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SUMMARY

A proton pump activity in light-grown whole cells which is sensitive to low
concentrations of electron transfer inhibitors and uncouplers is described. Carbonyl
cyanide m-chlorophenylhydrazone inhibits the formation of the pH gradient at
concentrations which slightly enhance the oxygen evolution in the light. The activity
is proportional to chlorophyll concentration, the maximal rate being 1-2 umoles
H+ per mg chlorophyll per min. The activity is absent in dark-grown y-1 cells, having
only trace amounts of chlorophyll, but present in dark-grown wild-type cells, having
a normal chloroplast. During light-induced formation of membranes in the dark-
grown y-I cells, the proton pump activity is completely restored after 2 h of illumi-
nation, when only small amounts of chlorophyll have been synthesized. The reacti-
vation of the proton pump during the initial phase of the greening parallels the
photoactivation of cytochrome f. Cytochrome f, present in dark-grown y-1 cells,
becomes photooxidizable only at about 2 h of greening, before additional cytochrome
is synthesized. The activity of Photosystem II (oxygen evolution and ferricyanide
reduction) and Photosystem I (cyclic photophosphorylation) could be detected before
photoactivation of cytochrome f and proton pump activity. It is concluded that the
cytochrome f present in the dark-grown cells is not coupled with the two photo-
systems. The coupling or activation occurs within the first 2 h of the greening and is
accompanied by the appearance of proton pump activity.

INTRODUCTION

The light-induced formation of the photosynthetic membranes and electron
transfer system activity in a Chlamydomonas mutant have previously been investi-
gated. The greening process showed essentially two distinct phases: an initial or lag

Abbreviations: DCMU, 3-(3,5-dichlorophenyl)-1,1-dimethylurea; CCCP, carbonyl cyanide

m-chlorophenylhydrazone; PMS, N-methylphenazonium methosulfate.
* For previous numbers of this series see refs. 1 and 2.
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phase lasting 1.5-3 h, during which chlorophyll synthesis proceeds at a slowly in-
creasing rate, and a second phase during which the rate of synthesis becomes maximal
and constant for the rest of the process (5-6 h).

The electron transfer system activity of both Photosystems I and IT parallel the
chlorophyll synthesis during the second phase, indicating that membrane assembly
might occur through a simultaneous or “‘one-step” process!.

The ultrastructure of the developing photosynthetic membranes changed
continuously, showing also at least two distinct phases: (a) flattening and elongation
of irregular vesicles initially present to form thylakoids, and (b) increase in length and
number of the thylakoids, followed by their pairing and fusion to form a grana
system. Whereas the second phase of structural changes was correlated with the
appearance of electron transfer system activity of both photosystems, no such
correlation was clearly observed for the initial phase of transition from vesicular to
thylakoidal elements.

In the present work, an additional parameter of activity in photosynthetic
membranes was measured, with special attention to its function during the initial
phase of the greening process. It was found that light-grown y-1 and the wild-type
cells exhibit a light-dependent proton uptake activity which is absent in dark-grown
cells. During the initial phase of the greening, the proton pump is reactivated, the
process being correlated with the photoactivation of cytochrome f.

MATERIALS AND METHODS

Chlamydomonas reinhardti wild-type and y-1 mutant cells were used. Cell
growth, light-induced greening, and chlorophyll content were as previously described!-2.

Proton uptake

Cells were harvested in the cold by centrifugation at 2000 X g for 5 min, washed
and resuspended in deionised water at a final concentration of 10® cells per ml. The
cell suspension was kept at room temperature during the experiments for periods of
up to 2h. Noloss of activity was observed during this time. Light-induced pH changes
were measured in an 8-ml reaction vigorously stirred vessel surrounded by a water
jacket which was kept at 25°. A Radiometer pH meter type 28 equipped with a
Radiometer glass electrode type G20z7 KW was used. Differential expanded scale
recording was achieved with a potentiometric recorder and a “backing off” circuit,
obtained from a Radiometer pH calibrator type PHN2H No. 77298. The sensitivity
was such that full deflection of the scale for 0.5 pH unit was obtained. The light source
was a Norris slide projector equipped with 300-W tungsten lamp placed at 1o cm. The
pH changes were expressed as pequiv of H+ taken or released per 107 cells or per mg
chlorophyll as a function of time. The cell suspension had a certain buffer capacity.
In order to obtain linearity between pH changes and cell concentration it was neces-
sary to titrate the buffer content of the cell suspensions. This was done by calibrating
the pH scale with NaOH against cell concentration. Unless otherwise specified, the
initial pH was brought to 6.2.

Conductivity measurements were done simultaneously with pH measurements
by means of a Radiometer type CDM2d conductivity meter with a CDDr14 type
electrode whose constant was 0.64 cm.
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For measurement of pH changes in the absence of CO,, a closed reaction vessel
was used, containing a central well with 40% KOH, and provisions for addition of
base, acid and cell suspensions from closed sidearms. The pH was first lowered to pH
3 by HCI addition to chase the dissolved CO, and raised to pH 6.2 by the addition
of NaOH. This was repeated twice before adding the cells and starting the measure-
ments.

Photoreduction of ferricyanide and photooxidation of cytochrome f

Cells were washed and resuspended in 0.02 M phosphate buffer (pH 7.0) at a
final concentration of 10® cells per ml. The cells were disrupted with the help of a
French press operated in the cold at 5000 lb/inch®. For photoreduction of ferricyanide
the disrupted cells were centrifuged at 1000 x g for 3 min, the pellet discarded and
the supernatant used for measurements. The reaction was carried out under conditions
of linearity with respect to chlorophyll concentration and incubation time.

The effect of different buffers during homogenate preparation and on the assay
system were tested in order to define the conditions for maximum activity. The best
results were obtained when phosphate buffer was used for homogenate preparation
and glycylglycine buffer was used in the assay system. The pH optimum of the reaction
was found to be 7.0. Formation of ferrocyanide was measured with sulfonated
4,7-diphenyl-1,10-phenanthroline obtained from F. Smith Co. (Ohio), using the
method described by AVvRON AND SHAVITS. Cytochrome f photooxidation was measured
spectrophotometrically directly in homogenates prepared as above, using an Aminco-
Chance double-beam spectrophotometer. The homogenate was exposed first to light
of 640 mu and then to light of 715 my wavelength, and the difference 44 (553 —540
my) recorded.

Total content of cytochrome was measured by the difference in absorbance
as above between the reduced (ascorbate) and oxidized (ferricyanide) state.

Cyclic photophosphorylation

Cells were washed and resuspended at a final concentration of 108 cells per ml
in 0.5 M mannitol containing 0.03 M phosphate buffer (pH 8.0). The cells were dis-
rupted in the French press in the cold at 3000 Ib/inch? The disrupted cells were
homogenized with the aid of a glass-Teflon Potter-Elvehjem homogenizer (0.25 mm
clearance) for 3 min in the cold. The homogenate was centrifuged for 15 min at
6000 X g. The supernatant was centrifuged again at 200000 x g for 30 min in a
Spinco preparative L2 model centrifuge at 5°. Theresulting pellet was resuspended in
0.5 M mannitol containing 0.03 M glycylglycine buffer (pH 8.0) and kept in ice until
use. Photophosphorylation was carried out using a modification of the reaction
mixture described by GORMAN AND LEVINEY.

The reaction was carried out at 25° in a photosynthetic Warburg apparatus
under N, and illuminated with 300-W tungsten lamps placed at a distance of 10 cm
from the incubation vessel. The reaction was terminated after 6 min by addition of
0.2 ml of 0.5 M perchloric acid. Esterified 32P was measured as described by AvVRONS,
using a Packard-Tricarb scintillation counter.

Oxygen measurements
Oxygen evolution was measured in suspensions of whole cells in growth medium
at 25° using a Gilson Oxygraph (Gilson Medical Electronics, Middleton, Wisc.)
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equipped with a platinum vibrating electrode polarized at 0.6 V. The light source was
the same as used for pH change measurements. The changes in oxygen concentration
(light minus dark) were proportional to cell (chlorophyll) concentration at 0.02-2.0 ug
chlorophyll per ml and to illumination time. The sensitivity set was such that 2- 1078
moles O, were recorded as a. 3.5-cm deflection on the chart.

3-(3,5-Dichlorophenyl)-1,1-dimethylurea (DCMU) was purchased from Abic Co.
(Tel Aviv), carbonyl cyanide m-chlorophenylhydrazone (CCCP) was kindly supplied
by Dr. B. Z. Ginzburg from the Department of Plant Physiclogy, The Hebrew
University of Jerusalem. *2P was supplied by the Committee for Atomic Energy,
Nahal Sorek, Israel. ADP, AMP and N-methylphenazonium methosulfate (PMS) were
purchased from Calbiochem (Los Angeles, Calif.), hexokinase from Boehringer
(Mannheim) and Nonidet P-40, a nonionic detergent, was purschased from British
Drug Houses, England. All other reagents were of analytical grade.

RESULTS

1. Characterization of proton pump activity in whole cells

Light-grown y-1 and wild-type cells, as well as dark-grown wild-type cells,
showed a reversible, light-dependent proton uptake (Fig. 1). Upon first illumination
a lag of about 10-40 sec was observed, followed by proton uptake at a rate of about
0.2-0.4 pmole H* per mg chlorophyll per min. On subsequent illumination cycles,
the lag period was shorter and the proton uptake rate increased. It was found that
repeated light-dark cycles or continuous illumination for 3-15 min (depending on
cell batch) was sufficient to abolish the lag period almost completely and give a
maximal and constant proton uptake rate, varying for different cell batches from
1 to 2 pmoles HF per mg chlorophyll per min. The results of this experiment are shown
in Fig. 2. All pH change measurements were therefore carried out after an appropriate
“conditioning” period. The conditioning phenomenon was not simply the result of
exposing the cells to changes in pH due to illumination, since alternating the pH of
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Fig. 1. Recorder tracing of pH changes induced by light. Light-grown y-1 cells were used. The
system contained 2.8 107 cells (70 ug chlorophyll). ApH/umole H+ was 2.4. Similar results were
obtained when dark-grown wild-type cells were used.

Fig. 2. Increase in proton uptake rate as a function of number of light—dark cycles. Light-grown
y-1 cells were used. The system contained 1.8- 107 cells (60 ug chlorophyll). ApH] pmole H* was 2.8.
Similar results were obtained when dark-grown wild-type cells were used.
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the cell suspension by proper addition of HCl or NaOH in the dark did not induce any
increase in proton uptake activity. The reaction rates were dependent on the initial
pH of the system, as shown in Fig. 3.
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Fig. 3. Influence of initial pH on the initial rate of proton uptake. Light-grown y-1 cells were used.
The system contained 3.8- 107 cells (107 ug chlorophyll). The ratios ApH/umole H* for the different
initial pH were as follows: 4.5 at pH 5.0; 2.0 at pH 5.5; 0.6 at pH 6.0; 0.35 at pH 6.5; 0.3 at pH
7.0; 0.23 at pH 7.5; and 0.16 at pH 8.0.

Fig. 4. Changes in conductivity as a function of pH rise due to illumination or addition of NaOH.
Light-grown cells were used. The system contained 3-107 cells {75 ug chlorophyll). Conductivity
changes induced in the light phase (O—OQ), dark phase {@—@) and during rise of pH to a
similar extent as in the light phase by addition of NaOH (A—A).

The proton uptake was not affected by the presence or removal of CO, in the
reaction vessel (Table I). To minimize the buffer capacity of dissolved CO,, all
measurements were performed at pH 6.2*. It was also found that for a given change
in pH induced by light, the change in conductivity was much less than expected if
the same pH change was to be obtained in the system by addition of NaOH (Fig. 4).

TABLE I

RATE AND EXTENT OF pH CHANGES INDUCED BY LIGHT IN CELL SUSPENSIONS IN THE PRESENCE
OR ABSENCE OF CO,

The system contained 2-107 cells (30 ug chlorophyll). For other experimental conditions, see
MATERIALS AND METHODS.

System Rate (ApH |min) Extent (ApH)
With CO, 0.12 0.65
Without CO, 0.14 0.67

The influence of KCI, CaCl, and sucrose on the proton uptake rate and extent is
shown in Figs. 5 and 6. It was found that on a molar basis, proton uptake was more
sensitive to CaCl,, which at 6 mM inhibited the rate 509 and the extent 95%,
whereas KCl, at a similar concentration, inhibited the rate only 10 % and the extent

* The properties of the system were not basically different when measurements were carried
out in the range of pH 6.8—7.2.
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Fig. 5. Influence of KCl and CaCl, on the rate and extent of proton uptake. Light-grown cells were
used. The system contained 2 - 107 cells (55 ug chlorophyll). Data are from two different experiments.
The maximal rate (100 %) for KCl was 1.9 gmoles H* per mg chlorophyll per min (A—A) and the
extent, 7.8 ymoles H+ per mg chlorophyll (A —A.). For CaCl,, the maximal rate (100 %) was 2.1
pumoles H per mg chlorophyll per min (O—QO) and the extent, 8.8 ymoles H per mg chlorophyll
(@0—@). ApH/umole H* was 2.3.

Fig. 6. Influence of sucrose concentration on proton-pump activity. Light-grown cells were used.
The system contained 3-107 cells (64 ug chlorophyll). The maximal (100%) rate (QO) and extent
(@) were 2.1 ymoles H* per min per mg chlorophyll and 9.2 gmoles H* per mg chlorophyll,
respectively. ApH/umole H* was 2.4.
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Fig. 7. Inhibition of the proton uptake by different inhibitors. Light-grown cells were used. The
system contained 3- 107 cells (65 ug/chlorophyll). ApH/umole H* was 2.4. A. Effect of DCMU (rate).
B. Effect of CCCP on the rate (O—Q) and extent (@ —@). C. Effect of NH,* on the rate (0—O)
and extent (@—@). D. Effect of Nonidet P-40 (rate). The maximal rates (gmoles H* per min per
mg chlorophyll) were 2.2 (DCMU); 1.8 (CCCP); 2.5 (NH,*) and 2.4 (Nonidet P-40). The maximal
extents (umoles H* per mg chlorophyll) were 9.7 (DCMU); 10.8 (CCCP); 7.5 (NH*) and 8.4
(Nonidet P-40). CCCP at a concentration of 1078 M slightly increased the rate of oxygen evolution.
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35 %. If the effect of ion concentration is calculated on the basis of ionic strength, the
results show that the reaction extent inhibition is similar for both Ca2+ and K+,
whereas the reaction rate is more sensitive to Ca?t.

Increasing concentration of sucrose inhibited both the rate and extent of the
reaction (Fig. 6). The reaction was blocked by photosynthetic electron transfer
inhibitors like DCMU, photophosphorylation uncouplers like CCCP and NH,, and
nonionic detergents like Nonidet P40, at concentrations similar to those used by
other workers with cell-free systems (Fig. 7). The inhibition by DCMU, CCCP and
ammonia were fully reversible by removal of the inhibitors through washing, whereas
that of the detergent was only partially reversible (about 30 %). CCCP at a concen-
tration which completely inhibited proton uptake (10~% M) did cause a slight increase
in the oxygen evolution rate. The rate of proton release in the dark period following
illumination was not significantly increased by addition of CCCP at 108 M.

2. Proton pump and electron transfer system activity during the greening process

The chlorophyll content of dark-grown y-1 cells is a function of the number of
divisions in the dark?. In this work, cells having initial chlorophyll levels of < 2 ug/10?
cells (as compared with z0-30 pg in light-grown cells) were used. The chlorophyll
present in these cells is capable of promoting the reduction of ferricyanide and oxygen
evolution (Fig. 8), but not the photooxidation of cytochrome f (Fig. g), nor the uptake
of protons (Fig. 10).

The oxygen evolution per unit chlorophyll remains constant during a 20-fold
increase in chlorophyll, and the ferricyanide reduction increased 2-fold during a
15-fold increase in chlorophyll (Fig. 8).
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Fig. 8. Oxygen evolution and ferricyanide photoreduction as a function of chlorophyll synthesis
during the greening of y-1 cells. Dark-grown cells were washed and suspended in growth medium
at a final concentration of 5-108 cells per ml. Cells were incubated in light (700 ftcandles) at 25°.
Samples were taken at different times and oxygen evolution (whole celis), photoreduction of
ferricyanide (cell homogenates) and chlorophyll content measured as described in MATERIALS AND
METHODS. The assay system for ferricyanide photoreduction contained in a final volume of 3 ml
40 uymoles glycylglycine buffer (pH 7.0); 8o umoles KCI; 1o gmoles MgCl,; 2 umoles Fe(CN) 2~
and 5-50 ug chlorophyll. A. @ —@, oxygen evolution; O—Q, chlorophyll content; 00—0O, ratio
pmoles O, per mg chlorophyll per sec. B. O—Q, ferricyanide reduction; @ —@, chlorophyll
content; [J—J, ratio ymoles ferrocyanide per mg chlorophyll per h.
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Fig. 9. Changes in content and photooxidation of cytochrome f during the greening of y-1 cells.
Same experimental conditions as in Fig. 8. A. Increase in chlorophyll (@ —@), cytochrome f
content (A—A), and its photooxidation (O—Q). B. Ratio of cytochrome to chlorophyll (A—A),
ratio of photoactive cytochrome f to total cytochrome content (@—@), ratio of photoactive

cytochrome to chlorophyll content (O—Q). The content and photooxidation of cytochrome f
were determined as described in MATERIALS AND METHODS.
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Fig. ro. Proton uptake and chlorophyll synthesis during the greening of y-1 cells. Dark-grown
cells were suspended in growth medium at a final concentration of 3.4 ro®cells per ml and incubated
in light (700 ftcandles) at 25°. Samples were taken at different times, the cells washed in deionised
water and chlorophyll content and proton-uptake activity measured as described in MATERIALS
AND METHODS, ApH/umole H* was between 1 and 5 for the different samples. Appropriate cell
concentrations were used to ensure a significant response for each time point. The system contained
8-107 cells at zero time and only 107 cells at 6 h light. @ —@, chlorophyll; O—Q, H* uptake
rate; 00—, ratio proton uptake to chlorophyll.
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Cytochrome f, although present in dark-grown cells at levels about 40 % that
found in light-grown cells?, cannot be photooxidized in these cells during the initial
phase of the greening. The first response to light could be detected after 2 h of illumi-
nation, cytochrome f becoming completely photooxidizable at 2 h of greening, when
chlorophyll increased only 2-fold (Fig. 9).

During the rest of the process more cytochrome f was synthesized, the whole
content being completely photoactive. The ratio of photoactive cytochrome to
chlorophyll becomes constant during the second phase of the greening process, when
the chlorophyll synthesis rate is constant (Fig. g).

A similar situation was found for the proton pump. Its activity could only be
detected after 1 h of greening. The specific activity (Ht uptake per min per mg
chlorophyll) increased rapidly, reaching a peak at 2.5 h when chlorophyll increased
less than 159%. The specific activity slightly decreased afterwards and remained
constant for the rest of the process (Fig. 10).

TABLE II

CYCLIC PHOTOPHOSPHORYLATION RATES BY CHLOROPLAST FRAGMENTS FROM LIGHT- AND DARK-
GROWN y-I CELLS

Chloroplast fragments were incubated in a final volume of 2 ml containing: 40 umoles glycylglycine
buffer (pH 8.0); 10 umoles sodium phosphate (10® counts/min per uymole); 5 umoles of each,
ADP and AMP; 10 gmoles glucose; 40 ymoles KCl; 4 umoles MgCl,; 6.7 nmoles PMS; 0.6 ymole
ascorbate; 10 ug of hexokinase and a suspension of chloroplast fragments containing between
25 and 150 ug chlorophyll for light-grown cells and 3—15 ug chlorophyll for dark-grown cells. The
content of chlorophyll of the dark-grown cells used was < 2 ug/107 cells in all experiments. Data
are presented as the average of 4 different experiments.

System Specific activity
(umoles ATP formed|mg chlovophyll per k)

Light-grown cells go + 20

Dark-grown cells 100 4 70

Light-dependent cyclic phosphorylation activity was present in both light- and
dark-grown cells (Table II). The reaction was dependent on chlorophyll concentration
and incubation time in chloroplast fragments prepared from light-grown cells when
high concentration of chlorophyll could be used.

In chloroplast fragments prepared from dark-grown cells having a low chloro-
phyll content, the reaction did not show a linear dependency on illumination time
and chlorophyll concentration. However, in four repeated experiments there was
always a net light-dependent incorporation of phosphate into ATP. As shown in
Table II, calculation of rates under these conditions is difficult and the data should
be regarded as only an approximation.

DISCUSSION
Proton pump activity in whole cells
The properties of the photosynthetic proton pump of isolated chloroplasts and

chromatophores have been described in detail by several workers®-12. Photosynthetic
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ion pump activity in whole cells has also been reported!?.14-18, The light-induced pH
changes in suspensions of whole cells described in this work appear to be the expression
of the proton pump operating at the chloroplast level. This conclusion is based on
the following properties of the system: (1) reversible, light-dependent proton uptake
independent of the presence of CO, in the medium, (2) sensitivity to inhibitors of
photosynthesis at concentrations similar to those effective in cell-free systems, and
{3) absence of activity in dark-grown nonphotosynthetic mutant cells. Thus DCMU
inhibits completely both the oxygen evolution and the proton uptake in whole cells at
5-107% M. CCCP, which was shown to act as an uncoupler and seems to increase the
rate of decay of the high-energy intermediate synthesized during the light reaction??,
causes a complete inhibition of the proton uptake and slightly increases the rate of
oxygen evolution, as in isolated chloroplasts'®*. The extent of light-dependent proton
uptake per mg chlorophyll by whole cells is about 4~5 times higher than that observed
in cell-free systems, while the rates are similar to those obtained in isolated chloro-
plasts®—12, This is not surprising when one considers the intactness of the chloroplast
in its natural environment, the cell. The chloroplast in Chlamydomonas represents a
major compartment occupying about 45-55 %, of the cell volume! 9.

The width of the plasma layer separating the chloroplast from the cell membrane,
as seen in electron micrographs®:2, is less than 0.4 w. If the plasma membrane were
rendered permeable to protons, it would be expected that massive proton movement
to or from the chloroplast would also be rapidly expressed in the medium surrounding
the cell. A similar effect was detected in other algae having a similar morphology by
BEN-AMOTZ AND GINZBURG?® working with the unicellular alga Dunaliella**. It is not
possible at the moment to assess the physiological implication of this phenomenon. It
is conceivable that the proton gradient generated by the chloroplast is rapidly com-
pensated for in the cytoplasm by proton uptake from the surrounding medium, so
that proton concentration in the cytoplasm is kept constant. However, the possibility
should be considered that the light-induced proton movements, or the accompanying
ion movements, also occur in the cytoplasm and might play a role in the control of the
cellular metabolism.

The Chlamydomonas cells are bounded by a tough cell wall reinforced by
cellulose fibrils? which can prevent swelling and lysis when cells are suspended in an
hypotonic environment. The normal osmotic pressure of these cells is in the range of
about z—4 atm. Higher osmotic pressure causes shrinkage of the protoplast. Sucrose
solutions at concentrations above 0.2 M strongly inhibit the proton uptake extent and
rate. This can be explained by a reduction in the cell volume due to shrinkage of the
protoplast without immediate damage to the structure of the membranes, since the
inhibition is reversible.

The integrity of cellular compartments is an obvious prerequisite for ion
transport and accumulation!®22, This is demonstrated by the high sensitivity of the
system to detergents.

* Apparently CCCP does not increase the decay rate of the pH gradient in the dark in whole
cells. However, preliminary experiments indicate that such an effect is present in Chlamydomonas
chloroplast fragments.

** We would like to mention that Mr. A. Ben Amotz and Dr. B. Z. Ginzburg, from the Depart-
ment of Botany of this University, first observed a light-dependent pH change in a halophylic
alga, Dunaliella and in Chlamydomonas and have investigated the properties of this system in
Dunaliella parallel to our work on Chlamydomonas.
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Influence of ions on proton uptake

Certain ion species and concentrations are necessary for optimal proton uptake
in isolated chloroplasts”™12 It should be mentioned that isolated chloroplasts are
osmotically fragile, and that the optimum salt concentration might be correlated at
least in part with osmotic requirements. The ion species and concentrations necessary
for optimal activity of the proton pump cannot simply be studied in whole cells, since
the internal concentration of different ions is not known. The results show that K+
and Ca2* inhibit the extent of proton uptake by whole cells at similar and very low
ionic strength, whereas the rate is more sensitive to Ca2?*.

Measurements of conductivity changes during illumination might indicate that
no extensive net fluxes of ions are superimposed on the proton uptake activity.

The light-induced proton uptake activity, present in light-grown y-1 cells and
in the wild-type grown either in the light or in the dark, was absent in dark-grown y-1
cells, in which the photosynthetic membrane system is absent?. During the greening
of dark-grown y-1 cells by exposure to light, the proton uptake activity was restored
after about 1-2hillumination before a marked increase in chlorophyll could be detected.
The absence of activity in dark-grown cells might be due to changes in the internal
distribution of ions, substrates or cofactors associated with the heterotrophic growth.
Thus the lag phase might represent the time necessary for reequilibration or redistri-
bution of these compounds within the different cellular compartments. That this is
not the case is demonstrated by the wild-type cells which when grown heterotrophically
in the dark do not show any lag period when proton uptake activity is measured. Thus
this lag phase is clearly associated with the state of organization of the chloroplast.
However, the phenomenon of “conditioning” before maximal and constant activity
is observed in both wild-type and y-1 cells (in which activity is already present) and
might be associated with equilibration as suggested above or with a change in permea-
bility of the plasma membrane to ions.

Light-induced formation of proton pump and photooxidation of cytochrome f

Upon activation during greening, the rate of proton uptake (H* per mg chloro-
phyll per min) increased rapidly, reaching a maximal value at a chlorophyll content
of about 6 pg per 107 cells. During this process, not only the newly synthesized
chlorophyll but also the chlorophyll initially present in the dark-grown cells became
active. A similar behavior was observed for the photooxidation of cytochrome f.
The presence of cytochrome f in dark-grown y-1 cells and its photooxidation during
the greening process have been described in a previous publication?!. In order to
increase the sensitivity of the measurement of photooxidation of cytochrome f,
homogenates were used instead of whole cells and light of 640 mu and of 715 mu was
used. Although cytochrome f was present in dark-grown y-1 cells, it was not photo-
oxidized by light until after about 2 h of greening. From this time on, all the cytochro-
me present, including the initial content and that synthesized during the greening,
amounting to about twice the initial content, was completely photooxidizable. As
opposed to proton uptake and cytochrome f, the activity of photosystem II measured
in whole cells as O, evolution and homogenates as ferricyanide photoreduction were
practically constant per chlorophyll unit throughout the greening process. Thus a
clear correlation exists between the proton pump and activation or coupling of both
photosystems. In a previous work, the possibility was considered that photosynthetic
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membrane assembly is a spontaneous or one-step process’-2. By this it was meant
that the components necessary for the activity of both Photosystems II and I are
incorporated at once in the developing membranes. The results presented in this work
indicate that this might be the case for the Photosystem IT complex. However, it
seems that the photoactivity of cytochrome f goes through two different stages: an
initial stage during the first 2 h of the greening when small amounts of chlorophyll
are synthesized, and cytochrome f oxidation and proton uptake activity is drastically
increased; and a second stage of rapid and constant rate of chlorophyll synthesis during
which proton uptake activity is constant, and cytochrome f becomes completely photo-
active, The transition from the first to the second state occurs through an “‘overshoot’
of activity which falls again to a lower and constant level within about 2 h.

Since dark-grown y-I cells contain rather high levels of cytochrome f (this
work, also ref. 1}, the redox state of the latter during the initial phase of greening
deserves special attention. In homogenates as well as in whole cells, cytochrome f
cannot be photooxidized, and it is found always in the reduced state. This might be
due to the presence of a reducing agent having a proper redox potential. The presence
of such a component is easily detected in greening cells with a chlorophyll level of
about 3 ug/107 cells, which supports cytochrome f photooxidation. When light is shut
off, cytochrome fis rapidly reduced in the dark. Although it does not seem likely, it is
still possible that at this stage of the greening cytochrome f can accept electrons from
Photosystem II also. Its inability to be photooxidized during the initial phase of the
greening can be explained in one of two ways: (a) Photosystem I is present but cannot
accept or transfer electrons from cytochrome f; or (b} Photosystem I is missing. The
presence of cyclic photophosphorylation activity with PMS in dark-grown cells before
photooxidation of cytochrome f could be detected indicates that Photosystem I
present indeed. Preliminary observations have also shown that Photosystem I activity
tested as electron transfer from ascorbate to diquat is also present at this stage. Thus
the y-1 mutant during the initial phase of greening behaves similarly to the Chlamy-
domonas mutant ac206 lacking cytochrome f described by GORMAN AND LEVINEY, with
one difference: the cytochrome is present in the y-1 cells but not ““properly connected”
to the photosystems. The burst of activity during the initial phase of the greening
might represent the repair or coupling of these systems either by incorporation of
missing constituents or by structural rearrangements, or both. The ultrastructural
changes during the light-induced formation of photosynthetic membranes in the y-1
mutant have been described in detail in a previous work!. The first light-induced
change to be detected was the flattening and elongation of irregular vesicular elements
present in dark-grown y-1 cells. This was completed after about 2 h of illumination.
Thus, it seems possible that the coupling of the two photosystems also activates the
proton pump and might be correlated with structural modifications. A more detailed
analysis of the initial phases of the greening process might throw light on the me-
chanism of this phenomenon.

The possible implications with respect to the MITcHELL?' hypothesis of the
observation that cyclic photophosphorylation proceeds in the absence of proton
pump activity during the initial phase of membrane formation in whole cells cannot
be emphasized before data on proton pump activity and phosphorylation in chloro-
plast fractions from greening cells are available. Experiments devised to provide
such data are now being carried out.
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