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The plasticity of cyanobacterial metabolism
supports direct CO, conversion to ethylene

Wei Xiong', John A. Morgan?, Justin Ungerer', Bo Wang', Pin-Ching Maness' and Jianping Yu'™

The cyanobacterial tricarboxylic acid (TCA) cycle functions in
both in biosynthesis and energy generation. However, it has
until recently been generally considered to be incomplete'?
with limited flux34, and few attempts have been made to
draw carbon from the cycle for biotechnological purposes. We
demonstrated that ethylene can be sustainably and efficiently
produced from the TCA cycle of the recombinant cyanobacter-
ium Synechocystis 6803 expressing the Pseudomonas ethylene-
forming enzyme (Efe)®. A new strain with a modified ribosome
binding site upstream of the efe gene diverts 10% of fixed
carbon to ethylene and shows increased photosynthetic activi-
ties. The highest specific ethylene production rate reached
71819 pl I"h™ per A5, Experimental and computational
analyses based on kinetic '>C-isotope tracer and liquid
chromatography coupled with mass spectrometry (LC-MS)
demonstrated that the TCA metabolism is activated by the
ethylene forming reaction, resulting in a predominantly cyclic
architecture. The outcome significantly enhanced flux through
the remodelled TCA cycle (37% of total fixed carbon) com-
pared with a complete, but bifurcated and low-flux (13% of
total fixed carbon) TCA cycle in the wild type. Global carbon
flux is redirected towards the engineered ethylene pathway.
The remarkable metabolic network plasticity of this cyanobac-
terium is manifested by the enhancement of photosynthetic
activity and redistribution of carbon flux, enabling efficient
ethylene production from the TCA cycle.

Engineering photosynthetic organisms offers an attractive
approach to couple carbon sequestration to the production of
fuels and chemicals®’. Initial efforts to improve photosynthetic pro-
ductivity involved heterologous expression of pathway enzymes.
However, high productivity of a target metabolite requires signifi-
cant redirection of flux in primary metabolism which may not
readily occur, depending on the flux redistribution at branch
nodes controlled by the rigidity of the metabolic network®. To
date, the rigidity versus flexibility of phototrophic metabolism
remains largely unknown, due to the paucity of model phototrophs
with significantly altered carbon fluxes, and the lack of high-resol-
ution tools to map photosynthetic metabolism. This knowledge
gap has led to the assumption of a hardwired photosynthetic
metabolic network®!?, potentially limiting engineering efforts.
Analysing interactions between host metabolism and an engineered
non-native pathway using the ethylene-producing cyanobacterium
Synechocystis sp. PCC 6803 (hereafter Synechocystis)>!"1? could
provide insights on the nature of phototrophic metabolism.
Heterologous expression of the Efe allows direct CO,-to-C,H, con-
version via the cyanobacterial TCA cycle, which was perceived as an
incomplete pathway with restricted activities'™ (Fig. 1). Here we
applied isotopically non-stationary '*C metabolic flux analysis
(INST-MFA)® to wild-type (WT) Synechocystis and an ethylene-
producing strain. We show global metabolic flux reprogramming

towards the engineered ethylene sink, drawing carbon from the
TCA cycle. Our results demonstrate a highly flexible metabolic
network, supporting efficient CO,-to-ethylene conversion.

We first constructed and characterized a series of ethylene-pro-
ducing strains (see Supplementary Methods), all of which were
genetically stable. The best strain JU547 harbours the Efe expression
cassette with an engineered ribosome binding site (RBS; see
Supplementary Methods and File 2). This strain produced 3.8-fold
more Efe than the baseline strain JU509 (Fig. 2a) and showed
3.9-fold higher specific ethylene productivity at 718 + 19 ulI™* h™
per A, (Fig. 2b). Despite high productivity, JU547 displayed identi-
cal photosynthetic growth rates as WT and other ethylene-producing
strains with a doubling time of 10.7 h, suggesting that ethylene pro-
duction does not pose a severe metabolic burden that impacts cell
growth. We next measured carbon partitioning for ethylene-
forming strains. As expected, JU547 diverted the most, 10% of the
fixed carbons, to ethylene (Fig. 2b). Based on a recently published
flux model®, this value far surpasses the theoretical maximum of
the carbon partitioning ratio (4%, calculated in Supplementary File
3), implying carbon flux is redirected to the engineered ethylene-
producing pathway.

To understand the metabolic context of ethylene production in
Synechocystis, we surveyed the central carbon metabolism in WT
using LC-MS that analysed the dynamic incorporation of
C-labelled nutrients (glucose, bicarbonate and selected amino
acids) into downstream metabolites. Feeding uniformly labelled
[*C]glucose resulted in rapid and complete labelling of sugar phos-
phates (Supplementary Fig. 2) with a labelling half-time of 0.5-2 min,
suggesting predominant activities of both glycolysis and the pentose
phosphate pathway. In comparison, metabolites in the TCA cycle
were labelled slowly, indicating limited flux distribution into the
cycle. Interestingly, the labelling kinetics of TCA cycle metabolites
depend on their locations in the pathway. Those in the right branch
(2-oxoglutarate; glutamate, derived directly from 2-oxoglutarate;
succinate) exhibited labelling half-times of >30 min, whereas the
left-branch metabolites (malate; and aspartate, derived directly from
oxaloacetate) were labelled more rapidly (labelling half-times of
~4 min). The latter is consistent with the activity of amphibolic
reactions that synthesize 4-C metabolites via phosphoenolpyruvate
carboxylase and malic enzyme. In agreement with this, the labelling
patterns of malate and aspartate are uniform, exhibiting three
carbon-labelled forms, likely to be due to fixation of unlabelled
CO, through carboxylation reactions. These labelled patterns are
distinct from those of 2-oxoglutarate and succinate that displayed
a dominant appearance of fully labelled isotope, indicative of their
genesis from the right branch of the TCA cycle. To further verify
this bifurcated architecture of the TCA cycle in photoautotrophic
growth, we fed [">Clbicarbonate alone to Symechocystis in the
light. Again, aspartate exhibited a labelling half-time much
shorter than that of succinate (Supplementary Fig. 4), supporting
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Figure 1 | Ethylene production in a transgenic cyanobacterium. CO, to C,H, conversion starts at the Calvin cycle driven by the light reactions of
photosynthesis (green boxes). Efe catalyses ethylene production (red arrows) via the TCA cycle (black arrows) recently identified to be closed by the OGDC
bypass?® (blue arrows) and the GABA shunt?’ (green arrows). Ethylene is formed according to the stoichiometric formula'®: 3 2-oxoglutarate +3 O, +
L-arginine — 2 ethylene + succinate + 7 CO, + 3 H,O + guanidine + pyrroline-5-carboxylate.

separating branches of the TCA cycle. Despite the presence of suc-
cinate dehydrogenase (Sdh)'*'%, our results indicate that the reac-
tion connecting succinate and fumarate is largely inactive under
light conditions.

Efe was proposed to rewire the TCA cycle by converting 2-oxo-
glutarate to succinate'®. To investigate how the engineered Efe inter-
acts with the host TCA cycle, we probed the in vivo activity of Efe in
JU547 by tracing dynamic incorporation of '>C,'*N-labelled gluta-
mate into the Efe and the TCA cycle-related metabolites. Labelled
glutamate can be taken up by a glutamate transporter!”!® and con-
verted by glutamate dehydrogenase, generating 2-oxoglutarate that
is either metabolized within the TCA cycle or used as a substrate
for ethylene production by the heterologous Efe (Fig. 3a). In WT,
labelled glutamate quickly appeared in the intracellular pool, fol-
lowed by rapid labelling of succinate that resulted in 29.1% of suc-
cinate labelled in all carbons within 2 min. This labelling ratio
remained steady for the rest of the experiment. We also examined
the labelling pattern of additional TCA cycle intermediates.
However, neither labelled fumarate (data not shown) nor malate
(Fig. 3b) was detectable after 30 min. Again, this metabolic discon-
tinuity between succinate and fumarate is consistent with
Synechocysits harbouring a predominantly bifurcated TCA metab-
olism in the light. Similarly, a "°C tracer of glutamate to JU547
resulted in rapid appearance of labelled intracellular glutamate, indi-
cating that isotopic glutamate was readily assimilated by the mutant.
However, the labelling kinetics of succinate and malate were altered
signiﬁcantly from WT. During a 30-min time course, the ratio of
['°Clsuccinate kept increasing and eventually 56.7% of succinate
was labelled in all carbon atoms. This percentage was significantly

2

higher than the 29.1% observed in WT. To exclude the possibility
that faster turnover of succinate in JU547 could be due to a
smaller pool size, we measured intracellular metabolite concen-
trations for both strains (Supplementary Table 5). No excreted
metabolites were found in significant amounts. The succinate level
in JU547 was 0.39 pmol per g dry weight (Fig. 3c), almost double
that in WT (0.20 pmol per g dry weight). These data supported
that flux from 2-oxoglutarate to succinate was dramatically
increased by Efe activity, consistent with its reaction formula
(Fig. 1, legend)'®. We also monitored the labelling of downstream
metabolites. Unlike in WT, fully labelled malate, which accounted
for 18.9% of the total malate pool, appeared 30 min after glutamate
labelling. This observation indicates an altered topology of the TCA
cycle in the ethylene-forming strain: instead of a bifurcated architec-
ture, a clockwise cyclic flux proceeds to malate, presumably due to
the upregulation of Sdh activity by the increase in succinate levels.

We adapted isotopomer network computational analysis
(INCA)*¥ to quantitatively map photoautotrophic metabolism
on the addition of [**C]sodium bicarbonate (Fig. 4a). The identified
fluxes with tight error bounds are reliably defined by input of exper-
imental data. In JU547, the measured net carbon fixation rate
was 43 mmolg™ dry weighth™ a 16% increase over WT
(3.7 mmol g™ dry weight h™'; Fig. 4d). These data are consistent
with enhanced photosynthetic activity (Fig. 4e; JU547 harboured
19% more chlorophyll a per cell and produced O, at a rate 19%
higher than WT) and increased expenses of energetic co-factors
(Fig. 4c; JU547 consumed approximately 14% more ATP and 18%
more NADPH than WT). CO, influx towards phosphoglycerate for-
mation is diverted: a decreased portion of the flux recycles to drive

NATURE PLANTS | www.nature.com/natureplants


http://dx.doi.org/10.1038/nplants.2015.53
http://www.nature.com/natureplants

NATURE PLANTS poi: 10.1038/NPLANTS.2015.53 LETTERS

2 Da

250
150
100

70

50

30

CoHaul ™ per Agsg oy

900 12

M Specific ethylene productivity

800 | m Carbon partition

L 10
700
n(')
600 S
2
500 - <
(a)
400 - S
3
(=]
300 - S
<
200 -
100 -
O ,
o
S
<5
N

Figure 2 | Efe expression and ethylene productivity. a, SDS-polyacrylamide gel electrophoresis of soluble proteins extracted from Synechocystis WT and
ethylene producers. Red arrow points to the visible band of Efe, which is also detected by the western blot using the antibody against FLAG-tagged
(Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys) Efe. b, Specific ethylene productivity (left y-axis) and carbon partition ratio (right y-axis) of ethylene-producing strains
(measured under light intensity of 50 pEm‘2 s™). Error bars represent biological triplicates.

the carbon fixation cycle, whereas an increased portion is directed
downstream towards the TCA cycle and ethylene production.
Within the TCA cycle of the ethylene-producing strain (Fig. 4a),
the fluxes through the oxidative branch are significantly higher
than those in WT. The ethylene producer channelled a higher pro-
portion of total fixed carbon into the TCA cycle via citrate synthase
(37% in JU547 versus 13% in WT, Fig. 4d) and absolute fluxes
through pyruvate dehydrogenase, citrate synthase, aconitase and
isocitrate dehydrogenase were 1.8-, 3.8-, 3.8- and 3.8-fold of corre-
sponding WT values, respectively (Fig. 4b). The production of suc-
cinate from 2-oxoglutarate can occur via Efe or succinic
semialdehyde dehydrogenase; net fluxes through succinate
account for 2.1% CO, influx in JU547, and then reach the left
branch to form a predominantly cyclic TCA cycle. We also esti-
mated flux ratios in other metabolic nodes that reflect the rigidity
of the network structure. Compared with WT, the portion of
acetyl coenzyme A directed to the TCA metabolism increased by
117.7% (55.3 versus 25.4%) in the ethylene-producing strain.
Unexpectedly, the ratio of enolase to glyceraldehyde 3-phosphate
dehydrogenase flux in the distant phosphoglycerate node also
increased significantly (12.2 versus 8.8%) in the ethylene-producing
strain, suggesting redistribution of global carbon fluxes towards the
newly constructed ethylene sink. These data collectively demon-
strate metabolic network plasticity in Synechocystis in response to
a genetic perturbation in the TCA cycle.

In summary, we engineered and characterized an ethylene-pro-
ducing strain with a synthetic RBS upstream of the efe gene and
demonstrated improved ethylene production during autotrophic
growth. Using '*C-metabolomics techniques we confirmed that
Efe serves as a link bridging 2-oxoglutarate and succinate in the
TCA cycle, remodels its architecture and increases the carbon flux
through the cycle. Overall, this systems-level study uncovers the
pathways by which ethylene can be efficiently produced from CO,
and sunlight in an engineered cyanobacterium, and demonstrated
the remarkable plasticity of the metabolic network in response to
increased demands for carbon and high-energy molecules that
were realized by increased photosynthetic activities and globally
redistributed carbon fluxes.
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Metabolic engineering towards production of target metabolites
requires integration of an engineered biochemical pathway into the
metabolic network of the host strains. Therefore, a general principle
for metabolic engineering design is to start with pathways that
already show high flux so that efforts to strengthen native pathways
can be minimized. Accordingly, in cyanobacteria, most efforts have
been aimed towards producing compounds (for example sucrose?,
fatty acids?!, alcohol?*?* and lactate?®) that are derived from the
more active pathways under photosynthetic growth conditions.
Although the TCA cycle is a ubiquitous metabolic pathway enabling
oxidation of acetyl coenzyme A to CO,, biosynthesis from the cycle
was rarely attempted, presumably because of the common assump-
tion that it is less active in photosynthetic metabolism?. In cyano-
bacteria, the TCA cycle has been perceived to be interrupted
between 2-oxoglutarate and succinate because of the absence of a
functional 2-oxoglutarate dehydrogenase complex that converts
2-oxoglutarate to succinyl coenzyme A2 Recent studies supported
that the gap between 2-oxoglutarate and succinate may be filled by
two independent pathways, the 2-oxoglutarate decarboxylase
(OGDC) bypass?*® and the y-aminobutyrate (GABA) shunt?
(Fig. 1), although in vivo operation of the cycle remains obscure.
Indeed, our flux analysis with phototropically grown Synechocystis
indicates low reaction rates in the TCA cycle, and for the first
time provides direct evidence of a bifurcated structure that might
barely meet essential growth demands (for example biosynthesis
of amino acids such as glutamate, aspartate and arginine).
Nevertheless, as hinted by genetic and environmental perturbations
on higher plants?, control of fluxes into the TCA cycle may not be
rigid. Here we demonstrate for the first time, in cyanobacteria, that
the architecture and fluxes of the TCA cycle were significantly
altered towards an engineered ethylene sink. Unexpectedly, these
changes redirected 37% of fixed carbons into the cycle and
allowed a significant portion (10%) of fixed carbons to channel as
ethylene via the cycle, revealing the metabolically malleable
nature of this unicellular phototroph. With this new knowledge
of metabolic flexibility, the potential of low-flux pathways such as
the TCA cycle for cyanobacterial metabolic engineering should be
re-evaluated. In addition, the TCA cycle couples to the
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Figure 3 | The TCA cycle fluxes analysed by glutamate labelling. a, Overview of pathways by which uniformly labelled C, "N glutamate is incorporated
into metabolites. Labelled glutamate is taken into cells via a glutamate transporter (GT), converted to 2-oxoglutarate by the glutamine synthase/glutamine
2-oxoglutarate aminotransferase (GS/GOGAT) cycle and the glutamate dehydrogenase (GDH), then enters the TCA cycle to form succinate, malate and
other TCA metabolites. Succinate can also be formed via the Efe reaction (red arrow, arginine-involved Efe reaction is not shown in this figure). b, Dynamic
incorporation of U-[">C,"®N]glutamate into intracellular glutamate, succinate and malate pool. Comparison of labelling patterns in the WT and the ethylene-
producing strain indicates that Efe drives the TCA cycle in a clockwise direction. ¢, Intracellular levels of succinate in WT and JU547 strains. Data presented

here indicate results from three biological replicates.

photosynthetic electron transport chain via Sdh, which reduces the
plastoquinone pool'*'® by oxidizing succinate and showed
increased flux on ethylene production. Synergistic enhancement
of the TCA cycle and photosynthesis supports that targeting
respiratory metabolism can be a valid means to improve
photosynthesis?*3.

4

The above findings raise an intriguing question of why cyanobac-
teria would preserve such a flexible metabolic network. These organ-
isms are adapted to diurnal cycles in natural environments. When
photosynthesis supplies sufficient reducing equivalents and ATP,
the TCA cycle maintains low fluxes for biosynthesis. At night the
energy demands for cell maintenance are met primarily by
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Figure 4 | Comparison of metabolism of Synechocystis WT and the ethylene-producing strain JU547. a, Flux map of the TCA cycle and C4 pathways in
JU547 made by kinetic ™C flux profiling on ['*C]bicarbonate and photoautotrophic growth. Arrow thickness is scaled proportionally to the net flux. The red
arrows indicate that the fluxes in JU547 show the increment compared with control fluxes in WT. The blue arrows indicates the opposite. The flux for each
reaction is denoted by v;, enolase; v,, pyruvate kinase; v5, phosphoenolpyruvate carboxylase; v,, pyruvate dehydrogenase; vs, malic enzyme; v, citrate
synthase; v;, aconitase; vg, isocitrate dehydrogenase; vq: ethylene forming enzyme, v, succinate producing reactions, v;;: succinate dehydrogenase; v;,,
fumarase; v,3, malate dehydrogenase. Complete fluxomes covering upstream pathways and biomass formation are shown in Supplementary Fig. 3 and
Supplementary Fig. 4. b, Net fluxes of WT and JU547 in the TCA cycle. *Succinate-producing reactions are those converting 2-oxoglutarate to succinate and
include succinic semialdehyde dehydrogenase and Efe. ¢, Net ATP and NADPH consumption in WT and JU547. d, CO, fixation rate (left y-axis) and
percentages of total fixed carbons that enter the TCA cycle (right Y axis) in WT and JU547. (Note: Crca cyeie” Crotal fixation = FUXcitrate synthase X 6/ (FluXgpisco +
Fluxpepc). “x6" indicates that citrate, the product of citrate synthase, contains 6 carbons per 1 molecule.) e, O, evolution rate (left y-axis) and chlorophyll

a content (right y-axis) measured for WT and JU547.

respiration, including a more active TCA cycle?”. Here we show that
a photosynthetic cyanobacterium is also endowed with metabolic
plasticity, readily adapting to genetic modification of the respiratory
pathway. Better understanding of regulation in cyanobacterial
metabolism will facilitate further development of photosynthetic
biotechnology for renewable production of fuels and chemicals.

Methods
Culture conditions and growth analysis. Unless indicated, all Synechocystis
strains were grown in BG11 medium (Sigma) supplemented with 20 mM NaHCO,,
46g ! N-[Tris(hydroxymethyl)methyl]-2-aminoethanesulfonic acid (TES) at
30°C, and 5% CO, under 50 yEm > s illumination from cool white fluorescent
lamps, with shaking for liquid cultures or without shaking for plates. For ethylene-
forming strains, plates were supplemented with 50 mg 1! spectinomycin and liquid
cultures were supplemented with 25 mg 1™ spectinomycin. JU521 and JU526 were
grown with an additional 200 mg 1™ kanamycin. Growth curves were recorded by
measuring optical densities at 730 nm with a Beckman DU-630 spectrophotometer.
Chlorophyll a levels were measured spectrophotometrically in 100% methanol
extracts of the cells (1 mg ml™ chlorophyll a has an Ag; ., of 82). Whole-chain
oxygen evolution rates were measured by a Clark-type electrode (Dissolved Gas
Analyzer 1.0, Algae Light and Gas Instruments) at room temperature with a
saturating illumination of 2000 puEm > s™".

For details of construction of the Synechocystis ethylene-producing strains and
western blot see the Supplementary Methods.

Ethylene production and carbon partitioning assays. The ethylene production
assay was performed as previously described®. For carbon partitioning
measurements, total CO, was calculated as the sum of the dissolved + gaseous CO,
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in a sealed system. Dissolved CO, was determined by transferring 2 ml of the culture
to a sealed 13 ml Hungate tube and adding 2 ml of concentrated HCI (11.1 M) to
release any inorganic carbon out of solution. Headspace gas (500 pl) was then
injected into a gas chromatograph to quantify total CO,. This quantitative approach
was validated using blank BG11 medium spiked with known amounts of sodium
bicarbonate; the recovery efficiency was >95%. Net CO, uptake by Synechocystis was
calculated as the difference between the initial and remaining CO, amounts after a
period of ethylene production in a sealed tube. A 2:1 molar ratio of CO, to ethylene
was assumed when calculating the percentage of fixed carbon converted to ethylene.

Dynamic isotope labelling. To perform stable-isotope labelling experiments using
labelled substrates (U-["*C]glucose, U-["*C,"*N]glutamate and ['*C]bicarbonate
(Cambridge Isotope Lab, Inc.)), 200 ml aliquots of exponentially growing culture at
an A,y . of ~1.0 were harvested by centrifugation (4,000 g for 10 min) at room
temperature. The cell pellets were resuspended and placed into 200 ml of fresh BG11
medium. After 5 min of equilibration, 25 ml of culture was removed and passed
through a 47-mm-diameter round hydrophilic nylon filter (Whatman 7408-004
Nylon Membrane 0.8 um), which was subsequently submerged into 2.0 ml of -80 °C
precooled methanol to quench metabolism. Filters remained at —80 °C for at least an
hour. Sterile isotopic substrates were then added to the remaining 175 ml of culture
(for U—[”C]glucose, U—[13C,15N]glutamate and ["*C]bicarbonate, final
concentrations were 5 mM, 0.5 mM and 20 mM respectively). Aliquots (25 ml) of
labelled cells were removed from the culture, harvested by filtration and
subsequently quenched by cold methanol at defined time points (for example 20 s,
1 min, 2 min, 8 min, 30 min) as described above.

Metabolite extraction and LC-MS analysis. See Supplementary Methods.

Data analysis and metabolic flux modelling. See Supplementary Methods.
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