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Abst r act . GLUTI , t he er yt hr ocyt e gl ucose t r anspor t er ,

and GLUT4, t he adi pose/ muscl e t r anspor t er , wer e

each expr essed i n NI H- 3T3 cel l s by r et r ovi r us- medi -

at ed gene t r ansf er . I n f i br obl ast s over expr essi ng

GLUT1, basal as wel l as i nsul i n- st i mul at ed deoxygl u-

cose upt ake was i ncr eased . Expr essi on of GLUT4 was

wi t hout af f ect on ei t her basal or hor mone st i mul at ed

hexose upt ake. Local i zat i on of each of t he t r anspor t er s

by i ndi r ect i mmunof l uor escence r eveal ed t hat , wher eas

GLUTI was f ound pr i mar i l y on t he cel l sur f ace,

GLUT4 was di r ect ed t o vesi cl es i n a per i nucl ear di s-

t r i but i on and t hr oughout t he cyt opl asm. The GLUT4-

cont ai ni ng compar t ment r epr esent ed nei t her Gol gi

compl ex nor l ysosomes, as evi denced by t he f ai l ur e of

1gp110 or Gol gi mannosi dase t o co- l ocal i ze. However ,

ONE of t he best - char act er i zed act i ons of t he anabol i c

hor mone i nsul i n i s i t s abi l i t y t o r api dl y and r ever si -

bl y i ncr ease t he r at e of gl ucose met abol i sm i n pe
r i pher al t ar get t i ssues ( 8) . The f l ux of sugar s acr oss t he
pl asma membr ane of mammal i an cel l s i s cat al yzed by a cl ass

of i nt egr al membr ane gl ycopr ot ei ns, t he f aci l i t at ed hexose

t r anspor t er s . I t i s t hi s pr ocess whi ch i s t he pr i mar y si t e of

act i on by whi ch i nsul i n modul at es gl ucose upt ake . Anumber
of year s ago, i t became cl ear t hat i n t he basal st at e a subst an-
t i al number of gl ucose t r anspor t er s i n adi pose t i ssue and
pr obabl y muscl e r esi de wi t hi n t he cel l , wher e t hey ar e i nac-

t i ve pr esumabl y sol el y because of t hei r i naccessi bi l i t y t o ex-

t r acel l ul ar sugar s ( 36) . Shor t l y af t er exposur e t o i nsul i n, t he
adi pose cel l r edi st r i but es i t s gl ucose t r anspor t er s such t hat
a gr eat er number ar e l ocat ed on t he cel l sur f ace and cont r i b-
ut e t o t he i nf l ux of hexoses . Wher eas i t r emai ns uncl ear as
t o whet her t he " t r ansl ocat i on" model expl ai ns al l of t he
i ncr ease i n hexose upt ake i n r esponse t o hor mone, r edi st r i -
but i on cer t ai nl y occur s and i s i mpor t ant t o t he over al l
augment ed gl ucose f l ux . Ther ef or e, a maj or par t of under -
st andi ng t he mechani sm by whi ch i nsul i n r egul at es hexose
met abol i sm i nvol ves char act er i zi ng t he pat hways of subcel -
l ul ar t r af f i cki ng of gl ucose t r anspor t pr ot ei ns .

Recent l y, t he exi st ence of a gene f ami l y encodi ng r el at ed
gl ucose t r anspor t pr ot ei ns has been f i r ml y est abl i shed ( 4) .

The t wo i sof or ms r el evant t o t he exper i ment s di scussed be-
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t her e was subst ant i al over l ap bet ween t he di st r i but i on

of GLUT4 and t he t r ansf er r i n r ecept or , and some co-

l ocal i zat i on of t he t r anspor t er i sof or mwi t h t he man-

nose- 6- phosphat e r ecept or . I n addi t i on, when FI TC-

wheat ger m aggl ut i ni n bound t o t he cel l sur f ace was

al l owed t o i nt er nal i ze at 37° C, i t concent r at ed i n ve-

si cul ar st r uct ur es coi nci dent wi t h GLUT4 i mmunor e-

act i vi t y .

These dat a est abl i sh t hat GLUTI and GLUT4 con-

t ai n wi t hi n t hei r ami no aci d sequences i nf or mat i on

whi ch di ct at es t ar get i ng t o di st i nct cel l ul ar compar t -

ment s . Mor eover , GLUT4 can be r ecogni zed by t hose

cel l ul ar f act or s whi ch di r ect membr ane pr ot ei ns t o t he

endosomal pat hway.

l ow ar e GLUTI and GLUT4 . cDNAs encodi ng t he f or mer

wer e or i gi nal l y cl oned f r omhuman hepat oma and r at br ai n,
and pr obabl y al so code f or t he wel l - char act er i zed human
er yt hr ocyt e hexose car r i er ( 6, 32) . Wher eas GLUTI i s ex-
pr essed f ai r l y ubi qui t ousl y i n adul t mammal i an t i ssues,
GLUT4 i s f ound excl usi vel y i n adi pose t i ssue, muscl e, and
hear t , t hose or gans most r esponsi ve t o i nsul i n i n t er ms of
hexose upt ake ( 5, 8, 24) . These dat a have l ed t o t he i dea t hat
t he expr essi on of GLUT4 i s an essent i al r equi r ement f or t he
f ul l , hor monal st i mul at i on . Consi st ent wi t h t hi s model , i n-
sul i n ef f ect s a gr eat er i ncr ease i n GLUT4 t han GLUTI i n t he
pl asma membr ane of adi pocyt es, t hough bot h ar e r ecr ui t ed
t o some ext ent ( 5, 23, 24) . The pr eci se cont r i but i on of each
of t he i sof or ms t o t he act ual f l ux of hexose i n t he basal and
i nsul i n- st i mul at ed st at es r emai ns undet er mi ned . I n addi t i on,
t he subcel l ul ar pat hways t hr ough whi ch each of t he t r ans-
por t er s i s r out ed i n t he adi pocyt e ar e i l l def i ned .

The maj or hypot hesi s whi ch f or ms t he basi s f or t he st udi es
r epor t ed her ei n i s t hat each of t he t r anspor t er s cont ai ns i n-
t r i nsi c t o i t s pr i mar y st r uct ur e i nf or mat i on di ct at i ng t ar get -
i ng t o di st i nct cel l ul ar compar t ment s . Our st r at egy t o t est
t hi s model has been t o i nt r oduce t he t wo i sof or ms i nt o t he
same cel l ul ar cont ext and exami ne t he subcel l ul ar di st r i bu-
t i ons and t r anspor t act i vi t y. I n addi t i on, we have addr essed
t he quest i on of whet her expr essi on of GLUT4 i s suf f i ci ent
t o conf er f ul l i nsul i n- r esponsi ve t r anspor t .
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Mat er i al s and Met hods

Mat er i al s

2- [ I , 2- 3H] - deoxy- D- gl ucose ( 30. 2 Ci / mmol ) was pur chased f r omNewEn-

gl and Nucl ear ( Bost on, MA) , 31STr ansl abel and " ' I - pr ot ei n A ( >30

mCi / mg) wer e f r omI CN Radi ochemi cal s ( I r vi ne, CA) . FI X and r hoda-

mi ne- conj ugat ed ant i bodi es wer e pur chased f r omTago ( Bur l i ngame, CA) ,
FI TC- conj ugat ed wheat ger m aggl ut i ni n ( WGA) ' was f r om Mol ecul ar

Pr obes ( Eugene, OR) , endogl ycosi dase H f r omBoehr i nger - Mannhei m Bi o-
chemi cal s ( I ndi anapol i s, I N) , SP6 RNA pol ymer ase f r om New Engl and

Bi ol abs ( Bever l y, MA) , Genet i ci n ( G418) and Li pof ect i n r eagent f r om

Gi bco- BRL ( Gai t her sbur g, MD) , and t he bi ci nchr oni c pr ot ei n assay ki t was

pur chased f r om Pi er ce Chemi cal Co . ( Rockf or d, I L) . I nsul i n was a gi f t

f r omDr . Ronal d Chance of Li l l y Labor at or i es ( I ndi anapol i s, I N) . Al l ot her

chemi cal s wer e pur chased f r om Si gma Chemi cal Co . ( St . Loui s, MO) .

Ant i ser a di r ect ed agai nst t he t r ansf er r i n r ecept or , 1gpl 10, Gol gi mannosi -

dase I I , and t he mannose- 6- phosphat e r ecept or wer e gener ousl y pr ovi ded

by Roger Davi s ( Uni ver si t y of Massachuset t s, Wor cest er , MA) , Br uce

Gr anger ( Yal e Uni ver si t y School of Medi ci ne, New Haven, CT) , Br i an

Bur ke ( Har var d Medi cal School , Bost on, MA) , and Thomas Br aul ke

( Geor gAugust - Uni ver si t at G6t t i ngen, G6t t i ngen, Ger many) , r espect i vel y .

Af f i ni t y pur i f i ed ant i - GLUTI ant i pept i de ant i ser a f or i mmunof l uor escence

was a gi f t of Ber nar d Thor ens ( MI T, Cambr i dge, MA) .

DNA Const r uct s

The r at GLUT4 gl ucose t r anspor t er cDNA was i sol at ed by exci si on f r om

t he pl asmi d pSMl - 1- 1 ( 5) by f i r st di gest i ng wi t h Xbal , f i l l i ng i n t he ends

usi ng t he Kl enow f r agment of DNA' pol ymer ase I , addi ng Sal l l i nker s, and

r e- l i gat i ng t he pl asmi d . The r esul t ant pl asnt i d was di gest ed wi t h AhaHI ,

BamHI l i nker s wer e added, and t he pl asndd was r el i gat ed . The r esul t i ng

1 . 8- kb BamHI - Sal l f r agment , cont ai ni ng t he GLUT4 cDNA codi ng r egi on

as wel l as 12 and 272 by of 5- pr i me and 3- pr i me f l anki ng DNA, r espec-

t i vel y, was l i gat ed i nt o t he mul t i pl e cl oni ng si t e of pDO- R, and cal l ed pDOJ-

SM. The r et r ovi r al expr essi on vect or , pDO- R, whi ch was ki ndl y pr ovi ded

by Dr . Conni e Cepko ( Har var d Medi cal School , Bost on, MA) cont ai ns si t es

f or i nser t i on of a cl oned cDNA i mmedi at el y downst r eamof t he r et r avi r al

LTR, as wel l as a neomyci n r esi st ance gene dr i ven by t he SV- 40 ear l y pr o-

mot er , whi ch al l ows sel ect i on of t r ansf ect ed cel l s by gr owt h i n medi a con-

t ai ni ng t he ant i bi ot i c G418 ( 31) . A r et r ovi r al expr essi on pl asmi d cont ai ni ng

t he r at GLUTI cDNA, pDOJ- GT, was const r uct ed f r oma f r agment of t he

GLUTI cDNA ( 6) ext endi ng f r omt he uni que Xhol si t e ( changed t o a Bgl I I

si t e) t o t he nat ur al Bgl I I si t e ; t hi s i nser t cont ai ns t he compl et e codi ng r egi on

as wel l as 17 and 97 by of 5- pr i me and 3- pr i me non- t r ansl at ed sequences,

r espect i vel y.

To const r uct a vect or sui t abl e f or t he expr essi on of a cl oned cDNA by

a st r ong pr omot er usi ng hi st i di nol f or posi t i ve sel ect i on, pCMV1 ( pr ovi ded

by Dr . M. F. St i nski , Uni ver si t y of I owa, I owa Ci t y, I A) , whi ch cont ai ns

a cyt omegal ovi r us pr omot er f ol l owed by a human gr owt h hor mone t er mi na-

t i on sequence, was used ( 1) . The EcoRl si t e i n t he pol yl i nker was dest r oyed,

and t he r emai ni ng EcoRI - Sf i l f r agment i sol at ed and l i gat ed t o t he EcoRl -

Sf i l f r agment of pSV2- Hi s, whi ch cont ai ns t he h1sD gene of Sal monel l a

t yphi mur i um, encodi ng hi st i di nol dehydr ogenase ( 21) . The f r agment of t he

r at GLUT4 cDNA descr i bed above was cl oned i nt o t he pol yl i nker f ol l owi ng

t he CMV pr omot er usi ng t he uni que Bgl I I r est r i ct i on si t e .

Cel l Cul t ur e and Gene Ransf er

NI H- 3T3 f i br obl ast s and 02 cel l s wer e gr own i n DME suppl ement ed wi t h

10%cal f ser um i n an at mospher e of 8%COZ at 37° C. Cel l s t r ansf ect ed or

i nf ect ed wi t h vect or s encodi ng neo r esi st ance wer e gr own i n t he same

medi um suppl ement ed wi t h 400 ug/ ml G418 ( act i ve concent r at i on) ; f or

cel l s expr essi ng hi st i di nol r esi st ance, 400 mg/ ml hi st i di nol was added t o t he

medi a .
The r et r ovi r al packagi ng cel l l i ne ~2 ( 29) , obt ai ned f r omC. Cepko ( Har -

var d Medi cal School ) , was t r ansf ect ed wi t h ei t her pDOJ- SM, pDOJ- GT, or

pDOJ usi ng t he Li pof ect i n r eagent as suggest ed by t he manuf act ur er . Af t er

sel ect i on i n medi umcont ai ni ng 400 pg/ ml G418, t he cl ones wer e expanded

and scr eened f or r et r ovi r us . Cl ones wer e gr own t o over - conf l uence, t he

vi r us- cont ai ni ng medi um was har vest ed and pol ybr ene ( 8 ug/ ml ) was

added, and t hi s medi umused t o i nf ect NI H- 3T3 f i br obl ast s . Af t er 3 h, f r esh

medi um was added t o di l ut e t he pol ybr ene t o 2 pg/ ml and t he cel l s wer e

1 . Abbr evi at i on used i n t hi s paper : WGA, wheat ger m aggl ut i ni n .
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al l owed t o di vi de t wi ce bef or e t hey wer e spl i t 1 : 20 i nt o sel ect i on medi um

cont ai ni ng 400, ug/ ml G418 ( act i ve concent r at i on) . Col oni es wer e obser ved

10- 14 d af t er sel ect i on . These wer e pool ed or cl oned, and cont i nued t o be

gr own i n medi um cont ai ni ng 400 ug/ ml G418. NRK cel l s expr essi ng

GLUT4 wer e made by l i pof ect i n- medi at ed gene t r ansf er of pDOJ- SM

DNA.

NI H- 3T3 HI R3. 5 and CHO HI RC cel l l i nes wer e gr aci ousl y pr ovi ded by

Dr s . Jonat han Whi t t aker ( St at e Uni ver si t y of NewYor k, St ony Br ook, NY)

and Mor r i s Whi t e ( Josl i n Di abet es Cent er , Bost on, MA) , r espect i vel y .

Anal ysi s of Pr ot ei ns

Cr ude t ot al cel l ul ar membr anes wer e pr epar ed and assayed f or gl ucose

t r anspor t er cont ent by SDS- PAGE and West er n bl ot anal ysi s as descr i bed

( 22) . Rabbi t pol ycl onal ant i ser a r ai sed agai nst bact er i al f usi on pr ot ei ns i n-

cl udi ng t he cyt opl asmi c car boxy t er mi nus of GLUT4 have been descr i bed
( 5) , and r abbi t ant i - GLUTI pol ycl onal ant i bodi es pur chased f r om East

Acr es ( Sout hbr i dge, MA) wer e used f or West er n bl ot t i ng at a di l ut i on of

1 : 2, 000.

For t he det er mi nat i on of sensi t i vi t y t o endogl ycosi dase H, cel l s pl at ed
on 10- cm di shes ( GLUT4) or 6- wel l di shes ( GLUTI ) and gr own t o

conf l uence wer e washed wi t h PBS and i ncubat ed i n met hi oni ne- f r ee DME

( Gi bco- BRL) f or 45 mi n. They wer e exposed t o 35S- Tr ansl abel ( 0. 5

mCi / ml ) i n DME wi t h 2 . 5 %BSAf or 15 mi n and chased wi t h DME cont ai n-

i ng 0. 2 mg/ ml met hi oni ne and 0. 2 mg/ ml cyst ei ne. The chase was t er mi -

nat ed by pl aci ng t he cel l s on i ce and washi ng wi t h col d PBS. For GLUTI ,

t he cel l s wer e sol ubi l i zed di r ect l y and used f or i mmunopr eci pi t at i on . For

GLUT4, cr ude membr anes wer e pr epar ed f r omeach pl at e ( 22) . Membr ane

pel l et s wer e r esuspended i n sol ubi l i zat i on buf f er ( 50 mMTr i s, pH7. 4, 100

mMNaCl , 1 mMDTT, 0. 4%SDS, 1 mMPMSF) and i mmunopr eci pi t at i on

wi t h GLUT4 was car r i ed out ( 5) . The pr ot ei n A- Sephar ose pel l et s wer e

r esuspended i n 0. 05%SDS, and boi l ed f or 4 mi n . The enzymat i c r eact i on

was car r i ed out i n t he pr esence of 50mMsodi um ci t r at e, 10 pg/ ml pr ot ease

i nhi bi t or s ( chymost at i n, l eupept i n, ant i pai n, pepst at i n, and PMSF) , and

2 mU endogl ycosi dase H f or 17 h at 37° C. Af t er di gest i on, t he sampl es

wer e submi t t ed t o 10% SDS- PAGE, t r eat ed wi t h Enhance ( New Engl and

Nucl ear ) , and exposed t o Kodak XAR- 5 f i l m( East man Kodak Co . , Roches-

t er , NY) at - 70° C.

For quant i t at i on of t r anspor t er i sof or ms by West er n i mmunobl ot , st an-

dar ds wer e pr epar ed . These consi st ed of S- gal act osi dase f used t o t he cyt o-

pl asmi c car boxy t er mi nus of each of t he t r anspor t es . The const r uct i on of

t he / 3- gal act osi dase- GLUT4 f usi on pr ot ei n has been descr i bed ( 5) . For con-

st r uct i on of t he GLUTI f usi on pr ot ei n, t he l acz- cont ai ni ng pl asmi d,

pUR291 ( 35) , was di gest ed wi t h BamHI , t he st agger ed ends f i l l ed i n wi t h

t he Kl enow f r agment of DNA pol ymer ase I , and t he pl asmi d di gest ed wi t h

Pst l . The 625- bp f r agment of a Rsal / Pst l di gest of t he r at GLUTI cDNA

was i sol at ed and l i gat ed i nt o pUR291. Thi s r esul t ed i n a const r uct encodi ng

t he t er mi nal 51 ami no aci ds of t he r at GLUTI pr ot ei n f used i n f r ame t o

, B- gal act osi dase . Bot h f usi on pr ot ei ns wer e par t i al l y pur i f i ed f r omEsche-

r i chi a col i i ncl usi on bodi es by ext r act i on wi t h 6 Mur ea and l 3- mer capt o-

et hanol ( 5) , and quant i t at ed by SDS- pol yacr yl ami de el ect r ophor esi s f ol -

l owed by st ai ni ng wi t h Coomassi e bl ue usi ng 0- gal act osi dase as a st andar d .

Hexose T} anspor t

The r at e of hexose t r anspor t was det er mi ned by measur i ng t he upt ake of

2- deoxy- D- [ 3H] gl ucose ( 15) . Var yi ng concent r at i ons of i nsul i n wer e added

f or t he l ast 20 mi n of i ncubat i on . Upt ake was i ni t i at ed by t he addi t i on of

0. 1 ml KRP cont ai ni ng 1 or 2 mCi / m12- deoxy- D- [ 3H] gl ucose and 0. 5 mM

or 1. 0 mMdeoxygl ucose. Af t er 4 mi n, dur i ng whi ch t i me t he upt ake was

l i near , t he r eact i on was st opped by t hr ee successi ve i mmer si ons of t he pl at e

i nt o i ce- col d TBS ( 154 mMNaCl , 20 mMTr i s, pH 7. 4) . The cel l s wer e

sol ubi l i zed i n 0. 75 ml l %Tr i t on X- 100 f or 20 mi n at 37° C, and r adi oact i vi t y

det er mi ned i n a 0. 5- ml al i quot by l i qui d sci nt i l l at i on spect r omet r y . Upt ake

was measur ed i n dupl i cat e . The pr ot ei n concent r at i on of t he sol ubi l i zed

cel l s was det er mi ned usi ng t he bi ci nchr oni c assay ( Pi er ce Chemi cal Co . ) ,

wi t h BSA as a st andar d .

I mmunof l uor escence

Cel l s pl at ed on gl ass cover sl i ps 2 d bef or e an exper i ment wer e washed wi t h

PBS and f i xed i n 3 %par af or mal dehyde f or i mmunof l uor escence ( 15) . For

t he i mmunof l uor escent l ocal i zat i on of t he t r ansf er r i n r ecept or , cel l s wer e

per meabi l i zed wi t h 0. 1% NP- 40 i nst ead of Tr i t on X- 100. For det ect i on of

l gpl l 0, f i xat i on was accompl i shed by i mmer si on i n i ce col d met hanol f or

5 mi n, f ol l owed by acet one f or 30 s . I n al l cases, cover sl i ps wer e mount ed
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i n Mowi ol and vi sual i zed wi t h an Axi ophot f l uor escence mi cr oscope ( Car l

Zei ss, Ober kochen, Ger many) .

For endocyt osi s st udi es, JSM8 cel l s wer e pl at ed ont o gl ass cover sl i ps 2 d

bef or e an exper i ment . The cover sl i ps wer e t r ansf er r ed t o 6- wel l di shes con-

t ai ni ng L15 ( Gi bco- BRL) medi a wi t h 2 % cal f ser um and 5 pg/ ml FI TC-

conj ugat ed WGA ( FTI CWGA) at 4° C f or 1 h . The cel l s wer e washed t hr ee

t i mes wi t h col d L15 medi a, and t hen t r ansf er r ed t o a 6- wel l pl at e cont ai ni ng

L15 medi a pl us 2 %cal f ser umat 37° C f or t he t i mes i ndi cat ed . The upt ake

was t er mi nat ed by r et ur n of t he cel l s t o L15 wi t h 2% cal f ser um at 4° C,

f ol l owed by washi ng of t he cel l s t wi ce wi t h col d PBS cont ai ni ng 50 MM

N- acet yl gl ucosami ne. These washes r emoved most , but not al l of t he ex-

t r acel l ul ar bound FTTCWGA. The cel l s wer e t hen f i xed and pr ocessed f or

i mmunof l uor escence as descr i bed above .

Expr essi on i n Xenopus Oocyt es

GLUTI and GLUT4 RNA wer e synt hesi zed i n vi t r o and i nj ect ed i nt o oo-

cyt es pr epar ed f r om gr avi d Xenopus l aevi s f r ogs ( Xenopus I , WI ) as has

been descr i bed ( 5, 30) . Hexose t r anspor t assays wer e per f or med 3 d af t er
i nj ect i on .

Resul t s

' I t i vo gl ucose t r anspor t er r et r ovi r al expr essi on vect or s, pDOJ-

GT ( GLUTI ) and pDOJ- SM ( GLUT4) wer e const r uct ed

usi ng t he pl asmi d pDO- R, i n whi ch t he vi r al l ong t er mi nal

r epeat ser ves as pr omot er f or i nser t ed cDNAs ( 31) . St abl e

cel l l i nes wer e est abl i shed by t r ansf ect i on of t he r et r ovi r al

packagi ng cel l l i ne ~2 f ol l owed by i nf ect i on of NI H- 3T3 cel l s

wi t h t he vi r al super nat ant . A cont r ol cel l l i ne, DOJ, was

gener at ed by i nf ect i on of NI H- 3T3 cel l s wi t h par ent al vi r us .

Col oni es wer e sel ect ed i n G418, and bot h pool ed and cl onal

cel l l i nes est abl i shed . Over expr essi on of t he t r anspor t r t es

was anal yzed by West er n bl ot of GLUT1 and GLUT4 usi ng

pol ycl onal ant i ser a di r ect ed agai nst t he car boxy t er mi nus of

each pr ot ei n . GLUT4 was not det ect ed i n t ot al membr anes

pr epar ed f r omNI H- 3T3 i nf ect ed wi t h par ent al vi r us ( DOJ) ,

but was pr esent as a si ngl e i mmunor eact i ve speci es i n mem-

br anes f r om a pool of G418- r esi st ant cel l s i nf ect ed wi t h

DOJ- SM ( Fi g . 1) . On t he ot her hand, GLUTI was r eadi l y

det ect ed i n DOJ membr anes ; t he amount of GLUTI was

si gni f i cant l y gr eat er i n membr anes f r omDOJ- GT i nf ect ant

cel l s . For t he i nt er pr et at i on of exper i ment s descr i bed bel ow,

i t was essent i al t o ascer t ai n t he r el at i ve l evel s of over expr es-

si on and expr essi on of GLUTI and GLUT4, r espect i vel y .

Si nce di f f er ent ant i ser a wer e used f or i mmuno- det ect i on of

t he t r anspor t er i sof or ms, a si mpl e compar i son of t he West -

er n bl ot s was not adequat e . I nst ead, st andar ds wer e pr e-
par ed ; t hese consi st ed of t he cyt opl asmi c " t ai l s" of each of

t he pr ot ei ns f used t o a- gal act osi dase, expr essed i n E. col i ,

and par t i al l y pur i f i ed . Thi s met hod pr ovi ded a means of

compar i ng t he r el at i ve af f i ni t i es of t he non- cr ossr eact i ve an-

t i ser a f or GLUTI and GLUT4 . Tot al membr anes f r omt wo

cl onal l i nes of NI H- 3T3 cel l s expr essi ng GLUT4 ( JSM8) or
over expr essi ng GLUTI ( JGT2) wer e submi t t ed t o West er n

i mmunobl ot anal ysi s al ong wi t h t he sever al known amount s

of a- gal act osi dase- gl ucose t r anspor t er f usi on pr ot ei ns .

Quant i t at i on of t he r adi oact i vi t y i n each band i ndi cat ed t hat

t he JGT2 cl one of DOJ- GT i nf ect ed NI H- 3T3 f i br obl ast s ex-

pr essed about 16- f ol d mor e GLUT1 t han t he par ent al cel l s .
A cel l l i ne ( JSM8) der i ved f r om DOJ- SM i nf ect ed f i br o-

bl ast s expr essed appr oxi mat el y t hr eef ol d hi gher l evel s of t o-

t al cel l ul ar GLUT4 t han GLUTI ( dat a not shown) .
The bi ochemi cal ef f ect s of over expr essi on of each t r ans-

por t er i sof or mi n t hese cel l l i nes wer e exami ned usi ng 2- de-
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Fi gur e 1. West em i mmunobl ot of gl ucose t r anspor t er i sof or ms i n

NI H- 3T3 f i br obl ast s. 40 p, g t ot al membr anes pr epar ed f r om pool s

of G418- r esi st ant f i br obl ast s i nf ect ed wi t h DOJ, DOJ- SM ( GLUT4) ,

or DOJ- GT ( GLU77) r ecombi nant r et r ovi r us wer e submi t t ed t o

SDS- pol yacr yl ami de el ect r ophor esi s, t r ansf er r ed t o ni t r ocel l ul ose,

and pr obed by pol ycl onal ant i ser a speci f i c f or GLUT4 ( A) or

GLUT1 ( B) . The sampl es i n A r epr esent dupl i cat e pr epar at i ons of

membr anes . Si zes of t wo mol ecul ar wei ght st andar ds ar e i ndi cat ed

i n M

oxygl ucose upt ake i n t he pr esence of i ncr easi ng i nsul i n con-
cent r at i ons . Basal l evel s of gl ucose upt ake i n JGT2 cel l s
wer e appr oxi mat el y seven t i mes gr eat er t han i n cont r ol cel l
l i ne, DOJ ( Fi g . 2) . Fur t her mor e, i nsul i n- st i mul at ed hexose
upt ake si gni f i cant l y ; t he magni t ude of t he i ncr ease was
gr eat er , but t he f ol d st i mul at i on l ess t han i n par ent al f i br o-
bl ast s . Ther e was no si gni f i cant di f f er ence i n t he r at es of hex-
ose upt ake bet ween t he GLUT4 expr essi ng JSM8 cel l s and
cont r ol f i br obl ast s when t he assay was per f or med i n t he ab-
sence or i n t he pr esence of sever al concent r at i ons of i nsul i n
( Fi g. 2) . Appar ent mi nor di f f er ences i n t r anspor t bet ween
DOJ and JSM8 i n t he ser i es of exper i ment s r epr esent ed i n
Fi g . 2 wer e not suppor t ed by st udy of ot her i ndependent l y
i sol at ed cel l l i nes ( f or exampl e see Fi g . 4) . Hexose upt ake
i n cl onal or pool ed f i br obl ast cel l l i nes i nf ect ed wi t h DOJ-
GT i n whi ch t he l evel of GLUTI was i ncr eased onl y t wo- t o
f our f ol d demonst r at ed a commensur at e i ncr ease i n hexose
upt ake ( dat a not shown) . Thi s i s si mi l ar t o r esul t s r epor t ed
by ot her i nvest i gat or s f ol l owi ng i nt r oduct i on of GLUT1 i nt o
ot her f i br obl ast cel l l i nes ( 2, 19, 20) .

One t r i vi al expl anat i on f or t he l ack of i ncr eased hexose up-
t ake i n JSM8 cel l s i n spi t e of t he over expr essi on of GLUT4
was t hat t he GLUT4 cDNA had sust ai ned an i nact i vat i ng
mut at i on i n t he cour se of mol ecul ar cl oni ng . To excl ude
t hi s possi bi l i t y, mRNA was synt hesi zed i n vi t r o f r om t he
cl oned GLUTI and GLUT4 cDNAs and i nj ect ed i nt o Xeno-
pus l aet i s oocyt es . Oocyt es i nj ect ed wi t h ei t her t r anspor t er
mRNA cat al yzed si gni f i cant l y mor e 2- deoxygl ucose upt ake
t han wat er i nj ect ed oocyt es, and upt ake i n GLUTl -

expr essi ng oocyt es was about 1 . 5- f ol d gr eat er t han t hat i n
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Fi gur e 3 Upt ake of hexose i nt o Xenopus l aevi s oocyt es . Oocyt es

i nj ect ed wi t h HZO ( o) or 50 ng mRNA encodi ng GLUTI ( m) or

GLUT4 ( o) wer e i ncubat ed f or 3 d at 19° C bef or e assay f or 2- de-

oxygl ucose upt ake as a f unct i on of t i me . Each poi nt r epr esent s t he

mean of 5 oocyt es, and i s t ypi cal of at l east f our i ndependent exper i -

ment s .

GLUT4 ( Fi g . 3) . These dat a i ndi cat e t hat bot h cDNAs ar e

capabl e of encodi ng cat al yt i cal l y act i ve hexose t r anspor t

pr ot ei ns and ar e consi st ent wi t h pr evi ous r epor t s of expr es-

si on i n oocyt es ( 5, 16, 27, 41) .
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Fi gur e 4. Hexose upt ake i nt o f i br obl ast s over expr essi ng i nsul i n
r ecept or s and GLUT4 . NI H- 3T3 HI R3 . 5 cel l s or CHOHI RC cel l s
over expr essi ng human i nsul i n r ecept or s wer e t r ansf ect ed wi t h a
pl asmi d encodi ng r at GLUT4 . Cl onal cel l l i nes expr essi ng GLUT4
pr ot ei n wer e i dent i f i ed by i mmunof l uor escence, gr own t o mass cul -
t ur e, and assayed f or 2- deoxygl ucose upt ake i n t he absence ( ®) and
pr esence ( m) of 1 ) M i nsul i n . For each par ent al f i br obl ast l i ne,
upt ake dat a f r om a cont r ol cel l l i ne as wel l as t wo i ndependent l y
i sol at ed GLUT4 expr essi ng cl ones ar e shown .

Anot her expl anat i on f or t he i nabi l i t y of over expr essi on of

t he GLUT4 i sof or m t o al t er hexose upt ake coul d have been

t hat f i br obl ast s l ack suf f i ci ent number of i nsul i n r ecept or s t o

st i mul at e r ecr ui t ment of t r anspor t er s t o t he cel l sur f ace . To

t est t hi s possi bi l i t y, GLUT4 was i nt r oduced i nt o f i br obl ast

l i nes al r eady expr essi ng hi gh number s of f unct i onal human

i nsul i n r ecept or s by DNA- medi at ed gene t r ansf er . The r at

GLUT4 cDNA was cl oned i nt o an eucar yot i c expr essi on

vect or wi t h t he f ol l owi ng char act er i st i cs : t r anscr i pt i on of t he

t r anspor t er cDNA was dr i ven by t he st r ong CMV pr omot er ,

si nce pr el i mi nar y exper i ment s had shown t hat t hi s achi eved

hi gher l evel s of GLUT4 pr ot ei n t han ei t her t he vi r al LTR or

t he SV- 40 ear l y pr omot er ; and t he pl asmi d cont ai ns t he hi sD

gene of Sal monel l a t yphi mur i um, encodi ng r esi st ance t o hi s-

t i di nol and t hus per mi t t i ng i nt r oduct i on of a second cl oned

gene i nt o cel l s al r eady G418 r esi st ant . Two such cel l l i nes

wer e used f or t hi s pur pose, NI H- 3T3 HI R3 . 5 cel l s and CHO

HI RC cel l s ( 42, 43) . Fi g . 4 shows deoxygl ucose upt ake i nt o

cont r ol cel l s ( vect or al one) and t wo i ndependent cl onal cel l

popul at i ons of ei t her CHOHI RC or NI H- 3T3 HI R3. 5 cel l s

whi ch expr ess r at GLUT4 i n addi t i on t o human i nsul i n

r ecept or s . Even i n t he pr esence of i nsul i n r ecept or s, t he ex-

pr essi on of GLUT4 di d not augment t he i ncr ease i n hexose

upt ake i n r esponse t o hor mone .

To cl ar i f y t he mechani smunder l yi ng t he di f f er ent i al ef f ect

on hexose upt ake i n GLUTI vs . GLUT4 expr essi ng cel l s, t he

i nt r acel l ul ar l ocal i zat i on of each t r anspor t er i sof or m was ex-

ami ned by i ndi r ect i mmunof l uor escence . Pool s of NI H- 31` 3

cel l s i nf ect ed wi t h DOJ- GT di spl ayed i ncr eased expr essi on

of GLUT1 i n >90% of t he cel l s . I n essent i al l y al l over ex-

Fi gur e S. I mmunof l uor escent l ocal i zat i on of gl ucose t r anspor t er i sof or ms i n 3T3- L1 f i br obl ast s . ( a) . Fi br obl ast s over expr essi ng GLUTI

( NI H- JGT) or GLUT4 ( NI H- JSM) wer e assayed f or t he di st r i but i on of t r anspor t er usi ng ant i ser a di r ect ed agai nst GLUTI ( l ef t ) or GLUT4

( r i ght ) . Phase mi cr ogr aphs of t he cor r espondi ng f i el ds ar e shown bel ow. For GLUTI , a non- expr essi ng cel l can be vi sual i zed i n t he upper

par t of t he mi cr ogr aph, and sever al non- expr essi ng cel l s ar e seen i n t he l ower par t of t he panel cont ai ni ng t he DOJ- SM- i nf ect ed cel l s .

Bar , 20, um.
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pr essi ng cel l s as wel l as par ent al f i br obl ast s, GLUTI ap-

pear ed t o be subst ant i al l y on t he cel l sur f ace ( Fi g . 5) . Ther e

was some per i nucl ear st ai ni ng i n most of t he GLUT1-

over expr essi ng cel l s ( dat a not shown) . The gener al subcel l u-

l ar di st r i but i on of GLUTI appear ed t o be i ndependent of t he

l evel of expr essi on i n each of t he i ndi vi dual i nf ect ed cel l s .

The cel l ul ar l ocat i on of GLUT4 was st r i ki ngl y di f f er ent .

Thi s t r anspor t er i sof or m was det ect ed pr edomi nant l y i n a

per i nucl ear r egi on i n a di st i nct l y punct at e di st r i but i on ( Fi g .

5) . GLUT4 was al so di st r i but ed t hr oughout t he cel l , agai n

i n a punct at e pat t er n . Wher eas t he i nt ensi t y of t he mor e pe-

r i pher al GLUT4 i mmunof l uor escence was somewhat var i -

abl e among di f f er ent exper i ment s ( f or exampl e compar e

Fi gs. 5 and 10) , t he gener al pat t er n of st ai ni ng was r el at i vel y

i ndependent of t he l evel of expr essi on . However , t he hi ghest

expr essi ng cel l s i n t he mi xed pol ycl onal popul at i on of t en di s-

pl ayed some cel l sur f ace st ai ni ng .

We sought evi dence as t o whet her t he di st r i but i on of

GLUT4 was a r esul t of t he f or ei gn pr ot ei n bei ng ar r est ed i n

a bi osynt het i c compar t ment . Acqui si t i on of r esi st ance t o
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Fi gur e 6. Acqui si t i on of r esi st ance t o endogl ycosi -
dase H. Fi br obl ast s i nf ect ed wi t h r ecombi nant
r et r ovi r uses wer e l abel ed wi t h ' SS- Tr ansl abel f or
15 mi n, i ncubat ed wi t h non- r adi oact i ve ami no
aci ds f or t he t i mes i ndi cat ed, i mmunopr eci pi t at ed
and t r eat ed wi t h endogl ycosi dase H. Mol ecul ar
wei ght st andar ds ar e shown i n kD. The appr oxi -
mat e mobi l i t y of t he mat ur e t r anspor t er i s i ndi -
cat ed by an ar r ow, and t he ear l i est synt hesi zed
pr ecur sor by an open ar r ow. ( a) Fi br obl ast s ex-
pr essi ng GLUTI , i mmunopr eci pi t at ed wi t h an an-
t i ser a agai nst t hi s i sof or m. I mmunoadsor pt i on of
ext r act f r om t he 60 mi n chased cel l s t o pr ot ei n
ASephar ose i n t he absence of ant i ser a i s shown
( No Ab) . ( b) Fi br obl ast s expr essi ng GLUT4, i m-
munopr eci pi t at ed wi t h an ant i ser a agai nst t hi s i so-
f or m. I mmunoadsor pt i on of ext r act f r omt he " non-
chase" cel l s t o pr ot ei n ASephar ose i n t he absence

of ant i ser a i s shown ( No Ab) .

di gest i on by endogl ycosi dase H i s a char act er i st i c f eat ur e of

a gl ycopr ot ei n whi ch has under gone pr ocessi ng i n t he ci s-

and mi ddl e Gol gi compl ex . Fi br obl ast s expr essi ng ei t her r at

GLUTI or GLUT4 wer e met abol i cal l y l abel ed f or 15 mi n,

and t hen " chased" wi t h non- r adi oact i ve ami no aci ds as i ndi -

cat ed . At each t i me, t r anspor t er was i mmunopr eci pi t at ed,

and hal f of t he car r i er enzymat i cal l y degl ycosyl at ed by

di gest i on wi t h endogl ycosi dase H. Fi g . 6 Ashows t he acqui -

si t i on of r esi st ance t o endogl ycosi dase H i n GLUTI over ex-

pr essi ng cel l s . By t he end of t he l abel i ng per i od, much of t he

GLUTI was al r eady r esi st ant t o endogl ycosi dase H, and t he

r emai nder of t he t r anspor t er acqui r ed r esi st ance i n t he sub-

sequent 10 mi n . As shown i n Fi g . 6 B, GLUT4 was pr ocessed

consi der abl y mor e sl owl y, r equi r i ng 30 mi n t o acqui r e com-

pl et e r esi st ance t o endogl ycosi dase H. I n addi t i on, i t ap-

pear ed t hat t he amount of GLUT4 pr ot ei n decr eased dur i ng

t he cour se of t he exper i ment , suggest i ng t hat some of t he

GLUT4 pr ot ei n may have been degr aded bef or e compl et e

mat ur at i on . Nonet hel ess, t hese dat a demonst r at e t hat f or -

ei gn GLUT4 does ul t i mat el y acqui r e r esi st ance t o en-

790



dogl ycosi dase Hi n mur i ne f i br obl ast s, and t hus t r aver ses t he

medi al Gol gi compl ex .

I n vi ew of t he r el at i vel y sl ow post t r ansl at i onal pr ocessi ng

of GLUT4 pr ot ei n, f ur t her st udi es wer e per f or med t o det er -

mi ne whet her t he st eady st at e GLUT4 st ai ni ng pat t er n

Hudson et al . Gl ucose Tr anspor t er Subcel l ul ar Tar get i ng

Fi gur e 7. I mmuno- l ocal i zat i on of t he Gol gi compl ex and GLUT4 .
Pool s of NRK f i br obl ast s st abl y expr essi ng r at GLUT4 wer e st ai ned
wi t h ant i ser a agai nst GLUT4 ( l ef t ) and Gol gi mannosi dase I I ( r i ght ) .

The cor r espondi ng phase mi cr ogr aph i s shown on t he bot t om. Bar ,
20 t t m.

r ef l ect s t r ansi ent accumul at i on i n t he Gol gi compl ex . AmAb
di r ect ed agai nst r at Gol gi mannosi dase I I was used t o i den-
t i f y t he Gol gi compl ex i n doubl e l abel i ng exper i ment s ( 3, 7) .
Si nce t he a- Gol gi ant i body i s speci f i c f or r at cel l s, GLUT4
was st abl y expr essed i n NRK f i br obl ast s . The same cel l s
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wer e l abel ed wi t h ci - GLUT4 pol ycl onal ser a and a- Gol gi

mannosi dase mAb, and vi sual i zed wi t h r hodami ne- and

FI TC- conj ugat ed secondar y ant i bodi es, r espect i vel y ( Fi g .

7) . Wher eas bot h ant i gens wer e l ocat ed i n t he same r egi on

of t he cel l , t hey cl ear l y r esi ded i n di st i nct subcel l ul ar st r uc-

t ur es. Doubl e- exposur e col or phot omi cr ogr aphs i ndi cat ed

t hat t he GLUT4 pr ot ei n was pr esent i n punct at e st r uct ur es

i nt er sper sed amongst t he Gol gi compl ex ( dat a not shown) .

Anot her expl anat i on f or t he di f f er ent i al subcel l ul ar di st r i -

but i on of GLUTI and GLUT4 mi ght have been t hat t he l at t er

was bei ng t ar get ed t o a degr adat i ve pat hway . To addr ess t hi s,

i mmunof l uor escent co- l ocal i zat i on was per f or med usi ng

1gp110, a mar ker f or l ysozomes ( 17) . As can be seen i n Fi g .

8, i n pool s of NI H- 3T3 cel l s i nf ect ed wi t h DOJ- SM, ant i ser a

di r ect ed agai nst GLUT4 and 1gp110 det ect mar kedl y di f f er -

ent l abel i ng pat t er ns i n t he same cel l s . Though i t i s possi bl e

t hat GLUT4 r api dl y l ost i mmunor eact i vi t y af t er ent er i ng t he

l ysozomes, i t i s unl i kel y si nce t he epi t ope i s di r ect ed t owar ds

t he cyt opl asmi c sur f ace of t he t r anspor t er pr ot ei n .

The dat a pr esent ed t hus f ar i ndi cat e t hat GLUT1 i s t ar -

get ed pr edomi nant l y t o t he pl asma membr ane, but GLUT4

i s di r ect ed t o an i nt r acel l ul ar l ocat i on . A candi dat e f or such
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Fi gur e 8 . I mmuno- l ocal i zat i on of l ysosomes and
GLUT4. Pool s of DOJ- SMcel l s wer e st ai ned wi t h
ant i ser a agai nst GLUT4 ( t op) or 1gp110 ( bot t om) .

Bar , 20 um.

an i nt r acel l ul ar st r uct ur e i s t he endocyt i c compar t ment . To

addr ess t hi s possi bi l i t y, exper i ment s wer e car r i ed out usi ng

ant i ser a di r ect ed agai nst t he t r ansf er r i n r ecept or and t he

mannose 6- phosphat e r ecept or , mar ker s f or ear l y and l at e

endosomes, r espect i vel y ( 38) . As shown i n Fi g . 9 A, t he i n-

t r acel l ul ar di st r i but i ons of GLUT4 and t r ansf er r i n r ecept or

ar e al most super i mposabl e. Vi r t ual l y al l vesi cl es cont ai ni ng

GLUT4 al so r eact wi t h ant i ser a di r ect ed agai nst t he t r ansf er -

r i n r ecept or . Ther e i s al so some over l ap i n subcel l ul ar di st r i -

but i on bet ween GLUT4 and t he mannose- 6- phosphat e r e-

cept or , t hough t hi s i s not as st r i ki ng as t he co- l ocal i zat i on

wi t h t he t r ansf er r i n r ecept or ( Fi g . 9 B) . I n par t i cul ar , t he

mor e per i pher al l y l ocat ed GLUT4 l acked coi nci dent man-

nose- 6- phosphat e r ecept or i mmunor eact i vi t y .

Anot her exper i ment was per f or med t o i ndependent l y con-
f i r m t he pr esence of GLUT4 i n t he endosomal pat hway .

JSM8 cel l s wer e i ncubat ed wi t h FI TCWGA at 4° C t o l abel

t he cel l sur f ace . The unbound l ect i n was r emoved, and t he

cel l s war med t o 37° C f or t he t i mes i ndi cat ed i n Fi g . 10 A.

The pr esence of FI TCWGAdi d not al t er t he over al l st eady-

st at e di st r i but i on of GLUT4 as ascer t ai ned by i mmunof l uo-

r escence mi cr oscopy. I n t he absence of i ncubat i on at 37° C,
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Fi gur e 9. Co- l ocal i zat i on of endosomes and GLUT4 . Pool s of DOJ- SMcel l s wer e st ai ned wi t h ant i ser a agai nst GLUT4 ( l ef t ) and t r ansf er r i n

r ecept or ( upper r i ght ) or t he mannose- 6- phosphat e r ecept or ( l ower r i ght ) . Bar , 20 Am.

t her e was a modest amount of det ect abl e FI TCWGA, and al l

was l ocal i zed on t he ext r acel l ul ar sur f ace of t he f i br obl ast s

( Fi g. 10 A, 0 mi n) . By 2 . 5 mi n, some FI TCWGAwas i nt er -

nal i zed and pr esent i n per i pher al l y di sposed vesi cul ar st r uc-

t ur es. I mpor t ant l y, GLUT4 co- l ocal i zed wi t h t he FI TC-

WGA . Thi s i s shown i n mor e det ai l i n Fi g . 10 B, whi ch i s

a gr eat er magni f i cat i on of a si ngl e JSM8 cel l al l owed t o t ake

up FI TCWGA f or 2 . 5 mi n . Not e t he st r i ki ng over l ap be-

t ween t he di st r i but i on of GLUT4 and WGA. Al l owi ng t he i n-

t er nal i zat i on of FI TCWGA t o pr oceed f or l onger per i ods of

Hudson et al . Gl ucose Tr anspor t er Subcel l ul ar Tar get i ng

t i me r esul t ed i n t he pr ogr essi ve l abel i ng of mor e cent r al l y l o-

cat ed st r uct ur es ( Fi g . 10 A) . However , at each t i me poi nt ,

some of t he GLUT4 co- l ocal i zed wi t h t he WGA.

Di scussi on

I n t he exper i ment s descr i bed above, we set out t o addr ess

sever al quest i ons r el evant t o an under st andi ng of t he r egul a-

t i on of gl ucose t r anspor t by i nsul i n : ( a) Do GLUTI and

GLUT4 cont ai n wi t hi n t hei r pr i mar y ami no aci ds sequences
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Fi gur e 10. Endocyt osi s of WGA. JSM8 cel l s wer e al l owed t o bi nd FI TCWGA at 4° C and t hen i ncubat ed at 37° C i n t he absence of l ect i n
f or t he t i mes i ndi cat ed ( a) or f or 2 . 5 mi n ( b) . I mmunost ai ni ng wi t h a- GLUT4 i s shown i n t he upper panel i n a, and on t he l ef t i n b . I n
each pai r of phot omi cr ogr aphs, t he ar r ows i ndi cat e cor r espondi ng l ocat i ons . Bar s : ( a) 20 gym; ( b) 10 pm.

t ar get i ng i nf or mat i on whi ch di r ect s each i sof or mt o a di st i nct

subcel l ul ar l ocal e? ; ( b) I s t he t i ssue- speci f i c expr essi on of

t he GLUT4 i sof or m suf f i ci ent t o expl ai n t he mar ked di spar -

i t y among cel l t ypes i n t hei r abi l i t y t o r espond t o i nsul i n wi t h

i ncr eased hexose upt ake? ; and ( c) What i s t he subcel l ul ar

The Joumal of Cel l Bi ol ogy, Vol ume 116, 1992

di st r i but i on of GLUT4 when expr essed i n an undi f f er en-

t i at ed cel l t ype, and can t hi s pat t er n be usef ul i n i nf er r i ng i n-

f or mat i on concer ni ng t he nor mal pat hways of GLUT4 t r af -
f i cki ng i n adi pose and muscl e cel l s?

A number of year s ago, sever al gr oups i ndependent l y pr o-
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Fi gur e 10.

posed t hat t he mechani smby whi ch i nsul i n i ncr eased gl u-

cose t r anspor t was by ef f ect i ng t he r api d and r ever si bl e r edi s-

t r i but i on of hexose car r i er s f r oma l at ent i nt r acel l ul ar pool

t o t he pl asma membr ane ( 12, 40) . Thi s model , whi ch has

gat her ed i ncr easi ng suppor t over t he past t en year s, has

pl aced t he pr obl emof hor mone- r egul at ed t r anspor t squar el y

wi t hi n t he r eal m of t he cont r ol of membr ane pr ot ei n

t r af f i cki ng . Recent l y, wi t h t he r ecogni t i on of a t r ue gene f am-

i l y of f aci l i t at ed gl ucose t r anspor t er pr ot ei ns, i t has become

cl ear t hat i nsul i n- r esponsi ve t i ssues expr ess a di st i nct hexose

car r i er , GLUT4 ( 5, 10, 14, 24, 26) . I t i s t hus a ver y appeal i ng

hypot hesi s t hat t hi s i sof or mi s uni quel y capabl e of conf er r i ng

i nsul i n- r egul at abl e gl ucose t r anspor t and, mor eover , t hat a

di st i nct i ve r out e of cel l ul ar t r af f i cki ng i s r esponsi bl e f or t hi s

pr oper t y . Cl ear l y, i n r at adi pose cel l s, a much gr eat er

pr opor t i on of GLUTI as compar ed t o GLUT4 r esi des i n

pl asma membr anes r el at i ve t o i nt r acel l ul ar compar t ment s i n

t he basal st at e, and t he f ol d i ncr ease i n pl asma membr ane
t r anspor t er i n r esponse t o i nsul i n i s gr eat er f or GLUT4 ( 5,

23, 44) . These obser vat i ons pr ovi de some evi dence f or

di f f er ent i al cel l ul ar t r af f i cki ng of t he t wo i sof or ms, but do not

addr ess t he i ssue of t hei r pr eci se i nt r acel l ul ar compar t ment s .

I n par t i cul ar , dat a r egar di ng t he i nt r acel l ul ar co- l ocal i zat i on

of GLUTI and GLUT4 ar e a bi t conf usi ng. I mmunoadsor p-
t i on of GLUT4- cont ai ni ng vesi cl es f r om i sol at ed r at adi po-
cyt es has been r epor t ed t o excl ude GLUTI ( 44) ; however ,

si nce GLUT4 i s expr essed at appr oxi mat el y 20- f ol d hi gher

l evel s t han GLUTI i n r at f at cel l s, t he di f f er ent i al di st r i but i on

mi ght be r el at ed t o l evel of expr essi on . I n 3T3- Ll adi po-

cyt es, i n whi ch GLUTI i s pr esent at l evel s 3 . 5- t o 5- f ol d
gr eat er t han GLUT4, i mmunopur i f i cat i on of vesi cl es by i m-
mobi l i zed a- GLUT4 has been al t er nat i vel y r epor t ed t o r e-
sul t i n co- adsor pt i on of some or most of t he i nt r acel l ul ar

GLUTI ( 9, 33) . Most r ecent l y, Pi per et al . ( 1991) have

pr esent ed i mmunof l uor escent l ocal i zat i on dat a of hexose

car r i er s i n 3T3- L1 adi pocyt es i ndi cat i ng t hat GLUTI and

GLUT4 r esi de i n di st i nct subcel l ul ar compar t ment s ( 33) .

Hudson et al . Gl ucose Tr anspor t er Subcel l ul ar Tar get i ng

I n t he cur r ent exper i ment s, we have el ect ed t o appr oach

t he pr obl emby a di f f er ent st r at egy, t hat i s, t o use r et r ovi r us-

medi at ed gene t r ansf er t o expr ess GLUTI and GLUT4 under

si mi l ar condi t i ons, and char act er i ze t hei r subcel l ul ar di st r i -

but i ons . I n t hi s way, di f f er ences i n cel l ul ar t r af f i cki ng woul d

have t o be at t r i but abl e t o i nf or mat i on r esi di ng i n t he cl oned

cDNAs and t he i sof or ms t hey encode, si nce expr essi on i s

dr i ven of f t he same pr omot er i n i dent i cal cel l ul ar cont ext s .

Two obser vat i ons i ndi cat e t hat t he t r anspor t er s ar e r ecog-

ni zed by cel l ul ar t r af f i cki ng pat hways i n di st i nct ways : onl y

GLUTI appr eci abl y al t er s basal hexose upt ake, and t he di s-

t r i but i ons as ascer t ai ned by i ndi r ect i mmunof l uor escence ar e

di st i nct ( Fi gs . 2 and 5) . The f or mer ar gument i s l ess compel -

l i ng, si nce i t assumes t hat t he act i vi t y cat al yzed by pl asma

membr ane GLUT4 i s at l east compar abl e t o t hat of GLUTI .

Whi l e t her e ar e no di r ect measur ement s of t he t ur nover num-

ber of GLUT4, a number of i nvest i gat or s have ar gued f or

gr eat er act i vi t y of t hi s i sof or m at t he concent r at i ons of sub-

st r at e used i n t hese exper i ment s ( 9, 23, 27, 33) . I f cor r ect ,

t hi s woul d have t he ef f ect of maki ng t he deoxygl ucose upt ake

assay mor e sensi t i ve t o i ncr eased l evel s of cel l sur f ace

GLUT4 t han GLUTI . Nonet hel ess, t he possi bi l i t y exi st s t hat

ot her cel l ul ar pr ot ei ns i nt er act wi t h and r egul at e t he cat al yt i c

act i vi t y of f aci l i t at ed hexose car r i er s, t hus pr event i ng a si m-
pl e ext r apol at i on of t r anspor t act i vi t y t o pl asma membr ane
car r i er number ( 11) . I t i s of i nt er est t hat expr essi on of
GLUT4 i n Xenopus oocyt es i n cont r ast t o f i br obl ast s l eads
t o i ncr eased hexose upt ake ( Fi g . 3) . Ei t her t he hi gh l evel of
expr essi on i n t he oocyt e syst em sat ur at es t he endogenous
sor t i ng pat hways, or t he oocyt e does not compl et el y r ecog-
ni ze t he di f f er ences bet ween t he t wo t r anspor t er i sof or ms.

The i mmuno- l ocal i zat i on dat a pr ovi de consi der abl y mor e
convi nci ng evi dence f or i nt r i nsi c t ar get i ng di f f er ences be-
t ween GLUTI and GLUT4 . These ar e unl i kel y t o be a r esul t
of a di f f er ent i al l evel of expr essi on of t he t wo i sof or ms .

Tr ansf ect ed and endogenous GLUTI di spl ayed a subcel l ul ar
di st r i but i on di st i nct f r omt hat of GLUT4, i n spi t e of t he f act
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t hat non- t r ansf ect ed NI H- 3T3 f i br obl ast s and JGT2 cel l s ex-
pr ess one t hi r d and f i ve t i mes, r espect i vel y, as much GLUTI
as t her e was GLUT4 i n JSM8 cel l s. I n vi sual l y scanni ng
pol ycl onal pool s of GLUTI and GLUT4 expr essi ng cel l s,

t her e was a r easonabl e consi st ency i n t he pat t er n of di st r i bu-

t i on of each of t he i sof or ms among i ndi vi dual f i br obl ast s .
The except i on t o t hi s was t he r ar e cel l expr essi ng ver y hi gh

l evel s of GLUT4, i n whi ch t he i sof or m was al so l ocat ed on
t he cel l sur f ace. The concl usi on f r omt hese exper i ment s i s

t hat , i n spi t e of t he 65% ami no aci d sequence i dent i t y be-

t ween GLUT1 and GLUT4, t he t wo i sof or ms cont ai n i nf or -

mat i on di ct at i ng di st i nct cel l ul ar t r af f i cki ng pat hways, and
t hat t hese si gnal s can be r ecogni zed i n nondi f f er ent i at ed cel l
t ypes .

Addi t i on of i nsul i n t o f i br obl ast s expr essi ng GLUT4 pr o-
t ei n di d not augment hexose upt ake t o l evel s di f f er ent t han
par ent al , non- t r ansf ect ed f i br obl ast s ( Fi g . 2) . Mor eover , co-

expr essi on of f unct i onal i nsul i n r ecept or s i n addi t i on t o
GLUT4 di d not r econst i t ut e t r ue hor mone- r egul at abl e hex-
ose f l ux ( Fi g . 4) . The l ack of ef f ect of t he number of i nsul i n

r ecept or s on t he t r anspor t r esponse i s consi st ent wi t h a

pr evi ous obser vat i on t hat , i n t he cour se of di f f er ent i at i on of

3T3- Ll adi pocyt es, t he acqui si t i on of augment ed gl ucose

t r anspor t i n r esponse t o maxi mal concent r at i ons of i nsul i n

pr ecedes t he appear ance of addi t i onal hor mone r ecept or s

( 15) . Thus, t he most si mpl i st i c i nt er pr et at i on of t he dat a i n

Fi g . 4 i s t hat ot her t i ssue- speci f i c f act or s ar e r equi r ed t o con-

st i t ut e t he i nsul i n- r esponsi ve di f f er ent i at ed phenot ype . Thi s

concl usi on i s st r engt hened by t he f act t hat t he r at i o of

GLUT4 t o GLUTI i n JSM8 f i br obl ast s, t i 3 : 1, i s consi der a-

bl y hi gher t han i n aut hent i cal l y i nsul i n- r esponsi ve 3T3- Ll

adi pocyt es, i n whi ch i t i s 1 : 3. 5 t o 1 : 5 ( 9, 33) . The di f f i cul t y

wi t h f ur t her i nt er pr et at i on of t hese exper i ment s i s t hat t he

devel opment of t he hor mone- sensi t i ve phenot ype i s so com-

pl ex t hat i t i s i mpossi bl e t o i nf er t he nat ur e of t he def i ci ent

f unct i on . For exampl e, i n t he cour se of di f f er ent i at i on of mu-

r i ne adi pocyt es, basal hexose upt ake decr eases subst ant i al l y

( 15) ; obvi ousl y, t hi s has not been r epr oduced i n t he t r ans-

f ect ed NI H- 3T3 cel l s . Fur t her mor e, i t i s uncl ear at pr esent
whet her t he l ack of augment ed i nsul i n- r esponsi ve deoxygl u-

cose upt ake i n JSM8 cel l s i s a r esul t of a decr eased capaci t y

of GLUT4 t o move t o t he pl asma membr ane i n r esponse t o

i nsul i n, an i nabi l i t y of GLUT4 t o r emai n on t he sur f ace f or

an appr eci abl e l engt h of t i me, or an i nsubst ant i al cont r i bu-

t i on of t he GLUT4 i sof or m t o t he t ot al t r anspor t act i vi t y .

I dent i f i cat i on of t he def ect i ve st eps mi ght suggest whi ch

adi pose- speci f i c f unct i on i s l acki ng i n t he t r ansf ect ed f i br o-

bl ast s .

Havi ng est abl i shed t hat upon expr essi on i n f i br obl ast s

GLUT4 was t ar get ed t o a subcel l ul ar si t e di st i nct f r om

GLUT1, we sought t o def i ne t he nat ur e of t he compar t ment

i n whi ch t he f or mer r esi ded . I mmuno- l ocal i zat i on of endo-

cyt i c pat hways by sever al i ndependent st r at egi es r eveal ed t he

pr esence of GLUT4 . The t r ansf er r i n r ecept or , whi ch was

chosen as a mar ker f or ear l y endosomes and t o a l esser ex-

t ent l at e endosomes and t r ans- Gol gi net wor k ( 38, 39) ,

demonst r at ed t he most st r i ki ng coi nci dence of l abel i ng wi t h

GLUT4. The mannose- 6- phosphat e r ecept or , whi ch ser ved

t o i dent i f y l at e endosomal st r uct ur es ( 18) , al so co- l ocal i zed

wi t h GLUT4 f ound i n t he per i nucl ear r egi on . Taken t o-

get her , t hese dat a i ndi cat e t hat GLUT4 i s di r ect ed t o al l com-

ponent s of t he endocyt i c pat hways . To obt ai n f ur t her suppor t
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f or t hi s concl usi on usi ng an i ndependent , dynami c mar ker
of endocyt osi s, cel l sur f ace gl ycopr ot ei ns wer e l abel ed by
t he l ect i n, FI TCWGA. The upt ake of WGA i nt o CHO
f i br obl ast s has been st udi ed i n some det ai l , and shown t o be

medi at ed by a subpopul at i on of membr ane pr ot ei ns, t he hi gh

mol ecul ar wei ght aci di c gl ycopr ot ei ns ( 34) . WGA was r ap-
i dl y i nt er nal i zed i n CHOcel l s, ent er i ng t he t ubul o- vesi cul ar

st r uct ur es of t he ear l y and l at e endosomal pat hway, as wel l
as r ecycl i ng back t o t he cel l sur f ace ( 34) . FI TCWGA ap-

pear ed t o behave i n a si mi l ar manner i n t he exper i ment s

r epor t ed above . At 2 . 5 mi n, i t l abel ed per i pher al st r uct ur es

al so det ect ed by ot - GLUT4 ( Fi g . 10) . At l at er t i mes, t he

FI TCWGAmoved t o mor e cent r al l y l ocat ed st r uct ur es, but

agai n co- l ocal i zed wi t h some of t he GLUT4 . Agai n, t hese

dat a ar e most consi st ent wi t h t he t ar get i ng of GLUT4 t o en-

dosomal t ubul ovesi cul ar st r uct ur es . I t i s unl i kel y t hat FI TC-

WGA i nf l uenced t he t r af f i cki ng of GLUT4, si nce t he gener al

pat t er n of t r anspor t er i mmunor eact i vi t y was unchanged . The

dat a pr esent ed her ei n do not di st i ngui sh whet her GLUT4 i s
t r ansi ent l y expr essed on t he cel l sur f ace or i s t ar get ed
di r ect l y t o an ear l y endosomal compar t ment . Though t he
f or mer seems mor e l i kel y, pr oof awai t s a met hod of l abel i ng

cel l sur f ace GLUT4 .

The di st r i but i on of GLUT4 i n f i br obl ast s i s r emi ni scent of

t hat of synapt ophysi n, a pol yt opi c membr ane- spanni ng pr o-
t ei n r esi di ng i n t he smal l synapt i c vesi cl es ( SSV) of neur oen-
docr i ne cel l s ( 13) . The r ecycl i ng of synapt ophysi n i n neur ons
i n many ways r esembl es t hat of GLUT4 i n adi pocyt es : bot h
ar e r ecr ui t ed t o t he pl asma membr ane i n r esponse t o agoni st ,
and t hen f ol l ow an ear l y endosomal pat hway on t hei r way
back t o t he " st or age" compar t ment ( 13, 37) . Thus, i t i s st r i k-
i ng t hat synapt ophysi n expr essed i n non- neur oendocr i ne
cel l s l ocal i zed i n a di st r i but i on ver y much r esembl i ng t hat
of GLUT4, concent r at i ng i n t r ansf er r i n r ecept or - posi t i ve
vesi cl es ( 25, 28) . A maj or quest i on now out st andi ng i s
whet her t he cel l ul ar l ocat i on f or GLUT4 i n adi pocyt es i s an

ext ensi on of t he ubi qui t ous endosomal syst em, or a di st i nct ,

t i ssue- speci f i c or ganel l e, per haps anal ogous t o smal l synap-

t i c vesi cl es . I nt er est i ngl y, when GLUT4 was expr essed i n t he
neur onal - l i ke cel l l i ne PC12, i t co- l ocal i zed wi t h synap-
t ophysi n i n endosomes, i n whi ch most of t he synapt ophysi n
r esi ded, but was excl uded f r omsmal l synapt i c vesi cl es ( Hud-

son, A. W. , D. Fi ngar , and M. J . Bi r nbaum, unpubl i shed ob-

ser vat i ons) .
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ant i ser a . The aut hor s al so gr at ef ul l y acknowl edge t he advi ce of Br i an

Bur ke and t he t echni cal assi st ance of Gl en Sei dner .

Thi s wor k was suppor t ed by Nat i onal I nst i t ut es of Heal t h gr ant

DK39519 and gr ant s f r omt he Amer i can Di abet es Associ at i on and t he Juve-

ni l e Di abet es Foundat i on . M. Ri uz i s a r eci pi ent of a Por t er Fel l owshi p

f r om t he Amer i can Physi ol ogi cal Soci et y .

Recei ved f or publ i cat i on 27 June 1991 and i n r evi sed f or m2 Oct ober 1991 .

Not e Added i n Pr oof . A r ecent publ i cat i on ( Haney, P. M. , J . W. Sl ot , R. C.

Pi per , D. E. James, and M. Mueckl er . 1991 . J . Cel l Bi ol . 114 : 689- 699)

descr i bi ng t he subcel l ul ar l ocal i zat i on of GLUT1 and GLUT4 expr essed

i n f i br obl ast s agr ees i n subst ance wi t h t he r esul t s r epor t ed her ei n .

Ref er ences

1 . Ander sson, S. , D. L . Davi s, H. Dahl back, H. Jor nval l , and D. W. Russel l .
1989 . Cl oni ng, st r uct ur e, and expr essi on of t he mi t ochondr i al
cyt ochr ome P- 450 st er ol 26- hydr oxyl ase, a bi l e aci d bi osynt het i c en-

796



zyme . J . Bi ol . Chem. 264: 8222- 8229 .
2 . Asano, T . , Y. Shi basaki , S. Ohno, H. Tai r a, J . L . Li n, M. Kasuga, Y.

Kanazawa, Y. Akanuma, F . Takaku, and Y. Oka. 1989 . Rabbi t br ai n gl u-
cose t r anspor t er r esponds t o i nsul i n when expr essed i n i nsul i n- sensi t i ve

Chi nese hamst er ovar y cel l s . J . Bi ol . Chem. 264 : 3416- 3420 .

3 . Bar on, M. D. , and H. Gar of f . 1990 . Mannosi dase I I and t he 135- kDa
Gol gi - speci f i c ant i gen r ecogni zed monocl onal ant i body 53FC3 ar e t he
same di mer i c pr ot ei n . J . Bi ol . Chem. 265 : 19928- 19931 .

4 . Bel l , G. I . , T . Kayano, J . B. Buse, C. F . Bur ant , J . Takeda, D. Li n, H .
Fukumot o, and S. Sei no . 1990 . Mol ecul ar bi ol ogy of mammal i an gl ucose
t r anspor t er s . Di abet es Car e. 13 : 198- 208 .

5 . Bi r nbaum, M. J . 1989 . I dent i f i cat i on of a novel gene encodi ng an i nsul i n-
r esponsi ve gl ucose t r anspor t er pr ot ei n . Cel l . 57 : 305- 315 .

6 . Bi r nbaum, M. J . , H. C. Haspel , and O. M. Rosen . 1986 . Cl oni ng and char -
act er i zat i on of a cDNA encodi ng t he r at br ai n gl ucose- t r anspor t er pr o-
t ei n . Pr oc . Nat l . Acad. Sci . USA. 83 : 5784- 5788 .

7 . Bur ke, B. , G. Gr i f f i t hs, H. Reggi o, D. Louvar d, and G. War r en . 1982 . A
monocl onal ant i body agai nst a 135- K Gol gi membr ane pr ot ei n. EMBO
( Eur . Mol . Bi ol . Or gan . ) J . 1 : 1621- 1628 .

8 . Cahi l l , G. F . 1971 . Physi ol ogy of i nsul i n i n man. Di abet es . 20 : 785- 799 .
9 . Cal der head, D. M. , K. Ki t agawa, L. I . Tanner , G. D . Hol man, and G. E.

Li enhar d . 1990 . I nsul i n r egul at i on of t he t wo gl ucose t r anspor t er s i n 3T3-
Ll adi pocyt es . J . Bi ol . Chem. 265 : 13801- 13808 .

10 . Char r on, M. J . , F . C . Br osi us, S. L . Al per , and H. F . Lodi sh . 1989 . A
gl ucose t r anspor t pr ot ei n expr essed pr edomi nant l y i n i nsul i n- r esponsi ve
t i ssues . Pr oc . Nat l . Acad. Sci . USA. 86 : 2535- 2539 .

11 . Cl ancy, B. M. , S . A. Har r i son, J . M. Buxt on, andM. P. Czech . 1991 . Pr o-
t ei n synt hesi s i nhi bi t or s act i vat e gl ucose t r anspor t wi t hout i ncr easi ng
pl asma membr ane gl ucose t r anspor t er s i n 3T3- L1 adi pocyt es . J . Bi ol .
Chem. 266 : 10122- 10130 .

12 . Cushman, S. W. , and L . J . War dzal a . 1980 . Pot ent i al mechani smof i nsul i n
act i on on gl ucose t r anspor t i n t he i sol at ed r at adi pose cel l . J . Bi ol . Chem.
255 : 4758- 4762 .

13 . De Cami l l i , P. , and R. Jahn . 1990 . Pat hways t o r egul at ed exocyt osi s i n neu-
r ons . Annu . Rev. Physi ol . 52 : 625- 645 .

14 . Fukumot o, H. , T . Kayano, J . B. Buse, Y. Edwar ds, P. F . Pi l ch, G. I . Bel l ,
and S . Sei no . 1989 . Cl oni ng and char act er i zat i on of t he maj or i nsul i n-
r esponsi ve gl ucose t r anspor t er expr essed i n human skel et al muscl e and
ot her i nsul i n- r esponsi ve t i ssues . J . Bi ol . Chem. 264 : 7776- 7779 .

15 . Gar ci a de Her r er os, A. , and M. J . Bi r nbaum. 1989 . The acqui si t i on of i n-
cr eased i nsul i n- r esponsi ve gl ucose t r anspor t i n 3T3- LI adi pocyt es cor r e-
l at es wi t h expr essi on of a novel t r anspor t er gene. J . Bi ol . Chem.
264 : 19994- 19999 .

16 . Goul d, G. W. , and G. E. Li enhar d . 1989 . Expr essi on of a Funct i onal
Tr anspor t er i n Xenopus oocyt es . Bi ochemi st r y . 28 : 9447- 9452 .

17 . Gr anger , B. L . , S . A. Gr een, C. A, Gabel , C. L. Howe, I . Mel l man, and
A. Hel eni us . 1990 . Char act er i zat i on and cl oni ng of I gp110, a l ysosomal

membr ane gl ycopr ot ei n f r om mouse and r at cel l s . J . Bi ol . Chem. 265 :

12036- 12043 .

18 . Gr i f f i t hs, G. , B. Hof l ack, K. Si mons, l . Mel l man, and S . Kor nf el d . 1988 .
The mannose 6- phosphat e r ecept or and t he bi ogenesi s of l ysosomes . Cel l .

52 : 329- 341 .
19. Har r i son, S . A. , J . M. Buxt on, B. M. Cl ancy, and M. P. Czech . 1990 . I nsu-

l i n r egul at i on of hexose t r anspor t i n mouse 3T3- Ll cel l s expr essi ng t he
human HepG2 gl ucose t r anspor t er . J . Bi ol . Chem. 265 : 20106- 20116 .

20. Har r i son, S. A. , J . M. Buxt on, A. L . Hel ger son, R. G. MacDonal d, F . J .
Chl apowski , A . Car r ut her s, and M. P. Czech . 1990. I nsul i n act i on on
act i vi t y and cel l sur f ace di sposi t i on of human HepG2 gl ucose t r anspor t er s
expr essed i n Chi nese hamst er ovar y cel l s . J . Bi ol . Chem. 265 : 5793-
5801,

21 . Har t man, S . C. , and R. C. Mul l i gan . 1988 . Two domi nant - act i ng sel ect abl e
mar ker s f or gene t r ansf er st udi es i n mammal i an cel l s . Pr oc . Nat l . Acad .

Sci . USA. 85 : 8047- 8051 .
22 . Haspel , H. C. , M. J . Bi r nbaum, E. W. Wi l k, and O. M. Rosen . 1985 . Bi o-

synt het i c pr ecur sor s and i n vi t r o t r ansl at i on pr oduct s of t he gl ucose t r ans-
por t er of human hepat ocar ci noma cel l s, human f i br obl ast s, and mur i ne
pr eadi pocyt es . J . Bi ol . Chem. 260 : 7219- 7225 .

23 . Hol man, G. D. , I . J . Kozka, A. E. Cl ar k, C. J . Fl ower , J . Sal t i s, A. D.
Habber f i el d, I . A. Si mpson, and S. W. Cushman. 1990 . Cel l sur f ace
l abel i ng of gl ucose t r anspor t er i sof omm GLUT4 by bi s- mannose pho
t ol abel . Cor r el at i on wi t h st i mul at i on of gl ucose t r anspor t i n r at adi pose

cel l s by i nsul i n and phor bol est er . J . Bi ol . Chem. 265 : 18172- 18179 .

Hudson et al . Gl ucose Tr anspor t er Subcel l ul ar Tar get i ng

24 . James, D. E. , M. St r ube, and M. Mueckl er . 1989. Mol ecul ar cl oni ng and

char act er i zat i on of an i nsul i n- r egul at abl e gl ucose t r anspor t er . Nat ur e
( Land. ) . 338 : 83- 87 .

25 . Johnst on, P. A. , P. L . Camer on, H. St ukenbr ok, R. Jahn, P. de Cami l l i ,

and T . C . Sudhof . 1989 . Synapt ophysi n i s t ar get ed t o si mi l ar mi cr ovesi -
cl es i n CHO and PC 12 cel l s . EMBO ( Eur . Mol . Bi ol . Or gan . ) J .

8 : 2863- 2872 .
26. Kaest ner , K. H. , R. J . Chr i st y, J . C. McLeni t han, L . T . Br ai t er man, P.

Cor nel i us, P. H. Pekal a, and M. D. Lane . 1989 . Sequence, t i ssue di st r i -
but i on, and di f f er ent i al expr essi on of mRNA f or a put at i ve i nsul i n
r esponsi ve gl ucose t r anspor t er i n mouse 3T3- Ll adi pocyt es . Pr oc . Nat l .
Acad. Sci . USA. 86 : 3150- 3154 .

27 . Kel l er , K. , M. St r ube, and M. Mueckl er . 1989 . Funct i onal expr essi on of
t he human HepG2 r at adi pocyt e gl ucose t r anspor t er s i n Xenopus oocyt es .

J . Bi ol . Chem. 264 : 18884- 18889 .

28 . Leube, R. E. , B. Wi edemnann, and W. W. Fr anke. 1989 . Topogenesi s and
sor t i ng of synapt ophysi n : synt hesi s of a synapt i c vesi cl e pr ot ei n f r om a

gene t r ansf ect ed i nt o nonneur oendocr i ne cel l s . Cel l . 59 : 433- 446 .
29 . Mann, R. , R. C. Mul l i gan, and D. Bal t i mor e. 1983 . Const r uct i on of a

r et r ovi r us packagi ng mut ant and i t s use t o pr oduce hel per - f r ee def ect i ve
r et r ovi r us . Cel l . 33 : 153- 159 .

30 . Mel t on, D. A. , P. A. Kr i eg, M. R. Rebagl i at i , T . Mani at i s, K. Zi nn, and
M. R. Gr een . 1984 . Ef f i ci ent i n vi t r o synt hesi s of bi ol ogi cal l y act i ve RNA

and RNA hybr i di zat i on pr obes f r ompl asmi ds cont ai ni ng a bact er i ophage
SP6 pr omot er . Nucl ei c Aci ds Res . 12 : 7035- 7056 .

31 . Mor genst er n, J . P. , and H. Land . 1990 . Advanced mammal i an gene t r ans-
f er : hi gh t i t r e r et r ovi r al vect or s wi t h mul t i pl e dr ug sel ect i on mar ker s and
a compl ement ar y hel per - f r ee packagi ng cel l l i ne . Nucl ei c Aci ds Res .
18: 3587- 3596 .

32 . Mueckl er , M. , C . Car uso, S . A. Bal dwi n, M. Pani co, 1 . Bl ench, H. R.
Mor r i s, W. J . Al l ar d, G. E. Li enhar d, and H. F. Lodi sh . 1985 . Sequence
and st r uct ur e of a human gl ucose t r anspor t er . Sci ence ( Wash. DC) .
229 : 941- 945 .

33 . Pi per , R. C. , L . J . Hess, and D. E. James . 1991 . Di f f er ent i al sor t i ng of
t wo gl ucose t r anspor t er s expr essed i n i nsul i n- sensi t i ve cel l s . Am. J . Phys-
i ol . 260: C570- 580 .

34. Raub, T . J . , M. J . Kor ol y, and R. M. Rober t s . 1990. Endocyt osi s of wheat
ger m aggl ut i ni n bi ndi ng si t es f r om t he cel l sur f ace i nt o a t ubul ar en-
dosomal net wor k . J . Cel l Physi ol . 143 : 1- 12 .

35 . Rut her , U. , and B. Mul l et - Hi l l . 1983 . Easy i dent i f i cat i on of cDNA cl ones .
EMBO ( Eur . Mol . Bi ol . Or gan . ) J . 10 : 1791- 1794 .

36. Si mpson, I . A. , and S. W. Cushman . 1986. Hor monal r egul at i on of mam-
mal i an gl ucose t r anspor t . Anna . Rev. Bi ochem. 55 : 1059- 1089.

37 . Sl ot , J . W. , H. J . Geuze, S. Gi gengack, G. E. Li enhar d, and D. E. James .
1991 . I mmuno- l ocal i zat i on of t he i nsul i n- r egul at abl e gl ucose t r anspor t er
i n br own adi pose t i ssue of t he r at . J . Cel l Bi ol . 113 : 123- 135 .

38 . St oor vogel , W. , H. J . Geuze, J . M. Gr i f f i t h, A. L . Schwar t z, and G. J .
St r ous . 1989 . Rel at i on s bet ween t he i nt r acel l ul ar pat hways of t he r ecep-
t or s f or t r ansf er r i n, asi al ogl ycopr ot ei n, and mannose 6- phosphat e i n hu-
man hepat oma cel l s . J . Cel l Bi ol . 108 : 2137- 2148 .

39. St oor vogel , W. , H. J . Geuze, J . M. Gr i f f i t h, and G. J . St r ous . 1988 . The
pat hways of endocyt osed t r ansf er r i n and secr et or y pr ot ei n ar e connect ed
i n t he t r ans- Gol gi r et i cul um. J . Cel l Bi ol . 106 : 1821- 1829 .

40. Suzuki , K. , and T . Kono . 1980 . Evi dence t hat i nsul i n causes t r ansl ocat i on
of gl ucose t r anspor t act i vi t y t o t he pl asma membr ane f r oman i nt r acel l ul ar
st or age si t e . Pr oc . Nat l . Acad. Sci . USA. 77 : 2542- 2545 .

41 . Ver a, J . C. , and O. M. Rosen . 1989 . Funct i onal expr essi on of mammal i an
gl ucose t r anspor t er i n Xenopus l aevi s oocyt es : evi dence f or cel l -
dependent i nsul i n sensi t i vi t y . Mol . Cel l . Bi ol . 9 : 4187- 4195 .

42 . Whi t e, M. F. , J . N. Li vi ngst on, J . M. Backer , V. Laur i s, T . J . Dul l , A.
Ul l r i ch, and C. R. Kahn . 1988 . Mut at i on of t he i nsul i n r ecept or at t yr o-
si ne 960 i nhi bi t s si gnal t r ansmi ssi on but does not af f ect i t s t yr osi ne ki nase
act i vi t y . Cel l . 54 : 641- 649 .

43 . Whi t t aker , J . , A. K. Okamot o, R. Thys, G. I . Bel l , D. F . St ei ner , and
C. A. Hof f man . 1987 . Hi gh- l evel expr essi on of human i nsul i n r ecept or
cDNA i n mouse NI H 3T3 cel l s . Pr oc . Nat l . Acad. Sci . USA. 84 : 5237-
5241 .

44. Zor zano, A. , W. Wi l ki nson, N. Kodi ar , G. Thoi di s, B. E. Wadzi nski ,
A. E. Ruoho, and P. F . Pi l ch. 1989 . I nsul i n- r egul at ed gl ucose upt ake i n
r at adi pocyt es i s medi at ed by t wo t r anspor t er i sof or ms pr esent i n at l east
t wo vesi cl e popul at i ons . J . Bi ol . Chem. 264 : 12358- 12363 .

79 7


