
PLASMA CELL I MMUNOGLOBULI N MMOLECULES

Thei r Bi osynt hesi s, Assembl y, and I nt r acel l ul ar Tr anspor t

A. TARTAKOFF and P. VASSALLI , wi t h t he t echni cal assi st ance of M. DÉTRAZ

Fr om t he Depar t ment of Pat hol ogy, Uni ver si t y of Geneva, Facul t y of Medi ci ne, 1211 Geneva 4,

Swi t zer l and

ABSTRACT

I mmunogl obul i n M ( I gM) - secr et i ng mur i ne pl asmabl ast s have been used t o
expl or e t he cyt ol ogi c si t e( s) of t he successi ve modi f i cat i ons of t he pol ypept i de H
and L chai ns ( st eps of gl ycosyl at i on, chai n assembl y, and pol ymer i zat i on) whi ch
occur dur i ng i nt r acel l ul ar t r anspor t ( I CT) and t he i nt er r el at i onshi ps bet ween t hese
event s . A combi nat i on of pul se- chase bi osynt het i c l abel i ng pr ot ocol s ( usi ng ami no
aci ds and sugar s) , subcel l ul ar f r act i onat i on, and el ect r on mi cr oscope aut or adi og-

r aphy was used i n conj unct i on wi t h i nhi bi t or s of gl ycosyl at i on and agent s ( car -
boxyl cyani de m- chl or ophenyl hydr azone [ CCCP] and monensi n) whi ch bl ock I g
exi t f r om t he r ough endopl asmi c r et i cul um ( RER) or Gol gi ci st er nae . The dat a
ar e consi st ent wi t h t he f ol l owi ng concl usi ons : ( 1) Sugar addi t i on and modi f i cat i on
occur i n t hr ee mai n st eps : ( a) en bl oc addi t i on of cor e sugar s t o nascent H chai ns,
( b) par t i al t r i mmi ng of t hese ol i gosacchar i de chai ns i n t he RER, ( c) quasi concer t ed
addi t i on of t er mi nal sugar s ( gal act ose, f ucose, and si al i c aci d) i n a ver y di st al
compar t ment bet ween monensi n- sensi t i ve Gol gi ci st er nae and t he cel l sur f ace . ( 2)
H and L chai n assembl y occur s bet ween nascent Hchai ns and a pool of f r ee l i ght
chai ns pr esent i n t he RER, f ol l owed by i nt er chai n di sul f i de bondi ng and r api d
assembl y of monomer s i nt o J chai n- cont ai ni ng pent amer s i n t he RER. Smal l
amount s of var i ous appar ent l y non- obl i gat or y i nt er medi at es i n pol ymer i zat i on ar e
al so f or med . ( 3) Car bohydr at e addi t i on i s not r equi r ed f or chai n assembl y,
pol ymer i zat i on, and secr et i on si nce compl et el y ungl ycosyl at ed chai ns ( synt hesi zed
i n t he pr esence of deoxygl ucose or t uni camyci n) under go pol ymer i zat i on and ar e
secr et ed ( al t hough at a r educed r at e) . ( 4) Sur f ace 8s I gM mol ecul es do not
r epr esent a st ep i n t he I gM secr et or y pat hway .

I nt r acel l ul ar t r anspor t ( I CT) ' of i mmunogl obul i n
( I g) f r om i t s si t e of synt hesi s on bound pol ysomes

' Abbr evi at i ons used i n t hi s paper ar e : AsN, aspar agi ne ;

AR, aut or adi ogr aphy ; CCCP, car boxyl cyani de m- chl o-

r ophenyl hydr azone ; CHO, car bohydr at e ; Con A, con-

canaval i n A; DMEM, Dul becco' s modi f i ed Eagl e' s Me-
di um; EDTA, et hyl enedi ami ne N, N, N' , N' - t et r aacet i c

aci d ; endo H, endo- , ß- N- acet yl gl ucosami ni dase H;

of t he r ough endopl asmi c r et i cul um ( RER) vi a t he
Gol gi compl ex t o t he poi nt of di schar ge at t he cel l

G1cNAc, N- acet yl gl ucosami ne ; I CT, i nt r acel l ul ar t r ans-

por t ; I g, i mmunogl obul i n ; PAGE, pol yacr yl ami de gel

el ect r ophor esi s; RER, r ough endopl asmi c r et i cul um; Rr ,
r at i o t o f r ont ; SDS, sodi um dodecyl sul f at e ; [ ' ` S] Mec,

met hi oni ne cont ai ni ng " ' S .
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sur f ace compr i ses sequent i al event s of mat ur at i on
and assembl y of I g heavy and l i ght chai ns . The
heavy chai ns, f or exampl e, bear aspar agi ne- l i nked
car bohydr at e ( CHO) uni t s whi ch mat ur e i n a
number of st ages onl y some of whi ch have been
l ocal i zed cyt ol ogi cal l y . I t i s cl ear t hat t he cor e
sugar s ( N- acet yl gl ucosami ne, mannose, gl ucose)
ar e added en bl oc t o nascent chai ns i n t he RER
( 4, 15, 26, 31) , but i t i s not cl ear at what st age an
obl i gat or y t r i mmi ng of cor e sugar s t akes pl ace ( 13,
25, 34) whi ch pr ecedes Gol gi - associ at ed addi t i on
of t er mi nal sugar s ( gal act ose, f ucose, si al i c aci d) .
Fur t her mor e, f or want of adequat e means t o di s-
cr i mi nat e among Gol gi subcompar t ment s, t er mi -
nal sugar addi t i on has si mpl y been ascr i bed t o t he
Gol gi compl ex as a whol e ( 19, 20, 40, 44) .

The assembl y of heavy and l i ght chai ns t o f or m
di sul f i de- bonded H2L2 uni t s has pr evi ousl y been
shown t o t ake pl ace at t he l evel of t he RER ( 41) .
However , t he f i nal assembl y of I gM i s l ess wel l
under st ood, as i t i nvol ves t he f ur t her addi t i on of
t he J pol ypept i de chai n and pent amer i zat i on t o
( H2 L2) , J . The subcel l ul ar si t e of t hese l ast event s
i s not known and, i n t he case of mal i gnant pl asma
cel l s ( myel omas) , t he degr ee t o whi ch pol ymer i -
zat i on t akes pl ace bef or e di schar ge has been r e-
por t ed t o var y accor di ng t o cel l l i ne ( 7) .

The pr esent st udy of nonmal i gnant I gM pl as-
mabl ast s i dent i f i es t he cyt ol ogi cal si t es of t hese
di f f er ent st ages of chai n mat ur at i on and assembl y
and expl or es t hei r i nt er r el at i onshi ps, maki ng use
of pul se- chase bi osynt het i c l abel i ng, subcel l ul ar
f r act i onat i on, el ect r on mi cr oscope aut or adi ogr a-
phy ( AR) , i nhi bi t or s of gl ycosyl at i on, and t wo
agent s know t o ar r est I CT : car boxyl cyani de m-
chl or ophenyl hydr azone ( CCCP) , whi ch uncou-
pl es oxi dat i ve phosphor yl at i on and st ops I g exi t
f r om t he RER ( 36) , and t he i onophor e monensi n,
whi ch st ops I g exi t f r om di l at ed Gol gi ci st er nae
( 36, 37) appar ent l y wi t hout af f ect i ng I g synt hesi s
or ot her st eps of I CT .

MATERI ALS AND METHODS

Car boxyl cyani de m- chl or ophenyl hydr azone was obt ai ned f r om

Cal bi ochem, San Di ego, Cal i f. ; pr onase t ype V, bovi ne al bumi n,

gl ucose oxi dase t ype V, and di t hi ot hr ei t ol f r omSi gma Chemi cal

Co . , St . Loui s, Mo. ; Noni det P- 40 f r om Kol b A. G. , Hedi ngen,

Swi t zer l and; l i popol ysacchar i de W( Escher i chi a col i 0127 : B8)

f r om Di f co Labor at or i es, Det r oi t , Mi ch. ; cycl ohexi mi de f r om

Ser va Bi ochemi cal s, Hei del ber g, Ger many; Na 1211 ( I MS 300)

car r i er f r ee and D- 1 " H- mannose ( TRK 238) , 2 . 7 Ci / mmol wer e

obt ai ned f r om t he Radi ochemi cal Cent er , Amer sham, Bucks . ,

Engl and; D- l - ' H( N) - gal act ose ( NET 126) 20 Ci / mmol and L-

5, 6- ' H- f ucose ( NET 516) 50 Ci / mmol L- [ " C( U) ] l euci ne ( NEC-

279) 300 mCi / mmol , L- [ 3, 4, 5- ' H( N) ] l euci ne ( NET- 460) 110 Ci /

mt nol , L- [ ' S] met hi oni ne ( NEG- 009H) 400 Ci / mmol , and L-
[ asS] cyst i ne ( NEG- 020) 50 Ci / mmol and Pr ot osol f r om New

Engl and Nucl ear , Bost on, Mass . ; monensi n ( l ot 335Ac- 2) ,

A23187 ( l ot 361- V02- 252- 1) , and t uni camyci n ( l ot 361- 26E- 117)

t hr ough t he cour t esy of R. Hami l l of t he Li l l y Resear ch Lab. , El i

Li l l y and Co. , I ndi anapol i s, I nd . ; V. chol er ae neur ami ni dase f r om

Behr i ngwer ke, Mar bour g, Ger many; endogl ucosami ni dase H

f r om Sei kagaku Kogyo, Tokyo, Japan; P4 f r omPhar maci a Fi ne

Chemi cal s, Uppsal a, Sweden; and I nst agel f r omPackar d, Down-

er s Gr ove, I l l .

Mouse spl een cel l s wer e cul t ur ed f or 3 d i n t he pr esence of
l i popol ysacchar i de accor di ng t o Ander sson et al . ( l ) . Cel l s wer e
har vest ed by sedi ment at i on and washi ng i n Hanks' Basi c Sal t

Sol ut i on . They wer e al l bl ast s bear i ng sur f ace I gM, as j udged by
i mmunof l uor escence st ai ni ng wi t h r hodami ne- l abel ed r abbi t

ant i - mouse u chai n ant i ser um on i nt act cel l s, up t o 50% bei ng

pl asmabl ast s as j udged by t hei r cyt opl asmi c st ai ni ng wi t h t he

same ant i ser um appl i ed t o smear s of f i xed cel l s . Bi osynt het i c

l abel i ng was per f or med i n met hi oni ne- f r ee DMEMf or [ ' ' S] me-
t hi oni ne, i n cyst ei ne- f r ee DMEM f or [ ' ' S] cyst ei ne, i n gl ucose-
f r ee Dul becco' s modi f i ed Eagl e' s Medi um ( DMEM) suppl e-
ment ed wi t h 1 mMpyr uvat e f or ' ' H- sugar s . I n each case, medi a
wer e suppl ement ed wi t h 0. 5 mg/ ml bovi ne ser um al bumi n. For

5- mi n l abel i ng, cel l s wer e usual l y at 10" / ml . For l onger l abel i ng
per i ods, t he cel l concent r at i on was usual l y I 0' / ml . I n pul se- chase

exper i ment s, l abel i ng at 0. 5 mCi / ml was f ol l owed by t wo washes

i n DMEMand r ei ncubat i on i n DMEMor i t s var i ant s ( suppl e-

ment ed wi t h 5% f et al cal f ser um) , as i ndi cat ed, at 10' cel l s/ ml .

I ncubat i ons wer e t er mi nat ed by sedi ment i ng cel l s f or 5 mi n at

1, 000g. The super nat e was saved on i ce f or i mmunopr eci pi t at i on

( 14) whi l e t he cel l s wer e washed, r esuspended i n 0. 5 ml of Hanks'

cont ai ni ng 1%NP- 40 ( and 0 . 1 Mi odoacet ami de f or sampl es t o

be anal yzed on bor at e- SDS gel s) and cent r i f uged f or 30 mi n at

80, 000 g . St ock sol ut i ons of 1 mMCCCP and 1 mMmonensi n

wer e pr epar ed i n et hanol .

I odi nat i on was per f or med wi t h 2 x 10' cel l s i n I ml of

phosphat e- buf f er ed sal i ne cont ai ni ng 20 mMgl ucose, 10 pg of

l act oper oxi dase, l U of gl ucose oxi dase, and I mCi " l , f or 30

mi n at r oom t emper at ur e, and t er mi nat ed by t hr ee washes i n

phosphat e- buf f er ed sal i ne. Bef or e i mmunopr eci pi t at i on, i odi -

nat ed sampl es wer e cl ar i f i ed as descr i bed above . Quant i t at i on of

r adi oact i ve I g was done as descr i bed i n ( 36) .

10- 15% gr adi ent sl ab SDS- gel s wer e per f or med accor di ng t o
Laemml i ( 18) . 2. 5- 10%SDS- bor at e sl ab gel s wer e r un accor di ng

t o a modi f i cat i on of a pr ocedur e descr i bed by Phar maci a Fi ne

Chemi cal s, Uppsal a, Sweden. Bot h t he r eser voi r buf f er and t he

buf f er i n t he gel wer e 1 . 1% Tr i s base, 0. 5% bor i c aci d, 1 . 1%

EDTA, 0. 1%SDS. The r at i o of acr yl ami de t o bi sacr yl ami de was

30 : 1 . 2 . Al kal i ne ur ea sl ab gel s wer e r un accor di ng t o Mosmann

( 22) . Af t er el ect r ophor esi s, gel s wer e ei t her dr i ed at once or f i r st

f i xed i n 50%met hanol - 7%acet i c aci d and st ai ned wi t h Coomassi e
Br i l l i ant Bl ue, and t hen dest ai ned and dr i ed or t r eat ed f or

f l uor ogr aphy accor di ng t o Bonner and Laskey ( 5) . For t he SDS
gel s, i mmunopr eci pi t at es wer e di ssol ved i n I % SDS, 1% bet a
mer capt oet hanol , i n one- quar t er st r engt h upper gel buf f er con-

t ai ni ng 5% sucr ose . For t he SDS- bor at e gel s, sampl es wer e
di ssol ved i n l % SDS, 0 . 1 M i odoacet ami de i n one- quar t er

st r engt h Tr i s- bor at e- EDTA cont ai ni ng 5%sucr ose. I n bot h cases,

sampl es wer e heat ed f or 5 mi n at 100 ° C bef or e l oadi ng. For t he
al kal i ne ur ea gel s, r educt i on and al kyl at i on of sampl es was
per f or med as descr i bed by Mosmann et al . ( 22) . I n al l cases,

st aphyl ococci wer e el i mi nat ed by cent r i f ugat i on j ust bef or e l oad-
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i ng. For al kal i ne- ur ea second- di mensi on anal ysi s of sampl es

al r eady f r act i onat ed on SDS- bor at e gel s, dr i ed SDS- bor at e gel s

wer e r ehydr at ed by moi st eni ng f or 30 mi n wi t h a sol ut i on of 30

mM di t hi ot hr ei t ol i n 10 Mur ea, 1% NP- 40, 0. 2 MpH 8 Tr i s-

HCl and t hen t r ansf er r ed t o t he al kal i ne- ur ea gel whi ch was

over l ayed wi t h a mi ni mal vol ume of 100 mM i odoacet at e, 5° I c

gl ycer ol , di ssol ved i n t he appr opr i at e r eser voi r buf f er .

For t he st udy of I g gl ycopept i des, i mmunopr eci pi t at es wer e

di ssol ved i n 0. 1 ml I mg/ ml pr onase i n 0 . 1 MTr i s- HCI , pH 8 .

Af t er 24 h at 60° C, an addi t i onal 0. 1 ml of pr onase was added

and t he hydr ol ysi s was cont i nued f or 24 h . The i ncubat i on was

t er mi nat ed by el i mi nat i ng t he st aphyl ococci by cent r i f ugat i on

and heat i ng t he super nat e f or 5 mi n at 100° C. Si zi ng of I g

gl ycopept i des was per f or med wi t h a col umn of P4 measur i ng 43
x 0 . 7 cm, oper at ed at 24° C el ut ed at 1 ml / h wi t h 0. 1 MpH 7 . 3
Tr i s- HCI . Fr act i ons of 0. 2 ml wer e col l ect ed and count ed by

mi xi ng wi t h I nst agel .

For i sol at i on of cr ude mi cr osomal f r act i ons, al i quot s of 10"

cel l s wer e washed i n 10 mMTr i s- HCI pH 7 . 3, 10 mM KCI , l . 5
mMMgCl _ and swol l en f or 5 mi n i n 0 . 5 ml of t he same sol ut i on .

Homogeni zat i on was accompl i shed wi t h 50 st r okes of a smal l

Dounce homogeni zer ( cl ose- f i t t i ng pest l e) , and t he homogenat e
was i mmedi at el y adj ust ed t o 50 mMTr i s- HCI pH 7, 3, 100 mM

KCI , 5 MMMgC12 ( TKM) , and cent r i f uged f or I mi n at 1, 000 g.

The r esul t i ng super nat e was adj ust ed t o 1 . 2 Msucr ose and l oaded

i nt o a di scont i nuous gr adi ent wi t h t he f ol l owi ng l ayer s ( 37) , al l

cont ai ni ng TKM: 0. 5 ml of 2 Msucr ose, 0. 5 ml of 1 . 3 Msucr ose,

t he post nucl ear super nat e, 0 . 5 ml of 0. 5 Msucr ose, 0 . 5 ml of

TKM. The gr adi ent s wer e spun i n t he SW56 r ot or of t he Spi nco

ul t r acent r i f uge f or 12 h at 50, 000 r pm. Mat er i al accumul at i ng at

t he 0. 5 Msucr ose/ l oad i nt er f ace and at t he l oad/ 1 . 3 Mi nt er f ace

was col l ect ed, di l ut ed f i ve t i mes wi t h TKM, and sedi ment ed f or

60 mi n at 50, 000 r pmi n t he same r ot or . The pel l et s wer e l ysed

by t he addi t i on of 0. 5 ml of TKMcont ai ni ng 1% NP- 40, sedi -

ment ed f or 30 mi n at 60, 000 g t o el i mi nat e r i bosomes . The

r esul t i ng super nat e wer e used f or i mmunopr eci pi t at i on .

For st udy of t he ol i gosacchar i de st r uct ur e of I g, cel l l ysat es

wer e di al yzed over ni ght agai nst 0. 05% NP- 40 50 mMpH 6 Na

ci t r at e and t hen t r eat ed f or 5 h at 37 ° C wi t h neur ami ni dase ( 0. 02

U/ ml ) or endogl ucosami ni dase H( 0. 2 U/ ml ) . Sampl es wer e t hen

r et ur ned t o pH 7 . 3 by t he addi t i on of I MTr i s- HCI and subj ect ed

t o st andar d i mmunopr eci pi t at i on . I n t he case of gl ycopept i des,

t he pH of pr onase di gest s was l ower ed t o 6 wi t h 1 MpH 4 Na

ci t r at e f or t r eat ment ( 24 h, 37° C, 0. 1 U/ ml ) wi t h endogl ucosa-

mi ni dase Hor , al t er nat i vel y, t he sampl es wer e si mpl y adj ust ed

t o 0 . 1 MH2 S04 and heat ed f or 30 mi n at 80° C ( 9) .

El ect r on mi cr oscope aut or adi ogr aphy was per f or med by st an-

dar d pr ocedur es empl oyi ng I l f or d L- 4 emul si on . Exposur e was

car r i ed out f or 1 mo . Phot ogr aphs wer e t aken wi t h a Phi l i ps 300

mi cr oscope. Cel l s wer e l abel ed, and gr ai ns wer e count ed and

scor ed as descr i bed i n ( 36) .

RESULTS

St udi es of Sugar Addi t i on t o 1a Chai ns

These st udi es wer e per f or med on bi osynt het i -
cal l y- l abel ed I g usi ng bot h r adi oact i ve ami no aci ds
and sugar s . I n t he f or mer case, t he pr esence and
nat ur e of p chai n or I g ol i gosacchar i des can be
expl or ed because t he ol i gosacchar i de cont ent of
t he mol ecul es modi f i es t hei r mi gr at i on i n SDS-
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PAGE. I n t he l at t er case, t he st udy can al so be
ext ended t o t he l evel of gl ycopept i des .

STUDI ES WI TH [ ' " S] METHI ONE- LABELED f t

CHAI NS
I n t hese exper i ment s, t he I g i mmunopr eci pi -

t at ed wi t h t he ant i I g or ant i - p r abbi t ant i bodi es
has been r educed bef or e SDS- PAGE, so t hat t he
mobi l i t y of t hei r r adi oact i ve w chai ns coul d be
di r ect l y expl or ed ( Fi g . 1) . The f ul l y gl ycosyl at ed

t t chai ns pr esent i n secr et ed I gMar e mor e r et ar ded
t han t he l a chai ns f ound i nt r acel l ul ar l y af t er a 5-
mi n pul se wi t h [ sa S] Met . When pl asma cel l s ar e
pr ei ncubat ed f or I h and t hen pul sed wi t h 135S] _

Met i n t he pr esence of an agent known t o i nt er f er e
wi t h gl ycosyl at i on ( deoxygl ucose or t uni camyci n,
r ef er ences 30, 38) t he mobi l i t y of t he t t chai ns i s
dr amat i cal l y i ncr eased . The mobi l i t y of t hese t hr ee

FI GURE 1 SDS- PAGE- AR of r educed [ : " S] Met - l a-

bel ed I gM. Cel l s wer e l abel ed f or 5 mi n, washed, and
ei t her l ysed at once or al l owed t o secr et e f or l h t o
pr ovi de a sampl e of ext r acel l ul ar I g. I n t r ack a, l abel i ng
was per f or med af t er 60- mi n pr ei ncubat i on wi t h t uni ca-
myci n l p. g/ ml . I n t r ack b, a cont r ol l ysat e was i mmu-
nopr eci pi t at ed di r ect l y ; i n t r ack c, t he same l ysat e was
t r eat ed wi t h endo H bef or e i mmunopr eci pi t at i on . I n
t r ack d, t he ext r acel l ul ar sampl e was i mmunopr eci pi t at ed
di r ect l y ; i n t r ack e, i t was t r eat ed wi t h neur ami ni dase
bef or e i mmunopr eci pi t at i on.



t ypes of f , chai ns, whi ch wi l l be cal l ed, r espect i vel y,

p2 ( ext r acel l ul ar ) , p, ( i nt r acel l ul ar ) , and po ( synt he-
si zed af t er pr ei ncubat i on i n t he pr esence of de-
oxygl ucose or t uni camyci n) , r epr esent s di f f er ent
st eps of sugar addi t i on as shown by t he f ol l owi ng
exper i ment s : ( a) when submi t t ed t o t he act i on of
t he enzyme endogl ucosami ni dase H ( endo H) ,
whi ch cl eaves " cor e" sugar s ( 34, 39) , 112 chai ns ar e
ent i r el y i nsensi t i ve, whi l e p, chai ns acqui r e a mo-
bi l i t y ver y cl ose t o t hat of yo ( Fi g . 1) ( t he sl i ght
di f f er ence i n mobi l i t y can pr obabl y be ascr i bed t o
r esi dual N- acet yl gl ucosami ne) ; ( b) when t r eat ed
wi t h si al i dase, , u2 chai ns show a sl i ght l y i ncr eased
mobi l i t y ( Fi g. 1) whi l e t he mobi l i t y of i t , chai ns i s
unchanged ( not shown) ; ( C) p2 and pI chai ns, but
not , yo, ar e r et ai ned on col umns of sephar ose- Con
A, whi ch bi nd mannose r esi dues ( not shown) .
Thus, po l acks sugar s, pI cont ai ns cor e sugar s, and

p2 i s f ul l y gl ycosyl at ed. As expect ed, si nce L chai ns
l ack sugar s, t hei r mobi l i t y i s never af f ect ed .

I t appear s t hat deoxygl ucose does not pr event
t he t r ansf er of cor e sugar s f r om pr eassembl ed
dol i chol - ol i gosacchar i des t o nascent pr ot ei n
chai ns, but r at her pr event s t he r epl eni shment of
t he pool of t hese i nt er medi at es af t er t hi s t r ansf er
has occur r ed . Thus, when pl asma cel l s ar e t r eat ed
wi t h deoxygl ucose i n condi t i ons wher e pr ot ei n
synt hesi s i s i nhi bi t ed by cyl ohexi mi de ( 50 pg/ ml ) ,
subsequent pul se l abel i ng of t he cel l s ( af t er cycl o-
hexi mi de wi t hdr awal ) pr oduces pI chai ns, pr esum-
abl y because t he pool of dol i chol - l i nked sugar s
has r emai ned i nt act . The " si ze" of t he pool of
dol i chol - ol i gosacchar i des, i . e . , t he per i od of t i me
dur i ng whi ch i t can donat e sugar s t o gr owi ng
pol ypept i de chai ns bef or e i t s exhaust i on, has been
eval uat ed ei t her by shor t eni ng t he per i od of pr ei n-
cubat i on wi t h deoxygl ucose, or by pr ei ncubat i ng
wi t h deoxygl ucose f or 60 mi n and ar r est i ng pr ot ei n
synt hesi s wi t h cycl ohexi mi de at var i ous t i mes dur -
i ng t hi s pr ei ncubat i on . I n bot h cases, i t was f ound
( Fi g . 2) t hat pr ot ei n synt hesi s can pr oceed f or
about 10 mi n i n t he pr esence of deoxygl ucose
bef or e t he pr eexi st i ng pool of dol i chol - sugar s i s
exhaust ed t o such an ext ent t hat t he pr edomi nant

speci es of p chai ns subsequent l y synt hesi zed has
t he mobi l i t y of yo. An i nt er est i ng poi nt i s t hat such
par t i al depl et i on gener at es a f ami l y of p chai ns of
i nt er medi ar y mobi l i t y bet ween t hat of pI and t hat
of po, pr obabl y cor r espondi ng t o p chai ns bear i ng
di f f er ent number of ol i gosacchar i de uni t s, as al l
ar e conver t ed t o po by endo H ( not shown) . Thi s
suggest s t hat mouse y chai ns may bear si x ol i go-

FI GURE 2 SDS- PAGE- AR st udy of t he i nf l uence of
i nt er medi ar y deoxygl ucose t r eat ment s on t he mobi l i t y of
u . Cel l s wer e i ncubat ed f or 1 h i n 0 . 3 mg/ ml deoxygl u-
cose pr i or t o 5- mi n pul se [ ' ' SJMet l abel i ng. Cycl ohexi -
mi de 50 l eg/ ml was added af t er 0, 15, 30, 45, 55 mi n of
t he deoxygl ucose t r eat ment f or t r acks a- e, r espect i vel y .
Such i nt er medi ar y t r eat ment s r esul t i n t he gener at i on of
7 u subspeci es of mobi l i t y r angi ng f r omuo t o u, ( ar r ows) .

FI GURE 3

	

SDS- PAGE- ARof u chai ns i mmunopr eci p-
i t at ed af t er pul se or pul se- chase l abel i ng : Cel l l ysat es, ( a)
af t er 5 mi n l ' " S] Met pul se, ( b) 5- mi n pul se f ol l owed by
120- mi n chase, not e t he t wo bands, wi t h t he most r e-
t ar ded havi ng a mobi l i t y si mi l ar t o t hat of t he secr et ed
chai n ( ar r ow) , ( c) i dent i cal chase but i n t he pr esence of
monensi n, l t LM.

sacchar i de si de chai ns . No cl ear pat t er n wi t h t hese
shar p i nt er medi at es bet ween pI and po i s gener at ed

by t uni camyci n .
The f ur t her st eps of i nt r acel l ul ar CHOaddi t i on

and pr ocessi ng have been anal yzed as f ol l ows : ( a)
af t er a 1- mi n [ 3' S] Met pul se ( whi ch i s about t he
t i me r equi r ed t o synt hesi ze an ent i r e p chai n
[ 29] ) , onl y pl chai ns can be obser ved i n cl ar i f i ed
cel l l ysat es; i n no case ar e po chai ns f ound ( not
shown) . Thus, t he addi t i on of cor e sugar s appear s
t o occur on gr owi ng nascent pol ypept i de chai ns,
as obser ved wi t h I g and ot her gl ycopr ot ei ns ( 4, 15,
31) . ( b) When a 5- mi n pul se i s f ol l owed by pr o-
l onged per i od of chase ( 2 t o 12 h) , t wo new f or ms
of p chai ns ar e det ect abl e wi t hi n t he cel l ( Fi g . 3) :

t he pr edomi nant speci es has a mobi l i t y sl i ght l y
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gr eat er t han t hat of pI , i s ent i r el y sensi t i ve t o endo
H ( i . e . , i s t r ansf or med i nt o po by endo H) , and
pr obabl y cor r esponds t o I LI chai ns f r om whi ch
t er mi nal gl ucose and mannose r esi dues have been
t r i mmed ( 13, 25, 34) ; 2 t he mi nor speci es has a
mobi l i t y i dent i cal t o t hat of p. 2, and, l i ke 112, i s
ent i r el y r esi st ant t o endo H( not shown) .

The i nt r acel l ul ar l ocal i zat i on of t hese t wo t ypes
of chai ns has been st udi ed by subcel l ul ar f r act i on-
at i on bot h af t er a 5- mi n [ 36S] Met pul se and af t er
a 2- h chase . I n t he r ough mi cr osomal f r act i on, at
t he end of t he pul se p, i s f ound whi l e " t r i mmed
p, " i s det ect ed af t er t he chase . The smoot h mi cr o-
somal f r act i on af t er t he chase cont ai ns bot h
" t r i mmed f , " and a smal l amount of p2 ( not
shown) . I n al l t hese pul se- chase exper i ment s, t he
bul k of [ ' ` S] I gM i s al ways r ecover ed i n t he r ough
mi cr osomal f r act i on . Thi s obser vat i on i s consi st ent
wi t h pr evi ous aut or adi ogr aphi c dat a ( 36) i n sug-
gest i ng t hat t he Gol gi I g pool i s smal l and r api dl y
di schar ged f r om t he cel l . I t i s onl y wi t hi n t hi s
l i mi t ed Gol gi I g pool t hat appar ent l y compl et el y
gl ycosyl at ed 1A chai ns ar e det ect abl e . Thus, i t i s not
sur pr i si ng t hat , af t er pr ol onged per i ods of cont i n-
uous ami no aci d l abel i ng, 112 chai ns cannot be
det ect ed i n t he cel l l ysat es- t hey si mpl y r epr esent
t oo smal l a f r act i on of t he i nt r acel l ul ar p chai ns .
I t i s onl y af t er a l ong chase, i . e . , when most l abel ed

I t chai ns have been secr et ed, t hat 92 chai ns const i -
t ut e a l ess negl i gi bl e f r act i on and t her ef or e can be
det ect ed.

The i nt r acel l ul ar l ocal i zat i on of f - CHO mat u-
r at i on event s has been f ur t her i nvest i gat ed by
i ncl udi ng, dur i ng chase i ncubat i on, agent s whi ch
i nt er r upt i nt r acel l ul ar t r anspor t at def i ned si t es .
I ncubat i on i n t he pr esence of 10 pMCCCP( whi ch
bl ocks I g exi t f r omt he RER) or of 1 pMmonensi n
( whi ch bl ocks I g exi t f r om Gol gi ci st er nae) does
not bl ock t he appear ance of " t r i mmed p, " i n whol e
cel l l ysat es ( Fi g . 3) and submi cr osomal f r act i ons
( not shown) , al t hough p2 does f ai l t o appear . Thus,

2 Thi s sl i ght shi f t i n SDS- PAGE mobi l i t y i s a consi st ent
obser vat i on . The degr ee of accel er at i on cannot be i n-
cr eased ei t her by usi ng shor t er ( 10, 30 mi n) or l onger ( 5,
12 h) chase i nt er val s, or by exami ni ng, af t er 60- mi n
chase, I g r ecover ed f r om r ough or smoot h mi cr osomes .
A cor r espondi ng shi f t of appar ent [ ' H] mannose- l abel ed
gl ycopept i de si ze has not been obser ved, possi bl y because
of t he r api di t y of t r i mmi ng and because at t he l evel of

gl ycopept i des ( unl i ke SDS- PAGE) i t i s t he si ze of i ndi -
vi dual ( r at her t han mul t i pl e) ol i gosacchar i des whi ch i s

r ef l ect ed i n mobi l i t y .
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t he obser ved t r i mmi ng occur s i n t he RER, and
conver si on t o p, 2 occur s di st al t o Gol gi ci st er nae .

I n t hi s cont ext , i t i s al so of i nt er est t hat t he
i ncl usi on of 5 mMmannol act one ( a known i nhi b-
i t or of l i ver Gol gi mannosi dase) ( S) or 20 mM
deoxygl ucose does not al t er t he nor mal cour se of

[ t
mat ur at i on af t er 5- mi n pul se l abel i ng .

STUDI ES WI TH ' H- SUGAR- LABELED
P CHAI NS

Pl asma cel l s wer e i ncubat ed f or var i ous t i mes
wi t h one of t he f ol l owi ng pr ecur sor s : [ ' H] mannose,
- gl ucosami ne, - gal act ose, and - f ucose . Judgi ng
f r om pr i or st udi es ( 9, 16) , onl y [ ' ' H] gl ucosami ne i s
expect ed t o under go ext ensi ve met abol i c conver -
si on t o ot her sugar s, i n t hi s case t o si al i c aci d .
Dur i ng t he per i od of l abel i ng used, no conver si on
t o ami no aci ds was det ect ed, si nce l i ght chai ns
wer e never l abel ed .

KI NETI CS OF SUGAR LABELI NG OF I NTRA-
CELLULAR AND SECRETED p CHAI NS AND
SECRETI ON KI NETI CS OF SUGAR- LABELED I G:
Af t er cont i nuous l abel i ng f or 30 mi n t o 3 h wi t h
[ " C] l euci ne or t he di f f er ent ' H- sugar s, t he l abel ed
I g pr esent i n t he cel l s and t he cul t ur e medi umwas
i mmunopr eci pi t at ed . Anal ysi s of t he r educed pr e-
ci pi t at es by SDS- PAGE t hus al l owed a quant i t a-
t i ve and qual i t at i ve compar i son of t he l abel ed 11

chai ns ( Fi g. 4) . Wi t h [ " C] l euci ne, onl y p, chai ns
wer e det ect ed i nt r acel l ul ar l y, f or t he r easons al -
r eady di scussed ( vi de supr a) , and t hei r r el at i ve
amount , when compar ed t o p2 chai ns secr et ed
dur i ng t he same per i od of i ncubat i on, pr ogr es-
si vel y decr eased wi t h t i me, as expect ed . Compa-
r abl e r esul t s wer e obser ved wi t h [ ' H] mannose ( Fi g .
4B) , whi l e wi t h [ 3H] gal act ose ( Fi g . 4C) and [ 3 H] -
f ucose ( not shown) t he pi ct ur e was ent i r el y di f f er -
ent , si nce t he r at i o of i nt r acel l ul ar t o secr et ed
r adi oact i vi t y was ver y smal l , even af t er onl y 30
mi n of l abel i ng, and si nce i nt r acel l ul ar and ext r a-
cel l ul ar chai ns had l t 2 mobi l i t y . Thus, gal act ose
and f ucose ar e added t o t t chai ns ver y shor t l y
bef or e secr et i on, and t he addi t i on of t he t er mi nal
sugar s, i ncl udi ng si al i c aci d, must occur al most
si mul t aneousl y .

Thi s concl usi on was conf i r med i n a second t ype
of exper i ment , i n whi ch pl asma cel l s wer e l abel ed
f or t h wi t h ei t her [ 35S] Met , [ 3H] mannose, [ 3 H] -
gal act ose or [ ' ' H] f ucose, and t hen chased i n non-
r adi oact i ve medi um t o f ol l ow t he t i me- cour se of
r el ease of r adi oact i ve I gM. ' As shown i n Fi g . 5,

' I n t hi s pr ot ocol , unl i ke t he ot her s desi gned t o l ocal i ze



FI GURE 4

	

SDS- PAGE- AR of t he t ot al i nt r a ( a- d) and ext r acel l ul ar ( a' - d) u chai ns i mmunopr eci pi t at ed
f r om t he cel l l ysat es and cul t ur e medi um af t er cont i nuous l abel i ng wi t h [ ' °C] l euci ne ( A) , [ 3 H] mannose
( B) , or [ 3H] gal act ose ( C) . ( a, a' ) 30 mi n, ( b, b' ) 60 mi n, ( c, c' ) 120 mi n, ( d, á) 180 mi n . The nat ur e of t he
mi nor band wi t h f ast er mobi l i t y obser ved i n Cc' and Cd' i s not known.

t he hal f - t i me was about 40 mi n f or r el ease of
[ 35 S] Met - or [ 3H] mannose- l abel ed I gMand 10 mi n
f or [ 3H] gal act ose- or [ 3H] f ucose- l abel ed I gM. Thi s

t ype of exper i ment al so of f er s an addi t i onal means

of i dent i f yi ng t he compar t ment i n whi ch t he ad-

di t i on of a gi ven sugar t akes pl ace : a monensi n-

i mposed bl ock at t he l evel of Gol gi ci st er nae
shoul d i nt er f er e wi t h t he secr et i on of chai ns l a-
bel ed wi t h a sugar added wi t hi n or bef or e t he

Gol gi ci st er nae, but not wi t h t he secr et i on of
chai ns l abel ed wi t h sugar s added i n a compar t -
ment di st al t o t he Gol gi ci st er nae . Fi g . 5 shows

t hat monensi n i ndeed mar kedl y sl ows t he secr et i on
of 135s] Met - or [ 3 H] mannose- l abel ed I gM, whi l e
t he secr et i on of [ 3 H] gal act ose- or [ 3H] f ucose- l a-
bel ed I gM i s l i t t l e af f ect ed . Usi ng t hese t er mi nal
sugar s as l abel , si mi l ar r esul t s have been obt ai ned
wi t h 10 pM A 23187 i n t he pr esence of 1 mM

EGTA i n cal ci um- f r ee medi um or CCCP, i mpl y-

t he si t e of t er mi nal sugar addi t i on, t he r esul t s cannot be
ascr i bed t o an i nt er f er ence bet ween monensi n and t he
sugar t r ansf er ases t hemsel ves .

i ng t hat I g exi t f r om t he post ci st er nal Gol gi com-
par t ment i s i nsensi t i ve t o r adi cal r educt i on of cy-
t opl asmi c cal ci um l evel s and does not r equi r e
ongoi ng r espi r at i on ( cf . r ef er ences 36, 37) .

EFFECT OF MONENSI N ON SUGARADDI TI ON

TO11 CHAI NS: I f t he t er mi nal addi t i on of sugar s
t o I A chai ns occur s i n a smal l compar t ment di st al
t o t he Gol gi ci st er nae, a bl ock i n I CT cr eat ed by
monensi n shoul d sel ect i vel y decr ease any subse-
quent addi t i on of t er mi nal sugar s t o p chai ns . To
expl or e t hi s poi nt , cel l s wer e pr ei ncubat ed f or 15
mi n wi t h or wi t hout I I AM monensi n and t hen
l abel ed f or 60 mi n wi t h [ 3 H] mannose, - gal act ose,
or - f ucose. The i nhi bi t i on of i ncor por at i on of
[ ' H] mannose i nt o I g i n t he pr esence of monensi n
was modest ( 28%) and cl ose t o t hat of p chai ns
t hemsel ves ( det ect ed by [ 35 S] Met - l abel i ng : 20%) ,
whi l e i ncor por at i on of [ ' ' H] gal act ose and [ 3 H] f u-
cose was much mor e mar kedl y depr essed ( 86 and
79%, r espect i vel y) . I ncor por at i on of t hese f our i so-
t opes i nt o pr ot ei ns ot her t han I g was i nhi bi t ed
- 20%i n al l cases i n t he same pr ot ocol s .

CHARACTERI ZATI ON OF THE GLYCOPEP-
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TI DES OF I NTRACELLULAR AND SECRETED ( 1

CHAI NS: The el ut i on pat t er n of t he gl ycopep-
t i des obt ai ned f r om 2- h 3H- sugar - l abel ed I gMhas

been anal yzed by Bi ogel P4 f i l t r at i on bef or e and
af t er t r eat ment wi t h endo H, or wi t h H2SO4 . Gl y-
copept i des f r om i nt r acel l ul ar Ft chai ns have an
el ut i on pat t er n whi ch depends on t he 3H- sugar
used t o l abel t he t t chai ns ( Fi g. 6) . Gl ycopept i des
l abel ed wi t h [ xH] mannose ( Fi g. 6A) gi ve a si ngl e
br oad peak ( Rf 0. 26) , ar e ent i r el y sensi t i ve t o endo

H( Fi g . 6 B) whi ch gener at es a maj or ( Rf 0. 52) and
a mi nor pr oduct ( Rf 0. 63) , and ar e i nsensi t i ve t o
H2SO4 ( not shown) . Wi t h [ 3H] gl ucosami ne, a mi x-
t ur e of speci es i s obser ved ( Fi g. 6 C) , and wi t h
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Ki net i cs of secr et i on of I gM, af t er l abel i ng
t he cel l s f or 1 h wi t h [ ' ' " S] Met ( a) , or [ ' H] gal act ose ( b) ,
washi ng, and f ur t her i ncubat i ng t he cel l s i n chase me-
di um f or quant i t at i on of I gMsecr et i on over t he ensui ng
hour . I n ( a) and ( b) , t he dot t ed l i ne i ndi cat es t he r esul t s
obt ai ned when 1 pMmonensi n i s pr esent dur i ng 15 mi n
at 0° Cj ust bef or e t he chase and dur i ng t he chase. When
cel l s ar e l abel ed wi t h [ ' ' H] mannose, t he r esul t s ar e ver y
si mi l ar t o a, and wi t h [ ' ' H] f ucose, t he r esul t s ar e i ndi st i n-
gui shabl e f r om b .
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[ " H] gal act ose a si ngl e peak ( Fi g . 6D) ( Rf 0. 11) ,
ent i r el y i nsensi t i ve t o endo H, and shi f t ed t o an Rf
0. 19 by H2SO4 t r eat ment s ( not shown) . Al l gl yco-

s r ecover ed f r om secr et ed i t chai ns al so

show a si ngl e peak of Rf 0. 11 ( Fi g. 6 E) , what ever

t he pr ecur sor 3H- sugar used, al l ar e i nsensi t i ve t o
endo H, and al l ar e shi f t ed t o an Rf 0. 19 by H2SO4
t r eat ment . When l abel i ng i s done wi t h [ 3H] gl uco-
sami ne, t hi s shi f t ed peak i s associ at ed wi t h a sec-
ond peak of Rf 0. 7, whi ch i s t he expect ed el ut i on
posi t i on of si al i c aci d ( 9) ( Fi g. 6 F) . These r esul t s
st r ongl y suggest t hat : ( a) t he i nt r acel l ul ar [ 3H] -

mannose- gl ycopept i des cont ai n cor e sugar s, pr ob-
abl y t r i mmed t o var yi ng ext ent s; t he amount of
i nt r acel l ul ar [ 3H] mannose- l abel ed " compl ex" gl y-
copept i des i s t oo smal l t o be det ect abl e ( except
when t he gl ycopept i des f r om i t chai ns pr esent i n
t he smoot h r ni cr osomal compar t ment ar e anal yzed
separ at el y : see bel ow) ; ( b) t he i nt r acel l ul ar [ 3H] -

gal act ose gl ycopept i des cor r espond t o t he smal l
amount of t t chai ns r eady t o be secr et ed, si nce t hey
appear t o be al l si al yl at ed; ( c) t he secr et ed t t chai ns
bear onl y " compl ex" ol i gosacchar i de chai ns t er -
mi nat i ng i n si al i c aci d and no chai ns wi t h hi ghl y
br anched mannose, si nce, even af t er [ 3H] mannose
l abel i ng, a si ngl e peak i s obser ved, whi ch shows
t he same shi f t af t er H2SO4 t r eat ment as i n t he case
of [ 3H] gl ucosami ne.

The above st udi es show t hat t he det ect abl e gl y-

copept i des of i nt r acel l ul ar ) t chai ns di f f er depend-
i ng on t he pr ecur sor sugar . Anal ysi s of t he [ 3H] -

mannose- gl ycopept i des of l c chai ns r ecover ed af t er

cel l f r act i onat i on shows t hat t hese di f f er ences cor -

r espond t o t he sequent i al passage of I gMt hr ough
t he RERand Gol gi compl ex ( Fi g. 7) . Thus, gl y-

FI GURE 6

	

Gel f i l t r at i on on P4 of I g- der i ved gl ycopept i des. Panel A i nt r acel l ul ar af t er 2- h [ H] mannose
l abel , ( B) same, f ol l owed by t r eat ment wi t h endo H, ( C) i nt r acel l ul ar af t er 2- h [ " H] gl ucosami ne, ( D)
i nt r acel l ul ar af t er 2- h [ ' Hl gal act ose, ( E) ext r acel l ul ar af t er 2- h [ ' ' t l l gal act ose, ( F) ext r acel l ul ar af t er 2- h
[ " H[ gl ucosami ne, f ol l owed by H2SO4 t r eat ment . On t he absci ssa, " O" desi gnat es t he voi d vol ume, and " I "
t he el ut i on posi t i on of [ " H) mannose.
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Gel f i l t r at i on on P4 of I g- der i ved gl ycopep-
t i des r ecover ed f r om r ough ( R) and smoot h ( S) mi cr o-
somal f r act i ons . I n al l cases, l abel i ng was car r i ed out f or
2 h wi t h [ ' ' Hl mannose. ( A) r ough mi cr osomes ( - ) , ( B)
same af t er t r eat ment wi t h endo H ( +) , ( C) smoot h
mi cr osomes ( - ) , ( D) af t er t r eat ment wi t h endo H ( +) .
The ar r ow i ndi cat es t he mobi l i t y of ext r acel l ul ar gl yco-
pept i des .

copept i des of t he r ough mi cr osomal f r act i on
( whi ch cont ai ns t he bul k of t he i nt r acel l ul ar p
chai ns) ar e r ecover ed at an Rr of 0. 26 and ar e
al most ent i r el y sensi t i ve t o endo H. On t he ot her
hand, gl ycopept i des of t he smoot h f r act i on show
an over l appi ng pat t er n i ncl udi ng f ast - movi ng
component s, and, af t er endo Ht r eat ment , a r esi st -
ant peak of r api d mobi l i t y, si mi l ar t o t hat of
gl ycopept i des of ext r acel l ul ar Ft chai ns, becomes
vi si bl e . Such speci es ar e not seen when l abel i ng i s
done i n t he pr esence of monensi n ( not shown) . I t
i s ver y l i kel y t hat t hese f ast - movi ng gl ycopept i des

cor r espond t o t he compl et el y gl ycosyl at ed chai ns,
whi ch can be det ect ed among t ot al i nt r acel l ul ar
chai ns onl y when [ 3 H] gal act ose or [ 3H] f ucose i s
used as pr ecur sor .

St udy of Pol ypept i de Chai n Assembl y

and Pol ymer i zat i on

The assembl y of [ 35S] Met - l abel edp and L chai ns
has been f ol l owed, af t er var i ous per i ods of pul se
( f r om3 mi n t o sever al hour s) and chase ( f r om 10
mi n t o sever al hour s) , by pr eci pi t at i ng det er gent -
t r eat ed cel l l ysat es wi t h ant i bodi es di r ect ed agai nst
ei t her mouse I g or p, chai ns ( t o r ecover al l mol e-
cul es cont ai ni ng p chai ns, but not f r ee L chai ns)
and anal yzi ng t he i mmunopr eci pi t at es i n nonr e-
duci ng condi t i ons on bor at e- SDS 2. 5- 10% pol y-
acr yl ami de gr adi ent gel s, whi ch al l ow a r esol ut i on
of mol ecul es bet ween 20, 000 and 1 x 10 6 dal t ons .

Af t er a 3- mi n pul se ( Fi g. 8A t r ack l ) , anal ysi s
of t he ant i - Ft i mmunopr eci pi t at e shows t hat t he
pl asma cel l cont ai ns t wo maj or I g speci es, hal f
monomer s ( uL) and monomer s ( " 2L2) of I gM, as
wel l as smal l er amount s of 1í 2L mol ecul es, f r ee p
and f r ee L chai ns . [ The i dent i t y of t hese var i ous
mol ecul ar f or ms has been est abl i shed by : ( a) com-
par i son of t hei r mi gr at i on wi t h known mar ker s
( I gG and r educed and al kyl at ed t t and L chai ns) ,
( b) el ut i on of t he gel bands and r eel ect r ophor esi s
on SDS gel s i n r educi ng condi t i ons . ] The pr esence
of L chai ns i l l ust r at ed i n Fi g . 8A, 1 i ndi cat es t he
exi st ence of associ at ed but noncoval ent l y j oi ned

1t and L chai ns, as t he i mmunopr eci pi t at e was
pr epar ed wi t h an ant i - f t ant i ser um. Si nce no f r ee

t t chai ns can be det ect ed i n t hese pr eci pi t at es wi t h-
out t he pr esence of l abel ed L chai ns, i t appear s
t hat p, chai ns ar e at al l t i mes associ at ed wi t h L
chai ns . I n t hese exper i ment s wi t h shor t pul se ( 3- 5
mi n) , af t er i mmunopr eci pi t at i on wi t h ant i - p. , t he
r esul t i ng super nat e can be r epr eci pi t at ed wi t h
RaMI g. Gel anal ysi s of such pr eci pi t at es r eveal s
a l ar ge amount of f r ee L chai ns . Quant i t at i on of
r adi oact i vi t y i n Hand L chai ns r ecover ed i n pul se-
chase exper i ment s ( see bel ow) shows t hat t hi s pool
of L chai ns i n par t gr adual l y associ at es wi t h sub-
sequent l y synt hesi zed i t chai ns . I n addi t i on, a por -
t i on i s secr et ed wi t hout coval ent associ at i on wi t h
ot her chai ns ( see bel ow) , and, f i nal l y, a por t i on
must be degr aded . Resul t s wi t h I CT bl ock due t o
CCCP suggest t hat t hi s degr adat i on occur s i n t he
RER ( not shown) .

Dur i ng chase per i ods, t he mol ecul es obser ved
af t er a br i ef pul se pr ogr essi vel y assembl e t o pen-
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FI GURE 8

	

SDS- bor at e- PAGE- AR of I g ( ant i - 1g) and I gM( ant i - u) i mmunopr eci pi t at es . [ 35S] Met l abel .
Fr equent l y, t he pl asmabl ast popul at i on pr oduces a smal l amount of I gGwhi ch i s seen on t he gel s, even
i n I gMpr eci pi t at es, because of t he af f i ni t y of I gG f or t he st aphyl ococci used f or i mmunopr eci pi t at i on . A1 .
i nt r acel l ul ar I gMaf t er 3- mi n pul se . A2. ext r acel l ul ar I gM. A3 . st andar ds . B1 . i nt r acel l ul ar I g af t er 5 mi n
l abel . B2. i nt r acel l ul ar I g 5- mi n pul se f ol l owed by 2- h chase . B3 . ext r acel l ul ar I g 5- mi n pul se f ol l owed by
2- h chase . C1 . I gMr ecover ed f r omr ough mi cr osomes af t er 60- mi n l abel . C2 . I gMr ecover ed f r omsmoot h
mi cr osomes af t er 60- mi n l abel . D1 . i nt r acel l ul ar I gM 120- mi n pul se . D2. i nt r acel l ul ar I gM 60- mi n pul se,
180- mi n chase. D3 . I nt r acel l ul ar I gM1- h pul se, 3- h chase, f ol l owed by pr onase t r eat ment bef or e cel l l ysi s
( 5 mg/ ml , 30 mi n, 37° C) . Ar r owi ndi cat es t he 8 s I gMpr onase- sensi t i ve band . Abbr evi at i ons : pol , pol ymer ;
t r , t r i mer ; di , di mer ; mon, monomer ; g, gamma chai n .

t amer i c f or m, whi ch r api dl y becomes t he pr edom-

i nant f or m of i nt r acel l ul ar I gM( Fi g . 8 B, 2) . The
ki net i cs of t hi s assembl y ar e such t hat , af t er a 5-
mi n pul se, hal f of t he l abel ed I gMbecomes pol y-
mer i c dur i ng a 15- mi n chase . I n addi t i on, mi nor
I gM speci es bet ween monomer s and pent amer s
become det ect abl e ( Fi g. 8B and D; Fi g . 9A, 4)
whose mobi l i t y on gel s i s consi st ent wi t h a com-
posi t i on ( h2L2) I I / 2, ( p2L2) 2, ( A21- 2) 21/ 2, ( h2L2) a,

( , u2L2) a I / 2, ( N, 2L2) a . Ext r acel l ul ar i mmunopr eci pi -
t at es cont ai n pent amer i c I gMand smal l amount s
of L chai ns ; t r aces of t he i nt egr al i nt er medi at e
speci es ar e al so f r equent l y f ound ( Fi g. 8 B, 3 ; Fi g .
9 A) .

The i nt r acel l ul ar compar t ment wher e pol ymer -
i zat i on occur s was expl or ed by cel l f r act i onat i on
and by f ol l owi ng 5- mi n pul se- l abel i ng wi t h chase
i ncubat i on i n condi t i ons of I CT bl ock. Af t er 60-
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mi n cont i nuous l abel i ng, pent amer s wer e r e-
cover ed i n t he r ough and smoot h mi cr osomal f r ac-
t i ons ( Fi g . 8 C) , and t hei r f or mat i on i n whol e cel l
l ysat es was not al t er ed by t he bl ocki ng of I CT wi t h
CCCP or monensi n ( not shown) . Thus, pol ymer i -
zat i on bot h can and does nor mal l y occur al r eady
i n t he RER; f ur t her mor e, i t does not r equi r e on-
goi ng ener gy pr oduct i on, si nce t he dose of CCCP
empl oyed ( 10 AM) decr eases pr ot ei n synt hesi s by
>90%over a 1- h per i od .

Fi nal l y, when a r el at i vel y l ong pul se ( 60 mi n or
mor e) i s f ol l owed by a chase of sever al hour s, a
second f or m of monomer i c I gM, wi t h a sl i ght l y
r et ar ded mobi l i t y, becomes det ect abl e ( Fi g . 8 D, l

and 2) . The gel mobi l i t y of t hi s speci es i s i dent i cal
t o t hat of sur f ace 8s I gMobser ved af t er 125I - l abel -
i ng of t he cel l sur f ace wi t h l act oper oxi dase ( not
shown) . The possi bi l i t y t hat t hese r et ar ded 8s I gM



FI GURE 9

	

SDS- bor at e- PAGE- AR of I g i mmunopr eci pi t at es . A. Tr acks l - 3, af t er 5- mi n [ ' s' S] Met pul se-
l abel i ng . Tr acks 4- 6, af t er a subsequent 60- mi n chase, i nt r acel l ul ar . Tr acks 7- 9, ext r acel l ul ar sampl es
cor r espondi ng t o t r acks 4- 6 . For t r acks 2, 5, 8, cel l s wer e i ncubat ed f or l h i n 0. 3 mg/ ml deoxygl ucose
bef or e l abel i ng . For t r acks 3, 6, 9, t he pr ei ncubat i on was wi t h 1 I Lg/ ml t uni camyci n. At t he l ef t mar gi n ar e
i ndi cat ed t he assi gnment s f or i nt r acel l ul ar I g. At t he r i ght mar gi n ar e t he assi gnment s f or CHO- f r ee
i nt r acel l ul ar I g . B: I g- l abel ed wi t h ' ' H- sugar s . ( The pol ymer band of t en appear s as a doubl et . ) B l .
i nt r acel l ul ar I g af t er 30- mi n [ ' H] mannose l abel . B2 . i nt r acel l ul ar I g af t er 30- mi n [ ' H] gl ucosami ne l abel .
B3 . i nt r acel l ul ar I g af t er 30- mi n [ ' ' H] gal act ose l abel . The mi nor band i s I gG. Cl . i nt r acel l ul ar I gMl abel ed
f or I h wi t h [ 35S] Met and chased f or 180 mi n . C2 . same af t er t r eat ment wi t h endo H. Abbr evi at i ons as i n
Fi g. 8 .

mol ecul es wer e al so l ocat ed on t he cel l sur f ace was
expl or ed by i ncubat i ng i nt act [ ' ' a S] Met - l abel ed
cel l s wi t h pr onase, under condi t i ons known, by

i mmunof l uor escence, t o r emove cel l sur f ace I gM
( see l egend of Fi g. 8) . Anal ysi s of t he I gMpr esent
i n t he cel l l ysat e af t er such t r eat ment showed t he
sel ect i ve di sappear ance of r et ar ded monomer i c
I gM, i ndi cat i ng t hat i t i s on t he cel l sur f ace, whi l e

t he pent amer i c and l ess r et ar ded monomer i c mol -

ecul es wer e unmodi f i ed . Thus, monomer i c sur f ace

I gMmol ecul es, whi ch r epr esent onl y a ver y smal l
f r act i on of t he t ot al I gMsynt hesi zed by t hese cel l s,
( a) become det ect abl e when most of t he l abel ed
i nt r acel l ul ar I gM has r eached pent amer i c f or m,
and ( b) ar e di f f er ent f r ommonomer i c i nt r acel l ul ar

I gMdest i ned f or pol ymer i zat i on and secr et i on .

Rel at i onshi p bet ween I gMPol ymer i zat i on,

Sugar and J Chai n Addi t i on and t he Possi bl e

Tr ansi ent Pr esence of Secr et or y I g on t he

Cel l Sur f ace

POLYMERI ZATI ON AND

CARBOHYDRATE ADDI TI ON

Si nce t he pol ymer s assembl e i n t he RER, and
ar e t he maj or f or m of I gM wi t hi n t he cel l ( Fi g .
8 C, 1) , whi l e f ul l y gl ycosyl at ed t t chai ns r epr esent

onl y a mi nor i t y of t he I t chai ns, even af t er l ong

chase ( Fi g. 3) , t he t r ansf er of t he t er mi nal sugar s
must occur on pent amer i c I gM. Thi s concl usi on
was conf i r med by 30- mi n l abel i ng wi t h [ ' H] man-
nose, - gl ucosami ne, - gal act ose and - f ucose . As i l -
l ust r at ed ( Fi g. 9B) , [ ' H] gal act ose mar ked pent a-
mer i c mol ecul es, whi l e [ ' H] mannose was pr esent
i n gr eat er amount s on monomer s t han pent amer s .
[ ' ' H] gl ucosami ne ( whi ch l abel s bot h gl ucosami ne
and si al i c aci d) gi ves an i nt er medi at e r esul t .

Pol ymer i zat i on of I gMt o pent amer i c f or m i s i n
f act ent i r el y i ndependent of t he pr esence of sugar s
on t he p chai ns, as shown by pul se- chase exper i -
ment s per f or med i n t he pr esence of deoxygl ucose
or t uni camyci n ( Fi g. 9A, t r acks 2, 3, 5, 6, 8, 9) :
i nt r acel l ul ar pent amer i c mol ecul es and t he same
char act er i st i c i nt er medi at e speci es ar e obser ved i n
amount s compar abl e t o t hose of cel l s i ncubat ed i n
nor mal condi t i ons . Each speci es has a f ast er mi -
gr at i on t han i t s nor mal count er par t , as expect ed
f r om t he l ack of car bohydr at e . I t can be shown
not onl y t hat CHOi s not r equi r ed f or pol ymer i -
zat i on, but t hat t he cor e sugar s of i nt r acel l ul ar
pent amer i c I gM, whi ch have been added bef or e
pol ymer i zat i on, ar e st er i cal l y accessi bl e t o t he en-
zyme endo H. Thus, t r eat ment of cel l l ysat es wi t h
t he endo H r emoves cor e sugar s on pent amer i c
and i nt er medi ar y speci es, whi ch acqui r e t he same
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SDS- PAGE mobi l i t y as ungl ycosyl at ed mol ecul es

( Fi g . 9 C, 1, 2) . When anal yzed under r educed
condi t i ons, t he f chai ns cont ai ned i n t hese speci es
mi gr at e as f t o .

POLYMERI ZATI ON AND ADDI TI ON OF J

CHAI NS

J chai n i s poor i n met hi oni ne, and comi gr at es

FI GURE 10

	

Al kal i ne ur ea gel f r act i onat i on of
[ ' '

. , S] cys-

t ei ne- l abel ed I g . Ant i - I g i mmunopr eci pi t at es der i ve f r om

cel l s pul se- l abel ed f or 5 mi n ( a) or chased f or 2 h t o

pr ovi de i nt r acel l ul ar ( b) and ext r acel l ul ar ( c) sampl es .

( d and e) I nt r acel l ul ar sampl es der i ved f r om chase i n-

cubat i ons i n t he pr esence of t pM monensi n and 10 f M

CCCP, r espect i vel y . Sampl es f - h cor r espond t o sampl es

a- c, but t he cel l s wer e pr et r eat ed f or 1zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" h wi t h 1 1~g/ ml
t uni camyci n . I n al l cases, t he J chai ns mi gr at e t owar d

t he bot t om of t he gel mor e r api dl y t han t he pol ydi sper se
pol ycl onal heavy and l i ght chai ns whi ch gi ve t he smear

at t he t op of t he f i gur e .
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wi t h l i ght chai ns i n SDS gel s, al t hough i t s mol ec-
ul ar wei ght i s 15, 000 ( 17) . Thus, t o expl or e J

chai ns, cel l s wer e l abel ed wi t h [ 35 S] cyst ei ne, and
ant i I g i mmunopr eci pi t at es wer e anal yzed i n al -
kal i ne ur ea gel s af t er r educt i on and al kyl at i on . I n
t hese condi t i ons, t he J chai n mi gr at es f ast er t han
l i ght chai ns, f r act i onat i on bei ng a f unct i on of bot h
char ge and si ze. J chai n i s a gl ycopr ot ei n, and t he
mat ur at i on of i t s ol i gosacchar i de uni t can be f ol -
l owed by compar i ng t he mi gr at i on of i nt r acel l ul ar
and ext r acel l ul ar J chai ns, as wel l as ungl ycosy-
l at ed J chai ns i n cel l s pr et r eat ed wi t h t uni camyci n .
The mobi l i t y obser ved af t er 5- mi n pul se l abel i ng
( Fi g. l 0a) r emai ns unchanged i n al l i nt r acel l ul ar
sampl es st udi ed, r egar dl ess of whet her t he 120-
mi n chase i s i n cont r ol medi umor i n t he pr esence
of CCCP or monensi n . Ext r acel l ul ar J chai ns, by
cont r ast , have a mor e r api d mobi l i t y, pr esumabl y
due t o t he addi t i on of negat i vel y char ged si al i c
aci d . When cel l s ar e pr et r eat ed wi t h t uni camyci n,

pul se- l abel ed J chai ns al so have a mor e advanced
mobi l i t y, pr esumabl y si nce, as t hey l ack CHO,
t hei r hydr odynami c r adi us i s r educed .

Al l t he J chai ns obser ved ar e associ at ed t o I g
mol ecul es, si nce t hey wer e det ect ed i n t he ant i - I g
i mmunopr eci pi t at e . The f ol l owi ng f ur t her poi nt s
wer e est abl i shed concer ni ng t he addi t i on of J
chai ns t o I g mol ecul es : ( a) subcel l ul ar f r act i ona-
t i on showed t hat t he J chai n i s added t o I g at t he
l evel of t he RER ( not shown) , ( b) t o expl or e at
what st ep of pol ymer i zat i on of I gM J chai ns ar e
added, [ " S] cyst ei ne- l abel ed i mmunopr eci pi t at es
have been f r act i onat ed on bor at e gel s, and t he gel
t hen pl aced, af t er r educt i on and al kyl at i on, on t op
of an al kal i ne ur ea gel . The J chai n was f ound
r est r i ct ed t o t he pol ymer i c I gM. I nsuf f i ci ent r adi o-
act i vi t y was pr esent t o j udge whet her I g speci es
bet ween monomer and pent amer cont ai n t he J

chai n ; ( c) t he addi t i on of J chai n t o I g does not
r equi r e car bohydr at e, si nce i mmunogl obul i n syn-
t hesi zed i n cel l s pr ei ncubat ed wi t h t uni camyci n i s
associ at ed wi t h ungl ycosyl at ed J chai ns ( Fi g. I 0J ) .

DOES THE FI NAL ADDI TI ON OF SUGARS TO

THE PENTAMERI C I GMMOLECULES OCCUR

AT THE CELL SURFACE?

Si nce t he f i nal addi t i on of sugar s t o t he pent a-
mer i c mol ecul e i s such a l at e event i n i nt r acel l ul ar
t r anspor t , and i s f ound by cel l f r act i onat i on t o
occur i n a smoot h membr ane f r act i on whi ch pr ob-
abl y i ncl udes f r agment s of t he pl asma membr ane,
t he possi bi l i t y t hat i t occur s on t he cel l sur f ace
i t sel f , " at t he t i me of secr et i on, " was expl or ed : ( a)



by maki ng use of t he obser vat i on t hat I g pr esent
on t he cel l sur f ace can be r emoved by pr onase
t r eat ment of i nt act cel l s ( vi da supr a) and ( b) by
el ect r on mi cr oscope r adi oaut ogr aphy af t er i ncu-
bat i on wi t h [ ' H] gal act ose and [ ' H] f ucose .

Cel l s bi osynt het i cal l y l abel ed f or 15 mi n wi t h
[ ' ' H] gal act ose or [ 3 H] mannose or sur f ace- l abel ed
wi t h 125 1 wer e t r eat ed wi t h pr onase f or 60 mi n at
15° C ( t o mi ni mi ze secr et i on) , and t he amount of
cel l - associ at ed r adi oact i ve Ft was assessed by
PAGE- AR( Fi g . 11) . 125 1- t chai ns wer e decr eased
by t hi s t r eat ment , wher eas nei t her [ ' ' H] gal act ose
nor [ ' H] mannose- l abel ed f , chai ns was changed .
Thus, t he smal l pool of [ 3 H] gal act ose pent amer i c

FI GURE 11 SDS- PAGE- AR anal ysi s of pr onase-
t r eat ed cel l s af t er sur f ace r adi oi odi nat i on ( A) or 15- mi n
l abel i ng wi t h [ ' ' H] gal act ose ( B) . Each panel shows t he
l abel i ng i nt ensi t y of cont r ol s ( a) , and t he i nt ensi t y af t er
l h, 15° C i ncubat i on wi t h pr onase, I mg/ ml ( b) .

I gM i s not l ocat ed on t he cel l sur f ace, si nce i t i s
not al t er ed by condi t i ons whi ch al t er sur f ace I gM
( assumi ng t hat t hei r i nher ent pr ot ease sensi t i vi t y
i s t he same) . For el ect r on mi cr oscope aut or adi og-
r aphy, cel l s wer e l abel ed f or 15 mi n wi t h [ 3H] -

gal act ose or [ ' H] f ucose, t hen f i xed and pr ocessed .
I n each case, t he ul t r ast r uct ur al l ocal i zat i on of
sever al hundr ed gr ai ns was det er mi ned . The gr eat
maj or i t y of t he gr ai ns wer e associ at ed wi t h t he
Gol gi compl ex, and onl y - 10% wi t h t he pl asma
membr ane . Because of t he l i mi t ed r esol vi ng power
of t he met hod, no at t empt was made t o di st i ngui sh
bet ween gr ai ns associ at ed wi t h Gol gi ci st er nae and
t hose associ at ed wi t h Gol gi vesi cl es . Ar epr esent -
at i ve r esul t i s shown i n Fi g. 12 .

ROLE OF CARBOHYDRATE I N I GM
SECRETI ON: Cont r ol cel l s or cel l s pr et r eat ed f or
60 mi n wi t h t uni camyci n wer e pul sed- l abel ed f or
5 mi n wi t h [ " S] Met , washed, and r et ur ned t o chase
medi um( l acki ng t uni camyci n) t o st udy t he com-
par at i ve r at es of [ s5 S] I gM secr et i on . I n t he cont r ol
case, 16, 44, and 76%of t ot al [ s5 S] I g ar e secr et ed
af t er 30, 60 and 120 mi n. Af t er t uni camyci n, t he
cor r espondi ng f i gur es ( f or CHO- f r ee [ 35S] I g) ar e 7,
17, and 31%.

El ect r on mi cr oscope aut or adi ogr aphy was em-
pl oyed t o j udge whi ch st eps of I CT wer e sl owed
under such condi t i ons . I n cont r ol s, cel l s wer e
pul sed f or 5 mi n wi t h [ ' ' H] l euci ne and f i xed at
once or washed and r et ur ned t o chase medi um f or
90 mi n. Exper i ment al sampl es wer e pr ei ncubat ed

FI GURE 12

	

El ect r on mi cr oscope aut or adi ogr aphy of cel l s l abel ed f or 15 mi n wi t h [ ' ' H] f ucose . Not e
associ at i on of aut or adi ogr aphi c gr ai ns wi t h t he Gol gi compl ex . ( RER) r ough endopl asmi c r et i cul um, ( C)
Gol gi ci st er nae, ( V) Gol gi vesi cl es . x 11, 000.
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f or 60 mi n wi t h t uni camyci n . Sever al hundr ed
gr ai ns wer e count ed f or each condi t i on .

The gr ai n di st r i but i on was si mi l ar f or cont r ol s
and exper i ment al cel l s . Thus, at t he end of t he
pul se, 84 and 87%of t he cyt opl asmi c gr ai ns wer e
associ at ed wi t h t he RERand 16 and 13%wi t h t he
Gol gi ar ea . Af t er t he chase, t he cor r espondi ng
f i gur es wer e 64, 72, 36, and 28%.

The si mpl est i nt er pr et at i on of t hese dat a i s t hat
bot h t r anspor t f r om RER t o Gol gi compl ex and
di schar ge wer e sl owed . No mor phol ogi cal al t er a-
t i ons of t he cel l s wer e associ at ed wi t h t uni camyci n
t r eat ment .

DI SCUSSI ON

The st udy of t he i nt r acel l ul ar t r anspor t ( I CT) of
I g mol ecul es and t hei r concomi t ant gl ycosyl at i on,
assembl y, pol ymer i zat i on, and ul t i mat e di schar ge
f r om t he cel l s, has been at t empt ed pr i nci pal l y wi t h
myel omas . Usi ng sever al mur i ne myel omas, i t has
been obser ved t hat t he cor e sugar s ar e added ear l y
( i . e . , i n t he RER) and t he compl ex sugar s l at e ( i . e . ,
i n a smoot h membr ane compar t ment ) i n t he i nt r a-
cel l ul ar pat hway ( 19, 20, 40, 44) . At t he t i me when
t hese st udi es wer e conduct ed, t he r ol e of dol i chol -
l i nked ol i gosacchar i de i nt er medi at es ( 43) was not
yet known. St udi es of mur i ne I gM myel omas
whose heavy chai ns ar e especi al l y r i ch i n car bo-
hydr at e and whose mat ur e st r uct ur e i s pent amer i c
show t hat pol ymer i zat i on i s a ver y l at e event ,
occur r i ng appar ent l y " at t he t i me of secr et i on, "
si nce t he pr esence of pent amer s was usual l y not
det ect ed wi t hi n t he cel l ( 2, 23) . By cont r ast , st udi es
of a number of human myel omas have det ect ed
si zabl e i nt r acel l ul ar pool s of pol ymer ( 7) . The
pr esent st udy uses a cel l popul at i on cont ai ni ng a
hi gh per cent age of nonmal i gnant pl asmabl ast s
whi ch secr et e pr i mar i l y I gM. I t expl or es t he i nt er -
r el at i onshi p of each of t he successi ve modi f i cat i ons
of t he pol ypept i de chai ns ( st eps of gl ycosyl at i on,
chai n assembl y, and pol ymer i zat i on) and t hei r
t opogr aphi c si t e( s) of occur r ence wi t hi n t he cel l s .
The di f f er ent st eps of gl ycosyl at i on wi l l be di s-
cussed f i r st , f ol l owed by t he assembl y and pol ym-
er i zat i on of t he pol ypept i de chai ns, t hen t he i nt er -
r el at i onshi p bet ween t hese event s .

Gry cosyl ar i on

Our dat a show t hat t he i ni t i al gl ycosyl at i on
occur s dur i ng a per i od of t i me compar abl e t o t hat
r equi r ed f or t he synt hesi s of a compl et e f , chai n
( 29) and t hus ar e consi st ent wi t h obser vat i ons
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made wi t h ot her gl ycopr ot ei ns ( 4, 15, 3 l ) f or whi ch
i t has been concl usi vel y shown t hat cor e sugar s ar e
added t o nascent pol ypept i de chai ns . Pr esent evi -
dence ( 43) i s consi st ent wi t h t he not i on t hat t he
RER membr anes cont ai n a pool of pr eassembl ed
dol i chol - ol i gosacchar i de i nt er medi at es whi ch have
access t o t he si t e wher e t hese membr anes ar e
cr ossed by gr owi ng nascent chai ns and t her ef or e
can donat e cor e sugar s t o any sui t abl y si t uat ed
AsN r esi due on t hese chai ns . A suf f i ci ent expl a-
nat i on of t he act i on of deoxygl ucose ( 30) i s t hat i t
pr event s t he r epl eni shment of t hi s pool of donor
i nt er medi at es . Thus, ( a) upon pr ol onged deoxy-
gl ucose pr ei ncubat i on, compl et el y ungl ycosyl at ed
p chai ns ar e r el eased wi t hi n t he RER ci st er nae,
and ( b) deoxygl ucose i s wi t hout ef f ect , even af t er
a pr ol onged per i od of i ncubat i on, i f pr ot ei n syn-
t hesi s i s r ever si bl y bl ocked dur i ng t he same per i od
by cycl ohexi mi de . By var yi ng t he l engt h of expo-
sur e t o deoxygl ucose bef or e l abel i ng t he cel l s, or
by sl owi ng t he r at e of l abel i ng wi t h cycl ohexi mi de
af t er ext ensi ve deoxygl ucose t r eat ment ( not
shown) , i t i s possi bl e t o cr eat e condi t i ons i n whi ch
t L chai ns ar e synt hesi zed i n t he pr esence of l i mi t i ng
amount s of dol i chol i nt er medi at es . These I L chai ns
const i t ut e a f ami l y of speci es bear i ng f r om none
t o t hei r f ul l nor mal compl ement of cor e sugar si de
chai ns ( pr obabl y si x : see Fi g . 2) . Each member of
t he f ami l y of par t i al l y gl ycosyl at ed f , chai ns pr ob-
abl y r epr esent s a col l ect i on of posi t i onal i somer s
( f or exampl e, chai ns bear i ng a si ngl e ol i gosaccha-
r i de si de chai n need not bear i t on t he same AsN

r esi due) . That al l t he ol i gosacchar i de si de chai ns,

whet her on par t i al l y or compl et el y gl ycosyl at ed t t

chai ns, r esul t f r om t he en bl oc t r ansf er of t he same

cor e ol i gosacchar i des i s st r ongl y suggest ed by t he
obser vat i on t hat t r eat ment of t he cel l l ysat e con-

t ai ni ng t hese t chai ns wi t h endo H ( 35, 39) con-

ver t s t hem t o p, . Thi s poi nt i s conf i r med by t he
obser vat i on t hat gl ycopept i des obt ai ned af t er
[ ' ' H] mannose- l abel i ng of t he pl asma cel l s, and
pr esent i n t he r ough mi cr osomal f r act i on of t he
cel l s, ar e sensi t i ve t o t he same enzyme .

Pul se- chase st udi es empl oyi ng [ 35S] Met show
t hat pul se- l abel ed chai ns acqui r e a sl i ght l y i n-
cr eased SDS- PAGE mobi l i t y dur i ng a 10- t o 60-
mi n chase i nt er val . Such a shi f t can be pr obabl y
at t r i but ed t o a degr ee of " t r i mmi ng" of t he cor e
sugar s, as has been obser ved i n ot her syst ems ( 13,
25, 34) , f or i nst ance a l oss of t er mi nal gl ucose or
mannose r esi dues . I n cel l s wher e exi t of I g f r om
t he RER has been ar r est ed by CCCP, t he occur -
r ence of t hi s shi f t i n mobi l i t y i s unchanged. I n



conj unct i on wi t h t he r esul t s of cel l f r act i onat i on,
t hese obser vat i ons i mpl y t hat t he f i r st st ep of
t r i mmi ng occur s i n t he RERi t sel f . '

The addi t i on of compl ex sugar s can be det ect ed
by ( a) a mar ked decr ease i n mobi l i t y of t he t t
chai ns i n SDS- PAGE, ( b) a compl et e r esi st ance of
t hese chai ns t o t he act i on of t he endo H, and ( c)
t he l abel i ng of t he 1 chai ns wi t h [ ' ' H] gal act ose or
[ 3H] f ucose . I n conf i r mat i on of ear l i er f i ndi ngs ( 19,
20, 24, 40) wi t h myel oma cel l s, t hi s t er mi nal ad-
di t i on of sugar s i s a ver y l at e event i n t he i nt r acel -
l ul ar pat hway, si nce i n [ 35S] Met - l abel i ng exper i -
ment s i t i s not possi bl e t o det ect i nt r acel l ul ar t t
chai ns wi t h t he SDS- PAGE mobi l i t y of secr et ed
, u chai ns, except af t er a l ong per i od of chase, wher e
t hey st i l l r epr esent onl y a smal l mi nor i t y of t he
t ot al det ect ed t . chai ns . Thi s l at e addi t i on of t er -
mi nal sugar s was f ur t her document ed by ( a) cel l
f r act i onat i on st udi es and ( b) anal ysi s of l abel i ng
and secr et i on ki net i cs of f chai ns af t er i ncubat i on
wi t h [ ' ' sS] Met , [ " C] l euci ne or var i ous 3 H- sugar s .
Cel l f r act i onat i on exper i ment s conf i r med t hat onl y
t he smoot h mi cr osomal f r act i on cont ai ns [ ' ' H] ga-
l act ose or - f ucose- l abel ed chai ns, ( not shown) or
[ ' " ,

S] Met - l abel ed chai ns wi t h a r et ar ded mobi l i t y,
or f chai ns cont ai ni ng I 3H] mannose- l abel ed gl y-
copept i des r esi st ant t o endo H. I n t hese l ast t wo
cases, t hey r epr esent onl y a mi nor i t y of t he chai ns
pr esent i n t he smoot h f r act i on, whi ch const i t ut e
t hemsel ves onl y a smal l par t of t he t ot al i nt r acel -

l ul ar p chai ns, t he maj or i t y bei ng l ocat ed i n t he
REReven af t er l ong per i ods of chase . The ki net i cs
of l abel i ng and secr et i on st udi ed by t he quant i t a-
t i ve compar i son of t he l abel ed chai ns pr esent
wi t hi n t he cel l s or secr et ed af t er var i ous per i ods of
cont i nuous i ncubat i on i n t he pr esence of [ ' " C] l eu-

ci ne or ' ' H- sugar s showed a shar p cont r ast bet ween
chai ns l abel ed wi t h [ ' " C] l euci ne or cor e sugar s on
one hand, and chai ns l abel ed wi t h t er mi nal sugar s
on t he ot her . Chai ns l abel ed wi t h [ 3H] gal act ose or
[ " H] f ucose ar e pr esent onl y f or a ver y shor t t i me
bef or e appear i ng i n t he medi um: t hus, af t er a 30-

mi n i ncubat i on wi t h [ ' ' H] gal act ose or [ ' ' H] f ucose,
most of t he l abel ed chai ns ar e pr esent i n t he
medi um whi l e wi t h [ ' " C] l euci ne or [ ' ' H) mannose
t he conver se i s t r ue .

The si t e of t er mi nal sugar addi t i on bet ween t he

' For unknown r easons, r educt i on of cyt opl asmi c cal -
ci um l evel s ( usi ng t he i onophor e A 23187 and EGTA,
cf . r ef er ence 36) ar r est s such t r i mmi ng, as j udged by t he
SDS- PAGE mobi l i t y of r educed u chai ns ( A. Tar t akof f ,
unpubl i shed obser vat i on) .

Gol gi compl ex and t he cel l sur f ace has been l o-
cat ed wi t h gr eat er pr eci si on by ( a) usi ng monensi n
t o bl ock I gM exi t f r om Gol gi ci st er nae, ( b) ex-
pl or i ng t he pr esence of f ul l y gl ycosyl at ed mol e-
cul es on t he cel l sur f ace af t er pul se l abel i ng wi t h
t er mi nal sugar s, and ( c) by el ect r on mi cr oscope
AR. Monensi n pr event s t he l abel i ng of chai ns wi t h
[ ' ' H] gal act ose or - f ucose, but not wi t h [ ' ' 5 S] Met or
[ ' H] mannose. Fur t her mor e, i n cel l s l abel ed wi t h
t hese pr ecur sor s bef or e monensi n addi t i on, t he
subsequent secr et i on of [ 85 S] Met - or [ 3 H] mannose-
l abel ed chai ns i s mar kedl y del ayed, unl i ke [ 3H] -
gal act ose- or [ ' ' H] f ucose- l abel ed chai ns . Mor eover ,
monensi n pr event s t he mat ur at i on of [ 35 S] Met - l a-
bel ed chai ns ( as j udged by SDS- PAGE) or I g-
der i ved gl ycopept i des ( as j udged by gel f i l t r at i on)
t o f ul l y gl ycosyl at ed chai ns .

The possi bi l i t y t hat t he cel l sur f ace i t sel f i s t he
si t e of addi t i on of t er mi nal sugar s was r ul ed out
by st udyi ng t he pr onase sensi t i vi t y of [ 3 H] gal ac-
t ose- or [ ' ' H] f ucose- l abel ed I g and by aut or adi -
ogr aphi c st udi es of cel l s pul sed wi t h [ ' ' H] gal act ose
or [ ' H] f ucose . I t i s t hus possi bl e t o concl ude t hat
t er mi nal sugar s ar e added ei t her at t he moment of
exi t of I g f r om t he monensi n- sensi t i ve ci st er nae, or
i n t hose smoot h- sur f aced vesi cl es whi ch f er r y f r om
Gol gi ci st er nae t o t he cel l sur f ace ( 21) . Because of
t he l i mi t ed r esol vi ng power of t he aut or adi -
ogr aphi c met hod ( 27) , i t i s at pr esent not possi bl e
t o di st i ngui sh bet ween t hese t wo al t er nat i ves .

Pr evi ous bi ochemi cal st udi es have i dent i f i ed ga-
l act osyl , f ucosyl , and si al yl t r ansf er ase act i vi t i es i n
Gol gi f r act i ons ( 28) , and t her e have been at t empt s
t o ext end t hese st udi es t o subcompar t ment s of
such f r act i ons whi ch have a pr edomi nant l y ci st er -
nal or post ci st er nal or i gi n ( 6) . The pr esent r esul t s
do not excl ude t he possi bi l i t y t hat such t r ansf er -
ases mi ght be pr esent t hr oughout al l Gol gi sub-
compar t ment s ( as has been r epor t ed [ 6] ) - t hey
i mpl y t hat t he pr i nci pal act i vi t i es of t hese enzymes
ar e expr essed di st al t o t he monensi n- sensi t i ve
Gol gi ci st er nae . St r i ct l y speaki ng, as monensi n has
not been shown t o di l at e and bl ock I g exi t f r om
al l Gol gi ci st er nae, t he pr esent dat a ar e al so con-
si st ent wi t h t he not i on t hat monensi n act s on t he
pr oxi mal or ci s ci st er nae and t hat t er mi nal sugar
addi t i on nor mal l y occur s i n di st al or t r ans ci st er -
nae, pr ovi ded t hey ar e no l onger pr esent af t er
monensi n t r eat ment ( possi bl y because of conver -
si on t o vesi cl es) .

Addi t i on of t he t er mi nal sugar s must be a vi r -
t ual l y si mul t aneous event , and i f i t has t o be
pr eceded by any Gol gi - associ at ed t r i mmi ng of
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sugar s, i t must r api dl y f ol l ow such secondar y t r i m-
mi ng, si nce, what ever t he condi t i ons of l abel i ng
and t he per i od of chase, no i nt er medi at es wer e
det ect ed. By cont r ast , i n t he case of an unusual
myel oma secr et i ng gl ycosyl at ed L chai ns, some
such i nt er medi at es have been i dent i f i ed ( 16) .

Chai n Assembl y and Pol ymer i zat i on

Pr evi ous st udi es of I g assembl y i n i sol at ed mi -
cr osomal syst ems showed t hat t he associ at i on of
Hand L chai ns occur s bef or e Hchai n compl et i on,
and i nvol ves L chai ns wi t hi n t he RER and t he
ami no t er mi nal par t of nascent Hchai ns st i l l i n
t he pr ocess of cr ossi ng t he RER membr ane ( 41) .
I n t he pr esent st udy, t wo obser vat i ons ar e consi st -
ent wi t h t hi s concept : ant i - I , ant i ser um f ai l s t o
pr eci pi t at e f r ee p chai ns nonassoci at ed wi t h L
chai ns ; f ur t her mor e, f r ee L chai ns nonassoci at ed
wi t h f chai ns ar e det ect ed i n l ar ge amount s i n t he
super nat e of t he ant i - 1, pr eci pi t at i on .

The coval ent di sul f i de H- L bond appear s t o
occur af t er noncoval ent associ at i on . Thus, under
appr opr i at e condi t i ons, f r ee L chai ns can be r e-
l eased f r om ant i - , u i mmunopr eci pi t at es dur i ng
SDS- PAGE i n t he absence of r educi ng agent .
Al t hough mol ecul es wi t h a , u2 coval ent composi -
t i on wer e not det ect ed, i nt er - H chai n coval ent
bondi ng can occur even bef or e compl et i on of H- L
di sul f i de bonds, as i ndi cat ed by t he obser vat i on of
a si zabl e popul at i on of j u2L mol ecul es af t er shor t
pul ses . ( For a f ur t her di scussi on of assembl y pat h-
ways, see r ef er ence 3, 33 . ) Assembl y t o monomer s

( I i 2L2) i s ver y r api d and i s f ol l owed wi t hi n a f ew
mi nut es by pol ymer i zat i on t o pent amer s, so t hat
af t er appr opr i at e chase per i ods al most al l i nt r acel -
l ul ar I gM i s pent amer i c .

The speed of pol ymer i zat i on suggest s t hat i t
occur s i n t he RER, and t hi s has i ndeed been
pr oven by cel l f r act i onat i on and by t he obser va-
t i on t hat pol ymer i zat i on i s not i mpai r ed when I CT
of pul se- l abel ed I g i s bl ocked by t he addi t i on of
CCCP, an obser vat i on whi ch al so i ndi cat es a l ack
of ener gy r equi r ement f or pol ymer i zat i on. As po-
l ymer i zat i on occur s i n t he RER, i t may be cat a-
l yzed by t he same di sul f i de- i nt er change enzyme

consi der ed r esponsi bl e f or est abl i shi ng cor r ect di -
sul f i de bonds i n si ngl e pol ypept i de chai ns ( 10) . I n
addi t i on t o pent amer s, mi nor i nt er medi at e ol i go-
mer i c speci es ar e al so obser ved but t hey r epr esent
<1%of t he r adi oact i vi t y r ecover ed i n I gMmol e-
cul es . Si nce no chase i nt er val has been i dent i f i ed
whi ch makes t hese i nt er medi at es pr edomi nant ,
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t hey appear not t o be obl i gat or y i nt er medi at es i n
pent amer i zat i on .

Rel at i on bet ween Gl ycosyl at i on,

Pol ymer i zat i on, and J Chai n Addi t i on and

bet ween Secr et ed and Sur f ace I gMMol ecul es

Si nce pol ymer i zat i on occur s wel l bef or e t er mi -
nal sugar addi t i on, pol ymer i zat i on does not r est r i ct
t he access of t he t er mi nal gl ycosyl at i ng enzymes
t o t he cor e sugar s al r eady pr esent . Cor r espond-
i ngl y, i t has been f ound t hat pol ymer i zat i on does
not i nt er f er e wi t h t he accessi bi l i t y of cor e sugar s
t o t he degl ycosyl at i ng act i on of endo H. Hence,
t he CHO uni t s ar e l ocat ed on t he " out si de" of
pent amer i c I gM.

I g- associ at ed J chai n i s r ecover ed excl usi vel y
wi t h pol ymer i c I gM, and i s pr esent i n pol ymer s
bef or e exi t f r om t he RER; t hus, t he pr esent dat a
ar e consi st ent wi t h i t s bei ng r equi r ed f or pol ym-
er i zat i on . J chai n i s a gl ycopr ot ei n ( 17) , and t he
st eps of i t s I CT and gl ycosyl at i on appear t o be
si mi l ar t o t hose of u chai ns, si nce i t i s sensi t i ve t o
t uni camyci n, and appear s al so t o acqui r e t er mi nal
sugar s j ust bef or e secr et i on . Not onl y do pol ym-
er i zat i on and J chai n addi t i on not i nt er f er e wi t h
t he pr ocessi ng of t he ol i gosacchar i de si de chai ns
of t hese mol ecul es, but t he pr esence or absence of
sugar s appear s t o pl ay no r ol e i n t he pr ocess of
pol ymer i zat i on and J chai n addi t i on i t sel f , as
shown by t he occur r ence of pent amer s associ at ed
wi t h J chai ns i n t uni camyci n or deoxygl ucose-
t r eat ed cel l s . Such ungl ycosyl at ed pent amer i c I gM
i s t r anspor t ed and secr et ed, al t hough at a r educed
r at e .

Pr evi ous obser vat i ons of t uni camyci n- t r eat ed
mur i ne myel omas suggest t hat CHO f aci l i t at es
I gM, I gA, and I gE secr et i on ( 11, 12) . However ,
t her e i s no evi dence f or a gl obal CHOr equi r ement
f or pr ot ei n secr et i on . A number of secr et ed pr o-
t ei ns l ack CHO, and a number of gl ycopr ot ei ns
( i ncl udi ng I gG [ 12] ) can be secr et ed wi t h or wi t h-
out t hei r CHO( 32) . Thus, t he r ol e of I gMCHO
i s uncl ear , and may be mor e r el at ed t o t he ext r a-
cel l ul ar f at e of t hese pr ot ei ns t han t o t hei r I CT.

Fi nal l y, t he pr esent obser vat i ons r ul e out any
model of secr et i on i n whi ch sur f ace I gM i s a
pr ecur sor of secr et ed I gM, si nce sur f ace I gMes-
capes pol ymer i zat i on and i s pr esent on t he cel l
sur f ace i n monomer i c f or m ( 42) , whi l e pol ymer i -
zat i on of secr et ed I gMoccur s wi t hi n t he cel l s wel l
bef or e t hei r secr et i on . The cel l s used i n t he pr esent
st udy al l bor e I gMon t hei r sur f ace as seen by



i mmunof l uor escence . These I gMmol ecul es can be
bi osynt het i cal l y l abel ed and det ect ed, al t hough
t hey ar e pr esent i n onl y ver y smal l amount s r el a-
t i ve t o secr et ar y I gM. The i dent i f i cat i on of t hese
mol ecul es and t hei r p chai ns, bot h of whi ch have
a r et ar ded SDS- PAGE mobi l i t y compar ed t o i n-
t r acel l ul ar secr et ar y I gM, r el i es on t hei r suscept i -
bi l i t y t o i odi nat i on and t hei r sensi t i vi t y t o pr onase
t r eat ment of i nt act cel l s. Evi dence t hat sur f ace t .
chai ns have a pol ypept i de st r uct ur e di f f er ent f r om
t hat of secr et ar y I t chai ns, and t hat , l i ke secr et ar y

f t chai ns, t hey ar e gl ycosyl at ed i n t wo st eps, has
been pr esent ed el sewher e ( 42) .

We t hank Mr E. Denki nger f or hi s phot ogr aphi c assi st -
ance .

Thi s wor k was suppor t ed by gr ant 3 . 324 . 78 f r om t he
Swi ss Nat i onal Sci ence Foundat i on .

Recei vedf or publ i cat i on 23 Apr i l 1979, and i n r evi sedf or m

16 Jul y 1979 .
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