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ABSTRACT OF THE DISSERTATION 

 

Design and construction of a synthetic CO2 fixation cycle in vitro 

 

by 

 

Shanshan Luo 

Doctor of Philosophy in Chemical Engineering 

University of California, Los Angeles, 2018 

Professor James C. Liao, Chair 

 

 

The increasing atmospheric carbon dioxide (CO2) level is calling for more efficient CO2 fixation 

systems to re-balance the carbon cycle. At the same time, atmospheric CO2 can in principle be a 

cheap and abundant carbon source for synthesizing various organic compounds. Converting CO2 

into useful chemicals can be an ideal solution for a sustainable future. However, due to its high 

thermodynamic stability and kinetic inertness, the chemical transformation of CO2 into organic 

compounds usually requires quite harsh conditions. In contrast, nature has evolved several CO2 

fixation pathways for synthesizing longer carbon chain compounds from CO2 under ambient 

conditions. To date, six CO2 fixation pathways have been reported. However, they all contain 

key carboxylases with intrinsic properties such as structural complexity and oxygen sensitivity 
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that hinder their further engineering and applications. To circumvent these problems, we 

designed a synthetic CO2 fixation cycle composed of all efficient, simple and oxygen tolerant 

enzymes and demonstrated its function in vitro. 

In this work, we utilized the two most active and oxygen-insensitive carboxylases, crotonyl-CoA 

carboxylase/reductase (Ccr) and phosphoenolpyruvate carboxylase (Ppc) to fix CO2 and 

bicarbonate, respectively. Our designed cycle is composed of the reductive glyoxylate synthesis 

(rGS) pathway and the reductive pyruvate synthesis (rPS) pathway. The rGS pathway converts 

one pyruvate to one glyoxylate and one acetyl-CoA fixing one bicarbonate, while the rPS 

pathway converts one acetyl-CoA to pyruvate with one CO2 fixed. Together, we obtained a CO2 

fixation cycle termed the reductive glyoxylate/pyruvate synthesis (rGPS) cycle. 

We first validated the feasibility of rGPS with its stepwise reconstitution in vitro. Using a two-

pot immobilized enzyme system, we were able to run the rGPS cycle semi-continuously. To 

further improve its efficiency, we developed electrochemical and enzymatic FAD regeneration 

systems to run the rGPS cycle continuously in one pot. Using the enzymatic FAD regeneration 

method increased the CO2 fixation rate of rGPS to 66.9 nmol min-1 mg-1 of core cycle proteins.  

We further explored the construction of rGPS in vivo. The rGS part has been demonstrated in 

vivo. The rPS part has not worked in E. coli for growth rescue, although all ten enzymes of rPS 

were confirmed to be active in crude extract assays. Finally, strategies for constructing a fully 

functional rGPS in vivo have been proposed.  
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Chapter 1. Background: current status of CO2 capture and utilization 

1.1 Introduction 

The increasing of atmospheric greenhouse gasses (GHGs) from anthropogenic activities has been 

recognized as a significant contributor to global warming and climate changes (1). Carbon 

dioxide (CO2), as the major GHG, accounts for about three-fourths of total global GHG 

emissions (2). The global average atmospheric CO2 concentration in 2017 has reached 405 parts 

per million (ppm) (3), which has increased more than 44%, from 280 ppm during pre-industrial 

time. However, comprehensive researches have suggested that the safe upper level of 

atmospheric CO2 is 350 ppm (4). To avoid the worst effects of climate change occurring, different 

approaches should be considered and adopted to get a substantial decrease in carbon emission, 

including enhancing energy efficiency and energy conservation; increasing usage of low carbon 

fuels and renewable energy; afforestation and reforestation; and CO2 capture and storage (CCS). 

This chapter will review current status of CO2 capture and utilization: mainly on CCS, chemical 

and biological approaches for CO2 conversion and examples of CO2 based biofuels.  

1.2 CO2 capture and storage 

Carbon dioxide (CO2) capture and storage (CCS) (or CO2 capture and sequestration) is a set of 

technologies that can capture up to 90% of the waste CO2 from large point emission sources, 

such as power plants and industrial processes, preventing large quantities of CO2 emissions from 

entering the atmosphere. It is a three-step process, including capturing CO2 emissions; 

transporting the captured and compressed CO2 to a storage site and securely storing it for a long-

term isolation from the atmosphere. 
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Fig. 1.1. CO2 capturing processes (6).  

 
 
There are three main CO2 capture systems: post-combustion, pre-combustion and oxyfuel 

combustion (Fig 1.1). Post-combustion process removes CO2 from the flue gas after the 

combustion using absorption, adsorption or membrane gas separation technologies. It is currently 

the most mature process for CO2 capture and mainly applied to both coal and gas fired plants (5). 

In the pre-combustion process, the fuel (normally coal or natural gas) goes through pretreatment 

steps to be converted into a H2/CO2 gas mixture before combustion. The high CO2 concentration 

in the H2/CO2 gas mixture facilitates the further CO2 separation (5). In the oxyfuel combustion 

process, only oxygen (O2) is supplied for the combustion process. This results in a flue gas 

mixture of mainly CO2 and condensable water vapor that can be cleaned and separated relatively 

easily. This process is technically feasible but has increased energy requirements in the 

separation of oxygen from air (6).  

After the CO2 gets captured, it needs to be transported to the storage sites. Pipelines are 

such as the development of value-added CO2 storage, industrial
utilization of CO2 and the carbon trade market [31].

However, the primary concern regarding the CCS process is that
carbon capture is very costly and energy intensive. Carbon capture
facilities themselves as well as the supply and replacement of gas
separation materials during power generation and energy consump-
tion, and also the ongoing operation and maintenance of the carbon
capture process, all involve huge expense. Consequently, the average
cost of CO2 storage depends on the actual location of facilities and the
scale of the network. An optimal CO2 pipeline network can help
minimize the infrastructure costs and operating costs of a project
[70]. Thus, both the capacity of the pipeline and pipeline length affects
the total cost of the system [71]. As long as the costs of implementing
the CCS technology is much higher than the emitting of CO2, there will
never be market-driven development of CCS. This is a major challenge
to public acceptance, which will also affect political attitudes [5].

Furthermore, legislation in various countries limits the volume of
emissions that can be generated from power sources, effectively
requiring some industries to implement a CCS system. Therefore, the
CO2 emission source operator and the CCS storage operator must
effectively collaborate in order to achieve the successful implementa-
tion of CCS technology. This is because a storage operator can only
store a limited amount of CO2. This limit will affect the optimal amount
of CO2 that the emission source operator can plan to produce and store
in any one location [72]. Thus, an optimal strategy regarding the long-
term use of CCS technologies must be devised to properly implement
CCS technology [73]. Table 4 provides an overview of the key
challenges related to the implementation of CCS. The table shows that
issues associated with cost and storage predominate in terms of the
challenges of CCS implementation.

3. Utilization of carbon dioxide (CO2) into biofuel

Due to the storage limitations of CCS technology, methods need to
be found to utilize CO2 in ways that are more sustainable. The
sustainable option discussed in this paper is the conversion of CO2

from a damaging GHG that causes global warming into a valuable,
renewable, and unlimited carbon source [86]. Moreover, as fossil fuels
are a limited resource, finding alternative fuels such as biofuels has
become a high priority worldwide [87]. The utilization of CO2 for
biofuel will not only help mitigate global warming, but also provide an

inexhaustible and generally-available carbon source for years to come.

3.1. Challenges of biofuel production from crops

Many controversies have emerged in various sectors regarding the
desirability of biofuel produced from the fermentation of crops.
Advocates have argued that the use of crop-based biofuels has the
potential to reduce GHG emissions and mitigate the carbon effect
[88,89]. However, the combination of CCS technology and the produc-
tion of biofuel by using CO2 as feedstock is more sustainable than that
obtained from the fermentation of crops because the flue gas emissions
from the various machinery used in crop production activities will
likely result in increased GHG emissions [86,90–92]. Moreover, there
are major food and environmental security concerns, as biofuel
production may eventually come into direct competition with food
production. Additionally, in some areas focus on crop-based biofuels
may also accelerate deforestation due to the expansion of land usage
for the cultivation of suitable feedstock [93–99].

3.1.1. Impact of biofuel on economic, environment, and social factors
Biofuels are a good alternative to conventional fuels for the

following reasons: they are compatible with current combustion
engines; are produced from renewable sources, produce low CO2

emissions in combustion; and have a positive socio-economic impact
[100]. In contrast, by taking into account the whole effects on the
economy, the use of biofuels may displace income from other sectors,
ultimately resulting in a net negative impact on the economy [101].

There are economic, social, and environmental impacts of biofuel
production that must be addressed for its implementation [102]. The
major impacts are considered under three headings: those that are
largely a product of land-use change, particular feedstocks, or technol-
ogy and scale [103]. All of these factors interact and the fraction is:

i. Land-use related impacts (land tenure and labour rights, green-
house gas balance, and biodiversity)

ii. Feedstock-related impacts (food security, soil resources, water
resources, human health, and invasive species)

iii. Technology and scale (rebound effects and efficiency as well as
energy security and scale)

Despite of positive impacts, there has been a lively debate

Fig. 3. CO2 capturing processes [24].

F.A. Rahman et al. Renewable and Sustainable Energy Reviews 71 (2017) 112–126

116
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considered to be the most viable method for onshore transporting of high volume of CO2 for 

distances up to around 1,000 km (7). For amounts smaller than a few million tons of CO2 per 

year or for larger distances overseas, ships could be more economically attractive (7). Rail and 

road tankers can also be used for small-scale CO2 transportation.  

For CO2 storage, four main types of geological formations are considered, including depleted oil 

and gas reservoirs; unmineable coal beds; saline aquifers and besalts (5). Potential CO2 leakage 

is a major concern for CO2 geological sequestration, while risk assessment and monitoring 

techniques are still being researched (6).   

Although CSS is technically feasible, its high overall cost and intensive energy demand still 

prevent this process from being widely deployed.  

1.3 Chemical approaches for CO2 conversions 

Instead of storing CO2 after capture, reusing captured CO2 and converting it into useful 

chemicals and fuels can be a more sustainable and longer-term solution. CO2, as the ultimate 

carbon source for all organic molecules on earth, can theoretically be a cheap and abundant 

feedstock for organic synthesis. However, the total amount of CO2 used today for producing 

chemicals is only a very minor fraction of the emitted CO2 (170 Mt/y with respect to 32,000 

Mt/y, ~0.53%) (8). Converting CO2 into organic compounds is still one of the biggest challenges 

in synthetic organic chemistry. 

CO2 has the most oxidized state of carbon, making it a thermodynamically stable molecule 

involving pretty low energy content (ΔGf
0 = -394 kJ/mol in gas phase). As a result, a substantial 

energy input is required for reducing CO2 to energy dense fuels. Structurally, CO2 is a linear, 
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nonpolar molecule with a double bond between the carbon and oxygen atoms (O=C=O). 

Generally, it is kinetically intern. However, owing to the electron deficiency of its carbonyl 

carbon, CO2 has a strong affinity toward nucleophiles, in other words, electron-donating reagents. 

Many nucleophiles, such as organometallics, amines, alkoxides, and even water, readily react 

with CO2 and lead to the formation of organic carbonates and carbamates. Thus, CO2 

transformation reactions can be categorized into two main processes (Fig 1.2) (8):  

 

Fig. 1.2. Typical chemical approaches for CO2 transformation. 

 
 

1. Low energy processes, in which CO2 reacts with electron-rich or high-energy compounds 

(such as amine, epoxides, alkane, alkyne, aromatics, diene, etc), producing low-energy 

products containing carbon at high oxidation state: +4 (such as carbonates, carbamates, 

urea and urethane derivatives) or +3 (such as carboxylic acids, esters and lactones) (9). 

Such reactions can occur without intense energy input.  

2. High energy processes, in which CO2 is reduced to form higher energy products, such as 

CO, CH3OH, CH4, hydrocarbons, and similar compounds. All these processes need to be 

driven by external energy, such as heat, light (photochemical reduction) or electricity 

(electrochemical reduction) (10).  

CO2	transforma-on�
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Utilizing CO2 for organic synthesis can date back to the late 1800s. In 1860, salicylic acid was 

produced from phenol salts and CO2 using the Kolbe–Schmitt reaction (11). Then, the synthesis 

of urea from ammonia and CO2 was achieved in 1922 (12). While, the synthesis of methanol 

using syngas and CO2 as well as the carboxylation of epoxides were developed recently in 1970s 

(8).  Despite an impressive amount of CO2-based synthetic schemes have been developed, only a 

few processes are industrialized. Among them, the synthesis of urea is the biggest consumer for 

CO2, consuming 115 Mt/y (~ 2/3 of the total CO2 used for chemical production).  

The electrochemical and photochemical reduction of CO2 into energy storage chemicals has 

attracted extensive research interest in recent years. This approach, mimicking natural 

photosynthesis, is a promising means of storing the intermittent renewable energy (geothermal, 

solar, and wind energy) in chemical form. However, usually these processes are only able to 

produce rather simple molecules such as carbon monoxide, methane, formic acid and methanol 

(13). Moreover, low energy efficiency and productivity are often associated with electro- or 

photocatalytic CO2 transformations (10). Significant advances in developing high energy 

efficient electro- or photochemical systems with high efficient, high selectivity and high stability 

electro- or photocatalysts are still required for their large-scale application (14).  

1.4 Natural CO2 fixation pathways 

Autotrophic organisms, which can assimilate CO2 into complex organic molecules via reduction, 

play a crucial role in the global carbon cycle. Depending on the type of reducing power used, 

they can be divided into chemolithoautotrophs and photoautotrophs. Chemolithoautotrophs 

derive electrons for CO2 reduction from inorganic substrates, such as hydrogen, H2S, elemental 

sulfur, CO, ammonia and reduced metal ions. While, photoautotrophs harness energy from 
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sunlight and get electrons from splitting water with O2 released. Autotrophs from different 

ecological niches can employ different pathways to fix CO2. To date, six CO2 fixation pathways 

have been identified: (1) the Calvin-Benson-Bassham cycle (CBB cycle) (15), (2) the reductive 

citric acid (rTCA) cycle (16), (3) the reductive acetyl-CoA (Wood-Ljungdahl) pathway (17, 18), 

(4) the 3-hydroxypropionate bicycle (19–21), (5) the 3-hydroxypropionate/4-hydroxybutyrate 

cycle (22), and (6) the dicarboxylate/4-hydroxybutyrate cycle (23).  

1.4.1 Calvin-Benson-Bassham cycle 

 
Fig. 1.3. Simplified Calvin-Benson-Bassham cycle.  

The dash line presents multiple steps. Ru5P, ribulose 5-phosphate; 3PG, 3-

phosphoglycerate; 1,3BPG, 1,3-bisphosphoglycerate; G3P, glyceraldehyde 3-phosphate. 

 

 

The complete CBB cycle (or reductive pentose phosphate cycle) (Fig 1.3) was identified in 1954 

by the research group of Melvin Calvin using the radioactive isotope C14 (15). The majority of 

atmospheric CO2 is assimilated through the CBB cycle in the photosynthesis process. All plants 

and algae use this cycle to fix CO2. While it is also found to be operating in some eubacteria, 

RubisCo	

		3×Ru5P	

	6×G3P	
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3×CO2
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such as cyanobacteria, some aerobic or facultative anaerobic Proteobacteria, CO-oxidizing 

mycobacteria and representatives of the genera Sulfobacillus (iron- and sulphur-oxidizing 

Firmicutes) and Oscillochloris (green sulphur bacteria) (24).  

CO2 is incorporated into the cycle by the key carboxylase, ribulose 1,5-bisphosphate 

carboxylase/oxygenase (RubisCO), which catalyzes the carboxylation of ribulose 1,5-

bisphosphate (RuBP), yielding two 3-phosphoglycerate. Then, 3-phosphoglycerate is converted 

to glyceraldehyde-3-phosphate through phosphorylation and reduction steps. Eventually, RuBP is 

regenerated from glyceraldehyde-3-phosphate through a series of carbon rearrangement 

reactions.  

RubisCo and phosphoribulokinase (Prk) are essential enzymes for a functional CBB cycle. As 

the characteristic enzyme of CBB cycle, RubisCo has been intensively studied. In nature, four 

forms of RubisCo have been discovered. Form I, II and III RubisCo catalyzes the carboxylation 

and oxygenation of RuBP, while form IV, the RubisCo-like protein, does not catalyze either of 

these reactions (25). RubisCo enables the biosynthesis of organic carbon from atmospheric CO2, 

playing a key role in the ecosphere. Despite its obvious importance, RubisCo is not a perfect 

carboxylase because of two major flaws: 1) RubisCO is a slow enzyme with an average turnover 

rate of 5 s-1, making the carboxylation reaction the primary rate-limiting step in the CBB cycle. 

To compensate this sluggish catalytic performance, enormous amounts of RubisCo are produced 

for carbon fixation. As a result, RubisCo is the most abundant single protein on earth (26). 2)  

RubisCo is promiscuous, as it also accepts O2 as a substrate and catalyzes the oxygenation of 

RuBP, yielding one 3-phosphoglycerate and one 2-phosphoglycolate. The produced 2-

phosphoglycolate cannot reenter the CBB cycle and needs to go through a series of 

detoxification reactions, which inevitably wastes both carbon and energy. Interestingly, for 
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RubisCo, a negative correlation exists between its activity and selectivity (27). This indicates that 

RubisCo might already be naturally optimized (28), suggesting the difficulty of its further 

improvement.   

1.4.2 Reductive citric acid (rTCA) cycle 

In 1966, the first alternative carbon fixation pathway besides the CBB cycle, the reductive citric 

acid (rTCA) cycle (Fig 1.4), was proposed in the green sulfur bacterium Chlorobium limicola 

(16). To honor its discoverers, this cycle is also known as the Arnon-Buchanan cycle. Unlike the 

CBB cycle, the rTCA cycle involves oxygen sensitive enzymes. Thus, this cycle is only found in 

anaerobes or microaerobes, including some types of Proteobacteria, green sulphur bacteria and 

members of the microaerophilic Aquificae phylum (24).  

 

Fig. 1.4. Reductive citric acid (rTCA) cycle.  

αKG, α-ketoglutarate; Fd2-
red, reduced ferredoxin. 
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As its name indicates, the rTCA cycle is essentially a reversal (the reductive direction) of the 

citric acid (TCA) cycle. One acetyl-CoA can be oxidative degraded into two CO2 molecules 

through the TCA cycle with reducing power and energy produced. Consequently, the reverse 

process of the TCA cycle, the rTCA cycle, can reduce two CO2 into one acetyl-CoA with 

reducing power and energy consumed. Most enzymes that catalyze reversible reactions in the 

TCA cycle are also used in the rTCA cycle. Some irreversible reactions are achieved by unique 

enzymes in the rTCA cycle, including the citrate cleaving enzymes, fumarate reductase and α-

ketoglutarate: ferredoxin oxidoreductase (KOR). The ATP-dependent cleavage of citrate to 

acetyl-CoA and oxaloacetate is one of the key steps in the rTCA cycle. It can be catalyzed by 

ATP-citrate lyase (Acl) or by the combination of citryl-CoA synthetase and citryl-CoA lyase. 

Also, several forms of fumarate reductase (Frd) are reported and can be divided into two major 

groups: membrane bound Frd and soluble Frd (29).  

In order to synthesize pyruvate from acetyl-CoA, another key carboxylase, pyruvate: ferredoxin 

oxidoreductase (POR), is required. Thus, three carboxylases are essential for operating the rTCA 

cycle for autotrophic growth. Isocitrate dehydrogenase (Idh) is an NAD(P)H-dependent enzyme 

and catalyzes both carboxylation and decarboxylation reaction. This carboxylation reaction can 

also be achieved by the combination of 2-oxoglutarate carboxylase and oxalosuccinate reductase, 

with oxalosuccinate as the intermediate (30). Both KOR and POR are ferredoxin dependent 

carboxylating enzymes, which are highly oxygen sensitive because they contain the easily 

oxidized iron sulfur clusters. Interestingly, in Hydrogenobacter thermophiles, two distinct forms 

of KOR are identified: one two-subunit KOR, which is oxygen sensitive and another five-subunit 

KOR, which is more oxygen tolerant and expressed only in aerobic condition (31). However, the 
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activity of the oxygen-tolerant KOR is more than one order of magnitude lower than the oxygen-

sensitive one (32).  

1.4.3 Reductive acetyl-CoA pathway (Wood-Ljungdahl pathway) 

The third CO2 fixation pathway, the reductive acetyl-CoA pathway or Wood-Ljungdahl (WL) 

pathway (Fig 1.5), was discovered and elucidated in acetogenic bacteria mainly by the 

laboratories of Harland G. Wood and Lars G. Ljungdahl (17, 18). This pathway is operating in 

strictly anaerobic organisms. Besides acetogenic bacteria, it is also found in autotrophic sulfate-

reducing bacteria and archaea, methanogenic archaea and some planctomycetes (33).  

 

Fig. 1.5. Simplified reductive acetyl-CoA pathway (Wood-Ljungdahl pathway) in 

acetogens.  

Dash lines present multiple steps. 
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branches: the methyl branch (eastern branch), where one molecule of CO2 is reduced to a carrier-

bound methyl group, and the carbonyl branch (western branch), where another CO2 molecule is 

reduced to a enzyme-bound CO. The methyl group and CO are then condensed together with 

CoA to synthesize one acetyl-CoA through the key enzyme of this pathway, CO 

dehydrogenase/acetyl-CoA synthase (CODH/ACS), which also catalyzes the reduction of CO2 to 

CO.  

The methyl branch is composed of a series of reactions and distinct differences exist between 

bacteria and archaea. In bacteria, the methyl branch starts with reducing CO2 to formate, which is 

then condensed with H4folate at the expense of one ATP. The formed 10-formyl-H4folate is 

consecutively reduced to 5-methyl-H4folate through a series of enzymes. Finally, the methyl 

group of 5-methyl-H4folate is transferred to the cobalt center of a corrinoid iron–sulfur-protein 

with H4folate released for reentering the pathway. While in archaea, instead of forming formate, 

CO2 is first reduced the formyl group of formylmethanofuran. In addition, the C1 carrier used in 

archaea is H4methanopterin not H4folate. On the contrary, the carbonyl branch, a one-step 

process catalyzed by CODH/ACS, is conserved in bacteria and archaea. The key enzyme, 

CODH/ACS, probably originates from the same root in bacteria and archaea (24).  

The WL pathway is the most energetically efficient CO2 fixation pathway so far, requiring 

probably less than one ATP to make one pyruvate from CO2 (24). It is also presumably the most 

ancient autotrophic carbon fixation pathway (33). However, the involvement of organometallic 

enzyme–substrate intermediates, the requirement of special cofactors and extremely 

sophisticated enzymes, limit the WL pathway to completely oxygen-free ecological niches. 
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1.4.4 3-Hydroxypropionate (3-HP) bicycle  

The 3-hydroxypropionate (3-HP) bicycle (Fig 1.6) was discovered in the phototrophic green non-

sulfur bacterium Chloroflexus aurantiacus (19–21) and seems to be restricted to members in the 

family Chloroflexaceae (33). The pathway uses ATP- and biotin-dependent acetyl-CoA and 

propionyl-CoA carboxylases for carboxylation reactions. All enzymes involved in this bicycle 

are oxygen insensitive, making it a potential candidate for transferring aerobic heterotrophs to 

autotrophs (34). 

 

Fig. 1.6. Simplified 3-Hydroxypropionate (3-HP) bicycle. 

Dash lines present multiple steps. ACC, acetyl-CoA carboxylase; PCC, propionyl-CoA 

carboxylase. 
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carboxylating acetyl-CoA to malonyl-CoA using acetyl-CoA carboxylase with one bicarbonate 

fixed. Malonyl-CoA is then consecutively reduced to propionyl-CoA through two enzymes, the 

bifunctional malonyl-CoA reductase and the trifunctional propionyl-CoA synthase. Sequentially, 

propionyl-CoA is carboxylated to methylmalonyl-CoA with propionyl-CoA carboxylase fixing 

another molecule of bicarbonate. After isomerization, CoA transfer, oxidation and dehydration, 

methylmalonyl-CoA is converted to (S)-malyl-CoA, which is then cleaved into acetyl-CoA and 

glyoxylate. Acetyl-CoA reenters into the first cycle and glyoxylate is incorporated into the 

second cycle. In the second cycle, glyoxylate is condensed with propionly-CoA (produced from 

acetyl-CoA in the first cycle) to form β-methylmalyl-CoA. After a series of reactions, β-

methylmalyl-CoA is converted to (S)-citramalyl-CoA, which is cleaved into acetyl-CoA and 

pyruvate. In summary, the 3-HP bicycle fixes three molecules of bicarbonate into one molecule 

of pyruvate.  

Apart from bifunctional malonyl-CoA reductase and trifunctional propionyl-CoA synthase, 

another key enzyme, malyl-CoA/β-methylmalyl-CoA/citramalyl-CoA lyase, is also a 

multifunctional enzyme catalyzing three reactions (21). Thus, the 3-HP bicycle includes 19 

reactions, but only 13 enzymes are involved. 

1.4.5 3-hydroxypropionate/4-hydroxybutyrate (HP/HB) cycle  

The 3-hydroxypropionate/4-hydroxybutyrate (HP/HB) cycle (Fig 1.7) was first discovered in 

autotrophic thermoacidophilic crenarchaeon Metallosphaera sedula (22). Later on, this pathway 

was also found in other Crenarchaeota, including the strictly anaerobic Stygiolobus azoricus (35). 

Recently, a more energy efficient version of the HP/HB cycle was identified in the marine 

archaeon Nitrosopumilus maritimus, a representative of the phylum Thaumarchaeota (36).  
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Fig. 1.7. Simplified 3-hydroxypropionate/4-hydroxybutyrate (HP/HB) cycle.  

Dash lines present multiple steps. Acac-CoA, acetoacetyl-CoA.  
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a ketyl radical mechanism (38, 39). The product, crotonyl-CoA, is eventually converted into two 

acetyl-CoA molecules via β-oxidation reactions. 4-hydroxybutyryl-CoA dehydratase (Hbd) has 

also been reported in anaerobic clostridia, where it is oxygen sensitive. While, 4-hydroxybutyryl-

CoA dehydratase from Metallosphaera sedula (40) and Nitrosopumilus maritimus (36) are robust 

in the presence of oxygen. The enzymes involved in the HP/HB cycle are oxygen tolerant, 

making the aerobic operation of this cycle possible.   

The recent identified thaumarchaeal HP/HB cycle is a more energy efficient version. Instead of 

using AMP-producing enzymes for 3-hydroxypropionate and 4-hydroxybutyrate activation, this 

version uses ADP-producing enzymes, saving two high-energy bonds every turn of this cycle. So 

far, this version of HP/HB cycle is also the most energy-efficient aerobic natural CO2 fixation 

pathway (36). Moreover, the phylogenetic analysis indicates a convergent evolution of the 

HP/HB cycle in Crenarchaeota and Thaumarcharota (36).  

1.4.6 Dicarboxylate/4-hydroxybutyrate (DC/HB) cycle 

The most recently discovered CO2 fixation pathway, the dicarboxylate/4-hydroxybutyrate 

(DC/HB) cycle (Fig 1.8), was first elucidated in the anaerobic hyperthermophilic crenarchaeon 

Ignicoccus hospitalis (Desulfurococcales) (23). Its occurrence has been extended to anaerobic 

members of Desulfurococcales and Thermoproteales (41), as well as the facultative aerobic 

Pyrolobus fumarii (Desulfurococcales) (35).  
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Fig. 1.8. Simplified dicarboxylate/4-hydroxybutyrate (DC/HB) cycle. 

Dash lines present multiple steps. Acac-CoA, acetoacetyl-CoA; PEP, phosphoenolpyruvate. 
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1.5 Direct conversion of CO2 to biofuels  

The direct conversion of CO2 into energy-dense liquid fuels can not only mitigate climate change 

but also supply sustainable energy to meet its growing demand. In nature, autotrophic organisms 

can fix CO2 with reducing power harnessed from either sunlight or various electron donors. With 

tools of metabolic engineering and synthetic biology, these autotrophs can be engineered to 

produce fuel compounds directly from CO2 (Fig 1.9).  

Phototrophic organisms such as eukaryotic microalgae and prokaryotic cyanobacteria are capable 

of using sunlight to fix CO2 into a variety of organic molecules. These organisms can be 

metabolically engineered to produce fuel molecules directly, bypassing the recalcitrance problem 

of plant biomass. The capacity of many microalgae species to produce large amounts of lipids 

(up to 50–70% of lipid per dry weight (42)) as storage products makes them an attractive 

resource for biodiesel production. To make algae-derived biodiesel economically feasible, 

improving the efficiency of algae converting CO2 to energy-dense oil is crucial. Bioprospecting 

for algae strains with high lipid accumulation, superior growth and harvesting characteristics can 

provide suitable candidates (43). Next-generation sequencing (44), RNA interference (RNAi) 

(45), and system biology approaches have provided insights into algal physiological and 

metabolic processes (46). For example, high throughput RNA-sequencing technologies have 

helped identify responsive genes for triacylglycerol accumulation under nitrogen deprivation 

conditions (44), which can provide potential targets for engineering high lipid production strains. 

Also, RNA interference (RNAi) technology (45), which enables sequence-specific knockdown 

genes in algal species with the RNAi machinery, is becoming a promising genetic tool for 

increasing lipid production in algae. 
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Fig. 1.9. Overview of direct biofuel production from CO2. 

(A) Phototrophic organisms such as microalgae and cyanobacteria can harness energy from 

sunlight to reduce CO2 and convert it to liquid fuels. (B) A broad range of lithoautotrophs 

can fix CO2 to produce fuels with reducing power from electrons or electrochemically 

generated electron shuttles, such as H2 and formic acid.  
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(52), isoprene (53), ethylene (54), 2,3-butanediol (55), 1,2-propanediol (56) and fatty acids (57) 

directly from CO2. Many cyanobacteria strains are capable to produce alkanes naturally (58), and 

overexpression of alkane biosynthetic genes in cyanobacteria has enhanced the alkane 

production (59). Besides overexpression of relevant biosynthetic pathways in cyanobacteria, 

many other strategies have been applied to produce desired compounds more efficiently, such as 

introducing thermodynamic driving forces (51), aligning cofactor usage (56) and using oxygen-

tolerant enzymes (60) in synthetic pathways. Thermodynamic driving forces can be increased by 

either increasing metabolite pool size through eliminating its draining pathways (61), or by re-

routing the path with an ATP expenditure (51). Since cyanobacteria generate NADPH readily 

through photosynthesis, switching cofactor usage from NADH to NADPH (56) in product 

formation pathway is helpful.  Furthermore, since photosynthesis generates oxygen, using 

oxygen-tolerant enzymes (60) is fuel production is essential.  

Providing large light exposing surfaces is crucial for producing photosynthesis-derived biofuels. 

To achieve this, open-pond and closed photobioreactors are used to culture photosynthetic 

microorganisms in large-scale. However, open-pond cultivation systems need large areas of land, 

and have problems like water loss, contamination and being difficult to control the culture 

conditions (62, 63). On the other hand, closed photobioreactors is costly for biofuels production 

(62).  In addition, the light capture efficiency is constrained by the nature of photosynthetic 

apparatus, which can only utilize radiation within a limited spectrum and intensity range, thus 

making photosynthetic microorganisms access only ~50% of the incident solar energy and be 

photoinhibited above a certain value of light intensity (64). On the other hand, sensitivity to high 

light, high temperature and high salt also presents a problem. Synechococcus sp. PCC 7002 

displays favorable properties in these areas (65).  In general, photosynthesis-derived biofuels still 
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need to compensate light-based constraints that are not encountered in traditional microbial 

fermentation processes to be economically viable.   

Another group of autotrophic organisms, lithoautotrophs, can fix CO2 with reducing power from 

electron donors that can be generated from electricity. Using electricity and lithoautotrophs to 

convert CO2 into energy-dense liquid fuels, which are referred to as “electrofuels”, has many 

advantages. First, owing to the higher efficiency of photovoltaic technologies than biological 

photosynthesis (66), electrofuels in theory could have better sun-to-fuel efficiency. Second, 

separating light and dark reactions circumvents the expensive cultivation systems for 

photosynthetic microorganisms. Moreover, since the solar or wind electricity is intermittent, 

converting electricity to liquid biofuel is the most energy-sense approach for energy storage. 

Some autotrophic microorganisms, such as Geobacter spp., can directly accept electrons from 

cathodes for anaerobic respiration (67). Recently, a wide range of acetogenic microorganisms 

including Sporomusa spp., Clostridium spp., and Moorella thermoacetica have shown the 

capability of accepting electrons from a cathode and fixing CO2 into acetate and a small amount 

of 2-oxobutyrate (68, 69), indicating the potential of biofuel production from CO2 with direct 

electron feeding. However, bioreactors with large electrode surfaces are needed to establish this 

process, which will inevitably increase the cost.   

Alternatively, a broad range of lithoautotrophic microorganisms are capable to fix CO2 with 

reducing power from electron shuttles, such as hydrogen and formic acid. H2 can be produced on 

cathodes from water splitting, whereas formic acid can be synthesized electrochemically using 

water and CO2. Lithoautotrophic organisms, such as Cupriavidus necator (formerly known as 

Ralstonia eutropha), have been engineered to produce biofuels from CO2 using H2 (70, 71) or 
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formic acid (72). Similarly, the H2-utilizing heterotroph Pyrococcus furiosus has been engineered 

to incorporate CO2 using a portion of the 3-hydroxypropionate/4-hydroxybutyrate CO2 fixation 

pathway from Metallosphaera sedula to produce 3-hydroxypropionic acid (73). However, the 

low solubility of H2 and low mass transfer rate in these processes may increase the cost of 

biofuel production.  
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Chapter 2. Design and demonstration of a synthetic CO2 fixation cycle in vitro 

2.1 Introduction 

The increasing atmospheric carbon dioxide (CO2) level, if unabated, is threatening to cause 

disastrous global climate changes and sea level rise (1, 2). Currently, the annual anthropogenic 

CO2 emission is approaching 40 GtCO2/year, with cumulative CO2 emission exceeding 2000 Gt 

(1). Results of multiple analyses show that cumulative CO2 emission correlates almost linearly 

with global temperature rise (1). Thus, to keep the global temperature increase below the 

acceptable 2 °C limit, negative emission is required to remove legacy CO2 in the atmosphere (3). 

Until now, biology is the only demonstrated approach for removing CO2 from air at scale 

powered by sunlight. After initial carbon fixation, the fixed carbon can be converted to fuels, 

chemicals, or storage materials, either to offset the need for fossil fuel or as long-term carbon 

storage (4). 

Nature has evolved several CO2 fixation pathways for synthesizing organic compounds from CO2 

under ambient conditions. To date, six CO2 fixation pathways have been reported (5): the Calvin–

Benson-Bassham (CBB) cycle, the reductive acetyl-CoA (Wood-Ljungdahl) pathway, the 

reductive tricarboxylic acid (rTCA) cycle, the 3-hydroxypropionate (3HP) bicycle, the 

dicarboxylate (DC)/4-hydroxybutyrate (4HB) cycle, and the 3HP/4HB cycle. However, naturally 

evolved CO2 fixation pathways all contain key carboxylases with intrinsic problems hindering 

further engineering (Tables 2.S1 and 2.S2) (6). For example, ribulose-1,5-bisphosphate 

carboxylase/oxygenase (RuBisCo), the key enzyme of CBB, has a relatively low velocity and has 

a significant oxygenase activity that leads to loss of fixed carbon (7). The negative correlation 

between its selectivity and velocity indicates that the enzyme might have already been naturally 
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optimized (8, 9), suggesting the difficulty of its further improvement. Pyruvate-ferredoxin 

oxidoreductase (PFOR), one of the key enzymes in the Woods-Ljungdahl pathway, the rTCA 

cycle and the DC/4HB cycle, is oxygen sensitive and requires ferredoxin as the electron carrier 

(10), making it difficult to use in vitro or in non-native organisms. Acetyl-coenzyme A (CoA) 

carboxylase (ACC), the key enzyme of the 3HP bicycle and the 3HP/4HB cycle is a biotin-

dependent enzyme complex containing several different subunits (11), and is difficult to 

manipulate. Hence, to build a more efficient CO2 conversion system, alternative CO2 fixation 

pathways composed of efficient, oxygen tolerant, and structurally simple enzymes are preferred. 

Recently, a synthetic CO2 fixation cycle, the crotonyl-CoA/ethylmalonyl-CoA/hydroxybutyryl-

CoA (CETCH) cycle, has been demonstrated in vitro for glyoxylate synthesis from CO2 (12). 

Despite this success, more synthetic cycles are needed to optimize the CO2 fixation rate beyond 

what nature has accomplished. 

2.2 Results 

2.2.1 Design of the rGPS cycle 

The goal of a carbon fixation cycle is to convert CO2 to the C2 and C3 metabolites, acetyl-CoA 

and pyruvate, respectively, which serve as precursors for all cellular constituents. We had 

focused on the simple and oxygen-insensitive carboxylase, phosphoenolpyruvate (PEP) 

carboxylase (Ppc), which catalyzes the carboxylation of PEP (C3) to form the C4 compound 

oxaloacetate (OAA). It is one of the most active carboxylases with superior affinity toward 

HCO3- and has no oxygenase activity (13). Ppc is used to replenish intermediates of the 

tricarboxylic acid (TCA) cycle, or to shuttle CO2 in C4 or crassulacean acid metabolism (CAM) 

plants. However, in most cells, OAA cannot be converted to pyruvate or acetyl-CoA, without 



 33 

carbon loss. To overcome this limitation, we have designed and demonstrated a Ppc-based 

synthetic pathway to convert one C3 compound (pyruvate) to two C2 metabolites, acetyl-CoA 

and glyoxylate, with one bicarbonate fixed (14). In this pathway, the C4 compound OAA is 

reduced and converted to (S)-malyl-CoA with the help of ATP hydrolysis. We termed this 

pathway the reductive glyoxylate synthesis (rGS) pathway (part of the reverse glyoxylate shunt) 

(14). In a follow-up design called the malyl-CoA glycerate (MCG) pathway (15), glyoxylate is 

converted to acetyl-CoA via glycerate, with a net reaction of fixing one carbon to pyruvate to 

produce two acetyl-CoA (see Fig. 2.S1 for glyoxylate conversion pathways). 

To complete a CO2 fixation cycle, another carboxylation reaction is needed to convert the C2 

product back to the C3 compound, pyruvate. 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. So far, 

no oxygen tolerant pathway of converting acetyl-CoA to pyruvate with one CO2 fixed has been 

demonstrated. Although pathways based on ACC or methylmalonyl-CoA carboxytransferase 

(MCCT) have been proposed (13), both enzymes are complex and difficult to manipulate. 

Without converting acetyl-CoA to pyruvate, the designed pathway cannot support autotrophic 

growth. 

To design an oxygen-tolerant pathway that is equivalent to PFOR, we employed crotonyl-CoA 

carboxylase/reductase (Ccr), which catalyzes the reductive carboxylation of crotonyl-CoA to 

(2S)-ethylmalonyl-CoA using NADPH as the reducing equivalent (16). Similar to Ppc, Ccr is 

also a simple enzyme with no oxygen-sensitivity. It catalyzes the carboxylation reaction with a 

superior activity (Table 2.S1), and is oxygen insensitive. Ccr was first discovered in the 

ethylmalonyl-CoA pathway for acetyl-CoA assimilation (16). In this pathway, two acetyl-CoA 
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molecules are condensed to form crotonyl-CoA, which is then carboxylated to the C5 

intermediate ethylmalonyl-CoA. If any C5 intermediate of the ethylmalonyl-CoA pathway can 

turn into pyruvate and acetyl-CoA, then the net reaction of fixing one CO2 to acetyl-CoA to form 

pyruvate can be achieved. To this end, we found that the C5 intermediate mesaconyl-C1-CoA 

could be converted to acetyl-CoA and pyruvate through 3 steps in the 3HP bicycle (17) (Fig. 

2.1). Combing 7 reactions of the ethylmalonyl-CoA pathway with 3 steps of the 3HP bicycle 

leads to converting C2 compound acetyl-CoA back to C3 compound pyruvate with one CO2 

fixed. This pathway is termed the reductive pyruvate synthesis (rPS) pathway (Fig. 2.1A). All 10 

enzymes are simple, efficient and oxygen-insensitive, thus avoiding all the challenges involved 

in PFOR, or ACC and MCCT-based strategies. 

The rPS pathway converts one acetyl-CoA to pyruvate with one CO2 fixed, while the rGS 

pathway converts one pyruvate to one glyoxylate and one acetyl-CoA fixing one bicarbonate. 

Together, we obtained a CO2 fixation cycle with the following overall reaction: CO2+HCO3
- 

+3ATP+NADPH+2NADH→Glyoxylate+FADH2. We call this CO2 fixation cycle the reductive 

glyoxylate/pyruvate synthesis (rGPS) cycle. The rGPS cycle is thermodynamically feasible as 

indicated by the Gibbs free energy changes (Fig. 2.S2). The rGPS cycle can be used in 

conjunction with the MCG pathway to produce either acetyl-CoA or pyruvate (Fig. 2.1BC and 

Fig. 2.S3). Thus, rGPS is fully capable of supporting cell growth in place of any naturally-

evolved CO2 fixing pathway.  
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Fig. 2.1. The rGPS cycle.  

(A) Topology of the rGPS cycle, which consists of 7 steps from the ethylmalonyl-CoA 

pathway (green), 3 steps of the 3-hydroxypropionate bicycle (orange), and the reductive 

glyoxylate synthesis pathway (blue). The red arrow indicates the carboxylation reaction. 

The sum of reactions in the rGPS cycle is shown in the purple box. See Table 2.S3 for 

enzyme abbreviations. (B, C) Simplified schematic of combing rGPS with MCG to produce 

acetyl-CoA (AcCoA) (B), or pyruvate (Pyr) (C). Green arrows indicate reactions only in the 

rGPS cycle, blue arrows indicate reactions only in the MCG pathway, and purple arrows 
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indicate reactions in both pathways. PEP, phosphoenolpyruvate; OAA, oxaloacetate; Gly, 

glyoxylate. 

 

 

2.2.2 Demonstration of one round of rGPS in vitro 

Direct construction of rGPS in vivo is challenging due to the complicated cellular regulation that 

many leads to unforeseeable problems (18). Additionally, the enzymes, cofactors, and 

metabolites in the synthetic cycle may be incompatible with each other. To separate the 

biological problems from the biochemical problems, we choose to demonstrate the rGPS cycle 

using a cell-free approach (19–21). The well-defined condition of cell-free systems can facilitate 

detecting problems in the synthetic pathway, including protein and metabolite stability, and 

enzyme inhibition by metabolites (22, 23). Most importantly, some pathway enzymes and 

cofactor regeneration systems need to be carefully balanced to avoid depletion or accumulation 

of certain metabolites that lead to blockage of the pathway (24–26). For naturally evolved 

pathways, these problems are solved through evolution. For synthetic pathways (12, 24, 27), it is 

desirable to solve these problems using cell free systems. 

To build the cell-free rGPS system, we selected, cloned, expressed in E. coli, and his-tag purified 

13 enzymes in the rGPS cycle (Fig. 2.S4). The remaining two, Ppc and malate dehydrogenase 

(Mdh), were acquired. Each enzyme was tested for its activity with enzyme assays (Fig. 2.S5 and 

Table 2.S3). First, the enzymes were sequentially added to the reaction buffer and the 

corresponding products were detected from crotonyl-CoA to pyruvate and acetyl-CoA (Fig. 

2.S6). The three steps from acetyl-CoA to crotonyl-CoA have been demonstrated in the butanol 

synthesis (27). Then the rGPS cycle was divided in two pots based on cofactor requirement (Fig. 

2.2AB), and each pot was able to accomplish its desired activity. We then demonstrated the 
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complete cycle in three steps but in one-pot (Fig. 2.2CD). Acetyl-CoA was first converted to (S)-

ethylmalonyl-CoA by acetyl-CoA acetyltransferase (AtoB), 3-hydroxybutyryl-CoA 

dehydrogenase  (Bhbd), crotonase (Crt), and Ccr with appropriate co-factors and bicarbonate 

(Fig. 2.2D). Then, ethylmalonyl-CoA epimerase (Epi), (2R)-ethylmalonyl-CoA mutase (Ecm), 

and (2S)-methylsuccinyl-CoA dehydrogenase (Mcd) were added to the reaction mixture to 

convert (S)-ethylmalonyl-CoA to mesaconyl-C1-CoA by using ferrocenium hexafluorophosphate 

(FePF6) to regenerate flavin adenine dinucleotide (FAD) (Fig. 2.2D). In the last step, the 

remaining enzymes mesaconyl-C1-CoA-C4-CoA transferase (Mct), mesaconyl-C4-CoA 

hydratase (Meh), (S)-citramalyl-CoA lyase (Ccl), phosphoenolpyruvate synthetase (Pps), Ppc, 

Mdh, malate thiokinase (Mtk), and malyl coenzyme A lyase (Mcl) were added together with 

NADH, ATP, and CoA to produce glyoxylate while regenerating acetyl-CoA to complete the 

cycle (Fig. 2.2D). Starting from acetyl-CoA, after this stepwise reconstitution, the final product 

glyoxylate was detected, indicating one round of rGPS was completed in vitro (Fig. 2.2D).  
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Fig. 2.2. Demonstration of one round of rGPS.  

(A, B) Demonstration of the rGPS cycle in two pots. Each pot contained corresponding 

enzymes (green) and cofactors (blue) together in the reaction buffer containing the 

corresponding starting substances. (A) The reaction mixture of pot 1 was analyzed with 

HPLC at time 0 min and time 45 min. (B) The reaction mixture of pot 2 was analyzed with 

HPLC at time 0 min and time 30 min. (C) Demonstration of the rGPS cycle in one pot but 

three steps through sequentially adding enzymes (green) and cofactors (blue) into the 

reaction buffer, which contained acetyl-CoA and NaHCO3. (D) HPLC analysis of the 

reaction mixture from step 0 (before adding enzymes) to step 3 (after all enzymes were 

added). Steps are numbered and colored according to panel (C). Intermediates are numbered 

according to panel (A), (B), and (C). Free CoA and CoA esters were followed at 260 nm, 

glyoxylate and pyruvate were derivatized by phenylhydrazine and detected at 324 nm. Note 

that reaction mixtures in (A), (B) were analyzed using HPLC system 2 method and the 
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reaction mixture in (D) was analyzed using HPLC system 1 method, resulting in the 

difference in retention times. See Table 2.S3 for enzyme abbreviations. FePF6, ferrocenium 

hexafluorophosphate; PH, phenylhydrazone. 

 

 

2.2.3 Problems of the continuous running of rGPS in vitro  

To realize continuous operation, high concentrations of cofactors are required in the reaction 

mixture to drive rGPS. However, we found that the artificial electron acceptor FePF6, which is 

used for regenerating flavin adenine dinucleotide (FAD) of enzyme Mcd, can also accept 

electrons from NADH and NADPH. The rate of this spontaneous reaction mainly depends on the 

concentrations of FePF6, NADH and NADPH in this in vitro system. Thus, adding high 

concentrations of these cofactors at the beginning can cause significant wasteful consumptions. 

To avoid this problem, we tried to add NADPH and NADH first into the reaction mixture 

containing all enzymes to convert acetyl-CoA to methylsuccinyl-CoA and then add FePF6 to 

continue the cycle. However, this strategy did not work since methylsuccinyl-CoA was not stable 

in our in vitro system (Fig. 2.S7). Without supplying FePF6, the cumulated methylsuccinyl-CoA 

was degraded and the cycle stopped.  

2.2.4 Semi-continuous operation of rGPS using a two-pot immobilized enzyme system 

To avoid the spontaneous reaction between FePF6 and NAD(P)H as well as the accumulation of 

the unstable intermediate methylsuccinyl-CoA, we designed a two-pot immobilized enzyme 

system to run the rGPS cycle semi-continuously (Fig. 2.3). This system divided rGPS into two 

pots that enabled adding FePF6 and NAD(P)H separately while avoiding the accumulation of 

methylsuccinyl-CoA. The first pot included Pps, Ppc, Mdh, Mtk, Mcl, AtoB, Bhbd, Crt and Ccr, 
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converting pyruvate and acetyl-CoA into (S)-ethylmalonyl-CoA and glyoxylate using ATP, 

NADH and NADPH as cofactors (Fig. 2.3A). The second pot included Epi, Ecm, Mcd, Mct, 

Meh and Ccl, converting (S)-ethylmalonyl-CoA into acetyl-CoA and pyruvate, using the 

artificial electron acceptor FePF6 as the cofactor. All enzymes are his-tagged and immobilized 

with nickel resin beads.  

The cycle started from crotonyl-CoA. First, the reaction buffer containing crotonyl-CoA, 

NaH13CO3 and NADPH were added into the first immobilized enzyme pot (Fig. 2.3A). After 

converting crotonyl-CoA to (S)-ethymalonyl-CoA, the reaction buffer was separated from the 

immobilized enzymes and added into the second immobilized enzyme pot with FePF6 to convert 

(S)-ethymalonyl-CoA into pyruvate and acetyl-CoA. After the conversion, the reaction buffer 

was separated and added into the first pot with ATP, NADH and NADPH to convert pyruvate 

and acetyl-CoA into (S)-ethylmalonyl-CoA and glyoxylate. Thus, one rGPS cycle was completed 

(Fig. 2.3B). Then, the reaction buffer was separated and added into the second pot with FePF6 to 

start the second run of rGPS. By semi-continuously running rGPS for two cycles in the 

immobilized system, double-labeled glyoxlate was detected (Fig. 2.3C) (see Fig. 2.S8 for 13C-

labeling patterns). This success indicated that avoiding the accumulation of methysuccinyl-CoA 

by keeping a balanced cofactor supply could lead to continuous function of the rGPS cycle. 
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Fig. 2.3. The semi-continuous running of the rGPS cycle in vitro using a two-pot 

immobilized enzyme system.  

(A) Scheme of the immobilized enzyme system, which consists of two pots of 

corresponding enzymes (red or green) immobilized with nickel resin beads. The first pot 

converts pyruvate and acetyl-CoA into (S)-ethylmalonyl-CoA and glyoxylate using ATP, 

NADH and NADPH as cofactors; the second pot converts (S)-ethylmalonyl-CoA into 

acetyl-CoA and pyruvate, using the artificial electron FePF6 as the cofactor. Reaction 

mixture containing crotonyl-CoA, NaH13CO3 and NADPH was added to resin 1 to react for 

5 min, then was separated and added to resin 2 together with FePF6 for 30 min. Then the 

reaction mixture was separated and added back to resin 1 again. One cycle can be 

completed after going through resin 1, resin 2 and resin 1. Two cycles can be completed 

after going through resin 1 and resin 2 for one more time. (B) LC-MS analysis of the 

reaction mixture after running one rGPS cycle. (C) LC-MS analysis of the reaction mixture 

after running two rGPS cycles. See Fig. 2.S8 for expected labeling patterns. For glyoxylate 
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phenylhydrazone, [M+H]+ = 165 and [M-H]- = 163. For double-labeled glyoxylate 

phenylhydrazone, [M+H]+ = 167 and [M-H]- = 165. 

 
 

2.3 Discussion 

Nature has evolved thousands of enzymes that serve as a repertoire for designing pathways for a 

specific purpose. For CO2 fixation, six natural pathways have been reported, suggesting that 

multiple pathways are required to meet the specific needs for different organisms (28). More CO2 

fixing pathways may be designed based on the repertoire of the existing enzymes or with 

modifications (12, 13). Besides thermodynamic and kinetic feasibility, oxygen tolerance and 

structural simplicity should also be considered as criteria for choosing enzymes for building 

synthetic CO2 fixation pathways. The rGPS cycle was designed based on those criteria. In 

particular, the rPS segment in rGPS is an oxygen-insensitive pathway for fixing one carbon to 

acetyl-CoA to generate pyruvate, demonstrating the first oxygen-insensitive PFOR-equivalent 

pathway. 

In this chapter, we successfully demonstrated a whole cycle of rGPS in vitro. We also identified 

the main problems hindering the continuous operation of the rGPS cycle. The two-pot 

immobilized enzyme system enabled its semi-continuous running. However, this semi-

continuous operation inevitably compromised the efficiency of the whole cycle. How to operate 

the oxidation and reduction reactions in rGPS cycle simultaneously to avoid the accumulation of 

the unstable intermediate methylsuccinyl-CoA is the key point for getting an efficient running 

rGPS in vitro.   



 43 

2.4 Materials and methods  

2.4.1 Materials 

All chemicals used were purchased from Sigma-Aldrich unless otherwise specified. 

Oligonucleotides were purchased from IDT. KOD and KOD Xtreme DNA polymerases were 

from EMD Millipore. Gibson Assembly Master Mix was purchased from New England Biolabs.  

2.4.2 Culture medium and conditions 

E. coli strains were grown in Luria-Bertani (LB) 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; Spectinomycin, 50 µg/mL; and 

Kanamycin, 50 µg/mL.  

2.4.3 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 vector backbone. 

Plasmids are list in Table 2.S4. Primers used are listed in Table 2.S5. All plasmids were 

constructed in E. coli strain XL-1 blue for propagation and storage. 

2.4.4 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 IPTG. His-tagged AtoB, Bhbd, Crt, Ccr, Epi, Mct, Meh, Ccl, Ppc, 

Mdh enzymes were purified by immobilized metal (Ni2+) affinity chromatography using His-

Spin Protein Miniprep kit (Zymo Research) with small modifications that the phosphate-based 
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his-elution buffer was changed to a glycylglycine-based buffer to avoid the inhibition effect of 

phosphate buffer on Mtk (Fig. 2.S9) and the washing was repeated four times instead of two 

times. His-tagged Ecm, Mcd, Pps, Mtk, Mcl enzymes were purified by immobilized metal (CO2+) 

affinity chromatography using HisPur Cobalt Resin (Thermo Fisher Scientific) with a small 

modification that the elution buffer was changed to a glycylglycine-based buffer. Enzyme 

concentrations were determined by the Bradford protein assay using Pierce Coomassie Plus 

Assay Kit (Thermo Fisher Scientific). 

2.4.5 Enzyme Assays 

All assays were conducted at room temperature under aerobic conditions. The reaction mixture 

volume was 0.6 ml unless otherwise indicated. The reaction schemes of each individual enzyme 

assay are illustrated in Fig. 2.S5.  

AtoB Assay. The AtoB activity was measured by monitoring the decrease of absorbance at 340 

nm corresponding to the consumption of NADH (ε340 nm = 5.31 mM-1 cm-1). The reaction mixture 

contained 100 mM Tris-HCl pH 7.5, 5 mM MgCl2, 0.1 mM NADH, 1 mM acetyl-CoA, 15 µg 

Bhbd, and 0.15 µg AtoB.  

Bhbd Assay. The Bhbd activity was measured by monitoring the decrease of absorbance at 340 

nm corresponding to the consumption of NADH. The reaction mixture contained 100 mM Tris-

HCl pH 7.5, 5 mM MgCl2, 0.2 mM NADH, 0.3 mM acetoacetyl-CoA, and 0.19 µg Bhbd. 

Crt assay. The Crt activity was measured by monitoring the decrease of absorbance at 290 nm 

corresponding to the consumption of crotonyl-CoA. The assay mixture contained 100 mM Tris-

HCl pH 7.5, 0.2 mM crotonyl-CoA, and 0.008 µg Crt.  
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Ccr assay. The Ccr activity was measured by monitoring the decrease of absorbance at 340 nm 

corresponding to the consumption of NADPH (ε340 nm = 5.31 mM-1 cm-1). The reaction mixture 

contained 100 mM Tris-HCl pH 7.0, 50 mM NaHCO3, 0.2 mM NADPH, 0.2 mM crotonyl-CoA, 

and 0.5 µg Ccr.  

Epi, Ecm, and Mcd assays. Activities of Epi, Ecm, and Mcd were measured in a coupled assay 

in which the oxidation of (2S)-methylsuccinyl-CoA was monitored at 300 nm with ferrocenium 

hexafluorophosphate (FePF6) as the artificial electron acceptor. The estimated differential 

extinction coefficient Δε300 nm (FePF6 minus mesaconyl-C1-CoA) was 2.74 mM-1 cm-1 (29). A 

substrate mixture contained 100 mM Tris-HCl pH 7.0, 50 mM NaHCO3, 0.6 mM NADPH, 0.6 

mM crotonyl-CoA, and 3 µg Ccr was incubated for 5 minutes to synthesize (2S)-ethylmalonyl-

CoA. The reaction mixture contained 100 mM Tris-HCl pH 7.5, 0.2 mM FePF6, 0.1 ml substrate 

mixture and appropriate amounts of Epi, Ecm, and Mcd. For Epi assay, 0.019 µg Epi, 9 µg Ecm, 

and 12 µg Mcd were used. For Ecm assay, 3.8 µg Epi, 0.37 µg Ecm, and 12 µg Mcd were used. 

For Mcd assay, 3.8 µg Epi, 9 µg Ecm, and 0.24 µg Mcd were used. Before assays, Epi was 

incubated with 0.4 mM CoCl2 on ice for 1 h to enhance its activity, and Ecm was incubated with 

0.1 mM Coenzyme B12 in dark on ice for 1 h for activation.  

Mct assay. The Mct activity was measured by monitoring the increase of absorbance at 290 nm 

corresponding to the conversion of mesaconyl-C1-CoA to mesaconyl-C4-CoA. The estimated 

differential absorption coefficient Δε290 nm (mesaconyl-C4-CoA minus mesaconyl-C1-CoA) was 

3.3 mM-1 cm-1 (17). A mixture contained 100 mM Tris-HCl pH 7.5, 5 mM MgCl2, 0.5 mM 

propionyl-CoA, 8 mM glyoxylate, 10 µg Mcl, and 35 µg Mch was incubated for 5 minutes to 

synthesize mesaconyl-C1-CoA. Then Mcl and Mch were removed using HisPur Ni-NTA resin 

and 1 µg Mct was added into the mixture to start the reaction.  
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Meh assay. The Meh activity was measured by monitoring the decrease of absorbance at 290 nm 

corresponding to the consumption of mesaconyl-C4-CoA. The estimated extinction coefficient 

ε290 nm of mesaconyl-C4-CoA was 6.7 mM-1 cm-1 (17). A mixture contained 100 mM Tris-HCl pH 

7.5, 5 mM MgCl2, 0.5 mM propionyl-CoA, 8 mM glyoxylate, 10 µg Mcl, 35 µg Mch, and 2.5 µg 

Mct was incubated for 15 minutes to synthesize mesaconyl-C4-CoA. Then Mcl, Mch, and Mct 

were removed using HisPur Ni-NTA resin and 0.2 µg Meh was added into the mixture to start the 

reaction.  

Ccl assay. The Ccl activity was measured in a coupled assay in which the formation of pyruvate 

from (S)-citramalyl-CoA was followed at 340 nm by monitoring the consumption of NADH with 

lactate dehydrogenase (Ldh). To synthesize (S)-citramalyl-CoA, a mixture contained 100 mM 

Tris-HCl pH 7.0, 50 mM NaHCO3, 0.5 mM NADPH, 0.5 mM crotonyl-CoA, 3 µg Ccr was 

incubated for 5 minutes to convert crotonyl-CoA to (2S)-ethylmalonyl-CoA first, then 1 mM 

FePF6, 4.5 µg Epi, 3.5 µg Ecm, 4 µg Mcd, 8.5 µg Mct, 5 µg Meh were added and the resulting 

mixture was incubated for 20 minutes. Precipitations formed from the reduction of FePF6 were 

removed by centrifugation. 0.5 ml supernatant was taken out and 0.2 mM NADH, 2 U Ldh 

(Sigma), and 2.25 µg Ccl or 3.10 µg Mcl were added to start the assay.  

Pps and Ppc assays. Activities of Pps and Ppc were measured in a coupled assay in which the 

formation of malate was followed at 340 nm by monitoring the consumption of NADH with 

Mdh. The reaction mixture contained 100 mM Tris-HCl pH 7.0, 5 mM MgCl2, 50 mM NaHCO3, 

1 mM ATP, 1 mM pyruvate, 0.1 mM acetyl-CoA, 0.3 mM NADH and appropriate amounts of 

Pps, Ppc, and Mdh. For Pps assay, 2 U Ppc (Sigma), 2 U Mdh (Sigma), and 5 µg Pps were used. 

For Ppc assay, 17 µg Pps, 2 U Mdh (Sigma), and 2.7 µg Ppc were used.   
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Mdh assay. The Mdh activity was measured by monitoring the decrease of absorbance at 340 

nm corresponding to the consumption of NADH. The reaction mixture contained 100mM Tris-

HCl pH 7.5, 0.3 mM NADH, 1 mM oxaloacetate, and 0.06 µg Mdh. 

Mtk and Mcl assays. Activities of Mtk and Mcl were measured in a coupled assay in which the 

formation of glyoxylate was monitored at 324 nm by reacting it with phenylhydazine to form 

glyoxylate-phenylhydrazone, which had an absorption coefficient ε324 nm of 8.08 mM-1 cm-1. The 

reaction mixture contained 100mM Tris-HCl pH 7.5, 5 mM MgCl2, 1 mM ATP, 1 mM CoA, 5 

mM malate, 10 mM phenylhydazine, and appropriate amounts of Mtk and Mcl. For Mtk assay, 

10 µg Mcl and 8.3 µg Mtk were used. For Mcl assay, 8.3 µg Mtk and 0.4 µg Mcl were used.  

2.4.6 HPLC Analysis 

CoA compounds, glyoxylate phenylhydrazone and pyruvate phenylhydrazone were analyzed by 

an Agilent 1200 HPLC equipped with a reversed-phase C18 column (LiChrospher 100, end-

capped, 5 µm, LiChroCART 125-4 125 × 4 mm). Separation was performed using one of the two 

gradient systems of 40 mM K2HPO4/HCOOH buffer at pH 4.2 (solvent A) and 20% acetonitrile 

(MeCN) in 40 mM K2HPO4/HCOOH buffer at pH 4.2 (solvent B). Column temperature was 

maintained at 25 oC and the flow rate stayed constant at 1 ml/min.  

System 1. Initial conditions were 90% solvent A and 10% solvent B. At 0 min, solution B was 

increased linearly to 50% over 40 min. At 40 min, the composition of B was increased to 100% 

over 1 min and held isocratic for 2 min. At 43 min, solution B was decreased to its initial 10% 

condition over 1 min and held for 16 min to reequilibrate the column.  
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System 2. Initial conditions were 90% solvent A and 10% solvent B. At 0 min, solution B was 

increased linearly to 100% over 40 min. At 40 min, the composition of B was held isocratic for 3 

min. At 43 min, solution B was decreased to its initial 10% condition over 1 min and held for 16 

min to reequilibrate the column. 

2.4.7 LC-MS analysis 

The labeling pattern of glyoxylate phenylhydrazone was analyzed by a Shimadzu 2020 EV LC-

MS equipped with a reversed-phase C18 column (Phenomenex Kinetex, 1.7 µm, 100 Å, 100 × 

2.1mm) using positive-and negative-mode electrospray ionization with a linear gradient of 5-

95% MeCN-H2O with 0.5% formic acid in 15 min followed by 95% MeCN for 3min with a 

constant flow rate of 0.3 ml min-1.  

2.4.8 Conditions for demonstration of the rGPS cycle in two pots 

The rGPS cycle was divided into two parts: 1. from pyruvate and acetyl-CoA to glyoxylate and 

ethylmalonyl-CoA; 2. from ethylmalonyl-CoA to pyruvate and acetyl-CoA. To demonstrate part 

1, a 600 µL reaction mixture containing 100 mM MOPS pH 7.0, 16.7 mM NaHCO3, 5 mM 

MgCl2, 4 mM glucose 6-phosphate, 3 mM ATP, 9 mM creatine phosphate, 0.17 mM NADH, 0.17 

mM NADPH, 0.2 mM pyruvate, 0.2 mM acetyl-CoA, 19.2 µg Pps, 40 µg Ppc, 2.6 µg Mdh, 42.3 

µg Mtk, 22 µg Mcl, 29.7 µg AtoB, 19.4 µg Bhbd, 16.1 µg Crt, 53.9 µg Ccr, 9.5 µg G6PDH, and 

13.3 µg CPK was used. The reaction was started with the addition of Pps and AtoB. A sample 

(200 µL) was withdrawn before adding Pps and AtoB as time 0 min. Another sample (200 µL) 

was withdrawn at 45 min after adding Pps and AtoB as time 45 min. To demonstrate part 2, a 600 

µL reaction mixture containing 100 mM MOPS pH 7.0, 16.7 mM NaHCO3, 5 mM MgCl2, 0.25 

mM ethylmalonyl-CoA (produced from crotonyl-CoA using Ccr), 0.5 mM FePF6, 32.7 µg Epi, 
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38.5 µg Ecm, 51.6 µg Mcd, 8.6 µg Mct, 8.6 µg Meh, and 33.4 µg Ccl was used. The reaction was 

started with the addition of Epi. A sample (200 µL) was withdrawn before adding Epi as time 0 

min. Another sample (200 µL) was withdrawn at 30 min after adding Epi as time 30 min. The 

samples were quenched with 5% formic acid, derivatized with 10 mM phenylhydrazine and 

analyzed with HPLC (system 2).  

2.4.9 Conditions for one-pot stepwise reconstitution of the rGPS cycle 

The one-pot stepwise reconstitution of rGPS was performed in 600 µL of 100 mM MOPS pH 7.0 

containing 16.7 mM NaHCO3, 5 mM MgCl2, 0.5 mM NADH, 0.5 mM NADPH, and 0.5 mM 

acetyl-CoA. A negative control sample (100 µL) was withdrawn before adding enzymes as step 

0. 29.7 µg AtoB, 19.4 µg Bhbd, 16.1 µg Crt, and 53.9 µg Ccr were added to start the reactions. 

After incubating for 30 min, a sample (100 µL) was withdrawn as step 1. Then, 32.7 µg Epi, 38.5 

µg Ecm, 51.6 µg Mcd, and 1 mM FePF6 were added and the reaction mixture was further 

incubated for 20 min before taking another sample (100 µL) as step 2. Finally, 4.3 µg Mct, 3.4 µg 

Meh, 20 µg Ccl, 9.6 µg Pps, 20 µg Ppc, 1.3 µg Mdh, 21.2 µg Mtk, 11 µg Mcl, 4 mM ATP, 2 mM 

NADH, and 1 mM CoA were added and the reaction mixture was further incubated for 45 min 

before the final sample (100 µL) was taken as step 3. The samples were quenched with 5% 

formic acid, derivatized with 10 mM phenylhydrazine and analyzed with HPLC (system 1). 

2.4.10 Semi-continuous operation of the rGPS cycle using a two-pot immobilized enzyme 

system 

To prepare the two-pot immobilized enzyme system, 15 his-tagged enzymes of the rGPS cycle 

were separated into two groups with each group of enzymes mixed together and bound to his-

affinity resin (Zymo Research) to form the immobilized enzyme resin. A 600 µL mixture 
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containing 100 mM Tris-HCl pH 7.0, 50 mM NaHCO3, 5 mM MgCl2, 12.9 µg AtoB, 16.1 µg 

Bhbd, 13.6 µg Crt, 40.8 µg Ccr, 69.2 µg Pps, 54.6 µg Ppc, 31 µg Mdh, 33.3 µg Mtk, and 19.8 µg 

Mcl was incubated with his-affinity resin drained from 300 µl his-affinity gel for 5 min and 

centrifuged to remove the liquid to form resin 1. A 600 µL mixture containing 100 mM Tris-HCl 

pH 7.0, 50 mM NaHCO3, 5 mM MgCl2, 0.1 mM Coenzyme B12, 0.4 mM CoCl2, 18.9 µg Epi, 

91.8 µg Ecm, 122 µg Mcd, 23.1 µg Mct, 16 µg Meh, and 35.1 µg Ccl was incubated with his-

affinity resin drained from 300 µl his-affinity gel for 5 min and centrifuged to remove the liquid 

to form resin 2.  

The semi-continuous operation was started by adding a 600 µL reaction mixture composed of 

100 mM Tris-HCl pH 7.0, 50 mM NaH13CO3, 5 mM MgCl2, 0.1 mM Coenzyme B12, 0.4 mM 

CoCl2, 0.5 mM Crotonyl-CoA, and 0.5 mM NADPH into resin 1 to react for 5 min. Then the 

reaction mixture was separated from resin 1 by centrifugation and added into resin 2 with 1 mM 

FePF6 to react. After 30 min, the reaction mixture was separated from resin 2 and added back 

into resin 1 with 2 mM ATP, 3 mM NADPH, and 4 mM NADH to react for 45 min. After this 

reaction, the resulting mixture was separated from resin 1. 100 µL of the mixture was withdrawn 

and 300 µL of the rest was added into resin 2 with 2 mM FePF6 to react for 30 min. Then the 

reaction mixture was separated from resin 2 and added into resin 1 with 1 mM ATP, 2 mM CoA, 

and 2 mM NADH to convert intermediates to glyoxylate. After 50 min, the reaction mixture was 

separated from resin 1 and 100 µL of the mixture was withdrawn. The withdrawn samples were 

quenched in formic acid with a final concentration of 5%. 10 mM phenylhydrazine was used for 

glyxoylate derivatization. The labeling pattern of glyoxylate phenylhydrazone was analyzed with 

LC-MS.  
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2.5 Supplementary figures and tables 

 

 

Fig. 2.S1. Pathways of converting glyoxylate to pyruvate and acetyl-CoA. 

(A) In the 3HP bicycle, glyoxylate can be converted to pyruvate with one bicarbonate fixed 

through ACC, and pyruvate is further decarboxylated to acetyl-CoA through pyruvate 

dehydrogenase (PDH). (B) In the bacterial glycolate catabolic pathway, two glyoxylate are 
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converted to one pyruvate with one CO2 loss, and pyruvate is further decarboxylated to 

acetyl-CoA through PDH. (C) In the plant glycolate assimilation pathway, two glyoxylate 

are converted to one pyruvate with one CO2 loss, and pyruvate is further converted to 

acetyl-CoA through PDH. (D) In the synthetic MCG pathway, one glyoxylate can be 

converted to one acetyl-CoA without net carbon loss. (E) In the synthetic reverse glyoxylate 

shunt pathway, one glyoxylate can be converted to one acetyl-CoA without net carbon loss. 
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Fig. 2.S2. Gibbs free energy change of the rGPS cycle starting from two acetyl-CoA.  

ΔrG’m and ΔG’m were calculated using the online tool-eQuilibrator 

(http://equilibrator.weizmann.ac.il/) (30). The conditions for ΔrG’m and ΔG’m are at 25 oC 

temperature, 1 bar pressure, PH=7.0, Ionic strength=0.1 M and 1 mM concentration used 

for all reactants. 
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Fig.	S2.	Gibbs	free	energy	change	of	the	rGPS	cycle	starQng	from	two	acetyl-CoA.	ΔrG’
m	and	ΔG’m	were	

calculated	using	the	online	tool-eQuilibrator	(hZp://equilibrator.weizmann.ac.il/)	(ref).	The	condiHons	for	
ΔrG’

m	and	ΔG’m	are	at	25	oC	temperature,	1	bar	pressure,	PH=7.0,	Ionic	strength=0.1	M	and	1	mM	
concentraHon	used	for	all	reactants.	�

Gibbs	free	energy	change	of	rGPS�
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Fig. 2.S3. Detailed Structure of rGPS+MCG.  

(A) The combination of rGPS with MCG for pyruvate synthesis. (B) The combination of 

rGPS with MCG for acetyl-CoA synthesis. The sum of reactions is shown in the purple box. 

See Table 2.S3 for enzyme abbreviations of rGPS. 2PG, 2-phospho-D-glycerate; Gcl, 

glyoxylate carboligase; Tsr, tartronate semialdehyde reductase; Gk, glycerate 2-kinase; Eno, 

enolase.
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Fig.	S3.	Detailed	Structure	of	rGPS+MCG.	(A)	The	combinaHon	of	rGPS	with	MCG	for	pyruvate	producHon.	(B)	
The	combinaHon	of	rGPS	with	MCG	for	acetyl-CoA	producHon.	The	sum	of	reacHons	is	shown	in	the	purple	
box.	See	table	S3	for	enzyme	abbreviaHons	of	rGPS.	2PG,	2-phospho-D-glycerate;	Gcl,	glyoxylate	carboligase;	
Tsr,	tartronate	semialdehyde	reductase;	Gk,	glycerate	2-kinase;	Eno,	enolase.		
�
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Fig. 2.S4. SDS-PAGE and theoretical sizes of all his-tagged proteins for building rGPS 

in vitro.  

SDS-PAGE denaturing gels of purified Ccr, Meh, Mct, AtoB, Bhbd, Crt, Epi, Ecm, Mcd, 

Ccl, Mtk, Mcl, Mdh, Ppc and Pps (see Table 2.S3 for enzyme abbreviations). Theoretical 

sizes were calculated from their corresponding nucleotide sequences (his-tag sequences not 

included). All proteins were designed with polyhistidine tags and purified by immobilized 

metal (Ni2+ or Co2+) affinity chromatography. The molecular weights of standard proteins 

are indicated. 
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Fig.	 S4.	 SDS-PAGE	 and	 theoreQcal	 sizes	 of	 all	 his-tagged	 proteins	 for	 building	 rGPS	 in	 vitro.	 SDS-PAGE	
denaturing	gels	of	purified	Ccr,	Meh,	Mct,	AtoB,	Bhbd,	Crt,	Epi,	Ecm,	Mcd,	Ccl,	Mtk,	Mcl,	Mdh,	Ppc	and	Pps	(see	
table	 S3	 for	 enzyme	 abbreviaHons).	 TheoreHcal	 sizes	 were	 calculated	 from	 their	 corresponding	 nucleoHde	
sequences	(his-tag	sequences	not	 included).	All	proteins	were	designed	with	polyhisHdine	tags	and	purified	by	
immobilized	 metal	 (Ni2+	 or	 Co2+)	 affinity	 chromatography.	 The	 molecular	 weights	 of	 standard	 proteins	 are	
indicated.		
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Fig. 2.S5. In vitro Enzyme Assay Schemes. 

A series of kinetic enzyme assays were performed to test the activity of purified enzymes. 

(A) AtoB assay. (B) Bhbd assay. (C) Crt assay. (D) Ccr assay. (E) Epi, Ecm, and Mcd 

assays. (F) Mct and Meh assays. (G) Ccl assay. (H) Pps and Ppc assays. (I) Mdh assay. (J) 

Mtk and Mcl assays. See “enzyme assays” in methods for details. Mch, methylmalyl-CoA 

dehydratase; Ldh, lactate dehydrogenase. Specific activities of all enzymes are listed in 

Table 2.S3. 
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Fig.	S5.	In	Vitro	Enzyme	Assay	Schemes.	A	series	of	kineHc	enzyme	assays	were	performed	to	test	the	acHvity	
of	purified	enzymes.	(A)	AtoB	assay.	(B)	Bhbd	assay.	(C)	Crt	assay.	(D)	Ccr	assay.	(E)	Epi,	Ecm,	and	Mcd	assays��
(F)	Mct	and	Meh	assays.	(G)	Ccl	assay.	(H)	Pps	and	Ppc	assays.	(I)	Mdh	assay.	(J)	Mtk	and	Mcl	assays.	See	
“enzyme	assays”	in	methods	for	details.	Mch,	methylmalyl-CoA	dehydratase;	Ldh,	lactate	dehydrogenase.	
Specific	acHviHes	of	all	enzymes	are	listed	in	Table	S3.�

(J)	



 59 

 

Fig. 2.S6. In vitro demonstration of the stepwise conversion of crotonyl-CoA to 

pyruvate and acetyl-CoA in the rGPS cycle. 

(A) Scheme of converting crotonyl-CoA to acetyl-CoA and pyruvate in 7 steps. (B) HPLC 

analysis of the products of incubating the reaction mixture containing crotonyl-CoA with 

corresponding enzymes (marked as red) and cofactors. CoA intermediates are numbered 

according to panel (A). CoA esters were followed at 260 nm, pyruvate was derivatized by 

phenylhydrazine and detected at 324 nm.  
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Fig. 2.S7. Stability test of methylsuccinyl-CoA in reaction conditions. 

Shown is the time course of producing methylsuccinyl-CoA from 0.1 mM, 0.2 mM, 0.4 mM, 

or 0.8 mM (S)-ethylmalonyl-CoA using Epi and Ecm in reaction conditions (100 mM 

MOPS pH 7.0, 16.7 mM NaHCO3, 5 mM MgCl2). The concentrations of free CoA and CoA 

esters were measured with HPLC (system 2). 
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Fig. 2.S8. Expected 13C-labeling patterns of the rGPS cycle with 13CO2 and H13CO3-. 

Two carbon fixation steps are featured in red. (A) In the first cycle, 13CO2 (shown in red 

circle) is incorporated into crotonyl-CoA and ends up in acetyl-CoA, and H13CO3- (shown in 

red circle) is incorporated into phosphoenolpyruvate and also ends up in acetyl-CoA. (B) 

Two labeled acetyl-CoA molecules enter into the 2nd cycle and finally produce double-

labeled glyoxylate. 13CO2 and H13CO3 incorporated in the second cycle are shown in red 

dots. 

 

	
	

Fig.	 S14.	 Expected	 13C-labelling	 panerns	 of	 the	 rGPS	 cycle	 with	 13CO2	and	 H13CO3
-.	 Two	 carbon	 fixaHon	

steps	are	featured	in	red�(A)	In	the	first	cycle,	13CO2	(shown	in	red	circle)	is	incorporated	into	crotonyl-CoA	
and	ends	up	in	acetyl-CoA,	and	H13CO3

-	(shown	in	red	circle)	is	incorporated	into	phosphoenolpyruvate	and	
also	ends	up	in	acetyl-CoA.	(B)	Two	labeled	acetyl-CoA	molecules	enter	into	the	2nd	cycle	and	finally	produce	
double	labeled	glyoxylate.	13CO2	and	H13CO3	incorporated	in	the	second	cycle	are	shown	in	red	dots.�

(A)	� (B)	�

O-
H

O

O

O-
H

O

O

CoA

O

O

O-

OH

CoA

O

O

O-

OH

-O

O

O-

OOH

-O

O

O-

OOH

-O

O

O-

OO

-O

O

O-

OO

-O

O
O P

O-

O-O
-O

O
O P

O-

O-O

-O

O

O

-O

O

O

HO

O

O-
O

CoA

HO

O

O-
O

CoA

O

O-
O

CoA

O

O-
O

CoA

O-

O

CoA

O

O-

O

CoA

O

O

CoA
O-

O

O

CoA
O-

O

O

CoA

O-O

O

CoA

O-O

O

CoA

O-O

O

CoA

O-O

 CO2  

O

CoA

HCO3
-  

CoA

O

CoA

O

O

CoA

Start	

1st	Cycle	

OO

CoA

 CO2  

OHO

CoA

O

CoA

HCO3
-  

CoA

O

CoA

O

CoA

O

CoA

O

From	1st	cycle	

2nd	Cycle	



 62 

 

Fig. 2.S9. The inhibition of phosphate buffer on mtk mcl reactions. 

Shown are HPLC results of producing glyoxylate and acetyl-CoA from malate and CoA 

using mtk and mcl in Tris (PH=7.0) buffer or Phosphate (PH=7.0) buffer for 30 minutes. 

Free CoA and CoA esters were followed at 260 nm, gloxylate was derivatized by 

phenylhydrazine and detected at 324 nm. Gly-PH, glyoxylate phenylhydrazone.  
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Fig.	S10.	The	 inhibiQon	of	phosphate	buffer	on	mtk	mcl	 reacQons.	Shown	are	HPLC	 results	of	producing	
glyoxylate	 and	 acetyl-CoA	 from	malate	 and	 CoA	 using	mtk	 and	mcl	 in	 Tris	 (PH=7.0)	 buffer	 or	 Phosphate	
(PH=7.0)	buffer	for	30	minutes.	Free	CoA	and	CoA	esters	were	followed	at	260	nm,	gloxylate	was	derivaHzed	
by	phenylhydrazine	and	detected	at	324	nm.	Gly-PH,	glyoxylate	phenylhydrazone�		
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Fig. 2.S10. LC-MS analysis of the glyoxylate phenylhydrazone standard.  

For glyoxylate phenylhydrazone, [M+H]+ = 165 and [M-H]- = 163. For double-labeled 

glyoxylate phenylhydrazone, [M+H]+ = 167 and [M-H]- = 165.   
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Fig.	 S13.	 LC-MS	 analysis	 of	 the	 glyoxylate	 phenylhydrazone	 standard.	 For	 glyoxylate	 phenylhydrazone,	
[M+H]+	=	165	and	[M-H]-	=	163.	For	double	labeled	glyoxylate	phenylhydrazone,	[M+H]+	=	167	and	[M-H]-	=	
165.		
	



 64 

Table 2.S1. Comparison of different carboxylases involved in primary metabolism. 

 
 [a] from Bar-Even A., et al. PNAS 2010 (13). [b] Under saturating CO2 or HCO3- concentrations. 

RuBisCo, ribulose 1,5-bisphosphate carboxylase/oxygenase; ACC, acetyl-CoA carboxylase; 

PCC, propionyl-CoA carboxylase; Pyc, pyruvate carboxylase; Ppc, phosphoenolpyruvate 

carboxylase; POR, pyruvate: ferredoxin oxidoreductase; KOR, α-Ketoglutarate: ferredoxin 

oxidoreductase; CCR, Crotonyl-CoA carboxylase/reductase; TPP, thiamine pyrophosphate. CBB, 

Calvin-Benson-Bassham cycle; rTCA, reductive tricarboxylic acid cycle; WL, Wood-Ljungdahl 

pathway; HP bi, 3-hydroxypropionate bicycle; HP/HB, 3-hydroxypropionate/4-hydroxybutyrate 

cycle; DC/HB, dicarboxylate/4-hydroxybutyrate cycle. 

 

Carboxylase 

abbrev. 

Carbon 

species 
Cofactor 

Involved in natural CO2 fixation 

pathway 

Oxygen sensitivity Specific Activity 

(µmol/min/mg)[a] 

RuBisco CO2 No Yes  

(CBB) 

No, but has 

oxygenase activity 

3.5[b] 

ACC HCO3
- ATP, biotion Yes  

(HP bi, HP/HB ) 

No 18[b] 

PCC HCO3
- ATP, biotion Yes  

(HP bi, HP/HB )  

No 29.6[b] 

Pyc HCO3
- ATP, biotion No  

(mainly in anaplerosis ) 

No 32.4[b] 

Ppc HCO3
- No Yes 

(DC/HB) 

No 35.2[b] 

POR  

 

CO2 ferredoxin, TPP Yes  

(WL, rTCA, DC/HB) 

Yes <1 

KOR 

 

CO2 ferredoxin, TPP Yes  

(rTCA) 

Yes <1 

CCR CO2 NADPH No  

(found in ethylmalonyl-CoA pathway) 

No 130[b] 
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Table 2.S2. Comparison of rGPS with natural and realized synthetic CO2 fixation 

pathways. 

To produce one mol of pyruvate 

 

To produce one mol of acetyl-CoA 

 

Shown are the numbers of CO2 and HCO3
- fixed and the numbers of ATP, NAD(P)H, FADH2 and 

Fd2-red molecules consumed (positive numbers) or generated (negative numbers) during the 

conversion of CO2 equivalents into one molecule of pyruvate or acetyl-CoA. Every AMP-

forming reaction was accounted for two ATP equivalents. For ATP per CO2 conversions, a P/O 

 

Pathway	
Carbon	species	

ATP	
Reducing	equivalents	

ATP	equiv.	per	CO2	 Oxygen	sensitivity	 Status	
CO2	 HCO3

-	 NAD(P)H	 FADH2	 Fd2-red	

CBB	cycle	 3	 0	 7	 5	 0	 0	 6.5	 No,	but	photorespiration	 Natural	

rTCA	cycle	 3	 0	 2	 2	 1[a]	 2	 -	 Yes	 Natural	

WL	pathway[b]	 3	 0	 1	 2	 0	 3	 -	 Yes	 Natural	

3HP	bicycle	 0	 3	 7	 6	 -1	 0	 6.8	 No	 Natural	

HP/HB	cycle	 0	 3	 9	or	5[c]	 6	 -1	 0	 7.5	or	6.2	 Yes	or	No[d]	 Natural	
DC/HB	cycle	 2	 1	 5	 2	 1[a]	 2	 -	 Yes	 Natural	

CETCH	5.4	 3	 0	 2	 9	 -4	 0	 6.2	 No	 Synthetic	

rGPS	 1	 2	 5	 7	 -2	 0	 6.5	 No	 Synthetic	

 

Pathway	
Carbon	species	

ATP	
Reducing	equivalents	

ATP	equiv.	per	CO2	 Oxygen	sensitivity	 Status	
CO2	 HCO3

-	 NAD(P)H	 FADH2	 Fd2-red	

CBB	cycle	 2	 0	 7	 4	 0	 0	 8.5	 No,	but	photorespiration	 Natural	

rTCA	cycle	 2	 0	 2	 2	 1[a]	 1	 -	 Yes	 Natural	

WL	pathway[b]	 2	 0	 1	 2	 0	 2	 -	 Yes	 Natural	

3HP	bicycle	 -1	 3	 7	 5	 -1	 0	 9	 No	 Natural	

HP/HB	cycle	 0	 2	 6	or	4[c]	 4	 0	 0	 8	or	7	 Yes	or	No[d]	 Natural	
DC/HB	cycle	 1	 1	 5	 2	 1[a]	 1	 -	 Yes	 Natural	

CETCH	5.4	 2	 0	 2	 8	 -4	 0	 8	 No	 Synthetic	

rGPS	 0	 2	 5	 5	 -1	 0	 8	 No	 Synthetic	
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ratio of 2.5 for NAD(P)H and 1.5 for FADH2 was assumed. [a] Fumarate reductase in the 

pathways uses FADH2 as electron donors. [b] The variant of WL pathway functioning in 

acetogens. [c] Nine ATP molecules are required in Crenarchaeal HP/HB cycle and five ATP 

molecules are required in Thaumarchaeal HP/HB cycle. Succinyl-CoA is converted to succinate 

through succinyl-CoA synthetase. [d] The key enzyme, 4-hydroxybutyryl-CoA dehydratase (Hbd), 

is oxygen sensitive in clostridia. While, Hbd from Metallosphaera sedula and Nitrosopumilus 

maritimus are robust in the presence of oxygen (Half-life of Metallosphaera sedula Hbd in 

aerobic condition is about 4.1 days (31); half-life of Nitrosopumilus maritimus Hbd in aerobic 

condition is 46 hours (32)). CBB cycle, Calvin-Benson-Bassham cycle; rTCA cycle, reductive 

tricarboxylic acid cycle; WL pathway, Wood-Ljungdahl pathway; 3HP bicycle, 3-

hydroxypropionate bicycle; HP/HB cycle, 3-hydroxypropionate/4-hydroxybutyrate cycle; 

DC/HB cycle, dicarboxylate/4-hydroxybutyrate cycle. Fd2-red, reduced ferredoxin. 
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 Table 2.S3. Summary of specific activities of his-tag purified rGPS enzymes.  

 

One unit of enzyme activity (U) is defined as conversion of one micromole of substrate per 

minute.

Name Abbrev. E.C number Source 
Specific Activity 

(U/mg) 

acetyl-CoA acetyltransferase AtoB 2.3.1.9 Escherichia coli 74.8 

3-hydroxybutyryl-CoA dehydrogenase Bhbd 1.1.1.35 Clostridium acetobutylicum 203.5 

crotonase Crt 4.2.1.150 Clostridium acetobutylicum 3089.3 

crotonyl-CoA carboxylase/reductase Ccr 1.3.1.85 Methylobacterium extorquens 58.2 

ethylmalonyl-CoA/methylmalonyl-CoA epimerase Epi 5.1.99.1 Rhodobacter sphaeroides 774.5  

(2R)-ethylmalonyl-CoA mutase Ecm 5.4.99.63 Rhodobacter sphaeroides 58.0 

(2S)-methylsuccinyl-CoA dehydrogenase Mcd 1.3.8.12 Rhodobacter sphaeroides 46.0 

mesaconyl-C1-CoA-C4-CoA transferase Mct 5.4.1.3 Chloroflexus aurantiacus 16.3 

mesaconyl-C4-CoA hydratase Meh 4.2.1.153 Chloroflexus aurantiacus 97.9 

(S)-citramalyl-CoA lyase Ccl 4.1.3.25 Pseudomonas aeruginosa 13.4 

malyl coenzyme A lyase (working as ccl)  Mcl 4.1.3.25 Methylobacterium extorquens 9.17  

phosphoenolpyruvate synthetase Pps 2.7.9.2 Escherichia coli 5.1 

phosphoenolpyruvate carboxylase Ppc 4.1.1.31 Corynebacterium glutamicum 6.2 

malate dehydrogenase Mdh 1.1.1.37 Escherichia coli 493.2 

malate thiokinase Mtk 6.2.1.9 Methylococcus capsulatus 4.5 

malyl coenzyme A lyase Mcl 4.1.3.24 Methylobacterium extorquens   43.8  
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Table 2.S4. Plasmid list. 

  

Plasmid Description Reference 

pQE9 ColE1 ori; AmpR; PT5lacO:: Qiagen 

pSL75 pQE9, Ccr (M. e) This work 

pSL69 pQE9, Ecm (R. s) This work 

pSL71 pQE9, Mcd (R. s) This work 

pSL72 pQE9, Mct (C. a) This work 

pSL78 pQE9, Meh (C. a) This work 

pSL120 pQE9, Mdh (E. c) This work 

pCDF-Duet1 CDF ori; SpecR; PT7lacO:: Novagen 

pSL79 pCDF-Duet1, Epi (R. s) This work 

pSL96 pCDF-Duet1, Ccl (P. a) This work 

pET-pps ColE1 ori; AmpR; PT7lacO:: Pps (E. c) This work 

pET-mcl ColE1 ori; AmpR; PT7lacO:: Mcl (M. e) This work 

pYK-mtk ColA ori; KanR; PT7lacO:: MtkAB (M. c) This work 

pTW-atoB CloDF13 ori; SpecR; PT7lacO:: AtoB (E. c) Gift form Tony Wu 

pTW-bhbd CloDF13 ori; SpecR; PT7lacO:: Bhbd (C. a) Gift form Tony Wu 

pTW-crt CloDF13 ori; SpecR; PT7lacO:: Crt (C. a) Gift form Tony Wu 

pET-28a-ppc F1 ori; KanR; PT7lacO:: Ppc (C. g) Gift from Fabienne Duchoud 
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Table 2.S5. Primer sequences 

 

Construct Primer names Primer sequences Template 

pQE9 backbone pQE9 f TCTAGAGGCATCAAATAAAACGAAAGGCT  

pQE9 r TCCCTGAAAATACAGGTTTTCGGATCC 

pSL75 ccr-Me f CACGGATCCGAAAACCTGTATTTTCAGGGAATGGCTGCAAGCGCAGCA M. extorquens 

ccr-Me r GAGCCTTTCGTTTTATTTGATGCCTCTAGATCACATCGCCTTGAGCGGG 

pSL69 ecm-Rs f CACGGATCCGAAAACCTGTATTTTCAGGGAATGACCCAGAAGGATAGCCCC R. sphaeroides 

ecm-Rs r GAGCCTTTCGTTTTATTTGATGCCTCTAGACTATTCCGCCGCGAGGGC 

pSL71 mcd-Rs f CACGGATCCGAAAACCTGTATTTTCAGGGAATGCCGAAGGACGGATCGA R. sphaeroides 

mcd-Rs f GAGCCTTTCGTTTTATTTGATGCCTCTAGATCAGTCCAGCAGCCGCC 

pSL72 mct-Ca f CACGGATCCGAAAACCTGTATTTTCAGGGAATGAAGGGTATTCTCCACGGATTGC C. acetobutylicum 

mct-Ca r GAGCCTTTCGTTTTATTTGATGCCTCTAGACTACGCTGCCCGATCTGGC 

pSL78 meh-Ca f CACGGATCCGAAAACCTGTATTTTCAGGGAATGAGCAGCGCGGATTGGA C. acetobutylicum 

meh-Ca r GAGCCTTTCGTTTTATTTGATGCCTCTAGATCATCCCCCCAACTCAACCG 

pSL120 mdh-Ec f CACGGATCCGAAAACCTGTATTTTCAGGGAATGAAAGTCGCAGTCCTCGGC E. coli 

mdh-Ec r GAGCCTTTCGTTTTATTTGATGCCTCTAGATTACTTATTAACGAACTCTTCGCCCAGG 

pCDF-Duet1 backbone pCDE f TAAGCTTGCGGCCGCATAATG  

pCDE r CATCGAATTCGGATCCTGGCTGT 

pSL79 epi-Rs f CATCATCACCACAGCCAGGATCCGAATTCGATGATCGGACGCCTGAACCA R. sphaeroides 

epi-Rs r CGACTTAAGCATTATGCGGCCGCAAGCTTATTATACCTGCTCGAGCTCCACG 

pSL96 ccl-Pa f CATCATCACCACAGCCAGGATCCGAATTCGATGAACCGACAGATCGTGCG P. aeruginosa 

ccl-Pa r CGACTTAAGCATTATGCGGCCGCAAGCTTATCAGCCACCCTCCCCGG 

pET backbone pET f CCTGGCTGAACTGAAGAAATAATCTACTAGCGCAGCTTAATTA  

pET r GGTGACGAGCCATTGTTGGACATCGCCGAGCTCGAATTCGGAT 

pET-pps pps-Ec f GGATCCGAATTCGAGCTCGGCGATGTCCAACAATGGCTCGTCA E. coli 

pps-Ec r GTTAATTAAGCTGCGCTAGTAGATTATTTCTTCAGTTCAGCCA 

pET-mcl mcl-Me f CGAATTCGAGCTCGGCGATGAGCTTCACCCTGATCC M. extorquens 

mcl-Me r TAAGCTGCGCTAGTAGATTACTTTCCGCCCATCGCGT 

pYK backbone pYK f ATCATCACCACAGCCAGGATCCGTGACTCGAGAAGCTTGAT  

pYK r CATGGATATTCATGGTATATCTCCTTCTTAA 

pYK-mtk mtkA-Mc f GGAGATATACCATGAATATCCATGAGTACCA M. capsulatus 

mtkA-Mc r GTTTTCGGATCCGTGGTGATGATGGTGATGGCTGCTTCCCTTGACGATGGCGA 

mtkB-Mc f CATCATCACCACGGATCCGAAAACTAAAGGAGATATACCATGAGCGTATT 

mtkB-Mc r CACGGATCCTGGCTGTGGTGATGATGGTGATGGCTGCTGAATCTGATTCCGTGTT 
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Chapter 3. Continuous operation of the synthetic CO2 fixation cycle rGPS in vitro 

3.1 Introduction 

In chapter 2, we already demonstrated the feasibility of the synthetic CO2 fixation cycle rGPS in 

vitro. Using a two-pot immobilized enzyme system, we were able to run the rGPS cycle semi-

continuously. However, this two-pot system inevitably compromised the efficiency of the whole 

cycle since it operated rGPS in a non-continuous way. To achieve better efficiency of the in vitro 

rGPS system, we need to run this cycle continuously in one-pot.  

One big issue for the in vitro rGPS is the instability of the intermediate methylsuccinyl-CoA. 

This means that its generation and consumption flux needs to be balanced so that 

methylsuccinyl-CoA is consumed as soon as it is generated. Otherwise, the instability of 

methylsuccinyl-CoA may deplete the intermediate pool and interrupt the rGPS cycle. 

Methylsuccinyl-CoA is the substrate of Mcd, a FAD dependent dehydrogenase (1). To avoid the 

degradation of methylsuccinyl-CoA, the FAD should be regenerated efficiently to avoid the 

accumulation of this unstable intermediate. In cells, electrons of reduced FAD of Mcd eventually 

transfer to the respiratory chain through electron transfer flavoproteins (1). In the cell-free 

system, ferrocenium can act as an excellent artificial electron acceptor for reduced FAD (2). 

However, ferrocenium can also accept electrons from NADH and NADPH (3). Engineering Mcd 

to directly use molecular oxygen as electron acceptor has been made to avoid using ferrocenium 

in vitro. However, after engineering, the activity dropped significantly (~60 folds less compared 

to Mcd using ferrocenium hexafluorophosphate (FePF6) as the electron acceptor) (4). Actually, 

the engineered Mcd became the slowest enzyme in the synthetic CETCH cycle, substantially 
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lowered the efficiency of the whole cycle. Therefore, we continued using ferrrocenium as the 

artificial electron acceptor for Mcd in our system. 

As mentioned in chapter 2, the reaction rate of oxidizing NADH and NADPH with ferrocenium 

mainly depends on their concentrations. Thus recycling ferrocenium, NAD(P)H to keep their 

concentrations low can make this spontaneous side reaction become negligible. Recycling 

NADH and NADPH is ubiquitous in building in vitro systems. However, the method of 

recycling ferrocenium, to our knowledge, has not been well developed.  

3.2 Results 

3.2.1 Characterization of the working concentration range of ferrocenium and NAD(P)H 

To determine the working concentration range of ferrocenium and NAD(P)H, we first measured 

the reaction rate of oxidizing NADH with ferrocenium at different concentrations (Fig. 3.1). This 

spontaneous reaction could be negligible when the reaction rate is below 0.01 OD300 min-1. Thus, 

we can easily set the upper concentration limits of ferrocenium and NAD(P)H from the heatmap 

we created (Fig. 3.1).  
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Fig. 3.1. Heatmap of ferrocenium oxidizing NADH. 

The reaction rate was measured at 300 nm (both NADH and Ferrocenium have absorbance 

at 300 nM). The reaction rate below 0.01 OD300 min-1 is considered as the desired range. 

 

 

To ensure that Mcd can preform at higher activity, we also characterized the apparent Km of 

Mcd for ferrocenium (Fig 3.2). The resulting Km value for ferrocenium is about 0.06 mM, which 

is located inside the desired range on the heatmap. Therefore, we can set the concentration of 

ferrocenium below 0.2 mM and NAD(P)H concentration below 0.4 mM to keep the spontaneous 

side reaction minimized as well as have Mcd performed at higher activity.   

 

Fig. 3.2. Michaelis-Menten graph of Mcd using ferrocenium as the electron acceptor. 

Km for ferrocenium is about 0.06 mM.  
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3.2.2 Continuous running of the rGPS cycle in vitro using electrochemical FAD 

regeneration system 

To recycle ferrocenium, we first noticed that ferrocenium and its reduced form ferrocene were 

widely used in biosensors as electron mediators (5). For example, in some glucose biosensors, 

ferrocenium is reduced to ferrocene by accepting electrons from the reduced FAD in glucose 

oxidase (GO) (6). Then, ferrocene is oxidized back to ferrocenium by transferring electrons to 

the anode. Thus, the redox pair ferocene/ferrocenium mediates electron transfer from GO to the 

electrode under a positive potential. Theoretically, we can use electricity to recycle FePF6. 

However, ferrocene has very low solubility in water. Since the oxidation rate of ferrocene on the 

electrode depends on its local concentration on the surface, the low concentration of ferrocene in 

the aqueous solution definitely limits its oxidation rate. Immobilizing ferrocene and enzymes on 

the electrode surface is a solution. However, immobilizing enzymes on the electrode may 

decrease their activity and localizing one reaction to the surface will bring more complexity to 

our multi-enzyme system. Therefore, we employed a more water-soluble ferrocene derivative, 

ferrocenylmethanol, to obtain a better oxidation rate in the designed electrochemical system (6). 

Under +0.4 V potential, ferrocenylmethanol is oxidized and serves as the electron acceptor of 

Mcd, while NADH and NADPH remain oxidized under this condition. A three-electrode system 

was integrated with the enzymatic system (Fig. 3.3C). This electricity-integrated system 

successfully fixed CO2 at a rate of 37.3 nmol min-1 mg-1 of core cycle proteins (Fig. 3.3E). 
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3.2.3 Continuous running of the rGPS cycle in vitro using enzymatic FAD regeneration 

system 

We further tried to recycle ferrocenium using horseradish peroxidase (HRP) (Fig. 3.3D), which 

could utilize H2O2 to oxidize ferrocene. The HRP is a heme-containing enzyme that is capable of 

oxidizing a wide variety of organic and inorganic compounds using H2O2 (7). Although HRP can 

also oxidize NADH and NADPH with H2O2, the activity is more than 1000 times lower than its 

activity with ferrocene (Fig. 3.S1). By controlling the peroxidase amount in our system, the 

electron acceptor can be regenerated with HRP and H2O2 while NAD(P)H will be barely 

influenced (Fig. 3.S2). To avoid enzyme damage by excess amounts of H2O2, H2O2 was fed to 

the system based on the ferrocenium concentration monitored by the absorbance at 300 nm. 

NADH and NADPH were recycled using Glucose 6-phosphate dehydrogenase (G6PDH) and 

remained constant in the reaction mixture (Fig. 3.3B). Using this system, the CO2 fixation rate of 

the rGPS cycle increased to 66.9 nmol min-1 mg-1 of core cycle proteins (Fig. 3.3F).  

This result is comparable to the in vivo carbon fixation rate of the CBB cycle in plant leaves (30-

300 nmol CO2 min-1 mg-1 CBB protein, assuming that CBB cycle proteins account for 10% of 

leaf dry weight) (8) and is about 10 times higher than the previously reported synthetic CETCH 

cycle in vitro (5 nmol min-1 mg-1 core cycle protein) (4) and the reported CBB cycle carbon 

fixation rate in cell extracts (1 to 3 nmol min-1 mg-1 CBB cycle protein, assuming that CBB cycle 

enzymes account for 30% of the total proteins in cell extracts) (9). 
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Fig. 3.3. One-pot continuous operation of the rGPS cycle. 

(A) The ATP regeneration scheme. (B) The NADH/NADPH regeneration scheme. (C) The 

electrochemical FAD regeneration system. (D) The enzymatic FAD regeneration system 

(see methods for details). (E) Total glyoxylate produced (right y axis) and its labeling 

patterns (left y axis) over 65 min of operating rGPS using the electrochemical FAD 

regeneration (C). (F) Total glyoxylate produced (right y axis) and its labeling patterns (left y 

axis) over 60 min of operating rGPS using the enzymatic FAD regeneration (D). CE, 

counter electrode; RE, reference electrode; WE, working electrode; CP, creatine phosphate; 

CPK, creatine phosphokinase; G6PDH, glucose-6-phosphate dehydrogenase; HRP, 

horseradish peroxidase; Fc-MeOH, ferrocene methanol; Fc+-MeOH, ferrocenium methanol; 

Fc, ferrocene; Fc+, ferrocenium hexafluorophosphate (FePF6). 
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3.3 Discussion 

Despite a few successful cases, constructing synthetic pathways or implanting natural CO2 

fixation pathways in non-native organisms is still a daunting test. The success of building rGPS 

in vitro shows that the cell-free approach can be a powerful tool in synthetic biology. Using the 

cell free system, we can easily assay components to find potential problems.  

The main problem for the cell-free rGPS system is how to operate the oxidation and reduction 

reactions in rGPS cycle simultaneously to avoid the accumulation unstable intermediate, 

methylsuccinyl-CoA. The open reaction environment enabled us develop electrochemical and 

enzymatic methods for FAD regeneration. Using the enzymatic FAD regeneration method even 

pushed the CO2 fixation rate to 66.9 nmol min-1 mg-1, which is more than 10 folds higher than 

the performance of in vitro CBB cycle. The FAD regeneration methods can be easily applied to 

building cell-free systems of various metabolic pathways, such as several proposed synthetic 

CO2 fixation pathways and fatty acids synthesis.   

Using the cell-free system, we showed that the carbon fixation rate of the unevolved rGPS cycle 

can in fact be comparable to the in vivo CBB cycle based on the same amount of protein (8). On 

the basis of measured specific activity of each enzyme, the rGPS cycle could be twice as efficient 

as the CBB cycle for pyruvate and acetyl-CoA synthesis (Table 3.S1), suggesting that this 

synthetic pathway has a high potential to enhance the natural carbon fixation. 

The success of the rGPS cycle in cell free systems paves the way for in vivo implementations, 

including enhancing CO2 fixation in photosynthetic or lithoautotrophic organisms, converting 

heterotrophic organisms to autotrophs (10, 11). Integrating synthetic pathways in cellular 

metabolism may rely largely on evolution to tune the cells to use these non-native pathways (10, 
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12). rGPS provides pyruvate and acetyl-CoA, which in turn provide all components for cell 

growth. As such, rGPS is evolvable in vivo. The rGS segment of the rGPS cycle has already been 

demonstrated in vivo (13, 14). The rPS segment is expected to be compatible with cellular 

metabolism, provided that Mcd, electron transfer flavoproteins, and the respiratory chain are 

properly coordinated. Ultimately, using cell-free systems for fixing CO2 may become feasible, if 

proteins can be sufficiently stabilized, and cofactors can be regenerated using renewable energy 

at a deployable scale and sufficiently low cost. 

3.4 Materials and methods  

3.4.1 Materials 

All chemicals used were purchased from Sigma-Aldrich unless otherwise specified.  

3.4.2 Enzyme Assays 

All assays were conducted at room temperature under aerobic conditions. The reaction mixture 

volume was 0.6 ml unless otherwise indicated.  

HRP assays. The HRP activity of oxidizing NADH was measured by monitoring the decrease of 

absorbance at 340 nm corresponding to the consumption of NADH. The reaction mixture 

contained 100 mM MOPS pH 7.0, 16.7 mM NaHCO3, 5 mM MgCl2, 0.1 mM NADH, and 126 

µg HRP. The HRP activity of oxidizing Fc (ferrocene) was measured by monitoring the increase 

of absorbance at 300 nm corresponding to the production of Fc+ (FePF6). The estimated 

extinction coefficient ε300 nm of FePF6 was 4.3 mM-1 cm-1 (1). The reaction mixture contained 100 

mM MOPS pH 7.0, 16.7 mM NaHCO3, 5 mM MgCl2, 0.1 mM Fc (produced from reducing 

FePF6 with 1,4-dithiothreitol), and 6.3 µg HRP. 
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3.4.3 HPLC Analysis 

CoA compounds and glyoxylate phenylhydrazone were analyzed by an Agilent 1200 HPLC 

equipped with a reversed-phase C18 column (LiChrospher 100, end-capped, 5 µm, LiChroCART 

125-4 125 × 4 mm). Separation was performed using one of the two gradient systems of 40 mM 

K2HPO4/HCOOH buffer at pH 4.2 (solvent A) and 20% acetonitrile (MeCN) in 40 mM 

K2HPO4/HCOOH buffer at pH 4.2 (solvent B). Column temperature was maintained at 25 oC and 

the flow rate stayed constant at 1 ml/min. Initial conditions were 90% solvent A and 10% solvent 

B. At 0 min, solution B was increased linearly to 50% over 40 min. At 40 min, the composition 

of B was increased to 100% over 1 min and held isocratic for 2 min. At 43 min, solution B was 

decreased to its initial 10% condition over 1 min and held for 16 min to reequilibrate the column.  

3.4.4 LC-MS analysis 

The labeling pattern of glyoxylate phenylhydrazone was analyzed by a Shimadzu 2020 EV LC-

MS equipped with a reversed-phase C18 column (Phenomenex Kinetex, 1.7 µm, 100 Å, 100 × 

2.1mm) using positive-and negative-mode electrospray ionization with a linear gradient of 5-

95% MeCN-H2O with 0.5% formic acid in 15 min followed by 95% MeCN for 3min with a 

constant flow rate of 0.3 ml min-1.  

3.4.5 Assay of continuous running of the rGPS cycle using electrochemical FAD 

regeneration system 

The assay was first performed in a 600 µL reaction mixture containing 100 mM MOPS pH 7.0, 

16.7 mM NaH13CO3, 5 mM MgCl2, 4 mM glucose 6-phosphate, 3 mM ATP, 9 mM creatine 

phosphate, 0.17 mM NADH, 0.17 mM NADPH and all the enzymes except Epi. Enzyme 



 83 

amounts are listed in Table 3.S2. The reaction was started with the addition of 0.2 mM crotonyl-

CoA. After 3 min, Epi and 0.6 mM ferrocenium methanol were added into the reaction mixture. 

2 min later, 500 µL of the resulting mixture was added into the electrochemical system described 

below for 20 min, 40 min, or 60 min at 0.4 V. The rest 100 µL mixture reacted without electricity 

as the control (results in Fig. 3.S3). The samples were quenched with 5% formic acid, derivatized 

with 10 mM phenylhydrazine and analyzed with HPLC and LC-MS. 

3.4.6 Setup of the electrochemical system  

Electrochemical experiments were performed using a Versatile Multichannel Potentiostat (model 

VMP3) equipped with the ‘p’ low current option and N’Stat box driven by EC-LAB software 

(Bio-Logic USA, LLC, Knoxville, TN) in a three electrode configuration consisting of a Pt 

working electrode, a Pt wire auxiliary electrode, and a Ag/AgCl glass-bodied reference electrode. 

With a 4-inch silicon wafer (150 µm in thickness), electron beam evaporation was used to 

deposit 1000 Å of platinum on a 200 Å chromium adhesion layer to get Pt working electrodes. 

After cutting to a smaller size and soldering with a wire, the surface of Pt working electrode was 

coated with a nanostructured Pt deposit to increase the surface area as described by Boehler et al. 

(aqueous solution of 2.5 mM H2PtCl6 and 1.5 mM formic acid, -0.1 V vs. Ag/AgCl for 5 min) 

(15). The Pt working electrode had ~0.78 cm2 (0.6 cm*1.3cm) surface area immersed into 500 

µL reaction mixture. The reactions were conducted in 500 µL stirring solution at 0.4 V33 vs. 

Ag/AgCl for 20 min, 40 min, and 60 min with the amperometric currents stabilized at about 35 ± 

6.3 µA (n = 7). The ferrocenium methanol was produced by oxidizing 10 mL ferrocene methanol 

stirring solution at 0.4 V vs. Ag/AgCl for 60 min. Ag/AgCl glass-bodied reference electrodes 

with 3 M NaCl electrolyte and 0.5-mm-diameter Pt wire auxiliary electrodes were purchased 

from BASi (West Lafayette, IN). 
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3.4.7 Assay of continuous running of the rGPS cycle using enzymatic FAD regeneration 

system 

The assay was performed in a 600 µL (final volume) reaction mixture containing 100 mM MOPS 

pH 7.0, 16.7 mM NaH13CO3, 5 mM MgCl2, 4 mM glucose 6-phosphate, 3 mM ATP, 9 mM 

creatine phosphate, 0.17 mM NADH, 0.17 mM NADPH, 0.17 mM FePF6, and all the enzymes 

with the corresponding amounts (Table 3.S2). Note that the concentrations of NAD(P)H and 

FePF6 were kept low to avoid the spontaneous reaction of FePF6 oxidizing NAD(P)H. The 

reaction was started with the addition of 0.2 mM crotonyl-CoA. The absorbance at 300 nm of the 

reaction mixture was monitored. 1 µL 12.5 mM H2O2 was added into the reaction mixture when 

the absorbance at 300 nm decreased to the lowest point. For 600 µL reaction, about 30 µL 12.5 

mM H2O2 was added in total. Samples (100 µl each) were withdrawn from the reaction mixture 

at 20 min, 40 min, and 60 min. The samples were quenched with 5% formic acid, derivatized 

with 10 mM phenylhydrazine and analyzed with HPLC and LC-MS.  
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3.5 Supplementary figures and tables 

 

Fig. 3.S1. In vitro enzyme assay schemes of HRP and its activities. 

HRP, horseradish peroxidase; Fc, ferrocene; Fc+, ferrocenium hexafluorophosphate (FePF6). 
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Fig.	S8.	In	vitro	enzyme	assay	schemes	of	HRP	and	its	acQviQes.	HRP,	horseradish	peroxidase;	Fc,	ferrocene;	
Fc+,	ferrocenium	hexafluorophosphate	(FePF6).	
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Fig. 3.S2. Controlling the HRP amount in the in vitro system enabled efficiently 

regenerating Fc+ with HRP and H2O2 while keeping NADH barely influenced. 

Because the activity of HRP to NAD(P)H is almost 1000 times lower than its activity to Fc. 

(A) Adding 0.1 mM H2O2 and 12.6 µg HRP sequentially into the reaction buffer, which 

contained 100 mM MOPS pH 7.0, 16.7 mM NaHCO3, 5 mM MgCl2, and 0.1 mM Fc, 

caused immediate Fc to Fc+ conversion. (B) While, adding 0.1 mM H2O2 and 12.6 µg HRP 

sequentially into the reaction buffer, which contained 100 mM MOPS pH 7.0, 16.7 mM 

NaHCO3, 5 mM MgCl2, and 0.17 mM NADH, did not influence the NADH concentration. 

Fc+ was followed at 300 nm, NADH was followed at 340 nm. HRP, horseradish peroxidase; 

Fc, ferrocene; Fc+, ferrocenium hexafluorophosphate (FePF6). 
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Fig. 3.S3. Controls for the continuous running of rGPS in vitro using electricity. 

(A) Total glyoxylate produced (right y axis) and its labeling patterns (left y axis) over 65 

min of operating rGPS in vitro without electricity (see “assay of continuous running of the 

rGPS cycle using electricity” in supplementary methods for details). (B) The labeling 

pattern of natural glyoxylate. 
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Fig.	 S11.	 Controls	 for	 the	 conQnuous	 running	 of	 rGPS	 in	 vitro	 using	 electricity.	 (A)	 Total	 glyoxylate	
produced	(right	y	axis)	and	its	labeling	paZerns	(lep	y	axis)	over	65	min	of	operaHng	rGPS	 in	vitro	without	
electricity	(see	“assay	of	conHnuous	running	of	the	rGPS	cycle	using	electricity”	in	supplementary	methods	
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Fig. 3.S4. In vitro demonstration of conversion of acetyl-CoA to pyruvate with the rPS 

part of rGPS. 

(A) Scheme of converting acetyl-CoA to pyruvate in 10 steps, using HRP and H2O2 for 

ferrocenium regeneration. (B) HPLC analysis of the products of incubating the reaction 

mixture containing acetyl-CoA with all enzymes and cofactors for 0 min, 15 min, and 30 

min. CoA esters were followed at 260 nm, pyruvate was derivatized by phenylhydrazine 

and detected at 324 nm. HRP, horseradish peroxidase; Fc, ferrocene; Fc+, ferrocenium 

hexafluorophosphate (FePF6); PH, phenylhydrazone). 
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Table 3.S1. Calculations of theoretical carbon fixation rate of rGPS and CBB. 

Summary of theoretical carbon fixation rate  

 

Summary of enzyme activities for calculating the theoretical carbon fixation rate of rGPS    

 

 

Carbon fixation cycle 
Theoretical carbon fixation rate (µmol CO2/min/mg protein) 

Pyruvate as the fixation product Acetyl-CoA as the fixation product 

rGPS 1.93 1.50 

CBB 1.14 0.73 

 

Name 
Specific Activity 

(U/mg) 

Enzyme amounts for producing (µg) 

Pyruvate at 

1 µmol/min 

Acetyl-CoA at 

1 µmol/min 

acetyl-CoA acetyltransferase 74.8[a] 26.7 13.4 

3-hydroxybutyryl-CoA dehydrogenase 203.5[a] 9.8 4.9 

crotonase 3089.3[a] 0.6 0.32 

crotonyl-CoA carboxylase/reductase 58.2[a] 34.4 17.2 

ethylmalonyl-CoA/methylmalonyl-CoA epimerase 774.5[a] 2.6 1.29 

(2R)-ethylmalonyl-CoA mutase 58.0[a] 34.5 17.2 

(2S)-methylsuccinyl-CoA dehydrogenase 46.0[a] 43.5 21.7 

mesaconyl-C1-CoA-C4-CoA transferase 16.3[a] 122.7 61.3 

mesaconyl-C4-CoA hydratase 97.9[a] 20.4 10.2 

(S)-citramalyl-CoA lyase 13.4[a] 149.3 74.6 

phosphoenolpyruvate synthetase 5.1[a] 196.1 196.1 

phosphoenolpyruvate carboxylase 6.2[a] 322.6 322.6 

malate dehydrogenase 493.2[a] 4.1 4.1 

malate thiokinase 4.5[a] 444.4 444.4 

malyl coenzyme A lyase 43.8[a] 45.7 45.7 

glyoxylate carboligase 16.5[b] 60.6 60.6 

tartronate semialdehyde reductase 107[b] 9.3 9.3 

glycerate 2-kinase 181[c] 5.5 5.5 

enolase 43[b] 23.3 23.3 
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Summary of enzyme activities for calculating the theoretical carbon fixation rate of CBB 

 

[a] from This work. [b] from Bar-Even A., et al. 2010 (16). [c] from Yoshida T., et al. 1992 (17). [d] 

Aust A., et al. 1975 (18). [e] from Hirabayashi T., et al. 1972 (19). 

Name Specific Activity (U/mg) 

Enzyme amounts for producing (µg) 

Pyruvate at 

1 µmol/min 

Acetyl-CoA at 

1 µmol/min 

RuBisCo 1.3[b] 2307.7 2307.7 

phosphoglycerate kinase 760[b] 6.6 6.6 

glyceraldehyde-3P dehydrogenase 145[b] 34.5 34.5 

triose-phosphate isomerase 9030[b] 0.1 0.1 

fructose-bisphosphate aldolase 29.5[b] 33.9 33.9 

fructose-bisphosphatase 68[b] 14.7 14.7 

transketolase  58.9[b] 17.0 17.0 

fructose-bisphosphate aldolase 11.8[b] 84.7 84.7 

sedoheptulose-bisphosphatase 25.2[b] 39.7 39.7 

transketolase 22.4[b] 44.6 44.6 

ribose-5-phosphate isomerase 1850[b] 0.5 0.5 

ribulose-phosphate 3-epimerase 1200[b] 1.7 1.7 

phosphoribulokinase 335[b] 9.0 9.0 

phosphoglycerate mutase 415[b] 2.4 2.4 

enolase 43[b] 23.3 23.3 

pyruvate kinase 360[d] 2.8 2.8 

pyruvate dehydrogenase 7.4[e] 0 135.1 
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Table 3.S2. List of enzyme amounts in rGPS assays. 

 

Abbrev. Source 

Concentration (µg ml-1) 

in system with electrochemical 

FAD regeneration 

in system with enzymatic FAD 

regeneration 

AtoB Escherichia coli 29.7 29.7 

Bhbd Clostridium acetobutylicum 6.5 6.5 

Crt Clostridium acetobutylicum 5.4 5.4 

Ccr Methylobacterium extorquens 35.9 35.9 

Epi Rhodobacter sphaeroides 10.9 11.1 

Ecm Rhodobacter sphaeroides 32.1 36 

Mcd Rhodobacter sphaeroides 43.0 34.3 

Mct Chloroflexus aurantiacus 14.3 7.3 

Meh Chloroflexus aurantiacus 2.9 2.3 

Ccl Pseudomonas aeruginosa 0 0 

Pps Escherichia coli 31.9 33.8 

Ppc Microbial (Sigma) 33.3 33.3 

Mdh Porcine heart (Sigma) 4.4 4.4 

Mtk Methylococcus capsulatus 70.5 75.2 

Mcl Rhodobacter sphaeroides 18.4 16.0 

G6PDH Leuconostoc mesenteroides (Sigma) 15.7 15.7 

CPK Rabbit muscle (Sigma) 22.2 22.2 

HRP Horseradish roots (Sigma) 0 21 
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Table 3.S3. Comparison of the in vitro carbon fixation results of rGPS and CETCH 5.4. 

 

 

 

 

 

 

 

 

 

 

 

Name CETCH 5.4 

rGPS 

with enzymatic FAD 

regeneration 

with electrochemical FAD 

regeneration 

Final glyoxylate concentration 0.54 mM 0.68 mM 0.4 mM 

Starting material 0.2 mM propionyl-CoA   0.2 mM crotonyl-CoA 0.2 mM crotonyl-CoA 

Reaction volume  520 µl 600 µl 500 µl 

Core enzyme amount 1196 µg  203 µg 165 µg 

Reaction time 90 min 60 min 65 min 

Cycle turnover number 2.7 3.4 2 

CO2 equivalents per acceptor 5.4 6.8 4 

CO2 fixation rate 

(nmol/min/mg core enzyme) 
5 66.9  37.3 
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Chapter 4. Strategies for constructing a fully functional rGPS in vivo  

4.1 Introduction 

After building the cell-free rGPS system for fixing CO2 in vitro, making this synthetic CO2 

fixation cycle function in vivo has became our next milestone. rGPS is composed of efficient, 

oxygen tolerant and structurally simple enzymes. When transplanted in vivo, the expression and 

activities of rGPS enzymes should not be a big concern. However, problems related to cofactor 

balance and availability, interactions with the endogenous metabolism, and metabolic regulations, 

could still hinder the in vivo function of rGPS. To test, study and demonstrate the feasibility of 

parts of and the whole rGPS in vivo, we will construct testing platforms using the user-friendly 

microorganism, E. coli. Theoretically, the functional rGPS cycle in vivo together with proper 

energy source can convert E. coli to direct CO2 utilization microorganism. However, converting 

a heterotroph into an autotroph requires a complete rewiring and remodeling of the central 

carbon and energy metabolism, making it a daunting task in synthetic biology. Many effects have 

been made to transplant natural CO2 fixation pathways into Escherichia coli (1, 2), Pyrococcus 

furiosus (3) or Methylobacterium extorquens (4). The in vivo function of these pathways has 

been demonstrated, but the conversion to an autotrophic growth on CO2 has not been achieved. 

To realize this goal, we will rely heavily on evolution to tune the rGPS cycle in the cell (5). This 

chapter will discuss the strategies for constructing rGPS in vivo and present some preliminary 

results.  

4.2 Demonstrating the rGPS cycle in vivo 

To demonstrate the rGPS cycle can function in vivo, we will first divide this cycle into two parts 

and demonstrate each part individually. The fist part includes 5 enzymes (Pps, Ppc, Mdh, Mtk, 
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Mcl), converting pyruvate to acetyl-CoA and glyoxylate with one HCO3
- fixed, termed as the 

reductive glyoxylate synthesis (rGS) pathway (6, 7). The second part consists of 10 enzymes 

(AtoB, Bhbd, Crt, Ccr, Epi, Ecm, Mcd, Mct, Meh, Ccl), converting acetyl-CoA to pyruvate with 

one CO2 fixed, termed as the reductive pyruvate synthesis (rPS) pathway. The “acetyl-CoA 

auxotrophic” E. coli will be used to test the first part. And a “pyruvate auxotrophic” E. coli will 

be used to demonstrate the second part.  

4.2.1 Demonstrating “the rGS part” of rGPS in vivo 

To construct “the rGS part” of rGPS in E. coli, it is necessary to overexpress two enzymes: Mtk 

and Mcl. Other enzymes (Pps, Ppc, and Mdh) are natively expressed in E. coli. The acetyl-CoA 

auxotroph (JCL16∆aceEF∆poxB∆pflB) was used as the host. This strain cannot grow on glucose 

minimal medium unless supplemented with acetate. After expressing Mtk and Mcl from 

plasmids, the acetyl-CoA auxotroph became able to grow without acetate supplementation (Fig. 

4.1).  

 

Fig. 4.1. Strategies and results for demonstrating “the rGS part” of rGPS in vivo.  
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(A) Illustration of how “the rGS part” of rGPS rescues the acetyl-CoA auxotrophic strain. 

The native enzymes are shown in blue. Overexpressed enzymes are shown in green. (B) 

Growth curve of acetyl-CoA auxotroph with Mtk Mcl overexpressed or empty plasmid in 

M9 minimal medium with 1% glucose and 0.1mM IPTG (n=3). (Data from Sio Si Wong) 

 

 

Ideally, the growth of acetyl-CoA auxotroph on pyruvate minimal medium without supplying 

acetate can demonstrate all five genes of “the rGS part” (Mtk, Mcl, Pps, Ppc, and Mdh) function 

in vivo. However, we found that the acetyl-CoA auxotroph could not grow solely on pyruvate. 

This phenomenon may be a result of lacking reducing power or metabolic regulations. The 

growth of acetyl-CoA auxotroph on glucose minimal medium without acetate supplementation 

already demonstrated four genes of “the rGS part” (Mtk, Mcl, Ppc, and Mdh) could function in 

vivo. Since Pps is natively expressed under growth conditions that require the gluconeogenesis 

pathway and is highly active in E. coli, its expression and activity should not be a concern for 

constructing rGPS in vivo. 

4.2.2 Demonstrating “the rPS part” of rGPS in vivo 

To construct “the rPS part” of rGPS in E. coli, we need to overexpress ten enzymes: AtoB, Bhbd, 

Crt, Ccr, Epi, Ecm, Mcd, Mct, Meh, and Ccl. To test “the rPS part” of rGPS in vivo, we 

constructed a “pyruvate auxotrophic” E. coli strain (∆aceA) (Fig. 4.2). Knocking out isocitrate 

lyase (aceA) blocked the glyoxylate shunt for acetate assimilation. As a result, acetate cannot be 

assimilated to pyruvate and can only be burned to CO2 through TCA cycle. ∆aceA strain cannot 

grow on acetate and bicarbonate minimal medium unless supplemented with pyruvate.  
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Fig. 4.2. Metabolic strategies for aerobic growth on acetate using “the rPS part” of 

rGPS in E. coli.  

(A) Illustration of overall carbon flux. (B) Simplified metabolic map for aerobic growth on 

acetate using “the rPS part” of rGPS. The native enzymes are shown in blue. Overexpressed 

enzymes are shown in green.  
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The growth rescue failure may result from lacking proper electron transfer proteins to work with 

Mcd in E. coli or other regulation issues (8). Recently, the electron transfer protein for Mcd has 

been reported (9). We will overexpress this electron transfer protein along with all ten rPS 

enzymes in ∆aceA strain to check the growth rescue again. If the rescue still fails, we will rely on 

evolution to get the strain adapted to growing in acetate and bicarbonate minimal medium. Then, 

we can learn how cells make the rPS pathway work in vivo from sequencing, paving the way for 

constructing the whole rGPS cycle in vivo. 

4.3 Constructing rGPS in E. coli for autotrophic growth 

After demonstrating the feasibility of in vivo rGPS in two parts, the complete rGPS cycle will be 

constructed in E. coli to convert it to direct CO2 utilization microorganism. Since rGPS is a non-

nature and non-native pathway, implementing such pathway presents daunting challenges related 

to expression levels, cofactors and regulations, we will mainly utilize evolution to tune the 

pathway in the cell. First, a selection platform will be constructed to train E. coli to use rGPS 

efficiently. After rGPS is evolved to function well in the cell, other necessary genes will be 

added and the resulting strain will be further evolved for autotrophic growth.  

4.3.1 Evolution of rGPS in E. coli 

To train E. coli to use rGPS pathway efficiently, we constructed a rGPS selection strain 

(∆maeAB∆pck∆gcl), which cannot grow on aspartate minimal medium unless the whole rGPS 

pathway (except Ppc) works.  

Phosphoenoylpyrvate carboxykinase (pck) and the malic enzymes (maeA, maeB) were knocked 

out so that pyruvate or PEP cannot be synthesized from TCA intermediates or acetyl-CoA (Fig. 
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4.3). After overexpressing malate thiokinase (Mtk) and malyl-CoA lyase (Mcl), ∆maeAB∆pck is 

able to grow on aspartate minimal medium since glyoxylate produced through Mtk Mcl can be 

converted to 3-phosphoglycerate for gluconeogenesis. 

 

 

Fig. 4.3. Illustration of ∆maeAB∆pck strain.  

(A) Simplified central metabolic map of ∆maeAB∆pck strain. (B) The growth status of 

∆maeAB∆pck strain on various carbon sources compared with wild type E. coli (BW25113). 

(Data from Hong Yu) 

 

 

After knocking out the glyoxylate carboligase (gcl), the resulting strain ∆maeAB∆pck∆gcl 
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Fig. 4.4. Illustration of ∆maeAB∆pck∆gcl strain.  

(A) Simplified central metabolic map of ∆maeAB∆pck∆gcl strain. (B) The growth status of 

∆maeAB∆pck or ∆maeAB∆pck∆gcl strain with Mtk Mcl overexpressed or empty vector in 

M9 minimal medium with 40 mM aspartate and 0.1 mM IPTG (n=3). (Data from Hong Yu)  
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active in E. coli, its expression and activity should not be a problem for completing the whole 

rGPS pathway.  

 

Fig. 4.5. Metabolic strategies for aerobic growth on aspartate using rGPS in 

∆maeAB∆pck∆gcl strain.  

The native enzymes are shown in blue. Overexpressed enzymes are shown in green. 
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pathway (except Ppc) will have the highest growth rate and will be enriched in repeated dilution 

and growth. 

4.3.2 Evolution of E. coli for autotrophic growth using rGPS 

After the whole rGPS pathway (except Ppc) is optimized in the cell, we will overexpress other 

enzymes that are necessary for autotrophic growth, such as gcl for glyoxylate assimilation, 

formate dehydrogenase (fdh) for utilizing formate as the electron donor. And the resulting strain 

will be evolved for autotrophic growth with gradually reducing the amount of aspartate and 

increasing the amount of bicarbonate and formate. Finally, the strain will grow on CO2 as the 

carbon source with formate providing the reducing power (Fig. 4.6).  

 

Fig. 4.6. Metabolic strategies for aerobic growth on bicarbonate and formate using 

rGPS in E. coli.  

(A) Illustration of overall carbon flux. (B) Simplified metabolic map for aerobic growth on 

bicarbonate and formate using rGPS. The native enzymes are shown in blue. Overexpressed 

enzymes are shown in green. 
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4.4 Materials and methods  

4.4.1 Chemicals and reagents  

All chemicals used were purchased from Sigma-Aldrich unless otherwise specified. KOD and 

KOD Xtreme DNA polymerases were from EMD Millipore. Oligonucleotides were obtained 

from IDT. Gibson Assembly Master Mix was purchased from New England Biolabs.  

4.4.2 Culture medium and conditions 

E. coli strains were grown in Luria-Bertani (LB) medium or M9 minimal medium with 

appropriate antibiotics at 37 oC. M9 minimal medium contains M9 salts (12.8 g/L 

Na2HPO4·7H2O, 3 g/L KH2PO4, 0.5 g/L NaCl, 1 g/L NH4Cl), 1 mM MgSO4, 0.1 mM CaCl2, 0.1 

mg/mL thiamine hydrochloride, and carbon sources as noted in the work. Antibiotics were used 

at the following concentrations: carbenicillin, 200 µg/mL and chloramphenicol, 50 µg/mL. 

4.4.3 Strain construction  

All E. coli strains used are listed in Table 4.1. JCL16 was used to create the acetyl-CoA 

auxotroph ΔaceEFΔpoxBΔpflB. E. coli (BW25113) was used to construct other strains (∆aceA, 

∆maeAB∆pck, and ∆maeAB∆pck∆gcl). Gene deletion was performed by P1 transduction with 

single knockout strain from the Keio collection.  

4.4.4 Plasmid Construction  

All plasmids used and constructed in this work are list in Table 4.1. Plasmids were assembled 

using the Gibson isothermal DNA assembly method and constructed in E. coli strain XL-1 blue 

for propagation and storage. 
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4.4.5 Preparation of cell extract for enzyme assays  

Overnight culture was inoculated (1% vol/vol) into fresh LB medium with 5 µM/mL 

hydroxocobalamin in a foil-wrapped flask. Cells were grown in the dark at 37 °C to OD600 of 

0.4-0.6, and induced by 0.1 mM IPTG for an additional 6 h at 30 °C. Then, cells were collected 

by centrifugation, and stored in the dark at -80 �C. For soluble extract preparation, the pellet of 

50 ml cell culture was thawed, and resuspended in 0.6 mL of 100 mM Tris-HCL buffer PH=7.5. 

Following sonication on ice, the extract was clarified by centrifugation and the supernatant was 

collected to use for enzyme assays. Protein concentrations were determined by the Bradford 

protein assay using Pierce Coomassie Plus Assay Kit (Thermo Fisher Scientific). 

4.4.6 Enzyme assays 

All assays were conducted at room temperature under aerobic conditions. The reaction mixture 

volume was 0.6 ml unless otherwise indicated.  

AtoB assay. The AtoB activity in cell crude extract was tested via the thiolysis direction by 

monitoring the decrease of absorbance at 303 nm corresponding to the result of acetoacetyl-CoA 

cleavage (10). The reaction was initiated by the addition of cell crude extract. The reaction 

mixture contained 100 mM Tris-HCl pH 7.5, 5 mM MgCl2, 200 µM acetoacetyl-CoA, 200 µM 

CoA, and 5 µl cell crude extract. 

Bhbd assay. The Bhbd activity in cell crude extract was tested by monitoring the decrease of 

absorbance at 340 nm corresponding to the consumption of NADH (ε340 nm = 5.31 mM-1 cm-1). 

The reaction was initiated by the addition of cell crude extract. The reaction mixture contained 
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100 mM Tris-HCl pH 7.5, 5 mM MgCl2, 0.2 mM NADH, 0.3 mM acetoacetyl-CoA, and 5 µl cell 

crude extract. 

Crt assay. The Crt activity in cell crude extract was tested by monitoring the decrease of 

absorbance at 290 nm corresponding to the consumption of crotonyl-CoA. The reaction was 

initiated by the addition of cell crude extract. The assay mixture contained 100 mM Tris-HCl pH 

7.5, 0.2 mM crotonyl-CoA, and 5 µl cell crude extract.  

Ccr assay. The Ccr activity in cell crude extract was tested by monitoring the decrease of 

absorbance at 340 nm corresponding to the consumption of NADPH (ε340 nm = 5.31 mM-1 cm-1). 

The reaction was initiated by the addition of cell crude extract. The reaction mixture contained 

100 mM Tris-HCl pH 7.0, 50 mM NaHCO3, 0.2 mM NADPH, 0.2 mM crotonyl-CoA, and 5 µl 

cell crude extract. 

Epi, Ecm, Mcd, Mct, Meh, and Ccl assays. Activities of Epi, Ecm, Mcd, Mct, Meh, and Ccl in 

cell crude extract were tested with HPLC by monitoring the production of pyruvate and acetyl-

CoA from (2S)-methylsuccinyl-CoA. A substrate mixture contained 100 mM Tris-HCl pH 7.0, 

50 mM NaHCO3, 0.6 mM NADPH, 0.6 mM crotonyl-CoA, and 3 µg his-tag purified Ccr was 

incubated for 5 minutes to synthesize (2S)-ethylmalonyl-CoA. The reaction mixture contained 

100 mM Tris-HCl pH 7.5, 0.2 mM ferrocenium hexafluorophosphate (FePF6), 0.1 ml substrate 

mixture and appropriate amounts of his-tag purified Epi, Ecm, Mcd, Mct, Meh, Ccl, and cell 

crude extract. For Epi assay, 6 µg Ecm, 10 µg Mcd, 2.5 µg Mct, 5 µg Meh, 9 µg Ccl and 5 µl cell 

crude extract were used. For Ecm assay, 1.5 µg Epi, 10 µg Mcd, 2.5 µg Mct, 5 µg Meh, 9 µg Ccl 

and 5 µl cell crude extract were used. For Mcd assay, 1.5 µg Epi, 6 µg Ecm, 2.5 µg Mct, 5 µg 

Meh, 9 µg Ccl and 5 µl cell crude extract were used. For Mct assay, 1.5 µg Epi, 6 µg Ecm, 10 µg 
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Mcd, 5 µg Meh, 9 µg Ccl and 5 µl cell crude extract were used. For Meh assay, 1.5 µg Epi, 6 µg 

Ecm, 10 µg Mcd, 2.5 µg Mct, 9 µg Ccl and 5 µl cell crude extract were used. For Ccl assay, 1.5 

µg Epi, 6 µg Ecm, 10 µg Mcd, 2.5 µg Mct, 5 µg Meh, and 5 µl cell crude extract were used. 

Before assays, cell crude extract was incubated with 0.1 mM Coenzyme B12 in the dark on ice 

for 1 h for Ecm activation. The reaction mixtures were incubated in room temperature for 30 

mins, then were quenched with 5% formic acid, derivatized with 10 mM phenylhydrazine and 

analyzed with HPLC. 

4.4.7 HPLC analysis 

CoA compounds and pyruvate phenylhydrazone were analyzed by an Agilent 1200 HPLC 

equipped with a reversed-phase C18 column (LiChrospher 100, end-capped, 5 µm, LiChroCART 

125-4 125 × 4 mm). Separation was performed using one of the two gradient systems of 40 mM 

K2HPO4/HCOOH buffer at pH 4.2 (solvent A) and 20% acetonitrile (MeCN) in 40 mM 

K2HPO4/HCOOH buffer at pH 4.2 (solvent B). Column temperature was maintained at 25 oC and 

the flow rate stayed constant at 1 ml/min. Initial conditions were 90% solvent A and 10% solvent 

B. At 0 min, solution B was increased linearly to 100% over 40 min. At 40 min, the composition 

of B was held isocratic for 3 min. At 43 min, solution B was decreased to its initial 10% 

condition over 1 min and held for 16 min to reequilibrate the column. 

4.4.8 Growth rescue of E. coli strains 

Overnight culture was inoculated (1% vol/vol) into fresh LB medium with 5 µM/mL 

hydroxocobalamin in a foil-wrapped tube. Cells were grown in the dark at 37 °C to OD600 of 

0.4-0.6, and induced by 0.1 mM IPTG for an additional 6 h at 30 °C. 1 ml of cell culture was 

harvested and washed three times with 1 ml of M9 minimal medium. Then the washed culture 
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was inoculate (1% vol/vol) into 3 mL M9 minimal medium with 5 µM/mL hydroxocobalamin for 

growth testing in the dark at 37 °C. The growth tests were performed in aerobic conditions. 

Table 4.1. Strains and plasmids used. 
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