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ABSTRACT

	

Madi n- Dar by cani ne ki dney ( MDCK) cel l s gr owas di f f er ent i at ed, epi t hel i al col oni es

t hat di spl ay t i ssue- l i ke or gani zat i on . We exami ned t he st r uct ur al el ement s under l yi ng t he

col ony mor phol ogy i n si t u usi ng t hr ee consecut i ve ext r act i ons t hat pr oduce wel l - def i ned

f r act i ons f or bot h mi cr oscopy and bi ochemi cal anal ysi s . Fi r st , sol ubl e pr ot ei ns and phospho-

l i pi d wer e r emoved wi t h Tr i t on X- 100 i n a physi ol ogi cal buf f er . The r esul t i ng skel et al f r amewor k

r et ai ned nucl ei , dense cyt opl asmi c f i l ament net wor ks, i nt er cel l ul ar j unct i onal compl exes, and

api cal mi cr ovi l l ar st r uct ur es . Scanni ng el ect r on mi cr oscopy showed t hat t he api cal cel l mor -

phol ogy i s l ar gel y ' unal t er ed by det er gent ext r act i on . Resi dual desmosomes, as can be seen i n

t hi n sect i ons, wer e al so wel l - pr eser ved . The skel et al f r amewor k was vi sual i zed i n t hr ee

di mensi ons as an unembedded whol e mount t hat r eveal ed t he f i l ament net wor ks t hat wer e

masked i n Epon- embedded t hi n sect i ons of t he same pr epar at i on . The t opogr aphy of cyt o-

skel et al f i l ament s was r el at i vel y const ant t hr oughout t he epi t hel i al sheet , par t i cul ar l y acr oss

i nt er cel l ul ar bor der s . Thi s or der i ng of epi t hel i al skel et al f i l ament s acr oss cont i guous cel l

boundar i es was i n shar p cont r ast t o t he mor e i ndependent or gani zat i on of net wor ks i n

aut onomous cel l s such as f i br obl ast s . Fur t her ext r act i on r emoved t he pr ot ei ns of t he sal t - l abi l e

cyt oskel et on and t he chr omat i n as separ at e f r act i ons, and l ef t t he nucl ear mat r i x- i nt er medi at e

f i l ament ( NM- I F) scaf f ol d . The NM- I F cont ai ned onl y 5% of t ot al cel l ul ar pr ot ei n, but whol e

mount t r ansmi ssi on el ect r on mi cr oscopy and i mmunof l uor escence showed t hat t hi s scaf f ol d

was or gani zed as i n t he i nt act epi t hel i um. I mmunobl ot s demonst r at e t hat vi ment i n, cyt oker -

at i ns, desmosomal pr ot ei ns, and a 52, 000- mol - wt nucl ear mat r i x pr ot ei n wer e f ound al most

excl usi vel y i n t he NM- I F scaf f ol d . Vi ment i n was l ar gel y per i nucl ear whi l e t he cyt oker at i ns

wer e l ocal i zed at t he cel l bor der s . The 52, 000- mol - wt nucl ear mat r i x pr ot ei n was conf i ned t o

t he chr omat i n- depl et ed mat r i x and t he desmosomal pr ot ei ns wer e obser ved i n punct at e

pol ygonal ar r ays at i nt er cel l ul ar j unct i ons . The f i l ament s of t he NM- I F wer e seen t o be

i nt er connect ed, vi a t he desmosomes, over t he ent i r e epi t hel i al col ony . The di f f er ent i at ed

epi t hel i al mor phol ogy was r ef l ect ed i n bot h t he cyt oskel et al f r amewor k and t he NM- I F scaf f ol d .

A pot ent i al l y power f ul addi t i on t o t he st udy of cel l st r uct ur e

i s af f or ded by combi ni ng det er gent ext r act i on wi t h unembed-

ded whol e mount el ect r on mi cr oscopy. I n t hi s pr ot ocol , sol -

ubl e pr ot ei ns ar e ext r act ed wi t h non- i oni c det er gent under

near physi ol ogi cal condi t i ons of i oni c st r engt h and pH. The
cel l ul ar st r uct ur e t hat r emai ns af t er det er gent ext r act i on i s

cal l ed t he skel et al f r amewor k ( 1, 2) . The el abor at e f i l ament
f r amewor k can be cl ear l y seen usi ng whol e mount t r ansmi s-

si on el ect r on mi cr oscopy, whi ch omi t s convent i onal embed-

di ng, sect i oni ng, and st ai ni ng. We have obser ved t he t hr ee-
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di mensi onal , anast omosi ng f i ber net wor ks i n whol e mount s

of al l cel l s we exami ned . These net wor ks wer e l ar gel y masked

i n t he convent i onal embedded sect i ons of t he same ext r act ed

mat er i al .

Pr evi ous r epor t s usi ng whol e mount el ect r on mi cr oscopy

of det er gent ext r act ed cel l s have concent r at ed on t he cyt o-

skel et al or gani zat i on of si ngl e cel l s, ei t her f i br gbl ast s or au-

t onomous, mal i gnant epi t hel i al cel l s such as t he HeLa l i ne

( 2- 10) . I n t he st udy descr i bed her e, we i sol at ed and exami ned

t he i nt er i or ar chi t ect ur e of cel l s or gani zed as an epi t hel i um.
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The ar chi t ect ur e of cyt oskel et al el ement s i n t hese epi t hel i al

cel l s was pr of oundl y di f f er ent f r om t hat obser ved i n si ngl e,

aut onomous cel l s . An or der i ng of st r uct ur al el ement s ap-

pear ed t o cont r i but e t o t he mai nt enance and possi bl y t he

genesi s of di f f er ent i at ed t i ssue mor phol ogy. The exper i ment s

r epor t ed her e used col oni es of t he wel l - char act er i zed Madi n-

Dar by cani ne ki dney ( MDCK) ' cel l l i ne as a model epi t hel i al

t i ssue . Unl i ke most est abl i shed cel l l i nes of epi t hel i al or i gi n,

t he MDCKl i ne has r et ai ned a hi ghl y di f f er ent i at ed phenot ype

and f or ms pol ar i zed col oni es r emi ni scent of t he di st al ki dney

t ubul e epi t hel i um ( 11) f r omwhi ch t hese cel l s wer e der i ved.

The st r uct ur al el ement s of t he MDCK epi t hel i um wer e

exami ned f or pr ot ei n composi t i on and t hr ee- di mensi onal

skel et al mor phol ogy usi ng t wo pr evi ousl y descr i bed pr oce-

dur es ( 1- 10) . The skel et al f r amewor k was obt ai ned by ext r ac-

t i on of t he sol ubl e pr ot ei ns wi t h 0. 5% Tr i t on X- 100 i n a

physi ol ogi cal buf f er . I t r et ai ned many of t he mor phol ogi cal

char act er i st i cs of t he i nt act cel l s, but per mi t s vi sual i zi ng t he

t opogr aphy of t he i nt er nal f i ber net wor k wi t h gr eat cl ar i t y .

The f r amewor k pr ot ei ns wer e t hen r emoved as a sal t - l abi l e

cyt oskel et on f r act i on . Pr ot ei ns associ at ed wi t h chr omat i n

wer e r emoved by nucl ease di gest i on and sal t el ut i on, l eavi ng

t he nucl ear mat r i x, i nt er medi at e f i l ament s, and r esi dual des-

mosomes as a hi ghl y or gani zed ar r ay. Thi s sal t - r esi st ant st r uc-

t ur e, f or whi ch we suggest t he t er m nucl ear mat r i x- i nt er me-

di at e f i l ament ( NM- I F) scaf f ol d, af f or ds st r i ki ng t hr ee- di men-

si onal vi ews i n whol e mount t r ansmi ssi on el ect r on mi cr os-

copy . The NM- I F scaf f ol d cont ai ned vi r t ual l y al l of t he cyt o-

ker at i ns, vi ment i n, desmosomal cor e pr ot ei ns, and al l of a

pr ot ei n mar ker f or t he nucl ear mat r i x . Thr ee- di mensi onal

mi cr oscopy of t he NM- I F scaf f ol d shows t hat pr evi ousl y

obser ved or gani zat i on of cyt oker at i ns and desmosomes ( 14-

20) and of i nt er medi at e f i l ament s wi t h i sol at ed nucl ei ( 21-

22) and nucl ear mat r i ces ( 10) ar e component s of a gl obal

or gani zat i on of t hese el ement s i n epi t hel i a. I nt er medi at e f i l a-

ment net wor ks br anch out f r om t he nucl ear mat r i ces and

i nt er connect , vi a t he desmosomes, t hr oughout t he ent i r e epi -

t hel i al t i ssue .

MATERI ALS AND METHODS

Cel l Cul t ur e :

	

MDCK cel l s wer e obt ai ned f r omt he l abor at or y of Davi d

Sabat i ni ( New Yor k Uni ver si t y School of Medi ci ne) . Cel l s wer e used at a

subconf l uent densi t y of 6- 10 x 106 cel l s/ 100- mmdi amet er pl ast i c t i ssue cul t ur e

pl at e. Monol ayer cul t ur es of t hese cel l s wer e gr own at 37° C i n Dul becco' s

medi um suppl ement ed wi t h 10% f et al bovi ne ser um ( Gi bco Labor at or i es,

Gr and I sl and, NewYor k) i n a humi di f i ed at mospher e of 5%C02 .

Cel l Fr act i onat i on :

	

Pl at es of MDCK col oni es wer e r i nsed t wi ce wi t h

phosphat e- buf f er ed sal i ne ( PBS) , t hen ext r act ed i n cyt oskel et on buf f er ( 100

mM NaCl , 300 mM sucr ose, 10 mM PI PES [ pH 6. 8] , 3 mMMgC12, 0. 5%

Tr i t on X- 100 and 1 . 2 mMphenyl met hyl sul f onyl f l uor i de [ CSK] ) f or 10 mi n

at 0° C. The r esul t i ng " sol ubl e" f r act i on was r emoved . An ext r act i on buf f er ( 250

mMammoni um sul f at e, 300 mM sucr ose, 10 mM PI PES [ pH 6. 81, 3 mM

MgC12, 1 . 2 mMphenyl met hyl sul f onyl f l uor i de, and 0. 5% Tr i t on X- 100) was

added t o t he Tr i t on X- 100- i nsol ubl e st r uct ur es f or 10 mi n at 0° C and t he

" cyt oskel et on" f r act i on was r emoved.

The " chr omat i n" f r act i on was r emoved f r om t he r emai ni ng st r uct ur al el e-

ment s by di gest i on i n a buf f er i dent i cal t o t he CSKbuf f er except t hat 50 mM

NaCl was pr esent . To t hi s buf f er was added 100 Ag/ ml bovi ne pancr eat i c

DNase/ ( EC 3 . 1 . 4 . 5, Wor t hi ngt on Bi ochemi cal Cor p. , Fr eehol d, NJ) , and 100

/ Ag/ ml pancr eat i c RNase A( EC3 . 1 . 4. 22, Si gma Chemi cal Co . , St . Loui s, MO)

and di gest i on pr oceeded f or 20 mi n at 20° C. Ammoni um sul f at e was added t o

' Abbr evi at i ons used i n t hi s paper : CSK, 100 mMNaCl , 300 mM

sucr ose, 10 mMPI PES ( pH 6. 8) , 3 MMM902, 0. 5% Tr i t on X- 100,

and 1 . 2 mMphenyl met hyl sul f onyl f l uor i de; MDCK, Madi n- Dar by

cani ne ki dney; NM- I F, nucl ear mat r i x- i nt er medi at e f i l ament ; PBS,

phosphat e- buf f er ed sal i ne .
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a f i nal concent r at i on of 0. 25 Mand i ncubat i on cont i nued f or 5 mi n at 20° C.

The " chr omat i n" f r act i on was r emoved as a super nat ant ( ei t her di r ect l y f r om

t he monol ayer or af t er a 10- mi n cent r i f ugat i on at 10, 000 g� , ) l eavi ng t he NM-

I F f r act i on.

El ect r on Mi cr oscopy:

	

For scanni ng el ect r on mi cr oscopy, cel l s wer e

gr own on gl ass cover sl i ps and f r act i onat ed as above . Cel l s wer e f i xed at

	

var i ous

st ages of f r act i onat i on i n t heappr opr i at e buf f er cont ai ni ng 2. 5%gl ut er al dehyde

at 0° C f or 30 mi n, f ol l owed by r i nsi ng i n 0 . 1 Msodi umcacodyl at e and t hen

1 %OsO. i n 0 . 1 MNa cacodyl at e f or 5 mi n at 0° C. The cel l s, st i l l on cover sl i ps,

wer e dehydr at ed t hr ough an et hanol ser i es, dr i ed t hr ough t he C0 2 cr i t i cal poi nt

and sput t er - coat ed wi t h gol d- pal l adi um. The whol e mount sampl es wer e ex-

ami ned i n t he l ower st age of an I SI 2000 scanni ng el ect r on mi cr oscope .

Tr ansmi ssi on el ect r on mi r oscopy was done on cel l s gr own on gol d gr i ds whi ch

wer e pr evi ousl y cover ed wi t h f or mvar and coat ed wi t h car bon . The cel l s wer e

agai n f i xed i n 2. 5%gl ut er al dehyde and pr ocessed as above. Gr i ds of whol e

mount sampl es wer e exami ned i n a JEM100B t r ansmi ssi on el ect r on mi cr o-

scope. Thi n sect i ons wer e pr epar ed f r omf r act i onat ed and f i xed cel l monol ayer s

t hat wer e embedded i n Epon- Ar al di t e bef or e sect i oni ng . Sect i ons wer e st ai ned

wi t h l ead ci t r at e and ur anyl acet at e bef or e exami nat i on i n t he JEM 10013 as

above. I mmunol ocal i zat i on of Demosomal pr ot ei ns was car r i ed out on

f or mal dehyde- f i xed NM- I F cor es. Desmosomal ant i ser um ( 1 : 40) ( ki ndl y pr o-

vi ded by M. St ei nber g [ Pr i ncet on Uni ver si t y] ) was added i n cyt oskel et al buf f er

cont ai ni ng 1 %bovi ne ser umal bumi n and i ncubat ed 30 mi n at 37° C. The gr i ds

wer e washed f i ve t i mes f or a t ot al of 25 mi n i n CSK and 1%bovi ne ser um

al bumi n and i ncubat ed f or an addi t i onal 30 mi n at 37° C i n af f i ni t y- pur i f i ed

goat ant i - r abbi t I gGl i nked t o 5- nmgol d beads ( Janssen Phar maceut i cal , Beer se,

Bel gi um) . Af t er ext ensi ve washi ng, t hese gr i ds wer e post f i xed and pr ocessed as

descr i bed above .

Monocl onal Ant i body Pr oduct i on :

	

The hybr i doma cel l l i ne pr o-

duci ng monocl onal ant i bodi es t o a52, 000- mol - wt pr ot ei n i n t he nucl ear mat r i x

was pr oduced usi ng est abl i shed i mmuni zat i on and f usi on pr ot ocol s ( 23) . Thi s

ant i body r esul t ed f r om a l ar ger pr ogr am of monocl onal ant i body pr oduct i on

t o cyt oskel et al and nucl ear mat r i x pr ot ei ns car r i ed on i n t hi s l abor at or y by Dr s.

K. M. Wan and D. G. Capco. Det ai l s of t he pr ot ocol s used wi l l be pr esent ed

i n a f ut ur e publ i cat i on ( manuscr i pt i n pr epar at i on) .

I mmunof l uor escence Mi cr oscopy :

	

I mmunof l uor escence mi cr os-

copy was per f or med usi ng cel l s gr own on gl ass cover sl i ps . Whol e cel l s wer e

f i xed and per meabi l i zed i n col d met hanol f or 10 mi n and f i xed i n 3. 7%

f or mal dehyde f or 30 mi n at 0° C. NM- I F f r act i ons wer e pr epar ed f r om t hese

cel l s as descr i bed above, and f i xed i n 3. 7%f or mal dehyde f or 30 mi nut es at

0° C. Fi xed NM- I F scaf f ol ds wer e ext ensi vel y washed i n PBS. Ant i bodi es wer e

appl i ed at 1 : 100 di l ut i on i n PBSand cover sl i ps wer e i ncubat ed 30 mi n at 37° C.

Ant i bodi es t o ker at i ns, desmosomal pr ot ei ns and vi ment i n wer e gener ousl y

pr ovi ded by Dr s . J. Rhei nwal d ( Dana Far ber Cancer I nst i t ut e, Har var d Medi cal

School ) , M. St ei nber g ( Pr i ncet on Uni ver si t y) , and R. Hynes ( Cent er f or Cancer

Resear ch, Massachuset t s I nst i t ut e of Technol ogy) , r espect i vel y . Af t er ext ensi ve

washi ng i n PBS, t he NM- I F f r act i ons wer e i ncubat ed wi t h goat ant i - r abbi t ( or

ant i - mouse) I gG l abel ed wi t h t et r amet hyl - r hodami ne i sot hi ocyanat e ( Si gma

Chemi cal Co. , St . Loui s, MO) at a di l ut i on of 1 : 40 f or 30 mi n at 37° C. The

l abel ed f r act i ons wer e washed i n PBS, mount ed, and phot ogr aphed usi ng

epi f l uor escence .

I mmunobl ot El ect r ophor eses: One- di mensi onal pol yacr yl ami de

gel s wer e r un accor di ng t o t he pr ocedur e descr i bed by Laemml i ( 24) . Equal

pr ot ei n concent r at i ons wer e l oaded i n compar i ng i ndi vi dual f r act i ons . The

r eact i on of ant i bodi es t o pr ot ei n bands was vi sual i zed by t he i mmunobl ot

t echni que on ni t r ocel l ul ose paper ( 25) . Ni t r ocel l ul ose st r i ps wer e i ncubat ed f or

12 h i n 2%hemogl obi n i n PBS, r i nsed t hr ee t i mes i n PBS, and i ncubat ed f or

2 h at 20° C wi t h t he r el evant ant i body di l ut ed 1 : 40 i n PBS. Excess ant i body

was washed wi t h PBS( f our washes, 20 mi n each) . Thest r i ps wer e t hen i ncubat ed

wi t h goat ant i - r abbi t ( or ant i - mouse) I gGconj ugat ed t o hor ser adi sh per oxi dase

( 1 : 300 di l ut i on, Cappel Labor at or i es, Cochr anvi l l e, PA) washed f our t i mes i n

PBSf or a t ot al of 80 mi n, t hen devel oped i n 0. 4 mg/ ml 4- chl or o- l - napt hol i n

0. 01 %( vol / vol ) H202 ( 26) .

The t wo- di mensi onal gel anal ysi s was car r i ed out accor di ng t o t he pr ot ocol

of O' Far r el l ( 27) , except t hat t he pHgr adi ent used 0. 4%( pH 5- 7) and 1 . 6%

( pH 3- 10) amphol yt es . Equi val ent " S count s per mi nut e wer e l oaded t o

f aci l i t at e qual i t at i ve compar i son .

RESULTS

Epi t hel i al Skel et al Fr amewor k

The MDCKcel l l i ne i s kar yot ypi cal l y st abl e, f or ms si mpl e,

cuboi dal epi t hel i al sheet s i n cul t ur e and r et ai ns many mor -

phol ogi cal and physi ol ogi cal char act er i st i cs of t he di st al t ubul e

epi t hel i um ( 11- 13) . The epi t hel i al t i ssue sheet s of MDCK



FI GURE 1

	

Scanni ng el ect r on mi cr ogr aphs of MDCK api cal sur f ace

mor phol ogy . I nt act MDCK col oni es wer e f i xed, dehydr at ed, and

dr i ed t hr ough t he COz cr i t i cal poi nt and sput t er coat ed wi t h gol d-

pal l adi um as descr i bed i n Mat er i al s and Met hods . They ar e seen i n

l ow magni f i cat i on ( a) . The api cal mor phol ogy i s exami ned at hi gh

col oni es gr ow as cont i guous cel l s t hat possess an el abor at e

st r uct ur al or gani zat i on i n whi ch i nt er cel l ul ar cont act i s mai n-

t ai ned by t i ght j unct i ons ( zonul a occl udens) , band j unct i ons

( zonul a adher ens) , and desmosomes ( macul ae adher ens) ( 14,

28) . The cel l s ar e hi ghl y pol ar i zed and t he api cal sur f ace of

t he MDCK col ony i s mor phol ogi cal l y and bi ochemi cal l y

di st i nct f r om t he basol at er al sur f ace ( 28- 32) . For t hese r ea-

sons, t he MDCK l i ne ser ves as an excel l ent model of di f f er -

ent i at ed epi t hel i al t i ssue .

The char act er i st i c mor phol ogy of t he MDCK col oni es i s

shown i n scanni ng el ect r on mi cr ogr aphs ( Fi g. 1, a and b) .

The dome- shaped pol ygonal cel l s ar e densel y cover ed wi t h

mi cr ovi l l i . The cel l bor der s appear her e as f ur r ows bet ween

i ndi vi dual cel l s . The si mi l ar i t y of t he mor phol ogy of t hese

cul t ur ed cel l s t o t hat of act ual di st al t ubul e epi t hel i a i s st r i ki ng

( 33) .

Fi g. 1 c shows t he mor phol ogy, i n scanni ng el ect r on mi -

cr oscopy, of an MDCK col ony af t er ext r act i on wi t h Tr i t on

X- 100 i n CSK buf f er . Despi t e t he r emoval of t he sol ubl e

pr ot ei ns ( 65% of t he t ot al ) and most l i pi ds ( 1, 34) , t he over al l

hemi spher i c conf i gur at i ons of bot h t he cel l ul ar sur f aces and

bor der s ar e r emar kabl y unchanged . The l i pi d- depl et ed mi cr o-

vi l l i ar e col l apsed somewhat , but ar e pr esent i n t he same

densi t y and have t he di st r i but i on obser ved i n t he api cal

sur f ace of i nt act MDCK col oni es ( Fi g. 16) . These st r uct ur es

ar e si mi l ar t o t he i nt est i nal br ush bor der mi cr ovi l l i obser ved

af t er ext r act i on wi t h Tr i t on X- 100 ( 35) . The r emnant mi cr o-

vi l l i ar e seen t o pr oj ect f r om a dense f i l ament ous web ( Fi g .

1 c) . The ext r act ed cel l pr ot ei n sur f ace, vi sual i zed af t er t he

r emoval of l i pi ds by t he det er gent , r et ai ns t he mor phol ogy of

t he api cal pl asma membr anes of i nt act cel l s . The mai nt enance

of sur f ace mor phol ogy by ext r act ed st r uct ur es has been ob-

ser ved i n HeLa, 3T3, and CHO cel l l i nes, and i n chi ck

myot ubes ( 5, 36) , and i s pr obabl y due t o t he dense, anast o-

mosi ng skel et al f r amewor k or f i ber s t hat appear t o suppor t

t he l i pi d- depl et ed sur f ace.

f unct i onal Compl exes i n t he Skel et al Fr amewor k

Convent i onal Epon- embedded t hi n sect i ons pr epar ed f r om

i nt act and Tr i t on X- 100 ext r act ed cel l s ar e compar ed i n Fi g.

2 . The i nt act cel l s ( Fi g . 2 a) have t he t ypi cal l i ght l y st ai ni ng

i nt er i or seen by t hi s met hod, whi l e t he ext r act ed cel l s ( Fi g.

2, b- d) ar e l ar gel y empt y save f or many shor t f i l ament s and

pol yr i bosomes t hat seem r andom i n t hei r di st r i but i on . Sec-

t i ons, cut per pendi cul ar t o t he pl ane of t he cel l subst r at e ( Fi g .

2, b and c) , show t hat t he det er gent ext r act ed i nt er cel l ul ar

j unct i ons have appr oxi mat el y t he same l ocal i zat i on and ul t r a-
st r uct ur e as t hei r unext r act ed count er par t s, suggest i ng t hat

l i t t l e or no di st or t i on of t he skel et al f r amewor k has occur r ed.

The f i ne st r uct ur e of t he r esi dual desmosomes ( Fi g . 2d) i s
r eadi l y i dent i f i abl e af t er t he r emoval of phosphol i pi d and

sol ubl e pr ot ei n. By t hese cr i t er i a, most of t he desmosome cor e

st r uct ur e r emai ns wel l - pr eser ved i n t he skel et al f r amewor k

( see bel ow) . The cyt oker at i ns or t onof i l ament s ( 17) ar e par -

t i al l y vi si bl e as t hey pass t hr ough t he pl ane of t he sect i on and

t hey appear t o be associ at ed wi t h t he desmosomes. The r esi d-
ual j unct i onal compl exes, i mpor t ant t o t he est abl i shment and

mai nt enance of epi t hel i al or gani zat i on, appear t o be wel l -

pr eser ved i n t he ext r act ed cel l s .

magni f i cat i on i n whol e cel l s ( b) and skel et al f r amewor ks f i xed af t er

ext r act i on i n 0 . 5%Tr i t on X- 100 ( c) . ( a) x 6, 000 . ( b) x 13, 000 .

FEY ET AL .
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Fi l ament Or gani zat i on i n Epi t hel i al

Skel et al Fr amewor ks

The embedded t hi n sect i ons of MDCKskel et al f r amewor ks

( Fi g . 2) pr ovi de an i ncompl et e r epr esent at i on of t he compl ex-

i t y of or gani zat i on i nher ent i n t hese st r uct ur es . When vi ewed

i n ext r act ed, unembedded epi t hel i al whol e mount s ( Fi g . 3, a

and b) , t he MDCK cyt oskel et on i s seen as a dense ar r ay of

f i l ament s f or mi ng a net wor k cont i nuous f r om t he nucl ear

sur f ace t o t he pol ygonal l y- or der ed i nt er cel l ul ar j unct i ons .

I t i s wor t h emphasi zi ng t hat t he det er gent ext r act ed whol e

mount s i n Fi g. 3, a and b, ar e pr epar ed i n essent i al l y t he same

way as i n Fi g . 2, b- d. Thus, t he appar ent di f f er ence bet ween

sect i ons and whol e mount s l i es not i n t he pr epar at i on per se,

but i n t he hi gh cont r ast af f or ded by pr ot ei n f i ber s when vi ewed

i n vacuumand t hei r di sappear ance when sur r ounded by t he

har d, dense embeddi ng pl ast i c .

The pol ygonal cel l boundar i es ( Fi g. 1 c) ar e seen cl ear l y i n

t r ansmi ssi on el ect r on mi cr ogr aphs of skel et al f r amewor ks pr e-

par ed as whol e mount s ( Fi g . 3, a and b) . A hi gher magni f i -

cat i on of t he cyt oskel et al net wor ks i n MDCK col oni es ( Fi g .

3 b) shows t he dense net wor ks of f i l ament s wi t h f r equent f i ber

j unct i ons . The cyt opl asmi c net wor ks gi ve t he i mpr essi on of

bei ng si mi l ar l y or der ed t hr oughout t he ent i r e epi t hel i um( Fi g .

3 a) ; i . e . , f i l ament s appear si mi l ar l y or der ed on opposi t e si des

of cel l bor der s, a f eat ur e t hat may be char act er i st i c of t i ssue-

f or mi ng cel l s . Thi s qual i t at i ve i mpr essi on i s r ei nf or ced by

compar i ng epi t hel i al cyt oskel et al net wor ks t o t he skel et al

f r amewor ks of conf l uent , but aut onomous cel l s t hat do not

f or mt i ssue. The i nt er nal st r uct ur es of f i br obl ast s, f or exampl e,
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NM- I F Scaf f ol d

FI GURE 2 Embedded t hi n sect i ons of

i nt act and t r i t on X- 100- ext r act ed MDCK

cel l s . Cel l s wer e pr epar ed and sect i oned

as descr i bed i n Mat er i al s and Met hods .

The i nt er cel l ul ar j unct i on bet ween t wo

whol e cel l s ( a) i s compar ed wi t h t he

r esi dual j unct i on r emai ni ng af t er ext r ac-

t i on wi t h Tr i t on X- 100 ( b) . Zonul a occl u-

dens ( ZO) and desmosome ( D) st r uc-

t ur es ar e appar ent i n char act er i st i c l o-

cal i zat i on af t er ext r act i on . Hi gher mag-

ni f i cat i ons of desmosomal st r uct ur es

af t er Tr i t on X- 100 ext r act i on ( c and d)

r eveal t he r et ent i on of t onof i l ament ( cy-

t oker at i n) associ at i ons . Not e t hat f ew f i -

ber s ar e vi si bl e i n t hese sect i ons as com-

par ed t o t he whol e mount s of i dent i cal

pr epar at i ons shown i n Fi g . 3 . ( a)

x 26, 000 . ( b) x 15, 000. ( c) x 55, 000 . ( d)

x 63, 000 .

appear t o be qui t e i ndependent i n adj acent cel l s even i n

conf l uent monol ayer s ( Fi g. 3 c) . The f i l ament net wor ks i n

t hese f i br obl ast s ar e or i ent ed wi t h l i t t l e r egul ar i t y, di spl ay no

i nt er cel l ul ar j unct i onal compl exes and show no appar ent

cont i nui t y when cel l boundar i es est abl i sh cont act at conf l u-

ence . The epi t hel i al MDCK cel l s, i n shar p cont r ast , never

gr ow as si ngl e cel l s and r et ai n wel l - or gani zed i nt er cel l ul ar

f i l ament pat t er ns medi at ed by i nt er cel l ul ar j unct i ons ( Fi g . 3,

a and b) .

The epi t hel i al skel et al f r amewor k, obt ai ned by ext r act i on

wi t h Tr i t on X- 100, i s f ur t her f r act i onat ed i n si t u t o obt ai n

t he NM- I F subst r uct ur e usi ng a met hod pr evi ousl y descr i bed

( 10) f or aut onomous, si ngl e cel l s . An i ni t i al ext r act i on usi ng

t he CSK buf f er wi t h 0. 25 Mammoni um sul f at e r el eases 23%

of t he t ot al cel l ul ar pr ot ei n i n a f r act i on cor r espondi ng t o t he

sal t - l abi l e " cyt oskel et on" f r act i on . Chr omat i n, nucl ear RNA,

and chr omat i n- associ at ed pr ot ei ns ar e next r emoved by di -

gest i ng wi t h DNase I and RNase A, f ol l owed by a second

el ut i on wi t h ammoni um sul f at e . Thi s di gest i on- el ut i on r e-

l eases an addi t i onal 7% of t he t ot al cel l ul ar pr ot ei n i n a

f r act i on t er med t he " chr omat i n" ; i . e. , t hose pr ot ei ns whose

associ at i on wi t h t he nucl eus depends on t he i nt egr i t y of DNA

and RNA. The NM- I F st r uct ur al net wor k r emai ns, and con-

si st s of 5%of t he t ot al cel l ul ar pr ot ei n . We suggest t hat t hi s

sal t - r esi st ant subst r uct ur e, composed i n l ar ge par t of met a-

bol i cal l y st abl e f i l ament s, may ser ve as a scaf f ol d f or t he

cyt oskel et al f r amewor k . The compl et e f r act i onat i on pr ot ocol

i s summar i zed i n Fi g. 4.



FI GURE 3

	

Whol e mount t r ansmi ssi on el ect r on mi cr ogr aphs

of skel et al f r amewor ks f r om MDCK col oni es . MDCK cel l s,

gr own on gol d gr i ds, wer e ext r act ed wi t h 0 . 5%Tr i t on X- 100,

pr epar ed as descr i bed i n Mat er i al s and Met hods and vi ewed

as whol e mount s . The dense cyt opl asm wi t h pol ygonal l y

or der ed cel l bor der s ( ar r owheads) seen at l ow magni f i cat i on

( a) i s shown t o consi st of compl ex f i l ament net wor ks when

vi ewed at a hi gher magni f i cat i on ( b) . Pr i mar y cul t ur es of

chi ck embr yo f i br obl ast s wer e gr own on gol d gr i ds, and

pr epar ed as i n a . The whol e mount mi cr ogr aph ( c) demon-

st r at es t he i r r egul ar and appar ent l y i ndependent di st r i but i on

of cyt oskel et al el ement s char act er i st i c of f i br obl ast s and

ot her aut onomous cel l t ypes . ( a) x 6, 000 . ( b) x 34, 000. ( c)

x 6, 000 .
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FI GURE 4 Summar y of t he f r act i onat i on pr ot ocol . Thi s car t oon

depi ct s t he r el at i onshi p bet ween t he mor phol ogi cal f r act i onat i on

and t he pr ot ei n popul at i ons obt ai ned af t er each f r act i onat i on st ep .

The Tr i t on X- 100- sol ubl e pr ot ei ns const i t ut e 65%of t he t ot al cel l

pr ot ei n . The cyt oskel et on, chr omat i n NM- I F f r act i ons r epr esent

23%, 7%, and 5%of t he t ot al cel l pr ot ei n, r espect i vel y . Al l of t he

cel l ul ar const i t uent s ar e r ecover ed i n t hi s f r act i onat i on.

Pr ot ei n Composi t i on of Fr act i ons

The pr ot ei ns obt ai ned i n t he cyt oskel et on, chr omat i n, and
NM- I F f r act i ons, t oget her wi t h t he sol ubl e pr ot ei n f r omt he
i ni t i al Tr i t on X- 100 ext r act , r epr esent f our di st i nct pr ot ei n
subset s of t he cel l as i s shown i n t he t wo- di mensi onal gel
el ect r opher ogr ams i n Fi g . 5 . The sol ubl e f r act i on r epr esent s

t he maj or i t y of cel l ul ar pr ot ei ns and r eveal s a compl ex, dense

pat t er n of maj or pr ot ei ns i n t wo- di mensi onal gel anal ysi s .
Whi l e many pr ot ei ns appear t o be uni que t o t hi s f r act i on, t he
densi t y of pr ot ei n spot s on t hi s gel pr ecl udes mor e pr eci se
anal ysi s of over l ap bet ween pr ot ei ns i n t he sol ubl e and ot her
f r act i ons .

The pr ot ei n composi t i on of t he cyt oskel et on, chr omat i n,

and NM- I F f r act i ons ( Fi g . 5) i s compl ex, t hough much l ess
so t han t he sol ubl e f r act i on . I n addi t i on, each of t hese f r ac-

t i ons has a char act er i st i c pr ot ei n pat t er n whose maj or pr ot ei ns

ar e f ound pr edomi nat el y i n onl y one of t he t hr ee f r act i ons .

Some of t he pr ot ei ns char act er i st i c of each f r act i on ar e i den-

t i f i ed by ar r ows ( Fi g. 5) . Car ef ul exami nat i on shows ver y f ew

pr ot ei ns i n mor e t han one f r act i on . Thus t he sequent i al
ext r act i on t echni que pr oduces subf r act i ons t hat r epr esent bi o-
chemi cal l y di st i nct popul at i ons of cel l ul ar pr ot ei ns, as wel l as
mor phol ogi cal l y di st i nct st r uct ur es ( see bel ow) .
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l mmunof l uor escent Local i zat i on of Pr ot ei ns i n t he

NM- I F Scaf f ol d

Some assur ance t hat t he successi ve ext r act i ons, i ncl udi ng
t he r el at i vel y har sh hi gh- sal t el ut i ons, nei t her cr eat e new
st r uct ur es nor ser i ousl y di st or t pr eexi st i ng ones, i s af f or ded
by t he exper i ment whose r esul t s ar e shown i n Fi g . 6 . The
i mmunof l uor escent pat t er ns of f our ant i gens, speci f i c f or t he
NM- I F f r act i on and vi sual i zed i n i nt act cel l s af t er f i xat i on i n

col d met hanol , ar e compar ed t o t he pat t er ns of t hese ant i gens
i n t he NM- I F st r uct ur e af t er successi ve ext r act i ons ( pr oce-
dur es out l i ned i n Fi g. 4) .

Fi g . 6a shows an i mmunof l uor escence st ai n usi ng a ser um
ant i body der i ved t o human cal l us ker at i n, whi ch r eact s wi t h
t he cyt oker at i ns ( 37, 38) , f i r st i n t he al cohol f i xed i nt act cel l s
( Fi g . 6 a) and i n t he ext r act ed NM- I F scaf f ol d ( Fi g . 6 b) . The

pat t er n shows t he cyt oker at i ns t o be concent r at ed near t he
cel l bor der s al t hough many f i l ament s ext end t o t he cel l i nt e-
r i or s . The si mi l ar i t y of t he pat t er ns i n t he i nt act and ext r act ed
cel l s i ndi cat es t hat t he ext r act i on pr ocedur e does not gr ossl y
modi f y t he pr e- exi st i ng f i l ament di st r i but i on . The mi cr o-

gr aphs i n Fi g . 6, c and d, compar e t he di st r i but i on of vi ment i n,

usi ng an ant i ser um der i ved t o t he 58, 000- mol - wt pr ot ei n ( 39) ,

i n t he i nt act ( Fi g. 6c) and ext r act ed ( Fi g . 6d) epi t hel i um. As
i s t r ue of cul t ur ed epi t hel i al cel l s i n gener al , t her e i s consi d-

er abl e vi ment i n synt hesi s t hat i s not usual l y obser ved i n

epi t hel i al cel l s i n vi vo ( 40- 43) . The vi ment i n di st r i but i on i s

al so unchanged dur i ng ext r act i on . Not abl e i s t he mar ked

r egi onal l ocal i zat i on of t he t wo t ypes of i nt er medi at e f i l a-

ment s, wi t h vi ment i n occupyi ng t he per i nucl ear r egi on and

t he cyt oker at i ns concent r at ed t owar ds t he cel l per i pher y .

Fi g. 6 e shows st ai ni ng of t he i nt act nucl eus by a monocl onal

ant i body t o an, as yet , unchar act er i zed 52, 000- mol - wt nucl ear

sur f ace ant i gen . The st ai ni ng pat t er n i s a di f f use nucl ear

f l uor escence wi t h super i mposed br i ght pat ches . Bot h t he l o-

cat i on and shape of t he st ai ni ng pat t er n of t he nucl ear l ami na

( Fi g. 6f ) r emai ns unchanged by t he ext r act i on whi ch r emoves

chr omat i n as wel l as t he cyt oskel et al el ement s .

A ser um ant i body t o desmosomal cor e pr ot ei ns ( 44)

st r ongl y st ai ns t he cel l bor der s wher e t he i nt er cel l ul ar j unc-

t i ons woul d be expect ed . The f l uor escence pat t er n i s i nt er -

r upt ed, and, i n some r egi ons, punct at e, suggest i ng t hat pr i n-

ci pal l y desmosomes ( macul ae adher ens) ar e st ai ned ( Fi g . 6, g

and h) . Agai n, t her e i s l i t t l e di f f er ence i n t he pat t er ns at t he

cel l bor der s bet ween t he f i xed, i nt act cel l s ( Fi g. 6g) and t he

NM- I F scaf f ol d ( Fi g. 6 h) . I n t hi s case, however , t he ant i body

l i ght l y st ai ns t he nucl eus i n t he i nt act cel l s . Thi s ant i gen i s

r emoved by t he ext r act i on, l eavi ng onl y t he f l uor escence at

t he bor der . The si gni f i cance of t hi s nucl ear st ai ni ng i s un-

known and wi l l be di scussed bel ow.

Di st r i but i on of Pr ot ei ns Obser ved i n t he NM- I F

Cor e among Ot her Fr act i ons

An i mmunobl ot anal ysi s of t he r eact i vi t y of t he f our ant i -

bodi es i n Fi g . 6 wi t h t he el ect r ophor et i cal l y separ at ed pr ot ei ns
of t he i ndi vi dual cel l f r act i ons i s shown i n Fi g . 7 . Thi s ser ves

t o est abl i sh t he speci f i ci t y of t he ant i bodi es and demonst r at e

t he par t i t i on of t hese speci f i c pr ot ei ns among t he f our cel l ul ar

f r act i ons . Equal amount s of pr ot ei n f r om t he sol ubl e, cyt o-

skel et on, chr omat i n, and NM- I F f r act i ons wer e separ at ed by
PAGE. The pr ot ei ns wer e t r ansf er r ed t o ni t r ocel l ul ose st r i ps

t hat wer e t hen i ncubat ed wi t h t he f our ant i bodi es pr evi ousl y



used f or i mmunof l uor escence st ai ni ng ( Fi g . 6) . Bands wer e

vi sual i zed usi ng t he hor ser adi sh per oxi dase- second ant i body

t echni que descr i bed i n Mat er i al s and Met hods .

The i mmunobl ot pat t en f or vi ment i n i s par t i cul ar l y si mpl e

as essent i al l y al l of t hi s 58, 000- mol - wt pr ot ei n i s f ound i n t he

NM- I F scaf f ol d f r act i on, wi t h onl y a t r ace appear i ng i n t he

cyt oskel et on ( Fi g. 7) . Some l i ght l y st ai ni ng bands of l ower
mol ecul ar wei ght ar e seen i n t he NM- I F f r act i on . These may
be due t o a smal l amount of pr ot eol ysi s or some cr oss-
r eact i vi t y wi t h ot her mat r i x pr ot ei ns by t hi s ant i body pr epa-
r at i on . The pr i nci pal cyt oker at i ns ar e al so f ound excl usi vel y
i n t he NM- I F scaf f ol d f r act i on . The bands cor r espond t o
pr ot ei ns of 40, 000, 42, 000, 52, 000, 56, 000, and 58, 000 mol

wt ( Fi g . 7) . Ther e ar e ver y f ai nt bands cor r espondi ng t o t he
58, 000- mol - wt cyt oker at i n i n t he sol ubl e cyt oskel et on and
chr omat i n f r act i ons . These pr ot ei ns r epr esent < 1 %of t he
t ot al cyt oker at i n i n t he cel l . The si gni f i cance of t hi s popul a-
t i on of cyt oker at i n i s not obvi ous, i t coul d concei vabl y r ep-
r esent a pool of sol ubl e pr ecur sor s as r epor t ed f or vi ment i n

( 45) .
The pr ot ei n cor r espondi ng t o t he nucl ear ant i gen st ai ned

by t he monocl onal ant i body i s

	

52, 000 mol wt and i s f ound

excl usi vel y i n t he NM- I F scaf f ol d ( Fi g . 7) . I t i s t oo l ow i n

mol ecul ar wei ght t o be a nucl ear l ami n ( 46, 47) . A ver y l i ght l y

st ai ni ng band at 42, 000 mol wt i s seen i n t he skel et al

f r amewor k and NM- I F f r act i on ; i t s si gni f i cance i s unknown .

The i mmunobl ot pat t er n of t he ser umant i body t o desmo-

somal cor e pr ot ei n i s compl i cat ed . Thr ee pr i nci pal bands at

240, 000, 210, 000, and 150, 000 mol wt cor r espondi ng t o t he

desmosome pl aque pr ot ei ns and gl ycopr ot ei ns descr i bed by

Cohen et al . ( 44) ar e f ound onl y i n t he NM- I F scaf f ol d ( Fi g .
7) . A 56, 000- mol - wt pr ot ei n, pr obabl y a cyt oker at i n, al so

r eact s wi t h t hi s ser um ant i body, but onl y i n t he NM- I F

f r act i on . Sever al ot her bands ar e st ai ned i n t he ot her f r act i ons

and t hei r r el at i on t o desmosome cor e st r uct ur e, i f any, i s

unknown . Some of t hese det er gent or sal t ext r act abl e pr ot ei ns

may cor r espond t o t he pr ot ei ns r esponsi bl e f or nucl ear f l uo-

r escence i n t he i nt act cel l s i n Fi g . 6 d.

Whol e Mount El ect r on Mi cr oscopy of t he NM-

I F Scaf f ol d

The NM- I F scaf f ol d pr epar at i on, consi st i ng of onl y 5%of

t he t ot al cel l ul ar pr ot ei n, af f or ds st r i ki ng i mages when exam-

FI GURE 5 Two- di mensi onal gel pr of i l es of pr ot ei ns obt ai ned af t er f r act i onat i on of MDCK col oni es . Fr act i onat i on and t wo-
di mensi onal gel el ect r ophor esi s wer e car r i ed out as descr i bed i n Mat er i al s and Met hods . The f i r st di mensi on r anges f r om pH 10
t o pH 3 ( l ef t t o r i ght ) . The pat t er ns of t he cyt oskel et on, chr omat i n, and NM- I F f r act i ons ar e i ndi vi dual l y char act er i st i c wi t h l i t t l e
over l ap of pr ot ei n f r om one f r act i on t o anot her . Maj or pr ot ei ns t hat ar e f ound pr edomi nat el y i n onl y one of t hese f r act i ons ar e
i ndi cat ed by ar r owheads .

FEY ET AL .

	

Epi t hel i al Cyt oar chi t ect ur e

	

1979



1980

	

THE JOURNAL OF CELL BI OLOGYzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" VOLUME 98, 1984



FI GURE 7

	

I dent i f i cat i on of ker at i n, vi ment i n, a 52, 000- mol - wt nucl ear mat r i x pr ot ei n ( 52 NM) and t he desmosomal cor e pr ot ei ns

i n i ndi vi dual MDCK f r act i ons . Al i quot s r epr esent i ng equi val ent pr ot ei n concent r at i ons f r om t he sol ubl e ( SOL) , cyt oskel et on ( CSK) ,

NM- I F, and chr omat i n ( Chr om) f r act i ons wer e separ at e on 10%pol yacr yl ami de gel s and t r ansf er r ed t o ni t r ocel l ul ose as descr i bed

i n Mat er i al s and Met hods . Bound ant i bodi es wer e l abel ed usi ng a second ant i body conj ugat ed t o hor ser adi sh per oxi dase as

descr i bed . The ker at i ns, vi ment i n and t he 52, 000- mol - wt nucl ear mat r i x pr ot ei ns ar e f ound pr edomi nant l y i n t he NM- I F f r act i on

i n t hese i mmunobl ot s wher e t he maj or pr ot ei n bands ar e sat ur at ed . Ther e i s mi ni mal st ai ni ng of t hese bands i n f r act i ons ot her

t han t he NM- I F cor e . Ker at i ns wi t h mol ecul ar wei ght s of 58, 000, 56, 000, 52, 000, 42, 000, and 40, 000 ar e i ndi cat ed as i n t he

58, 000- mol - wt vi ment i n band and t he 52, 000- mol - wt nucl ear mat r i x pr ot ei n . The di st r i but i on of desmosomal cor e pr ot ei ns i s

mor e compl ex, wi t h t he bands at 230, 000, 205, 000, and 150, 000 mol wt f ound onl y i n t he NM- I F f r act i on . A 50, 000- mol - wt band

whi ch r eact s wi t h t he desmosome cor e ant i ser um i s al so uni quel y pr esent i n t he NM- I F cor e ( see t ext ) .

i ned by whol e mount t r ansmi ssi on el ect r on mi cr oscopy . Ap-
i cal vi ews of t he NM- I F scaf f ol d der i ved f r om an MDCK
epi t hel i al sheet ar e shown i n Fi g. 8 . The f i l ament net wor k i s
much si mpl er i n composi t i on and over al l or gani zat i on t han
t he skel et al f r amewor k . However , af t er r emoval of phospho-
l i pi d, nucl ei c aci ds, and 95% of t he t ot al cel l ul ar pr ot ei n, t he

r emai ni ng st r uct ur e st i l l cl ear l y r et ai ns t he or gani zat i on char -

act er i st i c of an epi t hel i um. The pol ygonal out l i ne of t he
epi t hel i al cel l s i s st i l l i dent i f i abl e f r omt he r emnant cel l bound-
ar y st uct ur es . I ncl uded i n t hese boundar i es ar e dense pl aques
t hat ser ve as t er mi ni f or bundl es of f i l ament s . Fr om t hei r
l ocat i on and associ at i on wi t h t he i nt er medi at e f i l ament s, t hese
dense pl aques ar e most pr obabl y t he r emnant desmosomal

st r uct ur es and ar e so i dent i f i ed by i mmunoel ect r on mi cr os-
copy ( Fi g. 8d) . A web of f i l ament s, most of - 10 nm i n
di amet er , many or i gi nat i ng at t he nucl ear sur f ace, ext end

t hr oughout most of t he cyt opl asmi c space . Thi s i s consi st ent

wi t h t he obser vat i on of numer ous i nt er connect ed f i l ament s

char act er i st i c of t he or gani zat i on of cyt oker at i ns i n i nt act

epi t hel i a ( see Di scussi on) . I n t he NM- I F net wor k, numer ous

f i l ament s appear t o or i gi nat e on t he sur f ace of t he nucl ear

mat r i x ( Fi g. 8, a and b) and many t er mi nat e at t he dense

pl aques or desmosomes of t he r emnant j unct i onal compl exes

( Fi g . 8 c) . Some of t hese f i ber s f or m di r ect connect i ons be-
t ween t he desmosomes and t he nucl ear mat r i x .

The i dent i f i cat i on of t he dense pl aques at t he r emnant cel l
boundar i es as desmosomes was made on t he basi s of t hei r
l ocat i on and t hei r appar ent r ol e as t er mi ni f or many i nt er -
medi at e f i l ament s . A di r ect demonst r at i on of t he i dent i t y of

t hese pl aques i n whol e mount t r ansmi ssi on el ect r on mi cr os-

copy i s af f or ded by r eact i ng t he st r uct ur e wi t h ant i desmosome
pr ot ei n ant i body and a second ant i body conj ugat ed t o gol d

FI GURE 6

	

I mmunof l uor escent l ocal i zat i on of ker at i ns, vi ment i n, a 52, 000- mol - wt nucl ear mat r i x pr ot ei n and desmosomal pr ot ei ns
i n whol e MDCK epi t hel i al monol ayer s and t he NM- I F scaf f ol d . Whol e MDCK col oni es wer e f i xed i n met hanol at - 20° C and
post f i xed i n f or mal dehyde as descr i bed i n Mat er i al s and Met hods . NM- I F cor e st r uct ur es wer e pr epar ed f r om i dent i cal col oni es

and f i xed as descr i bed i n t he Mat er i al s and Met hods sect i on . The ant i body- second ant i body r eact i ons wer e car r i ed out as
descr i bed i n Mat er i al s and Met hods . I n each case, t he appr opr i at e second ant i body was conj ugat ed t o t et r amet hyl r hodami ne
i sot hi ocyanat e . Ker at i ns wer e l ocal i zed usi ng a ser umant i body der i ved agai nst t ot al ur ea- i nsol ubl e, ur ea/ mer capt oet hanol - sol ubl e
mat er i al f r om human cal l us ( see Wu and Rhei nwal d and Wu et al . [ 37, 381) i n bot h whol e ( a) and NM- I F f r act i onat ed ( b) MDCK
col oni es . Vi ment i n l ocal i zat i on i n whol e ( c) and NM- I F f r act i onat ed col oni es ( d) was anal ysed usi ng a ser um ant i body der i ved t o
58, 000- mol - wt vi ment i n ( see Hynes and Dest r e [ 39] ) . A monocl onal ant i body r eact s wi t h a 52, 000- mol - wt pr ot ei n f r om t he
nucl ear mat r i x was pr epar ed as descr i bed . The l ocal i zat i on of 52, 000- mol - wt pr ot ei n i n t he nucl eus of whol e ( e) and NM- I F
f r act i onat ed MDCK cel l s ( f ) i s essent i al l y unchanged by t he f r act i onat i on pr ot ocol . The desmosomal cor e pr ot ei ns wer e l ocal i zed
usi ng a ser um ant i body t o i sol at ed desmosomes ( see Gor bsky and St ei nber g [ 191) . The whol e cel l s ( g) show punct at e f l uor escent
st ai ni ng at t he i nt er cel l ul ar j unct i ons whi ch i s ent i r el y r et ai ned i n t he NM- I F f r act i onat ed col oni es ( h) . The nucl ear f l uor escence
obser ved i n t he whol e cel l s i s r emoved dur i ng t he f r act i onat i on and may cor r espond t o a uni que subset of pr ot ei ns t hat r eact
wi t h t hi s ant i body ( see Fi g . 7) . x 650 .
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FI GURE 8

	

NM- I F scaf f ol d of an MDCK epi t hel i um. Af t er f ur t her f r act i onat i on of t he skel et al f r amewor k ( shown i n Fi g. 3) as

descr i bed i n Mat er i al s and Met hods t hi s st r uct ur e, r epr esent i ng onl y 5% of t he t ot al cel l pr ot ei n, i s vi ewed i n whol e mount

t r ansmi ssi on mi cr oscopy . The chr omat i n- depl et ed nucl ear mat r i ces ( NM) ( a) ar e appar ent i n associ at i on wi t h cyt opl asmi c f i l ament s

l ar gel y consi st i ng of cyt oker at i ns ( see Fi g. 6) , whi ch of t en t er mi nat e i n r esi dual desmosome st r uct ur es ( D) . Hi gh magni f i cat i ons of

t hi s f r act i on det ai l t he nucl ear mat r i x ( b) and desmosomal compl ex ( c) st r uct ur es . NM- I F cor e st r uct ur es wer e f i xed and ant i body

r eact i ons wer e car r i ed out wi t h desmosomal ant i ser um f ol l owed by a second ant i body conj ugat ed t o gol d beads as descr i bed i n

t he Mat er i al s and Met hods . Gr eat er t han 75%of t he gol d bead st ai ni ng f r omt hi s ant i body i s obser ved i n t he dense st r uct ur es ( d)

whi ch ar e t ent at i vel y i dent i f i ed as r esi dual desmosomal cor es ( ar r owheads) . ( a) x 6, 000 . ( b) x 8, 000 . ( c) x 50, 000 . ( d) x 60, 000 .

beads . Cl ear i mages of t he gol d bead st ai ni ng ar e af f or ded by

	

event s i n whi ch skel et al el ement s ar e i nvol ved. Because al l of
t he whol e mount s ( Fi g . 8 d) .

	

t he cel l ul ar pr ot ei ns ar e r et ai ned dur i ng t he cour se of f r ac-

t i onat i on, quant i t at i ve anal yses of r at es of synt hesi s, phospho-
DI SCUSSI ON

	

r yl at i on and assembl y of st r uct ur al el ement s ar e possi bl e .

Fr act i onat i on Pr ot ocol

I n t hi s st udy, epi t hel i al cel l col oni es wer e sequent i al l y f r ac-
t i onat ed pr oduci ng f i r st t he Tr i t on X- 100- r esi st ant skel et al
f r amewor k, and t hen t he nucl ease and sal t - r esi st ant NM- I F

scaf f ol d . These st r uct ur es r epr esent mor phol ogi cal endpoi nt s

i n a f r act i onat i on scheme t hat di vi des t he epi t hel i um i nt o

f our bi ochemi cal l y di st i nct pr ot ei n popul at i ons . The r et ent i on

of a speci f i c subset of cel l ul ar pr ot ei ns i n each of t he f our

f r act i ons al l ows f or a r epr oduci bl e anal ysi s of bi ochemi cal
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NM- I F Scaf f ol d

Of t he f our pr ot ei n f r act i ons t hat wer e obt ai ned i n t he

pr ocedur e descr i bed i n t hi s r epor t , t he NM- I F cor e i s of

par t i cul ar r el evance t o t he di f f er ent i at ed epi t hel i al st at e . Bot h

cyt oker at i ns and desmosomal cor e pr ot ei ns ar e char act er i st i c

of epi t hel i al cel l s. Bot h cl asses of pr ot ei ns ar e quant i t at i vel y

r et ai ned i n t he NM- 1F scaf f ol d ( Fi g. 7) but not obser ved i n
t he NM- I F f r act i on f r om f i br obl ast s ( see r ef er ence 10) . AI -



t hough t he r esi st ance t o ext r act i on by det er gent and sal t of

bot h t he cyt oker at i ns and desmosome pr ot ei ns i s wel l - est ab-

l i shed ( 18, 19, 44, 48) , t he par t i ci pat i on of t hese el ement s i n

an i ndependent and or der ed st r uct ur e i nvol vi ng t he nucl ear

mat r i x i s obser ved her e f or t he f i r st t i me .

The NM- I F scaf f ol d i s a cont i nuous st r uct ur e t hat ext ends

t hr oughout t he ent i r e epi t hel i al sheet and r et ai ns t he spat i al

di sposi t i on of nucl ei and j unct i onal compl exes af t er t he r e-

moval of phosphol i pi d, nucl ei c aci ds, and 95%of t he cel l ul ar

pr ot ei ns. The mor phol ogi cal di st r i but i on and associ at i on of

desmosomes, cyt oker at i n f i l ament s ( or t onof i l ament s) , and

t he nucl ear mat r i x obser ved i n t he NM- I F scaf f ol d ar e i n

agr eement wi t h a number of ear l i er st udi es of epi t hel i al cel l s

and t i ssues .
The nucl ear mat r i x i s a f i br i l l ar pr ot ei n compl ex ( 10, 49-

51) , whi ch r et ai ns nucl ear por e compl exes ( 52) , i s associ at ed

wi t h het er ogeneous nucl ear RNA ( 53- 55) and r epl i cat i ng

DNA ( 56- 59) . The r ol e of t he nucl ear mat r i x i n nucl ear

f unct i on i s not cl ear l y under st ood, but t he st abl e associ at i on

bet ween t he nucl ear mat r i x and i nt er medi at e f i l ament s ( Fi g.

8) suggest t hat a spat i al or der i ng of t he nucl eus mi ght be

medi at ed by t he NM- I F i n vi vo . The associ at i on bet ween

i nt er medi at e f i l ament s and i nt act nucl ei has been f r equent l y

r epor t ed ( 10, 21, 22, 60, 61) .

The ext ensi ve net wor ks of t onof i l ament s i n epi t hel i al cel l s

i s a l ongst andi ng obser vat i on ( 14, 62) , whi ch has been dem-

onst r at ed usi ng i mmunof l uor escent mi cr oscopy i n bot h i nt act

epi t hel i a f r om whol e t i ssue ( 42, 63- 66) and f r om cul t ur ed

epi t hel i al cel l s ( 15- 17, 20, 67) . I n t he pr esent st udy, t hi s

net wor k of f i l ament s i s quant i t at i vel y i sol at ed and shown t o

r et ai n i t s compl ex st r uct ur e wi t h consi der abl e f i del i t y ( Fi g . 6) .

At t he r esi dual cel l ul ar j unct i ons of t he NM- I F cor e, t he

desmosomal pr ot ei ns ar e obser ved i n a l i near , punct at e pat -

t er n. Thi s pat t er n cor r esponds t o t he pol ygonal cel l bounda-

r i es obser ved i n i nt act epi t hel i a ( Fi g. 6) . The desmosomal

st r uct ur es al so ser ve as nexi f or numer ous cyt oker at i n f i l a-

ment s ( 14, 18, 19, 44, 48, 62 ; and Fi g . 8) . Thus, t hese r emnant

j unct i onal compl exes r et ai n t he i nt er cel l ul ar cont i nui t y of t he

epi t hel i um i n i sol at i on . These dat a ar e consi st ent wi t h t he

model of Hul l and St aehel i n ( 62) who suggest t hat a cont i n-

uous mechani cal coupl i ng i s pr ovi ded bet ween cyt oskel et al
net wor ks of adj acent epi t hel i al cel l s by t onof i l ament i nt er ac-

t i ons of desmosomes . However , t he model of epi t hel i al or ga-

ni zat i on suggest ed by t he NM- I F scaf f ol d di f f er s f r om t hat

pr oposed above ( 62) i n t hat t he nucl ear mat r i x i s i nt i mat el y

i nvol ved i n t he scaf f ol d or gani zat i on .

We ar e gr at ef ul t o Gabr i el l a Kr ochmal ni c and Davi d Cummi ngs f or
assi st ance i n el ect r on mi cr oscopy. We wi sh t o t hank Pat r i ci a Tur ner
f or pr epar i ng t he manuscr i pt . We al so wi sh t o t hank Dr s . J . Rhei n-
wal d, M. St ei nber g, and R. Hynes f or gener ousl y pr ovi di ng ant i ker -
at i n, ant i desmosomal and ant i vi ment i n ant i bodi es.

Thi s wor k was suppor t ed by gr ant f unds f r om t he Nat i onal Sci ence
Foundat i on and Nat i onal I nst i t ut es of Heal t h t o Shel don Penman .

Recei ved f or publ i cat i on 29 August 1983, and i n r evi sed f or m 1

Febr uar v 1984.
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