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Abst r act . Escher i chi a col i st r ai n RDEC- 1 i s an ent er o-

adher ent , di ar r heageni c pat hogen i n r abbi t s t hat ut i -

l i zes AF/ R1 pi l i f or i ni t i al ( st age 1) adher ence, but t he

host r ecept or s f or t hi s adhesi on ar e unknown . Her e we

demonst r at e t hat RDEC- 1 bi nds, vi a AF/ R1 pi l i , t o a

speci f i c r abbi t Heal mi cr ovi l l us membr ane gl ycopr ot ei n

r ecept or compl ex of subuni t s 130 and 140 kD. The

bi ndi ng i nvol ves si al i c aci d pr esent on ol i gosacchar i de

moi et i es of t he gl ycopr ot ei n r ecept or . Fur t her mor e, t he

T
HE abi l i t y of pat hogeni c bact er i a t o adher e t o host

epi t hel i al cel l s i s r egar ded as a pr er equi si t e f or t he

i ni t i al col oni zat i on of t he host t i ssue ( Svanbor g- Eden

et al . , 1976 ; Beachey, 1981 ; Gaast r a and deGr aaf , 1982) . I n

many cases, t he adhesi on of Escher i chi a col i and ot her gr am-

negat i ve bact er i a t akes pl ace t hr ough t he bi ndi ng of bact er i al

pi l i t o speci f i c r ecept or s on t he host cel l sur f ace, some of

whi ch have been i dent i f i ed as gl ycol i pi ds and gl ycopr ot ei ns

( Ander son et al . , 1980 ; Mi r el man, 1986 ; Kar l sson, 1989 ;

Shar on and Li s, 1989) . The speci f i ci t y of t he bact er i al adhe-

si ons, on t he one hand, and t he r ange of r ecept or st r uct ur es

expr essed by par t i cul ar epi t hel i al cel l s, on t he ot her , have

been suggest ed t o be i mpor t ant det er mi nant s of t he host

r ange and t i ssue t r opi sm of each pat hogen .

Pi l us- medi at ed adhesi on i s r egar ded as a f i r st st age i n

pat hogenesi s of many E. col i i nt est i nal i nf ect i ons, per mi t t i ng

t he pr oduct i on of di sease t hr ough t he second st age oper at i on

of ot her vi r ul ence f act or s . For exampl e, ent er ot oxi geni c E.

col i at t ach vi a t hei r f i mbr i al col oni zat i on f act or ant i gens . Al -

t hough t her e i s some evi dence t hat pi l us- medi at ed at t ach-

ment of ent er ot oxi geni c E. col i al one can cause a degr ee

of i nt est i nal cel l dysf unct i on ( Smi t h and Li nggood, 1971 ;

Schl ager et al . , 1990) , secr et or y di ar r hea i s i nduced t hr ough

t he pr oduct i on of ent er ot oxi ns .

Ent er opat hogeni c E. col i ( EPEC) ' causes di sease t hr ough

1 . Abbr evi at i ons used i n t hi s paper : AE, at t achi ng and ef f aci ng ; BB, br ush

bor der ; EPEC, ent er opat hogeni c E. col i ; PAB, Penassay br ot h ; PAS, per i -

odi c aci d- Schi f f ; PI - PLC, phosphat i dyl i nosi t ol - speci f i c phosphol i pase C.
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mi cr ovi l l us membr ane gl ycopr ot ei n r ecept or compl ex

appear s t o be associ at ed wi t h cyt oskel et al component s

vi a br ush bor der myosi n 1 . Thi s newl y descr i bed l i nk

bet ween AF/ R1 r ecept or and cyt oskel et al component s

suggest s t hat , i n addi t i on t o t hi s f unct i on i n mucosal

adher ence, t he pi l i may f aci l i t at e subsequent ( second

st age) cl ose ef f aci ng at t achment of RDEC- 1 t o t he host

epi t hel i um by i nf l uenci ng cyt oskel et al f unct i on .

a di f f er ent second st age mechani sm. I n t he case of RDEC- 1

E. col i i nf ect i on of r abbi t s wi t h spont aneous ent er i t i s ( Can-

t ey and Bl ake, 1977) , AF/ RI pi l us- medi at ed i ni t i al ( f i r st

st age) at t achment pr omot es mucosal col oni zat i on and seems

t o f aci l i t at e t he subsequent devel opment of t he second st age

at t achi ng and ef f aci ng ( AE) l esi on ( Takeuchi et al . , 1978) of

t he api cal sur f ace of t he i nt est i nal absor pt i ve cel l s ( Wol f et

al . , 1988 ; Cant ey et al . , 1989) whi ch coi nci des wi t h di ar -

r hea . I n vi t r o adher ence of RDEC- 1 t o r abbi t i l eal br ush

bor der s, whi ch i s mannose r esi st ant and speci es speci f i c, i s

medi at ed by t he pi l i desi gnat ed AF/ RI , expr essed on t he bac-

t er i al sur f ace ( Boedeker and Cheney, 1983 ; Wol f et al . ,

1988 ; Wol f and Boedeker , 1990) . I n st udi es i n vi vo, AF/ R1

pi l i have been shown t o pr omot e pat hogeni ci t y and t i ssue t r o-

pi sm. However , nei t her t he speci f i c i nt est i nal mucosal cel l

r ecept or f or AF/ R1 pi l i of RDEC- 1 nor t he mechani sm of

bi ndi ng of pi l i t o i t s r ecept or has been char act er i zed .

I t i s now known t hat t he second st age AE l esi ons ( whi ch

ar e seen i n bot h RDEC- 1 and human EPEC i nf ect i ons) r e-

qui r e gene pr oduct s di st i nct f r ompi l i . These wel l - descr i bed

l esi ons i ncl ude l oss of mi cr ovi l l i , cl ose apposi t i on of bac-

t er i a t o t he r emai ni ng f l at api cal membr ane of t he i nt est i nal

epi t hel i al cel l s, and a dense aggr egat i on of act i n f i l ament s

( Ul shen and Rol l o, 1980 ; Rot hbaum et al . , 1982 ; Robi ns-

Br owne, 1987) i n t he api cal cyt opl asm di r ect l y beneat h t he

at t ached bact er i a ( Knut t on et al . , 1989) . Recent i mmunocy-

t ochemi cal st udi es of EPEC adher ence t o Caco- 2 cel l s al so

demonst r at ed a t ypi cal AE l esi on wi t h a dense cyt opl asmi c

condensat e of mi cr of i l ament s consi st i ng of bot h act i n and



vi l l i n ( Gat es, J. A. , M. D. Pet er son, L. C. TTyr r el l , and A. B.

West . 1990. Gast r oent er ol ogy . 98 : A450) . These st udi es i n-

di cat e t hat bot h RDEC- 1 and cl assi cal EPEC act i vat e sel ec-

t i ve di sassembl y and l ocal i zed r edi st r i but i on of cyt oskel et al

component s .

I n t hi s st udy we have demonst r at ed t hat RDEC- 1 bi nds

speci f i cal l y t o a 130/ 140- kD gl ycopr ot ei n compl ex of r abbi t

i l eal br ush bor der s vi a AF/ Rl pi l i , and t hat t hi s bi ndi ng i n-

vol ves si al i c aci d of t he gl ycopr ot ei n r ecept or s. Fur t her -

mor e, t hese mi cr ovi l l ar membr ane gl ycopr ot ei n r ecept or s

appear t o be t i ght l y associ at ed wi t h cyt oskel et al component s

vi a br ush bor der myosi n 1 .

Mat er i al s and Met hods

Chemi cal

St andar d chemi cal s wer e of t he hi ghest qual i t y avai l abl e . Monosacchar i des,
t r ansf er r i n, f et ui n, ATP, SDS, and pr est ai ned SDS mol ecul ar wei ght mar k-
er s wer e f r omSi gma Chemi cal Co. ( St . Loui s, MO) . Ovi ne submaxi l l ar y

muci n was pur i f i ed as descr i bed by Tet t amant i and Pi gman ( 1968) . Acr yl -
ami de and bi s- acr yl ami de wer e f r om Uni t ed St at es Bi ochemi cal Cor p.

( Cl evel and, OH) . Ant i bi ot i c medi um 3 ( Penessay br ot h [ PABI ) was f r om
Di f co Labor at or i es I nc . ( Det r oi t , MI ) . [ 3H] Gl ucose was f r om I CN Bi o-
medi cal s, I nc . ( Cost a Mesa, CA) . Phosphat i dyl i nosi t ol - speci f i c phosphol i -
pase C ( PI - PLC) f r omBaci l l us t hur i ngi ensi s was f r om Amer i can Radi ol a-
bel ed Chemi cal s I nc . ( St . Loui s, MO) . Goat ant i - mouse I gGcoupl ed wi t h
per oxi dase was f r omTago, I nc . ( Bur l i ngame, CA) . Amonocl onal ant i body

agai nst chi ck myosi n 1 was a gi f t f r omDr . Mar k S. Mooseker , Depar t ment
of Bi ol ogy, Yal e Uni ver si t y ( New Haven, CT) .

Bact er i a

E. col i RDEC- 1, i sol at ed f r omr abbi t s ( Cant ey and Bl ake, 1977) , was i nocu-
l at ed i nt o 10 ml PAB cont ai ni ng 100 ~, Ci of [ 3 H] gl ucose ( 30 Ci / mmol ) and
i ncubat ed over ni ght at 37° C wi t h adequat e aer at i on t o pr omot e expr essi on
of mannose- r esi st ant AF/ RI pi l i ( Ber endson et al . , 1983) . The met abol i -
cal l y l abel ed bact er i a wer e washed wi t h PBS and r esuspended i n PBS con-
t ai ni ng 1% BSA and 0. 15 M mannose bef or e use. M34 i s a var i ant of
RDEC- 1 i n whi ch t he pl asmi d- encoded gene f or AF/ RI pi l i has been i nact i -
vat ed by t r ansposon mut agenesi s ( Wol f et al . , 1988) .

Pur i f i cat i on of AF/ RI Pi l i

RDEC- 1 wer e gr own i n PAB and har vest ed, and t he pi l i wer e shear ed f r om
cel l s i n a bl ender ( Wavi ng, New Har t f or d, CT) and pr eci pi t at ed by addi t i on
of ammoni um sul f at e ( I ssacson, 1977) . The par t i al l y pur i f i ed pi l i wer e
r esuspended i n deoxychol at e- cont ai ni ng buf f er ( 50 mMTr i s, 0. 1% sodi um

deoxychol at e, and 5 mMEDTA, pH 8. 2) , passed t hr ough a Sephar ose
CLAB col umn mat r i x ( 90 x 2 . 4 cm) , equi l i br at ed i n t he same buf f er , and

col l ect ed f r omt he voi d vol ume of t he col umn ( Kl emm, 1982) . Pur i f i ed pi -
l us subuni t s wer e obt ai ned by di ssoci at i on of t he i nt act pi l i i n sat ur at ed
guani di ni um chl or i de ( 8. 6 M) and f ur t her pur i f i ed on Super ose 12 FPLC
( Phar maci a LKB Bi ot echnol ogy I nc. , Pi scat away, NJ) i n 8 . 0 Mguani di ni um
chl or i de, 50 mMTr i s, pH 8 . 0 ( Sj ober g et al . , 1988) . These pi l us subuni t s
wer e pur i f i ed f r om ot her bact er i al pr ot ei ns t o a hi gh degr ee as evi denced
by SDS- PAGE i soel ect r i c f ocusi ng, and el ect r on mi cr oscopi c exami nat i on
( dat a not shown) . Ant i ser a t o pur i f i ed pi l us subuni t s wer e r ai sed i n r abbi t s
by subcut aneous i nj ect i on of 500 hg of ant i gen i n compl et e Fr eund' s adj u-
vant ( day 0) , f ol l owed by addi t i onal subcut aneous i nj ect i ons of 100 l Ag of
ant i gen i n i ncompl et e Fr eund' s adj uvant at days 21 and 35 . Rabbi t s wer e bl ed
on days 45 and 55 .

Rabbi t Br ush Bor der s and Ext r act s of I nt act

Br ush Bor der s

I nt act api cal br ush bor der s wer e pr epar ed as descr i bed ( Cheney et al . ,
1979) . For ext r act i on wi t h di f f er ent sol ut i ons, t he br ush bor der s wer e
washed wi t h PBS and pel l et ed at 2, 000 g and t he pel l et was soni cat ed f or
10 s on i ce i n a Br anson Soni f i er 200 ( Br anson Ul t r asoni cs Cor p . , Danbur y,
CT) at set t i ng 2 i n t he appr opr i at e ext r act i on sol ut i on and i ncubat ed as de-
scr i bed under Resul t s . The sampl e was cent r i f uged at 100, 000 g and t he su-
per nat ant and pel l et wer e r ecover ed .
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Pr epar at i on of Mi cr ovi l l i , Demembr anat ed Mi cr ovi l l i ,

andATPExt r act

Mi cr ovi l l i f r om r abbi t br ush bor der s wer e i sol at ed as descr i bed by
Mooseker et al . ( 1989) . The br ush bor der pel l et s wer e homogeni zed i n 10
ml of buf f er A ( 75 mMKCI , 5 MMMgC12, 1 mMEGTA, 10 mMi mi da-
zol e Cl ( pH 7. 2) 0. 4 mMDTT, and 0. 2 mMPMSF) by 50- 100 st r okes i n
a t i ght - f i t t i ng Dounce homogeni zer ( Kont ex, Vi nel and, NJ) . Separ at i on of
mi cr ovi l l i f r omt he t er mi nal web was achi eved by di f f er ent i al cent r i f ugat i on .
The mi cr ovi l l i wer e col l ect ed i n t he super nat ant f r om cent r i f ugat i on at
5, 000 g f or 10 mi n, t hen i n t he pel l et af t er cent r i f ugat i on at 40, 000 g f or
15 mi n . The t er mi nal web was col l ect ed i n t he 5, 000 g pel l et . The mi cr wi l l i

wer e r esuspended i n 10 vol of buf f er A and t he sedi ment at i on pr ot ocol was
r epeat ed t hr ee t i mes. At t hi s st age, mi cr ovi l l i wer e obser ved by phase con-
t r ast l i ght mi cr oscopy. To r emove most of t he membr ane pr ot ei ns, t he pel l et s
of mi cr ovi l l i wer e r esuspended i n 20 ml of buf f er B ( same as buf f er A wi t h
2 mM MgC12) cont ai ni ng 1 . 5% Tr i t on X- 100 ( wt / vol ) and cent r i f uged at
40, 000 g f or 15 mi n . The pel l et , cont ai ni ng t he mi cr ovi l l ar cor e, was
washed t hr ee t i mes i n 20 vol of buf f er B t o r emove r esi dual det er gent . To
ext r act cyt oskel et on- associ at ed gl ycopr ot ei ns, t he mi cr ovi l l ar cor e was
r esuspended i n 4 ml of buf f er B cont ai ni ng 0. 1% Tr i t on X- 100 and 8 mM
ATP and sol ubi l i zed mat er i al was r ecover ed af t er 15 mi n of cent r i f ugat i on
at 40, 000 g .

Chr omat ogr aphy and El ect r ophor eses

Amodel 332 HPLCappar at us ( Beckman I nst r ument s, I nc . , Ful l er t on, CA)
was used . Super ose 6 and 12 col umns wer e f r omPhar maci a LKB Bi ot ech-
nol ogy I nc . DEAE- cel l ul ose and agar ose- bound wheat ger m aggl ut i ni n

wer e pur chased f r om Si gma Chemi cal Co.
Pr epar at i ve i soel ect r i c f ocusi ng was per f or med i n a Rot of or appar at us

( Bi o- Red Labor at or i es, Ri chmond, CA) accor di ng t o t he manuf act ur er ' s i n-
st r uct i ons .

SDS- PAGE was per f or med on 10% gel s by t he met hod of Laemml i
( 1970) and el ect r obl ot t ed t o ni t r ocel l ul ose membr ane by t he met hod of 1bw-
bi n et al . ( 1979) . Gel s wer e st ai ned wi t h Coomassi e bl ue or per i odi c aci d
Schi f f ( Kapi t any and Zebr owki , 1973) . For devel opment of t he ni t r ocel l u-
l ose bl ot s t he membr ane was bl ocked ( 6 h at 4° C wi t h 3%BSA and 1%
nonf at dr y mi l k i n PBS) and i ncubat ed wi t h pr i mar y ant i body ( monocl onal
ant i - myosi n 1) over ni ght at 4° C. The secondar y ant i body used was
per oxi dase- conj ugat ed goat ant i - mouse I gG.

Bi ndi ng Assay

Br ush bor der s or ot her par t i cul at e f r act i ons, r esuspended i n PBS and soni -

cat ed, or sol ubl e f r act i ons, di l ut ed wi t h PBS, wer e i mmobi l i zed on 24- wel l
pol yst yr ene pl at es ( Cost ar Cor p . , Cambr i dge, MA) by i ncubat i ng 0. 3
ml / wel l over ni ght at 4° C. Then t he wel l s wer e r i nsed br i ef l y wi t h PBS t o
r emove unbound pr ot ei ns and bl ocked wi t h 0. 5 ml of 1%BSA i n PBS f or

6 h at 4° C. 3 H- l abel ed E. col i ( t ypi cal l y 9 x 105 cel l s wi t h 3 x 10 5 cpm

3H) i n 0. 3 ml / wel l PBS cont ai ni ng 0. 15 Mmannose and 1% BSA wer e
added t o t he wel l s and t he pl at es wer e i ncubat ed over ni ght at 4° C. Af t er
i ncubat i on t he wel l s wer e washed t hr ee t i mes wi t h PBS t o r emove unbound

bact er i a . Adher ent bact er i a wer e sol ubi l i zed i n 1% SDS ( 0. 5 ml / wel l ) f or

3 h at 37° C and r adi oact i vi t y was measur ed i n a sci nt i l l at i on count er . Al l

r esul t s ar e t he medi an val ues of t r i pl i cat e wel l s . I n t hr ee separ at e exper i -

ment s wher e f our , f i ve, and si x t r i pl i cat es of a si ngl e concent r at i on of br ush

bor der s wer e assayed t o assess pl at e- t o- pl at e var i at i on, t her e was a 15 . 6, 10,

and 14% st andar d devi at i on among t he medi an val ues .

Cal cul at i on of Tot al Bi ndi ngAct i vi t y of a f r act i on

For quant i t at i ve compar i son of t he bi ndi ng act i vi t y of di f f er ent f r act i ons,
t he f ol l owi ng cal cul at i on was done. Fi r st , di f f er ent si zed al i quot s of a f r ac-
t i on, di l ut ed t o 300 I 1 wi t h PBS, wer e t est ed f or bi ndi ng act i vi t y as de-
scr i bed above . An al i quot si ze gi vi ng bet ween 20 and 50% of maxi mum
bi ndi ng was sel ect ed f or t he cal cul at i on. The r adi oact i vi t y bound by t hi s al i -
quot , i n count s per mi nut e, was mul t i pl i ed by t he t ot al vol ume of t he f r ac-
t i on and di vi ded by t he al i quot vol ume t o gi ve t ot al bi ndi ng act i vi t y, ex-

pr essed as t ot al count s per mi nut e.

I nhi bi t i on Exper i ment s

I nhi bi t i on by sol ubl e sugar s and gl ycopr ot ei ns was t est ed as f ol l ows : Br ush

bor der s wer e coat ed and bl ocked accor di ng t o t he st andar d pr ocedur es .
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Then i nhi bi t or s ( 0. 1 ml ) , mi xed wi t h ' H- l abel ed RDEC- 1 ( 0. 2 ml ) , wer e

added t o t he wel l s, i ncubat ed, and sol ubi l i zed as descr i bed f or t he st andar d

bi ndi ng assay.

For per i odat e oxi dat i on, br ush bor der s ( 3 14g pr ot ei n i n PBS) wer e i m-

mobi l i zed on 24- wel l t i ssue cul t ur e pl at es as descr i bed f or t he st andar d

bi ndi ng assay, t hen bl ocked wi t h 1% BSA f or 1 h at r oom t emper at ur e .
NaI O4 i n t he r ange of 1- 30 mMi n 50 mMsodi um acet at e, pH 5 . 5, was
added t o t he wel l s and i ncubat ed f or 1 h at r oomt emper at ur e . Then t he wel l s
wer e i ncubat ed wi t h 1 %gl yci ne ( pH 5 . 5) f or 1 h at r oomt emper at ur e. Af t er
bl ocki ng agai n wi t h 1%BSA f or 6 h at 4° C, l abel ed E. col i RDEC- 1 ( 0. 3
ml ) was added t o t he wel l s and bi ndi ng was measur ed by t he st andar d pr oce-

dur es, usi ng br ush bor der s t r eat ed wi t h acet at e buf f er and 1%gl yci ne as
cont r ol .

For neur ami ni dase t r eat ment , br ush bor der s wer e i mmobi l i zed and
bl ocked wi t h 1% BSA i n PBS f or 1 h at r oom t emper at ur e as above. 300
, al of neur ami ni dase ( up t o 0. 2 U/ ml ) f r omCl ost r i di umper f r i ngens ( Si gma
Chemi cal Co . ) or f r om Ar t hr obact er ur eaf aci ens ( EY Labs, San Mat eo,

CA) i n 50mMsodi umacet at e, pH5. 5, was added t o t he wel l s and i ncubat ed
f or 60 mi n at r oomt emper at ur e . Af t er bl ocki ng agai n wi t h 1 %BSA i n PBS

f or 6 h at 4° C, bi ndi ng of E. col i was assayed by t he st andar d met hod . The

neur ami ni dase i nhi bi t or 2, 3- dehydr o- 2- deoxy- N- acet yl - neummi ni c aci d was

pur chased f r om Si gma Chemi cal Co .

El ect r on Mi cr oscopy

An al i quot of t he ATP super nat ant of demembr anat ed mi cr ovi l l i was mi xed

wi t h an equal vol ume of aqueous 0. 1 %si l i cot ungst i c aci d and pi pet t ed ont o

For mvar - coat ed ni ckel gr i ds . Af t er st andi ng f or 30 s at r oomt emper at ur e,

excess sol ut i on was wi cked of f wi t h a f i l t er paper and t he gr i d was al l owed

t o dr y and t hen exami ned i n a t r ansmi ssi on el ect r on mi cr oscope ( Car l Zei ss,

I nc. , Thor nwood, NY) .

Resul t s

Bi ndi ng of E. col i RDEC1 t o Br ush Bor der s Medi at ed
by AF/ RI Pi l i

We f i r st devel oped an assay sui t abl e f or measur i ng bi ndi ng

of E. col i RDEC- 1 t o br ush bor der s or f r act i ons t her eof . I n

t hi s assay t he bi ndi ng of r adi ol abel ed bact er i a t o r ecept or s

i mmobi l i zed i n t i ssue cul t ur e wel l s was measur ed ( Fi g . 1) .

The degr ee of bi ndi ng of E. col i RDEC- 1 was dependent on

t he concent r at i on of br ush bor der pr ot ei n . At t he maxi mum

l evel - 10% of t he t ot al act i vi t y was bound, whi l e back-

gr ound bi ndi ng t o al bumi n was t ypi cal l y <0 . 1%.

Next we exami ned t he r ol e of AF/ RI pi l i i n t he bi ndi ng

measur ed by t hi s assay. An RDEC- 1 var i ant ( M34) wi t h t he

AF/ R1 gene i nact i vat ed and t her ef or e l acki ng AF/ Rl ( Wol f

et al . , 1988) pi l i , gave no bi ndi ng above backgr ound . When

t he E. col i RDEC- 1 wer e cul t ur ed under t he st andar d condi -

t i ons ( aer at ed PAB) , pr omot i ng expr essi on of AF/ R1 pi l i , t he

bi ndi ng, as expect ed, was not i nhi bi t ed by mannose . How-

ever , when bact er i a wer e gr own i n st at i c cul t ur e, condi t i ons

t hat f avor expr essi on of t ype 1 pi l i ( Sher man et al . , 1985) ,

t he bi ndi ng was par t i al l y i nhi bi t ed by 0 . 15 Mmannose ( not

shown) . The bi ndi ng of bact er i a gr own i n aer at ed PAB was

al so pr event ed by addi t i on of r abbi t ant i - AF/ Rl ant i ser um

( 1 : 30 di l ut i on) or pur i f i ed AF/ R1 pi l i ( 3 mg/ ml ) t o t he i ncuba-

t i on medi um( not shown) . These dat a i ndi cat e t hat t he bi nd-

i ng measur ed as i n Fi g . 1 r equi r es t he expr essi on of AF/ RI

pi l i .

Rol e of Car bohydr at e f or t he Bact er i al Bi ndi ng

Si nce host cel l sur f ace car bohydr at es ar e r ecept or s f or many

ot her bact er i al adhesi ns, we expl or ed t hi s possi bi l i t y f or t he

AF/ Rl - medi at ed bi ndi ng . Fi r st , we t est ed whet her bact er i al

Raf i ee et al . Bact er i al Adhesi on t o Cyt oskel et on- l i nked Gl ycopr ot ei n

Fi gur e 1. Ti ssue cul t ur e wel l s
wer e coat ed wi t h var i ous
amount s of soni cat ed br ush
bor der s ( absci ssa) , nonspe-
ci f i c si t es wer e bl ocked wi t h
al bumi n, and t he coat ed wel l s
wer e i ncubat ed wi t h r adi ol a-
bel ed bact er i a ( N2 x 105
cpm) . Af t er unbound bact er i a
wer e r emoved by washi ng, t he
bound bact er i a wer e r el eased
by buf f er cont ai ni ng SDS and
t hei r r adi oact i vi t y was count ed
i n a sci nt i l l at i on count er ( or -
di nat e) . Wi l d- t ype RDEC- 1
and a mut ant st r ai n, M34, l ack

Br ush bor der pr ot el n ( ug)

	

i ng AF/ RI pi l i wer e used .
0 5 10 15 20 25 30

bi ndi ng was i nhi bi t ed i n t he pr esence of var i ous sacchar i des
and gl ycopr ot ei ns . Of t he f r ee sacchar i des, onl y N- acet yl -

neur ami ni c aci d was st r ongl y i nhi bi t or y ( Tabl e I ) . Gl ucose-

6- phosphat e i nhi bi t ed by 80% at 300 mMand by 65% at
30 mM, but ot her aci di c car bohydr at es, gl ucose- 6- sul f at e,

gal act ose- 6- phosphat e, and gl ucosami ne- 6- phosphat e, gave
onl y par t i al i nhi bi t i on ( 50%or l ess) at t he hi ghest concent r a-
t i on t est ed ( 300 mM) . A var i et y of ot her car bohydr at es,

i ncl udi ng mannose, gal act ose, f ucose, gl ucose, N- acet yl -

gl ucosami ne, N- acet yl - gal act osami ne, sucr ose, l act ose, r af -

f i nose, myoi nosi t ol , and gl ucur oni c aci d di d not i nhi bi t at a

concent r at i on of 300 mM.

I n t he same i nhi bi t i on assay, i nt act br ush bor der s, when

mi xed wi t h t he bact er i a, al so i nhi bi t ed bi ndi ng of 3 H-
l abel ed E. col i t o i mmobi l i zed br ush bor der s, wi t h 50%i nhi -

bi t i on by 0. 1- 0. 3 mg/ ml pr ot ei n ( 0 . 4- 1 . 1 mg/ ml NeuAc) . I n

cont r ast , t her e was no i nhi bi t i on of bi ndi ng by t hr ee wel l -

char act er i zed si al ogl ycopr ot ei ns : ovi ne submaxi l l ar y muci n
( t est ed at up t o 10 mg/ ml , 4, 000 mg/ ml NeuAc) , t r ansf er r i n

( 6 mg/ ml , 50 j , g/ ml NeuAc) , and f et ui n ( 6 mg/ ml , 300 / Ag/ ml
NeuAc) .

Next , we exami ned t he ef f ect of pr et r eat ment of t he br ush
bor der s wi t h agent s t hat per t ur b car bohydr at e st r uct ur e ( Ta-
bl e I ) . Tr eat ment i n si t u ( Woodwar d et al . , 1985) wi t h 30

Tabl e L Reduct i on of Bi ndi ng Act i vi t y by Per i odat e,
Neur ami ni dase, and Si al i c Aci d

' Tr eat ed f or 60 mi n wi t h 0 . 1 U/ ml . For t he C. per f r i ngens enzyme, i ncr eas-
i ng enzyme concent r at i on t wof ol d or i ncr easi ng i ncubat i on t i me f our f ol d gave
no f ur t her decr ease i n bi ndi ng .
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Bi ndi ng act i vi t y ( % of cont r ol )

Per i odat e i n NaAc, pH 5 . 5

1 mm 79

3 mM 29

10 mm 29

30 mM 21

Neur ami ni dase"

C. per f r i ngens 38

A. ur eaf aci ens 35

NeuAc

30 mM 16 . 3

100 mm 5 . 7

300 mM 4 . 4



mMper i odi c aci d abol i shed >75 %of t he bact er i al bi ndi ng .

Bet ween 1 and 3 mMwas r equi r ed f or 50%r educt i on i n ac-

t i vi t y . Neur ami ni dase t r eat ment of t he i mmobi l i zed br ush

bor der s al so pr event ed t he bact er i al bi ndi ng .

These dat a show cl ear l y t hat br ush bor der car bohydr at es

ar e necessar y f or bact er i al bi ndi ng and suggest t hat si al i c

aci d r esi dues ar e i nvol ved . However , t he f act t hat r abbi t

br ush bor der s wer e much mor e pot ent t han N- acet yl -

neur ami ni c aci d f or i nhi bi t i on and t he l ack of i nhi bi t i on by

known si al ogl ycopr ot ei ns suggest t hat addi t i onal st r uct ur es

ar e necessar y f or opt i mal bi ndi ng.

Evi dence That t he Recept or I s an I nt egr al Membr ane
Pr ot ei n Li nked t o t he Cyt oskel et on

To l ear n mor e about t he pr oper t i es of t he bact er i al r ecept or

and t o f aci l i t at e i t s pur i f i cat i on, we ext r act ed i nt act br ush

bor der s under var i ous condi t i ons . The ext r act s and t he r e-

mai ni ng i nsol ubl e mat er i al wer e coat ed on t i ssue cul t ur e

wel l s and t hei r bact er i al bi ndi ng act i vi t y was exami ned

( Tabl e I I ) .

	

'

When t he br ush bor der s wer e ext r act ed wi t h det er gent un-

der condi t i ons known t o sol ubi l i ze i nt egr al membr ane gl yco-

pr ot ei ns, most of t he r ecept or act i vi t y r emai ned i n t he pel l et .

I n cont r ast , when agent s t hat di sr upt t he cyt oskel et on wer e

added, i . e . , hi gh sal t or ATP, >90%of t he act i ve component

coul d be ext r act ed wi t h det er gent . These condi t i ons ar e t ypi -

cal f or an i nt egr al membr ane pr ot ei n l i nked t o t he cyt oskel e-

t on . Buf f er cont ai ni ng hi gh sal t or ATP but no det er gent

f ai l ed t o ext r act t he act i ve component .

We al so consi der ed t he possi bi l i t y t hat t he r ecept or pr ot ei n

may be l i nked t o t he membr ane vi a a phosphol i pi d anchor ,

si nce some such pr ot ei ns ar e r el at i vel y r esi st ant t o det er gent

ext r act i on ( Low, 1987) . Pr et r eat ment of t he br ush bor der s

wi t h PI - PLCsol ubi l i zed 55- 70% of al kal i ne phosphat ase ac-

t i vi t y, but di d not sol ubi l i ze t he r ecept or act i vi t y ( Tabl e I I ) .

Papai n t r eat ment , whi ch wi l l r el ease many br ush bor der

membr ane hydr ol ases ( Maest r acci , 1976) , was al so i nef f ec-
t i ve i n sol ubi l i zi ng r ecept or act i vi t y .

Si nce many bact er i al adhesi ns ar e known t o bi nd

gl ycol i pi ds, t he br ush bor der s wer e al so ext r act ed wi t h chl o-

Tabl e I L Sol ubi l i zat i on of RDEC- 1 Recept or f r omI nt act
Br ush Bor der s

* For ext r act i on wi t h buf f er , 1 mg/ ml of BB wer e soni cat ed or homogeni zed
i n each buf f er , t hen cent r i f uged at 100, 000 g f or 30 mi n . For di gest i on wi t h
papai n, 1 mg/ ml of BB i n PBS was i ncubat ed 30 mi n at 37* C wi t h 0 . 1 mg/ ml
of papai n ( act i vat ed f or 30 mi n at r oom t emper at ur e) , t hen cent r i f uged at
100, 000 g f or 30 mi n. For di gest i on wi t h PI - PLC, 1 mg/ ml of BB i n PBS was
i ncubat ed 5 h at 37° C wi t h 1 U/ ml of PI - PLC, t hen cent r i f uged at 100, 000 g
f or 30 mi n .
§ The act i vi t y of t he super nat ant and pel l et f r om each exper i ment was mea-
sur ed and cal cul at ed as descr i bed under Mat er i al s and Met hods . The act i vi t y
i n t he super nat ant i s gi ven as t he per cent age of t he act i vi t y i n super nat ant pl us
act i vi t y i n pel l et .
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r of or m/ met hanol . The ext r act was dr i ed, r edi ssol ved i n

met hanol , and used t o coat t he t i ssue cul t ur e wel l s under

condi t i ons sui t abl e f or gl ycol i pi ds ( Kar l sson and St r omber g,

1987) . No bi ndi ng t o t he gl ycol i pi d- coat ed wel l s was ob-

ser ved . The pel l et af t er l i pi d ext r act i on, soni cat ed and ab-

sor bed t o t he wel l s, was al so i nact i ve, suggest i ng t hat t he

r ecept or i s denat ur ed by or gani c sol vent s .

Associ at i on of t he Recept or Pr ot ei n wi t h Mi cr ovi l l i

Next , we exami ned t o whi ch par t of t he br ush bor der t he

bact er i a bound . The br ush bor der s wer e homogeni zed and

i nt act mi cr ovi l l i wer e separ at ed f r om t he t er mi nal web by

di f f er ent i al cent r i f ugat i on . The qual i t y of t he pr epar at i on

was assessed by phase cont r ast l i ght mi cr oscopy and SDS-

PAGE ( not shown) . The mi cr ovi l l us f r act i on was hi ghl y en-

r i ched i n r od- l i ke st r uct ur es si mi l ar t o t hose f ound by ot her s

( Br et scher and Weber , 1978) . The t er mi nal web f r act i on was

enr i ched i n 200 kD myosi n as det ect ed by si l ver st ai ni ng of

SDS- PAGE, whi l e t hi s pr ot ei n was not det ect ed i n t he

mi cr ovi l l i . The mi cr ovi l l us f r act i on cont ai ned >80 t i mes t he

bact er i al bi ndi ng act i vi t y of t he t er mi nal web f r act i on ( Tabl e

I I I ) . Ther e was mor e bi ndi ng act i vi t y i n t he mi cr ovi l l i t han

i n t he br ush bor der s, suggest i ng t hat some r ecept or si t es ar e

not accessi bl e t o bact er i a i n i nt act br ush bor der s .

When t he mi cr ovi l l i wer e ext r act ed wi t h det er gent , >90%

of t he bi ndi ng act i vi t y r emai ned wi t h t he pel l et . When t he

demembr anat ed mi cr ovi l l i wer e subsequent l y ext r act ed wi t h

ATP, most of t he bi ndi ng act i vi t y coul d be r el eased .

Mi cr ovi l l us membr ane vesi cl es i sol at ed di r ect l y f r om

mucosal scr api ng i n t he pr esence of Cal + al so suppor t ed

bact er i al bi ndi ng i n t he same assay as used f or br ush bor der

( BB) . As f or mi cr ovi l l i , t he bact er i al bi ndi ng act i vi t y was not

ext r act ed by buf f er cont ai ni ng det er gent al one, but was com-

pl et el y sol ubi l i zed af t er t he addi t i on of ATP ( dat a not

shown) .

These dat a i ndi cat e t hat t he RDEC- 1 r ecept or i s a compo-

nent of t he mi cr ovi l l us membr ane and t hat i t i nt er act s wi t h

t he mi cr ovi l l us cyt oskel et on .

Pur i f i cat i on and Char act er i zat i on of Recept or
Gl ycopr ot ei n Compl ex Cont ai ni ng Myosi n I

The ATP ext r act of demembr anat ed mi cr ovi l l i was passed

Tabl e I I I . Bi ndi ng Act i vi t y of Br ush Bor der Component s

Tr i t on X- 100 super nat ant

	

26

Wash of Tr i t on- ext r act ed r esi due

	

0 . 5

Tr i t on pel l et

	

290

ATP super nat ant

	

260

ATP- i nsol ubl e pel l et

	

6

* Mi cr ovi l l i wer e pr epar ed, demembr anat ed wi t h Tr i t on X- 100, and ext r act ed
wi t h ATP as sl i ght l y modi f i ed f r om Mooseker et al . ( 1989) and descr i bed un-
der Mat er i al s and Met hods .
§ The act i vi t i es of al i quot s of t he f r act i ons wer e measur ed as i n Fi g . 1 . The
t ot al act i vi t y of each f unct i on was t hen cal cul at ed as descr i bed under Mat er i al s
and Met hods .

1024

Tr eat ment * %Act i vi t y i n super nat ant §
Fr act i on* Act i vi t y§

1 %Tr i t on X- 100 n PBS 20

1 %Tr i t on X- 100 + 0 . 6 MKCl 100 cpm x 10 °

0 . 6 MKCl 0 Br ush bor der s 65

1 %Tr i t on X- 100 + 8 mMATP 100 Ter mi nal web 4

8 mMATP 0 Mi cr ovi l l i 350

Papai n 0 Wash of mi cr ovi l l i 0 . 3

PI - PLC 10



Fi gur e 2 . Gel f i l t r at i on of ATP ext r act f r omdemembr anat ed mi cr o-

vi l l i . The ext r act ( 1 . 0 ml ) was passed over a Super ose 12 col umn

equi l i br at ed i n buf f er B ( Mat er i al s and Met hods) and 0. 1% Tr i t on,

0. 5 ml / mi n . 0. 5- ml f r act i ons wer e col l ect ed . The bact er i al bi ndi ng

act i vi t y of each f r act i on was measur ed usi ng 20, ul / wel l . The ar r ows

i ndi cat e t he r et ent i on vol ume of t he f ol l owi ng st andar ds of known

mol ecul ar wei ght : f er r i t i n, 443 kD; r abbi t I gG, 158 kD; BSA, 67

kD; and cyt ochr ome c, 12 . 4 kD. Vo i s voi d vol ume and Vt i s t ot al

vol ume. The i nset i s SDS- PAGE of f r act i ons 15 and 16 t hat wer e

act i ve f or RDEC- 1 bi ndi ng .

over a si ze excl usi on col umn ( Super ose 12) . Fr act i ons wer e

col l ect ed and assayed f or bact er i al bi ndi ng act i vi t y . A shar p

peak of act i vi t y was det ect ed cor r espondi ng t o a mol ecul ar

wei ght of - 450, 000 ( Fi g . 2) . Af t er SDS- PAGE under r educ-

i ng condi t i ons, Coomassi e bl ue st ai ni ng showed t wo maj or

bands of - 130, 000 and 140, 000 appar ent mol ecul ar wei ght

( Fi g . 3 A) . The per i odi c aci d- Schi f f ( PAS) r eagent st ai ned

bot h of t he maj or bands, i ndi cat i ng t hat t hese ar e gl ycopr o-

t ei ns ( Fi g . 3 B) .

Si nce a maj or component of ATP ext r act s of demembr a-

nat ed chi ck mi cr ovi l l i i s myosi n I ( Mooseker and Col eman,

1989) , we exami ned whet her our ext r act s al so cont ai ned my-

Fi gur e 3. SDS- PAGE of act i ve f r act i ons . The ATP ext r act of de-

membr anat ed mi cr ovi l l i ( l ane 1) and t he most act i ve f r act i on i so-

l at ed by gel f i l t r at i on ( l ane 2) wer e separ at ed by SDS- PAGE and

st ai ned wi t h Coomassi e ( A) , PAS ( B) , or by an ant i - myosi n 1

mAb af t er bl ot t i ng ont o ni t r ocel l ul ose ( C) . The ar r ows i ndi cat e

mol ecul ar wei ght s cal cul at ed by compar i son wi t h known st andar ds .

Raf i ee et al . Bact er i al Adhesi on t o Cyt oskel et on- l i nked Gl ycopr ot ei n

Fi gur e 4. Negat i ve st ai ni ng of ATP ext r act f r om det er gent - t r eat ed

mi cr ovi l l ar cor es . The di sks ar e mor phol ogi cal l y si mi l ar t o t hose
of chi ck i nt est i ne vi sual i zed by Mooseker et al . ( 1989) . Bar , 0 . 1 um.

osi n 1, usi ng a monocl onal ant i body r ai sed agai nst chi ck my-

osi n I t hat cr ossr eact s wi t h mammal i an br ush bor der myosi n

I ( Car boni et al . , 1987) . West er n bl ot s of t he ATP ext r act s

and of t he act i ve f r act i ons af t er gel f i l t r at i on showed a band

of - 130, 000 appar ent mol ecul ar wei ght ( Fi g . 3 C) . Thi s was

cl ear l y hi gher t han t he 110, 000 obser ved f or a r ef er ence of

chi ck myosi n I r un on t he same gel ( not shown) .

ATP ext r act s of demembr anat ed chi ck mi cr ovi l l i have

been r epor t ed t o cont ai n myosi n I i n sol ubl e and aggr egat ed

f or ms ( Mooseker et al . , 1989) . The l at t er had t he f or m of

0. 1- pmdi sks and cont ai ned a 140- kDgl ycopr ot ei n . When we

used an i dent i cal pr ot ocol f or ATP ext r act i on of demembr a-

nat ed r abbi t mi cr ovi l l i , most of t he RDEC- 1 r ecept or r e-

mai ned i n t he super nat ant af t er cent r i f ugat i on f or 5 mi n at

40, 000 g, but coul d be pel l et ed by cent r i f ugat i on f or 15 mi n

at 100, 000 g . El ect r on mi cr oscopy of t he ATP super nat ant

r eveal ed st r uct ur es of a si ze and appear ance si mi l ar t o t he

di sks r epor t ed by Mooseker et al . ( 1989) ( Fi g . 4) . Thus, a

por t i on of t he r ecept or act i vi t y can be ext r act ed i n an ag-

gr egat ed f or m. However , t he r ecept or act i vi t y can al so be

obt ai ned i n a sol ubl e f or mt hat i s not sedi ment ed by cent r i f u-

gat i on f or 60 mi n at 100, 000 g and i s not excl uded on gel

f i l t r at i on col umns ( Fi g . 2) . The yi el d of t he sol ubl e f or mwas

i ncr eased by i ncl usi on of det er gent at t he ATP ext r act i on st ep

as wel l as i n gel f i l t r at i on . I n t he absence of det er gent , t he

r ecept or act i vi t y was el ut ed at t he voi d vol ume of Super ose

6 and Super ose 12 ( not shown) , suggest i ng t hat i t aggr egat ed .

Fur t her Char act er i zat i on of Recept or

Gl ycopr ot ei n Compl ex

Si nce t he act i ve f r act i ons i sol at ed by gel f i l t r at i on cont ai ned

t wo gl ycopr ot ei ns and myosi n 1, we exami ned whet her t he

component s coul d be di ssoci at ed under mi l d condi t i ons .

When t he hi gh sal t ext r act of br ush bor der s was chr o-

mat ogr aphed on Super ose 12 i n a buf f er cont ai ni ng 0. 6 M

KCI , r ecept or act i vi t y was el ut ed as a si ngl e peak ( Fi g . 5) .

The act i ve f r act i ons cont ai ned bot h gl ycopr ot ei ns . Upon

chr omat ogr aphy of t hese act i ve f r act i ons on Super ose 12 i n

a l ow sal t buf f er ( 25 mMTr i s, pH 7. 4, 0. 1% Tr i t on X- 100) ,

t he el ut i on pat t er n was unchanged and t he t wo gl ycopr ot ei ns

wer e not separ at ed ( dat a not shown) .

When t he act i ve f r act i on obt ai ned by gel f i l t r at i on of t he

hi gh sal t ext r act was subj ect ed t o i on exchange chr omat ogr a-

phy on DEAE- cel l ul ose, a si ngl e peak of r ecept or act i vi t y,

el ut ed by 200 mMNaCl , was obt ai ned . Bot h gl ycopr ot ei ns

wer e pr esent i n t hese DEAE- cel l ul ose f r act i ons t hat exhi b-

1025



Fi gur e S. Gel f i l t r at i on of a hi gh sal t det er gent ext r act of br ush bor -

der s . The BB wer e ext r act ed wi t h buf f er cont ai ni ng det er gent and

0. 6 MKCl as descr i bed i n Tabl e I I . The ext r act ( 0. 25 ml ) was passed

over a Super ose 12 col umn equi l i br at ed i n hi gh sal t buf f er , 0. 1%

Tr i t on . El ut i on was done at 0. 5 ml / mi n and 0. 5- ml f r act i ons wer e

col l ect ed . 50- A, 1 al i quot s of each f r act i on wer e i mmobi l i zed i n wel l s

and t est ed f or act i vi t y . The i nset shows SDS- PAGE of t he most ac-

t i ve f r act i on wi t h Coomassi e bl ue st ai ni ng.

i t ed r ecept or act i vi t y ( Fi g . 6) and t he f r act i ons al so st ai ned

wi t h ant i - myosi n 1 monocl onal ant i body ( not shown) .

On pr epar at i ve i sol ect r i c f ocusi ng i n f r ee sol ut i on al l t he

r ecept or mat er i al i n ATP ext r act s of br ush bor der s pr eci pi -

t at ed i n one f r act i on at pH 4. 7. SDS- PAGEof t hi s pr eci pi t at e

agai n r eveal ed t he t wo gl ycopr ot ei ns ( not shown) . Fr om

t hese dat a we concl ude t hat t he t wo gl ycopr ot ei ns ar e t i ght l y

associ at ed under a var i et y of condi t i ons .
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Fi gur e 7. Af f i ni t y chr omat ogr aphy on wheat ger maggl ut i ni n- agar ose .

Act i ve f r act i ons af t er gel f i l t r at i on, obt ai ned as i n Fi g. 2, wer e chr o-

mat ogr aphed on a col umn of 3. 0 ml agar ose- bound wheat ger maggl u-

t i ni n, equi l i br at ed i n 25 mMTr i s, pH 7. 4, and 0. 1% Tr i t on X- 100.

The col umn was washed wi t h t he same buf f er , t hen wi t h 0. 5 MNaCl

( f r act i on 9) , t hen wi t h 0. 5 MN- acet yl - gl ucosami ne ( f r act i on 15) ,

i n t he same buf f er . 1 . 5- ml f r act i ons wer e col l ect ed and 50- j , 1 al i -

quot s wer e assayed f or bact er i al bi ndi ng. Bar s r epr esent r eassay of

3 j 1 of pool ed f r act i ons. I nset , SDS- PAGE, st ai ned wi t h PAS, of

f r act i ons 16 and 17. No pr ot ei n bands wer e det ect ed i n f r act i on 9- 12

ei t her by Coomassi e bl ue, si l ver , or PAS st ai ni ng.

The per i odat e and neur ami ni dase suscept i bi l i t y of r ecep-

t or act i vi t y suggest ed t hat t he AF/ R1 r ecept or i s a si al ogl y-

copr ot ei n . Ther ef or e, we t est ed whet her r ecept or act i vi t y

woul d bi nd t o i mmobi l i zed wheat ger maggl ut i ni n, a l ect i n

t hat i s speci f i c f or si al i c aci d and t er mi nal Gl cNAc. The ac-

t i ve f r act i ons obt ai ned by gel f i l t r at i on of t he hi gh sal t ext r act

of br ush bor der s bound t o wheat ger maggl ut i ni n ( Fi g. 7) .

Rel at i vel y l i t t l e r ecept or act i vi t y was el ut ed by NaCl ( 500

mM) . Af t er di l ut i on and r eassay, t he f r act i on speci f i cal l y
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Fi gur e 6. I on exchange chr o-

mat ogr aphy of act i ve f r act i ons .

The act i ve f r act i ons obt ai ned

by gel f i l t r at i on as descr i bed
i n Fi g . 2 wer e appl i ed t o a

DEAF- cel l ul ose col umn equi -

l i br at ed i n 25 mMTr i s, pH

7. 4, 0. 1% Tr i t on . The col umn

was el ut ed wi t h a st epwi se

gr adi ent of NaCl i n 25 mM

Tr i s, pH 7. 4, and 0. 1% Tr i t on

X- 100. 2- ml f r act i ons wer e col -

l ect ed and bact er i al bi ndi ng

act i vi t y was measur ed on 50-

ul al i quot s . The i nset shows

SDS- PAGE, st ai ned wi t h a PAS

of f r act i on 18- 20.
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Fi gur e 8 . Ef f ect of neur ami ni dase di gest i on on bi ndi ng act i vi t y of
pur i f i ed r ecept or . The act i ve f r act i ons af t er af f i ni t y chr omat ogr a-
phy on wheat ger maggl ut i ni n- agar ose wer e i ncubat ed wi t h var yi ng
concent r at i ons of C. per f r i ngens neur ami ni dase f or 60 mi n ( o, o)

or 4 h ( A) wi t h ( e) or wi t hout ( o, A) 10 mM2, 3- dehydr o- 2- deoxy-
N- acet yl - neur ami ni c aci d, t hen assayed f or bi ndi ng of RDEC- 1 bac-
t er i a .

el ut ed by N- acet yl - gl ucosami ne had 25- f ol d mor e bi ndi ng

act i vi t y t han t he NaCl el uat e . Af t er el ut i on by 500 mM

N- acet yl - gl ucosami ne, t he f r act i ons t hat had r ecept or act i v-

i t y al so had bot h t he 130- and t he 140- kD gl ycopr ot ei n ( Fi g .

7) and st ai ned wi t h ant i - myosi n 1 ( not shown) . Bi ndi ng

act i vi t y of t he pur i f i ed r ecept or , l i ke t hat of i nt act br ush

bor der s, was sensi t i ve t o neur ami ni dase di gest i on ( Fi g . 8) .

I ncl usi on of a neur ami ni dase i nhi bi t or , 2, 3- dehydr o- 2- deoxy-

N- acet yl - neur ami ni c aci d, pr event ed t he i nact i vat i on of bi nd-

i ng act i vi t y i n t he pur i f i ed r ecept or .

Di scussi on

0 . 1

	

0. 2

neur ami ni dase, U/ ml

I n t hi s st udy we have char act er i zed t he mol ecul ar mecha-

ni smf or i ni t i al ( st age 1) adhesi on of t he ent er opat hogeni c E.

col i st r ai n RDEC- 1 t o r abbi t smal l i nt est i nal br ush bor der s .

The adhesi on i s medi at ed by bi ndi ng of bact er i al AF/ RI pi l i

t o a host mi cr ovi l l us membr ane si al ogl ycopr ot ei n, whi ch

i s of par t i cul ar i nt er est among t he mi cr ovi l l us membr ane

gl ycopr ot ei ns i n t hat i t i s t i ght l y associ at ed wi t h t he cyt o-

skel et on .

The i nvol vement of AF/ Rl pi l i i n t he bi ndi ng of RDEC- 1

or gani sms i s suppor t ed by t hr ee l i nes of evi dence . Fi r st ,

RDEC- 1 expr essi ng AF/ Rl pi l i bi nd t o i nt est i nal br ush

bor der s whi l e t he M34 st r ai n of RDEC- 1, l acki ng AF/ RI

pi l i , does not . Second, RDEC- 1 gr own under condi t i ons t hat

do not al l ow t he expr essi on of AF/ RI pi l i do not bi nd t o t he

i nt est i nal br ush bor der s i n t he pr esence of mannose. Thi r d,

RDEC- 1 bi ndi ng t o i nt est i nal br ush bor der s i s al most com-

pl et el y i nhi bi t ed by t he addi t i on of excess pur i f i ed pi l i or an-

t i body t o AF/ R1 pi l i i n t he bi ndi ng assay mi xt ur e .

The host r ecept or i s a si al ogl ycopr ot ei n compl ex cont ai n-

i ng 130- and 140- kD component s . The gl ycopr ot ei n nat ur e

of t he r ecept or i s demonst r at ed by PAS st ai ni ng and by

speci f i c bi ndi ng t o wheat ger m aggl ut i ni n af f i ni t y col umns .

Si al i c aci d- cont ai ni ng ol i gosacchar i des of t he r ecept or gl y-

copr ot ei n appear t o be i nvol ved i n t he bi ndi ng of RDEC- 1,

si nce neur ami ni dase or mi l d per i odat e t r eat ment of t he br ush

bor der s gr eat l y decr eased bi ndi ng act i vi t y, and f r ee si al i c

Raf i ee et al . Bact er i al Adhesi on t o Cyt oskel et on- l i nked Gl ycopr ot ei n

aci d caused a si gni f i cant i nhi bi t i on of bi ndi ng . However , t he
par t i al r esi st ance of bi ndi ng act i vi t y t o neur ami ni dase, as
wel l as t he f act s t hat r abbi t br ush bor der s wer e much mor e

pot ent t hen NeuAc as i nhi bi t or s and t hat ot her si al yl at ed gl y-

copr ot ei ns wer e not i nhi bi t or y, suggest t hat st r uct ur al f ea-

t ur es ot her t han si al i c aci d ar e necessar y f or opt i mal bi ndi ng.
The i mpor t ant r ol e of car bohydr at es i n t he bi ndi ng of gr am-

negat i ve bact er i a t o r ecept or s on epi t hel i al cel l s has pr evi -

ousl y been r epor t ed ( Mi r el eman, 1986 ; Kar l sson, 1989 ;

Shar on and Li ss, 1989 ; War ner and Ki m, 1989) .

I f t he bi ndi ng speci f i ci t y f or t he cyt oskel et on- l i nked si al o-

gl ycopr ot ei n r epr esent s an adapt at i on of E. col i t o adher e
speci f i cal l y t o i nt est i nal br ush bor der s, par t i cul ar l y t hose
f r om smal l i nt est i ne, a wi der ar r ay of i nt est i nal pat hogens
may have a si mi l ar speci f i ci t y . I n t hi s r egar d i t i s i nt er est i ng
t hat , l i ke RDEC- 1, many E. col i st r ai ns t hat cause i nf ec-
t i on of t he smal l i nt est i ne have adhesi ns bi ndi ng si al i c aci d

( Sj ober g et al . , 1988) . Si al i c aci d r epr esent s a mi nor const i t -
uent of t he gl ycopr ot ei ns on i nt est i nal epi t hel i al cel l s ( Fi nne
et al . , 1989) . The maj or sacchar i de chai ns i nst ead have f uco-
syl at ed bl ood gr oup ant i geni c det er mi nant s ( Fi nne et al . ,
1989) . Ther ef or e, t he speci f i ci t y f or si al i c aci d- cont ai ni ng

sacchar i des may r epr esent an adapt at i on t o al l ow bi ndi ng t o
a speci al cl ass of br ush bor der gl ycopr ot ei ns as exempl i f i ed
by t hat i dent i f i ed her e .

The speci es speci f i ci t y of AF/ R1 pi l i has been demon-

st r at ed by t hei r bi ndi ng t o r abbi t but not r at , gui nea pi g, and
human br ush bor der s . Thi s i mpl i es t hat some st r uct ur al f ea-
t ur es of t he si al ogl ycopr ot ei n must var y among speci es . The

car bohydr at e chai n st r uct ur es of ot her i nt est i nal gl ycocon-
j ugat es ar e known t o var y among speci es, e . g . , gl ycol i pi ds

( Hansson, 1988) and muci ns ( Kar l sson et al . , 1989) .

Subf r act i onat i on of t he br ush bor der s showed t hat t he bac-
t er i al r ecept or was pr esent i n mi cr ovi l l i but not i n t he t er mi -
nal web ( Tabl e I I l ) . Si nce i t coul d not be sol ubi l i zed by

papai n, PI - PLC, or noni oni c det er gent ( except i n t he pr es-

ence of hi gh sal t ; Tabl e I I ) , we r easoned t hat i t must be at -

t ached t o t he cyt oskel et on . Wor k by ot her s has demonst r at ed

mi cr ovi l l us membr ane 140- kD gl ycopr ot ei ns i n chi cken and
pi g i nt est i nal mi cr ovi l l us membr anes ( Coudr i er et al . , 1982 ;
Mooseker et al . , 1989) . These ar e associ at ed wi t h t he cyt o-

skel et on by an i nt er act i on wi t h br ush bor der myosi n 1, whi ch
i n t ur n i s l i nked t o t he act i n f i l ament cor e . The compl ex of

myosi n 1 and gl ycopr ot ei n can be sol ubi l i zed f r omdemem-

br anat ed mi cr ovi l l i by ext r act i on wi t h ATP( Mooseker et al . ,

1989) . I n t he pr esent st udy, when we t r eat ed br ush bor der s

or demembr anat ed mi cr ovi l l i wi t h ATP, we achi eved suc-

cessf ul ext r act i on of most of t he bact er i al bi ndi ng act i vi t y,

conf i r mi ng t he associ at i on of t he RDEC- 1 r ecept or wi t h t he

mi cr ovi l l us cyt oskel et on .

Fur t her chr omat ogr aphi c and el ect r ophor et i c anal ysi s

demonst r at ed a r ecept or gl ycopr ot ei n compl ex of " 450, 000

mol wt cont ai ni ng 130- and 140- kD gl ycopr ot ei n compo-

nent s and myosi n 1 . The r ecept or act i vi t y chr omat ogr aphed

wi t h bot h gl ycopr ot ei ns under di f f er ent condi t i ons, suggest -

i ng t hat gl ycopr ot ei ns ar e r esponsi bl e f or bact er i al bi ndi ng .

Some pr oper t i es wer e si mi l ar t o t hose of myosi n 1- asso-

ci at ed gl ycopr ot ei ns f ound by ot her s . Thus, t he sal t concen-

t r at i on necessar y f or el ut i on f r omani on exchange chr oma-

t ogr aphy ( Fi g. 6) was si mi l ar t o t hat of t he pi g gl ycopr ot ei n

( Coudr i er et al . , 1982) . The aggr egat i ng " di sk" - l i ke f or m
( Fi g . 5) was si mi l ar t o t hat f ound by Mooseker et al . ( 1989) .
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Some pr oper t i es di f f er ed sl i ght l y f r ompr evi ous r epor t s . The
r abbi t myosi n 1 heavy chai n r an i n SDS- PAGE as - 120- 130
kDcompar ed wi t h 110 kD r epor t ed f or chi ck. The mol ecul ar

wei ght of bovi ne myosi n 1 heavy chai n cal cul at ed f r omt he

ami no aci d sequence i s - 119 kD ( Hoshi mar u et al . , 1989) .

Anot her di f f er ence i s our f i ndi ng of 130- and 140- kDgl yco-

pr ot ei ns i nst ead of onl y one, or 140 kD, f ound by ot her s .

Thus, our dat a ar e consi st ent wi t h t he model of t he i nt est i -
nal mi cr ovi l l us cyt oskel et on pr oposed by Mooseker ( 1983) .
I n t hi s model , each mi cr ovi l l us cont ai ns a cor e of act i n f i l a-

ment s and vi l l i n, f i mbr i n, and ot her pr ot ei ns t hat hel p or ga-
ni ze t he act i n f i l ament s . Myosi n 1 pr oj ect s as si de ar ms be-
t ween t he act i n cor e and t he pl asma membr ane. One possi bl e
f unct i on of BB myosi n 1 i s t o t et her t he pl asma membr ane
t o t he act i n cor e . The i nt er act i on bet ween BB myosi n 1 and
act i n has t he char act er i st i cs of ot her act i n- myosi n i nt er ac-
t i on ; e . g . , i t can pr omot e mot i l i t y and i t i s br oken by ATP
The nat ur e of t he bi ndi ng of BBmyosi n 1 t o t he pl asma mem-
br ane i s l ess cl ear . Bi ndi ng of BB myosi n 1 t o phosphol i pi d
vesi cl es has been r epor t ed ( Adams and Pol l ar d, 1989 ; Hay-
den et al . , 1990) . I n pi g i nt est i ne, t he 140- kDmembr ane gl y-
copr ot ei n has been shown t o i nt er act di r ect l y wi t h BBmyo-
si n 1 ( Coudr i er et al . , 1982) . Our dat a ar e consi st ent wi t h
t hi s l at t er obser vat i on i n t hat t he mi cr ovi l l ar RDEC- 1 r ecep-
t or gl ycopr ot ei n compl ex of - 140- and 130- kD subuni t s
copur i f y wi t h BB myosi n 1 . Fur t her exper i ment s ar e neces-
sar y t o cl ar i f y t he mechani smof i nt er act i on of r ecept or gl y-
copr ot ei n compl ex wi t h BB myosi n 1.

At l east t wo bact er i al f act or s appear t o be necessar y f or
f ul l pat hogeni ci t y of RDEC- 1 i n r abbi t s, each account i ng f or
a di st i nct st age of adhesi on ( Wol f et al . , 1988) . One i s t he
AF/ RI pi l us, encoded on a l ar ge pl asmi d, t hat medi at es i n
vi t r o adhesi on of RDEC- 1 t o r abbi t smal l i nt est i nal br ush
bor der s . The bi ndi ng speci f i ci t y of t he AF/ RI pi l i i s cl ear l y
i mpor t ant f or t he host r ange ( r abbi t speci f i c) and t i ssue t r o-
pi sm ( i nt est i ne) or E. col i RDEC- 1 . I t i s pr oposed t hat t he
pl asmi d- encoded pi l i medi at e " i ni t i al adhesi on" t o t he r abbi t
i nt est i nal mucosa, whi l e ot her bact er i al f act or s cause t he
second st age AE l esi on per se i n subsequent event s . I n ex-

per i ment al i n vi vo i nf ect i on of r abbi t s, t he AF/ R1 pi l i f aci l i -

t at ed t he devel opment of t he AE l esi on i n bot h t he smal l and
l ar ge i nt est i nes, whi l e a mut ant st r ai n l acki ng AF/ R1 pi l i st i l l
caused t he AE l esi on, but pr edomi nant l y i n t he l ar ge i n-

t est i ne .

Exper i ment al i nf ect i ons and i n vi t r o st udi es suppor t a

si mi l ar par adi gm f or human and pi g EPEC ( Levi ne et al . ,

1985 ; Tzi por i et al . , 1989) . These E. col i al so cont ai n l ar ge

pl asmi ds necessar y f or bact er i al adhesi on and f ul l y symp-

t omat i c i nf ect i on. A chr omosomal el ement , desi gnat ed eae,

was r ecent l y shown t o be necessar y f or t he AEl esi on ( Jer se

et al . , 1990) . Fur t her mor e, RDEC- 1 hybr i di zes wi t h an eae

DNA pr obe f r omhuman EPEC.

The pr ot ei n compl ex we now have i dent i f i ed as t he AF/ Rl

r ecept or r epr esent s a novel t ype of r ecept or f or a bact er i al

adhesi n : an i nt egr al membr ane gl ycopr ot ei n compl ex l i nked
t o t he cyt oskel et on . Thi s l i nk suggest s a pot ent i al r ol e f or t he
AF/ R1 pi l i i n i nt er act i ng wi t h t he cyt oskel et on and l eadi ng
t o ( al t hough not essent i al f or ) t he AEl esi on . Si nce i t i s cl ear
f r omexper i ment s wi t h t he AF/ RI negat i ve st r ai n M34 t hat
RDEC- 1 can st i l l cause t he AE l esi on i n t he l ar ge i nt est i ne

( al t hough wi t h r educed f r equency) even i n t he absence of

AF/ R1 pi l i , i t i s possi bl e t hat any bact er i al adhesi n/ host cel l

The Jour nal of Cel l Bi ol ogy, Vol ume 115, 1991

r ecept or i nt er act i on t hat af f or ded suf f i ci ent pr oxi mi t y be-
t ween EPEC and t he host cel l membr ane woul d be suf f i ci ent
t o f aci l i t at e t he AE l esi on as suggest ed ( Wol f et al . , 1988) .
However , AF/ R1 pi l i , because of t hei r abi l i t y t o i nt er act wi t h

t he cyt oskel et al el ement BB myosi n 1 t hr ough a membr ane

gl ycopr ot ei n compl ex, may uni quel y f aci l i t at e t he ef f ect of
ot her bact er i al vi r ul ence f act or s whi ch i nduce subsequent

cyt oskel et al di sr upt i on . Fur t her exper i ment s usi ng genet i -
cal l y def i ned E. col i car r yi ng di f f er ent combi nat i ons of adhe-
si ns and ot her f act or s ( e. g . , eae) ar e necessar y t o di st i ngui sh

t hese possi bi l i t i es .
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