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Sinice the origilnal disco%-ery by \Warburg alnd
Krippahl (22, 23), considerable attentioni has been
paid to the CO., requiiremeint for the Hill reaction by
isolated chlioroplasts. \Juch of the sporadic litera-
tnlre onl this sulbject has been devoted to confirming
the existence of the requirenm,ent wvith other kindls of
chloroplasts, dli-,erse electroi) acceptors anid somiie-
what (liffering conditionis (1, 6, 7, 10, 18, 19). Thus,
WV arburg aind Krippahl originally reported a re(quiire-
ment for preilluminatioii (ltring the period of Co.,
(lepletioin, while Stern and V-ennesland(I ( 18. 19) o)-
serve(l large CO., effects wsithout preillumination, andl
Heise aincl Gaffroni (7 ) fotlnd( that preillumination
l)revenitedl CO., depletion fromii havingimajor inhibi-
tory effects on the qtinionie reduction 1y wN-hole cells
of Aiiacystis. Both Gyood (6) and Iza\a- (1)
showed that the absence of CO., xxas miiore inhibitorv
at higih light intensities than at lo\w- intenisities, and
.\beles et al. (1) observed the Co., effect usim,
miass spectromleter for analy-sis of 0., evolution in-
(lepeendent of uptake effects.

The mlost recent investigation, that of Punilett
and IVer (15) exten(lecl the observation of CO., ef-
fects to the phosphorylation accompanying the Hill
reactioni. Their methodls differe(l strikinigly fromii
those of previotus xx-orkers, howNever. in that a period
of CO., depletioni of the (oat) chloroplasts xvas not re-
(mtiired in ordler to see stimuitilation by added bicarboni-
ate. From their restults with lhosphorylation as well
as the Hill reactioni, tley)postulatedl that bicarbonate
xvas necessarv' for the most efficienit operationl of the
plhotophosphorylation miiechaiiismli.

In the presenit \vork xve have comlpare(l the
methocls of Punniiett and Iver. w\ith those of \Warburg
anlI Krippahl as mlodifie(d 1x- Good (6). uising the
same chloroplasts andcl techniques for both tylpes ot
exl)erinmenit. Ouir data inidicate that the effect of
adlde(d bicarbonate is probably (lifferenit in the 2 ss-
temiis: the observationis of Pulinniett and Iver relatilng
to the phosphorvlationi mechanism,', aln(d those of \War-
bturg and Kripplahl relating, to electroni transport in
the region of 0., evoltution. \\e have also demiioni-
strated an inhibitorv effect of bicarbonate oni the
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steady state level of a nioiiphiosphorylate(l. high
energy coniditioni of the chloroplasts (8, 16). uinder
the same conditions in xxhichl it stimiiulates photophos-
phorvlatioin.

Materials and Methods

Chloroplasts Nxvere prepare(l fromi spinach leav-es
by grin(dinig and(l xvashing in btuffer containiing 0.4 1i
.sucrose, 0.02 MI Tris at pH 8 andl 0.01 Ni NaCl, as

descril)ed previously (13). h'l'e chloroplasts were
broken before use, in some experiments, by suspend-
ing andl wxashing onice in 10 nnt\i NaCl, at 10,000 X
g for 10 minutites. The pellet wa finally stslende(l
in 10 nv \tNaCl. Chlorophyll xvas (letermiiiied 1y the
method of Arnoni (2).
Pea chloroplasts were preplare(l ly the miiethodl of

Good (6). uising 0.4 M\ sucrose, 0.02 M\ 'I'ris at 1)11
1.5. 0.01 M\ NaCl and 0.25 % bov-ine sertinm albumenic
(laniel Fraction V froml Gallard Schlesinger Coini-
pany ) as the buffer solutioni.

Unless otlberwvise stated, all stand(lardl assays for
phosphorylation were performiied in a 25 ml Erlein-
meyer flask nmaintainied at 18 or 20° in a \ arburg
bath. The reactioni volurme x-as either 3 mil conitain;-
ing about 30 to 45 ig of chloroplhyll, or 1 mil conitaini-
ing 15 ,.xg of chlorophyll. Illtuminiationi xvas fromi be-
lowv from a bank of inicandescent lamps beneath the
water tank, with a light intensity of 5000 ft-c at flask
height. Reactioni mixtutre component concentrations
are in(clicated in the appropriate table and figutre
legendls. Na-aHCO was xveiglhed otit, brought to vol-
tim1e a(lI its p1-I a(djusted to eithier 6.6 or 7.0 imiiiiie(li-
ately before use.

In the CO., depletioni experiments the reactioni
mixttire containing chloroplasts wvas place(d inl a
WVarburg flask, wvith P 2 (wvhere al)propriate ) and
either the ferricyanidle or py-ocyanine placetl in the
si(learnii. No KOH xvas tise(l. but the N\Varburg
flasks were flushed xvith niitrogeni gas previously
bubbled through a barium hydroxide solutioni, con-
tinuously for 2 hours in roomii light. At the en(d of
this time the sidearms x-ere openedl up. NaHCO.,
added, anid the sidearmiis tipped in. fin the coIn-
trol flasks niitrogen flushing xvas continiued for this
periodl and dltiring illuimination, which was for 4 min-
tites in all cases. Both in the CO. (lepletion experi-
ments, ancd xvith fresh chloroplasts. ferricyanidle re-
ltictioni vas estimated by the loss of OD at 420 m,u
in the (leproteiniizetl reaction iiixttires. 1Fsterified
radioactive p)hosphate \\- .s (ltterniniie(l variouslx by
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charcoal adsorption of the ATP32 (8), by phase sep-
aration of the phosphomolybdate complex as described
by Avron (3) or by the precipitationi procedure of
Sugino and Miyoshi (20).

Estimation of the high energy state XE was per-
formed as previously described (8) in which chloro-
plasts, preilluminated at pH 6.5, are injected into
ADP, p32 and Mg at pH 8 in the dark, and ATP32
formation is measured. In the present experiments
the phosphate concentration in the dark stage was
2 mM.

Results

As described by Punnett and Iyer (15) for oat
chloroplasts, the addition of bicarbonate to a reaction
mixture just before illumination can stimulate the
rate of a Hill reaction with ferricyanide as electron
acceptor. The accompanying phosphorylation is in-
creased to an even greater extent, causing a rise in
the P/2e ratio. XVe have repeated these observa-
tions vith chloroplasts from both spinach and pea
leaves. WVe should like to note that the effect is
most pronouniced when the reactions are preformed
in a shallow liqui(d layer in an Erlenmeyer or War-
burg flask, rather than in a small and narrow test
tube.

Added bicarbonate can affect phosphorylation
supported not onily by ferricyanide, but also by FMN
or pyocyanine as cofactors (table I). Indeed the
largest bicarbonate effects are found when pyocyain-
ime is the cofactor. Table I also shows that bicar-
bonate does not replace the function of an added
redox dye, but must act at some other point. Since
pyocyanine can support cyclic electron flow, it was

Table I. Effect of Added Bicarbonate on.
Photoplhosphorylationt Sutpported by

V'ariouts Redo.r Cofactors
In experimenit I the reactioni mixture was 1.0 ml,

containing in Anmoles: Tris-maleate pH 7, 5; NaCl, 17.5;
MgCl2., 2.5; phosphate, 1.25: ADP, 1; and either pyocy-
anine, 0.025, potassium ferricyanide, 0.5 or FMN, 0.05.
The reactions wvere runi in air for 3 minutes. Conditions
were the same in experiment II except that the reactions
were run anaerobically in Warburg flasks, and the phos-
phate level was raised to 20 /Amoles per 1.0 ml. CMU
dissolved in methanol was present at 10 /LM, and sodium
bicarbonate at 8 nmi, where indicated. Controls in ex-
periment II contained ethanol in place of the CMU.

ATP Formation
Expt CofWctor -HCO3 +±HCO3

I None
Ferricyanide

FMN -

Pyocyanine
II Pyocyanine

" d- CMU

1* 3
23
10
41
73
69

35

- 16
106
190
198

chlorophyll per hour.

important to see whether bicarbonate 'would stimulate
under conditions were 03 evolution could be rigor-
ously excluded. Table I shows that the bicarbonate
effect is not changed by the presence of 10 uM CMU,
used under nitrogen, conditionis under which the Hill
reaction would not be possible (12.21).

In other ex)eriments we founid that stimiiulationi
of phosphorylation wvas nlot accomiiplished by the fol-
lowing organic acids: acetate, phthalate, dimethyl-
glutarate, citrate, benizoate or glycine. The extent
of the stimulationi by bicarboniate was found to vary
with the season of the vear, again ill agreemenit Nvith
the observations of Punniiett and Iyer (15). With
spinach chloroplasts in the winter moinths, bicarbon-
ate stimulations of pyocyaninie-suplported phosphory-
lation of up to 160 % were observed; in the late spring
some preparations of chloroplasts shoved stimula-
tions of only 15 %. In the large majority of ex-
periments the stimulated rates raniged between 1.5
and 2.5 times that of the conitrols.

Punnett and Iyer (15) used high light intenisities
in their studies. Analysis of the light intensity
curves (figure 1) shows practically i(lentical kinietics
for the pyocvaninie-supported phosphorylationi whether

.10

.08

.06-
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FIG. 1. Relation of bicarbonate effect onl photophos-
phorylation to light intensity. Reciprocals of light in-
tensity, in percent light transmitted are plotted on the
abscissa, and reciprocal of the rate of phosphorylation,
in «moles ATP formed per mg chlorophyll per hour, on
the ordinate. 100 % Transmission represented about
22,000 ft-c, as measured by a silicon diiode photocell,
calibrated against a Weston ft-c meter. Spinach chloro-
plasts were used, at pH 7, and pyocyanine as a cofactor.
Other conditions as described under table I, experiment I.

in the presenice or absenice of added bicarboniate.
This localizes the bicarbonate effect on phosphor-
lation to a limiting dark step. A further conise-
quence of this fact is that bicarbonate will nlot stim-
ulate if the chlorophyll concentrationi in the reactioni
is too high, since this will lower the effective light
intenisitv. Under our present condlitions the maxi-
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initiim l)icarl)ollate effect is seeni only at or below 1
ug of chlorophyll per nil.

\\Ve also conifirimied, using (lifferenlt chlioroplasts
and(l pyocyaniine as cofactor. the previotis oliserva-
tioli ( 15;) that stimiuilationi by a(l(Ie(l bicarbonate is
Keeil primarily l)etween p.11 6.5 an(l 7.5, i.e., below the
optimlitim pH of 8 for phosphorylation a(lI couipled
electroni floNw. In ouir earlier experimiienits this led
to som,e l)ractical (lifficulties, silice only- 5 mm (Ii-
methvlglutarate was in uise as a buffer, beloxw the pH
optiiutim. In the conitrol flasks the p1i rose as muilichl
as 0.4 uniits durinig the course of the phosphorylation
reaction, thereby raising the rate of phosphorvlationi
slightl. Addingb bicarbonate, oni the other hand.
helped miainitaini the p Hi at the lowver, suboptinial
value, anid to that extenlt tenide(d to (lepress the rate.
'T'huis, with inadequate btuffering, the apparent stimliu-
lation by bicarbonate was less than it shotiul have
b)een. Sinice any correction wvotild oliyv tenid to in1-
crease the extenit of the bicarbonate effect. aln(d since
the bicarbonate effect was quite evidlent evenl with
this halidical). some of the earlier restilts are in-
cltuded here without correctionl (table 1. Expt 1. an(l
table ITV). In later work the level of phosphate was

raise(d to at least 10 Ilm,\, an,d this served to maintain1
a conistanit 1)1 in all flask;s.

'T'lhe interactionl of pl with the bicarbonate effect
is remimliscenlt of tile effect of iaiivy licoupl)lers o1i
the p1- profile for the Hlill reaction (9, 13). It
seenie(l of initerest, therefore, to finid ouit whether hi-
carboniate x o1til conitilinie to stimulate the I-lill re-
action in the presence of an optimal level of anl ull-
couip)ling reagent. Figure 2 shox-s that this is niot
the case: writh enough (10-100 inm ) ethylamine
ad(led, tilere is no further effect of ad(le(l hicarl)on-
ate. It sholdi l)e note(l that these experiments wvere
runi at pH 7. Silnce the free base is the effective
agenit (5, 9), the lowx p1l employed will accounilt for
the higher levels of the uincoupler nleede(d to elicit ani
optimal Hill reactioni rate. 'Trhe ability of bicarbon-
ate to stimiulate the Hill reaction wxas also founld( to
disall)pear ini the presence of optimal concentrations

()-4.r ) of tIle tincotil)ler atebriin (4).
The fact that unicouiplers elimiiiate bicarbonate

stimiuilationi stanlds, in conltra(lictioln to the ol)serva-
tionls of other xx-orkers. 'T'hus, miajor CO, effects
-vere seeni by Good (6) in the presence of either
imiethylaiminie or l)CPI P, ail(l by Stern and Veniles-
land (18, 19) when trichlioropheinol inidophenlol wvas
used together xvith ferricvanide. Howvever. in all
wvork previous to that of Puninett and Iver, a period
of CO( depletionl prior to illuminiationl xvas nleeded in
order to (lemoilstrate tile CO,, stimiiulationi. Also,
Co.. re-addition Nvas performed prev'iously by flutsh-
illng x-ith the appropriate gas mlixttire together wvith
careful pH conitrol. Ptiuinnett aild Iver discovered
large effects wlien b)uffere(d sodiumil bicarbonate so-
luitioii was added to fresh clhloroplasts. without vorry-
iig about the gradtial loss of CO,, as a gas at pH's
froi 6.5 to / .5, siince tIle reactionlsxvere perforime(l

0
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LOG ETHYLAMINE CONCENTRATION

Fu,. 2. Nonadditixitv of bicarbonate ailid etli-la1Rliie
stimulation.s of the Hill reactioni. Bicarbonate, wliere
ad(d(e(d, was at aL fimial conicenitratioll of 8 nist. lFerricvani-
i(l re(luctioii b) spimnach clhloroplasts was miieasuire(d 11na
total volume of 3 nil, with ferricvanide at 0.5 mx\m. Other
con1ditionls as inl table 1.

rap)idl\-. It seenied imiportant, thierefore, to investi-
g,ate tile effect of adde(d so(diumi lbicarbionate solutioni
uising the milethodology of Ptuniniett aild Iyer (as in all
the experiments so far reported) wvith CO. delpleted
axs vell as fresi chloroplasts.

Table II showx s restults fro ni 2 experimiienits otit of
a number performed, both withi sp)inach aand pea
chiloroplasts, anid at p14 6.6 ail(l 7.0. Pea chloro-
plasts xvere used miiost routinely, in order to avoid
possil)le artifacts fromil gra(ltial lbreak(loxvil of oxalic
h'ci(l (22 ) itl sl)inlach plrelparations. It canl be seeln
that a 2-houlr- inctibation ulider a conltinluous streamii
of niitrogeln. evein xithout KOH in the ceniter xvell.
can cause the rate of the Hill reaction to fall to 35
to 50 % of its ilnitial valtie (comparing the rates in
the presenlce of ethvlainie ). Added bicarl)onlate
restores ftull activity, anid this can represent a 2 to
3.5-fold stimtilationi. The miiajor point is that the
uncoupler canniiot replace bicarbonate in this fulnctionl.

Some other differenices betwveeni the 2 effects of
tidded bicarbonate are indicated in tal)le ITI. iJli(ler
similar coniditionis, in Avhich bicarbonate is kadded to
the reaction wvithout conitrolling the gas phase, fer-
ricvaillide redutictioin by depleted chloroplasts reslponl(ls
to coilcelitratiolis s low1N- as 0.2 nil-I, anid essentially
saturates by 2 ni:v NaHCO,. Oni the other hand the
phosphorylation of freshi clhloroplasts (pyocvaninie-
stlppo)rte(l) .lioxvs 110 resplonlse niiitil I nxi. and daem
ilot sattirate uniitil 8 nmMA\ ad(le(d NalICO()...

1()/6



BATRA AND JAGENDORF-BICARBON-A%TE AND PHOTOPLIOSPHORYLATION

Table II. Respontse of the Hill Rcactioni to Ethllylamiinc and Added Sodiuiii Bicarbonatc,
bcfore antd a.fter CO., Depletioni

Reactionis were performed aerobically at 200. The reaction mixture contained 50 nmi sodiumiihosphate at pH
6.6, 200 mIn NaCl, 10 mM Na acetate pH 6.6, 0.67 mM potassium ferricyanide, and 75 ,g of chlorophyll in 3 ml total
volume. These conditions are close to those described by Good (6). CO., depletion for 2 hours aid measurement of
ferricyanide reductioni are as described in Methods sectioni. Ethylamine was used at 10 m-m finial coilcenltratioin, anld
so-dium bicarbonate at 2 mai. Aliquots from the same preparation of chloroplasts were assayed either before or
after CO., depletioni.

Ethylamine

-t

+

Expt I
- NaHCO3

65*
171
68
98

NaHCO3
64
197
128
240

Expt
NaHCO.,

49
288
79
85

lI
-+ NaHCO ,

66
310
73
317

* /uequivalents ferricyanide reduced per mg chlorophyll per hour.

Equally important is the fact that pyocyanine suip-
ported phosphorylation is not inhibited by the re-
moval of CO2. In the experiment shown in table III
there is even an apparent small stimulation due to
CO, removal, but this was not usually the case. The
response to addition of bicarbonate after CO. deple-
tionl was extremiely variable, raniging from no effect
(in this anid 3 other experimenits) to considerable
stimulations, in others.

Punnett atnd Iyer (15) suggested the possibility
that CO., might he increasinig the efficiency of for-
mationi of a high einergy initermiiediate Onl the phos-
phorylation pathway. Figure 3 shows that addinig
sodium bicarbonate decreases the yield of XE, a high
eniergy state of the chloroplasts defined by the

Table III. Comiiparatizc Response of Pyocyanine
sutpported Phosphorylationt anzd the Ferricyanide
Hill Reactiot. to CO.> Depletion antd to additioni

of Bicarbonate at Different
Concentrationis

Phosphorylation with fresh and depleted pea chloro-
plasts were performed on the same day with the same
batch of chloroplasts; ferricyanide reductions after CO,
depletion were taken from a different experiment. Con-
ditionis for pyocyanine supported phosphorylation as in
ta-ble I, using 0.05 ALM\ pyocyanine and 10,moles of phos-
phate in a volume of 3 ml. Ferricyanide reduction was
performed in a volume of 3 ml in the presence of 10
nmuIi ethylamine using chloroplasts after CO2, depletion;
all other conditions as in table II.

NaHCO.. Hill Phosphorylatiom with pyocyanine
conc reaction Fresh CO. depleted
m'M

0 113* 214** 267
0.2 157 216 248
0.5 177 226 238
2.0 218 265 237
4.0 236 305 279-
8.0 241 370 253

! equivalents ferricyanide reduced per mg chlorophyll
per hour.
Alnmoles ATP formed per mg chlorophyll per hour.

0
-

E

'I

2

0

E

E

100

SECONDS

FIG. 3. Time course of XE formationi and decay.
Conditions as described under table IN", with pyocyanine
and chloroplasts in the light stage at pH 6.5. Calcula-
tions of the half lives for decay show 10 seconds in the
absence of bicarbonate, and 7 seconds in its presenice.

ability to form a limited amounit of ATP immiiediately
after illumination (8, 16). Table IVT shows that the
concentration of bicarbonate needed to inhibit Xr for-
mation (and speed its decay somewhat) are the samiie
as those vhich do stimulate photophosphorylation,
either at pH 6.5 or 7.0. Similar inhibitions of the
yield of XE, with relatively minor effects on the rate

of dark decay, were found using either no cofactor,
or FAIN or ferricyanide in place of the pyocyaniiie.

Discussion

Our present data colntains 3 mlajor reasons for
considering the bicarbonate effect discovered by PuIn-
nett and Iyer (15) to be a new one, different from

Chloroplasts

Fresh

CO., depleted

i077
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Table IV. Effcct of Bicarl)o)itCt(Co0icc)1ltrlotiOls ol XF.
Yicld mnd oni Phlospliorv ltion

For XE measuremelnt the light stage contained, in
1 ml, I)yocyanine at 0.5 nmi, Tris-maleate pH 6.5 at 6 mnr,
250 ug of chlorophyll anld bicarbonate as in(dicated.
The dark stage reaction nmixture conisiste(d of ani addi-
tional 0.5 ml conitaininig, in Mumoles : Tris at pH 8, 50;
ADP at 1)H 8, 1.5; MIgCl.,, 3.0: p)hosplhate at pH 8. 4;
anld p32. For measurement of phosphorylation pyocyain-
ime wvas used, with conditionis as described under table 1,
experiment 1. The same preparation of spiinach chloro-
plasts wxas usied for 1)oth measurements.

HCO.
colic yield

M1NI
0

2
4
8

33-:.
24
18
16
15

Phosphorylation
pH 6.5 pH 7.0

26**
44

58
80
83

81
113
121
161
166

nm,umoles ATP per nig chlorophyll.
A,moles ATP formed per mig chlorophyll per hour.

that founi(d by NVahtirurg an(l Krip)pahl (22, 23 ). In

the first p)lace the stiillatioin (ledscrib)e(d lPUltett
is n1ot a(dditive with the stimulatiOln CallSe(l 1y optimal
1m111o0uts of u1ncoul)1in1g agents ( figr 2 ); i.e.. the

types of reagent seem11 to rel)lace eachi other. On1
the other han1d the CO2 re(tluirement tliscoverecl b1
\Varburg n1ot onlN occUrs in the presence of UncoU-
plers, but is m11axim1al -hen1 an u1ncotUl)1er is l)resent

(table II and ref. 5).
Secondly, the con1centration] range of adde(d bicar-

bonate needed for the 2 effects is somewhat (liffer-
en1t: that for the \V7arburg effect 1ying )between 0.2
and 2 nmr, and that for the PUnn11ett effect between 1
an1(l 8 nm1i (table III an1d ref. 13). Siice the conii-

positioIn of the gas phase wvas n1ot conitrolled in the
p)resent exl)eriments (n1or in those of PUn111ett and
1yer') it cannot be claim11e(d that these are the absolute
concenitrations presenit in the reaction imiixtures.
I-low-ever the additioni of bicarbonate, p)H of the re-

actioin mixture and subsequient tim1ie of illtiUmin1ation1
was the saime for 1)0th ty-pes of exl)eriments in the
l)resent work. -A relative comparison of concenitra-
tion1 re(luiremiienits is therefore vali(l.

'l'he thirdc major point of difference is that the
IPunnliett effect clearly alplplies to phosphorylation Sllp-
ported by- a pyocvanine-dependent cyclic electrotn flow
(table 11). On the other hand, the \Varburg CO.
requiremenit canniiot 1)e demonstr-ate(l with this type of
phosphorylationi (table III) These last data indi-
cate that the CO. requirement discovered by W,Var-
bturg does indeed apply primarily to a site related to
the mechaniismii of 0. evoltitioi, as originall- l)os-
tulated (22, 23). The Punnett effect, otn the other
hand, is inidepenldenit of 0., evoltutioni and probably
functionis at somie point in tlle phosphorylatiol p)ath7-
way, again as originally postulated ( 1 5).

It is clear that the Warburg CO2 effect cani be
called a requiremelnt, sinice the rate is depresse(i b l re-
mooval and restoredl bV adding back the CO. or bicar-
boniate. Ani interestinig poinlt is that CO., depletion
(loes not depress the basal rate of the Hill reactioni
uncler our present conditionis, although it did so in the
manomietric experimiienits of Good (6). Althoulgh ouir
restults might suggest a tlifferenice in the nature of the
basal from the uncouipled electron traisl)ort. they
could just as easily result from a failure to remiove
CO. completely. The remaininig traces of the gais
ight be sufficient to support the lowx rate basal Hill

reaction, which is in any event already limited by a1
combinationi of the phosphorylation miiechaniismii and
the low pH. In this case we coukl inifer that C(O).
fulnctionis at somiie other point, not at the limitiin- re-
actionis of the coupling mechanism.

On the other hanid, the effect discovere(l by Puniii-
lnet and Iver should be called a stimulation, not a re-
(tlirenlenit. Removal of CO, did Inot ihllibit phos-
phorylation anid cyclic electron transport (table III)
although these N-ere stinmulated by added high levels
of bicarbonate. Bicarbonate in this case prol)al)l}
calses a release of the inihibition brouight oni by the low
1)1 1. lelow the or(liinaiw optimumii. At the pH ol)timum
ddill,- bical )bollate causes no further stimtulatioln
(15). Conisistenit with this role is the fact that ni-
c0uplers. which in their owni right cause a release of
the lo\\w PH inhibition of the Hill reactioni. also elimiii-
nate any observable effect of added bicarbonate (gfi
2). I owvever. saving that bicarbonate overcomes
the inhibition (Ilte to a low pH does not explain it.s
mode of action in this case. Also we wouldk like to
emphasize that no other reagent has been discovered.
other thani the basic componients of the reactioni miiix-
tuire. which will stimullate photophosphorylatiori. in
this or aniy other pH range.

Ptinniett anld Iyer suggested that dissolved CO..
was the effective mlolecuilar species becauise their cal-
clulatioins showed its cooncenitrationi was roulybv the
same in theirs and(l in all the previous stut(lies. - flow-
ever wve have show l here that the effect (lemioni-
strated by Punniiiett alnd Iyer is probably a neN one.
and it is har(d to see why the same concenitrationi of
(lissolve(l Co., couild have a differenit effect (lue to
the miiethodl of addition. \Ve cani speculate, there-
fore, that bicarbonate may- be lneedled for the u'tiinniett
and Iyer effect, rather thani dissolved CO_.
We find(l it dlifficuilt to rationialize the fact that

added bicarbonate cani stimulate the basal rate of the
Hill reaction, in the absence of either tiiucotuplers Or
XDP ani(l phosphate (fig 2 anid ref. 14). Sinice hi-
carbonate raises the P/2e ratio and makes phos-
phorylation1 mnore efficien1t in this low pH range, onie
might expect it to cause tighter coupling anCd there-
fore depress the basal rate. Looking at it alnother-
way, as far as its effect on the rate of electroni tralns-
p)ort is conicernied bicarbonate acts as an unlcoul)ler
would; buit Nwheni it comiies to the phosphorylatioii rt-
aIctioni p)ro)elr it stinitlaltes insteadl of inbibiting.
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Punnett and Iyer made the very attractive sug-
gestion that bicarbonate may increase the efficiency
of formation of some high energy intermiiediate of the
)hosphorylation pathway (14). Previously wNe ha(l

considered XE to be such an intermediate; and( the
fact that bicarbonate depresses its steady state level
and causes a slightly faster breakdown (fig 3) would
be disconcerting from that point of view. However,
more recent evidence as to the large amount and slow
kinetics for formation of XF, (11, 16) suggests to us
that XE as ordinarily measured may be oIn a side
pathwayv storing energy derived from true intermedi-
ates of the phosphorylation mechanism in a reservoir
as an alternative to ATP (possibly as a transmem-
brane hydrogen ion gradient: see ref. 14). In that
case, formation and turnover of XE would be a
drain on the direct pathway to ATP. It may be
that bicarbonate functions by shutting off, to some ex-
tent, access to this side reservoir otherwise favored
by the low pH; and makes the direct pathway to phos-
phorylation more efficient in this manner.

Summary

We have repeated both the stimulation of phos-
phorylation alnd the Hill reaction by added bicarbon-
ate as discovered by Punnett and Iyer, and the car-
bon dioxide requirement for the Hill reaction as
discovered by Warburg and Krippahl. Additional
evidence presented here suggests that these are 2
distinct effects. The Warburg carbon dioxide re-
quirement pertains to electron transport at a site close
to the evolution of oxygen; whereas added bicarbon-
ate as used by Punnett probably acts on a part of the
phosphorylation mechanism inhibited by a stuboptimal
pH.

At a concentration sufficient to stimulate p)hoto-
phosphorylation, bicarbonate inhibits formationi of a
nonphosphorylated, high energy con(lition of chloro-
plasts (XE). If XE represents a side pathway drain-
ing energy from the phosphorylation mechanism,
this could be the basis for the increase in phosphory-
lation efficiency caused by high levels of bicarbonate
added to fresh chloroplasts.
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