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1.1 General introduction 

The net increase in greenhouse gas concentrations is mainly caused by the excessive 

emissions of CO2, which have exceeded the capacity of the Earth’s natural absorption and 

regulation systems. Therefore, resolving this issue requires an expedited reduction in CO2 

emissions; however, most research today has focused on limiting the global temperature rise to 

2°C to achieve carbon neutrality by 2050 [1,2]. To address this issue, developing efficient 

systems to capture and convert inorganic CO2 into useful fuels has received extensive attention 

among scientific communities and is considered one of the most important catalytic reactions. 

Among them, converting CO2 into formate (HCOO-) has received increased attention because 

of the growing importance of carbon abatement technologies and carbon-neutral chemical 

feedstocks [3]. More significantly, formate/ formic acid is considered one of the best liquid 

organic hydrogen carriers thanks to its high volumetric hydrogen density (53 g·L–1), non-

flammability, and low toxicity [4]. Therefore, formic acid plays an important role in the carbon-

neutral energy cycle system.  

To realize the formate-based energy cycle system as shown in Fig. 1, a highly effective 

catalytic system for CO2 hydrogenation to formate is essential. Many synthetic catalyst-based 

technologies that achieve high reaction efficiency through electrochemistry or photochemistry 

rely on precious metals and volatile organic solvents, meaning that high costs, environmental 

vulnerability, and low product selectivity are challenges for these technologies [5–7]. On the 

other hand, biocatalysts are becoming an attractive option for CO2 reduction because they 

overcome these issues due to their exceptional catalytic efficiency, substrate or product 

Fig. 1. Schematic model of formate-based hydrogen energy cycle system 
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selectivity, and environmental viability. Numerous investigations on the biocatalytic 

hydrogenation of CO2 into formate utilizing living bacteria are underway [8–13]. For example, 

biocatalytic formate production using biocatalytic cells of Thermoanaerobacter kivui and 

Acetobacterium woodii efficiently proceeds via catalytic reactions of unique hydrogen-

dependent CO2 reductases (HDCR) under strict anaerobic conditions [13,14]. Sargent et al. 

utilized Escherichia coli as the biocatalyst, which requires a high-pressurized bioreactor for 

supplying a high-pressurized gas to enhance the reaction rate of formate production [12]. 

However, these systems possess bottlenecks in stabilizing enzymes in living cells and 

achieving highly reusable methods due to the production of undesired byproducts and 

requirements of strict anaerobic and/or highly pressurized reaction conditions. Furthermore, 

the separation of reaction products from cultural cells should be leveraged to harvest pure 

chemicals, which is a critical issue for practical and cost-effective applications. Therefore, the 

next challenge for the biocatalytic conversion of CO2 into chemical feedstock in general and 

formate in particular is to develop a robust system that can capture and selectively reduce CO2 

effectively under very mild conditions for wider application.  

 

1.2 Citrobacter sp. S-77 

We used our isolated bacterium, Citrobacter sp. S-77 (S-77) for H2-driven CO2 reduction 

into formate under very mild reaction conditions. Strain S-77 was isolated from a tepid spring 

(21°C) in Aso-Kuju National Park, Oita, Japan by our laboratory and contains a membrane-

bound [NiFe] hydrogenase (Hyd) [15] and membrane-bound [Mo] formate dehydrogenase 

(FDH) [16]. These two enzymes have potential to construct an effective biocatalytic system for 

CO2 conversion.  
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1.2.1 Hydrogenase from Citrobacter sp. S-77 

Hydrogenases (Hyd) are enzyme that can catalyze the reversible oxidation of H2 with 

high efficiency. The enzyme can be found in periplasm or cytoplasm and exist in either soluble 

or membrane-bound structure. In nature, there are three distinct types of hydrogenases which 

are called [NiFe] hydrogenase, [FeFe]hydrogenase and [Fe]hydrogenase based on the metals 

in their active sites [17,18].  

 

Among these three types, S-77 contains membrane-bound [NiFe] hydrogenase. [NiFe] 

hydrogenase consists of a large and a small subunit. The Ni-Fe active site is located in the large 

subunit. The general structure of the active site contains Ni and Fe ions bridged with two Cys 

thiolates. There are two more Cys bounded to Ni ion while Fe ion is bounded by one CO and 

two CN- [18].  [NiFe] hydrogenase is more useful for the oxidation of H2 than H2 evolution [17]. 

Therefore, [NiFe] hydrogenase is of great interest for its application in H2 oxidation electrodes 

and biocatalytic systems [19].  The oxidation mechanism of [NiFe] hydrogenase is described in 

Fig. 3:  

Fig 2. Active sites structure of (A) [NiFe] hydrogenase, (B) [FeFe] hydrogenase and (C) [Fe] 

hydrogenase (C). 
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H2 was heterolytically cleaved, and a hydride bridge was formed between Ni-Fe. After 

that a one-electron oxidation took place and change the state of Ni ions from Ni-R to Ni-C. The 

Ni3+ and H- then converted into Ni+ and H+. Finally, Ni+ was oxidized to back to the starting 

complex (Ni-SIa), released H+ and 1 electron [20,21]. In total, two electrons were released after 

oxidation, which were transferred by the electron transfer (ET) chain in the small subunit of 

[NiFe] hydrogenase to use for other reduction process. This mechanism allows [NiFe] 

hydrogenase to oxidize H2 with high rate and efficiency that are equivalent to those of Pt [19]. 

More importantly, the previous report showed that the [NiFe] hydrogenase of S-77 has a unique 

proximal [4Fe–4S] cluster in the small subunit, which protects the Ni-Fe active site even in the 

presence of O2 
[22]. This suggests that [NiFe] hydrogenase from S-77 can be activated and 

oxidize H2 under mild conditions with the presence of O2.  

 

 

Fig. 3. Mechanism of H2 oxidation by [NiFe] hydrogenase 
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1.2.2 Formate dehydrogenase from Citrobacter sp. S-77 

Formate dehydrogenase (FDH) are enzyme that catalyzes the 2-electron oxidation of 

formic acid (HCOOH) to CO2 and the reverse reduction of CO2 to HCOOH [23–25]. Based on 

the active sites, FDH can be divided into non-metal and metal-containing types [23]. The metal-

containing types are highly conserved and often contain molybdenum (Mo) or tungsten (W) 

bounded by two molybdopterin guanine dinucleotide molecules, a selenocysteine ligand and a 

sulfide [23–25].  

 

The S-77 was reported to contain the molybdenum-dependent FDH. The catalytic 

mechanism of reversible oxidation of formate/ reduction of CO2 has not been elucidated to date. 

A proposed catalytic reduction mechanism of FDH suggested that the reaction occurs via 

hydride transfer (Fig. 5) 

Fig. 4. Active site structure of metal-dependent formate dehydrogenase. 
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According to the proposed mechanism, CO2 first binds to the protonated sulfo ligand. 

The direct hydride transfer then took place and conversed Mo4+ to Mo6+. Finally, Mo6+ was 

reduced by accepting 2 electrons and releasing formate, thus completing the catalytic cycle. 

Despite the fact the catalytic mechanism is unclear, formate dehydrogenase receives attention 

across various fields for its high catalytic efficiency and potential solvency to global warming. 

More importantly, the previous reports showed that the FDH from S-77 exhibited not only high 

activity but also O2 stability and thermostability [16]. Therefore, it can be a strong candidate to 

construct a biocatalytic system for CO2 conversion.  

 

1.2.3 Application of Citrobacter sp. S-77 for biocatalytic system 

In summary, the S-77 contains a membrane-bound [NiFe] hydrogenase which exhibited a 

high level of H2 oxidation [15], surpassing the catalytic activity of the platinum catalyst in 

hydrogen fuel cells. The structural analysis revealed that the Hyd of S-77 has a unique proximal 

[4Fe–4S] cluster, which protects the NiFe active site even in the presence of O2 
[22]. A 

Fig. 5. Proposed mechanism for CO2 reduction by formate dehydrogenase 
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membrane-bound [Mo]formate dehydrogenase (FDH) was also purified from S-77, which 

exhibited high activity, O2 stability, and thermostability [16]. Furthermore, S-77 possesses a 

formate transport protein of FocA, which is a member of the formate-nitrite transporter (FNT) 

family. The FocA enables the possible route to transport formate from the cytoplasmic side to 

the periplasmic side via the formate channel [26,27]. One of the bottlenecks in biocatalytic 

systems that hinder their wider application is their instability, especially in aerobics conditions 

[13,14,28]. S-77 can overcome this issue thanks to its highly stable enzyme of [NiFe] hydrogenase 

and [Mo] formate hydrogenase that can be activated in aerobics condition. These advantages 

make S-77 a promising candidate for constructing a robust biocatalytic system that can convert 

CO2 to formate selectively, and efficiently in mild conditions. In this thesis, I demonstrate the 

biocatalytic systems from S-77 that have high efficiency, stability, and reusability that can be 

applied to a larger scale. 

 

1.3 The light-harvesting C-phycocyanin from Thermoleptolyngbya sp. O-77 

Phycobilisome (PBS), which attaches to the thylakoid membrane of cyanobacteria and 

algae, is a water-soluble light-harvesting protein complex that is unlike the light-harvesting 

protein complex that binds to the thylakoid membrane of higher plants [29,30]. PBS plays an 

important role in the photosynthetic system through light energy absorption and facilitating the 

high-efficiency transfer to photosystem I and II in water [31–34]. PBS, which has a molecular 

weight from 7 to 15 MDa, is composed of a core and peripheral rod protein complex with acidic 

chromophore polypeptides (phycobiliproteins, PBPs) and hydrophobic polypeptides called 

linker proteins [35]. The giant protein complex of PBS typically consists of three pigment 

proteins: phycoerythrin, phycocyanin, and allophycocyanin [36,37]. Among these three proteins, 

C-phycocyanin (CPC) is the most abundant component. It consists of two different 

polypeptides (the α and β subunits) that form αβ structures of monomers, trimers, or hexamers 
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[38]. Owing to its abundance, water-solubility, and non-toxicity, CPC has garnered interest from 

researchers in various fields, including biotechnological and pharmaceutical applications [39,40]. 

The open-chain tetrapyrroles of phycocyanobilin (PCB) are the major light receptors in CPC 

[34]. PCB is covalently bound to the conserved cysteine residues via thioether linkages by 

attaching one PCB to the α subunit of CPC and two PCBs to the β subunit [41,42]. In vitro studies 

demonstrated that conventional CPC can exist as three forms of monomer, trimer, and hexamer, 

suggesting that the biosynthesis pathway of CPC is based on the assembly of monomer (αβ) 

into trimers (αβ)3 and hexamers (αβ)6, followed by the insertion of linker proteins in vivo [43,44]. 

 

During the studies of oxygenic photosynthesis, we isolated a thermophilic and non-

heterocystous cyanobacterium Leptolyngbya sp. O-77 from a hot spring [45]. The O-77 strain 

grows well at high temperatures of 50°C–60°C, with an optimal growth temperature of 55°C. 

Owing to its thermophilic characteristics, the O-77 strain was re-classified into the new genus 

of Leptolyngbya-like thermophilic cyanobacterium, named Thermoleptolyngbya sp. O-77 [46]. 

Following studies of photosystem II and water-soluble light-harvesting complexes [45,47], we 

presented the first report of the non-conventional octameric CPC from the O-77 strain (CPCO77) 

[48] (Fig. 8). In the study, CPCO77 can be assembled spontaneously in vitro from an equilibrium 

between the two structures, hexamer, and octamer. This raises the question of the self-assembly 

Fig. 6. General structure of (A) hexamer C-phycocyanin and (B) phycocyanobilin. 
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mechanisms of CPC; however, the assembly mechanism has not been elucidated. Therefore, in 

this thesis, I demonstrated an in vitro reassembly experiment by using the isolated α and β 

subunits dissociated from native CPCO77. These subunits are the fundamental building blocks 

that constitute the monomers and other oligomers of CPC and any change in the subunit 

structure and sequence might affect the overall structure and the overall assembly process. 

Therefore, the study of CPC subunits should be considered essential for understanding the 

assembly mechanism [49,50]. 

 

1.4 Arrangement of Dissertation  

In this dissertation, I described the strategies to construct a robust biocatalytic system for 

selective CO2 conversion to formate using Citrobacter sp. S-77, i.e. encapsulated whole-cell 

biocatalytic system (Chapter 2) and encapsulated plasma membrane biocatalytic system 

(Chapter 3). I also demonstrated the disassembly and reassembly of C-phycocyanin from 

Thermoleptolyngbya sp. O-77 to study the assembly mechanism of the non-conventional 

octamer C-phycocyanin.  

Fig. 8. (A) Top view and (B) side view of crystal structure of the non-conventional octamer 

CPCO77 
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In Chapter 2, a novel encapsulated whole-cell biocatalytic system was designed to 

selectively convert CO2 to formate. This robust system obtains high stability, reusability, and 

efficiency in mild reaction conditions. 

In Chapter 3, a novel strategy using the S-77 plasma membrane was presented for the first 

time. This system significantly enhances the efficiency of the CO2 hydrogenation to formate.  

In Chapter 4, I demonstrated the disassembly and reassembly of CPCO77. The subunits of 

CPCO77 were isolated and structurally analyzed by X-ray crystallography for the first time. 

Furthermore, the results suggest that the assembly of non-conventional octamer CPCO77 is a 

natural and reversible process.  

In Chapter 5, I provided some conclusions and remarks on the work that has been 

accomplished in this description.  
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ABSTRACT 

Biocatalytic CO2 reduction into formate is a crucial strategy for realizing the carbon-

neutral energy cycle system. In this chapter, I  designed an efficient biocatalytic system to 

produce formate selectively by coupling two enzymatic activities of H2 oxidation by [NiFe] 

hydrogenase and CO2 reduction by [Mo] formate dehydrogenase using encapsulated bacterial 

cells of Citrobacter sp. S-77. The encapsulated whole-cell catalyst was made by living cells 

depositing into polyvinyl alcohol and gellan gum cross-linked by calcium ions to form hydrogel 

beads. Formate production using encapsulated cells was carried out under the resting state 

conditions in the gas mixture of H2/CO2 (70:30, v/v%). The whole-cell biocatalyst showed 

highly efficient and selective catalytic production of formate, reaching the specific rate of 

formate production of 110 mmol·L–1· gprotein
–1·h–1 at 30C, pH 7.0, and 0.1 MPa. The 

encapsulated cells can be reused at least 8 times while keeping their high catalytic activities for 

formate production under mild reaction conditions.  
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2.1. Introduction 

The CO2 conversion into formate has received increasing attention because formate is 

a desirable liquid organic hydrogen carrier and chemical feedstock [1]. Various types of 

homogeneous and heterogeneous catalysts have been synthesized to develop efficient systems 

for the catalytic production of formate from CO2 and H2 
[2–4]. However, these systems still 

require expensive noble metals as active sites [5] and high overpotentials with high pressures 

and temperatures. Recently, biocatalytic CO2 reduction into useful fuels has gained broad 

attention, however, industrial utilization of traditional enzyme catalysts is limited by issues 

such as enzyme stability and laborious downstream processing for enzyme purification and 

characterization. Whole-cell biocatalysis overcomes these problems by 1) avoiding multistep 

enzyme extraction and purification, 2) preserving inherent optimal conditions for enzyme 

cascades in cellular metabolic pathways, allowing for achieving robust catalysis for maximum 

productivity, and 3) lowering the overall cost of the system [6]. Formate production in culturing 

liquid medium using whole-cell catalysis has been reported in several microorganisms. For 

example, biocatalytic formate production using whole-cells of Thermoanaerobacter kivui and 

Acetobacterium woodii efficiently proceeds via catalytic reactions of unique hydrogen-

dependent CO2 reductases under strict anaerobic conditions [7,8]. Other report utilized 

Escherichia coli as the biocatalyst, which requires a high-pressurized bioreactor for supplying 

a high-pressurized gas to enhance the reaction rate of formate production [9]. However, these 

systems' drawback is in stabilizing enzymes in living cells and achieving highly reusable 

methods due to the production of undesired byproducts and requirements of strict anaerobic 

and/or highly pressurized reaction conditions. More importantly, the separation of reaction 

products from cultural cells is equivalent to harvesting pure chemicals, which becomes a 

critical issue for practical and cost-effective applications.  
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Inspired by the above-mentioned reports, I used in this study our laboratory’s isolated 

bacterium, Citrobacter sp. S-77 (S-77) for H2-driven CO2 reduction into formate under very 

mild reaction conditions. The S-77 contains highly active and O2-stable membrane-bound 

[NiFe] hydrogenase and [Mo] formate dehydrogenase, including FHL composed of two 

catalytic sites of [NiFe] hydrogenase and [Mo] formate dehydrogenase [10,11], which resulted in 

the heterogenous catalytic and highly selective formate production under very mild conditions, 

even in the presence of O2. Furthermore, S-77 possesses a formate transport protein of FocA, 

which is a member of the formate-nitrite transporter (FNT) family. The FocA enables the 

possible route to transport formate from the cytoplasmic side to the periplasmic side via the 

formate channel [12,13]. Considering these advantages, I developed a system using the resting 

cells for the selective production of formate from H2-driven CO2 reduction by coupling enzyme 

activities of Hyds and FDHs under mild reaction conditions. Another issue that needs to be 

addressed is physical damage to the cell by collecting and washing, which decreases the 

reusability of the systems. Therefore, to overcome this difficulty of whole-cell culture 

conditions, including instability, strict reaction conditions, and limited reusability, I come up 

with an interesting solution through the immobilization of the whole-cell S-77 in a hydrogel 

matrix by cross-linking with water-soluble polymers of gellan gum (GG) and polyvinyl alcohol 

(PVA). The encapsulated whole-cell system in hydrogel beads successfully acts as a 

heterogeneous catalyst for selective formate production and leads to enhanced stability and 

reusability without losing catalytic activity. This robust biocatalytic system has great potential 

to develop an efficient formate production from H2-driven CO2 reduction under mild reaction 

conditions.  

 

2.2. Materials and Methods 

2.2.1. Chemicals 
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Yeast extract powder and hipolypepton were purchased from Funakoshi Co., Ltd. 

(Japan). Magnesium sulfate heptahydrate (MgSO4·7H2O) and nickel(II) chloride hexahydrate 

(NiCl2·6H2O) were purchased from Sigma-Aldrich (Japan). Dipotassium hydrogen phosphate 

(K2HPO4), potassium hydrogen phosphate (KH2PO4), sodium chloride (NaCl), ammonium 

sulfate (NH4)2SO4), sodium formate (HCOONa), D(+)-glucose, ammonium iron(III) citrate, 

brown, calcium chloride (CaCl2), sodium hydroxide (NaOH), sodium tungstate(VI) dihydrate 

(Na2WO4·2H2O), disodium molybdate(VI) dihydrate (Na2MoO4·2H2O), sodium selenite 

(Na2S2O3), gellan gum (GG), polyvinyl alcohol (PVA), (±)-dithiothreitol (DTT), 2-amino-2-

hydroxymethyl-1,3-propanediol hydrochloride (Tris·HCl), methyl viologen (MV), and sodium 

bicarbonate (NaHCO3) were purchased from FUJIFILM Wako Pure Chemical Corporation 

(Japan). Deuterium oxide (D2O) and 13C-sodium bicarbonate (NaH13CO3) were purchased 

from Cambridge Isotope Laboratories (USA). All chemical reagents were used as received 

unless otherwise specified.  

 

2.2.2. Cell culture 

Citrobacter sp. S-77 cells were grown in 20-L plastic bottles at 30°C for 5 days with 

the supplements of the following reagents (g·L–1): 3.0 g yeast extract, 3.0 g hipolypeptone, 0.5 

g MgSO4·7H2O, 2.0 g K2HPO4, 1.0 g KH2PO4, 3.0 g (NH4)2SO4, 1.0 g (±)-D-glucose, 2.0 g 

HCOONa, 0.2 g ammonium iron(III) citrate, and 0.1 g of CaCl2 and the minor mineral 

components of 0.1 μM NiCl2, 0.1 μM Na2WO4, 0.1 μM Na2MoO4, and 0.2 μM Na2Se2O3 (as 

of the final concentration of the medium at pH 7.0). Collected cells were suspended in 20 mM 

potassium phosphate (KP) buffer (pH 7.0) containing 1.0 mM DTT and 0.1 mM NaCl, used as 

a standard buffer in this study. 

 

2.2.3. Preparation of plasma membrane and soluble cell extracts 
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The collected S-77 cells were disrupted by sonication three times for 3 min in an ice 

bath at 60 W with an Ultrasonic Disruptor UD-200 (Tomy Seiko Inc., Japan). The broken cells 

were centrifuged at 5000g for 20 min to remove cell debris and unbroken cells. The resulting 

supernatant was further subjected to ultracentrifugation (Optima L-90K, Beckman Coulter Inc., 

USA) at 100,000g for 1 h at 4C to give the membrane and soluble cell extracts. The harvested 

membrane was washed and suspended with the same buffer solutions. The protein 

concentrations of the membrane suspension and soluble cell extracts were determined by the 

Lowry method using the DC protein assay (Bio-Rad, USA).
 
Bovine serum albumin was used 

as a standard protein for the calibration curve. The weight of dried cells cannot be measured 

accurately because collected cells contained various debris such as culture medium and many 

chemical byproducts. Therefore, in this experiment, the rate of formate production was 

determined by the more reliable cellular protein concentration, rather than by the weight of 

dried cells. 

 

2.2.4. Encapsulation of whole-cells in hydrogel beads 

Encapsulation of bacterial cells was carried out by adding PVA solution into the living 

S-77 cell suspension. The PVA/S-77 mixture was then added to the GG solution (2%) to be the 

final concentrations of PVA (1%) and GG (0.5%). The resulting solution was added dropwise 

into the 2% calcium chloride solution. The encapsulated whole-cell S-77 in PVA and GG 

(GG/PVA/S-77) were used as biocatalysts for formate production as the resting cell reaction 

under mild reaction conditions at 30C, pH 7.0, and 0.1 MPa after washing with the standard 

buffer three times.   

 

2.2.5. Enzyme assay 
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Hyd and FDH activities were determined spectrophotometrically by using a V-670 

spectrophotometer (JASCO, Japan) following the reduction of MV at 30C in glass cuvettes 

sealed with a rubber stopper and an aluminum cap under N2. The reaction solutions containing 

the membrane suspension or the cell extracts in 50 mM KP buffer (pH 7.0) were prepared in a 

Coy anaerobic chamber (Coy Laboratory Products, USA) under an atmosphere of 98% N2 and 

2% H2. To perform H2 oxidation, H2 was flashed for 5 min in the Hyd assay mixture, whereas 

formate oxidation was performed by the addition of sodium formate to be the final 

concentration of 10 mM, followed by flushing with Ar for 5 min in the FDH assay mixture. 

The reactions using Hyd and FDH were carried out under anaerobic conditions at 30C by the 

initiation of adding MV solution at the final 10 mM concentrations. Enzymatic activities were 

calculated by the increase in absorbance of MV ( = 9.8 mM−1·cm−1) at 578 nm. Note that the 

specific activities of H2 and formate oxidations were calculated by 2-electron reactions of MV. 

At least three independent experiments were performed to plot the data analysis. Steady-state 

kinetic parameters and Km values of H2 and CO2 were determined by fitting the data to the 

Michaelis-Menten equation using nonlinear regression. The data were analyzed by using the 

Enzyme kinetics Module1.1 of Sigmaplot 8.0 software (Jandel Scientific, CA, USA). 

 

2.2.6. Procedure for biocatalytic formate production 

Biocatalytic CO2 conversion into formate was performed by using glass bottles (ca. 177 

mL) sealed with a rubber stopper and an aluminum cap. The harvested S-77 cells were washed 

with a standard KP buffer three times before use. The procedure for the reaction using whole-

cell S-77 was as follows: 10 mL of washed cells suspended in 200 mM phosphate buffer (pH 

7.0) were added to bottles (approximately 167 mL headspace) and the reaction solution was 

bubbled with Ar gas for 5 min (>200 mL·min–1). The reaction solution was subsequently 

bubbled with the gas mixture of H2 (140 mL·min–1) and CO2 (60 mL·min–1) for 5 min and 
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incubated at 30C for a period of time. The analysis for the reaction using GG/PVA/S-77 was 

as follows: After the reaction of encapsulated cells for 24 h, the reaction solution was collected 

and centrifuged at 3500g, and the resulting supernatant solution was filtered for determination 

of formate by HPLC analysis. The procedure for the reuse experiment using hydrogel beads 

GG/PVA/S-77 was as follows: The hydrogel beads were added to the reaction solution of 200 

mM KP buffer and then flushed by Ar gas for 5 min (>200 mL·min–1). The reaction solution 

was subsequently flowed by the gas mixture of H2 (140 mL·min–1) and CO2 (60 mL·min–1) for 

5 min. After the reaction for 3 h, the hydrogel beads GG/PVA/S-77 were washed with 200 mM 

KP buffer and used for the next reuse experiment. All of the reactions were performed at 30C. 

At least three independent experiments were performed to plot the data analysis.  

 

2.2.7. SEM images of encapsulated cells 

The images of the encapsulated living cells in hydrogel beads were observed by the 

analysis of a scanning electron microscope (SEM. SU8000, Hitachi Co., Japan). Three 

hydrogel beads of GG, GG/PVA, and GG/PVA/S-77 were prepared and washed with the 

standard KP buffer. The washed beads were dehydrated with a graded series of ethanol 

solutions (30, 50, 75, 90, 95%) for 10 min and dried at room temperature overnight. The dried 

samples were mounted onto sample holders using carbon double-sided tape, and then sputter 

coated with a palladium layer by a JFC-1600 auto fine coated for enhancing the conductivity. 

The SEM images of all samples were recorded at an accelerating voltage of 5.0 kV. 

 

2.2.8. Analysis of formate 

Qualitative analysis of formate was performed by using an AVANCE III HD 600 

nuclear magnetic resonance (NMR) spectrometer (Bruker, USA) with 5-mm tubes (1H, 600.13 

MHz; 13C, 150.92 MHz). Chemical shifts () were reported in parts per million (ppm) 
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downfield from Si(CH3)4 (solvent, D2O) for 1H and 13C NMR spectra. Formate was 

quantitatively analyzed by using a high-performance liquid chromatography (HPLC) system 

(Agilent) with an ion-exclusion chromatography column (Shodex RSpak KC-811) and HPLC-

UV Detection (Agilent) at 210 nm. A 0.1% H3PO4 aqueous solution was used as the eluent 

(flow rate, 1.0 mL·min–1). The column oven temperature was maintained at 40C. The identity 

of the formate was confirmed by HPLC and 1H NMR profiles with those of the standard 

formate. To confirm the H2-driven CO2 reduction to 13C-formate production, 200 mM 

NaH13CO3 was used as a sole carbon source.  

 

2.3. Results and Discussion 

2.3.1. Gene clusters involving H2 and formate metabolism. 

The whole genomic sequence of a heterotrophic and facultative anaerobic bacterium 

Citrobacter sp. S-77 was obtained and available at the NCBI homepage 

(www.ncbi.nlm.nih.gov)[10,11,14]. From the genome sequence, eight gene clusters involving the 

H2 and formate metabolisms were identified: three Hyds (Hyd-1–3) and five FDHs (two FDH-

H, two FDH-N, and one FDH-O), where Hyd-3 and FDH-H form the FHL complex (Fig. 1, 

Table 1), which are highly homologous to those of E. coli. Although one of two FDH-N was 

expressed within the S-77 cultured in the presence of sodium formate [14], the expressions of 

the remaining seven proteins are unknown. According to the genome, S-77 contains at least 

three distinct genes encoding hydrogenases, which correspond to Hyd-1, Hyd-2, and Hyd-3. 

Hyd-1, known as O2-tolerant [NiFe]hydrogenase [14–16], consists of three components of 

HydABC corresponding to large- and small-subunit and a membrane-anchored protein of two 

heme b containing cytochrome, respectively. The large- and small-subunit of hydrogenase 

complex are translocated across the cytoplasmic membrane by the twin-arginine transport (Tat) 

pathway and harbor a membrane-anchored cytochrome b. The Hyd-1 eventually faces the 
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surface of the periplasmic side of the membrane, whereas Hyd-2 has an unusual structure 

consisting of a heterotetramer of HybOABC. The genes of hybO and hybC correspond to small- 

and large-subunit, respectively, however, the additional structural genes of hybA and hybB are 

still poorly understood. Based on the analysis of amino acid sequence arrangement, the hybA 

contains a Tat signal sequence of initial 32 amino acids with four predicted 4Fe-4S cluster 

binding sites with the 16 conserved cysteine residues [14–16]. Additionally, the hybB is predicted 

to act as the membrane anchor subunit of the Hyd-2 complex and to function as a membrane-

anchored cytochrome b, however, the hybB lacks the cofactor heme b binding motif [14,16]. The 

membrane-integrated parts and the assembly process of the Hyd-2 complex are still unknown. 

Another unique hydrogenase Hyd-3, called formate hydrogenlyase (FHL), is fused with two 

functionally different parts of formate dehydrogenase H (FDH-H) and [NiFe] hydrogenase 

[17,18]. In FHL complexes, formate, generated in the cytoplasm, is oxidized into CO2, two 

electrons, and two protons by FDH-H, and electrons and protons are used for the production of 

H2 by the hydrogenase portion. Hyd-1, Hyd-2, two FDH-N, and FDH-O are located in the 

periplasm, whereas the FHL complex is located in the cytoplasm (Fig. 1B). Therefore, by 

separating disrupted S-77 into the soluble cell extracts containing the FHL complex and 

membrane containing Hyd-1,2, FDH-N, and FDH-O, protein mixtures that catalyze CO2 

hydrogenation reaction into formate can be obtained. 

In the mechanism of formate excretion of living cells under H2 and CO2, it has been 

thought that there are at least two pathways to produce formate: by the FHL complex in the 

cytoplasm (path A) and by the combination of Hyd and FDH in the plasma membrane (path B). 

Path A's possible route to transport formate is via the transport protein FocA, a member of the 

formate-nitrite transporter (FNT) family [19,20]. Based on the genomic sequence analysis, S-77 

possesses three distinct FNT-encoding genes: FocA (WP_003831909), NirC (WP_045449812), 

and YfdC (WP_045445741). FocA can transport formate through the channel across the 
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membrane from the inside of the cytoplasm to the outside of the periplasm, whereas NirC is 

thought to be a nitrite transporter [21]. Although the function of YfdC remains unclear, a 

computational study indicated that the YfdC channel is not an anion transporter [22]. These 

considerations suggested that the formate produced by using the cytoplasmic FHL complex 

was transported to the periplasmic space by FocA. The structural study of FocA in E. coli 

revealed a symmetric pentamer structure, in which the protomer is similar to the aquaporin [21]. 

This structure combined with the residues analysis suggested that FocA is a selective, passive 

channel that only allows formate to pass [21,23]. After passing through the FocA channel, the 

formate in the periplasmic space, including the formate produced by path B, is diffused outside 

of the cell via porins (Fig. 1B) [24] 

Fig. 1. 8 gene clusters of Citrobacter sp. S-77 involving the H2 and formate metabolisms.  
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Table 1. Gene clusters of Citrobacter sp. S-77 involving the H2 and formate metabolisms. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

enzyme gene code  enzyme gene code 

Hyd-1 hyaA WP_045449661  FDH-O fdoI WP_045449236 

 hyaB WP_045443778   fdoH WP_045449238 

 hyaC WP_045443781   fdoG WP_144243092 

 hyaD WP_045443784  FDH-N fdnI WP_045445814 

 hyaE WP_045443787   fdnH WP_045445817 

 hyaF WP_045443790   fdnG WP_071829001 

Hyd-2 hybG WP_003024459  FDH-N fdnI WP_045442973 

 hybF WP_045447504   fdnH WP_045442976 

 hybE WP_045447507   fdnG WP_136345514 

 hybD WP_045447510  FDH-H fdhF WP_081918179 

 hybC WP_045447513  FDH-H fdhF WP_045441935 

 hybB WP_045447516     

 hybA WP_045447519     

 hybO WP_045447522     

Hyd-3 hycI WP_045446662     

 hycH WP_003037385     

 hycG WP_045446665     

 hycF WP_045446668     

 hycE WP_045446672     

 hycD WP_045446675     

 hycC WP_045446678     

 hycB WP_045446680     

 hycA WP_045446683     
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2.3.2. Enzymes involving H2 and formate metabolism.  

S-77 contains three different membrane-bound [Mo]formate dehydrogenase of FDH-N 

and FDH-O including FHL fused with two different functional parts of [Mo]formate 

dehydrogenase and [NiFe]hydrogenase (Fig. 1). Initially, to determine the potential activities 

of H2 and formate oxidation, the activities of hydrogenase and formate dehydrogenase were 

determined. The harvested cells were disrupted to separate the soluble cell extracts and 

insoluble membranes. Then, a spectrophotometric enzyme assay was performed by reducing 

MV. Consequently, the H2 oxidation activity of the soluble cell extracts (4.98 

mol·min−1·mg−1) was higher than that of the membrane (0.36 mol·min−1·mg−1), and the 

formate-oxidation activity of the soluble cell extracts (0.51 mol·min−1·mg−1) was also higher 

than that of the plasma membrane fraction (0.03 mol·min−1·mg−1). The enzyme activities of 

the soluble cell extracts were higher than those of the membrane, indicating that FHL 

complexes mainly contributed to the formate production in the soluble cell extracts. This result 

Fig. 2. Schematic representation of the cross-section of the membrane in Citrobacter sp. S-

77 
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is in good agreement with previous reports showing that FHL reacts reversibly from CO2 to 

formic acid [25,26].  

 

2.3.3. Catalytic CO2 hydrogenation to formate production  

Next, the catalytic reaction using S-77 as the whole-cell biocatalyst was performed in 

the presence of H2 and CO2. The reaction rate of formate production using whole-cells without 

encapsulation depended on the gas phase condition of CO2 and H2 (Fig. 3). The optimum CO2 

conversion into formate was observed under a mixed gas condition of H2:CO2 (70:30, v/v, %). 

Notably, there were no detectable peaks of formate production by HPLC analysis in the 

presence of 100% CO2 or 100% H2 alone (Fig. 3), indicating that the formate produced was 

dependent on the substrate level of H2/CO2. conditions.  

The catalytic reaction was then performed by changing pH values in a range between 

pH 7.0– pH 9.0. As a result, the maximum yield of formate was observed at pH 8.0, indicating 

that the reaction is favorable in the weak basic media of pH 8.0 (Fig. 4). It may be due to the 

solvation effect which reduces the entropy gap between CO2 (g)/H2 (g) and formic acid in 

aqueous conditions [5,27]. This effect makes the equilibrium in favor of formic acid formation 

with negative Gibbs energy (∆rG°= –4 kJ·mol−1). When increasing the pH value above 8.0, the 

Fig. 3. Formate production dependence on H2/CO2 gas ratio 
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yield of formate decreased presumably because enzymes involving H2 and formate metabolism 

are not stable in this pH region [11].  

To elaborate on the effect of pH change caused formate production, catalytic reactions 

were performed using different concentrations of KP buffers. As a result, the yield of formate 

production increased with increasing the concentration of KP buffers (Fig. 5A).  

As the increase in the concentration of KP buffer is in accordance with the decrease in 

∆pH value from 8.0 (Fig. 5B), the highest yield of formate was observed under the high 

concentration buffer condition (1000 mM, ∆pH = 0.5). The results suggested that the rate of 

Fig. 4. Formate production dependence on pH conditions.  

 

Fig. 5. (A) Formic production under different buffer concentrations at pH 8.0. (B) pH change 

after 24h of reaction in different pH concentrations.  
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formate production decreased as the pH changed during the reaction period (Fig. 5A, B). The 

catalytic activity was also dependent on the protein concentration of S-77 (Fig. 6). 

2.3.4. HPLC and NMR analyses of reaction production  

To characterize reaction products after H2-driven CO2 reduction using whole-cell S-77, 

HPLC and NMR spectral analysis of the reaction solution in 200 mM KP buffer (pH 7.0) were 

conducted. HPLC analysis of the reaction solution showed that only one peak assignable to 

formic acid was observed as a reaction product (Fig. 7).  

The 1H NMR spectrum prepared with deuterium oxide revealed one single peak at 8.35 

ppm, which was assigned to the -hydrogen of the carboxyl group of HCOO– (Fig. 8). The 13C 

Fig. 6. Formate production rate depended on the protein concentration of S-77 cells. 

Fig. 7. HPLC analysis of the reaction solution after 24 h. 
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NMR spectrum showed three signals at 170.9, 160.2, and 124.6 ppm assignable to the carbon 

atoms of HCOO–, HCO3
–, and CO2, respectively (Fig. 9), where the triplet signal of formate 

was due to the exchange reaction of H and D [28].  

  These results clearly illustrated that S-77 could catalyze the hydrogenation of CO2 to 

yield only formate, while other biocatalytic systems have been reported to form succinate, 

lactate, and acetate together with formate [8,19,29]. To confirm the carbon source of formic acid 

formation, 200 mM NaH13CO3 was added to the reaction solution as a carbon source after 

bubbling with Ar (>200 mL·min–1) and H2 (>140 mL·min–1). Isotopic labeling experiments 

were performed with 13C-labeled NaH13CO3 as a sole carbon source. As a result, an apparent 

peak of 13C-formate was detected at 170.9 ppm, corresponding to the splitting of the 13C-

formate signal (Fig. 10). This result showed that the carbon source of formate production is 

carbon dioxide. 

Fig. 8. 1H NMR spectra of the reaction solution after 24 h 
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Fig. 9. 13C NMR spectra of the reaction solution after 24 h. Inset: enlarged spectrum of the 

formate signal. 

Fig. 10. 13C NMR spectrum of the 13C-formate production from the H2-driven CO2 reduction 

with NaH13CO3 as a sole carbon source after 24 h reaction. Inset: enlarged spectrum of the 

13C-formate signal. 
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Notably, the reaction using S-77 reached the formate concentration of 2.62 mol·L-1· 

gprotein
–1 for 24 h at 30C, pH 7.0, and 0.1 MPa with the reaction rate of 110 mmol·L-1· gprotein

–

1·h–1, which is comparable to that of whole-cell biocatalyst of Desulfovibrio desalfuricans [8]. 

In addition, the correlation between enzyme activity and H2/CO2 concentration was determined 

(Fig. 11); the concentrations of H2 and CO2 were calculated based on the solubility of the gases 

at 30C [30]. The Km values of H2 and CO2 for formate production were estimated as 0.235 mM 

and 1.94 mM, respectively. The Km value for H2 was reported to be higher than that of 

hydrogen-dependent CO2 reductase (HDCR) [31]. The result indicated that the production of 

formic acid from H2 and CO2 efficiently proceeded under the mild reaction condition.  

  In addition, S-77 was removed by centrifugation during the catalytic reaction to verify 

whether the observed catalysis was intrinsically heterogeneous. As expected, the reaction was 

completely stopped after removing S-77 (Fig. 12A), and the 1H and 13C NMR spectra of the 

reaction solution showed no signals assignable to organic components of the cell including 

proteins. These results indicated that observed catalysis was truly heterogeneous. 

Fig. 11. Determination of Km values for (A) H2 and (B) CO2 in the GG/PVA/S-77 catalyst 

system. Steady-state kinetic parameters were determined at 30 °C, pH 7.0 in the assay buffer. 

The detailed assay conditions were described in the Materials and methods. The obtained data 

were fitted to the Michaelis-Menten equation using nonlinear regression. The kinetic 

parameters of the enzyme were obtained as five different experimental data. 
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Furthermore, the catalytic ability of S-77 in the presence of O2 was investigated. When 

adding 1.1 M of O2 in the reaction solution, formate production was observed after 2 h with 

an induction period at the initial stage of the reaction (0–1 h), presumably because Hyds 

firstly catalyzed the reduction of O2 to H2O (Fig. 12B) [14]. This result was in good agreement 

with the previous study which showed the isolated Hyd and FDH from S-77 required some 

preincubation time to recover the original specific activities when these enzymes were 

exposed to O2 
[10,11]. Because of the O2 stabilities of these enzymes, the catalytic 

hydrogenation of CO2 successfully started even in the presence of O2 after 1 h induction 

period (Fig. 12B). This result showed that the production of formate was initiated after the 

presence of O2 in the reaction solution was consumed. 

The bacterial cells of E. coli also selectively produce formate by using FHL and FocA 

[19]. However, the living cell system of E. coli requires a constant flow of H2 and CO2 at high 

pressure (10 bars) for the cells to grow and continuously produce formate. On the other hand, 

in the GG/PVA/S-77 catalytic system, the hydrogenation of CO2 efficiently proceeded under 

Fig. 12. (A) Biocatalytic hydrogenation of CO2 using S-77 (blue rhombus). White circles 

represent formate concentrations when removing S-77 from the reaction solution. (B) The 

initial stage of the reaction is in the absence of O2 (blue triangles) and in the presence of O2 

(blue squares). 
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very mild reaction conditions at 30C, pH 7.0, and 0.1 MPa. The cultural system using whole-

cell catalyst has a multi-step reaction to regenerate coenzymes of electron carriers and isolate 

purpose materials from products. More importantly, the continuous reusability of the living cell 

system has been an issue as living cells are easy to be damaged when collecting and washing. 

Additionally, traditional living-cell-based catalytic reactions are either liquid-phase 

homogeneous systems or liquid-solid-phase heterogeneous systems, making it challenging to 

build long-lasting stable catalytic reaction systems. For example, although the engineered E. 

coli has a high formate production rate of 1 g·L-1·h–1, this system can be reused only 3 times 

[32].  

 

2.3.5. Encapsulation of whole-cells in hydrogel beads  

To develop a robust and reusable system of microbial CO2 hydrogenation for formate 

production, we designed an encapsulated resting-state bacterial cell by utilizing natural and 

synthetic polymers of GG and PVA. Because of the high hydrophilicity and biocompatibility 

of GG and PVA, hydropolymers are widely recognized as materials for pharmaceutical and 

biotechnology applications [33,34]. In this study, hydrogel beads (GG/PVA), which are cross-

linked and polymerized from GG and PVA with calcium ions (Ca2+), were used to encapsulate 

the whole-cells S-77 for catalytic CO2 hydrogenation. The synthetic polymer of PVA is a 

physically or chemically cross-linked three-dimensional network polymer with high 

hydrophilicity, elasticity, and microporous structure [34]. The microcapsules by the chemical 

cross-linking of PVA and GG with Ca2+ allow the bacterial cells to be trapped in the network 

and protect cells from leakage and physical damage. In the resting state, the encapsulated cells 

were not observed to grow by the anionic polysaccharide GG. More significantly, the 

encapsulated cells don’t require bacterial culture and extraction steps to isolate the produced 

formate under the anaerobic gas phase of H2 and CO2 conditions. In this system, FocA can also 
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efficiently function as a formate exporter via a cytoplasmic membrane to obtain pure formate. 

The preparation of GG/PVA/S-77 was carried out in two sequential steps. The harvested cells 

were mixed with PVA, and then, the resulting mixture was entrapped by gellan gum. To observe 

the morphology of GG/PVA/S-77 and the distribution of cells in hydrogels, the hydrogels of 

GG beads, GG/PVA beads, and GG/PVA/S-77 beads were characterized by SEM. The SEM 

images of GG/PVA beads showed an irregular gully shape consisting of open pores with 

diameters ranging from 1 to 2 μm, while these open pores were not observed in the GG beads 

(Fig. 13A, 13B). As the cell size of typical gram-negative rod bacteria of Citrobacter species 

is approximately 1-1.5 μm long and radius of 0.5 μm [35], it is thought that open pores in 

GG/PVA beads can act as suitable pockets to fit S-77 cells. The SEM image of GG/PVA/S-77 

showed that S-77 cells were encapsulated into the GG/PVA beads with high density (Fig. 13C, 

13D). This immobilization method has advantages in the aspect of practical application because 

materials used in the study are inexpensive, abundant, and environmentally benign, and the 

reaction proceeds under very mild reaction conditions. Therefore, the whole-cell microsphere 

using PVA and GG hydrophilic polymers appears to be a simple and promising method for 

developing effective heterogeneous biocatalysts. 
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2.3.6. Reusability of the encapsulated whole-cell biocatalyst 

Next, the catalytic reaction using encapsulated cells as whole-cell biocatalysts was 

performed in the presence of H2 and CO2 under mild reaction conditions at 30C, pH 7.0, and 

0.1 MPa. The reaction proceeded efficiently just after flowing the gas mixture when using S-

77, whereas the induction period was observed when using GG/PVA/S-77 due to the 

impediment of H2 and CO2 gas accessibility and solubility in the hydrogel beads. The reaction 

rate of formate production after 2 h using GG/PVA/S-77 (0.40 mmol·L-1·h–1) was almost the 

same as that using nonencapsulated S-77 (0.43 mmol·L-1·h–1) (Fig. 14A). In addition, catalytic 

Fig. 13. SEM images of hydrogel beads (A) GG only, (B) GG/PVA, (C) GG/PVA/S-77 cells 

after drying with ethanol, (D) Enlargement of red circle Fig. 7C. 
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activities of GG/PVA/S-77 after 24 h did not change by the encapsulation of S-77 (Fig. 14B) 

and remained active after 96 h of incubation (Fig. 14C).  

Since S-77 acts as heterogeneous catalysts, a reuse experiment was then examined. 

Each reaction was evaluated for 3 h, and GG/PVA/S-77 was utilized repeatedly after washing 

with 200 mM KP buffer. As a result, the encapsulated whole-cell catalysts could be reused at 

least 8 times while keeping their high catalytic activities in formate production (Fig. 14D). The 

Fig. 8. (A) Time-dependent production of formate in nonencapsulated S-77 (black circles, 

black line) and GG/PVA/S-77 (black triangles, dashed line). (B) Comparable formate 

production rate of nonencapsulated S-77 cells and encapsulated GG/PVA/S-77 after the 

reaction of 24 h. (C) Formate production of GG/PVA/S-77 after 96 h of incubation. (D) 

Reusability of GG/PVA/S-77. 
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encapsulated hydrogel was gradually decomposed after 9th reuse, resulting in a decrease in 

formate production (Fig. 15). Based on these results, the encapsulated biocatalysts with 

GG/PVA hydrogels have a high capability for heterogeneous catalytic and highly selective 

formate production with excellent reusability. This aligns with the fact that the immobilization 

of living cells is effective in enhancing stability by providing a protective environment for the 

prolonged survival and metabolic activity of encapsulated cells [36]. To our knowledge, this is 

the first example of encapsulated whole-cell catalysts for the use of CO2 reduction into formate 

under the resting state condition that can selectively produce formate with high reusability.  

 

2.4. Conclusion 

In conclusion, this study highlights the first investigation of formate production using 

the encapsulated whole-cell S-77 in hydrogels by cross-linked polymer networks of GG, PVA, 

and Ca2+. Based on the experimental results, GG/PVA/S-77 as a heterogeneous catalyst 

efficiently catalyzed the hydrogenation of CO2 to yield formate. This system has great 

advantages, such as the encapsulated resting cells producing only formate from H2 and CO2 

without any byproducts under very mild conditions, and the encapsulated cells in hydrogels as 

a spatially heterogeneous catalyst practically prove to be robust to reuse several times without 

Fig. 15. (A) Image of hydrogel beads after the first reaction of GG/PVA/S-77 and (B) 

Image of hydrogel beads after the 10th reuse. 
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losing catalytic activity. The study described here provides new insight into the encapsulation 

of bacterial cells in the hydrogel with high structural stability, which is expected to allow clean 

bioenergy generation as practical industrial biocatalysts. 
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ABSTRACT 

Bacterial membranes shield the intracellular compartment by selectively allowing 

unwanted substances to enter, which in turn reduces overall catalytic efficiency. This report 

presents a model system using the isolated plasma membranes of Citrobacter sp. S-77 harbors 

oxygen-stable [NiFe] hydrogenase and [Mo] formate dehydrogenase, which is integrated into 

a natural catalytic nanodevice through an electron transfer relay. This naturally occurring 

nanodevice exhibited selectivity and efficiency in catalyzing the H2-driven conversion of CO2 

to formate with the rate of 816.7 mmol·L–1·gprotein
–1·h–1 under mild conditions of 30°C, pH 7.0, 

and 0.1 MPa. When the isolated plasma membranes of Citrobacter sp. S-77 was immobilized 

with multi-walled carbon nanotubes and encapsulated in hydrogel beads of gellan-gum cross-

linked with calcium ions, the catalyst for formate production remained stable over at least ten 

repeated uses, representing the first case of efficient and selective formate production from H2 

and CO2 using bacterial plasma membranes. 
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3.1 Introduction 

The development of efficient systems to reduce CO2 into useful fuels is considered one 

of the most important catalytic reactions. Among them, the conversion of CO2 into formate has 

received increased attention because of the growing importance of carbon abatement 

technologies, efficient hydrogen energy carriers, and carbon-neutral chemical feedstocks [1]. 

Many synthetic catalyst-based technologies that achieve high reaction efficiency through 

electrochemistry or photochemistry rely on precious metals and volatile organic solvents, 

meaning that high costs, environmental vulnerability, and low product selectivity are 

challenges for these technologies [2–4]. Biocatalysts are attracting significant attention as they 

overcome these issues due to their exceptional catalytic efficiency, substrate or product 

selectivity, and environmental viability, and numerous investigations on the biocatalytic 

hydrogenation of CO2 into formate utilizing living bacteria are underway [5–10]. The outer 

membrane of whole-cells prevents the entry of toxic compounds and maintains structural 

integrity; however, it also imposes a significant barrier to substrate entry, meaning that the 

catalytic performance of a whole-cell can be 10–100 times slower than that of free enzymes 

[11,12]. Additionally, although non-charged molecules such as H2 and N2 can freely pass through 

the cell membrane, HCO3
- ions, which form readily from CO2 in water, cannot permeate the 

outer membrane. This is because stagnant water layers, known as unstirred layers, develop 

directly outside of the outer membrane of whole-cell bacteria [13,14]. Thus, enhancing the 

biocatalytic systems of whole-cells is challenging, even with the application of artificial 

engineering [11,12]. In contrast, the isolated plasma membrane can be manipulated by the 

oriented immobilization of membrane-bound enzymes for maintained functionality and 

catalytic activity. It was hypothesized that the enzyme-bound plasma membrane could directly 

catalyze reactions of the substrates H2 and CO2, thus enabling the construction of an efficient 

and selective system for formate production. By removing unwanted proteins and cellular 
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debris bound to the outer membrane, the active sites of the membrane-bound [NiFe] 

hydrogenase and [Mo] formate dehydrogenase enzymes will be more accessible to substrates, 

improving the specificity of the catalytic reaction and the efficiency of selective formate 

production. This innovative approach provides exciting new possibilities for the development 

of an enzyme-based system for CO2 hydrogenation- using isolated plasma membrane. 

Chapter 2 has demonstrated the H2-driven reduction of CO2 into formate using 

immobilized resting-cells of Citrobacter sp. S-77 showed highly efficient and selective 

catalytic production of formate under ambient conditions [15]. The encapsulated resting cells 

with water-soluble polymers of gellan gum (GG) and polyvinyl alcohol can selectively and 

efficiently produce formate from CO2 and H2 under ambient conditions. However, it has been 

challenging to engineer a bacterial system for the H2-driven reduction of CO2 using 

encapsulated living cells while maintaining catalytic activity. Therefore, chapter 3 describes 

the development of a novel system involving isolated plasma membranes of Citrobacter sp. S-

77 (S77PM) for efficient and selective formate production by H2-dependent direct reduction of 

CO2. The S77PM can efficiently and selectively produce formate under ambient conditions 

without any external mediator. This bacterial membrane system serves as a model for the 

hydrogenation of CO2 to produce formate and offers a promising alternative to the conventional 

approaches of whole-cell biocatalysts, artificial membrane photocatalysts, or electrochemical 

catalysts.  

 

3.2. Materials and Methods 

3.2.1. Chemicals 

Yeast extract powder and hipolypepton were purchased from Funakoshi Co., Ltd. 

(Japan). Magnesium sulfate heptahydrate (MgSO4·7H2O) and nickel(II) chloride hexahydrate 

(NiCl2·6H2O) were purchased from Sigma-Aldrich (Japan). Dipotassium hydrogen phosphate 
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(K2HPO4), potassium hydrogen phosphate (KH2PO4), sodium chloride (NaCl), ammonium 

sulfate (NH4)2SO4), sodium formate (HCOONa), D(+)-glucose, ammonium iron(III) citrate, 

brown, calcium chloride (CaCl2), sodium hydroxide (NaOH), sodium tungstate(VI) dihydrate 

(Na2WO4·2H2O), disodium molybdate(VI) dihydrate (Na2MoO4·2H2O), sodium selenite 

(Na2S2O3), gellan gum (GG), (±)-dithiothreitol (DTT), 2-amino-2-hydroxymethyl-1,3-

propanediol hydrochloride (Tris·HCl), sodium bicarbonate (NaHCO3), and multi-walled 

carbon nanotubes (MWCNTs, 20 ~ 30 nm) were purchased from FUJIFILM Wako Pure 

Chemical Corporation (Japan). Deuterium oxide (D2O) and 13C-sodium bicarbonate 

(NaH13CO3) were purchased from Cambridge Isotope Laboratories (USA). All chemical 

reagents were used as received unless otherwise specified.  

 

3.2.2. Cell culture 

Citrobacter sp. S-77 cells were grown in 20-L plastic bottles at 30°C for 5 days with 

the supplements of the following reagents (g/L): 3.0 g yeast extract, 3.0 g hipolypeptone, 0.5 g 

MgSO4·7H2O, 2.0 g K2HPO4, 1.0 g KH2PO4, 3.0 g (NH4)2SO4, 1.0 g (±)-D-glucose, 2.0 g 

HCOONa, 0.2 g ammonium iron(III) citrate, and 0.1 g of CaCl2 and the minor mineral 

components of 0.1 μM NiCl2, 0.1 μM Na2WO4, 0.1 μM Na2MoO4, and 0.2 μM Na2Se2O3 (as 

of the final concentration of the medium at pH 7.0). Collected cells (wet weight, 42.0 g) were 

suspended in 20 mM potassium phosphate (KP) buffer (pH 7.0) containing 1.0 mM DTT and 

0.1 mM NaCl, used as a standard buffer in this study. 

 

3.2.3. Preparation of plasma membrane  

The collected cells were disrupted by sonication three times for 6 min with an interval 

of 3 minutes in an ice bath at 60 W with an Ultrasonic Disruptor UD-200 (Tomy Seiko Inc., 

Tokyo, Japan). The broken cells were centrifuged at 2000 g for 20 min to remove cell debris 



Chapter 3 

Formate production using plasma membrane 

 

 50 

and unbroken cells. The resulting supernatant was further subjected to ultracentrifugation 

(Optima L-90K, Beckman Coulter Inc., Brea, CA, USA) at 100,000 g for 1 h, at 4°C to give 

the membrane and soluble cell extracts. The harvested membrane was suspended in the 

standard buffer (pH 7.0) at 10 mg/mL and then ultracentrifuged at the same condition. The 

washed membrane was suspended in 20 mM KP buffer (pH 7.0) containing 1.0 mM DTT. The 

protein content of the isolated S77PM was quantified by the Lowry method using the DC 

protein assay (Bio-Rad, Hercules, CA, USA). Bovine serum albumin was used as the standard 

protein to establish the calibration curve. 

 

3.2.4. Enzyme assays  

Enzyme activities of hydrogenase and formate dehydrogenase were measured 

spectrophotometrically using a V-670 spectrophotometer (JASCO, Tokyo, Japan) following the 

reduction of methyl viologen (MV) at 30°C in glass cuvettes sealed with a rubber stopper and 

an aluminum cap. The reaction solutions containing the membrane suspension in 50 mM KP 

buffer (pH 7.0) were prepared in a Coy anaerobic chamber (Coy Laboratory Products, Grass 

Lake, MI, USA) under an atmosphere of 98% N2 and 2% H2. To perform H2 oxidation, H2 was 

flashed for 5 min in hydrogenase assay mixture, whereas formate oxidation was performed by 

addition of sodium formate to the final concentration of 10 mM, followed by flushing with 

argon (Ar) gas for 5 min in assay mixture. Enzymatic assays of hydrogenase and formate 

dehydrogenase were carried out under anaerobic conditions at 30°C with the addition of MV 

solution at the final 10 mM concentrations. Enzymatic activities were calculated by increasing 

the absorbance of MV (= 8.25 mM−1·cm−1) at 600 nm (Yu et al., 1969) using a UV-vis 

spectrophotometer. Note that the specific activities of H2 and formate oxidation were calculated 

by 2-electron reactions of MV. Steady-state kinetic parameters, Km and Vmax values of H2 and 

CO2 were determined by fitting the data to the Michaelis-Menten equation using nonlinear 
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regression. The data were analyzed using Enzyme Kinetics Module 1.1 of SigmaPlot 8.0 

software (Jandel Scientific, Corte Madera, CA, USA). At least three independent experiments 

were performed to plot the data analysis. 

 

3.2.5. Formate production of the isolated S77PM 

Biocatalytic CO2 conversion into formate was performed by using glass bottles (ca. 177 

mL) sealed with a rubber stopper and an aluminum cap. The procedure for the reaction using 

S77PM was as follows: S77PM suspension was suspended in 400 mM phosphate buffer (pH 

7.0) in bottles, and the reaction solution was bubbled with Ar for 10 min (>200 mL/min). Then 

the reaction solution was subsequently bubbled with the gas mixture of H2 (140 mL/min) and 

CO2 (60 mL/min) for 10 min and incubated at 0.1 MPa and 30°C for a certain period of time. 

The format produced was quantified by high-performance liquid chromatography (HPLC) 

system (Agilent, Santa Clara, CA, USA) coupled with an ion-exclusion chromatography 

column (Shodex RSpak KC-811, Shodex, Tokyo, Japan) and confirmed by 1H and 13C nuclear 

magnetic resonance (NMR) measurements using an AVANCE III HD 600 NMR spectrometer 

(Bruker, Billerica, MA, USA) with 5-mm tubes (1H, 600.13 MHz; 13C, 150.92 MHz). 

 

3.2.6. Encapsulation of S77PM with MWCNTs and GG 

S77PM was encapsulated using GG and MWCNTs through the following steps: First, 

a 1.0% (w/v) ultrasonicated MWCNTs solution was added to a suspension of S77PM and 

mixed well in a glove box. Then, the MWCNTs/S77PM mixture was added to a 1.4% (w/v) 

GG solution to obtain a final concentration of 0.2% (w/v) MWCNTs and 1.0% (w/v) GG. This 

resulting solution was slowly dropped to a 3.0% (w/v) calcium chloride solution to create 

S77PM-encapsulated GG/MWCNTs/S77PM beads. The beads were washed with a standard 

buffer to remove excess calcium ions. The morphology of freeze-dried GG/MWCNTs/S77PM 
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beads were characterized by a scanning electron microscope (SEM, SU8000, Hitachi Co., 

Tokyo, Japan). The encapsulated S77PM were then used for formate production under mild 

conditions of 30°C, pH 7.0 at 0.1 MPa in the gas mixture of H2 and CO2 (60:40, v/v %). 

 

3.2.7 Reusability of the encapsulated S77PM in hydrogel beads 

The procedure for the reuse experiment using hydrogel beads (GG/MWCNTs/S77PM) 

was as follows: The hydrogel beads were added to the reaction solution of 400 mM KP buffer 

(pH 7.0) and then flushed by Ar gas (>200 mL·min–1) for 10 min. The reaction solution was 

subsequently flowed by the gas mixture of H2 (140 mL·min–1) and CO2 (60 mL·min–1) for 10 

min. After the reaction for 5 h at 30°C, the hydrogel beads GG/PVA/S-77 were washed with 

400 mM KP buffer and used for the next reuse experiment. All of the reactions were performed 

at 30C under atmospheric pressure. At least three independent experiments were performed to 

plot the data analysis.  

 

3.2.8. Analytical Method 

Formate was quantitatively analyzed by using HPLC and HPLC-UV Detection 

(Agilent) at 210 nm. A 3.0 mM HClO4 aqueous solution was used as the eluent (flow rate, 0.7 

mL·min–1). The column oven temperature was maintained at 40°C. Qualitative analysis of 

formate was performed by using an AVANCE III HD 600 NMR spectrometer with 5-mm tubes. 

Chemical shifts (δ) were reported in parts per million (ppm) downfield from solvent (D2O) for 

1H and 13C NMR spectra. The identity of the formate was confirmed by HPLC and 1H NMR 

profiles with those of the standard formate. To confirm the H2-driven CO2 reduction to 13C-

formate production, a series of experiments was conducted with 200 mM NaH13CO3 as the sole 

carbon source. Formate production was confirmed by 13C NMR (100.6 MHz, number of scans: 

10,000).  
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3.3. Results and Discussion 

3.3.1. H2-driven CO2 reduction of S77PM 

The comprehensive whole-genome analysis (www.ncbi.nlm.nih.gov) and previous 

studies revealed Citrobacter sp. S-77 to contain membrane-associated metalloenzymes for H2 

and formate metabolism; namely, [NiFe]hydrogenases (Hyd-1 and Hyd-2), [Mo]formate 

dehydrogenases (FDH-N and FDH-O), and a formate hydrogenase (FHL) complex [16–19]. All 

these enzymes contain metal complexes in their catalytic sites, which play an important role in 

the membrane-associated proton-coupled electron transfer in living cells. In the previous 

studies, the highly active and O2-stable Hyd-2 and FDH-N from the plasma membrane of 

Citrobacter sp. S-77 were purified and characterized [16,18]. To assess the role of the membrane-

bound enzymes, the catalytic specificity was determined at different ratios of H2 and CO2 in 

the reaction. The optimal CO2 conversion into formate was observed under a mixed gas 

condition of H2:CO2 (60:40, v/v, %) (Fig. 1A). Notably, there were no detectable HPLC peaks 

indicating formate in conditions of either 100% CO2 or 100% H2, which suggests formate 

production was dependent on the substrate ratio. The amount of formate production was 

correlated with the amount of S77PM, with high levels of formate production at a rate of 816.7 

mmol·L–1·gprotein
–1·h–1, achieved (Fig. 1B).  

Fig. 1. (A) Gas ratio-dependent from H2 and CO2 in different gas ratios.  

and (B) S77PM loading formate production  
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Kinetic analysis of H2 and CO2 dependence using cell membranes under conditions of 

pH 7.0 and 30°C revealed the Km values of H2 and CO2 for formate production to be 0.1 and 

3.5 mM, respectively (Fig. 2). The Vmax value was about 14.5 μmol/min/mg, corresponding to 

870 mmol·L–1·gprotein
–1·h–1. The specificity constant (Vmax/Km) of H2 was 26 times higher than 

that of CO2, which indicates that H2 donates electrons via H2 oxidation of hydrogenase and is 

a favorable electron donor for CO2 reduction. Thus, H2 may play an important role in supplying 

electrons that mediate membrane-linked electron transfer between hydrogenase and formate 

dehydrogenase [20,21]. Given the catalytic specificity of this reaction, our observations offer 

insight into the mechanism underlying formate production in the gas mixture of H2/CO2 with 

the isolated plasma membrane. Removing the outer membrane of bacterial cells increases CO2 

diffusion [22] and facilitates the direct formation of formate from dissolved bicarbonate ions and 

H2 with high catalytic efficiency [23]. This result provides an important platform for the 

biological reduction of CO2 to formate, which can help to support enzymatic reactions, regulate 

molecular transport, and support electron transfer processes essential for efficient CO2 

conversion and assimilation into organic compounds within cells. 

Fig. 2. Determination of Km values for (A) H2 and (B) CO2 of the non-encapsulated S77PM. 

Steady-state kinetic parameters were determined at 30°C in 400 mM KP buffer (pH 7.0). The 

detailed assay conditions were described in materials and methods. The obtained data were 

fitted to the Michaelis-Menten equation using nonlinear regression. 
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3.3.2. Effect of pH and temperature  

The optimal level for catalytic efficiency of S77PM was observed at pH 8.0 (Fig. 3A), 

which is consistent with a recent report evaluating the formation of formate via H2-driven CO2 

reduction in living cells [9]. The rate of formate production decreased sharply above this point, 

in line with the results of a previous study on whole-cell hydrogenation of CO2 
[9]. Furthermore, 

it is noteworthy that S77PM can exhibit substantial catalytic activity of approximately 50.8% 

at pH 6.5. Our examination of the temperature dependence of formate production revealed that 

the [NiFe] hydrogenase and [Mo] formate dehydrogenase purified from the plasma membrane 

of Citrobacter sp. S-77 had high thermal stability at the optimal reaction temperatures of 65°C 

and 80°C [16,18], respectively.  

The optimal formate production of S77PM was achieved as 816.7 mmol·L–1·gprotein
–1·h–

1 at a reaction temperature of 30°C (Fig. 3B). However, when the temperature was increased 

to 60°C, the rate of formate production gradually decreased from 816.7 to 443.1 mmol·L–1· 

gprotein
–1·h–1. This may be attributable to disorder in the isolated plasma membranes, which seem 

to be sensitive to temperature due to local distortion of the lipid bilayer membrane structure. 

The time dependence of formate production in the presence of various H2 and CO2 

Fig. 3. (A) Effect of pH in 0.4 M KP buffer (pH 6.5–8.0) and 0.4 M Tris buffer (pH 7.5–9.0) 

and (B) Effect of temperature on formate production.  
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concentrations in the isolated plasma membrane was also examined. In the initial reaction 

conditions, the specific formate production rate of 816.7 mmol·L–1·gprotein
–1·h–1 was obtained 

after 5 h, but the production rate decreased after 10 h as the pH of reaction solution dropped by 

formate production (Fig. 4A). Under the reaction conditions of 1.0 M KP buffer at 30°C, the 

production of formate proceeded at a rate of 1.22 mol·L–1· gprotein
–1·h–1 after 4 h, after which 

the rate decreased gradually (Fig. 4B). These findings demonstrate the high potential of isolated 

plasma membranes for the hydrogenation of CO2 into formate under mild reaction conditions. 

 

3.3.3. Chromatography and NMR analysis of reaction products 

The HPLC analysis revealed only one peak assigned to formate as a reaction product. 

The 1H NMR spectrum exhibited a single signal at 8.35 ppm (Fig. 5), assigned to the hydrogen 

atom of HCOO– ions [24,25], while the 13C NMR spectrum displayed four distinct signals at 

chemical shifts of 171.0, 170.9, 160.2, and 124.6 ppm (Fig. 6). These signals were assigned to 

the carbon atoms of HCOO–, DCOO–, HCO3
–, and CO2, respectively (Fig. 6). The triplet 

signals observed at 171.2, 170.9, and 170.6 ppm were attributed to the deuterium-carbon 

Fig. 4. (A) Comparative study of formate production of non-encapsulated S77PM (round 

shape) and encapsulated with GG/MCNTs/S77PM (triangle shape). (B) Time-dependent 

formate production of S77PM in 0.4 M KP buffer (pH 7.0) (round shape) and 1.0 M KP buffer 

(pH 8.0) (square shape). 
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coupling in DCOO– [24,25], as the proton in formate readily exchanges with deuterium from the 

solvent. Catalysis with S77PM under the same reaction conditions with isotopically enriched 

NaH13CO3 as the 13CO2 source in the presence of H2 gas gave an expected doublet with peaks 

at 8.50 and 8.18 ppm in 1H NMR with a coupling constant of J = 195 Hz (Fig. 7), and a stronger 

triplet with peaks at 171.1, 170.9, and 170.7 ppm with a coupling constant of J = 29.85 Hz in 

the 13C spectrum (Fig. 8). This was due to deuterium formate (DCOO-). A small peak at 171.1 

ppm was observed due to the proton-containing formate, HCOO- [24,25]. Additionally, the 

reaction did not proceed in the absence of either CO2 or H2 (Fig. 1A). As expected, without 

S77PM, no signals assignable to any byproducts were detected from analysis of the reaction 

solution, suggesting that only formate was predominantly produced by the hydrogenation 

reaction. These results demonstrate the very high efficiency and specificity of S77PM as a 

biocatalytic system, which produces only formate from CO2 and H2 under ambient reaction 

conditions. In nature, HCO3
− is the predominant form of inorganic carbon in seawater, 

comprising approximately 90% of the total inorganic carbon [26]. Increasing atmospheric CO2 

concentrations have led to increased concentrations of HCO3
− in seawater and consequent 

ocean acidification, which poses significant challenges to marine ecosystems. Although several 

techniques have been developed to remove oceanic CO2, no effective system has been 

developed to date [27]. The results of the present work will contribute to the development of 

sustainable CO2-hydrogenation processes and provide a promising approach to addressing 

environmental problems such as ocean acidification. 
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Fig. 5. 1H NMR of formate produced from CO2 and H2 gas at 0.1 MPa by S77PM suspended 

in 0.4 M KP buffer (pH 7.0) prepared with D2O. 

 

Fig. 6. 13C NMR of formate produced from CO2 and H2 gas at 0.1 MPa by S77PM suspended 

in 0.4 M KP buffer (pH 7.0) prepared with D2O. 
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Fig. 7. 1H NMR of formate produced from 250 mM NaH13CO3 as the source of 13CO2 

Fig. 8. 13C NMR of formate produced from 250 mM NaH13CO3 as the source of 13CO2 
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3.3.4. Formate production by encapsulated S77PM 

Next, an environmentally friendly heterogeneous catalytic platform for hydrogenation 

of CO2 to formate production was developed by using the isolated plasma membrane adhered 

to MWCNTs with a combination of biodegradable GG. In such stride, MWCNTs serve as a 

good platform for immobilizing S77PM due to their high surface area and excellent 

conductivity [28–30], which enable the attachment of substantial quantities of S77PM while 

maintaining efficient electron transfer properties. The encapsulated plasma membrane in 

hydrogel beads was constructed by mixing S77PM with MWCNTs and entrapping the resulting 

mixture in GG in the presence of calcium ions (Ca2+). To observe the morphology of 

encapsulated S77PM and the distribution of the plasma membranes in hydrogels, 

characterization of GG, GG/MWCNTs, and GG/MWCNTs/S77PM beads was conducted by 

scanning electron microscopy (Fig. 9). The images show that MWCNTs can be physically 

adsorbed onto the GG matrix through van der Waals forces or electrostatic interactions [31–33], 

and the attachment of MWCNTs to the GG matrix resulted in a GG/MWCNTs-bead matrix 

with a homogeneous, rough surface with micropores of approximately 0.1 µm. The 

hydrophobic interaction between the GG/MWCNTs matrix and plasma membranes is 

attributed due to hydrophobic nature of MWCNTs, which may interact with greater affinity 

with the hydrophobic phospholipids constituting the primary components of the plasma 

membrane; thus the interactions may be responsible for the high mechanical strength of the 

GG/MWCNTs/S77PM beads [28–30]. These were considered to be ideal physical entrapment 

sites for the S77PM. The SEM analysis of GG/MWCNTs/S77PM revealed high-density 

entrapment of S77PM within the GG/MWCNTs beads. This method of immobilization offers 

practical advantages as the materials used are inexpensive, readily available, and 

environmentally friendly.  
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Fig. 9. SEM images of (A) freeze-dried hydrogel beads surface (GG/MWCNTs/S77PM). 

SEM images of (B) GG (1.0%, w/v), (C) GG (1.0%, w/v) with MWCNTs (0.2%, w/v), (D) 

hydrogel beads prepared with GG and MWCNTs and S77PM named as 

GG/MWCNTs/S77PM, (E) GG/MWCNTs/S77PM at scale bar 5.0 µm and (F) 

GG/MWCNTs/S77PM at scale bar 1.0 µm. 
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Furthermore, this method increases the reusability of the biocatalyst. The rate of 

formate production using GG/MWCNTs/S77PM in the presence of H2 and CO2 under mild 

reaction conditions was slightly lower than that achieved using non-immobilized S77PM (Fig. 

10A). However, the formate production using the GG/MWCNTs/S77PM system consistently 

exceeded those in the GG/S77PM system over the 74 h. This outcome serves as a strong 

indicator of the inherent electrical conductivity associated with MWCNTs. Additionally, the 

catalytic activity of GG/MWCNTs/S77PM remained unchanged even after 145 h of reaction, 

which confirms the high reactivity and longevity of encapsulated S77PM in hydrogel beads 

(Fig. 4A). When the GG/MWCNTs/S77PM beads were tested for their reusability as 

heterogeneous catalysts, the immobilized plasma membrane catalysts were able to be reused at 

least 10 times without significant decrease in catalytic activity (Fig. 10B).  

These findings highlight the exceptional reusability and high capability of biocatalysts 

encapsulated in GG/MWCNTs hydrogels for heterogeneous catalytic reactions; specifically, 

for the selective production of formate. Encapsulation of the plasma membranes enhances the 

Fig. 10. (A) Time-dependent formate production from H2 and CO2 by S77PM (yellow), 

GG/S77PM (gray), and GG/MWCNTs/S77PM (green) at 30 °C and 0.1 MPa in 400 mM Tris-

HCl buffer (pH 7.0). (B) Reusability of GG/MWCNTs/S77PM hydrogel beads as a 

heterogeneous catalyst. 
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stability by providing a protective environment, allowing for prolonged survival. This study 

presents, to the best of our knowledge, the first example of encapsulation of bacterial plasma 

membranes as effective catalysts for the reduction of CO2 into formate under mild conditions, 

providing a robust heterogeneous catalyst.  

Very recently, synthetic systems using liposomes incorporating semiconductor 

materials, chemical photosensitizers, and cocatalysts have been developed to mimic natural 

thylakoid membranes for the photocatalytic reduction of CO2 
[34,35]. In addition, isolated 

bacterial plasma membranes have been manipulated with the inorganic semiconductor TiO2 

and the metal cocatalyst Pd for CO2 reduction [36]. However, many of these are poor replicas of 

naturally occurring thylakoid membranes and exhibit low reactivity and selectivity, high 

catalyst loading, and low electron transport due to the lack of appropriately designed lipids, 

semiconductor materials, photosensitizers, and active catalysts [34–37]. In addition, external 

sacrificial electron donors and/or electron mediators are inevitably required as sources of 

electrons or to transport electrons to the active sites of the catalysts [34–36]. The living cell system 

has limited capacity to maintain catalytic activity for long periods under reaction conditions, 

and the complexity of the system makes it difficult to control and optimize reaction conditions. 

Bacterial plasma membranes provide precisely synchronized catalytic environments, which 

effectively achieve electron and proton transfer to the reactant with low energy barriers. Under 

the optimal experimental conditions, the H2-driven reduction of CO2 to formate production 

using plasma membranes was obtained as 1218.5 µmol·gprotien
-1·h-1, which is almost 22 times 

higher than 56.4 µmol·gcatalyst
−1·h−1 of the artificially created membrane catalysts [36]. Our 

encapsulated system involving S77PM offers high reusability without significant loss of 

catalytic activity, which has great potential for the development of systems or the biocatalytic 

CO2 hydrogenation to formate from CO2 and H2 under mild reaction conditions. 
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3.4. Conclusions 

In summary, a feasible method for the H2-driven reduction of CO2 into formate using 

encapsulated bacterial plasma membranes in hydrogel beads was presented. HPLC and NMR 

analysis revealed that formate was produced with a high and selective reaction rate of 816.7 

mmol·L–1 gprotein
–1·h–1 at ambient conditions. The immobilization of S77PM onto MWCNTs 

and subsequent encapsulation in GG demonstrated a sustainable heterogeneous biocatalyst 

platform that enhanced the overall catalytic stability and paved the way for practical 

applications. This study enhances our knowledge of bacterial plasma membranes and 

demonstrates their potential for catalyzing CO2 reduction to create valuable organic compounds. 
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ABSTRACT 

C-phycocyanin (CPC), which contains open-chain tetrapyrroles, is a major light-

harvesting red-fluorescent protein with an important role in aquatic photosynthesis. Recently, 

we reported a non-conventional CPC from Thermoleptolyngbya sp. O-77 (CPCO77) that 

contains two different structures—a hexameric structure and a non-conventional octameric 

structure. However, the assembly and disassembly mechanisms of the non-conventional 

octameric form of CPC remain unclear. To understand this assembly mechanism, an in vitro 

experiment was performed to study the disassembly and reassembly behaviors of CPC using 

isolated CPC subunits. The dissociation of the CPCO77 subunit was performed using a Phenyl-

Sepharose column in 20 mM KP buffer (pH 6.0) containing 7.0 M urea. For the first time, 

crystals of isolated CPC subunits were obtained and analyzed after separation. After the 

removal of urea from the purified α and β subunits, CPC was reassembled in vitro and the 

reconstructed CPC was analyzed using spectrophotometric and X-ray crystal structure analyses. 

The crystal structure of the reassembled CPC was nearly identical to that of the original CPCO77. 

The findings of this study indicate that the octameric CPCO77 is a naturally occurring form in 

the thermophilic cyanobacterium Thermoleptolyngbya sp. O-77.  
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4.1 Introduction 

Phycobilisome (PBS), which attaches to the thylakoid membrane of cyanobacteria and 

algae, is a water-soluble light-harvesting protein complex that is unlike the light-harvesting 

protein complex that binds to the thylakoid membrane of higher plants [1,2]. PBS plays an 

important role in the photosynthetic system through light energy absorption and facilitating the 

high-efficiency transfer to photosystem I and II in water [3–6]. PBS, which has a molecular 

weight from 7 to 15 MDa, is composed of a core and peripheral rod protein complex with acidic 

chromophore polypeptides (phycobiliproteins, PBPs) and hydrophobic polypeptides called 

linker proteins[7]. The giant protein complex of PBS typically consists of three pigment 

proteins: phycoerythrin, phycocyanin, and allophycocyanin [8,9]. Among these three proteins, 

C-phycocyanin (CPC) is the most abundant component. It consists of two different 

polypeptides (the α and β subunits) that form αβ structures of monomers, trimers, or hexamers 

[10]. Owing to its abundance, water-solubility, and non-toxicity, CPC has garnered interest from 

researchers in various fields, including biotechnological and pharmaceutical applications [11,12]. 

The open-chain tetrapyrroles of phycocyanobilin (PCB) are the major light receptors in CPC 

[6]. PCB is covalently bound to the conserved cysteine residues via thioether linkages by 

attaching one PCB to the α subunit of CPC and two PCBs to the β subunit [13,14]. In vitro, 

depending on the concentration of buffers and proteins, CPC can exist as three forms of 

monomer, trimer, and hexamer [15–17]. Therefore, it is thought that the biosynthesis pathway of 

CPC is based on the assembly of monomer (αβ) into trimers (αβ)3 and hexamers (αβ)6, followed 

by the insertion of linker proteins in vivo [18,19]. 

During the studies of oxygenic photosynthesis, Ogo laboratory isolated a thermophilic 

and non-heterocystous cyanobacterium Leptolyngbya sp. O-77 from a hot spring [20]. The O-77 

strain grows well at temperatures of 50°C–60°C, with an optimal growth temperature of 55°C. 

Owing to its thermophilic characteristics, the O-77 strain was re-classified into the new genus 



Chapter 4 

Disassembly and reassembly of C-phycocyanin 

 

 72 

of Leptolyngbya-like thermophilic cyanobacterium, named Thermoleptolyngbya sp. O-77 [21]. 

Following studies of photosystem II and water-soluble light-harvesting complexes [20,22], the 

first report on the non-conventional octameric CPC from the O-77 strain (CPCO77) was 

presented [23]. CPCO77 can be assembled spontaneously in vitro from an equilibrium between 

the hexamer and octamer structures. Furthermore, the analytical ultracentrifugation result 

showed evidence that suggests the existence of a dimeric state as an intermediate. This opened 

other possibilities for self-assembly mechanisms of CPC in vitro and in vivo [23]. In vitro, the 

analytical ultracentrifugation and PISA program calculation demonstrated that monomer–

dimer–octamer assembly is kinetically favorable and can be the process to form octamer CPC. 

However, the in vivo assembly mechanism of CPCO77 has not been clearly elucidated. To study 

this self-assembly mechanism in vivo, investigation of protein subunits and their assembly 

mechanism is necessary because subunits are the fundamental building blocks that constitute 

the monomers and other oligomers of proteins, and any change in the subunit structure and 

sequence might affect the overall structure and the overall assembly process [24,25]. Therefore, 

in this study, an in vitro reassembly experiment was performed using isolated α and β subunits 

from CPCO77. The investigation of the reassembly of the isolated α and β subunits in this study 

may reveal new biosynthesis pathways from the α and β monomers to the hexamer and octamer. 

To demonstrate the disassembly and assembly of native CPCO77, homogeneously purified 

CPCO77 was dissociated into the α and β subunits by reacting at pH 6.0 and 30°C in 7.0 M urea 

buffer. The isolated α and β subunits from CPCO77 were used to perform the in vitro reassembly 

experiment. The disassembled subunits could be identically reassembled to be hexameric and 

octameric CPCO77, suggesting that octameric CPCO77 appears to occur during the natural 

assembly process of CPC in a thermophilic non-heterocystous cyanobacterium of the new 

genus of Thermoleptolyngbya sp. O-77. 
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4.2 Materials and Methods 

4.2.1 Bacterium and growth conditions 

Cell culture was carried out with a 10-L bioreactor (Model MBF-1000ME, EYELA, 

Tokyo Rikakikai Co., Ltd) in a modified DH+Fe medium containing the following components 

(per litter): 0.1 g nitrilotriacetic acid, 1.7 g NaNO3, 0.3 g K2HPO4, 0.1 g MgSO4·7H2O, 0.1 g 

CaSO4·2H2O, 0.03 g FeCl3·6H2O, 3.0 mg H3BO3, 2.0 mg MnSO4·H2O, 0.1 mg ZnSO4·7H2O, 

75 μg CoCl2·6H2O, 75 μg NiCl2·6H2O, 80 μg CuSO4·5H2O, and 80 μg Na2MoO4·2H2O. The 

medium was adjusted to pH 7.5 by 0.1M NaOH. Cells were grown in an 8-L culture medium 

under agitation at 150 rpm. The cell culture was carried out at 55°C under a constant flow (200 

mL·min–1) of an aerobic gas mixture (dried air/CO2 = 99/1, v/v %) at a constant illumination 

by using four 60 W incandescent lamps. 

 

4.2.2 Purification of CPCO77 

 The harvested cells were washed twice with 20 mM potassium phosphate (KP) buffer 

(pH 7.0) containing 50 mM NaCl. The cells were then suspended in the same buffer, after that 

the cell suspension was disrupted by sonication five times for 2 minutes in an ice bath at 30 W 

with an Ultrasonic Disruptor UD-200 (Tomy Seiko Inc. Japan). Cell debris and unbroken cells 

were removed by centrifugation (10,000g, 10 min, 4°C) and the supernatant was then 

centrifuged at 150,000g for 1 hour by using Optima L-90K (Beckman Coulter Inc. USA). The 

supernatant of soluble cell extract was loaded onto a DEAE Sepharose fast flow column 

(2.6x15 cm, GE Healthcare, UK), pre-equilibrated with 20 mM KP buffer (pH 7.0). The column 

was washed with 150 mL of the same buffer at a flow rate of 7 mL·min–1. A stepwise gradient 

method was used, which consisted of 400 mL of buffer containing a gradient of 0 M to 0.25 M 

NaCl, 100 mL of isocratic elution of buffer containing 0.25 M NaCl, 200 mL of 0.25 M to 0.5 

M NaCl, and 150 mL of 0.5 M to 1.0 M NaCl. The two major blue-colored proteins 
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corresponding to CPC and allophycocyanin were eluted at 0.1–0.2 M and 0.2–0.25 M NaCl, 

respectively, at ionic conductivities between 12.7 and 23.5 mS·cm–1. The fraction containing 

CPC was combined and then diluted 3-fold with non-salt buffer and then applied onto a Q 

Sepharose high-performance column (1.6 x 12 cm, GE Healthcare, UK) pre-equilibrated with 

20 mM phosphate buffer (pH 7.0). The column was then washed with 60 mL of the same buffer 

containing 0.1 M NaCl and then followed by stepwise gradients of 100 mL of buffer containing 

a gradient of 0.1 M to 0.3 M NaCl, 40 mL of isocratic elution of buffer containing 0.3 M NaCl, 

and 60 mL of 0.3 M to 1.0 M NaCl at a flow rate of 4 mL·min–1. A major blue soluble protein 

was eluted by approximately 0.15 M NaCl. The purity of CPC was measured by the absorption 

ratio of A615/A280. The concentrations of CPC and allophycocyanin were estimated by using 

the following equation [26]:  

C-phycocyanin (mg/mL) = [A615 – 0.474(A652)]/5.34 

Allophycocyanin (mg/mL) = [A652 – 0.208(A615)]/5.09 

 

4.2.3 Dissociation conditions of / subunit in urea 

In order to obtain the homogeneously  and  subunit, the optimal conditions for pH 

and urea concentration were investigated. The homogeneously purified CPC (1.7 mg·mL-1) 

was suspended in different concentrations of 1.0 M to 8.0 M urea containing 20 mM KP buffer 

(pH 6.0). The CPC solutions were incubated for 1 h at room temperature and then centrifugated 

at 10,000g for 10 min. UV-visible absorption and circular dichroism (CD) spectra of the CPC 

solutions depended on pH changes and urea concentrations were recorded to detect the change 

in protein structure. UV-visible absorption spectra of each sample were recorded at 25°C with 

a JASCO V-670 spectrophotometer (JASCO, Tokyo, Japan) by using 1 cm-path length cuvettes. 

The UV-visible absorption spectrum was measured between 250 and 750 nm. CD spectra of 
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CPCO77 were measured at 25 °C on a Chirascan qCD spectrophotometer (Applied Photophysics 

Ltd., UK). The spectra of each sample were recorded in near-UV-visible (250-700 nm) regions. 

 

4.2.4 Purification of  and  subunits from CPCO77 

Phenyl-Sepharose high performance (2.6 x 10 cm, GE Health Care, UK) was used to 

purify each subunit of CPCO77 disassembled under 7.0 M urea. The column was pre-

equilibrated with 20 mM K-P buffer (pH 5.0) containing 1.0 mM dithiothreitol (DTT), 7.0 M 

urea, 1.0 M ammonium sulfate (AS), and 10% w/v glycerol. The homogeneously purified CPC 

(10 mg·mL-1) was incubated in 7.0 M urea, 1.0 M AS, and 10% glycerol for 1 h under room 

temperature. The sample was loaded onto the column and eluted at a flow rate of 3.5 mL·min–

1. A stepwise gradient method was used, which consisted of 40 mL of buffer containing a 

gradient of 1.0 M to 0.55 M AS, 60 mL of isocratic elution of buffer containing 0.55 M AS, a 

gradient of 40 mL of 0.55 M to 0.3 M AS, 40 mL of isocratic elution of buffer containing 0.3 

M AS, a gradient of 40 mL of 0.3 M to 0 M AS, and 60 mL of isocratic elution under no salt in 

20 mM KP buffer. All fractions were collected and examined by SDS-PAGE. The results 

showed that two peaks corresponding to α and β subunits were detected at 0.1 M and 0.3 M AS 

gradient respectively, with conductivity of 15.6 and 38.9 mS·cm–1 respectively. All the 

fractions of these two peaks were collected and loaded onto the desalting column pre-

equilibrated with 50 mM KP buffer (pH 7.0) at a flow rate of 10 mL·min–1 to remove urea 

from the solution. The homogeneously isolated α/β subunit was analyzed by SDS-PAGE, UV-

visible, and CD spectrophotometers. 

 

4.2.5 Characterization of isolated α and β subunit of CPCO77 

The UV-visible absorption spectra of isolated α and β subunits were measured between 

250 and 750 nm. The CD spectra of α and β subunits were recorded in near-UV-visible (250-



Chapter 4 

Disassembly and reassembly of C-phycocyanin 

 

 76 

700 nm) regions and far-UV (180-250 nm) regions. The far-UV CD spectra were deconvoluted 

by the CDNN 2.1 program for the percentage of secondary structure. The thermostability of 

CPCO77 and isolated subunits was determined by CD spectra analysis. The desired wavelength 

was set at 222 nm and the temperature range was from 25C to 90C. The rate of heating was 

set to 1C·min–1 with the desired temperature interval of 0.5C. MALDI-TOF mass spectra of 

isolated α and β subunits were obtained by the double-layer method. The saturated sinapinic 

acid solution in ethanol was deposited onto a ground steel MALDI target plate to form a matrix 

layer. A mixture of α/β subunits and sinapinic acid in a solvent of acetonitrile and 0.1% 

trifluoroacetic acid (3/7, v/v) was then dropped on the matrix layer and dried at room 

temperature. The MALDI-TOF spectrum was measured by BRUKER microflex LT (Bruker 

Daltonics, Inc., Billerica, MA, USA). The molecular weight of isolated α and β subunits were 

determined by gel filtration using a Superdex 200 column calibrated with the molecular marker 

of bovine thyroglobulin (Mr = 670,000), bovine γ-globulin (Mr = 158,000), chicken ovalbumin 

(Mr = 44,000), horse myoglobin (Mr = 17,000), and vitamin B12 (Mr = 1350). 

 

4.2.6 Protein crystalization 

Crystals of subunits were prepared by the hanging-drop vapor-diffusion method using 

HR3-170 crystallization plate (Hampton Research, USA). A 1 L drop of subunits (20 mg·mL-

1) was mixed with 1 L drop of precipitant [15% (w/v) PEG 3,350, 10 mM MgCl2·6H2O, 5 

mM NiCl2·6H2O, 100 mM HEPES, pH 7.0 for α subunit and 20% (w/v) PEG 3,350, 0.2 M 

Mg(CH3COO)2·4H2O for β subunit] and equilibrated against a 500 L reservoir consisting of 

precipitant solution. Crystals of α and β subunit CPC appeared after 2–3 days at 283 K.  

 

4.2.7 Reassembly of α and β subunits 
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The isolated α and β subunits in urea solutions (0.5 mg·mL-1, KP buffer pH 7.0) were 

mixed at a ratio of 1:1 at room temperature. The mixture was then loaded onto the desalting 

column and pre-equilibrated with 50 mM KP buffer (pH 7.0) to remove urea and facilitate the 

reassembly process. The reassembly process was observed by UV-visible, CD, and MALDI-

TOF spectral analysis. The UV-visible absorption spectra were measured between 250 and 750 

nm for 1 h intervals over reaction periods at room temperature. The CD spectra of the mixture 

before the desalting column and after 1 h incubation were recorded in a near-UV-visible (250-

700 nm) region. The MALDI-TOF spectra of the mixture after 1 h and 48 h were obtained by 

double-layer method.  

 

4.2.8 Crystallization of reassembled CPC 

Crystals of reassembled CPC were prepared by the hanging-drop vapor-diffusion 

method using HR3-170 crystallization plate (Hampton Research, USA). A 1 L drop of 

subunits (20 mg·mL-1) was mixed with 1 L drop of precipitant [15% (w/v) PEG 3,350, 10 

mM MgCl2·6H2O, 5 mM NiCl2·6H2O, 100 mM HEPES, pH 7.0 for α subunit and 20% (w/v) 

PEG 3,350, 0.2 M Mg(CH3COO)2·4H2O for β subunit] and equilibrated against a 500 L 

reservoir consisting of precipitant solution. Crystals of α and β subunit CPC appeared after 2-

3 days at 283 K.  

 

4.3 Results and Discussions 

4.3.1 Purification of the dissociated α and β subunits of CPCO77 

The thermophilic CPC from Thermoleptolyngbya sp. O-77 was purified by following 

methods of previous studies [23]. The purity of CPCO77 was estimated to be 5.1, as calculated 

from the A615/A280 ratio. This is a relatively high purity compared with other C-phycocyanins 

purified from various cyanobacteria [11,27,28]. The molar extinction coefficient of CPCO77 at 615 
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nm was determined to be 2.16 × 105 M−1·cm−1 based on the monomer molecular mass of 37.1 

kDa. The molecular mass of CPCO77 was calculated from the deduced amino acid sequence of 

the α-subunit (17,414 g·moL-1) and the β-subunit (17,935 g·moL-1), which included the 

molecular mass of three phycocyanobilins (588.69 g·moL-1). To dissociate each subunit from 

homogenously purified CPCO77, we determined the optimal conditions for the dissociation of 

CPCO77 by examining different concentrations of urea and reaction pH conditions. Urea is a 

well-known denaturing agent that can reversibly disassociate proteins into their subunits [29]. 

After urea is removed from the reaction solution, the dissociated protein components can be 

reassembled to the original structure. In this experiment, to dissociate CPCO77, we incubated 

the protein at room temperature for 1 h in urea at concentrations from 0 M to 8.0 M. The 

spectral features of the supernatant after centrifugation at 10,000 g for 10 min indicated that 

the absorption decreased gradually at high urea concentrations. The maximum absorption peak 

at 615 nm of CPCO77 was significantly decreased above urea concentrations of 5.0 M (Fig. 1). 

This result suggests that CPCO77 starts to disassociate into each subunit above urea 

concentrations of 5.0 M.  

Fig. 1. (A) The UV absorption spectral profiles of the purified CPCO77 after adding different 

urea concentrations (between 1.0 M and 8.0 M). (B) The absorption spectral profiles at 615 

nm of the purified CPCO77 after adding different urea concentrations between 0 and 8.0 M. 
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In addition, to stabilize CPCO77 and its subunits in high concentrations of urea, we determined 

the effect of reaction pH on the effective and stable disassembly of CPCO77 subunit. The CD 

spectra of CPCO77 contained a strong positive band at 605 nm and a negative band at 332 nm 

between pH 5.0 and 6.0 range, but in other pH conditions (i.e., below pH 5.0 and above pH 

6.0), no significant peak was observed (Fig. 2A). The optical emission from 550 to 650 nm 

arises from the optically active charge-transfer transitions of the open-chain tetrapyrrole, 

which are presumed to be sensitive to changes in conformation. Therefore, the disappearance 

of the absorption peak suggests that CPCO77 was denatured in low and high pH conditions. 

The protein stability was also examined using a 15% SDS-PAGE (Fig. 2B). In solutions with 

a pH of 5.0 and 6.0, SDS-PAGE analysis of CPCO77 exhibited two bands with molecular 

masses determined to be approximately 17.5 and 22.5 kDa. However, the protein bands of 

CPCO77 were not observed when the pH ranged from 6.0 to 11.0 and were scattered when the 

pH ranged from 2.0 to 5.0.  

This indicates that the dissociated  and  subunits of CPCO77 were stabilized in the pH range 

between 5.0 and 6.0, although CPCO77 was unstable in highly acidic and alkaline conditions. 

Fig. 2. (A) CD spectral changes of CPC dissolved of 5.0 M urea after incubation for 1 h in 

the different pH condition between pH 2.0 and pH 11.0 (B) SDS-PAGE analysis of the 

purified CPCO77 after incubation for 1 h containing 5.0 M urea in different pHs between pH 

2.0 and pH 11.0. 
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Notably, CPCO77 was highly unstable and readily decomposed in an alkaline buffer 

containing a high concentration of urea. 

Previously, research has reported a subunit separation method for CPC that involves 

cation exchange chromatography [30]. Based on these studies, the α and β subunits of 

phycocyanin were dissociated by a stepwise urea gradient between 5.0 and 10 M at pH 2.2 of 

acidic buffer. However, the dissociation of each subunit in CPCO77 appears to be unstable at an 

acidic pH, as shown by the presence of contaminating bands of the β and α subunits in the SDS-

PAGE analysis. Native CPCO77 might be denatured by hydrolyzation of proteins under highly 

acidic conditions. Furthermore, high pH from 8.0 to 9.0 in urea solution also denatures CPC, 

as shown by the SDS-PAGE analysis. Therefore, to stabilize the subunits, we performed the 

isolation under neutral pH using a hydrophobic column. Using this separation process, the 

isolated α and β subunits both showed high stability and could be used for further analysis (Fig. 

3). In the chromatographic analysis, the  subunit eluted first at a concentration of 0.3 M AS 

(Fig. 3).  

This suggested that the  subunit is less hydrophobic than the  subunit. This result agrees well 

with previous observations of the  subunit. The amino acid sequence analysis showed that the 

 subunit contained high amounts of basic amino acids; for example, the  subunit comprised 

Fig. 3. (A) Chromatographic separation of CPC subunit by hydrophobic column of Phenyl-

Sepharose high performance,   (B) SDS-PAGE analysis after fractionation from 1 to 3, 

corresponding to non-dissociated CPC, the isolated  and  subunit, respectively. 
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4.1% lysine and 5.8% arginine. At pH 6.0, which is below the isoelectric point of CPC (pI = 

7.4), these basic amino acids are protonated and reduce the hydrophobicity of the  subunit. 

Therefore, the  subunit is less salted out by AS and elutes first. More interestingly, the high 

percentage of basic amino acids in the  subunit might explain the unusual shift in the SDS-

PAGE analysis of the  subunit.  

 

4.3.2 Spectral analysis of dissociated  and  subunits from CPCO77 

The  and  subunits were successfully purified using the Phenyl-Sepharose High 

Performance hydrophobic column with KP buffer (pH 6.0) containing 7.0 M urea at room 

temperature. The purification of the  and  subunits from the protein was confirmed by SDS-

PAGE, with two bands observed: 17.5 kDa for the  subunit and 22.5 kDa for the  subunit 

(Fig. 4A).  

Fig. 4. (A) SDS-PAGE of  and  subunit.  Lane 1: Standard marker proteins, Lane 2: 

homogeneously purified CPC before disassembly experiment, Lane 3 and 4: the isolalated α 

subunit and β subunit after column chromatography of PSHP, respectively. (B) MALDI-TOF 

spectra of the dissociated ⍺ subunit. (C) MALDI-TOF spectra of the dissociated β subunit 
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The molecular weights of the isolated  and  subunits were estimated to be 34 ± 2 kDa and 

36 ± 2 kDa, respectively, by gel filtration column chromatography, indicating that both the 

isolated  and  subunits exist in a dimeric state after isolation. The signal in the MALDI-TOF 

mass spectra at m/z 18138 (Fig. 4B) was assignable to the α subunit with a PCB (calcd. 

18130.29), and the signal at m/z 19263 was assignable to the β subunit with two PCBs and one 

methylated βAsn72 (calcd. 19249.87)  (Fig. 4C).  

The UV–visible spectral features of the  and  subunits were found at 617 nm and 610 

nm, respectively (Fig. 5A). The spectral observations were consistent with those of previous 

studies from cryptomonads and marine cyanobacteria [30,31]. This result presumably suggests 

that the  subunit contains a chromophore that absorbs longer wavelengths (the f type of 

chromophore). In contrast, the  subunits contain a chromophore that absorbs shorter 

wavelengths (the s type of chromophore) [32].  

The analysis of the far-UV–CD spectra indicates the contrast in the components of the -helix 

and -sheet in each subunit compared with the original CPC (Fig. 5B). Conversely, the far-UV 

CD spectra of CPC indicated a composition of 29.9% α-helix, 23.6% β-turn, 16.6% β-sheet, 

and 29.9% random coil; although the α-helix still comprises the majority of the CPC structure, 

Fig. 5. (A) UV and (B) far-UV CD spectral analysis of ⍺-subunit (solid line), β-subunit 

(dashed line), and original CPC (dashed and dotted line). 

 



Chapter 4 

Disassembly and reassembly of C-phycocyanin 

 

 83 

we observed a lower percentage of the α-helix structure in CPC compared with the α subunit. 

As previous studies showed that a higher percentage of α-helix leads to a more stable protein 

structure [33,34], these results suggest that the isolated α subunit is more stable than the isolated 

β subunit. 

 

4.3.3 X-ray crystallographic analysis of dissociated  and  subunits from CPCO77 

As the stable isolation of α and β subunits was successfully performed, crystals of those 

subunits were then obtained after examining a variety of crystallization conditions. The initial 

screening of crystals showed that isolated α subunit crystal belonged to the space group of  P62 

and β subunit crystal belonged to the space group of C2221 (Table 1). The X-ray structural 

analysis at a resolution of 2.45Å for the isolated α subunit and 1.94Å for the isolated β subunit 

(Table 1) revealed that the α and β subunits were crystallized as homodimers (Fig. 6A, B).  

The crystal structure of the isolated α and β subunits revealed identical amino acid sequences 

to the α and β subunits of CPC. This proved that both the α and β subunits were successfully 

isolated without any modification to the C or N termini of the amino acid sequence. To the best 

of our knowledge, this is the first example of the crystal structure and crystal analysis of 

isolated α and β subunits from CPC. The isolated α subunit was essentially isostructural to the 

crystal structures of the α subunit within the hexamer (PDB ID: 7EFW, RMSD value of 0.99 

Fig. 6. Crystal structures of (A) isolated ⍺ homodimer and (B) isolated β homodimer. Main 

and side chains of ⍺ subunit and β subunit are represented by red and green ribbon models, 

respectively. PCBs are circled and represented by gray lines. 
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Å over 157 Cα atoms) and the octamer (PDB ID: 7EFV, RMSD value of 0.85 Å over 161 Cα 

atoms). However, the angle between helices B and C (βSer21 – βAsp33 – βAsn47) in the 

isolated β subunit was drastically increased (199°) compared with the β subunits within the 

hexamer (149°) and the octamer (149°), resulting in slightly large RMSD values, mainly 

because of the interfacial interaction between βLys32 and PCB (Cys183) in the β homodimer, 

which was not observed in the (αβ) monomer or the octamer and hexamer. The basic side chain 

of βLys32 allows it to interact with PCB in Cys183 in the β homodimer, which results in the 

change in the isolated β subunit compared with the β subunit within the octamer and hexamer 

CPC (Fig. 8). Interestingly, the βLys32 is not conserved and is rarely observed in previously 

reported CPC sequences, suggesting that the phenomenon in the isolated β subunit might be 

unique to CPCO77 (Fig. 7). 

Fig. 7. CPC sequences from Thermoleptolyngbya sp. O-77 (O77), Thermosynechococcus 

vulcanus (Tv), Mastigocladus laminosus (Ml), Leptolyngbya boryana (Lb), Phormidium 

tenue (Pt), and Trichodesmium erythraeum (Te). 32 are highlighted in blue. 
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Table 1 Crystallographic data collection and refinement statistics. 

 

 

(PDB ID) 

Isolated 

PCα 

(####) 

Isolated 

PCβ 

(####) 

Reassembled 

CPC-6 

(####) 

Reassembled 

CPC-8 

(####) 

Data collection     

Space group P62 C2221 P22121 I432 

Cell dimensions 

   a, b, c (Å) 

           () 

 

170.0, 170.0, 126.0 

90.0, 90.0, 120.0 

 

38.5, 145.1, 66.1 

90.0, 90.0, 90.0 

 

107.7, 115.1, 187.0 

90.0, 90.0, 90.0 

 

230.5, 230.5, 230.5 

90.0, 90.0, 90.0 

Resolution (Å) 50.0–2.45 

(2.59–2.45) 

50.0–1.94 

(2.05–1.94) 

50.0–1.98 

(2.09–1.98)* 

50.0–2.63 

(2.78–2.63)* 

Rmeans 17.8 (135.0) 15.8 (221.7) 29.9 (190.6) 70.2 (415.6) 

CC1/2 99.7 (45.5) 99.8 (55.0) 99.1 (43.5) 99.6 (49.0) 

I / I 6.31 (1.13) 10.0 (0.68) 7.1 (1.04) 12.7 (1.06) 

Completeness (%) 99.8 (45.5) 99.9 (99.5) 99.9 (99.5) 99.9 (99.8) 

Redundancy 5.3 (5.2) 6.9 (6.8) 7.0 (7.1) 42.1 (40.5) 

Refinement     

Resolution (Å) 47.86–2.45 48.87–1.94 49.00–1.98 47.11–2.50 

No. reflections 75898 14192 162251 36274 

Rwork / Rfree (%) 24.8 / 29.3 20.3 / 23.2 18.2 / 22.0 20.5 / 23.5 

No. atoms 

    Protein 

    Other 

    Water 

 

14811 

522 

152 

 

1268 

86 

95 

 

15190 

774 

1993 

 

5009 

258 

19 

B-factors 

    Protein 

    Other 

 

57.5 

48.8 

 

41.1 

43.4 

 

26.6 

26.6 

 

60.6 

64.5 

Fig. 8. Hydrogen bond network of the Lys32 in the interface interaction of (A) isolated  

homodimer, (B) hexamer (⍺β) monomer, and (C) octamer (⍺β) monomer (E). Main and side 

chains of ⍺ subunit and β subunit are represented by red and green ribbon models, 

respectively. PCBs and Lys32 are represented by gray and green lines, respectively, and 

hydrogen bond networks are represented by yellow dashed lines. 
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    Water 56.5 46.5 36.0 54.2 

R.m.s. deviations 

  Bond lengths (Å) 

    Bond angles () 

 

0.002 

0.954 

 

0.002 

0.592 

 

0.004 

0.821 

 

0.003 

0.663 

Ramachandran plot 

    Favored (%) 

     Allowed (%) 

     Disallowed (%) 

 

97.5 

2.5 

 

 

98.8 

1.2 

 

 

98.5 

1.5 

0 

 

97.9 

2.1 

0 

*Values in parentheses are for highest-resolution shell. 

 

4.3.4 Characterization of reassembled CPCO77 

To investigate the self-assembly mechanism of the novel octameric CPC, I performed 

an in vitro reassembly experiment using the isolated  and  subunits. In the UV–vis spectra, 

the absorption peak of CPCO77 at 615 nm was significantly increased after 1 h of incubation 

(Fig. 9A). We continued to observe the reassembly process for 24 h and there was no significant 

increase in the absorption peak after a 24-hour incubation period as compared to a 1-hour 

incubation period (Fig. 9A). Furthermore, the absorption peaks of reassembled CPCO77 were 

observed at 280 and 355 nm, with a maximum peak at 615 nm, which is identical to those of 

the original CPCO77. These results suggest that the reassembly occurred spontaneously after 1 

hour of incubation at room temperature. The far-UV CD spectra confirmed the reassembly 

process, revealing a significant change in the protein secondary structure, which became 

identical to the native CPCO77 after incubation a 1-hour incubation period (Fig. 9B). In addition, 

the far-UV CD spectra indicated that the environment surrounding the  subunit had returned 

to the environment within the original CPCO77. The spectra were identical to those of previous 

studies of original CPCO77, with the molecular peaks at m/z 18138 for the  subunit and m/z 

19263 for the  subunit, as shown the by MALDI-TOF mass spectra after measurement after 1 

h and 48 h (Fig. 9C, D). The reassembled CPCO77 was characterized as identical to the natural 

CPCO77 reported in previous studies, suggesting that CPCO77 was successfully reassembled into 

native CPC from the isolated  and  subunits.  
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4.3.5 X-ray crystallographic analysis of reassembled CPC 

To elucidate the oligomeric state of the reassembled CPCO77, the crystallization of 

reassembled CPCO77 was examined under various conditions. The X-ray crystallographic 

analysis of reconstituted CPCO77 from the  and  subunits confirmed the reassembly process 

was successful. The initial screening of crystals revealed that the reassembled CPC O77 crystal 

belonged to the space group of P22121, representing the hexamer (αβ)6 state and I432, 

representing the octamer state (αβ)8 (Table 1). Crystals of reassembled CPCO77 were 

Fig. 9. (A) UV spectra of the reassembly process of CPC after mixing of the isolated ⍺ and 

β-subunit, (B) CD spectra profiles of the reassembled CPC, green dashed line represented a 

mixture of ⍺ and β-subunit before reassemble, the blue line represented reassembled CPC 

and orange line represented the original CPC. MALDI-TOF mass spectra of reassembled 

CPC after incubation for (C) 1h and (D) 48 h at room temperature. 
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determined at a resolution of 1.98Å for the hexamer state and 2.63Å for the octamer state. The 

X-ray structural analysis of the reassembled CPC indicates that the octameric CPC clearly 

originated from the dissociated  and  subunits. This in vitro reassembly experiment is the 

first experimental evidence for the construction of both hexameric and octameric CPCO77 (Fig. 

10). The crystal structures of the reassembled hexamer or octamer were essentially isostructural 

to the previous crystal structures of the hexamer or octamer, respectively (PDB ID: 7 EFW, 

RMSD value of 0.50 Å over 2004 Cα atoms; PDB ID: 7 EFV, RMSD value of 0.35 Å over 668 

Cα atoms). These results provide a strong indication that the α and β subunits of CPC can be 

assembled into both hexamers and octamers in vitro without linker proteins. 

 

Fig. 10. (A) Top view and (C) side view of the crystal structure of reassembled hexamer CPC, 

(B) Top view and (C) side view of the crystal structure of reassembled octamer CPC. Main 

and side chains of ⍺ subunit and β subunit are represented by red and green ribbon models, 

respectively. PCBs are represented by gray lines.  
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In this study, the reassembled CPCO77 from the isolated subunits resulted in both the 

hexameric and octameric structures, which may open new biosynthetic pathways for studying 

the diversity of the thermophilic light-harvesting protein complex of CPC. Furthermore, this 

finding expands the application of CPC in protein assembly design, which has attracted 

attention as an effective way to build highly functional macromolecular biosystems [35]. Since 

the isolated  and  subunits from CPCO77 show high versatility, which can form both hexamer 

and octamer structures, this study can provide new insights into the biomolecular design for 

protein assembly.  

 

4.4 Conclusion 

In conclusion, CPCO77 was disassembled into  and  subunits and then reassembled 

to its native structure. I characterized the isolated  and  subunits by UV–Vis, CD, and 

MALDI-TOF spectrometry and successfully obtained crystals of these isolated subunits for the 

first time. The results showed that the  and  subunits formed homodimers after isolation and 

the detailed comparison of isolated subunits with the subunits within the native octameric and 

hexameric CPCO77 was conducted. Although the  subunit had an identical structure in both 

isolated conditions and within the octamer/hexamer, the structure of the isolated  subunit 

significantly changed after isolation owing to the formation of a new interface interaction. 

Notably, I found that CPCO77 could be reconstituted spontaneously from the isolated subunits 

and the X-ray crystal structural analysis of the reassembled CPCO77 showed the existence of 

both the hexameric and octameric structures. Understanding the subunit structure and assembly 

mechanism of non-conventional octameric CPC is essential for the development of designed 

protein assembly; thus, this research contributes to the fundamental knowledge needed for 

further application of CPC for this purpose.  
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In this dissertation, I reported on the development of the biocatalytic system for the 

conversion of atmospheric CO2 into formate – a useful chemical feedstock and hydrogen carrier. 

As a result, two selective, highly efficient, and reusable biocatalytic systems were presented: 

the encapsulated whole-cell biocatalytic system (Chapter 2) and the plasma membrane 

biocatalytic system (Chapter 3). In addition, I also studied the disassembly and reassembly of 

the thermophilic C-phycocyanin (CPC) by isolating and analyzing its subunit to bring more 

insights to the assembly mechanism of non-conventional octameric CPC. For the first time, the 

structure of isolated subunits was analyzed, and octamer CPC was proven to be a natural 

assembly (Chapter 4). 

 

Chapter 2 

I developed a hydrogel system by encapsulating the whole-cell S-77 in the cross-linked 

polymer networks of GG, PVA, and Ca2+. The results showed that GG/PVA/S-77 as a 

heterogeneous catalyst efficiently catalyzed the hydrogenation of CO2 to yield formate. This 

strategy of immobilizing resting cells can selectively produce formate from H2 and CO2 without 

any byproducts under very mild conditions, and the encapsulated cells in hydrogels can act as 

a robust biocatalytic system that can be reused several times without losing its catalytic activity. 

The study provides new insight into the encapsulation of bacterial cells in the hydrogel with 

high structural stability, which is expected to allow clean bioenergy generation as practical 

industrial biocatalysts. 

 

Chapter 3 

I presented a feasible method for the H2-driven reduction of CO2 into formate using 

encapsulated bacterial plasma membranes in hydrogel beads. The results indicated that formate 

was produced with a high and selective reaction rate at ambient conditions. The immobilized 
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system of the plasma membrane, multiwalled carbon nanotube, and gellan gum demonstrated 

a sustainable heterogeneous biocatalyst platform that enhanced the overall catalytic stability 

and paved the way for practical applications. This study is the first study using plasma 

membranes for biocatalytic systems, which enhances our knowledge of bacterial plasma 

membranes and demonstrates their potential as a useful strategy for  CO2 hydrogenation to 

create valuable organic compounds. 

 

Chapter 4 

I isolated the  and  subunits from CPCO77 and then reassembled them back to its 

native structure. For the first time, the isolated  and  subunits was structurally characterized 

by X-ray crystallographic analysis. The results bring new insights about the  difference between 

isolated and within-native-form subunits. For instance, the  and  subunits formed 

homodimers after isolation, and the structure of the isolated  subunit significantly changed 

after isolation owing to the formation of a new interface interaction. More significantly, I found 

that CPCO77 could be reconstituted spontaneously from the isolated subunits and the X-ray 

crystal structural analysis of the reassembled CPCO77 showed the existence of both the 

hexameric and octameric structures. Therefore, this research contributes to the fundamental 

knowledge needed for further application of CPC for this purpose.  
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