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Abstract: The pentose phosphate pathway (PPP) is divided into an oxidative branch that makes
pentose phosphates and a non-oxidative branch that consumes pentose phosphates, though the
non-oxidative branch is considered reversible. A modified version of the non-oxidative branch
is a critical component of the Calvin—Benson cycle that converts CO; into sugar. The reaction se-
quence in the Calvin—-Benson cycle is from triose phosphates to pentose phosphates, the opposite
of the typical direction of the non-oxidative PPP. The photosynthetic direction is favored by replac-
ing the transaldolase step of the normal non-oxidative PPP with a second aldolase reaction plus
sedoheptulose-1,7-bisphosphatase. This can be considered an anabolic version of the non-oxidative
PPP and is found in a few situations other than photosynthesis. In addition to the strong association
of the non-oxidative PPP with photosynthesis metabolism, there is recent evidence that the oxida-
tive PPP reactions are also important in photosynthesizing cells. These reactions can form a shunt
around the non-oxidative PPP section of the Calvin-Benson cycle, consuming three ATP per glucose
6-phosphate consumed. A constitutive operation of this shunt occurs in the cytosol and gives rise to
an unusual labeling pattern of photosynthetic metabolites while an inducible shunt in the stroma
may occur in response to stress.
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1. Introduction

The PPP consists of two reaction sequences, often referred to as the oxidative and
non-oxidative branches [1] (Figure 1). In the oxidative branch, glucose 6-phosphate (G6P)
is converted to ribulose 5-phosphate (Ru5P) and CO,, with the reduction of two molecules
of NADP* to NADPH. The NADPH is needed for anabolic reactions, especially synthesis
of lipids, and for ROS scavenging systems. The RuSP and other pentose phosphates are
used for nucleic acid synthesis, among other things. In the non-oxidative branch of the
PPP, three molecules of Ru5P are converted to two molecules of fructose 6-phosphate (F6P)
and one molecule of glyceraldehyde 3-phosphate (GAP) [1]. The pathway can also supply
erythrose 4-phosphate (E4P) for synthesis of phenylpropanoids, including several amino
acids. The PPPs are important in nearly all biological organisms. The PPPs, like glycolysis,
are considered to be evolutionarily ancient, perhaps preceding the first living organisms [2].

Photosynthetic carbon metabolism, specifically the Calvin—-Benson cycle of CO, uptake
and reduction, is considered a variant of the non-oxidative branch of the PPP. It is not
uncommon for photosynthetic carbon metabolism to be referred to as the “reductive PPP.”
However, the reduction step of the Calvin-Benson cycle is not related to pentose phosphate
metabolism but rather to gluconeogenesis (the reversal of glycolysis) [3,4]. The Calvin-
Benson cycle has more gluconeogenic enzymes and reactions than PPP reactions (Table 1,
Figure 2).
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Figure 1. Pentose phosphate pathways. The oxidative branch (top) and catabolic non-oxidative branch (middle)
can be shown as one pathway releasing one CO, molecule per glucose 6-phosphate consumed. At the bottom, the
catabolic non-oxidative PPP, as found in the Calvin-Benson cycle, is shown. DHAP = dihydroxyacetone phosphate,
E4P = erythrose 4-phosphate, F6P = fructose 6-phosphate, G6P = glucose 6-phosphate, GAP = glyceraldehyde 3-phosphate,
PRPP = 5-O-phosphono- ribose 1-diphosphate, R5P = ribose 5-phosphate, Ru5P = ribulose 5-phosphate, RuBP = ribulose
1,5-bisphosphate, S7P = sedoheptulose 7-phosphate, SBP = sedoheptulose 1,7-bisphosphate, SBPase = sedoheptulose
1,7-bisphosphatase, and Xu5P = xylulose 5-phosphate.
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Table 1. Number of enzymes and reaction of the Calvin—Benson cycle which are gluconeogenic or
pentose phosphate pathway reactions.

Pathway Enzymes Reactions
Gluconeogenesis 5 16
Pentose phosphate pathway 4 6
Phosphribulokinase Rubisco PGA kinase
3 ATP 3 ADP 3 CO; GAP dehydrogenase
! t \, PGA 4= GAP
RUS5P RUBP ; "PGPEA S — GGA/I;P,
4 RUSP e RuBP — PGA GA%;‘
4 RuUSP =——> RUBP =——=b PGA e
U PGA ‘7? GAP &
6 NADPH 6 NADP*
g § g Pin’roshe ’r 6 ATP 6 ADP + P,
g 'g g % ’rorip iy Gluconeogenic
5l ola Y reactions
w 2w (anabolic)
v Transketolase L
Xu5P - —> GAP m SAE L
DHAP AP
v SBPGSE  n EAP 4> F4P €= FBP — GG o B
e S7P<=3BP Aldolase GAP 4-"' TGAP ¥
Aldolase GAP |

Glyco-ThDP DHAP / R —

Transketolase Triose phosphatfy
isomerase

Figure 2. The Calvin—Benson cycle. Two reactions unique (or nearly so) to photosynthetic carbon metabolism link catabolic

non-oxidative pentose phosphate reactions with gluconeogenic reactions to form the Calvin—-Benson cycle. DHAP =
dihydroxyacetone phosphate, E4P = erythrose 4-phosphate, F6P = fructose 6-phosphate, FBP = fructose 1,6-bisphosphate,
FBPase = FBP phosphatase, GAP = glyceraldehyde 3-phosphate, PGA = 3-phosphoglycerate, RSP = ribose 5-phosphate,
Ru5P = ribulose 5-phosphate, RuBP = ribulose 1,5-bisphosphate, S7P = sedoheptulose 7-phosphate, SBP = sedoheptulose
1,7-bisphosphate, SBPase = SBP phosphatase, ThDP = thiamine diphosphate, and Xu5P = xylulose 5-phosphate.

Using radioactive 4CO,, it was quickly determined that PGA is the first product
of CO; fixation by algae and plants [5]. There remained two mysteries about the path
of carbon in photosynthesis that was blocking its discovery [3]. First was the nature
of the reduction step and second was the nature of the “two-carbon acceptor”, known
to be necessary in order for 3-PGA to be the first product. Answers to both mysteries
were proposed in a landmark 1954 paper [4]; the reduction step was the reversal of the
oxidation step in glycolysis and the “two-carbon acceptor” was the top two carbons of
RuBP, which had three different sources related to the PPP. Ribose 5-phosphate (R5P) is
made by successive aldol additions of carbon to GAP (Figure 3). The carbon donor is DHAP.
After the aldol addition of DHAP to GAP, two of the carbons of DHAP are transferred to
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thiamine diphosphate (ThDP) as a glycolaldehyde fragment, leaving one carbon added to
GAP. The resulting E4P undergoes another aldol addition and removal of two of the three
carbons, resulting in R5P. Each of the two glycolaldehyde fragments attached to ThDP is
transferred to a molecule of GAP, resulting in two molecules of Xu5P. An isomerase converts
R5P to Ru5P and an epimerase converts Xu5P to Ru5P. The Ru5P is then phosphorylated
to make ribulose 1,5-bisphosphate, the CO, acceptor. The glycolaldehyde fragment is
transferred by transketolase, which was discovered at the same time as the Calvin-Benson
cycle was being worked out [6]. However, while the non-oxidative branch of the PPP was
being studied for its ability to convert pentose phosphates to hexose and triose phosphates,
the Calvin—Benson cycle requires flux in the opposite direction, triose phosphates must be
converted to pentose phosphates.
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Dihydroxyacetone ! PO T
phosphate c=0 | 3 )
. 4 -C-0-PO5 t
| 3 CI_O | |
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Figure 3. Building ribose 5-phosphate using aldol chemistry. Combining dihydroxyacetone phosphate and glyceraldehyde
3-phosphate results in an aldol (ALDehyde/alcohOL). Dephosphorylation is followed by removal of two carbons to make a
new aldose, erythrose 4-phosphate. A second dihydroxyacetone phosphate is added followed by dephosphorylation and
removal of two carbons, resulting in ribose 5-phosphate.

2. Historical Perspective

Pentose phosphate metabolism and the path of carbon in photosynthesis were under
intense study around 1950. The oxidative branch of pentose phosphate metabolism was
discovered first. For example, Horecker et al. [7] demonstrated the formation of ribose 5-
phosphate from 6-phosphogluconate. However, it was the non-oxidative branch of pentose
phosphate metabolism that was most relevant to photosynthetic carbon metabolism. In
this case, the studies of Benson were especially useful to those studying pentose phosphate
metabolism, especially the role of sedoheptulose phosphate, which was discovered by
Benson [8,9] and quickly incorporated into proposed pathways for the non-oxidative
PPP [10,11]. However, while the non-oxidative PPP involved sedoheptulose 7-phosphate
synthesis by transaldolase, in the Calvin—-Benson cycle, sedoheptulose 7-phosphate is
made by dephosphorylation of sedoheptulose 1,7-bisphosphate. This important distinction
can now be understood as optimizing the non-oxidative PPPs for either degradation of
pentoses (catabolic) or synthesis of pentoses (anabolic).

3. The Catabolic and Anabolic Non-Oxidative Pentose Phosphate Pathways

The oxidative PPP makes NADPH and pentose phosphates, but if a cell needs more
NADPH than pentose phosphates, the excess pentose phosphates can be converted back
eventually to glucose 6-phosphate, basically a catabolic, non-oxidative PPP. However,
when more pentose phosphate than NADPH is needed, the non-oxidative branch of the
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PPP can operate in the opposite, anabolic direction. Just as gluconeogenesis involves
most but not all of the enzymes in glycolysis, the anabolic PPP uses most, but not all, of
the catabolic non-oxidative branch of the PPP. Specifically, the anabolic PPP uses SBPase
instead of transaldolase. The anabolic PPP is best known from photosynthesis but it has also
been found in yeast [12], where it is called the riboneogenesis pathway, and Kinetoplasta
(including trypanosomes) [13]. The parasitic amoeba Entamoeba histolytica uses a similar
pathway to make pentoses for ribonucleotides. The riboneogenesis pathway of yeast has
been used to bioengineer an efficient cycle for converting F6P to acetyl phosphate [14].

4. The Calvin-Benson Cycle and the Anabolic Pentose Phosphate Pathway

The Calvin—Benson cycle combines gluconeogenic reactions with the anabolic PPP
(also riboneogenesis pathway) (Figure 2). The reactions along the top in Figure 2 begin with
reactions that are nearly unique to photosynthesis. The first reaction is formation of RuBP
catalyzed by phosphoribulokinase. Early on, Benson [15] had recognized the potential for
RuBP to be the CO, acceptor. Most organisms use phosphoribulokinase but some archea
can use other enzymes and make 5-O-phosphono- ribose 1-diphosphate, convert that to
ribose 1,5-bisphosphate and then finally to RuBP [16]. However, it is possible that this is
more important for nucleoside degradation than for photoautotrophic CO, fixation [17].

The next step is catalyzed by rubisco, a fascinating enzyme that has been the subject of
a great deal of research and so will not be discussed here. Rubisco introduces a carboxylic
acid which must be reduced to the oxidation status of a sugar. The uncertainty about the re-
duction step, which was evident as late as 1952 [18], was solved by invoking gluconeogenic
reactions. Further gluconeogenic reactions result in one molecule of F6P, one molecule of
DHAP, and two molecules of GAP. These are the starting materials for the anabolic PPP.
Among these starting materials there are four phosphate esters but at the end there are
three pentose phosphates, one phosphate ester is lost. This causes the metabolism to be
energetically favorable in the direction of making pentose phosphates.

4.1. The Chemistry

Building pentoses from trioses involves two types of chemistry. The first is aldol
formation by adding a ketose (DHAP) to an aldehyde (first GAP, then E4P) (Figure 3). Each
time three carbons are added, two are removed by transketolase and so the original GAP
molecule is built up to a pentose by two one-carbon additions. When #COs is fed, carbon
1 of GAP (the aldehyde carbon) will be labeled, whereas carbon 3 of DHAP will be labeled
following isomerization by triose phosphate isomerase. Carbon 3 of DHAP is the carbon
that is added in the successive aldolase reactions so that the resulting R5P is labeled at
carbons 1 and 2 from DHAP and carbon 3 from GAP.

The second type of chemistry is ThDP-dependent transfer of two carbons from a
ketose to an aldose to make a new ketose (hence “transketolase” [6]) (Figure 4). Typically,
the transketolase reactions are written with specific precursors and products. For example,
two carbons are removed from F6P and donated to GAP. When two substrates are involved,
the reaction can be ordered and sequential, with the two-carbon donor and acceptor both
bound to the enzyme, or it can be a ping-pong mechanism, with some products leaving the
enzyme before the acceptor substrate binds. Flux balance analysis is consistent with the
ping-pong mechanism [19] for transketolase. The donor ketose molecule binds, transfers
two carbons to ThDP, then the remaining carbons leave the enzyme. In the case of the
Calvin—Benson cycle, this means that E4P or R5P leave transketolase before GAP binds to
accept the glycolaldehyde fragment that is attached to ThDP.
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Figure 4. Transketolase transfers the two carbon fragments. Thiamine diphosphate forms a covalent bond between a carbon
in the thiazole ring of thiamine diphosphate and the carbonyl carbon of fructose 6-phosphate. The bottom four carbons leave
the enzyme and then the top two carbons are transferred to glyceraldehyde 3-phosphate to make xylulose 5-phosphate,
thus transferring the keto group from fructose 6-phosphate to xylulose 5-phosphate.

One consequence of this is that the transketolase reaction can be nonspecific. Many
ketose sugars can act as a donor and many aldose sugars can act as an acceptor [20]. When
the two-carbon fragment is donated to G6P, an octulose 8-phosphate molecule can be
formed. This has been reported [21-23] (Figure 5). This pathway has sometimes been
called the liver version of the non-oxidative pathway [23], but the observations of octulose
8-phosphate, even in photosynthetic organisms [24], would appear to be a consequence of
the flexibility of transketolase, and not necessarily indicative of significant flux through
octulose 8-phosphate [1] during photosynthesis. The production of G6P from F6P in the
stroma during photosynthesis is highly regulated by phosphoglucoisomerase [25]; low
concentrations of G6P in the stroma might limit the formation of octulose 8-phosphate.

Transketolase

Aldolase /— 4
/> SBP S7P < > RSP
E4P Phosphotransferase

<
<
k Transketolase Aldolase

Figure 5. An alternative non-oxidative pentose phosphate pathway. The flexibility of transketolase in combining ketoses
with aldoses can allow alternatives to the non-oxidative PPP. A5P = arabinose 5 phosphate, DHAP = dihydroxyacetone
phosphate, E4P = erythrose 4-phosphate, F6P = fructose 6-phosphate, G6P = glucose 6-phosphate, GAP = glyceraldehyde
3-phosphate, O8P = octulose 8 phosphate, OBP = octulose 1,8-bisphosphate, R5P = ribose 5-phosphate, S7P = sedoheptulose
7-phosphate, and SBP = sedoheptulose 1,7-bisphosphate.

DHAP

> Xusp

The major flux catalyzed by transketolase transfers a glycolaldehyde fragment bound
to ThDP from F6P to GAP, resulting in Xu5P. The GAP is labeled at the 1 position, which
becomes the 3 position of Xu5P. Similarly, a glycolaldehyde fragment bound to ThDP is
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transferred from sedoheptulose 7-phosphate to GAP, resulting in another Xu5P. The two
Xu5P produced by transketolase reactions and the R5P produced by sequential addition of
carbon by aldol chemistry are converted to ribulose 5-phosphate (Ru5P). Carbon 3 of both
Xu5P molecules and also of the R5P are derived from carbon 3 of GAP and so carbon 3 of
RuBP labels very heavily. Carbons 1 and 2 of the R5P are derived from carbon 3 of DHAP.
None of these molecules would be labeled at carbons 4 and 5 (Figure 6). This gives rise to
the labeling pattern used to deduce the Calvin—-Benson cycle [4]. However, carbon 3 was
more heavily labeled than predicted. Instead of three-fold more label in carbon 3 relative
to carbon 1 or 2, it was over six-fold more labeled (Table 2). This can be explained by a
lack of isotopic equilibrium between the triose phosphates [3] and it has been reported that
triose phosphate isomerase is not in chemical equilibrium during photosynthesis [26]. The
thermodynamics of the aldolase reaction in the direction of making FBP are more favorable
if TPI is not in equilibrium [3].

DHAP
: ;

¢ 7
c=0-, C ¥¢ i [ Y=ol *C
FT P 40 X e | +£=0
*(': _,_, *C' 5 *(': : g *(I: E_' ***(,:
. c C i € | &
C C C LE..) 2
F6P E4P S7p

- | o &F | ¢-0f RusP

2R N - B:R

EE R i

C LC 7 Qe P C

GAP XuSP  cap Xusp

Figure 6. Intramolecular labeling pattern of the Calvin-Benson cycle. Summing the labeling resulting from three different

pentose phosphate sources shows that one of the Ru5Ps will have carbon 1 and 2 labeled from carbon 3 of DHAP, carbon 3

of RuBP of all RuSPs will have a label from carbon 1 of GAP and carbons 4 and 5 should have no label after one occurrence
of the pentose phosphate reactions of the Calvin—Benson cycle. DHAP = dihydroxyacetone phosphate, E4P = erythrose
4-phosphate, F6P = fructose 6-phosphate, GAP = glyceraldehyde 3-phosphate, R5P = ribose 5-phosphate, Ru5P = ribulose
5-phosphate, S7P = sedoheptulose 7-phosphate and Xu5P = xylulose 5-phosphate.
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Table 2. Relative radioactivity observed versus predicted.

Carbon Number Relative Radioactivity Theoretical
1 1 1
2 0.9 1
3 6.3 3
4 0.4 0
5 0.3 0

The radioactivity in each carbon position relative to radioactivity in carbon 1 reported by Bassham et al. [4]. The
theoretical values are based on the metabolism shown in Figure 4 and assume that triose phosphate isomerase
results in isotopic equilibrium between glyceraldehyde 3-phosphate and dihydroxyacetone phosphate.

4.2. No Transaldolase in the Anabolic Pentose Phosphate Pathway

Dephosphorylation of SBP makes pentose phosphate production energetically favor-
able relative to triose phosphate production from pentose phosphates. This dephosphoryla-
tion is carried out by a specific phosphorylase (E.C. 3.1.3.37) in plants, with the abbreviation
SBPase, while in yeast and other organisms the enzyme symbol is Shb17 [12]. In cyanobac-
teria, one of the FBPases has SBPase activity while a second form does not. In plants,
FBPase does not have SBPase activity despite the similarity in sequence. In Clostridia, the
SBPase function is carried out by pyrophosphate-dependent phosphofructokinase (PFP),
potentially preserving energy. In plants, PFP activity is confined to the cytosol [27] and
plastids have an active pyrophosphatase, so PFP dephosphorylation of SBP is not possible.
The loss of energy upon dephosphorylation will contribute to moving metabolites from
trioses to pentoses, i.e., in the anabolic or photosynthetic direction.

The presence of transaldolase in the catabolic, non-oxidative PPP allows interconver-
sion of pentoses to hexoses and trioses without significant changes in free energy. In the
case of the Calvin—-Benson cycle, E4P made from F6P by transketolase could be converted
to S7P by transaldolase (the other product would be GAP). In this scheme there would be
no irreversible reactions between two F6P plus one GAP as inputs and three pentose phos-
phates as outputs. Simultaneous operation of transaldolase and aldolase/SBPase would
defeat the utility of the aldolase/SBPase metabolism in providing directional driving force
toward pentose phosphates.

This puts SBPase in a critical position for regulating the Calvin—Benson cycle. Modify-
ing the expression of SBPase can have significant effects on photosynthesis rates [28-32].
Very marked increases in photosynthetic rate were observed when both aldolase and
SBPase were overexpressed [32].

5. Oxidative Pentose Phosphate Pathways during Photosynthesis

The Calvin—-Benson cycle is, in large measure, the anabolic, non-oxidative PPP but
there is now evidence that the oxidative PPP is also important in photosynthesizing cells.
The oxidative PPP in the cytosol likely operates continuously and supplies Ru5P to the
chloroplast at a low but continuous rate [33]. The plastidial oxidative PPP is normally off
during photosynthesis [34] but can be stimulated by H,O, [35]. Because the shunts would
cost 3 ATP per G6P, significant PS 1 cyclic electron flow would be required, and this could
add to the myriad of processes that protect photosystems from excess energy.

It is believed that the cytosol of plant cells has most or all of the oxidative branch of
the PPP but lacks critical enzymes of the non-oxidative branch [36,37]. It was thought that
the oxidative PPP is not active in photosynthesizing leaves. If it were, a futile cycle, in
which 3 ATP are consumed for each G6P that undergoes oxidation as shown in Scheme 1,
would be created.
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< G6P PGI
G6P + — Ru5P + 2 - NADPH + CO, OPPP
Ru5P + ATP — RuBP + ADP PRK
RuBP + CO, — 2- 3PGA Rubisco
2:-3PGA+2-ATP+2-NADPH< 2-TP+2-ADP +2-P; +° PGK & GAPDH
2TP < FBP — F6P + P Aldolase
3-ATP > 3-ADP+3-P; Net

Scheme 1. The energy-requiring or -releasing reactions when the oxidative pentose phosphate pathway bypasses the

anabolic pentose phosphate pathway of the Calvin-Benson cycle. F6P = fructose 6-phosphate, G6P = glucose 6-phosphate,

3PGA = 3-phosphoglycewrate, R5P = ribose 5-phosphate, Ru5P = ribulose 5-phosphate, RuBP = ribulose 1,5-bisphosphate,

and TP = triose phosphate.

There are six G6P dehydrogenases in Arabidopsis, of which three are located in the
chloroplast [38]. It was found that G6PDHI is very sensitive to redox status, normally
having very low activity (high K;,) in a reducing environment [35,39] as a result of reduction
of two cysteine residues [40]. On the other hand, there is no indication that GGPDH enzymes
in the cytosol, especially Arabidopsis G6PDH 5 and 6, are regulated to reduce their activity
in the light [40]. The question arises, what would prevent the oxidative PPP from operating
in the cytosol during photosynthesis?

It has recently been hypothesized that the oxidative PPP is active during photosyn-
thesis and it makes a shunt, bypassing the conversion of triose and hexose phosphates to
pentose phosphates in the Calvin—Benson cycle [41]. There is no evidence that cytosolic
G6PDH enzymes in the cytosol are turned off in the light and there is a significant pool
of G6P in the cytosol in leaves in the light [42-45]. Both static [33] and dynamic [46]
analyses of '3CO; feeding results have found that the operation of the oxidative PPP as a
shunt bypassing much of the Calvin—Benson cycle is strongly supported. It is estimated to
proceed at approximately 5% of the rate of net CO, assimilation.

6. Explanatory Power of the Cytosolic Oxidative Pentose Phosphate Pathway
6.1. Labeling Kinetics of Calvin-Benson Cycle Intermediates

Labeling of Calvin-Benson cycle intermediates provided the insights needed to de-
duce the path of carbon in photosynthesis. However, in the 1970s, Canvin and colleagues
published results of experiments showing that, although the Calvin-Benson cycle inter-
mediates labeled quickly at first, once they were ~80% labeled, the rate of labeling slowed
significantly [47-49]. This was shown to be also true of isoprene labeling [50], which is
now known to reflect labeling kinetics of the Calvin—Benson cycle intermediates [33]. The
disappearance of 12C in isoprene when leaves were fed with 99+% 3CO, showed two
distinct phases when plotted on a log scale (Figure 7). Szecowka et al. [45] also pointed out
the biphasic labeling pattern they found when 3CO, was fed to Arabidopsis rosettes and
similar data were reported by Hasunuma et al. [51] and Ma et al. [52]. When the CO, supply
was switched back to 1>CO,, the disappearance of 13CO, from emitted isoprene was not
biphasic and appeared to have the same time constant as the fast phase of disappearance
of 12CO, in a 13CO, atmosphere (Figure 7).
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Figure 7. Exponential decay of label in isoprene when leaves are fed '3CO,. Upon switching from
12CO, to 13CO,, there are two distinct phases of exponential decay of 12C remaining (blue squares).
Upon switching back to >CO,, only one phase is observed (orange circles). Data redrawn from
Delwiche and Sharkey [50].

To account for this slow phase of labeling, pools of Calvin—Benson cycle intermediates
disconnected from metabolism (inactive metabolites) were hypothesized [45,52]. However,
the slow-labeling component was not static, the loss of '2C during feeding '*CO, showed
a very clear two-phased exponential decay [50]. Similar two-phased exponential decay
kinetics are seen in the data of [33,45]. This indicates that there are at least two processes
affecting the kinetics of labeling, one fast and one slower. The time constant for the two
phases of exponential decay of 12C in Calvin-Benson cycle intermediates was 0.23 min~!
for the fast phase and 0.014 min~! for the slow phase.

It is now hypothesized that the slow phase reflects a slow flow of unlabeled carbon,
from glucose, fructose, or sucrose acted on by invertase back into the Calvin-Benson
cycle [33]. Hexokinase or fructokinase [53] can return unphosphorylated hexoses to the
hexose phosphate pool. Hexose phosphates are generally not exchanged across chloroplast
membranes [54,55] but the oxidative PPP provides a path of carbon from hexose phosphates
in the cytosol to the chloroplast by import through the xylulose-5-phosphate transporter
(XPT) [56].

An examination of the data of Szecowka et al. [45] supports this mechanism (Figure 8).
After 20 min of feeding 1>CO,, the fast-labeling phase is over but there is little label in
free glucose and fructose. Intermediates of the Calvin-Benson cycle (Figure 8) as well
as the chloroplastic methylerythritol 4-phosphate pathway, as evidenced by the label in
isoprene [50], are labeled to the same degree, usually between 80 and 90%. When the
Calvin—-Benson cycle intermediates are labeled to 80%, carbon export from the Calvin-
Benson cycle is removing >CO, at a rate of 0.2 times the net rate of CO, assimilation. If the
net rate of CO, assimilation is 10 pmol m~2 s~ !, there must be a 12C input back into the
Calvin-Benson cycle at a rate of 2 pmol m~2 s~L. If the oxidative PPP supplies this from
unlabeled glucose, and five carbons are supplied for each glucose molecule that follows
the pathway, then the oxidative PPP would need to proceed at a rate of 2 umol m =2 s~
divided by 5 carbons per glucose for a G6PDH rate of 0.4 umol m~2 s~ 1. If the source for
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the oxidative PPP has some label, the rate would need to be proportionally more but if
some of the CO, released in the oxidative PPP is refixed, less would be needed.

2-PGA 77+ 3
Chloroplast [
vt |
‘ PEP Cytoso
+ N
COZ ?’)—P é é Pyruvate 76 3
GAP= DHAP€- DHAP =GAP
?
RuBP 80*+4
FBP FBP
1
Rusp—-Rsp F6P Fep 62%7
DHAP / / 9%
XUSP E4P 69 Gflip e
ADPG UDPG 405
S~ S7P . /
Starch
75%8 /  Sucrose

Figure 8. Label in selected photosynthesis intermediates. The proportion of carbon atoms
that are 13C 20 min after beginning to feed '>*CO,. Data taken from Szecowka et al. [45]).
Data for F6P and G6P are for both the stromal and cytosolic pools, presumably the value for
ADPG reflects the degree of label in the stromal F6P and G6P pools while UDPG (mostly)
reflects the values for cytosolic F6P and G6P. ADPG = ADP-glucose, DHAP = dihydroxyace-
tone phosphate, E4P = erythrose 4-phosphate, F6P = fructose 6-phosphate, FBP = fructose 1,6-
bisphosphate, G6P = glucose 6-phosphate, GAP = glyceraldehyde 3-phosphate, PEP = phospho-
enolpyruvate, PGA = 3-phosphoglycerate, R5P = ribose 5-phosphate, Ru5P = ribulose 5-phosphate,
RuBP = ribulose 1,5-bisphosphate, S7P = sedoheptulose 7-phosphate, SBP = sedoheptulose 1,7-
bisphosphate, and UDPG = UDP-glucose.

6.2. Respiration in the Light Explained by the Cytosolic G6P Shunt through the Oxidative Pentose
Phosphate Pathway

The widely used model of photosynthetic carbon metabolism published by Far-
quhar et al. [57] (now often referred to as the FvCB model for the three authors) the
net rate of CO; assimilation, A, was given as

A =19, —050,— Ry 1)

where v, is the rate of carboxylation of RuBP and v, is the rate of oxygenation (the first
step of photorespiration). The last parameter was called dark respiration to account
for mitochondrial respiration that might continue in the light [57]. The definition was
broadened to include any process that releases CO, during photosynthesis and so, to keep
the same symbol, was renamed day respiration [58]. However, recently this has been
relabeled to R, for respiration in the light.

There are three methods commonly used to estimate R;. The first is the Laisk
method [59], which came into common usage after its use by Brooks and Farquhar [60].
The method uses CO, response curves measured at different (but low) light intensities.
These curves cross over at a CO, level where v, is one half of v, so that A is equal to —R;.
There have been a number of refinements to the technique, but the basic premise remains
and the advances in Laisk method measurements will not be considered here. A second
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measurement is based on extrapolation of a light response curve. When A is plotted as
a function of light there is a distinct reduction in slope at about the light intensity where
A switches from negative to positive (called the Kok effect). The lower slope of the light
response above the compensation point is extrapolated to zero light and the difference
between this number and respiration actually measured in darkness is taken to be R;.
A related technique makes use of chlorophyll fluorescence estimates of photosynthetic
electron transport rates [61,62]. This improves on the Kok method for determining R;, but
again makes use of photosynthesis at low light intensities.

A method for measuring R;, using isotopes of carbon was developed by Loreto et al. [63].
This method is based on the assumption that carbon sources for R are not quickly labeled
when 13CO; is fed to leaves and so R; can be measured as an efflux of 2CO; into a
13CO, atmosphere. An advantage to this method is that it can be used at higher rates of
photosynthesis. However, it is unknown whether these different methods for measuring R,
are measuring the same phenomenon given that they are made a very low light and /or CO,
in most cases but not in the Loreto method. The cytosolic oxidative PPP and slow-labeling
carbon pool can provide an explanation for the isotope method measure of R;.

If the cytosolic G6P shunt operates as indicated above, CO, will be released with the
same degree of label as the G6P pool in the cytosol. The rate of that release would be the
rate of the cytosolic G6P shunt, estimated above to be on the order of 0.4 pmol m~—2 s~ 1.
This is in the range of reported values for Ry [64]. The slow-labeling phase when 1BCo,
is fed to leaves likely reflects labeling of the cytosolic hexose phosphate pool. As this
pool labels, the CO; released by the G6P shunt will become labeled and the apparent R},
measured by the isotopic method should decline. This is in fact observed in unpublished
data of Alyssa Preiser (Figure 9).
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Figure 9. R; over time after feeding 13CO,. R; was measured as 12CO, emission into a 13CO,
atmosphere (Loreto method). Data of Alyssa Preiser.

If the cytosolic G6P shunt is responsible for R measured isotopically, is it also respon-
sible for Ry measured by the Laisk method, near the CO, compensation point, or the Yin
and Struik method, near the light compensation point? The controls on the rate of the G6P
shunt are unknown. If it is controlled simply by the amount of G6P in the cytosol it will be
possible to learn more about how R, changes with conditions although there currently are
few reported measurements of G6P levels in the cytosol.
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7. Explanatory Power of the Stromal Oxidative Pentose Phosphate Pathway
7.1. Stimulation of Cyclic Electron Flow during Stress

The oxidative PPP in the chloroplast is inhibited in the light by reduction of two
cysteine residues of a stromal G6PDH [40]. However, this inhibition, which prevents
the G6P shunt futile cycle, can be overcome by high concentration of G6P or H,O; [35].
Various stresses can cause HyO; to accumulate in chloroplasts. Detecting flux through
the chloroplastic G6P shunt when the cytosolic shunt is occurring is difficult, but one
indicator is the label in 6-PG relative to that in ADP-glucose, an indicator of the degree of
label in stromal G6P, and UDP glucose, an indicator of the degree of label in the cytosol,
although UDPglucose label will be affected somewhat by a small pool of UDP glucose in
the chloroplast, presumably related to lipid synthesis [65]. When poplar leaves were fed
13CO, at 30 °C, 6PG labeling was indistinguishable from UDPglucose, indicating little or
no plastidial G6P shunt. However, at 40 °C, 6PG labeling was much closer to ADP glucose,
indicating a significant rate of plastidial G6P shunt under high temperature stress [33].

Operation of the plastidial G6P shunt will consume ATP but not NADPH (Scheme 1),
which will allow/require cyclic electron flow around photosystem I. This could help
balance the ATP/NADPH demand or help protect photosystem I when too much energy is
arriving there. Photosystem I can reduce oxygen to superoxide, and superoxide dismutase
can convert that to HyO,. Thus, H,O, is an indicator of too much energy at photosystem 1.
By stimulating the stromal G6P shunt, ATP will be consumed, stimulating cyclic electron
flow, and so relieve the excess pressure at photosystem 1. Stimulation of cyclic electron flow
by HyO, has been reported [66].

7.2. Excess CO; Release during Photorespiration

The stromal oxidative PPP was proposed to explain two traits found in mutants lacking
hydroxypyruvate reductase, needed in photorespiration. These plants have excess CO, release
during photosynthesis. This was calculated assuming that R; is constant during various treat-
ments and changes in CO, release result from changes in the stoichiometry of photorespiratory
CO; release [67]. However, Li et al. [68] showed that these plants also expressed a gene for a G6P
transporter (GPT2) that is normally silent in photosynthetic tissue. It was hypothesized that this
allows metabolites to bypass stromal triose phosphate isomerase, an enzyme significantly
inhibited by 2-phosphoglycolate of photorespiration [26,69,70]. This would allow G6P to
flood into the chloroplast and high levels of G6P can overcome the inhibition of stromal
G6PDH [35]. These plants also accumulate HyO, [26] another plastidial GoPDH activating
factor. Activation of the plastidial oxidative PPP would form a shunt that would release
COy, offering an alternative explanation for the excess CO; release in hdr1 mutants [26].

If a G6P shunt in the chloroplast is responsible for the excess CO, release seen in hprl
plants, then these plants should also have increased cyclic electron flow to compensate for
the excess ATP consumed in the shunt. This has been observed [68].

8. Energetics

The operation of either the plastidial or cytosolic G6P shunts results in the consump-
tion of three ATP per G6P oxidized. These ATP are consumed entirely inside the chloroplast
whether the shunt is plastidial or cytosolic. Using data reported in Sharkey et al. [33], the
added costs of photorespiration and G6P shunts at 30 and 40 °C are shown in Table 3.
Linear photosynthetic electron transport is believed to provide 1.285 ATPs per NADPH
(assuming a constitutive Q cycle and 14 protons per 3 ATP). Since CO, assimilation costs
1.5 ATP per NADPH there is an ATP deficit that can be made up by cyclic electron flow
around photosystem I or by the Mehler reaction, also called the water-water cycle. At 30 °C,
photorespiration and the G6P shunt added 0.06 to the ATP deficit on top of the 0.215 deficit
for CO, fixation.
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Table 3. Effect of G6P shunts on NADPH and ATP required.

30°C A Photorespiration G6P Shunts
Rate, umol m—2s~1 15.8 5.0 0.79
NADPH (cumulative) 31.6 41.6 41.6
ATP (cumulative) 47.4 64.9 67.3
ATP/NADPH ratio cumulative 1.5 1.56 1.62

40 °C

Rate, umol m—2s~1 6.6 2.8 1.19
NADPH (cumulative) 13.2 18.8 18.8
ATP (cumulative) 19.8 29.6 33.2
ATP/NADPH ratio cumulative 1.5 1.57 1.77

Data from the experiment reported in Sharkey et al. [33] with the effect of adding photorespiration or photorespi-
ration plus the G6P shunts to energy used in photosynthesis. Both the cytosolic and stromal G6P shunts increase
the ATP requirement (by three for each occurrence of the G6P shunt) but do not increase the requirement for
NADPH. It is estimated that linear electron flow provides 1.285 ATP per NADPH and so as the ATP/NADPH
ratio goes above 1.285 cyclic electron flow, or a similar mechanism, is required.

At 40 °C, both photorespiration and the G6P shunts were stimulated. In this experi-
ment photorespiration added 0.07 while the shunts added 0.20 to the ATP deficit relative to
linear electron flow, nearly as much as the deficit for CO; fixation alone. At 40 °C the total
ATP/NADPH ratio required for CO; fixation plus photorespiration plus the G6P shunts
was 1.77, requiring substantial extra ATP, which could be supplied by cyclic electron flow.
Stimulation of cyclic electron flow at high temperature has been reported often [71-77].

9. Conclusions

The role of the anabolic, non-oxidative PPP in photosynthesis was proposed in 1954 [4]
and has stood the test of time. Now, recent data indicate that the oxidative PPP is also very
important in photosynthesizing leaves. This pathway may operate constitutively in the
cytosol at a rate of approximately 4% of the rate CO; fixation. In the plastid, this pathway
appears to normally be insignificant in unstressed leaves, as had been thought, but new
evidence indicates that the plastidial pathway can be stimulated during stress; H,O, likely
plays a role in stimulating this pathway in the light.
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Abbreviations

DHAP dihydroxyacetone phosphate

E4P erythrose 4-phosphate
FepP fructose 6-phosphate
FBP fructose 1,6-bisphosphate
G6P glucose 6-phosphate

G6PDH  G6P dehydrogenase

glyceraldehyde 3-phosphate (not to be confused with G3P,
glycerol 3-phosphate, which is important in lipid synthesis)
PGA 3-phosphoglycerate

6-PG 6-phosphogluconate

GAP

PPP pentose phosphate pathway
PRPP 5-O-phosphono- ribose 1-diphosphate,
R5P ribose 5-phosphate

Ru5P ribulose 5-phosphate
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RuBP  ribulose 1,5-bisphosphate

S7P sedoheptulose 7-phosphate

SBP sedoheptulose 1,7-bisphosphate
SBPase  sedoheptulose 1,7-bisphosphatase
ThDP  thiamine diphosphate

Xu5P xylulose 5-phosphate
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