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Abst r act . We pr evi ousl y demonst r at ed t hat t he gap

j unct i on pr ot ei n connexi n43 i s t r ansl at ed as a 42- kD

pr ot ei n ( connexi n43- NP) t hat i s ef f i ci ent l y phosphor -

yl at ed t o a 46, 000- M* speci es ( connexi n43- P2) i n gap

j unct i onal communi cat i on- compet ent , but not i n com-

muni cat i on- def i ci ent , cel l s . I n t hi s st udy, we used a

combi nat i on of met abol i c r adi ol abel i ng and i mmuno-

pr eci pi t at i on t o i nvest i gat e t he assembl y of connexi n43

i nt o gap j unct i ons and t he r el at i onshi p of t hi s event t o

phosphor yl at i on of connexi n43. Exami nat i on of t he de-

t er gent sol ubi l i t y of connexi n43 i n communi cat i on-

compet ent NRK cel l s r eveal ed t hat pr ocessi ng of con-

nexi n43 t o t he P2 f or mwas accompani ed by acqui si t i on

of r esi st ance t o sol ubi l i zat i on i n 1% Tr i t on X- 100.

I mmunohi st ochemi cal l ocal i zat i on of connexi n43 i n

Tr i t on- ext r act ed NRK cel l s demonst r at ed t hat con-

nexi n43- P2 ( Tr i t on- i nsol ubl e) was concent r at ed i n gap

AP j unct i ons ar e pl asma membr ane speci al i zat i ons

t hat medi at e t he r egul at abl e t r ansf er of smal l mol e-

cul es and i ons bet ween adj oi ni ng cel l s ( Gi l ul a et al . ,

1972 ; Loewenst ei n, 1981 ; Beyer et al . , 1990) . Pr esent i n vi r -

t ual l y al l met azoan t i ssues, gap j unct i ons ar e i nvol ved bot h

i n . r el ayi ng si gnal s and i n mai nt ai ni ng met abol i c cont i nui t y

bet ween connect ed cel l s . I n el ect r i cal l y exci t abl e t i ssues i n-

cl udi ng myocar di um, smoot h muscl e, and ner ve, gap j unc-

t i ons pr ovi de l ow- r esi st ance el ect r i cal pat hways bet ween

cel l s t hat ar e essent i al f or t hei r speci al i zed f unct i ons ( De

Mel l o, 1987) . Gap j unct i on- medi at ed i nt er cel l ul ar com-

muni cat i on has al so been i mpl i cat ed i n f undament al cel l ul ar

pr ocesses such as embr yoni c devel opment , di f f er ent i at i on,

and gr owt h cont r ol ( Loewenst ei n, 1979 ; Meht a et a] . , 1986 ;

Gut hr i e and Gi l ul a, 1989) .

I t has been wel l est abl i shed t hat gap j unct i ons i n ver -

t ebr at es ar e compr i sed of connexi ns, member s of a f ami l y

of cl osel y r el at ed i nt egr al membr ane pr ot ei ns ( St evenson

and Paul , 1989) . The event s i nvol ved i n t he assembl y of
newl y synt hesi zed connexi n monomer s i nt o f unct i onal gap

j unct i onal pl aques ar e, however , poor l y under st ood . A

necessar y st ep i nj unct i on f or mat i on i s ol i gomer i zat i on of si x

connexi n monomer s i nt o hal f an i nt er cel l ul ar channel ( a con-

nexon) i n an as yet undef i ned cel l ul ar compar t ment . A con-

nexon i n t he pl asma membr ane of one cel l must t hen j oi n
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j unct i onal pl aques, wher eas connexi n43- NP ( Tr i t on-

sol ubl e) was pr edomi nant l y i nt r acel l ul ar . Usi ng ei t her

a 20° C i nt r acel l ul ar t r anspor t bl ock or cel l - sur f ace pr o-

t ei n bi ot i nyl at i on, we det er mi ned t hat connexi n43 was

t r anspor t ed t o t he pl asma membr ane i n t he Tr i t on- sol -

ubl e connexi n43- NP f or m. Cel l - sur f ace bi ot i nyl at ed

connexi n43- NP was pr ocessed t o Tr i t on- i nsol ubl e con-

nexi n43- P2 at 37° C. Connexi n43- NP was al so t r ans-

por t ed t o t he pl asma membr ane i n communi cat i on de-

f ect i ve, gap j unct i on- def i ci ent S180 and L929 cel l s but

was not pr ocessed t o Tr i t on- i nsol ubl e connexi n43- P2 .

Taken t oget her , t hese r esul t s demonst r at e t hat gap j unc-

t i on assembl y i s r egul at ed af t er ar r i val of connexi n43

at t he pl asma membr ane and i s t empor al l y associ at ed

wi t h acqui si t i on of i nsol ubi l i t y i n Tr i t on X- 100 and

phosphor yl at i on t o t he connexi n43- P2 f or m.

wi t h a connexon i n an opposi ng cel l membr ane t o f or m an

i nt er cel l ul ar channel . These channel s become concent r at ed

at cel l - cel l i nt er f aces i nt o ver y hi gh- densi t y cl ust er s ( - 104
channel s/ gm2 of membr ane) r ef er r ed t o as gap j unct i onal

pl aques or macul ae ( Loewenst ei n, 1981 ; Yamasaki , 1990) .

I t i s not known how t hese var i ous assembl y st eps ar e r egu-
l at ed, or whet her t hey ser ve as cont r ol poi nt s i n t he est ab-
l i shment of gap j unct i on- medi at ed cel l - cel l communi cat i on .

Many ef f ect or s of pr ot ei n ki nases modul at e gap j unct i onal
communi cat i on, and i t has r ecent l y been demonst r at ed t hat

cer t ai n connexi ns t hemsel ves ar e phosphor yl at ed ( r evi ewed

by Musi l and Goodenough, 1990 ; St agg and Fl et cher , 1990) .

Saez et al . ( 1986) r epor t ed t hat addi t i on of 8- br omo- cAMP
t o pr i mar y r odent hepat ocyt es r esul t s i n a 1 . 6- f ol d i ncr ease
i n i ncor por at i on of 32P i nt o i mmunopr eci pi t abl e connexi n32

wi t hi n 30- 60 mi n, appar ent l y wi t hout an appr eci abl e i n-

cr ease i n t he t ot al amount of connexi n32 pr ot ei n ( Tr aub et
al . , 1987) . Si nce gap j unct i onal conduct ance was al so i n-

cr eased 50- 75%dur i ng t hi s per i od, i t was pr oposed t hat
phosphor yl at i on of connexi n32 may be i nvol ved i n t he r egu-

l at i on of gap j unct i onal communi cat i on . Wi t hi n t he l ast year

sever al gr oups have demonst r at ed ser i ne phosphor yl at i on of

connexi n43, a connexi n f i r st i dent i f i ed i n hear t yet pr esent

al so i n a wi de var i et y of ot her t i ssues ( Cr ow et al . , 1990 ;

Musi l et al . , 1990a, b ; Fi l son et al . , 1990; Swenson et al . ,



1990 ; Lai r d et al . , 1991) . Agoni st s of pr ot ei n ki nase A and

pr ot ei n ki nase C have been shown t o af f ect gap j unct i onal

conduct ance i n sever al çonnexi n43- cont ai ni ng cel l t ypes

( Loewenst ei n, 1985 ; St agg and Fl et cher , 1990 ; Spr ay and

Bur t , 1990) ; as wi t h connexi n32, t he mechani sm wher eby

t hese agent s i nf l uence cel l - cel l communi cat i on i s not known .

A pot ent i al f unct i onal r el at i onshi p bet ween ser i ne phos-

phor yl at i on of Connexi n43 and gap j unct i onal communi ca-

t i on was suggest ed by st udi es exami ni ng t he post t r ansl at i onal

pr ocessi ng of Connexi n43 i n cel l l i nes t hat di f f er gr eat l y i n

t hei r abi l i t y t o f or m mor phol ogi cal l y and physi ol ogi cal l y

r ecogni zabl e gap j unct i ons ( Musi l et al . , 19906) . I n al l gap

j unct i onal communi cat i on- compet ent cel l t ypes exami ned,

Connexi n43 i s synt hesi zed as a si ngl e, 42- kD speci es t hat i s

conver t ed t o a speci es of t i 44- kD ( Connexi n43- P, ) and t hen

t o one of - 46 kD ( Connexi n43- P2) by t he addi t i on of phos-

phat e ont o ser i ne r esi dues . I n cont r ast , cer t ai n cel l l i nes t hat

ar e sever el y def i ci ent i n j unct i onal communi cat i on ( mouse

S180 and L929 cel l s) const i t ut i vel y synt hesi ze Connexi n43

but nei t her pr ocess i t t o t he P2 f or m nor accumul at e Con-

nexi n43 i n vi si bl e gap j unct i onal pl aques . Conver si on of S180

cel l s t o a communi cat i on- compet ent phenot ype by t r ansf ec-

t i on wi t h a cDNA encodi ng t he cel l - cel l adhesi on mol ecul e

L- CAMi nduces bot h phosphor yl at i on of Connexi n43 t o t he

P2 f or m and assembl y of gap j unct i onal pl aques . I n com-

pl ement ar y exper i ment s, or di nar i l y communi cat i on- com-

pet ent cel l s t r eat ed wi t h known i nhi bi t or s of gap j unct i on

per meabi l i t y no l onger det ect abl y pr ocess Connexi n43 t o

Connexi n43- P2 . These r esul t s est abl i sh a st r ong cor r el at i on

bet ween t he abi l i t y of cel l s t o phosphor yl at e Connexi n43 t o

t he P2 f or m and t o f or m mor phol ogi cal l y and physi ol ogi -

cal l y r ecogni zabl e gap j unct i ons, but shed l i t t l e l i ght on t he

f unct i onal r ol e of Connexi n43 phosphor yl at i on .

I n t he cur r ent st udy we i nvest i gat ed f ur t her t he r el at i on-

shi p bet ween Connexi n43 phosphor yl at i on, gap j unct i on as-

sembl y, and cel l - cel l communi cat i on . Bi ochemi cal assays

f or t r anspor t of Connexi n43 t o t he pl asma membr ane and f or

accumul at i on of Connexi n43 i n j unct i onal pl aques wer e de-

vel oped and used t o anal yze Connexi n43 pr ocessi ng i n var i -

ous cel l t ypes. I n NRK and ot her communi cat i on- compet ent

cel l s, Connexi n43 under goes a dr amat i c post t r ansl at i onal

change i n Tr i t on X- 100 sol ubi l i t y t hat i s t empor al l y as-

soci at ed bot h wi t h phosphor yl at i on of connexi n43 t o t i l e P2

f or mand wi t h assembl y of Connexi n43 i nt o gap j unct i onal

pl aques . Bot h acqui si t i on of Tr i t on i nsol ubi l i t y and phos-

phor yl at i on of Connexi n43 occur ( at l east i n par t ) af t er t r ans-

por t of Connexi n43 t o t he pl asma membr ane. Communi ca-

t i on- def ect i ve, gap j unct i on- def i ci ent S180 and L929 cel l s

al so t r anspor t Connexi n43 t o t he cel l sur f ace but do not pr o-

cess i t t o Tr i t on- i nsol ubl e, t er mi nal l y phosphor yl at ed con-

nexi n43- P2 . Pr ocessi ng of Connexi n43 t o t he P2 f or m i s t hus

not r equi r ed f or t r anspor t of Connexi n43 t o t he cel l sur f ace

but i s t i ght l y cor r el at ed wi t h i ncor por at i on of Connexi n43

i nt o j unct i onal pl aques, a f act suggest i ng t hat t er mi nal phos-

phor yl at i on of Connexi n43 may be i nvol ved i n a l at er st ep i n

gap j unct i onal pl aque assembl y or i n f unct i onal pr ocesses .

Mat er i al s and Met hods

Reagent s

Ti ssue cul t ur e r eagent s wer e pur chased f r om Gi bco ( Gr and I sl and, NY) ,
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except f or FCS, whi ch was pur chased f r om HyCl one ( Logan, Ut ah) .
[ 35S] Met hi oni ne ( cel l - l abel i ng gr ade) was f r om New Engl and Nucl ear

( Bost on, MA) ; Tr an35 S- l abel was obt ai ned f r om I CN Radi ochemi cal s

( Di v . I CN Bi omedi cal s I nc . , I r vi ne, CA) . NHS- LC- bi ot i n and avi di n-

agar ose beads wer e pur chased f r omPi er ce Chemi cal Co. ( Rockf or d, I L) .

Laur yl di met hyl ami ne oxi de ( LDAO) was f r om Cal bi ochem Cor p. ( San

Di ego, CA) . Unl ess ot her wi se speci f i ed, al l ot her chemi cal s wer e obt ai ned

f r om Si gma Chemi cal Co. ( St . Loui s, MO) .

Cel l Cul t ur e

The NRK, 5180, and L929 cel l l i nes wer e mai nt ai ned as pr evi ousl y de-
scr i bed ( Musi l et al . , 19906) . Thr ee- day- ol d, newl y conf l uent 60- mm cul -

t ur es wer e used f or al l exper i ment s unl ess ot her wi se speci f i ed . The gap-

j unct i onal communi cat i on- compet ence of t he NRK cel l s was conf i r med by

dye- coupl i ng exper i ment s ( not shown) ; compar abl e r esul t s wer e obt ai ned

when Luci f er yel l ow was i nt r oduced i nt o cel l s by mi cr oi nj ect i on ( Schuet ze

and Goodenough, 1982) or by scr ape l oadi ng ( El - Foul y et al . , 1987) .

Met abol i c Label i ng of Cel l s, Pr epar at i on of
Cel l Lysat es, and I mmunopr eci pi t at i on

Det ai l s of t he met abol i c l abel i ng of cel l cul t ur es wi t h [ " S] met hi oni ne ar e
gi ven el sewher e ( Musi l et al . , 1990x) . Each 60- mmcel l cul t ur e was l abel ed

wi t h 100 WCi / ml of [ 35 S] met hi oní ne, except i n t he case of cel l - sur f ace bi -

ot i nyl at i on exper i ment s f or whi ch 350 gCi / ml of [ 35S] met hi oni ne or

Tr an35 S- l abel wer e used . At t he end of t he l abel i ng or chase per i od, t he

cul t ur es wer e sol ubi l i zed i n t he pr esence of 0. 6° í o SDS, and t he r esul t i ng cel l

l ysat es wer e i mmunopr eci pi t at ed accor di ng t o t he pr ocedur e of Musi l et al .

( 1990x) . The ant i - Connexi n43 ant i bodi es used t hr oughout t hi s st udy wer e

af f i ni t y pur i f i ed f r om a r abbi t ant i ser umgener at ed agai nst a connexi n43-

speci f i c synt het i c pept i de encodi ng ami no aci ds 252- 271 of r at hear t Con-

nexi n43 ( Beyer et al . , 1989) as pr evi ousl y descr i bed ( Musi l et al . , 19906) .

SDSGel El ect r ophor esi s and Fl uor ogr aphy

I mmunopr eci pi t at ed sampl es wer e anal yzed on 10% SDS- pol yacr yl ami de

gel s ( Laemml i , 1970) . Gel s wer e pr ocessed f or f l uor ogr aphy wi t h

ENI HANCE ( New Engl and Nucl ear , Bost on, MA) usi ng t he suppl i er ' s

suggest ed pr ot ocol and t hen exposed t o pr ef ogged XAR- 5 f i l m ( East man

Kodak Co. , Rochest er , NY) . Quant i t at i ve densi t omet r y was conduct ed

wi t h an U1t r oScan XL l aser densi t omet er ( LKB I nst r ument s I nc . , Br oma,

Sweden) .

Det er gent Sol ubi l i zat i on of Connexi n43

f r omCul t ur es and Lenses

Met abol i cal l y l abel ed cel l cul t ur es wer e scr aped f r omt he t i ssue cul t ur e di sh

wi t h a r ubber spat ul a i nt o 4 ml of Lei bovi t z' s L- 15 medi um suppl ement ed

wi t h 2 mMPMSF and 10 mMN- et hyl mal ei mi de ( 4° C) and t hen pel l et ed

by cent r i f ugat i on at 150 g f or 7 mi n. Lenses wer e di ssect ed f r om 10- d whi t e

l eghor n chi cken embr yos ( t aki ng car e t o r emove associ at ed ci l i ar y epi t hel i al

cel l s) and met abol i cal l y l abel ed wi t h [ 35 S] met hi oni ne as descr i bed el se-

wher e ( Musi l et al . , 1990x) .

I n t he st andar d Tr i t on X- 100 sol ubi l i zat i on assay, cel l s ( or l enses) wer e

t hen r esuspended i n 1 ml of l ysi s buf f er ( 5 mMTr i s base, 2 mMEDTA, 2 mM

EGTA, 0. 5 mM di i sopr opyl f l uor ophosphat e, 10 mM N- et hyl mal ei mi de,

2 mMPMSF, and 200 pMl eupept i n) . Af t er a 10- mi n i ncubat i on at 4° C,

t he swol l en cel l s wer e di sr upt ed by r epeat ed passage ( 25- 30 t i mes) t hr ough

a 25- gauge needl e, and t he r esul t i ng cel l l ysat es wer e br ought t o i sot oni ci t y

by addi t i on of 100 t d of a l Ox PBS st ock sol ut i on . Al t er nat i vel y, cel l s wer e

di sr upt ed under i sot oni c condi t i ons i n ei t her PBS or L- 15 medi um, wi t h

i dent i cal r esul t s . 20% Tr i t on X- 100 was added t o a f i nal concent r at i on of

1% ( wt / wt ) , and t he l ysat es wer e i ncubat ed f or 30 mi n at 4° C wi t h occa-

si onal r esuspensi on by vor t exi ng. Hal f of t he sampl e ( 575 pl ) was t hen

r eser ved at 4° C ( t ot al cel l l ysat e) wher eas t he r emai nder was subj ect ed t o
cent r i f ugat i on at 100, 000 g f or 50 mi n at 4° C. The super nat ant f r act i on

( Tr i t on- sol ubl e l ysat e) was car ef ul l y r emoved, br ought t o 1 . 2% SDS, and
boi l ed f or 3 mi n . When cool , t he sampl e was di l ut ed wi t h 900 Al of i mmu-

nopr eci pi t at i on buf f er ( Musi l et al . , 1990x) suppl ement ed wi t h 0. 5 Msu-

cr ose, 10 mMN- et hyl mal ei mi de, 2 mMPMSF, and enough Tr i t on X- 100
t o br i ng t he f i nal det er gent concent r at i on t o 2% Tr i t on X- 100 and 0. 4%
SDS. The t ot al cel l l ysat e sampl e was pr ocessed i dent i cal l y . The mat er i al

pel l et ed at 100, 000 g ( Tr i t on- i nsol ubl e l ysat e) was r esuspended t o 575 kl

wi t h i mmunopr eci pi t at i on buf f er suppl ement ed wi t h 2 mMPMSF and 1 . 2 %
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SDS and t hen boi l ed f or 3 mi n, af t er whi ch i t was di l ut ed wi t h Tr i t on-

cont ai ni ng i mmunopr eci pi t at i on buf f er as descr i bed f or t he Tr i t on- sol ubl e

super nat ant . Al l t hr ee f r act i ons wer e t hen i mmunopr eci pi t at ed wi t h af f i ni t y-

pur i f i ed ant i bodi es t o connexi n43 ( 252- 271) usi ng our st andar d pr ot ocol
( see above) . I n cer t ai n exper i ment s t he buf f er condi t i ons, amount of Tr i t on,

t emper at ur e, and/ or t i me of sol ubi l i zat i on wer e al t er ed as speci f i ed i n Tabl e I .

For sol ubi l i zat i on i n sar cosi ne, NRK cel l s or embr yoni c chi ck l enses

wer e di sr upt ed i n 5 mMTr i s base, 0. 5 mMdi i sopr opyl f l uor ophosphat e, 10

mMN- et hyl mal ei mi de, 2 mMPMSF, and 200 uMl eupept i n, pH 10. 0, and

i ncubat ed f or 10 mi n at 4° C. N- l aur yl sar cosi ne was t hen added t o a f i nal

concent r at i on of 0. 3 %, af t er whi ch t he l ysat es wer e i ncubat ed f or 10- 15 mi n

at 25° C wi t h occasi onal vor t exi ng. The sampl es wer e t hen cent r i f uged at

100, 000 g and pr ocessed as descr i bed f or Tr i t on- sol ubi l i zed cul t ur es .

I n Si t u Ext r act i on of NRKCel l s wi t h Tl r i t on

NRK cel l cul t ur es gr own on uncoat ed 35- mm t i ssue cul t ur e di shes wer e

r i nsed t hr ee t i mes at 4° C wi t h i ncubat i on buf f er ( 8. 0 g NaCl , 0. 4 g KCI ,

0. 09 g Na2HP04- 7H20, 0. 047 g KH2PO4 , 0. 097 g MgSO4, 0. 4 g

CaC12 . 2H20, and 4 . 76 g Hepes per l i t er of H2O; pH 7. 5) . The cel l s wer e

t hen equi l i br at ed i n t he same buf f er f or 20 mi n at WC, af t er whi ch t he

buf f er was r emoved and r epl aced wi t h 1 ml of i ncubat i on buf f er suppl ement ed

wi t h 0. 5 mMdi i sopr opyl f l uor ophosphat e, 10mMN- et hyl mal ei mi de, 2 mM

PMSF, and 200 pMl eupept i n i n ei t her t he absence ( mock- ext r act ed cel l s)

or pr esence ( Tr i t on- ext r act ed cel l s) of 1%Tr i t on X- 100. The cul t ur es wer e

gent l y r ot at ed on an or bi t al shaker at 14° C f or 30 mi n, af t er whi ch t he ex-

t r act i on buf f er was car ef ul l y r emoved and t he cul t ur es wer e r i nsed f i ve t i mes
wi t h i ncubat i on buf f er cont ai ni ng 0. 5 mMdi i sopr opyl f l uor ophosphat e and

2 mMPMSF I n t he case of Tr i t on- ext r act ed cul t ur es, t hi s buf f er cont ai ned

1% Tr i t on f or t he f i r st t hr ee r i nses . Car e was t aken not t o di sr upt t he cel l

monol ayer dur i ng t he wash st eps.

For bi ochemi cal anal ysi s of connexi n43 r emai ni ng wi t h t he monol ayer ,

300 pl of l ysi s buf f er ( descr i bed ear l i er ) cont ai ni ng 0. 6% SDS was added

t o t he t i ssue cul t ur e di sh, and t he l ysat es boi l ed f or 3 mi n bef or e i t nmuno-

pr eci pi t at i on of connexi n43. For i mmunof l uor escent l ocal i zat i on of connex-

i n43, t he ext r act ed or mock- ext r act ed cel l s wer e f i xed f or 1 h at r oomt em-

per at ur es i n 1 %f or mal dehyde ( pr epar ed f r eshl y f r ompar af or mal dehyde) i n

PBS ( f i nal pH, 7. 4) . The f i xed cul t ur es wer e t r eat ed wi t h PBS cont ai ni ng

0. 2% Tr i t on X- 100 and 5%nor mal goat ser um, i ncubat ed over ni ght at 4° C

wi t h a 1 : 100 di l ut i on of af f i ni t y- pur i f i ed ant i bodi es t o connexi n43 ( 252-

271) , and i ncubat ed wi t h 1 : 500 r hodami ne- conj ugat ed goat ant i - r abbi t I gG

( Boehr i nger Mannhei m Bi ochemi cal s, I ndi anapol i s, I N) as pr evi ousl y de-
scr i bed ( Musi l et al . , 1990b) . The cul t ur es wer e phot ogr aphed on an Axi o-

scope mi cr oscope ( Car l Zei ss, I nc . , Ober kochen, Ger mwny) f i t t ed wi t h t he

appr opr i at e f i l t er s .

El ect r on Mi cr oscopy

NRK cel l cul t ur es ei t her mock ext r act ed i n t he absence of Tr i t on or ex-

t r act ed wi t h Tr i t on f or 30 mi n ( at 14° C or 4° C) wer e f i xed by addi t i on of
2 . 5% gl ut ar al dehyde and 1% t anni c aci d i n 0. 1 Mcacodyl at e ( pH 7. 4)

di r ect l y t o t he t i ssue cul t ur e di sh . The speci mens wer e t hen post f i xed i n 1 %

OsO4 and st ai ned wi t h 1% ur anyl acet at e i n si t u, af t er whi ch cel l sheet s

wer e scr aped f r omt he t i ssue cul t ur e di sh pr i or t o dehydr at i on and embed-

di ng i n epoxy r esi ns . Thi n sect i ons wer e cut and obser ved usi ng a JEOL

100CX el ect r on mi cr oscope oper at i ng at 60 kV.

Cel l Sur f ace Bi ot i nyl at i on

Bi ot i nyl at i on of cel l monol ayer s was conduct ed usi ng a modi f i cat i on of t he

pr ocedur e descr i bed by Le Bi vi c et al . ( 1989 and 1990b) . Met abol i cal l y l a-

bel ed 60 mmcel l cul t ur es wer e r i nsed t hr ee t i mes at 4° C wi t h PBS cont ai n-

i ng 0. 1 mMCaCh and 1. 0 mMMgC12 ( PBS+) and i ncubat ed on i ce f or 10

mi n i n t he same buf f er . Af t er r i nsi ng t he cul t ur es t wi ce wi t h PBS+, cel l -

sur f ace bi ot i nyl at i on was i ni t i at ed by addi t i on of 2 ni l of 0. 5 mg/ ni l

NHS- LC- bi ot i n i n PBS+ t o each di sh and t he cul t ur es wer e t hen i ncubat ed

f or 30 mi n wi t h gent l e agi t at i on. The r eact i on was quenched by r i nsi ng t he

cul t ur es f i ve t i mes wi t h L- 15 medi um suppl ement ed wi t h 15 mMgl yci ne ;

t her e was a 10- mi n i ncubat i on i n L- 15/ gl yci ne bet ween t he t hi r d and f our t h

washes . Al l mani pul at i ons wer e conduct ed on i ce i n a r oomat 4° C. I n some

cases, t he bi ot i nyl at ed monol ayer s wer e i mmedi at el y l ysed wi t h 500 ul of

l ysi s buf f er ( descr i bed ear l i er ) suppl ement ed wi t h 0. 6%SDS and 10 mM

gl yci ne and boi l ed f or 3 mi n, or subj ect ed t o our st andar d Tr i t on sol ubi l i za-

t i on assay i n t he pr esence of 10 mMgl yci ne. Al t er nat i vel y, t he cel l s wer e

chased f or 1- 3 h at 37 ° C i n L- 15 medi umsuppl ement ed wi t h 10 mMHepes,

10%FCS, and 0. 5 mMmet hi oni ne bef or e l ysi s . Connexi n43 was t hen i m-

Musi l and Goodenough Gap Junct i on Assembl y

munopr eci pi t at ed f r om al l sampl es usi ng af f i ni t y- pur i f i ed ant i bodi es t o
connexi n43 ( 252- 271) and pr ot ei n A- Sephar ose beads as pr evi ousl y de-
scr i bed . I mmunopr eci pi t at ed connexi n43 was el ut ed f r omt he beads by boi l -
i ng t hemf or 4 mi n i n 40 Ed of i mmunopr eci pi t at i on buf f er cont ai ni ng 10 %
SDS and 2 mMPMSF One f i f t eent h of t he el ut ed connexi n43 was added
t o SDS- PAGE sampl e buf f er and r eser ved as a sampl e of t ot al cel l ul ar
connexi n43 . The r emai nder was di l ut ed wi t h i mmunopr eci pi t at i on buf f er

suppl ement ed wi t h 0. 5% BSA, 10 mMN- et hyl mal ei mi de, 2 mMPMSF,

and enough Tr i t on X- 100 t o br i ng t he f i nal det er gent concent r at i on t o 1%
Tr i t on and 0. 2% SDS. Bi ot i nyl at ed connexi n43 was r ecover ed f r om t hi s
sampl e by a second r ound of pr eci pi t at i on wi t h avi di n- agar ose ( 35 pl , 50%
sl ur r y) , af t er whi ch t he beads wer e washed as descr i bed above f ol l owi ng
i mmunopr eci pi t at i on of connexi n43 wi t h pr ot ei n A- Sephar ose. The bi o-
t i nyl at ed connexi n43 was el ut ed f r omt he avi di n- agar ose by boi l i ng i n SDS-
PAGE sampl e buf f er f or 5 mi n and anal yzed ( al ong wi t h t he t ot al cel l ul ar
connexi n43 sampl e) by SDS- PAGE. I n cont r ol exper i ment s, connexi n43
was i mmunopr eci pi t at ed f r om [ 35S] met hi oni ne- l abel ed, unbi ot i nyl at ed
NRK cel l s and t hen subj ect ed t o a second r ound of pr eci pi t at i on wi t h pr o-
t ei n A- Sephar ose i nst ead of avi di n- agar ose . When anal yzed by SDS- PAGE,
t he amount and phosphor yl at i on st at e of t hi s mat er i al appear ed i dent i cal t o
[ 35 S] connexi n43 t hat had been subj ect ed t o onl y a si ngl e r ound of pr eci pi -

t at i on, i ndi cat i ng t hat ar t i f act ual dephosphor yl at i on or degr adat i on of con-
nexí n43 di d not occur dur i ng t he doubl e pr eci pi t at i on pr ocedur e ( not shown) .

I nhi bi t i on of Junct i onal Per meabi l i t y wi t h
Hept anol or 100%CO2

Hept anol ( Fi sher Sci ent i f i c, Fai r Lawn, NJ) was di l ut ed f r esh dai l y 1 : 4 i n

et hanol and used at a f i nal concent r at i on of 3. 5 mMas pr evi ousl y descr i bed

( Musi l et al . , 1990b) . For cyt opl asmi c aci di f i cat i on of NRK cel l s, hu-

mi di f i ed 100% C02 was bubbl ed t hr ough MEMf or mul at ed wi t h Ear l es

sal t s ( pl us L- gl ut ami ne and 1% FCS) f or 10 mi n t o r educe t he pH of t he

medi um t o 6. 0. NRK cul t ur es wer e t hen i mmedi at el y i ncubat ed i n t hi s

medi um f or 10- 15 mi n at 37° C ( Schuet ze and Goodenough, 1982) .

Resul t s

Di f f er ent i al TYi t on X- 100 Sol ubi l i t y of Phosphor yl at ed

and Nonphosphor yl at ed For ms of Connexi n43

Our pr evi ous st udi es char act er i zed t he bi osynt hesi s of con-

nexi n43 i n NRK cel l s, a gap j unct i onal communi cat i on-

compet ent cel l l i ne t hat assembl es connexi n43 i nt o l ar ge gap

j unct i onal pl aques ( Musi l et al . , 1990b) . When NRK cul -
t ur es ar e met abol i cal l y l abel ed wi t h [ 35S] met hi oni ne f or 5

h, l ysed, and i mmunopr eci pi t at ed wi t h ant i bodi es af f i ni t y

pur i f i ed f r omr abbi t ant i - connexi n43 ( 252- 271) ser um( Beyer

et al . , 1989) , t hr ee [ 35 S] met hi oni ne- l abel ed connexi n43-

r el at ed speci es ar e obt ai ned ( Fi g. 1 A, l ane 1) . The f ast est

mi gr at i ng of t hese bands ( Mr , - 42, 000) has been shown t o
r epr esent newl y synt hesi zed connexi n43 and comi gr at es

wi t h connexi n43 t r ansl at ed i n a cel l - f r ee r et i cul ocyt e l ysat e

syst em ( Musi l et al . , 1990a) . Si nce t hi s speci es i s not met a-
bol i cal l y l abel ed wi t h 32P ( Fi g. 1 A, l ane 2) and i s i nsensi -

t i ve t o t r eat ment wi t h al kal i ne phosphat ase ( Musi l et al . ,

1990a and b) , we r ef er t o i t as connexi n43- NP ( not phos-
phor yl at ed) .

Pul se- chase st udi es have det er mi ned t hat connexi n43- NP

i s post t r ansl at i onal l y modi f i ed i n NRKcel l s t o a 44- kD and

t hen t o a 46- kD speci es . Bot h of t hese bands i ncor por at e
32P ( Fi g . 1 A, l ane 2) and ar e conver t ed t o t he connexi n43-

NP f or m by al kal i ne phosphat ase t r eat ment ( Musi l et al . ,

1990a and b) . Thi s f i ndi ng demonst r at es t hat t he post t r ansl a-

t i onal shi f t i n t he appar ent mol ecul ar wei ght of connexi n43

i s due excl usi vel y t o t he addi t i on of phosphat e . The l ower

and upper bands of t he phosphor yl at ed connexi n43 doubl et

have been desi gnat ed connexi n43- P, and connexi n- 43P2 ,

r espect i vel y ( Musi l et al . , 1990b) . A si mi l ar pat t er n of
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Fi gur e 1 . Sol ubi l i t y of phosphor yl at ed and nonphosphor yl at ed f or ms of connexi n43 i n Tr i t on X- 100. Conf l uent cul t ur es of communi cat i on-
compet ent NRK ( A) or communi cat i on- def i ci ent S180 ( B) or L929 ( C) cel l s wer e met abol i cal l y l abel ed wi t h ei t her [ 35 S] met hi oni ne ( l anes
1, and 3- 5) or P2 P] Oa ( l ane 2) f or 5 h . I n l anes 1 and 2, t he cel l s wer e i mmedi at el y l ysed and i mmunopr eci pi t at ed wi t h af f i ni t y- pur i f i ed
ant i bodi es t o connexi n43 ( 252- 271) . Lanes 3- 5 ar e f r oma separ at e exper i ment i n whi ch cel l s wer e homogeni zed and i ncubat ed wi t h Tr i t on
X- 100 under our st andar d sol ubi l i zat i on condi t i ons ( 1%Tr i t on i n PBS, 30 mi n, 4° C) . Hal f of t he Tr i t on- t r eat ed l ysat e was r eser ved on
i ce ( t ot al cel l ul ar l ysat e) , wher eas t he r emai nder was subj ect ed t o cent r i f ugat i on at 100, 000 g f or 50 mi n . Connexi n43 was t hen i mmu-
nopr eci pi t at ed f r omequal amount s of t he t ot al cel l ul ar l ysat e ( T, l ane 3) , Tr i t on- sol ubl e super nat ant ( S, l ane 4) , or Tr i t on- i nsol ubl e pel l et
( P, l ane 5) f r act i ons. Connexi n43- P, and - PZ i mmunopr eci pi t at ed f r om t he i nsol ubl e f r act i on r out i nel y mi gr at ed sl i ght l y sl ower t han t hat
r ecover ed f r omt he t ot al cel l ul ar l ysat e because of a di f f er ence i n t he Tr i t on cont ent of t he t wo f r act i ons dur i ng t he SDS denat ur at i on st ep
( A, l anes 3 vs . 5 ; see Mat er i al s and Met hods) .

connexi n43 bi osynt hesi s and phosphor yl at i on has been ob-

ser ved i n ot her communi cat i on- compet ent cel l t ypes ( Musi l

et al . , 1990a and b) . I n addi t i on t o t hese t hr ee maj or f or ms

of connexi n43, a bar el y det ect abl e speci es t hat mi gr at es

sl i ght l y sl ower t han connexi n43- NP and t hat can be met abol -

i cal l y l abel ed wi t h 31P was occasi onal l y obser ved ; t hi s band

may r epr esent par t i al l y dephosphor yl at ed connexi n43 or a

mi nor addi t i onal f or m of connexi n43 and wi l l not be consi d-

er ed f ur t her .

The phosphor yl at ed and nonphosphor yl at ed f or ms of

connexi n43 di spl ayed di f f er ent sol ubi l i t i es i n t he noni oni c

det er gent Tr i t on X- 100 ( Fi g . 1 A) . 3- d- ol d, newl y conf l uent

monol ayer s of NRK cel l s wer e met abol i cal l y l abel ed f or 5 h

wi t h [ 35SJmet hi oní ne, af t er whi ch t he cel l s wer e scr aped

f r om t he t i ssue cul t ur e di sh and di sr upt ed by r epeat ed pas-
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sage t hr ough a 25- gauge needl e . The cel l l ysat es wer e t hen

i ncubat ed under i sot oni c condi t i ons wi t h 1% ( wt / wt , f i nal

concent r at i on) Tr i t on X- 100 f or 30 mi n at 4° C. Hal f of t he

l ysat e was st or ed on i ce t o ser ve as t he t ot al connexi n43 sam-

pl e ; t he r emai nder was subj ect ed t o cent r i f ugat i on at

100, 000 g f or 50 mi n t o separ at e t he Tr i t on- sol ubl e f r om

t he Tr i t on- i nsol ubl e mat er i al . I mmunopr eci pi t at í on of con-

nexi n43 f r omt he t ot al ( Fi g . 1 A, l ane 3) , t he super nat ant

( Tr i t on- sol ubl e, l ane 4) , and pel l et ( Tr i t on- i nsol ubl e, l ane 5)

f r act i ons r eveal ed t hat - 80- 90% of connexi n43- NP was

sol ubi l i zed by 1 %Tr i t on X- 100. I n cont r ast , connexi n43- P2

was quant i t at i vel y r ecover ed i n t he pel l et f r act i on and r e-

mai ned i nsol ubl e upon r eext r act i on wi t h 1% Tr i t on ( not

shown) . Connexi n43- P, was not wel l r esol ved f r om con-

nexi n43- PZ af t er Tr i t on t r eat ment and di spl ayed an i nt er -
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medi at e and somewhat var i abl e sensi t i vi t y t o Tr i t on ; most

of t he connexi n- 43- P, f r act i onat ed wi t h connexi n43- P2

( Fi g . 1 A, l ane S) , but some was det ect abl e i n t he Tr i t on-

sol ubl e super nat ant ( l ane 4) . Si mi l ar r esul t s wer e obt ai ned

wi t h 2- 5- day- ol d cul t ur es, i ndi cat i ng t hat cel l densi t y and/ or

age wer e not cr i t i cal f act or s i n det er mi ni ng t he r esi st ance of

connexi n43 t o Tr i t on . Connexi n43 f r om S180L cel l s, an-

ot her communi cat i on- compet ent cel l l i ne t hat f or ms l ar ge
gap j unct i onal pl aques ( Mege et al . , 1988 ; Musi l et al . ,

19906) , di spl ayed a pat t er n of Tr i t on X- 100 sol ubi l i t y i dent i -

cal t o t hat obser ved i n NRK cel l s ( dat a not shown) .

Connexi n43 i s al so synt hesi zed by cer t ai n communi cat i on-

def ect i ve cel l l i nes, i ncl udi ng mouse sar coma 180 ( 5180) and

f i br obl ast i c L929 cel l s ( Musi l et al . , 19906) . These cel l s

have been shown t o be sever el y def i ci ent ( S180 cel l s) or com-

pl et el y l acki ng ( L929 cel l s) i n mor phol ogi cal l y or physi o-

l ogi cal l y r ecogni zabl e gap j unct i ons ( Fur shpan and Pot t er ,

1968 ; Mege et al . , 1988 ; Lar son et al . , 1990) . S1ß0 cel l s
pr ocess connexi n43 t o t he connexi n43- P, f or m t o a l esser

ext ent t han do NRK cel l s ( compar e Fi g . 1 B, l ane 1 wi t h

Fi g . 1 A, l ane 1) and l ack al l but a t r ace of connexi n43- P2 ,

whi ch was det ect abl e onl y as a f r act i on of 32p l abel ed con-

nexi n43 ( Fi g. 1 B, l ane 2) . L929 cel l s cont ai n nei t her con-

nexi n43- P, nor - P2 ( Fi g . 1 C, l anes 1 and 2 ; see al so Musi l
et al . , 19906) . When S180 ( Fi g. 1 B, l anes 3- S) or L929
( Fi g. 1 C, l anes 3- 5) cul t ur es wer e subj ect ed t o t he Tr i t on
sol ubi l i t y assay exact l y as descr i bed f or NRK cel l s, connex-
i n43- NP was i mmunopr eci pi t at ed onl y f r om t he sol ubl e
f r act i on ; r ecover y r anged f r om66- 90 %. Connexi n43 i s. a s
met abol i cal l y st abl e i n S180 and L929 cel l s as i n NRKcel l s
( Musi l et al . , 19906) , r ul i ng out t he possi bi l i t y t hat com-
muni cat i on- def i ci ent cel l s degr aded connexi n43 at a r at e
f ast er t han t he r at e of conver si on t o t he Tr i t on- i nsol ubl e
f or m. Toget her , t hese r esul t s suggest t hat sol ubi l i t y i n Tr i t on
X- 100 i s cor r el at ed wi t h t he phosphor yl at i on st at e of connex-
i n43 r at her t han wi t h i t s cel l of or i gi n .

Tabl e I summar i zes t he sol ubi l i t y pr oper t i es of connexi n43
i n Tr i t on X- 100. The di f f er ent i al sol ubi l i t y of phosphor yl at ed
and nonphosphor yl at ed f or ms of connexi n43 i n NRK cel l s
depi ct ed i n Fi g . 1 A wer e obt ai ned wi t h Tr i t on X- 100 con-
cent r at i ons r angi ng f r om0. 04- 4 . 0% and was unaf f ect ed by
t he pr esence of 2- mer capt oet hanol , di val ent cat i ons, or

pr ol ongat i on of t he sol ubi l i zat i on per i od f r om 30 mi n t o

24 h . Thus, t he r esi st ance of connexi n43- P2 t o Tr i t on was
not due t o di sul f i de bonds or t o Ca2+- or Mgt +- dependent
pol ymer i zat i on, possi bi l i t i es r ai sed by ear l i er st udi es ( Zam-
pi ghi and Rober t son, 1973 ; Manj unat h and Page, 1986) . The

addi t i on of hi gh sal t concent r at i on ( 0. 5 MNaCl ) t o t he sol -

ubi l i zat i on buf f er di d, however , r ender connexi n43- P2 par -
t i al l y sol ubl e i n 1 %Tr i t on X- 100, a f act suggest i ng t hat i oni c
i nt er act i ons may be i nvol ved i n mai nt ai ni ng connexi n43- P2
i n a Tr i t on- i nsol ubl e st at e. When t he t emper at ur e of t he i so-
t oni c Tr i t on t r eat ment was r ai sed f r om4° C t o 25° C, connex-

i n43- P2 r emai ned i nsol ubl e i n 0. 04% Tr i t on but was par -
t i al l y sol ubi l i zed by 1% Tr i t on X- 100, pr obabl y r ef l ect i ng

i ncr eased det er gent act i vi t y at hi gher t emper at ur es . Nei t her
phosphor yl at ed nor nonphosphor yl at ed f or ms of connexi n43

wer e sol ubi l i zed by l evel s of Tr i t on X- 100 bel ow t he cr i t i cal
mi cel l ar concent r at i on under any of t he condi t i ons t est ed .

Sol ubi l i t y of Connexi n43 i n Ot her Det er gent s

Rel at i ve i nsol ubi l i t y i n t he i oni c det er gent N- l aur yl sar cosi ne

i s t he basi s f or sever al pr ocedur es f or i sol at i on of gap j unc-

Musi l and Goodenough Gap Junct i on Assembl y

Tabl e L Det er gent Sol ubi l i t y of Connexi n43 i n NRKCel l s

Al l f or ms of connexi n43 i nsol ubl e
0 . 005% Tr i t on X- 100 ; 4° C or 25° C ( <cmc)

0 . 005% Tr i t on X- 100 i n PBS + 500 mMNaCl
0 . 005% LDAO ( <cmc)

5 mM Tr i s, pH 10 . 0 ; 30 mi n, 25° C

Connexi n43- NP sol ubl e, connexi n43- P2 i nsol ubl e

0 . 04%- 4 . 0% Tr i t on X- 100 ( >cmc)

1 . 0% Tr i t on X- 100; 0 . 5- 24 h, 4° C

1 . 0% Tr i t on X- 100:

f 5 % 2- mer capt oet hanol

t 1 mMCa 2* , Mgt '

t 5 mMEDTA, EGTA

0 . 04% Tr i t on X- 100 ; 30 mi n, 25° C

Connexi n43- NP sol ubl e, connexi n43- P2 par t i al l y sol ubl e

1 . 0% Tr i t on X- 100 ; 30 mi n, 25° C

1 . 0% Tr i t on X- 100 i n PBS + 500 mMNaCl

0 . 3% deoxychol at e t 10 mMN- et hyl mal ei mi de'

Al l f or ms of connexi n43 sol ubl e

0 . 3% N- l aur yl sar cosi ne i n 5 mMTr i s, pH 10 . 0; 10 mi n, 25 ° C

0 . 07% LDAO ( >cmc)

Thr ee- d- 0I d, newl y conf l uent cul t ur es of NRK cel l s wer e met abol i cal l y l abel ed
f or 5 h wi t h [ " S] met hi oni ne and t hen homogeni zed as descr i bed i n Mat er i al s
and Met hods . The cel l l ysat es wer e subsequent l y i ncubat ed under t he condi -
t i ons speci f i ed above ; unl ess not ed ot her wi se, al l r eact i ons wer e conduct ed i n
PBS, 2 mMEDTA, 2 mMEGTA, pH 7 . 4, f or 30 mi n at 4° C. The l ysat es wer e
t hen subj ect ed t o cent r i f ugat i on at 100, 000 g f or 50 mi n at 4° C, af t er whi ch
connexi n43 was i mmunopr eci pi t at ed f r om t he sol ubl e super nat ant and i nsol u-
bl e pel l et f r act i ons and anal yzed by SDS- PAGE.
' Connexi n43- P2 was mor e sol ubl e i n 0. 3% deoxychol at e i n PBS, pH 7. 4,
t han i n 5 mMTr i s, pH 10. 0 .
LDAO, l aur yl di met hyl ami ne oxi de; cmc, cr i t i cal mi cel l ar concent r at i on .

t i ons f r omwhol e or gans such as hear t ( Kensl er and Good-

enough, 1980 ; Manj unat h et al . , 1984) and l i ver ( Good-
enough and St oeckeni us, 1972 ; Her t zber g and Gi l ul a, 1979) .

I t was t her ef or e of i nt er est t o exami ne t he behavi or of con-

nexi n43 f r omNRK cel l s i n t hi s det er gent ( Fi g . 2 A) . Lysat es

wer e pr epar ed f r om [ 35S] met hi oni ne- l abel ed NRK cul t ur es
i n 5 mMTr i s, pH 10. 0, and i ncubat ed wi t h 0. 3% N- l aur yl

sar cosi ne f or 10 mi n at r oom t emper at ur e, sol ubi l i zat i on
condi t i ons i dent i cal t o t hose used dur i ng t he pr epar at i on of
connexi n43- cont ai ni ng gap j unct i ons f r omr at hear t ( Kensl er

and Goodenough, 1980; Manj unat h et al . , 1984) . Af t er cen-

t r i f ugat i on at 100, 000 g f or 50 mi n, >97%of t he t ot al ( bot h

phosphor yl at ed and nonphosphor yl at ed) connexi n43 r ecov-

er ed by i mmunopr eci pi t at i on was i n t he sol ubl e f r act i on

( Fi g . 2 A, l ane 2) . Over exposur e of t he f l uor ogr aph r eveal ed

a smal l amount of connexi n43- P2 i n t he i nsol ubl e f r act i on;
whet her t hi s mat er i al r epr esent s bona f i de sar cosi ne- i nsol u-

bl e connexi n43 or i s due t o nonspeci f i c t r appi ng of sol ubl e

connexi n43 i n t he pel l et i s unknown . The abi l i t y t o sol ubi l i ze

connexi n43- P2 was not uni que t o sar cosi ne si nce i dent i cal
r esul t s wer e obt ai ned wi t h t he noni oni c det er gent l aur yl -

di met hyl ami ne oxi de . Phosphor yl at ed f or ms of connexi n43

wer e al so par t i al l y sol ubl e i n deoxychol at e, t he ext ent of
sol ubi l i zat i on bei ng dependent on t he composi t i on of t he l y-
si s buf f er ( Tabl e I ) .

The l ack of r esi st ance of connexi n43 i n NRKcel l s t o N- l au-
r yl sar cosi ne appear ed t o be at var i ance wi t h t he r epor t ed
sar cosi ne- i nsol ubi l i t y of connexi n43 i n r at hear t ( Kensl er
and Goodenough, 1980 ; Manj unat h et al . , 1984) . A pot en-
t i al expl anat i on f or t hi s di scr epancy was t hat connexi n43 i s
somehowor gani zed or assembl ed di f f er ent l y i n t i ssue cul t ur e
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Fi gur e 2 . Compar i son of t he det er gent sol ubi l i t y of connexi n43 f r om NRK cel l s and f r om chi ck l enses . NRK cul t ur es ( A) or i nt act em-
br yoni c chi ck l enses ( B) wer e met abol i cal l y l abel ed f or 5 h wi t h [ 35S] met hi oni ne, homogeni zed, and i ncubat ed ei t her wi t h 0. 3%N- l aur yl
sar cosi ne i n 5 mMTr i s ( pH 10. 0) f or 10 mi n at 25° C ( A and B, l anes 1- 3) , or wi t h 1% Tr i t on X- 100 under our st andar d sol ubi l i zat i on
condi t i ons ( PBS pH 7. 4, 30 mi n, 4° C) . ( B, l anes 4- 6) . Hal f of t he cel l l ysat e was t hen cent r i f uged at 100, 000 g f or 50 mi n, af t er whi ch
connexi n43 was i mmunopr eci pi t at ed f r omequal amount s of t he t ot al cel l ul ar l ysat e ( l anes mar ked T) , det er gent - sol ubl e super nat ant ( l anes

mar ked S) , or det er gent - i nsol ubl e pel l et ( l anes mar ked P) f r act i ons .

cel l s t han i n whol e or gans . To t est t hi s possi bi l i t y, we ex-

ami ned t he det er gent sol ubi l i t y of connexi n43 i n embr yoni c

( d 10) chi ck l ens. Our pr evi ous st udi es demonst r at ed t hat ep-

i t hel i al cel l s f r omt hi s or gan synt hesi ze connexi n43 and i n-

cor por at e i t i nt o l ar ge, communi cat i on- compet ent gap f unc-

t i onal pl aques ( Musi l et al . , 1990x) . I nt act l enses ( st r i pped

of associ at ed ci l i ar y epi t hel i um) wer e i ncubat ed wi t h [ 35S] -

met hi oni ne f or 5 h . The l abel ed l enses wer e t hen di sr upt ed

at 4 ° C i n hypot oni c Tr i s buf f er and i ncubat ed wi t h 1 %Tr i t on

X- 100 ( i n PBS, at 4° C) or 0. 3%N- l aur yl sar cosi ne ( i n 5 mM

Tr i s, pH 10, at 25° C) , exact l y as descr i bed f or NRK cel l l y-

sat es. As shown i n Fi gur e 2 B, t he pat t er n of sol ubi l i t y of
[ 35S] met hi oni ne- l abel ed connexi n43 i n chi ck l ens epi t hel i um

was si mi l ar t o t hat obt ai ned i n NRK cel l s i n bot h det er gent s

( compar e Fi g . 1 A, l anes 3- S wi t h Fi g. 2 B, l anes 4- 6, Fi g .

2 A, l anes 1- 3 wi t h Fi g . 2 B, l anes 1- 3) . By t hese cr i t er i a,

t hen, t he sol ubi l i t y pr oper t i es of connexi n43 f r oman or gan

( l ens) ar e si mi l ar t o t hose of connexi n43 f r omt i ssue cul t ur e

cel l s ( NRK cel l s) . Possi bl e expl anat i ons f or t he r ecover y of

sar cosi ne- i nsol ubl e gap j unct i ons f r omhear t ar e consi der ed

i n t he Di scussi on .
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t i me Cour se of Acqui si t i on of
Mt on X- 100 Resi st ance by Connexi n43

I n communi cat i on- compet ent cel l t ypes t hus f ar exami ned,

connexi n43- NP i s t he ki net i c pr ecur sor of connexi n43- P2 .

I t t her ef or e seemed l i kel y t hat connexi n43 i s synt hesi zed i n

a Tr i t on- sol ubl e f or m t hat acqui r es Tr i t on r esi st ance as i t

mat ur es . Thi s possi bi l i t y was conf i r med i n a pul se- chase ex-

per i ment ( Fi g. 3) . Conf l uent monol ayer s of NRK cel l s wer e

l abel ed wi t h [ 35 S] met hi oni ne f or 40 mi n and t hen chased i n

t he pr esence of an excess of unl abel ed met hi oni ne f or <6 h

bef or e cel l l ysi s and assessment of connexi n43 Tr i t on sol u-

bi l i t y under our st andar d assay condi t i ons. As expect ed,
I 35S] met hi oni ne- connexi n43 exami ned i mmedi at el y af t er

t he pul se per i od was ent i r el y i n t he connexi n43- NP f or mand

was quant i t at i vel y sol ubi l i zed by 1 % Tr i t on ( Fi g . 3, l anes

1- 3) . Af t er 1 h of chase, about one t hi r d of [ 35S] met hi o-

ni ne- connexi n43 had been phosphor yl at ed t o connexi n43-

P, , wi t h no det ect abl e conver si on t o connexi n43- P2 ( Fi g . 3,

l ane 4) . Thi s connexi n43- P, was r ecover ed i n bot h t he

Tr i t on- sol ubl e ( Fi g . 3, l ane S) and - i nsol ubl e ( Fi g. 3, l ane
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Fi gur e 3. Pul se- chase anal ysi s of t he Tr i t on sol ubi l i t y of Connexi n43 i n NRK cel l s . Conf l uent monol ayer s of NRK cel l s wer e met abol i cal l y
l abel ed wi t h [ 35 S] met hi oni ne f or 40 mi n and chased f or 0, 1, 4, or 6 h . The cul t ur es wer e t hen homogeni zed and subj ect ed t o t he st andar d
Tr i t on sol ubi l i zat i on assay ( 1%Tr i t on X- 100 i n PBS, 30 mi n, 4° C) , af t er whi ch equal amount s of t he var i ous f r act i ons wer e i mmunopr eci pi -
t at ed wi t h af f i ni t y pur i f i ed ant i - Connexi n43 ( 252- 271) ant i bodi es. Lanes mar ked TQ, 4, 7, and 10) , t ot al cel l ul ar Connexi n43 ; l anes mar ked

S ( 2, S, 8, and 11) , Tr i t on- sol ubl e Connexi n43 ; l anes mar ked P ( 3, 6, 9, and 12) , Tr i t on- i nsol ubl e Connexi n43 . Lanes 7- 12 wer e exposed
l onger t han t he ot her l anes t o doubl e t he i nt ensi t y of t he Connexi n43 si gnal . Connexi n43- P, ( l anes 6 and 9) and Connexi n43- P2 ( l anes 9
and 12) , i mmunopr eci pi t at ed f r omt he i nsol ubl e f r act i on, r out i nel y mi gr at ed sl i ght l y sl ower t han t hat r ecover ed f r om t he cor r espondi ng
t ot al cel l ul ar l ysat e due t o a di f f er ence i n t he Tr i t on cont ent of t he t wo f r act i ons dur i ng t he SDS denat ur at i on st ep ( see Mat er i al s and
Met hods) .

6) f r act i ons, si mi l ar t o t he di st r i but i on of Connexi n43- P, i n

NRK cel l s l abel ed t o st eady st at e ( Fi g. 1 A, l anes 3- S) .

Connexi n43- NP r emai ned pr edomi nant l y Tr i t on- sol ubl e, al -

t hough a mi nor f r act i on ( - 20%) was consi st ent l y r ecover ed

i n t he Tr i t on- i nsol ubl e pel l et begi nni ng about t hi s t i me . At

4 h of chase, 66% of t he [ 35 S] met hi oni ne- Connexi n43 syn-

t hesi zed dur i ng t he pul se per i od had been degr aded, a f i nd-

i ng consi st ent wi t h t he 2- 2 . 5 h hal f - l i f e of Connexi n43 i n

NRK and ot her cel l t ypes ( Musi l et al . , 1990b) . The r emai n-

i ng [ 35 S] met hi oni ne- Connexi n43 was l ar gel y pr ocessed t o

t he P2 f or m and was quant i t at i vel y r esi st ant t o Tr i t on sol u-

bi l i zat i on, wher eas t he r esi dual [ 35 S] met hi oni ne- connex-

i n43- NP det ect abl e at t hi s t i me was mai nl y Tr i t on sol ubl e

( Fi g . 3, l anes 7- 9) . Low l evel s of Tr i t on- i nsol ubl e connex-

i n43- NP as wel l as Tr i t on- sol ubl e Connexi n43- P, wer e, how-

ever , st i l l pr esent .

The r api d t ur nover r at e of Connexi n43 t hwar t ed at t empt s t o

det er mi ne whet her Tr i t on- i nsol ubl e Connexi n43- NP ser ved

as a pr ecur sor t o Connexi n43- P2 or was degr aded wi t hout

bei ng phosphor yl at ed ; si mi l ar l y, t he f at e of Tr i t on- sol ubl e

Connexi n43- P, was unknown . I t was t hus not possi bl e t o

concl ude f r omt hese dat a whet her most of t he connexi n43-

NP was phosphor yl at ed t o t he Connexi n43- P, f or m bef or e

or af t er becomi ng Tr i t on i nsol ubl e . I n ei t her case, connex-

i n43- P2 was compl et el y r esi st ant t o Tr i t on and appear ed t o

r emai n so t hr oughout t he l i f et i me of t he pr ot ei n ( Fi g . 3, l anes

10- 12) . Taken t oget her , t hese r esul t s i ndi cat e a st r ong t em-

por al cor r el at i on bet ween pr ocessi ng of Connexi n43 t o t he

Musi l and Goodenough Cap Junct i on Assembl y

P2 f or mand t he acqui si t i on of i nsol ubi l i t y i n Tr i t on X- 100.
However , whet her t hese t wo event s nor mal l y occur i n r api d
successi on or si mul t aneousl y i s not known .

Mor phol ogi cal Local i zat i on of t he

7Wt on- i nsol ubl e Pbol of Connexi n43

We expl oi t ed t he Tr i t on r esi st ance of Connexi n43- P2 t o de-
t er mi ne t he i nt r acel l ul ar di st r i but i on of t he var i ous f or ms of

Connexi n43 usi ng an i n si t u ext r act i on pr ocedur e ( Fi g. 4) .

Monol ayer cul t ur es of NRK cel l s wer e washed t hr ee t i mes

and t hen ext r act ed by addi t i on of 1% Tr i t on X- 100- cont ai n-

i ng i sot oni c buf f er di r ect l y t o t he t i ssue cul t ur e di sh . Af t er

a 30- mi n i ncubat i on, t he cul t ur es wer e car ef ul l y r i nsed f i ve

t i mes t o r emove sol ubi l i zed cel l ul ar component s . The Con-

nexi n43 r emai ni ng wi t h t he ext r act ed monol ayer was ana-

l yzed ei t her bi ochemi cal l y by i mmunopr eci pi t at i on or mor -

phol ogi cal l y by i mmunof l uor escence usi ng af f i ni t y- pur i f i ed

ant i bodi es t o Connexi n43 ( 252- 271) . Pr el i mi nar y st udi es

demonst r at ed i nef f i ci ent sol ubi l i zat i on of Connexi n43- NP af -

t er i n si t u ext r act i on of [ 35 S] met hi oni ne- l abel ed NRK cel l s

at 4° C f or <2 h ( dat a not shown) . When t he ext r act i on t em-

per at ur e was r ai sed f r om 4° C t o 14° C, however , 75% of
[ 35 S] met hi oni ne- Connexi n43- NP was r el eased f r omt he cel l s

wi t hi n 30 mi n ( Fi g. 4 A, i nset , l ane 1 vs . 2) ; t he pr opor t i on

r el eased was compar abl e t o t he f r act i on of Connexi n43- NP

sol ubi l i zed f r omdi sr upt ed NRK cel l l ysat es i n t he st andar d

Tr i t on sol ubi l i zat i on assay ( Fi g . 1 A, l anes 3- S) . I n cont r ast ,

1363



Fi gur e 4. I n si t u ext r act i on of Tr i t on- sol ubl e connexi n43- NP i n NRK cel l s. NRK monol ayer s wer e i ncubat ed at 14° C f or 30 mi n under

i sot oni c condi t i ons i n ei t her t he absence ( A) or pr esence ( B) of 1%Tr i t on X- 100. Af t er ext ensi ve washi ng t o r emove sol ubi l i zed mat er i al ,

t he cul t ur es wer e f i xed and pr ocessed f or i mmunof l uor escence usi ng ant i - connexi n43 ( 252- 271) ant i bodi es f ol l owed by r hodami ne- l abel ed

goat ant i - r abbi t I gG. ( I nset ) NRKcul t ur es met abol i cal l y l abel ed wi t h [ 35S] met hi oni ne f or 5 h wer e ext r act ed ei t her wi t h ( l ane 2) or wi t h-

out ( l ane 1) 1%Tr i t on exact l y as descr i bed f or unl abel ed cel l s and t hen i mmunopr eci pi t at ed wi t h ant i - connexi n43 ( 252- 271) ant i bodi es .

Not e t hat [ " S] met hi oni ne- connexi n43- P2 i s r esi st ant t o Tr i t on sol ubi l i zat i on and appear s t o be l ocal i zed t o br i ght l y st ai ni ng macul ae at

cel l - cel l i nt er f aces .

Fi gur e 5. Thi n- sect i on el ect r on mi cr oscopy of gapj unct i ons i n Tr i t on- ext r act ed and mock- ext r act ed NRKcul t ur es . ( A) Low- magni f i cat i on

phot omi cr ogr aph of a gap j unct i on bet ween t wo mock- ext r act ed NRK cel l s . Bar , 0. 2 Am. ( B) Gap j unct i on i n an NRK cul t ur e subj ect ed

t o i n si t u ext r act i on wi t h 1% Tr i t on at 4° C. Bar , 0. 5 Am. ( I nset ) Hi gher - magni f i cat i on vi ew of t he same j unct i on. Bar , 0. 1 j , m. ( Cand

D) Gapj unct i ons i n NRKcel l s ext r act ed i n si t u wi t h 1%Tr i t on at 14° C. Some j unct i ons appear mor phol ogi cal l y i nt act ( C) , wher eas ot her s

have par t i al l y di sassembl ed i nt o shor t , doubl e- membr ane st r uct ur es ( D) . Bar , 0. 2 am. ( D, i nset ) Hi gher magni f i cat i on of D, showi ng pen-

t al ami nar st r uct ur e of t he gap j unct i on f r agment s . Bar , 0. 1 j m.
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[ 35 S] met hi oni ne- connexi n43- P2 was r esi st ant t o t hi s t r eat -

ment and was quant i t at i vel y r ecover ed wi t h t he ext r act ed

monol ayer ( Fi g . 4 A, i nset ) . I mmunohi st ochemi cal st udi es

r eveal ed t hat cont r ol monol ayer s i ncubat ed wi t h onl y buf f er

bef or e f i xat i on ( Fi g . 4 A) showed a pat t er n of macul ar i mmu-

nor eact i vi t y at cel l - cel l i nt er f aces t ypi cal of gap j unct i ons
( Beyer et al . , 1989) . I n addi t i on, i nt r acel l ul ar st r uct ur es
mor phol ogi cal l y si mi l ar t o t he Gol gi appar at us wer e l a-

bel ed, consi st ent wi t h our pr evi ous r esul t s wi t h t hese cel l s

( Musi l et al . , 1990b) . I n si t u ext r act i on of NRK cel l s wi t h

1% Tr i t on X- 100 at 14° C bef or e f i xat i on abol i shed t hi s

Gol gi - l i ke i mmunof l uor escent st ai ni ng, l eavi ng t he macul ar

si gnal at cel l - cel l i nt er f aces ( Fi g . 4 B) . A f i ne, speckl ed pat -

t er n of st ai ni ng di st r i but ed t hr oughout t he ext r act ed cel l s was

al so vi si bl e. Thi s di f f use i mmunor eact i vi t y was obt ai ned

wi t h pr ei mmune ser um as wel l , i ndi cat i ng t hat i t does not

r epr esent connexi n43. I n cont r ast , t he pl aque- l i ke si gnal at

cel l - cel l i nt er f aces was not det ect abl e when pr ei mmune se-

r um was subst i t ut ed f or t he ant i bodi es t o connexi n43 ( not

shown) .

To conf i r m t hat t he Tr i t on- r esi st ant macul ae wer e gap

j unct i onal pl aques, Tr i t on- ext r act ed and unext r act ed NRK

cel l s wer e exami ned by t hi n- sect i on EM ( Fi g . 5) . Mock-

ext r act ed cel l s not exposed t o Tr i t on cont ai ned pent al ami nar

st r uct ur es at cel l - cel l i nt er f aces t hat ar e di agnost i c of gap

j unct i ons ( Fi g . 5 A) . These pr of i l es wer e mai nt ai ned when

NRK cel l s wer e ext r act ed wi t h 1% Tr i t on at 4° C bef or e i n

si t u f i xat i on, condi t i ons under whi ch connexi n43- P2 i s

quant i t at i vel y r ecover ed wi t h t he monol ayer but r ecogni z-

abl e i nt r acel l ul ar st r uct ur es have been l ar gel y ext r act ed ( Fi g .

5 B) . When t he t emper at ur e of t he Tr i t on t r eat ment was

r ai sed t o 14 ° C t o maxi mi ze t he ext r act i on of connexi n43-

NP, mor phol ogi cal l y i nt act gap j unct i onal pl aques wer e st i l l

det ect abl e ( Fi g . 5 C) , but some appear ed t o be i n t he pr ocess

of di ssoci at i ng i nt o shor t , doubl e- membr ane st r uct ur es t hat

became cr oss- l i nked t o t he ext r act ed monol ayer upon f i xa-
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Fi gur e 6. I nhi bi t i on of con-
nexi n43 post t r ansl at i onal pr o-
cessi ng at 20° C. Dupl i cat e cul -
t ur es of conf l uent NRK cel l s
wer e met abol i cal l y l abel ed wi t h

135 5] met hi oni ne at 20° C f or
4 h . The monol ayer s wer e t hen
subj ect ed t o our st andar d Tr i -
t on X- 100 sol ubi l i t y assay ( I %
Tr i t on i n PBS, 30 mi n, 4° C) ,
ei t her i mmedi at el y af t er l abel -
i ng at 20° C ( l anes 1- 3) or af -
t er a 2- h chase at 37° C i n L- 15
medi um suppl ement ed wi t h
10 mM HEPES, 10% FCS,

and 0. 5 mMmet hi oni ne ( l anes
4- 6) . Connexi n43 was i mmu-
nopr eci pi t at ed f r omequal vol -
umes of t he t ot al cel l l ysat e
( l anes 1 and 4) , Tr i t on- sol ubl e
( l anes 2 and 5) , and Tr i t on-
i nsol ubl e ( l anes 3 and 6) f r ac-
t i ons .

t i on ( Fi g . 5 D) . Mor phol ogi cal l y si mi l ar di sassembl y of gap

j unct i ons i n t he pr esence of det er gent s has pr evi ousl y been

obser ved i n Maut hner cel l synapt i c di sks ( Zampi ghi and

Rober t son, 1973) and i n l ens f i ber j unct i ons ( Ki st l er and

Bul l i vant , 1988) . Thus, al t hough Tr i t on t r eat ment at 14 °C

af f ect ed t he ul t r ast r uct ur e of gap j unct i ons, t hey wer e st i l l

r ecover ed wi t h t he ext r act ed monol ayer . Taken t oget her ,

t he r esul t s depi ct ed i n Fi g. 4 and 5 i ndi cat e t hat ( Tr i t on-

i nsol ubl e) connexi n43- P2 i s l ocal i zed pr i mar i l y i n gap f unc-

t i onal pl aques . Nonphosphor yl at ed, Tr i t on- sol ubl e connex-

i n43- NP appear s t o be pr edomi nant l y i nt r acel l ul ar , al t hough

di f f usel y di st r i but ed connexi n43 woul d not be det ect abl e by

mor phol ogi cal t echni ques.

Ranspor t of Connexi n43- NP t o t he

Pl asma Membr ane i n NRK Cel l s

Al t hough t he r esul t s depi ct ed i n Fi g . 4 demonst r at ed t hat

connexi n43- P2 accumul at ed on t he cel l sur f ace i n j unct i onal

pl aques, t he cel l ul ar l ocat i on of conver si on of newl y synt he-

si zed connexi n43- NP t o t he Pz f or m was not est abl i shed .

Mat l i n and Si mons ( 1983) f ound t hat i ncubat i on of mam-

mal i an cel l s at 20 ° C r ever si bl y bl ocks t r anspor t of nascent

secr et or y and i nt egr al membr ane pr ot ei ns wi t hi n t he t r ans-

Gol gi r egi on . To exami ne whet her phosphor yl at i on of con-

nexi n43 and/ or i t s acqui si t i on of Tr i t on r esi st ance occur s be-

f or e ar r i val i n t hi s i nt r acel l ul ar compar t ment , conf l uent

monol ayer s of NRK cel l s wer e met abol i cal l y l abel ed wi t h
[ 3I S] met hi oni ne f or 4 h at 20° C. Compar i son of [ 3' S] met hi -

oni ne- connexi n43 synt hesi zed at 20° C ( Fi g . 6, l anes 1- 3)

wi t h t hat l abel ed at 37° C ( Fi g . 1 A, l anes 3- S) r eveal ed t hat

connexi n43 r emai ned i n t he Tr i t on- sol ubl e connexi n43- NP

st at e at t he l ower t emper at ur e . Rever sal of t he 20° C bl ock

by i ncubat i on of t he cel l s f or an addi t i onal 2 h i n chase

medi umat 37 ° C r esul t ed i n ef f i ci ent conver si on of [ " S] me-

t hi oni ne- connexi n43- NP t o Tr i t on- i nsol ubl e [ 35S] met hi o-

ni ne- connexi n43- P, and - PZ ( Fi g . 6, l anes 4- 6) . Thus, bot h
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Fi gur e 7. Cel l - sur f ace bi ot i nyl at i on of connexi n43 i n i nt act NRK cel l s . Conf l uent NRK cel l monol ayer s l abel ed wi t h [ 35S] met hi oni ne at
37° C f or 5 h wer e subj ect ed t o cel l - sur f ace bi ot i nyl at i on at 4° C. The cel l s wer e t hen ei t her l ysed di r ect l y i nt o SDS ( A) or pr ocessed f or
t he st andar d Tr i t on sol ubi l i t y assay ( 1% Tr i t on i n PBS, 30 mi n, 4° C) ( B) . ( A) Lane 1, t ot al cel l ul ar connexi n43 i mmunopr eci pi t at ed f r om
1/ 15 of a bi ot i nyl at ed 60- mmcel l cul t ur e. Lane 2 i s a shor t er exposur e of l ane 1, i l l ust r at i ng t he l ack of r esol ut i on bet ween t he P, and
Ps f or ms of connexi n43 af t er t he bi ot i nyl at i on pr ocedur e. Lane 3, bi ot i nyl at ed connexi n43 r ecover ed f r om t he r emai ni ng 14/ 15 of t he 60-
mmcel l cul t ur e by sequent i al pr eci pi t at i on wi t h af f i ni t y- pur i f i ed ant i - connexi n43 ( 252- 271) ant i bodi es f ol l owed by avi di n- agar ose. Same
exposur e as l ane 1 . Lanes 4- 6, same as l ane 3, except connexi n43 was i mmunopr eci pi t at ed i n t he pr esence of 100 ug/ ml of compet i ng
connexi n43 ( 252- 271) pept i de ( l ane 4) ; NHS- LC- bi ot i n was quenched wi t h excess gl yci ne pr i or t o t he bi ot i nyl at i on r eact i on pane 6) ;
or NHS- LC- bi ot i n was omi t t ed dur i ng t he bi ot i nyl at i on pr ocedur e pane 5) . ( B) Cel l - sur f ace bi ot i nyl at ed connexi n43 r ecover ed f r omequal
amount s of t he t ot al cel l ul ar l ysat e ( l ane 1) , Tr i t on- sol ubl e super nat ant pane 2) , or Tr i t on- i nsol ubl e pel l et pane 3) f r act i ons .

acqui si t i on of Tr i t on i nsol ubi l i t y and phosphor yl at i on of

connexi n43 t o t he P, and PZ f or ms occur r ed i n a cel l ul ar

compar t ment di st al t o t he medi al Gol gi . A si mi l ar concl u-

si on was dr awn f r omexper i ment s i n whi ch i nt r a- Gol gi t r ans-

por t was i nhi bi t ed wi t h nont oxi c concent r at i ons of t he car -

boxyl i c i onophor e monensi n ( dat a not shown) . I n t hi s case,

however , t he bl ock i n connexi n43 pr ocessi ng was l ess com-

pl et e t han at 20° C, pr esumabl y because of t he known l eak-
i ness of monensi r f s ef f ect on i nt r acel l ul ar t r anspor t at 0. 5- 1 . 0

, uM ( Pet er s et al . , 1983) .

The 20° C bl ock exper i ment s r ai sed t he possi bi l i t y t hat

phosphor yl at i on of connexi n43 and/ or acqui si t i on of Tr i t on

r esi st ance occur r ed af t er t r anspor t of connexi n43 t o t he cel l

sur f ace . Thi s possi bi l i t y was i nvest i gat ed usi ng t he t echni que

of cel l - sur f ace bi ot i nyl at i on ( Le Bi vi c et al . , 1989, 1990b)
t o sel ect i vel y l abel and moni t or connexi n43 on t he pl asma

membr ane . [ 35S] met hi oni ne- l abel ed cel l monol ayer s wer e

i ncubat ed at 4° C wi t h t he membr ane- i mper meant pr ot ei n bi -
ot i nyl at i ng r eagent NHS- LC- bi ot i n, whi ch i n i nt act cel l s

r eact s coval ent l y wi t h pr i mar y ami ne gr oups ( most l y l ysi ne

r esi dues) l ocat ed i n ext r acel l ul ar domai ns of pl asma mem-
br ane pr ot ei ns ( Sar gi acomo et al . , 1989) . Af t er 30 mi n t he
r eact i on was quenched wi t h gl yci ne, t he cel l s wer e l ysed i n

SDS, and connexi n43 was i mmunopr eci pi t at ed by our st an-

dar d pr ot ocol . A f r act i on of t he i mmunopr eci pi t at ed connex-

i n43 was r eser ved as a sampl e of t ot al cel l ul ar connexi n43,

and t he r emai nder was subj ect ed t o a second r ound of pr e-

ci pi t at i on wi t h avi di n- agar ose t o sel ect i vel y r ecover bi o-

t i nyl at ed connexi n43 mol ecul es .

Musi l and Goodenough Gap Junct i on Assembl y

When NRKcel l s wer e met abol i cal l y l abel ed wi t h [ 35 S] me-

t hi oni ne f or 5 h and t hen bi ot i nyl at ed as descr i bed above, t wo

di st i nct [ 35S] met hi oni ne- connexi n43 speci es wer e obt ai ned

af t er t he doubl e pr eci pi t at i on pr ocedur e and anal ysi s on

SDS- PAGE ( Fi g . 7 A, l ane 3) . The f ast er - mi gr at i ng f or mhad

t he same el ect r ophor et i c mobi l i t y as t ot al cel l ul ar [ 3sS] me-

t hi oni ne- connexi n43- NP ( Fi g . 7 A, l ane 1) and was sol ubl e

i n 1%Tr i t on X- 100 ( Fi g. 7 B, l ane 2) . The ot her bi ot i n- l a-

bel ed band comi gr at ed wi t h phosphor yl at ed t ot al connex-

i n43 and was r esi st ant t o Tr i t on X- 100 ( Fi g . 7 B, l ane 3) ; t hi s

speci es was conver t ed t o connexi n43- NP by al kal i ne phos-

phat ase ( dat a not shown) . The bi ot i nyl at i on and pr eci pi t a-
t i on pr ocedur es sl i ght l y al t er ed t he mi gr at i on of connexi n43
on SDS- PAGE such t hat connexi n43- P, was not f ul l y r e-
sol ved f r omconnexi n43- P2 on ei t her 5. 5- or 12 . 5- cm gel s.
We wi l l t her ef or e r ef er t o phosphor yl at ed f or ms of bi ot i ny-

l at ed connexi n43 as si mpl y connexi n43- P t o r ef l ect t hi s

ambi gui t y .

Sever al cont r ol exper i ment s conf i r med t he speci f i ci t y of

cel l - sur f ace bi ot i nyl at i on of connexi n43 ; nei t her [ 35 S] met hi -

oni ne- connexi n43- NP nor [ 35 S] met hi oni ne- connexi n43- P
was r ecover ed i f t he ant i - connexi n43 ( 252- 271) i nununopr e-

ci pi t at i on st ep was conduct ed i n t he pr esence of an excess of

t he pept i de agai nst whi ch t he ant i body was r ai sed ( Fi g. 7 A,
l ane 4) , or i f t he bi ot i nyl at i on r eagent was ei t her omi t t ed

( Fi g . 7, l ane S) or quenched wi t h excess gl yci ne bef or e i ncu-

bat i on wi t h t he cel l monol ayer ( Fi g . 7, l ane 6) . Si mi l ar
r esul t s wer e obt ai ned wi t h S180L cel l s ( dat a not shown) , an-

ot her communi cat i on- compet ent cel l t ype t hat f or ms l ar ge
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Fi gur e 8. Pul se- chase anal ysi s of t r anspor t of Connexi n43 t o t he
pl asma membr ane . NRK cel l monol ayer s wer e met abol i cal l y l a-
bel ed wi t h [ 35S] met hi oni ne f or 30 mi n and chased f or 0 ( l anes 1
and 2) , 1 ( l anes 3 and 4) , or 3 ( l anes S and 6) h at 37° C bef or e

cel l - sur f ace bi ot i nyl at i on at 4° C. Lanes mar ked T, t ot al cel l ul ar
Connexi n43 i mmunopr eci pi t at ed f r om 1/ 15 of a bi ot i nyl at ed 60- mm
cel l cul t ur e. Lanes mar ked B, bi ot i nyl at ed Connexi n43 pur i f i ed by
t he doubl e pr eci pi t at i on pr ocedur e f r omt he r emai ni ng 14/ 15 of t he
cor r espondi ng 60- mmcel l cul t ur e .

gap j unct i onal pl aques ( Mege et al . , 1988 ; Musi l et AL,

19906) .

The r ecover y of cel l - sur f ace bi ot i nyl at ed Connexi n43- NP

as wel l as Connexi n43- P was consi st ent wi t h t r anspor t of

Connexi n43 t o t he pl asma membr ane i n t he Connexi n43- NP

f or m. Thi s was conf i r med i n a pul se- chase, exper i ment i n

whi ch NRK cel l s wer e met abol i cal l y l abel ed wi t h [ " Sl me-

t hi oni ne f or 30 mi n and t hen chased f or 0- 3 h at 37° C bef or e

bi ot i nyl at i on at 4° C ( Fi g . 8) . Vi r t ual l y no [ 35S] met hi o-

ni ne- Connexi n43 became bi ot i nyl at ed i mmedi at el y af t er t he

pul se per i od ( Fi g . 8, l ane 2) , pr esumabl y because most

newl y synt hesi zed [ 35 S] met hi oni ne- Connexi n43 had not yet

r eached t he pl asma membr ane and was i naccessi bl e t o t he

bi ot i nyl at ed r eagent . Thi s f i ndi ng i ndi cat es t hat bi ot i nyl at i on

was conf i ned t o t he cel l sur f ace, as expect ed . I n cont r ast ,

cul t ur es t hat had been pul sed f or 30 mi n and t hen chased f or

1 h bef or e bi ot i nyl at i on had r eadi l y det ect abl e amount s of

avi di n- pr eci pi t abl e [ 35S] met hi oni ne- Connexi n43 ( Fi g. 8,

l ane 4) . I t i s si gni f i cant t hat near l y al l of t hi s bi ot i n- l abel ed

Connexi n43 was i n t he Connexi n43- NP f or mand was Tr i t on

sol ubl e ( see Fi g . 9 B, l anes 1- 3) ; t he mi nor amount of bi o-

t i nyl at ed [ 3 5 S] met hi oni ne- Connexi n43- P r ecover ed at t hi s

t i me was most l i kel y Connexi n43- P, si nce newl y synt he-

si zed Connexi n43- NP r equi r ed chase per i ods of >1 h i n or der

f or det ect abl e amount s t o be conver t ed t o t he P2 f or m( Fi g .

3 ; Musi l et al . , 19906) . When NRK cel l s wer e bi ot i nyl at ed

af t er a 3- h chase, [ 35 S] met hi oni ne- Connexi n43- NP and con-

nexi n43- P wer e pr eci pi t at ed i n appr oxi mat el y equal amount s

( Fi g . 8, l ane 6) . The decr ease i n t he t ot al amount of bi o-

t i nyl at ed [ 35 S] met hi oni ne- Connexi n43 r ecover ed at t hi s t i me

r el at i ve t o t hat obt ai ned af t er a 1- h chase was most l i kel y due

t o a combi nat i on of t he r api d t ur nover r at e of Connexi n43

( t , a, N2- 2 . 5 h) ( Musi l et al . , 19906) and t he decr eased

ef f i ci ency wi t h whi ch Connexi n43 became bi ot i nyl at ed af t er

i ncor por at i on i nt o gap j unct i onal pl aques ( see Di scussi on) .

Taken t oget her , t hese r esul t s demonst r at ed t hat at l east a

f r act i on of Connexi n43 i n NRK cel l s ar r i ved on t he pl asma
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membr ane wi t hi n 1- 1 . 5 h of synt hesi s and i n t he Tr i t on-

sol ubl e Connexi n43- NP f or m.

Phosphor yl at i on of Cel l Sur f ace

Connexi n43- NP i n NRKCel l s

Cel l - sur f ace bi ot i nyl at i on has been shown not t o i nt er f er e

wi t h subsequent i nt r acel l ul ar t r anspor t and pr ocessi ng of

pl asma membr ane pr ot ei ns ( Mat t er et al . , 1990 ; Le Bi vi c et

al . , - 1990a, b) . I t was- t her ef or e r easonabl e t o st udy t he f at e

of cel l sur f ace Connexi n43- NP by use of t hi s t echni que ( Fi g .

9) . NRK cel l monol ayer s wer e met abol i cal l y l abel ed wi t h

[ 35 S] met hi oni ne f or 3. 0 mi n and chased f or an addi t i onal

hour at . 37° C t o al l ow t r anspor t of ne) Ni y synt hesi zed [
35S] -

met hi oni ne- connexi n43- i o . . t he pl asn . membr ane . The cul -

t ur es wer e t hen bi ot i nyl at ed at 4° CzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� Af t er whi ch t he r eact i on

was quenched wi t h excess gl yci ne aAd t he cel l s i ncubat ed at

37 °C f or 0- 3 h bef or e cel l l ysi seand pur i f i cat i on of bi ot i n-

l abel ed Connexi n43 . Cont r ol , e r i ment s i ndi cat ed t hat NRK

cul t ur es r emai ned wel l coupl ed f or at l east 3 h af t er bi o-

t i nyl at i on ( not shown) .

I n t he absence of a : ehasa per i od af t er bi ot i nyl at i on, most

( 80- 90%) of t he, sur f acs- l abel ed [ 35S] met hi oni ne- connex-

i n43 was i n t he Connexi n43- NP f or m( Fi g . 9 A, l ane 1; Fi g. 8,

l ane 4h When cel l s~wer e chased f or 1 h af t er bi ot i nyl at i on,

t he pr of i l e- of ' bi ot i n- conj ugat ed [ " S] met hi oni ne- Connexi n43

changed bot l í qual i t at i vel y and quant i t at i vel y ( Fi g . 9 A, l ane2) ..
The amount of bi ot i nyl at ed [ " S] met hi oni ne- Connexi n43

decr eased by - 40 %, r ef l ect i ng t he r api d t ur nover r at e of t o-

t al cel l ul ar Connexi n43 . Of t he sur f ace- l abel ed [ 35S] met hi o-

ni ne- Connexi n43 r emai ni ng, - 50%was i n t he Connexi n43- P

f or m due t o a t wo- t o t hr eef ol d i ncr ease i n t he amount of

bi ot i nyl at ed [ 35 S] met hi oni ne- Connexi n43- P bet ween 0- 1 h

of chase. Thi s phosphor yl at ed Connexi n43 mi gr at ed sl i ght l y

sl ower t han t he mi nor amount of Connexi n43- P r ecover ed

i mmedi at el y af t er bi ot i nyl at i on, a f i ndi ng consi st ent wi t h

conver si on t o t he P2 f or m ( compar e Fi g. 9 A l anes 1 and 2) .

Wi t h i ncr easi ng chase t i me af t er bi ot i nyl at i on ( Fi g . 9 A,

l anes 3 and 4) , cel l - sur f ace- l abel ed [ 35 S] met hi oni ne- con-

nexi n43- NP became undet ect abl e by 3 h ( Fi g . 9, l ane 4)

wher eas t he l evel s of bi ot i nyl at ed [ 35S] met hi oni ne- connex-

i n43- P decl i ned mor e sl owl y at a r at e compar abl e t o t hat of

t ot al cel l ul ar [ 35 S] met hi oni ne- Connexi n43- P2 ( Musi l et al . ,

19906) . These t ur nover ki net i cs suggest ed t hat t he l oss of

bi ot i nyl at ed Connexi n43- NP obser ved bet ween 1- 3 h of chase

( l anes 2- 4) was due t o phosphor yl at i on t o Connexi n43- P

However , di r ect degr adat i on of at l east a f r act i on of t hi s bi o-

t i nyl at ed Connexi n43- NP wi t hout conver si on t o Connexi n43- P

cannot be def i ni t i vel y r ul ed out .

Exami nat i on of t he Tr i t on X- 100 r esi st ance of Connexi n43

r eveal ed t hat most of t he bi ot i nyl at ed [ 35S] met hi oni ne- con-

nexi n43 was sol ubl e i mmedi at el y af t er bi ot i nyl at i on ( Fi g. 9

B, l anes 1- 3) . Thi s obser vat i on i s consi st ent wi t h r esul t s ob-

t ai ned wi t h t ot al cel l ul ar [ 35 S] met hi oni ne- Connexi n43 af t er

a si mi l ar pul se- chase pr ot ocol ( Fi g. 3, l anes 4- 6) . By 3 h

of chase af t er bi ot i nyl at i on, however , sur f ace- l abel ed [ 35 S] -

met hi oni ne- Connexi n43 was compl et el y i nsol ubl e i n Tr i t on

( Fi g. 9 B, l anes 4- 6) . Taken t oget her , t hese obser vat i ons i n-

di cat e t hat cel l - sur f ace bi ot i nyl at ed Connexi n43 i s conver t ed

f r om Tr i t on- sol ubl e Connexi n43- NP t o a phosphor yl at ed

Connexi n43- P speci es t hat was Tr i t on- r esi st ant and t her ef or e

l i kel y t o be par t of a gap j unct i onal pl aque . Li ke t ot al cel l ul ar

[ 35 S] met hi oni ne- Connexi n43 ( Musi l et al . , 19906) , vi r t u-

1368



Fi gur e 9. Pr ocessi ng of cel l sur f ace connexi n43- NP t o Tr i t on i nsol ubl e connexi n43- 1? NRK cel l cul t ur es wer e met abol i cal l y l abel ed f or

30 mi n wi t h [ s
5 S] met hi oni ne and t hen i ncubat ed i n t he pr esence of an excess of unl abel ed met hi oni ne f or 1 h at 37° C t o per mi t t r anspor t

of [ s5 S] met hi oni ne- connexi n43 t o t he pl asma membr ane. The monol ayer s wer e t hen cel l - sur f ace bi ot i nyl at ed at 4° C, af t er whi ch t he cel l s

wer e chased at 37° C f or 0- 3 h t o f ol l ow t he f at e of bi ot i nyl at ed connexi n43. ( A) At t he end of t he speci f i ed chase per i od, t he cel l s wer e

l ysed di r ect l y i n SDS, and bi ot i nyl at ed connexi n43 was r ecover ed by t he doubl e pr eci pi t at i on pr ocedur e. ( B) Cel l s wer e subj ect ed t o t he

st andar d Tr i t on sol ubi l i t y assay ( 1% Tr i t on i n PBS, 30 mi n, 4° C) ei t her i mmedi at el y af t er bi ot i nyl at i on ( l anes 1- 3) or af t er a 3- h chase

( l anes 4- 6) . Cel l - sur f ace bi ot i nyl at ed connexi n43 was r ecover ed f r omequal amount s of t he t ot al cel l ul ar l ysat e ( l anes mar ked T) , Tr i t on-

sol ubl e super nat ant ( l anes mar ked S) , or Tr i t on- i nsol ubl e pel l et ( l anes mar ked P) f r act i ons .

al l y al l of t he bi ot i nyl at ed connexi n43 r emai ni ng 4 h af t er

synt hesi s had under gone t hi s pr ocess . We concl ude t hat cel l

sur f ace connexi n43- NP ser ves as a pr ecur sor t o connex-

i n43- P, suggest i ng t hat t r anspor t of connexi n43 t o t he pl asma

membr ane nor mal l y pr ecedes phosphor yl at i on t o ei t her t he

P, or Pz f or m.

Tl r anspor t of Connexi n43 t o Pl asma Membr ane i n
Communi cat i on- Def i ci ent Cel l Li nes

To det er mi ne whet her connexi n43 was al so t r anspor t ed t o t he

sur f ace of communi cat i on- def i ci ent cel l s, conf l uent mono-

l ayer s of S180 or L929 cel l s wer e met abol i cal l y l abel ed f or

5 h wi t h [ 35S] met hi oni ne and t hen bi ot i nyl at ed at 4° C ex-

act l y as descr i bed f or NRK cel l s ( Fi g. 10) . A bi ot i n- con-

j ugat ed speci es cor r espondi ng t o [ " S] met hi oni ne- connex-

i n43- NP was r ecover ed f r ombot h cel l t ypes, t he amount of

whi ch ( r el at i ve t o t ot al cel l ul ar PS] met hi oni ne- connexi n43)

r anged f r om0. 75 t o 1 . 5 t i mes as much as i n NRKcel l s ( Fi g .

10 A, l anes 2 and 6) . Cont r ol exper i ment s r eveal ed t hat r a-

di ol abel ed connexi n43- NP was not appr eci abl y bi ot i nyl at ed

i mmedi at el y af t er a 30- mi n pul se wi t h [ ' SS] met hi oni ne but

became accessi bl e t o t he bi ot i nyl at i on r eagent af t er a 1- h

chase ( Fi g . 10 B; compar e l ane 2 wi t h l ane 4 ; l ane 6 wi t h

l ane 8) . Bi ot i nyl at i on of connexi n43 t hus appear ed t o be

conf i ned t o t he pl asma membr ane, as was det er mi ned f or

NRK cel l s ( Fi g . 8) . We concl ude t hat S180 and L929 cel l s

t r anspor t connexi n43- NP t o t he cel l sur f ace but ar e def i ci ent

i n t he abi l i t y t o assembl e i t i nt o gap j unct i ons .

Musi l and Goodwough Gap Junct i on Assembl y

Ef f ect of Junct i onal Communi cat i on Di sr upt i on on

Thi t on Sol ubi l i t y of Connexi n43

Our st udi es have demonst r at ed t hat communi cat i on- compe-

t ent cel l t ypes conver t connexi n43- NP t o t he Tr i t on- i nsol u-

bl e, pl aque- associ at ed Pz f or m wher eas communi cat i on-

def i ci ent cel l s do not . To i nvest i gat e t he dependence of t hese

post t r ansl at i onal modi f i cat i ons of connexi n43 on ongoi ng

cel l - cel l communi cat i on, NRK cel l s wer e r ender ed com-

muni cat i on- def i ci ent by t r eat ment wi t h t he uncoupl i ng r eagent

hept anol ( Fi g. 11) . Hept anol has been shown t o r ever si bl y

bl ock t r ansf er of dye bet ween NRK cel l s ( as wel l as ot her

connexi n43- cont ai ni ng cel l t ypes) wi t hi n 10 mi n ( Chanson

et al . , 1989) . I f NRK cul t ur es wer e l abel ed f or 4 h wi t h
[ s5 S] met hi oni ne i n t he pr esence of 3. 5 mMhept anol , none

of t he [
35S] met hi oni ne- connexi n43 synt hesi zed dur i ng t hi s

per i od was phosphor yl at ed t o t he PZ f or m ( Fi g. 11 A, l ane

1) . Thi s f i ndi ng i s consi st ent wi t h our pr evi ous r esul t s ( Musi l

et al . , 1990b) . Thi s [ s5 S] met hi oni ne- connexi n43 was sol u-

bl e i n 1% Tr i t on X- 100 when assayed under our st andar d

condi t i ons ( 30 mi n, 4° C, i n PBS) ( Fi g . 11 A, l anes 1- 3) . I f ,

however , t he cel l s wer e l abel ed wi t h [ 35 S] met hi oni ne f or 4 h

i n t he absence of hept anol and onl y t hen uncoupl ed by a

10 mi n i ncubat i on i n hept anol - cont ai ni ng chase medi um,

t he [ 35S] met hi oni ne- connexi n43- P2 f or med dur i ng t he pul se

per i od r emai ned Tr i t on i nsol ubl e and f ul l y phosphor yl at ed

( Fi g. 11 B, l anes 4- 6) , i ndi st i ngui shabl e f r omunt r eat ed con-

t r ol s ( Fi g . 11 B, l anes 1- 3) . I mmunohi st ochemi cal st udi es

r eveal ed t hat t he macul ar ant i - connexi n43 ( 252- 271) st ai n-
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Fi gur e 10. Expr essi on of connexi n43 on t hepl asma membr ane of communi cat i on- def i ci ent 5180 and L929 cel l s. ( A) Cul t ur es of S180 ( l anes
1- 4) or L929 ( l anes S- 7) cel l s wer e met abol i cal l y l abel ed at 37° C wi t h [ 3' S] met hi oni ne f or 5 h bef or e cel l - sur f ace bi ot i nyl at i on at 4° C.
The cul t ur es wer e l ysed i n SDS and t ot al cel l ul ar connexi n43 was i mmunopr eci pi t at ed; a f r act i on of t hi s was t hen pr eci pi t at ed wi t h
avi di n- agar ose t o sel ect i vel y r ecover bi ot i nyl at ed connexi n43 mol ecul es . Lanes 1 and S, t ot al cel l ul ar connexi n43 i mmunopr eci pi t at ed
f r om 1/ 15 of a bi ot i nyl at ed 60- mmcel l cul t ur e. Lanes 2 and 6, bi ot i nyl at ed connexi n43 r ecover ed f r omt he r emai ni ng 14/ 15 of t he cor r e-
spondi ng 60- mmcel l cul t ur e. Lanes 3 and 7, same as l anes 2 and 6, r espect i vel y, except t hat NHS- LC- bi ot i n was quenched wi t h excess
gl yci ne pr i or t o t he bi ot i nyl at i on r eact i on . Lane 4 : same as l ane 2, except t hat connexi n43 i mmunopr eci pi t at i on was conduct ed i n t he
pr esence of 100, ug/ ml of compet i ng connexi n43 ( 252- 271) pept i de. ( B) S180 ( l anes 1- 4) or L929 ( l anes S- 8) cel l s wer e pul sed f or 30
mi n wi t h [ 3' S] met hi oni ne and t hen chased at 37° C f or ei t her 0 h ( l anes 1, 2, S, and 6) or 1 h ( l anes 3, 4, 7, and 8) . Cel l - sur f ace bi ot i nyl a-
t i on was t hen conduct ed at 4° C. Lanes mar ked T, t ot al cel l ul ar connexi n43 i mmunopr eci pi t at ed f r om 1/ 15 of a bi ot i nyl at ed 60- mmcel l
cul t ur e . Lanes mar ked B, bi ot i nyl at ed connexi n43 pur i f i ed by t he doubl e pr eci pi t at i on pr ocedur e f r om t he r emai ni ng 14/ 15 of t he cor r e-
spondi ng 60- mmcel l cul t ur e .
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Fi gur e 11. Ef f ect of hept anol on post t r ansl at i onal pr ocessi ng of Connexi n43 i n NRK cel l s . Conf l uent NRK cul t ur es wer e met abol i cal l y
l abel ed f or 4 h wi t h [ 33S] met hi oni ne i n ei t her t he pr esence ( A) or absence ( B) of uncoupl i ng l evel s ( 3 . 5 mM) of hept anol . ( B) The cul t ur es
wer e t hen chased f or 10 mi n ei t her wi t hout ( l anes 1- . 1) or wi t h ( l anes 4- 6) 3 . 5 mMhept anol . Al l cul t ur es wer e homogeni zed and subj ect ed
t o t he st andar d Tr i t on sol ubi l i t y assay ( 1% Tr i t on i n PBS, 30 mi n, 4° C) . Connexi n43 was i mmunopr eci pi t at ed f r om equal amount s of
t he t ot al cel l ul ar l ysat e ( l anes mar ked T) , Tr i t on- sol ubl e super nat ant ( l anes mar ked S) , or Tr i t on- i nsol ubl e pel l et ( l anes mar ked P) f r ac-
t i ons .

i ng pat t er n obser ved at cel l - cel l i nt er f aces i n unt r eat ed NRK

cel l s was r et ai ned af t er a 10- mi n i ncubat i on i n hept anol ( dat a

not shown) , a f i ndi ng consi st ent wi t h t he l ack of ef f ect of

br i ef exposur e t o hept anol on t he ul t r ast r uct ur e of pancr eat i c

aci nar cel l - gap j unct i ons ( Meda et al . , 1986 ; Br uzzone et

al . , 1987) . Si mi l ar r esul t s wer e obt ai ned when NRK cel l s l a-

bel ed f or 4 h wi t h [ ' SS] met hi oni ne wer e r ender ed communi -

cat i on- i ncompet ent by a di f f er ent mechani sm, i . e . , cyt opl as-

mi c aci di f i cat i on i nduced by br i ef ( 10- mi n) exposur e t o 100

C0 2 ( Schuet ze and Goodenough, 1982 ; dat a not shown) .

Thus, under uncoupl i ng condi t i ons, as i n al l ot her si t uat i ons

we have t est ed, Connexi n43- NP i s sol ubl e i n Tr i t on i n our

st andar d assay wher eas Connexi n43- P2 i s i nvar i abl y Tr i t on-

i nsol ubl e .

Di scussi on

Acombi nat i on of el ect r on mi cr oscopy, x- r ay di f f r act i on, and

ot her physi cal t echni ques have demonst r at ed t hat gap f unc-
t i onal pl aques consi st of ar r ays of i nt er cel l ul ar channel s,

each of whi ch i s composed of t wo hexamer i c connexons

j oi ned head- t o- head t o f or ma t r ansmembr ane por e ( Caspar
et al . , 1988) . We have st udi ed t he assembl y of t hi s compl ex
st r uct ur e by i nvest i gat i ng t he i nt r acel l ul ar t r anspor t and post -
t r ansl at i onal pr ocessi ng of Connexi n43, a member of t he

cl osel y r el at ed f ami l y of i nt egr al membr ane pr ot ei ns t hat

compr i se gap j unct i ons ( Beyer et al . , 1987; St evenson and

Paul , 1989) . We have shown t hat phosphor yl at i on of connex-
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í n43 t o t he mat ur e P2 f or m occur s af t er ar r i val of newl y

synt hesi zed Connexi n43- NP on t he cel l sur f ace and i s accom-

pani ed by accumul at i on of Connexi n43 i n Tr i t on X- 100-
i nsol ubl e gap j unct i onal pl aques . Connexi n43 i s al so t r ans-
por t ed t o t he pl asma membr ane of communi cat i on- def i ci ent

cel l s but r emai ns Tr i t on sol ubl e and i s not appr eci abl y pr o-

cessed t o t he Connexi n43- P2 f or m. Taken t oget her , t hese r e-
sul t s ar e consi st ent wi t h a model i n whi ch Connexi n43 i s con-
st i t ut i vel y t r anspor t ed t o t he pl asma membr ane r egar dl ess of

t he abi l i t y of t he cel l t o f or m gap j unct i ons . Subsequent

phosphor yl at i on of Connexi n43 t o t he P2 f or m occur s onl y
i n communi cat i on- compet ent cel l s and i s t empor al l y associ -

at ed wi t h, and may be f unct i onal l y i nvol ved i n, assembl y of
Connexi n43 i nt o mor phol ogi cal l y and physi ol ogi cal l y r ecog-
ni zabl e gap j unct i onal pl aques .

Det er gent Sol ubi l i t y of Phosphor yl at ed and

Nonphosphor yl at ed For ms of Connexi n43

A maj or f i ndi ng of t hi s st udy i s t hat newl y synt hesi zed
Connexi n43 i s compl et el y sol ubl e i n t he noni oni c det er gent
Tr i t on X- 100 but acqui r es Tr i t on r esi st ance concomi t ant
wi t h phosphor yl at i on t o t he Connexi n43- P2 f or m. I n si t u
ext r act i on of communi cat i on- compet ent NRK cul t ur es wi t h

1% Tr i t on, combi ned wi t h i mmunof l uor escent l ocal i zat i on
of Connexi n43, r eveal ed t hat Tr i t on- i nsol ubl e connexi n43-
P2 was concent r at ed i n gap j unct i onal pl aques wher eas non-
phosphor yl at ed ( Tr i t on- sol ubl e) Connexi n43- NP was pr e-
domi nant l y i nt r acel l ul ar . Acqui si t i on of Tr i t on r esi st ance
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t hus appear s t o be a usef ul bi ochemi cal mar ker f or accumu-

l at i on of connexi n43 i n gap j unct i onal pl aques, al t hough we

cannot r ul e out t he possi bi l i t y t hat a smal l amount of Tr i t on-
i nsol ubl e connexi n43 ( undet ect abl e by i mmunof l uor escence)

i s pr esent i n nonj unct i onal membr anes as wel l .

The physi cal basi s f or t he i nsol ubi l i t y of connexi n43- P2

i n Tr i t on i s unknown. Resi st ance t o Tr i t on X- 100 i s not ,

however , an i nevi t abl e consequence of t i ght packi ng of mul -

t i subuni t i nt egr al membr ane pr ot ei ns si nce t he ni cot i ni c ace-

t yl chol i ne r ecept or r emai ns Tr i t on sol ubl e even af t er assem-

bl y i nt o ext r emel y hi gh- densi t y pl asma membr ane cl ust er s

( Mi l edi et al . , 1971) . For some pr ot ei ns, post t r ansl at i onal

acqui si t i on of Tr i t on i nsol ubi l i t y has been shown t o r ef l ect

associ at i on wi t h t he cyt oskel et on ( Nel son, 1989) ; however ,

t her e i s no evi dence ( at l east i n l i ver and l ens f i ber s) t hat gap

j unct i onal pl aques i nt er act wi t h any f i l ament ous submem-

br anous syst ems ( Hi r okawa and Heuser , 1982 ; Per acchi a

and Per acchi a, 1980) . I nsol ubi l i t y of connexi n43- P2 i n Tr i -

t on i s al so unl i kel y t o be due t o f or mat i on of i nt er mol ecul ar

di sul f i de bonds si nce r educi ng agent s f ai l t o conver t connex-

i n43- P2 t o a Tr i t on- sol ubl e st at e ( Tabl e I ) . One pot ent i al

expl anat i on f or t he di f f er ent i al sol ubi l i t y of phosphor yl at ed

and nonphosphor yl at ed f or ms of connexi n43 i s t hat assem-

bl y of connexi n43 i nt o gap j unct i ons r esul t s i n a conf or ma-

t i onal change i n t he connexi n43 mol ecul e t hat r ender s t he

pl aque i nsol ubl e i n Tr i t on . Al t er nat i vel y, connexi n43 coul d

become post t r ansl at i onal l y associ at ed wi t h Tr i t on- r esi st ant

pl asma membr ane l i pi ds ( Yu et al . , 1973) . Eval uat i on of t hi s

possi bi l i t y awai t s def i ni t i ve det er mi nat i on of t he l i pi d com-

posi t i on of gap j unct i ons ( Mal ewi cz et al . , 1990) .

The cl assi c met hod used t o i sol at e gap j unct i ons f r omr o-

dent l i ver ( composed of connexi n32 and connexi n26) as wel l

as f r omhear t ( cont ai ni ng connexi n43) expl oi t s t he r el at i ve

r esi st ance of t hese st r uct ur es t o sol ubi l i zat i on i n t he i oni c de-

t er gent N- l aur yl sar cosi ne ( Goodenough and St oeckeni us,

1972 ; Her t zber g and Gi l ul a, 1979 ; Kensl er and Goodenough,

1980) . The obser vat i on her e t hat connexi n43- P2 f r omNRK

cel l s i s vi r t ual l y quant i t at i vel y sol ubi l i zed under condi t i ons

( 0. 3 %sar cosi ne, 5 mMTr i s, pH 10 ; 10 mi n, 25 ° C) t hat yi el d

sar cosi ne- i nsol ubl e gap j unct i ons f r om r at hear t ( Kensl er

and Goodenough, 1980) t hus r equi r es expl anat i on . Di f f er en-

t i al or gani zat i on of connexi n43 i n t i ssue- cul t ur e cel l s com-

par ed t o whol e or gans cannot be t he answer , si nce connex-

i n43 i n embr yoni c chi ck l ens i s al so sol ubl e i n sar cosi ne i n

our assay ( Fi g . 2) . Thr ee expl anat i ons seempl ausi bl e .

Fi r st , t he gap j unct i ons r ecover ed f r omr at hear t af t er sar -

cosi ne t r eat ment may r epr esent a ver y smal l ( and per haps

speci al i zed) f r act i on of t he t ot al gap j unct i on popul at i on . An

ear l y est i mat e of t he yi el d of gap j unct i ons obt ai ned f r om

mouse l i ver usi ng a sar cosi ne i nsol ubi l i t y- based i sol at i on

pr ocedur e was - 10%( Goodenough and St oeckeni us, 1972) .

The amount of pr ot ei n r ecover ed i n t he f i nal gap j unct i on

f r act i on has si nce been shown t o be - 100- f ol d l ess ( D. Good-

enough, unpubl i shed dat a) , decr easi ng t hi s f i gur e t o - 0 . 1%.

Al t hough t he r eason f or t hi s l ow yi el d of gap j unct i ons has

not been syst emat i cal l y st udi ed, t he obser vat i on of Her t z-

ber g and Gi l ul a ( 1979) t hat r at l i ver gap j unct i onal pl aques

ar e i n f act par t i al l y sol ubl e i n sar cosi ne suggest s t hat si g-

ni f i cant l oss of j unct i onal mat er i al may occur dur i ng sar co-

si ne t r eat ment . Consi st ent wi t h t hi s i nt er pr et at i on, t he r e-

cover y of gap j unct i ons f r omr at l i ver i ncr eases 10- f ol d when

a det er gent - f r ee, r at her t han a sar cosi ne- based, i sol at i on pr o-

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

cedur e i s used ( Her t zber g, 1984) . Gi ven t hat car di ac gap
j unct i ons ar e l ess r esi st ant t o sar cosi ne t han t hose f r oml i ver

( Kensl er and Goodenough, 1980) , i t i s t her ef or e l i kel y t hat
t he yi el d of sar cosi ne- i nsol ubl e gap j unct i ons f r omhear t i s

ver y l ow.

Second, publ i shed pr ocedur es f or t he i sol at i on of gap
j unct i ons f r omr odent hear t and l i ver ( see above) i nvol ve sev-
er al f r act i onat i on st eps bef or e sar cosi ne t r eat ment . I t i s pos-
si bl e t hat dur i ng t hese mani pul at i ons some gap j unct i ons ar e
ar t i f act ual l y conver t ed t o a sar cosi ne- r esi st ant f or m i n a

manner t hat i s not r epr oduced i n our sol ubi l i zat i on assay
ut i l i zi ng f r eshl y pr epar ed whol e- cel l l ysat es .

A t hi r d al t er nat i ve t hat we cannot r ul e out i s t hat connex-
i n43 i n hear t i nt er cal at ed di sks i s genui nel y l ess sol ubl e i n

sar cosi ne t hat connexi n43 i n ei t her NRKcel l s or embr yoni c

chi ck l ens epi t hel i um, per haps r ef l ect i ng t he pr esence of as
yet uni dent i f i ed connexi ns or ot her st r uct ur al pr ot ei ns i n

hear t gap j unct i ons t hat conf er st abi l i t y t o har sh det er gent s.
Di r ect quant i t at i on of t he sar cosi ne sol ubi l i t y of gap j unc-
t i ons i n car di ac and hepat i c t i ssue wi l l be r equi r ed t o r esol ve

whi ch of t hese t hr ee possi bi l i t i es ( i f any) i s cor r ect .

Tr anspor t of Connexi n43 t o t he Pl asma Membr ane

We devel oped a bi ochemi cal assay f or t r anspor t of connex-

i n43 t o t he pl asma membr ane based on t he t echni que of cel l -

sur f ace bi ot i nyl at i on ( Le Bi vi c et al . , 1989 and 1990b) .

Usi ng t hi s assay, we det er mi ned t hat connexi n43 i s i nser t ed

i nt o t he pl asma membr ane of communi cat i on- compet ent

NRK cel l s pr i or t o conver si on t o ei t her t he connexi n43- P,

or t he connexi n43- P2 f or m. Thi s cel l - sur f ace connexi n43-

NP i s sol ubl e i n Tr i t on, suggest i ng t hat t r anspor t t o t he

pl asma membr ane i s not coi nci dent wi t h assembl y of con-

nexi n43 i nt o j unct i onal pl aques . Thi s concl usi on i s f ur t her

suppor t ed by our f i ndi ng t hat cel l l i nes wi t h ver y f ew ( S1ß0

cel l s) or no ( L929 cel l s) mor phol ogi cal l y or physi ol ogi cal l y

det ect abl e gap j unct i ons never t hel ess t r anspor t connexi n43

t o t he pl asma membr ane . Taken t oget her , t hese st udi es pr o-

vi de t he f i r st bi ochemi cal pr oof f or " f r ee" ( ext r aj unct i onal )

channel pr ecur sor s i n t he pl asma membr ane, t he exi st ence

of whi ch has l ong been hypot hesi zed ( Loewenst ei n, 1981 ;

Rook et al . , 1990) . I n communi cat i on- compet ent cel l s, ex-

t r aj unct i onal cel l - sur f ace connexi n43- NP i s ef f i ci ent l y con-

ver t ed i nt o Tr i t on- i nsol ubl e and t her ef or e pl aque- associ at ed

connexi n43- P2 . Our dat a t hus suppor t a model of gap j unc-

t i on f or mat i on i n whi ch channel pr ecur sor s ar e i nser t ed i nt o

nonspeci al i zed r egi ons of t he pl asma membr ane and subse-

quent l y accumul at e at si t es of cel l - cel l cont act by l at er al

mi gr at i on i n t he pl ane of t he membr ane bi l ayer ( Loewen-

st ei n, 1981) . The absence of cel l - cel l adhesi on mol ecul es i n

communi cat i on- def i ci ent S180 and L929 cel l s ( Mege et al . ,

1988 ; Nagaf uchi et al . , 1987) r ul es out an obl i gat or y r ol e

f or CAM- medi at ed i nt er cel l ul ar associ at i on i n t he t r anspor t

of connexi n43 t o t he pl asma membr ane.

Al t hough hi ghl y sel ect i ve f or connexi n43 on t he pl asma

membr ane, cel l - sur f ace bi ot i nyl at i on i s not a quant i t at i ve

t echni que . I n t he f our cel l l i nes we exami ned ( NRK, S180L,

S1ß0, and L929) , onl y - 1% of t he t ot al [ 3I S] met hi oni ne-

connexi n43 l abel ed dur i ng a 5- h pul se wi t h [ 35S] met hi oni ne

was r ecover ed wi t h avi di n- agar ose af t er cel l - sur f ace bi o-

t i nyl at i on at 4° C ( Fi gs . 7 and 10) . Thi s l ow per cent age i s

hi ghl y r epr oduci bl e ( r ange, 0. 7- 1 . 3 %; n = 8 i n NRK cel l s)

and i s not due t o i nef f i ci ency of ei t her of t he pr eci pi t at i on
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st eps, i ncompl et e el ut i on of connexi n43 f r om t he avi di n-

agar ose beads, or t o obvi ous degr adat i on of connexi n43

( dat a not shown) . Two i nt er r el at ed f act or s pr obabl y account

f or t he l i mi t ed yi el d of bi ot i nyl at ed connexi n43 . Fi r st i s t he

l ow ef f i ci ency of t he bi ot i nyl at i on r eact i on i t sel f , whi ch has

been est i mat ed t o var y f r omN9- 50 %, dependi ng on t he par -

t i cul ar pr ot ei n exami ned ( Le Bi vi c et al . , 1989 ; Mat t er et al . ,

1990) . I n suppor t of t hi s possi bi l i t y, we have f ound t hat r ai s-

i ng t he t emper at ur e at whi ch NRK cel l s wer e bi ot i nyl at ed

f r om4° C t o 37° C i ncr eased t he amount s ( r el at i ve t o t ot al

cel l ul ar [ 3 I S] met hi oni ne- connexi n43) of avi di n- pr eci pi t abl e

[ " S] met hi oni ne- connexi n43- NP t hr eef ol d and of [ 11 S] me-

t hi oni ne- connexi n43- P t enf ol d, despi t e t he f act t hat i nt r acel -

l ul ar connexi n43 r emai ned i naccessi bl e t o t he bi ot i nyl at i on

r eagent at t he hi gher t emper at ur e ( not shown) . Thus, an ab-

sol ut e maxi mum of one t hi r d of t he [ 3I S] met hi oni ne- con-

nexi n43- NP and one t ent h of t he [ 3 I S] met hi oni ne- connex-

i n43- P act ual l y pr esent on t he pl asma membr ane becomes

bi ot i nyl at ed under st andar d l abel i ng condi t i ons ( 4° C) . Shoul d

t he ef f i ci ency of bi ot i nyl at i on of connexi n43 at 37" C be

consi der abl y l ess t han 100%, t hi s f r act i on woul d dr op ac-

cor di ngl y .

The second pr obabl e cause f or t he l ow yi el d of bi ot i ny-

l at ed connexi n43 i n communi cat i on- compet ent cel l s i s i nac-

cessi bi l i t y of pl aque- associ at ed connexi n43 t o t he sur f ace-

l abel i ng r eagent . Compar i son of t he phosphor yl at i on st at e of

t ot al [ 31 S] met hi oni ne- l abel ed connexi n43 i n NRK cel l s wi t h

t hat of cel l - sur f ace bi ot i nyl at ed connexi n43 r eveal s t hat pr o-

por t i onat el y l ess connexi n43- P t han connexi n43- NP be-

comes bi ot i nyl at ed at any gi ven t i me. Al t hough r eadi l y de-

t ect abl e under st eady- st at e l abel i ng condi t i ons ( Fi g . 7, l ane 1

vs . l ane 3) , t hi s phenomenon i s most st r i ki ngl y i l l ust r at ed i n

a pul se- chase exper i ment ( Fi g . 8) i n whi ch phosphor yl at ed

connexi n43 r epr esent s 80%of t he t ot al cel l ul ar [ 3I S] met hi -

oni ne- connexi n43 r ecover ed af t er a 3- h chase ( Fi g . 8, l ane

S) but onl y 45 %of t he connexi n43 bi ot i nyl at ed at t hi s t i me

( Fi g . 8, l ane 6) . Cont r ol exper i ment s i ndi cat ed t hat t hi s

under - r epr esent at i on of connexi n43- P af t er bi ot i nyl at i on

was not due t o ar t i f act ual dephosphor yl at i on dur i ng t he dou-

bl e pr eci pi t at i on pr ocedur e ( see Mat er i al s and Met hods) .

Si nce phosphor yl at ed f or ms of connexi n43 ar e Tr i t on i nsol u-

bl e ( Fi g . 1 A) , we bel i eve t hat t he most l i kel y r eason why

connexi n43- P i s i nef f i ci ent l y l abel ed by cel l - sur f ace bi ot i ny-

l at i on i s t hat i t i s l ar gel y i ncor por at ed i nt o gap j unct i onal

pl aques . Pl aque- associ at ed connexi n43 may be a poor sub-

st r at e f or t he bi ot i nyl at i on r eagent because of r est r i ct ed di f -

f usi on of NHS- LC- bi ot i n ( mol mass = 556 D; 2 . 24 nm) i n

t he 2- nmi nt r aj unct i onal " gap" or t o changes i n t he t er t i ar y

or quat er nar y st r uct ur e of connexi n43 t hat r ender t he pr o-

t ei n' s r eact i ve l ysi ne r esi dues i naccessi bl e af t er pl aque f or ma-

t i on . Reduced bi ot i nyl at i on of j unct i onal connexi n43 woul d

al so expl ai n why appr oxi mat el y t he same f r act i on ( - I %) of

t ot al cel l ul ar [ 33 S] met hi oni ne- connexi n43 becomes bi ot i ny-

l at ed i n NRK cel l s ( wi t h abundant l ar ge pl aques) as i n S180

and L929 cel l s t hat l ack det ect abl e gap j unct i ons .

I n l i ght of t hese quant i t at i ve l i mi t at i ons of t he cel l - sur f ace

bi ot i nyl at i on assay, we cannot cal cul at e t he t i / 2 of t r anspor t

of connexi n43 t o t he pl asma membr ane or di r ect l y det er -

mi ne t he f r act i on of t ot al connexi n43 pr esent on t he cel l sur -

f ace at a gi ven t i me . Our demonst r at i on t hat phosphor yl at i on

of connexi n43 t o t he P2 f or moccur s af t er t r anspor t t o t he

pl asma membr ane and t hat t hi s speci es accumul at es i n cel l
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sur f ace pl aques . does, however , al l ow us t o concl ude t hat

most ( i f not al l ) connexi n43- P2 i s l ocal i zed t o t he pl asma

membr ane . Conver sel y, most i nt r acel l ul ar connexi n43 ap-

pear s t o be nonphosphor yl at ed, al t hough t he pr esence of i n-

t er nal i zed connexi n43- P2 dest i ned f or degr adat i on cannot

be r ul ed out .

Rol e of Connexi n43 Phosphor yl at i on i n

Gap Junct i on For mat i on and Funct i on

On t he basi s of our cur r ent and pr evi ous dat a ( Musi l et al . ,

1990a and b) , we can el i mi nat e cer t ai n pot ent i al f unct i ons

f or phosphor yl at i on of connexi n43 t o t he P, or P2 f or m.

Fi r st , t he pr esence of connexi n43- NP on t he pl asma mem-

br ane of bot h communi cat i on- compet ent and - def i ci ent cel l s

r ul es out an obl i gat or y r ol e f or pr ocessi ng t o ei t her t he P,

or P2 f or m i n t he t r anspor t of connexi n43 t o t he pl asma

membr ane . Our demonst r at i on t hat cel l - sur f ace connexi n43-

NP i s conver t ed t o Tr i t on- i nsol ubl e connexi n43- P i n NRK

cel l s suggest s t hat t r anspor t of connexi n43- NP t o t he pl asma

membr ane i s par t of t he nor mal pat hway l eadi ng t o gap j unc-

t i on f or mat i on i n communi cat i on- compet ent cel l s . Si nce

connexi n43- P, and - P2 ar e t he onl y f or ms of connexi n43 t o

become appr eci abl y l abel ed Wi t h 32 P i n t he cel l t ypes we

have exami ned, t hese r esul t s ar e consi st ent wi t h ar r i val of

connexi n43 at t he cel l sur f ace i n a nonphosphor yl at ed st at e .

The r epor t ed pr esence of an addi t i onal , mi nor phosphor y-

l at ed f or m of connexi n43 t hat appear s t o be a ki net i c i nt er -

medi at e bet ween connexi n43- NP and - P, i n vol e f i br obl ast s

( Cr ow et al . , 1990) does, however , r ai se t he possi bi l i t y t hat

i n at l east some cel l t ypes i ni t i al phosphor yl at i on of connex-

i n43 may begi n bef or e t r anspor t t o t he pl asma membr ane

and conver si on t o t he P, and P2 f or ms . Second, phosphor y-

l at i on does not appr eci abl y af f ect t he met abol i c st abi l i t y of

connexi n43 : t he t v2 of degr adat i on of connexi n43 i s equi va-

l ent i n cel l s t hat pr ocess connexi n43 t o bot h t he P, and P2

f or ms ( NRK cel l s) and t hose t hat do not ( L929 cel l s) ( Musi l

et al . , 1990b) . Last l y, phosphor yl at i on of connexi n43 i s not

excl usi vel y associ at ed wi t h act i vel y communi cat i ng cel l s

( Fi g . 11) . The pr esence of Tr i t on- r esi st ant connexi n43- P2 i n

uncoupl ed as wel l as act i vel y communi cat i ng NRKcel l s sug-

gest s t hat r ever si bl e conver si on of connexi n43 t o and f r om

t he Tr i t on- i nsol ubl e P2 f or m i s not t he mechani smof i nt er -

cel l ul ar channel openi ng and cl osur e .

Under al l condi t i ons exami ned, t er mi nal phosphor yl at i on

of connexi n43 was t i ght l y l i nked t o acqui si t i on of Tr i t on i n-

sol ubi l i t y and t her ef or e t o accumul at i on of connexi n43 i nt o

gap j unct i onal pl aques . Phosphor yl at i on t o t he connexi n43-

P2 f or mcoul d t hus pot ent i al l y be i nvol ved i n est abl i shment

and/ or mai nt enance of gap j unct i onal pl aques . I n t hi s case,

det er mi nat i on of t he r ol e of connexi n43 phosphor yl at i on wi l l

most l i kel y r equi r e det ai l ed anal ysi s of t he assembl y st at e of

phosphor yl at i on- def i ci ent connexi n43 mut ant s .
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