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Abstract

The stability of the Calvin Bassham Benson (CBB) cycle remains an area of active computational
research. Our understanding of biology and the prospect for bioengineered plants with higher
productivity may both be impacted by a greater understanding of this area. Here we use the ensemble
modelling robustness analysis (EMRA) framework to show that the action of the phosphate/G3P
antiporter is much more significant for maintenance of stability than a recently proposed G6P shunt.
Additionally, we interpret recent results suggesting that overexpression of RuBiSCO does not improve
growth rate of plants but overexpression of SBPase does. Our simulations reproduce this result, but
only in models which do not include the G6P shunt. Taken together, these results may suggest a
situational role for the G6P shunt, possibly in dynamic situations under starvation or other stress
conditions.

Introduction

The Calvin Bassham Benson cycle (CBB) is responsible for CO, fixation by plants, including the C3 & C4
variants, of which the C4 is an adaptation which allows for plants in high temperature or low water
environments (1-4). Plants have advanced regulatory systems which allow them to successfully grow
and thrive in an unpredictable and changing world (5-9). For example, sugars generated from CO,
during daylight are stored as starch in photosynthetic and non-photosynthetic chloroplasts. Nighttime
consumption of starch is tuned to leave only a small amount remaining by morning—and this
consumption rate is dynamically tuned to adjust for changing day length(10-12).

Among canonical metabolic pathways, the CBB pathway is highly branched and complex, much more so
than simple linear pathways like glycolysis or simple loops like the TCA cycle. This is in some ways the
result of the chemical difficulty of aerobic CO, fixation (13,14) which seems to require a carbon
reshuffling step to regenerate a suitable starting substrate like ribulose-1,5-bisphosphate (15). The
complexity of the pathway, in which there is not a linear pathway from substrate to product, results in
instability if intermediates are depleted. For example, if the sugar phosphates in a chloroplast become
depleted, the pathway is not able to continue since some starting substrate (RuBP) is required to
continue CO, fixation (16).

There are two main mechanisms of transport of sugars across the chloroplast membrane. First, there is
the G3P/phosphate antiporter (17). This transporter moves a G3P from the CBB pathway in the
chloroplast to the cytosol, where it is used for various cellular functions. In return a phosphate molecule
is transported into the chloroplast, effectively keeping the total number of phosphates in the chloroplast
constant. Second, there are glucose (putative) (18) and maltose transporters (19), of which the maltose
transporter is known to be essential for starch breakdown. G3P is a CBB intermediate and is directly
interconvertible with other sugar phosphates, so a depletion of G3P would be problematic for CBB.
However, glucose and maltose are more removed from the CBB pathway itself and are possibly only
produced as starch breakdown products (12).

The direct regulation of plastidic enzymes involved in photosynthesis is accomplished by redox-
mediated proteins called thioredoxins (20). In light conditions, the NADPH/NADP" ratio is higher
because the photosystems which generate NADPH from light are active. As a result, the disulfide bonds
in thioredoxins and other regulated proteins are broken, mediating enzyme activity. In Arabidopsis
thaliana several enzymes are known to be redox regulated in this manner (21).
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Some enzymes of the CBB cycle are activated in a reducing (light) environment by the breaking of their
disulfide bonds. In the dark, these enzymes are attenuated in the oxidizing environment. Of the 12
enzymes of the canonical CBB cycle, 4 are known to be redox regulated in the ferredoxin/thioredoxin
system (21). First, GAPDH converts 1,3-bisphosphoglycerate to glyceraldehyde-3-phosphate using
reducing power from NADPH. GAPDH is reversible, although in dark conditions scarce NADPH is
required for other critical cellular functions.

In addition to GAPDH, enzymes which catalyze the cleavage of high-energy phosphate bonds are also
thioredoxin-regulated, presumably to reduce thermodynamic losses in dark conditions.
Phosphoribulokinase (Prk) catalyzes the cleavage of ATP to ADP coupled with the conversion of ribulose-
5-phosphate to ribulose-1,5-bisphosphate. Prk and GAPDH are inactivated in the non-enzymatic
oligomerization of with CP12 in oxidizing conditions, which is reversed by NADPH (22). Sedoheptulose-
1,7-bisphosphatase catalyzes the irreversible loss of phosphate from the sedoheptulos-1,7-bisphosphate
to result in sedoheptulose-7-phosphate. Fructose-1,6-bisphosphatase catalyzes an analogous reaction
and loss of phosphate to result in F6P. These enzymes are all regulated to lose function in dark
conditions when NADPH is low and CO?2 fixation cannot continue (21).

The Calvin cycle has many enzymes in common with the pentose phosphate pathway, except that it
functions in the reverse direction, leading to the distinction between the traditional or oxidative pentose
phosphate pathway (oPPP) and the CBB-synonymous reductive pentose phosphate pathway (rPPP) (23).
Distribution of oPPP and rPPP enzymes within plant cellular compartments (plastid vs. cytosol) is an area
of research (24), but in Arabidopsis, it is recognized that the first three steps of the oPPP (glucose-6-
phosphate dehydrogenase, gluconolactonase and 6-phosphogluconate dehydrogenase) are localized to
both the plastids and the cytosol (25). In addition to the CBB enzymes above, the plastidic enzymes of
the oPPP, particularly G6PDH, are subject to redox-based regulation (26).

G6PDH is most active in oxidizing conditions which prevail in night darkness. The oPPP provides NADPH
for critical cell functions when light is unavailable. Activity is highly attenuated by the presence of light.
This is rationalized to be for the prevention of thermodynamic losses due to a futile cycle (27).

However, interestingly, the attenuation of GEPDH in reducing conditions is far from complete and varies
widely by species. In the investigation of three different plastidic GGPDHs, activity is attenuated to
anywhere from 10-30% of maximum in reducing conditions (26,28,29). It has recently been suggested
that flux through G6PDH and the next two oPPP enzymes (generating Ru5P) may stabilize the CBB
pathway (30). This opens the door for investigation into possible competitive benefits of a futile cycle
which in terms of thermodynamics, is a clear loss.

Some previous efforts have attempted to address stability in the CBB pathway, but these have had
shortcomings such as not considering phosphate (31) which our work suggests has a critical role in
stability, or considering only a single set of parameter values (32), which doesn’t reflect the range of
stochastic and environmental variability encountered in biological reality. Other works focused on the
well-documented oscillations of the CBB pathway (33), without considering general propensity towards
stability (nonsingular Jacobian), or instability (singular Jacobian). In this work, we consider the present
evidence that multiple structural features of CBB in plants and Arabidopsis thaliana in particular stabilize
the pathway, independent of their effect on oscillatory behavior. In particular, we investigate the role of
the G3P/phosphate translocator, the oxidative pentose phosphate pathway, as well as covalent
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84 modification of triose phosphate isomerase (34). We use ensemble modeling robustness analysis, a
85 method which investigates the stability of metabolic pathways using network information such as

86 reference flux, network stoichiometry, reaction reversibility and substrate-level regulations (35). We
87 also consider the potential applications toward biotechnological work attempting to increase the

88 productivity and growth rates of plants.

89 Chloroplast model

90 First, a consensus model of chloroplast metabolism flow in light conditions was developed (Fig. 1). Steps
91 of the CBB cycle, starch synthesis and starch degradation were included. Additionally, G3P transport

92  from chloroplast to cytosol is also included. NADPH generation by the light reactions and ATP

93  generation through respiration were included as single reactions in the model.

94 Fluxes were set by linear programming to determine a reference steady state. Carbon was assumed to
95 be split 50:50 between G3P and starch synthesis. Starch degradation was assumed to be at 2/3 the rate
96 of starch synthesis. Starch degradation is represented as non-negligible in the model, since starch
97 degradation rate was found to be almost unchanged by light in spinach leaves (36). G3P export and
98 import were modeled as parallel reactions in dynamic equilibrium, additionally at a 2:3 ratio for
99 parsimony. Beyond these specifications, the system has no degrees of freedom so flux rate was

100  completely determined.

101 Reactions were modeled kinetically using realistic rate laws which take into account number of

102 substrates and products, and the reversibility of the reaction using modular reaction rates according to
103 the method of Liebermeister (37). Substrate-level regulations were added to the model as described in
104  the Methods section. Parameter values were sampled constrained to reference fluxes and stability at
105 the reference steady state was insured. A suitable number of parameter value sets (n = 300) were

106 generated and tested. Enzyme levels were perturbed by using the parameter continuation method,
107  where the system is perturbed, constrained to a fixed point, until the Jacobian becomes singular, or a
108 metabolite concentration becomes negative. The fraction of parameter sets, or ‘models’ which become
109 unstable at each level of integration, is plotted. Further details about the model are available in the
110 methods section.
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112 Fig. 1 The overall model of chloroplast flux used in this paper. Reactions in the carbon shuffling steps
113 and G6P shunt are modelled individually but are shown in a simplified format. Light reactions and
114 respiration were modeled as single reactions for simplicity. NADPH/NADP+ & ATP/ADP cofactors
115 included in all simulations, free phosphate held constant in some simulations as noted. CO, was held
116 constant in all simulations.
117 Results

118 G3P/phosphate translocator almost completely stabilizes CBB

119  The G3P/phosphate translocator and phosphate in general is known to have an important role in the
120  action of the CBB pathway (Fig. 2A) (38). However, to date, this role has not been thoroughly tested by
121 simulation efforts. Here we test the idea of the phosphate antiporter as a CBB pathway stabilizer by
122 doing EMRA simulations of the CBB enzymes with and without holding phosphate constant. Allowing
123 plastidic phosphate to vary freely as a metabolite in the simulation is a proxy for the effects of the

124  antiporter, since if phosphate was transported independently from the cytosol, there would be

125 effectively no steady state requirement for phosphate—any deviation would simply be made up by
126  transport to or from the cytosol. The inclusion of phosphate fixes the steady state requirement to the
127 one-to-one antiport of G3P and inorganic phosphate.

128  Without P;, the model was found to have noticeable instability in essentially all of the CBB enzymes, and,
129 seven of the 12 CBB enzymes were noted to have instability upon increase. Inclusion of phosphate as a
130 metabolite was shown to almost completely eliminate instability with one notable exception. With

131 phosphate, triose phosphate isomerase was noticeably unstable to decrease. Without phosphate, that
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enzyme was unstable to increase—the inclusion of phosphate reversed the tendency towards instability
(Fig. 2B, red lines).
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Fig. 2 Comparison of stability with and without holding phosphate constant. A) Schematic showing the
flow of phosphate through the phosphate/G3P antiporter in relation to the CBB pathway. B) EMRA
stability profile for the enzymes of the CBB pathway upon perturbation of 10x and 0.1x. Both Tkt
reactions were perturbed simultaneously (n = 300). Including the effects of the G3P/phosphate
antiporter (red line) significantly stabilizes the pathway.

Glutathionylation increases stability of TPl in phosphate condition

The one enzyme of the CBB pathway which was unstable after the inclusion of phosphate was triose-
phosphate isomerase. There seems to be further experimental confirmation of the importance of
sufficient TPI activity. A plastidic TPl mutant with reduced activity was installed in Arabidopsis and the
resulting plants were found to grow at a highly stunted rate (39). Interestingly, if grown in the dark with
nutrients provided (heterotrophic growth), there was no growth deficiency, indicating that the plastidic
TPl is important for autotrophic (light) metabolism, but not critical for heterotrophic (dark) metabolism.

There are multiple possible methods for accommodating this loss of stability. First, triose-phosphate
isomerase is a highly active, reversible enzyme with no stability penalty indicated (Fig. 2B) for high
activity, so it’s possible TPl is operating mostly or exclusively in the high activity domain, where stability
is not an issue. Another possibility is that TPI instability is partly rescued by the effect of
glutathionylation. A recent analysis showed the first evidence of glutathionylation of plant enzymes.
The authors found that a cytosolic TPl from Arabidopsis thaliana was inactivated in the presence of
oxidized glutathione (GSSG) but reactivated in the presence of reduced glutathione (34). Since GSH is
regenerated by the reducing power of NADPH, this regulatory network can be represented as NADPH
activation of TPl combined with NADP" inactivation (Fig. 3A).

Interestingly, the stability of the TPl with NADPH/NADP+ regulation improves noticeably (Fig. 3B).
Although there is no direct evidence if glutathionylation of plastidic TPI (pdTPI) in Arabidopsis, the
protein sequences show 62% sequence identity and have similar numbers of methionine residues (2 &
3), (UniProt entries Q9SKP6 & P48491 (40), aligned by BLASTP 2.3.0+ (41,42)) . Regulation of plastidic
TPl may be an interesting area of future research.
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162 Fig. 3 Possible regulatory mechanism for plastidic TPI. A) Possible schematic for TPl activation by
163 glutathionylation. This is represented in the model by NADPH activation and NADP” repression. B)
164 Stability profile for the TPl enzyme in the ‘with phosphate’ model showing the effect of NAPDH
165 regulation on TPI.

166  Glucose-6 phosphate shunt affects stability of no phosphate condition

167 A perhaps paradoxical aspect of the plastidic glucose 6 phosphate dehydrogenase enzyme is that it

168 retains some activity after deactivation, which seems to be thermodynamically unfavorable, since

169  carbon decarboxylated by the oxidative pentose phosphate pathway has to be re-fixed by RuBiSCO,

170  including the use of 3 ATP per carbon fixed. It has recently been proposed that this is a feature of

171  chloroplastic metabolism which may stabilize the CBB pathway itself (30). This was discussed in great
172 detail but so far has seen no mathematical justification. Looking at the CBB with stabilization by the

173 phosphate translocator, there is little stability improvement to be made. In stress conditions, however,
174  such as phosphate limitation, plant metabolism is known to change radically (43—45), including changing
175  expression of plastidic transporters (46). This could potentially alter the stabilizing, protective effects of
176  the phosphate/G3P antiporter, which can be modelled (as before) by the removal of phosphate as a
177 metabolite. In such cases, other structural features would be required to provide stability.

178  The so-called glucose-6 phosphate shunt (Fig. 4A) has been proposed to provide stability to the CBB. To
179  test the effects of the proposed glucose-6 phosphate shunt, simulation of the no-phosphate condition
180 with various levels (0% of RubisCO, 10%, 30%) of flux through the first three enzymes of the oxidative
181 pentose phosphate pathway (G6PDH, GLNase & GLNDH) was undertaken via EMRA. For nearly all

182 enzymes, the 10% & 30% conditions showed stability improvements over the 0% condition for increases
183 in enzyme activity from the reference steady state (Fig. 4B, red & green lines). However, interestingly,
184  several enzymes showed slightly higher instability in the 10% and 30% conditions upon decrease in

185 enzyme amount, though higher stability upon increase. One possible explanation is that transketolase,
186  and the aldolases are highly active, reversible enzymes, and thus more likely to operate in the high

187 activity regime than the low activity. Another possible explanation is that the operation of the G6P

188 shunt is situational, and that it is meant to operate in dynamic scenarios to replenish cycle

189 intermediates, rather than to operate continuously to maintain steady state.


https://doi.org/10.1101/034637

bioRxiv preprint doi: https://doi.org/10.1101/034637; this version posted February 10, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

A B [ = = =
‘ / A
0.5 / 05 / 0.5 / 05 &
i 0
/ co \ W 01 1 100X % 10 01 4 1001 1 10
/RUBP 2 g RuBiSC PGK GAP TPI
=
RuSP Calvin\\ R 1—— 1 , 1—
2 A = ‘A_| 'F
A Cycle G3pP G3P ﬁ 05 05 05 = os E
0% of RuBisCO —— \ w
10% of RuBisCO—— 9 o1 ¥ 100 3 106l 1. 20 04 1 10
30% of RuBisCO ~ G6P g FBA FBPase Tktl SBA
=
[&]
! S | = i =
S : s \
\ // A |\ — 05 E 05 05 ‘\,
0 0 0 0 =
01 1 10 01 1 10 01 1 10 01 1 10

SBPase Rpe Rpi Prk
Fold Change in Enzyme Level
190
191 Fig. 4 Comparison of stability of various fluxes through the proposed G6P shunt. A) Schematic showing
192  the flow of metabolites through the G6P shunt relative to the CBB pathway. B) EMRA stability profile for
193 the enzymes of the CBB pathway upon perturbation of 10x and 0.1x. Both Tkt reactions were perturbed

194 simultaneously (n = 300). Including the effects of the G6P shunt (red line & green lines) improves
195 stability of the pathway upon increase of many enzymes, hurts stability upon decrease of many enzymes
196 (Tkt, aldolases, phosphatases particularly).

197  Assessing methods for improving plant productivity, SBPase and RuBiSCO overexpression

198 Use of stability analysis to provide biological insight into the mechanisms of stability in the CBB is one
199  powerful demonstration of its capabilities. However, it doesn’t provide insight into engineering and
200 biotechnological efforts which are aimed at increasing the productivity of plants, particularly relating to
201  growth rate and the CO2-fixing rate of the CBB pathway. Thus, in addition to assessing the effect of
202 genetic changes on stability, we can additionally look at the predicted impact on net carbon fixation
203 rate.

204  Many efforts to increase growth rate and carbon fixation rate of plants have understandably focused on
205 RuBiSCO. Some projects have focused on methods to modify the amino acid sequence of RuBiSCO

206 (47,48). Others have attempted to overexpress RuBiSCO or, more recently, replace native RuBiSCO with
207  aheterologous enzyme which has higher specific activity (49). These efforts have increased the content
208  and activity of RuBiSCO, but they have not convincingly increased plant productivity (50). However,

209 looking at the CBB pathway as a network problem rather than a problem with a single enzyme opens up
210 many different possibilities. Interestingly, one group reported that overexpression of SBPase increased
211 carbon fixation rate by 6-12% (51).

212  Toinvestigate consistency of these results with simulation, the average model-predicted net CO2-
213  fixation rate for different genetic changes and flux configurations can be compared. Interestingly,
214 results show that for the 0% G6PDH condition with phosphate, overexpression of SBPase slightly

215 increased CO2-fixation rate, while RuBiSCO overexpression was, counterintuitively, found to decrease
216 RuBiSCO flux. Other targets in the CBB pathway which were also investigated, with Prk showng the
217 largest projected increase on carbon fixation rate (Fig. 5A). For other conditions (no phosphate, with
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218  G6PDH flux) (Fig. 5B & C), no improvement was observed for either, except a small improvement for
219  SBPase in the no phosphate model. This suggests that perhaps network effects are more determinative
220  of the response of the CBB pathway than performance of individual enzymes. Additionally, it seems to
221  suggest that in laboratory conditions, the models not including G6P shunt flux are more reflective of
222 biological reality, and thus that the role of the G6P shunt may be situational.
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224 Fig. 5 Figure showing predicted effect of 10x increase of various CBB enzymes for three different flux
225 models. SEM shown (n = 300). A) Allowing plastidic phosphate to vary freely. B) Holding phosphate
226 constant. C) With G6P shunt at 30% of RuBiSCO flux.

227 Discussion

228  This analysis reveals the importance of structural features for the stability of the CBB pathway in plants.
229 Stability is an important characteristic of metabolic pathways, since they are subject to stochastic

230  variability in protein expression as well as different environmental conditions which can perturb the
231 system. While oscillations in the CBB are a point of previous research (33), we here present an analysis
232 of the stability of the underlying fixed points involved. So far, stability, and in particular the ensemble
233 modeling robustness analysis framework has been applied to explore the performance relatively simple
234 invitro pathways, but this paper shows how it can also uncover and illuminate biologically significant
235  features and phenomena.

236  Additionally, this manuscript sheds additional light on some specific details of these mechanisms. For
237 instance, these results indicate that the G3P/phosphate antiporter is more significant for the stability of

9
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238 the CBB than the G6P shunt under normal steady state. However, if the one-to-one link between

239  phosphate- and G3P-transport is broken (as in the no phosphate simulations), the action of the glucose-
240  6-phosphate shunt does change the stability profile of CBB enzymes noticeably. However, the true

241 purpose of the G6P shunt may be to restore steady state in dynamic situations. This sheds light on the
242 apparent paradox of thermodynamic losses in this ‘futile’ cycle. The thermodynamic involved in one
243 turnover of the oPPP would be involve loss of one ATP in the Prk step and two ATP at the Pgk step.

244 Among heterotrophic organisms using the CBB cycle, there is a remarkable amount of diversity in the
245  arrangement and function of metabolism (52-56). Thus, it is likely that depending on environmental
246 constraints and chance occurrences in evolutionary history, the stabilizing mechanisms used by different
247  species are a combination of those presented here and those yet to be discovered. Thus, this

248 manuscript is not a comprehensive or conclusive look at the mechanisms of stability in the CBB pathway
249 but is an initial, provisional investigation into some possible explanations for the success of the CBB

250  pathway despite its apparently unstable underlying structure. The model presented here is advances on
251 some previously described models (31-33) in important ways. This work provides answers and more
252 guestions to pave the way for yet more complete and sophisticated simulation of CBB.

253 So far, attempts to increase the productivity of plants have mostly focused on individual enzymes, rather
254  thaninvestigating the CBB pathway as a network. Here, we give plausible explanation to results that
255  show SBPase overexpression increases plant growth rate while RuBiSCO overexpression has so far not
256  shown any increase in plan performance. While the methods employed here are not conclusive, they
257 provide new insights which lay out potential targets of future exploration in the biotechnological

258 engineering of plants.

259 Methods

260  The model of chloroplast metabolism, including the CBB, the G3P/phosphate translocator and the was
261  constructed by inspecting the latest literature about plastid metabolism (12). The full stoichiometric
262 matrix, reversibilities and reference flux are shown in Supplementary Table 1. Adjustments were made
263  as necessary (removal of phosphate, adjustment of fluxes to include G6P shunt etc.). Based on

264  stoichiometry and reversibility, realistic Michaelis-Menten style rate laws were assigned. Regulation of
265 PGM, G6PDH were included and TPI was regulated in some simulations. Parameters were obtained by
266  randomly sampling normalized affinity parameters from a uniform distribution (0.1,10) as described
267 previously. V. was then solved for, constraining the rate law to the reference steady state. Simulations
268  of steady state perturbations were carried out using the parameter continuation method described

269 previously (35). Calculations were done in MATLAB and full code with instructions to reproduce all data
270  will be provided.

271 References

272

273 1. Raines C a. The Calvin cycle revisited. Photosynth Res [Internet]. 2003 Jan;75(1):1-10. Available
274 from: http://www.ncbi.nim.nih.gov/pubmed/16245089

275

276 2. Yamanaka T. Carbon Circulation on Earth and Microorganisms. Chemolithoautotrophic Bacteria
277 [Internet]. 2008. p. 103—17. Available from:

10


https://doi.org/10.1101/034637

278
279
280

281
282
283

284
285
286

287
288
289

290
291
292

293
294
295
296

297
298
299
300

301
302
303

304
305
306
307
308

309
310
311
312
313
314

315
316
317
318

bioRxiv preprint doi: https://doi.org/10.1101/034637; this version posted February 10, 2016. The copyright holder for this preprint (which was

10.

11.

12.

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

http://www.springer.com/life+sci/microbiology/book/978-4-431-78540-8?cm_mmc=NBA-_-Aug-
08_WEST_2168814-_-product-_-978-4-431-78540-8

Bassham J, Calvin M. The Path of Carbon in Photosynthesis. Biogenesis of Natural Substances.
1960. p. 72.

Hatch MD. C(4) photosynthesis: discovery and resolution. Photosynth Res [Internet]. 2002;73(1-
3):251-6. Available from: http://www.ncbi.nlm.nih.gov/pubmed/16245128

Smirnoff N. Environment and plant metabolism: flexibility and acclimation. Oxford, UK: Bios
Scientific Publishers; 1995. 270 p.

Hasegawa PM, Bressan RA, Zhu J-K, Bohnert HJ. PLANT CELLULAR ANDMOLECULAR RESPONSES
TOHIGH SALINITY. Annu Rev Plant Physiol Plant Mol Biol. 2000;51:463-99.

Slesak |, Libik M, Karpinska B, Karpinski S, Miszalski Z. The role of hydrogen peroxide in regulation
of plant metabolism and cellular signalling in response to environmental stresses. Acta Biochim
Pol. 2007;54(1):39-50.

Plaxton WC. The Organization and Regulation of Plant Glycolysis. Annu Rev Plant Physiol Plant
Mol Biol [Internet]. 1996;47(1):185-214. Available from:
http://www.annualreviews.org/doi/abs/10.1146/annurev.arplant.47.1.185

Kauss H. SOME ASPECTS OF CALCIUM-DEPENDENT REGULATION IN PLANT METABOLISM H. Ann
Rev Plant Physiol. 1987;38:47-72.

GIBON Y, PYL E-T, SULPICE R, LUNN JE, HOHNE M, GUNTHER M, et al. Adjustment of growth,
starch turnover, protein content and central metabolism to a decrease of the carbon supply
when Arabidopsis is grown in very short photoperiods. Plant Cell Environ [Internet]. 2009
Jul;32(7):859-74. Available from: http://doi.wiley.com/10.1111/j.1365-3040.2009.01965.x

Gibon Y, Blasing OE, Palacios-Rojas N, Pankovic D, Hendriks JHM, Fisahn J, et al. Adjustment of
diurnal starch turnover to short days: depletion of sugar during the night leads to a temporary
inhibition of carbohydrate utilization, accumulation of sugars and post-translational activation of
ADP-glucose pyrophosphorylase in the followin. Plant J [Internet]. 2004;39(6):847—-62. Available
from: http://doi.wiley.com/10.1111/j.1365-313X.2004.02173.x

Stitt M, Zeeman SC. Starch turnover: pathways, regulation and role in growth. Curr Opin Plant
Biol [Internet]. Elsevier Ltd; 2012;15(3):282-92. Available from:
http://linkinghub.elsevier.com/retrieve/pii/$1369526612000519

11


https://doi.org/10.1101/034637

319
320
321
322

323
324
325
326

327
328
329
330

331
332
333

334
335
336

337
338
339
340

341
342
343

344
345
346
347

348
349
350
351
352

353
354
355
356

357
358
359

bioRxiv preprint doi: https://doi.org/10.1101/034637; this version posted February 10, 2016. The copyright holder for this preprint (which was

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Tcherkez GGB, Farquhar GD, Andrews Tl. Despite slow catalysis and confused substrate
specificity, all ribulose bisphosphate carboxylases may be nearly perfectly optimized. Proc Natl
Acad Sci U S A. 2006;103(19):7246-51.

Galmés J, Conesa MA, Diaz-Espejo a., Mir a., Perdomo J a., Niinemets U, et al. Rubisco catalytic
properties optimized for present and future climatic conditions. Plant Sci [Internet]. Elsevier
Ireland Ltd; 2014;226:61—70. Available from: http://dx.doi.org/10.1016/j.plantsci.2014.01.008

Bar-Even A, Noor E, Milo R. A survey of carbon fixation pathways through a quantitative lens. |
Exp Bot [Internet]. 2012 Mar [cited 2013 Jun 2];63(6):2325-42. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/22200662

Bowsher C, Steer M, Tobin A. Photysynthetic Carbon Assimilation. Plant Biochemistry. 2008. p.
500.

Fligge U-I. Phosphate Translocators in Plastids. Annu Rev Plant Physiol Plant Mol Biol.
1999;50(1):27-45.

Weber APM, Schwacke R, Fliigge U-I. Solute Transporters of the Plastid Envelope Membrane.
Annu Rev Plant Biol [Internet]. 2005;56(1):133—64. Available from:
http://www.annualreviews.org/doi/abs/10.1146/annurev.arplant.56.032604.144228

Trevisan M, Chen J, Smith AM, Zeeman SC. A Previously Unknown Maltose Transporter Essential
for Starch Degradation in Leavs. Science (80- ). 2004;303:87—90.

BalmerY, Koller A, del Val G, Manieri W, Schiirmann P, Buchanan BB. Proteomics gives insight
into the regulatory function of chloroplast thioredoxins. Proc Natl Acad Sci U S A.
2003;100(1):370-5.

Michelet L, Zaffagnini M, Morisse S, Sparla F, Pérez-Pérez ME, Francia F, et al. Redox regulation of
the Calvin—Benson cycle: something old, something new. Front Plant Sci [Internet].
2013;4(November):1-21. Available from:
http://journal.frontiersin.org/article/10.3389/fpls.2013.00470/abstract

Wedel N, Soll J. Evolutionary conserved light regulation of Calvin cycle activity by NADPH-
mediated reversible phosphoribulokinase/CP12/ glyceraldehyde-3-phosphate dehydrogenase
complex dissociation. Proc Natl Acad Sci U S A. 1998;95(16):9699—-704.

Winkenbach F, Wolk CP. Activities of enzymes of the oxidative and the reductive pentose
phosphate pathways in heterocysts of a blue-green alga. Plant Physiol. 1973;52(5):480-3.

12


https://doi.org/10.1101/034637

bioRxiv preprint doi: https://doi.org/10.1101/034637; this version posted February 10, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

360 24, Averill RH, Bailey-Serres J, Kruger NJ. Co-operation between cytosolic and plastidic oxidative

361 pentose phosphate pathways revealed by genotypes of maize. Plant J. 1998;14(4):449-57.

362

363 25. Kruger NJ, von Schaewen A. The oxidative pentose phosphate pathway: structure and

364 organisation. Curr Opin Plant Biol [Internet]. 2003;6(3):236—46. Available from:

365 http://linkinghub.elsevier.com/retrieve/pii/S1369526603000396

366

367 26. Wenderoth |, Scheibe R, Von Schaewen A. Identification of the cysteine residues involved in

368 redox modification of plant plastidic glucose-6-phosphate dehydrogenase. J Biol Chem.

369 1997;272(43):26985-90.

370

371 27. Hauschild R, von Schaewen A. Differential regulation of glucose-6-phosphate dehydrogenase
372 isoenzyme activities in potato. Plant Physiol. 2003;133(1):47-62.

373

374 28. Cardi M, Chibani K, Castiglia D, Cafasso D, Pizzo E, Rouhier N, et al. Overexpression, purification
375 and enzymatic characterization of a recombinant plastidial glucose-6-phosphate dehydrogenase
376 from barley (Hordeum vulgare cv. Nure) roots. Plant Physiol Biochem [Internet]. Elsevier Masson
377 SAS; 2013;73:266—73. Available from:

378 http://www.sciencedirect.com/science/article/pii/S0981942813003549

379

380  29. Née G, Zaffagnini M, Trost P, Issakidis-Bourguet E. Redox regulation of chloroplastic glucose-6-
381 phosphate dehydrogenase: A new role for f-type thioredoxin. FEBS Lett [Internet]. Federation of
382 European Biochemical Societies; 2009;583(17):2827-32. Available from:

383 http://dx.doi.org/10.1016/j.febslet.2009.07.035

384

385 30. Sharkey TD, Weise SE. The glucose 6-phosphate shunt around the Calvin —Benson cycle. 2015;
386

387 31. Grimbs S, Arnold A, Koseska A, Kurths 1, Selbig J, Nikoloski Z. Spatiotemporal dynamics of the

388 Calvin cycle: Multistationarity and symmetry breaking instabilities. BioSystems. 2011;103(2):212—
389 23.

390

391 32. HAHN BD. A Mathematical Model of the Calvin Cycle: Analysis of the Steady State. Ann Bot
392 [Internet]. 1986,57(5):639-53. Available from:

393 http://aob.oxfordjournals.org/content/57/5/639.abstract

394

395 33. Laisk A, Walker D. Control of phosphate turnover as a rate-limiting factor and possible cause of
396 oscillations in photosynthesis: a mathematical model. Proc R Soc L B. 1986;227:281-302.

397

398  34. Ito H, Iwabuchi M, Ogawa K. The sugar-metabolic enzymes aldolase and triose-phosphate

399 isomerase are targets of glutathionylation in Arabidopsis thaliana: Detection using biotinylated
400 glutathione. Plant Cell Physiol. 2003;44(7):655—60.

13


https://doi.org/10.1101/034637

401

402
403
404

405
406
407
408

409
410
411

412
413
414

415
416
417
418
419

420
421
422
423

424
425
426
427
428
429

430
431
432
433

434
435
436
437

438
439
440
441

bioRxiv preprint doi: https://doi.org/10.1101/034637; this version posted February 10, 2016. The copyright holder for this preprint (which was

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Lee Y, Lafontaine Rivera JG, Liao JC. Ensemble Modeling for Robustness Analysis in engineering
non-native metabolic pathways. Metab Eng. Elsevier; 2014 Jun;1-9.

Stitt M, Heldt HW. Simultaneous synthesis and degradation of starch in spinach chloroplasts in
the light. Biochim Biophys Acta (BBA)-Bioenergetics [Internet]. 1981;638:13—6. Available from:
http://www.sciencedirect.com/science/article/pii/0005272881901791

Liebermeister W, Uhlendorf J, Klipp E. Modular rate laws for enzymatic reactions:
Thermodynamics, elasticities and implementation. Bioinformatics. 2010;26(12):1528-34.

Rao I. The Role of Phosphorous in Photosynthesis. In: Pessarakli M, editor. Handbook of
Photosynthesis. Phoenix: Marcel Dekker; 1997. p. 173-94.

Chen M, Thelen JJ. The Plastid Isoform of Triose Phosphate Isomerase Is Required for the
Postgerminative Transition from Heterotrophic to Autotrophic Growth in Arabidopsis. Plant Cell
[Internet]. 2010;22(1):77-90. Available from:
http://www.plantcell.org/cgi/doi/10.1105/tpc.109.071837

The Uniprot Consortium. Reorganizing the protein space at the Universal Protein Resource
(UniProt). Nucleic Acids Res [Internet]. 2012;40(D1):D71-5. Available from:
http://nar.oxfordjournals.org/lookup/doi/10.1093/nar/gkr981

Altschul SF, Wootton JC, Gertz EM, Agarwala R, Morgulis A, Schiaffer AA, et al. Protein database
searches using compositionally adjusted substitution matrices. FEBS | [Internet].
2005;272(20):5101-9. Available from:
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1343503&tool=pmcentrez&rendert
ype=abstract

Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, Miller W, et al. Gapped BLAST and PSI-
BLAST: A new generation of protein database search programs. Nucleic Acids Res.
1997;25(17):3389-402.

Rouached H, Arpat a. B, Poirier Y. Regulation of phosphate starvation responses in plants:
Signaling players and cross-talks. Mol Plant [Internet]. The Authors. All rights reserved.;
2010;3(2):288-99. Available from: http://dx.doi.org/10.1093/mp/ssp120

Secco D, Jabnoune M, Walker H, Shou H, Wu P, Poirier, et al. Spatio-Temporal Transcript
Profiling of Rice Roots and Shoots in Response to Phosphate Starvation and Recovery. Plant Cell
[Internet]. 2013;25(11):4285-304. Available from:
http://www.plantcell.org/cgi/doi/10.1105/tpc.113.117325

14


https://doi.org/10.1101/034637

bioRxiv preprint doi: https://doi.org/10.1101/034637; this version posted February 10, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

442

443 45, Yang XJ, Finnegan PM. Regulation of phosphate starvation responses in higher plants. Ann Bot
444 [Internet]. 2010;105(4):513-26. Available from:

445 http://aob.oxfordjournals.org/cgi/doi/10.1093/aob/mcg015

446

447  46.  Wu P, Mal, Hou X, Wang M, Wu Y, Liu F, et al. Phosphate starvation triggers distinct alterations
448 of genome expression in Arabidopsis roots and leaves. Plant Physiol [Internet].

449 2003;132(3):1260-71. Available from:

450 http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=167066&tool=pmcentrez&renderty
451 pe=abstract

452

453 47. Cai Z, Liu G, Zhang J, Li Y. Development of an activity-directed selection system enabled

454 significant improvement of the carboxylation efficiency of Rubisco. Protein Cell. 2014;5(7):552—
455 62.

456

457 48. Parry MAJ. Manipulation of Rubisco: the amount, activity, function and regulation. J Exp Bot
458 [Internet]. 2003;54(386):1321-33. Available from:

459 http://jxb.oxfordjournals.org/lookup/doi/10.1093/jxb/erg141

460

461  49. Lin MT, Occhialini A, Andralojc PJ, Parry MAJ, Hanson MR. A faster Rubisco with potential to
462 increase photosynthesis in crops. Nature [Internet]. Nature Publishing Group;

463 2014;513(7519):547-50. Available from:

464 http://www.nature.com/doifinder/10.1038/nature13776

465

466  50.  SUZUKIY, MIYAMOTO T, YOSHIZAWA R, MAE T, MAKINO A. Rubisco content and photosynthesis
467 of leaves at different positions in transgenic rice with an overexpression of RBCS. Plant Cell

468 Environ [Internet]. 2009;32(4):417-27. Available from: http://doi.wiley.com/10.1111/j.1365-
469 3040.2009.01937.x

470

471 51. Lefebvre S, Lawson T, Fryer M, Zakhleniuk OV, Lloyd JC, Raines C a. Increased sedoheptulose-1, 7-

472 bisphosphatase activity in transgenic tobacco plants stimulates photosynthesis and growth from
473 an early stage in development. Plant Physiol [Internet]. 2005;138(1):451-60. Available from:
474 http://www.plantphysiol.org/content/138/1/451.short

475

476 52. Hartmann T. Diversity and variability of plant secondary metabolism: a mechanistic view.
477 Entomol Exp Appl [Internet]. 1996;80(1):177—88. Available from:

478 http://dx.doi.org/10.1007/BF00194753

479

480  53. Rogers M, Keeling PJ. Lateral transfer and recompartmentalization of calvin cycle enzymes of
481 plants and algae. ) Mol Evol. 2004;58(4):367-75.

482

15


https://doi.org/10.1101/034637

483
484
485
486

487
488
489

490
491
492

bioRxiv preprint doi: https://doi.org/10.1101/034637; this version posted February 10, 2016. The copyright holder for this preprint (which was

54.

55.

56.

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Berman-Frank I, Lundgren P, Falkowski P. Nitrogen fixation and photosynthetic oxygen evolution
in cyanobacteria. Res Microbiol [Internet]. 2003;154(3):157—64. Available from:
http://linkinghub.elsevier.com/retrieve/pii/$0923250803000299

Michels AK, Wedel N, Kroth PG. Diatom plastids possess a phosphoribulokinase with an altered
regulation and no oxidative pentose phosphate pathway. Plant Physiol. 2005;137(3):911-20.

Doyle JJ, Luckow MA, Hortorium LHB, Biology P, Library M. Update on Phylogeny The Rest of the
Iceberg . Legume Diversity and Evolution in a Phylogenetic Context 1. 2003;131(March):900-10.

16


https://doi.org/10.1101/034637

