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Abstract

The behavior of many plant enzymes depends on the metals and other ligands to
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which they are bound. A previous study demonstrated that tobacco Rubisco binds
almost equally to magnesium and manganese and rapidly exchanges one metal for
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malic enzyme when bound to either metal. When Rubisco purified from five C5 spe-
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cies was bound to magnesium rather than manganese, the specificity for CO, over
Edited by A. Krieger-Liszkay 0, (S¢/0) increased by 25% and the ratio of the maximum velocities of carboxylation
/ oxygenation (V¢max/Vomax) increased by 39%. For the recombinant plastidial malic
enzyme, the forward reaction (malate decarboxylation) was 30% slower and the
reverse reaction (pyruvate carboxylation) was three times faster when bound to man-
ganese rather than magnesium. Adding 6é-phosphoglycerate and NADP™ inhibited
carboxylation and oxygenation when Rubisco was bound to magnesium and stimu-
lated oxygenation when it was bound to manganese. Conditions that favored RuBP
oxygenation stimulated Rubisco to convert as much as 15% of the total RuBP con-
sumed into pyruvate. These results are consistent with a stromal biochemical path-
way in which (1) Rubisco when associated with manganese converts a substantial
amount of RuBP into pyruvate, (2) malic enzyme when associated with manganese
carboxylates a substantial portion of this pyruvate into malate, and (3) chloroplasts
export additional malate into the cytoplasm where it generates NADH for assimilat-
ing nitrate into amino acids. Thus, plants may regulate the activities of magnesium
and manganese in leaves to balance organic carbon and organic nitrogen as atmo-

spheric CO, fluctuates.

1 | INTRODUCTION

reaction is the oxygenation of RuBP to one molecule of 3PGA and one

molecule of 2-phosphoglycolate (2PG) that initiates photorespiration. In

Rubisco (ribulose-1,5-bisphosphate carboxylase-oxygenase), the most
prevalent protein on the planet (Bar-On and Milo 2019, Ellis 1979), cat-
alyzes several competing chemical reactions. One reaction is the car-
boxylation of ribulose 1,5-bisphosphate (RuBP) to two molecules of
3-phosphoglyceric acid (3PGA) that initiates C5 carbon fixation. Another

a third reaction, Rubisco converts RuBP into one molecule of pyruvate
and one of 3PGA or 2-PG (Andrews and Kane 1991).

Calvin, Benson, and Bassham, as part of their seminal studies on
the biochemistry of plant carbon assimilation in the 1950s, exposed
the alga Scenedesmus to a pulse of radioactive 1#CO,. They found that
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the 14C label appeared in 3PGA (3-phosphoglycerate), the first stable
intermediate of Cj carbon fixation, within two seconds and in pyru-
vate and malate within four seconds (Benson et al. 1952). Radioactiv-
ity reached a steady level in 3PGA within two minutes but rose in
pyruvate and malate for 10 minutes (Benson et al. 1952). Adding mal-
onate to the medium inhibited malate synthesis and eliminated C
accumulation in malate but did not affect **C accumulation in 3PGA.
Calvin, Benson, and Bassham concluded that the 3PGA and malate
derive from two independent carboxylation reactions (Bassham
et al. 1950) but never identified the carboxylation reaction that gener-
ates malate.

In recent labeling experiments, C5 plants accumulated the stable
isotope 13C in pyruvate and malate only slowly after receiving a pulse
of 3CO, (Fu et al., 2023; Ma et al., 2014; Szecowka et al., 2013; Xu
et al., 2022). These studies used GC-MS to quantify pyruvate and
malate after derivatizing them with methoximation, followed by tert-
butyldimethylsilylation. Unfortunately, this method cannot account
for a major portion of these organic acids because of peak-tailing
(Arrivault et al, 2009) and matrix effects (Alseekh et al, 2021;
Tarakhovskaya et al, 2023). In contrast, a study that used non-
targeted °C-NMR analysis to quantify plant metabolites found that
after receiving a *3CO, pulse under conditions that enhance photo-
respiration, a C3 species accumulated more *3C label in the 4th carbon
of malate than in any other metabolite or any other carbon position of
malate (Abadie et al. 2021).

In studies conducted over three decades ago, the binding of Rubisco
to Mn?* instead of Mg?* inhibited RuBP carboxylation and accelerated
RuBP oxygenation (Christeller, 1981; Christeller and Laing, 1979; Jordan
and Ogren, 1983; Martin and Tabita, 1981; Wildner and Henkel, 1979)
and slightly enhanced Rubisco pyruvate generation (Andrews and
Kane. 1991). All of these studies purified Rubisco via ammonium sulfate
or ethylene glycol precipitation followed by centrifugation, procedures
that can adversely influence enzyme structure and activation (lfiguez
et al.,, 2021; Wingfield, 1998).

Rubisco from higher plants also binds 6-phosphogluconate (6PG)
and NADP™ near the active site where CO, or O, reacts with RuBP
(Matsumura et al., 2012). Additions of moderate concentrations of
6PG or NADPH stimulate Rubisco carboxylation in the presence
of MgZ* (Chu and Bassham, 1973; Chu and Bassham, 1974). Binding
these ligands to Rubisco increases its activation at sub-saturating con-
centrations of CO, and Mg?" (Parry et al., 2008; Yokota et al., 1992).
Oxidation of 6PG in chloroplasts stabilizes photosynthesis (Sharkey
and Weise, 2016).

Malic enzyme catalyzes the reversible reaction (malate + NADP™
 pyruvate + CO, + NADPH) when bound to Mg?* or Mn?* (Chang
and Tong, 2003). Arabidopsis thaliana and tobacco each have one iso-
form of malic enzyme in plastids (Miller et al., 2008; Wheeler
et al., 2008). None of the T-DNA mutants defective in one of the four
AtNADP-ME genes exhibited abnormal phenotypes under standard
greenhouse conditions, nor did double or triple combinations of the
mutations (Wheeler et al., 2005). There are no previous studies on
the influence of Mn?* on the behavior of the plastidial NADP-ME

isoform.

The following study examines the influence of Mg?* or Mn?* and
6PG or NADP(H) on the behavior of Rubisco and plastidial malic
enzyme using modern purification protocols that preserve the metal-
binding characteristics of the proteins and developed new assays that
are indifferent to the presence of Mg?* or Mn?*. Our results suggest
that plastid carboxylation reactions generate either carbohydrates or
malate in chloroplasts depending on the balance between leaf Mg

or MnZ" activities.

2 | MATERIALS AND METHODS

21 | Plant growth conditions

We planted Arabidopsis (Arabidopsis thaliana cv. Col-0; ABRC Ohio
State U., CS1092), rice (Oryza sativa cv. Kitaake; National Small Grains
Collection Pl 652747), wheat (Triticum aestivum cv. Veery 10; Interna-
tional Maize and Wheat Improvement Center CWI 35519), and
tobacco (Nicotiana tabacum cv. Petite Havana; North Carolina State
U. Tobacco Germplasm Collection Pl 552516) seeds into 5 x 5 cm
containers containing Sunshine Mix 4 (Sungro, Agawam). The plants
grew in a controlled environmental chamber for 21 d under 450 ppm
CO,, 50%/70% relative humidity (light/dark), an air temperature of
22°/18°C (light/dark), and 16 h of 600 umol m~2 s~* PPFD at canopy
height. For spinach Rubisco, we purchased Spinacia oleracea, Taylor

Farms tender spinach leaves, from a local Costco Wholesale store.

2.2 | Rubisco extraction and purification

We collected about 40 g of leaves of each species and froze them in
liquid N,. Manual grinding with a mortar and pestle pulverized the
plant material to a fine powder. We extracted the fine powder in
100 mL of a buffer (50 mM Tris-HCI pH 7.4, 20 mM MgCl,, 20 mM
NaHCO3;, 0.1 mM Na,EDTA, 10% glycerol, 50 mM mercaptoethanol,
and 1 mM PMSF), filtered the extract through four layers of
Miracloth, centrifuged it at 12 100 g, 4°C for 15 min to clarify it, and
passed the supernatant through a 0.22 um syringe filter before load-
ing it onto an NGC™ FPLC system (BioRad).

We purified Rubisco using an ENrich™ SEC (Size Exclusion Col-
umn) 650 10 x 300 Column (BioRad) followed by a HiScale 16/20
6 mL SOURCE 30Q column (GE Healthcare Life Sciences). All buffers
included 2 mM dithiothreitol to prevent intermolecular disulfide bond
formation. Pre-equilibration of the size exclusion column involved
eluting five column volumes (CV) of 85% buffer A (50 mM Tris-HClI,
1 mM EDTA, 0.1 mM PMSF, pH 7.4) and 15% buffer B (50 mM
Tris-HCI, 1 M NaCl 1 mM EDTA, 0.1 mM PMSF, pH 7.4). We loaded
the protein sample onto the column and eluted it with 2 CV of 15%
buffer B. UV absorption at 280 nm confirmed the protein peak. We
(a) concentrated the protein solution to around 1 mM, (b) exchanged
the buffer into buffer A, (c) filtered the sample, (d) loaded it onto a
SOURCE 30Q column pre-equilibrated with 5 CV of buffer A,
(e) eluted the protein with 50% buffer B with a linear gradient over
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10 CV, (f) pooled the protein peak at 280 nm, (g) exchanged the
buffer into buffer A with the addition of 20% glycerol and (h) stored
the protein solution at —80°C. We checked the purity of the protein
on SDS-PAGE gels, Western Blots, and an Evolution 201 UV/Vis
spectrometer coupled with an Evolution 1-cell Peltier temperature
control system (Thermo Fisher Scientific).

2.3 | Rubisco carboxylation colorimetric reaction

A standard approach for estimating the Vnax (maximum carboxylation
activity) and turnover rate of Rubisco in vitro is a colorimetric analysis
of 3PGA (3-phosphoglycerate) via a coupled enzyme assay. One
such coupled enzyme system is (Lilley and Walker, 1974; Sharkey
et al.,, 1991):

Rubisco 3PGA 3PGA kinase bis-PGA GAPDH-+NADH Ga-3-P+NAD m DHAP
GlyPDH+NADH GIy-3-P+ NAD

where (a) 3PGA kinase phosphorylates 3PGA to produce bis-PGA that
(b) GAPDH (glyceraldehyde-3-P dehydrogenase) and NADH reduce to
the aldehyde Ga-3-P, (c) TIM (triose-phosphate isomerase) converts
Ga-3-P to di-hydroxyacetone phosphate (DHAP) that (d) GlyPDH
(glycerol-P dehydrogenase) and NADH reduce to Gly-3-P. Estimates
of Rubisco activity are based on the changes in NADH concentration
as measured on a UV/vis spectrophotometer (Thermo Fisher Scien-
tific) by their absorbance at 340 nm. Unfortunately, this method fails
to consider oxygenation reaction rates in calculating the carboxylation
rates of Rubisco. Moreover, most of the enzymes used in this assay
require the presence of Mg?" and may not function in the presence
of Mn?* (Beleznai et al, 1988: Greinert et al, 2020; Varga
et al.,, 2012).

We developed a different colorimetric assay for Rubisco carbox-

ylation that is accurate in the presence of Mg?* or Mn?*:

. o 5 pyruvate HRP +
Rubisco iPGM Enolase PK oxidase Amplex Red .
—>3-PGA —> 2-PGA —— PEP — pyruvate H,0,—— > resorufin
ADP ATP phosphate acetyl phosphate
+0, +CO,

To estimate v, and V nax, We assessed Rubisco production of
3PGA from RuBP in the presence of high levels of CO,, iPGM (cofac-
tor-Independent PhosphoGlycerate Mutase) conversion of 3PGA to
2PGA (Raverdy et al., 2007; Zhang et al., 2004), followed by a com-
mercial assay kit (2-phosphoglycerate Assay kit, Abcam ab174097)
that converts 2PGA into PEP, then to pyruvate, H,O,, and resorufin.
Absorption at 570 nm monitored resorufin production. This assay can
detect 2PGA levels below 20 pmol and works in the presence of
either metal cofactor (Figure S1).

In more detail, we activated Rubisco before the assays as follows.
We added an assay buffer containing 20 mM Tris-HCI, 1 mM EDTA,
100 mM Triethanolamine at pH 7.8 to one 5 mL tube; added 1 or
2 uL of Rubisco (0.5-1 uM), 10 uL of 250 mM NaHCOg3;, 0.5 uL car-
bonic anhydrase (~2.5 units), 5 uL of iPGM (10 uM), 4 uL of MgCl,

(final concentration 20 mM) or MnCl, (5 mM); mixed everything thor-
oughly and allowed the mixture to sit for 5 minutes. The final assay
volume in the tube was 1750 uL. We started the reaction by adding
45 uL of 10 mM RuBP to the tube, split the mixture into five tubes,
and stopped the reaction after 1, 2, 3, 4, or 5 mins by adding 0.5 N
HCI to each tube. We added KOH to each reaction tube to adjust the
pH to about pH 7.8 and added to the tubes equal amounts of freshly
mixed 2PGA colorimetric cocktail that we prepared from a
2-phosphoglycerate assay kit (ab174097, Abcam), mixed all tubes
well, and moved the tubes to an opaque box. We measured ODs70nm
after 40 min for each of the tubes and calculated the 2PGA concen-
tration in each reaction tube based on a calibration curve determined
by adding specified quantities of a 1 mM 2PGA standard solution that
the assay kit provided.

The carboxylation turnover rate v, = % (resorufin production rate
- V,), where we estimated v,, the O, depletion rate, as detailed in the
section below on “Rubisco oxygenation”.

We estimated V .y from the Michaelis-Menten equation:

V. — [COZ]'chax
¢ T [CO2)+Kc(14[02]/Ko)

and the relative specificity S¢/, from:

We conducted separate calibration runs in the presence of the
buffer and Mg?" or Mn?* in the same concentrations used in
the Rubisco reactions (Figure S1) and calculated the ratio between the
slopes of the runs using only the 2PGA buffer and the slopes of
the runs containing Rubisco. Linear regressions for each combination
of plant and metal ion, which included a constant term for each run,

expressed the change in 2PGA as a function of time.

24 | IPGM expression and purification
We transformed a 6xHis-tagged C. elegans nematode iPGM plasmid
into BL21(DE3) competent cells and incubated them at 37°C over-
night. We selected one colony for culturing at 37°C overnight in
50 mL LB media (peptone 10 g, yeast extract 5 g, NaCl 10 g 1=%) and
50 uL 100 g mI~? kanamycin stock solution. We added 10 mL of the
small culture to 1 L of the same media and grew it until OD¢go = 0.7.
We added isopropyl f-D-1-thiogalactopyranoside (IPTG) to the cul-
ture flask to bring it to a final concentration of 0.2 mM and reduced
the temperature and stirring speed to 30°C and 0.14 g, respectively.
We grew the culture for 24 h, centrifuged it for 20 min at 4700 g, and
suspended the pellet in 30 mL buffer A (20 mM Tris-HCI, 2 mM DTT,
pH 6.8). We stored the cell suspension at —80°C before purification.
We thawed 30 mL of the cell suspension, lysed the cells by add-
ing 30 mg of lysozyme and 30 pg of DNAse, and passed the cells
twice through a French press. We centrifuged the solution at
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12 100 g for 60 min, concentrated the supernatant using Amicon
Ultra Centrifuge Filters (EMD Millipore), and filtered the resulting
solution using a 0.22 um filter before loading it onto a column.

We pre-equilibrated a Bio-Scale Mini Profinity IMAC cartridge
with five column volumes (CV) of buffer A (50 mM Tris-HCI, 25 mM
imidazole, 1 mM EDTA, 0.1 mM PMSF, pH 7.4), loaded the protein
sample onto the column, washed the column with 5 CV of buffer A,
and eluted the protein with a linear gradient over 10 CV of buffer B
(50 mM Tris-HCI, 500 mM imidazole, 1 mM EDTA, 0.1 mM PMSF,
pH 7.4), and confirmed the protein peak by monitoring UV absorption
at 280 nm. We stored the fractions at —80°C.

2.5 | Rubisco oxygenation

Most studies that directly measure Rubisco oxygenation use a polar-
ographic (Clark style) O, electrode to monitor oxygen depletion
(Badger and Andrews, 1974; Carmo-Silva et al., 2010; Makino
et al., 1988; Martin and Tabita, 1981; Wildner and Henkel, 1979).
This instrument has several drawbacks. The electrode itself con-
sumes oxygen (Clark et al., 1953; Severinghaus and Astrup, 1986;
Wolfbeis, 2015), potentially leading to inaccurate results when used
over time. The membrane separating the electrode from the envi-
ronment causes a delay of at least 3 to 10s in responding to
changes in O, concentration (Pouvreau et al., 2008). The accuracy
of the electrode declines and its response time increases with higher
temperatures (Miniaev et al., 2013) and it is sensitive to light
(Hitchman, 1978). Another way to assess oxygenation directly is
MIMS (Membrane Inlet Mass Spectrometry). This method can simul-
taneously measure carboxylation and oxygenation and avoids some
difficulties with Clark electrodes, but has other drawbacks. It is a
very complex method, requires time-consuming measurements,
involves a closed system that needs correction for membrane isoto-
pic discrimination, and has low reproducibility: several recent studies
found that MIMS-derived catalytic rates for Rubisco carboxylation,
oxygenation, and CO,/0, specificity were inconsistent with values
derived from radiolabel measurements for reasons that are still
undetermined (Boyd et al., 2019; lihiguez et al.,, 2021; Sharwood
et al., 2016).

To avoid these problems, we used a newly available needle-type
oxygen micro-optode OXF50-OI (PyroScience GmbH). In this instru-
ment, a polymer optical fiber transmits a fluorescence excitation
wavelength to the tip of the sensor while it concurrently transmits the
fluorescence response of an oxygen-sensitive dye in a polymer matrix
at the tip. The oxygen concentration determines the quenching of the
excitation light. The micro-optode has a 50 um tip diameter, facilitat-
ing a micro-scale setup such as in a micro-cuvette or plate. The most
important advantages of this type of sensor are that it does not con-
sume O,, has no stirring sensitivity, and is resistant to most corrosive
environments (Clark et al., 1953; Severinghaus and Astrup, 1986;
Wolfbeis 2015). The micro-optode also works in both gas (% O,) and
liquid phases (DO), which makes it possible to measure O, exchanges

accurately at up to 250% air O, saturation in intact plant leaves,

bioreactors, cell cultivations, microtiter plates, and many liquids (Bent-
zon-Tilia et al., 2015; Bittig et al., 2018; Fischer et al., 2014; Flitsch
et al,, 2016; Helm et al., 2018; Ortner et al., 2015).

A needle-type micro-optode OXF50-Ol (PyroScience GmbH)
on a FireSting O, optical oxygen and temperature meter (FSO2-4)
monitored changes in O, concentration in a spectrophotometer
3.5 mL quartz cuvette (Millipore Sigma) during our Rubisco oxy-
genation experiments. We conducted these experiments under
three sets of conditions at 25°C: (a) ambient air (79% N,, 20.96%
O,, and 0.04% CO,), (b) elevated CO, content (78.96% N5, 20.96%
O,, and 0.08% CO,), and (c) reduced O, content (89% N,, 10.96%
0O,, and 0.04% CO,). Precision mass flow controllers (Apex
Vacuum) calibrated against soap bubble flowmeters mixed pure
N5, O,, and CO, to the desired concentrations. A non-dispersive
Infrared Gas Analyser (Li-cor) checked the CO, concentration. We
conducted a two-point calibration of the oxygen optode in both air
and air-saturated water. The final assay volume in each tube was
3000 pL.

Before the oxygenation assay, we activated Rubisco as follows:
we added assay buffer (20 mM Tris-HCI, 1 mM EDTA, 10 mM
NaHCO;, 100 mM triethanolamine, pH7.8) to a covered,
temperature-controlled, 4 mL quartz cuvette; added 10 uL of Rubisco
(0.5-1 uM), 50puL of iPGM (10 uM), 5uL carbonic anhydrase
(~25 units), and 40 pL of MgCl, (final concentration 20 mM) or MnCl,
(5 mM) and mixed the contents of the cuvette thoroughly. We
allowed the mixture to sit for 5 minutes before inserting the oxygen
sensor and sparging it for 1 minute with the gas mixture correspond-
ing to the experiment's conditions. After about 30 s, once the oxygen
sensor reading stabilized, we started the reaction by adding 100 pL of
10 mM RuBP (pre-equilibrated with the same gas mixture) and began
collecting data. We did not observe any apparent protein deactivation
and degradation during more than 300 s. Therefore, we estimated the
oxygenation turnover rate v, from the linear trend in oxygen con-
sumption for at least 200 s divided by Rubisco content.

Michaelis-Menten kinetics predicts the oxygenation turnover
rate v, to be:

Vo — [02]‘Vomax
® 7 [02] 4+ Ko (14 [CO2] /Ko)

where Vomax Ko, and K. depend on species and the associated metal,
Mn?* or Mg?*, but are independent of [O,] and [CO,]. Values of v,
under multiple sets of conditions for [O,] and [CO,], therefore pro-
vided estimates of the three parameters Vomax Ko, and K¢ (Table S1).
For the reduced O, experiments, we performed blank runs with RuBP
and all other components but without Rubisco. We calculated O, con-
sumption rates before and after adding RuBP for both the blank and
actual runs and determined the O, consumption rate as

O3 consumption = Rrubisco,ruP — Rrubisco — (RrRuP — RNeither)

where R denotes the rate of change in oxygen levels in the presence

or absence of Rubisco and RuBP.
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2.6 | Rubisco pyruvate generation
Quantifying pyruvate via gas chromatography/mass spectroscopy is
error-prone because of peak tailing (Arrivault et al., 2009) and matrix
effects (Alseekh et al., 2021; Tarakhovskaya et al., 2023). Therefore,
GC/MS cannot account for most of the pyruvate in Arabidopsis thali-
ana leaves (Alseekh et al., 2021). Metabolomic studies of plants often
quantify pyruvate through enzymatic reactions that oxidize NAD(P)H
(Arrivault et al., 2009). Initially, we assessed Rubisco generation of
pyruvate from RuBP via an assay catalyzed by lactate dehydrogenase
in which pyruvate + NADH — lactate + NAD™ (Andrews and
Kane, 1991; Hatzfeld et al., 1990). We used a buffer containing
130 mM Hepps-NaOH, pH 8.3, 18 mM MgCl,, 50 pM NADH, and
1 mM RuBP and sparged it with N, to make it CO,- and O,-free.
After stopping the sparging, we added 0.05-20 mM HCO;3;7,
100 pg ml~* bovine erythrocyte carbonic anhydrase, and 3 units ml~*
rabbit muscle lactate dehydrogenase, and started the reaction by add-
ing tobacco Rubisco that we preactivated in the presence of 19 mM
MgCl, and 10 mM NaHCO;3;~. We monitored the extent of NADH
oxidation at 25°C from the change in absorption at 340 nm.
Subsequently, we shifted to a commercial pyruvate assay kit
based on pyruvate oxidase generation of hydrogen peroxide from
pyruvate (BioAssay Systems, 2022). We mixed a solution containing
125 mM NaHCOg3;, either 15mM MgCl, or 3.75mM MnCly,
5 units ml~* carbonic anhydrase, and 8% purified Rubisco solution
with an assay buffer (20 mM Tris-HCI, 1 mM EDTA, 100 mM Trietha-
nolamine, pH 7.8) and allowed it to sit for 5 minutes to activate
Rubisco. For ambient experiments, we subsequently purged it for
5 minutes with ambient air. For experiments on the influence of 6PG
and/or NADP™, 400 uM 6PG and/or NADP" was added, respectively.
We started all experiments by adding 8 uM RuBP, removed samples
immediately and after 3, 6, 9, and 12 minutes, and stopped the experi-
ment by heating to 80°C. We centrifuged the samples for 3 minutes
in a tabletop microcentrifuge at 21 100 g, extracted the liquid, and
used a commercial kit to assess pyruvate via pyruvate oxidase genera-
tion of hydrogen peroxide that reacted with nonfluorescent Amplex
Red at a 1:1 stoichiometry and formed the fluorescent product
resorufin. We measured resorufin with a Horiba Fluorolog at
Aem/ex = 585/530 nm (Zhu et al. 2010). This assay indicated that
Rubisco pyruvate generation was more than 10 times faster than in
our earlier measurements using lactate dehydrogenase: Rubisco con-
verted more than 6% of the RuBP into pyruvate (Zhu et al. 2010).

2.7 | Recombinant plastidial malic enzyme
expression, purification, and kinetics

We transformed the E. coli BL21 (DE3) strain c41, which contains a
mutation in the lacUV5 promoter that makes it a weaker promoter,
with a plasmid containing the 6xHis-tagged sequence for At-NADP-
ME-4 from Arabidopsis thaliana. The plastidial transit peptide (pTP)
was removed from the plasmid sequence. The transformed colonies

were grown in LB agar containing 100 ug mi~* ampicillin overnight.

One colony was selected and grown in 50 mL of LB media (peptone
10 g, yeast extract 5 g, NaCl 10 g I"!) overnight at 37°C. We added
5 mL of the small culture to 500 mL of the same media and grew it at
30°C until ODggo = 0.6 before inducing the plasmid with 1% lactose
overnight (~16 h) at a temperature of 18°C. We harvested the cells
by centrifuging at 5000 g for 1 hour at 4°C and resuspended the pel-
let in 20 mL of 20 mM Tris-HCI, 0.25 M NaCl, 0.01% (v/v) Triton
X-100 and 1 mM PMSF, pH 7.5. We sonicated the resuspension for
three pulses of 15 seconds by an ultrasonic cell disruptor and then
centrifuged it for 10 minutes at 14 000 g at 4°C to separate the
supernatant from the pellet. We loaded the uninduced control culture,
induced culture, supernatant, and pellet onto a SDS-PAGE and mea-
sured NADP-ME activity on the crude extracts.

We pre-equilibrated a EconoFit Profinity IMAC cartridge (BioRad)
with five column volumes (CV) of buffer A (20 mM Tris-HCI, 0.25 M
NaCl, 0.01% (v/v) Triton X-100, 10 mM imidazole, 10% glycerol,
1 mM DTT, pH 8), loaded the protein sample onto the column,
washed the column with 5 CV of buffer A, and eluted the protein with
a linear gradient over 10 CV of buffer B (20 mM Tris-HCI, 0.25 M
NaCl, 0.01% (v/v) Triton X-100, 500 mM imidazole, 10% glycerol,
1 mM DTT, pH 7.5). All elution fractions were saved and loaded onto
a SDS-PAGE. The protein identity was confirmed by western blot and
activity assays. We flash froze and stored the fractions with protein of
interest at —80°C.

For malic enzyme malate oxidative decarboxylation reactions, we
added a buffer (50 mM MOPS pH 7.3, 0.25 M NaCl, 0.01% (v/v) Tri-
ton X-100 and 1 mM DTT) to a quartz cuvette along with purified
malic enzyme (3.5-5.0 pg ml~! as measured by a Bradford assay). To
this mixture, we added 10 mM MgCl, or 1.7 mM MnCl, and 500 uM
NADP* and started the reaction by adding 10 mM malate as a final
concentration.

For pyruvate reductive carboxylation reactions, we used the same
buffer and protein. To this mixture, we added 10 mM MgCl, or
1.7 mM MnCl,, 30 mM NaHCO3;, and 100 uM NADPH and started
the reaction by adding 50 mM pyruvate (final concentration).

In both cases, we monitored the reaction on a UV/Vis spectro-
photometer at 1-minute intervals (Figure S3), averaged the absor-
bances for wavelengths between 330 and 345 nm to estimate the
quantity of NADPH produced or consumed, and estimated the reac-

tion rate via a linear regression over a 10-minute period.

2.8 | Statistics
In general, we used R for Windows version v.4.0.5 and will provide
the R code upon request. For the two-way ANOVA on the influence
of atmospheric CO, level and N source on the manganese to magne-
sium ratio in wheat leaves (Table S8) we used the SAS PROC MIXED
version 9.4 and will provide the code upon request.

From the measured rates of Rubisco reactions, kinetic parameters
were calculated using a Bayesian method. Briefly, random sets of
kinetic parameters were generated from a lognormal prior distribution,

based on the approximate range in which kinetic parameters for C3
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plants have been calculated, and the relative likelihood of observing
the values in our experiments was computed for each set of kinetic
parameters. The result of each experiment was assumed to be nor-
mally distributed with a fixed variance, combining the regression stan-
dard error in the measurements with the variance between the results
of similar experiments. These likelihoods were used as weights to
approximate a posterior distribution on the kinetic parameters from
which we calculated posterior means and standard deviations of each
parameter.

To determine the overall effects of Mg?* and Mn?* across plant
species, we aggregated each kinetic parameter, adjusted by their
respective standard errors, and used it as input to a two-way ANOVA,
with metal ion and plant species as variables. (Table S1).

For calculations of the effect of NADP", NADPH, and 6PG on
Rubisco kinetics, we performed parallel experiments in order to
account for daily variation in the measured reaction rates. For each
combination of metal and ligand, we conducted 5-11 replications
of the oxygenation measurements and 5-8 replications of the total
reaction measurement. We compared these replications with runs
on the same day in the absence of any of these ligands and
recorded the differences in rates (Figure 3). ANOVA and a Tukey
test compared these values among different ligands (Tables S3
and S4).

For Rubisco pyruvate production, we performed 4-6 replications
with each combination of metal, CO, level, and presence or absence
of 6PG and presented the rates of pyruvate production as a percent-
age of Rubisco activity estimated from previous results (Figure 4).
ANOVA and a Tukey test compared these values between each com-
bination of factors (Tables S5 and S6).

For malic enzyme activity, we performed 14 replications each of
the forward reaction (malate decarboxylation) and reverse reaction
(pyruvate carboxylation) in the presence of each metal and recorded
the rate for each experiment. A Tukey test provided a comparison
between the rates of each reaction in the presence of Mg?* and
Mn?* (Table S7).

3 | RESULTS

3.1 | Rubisco Kinetics

The maximum velocity of carboxylation Vmax Was 27% faster when
Rubisco was bound to Mg?* rather than Mn?* (Figure 1A). In contrast,
the influence of Mg?*vs. Mn?* on the maximum velocity of oxygena-
tion Vmax Varied with species (Figure 1B). K. (the Michaelis constants

of Rubisco for CO,) was 23% greater when the enzyme was bound to
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K., (uM)
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Kinetic parameters of Rubisco purified from five C5 species (Arabidopsis, rice, wheat, spinach, and tobacco), measured in vitro at

25°C when activated Rubisco was associated with Mg?* or MnZ". (A) V max is the maximum velocity of carboxylation, (B) Vomax is the maximum
velocity of oxygenation, (C) K. is the Michaelis constant of Rubisco for CO,, (D) K, is the Michaelis constant of Rubisco for O,, (E) S, is the
specificity of Rubisco for CO, over O,, and (F) Vemax/ Vomax is the ratio of the maximum velocities. Depicted here are mean * credible interval,

n = 4 to 20. See Table S2 for the statistical analysis of an ANOVA on the influence the two metals and five species on these parameters.
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Mg?" rather than Mn?* (Figure 1C), and K, (the Michaelis constants
of Rubisco for O,) varied with species (Figure 1D). S/, (Rubisco speci-
ficity for CO, over O,) was 25% greater when the enzyme was bound
to Mg? rather than Mn2, and Vemax/Vomax Was 39% greater when the
enzyme was bound to Mg? rather than Mn?*. (Figures 1E & F).

Adding 6PG + NADP™ to tobacco Rubisco inhibited carboxyla-
tion and oxygenation when the enzyme was bound to Mg?* and
stimulated oxygenation when it was bound to Mn?* (Figure 2).
Adding just 6PG to tobacco Rubisco stimulated carboxylation and
oxygenation when the enzyme was bound to Mn?* (Figure 2).
Adding NADP™" alone stimulated carboxylation when Rubisco was
bound to Mg?* and stimulated oxygenation when the enzyme was
bound to Mn?* (Figure 2). Adding NADPH alone did not affect
Rubisco carboxylation or oxygenation, irrespective of the metal
present (Figure 2). The ratio of carboxylation to oxygenation did
not change significantly with the metal nor with the addition of
6PG, NADP™, or NADPH (Figure 2).

3.2 | Rubisco Generation of Pyruvate from RuBP

When we assessed pyruvate via pyruvate oxidase generation of

hydrogen peroxide and saw that Rubisco generation of pyruvate was

a greater percentage of total RuBP consumed (a) at ambient CO,
instead of elevated CO,, (b) with tobacco Rubisco associated with
Mn2" instead of Mg2+, and (c) in the presence of moderate amounts
of 6PG instead of the absence of 6PG (Figure 3; Tables S4 & S5,
p < 0.001). Therefore, conditions that favor RuBP oxygenation over
carboxylation stimulated Rubisco conversion of RuBP into pyruvate.
Adding NADPH interferred with the pyruvate oxidase assay (data not
shown). When we assessed pyruvate via lactate dehydrogenase, the
influence ambient vs. elevated CO,, Mn?" vs. Mg?*, and presence
vs. absence of 6PG on pyruvate generation were not consistent
(Figure S2).

3.3 | Malate Generation

We characterized both malate oxidative decarboxylation (forward
reaction) and pyruvate reductive carboxylation (reverse reaction)
when recombinant plastidial NADP-malic enzyme (Arab-ME4) was
bound to MgZ* or Mn?* at pH 7.3. The forward reaction was faster
when Arab-ME4 was bound to Mg2+ than Mn?*, whereas the reverse
reaction was faster with Mn?* than Mg2* (Figure 4). In the presence
of either Mg2+ or Mn?*, the forward reaction was faster than the

reverse reaction (Figure 4).

FIGURE 2

Carboxylation
6PG+NADP" |- — - Mg Il
6PG |- —— Mn= B8
NADP* 3 < -|
NADPH |- - = -|
Oxygelnation
6PG+NADP* |- — - -
6PG|- ¢ »> .
NADP* - o -
NADPH - - ¢ .
| Carboxylatior;/Oxygenatlion |
6PG+NADP* - T .
6PG - i ~—— .
NADP* - - o E
NADPH |- ¢ ° ]
-200 ~100 0 100 200 300 400

Relative difference in rate (%)

Influence of adding ligands on rates of RuBP carboxylation, oxygenation, or ratio of carboxylation over oxygenation. Values for

tobacco Rubisco associated with Mg?* or Mn?* and aerated with 400 ppm CO, and 21% O,. Change in relative rates + confidence intervals
(n = 5 to 11) after adding 6PG + NADP™, 6PG, NADPH, or NADP™. See Tables S3 and S4 for the statistical analysis of carboxylation and

oxygenation.
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Pyruvate from RuBP
—-6PG |- e ~— -
Ambient CO, +6PG N
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Elevated CO, +6PG L Mn2 Bl _
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Pyruvate production (% of RuBP consumed)

FIGURE 3  Pyruvate generation from RuBP (mean # SE, n = 6-11) when tobacco Rubisco was associated with Mg?* or Mn?*, 21% O,, 0 or
1 mM 6PG, and aerated with 400 ppm CO, or saturated with CO,. An EnzyChrom™ Pyruvate Assay Kit that contains pyruvate oxidase and
Amplex Red assessed pyruvate (BioAssay Systems 2022). We monitored fluorescence at 585 nm under 530 nm excitation. See Tables S5 and Sé6

for the statistical analysis of these data.

Malic Enyzme

FIGURE 4 Turnover rates (mean + SE,

Forward |-

Reverse | > -

n = 14) of recombinant Arab-ME4. We
measured these rates in the malate
oxidative decarboxylation direction
(Forward) or in the pyruvate reductive

- carboxylation direction (Reverse) when the

Turnover rate (s™)

4 | DISCUSSION

4.1 | Influence of metals and other ligands on
Rubisco carboxylation and oxygenation

The values for the kinetic parameters of Rubisco when bound to
Mg?" that we obtained using our new methods are similar to those
reported previously using methods that required the presence of
Mg?" (Table $1). Only a handful of studies conducted more than four
decades ago have evaluated Rubisco kinetics when the enzyme is
bound to Mn?* (Christeller, 1981; Christeller and Laing, 1979; Jordan
and Ogren, 1983; Martin and Tabita, 1981; Wildner and
Henkel, 1979). These studies purified Rubisco using ammonium sul-
fate precipitation followed by centrifugation, a purification method
that can adversely influence enzyme structure and activation (lhiguez
et al, 2021; Wingfield, 1998). Perhaps as a result, these studies
reported kinetic parameters for Rubisco bound to Mn?* that vary
more than ten-fold (Christeller, 1981; Christeller and Laing, 1979;
Jordan and Ogren, 1983; Martin and Tabita, 1981; Wildner and
Henkel, 1979). Carboxylation and oxygenation of RuBP when Rubisco
is bound to Mn?* could involve mechanisms different from those
when it is bound to Mg?* (Bathellier et al., 2020).

Here, we purified Rubisco using gel filtration and ion exchange
columns in a modern, fast protein liquid chromatographic system
(NGC™, BioRad). We first subjected the enzyme to extensive buffer
exchange by ultrafiltration during the assays of Rubisco bound to
Mn?* to remove any associated Mg?* and then activated Rubisco by

exposure to Mn?*. In our experiments, Rubisco had similar Vomax Ko,

enzyme is associated with Mg+ or Mn?*.
See Table S7 for the statistical analysis of
these data.

and K, when bound to Mg?* and Mn?* (Figure 1), attesting to the
efficacy of our Rubisco purification and activation protocols.

The addition of 6PG may stimulate Rubisco carboxylation of
RuBP if the enzyme is activated and the concentration of 6PG is
below 1 mM, and may inhibit Rubisco carboxylation if the enzyme
is not activated or when the concentration of 6PG exceeds 1 mM
(Chu and Bassham, 1973; Chu and Bassham, 1974). Our experiments
preactivated Rubisco, so the stimulation of Rubisco carboxylation by
adding 0.4 mM 6PG concentration (Figure 2) is consistent with prior

experiments.

4.2 | Influence of metals and other ligands on
Rubisco generation of pyruvate

Methods for analyzing pyruvate can be problematic. Peak tailing
(Arrivault et al, 2009) and matrix effects (Alseekh et al, 2021;
Tarakhovskaya et al., 2023) interfere with Gas Chromatographic/Mass
Spectroscopic approaches. Therefore as an alternative, metabolomic
studies of plants often quantify pyruvate through enzymatic reactions
that oxidize NAD(P)H (Arrivault et al., 2009). We initially assessed
Rubisco generation of pyruvate from RuBP via an assay catalyzed by
lactate dehydrogenase in which pyruvate + NADH — lactate +
NAD™ (Andrews and Kane, 1991; Hatzfeld et al., 1990). This assay
indicated that Rubisco generation of pyruvate was less than 0.5% of
the RuBP consumed (Figure S2). Other studies that used this assay
obtained similar results (Andrews and Kane, 1991; Treves
etal,, 2022).
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We suspected that these low rates of pyruvate generation
derived from the inhibition of Rubisco by lactate, NADH, or lactate
dehydrogenase (Cannon et al, 2021) and therefore shifted to a
commercial pyruvate assay (BioAssay Systems, 2022) based on pyru-
vate oxidase generation of hydrogen peroxide that reacts with
nonfluorescent Amplex Red at a 1:1 stoichiometry to form the fluo-
rescent product resorufin (Zhu et al., 2010). We measured resorufin
with a Horiba Fluorolog at Aem/ex = 585/530 nm. This assay indicated
that Rubisco converted more than 6% of the RuBP into pyruvate
(Figure 3), more than 10 times faster than in our earlier measurements
using lactate dehydrogenase.

Andrews and Kane hypothesized that Rubisco generated pyru-
vate by beta elimination from the fragment of RuBP formed from
the top three carbons followed by cleavage (Andrews and
Kane, 1991). We found that conditions favoring RuBP oxygenation
stimulated Rubisco pyruvate generation (Figure 3), indicating that
pyruvate derives from the bottom three carbons of RuBP. Deter-
mining which of these two possibilities is prevalent will require fur-
ther experimentation.

4.3 | Malate generation in chloroplasts

Our results suggest a stromal biochemical pathway in which
(@) Rubisco generates pyruvate during RuBP oxygenation (Andrews
and Kane, 1991); (b) phosphogluconate dehydrogenase decarboxyl-
ates 6PG to produce Ru5P, CO,, and NADPH (Lew et al., 2014) and
(c) malic enzyme carboxylates the pyruvate generated by the first
reaction using the CO, and NADPH generated by the second reaction
to produce malate (Figures 2-4; Brown and Cook, 1981; Chang and
Tong 2003, Muiller et al., 2008; Wheeler et al., 2008).

The proposed pathway has remained unrecognized because cur-
rent mass spectrometric and enzymatic methods (Alseekh et al., 2021;
Andrews and Kane, 1991; Arrivault et al., 2009; Hatzfeld et al., 1990)
grossly underestimate plastid pyruvate generation (Figures S2, 3).
Moreover, the proposed pathway becomes prominent only when the
plastid enzymes Rubisco and malic enzyme are bound to Mn?*, but
nearly all experiments involving Rubisco and malic enzyme promote
net CO, assimilation by removing Mn?* from these enzymes and
replacing it with Mg?* (Bloom and Kameritsch 2017; Bloom and Lan-
caster 2018; Shi and Bloom 2021).

Excluding Mn?* from plastid reactions seems incongruous
with the evolution of oxygenic photosynthesis and the Great
Oxidation Event that began 2.3 to 2.5 billion years ago. These
developments co-occurred with the increase in soluble Mn?* near
Earth's surface (Fischer et al., 2016; Lingappa et al., 2019) and
depended on the proliferation of photosynthetic organisms having
particular attributes. These attributes include (a) an Mn?* complex
in photosystem |l that splits water and releases O, (Fischer
et al, 2016; Lingappa et al., 2019), (b) Mn?*-containing com-
pounds that provide cellular protection against oxidative stress
(Fischer et al., 2016; Lingappa et al., 2019), (c) a Form | Rubisco
that has more than one hundred times greater affinity for Mn2*

('P' iologia Plantarum. | 90f12

than Mg?* (Bloom and Kameritsch, 2017), and (d) photorespiratory
reactions that accelerate when the enzymes involved are bound to
Mn?* instead of Mg2+ (Christeller, 1981; Christeller and
Laing, 1979; Hagemann et al., 2016; Jordan and Ogren, 1983; Mar-
tin and Tabita, 1981; Segura-Broncano et al., 2023; Wildner and
Henkel, 1979).

Mg?* activity in tobacco chloroplasts is about 8 mM, whereas
Mn2" activity is about 80 uM (Bloom and Kameritsch, 2017). A
tenfold increase in Mg2™ activity of the medium increased chloro-
plast Mg?™ activity by tenfold. In contrast, a tenfold increase in
Mn?2" activity of the medium increased chloroplast Mn?* activity
by only three-fold (Bloom and Kameritsch 2017). This result
implies that the chloroplast membrane has a more significant role
in regulating the activity of Mn?* than Mg2* in chloroplasts. Iso-
thermal titration calorimetry estimated that Rubisco purified from
tobacco had a higher dissociation constant (Kg) for Mg?* (1.7 mM)
than Mn2* (14 uM) (Bloom and Kameritsch, 2017). Thus, tobacco
Rubisco has an affinity for each metal similar in magnitude to the
activity of the metal in chloroplasts. Tobacco Rubisco, therefore,
binds almost equally to both metals and rapidly exchanges one
metal for the other (Bloom and Kameritsch, 2017).

44 | Modifying the leaf [Mn?*]/[Mg?*] ratio to
maintain the organic carbon to organic nitrogen
balance

By the end of the century, global atmospheric CO, will increase from
its current concentration of 421 ppm to between 450 and 1130 ppm
(IPCC, 2021). Experiments on the responses of plants to rising CO,
subject them to atmospheres containing higher than 550 ppm
CO,, (Broberg et al., 2019; Tcherkez et al., 2020), a concentration that
is 40% above the current ambient concentration. Such treatments
accelerate carbon fixation, inhibit photorespiration (Cousins and
Bloom, 2004), decrease protein concentrations by over 6% (Medek
et al., 2017; Myers et al., 2014; Taub et al., 2008), and increase plant
C/N ratios by 20% (Butterly et al., 2015; Kramer et al., 2022; Sardans
et al.,, 2012; Wang et al., 2019; Ziska et al., 2016).

However, atmospheric CO, concentrations above 550 ppm are
higher than plants have experienced in more than 14 million years
(Rae et al., 2021), double what plants experienced before the Indus-
trial Revolution (Dlugokencky and Tans, 2021), and higher than what
plants will experience in the next 20 years (IPCC, 2021). When
exposed to less severe CO, enrichments, plants allocate more carbon
fixation to protein synthesis and less to carbohydrate accumulation
(Broberg et al., 2017; Tcherkez et al., 2020; Yang et al., 2023). For
example, wheat grain yields in Californian field trials over the past
35 years declined by 13% while atmospheric CO, increased by 19%
and grain protein concentrations remained constant (Bloom and
Plant, 2021). These observations suggest that most plants maintain an
organic carbon to organic nitrogen balance (i.e., C/N homeostasis)
under the atmospheric CO, fluctuations that they experience daily,

seasonally, and over decades or millennia (Nunes-Nesi et al., 2010).
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The ratio of Mn?* contents to Mg?" contents in wheat leaves
increased as atmospheric CO, increased and when wheat plants
received NO3~ rather than NH, ™ as a nitrogen source (Figure S4 and
Table $8). Such a shift in [Mn?*]/[Mg?*] will enhance Rubisco oxy-
genation and inhibit Rubisco carboxylation, promote photorespiration
and shoot NO3~ assimilation and limit carbon assimilation, and
achieve C/N homeostasis under rising atmospheric CO, (Bloom
and Kameritsch, 2017; Bloom and Lancaster, 2018).

A recent review of photosynthetic carbon metabolism highlights
the “pyruvate paradox” whereby *3C only slowly appears in pyruvate
after leaves are exposed to 3CO, (Sharkey, 2024). The author
declares that one of the key issues remaining about plant carbon fixa-
tion is “The ability of Rubisco to make pyruvate has been reported
once, but needs to be independently verified, and then, the conse-
quences of this pyruvate production need additional study”
(Sharkey, 2024). The results presented here directly address this issue.
Conditions that favored RuBP oxygenation stimulated Rubisco gener-
ation of pyruvate from RuBP to comprise as much as 15% of the total
RuBP consumed, and a substantial portion of this pyruvate may be
converted into malate, as much 5% of chloroplast electron transport
(Fridlyand et al., 1998).

5 | CONCLUSIONS

In summary, photorespiration is less wasteful than previously assumed
because RuBP oxygenation in C; plants generates a substantial
amount of malate in mesophyll chloroplasts through the sequential
actions of Rubisco and malic enzyme. Compared to nucleoside tri-
phosphates or reductants such as NAD(P)H and glutathione, malate is
relatively stable in that it withstands storage in organelles at relatively
high concentrations (>0.1 M) and rapid transport across membranes.
The ubiquity of malate dehydrogenase and malic enzyme allows the
generation of NADH or NADPH from malate when and where
needed (Selinski and Scheibe 2019). Thus, translocating malate
between organelles, cells, and tissues is a primary method through
which plants and other organisms maintain redox potential in various
compartments under the environmental fluctuations that occur daily,

seasonally, over decades and millennia.
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