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f r om Ar t i f act t o Cent er St age

MARI LYN GI ST FARQUHAR and GEORGE E. PALADE

To t he cel l bi ol ogy st udent of t he 1980s, i t may come as a

sur pr i se t o l ear n t hat unt i l t he l at e 1950s, t he exi st ence of t he

Gol gi appar at us as a bona f i de cel l or ganel l e was ser i ousl y

quest i oned . Sur pr i se woul d be i n or der on t wo account s : f i r st ,

t he di scover y of t he Gol gi appar at us by Cami l l o Gol gi ( 1) , f or

whom i t i s named, t ook pl ace near l y a cent ur y ago ; and,

second, now no one quest i ons t hat t he Gol gi appar at us i s a

di st i nct cel l or ganel l e, or i s unawar e of i t s par t i ci pat i on i n a

wi de var i et y of cel l ul ar act i vi t i es . I ndeed, t he Gol gi appar at us,

or Gol gi compl ex as i t i s of t en cal l ed, not onl y occupi es t he

cel l cent er , but i t al so has moved t owar d cent er st age, because

i t has been shown t o be i nvol ved i n so many cel l act i vi t i es . I n

t hi s r evi ew we wi l l descr i be t he r ecent hi st or y of t he Gol gi

appar at us- t he devel opment s t hat l ed f r om i t s posi t i on as a

suspect ed ar t i f act t o t he si t uat i on at pr esent when i t i s r api dl y

becomi ng a mai n cent er of at t ent i on .

Br i ef Hi st or i cal Per spect i ve

The Li ght Mi cr oscope Er a ( Bef or e 1954)

The per i od bef or e t he mi d 1950s was char act er i zed by con-

t r over sy concer ni ng t he r eal i t y of t he Gol gi appar at us, wi t h t he

sci ent i f i c communi t y di vi ded i nt o nonbel i ever s and bel i ever s .

The accept ance of t he st at us of t he Gol gi as a bona f i de cel l

st r uct ur e depended on whet her one bel i eved t hat t he met al l i c

i mpr egnat i on met hods ( i nvol vi ng use of si l ver or OS04) , whi ch

Gol gi and ot her s used t o demonst r at e t he appar at us, wer e

st ai ni ng a common st r uct ur e wi t h var i abl e f or mand di st r i bu-

t i on i n di f f er ent cel l t ypes, or al t er nat i vel y, t hat t hese met hods

r esul t ed i n ar t i f act ual deposi t i on of heavy met al s on di f f er ent

cel l st r uct ur es i n di f f er ent cel l t ypes . The Gol gi cont r over sy

l ast ed unt i l t he i nt r oduct i on of t he el ect r on mi cr oscope i nt o

bi ol ogi cal r esear ch, i n t he ear l y 1950s. Shor t l y t her eaf t er , t he

bel i ever s began t o out number t he nonbel i ever s, and by 1963,

even t he most skept i cal had become conver t s ( see Whal l ey

[ 2] ) and Beams and Kessel ( 3) f or det ai l s of t he hi st or y of t hi s

per i od) .

The Renai ssance ( 1954- 1963)

El ect r on mi cr oscope st udi es publ i shed bef or e 1954 had ver -

i f i ed t he exi st ence of a di st i nct i ve Gol gi r egi on i n cel l s; but due
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t o t he t echni cal l i mi t at i ons of t he pr epar at or y t echni ques at t he

t i me, t he i mages obt ai ned di d not ext end knowl edge of i t s

or gani zat i on beyond what was known f r om st udi es wi t h t he

l i ght mi cr oscope . I n 1954, however , t he ` l amel l ar ' nat ur e of t he

Gol gi was r ecogni zed and descr i bed i n paper s by Dal t on and

Fel i x ( 4) , Sj ost r and and Hanzon ( 5) , Rhodi n ( 6) , and Far quhar

and Ri nehar t ( 7) . I t i s Dal t on and Fel i x who deser ve t he maj or

cr edi t f or convi nci ng t he sci ent i f i c publ i c of t he r eal i t y of t he

Gol gi appar at us, and whose wor k ( 4, 8) had t he gr eat est i mpact

at t he t i me . They est abl i shed t hat t he Gol gi appar at us consi st s

of sever al di st i nct f me st r uct ur al component s ( l amel l ae, vesi -

cl es, and vacuol es) , and, accor di ngl y, i nt r oduced t he t er m

Gol gi ` compl ex' f or t hi s or ganel l e ; t hey showed t hat var i at i ons

i n t he f or m, amount , and di sposi t i on of t hese component s

occur i n di f f er ent cel l t ypes; and t hey demonst r at ed deposi t i on

of met al l i c osmi umi n i t s l amel l ar component s, t her eby r el at i ng

t he newl y di scover ed f i ne st r uct ur e t o t he l i ght mi cr oscope

st udi es of t he cl assi cal Gol gi l i t er at ur e . whi ch r el i ed heavi l y on

met al l i c i mpr egnat i on met hods .

The per i od t hat f ol l owed was char act er i zed l ar gel y by de-

t ai l ed mor phol ogi cal descr i pt i ons of t he f i ne st r uct ur e of t he

Gol gi appar at us ( or compl ex) i n ever yone' s f avor i t e t i ssue . The

el ect r on mi cr ogr aphs and t he det ai l s r ecor ded i mpr oved wi t h

t he i nt r oduct i on of bet t er t echni ques f or speci men pr epar at i on .

I nf or mat i on on t he f unct i on of t he Gol gi compl ex was l i mi t ed,

however , t o not i ng t he t opogr aphi cal associ at i on bet ween t hi s

or ganel l e and f or mi ng secr et i on gr anul es . At t empt s t o use

cyt ochemi cal t echni ques ( ot her t han heavy met al i mpr egna-

t i on) or t o i sol at e usabl e Gol gi f r act i ons wer e st i l l t o come . I t

i s dur i ng t hi s per i od t hat t he ubi qui t y of t he Gol gi compl ex, i t s

gener al st r uct ur al char act er i st i cs, and det ai l ed or gani zat i on i n

a var i et y of cel l t ypes wer e est abl i shed .

The Moder n Per i od ( 1964- 1973)

Dur i ng t he l at e 1960s and ear l y 1970s, addi t i onal t echni ques

wer e appl i ed t o t he st udy of t he Gol gi appar at us whi ch added

new di mensi ons t o our over al l under st andi ng of Gol gi st r uct ur e

and f unct i on. These pr ocedur es i ncl uded t echni ques f or phos-

phat ase cyt ochemi st r y, whi ch yi el ded new i nf or mat i on on t he

het er ogenei t y of Gol gi el ement s ; aut or adi ogr aphy, whi ch pr o-

vi ded t he f i r st i nf or mat i on on t he movement of secr et or y

pr ot ei ns t hr ough t he Gol gi compl ex and on t he i nvol vement of

t he or ganel l e i n gl ycopr ot ei n synt hesi s and i n sul f at i on ; and
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t echni ques f or i sol at i ng Gol gi f r act i ons and ( l at er ) subf r act i ons,

whi ch made possi bl e bi ochemi cal anal ysi s of Gol gi compo-

nent s. The l ast devel opment was gr eat l y f aci l i t at ed by t he

di scover y of a r el i abl e mar ker enzyme act i vi t y- gal act osyl -

t r ansf er ase- whi ch i s l i mi t ed i n i t s i nt r acel l ul ar di st r i but i on t o

t he Gol gi appar at us and t her ef or e coul d be used t o moni t or

t he ef f ect i veness of f r act i onat i on pr ocedur es . Most of t he

known Gol gi f unct i ons, whi ch ar e summar i zed bel ow, wer e

est abl i shed dur i ng t hese year s .

The Cur r ent Per i od ( 1973 t o t he Pr esent )

Cur r ent l y al l t hese pr ocedur es and appr oaches ar e bei ng

appl i ed- usual l y i n combi nat i on- t o many di f f er ent ki nds of

cel l s . The f ocus of cur r ent wor k i s t o det er mi ne t he i nt er act i ons

bet ween Gol gi component s and ot her cel l compar t ment s ( ER,

l ysosomes, pl asmal emma) i n or der t o del i neat e t he r ol e of t he

Gol gi compl ex i n such basi c and appar ent l y di ver se cel l pr oc-

esses as secr et i on, membr ane bi ogenesi s, l ysosome f or mat i on,

membr ane r ecycl i ng, and hor mone upt ake .

Or gani zat i on of t he Gol gi Compl ex

G E N E RA L DE S C R I PT I O N :

	

The col l ect i ve el ect r on mi cr o-

scope st udi es car r i ed out over t he past 25 year s have est abl i shed

t hat t he Gol gi compl ex consi st s of a mor phol ogi cal l y het er o-

geneous set of membr ane- l i mi t ed compar t ment s t hat have

common r ecogni zabl e f eat ur es and ar e i nt er posed bet ween t he

ER and t he pl asmal emma . I t s const ant and most char act er i st i c

st r uct ur al component i s a st ack of smoot h- sur f aced ci st emae

( or saccul es) , whi ch usual l y have f l at t ened, pl at el i ke cent er s

and mor e di l at ed r i ms ( Fi gs . 1- 6) . Of t en t he ci st er nae ar e

sl i ght l y cur ved, wi t h one si de of t he st ack or i ent ed t owar d t he

r ough ER and t he ot her f aci ng t he pl asmal emma ( Fi g. 3) or

t he nucl eus ( Fi gs . 1 and 2) . Typi cal l y, t he f or mer si de i s

associ at ed wi t h smal l vesi cl es, and t he l at t er wi t h secr et or y

gr anul es or vacuol es i n secr et or y cel l s ( Fi gs . 1- 4 and 7 and 8) .

Thus, t he whol e st r uct ur e has a cl ear l y r ecogni zabl e pol ar i t y,

and a number of t er ms have been i nt r oduced and ar e wi del y

used i n t he l i t er at ur e t o descr i be i t s pol ar i t y : ( a) convex vs.

concave si de ; ( b) pr oxi mal vs . di st al ; ( c) f or mi ng vs . mat ur e ; ( d)

ent r y vs. exi t ; and ( e) ci s vs . t r ans ( 9) . We pr ef er and use t he

t er ms ci s- t r ans because ( a) and ( b) ar e not al ways appl i cabl e

( due t o var i at i ons i n shape and i nt r acel l ul ar or gani zat i on) , and

( c) and ( d) assume mor e t han we know at pr esent about t he

f unct i on of bot h ci s and t r ans Gol gi el ement s .

I t i s now r ecogni zed t hat i n addi t i on t o speci f i c Gol gi el e-

ment s, t he Gol gi r egi on i s cr owded wi t h ot her cel l st r uct ur es,

such as coat ed vesi cl es ( Fi gs . 5, 8, and 9) , l ysosomes ( Fi gs . 7

and 15) , and, i n many cases, cent r i ol es wi t h t hei r associ at ed

sat el l i t es and mi cr ot ubul es ( Fi g . 2) .

I n t hei r ear l y st udi es on t he or gani zat i on of t he Gol gi

compl ex, Dal t on and Fel i x ( 8) r ecogni zed many of t he mai n

f eat ur es t hat char act er i ze t hi s or ganel l e : ( a) i t s mul t i pl e com-

ponent s- f l at t ened ci st er nal sacs ( t hen r ef er r ed t o as l amel l ae)

FI GURE 1

	

Gol gi r egi on of a mammot r oph or pr ol act i n- secr et i ng cel l f r om t he ant er i or pi t ui t ar y gl and of a l act at i ng r at . A st ack of

t hr ee t o f i ve sl i ght l y cur ved Gol gi ci st er nae occupi es t he cent er of t he f i el d . The secr et or y gr anul es ( 85% pr ol act i n) ar i se wi t hi n t he

t r ans ci st er nae al ong t he concave f ace of t he Gol gi st ack . I n t hi s f i el d, t hr ee smal l ( 100- 200 nm) pr ol act i n gr anul es ar e seen

condensi ng wi t hi n t hr ee of t he t r ansmost ci st er nae ( ar r ows) . The pol ymor phous secr et i on gr anul es ( sg) seen above r esul t f r om t he

f usi on and aggr egat i on of sever al of t he smal l Gol gi - der i ved gr anul es ( as di agr ammed i n Fi g . 26) . n = nucl eus ; m= mi t ochondr i on .

x 67, 000. Fr om Far quhar ( 51) .
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FI GURE 2

	

Gol gi r egi on of a devel opi ng PMN l eukocyt e ( pr omyel ocyt e st age) , i l l ust r at i ng t he f or mat i on of azur ophi l or pr i mar y

gr anul es al ong t he t r ans si de of t he Gol gi compl ex . Thi s compl ex consi st s of a st ack of f i ve t o ei ght sl i ght l y cur ved Gol gi ci st er nae

whi ch par t i al l y enci r cl e a cent r i ol e ( ce) . The di l at ed ends of sever al of t he t r ansmost ci st er nae ( ar r ows) ar e seen t o cont ai n

condensi ng secr et or y pr oduct s ( i . e . , l ysosomal enzymes and per oxi dase i n t hese cel l s) . Numer ous dense- cor ed vacuol es ( v) , ar e

al so seen al ong t he t r ans Gol gi f ace ; t hey ar e pr esumed t o ar i se by buddi ng f r om t he di l at ed r i ms of t he adj acent Gol gi ci st er nae.

Sever al of t hese vacuol es f use, t hei r cont ent s aggr egat e and under go f ur t her concent r at i on, r esul t i ng i n t he f or mat i on of t he

compact and uni f or ml y dense azur ophi l gr anul es ( gr ) . The assembl y pr ocess i s ver y si mi l ar t o t hat i nvol ved i n t he f or mat i on of

pr ol act i n gr anul es ( see Fi gs . 1 and 26) . s = cent r i ol ar sat el l i t es ; mt = mi cr ot ubul es ; n = nucl eus . x 50, 000 . Fr om Bai nt on and

Far quhar ( 122) .

as wel l as vacuol es and vesi cl es ; ( b) t he hi gh var i abi l i t y of t he

r el at i ve amount s of t hese el ement s i n di f f er ent cel l t ypes ; ( c)

t he f r equent i dent i t y of vacuol ar el ement s wi t h di l at ed ci st er -
nae ; ( d) t he absence of r i bosomes ( t hen r ef er r ed t o as smal l

gr anul es of Pal ade) f r om Gol gi membr anes ; and ( e) t he f act

t hat some of t hese membr anes wer e t hi cker ( 8- 10 nm) t han t he

membr anes of t he r ough ER ( t hen cal l ed er gast opl asm) .

St i l l ot her or ganel l es, such as r i bosomes, gl ycogen, mi t o-

chondr i a, per oxi somes, and r ough and smoot h ER, ar e f ound
i n t he Gol gi ar ea but ar e usual l y excl uded f r om t he r egi on
wher e t he st acks ar e l ocat ed ( Fi gs . 5 and 7) ; Mol l enhauer and
Mor r e ( 10) have r ef er r ed t o t hi s r egi on as t he Gol gi ` zone of

excl usi on' . They and ot her s have not ed t hat t he mat r i x i n

whi ch t he Gol gi compl ex i s embedded i s denser t han t he r est

of t he cyt opl asmi c mat r i x and has a f i br i l l ar - gr anul ar appear -

ance ( Fi g. 7) . At pr esent no i nf or mat i on i s avai l abl e about t he

composi t i on of t hi s mat r i x mat er i al .

GOLGI STACKS OF ANI MAL CELLS:

	

The ear l y l i ght mi cr o-
scope st udi es est abl i shed t hat t he i nt r acel l ul ar di st r i but i on of
t he Gol gi appar at us var i es f r omone cel l t o anot her . I n neur ons,

wher e i t was or i gi nal l y di scover ed, t he appar at us appear s as a

per i nucl ear net wor k, wher eas i n exocr i ne gl ands i t f or ms a

r i ng- l i ke st r uct ur e bet ween t he nucl eus and t he api cal cel l

sur f ace. El ect r on mi cr oscopi st s have ut i l i zed cyt ochemi cal

st ai ni ng on t hi ck ( ^- 1/ 2 pm) sect i ons wi t h t i l t i ng t o st udy t he
t hr ee- di mensi onal i nt er r el at i onshi ps of Gol gi ci st er nae i n t he
cel l . Usi ng t hi s appr oach, Novi kof f et al . ( 11) and Rambour g

et al . ( 12) have pr esent ed evi dence t hat t he ci st er nae i n ani mal

cel l s ar e ext ensi vel y i nt er connect ed, and have suggest ed t hat
t he Gol gi compl ex consi st s of a si ngl e set of st acked ci st er nae.

FARQUHAR AND PALADE

	

GOI gi Appar at us
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FI GURE 3

	

Gol gi compl ex of a hepat ocyt e f r om an et hanol - t r eat ed r at . Thi s compl ex consi st s of a st ack of t hr ee t o f our sl i ght l y

cur ved Gol gi ci st er nae whi ch f ace t he bi l e canal i cul us ( B) . Cl ust er s of l i popr ot ei n par t i cl es ar e seen i n t he di l at ed r i ms of t hr ee

ci st er nae ( 1, 2, 3) i n t he t r ans par t of t he Gol gi st ack and i n numer ous secr et or y vacuol es ( v) l ocat ed on t he t r ans si de of t he st ack.

The accumul at i on of l i popr ot ei n par t i cl es i n t he r i ms of Gol gi ci st er nae i s a nor mal occur r ence i n t he hepat ocyt e, but i t i s gr eat l y

i ncr eased f ol l owi ng et hanol t r eat ment . ser = smoot h er . x 50, 000 .

FI GURE 4

	

Gol gi compl ex f r om a nor mal r at hepat ocyt e i n a pr epa-

r at i on r eact ed f or TPPase . React i on pr oduct ( l ead phosphat e) i s seen

wi t hi n t wo of t he t r ansmost Gol gi ci st er nae, t he di l at ed r i ms of

whi ch ( ar r ows) al so cont ai n l i popr ot ei n par t i cl es . x 30, 000. Fr om

Far quhar et al . ( 20) .

GOLGI STACKS OF PLANT CELLS ( DI CTYOSOMES) : St r uc-

t ur es whi ch pr oved t o be Gol gi i n nat ur e had been st udi ed f or

year s i n pl ant cel l s under t he name of di ct yosomes . El ect r on

mi cr oscope st udi es dur i ng t he 1950s est abl i shed t hat each

di ct yosome i s pr esent i n mul t i pl e copi es and cor r esponds t o an

i ndi vi dual Gol gi st ack . The det ai l ed or gani zat i on of t he Gol gi

i n pl ant cel l s has been ext ensi vel y st udi ed, especi al l y by Whal -

l ey, Nor t hcot e, Mol l enhauer , Mor r e, and t hei r associ at es ( see

Whal l ey [ 2] f or a r evi ew) . Some t i me ago, t he l at t er t wo aut hor s

8 0S
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cal l ed at t ent i on t o t he si mi l ar i t i es bet ween Gol gi compl exes i n

ani mal and pl ant cel l s ( 13) . I n many ( but not al l ) pl ant cel l s,

t her e ar e di st i nct di f f er ences i n t he t hi ckness of t he membr anes

of t he ci st er nae acr oss t he st ack, wi t h t hose on t he ci s si de bei ng

t hi n ( ER- l i ke) and t hose on t he t r ans si de bei ng not i ceabl y

t hi cker ( pl asmal emma- l i ke) , a f eat ur e f i r st not ed by Gr ove et

al . ( 14) . Thi s l ed t o t he i dea, pr oposed by Mor r e and co- wor ker s

( 15) , t hat a gr adual i ncr ease i n membr ane t hi ckness t akes pl ace

as t he ci st er nae move acr oss t he st ack ( see bel ow) .

OTHER MORPHOLOGI C FEATURES:

	

Besi des t hegener al f ea-

t ur es t hat ar e appl i cabl e t o most i f not al l Gol gi compl exes,

ot her f eat ur es have been descr i bed whi ch occur l ess r egul ar l y .

Exampl es ar e t he r i ngs of beads bet ween t he ER and Gol gi

ci st er nae i n cer t ai n i nsect s ( 16) , and dense nodes of i nt er ci st er -

nal mat er i al t hat occur i n t he cyt opl asmi c mat r i x bet ween

Gol gi ci st emae i n some pr ot ozoans ( 17) . Af t er t he di scover y of

coat ed vesi cl es, i t was r ecogni zed t hat cl at hr i n- coat ed vesi cl es

ar e commonl y seen i n t he Gol gi r egi on ( 18, 18a) and, i n

addi t i on, t hat coat ed r egi ons commonl y occur on t he r i ms of

t he Gol gi ci st er nae and on condensi ng gr anul es or vacuol es

( Fi gs. 5, 8, and 9) .

Fi nal l y, on t he t r ans si de of many ( but not al l ) Gol gi st acks,

ci st emae of char act er i st i c mor phol ogy have been descr i bed ;

t hey ar e of t en separ at ed f r omt he st ack ( Fi gs . 10, 13, and 14) ,

and t hei r appear ance var i es f r om st r ai ght ( r i gi d l amel l ae) t o

t ubul ar and t or t uous ( Fi gs . 13 and 14) . Novi kof f and hi s co-

wor ker s, f i r st descr i bed t hese ci st er nae i n 1964, and, based on

t he obser vat i on t hat aci d phosphat ase act i vi t y i s of t en associ -

at ed wi t h t hem, post ul at ed t hat t hey const i t ut e a l i nk bet ween
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FI GURES 5 and 6

	

Feat ur es of di ct yosomes or Gol gi st acks f ound i n pl ant cel l s ( t he gr een al gae Chl amydamonas r hei nhar di ) . Fi g .

5 shows t wo di ct yosomes each wi t h 9 par al l el ci st er nae cut i n cr oss sect i on . Char act er i st i c f eat ur es of t hese Gol gi compl exes ar e

t he pr esence of l ar ge vacuol es ( v) and coat ed vesi cl es ( c) associ at ed wi t h t hei r t r ans si de, t r anspor t vesi cl es wi t h f uzzy- coat s whi ch

bud ( ar r ows) f r om t r ansi t i onal el ement s ( t e) of t he r ough ER on t he ci s si de, and numer ous vesi cl es ( ve) associ at ed wi t h t he

di l at ed r i ms of t he ci st er nae . Fi g . 6 shows an obl i quel y sect i oned Gol gi st ack seen en f ace . I t i l l ust r at es t he pr esence of numer ous

vesi cl es whi ch appear t o be i n t he pr ocess of f usi ng wi t h, or buddi ng f r om t he ci st er nal r i ms ( ar r ows) . Fi g . 5- X 80, 000 ; Fi g . 6- x

70, 000 .

t he Gol gi , and ER, and Lysosomes . Accor di ngl y, Novi kof f

i nt r oduced t he acr onym GERL as t hei r desi gnat i on ( see No-

vi kof f et al . [ 11, 19] ) . The pr esent st at us of t he GERL concept

i s di scussed f ur t her bel ow.

Composi t i on of t he Gol gi Compl ex

CYT OCH E MI CA L STAI NI NG:

	

The f i r st evi dence of com-

posi t i onal het er ogenei t y among ci st er nae i n t he Gol gi st acks

came f r om t he r esul t s of cyt ochemi cal st ai ni ng pr ocedur es

whi ch demonst r at ed qual i t at i ve di f f er ences i n st ai ni ng f or var -

i ous enzymes and ot her component s among Gol gi ci st er nae

( Fi gs . 9- 12) . These di f f er ences ar e best document ed i n t he case
of t he hepat ocyt e ( Tabl e 1) , i n whi ch st ai ni ng has been car r i ed

out bot h i n si t u and on Gol gi f r act i ons . The ear l i est st udi es of
t hi s t ype wer e t hose of Novi kof f and Gol df i scher ( 25) , who
demonst r at ed t hat t hi ami ne pyr ophosphat ase ( TPPase) and
nucl eosi de di phosphat ase act i vi t y ( NDPase) r epr esent cyt o-
chemi cal mar ker s t hat coul d be used t o st udy t he f or m and

di st r i but i on of t he Gol gi appar at us i n many, but not al l cel l s

( i n hepat ocyt es t he ER al so cont ai ns t hese enzymes [ 24] ) . I n

subsequent wor k, Novi kof f and co- wor ker s showed t hat t hese

act i vi t i es wer e r est r i ct ed i n t hei r di st r i but i on t o 1- 2 ci st er nae

on t he t r ans si de of t he Gol gi st ack ( Fi gs . 4 and 11) , and t hat

aci d phosphat ase ( AcPase) was al so r est r i ct ed t o one or t wo of
t he t r ansmost ci st er nae ( Fi gs . 10 and 15) . Lat er , based on t he

st udy of t hi ck ( 1/ 2 Am) sect i ons as wel l as t hi n sect i ons, t hey
al so demonst r at ed t hat AcPase and TPPase ar e pr esent i n
di f f er ent ci st er nae i n many cel l t ypes ( 11, 19) . Fr i end and

Mur r ay ( 23) showed t hat t he cl assi cal osmi um i mpr egnat i on
pr ocedur es pr ef er ent i al l y st ai n one or t wo of t he ci smost ci st er -

nae i n many cel l s ( Fi g. 12) , and r ecent l y, Smi t h ( 26) f ound t hat
i nt er medi at e ci st er nae sel ect i vel y st ai n f or ni cot i nami de ade-
ni ne di nucl eot i de phosphat ase ( NADPase) i n t he amel obl ast
and sever al ot her cel l t ypes . I n wor k f r om our l abor at or i es, i t
was demonst r at ed t hat sever al ot her enzymes- 5' - nucl eot i dase
( 20) and adenyl at e cycl ase ( 21) - ar e pr esent i n vi r t ual l y al l
ci st er nae, bot h ci s and t r ans, wi t hi n t he st ack. Rambour g and
LeBl ond ( 22) f ound t hat al l Gol gi ci st er nae st ai n wi t h per i odi c
aci d- si l ver met henami ne ( PA- si l ver ) ( whi ch st ai ns compl ex
car bohydr at es) , but st ai ni ng i s gr aded ( i ncr easi ng f r om ci s t o
t r ans) acr oss t he st ack .

Resul t s of cyt ochemi cal st ai ni ng al so pr ovi ded t he f i r st i n-
di cat i on t hat , i n addi t i on t o t he di f f er ences i n composi t i on
acr oss t he st ack, t her e may be di f f er ences i n t he composi t i on

of t he membr ane of a gi ven ci st er na ( 20, 21, 27) . Speci f i cal l y,

our f i ndi ng t hat l ead phosphat e r eact i on pr oduct f or bot h 5' -

nucl eot i dase ( 20) and adenyl at e cycl ase ( 21) was concent r at ed

al ong t he di l at ed r i ms of i sol at ed Gol gi el ement s ( Fi gs . 16 and
17) and was mi ssi ng or pr esent i n much l ower concent r at i on i n

t he f l at t ened cent er s of Gol gi ci st er nae i n l i ver f r act i ons sug-
gest s t hat t he di l at ed r i ms may have a composi t i on di f f er ent
f r om t hat of t he f l at t ened cent er s . These f i ndi ngs al so pr ovi de
t he f i r st cl ear demonst r at i on t hat t hese t wo pl asmal emmal
mar ker enzymes ar e i ndi genous t o Gol gi el ement s .

Based on t he l ocat i on of t he r eact i on pr oduct ( on ei t her t he

i nsi de or out si de of Gol gi membr anes) , cyt ochemi cal st ai ni ng
has pr ovi ded suggest i ve evi dence on t he or i ent at i on or si ded-

ness of t he act i ve si t e of sever al enzymes. For most enzymes

st udi ed ( TPPase, AcPase) , t he l ead phosphat e r eact i on pr oduct
was l ocal i zed i nsi de t he ci st er nae wher e i t was associ at ed ei t her
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FI GURE 7

	

Gol gi r egi on f r om an exocr i ne pancr eat i c cel l ( gui nea pi g) . Char act er i st i c f eat ur es of t hi s Gol gi compl ex ar e t he pr esence

of a st ack of f our t o f i ve sl i ght l y di l at ed Gol gi ci st er nae associ at ed wi t h condensi ng vacuol es ( cv, ) on i t s t r ans si de, and a pr of usi on

of smal l per i pher al Gol gi vesi cl es, or t r anspor t vesi cl es ( t v) , al ong i t s ci s si de. These vesi cl es ar e assumed t o bud ( ar r ows) f r om t he

t r ansi t i onal el ement s ( t e) of t he r ough ER and t o t r anspor t secr et or y pr oduct s t o t he condensi ng vacuol es by a r out e st i l l unknown .

The condensi ng vacuol es gr adual l y f i l l wi t h secr et or y pr ot ei ns ( most l y pancr eat i c zymogens) , under go pr ogr essi ve concent r at i on,

t her eby becomi ng i ncr easi ngl y dense ( CV, - 3) , and event ual l y become mat ur e zymogen gr anul es ( zg) . Not e t hat t her e i s a zone

ar ound t he Gol gi ci st er nae and t r anspor t vesi cl es i n whi ch t he cyt opl asmi c mat r i x i s denser t han el sewher e i n t he cel l , and f r om

whi ch ER el ement s ( er ) and r i bosomes ar e excl uded . l y = l ysosome . x 38, 000.

wi t h t he i nsi de of t he membr anes or t he ci st er nal cont ent . I n a

f ew cases, however , 5' - nucl eot i dase ( 20) and adenyl at e cycl ase

( 21) , r eact i on pr oduct was f ound on t he cyt opl asmi c si de of t he

di l at ed r i ms of cer t ai n Gol gi ci st er nae . I t i s of i nt er est t hat t he

r eact i on pr oduct f or 5' - nucl eot i dase was l ocal i zed on t he out si de

of ci st er nae and t he i nsi de of secr et or y vacuol es ( 20, 28) . Thus

f ar , bi ochemi cal assays on cel l f r act i ons have l ar gel y subst an-

t i at ed t he cyt ochemi cal obser vat i ons per t ai ni ng t o si dedness;

when r eact i on pr oduct was l ocal i zed t o t he i nsi de of Gol gi

membr anes, t he enzyme act i vi t y was l at ent and det er gent

t r eat ment ( t o per meabi l i ze t he membr anes) i ncr eased t he act i v-

i t y, wher eas when t he r eact i on pr oduct was l ocal i zed on t he

out si de, addi t i on of det er gent had no ef f ect ( 28) on t he act i vi t y

measur ed.

Among t he component s demonst r at ed cyt ochemi cal l y, most

8 2s
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ar e enzymes t hat can be assumed t o be associ at ed wi t h Gol gi

membr anes ; however , a f ew ( such as AcPase and subst ances

whi ch st ai n wi t h PA- si l ver ) may al so be associ at ed wi t h t he

ci st er nal cont ent s . I n addi t i on t o t he l ocal i zat i on of t hese

pr esumpt i ve Gol gi component s, t her e ar e al so sever al exampl es

of cel l s i n whi ch secr et or y pr oduct s, pr i mar i l y per oxi dases,

have been l ocal i zed by cyt ochemi cal or i mmunocyt ochemi cal

pr ocedur es.

To summar i ze, cyt ochemi cal f i ndi ngs have pr ovi ded i nf or -

mat i on on t he exi st ence of speci al i zat i on among Gol gi com-

ponent s and have i ndi cat ed t hat di f f er ent i at i on exi st s acr oss

t he st ack, at l east bet ween t he ext r eme ci s and t r ans ci st er nae .

I n addi t i on, t he evi dence has suggest ed t hat di f f er ent i at i on al so

exi st s wi t hi n i ndi vi dual ci st er nae. The f unct i onal si gni f i cance

of t hese speci f i c l ocal i zat i ons r emai ns l ar gel y unknown .
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FI GURE 8

	

Anot her Gol gi compl ex f r om an exocr i ne pancr eat i c cel l

showi ng 4- 5 ci st er nae ( t o t he r i ght ) and a condensi ng vacuol e wi t h

a buddi ng ( or f usi ng) coat ed vesi cl e ( ar r ow) . Two ot her condensi ng

vacuol es or gr anul es ( cv) ar e al so pr esent near by . x 95, 000.

METHODS FOR PREPARATI ON OF GOLGI FRACTI ONS AND

SUBFRACTI ONS: The ear l i est at t empt s t o i sol at e Gol gi f r ac-

t i ons can be at t r i but ed t o Schnei der and Kuf f i n 1954, who

used t he r at epi di dymi s as st ar t i ng mat er i al ( 29) . The f r act i on-

at i on was moni t or ed by l i ght mi cr oscopy, and t he r esul t s wer e

puzzl i ng because t hey seemed t o i ndi cat e t hat t her e was DNA

i n t he f r act i ons . Thi s unusual f mdi ng pr oved t o be an ar t i f act

of t he assay pr ocedur e cr eat ed by t he pr esence of car bohydr at es

i n Gol gi el ement s . Some t i me el apsed unt i l Mor r e and hi s

col l abor at or s conduct ed a ser i es of mor e f r ui t f ul f r act i onat i on

at t empt s, f i r st on pl ant cel l s ( 30) and l at er on r at l i ver ( 31, 32) .

They succeeded i n i sol at i ng Gol gi f r act i ons f r om l i ver homog-

enat es by a combi nat i on of di f f er ent i al and r at e sedi ment at i on

pr ocedur es . The f r act i onat i on was moni t or ed by el ect r on mi -

cr oscopy ( 32) , whi ch r eveal ed t hat many ci st er nae r emai ned

st acked, and t he f r act i ons wer e exami ned f or a var i et y of

enzymat i c act i vi t i es, most l y phosphat ases ( 24, 33) . Shor t l y af t er

Mor r i ' s i ni t i al ( 30) wor k, B. Fl ei scher , S. Fl ei scher , and H.

Ozawa ( 34) and Fl ei scher and Fl ei scher ( 35) si mpl i f i ed and

i mpr oved t he f r act i onat i on pr ocedur e and demonst r at ed t he

pr esence of a hi gh concent r at i on of gal act osyl t r ansf er ase act i v-

i t y i n Gol gi f r act i ons f r om bovi ne and r at l i ver by usi ng an

exogenous accept or ( N- acet yl gl ucosami ne) . The di scover y of

gal act osyl t r ansf er ase i n Gol gi f r act i ons, and i t s appar ent ab-

sence f r om ot her cel l membr anes, was an i mpor t ant devel op-

ment i n Gol gi hi st or y because i t pr ovi ded a much- needed

mar ker enzyme f or moni t or i ng cel l f r act i onat i on. Ear l i er at -

t empt s t o pr epar e Gol gi f r act i ons had r el i ed excl usi vel y on

mor phol ogi cal cr i t er i a f or t he i dent i f i cat i on of Gol gi el ement s

and had been hamper ed by t he l ack of a quant i t at i ve cr i t er i on

FI GURES 9- 12 Gol gi compl exes f r om t he epi di dymi s ( r odent ) i n

whi ch t he Gol gi compl ex consi st s of 8- 10, par al l el st acked ci st er nae

wi t h numer ous associ at ed vacuol es and vesi cl es some of whi ch ar e

coat ed ( c) . Her e t hey ar e seen ei t her unst ai ned ( Fi g . 9) or r eact ed

f or cyt ochemi cal pr ocedur es whi ch st ai n t he ci st er nae i n t he st ack

di f f er ent i al l y . Fi g . 10 shows r eact i on pr oduct f or aci d phosphat ase

( / 3- gl ycer ophosphat ase) i n a si ngl e ci st er na on t he t r ans si de of t he

st ack whi ch i s set of f f r om t he r est , and whi ch has t he pr oper t i es

ascr i bed t o GERL by Novi kof f and co- wor ker s ( 19) . Fi g . 11 shows

r eact i on pr oduct f or TPPase i n t wo of t hr ee of t he par al l el t r ansmost

ci st er nae i n t he st ack . No ci st er nae compar abl e t o t he AcPase-

posi t i ve ci st er na i n Fi g . 10 i s seen . Fi g . 12, f r om a pr epar at i on

i mpr egnat ed wi t h OSO4, shows osmi um deposi t s i n t wo of t he

ci smost ci st er nae i n t he st ack . Fr om Fr i end ( 153) . Fi g . 9- x 40, 000;

Fi gs . 10 and 11- x 30, 000; Fi g . 12- x 24, 000 .
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FI GURES 13 and 14 Gol gi r egi ons i n t wo somat ot r ophs f r om t he r at ant er i or pi t ui t ar y, i l l ust r at i ng some of t he var i at i ons

encount er ed i n t he mor phol ogy of t he ci st er nae pr esent i n t he Gol gi r egi on . I n Fi g . 13, t he f i r st ci st er na ( c, ) on t he t r ans si de of t he

st ack i s st r ai ght r at her t han cur ved, and i s set of f f r om t he r est . I t has t he mor phol ogy ( " r i gi d l amel l a" ) ascr i bed t o GERL by

Novi kof f and hi s associ at es ; t her e i s st r i ct par al l el i sm of t he adj oi ni ng membr anes whi ch appear somewhat t hi cker t han t hose of

t he r est of t he ci st er nae . cz, whi ch i s al so set of f sl i ght l y f r om t he Gol gi st ack, cont ai ns a f or mi ng secr et i on gr anul e . c 3 _ 6 ar e sl i ght l y

cur ved and mor e di l at ed . Fi g . 14 shows anot her Gol gi st ack wi t h anot her ci st er na ( c, ) on t he t r ans si de set of f f r om t he r est wi t h

f eat ur es si mi l ar t o t hose of c, i n Fi g. 13 . Numer ous vesi cl es ( ve) ar e pr esent bot h on t he ci s and t r ans si des of t he st ack; some of

t hese ar e coat ed vesi cl es ( c) . The cel l s wer e i ncubat ed wi t h cat i oni zed f er r i t i n pr i or t o f i xat i on, and many of t he vesi cl es cont ai n

t he t r acer . s g = secr et or y gr anul e . Fi g . 13- x 36, 000; Fi g . 14- x 50, 000 . Fi g . 13 i s f r om Far quhar ( 51) .

f or yi el d and pur i t y because no enzymes wer e known t o be

excl usi vel y r est r i ct ed t o t he Gol gi compl ex . The wor k on

gl ycosyl t r ansf er ases was ext ended by Mor r e et al . ( 36) t o

demonst r at e N- acet yl gl ucosami ne t r ansf er t o unspeci f i ed en-

dogenous r ecept or s, and by Schacht er and co- wor ker s ( 37, 38) ,

who demonst r at ed t he pr esence of ot her ( si al yl and f ucosyl )

t er mi nal gl ycosyl t r ansf er ases by usi ng appr opr i at el y pr epar ed,

nat ur al gl ycopr ot ei n accept or s f or t hese gl ycosyl t r ansf er ases .
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Subsequent l y, a number of var i ant s of ei t her Mor r i ' s or t he

Fl ei scher s' pr ocedur es have been publ i shed ( 39) . Most of t he

f r act i ons obt ai ned r et ai n st acked Gol gi ci st er nae ( Fi g . 18) .

The r ecover y of gal act osyl t r ansf er ase act i vi t y i n Gol gi f r ac-

t i ons pr epar ed by t hese pr ocedur es was no bet t er t han 30- 40%

( i n r ef er ence t o t he homogenat e) . Hence, at t empt s wer e made

t o i mpr ove yi el d by over l oadi ng t he Gol gi el ement s wi t h

l i popr ot ei n par t i cl es, t her eby modi f yi ng t hei r densi t y ( 9, 40) .
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Over l oadi ng was i nduced by acut e et hanol i nt oxi cat i on of t he

ani mal s ( r at s) . At t he begi nni ng, t he gal act osyl t r ansf er ase r e-

cover y appear ed t o be near l y compl et e ( 40) , but l at er , bet t er -

cont r ol l ed assays showed t hat t he yi el d was no bet t er t han 50

t o 60% ( 41) . Thi s pr ocedur e was capabl e of r esol vi ng ( by

f l ot at i on i n a densi t y gr adi ent ) t wo or t hr ee f r act i ons of i ncr eas-

i ng densi t y . The l i ght Gol gi f r act i ons wer e enr i ched i n t r ans

vacuol es or secr et or y dr opl et s f i l l ed wi t h l i popr ot ei n par t i cl es

( Fi g . 19) , wher eas t he heavy Gol gi f r act i ons had a hi gher

concent r at i on of ci s, pr edomi nant l y ci st emal el ement s ( Fi g .

20) . These f r act i ons have been used f or a var i et y of enzymo-

l ogi cal ( 40, 41) and cyt ochemi cal ( 20, 21, 28) st udi es and f or

i nvest i gat i ng t he t r anspor t of secr et or y pr ot ei ns wi t hi n t he

Gol gi compl ex ( 42) .

TABLE I

Cyt ochemi cal React i ons of Gol gi Ci st er nae i n t he Hepat ocyt e

Ci s Tr ans Ref er ence

24

* Bot h ci s and t r ans el ement s wer e r eact i ve, but a di f f er ence i n si dedness of

r eact i on pr oduct was det ect ed : i t was pr esent on t he out si de of t he mem-

br ane of ci s el ement s ( concent r at ed on t he di l at ed r i ms) and on t he i nsi de
of t he membr ane of t r ans el ement s .

$ Agr adi ent of i ncr easi ng r eact i vi t y f r omt he ci s t o t he t r ans si de was det ect ed .
Fr om Far quhar ( 115) .

I n def i ni ng Gol gi f r act i ons, i nvest i gat or s have r el i ed on
gal act osyl t r ansf er ase as an accept ed Gol gi mar ker as wel l as

on t he absence ( or l ow concent r at i on) of mi cr osomal ( ER)
mar ker s, pr i mar i l y gl ucose- 6- phosphat ase and NADPH- cyt o-
chr ome P450 r educt ase . A compl i cat i on ar ose when i t was

f ound ( 41) t hat assays car r i ed out i mmedi at el y upon f r act i on-

at i on showed t he pr esence of mi cr osomal enzyme act i vi t i es i n
unexpect edl y hi gh concent r at i ons . Fur t her wor k i ndi cat ed t hat
t he cor r espondi ng Gol gi act i vi t i es wer e l ost r api dl y dur i ng
st or age, pr esumabl y as a r esul t of l i pi d per oxi dat i on ( 41) . Thi s

FI GURES 16 and 17 Gol gi ci st er nae f r om Gol gi subf r act i ons ( GF3)

pr epar ed by t he met hod of Ehr enr ei ch et al . ( 9) and r eact ed f or 5' -

nucl eot i dase ( Fi g . 16) or adenyl at e cycl ase ( Fi g . 17) pr i or t o f i xat i on .

React i on pr oduct ( l ead phosphat e) i s concent r at ed on t he di l at ed

r i ms of t he ci st er nae ( ar r ows) and i s absent f r om t hei r cent r al

r egi ons . x 85, 000. Fi g . 16 i s f r om Far quhar et al . ( 20) , and Fi g . 17 i s

f r om Cheng and Far quhar ( 21) .

FI GURE 15

	

Gol gi r egi on of a pr ol act i n- secr et i ng cel l f r om a l act at i ng r at ( si mi l ar t o t hat i n Fi g . 1) ; pr epar at i on i ncubat ed f or aci d

phosphat ase . Condensi ng secr et or y gr anul es ( ar r ows) and r eact i on pr oduct f or AcPase ar e pr esent i n t he same Gol gi ci st er ns- i . e . ,

t he i nner most ci st er nae ( c, ) al ong t he t r ans si de of t he st ack whi ch i s l ess di l at ed t han t he r est . I n some pl aces ( t o t he r i ght ) , t he

r eact i ve ci st er ns seems t o be i ncl uded i n t he r egul ar st ack, and i n ot her pl aces ( t o t he l ef t ) i t appear s t o be set of f f r om t he st ack .

AcPase r eact i on pr oduct i s al so seen ar ound some of t he i mmat ur e or aggr egat i ng gr anul es ( ag) f ound on t he t r ans Gol gi f ace, at

t he per i pher y of a f ewof t he mat ur e gr anul es ( sg) pr esent on t he ci s Gol gi f ace, and i n a l ysosomes ( l y) . x 30, 000. Fr om Smi t h and

Far quhar ( 154) .
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5' - Nucl eot i dase + +* 20

Adenyl at e cycl ase + + 21

Per i odi c aci d- si l ver met henami ne + +f 22

0504 i mpr egnat i on + - 23

Aci d phosphat ase - + 19, 20

Thi ami ne pyr ophosphat ase - + 19, 20,

Gl ucose- 6- phosphat ase - - 20
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r ai sed t he quest i on of whet her t hese mi cr osomal , mar ker - en-

zyme act i vi t i es ( l i ke t he pl asmaaemmml mar ker s st udi ed ear l i er

[ 20, 21] ) , wer e i ndi genous t o Gol gi f r act i ons, or i nst ead r epr e-

sent ed cont ami nat i on of t he f r act i ons wi t h ER component s .

To sol ve t hi s pr obl em, I t o and Pal ade ( 43) devel oped an

af f i ni t y separ at i on pr ocedur e. I t uses an ant i body t o NADPH-

cyt ochr ome P450 r educt ase i nsol ubi l i zed t o pol yacr yl ami de

beads, and al l ows bi ochemi cal assays as wel l as an el ect r on-

mi cr oscope sur vey of i mmunoadsor bed and nonadsor bed par -

t i cl es . When appl i ed t o a l i ght Gol gi f r act i on, t he pr ocedur e

r eveal ed t hat bona f i de Gol gi el ement s- bot h l i popr ot ei n-

l oaded secr et or y vacuol es ( - 58%) and ci st er nae ( 14%) - had

t he r educt ase i n t hei r membr anes ( Fi gs . 21 and 22) . The af f i ni t y

adsor pt i on t echni que was ext ended t o ot her enzymat i c act i vi -

t i es, and t he r esul t s showed t hat a wi de spect r umof mi cr osomal

enzymes was pr esent i n r ecogni zabl e, i mmunoadsor bed Gol gi

vacuol es, wher eas gl ycosyl t r ansf er ase act i vi t i es pr ef er ent i al l y

r emai ned wi t h t he nonadsor bed vesi cl es . The t ent at i ve i nt er -

pr et at i on of t hese f i ndi ngs i s t hat Gol gi el ement s have di st i nct

domai ns; t he di st ended r i ms of at l east some of t he Gol gi

ci st er nae have ' ER- l i ke' membr anes, wher eas t he cent r al par t

of t he ci st er nae has an appar ent l y ` Gol gi - l i ke' membr ane r i ch

i n gl ycosyl t r ansf er ase act i vi t i es . I t seems pr obabl e t hat t he ER-

l i ke membr ane r epr esent s t he shut t l e cont ai ner s t hat t r anspor t

secr et or y pr oduct s f r om t he ER t o t he Gol gi compl ex . Cur r ent

t hi nki ng ( see bel ow) assumes t he exi st ence of anot her mem-

br ane cont ai ner ( t he equi val ent of a secr et i on- gr anul e mem-

br ane) r ecycl i ng bet ween t he Gol gi compl ex and t he pl asma-

l emma, but at pr esent t her e i s no i nf or mat i on concer ni ng i t s

nat ur e i n hepat ocyt es .

Af f i ni t y separ at i on t echni ques, based on i nsol ubi l i zed spe-

ci f i c l i gands, ar e expect ed t o pr ovi de f ur t her i nf or mat i on about

t he bi ochemi cal het er ogenei t y of Gol gi el ement s and i t s f unc-

t i onal i mpl i cat i ons . I t shoul d be poi nt ed out t hat al t hough

gal act osyl t r ansf er ase act i vi t y i s consi der ed a mar ker f or Gol gi

membr anes, not onl y do some mor phol ogi cal l y r ecogni zabl e

Gol gi el ement s l ack t hi s act i vi t y ( 43) , but al so a subst ant i al

amount ( 40- 50%) of i t r emai ns i n a r esi dual mi cr osomal f r ac-

t i on i n el ement s of st i l l unknown mor phol ogy .

BI OCHEMI STRY OF GOLGI MEMBRANES:

	

Dat a concer ni ng

t he bi ochemi st r y of Gol gi membr anes ar e st i l l l i mi t ed, par t l y

because of t he di f f i cul t i es encount er ed i n t he separ at i on of

bona f i de Gol gi el ement s f r om t hei r membr ane cont ai ner s

whi ch shut t l e bet ween t he compl ex and t he ER or pl asma-

l emma . The l i pi d composi t i on of Gol gi membr anes appear s t o

be quant i t at i vel y di f f er ent f r om t hat of bot h t he ER membr ane

( mor e sphi ngomyel i n, l ess phosphat i dyl chol i ne) and t he pl as-

mal emma ( l ess chol est er ol , l ess sphi ngomyel i n) ( 44- 46) . The

el ect r ophor et ogr ams of Gol gi membr anes r eveal a pr ot ei n com-

posi t i on di f f er ent qual i t at i vel y and quant i t at i vel y f r om t hat of

ER and pl asmal emma ( 35, 45) , but t he r esul t s ar e i n need of

ext ensi on and i mpr ovement .

Enzyme assays est abl i shed t he exi st ence of composi t onal

over l ap bet ween ER and Gol gi membr anes ( 15, 45) , at l east i n

t he case of t he f at t y aci d desat ur ase syst em ( NADH- cyt o-

FI GURES 21 and 22 Af f i ni t y t echni que f or t he separ at i on of con-

st i t uent s of Gol gi f r act i ons on beads . Goat ant i - r abbi t I gG was

coval ent l y at t ached t o pol yacr yl ami de beads, r abbi t ant i - NADPH-

cyt ochr ome c r educt ase ant i body was i mmunoabsor bed t o t he

beads coat ed wi t h t he f i r st ant i body, and Gol gi f r act i ons ( GF, +2)

wer e r eact ed wi t h t he beads . Recogni zabl e Gol gi el ement s i mmu-

noadsor bed t o t he ant i r educt ase- coat ed beads ar e secr et or y vacu-

ol es ( v) cont ai ni ng l i popr ot ei ns, and ci st er nae cut ei t her i n t r ans-

ver se sect i on ( c, ) or i n per pendi cul ar sect i on ( c2) . x 31, 000 . Fr om

I t o and Pal ade ( 43) .

chr ome b5 r educt ase) ; however , f r om t he r esul t s of t he af f i ni t y

separ at i on al r eady ment i oned ( 43) , t he over l ap appear s mor e

ext ensi ve . I t i ncl udes bot h t he cyt ochr ome P450 syst em and

gl ucose- 6- phosphat ase .

Enzymes i nvol ved i n pr oxi mal gl ycosyl at i on and t r ansl oca-

t i on of nascent pol ypept i de chai ns r emai n unchal l enged

mar ker s f or ERmembr anes. The same may appl y f or enzymes

i nvol ved i n t r i acyl gl ycer ol and phosphol i pi d synt hesi s as i ndi -

cat ed by t he wor k of van Gol de et al . ( 46) . As al r eady men-

t i oned, t er mi nal gl ycosyl t r ansf er ases as wel l as sul f ot r ansf er ases

( see bel ow) ar e r est r i ct ed t o Gol gi membr anes .

Est abl i shed Funct i ons of t he Gol gi Compl ex

PACKAGI NG OF SECRETI ON GRANULES:

	

The cent r al r ol e

of t he Gol gi appar at us i n secr et i on was r ecogni zed l ong ago by

l i ght mi cr oscopi st s ( r evi ewed by Bowen [ 47] ) . Ear l y el ect r on

mi cr oscopi c st udi es car r i ed out i n t he 1950s by Sj 6st r and and

Hanzon ( 5) , Haguenau and Ber nhar d ( 48) , and Far quhar and

FI GURES 18- 20

	

Gol gi f r act i ons f r om r at l i ver . Fi g . 18 i l l ust r at es a f r act i on pr epar ed f r om t he l i ver of a nor mal r at by t he pr ocedur e

of Leel avat hi et al . ( 39) , whi ch yi el ds Gol gi el ement s t hat r emai n st acked . Li popr ot ei n par t i cl es can be r ecogni zed i n t he di l at ed
r i ms of many of t he ci st er nae ( ar r ows) . Fi gs . 19 and 20 ar e Gol gi subf r act i ons pr epar ed by t he met hod of Ehr enr ei ch et al . ( 9) f r om
l i ver s of et hanol - t r eat ed r at s . Fi g . 19 shows a l i ght Gol gi f r act i on ( GF2 ) , and consi st s mai nl y of secr et or y vacuol es f i l l ed wi t h
l i popr ot ei n par t i cl es . Fi g . 20, f r om t he heavi est Gol gi f r act i on ( GF3 ) , consi st s ei t her of whol e ci st er nae or t he cent r al par t s of
col l apsed ci st er nae ( ci ) . A f ew ci st er nae cont ai n l i popr ot ei n par t i cl es i n t hei r di l at ed r i ms ( ar r ows) . Fi g . 18- X 20, 000; Fi g . 19- x

27, 000; Fi g . 20- x 36, 000 . Fi gs . 19 and 20 ar e f r om Ehr enr ei ch et al . ( 9) .
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Ri nehar t ( 7) not ed t he cl ose associ at i on bet ween secr et or y

gr anul es and Gol gi el ement s, and shor t l y t her eaf t er sever al

i nvest i gat or s ( 49, 50) publ i shed el ect r on mi cr ogr aphs i n whi ch

mat er i al r esembl i ng t he cont ent s of secr et or y gr anul es was

cl ear l y r ecogni zed wi t hi n Gol gi el ement s . Subsequent mor pho-

l ogi cal and aut or adi ogr aphi c st udi es ( r evi ewed i n 2, 3, and 51-

53) est abl i shed t hat i n most cel l t ypes concent r at i on and pack-

agi ng of secr et or y pr oduct s usual l y occur s i n t he di l at ed r i ms

of t he t r ansmost ci st er nae ( Fi gs. 1- 4) ; however , i n a f ew cel l

t ypes ( exocr i ne pancr eas and par ot i d of some speci es) , concen-

t r at i on t akes pl ace i n speci al i zed condensi ng vacuol es, whi ch
ar e separ at e f r omt he st acked ci st er nae ( Fi gs . 7 and 8) . I n ei t her

case, concent r at i on r esul t s i n t he pr oduct i on of a st or age gr an-

ul e wi t h a condensed cont ent and a membr ane acqui r ed i n t he

Gol gi compl ex . That concent r at i on t akes pl ace i n many ( but

not al l ) cel l t ypes has been cor r obor at ed by bot h aut or adi -

ogr aphi c ( 52, 54, 55) and cel l f r act i onat i on ( 52) dat a demon-

st r at i ng gr eat l y i ncr eased speci f i c act i vi t y of t he cont ent of

f or mi ng and mat ur e gr anul es, as compar ed t o t hat of t he r ough

ER and Gol gi ci st er nae ( Fi gs. 23 and 24) . Recent aut or adi -

ogr aphi c dat a obt ai ned by hi gh r esol ut i on aut or adi ogr aphi c

anal ysi s i ndi cat e t hat concent r at i on up t o 200 t i mes t hat of t he
ERi s achi eved i n gr anul es of pi t ui t ar y pr ol act i ns ( 55) .

The basi s of our cur r ent under st andi ng of t he over al l r out e
of i nt r acel l ul ar t r anspor t t aken by secr et or y pr oduct s and t he
posi t i on of t he Gol gi compl ex al ong t hat r out e was pr ovi ded

by t he combi ned mor phol ogi cal , aut or adi ogr aphi c, and cel l

f r act i onat i on st udi es t hat wer e i ni t i at ed by Car o and Pal ade

and f ur t her devel oped by Jami eson and Pal ade ( r evi ewed i n

52 and 57) on t he exocr i ne cel l s of t he gui nea pi g pancr eas,

whi ch i s di agr amed i n Fi g. 25 . Wi t h t he i n vi t r o syst ems used

by Jami eson and Pal ade ( 52, 57, 58) , t empor al and spat i al

r esol ut i on wer e i ncr eased by usi ng wel l - cont r ol l ed, pul se- chase

exper i ment s . Mor eover , t he r esul t s of t he exper i ment s coul d be

quant i t at ed by aut or adi ogr aphy or by cel l f r act i onat i on . Thei r
wor k suppor t s t he f ol l owi ng model : secr et or y pr ot ei ns synt he-
si zed i n t he r ough ER ar e t r anspor t ed t o t he Gol gi r egi on i n

smal l vesi cul ar cont ai ner s whi ch ar e assumed t o f unct i on as

shut t l es bet ween t he t r ansi t i onal el ement s of t he ER ( Fi g . 7)

and Gol gi el ement s . Thei r st udi es di d not est abl i sh t he r out e

t aken by secr et or y pr oduct s t hr ough t he Gol gi ( see bel ow) , but

t hei r aut or adi ogr aphi c f i ndi ngs ( 54) demonst r at ed cl ear l y t hat

FI GURE 23

	

Aut or adi ogr am of a pancr eat i c exocr i ne cel l ( gui nea pi g) pul se- l abel ed wi t h [ 3 H] l euci ne i n vi t r o and f i xed at t he end

of a 20- mi n chase . Gr ai ns over condensi ng vacuol es ( cv) ar e much mor e numer ous t han over t he r ough ER ( er ) or Gol gi el ement s

( G) at t hi s t i me poi nt . The mat ur e zymogen gr anul es ( zg) ar e not l abel ed ; t hei r peak of r adi oact i vi t y i s r eached l at er ( 60- 80 mi n)

post pul se. x 16, 000 . Fr om Jami eson and Pal ade ( 54) .
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FI GURE 24

	

Aut or adi ogr am of a pr ol act i n cel l ( r at ant er i or pi t ui t ar y) f r om a di ssoci at ed cel l pr epar at i on pul sed i n vi t r o f or 5 mi n

wi t h [ 3 H] l euci ne and f i xed af t er a 30- mi n chase . Gr ai ns ar e concent r at ed over i mmat ur e or aggr egat i ng gr anul es ( ag) l ocat ed on

t he t r ans si de of Gol gi st acks . When cor r ect ed f or r adi at i on spr ead, t he gr ai n densi t y ( gr ai ns/ uni t ar ea) of t he i mmat ur e gr anul es

at peak l abel i ng i s 50- 200 t i mes t hat of t he r ough ER, i ndi cat i ng t hat t he secr et ar y pr oduct ( > 85%pr ol act i n) under goes a - 200-

f ol d concent r at i on ( 56) . x 24, 000 . Fr om Far quhar et al . ( 55) .

secr et or y pr oduct s ar e t r anspor t ed t o condensi ng vacuol es l o-

cat ed on t he t r ans si de of t he Gol gi st acks ( Fi g. 23) . As al r eady

ment i oned, i n most ot her cel l t ypes concent r at i on nor mal l y

t akes pl ace i n t he di st ended r i ms of t he t r ansmost ci st er nae

( Fi g. 24) , whi ch ar e t he equi val ent of condensi ng vacuol es . The

same pat t er n was f ound i n hyper st i mul at ed pancr eat i c exocr i ne
cel l s ( 58) . Tr anspor t out of t he ER t o t he Gol gi was shown t o

be vect or i al and ener gy- dependent , as i t was ar r est ed by i nhi b-

i t or s or uncoupl er s of oxi dat i ve phosphor yl at i on ( ant i myci n A,

DNP) . Subsequent l y i t has become cl ear t hat , whi l e i n t r ansi t

bet ween t he ER and f or mi ng gr anul es, secr et ar y pr ot ei ns may

under go modi f i cat i ons such as gl ycosyl at i on, sul f at i on, and

pr ot eol yt i c pr ocessi ng ( descr i bed i n subsequent sect i ons) , as
wel l as concent r at i on.

The gener al appl i cabi l i t y of t hi s model t o a wi de var i et y of

cel l t ypes has been wel l document ed and r evi ewed el sewher e

( 51, 52, 57) . As f ar as Gol gi i nvol vement i s concer ned, t he best

st udi ed cel l t ypes, ar e t he par ot i d cel l ( 52) , t he f i br obl ast ( 59

and Hay, t hi s vol ume) , t he odont obl ast ( 60) , t he , 8- cel l of t he

pancr eat i c i sl et s ( 61) , t he hepat ocyt e ( 42, 62) , t he t hyr oi d cel l

( 63) , t he mammot r oph or pr ol act i n cel l of t he ant er i or pi t ui t ar y

( 64, 65) ( Fi g . 26) , and l eukocyt es ( 53) . Ther e i s no document ed

exampl e of a cel l i n whi ch t he secr et ar y pr oduct bypasses t he

Gol gi . At one t i me i t was suggest ed t hat col l agen secr et i on by

f i br obl ast s and i mmunogl obul i n secr et i on by pl asma cel l s

mi ght r epr esent except i ons t o t he accept ed scheme, and t hat i n

t hese cel l s at l east par t of t he secr et or y pr oduct mi ght be

di schar ged di r ect l y f r om t he ER, t hus bypassi ng t he Gol gi .

Aut or adi ogr aphi c st udi es car r i ed out by sever al i nvest i gat or s

( 66, 67) wer e i nt er pr et ed as suppor t i ng t hi s cont ent i on . How-

ever , subsequent i mmunocyt ochemi cal r esul t s ( Fi g . 27 and Fi g.

7 i n Hay, t hi s vol ume) have demonst r at ed t he pr esence of t he

appr opr i at e pr oduct ( pr ocol l agen [ 59] , and i mmunogl obl i ns

[ 68, 69] ) i n Gol gi ci st er nae, t hus conf i r mi ng t hat i n t hese cel l s
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FI GURE 25

	

( l ef t panel ) Di agr amof an exocr i ne pancr eat i c cel l ( gui nea pi g) showi ng t he st eps wor ked out by Jami eson and Pal ade

f or t he synt hesi s and i nt r acel l ul ar t r anspor t of di gest i ve enzymes . The secr et or y pr ot ei ns ar e ( 1) synt hesi zed excl usi vel y on

pol yr i bosomes whi ch at t ach t o t he membr anes of t he r ough ER, and ar e cot r ansl at i onal l y t r ansf er r ed acr oss t hese membr anes t o

be segr egat ed ( 2) wi t hi n t he ci st er nal space of t he r ough ER. They ar e t hen t r anspor t ed ( 3) vi a smal l vesi cl es f r om t he r ough ER t o

condensi ng vacuol es l ocat ed i n t he Gol gi r egi on wher e concent r at i on ( 4) and ( 4' ) t akes pl ace . The concent r at ed pr oduct i s t hen

st or ed ( 5) i n secr et i on gr anul es unt i l di schar ged ( 6) by exocyt osi s, or f usi on of t he gr anul e membr ane wi t h t he pl asmal emma at t he

api cal cel l sur f ace .

FI GURE 26

	

( r i ght panel ) Di agr amof event s i n t he secr et or y pr ocess of t he pr ol act i n cel l or mammot r oph i n t he ant er i or pi t ui t ar y

of t he r at f r om t he wor k of Far quhar and co- wor ker s . Pr ol act i n i s synt hesi zed on at t ached r i bosomes ( 1) , segr egat ed i n t he r ough

ER ( 2) , t r anspor t ed t o, and concent r at ed wi t hi n gr anul es i n t he Gol gi compl ex . Smal l gr anul es ar i si ng wi t hi n t he i nner Gol gi

ci st er na ( 3) aggr egat e ( 4) t o f or m mat ur e secr et or y gr anul es ( 5) . Dur i ng act i ve secr et i on, t he l at t er f use wi t h t he cel l membr ane

( 6) and ar e di schar ged i nt o t he per i vascul ar spaces by exocyt osi s . When secr et or y act i vi t y i s suppr essed and t he cel l must di spose

of excess st or ed hor mone, some gr anul es f use wi t h l ysosomes ( 6' ) and ar e degr aded . Thi s scheme i s basi cal l y si mi l ar t o t hat whi ch

t akes pl ace i n t he pancr eat i c exocr i ne cel l ( Fi g . 25) except t hat ( a) concent r at i on begi ns i n t he st acked Gol gi ci st er nae ( i nst ead of

i n speci al i zed condensi ng vacuol es) and cont i nues away f r om t he compl ex i n st r uct ur es anal ogous t o condensi ng vacuol es, and

( b) t her e i s a di schar ge opt i on wher eby t he gr anul es can be di schar ged ei t her ext r acel l ul ar l y ( i nt o per i vascul ar spaces) or

i nt r acel l ul ar l y i nt o l ysosomes by cr i nophagy . Fr om Smi t h and Far quhar ( 154) .

t oo, t he secr et or y pr ot ei ns f ol l ow t he Gol gi compl ex r out e . I t
i s now cl ear t hat t he ear l i er conf usi on and t he i nconcl usi ve
aut or adi ogr aphi c r esul t s can be expl ai ned by t he f act t hat t hese
cel l t ypes r epr esent a speci al var i ant of t he model i n whi ch t he

secr et or y pr oduct s do not under go concent r at i on as a pr er eq-

ui si t e f or st or age, and hence no secr et i on gr anul es ar e f or med.

They ar e packaged i n t he Gol gi compl ex i n t he usual manner

and di schar ged by exocyt osi s i n t he usual manner , but t he

car r i er consi st s of a f l ui d- f i l l ed vesi cl e i nst ead of a dense
gr anul e ( 52, 69, 70) .

The f act t hat concent r at i on commonl y t akes pl ace i n t he

di l at ed ends of t he Gol gi ci st emae r ai sed t he i nt r i gui ng ques-

t i on of how concent r at i on i s br ought about i n t he di l at ed ends

of a cont i nuous compar t ment . The f i r st i nf or mat i on on t hi s
pr obl em came f r om t he exper i ment s of Jami eson and Pal ade

( 71) , who showed t hat concent r at i on i n bot h condensi ng vac-
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uol es and zymogen gr anul es was mai nt ai ned i n si t u i n t he

absence of ATP synt hesi s . The f i ndi ngs l ed t o t he concl usi on

t hat concent r at i on i s not dependent on cont i nuous expendi t ur e

of ener gy, as expect ed i f t he oper at i on depended on an i on

pumpi ng mechani sm. I nst ead, concent r at i on appar ent l y r esul t s
f r om t he f or mat i on of osmot i cal l y i nact i ve aggr egat es, whi ch

i s accompl i shed ei t her by cr yst al f or mat i on ( bl ood eosi nophi l

[ 53] and pancr eat i c , 8- cel l [ 52] ) , or by el ect r ost at i c i nt er act i on

bet ween secr et or y pr oduct s and ot her mol ecul es of opposi t e

char ge- especi al l y pr ot ei n- pol ysacchar i de compl exes : e . g. ,

mast cel l hepar i n wi t h a basi c pol ypept i de ( 72) , cat i oni c l yso-

somal enzymes ( 73) or cat i oni c pancr eat i c pr ot ei ns ( 74) wi t h

sul f at ed gl ycosami nogl ycans ( GAGs) , pr ol act i n wi t h sul f at ed

GAGS and gl ycopept i des ( 65) . Ther e i s al so evi dence t hat

cal ci um i s pr esent i n cer t ai n secr et i on gr anul es ( i . e . , t hose of

pancr eat i c, 8- cel l s [ 75] and exocr i ne pancr eat i c cel l s [ 76] ) wher e
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FI GURE 27

	

I mmunocyt ochemi cal l ocal i zat i on of i mmunogl obul i ns i n t he secr et or y compar t ment s of a pl asma cel l f r om t he spl een

( r at ) . Spl een cel l s wer e har vest ed f r om a r at i mmuni zed agai nst hor ser adi sh per oxi dase ( HRP) , and l i ght l y f i xed ; cr yost at sect i ons

wer e i ncubat ed wi t h HRP and subsequent l y r eact ed wi t h di ami nobenzi ne ( DAB) . React i on pr oduct , i ndi cat i ng si t es of l ocal i zat i on

of ant i - HRP i mmunogl obul i ns, i s seen t hr oughout t he r ough ER ( er ) , i ncl udi ng t he per i nucl ear ci st er na ( pn) , and i n t he st acked

Gol gi ci st er nae ( Gc) and associ at ed secr et or y vesi cl es and vacuol es ( v) . X 22, 000 . Fr om Ot t osen et al . ( 69) .

i t i s concent r at ed al ong t he i nner sur f ace of t hei r l i mi t i ng

membr anes . Thi s r ai ses t he possi bi l i t y t hat cal ci um may par -

t i ci pat e i n t he i oni c i nt er act i ons t hat t ake pl ace dur i ng concen-

t r at i on ( 76) . I n a f ew cases i t has been shown t hat a const ant

r at i o exi st s bet ween t he packaged pr oduct s, e . g . , i n t he adr enal

medul l a ( ATP/ cat achol ami nes = 4/ 1) ( 77) and neur ohypoph-

ysi s ( neur ophysi n/ oxyt oci n or vasopr essi n) ( 78) . I n ot her cel l

t ypes such as pancr eat i c aci nar cel l s and pr ol act i n cel l s of t he

ant er i or pi t ui t ar y, t he pr esumpt i ve packagi ng mol ecul es ( sul -

f at ed pol yani ons) r epr esent a r el at i vel y mi nor const i t uent of

t he cont ent s and may ser ve t o i ni t i at e aggr egat e f or mat i on ( 65,
74) . Many secr et or y gr anul es ar e i nsensi t i ve t o t he osmol al i t y
of t he medi um even af t er i sol at i on ( 58, 65) , but ar e ext r emel y
sensi t i ve t o pH changes, pr esumabl y because t he aggr egat es
ar e st abi l e onl y at cer t ai n pHs .

Because one of t he mai n f unct i ons of t he Gol gi compl ex i n

t he packagi ng oper at i on i s t o pr ovi de a membr ane cont ai ner

t hat i s compet ent f or exocyt osi s of t he secr et or y pr oduct , one

woul d l i ke t o know t he nat ur e of t hi s membr ane and how i t s
composi t i on compar es wi t h t hat of membr anes of ot her cel l

st r uct ur es, especi al l y t hose wi t h whi ch i t i nt er act s dur i ng i nt r a-
cel l ul ar t r anspor t . Ther e ar e onl y a f ew cases i n whi ch t he
secr et or y gr anul e membr anes have been i sol at ed i n pur e
enough f or m ( f r ee f r om cont ent pr ot ei ns) t o per mi t anal ysi s of
t hei r pr ot ei n composi t i on . I n such cases, e . g . , t he membr anes
of chr omaf f m gr anul es, par ot i d gr anul es, zymogen gr anul es of

t he exocr i ne pancr eas ( r evi ewed i n 79) , i t has been shown t hat

t he pr ot ei n composi t i on i s di f f er ent f r om, and gener al l y si mpl er

t han t hat of t he membr anes of ot her cel l compar t ment s ( ER,

Gol gi , pl asmal emma) .

I n summar y, i t i s cl ear t hat passage of secr et or y pr oduct s

t hr ough t he Gol gi compl ex i s obl i gat or y, and i nvol ves ext ensi ve

modi f i cat i on and t r ansf er t o a membr ane cont ai ner whi ch i s

compet ent t o f use wi t h t he pl asmal emma at t he t i me of exo-

cyt osi s . I t i s i n t hi s Gol gi - der i ved membr ane cont ai ner t hat

concent r at i on of secr et or y pr oduct s i s accompl i shed, but con-

cent r at i on i s not an obl i gat or y oper at i on . When i t does occur ,
whi ch i s i n t he maj or i t y of secr et or y cel l s, i t of t en i nvol ves t he

compl exi ng of secr et or y pr oduct s l eadi ng t o t he f or mat i on of

macr omol ecul ar aggr egat es whi ch ar e i nsol ubl e under i n si t u

condi t i ons . Fur t her det ai l s about t he nat ur e of t he membr ane

cont ai ner s and t he f act or s t hat af f ect or cont r ol concent r at i on

mechani sms need t o be obt ai ned.

GLYCOSYLATI ON OF GLYCOPROTEI NS:

	

I t i s nowcl ear t hat

one of t he maj or f unct i ons of t he Gol gi appar at us per t ai ns t o

t he post t r ansl at i onal modi f i cat i on of gl ycopr ot ei ns . The appa-

r at us i s excl usi vel y r esponsi bl e f or t he at t achment of t er mi nal

or cappi ng sugar s ( N- acet yl gl ucosami ne, gal act ose, f ucose and
si al i c aci d) t o t he ol i gosacchar i de chai ns t hat ar e N- gl ycosi di -

cal l y- l i nked t o gl ycopr ot ei ns i n t he r ough ER ( 63, 80, 81) . Less

i s known about t he si t e of addi t i on of ol i gosacchar i de chai ns

O- gl ycosi di cal l y l i nked t o ser i ne, t hr eoni ne, and t yr osi ne r esi -

FARQUHAR AND PALADE Gol gi Appar ar us
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dues of muci n- t ype gl ycopr ot ei ns, but t he bi ochemi cal i nf or -

mat i on avai l abl e ( 81) and t he aut or adi ogr aphi c f i ndi ngs sum-

mar i zed bel ow suggest t hat i t al so t akes pl ace i n t he Gol gi

compl ex .

Pr ogr ess i n under st andi ng t he bi ochemi cal event s i n gl yco-

pr ot ei n synt hesi s and t he i nt r acel l ul ar l ocal i zat i on of t hese

sequent i al bi osynt het i c st eps has been so r api d t hat one must

pause and r ecal l t hat t he f i r st evi dence of a r ol e f or t he Gol gi

appar at us i n gl ycopr ot ei n synt hesi s was obt ai ned bar el y 15

year s ago. That evi dence was pr ovi ded by t he f i ndi ngs of

Neut r a and Lebl ond ( 80) ; t hey showed, by aut or adi ogr aphy i n

ani mal s sacr i f i ced 5- 15 mi n af t er admi ni st r at i on i n vi vo of

r adi ol abel ed hexose ( [ 3H] gl ucose and [ 3H] gal act ose) , t hat t he

vast maj or i t y of t he aut or adi ogr aphi c gr ai ns wer e l ocal i zed

over t he Gol gi r egi on of i nt est i nal gobl et cel l s and many ot her

cel l t ypes ( 80) . The gr ai ns wer e l ocal i zed di r ect l y over Gol gi

ci st emae by el ect r on- mi cr oscope ( EM) aut or adi ogr aphy . Af ew

year s l at er , usi ng a si mi l ar LM and EM aut or adi ogr aphi c

appr oach t o st udy gl ycopr ot ei n synt hesi s i n t he t hyr oi d epi t he-

l i al cel l , Lebl ond and co- wor ker s ( 63, 82, 83) demonst r at ed

t hat t he addi t i on of cor e sugar s ( [ 3H] mannose) t o t he pept i de

backbone of t hyr ogl obul i n t akes pl ace i n t he r ough ER,

wher eas t he addi t i on of t er mi nal sugar s ( gal act ose, f ucose, and,

mor e r ecent l y, si al i c aci d [ 63] ) t akes pl ace i n t he Gol gi appa-

r at us . Thus, aut or adi ogr aphy pr oved t o be ver y usef ul f or

i dent i f yi ng t he i ni t i al cel l ul ar si t e of i ncor por at i on of var i ous

monosacchar i de pr ecur sor s . As used by Lebl ond and hi s asso-

ci at es, i t has not onl y pr ovi ded t he f i r st i ndi cat i on of t he r ol e

of t he Gol gi compl ex i n gl ycopr ot ei n synt hesi s, but al so has

yi el ded t he f i r st evi dence f or i nt r acel l ul ar separ at i on of l abor -

bet ween t he r ough ERand t he Gol gi compl ex- i n t he pr oxi mal

and di st al gl ycosyl at i on of compl ex gl ycopr ot ei ns .

The l ocal i zat i on of hexose i ncor por at i on t o t he Gol gi com-

pl ex by aut or adi ogr aphy t ook pl ace wel l bef or e t he di scover y

t hat t he gl ycosyl t r ansf er ases r esponsi bl e f or t he addi t i on of

t er mi nal hexoses ar e associ at ed excl usi vel y wi t hi n Gol gi f r ac-

t i ons. The next key event i n t he devel opment of t he gl ycopr o-

t ei n st or y was t he di scover y i n 1969, by B. Fl ei scher , S.

Fl ei scher , and H. Ozawa ( 34) , t hat a gal act osyl t r ansf er ase

act i vi t y wi t h t he abi l i t y t o t r ansf er r adi oact i ve gal act ose t o

exogenous r ecept or s ( f r om UDP- gal t o N- acet yl gl ucosami ne)

was concent r at ed ( 80x) i n Gol gi f r act i ons f r ombovi ne l i ver .

Subsequent st udi es by t he Fl ei scher s and ot her s, not abl y Mor r e

( 36) , and Schacht er and Roseman and t hei r co- wor ker s ( 37,

38) , conf i r med t he pr esence of gal act osyl t r ansf er ase act i vi t y i n

Gol gi f r act i ons . Thi s pr ovi ded t he f i r st bi ochemi cal evi dence

f or t he i nvol vement of Gol gi membr anes i n t he addi t i on of

t er mi nal hexose r esi dues t o gl ycopr ot ei ns . Subsequent l y, f uco-

syl and si al yl t r ansf er ases wer e al so shown t o be char act er i st i c

Gol gi enzymes ( 84) , but t o t hi s day, gal act osyl t r ansf er ase r e-

mai ns t he mai n mar ker enzyme f or t he Gol gi compl ex . Re-

cent l y, B . Fl ei scher ( 85) has est abl i shed t hat bot h gal act osyl -

t r ansf er ases and si al yl t r ansf er ases ar e membr ane pr ot ei ns wi t h

act i ve si t es l ocat ed on t he l umi nal si de of t he Gol gi ci st emae .

I t shoul d be not ed t hat , al t hough gal act osyl t r ansf er ase act i v-

i t i es ar e f ound i nsi de most cel l s bound t o Gol gi membr anes,

t hey al so occur i n sol ubl e f or m ( 84) ( e . g . , i n mi l k, ser um, and

epi di dymal [ 86] f l ui ds) , and i n mi l k gl obul e membr anes ( usu-

al l y assumed t o be der i vat i ves of t he pl asmal emma of t he

mammar y epi t hel i um [ 87] ) .

As i nf or mat i on i ncr eased about t he exi st ence of di f f er ent

t ypes of ol i gosacchar i de chai ns i n gl ycopr ot ei ns and t he st eps

i nvol ved i n t hei r bi osynt hesi s, i t became appar ent t hat many

secr et or y and membr ane pr ot ei ns cont ai n N- gl ycosi di cal l y-
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l i nked, compl ex- t ype ol i gosacchar i des whi ch ar e f i r st synt he-

si zed ( f r om dol i chol i nt er medi at es [ 88] ) i n t he ER as mannose-

r i ch pr ecur sor s wi t h ext r a gl ucose and mannose r esi dues . These

r esi dues ar e subsequent l y t r i mmed, wi t h r emoval of al l of t he
gl ucose and some ( si x) of t he mannose r esi dues, bef or e addi t i on

of t he t er mi nal hexoses ( 89) . The t r i mmi ng of mannosyl r esi -

dues was l ocal i zed i ndi r ect l y t o t he Gol gi appar at us by t he

di scover y i n Gol gi f r act i ons of an a- D- mannosi dase act i vi t y,

whi ch i s capabl e of pr ocessi ng aspar agi ne- l i nked ol i gosaccha-

r i des and i s di st i nct f r omt he mannosi dases of t he cyt osol and

l ysosomes ( 89, 90) .

Recent l y, Kor nf el d and hi s associ at es ( 91, 92) have del i n-

eat ed a r ol e f or t he Gol gi compl ex i n t he t r i mmi ng and

gl ycosyl at i on of l ysosomal enzymes . They f ound t hat t he bi o-

synt hesi s of l ysosomal enzymes i nvol ves t he t r ansf er of an N-

acet yl gl ucosami ne phosphat e t o mannose r esi dues of t he en-

zymes . These gl ucosami ne r esi dues ar e t hen r emoved t o expose

t he mannose- 6- phosphat e, whi ch i s bel i eved t o be t he r ecog-

ni t i on mar ker f or l ysosomal enzymes ( see Bai nt on, t hi s vol -

ume) . Kor nf el d' s gr oup has shown al so t hat bot h t he t r ansf er ase

act i vi t y ( N- acet yl gl ucosami ne 1- phosphot r ansf er ase) and t he

t r i mmi ng enzyme ( a- N- acet yl gl ucosami nyl phosphodi est er ase)

ar e concent r at ed i n Gol gi f r act i ons . '

An i mpor t ant but st i l l unr esol ved quest i on i s wher e, i n t he

het er ogeneous Gol gi compl ex, do gl ycosyl at i on and t r i mmi ng

t ake pl ace? The quest i on has not yet been answer ed because

t he t r ansf er ases wer e f ound t o be equal l y di st r i but ed i n Gol gi

subf r act i ons ( 93) . However , t hat t her e may be a r est r i ct ed or

speci al i zed di st r i but i on i s suggest ed by t he r esul t s obt ai ned by

a new af f i ni t y separ at i on t echni que, whi ch showed t hat gal ac-

t osyl t r ansf er ase and NADPH- cyt ochr ome P- 450 r educt ase ar e

associ at ed wi t h di f f er ent , mor phol ogi cal l y r ecogni zabl e Gol gi

el ement s ( 43) .

Two ot her i mpor t ant quest i ons ar e t he subj ect of cur r ent
r esear ch by B. Fl ei scher and her associ at es : How ar e t he
nucl eot i de sugar s t hat ser ve as subst r at es f or t he t r ansf er ases

( and whi ch ar e synt hesi zed el sewher e i n t he cel l ) t r anspor t ed

acr oss t he Gol gi membr anes? And how ar e t he pr oduct s of t he

t r ansf er ase r eact i on ( UDP and CMP) r emoved? Regar di ng t he

l at t er , Br andon and Fl ei scher ( 94) have shown t hat UDP

f or med i n i nt act Gol gi vesi cl es dur i ng gal act osyl at i on i s r api dl y

br oken down by nucl eosi de di phosphat ases ( NDPases) pr esent

i n t he l umen of Gol gi vesi cl es. I t i s t empt i ng t o suggest t hat t he

neut r al NDPase act i vi t y, as wel l as t he aci d phosphat ase act i v-

i t y ( whi ch can be demonst r at ed usi ng a var i et y of subst r at es

i ncl udi ng CMP) f ound by cyt ochemi cal l ocal i zat i on i n cer t ai n

Gol gi membr anes, may be i nvol ved i n t hese oper at i ons. To

addr ess t he f i r st quest i on, Fl ei scher ( 95) r ecent l y has st udi ed

t he nucl eot i de pr of i l e of r at l i ver Gol gi by hi gh- pr essur e l i qui d

chr omat ogr aphy and f ound maj or peaks associ at ed wi t h sever al

nucl eot i des : UDP, AMP, UMP, and CMP. The f act t hat t her e

i s a sel ect i ve di st r i but i on of nucl eot i des, t oget her wi t h t he

f i ndi ng t hat UDP i s sel ect i vel y r et ai ned af t er osmot i c shock,

l ed Fl ei scher t o suggest ( 96) t hat t he Gol gi i s not f r eel y per me-

abl e t o t hese mol ecul es, and t hat a sel ect i ve t r anspor t syst em

or bi ndi ng pr ot ei n exi st s f or t he upt ake or excl usi on of speci f i c

nucl eot i des f r om t hi s or ganel l e .

GLYCOSYLATI ON OF GLYCOLI PDS:

	

Ther e i s al so evi dence

( 97, 98) t hat , i n addi t i on t o gl ycosyl at i on of gl ycopr ot ei ns, t he

Gol gi appar at us i s i nvol ved i n gl ycosyl at i on of at l east some

gl ycol i pi ds, especi al l y t hose t hat cont ai n t er mi nal gal act ose . and

' Kor nf el d, S. Per sonal communi cat i on .
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si al i c aci d r esi dues, i . e . , cer ebr osi des and gangl i osi des . As f ar

as i s known, t he gl ycol i pi ds ar e pr esent i n t i ssues excl usi vel y as

membr ane const i t uent s, but t hei r concent r at i on di f f er s f r om

one t i ssue t o anot her ( i . e . , hi gh i n br ai n and ki dney and l ow i n

l i ver ) . B. Fl ei scher ( 95) has shown t hat a number of gl ycosyl -

t r ansf er ases ( as wel l as a sul f ot r ansf er ase) ( 98) whi ch f unct i on

i n t he addi t i on of hexose r esi dues t o gl ycol i pi ds ar e l ocal i zed

i n Gol gi f r act i ons i sol at ed f r om ki dney homogenat es, and

Ri char dson et al . ( 97) have f ound t he same i n Gol gi f r act i ons

f r om r at l i ver .

S UL F A T I ON:

	

As i n t he case of gl ycosyl at i on, t he f i r st

i ndi cat i on t hat t he Gol gi compl ex f unct i ons i n sul f at i on was

obt ai ned by aut or adi ogr aphy . I n 1964, Lane et al . ( 99) and

Godman and Lane ( 100) , wor ki ng wi t h L . Car o, who, wi t h R.

van Tubur gen, had j ust i nt r oduced t echni ques f or EMaut o-

r adi ogr aphy a f ew year s bef or e, demonst r at ed t hat i mmedi at el y

af t er admi ni st r at i on of r adi oact i ve sul f at e i n vi vo, exposed

gr ai ns wer e concent r at ed over Gol gi ci st er nae and vacuol es i n

gobl et cel l s and car t i l age cel l s. Much l at er , Young ( 101) sur -

veyed a var i et y of cel l s and f ound upt ake of r adi oact i ve sul f at e

by t he Gol gi compl ex i n 14 addi t i onal cel l t ypes, e . g. , l euko-

cyt es, Schwann cel l s, endot hel i al cel l s, ker at i nocyt es, f i br o-

bl ast s, and f ol l i cul ar cel l s of t he ovar y . The upt ake of sul f at e

by car t i l age and gobl et cel l s was t o be expect ed, because t hese

cel l s ar e known t o pr oduce hi gh l evel s of sul f at ed pr ot eogl ycans

( chondr oi t i n sul f at e) and sul f at ed gl ycopr ot ei ns ( muci ns) , r e-

spect i vel y . Mor e sur pr i si ng at t he t i me was t he f i ndi ng of

sul f at e i ncor por at i on i nt o t he ot her cel l t ypes ment i oned . Si nce

t hen, however , i t has become cl ear t hat many cel l s ( l eukocyt es,

endot hel i al cel l s, f i br obl ast s, and ovar i an cel l s) synt hesi ze sul -

f at ed pr ot eogl ycans whi ch can ei t her be deposi t ed i n t he ext r a-

cel l ul ar mat r i x, r et ai ned i nt r acel l ul ar l y ( e . g. , i n secr et i on gr an-

ul es) , or r emai n associ at ed wi t h t he cel l sur f ace . I t has al so

become cl ear t hat many ot her cl asses of mol ecul es, such as

gl ycol i pi ds ( 98) , gl ycopr ot ei ns ( 99) , and st er oi d hor mones can

be sul f at ed ( 101) . Appar ent l y al l t hese r eact i ons occur i n t he

Gol gi , f or i n al l cases i ni t i al i ncor por at i on has been l ocal i zed

t o t hi s or ganel l e by aut or adi ogr aphy . However , r et ent i on of

sul f at ed st er oi ds i n such exper i ment s r emai ns t o be pr oven .

I n sul f at i on, as i n gl ycosyl at i on, t he sul f at e i s act i vat ed by

bi ndi ng t o a nucl eot i de f r om whi ch i t i s t r ansf er r ed t o an

appr opr i at e r ecept or mol ecul e by a speci f i c sul f ot r ansf er ase

( 98, 101) . Less i s known about t he l ocat i on of t he enzymes

i nvol ved i n sul f at i on t han about t hat of gl ycosyl t r ansf er ases,

but t he i nf or mat i on avai l abl e i ndi cat es t hat t he a number of

sul f ot r ansf er ases ar e Gol gi - associ at ed enzymes ( 98, 102- 104) .

The f i r st sul f ot r ansf er ase t o be l ocal i zed i n Gol gi f r act i ons and

t o be sol ubi l i zed and char act er i zed ( 103) , i s a cer ebr osi de

sul f ot r ansf er ase, pr esent i n r at ki dney, whi ch conver t s cer ebr o-

si de t o sul f at i de ( a sul f at ed gl ycosphi ngol i pi d) . Thi s enzyme,

l i ke t he gl ycosyl t r ansf er ases, appear s t o be an i nt r i nsi c mem-

br ane pr ot ei n ( 103) . Sul f ot r ansf er ase act i vi t y has al so been

l ocal i zed i n Gol gi - enr i ched f r act i ons f r oml i ver ( 102) and mast

cel l s ( 104) , but t he enzymes i nvol ved have not yet been char -

act er i zed . Evi dence has been pr esent ed t hat t he mast cel l

enzyme i s i nvol ved i n pr ot eogl ycan synt hesi s ( 104) .

I n summar y, aut or adi ogr aphi c f i ndi ngs and i nf or mat i on ob-

t ai ned on Gol gi f r act i ons i ndi cat e t hat sul f at i on, l i ke t er mi nal

gl ycosyl at i on, i s excl usi vel y a Gol gi f unct i on, but suppor t i ng

bi ochemi cal dat a der i ved f r om cel l f r act i onat i on ar e st i l l qui t e

l i mi t ed.

PROTEOLYTI C PROCESSI NG OF PROPROTEI NS :

Over t he past f ew year s i t has become evi dent t hat most

secr et or y and membr ane pr ot ei ns under go one or mor e i nt r a-

cel l ul ar pr ot eol yt i c pr ocessi ng st eps dur i ng bi osynt hesi s . Ex-

ampl es ar e t he cl eavage of pr esecr et or y and pr esecr et or y pr o-

t ei ns, and cl eavages t hat occur dur i ng t he assembl y of macr o-

mol ecul ar st r uct ur es such as vi r us capsi ds and membr ane

associ at ed enzyme compl exes ( see St ei ner et al . [ 105] f or a

r ecent r evi ew) . The pr ocessi ng event t hat usual l y occur s i n t he

Gol gi compl ex i nvol ves t he conver si on of pr opr ot ei ns t o secr e-

t or y pr ot ei ns . Many smal l pept i de hor mones ( pr oi nsul i n, pr o-

par at hor mone, pr oopi cocor t i n) as wel l as ot her secr et or y pr o-

t ei ns ( pr oal bumi n) under go pr ocessi ng of t hi s t ype t o yi el d

t hei r mat ur e di schar ged f or m. The associ at i on bet ween pr opr o-

t ei n pr ocessi ng and t he Gol gi compl ex was made i ni t i al l y by

St ei ner and hi s col l abor at or s ( 106) shor t l y af t er t he di scover y

of pr oi nsul i n, and was based on t he f i ndi ng t hat when i nt r a-

cel l ul ar t r anspor t f r om t he ER t o t he Gol gi compl ex was

st opped ( by t r eat ment wi t h i nhi bi t or s of ATP synt hesi s such as

ant i myci n A) , no pr ocessi ng of pr oi nsul i n t o i nsul i n occur r ed .

Thi s f i ndi ng demonst r at ed t hat t r anspor t out of t he ER t o t he

Gol gi ar ea was necessar y f or t he pr ocessi ng of pr oi nsul i n t o

occur . The ki net i cs of t he pr ocessi ng, whi ch r eveal ed an i ni t i al

del ay of 10- 20 mi n f ol l owed by cont i nued act i vi t y f or up t o 1

h, suppor t ed t hat concl usi on . Si mi l ar f i ndi ngs wer e al so ob-

t ai ned f or t he conver si on of pr opar at hor mone t o par at hor mone

( 107) . The f act t hat conver si on cont i nued f or up t o 1 h, wher eas

i n most syst ems, t r anspor t t o t he Gol gi i s assumed t o be

vi r t ual l y compl et ed by 30 mi n, suggest ed t hat pr ocessi ng mi ght

cont i nue i n secr et i on gr anul es af t er packagi ng ( 105) . Fi ndi ngs

by Gai ner and hi s associ at es ( 78) on t he ki net i cs of pr ocessi ng

of pr opr essophysi n ( t he common pr ecur sor of neur ophysi n and

vasopr essi n) i n neur osecr et or y neur ons i ndi cat ed t hat t hi s i s

t he case . I n t hese cel l s, t he pr ecur sor i s packaged i n t he usual

manner i nt o neur osecr et or y gr anul es i n t he Gol gi compl exes

of t he neur onal cel l bodi es, whi ch ar e l ocat ed i n t he supr aopt i c

nucl ei of t he hypot hal amus . Af t er packagi ng, t he gr anul es

mi gr at e ( by axonal f l ow) down t he axons i n t he pi t ui t ar y st al k

t o r each t he post er i or l obe of t he pi t ui t ar y, wher e st or age t akes

pl ace . When t he pr oduct s obt ai ned f r om t he hypot hal amus,

t he st al k, and t he post er i or l obe wer e compar ed, i t became

evi dent t hat pr ocessi ng was mor e compl et e i n t he st al k and

post er i or l obe t han i n t he hypot hal amus . Gai ner et al . con-

cl uded ( 78) t hat pr ogr essi ve pr ocessi ng t akes pl ace i n t he

gr anul es whi l e t hey ar e i n t r ansi t down t he st al k . By i mpl i ca-

t i on, t he gr anul es must cont ai n t he enzyme( s) i nvol ved i n

pr ocessi ng .

Thi s br i ngs us t o a consi der at i on of what i s known concer n-

i ng t he enzymes i nvol ved i n pr ot eol yt i c pr ocessi ng wi t hi n t he

Gol gi compl ex and/ or secr et i on gr anul es. Wor k f r om St ei ner ' s

l abor at or y ( 105) demonst r at ed t hat conver si on of pr oi nsul i n t o

i nsul i n can be accompl i shed i n vi t r o by t he combi ned act i on of

an endopept i dase ( pancr eat i c cat i oni c t r ypsi n) and an exopep-

t i dase ( car boxypept i dase B) . Habener and associ at es ( 107)

f ound t he same si t uat i on t o appl y t o t he pr ocessi ng of pr opar -

at hor mone t o par at hor mone . However , t he nat ur e of t he en-

dogenous act i vi t y t hat accompl i shes t he conver si on i s st i l l

pr obl emat i cal . Over t he year s, t her e have been cl ai ms t hat t he

zymogen f or ms of t r ypsi n and chymot r ypsi n, cat hepsi ns, kal i -

kr ei ns, or pl asmi nogen act i vat or ( among ot her s) ar e t he pr o-

pr ot ei n pr ocessi ng enzymes ( 105) . Accor di ng t o St ei ner ( per -

sonal communi cat i on) , al l of t hese al t er nat i ves have been

chal l enged, and t he act ual i dent i t y of t he pr ot eol yt i c act i vi t y

r emai ns an open quest i on. I t does appear t hat t her e i s a

f undament al l y si mi l ar pr ocessi ng enzyme f or al l pr opr ot ei ns,

f or t hey al l cont ai n pai r ed basi c r esi dues at t he si t es t he enzyme

r ecogni zes f or cl eavage ; however , Gol gi pr ot eases have not
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been pur i f i ed and char act er i zed, and t hei r pr eci se i nt r a- Gol gi

l ocat i on i s ent i r el y unknown.

I n shor t , t he avai l abl e evi dence i ndi cat es t hat t he pr ot eol yt i c

pr ocessi ng of pr opr ot ei ns i s a post - ER st ep whi ch r equi r es

t r anspor t t o t he Gol gi compl ex and cont i nues af t er t he secr et or y

pr oduct i s packaged i nt o gr anul es. The pr eci se nat ur e of t he

pr ocessi ng enzyme( s) i s unknown, as i t has not yet been i sol at ed

and char act er i zed . I ndi r ect evi dence suggest s t hat i t may be

acqui r ed at t he t i me of f or mat i on of t he secr et i on gr anul es . I t s

mode of del i ver y t o t he gr anul es- whet her i t i s acqui r ed wi t h

t he Gol gi membr ane dur i ng packagi ng or by membr ane f usi on

af t er packagi ng- i s al so unknown .

LI POPROTEI N PACKAGI NG :

	

I t has been assumed t hat

t he Gol gi compl ex pl ays a r ol e i n l i pi d met abol i sm si nce t he

el ect r on mi cr oscope st udi es i n t he 1950s of Pal ay and Kar l i n

descr i bi ng t he pr esence of l i pi d dr opl et s i n t he Gol gi ci st er nae

of i nt est i nal absor pt i ve cel l s ( 108) . Obser vat i ons wer e soon

ext ended t o physi ol ogi cal l y def i ned condi t i ons i n an at t empt

t o cor r el at e t he pr esence of l i pi d dr opl et s wi t hi n t he Gol gi

compl ex ei t her t o l i pi d absor pt i on i n t he i nt est i nal epi t hel i um

( 109) or t o l i popr ot ei n secr et i on i n hepat ocyt es ( 110- 112) .

Mor eover , l i popr ot ei n par t i cl es wer e i sol at ed f r om Gol gi f r ac-

t i ons and f ound t o cont ai n par t i cl es compar abl e t o ser um

VLDL ( 111, 112) . Mor e r ecent wor k on t hi s t opi c has been

ext ensi vel y r evi ewed ( 113) .

At pr esent i t i s assumed t hat t he ER i s t he si t e of synt hesi s

of bot h t he apopr ot ei ns and l i pi ds ( t r i acyl gl ycer ol s, chol est er yl

est er s, and phosphol i pi ds) of hepat i c l i popr ot ei ns . The assem-

bl y of t hese di f f er ent component s i s t hought t o t ake pl ace i n

t he ci st er nal space of t he ERas suggest ed by t he appear ance of

osmi ophi l i c ( l i pi d) dr opl et s of appr opr i at e di mensi ons i n t hat
space, especi al l y wi t hi n t he smoot h ER ( 110) . The pat hway

t aken t her eaf t er i s t he same as f or ot her secr et or y pr oduct s,

t hat i s, ER- * Gol gi ci st er nae - > condensi ng secr et or y vacuol es,

whi ch ar e di schar ged by exocyt osi s at ei t her t he vascul ar

( hepat ocyt e) or l at er al ( ent er ocyt e) f r ont of t he cel l . Thus f ar ,

t he onl y f unct i ons est abl i shed f or t he Gol gi compl ex i n l i po-

pr ot ei n secr et i on ar e t er mi nal gl ycosyl at i on of t he appr opr i at e

apopr ot ei ns, al l of whi ch ar e gl ycopr ot ei ns ( 113) , and packag-

i ng . Evi dence obt ai ned over t he l ast f ew year s i ndi cat es t hat

t he hepat ocyt es pr oduce onl y VLDL and HDL ; however ,

r ecent wor k by Howel l and Pal ade ( 114) on l i popr ot ei n par t i -

cl es i sol at ed f r om hepat i c Gol gi f r act i ons r eveal ed ext ensi ve

het er ogenei t y i n par t i cl e si ze and bi ochemi cal composi t i on.

These f i ndi ngs suggest t hat most Gol gi l i popr ot ei n par t i cl es ar e

i mmat ur e pr oduct s t hat r equi r e ext ensi ve modi f i cat i on i n t hei r

l i pi d composi t i on bef or e r el ease by exocyt osi s as ei t her VLDL

or HDL .

Tr af f i c Thr ough t he Gol gi Compl ex

At pr esent i t i s cl ear t hat t her e i s ext ensi ve t r af f i c f r ommor e

t han one di r ect i on i nt o and t hr ough t he Gol gi compl ex . Thi s

t r af f i c i s connect ed wi t h membr ane bi ogenesi s, di schar ge of

secr et or y pr ot ei ns, membr ane r ecycl i ng, and upt ake ( i nt er i or i -

zat i on) of i nf or mat i onal mol ecul es . I n t hi s sect i on we wi l l
r evi ew t he avai l abl e evi dence on t he nat ur e and di r ect i on of
t hat t r af f i c, as wel l as t he ways i n whi ch t he evi dence was

obt ai ned .

TRAFFI C OF SECRETORY PRODUCTS : The gener al

r out e t aken by secr et or y pr ot ei ns t hr ough t he cel l - f r om r ough

ER - * t r ansi t i onal el ement s at t he per i pher y of t he Gol gi
compl ex - - * condensi ng vacuol es - * secr et i on gr anul es - - -> di s-
char ge by exocyt osi s- was est abl i shed as a r esul t of t he wor k
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on t he exocr i ne pancr eat i c cel l by Pal ade and hi s associ at es,
pr i mar i l y Jami eson and Pal ade . St i l l uncer t ai n, however , i s t he
r out e t aken by secr et or y pr oduct s t hr ough t he Gol gi compl ex
i t sel f as t hey move f r om t he t r ansi t i onal el ement s of t he r ough
ER t o condensi ng gr anul es or vacuol es ( r evi ewed i n 115) .

For mor e t han 20 year s, t he pr evai l i ng i dea has been t hat
secr et or y pr oduct s move sequent i al l y acr oss t he Gol gi st ack
f r om t he ci s t o t he t r ans si de, t r aver se t he ci st er nae one by one,
and under go packagi ng on t he t r ans f ace ( see r ef er ences 15, 38,

and 63) . The Gol gi ci st er nae wer e t hought t o be f or med on t he

ci s f ace and used up i n packagi ng on t he t r ans f ace . The or i gi n

of t hi s concept can be t r aced t o Gr asse, who i n 1957, based on
EM f i ndi ngs, pr oposed t hat t he cont i nuous f or mat i on of pe-
r i pher al ( ci s) Gol gi saccul es ( ci st er nae) bal ances t he conver si on
of cent r al ( t r ans) saccul es i nt o secr et i on gr anul es ( 116) . I nher -
ent i n t hi s f or mul at i on was t he i dea t hat membr ane and
cont ent s move i n synchr ony f r om one si de t o t he ot her of t he
st ack, t he pr oduct s r emai ni ng i n t he same ci st er na t hr oughout
t he pr ocess . Subsequent mor phol ogi c, aut or adi ogr aphi c, and
cel l f r act i onat i on dat a wer e, f or t he most par t , i nt er pr et ed as
suppor t i ng t hi s scheme . I n t hi s sect i on evi dence t hat per t ai ns

di r ect l y t o t he pat hway t aken by secr et or y pr oduct s i s consi d-

er ed .

I n t hei r ear l y aut or adi ogr aphi c st udi es, whi ch i nvol ved t he

use of [ 3H] hexose l abel i ng, Neut r a and Lebl ond ( 80) f ound

gr ai ns associ at ed at ear l y t i me poi nt s wi t h Gol gi ci st er nae and

at l at er t i me poi nt s wi t h mucous gr anul es of i nt est i nal gobl et

cel l s . They i nt er pr et ed t hese f i ndi ngs as suppor t f or t he ci s- t o-

t r ans f l ow di agr am, and t hey and ot her s est i mat ed a t ur nover
t i me f or a ci st er na of - 2 mi n . Jami eson and Pal ade ( 54) , usi ng
aut or adi ogr aphy t o i nvest i gat e t he r out e t aken by secr et or y
pr ot ei ns i n t he pancr eas, f ound no evi dence f or t he di r ect

i nvol vement of t he st acked ci st er nae i n t r anspor t , as i ndi cat ed

by t he absence or l ow densi t y of gr ai ns over t he Gol gi st acks
af t er a pul se- chase exper i ment wi t h [ 3 H) l euci ne . However , t hey

and ot her s subsequent l y f ound aut or adi ogr aphi c gr ai ns over

Gol gi ci st er nae i n ot her cel l t ypes, i . e . , par ot i d cel l s ( 117) and

pi t ui t ar y pr ol act i n cel l s ( 55) , as wel l as i n hyper st i mul at ed

pancr eat i c aci nar cel l s ( 58) . I n none of t hese aut or adi ogr aphi c

st udi es was t he r out e and di r ect i on of movement of l abel wi t hi n

t he st acks st udi ed i n det ai l .

These mor phol ogi cal f i ndi ngs, pr i mar i l y t he aut or adi -

ogr aphi c dat a of Neut r a and Lebl ond, ar e t he basi s f or t he

wi despr ead bel i ef t hat secr et or y pr oduct s ent er t he Gol gi at t he

ci s si de and emer ge on t he t r ans si de . I ndeed, t hi s t r af f i c pat t er n

i s i mpl i ed i n t he nami ng of t he t wo f aces of t he Gol gi : i . e . , t he

ent r y or i mmat ur e f ace vs . t he exi t or mat ur e f ace. Ot her wor k,

e . g . , t he st udy of Ber ger on et al . ( 42) , on Gol gi subf r act i ons, i n

whi ch i t was shown t hat [ 3 Hl l euci ne- l abel ed secr et or y pr ot ei ns

peak f i r st i n heavy Gol gi f r act i ons ( bel i eved t o be der i ved

pr i mar i l y f r om ci s Gol gi ci st er nae) and a f ew mi nut es l at er i n

l i ght Gol gi f r act i ons ( bel i eved t o consi st l ar gel y of secr et or y

vacuol es f r om t he t r ans si de) , was i n keepi ng wi t h t hi s vi ew.

Mor eover , EMst udi es on t he assembl y of scal es i n cer t ai n

al gae ( 118) suppor t ed t he vi ew t hat i ndi vi dual ci st er nae, i n

whi ch scal es ar e pr ogr essi vel y assembl ed, move i n t he t r ans

di r ect i on acr oss Gol gi st acks, whi l e new scal e component s ar e

added at each ` st at i on . ' As a r esul t , t he concept of ci s- t o- t r ans

f l ow acr oss t he Gol gi st acks became al most a dogma, and was

t he f r amewor k i n whi ch most i nvest i gat or s i nt er pr et ed t hei r

f i ndi ngs wi t hout quest i oni ng t he val i di t y of t he ` dogma . '

St udi es i n whi ch secr et or y pr oduct s have been l ocal i zed

wi t hi n Gol gi ci st er nae by cyt ochemi cal pr ocedur es al so have

cont r i but ed i nf or mat i on concer ni ng t r af f i c t hr ough t he Gol gi
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compl ex . I n t he f i r st of t hese st udi es, endogenous per oxi dases

wer e l ocal i zed i n eosi nophi l s ( 119) and par ot i d cel l s ( 120) , and

wer e f ound t o be pr esent i n al l t he ci st er nae i n t he Gol gi st acks

( Fi g . 28) . Si mi l ar but l ess st r i ki ng f i ndi ngs have al so been

obt ai ned when secr et or y pr oduct s wer e l ocal i zed by i mmuno-

cyt ochemi st r y i n ot her cel l t ypes, i . e . , pancr eat i c enzymes i n

pancr eat i c exocr i ne cel l s ( 121) , pr ocol l agen i n f i br obl ast s ( 59 ;

see Fi g . 7 i n Hay, t hi s vol ume) , and I gG i n pl asma cel l s ( 68,

69; Fi g. 27) . These obser vat i ons suggest ed t hat al l t he st acked

ci st er nae ar e i nvol ved i n t he t r anspor t and pr ocessi ng of secr e-

t or y pr oduct s, and hence, wer e compat i bl e wi t h t he ci s- t o- t r ans

f l ow di agr am. However , t hey di d not gi ve any di r ect i nf or ma-

t i on on t he r out e f ol l owed.

Thus, t he evi dence avai l abl e i s compat i bl e wi t h t he assump-

t i on t hat al l Gol gi ci st er nae ar e i nvol ved i n t he t r anspor t and/

or pr ocessi ng of secr et or y pr oduct s . The dat a ar e al so compat -

i bl e wi t h t he vi ew t hat secr et or y pr oduct s move sequent i al l y

acr oss t he Gol gi i n t he di r ect i on ci s- t o- t r ans, but wi t h t he

evi dence at hand, ot her possi bi l i t i es cannot be r ul ed out ( 115) .

SEGREGATI ON OF MULTI PLE SECRETORY

PRODUCTS : Because t he Gol gi compl ex i s r esponsi bl e f or

concent r at i on of secr et or y pr oduct s, t he quest i on ar i ses, how

does t he or ganel l e handl e t he pr ocessi ng and packagi ng of

mul t i pl e secr et or y pr oduct s? I n many i f not most cases ( e . g. ,

t he exocr i ne pancr eas) , t he pr obl em i s r esol ved by avoi di ng

segr egat i on, and t he Gol gi compl ex packages t he secr et or y

pr ot ei ns as a mi xed cockt ai l i n t he same cont ai ner ( 121) . I n

one case, t hat of t he PMN l eukocyt e whi ch has t wo gr anul e

popul at i ons of di f f er ent composi t i on ( one l ysosomal , one not )

( 53) , t he pr obl em i s sol ved by maki ng t he t wo set s of gr anul es

i n t wo waves of pr ot ei n synt hesi s, whi ch ar e wel l separ at ed i n

t i me i n t he mat ur at i on pr ocess of t he cel l s; one set i s compl et ed

bef or e t he ot her i s st ar t ed . I nt er est i ngl y enough, opposi t e si des

of t he Gol gi compl ex ar e used f or t he packagi ng of t he t wo set s

of pr oduct s ( 122) .

L YSOSOMAL ENZYMES:

	

The maj or pr obl em i n segr e-

gat i on f aced by al l secr et or y cel l s concer ns t he handl i ng of

l ysosomal enzymes and t hei r separ at i on f r om secr et or y pr o-

t ei ns . Ther e i s now l ar ge body of ci r cumst ant i al evi dence ( see

Bai nt on, t hi s vol ume) whi ch suppor t s t he hypot hesi s t hat man-

nosyl phosphat e r esi dues ( mannose- 6- phosphat e) on l ysosomal

enzymes const i t ut e a speci al r ecogni t i on mar ker t hat ser ves t o

di r ect l ysosomal enzymes t o l ysosomes . Ther e i s al so evi dence
t hat coat ed vesi cl es ar e i nvol ved i n t he t r anspor t of l ysosomal

FI GURE 28

	

Devel opi ng eosi nophi l i c l eukocyt e f r om r at bone mar r ow ( myel ocyt e st age) i ncubat ed f or endogenous per oxi dase

act i vi t y . Dur i ng t hi s st age, per oxi dase i s synt hesi zed and packaged i nt o eosi nophi l secr et i on gr anul es . Her e t he per oxi dase r eact i on

pr oduct i s seen t hr oughout al l t he secr et or y compar t ment s- r ough ER ( er ) , t r ansi t i onal el ement s of t he ER ( t e) , Gol gi ci st er nae ( 1-

5) and associ at ed vesi cl es, and i mmat ur e gr anul es ( i g) . Not e t hat al l f i ve ci st er nae i n t he Gol gi st ack ar e r eact i ve . s g = mat ur e

secr et i on gr anul e wi t h cr yst al l i ne i ncl usi on . x 50, 000. Fr om Bai nt on and Far quhar ( 119) .

FARQUHAR AND PALADE

	

GOI gi Appar at us
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enzymes f r om t he Gol gi compl ex t o l ysosomes ( 18, 18a) . How-
ever , i t i s not known wher e i n t he Gol gi compl ex t he sor t i ng of
l ysosomal enzymes and secr et or y pr ot ei ns t akes pl ace .

I n 1964, Novi kof f and co- wor ker s pr esent ed evi dence ( r e-
vi ewed ear l i er ) t hat i n ner ve cel l s aci d phosphat ase ( AcPase)
was pr esent i n a speci al ER ci st ema, whi ch Novi kof cal l ed
GERL . Based on t hi s f i ndi ng, he pr oposed t hat l ysosomal
enzymes wer e synt hesi zed i n t he associ at ed ER and packaged
i n GERL, t hus bypassi ng t he st acked Gol gi ci st er nae . Lat er , t o
expl ai n t he pr esence of AcPase and secr et or y gr anul es i n t he
same ci st ema ( see Fi g. 15) , he expanded t he GERL concept t o
i ncl ude condensi ng gr anul es and condensi ng vacuol es ( 11, 19) .
I nher ent i n t he ear l i er f or mul at i on was t he assumpt i on t hat

l ysosomal enzymes and secr et or y pr oduct s r emai ned separ at ed

f r omone anot her ; however i n t he r evi sed concept , t he i dea i s

t hat l ysosomal enzymes and secr et or y pr oduct s ar e segr egat ed

t oget her and sor t ed out wi t hi n t he same ( GERL) ci st er na or

condensi ng vacuol e by an unknown mechani sm. The r evi sed

concept al so assumes t hat bot h secr et or y pr oduct s and l yso-

somal enzymes move f r omt he r ough ERt o t he GERL, wi t hout

passi ng t hr ough t he r est of t he Gol gi compl ex, an assumpt i on

t hat does not f i t wi t h t he aut or adi ogr aphi c f i ndi ngs ( r ef er r ed

t o ear l i er ) i n whi ch exposed gr ai ns wer e l ocat ed over t he

st acked Gol gi ci st emae i n sever al secr et or y cel l t ypes .

At pr esent t her e i s no cl ear under st andi ng of t he GERL

concept ; some i nvest i gat or s consi der GERL as a separ at e en-

t i t y, di st i nct f r om Gol gi ci st emae, wher eas ot her s consi der i t

par t - of t en t he gr anul e f or mi ng par t - of t he Gol gi compl ex .

Sever al of t he r easons f or t hi s si t uat i on wer e di scussed i n t he
pr ecedi ng par agr aph ; anot her r eason i s t he var i abi l i t y i n t he
mor phol ogi cal pr oper t i es, cyt ochemi cal st ai ni ng, and det ect a-

bl e f unct i ons of t he ci st emae on t he t r ans si de of t he Gol gi

st ack . I n many cel l s concent r at i on of secr et or y pr oduct s can be
seen not onl y i n ci st emae t hat cor r espond mor phol ogi cal l y t o

Novi kof f s descr i pt i on of GERL ( r i gi d ci st emae, of t en sepa-

r at ed f r omt he st ack, l i mi t ed by t hi ck membr anes) , but al so i n

one or mor e of t he t r ansmost ci st er nae i n t he r egul ar Gol gi

st ack of t he same cel l t ype ( See Fi gs . 1- 4, 13, 15) . Anot her

pr obl em i s t hat somet i mes AcPase i s f ound i n t he t r ansmost

ci st ema of t he Gol gi st ack, r at her t han excl usi vel y i n st r uct ur es

whi ch cor r espond mor phol ogi cal l y t o GERL ( 122a) . Al so,

si nce mul t i pl e AcPaes have been f ound i n sever al cel l t ypes

( see 115) AcPase may not be excl usi vel y a l ysosomal mar ker

enzyme.

I n summar y, i n vi ew of t he absence of cr i t er i a ot her t han

mor phol ogi cal ones f or di st i ngui shi ng GERL f r om Gol gi ci s-

t er nae, t he f r equent over l ap bet ween t hei r cyt ochemi cal st r ai n-

i ng pr oper t i es and f unct i ons, and t he absence of suppor t i ng

dat a f or t he assumpt i on t hat t r af f i c f r om t he ER i s di r ect ed t o

GERL bypassi ng t he Gol gi compl ex, t her e seems t o be l i t t l e

j ust i f i cat i on f or set t i ng GERL asi de as a di st i nct ent i t y f r om

t he r est of t he Gol gi compl ex . I t i s cl ear t hat a maj or f unct i on

of t he Gol gi compl ex i s t o sor t secr et or y and cer t ai n membr ane

( see bel ow) pr ot ei ns and t o di r ect t hem t o t hei r cor r ect i nt r a-

cel l ul ar and ext r acel l ul ar di st i nat i ons . I t i s al so cl ear t hat t he

t r ans si de of t he Gol gi compl ex i s wher e a gr eat deal of t he

bi osynt het i c and ot her t r af f i c conver ges . Cer t ai nl y, however ,

much mor e wor k i s needed i n or der t o di sent angl e t he t r af f i c

l anes, t o i dent i f y t he si t e of sor t i ng of l ysosomal enzymes and

secr et or y pr oduct s, and t o under st and " f r act i onat i on" mecha-

ni sms i n t he Gol gi compl ex .

MEMBRANE BI OGENESI S: The ear l i est concept of bi o-

genesi s of membr ane const i t uent s, pr oposed i n t he l at e 1950s,

9 6s THE JOURNAL OF CELL BI OLOGYzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" VOLUME 91, 1981

was t hat t he t r af f i c of cel l membr anes was accompl i shed by

t he movement i n concer t of t he membr ane and cont ent ( secr e-

t or y) pr ot ei ns f r om t he r ough ER ( or nucl ear envel ope) - - - ) . ci s
Gol gi f ace - - + t r ans Gol gi f ace - - + pl asmal emma, wi t h del i ver y
occur r i ng by exocyt osi s upon f usi on of t he gr anul e membr anes
wi t h t he pl asmal emma. What was envi saged was a movement
of membr anes i n bul k. The t er m` membr ane f l ow' was i nt r o-
duced i n 1956 by Bennet t ( 123) ; he pl aced t he mai n emphasi s

on what was t hen t he new concept of i ncomi ng vesi cl e f l ow

( pi nocyt osi s) , but he al so cl ear l y envi saged an out bound f l ow,

at l east f r om t he nucl ear envel ope t o t he r ough ER. Bennet t

di d not consi der t he Gol gi compl ex i n hi s f or mul at i on, f or i t s

exi st ence was st i l l quest i oned at t he t i me. The membr ane f l ow

concept l ay dor mant unt i l 1971, when i t was i nt r oduced agai n

by Fr anke, Mor r e, and t hei r co- wor ker s ( 124) t o desi gnat e t he

physi cal t r ansf er of membr ane f r om one compar t ment t o an-

ot her i n sequent i al f ashi on . The concept was based on r adi o-
l abel i ng exper i ment s i n whi ch t hey f ound sequent i al l abel i ng
of ER, Gol gi , and pl asmal emma. Subsequent l y, Mor r e and hi s
associ at es ( 13, 15) devel oped t hi s concept f ur t her and coupl ed
membr ane f l ow and membr ane di f f er ent i at i on t o account f or

t he or i gi n of t he compl ex syst em of i nt er nal membr anes or

` endomembr anes' i n eukar yot i c cel l s . I nher ent i n t hi s concept
was t he i dea t hat membr ane f l ow i s undi r ect i onal and coupl ed

t o t he f l ow of secr et or y pr oduct s . The r out e t aken t hr ough t he

Gol gi was al so addr essed; and i n t he case of t he hepat ocyt e

t hr ee pat hways wer e envi saged and depi ct ed i n di agr ammat i c

f or m: ( 1) New membr ane was bel i eved t o ar i se as pr i mar y

vesi cl es whi ch, as i n t he case of t he pancr eat i c secr et or y model ,

pi nch of f t r ansi t i onal el ement s and f use wi t h Gol gi ci st emae
on t he ci s si de of t he compl ex, af t er whi ch t hey wer e assumed
t o under go pr ogr essi ve t r ansf or mat i on acr oss t he st ack t o be
used i n packagi ng at t he f or mi ng f ace and event ual l y r each t he

pl asmal emma . The secr et or y pr oduct s ( l i popr ot ei ns i n t hi s
case) wer e bel i eved t o be t r anspor t ed ei t her ( 2) by di r ect

connect i ons at t he per i pher y of t he Gol gi , cal l ed t he ` boul evar d

per i pher i que, ' or ( 3) by a di r ect pat hway f r om t he smoot h ER

t o t he cel l sur f ace t hus bypassi ng t he Gol gi . The l ast al t er nat i ve

can be ser i ousl y quest i oned and essent i al l y r ul ed out because,

as st at ed bef or e, t her e i s no evi dence suppor t i ng di r ect di s-

char ge of secr et or y pr oduct s f r om t he ER, i n gener al , and f or

l i popr ot ei n par t i cl es, i n par t i cul ar . I n t he l at t er case, obl i gat or y

passage t hr ough t he Gol gi i s expect ed by most wor ker s, because

t he apol i popr ot ei ns ar e gl ycopr ot ei ns ( 113) . The second pat h-

way- i . e . , t he exi st ence of di r ect connect i ons bet ween ER and

Gol gi - has al so been quest i oned on t he gr ounds t hat because

such connect i ons ar e vi sual i zed pr i mar i l y i n unf i xed, negat i vel y

st ai ned pr epar at i ons, ar e not seen wi t h compar abl e f r equency

i n f i xed, negat i vel y st ai ned pr epar at i ons, and ar e r ar el y seen i n

t hi n sect i ons ( see, however , Cl aude [ 125] ) , t hey may ar i se f r om

ar t i f act ual f usi ons t hat occur dur i ng negat i ve st ai ni ng pr oce-

dur es . The f i r st pat hway, as al r eady st at ed, was gener al l y

accept ed among t he pr oponent s of t he membr ane f l ow t heor y .

I n t he l ast f ew year s a number of new devel opment s have

f or ced a r econsi der at i on of t hi s concept whi ch, as or i gi nal l y

pr oposed ( 15) and usual l y under st ood ( 38, 63, 87) , over si mpl i -

f i es i nt r acel l ul ar condi t i ons. ( a) Fi r st , i t i s now cl ear ( see

r ef er ence 79) t hat membr ane pr ot ei ns t ur n over at much sl ower

r at es t han t he t r ansi t t i me of secr et or y pr ot ei ns ; hence, concur -

r ent synt hesi s of membr ane and cont ent i s no l onger t enabl e .

( b) Addi t i onal f i ndi ngs ( summar i zed bel ow) , di f f i cul t t o r ec-

onci l e wi t h t he membr ane f l ow di agr ams, concer n t he ext en-

si ve, membr ane r eut i l i zat i on or membr ane r ecycl i ng t hat t akes
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pl ace i n most cel l s- i . e . , r ecycl i ng of membr anes of secr et or y

gr anul es, synapt i c vesi cl es, and t r ansi t i onal and endocyt i c ves-

i cl es ( see bel ow) . Ther ef or e, t he t r af f i c of r ecycl i ng membr ane

must be consi der ed t oget her wi t h t he bi ogenet i c t r af f i c . ( c) I t

has al so been est abl i shed t hat al t hough some membr ane pr o-

t ei ns, especi al l y gl ycopr ot ei ns, f ol l ow t he post ul at ed membr ane

f l ow r out e, ot her s, namel y per i pher al membr ane pr ot ei ns and
t hei r vi r al equi val ent s ( such as t he ` M' pr ot ei n of t he vesi cul ar

st omat i t i s vi r us [ VSV] ) , ar e i nser t ed di r ect l y f r omt he cyt opl as-

mi c mat r i x wi t hout t he i nvol vement of ei t her t he ER or t he

Gol gi compl ex ( 126) . ( d) Fur t her mor e, t he exi st ence of cyt o-

chemi cal speci al i zat i on among Gol gi ci st er nae and wi t hi n t he

same ci st er na i s di f f i cul t t o r econci l e wi t h t he concept of

pr ogr essi ve t r ansf or mat i on acr oss t he st ack. ( e) Fi nal l y, t he

r eal i zat i on t hat membr anes on di f f er ent domai ns of t he cel l

sur f ace di f f er i n t hei r composi t i on and t hat secr et or y gr anul es

f use pr ef er ent i al l y wi t h one domai n ( usual l y t he api cal domai n

i n exocr i ne cel l s) , l eads t o t he concl usi on t hat secr et or y gr anul e

membr anes cannot ser ve as vehi cl es f or al l t he domai ns of t he
pl asmal emma .

Cur r ent I nf or mat i on on I nvol vement of Gol gi i n

Bi ogenesi s of Membr ane Component s

At pr esent i t i s assumed t hat t he Gol gi compl ex i s i nvol ved

i n t he bi ogenesi s of at l east some membr ane component s,
pr i mar i l y i nt r i nsi c t r ansmembr ane pr ot ei ns, whi ch ar e f ound
not onl y i n t he pl asmal emma but al so i n ot her membr anes of
t he secr et or y ( and per haps t he endocyt i c) pat hway . The r at i on-
al e i s t hat al l t r ansmembr ane pr ot ei ns st udi ed so f ar have
ol i gosacchar i de chai ns of t he t ype t hat i s pr oduced or com-
pl et ed i n t he Gol gi compl ex . Exampl es of t er mi nal gl ycosyl a-

t i on occur r i ng at t he cel l sur f ace ar e l i mi t ed ( 84) , and t hei r

gener al appl i cabi l i t y i s quest i oned . Hence, t r ansi t t hr ough t he

Gol gi i s expect ed t o ef f ect t er mi nal gl ycosyl at i on . A si mi l ar
si t uat i on appl i es t o gl ycosyl at i on and sul f at i on i n t he case of
membr ane gl ycol i pi ds ( 96- 98) .

The i nf or mat i on avai l abl e i s compat i bl e wi t h t he i nvol ve-
ment of t he Gol gi compl ex i n bi osynt hesi s of membr ane gl y-
copr ot ei ns, but t he dat a ar e st i l l l i mi t ed . Lebl ond and co-
wor ker s ( 63, 127) have obt ai ned aut or adi ogr aphi c evi dence
t hat i n i nt est i nal epi t hel i al cel l s ( consi der ed nonsecr et or y) ,
l abel ed f ucose and si al i c ai d pr ecur sor s ( N- acet yl mannosa-
mi ne) ar e f i r st i ncor por at ed i nt o macr omol ecul es i n st acked
Gol gi ci st er nae . Lat er , t he cognat e aut or adi ogr aphi c gr ai ns ar e
f ound over smal l vesi cl es, and l at er st i l l , over t he pl asmal emma.
These f i ndi ngs have been i nt er pr et ed as i ndi cat i ng t hat pl as-
mal emmal component s ( i n t hi s case, mai nl y f ucosyl at ed and
si al at ed gl ycopr ot ei ns) ar e modi f i ed ( t er mi nal l y gl ycosyl at ed)
i n t he Gol gi and t hen f er r i ed t o t he cel l sur f ace vi a smal l
vesi cl es . The dat a ar e cer t ai nl y compat i bl e wi t h t hi s i nt er pr e-
t at i on, but due t o t he l i mi t at i ons of r esol ut i on of t he aut or a-
di ogr aphi c met hod, t r anspor t by al t er nat e r out es cannot be
r ul ed out . Mor eover , al t hough i t i s l i kel y, i n vi ew of t he
bi ochemi cal dat a ( 128) , t hat t he l abel ed speci es ar e membr ane
pr ot ei ns, t hei r i dent i t y was not est abl i shed .

The i nvol vement of Gol gi ci st er nae i n pl asma membr ane
bi ogenesi s i s al so suggest ed by t he demonst r at i on of adenyl at e
cycl ase ( 21) and i nsul i n r ecept or s ( 129) i n Gol gi f r act i ons and
of acet yl chol i ne r ecept or s i n t he Gol gi appar at us of chi ck
skel et al muscl e cel l s i n cul t ur e ( 130) . I n t he wor k on i nsul i n
r ecept or s and adenyl at e cycl ase, no di st i nct i on coul d be made
bet ween r ecycl i ng and bi ogenet i c t r af f i c t o expl ai n t he pr esence
of t hese pr ot ei ns i n t he Gol gi compl ex, f or t her e was no way of

knowi ng whet her t hey appear f i r st i n t he pl asma membr ane or

t he Gol gi compl ex . I n t he case of chi ck muscl e, suggest i ve

evi dence was obt ai ned f or t he appear ance of at l east some

( - 10%) of t he acet yl chol i ne r ecept or s i n t he Gol gi compl ex

pr i or t o t hei r i nser t i on i nt o t he pl asma membr ane, but i nt er -

pr et at i on of t he dat a was compl i cat ed by t he pr esence of a

l ar ge number of r ecept or s i n st r uct ur es ot her t han t he Gol gi

compl ex .

The best and onl y di r ect evi dence on t he i nvol vement of t he

Gol gi compl ex i n bi ogenesi s of membr ane pr ot ei ns comes f r om

wor k on t he vi r al envel ope spi ke or ` G' pr ot ei n of VSV.

Bi osynt het i c st udi es have est abl i shed t hat t hi s gl ycopr ot ei n i s

synt hesi zed on membr ane- bound pol yr i bosomes and par t i al l y

gl ycosyl at ed i n t he ER, and t hen f ur t her gl ycosyl at ed as i t i s

t r anspor t ed wi t hi n a smoot h membr ane f r act i on bef or e i t i s

del i ver ed t o t he pl asma membr ane ( 126) , appar ent l y vi a coat ed

vesi cl es ( 131) .

I ndi r ect evi dence f or gl ycosyl at i on of t he VSV- ` G' pr ot ei n

by Gol gi membr anes was r ecent l y br ought f or war d by Rot h-

man and Fr i es ( 132) i n exper i ment s i n vi t r o i n whi ch t hey

mi xed a cr ude ext r act obt ai ned f r om a CHO cel l mut ant

i ncapabl e of car r yi ng out t er mi nal gl ycosyl at i on wi t h ei t her a

cr ude membr ane f r act i on f r om wi l d- t ype CHOcel l s or a Gol gi

f r act i on pr epar ed f r om r at l i ver . I n t hi s het er ogeneous, r econ-

st i t ut ed syst em, t hey obt ai ned t er mi nal gl ycosyl at i on of t he G

pr ot ei n . Mor e di r ect evi dence f or t he par t i ci pat i on of t he Gol gi

i n t he bi ogenesi s of t he G pr ot ei n was obt ai ned r ecent l y by

Ber gman, Tokuyasu, and Si nger ( 133) . They used i mmuno-

chemi cal pr ocedur es t o demonst r at e t he sequent i al appear ance

of t he Gpr ot ei n i n ER, Gol gi , and pl asmal emma, and t ook
advant age of t he avai l abi l i t y of a t emper at ur e- sensi t i ve mut ant
and a shi f t - down st ep t o synchr oni ze t he r el ease of t he pr ot ei n
f r omt he ER. The aut hor s al so obser ved t hat i ni t i al l y ( bef or e

11 mi n) onl y ci s ci st er nae wer e l abel ed, but wi t hi n 1 I mi n af t er

t he t emper at ur e shi f t , l abel i ng was seen t hr oughout t he Gol gi

compl ex . These f i ndi ngs r epr esent t he f i r st di r ect evi dence f or

t he i nvol vement of t he Gol gi compl ex i n t he bi ogenesi s of a
membr ane pr ot ei n . The aut hor s pl an t o use t hi s appr oach t o
st udy t he r out e t aken t hr ough t he Gol gi compl ex and t o t he

pl asmal emma.

The exi st i ng evi dence i s compat i bl e wi t h t he vi ew t hat

t r ansmembr ane pr ot ei ns ar e t r anspor t ed t o t hei r si t e of f i nal

f unct i on al r eady assembl ed i n a membr ane car r i er . The as-

sumpt i on i s i n keepi ng wi t h t he asymmet r y of t hei r assembl y

and wi t h t he pr ogr essi ve gl ycosyl at i on of t hei r ci st er nal do-

mai ns, whi ch woul d make ot her ways of t r anspor t hi ghl y

i mpr obabl e t her modynami cal l y . Ret ent i on of membr ane spec-

i f i ci t y i mpl i es t hat t he t r af f i c of t hese car r i er s i s r egul at ed so as

t o al l oweach one t o ar r i ve ( and be accept ed) at t he appr opr i at e
dest i nat i on .

MEMBRANE RETRI EVAL ANDRECYCLI NGOF GRANULE MEM-

BRANES: The concept of membr ane r et r i eval was act ual l y

suggest ed as ear l y as 1959 ( 134) , when exocyt osi s i n secr et or y
cel l s was f i r st descr i bed . At t hat t i me, i t was r ecogni zed t hat
membr ane must be r emoved f r om t he cel l sur f ace t o compen-
sat e f or t hat added dur i ng exocyt osi s, i n or der t o mai nt ai n a
const ant cel l si ze . I t was al so suggest ed t hat t he ` pi l e of ci st er nae
i n t he cent r ospher e r egi on' may r epr esent t he membr ane depot
of t he cel l . Thus, f r om t he begi nni ng i t was suggest ed t hat
endocyt osi s and exocyt osi s ar e coupl ed, and t hat t he Gol gi
ci st er nae may be i nvol ved i n t hese phenomena . Membr ane
r eut i l i zat i on or r ecycl i ng was not ment i oned .

A l ong per i od f ol l owed i n whi ch t he r ecycl i ng of gr anul e
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membr anes was quest i oned and gener al l y not f avor ed ( see 135,

136) . Thi s si t uat i on l ast ed unt i l a f ew year s ago . Evi dence on

t he f at e of gr anul e membr anes came f r om t wo sour ces : bi o-

chemi cal exper i ment s i n whi ch t he t ur nover r at es of membr ane

pr ot ei ns and cont ent pr ot ei ns wer e compar ed i n secr et i on

gr anul e f r act i ons, and exper i ment s i n whi ch t he f at e of t he

membr ane was f ol l owed usi ng el ect r on dense t r acer s . The

r esul t s of ear l y t ur nover exper i ment s, whi ch wer e car r i ed out

on membr anes heavi l y cont ami nat ed wi t h cont ent pr ot ei ns,

r eveal ed no di f f er ences i n t he t ur nover of pr ot ei ns f or t he t wo

sour ces ; hence, i t was er r oneousl y concl uded t hat t he mem-

br anes ar e not r eut i l i zed but ar e dest r oyed af t er each exocyt ot i c

event .

The r esul t s of ear l y t r acer exper i ment s t hat used cont ent

mar ker s, mai nl y hor ser adi sh per oxi dase and nat i ve f er r i t i n,

wer e al so mi sl eadi ng . They cl ear l y demonst r at ed t hat , af t er

exocyt osi s, membr ane i s r ecover ed i nt act by endocyt osi s; but

t hey suggest ed t hat t he membr anes wer e subsequent l y de-

st r oyed, r at her t han r eut i l i zed, because, i n t he maj or i t y of t hese

st udi es, t he t r acer s wer e f ound ear l y i n endocyt i c vesi cl es and

l at er i n l ysosomes . 2 Mor e r ecent exper i ment s have shown,

however , t hat t he cont ent and t he membr anes of r ecycl i ng

vesi cl es do not necessar i l y f ol l ow t he same pat hway. Thus,

bot h t he ear l y t r acer and t ur nover dat a wer e er r oneous and l ed

t o t he concl usi on t hat , af t er exocyt osi s, membr ane i s r ecover ed

by endocyt osi s and dest r oyed i n l ysosomes. Thi s vi ew was

pr oposed i n sever al r evi ews ( 87, 135, 136) t hat wer e publ i shed

j ust a f ew year s ago ( 1978- 1979) .

Thr ee r ecent devel opment s ( r evi ewed i n 137) have changed

t he si t uat i on and have l ed t o a gr adual accept ance of gr anul e

membr ane r ecycl i ng . The f i r st was t he publ i cat i on of mor e

r el i abl e t ur nover dat a, based on t he pr epar at i on of gr anul e

membr anes f r ee f r om cont ent pr ot ei ns, whi ch demonst r at ed

t hat t he pr ot ei ns of gr anul e membr anes t ur n over at a much

sl ower r at e t han do cont ent pr ot ei ns . The second devel opment

came f r om new t r acer exper i ment s, pr i mar i l y wi t h dext r ans

and cat i oni zed f er r i t i n, i n whi ch t r anspor t of exogenous t r acer s

t o mul t i pl e st acked Gol gi ci st er nae was demonst r at ed i n a

var i et y of cel l t ypes: par ot i d and l acr i mal gl and cel l s ( 138) ;

ant er i or pi t ui t ar y cel l s ( 139; Fi gs . 29- 31) ; t hyr oi d epi t hel i um

( 140) ; pancr eat i c endocr i ne ( 61) and exocr i ne ( 141) cel l s ;

pl asma cel l s and myel oma cel l s ( 69) , and macr ophages ( 142) .

The demonst r at i on of endogenous secr et or y pr oduct and ex-

ogenous t r acer segr egat ed t oget her i n newl y f or med secr et i on

gr anul es ( or vesi cl es) was possi bl e i n a f ew i nst ances- i . e. ,

ant er i or pi t ui t ar y ( 139; Fi gs . 29- 31) , exocr i ne pancr eat i c ( 141) ,

and pl asma cel l s ( 69) . The t hi r d devel opment was t he demon-

st r at i on of ext ensi ve membr ane r eut i l i zat i on i n ot her syst ems,

especi al l y i n neur ons and macr ophages ( see 115 and 135) ,

whi ch, t oget her wi t h t he dat a on gr anul e membr anes, l ed t o a

gr adual r eal i zat i on of t he wi despr ead occur r ence and ( of t en)

sur pr i si ng magni t ude of membr ane r ecycl i ng and i t s i mpor -

t ance f or a wi de var i et y of cel l pr ocesses.

' I n a f ew of t hese ear l y st udi es, ( e. g. , t hose by Mat a and Davi d-

Fer r ei r a on t he semi nal vesi cl e, Pel l et i er and Far quhar and co- wor ker s

on ant er i or pi t ui t ar y cel l s, Or ci and associ at es on t he f l - cel l s of t he

endocr i ne pancr eas and Gonat as on cul t ur ed neur ones) , t r acer s wer e

al so det ect ed i n Gol gi el ement s or GERL ( see r ef er ence 137) . The

amount of r eact i on pr oduct was ei t her smal l or l i mi t ed t o cer t ai n Gol gi

el ement s . Much mor e at t ent i on was gi ven t o t he pr esence of t r acer i n

l ysosomes so t hat at t hat t i me t he l at t er wer e assumed t o be t he pr i mar y

t er mi nus of t he i ncomi ng vesi cul ar t r af f i c i nvol vi ng membr ane r e-

cover ed f r omt he cel l sur f ace .
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RECYCLI NG OF OTHER GOLGI MEMBRANES: Secr et i on

gr anul e membr anes, as wel l as synapt i c and endocyt i c vesi cl e

membr anes, r epr esent par t i cul ar l y f avor abl e obj ect s f or f ol l ow-

i ng t he f at e of r et r i eved and r ecycl ed membr ane, t hanks t o t he

l ar ge quant i t i es i nvol ved and t he f act t hat , at l east i n t he f i r st

t wo cases, r el ocat i on of membr ane can be cont r ol l ed exper i -

ment al l y . I n many ot her cases i n whi ch membr ane i s r el ocat ed

i nt r acel l ul ar l y- e. g . , vesi cl es t hat t r anspor t secr et or y pr oduct s

f r om ER t o Gol gi , or l ysosomal enzymes f r om Gol gi t o l yso-

somes- a si mi l ar r ecycl i ng mechani smseems l i kel y, but per t i -

nent dat a ar e much mor e di f f i cul t t o obt ai n i n t he absence of

appr opr i at e t r acer s and wel l - est abl i shed membr ane mar ker s .

USE OF AGENTS WHI CH PERTURB GOLGI TRAFFI C :

Var i ous agent s, i ncl udi ng uncoupl er s of oxi dat i ve phosphor yl -

at i on, i nhi bi t or s of t ubul i n pol ymer i zat i on i nt o mi cr ot ubul es,

ami nes, and i onophor es have been used i n at t empt s t o gai n

i nf or mat i on on Gol gi t r af f i c and f unct i ons ; some of t hese

agent s di sr upt t he ar chi t ect ur e of t he Gol gi compl ex ( see [ 1431

f or a r ecent r evi ew) . I n t he f ew cases i n whi ch speci f i c agent s

wer e avai l abl e, and t hei r ef f ect s wer e i nvest i gat ed by combi ned

mor phol ogi cal and bi ochemi cal pr ocedur es ( e . g . , i nt r acel l ul ar

t r anspor t of secr et or y pr ot ei ns 152] ) , t hi s appr oach has pr ovi ded

usef ul and cl ear l y i nt er pr et abl e i nf or mat i on . I n ot her cases,

however , t he use of t r af f i c per t ur bant s has pr oduced r esul t s

t hat ar e di f f i cul t t o i nt er pr et , pr i mar i l y because t hese agent s

have mul t i pl e ef f ect s t hat ar e not l i mi t ed t o t he Gol gi compl ex.

For exampl e, at appr opr i at e concent r at i ons i nhi bi t or s of t u-

bul i n pol ymer i zat i on pr event mi cr ot ubul e assembl y anywher e

i n t he cel l , not j ust i n t he Gol gi r egi on . Aci di c i onophor es

( ni ger i ci n, X537A, and monensi n) as wel l as weak bases ( e. g . ,

met hyl ami ne, et hyl ami ne, and chl or oqui ne) ar e " l ysosomo-

t r opi c agent s, " so- cal l ed because t hey accumul at e i n l ysosomes,

t her eby causi ng an i ncr ease i n t he i nt r al ysosomal pH ( f r om4. 5

t o 6. 0) ( 144) , whi ch pr event s or r et ar ds i nt r al ysosomal di ges-

t i on . Ami nes al so have been shown t o bl ock endocyt osi s ( 145,

146) . Many of t hese agent s cause an i ncr ease i n si ze of t he

l ysosomal compar t ment s, pr obabl y by i nt er f er i ng wi t h mem-

br ane r ecycl i ng al ong t he endocyt i c pat hway . However , t hey

may al so di st ur b membr ane t r af f i c at ot her i nt r acel l ul ar si t es .

Of par t i cul ar i nt er est i s t he r ecent f or di ng ( 147) t hat monesi n

as wel l as ni ger aci n, nowcommonl y used as Gol gi - per t ur bi ng

agent s, per t ur b r ecycl i ng of LDL r ecept or s and i nhi bi t l yso-

somal di gest i on of LDL ( pr esumabl y by r ai si ng t he i nt r al yso-

somal pH) .

The use of agent s t hat per t ur b Gol gi t r af f i c i s pot ent i al l y an

i nt er est i ng and pr omi si ng appr oach f or unr avel i ng t r af f i c pat -

t er ns i nt o and out of t he Gol gi compl ex, but t he i nt er pr et at i on

of t he r esul t s obt ai ned r equi r e caut i on ( as wel l as addi t i onal

wor k) because of t he pr obl ems out l i ned above and t he i nher ent

and st i l l poor l y under st ood compl exi t y of t he t r af f i c t hr ough

t he Gol gi appar at us.

I MPLI CATI ONS OF MEMBRANE TRAFFI C FROM THE

CELL SURFACE TO THE GOLGI COMPLEX : Theexi st -

ence of a pat hway al ong whi ch membr ane f r omt he cel l sur f ace

can r each Gol gi ci st er nae has br oad i mpl i cat i ons : i t pr ovi des a

means by whi ch cel l sur f ace mol ecul es can be br ought back

t o a bi osynt het i c compar t ment . Thus, a mechani sm exi st s

wher eby- i n pr i nci pl e- sur f ace membr ane component s such

as r ecept or s, enzymes, and ot her membr ane pr ot ei ns coul d be

modi f i ed or r epai r ed ( e. g . , r egl ycosyl at ed, sul f at ed, phosphor -

yl at ed) whi l e i n t r ansi t t hr ough t he Gol gi compl ex dur i ng

r ecycl i ng. To dat e no speci f i c exampl es of t hi s t ype of phenom-

enon ar e avai l abl e, but t her e i s no r eason why i t coul d not t ake
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FI GURFs 29 and 30

	

Gol gi compl exes f r om pi t ui t ar y pr ol act i n cel l s i ncubat ed wi t h cat i oni zed f er r i t i n ( CF) f or 60 mi n t o t r ace t he

f at e of membr ane i nt er nal i zed at t he cel l sur f ace . Fi g . 29 shows t hat , when t he CF bi nds t o t he cel l sur f ace, i t i s t aken up by

endocyt osi s and t he i ncomi ng vesi cl es car r yi ng CF f use pr ef er ent i al l y wi t h t he t r ans Gol gi el ement s . Her e t he t r acer i s par t i cul ar l y

concent r at ed ar ound a f or mi ng secr et or y gr anul e ( gr ) wi t hi n t he t r ansmost Gol gi ci st er na ( C, ) . Not e t hat t he CF i s concent r at ed

at t he per i pher y of t he f or mi ng gr anul e adher i ng t o i t s dense cont ent . An empt y coat ed vesi cl e appear s t o be i n t he pr ocess of

buddi ng f r om ( or f usi ng wi t h) t he ci st er na ( ar r ow) . CF i s al so seen wi t hi n sever al vesi cl es ( ve) one of whi ch i s coat ed ( c) i n t he

Gol gi r egi on, wi t hi n anot her ci st er na wi t h a coat ed r i m ( cc) , and wi t hi n a l ysosome ( l y) . Fi g . 30 shows CF wi t hi n mul t i pl e ( 4- 5)

st acked Gol gi ci st er nae and ar ound a f or mi ng gr anul e ( gr ) . One of t he CF- mar ked ci st er nae has a coat ed t i p ( ar r ow) , suggest i ng

t hat a coat ed vesi cl e l oaded wi t h CF has j ust f used wi t h i t . CF i s al so seen wi t hi n numer ous vesi cl es ( ve) adj acent t o t he st acks ;

some of t hese vesi cl es ar e coat ed ( c) . Fi g . 29- X 70, 000; Fi g . 30- X 87, 000 . Fr om Far quhar ( 139) .

pl ace i f t he mol ecul es ar e br ought i nt o cont act wi t h t he pr oper

Gol gi compar t ment s or subcompar t ment s . The r out e f r om t he

cel l sur f ace t o t he Gol gi compl ex al so pr ovi des a pat hway

wher eby var i ous i nf or mat i onal mol ecul es f r om t he ext r acel l u-

l ar envi r onment ( pept i de hor mones, cat echol ami nes and ot her

agent s) can r each t he Gol gi compl ex wher e t hey may under go

modi f i cat i ons as descr i bed f or sur f ace component s and f r om

wher e t hey may i nf l uence cer t ai n i nt r acel l ul ar event s . I t i s now

qui t e cl ear t hat many pept i de hor mones ar e i nt er nal i zed by

endocyt osi s and can r each l ysosomes ( 148) . Wor k pr i mar i l y by

Ber ger on, Posner , and t hei r associ at es demonst r at es t hat sever al

hor mones ( pr ol act i n, i nsul i n) r each bona f i de Gol gi el ement s

( 149, 150) upon i nt er nal i zat i on.

I t i s not yet known whet her t hi s upt ake i s connect ed wi t h

speci f i c modi f i cat i ons of met abol i c event s, wi t h t he r emoval

and degr adat i on of hor mones, wi t h t he r egul at i on of r ecept or

di st r i but i on, or si mpl y wi t h const i t ui t i ve ( cont i nuous) mem-

br ane r ecycl i ng. The physi ol ogi cal meani ng of hor mone i nt er -

nal i zat i on i nt o Gol gi el ement s, l ysosomes, and per haps ot her

cel l compar t ment s i s a most i nt r i gui ng pr obl em yet t o be

r esol ved.

Summar y and Concl usi ons

We have r el at ed her ei n t he maj or devel opment s of t he l ast

25 year s t hat have br ought us t o our cur r ent l evel of under -

st andi ng of t he st r uct ur e and f unct i on of t he Gol gi appar at us .

Thi r t y year s ago, when onl y l i ght mi cr oscopes wer e used i n cel l

r esear ch, t he ver y exi st ence of t he Gol gi appar at us was ques-

t i oned, but el ect r on mi cr oscope obser vat i ons demonst r at ed t hat

t he compl ex i s a cyt ol ogi cal r eal i t y and i t s accept ance was

r api d and gener al . The concl usi on was based pr i mar i l y on t he

r epr oduci bl e demonst r at i on by r el at i vel y si mpl e pr ocedur es of

an ubi qui t ous, char act er i st i c st r uct ur e .

I ni t i al l y, our concept s of t he f unct i ons of t he Gol gi compl ex

and t r af f i c wi t hi n i t wer e r at her si mpl i st i c . The or ganel l e was

seen as a ki nd of ` bot t l i ng st at i on' , whi ch exi st ed pr i mar i l y or

sol el y f or t he packagi ng of secr et or y pr oduct s . The ci st er nae

wer e bel i eved t o move undi r ect i onal l y f r omone f ace t o anot her

acr oss t he st ack, as on a conveyor - bel t i n a f act or y assembl y

l i ne, bei ng used up f or gr anul e packagi ng on t he t r ans ( t hen

cal l ed mat ur e) f ace and r ef or med by new membr ane assembl y

on t he ci s ( i mmat ur e) f ace . As i nf or mat i on accumul at ed, i t

became appar ent t hat t he compl ex had t he excl usi ve capabi l i t y

t o modi f y secr et or y pr oduct s by t er mi nal gl ycosyl at i on, sul f a-

t i on, and pr ot eol yt i c pr ocessi ng of pr opr ot ei ns . Si mi l ar modi f y-

i ng act i vi t i es wer e det ect ed f or membr ane pr ot ei ns . The con-

veyor - bel t or assembl y l i ne concept was r et ai ned, and new dat a

concer ni ng t he r ol e of t he Gol gi compl ex i n t he pr oduct i on and
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FI GURE 31

	

Somat ot r oph or gr owt h hor mone secr et i ng cel l f r om a mal e r at i ncubat ed 60 mi n i n CF ( 0 . 05 mg/ ml ) , i l l ust r at i ng
upt ake of CF i nt o mul t i pl e Gol gi ci st er nae and secr et i on gr anul es ( sg) . CF mol ecul es ar e al so pr esent wi t hi n mul t i pl e vesi cl es ( ve)
i n t he Gol gi r egi on . Not e t hat t he CF i s most abundant i n t he t hr ee ci st er nae ( 1- 3) on t he t r ans si de of t he Gol gi st ack . The
i ncomi ng vesi cl es car r yi ng t he CF appear t o f use pr ef er ent i al l y wi t h t he t r ans ci st er nae . The t r acer i s packaged al ong wi t h gr owt h
hor mone i nt o t he f or mi ng gr anul es wher e i t i s l ocat ed bet ween t he gr anul e membr ane and i t s dense cont ent s . x 85, 000. Fr om
Far quhar ( 139) .

pr ocessi ng of secr et or y pr oduct s or membr ane component s

wer e i nt er pr et ed wi t hi n t he f r amewor k of t hi s concept . Di a-

gr ams t hat r ef l ect ed t hi s concept of t he f l ow of secr et or y

pr oduct s and membr anes t o and t hr ough t he Gol gi compl ex

wer e publ i shed r epeat edl y ( 13, 15, 38, 63) .

Dat a acqui r ed mor e r ecent l y, however , ar e not compat i bl e

wi t h t hese i deas about t r af f i c t hr ough t he Gol gi compl ex, and

especi al l y do not suppor t a si mpl e ci s- t o- t r ans f l ow di agr am. '

' At pr esent t he onl y case i n whi ch a ci s- t r ans movement of Gol gi
ci st enae appear s t o be est abl i shed i s t hat of scal e- pr oduci ng al gae
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One set of dat a concer ns t he composi t i on of t he Gol gi mem-

br anes t hemsel ves . Or i gi nal l y t he membr ane f l ow hypot hesi s

pr oposed t hat each Gol gi ci st er na i s i mmat ur e as i t ent er s t he

st ack and i s pr ogr essi vel y modi f i ed ( mat ur es) i n t r ansi t acr oss
t he st ack . However , cyt ochemi cal and bi ochemi cal dat a now

avai l abl e at t est t o t he exi st ence of consi der abl e het er ogenei t y

among Gol gi membr anes, and document at i on has been pr o-

( 118) . However , t hi s may r epr esent a r ar e f or mul a connect ed wi t h t he

unusual geomet r y and si ze of t he pr oduct : a whol e ci st ema i s needed

t o accommodat e each scal e under const r uct i on .
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vi ded f or t he exi st ence of speci f i c composi t i onal di f f er ences

bet ween adj acent ci st er nae wi t hi n a gi ven st ack and wi t hi n t he

same ci st er na. Al so, dat a on t he r ecycl i ng of secr et i on gr anul e

membr anes ( 137) ( di agr amed i n Fi g. 32) ar e not i n agr eement

wi t h t he ol d f l ow di agr ams . These di agr ams shoul d be r evi sed

t o t ake i nt o account t he mul t i pl e f or mul ae t hat ar e now known

t o be i nvol ved i n bi ogenesi s and t r anspor t of membr ane con-

st i t uent s, as wel l as r ecent dat a concer ni ng t he mechani sms and

pat hways f or t r anspor t of secr et or y pr oduct s and l ysosomal

enzymes . Al t hough t he new dat a ar e not compat i bl e wi t h a

si mpl e ci s- t o- t r ans f l ow di agr am, t hey ar e i n agr eement wi t h

t he f ol l owi ng concl usi ons :

( a) I ndi vi dual Gol gi ci st emae, l i ke ot her cel l component s,

r et ai n t he speci f i ci t y of t hei r membr anes .

( b) Tr anspor t of bot h secr et or y pr oduct s and membr ane

component s i s l ar gel y ef f ect ed by vesi cul ar car r i er s,

whi ch i nt er act ( f use) pr ef er ent i al l y wi t h t he di l at ed r i ms

of t he ci st er nae .

( c) Each Gol gi ci st er na i s a mosai c i n whi ch di f f er ent i at ed

domai ns ar e mai nt ai ned i n t he pl ane of t he membr ane

by means so f ar unknown .

The di l at ed r i ms of t he Gol gi ci st er nae r epr esent a

speci al subcat egor y of Gol gi membr anes t hat di f f er

f r om t he r est i n t hei r pr ot ei n composi t i on and enzymi c

act i vi t i es .

( e) The mai n f l ow of bot h t he secr et or y pr oduct s f r om t he

r ough ERand t he secr et i on gr anul e membr ane r ecycl ed

f r om t he cel l sur f ace i s t o t he di l at ed r i ms of mul t i pl e

Gol gi ci st er nae .

I n cel l s t hat concent r at e t hei r secr et or y pr oduct s, t r af f i c

f r om t he cel l sur f ace i s heavi est t o t he t r ansmost Gol gi

ci st emae wher e concent r at i on t akes pl ace .

These concl usi ons ( 137) , whi ch ar e based on i nf or mat i on

about t he t hr ee maj or t ypes of t r af f i c on whi ch we have some,

al bei t l i mi t ed, knowl edge- i . e . , secr et or y pr ot ei ns, r ecycl ed

gr anul e membr anes, and i nt r i nsi c membr ane pr ot ei ns- ar e

accommodat ed by t he di agr am depi ct ed i n Fi g . 33 . The pat h-

way t aken by ot her t ypes of membr anes and pr oduct s t hat ar e

known t o pass t hr ough t he Gol gi compl ex, such as l ysosomal

enzymes and l ysosomal shut t l es, cannot yet be dr awn wi t h

cer t ai nt y .

FI GURE 32

	

Di agr am showi ng r out es whi ch can be t aken by sur f ace

membr ane t o r each t he st acked Gol gi ci st er nae i n secr et or y cel l s .

Fol l owi ng exocyt osi s of secr et or y gr anul es

	

pat ches of sur f ace

membr ane ar e r ecover ed by endocyt osi s

	

and f use wi t h t he

di l at ed r i ms of mul t i pl e st acked Gol gi ci st er nae or wi t h l ysosomes .

The r ecover ed membr ane may f use f i r st wi t h t he membr ane of

l ysosomes ( - . - ) and t hen wi t h t hat of Gol gi ci st er nae or may

r each t he l at t er di r ect l y ( - - - ) . The avai l abl e evi dence suggest s t hat

bot h r out es ar e used i n di f f er ent cel l t ypes, Fr om Far quhar ( 137) .

FI GURE 33

	

Fl ow di agr am i l l ust r at i ng t he pr oposed r out es t aken by

membr anes ( l ef t ) and secr et or y pr oduct s ( r i ght ) t o and t hr ough t he

Gol gi compl ex . The avai l abl e evi dence suggest s t hat smal l t r anspor t

vesi cl es whi ch bud f r om t he t r ansi t i onal el ement s of t he r ough ER

and f use wi t h t he di l at ed ends of mul t i pl e Gol gi ci st er nae ar e

i nvol ved i n t hi s oper at i on . The secr et or y pr ot ei ns ( shown t o t he

r i ght ) move vect or i al l y and become concent r at ed i n t he t r ans Gol gi

ci st er nae wher e t hey ar e packaged i nt o gr anul es . The dot t ed l i ne

i ndi cat es t hat secr et or y pr ot ei ns may be moved sequent i al l y f r om

ci st er na t o ci st er na . The membr ane vesi cl es ( shown t o t he l ef t )

whi ch ser ve t o f er r y secr et or y pr ot ei ns, pi nch of f and r et ur n- i . e . ,

r ecycl e, back t o t he t r ansi t i onal el ement s of t he r ough ER.

I t i s cl ear t hat a maj or f unct i on of t he Gol gi compl ex i s t o

sor t secr et or y, l ysosomal , and cer t ai n membr ane pr ot ei ns and

t o di r ect t hem t o t hei r cor r ect i nt r acel l ul ar or ext r acel l ul ar

dest i nat i ons . Fi g . 34 i s a t ent at i ve i nt er pr et at i on of sor t i ng

mechani sms i n a Gol gi ci st er na seen en f ace. The posi t i on of

t he sor t i ng devi ces i n t he Gol gi st ack i s unknown. They may

be pr esent i n di f f er ent or i n t he same ci st emae .

I n r evi si ng t he membr ane f l ow- di f f er ent i at i on hypot hesi s t he

most i mpor t ant poi nt t o t ake i nt o account i s t hat each cel l

i nher i t s at bi r t h a compl et e set of di f f er ent i at ed membr anes

f r om i t s mot her ( 151) - i t does not have t o di f f er ent i at e ER

membr ane i nt o ei t her Gol gi membr ane or pl asmal emma, but

i t must r et ai n t he bi ochemi cal speci f i ci t y of each of t hese

membr anes . Thi s appear s t o be achi eved, not by conver t i ng

one t ype of membr ane i nt o anot her , but by cont r ol l i ng t he

t r af f i c f r om t he si t es of synt hesi s t o t he si t es of f i nal assembl y

. or ei t her pr ot ei n mol ecul es or membr ane vesi cl es, so t hat onl y

appr opr i at e component s ar e assembl ed i n each membr ane

152) . Ret ent i on of bi ochemi cal speci f i ci t y al so r equi r es non-

r andom r emoval of membr ane car r i er s f r om at l east one of t he

i nt er act i ng compar t ment s . The onl y ` di f f er ent i at i on' est ab-

l i shed so f ar f or membr ane pr ot ei ns t hat move down t he

secr et or y pat hway does not exceed t he usual post t r ansl at i onal

modi f i cat i ons- i . e . , t er mi nal gl ycosyl at i on and par t i al pr ot e-

ol ysi s under gone by many pr ot ei ns and most gl ycopr ot ei ns t hat

pass t hr ough t he Gol gi compl ex .

Al t hough t he pr oposed f or mul at i ons accommodat e our cur -

FARQUHAR AND PALADE Gol gi Appar at us
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FI GURE 34

	

Di agr amof a Gol gi ci st er na vi ewed en f ace showi ng t he

pr esumed r out i ng of t he bi osynt het i c t r af f i c of membr anes and

secr et or y pr oduct s al ong i t s di l at ed r i ms . Four t ypes of t r af f i c ar e

depi ct ed : ( 1) ER - - + Gol gi ; ( 2) Gol gi - - + l ysosomes ; ( 3) Gol gi

condensi ng gr anul es or vacuol es ; and ( 4) Gol gi - - * pl asmal emma. I n

al l cases, t r anspor t i s assumed t o be ef f ect ed by vesi cul ar car r i er s

whi ch must possess speci f i c r ecept or s f or t r anspor t ed speci es on

t hei r i nner ( ci st er nal ) sur f aces and appr opr i at e r ecogni t i on si gnal s

f or t he r ecei vi ng compar t ment on t hei r out er sur f aces . I n t wo cases

( t ypes 2 and 3) t her e i s evi dence t hat coat ed vesi cl es ar e i nvol ved .

I n onl y one case ( t ype 2) i s t he speci f i c r ecogni t i on mar ker ( man-

nose- 6- phosphat e) known . The l ar ge dot s at t ached t o t he mem-

br ane r epr esent t he r ecept or and t he smal l dot s t he l ysosomal

enzymes . Most of t he t r af f i c i s assumed t o move al ong t he di l at ed

per i pher y of t he ci st er na ( sol i d l i nes) r at her t han t hr ough i t s f l at -

t ened cent r al r egi on ( dot t ed l i nes, shaded ar ea) .

r ent knowl edge, i t can be saf el y ant i ci pat ed t hat i n anot her 25

year s- or even sooner - t hey, t oo, wi l l pr ove t o be f ar t oo

si mpl i st i c . The r easons shoul d be cl ear : f i r st , t he bi ol ogi cal

sci ences, especi al l y cel l bi ol ogy, ar e advanci ng at a r emar kabl y

r api d r at e . I n addi t i on, i nf or mat i on on t he compl exi t y of t he

Gol gi compl ex, whi ch appear s t o be t he hub of i nt r acel l ul ar

t r af f i c, and t he mul t i pl i ci t y of i t s connect i ons cont i nues t o

accumul at e as a r esul t of new f i ndi ngs . I n t he meant i me,

however , t hese new f or mul at i ons may pr ovi de a usef ul f r ame-

wor k t o be t est ed and val i dat ed or modi f i ed by f ur t her exper -

i ment s .

ACKNOWLEDGMENTS

The or i gi nal r esear ch summar i zed her ei n was suppor t ed by r esear ch

gr ant s AM- 17780 ( t o MGF) and GM- 27303 ( t o GEP) f r om t he Na-

t i onal I nst i t ut es of Heal t h . The aut hor s gr at ef ul l y acknowl edge t he

assi st ance of PamOssor i o i n t he pr epar at i on of t he f i gur es and Lynne

Woot t on i n t he pr epar at i on of t he manuscr i pt .

REFERENCES

1 . Gol gi , C. 1898. Ar ch. I t al . Bi ol . 30: 60- 71 .

2 . Whal ey, W. G. 1975 . Cel l Bi ol ogy Monogr . 2 : 1- 190.
3. Beams, H. W. , and R. G. Kessel . 1968 . I nn. Rev. Cyt ol 23 : 209- 276 .
4 . Dal t on, A. J . , and M. D. Fel i x. 1954. Am. J. Anal . 94: 171- 208.
5 . Sj 6st r and, F. S. , and V. Hanzon. 1954. Exp. Cel l Res. 7 : 415- 429 .
6. Rhodi n, J. 1954. Ph. D. Thesi s . Kar ohnska I nst i t ut et , St ockhol m, Akt ei bol -

aget .

7. Far quhar , M. G. , and J. F. Ri nehar t . 1954. Endocr i nol ogy. 55: 857- 876.

102s

	

THE JOURNAL OF CELL BI OLOGYzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" VOLUME 91, 1981

8 . Dal t on, M. J. , and M. D. Fel i x. 1956 . J. Bi ophys. Bi ochem. Cyt o l 2( Suppl . ) :

79- 83 .

9 . Ehr enr ei ch, J . H. , J. J. M. Ber ger on, P. Si ekevi t z, and G. E. Pal ade . 1973 .

J. Cel l Bi ol 59: 45- 72.

10. Mol l enhauer , H. H. , and D. J . Mor r e . 1978. Subcel l ul ar Bi ochem. 5 : 327-
359 .

11 . Novi kof f , P. M. , A. B. Novi kof f , N. Qui nt ana, and J. J . Hauw. 1971 . J. Cel l

Bi ol 50: 859- 886 .

12 . Rambour g, A. , A. Mar r aud, and M. Chr et i en . 1973 . J. Mi cr osc. ( Par i s) . 97:

49- 57 .

13 . Mor r i , D. J . 1977. I n I nt er nat i onal Cel l Bi ol ogy, 1976- 1977 . B. R. Br i nkl ey
and K. R. Por t er , edi t or s. The Rockef el l er Uni ver si t y Pr ess, New Yor k .

293- 303 .

14 . Gr ove, S. N. , C. E. Br acket , and D. J. Mor r e. 1968. Sci ence ( Wash. D. C) .
161 : 171- 173.

15 . Mor r e, D. J . , T. W. Keenan, and C. N. Huang . 1974. I n Cyt ophar macol ogy
of Secr et i on. B. Ceccar el l i , F. Cl ement i , and J . Mel dol esi , edi t or s. Raven
Pr ess, New Yor k. 107- 126.

16 . Locke, M. , and P. Hui e. 1975 . Sci ence ( Wash. D. C. ) . 188 : 1219- 1221 .

17 . Amos, W. B. , and A. V. Gr i mst one. 1968 . J. Cel l Bi ol . 38 : 466- 471 .

18 . Fr i end, D. S. , and M. G. Far quhar . 1967. J. Cel l Bi ol . 35 : 357- 376 .

18a. Ni chol s, B. A. , D. F. Bai nt on, and M. G. Far quhar . 1971 . J. Cel l Bi ol . 50:

498- 515 .

19. Novi kof f , A. B. , and P. M. Novi kof f . 1977 . Hi st ochem. J. 9: 525- 552 .

20. Far quhar , M. G. , J . J . M. Ber ger on, and G. E. Pal ade . 1974 . J. Cel l Bi ol . 60:

8- 25 .

21 . Cheng, H. , and M. G. Far quhar . 1976 . J. Cel l Bi ol . 70: 660- 684.

22. Rambour g, A. , and C. P. Lebl ond. 1967. J. Cel l Bi ol . 32 : 27- 53 .

23 . Fr i end, D. S. , and M. J . Mur r ay . 1965 . Am. J. Anot . 117: 135- 149.

24. Cheet ham, R. D. , D. J. Mor r e, C. Pannek, and D. S. Fr i end . 1971 . J. Cel l

Bi ol . 49 : 899- 905.

25 . Novi kof f , A. B. , and S. Gol df i scher . 1961 . Pr oc . Nai l . Acad. Sci . U. S. A . 47 :

802- 810 .

26. Smi t h, C. E. 1980 . J. Hi st ochem. Cyt ochem. 28 : 16- 26.

27. Ovt r acht , L . , and J- P. Thi er y . 1972. J. Mi cr osc. ( Par i s) . 15: 135- 170.

28. Li t t l e, J. S. , and C. C. Wi dnel l . 1975 . Pr oc . Nai l . Acad. Sci . U. S. A . 72 : 4013-

4017 .

29. Schnei der , W. C. , and E. L. Kuf f . 1954 . Am. J. Anal . 94 : 209- 224.

30. Mor r 6, D. J . , and H. H. Mol l enhauer . 1964 . J Cel l Bi ol . 23 : 295- 305 .

31 . Mor r i , D. J. , H. H. Mol l enhauer , R. L. Hami l t on, R. W. Mahl ey, and W.

P. Cunni ngham. 1968 . J. Cel l Bi ol . 39: 157a .

32. Mor r 6, D. J . , R. L . Hami l t on, H. H. Mol l enhauer , R. W. Mahl ey, W. P.

Cunni ngham, R. D. Cheet ham, and V. S. Lequi r e. 1970. J. Cel l Bi ol . 44:

484- 491 .

33. Cheet ham, R. D. , D. J . Mor r i , and W. N. Yunghans. 1970. J. Cel l Bi ol . 44:

492- 500 .

34. Fl ei scher , B. , S. Fl ei scher , and H. Ozawa. 1969 . J. Cel l Bi ol . 43 : 59- 79 .

35 . Fl ei scher , B. , and S. Fl ei scher . 1970 . Bi ochi m. Bi ophys. Act a. 219: 301- 319.

36. Mor r i , D. J. , L. M. Mer l i n, and T. W. Keenan. 1969 . Bi ochem. Bi ophys.

Res. Commun. 37 : 813- 819.

37. Schacht er , H. , 1. Jabbal , R. L. Hudgi n, L. Pi nt er i c, E. J . McGui r e, and S.

Roseman. 1970. J. Bi ol . Chem. 245 : 1090- 1100.

38 . Schacht er , H. 1974. Bi ochem. Soc . Symp . 40 : 50- 71 .

39. Leel avat hi , D. E. , L . W. Est es, D. S. Fei ngol d, and B. Lombar di . 1970.

Bi ochi m. Bi ophys. Aet a. 211: 124- 138 .

40. Ber ger on, J. J. M. , J . H. Ehr enr ei ch, P. Si ekevi t z, and G. E. Pal ade. 1973 .

J. Cel l Bi ol . 59: 73- 88.

41 . Howel l , K. E. , A. I t o, and G. E. Pal ade. 1978 . J Cel l Bi ol . 79 : 581- 589 .

42 . Ber ger on, J . J . M. , D. Bor t s, and J . Cr uz. 1978 . J. Cel l Bi ol . 76: 87- 97 .

43 . I t o, A. , and G. E. Pal ade. 1978 . J. Cel l Bi ol . 79 : 590- 597 .

44. Keenan, T. W. , and D. J. Mor r e . 1970 . Bi ochemi st r y . 9: 19- 25 .

45 . Fl ei scher , S. , and B. Fl ei scher . 1977 . I n Membr ane Al t er at i ons as Basi s of

Li ver I nj ur y . H. Popper , L. Bi anchi , and W. Reut t er , edi t or s . MTPPr ess,

I nc. , Lancast er , Engl and . 31- 48 .

46. van Gol de, L. M. G. , J. Raben, J. J . Bat enbur g, B. Fl ei scher , F. Zambr ano,

and S. Fl ei scher . 1974. Bi ochem. Bi ophys. Act a. 360: 179- 192 .

47 . Bowen, R. H. 1929 . Q. Rev. Bi ol . 4: 299- 324; 484- 519.

48. Haguenau, F. , and E. Ber nhar d . 1955 . Ar ch. Anal . Mi cr osc . Mor phol Exp .

44: 27- 55 .

49. Far quhar , M. G. , and S. R. Wel l i ngs . 1957 . J. Bi ophys. Bi ochem. Cyt ol 3 :

319- 322 .

50. Pal ay, S. L . 1958 . I n Fr ont i er s i n Cyt ol ogy . S. L. Pal ay, edi t or . Yal e

Uni ver si t y Pr ess, New Haven . 305- 342 .

51 . Far quhar , M. G. 1971 . I n Subcel l ul ar St r uct ur e and Funct i on i n Endocr i ne

Or gans . H. Hel l er and K. Leder i s, edi t or s . Cambr i dge Uni ver si t y Pr ess,

Cambr i dge, Engl and . 79- 122.

52 . Pal ade, G. E. 1975 . Sci ence ( Wash . D. C) . 189: 347- 358.

53 . Bai nt on, D. F. , B. A. Ni chol s, and M. G. Far quhar . 1976 . In Lysosomes i n

Bi ol ogy and Pat hol ogy, Vol . 5 . J. Di ngl e and H. B. Fel l , edi t or s . Nor t h

Hol l and Publ i shi ng Co . , Amst er dam/ Oxf or d . 3- 32.

54. Jami eson, J. D. , and G. E. Pal ade . 1967. J. Cel l Bi ol . 34: 597- 615 .

55 . Far quhar , M. G. , J . A. Rei d, and L. Dani el ] . 1978. Endocr i nol ogy. 102 : 296-

311 .

56 . Sal pet er , M. M. , and M. G. Far quhar . 1981 . J. Cel l Bi ol . I n pr ess .

57 . Jami eson, J . D. , and G. E. Pal ade . 1977 . I n I nt er nat i onal Cel l Bi ol ogy 1976-

1977 . B. R. Br i nkl ey and K. R. Por t er , edi t or s. The Rockef el l er Uni ver si t y

Pr ess, NewYor k . 308- 317 .

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://ru

p
re

s
s
.o

rg
/jc

b
/a

rtic
le

-p
d
f/9

1
/3

/7
7
s
/1

0
7
5
6
2
8
/7

7
s
.p

d
f b

y
 g

u
e
s
t o

n
 2

4
 A

u
g

u
s
t 2

0
2

2



58. Jami eson, J . D. , and G. E. Pal ade. 1971 . J. Cel l Bi ol . 50 : 135- 158 .

59 . Ol sen, B. R. 1981 . I n The Cel l Bi ol ogy of t he Ext r acel l ul ar Mat r i x, E. D.

Hay, edi t or . Pl enum Pr ess. I n pr ess .

60 . Wei nst ock, M. , and C. P. Lebl ond . 1974 . J. Cel l Bi ol . 60 : 92- 127 .

61 . Or ci , L . , A. Per r el et , and P. Gor den . 1978 . Recent Pr og. Hor m. Res. 34 : 95-

121 .

62 . Redman, C. M. , and M. G. Cher i an. 1972 . J Cel l Bi ol . 52 : 231- 245 .

63 . Lebl ond, C. P. , and G. Bennet t . 1977 . I n I nt er nat i onal Cel l Bi ol ogy, 1976-

1977 . 13. R. Br i nkl ey and K. R. Por t er , edi t or s. The Rockef el l er Uni ver si t y

Pr ess, NewYor k . 326- 336 .

64 . Far quhar , M. G. 1977 . Adv . Exp. Med. Bi ol . 80 : 37- 94 .

65 . Zani ni , A. , G. Gi annat t asi o, and J . Mel dol esi . 1980 . I n Synt hesi s and

Rel ease of Adenohypophyseal Hor mones . M. Just i sz and K. W. McKer ns,

edi t or s. Pl enumPr ess, NewYor k . 105- 123 .
66 . Ross, R. , and E. P. Bendi t t . 1965. J. Cel l Bi ol . 27 : 83- 106 .

67 . Sal pet er , M. M. 1968. J. Mor phol . 124: 387- 422.

68 . Leduc, E. H. , S. Avr ameas, and M. Bout ei l l e. 1968. J. Exp. Med. 127: 109-

121 .

69 . Ot t osen, P. D. , P. J . Cour t oy, and M. G. Far quhar . 1980. J. Exp. Med. 152:

1- 19 .

70 . Tar t akof f , A. , P. Vassal l i , and M. Det r az . 1978. J. Cel l Bi ol . 79 : 694- 707 .

71 . Jami eson, J . D. , and G. E. Pal ade . 1971 . J. Cel l Bi ol . 48: 503- 522.

72 . Uvni s, B. , and C- H. Abor g . 1976. Act a Physi ol Scand. 96 : 512- 525 .
73 . Avi l a, J . L. , and J . Convi t . 1976 . Bi ochem. J. 160: 129- 136.

74 . Reggi o, H. A. , and G. E. Pal ade. 1978 . J. Cel l Bi ol . 77 : 288- 314 .

75 . Her man, L. , T. Sat o, and C. N. Hal es. 1973 . J. Ul t r ast r uct . Res. 42 : 298- 311 .

76 . Cl ement e, F. , and J . Mel dol esi . 1975 . J. Cel l Bi ol . 65 : 88- 102 .

77 . Wi nkl er , H. 1977 . Neur osci ence. 2 : 657- 684 .

78 . Gai ner , H. , Y. Same, and M. J. Br ownst ei n . 1977 . J. Cel l Bi ol . 73 : 366- 381 .

79 . Mel dol esi , J . , N. Bor gese, P. DeCami l f , and B. Ceccar el l i . 1978 . I n Mem-

br ane Fusi on. G. Post e and G. L. Ni col son, edi t or s . El sevi er / Nor t h- Hol l and

Bi omedi cal Pr ess, Amst er dam. 509- 627 .
80 . Neut r a, M. , and C. P. Lebl ond. 1966 . J. Cel l Bi ol . 30: 119- 136, and 137- 150.

81 . Hanover , J . A. , and W. J . Lennar z. 1981 . Ar ch, Bi ochem. Bi ophys . I n pr ess.

82 . Whur , P. , A. Her scovi cs, and C. P. Lebl ond . 1969 . J. Cel l Bi ol . 43 : 289- 311 .
83 . Haddad, A. , M. D. Smi t h, A. Her scovi cs, N. J . Nadl er , and C. P. Lebl ond.

1971 . J. Cel l Bi ol . 49 : 856- 876 .

84 . Schacht er , H. , and S. Roseman . 1980 . I n TheBi ochemi st r y of Gl ycopr ot ei ns
and Pr ot eogl ycans . W. Lennar z, edi t or . Pl enum Pr ess, New Yor k. 85- 160.

85 . Fl ei scher , B. 1981 . J. Cel l Bi ol . 89 : 246- 255 .
86 . Hami l t on, D. W. 1980 . Bi o. Repr od. 23: 377- 385 .
87 . Mor r e, D. J . , J . Kar t enbeck, and W. W. Fr anke . 1979. Bi ochi m. Bi ophys.

Act a. 559: 71- 152.

88 . St r uck, D. K. , and W. J . Lennar z . 1980. I n The Bi ochemi st r y of Gl ycopr o-
t ei ns and Pr ot eogl ycans . W. Lennar z, edi t or . Pl enumPr ess, NewYor k . 35-

83 .

89 . Tabas, L, and S. Komf el d . 1979 . J. Bi ol . Chem. 254: 11655- 11663 .
90 . Tul si ani , D. R. P. , D. J . Ophei m, and O. Toust er . 1977 . J. Bi ol . Chem. 252:

3227- 3232.

91 . Var ki , A. , and S. Kor nf el d . 1980 . J. Bi ol . Chem. 255: 10847- 10858.
92 . Rei t man, M. , and S. Kor nf el d . 1981 . J. Bi ol . Chem. 256: 4275- 4281 .

93 . Br et z, R. , H. Br et z, and G. E. Pal ade . 1980 . J. Cel l Bi ol . 84: 87- 101 .

94 . Br andon, E. , and B. Fl ei scher . 1980 . J. Cel l Bi ol . 87 : 200a.
95 . Fl ei scher , B. 1981 . Ar ch. Bi ochem. Bi ophys. I n pr ess .

96 . Fl ei scher , B. 1977. J. Supr amol . St r uct . 7 : 79- 89 .

97 . Ri char dson, C. L. , T. W. Keenan, and D. J . Mor r e . 1977 . Bi ochi m. Bi ophys.
Act a. 488: 88- 96 .

98 . Fl ei scher , B. , and F. Zambr ano . 1974. J. Bi ol . Chem. 249: 5995- 6003 .
99 . Lane, N. , L . Car o, L . R. Ot er o- Vi l ar debo, and G. C. Godman . 1964. J. Cel l

Bi ol . 21 : 339- 352 .

100 . Godman, G. C. , and N. Lane . 1964. J. Cel l Bi ol . 21 : 353- 366.
101 . Young, R. W. 1973 . J. Cel l Bi ol . 57 : 175- 189 .

102. Kat ona, E. 1976 . Eur . J. Bi ochem. 63: 583- 590 .

103. Fl ei scher , B. , and M. Smi gel . 1978 . J. Bi ol . Chem. 253: 1632- 1638.

104 . Si l ber t , J. , and L. S. Fr ei l i ch . 1980 . Bi ochem. J. 190: 307- 313 .
105 . St ei ner , D. F. , P. S. Qui nn, C. Pat zel t , S. J . Chan, J . Mar sh, and H. S.

Tager . 1980 . I n Cel l Bi ol ogy, Vol . 4, Academi c Pr ess, New Yor k. 175- 202 .
106. St ei ner , D. F. , J . L . Cl ar k, C. Nol an, A. H. Rubenst ei n, E. Mar gol i ash, F.

Mi l ani , and P. E. Oyer . 1970. I n The Pat hogenesi s of Di abet es Mel l i t us . E.
Cer asi and R. Luf t , edi t or s . Al mqvi st and Wi ksel l , St ockhol m. 123- 132 .

107. Habener , J. F. , H. T. Chang, and J. T. Pot t s, Jr . 1977 . Bi ochemi st r y . 16 :
3910- 3917 .

108. Pal ay, S. L. , and L. J . Kar l i n. 1959 . J. Bi ophys. Bi ochem. Cyt o l 5 : 372- 383 .
109. Car del l , R. R. , Jr . , S. Badenhausen, and K. R. Por t er . 1967 . J. Cel l Bi ol . 34:

123- 155 .

110. Jones, A. L . , N. B. Ruder man, and M. G. Her r er a. 1967. J Li pi d Res. 8 :

429- 466 .

I l l . Mahl ey, R. W. , R. L. Hami l t on, and V. S. Lequi r e . 1969 . J. Li pi d Res. 10:

433- 439 .

112 . Gl aumann, H. , A. Ber gst r and, and J. L . E. Er i csson. 1975 . J. Cel l Bi ol . 64:

356- 377 .

113 . Havel , R. J . , J . L . Gol dst ei n, and M. S. Br own . 1980 . I n Met abol i c Cont r ol

and Di sease. P. K. Bondy and L . E. Rosenber g, edi t or s. W. B. Saunder s,

Co . , Phi l adel phi a . 393- 494 .

114. Howel l , K. , and G. E. Pal ade . 1981 . J. Cel l Bi ol . I n pr ess .

115 . Far quhar , M. G. 1978 . I n Tr anspor t of Macr omol ecul es i n Cel l ul ar Syst ems.

S. Si l ver st ei n, edi t or . Ber l i n : Dahl em Konf er enzen . 341- 362 .

116. Gr assi , P. P. 1957 . C. R. Acad. Sci . ( Par i s) . 245: 1278- 1281 .

117 . Cast l e, J . D. , J. D. Jami eson, and G. E. Pal ade. 1972. J. Cel l Bi ol . 53 : 290-

311 .

118. Br own, R. M. , Jr . , and J . H. M. Wi l l i son. 1977 . I n I nt er nat i onal Cel l
Bi ol ogy, 1976- 1977 . B. R. Br i nkl ey and K. R. Por t er , edi t or s . The Rocke-

f el l er Uni ver si t y Pr ess, NewYor k . 267- 283 .

119. Bai nt on, D. F. , and M. G. Far quhar . 1970 . J. Cel l Bi ol . 45 : 54- 73.

120. Her zog, V. , and F. Mi l l er . 1970. Z. Zel l . Mi kr . 107 : 403- 420.

121 . Kr aehenbuhl , J- P. , L . Raci ne, and J . D. Jami eson . 1977 . J. Cel l Bi ol . 72 :

406- 423 .

122. Bai nt on, D. F. , and M. G. Far quhar . 1966. J. Cel l Bi ol . 28 : 277- 301 .

122a. Hand, A. R. 1980. J. Hi st ochem. Cyt ochem. 28: 82- 86 .

123 . Bennet t , H. S. 1956 . J Bi ophys. Bi ochem. Cyt ol . 2( Par t 2) : 99- 104.

124 . Fr anke, W. W. , D. J . Mor r e, B. Deuml i ng, R. D. Cheet ham, J . Kar t enbeck,

E. D. Jar ash, and H. W. Zent gr af . 1971 . Z. Nat ur f or sch . 266: 1031- 1039.

125 . Cl aude, A. 1970 . J. Cel l Bi ol . 47 : 745- 766.
126 . Rot hman, J. E. , and J . Lenar d. 1977 . Sci ence ( Wash. D. C. ) . 195 : 743- 753 .

127 . Mi chael s, J . E. , and C. P. Lebl ond . 1976. J. Mi cr osc. Bi ol . Cel l . 25 : 243- 248.

128 . Quar oni , A. , K. Ki r sch, and M. M. Wei ser . 1979. Bi ochem. J. 182 : 203- 212.

129 . Ber ger on, J. J . M. , W. H. Evans, and I . I . Geschwi nd . 1973. J. Cel l Bi ol . 59:

771- 776.

130 . Fambr ough, D. M. , and P. N. Devr eot es . 1978. J Cel l Bi ol . 76: 237- 244.

131 . Rot hman, J . E. , H. Bur szyt n- Pet t egr ew, and R. E. Fi ne . 1980 . J. Cel l Bi ol .

86: 162- 181 .

132 . Rot hman, J. E. , and E. Fr i es . 1981 . J. Cel l Bi ol . 89 : 162- 168 .

133 . Ber gmann, J . E. , K. T. Tokuyasu, and S. J . Si nger . 1981 . Pr oc . Nat t Acad.

Sci . U. S. A . 78: 1746- 1750.

134. Pal ade, G. E. 1959. I n Subcel l ul ar Par t i cl es . T. Hayashi , edi t or . Ronal d

Pr ess, New Yor k. 64- 80 .

135 . Hol t zman, E. , S. Schacher , J. Evans, and S. Tei chber t . 1978 . I n Cel l Sur f ace

Revi ews, Vol . 4. G. Past e and G. L. Ni col son, edi t or s . El sevi er , Amst er dam.

165- 246 .

136. Ol i ver , C. , and A. R. Hand . 1978 . J. Cel l Bi ol . 76: 207- 220 .

137 . Far quhar , M. G. 1981 . I n Basi c Mechani sms of Cel l ul ar Secr et i on. Met hods

i n Cel l Bi ol ogy, Vol ume 23 . A. Hand and C. Ol i ver , edi t or s. Academi c

Pr ess, I nc . , NewYor k . I n pr ess .

138 . Her zog, V. , and M. G. Far quhar . 1977 . Pr oc . Nat l . Acad. Sci . U. S. A. 74:

5073- 5077.

139 . Far quhar , M. G. 1978 . J. Cel l Bi ol . 77 : R35- R42 .

140. Her zog, V. , and F. Mi l l er . 1979 . Eur . J. Cel l Bi ol . 19 : 2003- 215 .

141 . Her zog, V. , and H. Reggi o. 1980 . Eur . J. Cel l Bi ol . 21 : 141- 150 .

142 . Thyber g, J. 1980. Eur . J. Cel l Bi ol . 23 : 95- 103 .

143 . Tar t akof f , A. 1980 . I nt . Rev. Exp . Pat hol . 22 : 227- 251 .

144 . Ohkuma, S. , and B. Pool e . 1978 . Pr oc . Nat l . Acad. Sci . U. S. A . 75 : 3327-

3331 .

145 . Sando, G. N. , P. Ti t us- Di l l i on, C. C. Wal l , and E. F. Neuf el d . 1979 . Exp.

Cel l Res. 119 : 359- 364 .

146 . Maxf i el d, F. R. , M. C. Wi l l i ngham, P. J . Davi es, and I . Past an . 1979 . Nat ur e

( Loud. ) . 277: 661- 663 .

147 . Basu, S. K. , J . L. Gol dst ei n, R. G. W. Ander son, and M. S. Br own . 1981 .

Cel l 24 : 493- 502 .

148 . Gor den, P. , J . L . Car pent i er , P. Fr eychet , and L. Or ci . 1980 . Di abet ol ogi a .

18 : 263 .

149 . Posner , B. L, B. Pat el , A. K. Ver ma, and J. J . M. Ber ger on . 1980. J. Bi ol .

Chem. 255: 735- 741 .

150 . Posner , B. L, J . J . M. Ber ger on, Z. Josef ber g, M. Khan, R. Khan, B. Pat el ,

R. A. Si kst r om, and A. K. Ver ma . 1981 . Recent Pr og. Hor m. Res. 37 : I n

pr ess .

151 . Pal ade, G. E. 1978 . I n Mol ecul ar Speci al i zat i on and Symmet r y i n Mem-

br ane Funct i on. A. Sol omon and M. Kamovsky, edi t or s. Har var d Uni ver -

si t y Pr ess, Cambr i dge . 3- 30.

152 . Pal ade, G. E. 1976. I n Membr anes Bi ol ogi ques et Ar t i f i ci el l es et l a Desal -

i ni sat i on De L' Eau . R. Passi no, edi t or . Ex Aedi bvs Academi ci s i n Ci vi t at e

Vat i cana. 85- 97 .

153 . Fr i end, D. S. 1969 . J. Cel l Bi ol . 41 : 269- 279 .

154 . Smi t h, R. E. , and M. G. Far quhar . 1966 . J. Cel l Bi ol . 31 : 319- 349.

FARQUHAR AND PALADE

	

Gol gl Appar at us 103s

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://ru

p
re

s
s
.o

rg
/jc

b
/a

rtic
le

-p
d
f/9

1
/3

/7
7
s
/1

0
7
5
6
2
8
/7

7
s
.p

d
f b

y
 g

u
e
s
t o

n
 2

4
 A

u
g

u
s
t 2

0
2

2


