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Hill reactions (i.e., O. evolution by illuminated
chloroplast preparations) are generally assumed to
represent the photochemical splitting of water. For
about 20 years the viexv has prevailed that, in the
course of a Hill reaction, photolysis generates an 02
precursor andl a reductant which is capable of re-
acting directly or in(lirectly with any of a variety of
oxi(laints. The metabolism of both photolysis prod-
ucts (oxidlant & reductanit) evidlently is enizymatically
controlledl. The list of oxi(lizinig agenits effective in
the Hill reaction began clhronologically with ferric
oxalate andCl lnowv ilncludes ani imlpressive nunmber of
naturally-occurrinig as wvell as exotic substances. On
the assumiiptioni thait oxygen evolution and(l oxidlant
reductioni are separate if not independent processes,
there is no comiipelling a priori reasoni to believe CO.
is uniqluely involved in the Hill reaction even in a
catalytic capacity. However, because of the close
analogy betwveen photosynthesis and the various types
of Hill reactions, the possible role of carbon dioxide
in chloroplast reactionls contiinues to be a subject
of concerln both theoretically and experimentally,
esp)ecially so because several reports in the literature
suggest that CO, at least in somiie instances may have
a catalytic effect onl reactioni sequences w-hiiclh involve
xvater photolysis.

Franck (7) founid( an influenice of CO. on the
evolution of 02 by chloroplasts prepared froml to-
bacco leaf. He stu(lied a Molisch-type reactioni in
wvhich no Hill oxidlant was add(led to the prep)arations.
Only snmall amiiounts of O. were evolved but the rate
wNas significantly higher when CO, was present.
Browin andl Franck (3) u1Sing C'40. found( that car-
bon 14 wNas not taken up under the conditions of these
experinments. They conclu(ledl that CO. could play
onlv a catalytic role.

Kessler (9. 10) observed that the rate of reduction
of nitrite by illuminated Ankistro(lesmiius cells as mleas-
ure(l bY H2 uptake aas inicreasedI in the presence of
catalytic amnounits of CO2. Experimiients performiied
with C'-4O. showe(d that the reduction of niitrite wvith
hydrogen wvas not accomlipanie(d by an alppreciable
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fixation of carbon. Tlhus the effect of CO.2 apparent-
ly was indirect.

BoYle (2) reported manometric experimiients fromli
which he claimed at least smiiall quantities of carbon
(lioxidle wvere require(d for O., evolution in the light
using trituratedl spinlach leaves. These experimilents
rere repeate(l by Clendeenninig and Gorham (6) who
found( no (lifferences in Hill reaction rate between
vessels whichi containedI carbon (lioxi(le and those
wlhiclh did inot. Because Bovle's results were not
confirmiie(d and besi(les were incompatible with pre-
vailing theory they have generally been igniore(l.

WNTarburg and Krippahl (I 1, 12) using kohlrabi
chloroplast preparations with (juinione as the oxi(lant
reported that small amounts of CO. increased the
rate of the Hill reaction. Similalr effects wvere notedl
withl frozen-drie(d Chlorella and( Nxxitlh (luinone-poisone(l
xvhole Chlorella cells. Stuchi results are of course
remiiniscenit of the earlier observations bv Boyle. even
thouiglh the experimiiental material and(i methods xvere
(lifferent.

It is patently (lesirable to verify tlle claimi that
CO., cani augmenit the Hill reaction usillg experimental
miiethods xxhich adlhere closel] to those of Boyle and
of \VNarburg and( Krippahl. \\e report hel-e thle re-
sults of suclh attempts at confirmation. It xas found(
possible to obtain miianomlietriic ileasuremiients xwhich
xere in all respects i(lentical xxith those reported by
Boyle althougll, as wvill be shmoxvii. these results (1o niot
support hiis interpretation that there xvas a CO.. effect
on the Hill reaction. Manometric restults also xvere
obtained xvhichi w\ere at least qualitatively similar to
the fin(lings of \Varburg and(I Krippalhl xvith kohlrlabi
chloroplasts. The reactions ill xhich an1 apparently
valid CO., effect could be observedl also xvere inieas-
ure(l by imiass spectrometry xv-hiichi has the important
a(lv-antage over miianomiietry- of relati velv unambigtuous
analytic slecificitv. Ad(litional eNxperimlents xxere
performe(l wxith tracer CO2 ani(l with tracer O.. whliiclh
permitte(l the (letection and imieasuremilent ot silimuil-
taneous plrodtuction anld consuml)tion of these g-ses
thus providing detaile(l information of the niature of
tlle CO. effect. This mletlhod could reveal the opera-
tion of a cyclic regeneration of CO. by illuliniated
kohll-abi chloroplast preparations.

MIATERIALS & MIETHODS

Triturated spinach (Spiniaci(a olerac ca L. leaves
use(l in repetitions of Boyle's experimiient wxere pre-
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ABELES ET AL-STIIMULATION OF HILL REACTION BYCO-.2

pared according to the method described by him. (2)
Chloroplasts andl chloroplast fragments were ob-

tained from kohlrabi (Brassica caulorapa Pasq.)
leaves according to the method described by War-
burg (11) which consists of grinding the leaves in
a waring blender and using differential centrifugation
to obtain chloroplast preparations. Microscopic ex-

amination of the preparation obtained by this method
showed the presence of both whole and fragmented
chloroplasts. In both manometric and mass spectro-
meter experiments the chloroplast preparations were

suspended in 0.01 Mu KCl.
For certain mass spectrometer experiments frozen

chloroplast preparations were used. These were
thawed immediately before each experiment. Freez-
ing chloroplast preparations suspended in water
destroyed their subsequent activity. However sus-

pending chloroplast preparations in 0.5 iu sucrose

before freezing gave preparations which upon thaw-
ing, centrifugation, and resuspension in 0.01 M KCl
had the same activity as non-frozen preparations.
Such preparations also exhibited a comparable CO,
effect on the Hill reaction rate.
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Quinone was purified by sublimation before each
experiment.

Chlorophyll concentration vas determined spectro-
photometrically by the method of Arnon (1).

AMIanometric experiments were performed in the
conventional manner. Vessels were shaken at 120
oscillations per minute at an excursion of 4.7 cm in
a water bath at 200 C.

In manometric experiments light was supplied by
a bank of six 300 photoflood bulbs 22 cm from the
bottom of the Warburg vessels. These bulbs were

run on 90 volts. In mass spectrometer experiments
the light source was a 1,000 wv condensed filament
Mazda flood light with the image of the filament pro-
jected onto the plane of the vessel. The applied volt-
ages are indicated in the data presented.

Experiments with a mass spectrometer were per-

fornmed using a Nier-Consolidated instrument (Model
21-201) which had been adapted for continuous moni-
toring of the gas phase of the reaction vessel. This
was a rectangular Warburg-type vessel of 15.8 cc

total volume when attached to the joint which was in
turn connected to the mass spectrometer inlet leak.
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FIG. 1 (upper left). Time course of pressure changes in manometer vessels with and without CO, and with KOH
in center wvell. Spinach chloroplast preparation and experimental conditions as specified by Boyle (2).

FIG. 2 (uipper right). Time course of oxygen uptake in aerobic control vessel. Quinone in solution in main
compartment; KOH in center well; chloroplast material omitted.

FIG. 3(lozeer left). Oxygen production by Hill reaction. Kohlrabi chloroplast preparation, 2.5 mg chlorophyll per

vessel. Quinone, 2.0 mg. Suspending medium, 0.01 ~si KCl. Liquid volume, 2.2 ml. Gas phase, helium + 1.5 % C02.
FIG. 4 (lozecr right). Influence of pH on rate of Hill reacticn. Kohlrabi chloroplasts suspended in phosphate

buffer, 0.05 Mi.

II I v I * 8

Lightont

f~~~~~t
§ < % CO2 in N2

I 1-2zN2 (KOH in center well )
10 0 0. 0 0D e-

vl

203



PLANT PHYSIOLOGY

The design of the joint and leak assembly and the
method of shaking the vessel in a constant temperature
bath did not differ in any essential particular from
what was illustrated previously (8). The use of
the mass spectronmeter as adapte(d for the required
measurenments has been (lescribed (4). In those ex-
periments in whiclh tracers xN ere usecl, isotopically en-
riched O., or CO., was introduce(d initially into the
gas phase of the experimental flask; continuous
monitoring of the gas phase with the mass spectro-
meter was carried on thereafter.

Brown and Weis (5) clescribed the computations
required to convert (lata obtailne(d in the form of mass
peak heights on the recorder chart to absolute meas-
urements of gas evolution or uptake rates. This
computation proce(lure includes the determination of
isotope ratios of gases in solution from (lata obtained
froml gas phase measuremlents an(d takes into account
the effects of diffusion lag of across the gas-
liquid interface.

Argon was added to the gas phase in all mass
spectrometer experiments anid was monitored con-
tinually to facilitate correcting for machine drift and
any other pressure changes (lue to non-biological
factors.

RESULTS

Using the trituratedl spinachl leaf preparations de-
scribed by Boyle, it was not possible to obtain an
effect on the rate of the Hill reaction attributable to
the presence or absence of CO,. The rate was the
same in 5 % CO2 in N9 as in 100 % N2 (fig 1).
When KOH was added to the manometer vessel
center wells however, no pressure change occurred.
This fact was found not to be due to the absence of

CO2 but rather to the reabsorbtion of all the 02
evolved by the Hill reaction in the center wells. It
is known that quinone will distill from the main
compartmeint of a reaction vessel into the KOH solu-
tioln. WX`hen this vas n1easure(l quantitatively it was
found that in an hour about 34 ,g of quinone (1.7 %
of total) was lost fronm the main compartmlenit.
Furthermore it was observed that, wlhen quinone
was absorbed on KOH-soaked filter paper in the
center well under aerobic conditions, 02 uI)take
occurred. The rate of uptake was found to be 29 IAI
02 per hour under conditions wvhich simulated Boyle's
(see fig 2). This rate was approximately equivalent
to the rate of the Hill reaction as reported by Boyle
and confirnmed in the present stu(ly. Boyle's method
of preparing chloroplast suspensions yielded prepara-
tions of low activity. He also used a remlarkably high
quinone concentration. Accordlingly manomneter ves-
sels containing qquinone in the main compartlmient,
KOH in the center well, and air as the gas phlase
can be expected to show a rate of O2 uptake sufficient
to reabsorb all the oxygen prodluced by a Boyle-type
Hill reaction. As shown in figure 1, it was possible
to repro(luce both qualitatively and quantitatively the
results reported by Boyle. Nevertheless suichl re-
sults were spurious for the reasoni indicate(l.

Figure 3 showvs the results of a manoimietr-ic ex-
periment with a kohlrabi chloroplast prepar-ationi de-
signe(l to duplicate the conditions descril)e(l by War-
burg and Krippahl. These conditions were: 3 ml

liquid volume. 0.1 % KCl, 2.1 mg quinone, andl argon
+ 1.4 % CO2. Warburg and Krippahl providte(d no
indication of the amount of chloroplasts added, the
pH of the me(liuiim, or the use of a buffer. The
contents of our vessels are described in the legencl of
figure 3. The light wvas turned oni as soon as the

TABLE I
CARBON DIOXIDE EFFECT ON RATE OF HILL REACTION DETER'MINED BY WNTARBURG MANO0METRY*

EXPERIMENT % CO., PIsR.I
NO. IN He mg/I

RATE**
% OF FNLp

DIFF.
THEORETICAL

%
*

DIFF. \YIELD DIFF. SUSPENSION

la
lb
2a
2b
3a
3b

4a
4b
4c
4d

0.001
5.0
0.001
1.5
0.001
1.5

0.001
1.5
0.001
1.5

560
560
680
680
432
432

1116
1116
1116
1116

* Liquid volume, 2.2 ml. Shaking rate,
the 2 mg of quinone per flask, 198 ,IA 02-

** ll 02 minute-I mg chlorophyll-1.
*** Percent differences calculated as:

avg. value for 3 vessels with CO2 sr

5.75
8.35
2.57
4.71
7.05

10.7

+45.2

+83.5

79.5
83.5
82.5
85.0
82.0
85.5

5.0

3.0

4.3

6.20
5.80
6.00
6.00
6.15
6.00

2.64 +55.2 74.0 2 6.05
4.10 79.3 75.95
2.18 +47.9 78.0 8.3 6.00

3.23 .984.5 835.90

120 oscillations/min. Excursion of vessel, 4.7 cm. Expected yield on
Temperature, 20° C. Data are averages for three vessels.

x 100
avg. value for 3 vessels without CO2
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ABELES ET AL-STIMULATION OF HILL REACTION BYCO5
vessels had equilibrated and quinone had been tipped
in from the side arm 3. In this particular experiment
the Hill reaction rate was 55 % higher in the presence
of CO2 than in its absence. The total oxygen yield
was 7 % greater in the presence of COO. This latter
difference was small but significant. (The average
deviation of manometric results was less than 5 %.)
The data illustrated in figure 3 are representative of
a series of tests using different chloroplast prepara-
tions. Table I summarizes the results of five such
experiments. The data are the averages of three
vessels with CO, and of three without. The CO.
content of the helium used to flush the vessels was
measured with the mass spectrometer and shown to
contain 0.001 % CO9.

Because it had been found that a CO., effect on
the Hill reaction could not be demonstrated con-
sistently in the presence of phosphate, the experiments
of table I were run without added buffer. Since
changes in pH could lead to CO, retention or evolu-
tion thus influencing the pressure change, the pH
was measured both before and after each manometric
run. Chloroplast suspensions of course are buffered
to some extent endogenously. MIeasured pH changes
varied from zero to 0.4 units. At the CO, partial
pressures which prevailed, such small changes in pH
were quite insufficient to account for the differences
observed manometrically between vessels which were
provided with CO. and those which were not.

Furthermore the pH sensitivity of the Hill reaction
itself also was not adequate to account for the differ-
ence in observed rates due to the presence of CO,.
A pH curve for the Hill reaction by kohlrabi chloro-
plasts is shown in figure 4. Flushing the vessels
with gas containing CO2 could be expected to cause
some small decrease in pH of the suspension. This
amounted to about 0.1 pH unit. At a pH of 6.0 to
6.2, according to the relation shown in figure 4, a
change of 0.1 unit should have resulted in a barely
detectable decrement in the Hill reaction rate rather
than in an increase. Thus the CO2 effect could not
be attributed to the small pH changes which occurred
in the poorly buffered suspensions.

3 While this manuscript was in preparation a pre-
liminary communication by Stern and Vennesland ap-
peared. (J. Biol. Chem. 235: PC51-53. 1960.) These
workers noted that the photochemical reduction of ferri-
cyanide with catalytic amounts of dichlorophenolindo-
phenol by spinach or kohlrabi chloroplasts could be made
dependent on the presence of CO2. The Stern and
Vennesland effect seems to be different from the CO2
effect of Warburg and Krippahl since Stern and Vennes-
land found a dark incubation time of several hours in the
absence of CO2 was required to elicit the effect. During
the long incubation period Hill reaction activity declined
with time more rapidly in the absence of CO2 than in its
presence. The addition of CO2 quickly restored most of
the Hill reaction activity. In our studies of kohlrabi
chloroplasts using quinone as Hill oxidant rather than
ferricyanide, prolonged incubation in the absence of CO2
did not enhance the CO., effect.

The yield of O. was slightly but consistently
larger when CO, was present than when absent (table
I). Measurements of yield were taken as the highest
point of the oxygen evolution time course.

The stimulatory effect of CO., on the Hill reaction
also was observed using mass spectrometry in the
place of manometry. Two sets of results are pre-
sented in table II. Aliquots of the same chloroplast
preparation were used in all experiments within a
set. Since these observations could not be replicated
simultaneously with the apparatus presently available,
it was necessary to perform successive experiments
on comparable chloroplast samlples. This necessitated
preservation of Hill reaction activity by holding
aliquots of the preparations in the frozen state until
just before use. Within each set of experiments
shown in table II the stimulatory effect of CO, was
apparent. Because of differences in activities of
chloroplast suspensions prepared at separate times
from different sets of leaves as well as differences in

TABLE I I
CARBON- DIOXIDE EFFECT ON RATE OF HILL REACTION

DETERMINED BY MASS SPECTROMETER*

% OF
EXPERIMENT % CO9 RATE** THEORETI-

NO. IN He CAL

YIELD

Set A
5a 0.001 6.90 94.0
5b 0.003 6.05 74.0
5c 0.002 9.05 101.
5d 0.003 7.40 97.7

Avg. 7.35

5e 0.38 8.65 96.0
5f 0.14 8.65 95.5
5g 0.27 8.60 97.5
5h 0.72 8.95 101.

Avg. 8.71

Set B
6a 0.0005 3.03 85.1
6b 0.001 2.93 84.3
6c 0.001 2.98 81.4

Avg. 2.75

6d 0.58 4.25 84.5
6e 0.82 4.47 85.6
6f 0.61 4.32 85.5

Avg. 4.35
* Conditions:

Temperature
Chlorophyll conc.
Voltage supplied to

light source

Set A

170 C
344 mg/l
80 volts

Set B

150 C
772 mg/l
110 volts

** II 02 minute- 1 mg chlorophyll-1
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inicidlent light intensity andl chloroplast (lensity, the
rates of oxygen evolution in sets A anid B are (liffer-
ent. These (lata (lemlonstrate coniincingly that 0.,
was in(leed the only gas involved since the analytical
metho(d readily dlistiniguislhe(l it frollm CO. and otlher
gases.

Alass spectronlleter experimiienits w%-ere carried out
un(ler aerobic ani(l anaerobic con(litionis with and
without CO,. TlI all experiments the lexvel of CO.,
initially presenlt in the vessel remaille 1 ulnchalngedl.
For those experimenits in hichl tracer CO., was

presellt the production an(l consuml)tioni rates were
calculated independenitly frionTi the tracer data. In
all cases neither evolution nor uptake rates (liffere(l
significanitly fronm zero (table III).

It is difficult to present a single measure of relia-
lility, but 10 gfnmay be consi(lere(l the limlit of error
of values computed from mass spectrometer (lata sucl
as those presented in table ITI.

After the quinonie had been re(luce(l in the Hill
reaction a simultaneous production and consunlption
of oxygen was observed. This wsas evidence for a
M\ehler reaction which would be expected unler these
con(l itions.

Somle of the expei-inients in table III demlonstrate
an uptake of oxygen during the course of quinone
re(luction. Since these results fall within the range
of error of the milass spectromiieter miiethod, it can be
concludle(d that this (loes not contribute to the stinmula-
tory effect of carbon (lioxi(le oIn the rate of the Hill
reaction. Besides, an uptake can be note(I in both
the presence and ahsenice of carboildioxide.

Warburg aln(d Krippalhl interIprete(l the CO, effect

thley had observed by reviving the dliscre(lite(l hy-
pothesis that 02. arises from the splitting of CO.. 1y
light. According to themll the C resulting fronm that
hypothetical cleavage reacts wsith (quinione and w-ater
to formii hydroquinone aIl(l CO., hlich again can be
split a(nd recombined in cyclic faslhioll. To test the
hypothesis that the catalytic effect of CO., was
.ichieved by a mechanlismll hich involved the cyclic
uptake and(I productionl of this gas 1y the chloroplast
preparations, experimlents were pei-formiie(l using CO.,
labelled with carbon 13. \V'hen a miiixture of C1O.0
a(ld C120'. was presenit in the gas phase, no consuliml)p-
tion or productioni of eithel- isotopic formii of CO.,
Nas observed (table Ill).

Ev-en thoughl nio cyclic metabolism of CO., couldl
be (letectedl, it must be realized that this in itself (loes
inot rule out the possibility that the environmental
CO.2 was passing througlh a miietabolic pool of chloro-
plast fixed carboni. So long xas tlle turnover of stulch
a h1-pothetical pool involv es tlle pro(luction of tlle
samiie carbon atoms which are incorporate(l. suclh a
cyclic process could escal)e (letection providled that
the pool size is too small for cllang-es to be observe(d
in the isotopic ratio of the labelled CO-. Fromii the
studies carried out with tracer carbon. it was cail-
culated that a hypothetical pool of mietabolic carbon
compoun(l could amount to no imiore than '2C2 of thle
chlorophyll present and still escape (letectioin in sucll
experiments. On the other hanid, if the hypothetical
pool should equilibrate by rapil exchange w ith eni-
vironmental CO2 then it follows that an even larger
pool would not be directly (letectable by tracer exl)eli-
nments suchi as were perforniie(l.

,E III
PRODUCTION & CONSUMIPTION OF OXYGEN & CARBOCN DIOXII)E DURING

HILL REACTION DETERMINED By MIASS SPECTROMETRY"

ExP,,. CHLORo-
NO). cONPI 1.NO. CON.

/a

71,
8a

9a

91)

10a
101,
8b
lOc

954
954
410
1280
1280

258
128

410
128

(,. O."
GAS

PITA SE

0.27
0.49
0.35
0.53

c, CO.,,
GAS

ITHASE

0.18
1.11
0.33

O, NET
RATE OF
CHANGE

1.55
2.85
3.25
3.25
3,5

1.15

0.73 ...

02 PRO- 0. CON- CO, NET CO.,PRo-CO CON--
DUCTION SUMIPTION RATE OF DIUCTION SUMMIOTION
RATE RAT'E CHANGE RATE RATE

... ... 0.0

... ... ().0 .....0

... ... ...)0.015;0.18w'

... ...... (0.015 0.0

... ... ... 0).0 0.0

7.25

5.15
4.42
3.48

0().2;:
-0.63
-0.05
-(0.56

0.0
0.0

0.04
(.08**

..

-0.09
0.0

* Temperature, 150 C. Voltage to light, 80. Rates are expressed as ,ul O., mmii mg 1 chlorophyll. In all cases

gas evolution is recorded as +, gas consumption as -.

** Whenever calculations yield positive values for gas uptake or negative values for production, these are exam)ples
of exl)erimental error.

*** Mixture of mass 44 anid 45.
t Mixture of mass 32 add 34.

GAS
PIIASE

Helium

Heliumii
CO.,***

Heliuni
O2+
Helium
CO.,***
0O.t
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CONCLUSIONS

Boyle's observations witlh triturated spinach leaves
were confirmed, but for the reasons discussed. such
experiments (lo not (lemonstrate a catalytic CO, effect
on the rate of the Hill reaction.

It wvas possible to obtain the catalytic effect of
CO., lescribed by Warburg and Krippahl though our

results were quantitatively not as large. This effect
is specific for oxygeni evolution. There was no de-
monistrable production or consunmption of CO., under
conditions for which a CO, effect was observedl. This
finding fails to support but does not disprove the
hypothesis that the CO2 effect involves a rapid turn-
over of carbon.

An augmiientation of tlle Hill reaction could not be
noticed in experiments where both 0.5 M sucrose and
0.05 i,r phosphate buffer were present. Where phos-
phate buffer was used alone the CO., effect was re-

duced to about half of that of the 0.01 Mr KCI control.
For vessels containing 0.5 Ai sucrose a CO., effect
was demonstrable though the results were variable
as compared to the control.

Sugar beet (Beta vuilgaris L.) chloroplasts pre-
pared in the same manner as the kohlrabi chloroplasts
did not show a significalnt stimiulation of the Hill
reaction by CO.,. This CO., effect, therefore, is
patently not as general a phenomenon as is Hill re-

action activity itself.

SUMMARY
Experiments by Boyle purporting to show a CO.

stimulation of the Hill reaction were repeated. While
Boyle's results were confirmed they were considered
not to be evidence of a CO. effect per se. When
alkali was n1ot present in vessel center wells, the same

rate of Hill reaction occurred with or without CO2.
When alkali zwas present, some quinone distilled from
the main compartment onto the alkali-soaked filter
paper in the center wells. The resulting mixture
consumed 02 at a rate comparable with the rate of
02. production in the Hill reaction.

A report by Warburg and Krippahl of a CO2
stimulation of the Hill reaction similar to that of
Boyle but using different materials and methods was

confirmed. XVith manometry and experimental con-

ditions as specified by Warburg and Krippahl 1.5 to
5 % CO., was found to enhance the rate of the Hill

reaction by approximately 50 %. Using mass spec-
trometry it was established that the CO, effect was
specifically on the rate of 02 evolution, not on 02
uptake; nor was a gas other than 02 evolved. No
metabolism of CO2 was observed. Using tracer CO,
it was not possible to demonstrate a cyclic evolution-
uptake of CO., which had been postulated by other
investigators.
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