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SUMMARY

1. In heterogeneous systems conjugate acid base pairs, besides their conven-
tionally accepted static role as buffers, can also play a dynamic role in facilitating
proton transport. When protons are generated and consumed at different locations,
the conjugate base binds the proton at the “source™ and the resulting acid diffuses to
the “sink”.

2. Both the buffering capacity of an acid base pair and its ability to facilitate
proton transport are maximum when its pKa is close to the pH of the medium. The
transport facilitating effect can be appreciable at much lower concentrations than those
needed for buffering capacity.

3. The effect of proton transport has been theoretically investigated by using a
model consisting of a H--producing enzymic surface reaction, which occur with bound
enzymes both in vitro and in vivo.

4. The enhancement of proton transport is quantitatively expressed by the
extent of transport facilitation, & The interplay of facilitated proton diffusion and
reaction kinetics is quantified by the proton modulus, u.

5. At a given pK, the magnitude of transport facilitation increases with the
acid-base concentration and the pH of the solution. The pK4 value plays a dual role
in determining both the concentration of available carriers and the affinity of the
proton to the carrier.

6. Due to its high proton affinity OH - can also facilitate proton transport
already at pH 7, but in the presence of buffers its effect becomes significant only at
higher pH values.

7. When the extent of transport facilitation sharply increases with the pH of the
substrate solution, at relatively low buffer concentrations bound enzymes display
sigmoidal pH profiles with sharp peaks. Previously reported experimental data with
membrane bound enzymes can be interpreted in view of these theoretical findings.

8. It is postulated that buffers ubiquitous in biochemical and living systems
can play an important role also by facilitating proton transport.
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INTRODUCTION

Most biochemical and physiological experiments are carried out in buffered
solutions. Buffers are also important components of living systems. So far the static
role of buffers in maintaining the pH of the medium at a constant value has mainly
been considered.

We suggest that in heterogeneous systems such as cells, membranes or bound
enzymes, in which H* is generated, consumed or transported, buffers may also play
a dynamic role in acting as carriers for the hydrogen ions, thus, facilitating their
transport. This ability of buffer molecules to facilitate the molecular or convective
diffusion of protons both in vitro and in vivo arises from their capability of binding
H+ reversibly. Although mediated transport by carriers is well established for many
physiological processes (Davson and Danielli [1], Danielli {2], Wilbrandt and Rosen-
berg [3]) the role of ubiquitous buffering substances as proton carriers in the cellular
milieu or in experiments involving heterogeneous systems has not yet been put for-
ward.

Many enzymic reactions produce or consume H'. When the enzyme is bound
to membranes or solid matrices, the slowness of proton transport may limit the overall
rate of the enzymic reaction and result in proton accumulation or depletion in the
vicinity of the bound enzyme. Such a change in the catalyst microenvironment can
greatly affect the enzyme activity, the membrane permeability or other properties of
the system under consideration. Under these conditions the buffer-mediated transport
of H* from or to the catalytic sites can attenuate the degree of proton accumulation or
depletion, thus, causing changes in the system behavior.

Because of the complexities of the cellular milieu, the study of this particular
effect in living systems would have been very difficult. On the other hand immo-
bilized enzymes can serve as simple and convenient models to investigate this phenom-
enon when the activity of the enzyme is affected by small changes in the local pH and
diffusion resistance. The kinetics of ester hydrolysis with immobilized enzymes has been
studied by Goldman et al. [4] and they postulated that proton accumulation is respon-
sible for profound changes in the catalytic behavior. In the following the effect of such
proton accumulation in the absence and in the presence of buffers is theoretically
investigated by using a surface reaction model. The results of this analysis, which are,
at least qualitatively, also applicable to enzymes embedded in porous media, show
that pH profiles previously reported in the literature for certain immobilized enzymes
can be explained only by taking into account buffer facilitating proton transport.

MATHEMATICAL MODEL

List of symbols

A dimensionless concentration of the base

[A,] total concentration of the acid-base pair

[A-In concentration of the base in the bulk solution

[A 1s concentration of the base at the surface

(AHb concentration of the acid-base pair in the bulk solution
(AH]s concentration of the acid-base pair at the surface

H dimensionless H* concentration

Hy, dimensionless H' concentration in the bulk solution
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H dimensionless H- concentration at the surface
[H*]s H* concentration in the bulk solution

[H-] H - concentration at the surface

ha transport coefficient for the base

han transport coefficient for the acid

hy proton-transport coefficient for unmediated diffusion
hur facilitated proton-transport coefficient

K dimensionless constant defined by Eqn 4

Ka dissociation constant of the acid

K, kinetic parameter defined by Egn |

K, kinetic parameter defined by Eqn |

14 overall rate of enzymic surface reaction

% kinetic parameter in Eqn 1|

Greek letters

Y dimensionless parameter defined in Eqn 12

V' dimensionless parameter defined in Eqn 13

u proton modulus

ny proton modulus with facilitated proton transport
3 extent of transport facilitation

Eon extent of transport facilitation by OH

Multiphase enzyme kinetics in the absence of an acid-base pair

We assume that H+* is generated in an irreversible reaction catalyzed by a sur-
face-bound enzyme at the saturation rate. The actual pH profile of the enzyme is
assumed to be bell-shaped and described mathematically by the following equation:

% J/* (l
B ’
Kl [H+]<

where V is the overall rate of reaction, [H+*], is the H* concentration at the surface,
V* K, and K, are the appropriate kinetic parameters, which are independent of the
H+* concentration.

Due to the heterogéneous nature of the reaction, the H* concentration at the
surface is larger than that in the bulk solution, [H*}s, because protons have to be
transported away from the surface. Assuming that in the stirred solution the transport
by diffusion and convection takes place uniformly over the surface, the rate of tran-
sport is expressed by the product of a proton transport coefficient, 4g, and the driving
force given by the concentration difference: [H+]s—[H*]v. At steady state when the
substrate and proton concentrations in the solution are maintained constant, the rate
of the enzymic reaction generating H+ is equal to the rate of H - transport away from
the catalytic surface, so that

|43

H*], K
K, " [H),

= }’u ([H+]s - [H+]h) (2)

1+
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Thus, for any concentration of H* in the solution the H* concentration at the surface
and the enzyme activity, V, can be calculated from Eqns 2 and 1 at given values of
transport and kinetic parameters.

Multiphase enzyme kinetics in the presence of an acid-base pair
When a conjugate acid base pair is present in the solution, the base can rever-
sibly bind a proton to yield the conjugate acid according to the following scheme:

A~ — H- ‘—fi—,-AH

where K4 is the acid dissociation constant. As the proton concentration is larger at the
catalytic surface than in the bulk solution, the surface concentration of the acid
[AH]s, is larger than its bulk concentration, [AH]y, while the surface concentration
of the base, [A~]s, is smaller than its bulk concentration, [A~],. The changing concen-
trations of the acid, base and H " in the solution adjacent to the surface are schematic-
ally illustrated in Fig. 1.

AH AH
H* H’
A A
<-SURFACE BULK

Racad

L
DISTANCE FROM THE SURFACE

CONCENTRATION

Fig. 1. Schematic illustration of the buffer-facilitated proton transport from the surtace into the bulk
solution and the concentration profiles of the species involved. Proton transport occurs both by dif-
fusion of H* and by diffusion of AH.

Since the neutralization of A-by H- and the dissociation of AH are usually
very fast, the assumption of equilibrium between the three different species both at
the surface and in the solution is conservative. Then we can write that

[A7], [H*]), = K4 [AH], 3)
[A_]s [H+]s = KA [AH]S (4)

The H+ generated at the surface can diffuse either freely or after reacting with
A . In the latter case, the protons are carried by the buffer molecules into the bulk
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solution. If H~ is removed from the solution by a process such as neutralization or a
consecutive enzyme reaction at the same rate as it is generated at the surface, the
system is at steady state and [H " ]n, [A "]n and [AH]y are constant. Then the ratc of H-
generation must be equal to the total rate of proton transport, which is the sum of the
transport rate of H+ and that of AH. This is expressed by the following equation

V*

[HT].\ KZ
K, [H*)

Ay ((HT) - [H7 ) -+ an ([AH) — [AH]) (5)

| +

where hay is the transport coefficient for the protonated base. Steady state also re-
quires that the transport rate of A- to the surface is equal to the rate of transport of
AH into the bulk solution. Therefore, we can write that:

ha ([A7)s - [AT]) = hau ([AH), — [AH]}) (6)

where /15 is the mass transport coefficient for A .

From Eqns 3, 4, 5, 6 and | the H* concentration at the surface and thus the
enzymic activity, V, can be calculated for different pH values in the bulk solution,
assuming that the total acid-base concentration remains constant, i.e.

[A7], -~ [AH], = [Al] (N

where [A,] is the total acid-base concentration.

As shown in the Appendix the mathematical treatment is simplified by writing
the equations in dimensionless form. The dimensionless parameters and variables
thus obtained also facilitate the interpretation of the results of the numerical calcula-
tions presented in the following section. One of the dimensionless groups, u, defined by

V*

o Tk, (8)

is of particular importance. It is termed the proton modulus because its magnitude
characterizes the interplay between the rates of proton generation and transport,
therefore, expresses the relative importance of diffusion resistances for the proton.

THEORETICAL RESULTS

pH profiles without facilitated transport

When no proton-accepting species are involved in the transport of H" from
the surface into the bulk solution, pHs varies with pHy at different values of u as
shown in Fig. 2. The magnitude of K, and K, is arbitrarily chosen 10-% and 10-%,
respectively. As seen, the difference between the hydrogen ion concentration at the
surface and in the bulk fluid, i.e., the magnitude of proton accumulation at the surface
rapidly increases with increasing values of the proton modulus, u.

The resulting pH profiles of the enzymic reaction are shown by plots of the
normalized overall enzyme activity, V/V'*, against pHy, for different values of x. Only
for u =7 10-% is the pH profile identical to that of the true enzymic reaction without
diffusion limitations. At g > 10-%, however, the enzyme activity plateaus at sufficiently
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Fig. 2. Graph illustrating the pH at the surface, pH,, for a proton-generating reaction, as a function
of the pH of the bulk solution, pH,, at different values of the proton modulus, z, in the absence of
proton carriers. When s = 1073 no proton accumulation occurs; at higher values of , i.e. with in-
creasing diffusion resistance, the deviation from the diagonal illustrates the magnitude of proton
accumulation at the surface.

high pH), when the surface pH becomes independent of the bulk pH because of the
accumulation of protons at the surface.

Accumulation of protons at the surface with facilitated transport

As it has been suggested in an earlier section the transport of hydrogen ions
can be facilitated from the surface by proton-accepting species. In the mode! used for
quantifying this effect we assume that the three transport coefficients involved, hy,
han and hy have equal values. This assumption can be justified despite significant

v/V*

Fig. 3. pH profiles of a surface bound enzyme as a function of the pH of the bulk solution, pH,, at
different values of the proton modulus, r. The curve for x = 107% represents the pH profile of the
enzyme without diffusion limitations.
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differences between the diffusivities of H- and A~ individually. First, the transport
coefficient is proportional to the corresponding diffusivity only if the transport takes
place solely by molecular diffusion, but in a stirred system this dependence is mitigated
(Levich [5]). Second, the transport of the two charged species H* and A does not take
place independently due to the requirement of local electroneutrality. For instance,
it has been shown that two species carrying the same number of charges have the same
interdiffusion coefficient in the absence of electrical current (Helfferich [6]).

In Fig. 4 the pH at the surface is plotted as a function of pHy, in the presence of
an acid-base pair having a pKa value of 8 and a concentration of 10-2 M. When
u = 0.01 protons accumulate at the surface when pHy is low and pHj; tends to plateau
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pH,
Fig. 4. Graph illustrating the pH at the surface, pH,, for a proton generating reaction as a function
of the pH of the bulk solution, pH,, at different values of ;¢ in the presence of 10~* M acid-base pair

having a pK, value of 8. When 1 = 1072, no proton accumulation occurs; at higher values of y,
the deviations of the diagonal illustrates the magnitude of proton accumulation at the surface.

as in the absence of proton acceptor. The value of pHs, however, does not remain
constant but also increases when pHy is further increased. This phenomenon can be
explained as follows. At low pH, AH is practically undissociated so that the concentra-
tion of the proton acceptor, A-, is too low to have an effect on proton transport. With
increasing pHy more and more carrier species are formed due to the dissociation of
the weak acid so that the proton transport from the surface is increasingly facilitated.
It is seen that for intermediate u values, 4 == | and 10, pHg increases faster than pHp,
thus, at high values of pHy the concentration of A - is sufficiently high to prevent any
accumulation of H' at the surface.

pH profiles with facilitated proton transport

In view of these results the activity of the surface-bound enzyme is expected to
be affected by proton acceptors in the solution if proton transport per se is relatively
slow. Fig. 5 shows the dependence of the enzyme activity on the bulk pH at different
w values in the presence of a buffer having a pKa value of 8 and a concentration of
10 2 M.

In this case the activity of the bound enzyme always decreases after reaching
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Fig. 5. pH profiles of a surface-bound enzyme as a function of the pH of the bulk solution, pH,,
at different values of « in the presence of 10~2 M acid-base pair having a pK,, value of 8. The curve
for 1 < 1072 represents the pH profile of the enzyme without diffusion limitations.

the maximum activity and vanishes at high enough bulk pH. On the other hand at
sufficiently high u the pH profile is S shaped before reaching the maximum. This
dependence of the enzymic activity on the bulk pH is readily accounted for by the
dynamic role of the acid-base pair. At low pHy the concentration of A - is too low to
affect proton transport. As a result H' accumulates at the surface and the activity
begins to plateau as in the absence of buffer. With increasing pHp, however, the genera-
tion of A- results in a sharp decrease in [H*],, therefore, the enzymic activity sharply
increases as shown in Fig. 5. The activity reaches its maximum value when [H+]sequals
10- ¢ and then decreases with the further increase in pHp.

The effect of the concentration and the pK4 of the buffer on the pH profile at
¢ = 1 1s shown in Fig. 6. Since 4, and K4 determine the maximum possible and
actually available concentration of the proton carrying species, A-, respectively, both
have a significant influence on the pH profiles.

5 6 7 8 .9 0 N
pH,

Fig. 6. Effect of the pK, and the concentration of the buffer [A,] on the pH profile of a surface-bound
enzyme at u — 1.
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Quantitative interpretation of transport facilitation

The quantitative interpretation of the previously discussed results is possible
by introducing a parameter, the extent of transport facilitation, &, which expresses the
relative increase of proton transport in the presence of A . It is defined by

hau (IAH), — [AH],)

3 P 9
i ((A¥], = [H7],) ®
Two limiting behavior of this function are readily derived
A
£~ /—7’—‘5 ¢ at pH, and pH, > pK, (10)
hy K,
fan Aok at pH. and pH, - pK, an

e T, T

In order to demonstrate the effect of 4, and pK4 on £ in a wide range of pHp,
the & values obtained by numerical calculation are plotted in Fig. 7 as a function of
pHy, with 4, and pKa as the parameters. Of particular interest is the dependence of &
on the pKa of the buffer. At low pHy, a buffer having a low pK, value and at high pHp
a buffer of high pK4 value is the most effective in facilitating proton transport. This
behavior can be predicted from the limiting analytical expressions in Eqns 10 and 11,
which indicate that & is proportional to Ka at small pHy, but inversely proportional
at high pHy. In addition Fig. 7 and Eqn 10 illustrate that at high pHy, the extent of
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Fig. 7. Graph illustrating the dependence of the extent of transport facilitation, &, on the bulk pH
at different molarities, [A,], and pK. values of the buffer. The curves were obtained assuming that
1 - 1. The dash-dot line shows the extent of transport facilitation by OH™, &gu.

facilitated transport can be significant even at very small concentrations of a buffer
having a large pKa. For instance a 10-* M buffer of pK, 8 yields a & value of 10* at
high bulk pH.

In the presence of an acid base pair sy is no longer the coefficient for the total
transport of protons. The effective transport coefficient suy, which relates the total
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rate of proton transport to the concentration difference of H<, is defined by the
following relation:

Ay ((H*L — [H7]y) ++ Aan (IAH) - [AHLo) — Aue ([H*], — [H*]y) (12)
Then in view of Eqn 9 the coefficient for facilitated proton transport is given by
h"F_hH(] *5) (]3)

It follows that the interaction between proton generation and facilitated proton tran-
sport is characterized by the effective proton modulus, uy, which, according to Eqns 8
and 13, is related to the modulus in the absence of proton carriers, u, by

= - (14)

Eqn 14 quantitatively expresses the fact that in heterogeneous system where protons
are generated the transport facilitating effect of a proton acceptor manifests itself in a
reduction of the diffusion resistance for protons by a factor (1 -1 &)~

Facilitated proton transport by OH -

Since OH- ions bind protons reversibly and are always present in aqueous solu-
tions they also have to be considered as proton carriers. When H* is generated at the
surface, there is a flux of OH- from the bulk solution to the surface where H* is
neutralized, and the water diffuses away from the surface. The magnitude of facilitated
transport by OH ™~ can be calculated by considering OH" as the conjugate base of
water whose concentration and K, is taken as 55.5 M and 1.82-10-18, respectively.
The extent of transport facilitation by OH-, &4, in this case also depends on the bulk
pH as shown for 4 = 1 in Fig. 7. It is seen that &ou is negligibly small below pHy 9
but then rapidly increases with the pH and reaches a value of 10¢ at pHy, 10.

However, when the diffusion resistance is small, i.e. H*, &~ H-5, the value of
Sou can be significant also at lower pH values. It is seen from the limiting expression
in Eqn 11 that when sy and hon are assumed equal, £ow is inversely proportional to
[H*]%», and the maximum possible value of §ou is 1, 102 and 10* at pH 7, 8 and 9,
respectively. Therefore, even though the OH' concentration is very small, proton
transport can be greatly enhanced by a small increase in pHy, slightly above 7 because
of the very high pK4 of water. Of course, when another proton acceptor is present, it
participates together with OH- in proton transport and their relative contributions
can be estimated from the data presented in Fig. 7.

Optimum pK o of the buffer for proton transport

The dependence of & on pK, as shown in Fig. 7 as well as in Eqns 10 and 11
suggests that there is an optimum pKa value for the acid-base pair which yields
maximum £ at a given pHy. This is illustrated in Fig. 8 by the plots of & against pKa
for different pHy values at A, = 10 2 M and g -- 1. Tt is seen that the extent of
transport facilitation is the greatest when the pKa of the buffer is the same as the pH
of the solution. Calculations with ux values greater than unity have shown that the
optimum pKj slightly decreases with respect to pHy, and this shift increases with u.

These results suggest that not only the buffering capacity of a given acid-base



Fig. 8. lllustration of the effect of pK. on the extent of transport facilitation, &, at different pH values
in the bulk solution, pH,. The buffer concentration, [A;), is 1072 M and the modulus, g, is unity.

pair but also its proton transporting facility is the greatest when the pKa of the buffer
is near the pH of the solution. This can be understood by the double role of the pKa
value of the buffer, which expresses both the propensity of the buffer to make anions
available for proton transport and the resistance of hydrogen ions to combine with
buffer anions. The optimum pKa value represents a compromise between a desirable
low pKa to make a large fraction of the buffer available as carrier and a desirable high
pK to provide a high affinity of H* to the carrier species at the surface.

DISCUSSION AND CONCLUSIONS

Comparison of the theoretical results with experimental data obtained with immobilized
enzymes

Goldman et al. [4] and Silman [7] studied the kinetic behavior of papain immo-
bilized on collodion membranes in the hydrolysis of N-benzoly-L-arginine ethylester
(BAEE) and N-benzoyl-glycine ethylester (BGEE). One of the products in both reactions
is H*. Experiments were carried out in the absence as well as in the presence of 0.1 M
phosphate and 0.4 M Tris buffer.

In the absence of such buffers the pH profile of the immobilized papain in
BAEE hydrolysis was found to be “S-shaped, flattening out in the neutral pH region
and then rising sharply at alkaline pH values up to and above pH 9.6 (Silman [7]).
In the presence of buffer, however, the pH profiles of both the soluble and immobil-
ized papain were bell shaped with the maximum activity near pH 6. The anomalous
curves obtained with the immobilized enzyme in the absence of buffer have been
explained by postulating “that the changed pH dependence resulted from a lowering
of the local pH in the vicinity of the enzyme, caused by generation of hydrogen ions
within the membrane by enzymic ester hydrolysis. Thus, as the external pH was raised,
the increased rate of enzymic activity would cause a decrease in local pH which would
tend to decrease the observed rate. This is a form of negative feedback and leads to
the flattening of the pH activity curve in the neutral pH range” (Silman [7)).

According to the calculated curves shown in Fig. 3, the experimentally found
flattening of the pH profile in the neutral region can indeed be explained by proton
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accumulation in the microenvironment of the immobilized enzyme. Limitations in
proton transport, however, cannot account for the observed sharp increase in activity
between pH 7 and 9 if no buffer or other proton acceptor was present. In view of the
theoretical curves shown in Fig. 6, however, the obtained S-shaped profile can be
explained by the presence of 5-10 3 M cysteine (pKa = 8.4) and 2-10-*M EDTA
{(pKA values = 6.2 and 10.3) in the reaction mixture. Despite their relatively low
concentration, the dynamic role of these substances cannot be neglected in the absence
of phosphate or Tris buffer. They can increase the effective proton transport coefficient
by more than three orders of magnitude as seen in Fig. 7.

The pH profiles obtained in the hydrolysis of N-benzoyl-glycine ethylester
(Goldman et al. [4]) at high buffer concentrations were bell shaped for both the
immobilized and soluble papain with the peak at pH 7. On the other hand, in the
“absence™ of buffer the activity reaches a constant value between pH 4 and 6, increases
sharply at pH values up to 8.5 then decreases rapidly with further increase of pH.
This curve exhibits a plateau followed by a sharp peak at increasing pHy as the pH-
profiles which are shownin Figs 5 and 6 fora buffer of pKa = 8. Therefore, the experi-
mental results can again be explained by the transport facilitating effect of cysteine
and EDTA.

The hydrolysis of acetylcholine by membrane bound acetylcholine esterase
tfrom Electrophorus electricus was studied by Silman and Karlin [8] in the absence and
presence of added buffer. The results were similar to those obtained when N-benzoyl-
L-arginine ethylester was hydrolyzed with immobilized papain. Again the shape of the
curve in the “absence” of buffer can conveniently be explained by proton accumulation
and the presence of proton acceptors such as EDTA, which was used in the prepara-
tion of the membrane.

Dynamic role of buffers in heterogeneous biochemical systems

Buffers have been used in biochemical experiments to maintain the pH con-
stant. Other proton accepting species have also been frequently used for specific
purposes. In heterogeneous mixtures, when proton transport is directly or indirectly
involved, the presence of such compounds can have a drastic effect on the experimen-
tal results, as was previously illustrated by the pH profiles. Of course, the dynamic
role of buffers is not restricted to enzymic reactions. Bishop and Richards [9] have
reported that in the acid-base titration of crystalline -lactoglobulin crosslinked with
glutaraldehyde it took several hours to reach the endpoint. In these experiments the
diffusion of H- in the insoluble protein particles was assumed to be the rate limiting
step because the binding of proton to the various functional groups of the protein
proceeds with a half time of a few microseconds. It has been found, however, that by
adding a small amount of acetate to the heterogeneous mixture the time of equilibra-
tion was reduced to 2 or 3 min (F. Richards, private communication). Similarly rapid
equilibration has been observed in studies by Rupley [10] on the ionization of the
tyrosyl residues in methemoglobin crystals in strong buffer solutions. These findings
suggest that buffer facilitated proton transport can have profound significance in
reducing the time needed to achieve equilibrium when the rate of equilibration is
limited by the diffusion of H".
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Facilitated proton transport in living systems

Many metabolic processes produce H+ by heterogeneous reactions in the cell-
ular milieu, which are ultimately excreted, for example, via the lungs and the kidneys
in the human body. It is well known that the pH of extra- and intracellular fluids is
maintained constant by buffer systems despite the large metabolic acid production.

In our view, the buffering species can play a dual role also in living systems.
The maintenance of constant pH in such heterogeneous media requires both high
buffering capacity and efficient proton transport facility. Biological buffers consist of
proton donors and acceptors with a pX4 close to the physiological pH, thus, possess
both properties, which can explain their remarkable efficiency according to this study.
It is possible that a smaller buffer concentration is required to keep the pH constant
in a complex heterogeneous system such as a living organism due to buffer facilitated
transport than that one would expect from taking only the buffering capacity into
account. In the hypothetical limit of infinitely fast proton transport, no buffering
capacity would be needed to maintain the pH constant at a steady state.

Proton acceptors participate at least in the following three transport processes:
convective proton transport in the circulatory system, proton translocation through
membranes and intracellular diffusion.

It has been established that buffers such as bicarbonates, phosphates, and
hemoglobin serve not only to hold the pH of the blood plasma at 7.4 but also to carry
protons from one part of the body to another and finally to excretion.

The movement of protons across cellular membranes is usually facilitated by
proton acceptors which are lipid soluble. According to Mitchell’s [11] chemiosmotic
theory, this phenomenon could be responsible for the uncoupling of oxidative phos-
phorylation assumed to be driven by transmembrane proton gradients. The uncouplers
are weak aromatic acids such as 2,4-dinitrophenol, which are most effective at pH
values near their pK4 to carry protons through membranes (Hopfer et al. [12]).

The results of the theoretical analysis presented here are probably most
applicable to proton transport in intracellular fluids which contain a large number of
buffering substances such as phosphates and bicarbonates. Typical intracellular pH
values are 6.8 and 7.0 in animals. According to this study, proton transport would
occur predominantly by buffer carriers because their intracellular concentration is at
least four orders of magnitude larger than that of H-. Fig. 7 shows that at pH 7 about
100 times more protons are transported by a buffer of pKs 7 at a concentration of
10-2 M than as H~ even if they diffuse 100 times faster than the carrier species. This
also supports the assumption that no significant proton gradients exist in the cyto-
plasm. It is intriguing to postulate that in view of the facilitated proton transport there
is a net flow of both the protonated species from the intracellular fluid to the cell wall
and the proton acceptors in the reverse direction. The significance of such shuttle
mechanism in the cytoplasm, however, could only be assessed by determining the rate
of intracellular proton generation as well as the nature and concentration of the
individual carrier species.

APPENDIX

The H+ concentration at the surface for different pH values in the solution has
been calculated as follows.
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In the absence of an acid-base pair
The dimensionless H* concentration, H, is defined as

H= —“1{(—1]— (A-1)

Then according to Eqn 2, H,is obtained by solving the following third order equation

HJ+ (1 — Hy) H 5 (K — Hy — p) H, — KH, = 0 (A-2)
where K is defined by
K,
K= ' (A-3)
and u, the proton modulus, is given by
V*
kKL (A-4)

In the presence of an acid-base pair
In addition to the above defined dimensionless quantities, we introduce the
dimensionless base concentration, 4, defined as

A __[‘;:] (A-5)

Then, Eqns 3-7 yield the following fourth order equation for H

yH! - (1 +y — yHy + y'4y) H - (1 — yu — Hy + yK — yH, + ¥'4,

— Yy AuHy) Hsz+ (K —pn — H, — yKH, + ‘Y’KAb — y'AuH,) H, (A-6)
— (KH, + y'AsH,K) = 0
where
__hmy K,
= h. Kn (A-7)
. hm' K,
e K (A-8)

Both Eqns A-2 and A-6 have been solved numerically by the Newton’s iteration me-
thod to obtain H as a function of Ay, and the pertinent parameters of the system.

ADDENDUM

Recently Gutknecht, J. and Tosteson, D.C. [13] demonstrated that the
transport of salicilic acid from the bulk solution to a membrane could be greatly
augmented by the addition of buffers. In our opinion the dynamic role of buffers is
also applicable to buffer-facilitated transport of weak acids as well as that of weak
bases since both involve proton transport as shown in a forth coming paper (Engasser,
J.-M. and Horvath, C., submitted for publication)
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