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Compartmentation of C4 photosynthetic biochemistry into bundle sheath (BS) and mesophyll (M) cells,
and photorespiration in Cs plants is predicted to have hydrogen isotopic consequences for metabolites at
both molecular and site-specific levels. Molecular-level evidence was recently reported (Zhou et al.,
2016), but evidence at the site-specific level is still lacking. We propose that such evidence exists in the
contrasting 2H distribution profiles of glucose samples from naturally grown Cs, C4 and CAM plants:
photorespiration contributes to the relative H enrichment in H> and relative 2H depletion in H' & H®
(the average of the two pro-chiral Hs and in particular H® PR} in C; glucose, while *H-enriched Cs
mesophyll cellular (chloroplastic) water most likely contributes to the enrichment at H* export of
(transferable hydrogen atoms of) NADPH from C4 mesophyll cells to bundle sheath cells (via the malate
shuttle) and incorporation of ?H-relatively unenriched BS cellular water contribute to the relative
depletion of H* & H® respectively; shuttling of triose-phosphates (PGA: phosphoglycerate dand DHAP:
dihydroacetone phosphate) between C4 bundle sheath and mesophyll cells contributes to the relative
enrichment in H! & HE (in particular H® PR) in C4 glucose.
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1. Introduction

The stable hydrogen isotopic ratio (*H/'H) of carbon-bound
hydrogen (C-H) of naturally synthesized plant carbohydrates (and
other molecules such as lipids) has the potential to provide retro-
spective information about plant physiology, metabolism and
climate (Luo and Sternberg, 1991; Luo et al.,, 1991; Martin and
Martin, 1991; Yakir, 1992; Gleixner and schmidt, 1997; Sessions
et al., 1999; Billault et al., 2001; Grice et al., 2008; Robins et al.,
2003; 2008; Zhang et al., 2009; Zhou et al., 2010, 2011; 2015,
2016; Ehlers et al., 2015). Notably the 2H/'H in natural archives
such as tree ring cellulose (Liu et al, 2015) or plant waxes in
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sediments (Niedermeyer et al., 2016) allows the reconstruction of
long-term climate patterns and its impact on plant function. The
full potential of such applications however has not been realized as
photosynthetic and biosynthetic pathway-specific differences in
2H/'H (and '3C/'2C) are not necessarily evident at the molecular
level and thus only part of the physiological and/or climate related
signal can be extracted. Instead it is more evident at a site-specific
level (Gleixner and Schmidt, 1997; Schmidt et al., 2003).

To realize such potential, the first step is to develop an analytical
method that can access the site-specific 2H/'H ratios within a single
carbohydrate molecule. Taking advantage of an NMR-based tech-
nique (*H-SNIF-NMR: site-specific natural hydrogen isotopic frac-
tionation studied by nuclear magnetic resonance) pioneered at the
Université de Nantes in the early 1980s (Martin and Martin, 1981),
Zhang et al. (1994) first obtained data showing that intramolecular
2H profiles of C3 and C4 (endosperm starch) glucose are different.
Later work by the same group, as well as from Schleucher and
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coworkers at Umead University, confirmed such C3-C4 differences
exist also in soluble sugars (including fructose), leaf starch and
cellulose (Schleucher, 1998; Schleucher et al., 1998, 1999; Zhang
et al,, 2002; Betson et al., 2006; Augusti et al., 2006, 2007). From
the illuminating work of these two groups, it was clear that i) the
intramolecular distributions of 2H are non-random for both C3 and
C4 plant glucoses; ii) the H! and H® (the average of the pro-chiral
Hs, and in particular H® PR) of C, glucose are always enriched,
while H* and H° are always depleted in 2H relative to the average of
all 7 C-Hs (see Fig. 1 for glucose structure and the numbering of C-H
atoms). In C3 plant glucose, the profile is the opposite: H' & H® (and
in particular H® PRy are always depleted, while H* & H® are always
enriched in 2H relative to the average of all 7 C-Hs. Notwithstanding
these revealing intramolecular measurements, little effort has been
made so far to explain what is causing such intramolecular *H
profile differences between C3 and C4 glucoses. Valuable metabolic
and photosynthetic information hidden in those profiles is thus not
released but would be crucial for the full exploitation of physio-
logical and environmental signals in natural archives.

In a recent effort made by Zhou et al. (2016) to provide a
biochemical explanation for the molecular level C3 versus C4 2H
differences of C-H in lipids synthesized via three independent
pathways (fatty lipids via the acetogenic (ACT) pathway, phytol via
the 1-deoxy-D-xylulose 5-phosphate (DXP) pathway and sterols via
the mevalonic acid (MVA) pathway), it was suggested that pyru-
vate, the common precursor (for the three pathways) and NADPH
used for lipid biosynthesis in C4 plants have different isotopic
compositions from those in C3 plants due to photorespiration in C3
and compartmentation of water (the primary hydrogen source) in
C4 plants. As lipid biosynthesis and carbohydrate metabolism in
leaves are interrelated by triose phosphates, it is reasonable to as-
sume that the biochemical mechanisms behind the molecular level
differences between C3 and C4 lipids may also be evident in the
intramolecular (positional level) 2H distribution difference be-
tween C3 and C4 carbohydrates.

Providing a reasonable

(and quantitative) biochemical
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Fig. 1. Intramolecular ?H distribution of glucose in fruit of C3 (sugar beet and grape)
and CAM (pineapple), and C4 (sugarcane and maize, both NADP-ME) plants using the
data of Zhang et al. (2002). The original H/'H data (in ppm) were converted to 5°H
using 32H (%o) = [[(*H/"H)sampte-(*H/"H)smowl/(*H/*H)smow]*1000, where (*H/"H)spow
is 156 ppm and are expressed as deviation (A%H) from the average of all 7 C-Hs (car-
bon-bound hydrogen atoms) in glucose. Similar profiles for leaf sugars, starch and stem
carbohydrates were also reported by Schleucher (1998), Schleucher et al. (1999),
Augusti et al. (2006), Betson et al. (2006), Augusti (2007, PhD thesis), and Augusti
et al. (2008).

explanation for the intramolecular 2H profile of carbohydrate is a
big challenge as there are many steps where H isotope effects can
occur due to bond cleavage and formation, isotope exchange be-
tween and among metabolic intermediates and solvents (H,0) and
metabolic branching (Schmidt et al., 2003). In this VIEWPOINT, we
have made the first attempt to rationalise the contrasting intra-
molecular profiles and by laying out a tentative framework, we
hope to encourage others to fill in gaps or modify areas of
ambiguity.

We propose that photorespiration and compartmentation
contribute to the observed Cs versus C4 differences in glucose
intramolecular 2H profiles. We specifically describe 1) the likely
mechanisms behind the relative enrichment of H* and H in Cs
plant and relative depletion in C4 plants, 2) the isotopic differences
between Cs and C4 glucoses in H! and H®, and lastly, 3) discuss the
2H distribution in Cz glucose as affected by growth.

2. Relative 2H enrichment at H* & H® in C; glucose

Since there is no reason to believe that the biochemistry of C4
CBB (Calvin-Benson-Bassham) cycle leading to the synthesis of
glucose is different from that in a Cs cell, it is reasonable to assume
that there are no step-specific differences in the isotope effects
associated with the biochemical reactions between a C3 cell and a
Cy4 cell (regardless of the cell types). From this assumption, it fol-
lows that position-specific isotopic differences between C3 and C4
glucose will be determined by the isotopic compositions of cellular
water in which the biochemistries occur, the NADPH involved in
reduction and the isotopic effects associated with their incorpora-
tion into and “shuttling” among the positions to which the H atoms
(in question) are covalently attached.

Enrichment of H*: when the two PGA molecules (2a and 2b, the
former is usually referred to as the “upper” PGA and the latter the
“lower” PGA in most of the RubisCO biochemistry) generated at the
first (carboxylation) step of the CBB cycle (Fig. 2) is converted to
GAP (4a) under the catalysis of GAPDH, a H™ from the chloroplastic
NADPH is introduced into the H' of GAP (4a). As the NADPH
-derived H is known to be highly depleted in 2H (Luo et al., 1991)
and that the donation of an H™ is predicted to have a large kinetic
isotope effect KIE (Miller and Hinck, 2001), the H' of GAP (4a) (H* of
glucose) should therefore be even more depleted relative to the
chloroplastic NADPH transferable hydrogen. This is, however,
contrary to the observation that H* is most enriched in C; glucose
(Fig. 1 and 8a, 8b, 9a, 9b, starch and sucrose in Fig. 2). We provide
below two mechanisms to account for the apparent enrichment at
H*: i) during the conversion of H? of GAP (4a) to H" PR of DHAP
(5a), H of cellular (chloroplastic) water (H-0O) is also introduced (in
the form of a proton H") into DHAP (5a) and presumably also into
H! of GAP (4a) (O'Donoghue et al., 2005a,b; Pionnier and Zhang,
2002; Pionnier et al., 2003, Fig. 3), the isotopically relatively
enriched cellular water passes on the enrichment to H! of GAP (4a)
and H* of glucose (9a); ii) as suggested by Tcherkez (2010), an EIE
(equilibrium isotope effect) of TPI which enriches H! of DHAP (5a),
may also contribute to the enrichment at H' of GAP (4a) (H* of
glucose). Of the two possible mechanisms, we rank the first one
more likely as it not only accounts for the H* enrichment in Cs
glucose but also explains in part the H* depletion in C4 glucose (see
the next section). The H-enriched cellular (chloroplastic) water
alone, or in combination with the EIE-caused enrichment, more
than compensates for the depletion due to the introduction of 2H-
depleted (transferable H of) NADPII to H' of GAP (4a).

We also argue that the enrichment of H>, which comes from H?
of GAP (4a) is a result of photorespiration in C3 cells. First, the
transferable hydrogen in NADH in the peroxisome is enriched in H
due to transhydrogenation to form NADPH (see Fig. 2-the
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Fig. 2. Metabolic relationship between the Calvin-Benson-Basham (CBB) Cycle and photorespiration in relation to the movement of H-atoms in a typical C3 mesophyll cell. Colour-coding is used to distinguish different cellular compartments:
white: stroma of chloroplast; pink: cytosol; red: mitochondrion; yellow: peroxisome; H,O: (chloroplastic) stromal water. H,0: cytosolic water; Photorespiration which spans the chloroplastic stroma, cytosol, peroxisome and mitochondrion is
enclosed in the blue dashed box; CBB Cycle is enclosed in the bright yellow dotted polygon. For clarity, biochemical steps (and enzymes involved in those steps) where no hydrogen or hydrogen isotope effect is involved were omitted from
illustration. 19: THF-ClH”}ﬂ: tetrahydrofolate-ClHlﬁﬂ. Abbreviations are: GOX: glycolate oxidase (Dellero et al., 2015); GGT: glutamate-glyoxylate transaminase (Jordan and Akhtar, 1970); HPR: hydroxypyruvate reductase; GDC: glycine
decarboxylase complex; SHMT: serine hydroxymethyltransferase: glyoxylate aminotransferase (Shirch and Jenkins, 1964). C-atoms in RuBP (1a) are numbered following organic chemistry convention while H-atoms of RuBP (1a) take the
numberings of the C-atoms they are attached to. For example, H'* refers to one of the two H-atoms attached to C; of RuBP (1a). Any compounds derived from RuBP have their C and H numbered in a way that can be traced back to RuBP (1a). For
example, in GAP (4a) in Fig. 2, C;5 means that this C has equal contributions from C; and Cs of RuBP (1a), while the H connected to Co4 (written as ﬂH“) means that it has a (but not necessarily an equal) contribution from H and H*in the original
RuBP (1a). The Cs, Ca4, and Cy5 in GAP (4a) and DHAP (5a) are structurally equivalent to the C1, C2 and C3 in GAP (4f-5i) and DHAP (5g-5j) in Fig. 3 respectively. o and p refer to the pro-R and pro-S positions, respectively, in all compounds
(Hanson, 1984). The conversion of glycine (18) to serine (20) in Fig. 2 involves first the decarboxylation of glycine to give NH3, CO,, NADH and a —CH,— unit temporarily captured by THF (tetrahydrofolate) under the catalysis of GDC:
glycine + NAD* + THF — N> N'*-methylene-THF + NADH'P + NH; + C,00 and subsequent N°,N'*-methylene-THF reaction with another molecule of glycine to give serine: N’ N'°-methylene-THF + glycine — serine -+ THF under the catalysis of
GDC/SHMT complex. Although it is possible a small isotope effect is associated with the transfer of the —CH,- unit due to the complex nature of glycine metabolism involving equilibrium between different pools (methylene, formyl, methenyl)
and exchange of folates between cellular compartments, it is explicitly assumed here that such IE is insignificant as the abstraction of the pro-R (the H) from one of two glycine (18 of Fig. 2) molecules by GDC (glycine decarboxylase complex) and
the capture of the —CH,- unit by SHMT to form serine is highly likely to be effected in a concerted fashion, such that the —CH,- unit released from the glycine is used in its entirety for serine synthesis. This figure, and the rules governing labelling
of compounds and numbering of C and H atoms are essentially the same as those in the Fig. 2 of Zhou et al. (2016). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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GAP and DHAP Interconversion under TPI
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Fig. 3. DHAP < GAP interconversion by TPI (triose phosphate isomerase) showing the movement of relevant H-atoms according to O'Donoghue et al. (2005a,b), Pionnier & Zhang
(2002), Pionnier et al. (2003). At equilibrium, H-atoms at C1 and C2 of DHAP and GAP have a mixed source from H-atoms originally at C1, C2 and the water medium. E-COO" is the
charged carboxyl group of the amino acid residue responsible for the abstraction of H. Note that the numbering of carbons in this scheme follows organic chemistry convention. The
C1, C2 and C3 are structurally equivalent to Csc, Ca4, and Cy5 in GAP (4a) and DHAP (5a) in Fig. 2 respectively.

interconversion between NADH and NADPH; Keister et al., 1960;
Bizouarn et al., 1995; baz Jackson et al., 1999; Zhang et al., 2009;
Zhou et al., 2016; the transhydrogenase activity occurs across the
outer membrane of the mitochondrion where the NADH is con-
verted to NADPH with a KIE of as high as 5.8, leaving the residual
NADH enriched in 2H). Under normal conditions when the average
RubisCO oxygenation/carboxylation ratio is around 1/3 (1/4 to 1/2
according to Heldt (2005)), the photorespiration generated-PGA
(2d) contributes 1/14 of the total H in the chloroplastic PGA (2 in
Fig. 2) that ends up at C4 of glucose. A KIE of 3.10 is high enough to
be able to account in full the average difference of 150%0. between
the most enriched and most depleted positions in glucose (Fig. 1).
Second, during the generation of PGA (2d) from hydroxypyruvate
(22) in the peroxisome, the transferable hydrogen from NADH
(g~ap) is introduced into the C2 of PGA (2d). The AP contributes
directly to the H of glucose (8a, 9a and starch in Fig. 2). Last, when
GAP (4a) is condensed with DHAP (5a) by aldolase to produce FbP
(6a), the enrichment signal at C2 of GAP (4a) ends up in H> of FbP
(6a). The GAP (4a) < DHAP (5a) interconversion should theoreti-
cally (O'Donoghue et al., 2005a,b; Tcherkez, 2010) also enrich the
H' of DHAP (5a, therefore H> of FbP 6a), however the enrichment at
H' of DHAP (5a) and concomitantly at H> of FbP (6a) is partially
cancelled out by the KIE (ky/kp = 4) associated with TPI (Fig. 3) as
suggested by Tcherkez (2010).

Another possibility is that if the H* (H* of RuBP (1a)) of
carboxylation-generated PGA (2b) is more enriched in 2H than that
of the corresponding position in PGA (2a) (the green underlined H,
from chloroplastic H,0, Fig. 2), then contribution to the chloro-
plastic PGA (2) pool from oxygenation-generated PGA (2c)

(isotopically identical to PGA (2b) at position-specific level) should
enrich H? of the chloroplastic PGA pool (2) and subsequently H> of
G6P (8a). However, this is unlikely because H* of RuBP (1a) is un-
likely to be more enriched than chloroplastic (stromal) H,0 and the
H of PGA (2a) should be isotopically close to that of 1,0 because the
isotope effect associated with its incorporation into PGA (2a) is
negligible (Kawashima and Mitake, 1969; Siegel et al., 1972) and
that chloroplastic 1,0 is highly enriched relative to organically-
bound H due to leaf water evaporative enrichment. The overall
isotope effect associated with the incorporation of chloroplastic
water H,0 into C2 of RuBP (1a) as implied by Tcherkez et al. (2013)
can only be small as otherwise the isotopic composition of RuBP
(1a) would not be steady under steady state. Therefore enrichment
at C5 of glucose cannot be due to isotopic difference at C2 between
PGA (2a) and PGA (2b), implying that NADH is still the most likely
source of enrichment at C5 in C3 plant glucose (9a).

3. Relative 2H depletion at H* & H® in C, glucose

In C4 plants, photorespiration is largely suppressed due to the
highly efficient bundle sheath COj-concentrating mechanism
(CCM). Thus there is minimal contribution of *H-enriched trans-
ferable hydrogens from NADH to the PGA (2e) pool in the bundle
sheath chloroplast and, therefore, there is no enrichment of H>
relative to other sites within the C4 glucose. This, however, still
cannot explain why H* and H® are relatively depleted in 2H, when
compared to other intramolecular positions. It is, therefore pro-
posed that depletion is due to the export of 2H-depleted (trans-
ferable hydrogen of) NADPH (via the malate shuttle) from the M
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cells to the BS cells and the use of unenriched or slightly enriched
BS cellular water for glucose biosynthesis.

The initial fixation of CO, into OAA (oxaloacetate, 25a) in the
cytosol of M cells by PEPC (phosphoenolpyruvate carboxylase) is
spatially separated from final fixation by RuBP carboxylase in the BS
cells (Fig. 4A). Unlike C3 chloroplasts, which possess both PSII & PS I
(photosynthesis systems II & I), the BS chloroplasts in NADP-ME
(NADP malic enzyme) plants have only PS I and therefore limited
ability to generate NADPH. Consequently, reducing power needs to
be imported from M cells via the malate (26a)-pyruvate (27a)
shuttle (to generate NADPH from within the BS). This importation
involves first reduction of OAA (25a) to malate (26a) by NADPH
catalysed by NADP-MDH (NADP Malate Dehydrogenase) in the M
cells and then decarboxylation/reduction by NADP-ME (NADP
Malic Enzyme) to release CO, and NADPH in the BS cells. Due to the
high KIE associated with reduction of OAA (25a) to malate (26a)
(Hermes et al., 1982; Grissom and Cleland, 1985), the exported
hydrogen (the p* in malates (26a) used to make NADPH (the
NADP}H® formed during conversion of 26a to 27a) under the catal-
ysis of NADP-ME in the BS chloroplast is expected to be depleted in
2H relative to the residual (hydrogen of) NADPH (NADPIT') in the M
cell chloroplast (the relatively *H-enriched residual (hydrogen of)
NADPH in the M chloroplast is used for synthesis of phytol and
possibly other reduction processes; see Zhou et al. (2016) for
further explanation). Although NADP-ME has a capacity to intro-
duce a further depletion to the 1° in the BS NADP}® with a modest
KIE of 1.17 (Cook et al., 1980), such depletion can be treated as
insignificant as it can be reasonably assumed that malate (and the
11° it carries over to the BS) is converted to pyruvate in its entirety.

When PGA (2e) is reduced by the imported >H-depleted NADPIT®
in the BS to GAP (4d) or by the same }1° to GAP (4c) in the M, the
depletion signal of NADPI1° and further depletion as a result of KIE
of 5—5.5 (Canellas and Cleland, 1991), is passed onto GAP (4c and
4d). Note that the portion of |1° that ends up in GAP (4c¢) (and 5c¢) is
likely to be enriched relative to the portion of 1i° that is used to
reduce OAA (25a), but it is still depleted relative to 1™ as GAP (4c) is
upstream of the steps where residual NADPH (NADPH") is used for
reduction for (downstream) metabolic events. In a properly func-
tioning Cy4 cell, it is reasonable to assume that priority is given to the
malate-pyruvate shuttle, then to the CBB cycle and finally to
downstream reactions where NADPH is needed. On reaching iso-
topic equilibrium between GAP (4c and 4d) and DHAP (5c¢ and 5d)
under the catalysis of TPI in both BS and M cells, and when DHAP
(5d) and GAP (4d) are condensed to make FbP (6c), the depletion
signal is retained in FbP (6c) and passed onto the H> and H* of the
hexoses F6P (7c), G6P (8c), starch and glucose (9c). Hence, the
compartmentation of C4 photosynthesis and the transfer of H from
NADPH is most likely contributing to the observed H* depletion
relative to other sites within the C4 plant glucose. However, the
depletion at H®> MIGHT be diminished due to the H? acidity of
fructose (note that the sugars used for position-specific H isotopic
analysis by NMR at natural abundance were extracted from fruits in
their free form rather than their phosphorylated form) in the
alkaline BS cytosol (see Fig. 5).

The argument here for the 2H-depletion associated with M-to-
BS export of (transferable H of) NADPH is further strengthened by
the fact that the CAM glucose intramolecular 2H profile is very
similar to that of C; rather than C4 plants (Fig. 1). This is despite the
biochemical similarity to C4 plants in that CAM uses PEPC for initial
fixation of CO; into OAA (25a), with final fixation of CO, via the CBB
cycle (Heldt, 2005). Unlike C4 plants, there is no spatial separation
of photosynthetic CO; fixation or inter-cellular (M to BS) export of
(transferable H of) NADPH in CAM plants (as both fixation of CO;
and NADPH generation occur within a single cell, as in a C3 cell). The
export-associated NADPH depletion therefore does not exist in

CAM plants which are found to exercise gluconeogenesis (Gilbert
et al,, 2012). Although PGA (2e) reduction (to DHAP 5c¢) in the M
cells can contribute to DHAP (5d) pool in the BS cells, such
contribution (in NADP-ME subtype) is supposedly insignificant
(and even smaller in NAD-ME and PCK subtypes as the BS cells of
these two subtypes are competent in NADPH generation) than that
in the BS. This is because 1) comparative proteomic studies by
Majeran et al. (2005) convincingly showed that the enzymes for
PGA reduction (GAPDH) and sugar synthesis are mainly found in
the BS cells; 2) starch granules are mainly found in BS chloroplasts
(Taiz and Zeiger, 2006) and 3) the rapid interconversion between
DHAP (5d) and GAP (4d) would have replaced the M cellular H
signal carried over by the DHAP (5c¢) in its entirety with BS cellular
water 1. The H? and H3 relative enrichment in CAM glucose also
lends support to the inference that DHAP (5c¢) in CAM plants is
relatively 2H-enriched when compared with C; plants as the
cellular water of CAM plants is known to be more enriched than
that of C3 plants grown in close proximity (Sternberg et al., 1986).

As to the depletion of H> in C4 glucose, since the exported
(hydrogen of) NADPH does not exhibit itself at H> of glucose bio-
synthesized in the BS cells, and there are no differences in the
biochemistries of glucose biosynthesis in C3 M cells and C4 BS cells,
the most likely explanation is that BS cellular water in which sugar
biosynthesis occurs is depleted (although still relatively enriched
against organically-bound H) relatively to that of the M cells.
Although we argue for a role of the isotopic difference in the
cellular water available for glucose biosynthesis in shaping H>
isotopic differences between C3 and C4 glucoses, we acknowledge
that the former may not be able to account in full for the latter as
Zhou et al. (2016) estimated that on average, M cellular water is
60%. more enriched in 2H than that of the BS.

4. H! & HO (in particular H% PR depletion/enrichment in C3/
C4 glucose

Based on Fig. 2 and the discussion above, it can be inferred that
the two Hs (H%% the pro-R H and HP, the pro-S H) at C5 of RuBP (1a)
are replaced at a lower rate relative to the other four C-Hs in the
CBB cycle (compare RuBP (1a) with the three regenerated Ru5Ps
11a, 11b and 11c in Fig. 2). Although photorespiration-generated
PGA (2d), when mixed with the chloroplastic PGA (2) pool, tends
to enrich these two HPs, such enrichment can be decreased
significantly by the TPI & PGIl-catalysed exchange opportunities
with chloroplastic (stromal) water at other positions within C3
plant glucose (9a, 9b, starch and sucrose in Fig. 2). The H® PR js
relatively depleted (against other Hs) because this H has the lowest
contribution (even more slowly exchanged than H® P*-5) from PGA
(2d). Note that the two Hs at C3 of PGA (2d) have different origins:
the 1 is from water and enriched due to evaporation while the H'p
is inherited from H'P of RuBP (1). In C4 plants, due to the inhibition
of photorespiration there should not be a relative depletion at H!
and H®. Even so, the inhibition of photorespiration still cannot
explain the observation that the C1 and C6 sites are the most
enriched in C4 glucose (9¢ and starch in Fig. 4A).

Related to the compartmentation of C4 NADP-ME photosyn-
thesis is the shuttling of triose-phosphates between BS and M cells
(Fig. 4A). When PGA (2e) is exported to M cells, the two prochiral Hs
at C3 are (indirectly) exchanged with M cellular water via the
following mechanism: the PGA (2e) imported from the BS cells is
converted to pyruvate (27a) via PGA (2e) —1,3bPG (29) —2PGA
(28) — PEP (phosphoenolpyruvate, 24b) — pyruvate (27a) accord-
ing to von Caemmerer and Furbank (2016) (see Friso et al. (2010)
and http://plantsinaction.science.uq.edu.au for the reconstructed
metabolic pathway in the BS and M chloroplasts). This process in-
troduces a H from M cellular water to the C3 of PGA (2e), with a
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Fig. 4. A. Compartmentation of C4 photosynthesis into mesophyll cell and bundle sheath cell in a typical C4 NADP-ME plant. In this C4 subtype, the malate (26a)-pyruvate (27e)
shuttle is the dominant shuttle between the mesophyll and bundle sheath with a high flux indicated by a thick arrow. The PGA (2e)-DHAP (4c) shuttle form an integral part of the
CBB Cycle in the bundle sheath cell. Comparative proteomics does show that GAPDH (the activity of which is indicated by the arrow between PGA (2e) and GAP (4d)), TPI and PGI
(Majeran et al., 2005) are present in high content while reconstructed metabolic pathways from proteomics studies also show that glycolysis occurs in M chloroplast (Friso et al.,
2010). Glycolysis links the malate-oxaloacetate shuttle and triose phosphates shuttle with PEP (phosphoenolpyruvate). Conversion of PEP (24b) to Pyruvate (27a) by PK (pyruvate
kinase) and back to PEP (24b) by PPDK (phosphopyruvate dikinase) introduces M cellular water (*H-enriched relative to BS cellular water) to GAP (4c and 4d) and DHAP (5¢ and 5d)
via the glycolysis pathway. On condensing to make FbP (6c), the enrichment signature ends up in C1 and C6 of F6P (6c) and glucose (9c). NADPH produced in a mesophyll
chloroplast (NADPH™) is shuttled to a bundle sheath chloroplast to meet the high demand for reducing power in the bundle sheath chloroplast due to the absence of PS II. The
consequence of this NADPH shuttle is that (the transferable H of) the residual NADPH (NADPH') in a mesophyll cell chloroplast is 2H-enriched relative to its C3 plant counterpart
while the shuttled-over H (NADPH?®) is depleted as a result of a high KIE associated with NADP-ME (NADP malic enzyme) activity (Hermes et al., 1982; Grissom and Cleland, 1985).
NADP-ME: NADP malic enzyme; OAA: oxaloacetate; PEPC: phosphoenolpyruvate carboxylase; NADP-MDH: NADP malic dehydrogenase. TPI: triose phosphate isomerase. DHAP:
dihydroxyacetone phosphate; GAP: glyceraldehyde phosphate; F6P: fructose-6-phosphate; G6P: glucose-6-phosphate; FbP: fructose-1,6-bisphosphate. The numbering and lettering
of the C and H-atoms follow the rules described in Fig. 2. The H and H are from BS and M cellular (chloroplastic) waters respectively. This figure, and the rules governing the labeling
of compounds and numbering of C and H atoms are essentially the same as those in the Fig. 3A of Zhou et al. (2016). Fig. 4B. Compartmentation of C4 photosynthesis into mesophyll
cell and bundle sheath cell in a typical C4 NAD-ME plant (Edwards and Voznesenskaya, 2011; Edwards and Walker, 1983). In this C4 subtype, the aspartate (29)-alanine (28) shuttle is
the dominant shuttle between the mesophyll and bundle sheath; the PS II in the chloroplasts of both cell types are competent to generate NADPH, and therefore no NADPH is
transported across the two cell types; no suberin lamella exists between mesophyll and bundle sheath cells that may restrict the flow of water between them. Reduction of OAA
(25b) to malate (26b) occurs in bundle sheath mitochondria using NADH rather than NADPH. The enzyme NAD-ME is NAD malic enzyme. Other enzymes are the same as in Fig. 4A.
The numbering and lettering of C and H also follow the rules described in Fig. 2. This figure, and the rules governing the labelling of compounds and numbering of C and H atoms are
essentially the same as those in the Fig. 3B of Zhou et al. (2016).
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slight KIE of 1.17 (Gold and Kessick, 1965), leading to a loss of
prochiralities of the two Hs at C3 of PGA (2e). Since the three Hs at
C3 of the thus-formed pyruvate (27a) are achiral, the M cellular
water signal carried by the pyruvate (27a) is partially passed onto
the PEP (24b). When PEP (24b) is converted back to GAP (4c) in the
reverse reactions via PEP (24b) —2PGA (28) — 1,3bPG (29) — PGA
(2e) — GAP (4c), the M cellular water ends up in the C3 of GAP (4c,
Pionnier and Zhang, 2002; see also Figure B-1-2 in the chapter B-I
of the PhD thesis by Sébastian Pionnier; See Fig. 6 for the detailed
mechanism for the labelling of the two C3 Hs of GAP). It can be
assumed that M cellular water is enriched relative to that of BS as
the latter is separated from the former by water impermeable su-
berin layers. Smith et al. (1991) gave indirect experimental evi-
dence supporting our assumption as they showed that the parts of
the leaf tissues containing BS cells were (in contrast to the M cells)
only slightly subjected to evapotranspiration-caused isotopic
enrichment. Zhou et al. (2016) estimated that on average M cellular
water is approximately 60%o. more enriched than that of BS cells
(see Tables 1 and 2 of Zhou et al.(2016)) based on the survey of over
30 species of C3 and C4 grasses in tropical Hainan. This water related
enrichment signal is incorporated into the two H3s of GAP (4c) and
DHAP (5¢) in mesophyll cells. When DHAP (5¢) in mesophyll cells is
shuttled back to the BS for sugar synthesis, such enrichment is
incorporated at C1 and C6 of C4 glucose (9¢ and starch in Fig. 4A).
This is consistent with C4 plant sterols (not shown here, see Zhou
et al. (2016) for further information) being enriched relative to C3
plant sterols as sterols inherit part of their hydrogen from C1 and C6
of glucose (even though H* and H? in C4 plant glucose are depleted).
Thus, it can be deduced that the enrichment of H! and H® of C4
NADP-ME glucose (9c¢ and starch in Fig. 4A) is best explained by the
shuttling of triose-phosphate (DHAP, 5c¢) between bundle sheath
and mesophyll cells.

Although it can be argued that a similar enrichment at C1 and C6
(in particular the latter) can be expected for C3 glucose as conver-
sion from pyruvate to PEP by PPDK and back to pyruvate by PK also
occurs in C3 chloroplasts, the differences in pyruvate/PEP ratio and
the PPDK activity between C3 and C4 M cells predict otherwise. The
PPDK activity of C4 M cell is much higher (>5.4 fold, [shimaru et al.,
1998) than that of C3 and the pyruvate/PEP ratio for C4 is much
lower than that of Cs. The conversion of pyruvate to PEP by PPDK
involves an abstraction of a C-H from the methyl group of pyruvate,
the high KIE (4.25, Croteau and Wheeler, 1987) associated with the
abstraction depletes 2H of the methylene group of PEP. In Cy4 cells,
the conversion is high (Ishimaru et al., 1998) so that the methylene
group in PEP should be isotopically close to the methyl group of
pyruvate. In Cs cells, the conversion is low, therefore the methylene
group of PEP is very depleted in 2H relative to the methyl group of
pyruvate.

Since a similar mesophyll-versus-bundle sheath cellular water
enrichment does not exist in typical NAD-ME species (see the dis-
cussion in Zhou et al.,, 2016), one might predict that a similar
enrichment of H! and H® does not exist in NAD-ME (see Fig. 4B for
the compartmentation of C4 photosynthesis and the origins and
histories of glucose C-Hs) soluble glucose. Unfortunately, there are
currently no intramolecular ?H data for NAD-ME soluble glucose
that allow us to test this prediction. Although the intramolecular H
profile of glucose in cellulose of Bouteloua gracilis, a NAD-ME grass,
does show similar enrichment at H' and H® (Augusti, 2007), the
isotopic modifications from leaf soluble sugar to cellulose (struc-
tural carbohydrate) make it uncertain if B. gracilis cellulose is
representative of NAD-ME soluble glucose. Even if it is, H! and H®
enrichment may still exist as NAD-ME bundle sheath and meso-
phyll cellular waters are predicted to be relatively enriched against
C3 species. How this bundle sheath and mesophyll cellular water
enrichment is reflected in the intramolecular profile of soluble

glucose is determined by the fractional contributions of the two cell
types to the synthesis of the soluble sugars. Surveying more Cy4
subtype (and C3) species for molecular and intramolecular isotope
analysis should provide better insights into this issue.

5. Between-site 2H distribution ratios with growth conditions
in C3 glucose

For C3 plant glucose (9a, 9b, starch and sucrose in Fig. 2), it was
reported that when the [0;]/[CO,] ratio (oxygenation over
carboxylation ratio: Vo/V.) increases, the 2H distribution ratio H'/
HOProR (Schleucher, 1998) and H® Pro-S{H® Pro-R (Ehlers et al., 2015)
both increase. Such a trend can be easily explained by the contri-
bution of the photorespiration-generated PGA (2d in Fig. 2), which
has the isotopic compositions of its two C-Hs at C3 (H> P°~S and H*
Pro-Ry yunequally affected by photorespiration (Ehlers et al., 2015), to
the chloroplastic PGA (2) pool and the contribution of cellular water
(stromal water H,0 and peroxisomal water H,0) brought about by
the exchange opportunities during glucose biosynthesis incorpo-
rating the photorespiration-generated PGA (2d):

i) the two C-Hs at C1 (H'% the pro-R H and H'P, the pro-S H) of
RuBP (1a) are replaced with chloroplastic water (11,0) faster
than those at C5 during the CBB Cycle (compare RuBP (1a)
with the three regenerated Ru5Ps 11a, 11b and 11c). Note
that the peroxisomal water-derived H in PGA (2d) also ends
up in RuBP (1a) after a complete CBB cycle;
no transferable hydrogen of chloroplastic NADPH ever ends
up at C1 and C5 of RuBP (1a in Fig. 2) (without being
significantly exchanged with chloroplastic (stromal) water);
iii) the isotopic composition of the H> PR (the blue underlined
H of PGA (2d), Hanson 1984) is determined by that of the
peroxisomal water (H,O) plus the isotope enrichment asso-
ciated with the incorporation of peroxisomal water into the
pro-R position of glycine by the GGT (glutamate-glycine
transaminase, Chen and Schirch, 1973), as such it is more
enriched in H than H>* (pro-R), HB (pro-S) and H'P (pro-S)in
RuBP (1a). There is an unequal impact of the solvent on H>
pro-R and H3 PS5 as isotopic composition of the H> P~ (the
H'P of PGA (2d)) is determined by that of the H" PS5 (the
Hlﬁ) of RuBP (1a), the KIEsymt (Chen and Schirch, 1973;
Schirch and Jenkins 1964) associated with the abstraction of
HP™-S (H'P) from glycine by SHMT (serine hydroxymethyl-
transferase) and the glycine-to-serine conversion yield.
When the photorespiration-generated PGA (2d) is mixed with
the chloroplastic PGA (2) pool, the H> P°~S/H3 PR ratio in PGA
(2d) changes the H> Po~S|H> PR of PGA (2) directly, and the
HE Pro—S/H6. Pro-R of olucose indirectly in a Vo/Vc-ratio-depen-
dent fashion: a) when the V[V is low, it will be unlikely that the
H3 Pro—S/H3 PR ratio of PGA (2) will change significantly as the
contribution of PGA (2d) to PGA (2) is insignificant, a situation
likely to be seen in C4 photosynthesis; b) when the V,/V is high
or modest, the glycine-to-serine conversion yield and KIEsymt
are high (fully committed photorespiration), depending on the
actual value of the V,/V, ratio, the H> P"~S/H> Pro-R ratio of PGA
(2) can be greater than, equal to or smaller than 1, but is still
predicted to be positively correlated with the [0,]/[CO;] ratio. c)
when the V,/V. is high, conversion yield and KIEsyyT are low
(partially committed photorespiration), it is likely that the H>
pro=S/py3. Pro—R patjo of PGA (2) decreases and is smaller than 1,
but is predicted to be negatively correlated with [0,]/[CO;] ratio
although the sensitivity to [0,]/[CO;] ratio change is low. As a
large influx of nitrogen into the peroxisome is needed for the
generation of glycine from glyoxylate, this scenario is less likely
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Fig. 6. Mechanisms for labelling of the two Hs at C3 of triose phosphates in the triose phosphates shuttle in NADPH-ME subtype (cf Fig. 4A). Reconstructed metabolic pathways
from comparative proteomics studies (Friso et al., 2010) showed that the glycolysis links the malate-oxaloacetate shuttle and the triose-phosphate shuttle via PEP (phospho-
enolpyruvate). Conversion of PEP to pyruvate by PK (pyruvate kinase) introduces an M cellular water signal to pyruvate with a slight KIE of 1.17 (Gold and Kessick, 1965). On being
converted back to PEP with a KIE as high as 4.85 (Croteau and Wheeler, 1987) and further to GAP and DHAP, the M cellular water signal is preserved in the two prochiral Hs of these
two triose phosphates. H: hydrogen from cellular water; TPI: triose phosphate isomerase; GAPDH: glyceraldehye phosphate dehydrogenase; PGK: phosphoglycerate kinase: ENO:
enolase; PPDK: phosphopyruvate dikinase. The C1, C2 and C3 are structurally equivalent to Csc, Ca4, and Cy5 in GAP (4a) and DHAP (5a) in Fig. 2 respectively.

than the first two, although it is not impossible in some physi-
ological circumstances.
The positive correlation between H® Po~S/H® Pro-R of glucose
and 1/[COzJatmosphere from controlled grown C3 plants and
archived beet (C3) over the past century (during which atmo-
spheric CO, concentration increased steadily) reported by Ehlers
et al. (2015) can be interpreted as a highly committed photo-
respiration with modest to high photorespiration rate.

iv) The two C-Hs at C3 (H> P-S and H> P~R) of PGA (2d) also
end up at C1 and C5 of regenerated Ru5Ps (11a, 11b and 11c),
and on phosphorylation, at RuBP (1a). The enrichment signal
of these two C-Hs is eventually passed onto the H! of glucose
(G6P, 8a in Fig. 2). A high V,/V will lead to a higher contri-
bution of the two C-Hs to the H' of glucose, hence a positive
correlation between [0,]/[CO,] ratio and H!/H® ProR 35
observed by Schleucher (1998).

6. Summary

In this VIEWPOINT, a plausible biochemical explanation is pre-
sented for the long-observed but inadequately explained con-
trasting intramolecular ?H profiles of C3 and C,4 sugars. Involvement
of 2H-enriched (transferable H of) NADH associated with photo-
respiration contributes to the relative ?H enrichment in H> and
relative 2H depletion in H' and H® (in particular H® P°R) in C3 plant
glucose. Also, export of (transferable Hs of) NADPH from C4
mesophyll cells to bundle sheath cells and shuttling of triose-
phosphates (PGA and DHAP) between C4 bundle sheath and
mesophyll cells contributes to the relative depletion of H* and
relative enrichment in H! & H® (in particular H® P°R) in C4 plant
glucose, respectively. Finally, incorporation of isotopically relatively
less enriched BS cellular water into the H° of C4 glucose contributes
to the H> depletion while incorporation of isotopically relatively
more enriched M cellular water into the H* of C3 glucose contrib-
utes to the H* enrichment.

The hypotheses employed for the explanation, although quali-
tative in nature, can be tested at least semi-quantitatively by well-
designed growth experiments. For example, the contribution of

relatively enriched 2H from NADH to the relative enrichment of H>
(and H* in Cs plant glucose can easily be tested by growing Cs
plants where environmental conditions are manipulated to
enhance or suppress photorespiration. The hypotheses can also be
tested on C3 mutants deficient in photorespiratory enzymes. The
hypothesis that the malate-pyruvate shuttle in C4 plants depletes
%H of the exported NADPH transferable H and enriches H of the
transferable H of the residual NADPH can be tested with C3-C4
hybrid plants such as Flaveria. In addition to testing these hy-
potheses, efforts can be made toward building a mathematical
model to account for the intramolecular 2H distribution in Cs
(conceptually similar to the one for intramolecular *C distribution
as developed by Tcherkez et al. (2004)) and C4 plant glucoses and
the differences between them. Such a model would provide
quantitative understanding of how isotopically discriminating
biochemical reactions and the metabolites-cellular water isotopic
exchanges contribute to the ?H distribution profiles.
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