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ABSTRACT. Using a new method of delayed luminescence digital imaging, mutaftslofella sorokiniana

lacking the chloroplast GEF; ATP synthase were isolated for the first time. Biochemical characterization

of these strains indicates a lack of detectable synthesis and accumulation of the ATP synthase subunits
o-CF, andg-CF,. Functional characterization indicates the presence of a permanent electrochemical gradient
(A@) across the thylakoid membrane in the dark-adapted state, which is not suppressed under anaerobic
conditions. Contrary to what is observed in the presence of th€ GFATP synthase, this gradient is
essentially due to an electric field compondniP with no detectablé\pH component, under both aerobic

and anaerobic conditions. Neither the fCF, ATP synthase nor a respiratory process can thus be
responsible for a permanent gradient detected under these conditions. The previous proposal of a new
ATP-dependent electrogenic pump in thylakoid membranes is supported by these results that, in addition,
indicate a specificity of this new pump for ions other than protons.

Using delayed luminescence measurements, Joliot and We have studied the permanent electrochemical gradient
Joliot (1) showed the existence of a permanent electrochemi- (Afi)* under strict anaerobic conditions to investigate the role
cal gradient across thylakoid membranes in dark-adaptedof respiration processes in its formation. In wild-type
algae under aerobic conditions. This phenomenon wasChlorella sorokinianaa Afi has even been observed under
ascribed to the ATP hydrolysis by the chloroplastyCH anaerobic conditionss). In that case, it was assumed that
ATP synthase. However, a permanent gradient was observedhe CRLCF, ATP synthase was responsible for its formation
as well in theChlamydomonas reinhardtfUD50 mutant using ATP provided by fermentation. It was then of interest
lacking this protein Z). The persistence of such a gradient to evaluate this gradient under anaerobiosis in the absence
in the absence of the chloroplast {CF ATP synthase was  of CRCF, ATP synthase. IrC. reinhardtii strains lacking
a strong argument favoring the model of chlororespiration, this complex, a small-amplitud&i was still observed under
which could also account for the pattern of dark oxidation anaerobic conditions. Mutant strains @f. sorokiniana
and reduction of plastoquinoné)( In this model, the lacking this complex were screened recently using the new
permanent gradient present in the absence GCEFATP method of delayed luminescence digital imagii®), @nd
synthase results from a coupled electron transfer through atheir characterization is reported here. When dark adapted,
chloroplast respiratory pathway, in which plastoquinone is such mutants display a permanent electrochemical gradient
reduced by a chloroplast NAD(P)H dehydrogenase and across thylakoid membranes that, under anaerobiosis, is larger
reoxidized at the expense of oxygen by a chloroplast oxidase.than the one observed i€. reinhardtii (P. Bennoun,
This hypothetical pathway is similar to that prevailing in unpublished results) and thus easier to characterize. The
photosynthetic prokaryotes which associate photosynthesispermanence of @z under anaerobiosis in the absence of
and respiration in the same membranes (see3rédr a the CRCF, ATP synthase strongly supports the new ATP-
review). More recently, however, Bennouf) @nalyzed in driven gradient generator. Moreover, our experimental
detail the effects of myxothiazol, a mitochondrial cytochrome evidence demonstrates that this pump generates an electric
bc, inhibitor, on the redox state of plastoquinone in darkness field across thylakoid membranes rather than a pH gradient.
and on the permanent gradlen_t. He concll_Jded that theMATERIALS AND METHODS
permanent electrochemical gradient present in the absence
of CRCF, ATP synthase could not result from the coupling ~ Strains, Mutagenesis, and CulturéEhe S30 strain was
of the chlororespiratory chain, but rather from a new ATP- derived from wild-typeC. sorokinianaas described previ-
driven gradient generator present in the thylakoid membranes:

1 Abbreviations: DCMU, 3-(3,4-dichlorophenyl)-1;dimethylurea;
crown, dicyclohexyl-18€rown)-6; HA, hydroxylamine; PBQ, para-
* To whom correspondence should be sent. Telephone: 33 1 43 25 benzoquinone; PSI and PSII, photosystem | and II, respectively;,P

26 09. Fax: 33 1 40 46 83 31. E-mail: bennoun@ibpc.fr. primary chlorophyll electron donor of photosystem Ajfi, electro-
* Centre National de la Recherche Scientifique, UPR 1261. chemical difference potentiakW andApH, electrical component and
§ Universita’ degli Studi di Milano. chemical difference potential for proton component of the transmem-
'Centre National de la Recherche Scientifique, UPR 9052. brane electrochemical difference potential, respectively.
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ously and is deficient in light-harvesting complex CPI).( yields a linear response with respect to this potentig).(
The SL6 and SL8 strains were derived from S30 and from Under our experimental conditions, the kinetics of the
the wild type, respectively, and were screened according toelectrochromic signal display two sequential phadé€s (a
their high luminescence vyield through digital luminescence fast phase completed inl us, associated with PSI and PSII
imaging as previously describe@)( The SL20 strain was  charge separations (phase a), and a slow phase in the
derived from SL6 and was screened according to its high millisecond time range, associated with the turnover of the
initial fluorescence yield through digital fluorescence imaging bs f complex (phase b). PSIl absorption changes were
(6). SL6, SL8, and SL20 were isolated following 5-fluoro- inhibited by pre-illuminating the samples in the presence of
deoxyuridine mutagenesis as described in8gefvith the DCMU (10uM) and HA (1 mM) 7). In this case, phase a
following modifications. The cell density was 36ells/mL, is a measure of PSI charge separations. Kinetic analysis of
and the concentration of 5-fluorodeoxyuridine was 1.5 mM. phase b requires the deconvolution of the membrane potential
After detection, the mutant colonies were subcloned at leastdecay. This was done assuming that the latter process exhibits
twice to eliminate mitotic segregation. Strains were grown first-order kinetics. The kinetics of phase b were then
at 25°C in tris-acetate-phosphate or TAP mediudh 4t a corrected assuming that the rate of decay of the membrane
light intensity of 400 Ix. AllC. sorokinianastrains can be  potential was linearly related to the actual value of the
kept frozen at-80 °C in TAP medium supplemented with  membrane potential. Although the decay of the transmem-
7% dimethyl sulfoxide. Rapid thawing is achieved by brane potential is known to be multiphasic, deconvolution
transferring frozen aliquots of 1Qf. into 100 mL of liquid of b phase kinetics assuming multiexponential kinetic decays
TAP medium. After a few cell divisions, the cell suspension for membrane potential did not improve significantly the
is cloned on agar dishes and new clones can be recoveredresults of the procedure (not shown). This is not surprising
Biochemical Characterization of the Mutant Strains since the b phase proceeds in thel® ms time range
Purification of thylakoid membranes was achieved as whereas the transmembrane potential decay displays two
described in refl0. Gel electrophoretic fractionation using phases with half-times on the order of hundreds of mil-
SDS-urea gels was achieved as described inltefPulse liseconds and in the time range of secontl).(Therefore,
labeling of proteins with J'Clacetate in the presence of only the fastest one is expected to superimpose with the b
cycloheximide was achieved for 45 min at a light intensity phase kinetics.

of 1000 Ix at 25°C as described in ref2. Immunoblotting Measurements of flash-induced changes of chlorophyll
was performed as described in & using antibodies raised  fluorescence yield were performed using weak flashes at 480
against proteins in bands cut from a gel. nm (hitting less than 1% of the photosynthetic reaction

Estimation of the Permanent Electrochemical Gradient centers) and monitoring the induced fluorescence emission
through the Rate of PSII Back-Reaction in the Presence ofiin the near-IR region.
DCMU. Cells were harvested in late exponential phase, pBQ TreatmentAlgae were vigorously aerated in darkness
washed, resuspended in minimal HS mediubd) (or in and then incubated for 5 min with 500 pBQ. They were
acetate-free buffer as indicated, and placed on a rotatorythen centrifuged, washed twice, and finally resuspended in
shaker for at ledsl h before being used. Algae were pre- 50 mM HEPES/NaOH for the pH 6-5 range and 50 mM
illuminated in the presence of DCMU (10M) to reduce MES/NaOH for the pH 5.57.0 range, in the presence of
the PSiII electron acceptor Q and allowed to stay in darkness10% Ficoll.
for a given time before a second illumination was carried
out. The relative concentration of Q reoxidized during this RESULTS
dark time was determined by measuring the area over the
fluorescence rise as described previougly Under these
conditions, the reoxidation of Qfollows satisfactorily the The pattern of thylakoid membrane polypeptides of wild
empiric law [Qoa]/[Q ] = 1 + gt. The parameteg that can type and mutant trains dfh. sorokinianafollowing frac-
be deduced from these kinetics measurements probes théionation by polyacrylamide gel electrophoresis and Coo-
permanent transmembrane electrochemical gradient (it variesmassie blue staining is depicted in Figure 1A. The highly
from a basic value of 0.378in the absence of a permanent luminescent strains SL8 and SL6 clearly show a lack of
gradient to up to 108 in its presence and is the reverse of detectable amounts of subunitsCF, and 5-CF; when
the half-time of the PSII back-reaction). compared, respectively, to the wild type and S30 from which
Spectroscopic AnalysiExponentially growing cells were  they derived (S30 is deficient in light-harvesting chlorophyll
concentrated to 5 107 cells/mL in 20 mM HEPES/KOH proteins or LHCPSs). Protein blots were reacted with antisera
buffer (pH 7.2) in the presence of 10% Ficoll to avoid cell specific for polypeptidea-CF, ands-CF,. They demonstrate
sedimentation. When used under anaerobic conditions, algae lack of detectable accumulation of these chloroplast ATP
were incubated for at leag h under an argon atmosphere synthase polypeptides in SL8 (Figure 1C) and in SL6 (not
in a large reservoir connected to the measuring cuvette.shown). Pulse labeling of whole cells witHC]acetate was
Spectroscopic measurements were performed at room temachieved in the presence of cycloheximide inhibiting 80S
perature with a home-built spectrophotometer describedribosome translation to investigate the labeling pattern of
previously (L4). Actinic flashes were provided by a xenon the chloroplast-encoded thylakoid membrane polypeptides.
flash (3us duration at half-height) filtered through red filter The autoradiogram from SDSurea PAGE shown in Figure
(Schott RG 8). Flashes were fired at a frequency of 0.15 1B indicates the lack of detectable synthesisxe€F; and
Hz. B-CFy in both SL6 and SL8. The SL20 strain is derived from
The transmembrane electric potential was estimated from SL6 following mutagenesis and differs from this strain by
the amplitude of the electrochromic shift at 515 nm, which an additional deficiencies of two-thirds of the photosystem

Biochemical Characterization
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Ficure 1: Gel electrophoretic fractionation of thylakoid membrane polypeptides from wild-type and mutant cells. Cells were labeled with
[“Clacetate for 45 min in the presence of cycloheximide. Coomassie blue staining patterns of thylakoid membrane polypeptides following
gel electrophoretic fractionation are shown in panel A. Autoradiographs of the stained gels are shown in panel B. Thylakoid membrane
polypeptides were electrophoresed and transferred to Immobilon PVDF membranes (Millipore). Protein blots that reacted with antisera
specific fora-CF, and-CF, are shown in panel C (groups 1 and 2, respectively). Spdyacrylamide (1218%) gels wih 8 M urea.

Il (PSII) center polypeptides (not shown). Protein blots that Table 1: Estimation of the Permanent Electrochemical Gradient
reacted Wlth an antiserum Speciﬁc for subunit 3 OfOCF Established under Aerobiosis in the Dar_k-Adapted Sta\_te with the
showed no detectable accumulation of this polypeptide in EaramEteg () of the PSII Back-Reaction Observed in the

. resence of DCMU
the mutants (D. Drapier, not shown). Altogether, we conclude
that the CECF, ATP synthase is either completely lacking
in the thylakoid membranes of the mutants or present at a no addition 3.8 6
very reduced level (the resolution of the immunoblot analysis ~ With 2mM crown 0.3 0.3
would allow the detection of-12% of the wild-type level). with 24M nigericin > 41

wild type SL8

charges renders the back-reaction sensitive to the presence
of a permanent electrochemical gradient across thylakoid
Many light-induced processes related to photosynthetic membranes. The kinetics of the back-reaction observed in
electron transfer are electrogenic and thus sensitive to thethe presence of DCMU can be satisfactorily approximated
permanent\ii (preexisting in darkness). If the light-induced by [Qi]/[Q ] = 1 + gt, where the parameterprobes the
Aji generated by these processes is kept small in comparisorpermanent transmembrane electrochemical gradignt (
with the permaneni\ii, they can serve to probe the latter  Table 1 shows the values of this parametender various
We made use of such probes in analyzing the permanentconditions. As previously reported f@. reinhardtii (4), in
Aji in the wild type and mutants lacking the &F ATP both the wild type and mutant strains they were much larger
synthase. in the absence than in the presence of dicyclohexyl-18-
(a) Characterization of the Permanent Electrochemical (crown)-6 (crown), an ionophore known to disrupt the
Gradient under Aerobiosighe PSII photochemical centers transmembrane potentidl®). This indicates that the rate of
achieve a charge separation between the primary donorthe back-reaction is enhanced by a transmembrane potential
chlorophyll Rgoand the primary quinone acceptog @hich irrespective of the existence of the & complex in the
are located on either side of the thylakoid membrane (the thylakoid membrane. The permanent electrochemical gradi-
donor being located on the lumenal side and the acceptorent (Ait) observed across thylakoid membranes is made up
on the stromal side). In the presence of the herbicide 3-(3,4-of a pH gradient ApH) and of an electric field AW)
dichlorophenyl)-1,tdimethylurea (DCMU), electron transfer  resulting from the asymmetric charge distribution on both
between the primary and secondary quinone electron acceptosides of the membranes. It is not known however to what
is blocked so that the, .~ state formed upon illumination  extentg is modulated by each of these components, but it is
recombines to fa. The transmembrane location of these expected to depend significantly on both thpH andAW

Functional Characterization
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components. Indeed, Buser et a9 have shown that, in A
PSll-enriched membrane fragments (i.e., in the absence of

Ajt), the back-reaction 81~ — S,Qa is sensitive to pH.

Consistent with this, addition of nigericin [aHK™ ex-

changer used to selectively disrupt theH componentZ0)]

induced moderate changes of thealue in both the wild- L0,
type and SL8 strains. However, the parameaieis also
sensitive toAW as shown by the drastic effect of crown
addition (which collapses both thédpH and the AW
components) compared to the small effect of nigericin
addition. As the law relating to each of these components

is not known, this parameter is not suitable for characterizing
the relative amplitudes of both components of the permanent
gradient. We thus resorted to other processes that, as
explained below, are predominantly sensitive to either
component.

(b) Characterization of the PermanentpH Component ) ol
under Aerobiosislllumination of PSII by a short saturating
flash allows one charge separation to proceed resulting in
the formation of the Rs"Qa~ state. The @ state lifetime 13579 13579
is increased in the presence of DCMU. The photochemically Flash Number
active chlorophyll Bso is reduced by tyrosine 161 of the PSII
center polypeptide Pthat is in turn reduced at the expense
of the water-splitting enzyme. This latter reaction may be 0.7 = WTpBQ treated
inhibited by treatments such as addition of hydroxylamine, /'
depleting the catalytic site from its manganese cluster. Under -
these conditions, hydroxylamine acts as an electron donor /
to the oxidized YR161 in the time range of tens of 0.6 /
microseconds, thus precluding the charge recombination
YD;161°%Qa~ — YD1161Q; reaction from proceeding. The
Qa~ state is then long-lived (several tens of seconds). It is
well-known however that, under these conditions, the amount
of the stable @~ state observed after one saturating flash is
dramatically decreased upon hydroxylamine additidmh, (
22). It has been recently shown that this may be rationalized
by the increased lifetime of ¢&" in Mn-depleted PSII, 0.4
allowing a significant fraction of centers to undergo charge ]
recombination By Qa~ — PssQa before reduction of &¢" —
by YD1161 @3). i

The Q.~ state is characterized by a high chlorophyll 0.3
fluorescence yield with respect to the, @tate. Thus, the : 5 6 7 3
amount of stable @ formed after a short saturating flash
may be probed by measuring the flash-induced change in pH
fluorescence yield. Figure 2 (top panel) shows the effect of
nigericin addition on the variation of the fluorescence yield FIGURE2: (A) Changes of the fluorescence yield induced by a series
observed in the course of a series of saturating flashes inof saturating flashes in the wild type (circles) or SL8 (triangles) in

. . . . the presence of DCMU and hydroxylamine in the absence (black
the wild type and in the SL8 strain lacking the &~ ATP symbols) and the presence (white symbols) of nigericin. The time

synthase. It is noteworthy that the large effect of nigericin interval between flashes was 200 ms; the fluorescence was sampled

addition observed in the wild type strain is hardly detectable 50 and 100 ms after each actinic flash. (B) pH dependence of the

in the SL8 strain. This suggests that at variance with the fluorescenpe yjeld changes induced by the first flash of a series

wild type the SL8 strain displays ntpH. A calibration of (squares) in wild-type pBQ-treated cells. The letters rgfer to the
. . value ofRin the presence of DCMU and hydroxylamine: (a) wild

the pH dependence of the fluorescence yield induced by theyne " (h) S30, (c) SL8, (d) wild type in the presence ofil

first flash of a series was achieved. Figure 2 (bottom panel) nigericin, and (e) SL6.

shows the pH dependence of the variable fluorescence

induced by the first flash of a series observed in the presenceobserved is in good agreement with that reported by

of hydroxylamine and of DCMU, normalized to the maxi- Lavergne and Rappapo@3) using spinach thylakoids. It is

mum variable fluorescence (this ratio will be henceforth consistent with the framework of a competition between the

denotedR). The data points were obtained with wild-type charge recombination reactioRsf Qa~ — PessdQa and the

cells of C. sorokinianareated with parabenzoquinone (pBQ). reduction of RBgs" by YD;161, since the rate of this latter

This treatment is known to collapse the permantft(24, reaction is decreased when the pH is lowe28H28). The

25) and to allow pH equilibration between the pH buffer pH dependence of the efficiency of,Q stabilization thus

and each of the cell compartmen®3). The pH dependence provides a tool for probing the lumenal pH in vivo.

Fluorescence r.u.

coe

0.5

(FI_FO)/(Fmax-FO)

R=

oo
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When the cells are not submitted to the pBQ treatment
and resuspended in 20 mM HEPES, the pH of the buffer
does not modulate the pH of the lume2B). Under such
conditions, in the wild-type or S30 straifswas close to 1.0
0.35, a value that is indicative of a pH &f6. Addition of
nigericin resulted in a significant increase & (0.62,
indicating a pH>7). These data show that the lumenal pH
in the dark-adapted state is significantly smaller than the
stromal one in the wild typeApH on the order of 1.5 pH 1
units) and that equilibration of the pH of both compartments 0.5 Wlld Type
is achieved most likely at the stromal pH upon addition of
nigericin. At variance with this, the paramefers indicative
of a pH on the order of 7 in mutant strains lacking the;CF
CF, complex, even in the absence of nigericin. Addition of
this compound hardly resulted in a change of the valug of
(not shown), which is consistent with the absence of a
significant ApH. The electrochemical transmembrane po-
tential that is nevertheless detected by the rate of the PSII
back-reaction in the absence of the,CF, therefore consists
essentially of an electric field componeftV.

(c) Characterization of the PermanenijpH Component
under Anaerobiosis Unfortunately, the above-described
experiments do not allow the study Afi under anaerobic
conditions for oxygen deprivation results in the complete
reduction of the plastoquinone pool and thus in the inactiva-
tion of the PSII activity. Conversely, these conditions are
well suited to studying the effect of the permanent trans-
membrane potential on the cytochroiméturnover kinetics
since they result in the complete occupancy of the plasto-
quinol oxidation site of this complex. The cytochrorg
complex catalyzes a transmembrane charge transfer, thereby
contributing as a slow phase to the flash-indus&¥ induced
by photosystem | and Il charge separation. According to the
Q cycle model, this transmembrane charge transfer results 0.0
from electron injection into the cytochroniig hemes after U i i i .
PQH; oxidation B0, 31). It has been recently shown that 0 5 10 15 20
the rate of this charge transfer is controlled mainly by the .
lumenal pH 29). When submitted to &AW, some of the Time (ms)
pigments embedded in the thylakoid membrane undergo anFicure 3: Slow electrochromic reaction (b phasefdnsorokiniana
electrochromic shift. This provides a tool for probing the Wild-type (A) and SL8 cells (B) in the absence (black symbols)

; ; and the presence (white symbols) oft nigericin. Algae were
time course of this transmembrane charge transfgri(g). illuminated with nonsaturating red flashes hitting 30% of the centers

This is illustrated in Figure 3 (top panel), showing that a1 a frequency of 0.15 Hz in 20 mM HEPES (pH 7.2). Kinetics
addition of nigericin to a wild-type strain under anaerobiosis were corrected for membrane potential decay as described in

resulted in a significant enhancement of the rate of the flash- Materials and Methods.
induced electrochromic shift measured at 515 nm, as
previously reported in re29. In the SL8 mutant lacking G~ complexes and the PSII center complex, the amplitude of
CF, ATP synthase (Figure 3, bottom panel), the rate of the the flash-induced electrochromic shift is quadratically re-
515 nm absorption changes was no more sensitive tosponding to the flash-induceiW. This provides a useful
nigericin addition but was similar to that observed in the tool for probing the existence of a permanai?’. Indeed,
wild type after addition of nigericin. This shows that the the flash-induced charge separation at the level of PSI or
value of the lumenal pH in the SL8 mutant strain is similar PSII results in &AW component that superimposes with the
to that observed in the wild type after pH equilibration putative permanenAW. Thus, to probe the latter, the
between the lumenal and the stromal compartments. Thus0bserved flash-induced signal should be dependent on the
as was observed under aerobiosis AfH is detectable in  value of the transmembrane electric field that exists before
the mutant under anaerobiosis. The question that remains ighe flash. This is precisely the case for the quadratic
whether aAW persists under anaerobiosis. electrochromic effect, at variance with the linear one. If no
(d) Characterization of the Permanent Electric Field or little transmembrane electric field exists previously, the
ComponenAW under Anaerobiosisin strains having the flash-induced electrochromic shift that the quadratic probes
wild-type complement of light-harvesting complexes, the undergo is negligible, whereas it is noticeable in the presence
flash-induced electrochromic shift is linearly related to the of a significantAW prior to the flash.
flash-induced AW (15). Joliot and Joliot 18) however We thus selected a mutant strain SL20 deficient in CPII
observed that, in cells lacking the CPII light-harvesting and PSII complexes, and showing no detectable traces of

5
S

phase b (r.u.)
=

0.5. SL 8
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0.5 on both sides of these membranes. Figure 2 shows that in
the absence of nigericin the efficiency of stabilization of the
PSII primary charge separation is much smaller in the wild
type than in the mutant. The value observed in the mutant
in the absence of nigericin corresponds to that observed in
the wild type when nigericin is present, thus showing the
absence of a significanipH across thylakoid membranes

in the mutant at variance with the wild type. The pH gradient
built up in the dark in the wild type is thus the result of the
functioning of the CECF, ATP synthase. Despite the absence
of detectable chloroplast ATP synthase and of significant
ApH across thylakoid membranes, the mutant analyzed still
displayed a permanent electrochemical gradient across thy-
lakoid membranes in darkness under aerobiosis, as detected

S
=)

-AI/T x 10°

) . ! ! with the rate of the PSIl back-reaction measured in the
460 480 500 520 presence of DCMU (Table 1). This persisting gradient
Wavelength (nm) therefore consists of the sole electric field componit.

Ficure 4: Electrochromic absorption changes induced by a Ve thus come to the conclusion that removing theCH
nonsaturating flash it€. sorokinianaSL20 cells. The absorption ~ ATP synthase leads to a drastic qualitative modification of
change was measured 106 after the actinic flash hitting 10 the permanent electrochemical gradient; ApH component

20% of the centersl and#), in the absencel) or presence4) disappeared (or becomes barely detectable) for the sole
of 100uM crown. The dashed line represents the spectrum observedb enefit of the electric field componentw

after an oversaturating actinic flash in the presence of AKI0 . . .
crown, after normalization at 515 nm. Evaluation of the Permanent Electrochemical Gradient

) across Thylakoid Membranes under Anaerobiositie
CRCF, ATP synthase. Figure 4 shows the spectra observedpermanent electrochemical gradient that was observed in the
in anaerobiosis in the SL20 mutant strain 100 after a  3psence of ATP synthase was thought to originate from
subsaturating flash, in the absence (squares) and Presencgn|ororespiration Z). However, this origin was refuted on
(diamonds) of the ionophore crown. The two spectra differ (e pasis of two sets of experiments. Indirect arguments
significantly indicating that the polarization state of the gising from a careful examination of the modifications of
pigments embedded in the membrane is modified upon crownye redox state of plastoquinone upon inhibition of mitores-
addition. This shows the permanence in the dark, under i aiion led to the proposal that this gradient results from a
anaerobiosis, of a transmembrane electric field independent,o\y ATP-driven gradient generato)( Moreover, under
of the presence of the GEF, ATP synthase, a conclusion anaerobiosis, a high permanent electrochemisal was
that is further supported by the following result. Figu.re 4 observed across thylakoid membranes of wild-ty@e.
shows the spectra measured l@0after an oversaturating  gorokiniana likely due to immediately active fermentation
actinic flash (dashed line) in the presence of crown. Under processes providing ATP to the §FF, ATP synthase®).
these conditions, the flash-induc@dV resulting from the In mutants lacking this ATP synthase, the permanent
charge separation at the level of the photosystems iSelectrochemicah[c was also detectable upon oxygen dep-
significantly increased. The observed spectrum closely rjyation as depicted in Figure 4. In that case, the formation
resembles the spectrum measured after a subsaturating flashs the gradient cannot be ascribed either to a respiratory
in the absence of crown. This shows first that the spectral process owing to the absence of oxygen or even to the CF
changes induced when collapsing’ by crown addition are  cp, ATP synthase. The latter point deserves careful exami-
reversible, and most importantly that they are mimicked by paion since immunoblot analysis would not allow detection
building a transmembrarr&e‘l_J through.charge separation at  5f <1204 of the wild type level of ATP synthase. Further
the level of the photochemical reaction centers. evidence of the absence of this complex in the mutants is
provided by the functional characterization of thé in wild
DISCUSSION type and CECF, ATP synthase-lacking strains. Although a
Evaluation of the Permanent Electrochemical Gradient large fraction of the CfF, ATP synthase is inactivated in
across Thylakoid Membranes under Aerobio$ise perma- the wild type under anaerobic conditions, a latyeH is
nent electrochemical gradiemtf) observed across thylakoid nevertheless observed in the dark-adapted state. Conse-
membranes consists of two components, a pH gradigui) quently, a small amount of active g&F; ATP synthase is
and an electric field AW) resulting from an asymmetric  sufficient to build up a detectablApH accounting for at
charge distribution on both sides of the membranes. We firstleast two-thirds of the overallji [1.5 pH units 29)]. Would
evaluated the consequence of the absence of the chloroplast few CRCF, ATP synthase complexes remain in the
ATP synthase on the lumenal pH. This pH was probed mutants, a significamhpH component of their electrochemi-
through measurements of the efficiency of stabilization of cal gradient would have been expected. At variance with
the RsQa~ state in the presence of hydroxylamine and this possibility, under aerobic conditions, thé gradients
DCMU following a single-turnover saturating flash. A observed in the wild type and in mutants lacking theyCF
calibration curve of the lumenal pH was established by this CF; are very different in nature. The mutants do lack any
method and appears in Figure 2. To test for the presence ofdetectable\pH so that their\ii solely consists of an electric
a pH gradient built up across thylakoid membranes, we madefield AW. We made use of the electrochromic effect in
use of nigericin, an K" exchanger equilibrating the pH demonstrating independently the existence of a permanent
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AW under anaerobiosis in the absence of,©H ATP pathway (see reB2 for a review). However, the mutant
synthase. A shift of the absorption peak of some of the strains lacking CFCF, display an active photosynthetic
pigments present in the thylakoid membranes is observed inelectron transport chain, although they do not display
response to the establishment of an electric fie¥ across detectable permanekpH. This raises the question of the
these membranes. The spectra of the electrochromic effectmechanism of translocation of some of the nuclear encoded
were analyzed in the SL20 strain (deficient in the light- subunits of the functional complexes of the photosynthetic
harvesting complex CPIl, GEF, ATP synthase, and PSIl membranes. We propose either tha&t'#l would be sufficient
centers) in the absence or in the presence of the ionophoreo allow lumenal import or that in the absence oApH a
crown (Figure 4). Their comparison clearly demonstrates that basal level of lumen translocation may occur in the case of
crown modifies the polarization state of the pigments these polypeptides. This would be sufficient to allow
embedded in the membrane, and consequently stronglyassembly of PSII in darkness in the mutants characterized
supports the existence of an electric field¥ under here.

anaerobiosis in the absence of CF, ATP synthase. This
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