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T
HE def i ni t i on of cel l ul ar or ganel l es has evol ved over
t he l ast hundr ed year s l ar gel y dr i ven by mor phol ogi c
obser vat i ons, but mor e r ecent l y has been suppl ement ed

and compl ement ed by f unct i onal and bi ochemi cal st udi es
( Pal ade, 1975) . Thus, or ganel l es ar e now i dent i f i ed bot h by
t hei r mor phol ogy and by t he set of component s t hat compr i se
t hem. Det er mi ni ng howor ganel l e i dent i t y i s est abl i shed and
mai nt ai ned and how newl y synt hesi zed pr ot ei n and mem-
br ane ar e sor t ed t o di f f er ent or ganel l es ar e t he cent r al i ssues
of or ganel l ogenesi s . Essent i al t o t he many cel l ul ar f unct i ons
t hat t ake pl ace wi t hi n t he cent r al vacuol ar syst em ( whi ch
consi st s of t he ER, Gol gi appar at us, secr et or y vesi cl es, endo-
somes, and l ysosomes) i s membr ane t r af f i c whi ch medi at es
t he exchange of component s bet ween di f f er ent or ganel l es .
Ther e ar e t wo cr i t i cal char act er i st i cs of membr ane t r af f i c .
Fi r st , onl y cer t ai n set s of or ganel l es exchange membr ane and
t he pat t er ns of t hi s exchange def i ne what ar e cal l ed mem-
br ane pat hways . Second, mul t i pl e pat hways i nt er sect at spe-
ci f i c poi nt s wi t hi n t he cent r al vacuol ar syst em. For speci f i c
component s t o " choose" t he cor r ect pat hway at such poi nt s
of cr ossi ng, mechani sms exi st t o i mpose choi ces on speci f i c
mol ecul es . Thi s pr ocess i s cal l ed sor t i ng .

The char act er i st i cs of each or ganel l e wi t hi n t he cent r al vac-
uol ar syst emar e l i kel y t o be i nt i mat el y t i ed t o t he pr oper t i es
of membr ane t r af f i c . An i mbal ance i n t he magni t ude of mem-
br ane i nput i nt o and egr ess f r oman or ganel l e woul d have
pr of ound ef f ect s on t he si ze of t hat compar t ment . I n addi t i on,
f ai l ur es i n sor t i ng or aber r at i ons i n t ar get i ng pat hways woul d
be expect ed t o pr of oundl y af f ect t he i dent i t y of i ndi vi dual or -
ganel l es . Recent l y, t he r el at i onshi p bet ween t he cont r ol of
membr ane t r af f i c and t he mai nt enance of or ganel l e st r uct ur e
has been i nvest i gat ed wi t h t he use of a r emar kabl e dr ug, br e-
f el di n A ( BFA) . ' I n t hi s r evi ew we wi l l summar i ze r ecent
f i ndi ngs wi t h BFA and pr opose some specul at i ve model s
concer ni ng t he mechani smand r egul at i on of membr ane t r af -
f i c wi t hi n t he cent r al vacuol ar syst em.

BFAAff ect s t he Ear l y Secr et or y Pat hway

I nhi bi t i on of Pr ot ei n Secr et i on

BFA i s a macr ocycl i c l act one synt hesi zed f r om pal mi t at e
( C, 6) by a var i et y of f ungi ( Har r i et al . , 1963) . I t s st r uct ur e,
al ong wi t h t hose of sever al BFA der i vat i ves i s shown i n

1 . Abbr evi at i ons used i n t hi s paper : ARF, ADP r i bosyl at i on; BFA, br ef el di n

A; man I I , mannosi dase I I ; TGN, t r ans- Gol gi net wor k .
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Fi g . 1 . Al t hough i ni t i al l y i sol at ed and char act er i zed as an
ant i vi r al ant i bi ot i c ( Tamur a et al . , 1968) , BFA' s ut i l i t y f or
cel l bi ol ogi st s began wi t h t he r ecogni t i on t hat i n BFA- t r eat ed
cel l s, pr ot ei n secr et i on i s i nhi bi t ed at an ear l y st ep i n t he
secr et or y pat hway ( Oda et al . , 1987; Takat suki and Tamur a,
1985 ; Mi sumi et al . , 1986) . That t he bl ock occur r ed i n a pr e-
Gol gi compar t ment was suppor t ed by i mmunof l uor escence
and el ect r on mi cr oscope obser vat i ons demonst r at i ng t hat
secr et or y and membr ane pr ot ei ns wer e r et ai ned i n t he ER
of BFA- t r eat ed cel l s ( Fuj i war a et al . , 1988 ; Li ppi ncot t -
Schwar t z et al . , 1989 ; Yamashi na et al . , 1990) . Sever al
st udi es subsequent l y have used BFA as a speci f i c i nhi bi t or
of membr ane t r anspor t , addr essi ng quest i ons r el at ed t o cl ass
I ant i gen pr esent at i on ( Nucht er n et al . , 1989) , t oxi n t r ans-
por t ( Yoshi da et al . , 1990 ; Hudson and Gr i l l o, 1991 ; Sandvi g
et al . , 1991) , ER degr adat i on ( Kl ausner et al . , 1990) , and
t he l ocal i zat i on of gl ycosami nogl ycan el ongat i on and sul f a-
t i on r eact i ons ( Spi r o et al . , 1991) .

Di sassembl y of t he Gol gi Appar at us and I t s Mi xi ng
wi t h t he ER

Al t hough newl y synt hesi zed pr ot ei ns appear ed t o be r et ai ned
i n t he ER of BFA- t r eat ed cel l s, f ur t her bi ochemi cal char -
act er i zat i on of t hese pr ot ei ns r eveal ed t he sur pr i si ng r esul t
t hat t hese pr ot ei ns become pr ocessed by Gol gi enzymes ( Li p-
pi ncot t - Schwar t z et al . , 1989 ; Doms et al . , 1989) . Mor e-
over , ERr esi dent gl ycopr ot ei ns t hemsel ves showed evi dence
of Gol gi pr ocessi ng, becomi ng endo H r esi st ant i n BFA-
t r eat ed cel l s ( Li ppi ncot t - Schwar t z et al . , 1989 ; Ul mer and
Pal ade, 1989) . An expl anat i on f or t hese par adoxi cal r esul t s
i s t hat wi t hi n 1 h of BFAt r eat ment , t he Gol gi enzyme mar k-
er s mannosi dase I I ( man I I ) and t hi ami ne pyr ophosphat ase
appear ed wi t hi n bot h r et i cul ar and ci st er nal el ement s of
t he ER as wel l as wi t hi n t he nucl ear envel ope ( Li ppi ncot t -
Schwar t z et al . , 1989 ; Fuj i war a et al . , 1989) . I ndeed, no r ec-
ogni zabl e Gol gi st acks wer e obser ved i n t he BFA- t r eat ed
cel l s . Ot her mar ker s of t he Gol gi appar at us i ncl udi ng t he en-
zyme gal act osyl t r ansf er ase ( l ocal i zed pr edomi nant l y t o
t r ans- Gol gi ci st er nae) , a Gol gi l i pi d mar ker , NBD- cer ami de,
and newl y synt hesi zed VSV G pr ot ei n passi ng t hr ough t he
Gol gi compl ex al l wer e shown t o r edi st r i but e i nt o t he ER
i n t he pr esence of BFA ( Li ppi ncot t - Schwar t z et al . , 1990,
1991x ; St r ous et al . , 1991 ; Young et al . , 1991 ; Doms et al . ,
1989 ; Ul mer and Pal ade, 1991) . I n cont r ast , component s of

t he t r ans- Gol gi net wor k ( TGN) di d not r edi st r i but e i nt o t he
ER ( Li ppi ncot t - Schwar t z et al . , 1991b ; Wood et al . , 1991 ;
Chege and Pf ef f er , 1990) .
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Fi gur e 1 . BFA anal ogues . Der i vat i ves of BFA wer e synt hesi zed
by Dr . Andr ew Gr eene ( Joseph Four i er Uni ver si t y, Gr enobl e,
Fr ance) . At concent r at i ons bet ween . 05 and 1 ug/ ml , onl y BFA,

wi t h i t s def i ned st er eospeci f i ci t y at chi r al car bons 4 and 7, causes
OCOP di ssoci at i on and Gol gi di sassembl y i n NRK cel l s .

Membr ane Tubul es as " I nt er medi at es" i n t he
Absor pt i on of Gol gi Membr ane i nt o t he ER

The mor phol ogi cal event s t hat char act er i ze t he br eakdown
of t he Gol gi appar at us and i t s r edi st r i but i on i nt o t he ER i n
BFA- t r eat ed cel l s have been st udi ed i n det ai l , r eveal i ng a r ol e
of membr ane t ubul es i n t hi s pr ocess ( Li ppi ncot t Schwar t z et
al . , 1990) . Wi t hi n mi nut es of addi ng BFA t o cel l s at 37° C,
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Gol gi mar ker s ar e no l onger l ocal i zed by i mmunof l uor es-
cence mi cr oscopy t o a compact , per i nucl ear ci st er nal st r uc-
t ur e. Gol gi ci st er nae appear f i r st t o swel l and t hen t o ext end
l ong t ubul ar pr ocesses out t o t he cel l per i pher y ( Fi g . 2 A) .
Tubul es buddi ng f r omswol l en Gol gi ci st er nae dur i ng BFA-
t r eat ment ar e uni f or ml y 90 nmi n di amet er wi t h no appar ent
cyt opl asmi c " coat mat er i al associ at ed wi t h t hem ( Li ppi n-
cot t - Schwar t z et al . , 1990) . That t he Gol gi - der i ved t ubul es
ext end al ong mi cr ot ubul es i s suppor t ed by t hei r absence i n
cel l s t r eat ed wi t h dr ugs t hat depol ymer i ze mi cr ot ubul es ( Li p-
pi ncot t - Schwar t z et al . , 1990) . Af t er 10 mi n of BFA t r eat -
ment at 37° C Gol gi t ubul es ar e no l onger vi si bl e and Gol gi
mar ker s i nst ead showa punct at e- r et i cul ar di st r i but i on r epr e-
sent i ng t hei r st eady- st at e mi xi ng wi t h t he ER. The t ubul es
t hus appear t o be i nt er medi at es i n t he movement of Gol gi
membr ane i nt o t he ER.

Char act er i zat i on of BFA- i nduced Ret r ogr ade
Tr anspor t f r om Gol gi Membr ane t o ER

Al t hough BFA- i nduced Gol gi - der i ved t ubul es appear t o ex-
t end al ong mi cr ot ubul es, r edi st r i but i on of Gol gi i nt o t he ER
dur i ng BFA t r eat ment does not have an absol ut e r equi r ement
f or mi cr ot ubul es, but t he pr ocess i s si gni f i cant l y sl owed i n
t hei r absence ( Li ppi ncot t - Schwar t z et al . , 1990) . Reduced
t emper at ur es and ATPdepl et i on i nhi bi t t ubul e f or mat i on and
r et r ogr ade t r anspor t of Gol gi membr ane i nt o t he ER i n BFA-
t r eat ed cel l s . Mi nor modi f i cat i ons of t he st r uct ur e of BFA ab-
r ogat e t hese cel l ul ar ef f ect s i ncl udi ng der i vat i zat i on of ei t her
of t he t wo hydr oxyl gr oups or changi ng t he st er eoposi t i oni ng
of t he C4 or C7 hydr oxyl ( Fi g . 1) . Rel at i vel y l owconcent r a-
t i ons ( 200 nM) of BFA ar e suf f i ci ent f or i nhi bi t i ng pr ot ei n
secr et i on and di sr upt i on of t he Gol gi appar at us . These
ef f ect s ar e r api dl y and compl et el y r ever sed by r emovi ng t he
dr ug ( Li ppi ncot t - Schwar t z et al . , 1989, 1991x ; Fuj i war a et
al . , 1989 ; Ul mer and Pal ade, 1989) . The di t er pene, f or sko-
l i n, has been shown t o i nhi bi t and even r ever se BFA' s mor -
phol ogi c ef f ect s on t he Gol gi appar at us as wel l as r ever se
BFA' s bl ock of pr ot ei n secr et i on by a CAMP- i ndependent
mechani sm ( Li ppi ncot t - Schwar t z et al . , 1991x) .

The Ef f ect s of BFAAr e Not Li mi t ed t o t he
Gol gi Appar at us

Al t hough car t oons of t he cent r al vacuol ar syst em of t en di s-
pl ay many or ganel l es as vacuol es, car ef ul exami nat i on has
r eveal ed t hat t hey ar e mor e apt l y r ef er r ed t o as t ubul ovesi cu-
l ar st r uct ur es ( Geuze et al . , 1983) . One st udy r epor t ed t hat
t he endosomal syst emr epr esent s a cont i nuous anast omosi ng
t ubul ar r et i cul um, mor e r emi ni scent of t he ER t han of di s-
cr et e vacuol es ( Hopki ns et al . , 1990) . Mor e r ecent l y, Tooze
and Hol l i nshead ( 1991) have demonst r at ed t ubul ar ear l y en-
dosomal net wor ks i n a var i et y of cel l s . Even cl assi cal l y de-
scr i bed vacuol ar l ysosomes may appear as t ubul ar st r uct ur es
i n cer t ai n cel l s or under cer t ai n condi t i ons ( Swanson et al . ,
1987) . The Gol gi appar at us, l i kewi se, has been obser ved t o
ext end t ubul ar pr ocesses ( Cooper et al . , 1990) and was
shown by t hr ee- di mensi onal r econst r uct i ons t o compr i se
t ubul ar and vesi cul ar el ement s i n addi t i on t o f l at t ened ci st er -
nae ( Rambour g and Cl er mont , 1990) . I n f act , t he changes
i n sur f ace t o vol ume r at i os t hat t ake pl ace as a st r uct ur e
t r ansf or ms f r om a vesi cl e t o a t ubul e may pr ovi de a par t i al
expl anat i on f or t he sor t i ng of cont ent and membr ane t hat oc-

1072



cur s i n t he endocyt i c pat hway ( Geuze et al . , 1983, 1984) .
One of t he hal l mar ks of t he mor phol ogi cal ef f ect s of BFA on
t he Gol gi appar at us i s t he r api d and dr amat i c i nduct i on of
t ubul es . Recent st udi es have shown t hat t hese ef f ect s of BFA
ar e not l i mi t ed t o t he Gol gi appar at us . Membr ane t ubul es i n-
duced by BFA have been obser ved f or per i pher al or ganel l es
i ncl udi ng endosomes, l ysosomes, and t he TGN ( Li ppi ncot t -
Schwar t z et al . , 1991b ; Wood et al . , 1991 ; Hunzi ker et al . ,
1991) ( Fi g. 2) . El ect r on mi cr oscopi c exami nat i on of endo-
some t ubul es i nduced by BFA r eveal s l ong t ubul ar pr ocesses
of - 90 nmi n di amet er emanat i ng f r omt he cent r i ol e r egi on
of t he cel l . BFA- i nduced t ubul es der i ved f r om endosomes,
l ysosomes, and TGN do not co- l ocal i ze wi t h Gol gi t ubul es
wi t hi n t he cel l ( Li ppi ncot t - Schwar t z et al . , 1991b) . Never -
t hel ess, i n many cel l s t he same concent r at i ons of BFAi nduce
bot h Gol gi t ubul es and t ubul es of t he per i pher al or ganel l es .
I n addi t i on, onl y anal ogues of BFA t hat ar e act i ve on t he
Gol gi appar at us pr oduce t he per i pher al or ganel l e t ubul es
( Li ppi ncot t - Schwar t z et al . , 1991b) . As wi t h Gol gi - der i ved
t ubul es, t ubul es gener at ed f r om per i pher al or ganel l es by
BFA ar e i nhi bi t ed by t r eat ment of cel l s wi t h AI R. ( see be-
l ow) or by l ower i ng t he t emper at ur e, and cannot be obser ved
i n t he absence of i nt act mi cr ot ubul es ( Li ppi ncot t - Schwar t z
et al . , 1991b ; Wood et al . , 1991) .

Ef f ect of BFP on Membr ane Tr af f i c

Membr ane Dynami cs of t he Mi xed ERI Gol gi Syst em
of BFA- t r eat ed Cel l s

One of t he most cl ear - cut ef f ect s of addi ng BFA t o cel l s i s
t he t i ght bl ock of membr ane t r af f i c out of t he ER. A mor e
descr i pt i ve st at ement i s t hat BFA i nhi bi t s t he ant er ogr ade
movement of membr ane beyond t he mi xed ER/ Gol gi syst em.
Whi l e i nhi bi t i ng one pat h of membr ane t r af f i c ( t hat i nt o t he
Gol gi appar at us) , BFAappear s t o enhance a second pat hway,
t he movement of Gol gi membr ane i nt o t he ER. A gr owi ng
body of evi dence suppor t s t he not i on t hat t her e i s a nor mal
r et r ogr ade pat hway f r omt he Gol gi appar at us ( or some par t
of i t ) back t o t he ER ( Pel ham, 1988 ; Dean and Pel ham,
1990 ; Li ppi ncot t - Schwar t z et al . , 1990 ; Hsu et al . , 1991) .
Thus, i t i s possi bl e t hat t r anspor t i nt o t he ERi nduced by BFA
r epr esent s enhanced t r af f i cki ng t hr ough t hi s nor mal r et r o-
gr ade pat hway as a r esul t of t he absor pt i on of Gol gi pr ot ei n
and membr ane component s i nt o t hi s pat hway . We do not
know whet her al l t r af f i c out of t he ER st ops i n t he pr esence
of BFA. I ndeed, i t has been suggest ed t hat membr ane t r af f i c
wi t hi n t hi s mi xed syst em cont i nues i n t he pr esence of BFA
wi t h pr ot ei ns not i nt r i nsi cal l y r et ai ned wi t hi n t he ER bei ng
f r ee t o l eave t he ER, onl y t o be r api dl y r et ur ned t o i t vi a t he
enhanced r et r ogr ade pat hway ( Li ppi ncot t - Schwar t z et al . ,
1990) .

Recept or - medi at ed Recycl i ng i n BFA- t r eat ed Cel l s

Recent obser vat i ons on t he ef f ect s of BFA on per i pher al or -
ganel l es i ncl udi ng endosomes and l ysosomes i ndi cat e t hat
membr ane t r anspor t , al t hough al t er ed, st i l l cont i nues i n t he
pr esence of BFA. The abi l i t y t o cycl e Tf and t o ext r act i t s
i r on r emai ns l ar gel y unper t ur bed i n BFA- t r eat ed cel l s
( Li ppi ncot t - Schwar t z et al . , 1991b) , al t hough t he di st r i bu-
t i on of r ecycl i ng mannose 6- phosphat e r ecept or s on t he
pl asma membr ane i ncr eases sever al f ol d ( Damke et al . ,

Kl ausner et al . Br ef el di n A' s Ef f ect s on Or ganel l e St r uct ur e and Tr agi c

1991 ; Wood et al . , 1991) . Despi t e t he dr amat i c t ubul at i on of
t he ear l y endosome syst em i n BFA- t r eat ed cel l s, t her ef or e,
t hi s i s not i ncompat i bl e wi t h cont i nued membr ane t r af f i c . As
ment i oned above, i n t he pr esence of BFA t he ear l y en-
dosomal syst embecomes dr amat i cal l y and st abl y t ubul at ed
i nt o an anast omosi ng and possi bl y cont i nuous r et i cul um
( Li ppi ncot t - Schwar t z et al . , 1991b ; Wood et al . , 1991) . De-
spi t e t hi s mor phol ogi cal change, t he abi l i t y t o cycl e t r ansf er -
r i n and t o ext r act i t s i r on r emai ns l ar gel y unper t ur bed ( Li p-
pi ncot t - Schwar t z et al . , 1991b) . The mor phol ogi cal changes
i nduced by BFA ar e not , t her ef or e, i ncompat i bl e wi t h con-
t i nued membr ane t r af f i c t hr ough t hese compar t ment s .

Membr ane Tr af fi c Pat hways That Ar e I nhi bi t ed by BFA

Just as t r anspor t of newl y synt hesi zed pr ot ei ns i nt o t he Gol gi
appar at us i s i nhi bi t ed by BFA, not al l t r af f i c pat hways usi ng
t he endosomal syst emr emai n f unct i onal i n t he pr esence of
BFA . Thi s has been most cl ear l y demonst r at ed by t he st udi es
of Lowet al . ( 1991) and Hunzi ker et al . ( 1991) who exami ned
t he abi l i t y of a pol ar i zed epi t hel i al cel l t o car r y out secr et i on
and t r anscyt osi s . Low et al . ( 1991) demonst r at ed t hat i n
MDCK cel l s, wher e t he Gol gi appar at us but not t he en-
dosomal syst em i s r esi st ant t o l ow concent r at i ons of BFA,
pr ot ei n secr et i on at t he api cal sur f ace i s i nhi bi t ed by BFA
whi l e basol at er al secr et i on i s enhanced . Usi ng MDCK cel l s
i n cul t ur e, Hunzi ker et al . ( 1991) demonst r at ed t hat I gA can
be t aken up f r omt he basol at er al sur f ace i n a nor mal f ashi on
i n t he pr esence of BFA, but i t s r el ease at t he api cal sur f ace
i s i nhi bi t ed . I nt er nal i zed I gA was r ecycl ed t o t he basol at er al
sur f ace t hr ough a t ubul at ed or ganel l ar syst emi n BFA- t r eat ed
cel l s . Anal ysi s of t he l ocat i on of t he BFA bl ock of t r anscyt o-
si s suggest ed a f ai l ur e t o speci f i cal l y sor t out of and l eave t he
basol at er al , r ecycl i ng endosomal syst em ( Hunzi ker et al . ,
1991) .

One pat hway out of t he ear l y endosomal syst em l eads t o
l ysosomes . I t has been shown t hat BFA can cause l ysosomes
t o ext end l ong t ubul es i n a mi cr ot ubul e- dependent f ashi on
( Heuser , J. 1989. J. Cel l Bi ol . 109 : 238a . ; Li ppi ncot t -
Schwar t z et al . , 199l b) . When t he f at e of f l ui d phase mar ker s
t aken up by endocyt osi s was f ol l owed mor phol ogi cal l y i n
BFA- t r eat ed cel l s, a si gni f i cant i nhi bi t i on i n t he del i ver y of
t hese mar ker s t o l ysosomes was obser ved ( Li ppi ncot t -
Schwar t z et al . , 1991b) . Endocyt osed pr ot ei ns, dest i ned f or
l ysosomes, can be bi ochemi cal l y char act er i zed by t he f act
t hat t hey ar e degr aded by l ysosomal hydr ol ases. Si nce BFA
onl y sl i ght l y i nhi bi t s t he degr adat i on of t hese pr ot ei ns ( Mi s-
umi et al . , 1986 ; Li ppi ncot t - Schwar t z et al . , 1991) t he BFA
bl ock bet ween t he endosomal and l ysosomal syst ems may be
onl y par t i al and/ or t he degr adat i on mi ght r epr esent t he ac-
t i on of l ysosomal hydr ol ases i n pr el ysosomal st r uct ur es .

The ef f ect of BFAon t he di st r i but i on of t wo di f f er ent com-
ponent s of t he TGN, a 38- kD gl ycopr ot ei n ( Luzi o et al . ,
1990) and t he mannose 6 phosphat e r ecept or has al so been
exami ned ( Li ppi ncot t - Schwar t z et al . , 1991b ; Wood et al . ,
1991) . I n t he pr esence of BFA, bot h pr ot ei ns ent er mem-
br ane t ubul es bef or e est abl i shi ng a new st eady- st at e di st r i bu-
t i on t hat i s ei t her mi xed i nt o or communi cat es wi t h t he ear l y
endosomal syst em. Thi s l at t er concl usi on i s based upon ( a)
t he abi l i t y t o accumul at e TGN 38 ant i body i nt r acel l ul ar l y
i nt o r egi ons of t he cel l whi ch co- di st r i but e wi t h ant i gen i n
t he pr esence, but not t he absence of BFA ( Li ppi ncot t -
Schwar t z et al . , 1991b) and ( b) co- l ocal i zat i on of mannose
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6 phosphat e- cont ai ni ng t ubul es i nduced by BFAwi t h l uci f er
yel l ow i nt er nal i zed by cel l s f or 5 mi n at 37 ° C ( Wood et al . ,
1991) .

Bi ochemi cal Changes I nduced by BFA: Towar ds
a Model of BFAAct i on

Rel ease of t he Per i pher al 110- kDPr ot ei n/ OCOPf r om
Gol gi Membr anes by BFA

The i nabi l i t y t o mai nt ai n t he st r uct ur e and i dent i t y of t he
Gol gi appar at us i n t he pr esence of BFA r ai sed t he quest i on
of whet her BFAi nt er f er es wi t h t he assembl y and/ or f unct i on
of st r uct ur al el ement s of t he Gol gi appar at us . To f ur t her char -
act er i ze pr oxi mal changes i n t he Gol gi appar at us i nduced by
BFA, Donal dson et al . ( 1990) t est ed by i mmunof l uor escence
whet her any cyt osol i c pr ot ei ns whi ch ar e speci f i cal l y associ -
at ed wi t h t he Gol gi appar at us ar e r el eased upon addi t i on of
BFA. One pr ot ei n of 110- kDpr ot ei n ( Al l an and Kr ei s, 1986) ,
now known as O- COP ( Duden et al . , 1991 ; Ser af i ni et al . ,
1991b) , was f ound t o r api dl y r edi st r i but e f r oma Gol gi - l i ke
pat t er n i nt o a di f f use, cyt osol i c pat t er n upon BFA t r eat ment .
Redi st r i but i on i s det ect abl e as ear l y as 20 s af t er BFA addi -
t i on at 37 ° C and i s compl et e by 1 t o 2 mi n, t hus pr ecedi ng
t he movement of Gol gi membr ane i nt o t he ER. Upon r e-
moval of BFA, O- COP r api dl y r eassoci at es wi t h Gol gi mem-
br ane . Fur t her mor e, condi t i ons t hat i nhi bi t movement of
Gol gi membr ane i nt o t he ERdur i ng BFA t r eat ment , namel y
l ower ed t emper at ur e and mi cr ot ubul e depol ymer i zat i on, do
not i nhi bi t t he r api d cyt osol i c r edi st r i but i on of O- COP

Associ at i on of O- COPwi t h Gol gi Membr anes I s
Regul at ed by Quani ne Nucl eot i des

Many st udi es have suppor t ed t he i nvol vement of GTP-
bi ndi ng pr ot ei ns i n membr ane t r af f i c ( f or r evi ews see Bal ch,
1990 ; and Bour ne, 1988) . The ef f ect s of guani ne nucl eot i des
on t he BFA- i nduced O- COP r edi st r i but i on wer e exami ned i n
f i l t er per f or at ed, semi - i nt act cel l s ( Donal dson et al . , 199l b) .
As i n i nt act cel l s, t r eat ment of semi - i nt act cel l s wi t h BFA
al one causes t he r api d r el ease of O- COP and movement of
Gol gi membr ane i nt o t he ER. Pr et r eat ment of t he cel l s wi t h
GTP, yS, a nonhydr ol yzabl e anal og of GTP, i nhi bi t s t hese
ef f ect s . I f , on t he ot her hand, BFA i s added f i r st , subsequent
addi t i on of GTPyScannot i nhi bi t BFA' s ef f ect s . GTPyS t r eat -
ment by i t sel f has l i t t l e ef f ect on t he i mmunof l uor escence di s-
t r i but i on of O- COP The abi l i t y of GTPyS t o i nhi bi t BFA ac-
t i on can be abr ogat ed by addi ng GTPand i s mi mi cked by t he
addi t i on of AI FQ i n pl ace of GTPyS. Whi l e GTPyS r e-
qui r es cel l per meabi l i zat i on t o be ef f ect i ve, Al F, - , an act i -
vat or of het er ot r i mer i c G pr ot ei ns ( Gi l man, 1987) , i s al so
ef f ect i ve i n i nt act cel l s ( Mel angon et al . , 1987; Donal dson
et al . , 1991b) .

A model was pr oposed f or t he r egul at ed cycl i ng of O- COP
bet ween t he membr ane and t he cyt osol wher eby O- COP r ap-
i dl y associ at es/ di ssoci at es wi t h Gol gi membr ane, r equi r i ng
GTP t o bi nd t o t he membr ane and GTP hydr ol ysi s t o be

r el eased f r omt he membr ane . The or der of addi t i on exper i -
ment s ( descr i bed above) appear most compat i bl e wi t h t he
si t e of BFA sensi t i vi t y bei ng t he associ at i on st ep. The mem-
br ane/ cyt osol cycl e of 0- COP char act er i zed i n t hese i m-
munof l uor escence st udi es usi ng ant i bodi es t o t he 110ÁD
pr ot ei n was r emar kabl y si mi l ar t o t hat pr evi ousl y pr oposed
by Rot hman, Or ci and col l eagues f or t he i nt er act i on of non-
cl at hr i n Gol gi - associ at ed coat pr ot ei ns wi t h t he Gol gi ap-
par at us ( Or ci et al . , 1989) . Thi s was t he basi s, t her ef or e, f or
compar i ng t he sequence of t he 110- kD pr ot ei n r ecogni zed by
t he ant i body of Kr ei s ( Al l an and Kr ei s, 1986 ; Duden et al . ,
1991) wi t h t hat der i ved i ndependent l y f r om t he 110- kD
subuni t of t he pur i f i ed Gol gi coat ( Ser af i ni et al . , 1991b) .
The t wo sequences pr oved t o be i dent i cal , so t he 110- kDpr o-
t ei n i s nowr ef er r ed t o as O- COP f or t he Osubuni t of t he non-
cl at hr i n Gol gi coat pr ot ei n compl ex ( Duden et al . , 1991;
Ser af i ni et al . , 1991b) . Recent l y, t he associ at i on of f l - COP
wi t h Gol gi membr anes was i nvest i gat ed wi t h par t i al l y
pur i f i ed CHO Gol gi membr anes and cyt osol ( Or ci et al . ,
1991 ; Donal dson et al . , 1991x) . Associ at i on of O- COP wi t h
Gol gi membr anes i s dependent upon t he addi t i on of ATP, i s
enhanced wi t h GTPyS and Ál Fá ( Donal dson, 1991x) and
i s i nhi bi t ed by BFA, but not by i nact i ve BFA anal ogues ( Or ci
et al . , 1991 ; Donal dson, 1991x) . Thus, t he i n vi t r o syst em
mi mi cs t he ef f ect s of bot h GTPyS and t he " or der of addi t i on"
exper i ment s i n i nt act and semi - i nt act cel l s .

BFAAl so I nhi bi t s t he Associ at i on of ADP
Ri bosyl at i on Fact or wi t h Gol gi Membr anes

ADP r i bosyl at i on f act or s ( ARF) ar e a f ami l y of l ow mol ecu-
l ar wei ght GTP bi ndi ng pr ot ei ns di st i nct f r omt he r as, r ab,
and r ho f ami l i es of pr ot ei ns ( Kahn et al . , 1991) . St udi es i n
yeast wi t h Sacchar omyces cer evi si ae have demonst r at ed t he
i mpor t ance of ARF i n secr et i on ( St eams et al . , 1990x) and
ARF, l i ke O- COP, i s pr i mar i l y l ocal i zed t o t he Gol gi appar a-
t us i n mammal i an cel l s ( St eams et al . , 1990b) and r ecent l y
has been i dent i f i ed as a component of Gol gi - der i ved non-
cl at hr i n- coat ed vesi cl es ( Ser af i ni et al . , 199 l a) . Li ke O- COP,
t he addi t i on of BFA t o cel l s r esul t s i n t he r api d r edi st r i but i on
of ARF t o a cyt osol i c pat t er n, whi ch can be r ever sed by t he
r emoval of t he dr ug. Usi ng t he i n vi t r o bi ndi ng assay ( Donal d-
son et al . , 1991x) , bi ndi ng of ARF t o Gol gi membr anes i s
enhanced i n t he pr esence of GTPyS, i nhi bi t ed by BFA and
when gi ven i n combi nat i on, t he or der of addi t i on det er mi nes
t he r esponse . Unl i ke O- COP, however , ARF bi ndi ng i s not
enhanced by A1F4 - ( Donal dson et al . , 1991x) .

Pbssi bl e Rol e of Tl r i mer i c GPr ot ei ns i n Regul at i ng
Membr ane Assembl y of BFA- sensi t i ve Coat Pr ot ei ns

A possi bl e expl anat i on f or t he di f f er ent i al ef f ect s of Al F4_
and GTPyS on ARF and O- COP bi ndi ng was suggest ed by
r ecent exper i ment s whi ch demonst r at ed t hat , wher eas al l
t est ed t r i mer i c G pr ot ei ns ar e sensi t i ve t o AI F4- , i ncl udi ng
Gs , Gq , and G, ( Gi l man, 1987) , none of t he exami ned l ow
mol ecul ar wei ght GTPbi ndi ng pr ot ei ns, i ncl udi ng ARF, ar e

Fi gur e 2 . Membr ane t ubul at i on i s a hal l mar k of BFA act i on on Gol gi , l ysosomes, and endosomes . I mmunof l uor escent st ai ni ng of t he Gol gi
appar at us ( usi ng ant i bodi es t o man I I ) ( A) , l ysosomes ( usi ng ant i bodi es t o LGP120) ( B) , and endosomes ( usi ng i nt er nal i zed Tf ) ( D) , i n
cel l s t r eat ed wi t h BFA f or 5 mi n ( A) or 30 mi n ( B and D) . I n ( C) , Tf - l oaded cel l s t r eat ed wi t h BFA f or 30 mi n wer e i mmunoper oxi dase
l abel ed and exami ned by EM. The el ect r on mi cr ogr aph was ki ndl y pr ovi ded by Lydi a Yuan .
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sensi t i ve t o t hi s agent ( Kahn, 1991) . These obser vat i ons sug-
gest t hat Al F4_may be a usef ul di scr i mi nat or bet ween het -
er ot r i mer i c Gpr ot ei ns and l ow mol ecul ar wei ght GTPbi nd-
i ng pr ot ei ns. Most ef f ect s of t r i mer i c Gpr ot ei ns ar e medi at ed
vi a t he f r ee Ga subuni t s and ar e i nhi bi t ed by t he associ at i on
of Got wi t h ßy subuni t s ( Gi l man, 1987) . Thi s has been t he
basi s f or t he abi l i t y t o speci f i cal l y i nhi bi t Gpr ot ei n medi at ed
ef f ect or f unct i ons by t he addi t i on of pur i f i ed exogenous G' 3,
subuni t s ( Nor t hup et al . , 1983 ; Okabe et al . , 1990) . Addi -
t i on of pur i f i ed ßy subuni t s of Gpr ot ei ns t o t he i n vi t r o bi nd-
i ng assay i nhi bi t s bot h GTP- yS- and AI F, - i nduced bi ndi ng
of ß- COP ( Donal dson et al . , 1991x) . Addi t i on of Go, al so
i nhi bi t s t he GTPyS- i nduced bi ndi ng of ARF t o t he mem-
br anes . The ext ent of t he i nhi bi t i on of bi ndi ng of ARF and
ß- COPobser ved wi t h Gß- y was si mi l ar t o t hat obser ved wi t h
BFA. The i mpl i ed r ol e of a het er ot r i mer i c Gpr ot ei n i n r eg-
ul at i ng i nt r acel l ul ar t r af f i c i s i nt r i gui ng. The l ocal i zat i on of
a speci f i c G pr ot ei n, Gi . 3, t o t he Gol gi appar at us has been
r epor t ed ( Er col ani et al . , 1990) , and St ow et al . ( 1991) have
shown t hat over expr essi on of GO r esul t s i n an i nhi bi t i on of
t he secr et i on of a pr ot eogl ycan . Cur r ent dat a suggest t hat t he
assembl y of cyt osol i c pr ot ei ns on and of f Gol gi membr ane
i s a pr ocess cont r ol l ed by one or mor e membr ane- bound t r i -
mer i c Gpr ot ei ns . One possi bl e si t e, consi st ent wi t h t he ob-
ser vat i ons, i s t hat BFA i nhi bi t s ei t her t he act i vat i on of t he t r i -
mer i c Gpr ot ei n or t he coupl i ng of Gpr ot ei n t o ef f ect or , t hus
pr event i ng t he associ at i on of ARF and ß- COP wi t h Gol gi
membr ane .

Based on bot h ki net i c and phar macol ogi c dat a, t he i nhi bi -
t i on of bi ndi ng of coat pr ot ei ns t o Gol gi membr anes seems
t o be t he most pr oxi mal ef f ect of BFA on t hi s or ganel l e . I t
i s of si gni f i cance t hat t he Gol gi appar at us i n some cel l s ap-
pear s t o be r esi st ant t o t he ef f ect s of BFA ( Ki st aki s et al . ,
1991 ; Hunzi ker et al . , 1991 ; Lowet al . , 1991 ; Sandvi g et al . ,
1991) . I n bot h Pt K1 cel l s ( Ki st aki s et al . , 1991) and MDCK
cel l s ( Hunzi ker et al . , 1991) t he associ at i on of ß- COP wi t h
t he Gol gi appar at us i s not changed wi t h BFA t r eat ment . How
t he Gol gi appar at us of t hese cel l s i s made r esi st ant t o t he
ef f ect s of BFA i s an open quest i on . Ki st aki s et al . ( 1991)
showed usi ng per meabi l i zed cel l s and cel l f usi on exper i -
ment s t hat t he Pt K1 r esi st ance phenot ype i s a pr oper t y of
Gol gi membr anes r at her t han of a cyt osol i c f act or .

BFA Does Not I nhi bi t I n Vi t r o Gol gi
Ranspor t Assays

The abi l i t y of BFA t o i nhi bi t t he assembl y of cyt osol i c coat
pr ot ei ns ont o membr anes has been exami ned i n t he i n vi t r o
i nt er - Gol gi t r anspor t assay devel oped by Rot hman and col -
l eagues ( Or ci et al . , 1991) . I n t he absence of BFA, t he abi l i t y
t o t r ansf er membr ane bet ween t wo di st i nct set s of Gol gi
st acks r equi r es ATP and cyt osol and i s i nhi bi t ed by GTPyS
( Bal ch et al . , 1984 ; Mel angon et al . , 1987) . I n t he pr esence
of BFA, i nt er - Gol gi membr ane t r ansf er occur s, but i s no
l onger i nhi bi t ed by subsequent addi t i on of GTPyS, whi l e t he
addi t i on of t hese t wo dr ugs i n t he opposi t e or der abr ogat es
t hi s t r ansf er ( Or ci et al . , 1991) . By bot h bi ochemi cal and
mor phol ogi c measur ement s, t he addi t i on of BFA t o Gol gi -
enr i ched membr anes i nhi bi t s t he associ at i on of non- cl at hr i n
coat s ( Or ci et al . , 1991 ; Donal dson et al . , 1991x) . A pot en-
t i al expl anat i on f or t he i n vi t r o " t r anspor t " under BFAcondi -
t i ons was suggest ed by ul t r ast r uct ur al exami nat i on of t he
BFA- t r eat ed membr anes ( Or ci et al . , 1991) . I ncubat i on of
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Al t er nat i ve Mechani sms f or

	

Fi gur e 3 . Two al t er nat i ve
mechani sms f or membr ane
t r anspor t . Tubul es and coat ed
vesi cl es may be al t er nat i ve
pr ocesses i n membr ane t r ans-
por t . Bot h pr ocesses woul d
use a common set of com-
ponent s i n addi t i on t o ot her
component s uni que t o t he
f or mat i on of each st r uct ur e .
Coat ed vesi cl e- medi at ed t r ans-
por t woul d r equi r e membr ane
assembl y of f l COP and ARF
cont ai ni ng coat st r uct ur es and
be sensi t i ve t o GTPyS, whi ch

bi nds coat s i r r ever si bl y . Tu-
bul e- medi at ed t r anspor t woul d
occur i ndependent l y of coat s
but woul d be i nhi bi t ed i f coat s

wer e f i r st bound i r r ever si bl y wi t h GTPyS. Rel ease of coat st r uc-
t ur es by BFA woul d be associ at ed wi t h t ubul e f or mat i on . Con-
t r ol l ed bi ndi ng of BFA- sensi t i ve cyt osol i c coat pr ot ei ns woul d r egu-
l at e t he bal ance bet ween coat ed vesi cl e- and t ubul e- medi at ed
t r anspor t .
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t hese membr anes wi t h cyt osol and an ATP- gener at i ng sys-
t em, i n t he pr esence of BFA, i nduces a st r i ki ng mor phol ogi c
change. St acks of ci st er nae ar e r epl aced by an anast omosi ng
t ubul ar net wor k . The most r easonabl e expl anat i on of t hi s i s
t hat di st i nct Gol gi ci st er nae mi x vi a t he f or mat i on of t hi s net -
wor k . As expect ed, no coat s ar e seen on t he membr anes of
t he net wor k . Ext ended t ubul es, as obser ved i n i nt act or
semi - per meabi l i zed cel l s, ar e not seen, but t hi s woul d not be
expect ed i n t he absence of mi cr ot ubul es .

These r esul t s suggest t hat i n t he pr esence of BFA, wher e
membr ane bi ndi ng of non- cl at hr i n coat s i s i nhi bi t ed, ex-
change of membr ane bet ween t wo or ganel l es occur s, al -
t hough i t s bi ochemi cal and mor phol ogi c char act er i st i cs
change. Ar e t hese ef f ect s onl y seen i n t he pr esence of BFA?
Pr obabl y not . When such i n vi t r o Gol gi t r anspor t assays ar e
per f or med usi ng l ower concent r at i ons of cyt osol , i n t he ab-
sence of BFA, t r anspor t i s i nsensi t i ve t o GTPyS ( Mel angon
et al . , 1987) . The i nhi bi t or y ef f ect of GTPyS i s onl y at t ai ned
as t he concent r at i on of cyt osol i s i ncr eased, suggest i ng t hat
cyt osol cont ai ns i nhi bi t or y f act or ( s) r equi r ed f or GTPyS
sensi t i vi t y . The nat ur e of t hi s i nhi bi t or y f act or i n cyt osol and
t he mor phol ogi c char act er i st i cs of t hese membr anes have
not been r epor t ed .

Membr ane Buddi ng i n t he Absence of Coat s

The i n vi t r o st udi es wi t h BFA descr i bed above suggest t wo
al t er nat i ve model s f or membr ane t r af f i c ( Fi g . 3) . One i s i ni t i -
at ed by t he pr ocess of coat pr ot ei n assembl y and r equi r es
coat di sassembl y whi ch i s i nhi bi t ed by GTPyS. The ot her ,
obser ved wi t h BFA t r eat ment , uses uncoat ed, f usi on-
compet ent membr ane buds and i s not i nhi bi t ed by subse-
quent addi t i on of GTPyS. Si nce f or mat i on of t he Gol gi r et i c-
ul umwi t h BFA i n t he i n vi t r o assay syst em shar ed si mi l ar
phar macol ogi c pr oper t i es t o t hose descr i bed f or BFA-
i nduced Gol gi t ubul es i n i nt act and semi - i nt act cel l s ( Or ci
et al . , 1991 ; Donal dson et al . , 1991b) , i t i s l i kel y t hat t he
mor phol ogi cal change i nduced by BFA obser ved i n vi t r o i s
t he count er par t of t hat seen i n l i vi ng cel l s t r eat ed wi t h BFA.



Coat - medi at ed
buddi ng

Membr ane- medi at ed
buddi ng

et c .

Fi gur e 4. Coat assembl y and membr ane buddi ng . On t he l ef t i s
shown t he coat - medi at ed buddi ng model i n whi ch cyt osol i c coat
pr ot ei ns assembl e ont o t he membr ane and under go a st r uct ur al
t r ansi t i on whi ch pr ovi des t he mechanochemi cal f or ce t o i nduce
buddi ng . I n cont r ast , membr ane- medi at ed buddi ng ( shown on t he
r i ght ) occur s i n t he absence of assembl y of cyt osol i c coat pr ot ei ns .
The bud can ser ve as t he si t e of assembl y of coat pr ot ei ns and/ or
cont i nue t o gr ow as an uncoat ed t ubul e. We pr opose t hat t he t i p,
at al l poi nt s, may be t he assembl y si t e f or coat pr ot ei ns whi ch bot h
caps t he bud/ t ubul e and can t r ansf or mt he encl osed membr ane i nt o
a coat ed vesi cl e .

Rel at i onshi p bet ween Coat ed Vesi cl e For mat i on
and Uncoat ed Tubul e Buddi ng

Agr owi ng body of bi ochemi cal dat a suppor t s t he concl usi on
t hat one ef f ect of BFA ( and per haps i t s onl y physi ol ogi cal l y
r el evant ef f ect ) i s t he i nhi bi t i on of t he assembl y of cyt osol i c
pr ot ei ns ont o t hei r t ar get membr anes . Can we expl ai n t he
mul t i pl e ef f ect s of BFA i n t er ms of t hi s si t e of act i on? The
r egul at ed assembl y/ di sassembl y of cyt osol i c pr ot ei ns ont o
speci f i c membr anes may per f or mmul t i pl e f unct i ons i ncl ud-
i ng t he cont r ol of t ubul at i on, t he assembl y of t r anspor t vesi -
cl es, t he r et ent i on of r esi dent pr ot ei ns, and det er mi ni ng t he
mor phol ogy and l ocal i zat i on of t he or ganel l e. The f ai l ur e t o
assembl e such pr ot ei ns r esul t s i n t he st er eot yped changes de-
scr i bed i n t hi s r evi ew. Per haps t he most pr omi nent mor pho-
l ogi c change i s t he ext ensi on of uncoat ed t ubul es . I f we as-
sume t hat t he ext ensi on of 90- nm t ubul es r esul t s f r om
membr ane buddi ng, t hen such buddi ng must t ake pl ace i n
t he absence of coat pr ot ei n assembl y . Uncoat ed t ubul e bud-
di ng woul d seem, at f i r st gl ance, t o r epr esent a pr ocess t hat
i s f undament al l y di f f er ent f r om coat - medi at ed buddi ng. I n
t he l at t er pr ocess, i t i s pr oposed t hat t he st r uct ur al t r ansi t i on
f r oma f l at membr ane t o a bud i s i nduced by t he mechani cal
f or ces i mposed by coat assembl y and r ear r angement . Ar e
t hese t wo buddi ng pr ocesses, one l eadi ng t o uncoat ed t u-
bul es and t he ot her t o coat ed vesi cl es necessar i l y di f f er ent ?
An al t er nat i ve vi ewi s shown i n Fi g . 4 . Thi s model pr oposes
t hat t he assembl y of coat pr ot ei ns i s not r equi r ed f or buddi ng
but r at her i s super i mposed upon a mor e gener al i zed buddi ng
pr ocess t o ser ve a var i et y of st r uct ur al and r egul at or y r ol es
( Fi g . 4) . Two r egul at or y r ol es of t hese coat s can be envi -
si oned . Fi r st of al l , t he bi ndi ng of coat pr ot ei ns at t he si t es
of buddi ng may sl ow or i nhi bi t membr ane buddi ng and t u-
bul e gr owt h . The gr owt h of t ubul es pr obabl y r equi r es t he at -
t achment of mot or pr ot ei ns t o bot h t he membr ane and

Kl ausner et al . Br ef el di n A' s Ef f ect s on Or ganel l e St r uct ur e and Tr af f i c

75

1077

m
m

m
3
Q

Fi gur e 5. Coat pr ot ei n " t one" and or ganel l e t ubul at i on. The r at e of
assembl y/ di sassembl y of cyt osol i c coat pr ot ei ns ont o t ar get mem-
br anes can al t er . At one ext r eme, BFA i nhi bi t s coat assembl y whi l e
at t he ot her ext r eme, GTPyS l ocks coat pr ot ei ns ont o t he mem-
br ane. The ext ent of t ubul at i on of an or ganel l e i s i nver sel y r el at ed
t o t he l evel of coat assembl y . At t he BFA ext r eme i s an uncoat ed
hi ghl y t ubul at ed st r uct ur e . Ext ensi ve coat assembl y and f ai l ur e t o
di sassembl e i n t he pr esence of GTPyS r esul t s i n t he absence of t u-
bul es and t he pr of usi on of coat ed st r uct ur es . We assume t hat BFA

sensi t i ve or ganel l es exi st bet ween t hese t wo phar macol ogi c ex-
t r emes, demonst r at i ng bot h t ubul at i on and coat assembl y . By r e-
st r i ct i ng t he si t es of buddi ng/ coat assembl y, we r est r i ct t he r egi ons
of coat i ng and t ubul e ext ensi on .

cyt oskel et al el ement s . Coat bi ndi ng mi ght ser ve t o cap t he
t ubul es and pr event t hei r f ur t her gr owt h . Fi ssi on of t hese
capped buds or t ubul es woul d r esul t i n t he f or mat i on of
coat ed vesi cl es . The r at e and ext ent of assembl y of t hese pr o-
t ei ns woul d t her eby det er mi ne t he bal ance bet ween t ubul e
f or mat i on/ ext ensi on and coat ed vesi cl e pr oduct i on . A sec-
ond r egul at or y r ol e woul d be t o pr ovi de speci f i ci t y t o t he
cont ent of t he buddi ng vesi cl es . Thi s of cour se i s a st at ement
of one of t he cr i t i cal f unct i ons of t he cl at hr i n- based coat s
( Pear se and Robi nson, 1990) . I t i s l i kel y t hat sel ect i ve ac-
cumul at i on of speci f i c membr ane component s i nt o buds i s
t he basi s f or sor t i ng st eps wi t hi n t he cent r al vacuol ar syst em.
The essence of t hi s al t er nat i ve buddi ng model shown i n Fi g .
4 i s t hat t he buddi ng pr ocess, per se, does not r equi r e t he as-
sembl y of exogenous coat pr ot ei ns but may r at her be l ar gel y
or uni quel y dr i ven by i nt r i nsi c component s of t he or ganel l e
membr anes .

Tubul e For mat i on : I mpl i cat i ons f or Or ganel l e
St r uct ur e and Dynami cs

The st er eot yped mor phol ogi c t r ansf or mat i on of or ganel l es i n
r esponse t o BFA suggest s t hat t hese or ganel l es t hemsel ves
exi st at a f i ne bal ance mai nt ai ned by t he assembl y of cyt o-
sol i c pr ot ei ns . BFA r el eases t he or ganel l es f r om t he t oni c
const r ai nt s of coat assembl y and t he or ganel l es t r ansf or m
i nt o dynami c t ubul ar syst ems . Si nce BFA- sensi t i ve coat pr o-
t ei ns r ever si bl y bi nd t o membr anes, i t i s l i kel y t hat uncoat ed
buds and t ubul es ar e const ant f eat ur es of or ganel l es. Thi s



woul d expl ai n t he pr esence of t ubul es t o l esser and gr eat er
ext ent s i n al l of t he or ganel l es of t he cent r al vacuol ar syst em
i ncl udi ng t he ER, CGN, Gol gi st acks, TGN, endosomes,
and l ysosomes . The ext ent of t ubul at i on wi t hi n any compar t -
ment , by ext r apol at i on f r om t he ef f ect s of BFA, can be
vi ewed as a r ef l ect i on of t he " t one of coat pr ot ei n assem-
bl y/ di sassembl y. We have t wo phar macol ogi c mani pul at i ons
t hat set t hi s t one at ei t her of t wo ext r emes : BFA mi ni mi zes
coat assembl y and GTPyS ( or AI F4) maxi mi zes coat as-
sembl y . Thus, t he ext ent of t ubul at i on var i es wi t h t he l evel
of coat assembl y ( Fi g . 5) . Each or ganel l e may have not onl y
a char act er i st i c set of coat pr ot ei ns but a char act er i st i c t one .
Thus, t he per i pher al ER l ooks much l i ke a BFAt r eat ed or -
ganel l e, whi l e t he vacuol ar l ysosomes l i e at t he ot her end of

t he spect r um. The coat pr ot ei n assembl y/ di sassembl y t one

can change, r esul t i ng i n al t er ed l evel s of t ubul at i on .

I t i s obvi ous t hat i f such a bi ochemi cal f or mul at i on f or t he
basi s of BFA act i on i s cor r ect , speci f i c r egul at or y coat pr o-
t ei ns t hat assembl e ont o endosomes, l ysosomes, and t he
TGN, i n addi t i on t o t he Gol gi st ack wi l l be f ound . These coat
pr ot ei ns woul d be pr edi ct ed t o be, l i ke t he non- cl at hr i n Gol gi
coat s, unabl e t o assembl e wi t h t hei r t ar get membr anes i n t he
pr esence of BFA. Consi st ent wi t h t hi s pr edi ct i on, r api d di s-
assembl y of t he cl at hr i n coat s and y- adapt i n mol ecul es f ound
on t he TGN i s obser ved upon addi t i on of BFA t o cel l s ( M.
Robi nson, per sonal communi cat i on) . We suspect t hat t hi s
phenomenon pr ovi des t he basi s f or t he al t er at i ons i n TGN-
based membr ane t r af f i cki ng obser ved i n BFA- t r eat ed cel l s .
I nt er est i ngl y, pl asma membr ane cl at hr i n coat s ar e not
af f ect ed by ei t her BFA or dr ugs t hat al t er G pr ot ei ns ( K.
Beck, per sonal communi cat i on) .

The di f f er ence bet ween t ubul at i on i n t he absence of coat s
and coat - medi at ed t r anspor t pr ovi des us wi t h a si mpl e bi o-
chemi cal di st i nct i on bet ween homot ypi c ( t akes pl ace i n t he
pr esence of BFA) and het er ot ypi c ( f ai l s t o t ake pl ace i n t he
pr esence of BFA) membr ane t r af f i c . Homot ypi c t r af f i c can
occur i n t he absence of assembl y of t hese t ypes of coat pr o-
t ei ns . Thi s f or mof t r anspor t uses t he buddi ng of non- coat ed
membr anes whi ch, i n t he cont i nued pr esence of BFA, t end
t o f or mext ensi ve membr ane net wor ks . The t ar get s of f usi on
f or t hese t ubul es depends upon and i s pr edi ct ed by t he si t e
of or i gi n of t he t ubul e . Thus, Gol gi t ubul es uni quel y f i nd t he
ER whi l e endosomal t ubul es mi x wi t h t he pl asma membr ane
as wel l as wi t h component s of t he TGN. Tubul es may pr i -
mar i l y medi at e l at er al mi xi ng of or ganel l es ( ER- ER, Gol gi -
Gol gi , endosome- endosome, et c . ) and post sor t i ng t r anspor t
i nt er medi at es ( endosome- pl asma membr ane, et c) . Het er o-
t ypi c t r af f i c, by cont r ast , i nvol ves t he abi l i t y t o " j ump" f r om
one homot ypi c syst em t o anot her and r equi r es assembl y of
t he cyt osol i c coat pr ot ei ns . Thus, i n addi t i on t o bei ng abl e
t o sel ect car go, coat s may be r equi r ed t o assembl e sel ect i ve
membr ane- t ar get i ng pr ot ei ns r equi r ed f or het er ot ypi c or gan-
el l e " j umps . " A homot ypi c syst em can be bi ochemi cal l y de-
f i ned as shar i ng a membr ane t ar get i ng machi ner y t hat does
not r equi r e t he assembl y of BFA- sensi t i ve cyt osol i c pr ot ei ns .
Thi s def i ni t i on of homot ypi c or ganel l es does not pr ecl ude
t he st r uct ur al and f unct i onal di f f er ent i at i on of or ganel l es
wi t hi n a gi ven syst em ( i . e . , ER and Gol gi ) . Recent st udi es
usi ng cel l f usi on assays suppor t t hi s concept of homot ypi c
syst ems . Thus, f usi on bet ween ear l y endosomes, ERt o Gol gi
f usi on and i nt er - Gol gi f usi on i s easy, whi l e ear l y- l at e endo-
some f usi on i s mor e di f f i cul t ( Gr uenber g and Howel l , 1989 ;
Mel ancon et al . , 1991) . We woul d pr edi ct t hat t he f unct i on
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of homot ypi c t ar get i ng mol ecul es i s nor mal l y r egul at ed, per -
haps by t he bi ndi ng of coat pr ot ei ns i n a manner t hat al l ows
t hei r cont r ol l ed use t o est abl i sh bot h pol ar i t y and vect or i al
t r af f i c, even wi t hi n a si ngl e homot ypi c syst em.

The di f f er ence bet ween t r af f i c vi a membr ane t ubul es and
coat ed vesi cl es i s t hat t he f or mer appear s t o i nvol ve cont i nu-
ous and t her ef or e mi xi ng connect i ons bet ween or ganel l es
whi l e t he l at t er pr ovi des di scont i nuous vesi cul ar st r uct ur es,
whi ch coul d shut t l e bet ween or ganel l es wi t hout mi xi ng
t hem. However , a var i et y of possi bi l i t i es f or t he pr oduct i on
of di scont i nui t i es exi st i n addi t i on t o t he geomet r i c cl osur e
of t he coat l at t i ces, i ncl udi ng t he assembl y of ot her mol e-
cul es t hat may be essent i al f or pi nchi ng of f membr anes or t he
i nt r i nsi c i nst abi l i t y of l ong t ubul es . Per haps dynami n- l i ke
mol ecul es hel p pi nch of f vesi cl es, ei t her coat ed or not , as has
been pr oposed t o expl ai n t he Shi bi r e mut ant of Dr osophi l a
( Van der Bl i ek and Meyer wi t z, 1991 ; Chen et al . , 1991) .

Concl usi ons
Thi s r evi ew has at t empt ed t o pr ovi de a synt hesi s of t he gr ow-
i ng number of obser vat i ons on t he ef f ect s of BFA on i nt r acel -
l ul ar or ganel l es of eukar yot i c cel l s . Whi l e t he dr amat i c mor -
phol ogi c ef f ect s of BFA ar e i mpr essi ve, i t has been t he
conf l uence of BFA- based st udi es wi t h t he ext r aor di nar y pr og-
r ess i n el uci dat i ng t he bi ochemi cal component s of membr ane
t r af f i c t hat has been most si gni f i cant . To summar i ze t he ma-
j or poi nt s of t hi s r evi ew : ( a) The abi l i t y of BFA t o dr amat i -
cal l y al t er t he mor phol ogy and even t he appar ent exi st ence
of some or ganel l es of t he cent r al vacuol ar syst em i s consi s-
t ent wi t h t hese compar t ment s r epr esent i ng st eady- st at e st r uc-
t ur es whi ch ar e si gni f i cant l y af f ect ed by t he ext ent of mem-
br ane i nput and out f l ow; ( b) t he ef f ect s of BFAar e pr oposed
t o be expl i cabl e on t he basi s of i t s abi l i t y t o i nhi bi t bi ndi ng
of r egul at or y coat pr ot ei ns t o t hei r t ar get or ganel l es . I n t hi s
way, BFAdysr egul at es membr ane t r af f i c t hr oughout t he cen-
t r al vacuol ar syst em. Anal ogous f ami l i es of r egul at or y coat
pr ot ei ns t o t he non- cl at hr i n coat s of t he Gol gi st ack ar e pr e-
di ct ed t o be f ound f or endosomes, l ysosomes and t he TGN;
( c) or ganel l e- speci f i c cyt osol i c coat pr ot ei ns f unct i on t o r eg-
ul at e membr ane t r af f i c i nt o and out of any gi ven or ganel l e
i n t er ms of bot h t he quant i t y of membr ane f l ow as wel l as
t he speci f i ci t y of membr ane t r af f i c . Thi s speci f i ci t y i s exer t ed
at t he l evel of cont ent , r esul t i ng i n t he abi l i t y t o sor t compo-
nent s t hr ough t he cent r al vacuol ar syst em, and at t he l evel
of membr ane t ar get i ng ; and ( d) t he st r uct ur al t r ansf or mat i on
t hat under l i es membr ane t r af f i c, buddi ng, need not be t he
consequence of t he assembl y of cl at hr i n- l i ke coat st r uct ur es .
Al t hough we cannot r ul e out t he r ol e of cyt osol i c pr ot ei ns
i n t hi s buddi ng pr ocess, i t may be dr i ven l ar gel y by i nt r i nsi c
membr ane component s .

St udi es wi t h BFA have r ai sed mor e quest i ons about or -
ganel l e bi ol ogy and membr ane t r af f i c t han t hey have an-
swer ed . As we l ear n mor e about t he ef f ect s of BFA on cel l s
our abi l i t y t o mani pul at e membr ane t r af f i c and or ganel l e
st r uct ur e wi l l i mpr ove. At t he ver y l east , t hi s dr ug wi l l con-
t i nue t o st i r t he i magi nat i on of cel l bi ol ogi st s .

Recei ved f or publ i cat i on 5 November 1991 and i n r evi sed f or m 17 Decem-

ber 1991 .
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