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Tile app:lrc,ll proton permeability coelTicienl fiw phospholipid vesicles measured in our htboratory (Norris, F.A. and Powcll, 
G.L. (10t)l)) Biochi,t|. Biophys. Acla 1(130, 165-171) for proton flux iniliated by rapidly lowering of the external pH (acid jump) 
was a linear fi,nction of the reciprocal internal proton concentration. This behavior was ascribed to the presence of the weak acid 
carriers, carbonic acid/CO,/bica,'bomttc. In tile present work, a theoretical description, appropriate for proton transport by any 
weak acid carrier, has been developed which lends itself 1o rowel graphical treatment permitting the separate estimation of the 
permeability coefficients for protons, hydroxide ions and bicarbonate. The proton permeability coefficient dctcrmi,lcd by this 
method was 1.8.10- "~ (S.E. 1.3.10-~) cm/s; that for hydroxide ion was 3.8" 10-'s (S.E. 5.6.10 -~) cm/s and a lower limit for the 
permeability of bicarbonate ion, 4 .3 .10  ~' (S.E. 3.6.10 ~) cm/s, can bc set. The presence of negative surface charge on the 
lipid bilaycr increased the observed proton permeability coefficient in accordance with Gouy-Chapman theory. The charge was 
introduced by prcparing vesicles containing increasing amounts of negatively charged dioleoylphosphatidylglycerol. The observed 
proton permeability coefficient increased and the observcd permeability coefficients for hydroxidc io,1 ;rod bicarbonate 
decreased. The addition of the lipophilic calions, valinomycin-K ~ and tctrabutylammonium ion increased the slope of P vs. 
I/[H ~ ]. These changes are analogous to those reported for the permcant weak acid uncouplers FCCP and CCCP. These studies 
demonstrated that COjcarbonic acid was an effective carrier of protons across phospholipid model membranes. 

Introduction 

Proton gradients across biological membranes are 
an essential component of the energetics of living sys- 
tems [1] driving such cellular processes as ATP synthe- 
sis [2,3], the active transport of metabolites [4] and 
flagellar motion [5,6]. in order for efficient coupling of 
proton gradients to bioenergetic processes to occur, 
the biological membrane must provide an effective 
barrier to the passive proton diffusion. However, it has 
been shown that the passive diffusion rate of p ro ton /  
hydroxide ions across model phospholipid membranes 
is about six orders of magnitude faster than that of 
other monovalent cations such as sodium and potas- 
sium ions [7-12]. This difference in rate suggests a 
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unique mechanism for the translocation of protons/  
hydroxide ions across phospholipid bilayers. 

Two possible mechanisms have been proposed. 
Transiently formed chains of hydrogen bonded water 
molecules, referred to as 'water wires', may span the 
bilayer allowing protons to be translocated [7]. Alterna- 
tively, a carrier mechanism utilizing weak acids, c.f. 
fatty acids, may facilitate proton translocation by the 
diffusion of the protonated species across the bilayer 
followed by deprotonation [13]. 

Our laboratory has shown that the weak acid cou- 
ple, CO2/carbonic acid, can greatly enhance the dissi- 
pation of proton gradients across phospholipid lipo- 
somes [14]. Large unilamellar DOPC vesicles made by 
extrusion [15] were used as a the model membrane 
system tor the study the kinetics of proton diffusion 
across ['hospholipid bilayers. The fluorescent pH probe, 
pyranine, was trapped inside the vesicles which allowed 
the internal proton concentration to be measured as a 
function of time after the external proton concentra- 
tion was rapidly altered. The K + ionophore, valino- 
mycin, was also present to abolish the electrical poten- 
tial resulting from proton fux. 
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if the net flux of protons, J, through a membrane 
were simple diffusion, the flux would be directly pro- 
portional to the proton gradient, G, across the mem- 
brane. The permeability, P, would be the proportional- 
ity constant: J = P" G (see Eqn. 1 below) However, we 
have observed that the permeability of vesicles per- 
turbed by the external addition of acid (acid jump), was 
not constant but was a linear function of the reciprocal 
of the internal proton concentration (Ref. 14 and Fig. 
1). 

In the present work, a new theoretical description of 
the kinetics of CO,/carbonic acid mediated proton 
flux is presented. The phenomenological equation is 
tested experimentally and by computer simulation. The 
theory provides graphical methods for estimating the 
permeability coefficients for protons, for hydroxide 
ions, and for bicarbonate. The rate-limiting step for 
proton transport facilitated by CO,/carbonic acid is 
assumed to be the diffusion of the anionic form of the 
weak acid, A ~, through the membrane [16]. A negative 
surface potential can reduce the ability of weak acid 
uncouplers of oxidative phosphorylation to transport 
protons across model membranes while lipophilic 
cations such as the valinomycin-K ~ complex can en- 
hance weak acid mediated proton transport [17] by ion 
pairing between the lipophilic cation and the anionic 
form of the weak acid facilitating the diffusion of A 
across the bilayer. These effects support the prolapsed 
mechanism and are appropriately described by the 
phenomenological equation, 

Methods and Materials 
Owmicals, L-~-Dioleoylphosphatidylcholine (DOPC) 

and I.~-diolcoylphosphatidylglycerol (DOPG) were a 
gift of Avanti Polar Lipids, Alabaster, AL, Pyranine 
(8-hydroxy-l,3,6-pyrene trisulfonate) (laser grade) was 
purchased from Eastman K~lak, Valinomycin, nigeri- 
tin, p-nitrophenyl acetate and bovine erythrocyte car- 
bonic anhydrase were obtained from Sigma, St. Louis, 
MO. Tctrabutylammonium hydroxide was purchased 
from Aldrich, Hepes (N-2-hydro~ethylpiperazine-N'- 
2-ethane sulfonic acid) was purchased from Research 
Organics, Cleveland, OH. Potassium sulfate and sodium 
bicarbonate (reagent grade) were obtained from J.T. 
Baker. EDTA was purchased from Matheson, Cole- 
man, and Bell, Norwood, OH. 

Preparation of vesicles. DOPC vesicles were pre- 
pared by extrusion (Mayer et al., [15]) in a buffer 
containing 25 mM Hepes, 50 raM K,,SO 4, 1 mM EDTA 
and 2 mM pyranine using a procedure described ear- 
lier [14]. Vesicle preparations were diluted to 0.5 mM 
phosphate and i /zg  of valinomycin was added per mg 
lipid unless otherwise stated. Vesicles containing 100% 
DOPC only, 20% (w/w) DOPG and 80% (w/w) DOPG 
in DOPC, and 100% DOPG prepared by thi~ proce- 

dure, yielded a homogeneous population of vesicles 
with a mean diameter of ! 16 nm, 101 nm, 100 nm and 
98 rim, respectively, as determined by quasi-elastic light 
scattering. For experiments involving carbonic anhy- 
drase, vesicles were prepared in buffer containing 1 
mg/ml enzyme. After vesicle preparation, carbonic 
anhydrase activity was verified by a p-n~trophenyl ac- 
etate hydrolysis assay [18]. 

Estimation of internal pH and l~:rmeability coeffi- 
cients. The external proton concentration was rapidly 
altered by the addition of a desired volume (/~l) of 0.5 
M sulfuric acid (acid jump) or 0.5 M sodium hydroxide 
(base jump) and mixed by inversion. Tile fluorescent 
pH pcobe, pyraninc, was excited at 450 nm and the 
emission intensity at 520 nm was observed using a 
Perkin-EImer 650-40 fluorescence spectrophotometer 
equipped with a cell holder thermostated at 25°C. The 
fluorescnce intensity wa,,; digitized and stored on a 
computer disk using a Zetfith computer equipped with 
an Keithlcy Metrabyte DASh8 A / D  converter. The 520 
nm emission of pyranine upon excitation at 416 nm 
(isosbestie point) was measured at the end of each 
experiment. The ratio ,ff the emission at 520 nm when 
excited at 450 nm (function of the concentration of 
pyranine anion) and 416 nm (function of total pyranine 
concentration) was linearly correlated with pH (glass 
electrode) between pH 7 and 8 using nigeridn to 
ensure equilibration of pH across the bilayer. The 
permeability coefficients tkw small intervals of the data 
were calculated using the numerical integration tech- 
nique developed previously [14]. The standard error 
(S.E.) of the permeability coefficients was calculated 
using Data Desk ~' 3.0 software: purchased from Data 
Description, Northbrook. IL. 

The calculation of the proton concentration at the 
surface of negatively charged bilayer was estimated 
using Gouy-Chapman theory [16,19] as shown in the 
equations below. 

1 Ii.. 1 = 1 I1~1 expte'P/kT) 

where [HJ  is the proton concentration at the surface 
of the membrane. [H,] is the bulk phase concentration 
of protons, and ~ is the surface potential which is 
estimated by: 

~P = (2kT / Ze )sinh- 1( o /(8N^Ce~q~k T) t/~') 

where ~r is the surface charge density (charge/~,2), and 
C is the counterion concentration (mol/l) and Z is the 
valence of the counterion. The other symbols have 
their standard meanings [19]. At 25°C ~" is given in 
millivolts by 

= ( 5 1 . 3 8 / Z ) s i n h -  t(136.6 o-/ (C)  I/2) 



Theory 

Kinetic model 
The equation for diffusion of a molecular species, 

X, through a membrane is given by 

Jx = Px 3 X  (1) 

where Jx is the flux, Px is the permeability 
coefficient *, and AX is concentration difference 
across the membrane of species X. The convention 
that influx is positive will be used. 

Protons can be carried by permeant weak acids. If 
only one we~k acid, HA, is present, the apparent flux 
of protons can be expressed as 

J :JII + / ) I IAJI IA : DAJA : / ) , l l l , IOl t  (2) 

where All, Alia,  JA, and J o l l  a r e  the fluxes of protons, 
the protonated form of the weak acid, the anionic form 
of the weak acid, and hydroxide ions, rcspeclively, and 
D,IA, D A and Dot I are the derivatives tier protons with 
respect to the protonated form of the weak acid, the 
anionic torm of the weak acid, and hydroxide ions, 
respectively **. These derivatives represent the frac- 
tion of flux for that species that results in a change in 
the internal proton concentration, i.e., because the 
transport of a mole of hydroxide per min is equivalent 
to the transport (in the opposite direction) of a mole of 
protons per min, Don = - 1. 

The apparent proton permeability coefficient, P, 
can then be expressed as the the apparent flux per unit 
mohtr proton concentration across the bilayer. 

P = J / A l t  = P l i +  DIIAPIIAAHA/AH - DAPAAA/AI t  

- i ) o n n P ( m A O i t / A I I  (3) 

* The permeability coefficient, P, with no subscripts, is the appar- 
ent permeability. The permeability coefficients calculated for 
ea~,, ion are indicated by corresponding subscripts, i.e., for 
proton permeability, PH, The concentration of hydrogen ion 
within vesicles, frequently given as the reciprocal, is indicated 
with subscript i: l/I-it; the concentration external to the vesicles 
is indicated with the subscript, o: I /1 t  o. DOPC is dioleoylphos- 
phatidylcholine. DOPG is dioleoylphosphatidylglycerol. S.E. is 
the st,'mdard error of the reported values. 

** Because the efflux of hydroxide ion into the vesicle is indistin- 
guishable from the influx of a proton when near neutral pH, 
Doll = - -  1. But exact analytical expressions for Dua  and D A 
under these conditions are unavailable, DHA, which is positive 
because carbonic acid moves in the same direction as protons 
under the conditions employed, appears in the intercept (Eqn. 9,~ 
and is eliminated by the extrapolation to zero bicarbonate con- 
centration (Fig. 4), D A, which is negative, appears in the slope 
term (Eqn. 8) which provides the product DAP A from the slope 
of the secondmA/plot. D A. is the fraction of bicarbonate (anion) 
molecules thai associate with protons upon transfer of a bicar- 
bonate molecule into the vesicle interior: 0 < D A < -  1. The 
values for the permeability coefficients for bicarbonate derived 
from DAPA (Fig. 3 and in Table I) are, then. lower limits. 
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where AH = [ H . ] -  [Hi] is the difference between the 
proton concentration outside and inside the vesicle, 
respectively. 

Since IOH] = KJ[H] ,  where K,, is the ion-product 
constant for water, AOH can be expressed as 

Ao t l  = h'~(1/IH.I- I/[H,])= Kwdit,]-IIt,,I)/IH,,]IHJ (4) 

In an analogous manner AA can be expressed as 

AA = K I H A . I / I H 0 ] -  K [ l t A } / [ H }  (5) 

where K is the dissociation constant for the weak acid, 
[HA o] and [Hn] are the protonated weak acid concen- 
tration and proton concentration outside of the vesicle, 
respectively, and [HAil and [Hi] are the protonated 
weak acid concentration and proton concentration in- 
side of the vesicle, respectively, if the permeability 
coefficient h~r HA is much larger than the permeability 
coefficients of the other diffusing species, men the 
concentration difference, AHA, across the bilayer for 
HA quickly becomes small relative to concentration 
difference for H +, making [HA.] nearly equal to [HA i]. 
Then AA can be approximated as 

AA = K I H A , , ] ( I / [ H 0 ] -  I / [ t t i ] )  

= K[IIAo](IHil  - [Ho])/[Ho][Hi]  (6) 

Substituting Eqns. 4 and 6 into Eqn. 3 allows the 
expression for P to be simplified to 

P = PH + DHAPHAAHA/AH 

- ( DAPaKIHAi,] + Doll Pol l  Kw ) / [ H . I I H  J (7) 

Eqn. 7 predicts a linear relationship between P and 
I /[H i] with a plot of P vs. 1 /H i yielding 

slope = [( - D A )PAK[HAo] + ( - Dcm )Poll Kw ]/[HI)] (8) 

intercept = Pu + DIle~Pl lA A H A /  A t t  (9) 

Eqns. 8 and 9 give the physical significance of the 
slope and intercept of P vs. 1/[HJ.  These slopes, 
when replotted vs. [HA,,] provide a secondary plot with 
a slope equal to DAI~K/[Ho] and an intercept of 
Do,! Port Kw/[H0]. Positive slopes result consistent with 
the assignment of negative values to DA and Dolt. 
When the intercepts from graphs of P vs. 1/[H i] are 
replotted vs. [HA0], the values should approach Pit as 
[HA o] approaches zero. These properties provide 
graphical methods to experimentally determine PH, 
P,m and PA. 

In the case of COjcarbonic  acid mediated proton 
flux, the PItA term corresponds with the permeability 
coefficient of CO2/carbonic acid; the PA term is the 
permeability coefficient for bicarbonate. The contribu- 
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tion of carbonate flux is considered to be negligible 
and not to contribute significantly to proton flux due to 
its divalent charge and its relatively low concentration 
within the pH range employed (pK = 10.36 for carbon- 
ate). 

For the general case of ~ weak acids facilitating 
proton flux, Eqn. 7 can be expanded to include the sum 
of the of the contributions of each weak acid. 

P = PH + ~DHAPHA AHA/AH 

= ~ (  DalkKI I IA. ]  + D(,,, 1%., K~ )/[H,,][H, ] (Itl) 

Results 

Proton fha  across phospholipid cesicles 
Proton flux should follow the same flux Eqn. as for 

other ions, i.e., eqn. 1. Using phospholipid vesicles of 
defined size containing the fluorescent pH indicator, 
pyranine, trapped inside, we are able to observe as a 
function of time the change in fluorescence when the 
pH external to the vesicles is suddenly decreased. The 
pH was calculated from the fluorescence, based on 
titration of vesicle trapped pyranine in the presence of 
nigcricin as described in Methods, providing data like 
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Fig, I, Analysis of prolon flux in vesicles, (A) Time course tff proton influx, DOPC vesicles containing trapped pyranine arc prepared in pil  8.0 
buffer with valinomycin and 0,5 M sulfuric acid was added to obtain a final pH value of 7.t)6. Sodium bicarbonate was added to a total 
concentration of 2 mM in the lower curve, Vesicles of known surEtce area :rod whose buffer capacity had been determined are used. Each curve 
contains 2850 data points collected every 0 . ~  s, (B) Piot~,a flux vs. proton gradient, The data from I A t2 mM bicarbonate) were used to calculate 
the net proton flux (wer 1411 points using Eqn, I from Ref. 14 and graphed vs. the proton gradient, i.e., the difference between the external 
hydrogen ion oancentration and the average hydrogen ion concentration between the initial and the final points of this interval. The line is a 
linear least-squares fit to the data points, Systematic deviations from linear behavior are apparent (r ~ = 0.80). (C) Permeability coefficient vs. 
reciprocal internal hydrogen ion concentration. Numerical integration of the data from IA (2 mM bicarbonate) over each 140 points wa~ used to 
estimate lhe permeability coefficient using Eqn, 2 from Ref. 14. The average internal hydrogen ion concentration for each 140 points was 

estimated from the first and last points of the interval. The linear least squares fit for these data points is good (r ~ = 0.96). 



shown in Fig. IA. The upper curve is the standard 
system buffered with Hepes at an initial pH of 8.(1 in 
the presence of valinomycin and potassium ion to pro- 
vide rapid cation counterflux to compensate for the 
mtwemcnt of protons. The cxtcrnal pH was rapidly 
decreased to 7.06 by the addition of (I.5 M sulfuric 
acid. The lower ~faster) curve is the standard system to 
which 2 mM bicarbonate has been added. This concen- 
tration is considerably less than the 1(I-22 mM bicar- 
bonate present within mitochondria [27]. Bicarbonate 
addition clearly accelerated the proton flux. Using the 
known values for the surface area of the vesicles and 
the internal buffer capacity, the net proton flux can be 
calculated for discrete time intervals (see Eqn. I in 
Norris and Powell [14]) from the data of Fig. I A. When 
the flux in the presence of 2 mM bicarbonate was 
graphed vs. the protoq gradient (the difference in the 
external and the internal tTIolar hydrogen ion concen- 
tralions at the hcginning and the end of these time 
intervals), a cun'vilincar plot was obtained (Fig. I B) 
rather than the linear result expected from Eqn. 1. 
This behavior was an important clue to the presence of 
the weak acid carrier present in this system [14]. The 
instantaneous permeability coefficient was estimated 
from the data of Fig. IA (2 mM bicarbonate) using 
numerical integration (see Eqn. 2 in Norris and Powell 
[14]). When the apparent instantaneous permeability 
coefficients are graphed vs. the reciprocal of the inter- 
nal hydrogen ion concentration, linear beh~mr  was 
obtained (Fig. IC). We present below a theoretical 
explanation for the observed non-linear behavior based 
on Eqn. 1 but using Ihc sum of the fluxes for protons, 
hydroxide ions, carbonic acid (and /or  carbon dioxide) 
and bicarbonate, extract values for some of these per- 
meability coeMcicnts and otherwise test the derived 
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Fig. 2. The slope of P vs. l / l i t  it as a function of the reciprocal 
external proton concentration for acid jumped DOPC vesicles. DOPC 
vesicles prepared in ptt 8.0 buffer. Vesicle samples were then 
jumped to different values by the additkm of sulfuric acid. The unit 

for the abscissa is M t (X l0 7). 
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Fig. 3. I.inc;Ir rehllionship helwccn ( ' ( ) ,  ctmcenlration and the slope 
of P vs. I / [ l l i ]  inlcrnal for .'lcid jumped I)OP(" vesicles. Eqn. 7 
predicts Ihe inlcrcepl fl~r this secondary plot to be eqtml to 

I)(Jll I(uv K~,/lit,,] and Ihc slope to bc DAI~K/[lt.]. 

Eqn. which contains I/[H]. For examplc. Eqn. 7 de- 
scribes these properties and in addition predicts that 
the slope of P vs. I / [Hi l  should also he a linear 
function of I/[Hut. This relationship was experimen- 
tally verified by the data shown in Fig. 2 for DOPC 
vesicles. 

l)etermination of I~m and Pa hy graphical analysis 
The data shown in Fig. 3 indicate a linear relation- 

ship between the slope parameter given by Eqn. 8 and 
the concentration of CO,. The concentration of CO, 
at 25°C was calculated from the amount of bicarbonate 
added using the equilibrium relationship [CO,]=  
[HCO.a]/lOWl!-~,.t~ [20]. The slope and intercept of this 
plot should be equal to DAi~K/[It o] and l)oHi~, j 
Kw/[H~], respectively. Since K,~ and [H.]  are known 
and the value of D(, t is approximately equal to - 1 ,  
the permeability coefficient for hydroxide ion deter- 
mined from the intercept shown in Fig. 3 was 3.8.1(I '5 
(S.E. 5.6.10 -~') cm/s.  The intercept of Fig. 3 provides 
DAI~ which, because of the uncertainty in the value of 
DA (see footnote ** on p. 19), is an estimate of the 
lower limit of the permeability coefficient for bicarbon- 
ate: 4.3.10-" (S.E. 3.6.10 -7)  cm/s .  

Esthnation o]" l~t hy graphical analysis 
Eqn. 7 also predicts that as the COJcarbonic  acid 

concentration approaches zero, secondary plots of the 
intercepts plotted vs. [CO:] should approach the value 
of PH, the permeability coefficient for protons. Pu can 
be obtained by measuring the intercept as a function of 
bicarbonate concentration and extrapolating to zero 
bicarbonate concentration (Fig. 4). The value for PH 
was determined by thi:, method was i.8. I11 5 (S .E.  

1.3 • 10 -s) cm/s .  An interesti-,: characteristic of the P 
vs. I/H~ plots is that they frequently give a negative 
intercept. From Eqn. 7 the intercept is composed of 
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Fig, 4. The intercept of P vs, I / l i t  i] ;is a function of added 
bicarbonate for acid jumpL'd DOPC vesicle,~, Vesicles were prepared 
at ph  :,ll and were jumped to ptl 7,35, Eqn. 7 predicts that this plot 

yields an inh, rcept eqnql to Pit. 

Pu + D l l A P l l A A H A / A H "  Since Pu, PIIA, and AH have 
positive values, AHA must be able to take on negative 
values. Computer simulation of weak acid mediated 
proton flux based on Eqn. 7 was performed using an 
iterative program. If the assumption is made that Put, 
is much greater than Pu. PA, and Pen, which is the 
key assumption in the development of Eqn. 7, then the 
values during the steady state for AHA obtained from 
the computer simulation are negative. The rapid influx 
of HA causes the total concentration of HA and A 
inside the vesicle to be greater than the total concen- 
tration outside, As the internal pH is decreased by the 
continued influx of protons and cfflux of hydroxide 
ions, the concentration of internal HA increases and 
can exceed the extenal HA concentration yielding a 
negative AHA, As expected, the computer simulation 

0,0 

lqHd 
Fig, 5, Computer simulation of the relationship between P and 
reciprocal internal proton concentration. An iterative computer pro- 
gram was used to simulate proton flux mediated in part by a weak 

acid. The unit for the abscissa is M-  t ( x 10-7). 
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Fig. 6. The effect of carbonic anhydrase on P vs. I / [H ~ l [or base 
jump conditions. DOPC vesicles were prepared in pH 7 in the 
presence (el and absence (G) of I mg/ml carbonic anhydrase. The 
pit was jumped to %8 by the addition of NaOll. The uni! fi)r the 

abscissa is M n ( × I ( I  ~). 

yields linear P vs. I/[H~] plots that possess negative 
intercepts (Fig. 5). 

Applicability of tire phenomenological equation to other 
weak acids and base jump conditions. 

The general characteristics of CO,/carbonic acid 
mediated proton flux for acid jumped vesicles are 
common to proton flux facilitated by other weak acids. 
For example, the addition of acetic acid to DOPC 
vesicle samples resulted in a lineal" telationsilip be- 
tween P and I/[H i] with the slope of these plots 
increasing with increasing concentration (data hot 
shown). This behavior supports the generality of l, he 
expression derived for transport of protons by weak 
acids. When the external pH was increased by the 
addition of sodium hydroxide (base jump), P was con- 
stant [14]. However, the kinetic model and the assunt p- 
tions that lead to Eqn. 7 do not provide a constant P. 
Vesicles prepared in the presence of carbonic anhy- 
drase to ensure the equilibration of CO 2 with carbonic 
acid during the time scale of the experiment gave 
slightly increased values of P but the characteri':.',,ic 
feature of a constant P was unaltered (Fig. 6). The 
presence of carbonic anhydrase did not alter the hnear 
dependence of P vs. 1 /[H i] characteristic of the acid 
jump condition (data not shown). 

Effects of DOPG on the permeabilities of protons, hy- 
droxide ions and bicarbonate 

For the kinetic model that has been proposed (see 
theory) for COl/carbonic acid mediated proton flux 
across phospholipid bilayers, the rate-limiting step is 
considered to be the translocation of the anion, bicar- 
bonate. Negative surface charge should inhibit the 
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Fig. 7. The apparent proton permeability coefficient as a function of 
1/ [Hi ]  for DOPC and DOPG vesicles. DOPC (o) and DOPG (e) 
vesicles were prepared at pH 8.0. The external pH was rapidly 
altered to pH 7.35 by the addition of microliters of 0.5 M 

sulfuric acid, The unit for the abscissa is M-  i ( × 10-7). 

proposed process by reducing the concentration of 
bicarbonate at the membrane interface by electrostatic 
repulsion. In Fig. 7 the effect of increasing amounts of 
the negatively charged phospholipid DOPG on plots of 
P vs. I / [H i] increased the values for P and decreased 
the values for the slope of the lines. The negative 
surface charge causes an increase in the concentration 
of protons near the surface of the membrane which 
increases the interfacial proton concentration gradient 
resulting in an increase in the observed values of P. 
When the proton concentration at the surface of DOPG 
vesicles was estimated using Gouy-Chapman theory 
(see Methods and Materials), and the corrected values 
for the proton gradient used to estimate P, the values 
of P approached those of DOPC vesicles (Fig. 8). 
Secondary plots of the slope parameter as a function of 
CO, were linear (r z > 0.q8) and were used to calculate 
the permeability coefficients for hydroxide ion and 
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Fig. 9. The effect of DOPG on the slope parameter as a ftmction of 
bicarbonate. The slope of P vs. I / [H  i] fi)r vesicles prepared at pH 
8.0 ;rod jumped to pi t  7.35. Vesicles were composed of DOPC (cO, 

20% DOPG (e) and 80% DOPG ([]). 

TABLE I 

The effect of  increasing DOPG content t>n the obsert'cd permeahilit), 
coef[icient~ ]'or protons hydroxide ions atzd bicarbonate 

Vesicle composition Permeability coefficient (10- ~ cm/s)  

proto,~s hydroxide ions bicarbonate " 

DOPC 1.8 (1.3) 3.0 (0.58) 0.59 (0.033) 
20% DOPG 20 (1.2) 2.8 ((1.53) 0.40 (0.022) 
80% DOPG 78 (1.0) 1~,72 (0.51) 0.33 (0.022) 

" The bicarbonate permeability ct efficient is estimated fronl DAP A 
and represents a lower limit far these values (see Eqn. 8 and 
footnote ** on p. 19). The values in parenthesis arc the standard 
e r r o r s .  
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Fig. 8. The effect of Gouy-Chapman estimation of the interracial 
proton concentration on P vs, l / [ H i ]  for DOPG vesicles. The 
proton concentration at surface of DOPG vesicles was estimated 
using Gouy-Chapman theory. The apparent proton permeability co- 
efficient was calculated using the adjusted values for the proton 
concentration difference across the bilayer, P calculated for DOPG 
vesicles (e) are compared to DOPC vesicles (o). The unit for the 

abscissa is M - l ( x 10-7). 
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Fig. I0. The effect of ipcreasing bicarbonat,~ concentration on the 
intercept parameter. The intercept parameter was measured as a 
function of bicarbonate concentration for acid jumped vesicles com- 

posed of DOPC ([]), 20% DOPG (e) and 80% DOPG (o). 



30 

3O 

2O 

lO 

0 

20 

10 

• ;, • ; ,  • 

o 
a ,  
_= 
( t )  

~g Val inomycin/mg lipid 

Fig, I I, The effect of valillomycin Oll the slope p:|ra111uler for I)OP(' 
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Fig, 13. The ¢fl'cct of tgll'ahtllylal111nolliUrl| ion on I ) vs. I / I l l  i] for 
DOPC vesicles, Teiral+uiylammonium ion was added It) 
DOI)( ' vesicles to give a concentration of II ~M (~>), 22 gM 
(e), 44 # M ( U ), 88 p.M. The unit for Ihc ai*seissa is M I ( × IO :), 

bicarbonate of vesicles containing differing amounts of 
DOPG (Fb:. 9). The hydro.xidc ion and bicarbonate 
permeability coefficients calculated front these data 
show a systematic decrease with increasing DOPG 
('Fable l). The effect on increasing the amount of 
DOPG contained within the vesicles on the intercept 
parameter as a function of bicarbonate concentration 
is shown in Fig. 10. The proton permeability coeffi- 
cients calculated from these dala systematically in- 
creased as the DOPG content was increased (Table !). 

Valinoltlyt'itt mtd tetrabutylammnuium hm (,nhancc,~ hi- 
carbonate pctmt'tthility t~y ion pairing 

Lipophilic cations have recently hceq shown to cq- 
hancc the rate of proton flux across phospholipid vesi- 
cles from the fi)rmation of an ion pair between the 
unprotonatcd form of the uncouple, and the lipophilic 
cation which increases the permeability (Ahmed and 
Krishnamoorthy, 199(! [17]). Theoretical analysis of the 
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Fig. 12. The effect uf valinumycin on Ihe slope parameter for DOPC 
x'esicles at different concentrations of K ' .  Vesicles were at pit 8.0 in 
buffer containing 40 mM Na,SO:~ and HI mM KaSO 4 (~) ,  25 mM 
Na:SO.I and Z5 mM KjSO.I (e) and 50 mM K:SO4 (©). The pH was 

jumped I~ pH 7.3 with H ,SO. I. 

kinetic model fi)r CO,/carbonic acid mediated proton 
flux has shown that the slope parameter contains a 
contribution front the permeability coefficient of bicar- 
bonate. Increasing the pcnncability coefficient of bi- 
carbonate by using lipophilic cations also should result 
in an increase in the slope parameter. Fig. I I shows 
that increasing the valinomycin concentration increases 
the value of the slope parameter for DOPC vesicles. In 
order to determine if the increase in the slope parame- 
ter results from uncomplcxed valinomycin or valino- 
mycin complcxcd with potassium ion, the slope param- 
eter was detcrmincd as a function of valinomycin con- 
centration at different concentrations of potassimn ion 
(Fig, 12), The iipophilic cation tetrabutylammonium 
ion also was shown to enhance the value of the slope 
parameter for DOPC vesicles (Fig. 13). 

Discussion 

The key assumption for the development of Eqn. 7 
is that the concentration difference of HA rapidly 
comes nearly to cquilibrium across the membrane and 
that the rate-limiting step for the process of C O : /  
carbonic acid mediated proton translocation is move- 
ment of A-,  i.e., bicarbonate, across the membrane. 
The assumptions made in the derivation of Eqn. 7 are 
essentially thosc usually madc for the proton transport 
mechanism of weak acid uncouplers like FCCP and 
CCCP [21-23]. The values for P,i and l~m determined 
by our graphical analysis are 1.8. l0 --~ (S.E. 1.3. l0 -5) 
em/s  aqd 3.8.10-s (S.E. 5 . 6 . 1 0 - " ) c m / s  respectively. 
These values of Pu and P¢)ll are in the range of the 
apparent proton permeability coefficients that have 
been reported [7-14]. However, this is the first report 
to our knowledge of the resolution of both PH and 
/)on from the apparent proton permeability. The simi- 
larity of the values of PH and Poll suggests a common 
mechanism for the translocation of both protons and 



hydroxide ions across a bilayer. A 'water wire' wounti 
be such a common mechanism. 

Since the proton and hydroxide ion permeability 
coefficients are determined by extrapolating the inter~ 
cepl parameter and slope parameter, respectively, to 
zero concentration of CO_,, the residual amount of 
C O j c a r b o n i c  acid/bicarbonate present in the vesicle 
sample is a source of error. Because of the nature of 
the plots (Figs. 3 and 4) used to determine the perme- 
ability coefficients, the presence ~ff a residual amount 
of CO 2 will result in an underestimate of the proton 
permeability coefficient and an overestimate of the 
hydroxide ion permeability coefficient, it should also 
be pointed out that because weak acids other than 
C O j c a r b o n i c  acid can fiicilitate the diffusion of pro- 
tons across the bilayer, the Pin and I~0t values deter- 
mined from the extrapolation to zero CO,/carbonic 
acid concentration also would bc in error if other weak 
acid contamin:mts were present. 

It was shown previously that the apparent proton 
permeability coefficient, i', under base jump condi- 
tions, was a function of the bicarbonate concentration 
and was a linear function of the reciprocal external 
proton concentration. However, in contrast to the acid 
jump case, P was not a function of the reciprocal 
internal proton concentration, I / [H,]  [14]. The behav- 
ior of P under base jump conditions can not be ex- 
plained using the assumptions used to derive the ki- 
netic model developed for the acid jump case. The 
presence of carbonic anhydrase did not alter the inde- 
pendence of P on l/[Hi].  Thus, the independence was 
not a result of a non-equilibrium condition in which 
the conversion of carbonic acid to CO~ and water was 
the rate-limiting step rather than the diffusion of bicar- 
bonate across the bilayer proposed for the acid jump 
case. Attempts to simulate the base jump using the 
assumptions that successfully model the acid jump case 
does not yield values for P that are independent of 
l / [Hi] .  Differences in the observed values of P be- 
tween acid and base jumped vesicles have also been 
reported by others [9]. 

Electrostatic potential resulting from the presence 
of charged iipids can greatly influence the transport 
properties of lipid bilayers [16]. The presence of the 
negatively charged phospholipid, DOPG, in vesicles is 
shown in Fig. 7 to increase the observed value of P. 
This can be explained by an increase in the concentra- 
tion of protons at the surface of the membrane. When 
the values of P are calculated using interracial proton 
concentrations estimated by Gouy-Chapman theory the 
values are reduced to values similar to those obtained 
for zwitteHonic DOPC vesicles (Fig. 8). Although the 
observed values of P were increased for vesicles with a 
negative surface charge, the slope of P vs. I / [H  i] was 
markedly reduced (Figs. 7-9). The slope of P vs. 
I / [H  i] has been shown to contain the permeability 
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coefficients for bicarbonate and hydroxide ion (Eqns. 7 
and 8). A reduction in the slope parameter as a func- 
tion of bicarbonate concentration indicates the perme- 
ability of bicarbonate is reduced. As the concentration 
of DOPG was increased the observed proton perme- 
ability coefficient was systematically increased and the 
observed permeability coefficients for hydroxide ion 
and bicarbonate were systematically decreased (see 
Table I). Since bicarbonate flux is the rate-limiting step 
in the proposed mechanism of CO2/carbonic acid me- 
diated proton transport, the reduction in the bicarbon- 
ate permeability coefficient reduces the efficiency of 
this mechanism of passive proton flux. 

These results are in agreement with those previously 
reported for planar phospholipid membranes with other 
weak acid proton carriers. The conductance of planar 
phospholipid membranes composed of bacterial phos- 
phatidylglycerol in the presence of the weak acid un- 
coupler DTFB (5,¢~-dichloro-2-trifluoro-nlethylbenzimi- 
dazole) has been shown to be 1.8 orders of m~lgnitude 
less than those composed of bacLerial phosphatidyi- 
choline [24]. Also, planar membranes composed of 
lipid isolated from Staphyloccoccus aureus exhibited 
conductance in the presence of the uncouplers S13 and 
DNP (dinitrophenolate) that was 10-fold smaller in the 
case of phosphatidylglycerol relative to the neutral 
lipid diglucosyldiglyceride [25]. It has been proposed 
that the high acidic lipid content in the bacterial mem- 
brane was responsible for the reduction in the effec- 
tiveness of DNP to uncouple electron transport and 
ATP synthi~sis in bacteria relative to mitochondria [25]. 

The K + ionophore, valinomycin has used extensively 
to modify the membrane potential, Aa/r, often in con- 
junction with weak acid proton ionophores such as 
FCCP :rod CCCP to probe the contrioution of A~/r and 
ApH in energy transduction systems [21,26]. In the 
study of passive proton permeability using, the 
phospholipid vesicle model .,;ystem, valinomyc~n has 
been used extensively to abolish the development of a 
proton diffusion potential by transporting K + in the 
opposite direction of proton flux (c.f. Refs. 7 and 10). 
Recently, It has been shown that valinomycin-K ~ can 
greatly enhance weak acid mediated proton transport 
by forming a complex with weak acid anion [17]. in 
order to understand further contributions of valino- 
mycin-K + on CO2/carbonic acid mediated proton flux 
through DOPC vesicles and to test the equation that 
has been developed to describe the kinetic behavior of 
the CO2/carbonic acid mediated process under acid 
jump conditions, experiments were performed at dif- 
ferent concentrations of valinomycin-K + and tetrabuty- 
lammonium ion. 

The slope of P vs. I / [H i] is shown in Fig. I 1 to be a 
linear function of valinomycin concentration. As shown 
in Fig. 12, the slope was systematically increased as the 
K + concentration was increased relative to the Na ~ 
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concentration indicating that the K + complexed form 
of valinomycin was responsible tbr the increase in 
slope. An increase in the slope in the presence of 
valinomycin K + can be explained by an increase in the 
permeability coefficient for bicarbonate. This is thc 
expected result if ion pairing occurs between valino- 
myein-K + and bicarbonate in an analogous manner to 
that proposed for valinomycin-K + and the weak acid 
uncouplers, FCCP, CCCP and SF6847 [17]. If the 
change is a result of an increase in the bicarbonate 
permeability coefficient via an ion pairing mechanism, 
then lipophilic cations other than valinomyein-K' 
should also increase the slept: value. As shown in Fig. 
13, the addition of increasing amounts of tctrahutylaln- 
monium ion results in a increase in slope. The concen- 
tration of tetrabutyhlmmonium ion required to in- 
crease the slope w.iluc is significantly higher thiln the 
concentration of valinomycin. This can pcrh'~ps he 
explained by a difference in the partition coefficients 
lbr the phospholipid hihiycr of valinomycin-K ~ and 
tetrahutylammoniunl ion. Simihlr rcstllts in the differ- 
once between the ability of valinomycin.K ~ and tc- 
traphenylphosphonium ion to enhance the rate of 
FCCP, CCCP, SF6847 mediated proton transport havc 
been reported [17]. 

CO, and carbonic acid arc essential componcnts of 
the living system and arc prescnt in cells and or- 
ganelles that must maintain large pH gradients, in 
bovine heart mitochondria the bicarbonate concentra- 
tion has been measured to hc 10-22 mM [27] which is 
much greater than the concentration required to signil: 
icantly increase proton flux though phospholipid vesi- 
cles. The proton flux through biological mcmbrancs 
mediated by CO.,/carbonic acid would reduce lhe effi- 
ciency of system hy dissipating the pH gradient in a 
non-productive process, Biological membranes com- 
monly contain large amounts of negatively charged 
[ipids and negative surface potential could be an im- 
Ix, rtant factor in reducing COJcarhonic acid medi- 
ated proton flux in vivo. For example, the inner mito- 
chondria[ membrane contains apprcciabic amounts of 
the negativcly charged lipid card=el=pin [28], The nega- 
tive surface charge conferred by lipids could inhibit 
proton flux mediated by CO2/carbonic acid and 
thereby increase the efficiency of the coupling of elec- 
tron transport and ATP synthesis, 
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