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Abst r act . Regul at ed secr et or y pr ot ei ns ar e t hought t o

be sor t ed i n t he t r ans- Gol gi net wor k ( TGN) vi a sel ec-

t i ve aggr egat i on . The f act or s r esponsi bl e f or t hi s ag-

gr egat i on ar e unknown . We show her e t hat t wo wi de-

spr ead r egul at ed secr et or y pr ot ei ns, chr omogr ani n B

and secr et ogr ani n I I ( gr ani ns) , r emai n i n an aggr egat ed

st at e when TGN vesi cl es f r om neur oendocr i ne cel l s

( PC12) ar e per meabi l i zed at pH 6. 4 i n 1- 10 mMcal -

ci um, condi t i ons bel i eved t o exi st i n t hi s compar t ment .

Per meabi l i zat i on of i mmat ur e secr et or y gr anul es under

t hese condi t i ons al l owed t he r ecover y of el ect r on dense

cor es . The gr ani n aggr egat es i n t he TGN l ar gel y ex-

HE mechani sm by whi ch const i t ut i ve and r egul at ed

secr et or y pr ot ei ns ar e sor t ed i n t he t r ans- Gol gi net -

wor k ( TGN) ' i s poor l y under st ood ( f or r evi ew seei ~
Bur gess and Kel l y, 1987) . I t has been post ul at ed t hat a key

st ep i n t hi s sor t i ng pr ocess i s t he sel ect i ve aggr egat i on of r eg-

ul at ed, but not const i t ut i ve, secr et or y pr ot ei ns i n t he TGN

( Kel l y, 1985 ; Bur gess and Kel l y, 1987; Pf ef f er and Rot hman,

1987; Hut t ner et al . , 1988 ; Ger des et al . , 1989 ; Hut t ner and

Tooze, 1989 ; Tooze et al . , 1989) . Thi s hypot hesi s i s l ar gel y

based on mor phol ogi cal dat a showi ng t hat r egul at ed secr e-

t or y pr ot ei ns f or mel ect r on- dense cor es i n t he TGN ( f or r e-

vi ew see Far quhar and Pal ade, 1981 ; Or ci et al . , 1987; Tooze

et al . , 1987) . Aggr egat i on of a pr ot ei n i nevi t abl y segr egat es

i t f r ompr ot ei ns t hat do not aggr egat e but r emai n i n sol ut i on

i n t he f l ui d phase t hat i s excl uded f r omt he aggr egat e. Thus,

i f aggr egat i on i s a key st ep i n t he sor t i ng of secr et or y pr o-

t ei ns, t he cr uci al quest i ons ar i si ng ar e : ( a) why does aggr e-

gat i on occur speci f i cal l y i n t he TGN; and ( b) why i s t he ag-

gr egat i on sel ect i ve f or r egul at ed secr et or y pr ot ei ns?

Concer ni ng t hese quest i ons, i t has been pr oposed ( Tooze

et al . , 1989) t hat ( a) t he aggr egat i on of r egul at ed secr et or y

pr ot ei ns i n t he TGN r esul t s f r oman i ncr ease i n t hei r concen-

t r at i on as t hey t r avel f r om t he RER t o t hi s compar t ment

wher e t hey r each a cr i t i cal l evel , and ( b) const i t ut i ve secr e-

t or y pr ot ei ns do not r each t hi s concent r at i on and/ or have an

1 . Abbr evi at i ons used i n t hi s paper : Bi P, i mmunogl obul i n heavy chai n bi nd-

i ng pr ot ei n; CgB, chr omogr ani n B; GAGchai n, gl ycosami nogl ycan chai n ;

hsPG, hepar an sul f at e pr ot eogl ycan; PDI , pr ot ei n di sul f i de i somer ase ; SgH,

secr et ogr ani n I I ; TGN, t r ans- Gol gi net wor k .

© The Rockef el l er Uni ver si t y Pr ess, 0021- 9525/ 91/ 12/ 1505/ 15 $2 . 00
The Jour nal of Cel l Bi ol ogy, Vol ume 115, Number 6, December 1991 1505- 1519

	

1505

cl uded gl ycosami nogl ycan chai ns whi ch ser ved as con-

st i t ut i vel y secr et ed bul k f l ow mar ker s . The l ow pH, hi gh

cal ci ummi l i eu was suf f i ci ent t o i nduce gr ani n aggr e-

gat i on i n t he RER. I n t he TGN of pi t ui t ar y GH4C

cel l s, t he pr opor t i on of gr ani ns conser ved as aggr e-

gat es was hi gher upon hor monal t r eat ment known t o

i ncr ease secr et or y gr anul e f or mat i on . Our dat a suggest

t hat a decr ease i n pH and an i ncr ease i n cal ci umar e

suf f i ci ent t o t r i gger t he sel ect i ve aggr egat i on of t he

gr ani ns i n t he TGN, segr egat i ng t hem f r om const i t u-

t i ve secr et or y pr ot ei ns .

i nher ent l y l ower t endency t o aggr egat e t han r egul at ed secr e-

t or y pr ot ei ns. Concer ni ng t he f i r st poi nt , bot h const i t ut i ve

and r egul at ed secr et or y pr ot ei ns ar e bel i eved t o move f r om

t he RER t o t he TGN by bul k f l ow ( f or r evi ew see Pf ef f er and

Rot hman, 1987) . I n bul k f l ow, an i ncr ease i n t he concent r a-

t i on of secr et or y pr ot ei ns i n a di st al compar t ment as com-

par ed t o a pr oxi mal compar t ment can onl y occur as t he r esul t

of t he sel ect i ve r emoval of mol ecul es, e . g . , t he r ecycl i ng of

sol ubl e ER- r esi dent pr ot ei ns or t he net movement of wat er

acr oss t he membr ane i nt o t he cyt opl asm. Moder at e i n-

cr eases ( up t o 2 . 5- f ol d) i n t he concent r at i on of r egul at ed

secr et or y pr ot ei ns i n t he t r ans- Gol gi compar ed t o t he RER

have been r epor t ed ( Bendayan et al . , 1980 ; Sal pet er and Far -

quhar , 1981 ; Bendayan, 1984 ; Post huma et al . , 1988) . How-

ever , i t i s uncl ear t o what ext ent aggr egat es of r egul at ed

secr et or y pr ot ei ns wer e i ncl uded i n t hese quant i t at i ons, and

t hus i t i s di f f i cul t t o excl ude t he possi bi l i t y t hat t he obser ved
concent r at i on i ncr ease was t he consequence of aggr egat i on .

An al t er nat i ve, or at l east addi t i onal , cause f or aggr egat i on

i n t he TGNi s a change i n t he l umenal mi l i eu i n t hi s compar t -

ment as compar ed t o t he mor e pr oxi mal compar t ment s of t he

secr et or y pat hway ( Bur gess and Kel l y, 1987 ; Pf ef f er and

Rot hman, 1987; Hut t ner et al . , 1988' ; Ger des et al . , ' 1989) .
One par amet er of t he l umenal mi l i eu t hat i s known t o di f f er

bet ween t he RER and t he TGNi s t he pH; t he TGN has been

shown t o be moder at el y aci di c . Fr omt he dat a avai l abl e ( see

Ander son and Or ci , 1988, and r ef s . t her ei n) , t he TGN l u-

menal pHcan be est i mat ed t o be - 1 Uabove t hat of neur oen-

docr i ne secr et or y gr anul es ( pH5. 2- 5. 5 ; Poi snet and Tr i f ar o,

1982 ; Johnson, 1987) , i . e. , ar ound pH 6. 4, a val ue consi s-



t ent wi t h pr evi ous consi der at i ons ( Gr i f f i t hs and Si mons,

1986) . Anot her par amet er i s t he concent r at i on of cal ci um

i ons . St udi es i n var i ous r egul at ed secr et or y cel l s ( St oeckel

et al . , 1975 ; Ravazzol a, 1976 ; Mat a et al . , 1987; Roos,

1988) have shown t hat t he cal ci umconcent r at i on i n t he Gol gi

compl ex i s si gni f i cant l y hi gher ( N2 . 5- f ol d) t han i n t he RER

whi ch i s bel i eved t o cont ai n 3 mM cal ci um ( Sambr ook :

1990) , and t wo- t hi r ds of t hat f ound i n secr et or y gr anul es,

whi ch have been shown t o cont ai n 20- 50 mMcal ci um( Poi s-

ner and Tr i f ar o, 1982 ; Bul enda and Gr at zl , 1985) . These ob-

ser vat i ons suggest t hat t he l umenal mi l i eu of t he TGNdi f f er s

f r omt hat of t he mor e pr oxi mal compar t ment s of t he secr e-

t or y pat hway i n t hat i t cont ai ns a hi gher concent r at i on of

cal ci um i ons ( pr obabl y ar ound 10 mMt ot al cal ci um; see

Di scussi on f or " f r ee" vs . " bound" cal ci um) . The sel ect i ve

aggr egat i on of r egul at ed, but not const i t ut i ve, secr et or y pr o-

t ei ns i n t he TGN may t her ef or e r ef l ect t he i nher ent pr oper t y

of t he f or mer , but not t he l at t er , pr ot ei ns t o come out of sol u-

t i on upon a change i n cer t ai n par amet er s of t he l umenal

mi l i eu such as pH and cal ci um i on concent r at i on.

The compl exi t y of r egul at ed secr et or y pr ot ei ns makes i t

l i kel y t hat cer t ai n speci f i c f eat ur es of t he sor t i ng mechani sm

may var y dependi ng on t he r egul at ed secr et or y pr ot ei n under

st udy. We have been f ocusi ng on t he gr ani ns ( chr omogr an-

i ns/ secr et ogr ani ns) as model pr ot ei ns t o st udy sor t i ng ( Hut t -

ner et al . , 1991) because t hey ar e f ound i n secr et or y gr anul es

of most endocr i ne cel l s and neur ons ( Ross et al . , 1985 ; Wi e-

denmann and Hut mer , 1989) . Hence r esul t s r egar di ng t hei r

sor t i ng i n one cel l t ype can be gener al i zed t o most endocr i ne

and neur onal cel l s . The gr ani ns ar e a f ami l y of at l east t hr ee

pr ot ei ns ( chr omogr ani n A, chr omogr ani n B [ CgB] , and se-

cr et ogr ani n I I [ SgH] ) . The deduced pr i mar y st r uct ur e of t he

gr ani ns ( Benedumet al . , 1986 ; I acangel o et al . , 1986 ; Bene-

dumet al . , 1987 ; Ger des et al . , 1989) pr edi ct s an abundance

of aci di c r esi dues and a secondar y st r uct ur e al t er nat i ng be-

t ween hel i x and t ur ns . These f eat ur es ar e consi st ent wi t h

t hei r aggr egat i on at l owpHi n t he pr esence of cal ci umi ons.

I n vi t r o st udi es have shown t hat gr ani ns bi nd cal ci um ( Rei f -

f en and Gr at zl , 1986 ; Cozzi and Zani ni , 1988) and t hat t hese

pr ot ei ns, but not var i ous const i t ut i ve secr et or y pr ot ei ns, ag-

gr egat e i n t he pr esence of mi l l i mol ar cal ci um i ons at aci di c

pH( Ger des et al . , 1989 ; Gor r et al . , 1989 ; Yoo and Al banesi ,

1990) . However , t hese st udi es wer e per f or med wi t h gr ani ns

i sol at ed f r omsecr et or y gr anul es and wer e car r i ed out at a

pH cor r espondi ng t o t hat of neur oendocr i ne secr et or y gr an-

ul es r at her t han t hat of t he TGN. Hence, t he r el evance of

t hese st udi es f or t he aggr egat i on of t he gr ani ns occur r i ng i n

t he TGNr emai ns t o be est abl i shed . We t her ef or e i nvest i gat ed

i n t he pr esent st udy whet her a l ow pH- , hi gh cal ci ummi l i eu

cor r espondi ng t o t hat bel i eved t o exi st i n t he l umen of t he

TGN i s suf f i ci ent t o ( a) i nduce and mai nt ai n t he aggr egat i on

of t he gr ani ns i n t he secr et or y pat hway, and ( b) segr egat e

t hese pr ot ei ns f r ombul k f l ow mar ker s and r esi dent pr ot ei ns.

Mat er i al s and Met hods

Cel l Cul t ur e and Met abol i c Label i ng

PC12 cel l s wer e gr own as pr evi ousl y descr i bed ( l boze and Hut mer , 1990) .

l b l abel gr ani ns pr esent i n t he RER, PC12 cel l s wer e pr ei ncubat ed f or 30

mi n i n t yr osi ne- f r ee DMEM( DMEMwi t hout t yr osi ne and wi t h 10%of t he

nor mal concent r at i on of phenyl al ani ne) and t hen pul se l abel ed f or 5 mi n

wi t h f r esh t yr osi ne- f r ee DMEM cont ai ni ng 100 14Ci / ml L- [ 2, 3, 5, 6- 3H] -
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t yr osi ne ( Amer shamBuchl er , Amer sham, UK) . l b l abel gr ani ns pr esent i n

t he TGN, PC12 cel l s wer e pr ei ncubat ed f or 30 mi n wi t h sul f i t t e- f r ee DMEM

( DMEMcont ai ni ng MgC12 i nst ead of MgSO4 and 10%of t he nor mal con-

cent r at i on of met hi oni ne and cyst ei ne) and t hen pul se l abel ed f or 5 mi n wi t h

f r esh sul f at e- f r ee DMEM cont ai ni ng 1 mCi / ml car r i er - f r ee [
35S] sul f at e

( AmenshamBuchl er ) .

To i nduce t he synt hesi s of f r ee GAGchai ns, PC12 cel l s wer e heat ed wi t h

t he xyl ose anal ogue 4met hyl umbel l i f er yl S- D- xyl osi de ( xyl osi de) . Xyl o-

si de, di ssol ved i n DMSOat 500 mM, was r out i nel y used at a f i nal concen-

t r at i on of 1 mM. PC12 cel l s wer e pr ei ncubat ed f or 1 . 5 h i n gr owt h medi um,

f or 0. 5 h i n sul f at e- f r ee DMEMand t hen pul se l abel ed f or 5 mi n wi t h f r esh

sul f at e- f r ee DMEMcont ai ni ng 1 mCi / ml [ 35S] sul f at e, al l i n t he pr esence

of 1 mMxyl osi de . I n pul se- chase exper i ment s, pul se l abel i ng was f ol l owed

by i ncubat i on i n DMEMcont ai ni ng 1 mMxyl osi de and t wi ce t he nor mal

concent r at i on of unl abel ed sul f at e. [ 35S] sul f at e i ncor por at i on i nt o gl ycos-

ami nogl ycan ( GAG) chai ns cont i nued t o occur dur i ng t he f i r st 30 mi n of

chase ( see Fi g . 4 B) , whi ch pr obabl y r ef l ect ed a r el at i vel y sl ow l oss of r a-

di oact i vi t y f r omt he PAPS pool . I n ot her exper i ment s, t he pr ei ncubat i on i n

sul f at e- f r ee medi um, pul se l abel i ng, and chase wer e per f or med i n ai r at

20° C i nst ead of 37° C, usi ng DMEMcont ai ni ng 20 mMHepes- NaOH, pH

7. 4, i nst ead of bi car bonat e.

GH4C1 cel l s, obt ai ned f r om L . Roman ( Uni ver si t y of Texas, Dal l as,

TX) , wer e gr own i n a 1: 1 ( vol / vol ) mi xt ur e of DMEMand Ham' s F10

medi um suppl ement ed wi t h 15% heat - i nact i vat ed ( 1 h at 55° C) hor se se-

r um, at 37° C i n 5 %C02 i n ai r . Cel l s wer e r out i nel y passaged once a week

and r ecei ved f r esh medi um3 and 5 d af t er pl at i ng. l b st i mul at e t he accumu-

l at i on of secr et or y gr anul es, GH4C1 cel l s r ecei ved 10 nMepi der mal gr owt h

f act or ( Col l abor at i ve Resear ch, Bedf or d, MA) , 1 nM170- est r adi ol ( Si gma

Chemi cal Co . , St . Loui s, MO) and 300 nMi nsul i n ( Si gma Chemi cal Co. )

f or 48 h bef or e r adi ol abel i ng or i mmunof l uor escence anal ysi s whi ch was

per f or med on day 7 af t er pl at i ng . l b anal yze t he ef f ect of t hese hor mones

on t he r at e of synt hesi s of Sgl l and pr ol act i n, cont r ol and hor mone- t r eat ed

cel l s wer e pr ei ncubat ed f or 30 mi n i n met hi oni ne- f r ee DMEM/ Ham' s F10

and t hen l abel ed f or 30 mi n wi t h f r esh met hi oni ne- f r ee medi umcont ai ni ng

100 14Ci / ml [ 35S] met hi oni ne . Af t er t hr ee washes wi t h cal ci um- and mag-

nesi um- f r ee PBS, GH4C1 cel l s wer e sol ubi l i zed i n 10 mMTr i s, pH7. 6, 1%

( wt / vol ) Tr i t on X- 100, 1% ( wt / vol ) sodi um deoxychol at e, 0. 1% ( wt / vol )

SDS, 0. 15 MNaCl , and cent r i f uged f or 5 mi n at 14, 000 r pmi n an Eppen-

dor f cent r i f uge . Al i quot s of t he super nat ant wer e subj ect ed t o SDS- PAGE

f ol l owed by f l uor ogr aphy . To sel ect i vel y l abel t he gr ani ns pr esent i n t he

TUN, cont r ol and hor mone- t r eat ed cel l s wer e pr ei ncubat ed f or 30 mi n wi t h

sul f at e- f r ee DMEM/ Hams F10 and t hen pul se l abel ed f or 4 mi n wi t h f r esh

sul f at e- f r ee medi um cont ai ni ng 1 mCi / ml [ 35 S] sul f at e i n t he absence and

pr esence of t he hor mone cockt ai l , r espect i vel y .

Anal ysi s of Gr ani n Aggr egat es i n t he TGN

of PC12 Cel l s ( St andar d Pr ocedur e)

Pr epar at i on of ?GN Vesi cl es. PC12 cel l s pul se l abel ed f or 5 mi n wi t h
[ 35 S] sul f at e wer e pl aced on i ce t o st op i nt r acel l ul ar t r anspor t . Al l subse-

quent st eps wer e per f or med at 0- 4° C. Cel l s ( t wo 15- cm di shes of sub-

conf l uent cel l s) wer e homogeni zed and a post nucl ear super nat ant ( N1 . 2 ml )

was subj ect ed t o vel oci t y sucr ose gr adi ent cent r i f ugat i on as pr evi ousl y de-

scr i bed ( l boze and Hut t ner , 1990) . Af t er vel oci t y cent r i f ugat i on, f r act i ons

( 1 ml ) wer e col l ect ed f r om t he t op of t he gr adi ent . I n some exper i ment s,

100- 141 al i quot s of t hese f r act i ons wer e anal yzed by SDS- PAGE f ol l owed by

f l uor ogr aphy . Fr act i ons 8- 10, whi ch cont ai ned t he peak of [ " S] sul f at e-

l abel ed gr ani ns and whi ch have been shown t o cont ai n [ 35 S] sul f at e- l abel ed

TGNvesi cl es ( Tooze and Hut mer , 1990) , wer e pool ed, sl owl y di l ut ed wi t h

an equal vol ume of 10 mMHepes- KOH, pH7. 2, and di vi ded i nt o al i quot s

( t hr ee per gr adi ent ) . [ 35S] sul f at e- l abel ed TGN vesi cl es wer e t hen concen-

t r at ed by cent r i f ugat i on at ei t her 23, 000 g f or 30 mi n or 110, 000 g f or

15 mi n .

Membr ane Fer meabi l i zadon . The pel l et cont ai ni ng [ 35S] sul f at e- l abel ed

TGNvesi cl es ( - I 141 packed vol ume) was r esuspended i n 100141 of buf f er

cont ai ni ng 0. 5 mg/ ml saponi n and ei t her 10 mMMES- NaOH, pH 7. 4, 30

mMKC1, 1 . 2 mM l eupept i n ( nonaggr egat i ve mi l i eu) or 10 mMMES-

NaOH, pH 6. 4, 10 mMCaC12, 1 . 2 mMl eupept i n ( aggr egat i ve mi l i eu) . Af -

t er - 15 mi n i ncubat i on at 0° C, sampl es wer e subj ect ed t o cent r i f ugat i on

( 23, 000 g f or 30 mi n or 110, 000 g f or 15 mi n) , and t he ent i r e pel l et and
super nat ant wer e anal yzed by SDS- PAGE and f l uor ogr aphy .

I n some exper i ment s, t he st andar d pr ocedur e was modi f i ed i n t hat var i -

ous concent r at i ons of saponi n wer e used ; 1% ( wt / vol ) of Tr i t on X- 100 was

used i nst ead of saponi n, or t he pH and cal ci um concent r at i on was var i ed

( see t ext and f i gur e l egends) . I n t he l at t er case, t he i oni c st r engt h was kept
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const ant usi ng KC1 . I n ot her exper i ment s, 05S] sul f at e- l abel ed TGN vesi -

cl es wer e r esuspended i n 100 Al of buf f er cont ai ni ng 0. 5 mg/ ml saponi n and

2 mMMES, pH 7. 4, i ncubat ed f or 15 mi n at 0° C, cent r i f uged ( 110, 000 g

f or 15 mi n) , and t he super nat ant cont ai ni ng r el eased CgB and SgI I was sup-

pl ement ed wi t h 10 pl of 10- f ol d concent r at ed aggr egat i ve mi l i eu .

Anal ysi s of t he St at e of Aggr egat i on

of Gr ani ns and GAGChai ns i n t he TGN

of Xyl osi de- t r eat ed PC12 Cel l s

The st at e of aggr egat i on of V5S] sul f at e- l abel ed gr ani ns and GAG chai ns i n

t he TUNof xyl osi de- t r eat ed PC12 cel l s upon i ncubat i on i n nonaggr egat i ve

or aggr egat i ve mi l i eu was st udi ed accor di ng t o t he st andar d pr ocedur e, wi t h

t he f ol l owi ng modi f i cat i ons f or t he GAGchai ns. Af t er per meabi l i zat i on of
[ 35 S] sul f at e- l abel ed TGN vesi cl es wi t h 0. 5 mg/ ml saponi n i n nonaggr ega-

t i ve or aggr egat i ve mi l i eu and cent r i f ugat i on ( 110, 000 g f or 15 mi n) , t he su-
per nat ant , whi ch cont ai ned t he GAGchai ns r el eased f r omt he TUN vesi -

cl es, was col l ect ed f or anal ysi s . The pel l et ed membr anes wer e r esuspended

i n 100 pl of 10 mMTr i s- HCI , pH 7. 4, 10 mMEDTA, 150 mMNaCl , i n-

cubat ed f or 5 mi n at 100° C and cent r i f uged at 110, 000 g f or 15 mi n t o obt ai n
a heat - st abl e f r act i on cont ai ni ng t he GAGchai ns . GAGchai ns i n t he super -

nat ant and GAG chai ns i n t he heat - st abl e f r act i on of t he pel l et wer e t hen

anal yzed by SDS- PAGE f ol l owed by f l uor ogr aphy, except t hat t he st ai ni ng

and dest ai ni ng of t he gel was omi t t ed ( see bel ow) .

Ef f ect of Nonaggr egat i ve and Aggr egat i ve Mi l i eu

on Gr ani ns i n t he RERof PC12 Cel l s

PC12 cel l s wer e pul se l abel ed f or 5 mi n wi t h [ 3H] t yr osi ne and subj ect ed
t o subcel l ul ar f r act i onat i on accor di ng t o t he st andar d pr ocedur e. Af t er ve-

l oci t y sucr ose gr adi ent cent r i f ugat i on, [ ' H] t yr osi ne- l abel ed gr ani ns wer e

f ound t hr oughout t he gr adi ent wi t h a peak i n f r act i ons 2- 5. Fr act i ons 4+5,

whi ch cont ai ned l ess cyt osol i c pr ot ei ns t han f r act i ons 2+3, wer e pool ed, di -

l ut ed 1: 1, di vi ded i nt o al i quot s ( t wo per gr adi ent ) , and cent r i f uged ( 23, 000 g

f or 30 mi n) . The pel l et cont ai ni ng [ 3H] t yr osi ne- l abel ed RERvesi cl es was

t hen i ncubat ed i n nonaggr egat i ve or aggr egat i ve mi l i eu i n t he pr esence of

1% Tr i t on X- 100 and anal yzed as descr i bed above f or t he st andar d pr o-

cedur e .

Anal ysi s of Gr ani n Aggr egat es i n t he TGN

of GH4C1 Cel l s

Cont r ol and hor mone- t r eat ed ( 48 h) GH4C1 cel l s wer e pul se l abel ed f or 4

mi n wi t h [ 35S] sul f at e and t hen subj ect ed t o subcel l ul ar f r act i onat i on ac-

cor di ng t o t he st andar d pr ocedur e. Af t er vel oci t y sucr ose gr adi ent cent r i -

f ugat i on, t he peak of [ 35S] sul f i t t e- l abel ed gr ani ns was f ound t o have a di f -

f er ent di st r i but i on acr oss t he gr adi ent t han i n t he case of PC12 cel l s, bei ng

l ocat ed i n f r act i ons 2- 5. Fr act i ons 3+4 wer e pool ed, di l ut ed 1 : 1, di vi ded

i nt o al i quot s ( t wo per gr adi ent ) , and cent r i f uged ( 23, 000 g f or 30 mi n) . The

pel l et cont ai ni ng [ 35S] sul f at e- l abel ed TGN vesi cl es was t hen i ncubat ed i n

nonaggr egat i ve or aggr egat i ve mi l i eu i n t he pr esence of 1% Tr i t on X- 100

and anal yzed as descr i bed above f or t he st andar d pr ocedur e.

Ef f ect of Nonaggr egat i ve and Aggr egat i ve Mi l i eu

on Par t i al l y Pur i f i ed Gr ani ns

Aheat - st abl e pr ot ei n f r act i on hi ghl y enr i ched i n gr ani ns was pr epar ed f r om
[ a 5S] sul f at e- l abel ed PC12 cel l s as pr evi ousl y descr i bed ( Ross et al . , 1985)

and di al yzed at 4° C agai nst 4 mMMES, pH 7. 2, cont ai ni ng 2 mMKCI .

The heat - st abl e pr ot ei n f r act i on was cent r i f uged f or 1 h at 23, 000 g t o r e-

move any gr ani n aggr egat es . 50- pl al i quot s of t he super nat ant wer e mi xed

wi t h 250 Al of nonaggr egat i ve or aggr egat i ve mi l i eu ( f i nal pr ot ei n concen-

t r at i on = 68 pg/ ml ) and i ncubat ed f or 2 h at 0° C. Sampl es wer e cent r i f uged

( 23, 000 g f or 30 mi n) and pel l et s and super nat ant s wer e anal yzed by SDS-

PAGE f ol l owed by f l uor ogr aphy

Car bonat e TYeat ment

[ I S] sul f at e- l abel ed TONvesi cl es wer e pr epar ed f r omcont r ol and xyl osi de-

t r eat ed PC12 cel l s accor di ng t o t he st andar d pr ocedur e. Pel l et ed TGNvesi -

cl es der i ved f r om1- 2 ml of f r act i ons 8- 10 of t he vel oci t y gr adi ent wer e r e-

suspended i n 1 ml of H2O. Thi s and al l subsequent mani pul at i ons wer e
per f or med at 0- 4° C. Whi l e st i r r i ng, 1 ml of 2x concent r at ed car bonat e

buf f er ( l x car bonat e buf f er consi st ed of : 0. 1 M Na2CO3- NaHCO3, pH

Chanat and Hut t ner Aggr egat i on- medi at i ng Sor t i ng of Secr et ar y Pr ot ei ns

11A, 1. 0 MKCI , 0. 25 mg/ ml saponi n, 2 mMEDTA, 0. 1 mMPMSF) was

sl owl y added t o t he membr ane suspensi on. Af t er a 30- mi n i ncubat i on under

st i r r i ng, membr anes wer e cent r i f uged . Thi s and al l subsequent cent r i f uga-

t i ons wer e car r i ed out at 130, 000 g f or 45 mi n. The super nat ant was neu-

t r al i zed wi t h 1 NHCl t o pH7. 5 and subj ect ed t o acet one pr eci pi t at i on ( 70%
( vol / vol ) f i nal concent r at i on, 15 h at - 20° C) bef or e bei ng anal yzed by SDS-

PAGEand f l uor ogr aphy Membr anes wer e r esuspended i n car bonat e buf f er ,
st i r r ed f or 15 mi n, pel l et ed, and f ur t her washed f or 15 mi n i n 10 mMMES,
pH6. 5, 2 mMEDTA. Af t er cent r i f ugat i on, t he pel l et was anal yzed by SDS-
PAGE f ol l owed by f l uor ogr aphy .

SDS- PAGEand I mmunobl ot t i ng

SDS- PAGE was per f or med accor di ng t o Laemml i ( 1970) and gel s wer e

pr ocessed as descr i bed ( Lee and Hut t cer , 1983) . When sampl es cont ai ni ng
GAG chai ns wer e anal yzed, gel s wer e f i xed f or t wo t i mes 10 mi n i n 50%
met hanol , 10%acet i c aci d, r i nsed br i ef l y i n wat er , i ncubat ed i n 1 Msal i cy-
l at e f or 30 mi n, dr i ed, and f l uor ogr aphed. Fl uonogr ams wer e scanned den-

si t omet r i cal l y usi ng t he LKB gel scanner and quant i t at ed usi ng t he

ul t r oscan XL sof t war e ( LKB I nst r ument s, I nc . , Gai t her sbur g, MD) . I mmu-

nobl ot t i ng was per f or med as pr evi ousl y descr i bed ( Ross et al . , 1989) , ex-

cept t hat bl ocki ng of t he ni t r ocel l ul ose sheet s was i n PBS cont ai ni ng 10%

l ow f at mi l k powder f or 2 h . Rabbi t ant i ser a agai nst pept i des cor r espondi ng

t o t he car boxy t er mi nus of ei t her PDI ( RaKAVK) or Bi P ( RaKSEK) ( Vaux

et al . , 1990) wer e ki ndl y pr ovi ded by S. D. Ful l er ( EMBL) and wer e used

at 1: 100 di l ut i on . I nummor eact i ve pr ot ei ns wer e r eveal ed by i ncubat i on wi t h

ei t her [ " I ] pr ot ei n A ( NEN, Bost on, MA) or per oxi dase conj ugat ed t o

goat ant i - r abbi t I gGant i bodi es ( Jackson I mmmi or eseanch Lab . , I nc. , Avon-

dal e, PA) at 1 : 1, 000 di l ut i on .

I mmunof l uor escence

Cont r ol and hor mone- t r eat ed ( 48 h) GH4C1 cel l s gr own on pol yl ysi ne-

coat ed cover sl i ps wer e subj ect ed t o i ndi r ect i mmunof l uor escence usi ng pub-
l i shed pr ot ocol s ( Ross et al . , 1989) wi t h mi nor modi f i cat i ons . Bot h t he an-

t i ser umagai nst r at SgI I ( Ross et al . , 1985) and t he r hodami ne- conj ugat ed

sheep ant i - r abbi t I gGant i bodi es ( Cappel Labor at or i es, Cockr anvi l l e, PA)

wer e used at a 1 : 200 di l ut i on . Cont r ol and hor mone- t r eat ed cel l s wer e pho-

t ogr aphed at t he same exposur e and negat i ves wer e pr i nt ed under i dent i cal

condi t i ons .

EM

Based on pr evi ous wor k CTooze et al . , 1991) , a f r act i on enr i ched i n i mma-

t ur e secr et ar y gr anul es was pr epar ed f r om PC12 cel l s as f ol l ows . A post -

nucl ear super nat ant was pr epar ed f r omPC12 cel l s as descr i bed ( Tboze and

Hut t ner , 1990) except t hat t he cel l s wer e homogeni zed i n 0. 25 Msucr ose

cont ai ni ng 1 mMEDTA and 1 mMTr i s- HCI , pH7. 4 . The post nucl ear su-

per nat ant ( 1- ml al i quot s) was subj ect ed t o di f f er ent i al cent r i f ugat i on at 4° C.

Fi r st , most ( >95%) of TGNmembr anes, mi t ochondr i a, and mat ur e secr e-

t or y gr anul es wer e pel l et ed by cent r i f ugat i on f or 35 mi n at 10, 000 r pm. Thi s

and al l subsequent cent r i f ugat i ons wer e car r i ed out usi ng pol ycar bonat e

t ubes and a TLS- 55 r ot or i n a Beckman TT- 100 ul t r acent r i f uge wi t h t he

br ake of f . The super nat ant s wer e subj ect ed t o a second cent r i f ugat i on f or

22 mi n at 25, 000 r pmt o sedi ment i mmat ur e secr et ar y gr anul es . The pel l et s

wer e r esuspended i n 50#1 of 0. 25 Msucr ose and mi xed wi t h ei t her 50 pl
of 0. 25 M sucr ose ( cont r ol ) or wi t h 50 Al of 0. 25 Msucr ose cont ai ni ng

1 mg/ ml saponi n and t wo t i mes concent r at ed nonaggr egat i ve or aggr egat i ve

mi l i eu. Af t er 5 mi n of i ncubat i on at 0° C, sampl es wer e ei t her mi xed wi t h

par af or mal dehyde ( 1% f i nal concent r at i on, added f r oma 16%st ock) , f i xed
f or 20 mi n at 0° C and cent r i f uged f or 30 mi n at 55, 000 r pm, or cent r i f uged

wi t hout pr i or f i xat i on. Al l pel l et s wer e t hen over l ai d wi t h 8 %par af or mal de-

hyde and kept over ni ght at 4° C. Sampl es wer e t hen washed i n 0. 1 Msodi um

cacodyl at e buf f er , pH7. 2, and post f i xed i n cacodyl at e buf f er cont ai ni ng 1%
OsO4 and 1 . 5 % magnesi um f er r ocyani de . Af t er washes i n cacodyl at e

buf f er and H2O, pel l et s wer e i ncubat ed f or 30 mi n i n 1. 5 %magnesi umur a-

nyl acet at e i n wat er . They wer e t hen dehydr at ed i n et hanol , i ncubat ed i n

pr opyl ene oxi de, and embedded i n Epon. Thi n sect i ons wer e cont r ast ed
wi t h l ead ci t r at e and exami ned i n a Phi l i ps 400 mi cr oscope. Pi ct ur es wer e
t aken at r andom f r om t he bot t om of t he pel l et s and dense cor es wer e
count ed i n 10 f i el ds r epr esent i ng a t ot al ar ea of 150 pmt .

Resul t s

To st udy t he aggr egat i on of t he gr ani ns i n t he secr et ar y pat h-
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way, we used t he r at pheochr omocyt oma cel l l i ne PC12 .

These cel l s expr ess hi gh l evel s of CgB and SgI I , sul f at e t hese
pr ot ei ns i n t he TGN, and package t hemas dense- cor ed ag-

gr egat es ver y ef f i ci ent l y i nt o secr et or y gr anul es ( Lee and

Hut t ner , 1983 ; Rosa et al . , 1985 ; Rosa et al . , 1989 ; Tooze

and Hut t ner , 1990) . The f ol l owi ng exper i ment al appr oach,
r ef er r ed t o as t he " st andar d pr ocedur e, was used t o st udy t he

aggr egat i on of t he gr ani ns i n t he TGN. Fi r st , shor t ( 5 mi n)

pul se l abel i ng of cel l s wi t h [ 35 S] sul f at e was used t o l abel

pr ot ei ns sel ect i vel y i n t he TGN( Baeuer l e and Hut t ner , 1987 ;

Tooze and Hut t ner , 1990) , and TGN- der i ved vesi cl es wer e

i sol at ed f r omt he pul se- l abel ed cel l s by di f f er ent i al and ve-

l oci t y sucr ose gr adi ent cent r i f ugat i on . Second, t he [ 35 S] sul -

f at e- l abel ed TGN vesi cl es wer e per meabi l i zed wi t h saponi n

i n var i ous buf f er s t o be abl e t o expose t he TGN l umen t o a

def i ned mi l i eu . One buf f er had a pH of 7. 4 and cont ai ned no

added cal ci um i ons and i s, based on t he r esul t s descr i bed be-

l ow, r ef er r ed t o as t he " nonaggr egat i ve mi l i eu . " The ot her

buf f er had a pH of 6. 4 and cont ai ned 10 mMcal ci um i ons,
condi t i ons bel i eved t o exi st i n t he l umen of t he TGN i n vi vo

( St oeckel et al . , 1975 ; Ravazzol a, 1976 ; Mat a et al . , 1987 ;

Ander son and Or ci , 1988 ; Roos, 1988 ; see Di scussi on f or

" f r ee" vs . " bound" cal ci um) . Thi s buf f er i s, based on t he

r esul t s obt ai ned, r ef er r ed t o as t he " t i aggr egat i ve mi l i eu . " The

r el ease of t he [ 35 S] sul f at e- l abel ed gr ani ns f r om t he per me-

abi l i zed TGN vesi cl es, as r eveal ed by t hei r appear ance i n t he

super nat ant upon cent r i f ugat i on, r ef l ect s t he absence, or r e-
ver sal , of an aggr egat ed st at e . Conver sel y, we i nt er pr et t he
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Fi gur e 1. Rel ease of gr ani ns f r om
t he TGNof PC12 cel l s af t er per -
meabi l i zat i on of t he membr ane
wi t h saponi n i n nonaggr egat i ve
mi l i eu . [ 35 S] sul f at e- l abel ed TGN

vesi cl es wer e obt ai ned f r omPC12

cel l s accor di ng t o t he st andar d
pr ocedur e, i ncubat ed i n nonaggr e-
gat i ve mi l i eu i n t he absence ( - )
or pr esence ( +) of 0. 5 mg/ ml sap-
oni n, cent r i f uged, and pel l et s ( P)
and super nat ant s ( S) wer e ana-
l yzed by SDS- PAGE f ol l owed by
pr ot ei n st ai ni ng ( r i ght ) and f l uo-
r ogr aphy ( l ef t ) . Dot s and t r i angl es
i ndi cat e ERr esi dent pr ot ei ns r e-
l eased f r om vesi cl es cont ami nat -
i ng t he TGN vesi cl e pr epar at i on .

r ecover y of t he [ 35S] sul f at e- l abel ed gr ani ns i n t he pel l et af -
t er per meabi l i zat i on of t he TGN vesi cl es as i ndi cat i ve of t he
mai nt enance, or i nduct i on, of an aggr egat ed st at e.

Rel ease of Gr ani nsf r omt he Lumen of t he TGNupon
Aer meabi l i zat i on of t he Membr ane by Saponi n

The vast maj or i t y of t he [ 35 S] sul f at e- l abel ed gr ani ns wer e

r el eased i nt o t he super nat ant when TGN vesi cl es obt ai ned

f r om PC12 cel l s pul se l abel ed wi t h [ 35 S] sul f at e wer e i n-

cubat ed f or 15 mi n i n nonaggr egat i ve mi l i eu i n t he pr esence

of 0 . 5 mg/ ml of saponi n ( Fi g . 1, l ef t ) . Thi s was t he l owest

saponi n concent r at i on t hat al l owed t he maxi mal r el ease of

t he gr ani ns ( N80% f or SgI I ; CgB was not quant i t at ed be-

cause of t he pr esence of a hepar an sul f at e pr ot eogl ycan

( hsPG) i n t hat r egi on of t he gel ) . The pr opor t i on of SgI I

r el eased at a l ower saponi n concent r at i on ( 0. 25 mg/ ml ) di d

not i ncr ease when t he i ncubat i on was car r i ed out f or up t o

1 h ( dat a not shown) , i ndi cat i ng t hat f or any gi ven per meabi -
l i zed TGN vesi cl e, t he r el ease of SgI I occur r ed r api dl y and

was compl et e wi t hi n 15 mi n .

The pr esence of t he gr ani ns i n t he super nat ant upon i ncu-

bat i on of TGN vesi cl es wi t h saponi n i n nonaggr egat i ve
mi l i eu r ef l ect ed t he r el ease of t he l umenal cont ent f r omper -

meabi l i zed vesi cl es r at her t han t he sol ubi l i zat i on of t he

membr ane, f or t hr ee r easons . Fi r st , t he bul k of t he pr ot ei ns

was r ecover ed i n t he pel l et bot h i n t he absence and pr esence

of saponi n ( Fi g. 1, r i ght ) . Second, t hi s was al so obser ved f or
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t he hsPG( Fi g . 1, l ef t ) , whi ch i s membr ane- associ at ed i n t he

TGN as wi l l be shown bel ow ( see Fi g . 4 A) . Thi r d, most of
t he pr ot ei ns f ound i n t he super nat ant i n t he pr esence of sapo-
ni n wer e al so pr esent i n t he super nat ant i n t he absence of
saponi n ( Fi g . 1, r i ght ) . The f ew pr ot ei ns t hat speci f i cal l y i n-

cr eased i n t he super nat ant upon saponi n per meabi l i zat i on i n-

cl uded, besi des CgB and SgI I , f our maj or pr ot ei ns ( dot s and

t r i angl es i n Fi g. 1, r i ght ) . As wi l l be shown bel ow ( see Fi g .

5) , t hese wer e ERr esi dent pr ot ei ns pr esent i n ERder i ved
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Fi gur e 2. Gr ani ns r emai n i n
t he TGN of PC12 cel l s af t er
per meabi l i zat i on of t he TGN
membr ane i n aggr egat i ve mi -
l i eu . ( A) [ 33S] sul f at e- l abel ed
TGN vesi cl es wer e obt ai ned
f r omPC12 cel l s, per meabi l i zed
wi t h saponi n i n nonaggr egat i ve
( NA) or aggr egat i ve ( A) mi l i eu,
cent r i f uged, and pel l et s ( P)
and super nat ant s ( S) wer e ana-
l yzed by SDS- PAGE f ol l owed
by pr ot ei n st ai ni ng ( bot t om)
and f l uor ogr aphy ( t op) . Al l
st eps wer e per f or med accor d-
i ng t o t he st andar d pr ocedur e .
( Top) Not e t hat t he l oss of CgB
f r omt he pel l et i n nonaggr ega-
t i ve mi l i eu and i t s r ecover y i n
t he pel l et i n aggr egat i ve mi l i eu
wer e r eadi l y det ect abl e when
t he or i gi nal f l uor ogr am was
exami ned i n f r ont of a st r ong
l i ght sour ce . ( B) [ 35 S] sul f at e-
l abel ed TGNvesi cl es wer e ob-
t ai ned f r omPC12 cel l s accor d-
i ng t o t he st andar d pr ocedur e,
per meabi l i zed wi t h saponi n at
pH7. 4, cent r i f uged, and t he su-
per nat ant cont ai ni ng r el eased
CgB and SgI I was i ncubat ed i n
aggr egat i ve mi l i eu . Af t er cen-
t r i f ugat i on, t he pel l et ( P) and
super nat ant ( S) wer e anal yzed
by SDS- PAGE and f l uor ogr a-
phy . The [ 35S] sul f at e- l abel ed

mat er i al i n t he pel l et i s due t o
t he i ncompl et e r emoval of t he
per meabi l i zed TGNvesi cl es i n
t he f i r st cent r i f ugat i on . ( C) A
heat - st abl e pr ot ei n f r act i on of
VSS] sul f at e- l abel ed PC12 cel l s
cont ai ni ng CgB and SgI I was
i ncubat ed i n nonaggr egat i ve
( NA) or aggr egat i ve ( A) mi l i eu,
cent r i f uged, and t he pel l et s ( P)
and super nat ant s ( S) wer e ana-
l yzed by SDS- PAGE and f l uo-
r ogr aphy.

vesi cl es cont ami nat i ng t he f r act i ons of t he vel oci t y gr adi ent
cont ai ni ng TGN vesi cl es .

Gr ani n Aggr egat es i n t he TGNaf t er Aer meabi l i zat i on
i n a LowpH- , Hi gh Cal ci umMi l i eu

When [ " S] sul f at e- l abel ed TGN vesi cl es wer e per meabi -
l i zed wi t h saponi n i n aggr egat i ve mi l i eu, t he maj or i t y of SgI I
was r ecover ed i n t he pel l et ( Fi g. 2 A, t op) . Al t hough not ap-
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Tabl e 1. Ef f ect of Aggr egat i ve Mi l i eu on SgI I i n t he TGN

of PC12 Cel l s

SgI I i n pel l et ( % of t ot al )

Mi l i eu

	

Saponi n

	

Tr i t on X- 100

Nonaggr egat i ve

	

23 . 3 t 5 . 0

	

2 . 1 t 2 . 6
Aggr egat i ve

	

81 . 8 f 10 . 0

	

68 . 2 t 4 . 8

[ " Sl sul f at e- l abel ed TGN vesi cl es wer e obt ai ned f r om PC12 cel l s, i ncubat ed

wi t h saponi n or Tr i t on X- 100 i n nonaggr egat i ve or aggr egat i ve mi l i eu, cen-

t r i f uged, and pel l et s and super nat ant s wer e anal yzed. Al l st eps wer e per f or med

accor di ng t o t he st andar d pr ocedur e . SgI I was quant i t at ed and t he amount of

[ " Sl sul f at e- l abel ed SgI I i n t he pel l et i s expr essed as per cent of t ot al ( sum of

pel l et pl us super nat ant ) . The mean f SD of f i ve exper i ment s ( saponi n) and

f our exper i ment s ( Tr i t on X- 100) i s shown.

par ent f r om t he f l uor ogr am shown i n Fi g . 2 A, due t o t he

pr esence of t he hsPG, t he same was obser ved f or CgB ( see

l egend t o Fi g. 2 A, t op) . Thus, t hi s l ow pH- , hi gh cal ci um

mi l i eu was suf f i ci ent t o mai nt ai n t he gr ani ns i n an aggr egat ed

st at e . Quant i t at i on of t he r adi oact i vi t y cont ai ned i n t he SgI I

band f r om f i ve di f f er ent exper i ment s ( Tabl e I ) showed t hat

i n t he nonaggr egat i ve mi l i eu - 23% of t he [ 33 S] sul f at e-

l abel ed SgI I was r ecover ed i n t he pel l et , wher eas - 82%was

r ecover ed i n t he pel l et i n t he aggr egat i ve mi l i eu .

Pr ot ei n st ai ni ng of t he gel ( Fi g . 2 A, bot t om) r eveal ed t hat ,

apar t f r omCgBand SgI I , t he pr ot ei n pat t er n of t he pel l et ob-

t ai ned i n nonaggr egat i ve and aggr egat i ve mi l i eu was ver y

si mi l ar , as was t he pr ot ei n pat t er n of t he super nat ant i n t he

t wo condi t i ons, showi ng t hat t he r et ent i on of t he gr ani ns i n

t he TGN af t er saponi n per meabi l i zat i on i n aggr egat i ve mi -

l i eu was a sel ect i ve event .

Tb det er mi ne whet her gr ani ns r el eased f r omt he l umen of

t he TUN i n nonaggr egat i ve mi l i eu woul d be conver t ed t o an

aggr egat ed st at e upon i ncubat i on i n aggr egat i ve mi l i eu, TGN

vesi cl es obt ai ned by t he st andar d pr ocedur e wer e f i r st per -

meabi l i zed wi t h saponi n at pH 7. 4 i n a vol ume at l east 100-

f ol d t hat of t he packed vesi cl es, and cent r i f uged under condi -

t i ons whi ch pel l et ed most , but not al l , of t he per meabi l i zed

TGNmembr anes. When t he gr ani ns obt ai ned i n t he super na-

t ant wer e i ncubat ed i n aggr egat i ve mi l i eu, t hey r emai ned

sol ubl e, despi t e t he pr esence of some TGNmembr anes ( Fi g.

2 B) . Thi s i ndi cat ed t hat aggr egat i ve mi l i eu di d not i nduce

t he aggr egat i on of t he gr ani ns af t er t hei r r el ease f r om t he

TGN, i . e . , upon t hei r di l ut i on t o a concent r at i on at l east 100-

f ol d l ower t han i n t he TGN l umen . Thi s concl usi on was sup-

por t ed by t he obser vat i on t hat par t i al l y pur i f i ed CgB and

SgI I r emai ned sol ubl e upon exposur e t o aggr egat i ve mi l i eu

at t i 70 pg/ ml ( Fi g . 2 C) , i . e. , at a concent r at i on at l east t wo

or der s of magni t ude bel owt hat i n t he TGN ( est i mat ed gr ani n

concent r at i on >10 mg/ ml ) .
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Recover y of El ect r on- dense Cor es af t er Membr ane

Per meabi l i zat i on i n Aggr egat i ve Mi l i eu

We i nvest i gat ed t he mor phol ogi cal cor r el at e of t he gr ani n

aggr egat es r ecover ed af t er membr ane per meabi l i zat i on i n

aggr egat i ve mi l i eu . Fr act i ons enr i ched i n i mmat ur e secr e-

t or y gr anul es, i dent i f i ed by SgI I pul se l abel ed wi t h [ ' I S] -
sul f at e and chased f or 15 mi n, wer e obt ai ned by di f f er ent i al
cent r i f ugat i on of a PC12 cel l post nucl ear super nat ant i n i so-

t oni c sucr ose ( Tooze et al . , 1991) , i ncubat ed i n var i ous con-
di t i ons, f i xed, and anal yzed by EM. Sampl es i ncubat ed i n

t he absence of saponi n wer e char act er i zed by t he pr esence

of numer ous ( 284/ 100 pmt ) dense- cor ed st r uct ur es ( Fi g . 3,
A- C) whi ch had t he t ypi cal mor phol ogi cal appear ance of

PC12 cel l i mmat ur e secr et ar y gr anul es ( Tooze and Hut t ner ,

1990) . Al most no ( 6/ 100 1mz) dense cor es wer e f ound

when membr anes wer e per meabi l i zed by saponi n i n nonag-

gr egat i ve mi l i eu and f i xed 5 mi n l at er ( Fi g . 3, D- F) . I n con-

t r ast , af t er membr ane per meabi l i zat i on by saponi n i n ag-

gr egat i ve mi l i eu ( Fi g. 3, GI ) , dense cor es wer e obser ved

at a f r equency ( 197/ 100 , um' ) t hat was - 70%of t hat of t he

nonper meabi l i zed cont r ol . I nt er est i ngl y, t he dense cor es r e-

cover ed af t er saponi n per meabi l i zat i on i n aggr egat i ve mi l i eu

appear ed t o be l ess el ect r on- dense t han t hose of t he nonper -

meabi l i zed cont r ol . Thi s may suggest t hat mol ecul es ot her

t han t he gr ani ns, whi ch may not be r et ai ned i n t he aggr egat es

af t er membr ane per meabi l i zat i on i n aggr egat i ve mi l i eu ( e . g . ,
ATP and cat echol ami nes) , cont r i but ed t o t he el ect r on den-

si t y of t he cor es . I n concl usi on, t he r ecover y of dense cor es

af t er membr ane per meabi l i zat i on i n aggr egat i ve, but not

nonaggr egat i ve, mi l i eu i ndi cat es t hat t hese ar e t he mor pho-

l ogi cal cor r el at e of t he gr ani n aggr egat es obser ved bi ochem-

i cal l y under t he f or mer condi t i on .

Excl usi on of a Bul k Fl owMar ker f r omGr ani n

Aggr egat es i n Per meabi l i zed TGN Vesi cl es

I f aggr egat i on of r egul at ed secr et ar y pr ot ei ns i s a sor t i ng

event , const i t ut i vel y r el eased pr ot ei ns shoul d be excl uded

f r omt he aggr egat es . I f , i n t he case of t he gr ani ns, a r i se i n

cal ci umand a decr ease i n pHar e t he par amet er s t hat t r i gger

t hei r aggr egat i on i n t he l umen of t he TGNof PC12 cel l s, con-

st i t ut i vel y secr et ed pr ot ei ns pr esent at t he same t i me i n t he

TGN shoul d not under go aggr egat i on i n t he aggr egat i ve

mi l i eu . The onl y const i t ut i ve mar ker i n PC12 cel l s whi ch i s

sul f at ed and t hus can be sel ect i vel y l abel ed i n t he TGNi s t he

hsPG( Tooze and Hut t ner , 1990) . Unf or t unat el y, t he hsPG

was f ound t o be membr ane associ at ed i n t he TGN si nce i t

was not sol ubi l i zed when TGNvesi cl es obt ai ned f r omPC12

cel l s pul se l abel ed f or 5 mi n wi t h [ 11S] sul f at e wer e ex-

t r act ed wi t h car bonat e at pH 11 . 0 ( Fi g . 4 A, l ef t ) . We t her e-

f or e empl oyed 4- met hyl umbel l i f er yl R- D- xyl osi de ( xyl osi de)

Fi gur e 3. Aggr egat i ve mi l i eu al l ows t he r ecover y of el ect r on- dense cor es f r omsaponi n- t r eat ed i mmat ur e secr et ar y gr anul es of PC12 cel l s .

A f r act i on enr i ched i n i mmat ur e secr et ar y gr anul es was obt ai ned by di f f er ent i al cent r i f ugat i on of a post nucl ear super nat ant pr epar ed f r om

PC12 cel l s. Al i quot s of t hi s f r act i on wer e i ncubat ed i n t he absence of saponi n ( A- C) or i n t he pr esence of saponi n ( D- I ) i n nonaggr egat i ve

( D- F) or aggr egat i ve ( GI ) mi l i eu . Sampl es wer e f i xed and cent r i f uged ( A- F) or cent r i f uged and t hen f i xed ( GI ) . Pel l et s wer e pr ocessed

f or EM. Repr esent at i ve f i el ds f r om t he bot t omof t he pel l et s ar e shown. Not e t he absence ( D- F) and pr esence ( GI ) of dense cor es af t er

membr ane per meabi l i zat i on i n nonaggr egat i ve and aggr egat i ve mi l i eu, r espect i vel y . Not e al so t hat t he dense cor es r ecover ed af t er per me-

abi l i zat i on i n aggr egat i ve mi l i eu ( GI ) appear l ess el ect r on- dense t han t hose of t he i mmat ur e secr et ar y gr anul es f i xed i n t he absence of
saponi n ( A- C) . Sampl es i ncubat ed i n t he pr esence of saponi n i n aggr egat i ve mi l i eu showed a si mi l ar mor phol ogy and dense cor e f r equency
when f i xed i n suspensi on . Or i gi nal magni f i cat i on, 22, 000. Bar , 100 r un .



Fi gur e 4. GAGchai ns, a const i t ut i vel y secr et ed bul k f l ow mar ker , ar e excl uded f r omt he gr ani n aggr egat es i n t he TGN. ( A) [ 35S] sul f at e-

l abel ed TGNvesi cl es wer e obt ai ned f r omxyl osi de- t r eat ed PC12 cel l s accor di ng t o t he st andar d pr ocedur e, subj ect ed t o car bonat e ext r ac-

t i on at pH 11, cent r i f uged, and t he pel l et s ( P) and super nat ant s ( S) wer e anal yzed by SDS- PAGE usi ng 7. 5% ( - xyl osi de) or 15%

( + xyl osi de) gel s, f ol l owed by f l uor ogr aphy . The ast er i sks i ndi cat e a sul f at ed =120- kDmembr ane pr ot ei n di st i nct f r omCgB whi ch i s l ar gel y

masked by t he hsPGi n t he absence of xyl osi de and whi ch has an el ect r ophor et i c mobi l i t y si mi l ar t o CgBon 15%gel s . ( B) Usi ng 1 mM

xyl osi de t hr oughout , par al l el di shes of PC12 cel l s wer e pul se l abel ed f or 5 mi n wi t h r S] sul f at e and chased f or 0, 30, or 60 mi n, al l at

37° C ( open symbol s, l ef t ) . At each chase t i me poi nt , cel l s and chase medi a wer e col l ect ed . I n addi t i on, one di sh of PC12 cel l s was pul se

l abel ed f or 5 mi n wi t h P5S] sul f at e at 20° C and chased f or t wo consecut i ve 30- mi n per i ods at 20° C f ol l owed by one 30- mi n per i od at
37° C, al l i n t he pr esence of 1 mMxyl osi de ( f i l l ed symbol s, r i ght ) . Medi a wer e col l ect ed af t er each chase per i od, and t he cel l s har vest ed
at t he end of t he chase. Cel l s and medi a wer e anal yzed by SDS- PAGE f ol l owed by f l uor ogr aphy and quant i t at i on of t he PI S] sul f at e-
l abel ed GAG chai ns . Opt i cal densi t y val ues wer e i nt egr at ed and t he r esul t s ar e expr essed as ar bi t r ar y uni t s . Tot al ( t r i angl es) = cel l s
( squar es) pl us medi um ( ci r cl es) . Not e t hat t he scal e f or t he cel l s l abel ed at 37° C ( l ef t or di nat e) i s f i vef ol d gr eat er t han t hat f or t he cel l s
l abel ed at 20° C ( r i ght or di nat e) , r ef l ect i ng t he gr eat er [ 95S] sul f at e i ncor por at i on at 37° C t han 20° C. ( C) Xyl osi de- t r eat ed PC12 cel l s wer e
pul se l abel ed f or 5 mi n wi t h [ 35 S] sul f at e, and t he post nucl ear super nat ant was subj ect ed t o vel oci t y sucr ose gr adi ent cent r i f ugat i on ac-

cor di ng t o t he st andar d pr ocedur e. Fr act i ons wer e col l ect ed ( t op f r act i on = 1) and al i quot s wer e anal yzed by SDS- PAGE f ol l owed by

f l uor ogr aphy and quant i t at i on of t he [ 35 S] sul f at e- l abel ed GAGchai ns and SgI I by densi t omet r i c scanni ng . Opt i cal densi t y val ues wer e i n-

t egr at ed and t he r esul t s ar e expr essed as ar bi t r ar y uni t s . ( D) [ 35S] sul f at e- l abel ed TGNvesi cl es wer e obt ai ned f r om xyl osi de- t r eat ed PC12

cel l s, per meabi l i zed wi t h saponi n i n nonaggr egat i ve ( NA) or aggr egat i ve ( A ) mi l i eu, and cent r i f uged . Al l st eps wer e per f or med accor di ng
t o t he st andar d pr ocedur e. The r esul t i ngpel l et s and super nat ant s wer e t hen anal yzed f or SgI I andt he GAGchai ns as descr i bed i n Mat er i al s
and Met hods, usi ng SDS- PAGE and f l uor ogr aphy . Fl uor ogr ams wer e quant i t at ed and t he amount of [

35 S] sul f at e- l abel ed GAGchai ns and
SgI I i n t he pel l et i s expr essed as per cent of t ot al ( pel l et pl us super nat ant ) r adi oact i ve GAGchai ns and SgI I , r espect i vel y .
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t o i nduce t he synt hesi s of f r ee sul f at ed GAGchai ns as a bul k

f l ow mar ker . Xyl osi de compet es wi t h t he cor e pr ot ei ns of

pr ot eogl ycans as an accept or f or GAG chai ns ( Lohmander

and Hascal l , 1979) , and xyl osi de- i nduced GAGchai ns have

been f ound t o be secr et ed l ar gel y vi a t he const i t ut i ve pat hway

i n At T20 cel l s ( Bur gess and Kel l y, 1984) . Thr ee l i nes of evi -

dence showed t hat xyl osi de- i nduced GAGchai ns ar e sol ubl e
i n t he TGN and can ser ve as a const i t ut i vel y secr et ed bul k
f l ow mar ker i n PC12 cel l s .

Fi r st , car bonat e ext r act i on at pH 11 . 0 of TGN vesi cl es,

pr epar ed f r omPC12 cel l s pr et r eat ed wi t h 1 mMxyl osi de f or

2 h and pul se l abel ed f or 5 mi n wi t h [ a 5 S] sul f at e, showed

t hat t he sul f at ed GAG chai ns, whi ch had an M, bet ween

5, 000 and 20, 000, wer e sol ubl e ( Fi g . 4 A, r i ght ) . Second,

pul se- chase exper i ment s wi t h PC12 cel l s showed t hat t he r e-

l ease of t he sul f at ed GAGchai ns i nt o t he medi um f ol l owed

const i t ut i ve ki net i cs . When xyl osi de- t r eat ed PO2 cel l s pul se

l abel ed f or 5 mi n wi t h [ 35 S] sul f at e wer e chased at 37° C f or

30 and 60 mi n, - 63 and 88%, r espect i vel y, of t he t ot al

[ 35 S] sul f at e- l abel ed GAGchai ns wer e r el eased i nt o t he me-

di um( Fi g . 4 B) . The secr et i on of t he GAGchai ns was i nhi b-

i t ed at 20° C, as i s t he case f or t he hsPG ( ' I boze and Hut mer ,

1990) . When PC12 cel l s wer e pul se l abel ed at 20° C f or

5 mi n wi t h [ " S] sul f at e and chased at 20 ° C, t he secr et i on of

t he l abel ed GAGchai ns was compl et el y i nhi bi t ed over a 60-

mi n chase per i od ( Fi g . 4 B) . When t he t emper at ur e was t hen

r ai sed t o 37° C, - 78%of t he t ot al [ 35 S] sul f at e- l abel ed GAG

chai ns wer e r el eased i nt o t he medi umdur i ng t he f ol l owi ng

30 mi n of chase . Xyl osi de t r eat ment of PC12 cel l s di d not

af f ect t he ef f i ci ent sor t i ng of t he gr ani ns i n t hese cel l s si nce

nei t her CgB nor SgI I wer e secr et ed dur i ng t he chase at 37° C

( dat a not shown) . Thi r d, as shown i n Fi g. 4 C, anal ysi s of

t he post nucl ear super nat ant of xyl osi de- t r eat ed PC12 cel l s

pul se l abel ed f or 5 mi n wi t h [ 35 S] sul f at e showed t hat t he

[
35 S] sul f at e- l abel ed GAGchai ns cosedi ment ed wi t h [ 35 S] sul -

f at e- l abel ed SgI I t o t he t ypi cal posi t i on of TGN vesi cl es on

a vel oci t y sucr ose gr adi ent ( Tooze and Hut t ner , 1990) . Thi s

was consi st ent wi t h t he obser vat i on t hat t he sul f at i on of GAG

chai ns i s a t ur ns- Gol gi - speci f i c event ( Ki mur a et al . , 1984) .

Havi ng est abl i shed t hat xyl osi de- i nduced GAGchai ns can

ser ve as a bul k f l ow mar ker i n PC12 cel l s, we i nvest i gat ed

whet her t hey woul d be excl uded f r om gr ani n aggr egat es i n

t he TGN. Saponi n per meabi l i zat i on of [ 35 S] sul f at e- l abel ed

TGN vesi cl es pr epar ed f r om xyl osi de- t r eat ed PC12 cel l s

showed t hat i n bot h nonaggr egat i ve as wel l as aggr egat i ve
mi l i eu, onl y a smal l per cent age of t he [ 35 S] sul f at e- l abel ed
GAGchai ns was r ecover ed i n t he pel l et ( Fi g. 4 D) . Thi s be-
havi or of t he GAGchai ns was i n st r i ki ng cont r ast t o t hat of

SgI I whi ch, i n l i ne wi t h t he r esul t s obt ai ned wi t h nonxyl o-

si de- t r eat ed PC12 cel l s ( Fi g . 2 A; Tabl e I ) , was l ar gel y r e-
t ai ned i n t he per meabi l i zed TGN vesi cl es i n t he aggr egat i ve
mi l i eu ( Fi g . 4 D) . We concl ude f r omt hese r esul t s t hat t he

gr ani n aggr egat es r ecover ed i n aggr egat i ve mi l i eu l ar gel y ex-

cl uded bul k f l ow mar ker s .

Aci di c Cal ci um- bi ndi ng ER- r esi dent Pr ot ei ns Ar e

Rel eased f r om Vesi cl es af t er Saponi n Aer meabi l i zat i on
i n Aggr egat i ve Mi l i eu

Per meabi l i zat i on of membr ane vesi cl es pr esent i n t he TGN

pr epar at i on wi t h saponi n i n nonaggr egat i ve mi l i eu r esul t ed

i n t he r el ease of sever al pr ot ei ns, i ncl udi ng f our maj or pol y-

pept i des of 99, 78, 60, and 54 kD ( Fi g. 1, r i ght , dot s and t r i -

Chanat and Hunner Aggr egat i on- medi at i ng Sor t i ng of Secr et or y Pr ot ei ns

Fi gur e 5. ERr esi dent pr ot ei ns ar e r el eased f r om saponi n- per me-
abi l i zed membr ane vesi cl es i n nonaggr egat i ve as wel l as aggr e-
gat i ve mi l i eu . ( PNS) The membr ane vesi cl es i n a post nucl ear su-
per nat ant ( PNS) obt ai ned f r om unl abel ed PC12 cel l s wer e pel l et ed
by cent r i f ugat i on and i ncubat ed i n t he absence ( - ) or pr esence ( +)
of saponi n i n nonaggr egat i ve ( NA) mi l i eu . Af t er cent r i f ugat i on,
pel l et s ( P) and super nat ant s ( S) wer e anal yzed by SDS- PAGE f ol -
l owed by i mmunobl ot t i ng, usi ng ant i ser a agai nst Bi P ( RaKSEK) or
PDI ( RaKAVK) f ol l owed by [ 115 I ] pr ot ei n A. Dot s and t r i angl es i n-
di cat e pr ot ei ns r ecogni zed by t he RaKSEK and Rct KAVK ant i se-
r um, r espect i vel y, whi ch ar e al so i ndi cat ed i n Fi g. 1 . ( Vel oci t y gr a-

di ent ) Fr act i ons 8- 10 of t he vel oci t y gr adi ent wer e obt ai ned f r om
unl abel ed PC12 cel l s, per meabi l i zed wi t h saponi n ( +) i n nonaggr e-
gat i ve ( NA) or aggr egat i ve ( A) mi l i eu, cent r i f uged, and pel l et s ( P)
and super nat ant s ( S) wer e anal yzed by SDS- PAGE f ol l owed by i m-
munobl ot t i ng usi ng t he ant i ser a RaKSEK or RaKAVKand i mmu-
noper oxi dase .

angl es) . Because of t hei r mol ecul ar mass, we suspect ed t hat
t he 78- and 54- kD pr ot ei n wer e t he ER- r esi dent pr ot ei ns Bi P

and PDI , r espect i vel y, pr esent i n ERder i ved vesi cl es con-
t ami nat i ng t he pr epar at i on of [ 35S] sul f at e- l abel ed TGN vesi -
cl es . We i nvest i gat ed t hi s possi bi l i t y by i mmunobl ot t i ng
usi ng ant i bodi es ( Vaux et al . , 1990) r ai sed agai nst synt het i c
pept i des cor r espondi ng t o t he car boxy- t er mi nal sequences of
Bi P and PDI . Fi g . 5 ( l ef t panel s) shows t hat t he bands of 78

kD ( see l ower dot i n Fi g . 1, r i ght ) and 54 kD ( see l ower t r i an-

gl e i n Fi g . 1, r i ght ) r el eased f r omvesi cl es upon i ncubat i on
wi t h saponi n wer e i ndeed Bi P and PDI , r espect i vel y . I n addi -
t i on, t he ant i - Bi P ant i body al so det ect ed a 99- kD pr ot ei n
( upper dot i n Fi g . 1, r i ght and Fi g . 5, t op l ef t ) , and t he ant i -

PDI ant i body al so det ect ed a 60- kD pr ot ei n ( upper t r i angl e
i n Fi g . 1, r i ght and Fi g . 5, bot t om l ef t ) ; bot h pr ot ei ns ar e
aci di c ER- r esi dent pr ot ei ns cont ai ni ng a car boxy- t er mi nal
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- KDEL sequence ( S. D. Ful l er , manuscr i pt i n pr epar at i on) .
Al t hough t he r el ease of t hese f our ERr esi dent pr ot ei ns was
i ncompl et e and var i ed bet ween t he i ndi vi dual pr ot ei ns, i t

never t hel ess showed t hat ER- der i ved vesi cl es, despi t e t hei r

l ower concent r at i on of chol est er ol , wer e at l east i n par t per -

meabi l i zed wi t h saponi n .

Thi s al l owed us t o compar e t he ef f ect of nonaggr egat i ve

and aggr egat i ve mi l i eu on t he r el ease of t hese pr ot ei ns,

whi ch have mol ecul ar wei ght s and i soel ect r i c poi nt s si mi l ar

t o t hose of CgB and SgI I ( Lee, 1987) , and whi ch l i ke t he

gr ani ns bi nd cal ci um ( Macer and Koch, 1988) . I n cont r ast

t o CgBand SgI I ( see Fi g. 1 A) , t he r el ease of t he ER- r esi dent

pr ot ei ns was not r educed by aggr egat i ve mi l i eu compar ed t o

nonaggr egat i ve mi l i eu ( Fi g . 5, r i ght panel s) . Thi s al so showed

t hat per meabi l i zat i on of membr anes wi t h saponi n was not

i mpai r ed i n aggr egat i ve mi l i eu .

Aggr egat i ve Mi l i eu I nduces t he Aggr egat i on

of Newl y Synt hesi zed Gr ani ns af t er Sol ubi l i zat i on

of t he ERMembr ane

I f t he aggr egat i ve mi l i eu r ef l ect s t he mi l i eu r esponsi bl e f or

t he aggr egat i on of t he gr ani ns i n t he TGN i n vi vo, i t mi ght

be suf f i ci ent t o i nduce t he aggr egat i on of t he gr ani ns i n t he

RER, a compar t ment i n whi ch t hese pr ot ei ns ar e not ag-

gr egat ed as j udged by t he absence of el ect r on- dense cor es .

We at t empt ed t o i nvest i gat e t hi s i ssue usi ng saponi n per me-

abi l i zat i on of RER- der i ved vesi cl es pr epar ed f r om PC12

cel l s pul se l abel ed f or 5 mi n wi t h [ ' H] t yr osi ne. However ,

f or unknown r easons, t he newl y synt hesi zed gr ani ns, i n con-

t r ast t o ER- r esi dent pr ot ei ns ( see Fi g . 5) , wer e not r el eased

f r omsaponi n- per meabi l i zed RERvesi cl es i n nonaggr egat i ve

mi l i eu ( dat a not shown) . Hence, i nst ead of per meabi l i zi ng

RER vesi cl es wi t h saponi n, we used Tr i t on X- 100 t o i nves-

t i gat e t he ef f ect of nonaggr egat i ve and aggr egat i ve mi l i eu on

newl y synt hesi zed gr ani ns . When RER vesi cl es, obt ai ned

f r om [ 3H] t yr osi ne- pul se- l abel ed PC12 cel l s af t er vel oci t y

gr adi ent cent r i f ugat i on, wer e i ncubat ed i n 1%Tr i t on X- 100

i n nonaggr egat i ve mi l i eu, t wo pr ot ei ns of M100, 000 and M

85, 000, cor r espondi ng t o newl y synt hesi zed CgB and SgI I ,

r espect i vel y, wer e r ecover ed i n t he super nat ant , wher eas

t hey wer e f ound i n t he pel l et af t er i ncubat i on i n aggr egat i ve

mi l i eu ( Fi g . 6 A, r i ght ) . As i n t he case of TGN vesi cl es ( see

Fi g. 1 A) , t hi s behavi or of t he gr ani ns was qui t e speci f i c si nce

pr ot ei n st ai ni ng of t he cor r espondi ng gel ( Fi g . 6 A, l ef t )

showed t hat no ot her pr ot ei n exhi bi t ed such a dr amat i c al t er -

at i on i n i t s di st r i but i on bet ween pel l et and super nat ant i n ag-

gr egat i ve mi l i eu as compar ed t o nonaggr egat i ve mi l i eu .

Char act er i zat i on of ?GN- der i ved Gr ani n Aggr egat es

We t est ed whet her t he gr ani n aggr egat es r ecover ed f r omt he
TGN i n aggr egat i ve mi l i eu wer e sol ubi l i zed by exposur e t o
nonaggr egat i ve mi l i eu . [ 35S] sul f at e- l abel ed TGN vesi cl es

obt ai ned accor di ng t o t he st andar d pr ocedur e wer e i n-

cubat ed wi t h Tr i t on X- 100 i n aggr egat i ve mi l i eu and cen-

t r i f uged. The pel l et was t hen i ncubat ed i n ei t her aggr egat i ve

or nonaggr egat i ve mi l i eu, and r ecent r i f uged . Upon i ncuba-

t i on i n nonaggr egat i ve mi l i eu, most of t he [ 33 S] sul f at e-
l abel ed CgBand SgI I ( >80 %) was r ecover ed i n t he super na-
t ant , wher eas t he maj or i t y of bot h gr ani ns ( >80%) r emai ned
i n an aggr egat ed st at e when t he aggr egat i ve mi l i eu was mai n-

t ai ned ( dat a not shown) . Pr ot ei n st ai ni ng of t he gel i ndi cat ed
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Fi gur e 6. Aggr egat i ve mi l i eu al l ows t he r ecover y of gr ani n ag-
gr egat es f r om det er gent - t r eat ed RERvesi cl es of PC12 cel l s . PC12
cel l s wer e l abel ed f or 5 mi n wi t h [ 3H] t yr osi ne and pr ocessed ac-
cor di ng t o t he st andar d pr ocedur e except t hat f r act i ons 4+5 of
t he vel oci t y sucr ose gr adi ent wer e used . RER vesi cl es wer e i n-
cubat ed wi t h Tr i t on X- 100 i n nonaggr egat i ve ( NA) or aggr egat i ve
( A) mi l i eu, cent r i f uged, and pel l et s ( P) and super nat ant s ( S) wer e
anal yzed by SDS- PAGE f ol l owed by pr ot ei n st ai ni ng ( l ef t ) and
f l uor ogr aphy ( r i ght ) . Not e t hat most of t he gr ani ns det ect ed by pr o-
t ei n st ai ni ng ar e der i ved f r omsecr et or y gr anul es al so pr esent i n t he
f r act i ons .

t hat t he r ever si bi l i t y of aggr egat i on was speci f i c f or t he gr an-

i ns si nce t he bul k of t he ot her pr ot ei ns wer e not sol ubi l i zed

upon i ncubat i on i n nonaggr egat i ve mi l i eu ( dat a not shown) .

The ef f ect of cal ci umconcent r at i on and pH on t he st at e of

aggr egat i on of SgI I was st udi ed by exposi ng t he cont ent of

[ 35S] sul f at e- l abel ed TGN vesi cl es, obt ai ned accor di ng t o

t he st andar d pr ocedur e, t o var i ous buf f er s i n t he pr esence of

Tr i t on X- 100 ( Fi g . 7) . At pH 6 . 4, t he amount of [ " S] sul -

f at e- l abel ed SgI I r ecover ed i n t he pel l et i ncr eased r api dl y

when mi l l i mol ar cal ci umwas added. Hal f - maxi mal and max-

i mal amount s of aggr egat ed SgI I wer e obser ved at a cal ci um

concent r at i on of t i t - 2 and - 10 mM, r espect i vel y . I n con-

t r ast , at pH 6. 9, much l ess [ 35 S] sul f at e- l abel ed SgI I was

f ound i n t he pel l et wi t h i ncr easi ng cal ci um concent r at i ons .

At pH 7. 4, no si gni f i cant amount of [ " S] sul f at e- l abel ed
SgI I was obser ved i n t he pel l et at any of t he cal ci umconcen-
t r at i ons st udi ed . Thus, sl i ght l y aci di c pHand mi l l i mol ar cal -

ci umconcent r at i ons had a syner gi st i c ef f ect on t he st at e of

aggr egat i on of TGN- der i ved SgI I .

The per cent age of PI S] sul f at e- l abel ed SgI I f ound i n t he

pel l et af t er i ncubat i on of [ 3' S] sul f at e- l abel ed TGN vesi cl es
i n ei t her nonaggr egat i ve or aggr egat i ve mi l i eu i n t he pr es-

ence of Tr i t on X- 100 was det er mi ned i n f our di f f er ent exper i -
ment s ( Tabl e I ) . I n nonaggr egat i ve mi l i eu, al most none of t he

SgI I was r ecover ed i n an aggr egat ed st at e, wher eas i n aggr e-
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Fi gur e 7. Ef f ect of cal ci umconcent r at i on and pHon t he aggr egat i on
of TUN- der i ved SgI I . [ 35S] sul f at e- l abel ed TGN vesi cl es wer e ob-
t ai ned f r omPC12 cel l s accor di ng t o t he st andar d pr ocedur e and i n-
cubat ed at const ant i oni c st r engt h i n t he pr esence of Tr i t on X- 100
wi t h i ncr easi ng concent r at i ons of cal ci umat t he i ndi cat ed pH. Af -
t er cent r i f ugat i on, pel l et s and super nat ant s wer e anal yzed by SDS-
PAGE f ol l owed by f l uor ogr aphy and quant i t at i on of VSS] sul f at e-
l abel ed SgI I . Opt i cal densi t y val ues wer e i nt egr at ed, and t he t ot al
( pel l et pl us super nat ant ) [ 35S] sul f at e- l abel ed SgI I at each cal ci um
concent r at i on and pH was cal cul at ed . For each pH, t he mean of
t hese t ot al val ues was cal cul at ed, and t he t ot al val ues obt ai ned at
t he i ndi vi dual cal ci um concent r at i ons, whi ch di f f er ed f r om t he
mean by 420 %, wer e t hen nor mal i zed t o t he mean . The i nt egr at ed
opt i cal densi t y val ues f or SgI I i n t he pel l et af t er nor mal i zat i on ar e

gi ven as ar bi t r ar y uni t s . For pH 6. 9, t he r esul t s of a si ngl e exper i -

ment ar e shown . For pH6. 4 and pH 7. 4, t he mean of dupl i cat e ex-
per i ment s, nor mal i zed t o t he maxi mum val ue ( pH 6. 4, 10mMcal -
ci um; pH7. 4, 20 mMcal ci um) i s shown ; bar s i ndi cat e t he var i at i on
of t he si ngl e val ues f r om t he mean .

gat i ve mi l i eu, - 70%of SgI I was f ound t o be aggr egat ed, an

i ncr ease si mi l ar t o t hat obt ai ned wi t h saponi n- per meabi l i zed
[ 35S] sul f at e- l abel ed TGN vesi cl es .

We i nvest i gat ed whet her gr ani n aggr egat es coul d al so be r e-

cover ed f r omt he TGN of anot her neur oendocr i ne cel l l i ne,

t he r at pi t ui t ar y GH4C1 cel l s. These cel l s, l i ke t he r el at ed

GH3B6 cel l l i ne, expr ess pr ol act i n and gr owt h hor mone

( Tashj i an, 1979) as wel l as CgB and SgI I ( Tougar d et al . ,

1989 ; Scammel l et al . , 1990) . GH4C1 cel l s gr own i n t he ab-

sence of added hor mones cont ai n a l ownumber of secr et or y

gr anul es . Tr eat ment of GH4C1 cel l s wi t h a combi nat i on of

EGF, est r adi ol , and i nsul i n mar kedl y i ncr eases t he l evel of

pr ol act i n ( Ki i no and Danni es, 1982) , CgB and SgI I ( Scam-

mel l et al . , 1990) , as wel l as t hat of secr et or y gr anul es

( Scammel l et al . , 1986) . As r eveal ed by pul se l abel i ng wi t h
r 35S] met hi oni ne ( Fi g . 8 A, cent er ) , t he combi ned hor mone

t r eat ment of GH4C1 cel l s f or 2 d sel ect i vel y i ncr eased t he

synt hesi s of SgI I and pr ol act i n - 2 . 5- f ol d and N4- f ol d,

r espect i vel y . Pul se l abel i ng of hor mone- t r eat ed cel l s wi t h
[ 35S] sul f at e showed a N2 . 5- f ol d i ncr ease i n t he amount of
[ 35S] sul f at e- l abel ed SgI I i n t he TGN ( dat a not shown) , sug-

gest i ng t hat t he i ncr ease i n SgI I synt hesi s r esul t ed i n an i n-

Chanat and Hut mer Aggr egat i on- medi at i ng Sor t i ng of Secr et or y Pr ot ei ns

cr ease i n SgI I concent r at i on i n t hi s compar t ment . I m-

munof l uor escence of cont r ol and hor mone- t r eat ed GH4Cl

cel l s f or SgI I showed t hat , qual i t at i vel y, al l of t he cel l s wer e

i mmunor eact i ve i n bot h condi t i ons, t he i mmunost ai ni ng be-

i ng obser ved i n a per i nucl ear , Gol gi - l i ke pat t er n as wel l as

i n smal l punct at e st r uct ur es whi ch wer e di sper sed i n t he

cyt opl asm and cl ose t o t he pl asma membr ane, and pr esum-

abl y wer e secr et or y gr anul es ( Fi g. 8 A, l ef t and r i ght ) . Quan-

t i t at i vel y, however , hor mone- t r eat ed cel l s showed an i n-

cr ease i n SgI I i mmunor eact i vi t y, whi ch was obser ved not

onl y wi t h r espect t o t he secr et or y gr anul e st ai ni ng but , con-

si st ent wi t h t he i ncr ease i n SgI I synt hesi s, al so i n t he Gol gi

ar ea . Thi s al l owed us t o use GH4C1 cel l s not onl y t o ext end
our st udy on t he aggr egat i on of t he gr ani ns i n t he TGN t o

ot her neur oendocr i ne cel l s, but al so t o i nvest i gat e t he possi -

bl e r ol e of pr ot ei n concent r at i on i n t hi s phenomenon . ( Si nce

pr ol act i n i s not sul f at ed i n GH4C1 cel l s [ dat a not shown] ,

we coul d not i ncl ude t hi s pr ot ei n i n our anal ysi s . )

Hor mone- t r eat ed GH4C1 cel l s wer e pul se l abel ed f or 4 mi n

wi t h FS] sul f at e, and [ uS] sul f at e- l abel ed TGN vesi cl es wer e

i ncubat ed wi t h Tr i t on X- 100 i n nonaggr egat i ve or aggr ega-

t i ve mi l i eu, as descr i bed above f or PC12 cel l s . SgI I , whi ch

was t he maj or FS] sul f at e- l abel ed band i n t hese cel l s ( dat a

not shown) , was f ound i n t he super nat ant af t er i ncubat i on i n

nonaggr egat i ve mi l i eu but was al most compl et el y r ecover ed

i n t he pel l et af t er i ncubat i on i n aggr egat i ve mi l i eu ( Fi g . 8 B,

bot t om) . As shown by pr ot ei n st ai ni ng of t he cor r espondi ng

gel ( Fi g. 8 B, t op) , t he pr ot ei n pat t er n was not si gni f i cant l y

af f ect ed by t he i ncubat i on mi l i eu .

The same exper i ment al condi t i ons wer e appl i ed t o cont r ol

GH4C1 cel l s . The quant i t at i on of [ 35 S] sul f at e- l abel ed SgI I

f or t hese and hor mone- t r eat ed cel l s showed t hat , i n aggr ega-

l i ve mi l i eu, t he r at i o of SgI I i n t he pel l et t o SgI I i n t he super -

nat ant was i ncr eased t wof ol d upon hor mone t r eat ment ( Tabl e

I I ) , i ndi cat i ng t hat t he equi l i br i umof SgI I bet ween t he aggr e-

gat ed and t he nonaggr egat ed st at e was shi f t ed t owar ds t he ag-

gr egat ed st at e . These r esul t s suggest t hat upon hor mone

t r eat ment of GH4C1 cel l s, t her e i s, concomi t ant l y wi t h t he

r i se i n t he concent r at i on of SgI I i n t he TGN, an i ncr ease i n

t he pr opor t i on of SgI I t hat i s r ecover ed i n an aggr egat ed st at e

af t er i ncubat i on i n aggr egat i ve mi l i eu .

Di scussi on

Mor phol ogi cal wor k has est abl i shed t hat t he aggr egat i on of

r egul at ed secr et or y pr ot ei ns t ypi cal l y occur s i n t he TGN

Tabl e I I . Eff ect of Aggr egat i ve Mi l i eu on SgI I i n t he TGN
of Cont r ol and Hor mone- t r eat ed GH4C1 Cel l s

GH4C1 cel l s cul t ur ed f or 2 d i n t he absence ( cont r ol ) or pr esence ( hor mone-

t r eat ed) of ' est r odi ol , i nsul i n, and EGF wer e l abel ed f or 4 mi n wi t h [ 3 ' S] sul -

f ai r andt hen pr ocessed accor di ng t o t he st andar d pr ocedur e except t hat f r act i ons

3+4 of t hevel oci t y sucr ose gr adi ent wer e used. TGNvesi cl es wer e i ncubat ed

wi t h Tr i t on X- 100 i n nonaggr egat i ve or aggr egat i ve mi l i eu, cent r i f uged, and

pel l et s and super nat ant s wer e anal yzed by SDS- PAGE f ol l owed by f l uor og-
r aphy . SgI I was quant i t at ed and t he amount of [ 31S] sul f at e- l abel ed Sgl I i n t he

pel l et i s expr essed as t he r at i o t o t he [ 3' S] sul f at e- l abel ed SgI I i n t he super -

nat ant .
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GH4Cl cel l s mi l i eu SgI I ( pel l et / supemat ant )

Cont r ol Nonaggr egat i ve 0 . 08

Aggr egat i ve 2 . 70

Hor mone- ueat ed Nonaggr egat i ve 0 . 10

Aggr egat i ve 5 . 37
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( Far quhar and Pal ade, 1981 ; Or ci et al . , 1987 ; Tooze et al . ,

1987) . I n t he pr esent st udy, we have devel oped a syst em i n

whi ch bi ochemi cal par amet er s i nvol ved i n t hi s aggr egat i on

pr ocess coul d be i nvest i gat ed . By usi ng [ 31S] sul f at e t o l abel

t he gr ani ns sel ect i vel y i n t he TGN, and by per meabi l i zi ng

TGN vesi cl es pr epar ed f r om such cel l s wi t h saponi n, we

coul d speci f y t he mi l i eu i n t he l umen of t he TGN and t hus

i dent i f y par amet er s of t he mi l i eu t hat ar e i nvol ved i n t he

aggr egat i on pr ocess . We f ound t hat a decr ease i n pH and an

i ncr ease i n t he concent r at i on of cal ci um i ons, t wo par am-

et er s t hat we bel i eve ar e r el evant f or gr ani n aggr egat i on i n

t he TGN i n vi vo, pr event ed t he r el ease of t he gr ani ns f r om

saponi n- per meabi l i zed TGN vesi cl es . The l ack of r el ease

was not due t o l owpH and hi gh cal ci um i nt er f er i ng wi t h t he

membr ane per meabi l i zat i on si nce ot her l umenal pr ot ei ns

and GAGchai ns wer e r el eased under t hese condi t i ons . Fur -

t her evi dence f or t he per meabi l i zat i on of t he TGNmembr ane

comes f r omt he obser vat i on ( not shown) t hat i n t he absence

of l eupept i n t her e was subst ant i al and somet i mes compl et e

pr ot eol ysi s of t he gr ani ns, whi ch most l i kel y was caused by

l ysosomal pr ot eases t hat had access t o t he gr ani ns af t er sapo-

ni n per meabi l i zat i on of membr anes .

Sever al l i nes of evi dence i ndi cat e t hat t he l ack of sol ubi l i t y

of t he gr ani ns af t er per meabi l i zat i on of t he TGNmembr ane

i n t he l ow pH- , hi gh cal ci um mi l i eu r ef l ect ed t he conser va-

t i on of t he gr ani n aggr egat es known t o exi st i n t hi s compar t -

ment ( Tooze and Hut t ner , 1990) . Fi r st , no pel l et i ng of t he

gr ani ns was obser ved when t hese pr ot ei ns wer e f i r st al l owed

t o di f f use f r omper meabi l i zed TGN vesi cl es i n nonaggr ega-

t i ve mi l i eu and t hen exposed t o aggr egat i ve mi l i eu, or when

a par t i al l y pur i f i ed pr epar at i on of t hese pr ot ei ns was i n-

cubat ed i n aggr egat i ve mi l i eu . These obser vat i ons make i t

unl i kel y t hat af t er per meabi l i zat i on of t he TGN vesi cl es i n

aggr egat i ve mi l i eu, t he gr ani ns di f f used f r om t he l umen of

t he TGN and t hen f or med aggr egat es whi ch sedi ment ed i n-

dependent l y of t he TGN vesi cl es . Second, EMon i mmat ur e

secr et or y gr anul es i ndi cat ed t hat membr ane per meabi l i za-

t i on i n aggr egat i ve mi l i eu al l owed t he r ecover y of dense-

cor ed st r uct ur es whi ch appear ed si mi l ar t o t he bona f i de

dense cor es of t he st ar t i ng mat er i al . Consi st ent wi t h t hi s ob-

ser vat i on, when t he membr ane of mat ur e secr et or y gr anul es

was per meabi l i zed i n aggr egat i ve mi l i eu, t he gr ani ns r e-

mai ned i n an aggr egat ed st at e al t hough t hese pr ot ei ns ar e

r eadi l y sol ubi l i zed af t er exocyt osi s whi ch r el eases t hemi nt o

a neut r al pH- , l ow cal ci um mi l i eu .

Aggr egat i ve mi l i eu not onl y al l owed t he r ecover y of gr ani n

aggr egat es f r omt he TGN and i mmat ur e secr et or y gr anul es

( and al so f r ommat ur e secr et or y gr anul es ; dat a not shown) ,

compar t ment s i n whi ch such aggr egat es ar e known t o exi st ,

but was suf f i ci ent t o i nduce t hei r f or mat i on i n t he mor e pr ox-

i mal compar t ment s of t he secr et or y pat hway whi ch nor mal l y

do not cont ai n dense cor es of r egul at ed secr et or y pr ot ei ns .

When t he membr ane of t he RERwas sol ubi l i zed i n aggr ega-

t i ve r at her t han nonaggr egat i ve mi l i eu, t he gr ani ns wer e

f ound i n t he pel l et . Thi s i nduct i on of gr ani n aggr egat i on i s

what woul d be expect ed i f a change i n t he mi l i eu i s t he cause

of aggr egat i on i n vi vo as secr et or y pr ot ei ns t r avel al ong t he

secr et or y pat hway, and i f t he aggr egat i ve mi l i eu used i n t hi s

st udy mi mi cked t he l umenal mi l i eu i n t he TGN. The aggr e-

gat i on of t he gr ani ns pr obabl y occur r ed si mul t aneousl y wi t h

t he sol ubi l i zat i on of t he RER membr ane, i . e. , when t hey

wer e pr esent at a r el at i vel y hi gh concent r at i on ( pr esumabl y

Chanat and Hut t ner Aggr egat i on- medi at i ng Sor t i ng of Secr et or y Pr ot ei ns

sever al mg/ ml ) si nce no aggr egat i on was obser ved when

t hese pr ot ei ns wer e exposed t o aggr egat i ve mi l i eu at much
l ower concent r at i on, af t er t hei r di f f usi on f r omt he TGN l u-

men or af t er t hei r par t i al pur i f i cat i on . I t t her ef or e appear s

t hat t hese pr ot ei ns must be pr esent at a cer t ai n concent r at i on

f or t he aggr egat i ve mi l i eu t o be ef f ect i ve . Thi s concl usi on i s

consi st ent wi t h pr evi ous mor phol ogi cal obser vat i ons i n vi vo

( Tooze et al . , 1989) and wi t h r esul t s obt ai ned on t he aggr ega-

t i on of t he gr ani ns i n vi t r o ( Gor y et al . , 1989) . A r ol e of pr o-

t ei n concent r at i on i n t he aggr egat i on pr ocess i s f ur t her sup-

por t ed by our f i ndi ng t hat af t er hor mone t r eat ment of GH4C1

cel l s, whi ch was f ound t o i ncr ease gr ani n synt hesi s and t hei r

concent r at i on i n t he TGN, a gr eat er pr opor t i on of SgI I i n t he

TGN was r ecover ed i n an aggr egat ed st at e t han f or cont r ol

cel l s .

The cal ci um concent r at i on of t he aggr egat i ve mi l i eu cor -

r esponded t o t hat bel i eved t o exi st i n t he l umen of t he TGN

of r egul at ed secr et or y cel l s ( St oeckel et al . , 1975 ; Ravaz-

zol a, 1976 ; Mat a et al . , 1987; Roos, 1988) . I t i s not known

whi ch pr opor t i on of t he t ot al cal ci um i n t he TGN of t hese

cel l t ypes i s " f r ee: ' However , i t shoul d be bor ne i n mi nd t hat

not onl y t he " f r ee, but al so t he " bound" cal ci umpar t i ci pat es

i n t he aggr egat i on pr ocess, because most of t he " bound" cal -

ci um i n t he TGN pr obabl y r ef l ect s t he l ow af f i ni t y- , hi gh

capaci t y- bi ndi ng t o pr ot ei ns passi ng t hr ough t hi s compar t -

ment , t he bul k of whi ch i s const i t ut ed by r egul at ed secr et or y

pr ot ei ns.

The r educt i on i n pHand t he i ncr ease i n cal ci um i on con-

cent r at i on exer t ed a syner gi st i c ef f ect on t he aggr egat i on of

t he gr ani ns . Thi s r ai ses t he possi bi l i t y t hat t he change i n one

of t hese par amet er s i s suf f i ci ent t o t r i gger gr ani n aggr egat i on

i n t he TGN i n vi vo, pr ovi ded t hat t he ot her par amet er i s at

an " aggr egat i ve" val ue. We f ound t hat at a f r ee cal ci um i on

concent r at i on above 1 mM, a change i n pH f r om neut r al i t y

t o pH 6. 4 was suf f i ci ent t o r ecover y SgI I i n an aggr egat ed

st at e. Tr ansl at ed t o t he i n vi vo si t uat i on t hi s may mean t hat

cal ci um, whi ch i s t hought t o ent er t he secr et or y pat hway at

l east t o some ext ent at t he l evel of t he ER ( f or r evi ew see

Mel dol esi et al . , 1990) , bi nds t o t he gr ani ns al r eady i n t hi s

compar t ment but does not pr omot e t hei r aggr egat i on unt i l

t hey r each t he sl i ght l y aci di c envi r onment of t he TGN. I f t hi s

i s t he case, t he i ncr ease i n t he l evel of cal ci um i n t he t r ans-

Gol gi ar ea as compar ed t o t he ER ( St oeckel et al . , 1975 ;

Ravazzol a, 1976 ; Mat a et al . , 1987; Roos, 1988) woul d be

t he consequence of t he aggr egat i on of secr et or y cal ci um

bi ndi ng pr ot ei ns . Al t er nat i vel y, t he hi gher l evel of cal ci um

i n t he t r ans- Gol gi t han i n t he ER may r ef l ect t he exi st ence,

at l east i n r egul at ed secr et or y cel l s, of a cal ci um upt ake sys-

t em i n t he TGN whi ch causes t he cal ci um i on concent r at i on

t o r ai se above 1 mM, and t her eby f aci l i t at es gr ani n aggr ega-

t i on i n t hi s compar t ment . The pr esence of a Cal +ATPase i n

t he Gol gi compl ex of neur ons ( Mat a and Fi nk, 1989) i s con-

si st ent wi t h t hi s possi bi l i t y . At any r at e, i f t he aggr egat i on i s

a cr uci al st ep i n t he sor t i ng of t he gr ani ns, t he r equi r ement

of a sl i ght l y aci di c pH f or t hi s pr ocess t o occur woul d, al one,

be suf f i ci ent t o expl ai n t he mi ssor t i ng of t hese pr ot ei ns i n t he

pr esence of weak bases i n vi vo ( Ger des et al . , 1989) .

The f i ndi ng t hat bot h l ow pH and cal ci um wer e r equi r ed

f or t he aggr egat i on of t he gr ani ns i s of i nt er est wi t h r espect

t o pr evi ous obser vat i ons t hat i n cer t ai n neur oendocr i ne

cel l s, t hese pr ot ei ns ar e sor t ed i nt o a subpopul at i on of se-

cr et or y gr anul es . For exampl e, i n bovi ne somat omammo-
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t r ophs, t he gr ani ns ar e packaged l ar gel y i nt o one popul at i on

of secr et or y gr anul es wher eas pr ol act i n and gr owt h hor mone

ar e l ar gel y segr egat ed i nt o t wo ot her secr et or y gr anul e popu-

l at i ons ( Hashi mot o et al . , 1987; Basset t i et al . , 1990) . I f t he

aggr egat i on of pr ol act i n, gr owt h hor mone, and t he gr ani ns

woul d be di f f er ent i al l y sensi t i ve t o t he r educt i on i n pH and

t he i ncr ease i n cal ci um, var i ous aggr egat es cont ai ni ng pr ef -

er ent i al l y one or t he ot her of t hese r egul at ed secr et or y pr o-

t ei ns woul d f or mi n t he TGN, gi vi ng r i se t o mul t i pl e sub-

popul at i ons of secr et or y gr anul es i n t he same cel l . Thi s

specul at i on i s consi st ent wi t h t he obser vat i on t hat af t er

r emoval of t he secr et or y gr anul e membr ane wi t h non- i oni c

det er gent at pH 6. 2 i n t he absence of cal ci um, pr ol act i n r e-

mai ns aggr egat ed ( Gi annat t asi o et al . , 1975) . Anot her st r i k-

i ng case of di f f er ent i al aggr egat i on has been r epor t ed f or

Apl ysi a, i n whi ch t he t wo par t s of t he egg l ayi ng hor mone

pr ecur sor gener at ed by pr ot eol ysi s f or msepar at e aggr egat es

i n t he TGNwhi ch ar e packaged i nt o di st i nct secr et or y gr an-

ul es of t he same cel l ( Fi sher et al . , 1988 ; Sossi n et al . ,

1990) .

Bot h i n PC12 and GH4C1 cel l s, t he ef f ect of aggr egat i ve

mi l i eu was r emar kabl y sel ect i ve f or t he gr ani ns when com-

par ed wi t h t he behavi or of t he bul k of t he pr ot ei ns pr esent

i n t he subcel l ul ar f r act i ons st udi ed . Fur t her mor e, aggr ega-
t i ve mi l i eu di d not af f ect t he r el ease of Bi P and PDI , t wo ER-

r esi dent pr ot ei ns whi ch have aci di c i soel ect r i c poi nt s and ar e
abl e t o bi nd cal ci um ( Lee, 1987; Macer and Koch, 1988) .
Thi s suggest s t hat t he l owpH- , hi gh cal ci um- i nduced aggr e-
gat i on of t he gr ani ns i nvol ves speci f i c st r uct ur al f eat ur es of

t hese pr ot ei ns, whi ch i s consi st ent wi t h t he hypot hesi s t hat

r egul at ed secr et or y pr ot ei ns have an i nher ent l y hi gher t en-

dency t o aggr egat e t han ot her t ypes of sol ubl e pr ot ei ns of t he
secr et or y pat hway . The obser vat i on t hat aggr egat i ve mi l i eu
was ef f ect i ve on gr ani ns f r omt he RER, i . e . , gr ani ns whi ch
wer e not yet post t r ansl at i onal l y modi f i ed, i ndi cat es t hat
t hese st r uct ur al f eat ur es r esi de i n t hei r pol ypept i de back-
bones .

I nt er est i ngl y, aggr egat i ve mi l i eu di d not i nt er f er e wi t h t he
r el ease of GAG chai ns, a const i t ut i vel y secr et ed bul k f l ow
mar ker , f r omt he per meabi l i zed TGN vesi cl es, showi ng t hat

t hese mol ecul es wer e excl uded f r om t he gr ani n aggr egat es

under t hese condi t i ons. Gr ani ns i sol at ed f r om secr et or y

gr anul es have pr evi ousl y been f ound t o f or m aggr egat es at

gr anul e- l i ke pH ( pH5 . 2- 5. 9) whi ch excl uded var i ous const i -

t ut i ve secr et or y pr ot ei ns ( Ger des et al . , 1989 ; Gor r et al . ,

1989 ; Hut mer et al . , 1991) . The pr esent dat a ext end t hese

i n vi t r o obser vat i ons t o t he compar t ment r el evant f or sor t i ng,

t he TGN. Our r esul t s suppor t t he hypot hesi s t hat t he sel ec-

t i ve aggr egat i on of r egul at ed secr et or y pr ot ei ns i n t he TGN

i s a cr uci al st ep i n t hei r segr egat i on f r omconst i t ut i ve secr e-

t or y pr ot ei ns and suggest t hat , i n t he case of t he gr ani ns, a

decr ease i n pH and an i ncr ease i n cal ci um, i . e. , a change i n

mi l i eu t owar ds a TGN- l i ke condi t i on, ar e suf f i ci ent t o t r i gger

t hi s aggr egat i on pr ocess .
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