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ABSTRACT When i sol at ed chr omaf f i n gr anul es wer e aggr egat ed by synexi n ( a Ca" - bi ndi ng

pr ot ei n pr esent i n chr omaf f i n and ot her secr et or y t i ssues) and t hen exposed t o ci s- unsat ur at ed

f at t y aci ds at 37° C, t hey f used t oget her t o f or m l ar ge vesi cl es . The f usi on was moni t or ed by

phase and el ect r on mi cr oscopy and by t ur bi di t y measur ement s on t he gr anul e suspensi on .

Ar achi doni c aci d was t he most ef f ect i ve f usogen, wher eas t r ans- unsat ur at ed f at t y aci ds,

sat ur at ed f at t y aci ds, det er gent s or l ysol eci t hi n wer e i nact i ve . Dur i ng f usi on some of t he

epi nephr i ne of t he gr anul es was r el eased but t he sol ubl e cor e pr ot ei ns r emai ned t r apped i n

t he r esul t i ng vesi cl es . These vesi cl es swel l ed t o encl ose t he maxi mum vol ume . Al t hough t hi s

swel l i ng coul d be i nhi bi t ed by i ncr easi ng t he osmot i c st r engt h of t he medi um, i t di d not appear

t o depend on t he chemi osmot i c pr oper t i es of t he gr anul e membr anes as i t was not i nf l uenced

by ATP, a pr ot on i onophor e, or an ani on t r anspor t i nhi bi t or .

The r egul at or s of t hi s i n vi t r o f usi on- Ca
2+,

synexi n, and f r ee, ci s- unsat ur at ed f at t y aci ds-

may be pr esent i n t he cyt opl asm of t he chr omaf f i n cel l when i t i s st i mul at ed t o r el ease

epi nephr i ne and gr anul e pr ot ei ns by exocyt osi s . Ther ef or e, t hi s f usi on event may be t he same

t hat occur s bet ween chr omaf f i n gr anul es under goi ng compound exocyt osi s .

Exocyt osi s i s one of t he most f r equent event s occur r i ng i n

l i vi ng cel l s t hat r equi r es t he f usi on of t wo membr anes. I t i s t he

basi s f or t he r el ease of many secr et or y pr oduct s such as hor -

mones, neur ot r ansmi t t er s, and di gest i ve enzymes, whi ch ar e

st or ed i n membr ane- bounded vesi cl es bef or e r el ease . Hi st or i -

cal l y, a val uabl e syst em f or t he st udy of t hi s pr ocess has been

t he secr et i on of cat echol ami nes f r om t he adr enal chr omaf f i n

cel l . The nat ur e of exocyt osi s was def i ned mor phol ogi cal l y ( 13)

and bi ochemi cal l y ( 17) i n t hi s syst emas t he di schar ge of st or age

vesi cl e cont ent s but not vesi cl e membr anes . The chr omaf f i n

cel l was al so one of t he f i r st secr et or y syst ems i n whi ch t he

r equi r ement f or Ca" t o act i vat e exocyt osi s was r ecogni zed

( 15) . Recent l y, a model f or t he mol ecul ar basi s of exocyt osi s

has been devel oped based on dat a obt ai ned f r om t he chr omaf -

f i n syst em ( 29) . Thi s model expl ai ns t he Ca" r equi r ement i n

t er ms of synexi n, a Ca" - bi ndi ng pr ot ei n f ound i n many secr e-

t or y t i ssues ( 7- 9, 12, 22) . When act i vat ed by Ca" , t hi s pr ot ei n

causes t he at t achment of i sol at ed secr et or y vesi cl es t o one

anot her , i n a f ashi on t hat may be anal ogous t o t he i nt er act i on

bet ween vesi cl es t hat occur s dur i ng compound exocyt osi s . The

model al so def i nes t he br eakage of t he secr et or y vesi cl e mem-

br ane and r el ease of i t s cont ent s dur i ng exocyt osi s as an osmot i c
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l ysi s r esul t i ng f r om t he ATP- dependent t r anspor t of pr ot ons

and per meant ani ons i nt o t he vesi cl e i nt er i or ( 5, 10, 24, 31) .

However , t he r el at i onshi p bet ween t hose t wo event s has r e-

mai ned poor l y def i ned. I n par t i cul ar , i t has not been cl ear t hat

t he r egi ons of cont act f or med bet ween secr et or y vesi cl es by

synexi n woul d be t he most l i kel y pl ace f or t he membr anes t o

br eak, as must occur dur i ng compound exocyt osi s .

Thi s communi cat i on descr i bes obser vat i ons suggest i ng t hat ,

i n t he pr esence of smal l amount s of unest er i f i ed, ci s- unsat u-

r at ed f at t y aci ds, t he r egi ons of cont act f or med by synexi n

bet ween chr omaf f i n gr anul es ( t he secr et or y vesi cl es of t he

adr enal medul l a) do i ndeed br eak, l eadi ng t o t he f usi on' of t he

gr anul es and t he f or mat i on of l ar ger vesi cl es r et ai ni ng some of

t he gr anul e cont ent s .

' I n pr evi ous communi cat i ons descr i bi ng synexi n ( 7, 8) t he t er m " f u-

si on" was used t o r ef er t o t he f or mat i on of cl ose cont act s ( " pent al am-
i nar compl exes" ) bet ween chr omaf f i n gr anul e membr anes . I n t he
pr esent cont ext i t i s mor e consi st ent wi t h cur r ent t er mi nol ogy t o r eser ve

t he t er m " f usi on" t o r ef er t o t he br eakage of t he membr ane bar r i er s

( i . e . , " f i ssi on" i n Pal ade' s nomencl at ur e 1231) and t he f or mat i on of t he

l ar ger vesi cl es .
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MATERI ALS AND METHODS

Mat er i al s

Chr omaf f i n gr anul es wer e pr epar ed f r ombovi ne adr enal medul l ar y t i ssue by

di f f er ent i al cent r i f ugat i on i n 0. 3 Msucr ose as pr evi ousl y descr i bed ( 24) , or by

pur i f i cat i on on an i sot oni c st ep- gr adi ent of sucr ose and Met r i zami de ( 30) , col -

l ect i ng t he gr anul es at t he i nt er f ace of densi t i es 1 . 10 and 1 . 12 g/ ml . The behavi or

of t he gr anul es pr epar ed by ei t her met hod was i ndi st i ngui shabl e i n t he assays

descr i bed i n t hi s r epor t .

Synexi n was pr epar ed f r om bovi ne l i ver usi ng essent i al l y t he pr ocedur es

descr i bed f or t he pr epar at i on of adr enal medul l ar y synexi n: pr eci pi t at i on i n 20%

ammoni um sul f at e and gel f i l t r at i on on Ul t r agel ACA 34 ( LKB I nst r ument s,

I nc. , Rockvi l l e, Md . ) ( 7, 8) . However , 2( N- mor phol i no) et hane sul f oni c aci d

( MES) - NaOH, pH 6. 0, was subst i t ut ed f or t he hi st i di ne buf f er pr evi ousl y used,

and t he i ni t i al ext r act was pr epar ed f r om 250 g of t i ssue. The synexi n obt ai ned

f r oml i ver has been shown t o have t hesame mol ecul ar par amet er s and i nt er act i on

wi t h chr or naf f i n gr anul es as had pr evi ousl y been descr i bed f or adr enal medul l ar y

synexi n ( 9) . The l i ver synexi n was st or ed f r ozen at - 20' C at a concent r at i on of

- 100 j i g/ ml i n t he gel f i l t r at i on buf f er ( 0 . 3 Msucr ose, 40 mMMES- NaOH I pH

6. 01) .

Fat t y aci ds t est ed f or f usogeni c act i vi t y wer e obt ai ned f r om Si gma Chemi cal

Co. , St . Loui s, Mo.

Aggr egat i on and Fusi on of Chr omaf f i n Gr anul es

Synexi n- i nduced gr anul e aggr egat i on was car r i ed out under t he condi t i ons of

t he assay f or synexi n act i vi t y ( 7) : i ncubat i on at 37' C of 1- ml sampl es cont ai ni ng

10 t o 20 l +g of synexi n, 240 mMsucr ose, 30 mMKCI , 32 mMMES- NaOH ( pH

6 . 0) , 2 . 5 mMEGTA, and CaCl 2 of appr opr i at e concent r at i on t o gi ve t he desi r ed

f r ee Ca! ' concent r at i on . The gr anul e suspensi on had an i ni t i al absor bance at 540

nm ( A5ao) of 0 . 3, cor r espondi ng t o 70- 90 l Lg/ ml of gr anul e pr ot ei n . Af t er i ncu-

bat i on f or a mi ni mumof 15 mi n, t he f usogen was i nt r oduced as f ol l ows: Fusogens

wer e st or ed as 5 mg/ ml sol ut i ons i n et hanol at - 20' C and di l ut ed i n sucr ose-

MES buf f er t o 100 Rg/ ml bef or e each ser i es of exper i ment s ; 40- 100 Al of t he

r esul t i ng emul si on was added t o t he gr anul e suspensi on. St ear i c and myr i st i c

aci ds di d not f or memul si ons at 1001ag/ ml , so t hese compounds wer e i nt r oduced

i n et hanol , t aki ng car e t hat t he f i nal et hanol concent r at i on i n t he gr anul e

suspensi on was <1%a.

The t ur bi di t y ( A. ) of gr anul e suspensi ons was moni t or ed on a Gi l f or d 250

r ecor di ng spect r ophot omet er ( Gi l f or d I nst r ument Labor at or i es, Ober l i n, Ohi o)

equi pped wi t h an aut omat i c cuvet t e posi t i oner , whi ch per mi t t ed t he i nt er mi t t ent

moni t or i ng of f our si mul t aneous r eact i ons .

For phase mi cr oscopy, a40- Al sampl e of t he suspensi on was exami ned bet ween

a gl ass sl i de ( Ki mbl e #75023 ; Ki mbl e Di v . , Owens- I l l i noi s, I nc . , Tol edo, Ohi o)

and a 24 x 30 mmcover sl i p ( Ki mbl e #75100) . The sl i de and cover sl i p wer e

scr ubbed l i ght l y and r i nsed i n dei oni zed wat er bef or e each ser i es of obser vat i ons

i n or der t o r emove cont ami nat i ng f usogens .

For el ect r on mi cr oscopy, 5- ml suspensi ons of gr anul es wer e f i xed by addi ng

50%gl ut ar al dehyde t o a f i nal concent r at i on of 2%and pl aci ng t he sampl es on

i ce . Af t er 15 mi n t hegr anul es wer e sedi ment ed at 20, 000 g f or 15 mi n. The pel l et s

wer e col l ect ed i n 1 ml of 2%gl ut ar al dehyde and r esedi ment ed by cent r i f ugat i on

i n a Beckman Mi cr of uge ( Beckman I nst r ument s, I nc . , Pal o Al t o, Cal i f . ) . The

pel l et s wer e post f i xed i n 1% osmi um t et r oxi de, bef or e dehydr at i on and embed-

di ng. Sect i ons wer e st ai ned wi t h aqueous l ead ci t r at e and ur anyl acet at e and

exami ned by convent i onal t r ansmi ssi on el ect r on mi cr oscopy .

Rel ease of Pr ot ei n and Epi nephr i ne f r om Fusi ng

Gr anul es

5 mi naf t er gr anul e f usi on was i nduced, suspensi ons wer e cent r i f uged at 20, 000

g f or 15 mi n at 4' C and t he super nat ant f r act i ons assayed f or pr ot ei n and

epi nephr i ne cont ent . Pr ot ei n was assayed by t he met hod of Lowr y et al . ( 19)

usi ng bovi ne ser um al bumi n as st andar d, af t er pr eci pi t at i on of pr ot ei n i n col d

10%TCA. I n addi t i on, some pr ot ei n det er mi nat i ons wer e per f or med usi ng t he

Br adf or d met hod ( 4) . Synexi n showed poor col or devel opment i n t he Br adf or d

assay, r el at i ve t o chr omaf f mgr anul e pr ot ei ns, and i t was f ound t hat when bovi ne

ser umal bumi n was used as a st andar d f or chr or naf f i n gr anul e pr ot ei ns ( 26) and

bovi ne gamma gl obul i n or oval bumi n was used as a st andar d f or t he pr ot ei n
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cont ent of t he synexi n pr epar at i ons ( 7) , r esul t s consi st ent wi t h t he Lowr y met hod

( wi t h ser um al bumi n st andar d) wer e obt ai ned . Epi nephr i ne was assayed by t he

t l uor omet r i c t r i hydr oxyi ndol e met hod at pH 2 ( 2) .

As an al t er nat i ve t o t he cent r i f ugat i on pr ocedur e, gr anul e suspensi ons wer e

chr omat ogr aphed on PD- 10 col umns ( Phar maci a Fi ne Chemi cal s, Pi scat away,

N. J . ) cont ai ni ng Sephadex G- 25, t o separ at e f r ee epi nephr i ne f r om t he gr anul es

and membr anes .

RESULTS

I ni t i al Obser vat i on of Chr omaf f i n Gr anul e

Fusi on

The f usi on of chr or naf f i n gr anul es was f i r st obser ved i n t he

phase mi cr oscope dur i ng a car ef ul exami nat i on of l ar ge cl umps

of gr anul es aggr egat ed by synexi n ( si mi l ar t o t hose i n Fi g. 1 A) .

Thi s appr oach was i nspi r ed by an el ect r on mi cr ogr aph of an

i sol at ed chr or naf f i n cel l t hat had been exhaust i vel y st i mul at ed

t o secr et e epi nephr i ne by t he secr et agogue ver at r adi ne ( t hi s

mi cr ogr aph i s publ i shed i n r ef er ence 28) . The cyt opl asmof t hi s

cel l cont ai ned vacuol es t hat appear ed t o have been f or med by

t he f usi on of l ar ge number s of cyt opl asmi c chr omaf f f n gr anul es

i n t he pr ocess of compound exocyt osi s . Subsequent exami na-

t i on of t hi ck sect i ons of cel l s si mi l ar l y t r eat ed r eveal ed t hat

t hese vacuol es wer e of suf f i ci ent si ze t o be r eadi l y seen i n t he

l i ght mi cr oscope . Thi s obser vat i on suggest ed t hat , i f such an

i nt er act i on bet ween gr anul es coul d be i nduced t o occur i n a

cel l - f r ee syst em, t he f or mat i on of si mi l ar st r uct ur es mi ght be

moni t or ed by phase mi cr oscopy . Accor di ngl y, a sear ch f or i n

vi t r o condi t i ons t hat woul d i nduce f usi on bet ween l ar ge num-

ber s of chr omaf f m gr anul es was i ni t i at ed usi ng synexi n t o br i ng

t he gr anul es i nt o cl ose cont act .

Par t i cul ar l y l ar ge cl umps of chr or naf f i n gr anul es coul d be

gr own i n vi t r o by i ncubat i ng t he gr anul es wi t h hi gh concent r a-

t i ons of synexi n ( 10- 20 t t g/ ml ) and sat ur at i ng concent r at i ons

of Ca" ( 1 mM) at 37° C f or l onger t han 15 mi n ( Fi g . I A) .

Dur i ng exami nat i on i n t he phase mi cr oscope t hese cl umps

wer e seen, over t he cour se of sever al mi nut es, t o under go a
r emar kabl e t r ansi t i on t o f or m l ar ge, spher i cal vesi cl es si mi l ar

t o t hose i n Fi g. 1 B- D. The cour se of t hi s event was r emi ni scent

of t he appear ance of a handf ul of soap suds f usi ng t o f or m

l ar ger bubbl es- char act er i zed par t i cul ar l y by smal l , sudden,

f usi on event s t hat caused t he cl ump t o j ump suddenl y one way

t hen anot her . However , i n t he case of soap bubbl es t he encl osed

vol ume does not i ncr ease, wher eas t he vol ume encl osed i n t he

f usi ng gr anul es appar ent l y i ncr eased as t he l ar ge vesi cl es

seemed t o swel l f r om t he cl umps . As t he phase- l ucent vesi cl es

swel l ed, t he at t ached phase- dense cl umps decr eased i n si ze .

These obser vat i ons seemed consi st ent wi t h t he i nt er pr et at i on

t hat t he cl umped gr anul es had f used and t hat t hei r membr anes

had been r ear r anged t o f or m t he sur f aces of t he l ar ge vesi cl es .

However , t he f usi on phenomenon was not r el i abl y r epr o-

duci bl e, occur r ed t o di f f er ent ext ent s on di f f er ent por t i ons of

t he mi cr oscope sl i de, never occur r ed i n a t est t ube, but onl y

when t he cl umps wer e exami ned i n t he mi cr oscope, and coul d
be compl et el y pr event ed by washi ng t he mi cr oscope sl i de and

cover sl i p i n di st i l l ed wat er or acet one bef or e obser vat i on .

Appar ent l y, t he gl ass sl i de or sl i p was pr ovi di ng an essent i al

f act or f or f usi on. The exact nat ur e of t hi s f act or has been

di f f i cul t t o det er mi ne because of t he pr opr i et ar y nat ur e of t he

FI GURE 1

	

Vi sual i zat i on of chr or naf f i n gr anul e f usi on i n t he phase mi cr oscope . ( A) Cl umps of gr anul es t hat have been aggr egat ed

by i ncubat i on wi t h synexi n and Cat ' f or - - 40 mi n . ( B- D) Vesi cl es of var i ous si zes f or med af t er f ur t her i ncubat i on of t he pr epar at i on

f or - 15 mi n i n t he pr esence of 4 f t g/ ml ar achi doni c aci d . Gr at i cul e mar ks ar e 10 pen apar t .
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pr ocesses i nvol ved i n t he manuf act ur e of mi cr oscope sl i des and

cover sl i ps . However , t hi s f or t ui t ous obser vat i on l ed t o t he

sur vey of pot ent i al l y f usogeni c compounds r epor t ed bel ow.

Sur vey of Compounds f or Fusogeni c Act i vi t y

Because t he f usi on of chr omaf f i n gr anul es t hat was i ni t i al l y

obser ved appar ent l y r esul t ed f r om an exogenous f act or i nt r o-

duced by t he mi cr oscope sl i de or cover sl i p, a sur vey was

conduct ed t o see i f a si mi l ar ef f ect coul d be i nduced by

compounds r ecogni zed as havi ng f usogeni c pot ent i al i n cel l ul ar

syst ems . A par t i cul ar l y usef ul gui de i n sel ect i ng compounds

was t he wor k of Ahkong et al . on t he f usi on of er yt hr ocyt es

( 1) . The compounds t hat wer e t est ed ar e l i st ed i n Tabl e I . Each

compound was anal yzed i n t wo t est s : t he ef f ect of t he com-

pound on t he t ur bi di t y of t he gr anul e suspensi on and t he ef f ect

on t he appear ance of gr anul e aggr egat es i n t he phase mi cr o-

scope .
Fi g. 2 i l l ust r at es t he appl i cat i on of t he t ur bi di t y assay t o

f usi on i n t he pr esence of ar achi doni c or ol ei c aci d, whi ch wer e

f ound t o be ef f ect i ve f usogens ( see bel ow) . The r eact i on was

st ar t ed by addi ng t he gr anul es t o t he synexi n and Cat + . The

aggr egat i on of gr anul es was per mi t t ed t o pr oceed f or 15 mi n
and t hi s aggr egat i on was mani f est ed as an i ncr ease i n t ur bi di t y
( Fi g. 2, t r aces a, b, and c) . When a ci s- unsat ur at ed f at t y aci d

was added, t he t ur bi di t y of t he suspensi on i mmedi at el y f el l

because of t he f or mat i on of t he t r anspar ent vesi cl es f r om t he

dense cl umps of gr anul es and, al so, pr obabl y t o a l esser ext ent ,

because of some r el ease of mat er i al f r om t he gr anul es ( t hi s

l at t er ef f ect was al so seen i n t he absence of synexi n, when t he

gr anul es wer e not aggr egat ed ; Fi g. 2, t r ace d) . The decl i ne i n

t ur bi di t y was l ar gel y compl et e i n 5 mi n, and t he ext ent of t he

decl i ne appear ed t o cor r el at e wi t h t he ext ent of f or mat i on of

l ar ge vesi cl es obser vabl e i n t he mi cr oscope ( det er gent l i ke mol -

ecul es, e . g. , SDS or l ysol eci t hi n, wer e an except i on i n t hat t hey
caused gr anul e l ysi s and a decl i ne i n t ur bi di t y but never f or med

obser vabl e vesi cl es) . The decl i ne i n t ur bi di t y f r om t he aggr e-

gat ed st at e ( i n whi ch t he t ur bi di t y was usual l y - 160% of t he

i ni t i al t ur bi di t y of t he unaggr egat ed suspensi on) t o t he st at e 5

mi n af t er addi ng t he f usogen i s gi ven i n Tabl e I as a quant i -

t at i ve char act er i st i c of t he ef f ect of t he compound on t he

suspensi on . Al t hough t hi s par amet er was usef ul f or scr eeni ng

compounds f or f usogeni c act i vi t y, i t must be emphasi zed t hat

i t i s not a di r ect measur e of act ual gr anul e f usi on because l ysi s

or di saggr egat i on can al so cont r i but e t o t he t ur bi di t y decl i ne.

Of t he compounds t est ed, t he onl y ef f ect i ve f usogens f ound

wer e t he nat ur al l y occur r i ng, ci s- unsat ur at ed f at t y aci ds . Ar -

achi doni c aci d was t he most ef f ect i ve, causi ng mi cr oscopi cal l y

obser vabl e f usi on at a mi ni mumconcent r at i on of 2 t ag/ ml ( 6. 6
I , M) i n t he pr esence of 80 i t g/ ml gr anul e pr ot ei n ( 50 t Lg/ ml of
gr anul e l i pi d[ 16] ) . Doubl i ng t he gr anul e concent r at i on doubl ed

t he t hr eshol d concent r at i on of ar achi doni c aci d needed f or

f usi on . The ser i es of 18 car bon ci s- unsat ur at ed f at t y aci ds-

l i nol eni c, l i nol ei c, and ol ei c- had an ef f ect i veness t hat de-

cr eased as t hei r degr ee of sat ur at i on i ncr eased . Hi gher l evel s of
t he l ess ef f ect i ve aci ds ( e . g . , 10 t t g/ ml of ol ei c aci d) wer e abl e

t o cause t he same degr ee of f usi on as l ower l evel s of t he most

ef f ect i ve ( 4 FLg/ ml of ar achi doni c aci d) .

A compar i son of t he f usogeni c act i vi t y of sever al st r uct ur al

and conf or mat i onal i somer s of ol ei c aci d st r i ki ngl y suggest ed

t hat a par t i cul ar st er eochemi st r y was cr i t i cal t o i nduce f usi on .

Ol ei c aci d has a doubl e bond bet ween t he 9t h and 10t h car bons

i n t he ci s conf i gur at i on. I f t hi s bond i s i n t he t r ans conf i gur at i on

( el ai di c aci d) , no f usi on occur s . I f t he ci s bond i s moved cl oser
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TABLE I

Compounds Test ed f or Fusogeni c Act i vi t y

* Compounds wer e added t o ^801í g/ ml of gr anul e pr ot ei n af t er aggr egat i on

by synexi n f or 15 mi n .

$ Change i n t ur bi di t y of t he gr anul e suspensi on i nduced by t he compound

af t er 5 mi n . Si mi l ar t o t he anal ysi s i n Fi g . 2, t he change i s gi ven as a per cent age

of t he Ay, o of t he suspensi on bef or e aggr egat i on . The val ues gi ven wer e

r epr oduci bl e t o wi t hi n f i ve per cent age uni t s f or a si ngl e pr epar at i on of

gr anul es or synexi n . The r el at i ve or der of ef f ect i veness f or di f f er ent com-

pounds was t he same f or al l pr epar at i ons of gr anul es and synexi n .

§ Degr ee of vesi cl e f or mat i on seen i n t he phase mi cr oscope: ++++, ext ensi ve

f usi on, one or mor e l ar ge vesi cl es have devel oped f r om ever y cl ump ; ++,

moder at e f usi on, most cl umps have devel oped vesi cl es but t hese ar e smal l er ,

l eavi ng a l ar ge par t of t he cl ump unf used ; +, l i mi t ed f usi on, vesi cl es ar e

di f f i cul t t o f i nd, occur r i ng i n <5%of t he cl umps ; 0, no f usi on, not a si ngl e

vesi cl e can be seen .

t o t he head gr oup, t o car bons 6 and 7 ( pet r osel eni c aci d) , no

f usi on occur s . I f t he ci s bond i s moved away f r om t he head

gr oup t o t he 11, 12 posi t i on ( vacceni c aci d) , t he ext ent of f usi on

i s ext r emel y r educed. I n addi t i on, i f t he head gr oups of ar ach-

i doni c aci d or ol ei c aci d ar e met hyl at ed, t he compounds do not

cause f usi on. The sat ur at ed f at t y aci ds t est ed, C12 t hr ough C, ' ,

( l aur i c, myr i st i c, pahni t i c, st ear i c) , wer e al l compl et el y i nef f ec-

t i ve. St ear yl ami ne, a- t ocopher ol , and t r ans- r et i nol - t hr ee ad-

Compound

Con-

cen-

t r a-

t i on

ATur -

bí di t y$

i n 5

mi n

Vesi cl e

f or ma-

t i on§

pg/ ml %

1 . Ar achi doni c aci d 1 22 0

[ al l ci s 5, 8, 11, 14 ei cosat et r aenoi c 2 31 +

aci d ( 20: 4) ] 4 81 ++++

2 . Li nol eni c aci d 4 49 ++

[ al l ci s 9, 12, 15 oct adecat r i enoi c

aci d ( 18: 3) ]

3 . Li nol ei c aci d 4 47 ++

[ al l ci s 9, 12 oct adecadi enoi c aci d

( 18: 2) ]

4 . Ol ei c aci d 4 44 ++

[ ci s 9 oct adecenoi c aci d ( 18 : 1) ] 10 78 ++++

5 . Pal mi t ol ei c aci d 4 41 . 3 ++

[ ci s 9 hexadecenoi c aci d ( 16 : 1) ]

6 . ci s- Vacceni c aci d 4 34 +

[ ci s 11 oct adecenoi c aci d ( 18 : 1) ]

7 . Er uci c aci d 4 25 . 5 +

[ ci s 13 docosenoi c aci d ( 22 : 1) ]

8 . Pet r osel eni c Aci d 4 0 0

[ ci s 6 oct adecenoi c aci d ( 18 : 1) ] 10 4 0

9 . El ai di c Aci d 4 0 0

[ t r ans 9 oct adecenoi c aci d ( 18: 1) ] 10 0 0

10 . Met hyl ar achi donat e 4 0 0

11 . Met hyl ol eat e 4 0 0

12 . Gl ycer ol mono- ol eat e 4 0 0

13 . Laur i c aci d 4 0 0

14 . Myr i st i c aci d 5 0 0

15 . Pal mi t i c aci d 4 0 0

[ hexadecanoi c aci d ( 16: 0) ]

16. St ear i c aci d 5 0 0

[ oct adecanoi c aci d ( 18 : 0) ]

17. St ear yl ami ne 4 0 0

18 . Ret i nol 4 0 0

19. a- Tocopher ol 4 0 0

20 . Pr ost agl andi n Ez 4 0 0

21 . Lysol eci t hi n 4 0 0

( f r om egg yol k) 10 51 0

22 . SDS 4 12 0

23 . Benzal koni um chl or i de 4 0 0

8 0 0



a
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FI GURE 2

	

Tur bi di t y ( As4o) of a chr omaf f i n gr anul e suspensi on un-

der goi ng aggr egat i on and f usi on . Fr om 0 t o 15 mi n t he gr anul e

suspensi on ( As4o, - 0 . 3 ; 80 j ug/ ml pr ot ei n) i s i ncubat ed wi t h ( t r aces

a, b, and c) or wi t hout ( t r ace d) 15 t t g/ ml synexi n . At 15 mi n 4l i g/

ml f at t y aci d i s i nt r oduced ; t r ace a, el ai di c aci d ( t r ans 18 : 1) ; t r ace b,

ol ei c aci d ( ci s 18: 1) ; t r aces c and d, ar achi doni c aci d ( ci s 20 : 4) .

di t i onal compounds t hat Ahkong et al . ( 1) r epor t ed woul d f use

er yt hr ocyt es- wer e al so i nef f ect i ve . The ani oni c and cat i oni c

det er gent s, SDS and benzal koni um chl or i de, wer e i nef f ect i ve .

Of par t i cul ar i nt er est was l ysol eci t hi n, as i t has of t en been

suggest ed t hat t he det er gent l i ke pr oper t i es of t hi s mol ecul e

mi ght enabl e i t t o pl ay a r ol e i n nat ur al membr ane f usi on .

However , l ysol eci t hi n caused no vesi cl e f or mat i on.

Fur t her Char act er i st i cs of t he Fusi on React i on

Usi ng ar achi doni c aci d as a st andar d f usogen, sever al addi -

t i onal char act er i st i cs of t he f usi on event wer e exami ned . The

condi t i ons of t he st andar d f usi on exper i ment had been sel ect ed

t o opt i mi ze vi sual i zat i on of t he f or mat i on of l ar ge vesi cl es .

However , t hese ext r eme condi t i ons wer e not r equi r ed f or f usi on

t o be det ect abl e i n t he phase mi cr oscope . The concent r at i ons

of synexi n used i n t he st andar d f usi on exper i ment s of 10- 20

I Lg/ ml wer e gr eat er t han t hat needed t o sat ur at e t he t ur bi di t y

i ncr ease used as an assay f or synexi n act i vi t y ( - 5 t t t g/ ml ;

r ef er ence 7) . However , t hese l ar ge concent r at i ons di d l ead t o

t he f or mat i on of mor e ext ensi ve gr anul e aggr egat es and ar e

pr obabl y compar abl e t o t he i n vi vo concent r at i on of synexi n,

because t he yi el d of synexi n i s 10 t t g/ g of t i ssue ( 7, 9) , and i n

t he chr omaf f i n cel l s i mmunof l uor escence exper i ment s have

demonst r at ed t hat t he synexi n i s concent r at ed i n t he cyt opl asm

( 9) . When t he concent r at i on of synexi n was r educed i n t he

f usi on assay t o 2 . 5 pg/ ml , vesi cl e f or mat i on was st i l l r eadi l y

appar ent .

The l evel of Ca" i n t he st andar d exper i ment ( 1 mM) was

suf f i ci ent t o sat ur at e synexi n, whi ch has a Kd f or Ca
2+

of 200

g, M. However , when t he ent i r e aggr egat i on and f usi on exper i -

ment was conduct ed at 160 pMCa2+, vesi cl e f or mat i on st i l l

occur r ed. When t he gr anul es wer e aggr egat ed i n 1 mMCa" ,

and t hen excess EGTA was added t o r educe t he f r ee Ca
2+

concent r at i on t o 20 g, M, t he t ur bi di t y of t he suspensi on dr opped

14%, and t he si ze of t he gr anul e aggr egat es was somewhat

r educed . The aggr egat i on st ep was t hus onl y sl i ght l y r ever si bl e.

When ar achi doni c aci d was subsequent l y added, t he r emai ni ng,

i r r ever si bl e aggr egat es f used t o f or m l ar ge vesi cl es .

I f ar achi doni c aci d was added at t he begi nni ng of t he gr anul e

aggr egat i on r eact i on, r at her t han af t er aggr egat i on was com-

pl et e, f usi on st i l l occur r ed . However , t he vesi cl es f or med t ended

t o be much smal l er , even af t er pr ol onged i ncubat i on ( - 45

mi n) . Appar ent l y, t he gr owt h of l ar ger vesi cl es by t he f usi on of

smal l er , al r eady f used vesi cl es was a sl ow pr ocess. Thi s may

have been at t r i but abl e si mpl y t o t he sl ower r at e of di f f usi on of

vesi cl es when compar ed t o i ndi vi dual chr omaf f i n gr anul es .

Al most ever y vesi cl e seen i n t he phase mi cr oscope, even af t er

ext ensi ve f usi on and pr ol onged i ncubat i on ( up t o 2 h) , had

some phase- dense, cl umped mat er i al on i t s bor der ( Fi g . 1 B-

D) . Par t of t hi s mat er i al may have been cont ami nat i ng mi t o-

chondr i a, whi ch el ect r on mi cr oscopi c exami nat i on ( see bel ow)

suggest ed t end t o aggr egat e t o, but not f use wi t h, t he chr omaf f i n

gr anul es .

The f usi on pr ocess was t emper at ur e dependent . As pr evi -

ousl y descr i bed, t he aggr egat i on of chr omaf f i n gr anul es by

synexi n does not occur at 0° C ( 7) . I n addi t i on, however , when

t he gr anul es wer e aggr egat ed at 37° C, t hen pl aced on i ce, t he

aggr egat es wer e st abl e and subsequent addi t i on of ar achi doni c

aci d l ed t o no change i n t he suspensi on. When t he cool ed

suspensi on, cont ai ni ng ar achi doni c aci d, was f i nal l y pl aced i n

a 37° C spect r ophot omet er cuvet t e, f usi on i mmedi at el y oc-

cur r ed .

Rai si ng t he pH of t he suspensi on f r om 6 . 0 t o 7 . 2 st r ongl y

i nhi bi t ed t he r at e of f usi on . The r at e of decl i ne of t he t ur bi di t y

of t he suspensi on, cor r espondi ng t o f usi on, was r educed 10-

f ol d by t hi s pH change. However , t he f i nal ext ent of f usi on

was t he same at t he mor e neut r al pH, as was t he gener al

appear ance of t he st r uct ur es f or med .

The f usi on event , as moni t or ed by phase mi cr oscopy, man-

i f est ed a speci f i c r equi r ement f or synexi n . Because of t hei r

negat i ve sur f ace change, chr omaf f i n gr anul es can al so be ag-

gr egat ed by st r ongl y basi c pr ot ei ns such as pol yl ysi ne ( t hi s t ype

of aggr egat i on i s di st i nct f r om synexi n- i nduced aggr egat i on i n

t hat i t i s t emper at ur e and Ca" i ndependent and i s i nhi bi t ed

by i ncr easi ng t he i oni c st r engt h) . When gr anul es wer e aggr e-

gat ed i nt o l ar ge cl umps by 4 l t g/ ml of pol yl ysi ne, subsequent

addi t i on of ar achi doni c aci d di d not r esul t i n t he f or mat i on of

vesi cl es vi si bl e i n t he phase mi cr oscope .

The pr esence of t he nonf usogeni c compounds l i st ed i n Tabl e

I , at t he concent r at i ons gi ven, di d not pr event t he f usi on of

gr anul es upon t he subsequent addi t i on of ar achi doni c aci d .

St ear yl ami ne sl i ght l y decr eased t he r at e and ext ent of f usi on

i nduced by ar achi doni c aci d. I t i s of par t i cul ar i nt er est t hat a-

t ocopher ol ( vi t ami n E) , whi ch may st abi l i ze membr anes ( 14) ,

and l ysol eci t hi n, whi ch may be f or med i n conj unct i on wi t h

f r ee f at t y aci ds as a r esul t of phosphol i pase act i on, di d not

pr event vesi cl e f or mat i on .

Because t he vesi cl es cont ai ned l ar ger vol umes t han t he gr an-

ul e cl umps f r om whi ch t hey ar ose, i t was of i nt er est t o det er -

mi ne whet her t he chemi osmot i c pr oper t i es t hat have been

descr i bed i n i sol at ed chr omaf f i n gr anul es ( 6, 10, 24) coul d have

cont r i but ed t o t hi s swel l i ng . A possi bl e dr i vi ng f or ce f or t he

f usi on mi ght have been t he ATP- dependent pumpi ng of pr o-

t ons and C1 - i ons i nt o t he aggr egat ed vesi cl es, t hus i ncr easi ng

t hei r osmot i c cont ent and cr eat i ng a pr essur e i ncr ease t hat

coul d be r el i eved by f usi on of t he gr anul es t o f or m l ar ger ,

spher i cal st r uct ur es . Thi s woul d have been consi st ent wi t h t he

i nhi bi t i on of f usi on seen when t he i ncubat i on medi um was

al kal i ni zed . However , t he addi t i on of MgATPt o t he suspensi on

di d not enhance vesi cl e f or mat i on or r educe t he amount of

f usogen r equi r ed. Al t hough l eakage of ATP f r om t he gr anul es

mi ght have obvi at ed any r equi r ement f or exogenous ATP, t he

addi t i on of 5 I , M car bonyl cyani de p- t r i f l uor omet hoxyphenyl

hydr azone, a pot ent pr ot on i onophor e, or 1 mM4- acet ami do-

4' - i sot hi ocyanost i l bene- 2, 2' - di sul f oni c aci d, an i nhi bi t or of an-

i on t r anspor t , bot h of whi ch pr event chemi osmot i c event s i n

chr omaf f i n gr anul es ( 6, 24) , had no appar ent ef f ect on t he
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f usi on r eact i on . I n cont r ast , however , when t he aggr egat ed

chr omaf f m gr anul es wer e exposed t o a hyper t oni c shock by

addi ng sucr ose t o i ncr ease t he osmol ar i t y of t he suspensi on t o

800 mosM, subsequent addi t i on of ar achi doni c aci d di d not

l ead t o t he f or mat i on of t he usual l ar ge vesi cl es . Whet her

membr ane f usi on, per se, had been pr event ed was not det er -

mi ned .

I t was al so of i nt er est t o det er mi ne whet her met abol i sm of

t he f at t y aci ds, par t i cul ar l y ar achi doni c aci d, was i mpor t ant f or

f usi on . However , t he addi t i on of 100 pM i ndomet haci n t o

bl ock any cycl o- oxygenase act i vi t y t hat mi ght have been pr es-

ent di d not i nhi bi t t he pr ocess . I n addi t i on, as shown i n Tabl e

I , pr ost agl andi n E2, one of t he pr ost agl andi ns t hat i s f or med

f r om ar achi doni c aci d and r el eased f r om pl at el et s dur i ng exo-

cyt osi s ( 21) , di d not i nduce f usi on .

Usi ng ar achi doni c aci d uni f or ml y l abel ed wi t h 1°C, i t was

f ound t hat , dur i ng f usi on by 4 NAg/ ml of t he f at t y aci d, 93%of

t he l abel was appar ent l y bound t o t he gr anul es, as i t coul d be

r emoved f r om t he medi umby cent r i f ugat i on of t he gr anul es .

Subsequent r esol ut i on of t he membr ane phosphol i pi ds by t hi n-

l ayer chr omat ogr aphy ( 3) r eveal ed no i ncor por at i on of t he

f at t y aci d i nt o phosphol i pi ds. Ther ef or e, t he ef f ect i ve f usogen

appear s t o have been t he unest er i f i ed f at t y aci d i ncor por at ed

noncoval ent l y i nt o t he gr anul e membr ane .

Ret ent i on of Gr anul e Cont ent s dur i ng Fusi on

Chemi cal anal yses wer e per f or med t o det er mi ne whet her t he

cont ent s of t he chr omaf f mgr anul es wer e r et ai ned wi t hi n t he

new st r uct ur es f or med when f usi on occur r ed. The aggr egat ed

and f used gr anul es wer e sedi ment ed i n t he cent r i f uge and t he

super nat ant f r act i ons wer e assayed f or pr ot ei n and epi nephr i ne

cont ent r el at i ve t o t he t ot al epi nephr i ne and sol ubl e pr ot ei n of

undi st ur bed gr anul es . An exampl e of t hi s t ype of anal ysi s i s

pr esent ed i n Fi g. 3 . I t i s necessar y t o not e as cont r ol s t he

amount of r el ease t hat occur s when t he gr anul es ar e i ncubat ed

al one, wi t h synexi n onl y, or wi t h ar achi doni c aci d onl y . 100%

of t he epi nephr i ne and 80%of t he pr ot ei n i n t he chr omaf f m

gr anul e ar e i n t he cor e and ar e pot ent i al l y sol ubl e . Thus, we

expect l eakage of pr ot ei n and epi nephr i ne, as per cent s of t ot al s,

t o be i n t he r at i o of 4: 5 . However , i n t he pr esence or absence

of ar achi doni c aci d dur i ng t he 20- mi n i ncubat i on t her e i s a

pr ef er ent i al l eak of epi nephr i ne . When f usi on occur s, t her e i s

an addi t i onal r el ease of epi nephr i ne above t he r el ease occur r i ng

i n t he cont r ol sampl es . I n t hi s r espect t he f usi on was appar ent l y

l eaky . However , i n t he case of sol ubl e cor e pr ot ei ns, t he anal ysi s

i n Fi g. 3 suggest s t hat t he f usi on event may be compl et el y

conser vat i ve, because no sol ubl e pr ot ei n escapes beyond con-

t r ol l evel s .

Because t he cent r i f ugat i on pr ocedur e may have been har sh

enough t o cont r i but e t o t he l eakage of epi nephr i ne, t he sepa-

r at i on of gr anul es and vesi cl es f r om epi nephr i ne was al so

per f or med by mol ecul ar excl usi on chr omat ogr aphy on Sepha-

dex G- 25 . Usi ng t hi s pr ocedur e, however , we al so f ound t hat

f usi on was associ at ed wi t h addi t i onal epi nephr i ne l eakage .

Thus, i t appear ed t hat t he f usi on event al l owed t he sel ect i ve

r el ease of some of t he smal l component s of t he gr anul e cor es,

whi l e r et ai ni ng t he l ar ger mol ecul es.

El ect r on Mi cr oscopy of Fused Chr omaf f i n

Gr anul es

Chr omaf f i n gr anul es t hat had been aggr egat ed by synexi n

f or 15 mi n and t hen f ur t her i ncubat ed f or 5 mi n i n t he pr esence
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FI GURE 3 Leakage of pr ot ei n and epi nephr i ne f r om chr omaf f i n

gr anul es under goi ng aggr egat i on and f usi on . Suspensi ons cont ai n-

i ng 80 ug/ ml gr anul e pr ot ei n wer e i ncubat ed as f ol l ows : a, 20 mi n

wi t hout synexi n or ar achi doni c aci d ; b, 20 mi n wi t hout synexi n, but

wi t h 4 FLg/ ml ar achi doni c aci d added at 15 mi n ; c, 20 mi n wi t h 15

t Lg/ ml synexi n al one ; d, 20 mi n wi t h synexi n, wi t h ar achi doni c aci d

added at 15 mi n . Fusi on occur s onl y i n case d . Bar e i ndi cat es t he

degr ee of l eakage t hat shoul d occur i f f usi on does not i nduce any

l eakage above cont r ol l evel s ( e = a + [ b - a ] + [ c - a ] ) . Leakage

of pr ot ei n i n c, d, and e may be over est i mat ed by a maxi mumof 2%

of t ot al because of unbound pr ot ei n i nt r oduced i n t he synexi n

pr epar at i on ( 7) . The er r or bar s r epr esent t he st andar d devi at i ons of

dupl i cat e exper i ment s .

or absence of added ar achi doni c aci d wer e exami ned by t hi n-

sect i on el ect r on mi cr oscopy . I n t he absence of ar achi doni c aci d

t he cor es of t he aggr egat ed gr anul es r emai ned dense and

separ at ed f r om one anot her by t he cl osel y apposed gr anul e

membr anes ( Fi g . 4A) . However , i n t he pr esence of ar achi doni c

aci d most of t he gr anul es f used t o f or m l ar ger st r uct ur es bound

by a si ngl e membr ane and cont ai ni ng f l occul ent cor e mat e-

r i al s appar ent l y gr eat l y di l ut ed f r om t hei r or i gi nal concent r a-

t i on i n t he dense gr anul es ( Fi gs . 4B and 5) . These st r uct ur es

wer e gener al l y smal l er t han t hose i l l ust r at ed i n Fi g . 1, because

of t he shor t er i ncubat i on t i me bef or e f usi on ( 15 mi n vs . 30- 45

mi n) . They al so appear ed " r el axed" or " f l oppy" i nst ead of

spher i cal , suggest i ng t hat t hey had not yet f ul l y expanded, or

t hat t he t ensi ons mai nt ai ni ng t he spher i cal shape may have

been r el axed dur i ng t he f i xat i on and pr ocessi ng of t he sampl es .

I n mi cr ogr aphs of cont r ol sampl es exposed t o ar achi doni c aci d

i n t he absence of synexi n, no evi dence of gr anul e f usi on was

seen . Cont ami nat i ng mi t ochondr i a wer e occasi onal l y seen i n

t he el ect r on mi cr ogr aphs, and t hey of t en appear ed t o have

been at t ached t o chr omaf f mgr anul es by synexi n act i on. How-

ever , t he mi t ochondr i a appear ed ver y r esi st ant t o f usi on be-

cause t hey usual l y r emai ned i nt act , even when seen at t ached

t o t he membr anes of ver y l ar ge vesi cl es f or med by t he f usi on

of chr omaf f i n gr anul es .

When gr anul es wer e aggr egat ed by pol yl ysi ne and exposed

t o ar achi doni c aci d, many empt y membr ane envel opes wer e

seen ( Fi g . 6 B) . These envel opes wer e of t en l ar ger t han si ngl e

gr anul e membr anes but smal l er t han t he vesi cl es f or med by

synexi n . Thi s suggest ed t hat a l i mi t ed amount of membr ane

f usi on had occur r ed but t hat t he r esul t i ng st r uct ur es had br oken

and r el eased t hei r cont ent s . The i nabi l i t y of gr anul es aggr e-

gat ed by pol yl ysi ne t o f or m l ar ge vesi cl es wi t hout t he l oss of

cor e mat er i al s was consi st ent wi t h t he f ai l ur e t o obser ve f usi on

of such aggr egat es i n t he phase mi cr oscope .



FI GURE 4

	

El ect r on mi cr ogr aphs of aggr egat ed ( A) and f used ( 8) chr omaf f i n gr anul es . Suspensi ons wer e i ncubat ed f or 20 mi n i n

t he pr esence of synexi n, and, i n B, ar achi doni c aci d was i nt r oduced at 15 mi n . Bar , 1 t t m .

DI SCUSSI ON

Thi s r epor t descr i bes t he f usi on of chr omaf f i n gr anul es on an

ext ensi ve scal e i n a cel l - f r ee syst em, i n a manner t hat may be

anal ogous t o t he f usi on of gr anul es t hat occur s dur i ng com-

pound exocyt osi s i n t he adr enal chr omaf f i n cel l . The abi l i t y t o

obser ve t hi s f usi on i n t he phase mi cr oscope r educed t he need

f or mor e sophi st i cat ed f usi on assays based on chemi cal mi xi ng

of vesi cl e cont ent s or el ect r on mi cr oscopy. However , el ect r on

mi cr oscopy was essent i al f or conf i r mat i on t hat act ual f usi on

had occur r ed . The f aci l i t y of t he obser vat i on of f usi on by l i ght

mi cr oscopy made i t possi bl e t o exami ne i n some det ai l t he

envi r onment al det er mi nant s of t he f usi on event . The r equi r e-

ment s f or ef f i ci ent f usi on wer e f ound t o be t hose l i kel y t o occur

i n t he cyt opl asm of t he secr et or y cel l when i t i s st i mul at ed : t he

pr esence of synexi n, Ca" , and f r ee ( unest er i f i ed) , unsat ur at ed

f at t y aci ds.

The abi l i t y of var i ous l i pi ds t o act as membr ane f usogens

has been descr i bed pr evi ousl y ( see r ef er ence 20 f or a r evi ew) .

However , t he l evel s of f usogen r equi r ed i n such st udi es, abso-

l ut el y or r el at i ve t o t he membr ane l i pi ds, ar e gener al l y one t o

t wo or der s of magni t ude hi gher t han t he concent r at i ons of f at t y

aci d used i n t he pr esent st udy . Fur t her mor e, t he chr omaf f i n,

gr anul e f usi on r equi r ed onl y a f ew mi nut es, as opposed t o up

t o 1 h f or cel l f usi on . Thi s ki net i c di f f er ence i s pr obabl y

at t r i but abl e, at l east i n par t , t o t he r ol e of synexi n i n hol di ng

t he membr anes t oget her i n cl ose cont act . Gr anul e f usi on al so

exhi bi t ed a st r i ki ng speci f i ci t y, t o a degr ee not seen i n pr evi ous

f usi on st udi es, f or par t i cul ar ci s- unsat ur at ed f at t y aci ds . For

exampl e, movement or i somer i zat i on of t he doubl e bond i n

ol ei c aci d gr eat l y r educed or el i mi nat ed i t s f usogeni c pot ent i al .

The expl anat i on of t hi s speci f i ci t y i s not cl ear at pr esent .

However , i t may be r el evant t hat Kl ausner et al . ( 18) have

suggest ed t hat ci s- unsat ur at ed f at t y aci ds ent er di f f er ent l i pi d

domai ns i n nat ur al and ar t i f i ci al membr anes t han do t r ans-

unsat ur at ed or sat ur at ed f at t y aci ds .

The i mpl i ed r equi r ement f or a f r ee, unsat ur at ed f at t y aci d

f or membr ane f usi on t o occur i n exocyt osi s mi ght be r eadi l y

sat i sf i ed by t he act i on of a phosphol i pase A2 on membr ane

phosphol i pi ds ( 11, 21) . I n t he case of bl ood pl at el et s, f or

exampl e, ar achi doni c aci d i s f r eed f r om membr ane l i pi ds when

t he pl at el et s ar e st i mul at ed t o secr et e ser ot oni n. Some of t hi s

ar achi doni c aci d i s met abol i zed t o f or m pr ost agl andi ns . The

exper i ment s i n t hi s paper suggest t hat some or al l , bef or e

oxi dat i on, may be i nvol ved i n membr ane f usi on . I ndeed, t he

amount of f r ee ar achi doni c aci d f or med, r el at i ve t o t he t ot al

l i pi d cont ent of t he pl at el et , may be as hi gh as 8%( 21) , whi ch

i s compar abl e t o t he amount r esponsi bl e f or t he f usi on of

chr omaf f i n gr anul es i n t he pr esent st udy ( 4- 8%r el at i ve t o t ot al

gr anul e l i pi ds) . Ar achi doni c aci d i s one of t he maj or f at t y aci ds

of t he chr omaf f i n gr anul e membr ane, compr i si ng 19% of t he

t ot al f at t y aci ds pr esent i n phosphol i pi ds ( ol ei c aci d account s

f or 14%, and l i nol ei c f or 6%of t he f at t y aci ds ; r ef er ence 33) .

However , ver y l i t t l e i s pr esent l y known about nonl ysosomal

phosphol i pases or about ar achi doni c aci d met abol i sm i n t he

chr omaf f i n cel l .
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FI GURE 6

	

Chr omaf f i n gr anul es aggr egat ed by pol yl ysi ne and exposed t o ar achi doni c aci d . Suspensi ons wer e i ncubat ed f or 20 mi n

i n t he pr esence of pol yl ysi ne and, i n B, ar achi doni c aci d was i nt r oduced at 15 mi n . Li mi t ed f usi on and ext ensi ve membr ane

br eakage i s appar ent i n B. Bar , 1 Am.

I n addi t i on t o speci f i ci t y f or par t i cul ar f at t y aci ds, t he over al l

aggr egat i on and f usi on r eact i on al so demonst r at ed a speci f i ci t y

f or Ca" , f or synexi n, and f or gr anul e membr anes. The Ca"

speci f i ci t y i s account ed f or by t he speci f i c r equi r ement of

synexi n f or t hi s i on i n or der t o br i ng t he membr anes t oget her

( 7) . Aggr egat i on by basi c pr ot ei ns such as pol yl ysi ne di d not

l ead t o t he ext ensi ve and semi conser vat i ve ( i . e . , not l eaky t o

l ar ger mol ecul es) f usi on i nduced by synexi n . Al t hough mi t o-

chondr i a wer e at t ached t o chr omaf t n gr anul es by synexi n,

t hey ver y sel dom f used wi t h t he gr anul es i n t he pr esence of

ar achi doni c aci d .

I t i s usef ul now t o r evi ew t he hypot hesi s t hat has been put

f or war d f or t he r ol es t hat synexi n and t he chemi osmot i c pr op-

er t i es of chr omaf i i n gr anul es may pl ay i n t he pr ocess of exo-

cyt osi s ( 29) and t o exami ne expl i ci t l y what modi f i cat i ons t o

t hi s hypot hesi s t he cur r ent obser vat i ons suggest . When t he

chr omaf f mcel l i s st i mul at ed t o secr et e epi nephr i ne, t he cyt o-

pl asmi c Ca l l concent r at i on i ncr eases . Synexi n, whi ch i s pr e-

sumabl y f r ee i n t he cyt opl asm as a 47, 000- dal t on monomer at

l ow Ca" , bi nds Ca2' and pol ymer i zes t o f or m smal l 50 x 150-

A r ods ( 8) . These r ods may sel f - associ at e, and t hey may bi nd

t o chr omaf l i n gr anul e ( 7) and pl asma membr anes ( 25, 32) . By

so doi ng, t hey br i ng t he membr anes i nt o cl ose cont act . The l ow

af f i ni t y of synexi n f or Ca
2+

( Kd - 200 j m) may conveni ent l y

r est r i ct synexi n act i on t o t he vi ci ni t y of t he pl asma membr ane,

wher e Ca
2+

i s at t he hi ghest concent r at i on, assumi ng t hat i t

ent er s f r om t he ext r acel l ul ar medi um, At t hi s poi nt i n t he

pr ocess i t has been suggest ed t hat gr anul es at t ached t o t he

pl asma membr ane ( or t o t he membr anes of pr evi ousl y r upt ur ed

gr anul es) ar e exposed t o t he hi gh, ext r acel l ul ar concent r at i ons

of C1 - ( 27, 29) . Thi s ani on i s t hen dr i ven i nt o t he gr anul e

i nt er i or as a count er i on t o pr ot ons bei ng pumped i nt o t he

gr anul e by t he gr anul e membr ane MgATPase ( 10, 24) . Con-

sequent l y, t he osmot i c st r engt h i n t he gr anul e i ncr eases, and

event ual l y t he gr anul e r upt ur es, r el easi ng i t s cont ent s . For

exocyt osi s t o occur t he gr anul e must r upt ur e at t he poi nt of

cont act wi t h t he pl asma membr ane ( or wi t h t he membr ane of

a gr anul e t hat has al r eady r el eased i t s cont ent s) . However , i t

has been by no means cl ear t hat t he " pent al ami nar st r uct ur e"

f or med by t he synexi n- i nduced apposi t i on of membr anes ( 7)

woul d be pr ef er ent i al l y weak and t hus i ncl i ned t o br eak .

The i mpl i cat i on of t he pr esent r epor t i s t hat t he poi nt of

cont act f or med bet ween membr anes by synexi n can i ndeed

become weak and wi l l br eak i f an unest er i f i ed, ci s- unsat ur at ed

f at t y aci d i s pr esent . I f such an agent i s made avai l abl e by t he

act i on of a phosphol i pase ( per haps Ca2' act i vat ed) , exocyt osi s

wi l l occur .

I t i s at t r act i ve t o vi sual i ze t hat t he r upt ur e of gr anul e mem-

br anes br ought i nt o cont act by synexi n and dest abi l i zed by an

unsat ur at ed f at t y aci d i s dr i ven by an i ncr ease i n osmot i c

st r engt h wi t hi n t he gr anul e. Thi s coul d expl ai n t he swel l i ng of

l ar ge vacuol el i ke vesi cl es, seen i n t he pr esent exper i ment s, and

t he i nhi bi t i on of t he f or mat i on of t hese st r uct ur es by i ncr eased

osmot i c st r engt h, as wel l as t he osmot i c suppr essi on of exocy-

FI GURE 5

	

Low and hi gh magni f i cat i on el ect r on mi cr ogr aphs of f used chr omaf f i n gr anul es . I ncubat i on as i n Fi g . 4 B. Bar s : A, 5 Bm;

8, 0 . 3 Bm.
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t osi s, whi ch has been descr i bed i n sever al cel l t ypes ( 5, 27, 31) .

However , i n t he pr esent exper i ment s, t he i nabi l i t y of an un-

coupl i ng agent ( pr ot on i onophor e) or of an i nhi bi t or of ani on

t r anspor t t o i nhi bi t t he f usi on of gr anul es, and t he f ai l ur e of

MgATP t o accel er at e t he pr ocess r ai se doubt s about t he i m-

por t ance of t he chemi osmot i c swel l i ng of t he gr anul es i n t he

f usi on event . Nonet hel ess, i t seems cl ear t hat some t ype of

swel l i ng ( encl osed vol ume i ncr ease) must occur f or vesi cl es t o

f or mwhi ch ar e l ar ge enough t o be seen i n t he l i ght mi cr oscope .

Geomet r i c consi der at i ons di ct at e t hat , when t he sur f aces of n

smal l spher es ar e r ear r anged t o f or m a si ngl e l ar ge spher e, t he

vol ume encl osed i n t he l ar ge spher e i s / n- t i mes l ar ger t han t he

col l ect i ve vol ume of t he n smal l spher es . The l ar gest vesi cl es

f or med f r om f used chr omaf f mgr anul es wer e 10 , , mi n di amet er

and t hus may have been const r uct ed f r om t he membr anes of

1, 600 gr anul es of 2, 500- A di amet er , assumi ng conser vat i on of

membr ane ar ea . Ther ef or e, t he cont ent s of t hese vesi cl es wer e

di l ut ed 40- f ol d. Thi s seems t oo gr eat a vol ume i ncr ease t o be

account ed f or by t he chemi osmot i c pr oper t i es of t he membr ane

wi t hi n t he t i me- f r ame of t he f usi on event or by t he osmot i c

consequence of sol ubi l i zi ng t he smal l mol ecul es t r apped i n t he

gr anul e cor es . Per haps t he di spl acement of count er i ons f r om

negat i vel y char ged mat r i x pr ot ei ns ( chr omogr ani ns) has l ed t o

t hei r expansi on, t hus dr i vi ng t he swel l i ng of t he vesi cl es .

I n i nt er pr et i ng t he pr esent exper i ment s, i t shoul d be empha-

si zed t hat t he exper i ment al condi t i ons used wer e opt i mi zed f or

t he vi sual i zat i on of f usi on i n t he phase mi cr oscope . Exocyt osi s

i n vi vo may occur as a r esul t of a f ar mor e l i mi t ed degr ee of

f usi on. A det ai l ed i nvest i gat i on of gr anul e f usi on i nduced by

synexi n and ci s- unsat ur at ed f at t y aci ds under mor e r est r i ct ed

condi t i ons may now be val uabl e . Synexi n i s a wi del y di st r i b-

ut ed pr ot ei n, and ci s- unsat ur at ed f at t y aci ds ar e common com-

ponent s of membr ane phosphol i pi ds . Thus, t he det ai l ed st udy

of t hi s event may hel p t o el uci dat e t he mechani sm of Ca" -

dependent membr ane f usi on i n ot her syst ems as wel l .

I ami ndebt ed t o James Jor dan and N. Raphael Shul man f or di scus-

si ons of ar achi doni c aci d met abol i sm, t o Leonar d Hj el mel and f or

di scussi ons of det er gent and l i pi d chemi st r y, t o Mar k Levi ne f or

suggest i ng t he vi t ami n Eexper i ment s and f or suppl yi ng t he compound,

t o Pat Fl emi ng f or a di scussi on of chr omaf f f n gr anul e l i pi ds, and t o

Har vey Pol l ar d, Chr i s Pazol es, Janet Scot t , and Vel i a Fowl er f or

cr i t i cal di scussi ons of t he dat a . I amal so i ndebt ed t o Howar d Bl aden

f or advi ce i n el ect r on mi cr oscopy and t he use of hi s f aci l i t i es, t o Geor ge

Pappas f or assi st ance wi t h t he ul t r ast r uct ur al anal ysi s, t o Samuel

St opak f or assi st ance wi t h t he epi nephr i ne assay, and t o El i se Ur ci ol o

f or t ypi ng t he manuscr i pt .

Some of t he obser vat i ons descr i bed her e wer e r epor t ed i n pr el i mi -

nar y f or mi n a di scussi on at t he Laur ent i an Hor mone Conf er ence hel d

at t he Mount Tr embl ant Lodge, Québec, Canada, August 24- 29, 1980

( 28) .

Recei vedf or publ i cat i on 17 November 1980, and i n r evi sedf or m4 Mar ch

1981.
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