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·.ABSTRACT 

Changes in levels of metabolites· in isoated spinach chloroplasts 

seen upon addition of Anti myci'n A during photosynthesis suggest that 

Antimycin A stimulates the rate-llmiting reactions me.diated by 

RuDPCase, hexose diphosphatase and ADPGlucose pyrophosphorylase by 

enhancing the general activation which operates normally during 

photosynthesis. The data do not support tne conclus.ion that Antimycin A 

stimulates co2 tfansport into the chloroplasts. No evidence for inhi

bition of ATP synthesis by added Antimycin A was seen, but the level 

of ATP dropped about 25%, due p~rhaps to increased utilization without 

a fully compensating increase in rate of ATP synthesis. This decreas

ed ATP level plus the increased rate of carboxylation reaction·, and 

movement of PGA into the medi urn, can account for the increased :1 eve 1 s 
"' 

of PGA formed. 



-3-

INTRODUCTION 

Antimycin A has been reported to stimulate the rate of photosyn

thesis of isolated'spinach chloroplasts, as measured by the rate of 

co2 fixation, 02 evolution, and Pi esterification in the presence of 

bicarbonate (1-4). Identification of the site of action of this 

stimulation and determination of the mechanism of stimulation could 

aid in the general understanding of the control of the photosynthetic 

metabolism. 

The action of Antimycin A as an inhibitor and uncoupler of photo

electron transport and phosphorylation in chloroplast fragments has 

been previously reported (5-11). Several observations have led to 

proposals that Antimycin A stimulates the rate of co2 fixation in 

intact chloroplasts by stimulating the transport or activation of co2 
or bicarbonate for the carboxylation step (3, 4). 

The effects of Antimycin A addition on the levels of labeled 

metabolites formed during photosynthesis by isolated, whole spinach 

chloroplasts are examined in this report. Also, the effects of Anti

mycin A on the transport of metabolites from the chloroplasts are 

fo 11 owed to determine if any changes in transport cou 1 d be re 1 a ted to 

the stimulatory effects of antimycin A. 
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The results of these experiments suggest that Antimycin A affects 

three metabolic sites: namely, the' conversir~ ·of fructose-1,6-diphos

pha te and sedoheptul ose-1 ,7-di phosphate to their respect; ve monophos

phates, and the carboxYlation of ribu1ose-l,5"-diphosphate to give 

3-pllosphoglycerate. The increase in the rate of photosynthesis appears 

to be due to stimulation of RuDP carboxylase and not tQ eithe~ increased 

co2 l~vel or RuDP level within the chloroplasts. 

The results of these studies suggest that~the presence of. added 

Antimycin A does not increase the .level of co2 in the chloroplasts, nor 

does it stimulate C02 fixation by increasing the level ~f the carboxy

lation substrate, rib~lose-1,5-diphosphate (RuDP). Rather, it appears 

that Antimycin A may increase co2 fixation rate by stimulating the 

enzyme, ribulose-1 ,5-diphosp.hate carboxylase (RuDPCase, E.C.4.l.l.39) 

which mediates the carboxylation of RuDP to give 3-phosphoglycerate 

( PGA). Another rate-1 imiting enzyme of the reductive pentose phosphate 

cycle, hexos!= diphosphatase (E.C.,3.1.3.11), seems also to be stimulated. 

The ratio of ATP/ADP under conditions of photosynthesis was only 

moderately decreased in the presence of Antimyci.n A, perhaps accounting 

in part ~or an observed increase in accumulation of PGA as compared 

with dihydr~xyacetone phosphate (DHAP). 

MATERIALS AND METHODS 

.Chloroplasts were is<;>lated from spinach .)eaves., and the rate of 

.14co2 fixation w·as determined as previously described, with the ·excep

tion that unless noted, isoascorbate was omitted from all solutions {12). 
'. . - . . . 

Analysis of the 14c and 32P....,labeled products of photosynthesis by two-

dimensional chromatography and. radioautography;.was carri·ed out as 

i 
I 

l 

--·, 
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described earlier (13). Estimation of the distribution of n~tabolites 

bet\oJeen the chloroplasts and the surrounding medium was also carried 

out as previously describ~d (14). 

Chlorophyll was determined by the method of Arnon (15). 

Antimycin A was obtained from Sigma Chemical Co. and dissolved in 

absolute ethanol. The total concentration of ethanol was kept at 1% or 

less-;· and~ unless indicated, all controls contained 1% ethanol. 

RESULTS. 

·In the earlier reports of the Antimycin A stimulation of co2 fixation · 

\'lith chloroplasts, the control rates were generally low--10 to 35 ~moles 

· co2 fixed/mg Chl/hr ·c2:..4). An early observation in the present study 

was that chloroplasts with co2 fixation rates of 130 · moles/mg Chl/hr 

\-.'ere stimulated by 0.5 ~ Antimycin A to co2 fixation rates of 180 llmoles/mg 

Chl/hr. While the control rates and the magnitude of the Antimycin A 
. . . 

stimulation varied with the spinach used, the presence of Antimycin A 

(0.5-5.0 ~M) in the. incubation mixture from the start of the experiment 
. I' . 

dependably gave stimulations of from 50 to 150% of the control rate. 

A typical result is given in Figure l. This experiment was performed 

with no preincubation and an argon gas phase. Addition of Antimycin A 

to chloroplasts after the usual light, air, preincubation and 2 to 5 min 
- ' 

photosynthesis in the presence of bicarbonate generally gave little or 

no stimulation. Moreover, the inclusion of 10 mM isoascorbate, usually 

a standard component of the incubation mixture for chloroplasts (13), 

a 1 so prevented the stimulatory response to Antimyc.i n A, even if the 

antibiotic were initially present. Unless noted, therefore., iso

ascorbate was routinely omitted from the reaction mixture. 
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The effects of the addition during photosynthesis of Antimycin A 

on the incorporation of 14c into· s~veral intermediates of the Calvio 

Cycle are shown in Figures 2 to 8. The increase in 3-phosphoglycerate 

(PGA) and ribulose-1,5-diphosphate (RuOP), and tha drop in sedoheptulose-

1 ,7-diphosphate (SOP) and in fiuctose-1,6~diphosph~te (FOP), o~curred 

consistently upon the addition of Antimycin A, but the increase in 

starch and decrease in fructose-6-phosphate (F6P) occurred only if the 

. addition ca~sed an increase in the rate of fixation. 
·• 

If Antimycin A were simply increa~ing t.he effective concentration 

uf the carbon dioxide substrate of the RuOP carboxylase, the level 

of RuOP would dro~ upon stimulation. This did not occur {Fig. 

4). In order to test whether or not a higher level of co2 inside the 

chloroplasts coulp produce effects similar to those caused by Antimycin 

A addition, the incorporation of l 4c- into .the Calvin Cycle intermediates 

accompanying a switch from low to high bicarbonate concentrations were 

studied.. The change in RuOP and SOP levels resulting from such increased 

bicarbonate (Figs. 9 and 10) are completely different from the changes 

due to Antimycin A addition (Figs. 4 and 5). The increase in SOP with 

increased bicarbonate concentration was typical of the changes .. in all 

intermediates examined (starch, PGA, OHAP, FOP, F6P, etc.) except for 

RuDP, which clearly, and as predicted, dropped upon increasing the 

bicarbonate concentration. 

As previously reported (3, 4), Antimycin fl. stil]lulated the rate of 

co2 fixation at both limiting and satuiating bicarbonate concentrations~ 

The metabolic consequences ()f added Antimycin A were also similar at both 

bi carbon.ate concentrations, as shown by :the 1 eve 1 s of SOP and RuOP in 

Figures 11 and 12. 

• 
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++ 
Since it had been demonstrated that regulatory factors (PP i, l':g , 

Jnd a factor associated with spinach alkaline FDPase) can have marked 

effects on the transport or release of metabolites from the chloroplasts 

~nto the surrounding medium (16), it was of interest to determin~ if 

i\ntilllycin A might be exerting its stimulatory effect by changing the 

:)a ttern of transport of metabolites from the. chi oroplasts. The results 

of an examination of the distribution between chloroplasts and the sur-

tounding medium of the Calvin Cycle intermediates labeled during 

~hotosynthesis and the response to the addition of Antimycin A are 

shown in Table I. There appear to be no significant changes in move

ment of metabolites into the medium in response to Antimycin A. 

Because Antiniycin A has frequently been demonstrated to uncouple 

' both cyclic and non-cyclic photophosphorylation in chloroplast frag-

me..nts .(ll) ~ we examined the effect of Antimycin A on the levels of ATP 

in intact chloroplasts before and during photosynthesis by following 

the incorporation of 32Pi into ATP both in th·e presence and absence of 

bicarbonate. lhe data presented in Figure 13 were obtained by incubating 

chloroplasts in the presence and absence of 0.5 ll~1 Antimycin A, first 

during an air, light preincubation, and then after t~e addition of 

bicarbonate. There was no significant change in the accumulation of 

32Pi into ATP in the absence of bicarbonate •. Upon addition of bicarbo

nate, a greater decrease in the labeled pool of ATP was seen in the 

chloroplasts incubated with Antimycin A. Since the rate of C02 fixation 

\<~as increased in this instance by Antimycin A from 74 to 141 moles 

fixed/mg Chl/hr, the actual rate of synthesis of ATP must be corres

pondiJ'lgly greater in the chloroplasts incubated with Antimycin A than 
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in the control chloroplasts. Thus the decreased level of ATP ca~be 
' 

due only to the increased demand for ATP compared to its rate of 

synthesis. This may also account~for the drop in ATP observed upon 

the addition 6f Antimycin A to photosynthesizing €hloroplasts {Fig. 14). 

It was also fourid that the stimulation of co2 fixation by Anti

n~cin A is highly sensitiv~ to the concentration of added Mg++ (Fig. 15), 

but unlike the inhibitory fraction obtained from spinach juice (16), 

Antimycin A is not synergistically inhibitory with Mg++. 

DISCUSSION 

That_Antimycin A might 1ncrease the chloroplasts• efficiency for 

utili za ti on of bicarbonate had been suggested primarily by the fo 11 O\'li ng 

observations: (a) the incre-ase in both the absolute and relative amount 

of synthesis of PGAin the presence of Antimycin A (2, 3); (b) the decrease 

in the Km(HC03) of the chloroplasts in the prese.nce of Antimycin A ( 3, 4); 

(c) the .apparent insensitivity of the RuDP carboxylase to Antimycin A when 

assayed ~n bsmotital1y lYsed chloroplasts (3); ahd (d) the fact that the 

Km(HC03) of the carboxylase is .high-er than the Km(HC03) of the 

chloroplasts (3). These facts, plus the demonstration by Lane that 

C02 , .not HC03 was the substrate for the carboxylase (17) led_ to the 

hypothesis that such a transport or activation step for bicarbonate 

existed in the intact chloroplasts and was the step primarily stimulated 

by Antimycin A ( 3). 

The present study shows· the level of RuDP does not ·drop, but ir. fact 

rises upon the addition of Antimycin A to photosynthesizing chloroplasts 

(Fig. 4), wh~reas RuDP l~vel does drop upon addition of mor~ bicarbonate 

(Fig. 9).. Thus, it is cle.ar that the mechanism of stimulation 

" 
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of COz fixation rate by Antimycin A is not by increasing co2 level inside 

the chloroplast. Even though the level of. co2 inside the chloroplast may 

not exactly reflect the bicarbonate concentration in the medium, the 

dramatic drop in RuDP level accompanying the increase. in HC03 in the 

medium shows that. _co2 level inside has increased and that such an 

increase immediately affects RubP level. 

It might be argued that the somewhat-increased level of RuDP seen 

in the presence of Antimycin A is responsible for the increased rate 

of co2 fixation. However, many studies in this laboratory (~_:...9...:...• Ref. 

16) have provided evidence that co2 fixation rate is quite insensitive 

to RuDP levels in the range usually observed. Often, a higher level 

of RuDP in photosynthesizing chioroplasts is indicative of slower co2 

fixation rate. The level of RuDP under limiting bicarbonate is clearly 

sufficient to support a higher rate of carboxylation (Fig. 9). as 

evidenced by the increase in the rate of co2 fixation from 19 to 65 J.lmoles 

14co2 fixed/mg Chl/hr upon the addition of increased bicarbonate. Since 

Antimycin A will increase the rate of carboxyiati on even under 1 imiti ng 

bicarbonate, it would appear that the level of RuDP is not a rate-limiting 

factor res pons ib 1 e for the response to Antimycin A. The carboxylation reaction 

has been identified as a primary site of metabolic regulation in the reductive 

pentose phosphate cycle (13, 18-21), and studies of the proper·ties of the 

i so 1 ated:enzyme, RuDPCase, show regu 1 a tory properties ( 22-2 4) . The steady

state free energy change for the in vivo carboxylation reaction in Chlorella 
. ·. . -. --· 

pyrenoidosa has been calculated as about -10 Kcal (25}. Therefore it js 

not surprising that the reaction rate is insensitive to RuDP ·;concentra-

tion. 

If Antimycin A stimulation o~ fixati.on occurs neither by increased 

C02 level or RuDP level in the chloroplasts, stimu:l1atie,n. of the enzymic 
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~ctivity of RuDPCase remains the only other possibility. 

The large drop in levels of SDP upon Antimycin A addition (Figs. 5 

and 12) strongly suggest~ an activation of the enzyme, hexose diphos

phatase, which catalyzes the hydrolysis of SOP and of FOP to the 

tespective moi10phosphates. This is also suggested by the. drop in level 

of FOP, even though the relative effect appears smaller. ·The ieason 

that the drop in fOP is_smaller is that most of the FDP present is in the 

medium outside the chloroplasts (16, and Table I of this report) wh-ere 

,FOP can be formed from triose phosphates in the medium. Because of 

this, the total pool of FDP is much larger than that of SDP. The actual 

difference in pmoles of 14c incorporated, 5 min after additi6n ·of 

Antimycin A, is greater for FOP th~n for SOP. 

We conclude, therefore, that the reactions mediated by hexose 

diphosphatase and by RuDPCase can be stimulated by the presence of 

Antimycin A. The stimulation of RuDPCase, leading to an increased 

·rate-of C02 fixation, appears only under certain conditions. These 
·' 

reactions are the rate-limiting steps in C02 fixation~ vivo'(l3, 18-21) 

and are the steps inactivated in the dark and metabolically controlled 

in the 1 i ght. 

It has been proposed that pH in the chloroplast stroma region, 

together with Mg++ ion levels, may affect the activities of thes~ 
'\ 

enzymes (18, ?.6). _Other general regulatory mechanisms associated with 

photoelectro~ transport in the chloroplast thylakoids are also possible. 

Such re:gulatory mechanisms might be influenced by the action of 

Antimycin A on properties of the photochemical apparatus-, such as photoinduced 

ion flux in the chloroplast membranes. Thus, Antimycin A ~auld be 

stimulating some light-induced process which activates the regulated 
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c:Lymc:s of the r~C:ducti've pentose phospnate cycle. It could be act·ing 

in a direction opposite.from that ofoctanoate which reversibly abolished 

thi~s light~activating process (19). 

·The stimulation of starch synthesis by Antimycin A also suggests 

enhancement of a general light-activated stimulation. The properties 

of the enzyme, ADPGlucose pyrophosphoryl ase stror.gly suggested that the 

reaction of glucose-1-phosphate with ATP to give ADPGlucose may be a 

site of metabolic control (27, 28). Kinetic studies of i!l vivo metabolism 

in Chlorella pyrenoidosa gave results that suggest that the activity of 

ADPGl ucose pyrophosphoryl ase, 1 ike that of hexose diphosphatase and 

RuDPCase, must greatly decrease within a minute after the light is 

off.(29,:30) The present study suggests that Antimycin A stimulates 

a 11 three enzymes. 

The. stimulation of starch synthesis by this mechanism could 

ac:ount for the drop in level of F6P even when hexose diphosphatase has 

been stimulated. 

The results in this study do not provide any convincing evidence 

of an effect of Antimycin A on the rate of ATP synthesis. The total 

incorporation of 32P into organic phosphates is actually increased with . 

AntimycinA (3), but the increase is less than the increase in co2 fixa

t~on, since some 14c is incorporated into starch and other non-phospho;-y

luted products. The level of ATP during co2 fixation is about 25% lower 

1·1ith Antimycin A than without. This could be due only to the increased 

requirement for ATP occasioned by the stimulation of co2 fixation if 

the stimulation of ATP synthesis is less than the sti;nulatory effects 
.. --

on the regulated enzymes. 

The 10\AJer level of ATP in the presence of Antimycin A, whatever 

its reason, .could be partly responsible for the accumulation of PGA. 
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1 ,,; t1,:o-s tep phosphorylation and reduction of PGA to triose· phospna te 

is fairly reversible in vivo (25) (L\G 5 
= -1.6 Kcal), so that a 25% 

(!2crease in ATP level, and a corresponding increase in ADP, could 

s!o-lft t!1c steady-state ratios of fon1ard and back reactions. Since 

some of the PGA comes ·out of the chloro~lasts into the medium (14), a 

sma 11 increased imba 1 ance betvveen rate of PGA formation and uti 1 i zati on 

could lead to a build up of PGA in the chloroplasts and a significantly 
. . 

increased rate of movement of PGA into the medium where it would accumu-

late. In the experiment which gave the data shown in figures 1 and 2, 

tile level of·.PGA 5 min after Antimycin A addition was increased by 

3.2 JJmoles of 14c relati~e to the control, whereas the total 14co2 

fixation increased by 5 JJmoles in the chloroplasts with Antimycin A as 

compared with the control. About 0.5 JJmoles ol the extra 14c has 

appeared at the origin, mostly as starch (Fig. 8). The remaining-

extra 1.3 JJmoles of 14c accumulated during 5 min after Antimycin A 

addition was distributed around a v~riety of weakly labeled compoundS, 

including various_oligosaccharid~s. 

The abolition of some of the stimulation of C02 fixati,on by -Anti

mycin A by higher levels of Mg++ ions in the medium could be due to a 

++ variety of reasons including effects of Mg on movement of metabolites 

( ) 
H 

fi~om the chloroplasts to the medium 16 and the known effects of Mg 

ion on the activityofRuDP carboxylase (22, 23). 
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L~bie I. Effect of Antimycin jl on tr1e Release of 14c-labeled 

rhotosynthesis Products from the Chloroplasts 2.!:!_ the 

r~ledi um 

f~c.tc of. photosynthesis for the control was 45; with Antimycin A, 

54 n1o1es co2 fixed/mg Chl/hr. Antimycin A concentration was 0.5 ~1, 

both flasks contained 1% ethanol. Samples for analysis were taken 

after 11 min of photosynthesis~ ahd 5.5 min after the addition of 

/\ntimycin A to flask B. Samples v:ere centrifuged for 15 sec on the 

microfuge and then the pellet and supernatant solution were separately 

denatured \vith 80% metha-nol (14). 

Control ' Antimycin A 

Compound Total moles Total moles 

14c;mg Chl % in medium 14c;mg Chl % in medium 

PGl-\ 1.81 74.7 2.05 78.9 

DHAP .96 93.0 .77 96.6 

F6? . 14 26.9 .14 21.1 

Hi·~.) .78 11.9 .73 12.2 

D~/'.) 
I • I· . 15 82.5; .15 87.9 

C' "·) .Jl.-1 .026 34.9 .018 43.2 

FD? .31 86.4. .29 ~ 91.1 

RuOP .017 20.5 .017 19.6 

Total DIP .45 80.0 .39 82.9 
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!.l :~URE LEGENDS 

r-q. l. Rates of C02 fixation by isolated spinach chloroplasts vjith 

··- ::7-Control \~ith 10 1-1l of ethanol added.-.e- Control with 10 1-1l of 

ethanol added at 5 min. -A-Antimycin A added at th~ beginning 

of experiment. --.:1- Antimycin added at 5 min. 

Figs. 2 thru. 8 •. Effects on 14c-labeled metabolites of addition of 

1\ntimyciil A to photosynthesizing isolated spinach chloroplasts. 

Fig. 

Fig. 

Fig. 

F·is. 

F·:9. 

C'' ' 19. 

Fig. 

Antimycin A was added after 5 min. of photosynthesis, as 

described in text. 

2. 3-Phosphoglyceric acid 

3. Dihydroxyacetone phosphate 

4. Ribulose-1,5-diphosphate 

5. Sedoheptulose-1,7-diphosphate 

6. Fructose-1,6-diphosphate 

7. Fructose-6-phopshate 

8. Origin ·(starch) 

Figs; 9 and 10. Effects of increasing H14co; concentrations on levels 

of labeled metabol_it.es in .photosynthesizing isolated spinach chloro

pl as1s: 
After 5 min photosynthesis with 0.75 mM H14co3 the concentration 

v;as increased to7.5 mM H14co3. 

Fig. 9. Ribulose-1,5-diphosphate 

;-,J. 10; Sedoheptulose-1 ,?-diphosphate 
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....... 'I'~ ''''')TIO''S 1 C " ) , : .. :u.,L l..-"1 1\ ~ on c. 

I 14 -
12. Effects of high .and 1 Oh' concentrations of -H co3 

0:1 levels of labeled metabolites in photosynth~sizing isolated spinach 

c!:loroplasts in the presence andabsence of added antimycin A. 

fig. 1 i. Ribulose-1 ,5-diphosphate· 

Fig. 12. Sedoheptulose-1,7-diphosphate 

Fig. 13. Levels of 32P-labeled ATP in isolated spinach chloroplasts 

1vi th added Antimycin A. 

Isol~ted spinach chloroplasts were illuminated without added H14co 3-

in the presence of 32P-lab~led inorganic pho~phate. After 5 min~ 

H14co3- was added to the control flask and to the flask containing 

Antimycin A. 

Fig. 14. Effect of added Antimycin A on the level of labeled ATP in 

photosynthesizing isolated spinach chloroplasts. 

Fig. 15. Effect of Mg ++ ion concentrations on Antimycin A stimulated 

photosynthesis by isolated spinach chloroplasts. 

•. 
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r------------------LEGALNOTICE---------------------. 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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