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The rapid growth of atmospheric CO2 concentration by continuous consumption of fossil fuels is one of the main

causes of global warming. Turning CO2 into fuels and chemicals through biotransformation offers a win-win

strategy to both decrease atmospheric CO2 and efficiently exploit carbon resources. The overall efficiency of CO2

biotransformation in vitro and CO2 assimilation in vivo is generally determined by the biochemical properties of

carboxylases. Herein, we summarized carboxylases based on catalytic mechanism and CO2 biotransformation in

vitro and CO2 assimilation in vivo based on newly mined or designed carboxylases. 

C1 resource utilization  carboxylases  C-C ligases  designed pathway

1. Carboxylases for CO  Biotransformation

CO  is a poor electrophile and usually exists as bicarbonate in an aqueous solution. Therefore, the carboxylation

reaction often requires energy (adenosine triphosphate (ATP), nicotinamide adenine dinucleotide phosphate

(NADPH), or ferredoxin) or the assistance of coenzymes (metal ion, ThDP, and prenylated flavin mononucleotide

(prFMN), etc.) [24]. We divide carboxylases into seven categories: (1) Only divalent metal-dependent

carboxylases, (2) ATP-dependent carboxylases, (3) redox equivalents-dependent carboxylases, (4) substrate-

activated carboxylases, (5) ThDP-dependent carboxylases, (6) multi-enzyme complex constructed carboxylase, (7)

prFMN-dependent carboxylases. Representative carboxylases are shown in Table 1.

Table 1. Representative carboxylases for CO  fixation.
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2. ATP-Dependent Carboxylases

Biotin-dependent carboxylases include pyruvate carboxylase (PC, EC 6.4.1.1), acetyl-CoA carboxylase (ACC, EC

6.4.1.2), propionyl-CoA carboxylase (PCC, EC 6.4.1.3), 3-methylcrotonoyl-CoA carboxylase (MCC, EC 6.4.1.4),

and geranoyl-CoA carboxylase (GCC, EC 6.4.1.5). They are widely distributed in nature and can be found in

archaea, bacteria, algae, fungi, plants, and animals . The catalytic process of biotin-dependent carboxylases can

be divided into two steps (Figure 2). First, the biotin carboxylase (BC) domain catalyzes the ATP-dependent

[1]
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carboxylation of the N1′ atom of the biotin cofactor, using bicarbonate as the CO  donor. Second, the

carboxyltransferase (CT) domain transfers the CO  from carboxy-biotin to the substrates . The site for

carboxylation is on the α-carbon of saturated substrates (pyruvate, acetyl-CoA, and propionyl-CoA) or the γ-carbon

of α, β-unsaturated substrates (3-methylcrotonyl-CoA, geranyl-CoA). Acetyl-CoA carboxylase and propionyl-CoA

carboxylase are two carboxylases of 3-hydroxypropionate/malyl-CoA cycle and 3-hydroxypropionate/4-

hydroxybutyrate cycle .

Figure 2. The catalytic process of biotin-dependent carboxylases .

Acetone carboxylases (AC, EC 6.4.1.6) are soluble cytoplasmic enzymes, and can be found in many species of

aerobic, anaerobic phototrophic bacteria, and even microaerobic gastric human pathogenic species Helicobacter

pylori. They catalyze the carboxylation of acetone to form acetoacetate at the expense of ATP . There are two

different types of acetone carboxylases. One requires 2 ATP equivalents as an energy supply for the carboxylation

reaction, while another requires 4 ATP equivalents. The main difference in catalytic mechanism lies in the

processes of substrate activation. The catalytic mechanism proposed for acetone carboxylase of

Xanthobacter/Rhodobacter is that one ATP is sequentially hydrolyzed to ADP and AMP to activate acetone and

bicarbonate, respectively. While the catalytic mechanism of acetone carboxylase from Aromatoleum is that 2 ATP

are hydrolyzed to 2 AMP to active two substrates . Acetoacetate can be activated by a CoA ligase to form

acetoacetyl-CoA, which is cleaved to form 2 acetyl-CoA by thiolase. Therefore, a new pathway from isopropanol

and CO  to acetyl-CoA can be constructed. Acetophenone carboxylase (APC, EC 6.4.1.8) catalyzes the

carboxylation of acetophenone to benzoylacetate . Different from the above two activation processes of acetone

carboxylases, acetophenone and bicarbonate are all activated by hydrolyzing ATP to ADP.

3. Redox Equivalents-Dependent Carboxylases

Pyruvate synthase (PS, EC 1.2.7.1) and 2-oxoglutarate synthase (OGS, EC 1.2.7.3) are a class of enzymes

sharing a similar catalytic mechanism . They belong to strictly anaerobic enzymes and show low catalytic

activity. Acetyl-CoA can be reductively carboxylated by pyruvate synthase at the expense of two equivalents of

ferredoxin to generate pyruvate. Similarly, succinyl-CoA can be converted to 2-oxoglutarate by 2-oxoglutarate

synthase . Different from the above two enzymes, isocitrate dehydrogenase (IDH, EC 1.1.1.41/42) converts 2-

oxoglutarate to isocitrate at the expense of NAD(P)H . The carboxylation process of isocitrate dehydrogenase is

assumed to proceed via the enolate intermediate of 2-oxoglutarate, which is formed with the assistance of divalent

metal ions Mg  or Mn . After the addition of CO , the unstable keto-tricarboxylic acid intermediate is immediately
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reduced by NAD(P)H to yield stable isocitrate (Figure 3A). 2-oxoglutarate synthase and isocitrate dehydrogenase

are carboxylases of the reductive tricarboxylic acid (rTCA) cycle.

Figure 3. The catalytic mechanism of isocitrate dehydrogenase and crotonyl-CoA carboxylase/reductase. (A) The

catalytic mechanism of isocitrate dehydrogenase . (B) The catalytic mechanism of crotonyl-CoA

carboxylase/reductase .

Enoyl-CoA carboxylases/reductases (ECRs) are a class of carboxylases that exist in secondary metabolism, as

well as in central carbon metabolism of α-proteobacteria and Streptomycetes . The best-studied ECR is crotonyl-

CoA carboxylase/reductase (CCR, EC 1.3.1.85) that catalyzes NADPH-dependent reductive carboxylation of

crotonyl-CoA into (2S)-ethylmalonyl-CoA. The mechanism of CCR is assumed to proceed via nucleophilic hydride

attack at β-carbon of the enoyl-CoA ester; the forming enolate is trapped by CO  to generate (2S)-ethylmalonyl-

CoA (Figure 3B). Recently, combining experimental biochemistry, protein crystallography, and advanced computer

simulations, Gabriele M. M. Stoffel et al. determined the CO -binding residues at the active site of crotonyl-CoA

carboxylase/reductase from Kitasatospora setae . Propionyl-CoA synthase from Erythrobacter sp. NAP1, as well

as an acrylyl-CoA reductase from Nitrosopumilus maritimus, have almost no carboxylation activity. Based on the

determined CO -binding residues, they used rational design to engineer two enzymes into carboxylases by

increasing interactions of the proteins with CO  and suppressing diffusion of water to the active site .

Relative to Rubisco, CCR is oxygen-insensitive, does not react with O , requires only the NADPH, and catalyzes

CO fixation with higher efficiency (K /K  = 1642.6 s  mM ) . All of these characteristics make CCR a good

candidate enzyme for the fixation of CO . Based on CCR, Tobias J. Erb research group constructed a crotonyl-

CoA/ethylmalonyl-CoA/hydroxybutyryl-CoA (CETCH) cycle in vitro , which consists of 17 enzymes and can

convert CO  into organic molecules at a rate of 5 nanomoles of CO  per minute per milligram of protein (Figure 4).

Recently, they successfully encapsulated thylakoids isolated from the spinach plant along with all enzymes of the

CETCH pathway within water-in-oil droplets . The encapsulated system could use light energy to produce

glycolate from CO , while also phosphorylating ADP to ATP.
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Figure 4. The crotonyl-CoA/ethylmalonyl-CoA/hydroxybutyryl-CoA cycle pathway (CETCH pathway) . CCR,

crotonyl-CoA carboxylase/reductase; EEM, ethylmalonyl-CoA epimerase, and mutase; MOX, methylsuccinyl-CoA

oxidase; MMD, methylmalyl-CoA dehydratase; MML, methylmalyl-CoA lyase; POX, propionyl-CoA oxidase; MEM,

methylmalonyl-CoA epimerase, and mutase; SSDH, succinate semialdehyde dehydrogenase; HBDH, 4-

hydroxybutyrate dehydrogenase; HBS, 4-hydroxybutyryl-CoA synthetase; HBD, 4-hydroxybutyryl-CoA

dehydratase.

4. Substrate-Activated Carboxylases

Phosphoenolpyruvate (PEP) carboxylase (PEPC, EC 4.1.1.31) catalyzes the irreversible carboxylation of PEP to

form oxaloacetate (OAA) using Mg  or Mn  as a cofactor . This kind of enzyme is present in most

photosynthetic organisms . PEPC is used to replenish intermediates of the TCA cycle for amino acid

biosynthesis, or to shuttle CO  between the mesophyll and bundle sheath cells in C4 plants. The catalytic

mechanism of PEPC has been well studied (Figure 5). First, bicarbonate act as a nucleophile to attack phosphate

groups in PEP, yielding carboxyphosphate and enolates of pyruvate, which is stabilized by metal ions Mn . Next,

carboxyphosphate decomposes into inorganic phosphate and CO , which is attacked by enolates of pyruvate to

form OAA .
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Figure 5. The catalytic mechanism of phosphoenolpyruvate carboxylase .

PEPC is known to be one of the most active carboxylases (K /K  = 23,792 s  mM ) . Based on PEPC, Hong

Yu et al. constructed a synthetic malyl-CoA-glycerate (MCG) pathway , which is capable of converting one C3

sugar to two acetyl-CoA via fixation of one CO  equivalent, or assimilating glyoxylate, a photorespiration

intermediate, to produce acetyl-CoA without carbon loss (Figure 6). Coupling the MCG pathway with the CBB

cycle, photosynthetic organisms utilize only 5.5 ATP and 1.5 Rubisco turnovers to produce one acetyl-CoA from

CO  equivalents, while the native pathway requires 7 ATP and 3 Rubisco turnovers. When transferring the MCG

pathway into a photosynthetic organism Synechococcus elongates PCC7942, the intracellular acetyl-CoA level

increased, and bicarbonate assimilation was improved by roughly 2-fold.

Figure 6. The synthetic malyl-CoA-glycerate (MCG) pathway . PEPC, PEP carboxylase; MDH, malate

dehydrogenase; MTK, malate thiokinase; MCL, malyl-CoA lyase; GCL, glyoxylate carboligase; TSR, tartronate

semialdehyde reductase; GK, glycerate kinase; ENO, enolase.
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5. ThDP-Dependent Carboxylases

Pyruvate decarboxylase (PDC, EC 4.1.1.1) is a key enzyme of carbon metabolism at the branching point between

aerobic respiration and anaerobic alcoholic fermentation, and can be found in some bacteria, yeasts, and plants .

PDC catalyzes the decarboxylation of pyruvate by using ThDP and Mg  as cofactors (Figure 7). This enzyme has

been successfully applied to yield pyruvic acid through the reverse carboxylation reaction. To favor the

carboxylation, high pH and high bicarbonate concentration are needed . In addition to using a high concentration

of bicarbonate solution as a CO  source, elevated CO  pressure is also an effective way to drive the direction of

carboxylation. Combining branched-chain α-keto acid decarboxylase (KdcA) from Lactococcus lactis with

transaminase or amino acid dehydrogenase, Julia Martin et al. achieved the synthesis of L-methionine from the

abundant industrial intermediate methional under a 2 bar CO  atmosphere .

Figure 7. The catalytic mechanism of pyruvate decarboxylase .

6. Multi-Enzyme Complex Constructed Carboxylase

The glycine cleavage system (GCS) is common among many organisms because of its involvement in glycine and

serine catabolism . The GCS converts glycine to CO , NH , and methylene-THF. GCS is composed of four

proteins, a carrier protein, and three enzymes. They are lipoic acid-containing protein (GcvH), glycine

dehydrogenase (GcvP), aminomethyltransferase (GcvT), and lipoamide dehydrogenase (Lpd), respectively. The

glycine cleavage process can be divided into three steps. The first step is the decarboxylation of glycine by the

glycine dehydrogenase. The decarboxylated moiety is then further degraded by the aminomethyl transferase with

the aid of tetrahydrofolate. The last step is the reoxidation of the two sulfhydryl groups to form lipoic acid-

generating NADH by dihydrolipomide dehydrogenase. Two sulfhydryl groups or lipoate attached to the lipoic acid-

containing protein act as intermediate shuttles.

Now, GCS is confirmed to be reversible (rGCS) and can condense the C1 moiety of methylene-THF with CO  and

ammonia to produce glycine , which shows great application potential for reductive glycine pathway (RGP). Arren

Bar-Even’s research group has made a series of encouraging progress . Especially, they redesigned the

central carbon metabolism of the model bacterium E. coli for growth on one-carbon compounds (formate and

methanol) using the RGP  (Figure 8). Recently, Irene Sánchez-Andrea et al. demonstrated that sulfate-reducing

bacterium Desulfovibrio desulfuricans (strain G11) could grow autotrophically via the RGP using hydrogen and

sulfate as energy substrates . This work first demonstrates that autotrophic microbial growth can be fully

supported by RGP, which is a highly ATP-efficient CO  fixation pathway.
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Figure 8. The reductive glycine pathway (RGP) . FTS, formyl-THF synthase; FTCH, formyl-THF cyclohydrolase;

MTDH, methylene-THF dehydrogenase; GLYA, L-serine hydroxymethyltransferase; SDAA, L-serine dehydratase.

7. prFMN-Dependent Carboxylases

prFMN-dependent decarboxylases catalyze the non-oxidative reversible decarboxylation of aromatic substrates,

and play a pivotal role in bacterial ubiquinone (coenzyme Q) biosynthesis and microbial biodegradation of aromatic

compounds . The prFMN cofactor is provided by an associated prenyltransferase (UbiX), which extends the

isoalloxazine FMN ring system through prenylation with a fourth non-aromatic ring. The catalytically active iminium

species of the cofactor (prFMN ) is obtained by oxidizing the reduced prFMN with O . There are two different

catalytic reaction mechanisms for the prFMN-assisted (de)carboxylation reaction. For α, β-unsaturated carboxylic

acids, the reaction proceeds through the intermolecular 1, 3-dipolar cycloaddition step. While for protocatechuic

acid-type substrates, the electrophilic character of the iminium ion of prFMN  enables reversible

(de)carboxylation via a mono-covalently bound quinoid–cofactor intermediate. prFMN-dependent decarboxylases
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encompass a wide range of substrates , including non-aromatic α, β-unsaturated (acrylic) acid derivatives,

catechol, and 4-hydroxybenzoic acid derivatives, polycyclic aromatic hydrocarbons (PAHs), and heterocyclic

substrates. Recently, combining ferulic acid decarboxylase (FDC, prFMN-dependent) with carboxylic acid

reductase (CAR), alcohol dehydrogenase (ADH), or imine reductase (IRED), Godwin A. Aleku et al. designed

cascade reactions to enable efficient functionalization of terminal alkenes to the corresponding aldehyde, alcohol,

amide or amine derivatives through ambient CO  fixation .
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