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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 view has prevailed that, in the
course of a Hill reaction, photolysis generates an O,
precursor and a reductant which is capable of re-
acting directly or indirectly with any of a variety of
oxidants. The metabolism of both photolysis prod-
ucts (oxidant & reductant) evidently is enzymatically
controlled. The list of oxidizing agents effective in
the Hill reaction began chronologically with ferric
oxalate and now includes an impressive number of
naturally-occurring as well as exotic substances. On
the assumption that oxygen evolution and oxidant
reduction are separate if not independent processes,
there is no compelling a priori reason to believe CO,
is uniquely involved in the Hill reaction even in a
catalytic capacity. However, because of the close
analogy between photosynthesis and the various types
of Hill reactions, the possible role of carbon dioxide
in chloroplast reactions continues to be a subject
of concern both theoretically and experimentally,
especially so because several reports in the literature
suggest that CO, at least in some instances may have
a catalytic effect on reaction sequences which involve
water photolysis.

Franck (7) found an influence of CO, on the
evolution of O, by chloroplasts prepared from to-
bacco leaf. He studied a Molisch-type reaction in
which no Hill oxidant was added to the preparations.
Only small amounts of O. were evolved but the rate
was significantly higher when CO, was present.
Brown and Franck (3) using C'*O, found that car-
bon 14 was not taken up under the conditions of these
experiments. They concluded that CO, could play
only a catalytic role.

Kessler (9,10) observed that the rate of reduction
of nitrite by illuminated Ankistrodesmus cells as meas-
ured by H, uptake was increased in the presence of
catalytic amounts of CO,. Experiments performed
with C'*0O, showed that the reduction of nitrite with
hydrogen was not accompanied by an appreciable
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fixation of carbon.
ly was indirect.

Boyle (2) reported manometric experiments from
which he claimed at least small quantities of carbon
dioxide were required for O, evolution in the light
using triturated spinach leaves. These experiments
were repeated by Clendenning and Gorham (6) who
found no differences in Hill reaction rate between
vessels which contained carbon dioxide and those
which did not. Because Boyle's results were not
confirmed and besides were incompatible with pre-
vailing theory they have generally been ignored.

Warburg and Krippahl (11,12) using kohlrabi
chloroplast preparations with quinone as the oxidant
reported that small amounts of CO, increased the
rate of the Hill reaction. Similar effects were noted
with frozen-dried Chlorella and with quinone-poisoned
whole Chlorella cells. Such results are of course
reminiscent of the earlier observations by Boyle. even
though the experimental material and methods were
different.

It is patently desirable to verify the claim that
CO.,, can augment the Hill reaction using experimental
methods which adhere closely to those of Boyle and
of Warburg and Krippahl. We report here the re-
sults of such attemipts at confirmation. Tt was found
possible to obtain manometric measurements which
were in all respects identical with those reported by
Boyle although, as will be shown. these results do not
support his interpretation that there was a CO, effect
on the Hill reaction. Manometric results also were
obtained which were at least qualitatively similar to
the findings of Warburg and Krippahl with kohlrabi
chloroplasts. The reactions in which an apparently
valid CO, effect could he observed also were meas-
ured by mass spectrometry which has the important
advantage over manometry of relatively unambiguous
analytic specificity.  Additional experiments were
performed with tracer CO, and with tracer O. which
permitted the detection and measurement of simul-
taneous production and consumption of these gases
thus providing detailed information of the nature of
the CO, effect. This method could reveal the opera-
tion of a cyclic regeneration of CO., by illuminated
kohlrabi chloroplast preparations.

Thus the eifect of CO, apparent-

MATERIALS & METHODS

Triturated spinach (Spinacia oleracea 1..) leaves
used in repetitions of Boyle's experiment were pre-
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pared according to the method described by him. (2)

Chloroplasts and 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 » 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 0.5M sucrose
before freezing gave preparations which upon thaw-
ing, centrifugation, and resuspension in 0.01 M KCI
had the same activity as non-frozen preparations.
Such preparations also exhibited a comparable CO,
effect on the Hill reaction rate.

203

Quinone was purified by sublimation before each
experiment.

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

Manometric 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 20° 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 w 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-
formed 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 158 cc
total volume when attached to the joint which was in
turn connected to the mass spectrometer inlet leak.

o Sor R
EY
3 40 I Light on T
S s
a i
© 30f, g
« '
@ : 5% CO, in Ny
2 20} J
u 1 /3/
; o H — /N, (KOH in center well)
s '°Irpo—o—o © © ©

° . . . N N N .

o 0 20 30 40 50 60 70 80 90

MINUTES
200 T y y v -r
-O«,
150 F O—O._. = _—O—Q_ h
1.5% CO, .,. C
in He~y, ./

OXYGEN EVOLVED, uL
o o
o o

[o]

S
5 j/'

o 20 40 ’ 60 80
MINUTES

Fic. 1(upper left).

in center well.

F1c. 2 (upper right).

4ol 4
E} /
h o
¢ 30} o ]
2
k- o
S 20} -
P (o]
3 10 E
%
o (o]
0—0/‘ N . N N N X .
O 10 20 30 40 50 60 70 80
MINUTES
l..l_l T T T T T T —
a 7} !
[+
O. O 0=
b4 g
o 6 (e) J
=S o/ ]
(&)
s i
a
34 J
T / \ \ \ \ \ \
54 56 58 60 62. 64 66 68 70
pH
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Spinach chloroplast preparation and experimental conditions as specified by Boyle (2).
Time course of oxygen uptake in aerobic control vessel.
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Oxygen production by Hill reaction. Kohlrabi chloroplast preparation, 2.5 mg chlorophyll per
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Influence of pH on rate of Hill reacticn. Kohlrabi chloroplasts suspended in phosphate
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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 spectrometer as adapted for the required
measurements has been described (4). In those ex-
periments in which tracers were used, isotopically en-
riched O, or CO, was introduced 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) described the computations
required to convert data obtained in the form of mass
peak heights on the recorder chart to absolute meas-
urements of gas evolution or uptake rates. This
computation procedure includes the determination of
isotope ratios of gases in solution from data obtained
from gas phase measurements and takes into account
the effects of diffusion lag of O, across the gas-
liquid interface.

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

REesuLts

Using the triturated spinach 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% CO, in N, as in 100 % N, (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
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CO, but rather to the reabsorbtion of all the O,
evolved by the Hill reaction in the center wells. It
is known that quinone will distill from the main
compartment of a reaction vessel into the KOH solu-
tion. When this was measured quantitatively it was
found that in an hour about 34 pg of quinone (1.7 %
of total) was lost from the main compartment.
Furthermore it was observed that, when quinone
was absorbed on KOH-soaked filter paper in the
center well under aerobic conditions, O, uptake
occurred. The rate of uptake was found to be 29 ul
O, per hour under conditions which simulated Boyle’s
(see fig 2). This rate was approximately equivalent
to the rate of the Hill reaction as reported by Boyle
and confirmed in the present study. Boyle’s method
of preparing chloroplast suspensions yielded prepara-
tions of low activity. He also used a remarkably high
quinone concentration. Accordingly manometer ves-
sels containing quinone in the main compartment,
KOH in the center well, and air as the gas phase
can be expected to show a rate of O, uptake sufficient
to reabsorb all the oxygen produced by a Boyle-type
Hill reaction. As shown in figure 1, it was possible
to reproduce both qualitatively and quantitatively the
results reported by Boyle. Nevertheless such re-
sults were spurious for the reason indicated.

Figure 3 shows the results of a manometric ex-
periment with a kohlrabi chloroplast preparation de-
signed to duplicate the conditions described by War-
burg and Krippahl. These conditions were: 3 ml
liquid volume, 0.1 9% KCl, 2.1 mg quinone, and argon
* 14 9 CO,. Warburg and Krippahl provided no
indication of the amount of chloroplasts added, the
pH of the medium, or the use of a buffer. The
contents of our vessels are described in the legend of
figure 3. The light was turned on as soon as the

TaBLE T

CarBoN Dioxme EFrEcT oN RATE oF HILL REACTION DETERMINED BY WARBURG MANOMETRY*

CrLoro- % OF

EXPE;‘;MENT (17‘; CI-(I) e PHYLL RATE** (g’*** THEORETICAL %7*** FivaL pH or

3 mg/l IFF. YIELD IFF. SUSPENSION
la 0.001 560 575 79.5 6.20
1b 50 560 833 +452 835 50 5.80
2a 0.001 680 257 825 6.00
2b 15 680 4n +83.5 85.0 30 6.00
3 0.001 432 7.05 82.0 6.15
3b 15 432 107 +51.8 85.5 4.3 6.00
4 0.001 1116 264 74.0 6.05
4b 15 1116 410 +552 79.3 72 5.05
4 0.001 1116 218 780 6.00
4d 15 1116 3.23 +47.9 845 83 5.90

* Liquid volume, 2.2 ml. Shaking rate, 120 oscillations
the 2 mg of quinone per flask, 198 ul O,. Temperature, 2

** ul O, minute~1 mg chlorophyll—1.
**x Percent differences calculated as:

avg. value for 3 vessels with CO,

x 100

avg. value for 3 vessels without CO,

/min. Excursion of vessel, 4.7 cm. Expected yield on
0° C. Data are averages for three vessels.
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vessels had equilibrated and quinone had been tipped
in from the side arm 3. In this particular experiment
the Hill reaction rate was 55 9% higher in the presence
of CO, than in its absence. The total oxygen yield
was 7 % greater in the presence of CO,. 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 9, CO..

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. Measured 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 CO, 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 CO, 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 CO,. The Stern and
Vennesland effect seems to be different from the Co,
effect of Warburg and Krippahl since Stern and Vennes-
land found a dark incubation time of several hours in the
absence of CO, was required to elicit the effect. During
the long mcubatxon pernod Hill reaction activity declined
with time more rapidly in the absence of CO, than in its
presence. The addition of CO, quickly restored most of
the Hill reaction actlvxty In our studies of kohlrabi
chloroplasts using quinone as Hill oxidant rather than
ferricyanide, prolonged incubation in the absence of Co,
did not enhance the CO, effect.
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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 samples. 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 II

CarBoN DioxipE EFrect oN RATE oF HiLL ReacTioN
DETERMINED BY MASS SPECTROMETER*

9% OF
EXPERIMENT % CO, RATEH* THEORETI-
No. iNn 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
Se 0.38 8.65 96.0
5f 0.14 8.65 95.5
S5g 0.27 8.60 97.5
Sh 0.72 8.95 101.
Avg. 871
Set B
6a 0.0005 3.03 85.1
6b 0.001 293 84.3
6¢ 0.001 298 81.4
Avg. 275
6d 0.58 4.25 84.5
6e 0.82 4.47 85.6
6f 0.61 432 85.5
Avg. 4.35
* Conditions : Set A Set B
Temperature 17° C 15° C
Chlorophyll conc. 344 mg/1 772 mg/1
Voltage supplied to 80 volts 110 volts

light source
** yl O, minute~ mg chlorophyll—2
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incident light intensity and chloroplast density, the
rates of oxygen evolution in sets A and B are differ-
ent. These data demonstrate convincingly that O,
was indeed the only gas involved since the analytical
method readily distinguished it from CO. and other
gases.

Mass spectrometer experiments were carried out
under aerobic and anaerobic conditions with and
without CO,. TIn all experiments the level of CO,
initially present in the vessel remaine:l unchanged.
For those experiments in which tracer CO, was
present the production and consumption rates were
calculated independently from the tracer data. In
all cases neither evolution nor uptake rates differed
significantly from zero (table ITI).

Tt is difficult to present a single measure of relia-
bility, but 10 9 may be considered the limit of error
of values computed from mass spectrometer data such
as those presented in table ITI.

After the quinone had been reduced in the Hill
reaction a simultaneous production and consumption
of oxygen was observed. This was evidence for a
Mehler reaction which would be expected under these
conditions.

Some of the experiments in table III demonstrate
an uptake of oxygen during the course of quinone
reduction. Since these results fall within the range
of error of the mass spectrometer method, it can be
concluded that this does not contribute to the stimula-
tory effect of carbon dioxide on the rate of the Hill
reaction. Besides. an uptake can be noted in both
the presence and absence of carbon dioxide.

Warburg and Krippahl interpreted the CO, effect

PLANT PHYSIOLOGY

they had observed by reviving the discredited hy-
pothesis that O, arises from the splitting of CO. by
light. According to them the C resulting from that
hypothetical cleavage reacts with quinone and water
to form hydroquinone and CO., which again can be
split and recombined in cyclic fashion. To test the
hypothesis that the catalytic effect of CO,
achieved by a mechanism which involved the cyclic
uptake and production of this gas by the chloroplast
preparations, experiments were performed using CO,
labelled with carbon 13. When a mixture of C'?0,
and C'20, was present in the gas phase, no consump-
tion or production of either isotopic form of CO,
was observed (table 111).

Even though no cyclic metabolism of CO. could
be detected, it must be realized that this in itself does
not rule out the possibility that the environmental
CO, was passing through a metabolic pool of chloro-
plast fixed carbon. So long as the turnover of such
a hypothetical pool involves the production of the
same carbon atoms which are incorporated. such a
cyclic process could escape detection provided that
the pool size is too small for changes to be observed
in the isotopic ratio of the labelled CO,. From the
studies carried out with tracer carbon, it was cal-
culated that a hypothetical pool of metabolic carbon
compound could amount to no more than 15 ¢ of the
chlorophyll present and still escape detection in such
experiments. On the other hand, if the hypothetical
pool should equilibrate by rapid exchange with en-
vironmental CO, then it follows that an even larger
pool would not be directly detectable by tracer experi-
ments such as were performed.

was

TasLE III

Probucrion & CoNsumptioN oF OXYGEN & CArBoN Dioxine During
Hiir ReacrioNn DETERMINED By MAss SPECTROMETRY*

Gas Exp Curoro- ¢, 0O,. ¢ CO,, O,, Ner O, Pro- O, Con- CO, Ner CO,Pro-CO,Cox-
PIrASE xo.. PHYLL Gas GAS  RATE OF DUCTION SUMPTION RATE OF DUCTION SUMPTION
CONC.  PHASE  PHASE CHANGE  RATE RATE CHANGE  RATE RATE
Helium 7a 954 1.55 0.0
7h 954 . 2.85 0.0 .
Helium 8a 410 0.18 3.25 0.015 0.18%%
CO, ¥ 9a 1280 1.11 3.25 0.015 0.0
9h 1280 0.33 3.5% 0.0 0.0
Helium 10a 258 0.27 7.25 .02 0.0
(O 10b 128 0.49 . 515 —0.63 0.0 L. e
Helium 8h 410 0.35 5 442  —0.05 0.04  —0.09
CO, #** 10c 128 0.53 3.48 —0.56 0.08%= 0.0
0.4

* Temperature, 15° C.  Voltage to light, 80. Rates are expressed as ul O, min~' mg~"' chlorophyll. In all cases

gas evolution is recorded as 4, gas consumption as —.

** Whenever calculations yield positive values for gas uptake or negative values for production, these are examples

of experimental error.
*#% Mixture of mass 44 and 45.
+ Mixture of mass 32 and 34.
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CONCLUSIONS

Boyle’s observations with triturated spinach leaves
were confirmed, but for the reasons discussed. such
experiments do not demonstrate a catalytic CO, effect
on the rate of the Hill reaction.

Tt was possible to obtain the catalytic effect of
CO, described by Warburg and Krippahl though our
results were quantitatively not as large. This effect
is specific for oxygen evolution. There was no de-
monstrable production or consumption of CO, under
conditions for which a CO, effect was observed. This
finding fails to support but does not disprove the
hypothesis that the CO, effect involves a rapid turn-
over of carbon.

An augmentation of the Hill reaction could not be
noticed in experiments where both 0.5 M sucrose and
0.05 M 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 at KCI control.
For vessels containing 0.5 sucrose a CO, effect
was demonstrable though the results were variable
as compared to the control.

Sugar beet (Beta wvulgaris L.) chloroplasts pre-
pared in the same manner as the kohlrabi chloroplasts
did not show a significant stimulation 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 not present in vessel center wells, the same
rate of Hill reaction occurred with or without CO,.
When alkali was present, some quinone distilled from
the main compartment onto the alkali-soaked filter
paper in the center wells. The resulting mixture
consumed O, at a rate comparable with the rate of
O, production in the Hill reaction.

A report by Warburg and Krippahl of a CO,
stimulation of the Hill reaction similar to that of
Boyle but using different materials and methods was
confirmed. With manometry and experimental con-
ditions as specified by Warburg and Krippahl 1.5 to
59% CO, was found to enhance the rate of the Hill
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reaction by approximately 50 9%. Using mass spec-
trometry it was established that the CO, effect was
specifically on the rate of O, evolution, not on O,
uptake; nor was a gas other than O, evolved. No
metabolism of CO, was observed. Using tracer CO,
it was not possible to demonstrate a cyclic evolution-
uptake of CO, which had been postulated by other
investigators.

LiTERATURE CITED

1. ArnoN, D. I. 1949. Copper enzymes in isolated
chloroplasts. Polyphenoloxidase in Beta vulgaris.
Plant Physiol. 24: 1-15.

2. BovLg, F. P. 1948. Some factors involved in oxy-
gen evolution from triturated spinach leaves.
Science 108: 359-360.

3. Brown, A. H. & J. Fraxck. 1948. On the par-
ticipation of CO, in the photosynthetic activity
of illuminated chloroplast suspensions. Arch.
Biochem. 16: 55-60.

4. Brown, A. H, A. O. C. Nier, & R. W. vax Nor-
MAN. 1952, Measurement of metabolic gas ex-
change with a recording mass spectrometer. Plant
Physiol. 27: 320-324.

5. BrownN, A. H. & D. WEers. 1959. Relation between
respiration and photosynthesis in the green alga,
Ankistrodesmus braunii. Plant Physiol. 34: 224—
234.

6. CLENDENNING, K. A. & P. R. GoruaM. 1950.
Photochemical activity of isolated spinach chloro-
plasts in relation to reaction conditions. Can. J.
Res. C 28: 78-101.

7. Fraxck, J. 1945. Photosynthetic activity of iso-
lated chloroplasts. Rev. Modern Phys. 17: 112-
119.

8. JounstoNn, J. A. & A. H. Brow~N. 1954. The
effect of light on the oxygen metabolism of the
photosynthetic bacterium, Rhodospirillum rubruamn.
Plant Physiol. 29: 177-182.

9. KessLEr, E. 1957. Stoffwechselphysiologische Un-
tersuchungen an Hydrogenase enthaltenden Griin-

algen. Archiv. Mikrobiol. 27: 166-181.
10. KessrLer, E. 1959. Reduction of nitrate by green
algae. Symp. Soc. Exp. Biol. 13: 87-105.

11. WarBurG, O. & G. KrippAHL. 1958. Hill-reaktion-
en. Z. Naturforschg. 13b: 509-514.

12. WarsurG, O. & G. KrippaHL. 1960. Notwendig-
keit der Kohlensdure fiir die Chinon-und Ferri-
cyanid-Reaktionen in griinen Grana. Z. Naturfor-
sch. 15b: 367-369.



