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Two Dbasically different systems have been de-
scribed by which chloroplast preparations arc able to
synthesize ATP in the light: cyclic and noncyclic
photophosphorylation (2,3). Other systems pro-
ducing ATP in the light, e.g. pseudocyclic (or aero-
bic) and oxidative photophosphorylations might only
be variations of the 2 basic types (26,27).

A main feature of true cyclic photophosphoryl-
ation in chloroplasts is its resistance to DCMU? and
CMU (16), inhibitors of photosynthetic O, produc-
tion (5,29). According to the concept of 2 light
reactions in photosynthesis (8,11, 15,32) this
DCMU resistance means that cyclic photophosphoryl-
ation should be driven only by the first light reaction
and not depend on the second one, which is respon-
sible for the splitting of water. Such evidence has
been obtained by Tagawa et al. (22) for ferredoxin-
catalyzed cyclic photophosphorylation in chloroplast
preparations.

In spite of a vast literature on photophosphoryl-
ation in vitro, much less is known about photophos-
phorylation in vivo. The best evidence for photophos-
phorylation in vivo has been obtained by following
glucose assimilation of Chlorella (13, 14) and of leaf
discs (18). acetate assimilation of Chlamyvdobotrys
(19, 31), inhibition of photoreduction by glucose in
Ankistrodesmus (6), and light-enhanced P32 incor-
poration in Helodea densa (20). In the following
paper the question was investigated whether cyclic
photophosphorylation of the type observed in chloro-
plasts also occurs in vivo. The influence of DCMU
and antimycin A on light dependent glucose assimila-
tion in Chlorella was studied in the absence of CO,
and O..

Materials and Methods

The same strain of Chlorella pyrenoidosa was used
as previously (12). The culture medium contained in 1
liter of destilled water: 0.4 g KNO,, 0.1 g Ca(NO,),*
4 H,0, 0.1 g MgSO,7 H,O, 0.1 g KCI, 0.1 ¢
KH,PO,H,O, 2 mg FeCl,, 5 ml saturated EDTA
solution (free acid), and 1 ml Hoagland’s A-Z solu-
tion. The algae were grown in 1-liter flasks at a

1 Received May 1, 1965. )

2 Supported by Deutsche Forschungsgemeinschaft.

% Abbreviations used : DCMU=3-(3,4-dichlorophenyl)-
1,1-dimethylurea; CMU =3-(4-chlorophenyl)-1,1-dimeth-
vlurea.

light intensity of 3000 lux. An air-CO, mixture
(ca. 1-2 9, CO.) was bubbled through the cultures.
The algae were harvested within 3- to 3-day intervals
and subsequently starved for 24 hours at 18° in 0.02
M potassium phosphate buffer pH 7.1.

All experiments were carried out in 15-ml rec-
tangular Warburg vessels. In the light these were
surrounded by a tin mantle in a way that the light
could enter the vessel only from the bottom. The
light intensities given were those measured at the
bottom of the vessels; they were varied by neutral
screens. Philips Attralux tungsten lamps served as
a light source. Photosynthesis was measured
manometrically in 0.1 M carbonate buffer (NaHCO,:
Na,C0,=9:1). C*0O, fixations were carried out in a
small lollipop. An air-C*O, mixture (0.44 ¢, CO,)
was hubbled through 2.8 ml algal suspension in 0.04
a Tris-HC1 pH 89. The suspension (0.2 ml) was
killed by adding it to 2-ml cold absolute ethanol con-
taining 5 9, acetic acid. The total of 2.2 ml was
then plated on 2 aluminum planchets and counted
with a windowless methane flow counter Frieseke a.
Hoepfner 407A. " All experiments were carried out at
27°.

Incubation- Conditions for the Measurcment of
Glucosc Uplake in the Light (+ N,) and Dark (+
air). 'The algae were suspended in 0.04 » Tris-HCl
buffer pH 8.9, with 5 mg glucose in a total volume of
2.8 ml. This suspension had a chlorophyll content
of 200 to 220 y/ml as determined by the method of
Arnon (1). Alkaline pyrogallol (0.2 ml) for the
light and 20 9, KOH (0.2 ml) for the dark experi-
ments were present in the side arm. For the light-
dependent uptake the samples were flushed for 10
minutes with purified N, which was passed through
an alkaline pyrogallol solution. O, uptake was fol-
lowed during determination of the oxidative glucose
assimilation. Glucose was determined according to
the method of Folin and Wu (9, 10).

The different amounts of antimycin A were added
in 0.05 ml methanol. The same amount of methanol
was added to all the controls. DCMU was dissolved
in methanol giving a concentration of 1072 M. A
dilution series with water was then prepared to give
the final concentrations wanted.

Results
Effects of DCMU on Respiration and Oxidative

Glucose Assimilation. In order to determine if
DCMU was affecting physiological processes in ad-
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dition to photosynthesis, its influence on respiration
and oxidative phosphorylation was studied. The lat-
ter was followed by the oxidative glucose assimila-
tion (13.14). Glucose was added to the algae-
buffer suspension before the algae were distributed
into the Warburg vessels. 'T'he vessels already con-
tained the various amounts of DCMU. \fter all
the additions the vessels were equilibrated for 3 min-
utes. .\ zero time control was centrifuged at 0°
immediately after closing the manometers.

DCMU concentrations higher than 107 ar slightly
increased glucose respiration (fig 1) and with 5 X
10% a a stimulation of 10 ¢, was obtained. Also,
the endogenous respiration was increased to the same
extent. In contrast the glucose uptake was slightly
inhibited at concentrations of 5 X 107% a and higher.
With 5 X 105 s DCMU an inhibition of 16 9, was
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Fic. 1. Etfect of DCMU on O, uptake in the pres-

ence of glucose (glucose respiration), oxidative- and
photoassimilation of glucose, and photosynthetic O,
evolution. Light intensity 34,000 lux. Average values
of (n) experiments.

observed. These rather high concentrations of
DCMU thus exert a weak uncoupling effect on the
respiratory metabolism of Chlorella. The ratio of
moles of O, consumed to moles of glucose assimilated
increases by about 40 ¢, (table I).

Effects of DCMU on Photosynthesis and Photo-
assimilation of Glucose. The glucose uptake in the
light was followed under anaerobic conditions. The
experiment was started as described above. One ves-
sel was covered with black cloth and carried through
the experiment under otherwise identical conditions.
All values of light-dependent glucose assimilation
given in the paper are based on the dark/N, sample
as control (see line 4, table IT). An example of an
experiment is given in table II. For comparison the
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Gliucose Assimilation in Chlorella
Incubation

Table 11.
Experimental conditions: see Methods.
time was 3 hours 15 minutes.

Conditions Amount of g'ucose Calculated glucose
determined () uptake ()

0 Time control 5200 A

Dark/N, 5020 180

Light/N | 1926 3274

Light/N,-Dark/X, .. 3094

Dark/0, i 1570 3630

uptake under acrobic conditions. which on an aver-
age was 10 to 20 9 higher than in light + N.. is in-
cluded in the table. 'The uptake under anacrobic
conditions in the dark was generally smaller than 5 9
of the amount taken up in the light.

In the presence of DCMU glucase uptake in light
is considerably inhibited (fig 1). .\ concentration of
4 % 107 af resulted in an inhibition of 35 9. How-
ever. at the same concentration photosynthesis, meas-
ured as O, production of the algae in carbonate buf-
fer. was completely inhibited. The 2 curves do not
run parallel and even with the highest DCNMU con-
centration tested it was not possible to inhibit the glu-
cose uptake completely.  Trebst and Fek (25) found
that cvelie photophosphorylation with some cofactors
(e.g. vitamin K) is only DCMU-resistant if the co-
factor is in its reduced form at the time of DCMU
addition.  This was achieved by preilluminating the
chloroplasts before the addition of poison. To check
if a similar effect can e observed in vivo, algac
were illuminated for 30 minutes under anaerobic con-
ditions and subsequently a solution containing DCMU
+ glucose was tipped from the sidearm into the algae
suspension. This treatment, however, did not release
the inhibiting effect of DCMU.

The different susceptibility of photosynthesis and
light-dependent glucose uptake to DCMU could have
heen a result of the difference in light saturation of
these 2 processes. It has been noticed earlier (13)
that the light-dependent glucose uptake is saturated
at much lower light intensities than photosynthesis.
Figure 2 shows this under the experimental condi-
tions used here. The rate of photosynthesis was
linear up to 6000 lux and even increased up to 14300
lux. The light-dependent glucose uptake. however,
was already saturated at 1200 lux. Since the experi-
ments of figure 1 were carried out at 34.000 lux it
was possible that this extreme oversaturation was
causing the relatively smaller susceptibility of the
glucose uptake.

Table 1. [ ncoupling Effect of DCMU and Antimycin A in Chlorella Expressed as Amount
of O: to Amount ot Glucose Taken Up
DCMU Conc (A1) 0 45 X 10" 1 X 107 45 X 10°
Mole O,/mole  glucose 0.96 0.99 1.24 1.33
Antimycin A Cone (y/2.8 ml) 0 40 100 200
1.41 1.50 1.82

Mole O./mole glucose 0.85
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Fi16. 3. Effect of DCMU on photoassimilation of
glucose and photosynthetic O, evolution. Light inten-
sity 1200 lux. Average values of (n) experiments.

To check this possibility glucose uptake experi-
ments were conducted at 1200 lux. As shown in
figure 3 at low light intensity glucose uptake was in-
deed more sensitive to DCMU; thus 10 a1 DCMU
showed a 55 9, inhibition whereas it was only 7 9, at
34,000 lux. However, photosynthesis also is more
sensitive to DCMU at low light intensities. There-
fore, the different response of photosynthetic O,
evolution and photoassimilation of glucose to DCMU
in the end remained the same at both light intensities.
It should be pointed out, however, that it was not pos-
sible to inhibit glucose uptake completely even with
rather high DCMU concentrations. Thus, a plateau
is reached between DCMU concentrations of 5 X
107 and 5 X 107 M. Tagawa et al. (21) have
shown that antimycin A inhibits a ferredoxin-cata-
lyzed cyclic phosphorylation in chloroplasts which is
insensitive to DCMU. It was of interest, therefore,
to see if the light-dependent glucose uptake in Chlo-
rella can be inhibited by antimycin A. For compari-
son the effect of antimycin A on respiration and oxi-
dative phosphorylation was also investigated.

Effects of Antimycin A on Respiration and Ouxi-
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dative Phosphorylation. Antimycin A inhibits the
oxidative glucose uptake to maximally 60 9, but in-
creases the respiration up to 20 ¢ (fig 4). These
effects are stronger than the corresponding ones with
DCAMU and, therefore, lead to a greater uncoupling.
This is reflected in the higher O./glucosc ratios
(table I). In contrast to DCMU the endogenous
respiration is considerably increased (400 y antimy-
cin A more than double endogenous O, uptake).
Effects of Antimycin A on Photoassimilation and
on Photosynthesis. The experiments in figure +
were carried out at light intensities of 1200 and
14.500 lux. The addition of antimycin A resulted in
a strong inhibition of glucose uptake at the low
light intensity, but it was considerably released at
14500 lux. Antimycin A at a concentration of 200
v/28 ml (1.3 X 107* ) inhibited glucose uptake
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Fic. 4. Effect of antimycin A on glucose respira-
tion, oxidative- and photoassimilation of glucose. Light
intensities as indicated. Average values of (n) experi-
ments.

Table 11I. Effect of Antimycin A on Photosvnthesis
in Chlorella

Light Amount of
Method used intensity antimycin added (y)

Lux 100 200

% Inhibition
Manometry 34,000 16 21
14,500 18 24
C140, Fixation 14,500 ... 23
1200 .. 30

at 1200 lux by more than 60 9 and the maximal
inhibition observed was 85 9, with 400 y antimycin.
Photosynthesis was less inhibited. The results are
summarized in table III showing the .effect of differ-
ent light intensities and of 100 zmd.ZOO v antimycin
on O, evolution and C'0, fixation, respectively.
The C*0O, method had to be used at low light inten-
sities, since antimycin increases endogenous respi-
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Table I\, ddditive Effect of DCMU and Antimycin
o on the Photoassimilation of Glucosc

[nhibition of glucose uptake in %

DCMU DCMU Antimycin
(2 X 1070 (2 X 107 8) + 2004 (2004)
Expt Antimycin
IV - 817.;7 B 88.7
2 724 72.2
3 714 78.7
4 75.0 81.8
5 77.2 81.8
0 80.9 83.5
Avg 704 81.4 63.0%

Average value of 7 individual experiments (see fig
4). These experiments were carried out separately.

ration considerably (> 100 ¢;) and. therefore. it be-
comes difficult to evaluate the actual photosynthesis
with manometric techniques. Photosynthesis was in-
hibited up to 30 9%. High light intensities. however.
released the inhibition to a much smaller extent than
that of glucose uptake. When Chlorella was not
starved before the experiment, photosynthesis was
even less affected by antimyein A, thereby increasing
the difference in susceptibility of glucose uptake and
photosynthesis (23). Tt was surprising that DCMU
and antimycin A\ yield approximately the same in-
hibition of photoassimilation of glucose in weak light.

In view of the results of Urbach and Simonis
(28) it was of interest to study the simultaneous ac-
tion of the 2 poisons on the light-dependent glucose
uptake. In table I\ the inhibitions observed with
2 100 a0 DCMU and 200 4 antimycin alone are
compared to those of both poisons together. Fach
value represents the average of duplicate samples.
In the presence of 2 X 10 * at DCMU glucose uptake
was inhibited by 760.4 ¢, (total average of 6 experi-
ments) whereas the additional presence of 200 v anti-
mycin A increased the inhibition to 81.4 ¢. This
difference is rather small and the results are far from
showing additivity, i.e. a 100 ¢ inhibition.

Discussion

At first we would like to compare our results with
those of other authors. Butt and Peel (7) also ob-
served inhibition of light-dependent glucose uptake
of Chlorella by 3 > 105 m DCMU. Marré et al.
(17) have investigated the effect of CMU on the
light-enhanced glucose-C'4 incorporation into leaves
at a concentration where O, cvolution is completely
inhibited. “I'he synthetic events (starch and cellulose
synthesis) were inhibited by 47 ¢ with 5 X 10
CMU and the total light-enhanced glucose incorpo-
ration hy 28 9.

The light-dependent P#* incorporation into Ankis-
trodesnus studied by Urbach and Simonis (28) most
likely is based on the same mechanism as photoas-
similation of glucose.  T'hix anaerobic T2 incorpo-
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ration is also strongly inhibited by DCMU. however.
only slightly by antimyein .\ alone.  The latter result
can be explained by the observation that a high light
intensity, as it was applied by Urbach and Simonis,
releases antimycin inhibition of glucose uptake to a
considerable extent (fig 4). In contrast to our re-
sults (Urbach and Simonis) obtained, however, an
additive effect if DCMU and antimyein A\ were
added together.

Wiessner and Gaffron (30) studving anaerobic
photoassimilation of acetate in Chlamydobotrys also
observed a DCMU inhibition in the absence of CO..
However, this DCMU sensitivity could be released if
some ), was introduced into their system. Since in
the presence of O, a strong oxidative glucose as-
similation takes place in Clhlorella, it is not possible
to check this O, effect in this organism. In addition
there seems to be a difference between these 2 systems
since in Chlorella the aerobic photoassimilation of glu-
cose is only about 30 9, higher than the anaerobic
(13) whereas the photoassimilation of acctate in
Chlamydobotrys is more than 4 times higher in the
presence of O, (30).

Summarizing the comparison of the results of
other authors with ours we can say there is a gen-
cral agreement concerning the main cffects. hut
there are certain deviations which might be caused
by differences of the objects chosen as well as the
processes used as indicator for photophosphorylation.

Lt should he pointed out that the phosphorylation
which is responsible for the anaerobic photoassimila-
tion of glucose must be a cyclic process. A nonevelic
phosphorylation cannot take place in the absence of
CO.. the natural hydrogen acceptor, whereas a pseu-
docyclic or aerobic phosphorvlation (free O, would
have to participate) is unlikely under the anaerobic
conditions used (N,-flushing: alkaline pyrogallol
present during the whole experiment ).

The rather high inhibition of glucose uptake by
DCMU seems to indicate at first sight a different
mechanism for cyclic photophosphorylation in vivo
and in vitro. However. at DCMU concentrations
where photosynthesis is completely inhibited ¢lucose
uptake is inhibited only by 33 ¢, (fig 1. 3). In addi-
tion recent experiments have shown that the inhibi-
tion of glucose uptake hy DCMU can e separatedd
into 2 effects: \) the inhibition of an induction
phase lasting 30 to 60 minutes from the time the glu-
cose is added and B) an inhibition during steady
state photoassimilation of glucose (24). If only the
latter cffect is taken into consideration the difference
in susceptibility of photosynthesis and glucose uptake
Is even greater. At concentrations inhibiting photo-
synthesis completely, photoassimilation still proceeds
at a rate 70 to 80 9 of the control rate.  The plateau
at the highcr DCMU concentrations does not exceed
60 9% inhibition (23.24). Two sites for DCMU in-
hibition have to he postulated. therefore : A) the
splitting of water [light reaction 11 (8)1. and B) at
higher concentrations an inhibition somewherc m the
svstem of light reaction 1. T'wo sites for DCMU
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inhibition have already been suggested from in vitro
results by Asahi and Jagendorf (4).

Antimycin A\ also shows a high inhibition of
photoassimilation of glucose. There is, however, no
difference if antimycin A is added in the beginning
or 1 hour after glucose addition, i.e. during steady
state glucose uptake. Since photosynthesis is much
less affected by antimycin A, it seems likely that cyto-
chrome Dy is only involved in cyclic photophosphoryl-
ation as has been suggested by Tagawa et al. (21).

The observation that DCMU together with anti-
mycin A does not show additive inhibition is also in
agreement with the interpretation that in our system
antimycin A as well as DCMU at high concentrations
inhibit cyclic photophosphorylation.

Summary

The effects of 3-(3.4-dichlorophenyl)-1,1-dim-
cthylurea (DCMU) and antimycin A on respiration,
photosynthesis. oxidative glucose assimilation, and
photoassimilation of glucose in the absence of oxygen
and carbon dioxide in Chlorclla pyrenoidosa were in-
vestigated.

DCMU at concentrations more than 10°¢ »m has
only a minor effect on oxygen uptake and on oxida-
tive glucose assimilation. Antimycin A acts like a
rather strong uncoupling agent since the uptake of
oxygen is increased up to 20 9, and glucose assimila-
tion inhibited to about 30 9.

The degree of inhibition of photosynthesis and
photoassimilation of glucose by DCMU and anti-
mycin A is strongly influenced by the light intensities
used; higher light intensities result in less inhibition.
Photosynthesis is more sensitive to DCMU than
photoassimilation of glucose. At concentrations
which inhibit photosynthesis completely photoas-
similation of glucose is inhibited by 33 9. At these
concentrations the inhibition amounts to only 20 to
30 9 if DCMU is added 1 hour after the glucose is
supplied. ie. at a time when photoassimilation of
glucose has reached a steady state rate. It is pos-
tulated that DCMU. besides inhibiting light reaction
I1. at high concentrations also inhibits cyclic photo-
phosphorylation dependent only on light reaction T.

In contrast to DCMU antimycin A inhibits photo-
assimilation more than photosynthesis. An inhibi-
tion of glucose uptake up to 70 9% was observed.
This suggests the participation of cytochrome b, in
cyclic photophosphorylation. The addition of both
poisons together did not result in an additive in-
hibition.
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