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ABSTRACT Junct i ons bet ween f i ber cel l s of bovi ne l enses have been i sol at ed i n mi l l i gr am

quant i t i es wi t hout usi ng det er gent s or pr ot eases . The st r uct ur e of t he i sol at ed j unct i ons has

been st udi ed by t hi n- sect i on, negat i ve- st ai n, and f r eeze- f r act ur e el ect r on mi cr oscopy and by

x- r ay di f f r act i on . The j unct i ons ar e l ar ge and most of t en have an undul at i ng sur f ace t opol ogy

as det er mi ned by t hi n sect i oni ng and f r eeze- f r act ur e . These undul at i ons r esembl e t he t ongue-

and- gr oove i nt er di gi t at i ons bet ween l ens f i ber cel l s pr evi ousl y seen by ot her s ( D. H. Di ckson

and G. W. Cr ock, 1972, I nvest . Opht hal mol . 11 : 809- 815) . I n sect i ons, t he i sol at ed j unct i ons

di spl ay a pent al amel l ar st r uct ur e - 13- 14 nm i n over al l t hi ckness, whi ch i s si gni f i cant l y t hi nner

t han l i ver gap j unct i ons . Each j unct i onal membr ane cont ai ns i n t he pl ane of t he l i pi d bi l ayer s

di st i nct uni t s ar r anged i n a squar e l at t i ce wi t h a cent er - t o- cent er spaci ng of 6. 6 nm. Fr eeze-

f r act ur e r epl i cas of t he j unct i ons f r act ur ed t r ansver sel y show t hat t he r epeat i ng uni t s ext end

acr oss t he ent i r e t hi ckness of each membr ane . Each uni t i s pr obabl y const r uct ed f r om f our

i dent i cal subuni t s, wi t h each subuni t cont ai ni ng a pr ot ei n of an appar ent mol ecul ar wei ght of

27, 000 .

We concl ude t hat t he l ens j unct i ons ar e st r uct ur al l y and chemi cal l y di f f er ent f r om gap

j unct i ons and coul d r epr esent a newki nd of i nt er cel l ul ar cont act , not si mpl y anot her cr yst al l i ne

st at e of t he gap j unct i on pr ot ei n .

Mammal i an l ens f i ber cel l s have been f ound by el ect r on mi -
cr oscopy t o cont ai n ext ensi ve j unct i ons usual l y consi der ed t o
be of t he communi cat i ng ( " gap" or " nexus" ) t ype ( 2, 3, 18, 24,
26, 27, 30, 38, 43, 50) t hat medi at e and r egul at e el ect r i cal and
met abol i c coupl i ng ( 19, 45) , These j unct i ons have been st udi ed
ext ensi vel y by mor phol ogi cal ( 18, 24- 27, 39, 41, 42) , chemi cal
( 2, 3, 5- 8, 23, 36, 47) , and i mmunol ogi cal t echni ques ( 4, 8, 22,
57) . Al t hough t her e i s good agr eement r egar di ng t hei r chemi cal
composi t i on, t hei r mol ecul ar or gani zat i on i s st i l l cont r over si al .
For exampl e, at l east f our packi ng ar r angement s of t he mor -
phol ogi cal subuni t s composi ng t he j unct i ons have been de-
scr i bed . Among t hese ar e hexagonal ( 3, 23, 39) , r homboi dal

( 41, 42) , and or t hogonal ( 24, 41, 42) cr yst al l i ne l at t i ces, as wel l
as t he most f r equent l y descr i bed aper i odi c ( r andom) packi ng
of mor phol ogi cal subuni t s ( 2, 7, 17, 23, 39, 41, 42) . I t has been
suggest ed t hat t r ansi t i ons bet ween t he r andom st at e and one of
t he cr yst al l i ne l at t i ces may be i nduced by changi ng t he i oni c
mi l i eu ( 39, 41, 42) , al t hough t he ext ent of t hese t r ansi t i ons

r emai ns cont r over si al ( 17, 23) . Mor eover , by anal ogy wi t h
ot her j unct i ons ( 40) , i t has been pr oposed t hat t he r andom and
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cr yst al l i ne packi ng ar r angement s r epr esent , r espect i vel y, cou-

pl ed and uncoupl ed st at es of t he j unct i ons ( 39, 41, 42) .
I n t hi s paper , we pr esent r esul t s of chemi cal and st r uct ur al

st udi es of bovi ne l ens j unct i ons obt ai ned f r om a pur e j unct i on
f r act i on i sol at ed wi t hout usi ng det er gent s or pr ot eases . The
i sol at ed j unct i ons ar e seen as pent al amel l ar st r uct ur es 13- 14
nm i n over al l t hi ckness . Each j unct i onal membr ane cont ai ns
ext ensi ve t wo- di mensi onal squar e ar r ays of uni t s wi t h a cent er -
t o- cent er spaci ng of 6 . 6 r un . Each st r uct ur al uni t appear s t o

span t he ent i r e t hi ckness of t he bi l ayer . The f r act i on cont ai ns

one maj or pr ot ei n wi t h an appar ent mol ecul ar wei ght of 27, 000 .
An i mpor t ant concl usi on i s t hat t he i sol at ed l ens j unct i ons

we descr i be ar e st r uct ur al l y di f f er ent f r omgap j unct i ons. Our

f i ndi ngs suggest t hat t he squar e j unct i ons may r epr esent a

separ at e cl ass of i nt er cel l ul ar cont act .

MATERI ALS AND METHODS

Bovi ne l enses wer e ei t her obt ai ned f r oma l ocal sl aught er house or f r ozen f r om

Pel - Fr eeze Bi ol ogi cal s ( Roger s, AR) . The l enses t hat had been exci sed f r omt he

eyes at t he sl aught er house wer e kept on i ce i n sol ut i on A( 2 mMNaHCO, , 3 mM
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EDTA, and 100 uM phenyl met hyl sul f onyl f l uor i de adj ust ed t o pH 8 . 0 wi t h

NaOH) unt i l t he i sol at i on pr ocedur e commenced - - 2 h l at er . The f r ozen l enses

wer e t hawed sl owl y t o r oom t emper at ur e at whi ch t hey wer e t r anspar ent and

pl i abl e . Lenses t hat r emai ned har d ( pr esumabl y f r omol der ani mal s) wer e di s-

car ded . I n one exper i ment , t he f r eshl y obt ai ned l enses wer e separ at ed i nt o t wo

gr oups: one was kept on i ce, wher eas t he ot her was f r ozen i n dr y i ce at t he

sl aught er house and l at er sl owl y t hawed . Subsequent chemi cal and mor phol ogi cal

anal yses showed no di f f er ences bet ween t he t wo gr oups . Ther ef or e, t he dat a

obt ai ned f r omf r esh and f r ozen l enses wi l l be pr esent ed t oget her .

I sol at i on

I n a t ypi cal exper i ment , we used - 30 l enses f r omwhi ch t he capsul e as wel l as

sever al out er l ayer s of cor t i cal f i ber s wer e r emoved. Unl ess ot her wi se not ed, al l

i sol at i on pr ocedur es wer e per f or at ed at 4° C. Fol l owi ng a pr ocedur e si mi l ar t o

t he one out l i ned by Goodenough ( 18) , t he f i ber s wer e r esuspended i n 200 ml of

sol ut i on A and homogeni zed by hand i n a Dounce gl ass homogeni zer wi t h a

Tef l on pest l e t hat was machi ned t o pr ovi de a l ooser f i t t han t he f act or y cl ear ance.

Usual l y 10 st r okes wer e necessar y t o homogeni ze t he f i ber s . The r esul t i ng

suspensi on of br oken cel l s was di l ut ed t o 1 . 8 l i t er s wi t h sol ut i on A, l ef t f or 10

mi n, t wi ce- f i l t er ed t hr ough f our l ayer s of sur gi cal gauze, and t hen passed t hr ough

t wo l ayer s of 50- mesh nyl on . The suspensi on was cent r i f uged at 2, 000 g f or 10

mi n ( Sor val l GSA r ot or ; Dupont I nst r ument s, Wi l mi ngt on, DE) . The pel l et was

homogeni zed, di l ut ed, and cent r i f uged agai n under t he same condi t i ons . Pi g-

ment ed cel l s wer e el i mi nat ed by col l ect i ng onl y t he whi t e por t i on of t he pel l et .

The pel l et s wer e r esuspended i n 1 . 8 l i t er s of sol ut i on B ( 4 mMTr i s, 5 mM

EDTA, I mMCaC1 2, 1 . 5 mMNaN, , pH 8) . The suspensi on was cent r i f uged at

2, 000 g f or 20 mi n ( Sor val l GSA r ot or ) . The f r ee cal ci um concent r at i on i n

sol ut i on B was cal cul at ed t o be 1 . 6 x 10- " Musi ng a Ku of 3 . 23 x 10 - e M( 44) .

The pel l et was r esuspended i n 300 ml of 4 Mur ea i n sol ut i on B and cent r i f uged

at 17, 000 g f or 10 mi n ( Sor val l GSAr ot or ) . The r esul t i ng pel l et was r esuspended

i n 150 ml of 7 mur ea i n sol ut i on B and cent r i f uged at 64, 000 g f or 100 mi n

( Type 60 Ti r ot or ; Beckman I nst r ument s, Pal o Al t o, CA) . The whi t e por t i on of

t he pel l et was r esuspended i n sol ut i on B and t he sucr ose concent r at i on was

i ncr eased t o 47- 48% by addi ng 67% sucr ose i n sol ut i on B. A di scont i nuous

densi t y gr adi ent composed of 41/ 25/ 8%sucr ose, al l i n sol ut i on B, was l ayer ed on

t op and t he t ubes wer e cent r i f uged at 97, 000 g f or 30 mi n ( Beckman SW- 28

r ot or ) . Asmal l pel l et was obser ved at t he bot t omof t he t ube and occasi onal l y a

smal l whi t e band was det ect ed i n t he 25%l ayer . Most of t he mat er i al was l ocat ed

at t he 25/ 41% i nt er f ace. Thi s i nt er f ace was col l ect ed, di l ut ed i n sol ut i on B, and

cent r i f uged at 20, 000 g f or 20 mi n. The r esul t i ng pel l et was saved f or f ut ur e st udy

by r esuspendi ng i n sol ut i on B and st or i ng at ei t her - 20° Cor 4° C.

El ect r on Mi cr oscopy

THI N SECTI ONI NG:

	

Pi eces of t he f i nal pel l et ( see above) wer e f i xed i n 3%

gl ut ar al dehyde i n 0. 2 Msodi umcacodyl at e buf f er pH 7. 4, f or 30 mi n at r oom

t emper at ur e. The sol ut i on was changed t o a f i xat i ve cont ai ni ng 3% gl ut ar al de-

hyde, 1%t anni c aci d, ( 1, 600 mol wt ; Si gma Chemi cal Co. , St . Loui s, MO) , i n 0 . 2

Msodi um cacodyl at e ( f i nal pH 7. 0) f or I h at r oom t emper at ur e ( 55) . Af t er

ext ensi vewashi ngwi t h 0 . 1 Msodi umcacodyl at e ( pH7. 4) , t he pel l et was post f i xed

i n 2%osmi umt et r oxi de i n 0. 1 Msodi um cacodyl at e f or 90 mi n . The pel l et s wer e

washed i n 0. 2 Msodi um acet at e, pH 5. 0, and bl ock- st ai ned over ni ght i n 0 . 5%

ur anyl acet at e i n 0. 2 Msodi umacet at e . The pel l et s wer e embedded i n Epon, and

sect i ons havi ng a gr ay i nt er f er ence col or wer e cut wi t h a di amond kni f e on an

ul t r ami cr ot ome ( Rei cher t Model OMU2; Amer i can Opt i cal , Sout hbr i dge, MA)

The sect i ons wer e deposi t ed on car bon- coat ed gr i ds and doubl e- st ai ned wi t h

ur anyl acet at e and l ead ci t r at e .

FREEZE- FRACTURE: Smal l sampl es ( - 0 . 1 ul ) of a 3- 4 mg/ ml j unct i on

suspensi on wer e sandwi ched bet ween t hi n copper st r i ps and pl unged mechani -

cal l y i nt o l i qui d pr opane ( - 190° C) cool ed wi t h l i qui d ni t r ogen ( 12, 13) . The

r esul t i ng sampl e was - 10 um i n t hi ckness, and t he measur ed cool i ng r at es wer e

i n excess of 10, 000° C/ s ( 0° t o - 100° C) . The sandwi ches wer e mount ed i n a

hi nged doubl e- r epl i ca devi ce adapt ed f or use on a Bal zer s BA 360M ( Bal zer s

Co . , Nashua, NH) f r eeze- f r act ur e appar at us ( 13) . Aspr i ng was act i vat ed t o open

t he sandwi ches and f r act ur e t he sampl es hel d at a pr essur e of 10- 7 t or r and a

t emper at ur e of - 160° C. The f r act ur ed sampl es wer e i mmedi at el y r epl i cat ed wi t h

pl at i num- car bon at 45° uni di r ect i onal l y and car bon at 70° wi t h r ot at i on t o

pr ovi de a st r ong suppor t f i l m. The r epl i cas wer e f l oat ed ont o wat er , cl eaned f or

2- 5 h i n househol d bl each ( Cl or ox) , and mount ed on uncoat ed 400- mesh gr i ds .

NEGATI VE STAI NI NG:

	

Asmal l al i quot of aj unct i onal f r act i on ( - - I mg/ ml )

was deposi t ed on f r eshl y pr epar ed car bon- coat ed gr i ds and washed wi t h 1%

ur anyl acet at e or sul f at e ( 17) . The gr i ds wer e scanned at l owmagni f i cat i on t o

sel ect t hose j unct i ons havi ng a good st ai n deposi t i on . The st ai ned j unct i ons wer e

phot ogr aphed at x 45, 000 magni f i cat i on, usi ng mi ni mumexposur e t echni ques

( 56) . The negat i ves wer e st udi ed by opt i cal di f f r act i on t o sel ect t he ar eas havi ng

shar p di f f r act i on spot s. Opt i cal f i l t er i ng was car r i ed out accor di ng t o t he met hod
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of Er i ckson et al . ( 16) . The mi cr oscopy was per f or med wi t h a Phi l i ps EM 301

el ect r on mi cr oscope .

X- r ay Di f f r act i on

X- r ay di f f r act i on pat t er ns wer e r ecor ded on Kodak No- Scr een x- r ay f i l m

l oaded i n a f l at pl at e casset t e camer a as descr i bed pr evi ousl y ( 35) . Copper Ko x-

r ays wer e obt ai ned f r om a Jar r el l - Ash st at i onar y anode gener at or . Exposur e

t i mes var i ed f r om5 t o 25 h wi t h speci men- t o- f i l m di st ances set bet ween 7 and 15

cm.

Unor i ent ed f ul l y hydr at ed pr epar at i ons wer e made by cent r i f ugi ng t he j unc-

t i on suspensi on ( - 0. 5- 1 mg of pr ot ei n) at 100, 000g f or I h. The pel l et was seal ed

i n an x- r ay capi l l ar y t ube. Or i ent ed speci mens wer e pr oduced by a met hod

si mi l ar t o t he one used by Caspar et al . ( 9) i n t hei r st udy of i sol at ed l i ver gap

j unct i ons but wi t hout chemi cal f i xat i on . The l ens j unct i ons wer e cent r i f uged at

150, 000g f or 2 h i n a BEEMpol yet hyl ene capsul e ( Pol ysci ences I nc . , War r i ngt on,

PA) whi ch was mount ed on aTef l on adapt er t hat f i t s at t he bot t omof a Beckman

SW- 41 r ot or t ube. The pel l et s wer e r emoved f r om t he capsul e and al l owed t o

sl owl y dehydr at e f or var i ous t i mes at 4° C i n a desi ccat or mai nt ai ned at 93%

humi di t y over a sat ur at ed sol ut i on of zi nc sul f at e. The speci men was t hen seal ed

i n an x- r ay capi l l ar y t ube, al ong wi t h adr op of sat ur at ed sal t sol ut i on t o mai nt ai n

a const ant humi di t y i nsi de t he t ube. The capi l l ar y was mount ed i n t he x- r ay

camer a i n a hol l ow br ass bl ock t hr ough whi ch chi l l ed wat er was ci r cul at ed t o

keep t he speci men at 4° C.

Ot her Met hods

The pr ot ei n concent r at i on was det er mi ned by t he met hod of Lowr y et al . ( 31) .

The t ot al phosphor us was det er mi ned by t he met hod of Bar t l et t ( 1) and t he

chol est er ol concent r at i onwas obt ai ned as f ol l ows: var i ous amount s of t he sampl e

as wel l as st ock sol ut i ons of pur i f i ed chol est er ol ( l ot 2038 ; Appl i ed Sci ence, St at e

Col l ege, PA) di ssol ved i n chl or of or m/ met hanol 2/ 1 ( vol / vol ) wer e deposi t ed on

a si l i ca gel Gpl at e . The pl at e was devel oped i n hexane: et hyl et her : acet i c aci d

( 70 : 25: 5) , vol / vol ) , dr i ed under ni t r ogen, and spr ayed wi t h a sol ut i on cont ai ni ng

50%sul f ur i c aci d i n met hanol . Af t er dr yi ng, t he pl at e was pl aced i n an oven at

100° C. The chol est er ol concent r at i on was est i mat ed by compar i ng t he col or s of

t he sampl es wi t h t hose obt ai ned f r omt he st andar ds.

SDS PAGE was done by t he met hod of Weber and Osbor n ( 51) . Al i quot s of

t he i sol at ed j unct i ons ( 10- 65 ug pr ot ei n) wer e sol ubi l i zed i n 3% SDS and 1%

mer capt oet hanol , heat ed at 60° C f or - 5 mi n and i mmedi at el y l oaded at t he t op

of a 7. 5%pol yacr yl ami de gel . Coomassi e Bl ue- st ai ned gel s wer e scanned i n a

spect r ophot omet er at 570 nm( model 2400; Gi l f or d I nst r ument Labor at or i es,

Ober l i n, OH) .

RESULTS

Chemi cal Anal ysi s

Our i sol at i on pr ocedur e i s si mi l ar t o ot her s ( 2, 5, 18, 24) but

i t di f f er s i n t hat i t pr oduces a pur e f r act i on wi t hout usi ng

det er gent s or pr ot eases . The pr ot ocol i s si mpl e and yi el ds

bet ween 0. 1- 0 . 3 mg of pur e j unct i on pr ot ei n/ g of wet l ens .

Consi der i ng pr epar at i ons of hi gh pur i t y, our s r epr esent s a

si gni f i cant l y l ar ger yi el d t han r epor t ed pr evi ousl y ( 2, 5, , 18) .

Fi g . 1 shows SDS PAGE opt i cal densi t y t r aci ngs of t wo

di f f er ent speci mens . Fi g. 1 A i s compr i sed al most ent i r el y of a

band wi t h an appar ent mol ecul ar wei ght of 27, 000 wi t h t wo

smal l addi t i onal peaks at 21, 000 and 14, 000 . Fi g . 1 B shows a

scan of a gel f r omanot her pr epar at i on i n whi ch t he 21, 000 mol

wt component i s mor e pr onounced but t he 14, 000 mol wt band

i s al most absent . These smal l er peaks have been consi der ed t o

r epr esent an endogenous pr ot eol yt i c der i vat i ve of t he maj or

27, 000 mol wt band ( 23, 47) .

Our SDS pol yacr yl ami de gel s al so showed t hat al l t he sol u-

bi l i zed mat er i al ent er ed t he gel and t hat no addi t i onal bands

wer e evi dent even upon over l oadi ng t he gel s . Si mi l ar gel

pat t er ns wer e obt ai ned when t he j unct i ons wer e i sol at ed i n t he

pr esence of 10- 4 MCaC12 .

The pr ot ei n/ phosphol i pi d/ chol est er ol r at i o of t he i sol at ed

j unct i ons was appr oxi mat el y 1/ 0. 6/ 0 . 2 wt / wt / wt i n good

agr eement wi t h pr evi ous st udi es ( 2, 5) .
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FI GURE 1

	

Opt i cal densi t y scans of 7 . 5%pol yacr yl ami de gel pat t er ns

of t wo t ypi cal f r act i ons of i sol at ed l ens j unct i ons . The t wo l i nes

i ndi cat e t he t op and bot t om of t he gel s . The scan i n Fi g . 1 A

cor r esponds t o a gel t o whi ch 60 , ug of sol ubi l i zed pr ot ei n was

appl i ed . Not e t hat al l t he pr ot ei n ent er ed t he gel s .

THI N SECTI ONS :

	

Fi gs . 2- 4 show r epr esent at i ve vi ews of

t hi n sect i ons of t he i sol at ed j unct i ons. Fi g . 2A i s a l ow- mag-

ni f i cat i on vi ew of t he pel l et showi ng t he j unct i ons ei t her as a

hi ghl y or gani zed l amel l ar aggr egat e or as i ndependent st r uc-

t ur es . Sever al of t he aggr egat ed st r uct ur es wer e obser ved i n

each of t he pel l et s . These t wo ar r angement s di spl ay j unct i ons

havi ng sl i ght l y di f f er ent st r uct ur al f eat ur es . The l amel l ar ag-

gr egat e, whi ch was pr obabl y f or med dur i ng or subsequent t o

t he i sol at i on pr ocedur e, i s about 6 . 5 l Lm l ong and 2 l am wi de .

I t consi st s of concent r i cal l y ar r anged j unct i ons t hat ar e sepa-

r at ed by spaces 30- 60 nmwi de . The i nner most j unct i ons f or m

cont i nuous concent r i c l ayer s wi t h per i met er s >I 0 l am, wher eas

t he out er most ones appear as ci st er nae l oopi ng al most com-

pl et el y ar ound t he i nner l ayer s . The j unct i ons i n t he aggr egat e

undul at e " i n phase" wi t h di st ances bet ween cr est s of 0 . 3- 0 . 5

, um. The mor e numer ous i ndependent j unct i ons al so have a

wavy appear ance ( Fi g . 2A, smal l ar r ows) , but wi t h somewhat

smal l er di st ances of 0. 2 [ Lm bet ween cr est s . The i ndependent

j unct i ons, i n cont r ast t o t hose seen i n t he aggr egat es, ar e of t en

i nt er r upt ed by smal l ci r cul ar pr of i l es - 0 . 1- 0 . 3 hmi n di amet er

as al so shown i n Fi g . 3 . Fi g. 2 B i s a hi gher - magni f i cat i on vi ew

of t he ar ea i nsi de t he dot t ed squar e i n Fi g . 2A . Her e, each

j unct i on has a pent al amel l ar appear ance ( t hr ee dense st r at a

separ at ed by t wo l i ght st r at a) havi ng an over al l t hi ckness of

13- 14 nm. I n some pl aces, t he el ect r on- dense st r at a of t he

pent al amel l ar st r uct ur e appear asymmet r i c ( i . e . , each mem-

br ane havi ng a di f f er ent t hi ckness) . Thi s appar ent asymmet r y

( see Fi gs . 2- 5) can be expl ai ned as a pr oj ect i on ar t i f act due t o

cur ved sur f aces i n t he pl ane of t he j unct i on . Fi g . 2B and C

show t hat t he j unct i onal membr anes can separ at e and t hat t he

separ at i ons may occur anywher e al ong t he l engt h of t he j unc-

t i on ( Fi g. 2 B, ar r ow) . However , t he separ at i ons ar e most

f r equent l y obser ved at r egi ons of hi gh cur vat ur e ( Fi g . 2 C,

ar r ow) .

Fi g. 3 i l l ust r at es sever al st r uct ur al det ai l s f r equent l y obser ved

i n t he i ndependent j unct i ons . Her e, sever al j unct i ons di spl ay

t hei r char act er i st i c wavy appear ance . Of t en t he t wo membr anes

compr i si ng t he pent al amel l ar st r uct ur e separ at e and encl ose

ci r cul ar ( * ) or el ongat ed ( O) pr of i l es whi ch t hemsel ves f or m

pent al amel l ar st r uct ur es wi t h each one of t he or i gi nal mem-

br anes . Af t er encapsul at i ng t he pr of i l es, t he t wo j unct i onal

membr anes r eassume t hei r or i gi nal pent al amel l ar st r uct ur e.

I n Fi g. 4, a st r ai ght j unct i on i s seen next t o t he mor e

commonl y obser ved undul at i ng ones . Thi s st r ai ght j unct i on

al so has a pent al amel l ar st r uct ur e but i s much wi der t han t he

undul at i ng j unct i ons, as i t s over al l t hi ckness i s 16- 18 nm. Thi s

t ype was seen i nf r equent l y, suggest i ng t hat t hey ar e a smal l

component of our i sol at ed f r act i on . Al so cl ear l y seen i n t hi s

f i gur e ( ar r ows) i s a wavy j unct i on whose membr anes separ at e

and f or mpent al amel l ar st r uct ur es wi t h an encapsul at ed pr of i l e .

At t he l ower cent er of t he f i el d t her e i s a j unct i on whose

membr anes separ at e f or - 0 . 41t m bef or e r eassumi ng t he nor mal

pent al amel l ar appear ance of t he j unct i on.

FREEZE- FRACTURE:

	

Fi g. 5 i s a l ow- magni f i cat i on vi ew of

a f r eeze- f r act ur e r epl i ca of i sol at ed l ens j unct i ons t hat ar e

f r act ur ed obl i quel y, t r ansver sel y, and f r ont al l y . The j unct i ons

f r act ur ed f r ont al l y di spl ay a cor r ugat ed sur f ace havi ng f r act ur e

f aces at di f f er ent l evel s . The di st ance bet ween cr est s i s - 0 . 5

l t m, whi ch cor r el at es wel l wi t h t he undul at i ons descr i bed i n

t hi n sect i ons . Junct i ons f r act ur ed obl i quel y have t he same

char act er i st i c undul at i ons and f r equent l y encapsul at e ci r cul ar

pr of i l es ( Fi g . 5, ar r ow) .

Fi g . 6 shows a r epl i ca t hat i ncl udes sever al j unct i ons ar -

r anged somewhat l i ke t he j unct i ons i n Fi g. 3 . To t he ext r eme

l ef t of t he pi ct ur e i s a spher i cal body, enl ar ged i n D, havi ng

pat ches di spl ayi ng a squar e l at t i ce cast i ng shadows on a smoot h

sur f ace . Fi g. 6 B, C, E, and Far e hi gher - magni f i cat i on vi ews of

obl i quel y f r act ur ed j unct i ons f r om t he same mi cr ogr aph . Band

Far e f r om r egi ons out si de t he f i el d i n A, wher eas Cand E ar e

t he ar eas i ndi cat ed by t he ar r ows i n A . For each of t hese
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FI GURE 3 Thi n- sect i on el ect r on mi cr ogr aph of i ndependent j unct i ons . These j unct i ons di spl ay t he undul at i ons seen i n t he

aggr egat e i n Fi g . 2 and t hey f r equent l y encl ose ci r cul ar ( * ) or el ongat ed ( 0) pr of i l es . X 80, 000 .

j unct i ons, at l east one of t he membr anes r eveal s r epeat i ng

st r i ps of met al al t er nat i ng wi t h shadows . I t i s appar ent t hat

most of t hese j unct i ons ar e obl i quel y f r act ur ed, bei ng t i l t ed t o

t he r i ght or l ef t , except f or shor t segment s of near l y ver t i cal

or i ent at i on . The r epeat i ng uni t s ar e seen at t he l ef t edge of t he

j unct i on i n E and t o t he r i ght edge of t he one i n C.

Fi g . 7 shows an ext ensi ve r egi on of an i sol at ed j unct i on. The

near l y f l at backgr ound sur f ace l abel ed 2 i s al most ent i r el y

cover ed wi t h a squar e l at t i ce. I n t he l at t i ce t her e ar e pr omi nent

t r oughs t hat i nt er sect at 90° and out l i ne squar e pat ches . These

pat ches show set s of or t hogonal f i ne st r i at i ons - 6- 7 r i m apar t .

The boundar y bet ween t he squar e l at t i ce and t he sur r oundi ng

smoot h i ce sur f ace ( l ower r i ght i nset ) appear s j agged wi t h many

or t hogonal edges . I n some pl aces whol e pi eces of t he l at t i ce ar e

mi ssi ng, l eavi ng squar e or r ect angul ar depr essi ons . I n such

ar eas a smoot h sur f ace, l abel ed 3, i s seen at a l evel bel ow t he

l at t i ce sur f ace . I n ot her pl aces smoot h sur f aces, l abel ed 1, ar e

seen r ai sed above t he sur f ace of t he l at t i ce . The edges of t hese

sur f aces 1 ar e r ounded . I n a f ew pl aces f r agment s of anot her

component , l abel ed 4, ar e seen l yi ng on t he r ounded sur f aces

l abel ed 1 ( upper l ef t i nset ) . Thi s component i s f l at and r ai sed

above sur f ace 1 by about t he same di st ance t hat sur f ace 21i es

above sur f ace 3 . Sur f ace 4 i s smoot h and has angul ar edges . I n

some pl aces edges r un i n or t hogonal di r ect i ons .

Fi g. 8 A shows t he st r i at i ons i n t he f r act ur e pl ane of sur f ace

2 i n Fi g. 7 at a hi gher magni f i cat i on . Fi g . 8 B i s t he opt i cal

t r ansf or m of t hi s mi cr ogr aph. I t consi st s of shar p r ef l ect i ons

t hat i ndex on a squar e l at t i ce wi t h a uni t cel l - 6 . 6 nm. Usual l y,

onl y t he f i r st - or der r ef l ect i ons ar e obser ved . Not e t he 90°

angl es bet ween l i nes t hr ough t he ver t i cal and hor i zont al spot s .

I n Fi g. 9, sever al j unct i ons ar e seen f r act ur ed f r ont al l y . Lar ge

ar eas of i ce ar e seen t o t he r i ght t op and bel ow. As descr i bed

above, we have i dent i f i ed f our f r act ur e sur f aces number ed 1- 4 .

Not e t hat t he sur f ace cont ai ni ng t he squar e l at t i ce and l abel ed

2 i n t he cent er of t he f i el d, i s cont i nuous wi t h a r egi on t o i t s

l ef t t hat appear s smoot h but cr at er ed by i r r egul ar pi t s . Not e

t hat on t he r i ght si de of sur f ace 2 t he boundar y bet ween t he

edge of t he sur f ace and t he sur r oundi ng i ce i s j agged and cast s

shar p shadows. Smal l ar eas of sur f ace 4 ar e exposed at t he

bor der s of t he l ower i ce mass . These sur f aces ar e smoot h and

have j agged edges.

The f eat ur es of t he unusual f r act ur e pat t er ns descr i bed f or

Fi gs . 6- 9 can be seen i n st er eo i n Fi g. 10 . A t wi st of t he f r act ur e

pl ane of t he j unct i onal membr ane on t he r i ght ( mi ddl e ar r ow)

r eveal s t hat t he var i ous t ext ur es obser ved ar e not ent i r el y

dependent on t he shadow angl e . Fr act ur es of bot h j unct i onal

membr anes ar e cl ear l y obser ved . A number of j unct i ons f r ac-

t ur ed f r ont al l y ar e shown t o t he l ef t . One obl i quel y f r act ur ed

FI GURE 2 Thi n- sect i on el ect r on mi cr ogr aph of t he i sol at ed j unct i ons . A i s a l ow- magni f i cat i on vi ew of t he pel l et showi ng a

pr omi nent l amel l ar aggr egat e and many i ndependent j unct i ons t hat f r equent l y encl ose ci r cul ar pr of i l es ( par ent heses) . The r egi on

i nsi de t he squar e i s shown at hi gher magni f i cat i on i n 8 . Each j unct i on has a pent al amel l ar st r uct ur e t hat , at pl aces ( ar r ow) ,

separ at es i nt o t wo membr anes . C i s t he r egi on i ndi cat ed by t he l ar ge ar r ow i n A . Not e t hat t he separ at i ons ar e al i gned . ( A)

X 17, 000 . ( 8 and C) X 180, 000 .
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j unct i on i s seen t o t he r i ght bor der ed on bot h si des by i ce . The

membr ane t o t he r i ght ver y cl ear l y di spl ays sur f ace 2 wi t h i t s

l at t i ce pat t er n. I n t he cent er of t he f i gur e at t he l ar ge ar r ow,

t hi s membr ane i s seen i n near l y edge- on vi ew. The l at t i ce

shows up her e as t r ansver se bands of met al - 7 nm l ong and

spaced - 7 nm apar t . To t he l ower l ef t ( at t he ar r ow) t he t wo

membr anes ar e separ at ed and a l ayer of i ce i s seen bet ween

t hem.

An i mpor t ant r esul t f r om t he f r eeze- f r act ur e st udy of t hese

i sol at ed l ens j unct i ons cont ai ni ng cr yst al l i ne ar r ays i s t hat

convent i onal i nt r amembr ane par t i cl es ar e not pr esent on any

of t he exposed f r act ur e sur f aces .

NEGATI VE STAI NI NG:

	

Fi g . 11A i s a r epr esent at i ve vi ew

of a r egi on of an i sol at ed j unct i on negat i vel y st ai ned wi t h

ur anyl sul f at e ( 17) . The ar r owpoi nt s t o an edge- on vi ew of t he

st r uct ur e showi ng t hat i t cont ai ns t wo membr anes . The f l at

FI GURE 4 Junct i ons havi ng a st r ai ght pr of i l e ar e somet i mes ob-

ser ved i n t he pel l et s . They have a gr eat er over al l t hi ckness t han t he

undul at i ng j unct i ons . The ar r ows poi nt t o r egi ons wher e t he mem-

br anes of an undul at i ng j unct i on separ at e t o encl ose a ci r cul ar

pr of i l e . Not e t he ext ensi ve separ at i on bet ween membr anes i n t he

j unct i on at t he l ower r i ght si de of t he f i gur e and t hat t he i ndi vi dual

membr anes ar e al so undul at i ng . X 110, 000 .
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j unct i onal ar ea exhi bi t s l ow cont r ast but cl ear l y shows, par t i c-

ul ar l y when vi ewed obl i quel y, a cr yst al l i ne l at t i ce consi st i ng of

or t hogonal r ows of par t i cl es . Fi g . 11 B i s a r egi on f r om anot her

j unct i on t hat al so shows t he ar r ay of uni t s . I t s opt i cal t r ansf or m

( Fi g . 11 C) consi st s of weak but shar p r ef l ect i ons t hat i ndex on

a squar e l at t i ce havi ng a uni t cel l of - 6 . 5 nm. These r ef l ect i ons

ar e si mi l ar t o t hose seen i n t he opt i cal t r ansf or m of t he f r eeze-

f r act ur e r epl i cas ( Fi g . 8 B) but of f ar l ower i nt ensi t y . The l ow-

cont r ast per i odi c f eat ur es det ect ed i n t he i mage can be empha-

si zed by opt i cal f i l t er i ng ( 16) . Fi g. 11 Dshows a l ow- r esol ut i on

f i l t er ed i mage havi ng el ect r on- l ucent r egi ons ( pr esumed t o be

par t of t he pr ot ei n) and el ect r on- dense pool s of st ai n l ocat ed at

t he comer s . The l ow cont r ast obser ved i n t he negat i vel y st ai ned

i mages and t he l ow i nt ensi t y of t he r ef l ect i ons i n t he opt i cal

t r ansf or ms can be expl ai ned by assumi ng t hat onl y smal l

por t i ons of t he pr ot ei n ol i gomer s ar e cont ai ned i n t he st ai ned

ar eas .

X- RAY DI FFRACTI ON: X- r ay di f f r act i on pat t er ns f r om

unor i ent ed, f ul l y hydr at ed, i sol at ed j unct i onal pel l et s cont ai n

weak but shar p r i ngs at 6 . 6 and 3 . 3 nm al ong wi t h a di f f use

r i ng at 0 . 45 nm. Addi t i onal i nf or mat i on was obt ai ned f r om

j unct i ons t hat wer e or i ent ed by a sl ow, cont r ol l ed dehydr at i on

pr ocedur e . Fi g . 12A shows a wi de- angl e di f f r act i on pat t er n

f r om a speci men t hat was equi l i br at ed at 93%r el at i ve humi di t y

f or 12 h . The pel l et was mount ed so t hat t he l ong axi s of t he

cent r i f uge t ube was or i ent ed i n t he ver t i cal di r ect i on r el at i ve t o

t he x- r ay f i l m. Thus, t he br oad di f f r act i on bands on t he ver t i cal

axi s ( mer i di an) ar i se f r omt he par t i al st acki ng of t he j unct i ons .

The hor i zont al axi s ( equat or ) of t he x- r ay f i l m shows sever al

r ef l ect i ons ar i si ng f r om r epeat i ng uni t s l ocat ed i n t he pl ane of

t he or i ent ed j unct i ons . The br oad 0. 45- nm r ef l ect i on ( l ar ge

ar r ow) , whi ch ar i ses f r om t he hydr ocar bon chai ns, i s par t i al l y

or i ent ed, bei ng mor e i nt ense at t he equat or . The smal l ar r ow

poi nt s t o a r ef l ect i on at 3 . 3 nm. Fi g . 12 B i s a mor e l i ght l y

exposed f i l m f r om t he same pel l et , magni f i ed so t hat i t shows

t he scat t er i ng l ocat ed cl ose t o t he beam st op . I n Fi g . 12 B,

ar r ows poi nt t o shar p equat or i al r ef l ect i ons at 6 . 6 and 3 . 3 r un .

On t he mer i di an, i n A and Bt her e i s a par t i al l y r esol ved br oad

band at - 14 nm ( seen bet t er i n D) wi t h ot her br oad bands at

7 . 7, 4 . 2, 3 . 0, and 1 . 65 nm; whi l e t he shar p r ef l ect i ons on t he

equat or ar e l ocat ed at 6. 6, 3 . 3, 1 . 84, 1 . 57, 1 . 30, 1 . 11, and 0 . 95

r i m. These equat or i al r ef l ect i ons i ndex on a squar e l at t i ce of

6 . 6 nm. When t he speci mens wer e equi l i br at ed f or 24 h or

l onger at 93%r el at i ve humi di t y, bet t er or i ent at i on was obt ai ned

( Fi g. 12 Cand D) . The pat t er ns showt he same shar p r ef l ect i ons

ar i si ng f r om t he uni t s r epeat i ng wi t h a l at t i ce const ant of 6 . 6

r an. Wi t h equi l i br at i on t i mes >48 h, t he i nner mer i di onal

r ef l ect i ons at 14 and 7 . 7 nm di mi ni shed i n i nt ensi t y and

addi t i onal shar p r ef l ect i ons at 3 . 4 and 1 . 7 r an appear ed. These

addi t i onal r ef l ect i ons ar e consi st ent wi t h chol est er ol f or mi ng a

separ at e phase ( 29) .

A key r esul t of t hese exper i ment s i s t hat shar p r ef l ect i ons at

6 . 6 and 3 . 3 nm, ar i si ng f r om uni t s l ocat ed i n t he pl ane of t he

j unct i ons, ar e obser ved i n al l pat t er ns f r om f ul l y and par t i al l y

hydr at ed pel l et s . Al so, no ot her equat or i al r ef l ect i ons ar e ob-

ser ved i n t he r ange of 3 . 0 t o 15 nm. These same pat t er ns wer e

f ound i nj unct i ons bat hed i n 10- " MEDTA ( wi t hout cal ci um

pr esent ) at pH 8 . 0 .

DI SCUSSI ON

Gener al St r uct ur al Feat ur es of I sol at ed

Cr yst al l i ne Lens Junct i ons

The maj or di f f er ence bet ween our i sol at i on pr ocedur e and

t hose descr i bed by ot her i nvest i gat or s ( 2, 5, 18, 24) i s t hat i t



FI GURE 5

	

Fr eeze- f r act ur e r epl i ca of t he i sol at ed l ens j unct i ons at l ow magni f i cat i on . Not e t hat t he undul at i ng sur f aces ar e seen

i n bot h obl i que and t r ansver se f r act ur es . X 17, 000 .

pr oduces a pur e f r act i on i n hi gh yi el d wi t hout usi ng det er gent s

or pr ot eases. The maj or pr ot ei n of t he j unct i ons i s a pol ypept i de

havi ng an appar ent mol ecul ar wei ght of 27, 000 . The Coomas-

si e- Bl ue gel - st ai ni ng pat t er ns of our f r act i ons ar e i n good

agr eement wi t h t hose obt ai ned by ot her pr epar at i ve t echni ques

t hat use det er gent s ( 18) . The r at i o of 1 . 0/ 0 . 6/ 0. 2 ( wt / wt / wt ) of

pr ot ei n/ phosphol i pi d/ chol est er ol i s al so i n good agr eement

wi t h val ues pr evi ousl y r epor t ed ( 2, 5) and show t hat t her e i s a

hi gh pr ot ei n/ l i pi d r at i o i n t he f r act i ons . I f we assume mol ecul ar

wei ght s of 27, 000, 800, and 386 f or t he pr ot ei n, phosphol i pi d,

and chol est er ol , r espect i vel y, t hen t he above r at i o cor r esponds

t o a mol ar r at i o of 20 phosphol i pi d and 15 chol est er ol mol e-

cul es f or each pr ot ei n monomer .

The i sol at ed f r act i on i s compr i sed of j unct i ons, i . e . , t wo

pl asma membr anes i nt i mat el y apposed . Thi s r esul t i s demon-

st r at ed by el ect r on mi cr oscopy usi ng t hi n- sect i oni ng ( Fi g. 4) ,

negat i ve- st ai ni ng ( Fi g . 11) , and f r eeze- f r act ur e t echni ques

( Fi gs . 6 and 10) . Thi s concl usi on i s al so suppor t ed by l ow-

angl e x- r ay di f f r act i on anal ysi s of j unct i onal pel l et s . The x- r ay

di f f r act i on pat t er ns show br oad mer i di onal bands at 14, 7 . 7,

4 . 2, 3 . 0, and 1 . 65 nm consi st ent wi t h t he t r ansf or m of a

membr ane pai r as i n l i ver gap j unct i ons ( 33) but not of a si ngl e

membr ane ( 21) . The x- r ay pat t er n al so shows t he 0. 45- nm

br oad r ef l ect i on char act er i st i c of l i pi ds i n t he l i qui d cr yst al l i ne

phase ( 32, 52) .

Bot h t he negat i ve- st ai ni ng and f r eeze- f r act ur e t echni ques

r eveal sur f aces composed of uni t s ar r anged i n a squar e l at t i ce

wi t h a f undament al spaci ng of 6. 6 nm( Fi gs . 7 and 11) . I n t hi s

st udy, t hi s i s t he onl y cr yst al l i ne or gani zat i on obser ved wi t h

ei t her of t hese t echni ques . However , most mi cr oscope st udi es

pr esent sampl i ng pr obl ems t hat make t he r el at i onshi p bet ween

t he obser ved i mages and t he aver age st r uct ur e of t he sampl e

di f f i cul t t o assess . Consequent l y, we have used x- r ay di f f r act i on

anal ysi s t o obt ai n t he aver age spaci ngs of t he ent i r e sampl e ( 1

mg of pr ot ei n or - 2 . 2 X 10 16 pr ot ei n mol ecul es) . The onl y x-

r ay r ef l ect i ons r ecor ded f r om t he pl ane of t he j unct i on ( i n t he

r ange f r om 15 t o 3. 0 nm) ar e t he 6 . 6- and 3. 3- nm r ef l ect i ons.

Thi s i s st r ong evi dence t hat t he squar e l at t i ce i s t he pr edomi -

nant cr yst al l i ne f or m i n t he i sol at ed j unct i ons . We not e t hat

r ef l ect i ons f r omhexagonal gap j unct i ons, whi ch have a f un-

dament al spaci ng of - 8 . 5 nm when i sol at ed f r om l i ver ( 9) ,

have not been obser ved i n t he pat t er ns obt ai ned f r om our

i sol at ed l ens j unct i ons. However , we have occasi onal l y ob-

ser ved st r ai ght pr of i l es i n sect i ons of pel l et s of t he f r act i on t hat

ar e t hi cker ( 16- 18 nm) and whi ch appear t o be gap j unct i ons

( Fi g . 4) . Thi s i s consi st ent wi t h t he obser vat i ons of ot her s who

have r ecogni zed gap j unct i ons i n t he l ens ( 2, 3, 19, 26, 38, 39,

41, 42) . A maj or di f f er ence i n our r esul t s i s t hat , whi l e ot her s

have r epor t ed t he gap j unct i on t o be t he domi nant j unct i on i n

t he l ens ( 2, 3, 18, 24) , we f i nd t he gap j unct i on t o be a mi nor

component i n compar i son wi t h t he squar e j unct i on ( see Fi gs .

2- 4) .

We i nt er pr et t he squar e l at t i ce t o be a t wo- di mensi onal ar r ay

of pr ot ei n uni t s l ocat ed i n t he pl ane of each j unct i onal mem-

br ane . The f r eeze- f r act ur e i mages ( Fi g. 10) i ndi cat e t hat t he

uni t s span t he ent i r e t hi ckness of t he bi l ayer . We do not have

dat a of r esol ut i on hi gh enough t o say wi t h cer t ai nt y t hat t he

squar e l at t i ce i s t et r agonal ( i . e . has f our f ol d symmet r y) . The

l at t i ce coul d be cl assi f i ed as pl , p2, or p4 . However , i f one

consi der s t he mol ecul ar wei ght of t he pr ot ei n, t he pr ot ei n/ l i pi d

mol e r at i os, and t he di mensi ons of t he uni t cel l , i t seems ver y

l i kel y t hat t her e ar e f our pr ot ei n mol ecul es per uni t cel l . ' Thi s

' The vol ume of t he uni t cel l ( 283- 305 nm3 ) i n each membr ane i s

cal cul at ed by mul t i pl yi ng t he ar ea of t he squar e ( 6 . 6 nm) 2 by one hal f

t he t hi ckness of t he j unct i on ( 6. 5- 7 . 0 nm) . The vol ume of a 27, 000 mol

wt pr ot ei n i s - 35 nm3 ( 48) . The vol ume of each l i pi d mol ecul e ( 1 . 0

nm3) can be est i mat ed by mul t i pl yi ng t he par t i al mol ar ar ea ( 0 . 43 r un
2)

( 29) by one hal f t he t hi ckness of a bi l ayer havi ng t hi s composi t i on ( 2 . 4

nm) ( 29) . Thus, a vol ume of 70 nm3 i s obt ai ned f or each pr ot ei n and

i t s compl ement of 35 l i pi ds ( see Chemi cal Anal ysi s above) . Fi nal l y, t he

vol ume of each uni t cel l di vi ded by t hi s pr ot ei n- l i pi d vol ume of 70 nm3

gi ves a val ue of 4. 0- 4 . 4 pr ot ei ns per uni t cel l . We not e t hat t hi s

cal cul at i on makes no assumpt i ons about t he mol ecul ar ar r angement of

pr ot ei n and l i pi d i n t he membr ane .
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FI GURE 6

	

( A) Fr eeze- f r act ur e r epl i ca of a l oose ar r angement of i sol at ed j unct i ons . I n t he cent er of t he f i el d seven j unct i ons ar e

seen obl i quel y f r act ur ed . The t wo segment s mar ked by ar r ows l abel ed Cand E ar e enl ar ged bel ow i n panel s Cand E, r espect i vel y .

Two ot her segment s f r om t he same mi cr ogr aph but out of t he f i el d ar e enl ar ged i n ( 8) and ( F) . The spher i cal ar ea t o t he l ef t i s

enl ar ged i n D. ( A) x 80, 000. ( 8- F) x 150, 000 .
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FI GURE 7

	

An ext ensi ve f r act ur e f ace composed al most excl usi vel y of squar e l at t i ces . Thi s j unct i on was i n a sol ut i on cont ai ni ng
Tr i s buf f er ( pH 8 . 0) and 1 . 6 x 10 - 8 Mcal ci um concent r at i on . Under t hese i oni c condi t i ons, t he squar e ar r ay was t he onl y r egul ar
packi ng obser ved . Four f r act ur e sur f aces desi gnat ed 1- 4 ar e shown . See t ext f or f ur t her det ai l s . x 100, 000 . The l ower i nset shows
t he j agged edges of t he f r act ur ed j unct i ons at t he i ce boundar y . Lower i nset , x 180, 000 . The upper i nset shows f r agment s of a

cr yst al l i ne membr ane r est i ng on sur f ace 1 . The upper sur f ace of t he f r agment s i s sur f ace 4. x 180, 000 .



makes t he p4 l at t i ce an at t r act i ve possi bi l i t y and means t hat

t he pr ot ei n i n t he st r uct ur al uni t i s pr obabl y a t et r amer .

Cor r el at i on wi t h Pr evi ous St r uct ur al St udi es

Pr evi ous st udi es by t hi n sect i oni ng ( 10, 11, 27, 30, 43, 50, 53)
and scanni ng el ect r on mi cr oscopy ( 15, 27, 34) of t he whol e l ens

have shown ext ensi ve i nt er di gi t at i ons cover i ng much of t he

sur f ace of l ens f i ber cel l s i n t he deep cor t ex and nucl eus .

Di ckson and Cr ock ( 15) r ef er r ed t o t hese as " t ongue- and-

gr oove" j unct i ons . Thei r gener al appear ance i ncl udi ng t he

ampl i t ude and per i od i s si mi l ar t o t hat of our i sol at ed undu-

l at i ng j unct i ons. Ther ef or e, i t seems l i kel y t hat most of our

i sol at ed f r act i on consi st s of t ongue- and- gr oove j unct i ons of

i nt act l ens f i ber s . We have f ound no i ndi cat i on of cyt oskel et al

el ement s i n t he i sol at ed j unct i ons ei t her by el ect r on mi cr oscopy

or i n SDS gel s . Thi s suggest s t hat t he char act er i st i c shape of

t he t ongue- and- gr oove undul at i ons can be pr oduced by pr op-

er t i es of t he i nt r i nsi c membr ane component s . We not e t hat , i n

t he sect i ons of t he i sol at ed j unct i ons i n Fi gs . 2- 4, adj acent

FI GURE 8 Hi gher - magni f i cat i on

vi ew of a r egi on i n Fi g . 7 ( A) . The

f r act ur ed sur f ace cont ai ns pr o-

nounced gr ooves and f i ne st r i a-

t i ons . X230, 000 . ( 8) The opt i cal

t r ansf or m shows onl y t he f i r st - or der

r ef l ect i ons t hat i ndex on a squar e

l at t i ce havi ng a l at t i ce const ant of

6. 5 n m.

FI GURE 9

	

Obl i que f r act ur es t hr ough sever al j unct i ons showi ng f our f r act ur e sur f aces ( 1- 4) . Not e t hat sur f ace 2 i s cont i nuous

wi t h a smoot h sur f ace ( t o t he l ef t ) whi ch does not show t he l at t i ce and wi t h a cr at er ed sur f ace ( upper l ef t ) . These f eat ur es ar e not

char act er i st i c of t ypi cal hydr ophobi c f r act ur e sur f aces . x 105, 000.
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j unct i ons undul at e i n phase t her eby maxi mi zi ng at t r act i ve van

der Waal s i nt er act i ons ( 37) .

The squar e cr yst al l i ne ar r ay, t hough not al ways r ef er r ed t o

as " squar e, " has pr evi ousl y been obser ved i n f r eeze- f r act ur e

r epl i cas by sever al wor ker s i n i nt act l enses or l ens f r agment s

( 3, 19, 25; al so see Fi g. 4 i n r ef er ence 38) . I n agr eement wi t h

obser vat i ons i n t hese pr evi ous r epor t s, our pr el i mi nar y st udi es

( 14) of f r agment s f r om r at l ens cor t ex al so show pat ches of

squar e l at t i ce whi ch appear i dent i cal t o t hose of our i sol at ed

j unct i ons . Squar e ar r ays al so have been obser ved by a number

of wor ker s i n i sol at ed f r act i ons of var yi ng pur i t y ( 3, 18, 25, 39,

41, 42) . However , t hey wer e not char act er i zed nor r ecogni zed

as const r uct ed f r om t he maj or pr ot ei n of t he l ens j unct i ons. I n

f act , t hey wer e i nt er pr et ed var i ousl y as a cont ami nat i on f r om

ot her component s of t he l ens ( 18) , t he r esul t of mi l d pr ot eol ysi s

( 25) , or as anot her cr yst al l i ne st at e of t he gap j unct i on pr ot ei n

( 41, 42) .

An i mpor t ant di f f er ence bet ween our f i ndi ngs and t hose of

pr evi ous st udi es i s t hat we obser ved mor e ext ensi ve squar e

l at t i ces ( Fi g . 7) wi t hout usi ng pr ot eases or cal ci um t r eat ment s .

For exampl e, Ki st l er and Bul l i vant ( 25) obser ved squar e ar r ays

i n si ngl e membr anes af t er mi l d t r ypsi ni zat i on . They cor r el at ed

t he squar e ar r ay wi t h t he pr esence of a 16, 000 mol wt SDS

band, whi ch t hey i nt er pr et ed t o be a cl eavage pr oduct ar i si ng

f r om t r eat ment wi t h t r ypsi n . Our j unct i ons, i sol at ed under

si mi l ar i oni c condi t i ons and pH, but wi t hout t r ypsi ni zat i on,

wer e devoi d of a 16, 000 mol wt band but do show bands at

21, 000 and 14, 000 mol wt . The pr esence of t hese mi nor com-

ponent s cannot expl ai n t he ext ensi ve cr yst al l i ne l at t i ce dem-

onst r at ed i n our el ect r on- mi cr oscopy ( Fi g. 7) and x- r ay di f -

f r act i on st udi es ( Fi g. 12) . Mor eover , we have obser ved t he

squar e ar r ay i n f r eeze- f r act ur e r epl i cas of j unct i ons bot h when

t he apposi ng membr anes ar e i n cl ose cont act and when t her e

i s a wi de f l ui d space bet ween t hem ( Fi g . 10) . Per acchi a and

Per acchi a ( 41, 42) have obser ved i n cr ude membr ane homog-

enat es hexagonal , t et r agonal , and r homboi dal l at t i ces as wel l

as t he r andom ar r ays usual l y i dent i f i ed as gap j unct i ons . They

consi der t hese cr yst al l i ne l at t i ces t o r esul t f r om t r ansf or mat i on

of t he r andom ar r ays by t r eat ment wi t h cal ci um or by l ow pH

t r eat ment . However , we have consi st ent l y obser ved t he squar e

ar r ays by t hr ee t echni ques at pH 8 i n suf f i ci ent EDTA buf f er

t o r educe t he [ Ca" ] t o 10- 8 M. One possi bl e expl anat i on t hat

cannot be r ul ed out f or t he di f f er ence bet ween t hei r r esul t s and

our s i s t hat some st ep i n our i sol at i on pr ocedur e causes t he

subuni t s t o cr yst al l i ze and r emai n so even at l ow cal ci um

concent r at i on and hi gh pH.

Sever al i nvest i gat or s ( 3, 41, 42) have pr oposed t hat squar e

l ens j unct i ons and hexagonal l i ver gap j unct i ons may r epr esent

t wo di f f er ent cr yst al l i ne st at es of t he same pr ot ei n . However ,

t hi s i nt er pr et at i on seems unl i kel y i f we t ake i nt o account t he

di f f er ences r epor t ed i n t he ami no aci d composi t i ons ( 6, 19) ,

and t hei r t r ypt i c di gest i on maps ( 22, 23) and par t i al sequences

( 36) . Al so, t hese j unct i ons ar e ant i geni cal l y di st i nct ( 57) , t hey

cr yst al l i ze i n di f f er ent l at t i ces, and t hey di f f er i n ot her ways as

wel l ( see Tabl e I ) . I t t hus seems r easonabl e t o concl ude t hat

t he squar e j unct i ons and t he gap j unct i ons cont ai n di st i nct

pr ot ei ns and may bel ong t o t wo di f f er ent cl asses of i nt er cel l ul ar

cont act s .

Squar e ar r ays wi t h di mensi ons st r i ki ngl y cl ose t o t he ones

descr i bed her e i n l ens j unct i ons have been obser ved i n sever al

t ypes of cel l membr anes such as i n t he epi der mi s of l ar val

sal amandr a ( 46) and ast r ocyt es ( 27) . These do not , however ,

occur i n ext ended ar r ays as i n t he l ens, t hei r f r act ur i ng char -

act er i st i cs ar e di f f er ent , and t hey of t en occur i n nonj unct i onal

membr anes.

Fr eeze- f r act ur e Pat t er ns

FI GURE 10

	

St er eo pai r showi ng t he di f -

f er ent f r act ur e sur f aces descr i bed i n t hi s

st udy . Not e t hat t he usual i nt r amem-

br ane par t i cl es ar e absent and t hat f r ac-

t ur es at t he edges of membr anes cl ear l y

show st r uct ur al uni t s spanni ng t he mem-

br anes ( ar r ows) . X75, 000 .

The most st r i ki ng f eat ur e of t he f r act ur ed sur f aces i s t he

pr esence of ext ended squar e ar r ays ( sur f ace 2 i n Fi gs . 7 and 9) .

The appear ance and di mensi ons of t he l at t i ce ar e t ot al l y con-

si st ent wi t h t he t hi n- sect i on, negat i ve- st ai n, and x- r ay di f f r ac-

t i on dat a . These r esul t s t oget her wi t h t he hi gh pr ot ei n cont ent

of t he f r act i on i ndi cat e t hat a cr yst al l i ne ar r angement of pr ot ei n

exi st s i n t he pl ane of t he membr anes . Regi ons wher e t he

cr yst al l i ne ar r ays ( see Fi g . 7, l ower i nset ) ar e f r agment ed and

wher e f r act ur es expose t he edges of t he l at t i ces ( see Fi gs. 6 and

10) suggest t hat t he st r uct ur al uni t s span t he ent i r e t hi ckness of

t he membr anes . These key f eat ur es of t he f r act ur e pat t er ns ar e

not dependent on knowi ng t he l ocat i on of t he f r act ur e pl ane

wi t hi n t he membr ane pai r .

On t he ot her hand, a pr eci se l ocal i zat i on of t he pl ane of
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FI GURE 11

	

I sol at ed j unct i on negat i vel y st ai ned wi t h ur anyl sul f at e. A i s a l ow- magni f i cat i on vi ew of a f l at j unct i on . An edge- on

vi ew shows t hat t hese st r uct ur es ar e j unct i ons ( ar r ow) . B i s a smal l r egi on of anot her j unct i on whose opt i cal t r ansf or m i s shown

i n CThe f i l t er ed i mage ( D) shows t he pr esence of a squar e l at t i ce ; bl ack ci r cl e del i neat es one uni t . ( A and B) X 135, 000 . ( D)

X1, 100, 000 .

f r act ur e i s essent i al i n under st andi ng howt he obser ved sur f aces

devel op and howt hey r el at e t o t he f r act ur es r epor t ed i n ot her

st udi es ( 2, 3, 7, 18, 24, 25, 38, 41, 42) . I nt er pr et at i on of t he

exposed sur f aces i n t er ms of f r act ur es al ong membr ane hydr o-

phobi c i nt er i or s ( exposi ng P- f r act ur e f ace ( PF) and E- f r act ur e

f ace ( EF) sur f aces) cannot f ul l y expl ai n t he f r act ur e pat t er ns .

None of t he f our exposed sur f aces di spl ay t ypi cal i nt r amem-

br ane par t i cl es or pi t s and none of t he sur f aces ar e r el at ed by
EF- t o- PF f r act ur e st eps such as t hose r epor t ed i n pr evi ous

st udi es of l ens f i ber cel l s . Even t he l ar ge par t i cl es seen on

sur f ace 1 ( Fi g. 7, upper i nset ) can be i nt er pr et ed as f r agment s

of cr yst al l i ne membr anes r at her t han i nt r amembr ane par t i cl es .

An al t er nat i ve i nt er pr et at i on of t hi s unusual f r act ur e pat t er n

i s t hat t he f r act ur e pr oceeds al ong membr ane sur f aces . For

exampl e, sur f ace 2 ( see Fi gs . 7 and 10) , whi ch di spl ays t he
squar e ar r ay, i s separ at ed f r om t he i ce by a st ep of about t he

t hi ckness of one cr yst al l i ne membr ane; t hi s suggest s t hat sur -

f ace 2 coul d be an ext er nal ( or ES) f r act ur e sur f ace . Sur f ace 1
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occur s wi t hi n t he space bet ween j unct i onal membr anes ( see

Fi gs . 7 and 10) and pr obabl y cor r esponds t o i ce cover i ng

sur f ace 2 at l ocat i ons wher e t he j unct i onal membr anes separ at e

( Fi g . 2 B, ar r ow, and Fi g . 10) . Sur f ace 4 ( see Fi g . 7, upper i nset ,

and Fi g. 9) , whi ch i s r ar el y exposed i n our r epl i cas, can be

i nt er pr et ed as t he pr ot opl asmi c ( or PS) sur f ace . Sur f ace 3 ( Fi g.

7) , whi ch i s mor e commonl y seen, seems t o be compl ement ar y

t o sur f ace 4 and exposes t he i ce sur r oundi ng t he j unct i on.

Sur f aces 3 and 4 ar e bot h smoot h and do not show t he squar e

pat t er n. Al t hough t hi s assi gnment of f r act ur e sur f aces i s un-

convent i onal , i t does sat i sf act or i l y expl ai n t he uni que appear -

ance of t he f our f r act ur e sur f aces and t hei r i nt er r el at i onshi ps

seen i n t he r epl i cas .

Concl usi ons

We have pr esent ed chemi cal and st r uct ur al dat a i ndi cat i ng

t hat t he i sol at ed l ens j unct i on may r epr esent a new cl ass of



FI GURE 12

	

Wi de- angl e ( A and B) and l ow- angl e ( Cand D) di f f r act i on pat t er ns of or i ent ed, par t i al l y hydr at ed l ens f i ber j unct i ons .

Each di f f r act i on pat t er n i s mount ed so t hat t he axi s of t he cent r i f uge t ube woul d be i n t he ver t i cal di r ect i on . A shows a br oad

di f f use band cent er ed at 0 . 45 nm( l ar ge ar r ow) . The shar p r ef l ect i ons al ong t he hor i zont al axi s ar i se f r om t he l at t i ce i n t he pl ace of

t he j unct i on . The smal l ar r ow poi nt s t o t he r ef l ect i on at 3 . 3 nm. The scat t er i ng on t he ver t i cal axi s ( ar i si ng f r om t he par t i al st acki ng
of j unct i ons) consi st s of sever al br oad bands, wi t h t he i nner most bands bei ng unr esol ved i n t hi s wi de- angl e pat t er n . B i s t he

second f i l m of a si mi l ar pat t er n, pr i nt ed at hi gher magni f i cat i on t o show t he shar p i n- pl ane r ef l ect i ons at 6 . 6 nm and 3 . 3 nm

( ar r ows) . The ver t i cal axi s of t hi s pat t er n shows br oad bands cent er ed at 7 . 7, 4 . 2, and 3 . 0 nm. Ci s a l ow- angl e pat t er n of a speci men

whi ch had been equi l i br at ed at 93% r el at i ve humi di t y f or 48 h . The shar p i n- pl ane r ef l ect i ons at 6. 6 and 3 . 3 nmar e mar ked wi t h

smal l ar r ows . D shows a pat t er n wi t h l ower exposur e t i me t o demonst r at e t he br oad bands l ocat ed cl ose t o t he beam- st op and

cent er ed at about 14 and 7. 7 nm ( ar r ows) .



St r uct ur e

Over al l t hi ckness

Packi ng of ol i gomer s

Uni t cel l

Sur f ace t opol ogy

Chemi cal

Subuni t mol wt

Ami no aci d composi t i on

Phosphol i pi d/ chol est er ol M/ M

I mmunol ogi cal pr oper t i es

Lens

13 . 5 nm

Squar e

6. 6 nm

Undul at i ng

27, 000

Di f f er ent

3 : 2

	

No cr oss- r eact i vi t y

i nt er cel l ul ar cont act . Al t hough t her e ar e some si mi l ar i t i es be-

t ween t he l ens j unct i ons and t he l i ver gap j unct i ons, t he di f f er -

ences bet ween t hem ar e so si gni f i cant t hat t hey cannot be

consi der ed t o be t he same . Al t hough t he f unct i on of t hi s l ens

j unct i onal compl ex r emai ns t o be det er mi ned, i t i s not neces-

sar i l y i nvol ved i n i nt er cel l ul ar communi cat i on . Per haps i t i s

i nvol ved i n ot her i nt er act i ons bet ween t he cel l s necessar y t o

mai nt ai n l ens t r anspar ency such as mi ni mi zi ng ext r acel l ul ar

space or cont r ol l i ng homeost asi s i n t he f i ber cel l s.
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