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Summary. The proton-driven ATP synthase of chloroplasts is
composed of two elements, CF, and CF,. The membrane bound
CF, conducts protons and the peripheral CF; interacts with
nucleotides. By flash spectrophotometric techniques applied to
thylakoid membranes from which about 50% of total CF; was
removed, we have previously determined the protonic (time-
averaged) single-channel conductance of CF,. Being in the order
of 1 pS, it was sufficiently large to support the proposed role of
CF, as a low-impedance access for protons to the coupling site in
CF,CF;. On the other hand, it was too large to be readily recon-
ciled with current concepts of proton supply to and proton con-
duction through the channel.

We studied the time-averaged single-channel conductance
of CF, under variation of pH, pD, ionic composition, tempera-
ture, and water/membrane structure with the following results:
(i) CF, was proton-specific even against a background of 300 mm
monovalent or 30 mM divalent cations. (ii) While the conduc-
tance of CF, was pH/pD-independent in the range from 5.6-8.0,
in D,O it was lower by a constant factor of 1.7 than in H,O. (iii)
Addition of glycerol diminished the conductance and abolished
the isotope effect. (iv) The Arrhenius activation energy was 42
kJ/mol and thus intermediate between the ones found for the
water-filled pore, gramicidin (30 kJ/mol), and the mobile carrier,
valinomycin (65 kJ/mol).

The results implied that CF, is endowed with an extremely
proton-specific (107-fold) selectivity filter. Its conductance is
very high, and its conduction cycle is not necessarily rate limited
by a protolytic reaction. The mechanisms of rapid proton supply
to the channel mouth and of proton conduction remained enig-
matic.
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Introduction

ATP synthesis in photosynthetic bacteria, chloro-
plasts of green plants, aerobic bacteria and mito-
chondria is promoted by F,F;-type ATP synthases
(see Senior (1988) for a recent review). They are
composed of a membrane-embedded proton chan-
nel, F,, and a peripheral catalytic portion, F;. Ac-

tive research is focussed on defining the sites where
the electrochemical energy of the proton is trans-
duced into chemical bond energy. For a while it has
been disturbing that attempts to determine the pro-
tonic conductance of the bare F, portion, which
were mainly based on measurements of proton ef-
flux from F, reconstituted vesicles, have yielded
figures in the range of 10-100 H*/F, - sec (recent
review by Schneider & Altendorf, 1987). This was
too low for the proposed function of F, as a low
impedance access (proton well (Mitchell, 1977)) to
the coupling site. As an example, for CF,CF; of
chloroplasts one calculates a time-averaged single-
enzyme conductance of about 1 fS under maximum
turnover rate (based on a rate of 400 ATP/sec
(Junesch & Graber, 1985) and under a stoichiome-
try of 3 H*/ATP (Junge, Rumberg & Schréder,
1970; Davenport & McCarty, 1981)). A different ex-
perimental approach, however, has revealed that
the time-averaged single-channel conductance of
CF, is much higher, more than sufficient for the
proposed function, namely in the order of 1 pS (Lill,
Althoff & Junge, 1987). It has relied on the spectro-
photometric measurement of flash-light induced
voltage transients and pH transients in thylakoid
membranes from which a fraction of CF; molecules
had been removed to expose the CF, counterpart.
The conductance of single CF, channels has be-
come accessible, because several lines of evidence
have shown that out of 50 exposed CF, per vesicle
only one was highly conducting (Lill et al., 1986,
1987). This has left one fraction of vesicles proton
tight, and the complement had one, two or more
active channels for which Poisson’s distribution
was assumed. Perhaps the most direct proof for the
rareness of highly conducting channels among
many exposed CF, has come from ‘‘biochemical
counting’’ experiments, which showed that the sub-
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set of proton leaky vesicles could be resealed by
addition of much less molecules of CF,, than had
been removed (H. Lill & W. Junge, 1989).

The discussion on the proton conduction mech-
anism of F, has been focussed on hydrogen-bonded
chains (Dunker & Marvin, 1978; Nagle & Moro-
witz, 1978; Briinger, Schulten & Schulten, 1983;
Nagle & Tristram-Nagle, 1983; Schulten &
Schulten, 1985). We asked whether or not the mag-
nitude of its conductance, the selectivity for pro-
tons and the pH-dependence of CF, was compatible
with the theoretical predictions.

Materials and Methods

Broken pea chloroplasts were prepared according to the proce-
dure for “‘stacked thylakoids™ in Polle and Junge (1986) except
that Mg?* was omitted in the final suspending medium. CF, de-
pletion and vesicle forming was carried out as described in Lill et
al. (1986) with an incubation time of 10 min in EDTA solution.
The stock suspension of the ‘‘unstacked thylakoids’ (34 mg
chlorophyll/ml) and the final vesicle suspension (1-2 mg chloro-
phyll/ml) were stored on ice before use. Storage duration for up
to 6 hr was without effect on the results. Flash spectrophotomet-
ric experiments were carried out in a setup as described by Junge
(1976) and Forster, Hong and Junge (1981). Measurements at
room temperature were performed in a cuvette with 2 cm optical
path length and 15 ml volume containing 10 uM chlorophyll, 10
uM methyl viologen as electron acceptor and 10 mm NaCl (see
also figure legends). The suspension was excited by short [15
psec (full width at half maximum (FWHM)] and saturating
flashes of red light (\ > 610 nm, 1 mJ/cm?) at 5 sec infervals.
Experiments under variation of the temperature were performed
in a thermostatted cuvette with an optical path length of 1 cm.
The chlorophyll concentration was raised to 20 um for identical
optical density. Temperature was adjusted with 0.5°C tolerance.
In these experiments excitation light was delivered by ruby laser
flashes (A = 694 nm, Q-switch, 2 mI/cm?, 80 nsec FWHM).
When thylakoid membranes are excited with short flashes
of light the photochemical reaction centers generate a voltage of
30-50 mV across the membrane, positive in the lumen, plus an
acidification by less than 0.1 pH units in the lumen (Junge, 1982).
pH transients at the lumenal surface of the thylakoid membranes
were measured by absorption changes of neutral red (13 um) at
548 nm. They were obtained in the presence of bovine serum
albumin (2.6 mg/ml) as a selective (i.e., not membrane permea-
ble) buffer for the suspension medium (Auslinder & Junge,
1975). At pH 7.5 the proton efflux to the suspending medium was
determined by phenol red (15 uM) at 559 nm (Junge & Ausléinder,
1973). At pH 6.2 we used 15 uM bromocresol purple (575 nm) and
at pH 7.9 cresol red (15 uM, 575 nm) as indicators. The ‘‘pH-
indicating absorption changes’’ of the respective indicator dye
were obtained by subtraction of 2 transient which was measured
without added dye from another one with the pH-indicating dye
added. This eliminated possible artifacts attributable to other
effects than pH changes (Junge et al., 1979). The decay of the
electrical potential across the thylakoid membranes was mea-
sured by electrochromic absorption changes of intrinsic pig-
ments at 522 nm wavelength (Junge & Witt, 1968; Witt, 1979).
The pH of the suspending medium was adjusted by addition of 1
mM buffer. We used MES/NaOH in the range between pH 5.6
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and 6.5, MOPS/NaOH between pH 6.5 and 7.5 and tricine/
NaOH from pH 7.5 to 8.0. N,N’-dicyclohexylcarbodiimide
(DCCD}), an inhibitor of F,-type channels (Sigrist-Nelson, Sigrist
& Azzi, 1978), gramicidin and valinomycin were added from
ethanolic stock solution. The ethanolic concentration in the mea-
suring cuvette was held below 0.5%. Thylakoids were incubated
with DCCD for 10 min incubation at room temperature and in the
dark prior to measurement. DCCD, gramicidin and valinomycin
were purchased from Sigma, Dextran T 70 (mol wt approx.
70,000) from Pharmacia.

Isotopic substitution experiments were carried out in D,0
instead of H,O. D,0 was about 99.5% pure and the fraction of
H;0 in the final reaction mixture was held below 2%. The pD-
value was determined with a glass electrode, which was cali-
brated against standard H,O buffers. According to Westcott
(1978) the pD is related to the reading of the glass electrode, pH,,
as follows: pD = pH, + 0.4. For glycerol/D,O mixtures and
dextran solutions it was assumed that the highly alkaline pK
(over 14) of the alcohols prevented the exchange of deuterons for
protons during the S-min interval of a typical experiment.

In flash spectrophotometric experiments 20-40 signals were
recorded with a digitalization time of 20 usec per address and
averaged in order to increase the signal-to-noise ratio. The decay
of averaged transients of electrochromic absorption changes was
analyzed in terms of the following equation

Uspp(t) = U, exp(—n) exp(n exp(—Gt/C)). )

This equation, which is based on a Poisson statistical theory as
described in Schmid and Junge (1975) and Lill et al. (1987) (see
Eq. (8) therein), has only two essential fit parameters, 7, the
average number of active channels per vesicle and G, the time-
averaged single-channel conductance of these channels. For the
other parameter, C, the capacitance of a vesicle, reasonable esti-
mates were available which were cross-checked by applying the
same analysis to the known ion channel gramicidin (Lill et al.,
1987). The precision of G was dependent on the precision of C. A
factor of two was considered as a reasonable margin. Computer-
aided data fitting was performed on a DEC-PDP 11/34. The fit
routine followed the simplex algorithm (Caceci & Cacheris,
1984) and it was restricted to the first 10 ms of the decay as in Lill
et al. (1987).

Results

SPECIFICITY FOR PROTONS

The lower part of Fig. 1 shows the time course of
charge displacement via CF, (filled symbol) and of
proton displacement via CF,. The Iatter was
viewed both from the lumen side (open triangles)
and from the stroma side (open squares) of the thy-
lakoid membrane. The respective transients were
obtained as follows: Thylakoids were partially de-
pleted of CF, and then excited with a short flash of
light at time zero. The traces in the upper left of Fig.
1 show the pH-indicating absorption changes of
neutral red (lumen side) in CF;-depleted vesicles
before and after incubation in 25 um DCCD. The
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Fig. 1. Complete tracking of proton flow in
CF-depleted vesicles. Top, left: pH-indicating
absorption changes of neutral red at 548 nm,
indicating acidification at the lumenal side of
the thylakoid membrane after a flash of light.
Open symbols: CF-depleted thylakoids.
Filled symbols: same material, but after
incubation with DCCD. The bar indicates
relative changes of transmitted intensities,
A/l (548 nm) = 5 X 107%. Top, right:
pH-indicating absorption changes of phenol
red at 559 nm, indicating pH changes in the
suspending medium. Open symbols: transient
from a CF; depleted vesicle suspension. Filled
symbols: Same material, but after incubation
with DCCD. The bar indicates AI/7 (559 nm)
=1 X 1073. Bottom: Time course of the
electrochromic absorption changes, measured
at 522 nm wavelength (filled circles), of
CF,-related proton displacement in the Inmen
as obtained by absorption changes of neutral
red (open triangles) and of CF,-related proton
displacement in the medium as obtained by
absorption changes of phenol red (open
squares). The bar indicates AI/I (522 nm) =
1.5 x 1073, AI/I (548 nm) = 2 X 10~* and AI/T

|

time [ms]

transient without DCCD reflects the superposition
of the acidification of the lumen, which is due to the
inwardly directed activity of the proton pumps (for
kinetic properties (see Auslinder and Junge (1975)
and Forster and Jung (1985)) and the alkalization
due to the passive backflux of protons from the lu-
men via CF,. The backflow of protons via CF, was
isolated by subtracting from the transient without
DCCD the transient that was obtained in the pres-
ence of DCCD (see Schonknecht, Junge &
Engelbrecht, 1986). This difference was plotted in
the lower part of Fig. 1 (open triangles). It repre-
sents the proton displacement by CF, as viewed
from the lumen side. Measurements with the indica-
tor dye phenol red, which are displayed in the upper
right of Fig. 1, yielded pH transients at the stroma
side. Similar considerations produced the proton
displacement by CF, as viewed from the stroma
side which is plotted in the lower part of Fig. | as
open squares. That the respective displacements
were attributable to CF, was evident from their sen-
sitivity to DCCD (as documented in the upper
traces of Fig. 1, and see below) and to other block-
ers of CF,.

It is evident from inspection of the lower part of
Fig. 1 that the charge displacement (filled symbol)

(559 nm) = 1 x 103

followed the same time course as the proton dis-
placement from the lumen (open trianglés). Their
respective half-decay time was 5 msec. Proton dis-
placement into the medium followed with slight de-
lay (open squares, 6 msec). The delay was possibly
attributable to intermediate buffering, an effect
most drastically expressed in stacked thylakoids
(Junge & Polle, 1986; Polle & Junge, 1986). The
approximate coincidence between charge displace-
ment and proton displacement showed that the pro-
ton was the major charge carrier admitted by CF,.
We asked whether this was also true against higher
background of salts and under variations of pH.
Figure 2 shows the (time-averaged) single-chan-
nel conductance of CF,, G, and the average number
of active channels per vesicle, 7, as function of
salts. G and 7 were obtained by analyzing the decay
of the electrochromic absorption changes in terms
of Eq. (1). An example: for the trace documented in
the lower part of Fig. 1 (filled symbol) the respec-
tive figures were G = 0.95 pS and # = 1.35. The pH
was adjusted to 7.5 units by 1 mm Tris/tricine. The
concentration of 1:1 electrolytes was varied be-
tween 1 and 300 mM and the one of 2: 1 electrolytes
between 0.1 and 30 mM. As shown in Fig. 2, the
conductance of CF, did not depend on the salt con-
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Fig. 2. Time-averaged single-channel conductance and number
of active CF, as function of the concentration of various salts in
the suspending medium. The figure shows the parameters G and
n as obtained by fitting transients of electrochromic absorption
changes by Eq. (1). Top: 1:1 salts. Bottom: 2: 1 salts

centration, nor did there exist a difference between
monovalent and divalent cations or between small
monovalent cations (Na*, K*) and a larger one
(choline™). It followed that CF, was proton specific
over the whole concentration range and that its se-
lectivity for protons over, e.g., Na* was greater
than 107.

CONDUCTANCE As FUuNCTION OF pH

Since the conductance of CF, was proton specific,
it was to be expected that its pH dependence re-
flected the pKs of the major proton carrying groups
(see Briinger et al., 1983). We studied the single-
channel conductance of CF, as function of the pH
in the suspending medium (circles). The salt con-
centration in the medium was 10 mMm NaCl; no
buffers were added. Figure 3 shows the results. The
single-channel conductance of CF, was indepen-
dent of pH between 5.6 and 8.0 (circles). The same
holds true in the presence of 300 mM NaCl (to mini-
mize the negative surface potential). The average
number of open channels per vesicle also remained
constant (data not shown). To back up this result,
which was obtained through measurements of the
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Fig. 3. Time-averaged single-channel conductance of CF, as
function of pH and pD in the suspending medium. Circles indi-
cate the single-channel conductance, G, of CF,. Triangles show
the ratio of G measured in H,O and in D,0 at equal molal activi-
ties, plotted as function of different pD values

charge displacement by electrochromic absorption
changes, we measured proton displacement as de-
scribed in Fig. I (lower part, open squares). We
used 15 uM bromocresol purple at pH 6.2 and 15 um
cresol red at pH 7.9. In both cases the acidification
of the medium showed approximately the same time
course as measured at pH 7.5. The respective half-
rise times were 6.4 msec at pH 6.2, 6 msec at pH 7.5
and 6.8 msec at pH 7.9. it followed that the single-
channel conductance of CF, was proton specific
but pH independent in the range between 5.6 and 8.

H/D-IsotorE EFFeCT

Since there was no measurable pH dependency in
the physiological range that could be taken as indic-
ative of a titratable group, we asked whether or not
there was any H*/D*-isotope effect. The triangles
in Fig. 3 show the ratio of the single-channel con-
ductance of CF, in H,O and in D,0O as function of
the molal activity expressed as pH and pD, respec-
tively. The single-channel conductance of CF, was
by a factor 1.7 lower in DO than in H,O.

EFFECT OF GLYCEROL

That the conductance of CF, was independent of
pH could be interpreted to indicate that the channel
conductance was not limited by a protolytic reac-
tion of a particular group but, perhaps, by the sup-
ply of protons to the mouth of the channel. We
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Fig. 4. Effects of increased glycerol concentration on the con-
ductance of CF,, G. Results were obtained by fitting transients
of electrochromic absorption changes as recorded in glycerol/
H,0 (circles) and glycerol/D,O (squares) mixtures. The triangles
indicate G as measured with 5 and 10% dextran (this time wt/wt)
in the suspending medium, plotted at points of equal viscosity

studied the effect of glycerol which was expected to
disturb bulk water structure and also to alter the
surface pressure and the surface potential of the
thylakoid membrane (for its effect on lipid mono-
layers, see, e.g., Cadenhead & Bean, 1972).
Figure 4 shows the (time-averaged) single-chan-
nel conductance of CF, as function of the glycerol
content in water (circles). The measurements were
carried out in the presence of 10 mm NaCl and 1 mm
tricine/NaOH at pH 7.5. The conductance de-

creased with increasing glycerol content, whereas -

the average number of open channels per vesicle
remained constant (not shown). With glycerol/D,O
mixtures (squares in Fig. 4) the single-channel con-
ductance decreased less steeply so that the effect of
isotopic substitution disappeared at glycerol con-
tents of more than 50%. Because of the very high
pK of glycerol (greater than 14) this was certainly
not attributable to the exchange of protons between
the alcohol and D,O. Increasing the viscosity of the
suspending medium with dextran did not influence
the conductance (triangles in Fig. 4, plotted at
points of equal viscosity). The data shown in Fig. 4
suggested, that the conductance of CF, might be
limited by events before or at the mouth of the
channel.

TEMPERATURE DEPENDENCE

We evaluated the temperature dependence of the
conductance of CF, with regard to two aspects. The
Arrhenius activation energy is usually lower for a
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diffusion controlled reaction than it is for a reaction
that involves bond formation/cleavage. The Arrhe-
nius activation energy of carrier-mediated mem-
brane transport often reveals a break point caused
by a cooperative transition of membrane structure.

Figure 5 shows an Arrhenius plot of the decay
rate of flash-induced electrochromic absorption
changes in thylakoids from which about 50% of CF,
was removed by EDTA treatment. The decay rate
was greatly enhanced (i) by removal of CF; to ex-
pose CF, (squares), (ii) after closure of the CF,
channels by DCCD, by addition of valinomycin (cir-
cles), and (iii) by addition of gramicidin, respec-
tively (triangles). Filled symbols refer to experi-
ments in aqueous suspension; open symbols refer to
a medium with 30% ethylene glycol (vol/vol) as cry-
oprotectant.

Except for valinomycin the graphs were unilin-
ear, i.e., in the range between +20 and —20°C the
membrane conductance was to be described by a
single activation energy. It was noteworthy that
only valinomycin, the mobile potassium ion carrier
(Benz et al., 1973), “‘sensed’’ a sharp transition of
the membrane structure which probably occurred at
—10°C, while gramicidin, the pore (see Hille, 1984),
and CF, apparently were not affected by this event.
The energies of activation are listed in the Table.

The activation energies for gramicidin, 30 kJ/
mol, and for valinomycin, 65 kJ/mol, as resulting
from experiments with thylakoid membranes were
in fair agreement with values published in the litera-
ture. For gramicidin Hladky and Haydon (1972) de-
termined an activation energy of 21 kJ/mol and Par-
segian (1969) calculated the barrier to ion passage
through a hydrophilic pore (pore radius of 0.5 nm)
to be 28 kJ/mol. For a carrier of reasonable size
Parsegian (1969) calculated an electrostatic barrier
of about 70 kJ/mol. With 42 kJ/mol the activation
energy of proton conduction by CF, was intermedi-
ate between the lower one of a pore and the higher
one of a mobile carrier.

Discussion

Flash-spectrophotometric techniques when applied
to CF-depleted thylakoid membranes give access
to the time averaged single-channel conductance of
CF, (1 pS, see Lill et al., 1987). For a two-state
channel this is the product of the open-channel con-
ductance times the opening probability. Unlike by
patch-clamp techniques (Neher & Sakmann, 1976),
a discrimination between these parameters is not
feasible. On the other hand, the spectroscopic tech-
nique allows kinetically resolving not only the
electric discharge of the thylakoid membrane after a
pulse of light but also the intake of protons by CF,
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Fig. 5. The temperature dependence of CF,
(squares), gramicidin (triangles) and
valinomycin (circles). Arrhenius plot of the
decay constants of electrochromic transients.
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experiments with 30% ethylene glycol
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Table. Arrhenius activation energy E, of CF,, gramicidin and valinomycin in EDTA-treated thylakoid

membranes (see Fig. 5)

Conductor Solvent Temp. range E,
O (kJ/mol)

Gramicidin H,0 0-+25 30
30% ethylene glycol (vol/vol) —20 - +20 30
CF, H;O 0-+25 42
i 30% ethylene glycol (vol/vol) =20 - +20 42
D,O +5 - +25 47
30% ethylene glycol (vol/vol) -20 - +20 47
Valinomycin H,0 0-+25 65
30% ethylene glycol (vol/vol) —10 - +20 65
30% ethylene glycol (vol/vol) -20--10 <30

and their deposition at the other side of the mem-
brane (‘‘complete tracking of proton fiow,”
Schonknecht et al. (1986), Junge (1987)). We found
that the conductance of CF, was proton specific
even at pH 8 and against a background of 300 mm
NaCl. Even though there was an isotope effect of
1.7 for H* over D*, the conductance was seemingly
pH independent in the range from 5.6 to 8 pH units.
Its temperature dependence followed Arrhenius’
equation with an activation energy of 42 kJ/mol,
which was intermediate between the one of the pore

gramicidin (30 kJ/mol) and the mobile carrier va-
linomycin (65 kJ/mol) in the same membrane.

The very high selectivity of CF, for protons
over other cations (greater than 107) was not obvi-
ously required by its physiological function. Under
continuous and saturating illumination, the thyla-
koid lumen is acidified by about 3 pH units relative
to the stroma, i.e., the internal pH approaches 5
units. For its function as a proton well in the ATP
synthase it would have been sufficient, if it was se-
lective at the more acid pH. Moreover, recent stud-
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ies by Dimroth (1987) (see also Dibrov et al., 1986)
seem to indicate a certain flexibility of the F,F;-
type ATP synthase of the bacterium Propionige-
nium modestum to operate on protonmotive or so-
diummotive driving force. Our results revealed an
extreme selectivity of CF,. This implied that the
selectivity filter of the integral CF,CF;-complex
was located in the CF, portion.

It was puzzling that the conductance of CF,
was seemingly independent of the pH. As the con-
ductance was inferred from the decay Kinetics of
electrochromic absorption changes it might be ar-
gued that this method has a limited time resolution.
This is in contrast with the following observations:
excitation with a pulse of a Q-switched ruby laser
causes the rise of the electrochromic absorption
changes in the range of nanoseconds (Wolff et al.,
1969). Their decay, on the other hand, can be accel-
erated down into the range of microseconds. In the
experiments with gramicidin and valinomycin,
which are shown in Fig. 5, we added gramicidin to
yield a concentration of 60 pM to shorten the half-
decay time from some 100 msec in controls to 1.5
msec (20°C, 10 mm NaCl). Doubling of the concen-
tration of gramicidin halved the decay time. This
showed that the typical decay time after extraction
of CF;, 5 msec (see Fig. 1), was not at all limited by
the response time of the electrochromic absorption
change.

How does the magnitude, the specificity and the
pH independence of the conductance of CF, com-
pare with the theoretical expectation and with the
properties of known proton channels? It is more
illustrative to discuss this in terms of rate constant
(protons per second) instead of conductance (pico-
Siemens). At 33 mV the current driven through a
conductor with 1 pS conductance is equivalent to a
rate of about 2 x 10° sec™!. The concepts for proton
conduction in water and ice, which occurs by a se-
ries of defect hoppings and rotations along a hydro-
gen bonded chain, have been applied to proton
transport across biological membranes as mediated
by, e.g., bacteriorhodopsin or F,-type channels
(Dunker & Marvin, 1978; Nagle & Morowitz, 1978;
Briinger et al., 1983; Nagle & Tristram-Nagle, 1983;
Schulten & Schulten, 1985). Nagle and Tristram-
Nagle (1983) and Schulten and Schulten (1985)
agree that the passage rate through a hydrogen
bonded chain can range up to the order of 10°-106
sec~!. However the supply of protons to the chan-
nel mouth and the dissociation of protons may be a
problem. As pointed out by Briinger et al. (1983)
and experimentally established by Kasianowicz,
Benz and McLaughlin (1987), there are two reaction
pathways for the protonation of a particular group
in the channel mouth: (i) the diffusion controlled
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binding of a proton and (ii) the hydrolysis of water.
While the first dominates in the acid range of pH
and pK, the second does so in the alkaline. Like-
wise, there are two mechanisms for diposal of a
proton: (i) the unimolecular dissociation of a proton
and (ii) the bimolecular reaction with hydroxyl, the
first being rapid in the acid and the second in the
alkaline range. It follows from inspection of Eq.
(2.6) in Briinger et al. (1983) that there are only two
regions in the two-dimensional field of medium pH
and group pK where the rate of both on-reaction
and off-reaction exceeds a figure of 10° sec™'. This
is when the pH and the pK are both smaller than 5
or both greater than 9. In the neutral pH and pK
range, however, the calculated rates are only about
4 x 10° sec™!. It is obvious that the recent proposal
that H;O* may be the transported species (Boyer,
1988) does not mend the above supply problems.

It was striking that the turnover rate of CF,, 2
X 10° sec! (at 33 mV), was so high in the neutral
pH range where proton supply might be a problem.
It was also striking that the conductance of CF,
did not reproduce the strong pH dependence as ex-
pected from the above arguments and as plotted, for
instance, by Briinger et al. (1983) in their Figs. 3 and
6. The turnover rate of CF, was also much higher
than the ones observed for two other proton-con-
ducting channels, namely gramicidin and a syn-
thetic oligopeptide studied by Lear, Wassermann
and DeGrado (1988). The proton conductance of
gramicidin is higher than the one for K* by a factor
of 10 (Neher, Sandblom & Eisenman, 1978). How-
ever, at pH 7 this antibiotic, while acting as a nar-
row (about 0.4 nm wide) water accessible pore, has
a proton conductance in the order of only 1 fS. A
synthetic linear oligopeptide made of only two
aminoacids, namely -(Leu-Ser-Leu-Leu-Leu-Ser-
Leu)s- was reportedly proton specific (Lear et al.,
1988). Linear extrapolation of conductance data,
which were obtained at 0.5 M HCI to pH 7,
however, led to a unit conductance of less than
0.1 £S.

Several mechanisms for increasing the supply
rate of ions to a channel (large mouth, short selec-
tivity filter, counter ion charge in the pore mouth,
etc.) have been discussed in the context of potas-
sium maxi-channels (e.g. Latorre & Miller, 1983).
They may as well apply to CF,. For protons addi-
tional mechanisms can be inferred that are related
to the possibly enhanced diffusion rate of protons at
the membrane surface (e.g. Prats, Tocanne & Teis-
sie, 1987). At the moment we face the surprising
properties of CF, and wait for the outcome of ongo-
ing experiments with electrophysiological tech-
niques, which are feasible because of the unexpect-
edly high conductance. They will allow varying
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the lipid composition of the membrane to investi-
gate proton access to the channel mouth.
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