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ABSTRACT Overlapping cDNA clones encoding the heavy
chain of rat brain cytoplasmic dynein have been isolated. The
isolated cDNA clones contain an open reading frame of 13,932
bp encoding 4644 aa (Mr, 532,213). The deduced protein
sequence of the heavy chain of rat brain dynein shows signif-
icant similarity to sea urchin flageilar -dynein (27.0% iden-
tical) and toDictyostelium cytoplasmic dynein (53.5% identical)
throughout the entire sequence. The heavy chain of rat brain
(cytoplasmic) dynein contains four putative nudeotide-binding
consensus sequences [GX4GK(T/S)] in the central one-third
region that are highly similar to those of sea urchin and
Dictyostelium dyneins. The N-terminal one-third of the heavy
chain of rat brain (cytoplasmic) dynein shows high similarity
(43.8% identical) to that of Dictyostelium cytoplasmic dynein
but poor similarity (19.4% identical) to that of sea urchin
flageliar dynein. These results suggested that the C-terminal
two-thirds of the dynein molecule is conserved and plays an
essential role in microtubule-dependent motility activity,
whereas the N-terminal regions are different between cytoplas-
mic and flageilar dyneins.

The nerve cell develops a polarized morphology composed of
highly branched dendrites, a long axon, and synapses. Be-
cause of the lack of protein synthesis machinery in the axon,
proteins in the axon and synapses must be transported down
the axon after being synthesized in the cell body. Many
proteins are transported bidirectionally in membranous or-
ganelles of various kinds by fast axonal flow (200-400 mm/
day), whereas other proteins such as cytoskeletal compo-
nents are conveyed by slow axonal flow (0.5-2 mm/day).
Electron microscopic studies of the neuronal cytoskeleton in
vivo have suggested that microtubules and crossbridges be-
tween microtubules and membranous organelles form the
structural basis for fast flow (1-3). Recently, two microtu-
bule-activated ATPases, kinesin and brain dynein [cytoplas-
mic dynein, microtubule-associated protein (MAP) 1C], were
identified as candidates for anterograde and retrograde mo-
lecular motors, respectively (4-7). In fact, kinesin is primar-
ily associated with anterogradely moving membranous or-
ganelles in the axon, strongly supporting the hypothesis that
kinesin is really an anterograde motor in vivo (8). Brain
dynein is associated with both anterogradely and retro-
gradely moving membranous organelles (9), consistent with
the suggestion that brain dynein is transported to the nerve
terminal by fast flow and subsequently functions as a retro-
grade transport motor in vivo. Molecular genetic and ultra-
structural approaches have dissected the molecular structure
and functional domains of kinesin motors (10-12). However,
detailed analysis of the primary structure of brain dynein has
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not yet been accomplished. To further elucidate the function
of brain dynein and to clarify how brain dynein performs the
transport of organelles in vivo, molecular biological studies
will provide essential information. Thus as a first step toward
these goals, we decided to clone and sequence overlapping
cDNAs that encode the entire heavy chain of rat brain
dynein.§

MATERIALS AND METHODS
Determination of Partial Amino Acid Sequences of Rat

Cytoplasmic Dynein Heavy Chain. Cytoplasmic dynein was
prepared from livers of 6-week-old rats by the method of
Colfins and Vallee (13). After electrophoresis using a 6%
polyacrylamide gel, a piece of the gel containing dynein
heavy chain was excised and homogenized in digestion
solution [100 mM Tris, pH 9.0/0.1% SDS/lysylendopeptid-
ase (3 ,ug/ml)]. After incubation for 8 hr at 37°C, the digestion
solution containing peptides of dynein heavy chain was
collected and the peptides were separated on a Vydac C18
reverse-phase column with DEAE-5PW column (Tosoh, To-
kyo) as a precolumn. The separated peptides were sequenced
with a gas-phase amino acid sequencer (model 470A protein
sequencer, Applied Biosystems) as described (14). The four
amino acid sequences of cytoplasmic dynein heavy chain
fragments obtained were EGTEAXEAAMK (sequence 1),
XEVETHK (sequence 2), XXELEEQQMHLNVGLRK (se-
quence 3), and RVEPLRNELQK (sequence 4) (see Fig. 2).

Construction of cDNA Libraries. Total RNA was extracted
from 5-day-old rat brains by the guanidinium isothiocyanate/
cesium chloride method (15). Poly(A)+ RNA was purified with
oligo(dT)-cellulose column chromatography. Four cDNA li-
braries were constructed from poly(A)+ RNA by using a
You-Prime cDNA synthesis kit (Pharmacia) with (dT)12.18
primer, primer B [5'-A(G/A)NCCNAC(A/G)TTNA(A/
G)(A/G)TG-3'; degenerate complementary sequence corre-
sponding to the amino acid sequence HLNVGL of sequence
3], primer C (5'-GTCATAATGGCTTTG-3'; complementary
sequence corresponding to aa 2080-2085 in Fig. 2), and primer
D (5'-CGTATGTGTTCCACA-3'; complementary sequence
corresponding to aa 1461-1466 in Fig. 2). cDNAs were in-
serted into phage vector AgtlO (Stratagene) by T4 DNA ligase
(Toyobo, Osaka) and then packed into bacteriophage particles
using the packaging extract Gigapack II Gold (Stratagene) and
grown on Escherichia coli C600Hfl.
PCR. PCR amplification was performed in 10 mM

Tris HCl, pH 8.3/50 mM KCl/1.5 mM MgCl2/0.001% gela-
tin/200 ,uM dATP/200 ,uM dCTP/200 ,uM dGTP/200 AM
dTTP/2.5 units of Taq polymerase (Perkin-Elmer/Cetus)/

Abbreviation: MAP, microtubule-associated protein.
*To whom reprint requests should be addressed.
§The sequence reported in this paper has been deposited in the
GenBank data base (accession no. D13896).
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each PCR primer at 2 AM according to the following sched-
ule: 94°C for 1 min, 50°C for 2 min, and 72°C for 3 min with
a 3-sec extension per cycle for 30 cycles. The PCR primers
used were a sense oligonucleotide primer A [5'-GA(T/
C)AA(T/C)GA(G/A)(T/C)TNGA(G/A)GA-3', correspond-
ing to the N-terminal sequence of sequence 3] and an an-
tisense oligonucleotide primer B [5'-A(G/A)(G/A/T/
C)CCNAC(A/G)TTNA(A/G)(A/G)TG-3', corresponding to
the C-terminal sequence of sequence 3]. An aliquot of the
PCR solution using rat brain cDNA as a template was
analyzed by electrophoresis with a 6% polyacrylamide gel.
The amplified DNAs of 45 bp were eluted from the gel,
treated with the Klenow fragment of DNA polymerase I
(Toyobo), and then phosphorylated with T4 polynucleotide
kinase (Toyobo). The products were then cloned into the
HinclI site ofpUC18 (Takara Shuzo, Kyoto), which had been
dephosphorylated by using bacterial alkaline phosphatase
(Takara Shuzo) after digestion with HinclI. The nucleotide
sequence of the insert was completely consistent with the
amino acid sequence of sequence 3. This insert was used as
a starting probe for screening the rat brain cDNA libraries.

Isolation ofcDNA Clones. cDNA clones were isolated from
the above-mentioned rat brain libraries. 32P-labeled probes
were generated with a Multiprime DNA labeling system
(United States Biochemical). The isolated recombinant
phage DNA inserts were subcloned into plasmid vector
pBluescript SK(+). Both strands of the cDNA inserts were
sequenced by using the dideoxynucleotide chain-termination
method (16).

Southern and Northern Blot Analyses. Rat genomic DNA
was extracted from rat liver as described by Maniatis et al.
(15). The Southern blot was probed with 32P-labeled DNA in
a hybridization solution containing 50% (vol/vol) formamide,
6x standard saline citrate (SSC), 5x Denhardt's solution,
0.1% SDS, and carrierDNA (100 ,ug/ml) at 42°C for 12 hr and
then washed several times in O.1lx SSC/0.1% SDS at 65°C.
TotalRNA and poly(A)+ RNA were prepared from rat tissues
as described above. RNA was quantified by measuring the
A26, and the integrity ofRNA was checked by staining after
agarose gel electrophoresis. The RNA samples were dena-
tured and electrophoresed in agarose gel containing 2.2 M
formaldehyde. After electrophoresis, RNA was transferred
to a nylon fllter (Hybond-N+; Amersham). Probes were
labeled with a Multiprime DNA labeling system. Hybridiza-
tion was carried out at 65°C for 8 hr in a rapid hybridization
buffer (Amersham). The filters were washed in 0.1 x SSC/
0.1% SDS at 650C for 30 min and exposed to x-ray film (Fuji).
A (3actin probe from the 3' noncoding region (800 bp) was
used to monitor the total amount of RNA in each lane.

RESULTS AND DISCUSSION
Amino Acid Sequence Analysis of Rat Cytoplasmic Dynein

Heavy Chain. We tried to determine the N-terminal amino acid
sequence of dynein heavy chain, but no amino acid was
released by the Edman degradation reaction, suggesting that
the N terminus was blocked. Several peptides, which were
produced by lysyl-endopeptidase treatment ofrat brain dynein
heavy chain, were purified by reverse-phase column chroma-
tography (Vydac C18) and sequenced: sequence 1, EGTEAX-
EAAMK; sequence 2, XEVETHK; sequence 3, XXELEE-
QQMHLNVGLRK; sequence 4, RVEPLRNELTK.

Isolation and Identification of cDNA Clones for Rat Brain
(Cytoplasmic) Dynein Heavy Chain. To amplify a cDNA
fragment of brain dynein heavy chain, we synthesized primer
A and primer B corresponding to the N and C termini of
sequence 3. A PCR using rat brain cDNA as a template
amplified a single 45-bp cDNA fragment. This fragment was
sequenced and found to encode sequence 3 (Fig. 1A). Using
this PCR fragment of dynein cDNA as a probe, we screened
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FIG. 1. Overlapping cDNA clones for the heavy chain of rat brain
dynein and Southern and Northern blot analyses. (A) An open
reading frame (thick line) flanked by 5' and 3' noncoding sequences
(thin lines) is shown at the top. Regions included in cDNA clones are
shown below. The position ofa PCR fragment (GAGTTGGAGGAG-
CAGCAGATGCACCTGAACGTTGGGCTCCGAAAA) corre-
sponding to amino acid sequence 3 (XXELEEQQMHLNVGLRK) is
indicated by an arrowhead. Positions of four putative ATP-binding
sites are indicated by vertical lines. (B) Southern blot analysis of rat
genomic DNA. The restriction enzyme used is shown above each
lane. An -300-bp fragment from AOT1 insert was used as the probe.
(C) Northern blot analysis for the heavy chain of rat brain dynein.
Total RNA (20 ug) from rats at different ages (0 day, 5 days, 10 days,
14 days, 3 weeks, and 6 weeks) was loaded and probed with a AE54
clone. Bands of (3actin and rRNAs stained with methylene blue are
shown below each lane. The lanes marked Brain and Liver are from
total RNA of 6-week-old rat. Markers are in kb.

3 x 105 independent cDNA clones of a primer-B-directed
AgtlO library, and clone AE9 was obtained. Since this clone
still lacked the 5' part of the coding sequence, the primer-
C-directed cDNA library was screened using the AE9 insert
as a probe, and clone AE17 was obtained (Fig. 1A). This clone
also lacked the 5' part of the coding sequence, and therefore,
the primer-D-directed cDNA library was screened using the
AE17 insert as a probe, and clone AE54 was obtained. Since
these clones still lacked the 3' part ofthe coding sequence, we
screened an oligo(dT)-primed cDNA library by using AE9
insert as a probe and obtained clone AOT1. AOT1 contains
two in-frame stop codons, a putative polyadenylylation sig-
nal, and a long poly(A)+ tail. Northern blot analysis of rat
brain RNA using each insert of the four clones revealed a
single transcribed product of 16 kbp, suggesting that these
clones are from a single transcript of the heavy chain of rat
brain dynein (data not shown). Nucleotide sequence analysis
revealed the presence ofa single open reading frame of 13,932
nt that encodes 4644 aa (Mr, 532,213) (Fig. 2). The initial
methionine codon of this open reading frame followed two
in-frame termination codons in the 5' noncoding region of
1340 bp (data not shown). The deduced amino acid sequence
contained all of the above-mentioned peptide sequences
(sequences 1 to 4) ofrat cytoplasmic dynein heavy chain (Fig.
2). So we concluded that we had cloned the complete cDNA
of the heavy chain of rat brain dynein.
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1 MSETGGGEDGSAGLEVSAVQ NVADVSVLQKHLRKLVPLLL EDGGDAPAALEAALEEKSAL EQMRKFLSDPQVHTVLVERS TLKEDVGDEGEEEKEFISYN

101 INIDIHYGVKSNSLAFIKRA PVIDADKPVSSQLRVLTLSE DSPYETLHSFISNAVAPFFK SYIRESGKADRDGDKMAPSV EKKIAELEMGLLHLQQNIEI
201 PEISLPIHPIITNVAKQCYE RGEKPKVTDFGDKVEDPTFL NQLQSGVNRWIREIQKVTKL DRDPASGTALQEISFWLNLE RALYRIQEKRESPEVLLTLD
301 ILKHGKRFHATVSFDTDTGL KQALETVNDYNPLMKDFPLN DLLSATELDKIRQALVAIFT HLRKIRNTKYPIQRALRLVE AISRDLSSQLLKVLGTRKLM

401 HVAYEEFEKVVMVACFEVFQT WDDEYEKLQVLLRDIVKRKR EENLMVWRINPAHRKLQAR LDQNRKFRRQHEQLRAVIVR VLRPQVTAVAQQNQGEAPEP

501 QDMRVAEVLFDAADANAIEE VNLAYENVKZVDGLDVSKEG TEAWEAMKRYDERIDRVET RITARLRDQLGTAKNANEMF RIFSRFNALFVRPHIRGAIR

601 EYQTQLIQRVKDDIESLHDK FKVQYPQSQACKH4SHVRDLP PVSGSIIWAKQIDRQLTAYM KRVEDVLGKGWENHVEGQKL KQDGDSFRMR(LNTQEIFDDW
701 ARKVQQRNLGVSGRIFTIES ARVRGRSGNVLKLKVNFLPE IITLSKEVRNLKWLGFRVPL AIVNKAHQANQLYPFAISLI ESVRTYERTCEKVEERNTIS
801 LLVAGLKKEVQALIAEGIAL VWESYKLDPYVQRLAETVFN FQEKVDDLLIIEEKIDLEVR SLETCMYDHKTFSEILNRVQ KAVDDLNLHSYSNLPIWVNK

901 LDMEIERILGVRLQAGLRAW TQVLLGQAEDKAEVDMTDA PQVSHKPGGEPKIKNVVHEL RITNQVIYLNPPIEECRYKL YQEHFAWKMIVLSLPRIQSQ
1001 RYQVGVHYELTEEEKFYRNA LTRSRDGPVALEESYSAVHG IVTEVEQYVKVWLQYQCLWD MQAENIYNRLGEDLSKWQAL LVQIRRARGTFDNAETKKEF
1101 GPWIDYGKVQSKVNLKYDS WHEVLSKFGQMLGSNMTEF HSQISKSRQELEQHSVDTAS TSDAVTFITYVQSLKRKIKQ FEKQVELYRNGQRLLEKQRF
1201 QFPPSWLYIDNIEGEWGAFN DIMRRKDSAIQQQVANLQMX IVQEDRAVESRTTDLLTDfE KTKPVTGNLRPEEALQALTI YEGKFGRLKDDREKCAKAKE

1301 ALELTDTGLLSGSEERVQVA LEELQDLKGVWSELSKVWEQ IDQ KEQPWVSVQPRKLRQN LDGLLNQLKNFPARLRQYAS YEFVQRLLKGYMXINMLVIE
1401 LKSEALKDRHWKQLMXRLHV NWVVSELTLGQIWDVDLQKN EAIVKDVLLVAQGEMALEEF IEVWNTYELDLVN!QN KCRLIRGWDDLFNKVKEHIN

1501 SVSAMKLSPYYKVFEEDALS WEDKLNRIMALFDVWIDVQR RWVYLEGIFTGSADIKHLLP VETQRFQSISTEFLALMKKV SKSPLVMDVLNIQGVQRSLE

1601 RLADLLGKIQKALGEYLERE RSSFPRFYFVGDEDLLEIIG NSKNVAKLQKHFKKMFAGVS SIILNEDSSVVLGISSREGE EVMFKTPVSITEHPKINEWL

1701 TLVEKEMRVTLAKLLAESVT EVEIFGKATSIDPNTYITWI DKYQAQLVVLSAQIAWSENV ENALSNVGGGGNVGPLQSVL SNVEVTLNVLADSVLMEQPP

1801 LRRRKLEHLITELVHQRDVT RSLIKSKIDNAKSFEWLSQM RFYFDPKQTDVLQQLSIQMA NAKFNYGFEYLGVQDKLVQT PLTDRCYLTMTQALEARLGG

1901 SPPAGTGK*SVKALGHQ LGRFVLVFNCDETFDFQAMG RIFVGLCQVGAWGCFDEFNR LEERMLSAVSQQVQCIQEAL REHSNPNYDKTSAPITCELL
2001 NKQVKVSPDMAIFITMNPGY AGRSNLPDNLKKLFRSLAMT KPDRQLIAQVM4LYSQGFRTA EVLANKIVPFFKLCDEQLSS QSHYDFGLRALKSVLVSPGN

2101 VKRERIQKIKREKEERGEAV DEGEIAENLPEQEILIQSFC ETM4VPKLVAEDIPLLFSLLS DVFPGVQYHRGEMTDLREEL KKVCKEMYLTYGDGEEVGGM

2201 WVEKVLQLYQITQINHGLM RV L XMRVLLKALE RLEGVEGVAHIIDPKAISKD HLYGTLDPNTREWTDGLFTH VLRKIIDNVRGELQKRQWIV

2301 FDGDVDPEWVENLNSVLDDN KLLTLPNGERLSLPPNVRIM FEVQDLKYATLATVSRCGMV WFSEDLLSTDMIFNNFLARL RTIPLDEGEDEAQRRRKGKE

2401 DEGEEAASPMLQIQRDAATI MQPYFTSNGLVTKALEHAFK LEHIMDLTRLRCLGSLFSML HQGCRNVAQYNANHPDFPMQ IEQLERYIQRYLVYAILWSL

2501 SGDSRLKMRAELGEYIRRIT TVPLPTAPNIPIIDYEVSIS GEWSPWQAKVPQIEVETHKV AAPDVVVPTLDTVRHEALLY TWLAEHKPLVL PPGSGR

2601 MTLFSALRALPDMVVGLNF SSATTPELLLKTFDHYCEYR RTPNGVVLAPVQLGKWLVLF CDEINLPDMDKYGTQRVISF IRQMVEHGGFYRTSDQTWVK

2701 LERIQFVGACNPPTDPGRKP LSHRFLRHVPVVYVDYPGPA SLTQIYGTFNRAMLRLIPSL RTYAEPLTAAMVEFYTMSQE RFTQDTQPHYIYSPREMTRW

2801 VRGIFEALRPLETLPVEGLI RIWAHEALRLFQDRLVEDEE RRWTDENIDMVALKHFPNID KEKAMSRPILYSNWLSKDYI PVDQEELRDYVKARLKVFYE

2901 EELDVPLVLFNEVLDHVLRI DRIFRQPQGHLLL*VSGAG K*LSRFVAWIMNLSVYQIK VHRKYTGEDFDEDLRTVLRR SGCKNEKIAFIMDESNVLDS
3001 GFLERMNTLLANGEVPGLFE GDEYATLMTQCKEGAQKEGL MLDSHEELYKWFTSQVIRNL HVVFTMNPSSEGLKDRAATS PALFNRCVLNWFGDWSTEAL

3101 YQVGKEFTSKMDLEKPNYIV PDYMPWYDKLPQPPTHREA IVNSCVFVHQTLHQANARLA KRGGRTMAITPRHYLDFINH YANLFHEKRSELEEQQMHLN
3201 VGLRKIKETVDQVEELRRAL RIKSQELEVKNAAANDKLKK MVKDQQEAEKKKVMSQEIQE QLHKQQEVIADKQMSVKEDL DKVEPAVIEAQNAVKSIKKQ

3301 HLVEVRSMANPPAAVKLALE SICLLLGESTTDWKQIRSII MRENFIPTIVNFSAEEISDA IREKMKKNYMSNPSYNYEIV NRASLACGPM4VKWAIAQLNY

3401 ADMLKRVEPLRNELQKLEDD AKDNQQKANEVEQMIRDLEA SIARYKEEYAVLISEAQAIK ADLAAVEAKVNRSTALLKSL SAERERWEKTSETFKNQMST

3501 IAGDCLLSAAFIAYAGYFDQ QMRQNLFTTWSHHLQQANIQ FRTDIARTEYLSNADERLRW QASSLPADDLCTENAIMLKR FNRYPLIIDPSGQATEFIMN

3601 EYKDRKITRTSFLDDAFRKN LESALRFGNPLLVQDVESYD PVLNPVLNREVRRTGGRVLI TLGDQDIDLSPSFVIFLSTR DPTVEFPPDLCSRVTFVNFT

3701 VTRSSLQSQCLNEVLKAERP DVDEKRSDLLKLQGEFQLRL RQLEKSLLQALNEVKGRILD DDTIITTLENLKREAAEVTR KVEETDIVHQEVETVSQQYL

3801 PLSTACSSIYFTMESLKQVH FLYQYSLQFFLDIYHNVLYE NPNLKGATDHTQRLSVITKD LFQVAFNRVARGMLHQDHIT FAMLLARIKLKGTMGEPTYD

3901 AEFQHFLRGKEIVLSAGSTP KVQGLTVEQAEAVARLSCLP AFKDLIAKVQADEQFGIWLE SSSPEQTVPYLWTEETPATP IGQAIHRLLLIQAFRPDRLL

4001 AMAHIFVSTNLGESFMSI4E QPLDLTHIVGTEVKPNTPVL MCSVPGYDASGHVEDLAAEQ NTQITSIAIGSAEGFNQADK AINTAVKSGRWVMLKNVHLA

4101 PGWLMQLEKKLHSLQPHACF RLFLTMEINPRVPVNLLRAG RIFVFEPPPGVKANMLRTFS SIPVSRMCKSPNERARLYFL LAWFHAVIQERLRYAPLGWS

4201 KKYEFGESDLRSACDTVDTW LDDTAKGRQNISPDKIPWSA LKTLMAQSIYGGRVDNEFDQ RLLNTFLERLFTTRSFDSEF KLACKVDGHKDIQMPDGIRR

4301 EEFVQWVELLPDAQTPSWLG LPNNAERVLLTTQGVDMISK 1MLX4QMLEDEDDLAYAETEK KTRTDFTSDGRPAWMRTLHT TASNWLHLIPQTLSPLKRTV

4401 ENIKDPLFRFFEREVKMGAK LLQDVRQDLADVVQVCEGKK KQTNYLRTLINELVKGILPR SWSHYTVPAGMTVIQWVSDF SERIKQLQNISQAAAAGGAK

4501 ELKNIHVCLGALFVPEAYIT ATRQYVAQANSWSLEELCLE VNVTASQSTTLDACSFGVTG LKLQGATCSNNKLSLSNAIS TVLPLTQLRWGKQTSAEKKA

4601 SVVTLPVYLNFTRADLIM DFEIATKEDPRSFYERGVAV LCTE 4644

FIG. 2. Deduced amino acid sequence of rat brain dynein heavy chain. Four P-loop consensus sequences of ATP-binding domain are boxed.
The four peptide sequences of dynein heavy chain obtained are underlined. The amino acid sequences of primer C and primer D are double
underlined.

Southern and Northern Blot Analyses. Genomic Southern
blots probed with a fragment (=300 bp) from clone AOT1
suggest that the rat genome contains a single copy ofthe brain
dynein gene (Fig. 1B). Northern blot analysis revealed that
the transcript of rat brain dynein heavy chain was =16 kbp
(Fig. 1C). The heavy chain transcript was expressed in brain
and liver, but the expression in liver was much lower than in
brain. We also studied the expression levels of dynein heavy
chain transcript in brain during postnatal development (Fig.
1C). There were high levels of expression until postnatal day
5 that decreased by a factor of 10 on postnatal day 10. This
level was maintained at 3 weeks and 6 weeks, but there was
a transient increase at postnatal day 14. This increment of
brain dynein transcript is consistent with the maturation of
axons and dendrites, especially the transition of the expres-

sion ofMAPs (early MAPs and late MAPs) (17). In rat brains,
synaptogenesis begins at postnatal day 14 (18). Thus these
data may imply some relationships with the functions ofbrain
cytoplasmic dynein.

Characteristics of the Amino Acid Sequence of Rat Brain
Dynein Heavy Chain. Rat brain dynein heavy chain contains
four P-loop consensus sequences of the ATP-binding domain
[GX4GK(T/S)] in the central part of the polypeptide, similar
to the heavy chains of flagellar f3-dynein and Dictyostelium
cytoplasmic dynein. In contrast to flagellar dynein (19, 20),
and like Dictyostelium cytoplasmic dynein (21), rat brain
dynein does not contain the fifth consensus site near its N
terminus. This may reflect some functional differences be-
tween flagellar and cytoplasmic dyneins.

Diagonal dot matrix comparisons of sequence similarity
demonstrated that rat brain cytoplasmic dynein is similar to
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both Dictyostelium and sea urchin dyneins in its primary
structure (Fig. 3). However, the GCG program BESTFIT with
a gap weight of 3.0 and a length weight of 0.1 demonstrated
that the two cytoplasmic dynein sequences are 54% identical
over their entire length, whereas sea urchin flagellar dynein
showed the relatively lower identity of28% to Dictyostelium
and 27% to rat brain dynein, respectively. Sea urchin and rat
belong to the Animalia and are evolutionarily much more
closely related to one another than to Dictyostelium, which
belongs to Protoctista. So, higher similarity of the primary
structures between rat and Dictyostelium dynein heavy
chains suggests that they are not counterparts of sea urchin
flagellar dynein and that cytoplasmic dyneins are functionally
distinct from flagellar dyneins.
The N-terminal one-third (aa 1-1500) of rat brain dynein

heavy chain showed high similarity (44% identical) to that of
Dictyostelium cytoplasmic dynein but low similarity (19%
identical) to that of sea urchin flagellar (-dynein (Fig. 3). This
suggests that the N-terminal region may play an important
role in the specific interaction of cytoplasmic or axonemal
dynein with other intracellular components such as vesicles,
kinetochores, or microtubules by ATP-insensitive manner,
and so on.
The central region (aa 1500-3000) of rat brain dynein

showed high similarity to the central regions ofDictyostelium
and sea urchin dyneins. This region contains four putative
ATP-binding motifs-i.e., P-loop consensus sequences of
ATP-binding domain. Fig. 4A shows direct comparisons of
the amino acid sequences around the four P-loop consensus
sequences. Among the four putative motifs, the first consen-
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HLLLI VSGAGKT LSRF 2930-2947
HALLI VSGGGKS LSRF 3006-3023
NALLV VGGSGKC LARL 2800-2817

Residue

FIG. 4. (A) Comparison offour regions in and around the putative
P-loop consensus sequences [GX4GK(T/S)]. The amino acid se-
quences of three dynein heavy chains were aligned. (B) Similarity
plot among rat, Dictyostelium (21), and sea urchin (19, 20) dynein
heavy chains. The three dyneins were aligned and numbered by
CLUSTALV (22). The identity index of each residue was scored as one
when the residue was conserved in all three sequences and as zero
otherwise. The moving average of 90 residues with Gaussian weight
was plotted. Dotted line shows the mean value, and vertical lines 1-4
indicate the positions of P-loop consensus sequences. Axes: x,
residue number with calculation of gaps; y, percentage of similarity.

sus sequence ofGPAGTGKT is completely conserved in the
three dynein molecules, and the similarity at the surrounding
region of this motif is highest compared with the other three.
This suggests that the region of the first P-loop consensus
sequence is the strongest candidate as a hydrolytic ATP-
binding site of dynein molecules. The structural similarity
among the ATP-binding regions of the three dyneins, includ-
ing surrounding regions ofATP-binding motifs, also indicates
that these regions may be derived from a common ancestor.

Since the amino acid sequence of rat brain dynein heavy
chain is very large, it is difficult to predict its secondary
structure. Nonetheless, the Chou-Fasman method (23) pre-
dicted two large a-helices in the rat dynein sequence at aa
3171-3285 and aa 3409-3494. The first a-helical region does
not show obvious periodicities of positively and negatively
charged residues, except for a strong peak of hydrophobic
residues at position d of 7-aa repeats (Fig. SB). The second
a-helical region showed a heptapeptide repeat pattern with an
enrichment of hydrophobic amino acid residues at positions
a and d and the periodicities of positively and negatively
charged amino acids (Fig. SA). This characterizes a coiled-
coil structural conformation at the second a-helical region
(24). Dictyostelium dynein was reported to form an a-helical
coiled-coil conformation at the C-terminal region (21), and we
also found that sea urchin flagellar ,3-dynein has a region
forming a-helical coiled-coil structural conformation at the
C-terminal region. Coiled-coil structure is a common motif in
the formation of protein complexes. Thus, this may provide
a structural basis to the previous observations that dynein
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FIG. 5. Periodicities of hydrophobic, positively charged, and

negatively charged amino acids in the two predicted a-helical regions

of C-terminal region (24). (A) Region from aa 3408 to 3494. This

region showed structural characteristics of an a-helical coiled-coil

conformation. (B) Region between Pro-3171 and Pro-3285. This

regCion showed little characteristics of a coiled-coil conformation.

Bars d, e, f, g, a, b, and c are the position of each residue in the

heptapeptide repeats.

molecules consist of multiple polypeptides including two

heavy chains and several intermediate and light chains (25).

The C-terminal two-thirds of the flagellar and two cyto-

plasmic dyneins is more similar than their N-terminal regions

(Fig. 4B), suggesting that this region contains essential struc-

tural and mechanochemical domains of dynein.
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