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Abstract. The conductance observed for single pro- 
ton channels formed by proteolipids of ATPase 
(Schindler and Nelson 1982) is rationalized in terms 
of a hydrogen bonded network model. A simple 
algebraic expression for the resistance predicted for 
such a model is presented and the results are 
compared to the experimental observations. The 
comparision suggests that the conduction involves a 
series of bound water molecules and perhaps amino 
acid side groups. 
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1. Introduction 

The conductance of single proton channels formed by 
the proteolipid of ATPase from yeast mitochondria, 
after reconstitution into planar bilayers, has recently 
been measured by Schindler and Nelson (1982). For 
low proteolipid concentrations and in the absence of 
cholesterol, these authors observed that the conduc- 
tance normalized by the proton concentration 
remains approximately constant upon a symmetric 
pH change on both sides of the membrane. Around a 
pH value of 4.5 an increase of the normalized 
conductance has been recorded for various lipids. We 
will show in this paper now from these observations 
the pK values of the groups constituting the proton 
channel, as well as the kinetic constants of the 
elementary molecular processes involved in the 
conductance, can be estimated. For this purpose we 
provide an analytical expression for the resistance of 
a proton channel in terms of its molecular properties 
and compare the results to the measured conductance 
values as obtained by Schindler and Nelson (1982). 
The theoretical description will be based on a model 
introduced now. 

2. Model of the proton channel 

Recently, several authors have investigated theo- 
retically the transport properties of proton channels 
formed by a transmembrane protein (Nagle and 
Nagle 1983; Brtinger et al. 1983). Following a model 
originally suggested by Onsager (1967), these studies 
assume that proton channels are constituted by linear 
hydrogen bonded systems formed from the amino 
acid side groups of the membrane proteins. In the 
case of the proteolipid of ATPase the components are 
the amino acids with polar, uncharged side groups, 
e.g., threonine, tyrosine, and asparagine; the amino 
acids with charged, polar side groups, such as aspartic 
acid; and any molecules of bound water present in the 
channel as an integral part of the conductor. It is 
generally accepted that at least two proteolipids are 
required to form a channel and that the aspartic 
(glutamic) acid residues are a key component of the 
proton channel (Sebald et al. 1979; Hoppe and 
Sebald 1984). The native proton channel, i.e. the F o 
fraction of ATPase, appears to function only when in 
addition to the proteolipids, two further protein 
subunits are present. The observations of Schindler 
and Nelson (1982) indicate that the proteolipid alone, 
albeit in pairs, form proton channels in artificial 
membranes although the possibility of non-specific 
water channels forming spontaneously in the mem- 
brane at low pH cannot be disregared. 

Sequence and structural studies indicate that the 
aspartic acid residue is located roughly in the middle 
of the membrane (Hoppe and Sebald 1984; Sebald 
and Wachter 1979; Senior 1983; Sebald and Hoppe 
1981). Since the proteolipid appears to be a hairpin 
alpha-helix with largely hydrophobic segments cross- 
ing the membrane, the two proteolipids may be nested 
together in order to utilize the largest number of 
hydrogen bonding side groups for the proton trans- 
port. Hoppe and Sebald (1984) have recently sug- 
gested that a proton channel could be totally 
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constructed from water molecules that are bound 
either by the amino acid side groups or by the polar 
groups of the peptide bonds. Since the exact 
arrangement is not known and it is difficult to 
differentiate kinetically the transport of a proton by a 
bound water molecule from transport by an organic 
hydroxyl group such as in threonine, we will consider 
the following simple model: 

The channel consists of N groups with the centre 
group representing a cluster of one or more aspartic 
acid side chains• Each group in the channel has two 
states of protonation and correspondingly two pK 
values. For aspartic acid the pK values describe the 
formation of the carboxylate and oxonium ions 

R_C/ /0  + H + , carboxylate R - C \ o H  --+ \ O -  

pK, = pK(AH) 

/ O H  //0 
oxonium R-C\{+~3H --+ R - C  + H + 

"OH 
pK2 = pK(AH2). 

The other conductor groups (WH) are assumed to be 
either bound water or polar side groups and their two 
states of protonation are 

"hydroxyl" WH--+ W- + H + , pK1 = pK(WH) 

"hydronium" WH~--+ WH + H + , pK2 = pK(WH2). 

We will assume below pK(AH2) = pK(WH2) and will 
find that in the pH range 1 ___ pH -< 5 that pK(AH) 
and pK(WH) do not contribute to the conduction. 
Therefore, in this range the model can also be 
reconciled with a channel formed solely by molecules 
of water• 

The conductor model is represented schematical- 
ly in Fig. 1 which shows the corresponding chain of 
hydrogen bonded groups• At thermal equilibrium at 
acidic pH one finds one proton in each hydrogen 
bond, and the two most probable proton configura- 
tions are those shown in Fig. 1, in which the protons 
are situated either all to the right side or all to the left 
side of the groups• In analogy with the experimental 
situation (Schindler and Nelson 1982) we will assume 
in our calculations that the pH values of the solutions 
on either side of the membrane are titrated symme- 
trically and that proton transport is induced by a 
voltage difference applied across the membrane. The 
transport will primarily involve the series of proton 
configurations shown in Fig. 2a. The symbols OO, 
OX, XO, XX represent the four possible protonation 
states of a single group, i .e . ,no proton, one proton to 
the right, one proton to the left, and protons on both 

~1 protein backbone 
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Fig. 1. Model of the proton channel formed by the proteolipids of 
ATPase. The center group is assumed to be a carboxylate side 
group of aspartic acid. The neighbouring groups (WH) are either 
bound water or amino acid side groups• The two equilibrium 
proton configurations in the hydrogen bonded network in which 
the protons are situated all to the right (a) and all to the left (b) of 
the groups are shown 

sides of the respective group. The symbol OX OX 
OX OX OX represents the equilibrium configuration 
denoted by c(1) with all protons to the right side of 
the groups, XO XO XO XO XO represents the other 
equilibrium configuration denoted by c(N + 2) with 
all protons to the left side of the groups• We choose 
the symbols c(i), i = 2, 3, . . .  to represent further 
proton configurations. Figure 2a presents two path- 
ways of proton configurations along which protons 
can be conducted• In the top pathway of Fig. 2a an 
excess proton enters the channel at the left-hand side 
denoted by the transition c(1) = OX OX OX OX OX 
--+ c(2) = XX OX OX OX OX. The excess proton XX 
is then transported across the membrane by a series 
of N-1 jumps between the groups, e.g., XX OX OX 
OX OX--+ OX XX OX OX OX. At the right side the 
excess proton is released into the solution as 
described by the transition c(N + 1) = XO XO XO 
XO XX--+ c(N + 2) = XO XO XO XO XO, i.e., the 
conductor enters an equilibrium configuration. In the 
bottom pathway of Fig. 2a a proton jumps between 
the two central groups of the conductor and, thereby, 
creates a double fault of an excess proton XX and an 
empty group OO. These states correspond to the 
carboxylate anion of the aspartic acid and the 
hydronium-like ion on its neighbouring residue• The 
excess proton XX wanders to the right-hand side 
where it will be given off to the solution• An excess 
proton then enters the conductor from the left-hand 
side and wanders to the centre where it combines with 
the carboxylate anion. These events leave the 
conductor again in the equilibrium configuration c(N 
+ 2). 

In order to return the conductor for either 
pathway from c(N + 2) back to the equilibrium 
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D t pathway 
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Fig. 2, a Kinetic diagram of the proton configurations involved in the transport of protons for a channel formed by five groups. The symbols 
X (0) represents the case that a proton (no proton) is situated at one of the two possible binding sites of each group. The rate constants which 
govern the transitions between the proton configurations, e.g.,kr and kt are shown; here the index r refers to rotation and t to jump 
processes, P and D denote protonation-deprotonation processes at the end groups and L D  the transfer of a proton between the aspartic 
acid central group and one of its neighbouring groups. Several intermediate configurations denoted by (.)  have been omitted, b Schematic 
representation of the two pathways of proton transport in a for a channel composed of N groups, c(i) denote the individual proton 
configurations. The resistance corresponding to this diagram can be evaluated according to Kirchhoffs rules interpreting the pathways as an 
electrical network. The resistance attributed to the three unbranched parts of the network are indicated (see text) 

configuration c(1), successive rotations or reorienta- 
tions of the single groups are necessary. This part of 
the conduction is then common to both pathways. 
The resulting two conduction mechanisms are repre- 
sented schematically in Fig. 2b. Since the transport in 
the top pathway of Fig. 2a, b involves the oxonium- 
and hydronium-like excess protons XX, so-called 
double ionic faults Dr, this pathway has been labelled 
Dr. Since the conduction along the bottom pathway in 
Figs. 2a, b involves the simultaneous formation of an 
empty group as well as an excess proton, the bottom 
pathway as been labelled LtDt. 

3. Resistance of  a proton channel 

In a previous publication (Brtinger et al. 1983) we 
derived an expression for the resistance of a proton 
channel near thermal equilibrium, i.e., for small 
voltage differences, V, across the membrane. This 
expression holds for a linear voltage-current relation- 
ship V = RI, where R measures the resistance of the 
channel and I the proton current. Applied to the 
kinetic pathways shown in Fig. 2b the resistance is 

R = R1 + (l/R2 + l/R3) -1 , (2) 

where 

Ri = (kT/e) ~ 1/(Kj__q+IPj). (3a) 
jeM~ 

R i is the resistance contributed along each 
unbranched segment of the kinetic pathways in Fig. 
2b, which are combined according to Kirchhoff's 
rules of networks. The resistance R 1 accounts for the 

rotations, i.e., involves the configurations 

M 1 = (N + 2, N + 3 . . . . .  2 N + 1,1), (3b) 

R2 for jumps and (de)protonations along the Dt path- 
way involving the configurations 

3/2 -- (1,2, . . . ,N + 2),  

and R3 for jumps and (de)protonations along the LtDt 
pathway involving the configurations 

M 3 = ( 1 , 2 N + 2  ... .  , 3 N +  1, N + 2 ) .  

Pj is the probability for the j-th proton configuration 
to appear in thermal equilibrium. Kj ~ j + 1 are the 
first-order rate constants describing the transition 
c (j) ~ cO + 1) at thermal equilibrium, i.e., when no 
voltage is applied. We assume that the elementary 
processes of proton jumps between groups, e.g., OX 
OO ~ OO XO, and group rotation, e.g., OX --> XO, 
are thermally activated events which follow Arrhe- 
nius's law 

Kj___,j+ l = Aj_~+, exp[-E(j--> j + 1)/kT], (4) 

where A / ~  j + 1 is the frequency factor and E(j ---> j 
+ 1) the energy of activation for the transition. The 
assignment of values for the rate constants has been 
discussed (Nagle and Nagle 1983; Brfinger et al. 
1983), and we provide the values employed in our 
calculations in Table 1. 

The rate constants for the rotation of a single 
group kr = 101° s -1 and for the jump of a proton 
between neighbouring groups kt = 1011 s -1 are in 
agreement with the values suggested by Nagle and 
Nagle (1983) in their recent review on theoretical 
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T a b l e  1. Activation barriers (EA) and rate constants (k) for the 
elementary transport processes 

Motion EA [eV] k [101° s -1] 
jumps 

k, (~'_,) 0.02 23 
k', 0.02+2.3 [pK(AHz)-pK(WH2)]/fl 
kLD 0.04+2.3 [pK(AH)-pK(WH2)]/fl 
k_LD 0.04 11 
Rotation kr 0.10 1.0 

models of proton pumps and ATPases. While the 
jumps are generally accepted to be picosecond 
motions, the time scale for the reorientation or 
rotation of a side group can vary over many orders of 
magnitude depending on its location within the protein. 
For example, subnanosecond rotations of tryptophan 
(not a hydrogen bonding group) residues located in 
the hydrophobic interior of a protein have been 
reported (Munro et al. 1979). Mackay et al. (1984) 
observed in a recent molecular dynamics study of the 
gramicidin A channel that a linear hydrogen bridge 
chain of water molecules forms in this channel with a 
rotational relaxation time of a few picoseconds. 
However, Wagner et al. (1976) have determined by 
means of NMR spectroscopy that the rings of tyrosine 
and phenylalanine groups in globular proteins rotate 
with rate constants in the microsecond range. 

The analysis below shows that the observed 
proton conductance of channels of ATPase proteo- 
lipids can be reproduced only if one assumes a rate 
constant of 10 l° s -1 for rotation. The correspondingly 
fast rotations for these channels involve the aspartic 
acid side groups, and either bound water or threo- 
nine, and asparagine side groups. Since none of these 
groups are very bulky and in view of the observations 
and calculations of Munro et al. (1979) and Mackay et 
al. (1984) the large magnitude of the rate constant 
may be justified. However, proton conduction 
through other protonacious hydroxy matrices may be 
governed by slower side group rotation as has been 
assumed, for example, by Br/inger et al. (1983). 

For conductance in an acidic environment (pH 
< 8) the protonation of the channel end group will 
depend primarily on the diffusion controlled reaction 
with the H3 O +  ions in solution, while the deproton- 
ation step will depend primarily on the proton 
transfer rate k t and the group's pK value. With the 
assumption that the appearance of water as a reactant 
at the channel entrance is faster than the transfer of a 
proton, one obtains the following approximate 
expressions for the rate constant (Briinger et al. 1983) 
of protonation 

10_PH ~1/3 for ApK2 = 0 
ke (5a) Nd [ 1/2 for ApK2 > 0 

and for the rate constant of deprotonation 

{I for A p K 2 = 0  
kD = k / 2  0 -ApK'- for ApK2 > 0,  (5b) 

where ApK: = pK(WH2) - pK(H30 +) and ×d = 
4 • 10 l° 1/mol • s, a value suitable for proton transfer 
reactions controlled by three-dimensional diffusion. 
However, a comparision with the observed proton 
conductivity below will reveal that protons are 
injected into the channel at a rate about fourfold 
faster than described by (5a). Such acceleration of the 
proton injection process can occur if the proton 
injection is a two step process involving a diffusive 
motion towards the membrane surface, and then 
lateral diffusion towards the channel entrance, pos- 
sibly guided by negative charges. 

If we formally define the energy of injection Ein j 

by 

kp/kD = l 0 ApK2 - pH Xd/k t = e x p  ( - -  E in j /kT)  

one sees immediately that the efficiency of the first 
step in the transport depends (1) on the external pH, 
(2) on the pK difference between the end group and 
the H3 O +  molecule in solution, and (3) on the ratio 
tl/t 2 of the time tl for the transfer of the proton (1/kt) 
from the solution to the end group and the time t 2 
which the proton needs to find the entrance of the 
channel (×a 10-PH)  • A t  pH = 5 one obtains the value 
Einj = 0.33 eV for ApK2 = 0. 

4. Comparision with experiment 

Figure 3 provides a comparision between the proton 
conductance, 1/R, as measured by Schindler and 
Nelson (1982) and as predicted by means of (2). R 0 
scales the resistance R and was set to the value 1/20 pS 
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Fig. 3. pH dependence of the conductance A = 1/R predicted for a 
single proton channel and as observed by Schindler and Nelson 
(1982). The scale factor for the resistance is R 0 = 1/20 PS, the 
applied voltage difference is V = 50 mV. (a) total conductance 
observed, (b) single channel conductance extrapolated from (a) 
(see text), ( c -e )  theoretical predictions for a channel with n = 11 
groups, (d) contribution of the Dt cycle alone (see Fig. 2), (e) like 
(c) but with ne increased fourfold 



used by Schindler and Nelson (1982). The conduc- 
tance has been normalized by a factor 10 pH in order to 
eliminate that trivial part of the pH dependence of 
the conductance which increases linearly with the 
proton concentration. This dependence originates 
from the protonation steps in the conduction path- 
ways in Fig. 2. As long as the protonation steps are 
rate determining for the overall proton transport the 
conductance will be proportional to the proton 
concentration, i.e., the normalized conductance 
should be constant. 

For a comparision between observed and calcu- 
lated conductances one has to abstract from the 
observation that conductance which refers to single 
channels. The data of Schindler and Nelson (1982) 
refer in part to the total conductance and can involve 
situations where channels are only partly open or 
where more than one channel is open. The increase 
by about two orders of magnitude of the observed 
total conductance in Fig. 3 is seen only with mem- 
branes prepared with cholesterol and with a high 
proteolipid concentration. Schindler and Nelson 
(1982) state that this increase is probably due to an 
increase in the number of channels in the pH range 
above 4 rather than due to an increase of the single 
channel conductance. Accordingly the data imply 
only a weak pH dependence of the conductance 
below pH = 4 and are inconclusive about the 
pH-dependence under neutral and basic conditions. 
The authors also state that their membrane at low pH 
values contain on average, 0.44 open single channels. 
The absolute single channel conductance should then 
be larger by a factor 2.3. The resulting conductance 
value is indicated in Fig. 3. 

Figure 3 presents two theoretical conductance 
curves, both based on n = 11 conductor groups. The 
lower conductance values (c-d)  result from the 
kinetic constants of Table 1 and (5). The higher 
conductance values (e) which agree closely with the 
extrapolated single channel conductance (b) of 
Schindler and Nelson (1982) assumes a rate constant 
k e of proton injection which is larger by a factor 4. 
This increase of ke,  which leaves the pH-dependence 
of the conductance nearly unaltered, is invoked solely 
to fit the experimental data but can be rationalized as 
discussed in Sect. 3. We have indicated for the lower 
conductance values in Fig. 3 the separate contribu- 
tions to the channel conductance of the D t and of the 
LtD t pathways in Fig. 2. If the protons are trans- 
ported solely by the D t mechanism the calculated 
conductance remains constant for pH > 1. Using the 
notation provided in Fig. 2a the resistance obtained 
from (2) and (3) of the kinetic cycle involving the D t 
mechanism is, for N conductor groups 

R = ~[N/k,.P~ + (N  - 3)/ktP, + 2/k;Pt + 2/kDPt] (6) 

153 

where ~ = kT/e and k /  = kt 10 -pK(wH2)+pK(AH2). In 
deriving (6) we have employed the detailed balance 
conditions kePr = kDPt and k- t 'Pt '  = kt'Pt. For pH ,> 
pK(WHe) or, equivalently, for kD/k P ~> 1 the 
resistance of the rotational sequence R 1 = N/krP ~ 
is negligible in comparision to the contribution from 
the remaining transitions, and the total resistance 
is approximately 

R = R2 = ~ 10 ~pK-~ + pn (k /~d)  (N + 1) [(N - 3)/kt  
+ 2/k', + 2/kD].  (7) 

To obtain this expression we employed (5) and the 
detailed balance conditions given above. In the limit 
considered kD >> ke the proton configurations in the 
rotational sequence, e.g., XO XO XO XO OX, are 
the most probable and Pr = 1/(N + 1), which follows 
from the normalization condition (N + 1) P~ + NPt  = 
1 and Pt ~ O. 

If we assume that the dissociation constant of the 
aspartic oxonium ion (AH~-) and the hydronium-like 
ions (WH~-) are similar then the difference between 
the effective pK values of these groups will provide 
only a small contribution to the resistance. The 
respective dissociation constants for unsubstituted 
amides are typically -1 ,  and, for convenience, we 
assume the value -1.74 for all groups so that ApK2 = 
0 in the calculations presented in Fig. 3. If the groups 
(W) should be more basic, e.g., pK(WH2) = 0, the 
deprotonation term would dominate the resistance. 
In this case the conductance would be slightly larger 
than shown in Fig. 3. The groups cannot be too basic, 
however, since the Dt pathway yields a pH indepen- 
dent normalized conductance in the range 2 < pH < 7 
only for pK(AH2) - pK(WH2) < 0, i.e., groups 
which are more basic yield a pH-dependent conduc- 
tance in a pH range where there is none 
observed. 

Since the rate constants for deprotonation, kD, 
and proton transfer to the aspartic acid residue are on 
the order of kt, the normalized conductance is 
determined primarily by the fast rate of hopping, kt, 
and the diffusion-controlled rate constant, ad. Since 
in Fig. 3 the pK2 values of all groups were chosen to 
be identical, the dependence on the hopping rate in 
(7) cancels out and the resistance will depend solely 
on the diffusion-controlled rate constant, on N and on 
the pH. The contribution of the length to the 
normalized conductance is - log  (N + 1) and this 
length dependence is not very important since N 
should be less than 30. The conductance of the D t 
pathway in Fig. 3 is then typical of a non-specific 
water channel since the values pK(AH) and pK(WH) 
do not contribute to the conductance. 

In the case where both mechanisms in Fig. 2 
contribute significantly to the proton transport the 
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calculated normalized conductance will exhibit a 
slight increase at a pH near the dissociation constant 
of the aspartic acid, i.e., at pH = 4.5 for the 
conditions assumed in our calculations. The resis- 
tance of the rotational sequence can be neglected 
over the entire pH range. For 1 < pH < pK(AH) the 
resistance of the protonation-deprotonation pro- 
cesses and proton jumps between groups in the LtD t 
pathway is so large that the conductance is solely 
determined by the resistance R2, of the D t pathway. 
For pH > pK(AH) the resistance of the ZtD t pathway 
R 3 is smaller than that of the Dt pathway and the 
proton transport is determined primarily by the LtD t 
mechanism. In this pH range the major contribution 
to the resistance comes from the sequence of 
(de)protonation processes and proton jumps, and the 
following equation for the resistance holds 

R --~ R 3 = Q 10  ApK2 + pH (kt /~d) [ 2 / k - L v  + (N - 3 ) / k t  
+ 2/ko]/P,' (S) 

In this expressions fit' is the probability that the 
channel exists in a state such that the aspartic acid 
side group is dissociated and the hydrogen bridge 
network to its left and right is intact (see Fig. 2). The 
probabilities in Fig; 2 obey the normalization condi- 
tion ( N +  1 )P  r + P / +  ( N - l ) f i t  + NPt  = 1. F o r p H  
> pK(AH) - pK(H30+), fit' is approximately one. 
The pH range of the conductance increase shifts to 
higher pH values as the dissociation constant of the 
aspartic acid side group is increased. The height of 
the second conductance plateau above the first 
plateau depends only on the number of groups N and 
on the rate constant k-LD for the reprotonation of the 
carboxylate ion from the neighbouring group. For the 
rate constants given in Table 1, k-Lo = kt and R3 is 
approximately (N + 1) times smaller than R z. 

The question arises as to whether or not the 
mechanism which induces a pH-dependence of the 
theoretical proton conductance at pH = 4.5 could 
also contribute to the aggregation of proteolipids 
observed in this pH range by Schindler and Nelson 
(1982). For a positive answer one may consider that 
aggregation is facilitated by the charged proton 
configuration fit' which at pH > 4 is stabilized relative 
to the other proton configurations and, thereby, may 
contribute to the aggregation of the proteolipids and 
open the second (LtDt) conduction pathway. 

5. Discussion 

We have calculated the resistance as a function of pH 
for a model of the single proton channel formed by 
the proteolipid of ATPase. The model assumes that 
protons are transported through a linear hydrogen 

bonded network formed from bound water and the 
amino acid side groups of the protein. The calcula- 
tions are based on simple algebraic expressions 
[(2)-(7)] which relate the resistance to the kinetic 
properties of elementary processes within the chan- 
nel, e.g., proton jumps between neighbouring 
groups, and rotation of groups, as well as to the pK 
values of the groups. These expressions hold within 
the range of a linear voltage-current relationship. 
The processes are difficult to observe directly. The 
single channel measurements of Schindler and Nelson 
(1982) allow the first direct comparision with the 
predictions of the above channel model and, thereby, 
should provide information on the functional consti- 
tuents and elementary dynamic processes of proton 
channels. The comparision reveals that the magni- 
tude of the single channel proton conductance can be 
accounted for by the model and is determined mainly 
by the jumps of protons between neighbouring 
groups and the protonation-deprotonation processes 
at the endgroups. 

The comparision of the experimental curve with 
the theoretical expressions for the conductance 
reveals that the rotation of the groups, necessary for 
the conductance process, should be rather fast. 
Otherwise, if the rate constants for group rotation 
were considerably smaller than 1010 S -1  the observed 
pH dependence of the conductance would not be 
reproduced. This finding implies that the hydrogen 
bonds between the conductor groups are weak. The 
necessity for fast rotations is consistent with a model 
of the proton channel constructed from bound water 
and flexible amino acid side groups such as threonine 
and asparigine and would imply that the amino acid 
side groups with aromatic rings are not involved in 
the transport. At the law pH range considered by 
Schindler and Nelson (1982), the conduction can be 
reconciled with a channel formed solely by molecules 
of water and, hence, might be non-specific. The 
comparision with the data of Schindler and Nelson 
(1982) further reveals that the rate of proton injection 
should be fast, such that one needs to invoke local 
surface diffusion for an explanation of the corre- 
sponding rate constant. 

The deviations from Ohm's law that Schindler 
and Nelson (1982) report can be attributed in part to 
the voltage dependence of the rate constant for 
proton jumps between groups. Since the activation 
barrier for proton jumps is likely to be small (see 
Table 1) applying an external voltage which induces a 
lowering of the activation energy could easily lead to 
a saturation of the rate constant because 'negative' 
activation energies should not increase a rate con- 
stant. 

When both (D t and LtDt) conduction mechanisms 
indicated in Fig. 2 contribute to the proton transport, 
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which should  be the case for  "in situ" pK1 values of  
aspart ic acid be low 7, a slight increase of  the 
conduc tance  is predic ted  to occur  at a p H  value 
a round  this p K  1. The  increase depends  on the n u m b e r  
of  groups  N forming  the channel  as well as on the p K  
difference be tween  the central  aspartic acid side 
g roup  and the remaining  conduc t ion  groups.  Since 
the difference is p ropor t iona l  to log N,  a large 
increase in the conduc tance  with p H  cannot  occur.  To 
explain the  large increase in the  conduc tance  A ( p H )  
at h igher  p H ,  we would  have to assume,  as do 
Schindler  and Nelson  (1982), that  they  are measur ing  
the total  conduc tance  A ( p H )  = M(pH))~ s where  ~.s = 
1/R is the  conduc tance  of  the single channel  and 
M ( p H )  is the n u m b e r  of  open  channels.  M ( p H )  is 
dependen t  on  p H  and can increase due to aggregat ion 
of  the proteolipids.  
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