
Acqui si t i on of Membr ane Li pi ds by Di f f er ent i at i ng Gl yoxysomes :

Rol e of Li pi d Bodi es

Kent D. Chapman and Ri char d N. Tr el ease

Depar t ment of Bot any, Ar i zona St at e Uni ver si t y, Tempe, Ar i zona 85287- 1601

Abst r act . Gl yoxysomes i n cot yl edons of cot t on ( Gos-

sypi um hi r sut um, L . ) seedl i ngs enl ar ge dr amat i cal l y

wi t hi n 48 h af t er seed i mbi bi t i on ( Kunce, C. M. , R. N.

Tr el ease, and D. C. Doman . 1984 . Pl ant a ( Ber l . ) .

161 : 156- 164) t o ef f ect mobi l i zat i on of st or ed cot t on-

seed oi l . We di scover ed t hat t he membr anes of enl ar g-

i ng gl yoxysomes at al l st ages exami ned cont ai ned a

l ar ge per cent age ( 36- 62% by wei ght ) of nonpol ar

l i pi d, near l y al l of whi ch wer e t r i acyl gl ycer ol s ( TAGS)

and TAG met abol i t es . Fr ee f at t y aci ds compr i sed t he

l ar gest per cent age of t hese nonpol ar l i pi ds . Si x un-

common ( and as yet uni dent i f i ed) f at t y aci ds con-

st i t ut ed t he maj or i t y ( 51%) of bot h t he f r ee f at t y aci ds

and t he f at t y aci ds i n TAGS of gl yoxysome mem-

br anes ; t he same si x uncommon f at t y aci ds wer e <7%

of t he acyl const i t uent s i n TAGS ext r act ed f r omcot t on-

seed st or age l i pi d bodi es . TAGS of l i pi d bodi es pr i -

mar i l y wer e composed of pal mi t i c, ol ei c, and l i nol ei c

aci ds ( t oget her 70%) . Toget her , t hese t hr ee maj or

st or age f at t y aci ds wer e <10% of bot h t he f r ee f at t y

aci ds and f at t y aci ds i n TAGS of gl yoxysome mem-

br anes .

Phosphat i dyl chol i ne ( PC) and phosphat i dyl et hanol a-

mi ne ( PE) const i t ut ed a maj or por t i on of gl yoxysome

membr ane phosphol i pi ds ( t oget her 61% by wei ght ) .

Pul se- chase r adi ol abel i ng exper i ment s i n vi vo cl ear l y

demonst r at ed t hat ' 4 C- PC and ' 4 C- PE wer e synt hesi zed

f r om ' 4 C- chol i ne and ' 4 C- et hanol ami ne, r espect i vel y, i n

ER of cot yl edons, and t hen t r anspor t ed t o mi t ochon-

dr i a ; however , t hese l i pi ds wer e not t r anspor t ed t o en-

l ar gi ng gl yoxysomes . The l ack of ER i nvol vement i n

LYOXYSOMES of oi l seeds ar e speci al i zed per oxi somes

whi ch, t hr ough t he cooper at i ve act i on of enzymes

cat al yzi ng f at t y aci d 0- oxi dat i on and t he gl yoxyl at e

cycl e, pl ay a pi vot al r ol e i n t he conver si on of st or age oi l i nt o

car bohydr at e ( gl uconeogenesi s) f or seedl i ng gr owt h ( 2, 3,

25, 29) . Gl yoxysomes i n cot yl edons of cot t on seedl i ngs en-
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gl yoxysome membr ane phosphol i pi d synt hesi s, and t he

si mi l ar i t i es i n l i pi d composi t i ons bet ween l i pi d bodi es

and membr anes of gl yoxysomes, l ed us t o f or mul at e

and t est a new hypot hesi s wher eby l i pi d bodi es ser ve

as t he dynami c sour ce of nonpol ar l i pi ds and phospho-

l i pi ds f or membr ane expansi on of enl ar gi ng gl yoxy-

somes . I n a cel l - f r ee syst em, 3 H- t r i ol ei n ( TO) and

3 H- PC wer e i ndeed t r ansf er r ed f r om l i pi d bodi es t o gl y-

oxysomes . 3 H- PC, but not 3HTO, al so was t r ansf er r ed t o

mi t ochondr i a i n vi t r o . The amount of l i pi d t r ansf er r ed

i ncr eased l i near l y wi t h r espect t o t i me and amount of

accept or or ganel l e pr ot ei n, and t r ansf er occur r ed onl y

when l i pi d body membr ane pr ot ei ns wer e associ at ed

wi t h t he donor l i pi d bodi es . 3HTOwas t r ansf er r ed t o

and i ncor por at ed i nt o gl yoxysome membr anes, and

t hen hydr ol yzed t o f r ee f at t y aci ds . 3H- PC was t r ans-

f er r ed t o and i ncor por at ed i nt o gl yoxysome and mi t o-

chondr i a membr anes wi t hout subsequent hydr ol ysi s .

Our dat a ar e i nconsi st ent wi t h t he hypot hesi s t hat

ER cont r i but es membr ane l i pi ds t o gl yoxysomes dur -

i ng post ger mi nat i ve seedl i ng gr owt h . I nst ead, t he dat a

suppor t a novel sour ce f or gl yoxysome ( per oxi some)

membr ane l i pi ds ; l i pi d bodi es, whi ch house st or age

l i pi ds t hat ar e conver t ed t o car bohydr at e dur i ng het er -

ot r ophi c seedl i ng gr owt h, al so pr ovi de enl ar gi ng

gl yoxysomes wi t h nonpol ar l i pi ds and phosphol i pi ds t o

accommodat e membr ane expansi on . A wor ki ng model

depi ct i ng t he or i gi n and i nt r acel l ul ar t r af f i cki ng of

membr ane l i pi ds f or enl ar gi ng cot t onseed gl yoxysomes

i s pr esent ed .

l ar ge i n vol ume sevenf ol d wi t hi n 48 h af t er seed i mbi bi t i on

( see Fi g . 1 ; see al so r ef er ence 30) . Si mi l ar enl ar gement

event s have been obser ved ul t r ast r uct ur al l y i n cot yl edons of
ot her oi l seeds ( 25, 39, 42, 44, 53) . The i ncr ease i n gl yoxy-

some vol ume i s pr esumabl y t o accommodat e t he r api d ac-

cumul at i on of mat r i x pr ot ei ns. Many gl yoxysomal enzymes

ar e known t o i ncr ease dr amat i cal l y i n act i vi t i es ( 2, 6, 18, 25,

29, 44, 50) , absol ut e amount s of pr ot ei n ( 18, 37, 50) , and l ev-

el s of t r anscr i pt s ( 1, 14, 18, 37, 43, 50, 54) concomi t ant wi t h
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gl yoxysome enl ar gement . I t f ol l ows t hat a si gni f i cant amount

of membr ane l i pi d must al so become avai l abl e t o gl yoxy-

somes f or membr ane expansi on .

Whi l e much at t ent i on has been devot ed t owar d under -

st andi ng t he bi ogenesi s of per oxi somal mat r i x component s,

compar at i vel y l i t t l e ef f or t has been di r ect ed t owar d i nves-

t i gat i ng t he assembl y of per oxi some membr anes, par t i cu-

l ar l y wi t h r espect t o membr ane l i pi ds . Membr ane l i pi ds ar e
pr i mar i l y synt hesi zed i n t he ER i n ani mal cel l s ( 4, 16 ; see
r ef er ences t her ei n) , pl ant cel l s ( 30 ; see r ef er ences t her ei n) ,

and yeast s ( 8 ; see r ef er ences t her ei n) . Per oxi somes appar -

ent l y l ack t he abi l i t y t o synt hesi ze t hei r own membr ane l i pi d
( 4, 8, 10, 16, 31- 33) . Al l model s of per oxi some bi ogenesi s

t hat consi der t he or i gi n of per oxi some membr ane l i pi ds
post ul at e t he t r ansf er of newl y synt hesi zed phosphol i pi d t o
per oxi somes f r omER ( 21, 25, 31, 32, 46) . However , t her e

ar e al most no dat a i n any of t hese syst ems t o suppor t t hi s par t

of t he bi ogenet i c model s . One except i on was a r epor t t hat r a-

di ol abel ed phosphat i dyl chol i ne ( PC) ' was t r anspor t ed f r om

ERt o gl yoxysomes i n endosper mt i ssue of cast or beans ( 28) .

Endosper m gl yoxysomes do not enl ar ge dur i ng r eser ve oi l
mobi l i zat i on ; i nst ead, t hey ar e bel i eved t o pr ol i f er at e i n

number by vesi cul at i on f r omsegment s of ERaf t er seed ger -
mi nat i on ( 21, 32) . Ther ef or e, r esul t s obt ai ned f or endosper m

t i ssue on t he bi ogenesi s of gl yoxysome membr anes ar e not
l i kel y t o be appl i cabl e t o ot her per oxi somal syst ems such as
t hose i n l i ver ( 31) , yeast s ( 52) , and seedl i ng cot yl edons ( 30,
46, 54) wher e bi ogenesi s i s vi a an el abor at i on of pr eexi st i ng

or ganel l es .

Enl ar gi ng cot t onseed gl yoxysomes wer e shown t o be i n-

capabl e of synt hesi zi ng t hei r own PC and phosphat i dyl et ha-
nol ami ne ( PE) ( 10) ; i . e . , t hey di d not possess chol i ne- or
et hanol ami nephosphot r ansf er ase act i vi t i es, nor wer e t hey
abl e t o conver t exogenousl y suppl i ed r adi ol abel ed chol i ne or

et hanol ami ne i nt o r adi ol abel ed PC or PE i n vi vo . As i n

mammal i an, yeast , and endosper m syst ems, ER i n cot yl e-

dons of cot t on seedl i ngs was conf i r med t o be t he pr i mar y i n-

t r acel l ul ar si t e of PC ( and PE) synt hesi s ( 10) .

To i dent i f y t he cel l ul ar or i gi n of membr ane l i pi ds f or en-

l ar gi ng cot t onseed gl yoxysomes, we i nt egr at ed r esul t s f r om

sever al exper i ment al appr oaches : f i r st , nonpol ar and pol ar

l i pi d composi t i ons of car bonat e- washed membr anes f r om

hi ghl y pur i f i ed gl yoxysomes wer e det er mi ned and compar ed

t o t he l i pi d composi t i ons of ot her or ganel l e f r act i ons ; sec-

ond, pul se- chase exper i ment s wi t h r adi ol abel ed chol i ne and

et hanol ami ne wer e done t o t r ace t he synt hesi s and i nt r acel l u-

l ar t r af f i cki ng of PC and PE i n vi vo ; and t hi r d, an i n vi t r o

l i pi d t r ansf er syst em was devel oped t o t est f or di r ect t r ansf er

of r adi ol abel ed nonpol ar and pol ar l i pi ds f r oml i pi d bodi es

t o membr anes of hi ghl y pur i f i ed gl yoxysomes . I nconsi st ent

wi t h cur r ent vi ews on t he or i gi n of per oxi some membr ane

l i pi ds, our dat a suppor t an ent i r el y di f f er ent means by whi ch
gl yoxysomes ( per oxi somes) acqui r e membr ane l i pi ds ; i . e. ,
l i pi d bodi es, besi des pr ovi di ng t he gr owi ng seedl i ng wi t h a
car bon and ener gy sour ce, suppl y gl yoxysomes wi t h phos-
phol i pi ds and cer t ai n nonpol ar l i pi ds t hat ar e pr ef er ent i al l y

appor t i oned i nt o expandi ng gl yoxysome membr anes .

1 . Abbr evi at i ons used i n t hi s paper : FFA, f r ee f at t y aci ds ; PCphosphat i dyl -

chol i ne ; PE, phosphat i dyl et hanol ami ne ; PG, phosphat i dyl gl ycer ol ; PI ,

phosphat i dyl i nosi t ol ; TAG, t r i acyl gl ycer ol s ; TO, t r i ol ei n.

The Jour nal of Cel l Bi ol ogy, Vol ume 115, 1991

Mat er i al s and Met hods

Chemi cal s

Pot assi um phosphat e, pot assi um chl or i de, magnesi um chl or i de, EDTA,
EGTA, PMSF, cal ci um chl or i de, sodi um sul f at e, hexane, di et hyl et her ,

t et r ahydr of ur an, f or mi c aci d ( 88%) , gl aci al acet i c aci d, ammoni umhydr ox-
i de, chl or of or m, met hanol , and sucr ose ( r i bonucl ease f r ee) wer e f r omJ. T.

Baker Chemi cal Co. ( Phi l l i psbur g, NJ) . NADH, ant i myci n A, cyt ochr ome
c, Tr i ci ne, MES, chol i ne chl or i de, et hanol ami ne hydr ochl or i de, PC, PE,

l ysoPE ( pal mi t oyl ) , a- phosphat i dy ( N- pal mi t oyl ) et hanol ami ne ( di pal mi -

t oyl ) , phosphat i dyl gl ycer ol ( PG) , phosphat i dyl i nosi t ol ( PI ) , phosphat i dat e,

phosphat i dyl ser i ne, nonpol ar l i pi d st andar ds ( chol est er ol , chol est er ol ol e-

at e, t r i ol ei n ( TO) , t r i pal mi t i n, ol eat e, monopal mi t i n, di pal mi t i n ( sn- 1, 2 and

sn- 1, 3) , and bor on t r i f l uor i de met hanol wer e f r om Si gma Chemi cal Co .

( St . Loui s, MO. ) [ met hyl - ' C] Chol i ne chl or i de ( 58. 5 mCi / mmol ) , [ 2- pal -

mi t oyl - 9, 10- 3 H( N) ] PC, L- a- di pal mi t oyl ( 50 Ci / mmol ) , and [ 9, 10- 3H( N) ]

TO( 26. 8 Ci / mmol ) wer e f r omduPont NewEngl and Nucl ear Resear ch Pr od-

uct s ( Bost on, MA) . [ 1, 2 et hanol ami ne- ' C] Et hanol ami ne hydr ochl or i de

( 100 mCi / mmol ) was f r om I CN Bi omedi cal s, I nc. ( Cost a Mesa, CA) . LR

whi t e ( har d gr ade) was f r omEr nest A Ful l am, I nc . ( Lat ham, NY) . Osmi um

t et r oxi de ( 4%) and gl ut ar al dehyde ( 25%) wer e f r om El ect r on Mi cr oscopy

Sci ences ( For t Washi ngt on, PA) .

Pl ant Mat er i al

Cot t on seeds, Gossypi um hi r sut um, L . cv Coker 100A gl andl ess ( ki ndl y

pr ovi ded by Dr . Donal d Hendr i x, USDA West er n Cot t on Resear ch Labor a-

t or y Phoeni x, AZ) , wer e soaked i n di st i l l ed wat er wi t h aer at i on 4 h ( 30° C) .
I mbi bed seeds ( i f not homogeni zed and f r act i onat ed f or anal yses) wer e

pl aced on moi st ened f i l t er paper ( No . 1, What man I nc . , Cl i f t on, NJ) , r ol l ed
i nt o " scr ol l s" whi ch wer e pl aced ver t i cal l y i n di st i l l ed wat er f or ger mi nat i on

and gr owt h i n t he dar k at 30° C. For r adi ol abel i ng exper i ment s, i mbi bed
seeds wer e f i r st decoat ed, t hen pl aced on moi st ened f i l t er paper i n 15- cm

gl ass pet r i pl at es f or ger mi nat i on and gr owt h i n t he dar k at 30° C.

Pr epar at i on of Gl yoxysomes

Al l concent r at i ons gi ven ar e f i nal concent r at i ons unl ess i ndi cat ed ot her -

wi se. Al l per cent sucr ose concent r at i ons ar e per cent wt / wt . Cot yl edons of

4, 24, or 48- h- ol d cot t on seedl i ngs wer e chopped i nt o - 1- mmpi eces i n a

pl ast i c di sh on i ce wi t h a modi f i ed el ect r i c kni f e ( f i t t ed wi t h t wo st ai nl ess

st eel si ngl e- edge r azor bl ades) i n i ce- col d medi um ( 1 vol / g f r esh wei ght )

cont ai ni ng 100 mMpot assi um phosphat e ( pH 7. 2) , 10 mMKCI , 1 mM

EDTA, 1 mMEGTA, and 400 mM sucr ose. For anal ysi s of membr ane

l i pi ds, cot yl edons of 250 seeds or seedl i ngs ( N30- 40 g f r esh wei ght depend-

i ng on age) wer e r equi r ed t o yi el d suf f i ci ent quant i t i es of gl yoxysome

membr anes . For ot her exper i ment s, cot yl edons f r om 130 seedl i ngs wer e

adequat e. The homogenat e was f i l t er ed t hr ough one l ayer of Mi r acl ot h ( pr e-

soaked wi t h homogeni zi ng medi um) and cent r i f uged 10 mi n at 640 g

( 4° C) ( model JS- 13 r ot or , Beckman I nst r ument s, I nc. , Ful l er t on, CA) . The

cl ar i f i ed homogenat e was cent r i f uged i n t he same r ot or f or 20 mi n at

4, 000 g ( 4° C) . Pel l et s, enr i ched wi t h gl yoxysomes and mi t ochondr i a ( 10) ,

wer e r esuspended i n f r esh homogeni zi ng medi um( 1 ml medi umt o 4 g i ni -

t i al f r esh wei ght of cot yl edons) . Resuspended pel l et s ( 2 . 5 ml per gr adi ent )

wer e l ayer ed ont o 100 mMpot assi umphosphat e- buf f er ed ( pH 7. 2) l i near

sucr ose gr adi ent s ( 33 ni l of 20- 59%under l ai d wi t h 5 ml 59%sucr ose) and

cent r i f uged 45 mi n at 50, 000 g ( 4° C) ( model VTi 50 r ot or , Beckman I nst r u-

ment s, I nc. ) usi ng t he accel er at i on/ decel er at i on pr ogr am pr evi ousl y de-

scr i bed ( 11) . 1 . 2- ml f r act i ons wer e col l ect ed usi ng a densi t y gr adi ent f r ac-

t i on col l ect or ( model 640, I SCO, Li ncol n, NE) and anal yzed f or enzyme

act i vi t y and pr ot ei n cont ent . Gl yoxysomes and mi t ochondr i a wer e col l ect ed

f r om t he same gr adi ent s .

Al t er nat i vel y, hi ghl y pur i f i ed gl yoxysomes wer e i sol at ed i n l i near

met r i zami de gr adi ent s ( 20- 55%) and f r act i onat ed dr opwi se f r omt he bot -

t om exact l y as descr i bed f or cot t onseed cot yl edons by Tur l ey and Tr el ease

( 49) , except cot yl edons wer e soaked i n ul t r apur e wat er ( Nanopur e I I , Bar n-

st ead Co . , Bost on, MA) f or 30 mi n bef or e homogeni zat i on i n 100 mM

pot assi um phosphat e ( pH 7. 2) , 400 mMsucr ose.

Pr epar at i on of Or ganel l e Membr anes

Or ganel l e membr anes wer e st r i pped f r ee of mat r i x mat er i al accor di ng t o

t he met hod of Fuj i ki et al . ( 20) , wi t h sl i ght modi f i cat i ons ( 19) . Peak mi t o-
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chondr i a- or gl yoxysome- cont ai ni ng f r act i ons ( 2- 3) wer e pool ed, di l ut ed

wi t h 2 vol of i ce- col d 100 mMpot assi umphosphat e ( pH 7. 2) , vor t exed vi g-

or ousl y f or 60 s, and i ncubat ed on i ce f or 30 mi n. Membr anes wer e sedi -

ment ed ( 100, 000 g, 45 mi n, 4° C, model 70. 1 Ti r ot or , Beckman I nst r u-

ment s, I nc. ) , washed by r esuspensi on i n 1 ml , t hen di l ut ed t o 7 ml wi t h

i ce- col d 100 mMNa2C03 ( pH 11 . 5) . Sampl es wer e vor t exed, i ncubat ed on

i ce f or 30 mi n, and cent r i f uged as above . Membr ane pel l et s wer e r e-

suspended i n 0. 8 ml i ce- col d homogeni zi ng medi umor pr ocessed f or t r ans-

mi ssi on el ect r on mi cr oscopy ( TEM) as descr i bed bel ow.

Li pi ds wer e ext r act ed f r omcar bonat e- washed membr anes by addi t i on of

chl or of or m/ met hanol ( 1 : 2, vol / vol ) t o yi el d a f i nal r at i o of chl or of or m/ met h-

anol / wat er ( 1 : 2 : 0. 8) ( r ef er ence 5) . Af t er 30 mi n, t he mi xt ur e was separ at ed

i nt o t wo phases by addi ng 1 ml chl or of or mand 2 ml of 1 MKCI f ol l owed

by cent r i f ugat i on ( 5 mi n, set t i ng 7, G17 Tabl et op cent r i f uge, I EC, Needham

Hei ght s, MA) . The l ower chl or of or m phase was washed t wo addi t i onal

t i mes wi t h 2 ml 1 MKCI , bubbl ed wi t h N2, and st or ed at - 20° C.

Pr epar at i on of Li pi d Bodi es

Li pi d bodi es wer e pur i f i ed by t he f l ot at i on met hod of Qu et al . ( 41) .

Cot yl edons of 24- h- ol d cot t on seedl i ngs ( 50, - 6 g f r esh wei ght ) wer e

homogeni zed i n 10 ml 100 mMTr i ci ne HCI , 10 mMKCI , 1 mMEDTA,

600 mM sucr ose ( pH 7. 5) i n t he same manner as f or gl yoxysomes . The

f i l t er ed homogenat e was cent r i f uged at 10, 000 g ( model JS- 13 r ot or ; Beck-

man I nst r ument s, I nc . ) f or 30 mi n ( 4° C) and t he f at pad was col l ect ed wi t h

a st ai nl ess st eel spat ul a and suspended i n 3 ml homogeni zi ng medi um. 10

ml of f l ot at i on medi um ( same as homogeni zi ng medi um, except wi t h 500

i nst ead of 600 mM sucr ose) was l ayer ed over t he suspended l i pi d bodi es

and t he sampl e was cent r i f uged as above . The f at pad was col l ect ed and

washed once mor e i n t he same manner . The r esul t i ng f at pad was col l ect ed

and t he vol ume adj ust ed t o 0. 8 ml wi t h homogeni zi ng medi um. Li pi ds wer e

ext r act ed as descr i bed above f or membr anes and st or ed ( - 20° C, under N2)
f or l at er anal yses .

For pr epar at i on of r adi ol abel ed l i pi d bodi es, t he l i pi d bodi es col l ect ed

af t er t he t hi r d cent r i f ugat i on wer e suspended i n 2 ml homogeni zi ng medi um

and spl i t i nt o t wo 15- ml cor ex t ubes. 3HTO( 10 ACi ) or 3H- PC ( 10 ACi )

wer e added t o t he l i pi d bodi es whi ch wer e soni cat ed 10 s ( model 1200 soni -

cat or bat h, 50/ 60 MHz, Br anson Ul t r osoni cs Cor p. , Danbur y, CT) , vor -

t exed br i ef l y, and pl aced on i ce f or 30 mi n. 10 ml of f l ot at i on medi umwer e

l ayer ed over t he l i pi d bodi es whi ch wer e t hen cent r i f uged at 10, 000 g ( 30

mi n, 4° C) . The f at pads wer e col l ect ed, suspended i n 1 ml of 100 mM

pot assi umphosphat e, 10 mMKCI , 1 MMMgC12, 1 mMEDTA, 400 mM

sucr ose ( pH 7. 2) , and used as t he sour ce of r adi ol abel ed l i pi d bodi es f or

i n vi t r o l i pi d t r ansf er exper i ment s . 20%of t he added 3HTOand 10% of

t he added 3 H- PC was r out i nel y r ecover ed i n t he f l oat ed l i pi d bodi es .

Radi ol abel ed synt het i c l i pi d bodi es wer e pr epar ed as f ol l ows. Li pi ds

wer e ext r act ed f r om l i pi d bodi es ( f l oat ed t hr ee t i mes) as descr i bed above

( see Pr epar at i on of Or ganel l e Membr anes) , evapor at ed t o dr yness under

N2, and suspended i n 5 ml di et hyl et her . Li pi ds i n et her wer e soni cat ed

( model 1200 soni cat or bat h, 50/ 60 MHz, Br anson Ul t r asoni cs Cor p. ) under

a st r eamof N2 . Radi ol abel ed TO ( 2 ACi ) or PC ( 1 ACi ) and 1 ml of pot as-

si umphosphat e homogeni zi ng medi umwer e added t o t he l i pi ds ( i n et her ) .

As t he mi xt ur e was soni cat ed, t he et her evapor at ed . Af t er t i 3 mi n t he mi x-

t ur e became not i ceabl y t ur bi d, i ndi cat i ng t he f or mat i on of synt het i c l i pi d

bodi es ( t r i acyl gl ycer ol [ TAG] dr opl et s sur r ounded by a monol ayer of phos-

phol i pi d but wi t hout nat i ve l i pi d body pr ot ei ns i n aqueous sol ut i on) .

Anal ysi s of Cel l ul ar Fr act i ons

Ant i myci n A- i nsensi t i ve cyt ochr ome c r educt ase was assayed at 550 r un

usi ng an ext i nct i on coef f i ci ent of 21 mmol - 1 cm- ' as pr evi ousl y descr i bed

( 9) . Cat al ase act i vi t y was assayed as descr i bed by Ni et al . ( 38) i n a f i nal

vol ume of 1 ml . I soci t r at e l yase ( 6) and mal at e synt hase ( 48) act i vi t i es wer e

assayed as descr i bed . Cyt ochr ome c oxi dase was assayed as descr i bed by

Tol ber t et al . ( 45) , i ncl udi ng a 1- mi n pr ei ncubat i on at 30° C wi t h 1 . 0%

( wt / vol ) di gi t oni n . Pr ot ei n cont ent was det er mi ned by t he Coomassi e bl ue

dye- bi ndi ng met hod ( Bi o- Rad Labor at or i es, Ri chmond, CA) usi ng bovi ne

pl asma - y- gl obul i n as a st andar d . Assays wer e per f or med usi ng a spec-

t r ophot omet er ( model DU- 64, Beckman I nst r ument s I nc . ) . Sucr ose con-

cent r at i ons wer e measur ed usi ng a r ef r act omet er ( model Abbe 2C, Bausch

& Lomb I nc . , Rochest er , NY) .

Mi cr oscopy

Cat al ase cyt ochemi st r y was per f or med on f i xed t i ssue segment s ( - I mm3)

Chapman and Tr el ease Bi ogenesi s of Di f f er ent i at i ng Gl yoxysome Membr anes

of cot yl edons f r omi mbi bed seeds or 48- h- ol d seedl i ngs as pr evi ousl y de-

scr i bed ( 30) , except t he t i ssue was dehydr at ed i n a gr aded et hanol ser i es and

i nf i l t r at ed wi t h LR Whi t e ( har d gr ade) ( London Resi n Co. Lt d . , Woki ng,

Sur r ey, Engl and) at 4° C. Pol ymer i zat i on was at 57° C ( over ni ght ) i n a cor ked

gl ass vi al under N2 . Ti ssue segment s wer e cut out and mount ed ont o

acr yl i c r ods f or sect i oni ng .

Gl yoxysomes wer e pr epar ed f or mi cr oscopi c exami nat i on based on

met hods pr evi ousl y descr i bed ( 11) , wi t h some modi f i cat i ons . The f r act i on

cont ai ni ng t he hi ghest cat al ase- , i soci t r at e l yase- , and mal at e syn-

t hase- speci f i c act i vi t i es was f i xed ( 4° C) by di l ut i ng wi t h 2 vol of 100 mM

pot assi umphosphat e ( pH 7. 2) , 2 . 5 %( vol / vol ) gl ut ar al dehyde ( st epwi se ad-

di t i on of 0. 5- ml al i quot s over a 30- mi n per i od) and i ncubat i ng f or 30 mi n

mor e on i ce . The f i xed or ganel l es wer e col l ect ed by cent r i f ugat i on ( 13, 000

g, 30 mi n, 4° C, model JS- 13 r ot or , Beckman I nst r ument s, I nc . ) ont o a mem-

br ane f i l t er ( GA- 6 Met r i cel , 13- mm di sc, 0. 45- / cm por e si ze [ Gel man

Sci ences I nc . , Ann Ar bor , MI ] , pl aced at t he bot t omof a 15- ml cor ex t ube)

and cover ed wi t h a dr op of war m5 % ( wt / vol ) nobl e agar . The sampl e was

washed t hr ee t i mes ( 15 mi n each) wi t h 100 mMpot assi umphosphat e ( pH

7. 2) and post f i xed i n 100 mMpot assi umphosphat e, 2% ( vol / vol ) osmi um

t et r oxi de f or 45 mi n at r oom t emper at ur e . The or ganel l es wer e dehydr at ed

i n a gr aded et hanol ser i es at r oomt emper at ur e, i nf i l t r at ed wi t h and embed-

ded i n LR whi t e ( har d gr ade) at 4° C. Af t er pol ymer i zat i on ( 57° C, over -

ni ght ) , pi eces of t he f i l t er wer e cut out and mount ed ont o acr yl i c r ods so

t hat t he pl ane of sect i on was per pendi cul ar t o t he l ayer of or ganel l es .

Car bonat e- washed gl yoxysome membr anes wer e f i xed as above af t er en-

casi ng t he pel l et i n a dr op of 5 %nobl e agar . The pel l et was t hen pr ocessed

f or TEM as descr i bed above f or gl yoxysomes .

Li pi d bodi es ( washed t hr ee t i mes by f l ot at i on) wer e f i xed as above af t er

i mmobi l i zi ng a pi ece of t he f at pad ( Nl mm' ) i n 5 % nobl e agar . The l i pi d

bodi es wer e t hen pr ocessed f or TEMas descr i bed above f or gl yoxysomes .

Semi t hi n sect i ons ( 500 nm) or t hi n sect i ons ( 60- 90 r un) wer e cut wi t h

a gl ass kni f e usi ng an ul t r ami cr ot ome ( model MT- 6000 XL, RMC, I nc. ,

Tuscon, AZ) . Semi t hi n sect i ons wer e dr i ed ont o a gl ass sl i de and vi ewed

di r ect l y wi t h a phase- cont r ast mi cr oscope ( Car l Zei ss, I nc . , equi pped wi t h

a 63 x oi l - i mmer si on pl anapochr omat l ens ( NA 1 . 4) , or st ai ned 3 mi n wi t h

1 % met hyl ene bl ue and exami ned wi t h a compound l i ght mi cr oscope
( model BH- 2, Ol ympus Cor por at i on of Amer i ca . , La Pal ma, CA) f i t t ed

wi t h a 60x oi l - i mmer si on l ens .

Thi n sect i ons wer e post st ai ned wi t h 2 %aqueous ur anyl acet at e ( 3 mi n)

f ol l owed by 2 . 5 %l ead ci t r at e ( 1 mi n) , and exami ned at 60 kV i n a t r ansmi s-

si on el ect r on mi cr oscope ( model EM201, Phi l i ps El ect r oni c I nst r s . Co . ,

Mahwah, NJ) .

Li pi d Anal yses

The I at r oscan TLC/ f l ame i oni zat i on det ect i on ( FI D) ( I at r oscan TH- 10) sys-

t em was used as pr evi ousl y descr i bed ( 23) f or quant i f i cat i on of nonpol ar

l i pi ds i n membr anes and or ganel l e f r act i ons . Separ at i ons wer e car r i ed out

on f used si l i ca r ods ( Chr omar ods- Sl l , st or ed i n 6 MHN03) . Li pi d sam-

pl es i n chl or of or m ( 1 Al ) wer e spot t ed ont o r ods ( pr evi ousl y washed f i ve

t i mes i n gl ass- di st i l l ed wat er and dr i ed 1 h at 120° C) , t hen equi l i br at ed at

52%r el at i ve humi di t y ( by 15- mi n i ncubat i on over sat ur at ed Na2Cr 207 so-
l ut i on) bef or e devel opment i n t he f i r st sol vent syst em, hexane/ di et hyl et her /

f or mat e ( 80 : 20 : 2, vol / vol / vol ) f or 35 mi n . Hexane was r edi st i l l ed f or al l
l i pi d anal yses . The r ods, except f or t he or i gi n cont ai ni ng pol ar l i pi ds, wer e

scanned and posi t i ons of t he i ndi vi dual nonpol ar l i pi d cl asses wer e det ect ed

( f l ame i oni zat i on) and r ecor ded . For separ at i on of phosphol i pi ds, t he same

r ods wer e equi l i br at ed f or 15 mi n at 84 %r el at i ve humi di t y ( over a sat ur at ed

KBr sol ut i on) bef or e devel opment i n t he second sol vent syst em, chl or o-

f or m/ met hanol / wat er ( 80 : 35 : 3, vol / vol / vol ) f or 50 mi n, af t er whi ch t he en-

t i r e r ods ( i ncl udi ng t he or i gi n) wer e scanned and posi t i ons of t he phospho-

l i pi d cl asses wer e det ect ed and r ecor ded. I dent i f i cat i on of l i pi ds was made

by compar i ng mobi l i t i es of st andar ds ; quant i f i cat i on of l i pi ds was done by

i nt egr at i ng peak ar eas and comput i ng val ues f r om st andar d cur ves ( a st an-

dar d cur ve was gener at ed f or each nonpol ar and pol ar l i pi d cl ass) .

The peaks cor r espondi ng t o PG, PI , and PE over l apped somewhat i n t he

sol vent syst em used f or I at r oscan TLC/ FI D. Ther ef or e, t wo- di mensi onal

TLCwas used t o obt ai n accur at e pr opor t i ons of phosphol i pi d cl asses i n or -

ganel l e f r act i ons . Nonpol ar l i pi ds wer e f i r st separ at ed f r ompol ar l i pi ds by

spot t i ng sampl es ( i n - 40 Al chl or of or m) ont o si l i ca gel Gpl at es ( 0. 25- mm

si l i ca gel G, 10 x 20 cmUni pl at es ; Anal t ech, I nc . , Newar k, DE) and de-

vel opi ng i n hexane/ di et hyl et her / f or mat e ( 80 : 20 : 2, vol / vol / vol ) f or 30 mi n .

The or i gi n ( cont ai ni ng t he phosphol i pi ds) was scr aped i nt o a gl ass vi al con-

t ai ni ng 5 ml chl or of or m/ met hanol ( 2 : 1, vol / vol ) vor t exed vi gor ousl y, and

f i l t er ed ( No . 54 f i l t er paper , What man I nc. ) . The vi al and t he f i l t er wer e
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washed f our t i mes wi t h 3 ml chl or of or m/ met hanol ( 2 : 1, vol / vol ) . The sol -

vent was evapor at ed wi t h a st r eam of NZ and t he r esi due was suspended i n

50 l d chl or of or m/ met hanol ( 2 : 1, vol / vol ) . The phosphol i pi ds wer e spot t ed

ont o 20 x 20 cmsi l i ca gel Gpl at es ( Anal t ech, I nc. ) and devel oped i n t he

f i r st sol vent syst em ( CHC13/ met hanol / 7 MNHa0H, 65 : 30 : 4, vol / vol / vol )

f or 60 mi n, r ot at ed 90° , and devel oped i n t he second sol vent syst em

( CHC13/ met hanol / acet i c aci d ( gl aci al ) / wat er ( ul t r apur e) , 85 : 12 . 5 : 12 . 5 : 3,

vol / vol / vol / vol ) f or 90 mi n ( 13) . Phosphol i pi ds wer e vi sual i zed by char r i ng

( 13) and i dent i f i ed by t hei r mobi l i t y as compar ed wi t h commer ci al st an-

dar ds. Phosphol i pi ds wer e quant i f i ed by r ef l ect ance scanni ng densi t omet r y

( Vi sage 60 vi deo scanni ng densi t omet er , Mi l l i por e Cor p. , Bedf or d, MA) .

A st andar d cur ve f or each phosphol i pi d cl ass was gener at ed and amount s

of phosphol i pi ds i n l i pi d bodi es, mi t ochondr i al membr anes, and gl yoxy-

some membr anes wer e est i mat ed by comput i ng val ues ( i nt egr at ed i nt ensi t y,
i nt egr at ed ar ea of t he spot x i nt ensi t y i ndex) f r om st andar d cur ves .

Gas chr omat ogr aphi c separ at i ons of f at t y aci d met hyl est er s wer e per -

f or med t o anal yze t he acyl composi t i on of TAG i n l i pi d bodi es and i n

car bonat e- washed gl yoxysome membr anes, and t he f r ee f at t y aci ds ( FFA)

i n car bonat e- washed gl yoxysome membr anes . Fat t y aci d met hyl est er s wer e

pr epar ed as f ol l ows. Nonpol ar l i pi ds wer e separ at ed by devel opment i n hex-

ane/ di et hyl et her / f or mat e ( 80 : 20 : 2, vol / vol / vol ) on si l i ca gel GTLCpl at es

and spot s cor r espondi ng t o t he l i pi d body TAGand gl yoxysome membr ane

TAG and FFA wer e scr aped and t r ansf er r ed t o gl ass vi al s cont ai ni ng 5 ml

hexane . The sampl es wer e vor t exed vi gor ousl y and f i l t er ed ( No. 54 f i l t er

paper , What man I nc. ) . The vi al and t he f i l t er wer e washed f our t i mes wi t h

3 ml hexane. The sol vent was evapor at ed wi t h a st r eamof NZ and t he r esi -

due, af t er 10 mi n under i n- house vacuum, was suspended i n 2 ml bor on

t r i f l uor i de met hanol . 1 ml of t et r ahydr of ur an was added t o TAG sampl es

t o ef f ect sol ubi l i zat i on . TAG sampl es wer e r ef l uxed 2 h and FFA sampl es

wer e r ef l uxed f or 30 mi n at 70° C ( 13) . Af t er cool i ng, 2 ml hexane was added

t o t he sampl es, whi ch wer e vor t exed l i ght l y and cent r i f uged ( 5 mi n, set t i ng

7, model GT2 Tabl et op cent r i f uge, I EC, I nc . ) . The hexane phase was col -

l ect ed, washed once wi t h 2 ml 5 % ( wt / vol ) NaCl , once wi t h 2 ml 2 %( wt /

vol ) KHC03 and dr i ed by passi ng over sodi umsul f at e col umns ( packed i n

past eur pi pet t es, st or ed at 120° C unt i l used) . Col umns wer e washed wi t h

3 ml hexane . The sol vent was evapor at ed wi t h a st r eamof NZ and f at t y aci d

met hyl est er s wer e r esuspended i n 100 wl hexane and st or ed under NZ at

- 20° C unt i l anal ysi s . Met hyl est er s wer e separ at ed by gas chr omat ogr aphy

( model 5840A, Hewl et t - Packar d Co . , Pal o Al t o, CA) on a 30- Mf used si l i ca

col umn ( Supel cowax- 10, Supel co, I nc. , Bel l ef ont e, PA) usi ng NZ as t he car -

r i er gas at an oven t emper at ur e of 200° C. Fat t y aci ds wer e i dent i f i ed by r ef -

er ence t o commer ci al st andar ds .

To i dent i f y t he l i pi ds i n ext r act s of cel l ul ar f r act i ons f r omi n vi vo r adi o-

l abel i ng exper i ment s or f r omi n vi t r o l i pi d t r ansf er exper i ment s, a combi na-

t i on of one- di mensi onal TLC and aut or adi ogr aphy was used . Sampl es i n

- 40 Al chl or of or mwer e appl i ed t o si l i ca gel Gpl at es . Nonpol ar l i pi ds wer e

separ at ed by devel opment i n hexane/ di et hyl et her / f or mat e ( 80 : 20 : 2,

vol / vol / vol ) . For separ at i on of i ndi vi dual phosphol i pi ds, t hese pl at es wer e

devel oped i n t he same di r ect i on i n chl or of or m/ met hanol / wat er ( 80 : 35 : 3,

vol / vol / vol ) . Li pi ds wer e vi sual i zed by exposur e t o i odi ne vapor f or 1 mi n

and by aut or adi ogr aphy . For det ect i on of l i pi ds cont ai ni ng 3 H, pl at es wer e

spr ayed wi t h EN3HANCE ( New Engl and Nucl ear , Bost on, MA) bef or e

exposur e of f i l m( XAR 5 ; East man Kodak Co. , Rochest er , NY) . Radi oact i v-

i t y was quant i f i ed by scr api ng spot s i nt o 15- ml sci nt i l l at i on vi al s and sus-

pendi ng i n 10 ml of cockt ai l ( 4a20, Beckman I nst r ument s, I nc. ) ; si l i ca gel

par t i cl es wer e al l owed t o set t l e over ni ght and r adi oact i vi t y was det er mi ned

by l i qui d sci nt i l l at i on count i ng ( model LS 8000 l i qui d sci nt i l l at i on count er ,

Beckman I nst r ument s, I nc. ) . I dent i f i cat i on of r adi oact i ve phosphol i pi ds

was made by compar i ng mobi l i t i es of r adi oact i ve l i pi d spot s t o t hose of st an-

dar ds.

Radi ol abel i ng I n i r vo

I ncor por at i on of ( met hyl - 1° C) chol i ne chl or i de and ( 1, 2 et hanol ami ne- " C)

et hanol ami ne hydr ochl or i de i nt o 1 ^C- PC and 1° C- PE was per f or med as f ol -

l ows . Soaked ( 4 h) seeds wer e decoat ed and gr own on moi st f i l t er paper i n

pet r i pl at es f or 18 h ( r adi cl es wer e 0. 5- 1 . 0 cm l ong) . 30 seedl i ngs wer e

washed t hr ee t i mes i n ul t r apur e wat er , bl ot t ed dr y, and t hen pl aced on f i l t er

paper i n 150 x 25 nun pl ast i c pet r i pl at es cont ai ni ng 8 ml ul t r apur e wat er .

Each seedl i ng was r adi ol abel ed by di spensi ng undi l ut ed r adi oi sot ope ( 0 . 2

/ Ci , i n 2 WI ) ont o t he i nner sur f ace of t he par t i al l y unf ol ded cot yl edons .

Seedl i ngs wer e i ncubat ed f or 30 mi n wi t h " C- et hanol ami ne or 1 h wi t h

" C- chol i ne and homogeni zed i n pot assi um phosphat e- buf f er ed medi a as

descr i bed above ( see Pr epar at i on of Gl yoxysomes) . Cl ar i f i ed homogenat es

( 640- g, 10- mi n super nat ant s) pr epar ed f r om 60 r adi ol abel ed cot yl edons
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Fi gur e 1 . Phase- cont r ast mi cr ogr aphs of pl ast i c- embedded sect i ons

of cot yl edons f r om i mbi bed cot t on seeds ( A) or 48- h- ol d seedl i ngs

( B) . Cot yl edon segment s wer e pr epar ed t o cyt ochemi cal l y l ocal i ze

cat al ase act i vi t y ( wi t h DAB) . Cat al ase- cont ai ni ng gl yoxysomes

( ar r ows) ar e obvi ousl y enl ar ged i n B as compar ed wi t h t hose i n A.

Bar s, 10

wer e subj ect ed t o sucr ose densi t y gr adi ent cent r i f ugat i on as descr i bed

above. Af t er cent r i f ugat i on and f r act i onat i on ( i nt o 2- ml f r act i ons) , l i pi ds

wer e ext r act ed f r omgr adi ent f r act i ons ( 1- ml al i quot s) by addi ng 5 ml chl o-

r of or m/ met hanol / wat er ( 1 : 2 : 0. 3, vol / vol / vol ) . The chl or of or m phase con-

t ai ni ng r adi oact i ve l i pi d pr oduct s was washed t wi ce wi t h 2 ml 1 MKCI .

The r emai ni ng chl or of or mphase was t r ansf er r ed t o a 7- ml gl ass sci nt i l l at i on

vi al and evapor at ed t o dr yness wi t h a st r eam of NZ . The r esi due was sus-

pended i n 3 ml sci nt i l l at i on cockt ai l and r adi oact i vi t y measur ed by l i qui d

sci nt i l l at i on count i ng, or al t er nat i vel y sampl es wer e di ssol ved i n a smal l
vol ume of chl or of or m f or anal ysi s by TLC.

To f ol l ow t he i nt r acel l ul ar t r anspor t of r adi ol abel ed PE or PC, pul se-
r adi ol abel ed cot yl edons wer e i ncubat ed 2, 12, or 24 h wi t h 1 Mnonr adi oac-

t i ve et hanol ami ne or 1 . 7 Mnonr adi oact i ve chol i ne ( bot h i n wat er ) . Cl ar i f i ed

homogenat es ( 640- g, 10- mi n super nat ant s) pr epar ed f r om 60 cot yl edons

wer e subj ect ed t o sucr ose densi t y gr adi ent cent r i f ugat i on, l i pi d ext r act i on,
and anal yses as descr i bed above .

Membr ane Li pi d Ransf er I n Vi t r o

Or ganel l e f r act i ons wer e pr epar ed f r esh and used i mmedi at el y f or l i pi d

t r ansf er exper i ment s ( gl yoxysomes and mi t ochondr i a wer e pr epar ed f r om

cot yl edons of 48- h- ol d seedl i ngs, wher eas l i pi d bodi es wer e pr epar ed f r om

cot yl edons of 24- h- ol d seedl i ngs) . Gl yoxysome f r act i ons ( peak cat al ase ac-

t i vi t y, 2- 3 t ubes/ gr adi ent ) or mi t ochondr i a f r act i ons ( peak cyt ochr ome c

oxi dase act i vi t y, t wo t ubes) f r om t wo gr adi ent s wer e pool ed and di al yzed

( Spect r a/ por di al ysi s t ubi ng, 23 mm, 6, 000- 8, 000 MWCO, Spect r umMedi -

cal I ndust r i es, I nc . , Los Angel es, CA) 2 h agai nst 1 l i t er of 100 mMpot as-
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Fi gur e 2. Li ght ( A) and el ect r on ( B) mi cr ogr aphs of t he gl yoxysome f r act i on col l ect ed on a membr ane f i l t er , and membr anes ( C) pr epar ed

by di l ut i ng t hese gl yoxysor nes i n 100 mMpot assi umphosphat e ( pH7. 2) f ol l owed by washi ng i n 100 mMNa2 COr ( pH 11 . 5) . Membr anes

wer e gener al l y st r i pped f r ee of mat r i x mat er i al al t hough some aggr egat e mat er i al ( t ent at i vel y i dent i f i ed as " cor es, " ar r ows) was vi si bl e .

Bar s . ( A) 15 um; ( B) 3 um; ( C) 0. 5 Am.

phosphat e ( pH 7. 2) , I 00mMsucr ose at 4° C. Or ganel l es wer e concen-

t r at ed by cent r i f ugat i on at 10, 000 g f or 20 mi n ( model 7S- I 3 r ot or , Beckman

I nst r ument s, I nc. ) and r esuspended i n pot assi um phosphat e- cont ai ni ng

homogeni zi ng medi um as descr i bed above ( see Pr epar at i on of Gl yoxy-

100

75

0
50

0

A di l ut ed i n 100 aKi Na m

Or ganel l e Sampl e

Fi gur e 3. Compar i sons of t he pr opor t i on of nonpol ar l i pi d i n : ( a)

car bonat e- washed gl yoxysome membr anes ( GM) at sever al st ages

of enl ar gement , ( b) gl yoxysome membr anes of 48- h- ol d seedl i ngs

pr epar ed by di l ut i ng gl yoxysomes di r ect l y i n car bonat e ( GM* ) , ( c)

car bonat e- washed mi cr osomal membr anes ( MM) , and ( d) i nt act

l i pi d bodi es ( LB) f l oat ed t hr ee t i mes. Mi cr osomes wer e f r om t he

150, 000- g, 1- h pel l et of a 10, 000- g, 20- mi n super nat ant , pr epar ed

i n pot assi um phosphat e homogeni zi ng medi um.

Chapman and Tr el ease Bi ogenesi s of Di f f er ent i at i ng Gl ywaysome Membr anes

somes) . Cat al ase act i vi t y ( f or gl yoxysomes) and pr ot ei n cont ent wer e mea-

sur ed. Gener al l y, bet ween 50 and 80%of t he cat al ase act i vi t y was r ecover ed

i n di al yzed/ concent r at ed gl yoxysomes and >75 %of t he t ot al pr ot ei n was

r ecover ed i n concent r at ed sampl es of bot h gl yoxysomes and mi t ochondr i a.

I n most cases, bet ween 80 and 200 I Ag of accept or ( or ganel l e- r ecei vi ng

r t ed l i pi d) pr ot ei n wer e used i n each l i pi d t r ansf er exper i ment s .

Al i quot s of accept or or ganel l es ( r out i nel y 200 Al ) wer e mi xed wi t h al i -

quot s of r adi ol abel ed l i pi ds bodi es ( cont ai ni ng t i 100, 000 cpm) i n mi cr of uge

t ubes and t he vol umes of t he mi xt ur es wer e adj ust ed t o 300 pl wi t h pot as-

si um phosphat e- cont ai ni ng homogeni zi ng medi um. React i on mi xt ur es

wer e i ncubat ed at 37° C ( usual l y 1 h) and t er mi nat ed by sedi ment at i on of

accept or or ganel l es f or 30 mi n i n a mi cr of uge ( 13, 000 g, 4° C) . When mi cr o-

somes wer e used as t he accept or or ganel l e f r act i on, t he mi xt ur e was cen-
t r i f uged at 180, 000 g f or 45 mi n ( Ai r f uge ul t r acent r i f uge Beckman I nst r u-

ment s I nc. ) t o sedi ment mi cr osomes . Super nat ant s, i ncl udi ng f at pads, wer e

dect ant ed and, t aki ng car e not t o di st ur b t he wel l - packed pel l et s, t he t ubes

wer e r i nsed t hr ee t i mes wi t h 0. 5 ml col d pot assi umphosphat e- cont ai ni ng

homogeni zi ng medi um t o r emove any l i pi ds adher i ng t o wai l s . Li pi ds wer e

ext r act ed f r omt he super nat ant s pl us combi ned r i nses, and r adi oact i vi t y was

measur ed by l i qui d sci nt i l l at i on count i ng or anal yzed by TLC and aut or adi -

ogr aphy as descr i bed above ( see Upi d Anal yses) . Pel l et s wer e r esuspended

i n 0. 5 ml pot assi umphosphat e- cont ai ni ng homogeni zi ng medi umwi t h vi g-

or ous vor t exi ng and t r ansf er r ed t o 15- ml gl ass t ubes . The t ubes whi ch con-

t ai ned t he r eact i on mi xt ur es wer e r i nsed wi t h 0. 3 ml of t he same medi um

whi ch was added t o t he r esuspended pel l et s. Li pi ds wer e ext r act ed and ana-
l yzed as descr i bed f or t he super nat ant .

Resul t s

Enl ar gement of Gl yoxysomes i n Si t u

Fi g . i i l l ust r at es t he dr amat i c i ncr ease i n gl yoxysome vol -
ume dur i ng post ger mi nat i ve gr owt h . Gl yoxysomes ar e

l ar ger , mor e pl ei omor phi c st r uct ur es i n par enchyma cel l s of
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Tabl e I . Phosphol i pi d Composi t i on ( Wei ght Per cent )

of Li pi d Bodi es, and Car bonat e- washed Mi t ochondr i al
and Gl yoxysomal Membr anes I sol at edf r omCot yl edons
of 48- h- ol d Cot t on Seedl i ngs

* PG, phosphat i dyl gl ycer ol ; P/ , phosphat i dyl i nosi t ol ; PC, phosphat i dyl cho-
l i ne ; PE, phosphat i dyl et hanol ami ne; PA, phosphat i dat e ; CL, car di ol i pi n ; Unk,
unknown.
t Per cent by wei ght ( gg i ndi vi dual phosphol i pi d/ l ag t ot al phosphol i pi d) x 100.
Per cent ages ar e aver ages of 2 t wo- di mensi onal TLC separ at i ons of 2 i ndepen-
dent sampl es . Li pi d bodi es wer e pr epar ed ( washed t hr ee t i mes by f l ot at i on) f r om
50 cot t on seeds . For mi t ochondr i a and gl yoxysomes, l i pi ds wer e ext r act ed f r om
membr anes pr epar ed f r ompeak or ganel l e f r act i ons pool ed f r omf our sucr ose
densi t y gr adi ent s .

48- h- ol d cot t on seedl i ngs ( Fi g . 1 B) t han i n par enchyma

cel l s of i mbi bed seeds ( Fi g . 1 A) . Kunce et al . ( 30) demon-

st r at ed quant i t at i vel y by mor phomet r i c anal yses t hat whi l e

t he gl yoxysomes i ncr eased i n vol ume sevenf ol d dur i ng t hi s

per i od, t he number of gl yoxysomes per cel l di d not change

si gni f i cant l y .

I sol at ed Gl yoxysomes

Hi ghl y pur i f i ed f r act i ons of cot t onseed gl yoxysomes wer e

pr epar ed by sucr ose densi t y gr adi ent cent r i f ugat i on i n a ver -

t i cal r ot or i n gr adi ent s buf f er ed wi t h 100 mM pot assi um

phosphat e ( pH 7. 2) . Mi cr ogr aphs of por t i ons of t he gl yoxy-

some f r act i ons, and membr anes pr epar ed f r om t hese or -

ganel l es, ar e shown i n Fi g . 2 . Opt i cal mi cr oscopy of sect i ons
t hr ough t he ent i r e or ganel l e l ayer ( Fi g . 2 A) r eveal ed t hat t he

f r act i ons wer e essent i al l y homogeneous . El ect r on mi cr os-

copy r eveal ed t hat vi r t ual l y al l of t he or ganel l es mor phol ogi -

cal l y r esembl ed gl yoxysomes ( Fi g . 2 B) . Post embeddi ng i m-

munogol d l ocal i zat i on of mal at e synt hase i n or ganel l es

pr epar ed i n a si mi l ar manner ( 11) conf i r med t hat t hese or -

ganel l es wer e i ndeed gl yoxysomes . Car bonat e- washed mem-

br anes pr epar ed f r omgl yoxysomes wer e essent i al l y f r ee of

mat r i x mat er i al ( Fi g . 2 C) .

The aver age speci f i c act i vi t y of i soci t r at e l yase ( a not or i -

ousl y l eaky gl yoxysomal mat r i x enzyme) i n gl yoxysome

f r act i ons pr epar ed under t he above condi t i ons was at l east

t wi ce t hat of any i sol at i on pr ocedur e i n whi ch sucr ose was

used as a gr adi ent medi um i n our l abor at or y ( e . g . , 6, 11) .

Thi s act i vi t y was compar abl e t o speci f i c act i vi t i es of i soci -

t r at e l yase i n cot t onseed gl yoxysome f r act i ons r out i nel y ob-

t ai ned wi t h met r i zami de gr adi ent s ( 49) . Met r i zami de i s an

i soosmot i c densi t y gr adi ent medi um whi ch was used as an

al t er nat i ve t o sucr ose t o pr epar e hi ghl y pur i f i ed gl yoxysome

f r act i ons f r om cot t on cot yl edons ( 49) . Besi des i ndi cat i ng

t hat gl yoxysomes pr epar ed f r om cot yl edons i n sucr ose den-

si t y gr adi ent s wer e hi ghl y pur i f i ed, t hese dat a al so pr ovi ded

evi dence t hat t hey wer e most l y i nt act .

Li pi d Compost i on of Gl yoxysome Membr anes

Fi g . 3 shows t hat gl yoxysome membr anes at var i ous st ages

of enl ar gement cont ai n an unusual l y hi gh pr opor t i on of non-

pol ar l i pi ds, r angi ng f r om 62% ( by wei ght ) at 4 h t o 36

at 48 h . Nonpol ar l i pi ds wer e pr ef er ent i al l y r emoved f r om
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48- h gl yoxysome membr anes by a t wo- st ep pr ocedur e ( f i r st

di l ut i ng gl yoxysomes i n pot assi um phosphat e buf f er , and

t hen washi ng membr ane pel l et s wi t h sodi um car bonat e) , as

compar ed wi t h a one- st ep pr ocedur e ( di l ut i ng gl yoxysomes

di r ect l y i n sodi um car bonat e ; compar e 48 h GMwi t h 48 h

GM* i n Fi g . 3) , i ndi cat i ng t hat t he associ at i on of nonpol ar

l i pi ds wi t h gl yoxysome membr anes may be somewhat f r agi l e.

As i s t he case f or most bi ol ogi cal membr anes, consi der abl y

l ess nonpol ar l i pi d ( - 4 %by wei ght ) was i n car bonat e- washed

mi cr osome membr anes. Si mi l ar l y, car bonat e- washed mi t o-

chondr i al membr anes exhi bi t ed a l owpr opor t i on of nonpol ar

l i pi ds ( 6% by wei ght , not shown) . For compar i son, dat a

wer e pr esent ed f or cot t onseed st or age l i pi d bodi es of whi ch

nonpol ar l i pi ds compr i sed 98%.

Composi t i ons of i ndi vi dual cl asses of phosphol i pi ds i n

l i pi d bodi es, and car bonat e- washed gl yoxysome and mi t o-

chondr i al membr anes ar e pr esent ed i n ' Fabl e I . As expect ed,

PC was t he most abundant phosphol i pi d i n al l of t he or -

ganel l e f r act i ons . PG, PE, and PI wer e pr esent i n near l y

equal amount s i n gl yoxysome membr anes . Li pi d bodi es and,

t o a l esser degr ee, gl yoxysome membr anes, cont ai ned a r el a-

t i vel y l ar ge per cent age of Pl . Because car di ol i pi n was r e-

st r i ct ed t o t he membr anes of t he mi t ochondr i al f r act i ons, i t

appear ed t hat nei t her l i pi d bodi es nor gl yoxysome mem-

br ane f r act i ons wer e cont ami nat ed t o an appr eci abl e degr ee

wi t h mi t ochondr i al membr anes .

Composi t i ons of i ndi vi dual cl asses of nonpol ar l i pi ds i n

l i pi d bodi es and membr anes of gl yoxysomes i sol at ed i n su-

cr ose gr adi ent s or met r i zami de gr adi ent s ar e shown i n Tabl e
H. The ki nds or pr opor t i ons of nonpol ar l i pi ds r ecover ed i n

gl yoxysome membr anes wer e not appr eci abl y af f ect ed by t he

t ype of gr adi ent medi umused . Whi l e a consi der abl e pr opor -

t i on of t he nonpol ar l i pi ds i n gl yoxysome membr anes was

TAG ( 13% i n sucr ose, 16%i n met r i zami de) , FFA was t he

pr edomi nant nonpol ar l i pi d cl ass i n gl yoxysome membr anes

( 55% i n sucr ose, 62% i n met r i zami de) . Li pi d bodi es and

gl yoxysome membr anes shar ed t he same t ypes of nonpol ar

l i pi ds, but i n much di f f er ent pr opor t i ons . As expect ed, vi r t u-

al l y al l of t he nonpol ar l i pi ds i n l i pi d bodi es wer e TAG. Nei -

t her TAGnor FFA wer e det ect ed i n mi cr osome membr anes

( not shown) ; di - and monoacyl gycer ol s, i n near l y equal

amount s, made up t he smal l per cent age ( 4 %by wei ght , Fi g .

3) of nonpol ar l i pi ds i n mi cr osome membr anes .

Fi g . 4 i s a compar i son of gas chr omat ogr aphi c t r aci ngs of

Tabl e H. Nonpol ar Li pi d Composi t i on ( Wei ght Per cent )
of Li pi d Bodi es, and Membr anes ( Car bonat e- washed) f r om
Gl yoxysomes I sol at ed i n Sucr ose or Met r i zami de Gr adi ent s

* MAG, monoacyl gl ycer ol s ; DAG, di acyl gl ycer ol s ( sn 1, 2 and 1, 3) ; TAG,
t r i acyl gl ycer ol s ; FFA, f r ee f at t y aci ds .
t Per cent by wei ght ( 14g i ndi vi dual nonpol ar l i pi d/ , Ug t ot al nonpol ar l i pi d) x
100 . Means wer e cal cul at ed f r om val ues der i ved f r omt hr ee chr omat ogr aphi c
separ at i ons of t wo separ at e or ganel l e i sol at i ons .

1000

Sampl e PG* PI PC PE PA CL Unk Or i gi n

%t

Li pi d bodi es 0 34 35 21 4 0 0 6

Mi t ochondr i a membr anes 1 5 35 32 0 20 0 6

Gl yoxysome membr anes 13 15 49 12 0 0 4 6

Sampl e MAG* DAG TAG FFA St er ol s

Li pi d bodi es 1 ± 0 . 2 2 ± 0 . 3 97 2 . 4 0 . 4 ± 0 . 2 0

Gl yoxysomes 24 t 2 . 9 9 t 1 . 6 13 t 1 . 7 55 t 4 . 2 1 t 0 . 8

i n sucr ose

Gl yoxysomes 15 t 3 . 4 6 ± 2 . 6 16 f 2 . 0 62 f 8 . 6 2 f 0 . 5

i n met r i zami de



0
O N

A T TV

	

Li pi d Bodi es TAG

Gyox Membr anes TAG

Br n . . . . .

Gl yox Membr anes FFA

n' ! I I W

	

A

	

A

	

W

	

0

	

O

	

I

	

I

D 1 A

i 1ni of i nn i

1

	

.r ~vu~WyUI JWW" JU1Wl . ^7~1 t l M

Sp
At Sp

	

SP

Fi gur e 4. Tr aces of gas chr o-
mat ogr aphi c separ at i ons of f at -
t y aci d met hyl est er s pr epar ed
f r om l i pi d body TAG( A) , gl y-
oxysome membr ane TAG( B) ,
gl yoxysome membr ane FFA
( C) , and l i pi d body TAG ( D,
t hr ee t i mes t he amount i nj ect ed
f or A) . Pal mi t i c ( 16 : 0) , ol ei c
( 18 : 1) , and l i nol ei c ( 18 : 2) aci ds
wer e t he maj or f at t y aci ds
( l ar ge ar r owheads)I ~~

	

I

	

i n st or age
TAG ( A and D) whi l e si x un-
i dent i f i ed f at t y aci ds ( smal l

ar r owheads) wer e pr edomi nant
i n gl yoxysome membr ane TAG
and FFA ( B and C) . Sp de-
not es a t wof ol d r educt i on i n
char t speed and At si gni f i es a
change i n at t enuat i on ( scal e t o
t he r i ght of At i s t wi ce t hat t o
t he l ef t ) .

Li pi d Bodi es TAG

3x

130

mi n

W

t he separ at ed acyl component s of l i pi d body TAG, gl yoxy-

some membr ane TAG, and gl yoxysome membr ane FFA.

Pal mi t i c ( 16 : 0, 28% of t he t ot al f at t y aci ds) , ol ei c ( 18 : 1,

18%) , and l i nol ei c ( 18 : 2, 34%) aci ds wer e t he pr edomi nant

f at t y aci ds of l i pi d body TAGas expect ed . Al l of t hese f at t y

aci ds wer e det ect ed i n gl yoxysome membr ane TAG and

gl yoxysome membr ane FFA, but i n much l ower pr opor t i ons

( 16 : 0, 2%, 18 : 1, <1%, 18 : 2, 7%) . Unexpect edl y, si x uncom-

mon ( and as yet uni dent i f i ed) f at t y aci ds made up a

si gni f i cant pr opor t i on ( t oget her 51%) of t he f at t y aci ds i n

bot h t he gl yoxysome membr ane TAGand gl yoxysome mem-

br ane FFA f r act i ons . Compar i son of t he t r aces i n Fi g . 4, B

and C, wi t h t hat i n Fi g. 4 D ( t hr ee t i mes t he amount of mat e-

r i al i n Fi g . 4 A) showed t hat t he pr edomi nant f at t y aci ds i n

gl yoxysome membr ane TAG and FFA al so wer e pr esent i n

l i pi d body TAG, but at a much l ower concent r at i on ( t oget her

N6%) .

Phosphol i pi d Synt hesi s and I nt r acel l ul ar

Tl r anspor t i n Vi vo

Fi g . 5 shows t he r esul t s of pul se- chase exper i ment s af t er ap-

pl yi ng r adi ol abel ed chol i ne or et hanol ami ne t o cot yl edons of

18- h- ol d cot t on seedl i ngs . Appl i ed chol i ne was i ncor por at ed

i nt o ER ( Fi g. 5, t op) as PC ( see Fi g. 6 f or i dent i f i cat i on of

r adi ol abel ed l i pi ds) , wher eas et hanol ami ne was i ncor po-

r at ed i nt o ERas PE. I ncubat i on of cot yl edons i n nonr adi oac-

t i ve chol i ne or et hanol ami ne ( 2, 12, and 24 h) r esul t ed i n a

r educt i on of r adi ol abel ed PC or PE, r espect i vel y, i n ERf r ac-

t i ons wi t h a concomi t ant i ncr ease i n r adi ol abel ed PC or PE,

Chapman and Tr el ease Bi ogenesi s of Di f f er ent i at i ng Gl yoxysome Membr anes
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Fi gur e 5. Pr of i l es of r adi oact i ve PCand PE i n sucr ose gr adi ent f r ac-

t i ons . Cl ar i f i ed homogenat es wer e f r act i onat ed af t er appl i cat i on of

14 C- chol i ne ( or ' ° C- et hanol ami ne) t o 18- h- ol d cot t on cot yl edons

( 1- h pul se f or chol i ne, 30- mi n pul se f or et hanol ami ne) , or af t er a

chase per i od wi t h nonr adi oact i ve chol i ne ( or nonr adi oact i ve

et hanol ami ne) . The posi t i ons of ER membr anes, mi t ochondr i a

( M) , and gl yoxysomes ( G) wer e det er mi ned i n t hese gr adi ent s

( denot ed at t he t op by assayi ng mar ker enzymes, ant i myci n A- i n-

sensi t i ve NADH cyt ochr ome c r educt ase, cyt ochr ome c oxi dase,

and cat al ase, r espect i vel y . Radi ol abel ed PC and PE wer e chased

i nt o mi t ochondr i a f r act i ons but not i nt o gl yoxysome f r act i ons .



Fi gur e 6. Aut or adi ogr ams of r adi ol abel ed l i pi ds ext r act ed f r omcel -
l ul ar f r act i ons and separ at ed by TLCf or i dent i f i cat i on. Sampl es f or
l anes A- D wer e r adi ol abel ed 1 h wi t h 14C- chol i ne f ol l owed by a
12- h chase wi t h nonr adi oact i ve chol i ne. Lanes A- Cwer e f r omf r ac-
t i ons 3- 5 and l ane Dwas f r omf r act i on 10 ( see Fi g . 5, t hi r d panel ) .

' 4 C- Et hanol ami ne was t he r adi ol abel f or sampl es i n l anes E- P.
Lanes E- Gwer e l i pi ds f r om cl ar i f i ed homogenat es of cot yl edons
r adi ol abel ed f or an i ncr easi ng pul se per i od ( 30, 90, 210 mi n) .
Lanes H- L wer e l i pi ds f r omcel l f r act i ons pr epar ed af t er a 30- mi n
pul se. Lanes H- J wer e f r omcel l f r act i ons 3- 5 and l ane Kwas f r om
f r act i on 10 ( see Fi g. 5, t op) . Lanes M- Pwer e l i pi ds f r omcel l f r ac-
t i ons pr epar ed af t er a 30- mi n pul se and 12- h chase wi t h nonr adi o-
act i ve et hanol ami ne . Lanes Nand O wer e f r om f r act i ons 4 and
5 and l ane Pwas f r omf r act i on 10 ( see Fi g . 5, t hi r d panel ) . Li pi ds
mar ked wi t h a ? wer e t ent at i vel y i dent i f i ed as N- acy1PE.

r espect i vel y, i n mi t ochondr i al f r act i ons . Gl yoxysomes di d
not accumul at e 14C- PC or ' 4C- PE even af t er t he 24- h chase
per i od . Cat al ase act i vi t y i ncr eased f our f ol d ( not shown) i n
cot yl edons f r om 18 t o 42 h af t er i mbi bi t i on i ndi cat i ng t hat
gl yoxysome bi ogenesi s was pr oceedi ng nor mal l y under

t hese l abel i ng condi t i ons .

The i dent i f i cat i on of r adi ol abel ed l i pi ds i n cel l ul ar f r ac-

t i ons det er mi ned by TLC and aut or adi ogr aphy ar e r eveal ed
i n Fi g . 6. 14C- PC was t he excl usi ve r adi oact i ve l i pi d pr od-

uct det ect ed i n cel l f r act i ons i n al l pul se- chase exper i ment s

( up t o 210 mi n pul se, and up t o 24 h chase) wi t h l 4C- cho-

l i ne . For exampl e, l anes A- D show dat a when cot yl edons

wer e r adi ol abel ed wi t h ' 4C- chol i ne wi t h a 1- h pul se and

12- h chase.
When cot yl edons wer e pul sed f or i ncr easi ng per i ods ( up

t o 210 mi n) wi t h ' 4 C- et hanol ami ne, 14C- PEwas t he pr i mar y

l i pi d det ect ed i n cl ar i f i ed homogenat es ( Fi g . 6, l anes E- G

and L) . However , some 14C- PC and some ' 4 C- N- acy1PE

( t ent at i ve i dent i f i cat i on, ?, based on cochr omat ogr aphy wi t h

N- pal mi t oyl PE) al so was det ect ed af t er t he 210- mi n pul se .
14C- PE was t he pr i mar y r adi ol abel ed l i pi d pr oduct i n ERand
mi t ochondr i a f r act i ons af t er a 30- mi n pul se wi t h 14 C- et ha-

nol ami ne ( l anes H- K) . A smal l amount of 14C- N- acy1PE

The Jour nal of Cel l Bi ol ogy, Vol ume 115, 1991

al so was obser ved i n ER, but not i n mi t ochondr i a f r act i ons .
The r adi ol abel ed pr oduct s i n t he homogenat e ( l ane M) , t he
ER( l anes Nand O) , and t he mi t ochondr i a ( l ane P) f r act i ons
af t er a 12- h chase wer e most l y ' 4C- PE ( l anes M- P) , and
t he r el at i ve pr opor t i ons of r adi oact i vi t y i n N- acyl PE and PC
i n ERf r act i ons i ncr eased wi t h chase t i me ( compar e l anes H
and I wi t h N and O) .

Li pi d Tr ansf er I n Vi vo

Fi g. 7 i s an el ect r on mi cr ogr aph of a r epr esent at i ve vi ew of
t he mat er i al i n t he i sol at ed l i pi d body f r act i ons subj ect ed t o
l i pi d anal yses and used as donor s f or i n vi t r o l i pi d t r ansf er
exper i ment s . Li pi d body f r act i ons wer e vi si bl y f r ee f r om

cont ami nat i on by ot her cel l debr i s . The dar k l ayer ar ound
each l i pi d body r epr esent s t he pr ot ei naceous membr ane coat
composed of ol eosi ns ( 24) and ot her l i pi d body membr ane
pr ot ei ns . These l i pi d bodi es wer e r adi ol abel ed wi t h 3 H- PC

or ' HTOand ser ved as t he " nat i ve" donor s i n l i pi d t r ansf er
exper i ment s .

Fi g . 8 shows t he r el at i ve compet ence of gl yoxysomes, mi -

t ochondr i a, mi cr osomes, and chl or opl ast s, i n acqui r i ng l i p-
i ds f r oml i pi d bodi es i n vi t r o . 3H- PC was t r ansf er r ed t o al l
or ganel l es . Appr oxi mat el y 60% of t he 3 H- PC sedi ment ed
wi t h membr anes ( 180, 000 g, 45 mi n 4° C) af t er gl yoxysomes
or mi t ochondr i a wer e osmot i cal l y bur st i n 100 mMpot as-
si umphosphat e ( pH 7. 2) . Tr ansf er of 3 HTOt o gl yoxysomes
was r epr oduci bl y est abl i shed, wher eas t r ansf er of 3HTOt o
ot her or ganel l es was i nsi gni f i cant . Near l y 100 %of t he r adi o-

l abel ed TOt r ansf er r ed t o gl yoxysomes r emai ned associ at ed

wi t h membr anes af t er osmot i c di sr upt i on and sedi ment at i on

of membr anes . Si mul t aneous exper i ment al cont r ol s wi t hout

accept or or ganel l es ( not shown) yi el ded l ow amount s of r a-
di oact i vi t y ( - 400 cpm) r emai ni ng i n t hese cont r ol t ubes af -

t er r emoval of t he super nat ant . Thi s i ndi cat ed t hat cont ami -

Fi gur e 7. El ect r on mi cr ogr aph of pur i f i ed l i pi d bodi es ( f l oat ed t hr ee
t i mes) f r om cot yl edons of 24- h- ol d cot t on seedl i ngs . Bar , 1 . 0 / , m.
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Fi gur e 8 . Amount s of 3 H- PC or 3HTOt r ansf er r ed i n vi t r o f r om
r adi ol abel ed l i pi d bodi es t o gl yoxysomes, mi t ochondr i a, mi cr o-
somes ( pr epar ed as descr i bed i n l egend f or Fi g. 3) , or chl or opl ast s
( f r om a 5, 720- g, 5- mi n pel l et of a 640- g, 10- mi n super nat ant of
homogeni zed cot yl edons gr own 2 d i n t he dar k f ol l owed by 3 d i n
cont i nuous l i ght ) . Radi ol abel ed l i pi d bodi es wer e mi xed wi t h i so-
l at ed or ganel l es and i ncubat ed 1 h at 37° C; accept or or ganel l es
wer e sedi ment ed ( donor l i pi d bodi es f l oat ed) at 13, 000 g f or 30 mi n
( except f or mi cr osomes pel l et ed at 180, 000 g, 45 mi n) , and r adi oac-
t i vi t y was measur ed i n l i pi d ext r act s. Val ues f or gl yoxysomes and
mi t ochondr i a ar e means wi t h st andar d devi at i on ( n = number of
i ndependent exper i ment s) . Val ues f or mi cr osomes and chl or opl ast s
ar e t he aver age of t wo t r ansf er s .

nat i on of accept or or ganel l e f r act i ons by sedi ment at i on of

r adi ol abel ed l i pi d bodi es ( because of wal l ef f ect s) di d not ac-

count f or t he obser ved r adi oact i vi t y i n t he accept or or ganel l e

f r act i ons .

Fi g . 9 compar es t he ef f ect i veness of l i pi d bodi es, wi t h and

wi t hout associ at ed pr ot ei ns, as donor s . When synt het i c l i pi d

bodi es ( const r uct ed i n vi t r o f r oml i pi ds ext r act ed f r omi so-
l at ed l i pi d bodi es) wer e t est ed f or t r anspor t compet ence, t he
amount s of r adi ol abel ed l i pi ds ( TO and PC) associ at ed wi t h

Fi gur e 9. Amount s of r adi ol abel ed TOor PC t r ansf er r ed i n vi t r o
f r om nat i ve ( wi t h associ at ed pr ot ei n, same as f or Fi g . 8) or syn-

t het i c ( wi t hout associ at ed pr ot ei n) l i pi d bodi es t o gl yoxysomes or
mi t ochondr i a . Val ues ar e t he aver age of t wo i ndependent exper i -
ment s .
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Fi gur e 10. Ti me cour ses of t r ansf er of r adi ol abel ed PC and TOi n
vi t r o f r om l i pi d bodi es t o gl yoxysomes ( 185 hg pr ot ei n) or mi t o-
chondr i a ( 240 kg pr ot ei n) . Dat a ar e r epr esent at i ve of t hr ee i nde-
pendent exper i ment s .

gl yoxysomes and mi t ochondr i a wer e subst ant i al l y l ower

compar ed wi t h t he amount s of l i pi ds t r ansf er r ed f r omnat i ve

l i pi d bodi es ( wi t h associ at ed pr ot ei ns as f or Fi g . 8) . Si mul -

t aneous exper i ment al cont r ol s wi t h nat i ve l i pi d bodi es and
wi t hout accept or or ganel l es yi el ded l owamount s of r adi oac-
t i vi t y ( cpm wer e si mi l ar t o amount s when synt het i c l i pi d

bodi es wer e used as t he donor , Fi g . 9) associ at ed wi t h t he

t ubes af t er r emoval of t he super nat ant . Thi s suggest ed t hat

t he r adi oact i vi t y associ at ed wi t h gl yoxysomes and mi t o-

chondr i a af t er i ncubat i on wi t h r adi ol abel ed synt het i c l i pi d
bodi es was not a r esul t of bona f i de t r ansf er , but l i kel y was
due t o cont ami nat i on of pel l et s by r adi ol abel ed l i pi ds or by
r adi ol abel ed l i pi ds adher i ng t o t he wal l of t he t ube af t er

r emoval of t he super nat ant .

Ti me cour ses of t he t r ansf er of 3 H- PC and 3HTO f r om

l i pi d bodi es t o gl yoxysomes and mi t ochondr i a ar e shown i n

Fi g. 10. Tr ansf er of 3H- PC and 3HTO i ncr eased l i near l y

bet ween 20 and 180 mi n when gl yoxysomes wer e used as t he

accept or or ganel l e f r act i on ( t op) . Tr ansf er of 3H- PC, but

not 3 HTO, i ncr eased l i near l y dur i ng t hi s t i me f r ame when

mi t ochondr i a wer e used as t he accept or or ganel l e f r act i on

( bot t om) .

Fi g. 11 shows t he r el at i onshi p bet ween t he amount of

t r ansf er r ed 3 HTO and t he amount of accept or or ganel l e

pr ot ei n . The t r ansf er of 3 HTOf r oml i pi d bodi es t o gl yoxy-

somes i ncr eased l i near l y wi t h t he i ncr easi ng amount s of

gl yoxysomal pr ot ei n t est ed, whi l e t he amount of 3 HTOi n

mi t ochondr i al f r act i ons di d not change r el at i ve t o t he

amount of mi t ochondr i al pr ot ei n . I n cont r ast , t r ansf er of
3 H- PC f r om l i pi d bodi es t o bot h gl yoxysomes and mi t o-
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Fi gur e 11. I nf l uence of t he amount of accept or or ganel l e pr ot ei n on
t he t r ansf er i n vi t r o of 3 HTO f r oml i pi d bodi es t o gl yoxysomes or
mi t ochondr i a . Dat a poi nt s ar e si ngl e val ues f r om t wo i ndependent
exper i ment s f or gl yoxysomes and t hr ee i ndependent exper i ment s
f or mi t ochondr i a .

chondr i a i ncr eased l i near l y wi t h t he amount of gl yoxysomal

and mi t ochondr i al pr ot ei n ( not shown) . When t wi ce t he

amount of r adi ol abel ed l i pi d bodi es was added t o a t r ansf er

assay mi xt ur e, t he amount of t r ansf er r ed r adi ol abel ed l i pi d

di d not change f or a gi ven amount of accept or or ganel l e pr o-
t ei n ( not shown) .

I dent i t i es of r adi ol abel ed l i pi ds i n or ganel l e f r act i ons af t er

a 1- h i ncubat i on i n t he l i pi d t r ansf er assay r eact i on mi xt ur e

ar e r eveal ed i n Fi g . 12 . PC was t he onl y r adi ol abel ed l i pi d

t r ansf er r ed t o gl yoxysomes and mi t ochondr i a f r om l i pi d

bodi es r adi ol abel ed wi t h 3H- PC ( Fi g . 12 A) . I nt er est i ngl y,

t he TO t r ansf er r ed f r om l i pi d bodi es t o gl yoxysomes was

par t i al l y hydr ol yzed t o FFA, whi l e TO r emai ni ng i n l i pi d

bodi es was not ( B) . Hydr ol ysi s of TO i n gl yoxysomes ap-

pear ed t o be r el at i vel y speci f i c because t he acyl gr oups of PC

wer e not hydr ol yzed ( A) .

Nonpol ar Li pi ds i n Gl yoxysome Membr anes

Gl yoxysomes i n cot yl edons of cot t on seedl i ngs enl ar ge dr a-

mat i cal l y dur i ng t he f i r st 48 h of post ger mi nat i ve gr owt h ( see

Fi g . 1, see al so r ef er ence 30) . Because t hey do not synt hesi ze

t hei r own maj or phosphol i pi ds ( PC and PE, r ef er ence 10) a

si gni f i cant amount of membr ane l i pi d must be del i ver ed t o

gl yoxysomes t o accommodat e membr ane expansi on. An un-

expect ed r esul t was t hat hi ghl y pur i f i ed gl yoxysome mem-

br anes ( Fi g . 2) wer e composed of 36- 62 %( by wei ght ) non-

pol ar l i pi ds ( Fi g . 3) . FFA i n 48- h gl yoxysome membr anes

compr i sed - 20 %of t he t ot al membr ane l i pi d ( 57 %of 36 %,

f r omFi g . 3 and Tabl e I I ) . The abundance of si x uncommon

( and uni dent i f i ed) f at t y aci ds i n bot h TAGand FFA of gl yox-

ysome membr anes ( Fi g . 4) was i nt r i gui ng, especi al l y si nce

t hey al so wer e i n TAGof l i pi d bodi es, al bei t at a l owconcen-

t r at i on .

To our knowl edge, no bi ol ogi cal membr ane has been de-

scr i bed wi t h such a hi gh pr opor t i on of nonpol ar l i pi ds . I t was

unl i kel y t hat t he nonpol ar l i pi ds i n gl yoxysome membr anes
wer e f r om cont ami nat i ng l i pi d bodi es because t he pr opor -

t i ons of nonpol ar l i pi d cl asses ( and t he pr opor t i ons of acyl

gr oups wi t hi n t hese cl asses) wer e much di f f er ent i n t hese t wo

or ganel l es ( Tabl e I I , Fi g. 4) . Al so l i pi d bodi es wer e not ob-

ser ved i n mi cr ogr aphs ( opt i cal or el ect r on) of pur i f i ed gl yox-
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Fi gur e 12. Aut or adi ogr ams of TLC separ at i ons of l i pi ds ext r act ed
f r om or ganel l e f r act i ons af t er i n vi t r o t r ansf er of 3H- PC ( A) or
3HTO ( B) . Bot h pl at es wer e devel oped i n hexane/ et her / f or mat e
( 80 : 20 : 2) . For A, t he phosphol i pi ds wer e t hen separ at ed i n chl o-
r of or m/ met hanol / wat er ( 80 : 35 : 3) . Pl at es wer e spr ayed wi t h EN3-
HANCE bef or e exposur e of f i l m ( 14 d at - 85° C) . PC was t he onl y
r adi ol abel ed l i pi d t r ansf er r ed t o gl yoxysomes ( G) and mi t ochon-
dr i a ( M) , and was t he onl y r adi ol abel ed l i pi d t hat r emai ned i n l i pi d
bodi es ( LB) when donor l i pi d bodi es cont ai ned 3H- PC. When t he
donor l i pi d body f r act i on was r adi ol abel ed wi t h 3 HTO, r adi oac-
t i vi t y r emai ni ng i n l i pi d bodi es af t er t he t r ansf er r eact i on comi -
gr at ed excl usi vel y wi t h TAG. Bot h TAGand FFA wer e det ect ed i n
gl yoxysomes af t er t r ansf er , i ndi cat i ng t hat TO was t r ansf er r ed t o
gl yoxysomes bef or e hydr ol ysi s . I n B, t he t wo l anes l abel ed Gwer e
gl yoxysome l i pi ds f r om t wo i ndependent t r ansf er exper i ment s .

ysomes or gl yoxysome membr anes ( Fi g . 2) . Fur t her mor e,

nonspeci f i c hydr ol ysi s of acyl at ed l i pi ds l i kel y was not

r esponsi bl e f or t he hi gh per cent age of FFA i n gl yoxysome

membr anes f or at l east t wo r easons . Fi r st , t he membr ane

pr epar at i on scheme or l i pi d ext r act i on pr ocedur e di d not

l i ber at e FFA because hydr ol ysi s of mi t ochondr i al or

mi cr osomal membr ane l i pi ds was not obser ved . Second, a

nonspeci f i c acyl hydr ol ase was not act i ve i n gl yoxysome

membr anes because r adi ol abel ed PC t r ansf er r ed t o gl yoxy-

somes was not hydr ol yzed dur i ng or af t er t he i n vi t r o l i pi d

t r ansf er assay ( Fi g . 12, A) . Most l i kel y, t he FFA ar ose by

speci f i c hydr ol ysi s of TAGi ncor por at ed i nt o t he gl yoxysome

membr ane ( Fi g . 12 B; see al so l at er di scussi on) .

The nonpol ar l i pi d composi t i on of membr anes t ypi cal l y i s

not anal yzed because, wi t h t he except i on of st er ol s, t hese

l i pi ds ar e not consi der ed as i mpor t ant or pr eval ent mem-

br ane component s . Recent l y, however , evi dence was pr e-
sent ed whi ch i ndi cat ed t hat neut r al l i pi d domai ns exi st ed i n

pl asma membr anes of act i vat ed, st i mul at ed, or t r ansf or med

cel l s ( 36) . Mi cr odomai ns of pr i mar i l y TAG( 6% of t he t ot al

membr ane l i pi ds) wer e pr oposed t o be ar r anged i nt o dr op-

l et s i nt er cal at ed wi t hi n t he hydr ophobi c phase of t he l i pi d bi -

l ayer and cover ed by phosphol i pi ds ( 36) . I t r emai ns t o be

t est ed whet her t he mol ecul ar ar r angement of nonpol ar l i pi ds

i n gl yoxysome membr anes i s consi st ent wi t h t hi s model .
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Some dat a exi st on t he nonpol ar l i pi d composi t i ons of

membr anes sur r oundi ng per oxi somes i sol at ed f r om t wo

di f f er ent or gani sms ( cast or bean and t he yeast , Candi da

t r opi cal i s) . Endosper m gl yoxysome membr anes cont ai ned

10% by wei ght ( est i mat ed f r omt he mol %val ues r epor t ed)

nonpol ar l i pi ds, 60%of whi ch wer e FFA ( 12, 17) . Mor e t han

95% of t he FFA wer e pal mi t i c, st ear i c, ol ei c, and l i nol ei c

aci ds . Asmal l er amount of di acyl gl ycer ol s ( 0. 7 mol %) , TAG

( 0 . 6%) , and st er ol s ( 0. 8%) al so wer e r epor t ed . Nonpol ar

l i pi ds i n t he yeast per oxi some membr anes wer e not

quant i f i ed, but wer e i dent i f i ed as most l y st er ol s, wi t h some

FFA ( 40) .

Per oxi somes oxi di ze f at t y aci ds i n vi r t ual l y al l or gani sms

exami ned ( 2, 22, 25, 29, 31, 46, 47, 52) , hence t he appear -

ance of FFA i n cot t onseed gl yoxysome membr anes was not

al t oget her sur pr i si ng . One obvi ous f unct i on of t hese f at t y

aci ds woul d be t o ser ve as subst r at es f or t he ( 3- oxi dat i on en-

zymes l ocat ed i n t he mat r i x of cot t onseed ( 6) and ot her

per oxi somes ( 22, 29) . I f t hi s wer e t he case, t hen t he t hr ee

common FFA det ect ed at l ow concent r at i on i n t he gl yoxy-

some membr ane may si mpl y be i n a st at e of f l ux t hr ough t he

membr ane . Amor e specul at i ve f unct i on f or t he unusual f at t y

aci ds sequest er ed at a hi gher concent r at i on i n gl yoxysome

membr anes mi ght be t hei r speci f i c i nvol vement i n al t er i ng

membr ane f l ui di t y, t her eby f aci l i t at i ng membr ane expan-

si on . A t hi r d possi bl e f unct i on f or t he gl yoxysome mem-

br ane FFA i s f or mat i on of por es f or t he exchange of cof act or s

and met abol i t es ( 51) . Repor t s exi st whi ch demonst r at e i n-

cr eased per meabi l i t y of membr ane vesi cl es caused by f or ma-

t i on of por es at el evat ed concent r at i ons of FFA ( 7) . Per me-

abi l i t y of per oxi some membr anes i ncr eased when l i ver s of

mi ce wer e t r eat ed wi t h pr ol i f er at or s ( 15) . Thi s was bel i eved

t o r esul t f r oman i ncr ease i n l ysophosphat i dyl chol i ne and a

decr ease i n PC. The i ncr ease i n amount of FFA t hat woul d

obl i gat or i l y ar i se f r omt he hydr ol ysi s of PC t o f or m l ysoPC

was not addr essed by t he aut hor s . St udi es ar e pl anned t o

i dent i f y t he unusual gl yoxysomal membr ane FFA so t hei r ac-

t ual r ol e i n gl yoxysome membr ane f unct i on can be expl or ed.

Gl yoxysome Membr ane PCand PEAr e

Not Tr anspor t ed f r omER

Model s descr i bi ng t he bi ogenesi s of per oxi somes of t en i n-

cl ude an aspect of membr ane bi ogenesi s wher eby newl y syn-

t hesi zed per oxi some membr ane l i pi ds ar e der i ved f r omER

( 21, 25, 31, 32, 53) . Evi dence suppor t i ng t hi s concept i s

most l y i ndi r ect ; i . e . , t he ERi s t he pr i mar y cel l ul ar l ocat i on

of phosphol i pi d- synt hesi zi ng enzymes ( f or PC i n par t i cu-

l ar ) , wher eas per oxi somes do not appear t o synt hesi ze t hei r

own membr ane phosphol i pi ds ( 4, 10, 25, 33, 46) . Di r ect evi -

dence suppor t i ng ERas t he sour ce of per oxi some membr ane

l i pi ds i s meager . For exampl e, t he most cur r ent model f or

gl yoxysome bi ogenesi s i n cast or bean endosper m ( 21, 32) r e-

l i es on t he de novo pr ol i f er at i on of gl yoxysomes by buddi ng

f r om segment s of ER f r omwhi ch membr ane l i pi d i s con-

t r i but ed di r ect l y . Dat a f r omonl y one paper suppor t t hi s por -

t i on of t he model ( 28) . Di f f er ent i al r at es of decl i ne i n r adi o-

l abel i ng of ER and gl yoxysome f r act i ons wer e i nt er pr et ed

t o i ndi cat e t hat r adi ol abel ed PC was t r anspor t ed f r omER- t o

gl yoxysomes i n vi vo . Ther e ar e no ot her dat a f r omany ot her

or gani sm t hat demonst r at e di r ect t r ansf er of membr ane

l i pi ds f r om ER t o per oxi somes . Resul t s f r om our pul se-

chase r adi ol abel i ng exper i ment s ( Fi gs . 5 and 6) demon-
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st r at ed t hat PC and PE wer e t r ansf er r ed f r omER t o mi t o-

chondr i a, but not f r om ER t o enl ar gi ng gl yoxysomes . I n

ear l i er wor k, we showed t hat enl ar gi ng gl yoxysomes wer e

i ncapabl e of synt hesi zi ng t hei r own PC and PE ( 10) . Ther e-

f or e, per oxi somes i n gener al , and mor e speci f i cal l y enl ar g-

i ng cot t onseed gl yoxysomes, may acqui r e t hei r membr ane

phosphol i pi ds f r oman al t er nat i ve cel l ul ar sour ce.

Gl yoxysome Membr ane Li pi ds Ar e Der i ved

f r omLi pi d Bodi es

Sever al l i nes of evi dence suggest ed t hat l i pi d bodi es coul d be

t he sour ce of membr ane l i pi ds f or enl ar gi ng cot t onseed

gl yoxysomes . Fi r st , f r omour anal yses of l i pi d cl asses, i t was

appar ent t hat component s of l i pi d bodi es wer e si mi l ar t o

t hose i n gl yoxysome membr anes . Second, l i pi d bodi es and

gl yoxysomes ar e i n cl ose physi cal pr oxi mi t y dur i ng mobi l i -

zat i on of r eser ve oi l ( 3, 25, 47) . Thi r d, t her e i s a pauci t y of

evi dence f or ER bei ng t he sour ce of phosphol i pi d ( PC and

PE) f or endosper m or cot yl edon gl yoxysome membr anes

( see above) .

To t est our hypot hesi s, an i n vi t r o l i pi d t r ansf er assay sys-

t emwas devel oped . The di r ect t r ansf er of 3 H- PC and 3 HTO

f r oml i pi d bodi es t o gl yoxysomes ( Fi gs . 8- 12) suggest ed t hat

t hi s phenomenon coul d i ndeed occur i n vi vo . Radi ol abel i ng

exper i ment s i n vi vo wer e not possi bl e because l i pi d bodi es

ar e synt hesi zed dur i ng seed devel opment ( i n t he cot t on bol l ) ;

consequent l y, t hey coul d not be r adi ol abel ed t o a suf f i ci ent l y

hi gh r adi ospeci f i c act i vi t y dur i ng seed ger mi nat i on t o det er -

mi ne t hei r r ol e as possi bl e l i pi d donor s . I n vi t r o, al l or ganel l e

f r act i ons t est ed acqui r ed PC wher eas onl y gl yoxysomes ac-

qui r ed TO( Fi g . 8) . Cont r ol exper i ment s wi t h synt het i c l i pi d

bodi es ( Fi g . 9) al so hel ped show t hat t he appar ent t r ansf er

of l i pi ds was not at t r i but abl e t o nonspeci f i c adsor pt i on or ad-

her ence of l i pi ds t o t he sur f ace of gl yoxysomes or mi t ochon-

dr i a . Synt het i c l i pi d body pr epar at i ons wer e not f l oat ed af t er

r adi ol abel i ng, hence 3 H- l i pi ds not i ncor por at ed i nt o l i pi d

bodi es ( e . g. , PC mi cel l es and l i posomes) wer e f r ee t o f use

( bi nd) nonspeci f i cal l y wi t h accept or membr anes ; t hi s di d

not occur t o an appr eci abl e ext ent . The i ncor por at i on of

t r ansf er r ed r adi ol abel ed l i pi ds i nt o membr anes al so ar gued

agai nst nonspeci f i c adsor pt i on by l i pi d bodi es .

Few det ai l s ar e known about t he act ual t r ansf er of r eser ve
l i pi d t o gl yoxysomes f or 0- oxi dat i on ( 24, 29, 35, 47) . The
subcel l ul ar l ocat i on of t he l i pase( s) i nvol ved i n TAGhydr ol y-
si s has been t he subj ect of much cont r over sy and i s appar ent l y
speci es speci f i c ( 24, 26, 29, 47) . I n cot t on cot yl edons, t he
avai l abl e dat a i ndi cat e t hat t he TAGl i pase i s most l y cyt osol i c
and i s t r ansl ocat ed t o l i pi d bodi es f or oi l mobi l i zat i on dur i ng
post ger mi nat i ve gr owt h ( 24) . Thi s i mpl i es t hat f at t y aci ds
ar e r el eased f r oml i pi d bodi es f or t r anspor t t o gl yoxysomes .
Unl i ke t he si t uat i on f or mammal i an mi t ochondr i a, / 3- oxi da-
t i on of f at t y aci ds i n per oxi somes i s car ni t i ne i ndependent

( 22, 29) , i mpl yi ng t hat t he per oxi some mat r i x i s r eadi l y ac-
cessi bl e t o FFA. I n our wor k, r adi ol abel ed FFA wer e de-

t ect ed i n gl yoxysome membr anes af t er t r anspor t of TO( Fi g .

12 B) , i ndi cat i ng t hat TAGwas t he mol ecul ar speci es t r ans-
f er r ed t o gl yoxysome membr anes, t hen hydr ol yzed pr esum-
abl y by a gl yoxysomal TAG l i pase . To dat e onl y t hr ee seeds

( cast or bean, peanut , soybean) have been i dent i f i ed whi ch

cont ai n t r ue l i pases ( capabl e of hydr ol yzi ng TAG) i n t hei r
gl yoxysomes ( 47) . Onl y t he l i pase i n soybean gl yoxysomes
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i s consi der ed t o be t he maj or l i pol yt i c enzyme r esponsi bl e
f or oi l mobi l i zat i on ( 47) . I n most oi l seeds, l i pases associ at ed
wi t h t he l i pi d bodi es ar e t he maj or ( i f not excl usi ve) l i pol yt i c
enzymes ( 24, 26) . The car ni t i ne i ndependence of per ox-
i somal f at t y aci d O- oxi dat i on may have evol ved t o accommo-
dat e mul t i pl e r out es of f at t y aci d ent r y ( f r ee f or mor acyl at ed
as TAG) i nt o per oxi somes . A possi bl e expl anat i on f or t he
l ow or nonexi st ent act i vi t y of TAGl i pases r epor t ed f or cot -

t onseed, or ot her oi l seed, gl yoxysomes i s as f ol l ows.

Char act er i st i cal l y, l i pase assays ar e conduct ed wi t h emul -

si ons of TAG as subst r at e. Our emul si ons ( synt het i c l i pi d

bodi es) pr oved t o be poor donor s f or t he t r ansf er of TO t o

gl yoxysomes ( Fi g. 9) . Per haps ot her r esear cher s wer e unabl e

t o det ect TAG hydr ol ysi s wi t h gl yoxysomes because TAG

t r anspor t was not r econst i t ut ed . We al so measur ed l i pase ac-

t i vi t y i n t he cyt osol i c ( sol ubl e) f r act i ons of cot t on cot yl edon

homogenat es ( wi t h our nat i ve l i pi d bodi es as subst r at e) , but
t he act i vi t y( i es) was nonspeci f i c ; i . e. , PC was hydr ol yzed as

wel l as TO, and t he speci f i c act i vi t y i n t he cyt osol ( 51 . 5 nmol

ol ei c aci d r el eased/ h per mg pr ot ei n) was l ower t han t hat

measur ed i n gl yoxysomes ( 101 nmol ol ei c aci d r el eased/ h per

mg or ganel l e pr ot ei n) . We bel i eve t hat we have essent i al l y

r econst i t ut ed l i pi d mobi l i zat i on pr ocess i n seeds.

Unl i ke many ot her i n vi t r o l i pi d t r ansf er syst ems ( 27 and

r ef er ences t her ei n ; 34) , t r anspor t and i ncor por at i on of l i pi d

i nt o gl yoxysome membr anes was accompl i shed wi t hout ad-
di t i on of any ot her component s such as cyt osol i c f r act i ons,

pur i f i ed l i pi d t r ansf er pr ot ei ns, cof act or s, hi gh ener gy

nucl eot i des, et c . An i nconsi st ent st i mul at or y ef f ect on t r ans-

f er was obt ai ned by addi ng of cyt osol ( 150, 000- g super na-

t ant ) t o our t r ansf er assay mi xt ur e. I n t hi s r egar d, i t i s wor t h

not i ng t hat t r ansf er of r adi ol abel ed PC or r adi ol abel ed PE

f r omER membr anes ( r adi ol abel ed by i ncubat i ng ' ° C- CDR

chol i ne or 1 ^C- CDPet hanol ami ne wi t h mi cr osomes ; r ef er ence

10) t o gl yoxysomes coul d not be demonst r at ed i n vi t r o, even

wi t h added ATPand/ or cyt osol i c f r act i ons ( dat a not shown) .

Exper i ment s i n t hi s paper wer e not desi gned t o di r ect l y

addr ess t he mechani sm( s) of l i pi d t r ansf er bet ween l i pi d bod-

i es and gl yoxysomes . Some gener al i nf er ences, however , can

be made . Tr ansf er was near l y abol i shed i n t he absence of

pr ot ei ns nor mal l y associ at ed wi t h l i pi d bodi es ( Fi g . 9, com-

par e nat i ve l i pi d bodi es wi t h synt het i c l i pi d bodi es) . The

t r anspor t compet ence of l i pi d bodi es was gr eat l y r educed
when l i pi d bodi es had been st or ed at - 20° C f or as l i t t l e as
16 h, suggest i ng t hat f r eeze- t hawi ng di sr upt ed t he st r uct ur al

i nt egr i t y of t he t r anspor t machi ner y. The maj or l i pi d body

membr ane pr ot ei ns, t er med ol eosi ns by Huang et al . ( 26) ,
appear t o be hi ghl y conser ved and ubi qui t ous i n l i pi d bodi es
of di ver se speci es ( 26) . Per haps t he ol eosi ns t hemsel ves

cat al yze l i pi d t r ansf er or , al t er nat i vel y, ser ve as r ecept or s i n
r ecogni t i on/ docki ng of t he t wo or ganel l es such t hat t r ansf er
can occur .

Fi g . 13 i s an i nt er pr et i ve summar y of our r esul t s . Li pi ds
( pol ar and nonpol ar ) ar e t r anspor t ed di r ect l y f r oml i pi d bod-

i es and i ncor por at ed i nt o membr anes of gl yoxysomes t o ac-

commodat e post ger mi nat i ve or ganel l e enl ar gement and

membr ane di f f er ent i at i on . Thi s occur s concomi t ant wi t h t he

post t r ansl at i onal accumul at i on of gl yoxysomal mat r i x en-

zymes and mobi l i zat i on of oi l r eser ves . Newl y synt hesi zed
PC and PE ar e not t r ansf er r ed t o enl ar gi ng gl yoxysomes
f r omER. I t r emai ns t o be t est ed whet her t hi s model , or var i -

at i ons t her eof , appl y t o membr ane bi ogenesi s i n ot her sys-
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Fi gur e 13 Pr oposed scheme depi ct i ng i nt r acel l ul ar l i pi d t r af f i cki ng
i n cot yl edons of cot t on seedl i ngs dur i ng gl yoxysome enl ar gement
and st or age oi l mobi l i zat i on . Pr eexi st i ng gl yoxysomes ( G) i n i m-
bi bed seeds enl ar ge dr amat i cal l y dur i ng post ger mi nat i ve gr owt h .
PCand PE ar e t r ansf er r ed f r omERt o mi t ochondr i a, but not t o en-
l ar gi ng gl yoxysomes . I nst ead, nonpol ar l i pi ds ( 7t h) and phospho-
l i pi ds ( PC) ar e suppl i ed by l i pi d bodi es whi ch ar e cat abol i zed as
a het er ot r ophi c car bon sour ce dur i ng t he per i od of gl yoxysome en-
l ar gement .

t ems wher e per oxi some enl ar gement ( el abor at i on) i s docu-
ment ed, e . g . , ot her cot yl edons, yeast s, and mammal i an l i ver .
I t i s cl ear t hat mor e di r ect exper i ment al evi dence i s needed
t o suppor t model s i n whi ch ER i s pr esumed t o be t he sour ce
of per oxi some membr ane l i pi ds .

We t hank Dr . Jef f r ey R. Hazel f or hi s advi ce r egar di ng l i pi d anal yses, use

of t he I at r oscan TH- 10 and Hewl et t Packar d 5840 GC i n hi s l abor at or y,

and t he many di scussi ons r el at ed t o t he pr ogr ess of t hi s r esear ch . We al so

t hank Dr . Ri cki e B. Tur l ey f or hel pf ul suggest i ons concer ni ng gl yoxysome

i sol at i ons .
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