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The annual anthropogenic CO2 emission reached 40 GtCO2 
per year in 2019, with cumulative CO2 emission exceeding 
2,000 Gt (ref. 1). To achieve net zero carbon emission by 2050 

(ref. 2), developing technologies for carbon fixation, storage and use 
have become an urgent issue. Until now, biology is the only demon-
strated approach at scale capable of fixing and using CO2 to produce 
a large variety of compounds. However, biological CO2 fixation rate 
is controlled by cellular regulation that balances CO2 fixation with 
cell physiology and organismal growth, and typically limited by oxy-
gen sensitivity and the carboxylase activity. To decouple CO2 fixation 
from cellular physiology and growth, in vitro cell-free enzymatic sys-
tems have been proposed, since the rate is in principle scalable with 
enzyme concentrations up to physicochemical limitations. However, 
in vitro systems need to overcome a few challenges, including enzyme 
instability, metabolite instability and cofactor regeneration.

Although various approaches have been reported to improve 
enzyme stability3,4, metabolite stability5,6 and cofactor recycling7, 
these potential solutions cannot be simply applied to every case. 
Additionally, the lack of cellular regulation for in vitro cell-free 
systems also presents a problem in balancing the rates of cofactor 
consumption and regeneration under dynamic conditions. These 
problems need to be addressed to assess the feasibility of in vitro 
CO2 fixation at scale. To overcome all these difficulties, we aim to 
construct a cell-free in vitro CO2 fixation system with real-time 
opto-sensing modules to control the regeneration of cofactors. 
We first have to design a CO2-fixing cycle in which each enzyme 
exhibits a high specific activity, and is readily purifiable and oxygen 
tolerant. Additionally, the cycle intermediates must self-replenish 
to allow for sustained drawing from any intermediate to the desir-
able product. We noted that except for the Wood–Lindahl path-
way8,9 and the reductive glycine pathway10, all of natural CO2-fixing 
pathways either individually or after coupling with other common 
pathways are self-replenishing cycles11 (Supplementary Fig. 1), in 
which the product is also one of the intermediates. There are at least 
two advantages in this configuration. First, the self-replenishing 
cycle can operate in many ways, such that any intermediate can 
be withdrawn as a product. For example, the Calvin–Benson–
Bassham (CBB) cycle can output C3, C4, C5, C6 or C7 as a product, 

and still maintain a steady state, provided that the product was not 
drained beyond the rate of replenishing. This requirement is rela-
tively easy to achieve by controlling the output activity. Second, the 
self-replenishing cycle accumulates products in the intermediates 
and can be autocatalytic8,12. This is helpful in the cycle startup phase 
when the concentrations of intermediates are below the KM values 
and the accumulation of intermediates increases the rate of cycle.

Unfortunately, the naturally evolved CO2-fixing cycles all 
contain key enzymes with intrinsic problems hindering fur-
ther engineering (Supplementary Tables 1 and 2)13. For example, 
ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO), 
the key enzyme of the CBB cycle, has a relatively low velocity 
and has a notable oxygenase activity that leads to photorespira-
tion14. Pyruvate-ferredoxin oxidoreductase (PFOR), one of the key 
enzymes in the Wood–Lindahl pathway, reductive tricarboxylic acid 
(rTCA) cycle, dicarboxylate/4-hydroxybutyrate (DC/4HB) cycle and 
the reductive glycine pathway10, is oxygen sensitive and requires fer-
redoxin as the electron carrier15. These characteristics cause major 
difficulties when the enzyme is used under ambient conditions.

Here, we show the successful design and operation of an 
oxygen-insensitive, self-replenishing CO2 fixation system with 
opto-sensing. The system comprises a synthetic reductive glyoxyl-
ate and pyruvate synthesis (rGPS) cycle and the MCG pathway. The 
self-replenishing feature allows every intermediate of rGPS–MCG 
cycle to be produced from CO2 (Fig. 1 and Supplementary Fig. 4) and 
output as a product if the rate of product draining does not exceed the 
rate of replenishing. The opto-sensing system allows us to monitor 
and maintain the concentration of each cofactor (that is, [NAD(P)H], 
[ATP] and [FAD]). We accomplished sustained operation for 6 hours 
with a CO2-fixing rate comparable to or greater than typical CO2 fixa-
tion rates of photosynthetic or lithoautotrophic organisms.

Results
Design of the rGPS–MCG cycle. To design a highly efficient, 
oxygen-insensitive and self-replenishing CO2-fixing cycle, we used 
a modular approach. We started from the oxygen-insensitive car-
boxylase, phosphoenolpyruvate (PEP) carboxylase (Ppc), which 
catalyses the carboxylation of PEP (C3) to form the C4 compound 
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oxaloacetate (OAA)16. It is one of the most active carboxylases with 
superior affinity toward HCO3

− and has no oxygenase activity17. Ppc 
is used to replenish intermediates of the tricarboxylic acid cycle, or 
to shuttle CO2 in C4 or in the crassulacean acid metabolism in plants. 
However, in most cells, OAA cannot be converted to pyruvate or 
acetyl-CoA, without carbon loss. To overcome this limitation, we 
have previously designed and demonstrated a Ppc-based pathway 
to convert one C3 compound (pyruvate) to two C2 metabolites, 
acetyl-CoA and glyoxylate, with one bicarbonate fixed18. We termed 
this pathway the reductive glyoxylate synthesis (rGS) pathway (Fig. 1)  
and it contains part of the reverse glyoxylate shunt18. Then, in our 
follow-up work, we designed the MCG pathway19, which consists 
of the rGS pathway and the glycerate pathway, to convert glyoxyl-
ate back to acetyl-CoA via glycerate (Supplementary Fig. 2d), with 
a net reaction of fixing one carbon to pyruvate to produce two 
acetyl-CoA (Supplementary Fig. 3).

To complete a CO2 fixation cycle, another carboxylation reaction 
is needed to convert the C2 product back to the C3 compound, pyru-
vate. In nature, PFOR can fix one CO2 to acetyl-CoA to produce 
pyruvate using reduced ferredoxin as the redox cofactor. However, 
the oxygen sensitivity of PFOR is a major challenge that precludes 
its function in aerobic organisms. Natural acetyl-CoA assimilation 
pathways could not fulfil this task either. For example, the glyox-
ylate cycle can only convert two acetyl-CoA to one pyruvate with 

one carbon loss. The ethylmalonyl-CoA pathway can convert two 
acetyl-CoA to one glyoxylate and one propionyl-CoA in nine steps. 
Theoretically, propionyl-CoA can be converted to pyruvate through 
the methylcitrate cycle in seven steps. However, the malate to OAA 
step in the methylcitrate cycle is needed in the reverse direction in 
the rGS pathway. This route could be challenging to implement with 
the rGS pathway for the complicated reaction network. Synthetic 
routes based on acetyl-CoA carboxylase or methylmalonyl-CoA 
carboxytransferase have been proposed to convert acetyl-CoA to 
pyruvate by Bar-Even et al.17. However, these pathways contain 
an oxygen-sensitive enzyme lactoyl-CoA dehydratase or alanine 
2,3-aminomutase.

To design an oxygen-tolerant pathway that is functionally equiv-
alent to PFOR for converting C2 back to C3, we used crotonyl-CoA 
carboxylase/reductase (Ccr), which catalyses the reductive carbox-
ylation of crotonyl-CoA to (S)-ethylmalonyl-CoA using reduced 
nicotinamide adenine dinucleotide phosphate (NADPH) as the 
reducing equivalent20. This enzyme is the core carboxylase in the 
previously reported synthetic CO2 fixation cycle, the crotonyl-CoA–
ethylmalonyl-CoA–hydroxybutyryl-CoA (CETCH) cycle21. Similar 
to Ppc, Ccr catalyses the carboxylation reaction with a superior activ-
ity (Supplementary Table 1), and is oxygen insensitive. We designed 
a reductive pyruvate synthesis (rPS) pathway (Fig. 1) that first con-
verts two acetyl-CoA to the C5 intermediate mesaconyl-C1-CoA 
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with a CO2 fixed, and then splits the C5 compound to acetyl-CoA 
and pyruvate22. All ten enzymes involved are efficient and oxygen 
insensitive, thus avoiding all the challenges involved in PFOR. 
While this paper was under review, the rPS pathway was revealed by 
a computational approach23 without experimental proof.

The reductive carboxylation of acetyl-CoA to pyruvate is ther-
modynamically unfavourable with a standard reduction poten-
tial (E°’) as low as −500 mV. Thus, using NADH (E°’ = −320 mV, 
E’ = −280 mV) or NADPH (E°’ = −320 mV, E’ = −380 mV) alone 
could not provide enough reducing power to push the reaction for-
ward24. The rPS pathway realizes this reaction with one NADH and 
one NADPH and recovers excess reduction potential by producing 
one enzyme-bound FADH2 (E°’ = −26 mV)25, thus rendering the 
reaction thermodynamically favourable. This approach is reminis-
cent of the naturally evolved bifurcating enzyme26.

The rPS pathway converts one acetyl-CoA to pyruvate with one 
CO2 fixed, and the rGS pathway converts one pyruvate to glyox-
ylate and acetyl-CoA while fixing one bicarbonate. Together, we 
obtained a CO2 fixation cycle that produces glyoxylate. We call this 
CO2 fixation pathway the reductive glyoxylate–pyruvate synthesis 
(rGPS) cycle. This rGPS cycle has been proposed as the CCR–PEPC 
pathway previously in silico17 but never been demonstrated experi-
mentally. Combining the rGPS cycle with the MCG pathway (or 
CCR–PEPC pathway with the glycerate pathway as suggested previ-
ously17), yields a self-replenishing CO2 fixation cycle. Like the CBB 
cycle that can output C3, C4, C5, C6 or C7 as a product, the rGPS–
MCG cycle can output C2, C3, C4 and C5 (Fig. 1 and Supplementary 
Fig. 4), provided that the rate of product draining does not exceed 
the rate of replenishing. We applied maximum–minimum driv-
ing force analysis27 to evaluate the thermodynamic feasibility of 
the rGPS–MCG cycle. The change in Gibbs energy of the reac-
tions was estimated using the component contribution method28. 
Supplementary Fig. 5 indicates that each step is thermodynamically 
feasible (negative ΔrG’m), except the acetyl-CoA acetyltransferase 
(AtoB) and crotonase (Crt) step, which can be driven by higher 
concentrations of the substrates. Such reactions have been shown 
multiple times in 1-butanol production29.

Demonstration of the rGPS cycle. To demonstrate the feasibil-
ity of this synthetic network, we selected, cloned, expressed and 
purified 16 enzymes fused with His-tag in the rGPS–MCG cycle 
(Supplementary Fig. 6). The remaining three, Ppc, malate dehy-
drogenase (Mdh) and enolase (Eno), were acquired commercially. 
We have demonstrated the MCG pathway in vitro previously19. In 
this project, we further explored using pyruvate carboxylase (Pyc) 
to replace Pps and Ppc to convert pyruvate to OAA in the MCG 
pathway with lower ATP cost. We tried a commercial Pyc from 
Sigma. Although the commercial Ppc and Pyc have similar activities 
(≥5 U mg−1) according to the product information, we found using 
Pps and Ppc together achieved higher reaction rate of converting 
pyruvate to OAA than using Pyc. Pyc from Corynebacterium glu-
tamicum has been expressed in Escherichia coli and purified suc-
cessfully before, which could be another option. However, Pyc 
from C. glutamicum has a relatively high KM (3.76 mM)30 for pyru-
vate compared to E. coli Pps (KM = 83 µM for pyruvate)31 and Ppc 
(KM = 190 µM for PEP)32. Although Pyc and Ppc have similar spe-
cific activities, Pps and Ppc couple could work better in our experi-
mental condition probably due to the lower KM values. Since Pps 
and Ppc couple worked well in our system, we did not explore more 
Pyc variants. Theoretically, using a Pyc with better kinetic parame-
ters could improve rGPS–MCG cycle with lower ATP demand. The 
rest of the enzymes in the rGPS cycle were assayed for its activity 
either individually (Supplementary Fig. 7 and Supplementary Table 
3) or sequentially (Supplementary Fig. 8).

After confirming the activity of each enzyme in the rGPS cycle, 
we set out to demonstrate the feasibility of the whole rGPS cycle. 

First, the rGPS cycle was divided into two segments on the basis 
of cofactor requirement. The first segment was from Pps to Ccr, 
which required ATP, NADH and NADPH as cofactors. The second 
segment was from ethylmalonyl-CoA/methylmalonyl-CoA epim-
erase (Epi) to (S)-citramalyl-CoA lyase (Ccl), which only required 
FAD as cofactor. Each segment was able to accomplish its desired 
activity (Supplementary Fig. 9a,b). We then demonstrated one 
round of the complete cycle in three steps in a one-pot reaction 
(Supplementary Fig. 9c,d). To operate the cycle continuously, FAD on 
(2S)-methylsuccinyl-CoA dehydrogenase (Mcd) must be regener-
ated from FADH2. Mcd has been engineered to methylsuccinyl-CoA 
oxidase (Mco)21, which can use O2 as electron acceptor. Mco con-
verts methylsuccinyl-CoA and O2 to mesaconyl-CoA and H2O2. 
Then H2O2 can be converted back to O2 through catalase. However, 
the Vmax of Mco was 60 times lower than Mcd. Thus, we chose to still 
use Mcd in our system and tried to regenerate its cofactor, FAD. In 
the cell-free system, we used ferrocenium (Fc+) as an artificial elec-
tron acceptor for FAD regeneration. Then ferrocene (Fc) can be oxi-
dized back to Fc+ using electrochemical approach (Supplementary 
Fig. 10c) or using horseradish peroxidase (Hrp) and H2O2 (Fig. 2 
and Supplementary Fig. 10d), which can be generated renewably. 
We found that the CO2 fixation rate is faster with Hrp than the elec-
trochemical approach. Also, the Pt electrode from the electrochemi-
cal approach seems to adsorb free CoA and CoA-derived products. 
The binding between noble metal and thiol has been studied and 
reported in the literature33. Therefore, we continued with using Hrp 
to regenerate FAD in our following experiments, even though the 
electrochemical approach could still be a direction for future work. 
We optimized the working concentration range of ferrocenium 
(Supplementary Fig. 11a) to avoid the spontaneous reduction of Fc+ 
by NAD(P)H and to ensure that Fc+ can effectively work with Mcd 
(Supplementary Fig. 11b). The resulting working concentration of 
Fc+ was set between 0 and 0.06 mM, and NAD(P)H concentration 
between 0.3 and 0.4 mM. Although Hrp can also oxidize NADH 
and NADPH with H2O2, the activity is more than 1,000 times lower 
than its activity with Fc+ (Supplementary Fig. 12). By controlling 
the peroxidase amount in our system, Fc+ can be regenerated with 
Hrp and H2O2 while NAD(P)H is barely influenced (Supplementary  
Fig. 13). To avoid enzyme damage, H2O2 was fed to the system man-
ually (before the FAD/Fc+ sensing and control module was imple-
mented) on the basis of the decrease of Fc+ concentration monitored 
by the absorbance at 300 nm. We demonstrated the rGPS cycle for 
1 hour with a CO2-fixing rate of 1.36 mM h−1 (66.9 nmol min−1 mg−1 
of core cycle proteins, Supplementary Fig. 10f).

Demonstration of the rGPS–MCG cycle. To form a self-replenishing 
system, we integrated the MCG pathway with the rGPS cycle. The 
resulting network can produce acetyl-CoA(C2), pyruvate (C3) or 
malate (C4) directly from CO2. To confirm the self-replenishing 
feature, we started the reaction with 0.2 mM of unlabelled 
crotonyl-CoA and fed the in vitro systems with 13C-labelled bicar-
bonate and 13C-labelled formate that was converted into 13CO2 
through Fdh during NADH regeneration. Fully labelled C2, C3 and 
C4 intermediates will be formed only when the double-labelled gly-
oxylate enters the MCG cycle as shown in Supplementary Fig. 14. 
The double-labelled glyoxylate will be formed only when the rGPS 
cycle runs through at least twice (Supplementary Fig. 15). No triple 
labelled PEP was produced by rGPS alone (Supplementary Fig. 16a), 
and double-labelled acetyl-CoA produced by rGPS alone (from the 
natural abundance of isotopes of C, H, N, O, P and S) was much less 
than that produced by rGPS–MCG (Supplementary Fig. 16b). Thus, 
these results proved the intended activity of MCG for the establish-
ment of self-replenishing cycle.

Operation with opto-sensing of cofactor regenerations. To sus-
tain the operation, metabolite and enzyme stability need to be 
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addressed. Free CoA is oxidized to CoA disulfide in the presence 
of oxygen (Supplementary Fig. 17), and the reaction is further pro-
moted by high concentration of H2O2 (Supplementary Fig. 18). 
Additionally, acetyl-CoA binds to some ingredients such as BSA in 
enzyme preparations. Therefore, all of commercial enzymes were 
presaturated with acetyl-CoA and column purified. We also found 
that E. coli AtoB is particularly sensitive to H2O2 (Supplementary 
Fig. 19a). Therefore, we replaced AtoB with an isoenzyme, 
Rhodobacter sphaeroides acetyl-CoA acetyltransferase (PhaA), 
which is relative insensitive to H2O2 (Supplementary Fig. 19b). 
On the other hand, if the H2O2 concentration is too low, the FAD 

regeneration and Mcd activity will be compromised, leading to 
methylsuccinate formation from the unstable methylsuccinyl-CoA. 
Fortunately, we found that methylsuccinate can be converted back 
to methylsuccinyl-CoA through the malate thiokinase (Mtk) in 
the MCG cycle (Supplementary Fig. 20), although the specific 
activity of Mtk on methylsuccinate is only about 10% of activ-
ity on malate. The formation and conversion of methylsuccinate 
to methylsuccinyl-CoA form an ATP-draining futile cycle, which 
should be minimized. As such, H2O2 concentration for the FAD 
regeneration requires precise control to increase the CO2 fixation 
efficiency and sustain the cycle.

300,000

350,000

400,000

450,000

0.2 0.4 0.6 0.8 1.0

F
c+

 s
ig

na
l (
T

30
0)

Time (h)

–1,500

–1,000

–500

0

500

1,000

1,500

0.2 0.4 0.6 0.8 1.0

A
ve

ra
ge

 s
lo

pe
 (
T

30
0)

Time (h)

0

5,000

10,000

15,000

20,000

0 1 2 3 4 5 6

Lu
m

in
es

ce
nc

e 
fr

om
lu

ci
fe

ra
se

 a
ss

ay
(c

ou
nt

s)
  

Time (h)

0

100,000

200,000

300,000

400,000

500,000

600,000

0 1 2 3 4 5 6

N
A

D
(P

)H
 s

ig
na

l (
T

34
0)

Time (h)

Formate G6P

a

b

ATP sensing and 
control module

c

Cpk

CP

Creatine ATP 

ADP ADP 

AMP 

Myo

Luciferase assay

Max(I565)–Min(I565)

Sample

I565, t = 0–100 s

Spectrometer

Data processing

–

SP

+

If E > 0,
supply CP

NAD(P)H sensing and
control module

Fdh

Formate

CO2 NADH

NAD+

G6PDH
G6P

NAD(P)H 

NAD(P)+

6PG

T340

–

SP

+

Spectrometer

If E > 0,
supply formate
or G6P

UV UV

T300

Spectrometer

Data processing

dT300

dt
+

–

SP

H2O2
If E < 0

FAD/Fc+ sensing and
control module 

Hrp
2H2O

H2O2 2Fc

2Fc
+ FADH2

FAD

CP

d e  f

0

150,000

300,000

450,000

600,000

0 1 2 3 4 5 6

F
c+

 s
ig

na
l (
T

30
0)

Time (h)

0

0.1

0.2

0.3

0.4

0.5 H
2 O

2  dose (µm
ol m

in
–1)

Fig. 2 | Real-time monitoring and control of cofactor regenerations in the rGPS–MCG cycle. a, The cofactor opto-sensing and control modules. b, NAD(P)
H was monitored by T340 over 6 h. Once NAD(P)H was lower than the setpoint (0.3 mM), additional 2.5 mM formate and 0.5 mM G6P were added to 
the system. c, ATP was monitored by the luciferase assay. Assay reagents were mixed with the sample in a cuvette automatically through two Hamilton 
PSD/4 Precision Syringe Pumps. The bioluminescence from the mixture was measured by a spectrometer. Once ATP was lower than 0.6 mM (10,000 
counts), additional 2 mM creatine phosphate (CP) was added to the system. d, Dynamics of Fc+ signal (T300, green line) and the H2O2 dose (yellow line) 
from the feedback-controlled auto-injector over 6 h. e, The initial change of Fc+ signal was due to the CoA compound redistribution. f, The average slope 
of Fc+ signal at the initial stage. The setpoint of the average slope of T300 is 200 within the first hour. Cpk, creatine kinase; Myo, myokinase; Fdh, formate 
dehydrogenase; G6PDH, glucose-6-phosphate dehydrogenase; Hrp, horseradish peroxidase. G6P, glucose-6-phosphate; 6PG, 6-phosphogluconolactone; 
Fc, ferrocene; Fc+, ferrocenium. SP, setpoint; I565, the light intensity at 565 nm; E, control error equal to SP-measured output; T300, transmission at 300 nm 
and T340, transmission at 340 nm. The SP for the NAD(P)H module was set to 0.3 mM, for the ATP module was set to 0.6 mM, and for the FAD/Fc+ module 
was set to 200 (counts per second).

NATuRe CATALYSiS | VOL 5 | FEBRUARy 2022 | 154–162 | www.nature.com/natcatal 157

http://www.nature.com/natcatal


Articles Nature Catalysis

In addition to the control of FAD regeneration, we identified that 
NAD(P)H concentration and ATP concentration must also be mon-
itored and controlled. Specifically, we found that Hrp can also oxi-
dize NADH and NADPH with H2O2, although the activity is more 
than 1,000 times lower than its activity with Fc+ (Supplementary 
Figs. 11 and 12). It has been known that ATP regulates the enzyme 
activity through substrate inhibition or allosteric regulation. Here, 
we identified that high concentration of ATP inhibited the activity 
of Pps, Mtk and Gk. (Supplementary Figs. 21 and 22b).

In cells, the metabolite concentration and cofactor balance are 
well-regulated through multiple mechanisms. To substitute for 
these regulatory circuits, we built a fibre-optic system for auto-
matic real-time monitoring and controlling of the regeneration of 
NAD(P)H, Fc+ and ATP as shown in Fig. 2a and Supplementary 
Fig. 23. To avoid interference from components such as enzymes 
and CoA-containing metabolites, we extracted 300 ± 5 nm from a  

deuterium lamp and measured the transmission (T300) for Fc+ to con-
trol the rate for H2O2 addition to regenerate FAD. After adjusting for 
various interfering factors, including a consistent slope decrease due 
to the initial redistribution of the CoA compound from the start-
ing material (0.4 mM PEP and 0.4 mM crotonyl-CoA) (Fig. 2d,e),  
we were able to control the H2O2 concentration on the basis of 
the average slope of Fc+ signal both during the initial phase where 
the baseline dropped (Fig. 2d–f), and the quasi-steady-state phase 
where the baseline stabilized. Along the experiment, the signal to 
noise ratio of the Fc+ signal decreased, probably due to the limited 
solubility of ferrocene (Fc) in water, leading to a decrease of the total 
concentrations of Fc+ and Fc after repeated reduction and oxidation 
cycles. This problem can be solved by modifying Fc to increase its 
solubility. For the NAD(P)H monitoring, we extracted 340 ± 5 nm 
from the deuterium lamp and measured the transmission (T340). 
If the T340 signal increases more than 7.5%, then the substrates  
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Fig. 3 | The rGPS–MCG cycle with opto-sensing and control module for CO2 fixation. a, Dynamics of the fractional labelling patterns (on the left y axis) 
and the concentrations (on the right y axis) of six major metabolites of the rGPS–MCG cycle over 6 h. These metabolites were measured by LC–MS every 
30 min. b, The cumulative CO2 incorporation over 6 h. Cumulative CO2 incorporation was calculated on the basis of all of the measured labelled carbons 
among these six intermediates. The data represent the means of n = 3 biologically independent experiments.
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(formate and G6P) for NADH and NADPH regeneration were 
added to the system as shown in Fig. 2b.

The creatine kinase (Cpk) and creatine phosphate system 
was chosen over the polyphosphate kinase (Ppk) and polyphos-
phate system for ATP regeneration due to its lower inhibition of 
ATP-consuming enzymes (Pps, Mtk and Gk) (Supplementary Note 
1). ATP concentration was automatically monitored by the lucif-
erase assay every 30 min (Supplementary Fig. 23 and Fig. 2c). To 
maintain activities and avoid inhibitions of the ATP-consuming 
enzymes, we set the working concentration of ATP between 0.6 and 
0.8 mM. Creatine phosphate, the substrate for ATP regeneration, 
was added once ATP concentration fell below 0.6 mM (Fig. 2c).

Enzyme limitation. To sustain the CO2 fixation cycle, we used the 
principle of pathway assays developed previously34 and explained 
in the Methods to identify the limiting enzymes in the system at 
various times of the reaction. To do so, we divided the rGPS–MCG 
cycle into four linear segments: acetyl-CoA to ethylmalonyl-CoA; 
crotonyl-CoA to acetyl-CoA and pyruvate; pyruvate to acetyl-CoA 
and glyoxylate to PEP (excess amounts of Ppc and Mdh were added 
for converting PEP to malate to avoid the reversibility of Eno). All 
enzymes from glyoxylate to PEP were stable (Supplementary Fig. 24).  
Comparison of the pathway assays results between the initial 
(Supplementary Fig. 25) and the 6 h enzyme mixture showed 
that the limiting step shifted along with time, presumably due to 
enzyme inactivation during the reaction. Among the most unstable 
enzymes are PhaA, Ccr (Supplementary Fig. 26a), Epi, Ecm, Mcd 
(Supplementary Fig. 27a), Pps, Ppc, Mtk and Mcl (Supplementary 
Fig. 28a). We found that PhaA (Supplementary Fig. 26), Ppc, Mtk 
and Mcl (Supplementary Fig. 28) lost a notable amount of activ-
ity after 6 h in the operating conditions, but these enzymes remain 
stable in the reaction buffer without Fc+ or H2O2. It is likely that 
protein oxidation by Fc+ or H2O2 caused enzyme instability. On 
the other hand, the activity of Ccr (Supplementary Fig. 26b) Epi, 
Ecm, Mcd (Supplementary Fig. 27b) and Pps (Supplementary  
Fig. 28b) decrease after 6 h incubation even in the reaction buffer in 
absence of Fc+ and H2O2, suggesting that these enzymes are intrin-
sically unstable under the ambient condition. To make up for the 
decreased activities, these unstable enzymes were added to the reac-
tion mixture every 30 min.

After installing the control systems and identifying  
limiting factors, we achieved a quasi-steady-state operation for 
the rGPS–MCG cycle for 6 h (Fig. 3). Almost every intermediate  
in the rGPS–MCG cycle was measured using the liquid  

chromatography–mass spectrometry (LC–MS) method we estab-
lished except mesaconyl-C1-CoA, mesaconyl-C4-CoA and tar-
tronate semialdehyde. We used 0.4 mM of PEP and 0.4 mM 
crotonyl-CoA to start the reaction. Thus, there was 2.8 mM of 
unlabelled carbon atom initially. To quantify CO2 fixation, we fed 
the in vitro systems with 13C-labelled bicarbonate and 13C-labelled 
formate that was converted into 13CO2 through Fdh during NADH 
regeneration. Figure 3a shows the time course of concentrations 
and fractional labelling patterns of six different intermediates in 
the rGPS–MCG cycle along 6 h operation. As expected, the labelled 
fraction of every metabolite increased along the reaction. The main 
carbon reservoir for this CO2 fixation system was malate, acetyl-CoA 
and glycerate. 1 mM of malate, 0.7 mM of acetyl-CoA and 0.4 mM 
of glycerate accumulated within 6 h. At 6 h, about 5% of malate, 
12% of glycerate, 13% of PEP and 19% of 2-phospho-d-glycerate 
were fully labelled, confirming the self-replenishing feature of the 
rGPS–MCG cycle. Notably, methylsuccinate concentration was 
maintained below 0.3 mM, indicating that our opto-sensing mod-
ule for controlling H2O2 concentration and FAD regeneration was 
effective. About 5.5 mM of CO2 was fixed within 6 h (Fig. 3b). After 
the initial stage (that is, 1.5 h), a roughly constant CO2 fixation rate 
(0.55 mM h−1) and a repeated injection pattern of H2O2 dose (Fig. 2d)  
were achieved, suggesting that the CO2 fixation system is robust and 
sustainable within this time frame.

Discussion
To our knowledge, this rGPS–MCG cycle achieved the highest 
steady-state CO2 fixation rate (0.55 mM h−1) among complex bio-
catalytic pathways established fully in vitro. On the basis of the 
core protein amounts (pathway enzymes without the enzymes 
in NAD(P)H, ATP and FAD regeneration systems), this rGPS–
MCG cycle achieved a higher protein efficiency for CO2 fixation 
(28.5 nmol min−1 mg−1 core cycle protein at quasi-steady state; 
100 nmol min−1 mg−1 core cycle protein within the initial 1.5 h) 
than the previously reported CETCH 5.4 cycle21 (Table 1). If we 
compared our rGPS–MCG cycle with autotrophic and hetero-
trophic CO2-fixing microbes on the basis of dry weight, our spe-
cific CO2-fixation rate (28.5 nmol min−1 mg−1 core protein or 
2 mmol h−1 g−1 core protein) is at least threefold higher than the 
rate reported in the literature35 and is comparable to the maxi-
mum CO2 specific uptake rate of Synechocystis PCC 6803 during 
the log phase36. Assuming the 50% of dry cell weight is protein, 
the maximum specific CO2-fixation rate of Synechocystis is about 
4 mmol h−1 g−1 total protein. Alternatively, we can compare the spe-
cific CO2-fixation rate between the rGPS–MCG cycle and the CBB 
cycle. In Synechocystis, approximately 3% of the dry cell weight 
comes from the CBB cycle37. On the basis of these data, the maxi-
mum specific CO2-fixation rate of the CBB cycle in Synechocystis 
is about 65 mmol h−1 g−1 CBB protein. While this paper was under 
review, the CBB cycle and rPS pathway were predicted to have path-
way activities in the same order of magnitude through the enzyme 
cost minimization algorithm23.

The self-replenishing rGPS–MCG cycle designed here enables 
the production of the key metabolites, such as acetyl-CoA, pyruvate 
and malate, which can be further converted to almost all chemicals 
in the biosphere. The cell-free CO2 fixation system might become 
practical if these enzymes can be further stabilized and cofactors 
can be regenerated using renewable energy at a deployable scale 
and with a sufficiently low cost. Although the enzyme stability 
remains an issue, this problem can in principle be solved by bio-
prospecting more stable enzymes or by directed evolution coupled 
with rational design.

Methods
Materials. All chemicals used were purchased from Sigma-Aldrich unless 
otherwise specified. Oligonucleotides were purchased from IDT. KOD and KOD 

Table 1 | Comparison of the in vitro carbon fixation results of 
rGPS–MCG and CeTCH 5.4 (ref. 21)

Name CeTCH 5.4 rGPS–MCG

Final product conc. (mM) 0.54 mM 
glyoxylate

0.7 mM acetyl-CoA
0.4 mM glycerate and 
1 mM malatea

Starting substrate (mM) 0.2 mM 
propionyl-CoA

0.4 mM crotonyl-CoA
0.4 mM PEP

Reaction volume (ml) 0.52 20

Core enzyme amounts (μg)b 1,196 9,744c

Reaction time (h) 1.5 6

Specific CO2 fixation rate 
(nmol min−1 mg−1 core enzyme)

5 100 (0–1.5 h)
28.5 (0–6 h)

aOnly the major products from the rGPS–MCG cycle were listed bPathway enzymes without 
enzymes in NAD(P)H, ATP and FAD regeneration system. c5,456 µg of enzyme was added initially. 
4,288 µg was the total amount of the unstable enzymes that were evenly distributed and added to 
reaction every 30 min.
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Xtreme DNA polymerase were purchased from EMD Millipore. Gibson Assembly 
Master Mix was purchased from New England Biolabs.

Culture medium and conditions. E. coli strains were grown in Luria-Bertani 
medium with appropriate antibiotics at 37 °C (for general molecular biology 
purposes) or 30 °C (for protein expression). Antibiotics were used at the following 
concentrations: carbenicillin, 200 μg ml−1; spectinomycin, 50 μg ml−1 and 
kanamycin, 50 μg ml−1.

Plasmid construction. All plasmids constructed in this study were assembled 
using the Gibson isothermal DNA assembly method. pQE9 (Qiagen) or 
pCDF-Duet1 (Novagen) was used as the plasmid backbone. Plasmids are list in 
Supplementary Table 4. Primers used are listed in Supplementary Table 5. All 
plasmids were constructed in E. coli strain XL-1 blue for propagation and storage.

Protein purification. E. coli strain XL-1 blue or BL21(DE3) was used as 
host for protein expression. Induction was accomplished with 0.5 mM 
isopropyl-β-d-thiogalactoside. His-tagged enzymes were purified by cOmplete 
His-Tag Purification Resin (Sigma-Aldrich). Protein concentrations were 
determined by the Bradford protein assay using Pierce Coomassie Plus Assay Kit 
(Thermo Fisher Scientific).

Enzyme assays. See Supplementary Methods for details.

High-performance liquid chromatography analysis. See Supplementary Methods 
for details.

Conditions for demonstration of the rGPS cycle in two pots. See Supplementary 
Methods for details.

Conditions for one-pot stepwise reconstitution of the rGPS cycle. See 
Supplementary Methods for details.

Assay of continuous running of the rGPS cycle using electrochemical FAD 
regeneration system. See Supplementary Methods for details.

Setup of the electrochemical system. See Supplementary Methods for details.

Assay of continuous running of the rGPS cycle using enzymatic FAD 
regeneration system. See Supplementary Methods for details.

Building automatic opto-sensing modules for monitoring and controlling 
cofactor concentrations. To construct a stable monitoring and control system, an 
all-fibre-based optical system was designed as Supplementary Fig. 23.

For Fc+ and NAD(P)H monitoring, a ultraviolet light (SLS 204, Thorlabs) 
was first passed through a colorglass filter (FGUV5M) and was collimated onto 
the reaction chamber. Then, the transmission intensity at 300 and 340 nm was 
measured every second by a spectrometer (EE2063S-050-FUVN, Isuzu Optics).

A Luciferase kit was used for ATP measurement. Here, 28 µl of luciferase 
solution was mixed with 672 µl of water and 20 µl of sample in a cuvette 
automatically through two Hamilton PSD/4 Precision Syringe Pumps. The 
bioluminescence from the mixture was measured by a spectrometer (Kymera-328i, 
Andor) with cooling camera (DU420A-BEX2-DD, Andor) at −70 °C.

All of the optical data were collected through LabVIEW 2020. The pump 
system for ATP measurement was controlled through a Python v.3.6 code. 
All of these computer codes are available at https://github.com/gbliao00/
CO2_Fix_Machine/tree/master/Paper_relative.

Control algorism for H2O2 injection to maintain Fc+ concentration. To control 
the H2O2 injection while the Fc+ signal (300 nm) maintained a consistent slope 
in the first hour due to CoA product distribution, a slope of the linear regression 
among the most recent 30 points was used to process the transmission signals 
(counts) at 300 ± 5 nm. The setpoints was set to 200 (counts per s). While rPS 
pathway was running, the slope increased due to the reduction of Fc+. If the slope 
was larger than 200, the syringe pump (LEGATO 100, KD Scientific) was triggered 
to inject H2O2 (250 mM) at the rate of 0.0045 ml min−1. Then, when Fc was oxidized 
back to Fc+ by H2O2, the slope of signals decreased. The syringe pump was stopped 
when the slope was lower than 200.

This control algorism was implemented through LabVIEW 2020, which 
is available at https://github.com/gbliao00/CO2_Fix_Machine/tree/master/
Paper_relative.

ATP signal processing. Bioluminescence signals from luciferase assay was 
measured as a summation of signals from 500 to 700 nm every second using 
(Kymera-328i, Andor) with cooling camera (DU420A-BEX2-DD, Andor)  
at −70 °C.

The ATP signal was calculated as S − B0, where the background signal (B0) was 
calculated as the median of signals within 12 s before sample injection. The sample 
signal (S) was calculated as the median of signals within 12 s after sample injection.

The ATP signal from the luciferase assay was calculated by LabVIEW 2020. 
It is available at https://github.com/gbliao00/CO2_Fix_Machine/tree/master/
Paper_relative.

Assays of ATP inhibitions on Mtk, Gk and Pps. For the Mtk assay, the assay 
was performed in a 600 μl (final volume) reaction mixture containing 100 mM 
MOPS pH 7.0, 100 mM NaHCO3, 1 mM MgCl2, 1 mM CoA, 0.55 µM FAD, 
0.55 µM coenzyme B12, 0.5 mM TPP, 0.5 mM malate, 1 mM creatine phosphate, 
4 mM phenylhydrazine, 5 µg of Mtk and 20 µg of Mcl. Reactions were started by 
adding different concentrations of ATP. Mtk activity was measured by monitoring 
the increase of absorbance at 324 nm corresponding to the production of 
glyoxylate-phenylhydrazone.

For the Gk assay, the assay was performed in a 600 μl (final volume) reaction 
mixture containing 100 mM MOPS pH 7.0, 100 mM NaHCO3, 1 mM MgCl2, 
0.3 mM NADH, 1 mM CoA, 0.55 µM FAD, 0.55 µM coenzyme B12, 0.5 mM TPP, 
0.5 mM glycerate, 1 mM creatine phosphate, 4 U of Mdh, 2 U of Ppc, 2 U of Eno, 5 U 
of Cpk and 5 µg of Gk. Reactions were started by adding different concentrations 
of ATP. Gk activity was measured by monitoring the decrease of absorbance at 
340 nm corresponding to the consumption of NADH.

For the Pps assay, the assay was performed in a 600 μl (final volume) reaction 
mixture containing 100 mM MOPS pH 7.0, 100 mM NaHCO3, 1 mM MgCl2, 
0.3 mM NADH, 1 mM CoA, 0.55 µM FAD, 0.55 µM coenzyme B12, 0.5 mM TPP, 
0.5 mM pyruvate, 1 mM creatine phosphate, 4 U of Mdh, 2 U of Ppc, 5 U of Cpk 
and 5 µg of Pps. Reactions were started by adding different concentrations of ATP. 
Pps activity was measured by monitoring the decrease of absorbance at 340 nm 
corresponding to the consumption of NADH.

Pathway assays. The principle of pathway assay is to measure the pathway activity 
by the product of the combined reactions of multiple enzymes. By comparing 
the pathway activities in the following experiments, one can deduce the possible 
limiting steps.

 (1) Reaction mixture (or cell extract) without supplementing with any enzymes. 
This serves as a baseline measurement to show that the reaction mixture can 
perform the desired reaction sequence.

 (2) Reaction mixture (or cell extract) supplemented with all enzymes to a given 
level. This serves as a positive control to show that the pathway activity can be 
elevated by the addition of all enzymes together.

 (3) Reaction mixture (or cell extract) supplemented with all but one enzyme to a 
given level. If the pathway activity (of experiment 2) is not affected by leaving 
out this enzyme in the supplement, it suggests that this enzyme is not limiting 
in the original reaction mixture. On the other hand, if the pathway activity (of 
experiment 2) is affected by leaving out this enzyme in the supplement, it sug-
gests that this enzyme is limiting.

 (4) Repeating experiment 3 by leaving out one enzyme at a time, one can identify 
all the limiting steps.

On the basis of the principle of pathway assay, the rGPS–MCG cycle was 
divided into four linear segments: acetyl-CoA to ethylmalonyl-CoA; crotonyl-CoA 
to acetyl-CoA and pyruvate; pyruvate to acetyl-CoA and glyoxylate to PEP for 
the pathway assay. All the samples contained the rGPS–MCG enzymes as listed in 
Supplementary Table 7. These enzyme mixtures were either incubated in the buffer 
(100 mM HEPES pH 7.2, 100 mM NaHCO3, 1 mM MgCl2, 0.55 µM FAD, 0.55 µM 
coenzyme B12 and 0.5 mM TPP) or performed in a 6-h operation. The enzyme 
mixtures were column purified through the Amicon Ultra-0.5 Centrifugal Filter 
Unit (10 kDa, Merck) four times with the buffer (100 mM HEPES pH 7.2, 100 mM 
NaHCO3, 1 mM MgCl2, 0.55 µM FAD, 0.55 µM coenzyme B12 and 0.5 mM TPP) to 
remove the metabolites.

For the assay from acetyl-CoA to ethylmalonyl-CoA, the assay mixture (50 µl) 
contained 100 mM HEPES pH 7.2, 100 mM NaHCO3, 1 mM MgCl2, 1 mM NADH, 
1 mM NADPH, 0.55 µM FAD, 0.55 µM coenzyme B12, 0.5 mM TPP. The initial 
enzyme amounts from different conditions (initial mixture, 3 and 6 h incubation 
and 6 h operation), and the additions of fresh enzymes are listed in Supplementary 
Figs. 25 and 26. Reactions were started by adding 1 mM acetyl-CoA. 
Ethylmalonyl-CoA was measured by LC–MS.

For the assay from crotonyl-CoA to acetyl-CoA, the assay mixture (70 µl) 
contained 100 mM HEPES pH 7.2, 100 mM NaHCO3, 1 mM MgCl2, 1 mM NADPH, 
0.55 µM FAD, 0.55 µM coenzyme B12, 0.5 mM TPP and 10 µg of Ccr. The initial 
enzyme amounts from different conditions and the additions of fresh enzymes are 
listed in Supplementary Figs. 25 and 27. Reactions were started by adding 0.3 mM 
crotonyl-CoA and 0.35 mM Fc+. Acetyl-CoA was measured by LC–MS.

For the assay from pyruvate to acetyl-CoA, the assay mixture (50 µl) contained 
100 mM HEPES pH 7.2, 100 mM NaHCO3, 1 mM MgCl2, 1 mM NADH, 0.6 mM 
ATP, 1 mM creatine phosphate, 1 mM CoA, 0.55 µM FAD, 0.55 µM coenzyme 
B12, 0.5 mM TPP and 0.5 U of Cpk. The initial enzyme amounts from different 
conditions and the additions of fresh enzymes are listed in Supplementary Figs. 
25 and 28. Reactions were started by adding 0.5 mM pyruvate. Acetyl-CoA was 
measured by LC–MS.

For the assay from glyoxylate to PEP, the assay mixture (50 µl) contained 
100 mM HEPES pH 7.2, 100 mM NaHCO3, 1 mM MgCl2, 1 mM NADH, 0.6 mM 
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ATP, 1 mM creatine phosphate, 0.55 µM FAD, 0.55 µM coenzyme B12, 0.5 mM 
TPP, 0.5 U of Cpk, 1 U of Ppc and 5 U of Mdh. The initial enzyme amounts from 
different conditions and the additions of fresh enzymes are listed in Supplementary 
Figs. 24 and 25. Reactions were started by adding 1 mM glyoxylate. Malate was 
measured by LC–MS.

Assay of 6 h operation of the rGPS–MCG cycle using enzymatic FAD 
regeneration system. The reaction mixture (20 ml as the final volume) contained 
100 mM HEPES pH 7.2, 100 mM NaH13CO3, 1 mM MgCl2, 0.15 mM NADH, 
0.1 mM NAD+, 0.15 mM NADPH, 0.8 mM ATP, 5 mM 13C sodium formate, 
1 mM glucose-6-phosphate, 5 mM creatine phosphate, 40 µg ml−1 gentamycin (for 
preventing bacteria contamination, see Supplementary Note 2), 0.18 mM CoA, 
0.55 µM FAD, 0.55 µM coenzyme B12, 0.5 mM TPP and 0.12 mM FePF6 (Fc+), and 
all the enzymes with the corresponding amounts (Supplementary Table 7). All 
the commercial enzymes (Myo, Hrp, Zwf, Cpk, Ppc, Mdh and Eno) were column 
purified through the Amicon Ultra-0.5 Centrifugal Filter Unit (10 kDa, Merck) 
with 100 mM HEPES buffer containing 1 mM MgCl2, 0.55 µM FAD, 0.55 µM 
coenzyme B12, 0.5 mM TPP and 0.5 mM acetyl-CoA. The unstable enzymes 
(Supplementary Table 7) were added into the reaction mixture every 30 min. The 
reaction was initiated with the addition of 0.4 mM PEP and 0.4 mM crotonyl-CoA.

Fc+ and NAD(P)H concentration was monitored through the transmission at 
300 ± 5 and 340 ± 5 nm, respectively. Fc+ concentration was controlled through 
an automatic syringe pump as mentioned before. The setpoint of NAD(P)H 
total concentration was 0.3 mM. Once NAD(P)H concentration was lower than 
the setpoint, 2.5 mM 13C sodium formate and 0.5 mM G6P were added into the 
reaction mixture. ATP concentration was measured through luciferase assay 
automatically as mentioned before. The setpoint of ATP concentration was 
0.6 mM. Once ATP concentration was lower than the setpoint, 2.5 mM creatine 
phosphate was added into the reaction mixture. Metabolite concentrations and 
their labelling patterns were measured through LC–MS (LC–MS-8045, Shimadzu) 
every 30 min.

LC–tandem MS (LC–MS/MS) analysis. Metabolite concentrations and their 
labelling patterns were measured and analysed by triple quadrupole Shimadzu LC–
MS 8045 with YMC-Triart C18 ExRS (Metal free column) (150 × 2.1 mm2, 1.9 µm, 
product no. TAR08SP9-15Q1PTP) at a flow rate of 0.30 ml min−1. Separation was 
performed using a gradient system of 100 mM tributylamine and 150 mM acetic 
acid with 0.4 mM NH4F (solvent A) and 100% methanol and 0.4 mM NH4F (solvent 
B). At the start was 95% solvent A and 5% solvent B. Solvent B was increased 
linearly to 25% over 4 min after starting point. From 4 to 10 min, solvent B was 
increased to 98% linearly and was maintained at 98% for 10.2 min. At 20.2 min, 
solvent B was decreased to its initial 5% within 0.5 min and held for 4.8 min to 
reequilibrate the column. The column temperature was maintained at 50 °C and 
the injection volume was 2 μl. LC–MS/MS was set in the negative mode with 
spectra acquired over a mass range of 50–1,000 m/z. The acquisition parameters 
were as follows: interface temperature, 250 °C; desolvation line temperature, 
200 °C; heat block temperature, 400 °C; desolvation gas, nitrogen; nebulizing gas 
flow rate, 3.0 l min−1; drying gas, nitrogen and drying gas flow rate, 5 l min−1. All 
of the metabolites and their labelling patterns were measured by multiple reaction 
monitoring (MRM (−)).

Pathway thermodynamics analysis. Maximum–minimum driving force analysis27 
was applied to evaluate the thermodynamics feasibility of the pathway. Python 
packages equilibrator_api (v.0.4.5) and equilibrator_pathway (v.0.4.5) were used 
for the analysis. The change in Gibbs energy of the reactions was estimated using 
the component contribution method28. CO2 was considered as the substrate for 
the carboxylation reactions as its concentration is pH-independent, unlike that 
of bicarbonate, thus simplifying the calculations. Metabolite concentrations were 
constrained to the range of 1 µM to 10 mM as described previously27. pH was 
assumed to be 7.0, ionic strength was assumed to be 0.25 M and −log[Mg2+] (pMg) 
was assumed to be 3.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding author on reasonable request.

Code availability
All of the optical data were collected through LabVIEW 2020. The pump system 
for ATP measurement was controlled through a Python 3.6 code. The ATP signal 
from the luciferase assay was calculated by LabVIEW 2020. All of these computer 
codes are available at https://github.com/gbliao00/CO2_Fix_Machine/tree/master/
Paper_relative.
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