
Inhibitor Studies on Carbon Dioxide Fixation, Adenosine
Formation, & Triphosphopyridine Nucleotide

Reduction by Spinach Chloroplasts 1, 2
Elchanan S. Bamberger, Clanton C. Black 3,

Charles A. Fewson 4, & Martin Gibbs
Department of Biochemistry, Cornell University, Ithaca, New York

Several workers (2, 3, 4, 5, 10) have studied the
effects of inhibitors in attempts to elucidate various
aspects of photosynthesis. MAost of these studies,
however, have concentrated on one process. In the
present work we have attempted to examine the ef-
fects of various compounds on TPN reduction and
the associated ATP formation, CO) fixation, and
the so-called "cyclic" photophosphorylation catalyzed
by PMS5. We have also utilized the system, first
described by Vernon and Zaugg (18), in which
ascorbate is used in place of water as the ultimate
source of electrons, thus probably bypassing one of
the two photochemical reactions and the oxygen-
evolving mechanism. We also report the effects of
various compounds which allow CO., fixation to
proceed in the presence of substances which inhibit
TPNH or ATP formation.

Materials & Methods
Materials. ADP. TPN, glucose-6-P, glyceric

acid-3-P, fructose-1,6-diP, and Antimycin A were
purchased from the Sigma Chemical Company. Gly-
ceraldehyde-3-P was obtained from the Nutritional
Biochemical Corporation as its diethylacetal barium
salt. Pi32 was purchased from the Squibb Labora-
tories and treated with N HCl before use (17).
CCCP was a gift from Dr. P. G. Heytler, Central
Research Department of the E. I. du Pont de Ne-
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mours Company, Inc. A 10-3 Al stock solution was
prepared daily in 10-2 -ri NaOH. Crystalline CM1U,obtained from Dr. E. Shantz, and Antimycin A were
dissolved in 95 % ethanol. Dr. J. W. Lightbown
kindly provided samples of heptyl-HQNO and nonyl-
HQNO. Fresh solutions of these two inhibitors
were prepared daily in 10-3 Ai NaOH and the con-
centrations determined by absorption measurements
at 346 my (6).

Preparation of Chloroplasts and PPNR. Intact
chloroplasts and chloroplast fragments were preparedfrom spinach leaves as previously described (17).
The chloroplasts were used immediately after prep-
aration and the same samples used for examining
TPN reduction, ATP formation, and CO., fixation
in concurrent experiments. Chlorophyll contents
were determined by the method of Arnon (1).PPNR was purified from spinach leaves as described
by San Pietro (16).

Reaction Mixtures and Methods of Assay. COO
fixation was assayed in 15 ml Warburg vessels con-
taining: Tris-HCl buffer, pH 7.5, 68 ,umoles; MnCl2,0.65 /Amole; KH9PO4-K2HPO4, pH 7.5, 0.2 ,umole;
NaCI, 280 /Amoles; NaHCO,, 0.49 ,umole (containing
2.14 ,uc of C14); intact chloroplasts containing be-
tween 100 and 150 ,ug of chlorophyll; total volume,1.0 ml. The concentration of other components are
given in the text. All components were alce 1 to
the Warburg vessels at 40 in dim light (less than
10 ft-c). The vessels were flushed with No for 5
minutes at 150 in the dark prior to illumination.
The light source was a bank of eight Sylvania 150-w-
flood lamps which gave approximately 1 500 ft-c at
the reaction mixtures, which were shaken slowly.
The reactions were terminated after 30 minutes by
the addition of 0.3 ml N HCl. Aliquots (0.1 ml)
were then evaporated to dryness and assayed for
radioactivity (17). Dark CO. fixation values, ob-
tained from replicate samples held in the dark, were
subtracted from the light values.
TPNH and ATP32 formation were measured in

the following reaction mixture: Tris-HCl buffer,
pH 7.6, 80 ALmoles; MIgCl,. 4 Amoles; KH2PO4-
K,HPO, 1.54 ,tmoles (containing approximately 1
yc Of P32); ADP, 2 /Anioles; TPN, 1.5 Amoles;PPNR, 3.6 units; chloroplast fragments containing
from 50 to 75 Ag of chlorophyll; total volume 2.0 ml.
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The reaction mlixture for studying TPNH and I20
ATP32 formation with DCI I' and ascorl)ate as the
electron donor containie(d the same compoinents wvith IO 0

the addition of 0.2 Aiiiole of DCIP and 14 Ikmoles of
ascorbate. Photophosphorylation in the preseince of 80
PMS was Imleasured in reactioi Imlixtures containiling:
Tris-HCl buffer, pH 7.6. 40 ALmloles: \gCl. 2 60
Mamoles; KH,IPO4-K.,HPO, 0.77 jullmole ( containing
approximately 0.5 ,uc 1)2); ADP1 1 /Aniole; PMS, 40 TPN
0.1 AmAl)ne: chiloroplast fragmlenits containing fromi 2 Reduction 0
to 35 iAg of chlorophyll; total volume 1.0 ml. Re- 20
action imiixtures wN-ere illuminated laterally in (iutartz
cuvettes with 3,000 ft-c of white liglht unldel- aerobic 0
conditioins at roolmi temperature ( 21-23' ). After
illumination the reactioni miiixtures were centriftuge(d 100
at 1,000 X y for 10 minutes and TI'NH and .ATP8 o
determinied in the supernatant solutions as previ ,)usly i 80
dlescril)edl (17). U

Inhibitors xvere ad(le(l in the concentrations state(l 0 60
in the text. \Vhen the ilhihitors w\-ere prepare(l in 0 \0
ethanol or NaOH, e(quixalent amounts of these coIm-- 40
pounds wvere added to control reacti-an illixtures. °

ATP

The reaction complonents w ere incubated with the 20 Formation
ilnhibitors in the (lark for 5 min'inutes prior to illuml2inamt- \
tiOIl. 0 _

Results 100 -

Effects of (M.IU. CMtM (fig I was a l)otenlt in-
80 .

FIG. 1. Inllibitioni by CM1U. The control rates of 60
the various reactions were (umoles/mg chlorophyll/hr\)
TPN reduction vith water as the (lonor (0 0), 40
58; TPN reduction witlh DCIP ascorbate (O *), C0

35, ATP formation with water (Q 0), 31; ATP 20Fixati
formiiationi with DCIP/ascorbate (O U), 29; ATP
formation x-ith PMS (A A) .31; CO., fixatioin 0
(0 0*), 0.25; CO., fixationi in the presence of i7 i0 6 165
10 Amoles ml ascorbate ( CO), 0.30; CO., fixation 0
with 1 ynmole mlnl fructose-1,6-(liP (* *), 0.44. Molar

FI(. 2 ( upper left) . Inhibitioni by heptyl-HQNO. The control rates of the various reactiois xwere (p,umoles/1m10
chlorophyll/hr): TPN reductioni with xxater as the donor (Q Q0), 107; TPN reductioni xxith D)CIP ascorbatc
(U U), 65; ATP formation xvitlh water (0 0), 82; ATP formation xvitlh DCIP, ascorhate (U )
104; ATP fornmation xvith PMIS (A A), 54; CO., fixationi ( * *), 1.43; CO., fixation in the presence
of 10 /.4moles/nml ascorhate ( C C ), 2.0; CO., fixation witlh 1 Amole/nml fructose-1,6-diP (- *), 2.34.

FIG. 3 (utpper riylt) Inhihition by iionyl-HQNO. Tlle conitrol rates (of the various reactiotns x-ere (Jmnloles/img
chlorophyll/1r): TPN reduction xvith water as the donor (O 0), 87; TPN reductioni with I)CIP/ascorbate
(U U), 55; ATP formatioi x ith xater 0 0),62; ATP formnationi xith DCIP ascorhate (U U),
86; ATP fortmiationi xxith PMIS A A ), 50; CO., fixatioin ( 0 0 ), 0.73; CO., fixation in the l)reseicnc
of 10 jumoles/ml ascorhate (C C)., 0.88; CO., fixation with 1 utmole/ml fructose-1,6-diP (- *), 1.50.

Fi;. 4 (lower l(cft ) Inhibition by CCCP. The control rates of the various reactions xere (mmonoles Im1,
chlorophyll/hr) TPN reductioni with water as the (loior (O 0), 51; TP.N redluctioin xith I)CIP, ascorbate
(U U), 25; ATP formatioin xith water (O l0), 26; ATP formatioil xith DCIP ascorbate (U - *)
35; ATP formation x ith PNIS ( A A ). 40; CO., fixationl ( 0 ), 0.10; CO, fixatioin in the p)resence
of 10 ,umoles, ml ascorbate O C ), 0.20; CO., fixationl xith 1 umole/ml fructose-1,6-diP (- *), 0.33.

FIG. 5 (lower ri1hlt). Inhibitioii by Antimvcin A. The cointrol rates of the various reactionis xxere (nmoles/ mo
chlorophyll /hr): TPN reductioni with xater as the donor (O 0), 94; TPN reduction with DCIP/ ascorbat
(U *), 62; AATP formatioi xvith xater ( Q Q), 66, ATP formation with DCIP ascorbate (U U).
65; ATP formatioin xith PNIS A A), 56; CO, fixati'on ( 0 0 ). 0.83; CO., fixationi in the presence
of 10 ginioles ml ascorbate ( CG), 0.90; CO., fixation xvith 1 gnvole/ml fructose 1,6-ldil) * *_), 1 3t.
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4PLANT PHYSIOLOGY
liibitol- of TPN re(luctioii xwith water as the (loniol-
prodlucing a 72 inhlibitioni at 10- 5 Nr. DCIP an(d
atscorb.ate overcame this effect to a large extent, so
that TPN redluctioin vas inihibite(l by only 32 (' at
a CA(U conceintration of 10 xr. DCIP and as-
corhlate lha(l a smaller. lbut still apparent' sparing
effect oln the phosphorylation associate(l w-ith TPN
reduction. Thlts 10-5r CAIIU completely preventedl
AT1P formation x h1eni vater was the (lonor. but
allowedi 26 (c of the control activity in the presence
of DCI' aand ascorl)ate. The 1 \S phosphorylation
xvas even less affected, retaining hlalf its activity even
in the presence of 10 ar CMU. co. fixationi vas
very sensitive to this compound: ascorbate, but not
fructose-1,6-(diP', had a sparing effect. Thus 10--' -m
C?\MU (lepresse(I CO. fixation 1)v about 80 c in the
presence or abseince of fructose-1,6-diP, xvhereas the
same concenitr-ationi of CMU ha(l Ino inhibitory effect
in the presence of ascorbate.

Effects of Hcptvl-JIQA() (aid A onv/-IIQXO.
The effects of these tvo coml)ounl(ls (fig 2 & 3) xere
very sximilar to those of CAMU. I)CIP aind( ascorbate
prexenitedl suppression of TPN re(luction. Tlle PM\S-
in(duced phosphorylation xx as inhibite(d only at rela-
tively higlh concentrations. i.e., greater tan 10-- r.
As xvith CMIU, ascorbate but not FDP x\ as able to
overcome the inhibitioln of CO., fixationi. Nonv1-
HQNO xvas slightly milor-e effective thlan heptvl-
HONO at e(lual concentrations.

Effects of CCCP. The compound CCCF' (fig 4)
xas a potenit uncoupling agent. It hadl ino effect on
TIPN reduction at concentrations as liglh as 10-- 5

xxhereas phosphorylation was 50 ' inhibited at from
1/2 to 1 /20 of this level. CO, fixation xvas 88 ((,
inhibited at 3 X 10-7r CCCP but this effect x-as
completely overcome by fructose-1.6-diP. Ascorbate
did inot alleviate the inlhibitioil.

Effects of .Awtinmvei1n .. Figure 5 shoxws that
except at very high concentrations, Antimvcin A hiad
relatively little effect oIn any of the processes stu(diedl.
No significalnt inhibition of the rate of TPNfH for-
mation xvas ex'er observed. P'hosl)horylation x-as in-
hlibitedI only at 10- m. CO., fixatioin slhoxed solmie
inhibition (32(4m) at 10 a an(d this wvas plartially
ovel-collme bv the acl(litioIl of fructose-1.6-diP.

Discussion
In the experiniients dlescribedl in this paper, xx'e

have exanlined the action of a number of inihibitors
on TPNH and ATIP formiiation andl the fixation of
CO.2 in an attemiipt to compare the effects of each
compound onC the various reactions. The experi-
menital condlitions xx ere as uniforni as possible; for
instance, the effect of eaclh inlhibitor xas stunied
oll all the processes in concurrent experimiients using
the samiie chloroplast preparations. There xvere in-
evitable clifferences in the techlni(lues use(l to stu(ly
each plrocess. Fragniientedi clhloroplasts xN-ere usecd in
experimenlts on TPNI-H andl ATI' for-miiation. \Vhole
chlor-oplasts xvere use(d to stu(lv Co,, assimilation,

since Hav-ir and Gibbs (8) have (lemiionstrate(d that
fragmiiented chloroplasts are not able to carry out
the complete photosynthetic carbon cycle. The co-
factor requiremelnts also varied frolmi reactioni to re-
action. Probablv the mllost imlportant (lifference was
the (liscrepancv in rates betxxeen TPNH and ATP
formnation and( CO., fixation. Hoxvever, by limiiting,
the level of P'PNR, TP'NH and ATP formation xvere
mleasure(l at frolmi 30 to 110 ,imioles mig chlorophyll//
hr xx-hicll is Nx-ell belowx the maximumi possible (12
but still considerably mlor-e thain the r1ate of CO, fixa-
tionl (0.1-2.0 ttmoles, 111mg chflorophyll )hr This
probablv explains the greater sensitivity of CO,
fixation to all the inhlibitors. It is consi(lere(l that
DCII) merely acceleraltes the ascorbate effect (luring
TPN reduction ( 14 ) and it xvas omitte(l v-lhen stu(ly-
ing CO, fixation because of an inhibitorv effect.

In confil-rmiationi of results obtained by other-
vorkers (3, 11), CMIUI and( both heptvl-HQNO aandl
nonvl-HQNO inhibited TI'N re(ductioni. Tlleir ef-
fects x-ere bypassed by the use of ascorbate as elec-
tron (lonor. Since DCIP -aind ascorbate also alloxwe(l
ATI' formiiation to occur, the site of phosphorylation
must be betxeen the natural accepitor fromii ascorbate
at presenit unkiiown (14)1 antI TP'N. CM\l'l is

thought to inhibit the ox-geni-evolving- neclhalismll
(11). Heptvl-HQNO andl nonvl-HQNO appear to
inhibit the mammalilan electron transl)ort se(lueince
betwveen cvtochrome b an(l cvtochrome c but other
sites may also be involved (13 ) . BV analogy it
would seem that their point of action in the clhloro-
plast could( ell be betxv-een cytochrome b,,, and cyto-
chromiie f. If this is in(lee(l the case, theni this is
unlikely to be a site of phosphorylatioll.

Heytler and( Pritchard (9 ) lhave previously shown'n
that CCCP is a potent inhibitor of the cyclic phos-
phorlclation xith I'AIS. This copllpoulnd (fig 4 ) also
uncouple(l ATP formiiation fromii TPN reduction wvith
either xvater or ascorbate as the electroOn (Olnor.

In confirmation of results obtainied by AArnloln (2)
cand Baltscheffsky (5). Antimyi-ciin A had little effect
on any of the chloroplast reactions (fi>-5). It ap-
peare(l to act as aan uncoupling agent at 10-4mi but
this effect is obscure since the concentration is many
times greater than that normally uised ini experiments
on mammalian electron transpiort ( 15 ). Ihlese re-
sults are in mlarke(d contrast to the susceptibility of
bacterial photophosphorylation to Antilmcin AR (5,

Colmipoundxsxhich inihibited TP)N reductioni and
phosphorylation also preveente(lCO.,fixation. These
studies confirmiied the requiremiients for both TI'NH
an(l ATP (or possibly their precuirsor-s ) inthe plhoto-
svnthetic carbon cycle. Ascorbate, xlhiclh allowxxe(d
TPN re(duiction ill the presence f) CMIU, hept)1-
HQNO, and nonvl-HQNO, also overcame the in-
hibitory effects of these comiipounds onCO.) fixatio
(fig 1-3). Ascorbate had Ino effect onCO., fixation
in the presence of CCCP (fig 4);this is conisistent

x-itl the fact that this comlpouind(I uncotipled phos-
plhorylation utn(ler all the cond(itiolni stud(ie(d atnl(lal-
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lowed electron transfer to proceed at an unchanged
rate. The CCCP suppression of CO2 fixation could,
however, be overcome by the addition of fructose-
1,6-diP. Other phosphorylated compounds such as

glyceraldehyde-3-P, glyceric acid-3-P, glucose-6-P,
and ribose-5-P had a similar effect in overcoming
the CCCP inhibition (unpublished results). The
mechanism whereby these compounds can apparently
overcome a lack of ATP is at present obscure.

Summary

I. The effects of Antimycin A, 3-(p-chloro-
phenyl) -1,1-dimethylurea, m-chlorocarbonyl cyanide
phenylhydrazone, 2-heptyl-4-h-droxyquinoline-N-ox-
ide, and 2-nonyl-4-hydroxyquinoline-N-oxicle have
been studied on triphosphopyridine nucleotide reduc-
tion, "cyclic" and "non-cyclic" photophosphorylation,
and carbon dioxide assimilation by spinach chloro-
plasts.

II. 3- (p-chlorophenyl) -1 ,1-dimethylurea and the
hydroxyquinoline compounds inhibited triphospho-
pyridine nucleotide reduction and the associated phos-
phorylation but the effect could be overcome by the
addition of 2,6-dichlorophenol-indophenol and as-

corbate. Ascorbate overcame the inhibition of car-

bon dioxide fixation.
III. m-chlorocarbonyl cyanide phenylhydrazone

was a potent uncoupler of phosphorylation from
electron transfer. It inhibited CO., fixation but this
effect could be overcome by the addition of fructose-
1 ,6-diphosphate.

IV. Antimycin A had relatively little effect on

any of the processes examined.
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