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Abstract 
Most plants, contrary to popular belief, do not waste over 30% of their photosynthate in a futile cycle called 
photorespiration. Rather, the photorespiratory pathway generates additional malate in the chloroplast that 
empowers many energy-intensive chemical reactions such as those involved in nitrate assimilation. The 
balance between carbon fixation and photorespiration, thus, determines plant carbon/nitrogen balance and 
protein concentrations. Plant protein concentrations, in turn, depend not only on the relative concentrations 
of carbon dioxide and oxygen in the chloroplast, but on the relative activities of magnesium and manganese, 
metals that associate with several key enzymes in the photorespiratory pathway and alter their function. 
Understanding the regulation of these processes is critical for sustaining food quality under rising CO2 
atmospheres. 

Introduction 
Rubisco, the most prevalent protein on the planet 1, suffers from a split personality: it catalyzes both a 
carboxylation reaction that initiates the C3 carbon fixation pathway and an oxidation reaction that initiates 
the photorespiratory pathway (Fig. 1). The C3 carbon fixation pathway expends 18 ATP and 12 NADPH 
per molecule of fructose-6-phosphate generated and 6 RuBP regenerated. The photorespiratory pathway 
allegedly expends 3.5 ATP and 2 NADPH per RuBP oxygenated and regenerated, but does not result in 
any net production of sugar 2. Therefore, photorespiration is generally considered to be a futile cycle 3,4, a 
vestige of the high CO2 and low O2 atmospheres that existed when plants first evolved 5. Yet the oxidation 
reaction of photorespiration has persisted for eons across all known forms of Rubisco 6. 

Rubisco contains a metal-binding site 7. The stoichiometry of CO2 trapping 8 and 31P and 13C NMR 
measurements 9 indicate that Mn2+ and Mg2+ share this binding site, but nearly every in vitro study of Ru-
bisco biochemistry during the past four decades has been conducted with only Mg2+ present. The RCSB 
Protein Data Bank includes 10 structures of Rubisco with Mg2+ as a ligand, but none with Mn2+. One recent 
review entitled Biogenesis and Metabolic Maintenance of Rubisco, which focuses on the “the structure and 
function of factors [that bind to] Rubisco,” does not mention Mn2+ 10. Another recent review entitled The 
Mechanism of Rubisco‐Catalysed Oxygenation contains extensive detail about the mechanism of oxygena-
tion when Mg2+ is present, but refers to Mn2+ only in the disclaimer “it is likely that the mechanism with 
Mn2+ is different” 11. 

This article examines the evidence that Rubisco, malic enzyme, and phosphoglycolate phosphatase—
the three enzymes in the chloroplast that catalyze the initial reactions of photorespiration—behave differ-
ently when associated with Mn2+ rather than with Mg2+. These enzymes when associated with Mn2+ may 
directly produce malate that, in turn, empowers many metabolic pathways including nitrate assimilation. 
Thus, the photorespiratory pathway may be more energy efficient than previously assumed. 

Rubisco 
Rubisco has three types 10. 

• Most common is Form I Rubisco, found in bacteria and in the stroma of chloroplasts in eukaryotes. 
It is a hexadecamer containing eight identical large subunits (~55,000 Mr), each with a metal-bind-
ing site, and eight small subunits (~15,000 Mr). The large subunits are coded by a single plastomic 
gene, whereas the small subunits are coded by a nuclear multigene family that consists of 2 to 22 
members, depending on species 12. Complex cellular machinery is required to assemble this form 
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of Rubisco and to maintain its activity 10. Until this year, Form I Rubisco has resisted all efforts to 
generate a functional holoenzyme in vitro or upon recombinant expression in E. coli 13. 

• Form II Rubisco, found in bacteria and some dinoflagellates, contains one or more isodimers with 
subunits that share about 30% identity to the large subunit of Form I Rubisco. 

• Form III Rubisco, found in archaea, has one or five isodimers composed of subunits homologous to 
the large subunit of Form I Rubisco. 

Form II and Form III Rubisco show greater similarity in their primary sequence to one another than either 
do to the large subunit of Form I Rubisco. 

The three forms become activated when a specific lysine residue becomes carbamylated, and binds Mn2+ 
or Mg2+ 8,9. NADPH complexes strongly with Rubisco and acts as an effector molecule to maintain the 
Rubisco catalytic pocket in an open confirmation that more rapidly facilitates CO2-Mg2+ activation when 
CO2 and Mg2+ are present in suboptimal concentrations 14-17. The crystal structure of Rubisco with both 
Mg2+ and NADPH as ligands indicates that NADPH binds to the catalytic site of Rubisco through metal-
coordinated water molecules 16. The activated enzyme catalyzes either carboxylation or oxygenation of the 
enediol form of the five-carbon sugar ribulose-1,5-bisphosphate (RuBP) 7. 

 
Fig. 1   The proposed photorespiratory pathway within the context of photosynthetic carbon and nitrogen me-
tabolism. The solid red lines represent reactions of the photorespiratory pathway, the solid blue lines represent 
reactions of the proposed alternative photorespiratory pathway, the solid purple lines represent reactions of 
amino acid synthesis, and the dotted lines represent associated transport processes. Numbered reactions are 
catalyzed by the following enzymes: 1. Rubisco, 2. Phosphoglycolate phosphatase, 3. Malic enzyme, 4. Nitrate 
reductase, 5. Nitrite reductase, and 6. Malate dehydrogenase. PETC designates photosynthetic electron 
transport chain and RETC, respiratory electron transport chain. 2 
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The balance between the carboxylation and oxygenation reactions depends on several factors. One factor 
is the relative amounts of CO2 and O2 entering the active site of Rubisco. A second factor is the specificity 
of the Rubisco for each gas. Under current atmospheres (0.04% CO2 and 20.94% O2), Rubisco catalyzes 
about two to three cycles of C3 carbon fixation for every cycle of photorespiration 18. A third factor—one 
that is usually ignored—is the extent to which Rubisco binds either Mn2+ or Mg2+. When Rubisco binds 
Mn2+, carboxylation and oxidation proceed at similar rates 19, the oxygenation produces singlet oxygen 20,21, 
and the Mn2+ transfers an electron with every oxidation 21. When Rubisco binds Mg2+, carboxylation accel-
erates and proceeds four times faster than oxidation 19, but no electrons are transferred 18. 

Oxygenation of RuBP via Form I Rubisco bound to Mn2+ results in a reaction enthalpy change (ΔrH´) 
of –319 kJ mol–1 22. For comparison, RuBP carboxylation via Form I Rubisco bound to Mg2+ has a ΔrH´ of 
–21 kJ mol–1 22 and NADP+ reduction to NADPH has a ΔrH´ of –29 kJ mol–1 23. The prevailing view is that 
the –319 kJ mol–1 released during RuBP oxidation is dissipated as waste heat 22. 

We recently quantified Mn2+ and Mg2+ activities in isolated tobacco chloroplasts 19. Activity of an ion 
is its “effective concentration” in a solution containing a mixture of compounds: chemical potential of the 
ion depends on its activity in a real solution in the same way that it would depend on concentration in an 
ideal solution. We assessed Mg2+ activity via the increase in fluorescence when the dye mag-fura-2 binds 
Mg2+ (dissociation constant, Kd = 1.5 mM 25) and Mn2+ activity via quenching of this fluorescence when 
the dye binds Mn2+ (Kd = 0.89 µM 26). The fluorescence without Mn2+ quenching was assessed by adding 
TPEN, a membrane-permeable, non-fluorescent chelator that has Kd’s of 5.4 × 10−11 M for Mn2+ and 2.0 × 
10−2M for Mg2+ 27. 

In tobacco chloroplasts, Mn2+ was less active than Mg2+ (Fig. 2 a, b). Increasing the Mn2+ activity in the 
medium by 10-fold increased the chloroplast Mn2+ activity by roughly 3-fold (Fig. 2b), whereas increasing 
the Mg2+ activity in the medium by 10-fold increased the chloroplast Mg2+ activity by roughly 10-fold (Fig. 
2a). This suggests that regulation of Mn2+ and Mg2+ activities in chloroplasts, if such exists, occurs primarily 
at the cellular level. 

We also assessed via isothermal titration calorimetry the thermodynamics of metal binding to Form I 
Rubisco purified from tobacco or to recombinant Form II Rubisco enzyme prepared in E. coli based on the 
sequence from the bacterium Rhodospirillum rubrum 19. The Rubisco purified from tobacco had a lower 
dissociation constant (Kd) for Mn2+ than Mg2+ (Fig. 2d, f), and so the Kd’s of tobacco Rubisco for each 
metal was similar in magnitude to the activity of each in the chloroplast (Fig. 2d, f). Thus, Rubisco in 
tobacco associated almost equally with both metals and rapidly exchanged one metal for the other. 

The thermodynamics of Mn2+ binding differed greatly between the Rubiscos from tobacco and a bacte-
rium, whereas the thermodynamics of Mg2+ binding was similar for the Rubiscos from these species (Fig. 
2c-f). Moreover, the ratio of Mn2+ contents to Mg2+ contents in wheat leaves increased as atmospheric CO2 
increased and when wheat plants received NO3

– rather than NH4
+ as a nitrogen source 19. These results 

suggest that Rubisco has evolved to improve the energy transfers between photorespiration and NO3
– as-

similation and that plants regulate Mn2+ and Mg2+ activities in chloroplasts to mitigate detrimental changes 
in their nitrogen/carbon balance as atmospheric CO2 varies 19. 

Nitrogen 
Nitrogen (N) is the element other than carbon, hydrogen, and oxygen that organisms must acquire in great-
est amounts from their surroundings 28. Most organisms can use either NO3

–, NH4
+, or organic N compounds 

as N sources. NH4
+, however, has the major disadvantage that it becomes toxic when it accumulates in cells 

because it dissipates the proton concentration gradients across membranes that are vital to electron transport 
chains and active nutrient transport. To avoid this toxicity, organisms quickly convert the NH4

+ that they 
absorb from their surroundings into organic N compounds. 

Organisms can accumulate NO3
– in their tissues to much higher levels than NH4

+ without toxic effect. 
In fact, NO3

– may serve as a metabolically benign osmoticant that, together with monovalent cations such 
as potassium or sodium, maintains a favorable cellular water balance 28. The major disadvantage of NO3

– 
as an N source is that assimilating it into organic N requires the conversion of the N atom in NO3

– (oxidation 
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state = +5) into an N atom in an amino acid (oxidation state = –3). This transfer of 8 electrons involves 
some of the most energy-intensive chemical reactions in life, reactions that together expend the equivalent 
of 12 ATP per NO3

– converted into glutamine. For comparison, assimilation of NH4
+ into glutamine requires 

the equivalent of only 2 ATP 29. Thus, microorganisms most prefer organic N forms as N sources and then 
more strongly prefer the higher energy inorganic N form NH4

+ over NO3
–. Accordingly, most phytoplank-

ton 30, fungi 31, cyanobacteria 32, and bacteria 33 absorb and assimilate NO3
– only in the absence of organic 

N or NH4
+. 

Plants tend to use NO3
–, NH4

+, and organic N as N sources in proportion to their relative availability in 
the soil solution 28,34, but plants usually cannot compete successfully with soil microorganisms for organic 
N 35-37. Also, plants are less successful in competing for soil NH4

+ because NH4
+ adsorbs onto the cation 

exchange complex of most soils and because soil microorganisms use NH4
+ not only as an N source, but as 

an energy source via nitrification (microbial conversion of NH4
+ into NO3

–). Microorganisms in soils con-
vert nearly all of the applied urea and ammonium fertilizer into NO3

– within days 38. Therefore, somewhat 
by default, NO3

– serves as the major N source for most plants 28. 

 
Fig. 2   a, b, Mg2+ and Mn2+ activities in chloroplasts isolated from Nicotiana tabacum and Nicotiana benthamiana 
as determined by the ratiometric fluorescent dye mag-fura-2. The chloroplasts were exposed to a buffer contain-
ing 330 mM Sorbitol, 20 mM MOPS (pH 7.6) and the designated activities of Mg2+ and Mn2+. Shown are least 
square means and standard errors determined by a mixed linear model (n = 5 – 8). Bars labeled with different 
letters (a, b, or c) within the panel for a metal were significantly different via a Tukey-Kramer test (P ≤ 0.05).  19. 
c – f, Isothermal titration calorimetry measurements of Mg2+ or Mn2+ binding to Rubisco purified from tobacco 
Nicotiana tabacum or recombinant enzyme prepared in E. coli with the sequence from the bacterium Rhodospi-
rillum rubrum. Lines designate the means for the fit of a global model to the data from individual experiments. 
Molar ratio is the concentration of the metal divided by the concentration of Rubisco. The model for Fig. c – e is 
a single-site heterogeneous association model (A + B ↔ AB), whereas the model for Fig. f is a two-equivalent 
site heterogeneous association model (A + B + B ↔ AB + B ↔ ABB) with entropy-driven positive cooperativity. 
Listed are the dissociation constants (Kd) and molar enthalpies (∆H) estimated from the models with the error 
limits derived from a Monte Carlo method 24. Different symbols and colors designate individual experiments con-
ducted under different metal concentrations, Rubisco concentrations, number of injections, injection volumes, 
times between injections, or strength of temperature feedback control. Error bars for each data point of the 
isotherm derive from peak-shape analysis (small errors are incorporated into the symbols).  19 
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Plants depend on NO3
– even in locations where soil NO3

– concentrations are low. For instance, many 
flood-tolerant plants, growing in wetland soils subject to NO3

– leaching and denitrification (microbial con-
version of NO3

– to N2), develop aerenchyma that supply the rhizosphere with oxygen and promote nitrifi-
cation on root surfaces. The NO3

– thus generated is immediately absorbed by the root 28. Also, forest soils 
in which NH4

+ is the major N source have high rates of gross nitrification that indicate a small but ecolog-
ically important NO3

– pool 39. Finally, plants that can conduct symbiotic N-fixation are more prevalent in 
soils deficient in N, but these plants cease N-fixation whenever NO3

– becomes available in the rhizo-
sphere 40. 

This dependence of plants on NO3
– as an N source persists despite the disproportionately high energy 

requirements for assimilating NO3
– into organic N compounds. For some perspective, organic N compounds 

constitute less than 2% of plant dry mass, but plants expend about 25% of their total energy in shoots 41 and 
roots 42 on NO3

– assimilation, both day 43 and night 44. C3 plants, when carbon fixation is CO2-limited, sup-
ply this energy without diverting energy from other processes via a pathway that other organisms lack: this 
pathway is photorespiration 18. 

Photorespiration & NO3
– Assimilation 

Multiple lines of evidence link shoot NO3
– assimilation in C3 plants to photorespiration 18. (a) Conditions 

that decrease photorespiration—namely, elevated CO2 and low O2—decrease shoot NO3
– reduction (Fig. 

3). (b) The reduction of the Mn2+-RuBP complex during photorespiration increases the redox potential of 
the chloroplast 18, which thus stimulates the production of malate 45,46 and promotes its export from chloro-
plasts 47-49. Once in the cytoplasm, this malate generates NADH 48 that powers the first step of NO3

– assim-
ilation, the reduction of NO3

– to NO2
– 28. (c) Mutants that alter malate transport or metabolism influence 

both photorespiration and NO3
– assimilation 46,50,51. 

The rising atmospheric CO2 concentrations that are anticipated during the next few decades will inhibit 
photorespiration and initially enhance photosynthesis and primary productivity (Fig. 4a). Slower pho-
torespiration, however, will decrease shoot NO3

– assimilation and eventually decrease plant protein con-
centrations 44,52,53 (Fig. 4b). As plants become protein limited, primary productivity will abate (Fig. 4a). 
This decline in productivity and protein yield pose a major threat to world food security 28. 

A meta-analysis of over 7700 observations in 130 plant species found that exposure to elevated CO2 
decreased the foliar concentrations of 25 mineral nutrients by an average of 9.2 ± 0.9% 54. For example, 
elevated CO2 decreased foliar concentrations of nitrogen by 15.9 ± 1.9% and magnesium by 11.6 ± 2.1%. 
This was not simply the effect of diluting the nutrients through enhanced growth because foliar concentra-
tions of carbon increased by a mere 4.9 ± 2.1%. Of the 25 mineral nutrients assessed, manganese was the 
only one whose foliar concentration did not decline significantly at elevated CO2 (1.2 ± 3.0%) 54. This 
suggests that foliar Mn2+ to Mg2+ ratio may play a unique role in acclimation to elevated CO2. 

Metallomics 
Over one-third of proteins must be associated with a metal to function properly because metals permit bond 
angles and redox potentials that polypeptides alone cannot achieve 55,56. Not just any metal will do: the 
metal bound to a protein strongly affects its conformation and its participation in chemical reactions 57. 
Physiological disorders arise when mis-metallation occurs 58. 

Central to this discussion is the extent to which proteins discriminate between Mn2+ and Mg2+. These 
divalent cations have similar effective ionic radii and exhibit similar thermodynamic interactions with other 
elements 59, and so Mn2+ and Mg2+ substitute for one another in the metal binding site of many proteins. 
Manganese, however, has up to five unpaired electrons in its outer shell and readily participates in redox 
reactions, whereas magnesium has a single pair of electrons in its outer shell and does not readily participate 
in redox reactions. In particular, Rubisco when associated with Mn2+ more strongly favors oxygenation of 
the substrate RuBP, whereas the enzyme when associated with Mg2+ more strongly favors carboxylation 18. 
Rubisco when associated with either Mn2+ or Mg2+ can generate pyruvate directly from RuBP 60. 
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Malic enzyme has mitochondrial and cytosolic isoforms that primarily catalyze the decarboxylation of 
malate to pyruvate. The kinetics of this reaction depends on whether the protein is associated with Mn2+ or 
Mg2+ 61-63. By contrast, the plastid isoform of this enzyme in Arabidopsis and tobacco primarily catalyzes 
the so-called reverse reaction (pyruvate + CO2 + NADPH → malate + NADP+) 64,65. The influence of Mn2+ 
and Mg2+ on this reverse reaction and the affinities for CO2 or NADPH have not yet been examined. 

Phosphoglycolate phosphatase has cytosolic and plastid isoforms that catalyze the hydrolysis of 2-phos-
phoglycolate to glycolate. This enzyme has a metal binding site that binds either Mn2+ or Mg2+, although 
its affinity for Mn2+ is almost seven time stronger than for Mg2+ 67. Nonetheless, most assume that phos-
phoglycolate phosphatase normally binds Mg2+ because its phosphatase activity in vitro more than doubles 
when bound to Mg2+ 67,68. 

 

Fig. 3   NO3– assimilation.  a, NO3– assimilation vs. 
leaf internal CO2 concentration (Ci) in 9 C3 species. 
Assimilation was assessed by ∆AQ, the decrease in 
the ratio of shoot CO2 consumption to O2 evolution 
with a shift from NH4+ to NO3– nutrition. Note that Ci is 
substantially less than atmospheric CO2 concentra-
tion because carbon fixation depletes CO2 and sto-
mata limit CO2 diffusion. For most C3 plants, Ci is usu-
ally less than 260 µmol mol–1 at current atmospheric 
CO2 levels of 400 µmol mol–1. At low Ci’s, NO3– and 
NO2– serve as alternative e– acceptors to avoid pho-
toinhibition. 18 b, Three independent measures of 
NO3– assimilation in spring wheat (cv. Veery) and Ar-
abidopsis thaliana cv. Col-0 when exposed to various 
atmospheres and 0.2 mM NO3– nutrition (mean ± SE, 
n = 6 to 18). For “NO3– depletion”, decline of NO3– con-
centrations in a nutrient solution indicated plant NO3– 
absorption, and the difference between this absorp-
tion and accumulation of free NO3– within plant tissues 
estimated plant NO3– assimilation. For “15N-labeled” 
or “14N-labeled”, plants grown on 14N- or 15N-NO3– re-
ceived a pulse of 15N- or 14N-NO3–, and the difference 
between the 15N or 14N enrichment of total N and free 
NO3– estimated plant NO3– assimilation. 66 
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An Alternative Photorespiratory Pathway? 
Changing the Mn2+ or Mg2+ concentration in the medium produced a proportional change in chloroplast 
Mn2+ or Mg2+ activity (Fig. 2). The ratio of manganese to magnesium in wheat leaves increased as atmos-
pheric CO2 increased and when the nitrogen source was NO3

– instead of NH4
+ 19. Therefore, elevated CO2 

and NO3
– nutrition will probably increase Mn2+ activities in chloroplasts relative to Mg2+ activities. This 

will favor photorespiration at the expense of carbon fixation, accelerate shoot NO3
– assimilation, and restore 

carbon to nitrogen balance 19. 
Mn2+ and Mg2+ activities in the chloroplast influence the active site conformations and alter the redox 

reactivities and substrate positioning of Rubisco, malic enzyme, and phosphoglycolate phosphatase and 
thereby change the kinetics of the reactions that these enzymes catalyze. In the presence of Mg2+ alone, the 
initial reactions of the photorespiratory pathway involving Rubisco and phosphoglycolate phosphatase 
yield RuBP + O2 + H2O → glycolate + 3-phosphoglycerate + Pi in the stroma of the chloroplast 11: 

C5H7O11P2
5– + O2 + H2O → C2H3O3

– + C3H5O7P2– + HPO4
2–. 

The glycolate translocates to the peroxisome where it, after several reactions in the peroxisome and mito-
chondrion, is converted to glycerate that translocates back into the chloroplast and regenerates RuBP (Fig. 
1). The 3-phosphoglycerate (3-PGA) produced during the oxygenation reaction, like that produced during 
the carboxylation reaction, cycles through triose-phosphate and regenerates RuBP (Fig. 1). 

By contrast, when plant Rubisco and phosphoglycolate phosphatase are associated with Mn2+, some of 
the energy being released during RuBP oxidation or hydrolysis of phosphoglycolate may reduce NADP+ to 
NADPH, and so the initial reaction of photorespiration may become RuBP + NADP+ + H+ + O2 + H2O → 
pyruvate + glycolate + NADPH + 2Pi (Fig. 1): 

C5H7O11P2
5– + NADP+ + H+ + O2 + H2O + 2e– → C3H3O3

– + C2H3O3
– + NADPH + H2PO4

– + HPO4
2–. 

When malic enzyme is associated with Mn2+, the second reaction of photorespiration may be pyruvate + 
CO2 + NADPH → malate + NADP+ (Fig. 1): 

 
Fig. 4   Plant responses to CO2 enrichment. a, Differences in biomass between elevated (567 µmol mol–1) and 
ambient (365 µmol mol–1) CO2 in each year of treatment. Shown are data from seven different studies 69-74 using 
the designated types of plants. 28  b, Percent change in food protein concentration at elevated [CO2] relative to 
ambient [CO2] (mean ± 95% confidence intervals) for crops grown in Free Air CO2 Enrichment (FACE) experi-
ments. 75 
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C3H3O3
– + CO2 + NADPH → C4H4O5

2– + NADP+. 
The NADPH required for this reaction may derive from both RuBP oxidation and ferredoxin-NADP+ re-
duction, but photorespiration becomes more energy efficient if NADPH derives from RuBP oxidation, and 
so the net reaction may be RuBP + O2 + CO2 + H2O → glycolate + malate + 2Pi: 

C5H7O11P2
5– + O2 + CO2 + H2O + 2e– → C2H3O3

– + C4H4O5
2– + 2HPO4

2–. 
Glycolate and malate, which may be generated during the initial reactions of photorespiration, are exported 
from the chloroplast (Fig. 1). The remainder of the photorespiratory pathway proceeds as described in text-
books 2. Remember that the C:N ratio in plants is roughly 20:1, and so the moles of malate generated via 
photorespiration need be only about 5% of the moles CO2 fixed. 

Prior studies have not considered the generation of malate from RuBP. Indeed, few experiments have 
subjected isolated chloroplasts to conditions that promote photorespiration. Lacking entirely are in vitro 
experiments that include all the components of this proposed alternative pathway: Rubisco, malic enzyme, 
phosphoglycolate phosphatase, RuBP, Mn2+, NADP+, CO2, and O2. Consequently, current evidence for this 
alternative pathway is purely circumstantial. 

Evidence for an Alternative Pathway 
One line of evidence that supports the proposed alternative photorespiratory pathway is the temperature 
response of C4 versus C3 plants. Temperature influences the balance between C3 carbon fixation and pho-
torespiration in two ways. First, as temperature rises, the solubility of CO2 in water decreases more than the 
solubility of O2, resulting in a lower CO2:O2 ratio. Second, the enzymatic properties of Rubisco shift with 
increasing temperature, stimulating the reaction with O2 to a greater degree than the one with CO2. Warmer 
temperatures, therefore, favor photorespiration over C3 carbon fixation, and photosynthetic conversion of 
absorbed light into sugars becomes less efficient 76. Based on the temperature response of Rubisco carbox-
ylation and oxygenation and on the textbook biochemical pathway for photorespiration, C4 plants should 
be more competitive in regions where the mean monthly air temperature exceeds 22°C 77. 

In fact, the quantum yield of photosynthesis in an ambient CO2 and O2 atmosphere does not differ sig-
nificantly between C3 and C4 species at temperatures between 25° and 30°C 78. Only under hotter and drier 
conditions does C4 carbon fixation become more efficient than C3 fixation, and C3 species continue to dom-
inate in most locations worldwide. This is consistent with the contention that C3 carbon fixation is more 
efficient than previously thought: if photorespiration follows the alternative pathway proposed here, both 
C3 and C4 carbon fixation at moderate temperatures will expend the equivalent of about 11 ATPs per CO2 
fixed 18. 

A second line of evidence supporting an alternative pathway is the apparent similarities among Rubiscos 
isolated from various sources. Recent studies have assessed the kinetics of carboxylation versus oxygena-
tion for Rubisco isolated from a wide range of species 6,79. Among 28 terrestrial plant species representing 
different phylogenetic lineages, environmental adaptations, and photosynthetic mechanisms, Rubisco had 
affinities for CO2 and O2 that varied less than 6% (Kc = 10.5 ± 0.5 µM and Ko = 392 ± 23 µM) when the 
enzyme was associated with Mg2+ 79. This has led to the belief that “despite slow catalysis and confused 
substrate specificity, all ribulose bisphosphate carboxylases may be nearly perfectly optimized” 80. On the 
contrary, recent results indicate that Rubisco properties vary more widely when the enzyme is associated 
with Mn2+ 19 (Fig. 2). This supports the contention that Rubisco when associated with Mn2+ has evolved to 
improve the energy transfers between photorespiration and other metabolic processes 19. 

A third line of evidence is that plants increase their rate of photosynthetic CO2 uptake via the pho-
torespiratory pathway when assimilating NO3

– into amino acids by fixing carbon to both organic acids and 
carbohydrates 81. Modification of the widely-used Farquhar, von Caemmerer, and Berry photosynthesis 
model to include the carbon and electron requirements for NO3

– assimilation via the photorespiratory path-
way improves predictions of rates for photosynthetic CO2 uptake and photosynthetic electron transport. 
Thus, photorespiration improves photosynthetic performance despite reducing the efficiency of Rubisco 
carboxylation 81. 
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A fourth line of evidence supporting an alternative path-
way is that models of plant CO2 exchange have assumed that 
photorespiration evolves one CO2 for every two oxygenations 
of RuBP 82,83. This depends on the supposition that the initial 
photorespiratory reactions in the chloroplast are RuBP + O2 
+ H2O → glycolate + 3-phosphoglycerate + Pi. The alterna-
tive pathway, whereby RuBP + O2 + CO2 + H2O → glycolate 
+ malate + 2Pi, would evolve less CO2 per oxygenation and  
might explain some of the inconsistencies between current 
models with observations of CO2 fluxes at higher tempera-
tures 82,83. 

One study has examined Mg and Mn contents in leaves 
exposed to different temperatures and atmospheric CO2 con-
centrations 84. In Scots pine needles, elevated CO2 and higher 
temperatures decreased the ratio of Mg content to Mn content. 
If leaf content of these metals is related to their activities, then these results are consistent with the observed 
lower specificity for Rubisco carboxylation at higher temperatures 85. 

A fifth line of evidence is that certain grasses and eudicot species, including most C3–C4 intermediates, 
conduct C2 photosynthesis whereby they transport photorespiratory glycine from the mesophyll to bundle 
sheath cells for decarboxylation by glycine decarboxylase and re-fix the CO2 thus released by the Calvin-
Benson cycle in the bundle sheath 86,87. The persistence of substantial Rubisco oxidation even within species 
having CO2 concentrating mechanisms indicates that photorespiration is more efficient than previously as-
sumed. 

A sixth line of evidence is that an aerated solution of activated Mn2+-Rubisco exhibits a long-lived 
chemiluminescence when RuBP is added 21. This chemiluminescence seems to derive from a spin-flip 
within the Mn2+ 3d manifold, leading to an excited quartet (S = 3/2) d5 electronic configuration that decays 
over the course of 1 to 5 minutes back to the sextet (S = 5/2) ground state electronic configuration (Fig. 5). 
Excited states are intrinsically better oxidants and reductants (larger reduction/oxidation potentials) than 
their corresponding ground states 88-90, thus, the observed chemiluminescence may indicate that the RuBP-
O2-Mn2+-Rubisco excited state is quenched via electron transfer and that the liberated reducing equivalent 
participates in the reduction of NADP+ to NADPH. In this way, oxidation of RuBP via O2 may proceed in 
a spin-allowed manner; meanwhile the Mn2+ remains “innocent” in the generation of the oxygenated RuBP 
precursor. Mn2+-centered redox may still proceed, with oxidation of excited Mn2+ to Mn3+ occurring in a 
manner independent of, but parallel to, substrate oxidation. What remains uncertain is how reduction of 
Mn3+ to Mn2+ proceeds, although multiple possibilities exist including biological electron transfer from 
some donor such as reduced plastocyanins, or dissociation of Mn3+ and disproportionation to Mn2+ and 
Mn4+. 

The last line of evidence is that each of the three enzymes in the initial reactions of the photorespiratory 
pathway has a metal binding site that binds either Mn2+ or Mg2+, but often has a stronger affinity for Mn2+. 
Is this mere coincidence or do plants regulate these enzymes to optimize synthesis of malate? Malate is a 
stable organic acid that is readily transported across biological membranes and generates reducing power 
when and where it is needed through the reaction malate + NAD++ 2e– → oxaloacetate + NADH (catalyzed 
by malate dehydrogenase). 

Conclusions 
Studies of photosynthesis have suffered under the misconception that the photorespiratory pathway in most 
plants dissipates over 30% of the photosynthate as waste heat and that this futile cycle has continued through 
the ages because most plants have reached an evolutionary dead-end. Proposed here is an alternative path-
way for photorespiration that is consistent with evolutionary theory: plants have not made a historic error; 

 
Fig. 5   Treatment of Mn2+-Rubisco with 
RuBP and O2 produces a photophysi-
cally-active, spin-flipped S = 3/2 Mn2+* ex-
cited state. In the red pathway, the excited 
state transfers a high-potential electron 
towards reduction of NADP+ to NADPH. 

Mn2+

RuBP + O2

S = 5/2

Mn2+*
S = 3/2

2-PG + 3-PGA

e
(High potential)

Mn3+

e
(Low potential)
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rather, photorespiration stimulates the production of malate in chloroplasts and generates reductant for en-
ergy-intensive processes such as nitrate assimilation. Photorespiration, thus, allows plants to gain nearly 
exclusive use of soil nitrate as a nitrogen source, because few other organisms can afford the energy to 
convert this low-energy nitrogen form into organic forms. 

Furthermore, the proposed alternative photorespiratory pathway (Fig. 1) may generate additional malate 
in the chloroplast without diverting photosynthate from growth. Evidence for this pathway, however, is 
sparse perhaps because experiments conducted during the last four decades have not included all of the 
required ligands (i.e., Rubisco, malic enzyme, phosphoglycolate phosphatase, RuBP, Mn2+, NADP+, CO2, 
and O2). Hence, the next experimental steps are straightforward. 
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