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Abst r act . The codi ng sequence ( 333 ami no aci ds) of

a new connexi n pr ot ei n, desi gnat ed mouse connexi n37

( Cx37 or Cx37. 6) due t o t he deduced t heor et i cal mo-

l ecul ar mass of 37. 600 kD, has been det er mi ned f r om

cDNA and genomi c cl ones. As seen i n ot her connexi ns,

i t s gene has no i nt r ons wi t hi n t he codi ng r egi on and

t he deduced ami no aci d sequence i s pr edi ct ed t o have

si mi l ar t opol ogy t o ot her connexi ns t hat f or m i nt er cel -

l ul ar channel s . The ami no aci d sequence of mouse

Cx37 i s most si mi l ar t o r at connexi n43 ( 59% i dent i t y)

and Xenopus connexi n38 ( 66% i dent i t y) when com-

par ed f r om t he NH2 t er mi nus t o t he end of t he f our t h

put at i ve t r ansmembr ane r egi on . When expr essed i n

C
CNNEx1Ns ar e t he pr ot ei n subuni t s of gap j unct i onal

cel l t o cel l channel s . So f ar f our di f f er ent connexi n

cDNAs have been cl oned f r om r at t i ssues : connexi n32

( Cx32) ( Paul , 1986 ; Kumar and Gi l ul a, 1986 ; Heynkes et

al . , 1986) , connexi n26 ( Cx26) ( Zhang and Ni chol son, 1989)
f r om l i ver , connexi n43 ( Cx43) ( Beyer et al . , 1987) f r om

hear t , and connexi n46 ( Cx46) ( Beyer et al . , 1988) f r oml ens .
Anot her member of t he connexi n f ami l y ( M 70, 000) has

been i dent i f i ed bi ochemi cal l y i n sheep eye l ens ( Ki st l er et

al . , 1988) and sever al ot her connexi ns have been cl oned i n

chi cken ( Cx42, Cx43, and Cx45 ; Beyer , 1990) and f r og

( COO, Cx38, and Cx43 ; Ebi har a et al . , 1989 ; Gi ml i ch et al . ,

1988, 1990) . The nomencl at ur e or i gi nal l y pr oposed by Beyer

et al . ( 1987, 1990) and used t hr oughout t hi s manuscr i pt i n

abbr evi at ed f or m, uses cal cul at ed mol ecul ar mass i n ki l odal -

t ons t o di f f er ent i at e f ami l y member s and t hus makes no over t

assumpt i ons as t o t he r el at edness wi t hi n t he f ami l y ( see

Gi ml i ch et al . , 1990 ; Ri sek et al . , 1990) . The ami no aci d

sequences of al l known connexi ns show a si mi l ar t opol ogy

suggest ed by t hei r hydr opat hy pl ot s. Ther e ar e f our put at i ve

t r ansmembr ane r egi ons of whi ch t he t hi r d one cont ai ns pol ar

r esi dues suggest i ve of an amphi pat hi c hel i x . Thi s has l ed t o

t he pr oposal t hat si x of t hese hel i xes ( one per subuni t ) may

f or m t he gap j unct i on channel ( f or r evi ew see Beyer et al . ,

1990 ; Wi l l ecke and Tr aub, 1990) . Resul t s wi t h di f f er ent ant i -

pept i de ant i bodi es and assays of membr ane pr ot eol ysi s pr o-

t ect i on suppor t t he t opol ogi cal model and suggest t hat bot h
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Xenopus oocyt es Cx37 f or ms f unct i onal i nt er cel l ul ar

channel s t hat exhi bi t mor e sensi t i ve and r api d gat i ng

i n r esponse t o vol t age t han any pr evi ousl y char act er -

i zed ver t ebr at e gap j unct i on . Under st r i ngent condi -

t i ons t he Cx37 cDNA hybr i di zes t o an mRNA of 1 . 7

kb t hat i s f ound hi ghl y abundant i n l ung and t o pr o-

gr essi vel y l esser ext ent s i n br ai n, ki dney, ski n, spl een,

l i ver , i nt est i ne, and hear t . Embr yoni c br ai n, ki dney,

and ski n expr ess t wo t o f i vef ol d hi gher l evel s of t he

Cx37 t r anscr i pt t han t he cor r espondi ng adul t t i ssues .

Cx37 t r anscr i pt s wer e al so f ound t o i ncr ease t wo t o

t hr eef ol d i n r esponse t o r et i noi c aci d t r eat ment of cul -

t ur ed embr yoni c car ci noma F9 cel l s .

t he NH2- and COOH- t er mi nal sequence of each connexi n

subuni t f ace t he cyt opl asm ( Mi l ks et al . , 1988 ; Her t zber g et
al . , 1988 ; Beyer et al . , 1989 ; Yancey et al . , 1989) . I n com-
par i sons of t he known connexi n sequences, i t i s not abl e t hat
t hese cyt opl asmi c domai ns ar e most var i abl e whi l e t hose po-
si t i ons of t he sequence i nvol ved i n channel st r uct ur e ( i n
membr ane spans and ext r acel l ul ar l oops) ar e most st r i ct l y
conser ved .

The genes f or r at connexi n32 and human connexi n43 have
been descr i bed ( Mi l l er et al . , 1988 ; Fi shman et al . , 1990) .
Bot h genes cont ai n an i nt r on i n t he unt r ansl at ed r egi on up-
st r eam of t he not abl y i nt r on- l ess codi ng r egi on. Connexi n
genes have r ecent l y been shown not t o be l ar gel y cl ust er ed,
wi t h si x di f f er ent genes and one pseudogene bei ng mapped
t o f i ve human chr omosomes ( Wi l l ecke et al . , 1990b) .

Al t hough connexi ns ar e expr essed i n a cel l t ype- speci f i c
manner t her e appear s t o be consi der abl e over l ap i n t hei r di s-
t r i but i ons ( Beyer et al . , 1989 ; Der mi et zel et al. , 1989 ; Zhang
and Ni chol son, 1989) . I ndeed, i n hepat ocyt es bot h Cx32 and
Cx26 ar e f ound i n t he same gap j unct i onal pl aque ( Ni chol son
et al . , 1987) . Si nce i nt r acel l ul ar communi cat i on bet ween he-
pat ocyt es can be st r ongl y i nhi bi t ed by mi cr oi nj ect ed ant i -
bodi es t o Cx32 and Cx26 i t has been suggest ed t hat het er o-
mer i c gap j unct i on channel s may exi st i n t hese cel l s ( Tr aub
et al . , 1989) . I nt er act i ons bet ween di f f er ent connexi ns have
been demonst r at ed di r ect l y i n Xenopus oocyt es wher e each
cel l of t he pai r expr esses a di st i nct connexi n . Het er ot ypi c i n-



t er act i ons bet ween r at Cx43 and Cx32, or Xenopus Cx38

( Swenson et al . , 1989 ; Wer ner et al . , 1989) as wel l as t he

mor e physi ol ogi cal l y r el evant case of r at Cx32 and Cx26

( Bar r i o et al . , submi t t ed) have been document ed i n t hi s man-

ner . However , i t i s cl ear t hat i ndi vi dual connexi ns can al so

f or m i nt er cel l ul ar channel s al one when expr essed i n Xenopus

oocyt es ( Dahl et al . , 1987 ; Swenson et al . , 1989) or i n cou-

pl i ng def i ci ent human hepat oma cel l s ( Eghbal i et al . , 1990 ;

Fi shman et al . , 1990) .

Her e we descr i be i sol at i on and char act er i zat i on of t he cod-

i ng sequence f or mouse Cx37, whose t r anscr i pt s ar e par t i cu-

l ar l y abundant i n l ung . Li ke ot her member s of t he connexi n

f ami l y, Cx37 shows r el at i vel y hi gh homol ogy wi t h ot her

connexi ns i n t hose sect i ons, codi ng f or t he t wo pr esumabl y

ext r acel l ul ar domai ns and t hr ee of t he f our put at i ve t r ans-

membr ane r egi ons . Li t t l e or no homol ogy t o ot her connexi ns

i s f ound i n t he pr esumabl y cyt opl asmi c l oop connect i ng t he

second and t hi r d hydr ophobi c r egi ons nor i n t he l ong r egi on

codi ng f or t he pr esumabl y i nt r acel l ul ar COOH- t er mi nal hal f

of t he pol ypept i de chai n .

Mat er i al s and Met hods

DNALi br ar i es

The cDNA l i br ar y ( 8 x 106 r ecombi nant s, aver age si ze of i nser t DNA 1 . 7

kb) , i n l ambda gt l l , f r omadul t mouse br ai n mi nus cer ebel l um was a gi f t

of Dr . D. Bar t el s and Dr . W. Wi l l e ( I nst i t ut f ür Genet i k, Uni ver si t ät K61n,

Ger many) . The mouse genomi c l i br ar y was pr epar ed by Ms . Ri t a Lange

and Dr . W. Wi l l e af t er par t i al di gest i on of mouse sper mDNA wi t h SauI I I a,

si ze f r act i onat i on ( 10- 20 kb) of t he DNAand l i gat i on i nt o t he subst i t ut i on

vect or EMBL3 cut wi t h BamHI . The genomi c l i br ar y has a compl exi t y of

N3 x 106 i ndependent phages ( aver age si ze of i nser t DNA 17- 18 kb) .

I sol at i on of Mouse Cx37cDNA

The mouse br ai n cDNA l i br ar y ( 500, 000 l ambda gt l l - pl aques) was

scr eened on 10 f i l t er s ( 132 mm, Hybond- N; Amer sham I nt er nat i onal ,

Amer sham, UK) wi t h a r at l i ver Cx32 cDNA cl one ( BamHI - Hi ndI I I f r ag-

ment ) ( Heynkes et al . , 1986) t hat had been l abel ed by r andom pr i mi ng

( Amer sham I nt er nat i onal ) . Pr ehybr i di zat i on of t he f i l t er s was car r i ed out

over ni ght at 38° C i n 5XSSC, 5x Denhar dt ' s sol ut i on, 0. 5%SDS, and 50%

f or mami de ( I xSSC i s 0. 15 MNaCl cont ai ni ng 0 . 015 Msodi um ci t r at e ;

Denhar dt ' s sol ut i on: 0. 02% ( wt / vol ) BSA, 0. 2% ( wt / vol ) Fi col l , and 0 . 02%

( wt / vol ) pol yvi nyl pyr ol l i done) . Then t he l abel ed DNA pr obe ( 50 ni l wi t h

6 x 106 r pm; speci f i c act i vi t y : 2 . 4 x 101 cpm/ pg) was added and al l owed

t o hybr i di ze f or 2 d at 38° C. Fi l t er s wer e subsequent l y, washed f or 1 h at

50° C i n 2xSSC, 1%SDS and t wi ce f or 1 h at 50° C i n I XSSC, 0. 1% SDS

pr i or t o exposur e t o x- r ay f i l m f or 10 d at - 80° C. , Pl aques hybr i di zi ng t o

t he pr obe wer e r epl aced and r epl i cas wer e obt ai ned on f i l t er s t hat had been

pr ehybr i di zed i n a sol ut i on of 0. 25%powder ed mi l k, 6XSSC, and 50%f or -

mami de . The washi ng st eps wer e t he' sáme as descr i bed f or i dent i f i cat i on

of t he pl aques . DNA f r omt hr ee pl aques was pur i f i ed af t er l ysi s of Esche-

r i chi a col i Y1090 host bact er i a by phenol ext r act i on and adsor pt i on t o gl ass

powder ( Vogel st ei n and Gi l l espi e, 1979) . Af t er EcoRl di gest i on t he i sol at ed

DNA was subcl oned i nt o pUC19 and sequenced on bot h st r ands by a modi -

f i cat i on ( Tabor and Ri char dson, 1987) of t he di deoxy t er mi nat i on met hod

of Sanger et al . ( 19' 77) .

I sol at i on of Genomi c Cx37 DNA

The genomi c mouse l i br ar y ( 450, 000 EMBL3 phages) was scr eened on 10

f i l t er s ( 132 mm, Hybond- N; Amer sham I nt er nat i onal ) wi t h r at l i ver Cx26

cDNA ( Zhang and Ni chol son, 1989) l abel ed by r andompr i mi ng ( 2 . 4 x

105 cpm/ ml ; speci f i c act i vi t y: 9. 6 x 101 cpm/ gg DNA) accor di ng t o a

st andar d pr ot ocol of pl aque hybr i di zat i on ( Sambr ook et al . , 1989) under

l ower ed st r i ngency at 38° C, 50%f or mami de, and 5 XSSC. 25 pl aques wer e

i sol at ed af t er 2 r escr eeni ngs .

To det er mi ne whi ch connexi n genes wer e r epr esent ed i n t hese phages,

2 kl of l ysat e f r omeach pur i f i ed pl aque was pl at ed as a dot ont o a l awn of
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E. col i LE392 on a BBL agar ose ( Seakem; FMC Bi opr oduct s, Rockl and,

ME) pl at e and i ncubat ed over ni ght at 37° C. The next day a Hybond- N f i l t er

( Amer sham I nt er nat i onal ) was dr awn and subj ect ed t o hybr i di zat i on wi t h

var i ous connexi n cDNAs under st r i ngent condi t i ons ( 50% f or mami de,

42° C, 5XSSC) . As cont r ol , 1 ng each of sever al connexi n cDNAs ( Cx26,

Cx32, Cx37, or Cx43) was heat denat ur ed i n 15XSSC, spot t ed ont o a Hy-

bond f i l t er , dr i ed and f i xed t o t he f i l t er by UV i r r adi at i on at 254 nm. The

cont r ol f i l t er was hybr i di zed under t he same condi t i ons as t hose cont ai ni ng

i mmobi l i zed DNA f r om r ecombi nant phages . No cr oss r eact i on of Cx37

cDNA wi t h Cx26, Cx32, or Cx43 cDNAs was f ound. Four pur i f i ed pl aques

wer e i dent i f i ed t hat hybr i di zed speci f i cal l y t o Cx37 cDNA. Phage DNA was

i sol at ed usi ng st andar d pr ot ocol s ( Sambr ook et al . , 1989) . Thr ough com-

par i son of t he r est r i ct i on maps of t he Cx37 cDNA i n conj unct i on wi t h hy-

br i di zat i on dat a on t he di gest ed phage DNA, i t was concl uded t hat one of

t he phage i nser t s cont ai ned t he Cx37 codi ng sequence and - 11 kb of up-

st r eamf l anki ng DNA. Thi s phage DNA was doubl e di gest ed wi t h EcoRl

and SaH and t he r esul t i ng i nser t f r agment s wer e subcl oned i nt o t he pl asmi d

pUC19 . One of t hese EcoRl f r agment s of 2 . 9 kb cont ai ned t he Cx37 codi ng

sequence and Nl kb 5' f l anki ng DNA. Thi s DNA was sequenced by t he

chai n modi f i ed t er mi nat i on met hod ( Tabor and Ri char dson, 1987) usi ng ap-

pr opr i at e ol i gonucl eot i de pr i mer s der i ved f r omt he Cx37 cDNA sequence .

Comput er i zed cal cul at i ons of ami no aci d i dent i t i es and al i gnment s of di f f er -

ent connexi n sequences wer e per f or med by use of t he Mi cr ogeni e sequence

anal ysi s pr ogr am ( Beckman I nst r ument s, Ful l er t on, CA) .

Sout her n and Nor t her n Bl ot Anal ysi s

DNAf r omt he l i ver of BALB/ c mi ce was pr epar ed accor di ng t o a st andar d

pr ocedur e ( Sambr ook et al . , 1989) . Tot al RNA f r ommouse t i ssues or ex-

ponent i al l y gr owi ng cul t ur ed cel l s was i sol at ed usi ng t he guani di ni um

i sot hi ocyanat e/ cesi um chl or i de met hod of Chi r gwi n et al . ( 1979) . Equal

amount s of t ot al RNA f r omeach t i ssue assayed wer e used f or el ect r ophor e-

si s . The 1. 5- kb cDNA f r agment of Cx37 was l abel ed by t he r andompr i mi ng

pr ocedur e wi t h a[ 32P] dCTP ( Amer shamI nt er nat i onal ) t o a speci f i c act i v-

i t y of 0. 2- 1 x 109 cpm/ Wg DNA f ol l owi ng t he pr ocedur e r ecommended by

t he manuf act ur er . Sout her n and Nor t her n bl ot hybr i di zat i ons wer e car r i ed

out under st r i ngent condi t i ons ( 50%f or mami de, 42° C, 5xSSC) f ol l owi ng

a st andar d pr ot ocol ( Sambr ook et al . , 1989) . The amount s of pol yA+ RNA

on Nor t her n bl ot s wer e st andar di zed by hybr i di zat i on t o t he 1 . 58- kb

EcoRI - Sal l f r agment of mouse cyt ochr ome c oxi dase cDNA ( cl one pAG82 ;

Her get et al . , 1989) or t he 1. 2- kb cDNA of human gl ycer al dehyde 3 phos-

phat e dehydr ogenase ( Hanauer and Mandel , 1984) .

For compar i son of t he amount s of Cx37 and Cx26 t r anscr i pt s, 20 Fi g of

t ot al RNA f r om each t i ssue was el ect r ophor esed i n 1 . 2% agar ose i n t he

pr esence of 2 . 2 Mf or mami de ( Sambr ook et al . , 1989) . Af t er et hi di umbr o-

mi de st ai ni ng t he RNA was bl ot t ed ont o Hybond N membr anes . Af t er -

war ds, no et hi di umbr omi de- st ai ned bands coul d be seen i n t he gel , sug-

gest i ng t hat quant i t at i ve t r ansf er had occur r ed . The membr anes wer e cut

i nt o t wo hal ves at t he posi t i on of a 2- kb RNA. For hybr i di zat i on, t he 1 . 1- kb

cDNA f r agment of r at l i ver Cx26 cDNA ( cl one 26- 1; Zhang and Ni chol son,

1989) and t he 1 . 1- kb cDNA f r agment ( Hi ncI l - Pst l ) of mouse br ai n Cx37

cDNA ( see above) wer e l abel ed wi t h a[ 32P] dCTP usi ng t he r andompr i m-

i ng r eact i on ( sp act 5 x 101 cpm/ pg DNA) . For compar i son of t he hybr i di -

zat i ons si gnal s obt ai ned wi t h bot h pr obes, DNA dot bl ot s wi t h t he cor r e-

spondi ng pl asmi d DNAs wer e i ncl uded i n bot h hybr i di zat i on exper i ment s .

Successi ve t wof ol d di l ut i ons cont ai ni ng 0. 35- 0. 0014 f mol of ei t her Cx26

cDNA ( 1 . 1 kb) i n pGEMBl ue vect or ( Pr omega Bi ot ec, Madi son, WI ) or

t he Cx37 cDNA ( 1 . 5 kb) i n pUC19 wer e appl i ed t o t he dot bl ot s . Bot h dot

bl ot s and cor r espondi ng Nor t her n bl ot s wer e pr ehybr i di zed f or 3 h at 42° C

i n a sol ut i on of 55%f or mami de, 1 MNaCl , 1%SDS, 10%dext r an sul f at e,

and 100 pg/ ml sal mon sper mDNAand t hen hybr i di zed f or 50 h at 42° C

usi ng 25 ng of l abel ed Cx26 cDNA f or t hat par t of t he f i l t er cont ai ni ng RNA

>2 kb and 25 pg/ ng of l abel ed Cx37 cDNA f or t hat par t wi t h RNA <2 kb .

The f i l t er s wer e washed t wi ce f or 1 h wi t h 2xSSC and 1% SDS at 56° C,

and t wi ce f or 1 h wi t h 0. 2 XSSC and 0. 1 %SDS at 60° C. They wer e exposed

t o Kodak XAR- 5 x- r ay f i l m( East man Kodak Co. , Rochest er , NY) at 70° C

usi ng an i nt ensi f yi ng scr een . RNA si gnal s on aut or adi ogr aphs wer e st an-

dar di zed by compar i son wi t h cyt ochr ome c oxi dase t r anscr i pt s ( Her get et

al . , 1989) and quant i f i ed by densi t omet r i c eval uat i on and st andar di zed on

bot h hal ves of t he Nor t her n bl ot usi ng t he dot bl ot di l ut i on ser i es as an i nt er -

nal f r ame of r ef er ence.

Cel l Li nes and Cul t ur e Condi t i ons

Mouse embr yoni c t er at ocar ci noma cel l s F9 ( CRL 1720 ; Amer i can Type

Cul t ur e Col l ect i on, Rockvi l l e, MD) ( Ber nst i ne et al . , 1973) and r at f i br o-
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- 50 - 40 - 30 - 20 - 10

GTGCTGCCCTGCTGATGGCCCTCTGACCC TTGTCTCCMGCAG AGAGAGGCCCTGGAAAC

1 10 20 30 40 50 60

ATGGGCGA CTAGACCAGGTCCAGGAACACTCGACCGTG

HKGl YASPTr pGl yPhOLOUGl uLy" uL&UASPGl nVal Gl nGl uNl sSer Thr Va 1

70 80 90 t oo 110 120

CTGGGCAAGATCTG=AACGGTGCTCTTCATCTTCCGCATCCTCA

Val Gl y

130 140 I SO 160 170 I SO

GGCGAGTCGGTGTGGGGCGACGAGCAGTCTGATTTTGAGTGTAAGGGCCCAGCCGGGC

Çl yGl u Ser Val Tr pGl yASpGl uGl nSer kspPh&Gl ut ysASnThr Al aGl nPr OGl y

190 200 210 220 230 240

TGCACCAACGTCTGCTATGACCAGGCCTTCCCCATCTCCCACATCCGATACTGGGTGCTG

CysThr AsnVal CysTyr AspGl nAl aPhoPr OI l oSer gi sl l eer aTvr Tr oVal Lau

250 260 270 280 290 300

CAGTTCCTCI TCGTCAGCACACCCACCCTGATCTACCTGGGCCACGTCATCTACCTGTCT
~1nPhar - ~haVal Sar Thr Pr onr Leur l eTvr Leudl yKi aVal l l * Tyr LauSar

310 320 330 340 350 360

CGGCGGGAAGAGCGGTTGCGGCAGAAAGAGGGAGAOCTCCGGGCGCTGCCATCCAAGGAC

Ar gAr gGl uGl uhr qLauAr qGl nLysGl uGl yGl uLeuAr qAl aLeuPr oSer Lys" p

370 380 390 400 410 420

CTACATGTAGAGCGGGCACTGGCTGCCATCGAACATCAGATGGCCAAGATCTCGGTGGm

LauHi sVal Gl uAr gAl aUWl l aAl al l aGl uHi sGl nMet Al aLysl l * Ser Val Al a

430 440 450 460 470 480

GAGGACGGTCGTCTTCGGATTCGTGGGGCGCTCATGGGTACCTATGTGGTCAGCGTGCTG

G1uAspG1yAr gLeuAr qI 1* Ar gGl ys " ' - ^ f . ci ~. ~wr nVal al Ser yal Leu

490 300 530 520 530 540

TGTAAGAGTGTGCTGGAGGCAGGCi TCCTCTATGGCCAGTGGCGCCTCTATGGCTGGI I CC

CvsLvscar Val Le- Gl u_Al aGl yPheLeuTyr Gl yGl nTr pAr gLauTyr Gl yTr pThr

550 560 970 580 590 600

ATGGAGCCGGTGI TTG=TGCCAGCGT=CCCTGCCCCCACATCGTGGACTGCTATGTC

Hat Gl uPr oVal pheVal CysGl nAr gAl aPr oCysPr oHi si l eVal AspCysTyr Val

610 620 630 640 650 660

TCTCGACCCACTGAGAAGACTATCi TCATCATCTTCATGCTGGTGGTAGGAGTCATCTCC

Ser Ar gPr oThr Gl uLys TRr r l aPhst l ef l ePheMet LeuVa 1Va1 G1YVa 111ASer

670 Goo 690 700 710 720

CTGGTGCTCAACCTGCTGGAGCTGGTTCACCTGCTGTGTCGGTGTGTCAGCCGGGAGATA

r .. ~Val i e~zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"_snLauLauGl ULOUVal Hi §LaULOUCyaAr geysVal Ser Ar qGl UI l e

730 740 750 760 770 780

AAGGCACGAAGGGACCACGACGCCCGCCCGGCCCAGGGCAGTGCCTCAGACCCTTACCCT

LysAl aAr gAr qAspHi sAspAl aAr qPr cAl &Gl nGl ySer Al aSer AspPr o7yr Pr o

790 800 BI D $20 830 840

GAACAGGTTTTCTTCTACCTCCCCATGGGCGAGGGACCCTCTTCCCCACCGTGTCCCACC

G1uGl nVal PhoPheTyr LouPr oNet Gl yGl uGl yPr oSer Ser Pr ePr ocysPr oThr

850 860 070 880 890 900

TACAACGGGCTCTCATCCACTGAGCAGAACTGGGCCAACTTGACCACAGAGGAGAGACTG
Tyr AsnGl yLauSer Ser Thr Gl uGl NUnTr pAl aASnl auThr Thr Gl uGl uAr gLau

910 920 930 940 950 960

ACCTCI TCCAGACCTCCCCCATTTGTAAACACAGCTCCCGGGGTGGCCGAAAGTCCCCT

Thr Ser Sar Ar gPr oPr oPr oPhWal ksnThr Al aPr oGl nGl yGl yAr qLYSSer Pr o

970 960 990 1000 1010 1020

AGCCGCCCCAACAGCTCTGCATCCAAGAAGCAGTATGTGTAGGGATCTGGGGCTAATGTC

Ser Ar gPr oASnSer 5er Al aSer LysLysGl nTyr Val

1030 1040 1030 1060 1070 1080

ACTCAACAGAGCTGCCCCGAGGAGCACGCACGTGTACCTTGGCTGCCTCTCTGGCGGTCC

1090 1100 1110 1120 1130 1140

ACTCCTCAAAGGCACCTCAGAGACAACTGGGCCAGGGAGGTGGACATTCGCTGGGCAGAG

1150 1160 1170 1180 1190 1200

GACCTGGTCACAGATGGTTCTGGAATACCTGGAGCCT1TGTGATGACCAGAGGACACTGG

1210 1220 1230 1240 1250 1260

CTGCTTACCAGAATGTGACACTACCCAGACTGGGTCACAGCAGGTGGGAGTGCTCi TGAC

1270 1280 1290 1300 1310 1320

TAAGTGTTCTGTGAACCCTCGATCCTTTTCACCTGTTGCTGAGGGACCCAGCGCCAAGI T

1330 1340 1350 1360 1370 1380

GACTTTCGAGCCTCCCCTATTAGACGAGTCACTGAACCCTGGGTTTTCATCACACCCCAC

1390 1400 1410 1420 1430 1440

TTCTCCTGGGAAAAAGCACTGATGCAGGCTGCTGGCTCAGCCTCGTCACCTGGACAGACA

1450 1460 1470 1480 1490 1500

CAGCCTGCGCCGGAGCTGGCCCTTGCCAGGGGAACTGGTTGATGTCTTGTTTTTCTCACT

1510 1520 1530 1340 1550

TCTAGTTCCACTGI TTATGATCCTCAAATJI AACAGGACTCCATCATAAAAAAAAAAA

Fi gur e 1. Nucl eot i de and ami no aci d sequences of mouse connexi n

37. The cDNA sequence of mouse Cx37 was det er mi ned f r om

nucl eot i des 70- 1557. At posi t i on 485 a T r esi due i n t he cDNA se-

quence has been f ound i nst ead of t he A r esi due ( shown) i n t he

genomi c sequence . Thi s di f f er ence i s pr obabl y an ar t i f act of t he

Wi l l ecke et al . Mouse Connexi n37

bl ast i c mammar y car ci noma cel l s BI CR- MI R- kd ( Raj ewsky and Gr ünei sen,

1972) wer e cul t i vat ed i n DMEM( st andar d medi um) , suppl ement ed wi t h

10% FCS, 100 U/ ml peni ci l l i n and 100, ug/ ml st r ept omyci n i n a humi di -

f i ed at mospher e of 10% C02 at 37° C. Mouse embr yoni c D3 st em cel l s
( Doet schman et al . , 1985) wer e mai nt ai ned i n t he same medi umwi t h 15 %

FCS and 0. 1 mM0- mer capt oet hanol . I nduct i on of F9 cel l di f f er ent i at i on

was per f or med wi t h 10- 7 Mal l - t r ans r et i noi c aci d ( Si gma Chemi cal Co. ) ,

1 mM di but yr yl CAMP ( Si gma Chemi cal Co . ) or bot h component s . Ag-

gr egat ed cel l s wer e cul t i vat ed i n pl ast i c di shes whose sur f ace di d not al l ow

cul t ur ed cel l s t o at t ach .

Pr epar at i on of Xenopus Oocyt es

Adul t f emal e Xenopus f r ogs wer e anest het i zed on i ce and ovar i an l obes wer e

sur gi cal l y r emoved and st or ed at 18° C i n Lei bovi t z- 15 ( L- 15) medi um

( Gi bco Labor at or i es) . L- 15 was di l ut ed 1: 2 and buf f er ed wi t h 12 . 5 mM

Hepes, pH7. 5 . Ant i bi ot i cs ( st r ept omyci n, peni ci l l i n, and gent amyci n) wer e

each added at a concent r at i on of 10 t xg/ ml . Def ol l i cul at i on was per f or med

by manual l y di ssect i ng t he ovar i an l obes i nt o cl umps cont ai ni ng - 50 oo-

cyt es and i ncubat i ng t hem i n Cat + - f r ee OR- 2 sol ut i on ( 83 mM NaCI , 2

mMKCI , 1 mMMgC12, 5 mM Tr i s- buf f er , pH 7. 5) cont ai ni ng 2 mg/ ml

col l agenase ( Si gma Chemi cal Co . ) f or 1- 1. 5 h ( Dascal et al . , 1985) .

Oocyt es wer e t hen washed sever al t i mes i n OR- 2 and pl aced back i n L- 15.

St age VI oocyt es wer e sel ect ed and manual l y def ol l i cul at ed wi t h f or ceps .

Def ol l i cul at ed oocyt es wer e i nj ect ed wi t h 40 nl of one of t he f ol l owi ng sol u-

t i ons : ( a) di et hyl t hi opyr ocar bonat e- t r eat ed H2O; ( b) 0. 2 ng/ nl each of an-

t i sense ol i godeoxynucl eot i des t o Renopus Cx38 ( nucl eot i des 327- 353) and

cx43 ( nucl eot i des 345- 379) ( number i ng begi ns at t he st ar t of t r ansl at i on) ;

( c) 0. 2 ng/ nl of mouse Cx37 cRNA coi nj ect ed wi t h t he pr evi ous t wo ol i go-

nucl eot i des . Al l nucl eot i des wer e di ssol ved i n di et hyl pyr ocar bonat e-

t r eat ed wat er . I nj ect ed oocyt es wer e i ncubat ed at 18° C f or 48 h bef or e

devi t el l i ni zat i on and pai r i ng. Devi t el l i ni zat i on was per f or med wi t h f or ceps

and oocyt es wer e pai r ed veget al pol e t o veget al pol e i n di shes wi t h a t hi n

l ayer of 1- 2 %agar coat i ng t he bot t om. Recor di ngs wer e done 24- 36 h af t er

pai r i ng. Ant i sense ol i godeoxynucl eot i des wer e pr epar ed on an Appl i ed Bi o-

syst ems synt hesi zer ( Appl i ed Bi osyst ems, I nc. , Fost er Ci t y, CA) wi t h st an-

dar d phosphoami dat e chemi st r y. The cl eaved, f ul l - l engt h pr oduct s wer e

t hen pur i f i ed by HPLC ( Beckman I nst r ument s, Ful l er t on CA) on a MA7

pl asmi d col umn ( Bi o- Rad Labor at or i es, Oxnar d, CA) . Cx37 cRNA was

pr epar ed f r om a l i near i zed pl asmi d t empl at e wi t h T3 RNA pol ymer ase i n

t he pr esence of 5' cap st r uct ur e accor di ng t o Pr omega i nst r uct i ons . Pr oduc-

t i on of f ul l - l engt h t r anscr i pt s was conf i r med by agar ose el ect r ophor esi s .

Templ at e DNA was pr epar ed by i nser t i on of t he compl et e codi ng r egi on of

t he Cx37 genomi c cl one ( pl us 17 bases of 5' and 35 bases of 3' unt r ansl at ed

f l anki ng sequences) i nt o t he Pst I / Hi ncI I si t es of a bl uescr i pt SK+ vect or .

El ect r ophysi ol ogy

Junct i onal conduct ance was det er mi ned usi ng t he dual cel l vol t age- cl amp

t echni que descr i bed by Spr ay et al . ( 1981) . Two modi f i ed Physi ol ogi c I n-

st r ument s ( Physi ol ogi c I nst r ument s, San Di ego, CA) vol t age cl amps ( model -

VCC600) , made by Dr . St eve Thompson of t he Vet er ans Admi ni st r at i on

Hospi t al of San Di ego, wer e used t o cl amp bot h oocyt e membr ane pot ent i al s

i ndependent l y t o - 40 mV. Membr ane pot ent i al s bef or e cl ampi ng r anged

f r om - 40 t o - 65 mV El ect r odes ( 1. 5 MKCI ) of 1- 3 MI l r esi st ance wer e

used . Tr ansj unct i onal pot ent i al s wer e pr oduced by al t er nat i ng depol ar i za-

t i on and hyper pol ar i zat i on of one of t he pai r ed oocyt es i n successi ve 5- or

10- mV st eps of 30- s dur at i on each . Recover y t i me of 1 . 5- 2 mi n was al l owed

bet ween vol t age st eps. Cur r ent and vol t age wer e r ecor ded on a br ush char t

r ecor der ( model 2400 ; Goul d I nc. , Gl en Bur ni e, MD) . I n addi t i on, some

t r aces wer e r ecor ded on t ape vi a an I nst r ut ech conver t er ( VR100 PCMA/ D)

( El mont , NY) usi ng a hi gh f r equency cut of f of 30- 100 Hz . Cur r ent r esol u-

t i on af t er t he i ni t i al capaci t at i ve t r ansi ent af t er a vol t age st ep was - 20 ms .

cDNA synt hesi s ( see Resul t s) . The 5' end of t he codi ng sequence

has been compl et ed by sequence dat a f r om t he cor r espondi ng

mouse genomi c cl one. The pr esence of a pot ent i al spl i ce accept or

si t e ( bat ed) and l ar i at f or mat i on sequence ( at - 51 t o - 45) i ndi -

cat es t hat not al l of t he 5' unt r ansl at ed sequence shown may be pr es-

ent i n mat ur e Cx37 mRNA. Four ami no aci d sequences t hat ar e as-

sumed t o f or m t r ansmembr ane r egi ons ar e under l i ned . These

sequence dat a ar e avai l abl e f r omEMBL/ GenBank/ DDBJ' under ac-

cessi on number X57971 .
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Resul t s

Fi gur e 2 . Sout her n bl ot hybr i d-
i zat i on of mouse Cx37 cDNA t o
mouse genomi c DNA. Mouse
genomi c DNA was di gest ed
wi t h Hi ndI I I , Hi ncI I , EcoRI ,
and BamHI , el ect r ophor esed,
and subj ect ed t o Sout her n bl ot
hybr i di zat i on usi ng mouse
Cx37 cDNA f ol l owi ng a st an-
dar d pr ot ocol ( Sambr ook et
al . , 1989) . The aut or adi ogr aph
obt ai ned af t er 7 d of exposur e
i s shown.

I sol at i on of Cx37 cDNA and Genomi c Cl ones

Fr oma r educed st r i ngency scr een ( 38° C, 50% f or mami de,

5XSSC) of a mouse cDNA l i br ar y wi t h a Cx32 r at l i ver

cDNA cl one ( Heynkes et al . , 1986) one cl one cont ai ni ng a

uni que 1 . 5- kb i nser t was i sol at ed . Sequenci ng r eveal ed a
novel member of t he connexi n f ami l y ( Fi g . 1) . Whi l e t he 3'
t er mi nus cont ai ned t he expect ed pol yA r egi on pr eceded 20

nucl eot i des upst r eamby a consensus pol yadenyl at i on si gnal

( A2TA3) , t he cDNA appear ed i ncompl et e at t he 5' end .

Al i gnment s wi t h ot her connexi n sequences ( Beyer et al . ,

1987 ; f or r evi ew see Wi l l ecke and Tr aub, 1990) suggest ed

t hat 69 nucl eot i des of codi ng sequence and an undet er mi ned

l engt h of 5' unt r ansl at ed mat er i al wer e mi ssi ng f r om t hi s

cDNA cl one . To compl et e t he codi ng sequence t hi s par t i al

cDNA was used i n a secondar y scr een of mouse genomi c

cl ones or i gi nal l y sel ect ed by l ow st r i ngency scr eeni ng wi t h

a r at cx26 cDNApr obe . One phage was sel ect ed whi ch, af t er

subcl oni ng i nt o pUC19, yi el ded a 2 . 9- kb EcoRI / Sal t f r ag-

ment . Thi s cl one was det er mi ned t o cont ai n t he compl et e

codi ng sequence i n addi t i on t o t i 1 kb of upst r eam unt r ans-

l at ed mat er i al .

Sequence Char act er i zat i on of Mouse Cx37 Genomi c

and cDNA Sequences

Sout her n bl ot hybr i di zat i on of Cx37 cDNAt o mouse geno-
mi c DNA di gest ed wi t h di f f er ent r est r i ct i on endonucl eases

( Fi g. 2) suggest ed t hat a si ngl e copy of Cx37 exi st s i n t he

mouse genome. Under t hese condi t i ons, si ngl e f r agment s of
- 7, 4, 13, 9 kb wer e obt ai ned af t er t r eat ment wi t h Hi ndI R,

Hi ncl l , EcoRI , and BamHI , r espect i vel y . The human gene

codi ng f or Cx37 has r ecent l y been mapped t o chr omosome

1 i n t he human genome ( Wi l l ecke et al . , 1990b) . As has

pr oven t o be t he case i n t wo ot her connexi n genes ( Cx32,

Mi l l er et al . , 1988 ; Cx43, Fi shman et al . , 1990) t he codi ng

r egi on i s uni nt er r upt ed by i nt r ons but an upst r eam i nt r on i s
suggest ed by t he l ocat i on of a consensus spl i ce accept or si t e

at posi t i on - 17 upst r eam of t he ATG t r ansl at i onal st ar t
codon . Thi s i s pr eceded by a put at i ve l ar i at - f or mi ng se-
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quence at - 51 t o - 45 of t he genomi c Cx37 sequence shown
i n Fi g . 1 . The sequence of t he Cx37 cDNA was i dent i cal t o
t he genomi c cl one wi t h t he except i on of posi t i on 485 ( see
Fi g . 1) wher e a T r esi due was f ound i n t he cDNA sequence
i nst ead of an A i n t he genomi c cl one . Thi s di f f er ence was
conf i r med i n sever al sequenci ng exper i ment s . Thus t he
genomi c sequence codes f or a l ysi ne, wher eas t he cDNA
cl one codes f or a met hi oni ne r esi due at posi t i on 162 of t he
Cx37 ami no aci d sequence . We t hi nk t hat t he T r esi due i n
t he cDNA cl one i s an ar t i f act of t he cDNA synt hesi s . Al l

connexi n sequences det er mi ned so f ar ( i ncl udi ng f i ve new
mouse connexi n sequences char act er i zed i n our l abor at or y)
showa l ysi ne or ar gi ni ne r esi due at t hi s posi t i on of t he ami no
aci d sequence t hat i s par t of t he put at i ve t r ansmembr ane r e-
gi on 3 ( see next par agr aph) .

Compar i son of t he Cx37Sequence wi t h Ot her
Connexi n Sequences

The 333 ami no aci ds of t he pr edi ct ed codi ng sequence add
up t o a r el at i ve mol ecul ar mass of 37, 600 D. We desi gnat e
t hi s connexi n as mouse Cx37 or Cx37. 6. The pr edi ct ed Cx37
sequence f i t s t he pat t er n est abl i shed di r ect l y f or ot her mem-
ber s of t he connexi n f ami l y by bi ndi ng si t e- speci f i c ant i bod-
i es and by membr ane pr ot ect i on f r ompr ot eol ysi s ( Zi mmer

et al . , 1987 ; Mi l ks et al . , 1988 ; Goodenough et al . , 1988 ;
Her t zber g et al . , 1988 ; Yancey et al . , 1989) . We anal yzed
t he Cx37 ami no aci d sequence accor di ng t o Rao and Ar gos

( 1986) f or t he t endency t o f or m t r ansmembr ane r egi ons .

Four pot ent i al t r ansmembr ane hel i ces of 20- 25 r esi dues
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Fi gur e 3. Ami no aci d i dent i t i es of t he put at i ve t opol ogi cal domai ns
of mouse Cx37 compar ed t o r at Cx43, r at Cx32, and Xenopus
Cx38. The val ues i n br acket s i ncl ude ami no aci ds whi ch ar e not
i dent i cal but have si mi l ar pr oper t i es, e . g . , Lys ver sus Ar g . For bet -
t er compar i son, t he subdi vi si on of t he Cx37 and Cx43 ami no aci d
sequences i nt o put at i ve domai ns was car r i ed out by anal ogy t o t he
est abl i shed t opol ogi cal model s of Cx32 ( Mi l ks et al . , 1988) , and
Cx43 ( Yancey et al . , 1989) . Number s r ef er t o t r ansmembr ane
r egi ons and l et t er s t o cyt opl asmi c and ext r acel l ul ar r egi ons i l l us-
t r at ed schemat i cal l y .

put at i ve t opol ogi cal 8 ami no aci d i dent i t i es

r egi on of Cx37 t o Cx43 t o Cx32 t o Cx38

cyt opl asmi c r egi on A: 64 ( 64) 45 ( 55) 59 ( 68)

t r ansmembr ane r egi on 1 : 75 ( 90) 55 ( 85) 80 ( 90)

ext r acel l ul ar r egi on B: 76 ( 82) 73 ( 76) 88 ( 91)

t r ansmembr ane r egi on 2 : 70 ( 85) 50 ( 65) 95 ( 95)

cyt opl asmi c r egi on C : 37 ( 57) 28 ( 35) 39 ( 52)

t r ansmembr ane r egi on 3 : 45 ( 65) 45 ( 65) 60 ( 70)

ext r acel l ul ar r egi on D : 57 ( 76) 51 ( 68) 62 ( 76)

t r ansmembr ane r egi on 4 : 70 ( 90) 40 ( 65) 80 ( 95)

cyt opl asmi c r egi on E: 23 ( 30) 15 ( 23) 30 ( 38)



l ong wer e obt ai ned, wi t h t he t hi r d showi ng a mar ked am-

phi pat hi c char act er . The connect i ng l oops bet ween t he f i r st

and t he second, and t hi r d and f our t h hydr ophobi c domai ns,

shown t o be ext r acel l ul ar i n Cx32 ( Mi l ks et al . , 1988 ; Good-

enough et al . , 1988) , Cx43 ( Yancey et al . , 1989) , and Cx26

( Zhang, J. T. , and B. J. Ni chol son, manuscr i pt submi t t ed f or

publ i cat i on) , each have t he conser ved pat t er n of t hr ee cys-

t ei ne r esi dues . The speci f i c pat t er n of ami no aci d sequence

i dent i t i es bet ween mouse Cx37, r at Cx32, r at Cx43, and

Xenopus Cx38 i s shown i n Fi g . 3. I n t hi s case t he subdi vi si on

of Cx32 and Cx43 i nt o put at i ve t opol ogi cal r egi ons was i n

accor dance wi t h pr evi ous anal yses ( Mi l ks et al . , 1988 ; Beyer

et al . , 1989 ; Her t zber g et al . , 1988 ; Yancey et al . , 1989) .

The compar i son shows cl ear l y t hat , of t he mammal i an con-

nexi ns mouse Cx37 i s mor e homol ogous t o r at Cx43 ( 59

ami no aci d i dent i t y over al l ) t han t o r at Cx32 ( 47 %) , al -

t hough t he hi ghest l evel of ami no aci d i dent i t y det ect ed was

t o Xenopus Cx38 ( 66%) . For eval uat i on of over al l i dent i t i es

onl y ami no aci d sequences f r om t he NH2 t er mi nus t o t he

end of t he f our t h put at i ve t r ansmembr ane r egi on wer e t aken

i nt o account . I n par t i cul ar t he put at i ve t r ansmembr ane

r egi ons 1, 2, and 4 of Cx37 show >80%ami no aci d i dent i t y

t o Xenopus Cx38, >70% i dent i t y t o Cx43 but <55% t o

Cx32 . I n cont r ast , put at i ve t r ansmembr ane r egi on 3 of Cx37

shows 60%ami no aci d i dent i t y t o Cx38 and onl y 45 %i den-

t i t y t o bot h Cx43 and Cx32 . As wi t h ot her connexi ns, do-

mai ns shown t o be cyt opl asmi c, par t i cul ar l y r egi ons C and

E of Fi g. 3, show ver y l i t t l e or no si gni f i cant sequence

si mi l ar i t y wi t hi n t he gene f ami l y .

The put at i ve t r ansmembr ane domai n 3 of Cx37 r et ai ns t he

amphi pat hi c char act er ( when model ed as an ci - hel i x) seen i n

ot her connexi ns . The conser ved l ysi ne r esi due i n t hi s hel i x

( r epl aced by an ar gi ni ne r esi due i n sever al ot her connexi ns

cf . Gi ml i ch et al . , 1990) i s pr eceded by a cyst ei ne i n Cx37,

i n cont r ast t o t he phenyl al ani ne seen i n ot her connexi ns . The

ot her conser ved char ged r esi due i n t hi s " hel i x' ; gl ut amat e

165, i s al so pr eser ved i n Cx37, but i s pr eceded by a l euci ne

r at her t han t he phenyl al ani ne f ound i n most ot her connexi ns

sequenced t o dat e .

Fi gur e 4. Aut or adi ogr aph of a Nor t her n bl ot af t er hybr i di zat i on
wi t h a l abel ed Cx37 cDNApr obe . Each l ane cont ai ns 20 gg of t ot al
RNA i sol at ed f r om t he f ol l owi ng mouse t i ssues : adul t i nt est i ne
( l ane 1) , adul t ski n ( l ane 2) , adul t hear t ( l ane 3) , adul t l ung ( l ane
4) , adul t spl een ( l ane 5) , embr yoni c ski n ( l ane 6) , and embr yoni c
ki dney ( l ane 7) .

Wi l l ecke et al . Mouse Connexi n37

Fi gur e S. Compar i son of t he
r el at i ve l evel s of t r anscr i pt s f or
Cx26 and Cx37 i n sever al

mouse t i ssues . 20 t i g of t ot al

cel l ul ar RNA f r omembr yoni c
br ai n ( l ane 1) , adul t br ai n ( l ane
2) , embr yoni c l i ver ( l ane 3) ,
adul t l i ver ( l ane 4) , and adul t
ki dney ( l ane S) wer e separ at ed
el ect r ophor et i cal l y and t r ans-
f er r ed ont o a nyl on membr ane.
The membr ane was t hen cut at
t he posi t i on of a 2- kb RNA

mar ker so as t o separ at e Cx26
( 2 . 5 kb) and Cx37 ( 1 . 7) mes-
sages . The appr opr i at e hal f was

hybr i di zed t o a 1 . 1- kb f r agment of Cx26 ( B) or Cx37 ( C) cDNA.

To st andar di ze t he hybr i di zat i on si gnal s obt ai ned wi t h each pr obe,
a dot bl ot wi t h ser i al di l ut i ons of t he r espect i ve pl asmi d DNAs was
i ncl uded i n bot h hybr i di zat i on exper i ment s ( A: Cx26 ; D: Cx37) .

Fur t her det ai l s of t he exper i ment ar e descr i bed under Resul t s .

I n addi t i on t o t hese st r uct ur al f eat ur es r el at i ng t o t he t o-

pol ogy, t he ami no aci d sequence of Cx37 al so has sever al

consensus mot i f s f or post t r ansl at i onal modi f i cat i ons i n t he

put at i ve cyt opl asmi c r egi ons . For exampl e, at posi t i on 299-

304 t he t ypi cal ami no aci d sequence ( Ar g- X- X- Ser - XAr g)

f or phosphor yl at i on by pr ot ei n ki nase C i s f ound ( see Kemp

and Pear son, 1990) . Fur t her mor e, t her e i s a consensus mot i f

f or phosphor yl at i on by t he cel l cycl e- dependent ki nase cdc28

at posi t i on 318- 320 ( Lys- Ser / Thr - Pr o) . Two possi bl e N- gl y-

cosyl at i on sequences ( Asn- X- Ser / Thr ) ar e al so f ound at posi -

t i on 293- 295 and 324- 326. Thei r pr obabl e cyt opl asmi c di s-

posi t i on, however , suggest s t hat t hey ar e not ut i l i zed . A

possi bl e bi ndi ng si t e f or cal modul i n ( consi st i ng of an am-

phi pat hi c hel i x wi t h posi t i vel y char ged sur f ace [ O' Nei l and

DeGr ado, 1990] ) i s l ocat ed at t he posi t i on 228- 243 .

Expr essi on of Cx37 mRNA

I n Fi gs . 4 and 5 Ct he expr essi on of Cx37 mRNA i n sever al
mouse t i ssues was st udi ed by Nor t her n bl ot hybr i di zat i on . I n

t ot al cel l ul ar RNAof al l t i ssues i nvest i gat ed an mRNAof 1 . 7

kb hybr i di zes t o t he Cx37 cDNA under hi gher st r i ngency

( 42 ° C, 50%f or mami de, 5XSSC) . By quant i t at i ve densi t o-

met r i c eval uat i on of an aut or adi ogr aph af t er Nor t her n bl ot

hybr i di zat i on ( Fi g . 4) ( and addi t i onal l anes of t he same
Nor t her n bl ot , not shown) t he r el at i ve amount s of Cx37 t r an-

scr i pt s wer e nor mal i zed t o t he amount s of cyt ochr ome c oxi -

dase t r anscr i pt s and est i mat ed as : adul t l ung ( 100%) , em-

br yoni c br ai n ( 4 . 1%) , embr yoni c ki dney ( 3 . 2%) , adul t

spl een ( 2 . 5%) , embr yoni c ski n ( 2 . 6%) , adul t l i ver ( 1 . 7%) ,

embr yoni c l i ver ( 1 . 3%) , adul t i nt est i ne ( 1%) , adul t ski n

( 0 . 9 %) , adul t hear t ( 0. 9 %) , adul t ki dney ( 0. 7 %) , and adul t
br ai n ( 0. 4 %) . How t hese RNAl evel s f or Cx37 r el at e t o t hose

of ot her connexi ns was est abl i shed t hr ough quant i t at i ve

compar i sons wi t h a r epr esent at i ve member of t he f ami l y,

Cx26, i n l i ver , br ai n, and ki dney . A Nor t her n bl ot of t ot al
RNA f r omt hese t i ssues ( Fi g . 5) was cut t o separ at e t he Cx37
( 1 . 7 kb) as wel l as Cx26 ( 2 . 5 kb) mRNAs, and hybr i di zed t o
a 1 . 1- kb DNA pr obe of t he cor r espondi ng connexi n gene
( Fi g . 5, B and C) . For bot h hal ves of t he Nor t her n bl ot , a
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Fi gur e 6. Expr essi on of Cx37 mRNA i n mouse embr yoni c car ci -

noma F9 cel l s . The cel l s wer e cul t i vat ed as at t ached cel l s f or 4 d

( l anes 1- 4) or as aggr egat es f or 7 d ( l anes S- 8) i n st andar d medi um

wi t hout f ur t her addi t i ves ( l anes 1 and 5) or i n t he pr esence of

10- 7 M r et i noi c aci d ( l anes 2 and 6) , 10- 3 Mdi but yr yl - cAMP

( l anes 3 and 7) , or bot h component s ( l anes 4 and 8) . 20 ug of t ot al

RNA f r omcel l s of each cul t ur e wer e hybr i di zed at hi gh st r i ngency

t o t he Cx37 cDNA.

di l ut i on ser i es of t he cor r espondi ng pl asmi d DNA was i n-

cl uded t o nor mal i ze t he si gnal f r om each pr obe ( Fi g . 5, A

and D) . Af t er cor r ect i ng f or t he r el at i ve st r engt h of si gnal s

f r om t he t wo pr obes ( N16- f ol d hi gher f or Cx37) we est i -

mat ed t he f ol l owi ng r at i os of Cx26 t o Cx37 mRNA: em-

br yoni c br ai n : 3 ; adul t br ai n : 12 ; embr yoni c l i ver : 75 ; adul t

l i ver : 220 ; and adul t ki dney : 36.

Rel at i vel y weak expr essi on of r at Cx37 mRNA ( 1 . 7 kb)

was f ound i n t he endomet r i um and myomet r i umof r at ut er us

dur i ng pr egnancy at deci dual i zat i on and at t er m ( Wi n-

t er hager et al . , 1991) . Fur t her mor e, t he Cx37 t r anscr i pt was

f ound i n BI CRcel l s ( r at mammar y car ci noma cel l l i ne) , D3

mouse embr yoni c st emcel l s, and F9 cel l s ( mouse embr yoni c

car ci noma cel l l i ne) . The l at t er cel l s di f f er ent i at e i n cul t ur e

i n t he pr esence of r et i noi c aci d and di but yr yl cAMP t o par i -

et al endoder m cel l s when at t ached t o subst r at e but f or m

vi scer al endoder mi n r esponse t o r et i noi c aci d when gr owi ng

i n suspensi on ( St r i ckl and and Mahdavi , 1978 ; St r i ckl and et

al . , 1980 ; Hogan and Tayl or , 1981) . Bot h t i ssues r epr esent

di f f er ent i at i ons of t he i nner cel l mass of mouse embr yos.

Rel at i ve t o nont r eat ed cel l s, we f ound a t wo t o t hr eef ol d i n-

cr ease of Cx37 t r anscr i pt s i n r esponse t o r et i noi c aci d i n bot h

F9 par i et al and vi scer al endoder mcel l s ( Fi g . 6) . Di but yr yl

cAMP caused no change i n Cx37 t r anscr i pt s i n at t ached F9

cel l s but l ed t o a t wof ol d i ncr ease i n Cx37 mRNA i n F9 cel l s

gr owi ng i n suspensi on ( Fi g . 6) . The r egul at i on of Cx37 t r an-

scr i pt s i n F9 endoder mcel l s by r et i noi c aci d i s si mi l ar t o t he
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one obser ved f or Cx43 mRNA under t he same exper i ment al

condi t i ons ( Wi l l ecke et al . , 1990a) .

Funct i onal Expr essi on of Mouse Cx37

i n Renopus Oocyt es

The compl et e codi ng sequence of Cx37 der i ved f r om t he

genomi c cl one was subcl oned i nt o a bl uescr i pt SK- 1- vect or

( see Mat er i al s and Met hods) . Capped Cx37 RNA was syn-
t hesi zed i n vi t r o usi ng T3 RNA pol ymer ase, i nj ect ed i nt o

Xenopus oocyt es whi ch wer e subsequent l y st r i pped of t hei r

vi t el l i ne envel opes, and pai r ed . The backgr ound of endoge-

nous coupl i ng i n t hi s syst em, cont r i but ed mai nl y by Xenopus

Cx38 ( Ebi har a et al . , 1989) , and possi bl y t o some ext ent by

Xenopus Cx43 ( Gi ml i ch et al . , 1990) , coul d be el i mi nat ed

by coi nj ect i on of ant i sense ol i godeoxynucl eot i des t o t hese

sequences ( speci f i cal l y Cx38 ( nucl eot i des 327- 353) and

Cx43 ( nucl eot i des 345- 379) : i n each case, number i ng of t he

nucl eot i de sequence st ar t s at t he begi nni ng of t r anscr i pt i on) .

Thi s pr esumabl y occur s t hr ough RNase H di gest i on of t he

mRNA at t he poi nt of hybr i di zat i on and subsequent br eak-

down of t he mRNA ( Dash et al . , 1987) . Whi l e bot h ol i go-

nucl eot i des wer e used i n some exper i ment s, we gener al l y

f ound t hat t he ant i sense Cx38 const r uct was suf f i ci ent t o

el i mi nat e al l endogenous coupl i ng af t er a 48- h i ncubat i on .

Si nce t he ol i gonucl eot i de sequences wer e chosen t o avoi d

cr osshybr i di zat i on bet ween connexi n codi ng sequences, t hi s

r esul t st r ongl y suggest s t hat Xenopus Cx43 mRNA i s not ef -

f i ci ent l y t r ansl at ed i n st age VI oocyt es .

Whi l e oocyt e pai r s i nj ect ed wi t h ant i sense ol i gonucl eo-

t i des t o Xenopus Cx38 al one had consi st ent l y undet ect abl e

l evel s of coupl i ng ( <2 nS) , t hose coi nj ect ed wi t h ant i sense

ol i gonucl eot i de and Cx37 cRNAdi spl ay hi gh l evel s of coup-

l i ng r angi ng f r om70 nS t o 2 p. S i n 13 pai r s t est ed ( mean :

930 AS). I n some cases wher e endogenous coupl i ng was

mi ni mal even i n t he absence of ant i sense ol i gonucl eot i des,

Cx37 mRNA al one i nduced qual i t at i vel y and quant i t at i vel y

i dent i cal r esul t s t o t he coi nj ect ed oocyt es . Thus, as woul d be

expect ed f r om l ack of homol ogy bet ween mouse Cx37 and

Xenopus Cx38 cDNAs i n t he r egi on t o whi ch t he ol i gonucl e-

ot i de was made, t he ant i sense ol i gonucl eot i des do not af f ect

exogenous channel act i vi t y .

Quant i t at i ve anal ysi s of j unct i onal cur r ent s i nduced by

Cx37 showed t hat i ni t i al j unct i onal conduct ance ( g; ( i ) ) , mea-

sur ed wi t hi n 20 msec of t he onset of t he vol t age st ep, de-

cr eased wi t h i ncr easi ng posi t i ve or negat i ve t r ansj unct i onal

vol t ages ( V) ( Fi g . 7 B) . Thi s ver y f ast vol t age gat i ng of t he

channel s can be descr i bed by a si ngl e Bol t zmann r el at i on-

shi p wi t h an A ( cooper at i vi t y const ant ) of 0. 1 and a Vo ( vol t -

age f or hal f maxi mal dr op i n conduct ance) of t 60 mV Con-

duct ance dr opped maxi mal l y t o - 40%of t he i ni t i al l evel s .

Thi s f ast vol t age sensi t i vi t y, al t hough seen t o a ver y mi nor

ext ent i n Cx32 expr essi ng oocyt es ( <10% dr op i n g; at V' s

of f 100 mV; per sonal obser vat i ons) has not been obser ved

i n i nt er cel l ul ar coupl i ng medi at ed by ot her connexi ns . Aki -

net i cal l y sl ower sensi t i vi t y t o V t ypi cal of most gap j unc-

t i ons anal yzed t o dat e ( Spr ay et al . , 1981 ; Ebi har a et al . ,

1989 ; Bar r i o et al . , 1991) i s al so obser ved wi t h st eady st at e

conduct ance l evel s ( g; ( ss) ) measur ed af t er t he t r ansj unc-

t i onal vol t age st ep had been mai nt ai ned f or 30 s ( Fi g . 7 B) .

The sensi t i vi t y of t hi s sl ow r esponse t o V was hi gher t han

t hat r ecor ded f or ot her connexi ns i n oocyt es ( Swenson et al . ,

1989 ; Wer ner et al . , 1989) and mor e compar abl e t o t hat seen
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t he change i n cur r ent i n cel l 2 ( 12)
necessar y t o mai nt ai n a const ant
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exponent i al cur r ent decays back t o 0 t i me, and st eady st at e gj ( a) , measur ed 30 s af t er t he onset of t he vol t age st ep, show a dependence

on V. Cur ves ar e comput er f i t s t o ei t her a si ngl e Bol t zmann decay ( i ni t i al conduct ance) or t wo super i mposed Bol t zmann decays ( st eady-
st at e conduct ance) . Par amet er s ar e gi ven i n t he t ext .

Di scussi on

Wi l l ecke et al . Mouse Connexi n37

i n Fundul us bl ast omer es ( Spr ay et al . , 1981) . The gat i ng of

t hese cx37 channel s appear s t o be compl ex bot h ki net i cal l y

and i n t er ms of Vj sensi t i vi t y . The decay of j unct i onal cur -

r ent ( 12 i n Fi g . 7 A) i s not f i t by a si mpl e exponent i al , but

appear s t o have t wo component s . I n addi t i on, t he pl ot of gj

( ss) ver sus Vj ( Fi g . 7 B) i s not descr i bed by a si mpl e Bol t z-

mann f unct i on, but can be model ed as t wo super i mposed

gat es descr i bed by Bol t zmann par amet er s of Vo = t 16

mV, A = 0. 44 f or t he mor e sensi t i ve el ement , and Vo = f

40 mV, A = 0. 09 f or t he l ess sensi t i ve component . These

model s wer e obt ai ned af t er subt r act i ng t he ef f ect of t he i ni t i al

conduct ance decay ( gj ( i ) ) wi t h r espect t o Vj . Gi ven t he ab-

sence of any coupl i ng by endogenous connexi n channel s i n

ant i sense ol i gonucl eot i de- i nj ect ed oocyt es pai r ed ei t her t o-

get her or wi t h Cx37 i nj ect ed oocyt es, we concl ude t hat t he

obser ved r esponses ar e pr oper t i es of t he Cx37 channel i t sel f .

The codi ng sequence of mouse Cx37 DNA was det er mi ned

by compar i son of a par t i al cDNA f r om adul t mouse br ai n

wi t h i t s cor r espondi ng genomi c cl one . The f i r st 69 nucl eo-

t i des at t he 5' end of t he codi ng sequence wer e mi ssi ng f r om

t he cDNA cl one . As i n ot her connexi n genes char act er i zed

t o dat e ( Mi l l er et al . , 1988 ; Fi shman et al . , 1990) , Cx37 has

no i nt r ons i n i t s codi ng r egi on . The compl et e codi ng se-

quence pl us t he 3' nont r ansl at ed r egi on of t he cx37 cDNA

i ncl udi ng a pol y At ai l i s shor t er ( 1, 557 bp) t han t he mRNA

det ect ed on Nor t her n bl ot s ( - 1. 7 kb) . However , we cannot

assume t hat t he 5' unt r ansl at ed r egi on seen i n t he genomi c

cl one i s t hat f ound i n t he mRNA, par t i cul ar l y si nce an i nt r on

has been demonst r at ed or deduced t o occur 16 or 17 bases

upst r eam of t he i ni t i at or ATG i n t hr ee ot her connexi ns

( Cx32 : Mi l l er et al . , 1988 ; Cx43 : Fi shman et al . , 1990 ; and

Cx26 : Zhang and Ni chol son, 1988 ; Her nemann, H. , G.

Kozj ek, E. Dahl , B. Ni chol son, and K. Wi l l ecke, manu-

scr i pt i n pr epar at i on) . The l ocat i on of consensus spl i ce ac-

cept or and l ar i at f or mat i on si t es i n t he Cx37 genomi c se-
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quence ( Fi g . 1) i s consi st ent wi t h a si mi l ar i nt r on l ocat i on

i n t hi s gene . Gi ven t he i ndi r ect manner of i nf er i ng i nt r on

boundar i es f r omgenomi c cl ones al one, f i nal det er mi nat i on

of t he 5' unt r ansl at ed sequence of t he Cx37 RNA must awai t

i sol at i on of a f ul l - l engt h cDNA.

Of t he ot her mammal i an connexi ns publ i shed t o dat e,

Cx37 i s most si mi l ar t o cx43 ( i . e . , by t he cl assi f i cat i on of Ri -

sek et al . , 1990, i t woul d bel ong i n t he " « cl ass" of con-

nexi ns) .

Over al l ami no aci d i dent i t y wi t h Cx43 i s 59 % ( excl udi ng

put at i ve cyt opl asmi c COOH- t er mi nal r egi on) , but an even

cl oser homol ogy i s evi dent i n compar i son of mouse Cx37

wi t h Xenopus Cx38 ( 66% ami no aci d i dent i t y) . Over al l

homol ogy l evel s ar e l i mi t ed by t he hi ghl y di ver gent 000H-

t er mi nal t ai l and t he l oop connect i ng put at i ve t r ansmem-

br ane domai ns 2 and 3. The l ack of si gni f i cant sequence ho-

mol ogy i n t hese pr oposed cyt opl asmi c domai ns suggest s t hat

mouse Cx37 i s not an anal ogue of Xenopus Cx38 ( compar e

Cx43 sequence i n human ( Fi shman et al . , 1990) , r at ( Beyer

et al . , 1987) , and Xenopus ( Gi ml i ch et al . , 1990) ) . Thi s con-

cl usi on i s suppor t ed by t he r el at i vel y wi de di st r i but i on of
Cx37 message i n t he adul t mouse, al bei t at l ow l evel s, com-
par ed t o t he r est r i ct ed expr essi on of Cx38 t r anscr i pt s i n
Xenopus t o t he oocyt es t hr ough bl ast ocyst st ages of embr yo-

genesi s and t he adul t ovar y . Channel pr oper t i es of t hese con-

nexi ns al so di f f er mar kedl y wi t h r espect t o vol t age sensi t i v-

i t y when expr essed i n oocyt es . Thus i t seems t hat Cx37

r epr esent s a novel member of t he connexi n gene f ami l y .

Expr essi on of Cx37 cRNA i n Xenopus oocyt es demon-

st r at es t hat i t i s compet ent t o f or m i nt er cel l ul ar channel s . I t

i s l i kel y t hat Cx37 di r ect l y f or ms t he st r uct ur e of t he chan-

nel s t hemsel ves r at her t han ser vi ng t o i ndi r ect l y i nduce en-

dogenous st r uct ur es . Thi s can be deduced not onl y f r om i t s

homol ogy t o ot her connexi ns whi ch have been demonst r at ed

t o be st r uct ur al component s of i nt er cel l ul ar channel s ( Cx32 :

Her t zber g and Gi l ul a, 1979 ; Hender son et al . , 1979 ; Spr ay

et al . , 1986 ; Young et al . , 1987) but al so f r om i t s- capaci t y

t o det er mi ne speci f i c channel pr oper t i es such as vol t age gat -



i ng ( known t o be an i nt egr al pr oper t y of t he channel i n ot her

syst ems) whi ch di f f er subst ant i al l y f r om t hose of endoge-
nous oocyt e channel s . I n t hi s cont ext , i t i s of i nt er est t o con-

si der t he model of channel cl osur e pr oposed by Unwi n

( 1989) i n whi ch t he phenyl al ani ne r esi dues l ocat ed adj acent
t o t he hydr ophi l i c sur f ace of t r ansmembr ane hel i x 3 i n vi r t u-
al l y al l connexi ns mi ght r ot at e i nt o t he aqueous por e causi ng

i t t o col l apse . I n such a model , t he subst i t ut i on of t wo of t he
t hr ee phenyl al ani nes wi t h smal l er r esi dues ( cyst ei ne 161 and

l euci ne 165 i n Cx37) mi ght be expect ed t o af f ect gat i ng ki -

net i cs t hr ough ei t her dest abi l i zat i on of t he open st at e ( by van

der Waal s i nt er act i ons) , or r educt i on of t he ener gy of t he

t r ansi t i on st at e bet ween open and cl osed conf or mat i ons ( by
r educed st er i c hi ndr ance dur i ng r ot at i on) .

We do not know why Cx37 t r anscr i pt s ar e hi ghl y ex-

pr essed i n l ung . Fut ur e st udi es usi ng i n si t u hybr i di zat i ons

wi l l be needed t o show i n whi ch cel l t ype t he Cx37 t r an-

scr i pt s ar e l ocat ed . Sever al year s ago i t was shown by f r eeze

f r act ur e anal ysi s ( Bar t el s, 1979) t hat human i nt er st i t i al cel l s

( myof i br obl ast s) of t he pul monar y i nt er al veol ar sept a ar e

connect ed by gap j unct i ons . Regar di ng ot her connexi ns i n

t hi s t i ssue, Zhang and Ni chol son ( 1989) f ound no Cx26 t r an-

scr i pt s and r el at i vel y l ow l evel s of Cx32 i n r at . We have r e-

cent l y det ect ed Cx43 i n i mmunobl ot s of mouse l ung pl asma

membr anes ( Tr aub, O. , and T. May, unpubl i shed r esul t ) .

Cx37 mRNA i s expr essed i n sever al t i ssues and cel l l i nes

t hat al so show hi gh expr essi on of Cx43 mRNA. Whi l e t he

di st r i but i on of ei t her connexi n by cel l t ype i n t hese t i ssues

needs t o be det er mi ned, t he possi bi l i t y exi st s f or i nt er act i ons

bet ween t he t wo pr ot ei ns wi t hi n a gi ven gap j unct i onal chan-

nel , anal ogous t o t hat al r eady demonst r at ed i n t he oocyt e ex-

pr essi on syst em bet ween Cx43 and Cx38 ( Swenson et al . ,

1989, and Wemer et al . , 1989) or Cx32 and Cx26 ( Bar r i o

et al . , 1991) . As has pr oven t o be t he case i n t he l at t er exam-

pl e, t he het er omer i c channel s can have pr oper t i es t hat ar e

di st i nct f r omt hose of ei t her homomer i c channel s . Recent l y

we have f ound ( unpubl i shed r esul t s) t hat t he mRNAof a new

mouse connexi n ( t er med connexi n40) i s al so hi ghl y abun-

dant i n l ung and shows a pat t er n of t i ssue expr essi on t hat i s

ver y si mi l ar t o t he one r epor t ed i n t hi s paper f or Cx37 t r an-

scr i pt s . We specul at e t hat t hi s new connexi n40 may be an-

ot her candi dat e f or i nt er act i on wi t h Cx37 i n het er omer i c gap

j unct i on channel s . Cl ear l y, t he pot ent i al i nt er act i on of maj or

and mi nor connexi n component s i n al l t i ssues and t hei r

ef f ect s on coupl i ng char act er i st i cs need t o be car ef ul l y as-

sessed as t he compl exi t y of t hi s pr ot ei n f ami l y i ncr eases .
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