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ABSTRACT

	

Uncoat i ng ATPase, an abundant 70, 000- mol - wt pol ypept i de medi at i ng t he ATP-
dependent di ssoci at i on of cl at hr i n f r om coat ed vesi cl es and empt y cl at hr i n cages, has been
pur i f i ed t o vi r t ual homogenei t y f r om cal f br ai n cyt osol . Uncoat i ng pr ot ei n i s pr esent i n cel l s
i n amount s r oughl y st oi chi omet r i c wi t h cl at hr i n . Thi s enzyme i s i sol at ed as a mi xt ur e of
monomer s and di mer s, bot h f or ms bei ng act i ve . ATP can suppor t pr ot ei n- f aci l i t at ed di ssoci a-
t i on of cl at hr i n at mi cr omol ar l evel s ; al l ot her r i bot r i phosphat es as wel l as deoxy- ATP ar e
i nact i ve . The cl at hr i n t hat i s r el eased f r om cages consi st s of t r i mer s ( t r i skel i ons) i n a st oi chi o-
met r i c compl ex wi t h uncoat i ng ATPase . These compl exes wi t h cl at hr i n have l i t t l e t endency
t o sel f - associ at e at neut r al pH, and at aci di c pH t hey i nt er f er e wi t h t he assembl y of f r ee
cl at hr i n . The possi bl e exi st ence and f unct i on of t hese compl exes as cl at hr i n car r i er s i n cel l s
woul d expl ai n why uncoat i ng pr ot ei n i s made i n quant i t i es equi val ent t o cl at hr i n .

Cl at hr i n- coat ed vesi cl es t r anspor t sel ect ed set s of membr ane-
associ at ed macr omol ecul es bet ween subcel l ul ar compar t -
ment s ( 6, 10, 13, 25- 30) . I sol at ed coat ed vesi cl es have of f er ed
f r ui t f ul oppor t uni t i es f or st r uct ur al st udy ( 3, 7, 8, 11, 12, 14,
24, 39, 41, 42, 46, 47) , but as i ner t obj ect s t hey can onl y
pr ovi de l i mi t ed i nsi ght s i nt o t he dynami c mechani sms t hat
under l i e i nt r acel l ul ar t r anspor t .

Can pur i f i ed coat ed vesi cl es be act i vat ed i n vi t r o t o f unct i on
as t hey do i n cel l s? Coat ed vesi cl es can be r egar ded as i nt er -
medi at es i n a t r anspor t cycl e ( 30) t hat happen t o be t r apped
dur i ng t hei r i sol at i on . Thus, addi t i on of sui t abl e cel l ul ar com-
ponent s t o i sol at ed coat ed vesi cl es may engage t hem t o pass
t hr ough subsequent st eps i n t he cycl e, of f er i ng at once a means
t o i dent i f y t he needed component s, t o el uci dat e unknown
st eps i n t he pat hway, and t o st udy t he mechani sms i nvol ved .
I n t hi s paper we i l l ust r at e t hi s appr oach and descr i be t he
pur i f i cat i on of t he f i r st enzyme bel i eved t o f aci l i t at e i nt r acel -
l ul ar pr ot ei n t r anspor t .

Shor t l y af t er buddi ng of a coat ed vesi cl e, and appar ent l y
bef or e f usi on of t he vesi cl e wi t h i t s t ar get , cl at hr i n appear s t o
be r emoved f r om t he membr ane ( 1, 13, 28, 44) . We have
r epor t ed ( 23) t hat t he hi gh speed super nat ant f r act i on of br ai n
possesses an ATP- dependent act i vi t y t hat r api dl y di sassembl es
cl at hr i n coat s. I n t hi s and t he f ol l owi ng paper ( 5) we descr i be
t he pur i f i cat i on and char act er i zat i on of t he pr ot ei n r esponsi -
bl e f or t hi s act i vi t y . Because t hi s 70, 000- mol - wt pol ypept i de
uses t he hydr ol ysi s of ATPt o dr i ve t he ener get i cal l y unf avor -
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abl e r el ease of t he cl at hr i n f r om coat s, we have t er med t hi s
act i vi t y " uncoat i ng ATPase. "

MATERI ALS AND METHODS

Mat er i al s
Pr ot ei ns used as mol ecul ar wei ght st andar ds and ATP- Agar ose wer e f r om

Si gma Chemi cal Co . ( St . Loui s, MO) . Yeast hexoki nase, AMP- PNP, ' AMP-

PCP, and ATP- - y- S wer e f r om Boehr i nger Mannhei m Bi ochemi cal s ( I ndi an-

apol i s, I N) , ot her nucl eot i des f r om P- L Bi ochemi cal s, I nc . ( Mi l waukee, WI ) .

Sephacr yl S- 300, Sephadex G- 25, and Sephar ose 4- B wer e f r om Phar maci a

Fi ne Chemi cal s ( Pi scat away, NJ) , DEAE cel l ul ose f r om What man Labor at or y

Pr oduct s I nc . ( Cl i f t on, NJ) , and hydr oxyl apat i t e f r om Cal bi ochem- Behr i ng

Cor p . , San Di ego, CA) . NaB[ 3 H14 ( 5- 10 Ci / mmol ) was f r om Amer shamCor p.

( Ar l i ngt on Hei ght s, I L) .

Buf f er s
BUFF ER A :

	

20 mM2- ( N- mor phol i no) et hane sul f oni c aci d ( MES~NaOH

( pH 6. 2) , 1 mMNa 2EDTA, 2 mMCaCI , .

BUFFER B :

	

40 mMHEPES- NaOH ( pH7. 0) , 4. 5 mMMg acet at e, 75 mM

KCI , and 0. 8 mMdi t hi ot hr ei t ol .

BUFFER c :

	

20 mMHEPES- NaOH ( pH 7. 0) , 2 mMMg acet at e, 25 mM

KCI , 10 mM( NH4) ZS04, and 0 . 8 mMdi t hi ot hr ei t ol .

BUF FER D:

	

25 mMTr i s- HCI ( pH 7. 0) , 250 mMsucr ose.

' Abbr evi at i ons used i n t hi s paper . - AMP- PNP, 5' - adenyl yl i mi dodi -

phosphat e; AMP- PCP, 5' - adenyl yl - ( , B, - y- met hyl ene) - di phosphonat e;

ATP- - y- S, adenosi ne- 5' - O- ( 3- t hi ot r i phosphat e) ; MES, 2- ( N- mor pho-

l i no) et hane sul f oni c aci d ; TCV, Tr i t on X- 100- ext r act ed coat ed vesi -

cl es .
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BUFFER E : 0. 75 MTr i s HCI , 25 mMMES- NaOH ( pH 6 . 2) , 0 . 25 mM
Nat EGTA, and 0. 12 mMMgCl 2 .

BUFFER F :

	

0 . 5 MTr i s HCI , 50 mM MES- NaOH ( pH 6 . 2) , 0 . 5 mMNa 2
EGTA, 0 . 25 111M I VI 90 2 .

Pur i f i cat i on of Coat ed Vesi cl es, Cl at hr i n

Tr i skel i ons, and Empt y Cl at hr i n Cages

Cal f br ai ns wer e f r ozen on dr y i ce wi t hi n 15 mi n of sl aught er and st or ed at
- 80° C. Cr ude membr ane vesi cl e f r act i ons wer e pr epar ed ( 16) ; t hese wer e f ur t her
pur i f i ed i n some cases t o obt ai n coat ed vesi cl es usi ng sucr ose or Fi col l - 1320
gr adi ent s ( 24, 27) . To pr epar e Cl at hr i n, ei t her cr ude membr anes ( 21) or coat ed
vesi cl es ( 16) wer e ext r act ed i n buf f er E at 4° C f or 60 mi n, cent r i f uged at 100, 000
g , f or 60 mi n, and t he super nat ant pr eci pi t at ed wi t h ammoni umsul f at e ( 30%
of sat ur at i on) . The pr eci pi t at e, r edi ssol ved i n 8 ml of buf f er F ( but not di al yzed)
was chr omat ogr aphed on a 3- x . 115- cm( 800- ml ) col umn of Sephar ose 4B ( 33)
equi l i br at ed i n buf f er F ( f l ow r at e about 40 ml / mi n) . The Cl at hr i n cont ai ni ng
f r act i ons ( l ocat ed by SI DS PAGE of col umn f r act i ons) wer e pool ed, and Cl at hr i n
was pr eci pi t at ed wi t h ammoni um sul f at e ( 50% of sat ur at i on) , r edi ssol ved i n
buf f er F at a pr ot ei n concent r at i on of 10 mg/ ml , f r ozen i n l i qui d ni t r ogen, and
st or ed as al i quot s at - 80° C. As r epor t ed ( 16) , t hese pr epar at i ons consi st ed
mai nl y of Cl at hr i n ( 180, 000 mol wt ) and l i ght chai ns ( 33, 000 and 36, 000 mol
wt ) , al t hough cont ami nant s ( e. g . , t he 100, 000- 110, 000- mol - wt f ami l y of coat ed
vesi cl e pr ot ei ns) wer e pr esent up t o 10% of t he t ot al . The pr ocedur e yi el ded
- 15 mg of Cl at hr i n per ki l i gr am of br ai n t i ssue ( when coat ed vesi cl es wer e
ext r act ed) and - 40 mg of Cl at hr i n per ki l i gr amof t i ssue ( when cr ude membr anes
wer e ext r act ed) . Thi s " col umn- pur i f i ed Cl at hr i n" was r eassembl ed i nt o empt y
cages by di al ysi s i nt o buf f er A f or 12- 16 h at 4° C as descr i bed ( 16, 23, 32) .

Synt hesi s of 3 H- Cl at hr i n and Pr epar at i on of

3H- Empt y Cages

Cl at hr i n was l abel ed by r educt i ve met hyl at i on wi t h f or mal dehyde and
NaB[ ' H] 4 accor di ng t o t he pr ocedur e of Tack et al . ( 37) . Typi cal l y, 0 . 2 ml of
buf f er F cont ai ni ng 2 mg of Cl at hr i n was di al yzed ext ensi vel y agai nst 0 . 2 M
Na- bor at e buf f er ( pH 8 . 9) , t r ansf er r ed t o a mi cr of uge t ube and hel d on i ce f or
30 mi n t o t hor oughl y equi l i br at e t he t emper at ur e . Then 15 Al of 0. 2 M
f or mal dehyde i n wat er and 10 gi of 0 . 12 MNaB( ' H] 4 i n 0 . 01 N NaOH ( 8 . 4
Ci / mmol ) wer e added sequent i al l y, and t he t ube was hel d on i ce f or an
addi t i onal 10 mi n. The r eact i on was t hen t er mi nat ed by addi t i on of 10 / i f of
0 . 5 M ( NH4 ) 2SO4, and t he l abel ed Cl at hr i n was separ at ed f r om unbound
r adi oact i vi t y by f i l t r at i on over a 10- ml col umn of Sephadex G- 25 equi l i br at ed
i n buf f er F. Fr act i ons of 0 . 6 ml wer e col l ect ed and t he l abel ed pr ot ei n peak was
l ocat ed and pool ed. The f i nal pr oduct , t ypi cal l y - 1 . 4 mg of ' H- Cl at hr i n ( 1- 2 x
I 0 5 cpm/ l ag; 90% t r i chl or oacet i c aci d pr eci pi t at ee) , was f r ozen i n l i qui d ni t r ogen
and st or ed as al i quot s at - 80° C.

For use i n assays, t he ' H- Cl at hr i n t r i skel i ons wer e mi xed wi t h unl abel ed
t r i skel i ons t o achi eve a f i nal speci f i c act i vi t y of 1- 5 x 10' cpm/ l ag, and t hen
di al yzed agai nst buf f er A t o f or m ' H- empt y cages, The cages wer e pel l et ed by
cent r i f ugat i on at 95, 000 g, f or 10 mi n i n an ai r f uge ( Beckman I nst r ument s
I nc . , Pal o Al t o, CA) ( A 30/ 100 r ot or ) , and t he pel l et ( cont ai ni ng 80- 90% of
t he st ar t i ng mat er i al was r esuspended i n buf f er Cand pr ei ncubat ed at 37° C f or
10 mi n t o r el ease a pool of poor l y assembl ed Cl at hr i n t hat woul d ot her wi se
cont r i but e t o t he backgr ound i n t he r el ease assay . The r emai ni ng cages ( 30-
40%of t ot al ) wer e pel l et ed i n t he ai r f uge, and r esuspended i n buf f er A at 1- 2
mg/ ml . These " pr ei ncubat ed" ' H- empt y cages, now st abl e t o f ur t her i ncuba-
t i ons i n buf f er C, wer e i ndi st i ngui shabl e f r om st andar d pr epar at i ons of unl a-
bel ed empt y cages by el ect r on mi cr oscopy, agar ose gel el ect r ophor esi s ( 3I ) ,
pol ypept i de composi t i on, and l i mi t ed t r ypt i c hydr ol ysi s ( 32) . Possi bl y, some of
t he ' H- Cl at hr i n mol ecul es, damaged by t he l abel i ng pr ocedur e, ar e unabl e t o
assembl e nor mal l y but co- pol ymer i ze wi t h unl abel ed Cl at hr i n t o r ender a
f r act i on of t he f i nal cages def ect i ve and unst abl e .

Assay of ATP- dependent Rel ease of 3 H- Cl at hr i n

I ncubat i ons ( 50 ul f i nal vol ume) cont ai ned ATP ( 2 . 5 nmol ) and t he pr ot ei n
f r act i on t o be t est ed ( 0 . 25- 1 ug of pur e uncoat i ng ATPase; 10- 40 ug of cr ude
cyt osol ) i n 45 ul of buf f er C. React i ons wer e i ni t i at ed by addi ng 5 Al of buf f er
A cont ai ni ng ei t her 5 or 10 ug of pr ei ncubat ed' H- empt y cages . To st op t he
i ncubat i on ( usual l y af t er 5 mi n at 37° C) , we degr aded f r ee ATP by addi ng 5 JAI

of a mi xt ur e of yeast hexoki nase ( 100 U/ ml ) and gl ucose ( 50 mM) i n buf f er C.
Af t er a f ur t her i ncubat i on of 45 s at 23° C, sampl es wer e chi l l ed on i ce, di l ut ed
t o 120 ul wi t h i ce- col d buf f er C, and t he r emai ni ng cages wer e pel l et ed i n t he
ai r f uge at 95, 000 gzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� f or 10 mi n . The t op hal f ( 60 Al ) of each super nat ant was
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count ed f or ' H, and t he per cent of t ot al Cl at hr i n r el eased was cal cul at ed as
t wi ce t hi s r adi oact i vi t y di vi ded by t he t ot al added t o t he assay.

The backgr ound of spont aneous r el ease of ' H- Cl at hr i n i nt o t he super nat ant
was measur ed i n par al l el i ncubat i ons i n whi ch ATP was omi t t ed and t he
hexoki nase- gl ucose cockt ai l was added at t he st ar t of t he i ncubat i on . Thi s
backgr ound was 10 ± 5% of t he t ot al ' H i n t he assay. Al l of t he val ues f or
ATP- dependent Cl at hr i n r el ease r epor t ed i n t hi s paper have had t hi s " mi nus
ATP" backgr ound subt r act ed . Si mi l ar backgr ounds wer e al so obt ai ned when
cages wer e i ncubat ed i n buf f er wi t hout uncoat i ng pr ot ei n .

Pur i f i cat i on of Uncoat i ng ATPase

Al l oper at i ons wer e at 4° C unl ess ot her wi se not ed .
STEP 1 : CRUDE CYTOSOL .

	

Fr ozen cal f br ai ns ( - 500 gm) wer e t hawed
over ni ght at 4° C i n 1 l i t er of buf f er D, r i nsed, and t hen homogeni zed i n 1 ml /
gm of f r esh buf f er Dby t hr ee 15- s pul ses i n a War i ng bl ender . The homogenat e
was cent r i f uged f or 30 mi n at 14, 000 r pm i n a Beckman JA- l 4 r ot or ( Beckman
I nst r ument s, I nc. ) , and t he super nat ant was f ur t her cent r i f uged f or 60 mi n at
45, 000 r pmi n a Beckman Type 45 Ti r ot or . Thi s hi gh speed super nat ant ( - - 400
ml ) was di al yzed f or 8 h agai nst 20 l i t er of 25 mMTr i s- HCI ( pH 7 . 0) , cent r i f uged
f or 60 mi n at 45, 000 r pm i n t he 45 Ti r ot or , and di al yzed f or 12 h agai nst a
second 20- l i t er por t i on of 25 mMTr i s ( pH 7) . Cr ude cyt osol at t hi s st age coul d
be f r ozen i n l i qui d ni t r ogen and st or ed at - 80° C f or up t o 6 mo wi t hout
det ect abl e l oss of act i vi t y .

ST E P 11 : DE A E- CE L L U L OSE .

	

The di al yzed cyt osol was appl i ed at a f l ow
r at e of 150 ml / h t o a 4- x- 18- cm ( 225- ml ) col umn of What man DE- 52
equi l i br at ed wi t h 25 mMTr i s- HCl ( pH 7) , and t he col umn was washed ( f l ow
r at e 250 ml / h) wi t h 200 ml of 25 mM Tr í s ( pH 7) f ol l owed by 450 ml of 25
mM Tr i s ( pH 7) cont ai ni ng 50 mM KCI . No act i vi t y was f ound i n t hese
f r act i ons . The col umn was t hen el ut ed wi t h 25 mMTr i s ( pH 7) cont ai ni ng 150
mM KCI at a f l ow r at e of 250 ml / h and 8- ml f r act i ons wer e col l ect ed and
assayed f or ATP- dependent Cl at hr i n r el easi ng act i vi t y . Uncoat i ng act i vi t y
emer ged as a br oad peak bet ween 120 and 280 ml of t hi s buf f er .

STEP 111 : HYDROXYLAPATI TE.

	

The pool ed act i ve f r act i ons ( 160 ml )
f r om st ep I I wer e appl i ed at a f l ow r at e of 100 ml / h t o a 2 . 5- x- 25- cm ( 125-
ml ) hydr oxyl apat i t e col umn equi l i br at ed i n 25 mMTr i s- HCI , ( pH 7) , 150 mM
KCI . The col umn was washed wi t h 150 ml of 20 mM HEPES- NaOH ( pH 7)
f ol l owed by 250 ml of 20 mMHEPES ( pH 7) cont ai ni ng 50 mMpot assi um
phosphat e ( pH 7) . The col umn was t hen el ut ed wi t h 20 mMHEPES ( pH 7)
cont ai ni ng 150 mMpot assi um phosphat e ( pH 7) at a f l ow r at e of 150 ml / h,
and 6- ml f r act i ons wer e col l ect ed and assayed f or ATP- dependent r el ease of
Cl at hr i n as descr i bed . Thi s act i vi t y emer ged i n a br oad peak bet ween 114 and
222 ml of el ut i on.

STEP I v : ATP- AGAROSE . The peak f r act i ons f r om st ep I I I ( 108 ml )
wer e di al yzed f or 12 h agai nst 4 l i t er of buf f er C and t hen appl i ed at a f l ow r at e
of 60 ml / h t o a 1 . 5- x- 16- cm ( 28- ml ) col umn of ATP- Agar ose equi l i br at ed i n
buf f er C. The col umn was t hen washed successi vel y wi t h 60- ml por t i ons of
buf f er C, buf f er C cont ai ni ng 1 M KCI , and buf f er C agai n. These f r act i ons
cont ai ned most of t he pr ot ei n but di d not cont ai n si gni f i cant act i vi t y and wer e
di scar ded . The col umn was t hen el ut ed wi t h buf f er C cont ai ni ng I mMATP
at a f l ow r at e of 60 ml / h, and 8- ml f r act i ons wer e col l ect ed and assayed f or
act i vi t y . These f r act i ons wer e, of cour se, no l onger nucl eot i de- dependent be-
cause of t he ATP pr esent i n t he buf f er ; t her ef or e, ' H- Cl at hr i n r el eased i n an
i ncubat i on cont ai ni ng cages and ATP but no col umn f r act i on was subt r act ed
as backgr ound . Act i vi t y emer ged as a br oad peak bet ween 32 and 128 ml of
t he ATP el uat e .

STEP v : ( NH4) 2SO4 PRECI PI TATI ON .

	

Acombi ned ammoni um sul f at e
pr eci pi t at i on and an EDTA t r eat ment ser ved t o concent r at e t he act i vi t y and t o
r est or e ATP- dependence i n t he r el ease assay by r emovi ng t i ght l y bound Mg-
ATP. The pool ed act i ve f r act i ons f r om st ep I V ( 96 ml ) wer e adj ust ed t o 4 mm
EDTA ( f r om a 200 mM st ock) . Af t er about 15 mi n, sol i d ( NH, ) 2SO4 was
gr adual l y added t o achi eve 75% of sat ur at i on, and t he mi xt ur e was st i r r ed f or
30 mi n . The pr eci pi t at e was col l ect ed at 100, 000 ga, f or 1 h and r edi ssol ved i n
a mi ni mum vol ume ( - 2 ml ) of buf f er C. Thi s f r act i on, consi st i ng of essent i al l y
pur e pr ot ei n ( - 2 mg/ ml ) was f r ozen i n l i qui d ni t r ogen and st or ed at - 80° C
af t er di al ysi s agai nst buf f er C. The f r ozen pr ot ei n was st abl e f or mont hs at
- 80° C, and when t hawed, al i quot s t ypi cal l y r et ai ned uncoat i ng act i vi t y f or up
t o 2 wk at 4° C.

Ot her Met hods

SI DS PAGE was per f or med as descr i bed by Laemml i ( l 8) usi ng 10% pol y-
acr yl ami de/ 0 . 1% SDS gel s unl ess ot her wi se speci f i ed . For quant i t at i on, gel s
st ai ned wi t h Coomassi e R- 250 or aut or adi ogr aphs wer e scanned wi t h a densi -
t omet er ( Qui ckscan [ Hel ena Labor at or i es, Beaumont , TX] ) . El ect r on mi cr os-
copy was per f or med as pr evi ousl y descr i bed ( 23) . Pr ot ei n was det er mi ned as
descr i bed by Br adf or d ( 4) , usi ng bovi ne ser umal bumi n as t he st andar d.



RESULTS

Assay of Uncoat i ng Act i vi t y

Assay of ATP- dependent r el ease of ' H- cl at hr i n i nt o t he
super nat ant was appr oxi mat el y l i near wi t h pr ot ei n up t o 20
Ag/ ml of pur i f i ed uncoat i ng ATPase ( or 800 ug/ ml of cr ude
cyt osol ) . Under t hese condi t i ons, t he assay was al so l i near
wi t h t i me up t o 7 . 5 mi n of i ncubat i on ( Fi g . 1) . Cl at hr i n and
l i ght chai ns wer e r el eased t oget her ( Fi g . 2) and seemed t o be
f r ee of pr ot eol ysi s, si nce we coul d det ect no net l oss of ' H,
decr ease i n mol ecul ar wei ght s, or change i n t he mol ar r at i o
of cl at hr i n heavy chai ns t o l i ght chai ns .

Pur i f i cat i on of Uncoat i ng ATPase

Uncoat i ng ATPase was pur i f i ed 38- f ol d f r om bovi ne br ai n
cyt osol usi ng a combi nat i on of DEAE- cel l ul ose, hydr oxyl apa-
t i t e, and ATP- agar ose col umn chr omat ogr aphy ( Tabl e 1) . The
pr oduct was a si ngl e pol ypept i de chai n of 70, 000 mol wt t hat
was >95% pur e as measur ed f r om densi t omet er t r aci ngs of
SDS pol yacr yl ami de gel s ( Fi g. 3) . Mi xi ng exper i ment s di d not
r eveal act i vat or s of pur i f i ed uncoat i ng ATPase act i vi t y pr esent
i n cr ude cyt osol t hat mi ght have made us over est i mat e t ot al
act i vi t y at t he st ar t of pur i f i cat i on .

We wer e sur pr i sed t hat such a modest degr ee of pur i f i cat i on
was necessar y, i mpl yi ng t hat t he uncoat i ng ATPase was abun-
dant . We wer e t her ef or e concer ned as t o whet her t he maj or
pr ot ei n we had pur i f i ed was i n f act r esponsi bl e f or t he un-
coat i ng act i vi t y . The evi dence i n suppor t of t hi s, and a possi bl e
expl anat i on f or t he abundance of t hi s pr ot ei n based on our
f i ndi ngs, i s pr ovi ded i n t he Di scussi on .

The maj or st ep i n t he pur i f i cat i on was t he ATP- agar ose
af f i ni t y col umn, whose use was suggest ed by t he unusual l y
l ow KzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� f or ATP evi dent f r om our ear l i er wor k wi t h cr ude
cyt osol ( 23) . The DEAE cel l ul ose st ep ser ved pr i nci pal l y t o
concent r at e t he act i vi t y, but al so af f or ded a t hr eef ol d pur i f i -
cat i on . The hydr oxyl apat i t e st ep r emoved a maj or 45, 000-
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FI GURE 1

	

Assay f or ATP- dependent r el ease of cl at hr i n . ( A) Li ne-
ar i t y wi t h t i me . Assays cont ai ni ng 15 ug/ ml pur i f i ed uncoat i ng
ATPase and 10 gg' H- empt y cages ( 12, 500 cpm) wer e i ncubat ed at
37° C f or t he i ndi cat ed t i me . ( B) Li near i t y wi t h pr ot ei n . Assays
cont ai ni ng t he i ndi cat ed amount of pur i f i ed uncoat i ng ATPase and
5 t ag ' H- empt y cages ( 25, 000 cpm) wer e i ncubat ed at 37° C f or 5

mi n .

FI GURE 2 SDS PAGE of enzymat i cal l y r el eased ' H- cl at hr i n . A

st andar d assay cont ai ni ng 2 pg of pur i f i ed uncoat i ng ATPase and

10, ug of ' H- empt y cages ( 47, 700 cpm) was i ncubat ed at 37° C f or

10 mi n, st opped, sedi ment ed, and a por t i on of t he super nat ant

el ect r ophor esed . ( Lane A) Pur i f i ed cal f br ai n coat ed vesi cl es ( 10 kg)
r un as mar ker . Mol ecul ar wei ght s of known coat ed vesi cl e pr ot ei ns

ar e i ndi cat ed ( x 10- ' ) . ( Lane B) ' H- empt y cages ( 1 . 9 gg, 9, 000 cpm)

bef or e i ncubat i on . ( Lane C) 3 H- Cl at hr i n r el eased t o t he super nat ant

( 2 . 8 ug, 14, 000 cpm) . Lane A was st ai ned wi t h Coomassi e R- 250

and l anes B and C wer e aut or adi ogr aphed af t er t r eat ment wi t h

En[ ' H] ance ( New Engl and Nucl ear , Bost on, MA) .

mol - wt cont ami nant ( Fi g. 3, l ane E) , bel i eved t o be act i n,
t hat coul d al so be r emoved by DNAse- l - agar ose ( 2) . Tr ace
amount s of an 135, 000- mol - wt cont ami nant wer e al so pr es-
ent .

Af t er t he ATP- agar ose st ep, t he uncoat i ng pr ot ei n was
f ound t o be ATP- i ndependent i n t he cl at hr i n- r el ease assay .
Thi s i s due t o t i ght l y bound ATP t hat r esi st s di al ysi s ( our
unpubl i shed obser vat i ons) acqui r ed dur i ng el ut i on f r om t he
ATP- agar ose col umn . ATP- dependence coul d be r est or ed by
addi ng EDTA ( 4 mM) t o r emove t he t i ght l y bound Mg- ATP,
f ol l owed by di al ysi s or gel f i l t r at i on on Sephadex G- 25 . Rou-
t i nel y, t hi s was combi ned wi t h an ammoni umsul f at e pr eci p-
i t at i on, as descr i bed i n St ep V of t he pur i f i cat i on scheme i n
t he Mat er i al s and Met hods sect i on, but an addi t i onal G- 25
desal t i ng st ep was somet i mes necessar y .

Pr oper t i es of Uncoat i ng ATPase

The subuni t mol ecul ar wei ght of t he uncoat i ng ATPase
pr ot ei n, under denat ur i ng condi t i ons, was det er mi ned by SDS
PAGE ( 45) t o be 70, 000 ( Fi g. 3, l ane D) . However , nat i ve
uncoat i ng ATPase consi st s pr i nci pal l y of a mi xt ur e of mon-
omer s and di mer s as j udged f r om i t s pat t er n of el ut i on f r om
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FI GURE 3

	

SDS pol yacr yl ami de gel of pool ed f r act i ons at each st ep

i n t he pur i f i cat i on of uncoat i ng ATPase ( Tabl e I ) . Ar r ows i ndi cat e

t he mi gr at i on posi t i ons of r ef er ence pr ot ei ns ( not shown) wi t h

mol ecul ar wei ght s as f ol l ows ( x 10- 3 ) : Escher i chi a col i ß- gal act osi d-

ase ( 116) , phosphor yl ase b ( 93) , t r ansf er r i n ( 77) , bovi ne ser um

al bumi n ( 67) , oval bumi n ( 43) , and car boni c anhydr ase ( 30) . ( Lane

A) Cr ude cyt osol ( 30 l ag) ; ( l ane 8) DEAE- cel l ul ose f r act i on ( 30 Wg) ;

( l ane C) hydr oxyl apat i t e f r act i on ( 30 l ug) ; ( l ane D) , ATP- agar ose

f r act i on, concent r at ed by ammoni um sul f at e pr eci pi t at i on ( 4 f ag) ;

( l ane E) same as l ane D, except 20 j ug wer e l oaded t o emphasi ze

cont ami nant s .

Sephacr yl S- 300 i n assay buf f er ( Fi g . 4A) . Pr ot ei n and act i vi t y
bot h el ut ed i n t wo maj or peaks cor r espondi ng t o appar ent
mol ecul ar wei ght s ( f or spher es) of 100, 000 and 220, 000 and
wer e r ecover ed i n 75% yi el d .

Cr oss- l i nki ng of t he col umn f r act i ons wi t h gl ut ar al dehyde
f ol l owed by sodi um bor ohydr i de ( Fi g . 4B) conf i r med t hat t he
peak cent er ed at f r act i on 54 consi st ed pr i mar i l y of 70, 000-
mol - wt monomer whi l e t he peak cent er ed at f r act i on 49
cont ai ned a speci es whose mi gr at i on on SDS PAGE af t er
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TABLE I

Pur i f i cat i on of Uncoat i ng ATPase

Sampl es of t he pool ed act i ve f r act i ons f r om each pur i f i cat i on st ep ( see Mat er i al s and Met hods) wer e di al yzed exhaust i vel y agai nst buf f er C bef or e assay. Assays
cont ai ned 5 ug' H- empt y cages, and wer e al l conf i r med t o be i n t he l i near r ange . 1 uni t of act i vi t y i s def i ned as t he ATP- dependent r el ease of 1 %of t he ' H-
cl at hr i n i nt o t he super nat ant i n 1 mi n .

cr oss- l i nki ng was most consi st ent wi t h a 140, 000- mol - wt di -
mer . The possi bi l i t y of a t r i mer coul d not be compl et el y r ul ed
out , however , because i nt r amol ecul ar cr oss- l i nki ng pr oduces
br oad bands t hat mi gr at e somewhat anomal ousl y when com-
par ed t o t he uncr oss- l i nked st andar ds . Di f f er ences i n i nt r a-
mol ecul ar cr oss- l i nki ng wer e pr obabl y al so r esponsi bl e f or t he
doubl et seen i n cr oss- l i nked monomer f r act i ons 51- 57 . Sub-
st ant i al amount s of a hi gher mol ecul ar wei ght mul t i mer
( pr obabl y t et r amer ) wer e seen i n f r act i ons 45 and 46 .

Al l speci es show act i vi t y, i ndi cat i ng ei t her t hat t hey ar e
i nt r i nsi cal l y act i ve or t hat t hey can i nt er conver t dur i ng t he
uncoat i ng r eact i on . I ncubat i ng a pool of f r act i ons 53- 55 wi t h
ATP, ADP, or a mi xt ur e of t he t wo nucl eot i des di d not i nduce
f or mat i on of det ect abl e amount s of di mer ( Fi g . 4B, l anes A-
C) . Ther e was no det ect abl e mol ecul ar wei ght di f f er ence
bet ween t he mat er i al i n f r act i on 49 and t hat i n f r act i on 54
when t hey wer e r un on t he gel wi t hout exposur e t o t he cr oss-
l i nki ng r eagent s ( Fi g . 4B, l anes D and E) . Our pr epar at i on of
70, 000- mol - wt pol ypept i de al so f ocused as a si ngl e spot ( pl =
5 . 2) upon t wo di mensi onal SDS PAGE ( 22 ; dat a not shown) .
Ther ef or e, t he di mer pr obabl y consi st s of t wo i dent i cal
70, 000- mol - wt subuni t s .

Si egel and Mont y ( 34) showed t hat t he el ut i on vol ume of a
pr ot ei n i n gel f i l t r at i on cor r el at ed bet t er wi t h St okes r adi us
t han wi t h mol ecul ar wei ght . Usi ng t hei r met hods, St okes r adi i
of 39 and 59 Á wer e cal cul at ed f or t he monomer and di mer
speci es r espect i vel y ( Fi g. 4A, i nset ) .

The ATP- dependent r el ease act i vi t y of uncoat i ng ATPase
was unaf f ect ed by t r eat ment wi t h N- et hyl mal ei mi de at con-
cent r at i ons as hi gh as 2 mMf or 60 mi n at 25° C. No l oss of
act i vi t y was obser ved dur i ng i ncubat i on of uncoat i ng ATPase
at 37° C under assay condi t i ons f or up t o 1 h .

Coat ed Vesi cl es and Cl at hr i n Cages as Subst r at es

f or Uncoat i ng ATPase

Uncoat i ng ATPase was pur i f i ed on t he basi s of i t s ATP-
dependent abi l i t y t o di ssoci at e cages t hat consi st ed al most
excl usi vel y of cl at hr i n heavy and l i ght chai ns . Such cages ar e
ar t i f i ci al subst r at es r epr esent i ng onl y t he out er most shel l of
coat ed vesi cl es . Does t he pur e pr ot ei n r et ai n t he abi l i t y of t he
cr ude cyt osol ( 23) t o uncoat coat ed vesi cl es? Pur e uncoat i ng
ATPase was i ncubat ed wi t h cal f br ai n coat ed vesi cl es i n t he
pr esence of ATP, and an ATP r egener at i ng syst em, t he l at t er
needed t o over come ATPases pr esent i n coat ed vesi cl e f r ac-
t i ons ( 31) . The coat ed vesi cl es wer e i ndeed di ssoci at ed, but
t he r at e of r el ease of cl at hr i n f r omcoat ed vesi cl es was about
I / 4 of t hat of cl at hr i n cages t est ed under t he same condi t i ons,
i n whi ch i ni t i al r at es ar e bei ng measur ed ( Fi g . 5) . Al t hough
t he i ni t i al r at e of r el ease of cl at hr i n f r om coat ed vesi cl es i s
sl ower t han f r om cages, t he ext ent i s t he same, gi ven suf f i ci ent

Pur i f i cat i on st ep Tot al pr ot ei n Speci f i c act i vi t y Tot al act i vi t y Pur i f i cat i on Yi el d

mg U1mg U ( f ol d)

1 . Cyt osol 2, 330 352 8 . 2 x 10 5 [ 1] [ 1001

2 . DEAE- Cel l ul ose 411 1, 050 4 . 3 x 10 5 3 . 0 52

3 . Hydr oxyl apat i t e 143 2, 140 2 . 4 x 10 , 6 . 1 29

4 . ATP- Sephar ose 6 12, 440 0 . 75 x 10' 35 9 . 1

5 . ( NH4004 ppt . 4 . 3 13, 400 0 . 58 x 10 5 38 7 . 1
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Sephacr yl S- 300 gel f i l t r at i on of uncoat i ng ATPase . ( A)

El ut i on pr of i l e of uncoat i ng act i vi t y and pr ot ei n . A t ot al of 0 . 19 mg

of pur i f i ed uncoat i ng ATPase i n 0 . 1 ml of buf f er C was appl i ed t o a

25- ml col umn ( 0 . 8 x 50 cm) of Sephacr yl S- 300 and el ut ed wi t h

buf f er C at a f l ow r at e of 2 . 8 ml / h . Fr act i ons of 0 . 3 ml wer e col l ect ed .

Al i quot s of each f r act i on was assayed f or pr ot ei n ( 50 ul ) and f or

act i vi t y ( 15 j ul ) . Assays cont ai ned 7 . 5 Ag of ' H- empt y cages ( 45, 000

cpm) . Recover y of bot h pr ot ei n and act i vi t y was - 75%. The ver t i cal

ar r ows show t he peak el ut i on posi t i ons of sever al r ef er ence st and-

ar ds whi ch wer e ( f r om l ef t t o r i ght ) : bl ue dext r an 2000 ( Vo) , hor se

spl een f er r i t i n ( 700, 000 mol wt ; R, = 79 A) , r abbi t I gG ( 150, 000 mol

wt ; R, = 52 A) ; r abbi t muscl e LDH ( 140, 000 mol wt , R, = 41 A) ,

bovi ne ser um al bumi n ( 67, 000 mol wt ; R, = 36 A) ; oval bumi n

( 43, 500 mol wt ; R, = 28 A) , cyt ochr ome c ( 12, 000 mol wt ; R, = 17

A) , and [ ' H] gal act ose ( V i ) . The i nset shows a pl ot of ( - l og KAV) ' / Z
agai nst St okes r adi us, al l owi ng an est i mat e of t he St okes r adi i of t he

speci es i n t he t wo peaks by t he met hod of Si egel and Mont y ( 33) .

( B) Cr oss- l i nki ng of uncoat i ng pr ot ei n i n col umn f r act i ons . A t ot al

of 6 Ag of pr ot ei n f r om each f r act i on was di l ut ed t o 150 pI wi t h

buf f er C and i ncubat ed successi vel y wi t h 16 mMgl ut ar al dehyde ( 2

mi n at 30° C) , 80 mMNaBH4 ( 20 mi n at 4° C) , and 200 mMTr i s-

HCI , pH 7 . 4 ( 5 mi n at 4° C) . Pr ot ei n was t hen pr eci pi t at ed wi t h 10%

t r i chl or oacet i c aci d i n t he pr esence of 0 . 2% Tr i t on X- 100 car r i er ,
el ect r ophor esed on a 5- 10% pol yacr yl ami de l i near gr adi ent gel ,
and st ai ned wi t h Coomassi e R- 250 . The number ed l anes cor r e-
spond t o t he col umn f r act i ons 45- 57 . ( Lanes A- C) A pool of t he
monomer f or m ( f r act i ons 53- 55) was i ncubat ed wi t h 100 AMATP

( A) , 100 ALM ADP ( B) , or 100 uMATP and 100 F<M ADP ( C) f or 15

mi n at 37° C bef or e cr oss- l i nki ng . ( Lane D) A di mer f r act i on ( 49) ,

not cr oss- l i nked . ( Lane E) A monomer f r act i on ( 54) , not cr oss- l i nked .

ó
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Rel ease of cl at hr i n f r om coat ed vesi cl es by uncoat i ng

ATPase . Pr ei ncubat ed cal f br ai n coat ed vesi cl es ( CV) , 140 Ag; Tr i t on

X- 100 ext r act ed coat ed vesi cl es ( TCVs ; see r ef er ence 26, 140 Ag) ;
and empt y cl at hr i n cages ( EC) , 105 Ag, wer e each i ncubat ed wi t h

uncoat i ng ATPase ( 3 . 5 l Ag) i n 350 F<I of buf f er C ei t her i n t he absence

of ATP ( - ATP) or i n t he pr esence of 0 . 7 mM ATP and an ATP

r egener at i ng syst em ( +ATP) ( 22) . Assays wi t h TCVs addi t i onal l y

cont ai ned 0 . 5%Tr i t on X- 100 . At t he i ndi cat ed t i mes, 50, ul sampl es

wer e r emoved f r om t he r eact i ons, st opped, and pr ocessed as

descr i bed f or t he st andar d r el ease assay . A 60- Fel sampl e of each

super nat ant was el ect r ophor esed on a 10% pol yacr yl ami de gel .

Densi t omet er t r aci ngs of t he Coomassi e- st ai ned gel s al l owed com-

par i son of t he amount of cl at hr i n i n each super nat ant wi t h t he

amount added t o t he t he i ncubat i on ( el ect r ophor esed i n par al l el ) .

Cont r ol l anes cont ai ni ng known amount s of col umn- pur i f i ed cl at h-

r i n conf i r med t hat densi t omet er r esponse was l i near wi t h cl at hr i n .

Cl at hr i n r el ease i n a 20- mi n i ncubat i on cont ai ni ng coat ed vesi cl es

and ATP but no uncoat i ng enzyme was 4 . 7%of t he amount added .

( A) EC ( +ATP) ; ( 0) CV ( +ATP) ; ( / ) TCV ( +ATP) ; ( A) EC ( - ATP) ; ( 0)

CV ( - ATP) ; ( p) TCV ( - ATP) .

x
á
O

100

6t ]

a TCV ( +ATP)

i CV ( +ATP)

t i me and uncoat i ng pr ot ei n . For exampl e, t he i ncubat i ons
used i n Fi g. 5 cont ai ned uncoat i ng enzyme at a l evel of 0 . 025

pg/ wg coat ed vesi cl e pr ot ei n . I n par al l el i ncubat i ons cont ai n-
i ng 0 . 15 ug enzyme/ Fcg coat ed vesi cl es, cl at hr i n r el ease was
86% i n 15 mi n, consi st ent wi t h our ear l i er r esul t s f or cr ude
cyst osol ( 23) . Al so, as obser ved pr evi ousl y wi t h cr ude cyt osol ,
r el ease vi a t he pur e uncoat i ng pr ot ei n was hi ghl y sel ect i ve f or
cl at hr i n and i t s l i ght chai ns . For exampl e, when 80% of t he
cl at hr i n had been r el eased f r om coat ed vesi cl es, onl y - 15%
of t he 100, 000- and 50, 000- mol - wt f ami l y of pol ypept i des
had been r el eased ( not shown) .

To t est t he possi bi l i t y t hat ATP- gener at ed i on gr adi ent s
acr oss t he vesi cl e membr ane mi ght i n some way be needed
f or uncoat i ng f r om coat ed vesi cl es, we empl oyed Tr i t on X-
100- ext r act ed coat ed vesi cl es ( TCVs) as subst r at e . These l ose
most of t hei r membr ane l i pi d but r et ai n al l of t he maj or
pr ot ei ns ( 27) . TCVs wer e equi val ent t o i nt act coat ed vesi cl es
i n t he r el ease assay, even when assayed i n t he pr esence of
Tr i t on X- 100 ( Fi g . 5) . Dur amyci n, an i nhi bi t or of t he ATP-
dependent pr ot on pump of coat ed vesi cl es ( 9, 35, 36) al so had
no ef f ect on uncoat i ng when used at l evel s up t o 50 ug/ 100
Ag of coat ed vesi cl es, an amount suf f i ci ent t o i nhi bi t ATP-
dependent pr ot on t r ansl ocat i on - 80%( 36) .

The i ni t i al r at e of r el ease of cl at hr i n i ncr eased wi t h cage
concent r at i on unt i l a sat ur at i on was achi eved ( Fi g . 6A) ; hal f -
sat ur at i on r equi r ed 0 . 14 mg/ ml of cages. For cages cont ai ni ng

( Lane F) Mar ker s, whi ch wer e bovi ne ser um al bumi n ( 67) , E . col i 0-
gal act osi dase ( 116) , cl at hr i n ( 180) , and t hyr ogl obul i n ( 335) . Mol ec-

ul ar wei ght s, x 10- ' .
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36 cl at hr i n t r i mer s ( 7) t hi s cor r esponds t o 7 . 2 nM cages .
Cl at hr i n i s l i kel y t o be pr esent at t hi s or hi gher concent r at i ons
i n cel l s .

Nucl eot i de Requi r ement s f or Cl at hr i n Rel ease

f r om Cages

The i ni t i al r at e of cl at hr i n r el ease vi a t he pur e uncoat i ng
pr ot ei n was measur ed as a f unct i on of t he concent r at i on of
ATP ( Fi g . 6 B) . A doubl e r eci pr ocal pl ot of t he dat a ( Fi g. 6 B,
i nset ) yi el ded a K, n of 0 . 9 pM( 19) .

Of al l t he nucl eot i des t est ed ( Tabl e 11) , ATP was uni quel y
ef f ect i ve. Ot her r i bonucl eot i des and deoxy- ATP di d not sub-
st i t ut e f or ATP, even at mi l l i mol ar l evel s, at whi ch poi nt
t r aces of cont ami nat i ng ATP become si gni f i cant . Subst ant i al
cl at hr i n r el ease was obser ved wi t h 1 mMof t wo nonhydr ol yz-
abl e anal ogues AMP- PNP and ATP- y- S ( but not AMP- PCP) .
The abi l i t y of t hese t wo anal ogues t o r el ease cl at hr i n was
l ar gel y r esi st ant t o hexoki nase and gl ucose t r eat ment ( Tabl e
11) under condi t i ons i n whi ch added r adi oact i ve ATP i s quan-
t i t at i vel y conver t ed t o ADP ( dat a not shown) . Thi s suggest s
t hat t he obser ved r el ease i s a di r ect ef f ect of t he anal ogues
and not t r aces of cont ami nat i ng ATP. ADP and AMP wer e
i nact i ve .

pH Dependence of Cl at hr i n Rel ease

Because bot h coat ed vesi cl es and cl at hr i n cages ar e known
t o di ssoci at e spont aneousl y on exposur e t o pH l evel s 7 . 5 and
above ( 15, 16, 40, 43, 46, 47) , t he pH dependence of spont a-
neous and ATP- dependent cl at hr i n r el ease f r omempt y cages
and coat ed vesi cl es was car ef ul l y i nvest i gat ed . Spont aneous
r el ease of cl at hr i n f r omempt y cages i ncubat ed i n t he absence
of ATP was qui t e subst ant i al above pH 7 . 0 ( Fi g . 7A, open
ci r cl es) . Rel ease i n t he pr esence of ATP i ncr eased r api dl y
above pH 6 . 6 ( Fi g . 7A, cl osed ci r cl es) . The ATP- dependent
component of r el ease ( Fi g . 7A, i nset ) was maxi mal bet ween

30
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Dependence of cl at hr i n r el ease on subst r at e concent r a-

t i ons . ( A) Concent r at i on of cages . Assays cont ai ned 0. 75 Wg of

uncoat i ng ATPase and t he i ndi cat ed l evel of ' H- empt y cages ( 5780

cpm/ gg) . ( 8) Concent r at i on of ATP. Assays cont ai ned 0. 5 ug of

uncoat i ng ATPase, 10 pg' H- empt y cages ( 17, 500 cpm) and t he

i ndi cat ed l evel of ATP. The i nset shows a r epl ot of t he dat a accor d-

i ng t o t he met hod of Li neweaver and Bur k ( 18) .
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TABLE I I

Nucl eot i de Speci f i ci t y of Cl at hr i n Rel ease f r om Cages

Each r esul t i s t he aver age of t wo i ndependent assays cont ai ni ng 0. 5 ug of

pur i f i ed uncoat i ng ATPase and 10, ug of ' H- empt y cages . Cl at hr i n r el eased

under var i ous condi t i ons i s expr essed as a f r act i on of t he amount r el eased

i n a par al l el cont r ol i ncubat i on cont ai ni ng 100 pMATP.

* I ncubat i ons cont ai ned 10 U/ ml hexoki nase and 5 mMgl ucose i n addi t i on

t o 1, 000 gM of t he i ndi cat ed nucl eot i de or anal ogue .
= Not det er mi ned .
' Cont r ol exper i ment s showed t hat 1 mMATP- PNP di d not i nhi bi t t he abi l i t y

of t he hexoki nase/ gl ucose cockt ai l t o degr ade as l i t t l e as 1 uM ATP i n 30 s
at 37 ° C.

pH 6 . 8 and 7 . 2 . The pH dependence of cl at hr i n r el ease f r om
coat ed vesi cl es was si mi l ar t o t hat obser ved wi t h empt y cages,
except t hat f or coat ed vesi cl es r el ease i n t he absence of ATP
di d not become subst ant i al unt i l pH 7 . 4 and above ( Fi g . 78) .
The dat a i n Fi g. 7B r ef l ect i ni t i al r at es of cl at hr i n r el ease and
t hus di f f er somewhat f r om our pr evi ous dat a on t he pH
dependence of cl at hr i n r el ease ( r ef er ence 23, Fi g. 2) wher e t he
ext ent of r el ease was measur ed at t he var i ous pH val ues.

Dependence of Cl at hr i n Rel ease upon

Monoval ent and Di val ent Cat i ons

A br oad opt i mum was obser ved f or KCl ( Fi g . 8A) , and
r el ease was st i mul at ed by i ncl udi ng up t o 10 mM( NH4) 2SO4
( Fi g . 8 B, f i l l ed ci r cl es) . Thi s was an ef f ect of NH4' and not

S04
2- as NH4Cl gave si mi l ar r esul t s ( Fi g. 8B, open ci r cl es) .

Si nce r el ease assays cont ai ned no membr anes, t he ef f ect of
NH4' di d not i nvol ve any change i n pH gr adi ent s . Rat her ,
st i mul at i on was di r ect and pr obabl y i ndependent of t he wel l
known mechani sms ( 6) by whi ch NH4 ' act s i n vi vo .

Mg" was i nhi bi t or y >1 mM( Fi g. 9) . However , Mg" was
onl y r equi r ed i n amount s about equi val ent wi t h ATP ( ATP
was 50 j uM i n Fi g . 9) , suggest i ng t hat t he maj or r ol e pl ayed
by Mg" l i es i n i t s chel at i on t o ATP. Manganese was si mi l ar
al t hough i nhi bi t i on began at 0 . 5 mMand was mor e pr eci pi -

t ous . Cal ci um i on di d not subst i t ut e f or Mg" at any concen-

t r at i on .

Pr oper t i es of Cl at hr i n Rel eased f r om Cages vi a

Uncoat i ng ATPase

What i s t he ol i gomer i c st at e of t he cl at hr i n r el eased f r om
cages vi a t he uncoat i ng pr ot ei n and ATP? At one ext r eme,
cl at hr i n coul d be r el eased as f r agment s of cages t hat si mpl y

do not sedi ment under t he r at her ar bi t r ar y condi t i ons em-

pl oyed i n t he assay . At t he ot her ext r eme, an ATP- dependent

pr ocess coul d r el ease cl at hr i n as monomer s r at her t han as t he
t r i mer s ( " t r i skel i ons" ) pr oduced when physi cal - chemi cal con-
di t i ons f avor spont aneous cage di sassembl y .

Nucl eot i de 10 uM 100 AM

Concent r at i on

1, 000 YM

1, 000 , UMpl us

hexoki nase and

gl ucose*

ATP 0. 95 111 1 . 05 <0 . 05

dATP 0. 12 0. 05 ND* ND

GTP <0 . 05 0. 16 0. 12 <0 . 05

CTP <0 . 05 0. 23 0. 16 <0 . 05

UTP <0. 05 0. 07 0. 06 <0 . 05

ADP <0 . 05 <0 . 05 0. 12 <0 . 05

AMP <0. 05 <0 . 05 <0 . 05 <0 . 05

AMP- PNP <0 . 05 <0 . 05 0. 59 0. 32§

AMP- PCP <0 . 05 <0 . 05 <0. 05 <0 . 05

ATP- y- S <0 . 05 <0 . 05 0. 32 0. 20
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FI GURE 7 pH Dependence of t he i ni t i al r at e of uncoat i ng . ( A)
Empt y cages . Assays i n whi ch t he buf f er C was adj ust ed t o t he
i ndi cat ed pH val ue cont ai ned 0 . 7 Ag of uncoat i ng ATPase and 10

' cg of 3 H- empt y cages ( 45, 000 cpm) . For pH val ues bel ow pH 6 . 8,
t he HEPES i n buf f er C was r epl aced by 20 mMPI PES t i t r at ed t o t he
appr opr i at e pH. Cont r ol exper i ment s showed t hat PI PES i t sel f di d

not af f ect t he assay . I ncubat i ons at 37° C f or 5 mi n wer e car r i ed out
i n t he pr esence of 50 kM ATP ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" ) or t he pr esence of 10 U/ ml
hexoki nase and 5 mM gl ucose ( O) . The i nset shows t he net , ATP-

dependent por t i on of t he cl at hr i n r el ease ( t he di f f er ence bet ween

t he t wo cur ves) . ( B) Coat ed vesi cl es . Assays i n whi ch t he buf f er C
was adj ust ed t o t he i ndi cat ed pH val ue cont ai ned 1 . 2 j i g of un-
coat i ng ATPase and 10 Ag of coat ed vesi cl es . For pH val ues bel ow
pH 6 . 8, t he HEPES i n buf f er C was r epl aced by 20 mMMES t i t r at ed
t o t he appr opr i at e pH. Cont r ol exper i ment s showed t hat MI ES i t sel f

di d not af f ect t he assay . I ncubat i ons at 37° C f or 10 mi n wer e car r i ed
out i n t he pr esence of 50 gMATP and an ATP r egener at i ng syst em

( " ) or t he pr esence of 10 U/ ml hexoki nase and 5 mMgl ucose ( O) .

Rel ease of cl at hr i n i nt o t he super nat ant was quant i t at ed by SI DS
PAGE and densi t omet r y as descr i bed i n t he l egend t o Fi g. 5 . Cl at hr i n
r el ease i n t he pr esence of ATP but no uncoat i ng enzyme di d not
di f f er si gni f i cant l y f r om t hat obser ved i n t he pr esence of uncoat i ng
enzyme but no ATP.

Two l i nes of evi dence demonst r at e t hat t he end pr oduct of
ATP- dependent r el ease i s a t r i mer of cl at hr i n . Fi r st , t he
r el eased cl at hr i n el ut ed f r omSephar ose 4B as a symmet r i cal
peak i n t he posi t i on of cl at hr i n t r i skel i ons ( Fi g . 10, f i l l ed
ci r cl es) . Second, when mat er i al i n t hi s peak was exami ned i n
t he el ect r on mi cr oscope af t er r ot ar y shadowi ng ( 38) onl y
t r i mer i c st r uct ur es wer e obser ved ( Fi g. 11) .

To our sur pr i se, t hese ATP- r el eased t r i mer s cont ai ned st oi -
chi omet r i c amount s of bound uncoat i ng ATPase. About hal f
of t he uncoat i ng pr ot ei n ( Fi g . 10, open ci r cl es) co- el ut ed wi t h
t he cl at hr i n t r i mer s, evi dent l y bound t o t hem. The r at i o of

uncoat i ng ATPase monomer t o cl at hr i n heavy chai n det er -

mi ned by scanni ng gel s of t hese f r act i ons was const ant acr oss

t he cl at hr i n peak ( Fi g . 10, i nset ) . A st oi chi omet r y of about
1 . 4 70, 000- mol - wt uncoat i ng pr ot ei n f or ever y 180, 000- mo1-

wt cl at hr i n heavy chai n can be cal cul at ed f r om t hese dat a,

assumi ng t hat t he t wo speci es st ai n equal l y per uni t of mass
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FI GURE 8

	

Ef f ect s of monoval ent cat i ons . ( A) Ef f ect of KCI . Assays

i n whi ch t he KCI concent r at i on of t he buf f er C was adj ust ed t o t he

i ndi cat ed l evel cont ai ned 0 . 75 yg of uncoat i ng ATPase and 10 ug

3 H- empt y cages ( 40, 900 cpm) . ( B) Ef f ect of ammoni um. Assays i n

whi ch t he ( NH, ) 2SOa concent r at i on of t he buf f er C was adj ust ed t o

t he i ndi cat ed l evel cont ai ned 0 . 75 wg uncoat i ng ATPase and 10 wg
' H- empt y cages ( 40, 900 cpm) . The open ci r cl es show t he 3 H-

cl at hr i n r el ease obser ved when NHa CI was subst i t ut ed f or

( N H, ) 2 50, at t he 10- and 20- mMl evel s .

FI GURE 9

	

Requi r ement f or di val ent cat i ons . Assays i n whi ch t he

st andar d 2 mMMg( CH, COO) 2 i n t he buf f er C was r epl aced wi t h

t he i ndi cat ed l evel of Mg( CH3 000) z (" ) , MnCl 2 ( p) , or CaCl 2 ( A)

cont ai ned 0 . 7 Wg of uncoat i ng ATPase and 10 t r g' H- empt y cages

( 39, 300 cpm) . Assays l abel ed " 0 mM" di val ent cat i on cont ai ned 2

mMEDTA.
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FI GURE 10

	

Separ at i on of t he pr oduct s of an uncoat i ng r eact i on on

Sephar ose 4B. Unl abel ed empt y cages ( 4 . 3 mg/ ml ) wer e i ncubat ed

wi t h uncoat i ng ATPase ( 1 . 3 mg/ ml ) and 0 . 7 mMATP and an ATP

r egener at i ng syst em ( 22) i n a t ot al vol ume of 0 . 35 ml of buf f er B f or

30 mi n at 37° C. The r eact i on was st opped by addi t i on of hexoki nase

and gl ucose and cent r i f uged at 95, 000 gzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� , f or 10 mi n i n t he ai r f uge .

The super nat ant ( cont ai ni ng 90%of t he added pr ot ei n) was appl i ed

t o a 1- x- 30- cm col umn of Sephar ose 413 equi l i br at ed i n buf f er B

and el ut ed at 2 . 1 ml / h at 4° C whi l e col l ect i ng 0. 26- ml f r act i ons . An

100- wl al i quot of each f r act i on was pr eci pi t at ed wi t h 10%t r i chl o-

r oacet i c aci d i n t he pr esence of 0 . 2%Tr i t on X- 100 as car r i er . The

r edi ssol ved, neut r al i zed pr eci pi t at es wer e el ect r ophor esed on 10%

pol yacr yl ami de gel s and t he cont ent of cl at hr i n ( 180, 000- mol - wt

band) and uncoat i ng ATPase ( 70, 000- mol - wt band) i n each f r act i on

was quant i t at ed f r om densi t omet er t r aci ngs of t he Coomassi e-

st ai ned gel s . The ver t i cal ar r ows i ndi cat e t he peak el ut i on posi t i ons

of sever al r ef er ence st andar ds whi ch wer e ( f r om l ef t t o r i ght ) :

pur i f i ed cal f br ai n coat ed vesi cl es chr omat ogr aphed i n buf f er A

( V. ) , aut hent i c cl at hr i n t r i skel i ons chr omat ogr aphed i n buf f er F,

uncoat i ng ATPase chr omat ogr aphed i n buf f er B, and ATP chr omat -

ogr aphed i n buf f er B ( VI ) . The i nset shows t he r at i o of st ai n i n t he

uncoat i ng ATPase band t o st ai n i n t he cl at hr i n heavy chai n band i n

t he col umn f r act i ons, expr essed as a mol ar r at i o ( i . e . , nor mal i zed t o

mol ecul ar wei ght s) .

wi t h Coomassi e Bl ue . The cl at hr i n l i ght chai ns al so co- el ut ed
wi t h t he heavy chai ns, and wer e r ecover ed i n t he expect ed
amount s ( 1 mol l i ght chai n per mol e heavy chai n) . Al t hough
t he i ncubat i on anal yzed i n Fi g. 10 cont ai ned 0 . 3 Wg of un-
coat i ng ATPase/ Ag cl at hr i n bef or e gel f i l t r at i on, t he i nput
r at i o of uncoat i ng pr ot ei n t o cl at hr i n coul d be var i ed over t he
r ange of 0 . 05 t o 0 . 4 wi t hout subst ant i al l y changi ng t he r esul t
( dat a not shown) .

I t i s pr obabl y si gni f i cant t hat t he cl at hr i n t r i mer s wi t h
st oi chi omet r i c amount s of bound uncoat i ng pr ot ei n el ut ed
f r om Sephar ose 4B i n t he same pl ace as f r ee t r i skel i ons .
Evi dent l y, t he uncoat i ng pr ot ei n i s posi t i oned i n t he compl ex
so as t o mi ni mal l y per t ur b i t s shape . Though t he appear ance
of t he compl ex i n t he el ect r on mi cr oscope ( Fi g . 11) was si mi l ar
t o t hat al r eady publ i shed f or f r ee t r i skel i ons ( 16, 39) , r el eased
t r i mer s not i nf r equent l y had a bul ge at t hei r ver t ex, possi bl y
r epr esent i ng bound uncoat i ng ATPase ( Fi g. 11, ar r ows) . Thi s
posi t i on at t he ver t ex i s t he same r egi on al r eady document ed
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as t he l ocat i on of t he cl at hr i n l i ght chai ns ( 17, 42) . However ,
t r i skel i ons pr epar ed by st andar d chemi cal met hods di d not
show such a bul ge, even t hough t hei r f ul l compl ement of l i ght
chai ns was pr esent ( dat a not shown) .

Pr oper t i es of Rel eased Cl at hr i n Compl exes

Can uncoat i ng ATPase- cl at hr i n compl exes spont aneousl y
assembl e i nt o cl osed cages, as f r ee t r i skel i ons do? Compl exes
wer e di al yzed agai nst buf f er A under our st andar d condi t i ons
f or t he r econst i t ut i on of empt y cages and t hen sedi ment ed i n
t he ai r f uge. About hal f t he pr ot ei n assembl ed i nt o st r uct ur es
t hat coul d be pel l et ed ( Tabl e I I I ) . These st r uct ur es appear ed
as l ar ge amor phous ext ended aggr egat es r at her t han cl osed
cages when vi ewed i n t he el ect r on mi cr oscope ( not shown) as
i n ear l i er exper i ment s ( 23) .

The aggr egat es wer e ver y unst abl e under assay condi t i ons .
Mor e t han 85%di ssoci at ed upon i ncubat i on i n assay buf f er
( buf f er C) f or 10 mi n at 37° C. By cont r ast , onl y 37%of empt y
cages di ssoci at ed under t he same condi t i ons ( Tabl e I 1I ) . Mor e
t han hal f of t he aut hent i c cl at hr i n cages sur vi ved t wo succes-
si ve i ncubat i ons ; onl y 10% of t he aggr egat es of uncoat i ng
pr ot ei n- cl at hr i n compl exes wer e t hi s st abl e . I ndeed, t he smal l
f r act i on of aggr egat es t hat wer e st abl e t o r epeat ed i ncubat i ons
cont ai ned essent i al l y no uncoat i ng ATPase ( Tabl e 111) and
t hus r epr esent ed a subpopul at i on per haps equi val ent t o pur e
cl at hr i n .

These exper i ment s showt hat t he compl exes l ack t he abi l i t y
of cl at hr i n t o f or m r egul ar , cl osed cages at pH 6 . 2, and t hat
at neut r al pH t he compl exes have l i t t l e or no t endency t o sel f -
associ at e . I n f act , uncoat i ng ATPase- cl at hr i n compl exes i n-
t er f er e wi t h t he abi l i t y of f r ee t r i skel i ons t o assembl e pr oper l y .
Cages and aggr egat es el ect r ophor ese di f f er ent l y i n agar ose gel s
( Fi g . 12, compar e l anes Dand E) , as r epor t ed ear l i er ( 23) .
When mi xt ur es of compl exes and t r i skel i ons wer e di al yzed
i nt o pH 6 . 2 assembl y buf f er , t he t wo speci es co- pol ymer i zed
i nt o aggr egat es of i nt er medi at e el ect r ophor et i c mobi l i t y whose
val ue was det er mi ned by t hei r cont ent of enzyme- cl at hr i n
compl exes ( Fi g . 12, compar e l anes B, Cand D) . Evi dent l y
t he compl exes can i nt er act wi t h t r i skel i ons at aci di c pH, but
do so i n a def ect i ve manner .

These dat a wi t h pur i f i ed uncoat i ng ATPase conf i r m t he
behavi or document ed i n our ear l i er r epor t ( 23) f or cl at hr i n
r el eased f r om coat ed vesi cl es by ATP and cr ude br ai n cyt osol
and di scussed i n t er ms of an ATP- dependent " modi f i cat i on"
of cl at hr i n' s assembl y pr oper t i es. I t now appear s l i kel y t hat
t hi s " modi f i cat i on" of cl at hr i n consi st s of t he noncoval ent
bi ndi ng of st oi chi omet r i c amount s of t he uncoat i ng pr ot ei n
dur i ng ATP- dependent r el ease . However , we have not yet
est abl i shed whet her di ssoci at i on of t he bound uncoat i ng pr o-
t ei n r est or es nat i ve assembl y pr oper t i es t o cl at hr i n. I t i s not
i nconcei vabl e t hat addi t i onal ATP- dependent changes i n t he
cl at hr i n t r i mer may be pr esent as wel l and account f or t he
modi f i ed assembl y pr oper t i es .

DI SCUSSI ON

Thi s paper descr i bes t he pur i f i cat i on f r om bovi ne br ai n of a
70, 000- mol - wt pol ypept i de t hat can di ssoci at e cl at hr i n coat s
i n an ATP- dependent f ashi on. As shown i n t he next paper ,
t hi s uncoat i ng pr ot ei n hydr ol yzes ATP i n t he pr ocess of
uncoat i ng. To connot e t hese pr oper t i es, we have named t hi s
pr ot ei n " uncoat i ng ATPase . " Uncoat i ng ATPase pr esumabl y
f aci l i t at es i nt r acel l ul ar t r anspor t i n cel l s t hr ough i t s act i on



TABLE I I I

Rel at i ve St abi l i t y of Cl at hr i n Cages and Aggr egat es of

Cl at hr i n- uncoat i ng Pr ot ei n Compl exes

Mol ar r at i o of 70, 000-

mol - wt uncoat i ng pr o-

t ei n t o 180, 000- mol

Per cent of

	

wt cl at hr i n heavy

sedi ment abl e pr ot ei n

	

chai n

Compl exes of uncoat i ng pr ot ei n and r el eased cl at hr i n wer e i sol at ed, pool ed,
and pr eci pi t at ed as descr i bed under Fi gs . 10 and 11, except t hat t he
( NH4) 2 SO4 pel l et was r edi ssol ved i n buf f er F . Fr ee t r i skel i ons wer e pr epar ed
i n par al l el by di ssoci at i on of st andar d empt y cages i n buf f er F . Each sampl e
was di l ut ed t o 1 mg/ ml pr ot ei n and di al yzed agai nst buf f er A f or 16 h at 4° C
t o f or m ei t her cages ( f r om f r ee t r i skel i ons) or aggr egat es ( f r om uncoat i ng
pr ot ei n- cl at hr i n compl exes) . Sedi ment at i on i n t he ai r f uge and t he f i r st i ncu-
bat i on i n buf f er C wer e as descr i bed under Mat er i al s and Met hods f or
pr ei ncubat i on of cages . The second i ncubat i on was f or 5 mi n at 37° C, and
had 0 . 1 mg/ ml of cages or aggr egat es i n buf f er C.

upon cl at hr i n . We have al so det ect ed t hi s act i vi t y i n cyt osol
f r omr at and bovi ne l i ver , pr i mar y chi ck embr yo f i br obl ast s,
Chi nese hamst er ovar y cel l s, Dr osophi l a Kc cel l s, and yeast
( dat a not shown) . We have at t empt ed t o demonst r at e un-
coat i ng act i vi t y i n membr ane f r act i ons, but have not det ect ed
any ( dat a not shown) .

Sever al l i nes of evi dence i mpl y t hat t he maj or 70, 000- mol -
wt pol ypept i de chai n i n our pr epar at i ons i s act i ve i n uncoat -

FI GURE 11

	

El ect r on mi cr ogr aphs of uncoat i ng

ATPase- cl at hr i n compl exes . The compl exes

wer e pr epar ed by Sephar ose 4B chr omat ogr a-
phy as i n Fi g . 10 . The f r act i ons cont ai ni ng com-
pl exes wer e pool ed, concent r at ed by pr eci pi -
t at i on wi t h ( NH4 ) 2 SO4 ( 50%of sat ur at i on) , and

di ssol ved i n buf f er B. The mol ar r at i o of 70, 000-
mol - wt uncoat i ng pr ot ei n t o 180, 000- mol - wt

cl at hr i n was 1 . 1 i n t hi s sampl e, as det er mi ned

by densi t omet r y of a Coomassi e- st ai ned SI DS

pol yacr yl ami de gel . Sampl es wer e dr i ed f r om

gl ycer ol , r ot ar y shadowed wi t h pl at i numas de-

scr i bed by Tyl er and Br ant on ( 37) , vi ewed i n
t he el ect r on mi cr oscope, and phot ogr aphed at
a magni f i cat i on of 146, 000 . Ar r ows i ndi cat e a
bul ge seen at t he ver t ex of some of t he t r i ske-
l i ons, possi bl y r epr esent i ng bound uncoat i ng
ATPase .

FI GURE 12 Agar ose gel el ect r ophor esi s of cages, aggr egat es of

uncoat i ng pr ot ei n- cl at hr i n compl exes, and mi xt ur es . Compl exes

wer e i sol at ed, pool ed, and pr eci pi t at ed as descr i bed i n Fi gs . 10 and
11, except t hat t he ( NH4 ) 2 SO4 pel l et was di ssol ved i n 10 mM Tr i s-

HCI ( pH 8 . 0) . The r at i o of 70, 000- mol - wt uncoat i ng pol ypept i de t o
180, 000- mol - wt cl at hr i n was 1 . 5 i n t hi s pr epar at i on . St andar d t r i s-
kel i ons i n 10 mMTr i s- HCI ( pH 8) wer e mi xed i n var yi ng pr opor t i ons

wi t h uncoat i ng pr ot ei n- cl at hr i n compl exes t o achi eve a f i nal con-
cent r at i on of 0 . 5 mg/ ml , and t hen di al yzed agai nst buf f er A f or 16
h at 4° C. Assembl ed st r uct ur es wer e pel l et ed by cent r i f ugat i on at
95, 000 g, , f or 10 mi n i n t he ai r f uge, r esuspended i n buf f er A, and
15 - Ag sampl es wer e l oaded ont o a 0 . 15%agar ose gel and el ect r o-

phor esed at 4° C f or 40 h at 0. 75 V/ cm as descr i bed by Rubenst ei n

et al . ( 30) . The gel was ai r dr i ed ont o What man 3 MMpaper and
t hen st ai ned wi t h Coomassi e R- 250 . ( Lanes B, C, D, and E) St r uct ur es
assembl ed f r om mi xt ur es cont ai ni ng 25%, 50%, 100%, and 0%
uncoat i ng pr ot ei n- cl at hr i n compl exes, r espect i vel y . ( Lane A) A con-
t r ol i n whi ch st andar d t r i skel i ons wer e di al yzed i n t he pr esence of
1 mg/ ml bovi ne ser um al bumi n .
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St ep Cages Aggr egat es Cages Aggr egat es

Bef or e di al ysi s 0 0 0 1 . 4

Af t er di al ysi s 70 53 0 1 . 2

Af t er f i r st i ncu- 44 . 5 8 . 9 0 0 . 6

bat i on

Af t er second 38 . 6 5 . 7 0 <0 . 1

i ncubat i on



i ng. Fi r st , t hi s pol ypept i de enr i ches wi t h act i vi t y dur i ng t he
pur i f i cat i on ( Fi g . 3) and coi nci des wi t h act i vi t y on Sephacr yl
S- 300 gel f i l t r at i on ( Fi g . 4) ; al t hough whet her t he monomer
or di mer or bot h r epr esent s t he pr i mar y act i ve f or mr emai ns
t o be det er mi ned. Second, t hi s same 70, 000- mol - wt pr ot ei n
i s bound i n mol ar amount s t o t he r el eased cl at hr i n ( Fi g. 10) .
Thi s same pol ypept i de i s al so sel ect i vel y bound i n st oi chi o-
met r i c amount s f r om cr ude cyt osol t o coat ed vesi cl es dur i ng
t hei r uncoat i ng ( see Fi g. 1, r ef er ence 23) , Thi r d, as i l l ust r at ed
i n t he accompanyi ng paper , t hi s 70, 000- mol - wt pol ypept i de
has an ATP bi ndi ng si t e whose af f i ni t y and speci f i ci t y i s t he
same as t hat of t he ATP- dependent act i vi t y t hat r el eases
cl at hr i n . Four t h, st abl e compl exes of ATP wi t h t hi s pr ot ei n
can be pr epar ed ; t he ATP i n t hi s compl ex i s pr ompt l y hydr o-
l yzed when cl at hr i n cages ar e added ( 5) .

I t was because of i t s sur pr i si ng abundance t hat we wer e
especi al l y concer ned t o est abl i sh t hat we had i ndeed pur i f i ed
t he r i ght pr ot ei n. About 4 mg of uncoat i ng ATPase wer e
obt ai ned f r om - 500 gm of cal f br ai n wi t h an appar ent yi el d
of 7 %. I t can be cal cul at ed t hat t hi s cor r esponds t o - 115 mg
of uncoat i ng pr ot ei n per ki l i gr am of br ai n t i ssue, r oughl y
0 . 1 %of t ot al pr ot ei n . By way of compar i son, Pear se ( 24, 25)
est i mat es t hat cl at hr i n al so compr i ses - 0 . 1 %of bovi ne br ai n
pr ot ei n . One possi bl e expl anat i on f or t he appr oxi mat e equi v-
al ence of uncoat i ng ATPase and cl at hr i n i s t hat much of
cl at hr i n i n cel l s i s sequest er ed i n t he f or m of uncoat i ng
ATPase- cl at hr i n compl exes ( as i dent i f i ed i n Fi g. 10) r at her
t han i n coat ed pi t s or coat ed vesi cl es . Thi s " sol ubl e" f or mof
cl at hr i n may be t he pool used i n assembl i ng coat ed vesi cl es .
Louvar d et al . ( 20) have r ecent l y pr esent ed i mmunocyt o-
chemi cal evi dence f or j ust such a pool . Exper i ment s ar e i n
pr ogr ess t o det er mi ne whet her cl at hr i n i n a sol ubl e pool i s
associ at ed wi t h uncoat i ng ATPase.

The uncoat i ng pr ot ei n was pur i f i ed on t he basi s of i t s abi l i t y
t o di ssoci at e cl at hr i n cages i n an ATP- dependent f ashi on . The
pur e pr ot ei n r et ai ns t he capaci t y of cr ude cyt osol ( 23) t o
uncoat coat ed vesi cl es . However , f ur t her dat a wi l l be r equi r ed
t o det er mi ne whet her t hi s r epr esent s t he pr ot ei n' s maj or
act i vi t y i n i nt act cel l s . Concei vabl y, however , t hi s pr ot ei n may
f unct i on i n cel l s i n ot her capaci t i es. For exampl e, ext ensi ve
r ear r angement of cl at hr i n l at t i ces ( such as t r ansi t i ons f r om
hexamer s t o pent amer s) may need t o occur dur i ng coat ed
vesi cl e buddi ng ( 12) . The pr ot ei n we have pur i f i ed may cat a-
l yze such r ear r angement s i n addi t i on t o ( or even i nst ead of )
i t s post ul at ed r ol e i n uncoat i ng.

The endpr oduct of ATP- dependent uncoat i ng, medi at ed
by t he uncoat i ng ATPase ( " enzymat i c" uncoat i ng) , i s a cl at h-
r i n t r i mer ; cl at hr i n t r i mer s ar e al so r el eased by per t ur bat i ons
i n physi cal - chemi cal condi t i ons, such as changes i n pH
( " spont aneous" uncoat i ng) . The pr oduct s of enzymat i c and
spont aneous uncoat i ng di f f er i n t hat t he f or mer cont ai ns
bound uncoat i ng ATPase and does not sel f - assembl e i nt o
r egul ar cages, wher eas t he l at t er l acks accessor y pr ot ei n and
assembl es cor r ect l y .

The condi t i ons i n t he cl at hr i n r el ease assay wer e sel ect ed
t o maxi mi ze t he ATP- dependent r el ease of cl at hr i n f r om an
empt y cage subst r at e by any gi ven amount of uncoat i ng
ATPase. The r el at i ve ef f i ci enci es of coat ed vesi cl es and cl at h-
r i n cages as subst r at es i n t he assay may par t l y r ef l ect t hi s
sel ect i on . I n addi t i on, we do not yet know whet her al l of t he
event s i nvol ved i n t he uncoat i ng pr ot ei n- f aci l i t at ed di sassem-
bl y of a cage ar e enzymat i c . For exampl e, i t may be t hat onl y
a f ew ATP- dependent enzymat i c " hi t s" ar e needed t o br eak
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t he cage i nt o i nher ent l y unst abl e f r agment s t hat t hen di sso-
ci at e spont aneousl y i nt o t r i skel i ons . The r at es of t hese spon-
t aneous, secondar y di ssoci at i ons woul d depend upon pr evai l -
i ng condi t i ons such as pH and di val ent cat i on concent r at i on
( 14- 16, 42, 45, 46) so t hat t he number of enzymat i c " hi t s"
needed t o di sassembl e a cage mi ght be gr eat er t he mor e
i nher ent l y st abl e t he cage . Al t er nat i vel y, or i n addi t i on, cl at h-
r i n t r i skel i ons di ssoci at ed at onl y one or t wo of t he t hr ee l egs
may snap back i nt o t he cage st r uct ur e, i ncr easi ng t he number
of hi t s needed t o ef f ect a compl et e r el ease . Condi t i ons i ncr eas-
i ng cage st abi l i t y coul d sl ow r el ease due t o bot h of t hese
ef f ect s, per haps expl ai ni ng why cl at hr i n i s r el eased mor e
sl owl y f r om coat ed vesi cl es t han f r om empt y cl at hr í n cages
( Fi g . 5) , and why l ower pH and hi gher Mg" sl ow t he r at e of
r el ease ( Fi gs . 7 and 9) . The empt y cages used cont ai n onl y
cl at hr i n and l i ght chai ns and wi l l be l ess st abl e t han coat ed
vesi cl es whose cl at hr i n i s addi t i onal l y hel d i n pl ace by i nt er -
act i ons wi t h ot her coat pr ot ei ns ( such as t he 100, 000- mol - wt
pol ypept i de f ami l y) and t he vesi cl e membr ane . Cl ear l y, how-
ever , i nt act membr ane per meabi l i t y bar r i er s ar e not r equi r ed
f or uncoat i ng, si nce t r eat ment of coat ed vesi cl es wi t h Tr i t on
X- 100 has l i t t l e ef f ect on t hi s pr ocess ( Fi g . 5) .

I s t he uncoat i ng " ATPase" i n f act an enzyme? As i l l ust r at ed
i n t he next paper , t he uncoat i ng pr ot ei n i s l i t er al l y an enzyme
i n t he sense t hat a si ngl e uncoat i ng pr ot ei n can hydr ol yze
hundr eds of mol ecul es of ATP, especi al l y under condi t i ons
t hat st abi l i ze cages agai nst spont aneous di ssoci at i on . But i t
woul d al so appear , at l east super f i ci al l y, t hat t he uncoat i ng
pr ot ei n i s consumed dur i ng uncoat i ng, as i t can be r ecover ed
st oi chi omet r i cal l y bound t o cl at hr i n ( Fi g . 10) . I t seems onl y
r easonabl e t o assume t hat t he uncoat i ng pr ot ei n act s i n r e-
peat ed r ounds of di ssoci at i on i n cel l s . We do not yet know i f ,
under t he condi t i ons we have empl oyed i n vi t r o, each un-
coat i ng ATPase can onl y par t i ci pat e i n onl y one r ound or
whet her i t i s r ecycl ed .

El uci dat i on of t he pr oper t i es of t he compl ex of cl at hr i n and
uncoat i ng ATPase t hat can now be i sol at ed i n mi l l i gr am
quant i t i es ( Fi g . 10) shoul d hel p cl ar i f y t hi s i ssue . Thi s compl ex
may be t he car r i er of cl at hr i n i n t he cyt opl asm. Addi t i onal
component s may be needed t o r ecycl e uncoat i ng ATPase
f r om compl exes, f r eei ng t he cl at hr i n f or assembl y . I f l ocat ed
on membr anes, t hese component s mi ght ser ve t o ensur e an
ef f i ci ent coupl i ng of cl at hr i n assembl y t o vesi cl e buddi ng .
Usi ng t he compl exes as subst r at es, i t may now be possi bl e t o
const r uct f unct i onal assays t o sear ch such f or t he mol ecul es
i nvol ved i n l at er st eps i n t he cl at hr i n- coat ed vesi cl e cycl e .

We t hank Dar r el l Dobber t i n f or hi s hel p wi t h t he el ect r on mi cr os-
copy, and Ephr ai m Racker f or pr ovi di ng dur amyci n .

Thi s wor k was suppor t ed by Nat i onal I nst i t ut es of Heal t h gr ant
GM25662 and was ai ded i n par t by gr ant s f r om t he Jane Cof f i n
Chi l ds Memor i al Foundat i on and t he Hel en Hay Whi t ney Founda-
t i on . Davi d Schl ossman was a post doct or al f el l ow of t he Hel en Hay
Whi t ney Foundat i on . Wi l l i am Br ael l was a post doct or al f el l ow of t he
Jane Cof f i n Chi l ds Memor i al Foundat i on .
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