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The triple isotope composition (570 and §'®0) of dissolved O, in the ocean and in ice cores was recently used to assess the
primary productivity over broad spatial and temporal scales. However, assessment of the productivity with the aid of this
method must rely on accurate measurements of the 7O /0 versus '*0/'°O relationship in each of the main oxygen-producing
and -consuming reactions. Data obtained here showed that cleavage of water in photosystem II did not fractionate oxygen
isotopes; the §'%0 and 6O of the O, evolved were essentially identical to those of the substrate water. The fractionation slopes
for the oxygenase reaction of Rubisco and respiration were identical (0.518 * 0.001) and that of glycolate oxidation was 0.503 =
0.002. There was a considerable difference in the slopes of O, photoreduction (the Mehler reaction) in the cyanobacterium
Synechocystis sp. strain PCC 6803 (0.497 = 0.004) and that of pea (Pisum sativum) thylakoids (0.526 = 0.001). These values
provided clear and independent evidence that the mechanism of O, photoreduction differs between higher plants and
cyanobacteria. We used our method to assess the magnitude of O, photoreduction in cyanobacterial cells maintained under
conditions where photorespiration was negligible. It was found that electron flow to O, can be as high as 40% that leaving
photosystem II, whereas respiratory activity in the light is only 6%. The implications of our findings to the evaluation of

specific O,-producing or -consuming reactions, in vivo, are discussed.

Variations in the 7O/'°0 and '®*0/'°O ratios in air
bubbles in polar ice cores or dissolved O, in water
bodies have been used to assess the photosynthetic
rates on broad spatial and temporal scales (Luz et al.,
1999; Luz and Barkan, 2000; Blunier et al., 2002). To
accurately assess these rates, it is essential to know, with
high precision, the isotope fractionation effects due to
biological producing and consuming mechanisms. To
date, precise measurements of these fractionations are
available only for oxygen uptake in dark respiration by
the cytochrome oxidase and the alternative oxidase
pathways (Angert et al., 2003; Luz and Barkan, 2005).
The fractionations due to photoreduction of O, (the
Mehler reaction; Mehler, 1951) and O, uptake by
photorespiration (during oxygenation of ribulose 1,5-
bisphosphate [RuBP] by Rubisco and the successive
oxidation of glycolate by glycolate oxidase) are known
with respect to *0/'°0 (Guy et al., 1993) only. Recently,
we showed that the mechanism of O, photoreduction
in higher plants differs from that in cyanobacteria
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(Helman et al., 2003). In higher plants, electron transfer
from PSI to oxygen, either from the Fx center of PSI or
ferredoxin (Foyer and Noctor, 2000), results in the
formation of superoxide. The latter is disproportion-
ated by superoxide dismutase, and the H,O, produced
is reduced to water by ascorbate peroxidase (Asada,
1999, 2000). In cyanobacteria, NADPH donates electrons
to A-type flavoproteins that reduce the oxygen directly
to water without the formation of reactive oxygen inter-
mediates (Vicente et al., 2002; Helman et al., 2003).
Hence, the isotopic fractionation during photoreduc-
tion might differ between plants and cyanobacteria.

In this study, we measured the triple isotopic O,
fractionation by oxygen-producing and -consuming
reactions in order to assess the overall photosynthetic
oxygen production and the extent of these reactions in
vivo. We show that the Mehler reaction of cyanobac-
teria has a different triple isotopic signature of oxy-
gen compared to other oxygen-consuming processes.
Thus, besides serving as an important tool for mea-
surements of photosynthetic productivity, the relation-
ship between the three oxygen isotopes can be used to
assess the magnitude of the Mehler reaction under
natural conditions.

Determination of Triple Isotope Fractionations

Fractionations during O, Uptake in the Absence of
Photosynthesis

In cases where O,-consuming reaction occurs with-
out O, production, the discrimination factor ¢ against
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the heavy isotope is being calculated using the “Ray-
leigh fractionation” relationship (e.g. Guy et al., 1993,
Henry et al., 1999) as:

‘R
In (*R:> = ¢ X Inf, (1)

where “*” can be 17 or 18; *R_ and *R, are the isotope
ratios (*O'°0/°0'0) of the substrate O, at the begin-
ning and the time of sampling, ¢, respectively; and f is
the remaining O, fraction. In accordance with Mook
(2000; see also http://www.iaea.org/programmes/
ripc/ih/volumes/volumel.htm), we define ¢ as (& — 1),
where « is a constant representing the relationship
between the momentary isotope ratio of O, incorpo-
rated into products (*R) and that of the substrate O,
(*R): *a = *Rp /*R,. Note that ¢, as defined here, relates
to a different definition of discrimination than used by
Guy et al. (1993) and Henry et al. (1999), D, ¢ = —D.
Using 6 notation, Equation 1 can be rewritten as:

In(6"0, + 1) — In(6"0, + 1) = "¢ X Inf, (2)

where 6*O = (*R/*R,; — 1; note that, for convenience,
we omit the factor 10° from the definition of 6*O and
report the data in 9,,). Applying Equation 2 for oxygen
isotopes, 17 and 18, and rearranging, we obtain:

In(8"0,+1) —In(8"0, +1) 7

In(6"0+1) —In(6"0, +1) "¢

o

=y, (3

|

where v is the slope of the trend line representing
the evolution path due to mass-dependent fraction-
ation. The values of y can be determined from the best
fit of In(8"0 + 1) versus In(6'0 + 1) plots in experi-
ments where only O, consumption takes place. A
comprehensive discussion on the three oxygen isotope
relationships is provided in Luz and Barkan (2005).

Fractionations during O, Uptake in the Presence
of Photosynthesis

Where production and consumption of O, occurs
simultaneously, ¢ and y cannot be calculated directly.
However, their values can be determined using mass
balance calculations for concentration and isotopic
composition of dissolved O,. Since the experiments
reported here were performed in airtight vessels, our
calculations included only photosynthetic and con-
sumption fluxes. In this case, the rate of change in O,
concentration is given as:

(O]
dt

where GOP and U are the rates of gross O, production
and uptake and the difference between these rates
(NOP) is net O, production. NOP is directly deter-
mined from the rate of change of O, concentration,
GOP is determined from incubations with H,'*O spike
(e.g. Bender et al., 1987; Luz et al,, 2002), and U is
calculated from the difference GOP — NOP. It should

= GOP — U = NOP, (4)
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be noted that GOP and NOP determined in replicate
experiments may show considerable variations, for
various reasons, but the ratio GOP/NOP is relatively
uniform (variability approximately 10%).

Because natural O, consists of about 99.8%, the
concentration of '°O isotope, ['°O,], is very close to
[O,]. Thus, in experiments where H,"®O was not pro-
vided, the rate of change of the O, isotope composition
can be given in an analogous way to Equation 1 as:

d[*olﬁo]
dt

where “*” denotes 17 or 18; *R is the *O'°0/'°0, ratio
in the O, produced from water; and *Rg. is the
momentary *O'°0/'°0, ratio in dissolved O,. It should
be noted that an important assumption was made in
writing Equation 5: that there was no fractionation
during water cleavage in PSII between the substrate
water and the O, produced. This was confirmed in the
experiments presented here (see also Guy et al., 1993;
Luz and Barkan, 2005). In this case, GOP X *R , can be
calculated from measurements of %0 of water, NOP
in experiments without H,"®O spike, and the ratio
GOP/NOP, which can be derived from experiments
with spike. Equations 4 and 5 can be solved numeri-
cally (using the finite difference method; for details,
see Luz and Barkan [2005]) to obtain %, ¢, and v (see
Eq. 3) from the best fit of [O,],,; and 6*Oy,,, if other
parameters are known.

=GOP X R, —UX Ry X (e + 1), (5

RESULTS AND DISCUSSION

Isotopic Discrimination during Oxygen Production
in PSII

These experiments were conducted with a mutant of
Synechocystis sp. strain PCC 6803 (hereafter Synecho-
cystis) that does not exhibit photoreduction of O, due
to inactivation of flv3 (Helman et al., 2003), under
conditions where photorespiration was severely in-
hibited (see “Materials and Methods’’). Measurements
of the isotopic composition of oxygen in the substrate
water and in the O, produced did not show significant
discrimination against either *O or 7O during cleav-
age of water in PSII (Table I). Results presented here
confirmed those of Guy et al. (1993) with respect to '*O
and extended this notion to 7O as well. Note that
in agreement with the results of Guy et al. (1993) in
experiments performed with cultures of Anacystis
nidulans and Phaeodactylum tricornutum spurged with
helium (He), O, produced by PSII activity in Synecho-
cystis was slightly enriched. The nature of this enrich-
ment is not known; Guy et al. (1993) suggested that it
emerged from some respiratory uptake that took place
in the experiments with whole cells. As shown below,
O, uptake by respiratory activity in the light, in the
presence of atmospheric level of O, (considerably
higher than applied here), was approximately 6%
that leaving the thylakoids. Discrimination against
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Table 1. The difference in isotopic composition between oxygen
evolved in photosynthesis by Synechocystis and the source water

The Aflv3 mutant unable to perform photoreduction of O, was
maintained under high CO, level to eliminate O, uptake by photores-
piration. Note that the data provided for each difference (between the
composition in evolving O, gas and the substrate water) are based on
three separate collections and isotopic measurements of O, evolved (in
the gas phase) and two determinations of O, produced by fluorination
of water.

Experiment No. 8'%0 Difference '7A Difference

Yo per meg
1 0.59 = 0.05 11 £8
2 0.54 = 0.07 9+38
3 0.27 = 0.09 6*6

80 by this activity (Table II) could account for the
small enrichment observed here.

Isotopic Discrimination by
Oxygen-Consuming Reactions

We measured the triple isotopic fractionation during
various O,-consuming processes, including (1) dark
respiration by two cyanobacteria Synechocystis and
a marine Synechococcus sp. strain WH 7803 (hereafter
Synechococcus) and, for comparison, a bacterium iso-
lated from Lake Kinneret (Israel); (2) photorespiration
due to oxygenation of RuBP by Rubisco and glycolate
oxidation; and (3) photoreduction of O, by thylakoids
isolated from pea (Pisum sativum) leaves and by intact
Synechocystis cells.

Data from replicate experiments were pooled together
by normalizing according to the corresponding initial
values in each experiment. Data for '*¢ and y presented
in Table II were calculated from the best fit of all data
points (in the supplemental material, we provide the
raw data upon which we calculated those presented in
Table II). To determine the fractionation of O, by the
Mehler reaction in Synechocystis, we conducted three
series of experiments, with or without the addition of
H,'®0 as explained above. The results shown in Table II
are the average values.

Dark Respiration

The "¢ values for oxygen fractionation by Synecho-
cystis and Synechococcus in the dark and the bacterium

from Lake Kinneret (Table II) are in good agreement
with published results on bacterial respiration, rang-
ing between —199, (Kiddon et al., 1993) and —17.69,,
(Quay et al., 1995). The values for v, obtained in ex-
periments carried out with bacteria and cyanobacteria
that were maintained in the dark (Table II), are similar
to those observed in higher plants (0.518 = 0.001;
Angert et al., 2003; Luz and Barkan, 2005). Thus, our
data provided supporting evidence to the notion
(compare with Luz and Barkan, 2005) that for a wide
range of organisms and conditions the slope, y, ob-
tained from a In(6"O + 1) versus In(6'°0 + 1) plot of
respiration experiments shows a unified universal
value of 0.5179 = 0.0006.

Uptake of O, by Rubisco and Glycolate Oxidase

Oxygen consumption by the photorespiratory path-
way was measured only in representatives of C3
plants since this reaction is, most probably, not quan-
titatively important in organisms that possess efficient
biochemical or biophysical CO,-concentrating mecha-
nisms (CCMs) such as C4 plants, algae, and cyanobac-
teria (Chollet and Ogren, 1975; Kaplan and Reinhold,
1999). Consequent on the elevated concentration of
CO, in close proximity of Rubisco, the oxygenase
activity in these organisms is most likely inhibited
and the extent of oxygen consumption in photorespi-
ration is minimized (Edwards et al., 2004). Thus, even if
the fractionation of oxygen isotopes during photores-
piration by these organisms differs from that measured
in C3 plants, the relative effect of photorespiration on
the overall isotopic composition of oxygen is probably
small and thus was not examined in this study.

The extent of the discriminations, ‘%, by RuBP
oxygenation and glycolate oxidation, examined in
reactions with isolated enzymes, were very similar
(—21.3%, and —21.59%,, respectively) and in good
agreement with those reported by Guy et al. (1993).
In contrast, while the values of the triple oxygen
isotope slopes, y, of RuBP oxygenation were the
same as for dark respiration (Table II), the y value
obtained for glycolate oxidation was much lower. The
overall contribution of the photorespiratory activity to
v can be calculated from the weighted average of the
two reactions. Assuming that for every two moles of
O, taken by Rubisco an additional one is consumed by

Table II. Triple isotope slopes, vy, and O isotopic discriminations in various oxygen-consuming

processes
Averages and st of estimates of the coefficients in regression analyses are provided.
Process n v 18¢
Respiration (Synechocystis) 14 0.5184 = 0.0004 —19.4 = 0.1
Respiration (Synechococcus) 7 0.5174 = 0.0003 —19.5 = 0.2
Respiration (bacteria from Lake Kinneret, T10) 12 0.5180 = 0.0002 —-17.1 = 0.1
Rubisco oxygenase (pea) 26 0.517 * 0.001 —-213 £05
Glycolate oxidase (spinach) 36 0.501 = 0.001 —21.5 0.2
Mehler reaction (pea) 12 0.526 = 0.002 -10.8 £ 0.2
Mehler reaction (Synechocystis) 3 0.497 = 0.004 -96 *1.2
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glycolate oxidase (Tolbert, 1997), the expected overall
slope for photorespiration should be 0.512 = 0.002.
This value is slightly higher than that reported by
Angert et al. (2003; 0.506 = 0.005), but the latter was
based on a complicated isotope budget (and thus less
certain) than the direct measurements performed here.

Respiratory Activity in the Light

While the rate of dark respiration in various organ-
isms including Synechocystis can be measured directly
using relatively simple devices such as O, electrodes, it
is difficult to assess the extent of electron flow via
cytochrome oxidase in the light, due to other O,-
consuming reactions. Sharing of electron carriers be-
tween the photosynthetic and respiratory pathways in
cyanobacteria (Howitt and Vermaas, 1998; Cooley
et al., 2000) is an additional complicating issue. To
measure the rate of O, uptake by respiration in the
light, we used a mutant of Synechocystis defective in
the Mehler reaction (Helman et al., 2003). The cells
were maintained under high CO, conditions (to elim-
inate photoresplratlon) and were provided with
a known amount of H,'"®0. We accurately measured
the changes in O, concentration and its isotope abun-
dances (see ”Materials and Methods”) and could
reveal the NOP/GOP ratios. An NOP/GOP ratio of
0.94 was obtained, suggesting that O, consumption by
respiratory activity in the light, simultaneously with
O, evolution, was about 6% that of O, production.
Since the amount of O, consumed in these experi-
ments was relatively small, we could not determine
the isotope discrimination and triple isotope slope
with the accuracy performed in the experiments
presented in Table II. Thus, though it is most likely,
we refrain from concluding that the O, uptake
observed in this mutant occurred solely by dark
respiration.

Fractionation of O, Isotopes in the Mehler Reaction

Photoreduction of O, was measured in both Syne-
chocystis and isolated pea thylakoids, since studies by
Helman et al. (2003) showed that in cyanobacteria,
unlike the case of higher plants, it does not involve
formation and release of reactive oxygen species. To
avoid possible complication by respiratory activity, we
used a Synechocystis mutant where the genes encoding
the terminal oxidases (Howitt and Vermaas, 1998)
were inactivated (kindly provided by Professor W.
Vermaas). Synechocystis possesses a CCM that lowers
its susceptibility to O, inhibition of photosynthesis and
O, uptake in photorespiration (Kaplan and Reinhold,
1999; Ogawa and Kaplan, 2003). To further minimize
O, consumption due to residual photorespiration, the
cells were supplied with 10 mm NaHCO; during the
experlments

Similar '®¢ values (averagmg —10.2 9,) were ob-
tained for O, photoreduction in both Synechocystis and
pea thylakoids (Table II). For an unknown reason, this
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value differs by approximately 59, from that reported
earlier $—15.1%o,‘ Guy et al.,, 1993). Contrary to the
similar "¢ values, the y values obtained were 0.526 in
isolated pea thylakoids and 0.497 in Symnechocystis
(Table II). Considering that the overall error is only
+0.006 (0.004 for Synechocystis and 0.002 in pea thyla-
koids), the difference between the two values, 0.028, is
large and significant. In addition to photoreduction of
O,, only glycolate oxidase activity could account
for the relatively low vy obtained (Table II). However,
the fact that the overall discrimination against 180
(—9.6%,) differed markedly from that observed for
glycolate oxidase (—229,, Table II) serves as indepen-
dent evidence that the low vy values did not emerge
from O, uptake by glycolate oxidase. In addition, it is
most likely that the conditions of the experiments,
including the high CO, level, severely inhibited gly-
colate formation. Further, analysis of the genome
sequence of Synechocystis (http://www.kazusa.or.jp/
cyanobase) suggested that it possesses a gene anno-
tated to encode for glycolate oxidase. Nevertheless, we
are not aware of experimental evidence that, in Syn-
echocystis, glycolate is converted to glyoxalate by
glycolate oxidase rather than glycolate dehydroge-
nase, a reaction that does not involve direct O, uptake.
We conclude that the isotopic “fingerprint” obtained
here, using a Synechocystis mutant impaired in
respiration that was exposed to conditions where
photorespiration is minimized, originated from pho-
toreduction of O,. These results, independently, con-
firmed the previous conclusion (Helman et al., 2003)
that the mechanism of O, photoreduction in the
Mehler reaction differs between plants and cyanobac-
teria. Thus, the vy values may be used to study the
extent of various types of the Mehler reaction in
different organisms.

The Extent of O, Photoreduction during Steady-State
Photosynthesis in Synechocystis

The purpose of the following set of experiments was
to examine whether the triple oxygen isotope meth-
odology can be used to assess the extent of specific
O,-consuming reactions during steady-state photo-
synthesis in the wild type, taking the photoreduction
of O, as a test case. In the experiments described
above, we determined the y values for the Mehler
reaction using a resplratlonless mutant maintained
under high level of CO,. The '®; obtained was —9.6 +
1.2%, and y = 0.497 = 0 004 (Table II). These vy values
differed significantly from those associated with dark
respiration (Table II).

Synechocystis cells maintained under high CO, con-
ditions (to eliminate photoresPlratlon) were provided
with a known amount of H, °O (see “Materials and
Methods”) and revealed the NOP /GOP ratios. When
those were measured under conditions where photo-
reduction of O, and respiration were essentially the
sole O,-consuming process, the NOP/GOP ratio was
0.53. This suggested that during our experiments
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electron flow to O, was about 47% that leaving PSII
(and reflected in the gross O, evolution). Notably,
Kana (1993) also found similar high rates of O, re-
duction in Trichodesmium. The '*¢ obtained here was
—9.6 * 1.2%, and y = 0.497 = 0.004, i.e. identical
to those observed for photoreduction of O, in the
experiments where a mutant defective in respira-
tion was employed (above). Since the respiratory
activity in the light is 6% that of PSII (above), we
conclude that, under the conditions of our experiment,
photoreduction of O, could consume as much as 40%
of the O, released in PSII. Earlier assessments of
photoreduction of O, in Synechocystis, based on mea-
surements of '*0 uptake using an on-line membrane
inlet mass spectrometer, also indicated substantial
O, consumption (Helman et al., 2003). Our findings
are in contrast to an earlier report that, in cyanobac-
teria, the magnitude of electron flow from PSI to O, is
very small. This was concluded since a mutant where
katG (encoding catalase-peroxidase) was inactivated
accumulated very little H,O, (Tichy and Vermaas,
1999). This apparent contradiction is probably attrib-
utable to the fact that, in Synechocystis, photoreduction
of O, is mediated by A-type flavoproteins leading to
reduction of O, directly to water without the formation
of H,0O, (Helman et al., 2003). Although measured
very accurately, the magnitude of photoreduction of
O, obtained here is surprising since the rate of photo-
synthesis, the growth rate, and sensitivity to photo-
inhibition did not differ markedly between the wild
type and Synechocystis mutants where genes (flu3 and
flvl) encoding the A-type flavoproteins essential for
the Mehler reaction were inactivated (Helman et al.,
2003).

If indeed electron flow from PSI to O, is as high as
40% that leaving PSII, as obtained here, it is not clear
why inactivation of the Mehler reaction in Synecho-
cystis did not result in a clear phenotype such as
enhanced photoinhibition (Helman et al., 2003). The
possibilities that PSII activity is down-regulated in the
flv mutants or that the mutants utilizes other photo-
synthetic electron routes after PSI should await con-
firmation. It is well established that Synechocystis
possesses multiple routes of electron transfer from
PSI and those are regulated by environmental condi-
tions such as salinity (Matthijs et al., 2002).

In conclusion, we have shown that the fractionation
of three oxygen isotopes in the Mehler reaction and
photorespiration differs markedly from those ob-
served in dark respiration. In view of the large fluxes
of O, uptake associated with these mechanisms, the
results presented here should be taken into account in
global budgets of oxygen isotopes in order to derive
better estimates of primary production. In addition,
we demonstrated the application of the triple isotope
and of net/gross O, production approaches as a means
to assess the extent of specific mechanisms of O,
production/uptake and conclude that the mechanism
of photoreduction of O, differs between cyanobacteria
and higher plants.
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MATERIALS AND METHODS
Growth Conditions

Cells of Synechocystis sp. strain PCC 6803 and mutants thereof were grown
in medium BGI11 (Stanier et al., 1971) supplemented with 20 mm HEPES-
NaOH buffer, pH 7.8, as described by Helman et al. (2003). The cells were
harvested in the logarithmic growth phase and resuspended in fresh growth
media. Cells of the marine Synechococcus sp. strain WH7803 were grown on
artificial seawater medium (Wyman et al., 1985) supplemented with 20 mm
HEPES-NaOH, pH 8. Cultures were grown at 25°C under continuous white
light of 40 to 50 wmol photons m*s~!, with constant agitation on an orbital
shaker at 125 rpm. Bacterial cells (T-10) from Lake Kinneret were isolated by
Dr. O. Hadas as described by Hadas and Berman (1998). They were grown at
37°C with mixing on nutrient broth (DIFCO Laboratories, Detroit) supple-
mented with 8.5 g/L NaCl. Pea plants (Pisum sativum L. cv Alaska) were
grown in vermiculite for 10 d at 22°C with a 12/12-h light/dark period.

Fractionation of O, during Water Cleavage in PSII

Cultures of mutant Aflv3 of Synechocystis (Helman et al., 2003) were grown
under low level of CO, (1:1 dilution of air and CO,-free air) to induce their
CCM (Kaplan and Reinhold, 1999). The cells were harvested, resuspended to
a final volume of 100 mL (cell density corresponded to 5-6 ug Chl mL™")
within a 300-mL flask containing medium BG11 supplemented with 10 mm
buffer BisTris propane, pH 8.0, after removing the dissolved air by vigorously
bubbling with He. The cell suspension was supplemented with NaHCO, to
a final concentration of 10 mm. The cultures were mixed by magnetic stirrer at
30°C; light intensity was 70 mmol photons m 2 s~. The O, produced by
cleavage of water was continuously removed by zero-grade He carrier gas at
a flow rate of 25 mL min~'. About 1 mL of O, was collected in a 5A-molecular
sieve trap at —196°C for 60 min and was subsequently transferred to a holding
tube immersed in liquid He. The collected gas was then analyzed by mass
spectrometry to determine its isotopic composition (see Barkan and Luz,
2003). The source water was sampled after each experiment and saved for
isotopic analysis. The 6”70 and 80 of the water in the medium were
determined by the fluorination method of Baker et al. (2002) with a precision
of 0.03Y%, for both 870 and 5'"°0.

/00

Photoreduction of O, (Mehler Reaction)

Fractionation of oxygen isotopes in the Mehler reaction was determined in
pea thylakoids and in cells of a Synechocystis mutant where genes encoding the
terminal oxidases were inactivated.

Pea Thylakoids

All steps of thylakoid preparations were carried out at 4°C. Pea leaves were
ground three times, 5 s each, in a Wareing blender containing 10 mwm Tris-HCl,
pH 8, 0.4 M Suc, and 10 mm NaCl. The homogenate was filtered through two
layers of cheesecloth and two layers of Miracloth before centrifugation at
12,000g for 10 min. The pellet was resuspended in a buffer containing 5 mm
Tricine, pH 7.5, 5 mm MgCl,, and 10 mm NaCl. To eliminate O, production by
PSII, the thylakoids were resuspended in 1 M Tris buffer, pH 8, for 20 min in
the dark with occasional mixing. The Tris-washed thylakoid membranes were
then centrifuged at 12,000¢ for 10 min and washed twice with a reaction buffer
containing 5 mm HEPES-NaOH, pH 7.0, 200 mm Suc, and 2 mm MgCl,. Prior to
each experiment, the thylakoid membranes were placed in a Clark-type
oxygen electrode to confirm that oxygen evolution was completely inhibited.
Diphenylcarbazide was used as an electron donor for the Mehler reaction;
stock solution of 100 mm in ethanol was added to the reaction buffer to a final
concentration of 4 mm. The addition of the ethanol (4%, v/v) forced some
oxygen out of the reaction buffer. The thylakoid membranes were added to
the medium only after the removal of the bubbles. The reaction was
performed in the presence of superoxide dismutase 15 ug/mL, catalase 15
pg/mL, and 10 mm NH,ClL. Irradiance was 400 pmol photons m 2 s,
Chlorophyll concentration was 25 ug/mL.

Wild-Type and Mutant of Synechocystis

To measure the isotopic fractionation of oxygen consumption by the water-
water cycle in cyanobacteria, we used mutant ActaDIEI/ctaDIIEII/cydAB
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where the genes encoding terminal oxidases were inactivated (Howitt
and Vermaas, 1998). To minimize oxygen uptake by photorespiration, the ex-
periments were performed in the presence of 10 mm NaHCO;, irradiance was
100 pmol photons m™2 s7%, and chlorophyll concentration was 5 ug/mL.
Unlike the experiments with pea thylakoids, oxygen evolution by PSII by
the Synechocystis mutant was not inhibited, and it was necessary to accu-
rately measure the amount of oxygen production. This was performed using
parallel experiments where a known amount of H,'"*0 was provided followed
by isotopic mass balance calculations (see “Determination of Triple Isotope
Fractionations” above). The experiments were thus performed in two reaction
vessels maintained under identical conditions. A known amount of H,'®0 was
added to one of the vessels (typically 0.1 mL of 95% enriched H,"*O in a total
volume of 300 mL), and the extent of O produced served to assess gross
production. Similar experiments were performed with wild type and with
Synechocystis mutant cells where sll0550 (flv3) was inactivated leading to
complete inhibition of photoreduction of O, (Helman et al., 2003).

Oxygenase Activity of Rubisco
Isolation of Rubisco

The isolations were carried out at 4°C. Pea leaves were ground in a Wareing
blender containing 50 mm Bicine, pH 8, 1 mm EDTA, 1 mm dithiothreitol
(DTT), and 2% polyvinylpyrrolidone. The homogenate was filtered through
two layers of cheesecloth and two layers of Miracloth before centrifugation at
12,000g for 40 min. The supernatant was filtered again through Miracloth and
centrifuged at 100,000¢ for 60 min. A two-step ammonium sulfate precipita-
tion was then performed, at 30% and at 60% w/v, for Rubisco isolation from
the supernatant. Prior to each experiment the pellet was resuspended in 1 mL
dialysis buffer containing 5 mm HEPES, pH 7.2, protease inhibitors, and 1 mm
DTT, at 4°C.

Oxygenase Activity Measurements

After dialysis, Rubisco was activated by preincubation in 50 mwm Bicine, pH
8,10 mm MgCl,, 1 mm DTT, and 10 mm NaHCO;, for 30 min on ice. The reaction
buffer contained 50 mm Bicine, pH 8, 5 mm MgCl,, and 1 mm NaHCO;; the
reaction was initiated by the addition of RuBP (Sigma R-0878, Sigma-Aldrich,
St. Louis) to a final concentration of 0.4 mm.

Glycolate Oxidase

Oxygen consumption by glycolate oxidase was measured using an enzyme
isolated from spinach leaves (Spinacia oleracea; Sigma G8260). The reaction
medium contained 50 mm Tris buffer, pH 8, 70 uM flavine mononucleotide,
and 4 mM glycolate. The reaction was carried out in the dark to prevent
photooxidation of the flavine mononucleotide.

Dark Respiration

Consumption of O, during dark respiration and its isotopic fractionations
were measured in cells of Synechococcus sp. strain WH7803, Synechocystis sp.
strain PCC 6803, and bacteria T10 isolated from Lake Kinneret. The cells were
maintained in their respective growth media during the incubation.

Sample Preparation and
Mass-Spectrometric Measurements

All the experiments were carried out in airtight stirred Erlenmeyer flasks
(300 mL) at room temperature. Duplicate water samples were taken from each
flask for mass-spectrometric measurements carried out according to Luz et al.
(2002) and Barkan and Luz (2003). Briefly, 150 mL of medium were transferred
into preevacuated gas extraction vessels (300-mL flasks with Louwers Hapert
O-ring stopcocks containing 1 mL of saturated HgCl, solution to stop the
biological activity). The water and headspace in the flasks were equilibrated
for 24 h at room temperature, and the water was sucked out leaving only
headspace gases. The flasks were then connected to a preparation line for the
purification of O,-argon (Ar) mixture.

The 80 and 60 of O, in the purified oxygen-Ar mixture were de-
termined by dual inlet mass spectrometry on a multicollector instrument
(Finnigan MAT Delta-Plus, Bremen, Germany) that allows simultaneous
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measurement of m/z 32, 33, and 34. Each mass spectrometric measurement
consists of three separate runs, during which the ratio of sample to reference is
determined 30 times. The pressures of the sample and reference gases were
balanced before each of the three runs. The reported 6-values are the average
of three runs. The analytical error (st of the mean, n = 90, multiplied by
Student’s t factor for 95% confidence limits) in 60 and 80 was 0.003 and
0.006%,, respectively.
The ratio O,/Ar is reported in the standard 8-notation as:

_ (32/40)sam
30u/Ar =[5 g™ 1], ©)

ref

where 32 and 40 represent ion beam intensities for m/z 32 and 40, respectively.
They were obtained by sequential measurements in the same collector by peak
jumping. Based on two consecutive runs, the precision (absolute difference
from the average) of 80,/Ar is 0.29%, The isotopic and O,/Ar ratios are
reported with respect to atmospheric O,.

NOP (fraction with respect to the initial amount) was calculated from 60,/
Ar values as in Luz et al. (2002):

(802 /Ar) 00 —
(60,/Ar)

_ (802/ A1), 4
NOP 41000 @

initial

The isotope discrimination *; was calculated from the best fit of a plot
In(f) versus In[(8"™Ogy + 1)/ [(6"%0, 4 + 1)1, where f was determined from
80,/ Ar measurements as:

initial

~ (80,/Ar)4. t1
f= (SOZ/Ar)i:inall +1 ®)
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