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The chloroplast H+-ATPase (CF,CF,) was isolated and reconstituted Into hpld vesicles by dlalysls tecinnque Vesicles were fused by dehydration/ 
rehydratlon to obtain cell-size Itposomes, which were studied by patch~lamp techniques Smgle-channel actzvity was observed with several conduc- 
tance levels m the range of some 10 pS (100 mM KCI) In contrast to Intact CF,, which conducts protons, only (even at pH S), these channels 
were permeable for potassmm and sodmm Venturicidm, which blocks proton flow through intact CF,,, here greatly decreased the smgle-channel 
open probabdlty Subumt III of CF,,, alone, yielded cation channels resemblmg the former Our tentative mterpretatlon IS, that dearrangement 

or fragmentation of CF, caused the potassmm and sodmm permeablhty, which, however, 1s suppressed m intact CF, 

ATPase, H+, Reconstltut!on, Patch-clamp, Ion channel 

1. INTRODUCTION 

Proton-translocating ATPases of bacteria, chloro- 
piasts and mitochondria are composed of two parts: the 
membrane-embedded Fo, acting as a proton channel, 
and the extrinsic Fr, containing the active site(s) for 
ATP synthesis and hydrolysis [l]. CFo, the channel 
portion of the ATPase of chloroplasts is composed of 
four different subunits (I to IV) [2]. Subunit III is the 
only one existing in more than one copy per CFo, name- 
ly, 6-12 [3-51. With a molecular mass of about 8 kDa 
it forms a hairpin-like structure: two membrane span- 
ning helices are connected by a short loop 161. 

By flash spectrophotometry (electrochromism and 
pH-indicating dyes) the time-averaged conductance of 
CFO in thylakoid membranes has been determined, 
1 pS. It is proton selective even at pH 8 without detec- 
table conductivity for other cations [7,8]. With CFoCFr 
incorporated into lipid bilayers (dip-stick technique) 
single-channe1 currents equivalent to about 2 pS have 
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been observed, again specific for protons [9]. Direct 
patch-clamping of thylakoid membranes has proved 
difficult, except, so far, in giant chloroplasts of 
Pepefomta metallica, where a voltage-dependent 
chloride channel has been detected [lo]. 

For a further electrophysiological characterization of 
the chloroplast ATPase we used the strategy of Tank 
and Miller [ 111: CFoCFr and subunit III of CFO were 
isolated and reconstituted into lipid vesicles which were 
then fused to form large liposomes suitable for patch 
clamp measurements. Single-channel currents were 
observed which were still sensitive to Venturicidin (as is 
CFO [ 121) yet conducting potassium and sodium (in 
contrast to intact CFO). 

2. MATERIALS AND METHODS 

CFOCFI was purified and reconstituted mto azolectm vesrcles usmg 
the dlalysls techmque [ 131 The mtegrlty of the preparation was tested 
by measuring ATP synthesis driven by an artn%al pH-gradient [is] 
From dialysis vesicles large hposomes were formed by a dehydra- 
tlom’rehydratlon procedure, as essentially described m [14] Subumt 
III of CFo was isolated by electrodutlon from SDS-gels [15], either 
from the 8 kDa band (monomer) or the 48 kDa band (hexamer [S]) 
and reconstituted mto dmlysis vesicles [IS]. These were added to pure 
lipid ve&es prior to dehydration The protem concentra~on was 
about 1 mg/lOO mg hpld InsIde-out patches (R 2 5 GQ) were 
Isolated and single-channel recordings performed as m [M] All 
potentials given refer to the pipette For further detads see figure 
legends 
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Fig.1 Bngle-channel recordings of hposomes with CFOCFI Incorporated. At -80 mV m 100 mM KCI, 5 mM MgClz, 10 mM Trtcme/KOH pH 
7.9. Smgle-channel traces (left) and corresponding total amphtude histograms (right, amplitude of each drgtttzed point) before (top) and after 
(bottom) perfusion of 1 CM Ventunadm. Without Ventuncuhn current fluctuattons showed 3 subconductance levels (direct transitions from all 
current levels to the closed state) (dtgtttzatron rate 1 ms, cutoff-frequency 0 5 kHz, record length for total amphtude histogram 85 s) After 
perfusion of Ventunctdin to the same patch channel gatmg was dramattcally changed (note dtfferent trme scales) (drgttizatton rate 100 PCS; cutoff- 

frequency 5 kHz, record length for total amplitude htstogram 45 s) 

3. RESULTS 

After patch-formation a potential difference (-40 
mV to -80 mV) was applied. Single-channel activity 
usually started lo-60 s after application of voltage. 
Large liposomes with CFoCFi incorporated frequently 
showed one type of channel with 3 subconductance 
levels of 10 pS, 13 pS and 18.5 pS (in 100 mM KCl, see 
fig.1) with ohmic behaviour between +lOO mV and 
-100 mV (data not shown). Under asymmetrical KC1 
or NaCl concentrations, the reversal potential of the 
single-channel currents shifted in direction of the 

Nernst potential of the cation, as expected for a cation 
channel. 1 /IM Venturicidin (known to block proton 
flow through FO [12]) drastically decreased the mean 
open time of this cation channel and reduced the open 
probability (Pop& by more than a factor of 2 (fig.1). 
Occasionally further cation channels with higher con- 
ductances (about 30,60 and 120 pS) were observed (not 
shown). 

Incorporation of purified subunit III (of CFO) into 
large liposomes also generated cation channels (fig.2). 
They were comparable to those observed with CFOCFI. 
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Fig.2 Smgle-channel recordings of hposomes wrth subunit III of CFO mcorporated. 100 mM KCl, 5 mM MgC12, 20 mM Trts/Trtcme pH 7 8 
(Top) Smgle-channel records at + 100 mV and the correspondmg total amplitude histogram (dtgttrzatton rate 2 ms, cutoff-frequency 0 3 kHz, 
record length for total amplitude htstogram 8 mm). (Rrght) Equivalent histograms for +JO mV (2 ms; 0 3 kHz, 8 mm) and -50 mV (2 ms, 

0 3 kHz; 6 mm). (Lower left) Current-voltage relatronshtp of open channels Data points were derived from total amplitude htstograms 

Aside from a conductance level of about 13 pS (in 
100 mM KCl) at least two further conductance levels 
(of about 21 and 33 pS) were detected. These levels 
belonged to different channels, as they opened and 
closed independently (see upper trace in fig.2). All 
showed ohmic behaviour between +lOO mV and 
-100 mV (fig.2). 

In large liposomes, single-channel recordings ob- 
tained with CFoCFr and with solely subunit III revealed 
some differences: the former frequently showed a 
single type of channel (also in patches which contained 
more than one channel) wrth subconductance levels 

(fig. 1). The latter normally showed several independent 
channels with different conductan~es (fig.2). With 
subunit III we never detected sub~onductance levels as 
with CFoCFl . 

To test whether the ability to form cation channels 
was restricted to CFoCFi, we examined EFo, the chan- 
nel portion of the homologous H+-ATPase of E. COIL 
Purified EFo [ 171 was incorporated into large liposomes 
during dehydrationkehydration. In patch clamp 
measurements single-channel currents carried by 
potassium and corresponding to a conductance of 
40 pS were observed (fig.3). 
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Fig 3 Smgle-channel recordings of hposomes with EFo mcorporated 
100 mM KCI, 5 mM MgC12, 20 mM Trls/Tncme pH 7 8 and total 
amphtude histogram (dlgltxatlon rate 1 ms; cutoff-frequency 

0 5 kHz, record length for total amplitude histogram 3 mm) 

4. DISCUSSION 

Large hposomes formed by dehydration/rehydration 
of small dialysis vesicles which contained CF&Fi 
revealed cation channels. This was unexpected, as it is 
known, that the intact enzyme conducts protons only 
[ 1,181. Even in CFi-depleted thylakoid membranes 
with CFo exposed, proton conductance is dominant 
during the first 100 ms after flash induced generation 
of an electric potential difference [7,8]. Dialysis vesicles 
containing CF&Fi are competent to synthesize ATP in 
an acid-base jump and show single-channel currents 
carried by H+ when incorporated into a lipid bilayer 
[9]. The lack of H+ specificity in the present patch- 
clamp experiments with large liposomes might be ex- 
plained by assuming, that CF&Fi-complexes had 
disintegrated during the dehydration/rehydration pro- 
cedure, and some of the components gave rise to cation 
channels. The detection of only proton conductance in 
CFi-depleted thylakoid membranes is then attributable 
to the still intact structure of at least a few CFo-com- 
plexes. Even if deranged CFO existed in CFi-depleted 
thylakoid membranes, one would not expect to detect 
cation channels during the first 100 ms after the onset 
of a membrane potential (by flash spectrophotometry) 
because channel activity usually started lo-60 s after 
voltage application (see above). 

Venturicidin (1 pM), a highly specific blocker of 
Fo-type proton channels [12], changed the channel 
gating drastrcally and decreased the open probability of 
the cation channels significantly (fig. 1). Therefore it is 
very unlikely, that these channels arose from con- 
taminations in purified CFoCFi. 

Venturicidin is assumed to bind to subunit III of the 
channel portion of the ATPase [19]. Purified subunit 
III of CFO incorporated into large liposomes (fig.2) 
gave rise to cation channels with similar conductances 
as those obtained with incorporated CFoCFi. Therefore 
it is likely that subunit III was also the major compo- 
nent forming the cation channels observed with 
CFeCFi. Yet it might be that in the presence of the 
other subunits of CFo channel formation by subunit III 
was modified. 

So far, single-channel recordings were reported only 
for subunits of the channel portion of the mitochon- 
drial H+-ATPase: the synthetic transmembrane frag- 
ment of subunit 8 of the mitochondrial H+-ATPase of 
Saccharomyces cerevisiae (not known to be homo- 
logous to any subunit of CFoCFr) was shown to have 
cation channel forming ability [20]. Subunit c (the 
homologous of subunit III of CFO) from yeast mito- 
chondria was reported to form proton channels in 
planar lipid bilayers [21], with no detectable sodium or 
potassium conductivity (at least at pH 2.2). However, 
linear extrapolation to pH 7.0 resulted in a turnover 
number for protons of 100 s-l at 100 mV [21], which 
is one order of magnitude below turnover numbers 
calculated from maximum ATP synthesis rates in 
mitochondria [22] and chloroplasts [23] and several 
orders of magnitude below the reported value of 1 pS 
for CFO (corresponding to 6 x lo5 H+ s-l at 100 mV) 
[7-g]. Recently, a synthetic amphiphilic model peptide 
(sequence: HzN-(Leu-Ser-Ser-Leu-Leu-Ser-Leu)3- 
CONHz) has been shown to form cation channels with 
characteristics resembling those of large ion channel 
proteins and a dominant single-channel conductance of 
14 pS in 100 mM KC1 [24]. A slight modification (se- 
quence: HzN-(Leu-Ser-Leu-Leu-Leu-Ser-Leu)3- 
CONHz) generates a proton specific channel, with 
single-channel conductance of 120 pS in 0.5 M HCI 
and no detectable conductance for other cations [24]. 
Linear extrapolation of this conductance to pH 7.0, 
however, results in a value of 0.024 fS. Thus one 
should be careful to compare proton conductances 
observed with small peptides at very acid pH with the 
proton conductance of intact CFo, which conducts pro- 
tons with about 1 pS [7,9] even at pH 8.0 and without 
any detectable conductance for other ions (background 
of up to 100 mM other ions). 

The present work showed the ability of subunit III of 
CFO, alone, to form cation channels without, however, 
the extreme proton specificity of intact CFO. So, the 
selectivity filter for protons of intact CFO should be 
caused by or with help of the other subunits (I, II, IV). 
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