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ABSTRACT

	

Cel l sur f ace r ecept or I gMmol ecul es of cul t ur ed human l ymphobl ast oi d cel l s ( Wi L2)

pat ch and r edi st r i but e i nt o a cap over t he Gol gi r egi on of t he cel l af t er t r eat ment wi t h

mul t i val ent ant i - I gM ant i bodi es . Dur i ng and af t er t he r edi st r i but i on, l i gand- r ecept or cl ust er s

ar e endocyt osed i nt o coat ed pi t s and coat ed vesi cl es .

Mor phomet r i c anal ysi s of t he di st r i but i on of f er r i t i n- l abel ed l i gand at EMr esol ut i on r eveal s

t he f ol l owi ng sequence of event s i n t he endocyt osi s of cel l sur f ace I gM: ( a) bi ndi ng of t he

mul t i val ent l i gand i n a di f f use cel l sur f ace di st r i but i on, ( b) cl ust er i ng of t he l i gand- r ecept or

compl exes, ( c) r ecr ui t ment of cl at hr i n coat s t o t he cyt opl asmi c sur f ace of t he cel l membr ane

opposi t e l i gand- r ecept or cl ust er s, ( d) assembl y and ( e) i nt er nal i zat i on of coat ed vesi cl es, and

( f ) del i ver y of l abel i nt o a l ar ge vesi cul ar compar t ment , pr esumabl y par t l y l ysosomal . Most of

t he l abel ed l i gand ent er s t hi s pat hway . The r ecr ui t ment of cl at hr i n coat s t o t he membr ane

opposi t e l i gand- r ecept or cl ust er s i s sensi t i ve t o t he cal modul i n- di r ect ed dr ug St el azi ne ( t r i f l uo-

per azi ne di hydr ochl or i de) . I n addi t i on, St el azi ne i nhi bi t s an al t er nat e pat hway of endocyt osi s

t hat does not i nvol ve coat ed vesi cl e f or mat i on . The act i n- di r ect ed dr ug di hydr ocyt ochal asi n B

has no ef f ect on t he r ecr ui t ment of cl at hr i n t o t he l i gand- r ecept or cl ust er s and t he f or mat i on

of coat ed pi t s and l i t t l e ef f ect on t he al t er nat e pat hway, but t hi s dr ug does i nt er f er e wi t h

subsequent coat ed vesi cl e f or mat i on and i t i nhi bi t s cappi ng . Cor t i cal mi cr of i l ament s t hat

decor at e wi t h heavy mer omyosi n wi t h const ant pol ar i t y ar e obser ved i n associ at i on wi t h t he

coat ed r egi ons of t he pl asma membr ane and wi t h coat ed vesi cl es . SDS- pol yacr yl ami de gel

el ect r ophor esi s anal ysi s of a coat ed vesi cl e pr epar at i on i sol at ed f r om Wi L2 cel l s demonst r at es

t hat t he maj or pol ypept i des i n t he f r act i on ar e a 175- kdal t on component t hat comi gr at es wi t h

cal f br ai n cl at hr i n, a 42- kdal t on component t hat comi gr at es wi t h r abbi t muscl e act i n and a

18. 5- kdal t on mi nor component t hat comi gr at es wi t h cal modul i n as wel l as 110- , 70- , 55- , 36- ,

30- , and 17- kdal t on component s . These r esul t s cl ar i f y t he pat hways of endocyt osi s i n t hi s cel l

and suggest f unct i onal r ol es f or cal modul i n, especi al l y i n t he f or mat i on of cl at hr i n- coat ed pi t s,

and f or act i n mi cr of i l ament s i n coat ed vesi cl e f or mat i on and i n cappi ng .

The cel l sur f ace pl ays an i mpor t ant r ol e i n t he cont r ol of cel l

pr ol i f er at i on, gr owt h, behavi or , and di f f er ent i at i on. Cel l ul ar

r esponse t o ext er nal f act or s i s of t en medi at ed t hr ough t he

bi ndi ng of a l i gand t o i t s speci f i c cel l sur f ace r ecept or f ol l owed

by endocyt osi s. Al t hough t he det ai l s of how cel l s deal wi t h

l i gand- r ecept or compl exes var y, a f undament al pat hway i s

st ar t i ng t o emer ge . Thi s pat hway i nvol ves t he associ at i on of

cl at hr i n coat s wi t h t he cyt opl asmi c sur f ace of membr ane con-

t ai ni ng speci f i c r ecept or s, t he i nvagi nat i on of t hese coat ed

membr anes, and f i nal l y t he f or mat i on of coat ed vesi cl es wi t hi n
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t he cel l ( 16, 40, 41) . Many r ecept or s ar e or i gi nal l y di f f use i n

t he membr ane bef or e l i gand chal l enge but some, i ncl udi ng

l ow- densi t y- l i popr ot ei n r ecept or s, may not be ( 5, 15- 17, 34) .

For t he f or mer , pat chi ng or cl ust er i ng i n t he pl ane of t he

membr ane may pr ecede associ at i on wi t h t he coat and endo-

cyt osi s . I n cer t ai n speci al i zed cel l s, i ncl udi ng human l ympho-

cyt es, some sur f ace det er mi nant s r edi st r i but e f ur t her af t er

pat chi ng i n t he ener gy- dependent pr ocess known as cappi ng .

Endocyt osi s i s known t o accompany cappi ng ( 46) , but unt i l t he

pr esent st udy i t was not known t hat i nt er nal i zat i on was, at l east
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i n par t , by way of t he coat ed vesi cl e pat hway .

The r el at i on of a l i gand- r ecept or pat ch t o t he cel l cyt oske-

l et on, par t i cul ar l y t he act i n- based mi cr of i l ament syst em, al so

has not been cl ar i f i ed. Pr esumabl y, such a r el at i onshi p i s

i mpor t ant f or subsequent cappi ng or endocyt osi s ( but see r ef -

er ences 2 and 3) . Ther e i s bot h i ndi r ect ( 8, 39, 43) and di r ect

exper i ment al evi dence ( 12, 14) f or t he associ at i on of mi cr of i l -

ament s wi t h cl ust er ed l i gand- r ecept or compl exes .
Usi ng a human B l ymphobl ast oi d cel l l i ne ( Wi L2) , we have

st udi ed t he mobi l i t y and endocyt osi s of t he sur f ace- bound

19M- l i gand compl ex i n t hese cel l s . We show t hat t hi s i nvol ves

t he cl at hr i n- coat ed vesi cl e syst em and t he act i n mi cr of f l ament

syst em i n t he cel l cor t ex . The i nt er act i ons bet ween r ecept or -

l i gand compl exes, coat ed vesi cl es, and mi cr of i l ament s have

been anal yzed i n f our ways : ( a) by r econst r uct i on of t he

sequence of endocyt osi s f r oml i ght and el ect r on mi cr ogr aphs,

( b) by mor phomet r i c anal ysi s of l i gand di st r i but i on af t er st i m-

ul at i on and i nhi bi t i on of endocyt osi s, usi ng speci f i c i nhi bi t or s

such as St el azi ne and di hydr ocyt ochal asi n B ( dhCB) , ( c) by

di r ect vi sual i zat i on of heavy mer omyosi n- l abel ed act i n f i l a-

ment s associ at ed wi t h coat ed membr anes, and ( d) by di r ect

i sol at i on of a coat ed vesi cl e f r act i on and anal ysi s of t he pr ot ei ns

associ at ed wi t h t hi s f r act i on.

MATERI ALS AND METHODS

Cul t ur es of t he human B l ymphobl ast oi d cel l l i ne Wi L2 ( 28) wer e gr own t o a

densi t y of 1 . 5 x 106 cel l s/ ml i n RPMI medi um suppl ement ed wi t h t mM

gl ut ami ne and 20%f et al cal f ser um( Fl owLabor at or i es, I nc. , Rockvi l l e, Md . ) at

37 ° C and 5%C02 i n ai r . Washed cel l s wer e r esuspended t o 5 x 10' cel l s/ ml i n

HEPES ( pH 7. 4) buf f er ed Hanks' medi um wi t h 5% f et al cal f ser um at 4° C.

Sur f ace I gMwas l abel ed, usi ng sandwi ch t echni que, wi t h r abbi t I g ant i human

I gM( P- chai n speci f i c ; N. L. Cappel Labor at or i es I nc . , Cochr anvi l l e, Pa . ) f ol l owed

by t hr ee washes i n 10 vol of buf f er and t hen wi t h goat ant i r abbi t I gG. The

secondar y ant i body was conj ugat ed wi t h ei t her f l uor escei n or f er r i t i n ( N. L .

Cappel Labor at or i es) , or was r adi oi odi nat ed wi t h
I zeI ,

usi ng t he chl or ami ne- T

met hod ( 7) . Af t er t he cel l s wer e washed f r ee of unbound ant i body . t he suspensi on

was war med t o 37° C f or var yi ng per i ods of t i me.

Upt ake of hor ser adi sh per oxi dase was measur ed accor di ng t o t he met hods

out l i ned by St ei nman ( 45) .

Heavy mer omyosi n ( HMM) was made f r om r abbi t muscl e myosi n accor di ng

t o Lowey and Cohen ( 33) . Cel l ul ar act i n was decor at ed wi t h HMMaf t er

gl ycer i nat i on accor di ng t o I shi kawa et al . ( 20) .

Cel l s wer e f i xed f or el ect r on mi cr oscopy at r oom t emper at ur e wi t h 2%

gl ut ar al dehyde i n phosphat e buf f er ( pH7. 0) wi t h or wi t hout 0. 1%t anni c aci d ( 6)

f or l h and post f i xed at 4° Cwi t h 1% OS0, i n phosphat e buf f er ( pH6. 0) f or 20

mi n . The mat er i al was dehydr at ed i n an et hanol ser i es, i nf i l t r at ed wi t h Epon 812 .

t hi n sect i oned, st ai ned wi t h ur anyl acet at e and l ead ci t r at e or bi smut h subni t r at e

( 1) , and obser ved on a Si emens 101 el ect r on mi cr oscope oper at ed at 80 kV.

Anal ysi s of t he di st r i but i on of f er r i t i n- l abel ed l i gand- r ecept or cl ust er s r el at i ve

t o membr ane cyt opl asmi c speci al i zat i ons ( membr ane coat s) was car r i ed out

accor di ng t o t he st er eol ogi cal pr i nci pl es f or mor phomet r y out l i ned by Wei bel

( 49) . Sampl e sel ect i on was r andomi zed by sect i oni ng mul t i pl e bl ocks and l evel s

wi t hi n t hepel l et s of cel l s f r omeach t r eat ment . Sect i ons ( si l ver i nt er f er ence col or s)

wer e mount ed on 200- mesh gr i ds, st ai ned wi t h bi smut h subni t r at e ( 1) , andvi ewed

wi t h t he el ect r on mi cr oscope at x 6, 000 magni f i cat i on wi t hout t he ai d of bi noc-

ul ar s . Under t hese condi t i ons, nei t her f er r i t i n cl ust er s nor membr ane speci al i za-

t i ons can be di scer ned. Cel l pr of i l es t hat i ncl uded nucl ear cr oss sect i ons wer e

chosen f r om t he upper l ef t or l ower r i ght cor ner of a gi ven gr i d hol e, cent er ed,

f ocused wi t h t he ai d of bi nocul ar s, and phot ogr aphed. El ect r on mi cr ogr aphs wer e

pr i nt ed at a f i nal magni f i cat i on of x 42, 000. The pr i nt s wer e t hen anal yzed by

poi nt - count i ng pl ani met r y f or vol umet r i c anal ysi s and di f f er ent i al i nt er sect i on

count i ng f or est i mat i on of f r act i onal boundar i es f or cel l sur f ace speci al i zat i on .

Raw dat a t ot al 77, 779 poi nt s and 12, 134 l i near i nt er cept s f r om 480 el ect r on

mi cr ogr aph pr i nt s at x 42, 000 magni f i cat i on . Cal cul at i ons ar e based on an

aver age cel l sur f ace ar ea of 300Am' , an aver age coat ed vesi cl e membr ane sur f ace

ar ea of 7. 2 x 103 r an' , and an est i mat ed sect i on t hi ckness of 750 A.
Coat ed vesi cl es wer e i sol at ed by a modi f i cat i on ( 23) of t he Pear se ( 38)

pr ocedur e f r om Wi L2 cel l s t hat wer e act i vel y endocyt osi ng at 37° C j ust bef or e

cel l l ysi s . Cl at hr i n st andar ds f or SDS- pol yacr yl ami de gel el ect r ophor esi s ( SDS-

PAGE) wer e pr epar ed f r om cal f br ai n coat ed vesi cl es af t er a si ngl e cycl e of

depol ymer i zat i on i n 0. 5 MTr i s buf f er ( pH 7. 5) and basket r eassembl y f r om an

85, 000 x g super nat e by di al ysi s agai nst t he i sol at i on buf f er .

SDS- PAGE was car r i ed out i n 5- 15%gr adi ent pol yacr yl ami de gel s cont ai ni ng

0. 1%SDS, usi ng t he buf f er syst emof Laemml i ( 25) .

Dr ug t r eat ment s wer e f or 15 mi n bef or e f i xat i on wi t h ei t her 20 I LMdhCB

( subst oi chi omet r i c r el at i ve t o cel l act i n [ J . Car boni and J. Condeel i s, unpubl i shed

obser vat i on] ) or 25 pMSt el azi ne ( t r i f l uoper azi ne di hydr ochl or i de ; Smi t h, Kl i ne

and Fr ench Labs, Phi l adel phi a, Pa. ) . dhCB has been shown t o be qui t e spec

f or act i n- r el at ed mot i l i t y pr ocesses and has l i t t l e or no ef f ect on gl ucose t r anspor t

( 29, 31) . The cyt ochal asi ns i nhi bi t i n vi t r o pol ymer i zat i on and r educe t he r at e of

el ongat i on of act i n f i l ament s when appl i ed at subst oi chi omet r i c concent r at i ons

r el at i ve t o act i n ( 9, 10, 30) . St el azi ne, a phenot hi azi ne der i vat i ve, i s a pot ent and

hi ghl y speci f i c i nhi bi t or of cal modul i n- medi at ed r egul at i on ( l 9, 27, 50) . St el azi ne

bi nds wi t h hi gh af f i ni t y t o t he cal ci um- dependent r egul at or i n t he pr esence of

cal ci um and i nact i vat es cal modul i n i n t he br ai n phosphodi est er ase st i mul at i on

assay ( 27, 50) , i n t he adenyl at e cycl ase st i mul at i on assay ( 50) , and i n r egul at i on

of smoot h muscl e cont r act i on ( 19) .

RESULTS

Redi st r i but i on and Endocyt osi s

Wi L2 cel l s pat ch and cap f l uor escei n- l abel ed I g- I gM com-

pl exes. Af t er chal l enge wi t h f l uor escei n- l abel ed ant i - I gM an-

t i body, t he cel l s i ni t i al l y di spl ay a di f f use pat t er n of cel l sur f ace

l abel i ng ( Fi g. 1 a) . Pat ches devel op wi t hi n mi nut es and when

t he cel l s ar e war med t o 37° C t hese l i gand cl ust er s r api dl y
gat her i nt o a cap over one pol e of t he cel l ( Fi g . 1 b) . I n a t ypi cal
exper i ment , 50%of t he cel l s have a pol ar di st r i but i on of l abel

over l ess t han hal f t hei r cel l sur f ace wi t hi n 15 mi n of r ai si ng

t he t emper at ur e, wher eas t he r est of t he sur f ace i s devoi d of

l abel . 80- 90%of t he cel l s di spl ay t hi s t ype of di st r i but i on by 30
mi n.

For EMst udy at hi gher r esol ut i on, f er r i t i n- l abel ed ant i body
has been used so t hat l i gand i s i ndi cat ed by t he el ect r on opaque

f er r i t i n . When cel l s ar e mai nt ai ned and f i xed at 4° C, t he
f er r i t i n i s obser ved di sper sed mor e or l ess uni f or ml y al ong t he

cel l membr ane ( Fi g. 2a) . When t he cel l s ar e war med t o 37° C,
t he f er r i t i n l abel r edi st r i but es i nt o a cap over t he Gol gi r egi on
of t he cel l . A t ypi cal t hi n sect i on of t he capped r egi on of a cel l
f i xed 15 mi n af t er chal l enge i s shown i n Fi g . 2 b. By t hi s t i me,

numer ous channel s f i l l ed wi t h f er r i t i n penet r at e t he cel l cor t ex,
suggest i ng t hat endocyt osi s of t he bound l i gand has begun .

FI GURE 1 Di st r i but i on of Wi L2 cel l sur f ace r ecept or I gM bef or e
and af t er cappi ng . ( a) Cel l f i xed i mmedi at el y af t er l abel i ng wi t h
r abbi t ant i human I gM and f l uor escei n- conj ugat ed goat ant i r abbi t
ant i bodi es . The l abel ed r ecept or I gM i s l ocat ed i n a di f f use cel l
sur f ace di st r i but i on . ( b) Cel l f i xed af t er 15- mi n i ncubat i on at 37 ° C,

post l abel . The r ecept or I gM has r edi st r i but ed i nt o a cap . a and b:

Phase; a' and b' f l uor escence i mage . x 2, 000 .
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FI GURE 2

	

Di st r i but i on of Wi L2 cel l sur f ace r ecept or I gM at ul t r ast r uct ur e r esol ut i on, usi ng f er r i t i n- conj ugat ed secondar y ant i body.
( a) Cel l f i xed i mmedi at el y af t er ant i body l abel i ng shows a di f f use cel l sur f ace di st r i but i on of f er r i t i n l abel ( ar r ows) wi t h f ew

cl ust er ed r ecept or s . St ai n : ur anyl acet at e f ol l owed by bi smut h subni t r at e. ( b) Cel l f i xed af t er 15- mi n i ncubat i on at 37° C, post l abel .
The l abel was r edi st r i but ed i nt o a cap . Beneat h t he cap, numer ous channel s f i l l ed wi t h f er r i t i n penet r at e t he cel l cor t ex ( ar r ows) ,
suggest i ng t hat endocyt osi s of bound l i gand has begun . St ai n : ur anyl acet at e f ol l owed by l ead ci t r at e . ( c) A r egi on of t he same
capped cel l as i n b t hat has been cl ear ed of i t s cel l sur f ace I gM. ( d) Cel l t r eat ed wi t h St el azi ne ( 25 uM) , f i xed af t er 15- mi n

i ncubat i on at 37° C, post l abel . The l i gand has capped nor mal l y but endocyt i c channel s ar e absent . St ai n : bi smut h subni t r at e . ( e)
Cel l t r eat ed wi t h dhCB ( 20 AM) , f i xed af t er 15- mi n i ncubat i on at 37° , post l abel . The f er r i t i n- l abel ed l i gand- r ecept or compl exes

cl ust er nor mal l y but do not cap . The cl ust er ed r ecept or s ( ar r ows) associ at e wi t h cl at hr i n coat s ( open ar r ows) but i nt er nal i zat i on

i s r educed . St ai n : bi smut h subni t r at e. Bar s, 0. 5 pm. a, d, and e : x 48, 000, b and c : x 31, 000.
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FI GURE 3

	

Cel l sur f ace r ecept or I gM i s i nt er nal i zed al ong a coat ed vesi cl e pat hway of endocyt osi s . ( a) At hi gh magni f i cat i on of a

capped cel l , t he l i gand of t en appear s i n smal l separ at e cl ust er s over st r ai ght or sl i ght l y convex expanses of pl asma membr ane

wi t hout under l yi ng cyt opl asmi c coat s . ( b) Some cl ust er s ar e obser ved over i ndent ed r egi ons of t he pl asma membr ane t hat cl ear l y

have coat s on t hei r cyt opl asmi c sur f ace ( ar r ow) . ( c) Fer r i t i n cl ust er s al so occur i n deep coat ed depr essi ons or pi t s ; t he coat ed

r egi on ( ar r ow) i s at t he end of a l ong channel . ( d) Al so, t he l i gand i s obser ved i n t he cyt opl asm beneat h t he cap wi t hi n coat ed

vesi cl e pr of i l es of - 100- nm di amet er , and ( e) wi t hi n l ar ger uncoat ed st r uct ur es ( open ar r ows) of appr oxi mat el y 0 . 2- t o 0 . 4- Am

di amet er . Some of t hese l ar ger st r uct ur es have f eat ur es of l ysosomes ( see t ext ) . Ot her l ar ge vesi cl es wi t h f er r i t i n l abel do not have

t hese f eat ur es . a - d: bar , 0. 1 Am, x 100, 000, e : bar , 0 . 2 Am, x 50, 000 .

At hi gher magni f i cat i on of capped cel l s, t he l i gand of t en

appear s i n smal l separ at e cl ust er s over st r ai ght or sl i ght l y

convex expanses of t he pl asma membr ane wi t hout under l yi ng

cyt opl asmi c coat s ( Fi g. 3a) . Some cl ust er s ar e obser ved over

i ndent ed r egi ons of t he pl asma membr ane t hat cl ear l y have

coat s on t hei r cyt opl asmi c sur f ace ( Fi g . 3 b) . Cl ust er s al so occur

i n deep coat ed depr essi ons or coat ed pi t s ( Fi g. 3 c) . Fi nal l y,

l i gand i s obser ved i n t he cyt opl asm beneat h t he cap i n t he

Gol gi r egi on of t he cel l wi t hi n coat ed vesi cl e pr of i l es - 100 nm

i n di amet er ( Fi g. 3 d) and wi t hi n l ar ge uncoat ed st r uct ur es of

- 0 . 2- 0. 4 I Lm i n di amet er ( Fi g. 3 e) . Some of t hese l ar ger st r uc-

t ur es have a gr anul ar mat r i x i n addi t i on t o t he f er r i t i n par t i cl es

and have an el ect r on- t r anspar ent hal o j ust beneat h t hei r l i m-

i t i ng membr ane. These f eat ur es ar e hal l mar ks of l ysosomes

( 37) and we wi l l r ef er t o t hese vesi cl es as pr esumpt i ve l yso-

somes . Ot her l ar ge ( 0. 2- 0 . 4 t Lm i n di amet er ) vesi cl es wi t h

f er r i t i n l abel t hat occur i n t hi s r egi on of t he cel l do not have

t hese f eat ur es . We post ul at e t hat Fi g . 3 a- d r epr esent t he se-

quence of event s i n t he t r anspor t and pr ocessi ng of t he cel l

sur f ace f er r i t i n- l abel ed l i gand vi a a coat ed vesi cl e pat hway . I n

t hi s sequence, coat ed vesi cl e f or mat i on begi ns af t er l i gand-

r ecept or pat chi ng and cont i nues dur i ng and af t er cappi ng . The

sequence ends when coat ed vesi cl es pr esumabl y f use wi t h and

deposi t l i gand i nt o pr esumpt i ve l ysosomes ( Fi g. 3 e) .

Mor phomet r i c Anal ysi s of Cont r ol s

Thi s post ul at ed pat hway i s conf i r med i n t he mor phomet r i c

anal ysi s ( Tabl e I ) . When t he cel l s ar e f i xed i mmedi at el y af t er

ant i body t r eat ment , - - 18' Um
2

or 6%of t he t ot al cel l sur f ace

ar ea ( 300 f am) i s scor ed as occupi ed by f er r i t i n- l abel ed l i gand .

The l abel i s di sper sed mor e or l ess uni f or ml y over t he cel l

sur f ace . 94% of t hi s l abel i s over unspeci al i zed membr ane

( wi t hout cyt opl asmi c coat s) , wher eas onl y 5% i s over coat ed

membr anes. When t he cel l s ar e war med t o 37° C f or 15 mi n

and al l owed t o cap t he l i gand, - . , 15
j Am2

or 5%of t he membr ane

sur f ace ar ea i s scor ed as occupi ed by f er r i t i n- l abel ed l i gand .

The sl i ght dr op i n cel l membr ane scor ed as occupi ed by f er r i t i n-

l abel ed l i gand i s a r esul t of super posi t i on of mar ker i n t he

t hi ckness of t he sect i on because of r ecept or cl ust er i ng.

By 15 mi n of i ncubat i on, t he f er r i t i n l abel di st r i but i on r el a-

t i ve t o membr ane coat s has changed dr amat i cal l y . Af t er a 15-

mi n i ncubat i on, onl y 35%of t he l abel r emai ns over unspeci al -

i zed pl asma membr ane, wher eas 36% i s over r egi ons of mem-

br ane wi t h cyt opl asmi c coat s, 7%i s f ound wi t hi n coat ed vesi cl e

pr of i l es and 22% wi t hi n t he pr esumpt i ve l ysosomal compar t -

ment s . The l i gand cl ust er s r epr esent pr ef er r ed si t es of coat ed

pi t f or mat i on . Wi t hi n 15 mi n af t er l i gand chal l enge, coat ed pi t s

occupy 2. 8%of t he t ot al cel l sur f ace ar ea ( 8 . 4 f am) yet 64%( 5 . 4

t am) of t he coat ed pi t s cont ai n l abel . Al so by 15 mi n, l i gand

chal l enge has st i mul at ed t hr eef ol d t he number of coat ed pi t s

f or med at t he cel l sur f ace ( 2 . 7 pmt membr ane sur f ace ar ea i s

coat ed i ni t i al l y, and l 5 mi n af t er chal l enge 8 . 4
t Lm2

i s coat ed) .

Thi s i ncr ease i n t he coat ed membr ane can be account ed f or

ent i r el y by t he r ecr ui t ment of cl at hr i n coat s t o t he membr ane

opposi t e l i gand cl ust er s .

Ef f ect of Var i ous Tr eat ment s on Li gand- Recept or

Di st r i but i on and Endocyt osi s

Pr el i mi nar y st udi es on endocyt osi s of exogenous hor ser adi sh

per oxi dase by Wi L2 cel l s i ndi cat ed t hat upt ake i s col d, azi de
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TABLE I

Ef f ect of Act i n- and Cal modul i n- di r ect ed Dr ugs on l gand- Recept or Di st r i but i on Rel at i ve t o Membr ane Speci al i zat i ons

( 10 - 3 M) , dhCB ( 20 AM) and St el azi ne ( 25 , AM) sensi t i ve, yet

col chi ci ne ( 10 - 5 M) and di met hyl sul f oxi de ( 0. 1%) i nsensi t i ve .

We chose t o st udy i n some det ai l t he ef f ect s of St el azi ne and
dhCB on l i gand- r ecept or di st r i but i on and i nt er nal i zat i on af t er
a 15- mi n i ncubat i on.

Cel l s t hat have been t r eat ed wi t h 25 AM St el azi ne, added at

t he t i me of l i gand chal l enge, cap nor mal l y wi t hi n 15 mi n af t er

war mi ng t o 37° C. However , endocyt i c channel s ar e r ar el y seen

i n t he capped r egi ons of t hese cel l s ( Fi g . 2d) . I n t he pr esence

of St el azi ne, over 90% of t he t ot al l abel ed l i gand r ecept or

cl ust er s r emai n at t he cel l sur f ace . Near l y 800Jo of t hi s l abel i s

over uncoat ed r egi ons of t he membr ane and has not yet ent er ed

an endocyt i c pat hway ( Tabl e I ) . The amount of l i gand ent er i ng

an endocyt i c pat hway i s r educed by >50%of t he cont r ol val ues .

A si mi l ar r educt i on al so occur s i n t he number of l i gand-

l abel ed coat ed vesi cl es scor ed. Thi s i s t aken t o i ndi cat e t hat

once t he coat i s r ecr ui t ed t o t he membr ane, t he per cent age of

coat ed pi t s conver t ed t o coat ed vesi cl es i n 15 mi n i n t he

pr esence of St el azi ne i s t he same as t he per cent age conver t ed

i n t he cont r ol . Because t he coat ed vesi cl es scor ed ar e t he

r esul t ant sum of bot h t hose f or med and t hose degr aded ( by

f usi on wi t h l ysosomes) , we assume t hat t he r at e of t hese

pr ocesses i s t he same i n St el azi ne vs. cont r ol sampl es . Thus,

St el azi ne has an ef f ect on t he over al l r ecr ui t ment of coat

mat er i al t o t he membr ane but not on f ur t her pr ocessi ng of t he

coat ed vesi cl es . However , t hi s ef f ect on r ecr ui t ment does not

compl et el y account f or t he l evel of i nhi bi t i on of over al l endo-

cyt osi s seen i n t he pr esence of t he dr ug. Not e t hat St el azi ne

shut s down >80%of t he t r ansf er of cel l sur f ace l abel i nt o t he

l ar ger vesi cl es .

I n cont r ast t o St el azi ne, dhCB pr event s cel l cappi ng, al -

t hough l i gand- r ecept or cl ust er i ng seems unaf f ect ed by dhCB

( Fi g . 2 e) . Al so i n cont r ast t o St el azi ne, dhCB has l i t t l e ef f ect

on t he r ecr ui t ment of cl at hr i n coat s t o t he cel l membr ane or on

t he amount of f er r i t i n- l abel ed l i gand ent er i ng t he endocyt i c

pat hway ( Tabl e I ) . Two- t hi r ds of t he t ot al l abel ed cl ust er s

r emai n at t he cel l sur f ace and one- hal f of t hese cl ust er s l i e

above coat ed pi t s . The number of coat ed pi t s f or med i s about

t he same i n dhCB as i n t he cont r ol , at l east wi t hi n t he er r or of

our measur ement s . Thus we concl ude t hat dhCB has no ef f ect

on t he r ecr ui t ment of coat s t o l i gand- r ecept or cl ust er s and t hat
ent r y i nt o t he coat ed vesi cl e pat hway i n gener al i s t her ef or e
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Membr ane sur f ace ar ea occupi ed by f er r i t i n cl ust er s

Cel l sur f ace

	

I nt r acel l ul ar

	

Tot al

Based on mor phomet r i c anal ysi s accor di ng t o t he met hods of Wei bel ( 49) , usi ng poi nt pl ani met r y f or vol umet r i c anal ysi s and di f f er ent i al i nt er sect i on count i ng

f or est i mat i on of f r act i onal boundar i es f or cel l sur f ace speci al i zat i ons. Cal cul at i ons based on an aver age cel l sur f ace ar ea of 300 l am' and coat ed vesi cl e

membr ane sur f ace ar ea of 7 . 2 x 103 nm' and aver age sect i on t hi ckness of 750 A. St udent ' s unpai r ed t t est anal ysi s of dat a di st r i but i ons i ndi cat e si gni f i cant

di f f er ences ( P < 0 . 05) .

* 15 mi n cont r ol vs . 0 mi n cont r ol .

$ 15 mi n dr ug t r eat ment s vs . 15 mi n cont r ol .

separ at ed f r omcappi ng i n t hese cel l s . However , t hi s dr ug does

have an ef f ect on t he i nt er nal i zat i on of t he cl ust er s . The

number of l abel ed coat ed vesi cl e pr of i l es scor ed i n dhCB-
t r eat ed pr epar at i ons i s si gni f i cant l y l ower t han t he cont r ol

val ues, despi t e an equi val ent amount of membr ane ent er i ng

t he endocyt ot i c pat hway and an equi val ent amount of coat ed

cel l sur f ace . The number of coat ed vesi cl e pr of i l es scor ed af t er

dhCB i s even l ower t han t he number seen wi t h St el azi ne ( Tabl e

I ) . We concl ude t hat conver si on of coat ed pi t s i nt o coat ed

vesi cl es i s i nhi bi t ed by dhCB.

Despi t e t he f act t hat f ewer coat ed vesi cl e pr of i l es ar e scor ed

af t er dhCB t han af t er St el azi ne t r eat ment , t he t r ansf er of

l abel ed l i gand i nt o t he l ar ge vesi cul ar compar t ment i n dhCB

i s f our t i mes gr eat er t han af t er St el azi ne . Apossi bl e expl anat i on

of t hi s f i ndi ng mi ght be t hat a second pat hway of endocyt osi s

of l i gand exi st s, i ndependent of t he coat ed vesi cl e pat hway .
For exampl e, t aken f r om uncoat ed cel l sur f aces ( Fi g. 3 a)

di r ect l y t o el ect r on- t r anspar ent l ar ge vesi cl es may r epr esent an

al t er nat e pat hway ( Fi g. 3 e) . Such an expl anat i on i s consi st ent

wi t h t he concl usi ons of ot her wor ker s ( 13) r egar di ng bul k

membr ane f l ow endocyt osi s i n cel l s . Because St el azi ne i nhi bi t s

over al l endocyt osi s and t r ansf er of l abel i nt o t he l ar ge vesi cul ar

compar t ment much mor e ef f ect i vel y t han i t i nhi bi t s t he coat ed

vesi cl e pat hway, we deduce t hat St el azi ne i nhi bi t s t hi s second

pat hway . Because consi der abl e l abel i s pr esent i n t he l ar ge

vesi cul ar compar t ment i n dhCB, t hi s dr ug woul d seemt o have

l i t t l e ef f ect on an al t er nat e pat hway. I n unt r eat ed cel l s, j ust

over 20%of t he t ot al sur f ace l abel r eaches t he l ar ge vesi cul ar

compar t ment i n 15 mi n af t er l i gand chal l enge . Based on our

obser vat i ons, t he t ot al l abel f ound i n t he pr esumpt i ve l ysosomal

compar t ment woul d be t he sumof l abel ed membr ane der i ved
f r om bot h t he coat ed vesi cl e pat hway and al t er nat e pat hway.

Anal ysi s of Pr ot ei ns Associ at ed wi t h t he

Endocyt ot i c Pat hway

The dr ug st udi es pr esent ed above demonst r at e t hat St el azi ne

and dhCB ar e ef f ect i ve i nhi bi t or s of di f f er ent pr ocesses al ong

t he endocyt ot i c pat hway . Because i nhi bi t or st udi es ar e i ndi r ect ,

we t ur ned t o speci f i c l abel i ng and di r ect i sol at i on t o demon-

st r at e t he i nvol vement of cal modul i n and act i n as component s

of t he coat ed vesi cl e pat hway . These pr ocedur es have al so

Unspeci al i zed Coat ed Coat ed vesi cl e Lar ge vesi cl es

Fer r i t i n-

l abel ed

mem-

Coat ed

pi t s

( t f er r i -

membr ane membr ane pr of i l es ( l ysosomes) br ane t i n)

l am 2 % Tot al AM 2 % Tot al Ji m % Tot al l am ' % Tot al t am z

Cont r ol , 0 mi n 17 . 1 ( 94) 0 . 9 ( 5) 0 ( 0) 0. 2 ( 1) 18. 2 2. 7

Cont r ol , 15 mi n 5 . 1* ( 34) 5 . 4* ( 36) 1 . 0* ( 7) 3. 3* ( 22) 14 . 8 8 . 4*

Di hydr ocyt ochal asi n B, 15 mi n 5. 6 ( 39) 6. 0 ( 41) 0. 4t ( 3) 2 . 4t ( 16) 14. 4 8. 1

St el azi ne, 15 mi n 11 . 41 ( 73) 3 . Ot ( 19) 0. 6 ( 4) 0. 6t ( 4) 15. 6 5. 7t



cl ar i f i ed t he pr ot ei n composi t i on of a coat ed f r act i on f r om t he

Wi L2 cel l .

ASSOCI ATI ON OF HMM- DECORATEDMI CROFI LAMENTS

WI TH COATED PI TS ANDCOATED VESI CLES: Thecor t i cal

r egi on of t he cel l i s r i ch i n mi cr of i l ament s t hat decor at e wi t h

HMM. These decor at ed f i l ament s have an ar r owhead per i o-

di ci t y of - 37 nm and ar e decor at ed act i n f i l ament s . Toget her

wi t h t he mi cr of i l ament s, many coat ed r egi ons of t he cel l mem-

br ane and coat ed vesi cl es sur vi ve t he gl ycer i nat i on necessar y
f or HMMl abel i ng, al t hough t he cel l membr ane i s per meabi l -

i zed and t he cyt opl asm ext r act ed . Fr equent l y, st r uct ur al asso-
ci at i ons ar e obser ved bet ween f er r i t i n- l abel ed l i gand- r ecept or
pat ches over uncoat ed membr ane and t he ends of decor at ed
mi cr of i l ament s ( Fi g. 4 a) . Act i n- cont ai ni ng mi cr of i l ament s al so
r un out war d f r om coat ed pi t s and coat ed vesi cl es ( Fi g . 4 a and

b) . When mi cr of i l ament s ar e obser ved i n associ at i on wi t h t he

pl asma membr ane, t he ar r owhead pol ar i t y of decor at i on poi nt s

away f r om t he membr ane . Thi s i s al so t r ue when mi cr of i l a-

ment s ar e associ at ed wi t h coat ed pi t s or compl et el y f or med

coat ed vesi cl es . The const ant pol ar i t y of HMM- decor at ed act i n

f i l ament s r el at i ve t o t he coat ed membr ane suggest s t hat t he

act i n- membr ane associ at i on i s a speci f i c one .

I SOLATED COATED VESI CLES:

	

Coat ed vesi cl es have been

i sol at ed f r om cel l s t hat wer e act i vel y cappi ng and i nt er nal i zi ng

l i gand- r ecept or compl exes . When cel l s wer e chal l enged wi t h

secondar y ant i body r adi ol abel ed wi t h 125 1, t he f i nal coat ed

vesi cl e f r act i on r et ai ned si gni f i cant l evel s of ` 251 l abel . I n a

t ypi cal exper i ment , 2 . 3%of t he i ni t i al 1251 l abel was r ecover ed

i n t he coat ed vesi cl e pr epar at i on . Fr om our mor phomet r i c

st udi es wi t h f er r i t i n l abel ( Tabl e 1) , t hi s i s t he amount of
r adi ol abel one coul d expect i f t he i sol at i on pr ocedur e r esul t ed
i n yi el ds of one- t hi r d of t he i ni t i al l abel ed coat ed vesi cl e
popul at i on . I n cont r ol exper i ment s, wher e t he pr i mar y ant i -

body ( ant i - I gM) was omi t t ed, no 1251 secondar y ant i body l abel

( count s above backgr ound) was r ecover ed i n t he f i nal coat ed
vesi cl e pr epar at i on . The i sol at ed coat ed vesi cl es ( Fi g. 5) ar e
gener al l y uni f or m, 109 f 5 nm i n di amet er , and encl ose uni t

membr ane vesi cl es of - 48 ± 5 nm di amet er . Some cont ami -

nat i ng par t i cl es and a f ew smoot h vesi cl es ar e al so pr esent .

Act i n mi cr of i l ament s ar e not seen, and pr esumabl y have l ar gel y

been di ssoci at ed or depol ymer i zed f r omt he coat dur i ng i sol a-
t i on . Thus, by st r uct ur al cr i t er i a, t he coat ed vesi cl es i n t hese
cel l f r act i ons ar e compar abl e t o t hose obt ai ned by ot her wor k-
er s ( 22, 38) .

PROTEI N PROFI LE OF THE COATED VESI CLE

FRACTI ON : One- di mensi onal SDS- PAGE anal ysi s of t he
coat ed vesi cl e f r act i on i sol at ed f r om Wi L2 cel l s i s shown i n
Fi g. 6. The maj or component s of t he pr epar at i on ar e a pol y-
pept i de t hat comi gr at es wi t h aut hent i c cal f br ai n cl at hr i n wi t h
an appar ent mol ecul ar mass of 175 kdal t ons and a pol ypept i de
t hat comi gr at es wi t h aut hent i c r abbi t muscl e act i n wi t h an
appar ent mol ecul ar mass of 42 kdal t ons . A mi nor component
of t he coat ed vesi cl e f r act i on t hat comi gr at es wi t h aut hent i c r at
t est i s cal modul i n can be seen at 18 . 5 kdal t ons . Ot her pol ypep-
t i de component s i n t he coat ed vesi cl e f r act i on mi gr at e wi t h
appar ent mol ecul ar mass val ues of 110, 70, 55, 36, 30, and 17

kdal t ons. Some of t hese may be br eakdown pr oduct s of cl at h-

r i n. Myosi n i s not pr esent , nor ar e ot her muscl e pr ot ei ns except
act i n. The r el at i ve amount s of act i n vs . cl at hr i n i n such pr ep-
ar at i ons var y, dependi ng upon how t he cel l s ar e t r eat ed bef or e

homogeni zat i on . For exampl e, i f t he cel l s ar e mai nt ai ned at
0° - 4° C f or ext ended per i ods of t i me bef or e cel l l ysi s, t he
amount of act i n t hat copur i f i es wi t h t he coat ed vesi cl es i s
di mi ni shed .

DI SCUSSI ON

Cul t ur es of t he human l ymphobl ast oi d cel l l i ne Wi L2 ( 28)

pr ovi de a r el at i vel y uni f or m and homogeneous popul at i on of

cel l s. Wi L2 cel l s have i mmunogl obul i n of t he I gMcl ass speci f -
i cal l y associ at ed wi t h t hei r pl asma membr ane ( 24, 26) . The

cel l s appear t o be ar r est ed at an ear l y st age of di f f er ent i at i on

al ong a B l ymphocyt e l i neage ( 21, 26, 36) , because t hey do not

secr et e l ar ge quant i t i es of ant i body . Thi s syst em i s amenabl e

t o mor phomet r i c and bi ochemi cal char act er i zat i on of cel l sur -

f ace event s, such t hat a det ai l ed pi ct ur e of t he i ni t i al st ages of

r esponse at t he cel l sur f ace t o a speci f i c l i gand chal l enge can

be r econst r uct ed.

I gM or i gi nal l y i s di sper sed i n t he Wi L2 cel l membr ane
because, when ant i - I gM i s pr esent ed, t he mul t i val ent l i gand

FI GURE 4

	

Mi cr of i l ament s ar e f ound i n associ at i on wi t h coat ed membr anes ( t hi ck ar r ows) . ( a) St r uct ur al associ at i ons ar e obser ved

bet ween HMMdecor at i ng mi cr of i l ament s and coat ed pi t s . I n al l i nst ances t he pol ar i t y of HMMdecor at i on poi nt s away f r om t he

coat ed membr ane, i nt o t he cyt opl asm. Si mi l ar l y, decor at ed mi cr of i l ament s ar e of t en seen associ at ed wi t h f er r i t i n at t he cel l sur f ace
( t hi n ar r ows) . ( b) Thi s i mage shows a coat ed vesi cl e pr of i l e associ at ed wi t h a decor at ed act i n f i l ament t hat i s i n t ur n associ at ed
wi t h a second act i n f i l ament of opposi t e pol ar i t y by a t hi cker f i l ament ( open ar r ow) . Thi s i s t he or i ent at i on expect ed f or an act i ve
i nvol vement of mi cr of i l ament s i n t he f or mat i on and movement of coat ed vesi cl es t hr ough t he cyt opl asm. Bar , 0 . 1 l am. x 85, 000.
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FI GURE 5

	

I sol at ed Wi L2 coat ed vesi cl es . Not e t hat al l of t he coat s sur r ound membr ane vesi cl es ; none of t he coat s ar e " empt y . "

x 150, 000 . I nset : negat i vel y st ai ned coat ed vesi cl e . x 200, 000 . Bar , 0 . 1 j m.

i ni t i al l y bi nds wi t h a di f f use di st r i but i on . I n t hi s paper we have

shown t hat t he cel l deal s wi t h t he l i gand- r ecept or compl exes

f or med af t er ant i body chal l enge by act i vat i ng a speci f i c endo-

cyt i c pat hway i nvol vi ng t he f ol l owi ng sequence of event s ( Fi g.

7) :

( a) Cl ust er i ng of t he di f f use l i gand- r ecept or compl exes

( pat chi ng) . Pat ch f or mat i on i s t hought t o i nvol ve r ecept or

mobi l i t y i n t he membr ane and t o depend on t he mul t i val ent

nat ur e of t he l i gand ( 13, 46) . The cl ust er i ng of l i gand- r ecept or

compl exes i s not sensi t i ve t o t he dr ugs empl oyed i n t hi s st udy.

( b) Recr ui t ment of cl at hr i n t o t he cl ust er ed l i gand- r ecept or

compl exes t o f or m a coat ed pi t . Thi s r ecr ui t ment occur s i n

r esponse t o l i gand- i nduced r ecept or cl ust er i ng, because t he

amount of cel l sur f ace t hat i s coat ed i ncr eases t hr eef ol d af t er

ant i body chal l enge, and al l t he new coat ed pi t s seen can be

account ed f or by f er r i t i n- l abel ed r egi ons of t he membr ane t hat

have acqui r ed coat s. The coat r ecr ui t ment i s St el azi ne sensi t i ve

and i s unaf f ect ed by dhCB.

( c) The i nt er nal i zat i on of t he coat ed pi t t o f or m a coat ed

vesi cl e. Thi s pr ocess i s dhCB sensi t i ve and i s unaf f ect ed by

St el azi ne . The i nt er nal i zed vesi cl es cont ai ni ng l i gand t hen

mi gr at e t owar d t he Gol gi - l ysosome r egi on of t he cel l and f use

wi t h t he l ysosomes .

I n addi t i on, t her e i s pr obabl y an al t er nat e endocyt i c pat hway

i n t hese cel l s t hat account s f or a por t i on of t he i nt er nal i zed

l abel . Thi s pat hway pr esumabl y moves l abel ed l i gand f r om

uncoat ed cel l membr ane di r ect l y t o t he l ar ge uncoat ed vesi cl es

i n t he cyt opl asm, and may cor r espond t o a gener al pi nocyt ot i c

mechani smdescr i bed i n ot her syst ems ( 13) . Most of t he l abel ed

l i gand ent er s t he coat ed vesi cl e pat hway . Bot h t he coat ed

vesi cl e and t he al t er nat e pat hway ar e separ abl e f r om cappi ng

of t he r ecept or , whi ch r edi st r i but es l abel f ur t her at t he cel l

sur f ace . Our r esul t s suggest t hat i n t hese cel l s cappi ng may be

i nhi bi t ed wi t hout si gni f i cant i nhi bi t i on of coat ed pi t f or mat i on,

and t hat bul k f l ow endocyt osi s may be bl ocked wi t hout i n-

hi bi t i ng cappi ng . However , i nt er nal i zat i on of coat ed pi t s and
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cappi ng ar e i nhi bi t ed si mul t aneousl y by dhCB, suggest i ng t hat

bot h event s, al t hough i ndependent , r equi r e act i n- mi cr of i l a-

ment i nt er act i on wi t h t he l i gand- r ecept or compl ex .

The sequence of event s f or r ecept or - medi at ed endocyt osi s

vi a t he coat ed vesi cl e pat hway i l l ust r at ed i n t hi s paper i s a

gener al one, al t hough speci f i c det ai l s may var y wi t h di f f er i ng

cel l t ypes . For exampl e, t he l ymphocyt e r esponse t o ant i body

shar es a number of f eat ur es i n common wi t h upt ake of epi der -

mal gr owt h f act or and i nsul i n i n f i br obl ast s ( 15, 34) and wi t h

upt ake of Seml i ki For est vi r us i nt o BHK- 21 cel l s ( 18) .

Quant i t at i ve Consi der at i ons r egar di ng Coat

Recr ui t ment

Our mor phomet r i c anal ysi s shows t hat , i ni t i al l y, - 18 j Lm2 or

6%of t he t ot al cel l sur f ace membr ane ar ea i s scor ed as pos-

sessi ng r ecept or I gM mol ecul es as det er mi ned by f er r i t i n- l a-

bel ed ant i body bi ndi ng . The i ni t i al l y di f f use l abel i ng pat t er n,

however , r api dl y changes as l i gand- r ecept or compl exes cl ust er

and begi n t o r edi st r i but e i n t he pl ane of t he membr ane . By 15

mi n af t er ant i body chal l enge, t he membr ane scor ed as f er r i t i n-

l abel ed, i n al l t r eat ment s st udi ed, dr ops t o - " 15 Jum2 or 5% of

t he i ni t i al cel l sur f ace ar ea. Thi s r educt i on i s mai nl y because of

super posi t i oni ng of f er r i t i n i n t he t hi ckness of t he sect i ons as

a r esul t of r ecept or cl ust er i ng . The const ancy of f er r i t i n- l abel ed

membr ane scor ed af t er 15- mi n i ncubat i on i s a r ef l ect i on of t he

st abi l i t y of t he l i gand- r ecept or compl ex over t i me and t he

absence of any ef f ect of t he dr ug t r eat ment s st udi ed on ei t her

t he number of i ni t i al l y avai l abl e r ecept or s or on t hei r abi l i t y t o

bi nd l i gand. The amount of t ot al l abel ed membr ane scor ed

af t er a 15- mi n i ncubat i on i s t her ef or e an i nt er nal cont r ol f or

t he mor phomet r i c anal ysi s and i s a measur e of t he sensi t i vi t y

of t he t echni que .

When cel l s wer e f i xed f or el ect r on mi cr oscopy as soon af t er

ant i body l abel i ng as possi bl e ( our zer o t i me) , 94% of t he

f er r i t i n- l abel was obser ved t o be over uncoat ed r egi ons of t he



FI GURE 6 SDS- PAGE anal ysi s of coat ed vesi cl e pr ot ei ns . Tr ack a :

Wi L2 coat ed vesi cl e f r act i on . Ar r ows i ndi cat e maj or pol ypept i de

component s and t hose pol ypept i des t hat ar e f ound i n coat ed vesi cl e

f r act i ons f r om di ver se sour ces . Tr ack b : cal f br ai n coat ed vesi cl e

cl at hr i n, 175 kdal t ons . Tr ack c : pol ypept i de st andar ds : ( t op t o bot -

t om) Di ct yost el i um myosi n heavy chai n, 225 kdal t ons ; r abbi t muscl e

myosi n heavy chai n, 200 kdal t ons ; phosphor yl ase a, 94 kdal t ons ;

human t r ansf er r i n 78 kdal t ons ; bovi ne ser um al bumi n, 68 kdal t ons ;

r abbi t muscl e act i n, 42 kdal t ons ; concanaval i n A, 27 kdal t ons ; cy-

t ochr ome c, 11 . 7 kdal t ons . Tr ack d: r at t est i s cal modul i n, 18 . 5 kdal -

t ons . 5- 15%gr adi ent pol yacr yl ami de gel , 0 . 1% SI DS .

cel l membr ane and 5%over coat ed pi t s . Because coat ed pi t s

occupy ^- 1% of t he cel l sur f ace ar ea, at zer o t i me we woul d

expect t o see onl y 1%of t he f er r i t i n- l abel associ at ed wi t h pi t s

i f t he r ecept or I gMwer e r andoml y di st r i but ed. We bel i eve t hat

t hi s di scr epancy i s at t r i but abl e t o r ecept or cl ust er i ng and r e-

cr ui t ment of coat mat er i al or movement over coat s i n t he shor t

t i me bef or e and possi bl y dur i ng f i xat i on. Ther e ar e no f er r i t i n-

l abel ed coat ed vesi cl es at t hi s ear l y t i me af t er ant i body chal -

l enge ; however , a smal l amount of l abel i s obser ved i n t he l ar ge

uncoat ed vesi cul ar compar t ment . 15 mi n af t er l i gand chal l enge,

t he amount of coat ed sur f ace membr ane has i ncr eased t o t hr ee

t i mes t he i ni t i al val ue so t hat - 5- 6 f , m2 of new coat ed sur f ace

has come i nt o bei ng . As ment i oned above, t he coat mat er i al i s

r ecr ui t ed qui t e speci f i cal l y t o t he cl ust er ed l i gand- r ecept or

compl exes, so t hat at t hi s t i me near l y 40%of al l r ecept or I gM

i s f ound associ at ed wi t h coat ed membr ane . Thi s r epr esent s an

ei ght f ol d i ncr ease of t ot al f er r i t i n- l abel ed cl ust er s associ at ed

wi t h coat ed membr ane. I n cont r ast , t he amount of coat ed

membr ane wi t hout f er r i t i n l abel r emai ns unchanged.

The coat mat er i al r ecr ui t ed t o t he membr ane i s cl at hr i n, by

mor phol ogi cal and bi ochemi cal cr i t er i a . Because t he t ot al

amount of coat mat er i al f ound i ncr eases dr amat i cal l y upon

and Endocyt osi s

FI GURE 7 Thi s di agr am summar i zes pat hways const r uct ed usi ng

dat a i n Tabl e I . Cont r ol : f er r i t i n- l abel ed l i gand i ni t i al l y bi nds t o t he

cel l sur f ace wi t h a di f f use di st r i but i on over r egi ons t hat do not have

cl at hr i n coat s . Af t er cl ust er i ng of t he r ecept or s, cl at hr i n r ecr ui t ment

t o t he cel l membr ane i s st i mul at ed and coat ed r egi ons f or m bel ow

t he cl ust er s . These speci al i zed coat ed r egi ons i nvagi nat e and i nt er -

nal i ze bi t s of membr ane wi t h l i gand i n coat ed vesi cl es . The l i gand

i s t hen shut t l ed t o a l ar ge vesi cul ar compar t ment , par t of whi ch we

have i dent i f i ed as l ysosomal by mor phol ogi cal cr i t er i a . Thi s se-

quence r epr esent s t he coat ed vesi cl e pat hway of endocyt osi s . Some

por t i on of t he cel l sur f ace l abel i s i nt er nal i zed by an al t er nat e,

nonspeci f i c, endocyt i c pat hway t hat does not i nvol ve coat ed vesi -

cl es . dhCB: dhCB has no appar ent ef f ect on cl ust er i ng of t he

r ecept or s or associ at i on wi t h cl at hr i n coat s opposi t e t he f er r i t i n

cl ust er s . Thi s dr ug does, however , si gni f i cant l y r educe t he number

of coat ed vesi cl e pr of i l es scor ed as wel l as t he amount of l abel

obser ved i n t he l ar ge vesi cul ar compar t ment . St el azi ne: St el azi ne

has no appar ent ef f ect on cl ust er i ng of t he r ecept or s, but t hi s dr ug

does i nhi bi t t he associ at i on of cl at hr i n coat s wi t h t he l i gand- r ecept or

compl exes . St el azi ne al so shut s down t he al t er nat e endocyt i c pat h-

way al most compl et el y . Maj or r at e r educt i ons ar e i ndi cat ed by smal l

bl ocked ar r ows ; mi nor r at e r educt i ons ar e i ndi cat ed by l ar ge bl ocked

ar r ows .

l i gand chal l enge, we bel i eve t hat cl at hr i n i s assembl ed i nt o

coat s under t he l i gand- r ecept or compl ex f r om a cyt opl asmi c

pool , al t hough an al t er nat e sour ce of t he newl y vi sual i zed

coat i ng mat er i al may be by a r ear r angement of a submembr ane

net wor k of cl at hr i n . I n ei t her case, t he si gnal f or r ecr ui t ment

or r ear r angement appear s t o be r ecept or cl ust er i ng, but t he

det ai l ed mol ecul ar mechani sm i s not known .

I nvol vement of Cal modul i n i n Coat Recr ui t ment

The r ecr ui t ment of coat mat er i al t o t he cyt opl asmi c si de of

t he membr ane opposi t e f er r i t i n- l abel ed l i gand- r ecept or cl ust er s

i s St el azi ne sensi t i ve . St el azi ne r educes bot h t he amount of

l abel ed coat ed sur f ace and t he number of coat ed vesi cl es

f or med t o about 60%of cont r ol val ues by 15 mi n. Thi s r esul t

suggest s t hat cal modul i n i s an i mpor t ant medi at or of cl at hr i n

r ecr ui t ment t o t he membr ane . I n suppor t of t hi s concl usi on,

we f i nd a pol ypept i de t hat comi gr at es wi t h cal modul i n associ -

at ed wi t h coat ed vesi cl es i sol at ed f r om Wi L2 cel l s . Si mi l ar l y,

Li nden et al . ( 32) have used t he sensi t i ve r adi oi mmunoassay

t echni que t o demonst r at e cal modul i n i n hi ghl y pur i f i ed coat ed

vesi cl es f r ompi g br ai n. Because t he r educt i ons by St el azi ne i n

bot h coat ed sur f ace and coat ed vesi cl e f or mat i on ar e r oughl y

pr opor t i onal , we have assumed t hat St el azi ne does not si gni f i -

cant l y af f ect ot her pr ocesses i n t he coat ed vesi cl e pat hway of

r ecept or - medi at ed endocyt osi s ( Fi g. 7) . A consequence of t hi s

assumpt i on i s t hat t he si gni f i cant r educt i on i n t he f er r i t i n-

l abel ed membr ane seen i n t he l ar ge vesi cul ar compar t ment

af t er 15 mi n of St el azi ne t r eat ment i s t he r esul t of i nhi bi t i on of

t he post ul at ed al t er nat e pat hway . Thus, pi nocyt osi s i n gener al

may be cal modul i n r egul at ed.

SALI SBURY ET AL .
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I nvol vement of Act i n i n Recept or Redi st r i but i on

and Endocyt osi s

Our mor phomet r i c anal ysi s i ndi cat es t hat t he coat ed vesi cl e-

medi at ed i nt er nal i zat i on of cel l sur f ace i mmunogl obul i n i s

sensi t i ve t o dhCB. I n our st udy, dhCB t r eat ment r esul t s i n a

compl et e i nhi bi t i on of cappi ng and a r educt i on i n t he number

of coat ed vesi cl es cont ai ni ng f er r i t i n l abel . Thi s dr ug has l i t t l e

or no ef f ect on t he r ecr ui t ment of coat mat er i al t o t he cel l

membr ane opposi t e f er r i t i n cl ust er s and r educes onl y sl i ght l y

t he al t er nat e endocyt i c pat hway . These r esul t s i mpl i cat e t he

act i n mi cr of i l ament syst emi n ( a) cappi ng, but not i n cl ust er i ng

or pat chi ng of r ecept or s ( i n accor d wi t h ot her i nvest i gat or s [ 12,

46] ) , and ( b) conver si on of coat ed pi t s i nt o coat ed vesi cl es . Our

obser vat i ons of HMM- decor at ed f i l ament s i n di r ect associ at i on

wi t h uncoat ed pl asma membr ane bel ow l i gand- r ecept or com-

pl exes suppor t t he r ol e of act i n mi cr of i l ament s i n cappi ng ( 12,

46) . The associ at i on of HMM- decor at ed f i l ament s wi t h cl at h-

r i n- coat ed pi t s and vesi cl es i s evi dence of an act i ve r ol e of act i n

mi cr of i l ament s i n t he f or mat i on of coat ed vesi cl es .

Evi dence f or r ecr ui t ment and/ or assembl y of act i n f i l ament s

t o cappi ng cel l sur f ace det er mi nant s i s accumul at i ng . Co- cap-

pi ng of act i n and myosi n wi t h cr oss- l i nked cel l sur f ace det er -

mi nant s has been obser ved ( 8) . I n addi t i on, Fl anagan and

Koch ( 14) have demonst r at ed an associ at i on of cr oss- l i nked

sur f ace I g and cyt opl asmi c act i n i n l ymphocyt es and P3 mye-

l oma cel l s . Fur t her mor e, a dynami c associ at i on of act i n and

myosi n wi t h cappi ng concanaval i n Ar ecept or s of Di ci yost el i um

has been shown r ecent l y by one of us ( 12) .

I n cont r ast t o t he appar ent r ol e of mi cr of i l ament s i n l at er al

movement of membr ane sur f ace r ecept or s, t hei r i nvol vement

i n endocyt osi s i s l ess cl ear ( f or exampl e, see r ef er ences 4, 48,

51) . Ear l i er r epor t s of f ai l ur e of cyt ochal asi n B t o i nhi bi t

endocyt osi s, even al ong a pat hway i nvol vi ng coat ed vesi cl es

( e . g. , 51) must be r ei nt er pr et ed i n l i ght of our f i ndi ngs . Cl ear l y,

gi ven enough t i me i n our syst em, a por t i on of endocyt osi s of

l abel ed l i gand wi l l occur vi a coat ed vesi cl es even i n t he pr es-

ence of dhCB, because i t i s t he r at e of coat ed vesi cl e f or mat i on

t hat i s af f ect ed, not t he ent r y of l abel i nt o t he coat ed membr ane

pat hway. Because t he al t er nat e pat hway i s l i t t l e af f ect ed by

cyt ochal asi n ( at t he concent r at i on we have empl oyed) , per haps

i n t he pr esence of t he dr ug a di f f er ent equi l i br i um woul d be

est abl i shed so t hat some l abel ed l i gand i n coat ed pi t s woul d

event ual l y be endocyoed vi a t he al t er nat e pat hway .

Just how dhCB pr event s coat ed vesi cl e f or mat i on i s unde-

t er mi ned . We scor e i ndependent , f ul l y coat ed membr ane pr o-

f i l es i n t he cel l cyt opl asm as coat ed vesi cl es . We have not

det er mi ned i n each case t hat t hese ar e t ot al l y f r ee f r omt he cel l

sur f ace ; per haps some of t hem ar e connect ed vi a a l ong channel

as seen i n Fi g . 3 c . Thi s may mean t hat act i n at t ached t o t he

coat ed pi t pul l s t he sur f ace i nwar d t o f or m such deep channel s,

at whi ch t i me a r ear r angement of t he coat mat er i al compl et es

t he vesi cul at i on, as suggest ed by ot her s ( 22) .

I n our obser vat i ons of mi cr of i l ament associ at i ons wi t h

coat ed membr anes, t he ar r owhead pol ar i t y of HMMdecor a-

t i on poi nt s i nt o t he cyt opl asm, away f r om t he membr ane. Thi s

pol ar i t y appear s t o be const ant and i s si mi l ar t o t hat seen

el sewher e ( 35, 47) . Somet i mes, act i n f i l ament s f r om di f f er ent

pl aces on t he membr ane ar e connect ed by " t hi ck f i l ament s" i n

t he manner pr edi ct ed by Spudi ch ( 44) as i n Fi g . 4b. Thi s

or i ent at i on mi ght be expect ed f or act i ve i nvol vement of mi cr o-

f i l ament s i n pul l i ng t he coat ed membr ane i nt o t he cyt opl asm.

Addi t i onal evi dence f or act i ve l i nkage bet ween act i n and
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cl at hr i n- coat ed vesi cl es i s shown i n Fi g. 6 . I sol at ed coat ed

vesi cl e f r act i ons cont ai n, as t hei r pr i nci pal component s, pol y-

pept i des t hat comi gr at e wi t h aut hent i c br ai n cl at hr i n and r abbi t

muscl e act i n . The amount of act i n r el at i ve t o cl at hr i n var i es,

suggest i ng t hat t he associ at i on i s somewhat l abi l e or dynami c.

A Ca
2+

Si gnal i n Endocyt osi s?

The suggest i on t hat cal modul i n i s associ at ed wi t h ear l y

event s such as coat r ecr ui t ment i n r ecept or - medi at ed endocy-

t osi s vi a t he coat ed vesi cl e pat hway as wel l as t he al t er nat e

pat hway, and t hat act i n i nt er act i ons may pr ovi de t he mot i ve

f or ce f or event s such as cappi ng and coat ed vesi cl e i nt er nal i -

zat i on t empt s us t o post ul at e t hat endocyt osi s begi ns wi t h a

t r ansi ent f l ux of Ca" beneat h t he cel l membr ane. I s r ecept or -

l i gand cl ust er i ng t hen equi val ent t o Ca
21 channel f or mat i on?

Ca" bi ndi ng t o cal modul i n at t he cyt opl asmi c sur f ace of t he

membr ane mi ght act i vat e enzymes such as adenyl at e cycl ase,

phosphodi est er ase, and myosi n l i ght chai n ki nase ( 11) , among

ot her s. We may t hen ask whi ch, i f any, of t hese enzymes i s

associ at ed wi t h cl at hr i n bi ndi ng t o t he membr ane, wi t h sub-

sequent act i vat i on of t he act i n mi cr of i l ament syst em, and so

f or t h . Myosi n l i ght chai n ki nase woul d be a sui t abl e candi dat e

enzyme t hat mi ght l i nk t he St el azi ne- sensi t i ve st ep t o t he l at er

dhCB- sensi t i ve st ep, because act i n- myosi n i nt er act i on i s envi -

si oned as pr ovi di ng t he mot i l e mechani sm f or cappi ng and f or

coat ed vesi cl e f or mat i on .
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