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ABSTRACT The coor di nat i on of t he synt heses of t he sever al cel l ul ar l i pi d cl asses wi t h one

anot her and wi t h cel l cycl e cont r ol wer e i nvest i gat ed i n pr ol i f er at i ng L6 myobl ast s and

f i br obl ast s ( WI - 38 and CEF) . Cel l s cul t ur ed i n l i pi d- depl et ed medi um cont ai ni ng one of t wo

i nhi bi t or s of hydr oxymet hyl gl ut ar yl - CoA r educt ase, 25- hydr oxychol est er ol or compact i n, di s-

pl ay a r api d, dose- dependent i nhi bi t i on of chol est er ol synt hesi s . I nhi bi t i on of t he synt heses of

each of t he ot her l i pi d cl asses i s f i r st appar ent af t er t he r at e of st er ol synt hesi s i s depr essed

sever al f ol d . 24 h af t er t he addi t i on of t he i nhi bi t or , t he synt heses of DNA, RNA, and pr ot ei n

al so decl i ne . The i nhi bi t i on of st er ol synt hesi s l eads t o a t hr eef ol d r educt i on i n t he st er ol :

phosphol i pi d r at i o t hat par al l el s t he devel opment of pr ol i f er at i ve and G, cel l cycl e ar r est s and

al t er at i ons i n cel l ul ar mor phol ogy . Al l of t hese r esponses ar e r ever sed upon r ei ni t i at i on of

chol est er ol synt hesi s or addi t i on of exogenous chol est er ol .

A compar i son of t he t i mi ng of t hese r esponses wi t h r espect t o t he devel opment of t he G,

ar r est i ndi cat es t hat t he pr i mar y f act or l i mi t i ng cel l cycl i ng i s t he avai l abi l i t y of chol est er ol

pr ovi ded ei t her f r om an exogenous sour ce or by de novo synt hesi s . The G, ar r est appear s t o be

r esponsi bl e f or t he gener al i nhi bi t i on of macr omol ecul ar synt hesi s i n pr ol i f er at i ng cel l s t r eat ed

wi t h 25- hydr oxychol est er ol . I n cont r ast , t he appar ent coor di nat ed i nhi bi t i on of l i pi d synt hesi s

i s not a consequence of t he G, ar r est but may i n f act gi ve r i se t o i t .

Sequent i al i nhi bi t i on of l i pi d synt heses i s al so obser ved i n cycl i ng cel l s when t he synt hesi s

of chol i ne- cont ai ni ng l i pi ds i s bl ocked by chol i ne depr i vat i on and i s obser ved i n associ at i on

wi t h G, ar r est s caused by conf l uence or di f f er ent i at i on . I n t he nonpr ol i f er at i ng cel l s, t he

synt heses of l i pi d and pr ot ei n do not appear coupl ed .

The st udy of t he mechani smand cont r ol of membr ane bi ogen-
esi s i s st i l l i n i t s i nf ancy . One of t he many unexpl or ed ar eas i s
t he coor di nat i on bet ween t he synt hesi s of membr anes and t he
synt hesi s of DNA and cel l cycl i ng . We have begun t o st udy
t he coupl i ng bet ween membr ane l i pi d and macr omol ecul ar
synt heses by cul t ur i ng cel l s i n l i pi d- depl et ed medi um( LDM) '

' Abbr evi at i ons used i n t hi s paper : LDM, l i pi d- depl et ed medi um; 25-
OH, 25- hydr oxychol est er ol ; CMF- PBS, cal ci um, magnesi um- f r ee,

810

cont ai ni ng i nhi bi t or s of t he synt hesi s of sel ect i ve l i pi d pat h-
ways . I n t hi s way t he cel l s ar e depr i ved of bot h t he exogenous
and endogenous sour ce of a par t i cul ar l i pi d .

By t hi s appr oach evi dence f or coor di nat ed cont r ol of mem-
br ane and DNA synt heses has been f ound ( 7) . The l i pi d

phosphat e- buf f er ed sal i ne ; Ver sene, 0. 02% di sodi um EDTA i n CMF-
PBS; DMEM, Dul becco' s mi ni mal essent i al medi um; GLC, gas- l i qui d
chr omat ogr aphy .
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r equi r ement f or cel l cycl i ng was i nvest i gat ed wi t h WI - 38 f i br o-
bl ast s and Lr, myobl ast s . When t he synt hesi s of chol est er ol ,
chol i ne- cont ai ni ng l i pi ds, or f at t y aci ds was i nhi bi t ed i n t he
absence of exogenous l i pi d, t hese cel l s wer e ar r est ed i n t he Gt

phase of t he cel l cycl e . Cel l cycl i ng coul d be r est i mul at ed by
r est or i ng synt hesi s or by addi ng t he l i mi t i ng l i pi d.

The gener at i on and mai nt enance of di st i nct i ve membr ane
l i pi d composi t i ons i s anot her f undament al ar ea of membr ane
bi ogenesi s t hat r emai ns t o be expl or ed . I n pr ol i f er at i ng cel l s
t he mai nt enance of a pr ef er r ed phosphol i pi d cl ass di st r i but i on
and chol est er ol : phosphol i pi d r at i o over many gener at i ons, r e-
gar dl ess of t he sour ce of l i pi d ( 1, 11) , i ndi cat es t hat t he pr o-
duct i on of t he var i ous l i pi ds and/ or t hei r assembl y i nt o mem-
br ane i s wel l coor di nat ed .

I n t hi s paper , we f ocus pr i mar i l y on t he met abol i c conse-
quences of i nhi bi t i ng t he synt hesi s of chol est er ol wi t h 25-
hydr oxychol est er ol ( 25- OH) and compact i n, t wo i nhi bi t or s of
hydr oxymet hyl gl ut ar yl - CoA r educt ase ( 6, 14) . Thr ee obj ect i ves
ar e addr essed: ( a) t he pr i mar y change t hat i s r el ayed t o t he cel l
cycl i ng cont r ol poi nt , ( b) t he coor di nat i on of l i pi d, RNA, and
pr ot ei n synt hesi s, and ( c) t he coor di nat i on of t he synt hesi s of
t he var i ous l i pi d cl asses.

MATERI ALS AND METHODS

Cel l Cul t ur e and Li pi d Synt hesi s Bl ocks
Lf i myobl ast s, a cel l l i ne der i ved f r om neonat al r at skel et al muscl e, obt ai ned

f r om Dr . D. Schuber t ( Sal k I nst i t ut e) , and WI - 38 human f i br obl ast s f r om

embr yoni c l ung, obt ai ned f r om Dr . V. Cr i st of al o ( Wi st ar I nst i t ut e) , wer e mai n-

t ai ned i n Dul becco' s mi ni mal essent i al medi um ( DMEM) cont ai ni ng 10%f et al

cal f ser umi n a 10%CO, , humi di f i ed i ncubat or . Subconf l uent Lf i wer e passaged

ever y 3 d at a spl i t r at i o of I : 15. New vi al s of LF wer e t hawed appr oxi mat el y

ever y 6 mo. WI - 38 wer e passaged ever y 7 d at a spl i t r at i o of 1 : 8 ; SV- 40-

t r ansf or med WI - 38 wer e spl i t 1 : 3 ever y 3 d . Pr i mar y myogeni c cul t ur es wer e

pr epar ed by t he met hod of Bi shof f and Hol t zer ( 4) wi t h mi nor modi f i cat i ons

( 11) . Pr i mar y cul t ur es of chi ck embr yo f i br obl ast s wer e pr epar ed as descr i bed by

Rei n and Rubi n ( 23) .

Li pi d- depl et ed f et al cal f ser umand LDMcont ai ni ng bi ot i n wer e pr epar ed as

descr i bed pr evi ousl y ( I I ) . Dehydr at ed l i pi d- depl et ed ser um pr ot ei n was r econ-

st i t ut ed at 46 mg pr ot ei n per mi l l i l i t er . I n exper i ment s wi t h cel l Li nes, cul t ur es

wer e pr epassaged f or 34 d i n LDM( cont ai ni ng 100 U/ ml each of peni ci l l i n and

st r ept omyci n . ) Thi s r esul t ed i n an ei ght f ol d act i vat i on of t ot al endogenous l i pi d

synt hesi s . For Lf i t he seedi ng densi t y was 5. 2- 5 . 8 x 10' cel l s/ cm' ; t hi s was t he

hi ghest densi t y t hat woul dper mi t l ogar i t hmi c gr owt h f or 4 d . 25- OHor compact i n

was added 12 h af t er seedi ng . To r emove t he i nhi bi t or s f r om t he cul t ur es, t he

medi umwas aspi r at ed, t he cel l s wer e washed once wi t h DMEM, and condi t i oned
LDMl acki ng i nhi bi t or was t r ansf er r ed f r om cul t ur es set up i n par al l el .

Radi oact i ve Label i ng and Har vest i ng
The r at es of l i pi d, pr ot ei n, DNA, and RNAsynt heses wer e measur ed at each

t i me poi nt by addi ng t he appr opr i at e r adi oi sot ope t o cel l cul t ur es i n a t ot al of 3 . 0

ml ( 60- mmpl at e) or 8 . 0 ml ( 100- mmpl at e) of gr owt h medi um. At t he end of t he

l abel i ng per i od, t he medi um was r emoved, t he pl at es wer e washed t hr ee t i mes

wi t h i ce- col d cal ci um, magnesi um- f r ee, phosphat e- buf f er ed sal i ne ( CMF- PBS) ,

and t he cel l s wer e r emoved f r om t he di sh ei t her wi t h war m t r ypsi n ( 0. 05% i n

0. 2%di sodi um EDTA i n CMF- PBS [ Ver sene] ) or wi t h Ver sene . The cel l s wer e

t hen washed wi t h i ce- col d CMF- PBS and pel l et ed ( 1, 500 r pm, 4 mi n) i n 12- ml

coni cal cent r i f uge t ubes. The pel l et ed cel l s wer e r esuspended, count ed wi t h a

hemacyt omet er , washed, and cent r i f uged agai n . Sampl es wer e st or ed under ar gon

at - 20° C.

Ext r act i on and Separ at i on of Li pi ds
Li pi ds wer e ext r act ed by t he met hod of Bt i gh and Dyer ( 5) . The chl or of or m

l ayer ( 98% r ecover y) was evapor at ed under ar gon or ni t r ogen and r edi ssol ved i n

1 . 0 ml of t ol uene . Dupl i cat e 0. 1- ml al i quot s wer e t r ansf er r ed t o sci nt i l l at i on vi al s

and t he r adi oact i vi t y i ncor por at ed i nt o t ot al l i pi d was count ed . The r emai ni ng

l i pi d was f r act i onat ed by TLC ei t her on 20- cm Adsor bosi l 5 Pr ecoat s ( Appl i ed

Sci ence Labs. . I nc. , St at e Col l ege, Penn . ) usi ng a sol vent syst em consi st i ng of

pet r ol eumet her : di et hyl et her : acet i c aci d, 75 : 25 : 1, or on 25- cmpl at es spr ead wi t h

si l i ca gel G( Appl i ed Sci ence) usi ng t he sol vent syst ems of Fr eeman and West

( 8) . The l at t er syst ems separ at e di gl ycer i de f r om st er ol ; however , f r ee f at t y aci ds

f r equent l y mi gr at e wi t h st er ol . I n t he f or mer syst em, t he separ at i on of st er ol and

di gl ycer i de was i mpr oved by chr omat ogr aphi ng t wi ce and l et t i ng t he sol vent r un

near l y t o t he t op of t he pl at e. Phosphot i pi d cl asses wer e separ at ed wi t h chl or o-

f or m: met hano1: H20: acet i c aci d, 75 : 45 : 8 : 2 ( 25) . The l i pi ds wer e vi sual i zed by 12

vapor s . St andar d Mi xes l , 3, and 8 ( Appl i ed Sci ence Labs . , I nc . ) wer e used t o
i dent i f y t he spot s, whi ch wer e t hen scr aped and count ed i n Quant i f l uor ( Sci ent i f i c

Pr oduct s, McGr aw Par k, I l l . ) .

Det er mi nat i on of Radi oact i vi t y i n DNA, RNA,
and Pr ot ei n

Pr ot ei n, DNA, and RNAwer e pr eci pi t at ed wi t h TCA by one of t wo met hods .

( a) The cel l s wer e har vest ed and st or ed at - 20° C. Pel l et s wer e t hawed and

r esuspended i n 0. 4- 0. 5 ml of H2Oor CMF- PBS, and an al i quot was r emoved f or

pr ot ei n det er mi nat i on. An equal vol ume of col d 10%TCA was added ( t ot al vol

- 1 ml ) , and t he sampl es wer e pr eci pi t at ed i n t he col d f or ?2 h. The pr eci pi t at e

was col l ect ed on 0. 45- pm Mi l l i por e f i l t er s wi t h a Mi l l i por e f i l t er i ng mani f ol d

( Mi l l i por e Cor p . , Bedf or d, Mass. ) . Fi l t er s wer e washed f i r st wi t h col d 5%TCA,

t hen wi t h et hanol ; t hey wer e dr i ed and count ed i n Sci nt i ver se ( Fi sher Sci ent i f i c

Co . , Pi t t sbur gh, Pa . ) . ( b) Al t er nat i vel y, TCApr eci pi t at i on was car r i ed out di r ect l y

on t he cul t ur e pl at es wi t h 2 ml of col d 5%TCA f or a 5- cm pl at e . Af t er 30- 60

mi n, t he pl at es wer e washed wi t h col d 5%TCA f ol l owed by et hanol ; t hey wer e

t hen di ssol ved i n l ml of 0. 2%SDS i n 0 . 1 NNaOH. Al i quot s wer e r emoved f or

count i ng i n Sci nt i ver se.

Ot her Anal yses and Pr epar at i ons
Chol est er ol was measur ed by gas- l i qui d chr omat ogr aphy, ( GLC) ( 11) and

phosphol i pi d phosphor us by t he met hod of Bar t l et t ( 3) as descr i bed pr evi ousl y .

Pr ot ei n was measur ed by t he pr ocedur e of Lowr y et al . ( 19) .

A cr ude membr ane f r act i on of chi ck myot ubes ( cont ai ni ng nucl ear , mi cr o-

somal , mi t ochondr i al , and pl asma membr anes) was obt ai ned usi ng t he pr ot ocol

of Kent et al . ( l 7) .

Li posomes wer e pr epar ed by soni cat i ng 10 pmol each of egg l eci t hi n ( pur i f i ed

by chr omat ogr aphy [ 241) and chol est er ol i n 1 ml of Hanks' bal anced sal t sol ut i on

( BSS) f or I h on i ce wi t h a Br anson soni cat or ( Br anson Soni c Power Co. ,

Danbur y, Conn . ) at a power set t i ng of 3 . The l ar ge mul t i l amel l ar vesi cl es and

t i t ani um debr i s wer e sedi ment ed at 5, 000r pmi n t he Sor val l SS- 34 r ot or ( DuPont

I nst r ument s- Sor val l , DuPont Co. , Newt on, Conn . ) f or 10 mi n. The l i posomes i n

t he super nat e wer e st er i l i zed wi t h a Mi l l i por e f i l t er ( 0 . 2 pm) , f l ushed wi t h ar gon,

and used wi t hi n 2 d.

Lowdensi t y l i popr ot ei n ( LDL) , densi t y 1 . 006- 1 . 063, was i sol at ed by st andar d

f l ot at i on pr ocedur es ( 9, 20) . I t was di al yzed agai nst sal i ne f or 2 d. st er i l i zed by

Mi l l i por e f i l t r at i on, and al i quot s wer e t aken f or det er mi nat i on of pr ot ei n and

st er ol cont ent . 75%of t hest er ol pr esent was est er i f i ed, and t hepr ot ei n : chol est er ol

r at i o was one .

Chemi cal s
25- hydr oxychol est er ol , copr ost anol , anddesmost er ol wer e obt ai ned f r omSt er -

al oi ds, I nc . , Wi l t on, N. H; dol i chol and dol i chol phosphat e f r om Cal bi ochem-

Behr i ng Cor p . , San Di ego, Cal i f ; bi ot i n, chol est er ol , and meval onol act one f r om

Si gma Chemi cal Co . , St . Loui s, Mo . ; 12- ' °C] acet at e ( 40- 60 MCi / mar ot ) , L- [ 3, 4, 5, -

' H] l euci ne ( >100 Ci / mmol ) , [ 5, 6- ' H] ur i di ne ( 40Ci / mmol ) , [ met hyl - ' ' H] t hymi di ne
( 2 Ci / mmol ) , D- [ ' " C( U) ] gl ucose ( >300 mCi / mmol ) , 12- ' ' H] gl ycer ol ( 200 mCi /

mmol ) , [ met hyl - ' ' H] chol i ne ( 60- 90 Ci / mmol ) , D, L- [ 2- ' °C] meval onol act one ( 46
mCi / mmol ) ,

: ' H
20 ( I mCi / g) [ 1- ' " C] f ucose ( 40- 55 mCi / mmol ) , and

D- 1U- ' " C] gl ucosami ne ( 355 mCi / mmol ) wer e pur chased f r om New Engl and

Nucl ear , Bost on, Mass.

RESULTS

Ef f ect s of I nhi bi t or s of Chol est er ol Synt hesi s
on Pr ol i f er at i on

The gr owt h of Ls cul t ur ed under a var i et y of condi t i ons i s
pr esent ed i n Fi g . 1 . Cel l s t r eat ed wi t h 0. 161t g/ ml 25- OHdoubl e
appr oxi mat el y t wi ce bef or e t he cul t ur e densi t y pl at eaus . Ap-
pr eci abl e cel l deat h becomes appar ent onl y af t er 3 . 5 d exposur e
t o t hi s concent r at i on of i nhi bi t or , as i ndi cat ed by t he decl i ne i n
cel l densi t y and t r ypan bl ue i ncl usi on . The i nhi bi t or concen-
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Ti me af t er addi t i on of i nhi bi t or ( days)

FI GURE 1 Ls gr owt h i n r esponse t o i nhi bi t or s of st er ol synt hesi s

and subsequent r ever sal s of i nhi bi t i on . L s cel l s wer e seeded at 5 . 8

x 103 cel l s/ cm2 on 60- mm pl at es, i n LDM( x) and i n LDMcont ai ni ng

0. 15, ug/ ml 25- OH ( O) or 0 . 66 ug/ ml compact i n ( 0) . The i nhi bi t or s

wer e added 12 h af t er seedi ng . The sol i d ar r ow at 36 h i ndi cat es t he

t i me at whi ch t he 25- OH cont ai ni ng medi um was r epl aced wi t h

condi t i oned LDM ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" ) or at whi ch 2 mg/ ml meval onat e ( A) was

added t o 25- OH cont ai ni ng cul t ur es . The br oken ar r ow at 48 h

i ndi cat es t he t i me at whi ch 47 f ag/ ml LDL- chol est er ol ( / ) was added

t o cul t ur es cont ai ni ng compact i n . The gr owt h cur ves f or t he LDM

cont r ol and f or LDM + 25- OH ar e t he aver ages of t hr ee and si x

exper i ment s, r espect i vel y . The ot her gr owt h cur ves ar e f r om one

r epr esent at i ve exper i ment each .

t r at i on and seedi ng densi t y chosen f or exper i ment at i on wer e
t hose t hat gave l og phase gr owt h of cont r ol s f or 4 d and
maxi mum i nhi bi t i on of st er ol synt hesi s wi t hout appr eci abl y
af f ect i ng cel l vi abi l i t y f or t he f i r st 2 d.

Pr ol i f er at i on r esumes " 36 h af t er addi t i on of meval oni c aci d,
t he pr oduct of t he i nhi bi t ed st ep, or r epl acement of t he medi um
wi t h condi t i oned medi um l acki ng 25- OH. The l at t er met hod
r esul t s i n a gr owt h r at e and a sat ur at i on densi t y compar abl e t o
t hose of t he cont r ol . Al t hough t he r est i mul at i on of gr owt h wi t h
meval onat e under t hese condi t i ons i s not compl et e, t he cul t ur e
densi t y cl ear l y doubl es .

The synt hesi s of dol i chol and ubi qui none shar e a common
pat hway wi t h chol est er ol bef or e f ar nesyl phosphat e. Thus, t he
25- OH- i nduced i nhi bi t i on of gr owt h mi ght be caused i n par t
by t he f ai l ur e t o make dol i chol or ubi qui none . However , t he
gr owt h ar r est cannot be r ever sed wi t h exogenous dol i chol ,
dol i chol phosphat e, or ubi qui none, and when chol est er ol and
dol i chol ar e added t oget her gr owt h i s not st i mul at ed mor e t han
when chol est er ol i s added al one .

Compact i n, a nonst er oi d i nhi bi t or of HMG- CoA r educt ase,
i nhi bi t s cel l pr ol i f er at i on wi t h mi ni mal t oxi ci t y, as shown i n
Fi g. 1 . The gr owt h cur ve i ndi cat es t hat t her e i s ver y l i t t l e cel l
deat h up t o day 5 at compact i n concent r at i ons bet ween 0. 33
and 0 . 66 j , g/ ml , wher eas pr ol i f er at i on ceases af t er - 2 . 5 dou-
bl i ngs . Exogenous chol est er ol consi st ent l y r ever ses t hi s gr owt h
i nhi bi t i on when suppl i ed as LDL. When suppl i ed as an et hanol
sol ut i on at l ow doses ( 2- 4 hg/ ml ) , t he abi l i t y of chol est er ol t o
r est i mul at e gr owt h var i es among exper i ment s . Thi s i s l i kel y
caused by t he nonphysi ol ogi cal manner of pr esent at i on .

Ef f ect s of 25- Hydr oxychol est er ol and Compact i n

on Li pi d Synt hesi s

The maj or l i pi d cl asses of Ls synt hesi zed f r om acet yl CoA
ar e phosphol i pi d, st er ol , t r i gl ycer i de, f r ee f at t y aci d, monogl yc-
er i des and di gl ycer i des, and chol est er yl est er s . The f r act i on of
t ot al [ ' " C] acet at e l abel i ncor por at ed i nt o t he l i pi ds of l og phase
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cel l s gr owi ng i n LDMaf t er a 2- h pul se i s: phosphol i pi d, 0 . 50;
st er ol , 0. 20; t r i gl ycer i de, 0. 20; di gl ycer i de, 0 . 07 ; f r ee f at t y aci d,
0 . 02 ; and ot her s, <0. 01 .

The i ncor por at i on r at e of [ ' " C] acet at e i nt o t hese l i pi d cl asses
r esponds t o 25- OH addi t i on i n t he f ol l owi ng sequence ( Fi g . 2,
l ef t panel ) . Upt ake i nt o st er ol decl i nes t o <l 001o of cont r ol
wi t hi n 12 h and i s event ual l y compl et el y i nhi bi t ed . The syn-
t hesi s of al l ot her l i pi d cl asses anal yzed cont i nues at cont r ol
l evel s f or 6 h. Ther eaf t er , a concer t ed i nhi bi t i on i n t hei r r at es
of synt hesi s appear s . The r at e of phosphol i pi d synt hesi s i s
r educed 75%over t he cour se of 2 d. Ther e i s a t hr ee- t o f i vef ol d
r educt i on i n synt hesi s r at es f or each of t he f i ve phosphol i pi d
speci es . Synt hesi s of f r ee f at t y aci ds and chol est er yl est er s i s
al so i nhi bi t ed at l east 50%. The r at e of synt hesi s of t r i gl ycer i de
st eadi l y i ncr eases i n LDM; 25- OH pr event s t hi s t wof ol d i n-
cr ease . Si mi l ar i l y, i ncubat i on of L 6 wi t h compact i n, at a con-
cent r at i on t hat depr esses st er ol synt hesi s 94%, al so r esul t s i n a
decr eased r at e of i ncor por at i on of [ 3 Hl chol i ne, [ 3H] gl ycer ol ,
and [ L4 C] acet at e i nt o phosphol i pi d ( 50- 60% i nhi bi t i on) . Tr i -
gl ycer i de synt hesi s i s not depr essed, however .

The l i pi d synt hesi s r esponse t o i ncr easi ng concent r at i ons of
25- OH i s shown i n Fi g. 3 . The r at e and magni t ude of t he

Ti me af t er 25- OH addi t i on ( hour s)

FI GURE 2 Ef f ect of 25- OH on [ ' " C] acet at e i ncor por at i on i nt o LB

l i pi ds . ( A) St er ol . ( ß) Phosphol i pi d . ( C) Tr i gl ycer i de. ( D) Fr ee f at t y

aci ds and chol est er yl est er s . Cel l s wer e seeded i n LDM at 5 . 8 x 103

cel l s/ cm' on 60- mm pl at es . 25- OH was added 12 h af t er seedi ng t o

a f i nal concent r at i on of 0. 16 f l g/ ml . 0 . 33 f i Ci / ml [ ' " C] acet at e was

added t o cul t ur es 2 h bef or e har vest i ng . Af t er 36 h t he medi um was

aspi r at ed f r om some of t he 25- OH- i nhi bi t ed cul t ur es, t he pl at es

wer e washed wi t h DMEM, and 5 ml of condi t i oned LDM l acki ng

t he i nhi bi t or was added f r om cul t ur es set up i n par al l el . ( x) LDM.

( O) LDM + 0. 16 j i g/ ml 25- OH . (" ) LDMr ever sal . The poi nt s i n t hi s

f i gur e ar e aver aged f r om t hr ee separ at e exper i ment s . The er r or i s

i ndi cat ed by t he scat t er of t he poi nt s .



i nhi bi t i on ar e dose dependent , not onl y f or st er ol synt hesi s but
al so f or phosphol i pi d and t r i gl ycer i de synt hesi s . The r esponse
of phosphol i pi d and t r i gl ycer i de synt heses t o i ncr easi ng i nhi b-
i t or concent r at i on gi ves t he i mpr essi on t hat t he i nhi bi t i on of
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Dose dependence of t he i nhi bi t i on of l i pi d synt hesi s by

25- OH. LB cel l s wer e seeded i n LDMat 5. 8 X 103 cel l s/ cm' on 60-

mm pl at es . I ncor por at i on of [ ' " C] acet at e ( 0. 33pCi / ml ) i nt o Ls l i pi ds

af t er 2- h pul se was measur ed at t he t i mes i ndi cat ed af t er addi t i on

of 0. 05 I t g/ ml ( O) , 0. 17 pg/ ml ( X) , or 1 . 0 Ag/ ml ( A) 25- OH t o cel l s

cul t ur ed i n LDM. Cont r ol val ues ar e [ ' " C] acet at e i ncor por at ed per

cel l by LDMcul t ur es r ecei vi ng no i nhi bi t or ( aver age t ot al cpm per

cont r ol sampl e per 2 h = 5 x 105; aver age st andar d devi at i on =

8. 2%) . The poi nt s i n t hi s f i gur e ar e aver aged f r om t wo separ at e

exper i ment s.

Ef f ect of 25- OH Chol est er ol on Li pi d Synt hesi s Rat es of LB .

TABLE I

phosphol i pi d synt hesi s pr ecedes t he i nhi bi t i on of t r i gl ycer i de
synt hesi s by 3- 5 h ( Fi g . 3) .

The ef f ect of 25- OH on dol i chol synt hesi s was t est ed i ndi -
r ect l y by measur i ng bot h [ t " C] f ucose and [

t " C] gl ucosami ne
i ncor por at i on i nt o t ot al cel l ul ar pr ot ei ns . 25- OH ( 0. 16 pg/ ml )
had no appr eci abl e ef f ect on t he r at e of i ncor por at i on of t hese
i sot opes i nt o pr ot ei n bef or e t he gener al i nhi bi t i on of pr ot ei n
synt hesi s ( see bel ow) as moni t or ed by [ 3H] l euci ne i ncor por a-
t i on . These r esul t s suggest t hat t he avai l abi l i t y of dol i chol f or
pr ot ei n gl ycosyl at i on i s not si gni f i cant l y af f ect ed by 25- OH at
t he concent r at i on we have used t o i nhi bi t gr owt h and l i pi d
synt hesi s .

The possi bi l i t y t hat t hese decr eases i n [
7" C] acet at e i ncor po-

r at i on i nt o nonst er ol l i pi d mi ght ar i se f r om f l uct uat i ons i n t he
l i pi d t ur nover r at es or acet yl CoA pool si ze was i nvest i gat ed .
Fi g . 4 shows t hat t he l i pi d cl asses t hat ar e l abel ed dur i ng t he
st andar d 2- h pul se ar e not degr aded at a measur abl e r at e . The
t ur nover r at e as measur ed by a pul se- chase exper i ment af t er
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FI GURE 4 Tur nover of nonst er ol l i pi ds . LS was seeded i n LDMat

5. 8 X 103 cel l s/ cm2 on 60- mmpl at es . Af t er 24 h of cul t ur i ng i n LDM

( x) or LDM+ 0. 16 j i g/ ml 25- OH ( 0) , Ls cul t ur es gr owi ng i n 60- mm

pl at es wer e pul sed f or 2 h wi t h 0. 33 pCi / ml [ ' " C] acet at e . At t he end

of 2 h, t he r adi oact i ve medi um was r emoved and r epl aced wi t h

unl abel ed condi t i oned medi umf r om par al l el cul t ur es ( LDMor LDM

+ 25- OH) cont ai ni ng 0. 6 mM sodi um acet at e . Two pl at es of each

t r eat ment wer e har vest ed i mmedi at el y and t he ot her s r et ur ned t o

t he i ncubat or . Cul t ur es wer e har vest ed, i ncl udi ng t hose cel l s t hat

had det ached i nt o t he medi umaf t er t he t i me i nt er val s shown. The

decr ease i n st abi l i t y of unf r act i onat ed gl ycer ol i pi ds i n t he pr esence

of 25- OH i s pr i mar i l y caused by an i ncr ease t ur nover r at e of phos-

phol i pi d . The dat a ar e f r omone r epr esent at i ve exper i ment t hat was

per f or med t hr ee t i mes .

Compar i son of t he I ncor por at i on of Var i ous Label ed Pr ecur sor s af t er 36 h

Ls cel l s wer e seeded at a densi t y of 5 . 8 X 10' cel l s/ cm' i n LDM. 25- OHchol est er ol ( 0 . 16 j i g/ ml ) was added 12 h af t er seedi ng. For al l pr ecur sor s ot her t han ' H20
t he i ncor por at i on of r adi oact i vi t y i nt o l i pi ds was measur ed af t er a 2- h pul se . The f i nal concent r at i on of i sot ope i s gi ven i n par ent heses . The r adi oact i vi t y
i ncor por at ed i nt o t ot al l i pi ds of cont r ol cul t ur es r anged bet ween 7 X 103 and 2 X 105 cpmper sampl e per 2 h . The l abel i ng per i od f or ' H20 was 24 h, dur i ng
whi ch an aver age of 2 X 10' cpmper sampl e was i ncor por at ed . NA, t he per cent of t ot al cpmwas <5%.
PL, phosphol i pi d .
C, chol est er ol .
TG, t r i gl ycer i de .

* The dat a ar e means ± st andar d devi at i ons expr essed as per cent of cont r ol ( LDM wi t hout 25- OH chol est er ol ) .
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of 25- OH

No . of

Chol est er ol I ncubat i on

det er mi nat i ons PL* C* TG*

[ ' " C] Acet at e ( 0 . 33 pCi / ml ) ( 6. 24 gM) ( 5) 27 . 6 ± 4. 8 7. 6±0. 7 43 . 1±11 . 7
[ 14C] Acet at e ( 2 pCi / ml ) ( 12. 3 mM) ( 2) 42 . 8 ± 3. 1 11 . 2±0. 8 47. 3±3 . 4

[ ' " C] Gl ucose ( 2 pCi / ml ) ( 4) 73 . 3 ± 4. 2 28. 7±1 . 6 51 . 5±2 . 8

[ 3 H] Chol i ne ( 2 pCi / ml ) ( 4) 31 . 8 ± 4. 9 NA NA

[ 3H] Gl ycer ol ( 6 pCi / ml ) ( 4) 56. 2 ±0. 35 NA 58 . 7 ± 8. 4

' H20 ( 83- 250 pCi / m1) ( 4) 60 . 5 ± 44 . 0 25 . 8±15. 2 72 . 2±45. 0



24 h of 25- OH t r eat ment was 4%per 2 h. Thi s decr ease i n
st abi l i t y i s cl ear l y not suf f i ci ent t o account f or t he 4001o r educ-
t i on i n count s i ncor por at ed i nt o t ot al nonst er ol l i pi d dur i ng t he
2- h pul se af t er 24 h i n t he pr esence of 25- OH. The t ur nover
r at e woul d have t o be 10- f ol d hi gher f or t he r educed i ncor po-
r at i on t o be ent i r el y at t r i but abl e t o changes i n l i pi d st abi l i t y .

Possi bl e r educt i on of [ ' " C] acet yl CoA speci f i c act i vi t y caused
by an expanded pool ( s) has been assessed by a var i et y of
appr oaches . The pr obl em of pool f l uct uat i on mi ght not be
r esol ved by a di r ect measur ement of t he speci f i c act i vi t y of t he
i nt r acel l ul ar acet at e pool because i t i s not known whet her t he
synt heses of chol est er ol and gl ycer ol i pi ds st em f r oma common
acet yl CoApool . Two obser vat i ons suggest t hat pool expansi on
does not cont r i but e si gni f i cant l y t o t he decr eases i n [ ' " C] acet at e
i ncor por at i on . I n t he f i r st pl ace, t he ef f ect of 25- OH on t he
pul se- l abel i ng of l i pi ds wi t h sever al ot her i sot opes i s anal ogous
t o t he ef f ect seen when [ ' " C] acet at e i s used as t he l abel . The
dat a i n Tabl e I show t hat 25- OH r educes t he i ncor por at i on of
[ ' " C] gl ucose, [ 3 H] gl ycer ol , and 3H20, t hus i ncr easi ng t he pr ob-
abi l i t y t hat t he r educt i on measur ed wi t h [ " Cl acet at e i s caused
by t he i nhi bi t i on of synt hesi s r at es . I t i s not uncommon t o see
t he gr eat est change i n synt hesi s r at e wi t h [ " Cl acet at e ( 2) .
Ef f ect s on [ 3 H] gl ycer ol and [ 3H] chol i ne l abel i ng of l i pi ds shoul d
be i ndependent of f l uct uat i ons i n acet at e pool si ze . When
[ " C] gl ucose i s used t o l abel l i pi ds, t he speci f i c act i vi t y of t he
pool of acet yl CoAi s di ct at ed by t he r at e of i t s f or mat i on f r om
gl ucose, t he pr i mar y car bon sour ce f or l i pi d synt hesi s . Equi l i -
br at i on of t he l abel i nt o t he acet yl CoA pool occur s on a t i me
scal e t hat i s shor t compar ed wi t h t he pul se l engt h . 2 Thus t he
speci f i c act i vi t y of t he acet yl CoA pool woul d not change
despi t e changes i n pool si ze . Hence, even i f 25- OH t r eat ment
wer e t o cause pool expansi on, [ " C] gl ucose i ncor por at i on
shoul d not be af f ect ed . An anal ogous condi t i on can be cr eat ed
f or [

L" C] acet at e i ncor por at i on by r ai si ng t he ext er nal acet at e
concent r at i on, t her eby i ncr easi ng t he cont r i but i on of acet at e as
car bon sour ce f or l i pi d synt hesi s ( 12) . The ef f ect of 25- OH on
[ ' " C] acet at e i ncor por at i on i s si mi l ar , whet her acet at e i s pr esent
ext er nal l y at a hi gh or t r acer concent r at i on or not ( Tabl e I ) .
3H20 i s t he i sot ope of choi ce f or demonst r at i ng t he absence of
pool si ze f l uct uat i ons because t he pool si ze i s ef f ect i vel y i nf i -
ni t e . Al t hough t he dat a f or 3H20 i ncor por at i on i n Tabl e I ar e
consi st ent wi t h t he ot her dat a appear i ng t her e, i n gener al t he
l i pi ds wer e l abel ed wi t h <4, 000 cpmper sampl e, and t he r esul t s
wer e hi ghl y var i abl e .

Secondl y, t he upt ake of [ " Cl acet at e i nt o whol e cel l s and i t s
i ncor por at i on i nt o l i pi ds wer e compar ed, t he i ni t i al di f f er ence
bei ng a measur e of t he i nt er nal acet at e pool pl us i ncor por at i on

i nt o ot her macr omol ecul es . An expanded pool woul d del ay t he
i ncor por at i on of [ " Cl acet at e i nt o l i pi ds . Fi g. 5 shows t hat t her e

i s no del ay i n i ncor por at i on i nt o l i pi ds i n ei t her cont r ol or 25-
OH- t r eat ed cel l s . Bot h t he upt ake r at e i nt o t he cel l and t hat

i nt o l i pi ds ar e depr essed f r om t he f i r st t i me poi nt i n 25- OH-

t r eat ed cel l s . The gr aphs demonst r at e t hat t he decr ease i n
i ncor por at i on i nt o l i pi d at t he end of a 2- h pul se i s caused by
a t r ue r at e depr essi on r at her t han a del ay f ol l owed by i ncor -
por at i on at t he cont r ol r at e t hat woul d i ndi cat e an expanded
pool ( 22) . The t i me- cour ses of upt ake of t he l abel i nt o l i pi ds as
a f unct i on of i nhi bi t or concent r at i on show t hat l i pi d synt hesi s

r at es decl i ne i n pr opor t i on t o t he 25- OHdose ( dat a not shown) .
These t wo l i nes of evi dence suggest t hat t he i nhi bi t i on of

2 Li near i ncor por at i on of [ ' " C] gl ucose i nt o l i pi d i s achi eved i n <15 mi n.
The st andar d pul se l engt h i s 2 h .
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Compar i son of t he upt ake of [ ' " C] acet at e i nt o whol e
cel l s and i t s i ncor por at i on i nt o l i pi d cl asses. L6 cel l s wer e seeded i n
LDM at 5 . 8 x 103 cel l s/ cm' on 60- mm pl at es . 0. 33 f t Ci / ml
[ ' " C] acet at e was added t o 60- mm pl at es of L s cul t ur ed f or. 24 h i n
( A) LDM, or ( B) LDM + 0. 16 Rg/ ml 25- OH. At t he t i me i ndi cat ed,
cul t ur es wer e har vest ed . An al i quot of t he cel l suspensi on was
r emoved f or count i ng whol e cel l r adi oact i vi t y . The r emai nder was
ext r act ed f or det er mi nat i on of r adi oact i ve l i pi ds . ( O) Whol e cel l .
( x) Tot al l i pi d . ( Q Phosphol i pi d . (" ) St er ol + di gl ycer i de. ( , L)
Tr i gl ycer i de and f r ee f at t y aci d . These dat a ar e t he aver age of t hr ee
exper i ment s. Not e t he di f f er ence i n scal e f or A and e.

[ " Cl acet at e i ncor por at i on i nt o nonst er ol l i pi d pr i mar i l y r ef l ect s
i nhi bi t i on of synt hesi s r at es .

Rest i mul at i on of Li pi d Synt hesi s

The r est i mul at i on of l i pi d synt hesi s by r emovi ng t he medi um
cont ai ni ng 25- OH i s shown i n Fi g. 2, r i ght panel . The r at e of
st er ol synt hesi s has cl ear l y doubl ed bef or e t he synt heses of t he
ot her l i pi ds i s af f ect ed . Adel ay of 6 h bet ween t he ef f ect s on
st er ol and nonst er ol l i pi d synt heses i s seen f or bot h t he i nhi -
bi t i on and st i mul at i on r esponses . The synt hesi s r at es of al l l i pi d
cl asses i ncr ease t o cont r ol l evel s wi t hi n 24 h af t er t he medi um
change . These r est i mul at i ons occur bef or e t he r ei ni t i at i on of
DNA synt hesi s ( - 24 h af t er r emoval of 25- OH) and cel l
di vi si on ( >36 h) .

When meval oni c aci d i s added t o 25- OH- i nhi bi t ed cul t ur es
at 36 h, l i pi d synt hesi s r at es r emai n depr essed f or - 24 h.
Ther eaf t er [ " Cl acet at e i ncor por at i on i nt o al l l i pi d cl asses ( ex-
cept chol est er ol ) accel er at es and r eaches cont r ol l evel s wi t hi n
24 h. [ ' 4 C] meval onat e- l abel i ng exper i ment s ver i f i ed t he r e-
sumpt i on of st er ol synt hesi s f r om meval onat e . Addi t i on of
chol est er ol at 36 h, ei t her as l : l chol est er ol : egg l eci t hi n vesi cl es
( 38 . 7 mg/ ml chol est er ol ) or LDL ( 44 mg/ ml chol est er ol ) , r e-
st i mul at es cel l di vi si on wi t hout st i mul at i ng t he synt hesi s of any
l i pi ds .

Ef f ect of Chol i ne Removal on Li pi d Synt hesi s

Sequent i al i nhi bi t i ons of l i pi d synt hesi s ar e obser ved i n
r esponse t o bl ocks i n t he synt hesi s of ot her l i pi d pat hways . '
The synt hesi s of phosphat i dyl chol i ne, t he maj or membr ane
phosphat i de, i s i nhi bi t ed by el i mi nat i ng chol i ne f r om t he me-
di um. Pr ol i f er at i on i s i nhi bi t ed af t er an aver age of 1 . 5 di vi si ons
( 36 h) i n chol i ne- def i ci ent medi um. Under t hese ci r cumst ances,
an i nhi bi t i on of [ " Cl acet at e i ncor por at i on ext ends t o ot her

' ' Tr eat ment. of cel l s cul t ur ed i n bi ot i n- f r ee LDMwi t h avi di n, a pr ot ei n
t hat bi nds bi ot i n, a coenzyme i n f at t y aci d synt hesi s, causes a t hr eef ol d
and sevenf ol d r educt i on i n [ ' 4 C] acet at e i ncor por at i on i nt o f r ee f at t y
aci ds and t r i gl ycer i des, r espect i vel y . The synt hesi s r at es of st er ol and
phosphol i pi d, on t he ot her hand, ar e subst ant i al l y st i mul at ed; st er ol
synt hesi s doubl es, l eadi ng t o an i ncr ease i n t he st er ol mass per mi l l i -
gr am of pr ot ei n . These af f ect s of avi di n wer e al so seen wi t h 3H, O.
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FI GURE 6 Ef f ect s of chol i ne r emoval on l i pi d synt hesi s . L 6 was
seeded at 5 . 8 x 103 cel l s/ cm2 on 60- mmpl at es i n LDM( x) or LDM

def i ci ent i n chol i ne ( O) . 0 . 33 pCi / ml [ " C] acet at e was added 2 h
bef or e har vest i ng at t he t i mes i ndi cat ed . Thi s i s t he aver age of t wo
exper i ment s . The st andar d devi at i ons r anged f r om 16 t o <1%.

phosphol i pi ds and al so t o st er ol and f r ee f at t y aci ds ( Fi g . 6) .
The synt hesi s of st or age l i pi ds i s not si gni f i cant l y al t er ed .

Ef f ect s of I nhi bi t or s of Chol est er ol Synt hesi s on
Li pi d Cont ent

The ef f ect of t he i nhi bi t i on of chol est er ol synt hesi s on t ot al
st er ol mass per cel l i s shown i n Fi g. 7 . 25- OH coul d not be
det ect ed by GLC anal ysi s of t he st er ol s f r om 25- OH- t r eat ed
cel l s; t hus, i t i s not i ncor por at ed si gni f i cant l y i nt o membr anes
as a st r uct ur al component . 24 h af t er addi t i on of 25- OH or
compact i n, t he st er ol cont ent ( ug/ cel l ) i s r educed 50%. Many
of t he cel l s pr oceed t o di vi de once mor e, r esul t i ng i n a f ur t her
r educt i on of t he st er ol mass per cel l . The phosphol i pi d cont ent ,
i n cont r ast t o st er ol cont ent , does not decl i ne si gni f i cant l y over
a 4- d per i od of t r eat ment wi t h 25- OH ( Fi g. 7 C) ; t hus, t he t i me-
cour se of change i n st er ol mass per cel l i s equi val ent t o t he
change i n st er ol : phosphol i pi d mol e r at i o . " The st er ol t o pr ot ei n
mass r at i o, however , f al l s no mor e t han 50% because t he
aver age pr ot ei n mass per cel l i s r educed by appr oxi mat el y one-
t hi r d as t he cel l s accumul at e i n G, and pr ot ei n synt hesi s
decl i nes . I ncr easi ng t he concent r at i on of i nhi bi t or r educes t he
t i me r equi r ed t o r each t he l ower l i mi t but does not af f ect t he
val ue of t hi s mi ni muml evel .

Removal of 25- OH af t er 36 h r esul t s i n a f ai r l y r api d i ncr ease

' I n cont r ast t o t he t hr eef ol d r educt i on i n st er ol cont ent r esul t i ng f r om
t he r api d decl i ne i n t he st er ol synt hesi s r at e ( Fi g. 2A) , t he gr adual
decl i ne i n t he phosphol i pi d synt hesi s r at e ( Fi g. 2 B) shoul d, i n t heor y,
yi el d a <20%r educt i on i n mass . Thi s degr ee of change i s wi t hi n t he
exper i ment al er r or of t he phosphat e det er mi nat i on ( Fi g . 7 C) .

i n t he st er ol cont ent per cel l ( Fi g. 7A) . A50%i ncr ease i s seen
as ear l y as 9 h. DNA synt hesi s i s r ei ni t i at ed 20- 24 h af t er t he
r ever sal , at whi ch t i me t he st er ol cont ent has i ncr eased t wof ol d
but i s st i l l j ust t wo- t hi r ds of t he uni nhi bi t ed l evel . Addi t i on of
meval oni c aci d, chol est er ol - l eci t hi n vesi cl es ( 1 : 1 M/ M) , or
LDL- chol est er ol wi l l al so r ai se t he chol est er ol cont ent per cel l
by t wo- or t hr eef ol d. Cel l s cont ai ni ng as l ow as 60%of t he
st er ol cont ent of cont r ol LDMgr own cel l s ( i . e . , meval onat e-
r ever sed cel l s) can st i l l pr ol i f er at e at t he cont r ol r at e.

Ef f ect s of St er ol Synt hesi s I nhi bi t or s

on Mor phol ogy

25- OH and compact i n have a pr onounced ef f ect on t he
mor phol ogy of Ls myobl ast s t hat coi nci des t empor al l y wi t h t he
r educt i on i n chol est er ol cont ent . The cel l s gr adual l y r educe
t hei r sur f ace ar ea and assume t he condensed shapes shown i n
Fi g . 8 . Thi s change begi ns about 24 h af t er t r eat ment wi t h 0. 16
p. g/ ml , or sooner , i f t he i nhi bi t or concent r at i on i s i ncr eased.
Af t er 3 d, many cel l s r ound up and det ach f r om t he di sh. 25-
OH- t r eat ed cel l s wi t h dr ast i cal l y al t er ed appear ance aggr egat e
ver y t i ght l y when har vest ed wi t h t r ypsi n- EDTA but not wi t h
EDTA al one .

Ef f ect s of 25- OH on Macr omol ecul ar Synt hesi s

Rat es of RNA and pr ot ei n synt hesi s wer e measur ed af t er
t r eat ment wi t h 25- OH ( Fi g . 9) . The synt heses of DNA and
RNA decl i ne si mul t aneousl y f r om near 100%at 24 h t o 20 or
30%at 48 h. s Pr ot ei n synt hesi s r esponds t o t he gener al i nhi bi -
t i on of RNA synt hesi s af t er a 6- 9- h del ay . These i nhi bi t i ons
l ag 18- 24 h behi nd t he i nhi bi t i on of l i pi d synt hesi s and begi n
af t er t he st er ol cont ent i s 50%of cont r ol .

Li pi d and Pr ot ei n Synt hesi s and t he Response t o
25- OHi n Ot her Cel l Types

We have expl or ed l i pi d synt hesi s r at es i n ot her syst ems t o
exami ne t he gener al i t y of coupl i ng among l i pi d synt hesi s pat h-
ways and t he coupl i ng bet ween l i pi d and macr omol ecul ar
synt heses . Rat es of l i pi d synt hesi s i n di f f er ent i at ed myot ubes
of chi ck pr i mar i es wer e measur ed af t er 4 d i n cul t ur e. . At t hi s
t i me t he cul t ur es ar e composed al most ent i r el y of mul t i nucl e-
at ed myot ubes . ( I ncl usi on of Ar a- C i n t he medi um ki l l s t he
f i br obl ast s i n t he cul t ur e . ) Over a 3- d per i od, t ot al l i pi d syn-
t hesi s i s r educed near l y sevenf ol d ( Fi g. 10) . Thi s decl i ne i n
synt hesi s r at e i s r ef l ect ed i n each of t he l i pi d cl asses . Al t hough
l i pi d synt hesi s decl i nes 85% f r om day 4 t o day 7, pr ot ei n
synt hesi s cont i nues at a st eady r at e ( Tabl e I I ) .

The addi t i on of 25- OH t o chi ck myot ube cul t ur es has a
smal l i nhi bi t or y ef f ect on t ot al l i pi d synt hesi s . Thi s i nhi bi t i on
can be account ed f or by t he decr ease i n t he f r act i on of t ot al
l abel i ncor por at ed i nt o chol est er ol and di gl ycer i de . Chol est er ol
l abel i ng decl i nes ni nef ol d, f r om23%t o 2. 5%, wi t hi n 18 h af t er
25- OH addi t i on. Ther e i s no di f f er ence i n t he synt hesi s r at es of
phosphol i pi d and t r i gl ycer i de at t r i but abl e t o 25- OH. The se-
l ect i ve ef f ect on chol est er ol synt hesi s r esul t s i n a 40- 50% de-

' The decl i ne i n [ 3Hl t hymi di ne i ncor por at i on i nt o DNA i s not a r ef l ec-
t i on of a decr eased r at e of DNAsynt hesi s, r at her i t r ef l ect s t he passage
of f ewer cel l s i nt o S phase . Aut or adi ogr aphi c anal ysi s demonst r at ed a
decr ease i n t he per cent of [ 3Hl t hymi di ne- l abel ed nucl ei f r om40 t o 10%
wi t hi n 3 d af t er addi t i on of 25- OH. Those nucl ei t hat wer e l abel ed by
a 1- h pul se had t he same gr ai n densi t y as S- phase nucl ei of cont r ol
cel l s, hence t he r at e of DNAsynt hesi s had not been al t er ed ( 7) .
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FI GURE 7

	

Ef f ect s of i nhi bi t i on and r est i mul at i on of st er ol synt hesi s
on ( A) st er ol mass per cel l , ( 8) DNAsynt hesi s, and ( C) phosphol i pi d
mass per cel l . ( A) L B was seeded i n LDMat 5 . 8 x 10 3 cel l s/ cm2 on
100- mm pl at es . 25- OH ( 0. 16 f +g/ ml ) was added 12 h af t er seedi ng .
Cel l s wer e har vest ed at each t i me poi nt f or det er mi nat i on of st er ol
mass . ( x) LDMst er ol . ( O) LDM+ 0. 16 Fr g/ ml 25- OH. ( 0) LDM+
0. 33 mg/ ml compact i n . Af t er 36 h ( sol i d ar r ow) , 25- OH- cont ai ni ng
LDMwas r epl aced wi t h condi t i oned LDMl acki ng i nhi bi t or ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" ) , or
2 mg/ ml meval onat e was added ( A) . Each cur ve i s t he composi t e of
2- 10 separ at e exper i ment s . ( 8) Ls was seeded i n LDM at 5 . 8 x 103
cel l s/ cm' on 60- mm pl at es . 25- OH ( 0 . 16 Ag/ ml ) was added 12 h
l at er . Af t er 36 h t he medi um cont ai ni ng 25- OH was r epl aced wi t h
condi t i oned LDM l acki ng t he i nhi bi t or , and cul t ur es wer e pul sed
f or 1 h wi t h 1 . OpCi / ml [ 3H] t hymi di ne . The dat a ( composi t e of t hr ee
exper i ment s) ar e pr esent ed as t he r at i o of [ 3 HJt hymi di ne i ncor po-
r at ed i nt o t he r est i mul at ed cul t ur es over i ncor por at i on i nt o i nhi bi t ed
cul t ur es . ( C) Ls wer e cul t ur ed on 100- mm pl at es cont ai ni ng LDM
( x) , or LDMcont ai ni ng ei t her 0. 16 Wg/ ml or 1 . 25 pg/ ml 25- OH ( O.
Cel l s wer e har vest ed at each t i me poi nt f or det er mi nat i on of phos-
phol i pi d cont ent . These pl ot s ar e t he aver age of seven separ at e
exper i ment s .

cr ease i n t he st er ol : phosphol i pi d r at i o . 25- OH addi t i on af f ect s
f ur t her f usi on, and hence, t he myot ubes do not i ncr ease i n si ze

( see Fi g . 8) . The amount of pr ot ei n per nucl eus i s not al t er ed

by 25- OH t r eat ment . A 10- 15% decl i ne i n pr ot ei n synt hesi s

r at es accompani es t he addi t i on of 25- OHaf t er 1 d of i ncubat i on

( Tabl e 11) . Thi s decl i ne does not appear t o be sel ect i ve f or t he

synt hesi s of ei t her membr ane or cyt osol i c pr ot ei ns as measur ed
by [ 3 HJl euci ne i ncor por at i on . '

We compar ed t he t i me- cour se of l i pi d synt hesi s i n di f f er en-
t i at ed chi ck myot ubes wi t h t hat i n ot her cel l s i n a var i et y of
st at es . The r esul t s ar e shown i n Fi g. 11 . Li pi d synt hesi s i n
conf l uent WI - 38 and L6 myot ubes under goes shar p decl i nes
r emi ni scent of t hat seen i n chi ck pr i mar y myot ubes . Low
ser um- ar r est ed, spar se WI - 38 cul t ur es have a ver y l ow but

` The r at i o of t he speci f i c act i vi t y of sol ubl e pr ot ei n : t ot al pr ot ei n was
LDM, 1 . 42 ; LDM + 25- OH, 1 . 41 . 25- OH does not al t er t he pr ot ei n
mass i n ei t her f r act i on .

81 6

	

THE JOURNAL OF CELL BI OLOGY " VOLUME 86, 1980

const ant r at e of synt hesi s t hat i s about one- onehundr edt h t he
r at e of pr ol i f er at i ng WI - 28. Pr ol i f er at i ng WI - 38, chi ck f i br o-
bl ast s, and Ls myobl ast s synt hesi ze t ot al l i pi ds at t he same r at e
wi t hi n a f act or of t wo. Chi ck pr i mar y cul t ur es of post mi t ot i c
myobl ast s synt hesi ze l i pi ds at one- t ent h t he r at e of pr ol i f er at i ng
chi ck f i br obl ast s. Last l y, conf l uent , t r ansf or med WI - 38 t hat
have a doubl i ng t i me of 48 h mai nt ai n a hi gh r at e of t ot al l i pi d
synt hesi s. These r esul t s suggest t hat t i me i n cul t ur e and conf l u-
ence ar e not necessar y det er mi nant s of t he l i pi d synt hesi s r at e ;
t hey al so i ndi cat e t hat a G, ar r est i s nor mal l y accompani ed by
a depr essi on i n l i pi d synt hesi s. Onl y i n t he pr ol i f er at i ng cul t ur es
and i n di f f er ent i at i ng chi ck myobl ast s can an i nhi bi t i on of
gl ycer ol i pi d synt hesi s caused by 25- OH be det ect ed, r egar dl ess
of t he cul t ur e densi t y .

DI SCUSSI ON

The mai nt enance of a bal anced st at e of gr owt h r equi r es t hat
t he synt heses of membr ane component s be coor di nat ed wi t h
one anot her and wi t h t he synt heses of ot her macr omol ecul ar
component s of t he cel l . The exper i ment s i n t hi s paper suggest
t hat such bal anced gr owt h occur s i n di vi di ng, qui escent , and
post mi t ot i c di f f er ent i at ed mammal i an cul t ur ed cel l s. They pr o-
vi de evi dence f or coupl i ng bet ween ( a) t he synt heses of chol es-
t er ol , phosphol i pi d, and t r i gl ycer i de, and ( b) l i pi d suppl y and
DNA synt hesi s .

Coor di nat i on of Li pi d Synt hesi s Pat hways i n

Pr ol i f er at i ng L 6

The changes i n t he l i pi d synt hesi s r at es i n r esponse t o 25-
OH, compact i n, and chol i ne depr i vat i on i mpl y coor di nat ed
r egul at i on of st er ol and gl ycer ol i pi d pat hways . Thi s coor di na-
t i on coul d ser ve as one way t o r egul at e t he l i pi d composi t i on .
Exper i ment s have been pr esent ed i n Resul t s t hat i ndi cat e t he

mi ni mal i nf l uence of changes i n t ur nover r at es or pool si ze on

t he appar ent coor di nat i on . The concer t ed i nhi bi t i on of chol es-
t er ol and gl ycer ol i pi d synt heses i n r esponse t o 25- OH and
compact i n occur s i n heal t hy cel l s, as j udged by t hei r r at es of
gr owt h, cel l cycl i ng ( 7) , and macr omol ecul ar synt hesi s. The
r api d r est i mul at i on of DNA synt hesi s and cel l cycl i ng when
t he i nhi bi t or i s r emoved al so i ndi cat es t hat t he cel l s ar e heal t hy
f or at l east 36 h at t he l ow i nhi bi t or doses used i n t hese
exper i ment s .

The appar ent coupl i ng of phosphol i pi d and st er ol synt heses

pr ovi des an expl anat i on f or t he obser vat i on t hat t he r at i o of

t hese membr ane l i pi ds does not change mor e t han t hr eef ol d i n
i nhi bi t ed cel l s . The i nhi bi t i on of phosphol i pi d synt hesi s i n t he
pr esence of 25- OH i s sever al hour s l at er t han t he i nhi bi t i on of
st er ol synt hesi s, and i t s synt hesi s r at e decl i nes mor e sl owl y t han
does t hat of chol est er ol . Thus, dur i ng one di vi si on cycl e, l ess

st er ol t han phosphol i pi d i s gener at ed. The r at i o of chol est er ol

t o phosphol i pi d st abi l i zes because t he r at es of st er ol and phos-

phol i pi d synt hesi s r each new st eady- st at e l evel s . Wher eas t he

r at es of synt hesi s of membr ane phosphol i pi d and st er ol ar e

al ways coor di nat ed i n t hei r r esponse, we have obser ved t hat

t he synt heses of t r i gl ycer i de and membr ane l i pi ds ar e not
al ways coupl ed ( e . g . , t he r esponses t o chol i ne or bi ot i n depr i -
vat i on) .

We have f ew cl ues concer ni ng t he mechani smof t he coor -

di nat i on of l i pi d synt heses . We can di smi ss t he hypot hesi s t hat

t he coupl ed r esponses of l i pi d synt hesi s ar e par t of a gener al

met abol i c depr essi on accompanyi ng t he GE ar r est because t hey

pr ecede t he ef f ect s on cel l cycl i ng . Model s r equi r i ng l ar ge and



FI GURE 8

	

Ef f ect of i nhi bi t or s of chol est er ol synt hesi s on cel l mor phol ogy . ( A- C) L6 Myobl ast s . ( D- F) Chi ck pr i mar y myot ubes . L6
myobl ast s wer e cul t ur ed f or 2 . 5 d i n LDM( A) ; LDM+ 0 . 10 #g/ ml 25- OH ( B) ; or LDM + 2 . 5 Ag/ ml compact i n ( C) . Chi ck pr i mar y
myot ubes wer e cul t ur ed f or 7 d i n LDM( D) ; LDM+ 3 . 8 , ug/ ml 25- OH added on day 4 ( F) ; or LDM+ 25 Ag/ ml compact i n added
on day 4 ( F) . Cel l s wer e f i xed and st ai ned wi t h met hyl al chohol - Gi emsa and r ehydr at ed f or phot ogr aphy . Bar , 100 Am. Cul t ur e
condi t i ons wer e as descr i bed i n t he l egends t o Fi gs . 1 and 10.
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FI GURE 9 Ef f ect of 25- OH on macr omol ecul ar synt hesi s . L6 was
seeded i n LDMat 5 . 8 x 103 cel l s/ cm2 on 60- mmpl at es . 25- OH ( 0. 16
l ag/ ml ) was added 12 h af t er seedi ng. At t he t i mes i ndi cat ed, cul t ur es

l abel ed wi t h 1 pCi / ml [ 3 Hl t hymi di ne f or 2 h ( x) , wi t h 2 ACi / ml

[ 3 H] ur i di ne f or 30 mi n ( O, or wi t h 2 ACi / ml [ 3 H] l euci ne f or 2 h
( / ) wer e har vest ed and f r ozen unt i l t he compl et i on of t he exper i -

ment . The r adi oact i vi t y i ncor por at ed i nt o TCA- pr eci pi t abl e mat er i al

was det er mi ned as descr i bed i n Met hods . Cont r ol s var i ed f r om 3 x

10 3 cpm/ sampl e ( [ 3 H] ur i di ne) t o 2 x 10° cpm/ sampl e ( [ 3 Hl t hymi -

di ne) . The DNA cur ve i s t he composi t e of si x separ at e exper i ment s,

and t he RNA and pr ot ei n cur ves ar e composi t es of f our exper i ment s

each .

gener al per t ur bat i ons of st r uct ur e or physi cal st at e al so seem
unl i kel y : t he synt hesi s of gl ycer ol i pi ds r esponds af t er a f i vef ol d
i nhi bi t i on or r est i mul at i on of t he r at e of st er ol synt hesi s but
af t er onl y a >I 0%change i n st er ol cont ent . Af i r st st ep t owar d

PHOSPHOLI PI D
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TRI GLYCERI DE

DI GLYCERI DE AND
FREE FATTY ACI DS

o ___- o

36 48 72

	

18 6 54

Ti me af t er 25- OHaddi t i on ( hour s)

FI GURE 10 Li pi d synt hesi s r at es i n chi ck pr i mar y myot ubes . Cel l s
f r om br east muscl e of 11- d chi ck embr yos wer e pl at ed i n LDMat a
densi t y of 1 . 3 x 10° cel l / cm' on 60- mm pl at es . EGTA ( 300 AM) was

added at 6 h, Ar a C ( 1 . 21ag/ ml ) at 29- 30 h, and Ca +2 ( 1 . 8 mM) at 52

h . Af t er 92 h i n cul t ur e, t he medi um was r epl aced wi t h f r esh LDM
cont ai ni ng Ar a C. 25- OH ( 3 . 8, ug/ ml ) was added 30 mi n l at er . Pl at es

wer e pul sed at i nt er val s t her eaf t er wi t h 1 . 3 yCi / ml [ ' ° C] acet at e .
These pl ot s ar e f r om one r epr esent at i ve exper i ment . ( x) LDM. ( O)
LDM + 25- OH.
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TABLE I I

Rat es of Pr ot ei n Synt hesi s i n Chi ck Myot ubes

Cel l s wer e cul t ur ed . as descr i bed i n t he l egend t o Fi g . 10 .
' Dat a ar e expr essed as cpm 1 3 Hl l euci ne i ncor por at ed per mi cr ogr am of

pr ot ei n per 2- h pul se . The dat a ar e pr esent ed as mean wi t h st andar d
devi at i on . The number of det er mi nat i ons i s gi ven i n par ent heses.

t he di scover y of t he mechani smof t hi s coor di nat i on woul d be
t o det er mi ne what st ep( s) i n phosphol i pi d and t r i gl ycer i de
synt hesi s ar e sensi t i ve t o t he avai l abi l i t y of chol est er ol and vi ce
ver sa . Pr el i mi nar y exper i ment s t owar d t hi s end r eveal a de-
cr ease i n t he speci f i c act i vi t y of chol i nephosphat e cyt i dyl yl -
t r ansf er ase, t he r at e- l i mi t i ng enzyme i n phosphat i dyl chol i ne
synt hesi s ( 26) , whi ch par al l el s t he i nhi bi t i on of of [ 3 H] chol i ne
i ncor por at i on i nt o phosphol i pi d af t er 25- OHaddi t i on ( R. Cor -
nel l and H. Gol df i ne, unpubl i shed obser vat i ons) .

Li pi d Synt hesi s i n Response t o Gr owt h Demands

Our st udi es on l i pi d synt hesi s i n a var i et y of cel l t ypes show
t hat i n gener al t he r at e of l i pi d synt hesi s var i es pr opor t i onal l y
wi t h t he gr owt h r at e and t hat when t he r at e of t ot al l i pi d
synt hesi s decl i nes, equal l y r educed r at es of synt hesi s ar e seen
f or al l l i pi d cl asses. Thus, t hese st udi es of f er f ur t her suppor t
f or t he not i on of coor di nat ed cont r ol of l i pi d synt hesi s . The
depr essi ons of synt hesi s ar e not pr i mar i l y r esponses t o t he
l engt h of t i me spent i n cul t ur e or t o cel l densi t y, si nce conf l uent
t r ansf or med WI - 38 cel l s mai nt ai n a const ant hi gh r at e of l i pi d
synt hesi s f or 6 d ( pr ovi ded t he medi umi s changed t o ensur e
cont i nued pr ol i f er at i on) . Rat es of l i pi d synt hesi s decr ease when

N

ó
C . i a l

ó . i 0~

u . 08]

06zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"

4 6 6 7 8 9 t o
Days i n cul t ur e
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Li pi d synt hesi s r at es compar ed i n pr ol i f er at i ng, G, - ar -

r est ed, and post mi t ot i c di f f er ent i at i ng myobl ast s and myot ubes .

Not e t he di f f er ences i n or di nat e scal es and absci ssa of D. Al l r at es

ar e det er mi ned f r om 2- h pul ses of 0. 66 f LCi / ml [ ' " C] acet at e . ( x)

LDM. ( O) LDM+ 25- OH. ( A) Pr ol i f er at i ng Ls, [ 25- OH] = 0. 16 hg/
ml . ( 8) Pr ol i f er at i ng WI - 38. Cel l s wer e seeded at 5 . 2 x 10 3 / cm2 [ 25-

OH] = 0. 15 f l g/ ml . ( C) Pr ol i f er at i ng chi ck embr yo f i br obl ast s . Sec-

ondar y cul t ur es wer e seeded at 7 . 9 x 103/ cm2 . [ 25- OH] = 1 . 3 f Lg/

ml . ( D) Post mi t ot i c chi ck myobl ast s. Pr i mar y cul t ur es wer e gr own i n

Ca
+2

- def i ci ent medi um as descr i bed i n t he l egend t o Fi g . 9. [ 25- OH]

= 1. 3 JELg/ ml . ( E) Low ser um- ar r est ed WI - 38 . WI - 38 wer e seeded at

5 . 2 x 10 3 / cm2 i n medi um cont ai ni ng 0. 05% l i pi d- depl et ed ser um.

[ 25- OH] = 0. 15 pg/ ml . ( E) Ls myot ubes . Cel l s wer e seeded at 5 . 8 x

103/ cm2 . [ 25- OH] = 1 . 0 1Lg/ ml . ( G) Conf l uent WI - 38 . Cel l s wer e

seeded at 5 . 2 X 103/ cm2 . [ 25- OH] = 0. 15 t Lg/ ml .

cel l s ar e ar r est ed i n G, . Myogenesi s may al so i nvol ve t he
depr essi on of l i pi d synt hesi s as par t of i t s pr ogr amor , al t er na-
t i vel y, t hi s r esponse may r esul t f r om t he G, ar r est t hat accom-
pani es myobl ast di f f er ent i at i on .

I n gener al , 25- OH t r eat ment r esul t s i n t he i nhi bi t i on of t he
synt hesi s of t he t hr ee maj or l i pi d cl asses when added t o cel l s,
such as pr ol i f er at i ng cel l s, whose l i pi d synt hesi s r at es ar e
r el at i vel y const ant and hi gh. I n cont r ast , t he addi t i on of 25-
OH t o cel l s whose l i pi d synt hesi s r at es ar e al r eady decl i ni ng
because of di f f er ent i at i on or t he G, ar r est , depr esses st er ol
synt hesi s an addi t i onal f i vef ol d wi t hout af f ect i ng l ong- t er m
r at es of phosphol i pi d or t r i gl ycer i de synt hesi s . I n spi t e of t hi s
l ess t i ght l y coupl ed r esponse of l i pi d synt hesi s t o 25- OH, t he
st er ol : phosphol i pi d r at i o dr ops no mor e t han t wof ol d bef or e a
new st eady st at e i n l i pi d synt hesi s r at es i s r eached .

Fur t her st udi es of t he mechani smof coor di nat i on of chol es-
t er ol , phosphol i pi d, and t r i gl ycer i de synt heses usi ng t he r e-
sponse t o i nhi bi t or s of synt hesi s and ot her bi ochemi cal and
genet i c appr oaches may poi nt t o a gener al mechani smf or t he
r egul at i on of t he l i pi d composi t i on of cel l membr anes . I nde-
pendent evi dence f or coor di nat i on of st er ol and f at t y aci d
bi osynt heses has come f r omwor k on a r ecent l y i sol at ed mut ant
f r om Chi nese hamst er ovar y cel l s ( 18) .

Chol est er ol Avai l abi l i t y and Cel l Cycl i ng

We have shown t hat t he i nhi bi t i on of chol est er ol synt hesi s
l eads t o a pr ol i f er at i ve ar r est i n t he G, phase of t he cel l cycl e
( 1) and depr esses t he synt hesi s of ot her l i pi d cl asses and
macr omol ecul es . We can di spense wi t h t wo ar gument s f or t he
or i gi n of t hese i nhi bi t i ons af t er 25- OH t r eat ment , namel y, t hat
t he cel l ul ar r esponses ar e r el at ed t o ( a) secondar y si t es of act i on
unr el at ed t o t he depr essi on of l i pi d synt hesi s of ( b) an i nhi bi t i on
of dol i chol synt hesi s. Fi r st , compact i n, an i nhi bi t or bear i ng no
st r uct ur al r esembl ance t o t he st er oi d i nhi bi t or , mi mi cs i t s ef f ect
on gr owt h, t he cel l cycl e, st er ol and gl ycer ol i pi d synt heses,
mor phol ogy, and st er ol mass . Second, exogenous chol est er ol
can r ever se t he cel l cycl e ar r est r esul t i ng f r om i ncubat i on wi t h
ei t her 25- OH or compact i n . Last , t he avai l abi l i t y of dol i chol
f or gl ycosyl at i on of pr ot ei n appear s not t o be l i mi t ed by
t r eat ment wi t h 25- OH at concent r at i ons t hat r esul t i n i nhi bi t i on
of l i pi d and macr omol ecul ar synt heses . James and Kandut sch
( 13) have al so obser ved t hat at a concent r at i on of 25- OH t hat
i nhi bi t s st er ol synt hesi s 85% i nhi bi t s t he i ncor por at i on of
[ " C] acet at e i nt o dol i chol i n mi ner al oi l - i nduced pl asmacyt oma
104E cel l s onl y 9%. Si mi l ar r esponses t o 25- OH have been
obser ved i n L cel l s and aor t i c smoot h muscl e cel l s ( 14, 21) .

Thus, i t appear s t hat t hese i nhi bi t i ons occur r i ng i n t he
pr esence of 25- OH ar e t he consequence of t he decr ease i n t he
r at e of chol est er ol synt hesi s or avai l abi l i t y . Our f i ndi ngs suggest
t hat chol est er ol avai l abi l i t y r at her t han de novo synt hesi s i s t he

key f act or . Fi r st , exogenousl y suppl i ed chol est er ol wi l l st i mu-
l at e 25- OH- ar r est ed cel l s t o ent er Sphase wi t hout r est i mul at i ng
t he r at e of chol est er ol synt hesi s . Second, when cul t ur es ar e
pr esent ed wi t h 25- OH, st er ol synt hesi s decr eases 80% wi t hi n
t he f i r st 4 h, and yet t he cel l s di vi de at l east t wi ce mor e . L cel l s
al so appear t o l ack a st er ol synt hesi s r equi r ement f or cel l
cycl i ng; t hey pr ol i f er at e i n t he pr esence of 25- OHwhen ei t her
chol est er ol or desmost er ol , i t s i mmedi at e pr ecur sor , i s pr ovi ded
exogenousl y ( 16) .

I n consi der i ng t he quest i on of how t he avai l abi l i t y of cho-
l est er ol coul d i nf l uence cel l cycl i ng, we have t r i ed t o assess t he
ef f ect of l i mi t i ng chol est er ol on ( a) RNAand pr ot ei n synt heses
( b) t he st er ol : phosphol i pi d r at i o i n t he membr ane, and ( c) r at es

Ti me af t er 25-

TH addi t i on

h

LDM* LDM+ 25- OH*

25 12 . 6 t 1 . 4 ( 4) 11 . 1 ± 0. 9 ( 4)

40 12 . 2 t 0. 4 ( 2) 10 . 4 ± 0. 6 ( 2)

48 10. 9 t 1 . 6 ( 4) 10 . 5 ± 0. 3 ( 4)

60 11 . 3 ± 1 . 2 ( 4) 9. 5 t 1 . 3 ( 3)

72 10 . 2 ± 1 . 7 ( 2) 9. 5 t 0. 04 ( 2)



of synt hesi s of ot her l i pi ds and t hei r r ol e i n t he devel opment of

t he G, ar r est .
Because l ar ge- scal e depr essi ons of RNA and pr ot ei n

synt heses f ol l ow t he i nhi bi t i on of st er ol synt hesi s, t he possi bi l i t y

ar i ses t hat l i pi d and pr ot ei n synt heses ar e di r ect l y coupl ed and

t hat t he G, ar r est i s sol el y a r esponse t o t he i nhi bi t i on of

pr ot ei n synt hesi s . However , t he i nhi bi t i on of t he r at es of pr ot ei n

synt hesi s i s del ayed 6- 9 h af t er t he i nhi bi t i on of DNAsynt hesi s.

We suggest t hat t he i nhi bi t i on of pr ot ei n synt hesi s obser ved

af t er t he addi t i on of 25- OH i s not evi dence f or di r ect l i pi d-

pr ot ei n synt hesi s coupl i ng, but r at her t hat t he appar ent coupl ed

i nhi bi t i on of l i pi d, RNA, and pr ot ei n synt heses occur s i n

associ at i on wi t h and because of a shi f t f r om cycl i ng t o G,

ar r est ed cel l s. Our suggest i on i s dr awn f r om obser vat i ons of

l i pi d- pr ot ei n synt hesi s i ndependence i n ot her syst ems . We f i nd

t hat chi ck myot ubes, i . e . , cel l s t hat have not been cycl i ng f or

sever al days, cont i nue t o synt hesi ze pr ot ei n at a st eady r at e

wher eas l i pi d synt hesi s decl i nes . RNA and pr ot ei n synt heses

i n t r ansf or med cel l s, whi ch do not ar r est i n G, when l i pi d

synt hesi s i s i nhi bi t ed ( l 0) , ar e not af f ect ed by l ong- t er mt r eat -
ment wi t h 25- OH ( 16) . ' The abi l i t y of L6 and ot her nont r ans-
f or med pr ol i f er at i ng cel l s t o be ar r est ed i n G, may be an
i nt r i nsi c f eat ur e i n t he coor di nat i on of membr ane l i pi d and

macr omol ecul ar synt heses .

Unl i ke t he change i n r at es of RNA and pr ot ei n synt hesi s, a
si gni f i cant shi f t i n t he chol est er ol : phosphol i pi d r at i o al ways
pr ecedes a decl i ne or i ncr ement i n t he number of cycl i ng cel l s,

hence, a shi f t i n t hi s r at i o i s one possi bl e way i n whi ch t he
avai l abi l i t y of chol est er ol i s communi cat ed t o t he cel l cycl e
cont r ol st ep . The st er ol : phosphol i pi d r at i o dr ops t wof ol d bef or e
t he decl i ne i n DNA synt hesi s. Passage i nt o S phase r esumes

af t er t he aver age st er ol cont ent has i ncr eased by a f act or of 1 . 8 .

The r at e of cel l cycl i ng i s i ndependent of t he st er ol : phospho-

l i pi d r at i o bet ween 0. 26 ( uni nhi bi t ed l evel ) and 0. 16 ( 25- OH

pl us meval onat e) , i ndi cat i ng t hat t he gr owt h r at e of L6 can

t ol er at e wi de var i at i on i n t he r at i o of membr ane l i pi ds . Our

f i ndi ngs ar e consi st ent wi t h t he not i on of a mi ni mum st er ol

cont ent necessar y f or sur vi val , a nar r ow r ange above t hi s l i mi t
wi t hi n whi ch cel l s ar e mai nt ai ned i n a G, ar r est ed st at e, and a

wi de r ange above t hi s wi t hi n whi ch t he gr owt h r at e i s unper -
t ur bed. Mor e st r i ngent st er ol r equi r ement s f or speci f i c cel l
f unct i ons may wel l exi st .

The cel l cycl e r esponse t o t he avai l abi l i t y of chol est er ol may
be medi at ed vi a ef f ect s on t he synt hesi s of ot her l i pi d cl asses .
The changes i n t he r at es of synt hesi s of phosphol i pi d, t r i gl yc-
er i de, and t hei r pr ecur sor s pr ecede bot h t he ar r est i n G, and
t he r el ease f r om G, i nt o S when t he i nhi bi t or i s r emoved or
when meval oni c aci d i s pr ovi ded. The GI ar r est can be over -
come by t he addi t i on of LDL or l i posomes t o t he i nhi bi t ed
cul t ur es wi t hout r est i mul at i ng l i pi d synt hesi s f r om acet at e- ,
however , LDL and l i posomes can suppl y bot h chol est er ol and

' The super posi t i on of t he RNA and DNA i nhi bi t i on cur ves coul d be
const r ued as i ndi cat i ve of a pr i mar y l i pi d r equi r ement f or RNA
synt hesi s wi t h t he i nhi bi t i on of DNA synt hesi s ar i si ng f r om i nhi bi t ed
t r anscr i pt i on. Thi s expl anat i on, al t hough possi bl e, seems unl i kel y . A
mor e pl ausi bl e expl anat i on i s t hat t he i nhi bi t i ons of DNA, RNA, and
pr ot ei n synt heses al l occur i n r esponse t o t he ar r est i n Gi ( Go ) .

phosphol i pi d t o t he cel l s. A cessat i on of t he assembl y of

f unct i onal membr ane i s l i kel y t o r esul t f r om t he l ack of avai l -

abl e st er ol and phosphol i pi d due t o decl i ni ng synt hesi s . Under

t hese ci r cumst ances, a G, ar r est f r omcel l cycl i ng woul d pr event

an i mbal ance i n t he pr oduct i on of membr ane and ot her mac-

r omol ecul ar component s .

Compact i n was t he gener ous gi f t of Dr . K. Mansf or d, BeechamPhar -
maceut i cal s, London . We t hank Dr . S. W. Engl ander f or use of hi s
sci nt i l l at i on count er , Dr . J . Pachence f or egg l eci t hi n, and Dr s. G.
Rot hbl at and H. Gol df i ne f or many usef ul di scussi ons .

These st udi es wer e suppor t ed by Nat i onal I nst i t ut es of Heal t h gr ant
GM- 23244 and a gr ant - i n- ai d f r om t he Amer i can Hear t Associ at i on .
They wer e per f or med dur i ng t he t enur e of Dr . Hor wi t z under t he W.
D. St r oud Est abl i shed I nvest i gat or shi p of t he Amer i can Hear t Asso-
ci at i on .

Recei vedf or publ i cat i on 14 Apr i l 1980.

REFERENCES

1 . Bai l ey, J . M. 1964. Li pi d met abol i sm i n cul t ur ed cel l s . V. Compar at i ve l i pi d nut r i t i on i n
ser um and l i pi d f r ee chemi cal l y def i ned medi um. Pr oc. Soc. Exp . Si ol . Med. 115 : 747- 750.

2 . Bai l ey, J . M. 1966. Li pi d met abol i sm i n cul t ur ed cel l s . VI . Li pi d bi osynt hesi s i n ser um and
synt het i c gr owt h medi a . Bi ochi m. Bi ophys . Aci a. 125: 226- 236.

3 . Bar t l et t G. R. 1959. Phosphor us assay i n col umn chr omat ogr aphy . J . Bi ol . Chem. 234:

466- 468 .
4 . Bi schof f , R. , and H. Hol t zer . 1969 . Mi t osi s and t he pr ocess of di f f er ent i at i on of myogeni c

coi l s i n vi t r o . J . Cel l Bi ol . 41 : 188- 200.
5 . Bl i gh, E. G. , and W. 1. Dyer . 1959. A r api d met hod f or t ot al l i pi d ext r act i on and

pur i f i cat i on . Can. J . Bi ochem. Physi ol . 62 : 983- 988.
6 . Br own, M. S . , J . R. Faust and J . L. Gol dst ei n. 1978 . I nduct i o n of 3- hydr oxy- 3- met hyl gl u-

t ar yl CoA r educt ase act i vi t y i n human f i br obl ast s i ncubat ed wi t h compact i n ( ML- 236B) ,
a compet i t i ve i nhi bi t or of t he r educt ase. J . Bi ol . Chem. 253 : 1121- 1128 .

7 . Cor nel l . R. , G. L . Gr ove, G. H. Rot hbl at and A. F. Hor wi t z . 1977 . Li pi d r equi r ement f or

cel l cycl i ng: t he ef f ect of sel ect i ve i nhi bi t i on of l i pi d synt hesi s . Exp. Cel l Res . 109 : 299- 307 .

8 . Fr eeman, C. P . , and D. West . 1966 . Compl et e separ at i on of l i pi d cl asses on a si ngl e t hi n-
l ayer pl at e . J . Li pi d Res. 7: 324- 328 .

9 . Havel . R. S . , H. A. Eder and J . H. Br agdon . 1955 . Di st r i but i o n and chemi cal composi t i on
of ul t r acent r i f ugal l y separ at ed l i popr ot ei ns i n human ser um. J . Cl i n . I nvest . 34: 1345- 1353 .

10 . Hat t on, M. E . , A. F . Hor wi t z, and M. M. Bur ger . 1977. Th e i nf l uence of membr ane l i pi ds
on t he pr ol i f er at i on of t r ansf or med and unt r ansf or med cel l l i nes. Exp. Cel l Res . 107 : 31-
34 .

[ I . Hor wi t z, A. F. , A. Wi ght , P . Ludwi g and R. Cor nel l . 1978. I nt er r el at ed l i pi d al t er at i ons
and t hei r i nf l uence on t he pr ol i f er at i on and f usi on of cul t ur ed myogeni c cel l s . J . Cel l Bi ol .
77 : 334- 357 .

12 . Howar d, B. V . 1977 . Acet at e as a car bon sour ce f or l i pi d synt hesi s i n cul t ur ed cel l s .
Bi ochi m. Bi ophys . Act a. 488 : 145- 151 .

13. James, M. J . , and A. A. Kandut sch . 1979 . Rel at i onshi ps bet ween dol l chol and chol est er ol
synt hesi s i n cel l cul t ur es . Fed. Pr oc . 38: 785 .

14 . James, M. J . , and A. A. Kandut sch . 1979. I nt er el at i onshi ps bet ween dol i chyl and st er ol
synt hesi s i n mammal i an cel l cul t ur es . J. Bi ol . Chem. 254: 8442- 8446 .

15 . Kandut sch, A. , and H. Chen . 1973 . I nhi bi t i on of st er ol synt hesi s i n cul t ur ed mouse cel l s
by 7a- hydr oxychol est er ol , 7ß- hydr oxychol est er ol , and 7- ket ochol est er ol . J . Bi ol . Chem.
248 : 8404- 8417 .

16 . Kandut sch, A. A. . and H. Chen. 1977 . Consequences of bl ocked st er ol synt hesi s i n cul t ur ed
cel l s . J . Bi ol . Chem. 252 : 409- 415 .

17 . Kent , C. , S . D. Schi mmel and P . R. Vagel os . 1974. Li pi d composi t i on of pl asma membr anes
f r om devel opi ng chi ck muscl e cel l s i n cul t ur e. Bi ochi m. Bi ophys . Aci a 360 : 312- 321 .

18 . Li manek, 1 . S. , 1 . Chi n, and T. Y. Chang . 1978. Mammal i a n cel l mut ant r equi r i ng
chol est er ol and unsat ur at ed f at t y aci d f or gr owt h . Pr oc . Nal l . Acad. Set . U. S. A. 75 : 5452-
5456 .

19 . Lowr y, O. H. , N. 1 . Rosebr ough, A. L. Far r and R. 1 . Randal l . 1951 . Pr ot ei n measur ement

wi t h t he Fol i n phenol r eagent . J . Bi ol . Chem. 193 : 265- 275 .
20 . Mar sh, l . B. 1974 . Li popr ot ei ns i n a nonr eci r cul at i ng per f usat e of r at l i ver . J . Li pi d Res .

15 : 544- 560 .
21 . Mi l l s, J . , and A . M. Adamany. 1978 . I mpai r ment of dol i chyl sacchar i de synt hesi s and

dol i chyl - medi at ed gl ycopr ot ei n assembl y i n t he aor t i c smoot h muscl e i n cul t ur e by
i nhi bi t or s of chol est er ol bi osynt hesi s . J . Bi ol . Chem. 253: 5270- 5273 .

22 . Mi t cheson, 1 . 1970 . I n Bi ol ogy of t he Cel l Cycl e . Cambr i dge Uni ver si t y Pr ess, London .
11- 14 .

23 . Rei n, A . , and H. Rubi n . 1968. Local cel l concent r at i on and cel l gr owt h. Exp . Cel l Res . 49 :
666- 678 .

24 . Si ngl et on, W. S . , M. S. Gr ay . M. L . Br own and J . L. Whi t e. 1965 . Chr omat ogr aphi cal l y
homogeneous l eci t hi n f r om egg phosphol i pi ds . J . Am. Oi l Chem. Soc. 42: 53- 56 .

25 . Ski pski , V. P . , and M. Bar cl ay . 1969. Thi n l ayer chr omat ogr aphy of l i pi ds . Met hods
Enzymol . 14 : 530- 598 .

26 . Vance, D. E. , and P . C. Choy . 1979 . How i s phosphat i dyl chol i ne synt hesi s r egul at ed?
Tr ends Bi ochem. Sci . 4: 145- 148 .

R. B . CORNELL AND A. F . HORW( Tz

	

Bi osynt hesi s of Li pi ds i n Cul t ur ed Cel l s

	

81 9


