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ABSTRACT

Photosynthetic electron transport is markedly affected in mixotrophic cells of ac-20 because
they lack the capacity to form the wild-type level of cytochrome 559, as well as Q, the
quencher of fluorescence of photochemical system II. The other components of the elec-
tron-transport chain, as well as reactions dependent upon photochemical system I, are
unaffected in the mutant strain. These observations are discussed in terms of the previously
reported effects of the ac-20 mutation on CO, fixation and ribulose-1,5-diphosphate

carboxylase activity.

INTRODUCTION

In the preceding paper (19) it was shown that
ac-20, a mutant strain of Chlamydomonas reinhardi,
lacks the wild-type capacity to fix carbon dioxide
by photosynthesis, that it lacks the wild-type level
of RuDP! carboxylase, an enzyme essential for
photosynthetic carbon dioxide fixation, and that
compared with phototrophically-grown cells,
mixotrophically-grown cells have a lower rate of
carbon dioxide fixation as well as a lower level of
the carboxylation enzyme. In this paper we de-
scribe studies of the mutant strain’s photosynthetic
electron-transport chain. It is shown that in
mixotrophic ac-20, the rate of electron flow from
water through PS II and PS I to NADP is slower
than in wild type. Cytochrome 559, a component

1 Abbreviations used: DCMU, 3-(3,4-dichlorophe-
nyl)-1,1-dimethyl urea; DPIP, 2,6-dichlorophenol-
indophenol; PMS, phenazine methosulfate; PS I
and PS II, photochemical systems I and II, respec-
tively; RuDP, ribulose-1,5-diphosphate.
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known to be associated with PS II (15), and Q,
the quencher of fluorescence of PS II, are both
diminished in amount or activity in the mutant
strain, whereas the other known components of
the transport chain exhibit normal activities or are
present in normal amounts. The extent of photo-
synthetic electron transport and the levels of cyto-
chrome 559 and Q are both affected by mixotro-
phic versus phototrophic growth conditions, in a
manner similar to that described for CO; fixation
and RuDP carboxylase.

MATERIALS AND METHODS
Organisms and Culture Conditions

The wild-type strain (137c¢) and the mutant strain,
ac-20, of C. reinhardi were used in the experiments
described here. They were cultured under the condi-
tions described in the previous paper (19). Transfer
experiments were carried out as described in that

paper.
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Preparation of Chloroplast Fragments Fluorescence

Chloroplast fragments for the study of photosyn- The fluorescence of PS II was measured in the
thetic electron transport were prepared by the ultra-  anper described by Yamashita and Butler (20).
sonic disruption of cells (15) and for the study of
cyclic and noncyclic photosynthetic phosphorylation  Components of the Photosynithetic
by disrupting the cells by grinding them in sand (9).

Chiorophyll Content and Cell Number Total carotenoids were determined as described by

The chlorophyll content of chloroplast fragments Krinsky and Levine (12). Ferredoxin was assayed
and of whole cells was determined by a modification  according to methods previously described (18),
(1) of the method of Mackinney (16). Cell numbers using the crude supernates from a 140,000 g centrif-

Electron-Transport Chain

were obtained with the aid of a hemacytometer. ugation of sonically disrupted cells. A known num-

R . ber of cells having a known amount of chlorophyll
Reactions of the Photosynthetic per cell was used. Chloroplast fragments prepared
Electron- Transport Chain from wild-type cells were used in the assay and puri-

. . . . fied ferredoxin-NADP reductase prepared from wild-
The Hill reaction with either DPIP or NADP as type cells was present in excess. The amount of fer-

the electron acceptor and the photoreduction of  1eqoxin (units) in the crude extracts was expressed
NADP with the DPIP-ascorbate couple were meas- ;. (erms of the quantity of protein necessary to
ured in chloroplast fragments as described elsewhere photoreduce 1 pmole of NADP.
®, 9. Ferredoxin-NADP reductase in the crude prepa-
rations was assayed according to the procedure of
Avron and Jagendorf (2), where one unit is the
Cyclic photosynthetic phosphorylation with PMS  amount of protein in the crude extract that catalyzes
as the electron carrier, and noncyclic photosynthetic  the reduction of 1 umole of DPIP.

Photosynthetic Phosphorylation

phosphorylation with ferricyanide as the electron Plastocyanin content was not determined directly,

acceptor, were measured in chloroplast fragments but its presence was ascertained by measuring the

as previously described (7, 9). photoreduction of NADP with DPIP-ascorbate
TasLE I

Reactions of the Photosynthetic Electron-Transport Chain of ac-20 and Wild-Type C. reinhardi

Growth NADP photoreduction
Strain condition NADP-Hill reaction DPIP-Hill reaction with DPIP-ascorbate
umoles NADP reduced/ umoles DEIP reduced/ pmoles NADP reduced/
108 ¢ells  mg chlorophyll 108 cells mg chlorophyll 108 cells mg chlorophyll
per hr per hr per hr per hr per hr per hr
Wild type Phototrophic 60.0 250 50.5 228 23.0 97.0
Mixotrophic 61.0 149 61.0 174 18.0 51.0
ac-20 Phototrophic 6.8 57 21.5 180 10.0 81.0
Mixotrophic 1.2 5 11.0 45 8.0 31.0

For the Hill reaction with DPIP, the cuvette in the sample compartment of the spectrophotometer con-
tained chloroplast fragments (10 ug chlorophyll) prepared by the sonication of cells, and the following in
umoles: potassium phosphate, pH 7.0, 20; KCl, 40; MgCls,, 5.0; and DPIP, 0.1. The final volume was 2.0
ml. The DPIP was omitted from the control cuvette in the reference compartment.

For the Hill reaction with NADP, the cuvette contained chloroplast fragments (10-15 ug chlorophyll)
prepared by the sonication of cells, and the following in umoles: potassium phosphate, pH 7.0, 20; KCI,
40;MgCls, 5; NADP, 0.5; and ferredoxin prepared from wild-type C. reinkardi, 0.005. Half a unit of ferre-
doxin-NADP reductase, prepared from wild-type C. reinkardi, was also added. The final volume was 2.0
ml. Ferredoxin, ferredoxin-NADP reductase, and NADP were omitted from the control cuvette.

For the photoreduction of NADP from the DPIP-ascorbate couple, the reaction mixture contained, in
addition to the components for the NADP Hill reaction, the following in gumoles: DPIP, 0.1; sodium as-
corbate, pH 7.0, 10; and DCMU, 0.2. The control cuvette contained everything but ferredoxin, ferre-
doxin-NADP reductase, and NADP.

The reactions were run at 25°C.
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couple. This reaction in C. reinhardi is known to re-
quire the presence of plastocyanin (9).

Total quinones including plastoquinones and ubi-
quinone were determined from heptane extracts of
cells (3).

The content of cytochromes 553, 559, and 564
was determined spectrophotometrically with an
Aminco-Chance double beam spectrophotometer
(American Instrument Co., Inc., Silver Spring,
Md.). Both light-induced and chemically-induced
absorbance changes at their respective @ bands were
measured (10, 15). An extinction coefficient, reduced-
minus-oxidized, of 20 cm?/umole cytochrome was
assumed (18). P-700 was determined spectrophoto-
metrically (7).

RESULTS
Reactions of the Photosynthetic
Electron-Transport Chain

The Hill reaction, in which several different
oxidants (or electron acceptors) can be photo-

TasLE 1II

Photosynthetic Phosphorylation by Mixotrophic Cells
of ac-20 and Wild-Type C. reinhardi

Ferri- PMS cyclic

cyanide ATP phosphory-
Strain reduced formed P/2e- lation
umoles umoles
ATP ATP

umoles/hr  formed /hr Jormed [hr
per mg per mg per mg

chlorophyll  chlorophyll chlorophyll
Wild type 876 105 0.24 186
ac-20 190 51 0.54 274

Thereactions were run at 25°C in 25-ml Erlenmeyer
flasks. The reaction mixture (2 ml) contained
chloroplast fragments (40-80 ug chlorophyll) pre-
pared from cells disrupted by grinding with sand,
and the following in pumoles: glycylglycine buffer,
pH 8.0, 40; MgCl,, 10; ADP, pH 7.5, 5; AMP,
pH 7.5, 5; and potassium phosphate buffer, pH
8.0, 10, containing 0.5-1.0 uCi 32P;. For cyclic
photosynthetic phosphorylation, the mixtures con-
tained 0.067 umoles of phenazine methosulfate and
0.02 pmoles of DCMU. For noncyclic photosyn-
thetic phosphorylation, 2 umoles of potassium
ferricyanide were added. All reaction flasks were
flushed continuously with nitrogen throughout the
experiment. Reactions were terminated after 3
min of illumination (30,000 lux) by turning off
the lights and by adding 0.2 ml of 209, trichloro-
acetic acid to each flask. Dark controls were run in
flasks covered with black tape.

TasLe III
Components qof the Photosynthetic  Electron-
Transport Chain of Mixotrophically-Grown ac-20
and Wild-Type C. reinhardi

Component ac-20 Wild type

Chlorophyll a (ug/10° cells) 1.20 2.88
Chlorophyll & (ug/10% cells) 0.80 1.23

P-700 (mole P700/moles 1:2580 1:2490
chlorophyll)
Carotenoid (ug/10% cells) 0.29 0.62
Ferredoxin (units) 0.83 1.24
Ferredoxin-NADP reductase 5.06 3.58
(units)
Plastocyanin =+ +
Plastoquinone (mole plasto- 1:64 1:46
quinone/moles chloro-
phyll)

Cytochromes (mole cyto-
chrome/moles chloro-

phyll)
553 1:2000  1:1440
559 0 1:840
564 1:366 1:290

reduced by either whole cells or chloroplast frag-
ments using water as the source of electrons, is a
measure of the activity of the photosynthetic
electron-transport chain. The terminal acceptor for
the chain is NADP, and its photoreduction is a
measure of the over-all operation of the chain;
accordingly, its photoreduction requires the opera-
tion of both PS I and PS II (4, 11, 14). The data
in Table I show that phototrcphic and mixotrophic
ac-20 are unable to photoreduce NADP at a rate
comparable to that of the wild-type strain. This
difference is more apparent on a cell basis than on
a chlorophyll basis, because the strains vary con-
siderably in chlorophyll content (19). Further-
more, the Hill reaction with other oxidants (ie.,
DPIP) is also low in ac-20 (Table I). Just as with
CO, fixation and RuDP carboxylase activity, the
mixotrophic as-20 cells exhibit much more drastic
defeciencies than the phototrophic ac-20 cells.

The photoreduction of NADP can be achieved
without water as the source of electrons in a reac-
tion that requires only PS I, if electrons are sup-
plied from an external source such as the DPIP-
ascorbate couple. This reaction in mixotrophic
ac-20 does not differ markedly from that of photo-
trophic ac-20, nor from that of the wild type
strain (Table I). From a knowledge of the photo-
synthetic electron-transport chain of C. reinhardi

542 Tue JournNaL or CeLL Biorogy « VOLUME 44, 1970

0202 4890300 1z uo 3senb Aq jpd0v5/822S8E L/0YS/E/ Y /4pd-8jonie/qol/Bio sseidnyj/:dny wouy papeojumoq



WILD TYPE

AW E
A

720 650

+ bbb

720 650

AA=1x1073

-\ NS
oo b

720 650 —

T
M A

N T
650 720

| MIN |—

Figure 1 Light-induced absorbance changes in chloroplast fragments of mixotrophically-grown wild
type and ac-20. The preparations contained 1 umole of ascorbate to reduce cytochromes 553 and 559.
In A and C, the measuring wavelength was 553 nm, and in B and D it was 559 nm. The reference wave-
length was 542 nm. The wavelengths of actinic light were 650 and 720 nm. Arrows pointing upward in-
dicate actinic light ON; arrows pointing downward indicate actinic light OFF. Chloroplast fragments
equivalent to a chlorophyll concentration of 100 ug/ml were present in a volume of 1.6 ml. The tem-
perature was 25°C. Parts 4 and B show for wild type the light-induced oxidation of cytochromes 553
and 559, respectively. Part C shows the light-induced oxidation of cytochrome 553 in chloroplast frag-
ments of ac-20. Part D shows that in ac-20 there is no light-induced oxidation of cytochrome 559.

(10, 14), this result indicates that the photcsynthe-
tic electron-transport chain is intact between
plastocyanin and NADP, and that the reduced
activity of some component or components lying
between water and plastocyanin limits the NADP
Hill reaction in the mutant sirain.

Photosynthetic Phosphorylation

Measurements of cyclic and noncyclic photo-
synthetic phosphorylation agree with the findings
described in the preceding paragraphs. Cyclic
photosynthetic phosphorylation, dependent upon
PS I and not PS II, is normal in the mutant strain,
whereas noncyclic photosynthetic phosphoryl-
ation, which depends on both photochemical
systems, is markedly reduced (Table II).

Components of the Photosynthetic
Electron-Transport Chain

The results of an analysis comparing the com-
ponents of the photosynthetic electron-transport

chain of mixotrophic wild type and mixotrophic
ac 20 are given in Table III. Also shown are the
chlorophyll and carotenoid content of the mutant
strain. It is seen in Table III and in Figs. 1 and 2
that cytochrome 559 is not detected in ac-20, either
by light- or chemically-induced absorbance
changes whereas, with the exception to be noted
below, known components are present in amounts
essentially equivalent to those found for the wild-
type strain.

Fluorescence Properties

The levels of fluorescence in cells of the wild-
type and the mutant strain are compared in Fig. 3.
It can be seen that the initial level of fluorescence
(i.e., the fluorescence detected by the weak meas-
uring beam of 69 ergs/cm? per sec) is higher in
mixotrophically-grown cells of the mutant strain
than in mixotrophically-grown cells of the wild-
type strain. The fluorescence yield in the mutant
cells is not, however, appreciably increased upon
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Figure 2. Reduced-minus-oxidized difference spec-
trum for chloroplast fragments of mixotrophically-
grown ac-20. The reducing agent was ascorbate, and
the oxidizing agent was potassium ferricyanide. The
difference in absorbance of a reduced and of an oxi-
dized sample was determined at the wavelengths in-
dicated on the abscissa. The reference wavelength was
542 nm. Chlorophyll concentration in a 1.6 ml suspen-
sion of chloroplast fragments was 100 ug/ml, and the
temperature was maintained at 25°C. Note that the
peaks representing the a-bands of cytochromes 550
(presumably the mitochondrial cytochrome ¢) and
553 (the chloroplast c-type cytochrome) are present
and prominent, whereas there is no peak at 559 nm,
the position of the o-band of the chloroplast cyto-
chrome 559.

illumination with the relatively intense actinic
light (4.2 X 104 ergs/cm? per sec), in contrast to
wild type. It can also be seen that the addition of
DCMU does not have an appreciable effect on the

over-all fluorescence yield of mixotrophic ac-20.
Results of this sort have been interpreted (5, 13,
17) to mean that QQ, the quencher of fluorescence
of PS II, is either missing or inactive. It is of in-
terest that other mutant strains of C. reinkardi that
lack cytochrome 559 also appear to lack Q (13).

Phototrophically-grown cells of ac-20 have
fluorescence properties that more closely resemble
those of mixotrophically- or phototrophically-
grown cells of the wild-type strain (Fig. 3); the
yield is increased upon actinic illumination, al-
though it dces not reach the wild-type level, and it
can be further increased upon the addition of
DCMU. Thus the fluorescence data also indicate
that photosynthetic electron transport is not
greatly impaired in phototrophically-grown cells
of ac-20.

Transfer Experiments

The change in the level of RuDP carboxylase
that occurs when mixotrophic cells of ac-20 are
transferred to phototrophic growth conditions (19)
is paralleled by changes in photosynthetic electron
transport. Fig. 4 gives the results of light-to-light
and light-to-dark transfer experiments in which the
course of NADP photoreduction was followed.
Similar results were obtained in experiments that
followed the course of photoreduction of DPIP. It
will be noted that in comparison with the recovery
of RuDP carboxylase activity and CO. fixation
(19), the recovery of electron transport in a light-
to-light transfer occurs after a shorter lag, and the
rate of recovery appears to be more rapid.

The recovery of photosynthetic electron trans-
port in transfer experiments is inhibited by anti-
biotics that block protein synthesis (experiments to
be reported elsewhere). Thus, like the recovery of
RuDP carboxylase activity, the recovery of photo-
synthetic electron transport appears to require
protein synthesis and is not a simple activation
process.

DISCUSSION

The rate of photosynthetic COs fixation is reduced
in ac-20 because of a deficiency of RuDP car-
boxylase (19). The data presented in this paper
reveal that the rate of photosynthetic electron
transport is also reduced and that this is because of
a deficiency of cytochrome 539 and, most likely, of
Q. The limiting step in photosynthesis by mixo-
trophic cells of ac-20, however, is probably in the
fixation of COs, since RuDP carboxylase activity
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Ficure 8 Fluorescence yield of chloroplast fragments of mixotrophically- and phototrophically-
grown ac-20 and wild type. The fluorescence was induced by 650 nm actinic light (4.2 X 10* ergs/cm?
per sec). Arrow pointing upward indicates actinic light ON; arrow pointing downward indicates actinic
light OFF. The chloroplast fragments were contained in 1 ml, and the chlorophyll concentration was

48 ug/ml. The temperature was 23°C.
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Figure 4 The recovery of the NADP Hill reaction
in a transfer experiment. At time 0, mixotrophically-
grown cells were transferred to minimal medium and
placed in the light (light-to-light transfer) or the dark
(light-to-dark transfer). The results of the light-to-
light transfer (open circles) show that a lag of 4 hr
precedes the onset of Hill reaction recovery. The re-
sults of the light-to-dark transfer (filled circles) show
no Hill reaction recovery after 12 hr of incubation in
the dark. However, activity recovers immediately
when the cells are placed in the light (arrow).

is more drastically affected than is the rate of
photosynthetic electron transport (compare Table
11 in the previous paper with Table I in this paper).
The levels of other, known, components of the
alga’s photosynthetic electron-transport chain do
not appear to differ appreciably from wild-type
levels.

The effect of acetate on the rate of photosyn-
thetic electron transport and on the level of cyto-
chrome 559 is analogous to its effect on the rate of
CO, fixation and RuDP carboxylase activity, in
that the transfer of mixotrophic cells to minimal
medium results in an increase in the rate of trans-
port and in the level of cytochrome 559.

Clearly, cells of ac-20 possess at least three
anomalies that affect their photosynthetic capacity;
as will be shown (8), the organization of chloro-
plast membranes is also affected, and there is also a
deficiency in chloroplast ribosomes.

An abbreviated report of this research has appeared
earlier in abstract form (J. Cell Biol., 1969, 38:80a).
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