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Abstract. Salicylaldoxime (2 X 10-' st and less) inhibits cyclic photophosphorylation in
intact Chlorella cells severely whereas photosynthetic On-evolution and 34CO,-fixation is
hardly affected. Cyclic photophosphorylation in vivo was measured by following anaerobic
light dependent glucose uptake. A similar difference in susceptibility has been observed with
carbonylcyanide.p-trifluoromethoxyphenylhydrazone. Various controls exclude the possibility
that the difference in inhibition was caused by differing experimental conditions or, in the
case of glucose assimilation, by an inhibition of a reaction other than photophosphorylation.

There also exists a great difference in light saturation of cyclic photophosphorylation and
photosynthesis. Evidence is reported that at light saturation of glucose uptake light driven
cyclic phosphorylation is indeed the limiting reaction.

The results are considered as evidence that cyclic photophosphorylation does not contribute
ATP stoichiometrically to photosynthetic CO,.fixation.

Accordinig to the Calviin cycle 3' moles of ATlP
are necessary for each mole of CO., fixed photosyn-
thetically. Tt is quite generally- assumed that cyclic
l)llotophosphorylation supplies 1 nmole of ATP and
iioIn-cvcl ic photoplhosplhol-alationl 2 mloles (2). A
nlutllber of observations, however, disagree with suich
an assumption (13, 14, 17). One of these observa-
tions has been the different susceptibility of cyclic
photophosphorylation and photosyni-thletic CO.-fixation
towards various poisons. A more detailed study
using the 2 inhibitors salicylaldoxime and carbonyl-
cv\lnide-p-trifltuorometlhoxy\phenylhy\drazone hlas now
been carried out.

Cyclic photophosphorylati on in'iiz 'o was measured
by following aniaerobic light dependent glulcose uiptake

w,- Chlorella vulgaris. Since it has been shown that
85 % of the glucose taken up ulnder these conditions
is present in the cells as oligo- and polysaccharides
and only 1 % as free glulcose (26), we uise the ternm
plotoassiniiilation of glucose sylnonmllyously witlh light
dependent glucose uptake. Tt was fouind pre-iously
thlat for this process only photosystem T is necessary
(26). This has beeln supported illor-e recently by
experinien,ts using Bishop's Scenedesmus muttants
(27), as well as by the observation that the quantum
requirement per glucose assimilated decreased from

ato658 uip, to 4 at 712 nipi. ( 20).

Presenlt Address: Botanisches Iinstitut der Univer-
sitat Miinchen, Miinchen 19, Menzinger Strasse 67.

2 This strain of Chiorella had been called C. pyreno-
idosa before. It has been kindly identified recently as

C. vulgaris by Dr. Soeder.

Materials and Methods

The samlie straini of Chlorella vulgaris2 has beeni
uised as previously (12. 25) and it has been cultured
uinder the condlitions described before (25). Anki-
strodesmus branniii lhas been grown at 3000 lux in
the medium of Kessler (16). The Scenedesmus
mutant 11 was grown essentially in the medium of
Kessler (16) with the addition of 2 g glucose and
0.25 g yeast extract per liter.

Salicvlaldoxime was obtained from E. Merck
A.G., Darmstadt. A sample of carbonylcyanide-p-
trifluoromethoxvphenylhydrazone !(CCP) was kindly
supplied by Dr. P. Hevtler, Du Pont de Nemours.

Mfcasurenient of Glutcose UTptake. Before every
glutcose uptake experiment the cells (200 Elg chloro-
phvll /iiil) wvere preincubated aerobically in the pres-
enice of glucose (8 mng/miil) in 0.03 Al phosphate buffer
1)1H 6.5, silnce only- after this adaptationi period the
uptake was linear witlh tinle (28). After 60 min
the cells wtere transferred directly to 15 ml rectangu-
lar \Varbuirg v-essels and the disappearance of glucose
from then oni. either anlaerobically in the light (1800
hlx) or- aerobically in the dark, waas determined as
described previously (25).

Manometric Measuremtents. Photosynthetic O0-
production was measuired itn 0.1 M carbonate buffer
(NaHCO3:Na2CO; - 9:1) under conditions other-
wN-ise identical with thiose of glucose uptake experi-
ments. Photoreductionl wasiimeasured in an atmos-
phere of 96 % H., and 4 % CO., at a light intensity
of 700 lux. The Ankistrodesmuns cells were adapted
for 18 hr.
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Photosyvlthetic 14CO..-fixa io. 14C02-fixation
was miieasured in a small lollipop. The cells f(200 ,ug
chlorophyll/ml) were incubated in 0.03 M phosphate
btiffer pH 6.5 and an air/'4CO.. mixture (0.44%
CO.,) with a specific radioactivity of 0.03,6 1sc/,uxniole
was rapidly bubbled through the suspension. The
light inten-sity (-2000 ltix) was adjusted to allow
the same photosynthetic rate as was observed iti the
maniometric measurement wheni 02-evolution was

followed. The measurement of the radioactivity inl-
corporated was carried otit as described before (2-5).

Results

Inhibition of Glucose Uptake and of Pliotosvni-
thetic CO.-Firation by Salicylaldoxinw. S;alicylal-
doxime at a concentration of 5 X 10-3 Mt inhibits in
cliloroplasts the photosvnthetic electron transport
between the 2 light reactions (30). most likely close
to photosystem II (15, 21). Light-dependent 32p
incorporation is inhibited in A ukistrodesmus braluniti
to more than, 50 % at 1 X 10-i (32).

In Chlorella z'ulgaris concentrationts of 5 X 10-3 M
salicvlaldoxime result in a pronounced inhihitionl of
14C0.-fixation and O2-evolution (Fig. 1). The an-

aerobic photoassimilationi of glucose, however, is
almost completely inhibited at a conicentration of
1 X 10 -3 M. Fig. 1 also slho-ws that the oxidative
assimilation of glticose in the dark is inhibited to the
same extent as the anaerobic photoassimilationi. The
slight difference in inhibition of photosynthesis wheni
O.-evolution and CO,-fixation was measured can be
explained, since salicylaldoxime acts as an uncoupler
of endogenous respiration (table I). WVhen 02-

evolution was measured the apparent photosynthesis
has been corrected for the increased O.-uptake,
whereas no correction could be made for the in-

x = Glucose Assimilation (Air, Dark)

?00 -
Glucose Assimilation *) 02- Evolution

(N2, Light)
o(2)

260- \ a^C

30- o Fixation
L&.

X"301 m(7)

2,5xo0- 1X,0-3 3?10-3 lxlo-2
M SALICYLALDOXIME

FIG. 1. Salicylaldoxime inhibition of anaerobic photo-
assimilation and aerobic dark assimilation of glucose,
as well as of pthotosynthetic 14CO0-fixation and O-evo-
lution. Average of (n) experiments. For details see

Materials and Methods.

Table I. Effect of Salicvlaldoximne on Entdogenous
Respirationt aitd Glucose Respiration

Respiratorv rate of
Salicylaldoxime Endogenous Glucose
Conicn. respiration respiration

M % of control
I v 4 A . .,.

5 X 10-4
1 X 10-3
3 X 10--
1 X 10-4

164
160
118
44

95
74
44
26

creased CO..-output lea(liiig to a hiiglher diltutioni of
the 9CO...

Inhuibitioun of Glucose U'l-takc (hiid of Photosytn-
thetic CO.,-Firation, Under Idenztical Coniditions by
Salicylaldoxiine. The photoassimilatioln of glucose
has been measured tinder strictly anaerobic coniditions
whereas aerobic conditions existed when photosvn-
thetic CO2-fixation was followed. It seemed possible.
therefore, that the different degree of inhibition of
these 2 proeesses was dcie to the different experi-
mental conditions. Sinice oxidative dark assimilation
of glucose is also completely prevented at the same
low salicvlaldoximle coinceiitrations. it was possible to
nieasnre the inihibitioni of photoassimilation tinder
aerobic as well as under aiiaerobic coniditions. Pho-
toassimiiilationl of glucose is inhllibited to the sanie
extelnt under botlh conditions; 3 X 10-3 Ai salievl-
aldoxime for example inhibit 100 % wlhiclh shows that
cyclic photophosphorylation also cannot proceed in
air in the presence of 2 to 3 X 10-3 M of the poison
(table II).

Table II. Inhibition of Glucose Uptake bv Salicylal-
doxiioe Untder Aerobic and Anacrobic Conditions
Experimental conditions are given in Materials and

MIethods.

Glucose taken up

Light/Nr, Dark/air Light/air

miig utg mng
Control 4.43 5.25 4.96
Salicylaldoximc
1 X 10-3 11 1.64 1.32 1.20
Salicylaldoximec
3 X 10-3 M 0.00 0.00 0.00

In a ftirth1er experiment 14CO.2-fixation and glu-
cose tiptake was measured in onie aiid the sanie vessel
(table III). Again it was observed that photo-
assimilation of glutcose cani be inihiited without
severely affecting photosyinthetic '4CO..-fixation.
Even ani increase in radioactivity cotild be observed
in the presence of salicvlaldoxime. This is due to
the fact that salicylaldoxime inhibits the high respira-
tory rate in the presence of glucose in contrast to its
effect on the lower endogenous respiration. which is
significantly increased (table I). Therefore, the in-
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Table ITl. Inhibitioit of l4CO -Fixation, anld of Glucose-
Uptake by, Salicylaldoximiie

A total volume of 3 ml phosphate buffer (0.02 AI,
pH 6.5) conitained glucose adapted algae equivalent to
0.6 tuig chloroplhyll and 8 mg glucose. The side arm
of a rectangular Warburg vessel conitainied 30 umoles of
'4CO.,-bicarbonate (2.8 stc)' which was tipped into the
mlain comlpartmnenit after temperature equilibration. After
2 and one-fourtlh hr at 280 and 1500 lux the amount of
14COs, fixed was determinied in 0.1 mnl aliquots. The
residual glucose was determinled as described in Mate-
rials and Metlhods. The measuremiients were made si-
multaneously.

14CO, fixation Glucose taken up

c'Pnz inig
Conitrol 72,441 7.20
Salicylaldoxiitoe
2 X 10-3 Nt 85,169 0.78

hibitor simulates a too stronig inhibitioni of 14CO. -
fixation in the latter case. since the 14CO. supplied
is diluted by the iilcreased amount of nonradioactive
respiratory CO..(see also Fig. 1). When 14CO.-
fixation is mleasulr-ed in the presence of glucose. on
the othel- lhand, the reduced output of respiratory
CO. leads to the opposite effect. The exact inhibi-
tioln of photosynthetic CO,-fixation in this experi-
ment, therefore. remains tunknowni. However, it has
been shownl by the data of Fig. 1 (O..-evoltition)
that the inhibitioin is very low indeed.

The fixation products also aare niot different in
the presence of salicvlaldoxime: 70 % of the total
radioactivity fixed after 2 anid onle-fourth hr was
l)resent in sucrose and star-ch as this was also the
case in the control (14).

The Specificity, of the Salicy'laldoxirne Inhibitioit.
Abouit 80 % of the glucose taken. up by Chlorella
under anaerobic conditionis in the light is incorpo-
rated into stucrose annd starch (26). The high-energy
lhosphate necessary for the assimilation is supplied
by cyclic photophos,phorylation. In case high-energy
phosphate is also necessary for the actual uptake, it
wvouild also have to be supplied by photophosphoryla-
tion. It is possible, therefore, that salicvlaldoxime
interferes in 3 different ways with glucose assimila-
tion: it could inhibit A) the actual uptake, B) one
or more of the enzymes necessary for the assimila-
tioin, C) the generation of energy required for (B)
and if necessary also for (A). It is obvious that
we are measuring an inhibition on photophosphoryla-
tion only if case (C) is true.

It was of interest, therefore, to imeasure the in-
hibition of a process which is independent of the
factors mentionied above tunder A) and B), but does
require cyclic photophosplhorvlation. Photoreduction
was chosen as such a process; it requires photosvstem
I and most likely cyclic photophosphorylation only
(5, 6). In table IV the mean values of 3 parallel
samples of an experiment with Ankistrodesmus
brainji are given. Photoreduction is inhibited by

Table IN. Salicylaldoximiie Inthibition of Photosynthesis
and Photoreduction in Ankistrodesmus braunii

For details see Materials and Methods.

Salicylaldoxime Inhibition
CoIicn. O-evolution Photoreduction

Al t %
3 X 10-3 18 58
5 X 10-3 31 72

salicylaldoxinie anid it also is mullcl moore sensitive
thanl phlotosynthetic O.-evolution. The difference in
inhibitioni between the 2 processes is not quite as
(dr-astic as in the case of glucose assimilation and
photosynltllesis in Chlorella zvdlgaris. In comparison
to Chlorclla, howvever. ,4 nkistrodcs u(s is altogether
less affected by salicylaldoximiie.

In addition it has been observed that the inhibition
of photoassimilation of g]lucose by salicylaldoxime
can be reversed to a large extent by increasing the
light intensity (table V). This phenomenon has
been previously observed witlh antimncin A (25) and
also occurs wvitlh CCP. as will be sho-wn belov. This
observatioin canI be best explained if the poisons
inhibit the light-dependent reactions, i.c. photo-
phosphorvlation. Urbach and Simonis (32) observed
that salicylaldoxime at relatively low concentrationis
inhibits the light-dependent 32P-incorporation. All
these various observations make it seenm verv un-
likely that the salicvlaldoximiie inihibitioni of photo-
assimilation of glucose is due to an inhibition of the
actual glucose uiptake or of onle of the assimilatory
enzvmes.

Table V. 7Tliw EffJct of Lil1g1t lIttnsilvtY on Salicylal-
do.ximne Inhibition of Photoassiinilation of Glucose
The data are av-erage valuies of 3 cxperimiients. The

conicentrationi of inhibitor was 1 X 10-3 At.

Light intensity

lax
1,200
7,500

20,000

Inhibition

75
32
19

T'he Iliibitioni of Gltcose lUptake and of O..
Evolutioii by CCI'. Uncoupling agelnts belongiing to
the class of carboinv-lcvanideplhenllhv1-drazonies have
been introduced b- Hevtler and Prichard (8). It
has been showni that in clhloroplasts cyclic and non-
cyclic photophosphorylation is inhibited by CCP (3).
Wiiesslner observed an inhibition of photoassinmilation
of acetate bv Chlarntydobotris (34).

In Fig. 2 the influienice of CCP on anaerobic pho-
toassiinilation aind on oxidative assimnilation of glu-
cose as wvell as on1 photosynthetic C0-evolution cani
be seen. Photoassinmilationi of glu1cose by Chlorella
is strongly inlhibited by CCP; 3 X 10' 3I prevents
glucose assimilationi to 90 %. The oxidative assim-
ilation is somewhat less sensitive, a concentration of
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(j) 50-0

a so-

3N10-6 lx 10-5 3x105
5 10-6

M CCP

I1IG. 2. CCP inhibition of anaerobic photoassimiiilation
atnd aerobic dark assimilation of glucose and of photo-
sy ntlhetic O.,-evolution. Each poinlt represenits average

values of 2 or 3 experiments.

:-

w

tI)

-

0

.5,

2

3 X 10- m resuIlts ini an inihibitioni of 55 %. The
samie conicenitratioins of CCP inihibit plhotosynltlhetic
O,-evolution onfly slightly (Fig. 2). Tlle unicoupler
behaves similar to salicvlaldoxime anld, to anitimiivcinl
A (25).

Effect of L qiht-bitciitsity oil CCP-Inihibition. The
degree of inhllibitioni w-ith CCP is dependent oni light-
initenisitv; it decreases witl increasing in1tensity a

lhellonlenlon also observed in ift vitro experimelits
(3). Tlle effect is illtustrated in Fig. 3. The de-
creatse in inhlibition1 starts at liglht inltenisities wlhere
photoassimilation is saturated already in the control.

The possibility that at hiigh light intensities the
inihibitor- is destroyed could be exclnlded b- the data
of table VI. In these experiments the degree of
ilnhibitioni was determiinied at stronig liglht inteinsity
followed by a l)eriod of low light initensity. There
wvas a clear inhibition at the low light intenisity inI
spite of the strong liglht treatment which had pre-
ceeded. In the first interval (- strong light) the
usual lack of inhibition was observed.

In addition the possibility has been excluded that
at stronger light intensities a noncyclic or pseudo-
cyclic photophosphorylation comes into play. This
is showvn with experiments using Scenedesmus mutant
number 11 of Bishop which is incapable of carrving
out a noncyclic electron flow. Also with this orga-

1Table VII. Effcct of Light Intensity ont CCP Inhibition
of Glucose Uptake by, Scenedesmlus Mu0tant Nr. 11
CCP conicenitrationi was 2 X 10- m.

Expt. Conditions Glucose taken up Inhibition

20 228
LUX x 10-3

1IG. 3. Effect of light intensity on CCP inhibition
of anaerobic photoassimilation of glucose. Each point
rel)resents average values of 2 or 3 experiments. V =
rate of uptake, V,,x = maximiial rate of uptake.

I Conitr ol
CCP

Contr-ol
CCP

11 Contr ol
CCP
Conitrol
CCP

10,000 lux

2,000 lux

10,000 lux
,

2,000 lixS
,.

111g

1.98
1.26
1.44
0.33
2.00
1.73
1.62
0.92

36

77

13

43

lable VIT. Effect of a PIcccdini Sftron Light 'criiod on the Inhibitioi,,of Giucosc Uptake by
W'cak Light

CCP conlcenitration was 1.5 X 10- Ai. For details see Materials and Methods.

CCP in Subselntont

Expt Glucose taken up Iinhibition

lA9 %
Conitr-ol 10.000 lux 1350
CCP 1365 0
Conitrol (10,000 *) 2.000 lmix 18001
CCP (10,000 4-) 2.000 lulx 0960 47

11 (gControl 10,000 lux 1960
CCP 10.000 lux 1880 4
Conitrol (10,000 +) 2.000 lux 2240'
CCP (10,000 4-) 2,000 lux 1320 41

Glucose takeni up during the 2000 lux period only.
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nism the inhibition of CCP lecreased at higher light
intensities (table VII).

Discussion

Accordinig to the Calvin cycle the third A.TrP for
photosynthetic CO2-fixation would have to be Sill)-
plied by cyclic photophosphorvlation in strictly stoi-
chiometric. amounts. An inhibition of this phos-
phorylation should, therefore. rapidly lead to a strong
inhibitioln of )hotosyinthesis. The experiments re-
ported here as well as previous ones (14,25) show.
however, that this is not the case. Eveln in one and
the same experimental sample of Clhlorcila (table TTT)
cyclic photophosphorylation canl be almost completely
blocked without affecting photosynthetic l4CO._fixa-
tion for 2 and one-fourth hr severely. This speaks
against a stoichiometric l)articipation of cyclic photo-
phosphorylation in photosynthesis.

Similar results have been obtained by other in-
vestigators. Simonis and Urbach (23) observed
that X-ray irradiation is much nmore harmful to light
dependenit 412P incorporation than to 14CO..-fixation.
Trebst and Btirba (31) as -well as Gimmler et al.
(7) observed that cvclic photophosphorvlation il
.ivo can be severely inhibited at concentratioIns of
disalicvlidenepropanediaininle which do not imlpair
photosynthetic O.-evolution to ally extent.

There exists in additioni a second stronig argument
which rules otut a stoichiometric participation of
cyclic photophosphorvlation in CO,-,fixation, that is
the early light-saturation of cyclic photophosphoryla-
tion. Thus the photoassimilation of glucose is satu-
rated at much lower light intensities than photosyn-
thesis (25). Approximately 1 to 2 times the light
intensity necessary for compensation is sufficient to
saturate glucose assimilation. This saturation could
be due of course to limiting enzymic reactions neces-
sary for assimilation or for the actual uptake process.
There exist, however. 2 lines of evidence that not the
forementioned possibilities but indeed the generation
of ATP by cyclic photophosphorylation is limiting at
light saturation: A) Several other quite different
physiological phenomena, for example light dependent
isocitrate-lyase synthesis (24) anid -the Kok-effect
(9). which both are dependent on cyclic photophos-
phorylation show the same early light saturation as
the photoassimilation of glucose. Syrett (24) di-
rectly compared the light saturation for the synthesis
of isocitrate lvase in Chlorella pyrenoidosa with the
saturation for photoassimilation of gluicose: the light
curves were found to be identical.

Anacystis shows the maximal Kok-effect at 1 to 2
time-s the compensation point (9). Ried (22) meas-
trinig 02-exchange of Chlorella pyr-enoidosa has
shown clearly that the socalled transient T3 has the
same cause as the Kok-effect. Light saturation for
T3 was observed at one-tenth the light intensity
necessary to saturate photosynthesis, a result which
again agrees with the observations made with Chlo-

rella vuilgaris conicerning the photoassimiiilationl of
glu1cose. Also light dependent 32p incorporatioil
under condition,s where only cyclic photophosphorvla-
tioni takes place is saturated at approximately one-
tenth the light intensity necessary to saturate photo-
synthesis (Urbach, personal conalil1iiication). A
very early light saturation has pre6iously also beenl
reported for the rate of Pi disappearanice in' Chlorella
after the light wNas turiled oln ( 13). Sinice 'this
phlenomenon is independent of CO., it is mllost likely
also caused by cvclic photoplhosprl0 XVlation. Based
on these (lata it has beeln concluded already in 10.5/
(13) that photosvlnthesis proceedes in vivo independ-
ecut of this photophosphorylation.

B) In case the light saturationl of glucose assim-
ilation, is indeed due to a limitinig cyclic photophos-
phorylation. it was expected to be possible to adance
the light satulrationi towards higher intensities in the
presence of uncoupling agents. This has beetn ob-
served for CCP (Fig. 33)). In the presence of the
uincoupler phosphorvlationi is not limiting any more
the electron flow rate in the cvcle and thus more
light can be used, although less efficient. This also
explains the release of CCP inhibition of glucose
assimilation at high lighlt intensities.

Since cyclic photophosphorvlation does lnot conl-
tribute ATP to CO.. fixation 'stoichiometricall- the
third ATP-if necessarv at all-could be either suip-
plied hr pseid(locyclic photophosphory!latioll (1, 19)
or more thall 1 ATP/2 e are generated in the nioni-
cyclic electron flow ( 10. 36). Taking a quiantumii
requirenment of not nmuich more than 8 for photosyn-
thetic CO., fixation and the photosyn1thetic schenie
based on 2 consecutive light reactions as it is ac-
cepted by most workers, it seems impossible, however,
that a third ATP is supplied in a pseudocyclic
manner.

A further question remains: what physiological
function does cyclic photophosphorylation have?
Obviously quite a number of ATP requiring reactions
can use this ATP: CO-assimilation in the presence
of H. (5, 6), assimilation of organic substances
(12, 35), ion uptake (11, 18), protein synthesis
(24,28). The latter has recently been found to be
the case in isolated chliloroplasts, too (20). ATP
generated in cyclic photophosphorylation could, how-
ev-er, also be involved in photosynthetic CO.-fixation
in a non-stoichiometric nmanner. It could support,
for exanmple. oligo- and polysaccharide biosynthesis.
Siince glucose is photoassimnilated almost exclusively
to suicrose and starclh (26), this ATP obviously can
serve this purpose.

It seems likely, therefore. that cyclic photophos-
phorylatioii does not serive a specific fuinction.
Rathel- it seemiis to be an ATI'P generating system,
comparable in capacity with respiration (maximally
30-45 finmoles ATP per img chloropllyll per 1r) anld
also competing with the respiratory system for ADP
(9, 22). Noncyclic photophosphorylation does not
seem to inhibit respiration (9), possibly because no
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free ATP is generated but an energy rich inter-
mediate is used directly for photosynthetic CO.
fixation (33).

Finally it -shall be ipointed out that most of the
results reported and discussed are only explainable
when 2 different phosphorylating sites for cyclic and
noncvclic phosphorylation exist w-ith different sus-

ceptibility towards various poisons. Two different
phosphorvlating sites lhave been assumed to exist by
various atuthors (4, 14).
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