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ABSTRACT

The recent discovery of the Entner-Doudoroff (ED) pathway as a third glycolytic route beside Embden-
Meyerhof-Parnas (EMP) and oxidative pentose phosphate (OPP) pathway in oxygenic photoautotrophs re-
quires a revision of their central carbohydrate metabolism. In this study, unexpectedly, we observed that
deletion of the ED pathway alone, and even more pronounced in combination with other glycolytic routes,
diminished photoautotrophic growth in continuous light in the cyanobacterium Synechocystis sp. PCC
6803. Furthermore, we found that the ED pathway is required for optimal glycogen catabolism in parallel
to an operating Calvin-Benson-Bassham (CBB) cycle. It is counter-intuitive that glycolytic routes, which
are a reverse to the CBB cycle and do not provide any additional biosynthetic intermediates, are important
under photoautotrophic conditions. However, observations on the ability to reactivate an arrested CBB
cycle revealed that they form glycolytic shunts that tap the cellular carbohydrate reservoir to replenish
the cycle. Taken together, our results suggest that the classical view of the CBB cycle as an autocatalytic,
completely autonomous cycle that exclusively relies on its own enzymes and CO2 fixation to regenerate
ribulose-1,5-bisphosphate for Rubisco is an oversimplification. We propose that in common with other
known autocatalytic cycles, the CBB cycle likewise relies on anaplerotic reactions to compensate for
the depletion of intermediates, particularly in transition states and under fluctuating light conditions that
are common in nature.
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INTRODUCTION

Autotrophic carbon fixation sustains life on Earth by providing
cellular building blocks and a source of energy. Among the seven
known CO, fixation pathways, the Calvin-Benson-Bassham
(CBB) cycle is the most prominent one with the greatest contribution
to global primary production (Fuchs, 2011; Overmann and Garcia-
Pichel, 2013; Mall et al., 2018). It is utilized by many prokaryotes

the CBB cycle. The CBB cycle provides cells with carbohydrates
for biosynthesis and storage (glycogen). Stored carbohydrates
are obviously required to maintain metabolism in darkness
(Saha et al., 2016). The breakdown of carbohydrates
commences via three alternative glycolytic routes in
cyanobacteria and plants: the Embden-Meyerhof-Parnas
(EMP), the oxidative pentose phosphate (OPP), or the Entner—
Doudoroff (ED) pathway (Chen et al., 2016). In cyanobacteria,

and all oxygenic photoautotrophs and has a comparably high
demand of ATP (Bar-Even et al., 2012; Mall et al., 2018).

Cyanobacteria generate energy and reducing equivalents via the
light reaction of photosynthesis. These are utilized to fix carbon in

even a fourth glycolytic route, the phosphoketolase (PK)
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pathway, was identified (Alagesan et al., 2013; Xiong et al., 2015).
Deletion of the OPP pathway in cyanobacteria results in mutants
that are unable to grow under light-activated heterotrophic (LAH)
conditions (Scanlan et al., 1995; Jansen et al., 2010). This is well in
line with flux analyses that found that glucose is predominantly
metabolized by the OPP pathway in darkness (Yang et al,
2002; Wan et al., 2017). It has furthermore been reported that
the PK pathway in cyanobacteria contributes to heterotrophic
metabolism as well (Xiong et al., 2015).

Aquatic habitats most commonly contain glucose as dissolved
organic carbon (Lam and Simpson, 2008). This organic carbon
originates predominantly from dead organic matter and serves
as a basis for microbial metabolism (Alonso and Pernthaler,
2006; Klingner et al., 2015). Glucose concentrations vary and are
especially high in coastal regions and during phytoplankton
blooms (Ittekkot et al., 1981; Teeling et al., 2012). The presence
of organic carbon in the light creates photomixotrophic
conditions that allow cyanobacteria to fix CO, in parallel with
glucose consumption (Gomez-Baena et al., 2008; Munoz-Marin
et al., 2013; Chen et al, 2016). Anabolic (CBB cycle) and
catabolic  (glycolytic routes) processes thus operate
simultaneously. The significance of photomixotrophy as a
lifestyle in aquatic photoautotrophs has long been
underestimated (Eiler, 2006; Hartmann et al., 2012; Moore,
2013). As a matter of principle, photoautotrophic metabolism, in
which carbohydrates are synthesized from CO,, runs in the
opposite direction to heterotrophic metabolism, in which
carbohydrates are broken down to CO,. Obviously, the central
carbon metabolism of photoautotrophs thus works in a
bidirectional manner under photomixotrophic conditions. Flux
analyses under photomixotrophic conditions in Synechocystis
sp. PCC 6803 (hereafter referred to as Synechocystis) identified
fluxes via the CBB cycle in parallel with fluxes via the OPP and
EMP pathway (Yang et al, 2002; Nakajima et al., 2014).
Glucose-6P was furthermore found to be isomerized by PGl (phos-
phoglucoisomerase) to fructose-6P, which directly entered the
CBB cycle (Nakajima et al., 2014). The ED pathway was omitted
in all these flux analyses as its presence was reported at a later
time (Chen et al., 2016). Characterization of mutants, in which
key enzymes of EMP, OPP, and ED pathway were deleted,
revealed that growth under photomixotrophic conditions was
retarded most severely in the absence of the ED pathway (Chen
et al., 2016). Only sparse attention has been paid to the role of
glycolytic pathways under photoautotrophic conditions, as they
are intuitively regarded to be of minor importance in this context.
A small flux through the OPP pathway was observed in
Synechocystis under photoautotrophic conditions, which
accounted for a loss of up to 13% of total fixed carbon via the
decarboxylating reaction of 6P-gluconate dehydrogenase (Gnd)
(Young et al., 2011; Matsuda et al., 2017). This futile cycling of
CBB cycle and OPP pathway was proposed to routinely take
place in plant chloroplasts as well (Sharkey and Weise, 2015). Its
physiological role is not understood in detail, neither in
cyanobacteria nor in plants. Even though the CBB cycle is
regarded as an open cycle that participates in futile cycles in
order to fine-tune metabolism, the CBB cycle is still illustrated in
textbooks as being divided into three phases: (1) CO, fixation, (2)
reduction of 3P glycerate to glyceraldehyde 3-phosphate (GAP),
and (3) regeneration of the ribulose-1,5 BP (RuBP), from which
the third regeneration phase is perceived to exclusively rely on
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its own enzymes and CO, fixation. The perception of the CBB cy-
cle is in this respect unusual and in contrast to other autocatalytic
cycles such as, e.g., the tricarboxylic acid (TCA) cycle that is well
known to depend on anaplerotic reactions for replenishment.
The recent finding of an operating ED pathway in oxygenic photo-
autotrophs calls for a revision of their central carbon metabolism.

We found that glycolytic routes play a significant role under
photoautotrophic growth conditions. They form anaplerotic
shunts that replenish the CBB cycle by tapping cellular carbohy-
drate reservoirs in transition states and under fluctuating light
conditions. Catabolic routes thus fine-tune CO, fixation under
photoautotrophic conditions. This strengthens the view that bidir-
ectionality is a strong principle in all biological processes and
especially in the regulation of metabolism (Gutekunst, 2018).

RESULTS

Significance of Distinct Glycolytic Routes under
Different Conditions

Glycolytic deletion mutants were grown under heterotrophic
(LAH), fermentative, photomixotrophic, and photoautotrophic
conditions. Our previous finding that deletion of the ED pathway
(Aeda) had the strongest effect on the ability to grow under photo-
mixotrophic conditions was confirmed (Figure 1B) (Chen et al.,
2016). In darkness, i.e., under LAH and fermentative conditions,
the OPP pathway (Azwf, Agnd) was most important (Figure 1C
and 1D), which is well in line with previous findings (Scanlan
et al.,, 1995; Yang et al., 2002; Jansen et al., 2010; Wan et al.,
2017). Deletion of the EMP pathway (Apfk) led to diminished
growth under LAH conditions but the effect was less severe
than in Azwf and Agnd. Under fermentative conditions, Apfk
recovered like the wild type (WT). Deletion of the ED pathway
(Aeda) had no effect in darkness, under neither LAH nor
fermentative conditions (Figure 1C and 1D).

It must be noted that under fermentative conditions strains were
tested for their ability to survive rather than grow, as cells hardly
divide in this setting. For this purpose, cultures were kept for
7 days under dark, anoxic conditions and brought to continuous
light thereafter to monitor their ability to resume growth
(Figure 1D). During recovery, external glucose concentrations
declined at a similar rate as growth resumed (Supplemental
Figure 1). Under photoautotrophic conditions, Aeda and Azwf
grew at rates slightly below that of the WT (Figure 1A).

Glycolytic Routes under Photoautotrophic Growth

Under photoautotrophic conditions, the differences in growth be-
tween WT and glycolytic deletion strains seemed minor at first
sight (Figure 1A). However, as the growth of Aeda was typically
slightly diminished in comparison with the WT (Figure 1A), data
of 18 independent growth experiments (each containing three
replicates) were analyzed in depth. To simplify and standardize
comparison of growth curves of different experiments, we
developed a novel growth evaluation method based on a triplet
regression model, which gives out growth rates in comparison
with the WT (Supplemental Text 1, Supplemental Figures 2 and
3, and Supplemental Tables 1 and 2). Indeed, Aeda showed a
significant growth impairment of 18% in comparison with the
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Figure 1. Growth of Glycolytic Deletion Mutants under Different Growth Conditions.
(A-D) Growth of WT, Aeda, Apfk, Azwf, and Agnd under (A) photoautotrophic, (B) photomixotrophic, (C) light-activated heterotrophic, and (D)

fermentative conditions.

(E) Simplified scheme of glycolytic routes (Embden-Meyerhof-Parnas [EMP], red; oxidative pentose phosphate [OPP], blue; Entner-Doudoroff [ED],

green).

WT (p = 0.002), with a relative growth rate of 0.82 under
photoautotrophic conditions (Figure 2A).

For Agnd and Apfk, no differences in growth behavior were
observed in comparison with the WT. By contrast, Azwf also dis-
played an impaired growth rate compared with the WT (—18%,
p = 0.163); however, the results remain uncertain due to the small
sample size (n = 5). Glycolytic eda double mutants showed even
more pronounced growth impairments: AedaApfk (—37%, p =
0.023), AedaAzwf (—42%, p < 0.001), and AedaAgnd (—60%, p <
0.001) (Figure 2A and 2B). We hypothesized that 6P-gluconate
(6PG) might accumulate in AedaAgnd, as the interruption of OPP
and ED pathway might hinder its conversion (see also Figure 4).
6P-gluconate is known to bind to the active site of Rubisco as an
activator at low concentrations but acts as competitive inhibitor
against the substrate RuBP at higher concentrations (Badger and
Lorimer, 1981; Matsumura et al, 2012). Artificially high
concentrations of 6P-gluconate could thus be responsible for the
tremendous growth impairment in AedaAgnd. In fact, 6P-
gluconate accumulated in AedaAgnd but was below detection
levels in WT and all other glycolytic mutants (Figure 2D). In line
with these results, CO, fixation was severely reduced in
AedaAgnd in comparison with the WT and all other glycolytic
mutants (Figure 2E). Fluxes through the ED pathway were shown
to be negligible under heterotrophic and photomixotrophic
conditions in Synechocystis (Wan et al, 2017), whereas
photoautotrophic conditions were not tested. A requirement for
classical flux analyses are constant conditions that result in

metabolic steady states. This requirement obviously creates a
somewhat artificial situation that, however, allows a snapshot
of metabolic fluxes under these confined conditions. Our cultures
were grown in glass tubes with a diameter of 3.5 cm, illuminated
from two sides. Relative light-intensity distributions in the cultures
depending on optical density were determined with an illuminator
and revealed highly heterogeneous light regimes, especially with
increasing optical density due to mutual shading of cells that
naturally increases to the center of the tubes (Supplemental
Figure 4A). As the cultures were continuously mixed by constant
flushing, single cells that were swirled through the tubes thus in
actual fact encountered fluctuating light conditions even under
constant illumination. As no metabolic steady state was reached
under these conditions, the requirements for classical
quantitative flux analyses were not met. Therefore, WT and
AedaAgnd were cultivated additionally in shaking flasks with
more homogeneous light-intensity distributions (Supplemental
Figure 4B). The growth impairment of AedaAgnd persisted under
these conditions (Supplemental Figure 4C). However, 6P-
gluconate contents of WT and AedaAgnd were similar in contrast
to cultivation in glass tubes with heterogeneous light intensities
(compare Figure 2D and Supplemental Figure 4D). Even if only
minor fluxes via ED and OPP pathways occur via Eda and Gnd, a
higher accumulation of 6P-gluconate in the deletion mutant can
be expected, in contrast to the WT. Our results thus indicate that
this flux might well exist in heterogeneous light (Figure 2D) but is
absent under metabolic steady state in homogeneous light
(Supplemental Figure 4D). The growth impairment of AedaAgnd

Molecular Plant 13, 471-482, March 2020 © The Author 2020. 473



Molecular Plant

14
12

1
0.8
0.6
0.4
0.2

0

.
|

growth rate (relative to WT) 3>

3 Glycogen

—a— WT M
—— Qeda

2 -| —¥— AedaApfk

v

0
0 1 2 3 4 5 6
time (days)

D E

3 s 2 70

o

8 . % 60

2 = 50

= 5 7|

g 3 5 40

o .

S o

5 g 30

(=2} o

2 S 20

o ©

a il =

< £ 10

o A

© 0 P — © 0 eeeesss]
e

§ 6’2}' & é\ Qb ¥ \é\ Qb Is) &8
2 N ¢ N (‘&Q ,bvﬂ' 'zp@ NS K
<z,b OV & @6
¥ W @ v

in homogeneous light might thus as well result from potential
moonlight functions of Eda and Gnd. Furthermore, as the
concentrations of 6P-gluconate in WT and AedaAgnd grown in
homogeneous light lay only slightly below the levels determined
for AedaAgnd cultivated in heterogeneous light, it is unlikely that
an inhibitory effect of the metabolite alone is responsible for
diminished CO, fixation. The phenotype of AedaAgnd cannot
thus be explained satisfactorily at this point but requires further
studies. Our results furthermore emphasize that the absence of
substantial fluxes through pathways under metabolic steady
state should not lead to the conclusion that a pathway is of minor
importance under natural conditions.

The Entner-Doudoroff Pathway Allows Optimal
Glycogen Degradation in the Presence of an Operating
Calvin-Benson-Bassham Cycle in the Light

As glycogen provides the substrate for all glycolytic routes, its
cellular concentration was analyzed in Aeda, Apfk, Azwf, Agnd,
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Figure 2. Growth Behavior, Cellular 6P-Glu-
conate Contents and CO, Assimilation
Rates of WT and Various Mutants under
Photoautotrophic Conditions.

(A) Mean growth rates in comparison with WT.
Values inside bars represent number of indepen-
dent experimental repetitions (n).

(B) Traces of photoautotrophic growth experiments.
(C) Simplified scheme of glycolytic routes (EMP, red;
OPP, blue; ED, green).

(D) Cellular 6P-gluconate contents of WT, Aeda,
Apfk, Azwf, Agnd, AedaApfk AedaAzwf, and Ae-
daAgnd under photoautotrophic conditions.

(E) CO, assimilation rate of WT, Aeda, AedaApfk,
AedaAzwf, and AedaAgnd under photoautotrophic
conditions.

ZWF GND.
G6P —» 6PG —» R5P

g —&— AedaAzwf F6P KDPG . .

3 —— AedaAgnd and WT under photoautotrophic conditions.
s " PFK\FBP EDAl No differences were observed between
S Apfk, Azwf, Agnd, and WT, whereas Aeda

had significantly increased glycogen con-
tent (+145%, p < 0.001) under these condi-
tions (Figure 3A). One should note that all
data in this study are shown relative to
OD;so values, as Aeda contains
significantly less chlorophyll compared
with the WT (Supplemental Figure 5).

The ED pathway is special among the glyco-
lytic routes as it does not share any reactions
and intermediates with the CBB cycle. This
diminishes the risk of mutual inhibition
(Figure 4) (Chen et al., 2016). We therefore
hypothesized that glycogen breakdown
might be decelerated particularly in the

absence of the ED pathway under

WS\‘ é‘é photoautotrophic conditions when the cells

& & fix CO, via the CBB cycle. WT, Aeda, Apfk,
v v

Azwf, and Agnd were transferred from
photomixotrophic conditions, in which cells
accumulate high amounts of glycogen, to
either photoautotrophic or LAH conditions for the purpose of
comparing the rates of glycogen consumption during this transfer
between mutants either in the presence (light) or absence
(darkness) of an active CBB cycle (Figure 3C-3G). Deletion of the
EMP pathway (Apfk) had hardly any effect on glycogen
degradation rates in light and darkness (Figure 3E). In the
absence of the OPP pathway (Azwf, Agnd), glycogen
consumption was severely reduced under LAH conditions,
whereas glycogen consumption occurred at WT levels in the light
(Figure 3F and 3G). Deletion of the ED pathway (Aeda) led to a
minor reduction in glycogen consumption rates in darkness.
However, in striking contrast, under photoautotrophic conditions
in the light the glycogen consumption rate was strongly reduced
in Aeda in comparison with the WT, as expected (Figure 3C, 3D,
3H, and 3I). This is well in line with the assumption that the ED
pathway is especially beneficial for cells in the presence of an
active CBB cycle. However, the measured net glycogen
consumption rates are a result of glycogen synthesis and
degradation. As both the glycogen content and the measured net
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Figure 3. Cellular Glycogen Contents under Photoautotrophic Conditions and Glycogen Degradation Rates of Various Glycolytic
Deletion Mutants after Transfer from Photomixotrophic to either Photoautotrophic or Heterotrophic Conditions.

(A) Mean cellular glycogen contents of WT, Aeda, Apfk, Azwf, and Agnd.

(B) Simplified scheme of glycolytic routes (EMP, red; OPP, blue; ED, green).

(C-G) Cellular glycogen contents of WT (C), Aeda (D), Apfk (E), Azwf (F), and Agnd (G).

(H) Glycogen degradation rates of WT, Aeda, Apfk, Azwf, and Agnd.

(I) Glycogen degradation rate in the light compared with glycogen degradation rate in darkness in WT, Aeda, Apfk, Azwf, and Agnd.

glycogen consumption rate of Azwf in the light was similar to that of
the WT and as deletion of zwf should interrupt the ED pathway, it
might well be the case that the enhanced glycogen content of
Aeda as well as its reduced net glycogen consumption rate in the
light is actually a result of faster glycogen synthesis.

Suggested Rationale behind the Significance of
Glycolytic Routes under Photoautotrophic Conditions

Under photoautotrophic conditions, Synechocystis fixes CO, via
the CBB cycle, which yields carbohydrates for storage purposes
(glycogen) and intermediates for biosynthesis. Photosynthesis
furthermore provides ATP and reducing equivalents. A role of
glycolytic routes under these conditions is thus at first sight coun-
terintuitive. They are obviously required for neither the supply of
ATP, reducing equivalents, nor biosynthetic intermediates.
Furthermore, glycolytic routes operate as a matter of principle

in the opposite direction to the CBB cycle. This bears the risk
of mutual inhibition, as several enzymes and intermediates are
shared by these opposing processes. The dimension of overlap
between glycolytic pathways and CBB cycle is visualized in
Figure 4A-4C.

This great extent of shared reactions and intermediates is chal-
lenging, especially in prokaryotes that lack subcellular compart-
mentation. Obviously, if CO, fixation is operating, the CBB cycle
counteracts to the EMP pathway at the level of fructose-6P,
whereas the OPP pathway and CBB cycle collide at the level of
ribulose-5P. The ED pathway is exceptional in the sense that it
does not overlap with the CBB cycle (Figure 4C). Based on the
scheme shown in Figure 4, we hypothesized that glycolytic
routes might not operate at their full length from glycogen to
pyruvate (with the exception of the ED pathway) under
photoautotrophic conditions but might instead form glycolytic

Molecular Plant 13, 471-482, March 2020 © The Author 2020. 475



Molecular Plant

A Glycogen
AGP, GS
ADP
ATP

PGM
Glucose-1P 4— Glucose-6P Ribulose-5P

PG¢ RPIJ\RPE

Fructose-6P
Glyceraldehyde-3P
i

Fructose-1,6bP
Fructose-6P

£B4 Glyceraldehyde-3P T

TPL (GAP)
PHAF GappH > NAD(PY
NAD(P)H

1,3bP-Glycerate
ADP
ATP
3P-Glycerate

PGK|

B Glycogen
GLGPl o OPP pathway
PGM 2ZWE PGL GND ’
Glucose-1P — Glucose-6P 7= i_’ 6P-Gluconate Ribulose-5P
Psi NADP* NADPH Eupl NADP*  NADPH Rﬂ/ \KPE

2K-3D-6P-Gluconate

EMP pathway Fructose-6P

PFK
ATP

ADP
Fructose-1,6bP

ED pathway Fructose-6P
Pyruvate
FBA
Glyceraldehyde-3P T
A (6ap)

DHAP GAPDHB DS
NADH
1,3bP-Glycerate
PGKK :TDPP
3P-Glycerate
PGAM¢

Glyceraldehyde-3P S-7p
L)

Fructose-6P

2P-Glycerate
ENO|
Phosphoenolpyruvate

ADP
PKK ATP
C Pyruvate
Glycogen
AGR, GS OPP shunt
GLGP| | - ADP .
ATP pGp 2ZWF, PGL GND d
Glucose-1P 4—» Glucose-6P 6P-Gluconate Ribulose=5P
NADP' NADPH gopl NADP* NADPH A
PGl RPIJ \RPE
PGI shunt I

2K-3D-6P-Gluconate

Fructose-6P

PFK
ATP 8P
ADP

Fructose-1,6bP

Glyceraldehyde-3P
TAL
Fructose-6P

ED shunt Fructose-6P
Pyruvate
£ Glyceraldehyde-3P T
T"V' (GAP)
DHAR GappH, NAD(P)
NAD(P)H
1,3bP-Glycerate

ADP

PERN atp

3P-Glycerate

PGAM,

2P-Glycerate
ENOt

Phosphoenolpyruvate
Pkl ADP
ATP

Pyruvate

shunts that replenish the CBB cycle upon demand and are thus
part of its regenerative phase. These bypasses were named
PGl shunt, OPP shunt, and ED shunt. The name EMP shunt
was omitted, as Pfk, which is the key enzyme of the EMP
pathway, should not be part of the shunt according to the
scheme.

In plants it has been proposed that a constant flow of carbon might
exist as a bypass reaction of the CBB cycle via Zwf and Gnd (the so-
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Figure 4. Overlap between the Glycolytic
Pathways and CBB Cycle.

(A) Calvin-Benson-Bassham (CBB) cycle in
purple.

(B) Glycolytic routes: Emden-Meyerhof-Parnas
(EMP) pathway in red, Entner-Doudoroff (ED)
pathway in green, oxidative pentose phosphate
(OPP) pathway in blue. Lower glycolysis is shown
in black.

(C) An overlay of CBB cycle and glycolytic routes
reveals the dimension of overlapping reactions. As
CBB cycle and glycolytic routes operate in
opposite directions, overlaps highlight reactions
with a high risk for mutual inhibition. We propose
that glycolytic routes are reduced to glycolytic
shunts (OPP shunt in blue, PGI shunt in red, ED
shunt in green) in the presence of an active CBB
cycle.

RPE

called glucose-6P shunt) back into the cycle
(Sharkey and Weise, 2015). This glucose-6P
shunt is identical to the proposed OPP shunt.
The shunt is supposed to form a futile cycle
with the CBB cycle, which consumes ATP,
does not result in CO, fixation (as Gnd cata-
lyzes a decarboxylating reaction, which
annuls the carboxylating reaction of Rubisco),
and leaves the NADPH level unchanged. It
has thus been suggested that this futile cycle
is @ means to fine-tune and stabilize photo-
synthesis (Sharkey and Weise, 2015). We
would like to expand this view. Even though
A the CBB cycle is perceived as open, it is
commonly taught in classes that the
regeneration phase of the CBB cycle relies
exclusively on its own enzymes and that this
autocatalytic cycle thus works completely
autonomously (Figure 5A). According to the
classical view, three rounds of CO,
o fixation result in three molecules of RuBP

(each C5) that are converted to three 6-

carbon intermediates, which spontaneously

fragment into six triosephosphates (each

C3). Five of these triosephosphates are

required to regenerate three molecules

of RuBP, whereas one molecule

triosephosphate can be drained off the CBB

cycle. Admittedly, the situation might be

rather simple when triosephosphates are

required for biomass synthesis. However,

regeneration of RuBP is stoichiometrically
more challenging if riboses for nucleotide synthesis or erythrose-
4P for amino acid synthesis are required and drained off the cycle.
In particular, changing environmental conditions such as fluctu-
ating light may require a higher flexibility from the CBB cycle than
is provided by regeneration via the well-described CBB cycle route.
An autocatalytic cycle such as the CBB cycle can only operate if a
depletion of its intermediates is successfully avoided (Barenholz
et al,, 2017). Two alternative replenishing pathways can be
imagined (Figure 5B and 5C; Supplemental Text 2): (1) OPP
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Figure 5. Classical and Updated Views
about the Regeneration of Ribulose-5P in
the CBB Cycle, Including the Roles of Glyco-
lytic Shunts.

(A) Classical view of the CBB cycle as an exclu-
sively autonomously operating autocatalytic cy-
cle. One molecule of triosephosphate (GAP) can
L be drained off for biosynthesis every third round of
CO, fixation, whereas five molecules of tri-
osephosphates (GAPs) are required for regener-
ation of three molecules of ribulose-5P (Ru5P).
(B) Regeneration of Ru5P via the OPP shunt: three
molecules of glucose-6P (G6P) are de-
carboxylated via the OPP shunt to yield three
molecules of Ru5P plus three CO..

(C) Regeneration of Ru5P via a combination of PGI

Glycogen/Starch
B 30,

3G6P — > 36PG —F2E> 3RUSP 3
3 NADP* 3 NADPH 3 NADP* 3 NADPH RP, RPE

OPP shunt

6 NADPH

and ED shunt: two molecules of G6P enter the PGI
shunt and one molecule of G6P enters the ED
shunt to yield two molecules of fructose-6P (F6P)
and one triosephosphate (GAP) that are further
converted to yield three molecules of Ru5P and
one molecule of pyruvate. Glucose-6P (G6P)
originates from the CBB cycle or alternatively from
the glycogen reservoir.

Al stronger flux through the OPP shunt

(accompanied by CO, loss) to replenish
the CBB cycle. In this sense, we cannot
ascertain at this point whether the growth
phenotype of Aeda is caused by the

6 ADP

1F6P 1E4P

PGI shunt

1 Pyruvate

6 GAP

6 GAP
Glycogen/Starch
c ED shunt
3Gep —HL 16PG 3 RusP 3 ATP
PG/l 3NADP* 3 NADPH EDDl RPNPE
1 R5P 1X5P
2 Fep 1KDPG KT,
1GAP 1S7p<— SBP

missing flux through the ED pathway or
rather results from redirected fluxes and/or
the accumulation of intermediates that
were induced by the deletion of eda. In
addition, we obviously cannot rule out that
Eda has a moonlight function.

3co, Glycolytic Shunts Support Activation

of the Calvin-Benson-Bassham
6 ATP Cycle
6ADP With the purpose of testing the hypothesis

that PGI, OPP, and ED shunts replenish
the CBB cycle and are thus part of its regen-
erative phase, we first tried to delete pgi but

Shunt. Ribulose-5P could be provided via Zwf and Gnd from
glucose-6P descending from the CBB cycle and/or alternatively
from the cellular carbohydrate reservoir (Figure 5B), and (2) PGI
Shunt and ED Shunt. Alternatively, two molecules of fructose-6P
(each C6) provided either by the CBB cycle or again via a shunt
from glycogen via Pgi could be combined with one GAP (C3)
from the ED pathway to allow the regeneration of three ribulose-
5P (each C5) (Figure 5C).

It should be noted that replenishing the CBB cycle via the OPP
shunt (Figure 5B) results in higher carbon loss compared with
the classical pathways (Figure 5A) or a combination of PGl and
ED shunt (Figure 5C). This is due to the decarboxylating
reaction catalyzed by Gnd. The poorer growth of Aeda under
photoautotrophic conditions might thus in fact be a result of a

were not successful as we merely obtained

a merodiploid mutant (pgiApgi) that kept
high enzymatic activities of Pgi and it was thus not impaired in
its growth (Supplemental Figure 6A and 6B). In a second
approach we kept Aeda, Apfk, Azwf, Agnd, and WT for 5 min in
darkness to arrest the CBB cycle with the aim of monitoring its
reactivation upon illumination in relation to the glycolytic shunts
(Figure 6).

The light reaction of photosynthesis commences immediately
upon illumination whereas reactivation of the CBB cycle is typi-
cally delayed (Howard et al., 2008; Papageorgiou et al., 2007;
Tamoi et al, 2005). Upon illumination, photochemical
quenching (gp) at photosystem Il (PSIl) was measured in the
absence of nitrate (which is an effective electron sink of the
photosynthetic electron chain) and oxygen (which is an
effective electron acceptor via the Mehler-like reaction at
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Figure 6. Photochemical Fluorescence Quenching at Photosystem Il upon lllumination of Dark-Adapted Cells via the Activation of the
Calvin-Benson-Bassham Cycle Related to Glycolytic Shunts and Glycogen Catabolism.
(A-C) Experimental setup, (D-G) photochemical fluorescence quenching (gp) measurements, and (H) simplified scheme of glycolytic shunts (PGl shunt,

red; OPP shunt, blue; ED shunt, green; CBB cycle, purple).

(A) In darkness neither the photosynthetic electron chain nor the CBB cycle operate.
(B) Upon illumination PSIl and PSI are immediately excited, whereas the CBB cycle is only activated with a delay. This results in a backlog of electrons that

causes fluorescence at PSII.

(C) The fluorescence is quenched photochemically () as soon as the CBB cycle accepts electrons from the photosynthetic electron chain. Increase of
photochemical fluorescence quenching (gp) is thus a direct readout of the reactivation of the CBB cycle.
(D) As a validity check and control, glycolaldehyde (GA) was added to the assays, which inhibited the CBB cycle and blocked the observed increase in

photochemical fluorescence quenching (gp) in the WT.

(D-G) Photochemical fluorescence quenching (gp) in WT, various glycolytic mutants (Apfk, Azwf, Agnd, Aeda), and AglgP1AglgP2, which is unable to

catabolize glycogen.

photosystem | [PSI]). At the onset of light, fluorescence quench-
ing at PSIl was low due to the incapacity of the photosystem to
dispose of electrons into the photosynthetic chain (Figure 6).
Subsequently, PSII fluorescence quenching was increased by
the onset of the CBB cycle, which accepts electrons from the
photosynthetic chain. To validate this approach, we applied
glycolaldehyde (GA), which specifically inhibits the CBB cycle
via inhibition of phosphoribulokinase (Sicher, 1984; Stokes and
Walker, 1972). Increase of photochemical fluorescence
quenching () was completely absent in the presence of GA,
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which confirms that the CBB cycle is indeed responsible for the
observed quenching (Figure 6D). The described setting thus
allowed us to observe the activation of the CBB cycle after its
arrest by dark incubation. We also monitored PSIl and PSI
activities in WT and mutant strains as a control. PSIl and PSI
activity measurements under physiological growth conditions
did not reveal any significant differences between the WT and
mutants (Aeda, Agnd, Apfk, Azwf, and AglgP1AglgP2)
(Supplemental Figure 9), which indicates that g measurements
provide comparable data in WT and mutant strains. It was
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furthermore ascertained that state transition—modifications in
the preference of transfer of excitation energy from the
phycobilisomes to either PSIl and PSI—was not responsible for
the observed changes in photochemical quenching
(Supplemental Figure 10). As Pfk is not part of the PGI shunt,
we hypothesized that Apfk would be unaffected in its ability to
reactivate the CBB cycle after dark arrest. As expected,
deletion of the EMP pathway (Apfk) had no effect (Figure 6E).
However, deletion of either OPP (Azwf, Agnd) or ED (Aeda)
shunt delayed the onset of the CBB cycle significantly
(Figure 6E and 6F). To check further whether the glycolytic
shunts tap the soluble glucose-6P pool or alternatively resort to
the glycogen reservoir to replenish the CBB cycle, we generated
a double mutant (AglgP1AglgP2) in which both isoforms of
glycogen phosphorylase (g/lgP1 and glgP2) were deleted. It was
shown previously that AglgP1AglgP2 is unable to catabolize
glycogen (Doello et al., 2018). Inhibition of glycogen breakdown
delayed the activation of the CBB cycle (Figure 6G). This
reveals that glycolytic shunts indeed utilize storage
carbohydrates to replenish the CBB cycle upon demand. We
thus propose that OPP, PGI, and ED shunts constitute an
anaplerotic network for the CBB cycle under photoautotrophic
conditions, which commences with glycogen. We furthermore
suggest that glycolytic shunts are part of two distinct networks
that depend on the origin of the catabolized glucose-6P. Scenario
1 (anaplerotic network): In the case that glucose-6P originates
from glycogen, all three mentioned glycolytic shunts form clas-
sical anaplerotic reactions. This is important at dark-light transi-
tions to start the CBB cycle and in situations when intense con-
sumption of CBB cycle intermediates endangers the
regeneration of ribose-5P. Scenario 2 (regulatory network): In
the case that glucose-6P originates directly from the CBB cycle,
obviously the PGI shunt should not be of importance due to
mutual inhibition. However, stoichiometric calculations reveal
that the utilization of either OPP or ED shunt distinctly influences
cellular ATP/NADPH levels and the CO,-fixation efficiency of the
CBB cycle and have thus the potential to form a regulatory
network to fine-tune photosynthesis, as proposed earlier for the
OPP shunt (Supplemental Text 2, Supplemental Figures 7 and
8, and Supplemental Tables 3 and 4) (Sharkey and Weise, 2015).

DISCUSSION

Photoautotrophic fluxes via Zwf and Gnd into the CBB cycle have
been observed in both cyanobacteria and plants (Young et al.,
2011; Sharkey and Weise, 2015; Matsuda et al., 2017). These
fluxes were interpreted to result from incomplete downregulation
of both enzymes in the light, accompanied by undesired carbon
loss and a reduction in photosynthetic efficiency (Young et al.,
2011). It was furthermore suggested that Zwf and Gnd form a
futile cycle with the CBB cycle to stabilize photosynthesis
(Sharkey and Weise, 2015; Matsuda et al., 2017). A flux via the
described PGI shunt into the CBB cycle has been reported
under photomixotrophic conditions (Nakajima et al., 2014). In an
engineered strain of Synechococcus elongates PCC 7942,
overexpression of either Pgi or a combination of Zwf and Gnd
resulted in higher growth rates under photomixotrophic
conditions (Kanno et al., 2017). Furthermore, when CP12, which
might repress the CBB cycle under photomixotrophic conditions,
was deleted in the zwf/gnd overexpression strain, the substrate
of Rubisco that accumulated in the presence of glucose and
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CO, fixation was enhanced, which indicates that a flux via Zwf
and Gnd supplied the CBB cycle with intermediates (Kanno
et al., 2017). We suggest that this admittedly highly artificial flux
in an engineered Synechococcus strain under photomixotrophic
conditions might indeed also exist in a similar manner routinely
under photoautotrophic conditions. Autocatalytic cycles such as
the CBB or TCA cycle require stable fluxes (Barenholz et al.,
2017). Hence, they need to avoid both depletion and
accumulation of intermediates by balancing anaplerotic and
cataplerotic reactions (Owen et al., 2002). In this sense, it was
shown in Escherichia coli that non-native CO, fixation via an intro-
duced CBB cycle (by addition of PRK and Rubisco to the existing
OPP pathway in E. coli) was only successful upon modification of
enzymes that catalyze reactions at branch points to biomass syn-
thesis and was thus allowed to balance fluxes (Antonovsky et al.,
2016). Whereas the TCA cycle has long since been known to be
an autocatalytic cycle that depends on anaplerotic reactions, the
CBB cycle is regarded as a self-sufficient completely autonomous
route that exclusively relies on COs fixation and its own enzymes to
avoid depletion of its intermediates. However, our results indicate
that this is an oversimplification and misconception. Instead, the
CBB cycle operates in a manner similar to that of the TCA cycle,
regulated by a network of replenishing and consuming reactions
that secure its continuous operation.

A glycolytic route that has been neglected in this study is the
phosphoketolase (PK) pathway, which was recently discovered
in cyanobacteria (Xiong et al., 2015). The key enzyme of this
pathway is phosphoketolase (XFP), which is a generalist
enzyme with the potential to either cleave xylulose-5P, fruc-
tose-6P, or seduheptulose-7P to acetyl-P and the corresponding
aldose phosphate (Krisemann et al., 2018). Synechocystis
possesses two XFP isoenzymes (s/r0432 and sll0529) that have
not been characterized biochemically so far in this organism. It
is, however, unlikely that it forms an additional glycolytic shunt
to replenish the CBB cycle, as it is identical to the OPP
pathway in its first reactions and branches off this pathway (or
alternatively the CBB cycle) for the supply of acetyl-P
(Supplemental Figure 11A-11E). Investigations that are required
to clarify this task are ongoing. The PK pathway has so far not
been described in plants, in contrast to the EMP, OPP, and ED
pathways.

The existence of anaplerotic glycolytic shunts that are connected
to the CBB cycle might furthermore explain why plant chloro-
plasts possess key enzymes of glycolytic pathways but often
lack enzymes belonging to lower glycolysis, which are not part
of the described shunts (Facchinelli and Weber, 2011; Flugge
et al., 2011). Glycolytic routes thus fulfill a dual function in
cyanobacteria: they operate in their full length to catabolize
stored carbohydrates at night and form shunts to replenish the
CBB cycle during the day, especially in transition states and
under fluctuating light conditions that are common in nature.
The CBB cycle thus builds up its own carbohydrate reservoir
that can be tapped on demand for fine-tuning and anaplerosis.

METHODS

Growth Conditions

For growth experiments, Synechocystis sp. PCC 6803 WT and mutants of
this strain (Supplemental Table 6) were grown in 250 ml of BG11 medium
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(pH 8) at 28°C in glass tubes with a diameter of 3.5 cm that were
illuminated from two sides under constant light (50 umol m=2 s").
Cultures were aerated with filter-sterilized air. For one experiment
(Supplemental Figure 4), WT and AedaAgnd were alternatively
cultivated under photoautotrophic conditions in 250 ml of baffled shake
flasks equipped with translucent caps, filled with 25 ml of medium, and
incubated on a rotary shaker (28°C, 50 pE m? s~', 100 rpm; Infors
Multitron; Infors, Basel, Switzerland). Photomixotrophic, LAH, and
fermentative cultures were supplemented with 10 mM glucose.
Photomixotrophic cultures were kept under constant illumination.
Heterotrophic (LAH) and fermentative cultures were kept in darkness
and illuminated for 10 min every 24 h. LAH cultures were aerated,
fermentative cultures were purged for 5 min with N, with the purpose of
creating anoxic conditions and subsequently kept without aeration. As
cells do not grow under fermentative conditions, cultures were brought
back to light on day 7 in order to monitor their ability to resume growth.
As we were most interested in the ability of the strains to utilize CO, and
glycogen to build up biomass, we decided that cellular dry weight
would be most interesting. Determining cellular dry weights on a daily
basis is, however, very time consuming. We therefore measured ODz5q
and cellular dry weight and found a very good correlation for both the
WT and Aeda (Supplemental Figure 12). OD75¢ was thus monitored on a
daily basis.

Generation of Deletion Mutants

Constructs for deletion mutants were made by Gibson Assembly cloning
with primers listed in Supplemental Table 5. An antibiotic resistance
cassette was fused to approximately 200 bp directly up- and
downstream of the gene to be deleted and cloned into pBluescript.
Synechocystis was transformed with these constructs to replace the
gene with the antibiotic resistance cassette via homologous
recombination. Mutants were checked via PCR for segregation
(Supplemental Figure 14).

Determination of Cellular Glycogen Content and Glucose
Concentration in the Growth Medium of Synechocystis

For full protocols, refer to Supplemental Materials and Methods. Cellular
glycogen contents were determined according to a modified version of
Grundel et al. (2012). Samples were taken during the exponential growth
phase, 2 days upon inoculation of cultures. Synechocystis cells were
lysed, and glycogen was precipitated and further digested to glucose
with amyloglucosidase (Sigma-Aldrich, Steinheim, Germany). Glucose
(derived either from glycogen or directly from the growth medium) was
quantified in a coupled enzymatic test by converting it to 6-
phosphogluconate with hexokinase, glucose-6-phosphate dehydroge-
nase, and NADP (endpoint determination). The rationale behind this test
is that enzymatic conversion of glucose to 6-phosphogluconate goes
hand in hand with equimolar formation of NADPH, which was quantified
by a double-beam spectrophotometer (Uvikon 810; Kontron, Augsburg,
Germany) at 340 nm. Glucose standards (0 mM, 0.625 mM, 1.25 mM,
2.5 mM, and 5 mM) were measured in parallel to allow quantification of
glucose. Determined glucose concentrations (mM) were converted into
glycogen mass (ug) by multiplying them with the lysate volume (200 pl
for photoautotrophic cultures) and the molar mass ratio of glycogen to
glucose (162.16/180.16). Finally, glycogen mass was converted into spe-
cific cellular glycogen content (ug/OD*ml) by dividing it by the respective
OD volume.

Determination of Cellular 6-Phosphogluconate Content in
Synechocystis

For full protocols, refer to Supplemental Materials and Methods. Samples
were taken during the exponential growth phase, 2 days upon inoculation
of cultures. Synechocystis cells were lysed and 6-phosphogluconate was
quantified by converting it via 6-phosphogluconate dehydrogenase (Meg-
azyme, Wicklow, Ireland) to ribulose-5-phosphate and CO,, which goes
hand in hand with equimolar formation of NADPH (endpoint determina-
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tion). NADPH was quantified by a double-beam spectrophotometer (Uvi-
kon 810; Kontron) at 340 nm. 6-Phosphogluconate standards were
measured (0 mM, 0.05 mM, 0.1 mM, 0.2 mM, 0.4 mM, and 0.8 mM) to
create a standard curve.

Glucose-6-Phosphate Isomerase Activity Measurements in
Synechocystis

For full protocols, refer to Supplemental Materials and Methods. Samples
were taken during the exponential growth phase, 2 days upon inoculation
of cultures. In brief, glucose-6-phosphate isomerase (PGl) activity was
measured in crude cell extracts photometrically in the form of NADPH
turnover. Since PGI does not cause NADPH turnover itself, it was coupled
to the glucose-6-phosphate dehydrogenase reaction, which causes equi-
molar reduction of NADP* to NADPH. Reactions were started by addition
of fructose-6-phosphate and kinetics were monitored with a double-beam
spectrophotometer (Uvikon 810; Kontron) for 5-10 min.

Quantification of CO, Assimilation

For full protocols, refer to Supplemental Materials and Methods. Samples
were taken during the exponential growth phase, 2 days upon inoculation
of cultures. In brief, CO, assimilation rates of Synechocystis were
measured with the gas-exchange system GFS-3000 from Walz (Effeltrich,
Germany). Cyanobacterial cultures were attached onto agar plates that
could be inserted into the measuring device.

Determination of Photochemical Fluorescence Quenching at
Photosystem Il in Synechocystis

We tested in preliminary experiments which time span of dark incubation
was efficient to arrest the CBB cycle by monitoring the quantum yield of
PSII upon succeeding illumination by determining the first quantum yield
after predarkening of the samples. This procedure cannot clearly discrim-
inate between two effects: the halt of the CBB cycle and the reduction of
the PQ pool via dark respiration. However, a time span of 10 min in dark-
ness induced a significant decrease of PSII quantum yield, which did not
further decrease. This indicates the achievement of (1) a steady state con-
cerning the reduction state of the PQ pool and (2) the halt of the CBB cycle.

Until fluorescence measurements, reaction tubes with 2 ml of each Syne-
chocystis genotype were illuminated with a photosynthetic photon flux
density (PPFD) of 50 umol m~2 s~ provided by white LED lamps. A single
sample was then centrifuged over 10 min (in darkness) at 3200 g and room
temperature. All subsequent steps were carried out under very weak light
of 0.03-0.05 pmol m~2 s~ in order to keep the CBB cycle in an arrested
state. After centrifugation, the supernatant was discarded. The pellet was
gently resuspended with 75-150 pl of a new medium to adjust the OD to
20. The new medium consisted of the growth medium BG 11 without ni-
trate and 5 mM sodium dithionite (Merck, Darmstadt, Germany) to deplete
oxygen. Subsequently, the sample was illuminated with weak blue light
provided by an LED (<5 pmol m~2 s™") over 30 s to standardize starting
conditions for all strains. Weak light was chosen to prevent the start of
photosynthesis. The fluorescence signals obtained from all strains prior
to and after illumination of weak blue light show that no state transition
was induced (Fn1/Fm2) and that all strains were indeed in extremely
similar starting conditions (AF(F./)™"), which proves that the obtained
data are comparable (Supplemental Figure 13). The subsequent
measurements of chlorophyll fluorescence were performed with a PAM
fluorometer (PAM 2500; Walz, Effeltrich, Germany). After 4 s the first
quantum yield after predarkening of the samples was determined with a
first 50-ms saturation pulse (>10 000 pmol m~2 s~ ). The illumination of
the sample with red actinic light began after 40 s. Light was provided by
the PAM 2500 and had a PPFD of 40 umol m2 s~'. The variable
fluorescence parameters F,,, and F; were recorded within a saturation
pulse protocol every 30 s over a time span of 5 min. At the end of the
protocol, Fy’ was determined with the internal presets of the PAM
fluorometer by application of a far-red light pulse at the end of the
fluorescence kinetics according to the measuring routine. The



Glycolytic Shunts as Anaplerotic Reactions of CBB Cycle

photochemical quenching of chlorophyll fluorescence (gp) was calculated
according to the software of the fluorometer.
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