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A reverse TCA cycle 2-oxoacid:ferredoxin oxidoreductase that makes C-C bonds from CO2 
 

Supplemental Information  

Experimental Procedures  

 

Plasmids construction. The genes encoding MmOGOR (locus tag: Mmc1_1749, Mmc1_1750, based on 

GenBank ID: CP000471.1),1 MmFd1(Mmc1_0249), MmFd2 (Mmc1_1207) and MmFd3 (Mmc1_1191) were 

codon-optimized, synthesized (GenScript) and inserted in pE-SUMOpro vector (LifeSensors) linearized with 

BsaI. The genes of the two-part MmOGOR were synthesized as a single nucleotide with an internal ribosomal 

binding site sequence (AAGGAGA). OGOR mutants were constructed using QuikChange mutagenesis 

technology (Agilent) with primers from Integrated DNA Technologies (Table S6).  All constructs contain an N-

terminal 6×His tag and a SUMO domain that allows purification of tag-free proteins after SUMO protease 

digestion. All constructs were confirmed by DNA sequencing (Genewiz). 

 

Protein expression, purification and reconstitution. The plasmids were separately transformed to E. coli 

BL21(DE3) ΔiscR cells2 (gift from Professor Patrik R. Jones, Imperial College London). The transformed cells 

were selected on LB-agar plates with 50 μg/mL ampicillin. A single colony was inoculated into a 10 mL of LB 

starter culture, grown at 37 °C overnight. The 10-mL starter culture was then inoculated into 1 L 2xYT media, 

grown at 37 °C with shaking at 200 rpm until OD600 reaches 0.6. The growth temperature and the shaking rate 

were then decreased to 21 °C and 100 rpm. To induce protein expression, a final concentration of 10 μM (for 

MmOGOR) or 25 μM (for MmFds) IPTG was added. To ensure cofactor loading for MmOGOR, the growth 

media were supplemented with 1 mM ammonium ferrous sulfate, 500 μM thiamine chloride and 500 μM 

thiamine pyrophosphate (TPP). The growth media for MmFds were supplemented with 1 mM ammonium 

ferrous sulfate. Cells were harvested by centrifugation (6,000x g, 10 min, 4 °C) after induction for 16 hrs and 

the cell pellets were saved in -20 °C freezer.  

Purification of MmOGOR was carried out under anaerobic conditions in the Coy chamber (Coy 

Laboratory). All buffers were made anaerobic based on the procedure reported by Lanz and coworkers.3  Cell 

pellets were resuspended in Buffer A (50 mM HEPES pH 8.0, 100 mM NaCl, 20 mM imidazole, 1 mM MgCl2, 

and 10% glycerol (v/v)) supplemented with 1 mM TPP, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mg/mL 

lysozyme, and 1 μg/mL DNase. The suspension was incubated on cold metal beads (Lab Armor) for 30 min 

before 6 rounds of 10 sec sonication at 20% output amplitude and a duty cycle of 70%. Cell debris was 

removed by centrifugation (15,000x g, 30 min, 4 °C) and the supernatant was collected and loaded on a 
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Ni-sepharose column pre-equilibrated with Buffer A. The column was further washed with 5 column volume 

(CV) of Buffer A, and eluted with 3 CV of Buffer B (Buffer A with 200 mM imidazole). The eluate was 

concentrated by Amicon ultra centrifugal filters (50 kD molecular weight cut-off (MWCO), EMD-Millipore) and 

buffer-exchanged to Buffer C (Buffer A without imidazole) by a desalting PD-10 column (GE Healthcare). The 

resulted protein was incubated with 2 mg SUMO protease at room temperature for 48 hrs and further loaded 

on a second Ni column pre-equilibrated with Buffer C, to remove the 6×His-SUMO tag and the SUMO 

protease. The flow-through fraction was collected, concentrated or buffer-exchanged to Buffer D (20 mM 

HEPES pH 8.0, 1 mM MgCl2) for crystallography study. Protein purity was verified by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) on 12.5% Tris Gel and the protein concentration was 

determined by Bradford assay (Bio-Rad) with BSA as the standard. The iron and inorganic sulfur content of 

MmOGOR was measured by colorimetric assays.4-5 The purification protocol for MmOGOR variants was 

identical, with similar yields and iron content, except for the Ile46αAla MmOGOR molecular variant, which 

needs to be reconstituted to ensure the [4Fe-4S] clusters loading. The variant as-purified was first treated with 

5 mM dithiothreitol (DTT) for 10 min, and 1 molar equivalent of ammonium ferrous sulfate and sodium sulfide 

were added in 5 aliquots over the course of 1 hr. The mixtures were incubated for another hour on cold beads 

before buffer-exchanged into the storage buffer using PD-10 columns. 

Purification of MmFds is similar to that of MmOGOR except the buffers used contain 25 mM HEPES 

pH 8.0 and 500 mM NaCl, and the storage buffer contains 50 mM HEPES pH 7.0, 100 mM NaCl, and 1 mM 

MgCl2. Protein was concentrated with Amicon ultra centrifugal filters (3 kD MWCO) and the purity was verified 

by SDS-PAGE on 16% Tricine Gel. MmFds as-purified were also reconstituted with a similar procedure as the 

Ile46Ala MmOGOR variant, with 9 molar equivalent of ammonium ferrous sulfate and sodium sulfide added. 

Concentrations of reconstituted MmFds were measured by the UV-vis absorbance at 390 nm, with ε390= 31 

mM-1 cm-1 for MmFd1 and MmFd3, and ε390= 30 mM-1 cm-1 for MmFd2.6-7 

Expression and purification of DaPFOR follows methods reported previously.8  

 

UV-visible (UV-vis) and Electron paramagnetic resonance (EPR) Spectroscopy. UV-vis absorption spectra of 

MmOGOR and MmFds were recorded in anaerobic quartz cuvettes (1 cm optic path) under argon with a Cary 

50 spectrophotometer. Different reagents (2-oxoglutarate and CoA) were made anaerobically and injected 

into the cuvette from air-tight syringes. All samples were prepared with quartz EPR tubes (Sigma) under 

anaerobic condition in the Coy chamber and flash frozen in liquid nitrogen. EPR spectra were recorded on a 

Brucker ELEXSYS E-500 continuous wave spectrometer, and an Oxford Instruments ESR900 continuous flow 
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liquid helium cryostat. For spin quantification, Cu-EDTA (1mM CuSO4, 10 mM EDTA pH 8.0) was used as the 

standard. EPR parameters are in Figure 2 legends. EPR simulations were performed using SpinCount (M. 

Hendrich, CMU). 

 

2-oxoglutarate oxidation activity assay. 2-oxoglutarate oxidation activity of MmOGOR and its molecular 

variants was determined by a spectrophotometric assay using methyl viologen (MV) as the terminal electron 

acceptor at 30 °C (herein referred as the standard assay). The reaction was carried out in a 1 mL screw-capped 

quartz cuvette under constant argon positive pressure. The reaction mixture contained 50 mM TAPS pH 8.5, 

10 mM 2-oxoglutarate, 5 mM DTT and 2 mM MV and was purged with argon for 5 mins, injected with 

MmOGOR or variants to a final concentration of 100 nM followed by injection of CoA to a final concentration 

of 200 µM. Reduction of MV was monitored at 604 nm after CoA injection (ε604= 13.6 mM-1 cm-1) 9 with a Cary 

50 spectrophotometer, and the reactions rates were determined by the slope of linear fitting of MV reduction 

5-10 s after initiation. The concentration of 2-oxoglutarate and CoA were varied in assays designed to obtain 

their respective KM values. The pH 7.5 experiments were conducted by replacing 50 mM TAPS pH 8.5 with 50 

mM HEPES pH 7.5. The pH-dependence of 2-oxoglutarate oxidation activity was measured by replacing 50 

mM TAPS pH 8.5 with a multicomponent buffer consisting of 10 mM MES, MOPS, TAPS, CHES and CAPS 

(Buffer M1, pH 5.0-11.0). The substrate specificity of MmOGOR was evaluated by replacing 2-oxoglutarate in 

the standard assay with a series of 2-oxoacids at 20 mM, including 2-oxoglutarate-like (2-oxoadipate, 

oxaloacetate) and pyruvate-like (glyoxylate, pyruvate, 2-oxobutyrate, 2-oxoisovalerate, 

3-methyl-2-oxovalerate, phenylpyruvate) 2-oxoacids. 

Comparison of the electron transfer efficiency between MmOGOR and the three MmFds in the 2-

oxoglutarate oxidation direction was performed by collecting multiple UV-vis spectra around 400 nm for the 

reduction of [4Fe-4S] clusters and around 320 nm for a coupled metronidazole reduction (Figure S8, S9 and 

S10A). 2-oxoglutarate oxidation activity of MmOGOR using MmFd1 as the electron acceptor was measured 

similar to the standard assay, in Buffer M1 pH 7.0, with metronidazole as the terminal electron acceptor 

(Figure S10A). The assay mixture contained 10 mM 2-oxoglutarate, 5 mM DTT, 200 µM CoA, 150 µM 

metronidazole, 100 nM MmOGOR and 50 nM – 12 µM MmFd1. The reaction is initiated by the addition of 

CoA and the change of absorbance at 320 nm is monitored for the reduction of metronidazole ((ε320= 9.3 mM-

1 cm-1).10  
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CO2 reduction assay. The CO2 reduction assay is based on a three-component assay reported previously,11-12 

using DaPFOR at the upstream reaction to reduce Fds and L-glutamic dehydrogenase (GDH) at the 

downstream reaction to detect 2-oxoglutarate formation (Figure S10B). The assay was carried out in Buffer 

M1 pH 7.0 30 °C and the mixture consists of 10 mM pyruvate, 0.2 mM CoA, 5 mM ammonium chloride, 20 

mM potassium bicarbonate, 5 mM DTT, 200 µM NADPH, 1 mM succinyl-CoA, 500 nM DaPFOR, 10 µM 

MmFd1, 100 nM MmOGOR and 100 nM GDH from bovine liver (Sigma). The assay components were 

prepared anaerobically and the reaction was first incubated for 5 min to allow reduction of Fds by the 

upstream reaction, and then initiated by the addition of succinyl-CoA and MmOGOR. The kinetics of NADPH 

oxidation (ε340  = 6.22 mM-1 cm-1) was measured to quantify 2-oxoglutarate generated from CO2  reduction. 

 

Electrochemical measurement of Fd potentials. The reduction potentials of Fds were measured by cyclic 

voltammetry as previously described.8 Electrochemical experiments were conducted under anaerobic 

conditions in an MBraun glovebox with a Metrohm/Eco Chemie Autolab PGSTAT 12 potentiostat. The 

electrochemical cell was set up with a three-electrodes configuration: a standard calomel reference electrode, 

a platinum counter electrode and a pyrolytic graphite edge (PGE) working electrode. The PGE working 

electrode was polished by 1500 grit silicon carbide and 1 µm alumina and cleaned by sonication before use. 

Experiments were carried out at room temperature, with MmFds diluted to a final concentration of 20-50 µM 

by a multicomponent buffer (Buffer M2: 5 mM MES, MOPS, TAPS, CHES, and CAPS, pH 7.0) and with 1 mM 

neomycin as the co-adsorbent. Cyclic voltammetry was operated with scan rates at 10-20 mV/s and a step 

potential of 0.15 mV. The results were analyzed by SOAS.13   

 

Crystallization of MmOGOR. MmOGOR was crystallized by sitting drop crystallization method in a Coy 

anaerobic chamber with an Ar/H2 environment at room temperature. 1.0 μL 5.0 mg/mL MmOGOR in storage 

buffer (50 mM Tris pH 7.5, 1 mM TPP (Sigma-Aldrich), and 1 mM MgCl2) was mixed with 1.0 μL well solution 

(14% (w/v) PEG 8000, 0.21-0.28 M (NH4)2SO4, and 0.10 M MES pH 6.5) to make a 2-μL sitting drop in a sealed 

well with 500 μL well solution. Brown cubic crystals grew in 4-7 days. The crystals used to determine the 

structure were transferred to cryoprotectant (25% (v/v) glycerol, 25% PEG (w/v) 8000, 0.35 M (NH4)2SO4, 0.10 

M MES pH 6.5, 0.10 M Tris pH 7.5) and flash-cooled in liquid nitrogen. All chemicals, except specified 

otherwise, were from Hampton Research. 
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Cocrystallization of MmOGOR with CoA and 2-oxoglutarate. MmOGOR with CoA and 2-oxoglutarate was 

crystallized by sitting drop crystallization method in a Coy anaerobic chamber with an Ar/H2 environment at 

room temperature. 1.0 μL 5.0 mg/mL MmOGOR in storage buffer containing 10 mM coenzyme A (Sigma-

Aldrich) and 20 mM 2-oxoglutarate (Sigma-Aldrich) was mixed with 1.0 μL well solution (27% (w/v) PEG 4000 

and 0.08 M sodium cacodylate pH 5.5) to make a 2 μL sitting drop in a sealed well with 500 μL of well solution 

in a Coy anaerobic chamber filled with Ar/H2. Brown plate crystals grew in 3-5 days. The crystal used to 

determine the CoA cocrystal was briefly soaked into a cryoprotectant (20% (v/v) glycerol, 30% (w/v) PEG 

4000, 0.05 M sodium cacodylate pH 5.5, 25 mM 2-oxoglutarate, and 1.1 mM CoA) and flash-cooled in liquid 

nitrogen. All chemicals, except specified otherwise, were from Hampton Research. 

 

Data collection and processing. Data were collected at the Advanced Photon Source on Northeastern 

Collaborative Access Team beamline 24-ID-C on a Pilatus 6MF detector. The Fe peak data set was collected 

using the inverse beam method. All data were indexed and scaled in HKL200014 with a CC1/2  of ~ 0.75 used 

as the indicator of where to trim the high resolution data. Data statistics are listed in Table S4. 

 

Structure determination and refinement. The initial structure of MmOGOR was determined through a 

combination of molecular replacement (MR) and single-wavelength anomalous dispersion (SAD), the latter 

using the dataset collected at the Fe peak wavelength (Table S4). MR was carried out in multiple steps in 

order to search for different domains of this large oligomeric enzyme that crystallized as an (αβ)2 dimer in the 

asymmetric unit (ASU). In each case, side chains of the search model were truncated using Phenix Sculptor 15 

to the last common atom between the search model and MmOGOR. To find domains I and II of MmOGOR, a 

homodimeric search model of a hypothetical 2-oxoacid:ferredoxin oxidoreductase (PDB ID: 4WBX16) from 

Pyrococcus furiosus was used that had ~35% sequence identity with domain I and II of MmOGOR. The MR 

solution for two copies of domain I and two copies of domain II had a combined log-likelihood gain (LLG) of 

120 and TFZ of 9.6. Using phases from this partial MR model, Fe SAD maps were generated and used to 

locate the two [4Fe-4S] clusters. To search for the domain VI of MmOGOR, a domain VI dimer from Moorella 

thermoacetica OOR (PDB ID: 5C4I17) was used, which has ~26% sequence identity to domain VI of MmOGOR. 

A solution for a domain VI dimer was found with LLG of 277 and TFZ of 12.0. Finally, to search for the domain 

III of MmOGOR, one subunit of a putative 2-oxoglutarate:acceptor oxidoreductase from Campylobacter jejuni 

(PDB ID: 3G2E) was used. This subunit has ~22% sequence identity to domain III of MmOGOR. Two 

consecutive rounds of MR were employed to find two copies of domain III in the ASU, with an LLG of 298 and 
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TFZ of 8.4 for the first, and an LLG of 331 and TFZ of 7.2 for the second. The MR-SAD model, which contains 

two copies of domain I, two copies of domain II, two [4Fe-4S] clusters, two copies of domain VI, and two 

copies of domain III, was iteratively refined in Phenix Refine18 with model building in Coot19. TPP and water 

molecules were added manually using Fo-Fc electron density contoured to 3.0σ as the criteria. Two-fold NCS 

restraints were used throughout refinement.  

The model built from the combined MR-SAD method was used as the initial model for the 1.94-Å 

resolution dataset. Rigid-body refinement and simulated annealing were performed, and atomic coordinates 

and B-factors were then iteratively refined in Phenix Refine18 with model building and manual adjustment in 

Coot. Water molecules were added manually using Fo-Fc electron density contoured to 3.0σ as the criteria. 

Two-fold NCS restraints were used throughout refinement. The high-resolution structure contains one 

MmOGOR (αβ)2 complex per ASU with one [4Fe-4S] cluster and one TPP molecule per αβ heterodimer.  

The structure of MmOGOR co-crystallized with CoA/2-oxoglutarate was determined to 2.80-Å 

resolution by MR, using the 1.94-Å resolution structure of MmOGOR as the searching model, with initial 

Rwork/Rfree = 35%/34%. The refinement steps were the same as the refinement of the 1.94-Å resolution 

structure described above. This structure contains one MmOGOR (αβ)2 complex per ASU with one [4Fe-4S] 

cluster and one TPP molecule per αβ heterodimer. In one heterodimer, a CoA molecule and a 2-oxoglutarate 

molecule were identified; in the other heterodimer, a succinyl-CoA bound to TPP was observed. 

Restraints for [4Fe-4S] clusters were based on Moorella thermoacetica carbon monoxide 

dehydrogenase/acetyl-CoA synthase (PDB ID: 3I0120). Restraints for TPP were based on the crystal structure of 

Saccharomyces cerevisiae pyruvate decarboxylase (PDB ID: 2VK821). Restraints for CoA were based on the 

crystal structure of Escherichia coli acetyltransferase MccE (PDB ID: 3R9F22). Restraints for 2-oxoglutarate were 

from Grade Web Server (Global Phasing). 

Composite-omit electron density maps calculated by Phenix Composite_omit_map18 were used to 

verify all three models. The refinement statistics are in Table S4, and residues built into each chain are listed 

in Table S5. All structure figures were rendered in PyMOL. The software used was compiled by SBGrid.23 
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Supplementary Figures. 

 

 

Figure S1. Two different 2-oxoacid:ferredoxin oxidoreductases (OFORs) are utilized in the reductive 

tricarboxylic acid (rTCA) cycle to fix carbon dioxide.24 2-oxoglutarate:ferredoxin oxidoreductase (OGOR) 

converts succinyl-CoA and carbon dioxide into 2-oxoglutarate. Pyruvate:ferredoxin oxidoreductase (PFOR) 

converts acetyl-CoA and carbon dioxide into pyruvate. 
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Figure S2. 2-oxoacid:ferredoxin oxidoreductase (OFORs) reactions. OFORs can be classified by their 

substrate specificity into 2-oxoglutarate ferredoxin oxidoreductase (OGOR),25 2-oxoisovalerate:ferredoxin 

oxidoreductase (VOR),26 indopyruvate:ferredoxin oxidoreductase (IOR),27-28 pyruvate:ferredoxin 

oxidoreductase (PFOR),29 and oxalate oxidoreductase (OOR).17, 30-32 OOR is the CoA-independent OFOR up to 

date. OFOR reactions can also be grouped based on the charge and size of their substrates as shown in this 

figure.  
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Figure S3. Kinetic properties of MmOGOR (A)-(D) The 2-oxoglutarate oxidation activity of MmOGOR as 

turnover frequency (per minute) measured with MV as the electron acceptor. (A) The activity measured under 

different 2-oxoglutarate concentrations in 50 mM TAPS pH 8.5, or 50 mM HEPES pH 7.5, or Buffer M1 (10 

mM MES, MOPS, TAPS, CHES and CAPS) pH 7.0. (B) The pH-dependence of the activity under 10 mM 

2-oxoglutarate in Buffer M1 pH 5.0-11.0. (C) The activity of MmOGOR and its molecular variants under 

different 2-oxoglutarate concentrations in 50 mM HEPES pH 7.5. (D) The enzyme activity with different CoA 

concentrations in 50 mM TAPS pH 8.5 buffer or Buffer M1 pH 7.0. (E) The activity of MmOGOR in both 

2-oxoglutarate oxidation (inset) and CO2 reduction directions at different MmFd1 concentrations. (F) The CO2 

reduction activity of MmOGOR at different succinyl-CoA concentrations with MmFd1 in Buffer M1 pH 7.0. 
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Figure S4. EPR spectra (black) and simulation (red) of typical intermediates for MmOGOR during the catalytic 
cycle. (A) EPR spectrum of MmOGOR incubated with OG (1 hr) with simulation. Experimental conditions: 
microwave frequency: 9.386 GHz, temperature: 52 K; microwave power, 1 µW; modulation amplitude, 0.2 mT. 
The EPR spectrum is fit either to a single species with g-values at 2.02, 2.01 and 2.00 (or simply as, with a g-
value at 2.01, fit not shown), indicating a radical species.   (B) EPR spectrum of MmOGOR incubated with OG 
(30 sec) with simulation. Experimental conditions: microwave frequency: 9.384 GHz, temperature: 15 K; 
microwave power, 4 mW; modulation amplitude, 0.5 mT. The EPR spectrum is fit to two species: a radical 
species with g-values at 2.01, 1.99 and 1.97 (broadened), and a [4Fe-4S]+ species with g-values at  2.04, 1.94 
and 1.89. Note the signal for radical species is saturated at the experimental condition. (C) EPR spectrum of 
MmOGOR incubated with OG (30 sec) and then CoA (10 sec). Experimental conditions are the same as (B). 
Multiple species may exist in this sample as MmOGOR is under turnover conditions with both substrates 
present, which may account for the complexity of the spectrum. The radical signal decreased compared to 
the spectrum in (B) and this spectrum is fit to account for a [4Fe-4S]+ species with g-values at 2.05, 1.94 and 
1.86. The concentration of the [4Fe-4S]+ species in (C) is about three times of the [4Fe-4S] + species in (B).  
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Figure S5. Genes that encode MmOGOR, MmFd1-3 and their genome neighborhood. (A) MmOGOR 
(Mmc1_1749, 1750), (B) MmFd1 (Mmc1_0249), (C) MmFd2 (Mmc1_1207), (D) MmFd3 (Mmc1_1191). Each 
open reading frame is represented by an arrow indicating the direction of gene transcription. Arrows in 
dashed line represent ribosomal RNA. Genes at the beginning and the end of each region and the gene of 
interest (in bold) are labeled with their locus tags above the arrows. Tentative gene name is given to each 
gene beneath the arrows, with question marks representing genes of unknown function. The locus tag is 
based on the complete and annotated genome of Magnetococcus marinus MC-1 strain (GenBank accession 
number: CP000471.1)1.  The identities and function of genes/proteins are based on the annotated genome 
and BLASTP searches. A full list of all the genes in this figure and the putative protein function could be found 
in Table S1.  
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Figure S6. Sequence alignment of MmFds with other Fds shows each MmFd binds two [4Fe-4S] clusters. 

The orange and green lines denote the cysteines that ligate the two [4Fe-4S] clusters. (A) MmFd1 and MmFd2 

belong to the Alvin Fd type. Compared to the Clostridial Fd type, which contains two canonical 

CXXCXXCXnCP [4Fe-4S] cluster ligating motifs, the Alvin Fd type contains an insertion of six to eight amino-

acids in the second cluster ligating motif and a twenty amino-acids extension on the C-terminus. EcFd: Fd 

from Escherichia coli (Uniprot ID: P52102); AlvinFd: Fd from Allochromatium vinosum (P00208); PaFd: Fd from 

Pseudomonas aeruginosa (Q9I6D2); TaFd: Fd from Thauera aromatica (O88151); AzvinFdIII: FdIII from 

Azotobacter vinelandii (C1DIB0). (B) MmFd3 belongs to a nif-specific FdIII type. The nif-specifc FdIII contains 

MmFd1 1 MALIINEDCTNCDVCLPECPNEAITDGSDVDSDIYYIHPDLCSECKGSFDEPQCVSVCPV 
MmFd2 1 MALSITEKCVNCWACETVCPSDAIVAAS----PHFLIKADACSECDGHYADYQCAAICPV 
EcFd 1 MALLITKKCINCDMCEPECPNEAISMGD----HIYEINSDKCTECVGHYETPTCQKVCPI 
AlvinFd       1 MALMITDECINCDVCEPECPNGAISQGD----ETYVIEPSLCTECVGHYETSQCVEVCPV 
PaFd 1 MSLKITDDCINCDVCEPECPNGAISQGE----EIYVIDPNLCTECVGHYDEPQCQQVCPV 
TaFd 1 MALYINDDCTACDACVEECPNEAITPGD----PIYVIDPTKCSECVGAFDEPQCRLVCPA 
AzvinFdIII    1 MSLKITDDCINCDVCEPECPNGAISQGE----EIYVIDSNLCTECVGHYDEPQCQQVCPV 

MmFd1 61 E-CIEQ-------DPDHV--ESEEELLAKHEAIHG---- 
MmFd2 57 E-EAILNSFGAPINPVGSLTGVPAEVRLAFEQGAGL-HL 
EcFd 57 PNTIVK-------DPAHV--ETEEQLWDKFVLMHHADKI 
AlvinFd      57 D-CIIK-------DPSHE--ETEDELRAKYERITGE--G 
PaFd 57 D-CIPL-------DDANV--ESKDQLMEKYRKITGK--A 
TaFd 57 D-CIPD-------NPDYR--ETREELQEKYDRLHG---- 
AzvinFdIII   57 D-CIPH-------DENRV--ESREELMRKYLIITGK--A 

MmFd3      1 MAVFTGTTRGGSEWTPEFIESINHKNCIGCGRCYKVCPRDVFELVERD-EIEDLEEGGED 
RcFdIII    1 MMPTVAYTRGGAEYTPVYLMKIDEQKCIGCGRCFKVCGRDVMSLHGLTEDGQVVAPGTDE 
AlvinFd    1 MALMIT------------------DECINCDVCEPECPNGAISQG--------------- 
CpFd       1 MAYKIA------------------DSCVSCGACASECPVNAISQG--------------- 

MmFd3     60 WEEDGFDDDVVYVMSIADKEDCIG---CAACSRVCPKDCHSHA----T--LEIAA----- 
RcFdIII   61 WDEV-EDEIVKKVMALTGAENCIG---CGACARVCPSECQTHA----A--LS-------- 
AlvinFd   28 --------DETYVIEPSLCTECVGHYETSQCVEVCPVDCIIKDPSHEETEDELRAKYERI 
CpFd      28 --------DSIFV---IDADTCID---CGNCANVCPVGAPVQE----------------- 

MmFd3       ---- 
RcFdIII     ---- 
AlvinFd   80 TGEG 
CpFd  ---- 

A

B

Cluster I i 

Cluster II
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a twenty amino-acids extension on the N-terminus and an insertion of twenty-five amino-acids between the 

two cluster-ligating motifs. RcFdIII: FdIII from Rhodobacter capsulatus (D5ARX7); CpFd: Fd from Clostridium 

pasteurianum (P00195)). The sequence alignment was performed by T-coffee33 and color-coded by the 

BoxShade server. 
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Figure S7. Homology models and reduction potentials of MmFds. Homology models of (A) MmFd1 and  (C) 

MmFd2 were generated based on the crystal structure of a dicluster [4Fe-4S] Fd from Allochromatium 

vinosum (PDB ID: 1BLU).34 (E) The homology model MmFd3 was generated based on the Fd domain of a 

crystal structure of DaPFOR (PDB ID: 2C3Y).35 All homology models are generated via PHYRE2 Protein Fold 

Recognition Server.36 The identities of clusters are based on the occurrence of the cysteine-ligation motif in 

the Fd amino acid sequence. Cyclic voltammograms of (B) MmFd1, (D) MmFd2, and (F) MmFd3 were 

collected at room temperature at a scan rate of 20 mV/s for MmFd1 and MmFd2, and 10 mV/s for MmFd3 

and with a step potential of 0.15 mV. In each measurement, the electrochemical cell contained 50 µM MmFd1, 

50 µM MmFd2 or 20 µM MmFd3 in Buffer M2 pH 7.0 with 1 mM neomycin.   
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Figure S8. Direct monitoring reduction of [4Fe-4S] clusters of (A) MmFd1, (B) MmFd2, and (C) MmFd3 by 

MmOGOR through decreasing absorbance around 400 nm. The first spectrum in each panel was collected 

on ~12 µM MmFds incubated with 10 mM 2-oxoglutarate and 200 µM CoA in Buffer M1 pH 7.0. 200 nM 

MmOGOR was added into each mixture, and spectra were collected every 30 sec up to 10 min after 

MmOGOR addition. Blue arrows indicate the directions of absorption decrement.  
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Figure S9. Indirect monitoring reduction of [4Fe-4S] clusters of (A) negative control, (B) MmFd1, (C) 

MmFd2, and (D) MmFd3 by MmOGOR through the reduction of metronidazole by reduced Fds, which 

leads to decrement of absorbance at 320 nm. The first spectrum in panel (B)-(D) was collected on a mixture 

of 150 µM metronidazole, 10 mM 2-oxoglutarate, 200 µM CoA, and 1 µM Fds in Buffer M1 pH 7.0. 50 nM 

MmOGOR was added to each mixture, and spectra were collected every 1 min up to 30 min after the 

MmOGOR addition. Blue arrows indicate the directions of absorption decrement. 
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Figure S10. Schematic diagrams of (A) 2-oxoglutarate oxidation assay using Fds as the electron acceptor 

and (B) CO2 reduction assay using Fds as the donor. (A) Metronidazole, which loses its characteristic 

absorption at 320 nm when reduced, was used as the terminal electron acceptor to monitor reduced Fds. (B) 

Constant supply of reduced Fd is ensured by PFOR from Desulfovibrio africanus (DaPFOR) oxidizing pyruvate 

to reduce Fd. The product, 2-oxoglutarate, can be detected using glutamate dehydrogenase (GDH), which 

reduces 2-oxoglutarate with NADPH. NADPH loses its characteristic absorption at 340 nm when oxidized; 

thus, it provides a good optical handle for detection.  
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Figure S11. Structurally characterized OFORs show a similar fold. (A) MmOGOR (B) MtPFOR (PDB ID: 

6CIN37) (C) MtOOR (PDB ID: 5C4I17) (D) StOFOR2 (PDB ID: 5B4638). Domain V is absent in MmOGOR and 

StOFORs, but the other part remains a similar fold. Each domain is colored in the same color scheme shown 

in Figure 3A. 
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Figure S12. Redox cofactors in structurally characterized OFORs are oriented similarly. (A) MmOGOR (B) 

MtPFOR (PDB ID: 6CIN37) (C) MtOOR (PDB ID: 5C4I17) (D) StOFOR2 (PDB ID: 5B4638). The absence of domain 

V (brown) in MmOGOR and StOFORs leads to the absence of two [4Fe-4S] clusters per catalytic unit. The 

remaining cofactors in both MmOGOR and StOFOR arrange similarly as PFOR and OOR. Domain coloring as 

in Figure 3A. 
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Figure S13. Sequence alignments of (αβ)2 type OFORs. (A) Residues equivalent to Ile46α in MmOGOR 

(Figure 4A) are conserved isoleucines, indicated by the magenta arrow, in other (αβ)2 type OFORs. (B) 

Residues equivalent to Leu135β in MmOGOR (Figure 4A) are conserved leucines or methionines, indicated 

by the green arrow, in other (αβ)2 type OFORs. (C) Residues equivalent to 210βPTF212β in MmOGOR (Figure 4A) 

are conserved proline/valine, threonine/isoleucine, phenalanine/tyrosine/trptophan, indicated by the blue 

arrows, in other (αβ)2 type OFORs. (D) Residues equivalent to 25βWCP27β in MmOGOR (Figure 4A) are 

conserved tryptophan, cysteine, and proline, indicated by the orange arrows, in other (αβ)2 type OFORs. 

MmA/MmB, OGOR from Magnetococcus marinus MC-1 strain, subunit A (uniprot ID: A0L8G4) and subunit B 

(A0L8G5); St1A/St1B, OFOR1 from Sulfolobus tokodaii, subunit A (Q96Y66) and subunit B (Q96Y68); 

St2A/St2B, OFOR2 from Sulfolobus tokodaii, subunit A (Q96XT2) and subunit B (Q96XT4); HsKA/HsKB, 

OGOR from Halobacterium salinarum, subunit A (B0R3G0) and subunit B (B0R3F9); HsPA/HsPB, PFOR from 

Halobacterium salinarum, subunit A (B0R4X6) and subunit B (B0R4X5); MyA/MyB, OGOR from Mycobacterium 

tuberculosis, subunit A (O53182) and subunit B (O53181); SpA/SpB, OGOR from Staphylococcus pettenkoferi, 

subunit A (H0DIR4) and subunit B (H0DIR3); TaA/TaB, OGOR from Thauera aromatica, subunit A (O87870) 

and subunit B (Q8RJQ9); HtA/HtB, OGOR from Hydrogenobacter thermophilus, subunit A (D3DI99) and 

subunit B (D3DI98); Ap1A/Ap1B, OFOR1 from Aeropyrum pernix, subunit A (Q9YBX7) and subunit B 

(Q9YBX8); Ap2A/Ap2B, OFOR2 from Aeropyrum pernix, subunit A (Q9YA13) and subunit B (Q9YA11). The 

sequence alignment was performed by T-coffee33 and color-coded by the boxshade server. 
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Figure S14. The structure of MtPFOR with CoA bound (PDB ID: 6CIQ37), and composite omit electron 

density for MmOGOR co-crystallized with 2-oxoglutarate and CoA. (A) Composite omit map contoured to 

1.0σ for succinyl-CoA bound to MmOGOR. Domain III is in the ‘swung-in’ conformation. (B) The structure of 

MtPFOR with CoA bound. The binding pattern between MtPFOR and MmOGOR are similar. (C) Composite 

omit map contoured to 1.0σ for CoA bound to MmOGOR. The adenosine end of CoA binds to domain II P-

loop residues, Ser20α, Lys157α, and Asn132α. Because domain III is in the swung-out position, other 

interactions  (Arg129α, Asn169α, Phe158α and Lys161α) observed for succinyl-CoA with domain III are 

spatially impossible. Lys137β forms hydrogen bond with the cysteamine moiety of CoA. (D) Composite omit 

map contoured to 1.0σ of 2-oxoglutarate bound in an active site of MmOGOR. Domain coloring as in Figure 

3A. 
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Figure S15. A model of two copies of MmFd1 (orange) bound to MmOGOR. The model is built by 

superimposing two copies of the homology model of MmFd1 (orange) and the structure of MmOGOR onto 

the structure of MtPFOR (PDB ID: 6CIN37). The [4Fe-4S] clusters of the MmFd1 homology model is adapted 

from the Fd from Allochromatium vinosum (PDB ID: 1BLU34). Domain coloring of OGOR as in Figure 3A. 
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Figure S16. Sequence alignments of the helix-loop motif of domain Vis of OFORs. The positively charged 

residues equivalent to Arg63β in MmOGOR is colored blue; the absolutely conserved cysteine residues for 

[4Fe-4S] binding is colored in red. Sequences 1-52 are the same as previously published phylogenetic 

analysis39 with color coding as the following – dark green: Group 1 (OOR); light green: Group 2 (hypothetical 
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OOR); cyan: Group 3 (PFOR/VOR); purple: Group 4 (PFOR); blue: Group 5, (PFOR/OGOR); yellow: Group 6 

(IOR); red: group 7 (VOR); orange: Group 8 (OGOR). Sequences 53-55 are OFORs whose structures were 

solved after the phylogenetic analysis was published, and all three sequences would be characterized into 

Group 8 based on the same system. Organisms shown in bold fonts are OFORs with at least one solved 

structure. Sequences from Group 5-8, which are predominantly OGOR, IOR and VOR, contain shorter helix-

loop motifs than that of Group 1-4, which are predominantly OOR and PFOR. Sequences from Group 5 and 8 

contain positively charged residues equivalent to Arg63β, which facilitates 2-oxoglutarate and succinyl-CoA 

binding.  
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Supplementary Tables. 

 
Table S1. Genes that encode proteins in this study and their genome neighborhood.   
 
Locus Tag Gene Protein/Function  
 
MmOGOR (Mmc1_1749, 1750) 
 
Mmc1_1741 porA Pyruvate:ferredoxin oxidoreductase alpha subunit  
Mmc1_1742 porB Pyruvate:ferredoxin oxidoreductase beta subunit  
Mmc1_1743 ? Hypothetic protein  
Mmc1_1744 ? Hypothetic protein  
Mmc1_1745 frdB Fumarate reductase/succinate dehydrogenase FeS subunit  
Mmc1_1746 frdA Fumarate reductase/succinate dehydrogenase FAD-binding subunit  
Mmc1_1747 sucC Succinyl-CoA synthase beta subunit  
Mmc1_1748 sucD Succinyl-CoA synthase alpha subunit  
Mmc1_1749 korA 2-oxoglutarate:ferredoxin oxidoreductase alpha subunit 
Mmc1_1750 korB 2-oxoglutarate:ferredoxin oxidoreductase beta subunit 
 
MmFd1 (Mmc1_0249) 
 
Mmc1_0246 rolM LSU ribosomal protein L13P 
Mmc1_0247 rpsI SSU ribosomal protein S9P 
Mmc1_0248 argC N-acetyl-gamma-glutamyl-phosphate reductase, part of L-arginine biosynthesis  
Mmc1_0249 / 4Fe-4S ferredoxin  
Mmc1_0250 yicC YicC N-terminal domain protein 
Mmc1_0251 gmk Guanylate kinase 
Mmc1_0252 rpoZ DNA-directed RNA polymerase subunit omega 
Mmc1_0253 spoT/relA (p)ppGpp synthetase I, strigent response and regulator for cell metabolism  
Mmc1_0254 ridA Putative endoribonuclease L-PSP, enamine deaminase 
Mmc1_0255 ? Hypothetic protein  
Mmc1_0256 ABC transporter  Amino acid ABC transporter substrate-binding protein 
 
MmFd2 (1207) and MmFd3 (Mmc1_1191) 
 
Mmc1_1187 ? Hypothetic protein  
Mmc1_1188 fer2 2Fe-2S ferredoxin  

Mmc1_1189 nifZ Nitrogen fixation protein NifZ 

Mmc1_1190 nifV Homocitrate synthase 
Mmc1_1191 / 4Fe-4S ferredoxin, nif-specific ferredoxin III 
Mmc1_1192 ? Hypothetic protein  
Mmc1_1193 nifX Nitrogenase FeMo cofactor biosynthesis protein NifX 
Mmc1_1194 nifN Nitrogenase FeMo cofactor biosynthesis protein NifN 
Mmc1_1195 nifE Nitrogenase FeMo cofactor biosynthesis protein NifE 
Mmc1_1196 ? Hypothetic protein  
Mmc1_1197 ? Hypothetic protein  
Mmc1_1198 nifY Nitrogenase FeMo cofactor biosynthesis protein NifY 
Mmc1_1199 nifT Nitrogen fixation protein NifT 
Mmc1_1200 nifK Mo-nitrogenase FeMo protein beta subunit NifK 
Mmc1_1201 nifD Mo-nitrogenase FeMo protein alpha subunit NifD 
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Mmc1_1202 nifH Mo-nitrogenase Fe protein NifH 
Mmc1_1203 draT NAD(+)-dinitrogen-reductase ADP-D-ribosyltransferase 
Mmc1_1204 nifA Transcriptional regulator NifA 
Mmc1_1205 gcyA Adenylate/guanylate cyclase 
Mmc1_1206 nifB Nitrogenase FeMo cofactor biosynthesis protein NifB 
Mmc1_1207 / 4Fe-4S ferredoxin  
Mmc1_1208 N2ase associated Nitrogenase-associated protein 
Mmc1_1209 nifQ Nitrogenase FeMo cofactor biosynthesis molybdenum delivery protein NifQ 
Mmc1_1210 draG ADP-ribosyl-(dinitrogen reductase) hydrolase 
Mmc1_1211 pncA Nicotinamidase  
Mmc1_1212 pncB Nicotinate phosphoribosyltransferase 
Mmc1_1213 ? Hypothetic protein  
Mmc1_1214 ? Hypothetic protein  
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Table S2. Activity of OFORs in the 2-oxoacid oxidation direction  

 
Organism 
 

 
Enzyme  

 
kcat (min-1)  

 
Activity (U mg-1)a 

 
Reference  

Desulfovibrio africanus PFOR  4810 / 9 
Moorella thermoacetica PFOR 1680 / 11 
Pyrococcus furiosus PFOR / 21.0  40 
Sulfolobus tokadaii OFOR / 7.5 38 
Moorella thermoacetica OOR / 0.11 30 
Pyrococcus furiosus IOR / 35.2 27 
Thermococcus litoralis VOR / 46 26 
Hydrogenobacter thermophiles 
Hydrogenobacter thermophilus 

OGOR (ForABDGE) / 3.6 41 
OGOR (KorAB) / 35 41 

Thermococcus litoralis OGOR / 25.8 25 
Thauera aromatica OGOR  / 4.8 42 
Magnetococcus marinus MC-1 OGOR 1820 19.5 This work 

a. 1 U is defined as oxidation of 1 µM 2-oxoacid substrates in 1 min 
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Table S3. Activity of MmOGOR toward 2-oxoacid substrates 

 

2-oxoacid substratea 

 

 

Side group (R-) 

  

Relative activity (%)b 

2-oxoglutarate -CH2CH2-COO- 100 

2-oxoadipate -CH2CH2CH2-COO- ~ 0.01 

Oxaloacetate -CH2-COO- N.D. c 

Glyoxylate  -H N.D. c  

Pyruvate -CH3 N.D. c 

2-oxobutyrate  -CH2CH3 N.D. c 

2-oxoisovalerate -CH(CH3)2 N.D. c 

3-methyl-2-oxovalerate -CH(CH3)-CH2CH3 ~ 0.01 

Phenylpyruvate 

 

~ 0.01 

a. All substrates were used at 20 mM, in 50 mM TAPS (pH 8.5) buffer. 
b. Relatively activity is the activity of MmOGOR measured with 2-oxoacid substrates divided by the 
activity measured with 2-oxoglutarate 
c. N.D. no detectable activity over 5 min, or with a relative activity lower than 0.01% 
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Table S4. Data collection and model refinement statistics of MmOGOR. 

 

Fe Peak  
(Data scaled anomalously) Native 

CoA and  
2-oxoglutarate bound 

PDB ID 
 

6N2N 6N2O 
Beamline APS 24-ID-C APS 24-ID-C APS 24-ID-C 
Space group P212121 P212121 P212121 

Cell dimensions (Å) 
a=86.44,  
b=122.31,  
c=163.73 

a=86.28, 
b=123.17,  
c=162.49 

a=86.41, 
b=100.53, 
c=202.05 

Wavelength (Å) 1.7376 0.9790 0.9791 
Resolution (Å) 50.-2.40 (2.49-2.40) 100.-1.94 (2.01-1.94) 100.-2.80 (2.90-2.80) 
# unique reflections 123208 125663 38629 
Completeness (%) 94.1 (93.2) 97.6 (91.3) 90.7 (70.6) 
Redundancy 3.0 (2.3) 4.0 (3.5) 8.1 (7.0) 
<I/σI> 6.4 (1.7) 7.7 (1.8) 10.9 (2.6) 
Rsym 0.100 (0.611) 0.106 (0.621) 0.133 (0.562) 
CC1/2 (0.740) (0.735) (0.857) 

        

    Resolution (Å)  98.2 - 1.94 90.0. - 2.82 
# unique reflections  125566 38579 
Rwork (%) / Rfree (%)  16.8/20.5 21.3/26.1 
RMS bond lengths (Å)  0.005 0.003 
RMS bond angles (o)  0.710 0.590 
# of Atoms/molecules    
    Protein Atoms  13124 13037 
    [4Fe-4S] clusters  2 2 
    TPP  2 2 
    CoA  0 1 
    2-oxoglutarate  0 1 
    Succinyl-CoA  0 1 
    Water molecules  1507 22 
Average B-factor (Å2)  30.4 62.7 
    Protein chains  29.9 62.6 
    [4Fe-4S] clusters  23.8 47.1 
    TPP  22.7 48.7 
    CoA  - 91.6 
    2-oxoglutarate  - 49.4 
    Succinyl-CoA  - 78.4 
    Water molecules  34.8 44.0 
Ramachandran plot  

      Favored (%)  97.56 96.22 
    Allowed (%)  2.39 3.78   
    Outliers (%)  0.06 0.00 
Rotamer outliers (%)  0.29 0.37 
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Table S5. Residues and cofactors modeled in each chain of α (1-573) and β (1-292) in two (αβ)2 structures 

  
Native MmOGOR 

MmOGOR cocrystallized 
with CoA and 2-oxoglutarate 

A α subunit, Chain 1 2-573 2-573, CoA, 2-oxoglutarate 
B β subunit, Chain 1 2-292, TPP, [4Fe-4S] cluster 2-292, TPP, [4Fe-4S] cluster 
C α subunit, Chain 2 2-573 2-573, succinyl-CoA 
D β subunit, Chain 2 2-292, TPP, [4Fe-4S] cluster 2-292, TPP, [4Fe-4S] cluster 
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Table S6. Primers for creating MmOGOR molecular variants  

Mutants Primers Sequences 

T227αA 
Forward 5'-CGCATACCCGATAGCCCCGGCAAC-3' 
Reverse 5'-GTTGCCGGGGCTATCGGGTATGCG-3' 

R303αA 
Forward 5'-GGTTGATGTTCAGGCTGGCGGTCC-3' 
Reverse 5'-GGACCGCCAGCCTGAACATCAACC-3' 

R63βA 
Forward 5'-GCAGGTCCGCCATGCCGTACTTCGTGG-3' 
Reverse 5'-CCACGAAGTACGGCATGGCGGACCTGC-3' 

R63βL 
Forward 5'-GCAGTTCCCTCATGCCGTACTTCGTGG-3' 
Reverse 5'-CCACGAAGTACGGCATGAGGGAACTGC-3' 

N45αQ 
Forward 5'-CGTTCCCGGCGCAAATTAAAGG-3' 
Reverse 5'-CCTTTAATTTGCGCCGGGAACG-3' 

Y436αF 
Forward 5'-CGAACTTCAGTCCGGCCAATCATG-3' 
Reverse 5'-CATGATTGGCCGGACTGAAGTTCG-3' 

I46αA 
Forward 5'-TAAAACGTTCCCGGCGGAAGCTAAAGGCGGTTATGCGATG-3' 
Reverse 5'-CATCGCATAACCGCCTTTAGCTTCCGCCGGGAACGTTTTA-3' 
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