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THIOL MODULATION OF THE CHLOROPLAST PROTONMOTIVE ATPase AND ITS EFFECT
ON PHOTOPHOSPHORYLATION
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Thiol modulation of the chloroplast protonmotive ATPase (CF;-CF,) by preillumination of broken chloro-
plasts in the presence of dithiothreitol (or preillumination of intact chloroplasts in the absence of added
thiols) had the following effects on photophosphorylation. (1) When assayed at pH 8 and saturating light, the
initial rate of photophosphorylation was increased by 10-40%. There was an accompanying increase in the
rate of coupled electron transport with no significant change in the overall P /2e ratio. (2) On lowering the
pH of the assay medium to pH 7, the stimulatory effect of thiol modulation on photophosphorylation and
coupled electron flow was enhanced. At pH 7, there was also a small increase in P /2e ratio. (3) Addition of a
non-saturating amount of uncoupler to the assay medium enhanced the stimulatory effect of thiol modulation
on photophosphorylation. In the presence of 1 mM NH (I, there was only a small increase in coupled
electron flow and a correspondingly larger increase in P /2e ratio. (4) Lowering the light intensity, or
inhibiting electron transport, diminished the stimulatory effect of thiol modulation on photophosphorylation,
coupled electron transport and P /2e ratio. (5) Under all the above conditions, the ApH maintained across
the thylakoid membrane was lower after thiol modulation, even when photophosphorylation markedly
increased in rate. (6) Thiol modulation of CFy-CF, increased the observed Michaelis constant for ADP
(K (ADP)) and the apparent maximum rate (¥,,,) of photophosphorylation by the same factor, so that ratio
Vipp/ Ko Was not altered. V,, /K, was also unaffected by changing the medium pH, but was significantly
decreased upon addition of uncouplers to the medium. These results indicate that the observed rate of ATP
synthesis catalysed by thiol demodulated chloroplasts is limited kinetically by the fraction (a) of enzyme
molecules that are active during photophosphorylation. A model based on a dual pH optimum requirement for
activation of CF,-CF, is presented to explain the dependence of « on ApH. Thiol modulation of CF,-CF, is
proposed to stimulate photophosphorylation by causing the enzyme to become active over a lower range of
ApH, thereby reducing the kinetic limitation on ATP synthesis imposed by the activation process.
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Abbreviations: Chl, chlorophyll; CF,-CF,, reversible proton-
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space, respectively; AgH™, ApH. difference in the electro-
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chemical potential of protons, or in the pH, between the
intrathylakoid and aqueous medium; AG,, free energy change
of ATP synthesis or hydrolysis; Tricine, N-[2-hydroxy-1,1-
bis(hydroxymethylethyl]-glycine; Mes, 4-morpholineethane-
sulphonic acid; Hepes, 4-(2-hydroxyethyl)-1-piperazineethane-
sulphonic acid; DCMU, 3-(3.4-dichlorophenyl)-1,1-dimethyl-
urea.
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Introduction

The mechanism by which the reversible proton-
motive ATPase of chloroplasts (CE;-CF),) catalyses
synthesis and hydrolysis of ATP is still the subject
of much study. Recent work has revealed that the
enzymic activity of CF,-CF, is highly regulated.
Studies wusing envelope-free chloroplasts
(thylakoids) have shown that CF,-CF, must un-
dergo an activation prior to the observation of any
catalytic activity [1-7]. This activation normally
occurs when an electrochemical potential dif-
ference of protons (AgH™) develops across the
thylakoids, and the activation process is associated
with conformational changes in the structure of
CF,-CF, [8] and with the release of tightly bound
adenine nucleotides [3-6,9-12]. Mitchell has sug-
gested [13] that the activation process simply re-
flected a dual pH optimum requirement of CF,-
CF,, whereby the pH optimum of the stromal, or
N, side of CF, was around pH, 8 and the opti-
mum of the CF,, or P, side of CF, (at the bottom
of a proton well through CF,) was around pH,, 5.
The differential pH conditions would thus nor-
mally exist only when a ATH” was present across
CF,-CF,, and deactivation of CF, would occur
when the pH at either the P- or N-poles deviated
from the optimum.

In addition to, and superimposed upon, this pH
activation of CF,-CF,, enzymic activity is also
reversibly modulated by the oxido-reduction state
of certain thiol / disulphide groups within the en-
zyme structure [14]. In the presence of reduced
dithiols such as dithiothreitol [2,4,11] or thioredo-
xin [15], the pH-activated state of CF,-CF, is
modified. The resulting thiol-modulated form of
CE,-CF, also undergoes pH activation or deactiva-
tion [2,4,7]. The thiol modulation process can be
reversed by adding mild oxidants such as ferri-
cyanide or oxidised thioredoxin [7]. We have
termed this latter process ‘thiol demodulation’ of
CF,-CF,.

The thiol-modulated form of CF,-CF, (when
pH activated) is observed to catalyse ATP synthesis
or hydrolysis, depending on the conditions, but
the demodulated form cannot be observed to
catalyse net ATP hydrolysis (in our hands) under
any condition. The failure to observe net ATP
hydrolysis (or P, 2 ATP exchange) using thiol-de-

modulated chloroplasts has yet to find a com-
pletely satisfactory explanation. Graber et al. [3]
observed that the initial rate of ATP synthesis at
low AG, was kinetically determined by the frac-
tion, a, of CF,-CF, complexes that were pH
activated. As discussed by Schlodder et al. [6], this
implies that CF,-CF, becomes active under these
conditions at a value of AgH ™ that is higher than
that required thermodynamically for net ATP
synthesis, thus precluding the possibility of observ-
ing net ATP hydrolysis. This explanation is valid
when AG, is small, but requires elaboration to
explain the apparent lack of net ATP hydrolysis
when AG, is poised at a high level.

If, however, the lack of observed ATP hydroly-
sis can be caused by the pH-activation require-
ments of CF,-CF,, then one of the effects of thiol
modulation might be to lower the effective AgH™*
at which CF;-CF, becomes active. This idea
originated with the observation that thiol modula-
tion of CF,-CF, lowered the apparent ‘threshold’
ApH required to observe ATP synthesis after an
acid/base jump [16]. Those results indicated that
in demodulated chloroplasts, acid/base induced
phosphorylation was limited (at low ApH) by a,
the fraction of activated CF,-CF, complexes, and
that thiol modulation of CF,-CF, increased « un-
der those conditions.

Our previous results suggest that thiol modula-
tion of CF,-CF, should also stimulate photophos-
phorylation, when the rate is limited by a low
ApH™. To date, however, no reports of such a
thiol-dependent stimulation of photophosphoryla-
tion have appeared. Harris and Crofts [4] showed
that thiol modulation of CF;-CF, decreased the lag
period of flash-dependent photophosphorylation,
but their steady-state rates were unaffected.

In this report, we outline several conditions
under which the predicted stimulation of steady-
state photophosphorylation may be observed. The
results are interpreted using the hypotheses out-
lined above and provide a basis for understanding
the in vivo regulation of CF,-CF, by thiols.

Materials and Methods
Washed, broken chloroplasts were prepared

from intact chloroplasts from Pisum sativum (var.
Meteor) as described [16]. Thiol modulation was



carried out by suspending chloroplasts (at a con-
centration of approx. 250 pg chlorophyll/ml) in a
medium comprising 0.4 M sorbitol /15 mM Tri-
cine/5 mM MgCl, /100 uM methyl viologen /10
mM dithiothreitol /2.5 pM diadenosine penta-
phosphate /catalase (750 units/ml) (pH 8.0) and
illuminating at 40-70 W,/m? (blue light) for 6
min. Demodulated chloroplasts were suspended in
the same medium but kept in the dark. During the
course of this investigation we discovered that care
must be taken to prevent an irreversible photo-in-
hibition of chloroplast activity during the thiol-
modulation procedure. The light intensity must be
above 30 W/m’ to achieve a reasonable rate of
thiol modulation, but above 100 W /m? photo-in-
hibition occurs. A temperature around 20°C is
optimal. Lower temperatures cause slow thiol
modulation and higher temperatures cause photo-
inhibition. We also observed that high concentra-
tions of dithiothreitol cause light-dependent irre-
versible inhibition of the chloroplasts. Although
we did not pursue the cause of the photo-inhibi-
tion, a parallel decrease in electron transport and
photophosphorylation activity (with less change in
P /2e ratio) suggested that the inhibition was due
to an inhibition of electron transport (probably PS
II units).

Assays were carried out by diluting 100 pl of
pretreated chloroplasts with 0.9 ml of a medium
comprising 50 mM buffer/1 mM KH,PO,/0.5
mM ADP/100 uM methyl viologen/5 mM
MgCl,/4 uM diadenosine pentaphosphate.
Buffers used were Mes (pH 6.5), Hepes (pH 7-7.5)
and glycylglycine (pH 8-9.5). Illumination was
usually 500 W/ m? (Corning 3-97 glass filter) and
the reaction was stopped after 30 s by adding 0.5
ml 10% trichloracetic acid. ATP was measured by
the luciferin /luciferase technique as described [16]
or by a *’P method. In the latter case, the assay
medium included 0.5 uCi **P, (Amersham Interna-
tional, Amersham, Bucks., U.K.), 4 units
hexokinase and 15 mM glucose. Unreacted **P,
was removed by precipitation with ammonium
molybdate / triethylamine [5]. After removing the
precipitate by centrifugation, 0.5 mM unlabelled P,
was added, after which a second precipitation
spontaneously occurred. After recentrifugation,
aliquots were counted via Cerenkov radiation in
an LKB Rackbeta scintillation counter. This dou-
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ble-precipitation procedure removed better than
99.9% of the *P, under the described conditions
(sorbitol less than 50 mM) giving controls barely
above background levels (50-80 cpm in Cornwall).

P /2e ratios were measured as above except that
catalase was reduced to 30 U/ml in the preil-
lumination stage and the assay medium (2.0 ml)
contained 0.5 mM azide (to inhibit catalase carried
over) and 5 mM ascorbate. Assays were carried
out by an O, electrode (Rank Bros, Cambridge,
U.K.) and O, consumption was estimated after 2
min illumination. An O, uptake/2e ratio of 1.5
was assumed [17]. Aliquots were taken from the
same assay mixtures and ATP formed was mea-
sured by the lucerifin/luciferase technique. P/2e
was estimated directly by dividing the ATP
synthesis rate by the electron transport rate mea-
sured.

9-Aminoacridine fluorescence was measured as
described [7]. In this case, the volume of assay
medium was increased to 2 ml and contained 24
pM 9-aminoacridine. Fluorescence quenching was
measured after 2 min illumination (Corning 2-72
filter) at 185 W/m? [7]. The value of ApH was
calculated according to Ref. 18 and corrected for
binding by multiplying by 0.875 [19].

Results

Effect of thiol modulation of CF,-CF, on photophos-
phorylation

We predicted that, under conditions where «
(the fraction of active CF,-CF, complexes) is small,
thiol modulation of CF,-CF, would stimulate pho-
tophosphorylation by increasing a. We have there-
fore studied photophosphorylation under several
conditions where AjtH™ was made suboptimal and
a was correspondingly small. Fig. la shows the
initial rate of photophosphorylation observed over
a range of pH in the suspending medium (pH, ).
Chloroplasts were either thiol modulated or
demodulated as described in Maternials and Meth-
ods, but otherwise treated identically so that a
proper comparison of the effects of thiol modula-
tion could be made.

Fig. 1a shows that, in thiol-demodulated chloro-
plasts, the observed optimum for photophosphory-
lation (in the presence of hexokinase and glucose)
was at pH,, 8.5. Thiol modulation had the effect of
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Fig. 1. (a). Effect of thiol modulation of CF,-CF, on the
observed initial rate of photophosphorylation at varying pH .
Photophosphorylation was measured by the 32P technique (see
Materials and Methods for other details). Each data point
represents the mean of two experiments; O, thiol modulated
chloroplasts; ®, demodulated chioroplasts. (b) Percentage
stimulation of rate induced by thiol modulation in the absence
(a) or presence (a) of 1-10~7 M nigericin. In the presence of
nigericin, the assay media also contained 50 mM KCI.

shifting the optimum to pH, 8 and broadening the
profile on the acid side of the pH, optimum. As
shown in Fig. 1b, the effect of thiol modulation
was therefore to stimulate the observed rate of
photophosphorylation and this stimulation be-

came relatively greater as pH, was lowered. At
pH, 8 and saturating light, thiol modulation of
CF,-CF, stimulated photophosphorylation by
10-40%, the magnitude of the stimulation varying
between different chloroplast preparations and de-
pending somewhat on the age of the chloroplasts.
Below pH, 7. the relative stimulation was greater
than 100%. It should be noted that lowering of the
medium pH is thought to decrease the magnitude
of 4ixH ™ under saturating light {20] (see also Table
III).

Fig. 2 shows the effect of adding uncoupler, or
lowering light intensity, on the initial rate of pho-
tophosphorylation in thiol modulated and de-
modulated chloroplasts. Addition of a progres-
sively higher concentration of NH,Cl to chloro-
plasts at pHy 8 (saturating light) inhibited phos-
phorylation as expected (Fig. 2a). However, as the
degree of uncoupling increased, the relative stimu-
lation by thiol modulation was enhanced (Fig. 2¢).
Nigericin and ethanol exhibited similar effects.
The enhanced stimulatory effect of thiol modula-
tion under partially uncoupled conditions was ob-
served over the whole range of pH, studied (see
Fig. 1b).

In contrast to the effects of the uncouplers,
lowering the light intensity, which also decreased
the rate of photophosphorylation (Fig. 2b), caused
the stimulatory effect of thiol modulation to di-
minish (Fig. 2(c)). Partial inhibition of non-cyclic
electron transport by addition of 3-(3,4-dichloro-
phenyl)-1,1-dimethylurea (DCMU) had a similar
effect to lowering the light intensity (results not
shown).

In summary, thiol modulation of CF,-CF, has a
small stimulatory effect on photophosphorylation
at pH,, 8 and saturating light. This stimulation is
enhanced by lowering pH, or by partial uncoup-
ling, and is abolished by raising pH ,, or by inhibit-
ing electron transport.

As shown in Table I, a similar pattern of effects
was observed when thiol modulation was carried
out by illuminating intact chloroplasts in the ab-
sence of dithiothreitol and methyl viologen [7,15].
Overall rates were higher using freshly lysed chlo-
roplasts compared with twice-washed, broken
chloroplasts and quantitatively, the effect of thiol
modulation on photophosphorylation was smaller.
The latter observation is presumably caused by
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Fig. 2. Effect of thiol modulation of CFy-CF, on the initial rate of photophosphorylation observed at pH,, 8: (a) varying NH,Cl
concentration in the assay medium and (b) varying light intensity (using neutral-density filters). Photophosphorylation was measured
by the *>P method; O and A, thiol-modulated chloroplasts; ® and a, demodulated chloroplasts; (c) percentage stimulation of rate
induced by thiol modulation as a function of the observed rate in demodulated chloroplasts. Data calculated from a (O) or b (a).

incomplete thiol modulation of CF,-CF,, since only
CF,-CF, in those chloroplasts that were initially
intact (60-70%) undergo thiol modulation in these
conditions. Nevertheless, the results show that the
effects of thiol modulation are the same whether
CF,-CF, is modulated by dithiothreitol in broken
chloroplasts, or by the physiological thioredoxin
system in intact organelles.

TABLE 1

THIOL MODULATION OF CF,-CF, VIA THE ENDOGE-
NOUS THIOREDOXIN IN INTACT CHLOROPLASTS

Thiol modulation was carried out by illuminating intact chloro-
plasts for 2 min in 0.4 M sorbitol /15 mM Tricine (pH 8.0)
containing 1500 U catalase /ml. Demodulated chloroplasts were
not illuminated. Lysis of the organelles occurred on transfer
into the assay medium, and the initial rate of photophosphory-
lation was measured by the luciferin /luciferase technique. Low
light intensity was 30 W/m? obtained with neutral-density
filters.

Assay Observed rate of photophosphorylation

conditions (pmol ATP/mg Chl per h)
Thiol Demodulated Percentage
modulated stimulation

pHy 8 486 439 11

pHy 7 273 190 44

pH, 8

+1 mM NH,CI 305 239 28
pH 8, low light 188 192 -2

Effect of thiol modulation on the rate of electron
transport and P / 2e

We further studied the effects of thiol modula-
tion on photophosphorylation by measuring the
rates of coupled electron flow and overall P/2e
ratio, and the results are shown in Table II. At
pH, 8 and saturating light, the increased rate of
photophosphorylation upon thiol modulation of
CF,-CF, was accompanied by an increase in the
rate of coupled electron flow. There was an in-
crease in observed P/2e ratio also, but this in-
crease is not statistically significant. At pH, 7,
where the increase in photophosphorylation was
relatively larger, the stimulation was again accom-
panied by a large increase in the rate of coupled
electron flow, but also by a small but significant
increase in the P/2e ratio. We estimate that ap-
prox. 90% of the thiol-induced increase in photo-
phosphorylation at pH, 7 was contributed by
increased electron transport, and 10% by an
increased P/2e ratio. At pH, 8 and in the pres-
ence of 1 mM NH,Cl, the large thiol-induced
increase in photophosphorylation was accompa-
nied by a small increase in the rate of electron
flow, which was already near to the maximum
uncoupled rate. However, there was a correspond-
ingly larger increase in the P/2e ratio under these
conditions. In contrast to the results obtained at
pH, 7, most (75%) of the thiol-induced increase in
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TABLE 11

EFFECT OF THIOL MODULATION OF CF,-CF, ON THE INITIAL RATE OF PHOTOPHOSPHORYLATION, ELECTRON

TRANSPORT AND OVERALL P/2e RATIO

Photophosphorylation was measured by the luciferin /luciferase method. Each value is the mean of 16 experiments. Error estimates
represent the standard deviation between experiments. Unstarred values indicate that thiol modulation of CF,-CF; had no significant
effect. Rates of photophosphorylation are in pmol ATP/mg Chl per h and of electron transport are in pmol O, consumed/mg Chl

per h. Low light intensity was 17.5 W,/m?2,

Assay conditions Thiol modulated

Demodulated

Photophos Electron P/2e Photophos Electron P/
transport transport
pH, 8 286+42° 274 £55° 1.5840.13 236+38° 236 40" 151+0.16
pHy 7 160+£36° 155+28° 1.55+0.16"° 88+20° 93+16" 1.414£0.13°
pHy 8+1mM NH,Ci 168+31° 317451 0.80+0.10° 111+20° 290+ 39 0.58+0.09*
pHy 8, low light 66+ 11 77+17 1.324+0.25 63+13 78 +14 1.24+0.25

4 The means are significantly different at the 5% level of confidence (Student’s ¢-test).
® The means are significantly different at the 1% level of confidence (Student’s r-test).

photophosphorylation in the presence of uncou-
pler was contributed by the increase in P /2e ratio.
At low light intensity and pH , 8, thiol modulation
had no significant effect on photophosphorylation,
coupled electron flow or P/2e ratio.

It is important to note that the effects of thiol
modulation on electron transport only occurred
under phosphorylating conditions. Fig. 3 shows
that in the absence of ATP synthesis, thiol modu-
lation of the chloroplasts had comparatively little
effect on coupled or uncoupled electron transport.
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Fig. 3. Effect of thiol modulation of CF;-CF; on the rate of
electron transport observed at pH ,, 8 under non-phosphorylat-
ing conditions (ADP omitted from the assay media); O, thiol-
modulated; ®, demodulated chloroplasts.

The results suggest that the effects of thiols are
due to modulation of CF,-CF,, and that there is
no direct interaction of dithiothreitol with compo-
nents of the electron transport chain. A small
increase in coupled electron flow induced by thiols
under non-phosphorylating conditions (Fig. 3) may
indicate a slight uncoupling effect of the thiol
modulation procedure.

Effect of thiol modulation on steady-state A pH dur-
ing photophosphorylation

The results presented so far support the predict-
ion that lowering AZH™ (by partial uncoupling or
decreasing medium pH) causes the thiol-induced
stimulation to be more pronounced. The exception
to this prediction has been the effect of lowering
light intensity (or inhibiting electron transport)
which abolished the thiol effects. This initially
surprising result may be explained if, under the
latter conditions, photophosphorylation were
primarily limited by the slow rate of electron flow,
and if ApH were lower after thiol modulation of
the chloroplasts (see Discussion). Table III shows
that this is in fact the case. In the absence of ADP,
ApH (calculated from steady-state quenching of
9-aminoacridine [18]) was observed to be slightly
smaller after thiol modulation of the chloroplasts.
Upon adding ADP to the medium, the ApH fell as
expected, since photophosphorylation increases the
rate of efflux of protons from the thylakoids [21}.



TABLE NI

99

EFFECT OF THIOL MODULATION OF CF;,-CF, ON STEADY-STATE 9-AMINOACRIDINE FLUORESCENCE QUENCH-

ING AND ApH

In these experiments the final medium (2 ml) comprised 120 uM ADP, 3 U hexokinase per ml, 12 mM glucose and chloroplasts at 20
1g chlorophyll per ml (phosphorylating conditions). ADP was omitted under non-phosphorylating conditions. Each value is the mean

of two experiments. Low light intensity was 16.5 W /m?,

Assay conditions

Percentage fluorescence quenched

ApH (calculated)

Thiol Demodulated Thiol Demodulated

Non-phosphorylating

pH, 8 66.5 68 3.50 3.52

pH, 7 41.5 42 311 311
Phosphorylating

pH, 8 47 56 3.19 3.33

pHy 7 345 40 2.99 3.08

pH, 841 mM NH,Cl 30 33 291 2.97

pH, 8, low light 29 38 2.90 3.05

However, the steady-state ApH established in
thiol-modulated chloroplasts under phosphorylat-
ing conditions was significantly lower than that
observed with demodulated chloroplasts under
low-intensity illumination. Table III also lists the
ApH calculated from observed 9-aminoacridine
fluorescence quenching under other conditions.
During photophosphorylation, ApH was always
observed to be lower after thiol modulation of the
chloroplasts. It is interesting to note that the effect
of thiol modulation on ApH was at its greatest
when the observed stimulation of photophosphory-
lation was small or absent (pH, 8 high or low
light intensity). It is quite clear that the rate of
photophosphorylation is not controlled thermody-
namically by the magnitude of ApH, since, for

TABLE IV

example, at pH, 7, thiol modulation of CF,-CF,
results in a higher rate of photophosphorylation
but a smaller ApH. Experiments in the presence of
valinomycin (which collapses any membrane
potential) indicate that these effects are not due to
changes in the membrane potential (A4 ), which in
any case, is probably small under these conditions.

Effect of thiol modulation of CF,-CF, on apparent
K,andV,,,

To complete this study, we observed the effect
of thiol modulation of CF;-CF, on the apparent
K.(ADP) and maximum rate (V,,,) estimated
from double-reciprocal plots of initial phosphory-
lation rate against ADP concentration. The results
are summarised in Table IV. It can be seen that

EFFECT OF THIOL MODULATION OF CF,-CF, ON THE APPARENT K, FOR ADP AND V, FOR PHOTOPHOSPHORY -

LATION

app

ATP synthesis was measured by the 2P method and ADP was varied from 3 to 40 pM. Linear-regression analysis of double-recipro-
cal plots (1/(rate) against 1/[ADP]) gave straight-line fits to the data with very high correlation coefficients ( > 0.99), and K, and
V.. were estimated from the intercept at the appropriate axis. Error estimates represent the standard deviation between experiments.

app

K, is expressed in uM and V,__ in pmol ATP/mg Chl per h.

PP

Assay Number of Thiol-modulated Demodulated

conditions experiments K, Vaor Vioo/ Koo K. Vaor Varo/ Koo
pH, 8 5 15 +4 339+70 22,6 11+4 261 +67 23.7
pHy 7 2 7542 190t 16 25.3 4+1 90 +25 225
pH, 8+1 mM NH,Cl 4 18 +5 139+50 7.7 10+2 82421 8.2
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thiol modulation of CFy-CF, increased both V,
and K, under the conditions listed. The results
rule out the possibility of explaining the stimula-
tory effects of thiol modulation in terms of changes
in the binding constant of ADP. The effects of
thiols are due to an increase in apparent maximal
rate.

The data of Table IV contain an interesting
feature noted by others [22]. These workers found
that the ratio V,, /K, was constant when photo-
phosphorylation was varied by changing light in-
tensity or inhibiting electron transport. We note
that V, /K, is also unaffected by thiol modula-
tion of CF;-CF, (since both V,  and K change
proportionately). However, partial uncoupling de-
creases V, /K, significantly and the new value is
again unaffected by thiol modulation. The results
are related to those of Vinkler [23], who observed
that in demodulated chloroplasts inhibition of
electron transport decreased K ,, whilst uncouplers
increased K. Although we do not observe a con-
sistent increase in K, in the presence of uncou-
pler, the trend is readily apparent in our data, and

becomes clear when V,, /K, is considered.
Discussion

Early studies reported a decrease [24] or no
change [4] in the steady-state rate of photophos-
phorylation upon thiol modulation of CFy-CF,. As
outlined in Materials and Methods, care must be
taken during the thiol modulation procedure (even
when using dithiothreitol) to prevent inhibition of
chloroplast activity from obscuring subsequent ob-
servations. We show here that, after careful thiol
modulation of CF,-CF,, the rate of photophos-
phorylation is stimulated, especially at suboptimal
pH, or partial uncoupling in the assay media.
Even at pH, 8 and saturating light, a small in-
crease in the rate of photophosphorylation can be
consistently observed.

It has been suggested that, when AgH™" is low,
the observed catalytic activity of CF,-CF, is de-
termined kinetically by the fraction, a, of CF,-CF,
complexes that are in the active state [6]. At
saturating ADP and P,, the initial rate of ATP
synthesis (v,) is therefore given by:

v, =aV (1)

P p
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Fig. 4. Theoretical dependence of the rate of ATP synthesis
(v,) (or of a, the fraction of active CF,-CF, molecules) on
ApH. The value of a was calculated from Egn. 5 and v, then
obtained from Eqn. 1 (see Appendix for details). Curve a
represents thiol demodulated CF,-CF, and has been fitted to
data from [26] depicted by the points assuming that the 9-
aminoacridine fluorescence technique used [26] overestimates
ApH by 0.25 units. Values of the constants were K2 =1-10"*
M; KJ=1-10""" M; K4=0.1. Curves b and ¢ represent
thiol-modulated CF,-CF, and were generated by b reducing K,
to 0.012 and ¢ decreasing K § to 6.025-10~° M and increasing
K% 10 1.585-107 " M.

Where V is the true maximum rate governed
by the catalytic turnover time of CF-CF,. The
observed initial rate, v,, and the apparent maxi-
mum initial rate, V,dpp, (obtained from double-re-
ciprocal plots at non-saturating substrate levels)
will depend on the value of « at saturating light
intensity. The observation that thiol modulation of
CF,-CF, increased v, and V,,, under otherwise
constant conditions suggests that a had been in-
creased by the thiol-modulation procedure. This
effect can be understood if thiol modulation of
CF,-CF, causes the enzyme to become active at
lower values of AgH™.

We have derived a model based on a dual pH
optimum requirement for activation of CF-CF,
that describes the dependence of a on ApH (see
Appendix for details). The model assumes that any
small membrane potential component of AgH" is
converted into ApH by a ‘proton well’ through
CF,. Curve a of Fig. 4 illustrates the dependence
of a« on ApH predicted by the model for thiol-de-
modulated CF,-CF,. The solid points represent
data taken from Pick et al. [26] to which curve a



has been fitted. Thiol modulation of CF;-CF, is
proposed to enable the enzyme to become active
over a lower range of ApH, and this is represented
in Fig. 4 by curves b or c (see Appendix for a
mathematical explanation of this effect). Assuming
that the rate of ATP synthesis is kinetically limited
by a even after thiol modulation of CFy-CF, (which
may only be true at very low values of AG,), the
model predicts the following effects of thiol mod-
ulating the enzyme: (i) the threshold ApH at which
ATP synthesis is first observed should be lowered;
(ii) the ApH maintained at equivalent rates of
ATP synthesis should be lowered; (iii) the rate of
ATP synthesis observed at equivalent ApH should
be increased, but the relative stimulation of rate
should be smaller at higher values of ApH (as «
approaches the value of 1).

All these features have been observed in our
recent study of acid / base-dependent phosphoryla-
tion [16} and the data presented in this paper are
broadly in agreement with the above predictions.
However, in order to understand fully the effects
of thiol modulation of CF;-CF, on photophos-
phorylation, and especially on coupled electron
transport and P/2e ratios, it is necessary to con-
sider also the effects of ApH and pH, on the rate
of electron transport and passive H* efflux from
the thylakoid. The assumption that the rate of
catalysis by CF;-CF, is determined kinetically by «
implies that the ApH maintained across the
thylakoid during steady-state photophosphoryla-
tion is greater than that thermodynamically re-
quired to support the observed rate of ATP
synthesis. Such a ‘supra optimal’ ApH would gen-
erate a low pH, that would be expected to inhibit
the rate of electron transport (which seems to be
controlled mainly by pH [20,27]), and this in turn
would further limit the rate of photophosphoryla-
tion. The actual ApH maintained during photo-
phosphorylation will therefore be a compromise
between a high level, required for pH activation of
CF,-CF,, and a low level, which allows the rate of
electron transport to be maximal. Consider then
the effect of thiol modulation of CF)-CF, on such
a system. Thiol modulation of CF,-CF, would
initially allow a given rate of photophosphoryla-
tion to proceed at a lower ApH, thereby reducing
the constraint on electron transport. Conse-

quently, both the rates of electron transport and
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photophosphorylation would rise, with little change
in P/2e ratio. This is observed at pH, 8 and
saturating light. At pH, 7, the effects of thiol
modulation should be even more pronounced since
pH, is correspondingly lower and the initial in-
hibition of electron transport more severe. We
observed that lowering pH,, enhanced the stimula-
tory effect of thiol modulation on photophos-
phorylation and coupled electron flow.

The observations made under low-intensity il-
lumination can also be explained in this way. At
low light, the rate of electron flow is limited prim-
arily by the quantum efficiency of PS I and II and
less by the effects of pH . Under these conditions,
therefore, thiol modulation of CF,-CF, would cause
a decrease in ApH, but electron flow would not
increase correspondingly, and thus we observed
the same rate of photophosphorylation but under
a diminished ApH.

In the presence of uncoupler, the effects of thiol
modulation are changed, with electron flow rates
being largely unaffected, whereas P/2e ratios in-
crease after thiol modulation. Under these condi-
tions, the observed P/2e ratio depends on the
relative flux of protons passing through CF,-CF,
(phosphorylating H* efflux) compared with that
carried by the uncoupler (non-phosphorylating ef-
flux). If thiols cause an increase in «, then there is
a higher probability at a given AgH™ that proton
efflux will occur via the phosphorylating pathway
relative to the non-phosphorylating efflux. Thus,
we would expect that thiol modulation would (a)
increase the rate of photophosphorylation, (b) in-
crease P/2e with less effect on the rate of coupled
electron flow, and (c) only slightly decrease the
magnitude of ApH maintained during photophos-
phorylation, as observed.

The qualitative explanation given above can be
described mathematically, using a model based on
the assumption that both the rates of photophos-
phorylation and electron transport are controlled
kinetically. The simulated results agree rather well
with observations reported in this paper and de-
tails will be published elsewhere [28].

Finally, these results are important when con-
sidering the in vivo regulation of CF,-CF,. We
have shown that CF,-CF, interacts with the
thioredoxin system of chloroplasts and that CF,-
CF, is therefore probably in the thiol-modulated
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form in the light, but in the demodulated form in
the dark [7,15]. The ability of the enzyme to as-
sume these two forms may be related to a need to
prevent net hydrolysis of ATP during darkness.
The demodulated enzyme is efficiently pH-
deactivated when conditions favour net hydrolysis
and this would prevent ATP hydrolysis in vivo in
the hours of darkness. However, this form of the
enzyme is at a kinetic disadvantage in the light,
and thiol modulation makes the enzyme kinetically
more competent in ATP synthesis, especially un-
der conditions when AgH™ may be limited. We
would emphasize, therefore, that studies designed
to understand the mechanism of ATP synthesis
should be concentrated more on the thiol-mod-
ulated state of CF,-CF,, which is likely to be the
state in which the enzyme functions during in vivo
photophosphorylation.

Appendix. Dependence of a on ApH, pH, and
pH

We assume that the rate of photophosphoryla-

tion (v,) is determined kinetically by a, the frac-
tion of CF,-CF, complexes that are active [6]:
v, =aV, (A-1)
where V, is the maximum rate of ATP synthesis
observed when a=1, and corresponds to the
turnover number of an active CF;-CF,. Experi-
mental studies in which v, has been measured as a
function of pH, and pH,, suggest that v, depends
mainly on the difference between pH, and pH,,
i.e., on ApH, and (within limits) less [16,26] or not
at all [5,6] on the absolute values of pH, or pH,.
(In the above and all further discussion it is as-
sumed that any membrane potential (4+¢) compo-
nent of AigH™ is converted by a ‘proton well’ in
CF, into an equivalent ApH.) Assuming that the
dependence of v, on ApH reflects the dependence
of a on ApH [6], this behaviour may be explained
by a model based on a dual pH optimum require-
ment of CF-CF, [13].

The model requires the following assumptions.

(1) For activation to proceed, the enzyme re-
quires that three groups on CF,, protonatable only
from the intrathylakoid space, or P side, be pro-
tonated, and three groups protonatable only from

the stromal, or N, side be deprotonated.

(i1) Each P-side group is functionally linked
with one N-side group such that the operational
pK of either group is influenced by the protona-
tion state of the corresponding group on the op-
posite pole of CF,. Thus each N-side group may
assume one of two operational pK values, or pK§,
or pK'y, depending on whether the corresponding
P-side group is deprotonated or protonated. re-
spectively. Similarly, the pK of a P-side group may
be pK ) or pK}., depending on whether the corre-
sponding N-side group of the pair is deprotonated
or protonated.

(iii) Bach pair of P- and N-side groups func-
tions independently of other pairs.

(iv) Activation of CF,-CF, occurs only when the
enzyme attains the correct protonation state and is
described by a simple equilibrium:

K

E =F (A-2)

mnactive active

(v) AG, is poised at a minimum and Mg?*,
ADP and P, are saturating, so that the active
CF,-CF, molecules exist only as the enzyme-sub-
strate complex and the tight nucleotide-binding
sites contain ADP [22]. Under the above assump-

tions, a is given by Eqn. 3:

3
1 HiV
—=14+K,|[1+—2
a K}
K +132 H
+3| =1+ = (1 -
P N KN
012 b2
H H
+3| =2 (1+—7)1+ ’j))
» K}, K

(A-3)

Two cases exist where Eqn. 3 reduces to a
simpler form.

(1) If assumption (ii) does not apply, i.e., all
protonation/deprotonation events are indepen-
dent, then K=K} and K=K}, and Eqn. 3
becomes:
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N
KN

1+ 1+ (A-4)

K, \
Hp

1
E_1+Kd

This case corresponds to the original concept of
a dual pH optimum for enzyme activity {13], and «
varies independently with H; and Hy . However,
an apparent dependence on ApH will be generated
if K,> K, because most CF,-CF, will be active
only when Hf > K, and Hy <K,. and these
conditions will only be satisfied by a ApH across
the membrane.

(2) If values for the various constants in Eqn. 3
are chosen so that only terms containing Hy /H7
are significant, then Eqn. 3 reduces to:

KS Hy )3

(A-5)

1
—=1+K,[1+52—=
a "( Hy K

The conditions for Eqn. 5 to be a valid ap-
proximation of Eqn. 3 are:

+ 0 H+
Hy < 1, Ki <1 and ’\(I) > 1
K\ Hp Ky

(A-6)

In this case, protonation of the P-side group is
fully concerted with deprotonation of the N-side
group and, in consequence, a is purely a function
of ApH. Curve ¢ of Fig. 4 shows a plot of log «
against ApH given by Eqn. 5. The range of ApH
over which a becomes significant is determined
both by K, and K /K. Pick et al. [26] measured
simultaneously the rate of photophosphorylation
and ApH in thiol-demodulated chloroplasts. The
points depicted in Fig. 4 represent the mean of the
lines drawn by those authors through the experi-
mental points of Figs. 2a and 4 in [26]. Curve a
has been fitted to those data using Eqn. 1, assum-
ing V, equals 833 pmol ATP/mg Chl per h and
with the additional assumption that the 9-
aminoacridine fluorescence technique used over-
estimated ApH by 0.25 units. When « is small,
curve a approaches linearity with a slope of 3.
McCarty and colleagues [20,24] have repeatedly
shown that experimental plots of log v, against
ApH are linear, with a slope of 3.

Curve a of Fig. 4 represents the dependence of
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a on ApH for thiol-demodulated chloroplasts. The
effect of thiol modulation can be simulated by
decreasing K (curve b) or K3 /K (curve c), either
of which shifts the dependence of @ on ApH to a
lower range. Decreasing K, may also affect the
kinetics of deactivation and might account for the
increased stability of the activated state after thiol
modulation of CF,-CF, [2].

Schlodder et al. [6] have also presented a model
describing the dependence of @ on ApH. In their
model, all protonation/deprotonation events as
well as activation of CF,-CF, occur in one com-
pletely concerted reaction. This is likely to be an
unnecessary and unrealistic simplification and
provides no clues to the mechanistic details of the
process. The advantage of the model presented
here is that it is based on defined protonation/
deprotonation reactions incorporating only the
minimum cooperativity required to generate a de-
pendence of a on ApH. The model can be easily
explained in terms of the known structure of CF,-
CF, if, for example, each af pair of subunits
within CF, carries one P- and one N-side group
whose pK values are mutually influenced by con-
formational changes within the a8 subunit pair.

Acknowledgements

We thank Alan Jeal and Sally Madgwick for
expert technical assistance, and Stephanie Key and
Robert Harper for help in preparing the
manuscript. Financial support for this work, pro-
vided by generous supporters, named in the
Brochure of the U.K. Registered Charity called
Glynn Research Ltd., and by a Grant from the
Science and Engineering Research Council, is
gratefully acknowledged.

References

1 Junge, W. (1970) Eur. J. Biochem. 14, 582-592

2 Bakker-Grunwald, T. and Van Dam, K. (1974) Biochim.
Biophys. Acta 347, 290-298

3 Graber, P., Schlodder, E. and Witt, H.T. (1977) Biochim.
Biophys. Acta 461, 426-440

4 Harris, D.A. and Crofts, A.R. (1978) Biochim. Biophys.
Acta 502, 87-102

5 Schlodder, E. and Witt, H.T. (1981) Biochim. Biophys. Acta
635, 571-584

6 Schlodder, E., Graber, P. and Witt, H.T. (1982) in Electron
Transport and Photophosphorylation (Barber, J., ed.),



104

10

11
12

13

14

15

16
17

Topics Photosynthesis, Vol. 4, pp. 105-175, Elsevier
Biomedical Press, Amsterdam

Mills, J.D. and Mitchell, P. (1982) Biochim. Biophys. Acta
679, 75-83

Ryrie, I.J. and Jagendorf, A.T. (1971) J. Biol. Chem. 246,
3771-3774

Bickel-Sandkotter, S. and Strotmann, H. (1976) FEBS Lett.
65, 102-106

Shoshan, V. and Selman, B.R. (1979) J. Biol. Chem. 254,
8801-8807

Bar-Zvi, D. and Shavit, N. (1980) FEBS Lett. 119, 68-72
Schumann, J. and Strotmann, H. (1982) in Proceedings of
the 5th International Congress on Photosynthesis, Halkidiki
(Akoyunoglou, G., ed.), Vol. II, pp. 881-892, Balaban
International Science Services, Philadelphia, PA

Mitchell, P. (1981) in Mitochondria and Microsomes (Lee,
C.P., Schatz, G. and Dullner, G., eds.), pp. 427-457, Ad-
dison-Wesley, Reading, MA

Arana, J.L. and Vallejos, R.H. (1982) J. Biol. Chem. 257,
1125-1127

Mills, J.D., Mitchell, P. and Schirmann, P. (1982) in
Proceedings of the 5th International Congress on Photo-
synthesis, Halkidiki (Akoyunoglou, G., ed.), Vol. II, pp.
839--848, Balaban International Science Services, Phila-
delphia, PA

Mills, J.D. and Mitchell, P. (1982) FEBS Lett. 144, 63-67
Allen, J.F. and Hall, D.O. (1973) Biochem. Biophys. Res.
Commun. 52, 856-862

18

19

20

21

22

23

24

25

26

27

28

29

Schuldiner, S., Rottenberg. H. and Avron, M. (1972) Eur. J.
Biochem. 25, 64-70

Slovacek, R.E. and Hind, G. (1981) Biochim. Biophys. Acta
635, 393-404

Bamberger, E.S., Rottenberg, H. and Avron, M. (1973) Eur,
J. Biochem. 34, 557-563

Portis, A.R. and McCarty, R.E. (1974) J. Biol. Chem. 249,
6250-6254

Bickel-Sandkotter, S. and Strotmann, H. (1981) FEBS Lett.
125, 188-192

Vinkler, C. (1981) Biochem. Biophys. Res. Commun. 99,
1095-1100

Petrack, B., Craston, A., Sheppy. F. and Farron, F. (1965) J.
Biol. Chem. 240, 906-914

McCarty, R.E. and Portis, A.R. (1976) Biochemistry 15,
5110-5114

Pick, U., Rottenberg, H. and Avron, M. (1974) FEBS Lett.
48, 32-36

Rumberg, B. and Siggel, U. (1969) Naturwissenschaften 56,
130-132

Mills, J.D. and Mitchell, P. (1984) in Proceedings of the 6th
International Congress on Photosynthesis, Brussels, in the
press

Portis, A.R. and McCarty, R.E. (1976) J. Biol. Chem. 251,
1610-1617



