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Theoretical expression fi}r the rate of decay of ApH across vesicular membrane due to carrier-mediated ion transports. I /¢ ,  has 
been modified taking note of carrier states (such as mon and mon-H-M ~ ) fi)r which the translocation rate constants in the 
membrane are small. The ra~es ol  J p H  decay due to mnnensin-mediated H ~ and M ' transport:; (M ~ = Na +, K ' ,  Li ~ ) observed 
in our experiments in the pH range 6-8,  and [M ~] range 50-250 mM at 25°C have been ?,.-..;'.Jy:;cd with the help of this 
~xprcssion, ApH across soyabean phosphoiipid vesicular membranes were created by temperature jump in ot.r experiments. The 
folk~wing could be inferred from our .qudics. (a) At low pH ( ~ 6) I / ' r  in a medium of Na ~ is greater than that in a medium of 
K ' .  In contrast with this, at higher pH ( ~  7.5) I / r  is greater in a medium of K +. Such contradictory observations could be 
understood with the help of our cquatkJn and the paranteters determined in this work, Tile relative concentrations of the 
rate-limiti~,g species (mon-H. mon-K, and man-Li at Ph ~ 7 in vesicle solutions having Na +, K ~ and Li ' ,  respectively) can 
explain such behaviours, tb) The proton dissociation constant Kit for mon-H in the lipid medium (pK H ~ 6.55) is larger than the 
reported Ktl in melhamd. (c) The concentr,'lti,'ms of nton- and mon-l t -Na" are not n,,gligible under the conditions of our 
experiments. The latter species cause a [Na ' ]-dependent inhibition of ion transl;,~rts. (d) The relative magnitudes of metal ion 
dissociation constants KHr ~ (~  0.05 M) for mon-H-Na'  and KM (~(1.03 M) for mon-Na suggest that the earboxyl group 
involved in lhe protom.tion may not be dominantly inw)lved in the met~,l ion complexatiou. (el The estimates of K M ( ~  0,03 M 
fi~r Na~, f~.5 M for K ~ and 2.2 M fi)r L i '  ) billow the ionophore selectivity order. (f) The rate constants k I and k ,  fur the 
translocat~ons of mon-H and mon-M (M * = Na ~, K ~ and Li ~ ) are similar in magnitude ( ~ 9 • 10 "a s-  i) and are higher than that 
for nig-H and nig-M ( ~ 6 • 10 '~ s ~) whicll c~,n be expected from the relati,.';. ,L~olec~;lar sizes of the ion carriers. 

In t roduc t ion  

Ion t ranspor t  across  m e m b r a n e s  is of  fundamen ta l  
impor tance  in sew,'ral biological p iocesscs .  Liposomcs  
can be  convenient ly  used as model  m e m b r a n e  systems 
in the s tudy o f  ion t ranspor t .  In l iposomes the passive 
trans~3ort of  H + is accompanied  by a compensa t ing  flux 
of  cha rge  (such as that  d u c  to alkali metal  ions, M +) 
[I,2]. Such a compensa t ion  is needed  even in the elcc- 
tron~,utral t r anspor t  o f  ions so tha t  there  is no buiid up 
o f  an electric potent ia l  across  the membrane .  The  
c lcc t roneu t ra l  car r ie rs  nigcricin al'~d moncn,,~in are 
poiyalcohol,  polyether  monocarboxyl ic  acids and  can  
car ry  both H ÷ and  M ÷ across m e m b r a n e s  [3]. in a 
recent  p a p e r  we have discussed the mechan i sm of  
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n igcr ic in -mcdia tcd  ion t ranspor t s  in detai l  [4]. Mon-  
ensin-mediaTcd Na  + t ranspor t  has been  the subject  o f  
s tudy by several  g roups  [5-10].  In the simple mecha-  
nism of  ion t ranspor t  by monens in  {Fig. 1), H + a n d  
M + a rc  exchanged  at tile m e m b r a n e / a q u e o u s  med ium 
i n t e r h c e s  [10]. The  motivat ions  for the presen t  s tudies  
on monens in -med ia ted  H + t ranspor t  a n d  the  associ- 
a , ed  M + ( =  Na +, K + and  Li +) t ranspor t s  are  the  
following: (A) The  t ranspor t  rate- l imit ing species a t  a 
given p H  depends  on  the magn i tudes  o f  the a p p a r e n t  
p ro ton  dissociation cons tan t  Ktt for  m o n - H  and  the 
metal  ion dis~:ociatio., cons tan t  K M of  mon-M [4], 
There fo re ,  to identit~¢ the ra te  l imiting species at  a 
given pH it is necessary  to know which o f  the PKt t  
r epor t ed  in the l i tera ture  ( ~ 6 . 7  [I1], - 7 . 5  r12| c r  
~ 111.2 [13]) is re levant  in hpid membranes .  (B) The  
intrinsic ra te  cons tan t s  associa ted with the  t rans lcca-  
t ions o f  moi,~-H and  mon-M ( M + = N a  +, K ~, Li +) 
across  m e m b r a n e s  (k  t and  k z,  respectively) have not 
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Fig. I. Suggested utechanism for the monensin-medialed proton 
transport. Paths of fast equilibria such as mon-M + I1" ~ mnn-II- 
M' ~ mon-II+ M' have q,~Jt been explicitly indicat :d in the figure. 

been determined in previous studies, since the trans- 
port data given in the literature arc not adequate 
[5-10]. Also, the possibility that the aame'nsin-media- 
ted Na + transport rate may be pil dependent has not 
been recognise~J in NMR lincwidth studies [5-7]. (C) 
Riddell and Hayer [6] confirrr, vd  the observations of 
Hamilton and Nilsen-Hamiiton [9] tha~ at sufficiently 
high [Na +] the mon.-ns~n-mediated Na ~ transport rate 
is reduced on increasing iNn*]. ;, ttz, turai explanation 
tot this observation can be found from the mechanism 
of transport itself (see below). But formation of species 
such as mon-M-M + and mon-H-M + (Fig. I) could also 
cause 'inhibition'. We wanted to examine this possibil- 
ity. (D) if the p K .  is as low as ~ 6.7 and K M is no! 
sufficiently small, [mon-] will not be negligible. In the 
ab,lence of electric fields, the fate constants associated 
wilh the transport of charged :~pecies such as men-  or 
mon-H-M + across membranes arc negligible when 
compared Io those of the neutral species mon-H trod 
mt;n-M. Wc wanted to derive the modified equati~,m 
for 3pH decay when the concentrations of such species 
cannot be neglected. (E) The equation for the ApH 
decay derived by us predicts eontra-intuidve bc- 
haviours: Fe.r example, in a vesicle solution containing 
a mixture of Na + and K*, on increasing the proportion 
of [K+], the H + transport rate increases for small [K +] 
but decreases for laige [K + ]. We wanted to see whether 
such behaviours could be seen in the pH range 6-8 of 
biological interest. 

In the recenl, past, ionophore mediated fast ion 
transports across vesirular membranes have been stud- 
ted using tast reaction t~ehrtiques such as relaxation 
studies in NMR [5-7], stopped-flow [14.15] and iem. 
perature jump ~T-jump) [4,8,16,17]. The reasons for 
our choice of soyabean phospholipid vesicles ISBPL) to 
elucida,e the mechanism of ion transports and the 
choice of T-jump to create it proton grad!ent /tpH 
across vesicular membrane arc discussed elsewhere 

[:l,8]. (The ApH decay is monitored to infer the trans- 
port rates of H + and M +). 

TheorT 

The transport of H* across a membrane can be 
treated as a chemical reaction in which a (H*)~n is 
converted into (H+),,,; with an apparent rate constant 
k +Jr or vice-versa. When the deviations of the concen- 
trations from the equilibrium values are small, we can 
adopt the procedures commonly used in 'chemical re- 
laxation' studies [18-20] and write an expression for 
the ApH decay rate, , r - t  if the I-! + transport is driven 
by the It ~ concentration gradien~ (see Eqn. A-18 of 
Ref. 4). 

r t=(In IO)[l+b,V,/(b¢V~)]k .,tit" L/t,, it) 

V, and V.. are the aqueous volumes inside and outside 
the ,,esides. 5 i and b,. ;Ire the internal :rod external 
buffer capacities and have contributions from buffer 
species in fast proton exchange equilibrium (compared 
~o i - I)  with the aqueous medium in:dde anti out~ide. 
l'hey include endogenous contributiom, from the buffer 
groups in the inner and outer layers of the vesicular 
membrane, respectively [4,15]. For SBPL vesicles the 
internal buffer capacity b i ,:,an be given as follow,':. 

l) h, : (In I0) ;¢t [} i "  i / (  K, + I l l "  ))" 12) 
) i c' 

wlere C I and K D are the concentration and acid 
dissociation cons~,,,nt of ;.he buffer entrapped inside 
vesicles. The ,.'o:~.tfibt~tion to b~ from the e,idogeneons 
buffer group of concentration [Aj] in vesicle solutions, 
is [A,](P~-I- VIL,I. ,. For I mg lipid,'ml in SBPL vesicle 
solutions I/~/P; - 2250 [,q. Makinl. use of Table ! of 
Rcf. 4 we get C, = 30 raM. K, = IIl -~''' and C 3 = 45 
mM, K.a= 10 -7"8. In our experiments (and in the 
deriv;ttion by Grzsiek and Dencher [15]) Vi t ) i /V~b  ~ .¢: 1 
and hence can be neglected i n  Eqn, I. 

For ~the simple mechanism of monen,,;in-mefiated 
H + transport (Fig. I), when the translocations of mon- 
H and mon-M across the membrane arc rate limiting 
and wht~n [M + ] is sufficiently large such that th'e terms 
involving AiM +] can be ignored, we can write ihe rate 
equations following the procedure given in our earlier 
paper [4]. 

-d(.l[ll + ]i)/dt = aitZ{ll" ]i+ ,*,...lime, l,,, .. 

-d(ALunonl,i)/dt ~ a:...l[H ÷ ]i+ a,:A[mtmJ0i t3) 

where the .,,,ubscript 'i' refers to the region inside 
vesicles~and the nner Iw,er. [mon].~ is the total men- • ~ , . - 

e a s m  ~'pncemrat,on m rite inner layer of the mere- 



TABLE I 

Parameters which gice ealcuhlted "t (with the help of Eqns. I, 2 and 81 
in gotM agrt ement with those obserced at 25°C (Figs. 2 aiul 3) " 

[MCI] Mc~al PKl! I / K i l  H p K *  k I ( = kz) 
(p,M) ion lid + (M 1) (1()~ s - i )  

50 Na + 6.55 20 6.35 I 1.5 
(0) (6.35) (I 1.5) 

K + 6.55 ~ 2 7.55 9 
I.i + 6.55 ~ 0 8.25 9 

Na + fi.55 20 5.95 9 
(0) (6.45) (4) 

K" 6.55 ~ 2 7.35 9 
Li + 6.55 ~0  8.1 9 

Na" 7.9 20 6.3 10 
K + 7.9 ~ 2 7.0 2 
Li + 7.9 ~ 1) 7.05 0.6 

Nil + 7.9 20 5.9 9 
(0) (6,25) (35) 

K + 7.9 ~ 2 7.0 3 
L~ + 7.9 ~ 0 7.0 0.6 

250 
250 

5(i 
50 
St) 

250 

251) 
250 

" Solid lines of Figs. 2 and 3 have been oblained uslag K~,s[ I = O, 
pKii = ().55. and associate,J parameters: which ar.~ not within 
paraiithcsis in the table. 

b rahe  We hay( [mon],~ = [mon],i at ,:quilibrium. For 
the wecEanism of Fig. l we have, 

all =,~i([H' l/biJ[mon]0(In 10){K< I(/'.', +[H+]")} 

X { I + by ,  l(.,~v~)} 

.1., = 2ki(In la)([H + ]/b,){[H ~ ] / (K, .  + [H+ ])} 

a , ,  = { [mon l i , / ( I  -t [M  + ] /K i iM ) )  

>~ { (k  ,r<. - k..K<* )/(K<, + l i t  + l ) " } {  i + i , ,v , / ( t ,  ov~ )} 

. . . .  = {21(K<. + l i t  + 1)}{  i / ( i  + [ M +  I / K . M ) I I ~ , I H  + ]+  * . , r * l  

(4) 

K< = { K  n + K * ( I  -+ [M + ] I K M M ) } I ( )  + [M + ] / r l l M )  

K,~' = KII[M* ] / K ~  (5) 

where Kli M and ;'~tM are the dissociation constants of 
the following two equilibria. 

mon-H-M + =~ m:,,-H + M" 

mon-M-M + ~ m o n - M  + M '~ ( 6 )  

The observed relaxation time ~- associated with ApH 
decay is given by the following equation [4]. 

• r -  I = a l  I _ 1112n21/a22 (7 )  
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When Eqns. 4, 5, 7 and Eqn. A-27 of Ref. 4 are used 
the apparent rate constant k ~ .  of Eqn. 1 takes the 
following specific form. 

k , .  = tl.{JSllMonl./ilipll[k ~k2 K ~ l ( k  ~[1t ~ } + k, K<,* )] 

X i I / i K I I + [ I I '  1(I + !M + ] /K I IM)  

+ Kt*( |  + l M '  } /KMM)} ]  (i'll 

in the above equations k I and k ,  are the intrinsic rate 
constants associated with the translocations of mon-; i  
and mort-M, respectively, across the membrane, [l'~,a] 0 
is the ITIOIIgasi~ concentration in ' tie ~esiele sohitioa:i 
expressed with respect to the ttqa! volume. 

In liposomes, the H + flux acLvss the membrane is 
compensated by a M + flux in the ~ pposite direction to 
maialain electrical neu(ralit~ across the membrane. 
Therefore, if k+ M is the appal,mt rate constant for the 
transport of M* across the membrane, a ApH d.ecay 
experiment itself can be used to estimate k +M using, 

k+w[H+ }=k,MiM ~ ] (9) 

If we have more than one type of M + in vet!tie 
solutions and if the metal ion binding equilibria are 
fast compared to ¢-  ~ in the above equations we ~n'~st 
replace , M ' / K  M by r t r ~ + I / ~  ~, with summa,:ion 
over the mt;tal ion species ' j ' .  Similar changes have Io 
be made with the terms involving [M+]/KnM anO 
[M+]/KMM. 

From Eqn. 8 we see that the intrinsic rate constants 
k~ and k 2 can be estimated if k+l I shows pH depen- 
dence. Using I2qns. 5, 8 and 9 we note that k ~M 
should decrease w[t.h increase in [M +] (except for 
[H + ] ~ K*,  whei, [mon-M| is role-limiting), even when 
mon-H-M + and re, in- M-M * have negligible concent ra= 
tions. 

MaiaHals and Mettlods 

SBPL vesicles w;th 2 mM pyraniac, and 2-50 mM 
phosphate or 0.25 r.iM Aces buffers inside vesicles and 
25 mM Aces or 5 mM Aces outside vesicles were 
prepared from asolectin, by sonication and passing 
through a Scphad~x G-50 coiamn in the aqueous 
medium having specified concentration of MCI (M += 
Na*, K* and Li+), as described previously [4,8]. The 
pH of tluffcrs were adjusted with HCI or MOH. Opti- 
cal densities at 700 am, measured with the help of  a 
Caw 17D sp~¢irophotometer, were used to control 
vesicle preparations. Mierolitre amounts of  i mM or 3 
mM monensln (Sigma) in etha~lai were added to vesicle 
solutions before the T-jump experiments. A particular 
set of experiment was car:led out using the same 
vesicle preparation to avoid scatter of data due to small 
differences in vesicle preparations. The T-jump instru- 
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meat [21], the transient rccorde'c used to record the 
fluorescence changes [22] and ~he iden.*!fication of 
pyranine fh~6reseence changes ~sseciated with ApH 
decay [4] have been de, scribed e!m~where- At lea~t four 
ApH relaxatiou traces wcic used in the determination 
of each relaxaiion time. A calibrated exponential gen- 
erator was used to m e ' - s u r e  ", as d.-scribc(i elsewhere. 
[4~!. 

Results 

In S3PL vesicles the endogeneous buffer groups 
make a substantial contribution to the internal buffer 
capacity, b i [4,15]. The temperature dependence of 
their pK are small when ccmpared to that of Aces 
buffer (see Table I of RcL 4). Wh,~.n the buffer trapped 
i.side vesicles is 0.25 mM Aces or 2--50 mM phos- 
phate, the magnitude of the pH jump following a 
T-jump will be smaller inside vesicles than that in the 
Aces buffer medium outside vesicles (see eqn. A-9 of 
Ref. 4). Thus, with a T jump of 1.5°C we could get 
ApH .- 0.025 across the vesicular membrane in all the 
vesicle ~-d~,,t;o.n.s t~ed i~ our experiments. The ApH 

decay due to H + transport across the membrane was 
monitored from the chenges in the fluorescence of 
pyranine entrapped inside vesicles as described in our 
previous paper [4]. In the absence of monensin, the 
3 pH decay rate ¢ - ~ ( < 0. ! s -  ~ ) was much smaller than 
that observed with monensin in vesicle so!u~io~t. Thus, 
the observed ¢ - '  can be attributed dominantly to the 
menensin-mediated .4pH Jccay. The incrcas.: in ¢-J 
with either the increase of [Mon]a [8] or the decrease 
of [lip] is similar to that observed in the case of 
nigericin-mcdiated ion transpolts [4] and are consistent 
with Eqn. 8. The increase in ¢ with ~h¢ inc;casc in the 
pho~,phatc buffer concentration inside ve.~icles (com- 
parrz Figs. 2a and 2b) are also cons;gter;t with that 
ex~:~cted by substituting the c~,~dogeneous contributions 
tc the internal buffer capacity reported earlier [4] in 
Eqns. I and 2. 

Dependence  o f  "t - ~ on  P H  

When Na + ions were used as M + in the vesicle 
solutions, the relaxation tlme ¢ decreased on decreas- 
ing the pH from approx. 8 and tended towards a 
constant value in the pH range 6-6.5 (Figs. 2a and 2b). 
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Fig. 2. pH del~ndcncc of relaxation tim,; T associated with ,he ,.lpH decay in SBPL vesicles a! 25°C ~!al in a medium having [Na + l = 50 mM (o)  
aad 250 mM (el (50 mM phosphate hvffer was inside and 25 mM Aces was outside vesicles. [Mor~]. = 1.5 #M); (b) in a medium having 
INa + ] = 50 mM (o)  and 250 mM (el (2 mM phosphate was inside and 5 mM Aces was outside vesiclc~i, [Mon] o = 1.5 pM); (c) in a medium having 
[K + ] -  50 mM to )  and 250 mM (el (2 mM phosphate was inside and 25 mM Aces was outside, lMon] o = 1.5 p.M) and; (d) in a medium having 
lLi + ] = 50 mM to )  and 250 ;u~,'f (o) (0.25 mM Aces was inside and 5 mM Aces was outside vesicles, |Mon|.  = 7,5 pM ~, [lip] = 5.2 mM in (a)-(d}. 
The solid lines were calcuhtcd using pK u = 6.55, Table 1, Eqns. l, 2 and 8. The broken line in (O was calculated vsing pK H = 7.9 and the 

associated parameters in Table I for [KCI] = 50 mM. 



in contrast with such data, the pH dependence of ~- 
was small wher~ K + ion~ or Lt + io:'-s were used (Figs. 
2c and 2d). Thus, at i M + ] = 2 5 0  raM, ~-~/[Mon] o 
(which v'flccts the mo~mnsin-mediated H* ant  '~ M + 
transport rates) followed tl:e order H a + >  K ÷ at low 
pH similar to the iono~.~hoa'e selectivity order [3], bat 
followed the contt,,-int~.iiiv, order K+>  Na + at higher 
pH conditions ( ~ 7.f,) (.:ompare Figs. 2b and 2c). 

Dependem'e of  • on 13,~' + ] 
In the pH range 6-,q of our  study ~" increased with 

increase in [Na ~] but decreased with increase in [K *] 
or [Li ÷] (Figs. 2a-2d). The pH dependent data (Fig. 
3a) obtained in a mixt~re of Na + an,4 Li + at 250 mM 
total ion concentrations show that at I~igher pH ( ~ 7.5) 
~- increases on increasing the proporti,on of [Na + ]. This 
observation confirms the increase of r with increase in 
the concentration of Na + ,~ons. Fig,,.. 3b and 3c snow 
that at low pH ( ~  0.2) if (Li +] is decreased from I',}0 
mM with a corresponding increase in [Na +] or [K +] 
(such that ti~e total ion concentra~tion remains 100 
mM), ¢ decreases rapidly at first tendmg towards a 
saturating value at higher concentrations of [b;z, +] or 
[K+]. In the experintents with a mixture of K ÷ and 
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Na + iotas at pH 7A, when [K "~] was decreased from 
100 mM with a correspondin~ increase in [Na+], ~" 
decreased at first, but increased at higher col~centra- 
lions of Na + (Fig. 3d). 

Analysis of  da:a 
The metal ion dependent bchaviours me~tioned 

above can be explained with the help of Eqns. 1, 2 and 
8 by a suitable choice of parameters. Howewr,  more 
than one set of parameters can give the calculated r in 
good agreement with the observed values. For exam- 
pie, in Fig. 2c the solid line has been obtained with 
p K .  = 6.55 and the broken line, with pKtl = 7.9 (along 
with the associated parameters given in Table I). To 
select the parameters approp' iatc to our  system ~t: c~n 
u~,c the following criteria: (i) The relative magnitudes 
of K M (dissociation constant,,~ associated with mon-M, 
M += Na + and K +) estimated from our  data should ~e 
consistent with the ionophore selectivity data. (ii) The 
intrinsic rate c o n s t a n t / q  associated with the transport 
of mon-H across the membrane should not depend on 
the choice or concentration of M ~ (except for small 
changes due to changes in ionic strength as observed 
with nigericin [4]). 
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Fig. 3. Variatio~ o l ,  (a) with pH in a medium having [Na" J= 2.50 mM (o) and [Na ÷ ] ( = 50 raM)+[Li ÷ ] ( - 7.00 raM) (s) (2 ram phosphate 
inside and S mM Acts outside vesicles, [Mm~]o = 03 ~.?~,, [a~p] = :.'.2 mM); (b) with [Li ~ ] keel~ing [Li + ]+lNa + ] -  I00 mM (pH ~ 6.2, 0,25 mM 
Aces inside and 5 mM ,'~ces outside vesicles, [Mon] o = 3 p.M, flip] = 5,4 raM; (e) Mth [Li ~ ] keeping [Li ÷ ] + [K ' | = 100 inM (pH ~ n.2, 0.25 mM 
Aces inside and 5 mM Ace.~ outside '.'c';iclcs, ~Mon]0 = 3 p,M, flip] = 5.4 taM; (d) ~, ith [K + ] i~ccpiaF, [K ~" ]+[Na + ] ~ 1{~ m,tJ ',plI .* 7.4, 0.25 ram 
Aces inside and 25 ram Aces outside vesicles. [Mou]0 - 1.0 ~M. Ilip] - 5.2 raM) ~t 25'C, The solid lines were calculated using pK H = 6.S5 and 

the associated parameters (Table !) iL Eqns. 1, 2 and 8, 
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Fen" example, with p K n = 7 . 9  and k~ = k ,  if the 
calculated r should agree with the observed values the 
estimate,: of k~ have to be decreased by large factors 
when M + is changed from Na + to K + or Li ÷ (Table I). 
Also, for this choice of p K .  the relative magnitudes of 
K m (estimated from p+~(,* using Eqn. 5 and T:~blc i) 
are not co,~istent w~ih tho~;e expected from the rela- 
tive ionophore selectivily Similar observalions can be 
made for the estimates obtained by fitting the data of 
Fig. 2 to Eqns. ! and 8, ~f k~ is assumed to have a 
value largely different from ~hat of k, and/or  p g ,  is 
chosen to be 1{I.2. Furthermore, if the pn~bability of 
formalion of the complex mon-H-M is taken to be 
negligible in the medium containing Na + (i.e. l/Kj~r~ 

t)), we '!'ind that k~ and Kd* have to decrease with 
increase in [Na + ] to explain the data of Figs. 2a and 2b 
(so Table 1). All these arc unreasonable in view of the 
above mentioned criteria ~md Eqn. 5. 

The [,arame~,ers given in Table ! corresponding to 
pK H = 6.55 (and not enclosed within parenthesis) do 
explain the dal.a of Fig. 2 and satisfy the above men- 
tione~l tv, o criteria. Further support for their validity 
comes from the observation that the data obtained in a 
medium containing a mixture of metal to:;:; (Fig. 3) can 
also be explained using these parameters. However, in 
these cases w,= have to sum over the metal ions fi~r the 
terms in,~olving K m and K,m as described in the 
'Theory" section. The solid lines of Figs. 2 and 3 have 
been obtained using lhe:.-, parameters. 

Discuss;m~ 

The life-times rr~ (=  I /k+m) of the metal ion in- 
side vesicles obt;dned from the NMR linewidths [6,7,23] 
can be estimated from the J p H  decay data also (see 
Eqn. 9). Thus, the apparent rate constant for the metal 
ion transl>~rt 'k '  defined by Riddcll and co-workers 
[6,7.23] i.~ [k+m [lip]/[Mon]u). Using Table I, Eqn.~. 8 
and 9, we gt:t 'k '  in SBPL vesicles at 25°C to be 
-- 8" 103 s - t  for uni;. value of [lip]/[Mon], when [Na +] 
= 100 m.M ar, d pl-I = 7. When we take note of the 
temperature and lipid eonstituen,, dependences of k + m, 
the above estimate can be considered to be in ~:~od 
agreemenl', with the NMR estimates [7] (1..2. l(I 4 s-~ at 
30°C in egg PC vesicles), if the NMR experiments had 
been carried out at oH ~ 7. 

However, ,our interpretation of the transport data 
differs substa~tially from that of Riddell and co-workers 
[7,23]. (a) The NMR linc~,dti~ data taave been analysed 
t, sing a transFort mechanism which ignored ",.he com- 
pensating flux due to monensin/nigeriein-mediated H * 
trauspor' [7,23]. But, Sandcaux el al. [10] have demon- 
strated the tl¢,.~d Io i,~Iudc the It + transport also when 
di~ussing monensht-mediated Na + transport. Also, the 
pK n values reported in tl:e literature [12] sul,gest 
substantial [mon-H] and [nig-H] in the pH regic, n of 

interest and hence they cannot bc ignored. The mecha- 
nism used by us is similar to that of Sandeaux ct al. 
[1(I]. (b) Riddcll e t a l .  [7,23] i~terpret their results 
assuming koi n ~. k a (kaift is the rate constant for the 
diffusion of mon-M across the ~aembranes which is k, 
i~ our notation: kd is the rate constant for mon-l~ 
dissociation). Thus, in their i'tt,:rpretation k 2 is not 
obtained. However, our observations on the decrease 
of ~.-i with increas,= in buffer eonccntratior~s and 
[Na ~] {Figs. 2a and 2b) .=an be used to sa~, (from 
arguments similar to those ~ased in 1,he case ot' r, igericin 
[4]), that equilibria associated with the binding and 
dissociation of H ~ or Na "~ to monensin are not the 
rate-limiting steps of ion transporls (wb.ich c~use dpl-I 
to decay). Thus, in our iw'.erpretation k! and k~ are 
obtained. (c) Riddell e t a l .  have argued th.tt if the 
diffusion controlled translt~cation of mon-M is as.':tnned 
to be rate limiting, k.,. for mon-Na b,=comc:i 3 times less 
than thai for mon-K (in their analysis of data) ~nd this 
is unreasonable since the No' an,t K ~ complexes of 
monensin have similar volumes an:l shapes [7]. On the 
ot!lerhand, our analysis ~f ,.Ipl-! dt.~cay data (in which 
translo::ations of mon-M :and nlon-H across membrane 
are rate-limiting) does yictd similar magnitudes for the 
k= estimates ( = k j - . 9 .  I1) 3 s - I )  for the three ions 
Na +, K ~ and Li ~ as required by RiddeU etal. [7]. 

Comparing ~he results and parameters giveo in Table 
I with those obtained for the nigencin mediated trans- 
ports [4], we ~ole the following: (i} The pKll (=  6.55) 
of moncnshl deter~t~ined by ns in the SBPI. medium is 
close to that reported in ;i6% dimethylformanddc-water 
mixture t i l l  (Thu higher value of p K .  (=  1{I.2) ob- 
served in methangl eouh~ be due to the protic nature of 
the st~lvent [13].) Thur;.. we can expect [mon-] to be 
non-ncgligiblc in the pH range of per imerest, unlike 
the situation with nigericin. (it) Our analysis of the dat~'. 
suggests that at the me't~al ion concentrations used in 
our experiments [mon-H-Na +] could be substantial. 
Thcretore, part of the e.ontribution to the reduction in 
ion transport rates on increasing [Na +] could be at- 
tributed to the "inhibition' due to the increase in [mon- 
H-Na+]. (iii) The mon-M dissociation consta~lts, K~I 
~ ~. ~.i132 M Ior Na +, (1.5 M for K + and 2.2 M for Li* 
at 50 mM ion concentration csfimal!cd using Eqn. 5 
and pkg.* (Table I)) fi)llow the expected ionophorc 
selectivity order [3,24,25]. A similar comment had been 
made tor nig-M also [4]. (iv) Similar to the eovelusio~t 
of our work on nigerlcin [4], we can say that when 
K,* >> [H+], r - i  is proportional te [mon-H] and ~.hen 
g,* << [H + ] it is proportional to [mon-M]. Thus, as ,'he 
pHi,, i:lereased the dominant species limiting the rate 
ehatlges from mon-M to, mon-H. Using Table I we can 
say 'hat at pH ~ 7, translocation of mon-H across the 
me~r~brane dor~inantly limits the ion transport rates 
when the metal ion in the medium is Na +. In contrast 
with this, at this pH tl,,e transport of mon-[~ and 



mon-Li dominantly limit the rates when th,: metal  ion 
in the medium is K + and Li +, respective~v, iv) The 
p K *  (and hence the concentrat ions of the do~tfinan' 
rate-hmiting species) at pH ~ 7.5 are such tha~: ~vc caa 
have aigher  ion transport  rates (and hence higher apl-t 
deca~, rate) in a medium of K + rather  tha' l  in a 
medi;tm of Na + (at 250 mM ion coneentra6on)  al- 
though the iono:ohore selectivity order  for mo,',ensin is 
N a + >  K + Such contra-intuitivc, behaviour has been 
noted wi~h nigericin also [4]. (vi) In a medium contain- 
ing a mixture of Na ~ and K + at pH ~ 7.4, when me 
proportion of K + is ::mall, the transport  of mon-H can 
be rate-limitiug. Increasin~ ~he concentrat ion of t~e 
relatively weakly bind;n~ K + with a corresponding de- 
crease in [Na +] would then wcrease  [mon-H] with an 
associated increase in ~.-i. However, when [K +] be- 
comes sufficiently large it is the transport  of [mon-Na] 
which will be rate-limiting, in which case ~.-i will 
decrease with an increase in [K + ] and a correspondir~g 
decrease in [Na" ]. Such a behr, viour is predicted by tke  
equatior, s given above and is ,,~!tser~,~d in experiments  
(Fig. 3d). (vii) Species with ne,~igible translocation rale 
constants in i=.,'mhranes (in th~ absence of electric 
f i t lds l  such as mon and ::aon-l-~-.~, + require us Io 
include addit ional  terms to the expt,~,ssion for tbe ApH 
decay derived in our  earl ier  work 1"4]. (Contributic+n 
from the concerted transport  of mon, H-M + arid mon- 
M-M + is negligible since [mon-M-M ÷] is negligibl::. 
The stabilisation of charged species in the polar  inter.  
face region is an addi; ional  factor making the translo- 
cation rates of the charged species small.) (viii) Our  
data show that l / K m ~  t ~ II indicating :hat the binding 
~ff a second metal  ion to nton .M is negligible. However, 
I / K I t  M ( ~  20 M - t )  a~oc ia ted  wi!h !he formation of 
pton-H-M + is comparable to I / K  m { ~ 30 M - I )  asso- 
ciated with the formatioa e f  mon-M. This observation 
might imply that the i : :otonation state of the carboxyl 
group in monensin does not affect the stability of 
mon-M much and that  the bindings cf  M + and H + to 
m ~ e n s i n  are not competitive. Thi:. conclusion has the 
suopot t  of structural data [26,27]. A sire;tar si tuation 
does not exist with nigericin. (ix) K*  (co(responding to 
pKi t  = ¢).55) given in Table I inc;cases witlt [M+]. The 
observed deviation h'om the expected l inear depen- 
dence : Eqt~. 5) is similar to that observed with nigericin 
[4] and can t~e at t r ibnted to the decrease in the activity 
coefficients or, increasing the toni( s trength a~. bigh ion 
concentrations, ix) The observation k I ~.. k z for mon- 
ensin is similar' t~ that made in the ease of  nigeHcin, k I 
est imated for' mon-H ( ~ 9 . 1 0  'a s -~) is higher than that 
for nig-H ( ~ 6 . 1 0  "~ s - I ) .  This small difference is un- 
ders tandable  when we take note of the small difft:r- 
ences in their  s tructures and the reiative molecular  
weights (670 and 725, respective!y) which are reflected 
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in their  molecular xolumes and hence in the values of 
k~. The translocation rate constants of mon-H and 
mon-M in SBPL vesicles are smaller  than that of 
neutral  valinomycin ( ~  4" 10 4 s - '  in phosphatidyl- 
inositol bilayer) [12]. probably because of their  electric 
dipole moment  which can increase the transport  bar- 
rier and the differences in the consti!ution of lipid. 
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