et al., 1994). However,
until this study, we did not know if the change in
dynein mRNA concentration in any organism was a
consequence of an increase in transcription. The
present study is the first demonstration that the
induction of axonemal dynein, like tubulin and ra-
dial spokes, is a transcriptional response to decilia-
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Table 1. Pairwise % similarity comparisons of dynein tail and catalytic domains

Tail domains

DHC-6 SU 13 Chlamy (3 Chlamy y DHC-8 Dicty Dro cyto MAPlC C eleg SU cyto N crassa Asp Yeast

DHC-6
SU 3 54.4
Chlamy ,3 59.4 56.0
Chlamy y 47.5 47.7 48.6
DHC-8 45.2 45.1 43.8 44.5
Dicty 45.6 44.5 43.5 43.9 56.9
Dro cyto 43.2 43.5 44.3 43.1 56.8 61.6
MAPlC 44.5 45.2 46.0 45.6 58.7 63.8 81.7
C eleg 42.3 41.9 44.4 44.7 52.9 55.9 66.9 68.2
SU cyto NA NA NA NA NA NA NA NA NA
N crassa 45.6 42.9 43.9 42.5 54.2 56.1 59.3 61.7 55.0 NA
Asp 45.6 43.2 43.8 44.2 54.6 58.3 59.1 62.7 55.5 NA 76.9
Yeast 45.4 43.6 41.8 42.7 47.0 45.1 45.7 47.2 46.0 NA 47.2 46.9

Catalytic domains

DHC-6 SU 13 Chlamy 13 Chlamy y DHC-8 Dicty Dro cyto MAPlC C eleg SU cyto N crassa Asp Yeast
DHC-6
SU1 68.4
Chlamy 68.5 69.9
Chlamy y 61.4 60.3 59.8
DHC-8 56.2 60.2 56.3 59.5
Dicty 58.0 59.1 56.7 61.4 76.1
Dro cyto 56.7 60.1 58.3 58.9 75.4 79.2
MAPlC 56.8 59.3 55.4 59.6 76.3 79.6 89.7
C eleg 56.4 59.0 54.9 56.5 73.9 75.7 83.5 82.8
SU cyto 58.2 59.3 55.7 59.7 77.6 79.8 89.4 91.3 83.1
N crassa 55.2 56.7 55.7 58.3 73.5 76.9 79.7 80.4 77.7 79.6
Asp 56.2 57.3 56.2 57.3 75.2 76.8 79.7 80.3 76.5 80.2 88.6
Yeast 53.6 52.8 51.1 50.4 62.9 64.9 65.1 64.1 62.6 64.4 64.6 64.3

The N-terminal -1200 residues (for DHC-6, residues 1-1250) of 12 dynein heavy chain sequences were aligned and then compared with one
another by the Bestfit program (GCG, University of Wisconsin). The degree of sequence similarity in the N-terminal tail domains in each
pairwise combination is shown in the upper half of Table 1. With the exceptions of the Chlamydomonas axonemal -y chain and yeast
cytoplasmic dynein, there is a clear clustering of the tail domains into an axonemal group and a cytoplasmic group. The comparisons among
the 13 chains and the comparisons among the cytoplasmic dyneins are indicated in bold font. In the lower half of Table 1, the pairwise
comparisons of the catalytic domains is shown. The catalytic domain includes all four P-loops; for DHC-6, it is residues 1850-2943 (see
Gibbons et al., 1994). There is a clear separation between the three 13 chains and the nine cytoplasmic dyneins (bold font). Dynein heavy chain
sequences and their abbreviations used in this table are as follows: DHC-6, Paramecium 13 (this study; accession number U19464); SU 13, sea
urchin 13 (Gibbons et al., 1991; X59603); Chlamy 13, Chlamydomonas 13 (Mitchell and Brown, 1994; U02963); Chlamy -y, Chlamydomonas y
(Wilkerson et al., 1994); DHC-8, Paramecium cytoplasmic (this study; U20449); Dicty, Dictyostelium (Koonce et al., 1992; Z15124); Dro cyto,
Drosophila cytoplasmic (Li et al., 1994; L23195); MAPlC, rat cytoplasmic (Mikami et al., 1993; L08505); C eleg, Caenorhabditis rhabditis (Lye et
al., 1995; L33260); SU cyto, sea urchin la (Gibbons et al., 1994; Z21941); N crassa, Neurospora crassa (Plamann et al., 1994; L31504); Asp,
Aspergillus nidulans (Xiang et al., 1994; U03904); Yeast, Saccharomyces cerevisiae (Eshel et al., 1993; Z21877).

tion. The sequenced 5'-untranslated regions of
DHC-6 and DHC-8 are where we expect to find the
regulatory elements governing dynein gene expres-
sion in Paramecium.

Common Features in all Dynein Heavy
Chain Sequences
Including the two Paramecium sequences presented
here, there are now twelve complete dynein heavy
chain sequences reported. These are as follows: the
axonemal 13 heavy chains from sea urchin (Gibbons et
al., 1991; Ogawa, 1991), Chlamydomonas (Mitchell and

Brown, 1994), and Paramecium (this report); the axon-
emal y heavy chain from Chlamydomonas (Wilkerson et
al., 1994); and the cytoplasmic dyneins from Dictyos-
telium (Koonce et al., 1992), rat brain (Mikami et al.,
1993; Zhang et al., 1993), S. cerevisiae (Eshel et al., 1993;
Li et al., 1993), Aspergillus (Xiang et al., 1994), Neuros-
pora (Plamann et al., 1994), Drosophila (Li et al., 1994), C.
elegans (Lye et al., 1995), and Paramecium (this report).
Importantly, the two Paramecium sequences provided
us the unique opportunity to study sequence diver-
gence between dynein functional classes uncompli-

Vol. 6, November 1995 1557



K.A. Kandl et al.

9 1,0100 2,000 3,0100 4,0pO
/

o/ ~ 4,000

C._
C --3,000 c]

-

.Z)
2,000 G -

IT-
-1,000

9 1,000 2,000 3,000 4,0009I I 1

-4,000
/

-3,000

-2,000

-1,000

I . I . O-0
Paramecium Cytoplasmic Dynein

0 1,000 2,000 3,000 4,000
I I I

0 1,000 2,000 3,000
I , I

4,000 *
,~~~~~~a)

0>

3,000 *E
cn0-

-2,000 S I

.ia
km

-1,000 15 -C-

I . . I - O 1

/
/1

/ . ...,....,....,.. O

Paramecium Cytoplasmic Dynein

Figure 5. Pair-wise comparisons of some dynein heavy chain sequences. The deduced protein sequences of Paramecium ,B chain and
Paramecium cytoplasmic dynein heavy chain were compared with one another and to rat brain cytoplasmic dynein (Mikami et al., 1993);
Paramecium , chain was also compared with sea urchin ,B chain (Gibbons et al., 1991). The comparisons were made by the Compare program
(GCG, University of Wisconsin), using a window of 50 residues and a stringency of 30 (i.e., at least 30 of 50 are identical for a dot to be
plotted). The comparison between Paramecium axonemal and cytoplasmic dyneins reveals similarities in the catalytic domain. The divergence
in the 1200-residue N-terminal tail domain between axonemal and cytoplasmic dyneins is apparent. The two (3 chains are very similar
throughout their entire lengths; the two cytoplasmic dyneins are very similar except in the N-terminal 200 residues.

cated by potential differences due to species and tissue
variation.
There is remarkable conservation among all of the

dynein sequences, especially in the catalytic domains.
All dyneins contain four equally spaced P-loops,

called P-1, -2, -3, and -4, in the middle portion of the
sequence. P-1 is very near the Vl photolysis site and is
the catalytic P-loop. P-4 is near the V2 photolysis site,
which may identify the adenine-binding portion of the
ATP-binding domain (Tang and Gibbons, 1987). All
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Aspergillus
Neurospora
Rat MAPIC
Drosophila
C. elegans

Dictyostelium
Paramecium cytoplasmic

S. cerevisiae

Chlamydomonas P
Paramecium P
Sea urchin P

Chiamydorronas y

VVKTGV G TK FAALGGL V LNNPL HEV Q
AKTGI V TK WTTLSSS VSSPF H PL Q

GDKMA SVE I IMGL I I PIHPI T
GDKMA SVV EL MG L I I TAHQ N
GDKRLA T VQ C F T- AA AL _ I_ I N VV NQHHL

MKQS IGAVV IA_ SY CK V VTTAINP K

DQSSYLNDLSI LS LA II-iEQFDP K
.ETIDKTR LD KSKQQ TSI LLAMVPSI K

PDV AK VTE NLHKFVEN F TI MK-Q L. L .PQN
TDL AK LME KFNAYVAQ Y M IE R K. I .SHK
PVV SQ VLR HVHNLK S Y V VK K L. L VGSE
STEYLEE-FLS STAKFGGMT EA VVS GV EP D RYID

Figure 6. A portion of the alignment of twelve dynein heavy chains reveals the existence of a possible P-loop near the N-terminus of all f3
heavy chains. An alignment of the 1200-residue tail domains of 12 dynein heavy chains was made utilizing the Pileup program (GCG,
University of Wisconsin) and printed using the Prettybox program. Shown here is a small portion of that alignment. The position in the
deduced protein sequence of each entry is indicated by the number at the far right, which identifies the last residue in each peptide. There
is a sequence, which is underlined, present in all 1B chains but not present in y chains or in cytoplasmic dyneins that weakly conforms to the
consensus P-loop sequence GXXXXGKT.

dynein sequences predict two closely-spaced a-helical
regions that could form extended coiled-coils between
P-4 and the C-terminus. The hypothesis that this re-
gion might interact with other proteins (Asai and Bro-
kaw, 1993) is supported by analysis of two Chlamydo-
monas mutations affecting dynein regulation, which
occur in this region of the 3heavy chain (Porter et al.,
1994). In unpublished experiments, we have utilized
synthetic peptides and the antibody to epitope 6-3261
to show that the coiled-coil domain probably does not
interact directly with microtubules.

Features that Discriminate between Axonemal and
Cytoplasmic Dynein Heavy Chains
All dyneins have the same catalytic P-loop sequence,
GPAGTGKT. However, immediately adjacent to the
P-loop are two different sequence motifs, A and B,
which discriminate between axonemal (motif A) and
cytoplasmic (motif B) heavy chains. This observation
has been detailed elsewhere (Asai and Brokaw, 1993)
and tested with an antibody specific for motif B (Asai
et al., 1994; Tjandra et al., 1994). In addition to these
sequence patterns near the first P-loop, the different
dyneins also segregate into axonemal and cytoplas-
mic classes by virtue of their P-3 and P-4 sequences.
With two exceptions, all of the complete and partial
dynein heavy chain sequences that have been ex-

tended through P-4 fall into two patterns. All axon-
emal dyneins have an invariant P-4 sequence
(GVGGSGKQ) but their P-2 and P-3 sequences are
not completely conserved. In contrast, all cytoplas-
mic dyneins have an invariant P-3 sequence (GP-
PGSGKT) but different P-2 and P-4 sequences. The
two exceptions identified thus far occur in sea ur-

chin dyneins: lb possesses motif B near P-1 but does
not conform to other cytoplasmic dyneins in its P-3
sequence; and 7a contains motif A near P-1 but its
P-4 sequence is different from other axonemal dy-

neins (Gibbons et al., 1994). Because both lb and 7a
are induced upon deciliation in sea urchin embryos,
they may be axonemal dyneins that do not conform
to the sequence patterns noted above, or they may
be cytoplasmic dyneins that are utilized to carry
materials to the growing cilia. Sequence differences
in the catalytic domain, including the motifs A and
B near P-1 and the P-3 and P-4 sequences, may affect
the enzymatic and force-producing activities of dy-
neins and be partly responsible for the differences
observed between axonemal and cytoplasmic dy-
nein (Pallini et al., 1983).
A second feature that distinguishes dynein iso-

forms is a sequence resembling a P-loop occurring
near the N-terminus of all ,B heavy chains sequenced
but in no other dyneins (first identified in Gibbons et
al., 1991). An alignment of all of the available dynein
heavy chain sequences in this region is shown in
Figure 6. In addition, in the Paramecium (3-chain,
there is a sixth sequence resembling a P-loop, which
occurs at residues 440-447: LGGTKGKT. Unlike the
four centrally located P-loops that appear to be in-
volved in the motor activity of dynein, these addi-
tional putative P-loops may have no functional sig-
nificance. The kinetics of binding to ATP analogues
suggests that axonemal dynein may possess multi-
ple nucleotide-binding sites (Kinoshita et al., 1994).
Biochemical evidence showing the ability of these
putative P-loops to bind phosphate or a phosphate
analogue would support the idea that this sequence
is important in the regulation of dynein activity.
The analysis of dynein sequences reveals that the

tail domain, comprising the N-terminal -1200 resi-
dues, is more divergent than the rest of the heavy
chain. Alignment of the available tail domain se-

quences reveals several short regions where there is
a sequence similarity pattern that distinguishes the
cytoplasmic dyneins from the axonemal heavy
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chains (e.g., a small portion of the alignment is
shown in Figure 6). The class-dependent sequence
divergence in the tail domain is consistent with the
hypothesis that it is this domain that interacts with
other subunits and helps specify attachment of dy-
nein to its molecular cargo.
The most divergent portion of the dynein heavy

chain sequence occurs in the N-terminal -200 resi-
dues. A parsimony analysis of the most N-terminal
sequences shows that there is significant divergence in
this region, even among dynein heavy chains from the
same class. These differences may correspond to the
isoform-specific interaction with other proteins to
tether the dynein to a particular molecular cargo. Ex-
pression of modified dynein genes, an experiment that
is reasonably straightforward in Paramecium, may re-
veal the functional significance of different regions of
the heavy chain. We are currently constructing and
expressing in Paramecium truncated versions of the
,3-chain in experiments aimed at identifying regions of
the heavy chain that direct the intracellular targeting
of dynein.
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