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Abstract

The reductive tricarboxylic acid (rTCA) cycle was reconstructed in Escherichia coli by introducing pGETS118KAFS, where
kor (encodes a-ketoglutarate:ferredoxin oxidoreductase), acl (encodes ATP-dependent citrate lyase), frd (encodes fumarate
reductase), and sdh (encodes succinate dehydrogenase) were tandemly conjugated by the ordered gene assembly in Bacillus
subtilis (OGAB). E. coli MZLF (E. coli BL21(DE3) Azwf, Aldh, Afrd) was employed so that the C-2/C-1 [(ethanol + acetate)/
(formate + CO,)] ratio can be used to investigate the effectiveness of the recombinant rTCA for in situ CO, recycling. It has
been shown that supplying ATP through the energy pump (the EP), where formate donates electron to nitrate to form ATP,
elevates the C-2/C-1 ratio from 1.03 +0.00 to 1.49 +0.02. Similarly, when ATP production is increased by the introduction
of the heterologous ethanol production pathway (pLOI295), the C-2/C-1 ratio further increased to 1.79 +0.02. In summary,
the ATP supply is a rate-limiting step for in situ CO, recycling by the recombinant rTCA cycle. The decrease in C-1 is sig-
nificant, but the destination of those recycled C-1 is yet to be determined.

Keywords Reductive tricarboxylic acid cycle (rTCA) - Ordered gene assembly in bacillus subtilis (OGAB) - Escherichia
coli (E. coli) - CO, - ATP

Introduction

The impact of greenhouse gases on the eco-system has been
a subject of concern in modern times and, therefore, the fixa-
tion of carbon dioxide (CO,) becomes an important objec-
tive, while it is a low-cost carbon source (Bogorad et al.
2013; Bang and Lee 2018; Francois et al. 2020). The Calvin
cycle is one of the major routes in our eco-system for con-
version of CO, to sugars. A partial Calvin cycle has been
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constructed in Escherichia coli (E. coli) where phospho-
ribulokinase (Prk) and ribulose-1,5-bisphosphate carboxy-
lase/oxygenase (Rubisco) were heterologously expressed for
directed evolution of Rubisco (Parikh et al. 2006; Mueller-
Cajar et al. 2007). Meanwhile, the partial Calvin cycle has
also been used to construct Rubisco-based engineered E. coli
for in situ CO, recycling during fermentation. This Rubisco-
based engineered E. coli is able to recycle CO, in situ during
fermentation of pentoses (Zhuang and Li 2013) and hexoses
(Li et al. 2015; Tseng et al. 2018).The partial Calvin cycle
has been constructed in yeast for CO, fixation (Li et al. 2017;
Guadalupe-Medina et al. 2013; Xia et al. 2017). Recently,
the Calvin cycle has been engineered in E. coli to convert
CO, to sugars where the energy source is externally pro-
vided by supplemented pyruvate (Antonovsky et al. 2016)
and formate (Gleizer et al. 2019). Recently, yeast has been
engineered into autotroph by introducing Rubisco and more
(Gassler et al. 2019).

The reductive tricarboxylic acid (rTCA) cycle was
first found in green sulfur bacteria (Evans et al. 1966).
The rTCA cycle is basically a reverse version of the
TCA cycle where many enzyme activities are shared.
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Two enzymes, ATP-dependent citrate lyase (ACL) and
a-ketoglutarate:ferredoxin oxidoreductase (KOR) (Tang and
Blankenship 2010; Evans et al. 1966), are unique to rTCA
cycle since these two enzymes individually catalyzed irre-
versible reactions in the opposite direction to the TCA cycle.
Meanwhile, according to genomic data of Chlorobium tepi-
dum LST (Eisen et al. 2002), fumarate reductase (FR) activ-
ity may be crucial for rTCA pathway, since there are two sets
of genes that encode this enzyme (CT2040-CT2041-CT2042
and CT2266-CT2267-CT2268) (Eisen et al. 2002). It has
been calculated that isocitrate dehydrogenase, the enzyme
that is responsible for carbon fixation, has a high specific
activity and energy efficiency (Bar-Even et al. 2012).

In this study, the rTCA cycle was constructed in E. coli
(Fig. 1) by introducing a previously constructed plasmid
pGETSKAFS (see Table S1 and Fig. S1 for detail informa-
tion). The gene fragments encoding KOR, ACL, FR, and
succinate dehydrogenase (SDH) were assembled to form
pGETSKAFS by the OGAB method (Tsuge et al. 2003;
Chen et al. 2013; Kaneko et al. 2005). With the confir-
mation of the enzymatic activities of each gene in pGET-
SKAFS (data not shown), the four genes korBA (CT0162
and CT0163 in GenBank, total 2.9 kb), aclAB (CT1088
and CT1089, total 3.1 kb), frdCBA (CT2040, CT2041, and
CT2042, total 3.6 kb), and sdhBAC (CT2266, CT2267, and
CT2268, total 3.4 kb) in pGETSKAFS shows a promising
combination for constructing the recombinant rTCA cycle in
E. coli (Fig. 1). The performance of the recombinant rTCA
cycle was investigated by introducing pGETSKAFS in E.
coli strain MZLF [E. coli BL21(DE3) Azwf AldhA Afrd

Fig. 1 The schematic of the
energy pump that is used for
enhancing the performance of
in situ CO, recycling through
the reductive tricarboxylic acid
cycle
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(Yang et al. 2016)]. With glucose as the sole carbon source,
the CO, and energy released from the glucose oxidation can
be in situ recycled by the recombinant rTCA cycle. Overall,
the recombinant rTCA cycle converts 2 CO, into 1 acetyl-
CoA (see Theory below), and the C-2/C-1 ratio is an index
for evaluating the activity of the recombinant rTCA cycle
(see Theory below).

Also studied was the effect of ATP supply on in situ CO,
recycling by the recombinant rTCA cycle. Two methods of
ATP supply were employed. The first method is called the
energy pump (EP), where surplus NADH was converted
to ATP by inducing heterologous formate dehydrogenase
and nitrate reductase activities. The second method is to
increase glucose consumption by introducing heterologous
ethanol production (pLOI295), which increases ATP pro-
duction. The pLOI295 allows ethanol overproduction and
is a recombination plasmid that contains pdc and adhB
genes from Zyommonas mobilis, which encode for pyruvate
decarboxylase (PDC) and alcohol dehydrogenase II (ADH),
respectively (Ingram et al. 1987). Overproduction of ethanol
means deprivation of acetate production; consequently, one
source of ATP productions is deprived as well. This creates
an ATP demand, and it has been shown that this demand can
be fulfilled by increasing glucose consumption.

Escherichia coli is able to utilize nitrate as a terminal
electron acceptor for respiratory chain by nitrate reductase,
which can be induced by the presence of nitrate (Lester and
DeMoss 1971; Ingledew and Poole 1984). We have, there-
fore, developed a procedure called the energy pump (EP) in
E. coli to promote anaerobic respiration. The EP consisted of
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heterologous formate dehydrogenase (FDH) and three sup-
plements (sodium molybdate, sodium nitrate, and ferrous
sulfate heptahydrate) that play essential roles in the electron
transport chain and nitrate reductase. The FDH, originat-
ing in Candida boidinii (Sakai et al. 1997), first oxidizes
formate to CO, and then generates NADH. The electrons
of NADH were then released and transferred through the
electron transport chain (ETC) and finally transferred to
the nitrate by nitrate reductase. The nitrate reductase spans
the membrane, and it has been proposed that it creates a
proton motive force (pmf, Ap) via a Q loop across the cell
membrane. The pmf is finally used to create ATP by ATP
synthase (Kaim and Dimroth 1998). The molybdenum is a
cofactor of the nitrate reductase, and the point where elec-
trons are donated and accepted in nitrate reductase (Schwarz
et al. 2009; Jagow and Walter 1980). The recipe of 1 mM
sodium molybdate, 10 mM sodium nitrate, and 5 mM fer-
rous sulfate is called MNF. Throughout the process, the net
generated ATP, from the conversion of NADH, can be used
to elevate the efficiency of the recombinant rTCA cycle for
CO, fixation. Note that nitrate has a high standard reduction
potential (0.421 V), second only to oxygen among common
electron acceptors. The oxidation of one mole of NADH can
be aerobically converted to 2.3 mol of ATP (Rich 2003).

Materials and methods
Bacterial strains and plasmids

Table 1 lists the bacterial strains used in this study.

Table 1 List of bacterial strains and plasmids used in this study

Anaerobic batch fermentation

A 250 mL serum bottle containing 200 mL of M9 medium
(20 g/L glucose, 2 mM MgSO,, 0.1 mM CaCl,, 12.8 g/L
Na,HPO,-7H,0, 3 g/L. KH,SO,, 0.5 g/L. NaCl, 1 g/LL NH,Cl)
was prepared where initial pH was adjusted to 8.0. Rubber
stopper was used to cap the bottle and then sealed with alu-
minum seal. The sealed serum bottle was flushed with nitro-
gen for 10 min (Zhuang and Li 2013). The pre-culture of
E. coli strains were cultivated in LB medium, inoculated to
obtain an initial ODg, of 0.05 for the main culture, and incu-
bated on a shaker overnight (37 °C, 200 rpm). The pH of the
culture solutions was adjusted to 8.0 at 8 and 24 h with 2 N
NaOH. 0.02 mM of Isopropyl p-D-1-thiogalactopyranoside
(IPTG) was added to overexpress Rubisco (Table 2).

Analytical methods

Cell density was measured at 600 nm using a UV-Vis spec-
trophotometer (Thermo Scientific, US). Samples of extra-
cellular metabolites were collected from the culture media
followed by centrifugation for 5 min at 17,000xg. Before
sample injection, the supernatant was filtered through a
0.2 pym PVDF filter. The quantification of residual glucose
and extra-cellular formate, acetate, ethanol, lactate, pyru-
vate, and nitrate was determined by the Thermo Scientific
DionexTM UltiMate 3000 LC Systems. The separation of
the mixture was achieved with the HPLC column ORH-801
(Transgenomic, US) where the measurement was performed
with a refractive index (RI, for glucose, acetate, ethanol)
and an Ultraviolet—Visible detector (UV-Vis, for pyru-
vate (210 nm), formate (210 nm), lactate (210 nm), and
nitrate (205 nm)). The mobile phase was 5 mM H,SO,. The

Name Descriptions References
Bacterial strains
E. coli BL21 (DE3) F-, dem, ompT, gal, lon, hsdSg(rB~, mB™), MDE3[lacl, lacUV5-T7 gene 1, indl, Lab stock

sam’1,nin5))

MZLF E. coliBL21(DE3) AzwfAldhAfrd

MZLF3 MZLF harboring rbcLS-pET30a+ (M259T)
Plasmids

pGETS118 Derived from pGETS109. TcR

pGETS118rTCA

Recombinant plasmid carries KOR, ACL, FR, SDH gene into pGETS118 for the overex-

Yang et al. (2016)
Yang et al. (2016)

Kaneko et al. (2005)
Supplemental materials

pression of engineered of rTCA under the control of Pr

rbcLS-pET30a+ (M259T) Recombinant plasmid carries engineered rbcLS gene (originated from Synechococcus

Parikh et al. (2006)

PCC6301) for the overexpression of engineered Rubisco (M259T) under the control of

Pr;
pLOI295

Recombinant plasmid carries PDC, ADH gene (derived from Zymomonas mobilis) for the Ingram et al. (1987)

overexpression of engineered of pLOI295 under the control of P,

pCDFDuet-FDH1

CloDF13-derived CDF replicon, two multiple cloning sites (MCSs) under the control of

Tseng et al. (2018)

two independent P, promoters, and streptomycin/spectinomycin
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Table 2 Fermentation profiles of E. coli MZLF and MZLF-derived strains

Strain Glucose Fermentation product yield (mole/mole)

consumption -

(mM) Formate  Acetate Ethanol Pyruvate  Lactate Biomass  CO,
MZLF 54.5+8.7 1.41+£0.01 0.62+0.06 0.78+0.01 0.06+0.01 0.08+0.01 0.37+0.05 0.04+0.01
MZLF3 455+4.8 1.30+0.02 0.40+0.10 0.87+0.02 0.08+0.05 0.12+0.02 0.59+0.01 0.03+0.01
MZLF/pGETS118rTCA 56.0+4.2 1.52+0.08 0.66+0.05 0.83+0.07 0.08+0.02 0.09+0.02 0.39+0.03 0.03+0.01
MZLF3/pGETS118rTCA 43.1+7.8 1.29+0.01 0.43+0.00 0.92+0.01 0.07+0.03 0.11+0.03 0.51+£0.05 0.02+0.00
MZLF3/pGETS118rTCA +FDH 422+109 1.16+0.06 0.42+0.03 0.85+0.00 0.23+0.04 0.04+0.00 0.35+0.06 0.05+0.01
MZLF3/pGETS118rTCA + MNF 19.1+2.0 1.26+0.08 0.58+0.09 0.76+0.08 0.23+0.02 0.10+0.03 0.63+0.06 0.08+0.07
MZLF3/pGETS118rTCA +EP 14.1+34 0.66+0.04 0.37+0.01 0.72+0.06 0.76+0.00 0.02+0.01 0.36+0.09 0.00+0.00
MZLF3/pLOI295 95.8+8.8 0.74+£0.02 0.29+0.02 1.42+0.04 0.04+£0.02 0.05+0.02 0.30+0.01 0.53+0.05
MZLF3/pGETS118rTCA+pLOI295 112.7+1.4 0.41+£0.07 0.16+£0.04 1.46+0.11 0.02+0.02 0.07+0.01 0.15+0.00 0.50+0.06

temperature was maintained at 45 °C, while the flow rate
was maintained at 0.6 mL per minute. The sample injec-
tion was done by an autosampler and the injection volume
was 10 pL. The measurement of gaseous carbon dioxide
was achieved by IR-based diffusive spectrometer (Sentry,
Taiwan) where the dissolved CO, and hydrated CO, was
calculated based on the equilibrium constants as described
earlier (Zhuang and Li 2013). The elementary biomass com-
position of CH, 7,0, 49N »4 Was used for calculating carbon
recovery (Grosz and Stephanopoulos 1983). The formula to
calculate carbon recovery is as follows:

2CO, + 3 NADH + 2 ATP + NADPH + CoA — Acetyl
— CoA + 3 NAD* + 2 ADP + NADP*
(3)
The ratio of C-2/C-1 [i.e., (ethanol + acetate)/(for-
mate + CO,)] for the bacterial strains can be evaluated by
the performance of in situ CO, recycling. While a typical
fermentation behavior, as shown in Egs. (1) and (2), provides
a C-2/C-1 ratio of 1, the implement of Eq. (3) changes the
C-2/C-1 ratio of conventional fermentation by utilizing C-1

Carbon recovery(%) =

biomass + CO, + formate + acetate X 2 + ethanol X 2 4 pyruvate X 3 + lactate X 3

glucose consumption X 6

The metabolites’ unit is mole.
Theory

To evaluate the efficacy of in situ CO, recycling, E. coli
MZLF was used to monitor the profile of fermentation prod-
ucts (Yang et al. 2016). As shown in Egs. (1) and (2), the
fermentation products of MZLF are limited to pyruvate,
ethanol, acetate, and formate (and CO,) since Idh and frd
(responsible for the lactate and succinate production, respec-
tively) have been knocked-out in MZLF (Yang et al. 2016).
On the other hand, the in situ CO, recycling by the rTCA
cycle can be described by Eq. (3) where two molecules of
CO, will be converted to 1 mol of acetyl-CoA-derived prod-
ucts, including ethanol and acetate.

Glucose + 2 ADP + 2 NADH — 2 ethanol
+ 2 formate + 2 ATP + 2 NAD* (1)

Glucose + 4 ADP + 2 NAD" — 2 acetate
+2 formate + 4 ATP + 2 NADH @)

jllate ¢llodl ay .
des Shevis @) Springer

produced from Eqgs. (1) and (2). Note that Eq. (3) is the
overall reaction as shown below:

(I) Oxaloacetate + NADH — Malate + NAD*
(II) Malate — Fumarate + H,0O
(II) Fumarate + NADH — Succinate + NAD*

0.7
06 -

0.59
051
05 -
04 1 977 099
03 -
02 -
0.1 -
00 -

MZLF MZLF3 MZLF MZLF3
rTCA rTCA

Biomass (mol/mol-glucose)

Fig.2 The effect of Rubisco co-expression on bacterial growth
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(IV) Swuccinate + CoA + ATP — Succinyl-
CoA+P;+ADP
(V)  Succinyl-CoA + CO, + NADH — a-Ketoglutarate
+NAD" +CoA
(V) oa-Ketoglutarate + NADPH + CO, — Isoci-
crate + NADP*
(VII) Isocitrate — Citrate
(VIII) Citrate + ATP + CoA + H,0 — Oxaloace-

tate + Acetyl-CoA + ADP +P;

A

Results

The performance of in situ CO, recycling in MZLF3/
PGETSKAFS was not significant

Figure 2 shows that pPGETSKAFS has no significant effect
on the growth of E. coli MZLF/pGETSKAFS and MZLF3/
pGETSKAFS. Nevertheless, we demonstrated that the co-
expression of Rubisco in MZLF3/pGETSKAFS significantly
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increased both the biomass yields of MZLF and MZLF/
pGETSKAFS (Fig. 2). Rubisco has been found to behave as
an epitope to stimulate physiological responses. One signifi-
cant response is enhanced bacterial growth (from 0.39+0.03
to 0.63 +0.11 mole/mole-glucose) which may be attributed
to the enhanced transcription of genes that are responsible
for the glyoxylate shunt (Yang et al. 2016). The increase
in bacterial growth was not accompanied by an increase in
C-2/C-1 ratio (Fig. S2). In Fig. 3, the biomass yields were
derived from ODg, and the glucose consumption.

The energy pump (EP) increased the performance
of in situ CO, recycling in MZLF3/pGETSKAFS

In Fig. 3b, the formate yield has decreased significantly from
1.29+0.02 to 1.16 +0.08 mol/mole-glucose, while the CO,
yield increased from 0.02 +0.00 to 0.05 +0.00 mol/mole-
glucose after expressing heterologous FDH in MZLF3/
pGETSKAFS +FDH. This demonstrated the proper func-
tion of FDH in E. coli where CO, and NADH were pro-
vided. However, the C-2/C-1 ratio did not improve accord-
ingly (Fig. 3c). When the energy pump was implemented,
the product of C-1 for MZLF3 rTCA + EP reduced, where
the formate yield was decreased from 1.29 +0.02 (MZLF3/
pGETSKAFS) down to 0.66+0.04 (MZLF3/pGET-
SKAFS + EP) mole/mole-glucose, and the CO, yield was
also reduced to below the detection limit. Therefore, the
C-2/C-1 ratio effectively improved from 1.03+0.01 to
1.49+0.12 (Fig. 3c). The proper functioning of the EP can
also be supported by the consumption of nitrate (Fig. 3d).
The energy pump can only be brought about by combining
FDH and MNF (Fig. 3). It should be noted that the bacterial
growth and glucose consumption were significantly reduced

Table 3 Carbon recovery and the C-2/C-1 ratio of E. coli MZLF and
MZLF-derived strains

Strain Carbon C-2/C-1°
recovery (%)?

MZLF 84+4 0.96+0.03
MZLF3 85+5 0.96+0.07
MZLF/pGETS118rTCA 91+7 0.96+0.05
MZLF3/pGETS118rTCA 85+4 1.03+0.00
MZLF3/pGETS118rTCA + FDH 82+3 1.05+0.04
MZLF3/pGETS118rTCA + MNF 95+6 1.00+0.08
MZLF3/pGETS118rTCA +EP 89+4 1.49+0.02
MZLF3/pL0OI1295 88+1 1.35+0.07
MZLF3/pGETS118rTCA +pLOI295  76+6 1.79+0.02

aCarbon recovery is defined by the ratio of the total carbon of for-
mate, acetate, ethanol, pyruvate, lactate, and carbon dioxide to the
carbon of glucose consumption

The ratio of C-2/C-1 is defined by the ratio of the total of ethanol
and acetate to the summation of formate and carbon dioxide

jllate ¢llodl ay .
des Shevis @) Springer

when the EP or MNF was applied (Table 3). More specifi-
cally, the inhibitory effect on the bacterial growth was due
to the supplemented molybdate (data not shown).

The ATP supply created by the heterologous
ethanol production pathway dramatically increases
the performance of in situ CO, recycling in MZLF3/
pPGETSKAFS

First of all, pLOI295 significantly enhances the sugar con-
sumption of MZLF3/pGETSKAFS + pLOI295 from 43 + 8
to 113+ 1 mM. (Fig. 4a). This increase in glucose con-
sumption leads to a significant supply of ATP. The proper
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function of pLOI295 in MZLF3/pGETSKAFS + pLOI295
can be demonstrated by the increases in ethanol and CO,
yields compared to MZLF3/pGETSKAFS (Fig. 4b). The
ethanol yield of MZLF/pGETSKAFS + pLOI295 increased
from 0.92 +0.02 to 1.46 +0.11mole/mole-glucose. The total
C-1 yield of MZLF/pGETSKAFS + pLOI295 decreased by
0.4 mol/mole-glucose (compared to MZLF3/pGETSKAFS,
Fig. 4b); and, therefore, the final C-2/C-1 ratio of MZLF/
pGETSKAFS + pLOI295 increased to 1.79 +0.02 (Fig. 4c).
In summary, the introduction of pLOI295 elevated the per-
formance of in situ CO, recycling by rTCA cycle, which
may be attributed to the ATP supply.

Discussion

The reconstruction of the rTCA cycle for in situ CO, recy-
cling in E. coli is an alternative way to use CO, as feedstock.
While gene elements of the rTCA cycle were put together
in active form, the performance of in situ CO, recycling
was not demonstrated (Fig. 3). The performance of in situ
CO, recycling can be greatly enhanced by the employment
of the EP or the heterologous ethanol production pathway
(pLOI295), where these two methods increase the ATP
supply.

The EP presumably converts NADH to ATP by actively
extracting the reducing equivalent from formate and then
converting it into ATP. The results show that the EP reduces
the production of C-1 products in E. coli (Fig. 3). This was
only achieved when both FDH (for formate oxidation) and
MNF (for nitrate reduction through the electron transport
chain) were also present (Fig. 3b). We can conclude that
both the nitrate reductase and the electron transport chain
play essential roles in in situ CO, recycling. It is suggested
that the reducing power released from the oxidation of for-
mate is converted to ATP, and this ATP supply is important
for directing carbon flow to the rTCA cycle. The appropri-
ate MNF concentrations for in situ CO, recycling in the
r'TCA cycle are | mM sodium molybdate, 10 mM nitrate,
and 5 mM Ferrous sulfate heptahydrate (data not shown).
In summary, anaerobic respiration can be deliberately acti-
vated only under the appropriate conditions, by means of
the energy pump. The activation of anaerobic respiration
facilitates in situ CO, recycling.

Similarly, when ATP production is increased by the intro-
duction of the heterologous ethanol production pathway
(pLOI295), the level of C-1 products in E. coli significantly
decreases. In other words, the strategy of additional ATP
supply has been shown to be effective and allows in situ
CO, recycling via the rTCA cycle. It can be concluded that
ATP is a rate-limiting step for Eq. (3). On the other hand,
simply providing NADH may not be sufficient to drive the
r'TCA cycle activity, which can be exemplified by providing

heterologous FDH (Fig. 3). The introduction of heterologous
ethanol production pathway (pLOI295) is a better approach
compared to the EP. We argued that the introduction of the
heterologous ethanol production pathway (pLOI295) is a
more efficient way for ATP production compared to the EP.

One thing that should be noted is that the decrease in C-1
is significant, but the destination of those recycled C-1 is
yet to be determined. This is consistent with the result that
MZLF3/pGETSKAFS + pLOI295 has the highest C-2/C-1
ratio among all but is accompanied with a low carbon recov-
ery (less than 80%) (Table 3). The recombinant rTCA cycle
has the potential for the production of butanol (Chen et al.
2013; Saini et al. 2016) and polyhydroxybutyrate (Lin et al.
2017) from CO,. It is suggested that the cell would need to
carefully deliberate its intra-cellular energy balance to actu-
ally control the carbon flow.
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