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ABSTRACT: Cyanobacteria are attractive hosts for photosyn-
thetic terpenoid production, using CO, as the sole carbon source.
Although the methylerythritol phosphate (MEP) pathway is
superior to the mevalonate pathway for cyanobacterial terpenoid ,
synthesis, the first reaction of the MEP pathway, which is catalyzed ~

by 1-deoxy-D-xylulose-S-phosphate (DXP) synthase, involves €0 K [ s

complex regulation and carbon loss. Here, we constructed a direct 7 4 \‘\ ;

route linking ribulose-S-phosphate (RuSP) in the Calvin—Benson ( \'T' Pinene
(CB) cycle with DXP in the MEP pathway in a cyanobacterium to PYR Isopentenol

increase the terpenoid yield from CO, and bypass the DXS-
targeted regulations. By employing the adaptive laboratory
evolution, we identified new RibB variants including RibB 90—
92del with a high activity of synthesizing DXP from RuSP. These
RibB variants were introduced into Synechococcus elongatus, resulting in the significantly increased photosynthetic production of
isopentenol. The '3C tracer experiments demonstrated a direct carbon flow from RuSP in the CB cycle to the MEP pathway; thus,
this direct route was denoted as the RuSP shunt. The strain harboring the RuSP shunt produced 105.2 mg L™" of isopentenol with
an average rate of 17.5 mg L™" d™' under continuous light conditions, which is higher than those ever reported for five-carbon
alcohol production by photoautotrophic microorganisms. Utilization of the RuSP shunt in cyanobacterial cells also improved the
pinene production, which demonstrates that this shunt can be used to enhance the photosynthetic production of diverse terpenoids.

\\ Synechococcus elongatus i .
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y I Verpenoids are a large and diverse family of natural (C15),"" and triterpene squalene (C30).'®'” Our previous

compounds found in plants and other free-living study has shown that compared with the MVA pathway, the
organisms."” They are used as pharmaceuticals, nutraceuticals, MEP pathway is superior to the cyanobacterial isoprene
fragrances and flavors, agrochemicals, and more recently, synthesis from CO, due to a 50% increase in carbon efficiency
potential advanced biofuels.” For example, isopentenol and and relatively large precursor pools.”” Among the MEP
pinene, which are hemiterpene alcohol and monoterpene, pathway enzymes, 1-deoxy-p-xylulose-S-phosphate (DXP)
respectively, are attractive for fuel applications due to their synthase (DXS) is a key control point in the pathway, which

high energy density and low hygroscopicity.”™" The universal catalyzes the condensation of glyceraldehyde-3-phosphate
building blocks of all terpenoids are isopentenyl diphosphate (GAP) and pyruvate into DXP, with a concomitant loss of
(1PP) a'nd dir.netl.lylallyl diphosphate (DMAPP), which can be CO,. DXS has been found to be subject to transcriptional and
synthesized via glther the mevalonate (MVA) Pathwag’gor the post-translational regulations as well as feedback inhibition by
methyl—D—erythrljcol 4p h‘osp hate (MEP) pathway. © The prenyl phosphates.”” The imbalance in the intracellular supply
former pathway is found in archaea, animals, fungi, and plant of GAP and pyruvate may also limit the rate of DXS

cytosol, while the latter pathway is present in most bacteria, 132122 o ctudies have shown that the erowth
algae, and plant plastids. &

Cyanobacteria are attractive hosts for terpenoid production —
because they offer the advantage of photosynthetic terpenoid Received: November 9, 2023 Syihetictioogy
production, using CO, as the sole carbon source and sunlight Revised:  January 28, 2024 i
for energy.'”"" Metabolic engineering has enabled the creation Accepted: February 1, 2024
of high-performance cyanobacterial systems that directly Published: February 16, 2024
convert CO, into various terpenoids including hemiterpene
isoprene (cs),'>" monoterpenes (C10),"*" sesquiterpenes

reaction.
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Figure 1. RuSP shunt for terpenoid synthesis in S. elongatus. Pathway intermediates: RuSP, ribulose-S-phosphate; PGA, 3-phosphoglyceric acid;
GAP, glyceraldehyde-3-phosphate; PYR, pyruvate; DXP, deoxyxylulose-S-phosphate; MEP, methylerythritol-4-phosphate; CDP-MEP,
diphosphocytidylyl methylerythritol 2-phosphate; MEcPP, methylerythritol 2,4-cyclodiphosphate; HMBPP, 4-hydroxy 3-methylbutenyl
diphosphate; IPP, isopentenyl diphosphate; DMAPP, dimethylallyl diphosphate. Enzymes: DXS, DXP synthase; DXR, DXP reductase; IspD,
diphosphocytidylyl methylerythritol (CDP-ME) synthase; IspE, CDP-ME kinase; IspF, MEcPP synthase; IspG, HMBPP synthase; IspH, HMBPP
reductase; IDI, isopentenyl diphosphate isomerase.

a b
Mevalonate 2.0 BB WT
—— /] -
=e= 1000 pM —e— 1ibB G108S ps
=& 100pM 1.5+ —o—  1ibB N8TK
—+— 10uM ribB T88P
. —— O0mM 3 —o—  1ibB 90-92del
3 3 1.0
a [m)
o o
i 0.5
1
1
i
ok bk bk 00 B0 B0 B0 B8 BN 0.0
12 14 16 18 20 22 24 26 28 0 2 4 6 8 10 12
Time (days) Time (hr)
c — RbBWT d
— RibB G108S 06
250000 — —— RibB T88P
—— RibB N87K _ 057
200000 - —— RibB 90-92del e
‘€ 04—
2 150000 >'o
g K K S € 03+
/ 7 7 / " 0 o
£ 100000 ; g TV ; P <X
- / 7 - / - - (=)
. " " L ~ B = 02
50000 ~ ~ ) ” ~ =
, ) , , , E
> ~ 0.1
0 T T T ] T | nd.
0 5 10 15 20 25 30 0.0 : : : :

Figure 2. Evolution results and verification of the generated RibB variants. (a) Evolution of the E. coli AdxsAaceE/pMvaB strain in the medium
supplemented with decreasing amounts of mevalonate. The ODy, of cultures was monitored. The culture without mevalonate supplementation is
indicated by a purple line. (b) Growth curves of E. coli AdxsAaceE/pMvaB expressing individual ribB mutants in the absence of mevalonate. The
culture medium contained xylose as a carbon source. The strain overexpressing wild-type ribB was used as a control. Data shown are mean =+ s.d. (n
= 3 independent experiments). (c) LC-MS extracted ion chromatograms (EICs) for DXP (m/z 213.017) produced from the incubation of RuSP
with each of the purified RibB variants. The wild-type RibB was used as a control. (d) DXP-producing activity of the purified RibB variants. Data
shown are mean + s.d. (n = 3 independent experiments). n.d., not detectable.
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Table 1. Mutations in Five Evolved Strains

gene number of strains mutation annotation

cpX 1 G269C ATP-dependent Clp protease ATP-binding subunit ClpX

fadE 1 Al180V acyl-CoA dehydrogenase

ydaW 1 S158fs” putative uncharacterized protein YdaW

atpD 1 339—349del” ATP synthase F1 complex subunit

marR 1 L127pP DNA-binding transcriptional repressor MarR

clpP 1 R132H ATP-dependent Clp protease proteolytic subunit

penB S R124H poly(A) polymerase I

malT S L822P DNA-binding transcriptional activator MalT

ribB S G108S, T88P, N87K, 90—92del” 3,4-dihydroxy-2-butanone-4-phosphate synthase

s, frameshift. °del, in-frame deletion.

of Escherichia coli DXS-defective mutants could be rescued by
mutations in aceE and ribB genes, which encode the catalytic
El subunit of pyruvate dehydrogenase (PDH) complex and
the 3,4-dihydroxy-2-butanone 4-phosphate synthase, respec-
tive1y.23_25 An RibB mutant, G108S, which was capable of
converting ribulose-S-phosphate (RuSP) to DXP in vitro, has
been expressed in E. coli and Pseudomonas putida for increasing
terpene yield from sugars.”>>°

In this study, we reason that a direct route from a pentose
phosphate in the Calvin—Benson (CB) cycle to DXP may
increase the terpenoid yield from CO, and bypass the DXS-
targeted regulations in cyanobacterial cells. By employing
adaptive laboratory evolution, we identified new RibB variants
with high activities of synthesizing DXP from RuSP. These
RibB variants were expressed in Synechococcus elongatus PCC
7942, which resulted in a significant increase in the
photosynthetic production of isopentenol. The "*C tracer
experiments demonstrated a direct carbon flow from RuSP in
the CB cycle to the MEP pathway. This direct route was
denoted as the RuSP shunt. Utilization of the RuSP shunt in
cyanobacterial cells also improved the photosynthetic
production of pinene.

B RESULTS

Comparing Ru5P Shunt with Conventional MEP
Pathway for Cyanobacterial Terpenoid Synthesis from
CO,. For each DXP synthesized through the conventional
MEP pathway, six CO, molecules need to be fixed by ribulose
1,5-bisphosphate carboxylase/oxygenase (Rubisco) in the CB
cycle, and 11 molecules of NADPH and 16 ATP are required
(Figures 1 and S1). By contrast, S CO, molecules, 10 NADPH,
and 15 ATP are required for the synthesis of DXP through the
RuSP shunt. Thus, the RuSP shunt is more carbon- and
energy-efficient than the conventional MEP pathway. More-
over, our previous study showed that the intracellular
concentration of GAP was over 30-fold lower than that of
pyruvate in S. elongatus PCC 7942 growing under light,"
whereas bacterial DXSs exhibit similar affinities toward both
substrates.”” The availability of GAP may thus limit the
terpenoid biosynthetic flux in cyanobacterial cells. On the
other hand, the intracellular pentose phosphate pool was
relatively abundant (~172.8 uM) in S. elongatus PCC 7942
growing in constant light, which was analyzed by liquid
chromatography—mass spectrometry (LC—MS). The relatively
large pool of pentose phosphates could provide a driving force
for terpenoid synthesis through the RuSP shunt.

Adaptive Evolution in E. coli Leads to RibB
Mutations. We used the adaptive laboratory evolution
approach to isolate genetic mutations for the RuSP shunt.

878

Previous studies have shown that the mutation in the catalytic
El subunit of the PDH complex is the most common
mechanism to overcome DXS deficiency””** because the
mutated PDH could produce 1-deoxy-pD-xylulose (DX) from
pyruvate and bp-glyceraldehyde and DX can then be
phosphorylated to DXP by a xylulokinase.28 Thus, we
constructed an E. coli AdxsAaceE strain harboring the genes
for the bottom MVA pathway, which can grow in the presence
of exogenously supplied mevalonate and acetate. The strain
was cultivated in a medium containing xylose as a carbon
source. The amount of supplied mevalonate was sequentially
reduced until the cultures could grow in the absence of
mevalonate (Figure 2a). From five independent cultures that
overcame mevalonate auxotrophy, the clonal strains were
isolated and genomically sequenced. All of the strains were
found to acquire the mutations in three genes (Table 1).
Among these genes, pcnB and malT encoding poly(A)
polymerase I and a transcriptional activator, respectively,
have been commonly found to be mutated in previous
laboratory evolution experiments,””*° and their mutations are
not specifically involved in the phenotypic change observed
here. Mutations in ribB encoding 3,4-dihydroxy-2-butanone 4-
phosphate synthase (DHBPS) were identified in all five strains,
which included amino acid substitution (G108S, T88P, and
N87K) and in-frame deletion (90—92del). Although the
G108S mutant of RibB has been characterized previously,”**>
the latter three mutations in RibB for complementation of
DXS deficiency have not been identified before.

We found that the expression of individual ribB mutants was
sufficient to rescue the growth of E. coli AdxsAaceE in
mevalonate-lacking medium with xylose as a carbon source,
whereas the strain overexpressing wild-type ribB was unable to
grow under the same condition (Figure 2b). Interestingly, the
growth rates of the strains expressing ribB N87K, T88P, and
90—92del were significantly higher than that of the rib G108S-
expressing strain. RibB G108S has been shown to convert
RuSP to DXP in vitro.”” To test whether other RibB variants
catalyze the same reaction, we performed biochemical assays
using purified recombinant RibB proteins (Figure S2).
Incubation of RuSP with each of the RibB variants N87K,
T88P, and 90—92del resulted in the formation of DXP, which
was identified by liquid chromatography—mass spectrometry
(LC—MS) (Figure 2c). Moreover, the three RibB variants
exhibited higher DXP-producing activities than those of RibB
G108S (Figure 2d), which is consistent with the observed fast
growth of DXS-deficient strains expressing the three variants
(Figure 2b). The highest activity of synthesizing DXP from
RuSP was observed for RibB 90—92del (Figure 2d). Similar to
RibB G108S,” the three RibB variants were incapable of
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Figure 3. Proposed conversion of RuSP to DXP by RibB variants. (a) Location of the mutated amino acid residues in the RibB variants. N87, T88,
A90, Y91, and G92 are on Loop2 (brown). Homology modeling of E. coli RibB was based on the structure of Vibrio cholerae RibB in complex with
RuSP and metal ions (Protein Data Bank (PDB), 4P8E). (b) LC-MS analysis of DiMP (m/z 211.001) formed from incubation of RuSP with RibB
variants. (c) Correlation of the DXP-producing activities of individual RuSP variants and DiMP concentrations in the respective reaction mixtures.
(d) Proposed DiMP-involved conversion of RuSP to DXP. RibB variants could not support the sigmatropic 1,2-skeleton rearrangement of DiMP,
resulting in the accumulation of DiMP that is converted to DXP through an unknown mechanism.

converting xylulose-S-phosphate (XSP) or ribose-S-phosphate
(RSP) to DXP.

RibB is originally responsible for the conversion of RuSP to
formate and 3,4-dihydroxy-2-butanone 4-phosphate (DHBP),
the latter of which is a biosynthetic precursor of riboflavin.’!
Among RibB proteins from diverse sources, amino acid
residues N87, T88, A90, Y91, and G92 are highly conserved.
These residues are located on Loop2 of DHBPS (Figure 3a).
Previous studies have shown that the closing of Loop2 with an
ordered conformation, which was observed in the presence of
RuSP and metal ions, is essential for the catalytic activity of
DHBPS.*” The G108 residue has also been found to be critical
for the closed conformation of Loop2.”® Thus, we speculate
that mutations of N87, T88, A90, Y91, G92, and G108 may
change the complex of DHBPS with RuSP and metal ions,
leading to diminished formation of DHBP and the release of
the reaction intermediates. Indeed, we observed the accumu-
lation of a compound with a mass-to-charge ratio (m/z) of
211.001 in the reaction mixture containing the RibB variants
and RuSP (Figure 3b). Moreover, the DXP-producing
activities of individual RibB variants and the concentrations
of the m/z = 211.001 compound in the respective reaction
mixtures were strongly and positively correlated (Figure 3c).
This compound is probably the 2,3-diketo intermediate of the
DHBPS reaction, 1-deoxy-p-glycero-2,3-pentodiulose S-phos-
phate (DiMP), which is generated from RuSP through
enolization, protonation, and dehydration (Figure 3d).**
Therefore, the mutations in RibB might result in the binding
of RuSP to metal ions in incompact conformation, which could
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not support the sigmatropic skeletal rearrangement of DiMP
for generation of the final products, formate and DHBP.*
DiMP is thus accumulated and reduced to form DXP (Figure
3d).

Introduction of RibB Variants into S. elongatus for
Improving Isopentenol Production. To construct the
RuSP shunt for cyanobacterial isopentenol production, the
gene encoding E. coli NudB along with each ribB mutant was
expressed under the control of P, promoter and integrated
into the genome of S. elongatus PCC 7942 (Figure S3). The
isopentenol, including isoprenol and prenol, can be formed
from dephosphorylation of IPP and DMAPP by the Nudix
hydrolase NudB (Figure 1).°> We cultivated the recombinant S.
elongatus strains in BG-11 medium containing NaHCO; under
continuous light and measured isopentenol production and cell
growth. Among these strains, the best producer was strain SI02
expressing nudB and ribB 90—92del, which showed a 1.9-fold
higher rate of isopentenol production than strain SIOL
expressing nudB only (Figure 4a). Expression of other ribB
mutants (G108S, T88P, and N87K) also significantly increased
the isopentenol production. A slight reduction of cell growth
rate was observed for the strains expressing nudB and ribB
mutants compared to strain SI01 (Figure 4b). In contrast, the
strain overexpressing dxs showed severely impaired cell growth,
although the cellular isopentenol productivity of this strain was
comparable to that of strain SI02. The growth impairment of
the dxs-overexpressing strain could be due to the accumulation
of MEP pathway intermediates and the depletion of GAP and
other central carbon metabolites (Figure S4).
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Figure 4. Construction of the RuSP shunt for improving isopentenol production in S. elongatus. (a) Isopentenol production by S. elongatus strains
expressing nudB with individual ribB mutants. The nudB row indicates the inclusion (+) of E. coli nudB or absence (—) of the gene. The ribB row
indicates the expressed ribB mutant or the absence (—) of the mutated ribB. The dxs row indicates the overexpression of endogenous dxs (+) or not
(=). The wild-type S. elongatus did not produce a measurable amount of isopentenol. (b) Growth curves of S. elongatus strains. (c) Intracellular
concentrations of MEP pathway intermediates in strain SIO1 expressing nudB only and strain SI02 expressing nudB with ribB 90—92del. IPP and
DMAPP were not differentiated by the LC-MS method used. (d) Relative concentrations of CB cycle intermediates in the strain SI02 compared to
those in the strain SI01. G6P and F6P, GAP and dihydroxyacetone phosphate (DHAP), as well as RuSP, XSP, and RSP were not differentiated by
the LC-MS method used. S7P, sedoheptulose-7-phosphate; E4P, erythrose-4-phosphate. (e) Effect of overexpression of dxr, ispG, and ispH on
isopentenol production by the strains expressing nudB with ribB 90—92del. The dxr row indicates the overexpression of endogenous dxr (+) or not
(=). The ispG and ispH rows indicate the source organism for the gene or the absence of the exogenous gene (—). T.e, Thermosynechococcus

elongatus; E.c, E. coli; and S.e., S. elongatus. Data shown in panels a—e are mean =+ s.d. (n = 3 independent experiments).

To obtain a comprehensive view of the metabolic
consequence of the introduction of RibB variants, we
compared intracellular metabolomes between the strains SI02
and SI01. The intracellular concentrations of the MEP pathway
intermediates including DXP, MEP, 4-diphosphocytidyl
methyl-p-erythritol (CDP-ME), and methylerythritol 2,4-
cyclodiphosphate (MEcPP) were increased 2.2—2.8 fold by
expression of the ribB mutant (Figure 4c). Thus, the
introduction of the RibB variant probably increased the carbon
flux through the MEP pathway, leading to enhanced
isopentenol production in S. elongatus. On the other hand,
the expression of ribB mutant had only a modest effect on the
pools of the CB cycle intermediates (Figure 4d). Particularly,
the intracellular concentrations of RuSP, RSP, and XSP were
not changed significantly in strain SI02 compared to those in
strain SIOL.

To further increase the MEP pathway flux toward
isopentenol synthesis, we overexpressed the dxr, ispG, and
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ispH genes, which encode DXP reductase, 4-hydroxy-3-
methylbut-2-enyl-diphosphate synthase, and 4-hydroxy-3-
methylbut-2-enyl-diphosphate reductase, respectively, due to
the substantial accumulation of DXP and MECPP in strain
SI02. The strain overexpressing dxr did not show an increase in
isopentenol production compared to strain SI02. However, the
overexpression of both ispG and ispH significantly enhanced
isopentenol production (Figure 4e). A 1.6-fold increase in the
isopentenol production rate was observed for strain SI12
overexpressing ispG from T. elongatus BP-1 and endogenous
ispH compared to strain SI02.

13C-Labeling Experiments Confirm the Operation of
the Ru5P Shunt. To confirm the activity of the RuSP shunt
in vivo, we conducted '*C-labeling experiments using [*C]-
bicarbonate or uniformly labeled (U) [U-"*Clglucose as
tracers. The cultures of S. elongatus strain SIO1 expressing
nudB only and strain SI02 expressing nudB with ribB 90—92del
were supplemented with ["*C]bicarbonate under continuous
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light. At various time points after tracer administration,
intracellular metabolites were rapidly extracted and then
analyzed by LC-MS. Through the reaction catalyzed by
carbonic anhydrase, ['*Clbicarbonate was converted to
BCO,, which was subsequently assimilated through the CB
cycle (Figure 5a). We observed that the C label was
incorporated into the CB cycle intermediates, reaching the
isotopic steady state within 4 min. The extent of RuSP labeling
was lower in strain SIO2 than that in strain SIO1 (Figure ),
which is probably due to the metabolic flux of glycogen into
RuSP through the glycogen catabolic pathway and the
oxidative pentose phosphate pathway.’**° Consistently, the
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intermediates of both pathways, including glucose-6-phosphate
(G6P), fructose-6-phosphate (F6P), and 6-phosphogluconate,
were also less labeled in strain SI02 than in strain SIO1. We
found that the '*C enrichments of GAP and DXP were similar
in strain SIO1 (Figure Sb), which is consistent with DXP
synthesis from GAP and pyruvate. By contrast, the extent of
DXP labeling was significantly lower than that of GAP in strain
SI02, indicating that the carbon flow through the RuSP shunt
resulted in a decrease in the labeled fraction of DXP.
Although S. elongatus is an obligate photoautotroph, it can
take up exogenous glucose with a low rate.”” We switched
photosynthetic cyanobacterial cells to medium containing
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[U-"*C]glucose in the dark. The dark condition was used to
reduce the dilution of "*C label in central metabolites from
CO,. The central metabolites reached the isotopic steady state
within 4 h under this condition. [U-"*C]glucose was routed
through the oxidative pentose phosphate pathway, resulting in
the formation of labeled RuSP.***” We observed that the
extent of RuSP labeling was higher in strain SI02 than that in
strain SIO1, whereas the *C enrichment of GAP was similar in
both strains (Figure Sc). Interestingly, DXP was significantly
more labeled than GAP and the *C-labeled fractions of DXP
and RuSP were similar in strain SI02. Together, the results of
the *C-labeling experiments demonstrate carbon flow through
the RuSP shunt in the S. elongatus strain expressing RibB 90—
92del.

Long-Term Photosynthetic Isopentenol Production
through the Ru5P Shunt and MEP Pathway. We
cultivated the leading strain SI12 expressing nudB, ribB 90—
92del, ispG, and endogenous ispH from the P, promoter in the
BG-11 medium containing 100 mM NaHCO; for 6 days under
continuous illumination (Figure 6). The concentrations of AS
trace metals (Mn®**, Zn>*. Co**, Cu*, BO;*", M0oO,*") in
medium were increased to improve cofactor availability."’
Cumulative isopentenol production of strain SI12 reached
105.2 mg L™! on day 6 (Figure 6), which is higher than those
ever reported for five-carbon alcohol production by photo-
autotrophic microorganisms.”’ The average rate of the
photosynthetic isopentenol production throughout cultivation
was 17.5 mg L™ d7%.

Utilization of the Ru5P Shunt for Photosynthetic
Pinene Production. To test whether the utilization of the
RuSP shunt could improve the production of other terpenoids,
we constructed pinene-producing S. elongatus strains express-
ing RibB 90—92del (Figure 7). The pinene synthase (PS) and
geranyl diphosphate synthase (GPPS) from Abies grandis were
introduced into S. elongatus, both of which were codon-
optimized and fused with a short ubiquitin-like modifier
(SUMO) tag to enhance their expression in cyanobacterial
cells.** Consistent with a previous report,43 pinene production
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was improved by the expression of the PS Q4S6L variant with
distinct metal dependency. A further increase in pinene
production was observed for strain SP30 expressing IPP
isomerase from Saccharomyces cerevisiae. We introduced RibB
90—92del into strain SP30, generating strain SP31 (Figure 7).
The strain SP31 produced 5.2 mg L tof pinene, which is 28%
higher than that of SP30 (4.1 mg L™"). Therefore, utilization of
the RuSP shunt enhanced the photosynthetic production of
pinene in S. elongatus.

B DISCUSSION

In this study, we constructed the RuSP shunt linking the CB
cycle with the MEP pathway directly in cyanobacterium S.
elongatus for the photosynthetic production of terpenoids from
CO,. The carbon flow through the constructed RuSP shunt in
cyanobacterial cells was revealed by ['*C]bicarbonate and
[U-"*C]glucose labeling experiments. The strain harboring the
RuSP shunt produced 105.2 mg L™' of isopentenol under
continuous light conditions, which is higher than those ever
reported for five-carbon alcohol production by photoauto-
trophic microorganisms. We demonstrated that the utilization
of the RuSP shunt also enhanced the photosynthetic
production of pinene in S. elongatus. Compared with the
introduction of the RuSP shunt, the overexpression of DXS in
S. elongatus resulted in a severe impairment in cell growth,
which could be partly due to the depletion of GAP and other
central carbon metabolites. The limited availability of GAP for
terpenoid biosynthesis has also been reported for E. coli and
other bacteria."**"** Moreover, the RuSP shunt is more
carbon- and energy-efficient than the conventional MEP
pathway; thus, the utilization of the RuSP shunt allows a
higher maximum photosynthetic productivity of terpenoids.
Here, we report the laboratory evolution of previously
unidentified RibB variants for the RuSP shunt. These RibB
variants, especially 90—22del, showed high activities of
synthesizing DXP from RuSP. However, the RibB variants
are still capable of converting RuSP to formate and DHBP,
though the activities are much lower than that of the wild-type
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enzyme. We attempted to merge the mutations in RibB, but
the resulting mutants did not show higher DXP-synthesizing
activities in comparison to RibB 90—22del. Extensive protein
engineering of RibB is required to completely terminate the
original reaction and increase the DXP-synthesizing activity.
Based on the strong positive correlation between the DXP-
producing activities of RuSP variants and DiMP concentrations
in vitro, we propose that the RibB variants could not support
the sigmatropic skeleton rearrangement of DiMP, resulting in
the accumulation of DiMP. However, how DiMP is reduced to
form DXP remains unknown and requires further investigation.
According to previous studies, DIMP is a Rubisco mutant-
catalyzed reaction product that is formed from the elimination
of phosphate from the enediol of ribulose 1,5-bisphosphate
(RuBP).** Whether the conversion of RuBP to DXP might be
achieved from the engineering of Rubisco enzymes is an
intriguing question and worth further studies.

The MEP pathway enzymes IspG and IspH were identified
as bottlenecks for further improving isopentenol production in
S. elongatus harboring the RuSP shunt. Overexpression of both
IspG and IspH significantly increased the isopentenol
biosynthetic flux. In contrast, the overexpression of IspG
only resulted in the accumulation of the intermediate 4-
hydroxy-3-methylbut-2-enyldiphosphate (HMBPP) and did
not enhance the isopentenol production. Similar results have
been reported for f-carotene-producing E. coli.*’ Previous
studies have shown that the overexpression of the RibB G108S
and DXP reductase (DXR) enzyme fusion improved the
bisabolene production in E. coli and the a-humulene
production in Methylotuvimicrobium alcaliphilum.”>*® How-
ever, we did not observe an increase in isopentenol production
in S. elongatus strains overexpressing RibB variant and DXR
separately or their fusion when compared to the strain
overexpressing the RibB variant. In fact, the overexpression
of DXR in S. elongatus resulted in the accumulation of MEP
pathway intermediates including MEP and HMBPP as well as
severely impaired cell growth. Unraveling the regulatory
mechanisms that control terpenoid biosynthesis via the RuSP
shunt and MEP pathway in cyanobacterial cells could allow us
to further improve the photosynthetic terpenoid production.

The RuSP shunt provides an example of a direct link
between carbon fixation and the biosynthetic pathway of target
compounds in photoautotrophic organisms. RuSP is inter-
converted to RSP by RSP isomerase, and RSP is a precursor for
the synthesis of histidine and nucleotides. To avoid the
competition for the central carbon metabolites, cell density-
dependent dynamic regulatory systems could be developed to
decouple cell growth with target compound production.”” We
observed that the high-cell-density culture of recombinant S.
elongatus produced isopentenol at a high rate during long-term
cultivation. Further enhancement in photosynthetic isopente-
nol production might be achieved by autonomous down-
regulation of histidine, nucleotide, and riboflavin biosynthesis
when the cyanobacterial cultures reach a high density.

B MATERIALS AND METHODS

Strains and Plasmids. S. elongatus PCC 7942 strains used
in this study are shown in Table 2. The plasmids used in this
study are listed in Table S1."*** Transformation of S. elongatus
PCC 7942 was performed as described previously.*’
Integration of the target genes in the neutral site II (NSID)*
or NSIII’' in the genome was verified by PCR analysis and
DNA sequencing. Complete chromosomal segregation for the
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Table 2. S. elongatus PCC 7942 Strains Were Used in This
Study

strain description reference
WT  Wild-type S. elongatus PCC 7942 ATCC

SI01  WT NSIL:P,. nudBg._. this study
SI02 ~ 'WT NSIL::P,. nudBg, ribBg 90—92del this study
SI03  'WT NSIL:P,. nudBg ribB; G108S this study
SI04  WT NSIL:P, nudBg, ribB; N87K this study
SI0S ~ WT NSIL:P,,. nudBg, ribBg T88P this study
SI09  WT NSIL:P, . nudBg,. dxsg,, this study
SI10  'WT NSIL:P,. nudBg, ribB; 90—92del dxrg, this study
SI11  WT NSIL:P, nudBg, ribB; 90—92del ispGr, ispHg.  this study
SI12  WT NSIL:P, nudBg, ribB; 90—92del ispGr, ispHs,  this study
SP28  WT NSIL:Py. psag gPPSag this study
SP29  WT NSIL:Py, psy,Q4S6L gppsy,, this study
SP30  SP29 NSIIIL::P. idig, this study
SP31  SP29 NSIIL:Py, idis, ribBy,90—92del this study

introduced DNA fragments was confirmed by PCR (Figure
S3).

Growth Conditions. S. elongatus strains were routinely
grown at 30 °C in BG-11 medium®” with rotary shaking (180
rpm) and continuous light (55 umol of photons m™ s7%).
Cells were precultured to an optical density at 730 nm (OD;,)
of ~1.0 and resuspended in 50 mL of fresh BG-11 medium
containing 100 mM NaHCO; in 250 mL shake flasks to an
OD3y of ~0.2. When the cultures were grown to an OD,3, of
~0.5, isopropyl-f-p-thiogalactopyranoside (IPTG; 1 mM) was
added. Cell growth was monitored by measuring OD.3. E. coli
MG16SS dxs- and aceE-deleted strains expressing individual
variants of RibB were grown in EZ-rich medium (Teknova)
containing 1% D-xylose as a carbon source (EZ-X), and ODgq,
was measured throughout the cultivation.

Laboratory Evolution Experiment. E. coli MG1655 dxs-
and aceE-knockout strain harboring the pMvaB plasmid
encoding mevalonate kinase from Methanosarcina mazei,
phosphomevalonate kinase, mevalonate pyrophosphate decar-
boxylase, and isopentenyl pyrophosphate isomerase from S.
cerevisiae>” were used for evolution experiments. The strain was
grown overnight in the LB medium containing 25 yg mL™" of
chloramphenicol. The overnight culture was used to inoculate
1:100 into 2 mL of EZ-X medium containing mevalonate (1
mM), potassium acetate (2 mM), and chloramphenicol (25 ug
mL™"). If growth exceeded ODyy, of 1.0, the strain was passed
into the fresh medium at a 1:100 dilution. The concentration
of mevalonate in the medium was reduced to 10-fold. When
mevalonate was reduced to 10 uM, cells were passed into the
medium without mevalonate supplementation if the ODgy,
exceeded 1.0. If the culture grew, aliquots were streaked onto
EZ-X agar lacking mevalonate. The phenotype of growing
colonies was reconfirmed by growth in a liquid medium
without mevalonate supplementation. The isolated strains were
submitted to GENEWIZ Inc. for genome sequencing using
parent strain AdxsAaceE/pMvaB as a reference.

Protein Expression and Purification. Coding sequences
for RibB and its variants, G108S, 90—92del, N87K, and T88P,
were cloned into pET28a. The resulting plasmids were used to
produce the respective proteins with an N-terminal hexahis-
tidine tag. E. coli BL21Rosetta(DE3) (Novagen) was trans-
formed with individual expression plasmids and grown at 37
°C in the LB medium. IPTG (0.5 mM) was added to cultures
at an ODyg, of ~0.8, and then cells were cultivated at 16 °C for
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18 h. After the cells were harvested, protein purification by
nickel-nitrilotriacetic acid affinity chromatography was per-
formed as described previously.”* The purities of proteins were
checked by SDS-PAGE (Figure S2).

Enzyme Assay. To test the DXP-producing activity of the
RibB variants, the purified enzyme (20 g) and RuSP (S mM)
were added to 200 uL of 50 mM tris—HCI buffer, pH 7.5,
containing 150 mM NaCl, 10 mM MgCl,, and 5 mM
dithiothreitol. After the mixture was incubated at 37 °C for 30
min, 200 yL of methanol was added to stop the reaction. DXP
and 1-deoxy-p-glycero-2,3-pentodiulose S-phosphate (DiMP)
produced by the enzymatic reaction were analyzed by LC-MS.

Terpene Production in S. elongatus. S. elongatus strains
were grown at 30 °C in 100 mL shake flasks with 30 mL of
BG-11 medium containing 100 mM NaHCO; under
continuous light (55 umol of photons m™ s7'). After the
addition of 1 mM IPTG at an OD;, of ~0.5, the cultures were
grown for 24 h. Subsequently, the cells were washed and
resuspended in S mL of fresh medium to an OD3, of 3.0 in 15
mL sealed tubes. After 6 h of cultivation with constant
illumination, the cultures were sampled for isopentenol
measurements. Addition of an overlay of oleyl alcohol (1
mL) to cultures did not increase the detected isopentenol
content, which indicates that isopentenol evaporation could be
negligible in our production assays.”> For the production of
pinene, the cultures were performed in the same way as those
for isopentenol production except the addition of an overlay of
tetradecane (1 mL) to S mL of medium in sealed tubes. After
10 h of cultivation with continuous light, samples were
collected in the tetradecane overlay for pinene measurements.

For long-term production of isopentenol, the cultures were
grown with an initial OD-3, of 3.0 in 25 mL of BG-11 medium
in plug-sealed tissue culture flasks (75 cm?® Corning). The BG-
11 medium was modified as previously reported.*’ Briefly, the
HEPES content remained unchanged, while the concentrations
of AS trace metals and other components increased 5- and 2-
fold, respectively. NaHCO; (100 mM) and IPTG (1 mM)
were added to the medium. The flasks were shaken
horizontally (150 rpm) under continuous light (55 gmol of
photons m™ s7") at 30 °C. On days 1, 2, and 3, cells were
collected by centrifugation and resuspended in fresh modified
BG-11 medium to an OD,3, of 3.0. Samples of the cultures
were taken every day for measurements.

Quantification of Metabolites. For isopentenol quanti-
fication, cell culture was centrifuged for 10 min at 4 °C and
14,000g, and isopentenol content in the supernatant was
determined by a gas chromatograph (GC) (Agilent model
7890A) equipped with a flame ionization detector. The
injection volume is 1 uL. Isopentenol was separated with a
HP-S capillary column (30 m X 0.32 mm internal diameter,
0.25 um film thickness, Agilent). The GC oven temperature
was increased with a gradient of S0 °C min™" from 85 to 150
°C and then 100 °C min~" from 150 to 200 °C.

For pinene quantification, the tetradecane samples were
analyzed by a gas chromatograph (GC7890, Agilent) coupled
to a mass spectrometer (MS7200QTOF, Agilent). The
injection volume is S L. Pinene was separated with a HP-
SMS column (30 m X 0.25 mm, 0.25 um, Agilent). The GC
oven temperature started at 50 °C and was increased with a
gradient of 3 °C min~" until 70 °C. The temperature of the
injector and the ion source of MS was 210 and 230 °C,
respectively.
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For quantification of intracellular metabolites, cells were
harvested at an OD3 of ~1.0. Quenching of metabolism and
metabolite extraction were performed as described previ-
ously.’® Briefly, approximately 3 X 10° cyanobacterial cells
were collected by fast filtration, and metabolites were extracted
by rapid transfer of the filter into —20 °C of 80:20 (v/v)
methanol/water. After incubation at —20 °C for 20 min, the
samples were centrifuged, and the supernatant was collected.

Cell extracts were analyzed by ultrahigh-performance liquid
chromatography (UHPLC) (Acquity, Waters) coupled to a
quadrupole-orbitrap mass spectrometer (Q-Exactive, Thermo
Fisher). Metabolites were separated with a Luna NH2 column
(100 X 2 mm?, 3 ym particle size, Phenomenex). The injection
volume was 10 uL. The mobile phase A was 20 mM
ammonium acetate in 5% acetonitrile, pH 9.5, and the mobile
phase B was acetonitrile. The column was maintained at 15 °C
with a solvent flow rate of 0.3 mL min~), and the gradient of B
was as follows: 0 min, 85%; 10 min, 45%; 15 min, 2%; 18 min,
2%; 18.1 min, 85%; 24 min 85% B. The mass spectrometer was
run in electrospray ionization negative (ESI”) mode. The
parameters of the mass spectrometer were set as follows: ion
spray voltage, +3.8/—3.0 kV; capillary temperature, 320 °C;
probe heater temperature, 350 °C; sheath and auxiliary gas, 35
and 10 arbitrary units, respectively. Mass spectra were acquired
using a full scan over 70—1000 m/z at 70,000 resolution. This
method was used to generate data on the central carbon
metabolites. Metabolite identification was performed by
matching the retention time, accurate mass, and MS/MS
spectra with commercially available standards (Sigma-Aldrich).

MEP pathway intermediates were analyzed by a Q-TRAP
mass spectrometer (5500, AB Sciex) equipped with UHPLC
(ExionLC AD, AB Sciex) and an XSelect HSS T3 column (100
mm X 3.0 mm, 2.5 gm, Waters). The injection volume was 1
p#L. The mobile phase A was 2 mM ammonium bicarbonate
and B was methanol. The column was maintained at 40 °C
with a flow rate of 0.4 mL min™}, and the gradient of B was as
follows: 0 min, 1%; 2 min, 1%; 4 min, 20%; 6 min, 80%; 8 min,
99%; 8.1 min, 1%; 10 min, 1% B. The mass spectrometer was
run in ESI” mode. Data were acquired using the multiple-
reaction monitoring mode for the precursor—product ion pairs.
The parameters of the mass spectrometer were set as follows:
ion spray voltage, —4.5 kV; ion spray temperature, 500 °C;
curtain gas, 35 psi; nebulizer gas, SS psi; heater gas, 55 psi. The
compound identities were verified by mass and retention time
matches to authenticated standards (Sigma-Aldrich). Metab-
olite concentrations were determined using a calibration curve
generated with varying concentrations of the chemical
standard.

3C-Labeling Experiments. The labeling compounds
including '*C-labeled NaHCO; (['"*C]bicarbonate) and
uniformly '3C-labeled glucose ([U-"*Clglucose) were >99%
pure and purchased from Sigma-Aldrich. Cyanobacterial cells
were grown in shake flasks with 100 mL of BG-11 medium
under continuous light (55 ymol of photons m™ s™') to an
OD5 of ~0.5. After the addition of 1 mM IPTG, the cultures
were grown to an ODjy of ~0.8. For ["*C]bicarbonate
experiments, the culture with constant illumination was
supplemented with 1 g L' of ["*C]bicarbonate. For
[U-"*C]glucose experiments, the culture was supplemented
with § g L™! of [U-"*C]glucose in the dark. The dark condition
was used to reduce the dilution of '*C label in central
metabolites from CO,. At various time points after the isotope
addition, cells were collected by fast filtration for LC-MS
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analysis of the labeling of metabolites. Central carbon
metabolites and DXP reached an isotopic steady state within
4 min in the ["*C]bicarbonate experiment and within 4 h in
the [U-"Clglucose experiment. The LC-MS data were
analyzed as described previously.’® Briefly, mass isotopomer
distributions (MIDs) of metabolites were calculated from
measured peak areas of the mass spectra and corrected for
naturally occurring *C. The steady-state '*C enrichment of a
metabolite was calculated from the MID according to
2o
metabolite and m; is the fractional abundance of the ith mass
isotopomer.

. 57 . .
i-m;/n,”" where n is the number of carbon atoms in the
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