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ABSTRACT

	

Monazomyci n ( a posi t i vel y char ged, pol yene- l i ke ant i bi ot i c) i n-

duces vol t age- dependent conduct ance changes i n l i pi d bi l ayer membr anes when

added t o one of t he bat hi ng sol ut i ons . These conduct ance changes have gener al l y

been at t r i but ed t o t he exi st ence of channel s spanni ng t he membr ane . I n t hi s

ar t i cl e we char act er i ze t he behavi or of t he i ndi vi dual conduct ance event s

obser ved when addi ng smal l amount s of monazomyci n t o one si de of a l i pi d

bi l ayer . We f i nd t hat t her e ar e sever al appar ent channel t ypes wi t h one or

somet i mes t wo ampl i t udes pr edomi nat i ng . We f i nd f ur t her t hat t hese f ai r l y

si mi l ar ampl i t udes r epr esent t wo di f f er ent st at es of t he same f undament al

channel ent i t y, pr esumed t o be t he monazomyci n channel . The cur r ent - vol t age

char act er i st i cs of t hese channel s ar e weakl y hyper bol i c f unct i ons of appl i ed

pot ent i al . The aver age l i f et i mes ar e essent i al l y vol t age i ndependent ( bet ween 50

and 400 mV) . The aver age channel i nt er val s, on t he ot her hand, can be st r ongl y

vol t age dependent , and we can show t hat t he t i me- aver aged conduct ance of a

membr ane i s pr opor t i onal t o t he aver age channel f r equency .

I NTRODUCTI ON

I t i s gener al l y agr eed t hat t he vol t age- dependent conduct ance t hat monazo-

myci n conf er s upon l i pi d bi l ayer membr anes i s based on t he exi st ence of

" channel s" or " por es . " The pr oper t i es of t he macr oscopi c conduct ance ( Mul l er

and Fi nkel st ei n, 1972a, b) and t he obser vat i on of excess cur r ent noi se ( Moor e

and Neher , 1976 ; Wanke and Pr est i pi no, 1976 ; Kol b, 1979) ar e consi st ent

wi t h t he i dea t hat monazomyci n cr eat es met ast abl e, hydr ophi l i c pat hs con-

nect i ng t he t wo aqueous sol ut i ons t hat bat he t he f i l m.

Two addi t i onal cr i t er i a must , however , be met t o demonst r at e convi nci ngl y

t hat t he monazomyci n- i nduced conduct ance i s channel medi at ed . Fi r st , i t i s

necessar y t o r esol ve at l east one t ype of di scr et e conduct ance change i n

monazomyci n- doped bi l ayer s . The occur r ence of di scr et e cur r ent j umps at
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const ant membr ane pot ent i al i s usual l y t aken as a r ef l ect i on of st at e changes

i n i ndi vi dual mol ecul es or wel l - def i ned mol ecul ar aggr egat es . Al t hough uni -

t ar y conduct ance changes need not be r ect angul ar i n shape, al l known
exampl es have st at e t r ansi t i ons so f ast ( compar ed wi t h t he l i mi t i ng t i me
const ant of t he r ecor di ng appar at us) as t o appear i nst ant aneous . I n f act , we

may go so f ar as t o say t hat i t i s t he exi st ence of l ar ge enough r ect angul ar

cur r ent pul ses t hat makes us comf or t abl e wi t h descr i bi ng a conduct ance as

channel medi at ed .

Thi s f i r st cr i t er i on was met some t i me ago f or monazomyci n- modi f i ed

bi l ayer s ( Mul l er and Ander sen, 1975 ; Bamber g and Janko, 1976) . I n t hi s

paper our ai mi s t o f ur t her char act er i ze t he f unct i onal pr oper t i es of monazo-

myci n channel s . Our maj or concl usi ons ar e easi l y st at ed . Fi r st , t her e ar e

sever al di st i ngui shabl e cur r ent ampl i t udes f or j umps bet ween t he " open" and

" cl osed" st at es, wi t h one or somet i mes t wo ampl i t udes pr edomi nat i ng . Second,

t he cur r ent - vol t age char act er i st i c of si ngl e channel s i s a weak hyper bol i c si ne

f unct i on of t he membr ane pot ent i al ( V) , such t hat t he channel s ar e ohmi c f or

V <100 mV. Thi r d, t he aver age channel l i f et i me i s essent i al l y i nvar i ant t o

changes of V. Fi nal l y, t her e i s a di r ect pr opor t i onal i t y bet ween t he t i me-

aver aged conduct ance of a bi l ayer and t he f r equency of channel openi ngs .

The second cr i t er i on f or demonst r at i ng t he channel basi s of a conduct ance

seems obvi ous : i t must be shown t hat var i ous pr oper t i es of t he macr oscopi c

conduct ance can be account ed f or when sui t abl e aver ages ar e t aken f or t he

cor r espondi ng si ngl e- channel pr oper t i es . Per haps mor e cor r ect l y, because t he

macr oscopi c conduct ance ( G) i s gener al l y bet t er char act er i zed, i t i s necessar y

t o f i nd cr i t i cal f eat ur es of t he si ngl e channel t hat ar e pr edi ct ed f r om G. For

exampl e, i f t he macr oscopi c conduct ance has known i oni c sel ect i vi t i es, i t

shoul d be possi bl e t o pr edi ct t he zer o- cur r ent pot ent i al of i ndi vi dual channel s .

Thi s connect i on was made f or gr ami ci di n A by Ei senman et al . ( 1976) .
Si mi l ar l y, i f a conduct ance i s chemi cal l y cont r ol l ed, a pr oof of mechani sm

woul d r equi r e t he channel s t o show t he expect ed sensi t i vi t y t o phar macol ogi cal

agent s . Thi s was achi eved f or t he acet yl chol i ne- act i vat ed conduct ance of

ver t ebr at e neur omuscul ar j unct i ons by Neher and Sakmann ( 1976) .

For a vol t age- dependent conduct ance such as monazomyci n, t he second

cr i t er i on i s best sat i sf i ed by l ooki ng f or an aspect of t he channel st at i st i cs t hat

var i es i n t he " cor r ect " way wi t h membr ane pot ent i al , as was done f or t he

exci t abi l i t y- i nduci ng mat er i al channel by Ehr enst ei n et al . ( 1970) . Gi ven t hat

t he onl y pr oper t i es t hat can var y f or channel s ar e t hei r ampl i t ude, l i f et i me,

and f r equency of occur r ence, and gi ven t hat f or monazomyci n t wo of t hese

ar e i nsensi t i ve t o vol t age, i t woul d seem t hat f r equency i s, r educt i o ad absur dum,

t he r el evant var i abl e . I ndeed, because of t he di r ect pr opor t i onal i t y bet ween

f r equency and t i me- aver aged conduct ance, t he answer seems st r ai ght f or war d .

Never t hel ess, t he connect i on was ver y di f f i cul t t o make, because t he channel
f r equency of t en di d not var y wi t h vol t age i n t he same exponent i al f ashi on

t hat t he macr oscopi c conduct ance di d .
We bel i eve we have r esol ved t hi s pr obl em i n a sat i sf act or y way . I n t he

ar t i cl e t hat f ol l ows ( Mul l er and Ander sen, 1982) , we show t hat t her e ar e

ci r cumst ances i n whi ch t he occasi onal l oss ( or even r ever sal ) of t he vol t age
dependence of channel f r equency i s t o be expect ed . Our abi l i t y t o expl ai n t he
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compl ex r el at i onshi p bet ween channel f r equency and membr ane pot ent i al i n

t he f ace of t he much si mpl er r el at i onshi p t hat exi st s bet ween macr oscopi c

conduct ance and vol t age i s based on a cont i nuous model t hat accur at el y

descr i bes t he ki net i cs of t he macr oscopi c conduct ance ( Mul l er et al . , 1981 ;

Mul l er and Peski n, 1981) .

For compl et eness, i t woul d be ni ce t o have a st ochast i c model t hat yi el ds

t he cont i nuous model i n t he l i mi t of ver y hi gh channel f r equency . Never t hel ess,

t he cont i nuous model al l ows f or a compl i cat ed f r equency- vol t age char act er -

i st i c and pr edi ct s sever al ot her i nt er est i ng pecul i ar i t i es of channel behavi or .

Because we have been abl e t o obser ve t hese pecul i ar i t i es exper i ment al l y

( Mul l er and Ander sen, 1982) , we concl ude t hat channel f r equency var i at i ons

ar e t he basi s of t he vol t age dependence of t he macr oscopi c monazomyci n

conduct ance .

MATERI ALS AND METHODS

Membr anef or mi ng Sol ut i ons

405

Two separ at e ser i es of vol t age- cl amp exper i ment s wer e car r i ed out . The f i r st ( whi ch

we wi l l not deal wi t h i n det ai l ) was done wi t h phosphat i dyl et hanol ami ne/ n- decane

( 2 . 5%wt / vol ; PE) as t he membr ane- f or mi ng sol ut i on . These membr anes ( 0 . 12 mm2)

wer e made by t he br ush t echni que of Muel l er et al . ( 1963) i n symmet r i cal , unbuf f er ed

NaCI sol ut i ons ( [ NaCl ] ? 4. 0 M) at r oom t emper at ur e. The second, maj or set used

phosphat i dyl gl ycer ol / chol est er ol / n- decane ( 1%/ 1% wt / vol ; PGC) as t he membr ane-

f or mi ng sol ut i on. The membr anes ( 1 . 6 mm) wer e f or med at 25 ° C by t he pi pet t e

t echni que of Szabo et al . ( 1969) i n symmet r i cal , unbuf f er ed 0. 1 MNaCl sol ut i ons .

We wer e abl e t o use t he same i oni c st r engt h i n t hese exper i ment s as was used f or wor k

on t he macr oscopi c conduct ance because of t he hi gh negat i ve sur f ace char ge densi t y

of PGC f i l ms ( ^- 2 X 10 14 char ges- cm
-
)

.
Wi t h uni - uni val ent sal t s, t he nomi nal sur f ace

concent r at i on of t he cat i on i s hi gh enough ( ^- 10 M) t o ensur e t hat t he si ngl e- channel

cur r ent s can be r esol ved.

The si ngl e- channel r ecor di ngs i n t hi s mai n ser i es wer e done wi t h a mi cr opi pet t e

t echni que, whi ch i s descr i bed i n det ai l el sewher e; we wi l l onl y gi ve a summar y her e.

A f i r e- pol i shed, si l ani zed gl ass pi pet t e i s mount ed i n a mi cr oel ect r ode hol der . The

pi pet t e t i p i s f i r st coat ed wi t h t he membr ane sol ut i on by pushi ng i t i nt o and out of

t he t or us of t he l ar ge f i l m. The t i p i s t hen advanced up t o and t hr ough t he or i gi nal

pl ane of t he l ar ge f i l m so t hat a l ocal bul ge i s pr oduced ( Fi g. 1Al - 2) . El ect r i cal l y, we

can det ect t hi s par t i al occl usi on of t he pi pet t e by a noi se r educt i on of ^ - 60% ( Fi g .

I BI - 2) . For PGC f i l ms i n 0. 1 Msal t , t he smal l membr ane " seal s" ont o t he t i p af t er

a wai t i ng t i me of 0. 5- 5 mi n ( Fi g . 1A2- 3) . Par i passu, t he noi se r ecor ded by t he cur r ent -

t o- vol t age conver t er dr ops dr amat i cal l y ( Fi g. 1B2- 3) t o r each a val ue compar abl e t o

t he Johnson noi se of t he f eedback r esi st or .

We bel i eve t hat t he wai t i ng t i me f or seal i ng i s caused by t he mut ual r epul si on of

t he doubl e l ayer s of t he membr ane and t he si l ani zed gl ass, whi ch ar i se f r om negat i ve

f i xed char ges on t he t wo sur f aces . I n l i ne wi t h t hi s ar e t he obser vat i ons t hat t he

wai t i ng t i me i s r educed t o near l y zer o f or PGC f i l ms i n 1 . 0 Msal t and i s near l y zer o,

i ndependent of sal t concent r at i on, f or t he much l ess char ged PE f i l ms ( see al so

Ander sen, 1982) .

El ect r i cal Measur ement s

We used a st andar d t wo- el ect r ode vol t age cl amp ; cont act t o t he bat hi ng sol ut i ons

was made vi a Ag/ AgCl el ect r odes. The out put f r omt he cur r ent - t o- vol t age conver t er
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was ampl i f i ed ( X 10 t o X 1, 000) and t hen f ed t o t wo separ at e l ow- pass f i l t er s ( model

4211 or 4213 ; I t haco, I t haca, NY ; or model 3322 R; Kr onhei t , Avon, MA) . The cut of f

of one f i l t er was set bet ween 0 . 01 and 0 . 1 Hz ; t he out put went t o t he " sl ow" channel

of a st r i pchar t r ecor der ( Br ush model 220 ; Goul d, Cl evel and, OH) . The out put of t he

ot her f i l t er , whose cut of f was set bet ween 10 and 160 Hz, went t o t he ot her , " f ast "
channel of t he st r i pchar t r ecor der . We al so obser ved t he " f ast " si gnal on a st or age

osci l l oscope .

The f ast r ecor di ng was used t o vi sual i ze t he membr ane channel act i vi t y . For t he

ear l i er ( PE) exper i ment s, we gener al l y had t he l ow- pass f i l t er set bet ween 10 and 40

Hz . The cut of f ' r ange was r ai sed t o 50 t o 100 Hz f or t he PGC exper i ment s ; t hi s was

A

v
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1 2 X 10- 12A

FI GURE 1 .

	

For mat i on of a smal l membr ane . Top : schemat i c i l l ust r at i on of t he

membr ane event s . Bot t om: t he changes i n cur r ent noi se obser ved concommi t -

t ant l y wi t h t he st at e t r ansi t i ons shown i n t he upper hal f . Not e t hat t he mer e

occl usi on of t he pi pet t e by t he l ar ge membr ane ( A2) causes an ^- 60% decr ease

i n t he cur r ent noi se ( B1, 2) . The f usi on of t he smal l bi l ayer wi t h t he pi pet t e ( A3)

causes a f ur t her ^ - 90% dr op of t he noi se ( B2, 3) .

possi bl e because of t he gr eat noi se r educt i on af f or ded by t he mi cr opi pet t e t echni que .

The sl ow r ecor di ng was used t o get a di r ect i ndi cat i on of t he t i me- aver aged cur r ent

( and t her ef or e t he conduct ance) . I n ot her wor ds, we used t he 0 . 01- 0 . 1- Hz f i l t er as a

l eaky i nt egr at or . Val ues of t he conduct ance r ead f r om t hi s r ecor d wi l l be symbol i zed

by " G. " Uni t ar y conduct ances, obt ai ned f r om t he st ep si ze of a r ect angul ar cur r ent -

pul se, wi l l be symbol i zed by " g . " To mi ni mi ze i nput noi se t o t he vol t age cl amp, t he

chamber was put i nsi de a r i gi d Far aday cage, whi ch i n t ur n was mount ed on an ai r -

suspensi on t abl e ( Ser vabench Mar k I V ; Bar r y Syst ems, Wat er t own, MA) .

We make our el ect r i cal si gn convent i on wi t h r espect t o t he asymmet r i cal monazo-

myci n concent r at i on . The vi r t ual gr ound of t he vol t age cl amp was connect ed t o t he
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monazomyci n- f r ee ( t r ans) sol ut i on, so t hat pot ent i al di f f er ences ar e equal t o t he
pot ent i al of t he ci s sol ut i on . Posi t i ve cur r ent i s def i ned t o f l ow f r om ci s t o t r ans . By way
of or i ent at i on, mor e posi t i ve pot ent i al s ar e associ at ed wi t h hi gher G.

Af t er t he membr anes wer e vi sual l y bl ack, a smal l al i quot of a st ock sol ut i on of
monazomyci n i n wat er ( 2 . 0- 20 . 0 Fi g/ ml ) was added t o t he ci s sol ut i on t o achi eve a
f i nal concent r at i on bet ween 4 and 20 ng/ ml . El ect r i cal measur ement s wer e not

at t empt ed unt i l ^ - 5 mi n af t er addi t i on of monazomyci n .
I n gener al , we f ound i t i mpossi bl e t o st ep t he pot ent i al t o a f i xed val ue and mer el y

wai t unt i l channel act i vi t y of a usef ul i nt ensi t y appear ed ( see al so Mul l er and
Ander sen, 1982) . Just appl yi ng a pot ent i al whi ch f r ompast exper i ment al exper i ence
was associ at ed wi t h r easonabl e channel f r equency ( i . e . , a l ow pr obabi l i t y f or t wo or
mor e channel s) woul d not cause t he f ast r ecor di ng t o budge f r om i t s basel i ne . I nst ead,

i t was necessar y t o set t he vol t age t o a ver y hi gh posi t i ve l evel ( up t o 600 mV,

dependi ng on t he monazomyci n concent r at i on) t o i ni t i at e act i vi t y . Shor t l y af t er
appl yi ng t he ver y hi gh pot ent i al , si ngl e channel s wer e easi l y r esol ved, but t hei r
f r equency r api dl y gr ew t o l evel s f ar t oo hi gh f or usef ul measur ement s . Accor di ngl y,
t he pot ent i al was r educed unt i l act i vi t y decr eased t o a l evel at whi ch i t was possi bl e
t o see t he uni t ar y event s . Thi s hyst er esi s i s j ust t he f i r st exampl e of how di f f i cul t i t i s
t o get t o a t r ue st eady st at e when ver y f ew monazomyci n channel s ar e openi ng . I n t he
next paper we wi l l descr i be t hi s phenomenon ( and ot her s l i ke i t ) i n mor e det ai l .

Measur ement s of Channel Pr oper t i es

Al l measur ement s of t he ampl i t udes and dur at i ons of channel s and of t he i nt er val s

bet ween channel openi ngs wer e done by hand f r om t he or i gi nal pen- wr i t er r ecor ds .

The ampl i t ude of a channel - l i ke event was i ncl uded i n our sampl es i f i t met t he

f ol l owi ng cr i t er i a . Fi r st , i t had t o have an obvi ous pl at eau . I n pr act i ce, t hi s meant

t hat i t s dur at i on had t o exceed ^zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" 20 ms due t o t he l i mi t ed hi gh- f r equency r esponse of

t he pen- wr i t er and/ or t he hi gh- f r equency cut of f of t he f i l t er . Second, we measur ed
ampl i t udes onl y i f t he channel ar ose di r ect l y f r om t he basel i ne noi se and r et ur ned t o
i t di r ect l y ; we di d not i ncl ude ampl i t udes of event s t hat appear ed as t wo or mor e

si mul t aneousl y conduct i ng channel s . An except i on t o t hi s cr i t er i on was made f or what

we wi l l r ef er t o as t 1 or compound channel s ( see Resul t s) . Thi s was done af t er we wer e

l ed t o concl ude t hat t he channel s exempl i f i ed i n Fi g . 4 wer e not smal l channel s

r andoml y occur r i ng on t op of l ar ge ones . Fi nal l y, we r ej ect ed event s f or whi ch t he

basel i ne noi se ( f or what ever r eason) di f f er ed by >0 . 8 mm( t he si ze of t he f i nest - r ul ed
di vi si on on t he pen- wr i t er paper ) j ust bef or e and j ust af t er t he event . Onl y channel s

whose ampl i t ude was deemed accept abl e f or anal ysi s wer e i ncl uded i n our l i f et i me
sampl es . A consequence of t hi s deci si on i s t hat t he number of shor t - l i ved channel s
of t en appear ed t o be t oo smal l f or a f i r st - or der deat h pr ocess .

Wi t h r egar d t o anal yses of i nt er val s bet ween channel s, we used much si mpl er

st andar ds . I n t hi s case, an event was consi der ed t o be a channel i f i t s j ump was gr eat er
t han about t hr ee t i mes t he t hi ckness of t he basel i ne noi se. An i nt er val was def i ned by

t he t i me bet ween successi ve upwar d j umps, r egar dl ess of t hei r ampl i t udes .

Reagent s

Monazomyci n was a gi f t f r om Dr s . Yonehar a and Ot ake of t he Uni ver si t y of Tokyo .
Chol est er ol was bought f r om East man Kodak Co . ( Rochest er , NY) and r ecr yst al l i zed
t wi ce f r omet hanol . PE and PGwer e obt ai ned f r omSupel co ( Bel l ef ont e, PA) . The PE
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was used wi t hout f ur t her pur i f i cat i on. The PG was put i nt o t he aci d f or m wi t h 0. 01

MH2SO4 and ext r act ed i nt o et hyl et her . I t was t hen dr i ed and r e- di ssol ved i n

chl or of or m/ met hanol ( 2/ 1 ; vol / vol ) . n- Decane was pur chased f r omE. Mer ck ( vi a EM

Labor at or i es ; El msf or d, NY) , Anal abs ( Nor t h Haven, CT) , or Chemi cal Sampl es Co .

( Col umbus, OH) . NaCl was ei t her AR gr ade ( Fi sher Sci ent i f i c, Pi t t sbur gh, PA) or

Supr apur gr ade ( E. Mer ck vi a MCB I nc. , Ci nci nnat i , OH) . We used de- i oni zed wat er

f r om a Mi l l i - Qsyst em ( Mi l l i por e Cor p . , Bedf or d, MA) .

RESULTS

The For m of I ndi vi dual Monazomyci n Channel s
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We f i nd t hat t he monazomyci n- i nduced conduct ance i s based upon t he

exi st ence of per haps f i ve channel popul at i ons t hat ar e di st i ngui shabl e on t he

basi s of t hei r ampl i t udes . Fi g . 2 i s an ampl i t ude hi st ogr am based on 1, 257

channel s r ecor ded dur i ng an ext ended r un ( 20 mi n) at an appl i ed pot ent i al of

200 mV. The f i ve popul at i ons ar e, f or t he moment , def i ned by t he exi st ence

of f i ve modes . The mean conduct ance f or each channel t ype i s gi ven Tabl e I .

Fi g . 3 shows exampl es of each t ype of channel , t aken f r om t he or i gi nal pen-

wr i t er r ecor d .

Fr om t he ampl i t ude hi st ogr am of Fi g . 2 and t he f act t hat t her e ar e no

st r i ki ng di f f er ences i n t he mean l i f et i mes of t he sever al channel t ypes, i t i s

appar ent t hat , at l east near 200 mV, al most al l of t he conduct ance i s caused

by t he f our t h peak ( I = 1 . 03 x 10 - 12 A; i . e . , g = 5 x 10 - 12 SZ - 1) . Al t hough t he

exi st ence of peaks 1- 3 may ul t i mat el y t el l us a gr eat deal about t he mol ecul ar

basi s of t he conduct ance ( assumi ng t hey ar e not caused by cont ami nant s or

compounds si mi l ar t o monazomyci n) , we f eel t hey may saf el y be i gnor ed as

we t r y t o account f or t he t i me- aver aged conduct ance t hr ough a monazomyci n-

modi f i ed membr ane . By cont r ast , as we wi l l show bel ow, t he channel s i n peak

5 ar e cl osel y r el at ed t o t hose i n t he maj or peak. The pr oper t i es of t he channel s

i n t hese t wo peaks wi l l t her ef or e be consi der ed i n some det ai l .

Cl oser i nspect i on of our pen- wr i t er t apes r eveal s t he pr esence of a consi d-

er abl e number of event s such as t hose shown i n Fi g. 4. Al t hough t hese mi ght

be i nt er pr et ed as bei ng caused by t he openi ng of a peak- 1 channel on t op of

a peak- 4 channel , sever al ar gument s l end cr edence t o t he i dea t hat t hey ar e

si ngl e channel s wi t h t wo r at her si mi l ar open st at es .

The t ot al dur at i on of t he r un at 200 mV was 1, 200 s . Of t hi s t i me, t he

cur r ent was i n t he r ange of peak 4 f or 59 . 4 s . 1 The t i me t he cur r ent was i n t he

peak- 1 r ange t ot al ed 1 . 7 s, wher eas t hat spent i n t he hi gher conduct ance st at e

of a composi t e channel was - 8 s. The condi t i onal pr obabi l i t y of a smal l j ump

dur i ng a peak- 4 channel i s t hus ^- 90 t i mes gr eat er t han a smal l j ump f r om t he

basel i ne .

We can r ei nf or ce t he i mpr essi on gai ned f r om t hi s cal cul at i on by r ef er r i ng

t o t he osci l l ogr ams of Fi gs . 5A and B. Fi g . 5A i s a mul t i sweep r ecor d t aken at

1 Thi s i ncl udes onl y t he t i me f or channel s wel l def i ned enough t o al l ow ampl i t ude and dur at i on

measur ement s . I n pr act i ce, a channel had t o r emai n open f or at l east 20 ms f or a cl ear - cut l evel

t o be seen . Never t hel ess, even i f we doubl e t he 59 . 4 s, a r i di cul ous over est i mat e, our concl usi ons

ar e unchanged .
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FI GURE 2 .

	

Hi st ogr am of t he cur r ent j ump ampl i t udes seen at 200 mV. Onl y

channel s ar i si ng and r et ur ni ng di r ect l y t o t he basel i ne wer e measur ed ; mor eover ,

A channel s ( see Fi g. 4 and For m of I ndi vi dual Monazomyci n Channel s i n Resul t s)

wer e not i ncl uded i n t he hi st ogr am. The f i ve channel popul at i ons di scussed i n

t he t ext ar e def i ned by t he exi st ence of t he f i ve modes shown . The means gi ven

i n Tabl e I wer e cal cul at ed usi ng t he modal bi n and t he t wo adj acent bi ns f or al l
peaks save number 4, wher e we used t he modal bi n and t he t wo adj acent ones

on ei t her si de .
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FI GURE 3.

	

Exampl es of cur r ent j ump event s f r om each mode of Fi g . 2 . A- E
show, r espect i vel y, channel s f r ompeaks 1- 5 . The r el evant event s ar e mar ked by
ar r ows ; t he hi gh- pr obabi l i t y peak- 4 channel s seen i n each r ecor d ser ve as
conveni ent r ef er ences f or compar i son . Ver t i cal cal i br at i on mar k = 10 - 12 A.

Hor i zont al cal i br at i on mar k = 0 . 4 s .

TABLE I

MEANCONDUCTANCES OF THE FI VE CHANNEL MODES OF

FI G. 2*

* The appl i ed membr ane pot ent i al was 200 mV.

' " . 1w'

FI GURE 4.

	

Exampl es of composi t e or A channel s t aken f r om t he same r ecor d as
was used f or t he hi st ogr am of Fi g. 2 and f or t he exampl es of Fi g. 3. Ver t i cal

cal i br at i on mar k = 10
- 12

A. Hor i zont al cal i br at i on mar k = 0 . 4 s .

Mode Mean channel conduct ance ( S2- ' )

1 1 . 5 X 10 - ' 2

2 2 . 5 X l 0 - ' 2

3 3. 5 X 10 - ' 2

4 5 . 1X10 - ' z

5 6. 4 X 10 - ' 2
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FI GURE 5 .

	

Super i mposed osci l l oscope sweeps of t he f ast cur r ent r ecor d . Top :

t he pr esence of sever al wel l - def i ned cur r ent l evel s i s evi dent i n t he upper pi ct ur e ;

t he number s at t he l ef t i ndi cat e t he number of conduct i ng channel s associ at ed
wi t h each l evel . Not e t hat t he one- channel l evel i s noi si er t han t he gr ound l evel
( no channel s) . The number of super i mposed sweeps i s ^200 . Bot t om: a mul t i -
sweep r ecor d t aken i mmedi at el y af t er t he one shown at t he t op . Many f ewer

sweeps wer e used her e ( - 20) t o show t he spl i t t i ng of t he one- channel band i nt o

t wo subl evel s . The di f f er ence bet ween t hese l evel s i s equal t o t he si ze of t he 0
j umps . Ver t i cal cal i br at i on mar k = 10 - 12 A. Hor i zont al cal i br at i on mar k = 0 . 1
s. The appl i ed pot ent i al was 200 mV.
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200 mV j ust bef or e t he 1, 200- s pen- wr i t er r un, usi ng a st or age scope . The

l owest band i s t he cur r ent t hr ough t he unmodi f i ed f i l m, wher eas t he upper

bands r epr esent t he cur r ent s t hat f l ow whi l e one, t wo, t hr ee, and ( wi t h some

i magi nat i on) f our channel s f r om peak 4 ar e conduct i ng . The f act t hat t he

one- channel band i s t hi cker t han t hat f or t he gr ound st at e does not i ndi cat e

t hat mor e t i me was spent wi t h one t han wi t h no conduct i ng channel s . Rat her ,

t he i ncr eased t hi ckness of t he one- channel band ar i ses because t he cur r ent

associ at ed wi t h t hi s band f l uct uat es mor e t han t he cur r ent associ at ed wi t h t he

gr ound- st at e band . Thi s i s i l l ust r at ed i n Fi g . 5B, wher e we can see t hat t he
one- channel l evel of Fi g . 5A i s composed of t wo qui t e si mi l ar cur r ent l evel s .

The di f f er ence bet ween t he " noi sy" one- channel band and t he " cl ean" gr ound-

st at e band pr ovi des addi t i onal evi dence t hat t he smal l ( or 0) t r ansi t i ons ar e

f eat ur es pr i mar i l y associ at ed wi t h peak- 4 channel s .
I t seems, t hen, t hat t her e ar e si x channel t ypes, but i n f act we can show t hat

peaks 4 and 5 and t he compound channel s r eal l y compr i se one popul at i on . I n

t he f i r st pl ace, we not e t he si mi l ar i t y of t he aver age st ep si ze ( 2 . 37 X 10 - 13 A)

and t he di f f er ence of t he mean cur r ent s of peaks 5 and 4 ( 2 . 53 X 10 - 13 A) ; t hi s

obt ai ns despi t e t he smal l sampl e i n peak 5.
The si t uat i on i s mor e obvi ous at ot her pot ent i al s . Fi g . 6 ( bot t om) i s a

hi st ogr amof " si mpl e" channel ampl i t udes at 100 mV. Of t he f our modes, t he

upper t hr ee cor r espond t o peaks 3, 4, and 5 of Fi g . 3 ; t he i dent i t y of t he

meager sampl e at l ow ampl i t udes i s pr obl emat i cal . Fi g . 6 ( t op) i s a hi st ogr am

of t he 0 st eps we f ound ar i si ng f r om channel s i n peak 4. We have set t hi s

hi st ogr amso t hat t he zer o bi n ( no st ep) i s di r ect l y above t he mean f or peak 4,

wi t h t he r esul t t hat cur r ent l evel s f or peak 5 and t he Apeak vi r t ual l y coi nci de .

That t hese t hr ee channel " t ypes" r epr esent t hr ee di f f er ent mani f est at i ons of

t he f undament al monazomyci n- i nduced conduct ance event s wi l l be f ur t her

suppor t ed by an anal ysi s of channel l i f et i mes and of t he t r ansi t i ons bet ween

st at es ( see Channel Li f et i mes) . We wi l l t her ef or e use t he t er m " monazomyci n

channel s" t o r ef er t o t hese t hr ee channel st at es col l ect i vel y .

I n Fi g . 7, we pl ot t he pr obabi l i t y of occur r ence of t he t hr ee mani f est at i ons
of t he monazomyci n channel s as a f unct i on of vol t age. Al so pl ot t ed i s t he

summed pr obabi l i t y of al l ot her channel t ypes . Wi t h i ncr easi ng pot ent i al , t he

f r act i on of channel s i n peak 4 i ncr eases, wher eas t hat i n peak 5 decr eases . The

pr obabi l i t y of t wo- st at e channel s r eaches a ( st at i st i cal l y si gni f i cant ) maxi mum

at 100 mV. The f r act i on of channel s t hat i s l abel ed " ot her " i s at most 18%of

t he popul at i on ( at 50 mV) . Al t hough i t may seem sur pr i si ng t o t he r eader , as

i t di d t o us, t hat t he upper l evel of monazomyci n channel s i s dest abi l i zed wi t h

i ncr easi ng pot ent i al , i n r eal i t y our knowl edge of t he act ual mol ecul ar event s

t hat under l i e t hi s conduct ance i s so scant as t o be nei t her af f i r med nor deni ed

by t hi s obser vat i on . ( I f we assume a " bar r el - st ave" st r uct ur e f or t he channel s,

t hen an i nt er pr et at i on of t he st eps woul d be t hat one mor e ( posi t i vel y char ged

monomer had beeen added, t hus i ncr easi ng t he l umenal di amet er of t he

channel . I n t hi s vi ew, i t woul d seem " nat ur al " f or t he peak- 5 pr obabi l i t y t o

i ncr ease wi t h posi t i ve pot ent i al i ncr eases . )

I n summar y, we bel i eve t hat t he monazomyci n conduct ance i s l ar gel y based
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on t he exi st ence of a si ngl e- channel t ype t hat has t wo open st at es whose

cur r ent l evel s di f f er by - 30%. An i ndi vi dual event may go f r om t he gr ound

st at e ( no channel ) t o t he peak- 4 or t o t he peak- 5 l evel and t hen r et ur n t o t he

gr ound st at e, or i t may swi t ch bet ween t he t wo l evel s bef or e endi ng .

W
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FI GURE 6 .

	

Hi st ogr am of cur r ent j ump ampl i t udes at V = 100 mV. Bot t om:

not e t he t wo wel l - def i ned peaks at I = 3. 75 X 10
- 13

Aand I = 5. 1 X 10 - 13 A.

Ther e i s al so a di f f use scat t er i ng of channel s at l ower cur r ent s . The sampl e si ze

f or t he mai n hi st ogr am i s 403. Agai n, onl y channel s ar i si ng f r omand r et ur ni ng

di r ect l y t o t he basel i ne wer e anal yzed . Al l Achannel ( see Fi g . 4) ampl i t udes ar e

pl ot t ed i n t he upper hi st ogr am. Top: hi st ogr amof t he 0 j ump ampl i t udes ; t he
pl ot t ed ampl i t ude i s t he cur r ent change associ at ed wi t h a t r ansi t i on f r om an
open peak- 4 channel t o t he peak- 5 l evel . The hi st ogr am i s set wi t h i t s zer o ( no

Aj ump) ampl i t ude di r ect l y above t he mean f or t he peak- 4 ( 1= 3. 75 X 10- 13 A)
channel s, wi t h t he r esul t t hat t he mean j ump near l y coi nci des wi t h t he mean of
t he peak- 5 ( 5 . 1 X 10 - 13 A) channel s .
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Cur r ent - Vol t age Pr oper t i es of Monazomyci n Channel s

I n agr eement wi t h measur ement s made on hi gh- conduct ance ( i . e . , many-
channel ) monazomyci n- modi f i ed f i l ms ( Mul l er and Fi nkel st ei n, 1972a) , we
f i nd t hat t he cur r ent - vol t age char act er i st i c of si ngl e channel s i n symmet r i cal

sal t i s ohmi c up t o ^- 150 mV. At hi gher pot ent i al s, t he i - V cur ve becomes

supr al i near . I n Fi g . 8, we pr esent a set of 1- V poi nt s f or t he peak- 4 st at e over

t he r ange 50 5 V : 5 400 mV.

The exper i ment al poi nt s ar e wel l f i t t ed over t he whol e r ange of Vby :

r
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i = go
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si nh(Bg

V)q

__- - - - - - - - - - - . , _

50 100 150 200

V( MV)

Peak 4

Peak 5

FI GURE 7 .

	

Pr obabi l i t y of obser vi ng peak- 4, peak- 5, 0 channel s, and al l ot her

t ypes combi ned, as a f unct i on of membr ane pot ent i al . The f i gur e i s br oken i nt o

t wo par t s t o ease r eadi ng, but t he summed pr obabi l i t y f or al l f our l i nes i s 1 at

any pot ent i al .

wher e go i s t he sl ope of t he i - V cur ve i n t he ohmi c r ange ( i . e . , t he smal l si gnal

conduct ance) and B i s an empi r i cal par amet er ( 0 < B: 5 1) . As usual , q i s t he

el ect r oni c char ge, k i s Bol t zmann' s const ant , and Ti s t he absol ut e t emper at ur e .

The best f i t i s obt ai ned wi t h B = 0. 30 and go = 4. 05 X 10
- 12

S2 - ' .

For mal l y, Eq . 1 ascr i bes t he shape of t he i - Vchar act er i st i c t o t he exi st ence

of a si ngl e, symmet r i cal ener gy bar r i er t o i oni c movement f or whi ch onl y a

f r act i on, B, of t he appl i ed vol t age f al l s acr oss t he bar r i er ( see, f or exampl e,
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Ander sen and Fuchs, 1975) . I n t he pr esent case, however , we do not have

enough i nf or mat i on t o say whet her t hi s f or mal pi ct ur e i s r eal i st i c, because t he

st at i onar y Z- V r el at i onshi p r ef l ect s t he pr oper t i es of al l ener gy bar r i er s t hat

t he i on must t r aver se i n movi ng t hr ough t he channel . I n par t i cul ar , gi ven

t hat we have no i dea about wher e we ar e oper at i ng on t he conduct ance vs .

concent r at i on cur ve, Eq . 1 shoul d be r egar ded as a pur el y phenomenol ogi cal

expr essi on .

4,

aV

- 1
W
Z
Z

d

U I -
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FI GURE 8 .

	

Cur r ent vol t age char act er i st i cs of monazomyci n channel s i n t he
peak- 4 st at e . The poi nt s denot e t he ( unwei ght ed) mean cur r ent s cal cul at ed f r om

t he peak- 4 mode of t he ampl i t ude hi st ogr am at each appl i ed vol t age . Each

poi nt i s gener al l y based on sever al i ndependent exper i ment s . The sol i d l i ne i s

cal cul at ed accor di ng t o Eq . 1 wi t h go = 4. 05 pS and B = 0 . 30.

Fr om t he f or m of t he 1- V char act er i st i c, i t i s evi dent t hat nonl i near i t y of

t he cur r ent t hr ough i ndi vi dual channel s r esul t i ng f r om changes i n V cannot

begi n t o account f or t he ext r aor di nar y vol t age dependence of t he monazo-

myci n conduct ance . To under scor e t hi s poi nt , we st r ess t hat essent i al l y al l of

t he wor k on t he macr oscopi c conduct ance has been done at pot ent i al s f or
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whi ch t he channel s behave ohmi cal l y . I t i s i nt er est i ng, i n t hi s r egar d, t hat t he

vol t age- dependent shi f t i n t he most l i kel y st at e of t he channel s t owar d t he
peak- 4 st at e i s i n t he di r ect i on t o keep t he aver age conduct ance ohmi c, even
as t he i - Vchar act er i st i c begi ns t o become measur abl y supr al i near .

Channel Li f et i mes

Let us assume t hat t he monazomyci n channel s ar e i ndeed a si ngl e popul at i on
t hat subsumes t he peak- 4, peak- 5, and A channel s . We f i nd f or t hi s aggr egat e
t hat t he di st r i but i on of channel l i f et i mes i s wel l descr i bed by a si ngl e expo-
nent i al pr ocess over a wi de vol t age r ange : N( t ) = Ne

- " T wher e N i s t he

number of channel s i n t he sampl e and T i s t he aver age l i f et i me . t i s t he t i me

t hat el apses af t er a channel opens and N( t ) i s t he number of channel s wi t h

l i f et i mes >t . A gr aph of N( t ) vs . t i s appr opr i at el y r ef er r ed t o as a sur vi vor pl ot
( Cox and Lewi s, 1966) .

I n Fi g . 9, we show t hat pl ot s of l og [ N( t ) / N] vs . t f or t hr ee di f f er ent vol t ages
al l yi el d f ai r l y good st r ai ght l i nes wi t h si mi l ar sl opes . The aver age channel

dur at i on, r ead f r om t he l i near por t i ons at shor t dur at i ons, ar e, r espect i vel y,
46, 44, and 41 ms f or t he 100- , 200- , and 300- mV exper i ment s . A mor e
ext ensi ve set of measur ement s over t he vol t age r ange 50 < V: 5 400 mV l eads

t o t he f ol l owi ng concl usi ons . Fi r st , t he r ange of aver age l i f et i mes i s f ai r l y

nar r ow ( 33- 52 ms) . Second, t her e i s no syst emat i c t r end of aver age l i f et i me

wi t h vol t age . Because t he aver age channel dur at i on i s ( wi t hi n exper i ment al

l i mi t s) i ndependent of membr ane pot ent i al , t hi s f act or cannot account f or t he

vol t age dependence of t he macr oscopi c conduct ance.
The nonl i near i t y at 200 mV ( excess number of l ong- l i ved channel s) i s an

uncommon f eat ur e . Gi ven t hat t he t ai l r epr esent s onl y 3%of t he sampl e, i t i s
pr obabl y j ust noi se. Even i f t he t ai l pr oves t o be a r eal pr oper t y of t he syst em,

i t cannot be i mpor t ant quant i t at i vel y . By cont r ast , we f eel t hat t he def i ci t of

" count s" i n t he 0- 20- ms bi n f or t he 100- mV sampl e i s pr obabl y an ar t i f act of

our measur ement t echni que : we do not anal yze a channel f or ampl i t ude or

dur at i on unl ess i t l ast s l ong enough f or i t s l evel t o be unambi guous . Thi s

means t hat we must l ose shor t - l i ved channel s at a hi gher r at e when t he

appl i ed pot ent i al i s l ower , because we must set t he f i l t er cut of f at a l ower
f r equency t o compensat e f or t he r educed ampl i t ude of t he uni t ar y cur r ent s .

Al t hough we have not st udi ed t he t r ansi t i ons of a channel ( once i t opens)

bet ween st at es 4 and 5 i n suf f i ci ent det ai l t o pr ecl ude ot her , mor e compl ex
possi bi l i t i es, we bel i eve t hat each channel must f i r st go i nt o st at e 4 and must
cl ose f r om st at e 4 . I n t hi s vi ew, a peak- 5 channel i s si mpl y a A channel f or
whi ch t he t r ansi t i ons f r omst at e 4 t o st at e 5 and f r om 5 t o 4 occur , r espect i vel y,
so cl ose t o t he appear ance and di sappear ance of t he channel as t o be

unr esol ved .
Two pi eces of evi dence l end suppor t t o our cont ent i on . Fi r st , t he gr eat

maj or i t y of composi t e or t 1 channel s ar e i ndeed obser ved t o open t o and cl ose
f r omt he peak- 4 st at e, as i l l ust r at ed i n t he second and f i f t h exampl es of Fi g . 4 .
I ndeed, we had t o make a f ai r l y det er mi ned sear ch f or t 1 channel s t hat
appar ent l y opened t o st at e 5 ( Fi g . 4, f i r st and t hi r d exampl es) or cl osed f r om
st at e 5 ( Fi g . 4, f our t h exampl e) . Second, we di d a Mont e Car l o anal ysi s of our
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417

model , choosi ng Mar kov t r ansi t i on pr obabi l i t i es f or j umps f r om st at e 4 t o

st at e 5, f or cl osi ng f r om st at e 4 and f or j umps t o st at e 5 f r om st at e 4 . We

f ound t hat when t he pr obabi l i t y f or cl osi ng i s much gr eat er t han t he pr oba-

bi l i t y of a j ump t o st at e 5, t he f or ms of l i f et i me hi st ogr ams f or f our aspect s of

A
1 . 0 ,

100mv

	

T=46 . 4 ms

Sur vi vor pl ot f or Dur at i ons

Tot al Sampl e =529

CHANNEL DURATI ON ( ms)
FI GURE 9 .

	

Sur vi vor pl ot s of si ngl e- channel l i f et i mes . Al l peak- 4, peak- 5, and

t 1 channel s ar e i ncl uded i n each pl ot . The or di nat e i s l og [ N ( t ) / N] t o f aci l i t at e

compar i sons among t he t hr ee set s of dat a . Not e t he si mi l ar i t y of t he sl opes at
100, 200, and 300 mV; t hei r near i dent i t y i s t he sol e r eason we pr esent t hese

dat a i n t hr ee separ at e panel s . The bi n wi dt h f or anal ysi s of l i f et i mes was 20 ms

f or t he 100- mV pl ot and 40 ms f or t he 200- and 300- mV pl ot s .

t he channel s' pr oper t i es wer e r epr oduced . I n par t i cul ar , we wer e abl e t o see

an appar ent l y f i r st - or der deat h pr ocess f or al l channel s, an appar ent l y f i r st -

or der pr ocess f or t he f i r st j ump t o st at e 5, and an appar ent l y f i r st - or der deat h

pr ocess f or channel s t hat never ent er ed st at e 5 . The l i f et i me hi st ogr am f or
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channel s t hat ent er ed st at e 5 at l east once t hat was gener at ed by t he model

had i t s maxi mumcl ear l y di spl aced away f r om t he f i r st sever al 40- ms bi ns, i n

accor d wi t h our dat a ( not shown) .

Fi g. 10 cont ai ns sur vi vor pl ot s f or t he i nt er val s bet ween channel s ( i . e . , t he

t i me span def i ned by t he openi ng of a channel and t he openi ng of t he next

channel ; i n measur i ng t he i nt er val s, we i gnor ed t he f act t hat mor e t han one

channel popul at i on exi st s) .

Because t he pl ot s of l og [ N( t ) / N] vs . t ar e st r ai ght l i nes, t he i nt er val s ar e

exponent i al l y di st r i but ed . Al t hough t hi s i s not a pr oof , i t i s a good i ndi cat i on

t hat t he i ndi vi dual channel s occur i ndependent l y of one anot her . Mor e
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i mpor t ant l y, however , we see t hat t he sl opes of t he l i nes var y st r ongl y wi t h
pot ent i al , al t hough not near l y so st r ongl y as does t he macr oscopi c conduct -
ance . The aver age i nt er val ( or i t s r eci pr ocal , t he aver age channel f r equency)
i s t her ef or e a channel par amet er whose var i at i ons coul d be r esponsi bl e f or t he
macr oscopi c vol t age dependence . I n t he next paper we wi l l concl ude, i n a
mor e posi t i ve vei n, t hat channel f r equency does i ndeed var y wi t h vol t age i n
t he appr opr i at e f ashi on, but f or now we si mpl y asser t t hat t he connect i on i s
ver y compl ex .

The f i ndi ng t hat t he i nt er val s ar e exponent i al l y di st r i but ed al l ows us, wi t h
no l oss of i nf or mat i on, t o measur e channel f r equency mer el y by count i ng t he
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number of channel openi ngs per second . I n Tabl e I I we compar e f r equenci es

obt ai ned t hi s way wi t h t he r eci pr ocal s of t he aver aged i nt er val s . The cl ose

agr eement pr oves t hat t he si mpl er met hod i s val i d .

Fi g . 11 cont ai ns t he maj or r esul t of t hi s paper , t he demonst r at i on t hat

var i at i ons i n channel f r equency account f or var i at i ons i n t he monazomyci n-

r
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m
Q
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J

0 . 01
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0 800 1 . 600 2. 400 3, 200 4, 000 4, 800 51, 600

I NTERVAL BETWEEN CHANNEL OPENI NGS

( MS)

FI GURE 10 . Sur vi vor pl ot s f or t he i nt er val s def i ned by successi ve channel

openi ngs at 120, 140, and 160 mV. Not e t hat t he sl opes ar e ver y di f f er ent ,

despi t e t he r el at i vel y nar r ow r ange of V. The sampl e si zes and aver age channel

f r equenci es wer e : 52 i nt er val s and 0. 35 channel s
s_'

at 120 mV; 271 i nt er val s

and 1 . 6 channel s s - 1 at 140 mV; 334 channel s and 6. 0 channel s s - ' at 160 mV.

The bi n wi dt h f or i nt er val s was 80 ms at 160 and 140 mV and was 400 ms at

120 mV.

TABLE I I

COMPARI SON OF TWOMETHODSOF ESTI MATI NGCHANNEL

FREQUENCY

* Channel f r equency was obt ai ned by count i ng t he number of openi ngs per second .

$Channel f r equency was cal cul at ed f r om t he r eci pr ocal of t he t i me const ant of

i nt er channel i nt er val sur vi vor pl ot s ( Fi g . 10) .

V Openi ng f r equency ( s- ' ) * I / r ( s - ' ) $

MV

120 0. 30 0. 35

140 1 . 5 1 . 6

160 6. 2 6 . 0
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i nduced cur r ent ( A) and conduct ance ( B) . I n Fi g . 11A we pl ot sl ow- channel

cur r ent ( I 8) agai nst channel f r equency ; I 8 i s uncor r ect ed f or t he l eakage cur r ent

t hr ough t he unmodi f i ed membr ane . These essent i al l y " r aw" dat a wer e ob-

t ai ned wi t h t he f ol l owi ng exper i ment al pr ot ocol : Vwas set t o a sel ect ed val ue

and l ef t t her e unt i l 4 r eached an appar ent st eady st at e . The char t r ecor der

was t hen r un f or 1 mi n at suf f i ci ent l y hi gh speed ( 25 mm
s- 1)

t o al l ow

i ndi vi dual cur r ent j umps t o be r esol ved . An i nt er val of 1 mi n was t hen al l owed

t o pass bef or e t he next hi gh- speed, anal yzabl e r ecor d was t aken . We obt ai ned

at l east t wo, but gener al l y t hr ee, 1- mi n sampl es at a gi ven V bef or e changi ng

t o a new V. The poi nt s i n Fi g. 11A r epr esent a t ot al of 19 r uns at V = 120,

130, 140, 145, 150, 155, and 160 mV; onl y 17 poi nt s ar e vi si bl e because t wo

dat a- poi nt pai r s coi nci ded . The channel f r equency was est i mat ed si mpl y by

count i ng t he number of openi ngs i n 60 s . The sl ow cur r ent f or each r un was

obt ai ned by aver agi ng 30 measur ement s f r om t he paper t ape.

V

g l A

7~

6-

y 3-
H

2

0

0 I 2 3 4 5 6 7

f ( S- 1)
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FI GURE 11 .

	

A. Pl ot of aver age cur r ent f r omt he sl ow channel of t he pen- wr i t er ;

18 vs . aver age channel f r equency, f . The cur r ent i nt er cept f or f = 0 cor r esponds

t o t he cur r ent t hr ough t he unmodi f i ed bi l ayer at 120 mV. The dat a wer e

obt ai ned i n t he vol t age r ange 120 < V : t : -: 160 mV. Poi nt s f r om a t ot al of 19 1-

mi n r uns wer e anal yzed, but onl y 17 ar e vi si bl e because t wo pai r s of poi nt s wer e

coi nci dent . The l i ne i s dr awn wi t h a sl ope of 6. 3 X 10 - " C/ channel . B. Channel -

r el at ed conduct ance vs. aver age channel f r equency, f The t r ansi t i on bet ween I x

and G. was made as descr i bed i n t he t ext . The poi nt s her e ar e aver age f or al l

r uns at a gi ven V f or t he membr ane used . Goi ng up and t o t he r i ght f r om t he

or i gi n, t he vol t age f or successi ve poi nt s was 120, 130, 140, 145, 150, 155, and

160 mV. The sl ope of t he l i ne i s 2 . 1 X 10- 13 a- 1 s/ channel .
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FI GURE 11 .

Two poi nt s shoul d be made about Fi g . 11A. Fi r st , t he I S i nt er cept of t he

l east - squar es l i ne i s, wi t hi n exper i ment al er r or , equal t o t he l eakage cur r ent at
120 mV. Second, t he sl ope of t he l i ne shoul d equal ( qa , = i ( V)zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" T) , whi ch
cr osses t he membr ane per channel . We f i nd qa� = 6. 24 X 10

- 14
C/ channel .

The peak- 4 channel cur r ent at 140 mV ( t he mi ddl e of t he r ange 120 < V
160 mV; see Fi g . 8) i s 1' = 6. 4 X 10 - 13 A. On t hi s basi s, we est i mat e t he aver age
channel dur at i on t o be 97 . 5 ms, a f act or of - 2 . 2 gr eat er t han our di r ect
measur ement of 45 ms .

The most l i kel y or i gi n of t hi s di scr epancy i s our f ai l ur e t o cor r ect f or l eakage

cur r ent ( I , ) t hr ough t he unmodi f i ed membr ane . We can est i mat e h f r om t he

f ast channel by measur i ng t he membr ane cur r ent when no channel s ar e open .

Thi s was done by sampl i ng a 60- s r un at 2- s i nt er val s and t hen aver agi ng . I i

was subt r act ed f r om I s and t he cor r ect ed cur r ent was t hen di vi ded by V t o

yi el d t he channel - associ at ed conduct ance ( G) . Al l val ues of G at a gi ven V

wer e aver aged and pl ot t ed agai nst t he aver aged channel f r equency at t hat V;

t he poi nt s ar e pl ot t ed i n Fi g. 11 B.

The l i ne i n Fi g . 11B i s f i t t ed t o al l of t he dat a poi nt s except t he V= 160

mV poi nt , t he one at hi ghest Gand f r equency . We t ook t hi s l i ber t y because

of t he cl i f f cul t y i n measur i ng t he channel f r equency at hi gh act i vi t y ; ver y

l i kel y t he val ue of 6. 23 channel s per second i s an under est i mat e . Taki ng g =

4. 1 X 10 - 12 Q- 1 at V = 140 mV ( Fi g . 8) al l ows us t o cal cul at e t he aver age
channel l i f et i me f r om t he sl ope of t he l i ne i n Fi g . 11B. 2 The sl ope i s 2. 1 X

2 I n measur i ng f , we si mpl y count ed al l channel openi ngs, r egar dl ess of whet her t hey occur r ed

f r om t he basel i ne or dur i ng t he exi st ence of one or mor e al r eady open channel s . Because G i s

t he t i me- aver aged monazomyci n- i nduced conduct ance, t he sl ope of t he l i ne cont ai ns an est i mat e

of T, t he aver age channel l i f et i me . Thi s est i mat e i s not bi ased by t he over l ap of channel s i n

t i me .
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10 - 1a SZ- 1 s/ channel and t he aver age l i f et i me i s 48 . 8 ms . ( I f t he l east - squar es

l i ne i s dr awn t o i ncl ude al l of t he poi nt s, t he aver age l i f e t i me i s f ound t o be

^- 58 ms . ) Thus, t hi s met hod and t he di r ect one ar e i n r easonabl e agr eement .

Resul t s wi t h Phosphat i dyl et hanol ami ne Membr anes

The pr oper t i es of si ngl e monazomyci n channel s i n phosphat i dyl et hanol ami ne

( PE) membr anes ( no chol est er ol was i n t he membr ane- f or mi ng sol ut i on) ar e

vi r t ual l y i dent i cal t o t hose al r eady descr i bed f or phosphat i dyl gl ycer ol pl us

chol est er ol f i l ms . I n t he f i r st pl ace, i nspect i on of r ecor ds r eveal s t he exi st ence

of compound ( or 0) channel s . The mean channel dur at i on i s agai n ^- 40 ms,

i ndependent of membr ane pot ent i al , and t he l i f et i mes ar e exponent i al l y

di st r i but ed . We f i nd t hat t he cur r ent - vol t aI qe char act er i st i c i s wel l descr i bed

by Eq . 1 wi t h B = 0. 35 and go = 3. 5 X 10- 1 St - 1 i n 3. 6 MKCI . ( We act ual l y

used 4. 0 MKCI , f or r easons whi ch l at er became uncl ear . ) The l ower uni t ar y

conduct ance i n PE f i l ms i s pr esumabl y a r esul t of t he l ower sur f ace concen-

t r at i on of uni val ent cat i on . ( The much l ower sur f ace char ge densi t y of PE

membr anes was not compl et el y compensat ed f or by a 36- f ol d i ncr ease i n sal t

concent r at i on . ) Fi nal l y, channel f r equency can var y over a wi de r ange when

Vi s changed, i n keepi ng wi t h our PG r esul t s .

DI SCUSSI ON

We wi l l t ake i t f or gr ant ed t hat t he conduct ance event s ( peaks 4 and 5 and

t he 0 channel s) descr i bed her e r epr esent act i vi t y i nduced by monazomyci n

mol ecul es and not by some " cont ami nant " and t hat t hese event s ar e t he

mol ecul ar basi s f or t he behavi or of t he macr oscopi c conduct ance . Suppor t f or

t he cont ent i on i s f ound i n Fi g . 11 of t hi s paper and mor e i s pr ovi ded i n t he

accompanyi ng ar t i cl e ( Mul l er and Ander sen, 1982) .

The compl exi t y of t he i ndi vi dual monazomyci n channel s seems t o f al l

bet ween t he ver y si mpl e conduct ance event s caused by gr ami ci di n A ( Fi nkel -

st ei n and Ander sen, 1981) and t he mul t i l evel ones seen i n al amet heci n- doped

bi l ayer s ( Lat or r e and Al var ez, 1981) . I t seems r easonabl e t o say t hat t he

r esembl ance t o t he gr ami ci di n Aevent s i s cl oser , gi ven t hat t he monazomyci n

mol ecul es have j ust t wo conduct ance st at es ( whi ch di f f er by onl y 25- 30%)

and t hat most channel s appear t o get i nt o onl y one of t he conduct ance st at es .

Thi s f unct i onal si mi l ar i t y obt ai ns despi t e t he pr esumed st r uct ur al si mi l ar i t y

bet ween monazomyci n and al amet heci n channel s ; bot h seem t o be cyl i nder s

composed of l i near monomer s t hat ar e ar r anged as st aves of a bar r el ( see

Lat or r e and Al var ez, 1981) , wher eas gr ami ci di n Achannel s ar e head- t o- head

di mer s of hol l ow hel i cal monomer s .

The f or mof t he i ndi vi dual monazomyci n conduct ance event s at f i r st gl ance

seems t o i mpl y t hat t he channel s have t hr ee st at es, i ncl udi ng ( at l east ) one

cl osed st at e . Thi s, we f eel , i s an er r or i n t er mi nol ogy t hat st ems f r omnegl ect i ng

t he f act t hat t he monazomyci n channel i s not a si ngl e mol ecul e . I f t he pi ct ur e

of a channel as composed of sever al ( appr oxi mat el y si x) monomer s i s cor r ect

( Mul l er and Fi nkel st ei n, 1972a ; Mul l er and Peski n, 1981) , t hen t he i ndepen-

dence of channel openi ngs i mpl i es t hat a channel t hat ceases t o conduct al so
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ceases t o exi st as a uni que, i dent i f i abl e ent i t y . I t i s t hus most appr opr i at e t o

desi gnat e monazomyci n channel s as t wo- st at e channel s . The l abi l e, ol i gomer i c

channel s i nduced by cer t ai n ot her membr ane modi f i er s ( e. g . , gr ami ci di n A,

al amet hi ci n, and amphot er i ci n B) shoul d l i kewi se not be t hought of as havi ng

cl osed st at es unl ess t hei r exi st ence i s unambi guousl y demonst r at ed . I n a si mi l ar

sense, one may quest i on whet her i n al l cases i t i s f r ui t f ul t o assume t hat

chemi cal l y or vol t age- gat ed channel s i n exci t abl e membr anes have a f i xed

mol ecul ar i dent i t y and t her ef or e have cl osed st at es .

A not ewor t hy pr oper t y of t he monazomyci n channel s i s t hei r ver y l ow

conduct ance ; t hi s r ai ses a mechani st i c quest i on . We not e t hat t he ext r apol at ed

smal l - si gnal conduct ance f or peak- 4 channel s ( 4 . 1 X 10 - 12 SZ- )
i s measur ed

wi t h a nomi nal sodi um concent r at i on of - 10 Mat t he channel ent r ances .

( The cat i on sel ect i vi t y of monazomyci n channel s i s i nt r i nsi c t o t he channel

and not mer el y t he r esul t of usi ng PG f i l ms wi t h t hei r hi gh negat i ve sur f ace

char ge densi t y [ Mul l er and Fi nkel st ei n, 1972a] . ) The channel s ar e t hus qui t e

poor l y per meant t o smal l uni val ent cat i ons despi t e a measur abl e per meabi l i t y

t o cat i ons as l ar ge as t et r aet hyl ammoni um ( Heger et al . , 1976) . The l ow

conduct ance and l ar ge appar ent di amet er of t he channel s can i n pr i nci pl e be

r econci l ed i f we r ecal l t hat monazomyci n i s i t sel f a uni val ent cat i on i n t he pH

r ange we use ( Mi t scher et al . , 1967 ; Nakayama et al . , 1981) . These posi t i ve

char ges may t hus pr oduce a subst ant i al ener gy bar r i er t o per meant cat i ons i n

ser i es wi t h a cat i on- sel ect i ve l umen, t her eby r ai si ng t he r esi st ance of t he whol e

pat h . Thi s i s not , however , a uni que i nt er pr et at i on of t he per meabi l i t y dat a,

especi al l y si nce t he st r uct ur e of monazomyci n ( Nakayama et al . , 1981) i s such

as t o al l ow t he posi t i ve char ges t o be qui t e f ar f r om t he l umi nal openi ng .

El ect r ost at i c cal cul at i ons ( Par segi an, 1969 ; Levi t t , 1978) show t hat t he " i mage

f or ce" bar r i er f or t r ansf er r i ng a monoval ent i on f r om a bul k aqueous phase

i nt o a nar r ow aqueous channel spanni ng a bi l ayer i s so gr eat t hat i t woul d be

i mpossi bl e t o see cur r ent j umps unl ess some ot her f act or ( s) i s avai l abl e t o

r educe t he f r ee ener gy of t he i on . The l i kel y basi s f or t he r educt i on of f r ee

ener gy i s sol vat i on of t he i on by pol ar gr oups l i ni ng t he wal l of t he channel .

A l ow conduct ance coul d t hus be compat i bl e wi t h a r at her l ar ge l umen i f a

shor t segment of t he channel had a l ow densi t y of pol ar gr oups 3 or i f t he

sel ect i vi t y of t he segment wer e ani oni c .

3 The st r uct ur e of monazomyci n has been sol ved ( Nakayama et al . , 1981) . The st r uct ur e i s

i ndeed si mi l ar t o t hat of t he pol yene ant i bi ot i cs, as pr evi ousl y sur mi sed ( Mul l er and Fi nkel st ei n,

1972a ; Heyer et al . , 1976 ; Mul l er and Peski n, 1981) , and i s compat i bl e wi t h t he bar r el - st ave

model . Most of t he pol ar gr oups t hat woul d l i ne t he l umen ar e hydr oxyl s and t her e i s i ndeed

a gap t hat appear s l ess pol ar . An addi t i onal poi nt wor t h maki ng concer ns t he i nst ant aneousl y

ohmi c behavi or of t he macr oscopi c conduct ance i n t he r ange - 100 < V< 100 mV ( Mul l er and

Fi nkel st ei n, 1972a) . I f t he posi t i ve char ges wer e near enough t o t he channel openi ng at t he

t r ans i nt er f ace t o i nf l uence t he conduct ance of a channel , t he uni t ar y i - V char act er i st i c woul d

be expect ed t o be nonl i near near V = 0, due t o t he l ower cat i on concent r at i on at t he t r ans

openi ng . Because r ect i f yi ng macr oscopi c I - V cur ves can be seen i n asymmet r i cal l y char ged

bi l ayer s ( R. U. Mul l er , unpubl i shed obser vat i ons) , i t seems l ess l i kel y t hat t he l ow val ue of g i s

di r ect l y caused by t he monozomyci n ami no gr oup .
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