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             INTRODUCTION

  Gibbens and  Rowe  [11 were  the first to describe

the microtubule-associated  motor  protein known

as  dynein, which  they found when  they  isolated an

ATPase  from Tetrahymena cilia, The  axonemal

dyneins are  contained  in the outer  and  inner arms

that project frorn the peripheral doublet microtu-

bules, and  they  form  cross  bridges between  adja-

cent  doublet microtubules.  The ATP-driven cross-

bridge cycles  generate the sliding  between micro-

tubules that gives rise to both fiagellar and  ciliary

movements  [2]. The  outer  and  inner arm  dyneins

are  different in terms of  their peptide composi-

tions. Both  the dyneins are  multimeric  proteins
and  are  composed  of  heavy chains  with  ATPase

actiyity,  which  are  assumed  to be motor  peptides,
and  several  accessory  peptides. The  molecular

mass  of  the heavy chains  in the dyneins (-SOO
kDa)  is 2,5-fold larger than  that of  the myosin

heavy chain  and  4,5-fold larger than that of  the

kinesin heavy chain,  the other  well-known  motor

molecules.  Progress in analyzing  the structure  and

function of  dynein heavy chains  was  hindered by

the lack of  primary sequence  information, which

was  due  to the difficulties encountered  in attempts

tQ clone  a  cDNA  that encedes  such  a large pep-
tide. Nevertheless. the sequence  was  avidly  pur-
sued  by many  groups for quitc sometime,  Finally,

Gibbons  et al, [3] and  Ogawa  [4] simultaneously

determined the  complete  amino-acid  sequence  of  a

dynein motor  molecu}e:  the well-characterized  B
heavy chain  of  sea-urchin  axonema]  dynein. The
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present review  wM  be limited to a description of

the 
`Lbraye

 new  world"  of  the sea-uTchin  axonemal

dynein motor  molecule,  as  revealcd  by molecular

cloning,

     THE  DYNEIN  MOTOR  MOLECULE

  When  demembranated  sea-urchin  sperm  are  ex-

tracted with  high salt, the fiagcllar beat frequency

of  extracted  sperm  is only  about  half that of

control  sperm  that have  not  b¢ en  exposed  to high

salt [S]. Examination  by electron  microscopy

revea]ed  that extraction  with  high salt removes

most  of  the outer  arms  from thc doublet microtu-

bulcs, leaving the inner arms  apparently  intact.

The  outer  arms  can  be purified as ATPase-

containing  particles with  as  S vaiue  of  21 (referred
to an  the outer-arm  dynein or  21S dynein) by

ccntrifugation  through  a sucrose  density gradient.
SDS-polyacrylamide gel electrophoresis  (SDS-
PA6E)  resolved  the outer-arm  dyncin into at ]east

nine  diffcrent peptides: a  and  B heavy chains

(DaHC and  DPHC);  three  intermediate chains

(ICI-3); and  at least four light chains  (LCs) [6].
Exposure to a  low-salt medium  converts  2]S dy-

nein  into three smaller  factions: one  containing  the

DBHC/ICI  complex;  one  containing  aggregates  of

DaHC;  and  one  containing  IC2 and  IC3 [7].
  Sale et aL  [8] were  able  to examine  isolated

outer-arm  dynein by the quick-freeze, deep-etch

tcchnique.  Replicas revealed  that the 21S particles
were  composed  of  two globular heads jointed by

two  irregularly shaped  stems  that madc  contact

along  their length. One  head was  pear-shaped and

the other  was  spherical,  The  stems  were  decorated
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with  a complex  of  bead-like particles, The  DBHCI

ICI complex,  obtained  as  described above,  con-

tained  only  single-headed  molecules  with  single

stems.  These heads were  predominantly pear-
shaped.  Sa]e et al, concluded  that each  head  is

formed by a heavy chain,  that the pear-shaped
head contains  the DBHC,  and  that the spherical

head  contains  the DaHC.  Three  intermediate

chains  might  decorate the stern  that is joined to
each  head. The  position in situ  of  LCs  in the outer

arm  has not  been  described, Sale et al. also

obseTved  in situ  the outer-arm  dynein of  demem-
branated sptem.  When  frozen in reactivation

buffer in the absence  of  ATP,  each  arm  consists  of

a  large globular head  that is attached  to the

A-subfibers of  doublet microtubules  via  distally

skewed  subunits  and  is attached  to the B-subfibers

by a  slender  stalk. In the presence of  ATP,  this

head  shifts  its orientation  such  that it can  be seen

to be constructed  from  two  globular domains. One

interpretation of  these  observations  is that these

structural  changes  represent  distinct states  of  a

cyclic  cross-bridge  cycle.  The  subfractionated  sam-

ples of  the outer-arm  dynein were  assessed  by a

translocation  assay  in vitro,  in which  putaitve
motor  protein was  allowed  to adsorb  to a glass
coverslip,  and  microtubules  were  then  applied

together  with  ATP,  The  
"gliding"

 movement  of

microtubules  under  such  conditions  can  be ex-

amined  by video-enhanced  contrast:differential  in-
terference  contrast  (VEC-DIC) microscopy  [9].
This system  was  originally  introduced to monitor

the activity  of  microtubule-associated  motor  pro-
tein in cytosolic  extracts  of  squid  giant axons,  with

the resultant  discovery of  kinesin [le, 11]. The
motor  proteins, when  properly oriented  on  a

OGAWA

coverslip,  can  interact with  a  microtubule  in such  a

way  that they  generate force along  it, causing  the

microtubule  to glide along  the glass surface.

Motors that are  not  properly oriented,  rather  than

retarding  the rnicrotubule,  seem  unable  to  interact
with  it and  have no  apparent  effect  on  the net

pToduction of  force. Sale and  Fox  t12] observed

that microtubules  also  glide on  coverslips coated

with  just the DBHCIICI  fraction, Neither the
DaHC  nor  IC2flC3  fractions were  associated  with

gliding of  microtubules,

     PROTEOLYTIC  AND  PHOTOLYTIC

               ANALYSES

  The functional substructure  (site of  hydrolysis of

ATP  within  the molecule)  of  DBHC  was  revealed

by a  classical  approach  rather  than by molecular
clening,  Ogawa  [131 first obtained  a  tryptic frag-
ment  with  ATPase  activity  from a low-salt extract
of  dynein and  named  it fragment A. Fragmcnt  A  is

a  molecule  of  about  360-400  kDa  in its native  foTm
and  it can  be separated  into two  peptides, desig-
nated  f2 (190kDa) and  f3 (135kDa), by SDS-
PAGE  [14]. Since f2 and  f3 remain  associated

with  each  other  during natiye  PAGE,  it is possible
that the corresponding  two  regions  of DBHC  could

be folded back  on  each  other  via  intramolecular
interactions. Ow  et al. [15] established  the princi-

pat pathway  for tryptic cleavage  of  DBHC  in a

low-salt buffer, as  shown  in Figure 1, They  iso-

iated fragment B  (also known  as  fl peptide, 130

kDa)  which  is detached from  fragment A  during

digestion. DaHC  did not  generate a  stable  tryptic

fragment. This result  suggests  that the two  heavy

chains  that make  up  the outer  arms  are  structurally

D6HC

FtG.1, Principal pathway  of  tryptic

   subsequent  cleavage.

   fragmentB -

   (Z)incimg to A-subfibersi

cleavage  of  Di9HC.  Tl indicates the

B  (135 kDa)

2  (1 90 kDa)

tl (130 kDa)

earty  cleavage  and  T2  indicates the
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                                 A  Dynein

different from one  another.

  The outer-arm  dynein has two  microtubule-

binding sites. The ability  of  isolated dynein to

rebind  to the extracted  axonemes  was  reported  by

Ogawa  and  Mohri  [16]. Functional recombination

of  isolated outer  arms  revealed  that the outer  arms

bind to the A-subfibers in a salt-dependent  manner

[17]. This type  of  binding ability  of  the outer  arms

was  not  associated  with  fragment A  [13]. Frag-

ment  B  may  contain  the binding site for A-

subfibers  [15]. However,  the ability  of  fragment  B

to rebind  to the extracted  axonemes  has not  yet

been demonstrated. The  euter  arms  can  associate

with  the  adjacent  B-subfibers in an  ATP-

dependent manner,  as described aboye  [8]. Since

fragment A  has ATPase  activity  and  is slightly

activated  by the B-subfiber fraction [13], outer-

arm  dynein may  interact with  the  B-subfibers

through the fragment A  moiety  ef  DBHC  in a

ATP-dependent  manner.

  Irradiation at 365 nm  of  DBHC  in the presence
of  Mg-ATP  and  a  low concentration  of  vanadate

(Vi) cleaved  DPHC  at  a  single  site termed  the Vl

site and  ATPase  activity  decayed in a biphasic

manner  [18], Because  vanadate  can  potently sup-

press the activity  of  dynein ATPase,  probably via

occupation  of  a  site that is norrnally  reserved  for

the 7-phosphate of  ATP,  the  Vl  site  probably lies

in the hydrolytic domain of  the DBHC.  Irradiation

in the presence of  Mn2+  ions and  of  a  higher

concentration  of  Vi resulted  in cleavage  of  DPHC

Motor  Molecu]e

   at  a single  site

267

            , designated V2,  but this cleavage  at

the V2  site was  not  correlated  with  any  direct

effect  on  ATPase  activity  [19]. The  peptides

produced  by sequential  cleavage  at the V2  site and

then  the Vl  site indicated that the two  sites  are

separated  by a region  of  100 kDa  along  the length
of  the DPHC.  The  ATP-hydrolysis pocket of  the

central domain might  be composed  of  the  7-Pi-
binding Vl site  and  the purine-binding V2  site.

The  DBHC  can  be covalently  modified  by reaction
with  the hydrolyzable phetoaffinity analog  of

ATP,  8-azido adenosine  5'-triphosphate (8-
NjATP),  which  is hydrolyzed by fragment A  at

about  10%  of  the rate  of  hydrolysis of  ATP  [15].
The  V2  site was  found  to be c)ose  to the locus of

attachment  of  8-N3ATP, which  may  correspond  to

the purine-binding region  of  the ATP-hydro]ytic

site on  the  DBHC,  Mocz  et at.  [20] proposed a

map  of  the sites  of  tryptic and  photolytic cleavage

on  the DBHC,  as shown  in Figure 2,

    HUNTING  FOR  A GENUINE  CLONE

  A  much  more  direct approach  to the analysis  of

the functional site is provided by the molecular

cloning  of  the gene  for DPHC,  Garber  et aL  [22]
claimed  initially that they had isolated cDNAs  for

the dynein heavy chain  from trout testis that

predicted an  extensive,  carboxy-terminal,  a-helical

coiled-coil  domain.  Because  of  incomplete charac-

terization, it is unknown  which  of  the  several

Tl
vt

    T2
V2

k 130 70 1OO 45 135

QQVAPLQANEVAI TITLAN?LVGGLA7E?V

NH2u t COOH

FIG. 2. Tryptic (T) and  photolytic (V) sites within  DBHC.  The  original  map  proposed  by Mocz  et  al. [2e] has been

   revised  [21j. Numbers  below  the  tep  map  represent  molecular  masses  in kDa,  as  determined  by SDS-PAGE.

   The  second  map  shows  the  positions of  three  tryptic fragments in the molecule.  The amino-acid  sequences  of  thc

   f2 and  f3 peptides are  also  shown.  The  bottom map  shows  that fragment A  is located on  the carbexy-tcrminal  sidc

   of  the  motecule  adjacent  to fragment B,
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heavy chains  of  trout dynein L23-25] these  clones

might  cncode,  Mitchell [26] isolated genomic
clones  of  cr and  Bheavy chains  from Chtamydomo-
nas.  However, none  of  these clones  have  yet been
sequenced.  Foltz and  Asai [27] characterized  a

cDNA  that encodes  a portion of  sea-urchin  ciliary

DBHC.  Although  four independent criteria  sug-

gest that their clone  encodes  a portion of  DBHC,

their identificaiton of  immunoreactive  clones  from

expression  libraries cannot  be taken  as  proof that

the cDNA  clone  of  interest has been  isolated,

  Hisanaga  et al. {28] iso]ated `"cytoplasmic

 dy-
nein"  with  a molecular  mass  and  immunogenicity
similar  to those of  axonemal  DBHC  from  unferti-

lized eggs  of  the sea  urchin.  The  substructure  [29j
was  also  indistinguishable from  that of  the ax-

onemal  DBHC  [8]. Ogawa  et al. [30] shewed  that

DPHCs  from  sperm  and  egg  cilia may  be similar  to

one  another.  There is no  evidence  to suggest  that
sea-urchin  

"cytoplasmic

 dynein" is different from
ciliary  or  sperm  DBHC.  Recently, Ogawa  [31]
screened  a  cDNA  library that corresponded  to the

poly(A)'  RNA  of  unferilized  eggs  using  an  anti-

body directed against  sperm  axonemal  dynein
heavy chains,  The cDNA  clones  (AJ292, AJ296,
AAIOI, AAI02,  AAI03, and  AAi04)  obtained  may

encode  ciliary  DPHC.  Fingerprints of  fusion pro-
tein produced  by lysogenic AJ296 were  similar  to

those of  authentic  21S dynein from  sperm,  The
Northern blot of  poly(A)+ RNA  .revea]ed that

o 5

only  two  clones  (AJ296 and  AAI03) could  hybri-
dize with  an  RNA  of  -16kb  in length. Since
DPHC  has an  estimated  mass  of  480 kDa,  it could

be encoded  by poly(A)' RNA  of at least 14 kb in
length, Thus, the two  clones  appear  to be strong
candidates.  Finally. the amino-acid  sequence  de-
duccd from  the nucleotide  sequence  of  AAI03

contains  one  of  the ATP-binding  motifs  (GKT site,

see  below) and  the amino-terminal  sequence  of  the

f2 peptide [21]. Thus, these two  clones  appear  to

be the first genuine partial clones  of  cDNA  that

encodes  DBHC.

      CONSTRUCTION  OF  FULL-SIZE

         COMPLEMENTARY  DNA

  The  AJ296 and  AAI03  clones  encode  the car-

boxy-terminal and  central  regions  of  DBHC,  re-

spectively.  The  missing  segments  of  cDNA  can  be
isolated by making  mini  cDNA  libraries primed
with  oligonucleotides  that are  complementary  to

the  5'-portion of  these clones,  with  subsequent

screening  with  radiolabelled  DNA  probes. Ogawa

t4] has sequenced  additiona]  three clones  (AFI113,
AA055, and  AM062).  Full-size cDNA  was  cQn-

structed  by the overlapping  of  five clones.  as

shown  in Figure3. The  lofig reading  frame can

encode  a  protein of  4,466 amino-acid  residues  with

an  unmodified  molecular  mass  of  512kDa,  The
deduced  complete  arnino-acid  sequence  of  DBHC

10 15
kb

5' 3i
XFI113

XAI03

XA055

XM062

                                                             XJ296

FIG.3. Five ovcrlapping  clones  that encode  DPHC.  The  long open  reading  frame (thick line). flanked by
   non-conding  sequences  (.thin lincs). is shown  at the top.  Bccause  of  multiple  allelic variation,  the  nuc]eotidc

   sequences
 of  two  clones  in the ovcrlapping  region  are  different from one  another  with  frcquency of  one  altered

   base per 100 bases. For overlapping  ot' clones,  weight  was  given to the  nucleotide  sequences  of IJ296 in the case
   of  XJ296 and  AMe62.  AM062  in the  casc  of  AM062  and  AA055.  AA103  in the case  of  AA055  and  AA103.  and  AAI03
   in the  case  of  AAI03  and  AFII13.
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is shown  in Figure 4, The  sequence  was  confirmed

by the finding of  the two amino-terminal  sequences

of  the f2 and  f3 peptides ef  fragment A  in the
deduced  sequence.  The  former sequence  was

found at arnino-acid  residues,  1,192-1,204 and  the

latter at  residues  3,324-3,340. The  entire  se-

quence shows  no  significant  similarity  to the partial
sequences  reported  by Garber et aL  t22] for the

269

trolit and  by Fottz and  Asai [27] for the sea  urchin.

             ATP-BINDING  SITES

  Fragment  A  correspends  to amino-acid  residues

1,192-4,466,  In view  of  the ability  of  fragment A

to hydrolyze ATP,  a search  was  made  in this

region  for the consensus  ATP-binding  motif

1911812713614515416317218119019911081117112611351144115311621

 LKFKQDDEGN

1711  TEVNISFARL

1801  KHCYANICDA

1891  YKGLAcrI]GAW

1981  DFELICEIML

2071  VF)ICLIGDLF

2161  DllNPKAmm

2251  SHLKTATPAT

2341  ENTPADCPKE

2431  ivvLv}vrum

2521  LVYFIDDb(N}{

2611  ILSQHLANIA

2701  INDQDIEAFE

2791  NRILESPRGN

2S81  ASGEIPDLFA

2971  gVgKRFLDEV

3061  QQVDDLKAKL
3151  NLTELKSF(]S

3241  MecrcSWVV

3331  LVGGLASENV     - ---
3421  EGLPSDRMST

3Sll  KKGRYIKIGD
1601  DNLLSRLSSA

3691  SLSIARAEPC

3781  IKSLSAMEDF

3871  EETDPATPVF

3961  GSHESYRVYM

4e51  GWT"RSYPF)TT

4141  YHQYIDEILP

4231  YVVVAFQECE

4]21  PumGGFF

4411  FIKAIEVVDKQ

FiG.4. Deduced
   residues  that

   indicated by fi11ed circles.

MGDVVDARLD

DNI]eTNLVYG

KDDSYDRSLV

IERDmmT

LEPEESLEKV

LSQQVEKIHE

CKYPmmY

E)(LNILMNKYE

DLWAWYNKV

KEI,KKESLU!

LFEARLELQV

SFDNYAYLYV

IIKIoraSF)(FK

TQLQELPEov

AGLFEVrOCPD

SLRAVSELQN

ISLLKSNEEL

DFKE[AAEME

FISEYILKSY  KLKPDKWTKC  INVEENKIIM  LEFLEKADNP  QLVFHITVNFZAG LITPSYEFPS  IU,)e"[rKAIYF IKKGREPVGK

DLgYTPLEQL  gALVDEVLVP  LLIVqPRNHEQ  wuSQDV:,  RHVHNLKSSV  YVVAGQVKGK  TLLPLPVGSE  KVETAAGSEE

HAIEgVIIIrw  THQIRDVLKR  DSAQPLLEGL  NPGPMVEINF  WKAKCENLDC  IFQQLRDPKV  RKMKELLERT  QSSYLPSFNN
EAQDINIHLK  PI.VYQIESb(D  ELEFSDLTPR  LAPILHTVCL  IWSNSDYYNT  APRVI[VLLQE  ICNLLIDLCR  TFLDPSEIFK

RGALTVI,KNi"  RELYDEHRAK  LKDYFKD[]KE  VKEWEFASPL  VF"TRMDNFIR  RIETIQSLFE  TNVEFSKLEK  TE  {GSMICGR)C

EFQECAKVFT  ERPYDGLDFVT  CQEFLEDYEE  FEKKVFDLDR  RI,GSIbCQGF  DDCCGLEAAF  KMUDCYGPLL  DRPVIRNDFE

DQELDQSKEI  YDEHMRVEEA  NGNAPLNKNM  PovAGQLKVIS  AQLRDRI[SKP  MGSLmaP  TGVRRILESE  DAKVIFQKYE

Q)cuFENWI]KG VDEVCKTNLD  QSLITRDDAS  KLI)CVNFDPK  LVgVLREVKY  L,C)IRGEEIrlP ESAASIYEKH  EI7LRKYVANL

RKMEVEFP  LIEGQLIV]LD  TRLRQAEADL  NWrSDgVWEY  IQETRDQVRD  LEKRVQCYI]KD  NVDRI}(KIMA  ewKQPLFER

LDDRQDRLKK  RYAEITTAGE  KIHSmm  DLFKAEASSD  I;"KAYVDYVD  rwIDGFFNC  IHovLTYLLE  NTDPRHC:AAP

P[MCIFNPSLD  YGIAIX]FYDL  VEb[LIS[YrYK  wsLVNRLAE  HNGQEHYQAD  LEGMDDLSDV  RNI)mnRVcrr  IMTKAQEYRN

DDRKEFI(RQF  LLYNHVLTTE  EIEAHAEosV  PECPPrLDQF  amEKI  YSEAI]EIEPE  QVFDAWFRVD  SKPFKAALLN

QHLIDHV[PNS LSELQEFIKV  GNSGLTKTVE  [X]DYNGLVDC  MGHwnVKER  QAATDEbCFEP IKerIELL}CT  YDQEMSEEVH

N)¢TKKIAITI  KQQVAPbC}IDI  EVAI[IRRKCT  SFI)VRQHEFR  ERFRKEAPFI  FT,FIX]PYQCL  DKCHSEIYEM  EmmQES

YKQLKACRRE  VilLKGLWDL I}SiVRTSIED  wnPWLEIN  VEQMEr(DCKK  FAKDIRSLDK  Eb(RAWnAY)JG  LDAmmT

RAIRERMn]QQ  umTICVKFT  MI)KErTTLSDL  LAI)NLHNFED  EVRNIVDKAV  KEMCIMEKVLK  EamSSMD  FDYEPHSRTG

IETLEDNovQ  LQumSKHI  AHFLEEVSGW  QKKLSIrrDSV ITIWFEVQR[P  WSHLESIFIG  SEDIRNQLPE  DSKRFDGIrrT

}CrPwnTN  KARI,FDRLEA  IosSLVVCEK  maLETKR  LAFPRFYFVS  SADLLDILSQ  GNNF,I]ovQRH  LSKLFDww

V]iKZAI,GMYS KEGEYVDFDK  ECEevGQVEV  WUNRV)([M(R  STVRSQFIU]A  WSYEEKPRE  pmYDYPAov  ALPL[VrQww

EEGHENSbCKD  YNKKQILQLN  TLIGLLIGKL  TKGDRQKIMI]  IcrI]IDVHARI] VVmmKKV  DSAQAFQWI,S  QLRHR"IADDD

&tYtffki:[?tlietSengtvvlktSwaD:evQDI::TantkotivtMNFtMG2EPAEG!vasLG!Tpwa\get:lltiGrcRAyLGAGwwtp:EfatIIYtllRYpctA)rfvvscGN:
VAEGFLEARI,  LARKFITLYT  LCKELLSKQD  HY[moGLRAIK  SVLWAGSLK  RGDPQRPEDQ  V[MRALRDFN  VPKI:VSDcrTP

PALDVPRRRD  LDFEKVVKQS  TLDLKLQItiID  SFVLKVVQLE  ELMVRHSVF  VIGNAGTGICS  QVIKVI,NKTY  SNMKRKPVFI

ELFGIINpAT  REwKDGLFgv  IMRDMsNITH  DGp)aNIvLDG  DIDFNwlEsL  mbSNfM  TLAsNERIpL  TpsMRLLFEI

VSRAGILYIN  PSDLGWNPIV  TSWIVTREVQ  SERANLTILF  DKYLPI]LLDT  LRIRFKKIIP  IPEC)SMVQM[,  CYLLECLLTP

LYELYFVFAS  I"IAFGGSMFQ  DQLVDYRVEF  SKi"PIITEF}CT IKFPNQGTVF  DYYIDQESKK  FLFWSEKVPI]  FELDPEIpsCQ

RVRFFM(DLrM  ERGwnVG  NAGIK]KSVLV  GDKLSNLGED  SMVANVPFNY  YTTSEMLQRV  LEKPLEKKAG  RNYGPPGTKK

PEVMiYGrvQ  PHTLIRQmb  Ymuim  TLKEIHKCQY  VSCbCNFVrSGS  FVrlNSRLQRH  FCVFAZSFPG  QDALSTIYNS
VSNA[,QKLSP  TVVSATLDLH  KICVAQSFLPr  Ai[KFHYVFT"ll  RI]LSNVFQGL  LYSGSPLLKS  PIDFARLWMH  ECQRVYGDKM

KI,VFEYAXKF  FEDVI]EEAI,K  AKPNIHCHFA  TGIGDPKYb(P  CATwr)EIINKI[  LVEAI,VI,YNE  INAumVLF  EDAMQHVCRI

ALLVGVGGSG  KQSLARLASY  ISSLEVFQIT  LRKGYGIPDL  ?aLDLATVCMK  AGLKNIGTVF  umAovSDE  KFLVLINDLL

DDEVENIrca  imGb(GL QrvrRENCWKF FIDRLRRQLK  [VLCFSPVGT  TLRVRSRKFP  AVVNCTSItwi  FHEWPQEALV

ELLKGDIKNS  IAEFMItYVHV  gVNESSKQYL  TNERRYNYTT  PKSFLEQIKL  YESLLAMKSK  ELTAI<)(ERLE  NGLTKLQscA

ASQEVELAQK  NEDADKLIov  VGVEI]E)CVSK  EKATVDDEEK  KVPLIINEEVS  wwSEDL  AKAEPAI,LAA  QEALNTINKN
PPSAVLKVIVL  AVMVLLAPNG  KIPKDRSWKA  AKVVb(N}(VDA  FLDSLINYDE  ENIHENCQKA  IKEYLNDPEF  EPEYIKGKSL
NIVKFYNVYC  VVEPKRIIU.Q  KANDELKAAQ  DKLALIwwI  AELIMNLAEL  TAQFEKATSD  KI.rcQQEAErv  TSB2EtEZi±E!!TLANR
RkK]EAVANFK  IQEKTLPGov  LLITAFVSYI  GCFVI]KNYRVI] IQDmmPFL  KSQKI]PIPIT  EGLINLSMLT  DDADIAVWNN

ENATILSNCQ  RWPLMIDPC)L  QGIuaKQKY GDELRVIRIG  QRGYLewIEN  AISSGrvTVLI  ENMEESIDPV  LDPVI,GRNT]I

KEVEYNPEFR  LILcrI]KLANP  HVKPEMQAew  TLIumRD  GLEDQLLANV  VAQERPDLEK  LKSDLTKQQN  DFKIILKELE

EGNFLGcrI]AL  VENLETVI]KRT  AAEISVKVEE  AKVI]EV]<INE  ARELYRPAAA  RASLLYFILN  DliNKINPIYQ  FSLKAww

EDVKERVVNL  IDCITYSVFI  YnyTRGLFEAD  KLIFTTQUAF  QVI,LMKKEIA QNELDFLLRF  PIovGL[PSPV  DFLTNSAWGA

RNLDRDIEGS  AKRumES  ECPEwaKFee  wwSALQK  nmRAD  RMSYAVRNFI  EEnGSKYVE  GRQVEFAKSY

FILSPGVDPL  KI)VEAIiGKKL  GFI]FDN}JNFH  NVSLGpeQEI  VAEQCMDLAIL  KEGHVIVILQN  IHLVAKWI,Sl] LEKKLEQYSI

SAEPAGSPES  HIIPQGILES  SIKITNEPPr  GMFANI,HKAL  YNFNQrrrLEM  CAREAEF}CVI  LFALCYFKAV  VCERQI(FGPQ

GDLTIgVNVI,  YNYLEANS)CV  PWQDLRYLFG  EI}(YGGHITD  moRRIiCRTY  LEEYMAPEMI,  [X]DLYLAPGF  PVPPNSDYKG

PESPYLYGLH  PNAEIGFLTHI]  EgDNLFiCVVL  ELQPRDAGGG  GGGGSSREEK  IKgLLDEIVE  KLPEEFNM)(E  IMGKVEDRTP

RMN[PLTSEIR  RSLI[ELDLGL  KGELTITPDM  EDLSNIU,FLD  QIPItSWVKRA YPSLFGLSAW  YADL)QRIKE  LEpmADFILL

NPQSFLTAIM  QSMARKNEWP  LDKMCLQCDV  TKKNKEDFSS  APREGSYVHG  LFT(EGARWIJr  orVNMIADARI.  }(ELAPN)(FVI

ewRNIYECPV  YKTKQRGnF  wn"rFNLKSre  KmuW?taov  anLLQV

amino-acid  sequence  of  sea-urchin  Anthocidarts crassispina  axonemat  DeaC.  The  amino-acid

have been confirmed  by direct sequencing  are  underlined  and  putative-ATP-binding  motifs  are

           Amino  acids  marked  with  fi11ed squares  define the  sites  of  trypsin  cleavage.
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GXXXXGK(TfS),  where  X  is any  amino  acid.

This motif  was  found at  three  positions in the f2

peptide as  follows, between residues  1,192 to

3,323: beginning at Gly  1,852 (termed the GKT

site); at Gly  2,133 (the GKSI  site); and  at Gly

2,460 (the GKS2  site). The  sequence  GXXXSGK
is also  accepted  as  an  ATP-binding  sequence  of

adenylate  kinases [32], and  this sequence  was  also

found in the f2 region,  beginning at Gly  2,805 (the
SGK  site). Therefore, rnolecular  cloning  of  DBHC

has revealed  the presence of  four putative ATP-
binding sites  in the middle  region  of  the molecule,

  Since the  amino-terminal  sequence  of  the f2

peptide begins at residue  1,192, the Tl site  can  be
identified on  the carboxy  side  of  Lys 1,191.
According to the map  of  DPHC  (Fig,2), the

7-Pi-binding site (Vl site)  is separated  by a  region

of 70 kDa  from the  Tl site in the carboxy-terminal

direction. There are  660 amino-acid  residues  be-
tween  Gln 1,192 of  the Tl site  and  Gly 1,852 of  the

GKT  site, and  this distance is equivalent  to a

peptide of  73 kDa,  Thus, the GKT  site corre-

sponds  to the Vl  site revealed  by photocleavage of

DPHC  and  rnay  be able  to catalyze  the hydrolysis
of  ATP.  The  binding site  for 8-N3ATP  (V2 site)  is
separated  by a  region  of  170 kDa  from the  Tl site

in the carboxy-terminal  direction. There are  1,603
amino-acid  residues  between  Gln  1,192 of  the Tl

site and  Gly 2,805 of  the SGK  site, and  this

distance is equivalent  to a peptide of  177kDa.

Thus, the SGK  site  corresponds  to the V2  site.

Since fragment A  can  hydrolyze 8-N3ATP  at about

10%  of  the rate  of  hydrolysis of  ATP,  the SGK  site

may  also  be able  to catalyze  the hydrolysis of  ATP.

The  presence of  two  GKS  sites  was  not  predicted
by the photocleavage of  DBHC.  The  sites have

sequences  that are  very  similar  to one  another.

The  ATP-dependent  CipA  protease of  E. coli  has
also  two  ATP-binding  motifs  which  are  very  simi-

lar to one  another  [33]. Thus, the sequence

similarity  between the two  GKS  sites in the mole-
cule  may  not  be a coincidence,  but may  represent

proof of  two  functional sites for hydrolysis of  ATP.

Fragment  B does not  have any  ATPase  activity

[15], The  sequence  AXXXXGKT,  beginning at

Ala 154, appears  to be a  modified  nucleotide-

binding motif,  as  found in the GTPase  superfamily

[34], At  the present time,  however,  it is uncertain

whether  fragment B  has the ability  to bind GTP
and  catalyze  its hydrolysis.

  The  position of  the ATP-binding  motif  on  a

motor  molecule  may  be related  to the directional-

ity of  movement  along  a  microtubule,  Both dynein
and  kinesin are  microtubule-motor  proteins and

they  move  in opposite  directions along  a  microtu-

bule. The  striking  difference between  the amino-

acid  sequences  of  both  motor  proteins is reflected

in differences between the  positions of  the ATP-
binding motifs  on  their heavy chains;  the motif  is
located at the amino  terminus  of  the kinesin heavy

chain  [35] and  in the midregion  of  DBHC.  The

product of  the claret  (or ncd)  gene belongs to the

kinesin superfamiiy.  It is noteworthy  that the

ATP-binding  motif  is located at  the midregion  of

this gene product [36, 37] and  the molecule  moves

toward  the  microtubule's  minus  end  [38, 39], a

direction characteristic  of  dynein [40].

            POLYMORPHISM

  The nucleotide  sequence  shows  two  types of

polymorphism  (Fig.5). When  AFII13  was  iso-

lated, 14 additional  shorter  cDNAs  were  also

obtained.  Two  clones,  AFII06  and  AFII14, were

sequenced  and  their cDNAs  overlapped  the se-

quence  of  AFII13. Fifteen bases common  to both

AFII06  and  AFII13, which  encode  five amino

acids,  were  absent  in the sequence  of  AFII14

(possibly as  a  result  of  alternative  splicing).  Fur-
thermore,  the underlined  nucleotide  sequence  in

Residuenumber  609  610  611  612  613  614  615
              H  P  T  G  V  R  R

XFIt13  CAT  CCG  l℃ C GGT  GTC  AGG  AGA
XFII06  CAT  CCG  ACC  GGT  GTC  AGG  AGG
XFII14  CAT  CCG  ---- --  --  ･---- --

FIG. 5. Polymorphism  of  cDNA  clones  that  encode  DBHC.

616  617
 IL

A[v[v T[rG
A[mr  T[vG

ATT  TTG
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Figure5 differed between AFIIO6 and  AFII13

(possib}y as  a  result  of  multiple  alie]es),  The  latter

type  of  polymorphism occurs  at a  rate  of  about  one

base per 100 bases in the two  overlapping  clones

but, so  far, no  substitutions  of  amino  acids  have
been found. Since the full-size cDNA  was  con-

structed  by overlapping  of  the present five clones,
which  include AFI113, the amino-acid  sequence  of

DBHC  described here is just one  possible se-

quence, and  slightly  longer and  shorteT  versions

may  also  be present in the sea  urchin,

        SECONDARY  STRUCTURE

  The secondary  strueture  of  DBHC  was  analyzed

by Dr. Ken  Nishikawa of  the Protein Engineering
Research lnstitute, Osaka, Japan (Fig, 6), There

are  two  long a-helix-dominant  regions  (termed al

and  a2)  in the sequence,  suggesting  that the DBHC

is composed  of  three  large B-structure-dominant
domains  (termed the N, M,  and  C  domains) sepa-

rated  by these regions.  The  M  domain  is split by

short  a-helix-dominant  regions  into four smaller

ll-structure-dorninant regions,  and  the C  domain is

similarly split  into three  srnaller  region.  Although

analysis  of  secondary  structure  predicts that the al

region  is rich  in a  helix, there are  no  long hy-

drophobic heptad repeats  without  interruption, as
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   are  found  in the a-helical  coiled-coil  regions  of

  filamentous motor  proteins such  as  myosin  and

   kinesin. The cr2 region  contains  two  heptad re-

  peats, which  are  predicted to be largely cr-helical,

  at amino-acid  residues  3,028-3,153 and  3,234-

  3,338 with  interruptions, as  shown  in Figure 7. In

  particular, two  leucine heptad repeats  at re$idues

  3,028-3,083 and  3,262-3,303 could  favour the

  formation of  a leucine zipper  structure  , with  result-

  ant  generation of  a  large globular structure  from

  the M  and  C  domains. This leucine zipper  struc-

  ture  may  explain  why  f2 and  f3 peptides remained

  together in fragment A  during tryptic digestion of

  DBHC,  while  fl was  detached, as described above,

       MODEL  OF  THE  STRUCTURE

  Figure 8 shows  a model  of  structure  of  DBHC,

as  deduced  from the predictions about  secondary

structure  and  the proteelytic analysis  of  the au-

thentic protein. Quick-freze deep-etch electron

microscopy  of  the DBHCXICI  complex  revealed

that the complex  is composed  of  a  pear-shaped
head  and  an  irregularly shaped  stem,  while  the

base looks like a small globular bead [8]. Accord-

ing to this structural  model,  the N  domain  may

correspond  to the base, the al  region  to the

irregularly shaped  stem,  and  the associated  M  and

Major domains

P structure
  dominant

a  helix
  dominant

N M c

al a2

                       O 1,OOO 2,OOO 3,OOO 4,OOO

                                          Residue number
FiG,6, Predicted secQndary  structure  of  the  DPHC,  The four arrowheads  in the M  domain indicate the GKT.

   GKS1,  GKS2,  and  SGK  sites  of  the ATP-binding  motifs,  from  the left. The arrowheads  in tbe  al  and  cr2  regiens

   indicate the  Tl and  T2  sites,  respectively.

NII-Electronic  
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A　NEW 　FAMILY 　OF 　MICROTUBULE ・BINDING

　　　　　　　　 MOTOR 　PROTEINS

　 As 　described　above 、　D βHC 　appears 　to　havc　two

typcs　of 　microtubule −binding　site　in　the　molecule ．

It　may 　form　a 　stable 　complex 　with 　the 　A −subfibers

of 　axonemal 　doubiet　microtubules 　ln　the　fragment
Bregion ．　 MAP2 ［411　and 　tau ［421　ploteins　form

stable 　 complexes 　 with 　 microtubules ； they　 have

regions 　of 　homologous 　sequence 　at　their　carboxy

termini，
　where 　there　are 　three　 l　8−residue 　repeats

C　domains　to　the　pear−shaped 　head ．　 As　described

above
，
　it　has　also 　been　documented 　that　the　outer

arm 　in　situ　attaches　to　the　B −subfibers　of　adjacent

outer −doublet　 microtubules 　 via　 a　 slender 　 stalk ．

This　slender 　stalk 　 is　 seen 　neither 　in　 the　isolated
outer 　arms 　nor 　in　the　D βHCIICI 　complex ．　 It　is

possible　that　the　slender 　stalk　corresponds 　to　the

α2region　of 　the　present　structural 　modeL
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that havc bcen  proposed  as  the microtubule-

binding site, These repeated  sequences  are  not

found in the N  domain of  the Di3HC  sequencc.

DBHC  transiently associates  with  the B-subfibers

of  the adjacent  doub)et microtubulcs  during the

ATP-hydrolytic cycle. MembcTs  of  the kinesin

superfamily  of  microtubule  rnotor  proteins also

associate  transiently with  microtubules  during the
ATP-hydrolytic cycle.  They  share  a  regiQn  of

sequence  homology  that extends  from  the ATP-

binding site towards  the carboxy-terminal  end  of

the molecule,  and  this sequence  has been  sug-

gested to constitute  the site of  ATP-dependent

binding to microtubu]es  [35]. This sequence

homology  is not  found in the  C  domain,  which

extends  from the M  domain (multiple ATP-

binding sites)  toward  the carboxy-terminal  end  of

the molecule,  oT  anywhere  else  in the amino-acid

sequence  of  DBHC,  Thus, DBHC  seems  to be a

member  of  a new  family of  microtubu}e-binding

motor  proteins with  unique  microtubule-binding

sequences  that are  unlike  those  of  MAP2,  tau, or

members  of  the kinesin superfamily,
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     Axonemal  and  cytoplasmic  dyneins may  consti-

   tute a  superfamily  of  force-generating protcins,
   with  each  member  possessing a  conseTved  force-

   generating domain  joined to a different 
'`tail"

 that

   confers  specific  attachment  properties. The  outer-

   and  inner-arm dyneins attach  to different sites  on

   axonemal  doublet microtubules,  while  cytop[asmic

   dyneins interact with  organelles  and  chromo-

   somes.  Structural and  enzymatic  studies  suggest

   that the motor  domains of  the dyneins are  similar

   to one  another  [see ref, 53 for a reviewl.  There-

   fore, it is likely that the  members  of  the  dynein

   superfamily  share  a  common  motor  domain  that is

   linked to a  distinct tail with  unique  binding prop-
   erties  in each  case.

         DYNEIN  SUPERFAMILY

  It is natural  to speculate  that dynein may  also  be

involved in motile  functions associated  with  cyto-

plasmic microtubules.  Immunologocal  studies,  us-

ing antibodies  directed against  axonemad  dyneins,
have shown  that the segregation  of  chromosomes

during mitosis  [43-47] and  meiosis  [48], and  the

translocation  of  melanophorc  in fish [49] could

involve dynein motor  molecules.  MAPIC  is a

member  of  a class  of  five extremely  high-

molecular-weight  microtubule-associated  proteins
that co-purify  with  brain microtubules  [50] and  it is

responsible  for retrogradc  transport [51], a  proper-
ty of  axonemal  dynein. MAPIC  has been now

found to be a  cytoplasmic  form of  ciliary  and

flagellar dynein [521. Since microtubules  have

been shown  to be responsible  for the transport  of

membranous  organelles  within  the cytoplasm  and,

thereby,  to play a  role  in axonal  transport, secre-

tion, endocytosis  and  transcytosis. cytoplasmic  dy-

nein  could  have very  general functional role  in

cells. Isolation of  a clone  for cytoplasmic  dynem  is

now  the goal of  many  gorups.
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