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Abstract

Cyanobacteria contribute to roughly a quarter of global net carbon fixation. During diel light/dark growth, dark respiration substantially
lowers the overall photosynthetic carbon yield in cyanobacteria and other phototrophs. How respiratory pathways participate in carbon
resource allocation at night to optimize dark survival and support daytime photosynthesis remains unclear. Here, using the
cyanobacterium Synechococcus elongatus PCC 7942, we show that phosphoketolase integrates into a respiratory network in the dark to
best allocate carbon resources for amino acid biosynthesis and to prepare for photosynthesis reinitiation upon photoinduction.
Moreover, we show that the respiratory Entner-Doudoroff pathway in S. elongatus is incomplete, with its key enzyme 2-keto-3-deoxy-
6-phosphogluconate aldolase exhibiting alternative oxaloacetate decarboxylation activity that modulates daytime photosynthesis.
This activity allows for the bypassing of the tricarboxylic acid cycle when ATP and NADPH consumption for biosynthesis is excessive
and imbalanced relative to their production by the light reactions, thereby preventing relative NADPH accumulation and ensuring
optimal photosynthetic carbon yield. Optimizing these metabolic processes offers opportunities to enhance photosynthetic carbon

yield in cyanobacteria and other photosynthetic organisms under diel light/dark cycles.

Introduction

Cyanobacteria account for approximately a quarter of global net
primary production (Field et al. 1998; Flombaum et al. 2013). In
their natural environment, cyanobacteria and many other photo-
synthetic organisms experience diel light/dark growth cycles.
During the day, photon energy is converted to chemical energy
to support growth and synthesize storage polymers. At night, cel-
lular respiration breaks down these storage compounds to sup-
port cell maintenance in the dark (Welkie et al. 2019).
Respiration in the dark thus contributes to significant carbon
loss in photosynthetic organisms. In plants, respiration alone
can lead to as much as 15% to 30% of carbon loss, substantially
lowering the overall photosynthetic carbon yield (Zhu et al.
2008). Optimization of respiratory metabolism thus could mini-
mize carbon loss and enhance the overall photosynthetic carbon
yield (Amthor et al. 2019; Hanson et al. 2023). However, studies
on respiration and its relations to photosynthesis are relatively
sparse. One recent study showed that some of the most prevalent
phototrophic microbial lineages in the surface ocean have
several fold higher respiration rates at night than the daytime
(Munson-McGee et al. 2022).

In cyanobacteria, glycogen is the main energy storage polymer
synthesized under light. Glycogen degradation in the dark sup-
plies simple sugars to the oxidative pentose phosphate (OPP) path-
way, generating NADPH for energy production through the
electron transport chain (Smith 1983; Lea-Smith et al. 2016). On
the other hand, NADPH also serves as cofactors for many detoxi-
fication enzymes to clean up reactive oxygen species accumulated
in the light (Diamond et al. 2017). Although it is well known about

this general scheme of cell maintenance in the dark, the details of
cellular metabolic state and energy conservation strategy in the
dark are far less clear. For instance, since little DNA replication
is occurring at night (Watanabe et al. 2012; Ohbayashi et al.
2013), the metabolic destination of Cs sugars derived from the
OPP pathway is intriguing to understand.

Dark respiration can further impact daytime photosynthesis.
When cyanobacteria enter darkness, enzymes for carbon fixation
becomes inactivated (Tamoi et al. 2005), switching cell metabo-
lism to catabolic reactions. In Synechococcus elongatus PCC 7942
(hereafter S. elongatus), a relatively stable metabolic profile is ob-
served during the first few hours of the night, in contrast to a
more drastic metabolic changes in the circadian transcription fac-
tor regulator of phycobilisome association A mutant (ArpaA)
(Diamond et al. 2017), suggesting a tight circadian regulation on
dark respiration. After dark respiration, several intermediates in
the Calvin-Benson-Bassham (CBB) cycle become limited, requir-
ing replenishment for the optimal reinitiation of the CBB cycle re-
actions upon light exposure (Shinde et al. 2020). Previously, we
observed that unlike other CBB cycle intermediates, 3-phospho-
glycerate (3PG) accumulates even after darkness and is main-
tained at a relatively high level during the photosynthesis
initiation period (Shinde et al. 2020). This accumulation is not ob-
served in the glycogen synthesis ADP-glucose pyrophosphorylase
mutant (AglgC) (Shinde et al. 2020), indicating the origin of 3PG
from glycogen degradation in the dark. Through a nonsteady-state
metabolic flux analysis, a recent study showed that 3PG accumu-
lated in the dark serves as the precursor for carbon regeneration
reactions in the CBB cycle during the immediate photoinduction
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period (Tanaka et al. 2023). Carbon fixation is delayed until the
starting substrate ribulose-1,5-bisphosphate is synthesized
through carbon regeneration reactions in the CBB cycle.
Moreover, 3PG accumulated in the dark also serves as the electron
acceptor to quench energy from light reactions upon photoinduc-
tion, thus protecting photosystems from potential photodamage.

Dissecting the respiratory network in the dark is central for im-
proving the overall photosynthetic carbon yield in cyanobacteria
and other phototrophs. Currently, the metabolic mechanisms
through which cyanobacteria allocate carbon and energy resour-
ces for efficient cell maintenance in the dark, and the strategies
employed to maximize photosynthetic carbon yield during diel
light/dark cycles, remain unclear. Here, we show that the
Entner-Doudoroff (ED) pathway is incomplete in S. elongatus,
with the key enzyme 2-keto-3-deoxy-6-phosphogluconate
(KDPG) aldolase modulating photosynthetic carbon yield through
an alternative decarboxylation activity under diel cycles.
Furthermore, we show that cyanobacteria form an integrative res-
piratory network, coupling the OPP pathway, phosphoketolase
metabolism, and the Embden-Meyerhof-Parnas (EMP) pathway,
to ensure the optimal carbon allocation for cell maintenance
and photosynthesis preparation.

Results

Glycogen degradation occurs early in the dark
to replenish key intermediate pools

Glycogen metabolism is crucial for the fitness of cyanobacteria
under diel light/dark growth (Welkie et al. 2018). We showed pre-
viously that S. elongatus glycogen synthesis mutant (AglgC) accu-
mulated significantly less biomass than the wild-type (WT)
under 8 h/16 h light/dark growth cycles (Shinde et al. 2020). To
better understand how growth is affected by different light/dark
periods, we grew WT and the AglgC mutant in three diel cycles
that resemble light/dark lengths in the natural environment, i.e.
10h/14h, 12h/12h, and 14 h/10h light/dark cycles. Under all
three growth cycles, the AglgC mutant accumulated less final bio-
mass compared to the WT (Fig. 1A), suggesting glycogen synthesis
as animportant carbon and energy reservoir to enhance total pho-
tosynthetic carbon yield under diel growth.

To examine how glycogen levels change in the dark, the WT
and AglgC mutant were shifted to dark after continuous growth
in the light to late log phase. No glycogen was detected in the
AglgCmutant, consistent with the inability of this strain to synthe-
size glycogen (Fig. 1B). By contrast, the glycogen synthesized in
WT under light was reduced 2-fold in abundance during the initial
6 h of darkness and remained at constant levels for the duration of
the dark period (Fig. 1B). Based on our previous study, 3PG is more
abundant at the end of the dark period in WT than AglgC cells
grown in 8 h/16 h light/dark cycles (Shinde et al. 2020), suggesting
that 3PG must be replenished through glycogen degradation dur-
ing dark respiration. 3PG is a central metabolic intermediate for
amino acid synthesis in the dark, and important for carbon fixa-
tion reactions upon light exposure (Tanaka et al. 2023). Without
glycogen storage, the depletion of 3PG may further disrupt cell
metabolism and lead to a higher maintenance cost in the dark.

Phosphoketolase and KDPG aldolase contribute to
optimal photosynthetic carbon yield under diel
light/dark growth

In the dark, simple sugars from glycogen degradation are mainly
routed to the OPP pathway for energy generation through

respiration (Smith 1983). However, the process by which Cs com-
pounds from the OPP pathway will be further catabolized remains
unclear. To investigate the potential involvement of other respira-
tory pathways in the dark, we constructed mutants of the EMP
pathway, the phosphoketolase pathway, and the ED pathway by
deleting genes for phosphofructokinase (Apfk), phosphoketolase
(Apkt), and KDPG aldolase (Aeda), respectively (Supplementary
Figs. S1 and S2 and Supplementary Table S1). These mutants
were examined for growth under 10 h/14 h light/dark cycles to
maximize the impact of dark respiration. The Apfk mutant showed
similar growth to the WT, suggesting a negligible role of the up-
stream EMP pathway in supporting a robust diel growth
(Fig. 2A). In contrast, both the Apkt and Aeda single and double mu-
tants exhibited slower growth beginning with the second light
phase of the diel cycles and accumulated less terminal biomass
compared to the WT (Fig. 2B). By comparison, both the Apfk and
Apkt mutants grew similarly to the WT under a full day of contin-
uous light (Fig. 2C and D). The Aeda mutant also showed similar bi-
omass accumulation to the WT under a 24-h continuous light but
had a bleaching phenotype (Fig. 2E and F). These above results
suggest that phosphoketolase and KDPG aldolase can modulate
carbon budget in cells grown under diel light/dark cycles.
Compared to the S. elongatus WT, the Apkt and Aeda mutants likely
have disrupted intermediate pools and lower carbon fixation
under diel light/dark growth cycles.

Phosphoketolase mutant exhibits high
respiration rate in the latter half of the dark period

To examine how phosphoketolase and KDPG aldolase participate
in dark respiration, we compared the respiration rates of Apkt and
Aeda to the WT in the dark period of the diel growth. Following a
few 10 h/14 h light/dark cycles, cells were collected in the subse-
quent dark period for respiration measurements using a
Clark-type oxygen electrode. The respiration rates of all strains in-
creased quickly in the first 2 h of darkness, corroborating with the
high glycogen degradation activities during this early dark period
(Figs. 1B and 3). Throughout the dark period, the respiration rates
of all strains remained relatively high. Notably, the Apkt mutant
sustained a higher respiration rate than the WT strain after 11 h
of darkness, although not at 14 h (Fig. 3). This result indicates
higher carbon loss in the Apkt mutant compared to the WT during
dark phase of the diel light/dark cycles.

KDPG aldolase rather than the ED pathway
contributes to robust light/dark growth

In the cyanobacterium Synechocystis sp. PCC 6803, the ED pathway
was suggested to support cell growth under both mixotrophic con-
ditions in continuous light and autotrophic light/dark growth con-
ditions (Chen et al. 2016). Two key enzymes in the ED pathway are
6-phosphogluconate dehydratase (6PGDH), which converts
6-phosphogluconate into KDPG, and KDPG aldolase, which then
cleaves KDPG into pyruvate and glyceraldehyde-3-phosphate
(G3P). However, no genuine 6PGDH gene has been annotated in
the S. elongatus genome, and rarely exists in other cyanobacteria
(Bachhar and Jablonsky 2022). Previous research suggests that di-
hydroxy acid dehydratase (DHAD) (iluD) in amino acid metabolism
could serve as an alternative enzyme for the dehydratase activity
in the ED pathway in cyanobacteria (Chen et al. 2016). To examine
this possibility, we purified the S. elongatus DHAD enzyme (en-
coded by iluD) and tested its activity toward the ED pathway inter-
mediate 6PG. Although S. elongatus DHAD shares a similar
predicted structure to the genuine 6PGDH of other bacteria

202 J9qWIBAON €| UO Josn 9310 paujly 9%eT JO "Aun Aq 9888+8//1L629BON/199]d/€60 L 0L/10p/9[oILE-99UBAPE/|[92]d/WO00"dno-olWapese//:sdny Woly papeojumoq


http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koae291#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koae291#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koae291#supplementary-data

Dynamic carbon yield in cyanobacteria

A 10h light + 14h dark 12h light + 12h dark 14h light + 10h dark
041 Strain 057
0.6 1
¢ WT 0.4 4
0.31 © AglgC /""‘
£ £ E
& ! S 0.3 1 £ 0.4
o 921 =) =)
o O 0.2 P e}
o 024
0 1 ] }‘} .
' 0.1 . f
) I_""/’
0 0 T T T T 0 0 T T T T 00 T T
0 1 2 3 4 5 0 1 2 3 0 1 2 3
Time (day) Time (day) Time (day)
B 1204
- Glycogen trends in 24h dark
8
D 901
E, Strain
§ 607 - WT
c )y 1 { AglgC
> T 1 ) 1
2 304
[&]
=
(O]
0+
T T T L) T T
0o 2 6 12 18 24
Time (h)

Figure 1. Glycogen degradation primarily occurs early in the dark. A) Diel growth of S. elongatus WT and the glycogen synthesis mutant (AglgC) during
the 10 h/14 h, 12 h/12, and 14 h/10 h light/dark cycles (100 umol/m?/s light intensity during the light phase). The dotted line and shading represent the
mean and standard deviation, respectively, of the OD;50nm measurements for the WT (n=4 for the 12 h/12 h light/dark cycle, otherwise n=8) or the
AglgC mutant (n=4). Gray shading represents the dark period of diel cycles. The terminal OD;,0nm of WT is higher than that of AglgC under the 14 h/10 h
light/dark cycle. B) Temporal change of the glycogen content in WT and AglgC during a 24-h dark period following a continuous growth in the light to
late log phase. The circle and error bar represent the mean and standard deviation, respectively, of biological triplicates for both the WT and the AglgC
mutant. Statistical significance was determined using a two-tailed Welch’s t-test. * P <0.05.

(Supplementary Fig. S3), it showed no 6PG dehydratase activity
and instead displayed strong activity toward its native substrate
2,3-dihydroxyisovalerate (Fig. 4A and B; Supplementary Fig. S4).
These results suggest that DHAD is not an alternative enzyme
forthe ED pathwayin S. elongatus. To examine whether an alterna-
tive enzyme could serve as 6PG dehydratase in S. elongatus, we
conducted in vitro 6PGDH enzyme assays by supplementing 6PG
to cell lysates of both light and dark incubated cells. However,
KDPG, the product of 6PG dehydration, was not detected in these
cell lysates, suggesting it is either absent or present at concentra-
tions below the detection limit (Fig. 4C). These results strongly
suggest that the ED pathway is incomplete in S. elongatus.

We further tested the activity of purified KDPG aldolase from
S. elongatus. The result showed that S. elongatus KDPG aldolase
can catalyze the conversion of KDPG to G3P and pyruvate
(Fig. 4D). With an incomplete ED pathway in S. elongatus, it is likely
that KDPG aldolase contributes to carbon metabolism through al-
ternative activities. KDPG aldolase was reported to potentially cat-
alyze several chemical reactions, one of which is oxaloacetate
decarboxylation (Mavridis and Tulinsky 1976). We thus tested
whether S. elongatus KDPG aldolase can act on oxaloacetate. The
in vitro assay showed that KDPG aldolase has decarboxylation ac-
tivity on oxaloacetate to form pyruvate and CO, (Fig. 4D), suggest-
ing its potential involvement in carbon metabolism through this
reaction in S. elongatus. The kinetics experiment further showed
that the KDPG aldolase has a relatively low ke./Km, value of
437 M~ s7* for oxaloacetate (Fig. 4E). This seems to contradict
the genetic result, where its deletion results in reduced biomass
accumulation under diel cycle growth conditions (Fig. 2B). We rea-
soned that KDPG aldolase might be subject to unknown

regulations that modulate its activity, which warrants further in-
vestigation. Collectively, the results support that KDPG aldolase,
rather than the ED pathway, contributes to robust diel light/
dark growth in S. elongatus.

KDPG aldolase modulates carbon yield under diel
cycles by conditionally bypassing tricarboxylic
acid (TCA) cycle activities in light

To explore the role of KDPG aldolase in modulating carbon yield
under diel light/dark cycles, we sought to first identify contribu-
ting factors that affect its activity. The Aeda mutant exhibited
chlorosis under light conditions (Fig. 2F), indicating NADPH accu-
mulation (i.e. a low ATP/NADPH ratio) and blockage of the photo-
synthetic electron transport chain (PETC). Additionally, while
KDPG aldolase functions as a nonoxidative decarboxylase in
S. elongatus, we hypothesized that NADP(H) could potentially serve
as an allosteric regulator of the enzyme. We thus tested whether
the dinucleotide could affect KDPG aldolase activities.
Interestingly, incubation of purified KDPG aldolase with NADP*
but not NADPH led to an enhanced oxaloacetate decarboxylation
activity (Fig. 5A). Further investigations using crude cell lysate
showed no difference in oxaloacetate decarboxylation activity be-
tween the WT and the Aeda mutant when lysates alone were used,
suggesting that KDPG aldolase in the WT exhibits low or no activ-
ity under these conditions (Fig. 5B). However, preincubation of the
lysates with NADP" increased the oxaloacetate decarboxylation
activity in the WT relative to the Aeda mutant (Fig. 5B). The results
above suggest that the activity of KDPG aldolase could be signifi-
cantly increased when NADP* levels exceed a certain threshold
under diel light/dark cycles.
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Figure 2. Phosphoketolase and KDPG aldolase contribute to robust diel growth. A) S. elongatus WT and the phosphofructokinase mutant (Apfk) exhibited
similar diel growth during 10 h/14 h light/dark cycles (P=0.619). B) The diel growth of the phosphoketolase mutant (Apkt), the KDPG aldolase mutant
(Aeda), and the pkt/eda double mutant (ApktAeda) during the 10 h/14 h light/dark cycles, showing lower biomass than the WT after the second light
period (P<0.05, one-tailed Welch’s t-test). C-E) Under continuous 24-h light, the WT showed similar growth to the Apfk (C, P=0.422, t-test on the
terminal OD;50nm), the Apkt (D, P=0.803), and the Aeda (E, P = 0.517) mutants. The light intensity was maintained at 100 pmol/m?/s. The dotted lines and
shading represent the OD;,0onm mean and standard deviation of independently cultivated biological replicates (n=41in A to D; n=2 for WT and n=3 for
Aeda in E). Gray shadingindicates the dark periods of diel cycles and the initial 6 h of dark adaptation to reset the circadian clock. F) Full scanning of the
visible light spectrum revealed beaching of Aeda under continuous light. The dotted lines and shading represent the change in average OD (normalized
by OD730nm) and standard deviation of biological replicates (n=4) across wavelengths from 350 to 700 nm. The decreased absorbance at ODg3onm
indicates phycobilin degradation (bleaching) in the Aeda mutant while the increased OD44onm and ODggonm suggest higher chlorophyll a content.
Statistical significance was determined using a two-tailed Welch’s t-test unless specified otherwise. * P<0.05, ** P<0.01, ** P < 0.001.

In cyanobacteria, the TCA cycle generates NADPH via oxidative
decarboxylation reactions but does not produce ATP (Zhang and
Bryant 2011; Katayama et al. 2022). On the other hand, KDPG aldo-
lase catalyzes the conversion of oxaloacetate to pyruvate, poten-
tially bypassing TCA cycle activities in generating NADPH. We
hypothesized that in the Aeda mutant, the absence of KDPG aldo-
lase leads to NADPH accumulation toward the end of the dark pe-
riod in diel cycles. This accumulation could hinder electron
transfer in the PETC and results in chlorosis upon light exposure.
Following several cycles of light/dark growth, we thus measured
the NADP(H) levels of both the WT and the Aeda mutant through-
out the fourth dark period. Surprisingly, NADPH in both strains
decreased to the lowest levels after the dark period, with a briefin-
crease at the beginning of the latter half of the dark (Fig. 5C). In

addition, both strains maintained similar and relatively stable
NADP* levels throughout the dark period (Fig. 5C). These results
argue against our original hypothesis, instead suggesting that
chlorosis in the Aeda mutant is likely caused by relative NADPH
accumulation in light.

Optimal photosynthetic carbon yield under diel cycles depends
on balancing energy production from light reactions with energy
consumption by carbon metabolism. When amino acid synthesis
in light outpaces carbon fixation, it could lead to an imbalance in
ATP/NADPH consumption relative to their production, thus re-
ducing the PETC efficiency and exacerbating the shortage of
carbon precursors needed for amino acid synthesis. The
a-ketoglutarate (AKG), a key intermediate in the TCA cycle, serves
as the entry point for incorporating nitrogen into amino acids.
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Figure 3. The phosphoketolase mutant exhibit elevated respiration rates in the later dark phase of the diel growth cycles. Respiration rates for the
S. elongatus WT, Apkt, and Aeda mutants were measured with six independently cultivated biological replicates for each strain, collected during the
fourth dark period of the 10 h/14 h light/dark cycle. The data are presented in a box plot format, where the box indicates the 25th and 75th percentiles,
the horizontal line within the box denotes the median value, and the whiskers represent the minimum and maximum values, excluding any outliers.
Statistical significance was determined using a one-tailed Welch’s t-test. * P <0.05.

Bypassing TCA cycle activities thus allows for a temporary halt of
amino acid synthesis and the rebalancing of ATP/NADPH produc-
tion from light reactions. We propose that excessive NADPH con-
sumption by amino acid synthesis could trigger a sharp rise of
NADP*, thus activating KDPG aldolase to temporarily bypass
TCA cycle activities (Fig. 5D). To examine this possibility and min-
imize the influence of dark respiration, we cultivated cells under
continuous light and monitored photosynthetic rates by measur-
ing oxygen evolution. Supporting our hypothesis, the Aeda mutant
exhibited a lower photosynthetic rate than the WT during the late
exponential growth phase. Furthermore, the Aeda mutant showed
severe chlorosis and ceased growing toward the later stage of the
growth (Fig. 5D), underscoring the significant impact of KDPG al-
dolase on photosynthesis. Collectively, the results above strongly
support the notion that KDPG aldolase optimizes daytime photo-
synthetic carbon yield by modulating TCA cycle activities for ami-
no acid synthesis.

Phosphoketolase and KDPG aldolase mutants
have disturbed cell metabolism under diel cycle
growth
To further investigate how phosphoketolase and KDPG aldolase
impact carbon yield under diel light/dark cycles, we conducted a
comparative metabolomics study on S. elongatus WT, Apkt, and
Aeda mutants grown under the 10h/14h light/dark cycle.
Following a few cycles of light/dark growth, cells were collected
in four different time points in the third dark period
(Supplementary Fig. S5). Glycogen levels and degradation trends
were similar among all three strains (Fig. 6A), indicating enough
glycogen was synthesized in the light period even with the disrup-
tion of phosphoketolase or KDPG aldolase gene in the mutants.
The Apkt and Aeda mutants have disturbed cell metabolism
compared to the WT, indicated by distinct metabolite profiles in
these strains; in each strain, the metabolite profiles also differ
largely between the beginning of the night and latter periods of
the dark (Fig. 6B; Supplementary Table S2). When looking at bio-
markers that separate these strains, the Apkt mutant has the

highest association with several amino acids (tyrosine, aspartate,
threonine, and lysine); whereas, the Aeda mutant has the highest
association with metabolites such as sarcosine, ribose-5-
phosphate (RSP), oxoproline, and trans-4-hydroxyproline. The
WT, on the other hand, has the highest association scores with
carbohydrates such as 2PG and 3PG (Supplementary Table S3).
The disrupted metabolism in the Aeda mutant compared to the
WT likely results from its inferior photosynthetic performance
under light phases of the diel cycles.

Comparative metabolomics further suggests that phosphoke-
tolase contributes to dark respiration by generating several pre-
cursors for amino acid synthesis. Phosphoketolase can convert
xylulose-5-phosphate (X5P) to G3P and acetyl-phosphate
(acetyl-P), the latter of which can be further converted to
acetyl-CoA by acetate kinase and acetyl-CoA synthetase (AcsA).
Acetyl-CoA participates in amino acid synthesis by generating
AKG through TCA cycle reactions. If phosphoketolase contributes
to significant acetyl-CoA flux, the lack of acetyl-P production by
the Apkt mutant could result in a shortage of acetyl-CoA and fur-
ther affect its reaction with oxaloacetate for AKG synthesis in the
oxidative branch of the TCA cycle. This could lead to a transiently
increased flux toward oxaloacetate and its downstream amino
acids. Corroborating with this, we observed a surge of threonine
in the first 2 h of the dark and a consistently higher level of lysine
in the Apkt mutant compared to the WT (Fig. 6C), both of which are
derived from oxaloacetate. The lack of acetyl-CoA synthesis from
acetyl-P likely needs to be compensated for by pyruvate decarbox-
ylation, resulting in additional 3PG consumption for pyruvate gen-
eration. In support of this notion, we observed a higher increase of
alanine, a derivative of pyruvate, in the Apkt mutantin the first2h
of the dark compared to the WT (Fig. 6C). These above results col-
lectively show that phosphoketolase contributes to dark respira-
tion by optimizing carbon flux toward generating precursors for
amino acid synthesis.

The disrupted intermediate pools in the Apkt mutant likely af-
fect its daytime photosynthesis, indicated by slower growth than
the WT during light phases of the diel cycles (Fig. 2B). We thus ex-
amined the daytime photosynthetic performance of both the WT
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Figure 4. The ED pathway is incomplete in S. elongatus. A) DHAD from S. elongatus can catalyze the conversion of its native substrate
2,3-dihydroxyisovalerate into ketoisovalerate, detected by GC-MS. B) S. elongatus DHAD displays no apparent 6PG dehydratase activity. No KDPG was
detected when purified DHAD was supplemented to the 6PG dehydratase enzyme assay (cyan). The purple line shows the no enzyme control. The green
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aldolase shows both KDPG cleavage activity and oxaloacetate decarboxylation activity. The asterisk indicates the higher activity on oxaloacetate than
on KDPG. E) Kinetic analysis of KDPG aldolase using oxaloacetate as the substrate. The error bars in D and E represent the standard deviation of three
independent measurements. Statistical significance was determined using a two-tailed Welch’s t-test. * P <0.05.

and the Apkt mutant grown under diel cycles. After two light/dark
cycles, we measured their oxygen evolution rates at three time
points during the light phases of day 3 and day 4 (0.5, 4, and
8h). On both days, maximum photosynthetic rates were compa-
rable between these two strains. However, during the initial light
period (0.5 h), the Apkt mutant exhibited lower effective photosyn-
thetic rates, measured using the growing light intensity, while the
WT quickly reached the maximum effective photosynthetic rate
at0.5 hinto the light phase (Fig. 6D). Further comparison of photo-
synthesis under continuous light conditions confirmed that the
Apkt mutant had similar or even higher photosynthetic rates com-
pared to the WT under light conditions (Fig. 6D). These results
strongly support that lower biomass yield in the Apkt mutant is
primarily due to disturbed metabolism in the dark, which nega-
tively impact photosynthesis when cells resume growth in light.

Phosphoketolase and KDPG aldolase contribute to
optimal photosynthetic carbon yield under diel
light/dark cycles

To gain an overview of how phosphoketolase and KDPG aldolase
contribute to robust diel growth, we conducted a time course pro-
teomics on S. elongatus WT under diel growth. The WT was grown
for three and a half cycles under 14 h/10 h light/dark cycles to ob-
tain sufficient biomass, followed by sample collection at various
time points of dark and light periods in the next 24 h. In these pro-
teomic samples, enzymes related to glycogen degradation (GlgP,
glycogen phosphorylase) and the OPP pathway (Zwf, G6P dehydro-
genase) were found in greater abundance in the dark than the
light period (Fig. 7). This findingis consistent with the understand-
ing of glycogen as the major carbon and energy source for dark
respiration (Smith 1983).

202 J9qWIBAON €| UO Josn 9310 paujly 9%eT JO "Aun Aq 9888+8//1L629BON/199]d/€60 L 0L/10p/9[oILE-99UBAPE/|[92]d/WO00"dno-olWapese//:sdny Woly papeojumoq



Dynamic carbon yield in cyanobacteria | 7

A 4 B ~0.25
> .C > .c
s 2 * s 2 ns *%
ER= T 1 S g 0207 — —
c o 31 c o
c £ c £
T = = 0.157
& E
D o] — @
8§82 £ % 0.101
& © & 0,051
78 1 e
o £ o £
Eda Eda/NADPH Eda/NADP* WT Aeda WT/NADP* Aeda/NADP*
¢ 30 30
Strain
. —o— WT
o o
0 20| —¢ feda O 20-
I +
o o
Q10 - 2 10
S 2
0 0-
0 2 7 9 M 14 0 2 7 9 M 14
Time (h) Time (h)
D
Q.
Strain ©
c
o WT o
|
® Aeda S
@
o
(@]
£
v 0.2
PEP E
[0}
0.0+ T T T =
Pyruvate 0 20 40 60
| co. v Time (h)
Acetyl CoA
@
&
— > O0AA Citrate E
[=]
a
Isocitrate 2
A ol
NADPH o

a- Ketoglutarate

NADPH ATP
NADP+ X ADP+ P,

v T T T T - T T T T
Amino acid 400 500 600 700 400 500 600 700
biosynthesis Wavelength (nm) Wavelength (nm)

Figure 5. KDPG aldolase modulates carbon yield by fine-tuning TCA cycle activities in light. A) Supplementation with NADP* increases the activity of
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Next, phosphoketolase metabolism likely connects the OPP the nonoxidative pentose phosphate (NOPP) pathway. In
pathway with the downstream EMP pathway. Phosphoketolase support of this notion, we found phosphoketolase and AcsA
directly converts Cs compounds derived from the OPP pathway, have consistently high abundance throughout the diel cycle
involving less enzymatic steps for G3P generation compared to (Fig. 7).
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Furthermore, the downstream EMP pathway is involved in
converging glycogen degradation products into key precursor me-
tabolites for amino acid synthesis, including 3PG and phosphoe-
nolpyruvate (PEP) (Fig. 7). G3P from the phosphoketolase
reactionis first converted to 3PGin the downstream EMP pathway.
Particularly, enzymes responsible for forming and oxidizing 3PG
in the EMP pathway show distinct trends. On the one hand, G3P
dehydrogenase (Gapl), the enzyme converting G3P to
1,3-bisphophoglycerate, increased in the first half of the night.

On the other hand, phosphoglycerate mutase and enolase, re-
sponsible for converting 3PG to 2-phosphoglycerate (2PG) and
PEP, were relatively stable in the dark (Fig. 7), potentially restrict-
ing 3PG conversion flux. The combined effort by these enzymes
supports the notion that a portion of 3PG from glycogen degrada-
tion is diverted to amino acid synthesis. Moreover, PEP synthase
(Pps) increased to a significantly higher level in the first half of
the night and stayed high throughout the dark, followed by a
quick decrease to the base level in the next light period (Fig. 7),
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suggesting the conversion of pyruvate into PEP in the latter half of
the night. This was further supported by the pyruvate kinase
changes in the dark, with its level increasing during the first half
of the night and decreasing afterwards (Fig. 7).

To synthesize amino acids derived from oxaloacetate and
AKG, PEP carboxylase (Ppc) likely plays a crucial role in linking
the downstream EMP pathway with the TCA cycle reactions.
We found that Ppc, responsible for converting PEP to oxaloace-
tate, maintained at relatively high levels during the dark and
in the middle of the light phase (Fig. 7), suggesting robust

amino acids synthesis during these periods. Our results above
underscore the importance of KDPG aldolase in balancing
ATP/NADPH consumption relative to production for robust
diel growth (Fig. 5). However, KDPG aldolase peptides were
not detected in the WT proteomic samples, where average of
1,000 proteins were identified per sample. This result aligns
with the findings from the crude lysate experiments (Fig. 5), in-
dicating that KDPG aldolase is likely presentin low abundance
and strictly activated by NADP* to modulate TCA cycle
activities.
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Collectively, the proteomics coupled with diel growth and bio-
chemistry assays reveal an integrative respiratory pathway for
dark respiration, where glycogen is first degraded to produce
NADPH and Cs compounds via the OPP pathway, followed by con-
version of Cs sugars to G3P and acetyl-P through the phosphoketo-
lase metabolism. The intermediates G3P and acetyl-P further feed
into downstream metabolism to generate precursors for amino
acid synthesis, including 3PG, PEP, pyruvate, oxaloacetate, and
AKG. Meanwhile, KDPG aldolase modulates TCA cycle activities
under light to ensure balanced ATP/NADPH production and con-
sumption. The proposed route ensures optimal carbon and energy
allocation in the dark for amino acid synthesis and balanced en-
ergy production and consumption during the light phase to sup-
port robust diel light/dark growth.

Discussion

Respiration in the dark results in significant carbon loss and lowers
the overall photosynthetic energy conversion efficiency in cyano-
bacteria and other photosynthetic organisms. Despite its impor-
tance, the strategies these organisms use to optimize carbon and
energy allocation for dark respiration, and its contribution to photo-
synthesis, remain poorly understood. Here, we show thatin S. elon-
gatus, cells form an integrative OPP-Phosphoketolase-EMP
respiratory pathway in the dark to channel glycogen degradation
products into key precursors for amino acid synthesis, which sup-
ports photosynthesis upon light exposure under diel light/dark
cycles. We further show that the ED pathway in S. elongatus is in-
complete, with KDPG aldolase contributing to robust diel growth
through an alternative decarboxylation activity on oxaloacetate.

Phosphoketolase is an important glycolytic enzyme in many
bacteria but its role in cyanobacteria is under debate (Arskold
et al. 2008). Previously, phosphoketolase was shown to carry sig-
nificant carbon flux under mixotrophic conditions in an engi-
neered Synechocystis sp. PCC 6803 strain (AglgC/xylAB), which
lacks the ability to synthesize glycogen but can utilize xylose
(Xiong et al. 2015). We show here that phosphoketolase metabo-
lism is critical for dark respiration under light/dark diel growth
in the obligate photoautotrophic S. elongatus. When cyanobacteria
enter the dark, phosphoketolase reaction connects the OPP path-
way with amino acid synthesis for cell maintenance in the dark
(Fig. 7). Arecent bioinformatics study analyzed the co-occurrence
of key enzymes from four glycolytic pathways (EMP, ED, OPP, and
phosphoketolase) in cyanobacteria and found that enzymes from
the phosphoketolase and OPP pathways co-occur with the highest
probability of 84.8% (Bachhar and Jablonsky 2022), supporting the
OPP-phosphoketolase route in the dark during cyanobacterial diel
light/dark growth. In addition, phosphoketolase exists in eukary-
otic phototrophs such as diatoms (e.g. Chaetoceros debilis,
Leptocylindrus danicus, Amphora coffeiformis, and Phaeodactylum tri-
cornutum), haptophytes (Diacronema lutheri), dinoflagellates
(Symbiodinium microadriaticum), and some land plants such as red
pepper (Capsicum annuum), shrub willow (Salix suchowensis), and
tree cotton (Gossypium arboreum) (Supplementary Fig. S6 and
Supplementary Files S1 and S2), suggesting its role in a wide range
of photosynthetic organisms.

Phosphoketolase was found to be expressed at consistent levels
in the WT throughout a diel light/dark cycle (Fig. 7). If phosphoke-
tolase is functioning under light, its activity toward either X5P or
F6P would likely lead to unstable CBB cycle reactions and retarded
growth (Yuetal. 2018). A previous research showed that phospho-
ketolase has much higher activities on X5P than F6Pin S. elongatus,
with both activities significantly inhibited by ATP (Chuang and

Liao 2021). This helps explain the similar growth of the WT and
the Apkt mutant under continuous light (Figs. 2D and 6D), suggest-
ing that phosphoketolase activity is likely regulated mainly at the
allosteric rather than transcriptional level during diel growth.
When ATP level lowers upon cell entering the dark (Rust et al.
2011), phosphoketolase can be activated to catalyze X5SP cleavage.
A more recent report confirmed the allosteric regulation of
phosphoketolase by ATP, and further showed an increased phos-
phoketolase activity during light-dark transitions to brake on the
CBB cycle and switch cell metabolism into respiration (Lu et al.
2023).

Phosphoketolase metabolism further contributes to robust diel
cell growth by minimizing carbon loss in the dark and supporting
optimal photosynthetic growth upon light exposure. When phos-
phoketolase was deleted in the Apkt mutant, lower biomass yield
was observed under the 10h/14h light/dark cycles (Fig. 2B;
Supplementary Fig. S7). Without phosphoketolase, the Apkt mu-
tant will likely obtain G3P through transketolase reactions in the
NOPP pathway by converting R5P and XSP into G3P and
sedoheptulose-7-phosphate (S7P) or converting erythrose-4-
phosphate (E4P) and XSP into G3P and fructose 6-phosphate
(F6P) (Fig. 7). The siphoning of G3P from NOPP leads to imbalanced
carbon pools, likely resulting in S7P and F6P accumulation.
Although we did not detect these phosphorylated sugars in our
metabolomics, this hypothesis is supported by findings in a pre-
vious study where S. elongatus Apkt was grown to high density
and placed in darkness. In this previous study, higher levels of
S7P and hexose-6P were found in the Apkt mutant than the WT
cells in the dark (Chuang and Liao 2021). The imbalanced inter-
mediate pools in the Apkt mutant could adversely affect daytime
photosynthesis, potentially explaining the observed lower photo-
synthetic efficiency during the initial light phase of diel growth
(Fig. 6D). In addition, lower amount of 3PG, PEP, and acetyl-CoA
were found in the Apkt mutant than the WT, whereas pyruvate
was accumulated to a higher level in the Apkt mutant (Chuang
and Liao 2021). This is likely due to increased consumption of
3PG in the Apkt mutant to generate pyruvate and acetyl-CoA in
the downstream EMP pathway, which would lead to higher carbon
loss in the pyruvate decarboxylase reaction. This suggests phos-
phoketolase metabolism contributes to significant flux for
acetyl-CoA generation from acetyl-P, explaining the observed
acetyl-CoA accumulation in the WT in the previous study
(Chuang and Liao 2021). However, this hypothesis needs to be
tested by verifying activities of the two enzymes involved in con-
verting acetyl-P to acetyl-CoA in the dark.

KDPG aldolase contributes greatly to the robust diel growth in
S. elongatus, as shown by much lower biomass accumulation in
the Aeda mutant compared to the WT under light/dark cycles
(Fig. 2B). A similar retarded growth was observed in the Aeda mu-
tant of Synechocystis sp. PCC6803 when cells grew photoautotroph-
ically under light/dark cycles (Chen et al. 2016). This previous
study attributed the growth defect to the absence of the ED path-
way. However, no active 6PGDH activity or KDPG metabolite were
detected in S. elongatus (Fig. 4). In addition, the in vitro enzyme as-
say of KDPG aldolase shows a much higher activity toward oxaloa-
cetate than KDPG (Fig. 4D). Our results thus strongly support that
the ED pathway is incomplete in S. elongatus with the KDPG
aldolase supporting robust diel growth through its alternative de-
carboxylation activity. This is also consistent with the findings
that the KDPG aldolase is much more prevalent than 6PGDH in
cyanobacteria (Bachhar and Jablonsky 2022). Recent evidence
further points to the absence of the ED pathway in plant ances-
tors due to the lack of genuine 6PGDH in these organisms
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(Evans et al. 2024), making it particularly intriguing to clarify the
role of KDPG aldolase in photosynthetic organisms.

Our data indicate that the KDPG aldolase might be significantin
oxaloacetate metabolism. This is evidenced by the fact that the
enzyme activity is higher with oxaloacetate as a substrate in com-
parison to KDPG. Oxaloacetate connects the downstream EMP
pathway with the TCA cycle, which is responsible for generating
AKG, a key precursor for incorporating nitrogen into all amino
acids (Fig. 5D). Under light conditions, excessive amino acid syn-
thesis can disrupt the balance of ATP/NADPH consumption rela-
tive to its production by light reactions, potentially resulting in a
lower ATP/NADPH ratio and reduced photosynthetic efficiency.
KDPG aldolase plays a critical role in modulating this balance by
temporarily bypassing the TCA cycle through oxaloacetate decar-
boxylation. This regulation is essential for optimal photosynthetic
carbon yield by aligning amino acid synthesis with energy produc-
tion from light reactions. This necessitates a precise control
mechanism that limits the bypass of the TCA cycle to conditions
of high NADP" levels, which are indicative of excessive synthesis
activities in cells. This stringent regulation is maintained through
the low expression and enzyme kinetics of KDPG aldolase (Fig. 4E),
which is activated only when NADP* levels exceed a specific
threshold. However, the detailed regulation mechanisms require
further investigation to be fully understood. Additionally, this reg-
ulation is not required for amino acid synthesis in the dark, as
ATP/NADPH production is not coupled by light reactions, and res-
piration instead is responsible for ATP generation. This is sup-
ported by our observations that NADP(H) changes are
comparable between the WT and the Aeda mutant (Fig. 5C).

Overall, our study illustrates how phosphoketolase and KDPG
aldolase contribute to optimizing photosynthetic carbon yield
under diel light/dark cycles in cyanobacteria. Further validation
of the proposed roles in algae and plants could help understand
the prevalence of these enzymes in phylogenetically diverse pho-
totrophic taxa and elucidate how compartmentation in eukar-
yotes alters the role of glycolytic routes in dark respiration and
the robustness of photosynthesis.

Materials and methods
Strain construction

Plasmids required for generating mutant strains were prepared
using HiFi DNA assembly (NEB, USA) and then transformed into
S. elongatus WT. The DNA fragments for construction of the plas-
mids were obtained through either high-fidelity amplification us-
ing Q5 DNA Polymerase (NEB, USA) or restriction enzyme
digestion. The strains and plasmids information can be found in
Supplementary Fig. S1 and Supplementary Table S1. The
mutant strains were confirmed by segregation PCR
(Supplementary Fig. S2).

Growth characterization

The WT and mutant strains of S. elongatus were grown in BG11
medium supplemented with 20mM NaHCO; and 10mM
N-[Tris(thydroxymethyl)methyl]-2-aminoethanesulfonic acid (TES,
pH 7.8) at 30 °C under 100 pmol/m?/s (otherwise specified) cool white
LED illumination or different diel cycles in the Multi-Cultivator MC
1000-OD (Photon Systems Instruments, Czech Republic). Growth
was directly monitored by recording the absorbance at 720 nm at
10 min intervals using the built-in optical density sensor. For the
mutant strains, appropriate antibiotics were supplemented to the
growth medium (5 pg/mL kanamycin for AglgC; 2 pg/mL gentamicin
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for Apfk; 5 ng/mL chloramphenicol for Apkt; 2 ng/mL spectinomycin
and 2 pg/mL streptomycin for Aeda; 5 pg/mL chloramphenicol, 2 pg/
mL spectinomycin, and 2 pg/mL streptomycin for ApktAeda).
Cultures for proteomic and metabolomic analyses were grown in
the same medium and light conditions as described above.

Glycogen quantification

The glycogen content was quantified to compare its degradation
trends in the dark between the WT and mutant strains, following
the modified protocol as described previously (De Porcellinis et al.
2017). For each sample, 5 mL of cyanobacterial cells were collected
and centrifuged at 9,000 x g and 4 °C for 20 min, washed with 1 mL
of ice-cold Tris-HCl buffer (50 mM, pH 8.0), and stored at —30 °C as
cell pellets until extraction of glycogen. To extract the glycogen, the
pellet samples were kept on ice, resuspended in 500 uL of the cold
Tris-HCI buffer, and lysed by bead beating for 20 cycles of 20 s on
(at 3,800 rpm) and 2 min off (on ice). The cell lysate was collected
by centrifugation at 9,000 x g and 4 °C for 20 min, 150 pL of which
was mixed with 1,350 uL of 96% ethanol and incubated at 90 °C for
10 min to remove chlorophyll. Then, the samples were incubated
on ice for 30 min and centrifuged at 20,000 x g at 4 °C for 30 min to
precipitate the glycogen. The resulting pellet was air-dried for
15 min at room temperature and resuspended in 200 pL of 50 mM so-
dium acetate buffer (pH 5.0) which contained 8 U/mL amyloglucosi-
dase and 2 U/mL o-amylase. The mixture was vortexed vigorously
and incubated at 60 °C for 2 h to hydrolyze the glycogen into glucose.
The samples were centrifuged at 10,000 x g for 5 min, and the super-
natant was collected to quantify the glucose concentration using glu-
cose oxidase peroxidase (GOD-POD) assay (Megazyme, USA) in the
SpectraMax iD5 microplate reader (Molecular Devices). The glycogen
content was normalized by the corresponding cell number, which
was determined by an Attune NxT Flow Cytometer (Invitrogen).

Determination of dark respiration rates and
oxygen evolution rates

To measure the dark respiration rates of S. elongatus WT and mu-
tant strains under the 10 h/14 h light/dark diel growth, six inde-
pendently cultivated biological replicates (triplicates from two
independent experiments) of each strain were collected from
the PSI multicultivator at the end of the fourth light period. The
collected cultures were aliquoted into 2-mL tubes to ensure effi-
cient reoxygenation from the air, and incubated in a rotator at
30°Cinthedark for0, 2,9, 11, and 14 h until measuring the respi-
ration rates using the Oxytherm+P system (Hansatech
Instruments) at 30 °C. The respiration rates were normalized by
OD720nm (recorded by the PSI multicultivator).

To measure the oxygen evolution rates of S. elongatus WT and
mutant strains under the continuous light or under the light
phase of light/dark cycles, 2 mL culture was sampled from the
PSImulticultivator and immediately transferred into the chamber
of the Oxytherm+P system (Hansatech Instruments). The oxygen
evolution rates were measured at 30 °C, with the maximum rates
measured under the saturated light and the effective rates meas-
ured under a light about 100 pmol/m?/s. The oxygen evolution
rates were corrected by the respiration rates and normalized by
ODy20nm (recorded by the PSI multicultivator).

Derivatization and detection of KDPG and other
metabolites by gas chromatography-mass
spectrometry (GC-MS)

The samples and standards used in GC-MS analysis were pre-
pared using the N-methyl trifluoroacetamide (MSTFA)

202 J9qWIBAON €| UO Josn 9310 paujly 9%eT JO "Aun Aq 9888+8//1L629BON/199]d/€60 L 0L/10p/9[oILE-99UBAPE/|[92]d/WO00"dno-olWapese//:sdny Woly papeojumoq


http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koae291#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koae291#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koae291#supplementary-data

12 | The Plant Cell, 2024, Vol. 00, No. 0

derivatization method. For derivatization reactions, 40 pL of 2%
methoxyamine hydrochloride (dissolved in pyridine) was added
to freeze-dried samples, followed by shaking at 37 °C for 2 h.
After a brief spin, 70 pL of MSTFA with 1% trimethylchlorosilane
was added, followed by shaking at 37 °C for 30 min. After centrifu-
gation at 17,000 x g for 5 min, about 80 pL of the clear supernatant
was transferred into a GC vial. KDPG standards spanning from 11
to 176 pmol, supplemented with L-norvaline as the internal stand-
ard, were prepared, dried, and derivatized in parallel with the
samples to establish a calibration curve for KDPG detection. The
derivatized samples were run on a Thermo GC-MS equipment
coupled with the Zebron ZB-5MSplus column. The temperature
program was set to 85 °C with an initial hold for 2 min, followed
by 10 °C/min of increase till 110 °C, 5 °C/min of increase till
230 °C, and 15 °C/min of increase till 320 °C, with a final hold for
2 min. The MS scan was set for the range of 70-600 amu.

Crude enzyme assays for 6PG dehydratase
activity

Crude enzyme assay was used to determine potential 6PG dehy-
dratase activity by S. elongatus. For crude protein extraction,
S. elongatus WT cells were grown in liquid BG11 medium until
ODy730nm reached 2. After 6 h of dark adaptation, 10 mL of each
culture was centrifuged at 8,000 x g for 10 min at 4 °C. The cell pel-
let was washed twice with 5 mL of cold 50 mM Tris-HCl buffer (pH
8) containing 1x Protease Inhibitor Cocktail, and finally resus-
pended in 1000 L of this buffer. The resuspended cells were lysed
using 0.1 mm diameter silicone beads in a bead beater for 15
cycles of 10 s on and 2 min off on ice. The supernatant containing
the crude protein was separated by centrifugation at maximum
speed for 10 min at 4 °C. The protein concentration in the super-
natant was determined by Bradford assay.

The crude lysate reaction mix containing 50 mM Tris-HCI buf-
fer, 100 mM NacCl, and 100 pL of the crude lysate was preincu-
bated at 30 °C for 15min. The reaction was initiated using
2.5 mM 6-phosphogluconic acid as the substrate and then incu-
bated at 30 °C for 2 h under both light and dark conditions.
Following incubation, samples were analyzed for KDPG produc-
tion using GC-MS.

Recombinant enzyme purification and in vitro
enzyme assays

To check the activity of DHAD (iluD) and KDPG aldolase (eda), the
gene fragment was amplified from the genome of S. elongatus,
linked with the His-tag containing pET28A vector using Gibson as-
sembly, and transformed into E. coli BL21 competent cells. To ex-
tract the His-tagged protein, 100 mL of the transformant cells
were grown until ODgoonm reached ~ 0.5, when 0.1 M IPTG was
added to induce the overexpression of the His-tagged protein.
After 4h of induction, the culture was centrifugated at
6,000 rpm and 4 °C for 10 min. The cells were washed twice with
5 mL of cold 100 mM Tris-HCl buffer (pH 8), resuspended in 1 mL
of the buffer supplemented with 1x Protease Inhibitor Cocktail,
and then lysed by 0.1 mm diameter silicone beads in a bead beater
for 15 cycles of 10 s on and 30 s off on ice. The lysate was collected
after centrifugation at maximum speed for 10 min at4 °C. The tar-
geted His-tagged protein was purified using the NEB Express Ni
Spin Columns (catalog no. S1427) following the manufacturer’s
protocol and confirmed by SDS-PAGE (Supplementary Fig. S8).
To test KDPG aldolase activities, the His-tagged KDPG aldolase
enzyme was coupled with lactate dehydrogenase (LDH): NADH as-
say to detect pyruvate generation using KDPG or oxaloacetate as

the substrate. The reaction mixture contained 100 mM
Tris-buffer (pH 8), 150 mM NaCl, 2 mM NADH, 6 units of LDH,
5L of purified KDPG aldolase, and 2 mM of the required sub-
strate. The reaction mixture without substrate was preincubated
for 15 min at 30 °C and later 2 mM substrate was added to initiate
the reaction. The reactions without substrate and without en-
zyme were prepared separately as controls. The initial absorbance
(ODs40nm) Was read in the microplate reader and the incubation
was maintained until a drop in the absorbance was observed.
The absorbance at 340 nm was read every 10 min to generate
NADH oxidation curve over time.

To determine whether DHAD can function as 6PGDH to cata-
lyze the conversion of 6PG to KDPG, the reaction mixture contain-
ing 50 mM Tris HCI (pH 7.8), 150 mM NacCl, 1 mM MgCl,, and 10 pL
purified DHAD was preincubated for 15 min. The reaction was in-
itiated using 2.5 mM 6PG as substrate and was incubated at 30 °C
for 1 h. The reaction was then analyzed using GC-MS for produc-
tion of KDPG as the product. The native DHAD activity for conver-
sion of 2,3-dihydroxyisovalerate to ketoisovalerate was used as
positive control. For this activity, the reaction was initiated using
2,3-dihydroxyisovalerate as the substrate and production of ketoi-
sovalerate was analyzed using GC-MS.

Enzyme kinetics of KDPG aldolase on oxaloacetate

The oxaloacetate decarboxylation activity of KDPG aldolase was
measured at different substrate concentrations to generate the
Michaelis-Menten curve for the calculation of K, and V25 values.
The reaction mix containing 100 mM Tris buffer (pH 8), 150 mM
NaCl, 2 mM NADH, 6 units of LDH and 5 pL of purified KDPG aldo-
lase was preincubated for 15 min at 30 °C. The reaction was initi-
ated using a range of substrate concentrations (0.075-10 mM) and
was allowed to incubate at 30 °C for 20 min. The drop in ODs4onm
was normalized to the no-enzyme control due to spontaneous de-
carboxylation of oxaloacetate. The experimental data for the ini-
tial slope was used for kinetics measurements and was fitted
through the Michaelis-Menten equation using Graphpad software
for calculation of Viax, Km, and kea: values.

Effects of NADP(H) on KDPG aldolase activity

To test the effect of NADP* and NDAPH on the oxaloacetate decar-
boxylation activity of KDPG aldolase, 1 mM NADP* or NADPH was
added to the reaction mix containing PBS buffer (pH 7.4), 2 mM
NADH, 6 units of LDH, and 1 ug of purified KDPG aldolase. The re-
action mix with NADP* or NADPH was preincubated at 30 °C for
1 h. After this, the reaction was initiated by adding 2 mM oxaloa-
cetate as the substrate. The reactions without substrate and with-
out enzyme were prepared separately as controls. The initial
absorbance (ODs4onm) Was read in the microplate reader and the
incubation was maintained until a drop in the absorbance was ob-
served. The drop in ODssonm Was normalized to the no-enzyme
control due to spontaneous decarboxylation of oxaloacetate.

To test KDPG aldolase activity in S. elongatus cell lysates and the
effect of NADP", both WT and Aeda mutant were grown to log
phase for crude protein extraction. The reaction mixtures, both
with and without 1 mM NADP*, contained PBS (pH 7.4), 3 units
of LDH, and 25 pg of crude protein lysate. After a 30-minute prein-
cubation, 2 mM oxaloacetate and 2 mM NADH were added. The
absorbance (ODsuonm) Was read in the microplate reader and the
incubation was maintained until a drop in the absorbance was ob-
served. The drop in ODssonm Was normalized to the no-enzyme
control due to spontaneous decarboxylation of oxaloacetate.
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Measurement of NADP(H) levels

Quadruplicates of S. elongatus WT and mutant strains were culti-
vated under 10 h/14 h light/dark cycles. At specified times (0, 2, 7,
9,11, and 14 h) during the fourth cycle’s dark period, 10 mL of cells
were harvested, quenched with ice-cold PBS slurry (pH 7.4), and
centrifuged to collect cell pellets, which were stored at —80 °C.
For NADP(H) extraction, pellets were resuspended in 0.5 mL of ice-
cold PBS and lysed with 0.5 mL of 0.2N NaOH containing 1% dode-
cyltrimethylammonium bromide. After centrifugation at maxi-
mum speed for 20 min at 4 °C, the supernatant was collected to
determine the NADP" and NADPH concentrations using
Promega NADP/NADPH-Glo Assay (catalog no. G9081). The
amounts of NADP* and NADPH in each sample were calculated
from the standard curves and normalized to ODyyonm (recorded
by the PSI multicultivator).

Metabolomics

Five independently cultivated biological replicates of Apkt, Aeda,
and S. elongatus WT strains were sampled at 0, 2, 7, and 14 h of
the dark period of the third 10 h/14 h light/dark cycle, following
a modified protocol described previously (Wang and Young
2022). For each sample, 10 mL of cyanobacterial culture (108~10°
cells) was filtered through a 0.45 pm nylon filter by vacuum filtra-
tion. The resulting filter was immediately inverted into 1.7 mL of
precooled (-80 °C) methanol in the 6-well plate sitting on dry
ice. After incubation at —80 °C for a few hours, the cells were
scraped off from the filter, and the mixture of cells and methanol
was transferred into a 2-mL centrifuge tube and dried by
SpeedVac. The dried samples were stored at —80 °C until shipping
to the West Coast Metabolomics Center for primary metabolism
analysis on a GC-Time of Flight mass spectrometer. A small ali-
quot (about 0.5 mL) of the culture was saved before filtration for
flow cytometry analysis to estimate the cell number in each sam-
ple, which was later used to normalize the metabolite levels. The
glycogen contents were also measured for each sample.

Shotgun proteomics

Time-course proteomics were conducted for S. elongatus WT dur-
ing a 14 h/10 h light/dark cycle after a few growth cycles. About
4~6 OD of cells were collected in biological triplicates at 0, 5,
and 10 h of the dark period and at 10 min, 1, 7, and 14 h of the fol-
lowing light period. The cells were quenched and washed by ice-
cold PBS slurry (pH 7.4), centrifugated at maximum speed to ob-
tain the cell pellets, and stored at —30 °C until protein extraction.
To lyse the protein, the cell pellets were resuspended in 500 pL of
lysis buffer comprising 50mM Tris-HCl (pH 8.0), 0.02%
n-dodecyl-B-maltoside, and 1x Protease Inhibitor Cocktail, and
homogenized by bead beating for 10 cycles of 15s on at
3,800 rpm and 2 min off on ice. After centrifugation at 20,000 x g
and 4 °C for 30 min, the supernatant was collected for protein con-
centration measurement using the Bradford assay (Thermo
Scientific) and for downstream protein digestion.

For each sample, 100 pg of total protein was incubated with 8 M
urea and 5 mM dithiothreitol (DTT) at 37 °C for 1 h, and then with
15 mM iodoacetic acid at room temperature in dark for 30 min,
followed by addition of 50 mM Tris-HCl (pH 8.0) to reduce the
urea concentration to 2 M. The 100 pg of protein in each diluted
sample was digested by 2 ug of Trypsin Gold (Promega, USA) at
37 °C for 20h. The resulting peptides were purified by the
Sep-Pak C18 column (Waters) and separated by the Pierce High
pH Reverse-Phase Peptide Fractionation Kit (Thermo Scientific)
into eight fractions, which were further run on an EASY-nLC
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1000 chromatography coupled to a LTQ Orbitrap XL mass spec-
trometer (Thermo Scientific, USA) for LC-MS/MS analysis. Raw
MS/MS data were searched and analyzed using the PatternLab V
software (Carvalho et al. 2016). The normalized spectral abun-
dance factor was used to compare protein expression changes
across the diel cycle.

Phylogenetic analysis

Phosphoketolase protein sequences were searched in the UniProt
database. Two representative sequences for cyanobacteria and
available sequences for eukaryotic photoautotrophs (dinoflagel-
lates, diatoms, haptophytes, and Viridiplantae) were downloaded
for phylogenetic analysis (Supplementary Files S1 and S2). A max-
imum likelihood tree was constructed in MEGA 11, using the auto-
matically selected best-fit substitution model (LG model with
nonuniformity of evolutionary rates among sites modeled by us-
ing a discrete Gamma distribution with five rate categories), after
the sequences were aligned with MUSCLE and curated manually
(Kumar et al. 2016).

Statistical analysis

The Welch’s t-tests were performed to compare the differences in
growth (OD;o0nm), pPigment absorbances, oxygen evolution and
respiration rates, metabolite abundances, and enzyme activities
between different strains, time points, or treatments
(Supplementary File S3). The terminal OD;yonm under the light/
dark cycles is defined as the average ODyyonm in the last hour of
the last light period. The terminal OD;50n, under the continuous
light is defined as the average OD;,0nm Of the last hour. Two-tailed
t-tests were used unless otherwise specified.

Pairwise comparisons in metabolomic profiles between differ-
ent strains and time points were performed by permutation
MANOVAs based on the Bray-Curtis distance matrix, after con-
firming equivalent beta-dispersion. P-values were adjusted for
false discovery rate. The similarities or dissimilarities across all
samples in their metabolomic profiles were visualized using
Nonmetric Multidimensional Scaling based on the Bray-Curtis
distance matrix. The coefficients of the top 10 metabolites associ-
ated with each strain in the dark period (2, 7, and 14 h) were deter-
mined using partial least squares discriminant analysis.

Accession numbers

The mass spectrometry proteomics data from this article can be
located under the dataset identifier MSV000093712 in the
MassIVE repository or with the dataset identifier PXD048049
under the ProteomeXchange Consortium (Vizcaino et al. 2016).
Accession numbers of major genes mentioned in this article can
be found in Supplementary Table S4.
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