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Abst r act . Al t hough cyt opl asmi c dynei n i s known t o
at t ach t o mi cr ot ubul es and t r ansl ocat e t owar d t hei r mi -
nus ends, dynei ds abi l i t y t o ser ve i n vi t r o as a mi nus
end- di r ect ed t r anspor t er of membr anous or ganel l es de-
pends on addi t i onal sol ubl e f act or s . We show her e t hat
a r v20S pol ypept i de compl ex ( r ef er r ed t o as Act i vat or
I ; Schr oer , T. A. , and M. P Sheet z . 1991x . J . Cel l
Bi ol . 115 : 1309- 1318. ) st i mul at es dynei n- medi at ed vesi -
cl e t r anspor t . A maj or component of t he act i vat or
compl ex i s a doubl et of 150- kD pol ypept i des f or

whi ch we pr opose t he name dynact i n ( f or dynei n

act i vat or ) . The 20S dynact i n compl ex i s r equi r ed f or
i n vi t r o vesi cl e mot i l i t y si nce depl et i on of i t wi t h a

mAb t o dynact i n el i mi nat es vesi cl e movement . Cl on-

i ng of a br ai n speci f i c i sof or mof dynact i n f r om

YTOPLAsmi c dynei n i s a mi cr ot ubul e- based, me-
chanochemi cal ATPase f ound i n vi r t ual l y al l ani mal
cel l s ( Lye et al . , 1987; Paschal et al . , 1987; Eut eneuer

et al . , 1988 ; Neel y and Boekel hei de, 1988 ; Amos, 1989 ;
Col l i ns and Wee, 1989 ; Gi l ber t and Sl oboda, 1989 ; Schnapp
and Reese, 1989 ; Schr oer et al . , 1989 ; Koonce and McI nt osh,
1990) , whi ch i s capabl e of t r ansl ocat i ng t owar d t he mi nus
end of a mi cr ot ubul e. Cyt opl asmi c dynei n was i ni t i al l y i den-
t i f i ed i n Caenor habdi t i s el egans ( Lye et al . , 1987) and bo-
vi ne br ai n ( Paschal et al . , 1987) t o be a hi gh mol ecul ar
wei ght , mi cr ot ubul e- dependent ATPase t hat when i mmobi -
l i zed on gl ass coul d power mi cr ot ubul e gl i di ng . Based on t he
di r ect i on of mi cr ot ubul e t r ansl ocat i on ( Paschal and Val l ee,
1987) , i t was i nf er r ed t hat sol ubl e cyt opl asmi c dynei n moved
t owar d t he mi nus end of mi cr ot ubul es, a pr edi ct i on con-
f i r med by obser vi ng t r anspor t of dynei n- coat ed pl ast i c beads
al ong mi cr ot ubul es of known or i ent at i on ( Schnapp and Reese,
1989 ; St euer , E. R. , and M. P Sheet z, unpubl i shed obser -
vat i ons) .

Cyt opl asmi c dynei n has now been i sol at ed f r om sever al
sour ces and cont ai ns t wo heavy ( - 400 kD) , t hr ee or f our i n-
t er medi at e ( - 70 kD) , and f our l i ght ( - 50 kD) chai n
subuni t s, al ong wi t h a var i abl e number of subst oi chi omet r i c
pol ypept i des, pr omi nent ones of whi ch ar e 150- 170 kD
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chi cken r eveal s a 1, 053 ami no aci d pol ypept i de com-
posed of t wo coi l ed- coi l a- hel i cal domai ns i nt er r upt ed
by a spacer . Bot h t hi s st r uct ur al mot i f and t he under -
l yi ng pr i mar y sequence ar e hi ghl y conser ved i n ver -
t ebr at es wi t h 85% sequence i dent i t y wi t hi n a cent r al
1, 000- r esi due domai n of t he chi cken and r at pr ot ei ns .
As abundant as dynei n, dynact i n i s ubi qui t ousl y ex-
pr essed and appear s t o be encoded by a si ngl e gene
t hat yi el ds at l east t hr ee al t er nat i ve i sof or ms. The
pr obabl e homol ogue i n Dr osophi l a i s t he gene Gl ued,
whose pr ot ei n pr oduct shar es 50% sequence i dent i t y
wi t h ver t ebr at e dynact i n and whose f unct i on i s essen-
t i al f or vi abi l i t y of most ( and per haps al l ) cel l s i n t he
or gani sm.

( Neel y and Boekel hei de, 1988 ; Col l i ns and Val l ee, 1989 ;
Schnapp and Reese, 1989 ; Hi r okawa et al . , 1990 ; Schr oer
and Sheet z, 1991x) . The f unct i onal pr oper t i es, i f any, con-
f er r ed by t hese mi nor component s r emai n unknown, mi r r or -
i ng t he uncer t ai nt y as t o t he i n vi vo r ol e of cyt opl asmi c dy-
nei n i t sel f . Unl i ke axonemal dynei n, whose r ol e i s t o dr i ve
sl i di ng of adj acent mi cr ot ubul e doubl et s, t her eby power i ng
ci l i ar y and f l agel l ar mot i l i t y, cyt opl asmi c dynei n has been
i mpl i cat ed i n sever al pr ocesses : i t may r epr esent t he t r ansl o-
cat or r esponsi bl e f or r et r ogr ade t r anspor t of vesi cl es wi t hi n
ner ve axons, f or basol at er al - t o- api cal membr ane t r anspor t
wi t hi n pol ar i zed epi t hel i al cel l s, and f or del i ver y f r omendo-
somes t o l ysosomes ( e. g . , see Schr oer and Sheet z, 1991b, f or
r evi ew) . I n addi t i on t o i t s pot ent i al r ol e as a vesi cl e mot or ,
at mi t osi s dynei n l ocal i zes t o t he ki net ochor e domai n of
chr omosomes as wel l as t o mi cr ot ubul es of t he mi t ot i c spi n-
dl e ( Pf ar r et al . , 1990 ; St euer et al . , 1990 ; Wor deman et al . ,
1991) , wher e i t may dr i ve pol ewar d movement of chr omo-
somes dur i ng pr omet aphase and anaphase .

Al t hough cyt opl asmi c dynei n pur i f i ed f r omsever al sour ces
has mi cr ot ubul e- st i mul at ed ATPase act i vi t y, t hat power s
movement of mi cr ot ubul es on gl ass cover sl i ps and pl ast i c
beads on mi cr ot ubul es ( Lye et al . , 1987; Paschal et al . , 1987 ;
Eut eneuer et al . , 1988) , t hese act i vi t i es do not necessar i l y
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r ef l ect t he behavi or of t he enzyme i n a bi ol ogi cal cont ext . A
bet t er i ndi cat or of dynei n' s di r ect r ol e i n vesi cl e t r anspor t
came f r om an i n vi t r o syst emcomposed of mi cr ot ubul es, sal t -
washed vesi cl es, and cyt osol - cont ai ni ng dynei n, ( Schr oer et
al . , 1989) . Mi nus end- di r ect ed vesi cl e movement was seen
and t he movement was i nhi bi t ed by condi t i ons t hat i nact i vat e
dynei n ( vanadat e and ul t r avi ol et i r r adi at i on) , i ndi cat i ng t hat
dynei n i s t he t r anspor t er r esponsi bl e . However , whi l e addi -
t i on of pur i f i ed dynei n t o i nact i vat ed cyt osol r est or ed vesi cl e
mot i l i t y, dynei n al one suppor t ed vesi cl e movement t o a mar k-
edl y r educed ext ent , suggest i ng a r equi r ement f or addi t i onal
cyt osol i c f act or s . Two such act i vat or f r act i ons ( named act i -
vat or s I and I I ) have been i dent i f i ed ( Schr oer and Sheet z,
1991x) , al t hough t he speci f i c pol ypept i des necessar y f or
f unct i on of ei t her act i vat or ar e not yet known .

We use t hi s i n vi t r o syst emher e t o char act er i ze f ur t her one
act i vat or of dynei n- medi at ed vesi cl e mot i l i t y . The act i vat or
i s a l ar ge compl ex ( sedi ment i ng at t i 20S) composed of
sever al pol ypept i des, a pr omi nent component of whi ch i s a
doubl et of 150- kD pr ot ei ns f or whi ch we pr opose t he name
dynact i n ( f or dynei n act i vat or ) . We show t hat dynact i n i s
pr esent as a subst oi chi omet r i c component of 20S dynei n, and
usi ng a speci f i c mAb ( mAb 150. 1 ; St euer et al . , 1990) t o
t hese pol ypept i des, we demonst r at e t hat i mmunodepl et i on of
t he dynact i n compl ex el i mi nat es vesi cl e mot i l i t y. We f i nd
t hat dynact i n i s ubi qui t ousl y expr essed, wi t h at l east t hr ee
i sof or ms encoded by a si ngl e gene . The cl oni ng and sequenc-
i ng of a br ai n- speci f i c i sof or m of chi cken dynact i n pr edi ct s
a st r uct ur al mot i f composed of a pai r of l ong a- hel i cal do-
mai ns. Compar i son wi t h t he sequence of a r at pr ot ei n ( Hol z-
baur et al . , 1991) i dent i f i ed by ant i bodi es t o a 150- kDpol y-
pept i de f ound i n some, but not al l ( Col l i ns and Val l ee, 1989) ,
mammal i an dynei n pr epar at i ons, r eveal s t hi s pr ot ei n t o be
t he r at homol ogue of chi cken dynact i n . Hi ghl y conser ved i n
sequence and pr edi ct ed st r uct ur e, dynact i n al so shows 50%
sequence i dent i t y t hr oughout most of i t s l engt h t o t he Dr oso-
phi l a gene Gl ued, whi ch encodes an essent i al pr ot ei n t hat
had ear l i er been i mpl i cat ed i n sever al event s, i ncl udi ng a r e-
qui r ement f or vi abi l i t y of i ndi vi dual cel l s i n gener al ( Har t e
and Kankel , 1982) and, mor e speci f i cal l y, i n eye or gani za-
t i on and devel opment of neur ons i n t he opt i c l obe ( Meyer o-
wi t z and Kankel , 1978 ; Har t e and Kankel , 1982 ; Gar en et
al . , 1984) .

Mat er i al s and Met hods

Dynei n and Dynact i n Pur i f i cat i on

Det ai l s of t he pur i f i cat i on of dynei n and dynact i n and a t hor ough st udy of
t hei r ef f ect s on vesi cl e mot i l i t y ar e pr esent ed el sewher e ( Schr oer and
Sheet z, 199 l a) . Br i ef l y, dynei n f r oma hi gh speed super nat ant of chi ck em-
br yo br ai n was bound t o bovi ne mi cr ot ubul es i n AMP- PNP and el ut ed wi t h
ATP ( Val e et al . , 1985x) . The ATP r el ease ( or pur i f i ed act i vat or I compl ex)
was subj ect ed t o vel oci t y sedi ment at i on i n a 5- 20%sucr ose gr adi ent . 20S
dynei n was appl i ed t o a MonoQcol umn ( Phar maci a Fi ne Chemi cal s, Pi s-
cat away, NJ) and el ut ed wi t h KCl t o separ at e dynei n and dynact i n .

Dynact i n I mmunoadsor pt i on

Pur i f i ed ant i - dynact i n I gG( mAb 150. 1; St euer et al . , 1990) and mouse I gG
( Si gma Chemi cal Co. , St . Loui s, MO) wer e coupl ed t o CNBr - act i vat ed
Sephar ose CL- 4B ( Phar maci a Fi ne Chemi cal s) at a concent r at i on of 5 mg
I gG/ ml r esi n . Dynact i n f r omt he MonoQcol umn was di l ut ed 1: 1 wi t h 35 mM
K- Pi pes, pH7. 2, 5 mMMgSO4, 5 mMEGTA, 0. 5 mMEDTA, mi xed wi t h

adsor bent , and i ncubat ed at 4° C f or 4 h on an end- over - end r ot at or . The
f i nal super nat ant s wer e pr ocessed and assayed f or mot i l i t y as descr i bed bel ow.
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Vesi cl e Mot i l i t y Assay

Vesi cl es wer e i sol at ed f r omchi ck embr yo f i br obl ast s and ext r act ed wi t h KI
as descr i bed ( Schr oer et al . , 1989) . Phosphocel l ul ose pur i f i ed bovi ne
mi cr ot ubul es ( Wi l l i ams and Lee, 1982) wer e sedi ment ed ont o gl ass cover -
sl i ps whose sur f aces wer e t hen coat ed wi t h car r i er pr ot ei n t o pr event
mi cr ot ubul e gl i di ng ( Schr oer and Sheet z, 199] x) . Dynei n and dynact i n
sampl es wer e desal t ed and concent r at ed by ul t r af i l t r at i on t o a f i nal concen-
t r at i on of 0. 02- 0. 10 mg/ ml pr ot ei n . Vesi cl e mot or act i vi t y and di r ect i onal i t y
wer e det er mi ned as descr i bed ( Schr oer et al . , 1988, 1989 ; Schr oer and
Sheet z, 199] x) .

I dent i f i cat i on of Dynact i n cDNA Cl ones by
Expr essi on Li br ar y Scr eeni ng

A Xgt l l chi ck embr yo l i br ar y ( obt ai ned f r om B. Vennst r om, EMBL,
Hei del ber g, Ger many) was scr eened usi ng mAb 150. 1 ( St euer et al . , 1990)
t hat bi nds t o t he 150- kD doubl et of dynei n associ at ed pr ot ei ns . Bound pr i -
mar y ant i body was det ect ed wi t h 125I - l abel ed sheep ant i - mouse I gG( I CN
Bi omedi cal s, I nc . , Cost a Mesa, CA) . Ant i body bi ndi ng was done at r oom
t emper at ur e i n 50 mMTr i s- Cl ( pH 8. 0) , 300 mMNaCl , 0. 3 % Tween 20,
and 4%bovi ne al bumi n. Washes wer e done i n t he same buf f er , but wi t hout
al bumi n . Cl ones wer e pl aque pur i f i ed and DNA was i sol at ed as pr evi ousl y
descr i bed ( Lopat a et al . , 1983) . The 3. 5- kb cDNA sequences wer e l i ber at ed
by di gest i on wi t h EcoRI and subcl oned i nt o t he EcoRI si t e of pBl uescni pt
KS I I + t o pr oduce pl asmi d p150A. Thi s const r uct was subsequent l y used
f or bot h DNA sequenci ng and expr essi on of t he pr ot ei n encoded by t he
cDNA.

DNA Sequenci ng

DNA f r ompl asmi d p150A was r andoml y shear ed by soni cat i on i nt o f r ag-
ment s r angi ng f r om 300 by t o 1 . 0 kb. The ends of t hese f r agment s wer e
r epai r ed wi t h Menow and subcl oned i nt o M13- mp8. Si ngl e- st r anded M13
DNA was pr epar ed as pr evi ousl y descr i bed ( Sanger et al . , 1977) and se-
quenced usi ng t he Sequenase enzyme ( Uni t ed St at es Bi ochemi cal Cor p . ,
Cl evel and, OH) . The sequence was assembl ed and anal yzed usi ng t he Wi s-
consi n GCG sequence anal ysi s package .

Expr essi on of Bact er i al cDNA Pr ot ei n

The cDNA cl one i n pBl uescr i pt ( p150A) was t r ansf or med i nt o XL- 1 bl ue,
a pr ot ease- def i ci ent Escher i chi a col i st r ai n . Expr essi on of t he cDNA
encoded pr ot ei n was i nduced by gr owi ng t he bact er i al cul t ur e t o an ODD
of 0. 5 and t hen addi ng i sopr opyl t hi ogal act osi de t o a f i nal concent r at i on of
20 mM. The cul t ur e was gr own f or an addi t i onal 1 h and bact er i a wer e
pel l et ed by cent r i f ugat i on, r esuspended i n 0. 5% SDS, 50 mMTr i s- Cl ( pH
6. 8) , and l ysed by soni cat i on. Af t er mi xi ng wi t h an equal vol ume of SDS
sampl e buf f er ( Laemml i , 1970) , t hi s ext r act was used on SDS- PAGE. The
l ysat e was st or ed at - 20° C.

Gener at i on of a Pbl ycl onal Ant i body t o
Bact er i al l y Expr essed Dynact i n

The pr ot ei n obt ai ned by i nduct i on of p150A was par t i al l y pur i f i ed by exci s-
i ng t he appr opr i at e gel band f r om an SDS pol yacr yl ami de gel f ol l owed by
el ect r oel ut i on . 20 j i g of pur i f i ed pr ot ei n wer e mi xed wi t h Fr eund' s adj uvant
and i nj ect ed i nt r aper i t oneal l y i nt o BALB/ c mi ce at 10- d i nt er val s . Ser um
was obt ai ned by ei t her t ai l bl eed or ( f or a f i nal bl eed) by hear t punct ur e .

Pr epar at i on of DNAand RNA

Genomi c DNA was i sol at ed f r omchi cken, human, mouse, and f l y t i ssue
as pr evi ousl y descr i bed ( Mani at i s et al . , 1982) . Br i ny, t he t i ssue was f r ozen
i n l i qui d ni t r ogen, gr ound i nt o smal l par t i cl es, suspended i n 10 mM' I r i s- Cl
( pH 8. 0) , 0. 1 MEDTA, 0. 5%SDS, and 20 pg/ ml RNase A, and i ncubat ed
wi t h 100 ) zg/ ml pr ot ei nase K at 50° C over ni ght . The DNA was ext r act ed
sever al t i mes wi t h phenol : chl or of or m, et hanol pr eci pi t at ed, and r esus-
pended i n 10 mMTr i s ( pH 7. 0) and 1 mMEDTA. l bt al RNA was pr epar ed
usi ng t he guani di ne t hi ocyanat e/ CsCl met hod of Chi r gwi n et al . ( 1979) . Ti s-
sues ( or cul t ur ed cel l s) wer e f r ozen i n l i qui d ni t r ogen and t hen di sr upt ed
i n 4 Mguani di ni um i sot hi ocyanat e usi ng a Pol yt r on homogeni zer ( Br i nk-
mann I nst r ument s, I nc . , West bur y, NY) . RNAwas pel l et ed t hr ough a CsCl
cushi on . Af t er r esuspensi on, pol y A+ mRNA was sel ect ed by chr omat og-
r aphy on ol i go( dT) cel l ul ose as descr i bed ear l i er ( Cl evel and et al . , 1981) .

1640

 on June 8, 2006 
w

w
w

.jcb.org
D

ow
nloaded from

 

http://www.jcb.org


Fi gur e 1. Vesi cl e mot i l i t y medi at ed by monoQ pur i f i ed dynei n r e-

qui r es t he 150- kD dynei n associ at ed pr ot ei ns . ( A) MonoQ i on ex-

change chr omat ogr aphy was used t o f r act i onat e 20S dynei n and

f r act i ons wer e anal yzed by SDS- PAGE. Shown ar e Coomassi e

bl ue- st ai ned gel s of 205 dynei n ( l ane 1) , monoQ pur i f i ed dynei n

( l ane 2) , and t he monoQf r act i on enr i ched i n t he 150- kD pol ypep-

t i des ( l ane 3) . Posi t i ons of t he 440- kD dynei n heavy chai n, 150- kD
associ at ed pr ot ei n, 70- kD i nt er medi at e chai ns, and l i ght chai ns ar e

mar ked at t he l ef t . Mol ecul ar wei ght s of t he pol ypept i des i n t he mo-
t i l i t y act i vat i ng f r act i on ar e mar ked at t he r i ght . ( B) I n vi t r o vesi cl e

mot i l i t y medi at ed by var i ous dynei n f r act i ons : t he abi l i t y of monoQ

Gi l l et al . Dynact i n, an Act i vat or of Dynei n- medi at ed Mot i l i t y

Pr epar at i on of Tï ssue and Cel l Ext r act s

Tot al cel l pr ot ei n was ext r act ed f r om chi cken t i ssues and f r om cul t ur ed
MSB cel l s usi ng a Pol yt r on homogeni zer t o di sr upt t he t i ssue ( or cel l s) i n
50 mMTr i s ( pH 8. 0) and 1% SDS. The sampl es wer e t hen boi l ed f or 10
mi n and cl ar i f i ed by a br i ef cent r i f ugat i on t o r emove i nsol ubl e debr i s . I n
some exper i ment s, chi ck embr yo br ai n ext r act was pr epar ed by Dounce
homogeni zat i on as descr i bed ( Schr oer et al . , 1989 ; Schr oer and Sheet z,
1991x) . Pr epar at i ons of sol ubl e and cyt oskel et al f r act i ons f r om cul t ur ed
cel l s wer e per f or med exact l y as descr i bed pr evi ousl y ( Lopat a and Cl eve-
l and, 1987) . Br i ef l y, t he sol ubl e component was ext r act ed by l ysi s i n 1 ml
of a mi cr ombul e st abi l i zi ng buf f er ( 0. 1 MPi pes, pH 6. 9, 1 mMEGTA, 4%
pol yet hyl ene gl ycol , and 0. 5 %Tr i t on X- 100) . The r emai ni ng cyt oskel et al
por t i on was sol ubi l i zed di r ect l y i n Laemmh gel sampl e buf f er . Equal
pr opor t i ons of sol ubl e and cyt oskel et al sampl es wer e t hen anal yzed by gel
el ect r ophor esi s and i mmunobl ot t i ng .

Gel El ect r ophor esi s and Bl ot t i ng

SDS- PAGE was per f or med as descr i bed by Laemmh ( 1970) . Gel s wer e
st ai ned wi t h Coomassi e bl ue or wi t h si l ver ( usi ng t he si l ver ni t r at e pr ot ocol
of Mer r i l et al . , 1981) . Pr ot ei n concent r at i ons wer e det er mi ned usi ng t he
bi ci nchoni c aci d assay ( Smi t h et al . , 1985) . SDS- pol yacr yl ami de gel s wer e
bl ot t ed t o ni t r ocel l ul ose pr obed wi t h pr i mar y ( mAb 150. 1) and secondar y
ant i bodi es ( 111- l abel ed sheep ant i - mouse W) usi ng condi t i ons i dent i cal
t o t hat i n t he expr essi on l i br ar y scr een .

Gel el ect r ophor esi s of RNA and DNA was as pr evi ousl y descr i bed
( Lopat a et al . , 1983 ; Haver cr of t and Cl evel and, 1984) . Br i ef l y, denat ur i ng
RNA gel s wer e pr epar ed i n 1 %agar ose cont ai ni ng 2 . 2 Mf or mal dehyde and
DNA gel s wer e pr epar ed i n 0. 9%agar ose. Bot h RNA and DNA gel s wer e
bl ot t ed t o Gene Scr een Pl us ( DuPont / New Engl and Nucl ear , Bost on, MA) .
For bot h RNA and DNA bl ot s, a 32P- l abel ed hybr i di zat i on pr obe was pr e-
par ed f r omt he ent i r e 3, 514 by of cDNA f r omp150A usi ng a r andompr i m-
i ng met hod. DNA bl ot s wer e hybr i di zed at 42 ° C f or 16 h i n a sol ut i on con-
t ai ni ng 50%f or mami de, 5x SSC ( l x SSC i s 15 mMsodi um ci t r at e, 150
mMNaCl ) , 0. 01%al bumi n, 0. 01% Fi col l 400, 0. 01% pol yvi nyl pyr r ol i done,
1%SDS, 10%dext r an sul f at e, 50 mMsodi um phosphat e, and 100 kg/ ml
denat ur ed her r i ng sper mDNA. RNA bl ot s wer e hybr i di zed at 60° C f or 16
h i n 1 MNaCl , 1% SDS, 10%dext r an sul f at e, and 100 pg/ ml denat ur ed
her r i ng sper m DNA. Bot h DNA and RNA bl ot s wer e washed t wi ce f or 15
mi n at r oom t emper at ur e i n 2x SSC, 0. 1% SDS, f ol l owed by t wo 30- mi n
washes at 65° C i n 0. 2x SSC, 0. 1% SDS.

I mmunof l uor escence Local i zat i on

Secondar y chi ck embr yo f i br obl ast s wer e gr own on gl ass cover sl i ps 24- 36
h bef or e use. For cel l s f i xed bef or e ext r act i on, cover sl i ps wer e put di r ect l y
i nt o - 20° C met hanol f or 20 mi n . Cover sl i ps wer e r ehydr at ed i n TTBS ( 0. 3
MNaCl , 20 mMTr i s, pH 7. 5, 0. 05 % Tween 20) cont ai ni ng 2 %al bumi n
f or 15 mi n at r oomt emper at ur e. For cel l s ext r act ed bef or e f i xat i on, cover -
sl i ps wer e i ncubat ed f or 1 mi n at 37' C i n mi cr ombul e st abi l i zi ng buf f er ( 0. 1
MPi pes, pH6. 9, 1 mMEGTA, 2 mMEDTA, and 4 Mgl ycer ol ; Sol omon
et al . , 1979) and t hen i ncubat ed f or 1 mi n at 37° C i n. st abi l i zat i on buf f er
cont ai ni ng 0. 5% Tr i t on X- 100. Cover sl i ps wer e t hen r i nsed f or 1 mi n i n
st abi l i zat i on buf f er at 37° C and pl unged i nt o met hanol at - 20° C f or 20
mi n. The mAbs 150. 1 and 70. 1 ( St euer et al . , 1990) and a t ubul i n pol ycl onal
ant i body ( Cl evel and et al . , 1981) wer e di l ut ed i n buf f er ed sal i ne cont ai ni ng
2 % al bumi n, added t o each cover sl i p and i ncubat ed i n a humi di f i ed chai n-

pur i f i ed dynei n t o suppor t vesi cl e movement i n vi t r o anal yzed usi ng

vi deo enhanced l i ght mi cr oscopy ( monoQdynei n) ; vesi cl e mot i l i t y

medi at ed by t he 150- kD monoQf r act i on onl y ( dynact i n compl ex) ;
vesi cl e mot i l i t y assayed af t er suppl ement i ng monoQ dynei n wi t h

monoQ f r act i ons enr i ched i n t he 150- kD associ at ed pr ot ei ns

( MQDyn + dynact i n compl ex) ; t he 150- kDmonoQf r act i on was i n-

cubat ed wi t h a nonspeci f i c ant i body coval ent l y l i nked t o Sephar ose

beads, t hen added t o monoQ dynei n and assayed f or act i vat i on of

vesi cl e mot i l i t y ( MQDyn + Ab cont r ol ) ; vesi cl e mot i l i t y af t er ant i -
body depl et i on of t he dynact i n compl ex ( MQDyn + m, 4b 150. 1) .
The 150- kD monoQ f r act i on was i mmunoadsor bed wi t h Sepha-

r ose- bound mAb 150. 1, t hen added t o monoQ dynei n and assayed

f or vesi cl e mot i l i t y .
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ber f or 30 mi n at r oomt emper at ur e. Cover sl i ps wer e t hen washed t wo t i mes
f or 5 mi n i n TTBS. The mur i ne ant i bodi es wer e det ect ed usi ng bi ot i n-
conj ugat ed hor se ant i - mouse ant i body ( 1 : 250) and Texas r ed- conj ugat ed
st r ept avi di n ( 1 : 1, 000; bot h f r om Vect or Labor at or i es, I nc. , Bur l i ngame,
CA) . The r abbi t ant i bodi es wer e det ect ed usi ng a f l uor escei n- conj ugat ed
goat ant i - r abbi t ant i body ( 1 : 30; Vect or Labor at or i es, I nc . ) .

Resul t s

The Dynact i n Compl ex : an Act i vat or of
Dynei n- medi at ed Vesi cl e Mot i l i t y

St andar d dynei n pr epar at i ons r el y on cosedi ment at i on of
mi cr ot ubul es and t i ght l y bound dynei n i n t he absence of
ATP, r el ease of dynei n by addi t i on of ATP, and a f i nal sedi -
ment at i on st ep t o separ at e t he r api dl y sedi ment i ng ( 205) dy-
nei n compl ex f r ommor e sl owl y sedi ment i ng cont ami nant s .
As shown i n Fi g . 1 A ( l ane 1) , t he f i nal 20S f r act i on ( f r om
embr yoni c chi ck br ai n) i s composed pr i mar i l y of heavy ( 440
W) , i nt er medi at e ( 70 kD) , and l i ght chai n ( 50- 55 kD) dy-
nei n subuni t s, as wel l as a f ew ot her component s, t he most
pr omi nent of whi ch i s a doubl et of 150- , 50- , and 45AD
pol ypept i des. When assayed f or mot or act i vi t y usi ng vi deo-
enhanced mi cr oscopy t o vi sual i ze mi cr ot ubul e movement
medi at ed by i mmobi l i zed dynei n, t hi s 20S dynei n pr omot es
mi cr ot ubul e gl i di ng at 0. 5 wm/ s as r epor t ed pr evi ousl y ( Lye
et al . , 1987; Paschal et al . , 1987 ; Schr oer et al . , 1989) , and
suppor t s l ow l evel s of vesi cl e mot i l i t y i n an i n vi t r o syst em
composed of mi cr ot ubul es, dynei n, and sal t - washed chi ck
f i br obl ast vesi cl es ( Schr oer and Sheet z, 1991x) .

A cor e compl ex of dynei n subuni t s can be f ur t her pur i f i ed
f r om20S dynei n by monoQi on exchange chr omat ogr aphy
( Fi g . 1 A, l ane 2) . MonoQdynei n i s composed of t he 440- ,
70- , and 50- kDpol ypept i des and r et ai ns f ul l gl i di ng act i vi t y

The Jour nal of Cel l Bi ol ogy, Vol ume 115, 1991

Fi gur e 2 . An act i vat or of vesi cl e
mot i l i t y i s a compl ex of pr o-
t ei ns, a pr omi nent component
of whi ch i s a t i 150- kD doubl et .
( A and B) I nununodepl et i on of
t he 150- kDmonoQf r act i on wi t h
Sephar ose- bound mAb 150. 1 . ( A)
Coomassi e bl ue- st ai ned gel and
( B) cor r espondi ng i mmunobl ot
wi t h mAb 150. 1 of t he 150- kD
monoQf r act i on af t er i ncubat i on
wi t h a cont r ol , nonspeci f i c ant i -
body ( l ane 1) and af t er i mmuno-
depl et i on wi t h mAb 150. 1 ( l ane
2) . Posi t i ons of mol ecul ar wei ght
mar ker s ( i n ki l odal t ons) ar e
mar ked at t he l ef t of A. ( C) Co-
sedi ment at i on of t he pr ot ei ns
el ut i ng wi t h t he 150- kD pol ypep-
t i des f r omt he monoQcol umn .
The mat er i al shown i n Fi g . 1 A,
l ane 3, was sedi ment ed i nt o a
5- 20% sucr ose gr adi ent and
f r act i ons anal yzed by gel el ec-
t r ophor esi s . Posi t i ons of pur i -
f i ed pr ot ei ns ( t hyr ogl obul i n [ 19S]
and amyl ase [ 9S] ) sedi ment ed
i n a par al l el gr adi ent ar e not ed
by ar r ows .

( Schr oer and Sheet z, 199 l a) . However , i t i s i ncapabl e of sup-
por t i ng vesi cl e movement ( Fi g . 1 B) . Unl i ke t hi s monoQdy-
nei n f r act i on, a smal l amount of mot i l i t y ( Fi g . 1 B, dynact i n
compl ex bar ) i s seen i n a monoQf r act i on ( r ef er r ed t o as act i -
vat or I ; Schr oer and Sheet z, 1991x) cont ai ni ng onl y a t r ace
amount of dynei n and hi gh l evel s of a 150- kDdoubl et as wel l
as 62- , 50- , 45- , 37- , and 32AD speci es ( Fi g . 1 A, l ane 3) .
( The l evel of vesi cl e mot i l i t y di spl ayed by t hi s f r act i on al one
i s al ways l ow, but i s hi ghl y var i abl e bet ween di f f er ent pr ep-
ar at i ons, pr obabl y t he r esul t of t he act i vat or st i mul at i ng a
var i abl e amount of dynei n t hat t r ai l s i nt o t hi s monoQf r ac-
t i on [ Fi g . 1 A, l ane 3] . ) Ful l vesi cl e mot or act i vi t y i s r est or ed
by r eaddi t i on t o monoQdynei n of t hi s Act i vat or I f r act i on
( Fi g . 1 B, MQDyn+Dynact i n compl ex bar ) . A r at i o of act i -
vat or / dynei n appr oxi mat i ng t hat f ound i n 205 dynei n i s r e-
qui r ed t o r est or e a compar abl e l evel of vesi cl e mot i l i t y, al -
t hough t he var i abl e amount of r esi dual act i vi t y i n t he
act i vat or I f r act i on al one makes pr eci se anal ysi s di f f i cul t .

Usi ng a mAb t hat bi nds t o t he 150ADdoubl et of pol ypep-
t i des ( mAb 150. 1; St euer et al . , 1990) , t he r equi r ement of
t he 150- kD component f or act i vat i ng dynei n- medi at ed vesi -
cl e mot i l i t y was t est ed by i mmunoadsor bi ng t he act i vat or I
monoQ f r act i on bef or e t he mot i l i t y assay. Thi s pr ocedur e
ef f ect i vel y r emoved t he 150- kD component s as j udged by
SDS- pol yacr yl ami de gel s ( Fi g . 2 A, l ane 2) or by i mmuno-
bl ot t i ng ( Fi g. 2 B, l ane 2) . However , most pol ypept i des i n
t he i ni t i al monoQf r act i on ( i ncl udi ng t he 62- , 50- , 45- , 37- ,
and 32AD speci es) wer e al so quant i t at i vel y r emoved by t he
ant i - 150- kD ant i body, st r ongl y suggest i ng t hat al l exi st i n a
si ngl e compl ex . Thi s possi bi l i t y was suppor t ed by t he con-
si st ent coel ut i on of t hese pol ypept i des f r om t he monoQ
col umn and by copur i f i cat i on on a mAb 150. 1 af f i ni t y
col umn ( not shown) . Fur t her conf i r mat i on was obt ai ned by
vel oci t y sedi ment at i on . As shown i n Fi g. 2 C, sucr ose gr a-
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di ent cent r i f ugat i on r eveal ed t hat t he 150- kDdoubl et cosedi -
ment s wi t h t he 62- , 50- , 45- , 37- , and 32- kD subuni t s ( at a
posi t i on si mi l ar t o t hat of 20S or cor e dynei n ; not shown) .
Densi t omet r y of gel l anes such as i n Fi g . 1 A, l ane 3, r e-
veal ed an appar ent mol ar st oi chi omet r y of 1 : 1: 1 : 3 : 8 : 1 : 1, r e-
spect i vel y, f or t he 160- , 150- , 62- , 50- , 45- , 37- , and 32- kD
component s . I mmunobl ot t i ng has r eveal ed t hat at l east a por -
t i on of t he abundant 45- kD component i s act i n ( Schr oer and
Sheet z, 1991x) .

I n any event , t he i mmunodepl et ed mat er i al no l onger act i -
vat ed dynei n- based vesi cl e movement s ( Fi g . 1 B) , whi l e
mock adsor bed cont r ol s wer e unaf f ect ed . Thi s f i ndi ng dem-
onst r at es t hat i n t hi s i n vi t r o assay t he 150- kDdoubl et ( al ong
wi t h t he associ at ed pol ypept i des) pl ays a key r ol e i n dynei n-
based vesi cl e mot i l i t y. We pr opose t he name dynact i n ( f or
dynei n act i vat or ) f or t hese i mmunol ogi cal l y r el at ed 150- kD
subuni t s, and t he name dynact i n compl ex f or t he pol ypept i de
compl ex i n Act i vat or I .

I dent i f i cat i on of a cDNA Cl one Encodi ng Dynact i n

As a f i r st st ep i n exami ni ng how t he dynact i n compl ex en-
hances vesi cl e mot i l i t y, we sought t o det er mi ne t he pr i mar y
st r uct ur e of one dynact i n pol ypept i de. To do t hi s, we used
mAb 150. 1 t o scr een a Xgt l l expr essi on l i br ar y const r uct ed
f r omchi cken embr yo mRNA. I nununoposi t i ve cl ones wer e
pl aque pur i f i ed and one was f ound t o cont ai n 3. 5 kb of
cDNA. DNA sequenci ng of t he ends of t he cDNA showed
t hat t he cDNA ext ended t o t he pol y A t ai l , but was out of
f r ame wi t h a gal act osi dase . However , i mmunobl ot t i ng r e-
veal ed t hat an i mmunor eact i ve pol ypept i de of - 150 kD was
accumul at ed af t er i nduct i on ( not shown) . Thi s put at i ve dy-
nact i n cDNA was subcl oned adj acent t o t he l acZ pr omot er
t o pr oduce pl asmi d p150A. I nduct i on of expr essi on agai n
pr oduced a 150- kD pr ot ei n ( al ong wi t h a ser i es of degr ada-
t i on pr oduct s) t hat was i mmunor eact i ve not onl y wi t h mAb
150. 1 ( Fi g . 3, l ane 8) but al so wi t h a pol ycl onal ant i body af -
f i ni t y pur i f i ed agai nst aut hent i c dynact i n ( not shown) . The
bact er i al l y pr oduced pr ot ei n di spl ayed an el ect r ophor et i c
mobi l i t y i ndi st i ngui shabl e f r omt hat of t he smal l er dynact i n
pol ypept i de ( compar e l anes 7 and 8 i n Fi g . 3) . These dat a
i ndi cat e t hat t he cDNA cont ai ns an open r eadi ng f r ame en-
codi ng a pr ot ei n of - 150 kD and t hat t r ansl at i on i ni t i at es
f r oma si t e wi t hi n t he cDNA.

I mmunol ogi c met hods wer e used t o ver i f y t hat t he cl one
r epr esent ed aut hent i c dynact i n sequences . As shown above,
t he bact er i al expr essi on pr oduct of pl 50A was r ecogni zed
bot h by mAb 150. 1 ( Fi g . 3, l ane 8) and by an af f i ni t y- pur i f i ed
pol ycl onal ant i body speci f i c f or t he 150- kD subuni t s i n 205
dynei n . Fur t her , usi ng ei t her t he pol ycl onal ant i body or t he
or i gi nal mAb, t he i mmunor eact i vi t y of t he cDNA- encoded
pr ot ei n was as st r ong as i mmunor eact i vi t y agai nst t he
aut hent i c 150- kD pol ypept i des, as woul d be ant i ci pat ed i f al l
shar e a common set of epi t opes . Second, a pol ycl onal ant i -
body ( pAb 150) r ai sed agai nst t he bact er i al l y expr essed pr o-
t ei n r ecogni zed aut hent i c dynact i n pol ypept i des i n a t ot al
chi ck br ai n ext r act ( Fi g. 3, l ane 2) and i n 20S cyt opl asmi c
dynei n ( l ane 5) . ( pAb 150 al so r ecogni zes a 53- kDpol ypep-
t i de [ Fi g. 3, l anes 2 and 5] ; whet her t hi s i s a pr ot eol yt i c f r ag-
ment or a r el at ed pr ot ei n i s not est abl i shed . ) Taken t oget her
wi t h t he sequence si mi l ar i t y t o a 150- kD dynei n- associ at ed
pr ot ei n f r omr at ( see bel ow) , we concl ude t hat cDNAcl one
p150A encodes chi cken dynact i n .

Gi l l et al . Dynact i n, an Act i vat or of Dynei n- medi at ed Mot i l i t y

Fi gur e 3. Ver i f i cat i on t hat t he cDNA cl one, p150A, encodes an
aut hent i c 150- kD dynact i n . Pol ycl onal ant i bodi es ( pA6150) r ai sed
agai nst t he pr ot ei n encoded by cDNAp150A bi nd speci f i cal l y t o t he
aut hent i c 150ADdynact i n doubl et and a mAb t o aut hent i c dynact i n
( mAb 150. 1) r ecogni zes t he pr ot ei n encoded by p150A. Pr epar a-
t i ons of t ot al chi ck br ai n ext r act , chi ck 20S dynei n, and bact er i al
pr ot ei n ext r act s wi t h and wi t hout t he p150A encoded pr ot ei n wer e
el ect r ophor esed on SDS pol yacr yl ami de gel s and t hen ei t her
st ai ned wi t h Coomassi e bl ue ( l anes 1 and 3) or bl ot t ed t o ni t r ocel -
l ul ose ( l anes 2 and 4- 9) . Lanes 1 and 2, chi ck embr yo br ai n ex-
t r act ; l anes 3- 7, 20S dynei n ; l ane 8, bact er i al ext r act af t er i nduct i on
of expr essi on of t he p150 encoded pr ot ei n; l ane 9, cont r ol bact er i al
ext r act . Bl ot t ed pr ot ei ns wer e pr obed wi t h ant i body pAbl 50 ( l anes
2 and 5) , pr ei mmune ser umf r omt he mi ce used t o pr oduce pAbl 50
( l ane 4) , r mAb 150. 1 ( used t o i sol at e t he p150A cDNA cl one) ( l anes
6- 9) .

The Pr i mar y St r uct ur e of One
Dynact i n I sof or mReveal s No Long,
Coi l ed- Coi l ct - hel i cal Domai ns

The cDNA cl one p150A was compl et el y sequenced t o det er -
mi ne t he pr i mar y st r uct ur e of t he encoded dynact i n pol ypep-
t i de. Thi s r eveal ed a put at i ve 5' unt r ansl at ed r egi on of 69
bases, a 1, 053 ami no aci d open r eadi ng f r ame, a 135 base
3' unt r ansl at ed r egi on, and a t er mi nal pol y A t r act ( t he
nucl eot i de sequence has been deposi t ed i n EMBL ; copi es
ar e avai l abl e upon r equest ) . Sever al l i nes of evi dence suggest
t hat t he 5' - most ATGi n t he sequence r epr esent s t he aut hent i c
t r ansl at i on i ni t i at i on si t e of t hi s dynact i n i sof or m. Fi r st ,
RNAbl ot t i ng demonst r at ed t hat one of t wo dynact i n mRNAs
i n chi ck br ai n i s - 3. 6 kb, essent i al l y t he si ze of t he 3, 514- bp
cDNA ( Fi g. 6 A, l ane 1) . Second, when t hi s si t e i s used f or
t r ansl at i on i ni t i at i on i n bact er i a, t he pr oduct i s i ndi st i ngui sh-
abl e i n si ze f r omt he smal l er dynact i n i sof or m. Thi r d, t he se-
quences sur r oundi ng t he ATGl i e i n a r easonabl e cont ext f or
eukar yot i c t r ansl at i on i ni t i at i on ( Kozak, 1987) . St i l l , no i n-
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r egi on cont ai ni ng n pr ol i nes

f r ame t r ansl at i on t er mi nat i ng codons ar e f ound i n t he 69
bases of 5' - most sequence and at t empt s t o i dent i f y l onger
cDNAcl ones and t o use pr i mer ext ensi on t o det er mi ne addi -
t i onal 5' sequence have been unsuccessf ul . Hence, al t hough
we cannot r i gor ousl y excl ude t he possi bi l i t y t hat an ATGl y-
i ng upst r eam may r epr esent t he t r ue t r ansl at i on i ni t i at i on
si t e, t he 5' - most ATG i s l i kel y t o be t he cor r ect si t e .

The 1, 053 ami no aci d sequence encoded by p150A, shown
i n Fi g . 4, yi el ds a cal cul at ed mol ecul ar mass of 117 kD wi t h
a pr edi ct ed pI of 5 . 3 . Thi s agr ees wi t h t he measur ed pl of t he
smal l er dynact i n i sof or m( Toyoshi ma, I . , and M. Sheet z, un-
publ i shed obser vat i ons) . Al t hough t he cal cul at ed mol ecul ar
wei ght i s smal l er t han t hat est i mat ed f or dynact i n f r ommo-
bi l i t y on SDS- pol yacr yl ami de gel s, t hi s i s not uncommon f or
l ar ge pr ot ei ns . Most i mpor t ant l y, t he 117- kD pol ypept i de
comi gr at es wi t h t he smal l er aut hent i c dynact i n i sof or m ( Fi g.
3, l anes 7 and 8) .

The secondar y st r uct ur e of dynact i n was deduced f r omt he
pr i mar y ami no aci d sequence usi ng t he met hods of Chou and
Fasman ( 1974) and Gami er et al . ( 1978) . Bot h met hods pr e-
di ct dynact i n t o be composed of t wo l ong a- hel i cal domai ns
of - 380 and - 130 ami no aci ds t hat l i e near t he ami no and
car boxy t er mi ni , r espect i vel y ( Fi g . 5) . Wi t hi n each of t hese
pr edi ct ed hel i cal domai ns r uns a pr omi nent hept ad r epeat
( mar ked wi t h ast er i sks above t he ami no aci d sequence i n
Fi g . 4) i n whi ch t he f i r st and f our t h r esi dues ar e usual l y hy-
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Rat 150 kd Dynei n
associ at ed pr ot ei n

53

hept ad r epeat domai ns

br eak i n hept ad phase

COOH

Dr osophi l a
Gl ued Pr ot ei n

Fi gur e 5. Pr edi ct ed st r uct ur e of dynact i n
and i t s si mi l ar i t y t o a r at dynei n as-
soci at ed pr ot ei n and t o t he Dr osophi l a
Gl ued pr ot ei n. The pr edi ct ed secondar y
st r uct ur e of dynact i n, a r at dynei n as-
soci at ed pr ot ei n, and t he Dr osophi l a
Gl ued pr ot ei n wer e det er mi ned by com-
bi ni ng t he met hods of Chou and Fasman
( 1974) and Gami er et al . ( 1978) . The
schemat i c al i gns t he t hr ee pr ot ei ns t o
hi ghl i ght t hei r si mi l ar i t y i n st r uct ur e as
wel l as domai ns of hi gh sequence si mi l ar -
i t y . The per cent of i dent i cal ami no aci ds
shar ed i s shown f or t he domai ns of hi ghest
si mi l ar i t y .

dr ophobi c . Thi s mot i f , wi del y f ound i n st r uct ur al pr ot ei ns,
f aci l i t at es homo- or het er o- di mer i zat i on pr omot ed by hydr o-
phobi c i nt er act i ons bet ween par al l el a- hel i ces . A sear ch f or
ot her mot i f s wi t hi n t he pr i mar y sequence di d not r eveal put a-
t i ve nucl eot i de bi ndi ng domai ns or ot her known mot i f s, ex-
cept f or 37 pot ent i al phosphor yl at i on si t es.

Dynact i n Sequence and St r uct ur e Ar e Hi ghl y
Conser ved i n Ver t ebr at es and ShowHi gh Homol ogy t o
Gl ued, an Essent i al Dnosophi l a Pr ot ei n

Sear ch of cur r ent l y avai l abl e pr ot ei n sequences r eveal ed hi gh
sequence homol ogy of dynact i n t o onl y t wo pr ot ei ns : a 150-
kD r at pr ot ei n ( Hol zbaur et al . , 1991) i dent i f i ed by i t s i m-
munol ogi cal r el at edness t o a - 150- kD pol ypept i de pr esent
i n some ( Col l i ns and Val l ee, 1989) , but not al l ( Paschal et
al . , 1987; Pf ar r et al . , 1990) , mammal i an dynei n pr epar a-
t i ons and t he Dr osophi l a Gl ued pr ot ei n ( t he al i gned se-
quences ar e pr esent ed i n Fi g . 4 and summar i zed schemat i -
cal l y i n Fi g . 5) . Thr oughout a cent r al 1, 000 ami no aci d
domai n, chi cken dynact i n i s 85 %i dent i cal t o t he 150- kD r at
pr ot ei n . Bot h t he chi cken and r at pr ot ei ns ar e pr edi ct ed t o
cont ai n si mi l ar coi l ed- coi l domai ns separ at ed by a spacer r e-
gi on t hat i s conser ved i n sequence. The r at pr ot ei n i s l onger
at bot h ami no and car boxy t er mi ni and t he ext r eme car boxy
t er mi ni showno si mi l ar i t y . Whi l e we concl ude t hat t hese t wo

Fi gur e 4. Pr i mar y sequence of chi cken dynact i n deduced f r omcDNA cl one p150A. ( Top l i ne) The ami no aci d sequence of chi ck dynact i n
was deduced f r om t he 3, 514 nucl eot i de sequence of p150A. Al l r egi ons wer e sequenced mul t i pl e t i mes on bot h st r ands . Ami no aci ds
pr edi ct ed t o be i n a hel i cal conf or mat i on ar e over l i ned ; wi t hi n t hose domai ns, ami no aci ds compr i si ng a hydr ophobi c hept ad r epeat ar e
mar ked wi t h ast er i sks, whi l e char ged r esi dues i n posi t i ons 1 and 4 of t he r epeat ar e mar ked wi t h ( - ) . A Denot es t he posi t i ons of br eaks
i n t he hept ad phase. ( Mi ddl e l i ne) The deduced ami no aci d sequence of a r at 150- kD pr ot ei n f ound i n some dynei n pr epar at i ons ( Hol zbaur
et al . , 1991) al i gned wi t h chi ck dynact i n ( usi ng t he al gor i t hm of Li pman and . Pear son, 1985) . ( Bot t oml i ne) The deduced ami no aci d se-
quence of t he Dr osophi l a Gl ued pr ot ei n ( Swar oop et al . , 1987) al i gned wi t h chi ck dynact i n . Bol df ace capi t al l et t er s denot e posi t i ons of
sequence i dent i t y i n al l t hr ee sequences . These sequence dat a ar e avai l abe f r om EMBL/ GenBank/ DDBJ under accessi on number X62773 .
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Fi gur e 6. Thr ee mRNAs encode at l east t hr ee dynact i n i sof or ms i n
var i ous chi cken t i ssues . ( A) RNA bl ot anal ysi s of t ot al RNA i so-
l at ed f r omvar i ous chi cken t i ssues pr obed wi t h t he cl oned dynact i n
cDNA f r omp150A. ( B) I mmunobl ot anal ysi s of dynact i n i sof or ms
i n chi cken t i ssue ext r act s pr obed wi t h mAb 150. 1 . Lane 1, 11- d em-
br yoni c chi ck br ai n ; l ane 2, adul t br ai n ; l ane 3, car di ac muscl e ;
l ane 4, l i ver ; l ane S, ki dney ; l ane 6, smoot h muscl e ; l ane 7, skel et al
muscl e ; l ane 8, MSB cel l s, a Mar ek7s vi r us t r ansf or med l ympho-
bl ast oi d l i ne . Si zes ar e shown at t he l ef t i n ki l obases or ki l odal t ons,
r espect i vel y, f or A and B.

pr ot ei ns bot h r epr esent dynact i ns, t he t er mi nal sequence
di f f er ences suggest t hat t hey r epr esent di f f er ent i sof or ms of
t hi s conser ved pol ypept i de f ami l y ( see bel ow) .

Bot h chi cken and r at dynact i ns al so di spl ay mul t i pl e do-
mai ns of st r ong sequence i dent i t y ( bet ween 58 and 41° ! 0) t o
t he Dr osophi l a Gl ued pr ot ei n ( see Fi g. 5) . Such sequence
si mi l ar i t y i s hi ghl y si gni f i cant and i s r ef l ect ed not onl y i n t he
pr i mar y sequence, but al so t he secondar y st r uct ur e f eat ur es .
Al l ar e pr edi ct ed t o have t wo maj or coi l ed- coi l hel i cal do-
mai ns of si mi l ar l engt hs and r el at i ve l ocat i ons wi t hi n t he
pol ypept i de backbone . These hel i cal domai ns and t he non-
hel i cal sequences j ust adj acent ( par t i cul ar l y f or t he ami no-
t er mi nal hel i x) r epr esent t he r egi ons of hi ghest sequence
i dent i t y . Thi s i s sur pr i si ng si nce onl y a hel i cal domai n wi t h
a r epeat i ng hept ad mot i f , r at her t han st r ongl y conser ved pr i -
mar y sequence, i s r equi r ed t o r et ai n a common coi l ed- coi l
st r uct ur e . Al so conser ved i s a shor t segment pr edi ct ed t o di s-
r upt t he ami no- t er mi nal hel i x, spl i t t i ng i t i nt o t wo par t s . Not
conser ved ar e t he posi t i ons of di sr upt i ons wi t hi n t he hept ad
phase ( f our of whi ch occur i n dynact i n, compar ed wi t h t hr ee
i n Gl ued ; see Fi g . 5) . Subst ant i al sequence si mi l ar i t y con-

Tabl e L Fr act i onat i on of Dynact i n dur i ng Dynei n Pur i f i cat i on
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The Jour nal of Cel l Bi ol ogy, Vol ume 115, 1991

Sol ubl e br ai n
homogenat e

t i nues as wel l i n por t i ons of t he segment t hat separ at es t he
t wo maj or hel i ces, demonst r at i ng sel ect i ve const r ai nt s be-
yond t he hel i cal domai ns . The most ami no- t er mi nal and
car boxy- t er mi nal sequences show l i t t l e conser vat i on .

Fr omt he st r ong sequence and st r uct ur al si mi l ar i t y al ong
most of t hei r l engt hs, i t i s l i kel y t hat dynact i n i s t he ver -
t ebr at e homol ogue of Gl ued .

Dynact i n I s an Abundant Pr ot ei n Composed of at
Least Thr ee I sof or ms Encoded by a Si ngl e Gene

Mut at i ons i n t he Dr osophi l a Gl ued gene have shown t hat
Gl ued f unct i on i s r equi r ed f or pr oper ear l y devel opment ,
suggest i ng a gener al r ol e i n many, per haps al l , cel l s ( Har t e
and Kankel , 1982) . Tb det er mi ne t he cor r espondi ng di st r i bu-
t i on and abundance of dynact i n, we used RNA ( Fi g . 6 A) and
pr ot ei n ( Fi g . 6 B) bl ot s of sampl es f r omsel ect ed chi cken t i s-
sues . Par al l el i mmunobl ot s wer e pr obed f or dynei n heavy
and l i ght chai ns ( not shown) , as wer e addi t i onal i mmuno-
bl ot s of var i ous f r act i ons f r oma dynei n pur i f i cat i on ( Tabl e I ) .
Sever al r el evant poi nt s emer ge f r omt hi s anal ysi s . Fi r st , dyn-
act i n i s f ound ubi qui t ousl y . Second, usi ng known amount s
of pur i f i ed dynact i n or dynei n as quant i t at i on st andar ds, we
f i nd i n t hese ext r act s t hat dynact i n i s pr esent i n st oi chi omet -
r i c amount s wi t h dynei n heavy chai n and r epr esent s - 0. 1 %
of t ot al sol ubl e pr ot ei n ( except i n l i ver wher e i t i s N10- f ol d
l ess abundant ) . Thi r d, t hr ee el ect r ophor et i cal l y di st i nct i so-
f or ms of dynact i n ar e, pr esent i n di f f er ent t i ssues : t wo ar e
f ound i n br ai n ( Fi g. 6 B, l anes 1 and 2) , whi l e i n al l ot her
t i ssues exami ned a t hi r d f or mof i nt er medi at e mobi l i t y i s de-
t ect ed ( Fi g . 6 B) . Four t h, i n addi t i on t o a ubi qui t ous 4 . 0- kb
RNA ( Fi g. 6 A, l anes 1- 8) and a 3 . 6- kb br ai n- speci f i c mRNA
( Fi g . 6 A, l anes 1 and 2) , a much l ar ger ( 7 kb) dynact i n
mRNA i s pr esent i n skel et al muscl e ( Fi g . 6 A, l ane 7) , r ai s-
i ng t he possi bi l i t y of a f our t h dynact i n i sof or m, al t hough no
cor r espondi ng dynact i n of uni que mobi l i t y was obser ved
( Fi g . 6 B, l ane 7) . Fi f t h, usi ng i mmunobl ot t i ng t o f ol l ow
dynact i n and dynei n r ecover y t hr oughout dynei n pur i f i cat i on
f r omchi ck br ai n ( Tabl e I ) , onl y hal f as much dynact i n sedi -
ment s wi t h mi cr ot ubul es as does dynei n, and onl y about one-
f i f t h of t hat el ut es f r om t he mi cr ot ubul es wi t h ATP Thi s
r esul t s i n 20S dynei n cont ai ni ng onl y appr oxi mat el y one-
t ent h t he i ni t i al mol ar l evel of dynact i n, consi st ent wi t h t he
r educed abi l i t y of t hi s f r act i on t o suppor t vesi cl e mot i l i t y
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Abundance of dynei n heavy chai n and dynact i n i n each f r act i on was measur ed by i mmunobl ot t i ng . Quant i t at i on st andar ds wer e pr ovi ded by par al l el i mmunobl ot s
of a ser i es of di l ut i ons of known amount s of dynei n heavy chai n or dynact i n .
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( Schr oer et al . , 1989) . Si xt h, si nce t he dynact i n wi t h t he
smal l est appar ent si ze and a cor r espondi ng 3. 6- kb br ai n- spe-
ci f i c mRNAar e seen onl y i n br ai n t i ssue, i t i s l i kel y t hat t hi s
i sof or m ar i ses f r omt hi s shor t er mRNA. I n vi ew of t he co-
mi gr at i on of our cl oned dynact i n pr ot ei n wi t h t he smal l er
i sof or m, i t seems r easonabl e t o suggest t hat p150A encodes
t hi s smal l er , br ai n- speci f i c dynact i n.

Whet her t he mul t i pl e RNAs and i sof or ms ar e pr oduct s of
a si ngl e gene or a gene f ami l y ( as i s t he case, f or exampl e,
f or t he ki nesi n- l i ke gr oup of mi cr ot ubul e mot or s ; e. g . , see
Endow and Hat sumi , 1990) was exami ned by genomi c DNA
bl ot t i ng . Moder at e st r i ngency hybr i di zat i ons r eveal ed a pat -
t er n consi st ent wi t h a si ngl e gene i n t he chi cken, mouse, or
human genomes ( not shown) .

Dynact i n Local i zes t o Punct at e Cyt opl asmi c Spot s and
t o I nt er phase and Mi t ot i c Cent r osomes

To det er mi ne t he i nt r acel l ul ar di st r i but i on of dynact i n, dou-
bl e i mmunof l uor escence mi cr oscopy was used t o l ocal i ze
dynact i n and t ubul i n wi t hi n t he same cel l s . I n cel l s f i xed
wi t hout pr i or ext r act i on dynact i n was f ound i n a punct at e cy-
t opl asmi c pat t er n ( Fi g . 7 A) . The punct at e pat t er n was si mi -
l ar t o t hat f ound f or t he 70- kD subuni t of dynei n ( Fi g. 7 E) .
( Unf or t unat el y, doubl e i mmunof l uor escence coul d not be
per f or med t o vi sual i ze dynei n and dynact i n si mul t aneousl y
as al l our dynact i n ant i bodi es and ant i bodi es monospeci f i c
f or dynei n ar e mouse ant i bodi es. ) Al t hough many spot s wer e
al i gned i n a pat t er n consi st ent wi t h an associ at i on wi t h
mi cr ot ubul es ( Fi g . 7 B) , gi ven t he l ar ge number of spot s t hi s
may onl y be coi nci dent al . I f sol ubl e component s wer e ex-
t r act ed by det er gent l ysi s i n a sol ut i on t hat st abi l i zes mi cr o-
t ubul es, most dynact i n st ai ni ng i n i nt er phase and mi t ot i c
cel l s was el i mi nat ed ( Fi g. 7 C) , al t hough t he mi cr ot ubul e ar -
r ay r emai ned i nt act as expect ed ( Fi g . 7 D) . The most pr omi -
nent dynact i n l ocal i zat i on r emai ni ng i n such cyt oskel et on
pr epar at i ons was at t he cent r osomes of bot h i nt er phase ( Fi g.
7 C, mai n panel ) and mi t ot i c ( Fi g . 7 C, i nset ) cel l s, a l ocal i -
zat i on not f ound f or dynei n i t sel f ( St euer et al . , 1990 ; not
shown) . St ai ni ng of mi t ot i c spi ndl es was al so f ound, al t hough
whet her t hi s r ef l ect s t r ue associ at i on or nonspeci f i c t r appi ng
i n t he dense mi t ot i c ar r ays i s not cer t ai n . I n al l cases, si mi l ar
di st r i but i ons wer e f ound f ol l owi ng al t er nat i ve f i xat i on pr o-
cedur es ( par af or mal dehyde wi t h or wi t hout pr i or ext r act i on)
or af t er ext r act i on wi t h 1 % saponi n, whi ch per meabi l i zes
membr anes whi l e l eavi ng t he phosphol i pi ds l ar gel y i nt act
( not shown) .

That l i t t l e dynact i n i s t i ght l y associ at ed wi t h t he cyt oskel e-
t on was f ur t her exami ned by i mmunobl ot t i ng sol ubl e and cy-
t oskel et al f r act i ons . As shown i n Fi g . 7 F ( t op, l anes 1 and
2) , about t wo- t hi r ds of cel l t ubul i n was i n pol ymer f or mun-
der nor mal cul t ur e condi t i ons, whi l e onl y - 10%of dynact i n
was i n t he cyt oskel et al f r act i on ( Fi g. 7 F, mi ddl e) . Cyt oskel -
et on- associ at ed dynact i n was not af f ect ed by col chi ci ne-
i nduced mi cr ot ubul e di sassembl y ( l anes 3 and 4) or com-
pl et e t ubul i n pol ymer i zat i on st i mul at ed by t axol ( l anes S and
6) , mi r r or i ng t he behavi or of dynei n ( Fi g . 7 F, bot t om) . De-
spi t e t he associ at i on of a smal l amount of dynact i n wi t h mi -
cr ot ubul es dur i ng dynei n pur i f i cat i on ( ' Fabl e I ) , we concl ude
t hat i n vi vo most dynact i n i s not t i ght l y bound t o mi cr ot u-
bul es and i s ei t her sol ubl e or at t ached t o vesi cl es . Fur t her ,
t he pot ent i al bi ndi ng of t he pur i f i ed dynact i n compl ex t o mi -

Gi l l et al . Dynact i n, an Act i vat or of Dynei n- medi at ed Mot i l i t y

cr ot ubul es was exami ned i n vi t r o. As assayed by copel l et i ng
wi t h t axol - st abi l i zed mi cr ot ubul es, monoQ dynact i n com-
pl ex f ai l ed t o bi nd t o mi cr ot ubul es ei t her i n t he pr esence or
absence of ATP ( 5 mM) , whi l e monoQdynei n bound i n t he
absence of ATP as expect ed ( not shown) .

No bi ndi ng of dynact i n ant i bodi es t o ki net ochor es was ap-
par ent at any phase of t he cel l cycl e, al t hough weak st ai ni ng
of mAb 150. 1 has been r epor t ed on i sol at ed chr omosomes
( St euer et al . , 1990) . Si nce i mmunof l uor escence anal yses
ar e i nevi t abl y subj ect t o caveat s concer ni ng ar t i f act s of f i xa-
t i on and nonspeci f i c ant i body bi ndi ng, i nt er pr et at i on of such
weak i mmunof l uor escent si gnal s cannot be made unambi gu-
ousl y . What i s ver y cl ear f r omour anal ysi s her e i s t hat l i t t l e,
i f any, dynact i n i s t i ght l y bound t o mi cr ot ubul es, and even
l ess t o chr omosomes .

Di scussi on

The di scover y of mot or pr ot ei ns wi t h t he capaci t y t o t r ansl o-
cat e al ong mi cr ot ubul es f i r st came f r omexami nat i on of vesi -
cl e movement wi t hi n axons . By expl oi t i ng new mi cr oscopi c
met hods, ext r uded squi d axopl asmwas seen t o suppor t vesi -
cl e movement i n t wo di r ect i ons al ong i ndi vi dual mi cr ot ubul es
( Al l en et al . , 1985 ; Schnapp et al . , 1985) . The mechano-
chemi cal enzyme ki nesi n was soon di scover ed t o t r ansl ocat e
i n t he pl us end di r ect i on ( Val e et al . , 1985) and was i ni t i al l y
r epor t ed t o st i mul at e movement of i mpur e or ganel l es, al -
t hough l at er ef f or t s demonst r at ed t hat sal t - washed vesi cl es
di d not move i n t he pr esence of ki nesi n al one ( Schr oer et al . ,
1988) . Si mi l ar r esul t s ar e f ound f or cyt opl asmi c dynei n :
depl et i on of dynei n f r om a cel l ext r act usi ng UV phot o-
cl eavage di sr upt s movement of sal t - washed vesi cl es i n vi t r o,
yet 20S dynei n al one has much r educed act i vi t y ( Schr oer et
al . , 1989) and pur i f i ed cyt opl asmi c dynei n has none.

Al t hough, as expect ed, ei t her mot or i s suf f i ci ent f or ATP
hydr ol ysi s and t r ansl ocat i on al ong mi cr ot ubul es ( det ect ed as
mi cr ot ubul e gl i di ng when t he mot or s ar e i mmobi l i zed) , suc-
cessf ul vesi cl e t r anspor t r equi r es addi t i onal f act or s . We have
now i dent i f i ed dynact i n as a maj or component of one such
f act or . I n vi t r o, t he dynact i n compl ex f aci l i t at es dynei n-
medi at ed t r anspor t of sal t - washed vesi cl es . However , most
dynact i n f ai l s t o cof r act i onat e st oi chi omet r i cal l y wi t h dyn-
ei n t hr ough mi cr ot ubul e bi ndi ng and r el ease st eps, suggest -
i ng ei t her t hat dynact i n onl y t r ansi ent l y associ at es wi t h dyn-
ei n or mi cr ot ubul es, t hat i t bi nds mor e t i ght l y t o ot her cel l
component s ( per haps vesi cl es) , or bot h . Thi s i s not t oo sur -
pr i si ng, si nce bi ndi ng t o vesi cl es and act i vat i on of vesi cl e-
bound mot or s r epr esent pr oper t i es not r equi r ed f or ATPhy-
dr ol ysi s or si mpl e t r ansl ocat i on . I t must al so be emphasi zed
t hat t he compl ex r egul at i on of bi di r ect i onal t r anspor t medi at ed
t hr ough mul t i pl e mot or s suggest s t he pr esence of addi t i onal
sol ubl e act i vat or s . I ndeed, we have evi dence f or mul t i pl e
dynei n act i vat or s, one of whi ch al so f aci l i t at es ki nesi n- based
mot i l i t y ( Schr oer and Sheet z, 1991x) .

Wi t h r egar d t o t he quest i on of how t he dynact i n compl ex
pr omot es vesi cl e movement , i t does not seem t o act excl u-
si vel y t hr ough bi ndi ng t o dynei n i t sel f , even t hough t he t wo
ar e di st r i but ed si mi l ar l y i n t he cyt opl asm ( Fi g. 7) . I ni t i al l y
equi mol ar wi t h dynei n heavy chai n i n br ai n ext r act s, onl y
about a t ent h of t hat l evel i s r ecover ed i n 20S dynei n . That
ATP r el eases onl y - 20% of dynact i n but most of dynei n
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bound t o mi cr ot ubul es ( Tabl e I ; see al so Hol zbauer et al . ,
1991) cl ear l y i ndi cat es t hat dynact i n and dynei n bi nd mi cr o-
t ubul es i ndependent l y . The dynact i n- mi cr ot ubul e i nt er ac-
t i on i s pr obabl y i ndi r ect , si nce ( a) most dynact i n i s not cyt o-
skel et on associ at ed, ( b) bi ndi ng mot i f s common t o known
mi cr ot ubul e- associ at ed pr ot ei ns ar e not f ound i n t he dynac-
t i n sequence, and ( c) monoQpur i f i ed dynact i n does not r e-
bi nd ef f i ci ent l y t o mi cr ot ubul es i n vi t r o. Nor i s dynact i n nec-
essar y t o medi at e dynei n at t achment t o membr anes si nce
monoQpur i f i ed dynei n al one i s suf f i ci ent f or vesi cl e- mi cr o-
t ubul e bi ndi ng ( Schr oer and Sheet z, 1991x) , al t hough whet her
such bi ndi ng r epr esent s a physi ol ogi cal l y meani ngf ul i nt er -
act i on i s not est abl i shed .

The most st r i ki ng st r uct ur al f eat ur e of dynact i n i s t he pr es-
ence of t wo l ong domai ns wi t h al l t he hal l mar ks of f or mi ng
coi l ed- coi l a- hel i ces . Such hept ad r epeat - cont ai ni ng do-
mai ns ar e char act er i st i c of f i l ament ous st r uct ur al pr ot ei ns
and i t seems possi bl e t hat dynact i n f or ms homopol ymer i c or
het er opol ymer i c f i l ament ous st r uct ur es . Whi l e dynact i n
shows some sequence si mi l ar i t y t o sever al pr evi ousl y de-
scr i bed a- hel i cal , st r uct ur al pr ot ei ns ( e. g . , myosi n) , by f ar
t he hi ghest si mi l ar i t i es ar e t o a r at br ai n dynei n associ at ed
pr ot ei n and t o t he Dr osophi l a Gl ued pr ot ei n . Si nce chi cken
dynact i n, t he r at pr ot ei n, and Gl ued ar e homol ogous t hr ough-
out most of t hei r l engt hs ( al t hough t he br ai n- speci f i c dynac-
t i n i sof or m we have i dent i f i ed i s shor t er at bot h ami no and
car boxy t er mi ni ) and si nce hi gh sequence si mi l ar i t y ext ends
out si de t he st r uct ur al l y conser ved hel i cal domai ns, i t seems
ver y l i kel y t hat t he t hr ee r epr esent homol ogous pr ot ei ns .

Pr evi ous genet i c anal yses of Gl ued . of f er per suasi ve, but as
yet i ncompl et e, vi ews as t o pot ent i al i n vi vo r ol es f or dynac-
t i n . The f i r st descr i bed mut at i on ( Pl ough and I ves, 1935)
was f ound t o be a r ecessi ve l et hal , i ndi cat i ng t hat t he pr ot ei n
i s pr obabl y essent i al . However , i n t he het er ozygot e t he mut a-
t i on pr oduces a domi nant phenot ype i n whi ch nor mal devel -
opment of t he compound eye and of opt i c l obes i nner vat ed
by r et i nal axons i s di sr upt ed ( Meyer owi t z and Kankel ,
1978) . Subsequent ef f or t s have i dent i f i ed 10 addi t i onal Gl ued
mut at i ons, al l of whi ch ar e r ecessi ve embr yoni c l et hal s ( Har t e
and Kankel , 1982) . Fur t her , because at t empt s t o pr oduce
mosai c ani mal s car r yi ng cl ones of cel l s homozygous f or
t hese mut at i ons wer e unsuccessf ul , i t was concl uded t hat
Gl ued f unct i on i s r equi r ed f or t he vi abi l i t y of i ndi vi dual
cel l s . As Har t e and Kankel ( 1982) i ni t i al l y pr oposed, t he r e-
qui r ement f or Gl ued must l i e i n i t s ef f ect on some f undamen-
t al cel l ul ar f unct i on, such as mi t osi s . The i dent i f i cat i on of
Gl ued t o be t he homol ogue of a pr ot ei n t hat medi at es dynei n-
dependent vesi cl e t r anspor t and a smal l pr opor t i on of whi ch
i s associ at ed wi t h cent r osomes and mi t ot i c spi ndl es ( Fi g . 7
C) cl ear l y suggest s t hat t he essent i al f unct i on l i es i n some
aspect of mi cr ot ubul e- based mot i l i t y . Consi st ent wi t h t hi s i s

t he expr essi on of dynact i n or Gl ued i n al l chi cken and f l y t i s-
sues, r espect i vel y .

I n addi t i on t o a gener al r ol e i n al l cel l s, t wo l i nes of evi -
dence suggest t hat dynact i n may pl ay a f undament al r ol e i n
axonal t r anspor t wi t hi n neur ons . Fi r st , i n chi cken br ai n t he
maj or dynact i n i sof or ms ar e of di f f er ent mobi l i t y t han dynac-
t i n i n ot her t i ssues . Second, t he domi nant Gl ued mut at i on
pr ef er ent i al l y af f ect s t he axons gr owi ng f r om t he pho-
t or ecept or cel l s of t he devel opi ng eyes ( Meyer owi t z and
Kankel , 1978) . The domi nance of t hi s mut at i on ( r esul t i ng
f r oma t r ansposon- l i ke i nser t i on near t he Tend of t he Gl ued
gene t hat r esul t s i n a t r uncat ed RNA t r anscr i pt [ Swar oop et
al . , 1985, 1986] ) suggest s a speci al r equi r ement i n t hese neu-
r ons beyond t hat cr i t i cal f or basi c cel l f unct i on .

Remai ni ng unr esol ved i s t he mechani sm t hr ough whi ch
t he dynact i n compl ex st i mul at es dynei n- medi at ed vesi cl e
movement . Dynact i n' s ubi qui t y and si ze suggest a st r uct ur al
r at her t han cat al yt i c mechani sm and t he coi l ed- coi l mot i f
cl ear l y suggest s assembl y i nt o hi gher or der st r uct ur es . I n-
si ght as t o whet her t he i nt er act i on al t er s dynei n ATPase or
dynei n' s af f i ni t y f or vesi cl es seems l i kel y t o emer ge f r omt he
use of i n vi t r o bi ochemi cal assays t o ext end our under st and-
i ng of dynact i n pr oper t i es and t he ot her component s of t he
dynact i n compl ex .

The t echni cal assi st ance of Deni se Hammond i s gr at ef ul l y acknowl edged .
Thi s wor k has been suppor t ed by gr ant s f r omt he Nat i onal I nst i t ut es of
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