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Patch-clamp studie  of light-induced currents across the thylakoid 
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[ i gh l - induccd  current , ,  t i m , u g h  ths lako id  in,..'nlbrall¢ ill i solated ch lo rop l a s t s  o f  t '~Twromi, t m c t a l l i c a  ~'crc  m e a s u r e d  ~ ~lh suc t ion  

clct:trodc,~ mltlcr  clamp~.d IIIC:H|'HdI1C poten t ia l  ( M P L  ( ' o n l p a r i s o n  of  the  photocurr , , 'nt , ,  a n d  NiP p h o t o r c s p o n s e s  on  the  s a m e  

chloroplast indicalcd that the ~ccofding pipette had a Io~ resistance accc,,,s to a thylakoid It, men. Two components in the 
membrane photocuHcnl ,.~clc di:,lmguishcd The fast in~:ard current ro~e to an initial peak and declined within seconds I o a  
stcad~ level o[ about 50 pA. Fhb, comi)oncnt v,w; not significantly altcclcd by MP change in the range from - 10 to + 21) mV and 
seemed to reflccl a ligh! driven It " influx into th.vlakoids. The slow component was  only evident undo,- certain conditions, e.g.. in 
the presence of 31/I1M niger!tin or subs!rate amounts of ATP or ADP with phosphate. It ,~,'as directed either inward or outward 
depending on the sign of a 'sol MP. With increasing Icrgth of light pt:%cs both out~z,rd and inward currenls increased in extent 
and exhibited a slov, mg do,~n of dcc,ly kinetics. It is concluded lhat slow currents, i~rcspcctivc o1' their direction, are carried 
through lhe same p:~th~vay by the same ion species. An apparent similarity was o b s e r v e d  between photocurrcnts and MP 
photorcsponscs measured under vollagc clamp and current clamp conditions. A strong sen.,,itivily of pholocurrcnt kinetics to 
,,aria!ions in MP suggc,,tcd that the baseline dark MP is :m important [actor affecting lh5 time-course of the MP formation 
during illu,nination. 

lntnMuctiop 

Fhotosynthct ic  e lect ron t ransport  in chloroplast  thv- 
lakoids ix associated v.i:h an inward pr,.,wn transloca-  
lion and the formation of a i r ansmembrane  electr ic 
potent ial  difference.  The development  of membrane  
potcnl ia l  (MP) under  cont inuous light follows complex 
kinetics whose rclal ion to pr imary and scconda~ '  ion 
fluxes has only been part ial ly unders tood  from the 
analyses of l ight- induced c lcc l rochromic  abso lbancc  
changes [1], electr ic potent ia l  recordings with micro- 
c l cc tmdcs  [2.3] end theoret ical  models  of energy c o w  
piing [41. 

Abbreviali~m~: D('CD, Y.N '-dic.wlohcx~,~c:~rbodiimide: l) l-r ,  ththio- 
thlcilol: llcpcs, N-2-hydroxvcthylpipcraTipc~N'-clhanc~lilh,dic acid: 
NIP, membrane poienlial. 

('orrv,,,pondcnc~-: A~A. ['lul~,ehc',, Biophysics I)cparlmcnl. Biologi~.al 
Faculty. Mob, co'.', Slate Uni',cr~,.l~, ,Moscow l lt~St~t~. U.S,N.R. 

The MP and p t t  gradient  serve as a driving fl~rce for 
pass!so ion t ranspor t  be tween thylakoids  and chloro- 
plast s i roma.  The  ATt ' a sc  couples  the back flow of  
protons from thylakoids through H~-specif ic  ga ted  
channels  tO the synthesis of ATP.  Effluxe.~: of  K '  and 
Mg ~" togc lher  with an uptake  of  Cl occurs in thy- 
Iakoid ,uspens ions  under  i l lumination [5.0] and are 
probably  med ia t ed  by ionic channels  revealed in 
pa tch-c lamp studies.  A w~ltagc-dcpendent  chlor ide  
channel  was charac te r ized  in swollen Pepetomia metal- 
//ca thylakoids [7] whereas  K*-specif ic  vo l tage-depen-  
dent  channels  were observed in p lanar  lipid mem- 
branes  with fused spinach thylakoids  [8]. Proton-selec-  
live channels  act ivaled by vol tage were ident if ied in 
!ipid bilayers with recons t i tu ted  chloroplast  A [ 'Pa se  
[~]. More  native systems are addi t ional ly  required lbr  
studying ion t ranspor t  across the thylakoid membrane .  

One  apparen t  manifes ta t ion of secondary  ionic 
fluxes in electr ic  potent ia l  recordings is the format ion  
of a diffusion potent ia l  componen t  under  pro longed  



illumination [6,11t]. A postillumination decay of this 
component  lasts rrom several seconds up to ten.': of 
seconds ~hich exceeds the time constant of the mem- 
brane by one or two orders in magnitude. "lhc diffusion 
potential of negative ,dan was seen in undamaged plas- 
rids and exp!alncd as a consequence of H '  diffusion 
from acidic thylakoid lumen to chloroplast stroma 
[3,10,11]. Positivc diffusion potentials wcrc crcatcd in 
the light in the presence of valinomycin under low 
concentrations of K ~ ar"l were interpreted as being 
due to K + diffusio, : .-~t stroma to thylakoids ill}]. 
However, posttive post~',iamination potentials were also 
observed in the presence of ionophorous uncoupler 
A23t87, an antiport exchanger of divalent cations 
against protons [6,10] which cast some doubt on the 
exclusive rolc of K '  diffusion in the generation of 
these potentials. One possible interpretation to bc con- 
sidered is that secondary slow potential rise and a a 
respective slow decline of the postillumination poten- 
tial in the presence of ionophorcs results from H ' -  
pumping activity of ATPase under specific conditions 
promoting the ability of ATPase to hydrolyze A ' IP  
[4,12]. 

In order to clarify the origin of postiltumination 
potentials and their possible relation to energy, trans- 
duction it is desirable to measure t ransmembranc cur- 
rents under controlled MP and initial symmetry of 
ionic environment in energized and uncoupled chloro- 
plasts. Light-induced ionic currents were usually meas- 
ured from the decay kinetics of field-indicating ah~ 
sorbance dlangc [!,!3] or by m;ing permeable and 
impermeable pH-indicating dyes [I,14]. Patch-clamp 
technique has been applied recently to ,~arious cell 
membranes  for recording single channel activities and 
whole cell currents [7,15,16]. in this technique, low 
resistance suction etectrodes are used to form a tight 
seal with a membrane w'hich permits the measurement  
of electrical currents through the membrane under 
clamped voltage [15]. la this study wc applied the 
patch-c!amp technique for recording light-induced cur- 
rents across the thylakoid membrane of isolated 
chloroplasts and tried to distinguish components re- 
lated to primary H" transloeation and secondary ion 
fluxes on the basis of their different dependencies on 
the MP. This method altowcd us to sho',~; the identit.v 
of mechanisms underlying postillumination potentials 
of a different sign. 

Materials and Methods 

Chloroplasts of Pt'peromi,i metallica were isolated 
from leaves as previously described [2.1(I] into a medium 
which contained 25 mM Tris-HC1 (pH 7.8). 0.25 M 
sucrose, 25 g I-~ Ficolt 400, bovinc .serum albuminc (1 
m g / 1 0  ml solution), 2 mM D T r  and 50 mM KCI, D'FF 
was added to promote the photosynthetic electron 

transport and ( ' O ,  fixation in inlacl chloroplasls [17]. 
The abilily of DTT to moduh,lc H ' - A l l ) a s c  in thv- 
lakoids [18-201 was also taken into consideration. Ad- 
ditions of A-IP. AI)P  (sodi,,m s,l]ts) and K t t : P O ,  x~crc 
made when required as specified in the text and leg- 
ends to figures. 

Chloroplasts of .,tnlhoccro.s sp. wcrc used for MP 
recordings in situ. Section> of thalli were bathed ,aith 
9.1 mM K('I. 1.0 mM NaCI, 1t.5 mM Ca(NO3) :, 5 mM 
Hepcs-NaOH (pH 7.1))[1 I]. Glass microcapillary elec- 
t;odes filled with 1.0 M choline chloridc wcrc used fl~r 
MP measurements.  

Patch-clamp recordings were pcrlk~rmcd according 
to a method previously described [15]. Micropipettcs 
~x'ere pulled from Pircx capillaries m two steps m order 
to pmducc  , tcep tapers. After heat polishing mi- 
erop~pcttcs were nmnnted in a holder with an internal 
refert.nce Ag /AgCI  electrode and an outlet for an 
application of suction. Micropipettc,,, wcrc filled with a 
medium that was used for cldoroplast isolation. An 
e"tcrmd Ag/AgCl  electrode wa, placed into the meas- 
uring chamber. Electrical currents were measured with 
a pa tch-damp aHplificr {Bioinstrumcnts, Puschino. 
USSR). It ~,,a,,, possible to .,,~siteh the recording circuit 
from a voltage clamp mode: to a current clamp mode 
for monitoring the potential difference between the 
pipette and :m exle,nal electrode. Currents and volt- 
ages were disl:laycd on an oscilloscope and recorded 
on a pen recorder. Resistances of sttetion electrodes 
wcrc about 10 MIL After making contact ~ith a 
chloroplast bv suction, seal resistances from 50 up to 
100 M.¢I were obtained. Gigaohm seals uere  not ob- 
scr~'ed, presumably because of a high permeability of 
an outer envelope membrane that etmtacled inevitably 
with a tip o l a  suction pipette, l o~v re~,istancc pipette- 
membrane seals {of about 10(I M.(2) proved to bc 
applicable in studies of other plant cell membranes and 
wcrc employed, for example, in recent patch-el:trap 
experiments with s~cet corn proto?la,,ts [21]. l 'he 
recording configuration w'as supposedl} .,,imilar to whole 
cell recording with ai esscntial difference ~.hat the 
thylakoid foldcd s,~stem played thc rod  of a whole ceil. 

The measured currents ~erc filtered v, ilh a ]m~ pa.~s 
filter having a cutoff frequency of I kHz. Hold:ng MP. 
al.~o termed clampled xoilagc, rcpre,,ems the p,w..'i~tial 
of the micropipcttc in coW.act to thylakoid iumcn with 
respect to an external electrode. Membrane potentiM.,, 
were counted in relation to lhe d,,rk NIP levc', that ~:~s 
taken as zero. 

Preliminary manipukdions ~ith at spccimc:l ~erc 
done under dim green light. After a .seal ,,v~s acl:icved. 
a chloroplast was illun,inatcd with pulses of white ligh~ 
of lull 1500 W / m  2) or attenuated intensity. Duralions 
of light pulses varied in the range from ILl to I() s ::nd 
were usuall_~ 2-3 s. A ~ater  filler was inscrlcd in tiac 
light path in order to prevent heating by ion:,, light 
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pulses. A narro~ excitation bc:~m (50-1(1(I/.zm in diam- 
eter) was used. It ~,~, possible to make recordings from 
several chloroplasts with one micropipcttc, although 
the  first seal was mo>t ,slab]c, St.ctiona ~'crc done from 
a fiat side or an cdgc of a h'nsc-shapcd chlor,~plast, in 
the vicinily of ph.olosynthctic lamclla. Suctions m~dc 
from the convex surface ncighbouring u stromal com- 
partment did not icad to ph{~tocurrcnt recording. Dark 
periods bclwccr~ conscculivc light pulses ~scrc usual[~ 
about 11.5 min long. 

Results 

l)t'.~cripticm o l  a photo~'t~rre,tt 
When a micropipcttc was pressed against an iso- 

lated chloroplast and a negative pressure war, gently 
applied a small portion of a chloropla,,t ~ith underlying 
pholosynthctic lamclla was sucked into the tip of thc 
recording pipette ~tt~d fi~rmcd there an _¢,)-shapcd vesi- 
cle. At this stage at photocurrent usually appeared: 
othcr~isc additional suction was applied in order to 
obtain large photocurrcnts. It was assumed thai the 
envelope :md thylakoid membrane inside the pipette 
bcc~imc permcabilizcd or disrupted as a result of a 
pressure-induced deformation and at low resistance ac- 
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Fie. l Mea, .urements  ol  lhe pho ,ocurren t  (a. d) and the MP pht~- 
torc,,pol1~c (b) a i t h  ~uclit~n. c~ 'cqrtld¢ on a chk~ropla~,l ed P m='laltwa 
;ul,I dil,gram,, ot" ' uppo~.¢~_t re tor t | rag  contiguratnol't., (c. ,.') (,~'J Pho- 
tocurrc,~l l inv.atd currcnl  dt~,',*,n~,.ard) mea:,ured ill the ab s tu cc  o1' 
!)]"1" al a holding MP of (I, inV. (hi ] h e  MP ph~lt~rc.,,p~m,,c t~| Ihc 
~,amc chloroplast .  {c) A ",upposcd patch-clump configurat ion il lustral-  
ing the origin ~1 an inward phot~U:urrcnt. (dl, Invert, ion of a phol~vcur- 
renl after  tear ing of |  Ihe lip-locMized ~.e'qcl,~. (e) A d iagram c~.plain- 
mg the or |gin tlf a r, mal|l oul',~,ard ph~,locurrent afler  Ih¢ ~,¢si¢lc trt a 
pipt ' l lc  azt'~ ttlln ~ f .  Alrt),~, ~. mitrk lht; on~¢l alltl end o l  i l lumination.  

ccss to a thylakoid lumcn was established. Fig. la 
shrew:: a typical photocurrent sygnal measured in the 
absence of Dlq" or other additives at a holding poten- 
tial of 0 inV. The ohotoeurrent was directed inward the 
pipcttc. The peak value was u.',ually 1()(1-2(1(1 pA and 
the steady state current was about 50 pA. in some 
calscs peak currcnt~, cxccedcd 30(1 pA. A small outward 
current was often seen after darkening (dashcd line in 
Fig. la) which was interpreted as a kpH-drivcn outflux 
of protons flora thylakoids. 

When the measuring circuit was switched from a 
w~ltagc clamp mode to recording MP in the same 
experiment, a typical light-induced electric potential 
change was obscrved (Fig. lb). This result suggested 
that the recording pipette has a low resistance access 
to the thylakoid lumen and that the inward current 
reflected an influx of protons into the thylakoid. A 
possible recording configuration is represented  
schematically in Fig. lc. it corresponds to a 'whole cell' 
mode which originated after permeabilization of an 
.(~-shaped invagination inside the pipette tip. 

By applying further excessive negative pressure it 
was possible to tear off the vesicle in the pipette. That 
was accompanied sometimes with a great reduction of 
a photocurrent, at least an order in magnitude, and a 
simultaneous reversion of its direction (Fig. ld). The 
supposed recording configuration in that case is shown 
in Fig. le. Under these conditions the photocurrent 
flowed out of the pipette through a rcsealed surface 
into the thylakoid. There were occasional records with 
an apparent noise in a photocurrent in the absence of 
noise in darkness, it is conceivable that such records 
arise from incomplete sealing, when the tip opening 
contacts both the thylakoid lumen and extrathylakoid 
space. Only photoct~rrents of large magnitude without 
n:~isc were considered as meaningful. 

Fig. 2a shows a schematic diagram of a basic record- 
ing configuration and its equivalent circuit. The main 
elements arc a thylakoid membrane r,-6stance R m in 
series with an elcctromotive force E m and a source of a 
photocurrtant in thc thylakoid membrane.  R '  t and R]' 
arc lcak resistances which provide shunting between a 
pipette and the med i ,m  and between a chloroplast 
stroma and the medium, respectively. R~ is the resis- 
tance of the envelope membranes.  Membrane capaci- 
tances are not included for simplicit) because capacity 
currents are negligible under voltage claml3 conditions. 
A required pipette resistance Rp is very small com- 
pared with a parallel resistance of R m and R' t. 

In Fig. 2b is a simplified equivalent circuit redrawn 
for the case where R'~' is much less tha:a Rm. Under 
this r,.liabk; assumption, parallel resistances R~' and 
R,  ca~a be omitted. This reduced scheme is also valid 
for the case of damaged envelope membranes,  i.e. 
when R~ is small and can be considered as a short. As 
can bc scen from Fig. 2b the total current flowing 
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Fig. 2. Schematic diagram of the recording configuration and its 
equivalent circuit. (a) Schematic view of a chloroplast and a pipette 
tip. Rp, R m, R~: and R I denote resistances of the pipette, thylakoid 
membrane, envelope membranes and shunting pathways, respec- 
tively. A current source. I is switched on by illumination. E m is the 
electromotive force which may equal zero or change in the course of 
ion redistribution between thylakoids and chlon~plast stroma. Ib) A 
simplified equivalent circuit of the thylakoid membrane with a shunt- 
ing pathway. A current-voltage convertor is shown as a picoammeter; 

V signifies the holding membrane potential. 

through an ammeter  (1-V convertor) is composed of 
currents through a shunt resistance and through a 
thylakoid membrane.  The light-induced current fluctu- 
ations measured under voltage clamp conditions might 
result from light-driven currents (e.g. H * pump as a 
current source) as well as from light-induced changes 
in membrane  resistance R m or from a change of clcc- 
tromotive force E m associated with a redistribution of 
ions across the membrane.  A leak current does not 
change during illumination unless leak resistance is 
modulated by light. In these experiments a linear leak 
current contributed a large portion to the steady dark 
current (results not shown). A leak current, as approxi- 
mated by steady dark current, had inward or outward 
direction depending on the sign of clamped potential 
and it was absent at potentials about 0 inV. In contrast, 
photocurrent  had the same inward direction at various 
clamped potentials and it did not disappear under 
conditions of zero leak current. Therefore one might 
conclude that a photocurrent  was independent Gf a 
leak current. 
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Effect of dw membrane potemial 
P',lotoeurrenls monitored in the absence of iono- 

phores or other additions did not change their shape 
significan~.ly when the holding MP x~as set at different 
levels in the range from .- 10 to +20 mV, Attempts to 
set MP beyond that relatively narrow range were mostly 
unsuecesful because the dark current or a photoeurrent 
exceeded saturation limits of the amplifier. 

More complex kinetics of the photocurrent were 
observed in the presence of nigericin. Eleetroneutral 
K + / H  * exchange mediated by nigericin leads to a 
diminished pH gradient and a reversal of light-induced 
K* flux from normal outward to inward direction [6]. 
in Fig. 3 are shown the time-course of photoeurrents 
under various MP in the presence of 3(1 nM nigericin. 
The initial peak of the current had always inward 
direction but subsequent changes depended on the 
voltage applied, Postillumination currents of different 
signs were clearly seen at positive and negative MP. 
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Fig. 3. Kinetics o[ the phott~urrent in nigericin-trcated chMroplasts. 
(a) Photocurrcnts induced by Imp 3 s light pulses at MP of  7. l mV ( l )  
and - 3.3 mV (2). (b) A reversal o f  posti l lumination currents at zero 
MP: the number +~ indicale the clamped MP in milliv,+it~,, The stan- 
dard experimental medmm ~,as supplemented with 3 ( / n M  nigericin 
and 1(I mM KI- I2PO ~. Downward and upward arrows indicate the 

hght on and light o f f  polnt~, respecli~el~. 
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peared. Although an external concentration of nigcricin 
was large, its concentration in thc chloroplast stroma 
was expected to be low due to barricr properties of the 
plasmalcmma and the envelope membranes of plastids. 
Fig, 4 indicates a similarity between MP changes in the 
prcscncc of nigericin in Anthoceros and the transmem- 
brant  currents in nigcricin-treated chloroplasts at posi- 
tivc MP. Postillumination potentials induced by 
nigcricin wcrc inhibitcd by further addition of 50 tzM 
DCCD. 

Dependence on light &lration 
Voltage-dependent components of the photocurrent 

in isolated chloroplasts were often seen in the absence 
of nigcricin if thc medium was supplemented with 1 
mM ADP with 5 mM phosphate or I mM ATP alone 
or a mixturc of 0.5 mM ATP and 0.5 mM ADP with 
phosphate. A reversal of the postillumination current 
under a change of fhe holding MP from about + 10 to 
- Ill mV servcd as a sensitive indicator for occmrence 
of slow voltage-dependent components. Sometimes the 
reversal of postillumination currents was achiew:d after 
several light exposures whereas in some cases n.) effect 

Fig. 4. Kinetic,, of MP changc~ in ,4ml~oce,m chlorophtsts in situ 
during and after illuminali~m. (a) Control. (h) in the presence of I0 
.aM nigcricin_ The beginning lind the end of illumination arc marked 

~ith armv, s. 

The postillumination currents were defined as inward 
or outward depending on their direction with respect 
to the steady level of lhe dark current. According to 
this definition a postillumination current had an in- 
~'ard direction at positive MP and an outward direc- 
tion at negative MP. Complex kinetics of photocurrcnts 
were fairly reproducible without prolonged dark adap- 
tation (Fig. 3a). This is in apparent contrast to a 
significant effect of the dark adaptation on the MP 
photorcsponsc in situ in the absence of ancouplcrs 
[221. 

As shown in Fig. 3h. a slow component of the 
photocurrent and postillumination currents exhibited a 
reversal of sign at zero MP. Different kinetics of the 
photocurrent at positive and negative MP could be 
observed even at vow small displacements of the hold- 
ing MP from the dalk level. 

The effect of nigcricin on photocurrcnts in isolated 
chloroplasts was compared with its effect on thc MP 
formation. The results obtained with chloroplasts of 
two different plant species wcrc similar, although they 
are most clear in chloroplasts of Amhoceros. Typical 
light-induced MP with a transient postillumination un- 
dershoot were seen in the absencc of thc uncouplcr 
(Fig. 4). After a treatment of a plant preparation with 
Ill #M nigcricin, the potential undershoot was sup- 
pressed and a positive post-illumination potential ap- 
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Fig. 5. Membrane currcnls induced by various light exposu:cs in the 
presence ot (I.5 mM ATP, 0.5 mM ADP and 10 mM KII2P(.) ~. (a) 
Kinetics of  currents at holding M P o f  + l t . g m V ( i ) a n d  -2 .5  mV 
i l l ) ,  Numhcr~, over lhe cun, es indica(e the lengths o f  light pulses (I I) 
in seconds. (h) The magnitude o f  posti l lumlnation currenls as a 
function of  light durat ion at I I ,~ mV ( I ) and - 2.5 mV (2). (c) Decay 
lime, t d of  posti l luminal ion currents as a funclkm o f  light durat ion al 

11,N mV ( I } and - 2.5 mV (2). 



of ,VIP on postillumination current was apparent.  Nev- 
ertheless, additional characteristics of postillumination 
currents were obtained under these conditions. 

Fig. 5 shows current responses induced by light 
[~ul~;es of various duration under positive and negative 
MP in the presence of 0.5 mM ATP, (I.5 mM ADP and 
10 mM phosphate. The plots are also shown for the 
initial magnitude of the postillumination currents and 
full times of their decay as a function of a light pulse. 
length. The dependencies obtained at negative and 
posilive MP looked similar which suggested a common 
origin for inward and outward slow c u r r e n t s .  TIz.z decay 
of these currents was completed within several seconds 
after short light pulses but lasted tens of seconds after 
long pulses. Thc duration of current change:; after 
illumination was dependent on the magnitude of the 
holding MP. 

Tetraethylammonium was reported to block the 
conductance of K + channels in thylakoid mcmbranc 
[8]. An ~ddition of 18 mM tctraethylammonium bro- 
mide to ATP-containing medium did not prevent thc 
voltage-dependent reversal of postitlumination currents 
after half an hour incubation but inhibited postillumi- 
nation currents, perhaps unspecifically, after longer 
periods (results not shown). 
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Fig. O. Lighl-indueed currenl and MP signals recorded in a voltage 
clamp and curren! clamp modes, respecti,~ely. (a) Membrane cur- 
renls al MP of I1.1) mV (I) and -6.1 mV (2), [b) Kinetics of 
ligh|-induced MP changes in the same chlor¢~plast under pansing 
~ulward (1) or inward (2) current with an intensity of IL3 nA. 
Triangles mark the momenls of swilching the current on and off and 
arrows indicate the beginning and the end of illumination. The 

medium contained 1 mM ATP. 
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Comparisou with light-ituhu'ed membrane potentials 
In Fig. 6 arc presented light-induced currents and 

MPs recorded from the same chloroplast when the 
measufin.~ circuit was switched in a voltage clamp or 
current clamp mode. Passing an outward current (0.3 
hA) shifted the dark MP to the positive side and 
brough| about a MP photoresponse with a secondary 
potential rise and a slow postillumination decay. An 
inward current produced the negative shift of the dark 
MP and brought about a photoresponse with a sec- 
ondary potential decrease and an obvious potential 
undershoot, it appears thai postillumination currents 
and potentials arc related manifestations of the same 
phenomenon. 

The kinetics of light-induced MP formation in the 
presence of ADP or ATP were measured on isolated 
plastids with convention~d microelectrodes (Fig. 7). In 
the presence of l mM ADP. NIP returned rapidly after 

Fig,. 7. Membrane potential photore~,ponse ', of P, mclalli~a ei~loro- 
plan, Is in the presence of ADP (;i) or .AlP (b). The medium ,a.as 
supplemented v, ilh: l mM ADP (l). 1 mM ADP and 10 mM 
phosphate 121. 1 mM At)P. Ill mM phosphate and 5() p.M D('CD (3). 
I mM ATP (4-71. Vertical bar', "~vith figures :.,ignite' the scale for 
membrane potentials in rnilli~ohs. Upward and dov.n'~ard arrive,,,, 

mark the beginnint~ ¢md the end of illuminat|on, rc~pecti','ety. 
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darkening to the initial level in the absence of phos- 
phate but declined slowly in its presence. The postillu- 
mination potentials wcrc abolished after ;in addition of 
51)/~ M DCCD, 

A variety of MP ph(,~,~rcsponscs were measured in 
the presence of 1 mM ATP. Most of them corre- 
sponded fairb' well to MP changes of intact Anthoceros 
chloroplasts in ,,aving a scconda~'  peak of the poten- 
tial in the light and a transit.,lt potential undershoot 
after darkening. In rare cases photoresponscs consisled 
of fast positive and slow negatwc potential changes as 
was described t0r P. metallica chloroplasts in situ [2]. 
There were also recordings with spontaneous Iransi- 
lions from negative to positive postillumination poten- 
tials The ~.ariations in photoresponses arc presumably 
related to an elevated heterogenity of  chloroplast 
preparations in the presence of ATP. Such a hetero- 
geneity becomes evident when indMdual chloroplasts 
in a suspension ;ire probed and their electrical oho- 
torcsponscs ;ire compared. 

Taking into accotmt the effect of MP on photocur- 
rents and ptlotopotcntials (Fig. 6) one could find a 
certain consistency in a seeming variety of photore- 
sponsc kinetics. Various tSpes (,F MP photoresponses 
could be attributed to different background voltages at 
thylakoid membrane. 

Discussion 

Our results show that patch-clamp tcermique can be 
applied for slud~ing light-dependent ion transport 
across photosynthetic membranes. Light-induced cur- 
rents were unrelated to a leak currcnl which indicated 
that they did nol flow through a shunt resistance. 
These currents could not a,ise at the envelope mem- 
branes. They were never observed when suctions were 
made to a chloroplast envelope at a distance trom 
photosynthetic lamclla. A spontaneous destruction of a 
chloroplast envelope in some experiments did not lead 
to a disappearence of the photocurrenl. 

Suction electrodes have a low resistance due to a 
specific geomclr3 , of a micropipette tip. Because of this 
advantage the MP of a thylakoid membrane can be 
controlled within a limited range and a sum of ionic 
currents during and after illumination can be meas- 
ured. Routine measurements of photoclectrical re- 
sponses with suction electrodes are even easier to 
perform as compared with microcleetrode recordings 
because they do not require an additional pipette k~r 
chloroplast holding. Suction electrodes provided stable 
and reproducible recordings which lasted up to half an 
hour. 

A thylakoid sack attached to a pipette tip differs in 
some aspects from intact thylakoid. Under physio- 
logical conditions at a steady state, the H* influx is 
compensated fi)r by a passive e[flux of protons and no 

net current passes the thylakoid membrane.  Under 
patch-clamp recording as it is shown in Fig. 2a, the 
main route fi~r proteins pumped inl:~ ~ thylakoid lumen 
is their removal into a pipette. This is so because H + 
diffusion in water proceeds with a much higher rate as 
compared with a backward diffusion through the mem- 
brane. The active influx of protons uncompensated by 
a passive H* effiux is stoichiometrically related to an 
cteetron transport rate. 

According to a simplified model of  a thylakoid 
membrane,  a stoichiometric ratio H ~/e ~ = 2 [1], a con- 
centration of P700 is about 1 0  13 mole cm~ -" [4,12] and 
a sleady electron flux through one electron transport 
chain is Ill() s t [3]. Then a steady current of  about 
2- 10 ~' A cm-- '  in the light is expected. Comparing 
the latter value with a measured steady current of 50 
pA one would estimate the thylakoid membrane  sur- 
face involved as 2 .5-10 s cm 2 which is equal to a 
surface of a sphere with a diameter  of 3[) p,m. Space 
clamp requirements are usually fulfilled for cells of  
such dimensions [23] but still could be questionable for 
chloroplasts in view of a complex geometry of a folded 
membrane system, if a partial recycling of protons in 
the membrane is taken into consideration then the 
above estimate gives a lower limit for the membrane  
surface involved. An estimated area fits in with dimen- 
sions of blebs that are formed in hypotonieally swelled 
chloroplasts of P. metallica [7]. 

There was an apparent  similarity between the kinet- 
ics of  light-induced currents and potentials as mea- 
sured with suction electrodes and mieroeleetrodes, re- 
spectively. A kinetic similarity was also observed be- 
tween current and MP photosignals measured under 
voltage d a m p  and current clamp conditions {Fig. 6). 
Slow components of both signals were especially sensi- 
live to a baseline level of MP. Such sensitivity indicates 
that a dark MP level is an important factor influencing 
a time-course of the MP photoresponse. It is known 
that in the dark there exists a fairly large Donnan-type 
MP in thylakoids [24]. Possible effects of the Donnan 
potential on the light-induced ion fluxes and MP for- 
marion were considered using a simulation model [12], 
although no dramatic modifications in MP photore- 
sponses were noted. A damage or a disruption of a 
chloroplast envelope should result in a change of a 
dark thylakoid MP and lead to alterations in the MP 
photoresponse kinetics (see Fig. 7b and Ref. 25). 

Two superimposed components  were distinguished 
in the light-induced currents in the presence of nigericin 
or adenine nucleotides (Fig. 8). The initial fast compo- 
nent (F-current) appeared as a sharp peak of an in- 
ward current at any clamped MP. This current ceased 
rapidly after darkening. The other component  was slow 
(S-current) and had either inward or outward direction 
depending on the sign of the holding MP. The F- and 
S-components showed different dependencies on the 



IS  
F 

a 

W 

I I 
5 $  

b 

Fig. 8. Schematic decomposition of light-induced membrane currents 
into fast (F) and slow (S) coml~)nents at positive (a) and negative (hi 
membrane potemials. Broken line in the middle is a zero current 
level. Symbols l, denote sleady dark currents at clamged MP and 1' 
are instant dark currents measured after switching off the light at 
I~sitive tupper row), aegative (bottom row) holding MP. Photocur- 
rents are defined as changes of the current with respecl to a steady 
dark level shown by dotted lines. In the right panel, fast and ~,lo~,v 

components of a pholocurren! are presented. 

voltage thus giving rise to a variety of photocurrent 
kinetics. 

A model of a thylakoid membrane is represented by 
a light driven proton pump in parallel with a quasi-re- 
versible H%translocating ATPase and passive path- 
ways for H +, K +, CI-  and other ions [4,12]. A fast 
inward currer~t may be attributed to functioning of 
light-driven pumps whereas slow comlxment and pos- 
tillumination currents may be related to modulated 
fluxes through other pathways. It would be expected 
that the magnitude of the fast photocurrent is depen- 
dent on the polarity of the holding MP. Such a depen- 
dence has not been demonstrated clearly because a 
comparatively narrow range of clamped lx~tentials was 
used. 

A phenomenon of the reversal was observed for 
S-currents. Such a phenomenon is generally typical for 
passive ionic fluxes. A peculiar feature of S-currents is 
that their direction is opposite to what is expected for 
currents through open channels. Formally, it can be 
taken as evidence that a certain component of the dark 
current is reduced by light to different degrees, de- 
pending on the length of a light exposure. A light-in- 
duced decrease of the membrane or shunt conductance 
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would explain the fact that the absohttc value of the 
current after darkening ( / '  in Fig. ,~) is Ics~ than the 
steady dark current 1, at any pokmty of MP. A de- 
crease of the conductance for cations during illumina- 
tion might occur, in principle, in association with sur- 
face potential changes on the lumenal side of the 
membrane [2fq. ttowever, experimental data obtained 
so far suggest that the mcmbrane conductance in- 
creases in the light under both phospho~'lating and 
nonphosphorylating conditions [27]. 

Alternatively. transients of a passive current could 
be caused by a change of a driving force due to 
creation and dissipation of a concentration gradient for 
some ion. Such gradients could be created by sec- 
ondary ion fluxes and "scalar protons released or con- 
sumed in stroma-k~calized reactions. Interpretation of 
S-currents is inconclusive at present because little is 
known about the extent and dynamics of ATPase de- 
pendent H ~ fluxes in the dark and in the light under 
conditions employed. As DTT was present, it was 
possible that ATPase dependent H" fluxes contributed 
to the dark current and changed during illumination 
due to a shift in the activation state of the enzyme and 
perturbations of the phosphorylation potential. 

A possible relation of postillumination currents and 
potentials to ATPase is in line with an inhibitory effect 
of DCCD on postilluminatiem potentials, although this 
inhibition might have been caused by unspecific inter- 
actions of DCCD with membrane-bound carbo~,l 
groups. The direction of postillumination currents (in- 
ward at positive potential in the pipette) also may 
suggest an active cation influx driven by H*-ATPase. 
With this view, a deceleration of the S-current decay at 
increasing MP would be explained as a direct or indi- 
rect (mediated by a distribution of ions or charged 
substrates) stabilization of H*-transporting ATPasc by 
membrane energization. However, additional assump- 
tions would be needed to explain a reversal of S-cur- 
rents under small changes of the holding MP. One may 
suggest, for example, that the membrane system at- 
tached to a pipette, due to its complexity, contains 
areas with opposedly oriented ATPase~. In that case, a 
portion of cnzl/me complexes would be activated at 
positive MP and another portion ~'ould become active 
at negative MP. 

From similar effects of varying light exposures on 
outward and inward S-currents one may conclude that 
these currents are carried through the same pathway 
and perhaps by the same ion species. Protons are likely 
candidates because H" fluxes, in contrast to fluxes of 
other ions, are sustained lot many seconds after dark- 
cning [4,12]. 

It is noteworthy that S-currents were not seen in the 
presence of DTT and phosphate unless nigcriein or 
adenine nucleotides wcrc added. This may indicate 
that S-currents arise under conditions when pH gradi- 
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cnt is reduced by ionophorus ~ or by substratcs for 
photophospb~,rslalitm. In addition. A[)P and ATP 
could act as chelators for Mg- '  ',rod interfere ATPasc 
functivaing [28]. On lhe other I~and. nigcricin at low 
concentrations (10-3tl nM) stimulate'; ph(~tophospho- 
t3'lamm [29,30] and may thereby activate the .,,a.mc ion 
fluxes as do the substratcs for phosphorylation. 

Further studies with application of specific blockers 
of  i,~n channels are required to idcntil~ particular ion 
currents flowing through thylakoid mcmbranc~ in dark- 
cncd and illuminated chloroplasts. St,orion electrodes 
may provide a useful tool for studsing thc elfccts of 
membrane voltage on eicctrtm transport and associated 
pro ton ,  sos .  
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