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ABSTRACT Vacuol es f r om beet r oot ( Bet a vul gar i s L . vat . escul ent a Gur ke) i sol at ed by a

mechani cal pr ocedur e wer e osmot i cal l y l ysed t o separ at e t he membr ane and sap component s

f or anal ysi s . Appr oxi mat el y 62%of t he vacuol e pr ot ei ns, 70%of t he nondi al yzabl e car bohydr at es

and al most al l of t he phosphol i pi ds and st er ol s wer e r ecover ed i n t he membr ane f r act i on . The

vacuol e membr ane had a phosphol i pi d : pr ot ei n r at i o of 0 . 68 and a st er ol : phosphol i pi d r at i o of

0 . 21 . 17 compl ex pol ar l i pi ds i ncl udi ng phosphat i des and gl ycol i pi ds have been t ent at i vel y

i dent i f i ed . Phosphat i dyl chol i ne ( 54%) and phosphat i dyl et hanol ami ne ( 24%) wer e t he most

pr omi nent phosphogl ycer i des besi des phosphat i dyl ser i ne, phosphat i dyl gl ycer ol , phosphat i -

dyl i nosi t ol , and phosphat i di c aci d ( 1, 4, 5, and 12%, r espect i vel y) . A put at i ve sul f ogl ycosi de

and t wo maj or cer ami de gl ycosi de- l i ke l i pi ds, r esembl i ng t hose of ani mal l ysosomes, wer e

i dent i f i ed by t hi n- l ayer chr omat ogr aphy . Hi gh- r esol ut i on SDS- acr yl ami de gel el ect r ophor esi s

of t he pol ypept i des f r om t he vacuol e r eveal ed 15 maj or bands wi t h appar ent mol ecul ar wei ght s

r angi ng f r om91, 000 t o 12, 000 . Sel ect i ve el ut i on exper i ment s del i neat ed t hose pol ypept i des t hat

wer e per i pher al membr ane pr ot ei ns or sap pr ot ei ns adsor bed t o t he membr ane, and t hose t hat

exhi bi t ed hydr ophobi c i nt er act i ons wi t h t he l i pi d cor e . Lect i n l abel i ng r esul t s i ndi cat ed t hat

most of t he pol ypept i des f r om t he membr ane and f r om t he sap wer e gl ycopr ot ei ns pr obabl y

of t he hi gh- mannose t ype char act er i st i c of l ysosomal enzymes t hat have under gone sever al

st ages of post t r ansl at i onal modi f i cat i on .

Vacuol es ar e by f ar t he l ar gest membr ane- bounded or ganel l es

of most mat ur e pl ant cel l s. They pl ay a r ol e i n osmot i c r egu-
l at i on, space f i l l i ng, deposi t i on of met abol i c pr oduct s, and t he
compar t ment at i on of hydr ol yt i c enzymes ( see r ef er ences 24
and 25 f or r evi ews) . Many of t hese pr oper t i es depend on t he
vacuol e membr ane t o compar t ment al i ze t he exopl asmi c space,
t o act as at t achment si t es f or enzymes, or t o per f or mspeci al i zed

f unct i ons such as t r anspor t , bi ndi ng, or r el ease of i ons and

macr omol ecul es . Because t he mol ecul ar or gani zat i on of t he

membr ane i s basi c t o t hese mechani sms, we have anal yzed t he

maj or component s of t he vacuol e per i pher y . Thi s paper r epor t s

our i ni t i al r esul t s .

Vacuol es f r om t he r oot st or age t i ssue of r ed beet s ( Bet a vul gar i s L. var .

escul ent a Gt i r ke) wer e pr epar ed accor di ng t o a pr ocedur e modi f i ed f r om Lei gh

and Br ant on ( 17) . The modi f i ed pr ocedur e yi el ded mor e vacuol es, and i nvol ved

changes i n t he number of cut s, vol ume of col l ect i on medi um, t emper at ur e,

met hod of f i l t r at i on, and t he f i nal cent r i f ugat i on condi t i ons . I n t hi s modi f i cat i on,

500 g of f r esh, mi nced t i ssue wer e sl i ced i nt o 500 ml of i ce- col d col l ect i on medi um

( 1 . 0 Msor bi t ol , 5 mMEDTA, 25 mMS- mer eapt obenzot hi azol e, 50 mMTr i s-

HCl buf f er , pH 7. 6) , usi ng a mot or - dr i ven t i ssue sl i cer ( l 7) oper at ed at 90 r pm.

Al l subsequent oper at i ons wer e at 4° C. The col l ect i on medi um cont ai ni ng

vacuol es was f i l t er ed t hr ough a st ai nl ess st eel si eve ( 570- , um hol es, 240- pi n wi r e

di amet er ) , and t he t i ssue r et ai ned by t he si eve was r esl i ced at 90 r pm, usi ng 500

ml of f r esh col l ect i on medi um. Af t er f i l t r at i on, t he sl i ces wer e cut a t hi r d t i me,

usi ng 500 ml of f r esh medi um, and f i l t er ed. The t r i ce- sl i ced t i ssue was di scar ded

and t he t hr ee 500- ml por t i ons of f i l t er ed br ei wer e pool ed and di vi ded among si x

t ubes and cent r i f uged at 2, 000 g f or 10 mi n at 4° C i n a Sor val l GS3 r ot or ( Du

Pont Co . , Sor val l Bi omedi cal Di v . , Wi l mi ngt on, Del . The super nat ant sol ut i ons

wer e di scar ded and t he pel l et s cont ai ni ng t he vacuol es wer e each r esuspended i n

2 . 5 ml of 15%( wt / vol ) Met r i zami de ( Accur at e Chemi cal & Sci ent i f i c Cor p. ,

Hi cksvi l l e, N. Y. ) i n i sol at i on medi um ( 1 . 5 Msor bi t ol , 1 mM EDTA, 10 mM

Tr i s- HCI , pH 7. 6) and pool ed t oget her bef or e f i l t r at i on t hr ough one l ayer of

Mi r acl ot h ( Chi copee Mi l l s, I nc. , Mi l l t own, N. J . ) pr emoi st ened wi t h 1590 ( wt / vol )

Met r i zami de i n i sol at i on medi um. The f i l t r at e ( 16 ml ) was di vi ded i nt o f our

SW40 r ot or t ubes ( Beckman I nst r ument s, I nc. , Spi nco Di v . , Pal o Al t o, Cal i f . )

and over l ayer ed f i r st wi t h 5 ml of i sol at i on medi um cont ai ni ng 9%( wt / vol )

Met r i zami de and t hen 4 ml of i sol at i on medi um wi t hout Met r i zami de . The

di scont i nuous gr adi ent s wer e cent r i f uged f or 35 mi n at 100, 000 g i n a sl owl y

accel er at ed and ver y sl owl y decel er at ed Spi nco SW40 r ot or i n a Sor val l OTD- 65

ul t r acent r i f uge oper at ed on C- sl ow accel er at i on and r eogr ad decel er at i on modes.

Thi s cent r i f ugat i on pr ocedur e yi el ded a l ar ger pr opor t i on of smal l vacuol es t han

t hesl ower cent r i f ugat i on ( 15 mi n at 650 g) used i n t heor i gi nal Lei gh andBr ant on

( 17) met hod. Af t er ei t her cent r i f ugat i on t he vacuol es wer e f ound as a shar p band

at t he i nt er f ace of t he 0%and 9% Met r i zami de l ayer s . The pur i t y of t he f i nal

vacuol e f r act i ons was assessed accor di ng t o t he cr i t er i a of Lei gh and Br ant on

( 17) . Because t he pr epar at i on obt ai ned by our modi f i ed pr ocedur e was of equal

THE JOURNAL OF CELL BI OLOGYzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" VOLUME 87 OCTOBER 1980 72- 83

©The Rockef el l er Uni ver si t y Pr ess " 0021- 9525/ 80/ 10/ 0072/ 12 $1 . 00



or bet t er pur i t y but hi gher yi el d t han t hat obt ai ned by t he Lei gh and Br ant on

( 17) pr ocedur e, i t was used f or t he exper i ment s r epor t ed i n t hi s paper . Vacuol es

( l . l mg pr ot ei n/ ml ) wer e ei t her used di r ect l y or r esuspended i n i sol at i on medi um

and washed once by sedi ment at i on at 3, 500g i n a Sor val l SS- 34 r ot or f or 10 mi n.

Subf r act i onat i on of Vacuol es i nt o Membr ane

and Sap Component s

Fr eshl y pr epar ed vacuol es ( 440 pg of pr ot ei n i n 400Al ) wer e l ysed by hypot oni c

t r eat ment i n 10 ml of 10 mMTr i s- HCI , pH7. 6, buf f er cont ai ni ng 1 mMEDTA,

f ol l owed by one cycl e of f r eezi ng and t hawi ng. The vol ume was f i nal l y br ought

t o 35 ml wi t h t he hypot oni c buf f er and t he vacuol e membr anes wer e sedi ment ed

at 39, 000 g f or 30 mi n i n a Sor val l SS- 34 r ot or wi t hout br aki ng . Pi nk super nat es

cont ai ni ng t he r el eased vacuol e sap wer e r emoved, di al yzed agai nst dei oni zed

wat er , l yophi l i zed, and f i nal l y sol ubi l i zed f or SDS- pol yacr yl ami de gel el ect r o-

phor esi s . The pel l et s of vacuol e membr ane wer e ext ensi vel y dr ai ned and di r ect l y

sol ubi l i zed f or el ect r ophor esi s or r esuspended by vi gor ous vor t exi ng i n 700 JAI of

t he appr opr i at e el ut i on sol ut i on f or ext r act i on .

El ut i on Tr eat ment

Ext r act i ons i ncl uded t he t r eat ment of t he vacuol e membr anes f or 30 mi n at

37° C i n a r eci pr ocal shaki ng bat h wi t h dei oni zed wat er , 5 mMphosphat e buf f er ,

pH 8. 0, cont ai ni ng 25 mMNaCl , 10 mMTr i s- HCl buf f er , pH 6. 5, cont ai ni ng 1

mMEDTA and ei t her KCl ( 0- 1 . 5 M) or ur ea ( 0- 8 M) . Membr anes wer e al so

ext r act ed f or 20 mi n wi t h i ce- col d 0. 5%( wt / vol ) Tr i t on X- 100 buf f er ed at l ow

and moder at e i oni c st r engt h. DFP' ( 0. 1 mM) was i ncl uded when speci f i ed . The

ext r act ed membr anes wer e r ecover ed by sedi ment at i on at 39, 000 g f or 30 mi n i n

a Sor val l SS- 34 r ot or wi t hout br aki ng . The pel l et s wer e di r ect l y sol ubi l i zed f or

SDS- pol yacr yl ami de gel el ect r ophor esi s. Membr anes wer e al so ext r act ed wi t h

i ce- col d 10 mMTr i s- HCI cont ai ni ng 1 mMEDTA, pH 7. 6, or wi t h wat er adj ust ed

wi t h NaOH t o pH 9- 13 . The membr anes wer e pel l et ed i mmedi at el y al t er

ext r act i on and t he pel l et s t r eat ed as above . Al l super nat es wer e cent r i f uged at

135, 000 g f or 60 mi n i n a Spi nco SW50. 1 r ot or t o cl ear t hem of any possi bl e

membr ane r emnant s ; pel l et s wer e never di scer ni bl e. The r esul t i ng super nat es

( 700 pl ) wer e di al yzed over ni ght agai nst 5 mM Tr i s- HCI , pH 6 . 8 cont ai ni ng

0. 02%( vol / vol ) , R- mer capt oet hanol , and t hen l yophi l i zed bef or e sol ubi l i zat i on f or

gel el ect r ophor esi s.

Ext r act i on and Det er mi nat i on of Mai n

Li pi d Cl asses

Packed vacuol e membr anes ( 200- 400 pl ) wer e ext r act ed at r oom t emper at ur e

wi t h 4 ml chl or of or m- met hanol ( 2: 1, vol / vol ) f or 10- 30 mi n wi t h i nt er mi t t ent

mi xi ng . The chl or of or m- met hanol was par t i t i oned wi t h 0. 8 ml of 50 mM NaCl

accor di ng t o Fol ch et al . ( 10) . Af t er vor t exi ng, t he t ube was l ef t f or at l east 15

mi n and t hen cent r i f uged at 1, 500 r pmf or 20 mi n i n a cl i ni cal cent r i f uge. The

l ower phase was col l ect ed, t r ansf er r ed t o a new t ube, and dr i ed under a st r eam

of ni t r ogen gas at 30° C. The r esi dual l i pi ds wer e i mmedi at el y di ssol ved i n

chl or of or m, made up t o 500 pl , and anal yzed. Tot al l i pi d phosphat e was assayed

by t he pr ocedur e of Bar t l et t ( 2) .

The l i pi ds wer e separ at ed and i dent i f i ed by t wo- di mensi onal t hi n- l ayer chr o-

mat ogr aphy on 20- x 20- cm gl ass pl at es pr ecoat ed wi t h si l i ca gel G, 250 pi n

t hi ck, and act i vat ed at 110° C f or 30 mi n bef or e use . For t he det ect i on of pol ar

l i pi ds, chl or of or m- met hanol - ammoni a ( 65 : 25 : 5, vol / vol ) was used f or chr omat og-

r aphy i n t he f i r st di mensi on, and chl or of or m- acet one- met hanol - acet i c aci d- wat er

( 3 : 4 : 1 : 1 : 0. 5, vol / vol ) was used i n t he second di mensi on. The l ess pol ar l i pi ds,

whi ch mi gr at ed wi t h or near t he f r ont i n t hi s syst emwer e subf r act i onat ed usi ng

pet r ol eumet her ( bp, 40° - 60° C) - di et hyl et her - acet i c aci d ( 75: 25 : 1, vol / vol ) as t he

devel opi ng sol vent . Because i t was i mpossi bl e t o accompl i sh compl et e separ at i on

by usi ng t hi s si ngl e sol vent , t he chr omat ogr ams wer e devel oped t o t he mi dl i ne i n

chl or of or m, t hen i n hexane- et her ( 85: 15, vol / vol ) t o t he t op; i n chl or of or m-

met hanol - ammoni a ( 65 : 25 : 5, vol / vol ) t o t he mi dl i ne, t hen i n chl or of or m t o t he

t op or i n chl or of or m- met hanol - ammoni a ( 65: 25 : 5, vol / vol t t o t he f i r st t hi r d, t hen

i n chl or of or m t o t he second t hi r d, and f i nal l y i n hexane- et her ( 85 : 15, vol / vol ) t o

t he t op ( 21) .

The f ol l owi ng nondest r uct i ve pr ocedur es wer e used t o det ect l i pi d cl asses on

' Abbr evi at i ons used i n t hi s paper :

	

BSA, bovi ne ser um al bumi n ; Con

A, concanaval i n A; DFP, di i sopr opyl f l uor ophosphat e ; DTT, di t hi o-

t hr ei t ol ; ER, endopl asmi c r et i cul um; FI TC, f l uor escei n i sot hi ocyanat e;

PAS, per i odi c aci d- Schi f RCA I and I I , Ri ci nus communi s aggl ut i ni ns

I and 11 ; TLC, t hi n- l ayer chr omat ogr aphy ; WGA, wheat ger m aggl u-

t i ni n.

TLC pl at es : ( a) The pl at e was spr ayed wi t h 0. 003%( wt / vol ) r hodami ne 6G i n I

Nsodi um hydr oxi de and vi ewed whi l e wet under UV ( pr edomi nant l y 366 nm)

l i ght ; t he i ndi vi dual l i pi d cl asses appear ed as f l uor escent ar eas. ( b) The pl at e was

pl aced i n a cl osed cont ai ner of sat ur at ed i odi ne vapor ; t he l i pi d st ai ned yel l ow

af t er a f ewmi nut es. Af t er ei t her pr ocedur e t he l i pi d coul d be scr aped f r om t he

pl at e and r ecover ed f or f ur t her anal ysi s . For dest r uct i ve det ect i on of l i pi ds, t he

pl at es wer e spr ayed wi t h 5% ( vol / vol ) sul f ur i c aci d i n 95%( vol / vol ) et hanol and

t hen heat ed at 180° C f or 30 mi n. Li pi ds as wel l as ot her nonvol at i l e or gani c

compounds f or med dar k br own spot s .

I ndi vi dual l i pi d cl asses wer e t ent at i vel y i dent i f i ed by compar i son of t hei r Rf

val ues wi t h t hose of aut hent i c st andar d l i pi ds ( Supel co I nc. , Bel l ef ont e, Pa. )

chr omat ogr aphed i n t he same condi t i ons ( 13) and by t est s f or phosphat e ( 38) ,

chol i ne ( Dr agendor f f st ai n ] 4] ) , NH- gr oup ( 13) , st er ol s, and st er ol est er s ( 18) ; t he

OsO, t est f or unsat ur at ed doubl e bonds; and t he ni nhydr i n t est f or ami no- l i pi ds

( 22, 28) . Schi f f r eagent was used t o t est f or al dehydes ei t her di r ect l y or af t er mi l d

HgC12 - oxi dat i on ( 31) , or af t er sodi ummet aper i odat e oxi dat i on ( 29) . Gl ycol i pi ds

wer e char act er i zed by t he per i odat e- Schi f f st ai n and by t he or ci nol ( 33) , di phen-

yl ami ne ( 39) , a- napht hol ( 30) and r esor ci nol t est s ( 34) .

Because st er ol s wer e pr esent i n t he 100 ng r ange, mi cr oanal ysi s was car r i ed

out by use of quant i t at i ve t hi n- l ayer chr omat ogr aphy accor di ng t o Fi sher ( 9) ,

except t hat t he pl at es wer e spr ayed wi t h 2 mMf er r i c chl or i de i n 5%H2SO4/ 5%

acet i c aci d i n di st i l l ed H2O( vol / vol ) . Sampl es and at l east si x st andar ds, each

cont ai ni ng 100- 800 ng pur e er gost er ol , wer e r unon t he same pl at e. Char r ed spot s

wer e scanned wi t h a r ecor di ng mi cr odensi t omet er ( Joyce- Loebl & Co. , Lt d . ,

Gat eshead, Engl and) and t he opt i cal densi t y peaks wer e i nt egr at ed.

Pol yacr yl ami de Gel El ect r ophor esi s
Tot al pr ot ei n was det er mi ned i n dupl i cat e al i quot s by t he met hod of Lowr y

et al . ( 19) , usi ng BSA as a st andar d. When bet al ai ns wer e pr esent , t he pr ot ei n

was f i r st pr eci pi t at ed wi t h i ce- col d, 10%( wt / vol ) TCA, washed i n met hanol , and

r edi ssol ved i n 1 Nsodi um hydr oxi de bef or e assay . Pol ypept i des wer e anal yzed

by SDS- pol yacr yl ami de gr adi ent gel el ect r ophor esi s, usi ng t he di scont i nuous

SDS- Tr i s- gl yci ne buf f er syst emof Laemml i ( 16) and 1 . 5- mm- t hi ck sl ab gel s wi t h

12 wel l s ( 1 . 2 x 0 . 7 cm) i n a ver t i cal appar at us . The st acki ng gel ( 3 x 16 cm) was

3%( wt / vol ) pol yacr yl ami de and t he r esol vi ng gel ( 11 x 16 cm) was a 5- 15%( wt /

vol ) l i near acr yl ami de gr adi ent gener at ed by a mi xer connect ed t o a per i st al t i c

pump . Sol ut i ons wer e made up accor di ng t o Mai zel ( 20) wi t h t hese modi f i cat i ons :

t he ammoni um per sul f at e concent r at i on was r educed t o 0. 02% ( wt / vol ) t o sl ow

t he pol ymer i zat i on i n t he r esol vi ng gel and i ncr eased t o 0. 3%( wt / vol ) i n t he

st acki ng gel f or pol ymer i zat i on wi t hi n 20 mi n. TEMED ( N, N, N' , N' - t et r amet h-

yl et hyl enedi ami ne) was r ai sed t o 0. 1%( vol / vol ) and Tr i s- HCI buf f er made up t o

125 mMi n t he r esol vi ng gel , accor di ng t o Weber and Osbor n ( 40) . Sucr ose ( l 0%,

wt / vol ) was added t o t he buf f er cont ai ni ng t he hi gher concent r at i onof acr yl ami de

used f or t he gr adi ent . The Tr i s- HCI el ect r ode buf f er was di l ut ed t o 25 mM.

To r educe t he amount of st ai ni ng at t he t op of t he r esol vi ng gel and t he

backgr ound st ai ni ng al ong t he el ect r ophor er esi c pat h of membr ane pol ypept i des,

we t est ed t he f ol l owi ng pr ocedur es : ( a) sol ubi l i zat i on i n sampl e buf f er ( 10%vol /

vol gl ycer ol , 3%wt / vol SDS, 10 mMTr i s HCI , 0. 025%wt / vol br omophenol bl ue)

i n t he pr esence or absence of 3%( wt / vol ) DTT, 5%( vol / vol ) , B- mer capt oet hanol

or 2 mMEDTA, separ at el y or i n combi nat i on; i ncubat i ons at 37° C f or 60 mi n,

60° C f or 20 mi n, or 90° C f or 2 mi n ; soni cat i on f or 5- 10 s at 20 W; ( b)

sol ubi l i zat i on i n guani di ne- hydr ochl or i de f ol l owed by al kyl at i on t o ensur e t he

compl et e denat ur at i on of t he pr ot ei ns and r api d i nact i vat i on of any pr ot eases

( 40) ; ( c) per f or mi c aci d oxi dat i on of t he sampl e bef or e l yophi l i zat i on and sol u-

bi l i zat i on ; ( d) pr et r eat ment of t he sampl e by DNase at 37° C f or 30 mi n . The

backgr ound st ai ni ng was never compl et el y abol i shed when undel i pi ded mem-

br anes wer e used . Backgr ound st ai ni ng was consi der abl y r educed when mem-

br ane pr ot ei ns wer e pr eci pi t at ed wi t h 10%( wt / vol ) TCA bef or e sol ubi l i zat i on,

but t hi s pr ocedur e al so caused i r r egul ar l osses of membr ane pol ypept i des . The

f ol l owi ng pr ocedur e was f i nal l y adopt ed: The sampl e der i ved f r om 0. 5 ml of

pur i f i ed vacuol es was sol ubi l i zed i n 100 l al of sampl e buf f er cont ai ni ng 3%( wt /

vol ) DTT, 5% ( vol / vol ) , R- mer capt oet hanol , 2 mMEDTA and soni cat ed ( 20 W,

5 s) . Af t er 20 mi n of i ncubat i on at 60°C, t he mi xt ur e was cool ed t o r oom

t emper at ur e f or i mmedi at e use or st or ed at - 70° C.

Di l ut e ext r act s of sol ubl e pr ot ei ns wer e mi xed wi t h al i quot s of SDS buf f er ,

l yophi l i zed, and made up t o appr opr i at e vol ume wi t h dei oni zed wat er bef or e

el ect r ophor esi s.

El ect r ophor esi s was car r i ed out at a const ant cur r ent of 25 mA unt i l t he

t r acki ng dye was 1 cm above t he bot t om of t he gel ( 5 h) . Gel s wer e f i xed and

st ai ned i n 0. 1%Coomassi e Br i l l i ant Bl ue R- 250 i n 25%( vol / vol ) 2- pr opanol wi t h

10%( vol / vol ) gl aci al acet i c aci d f or 6- 8 h f ol l owed by a f i nal wash i n 10%( vol /

vol ) acet i c aci d. Densi t omet r i c t r aci ngs of st ai ned gel s wer e made t hr ough an

or ange f i l t er by use of t he r ecor di ng mi cr odensi t omet er . Phosphor yl ase a, BSA,

oval bumi n, car boni c anhydr ase and cyt ochr ome c wer e used as mol ecul ar wei ght

st andar ds, i n addi t i on t o humaner yt hr ocyt e ghost membr anes pr epar ed accor di ng

t o Dodge et al . ( 6) . The mol ecul ar wei ght s of t he er yt hr ocyt e membr ane com-

ponent s wer e assumed f r om t he dat a of St eck ( 32) .
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Quant i f i cat i on of Gl ycoconj ugat es

The vacuol e membr ane and t he TCA- pr eci pi t at e f r om t he vacuol e cont ent

wer e di al yzed over ni ght agai nst 1 mM Tr i s- HCI , pH 6. 8, cont ai ni ng 0. 1 mM

EDTA, and t he amount of car bohydr at e i n t he gl ycoconj ugat es was det er mi ned

i n each subf r act i on by t he col or i met r i c met hod of Duboi s et al . ( 8) .

I dent i f i cat i on of Vacuol e Gl ycopr ot ei ns i n SDS-

Acr yl ami de Gel s

Gel s wer e st ai ned wi t h PAS r eagent f or t he det ect i on of gl ycopr ot ei ns accor d-

i ng t o Gl ossman and Nevi l l e ( 11) . St ai ned gel s wer e scanned on t he densi t omet er

and phot ogr aphed t hr ough a Kodak no . 61 gr een f i l t er .

Vacuol egl ycopr ot ei ns cont ai ni ng l ect i n- bi ndi ng si t es wer e det ect ed di r ect l y i n

t he gel s af t er el ect r ophor esi s by a pr ocedur e si mi l ar t o t hat descr i bed by Rodr i -

guez- Boul an et al . ( 27) . I ndi vi dual l anes f r om t he sl ab gel s cont ai ni ng t he

separ at ed pr ot ei ns wer e f i xed over ni ght i n 25%( vol / vol ) i sopr opanol wi t h 15%

( vol / vol ) gl aci al acet i c aci d and t hor oughl y washed i n 50 mMTr i s- HC1 buf f er ,

pH 7. 5, cont ai ni ng 50 mMKCI , 5 MMMgC12 , and 5 mMCaCi s when appr opr i at e.

Af i nal wash ( 30 mi n) cont ai ned t he appr opr i at e i nhi bi t or sugar s i n t he cont r ol s .

The gel l anes wer e t hen i ncubat ed f or 60- 90 mi n i n t he same buf f er s cont ai ni ng

one of t he f ol l owi ng FI TC- conj ugat ed l ect i ns ( 1 . 66 mg/ ml , Vect or Labor at or i es,

I nc . , Bur l i ngame, Cal i f . , ) : Con Awi t h or wi t hout 260 mMa- met hyl mannosi de,

WGAwi t h or wi t hout 226mMN- acet yl gl ucosami ne, RCAI or I I wi t h or wi t hout

280 mMgal act ose . Af t er i ncubat i on, t he l anes wer e ext ensi vel y washed i n t he

appr opr i at e buf f er s cont ai ni ng, i n t he cont r ol s, t he i nhi bi t or sugar s . The r at e of

dest ai ni ng was moni t or ed under UV l i ght . When al l t he f r ee l ect i ns wer e washed

out , t he gel s wer e phot ogr aphed over a UV l i ght box ( C- 62 Tr ansi l l umi nat or ,

Ul t r a- Vi ol et Pr oduct s, I nc. , San Gabr i el , Cal i f. ) t hr ough a Wr at t en 61 bar r i er

f i l t er ( East man Kodak Company, Rochest er , N. Y. ) , usi ng Kodak SO- 115

emul si on. Phot ogr aphi c negat i ves wer e scanned wi t h t he mi cr odensi t omet er .

El ect r on Mi cr oscopy

Appr oxi mat el y 200- f al pel l et s wer e f i xed f or 45 mi n at 4° Cwi t h 3% ( vol / vol )

gl ut ar al dehyde- 1 . 5%( wt / vol ) par af or mal dehyde i n 50 mMcacodyl at e buf f er ,

pH 7. 3, cont ai ni ng 0. 05%( wt / vol ) CaCl Z . Fi xed sampl es wer e ei t her sedi ment ed

( 27, 000 g, 15 mi n, Sor val l SM24 r ot or ) bef or e mi xi ng wi t h an equal vol ume of

1% ( wt / vol ) agar or col l ect ed on a f i l t er ( Mi l l i por e Cor p. , Bedf or d. Mass. )

accor di ng t o Baudhui n et al . ( 3) . The sampl es wer e washed t wi ce i n 100 mM

cacodyl at e buf f er , pH 7. 3, f or 10 mi n t ot al , t hen washed agai n i n acet at e- Ver onal

buf f er f or 10 mi n and post f i xed f or 1 h wi t h l %( wt / vol ) OS0, i n acet at e- Ver onal

buf f er , pH 7 . 4, at r oom t emper at ur e. Af t er t wo washes i n t he cor r espondi ng

buf f er f or 10 mi n, t he sampl es wer e st ai ned wi t h 1% ( wt / vol ) ur anyl acet at e i n

acet at e- Ver onal buf f er , pH 5 . 2, f or I h i n t he dar k, dehydr at ed i n et hanol , and

embedded i n an Ar al di t e- Epon mi xt ur e. Thi n sect i ons wer e mount ed on For m-

var - car bon- coat ed gr i ds, st ai ned f or 5 mi n i n al kal i ne l ead ci t r at e, and exami ned

wi t h a Phi l i ps 301 el ect r on mi cr oscope at 60 or 80 kV.

RESULTS

Vacuol e Fr act i on

Because we used a modi f i cat i on of t he Lei gh and Br ant on

( 17) i sol at i on pr ocedur e, we exami ned t he vacuol e f r act i on

ext ensi vel y by phase mi cr oscopy and spect r ophot omet r y t o

ascer t ai n t he amount and pur i t y of t he i sol at ed vesi cl es . Mi cr o-

scope obser vat i on of t he f r act i on showed a l ar ge number of

hi ghl y pi gment ed vacuol es r angi ng f r om 40 um i n di amet er

down t o t he r esol ut i on l i mi t of t he mi cr oscope . Unpi gment ed

par t i cl es wer e al so vi si bl e but nucl ei wer e r ar el y seen. Spect r o-

phot omet r y showed t hat when al ci an bl ue ( 0. 16%, wt / vol ) was

added t o t he col l ect i on medi um, i t r emai ned i n t he sampl e

l ayer at t he bot t om of t he gr adi ent and mi xed wi t h t he sol ubl e

bet al ai ns r el eased by t he vacuol es br oken dur i ng i sol at i on .

Al ci an bl ue di d not appear i n t he vacuol e f r act i on, i ndi cat i ng

t hat t he vacuol e f r act i on was not gr ossl y cont ami nat ed by

br oken membr anes t hat had r eseal ed ar ound t he col l ect i on

medi umdur i ng t he sl i ci ng and i sol at i on pr ocedur es .

The pel l et obt ai ned f r om t he band at t he 0- 9%Met r i zami de

i nt er f ace ( Fi g. 1 a) , consi st ed pr i mar i l y of vesi cl es r angi ng i n

si ze f r om 20 t o 0. 2 N. m, l i mi t ed by a smoot h, uni t membr ane
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- 7 nmt hi ck ( Fi g. 1 a, i nset ) . Thei r cont ent was pr act i cal l y cl ear

al t hough bet al ai ns coul d be seen i n t he l i ght mi cr oscope j ust

bef or e gl ut ar al dehyde f i xat i on . These pi gment s wer e r el eased

dur i ng f i xat i on . Many of t he l ar ge spher i cal vacuol es encl osed

smal l er vesi cl es . Ri ng- shaped and mor e compl i cat ed pr of i l es

wer e somet i mes encount er ed. Thus, t he i sol at ed vesi cl es r esem-

bl ed t he vacuol es seen i n i nt act cel l s, al t hough l ar ge spher i cal

vacuol es wer e much l ess f r equent t han i n t he or i gi nal t i ssue,

r egar dl ess of whet her we used t he or i gi nal Lei gh and Br ant on

( 17) met hod or our modi f i ed pr ocedur e . The vacuol e f r act i on

obt ai ned by ei t her pr ocedur e i ncl uded f ew cont ami nant s : ( a)

some par t i al l y swol l en mi t ochondr i a, ( b) a ver y f ew bodi es

wi t h a dense, angul ar cor e ( pr esumabl y mi cr obodi es) , ( c) smal l

vesi cl es wi t h a t hi ck el ect r on- dense l i mi t i ng membr ane per haps

der i ved f r om i nt r acel l ul ar , membr ane- bound phenol i cs, ( d) a

f ew vesi cl es der i ved f r omr ough ER, and ( e) a f ew l ar ge vesi cl es

wi t h a t hi ck uni t membr ane encl osi ng cyt opl asmi c r emnant s,

possi bl y f r agment s of pl asmal emma r eseal ed ar ound bi t s of

cyt opl asm. The vacuol e membr ane f r act i on ( Fi g . 1 b and i nset )

obt ai ned by l ysi ng t he vacuol es i n buf f er cont ai ned si mi l ar

cont ami nant s i n r oughl y t he same amount s as i n t he vacuol e

f r act i on. Conver sel y, t he pel l et at t he bot t om of t he Met r i za-

mi de gr adi ent cont ai ned cel l wal l debr i s, st ar ch gr ai ns, nucl ei ,

pl ast i ds, mi t ochondr i a, mi cr obodi es, and membr anes pr obabl y

der i ved f r om pl asmal emma, ER, and Gol gi appar at us ( Fi g .

1 c) . These f i ndi ngs cor r obor at e t he enzymat i c assays of Lei gh

and Br ant on ( 17) , whi ch we al so conf i r med f or our pr epar a-

t i ons. For exampl e, i n t he vacuol e f r act i on we f ound r el at i ve

speci f i c act i vi t i es of 8 . 5, 1 . 2, and 0 . 6 f or bet ani n, NADH

cyt ochr ome c oxi dor educt ase, and cyt ochr ome c oxi dase, r e-

spect i vel y, usi ng t he Lei gh and Br ant on met hod and 8 . 2, 0 . 9,

and 0. 5 r espect i vel y f or t hese same mar ker s, usi ng our modi f i ed

met hod . Because pr el i mi nar y exper i ment s showed t hat t he

vacuol e membr ane f r act i on obt ai ned by l ysi ng t he vacuol es

equi l i br at ed as a si ngl e band when cent r i f uged i n a var i et y of

sucr ose gr adi ent s, such addi t i onal densi t y gr adi ent cent r i f uga-

t i on was not used . We concl ude t hat t he pr epar at i on obt ai ned

by our modi f i ed pr ocedur e was a r easonabl y r epr esent at i ve

and pur e vacuol e f r act i on.

The composi t i on of t he vacuol e f r act i on i s gi ven i n Tabl e 1 .

The i nt r avacuol ar di st r i but i on of mat er i al s was i nvest i gat ed by

osmot i cal l y di sr upt i ng t he vacuol e i nt o i t s sedi ment abl e mem-

br ane and i t s sol ubl e, nonsedi ment abl e cont ent . About 62%of

vacuol e pr ot ei ns, 70% of nondi al yzabl e car bohydr at es, and

al most al l of t he phosphol i pi ds and st er ol s wer e r ecover ed i n

t he membr ane f r act i on, whi ch had a phosphol i pi d : pr ot ei n r at i o

of 0. 68 and a st er ol : phosphol i pi d r at i o of 0 . 21 and t hus shar ed

some of t he known char act er i st i cs of ot her i nt r acel l ul ar mem-

br anes .

Li pi d Composi t i on

Two- di mensi onal t hi n- l ayer chr omat ogr aphy of l i pi d ex-

t r act s of t he vacuol e membr ane f r act i on and anal yses of Rf

val ues and st ai ni ng behavi or l ed t o t he t ent at i ve i dent i f i cat i on

of 17 l i pi d cl asses ( Tabl e 11) . Compl ex pol ar l i pi ds i ncl uded

phosphat i des and gl ycol i pi ds . Phosphat i dyl chol i ne ( 54%) and

phosphat i dyl et hanol ami ne ( 24%) wer e t he maj or phosphol i pi ds

besi des phosphat i dyl ser i ne, phosphat i dyl gl ycer ol , phosphat i -

dyl i nosi t ol , and phosphat i dec aci d ( 1, 4, 5, 12%, r espect i vel y) .

Spot s 12, 14, and 16 i n Tabl e 11 ar e mi nor uni dent i f i ed phos-

phat i dyl compounds, spot s 12 and 16 bei ng pr esent i n some,

but not al l , pr epar at i ons. Fi ve cl asses of gl ycol i pi ds wer e de-

t ect ed, i ncl udi ng t wo maj or cer ami de gl ycosi de- l i ke l i pi ds
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Fr act i ons i sol at ed f r om beet r oot . a, Vacuol e f r act i on ; b, membr ane f r act i on obt ai ned by l ysi ng t he vacuol es i n hypot oni c
buf f er ; c, pel l et f r act i on, at t he bot t om of t he di scont i nuous gr adi ent . a- c, x 11, 250 ; i nset s, x 119, 000 .

( spot s 9 and 10) and a maj or gl ycosi de comi gr at i ng wi t h

sul f ogl ycosi des i n t he sol vent syst emused ( spot 5) .

The l ess pol ar l i pi ds t hat mi gr at ed at , or near , t he f r ont i n

t he pol ar sol vent syst ems wer e separ at ed and t ent at i vel y i den-

t i f i ed i nt o cl asses of di f f er i ng pol ar i t i es ( Fi g. 2) by adsor pt i on

TLC. Neut r al l i pi ds wer e a mi nor component of t he vacuol e
membr ane compar ed t o t he compl ex pol ar l i pi ds . St er ol s,

monogl ycer i des, and di gl ycer i des wer e t he pr omi nent compo-

nent s of t he neut r al f r act i on besi des t r i gl ycer i des, st er yl est er s,

and f at t y aci ds.

Pr ot ei n Composi t i on

El ect r ophor et i c anal ysi s of t he vacuol e f r act i on showed a
l ar ge number of pol ypept i des ( Fi g. 3A) . Densi t omet r i c scans

of t he el ect r ophor et i c gel s ( Fi g . 4) f aci l i t at ed syst emat i c com-
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par i son . They wer e used t o anal yze al l of t he el ect r ophor et i c

dat a pr esent ed i n t hi s r epor t al t hough onl y one set of densi t o-

met r i c scans i s act ual l y shown. The numer ous bands wer e

gr ouped i nt o ni ne domai ns, each consi st i ng of one t o f i ve

pol ypept i des di st i ngui shed by t hei r r el at i ve mobi l i t y and,

hence, t hei r mol ecul ar wei ght . Accor di ngl y, 15 maj or bands

and at l east 15 mi nor bands wer e def i ned and t hei r mol ecul ar

wei ght s assi gned ( Fi gs . 3 and 4) . Except f or cer t ai n mi nor

var i at i ons i n t he f our and si x domai ns, t he pat t er ns wer e

r emar kabl y r epr oduci bl e . A hi gh- mobi l i t y band ( 8 . 3, desi g-

nat ed Mi n Fi g . 3) di spl ayed met achr omat i c st ai ni ng wi t h

Coomassi e Br i l l i ant Bl ue .

To det er mi ne whet her pr ot eol ysi s was occur r i ng dur i ng vac-

uol e pr epar at i on, we har vest ed vacuol es i n t he pr esence of

pr ot ease i nhi bi t or s . Ei t her 0. 1 mMphenyl met hyl sul f onyl f l u-

or i de pr esol ubi l i zed i n di met hyl sul f oxi de or 0. 5 mMN- car -

bobenzoxy- a- L- gl ut amyl - L- t yr osi ne i n 0. 1 Nsodi umhydr oxi de

was added t o t he col l ect i on medi umand al l subsequent buf f er s

unt i l t he vacuol es wer e f i nal l y mi xed wi t h t he SDS sampl e

TABLE I

Gr oss Composi t i on of I sol at ed Vacuol es

* Nor mal i zed t o 100 mg of pr ot ei n det er mi ned by t he met hod of Lowr y et al .

( 19) . Ot her const i t uent s wer e measur ed as descr i bed i n Mat er i al s and
Met hods.
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TABLE I I

Chr omat ogr aphi c Anal ysi s of Pol ar Li pi ds of Vacuol e Membr ane

buf f er , boi l ed 2 mi n and i mmedi at el y l oaded f or gel el ect r o-

phor esi s ( N- car bobenzoxy- a- L- gl ut amyl - L- t yr osi ne was par -

t i al l y i nsol ubl e i n col l ect i on medi um but sol ubl e i n al l ot her

buf f er s) . The r esul t i ng el ect r ophor et i c pat t er ns ( not shown)

wer e si mi l ar t o t hose f r om vacuol es pr epar ed wi t hout pr ot ease

i nhi bi t or s . Because al l t he pol ypept i des of t he whol e vacuol e

pr epar at i ons ent er ed t he st acki ng and r esol vi ng gel s, we bel i eve

t hat t he pat t er n obser ved i s compr ehensi ve .

As expect ed, t he vacuol e l umi nal pol ypept i de cont ent ( sap,

Fi gs . 3 Band 4 a) was a subset of t he ent i r e vacuol e ( Fi gs . 3 A

and 4d) . The doubl et s 1 . 2- 1 . 3, 3. 2- 4 . 1, and 5. 1- 5 . 2 wer e easi l y

i dent i f i ed i n t he sap, wher eas bands 6, 7 . 1, 7 . 3, and 8 wer e al so

pr esent but i n much smal l er amount s. The di st r i but i on bet ween

membr ane and sap of some pol ypept i des, namel y 4. 3, 5 . 3, 5 . 4,

7 . 2, and 9. 2 var i ed f r om exper i ment t o exper i ment but i n

gener al t he el ect r ophor et i c pat t er ns obser ved f or vacuol e mem-

br ane ( Fi gs. 3 C and 4b) wer e compl ement ar y t o t hose of t he

sap ( Fi gs . 3 B and 4a) and t he ar i t hmet i c addi t i on of t he

membr ane and sap component s ( Fi g . 4c) r epr oduced t he pat -

t er n of i nt act vacuol es ( Fi g . 4d) . The r el at i ve abundance of

t he maj or pol ypept i de gr oups r ecover ed i n t he l umi nal cont ent

and t he membr ane f r act i ons i s gi ven i n Tabl e 111 .

Ext r act i on at Low I oni c St r engt h and I ncr easi ng

pH

Packed membr anes der i ved f r om500 Al of pur i f i ed vacuol es

wer e di l ut ed wi t h 700 Al of i ce- col d dei oni zed wat er adj ust ed

or not wi t h NaOH t o pH 9. 0, 10. 0, 11 . 0, 12 . 0, and 13 . 0 and

i mmedi at el y cent r i f uged . The pel l et s obt ai ned af t er ext r act i on

at pH 9. 0- 11 . 0 wer e sl i ght l y pi nk, as wer e t hose f r om mem-

br anes washed wi t h t he Tr i s buf f er or ext r act ed wi t h H2O

al one . The pel l et s f r om membr anes ext r act ed at pH 12 . 0 and

13 . 0 had a gel at i nous col or l ess aspect . The super nat ant f r ac-

t i ons wer e opt i cal l y cl ear .

* Sol vent s ( 1) chl or of or m- met hanol - ammoni a ( 65 : 25 : 5, vol / vol ) and ( 2) chl or of or m- acet one- met hanol - acet i c aci d- wat er ( 3 : 4 : 1 : 1 : 0. 5, vol / vol ) .

$ Let t er s : A, phosphat e st ai n ; 8, ni nhydr i n st ai n ; C, NH- gr oup st ai n ; D, chol i ne st ai n ; E, st er ol st ai n ; F, PAS st ai n ; G, or ci nol st ai n ; H, a- napht hol st ai n ; l ,

di phenyl ami ne st ai n ; P, phosphat e cont ent .

§ Phosphat i dyl i nosi t ol gi ves a yel l ow col or char act er i st i c of compounds gi vi ng a mal ondi al dehyde r esi due on per i odat e oxi dat i on .

~) The posi t i ve chol i ne t est mi ght be at t r i but abl e t o t he pr esence of hi ghl y unsat ur at ed f at t y aci ds i n t hi s compound .

a and b r ef er t o subspot s on t he chr omat ogr am.

Spot no .

R, val ues i n

sol vent s*

( 1) ( 2) A B C D

St ai ni ng

E

behavi or $

F G H I P Tent at i ve i dent i t y of component s

%of t ot al

1 4. 3 37 . 5 + - - - - - - 12 Phosphat i di c aci d

2 7. 4 4 . 4 + - ± - - - - 1 Lysophosphat i dyl chol i ne

3 9. 9 23 . 8 + - - +§ - - - 5 Phosphat i dyl i nosi t ol

4 12 . 4 13 . 1 + ± t - - - - 1 Phosphat i dyl ser i ne

5 20. 5 48. 1 - - - +11 + + + + 0 Sul f ogl ycosi de ( ?)

6 26. 7 15 + - - - - - - 5 Phosphat i dyl chol i ne

7 33 . 5 36 . 2 + + + +11 - - - - 2 Phosphat i dyl et hanol ami ne

Sad 37. 9 38 . 7
4 Phosphat i dyl gl ycer ol

bl 34. 2 43 . 1

9 42. 9 70 - - t - - + + + 0 Cer ami de gl ycosi de

10 47 . 8 67 . 5 - - f - t + + + 0 Cer ami de gl ycosi de

11 52 . 8 78 - - - - - + + - 0 Uni dent i f i ed gl ycol i pi d

12 60. 2 69 . 4 ± - - - - - - - <1 Uni dent i f i ed phosphat i de

13 64. 6 82 . 5 - - - +11 - + + - 0 Uni dent i f i ed gl ycol i pi d

14 69. 6 76. 9 ± - _ - _ - - - <1 Uni dent i f i ed phosphat i de

15 74. 6 86 . 9 - - - +11 + + + + 0 St er yl gl ycosi de

16 83 . 9 81 . 9 ± _ - - - - - - <1 Uni dent i f i ed phosphat i de

17 85. 7 96. 2 - - - +11 + t - - - 0 Uni dent i f i ed compound

Const i t uent s

Wei ght i n t he

membr ane*

mg

Fr act i onal

di st r i but i on

i n mem-

br ane: sap

Pr ot ei n 100 1 . 70

Phosphol i pi ds 58 11 . 50

St er ol s 17 . 5 15 . 70

Car bohydr at es ( nondi al yzabl e) 79 2. 20

Bet ani n Tr ace ( <10 - 3) <0. 01
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Si l i ca gel t hi n- l ayer chr omat ogr ams f or t he i dent i f i cat i on of t he l ess pol ar l i pi ds f r om t he vacuol e f r act i on . Ext r act was

devel oped ( a) i n pet r ol eum et her - di et hyl et her - acet i c aci d ( 75 : 25 : 1, vol / vol ) ; ( b) hal f way t o t he mi dl i ne i n chl or of or m, t hen i n

hexane- et her ( 85 : 15, vol / vol ) t o t he t op ; ( c) i n chl or of or m- met hanol - ammoni a ( 65 : 25 : 5, vol / vol ) t o t he mi dl i ne, f ol l owed by

chl or of or m t o t he t op ; ( d) i n chl or of or m- met hanol - ammoni a ( 65 : 25 : 5, vol / vol ) t o t he f i r st t hi r d, t hen chl or of or m t o t he second

t hi r d, and f i nal l y hexane- et her ( 85 : 15, vol / vol ) t o t he t op . For each chr omat ogr am, t he ext r act was l oaded i n l ane 1, and commer ci al

st andar ds wer e r un i n l anes 2- 10 as f ol l ows : 2, monogl ycer i de ( r ac- gl ycer yl - l - monopal mi t i n) ; 3, di gl ycer i de ( r ac- gl ycer yl - 1, 3-

di pal mi t i n) ; 4, st er ol s ( pl ant st er ol mi xt ur e i ncl udi ng br assi cast er ol , campest er ol , st i gmast er ol , and J3- si t ost er ol ) ; 5, f at t y aci d

( pal mi t i c aci d) ; 6, a- t ocopher ol ; 7, di gl ycer i de ( t r i pal mi t i n) ; 8, hydr ocar bon ( n- hexadecane) ; 9, commer ci al sampl e A ( chol est er yl

pal mi t at e, t r i pal mi t i n, pal mi t i c aci d, and chol est er ol ) ; 10, commer ci al sampl e B ( chol est er yl ol eat e, met hyl ol eat e, t r i ol ei n, ol ei c

aci d, and chol est er ol ) .

Al t hough no pol ypept i des wer e ext r act ed by washi ng mem-

br anes wi t h 5 mMphosphat e buf f er , pH 8 . 0, cont ai ni ng 25

mMNaCl f or 30 mi n at 37° C ( Fi g. 5 Dand E) or wi t h i ce- col d

10 mMTr i s- HCI buf f er , pH 7. 6, cont ai ni ng 1 mMEDTA ( Fi g.
6 A and G) , a set of pol ypept i des was sel ect i vel y el ut ed by

t r eat i ng t he membr anes wi t h dei oni zed wat er at 37° C f or 30

mi n ( Fi g. 5 B and C) . I ncr easi ng pH at l ow i oni c st r engt h
el ut ed a set of pol ypept i des si mi l ar t o t hose el ut ed by H2O
( Fi g . 6 B- F and H- L) . At pH 11, band 8 . 3 was el ut ed but

bands 2 . 2, 3 . 2, and 6 . 2 wer e st i l l not compl et el y r el eased ( Fi g.

6 Dand J) .

Hi gh I oni c St r engt h El ut i on

Packed membr anes der i ved f r om 500 f al of pur i f i ed vacuol es
wer e di l ut ed wi t h 700 Y. 1 of KCI ( 0- 1 . 5 M) or ur ea ( 0- 8 M)
adj ust ed t o pH6 . 5 by use of 10 mMTr i s- HCI buf f er cont ai ni ng

1 mMEDTA and 0 . 1 mMDFP. Af t er i ncubat i on f or 30 mi n

at 37° C, t he suspensi ons wer e cent r i f uged and t he membr ane

pel l et s separ at ed f r om t he cl ear super nat ant ext r act s .

I n cont r ast t o ef f ect s not ed at i ce t emper at ur es ( Fi g . 6) ,

washi ng t he membr anes i n Tr i s buf f er wi t h EDTA at 37° C f or

30 mi n r el eased some pol ypept i des, especi al l y i n bands 2 . 2, 3 . 2,

and 6 . 2 ( Fi g . 7A and E) . I n addi t i on, band 5. 4, t wo doubl et s

i n t he r egi on 7, and bands 8 . 1, 8 . 3, and 9. 3 wer e par t i al l y

ext r act ed by t r eat ment wi t h 0. 3 M KCI ( Fi g. 7 B and F) .
Exposur e t o 0. 75 MKCI i ncr eased t he el ut i on of bands 2. 2,

3 . 2, and 9 . 3 and ext r act ed band 5 . 1 ( Fi g . 7 C and G) . No

addi t i onal bands wer e ext r act ed by i ncubat i on wi t h 1 . 5 MKCI .

Bands 4. 3, 6 . 3, 7 . 3, and most of 8 . 3 wer e r et ai ned i n t he r esi dual

pel l et ( Fi g. 7 Dand H) . I n 5 and 8 Mur ea, pol ypept i des 2. 2,

3 . 2, 4 . 3, 6. 2, and 9 . 1, as wel l as sever al ot her mi nor speci es,
wer e di ssoci at ed f r om t he membr ane ( Fi g . 7 1 and J) .
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FI GURE 3 SDS- pol yacr yl ami de gel el ect r ophor et i c pat t er ns of t he

pol ypept i des f r om t he vacuol e f r act i ons . Fr eshl y i sol at ed vacuol es

( A) wer e osmot i cal l y di sr upt ed i nt o t he sap ( B) and membr ane

component s ( C) . The amount of pr ot ei n l oaded i n each wel l was

der i ved f r om equal amount s of vacuol es . POl ypept i de bands wer e

number ed accor di ng t o an ar bi t r ar y scheme ( l ef t si de) and t hei r

appar ent mol ecul ar wei ght s est i mat ed by compar i son wi t h st and-

ar ds ( see Mat er i al s and Met hods) . Mdesi gnat es a band met achr o-

mat i cal l y st ai ned wi t h Coomassi e Bl ue .

Tr eat ment wi t h Tr i t on X- 100

Membr anes suspended i n col d 0 . 5%( vol / vol ) Tr i t on X- 100

i n 56 mMsodi um bor at e buf f er , pH 8 . 0 ( i oni c st r engt h [ I 1,

0 . 008) , or i n 5 mMphosphat e buf f er , pH 8 . 0, cont ai ni ng 25
mMNaCl ( I , - 0 . 04) di sper sed when i ncubat ed f or 20 mi n at
4° C. Tr ansl ucent pel l et s r epr esent i ng t he r esi due of unext r act ed
mat er i al wer e spun down by cent r i f ugi ng t he suspensi ons at
39, 000 g f or 30 mi n i n a Sor val l SS- 34 r ot or . The el ect r ophor et i c
pat t er ns of t he ext r act s and r esi dues obt ai ned af t er Tr i t on
ext r act i on i ndi cat e t hat bands 1 . 1, 2 . 2, 3 . 2, 6, 7 . 3, and 9 . 3 wer e

sel ect i vel y r el eased by 0. 5%( vol / vol ) Tr i t on X- 100 i n ei t her of

t he buf f er s ( Fi g. 8 C and E) . Conver sel y, bands 1 . 2, 2 . 1, and

4. 3, as wel l as par t of band 8 . 3 and a br oad band i n r egi on 3 . 2,

wer e r et ai ned i n t he pel l et s ( Fi g. 8 B and D) . The r esul t s
r eveal ed t hat band 8 . 3 i s composed at l east of t hr ee pol ypep-
t i des, a doubl et bei ng ext r act ed by Tr i t on wher eas t he t hi r d

pot ypept i de, of i nt er medi ar y si ze, was not ( Fi g . 8 B- E) .

Gl ycopr ot ei ns

Car bohydr at e- cont ai ni ng pol ypept i des f r omvacuol es, mem-

br anes, and sap f r act i ons have been det ect ed i n SDS gel s usi ng
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PAS r eagent and FI TC- l abel ed l ect i ns of def i ned speci f i ci t y .
The r esul t s i ndi cat ed t hat t he el ect r ophor et i c mobi l i t y of t hese

gl ycopr ot ei ns i s coi nci dent wi t h t hat of most of t he Coomassi e

Bl ue- st ai ned pol ypept i des ( Fi g. 9A and B) .
A number of pol ypept i des t ent at i vel y i dent i f i ed as 1 . 2, 1 . 3,

2 . 1, 2 . 2, 2 . 3, 3 . 1, 4 . 1, 5 . 1, 5 . 2, and 8. 1 wer e weakl y PAS- posi t i ve,

wher eas bands 3 . 2, 7 . 3, and 8 . 3 st ai ned sl i ght l y mor e i nt ensel y .

Because t he PAS st ai ni ng was t oo f ai nt f or an accur at e est i mat e,

we r out i nel y used t he l ect i n l abel i ng t echni que . The pr esence

of gl ycopr ot ei ns was conf i r med wi t h f l uor escent Con A ( Fi g.
9 Cand D) , t he bi ndi ng of FI TC- Con A bei ng i n good agr ee-
ment wi t h t he PAS st ai ni ng pat t er n. Most of t he gl ycopr ot ei ns

st ai ned by Con A wer e i n t he membr ane f r act i on. Some of t he

most i nt ensel y f l uor escent bands, i ncl udi ng 2. 1, 3 . 1, and 5 . 5,
wer e r el at i vel y mi nor component s of t he membr ane as j udged

by Coomassi e Bl ue st ai ni ng, and sever al hi gh mol ecul ar wei ght

bands ( l abel ed 1a i n Fi g . 9) wer e not even vi si bl e af t er Coo-

massi e Bl ue st ai ni ng. On t he ot her hand, some of t he maj or

component s seen af t er Coomassi e Bl ue st ai ni ng, i ncl udi ng 3 . 2,

5 . 1, 4 . 3, 7 . 3, 8 . 3, and 9 . 3, wer e onl y weakl y l abel ed by Con A.

Many of t he bands l abel ed by Con A wer e al so l abel ed by

FI TC- WGA ( Fi g . 9, l anes E and F) and FI TC- RCA I or I I

r
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FI GURE 4 Densi t omet r i c scans of t he gel el ect r ophor et i c pat t er ns

f r om ( a) t he sap and ( b) t he membr ane . Scan c i s t he ar i t hmet i c

addi t i on of scans ( a) and ( b) . Scan d i s t he ent i r e vacuol e bef or e

separ at i on of sap f r om membr ane . Sampl es used i n a, b, and d wer e

der i ved f r om equal amount s of vacuol es .



TABLE I I I

Si ze and Abundance of t he Maj or Pol ypept i des of t he Vacuol e Component s

* The t ot al i ncl udes onl y t he maj or pol ypept i des . Al l of t he pol ypept i des t oget her t ot al 100%.

FI GURE 5

	

The r el ease of membr ane pol ypept i des at 37° C. Vacuol e

membr anes ( A) wer e washed f or 30 mi n at 37° C wi t h dei oni zed

wat er ( B and C) or 5 mM phosphat e buf f er , pH 8 . 0, cont ai ni ng 25

mMNaCl ( D and E) . The suspensi ons wer e cent r i f uged ; pel l et ( B

and D) and super nat ant ( C and E) f r act i ons wer e sampl ed f or

el ect r ophor esi s .

( not shown) , but t he r el at i ve f l uor escence i nt ensi t i es and over al l

st ai ni ng pat t er ns wer e di st i nct f or each of t he l ect i ns . Bands

4. 1, 6, and 9 . 3, whi ch wer e onl y f ai nt l y l abel ed by Con A, wer e

st r ongl y l abel ed by WGA ( Fi g . 9 E and F) , wher eas bands i n

t he 6 and 7 domai ns wer e l abel ed by RCA. Because t he

f l uor escence was abol i shed i n t he pr esence of a- met hyl man-

nosi de ( Fi g. 9 Gand H) , N- acet yl gl ucosami ne, and gal act ose

( not shown) , t he l abel ed pol ypept i des wer e consi der ed t o con-

t ai n speci f i c r ecept or s f or Con A, WGA, and RCA.

DI SCUSSI ON

I n cont r ast t o t he het er ogenei t y of ani mal l ysosomes, pl ant

vacuol es ar e a r el at i vel y homogeneous popul at i on of or ganel l es

sui t abl e f or anal yt i cal char act er i zat i on . As a r esul t of t hei r

act i vi t y i n cel l ul ar aut ophagy ( 23) , vacuol es, l i ke ani mal l yso-

somes, may cont ai n mat er i al s der i ved f r om ot her subcel l ul ar

or ganel l es, but , i n cont r ast t o ani mal l ysosomes, i t i s l i kel y t hat

vacuol es cont ai n f ew, i f any, ext r acel l ul ar component s .

The r esul t s of t hi s st udy show t hat t he l i pi d composi t i on of

t he vacuol e membr ane i s anal ogous t o t hat of many ot her

i nt r acel l ul ar membr anes, at l east wi t h r espect t o phosphol i pi ds .
The t wo phosphogl ycer i des, chol i ne ( PC) and et hanol ami ne
( PE) , ar e t he most pr omi nent component s, t oget her composi ng

mor e t han 75% of t he phosphol i pi ds . The r at i o of PC t o PE

( - 2 : 1) i n t he vacuol e membr ane f r om beet r oot r esembl es t hat

i n t he t onopl ast of yeast ( 15, 37) , i n sever al pl asma membr anes

( 5, 12, 15, 35, 37) , and i n t he ER and gl yoxysomes of cast or

bean endosper m ( 7, 26) . Thi s r at i o i s consi der abl y smal l er i n
t he mi t ochondr i a, t he pr opl ast i ds, and t he pr ot ei n body mem-
br ane ( 7, 26) . Sphi ngomyel i n, whi ch account s f or 15%of t he
t ot al phosphol i pi ds i n l ysosomes and f or 25- 33%i n t he pl asma

membr ane of ani mal cel l ( see r ef er ence 35 f or r evi ew) has not

been det ect ed i n t he vacuol e membr ane. Phosphat i dyl i nosi t ol ,
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Maj or pol ypept i de

no. Mol wt

x10
s

Vacuol e

Mass f r act i on

Membr ane Sap Vacuol e

Mol ecul ar f r act i on

Membr ane Sap

1 . 2 91 1 . 6 1 . 3 2 . 6 0. 6 0. 5 1

1 . 3 86 1 . 0 1 . 1 1 . 5 0. 4 0. 4 0 . 6

2 . 1 77 1 . 6 2. 0 1 . 6 0. 6 0 . 8 0 . 7

2 . 2 73 2 . 1 3 . 1 1 . 9 0 . 9 1 . 3 0 . 9

3 . 2 59 6 . 0 5 . 8 5 . 6 3 . 2 3 . 1 3 . 2

4. 1 55 5. 0 3 . 1 6 . 1 2 . 9 1 . 8 3 . 7

4 . 3 50 6 . 4 7 . 6 3 . 2 4 . 0 4 . 8 2 . 2

5 . 1 44 4 . 8 2 . 3 6. 0 3 . 4 1 . 6 4 . 6

5 . 2 42 2 . 4 2 . 0 3 . 8 1 . 8 1 . 5 3 . 1

6 33 . 5 9 . 0 7 . 5 9 . 8 8 . 4 7 . 5 9. 8

7 . 3 27 . 5 7 . 2 7 . 4 4 . 8 8 . 1 8 . 6 5 . 9

8 . 2 21 3 . 7 1 . 1 6 . 9 5 . 6 1 . 7 11 . 1

8 . 3 17 14 . 1 13 . 2 3 . 7 2 . 6 24. 7 7 . 3

9 . 2 13 1 . 2 0 . 9 1 . 3 2 . 9 2 . 1 3 . 9

9 . 3 12 3 . 7 6 . 6 1 . 1 2 . 6 17 . 4 3 . 1

Tot al * 69 . 7 65 . 3 60 78 . 3 77 . 8 60. 6



FI GURE 6

	

The r el ease of membr ane pol ypept i des at al kal i ne pH. Packed membr anes wer e di l ut ed wi t h i ce- col d 10 mMTr i s- HCl
buf f er , pH 7. 6, cont ai ni ng 1 mMEDTA ( A and G) , or i ce- col d dei oni zed wat er adj ust ed wi t h NaOH t o pH 9 . 0 ( B and H) , 10. 0 ( C
and I ) , 11 . 0 ( D and 1) , 12 . 0 ( E and K) , and 13 . 0 ( F and L) , and i mmedi at el y cent r i f uged . Pel l et ( A- F) and super nat ant ( G- L) f r act i ons

wer e sampl ed f or el ect r ophor esi s .

whi ch i s anot her abundant phosphol i pi d i n t he ER, gl yoxy-

some, and pr ot ei n body membr anes of cast or bean endosper m

( 7) as wel l as i n t he t onopl ast and pl asma membr ane of yeast

( 15, 37) , i s not a maj or cl ass i n t he t onopl ast of beet r oot .

Conver sel y, phosphat i di c aci d, whi ch i s absent f r om t he yeast

t onopl ast but pr esent i n t he pl asma membr ane of t he same cel l

( 15, 37) , i s pr esent i n t he t onopl ast of beet r oot . However , we

f ound no si gni f i cant phosphol i pase D act i vi t y t o account f or

i t s pr esence . Lysol eci t hi n has been r epor t ed i n t he t onopl ast of

yeast ( 15, 37) i n gr eat er amount t han we f ound i n t he vacuol e

membr ane of beet r oot , wher e t he amount of f r ee f at t y aci ds

was al so ver y smal l . We coul d not posi t i vel y i dent i f y phospha-

t i dyl gl ycer ol , an abundant phosphol i pi d i n pl ast i ds, or di phos-

phat i dyl gl ycer ol ( car di ol i pi n) , a speci f i c component of mi t o-

chondr i a, al t hough mi nor speci es mi gr at i ng i n t he same ar ea

wer e somet i mes det ect ed . Bot h of t hese phosphol i pi ds have

been r epor t ed i n t he ER and gl yoxysomes of t he cast or bean

endosper m ( 7) and i n t he t onopl ast and t he pl asmal emma of

yeast ( 15, 37) . The vacuol e membr ane of beet r oot wi t h a hi gh

r at i o of st er ol , r el at i ve t o pr ot ei n and phosphol i pi ds, i s si mi l ar

t o t he vacuol e membr ane of yeast ( 15, 37) . Ot her i nt r acel l ul ar

membr anes, such as t he ER, t he gl yoxysome membr ane, and

t he mi t ochondr i a of endosper m cel l s, cont ai n mi nor amount s

of st er ol s ( 7) , wher eas t he pl asma membr ane f r om yeast ( 15,

37) , soybean r oot s ( 36) , and mammal i an cel l s ( l 2) cont ai n t he

hi ghest r at i o of st er ol t o phosphol i pi ds . I t i s not ewor t hy t hat

bot h t he pl asmal emma and t he t onopl ast , whi ch ar e t he most

st er ol - r i ch membr anes of t he cel l , ar e t hought t o be t er mi nal

membr anes pr oduced t hr ough sequent i al but ant i par al l el di f -

f er ent i at i on st eps ( 23) .
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Gl ycol i pi ds wer e det ect ed i n hi gh concent r at i on and di ver -

si t y i n t he vacuol e membr ane . Cer ami de gl ycosi de- l i ke l i pi ds,

r esembl i ng t hose of ani mal l ysosomes, wer e det ect ed by t hi n-

l ayer chr omat ogr aphy, but t hei r i dent i f i cat i on r emai ns t o be

f i r ml y est abl i shed, as i s al so t he case f or t he put at i ve maj or

sul f ogl ycosi de .

Our r esul t s show t hat t he pr ot ei n t o phosphol i pi d r at i o f or

t he vacuol e membr ane of beet r oot i s si mi l ar t o t hat of yeast

t onopl ast ( 15, 37) and soybean pl asma membr ane ( 36) , but

hi gher t han t hat of t he ER of endosper m cel l s ( 7) and l ower

t han t hat of t he pl asma membr ane of yeast ( 15, 37) and t he

pr ot ei n body membr ane of endosper m ( 26) .

The i nt r avacuol ar or gani zat i on of pr ot ei ns i s di f f i cul t t o

i nt er pr et because sever al pol ypept i des wer e f ound i n bot h t he

membr ane and t he vacuol e sap. The dual l ocat i on of some of

t he pol ypept i des was not compl et el y over come by hi gher di -

l ut i on ( >150) of t he pur i f i ed vacuol es i n t he hypot oni c buf f er .

Thi s dual l ocat i on i s pr obabl y not t he r esul t of i ncompl et e

washi ng of t he membr ane because i f t he membr anes had been

i ncompl et el y washed al l of t he sap component s woul d have

been i ncl uded i n t he membr ane pr epar at i ons i n t he same

pr opor t i on as f ound i n t he sap. Thi s i s cl ear l y not t he case

( Fi gs . 3 and 4) . Rat her , t he var i abl e par t i t i oni ng of i ndi vi dual

pol ypept i des bet ween t he membr ane and t he sol ubl e phase

suggest s t hat some of t he pol ypept i des f ound i n t he sap can

bi nd t o t he membr ane. Fur t her bi ndi ng st udi es wi l l be r equi r ed

t o det er mi ne i f bi ndi ng i s speci f i c and i f t he associ at i ons, be

t hey pr ot ei n- pr ot ei n or pr ot ei n- l i pi d, have any physi ol ogi cal

si gni f i cance .

Our i ni t i al appr oach t o such quest i ons has been pat t er ned
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The r el ease of membr ane pol ypept i des by KCI or ur ea . Packed membr anes wer e t r eat ed f or 30 mi n at 37° C wi t h 10 mM

Tr i s buf f er , pH 6 . 5 ( A and E) , or Tr i s- buf f er ed KCI 0. 3 M( B and F ) , 0 . 75 M( C and G) , 1 . 5 M( D and H) , or ur ea 5 M ( / ) , 8 M( 1) , each

cont ai ni ng 1 mM EDTA and 0 . 1 mM DFP, t hen cent r i f uged . Pel l et ( A- D) and super nat ant ( E- / ) f r act i ons wer e sampl ed f or

el ect r ophor esi s .

on t he sel ect i ve el ut i on st udi es of er yt hr ocyt e membr anes ( 32) .

For exampl e, t he el ut i on pat t er n obser ved af t er washi ng t he

membr ane wi t h i ce- col d wat er or af t er t r eat ment wi t h weak

al kal i ( pH9- 10) del i neat es t he same pol ypept i des . Thus, t hese

pol ypept i des ar e t enuousl y bound t o t he membr ane and t hei r

el ut i on pr oper t i es i ndi cat e t hat t hey ar e per i pher al membr ane

pr ot ei ns or sap pr ot ei ns adsor bed t o t he membr ane . I n addi t i on,

ot her pol ypept i des ar e di f f er ent i al l y el ut ed by KCI or ur ea . For

i nst ance, band 3 i s el ut ed wi t h bot h r eagent s, wher eas band 2 . 1

i s pr ef er ent i al l y r el eased wi t h KCI , and band 4. 3 i s onl y

ext r act ed wi t h ur ea. Ther ef or e, we concl ude t hat t hese pol y-

pept i des ar e mor e t i ght l y bound t o t he membr ane and t hei r

behavi or i n t he pr esence of KCl and ur ea suggest s an el ect r o-

FI GURE 8

	

The r el ease of membr ane pol ypept i des by noni oni c de-

t er gent at l ow ( B and C) and moder at e ( D and E) i oni c st r engt h .

Packed membr anes ( A and F) wer e i ncubat ed at 4° C f or 20 mi n i n

0 . 5% ( vol / vol ) Tr i t on X- 100 buf f er ed wi t h 56 mMsodi um bor at e, pH

8 . 0, I , _8 X 10 - 3 ( B and C) or wi t h 5 mMsodi um phosphat e pH 8 . 0,

cont ai ni ng 25 mMNaCl , I , - 4 X 10 - 2 ( D and E ) . Af t er cent r i f ugat i on,

pel l et ( B and D) and super nat ant ( C and E) f r act i ons wer e sampl ed

f or el ect r ophor esi s .
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I dent i f i cat i on of gl ycopr ot ei ns f r om t he vacuol e membr ane and sap f r act i ons . Pol ypept i des f r om t he sap ( A, C, E, and

G) and f r om t he membr ane ( B, D, F, and H) wer e el ect r ophor esed i n SDS- pol yacr yl ami de gel s, f i xed, and st ai ned ei t her wi t h

Coomassi e Bl ue ( A and B) or wi t h f l uor escent l ect i ns ( C- H) . The l ect i ns used wer e Con A ( C, D, G, and H) and WGA( E and F) at

1 . 66 mg/ ml . A r epr esent at i ve cont r ol i s shown ( G and H) wher e 260 mMa- met hyl - D- mannosi de was i ncl uded as an i nhi bi t or i n

t he i ncubat i on medi um ( cont ai ni ng Con A) as wel l as i n t he pr i or and subsequent washes .

st at i c or hydr ophobi c i nt er act i on wi t h t he membr ane cor e

component s . On t he ot her hand, pol ypept i des l i ke 8 . 3, one of

t he maj or pol ypept i des, ar e l i ber at ed by none of t hese di sr up-

t i ve agent s but ar e di sl odged onl y when t he hydr ophobi c

cont i nuum i s di sassembl ed by t he mi l d, noni oni c det er gent

Tr i t on X- 100 . We concl ude t hat t hese pol ypept i des exhi bi t

hydr ophobi c i nt er act i ons wi t h t he l i pi d cor e . Because a sedi -

ment abl e i nsol ubl e r esi due was r el eased af t er mi l d t r eat ment

of t he vacuol e membr ane wi t h Tr i t on X- 100, i nt er act i ons be-

t ween t he pol ar per i pher al pr ot ei ns l eadi ng t o l ar ge ol i gomer i c

compl exes appear l i kel y .

Fi nal l y, t he pr esent r esul t s st r ongl y suggest t hat most of t he

pol ypept i des f r om t he membr ane and f r om t he sap ar e gl yco-

pr ot ei ns . These f i ndi ngs agr ee wi t h t he cur r ent i dea t hat vac-

uol es ar e pl ant l ysosomes ( 23, 25) because most of t he enzymes

t hat have now been t hor oughl y pur i f i ed f r omani mal l ysosomes
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ar e al so gl ycopr ot ei ns ( 1) . Based on t hei r r el at i ve af f i ni t i es f or

Con A, WGA, and RCA, vacuol e gl ycopr ot ei ns must possess

mai nl y t er mi nal mannose/ gl ucose r esi dues, some N- acet yl gl u-

cosami nyl t er mi nal s, and a f ew gal act ose r esi dues . Ther ef or e,

t he car bohydr at e chai ns of t he vacuol e gl ycopr ot ei ns r esembl e

t he ol i gosacchar i des of t he hi gh- mannose t ype ( 14) char act er -

i st i c of sever al l yosomal enzymes . Thei r cont ent of N- acet yl -

gl ucosami ne, gal act osami ne, and gal act ose i ndi cat e t hat t hese

pr ot ei ns have under gone sever al st ages of post t r ansl at i onal

pr ocessi ng.

The aut hor s ar e gr at ef ul t o Naomi Bukl ad, Gi na Br own, Rex Yung,
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