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Abstract

Carbon monoxide dehydrogenase (CODH) plays an important role in the processing of the one-

carbon gases carbon monoxide and carbon dioxide. In CODH enzymes, these gases are channeled 

to and from the Ni-Fe-S active sites using hydrophobic cavities. In this work, we investigate 

these gas channels in a monofunctional CODH from Desulfovibrio vulgaris, which is unusual 

among CODHs for its oxygen-tolerance. By pressurizing D. vulgaris CODH protein crystals with 

xenon and solving the structure to 2.10 Å resolution, we identify 12 xenon sites per CODH 

monomer, thereby elucidating hydrophobic gas channels. We find that D. vulgaris CODH has 

one gas channel that has not been experimentally validated previously in a CODH, and a second 

channel that is shared with Moorella thermoacetica carbon monoxide dehydrogenase/acetyl-CoA 

synthase (CODH/ACS). This experimental visualization of D. vulgaris CODH gas channels lays 

groundwork for further exploration of factors contributing to oxygen-tolerance in this CODH, as 

well as study of channels in other CODHs. We dedicate this publication to the memory of Dick 

Holm, whose early studies of the Ni-Fe-S clusters of CODH inspired us all.
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1. Introduction

Ni-Fe-S-dependent carbon monoxide dehydrogenases (CODHs) catalyze the reversible 

oxidation of CO to CO2 at a Ni-Fe-S center called the C-cluster in the biological equivalent 

of the water-gas shift reaction (CO + H2O ⇌ CO2 + 2H+ + 2e−). In addition to their 

intriguing chemical properties, Ni-Fe-S-dependent CODHs have potential for removing 

pollutants from the environment. Globally, CODHs eliminate approximately 108 tons of CO 

from the environment each year and contribute to the production of 1011 tons of acetate 

per year from CO2 [1–3]. Each CODH homodimer contains five metallocofactors: two 

B-clusters, two C-clusters, and one D-cluster [4,5]. The C-cluster is the site of reversible 

CO2 reduction to CO, whereas the B- and D-clusters of CODH are responsible for wiring 

electrons to the C-cluster for CO2 reduction. CODHs are employed by microbes in a 

variety of metabolic roles, including in methanogenesis and acetogenesis. Depending on the 

metabolic role, CODHs can be found as standalone proteins or as part of larger enzyme 

complexes; to reflect these variations, CODHs can be divided into four classes. Classes 

I and II are found in methanogens, with class I enzymes being involved in autotrophic 

methanogenesis whereas class II enzymes are involved in acetoclastic methanogenesis [6]. 

Methanogenic CODHs form a stable 40-meric complex that includes acetyl-CoA synthase 

(ACS) and corrinoid-iron sulfur protein (CFeSP), called the acetyl-CoA decarbonylase/

synthase complex (ACDS). Although ACDS is known to form an (α2ε2)4β8(γδ)8 complex 

of four α2ε2 CODH tetramers, eight β ACS monomers, and eight γδ CFeSP dimers, the 

overall architecture and organization of these subunits remains unknown [7,8]. Class III 

CODHs are found in acetogens and form a heterotetrameric complex with ACS (CODH/

ACS) [6]. In acetogenic bacteria, CODH/ACS generates acetyl-CoA from CO2 through 

the Wood-Ljungdahl pathway. ACS utilizes an additional Ni-Fe-S metallocofactor termed 

the A-cluster to join the CO molecule that is produced at the C-cluster of CODH with a 

methyl group that is provided through a transient interaction with CFeSP [9–13]. Class IV 

CODHs, such as the Desulfovibrio vulgaris CODH (DvCODH) used in this study, form a 

monofunctional homodimer, which catalyzes the reversible oxidation of CO to CO2 [6].

The CODH from D. vulgaris has an interesting and unique property of oxygen-tolerance. 

DvCODH is the most oxygen-tolerant of any known CODH [14–16]. Although the 

Carboxydothermus hydrogenoformans CODH II (ChCODH II) appears to have some 

tolerance to oxygen, DvCODH reacts with O2 half as fast as ChCODH II, and recovers 

much more activity after O2 removal. Importantly, DvCODH can be fully reactivated 

upon reduction, whereas reduction of ChCODH II after O2 gives only 20% activity 

[14]. The survival time of DvCODH after oxygen exposure is quite long, as DvCODH 

retains all metallocofactors after 2 days of oxygen exposure [15]. Following exposure to 

oxygen, the C-cluster of DvCODH undergoes a rearrangement giving a novel oxidized 

C-cluster conformation. With an oxidized C-cluster, DvCODH is inactive, but this C-cluster 

rearrangement is fully reversible such that upon reduction the C-cluster returns to its 
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canonical reduced conformation [16]. Due to its interesting and unique properties, we have 

pursued the further characterization of the CODH from D. vulgaris to determine how various 

features of this enzyme resemble or differ from other CODHs. Here, we examine internal 

cavities that are proposed to be used for gas transport within DvCODH.

The first channel in an enzyme structure was reported in 1988 for tryptophan synthase [17]. 

Since then, internal cavities have been discovered in a large number of enzyme structures 

[18]. Cavities can provide access for substrates and products between the protein surface 

and a buried active site, and, in some cases, modulate enzyme specificity [18]. For the 

latter, channels have become an area of interest for protein engineering [19]. In the case 

of enzymes with two active sites, a channel can protect a reactive intermediate as it travels 

between active sites, decrease transit time, and prevent intermediate loss [20,21]. CODHs 

are known to use channels to route gaseous molecules to and from their active sites [22–25]. 

The cavity search program CAVER [26] predicts that the route of these gas channels will 

vary in different CODHs for which structures have been determined (Fig. 1). There appears 

to be a common path for gas channels in monofunctional CODHs, whereas in bifunctional 

CODH/ACS, the path of the channels varies significantly based on the quaternary structure 

of the enzyme. Whereas the gas channel of Clostridium autoethanogenum CODH/ACS 

(CaCODH/ACS) is predicted to be similar to those found in monofunctional CODHs, the 

path of the gas channel is entirely distinct in CODH/ACS from Moorella thermoacetica 
(MtCODH/ACS). Although it is likely that gas channels will connect the metallocluster 

active sites in methanogenic ACDS complexes, the arrangements of CODH subunits to ACS 

subunits is currently unknown.

Cavity calculations have been completed on various CODHs, however, experimental data 

showing the path of gas channels in CODHs are limited. In this study, we perform 

crystallographic studies with xenon gas to experimentally visualize the gas channel of 

DvCODH. Xenon is a useful crystallographic tool in that it is known to bind in hydrophobic 

cavities, ligand and substrate binding sites, and channel pores. Therefore xenon can be used 

to identify these features [31,32]. For this system, xenon is considered a reasonable mimic 

for CO due to their similar sizes. Xenon has a van der Waals radius of 2.16 Å, similar 

to the effective van der Waals radius of CO, which is ~2 Å. Another useful parameter for 

comparing the sizes of these gases is kinetic diameter, which is typically used to evaluate 

the likelihood of collision, adsorption, and permeation of gases into porous materials [33]. 

The kinetic diameters for xenon and CO are 4.05 Å and 3.76 Å respectively [33,34]. 

Interestingly, the kinetic diameter of CO2 is only 3.30 Å, which suggests that cavities 

permeable to xenon and CO would also be permeable to CO2 [33]. Xenon’s comparable 

size to CO and CO2 along with its ability to bind in hydrophobic cavities make xenon gas 

a suitable tool for studying the gas channels of CODHs. Previously in two different studies, 

xenon was used to identify the hydrophobic gas channels in MtCODH/ACS, elucidating a 

138 Å long channel used for CO transport [22,35]. Xenon was also used to map gas channels 

in a methanogenic α2ε2 CODH complex [30], although the structure with xenon was not 

deposited in the PDB. Here, we present the xenon-bound structure of the monofunctional 

DvCODH and compare it to the one deposited xenon-bound MtCODH/ACS structure [22].
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2. Materials and methods

2.1. Protein purification

DvCODH was expressed in the presence of the C-cluster maturation factor CooC, as 

described previously [15,16,36,37]. Briefly, the cooS gene encoding CODH and the cooC 
gene encoding the CooC maturase were cloned into modified pBGF4 shuttle vectors under 

the control of the promoter of the Desulfovibrio fructosovorans Ni–Fe hydrogenase operon. 

The CODH construct was N-terminally strep-tagged. The protein expressed was in D. 
fructosovorans str. MR400 [38] and purified under anaerobic conditions in a Jacomex 

anaerobic chamber (100% N2 atmosphere) by affinity chromatography on Strep-Tactin 

Superflow resin, as described previously [36]. Protein concentrations were determined by 

amino acid analysis at the Centre for Integrated Structural Biology (Grenoble, France).

2.2. Growth and pressurization of DvCODH crystals with Xenon

Crystals were grown anaerobically (100% N2 atmosphere) at 21 °C by hanging drop vapor 

diffusion in an MBraun anaerobic chamber. The hanging drop consisted of 0.75 μL of 

protein solution (CODH at 10 mg/mL in 100 mM Tris-HCl pH 8) mixed with 1 μL of 

reservoir solution (250 mM MgCl2, 16% (w/v) PEG 3350), with the addition of 0.25 

μL of a solution of crushed microcrystals to aid in nucleation (at a 1:100,000 dilution 

from a seed stock). Diffraction quality crystals grew within 7 days. Crystals belong to 

space group C2 with a monomer in the asymmetric unit (a = 113.8 Å, b = 100.9 Å, c = 

65.4 Å, β = 124.9°). Crystals were cryoprotected with 250 mM MgCl2, 20% (w/v) PEG 

3350, 9% (v/v) glycerol. A Xe pressure cell built based on the design from the Stanford 

Synchrotron Radiation Lightsource (SSRL) [39] was used to pressurize the crystals with 

Xe following cryoprotection but before cryocooling, according to standard protocols [39]. 

Briefly, a looped and cryoprotected crystal was lowered into the pressurizing chamber, and 

the chamber was closed (Fig. S1). To prevent the crystal from drying out, a vial containing 

~100 μL of water was placed at the bottom of the pressurizing chamber. The chamber was 

pressurized with 200–300 psi Xe gas for 16 min. After quickly depressurizing the chamber 

(~20 s), the looped crystal was plunged into liquid nitrogen.

2.3. Data collection and processing

Native data (wavelength = 0.9791 Å) were collected at the Advanced Photon Source 

(Argonne, IL) at beamline 24-ID-C using an Eiger-2 16 M detector. Xe peak data 

(wavelength = 2.0663 Å) were collected at the SSRL beamline 9–2 using a Dectris Pilatus 

6 M detector. All data were integrated and scaled in XDS [40]. Data collection statistics are 

summarized in Table 1.

2.4. Structure determination and refinement

The initial structure of xenon-pressurized DvCODH was determined to 2.10 Å resolution 

by molecular replacement (MR) in the program Phaser [41]. The search model for MR was 

generated from the structure of the CODH from Desulfovibrio vulgaris (100% sequence 

identity; PDB ID: 6B6V, P212121, a = 65.65 Å, b = 111.96 Å, c = 195.29 Å) by modification 

in Sculptor [42] using the Schwarzenbacher algorithm [43] with a pruning level of 2. 
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Residues 4–628 (of 629 total) were used in the search model, including only one monomer. 

A single MR solution was found with an LLG of 3270, TFZ of 55.9, and R-value of 34.9. 

For this structure, refinement of atomic coordinates and atomic displacement parameters 

(B-factors) was carried out in Phenix. Custom parameter files were used to restrain C-cluster 

geometry during refinement. The model was completed through iterative rounds of model 

building in Coot [44] and refinement in Phenix [45]. In advanced stages of refinement, water 

molecules were added in Coot and verified using a composite omit map. Final stages of 

refinement included translation, libration, screw (TLS) parameterization with one TLS group 

per monomer [46]. Model was refined without hydrogens.

Following initial rounds of refinement, unaccounted for electron density in the 2|Fo| |Fc| 

maps calculated from the native diffraction data was present in the hydrophobic cavities. 

Anomalous difference maps calculated from diffraction data collected at the xenon peak 

wavelength (2.0663 Å) showed consistent high σ electron density peaks. Into these electron 

density peaks, Xe atoms were modeled in Coot.

Final refinement of each structure yielded models with low free R-factors, reasonable 

stereochemistry, and small root mean square deviations from ideal values for bond lengths 

and angles. The final model contains residues 8–628 (of 629 total). Model was validated 

using simulated annealing composite omit maps calculated in Phenix. Model geometry 

was analyzed using MolProbity [47]. Analysis of Ramachandran statistics indicated that 

each structure contained the following percentages of residues in the favored, allowed, and 

disallowed regions, respectively: 96.3%, 3.4%, 0.3%. Figures were generated in PyMOL 

[48]. Crystallography packages were compiled by SBGrid [49].

2.5. Computational channel prediction

Internal channel prediction was performed by CAVER [26] by applying a probe radius of 0.9 

Å.

3. Results

3.1. The gas channels of DvCODH

Using our in-house xenon pressure cell, we have determined the structure of xenon-bound 

DvCODH to 2.10 Å resolution (Fig. 2). Alignment of the xenon-gassed DvCODH with the 

non-gassed structure (6B6W) [16] reveals a high level of similarity, with a Cα r.m.s.d. of 

0.351 Å and no substantial side chain movements (Fig. S2). The structure of xenon-bound 

DvCODH reveals 12 xenon sites per monomer as found in the asymmetric unit, equating to 

24 xenon sites per CODH dimer, which is the biologically relevant oligomeric state. These 

12 xenon atoms appear to form a forked channel, leading in one direction toward the dimer 

interface (sites 1–4) and in the other direction away from the dimer interface (sites 5–12). 

Both routes (sites 1–4 and sites 5–12) are directed toward the C-cluster, suggesting that 

CO may access the active site through either of these channels. In a deviation from the 

CAVER [26] predictions, the gas channels of the two CODH monomers are not joined. This 

observation is consistent with the findings in MtCODH/ACS, wherein an internal channel 

was predicted to connect the two C-clusters but there were no xenon sites identified between 
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the C-clusters. In DvCODH, it appears that xenon atoms are excluded from this region due 

to the presence of water molecules found within this predicted channel and polar residues 

lining this predicted channel (Fig. S3). These water molecules and polar residues would 

likely also repel CO/CO2. Additionally, xenons 10–12 are outside of the CAVER channel 

prediction, but aside from these deviations, the experimental data show strong agreement 

with the CAVER calculations, as 9 xenon sites are within the predicted channel.

3.2. Xenon binding cavities are predominantly hydrophobic

As expected, the vast majority of amino acid residues surrounding the xenon sites in 

DvCODH are hydrophobic (Fig. 3). There are 58 amino acids in total within 5 Å of the 12 

xenon sites. Of these 58 amino acids, 46 are nonpolar aliphatic (79%), 5 are aromatic (9%), 

6 are polar (10%), and 1 is charged (2%). The single charged residue, H572, is oriented such 

that its side chain points away from the channel, and in fact the only portion of H572 that 

comes within 5 Å of the nearby xenon site 5 is the backbone. One of the aromatic residues, 

Y563 (contacting site 6), also contains a polar hydroxyl group, which does point inward 

toward the channel. The six polar contacting residues include: T210 (site 1), N522 (site 6), 

C529 (sites 7 and 8), S548 (site 5), S549 (site 5), and T571 (site 5). For both threonine 

residues, T210 and T571, the hydroxyl group is pointing away from the channel and the 

methyl group points in toward the channel. S548 similarly has its hydroxyl group facing 

outward such that it does not contact the xenon cavities; S549 on the other hand has its polar 

hydroxyl group oriented toward the channel. The final two sites, N522 and C529, also have 

polar groups pointing into the channel. However, these residues only make up a small subset 

of those coming into contact with the channel, with the majority of channel-forming residues 

being hydrophobic amino acids, such as leucine, isoleucine, valine, and phenylalanine.

3.3. Similarities and differences of gas channels in D. vulgaris and M. thermoacetica

As predicted by CAVER, there are notable variations between the gas channels of 

DvCODH and MtCODH/ACS; however, there are also similarities (Fig. 4). Variations can 

be rationalized by the fact that channels in MtCODH/ACS have an additional purpose: 

to transport gas between active sites. DvCODH, a monofunctional enzyme, serves to 

catalyze the reversible oxidation of CO to CO2 at the C-cluster, whereas the bifunctional 

MtCODH/ACS utilizes two active sites, the C-cluster and the A-cluster, to catalyze the 

reversible reduction of CO2 to CO and the synthesis of acetyl-CoA from CO, CH3, and 

CoA. Therefore, in M. thermoacetica, the channels must direct the CO product from one 

active site, the C-cluster, to another active site, the A-cluster. In contrast, in D. vulgaris, the 

channels simply direct entry to and exit from the active site. The differences in the functions 

of these channels are reflected in the experimentally observed path of these channels.

In MtCODH/ACS all channels observed are internal, connecting the C- and A-clusters. 

In other words, there were no xenon sites identified in MtCODH/ACS that would allow 

for gaseous substrates to exit the C-cluster and reach the protein surface. The lack of 

exit channels in this particular conformation of CODH/ACS is a valuable feature because 

it assists in ensuring that all of the CO generated at the C-cluster is directed to the 

A-cluster. CODH/ACS is known to be a dynamic enzyme complex, so it is probable that 

conformational changes in the CODH/ACS heterotetramer would expose a path for CO2 
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entry to the C-cluster, which may not be accessible in this conformation. The gas channel 

of DvCODH has two branches, both of which lead to the surface of the enzyme and could 

serve for entry and exit of gaseous substrates and products. It is probable that one branch 

is used for CO entry and the other branch is used for CO2 exit, though there is no clear 

indication from the experimental data which branch is used for entry and which is used for 

exit.

Of the two branches of the gas channel from DvCODH, one branch is shared with 

MtCODH/ACS whereas the other branch veers in a distinct direction (Fig. 4). The 

similarity in location of xenon sites 1–5 of DvCODH and the CODH xenon sites of 

MtCODH/ACS would suggest some sequence conservation of channel residues. Recall 

that in DvCODH, 58 residues contact xenon sites. In MtCODH 42 residues contact xenon 

sites (there are additional contacts in ACS as well). DvCODH and MtCODH share 25 

xenon contacts in common. Of these 25 common contacts, 11 (44%) are conserved, having 

the same amino acid in both enzymes at the same position. Although there is substantial 

variation in the identity of the channel residues, biochemical properties of these channel 

residues show moderate conservation, with 17 of 25 (68%) common contacts share similar 

biochemical properties (both nonpolar aliphatic, both aromatic, or both polar) in DvCODH 

and MtCODH.

In addition to showing common contacts, overlaying the two xenon-bound CODH structures 

provides insight into where these channels differ and why we see a different path for the 

gas channel in DvCODH that is not found in MtCODH/ACS. Particularly, we note that 

upon aligning these structures we see that several residues from MtCODH/ACS occupy the 

same positions as the xenon sites from DvCODH. Particularly the following residues from 

MtCODH clash with xenon sites from DvCODH: L620 (site 2), F634 (site 3), W595 (site 

6), F576 (site 7), M563 (site 8), and N453 (site 9) (Fig. 4E). Notably, despite the clashes of 

L620 and F634 of MtCODH with xenon sites in DvCODH, there are still xenon sites nearby 

these residues in MtCODH (sites 1–5 in Fig. 4C) forming a channel analogous to that found 

in DvCODH (sites 1–5 in Fig. 4B). In contrast, the clashes of MtCODH residues W595, 

F576, M563, and N453 with xenon sites of DvCODH do give rise to channel blockage. 

There are no MtCODH xenon sites near xenon sites 6–12 in DvCODH, indicating that 

no such channel exists in this region of MtCODH. This difference appears to be due to 

bulky residues protruding out and blocking the space where this channel forms in DvCODH. 

Overall, it appears that DvCODH shares the channel present in MtCODH that is directed 

toward the A-cluster (Fig. 4A), and DvCODH has an additional channel, potentially with 

one channel serving as the path for substrate entry and the other as the path for product exit.

4. Discussion

Through this work, we have elucidated the path of gas channels in DvCODH (Fig. 2). 

These gas channels in the monofunctional DvCODH appear to have some similarity to the 

channels of bifunctional MtCODH/ACS, sharing one channel in common, but DvCODH 

has an additional channel not found in MtCODH/ACS (Fig. 4). To date, DvCODH and 

MtCODH/ACS are the only two CODHs for which xenon-bound structures have been 

deposited in the PDB. Hydrophobic gas channels have been characterized with xenon-
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soaking studies in other CODHs, such as the methanogenic CODH, but their structures were 

not deposited in the PDB, making detailed structural comparisons challenging [30,35]. We 

remain interested in how gas channels vary in CODHs more broadly. Thus, to gain insight 

into potential similarities and differences of gas channels in other CODHs, we can use 

sequence and structural comparisons.

Here, we align the sequence of DvCODH with those of other monofunctional CODHs for 

which a structure has been deposited in the PDB (R. rubrum: 1JQK, C. hydrogenoformans 
type II: 1SU6, C. hydrogenoformans type IV, 6ELQ), and we align the DvCODH 

sequence with those of bifunctional CODHs that have been visualized in complex with 

their corresponding ACS subunit (M. thermoacetica: 1MJG, and C. autoethanogenum: 

6YTT). For all of these CODHs, we note sequence similarities and differences at the 

positions of the 58 channel-forming amino acids in DvCODH (Figs. 5–6, S4–S5). The 

cavity search program CAVER predicts that the channels of DvCODH are analogous to 

those of other monofunctional CODHs from R. rubrum, C. hydrogenoformans type II, 

and C. hydrogenoformans type IV (Fig. 1). Upon aligning the sequences of these four 

monofunctional CODHs, we see that each R. rubrum, C. hydrogenoformans type II, and C. 
hydrogenoformans type IV CODH have the same amino acid or an amino acid similar in 

biochemical properties at the equivalent position for minimally 48 of the 58 residues (83%) 

contacting xenon in DvCODH (Figs. 5–6). Despite their high sequence similarity, there 

are some differences between DvCODH and other monofunctional CODHs. In DvCODH, 

we observe an alanine at position 589, contacting xenon site 2 (Fig. 3A). However, at the 

equivalent position in R. rubrum CODH (residue 601), we observe a valine. The larger 

size of this valine sidechain is significant because V601 of R. rubrum CODH clashes with 

xenon site 2 upon overlaying the two structures (Figs. 5, 6A). Interestingly, we see a similar 

pattern in all other CODHs analyzed here, wherein at the position equivalent to A589 in 

DvCODH, there is a larger nonpolar residue. Specifically, at this position there is a leucine 

in C. hydrogenoformans type II, C. hydrogenoformans type IV, M. thermoacetica, and C. 
autoethanogenum CODHs (Figs. 5, 6B–E). Although the valine and leucine residues in this 

position all clash with xenon site 2, it is not clear that this clash is sufficient to block 

the channel. As noted previously, in MtCODH the clash of L620 (the equivalent position 

of DvCODH A589) with xenon site 2 does not preclude the formation of a gas channel 

with a similar path (Fig. 4). Aside from a slight shift in the positions of the xenon atoms, 

the channel represented by xenon sites 1–5 in MtCODH appears comparable to the one 

represented by xenon sites 1–5 in DvCODH. Therefore, it is reasonable to expect that the 

clashes found between xenon site 2 and residues at the equivalent position to DvCODH 

A589 do not block any gas channels. Since there are no additional clashes found in R. 
rubrum, C. hydrogenoformans type II, or C. hydrogenoformans type IV, it is probable that 

all channels present in DvCODH exist in these other monofunctional CODHs.

In bifunctional CODH/ACS, upon alignment with xenon-bound DvCODH we observe 

additional clashes with the xenon sites of DvCODH. As described previously, W595, F576, 

M563, and N453 of MtCODH (aligning with contacting residues A564, V545, L532, and 

I431 of DvCODH, respectively) do appear to block the gas channel represented by xenon 

sites 6–12 in DvCODH (Figs. 4, 5, 6D), which is consistent with CAVER predictions (Fig. 

1). For the CODH/ACS from C. autoethanogenum, alignment with xenon-bound DvCODH 
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suggests that the channel represented by xenon sites 1–5 in DvCODH is less accessible 

even though CAVER maps out this region as a cavity in both of these enzymes. Although 

we expect L593 of CaCODH/ACS (which aligns with DvCODH A589) is insufficient to 

block this putative gas channel in spite of its clash with xenon site 2, there is an additional 

clash of W600 (aligned with DvCODH V596) with xenon site 1 of DvCODH (Figs. 5, 6E). 

Therefore, W600 of CaCODH/ACS may help to direct CO toward the other cavity that leads 

to the ACS subunit, preventing loss of CO from the enzyme before it can be utilized in the 

production of acetyl-CoA. In contrast to the channel represented by xenon sites 1–5, there 

are no clashes between CaCODH/ACS and xenon sites 6–12 of DvCODH, which comprise 

the channel that would lead to ACS in C. autoethanogenum (Fig. 6E). Thus, if the putative 

gas channel represented by xenon sites 1–5 is used in CaCODH/ACS, it is not likely to 

be employed as a pathway for CO. Previously, it was suggested that CO2 may access the 

C-cluster of CODH through this path [24]. The channel represented by xenon sites 6–12, on 

the other hand, is likely to be the primary channel in CaCODH/ACS that is responsible for 

directing the CO from the C-cluster to the A-cluster in the ACS subunit.

To investigate the conservation of channel blocking residues in bifunctional CODH/ACSs, 

we completed a sequence and BLAST distance tree analysis of thirteen additional putative 

CODHs (that have not been structurally characterized) from bacteria that are proposed 

acetogens and/or have a corresponding putative ACS in their genome (Fig. S6) [56,57]. 

From this analysis, we found that for the proposed channel-blocking residues in M. 
thermoacetica (W595, F576, M563, and N453), W595 is conserved in all Moorella species 

analyzed, and F576, M563, and N453 are conserved within the Moorella genus as well 

as in Thermoanaeromonas toyohensis and Thermoanaerobacteraceae bacteria, which show 

the closest relation to the Moorella genus in our BLAST distance tree analysis. For W600, 

the proposed channel-blocking residue in C. autoethanogenum, we note conservation within 

all Clostridium species analyzed, as well as conservation of aromatic character within 

the Clostridiales order (Clostridium and Acetobacterium genus), indicating that channel 

blocking may be conserved among this order.

In addition to channels providing routes for substrates into and out of buried active sites 

and/or between active sites, channels can also influence substrate selectivity. When the 

active site is an oxygen-sensitive metallocofactor and the substrate is a gaseous molecule, 

the question that follows is whether channels can select for the gaseous substrate and 

limit entry of molecular oxygen gas that will damage the metallocofactor. Although the 

role of channels in CODHs in regard to oxygen permeability is only beginning to be 

investigated, research on [NiFe] and [FeFe] hydrogenases is further advanced [50–53]. 

For example, studies have shown that substituting methionines in a highly conserved gas 

channel for a leucine and a valine generates an oxygen-tolerant [NiFe] hydrogenase [54]. 

Given that DvCODH is known to be more tolerant to molecular oxygen than other CODH 

enzymes (see Introduction), we were interested to determine if DvCODH had evolved 

distinct gas channels from those channels observed in other CODHs. As reported above, 

we do not find substantial differences in the gas channels. Thus, the largest difference 

between DvCODH and the other CODHs described in this study is still the presence of 

a more oxygen-stable [2Fe–2S] D-cluster in the Dv enzyme [15,16]. Despite the lack of 

a novel gas channel in DvCODH, smaller differences revealed in the residues lining these 
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channels may still be important for DvCODH oxygen stability. As the above example from 

the hydrogenase literature illustrates, small changes in amino acids can have a meaningful 

impact. Computational methodology has advanced to allow for extensive mapping of 

diffusion channels in hydrogenases [55]. A similar approach could be employed using the 

data provided here, potentially allowing for more conservative residue substitutions to be 

identified as potentially contributing to the observed oxygen stability of DvCODH.

5. Conclusions

From the xenon gas studies on CODHs performed thus far, there appear to be two main 

gas routes: one spanning from the C-cluster toward the interface of the CODH homodimer 

(as observed in DvCODH xenons 1–5 and MtCODH/ACS) and another leading from the 

C-cluster away from the CODH dimer interface (as observed in DvCODH xenons 6–12 and 

not in MtCODH/ACS). C. autoethanogenum CODH/ACS, on the other hand, is likely to 

use the latter channel (xenons 6–12), consistent with the alternative positioning of its ACS 

subunit. Specific amino acid residues can block the path of the gas channels, allowing the 

enzyme to control the flow of CO in one specific direction, such as in the direction of the A-

cluster in the case of bifunctional CODH/ACSs. Often aromatic residues such as tryptophan 

and phenylalanine are used as channel-blocking residues. In the other monofunctional 

CODHs for which structures are available, our analysis suggests that both gas channels 

are available for CO (or possibly CO2) gas to enter/exit the enzymes. We know the least 

about gas channels in methanogenic ACDS complexes that are comprised of (α2ε2)4β8(γδ)8 

subunits [7,8]. Chan and co-workers have provided a crystal structure of two of the subunits, 

α2ε2, in complex [30], but there is no structure of the CODH (α) subunit with an ACS (β) 

subunit available, limiting our ability to predict likely routes for CO gas to travel. It is also 

unknown how channel variations affect oxygen sensitivity. Further experimental study will 

be crucial to advancing our understanding of gas channeling in CODHs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Comparison of hydrophobic channels in CODH complexes. All models were superposed on 

the CODH dimer and shown with the same orientation. Structures are D. vulgaris (PDB: 

6B6V) [16], R. rubrum (PDB: 1JQK) [5], C. hydrogenoformans type II (PDB: 1SU6) [27], 

C. hydrogenoformans type IV (PDB: 6ELQ) [28], M. thermoacetica (PDB: 1MJG) [29], M. 
barkeri (PDB: 3CF4) [30], and C. autoethanogenum (PDB: 6YTT) [24]. Calculations were 

performed in CAVER [26] using a probe radius of 0.9 Å. The CODH dimer is colored in 

light and dark green, and ACS domains 1, 2, and 3 are colored in violet, navy, and light blue, 

respectively. Metalloclusters are shown as spheres with iron, sulfur, and nickel in orange, 

yellow, and green, respectively.
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Fig. 2. 
Gas channels of DvCODH as elucidated by xenon-bound CODH structures. (A) Anomalous 

difference map calculated from diffraction data collected at the xenon peak wavelength 

(2.0663 Å) contoured to 4σ and overlaid with DvCODH structure. Although DvCODH 

only has a monomer in the asymmetric unit, it is being displayed with its crystallographic 

symmetry mate to show the biologically relevant dimer. (B) Structure of xenon-bound 

DvCODH with xenon as cyan spheres. CAVER predictions for the gas channel of DvCODH 

are overlaid and colored in magenta. CODH and metalloclusters colored as in Fig. 1.
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Fig. 3. 
Channel-forming residues in DvCODH. Residues within 5 Å of xenon sites are shown as 

sticks with the alpha carbon shown as a ball. Colored as in Fig. 2. Xenon sites shown are: 

(A) xenon 1–4, (B) xenon 5–8, and (C) xenon 9–12.
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Fig. 4. 
Comparison of Xe sites in D. vulgaris and M. thermoacetica CODHs. (A) Overlay of 

xenon-bound DvCODH and MtCODH/ACS22. Xenon sites from MtCODH/ACS are labeled 

1–10. Colored as in Fig. 1, with xenon sites in DvCODH colored in deep blue and xenon 

sites in MtCODH/ACS colored in aquamarine. (B) Depiction of DvCODH, with side chains 

in deep blue, showing channel-forming residues shared between DvCODH and MtCODH/

ACS. (C) Depiction of MtCODH/ACS, with side chains in aquamarine, showing channel-

forming residues shared between DvCODH and MtCODH/ACS. (D) Overlay of shared 

channel-forming residues in DvCODH and MtCODH/ACS. (E) Channel-blocking residues 

in MtCODH/ACS. Xenon sites from DvCODH are labeled 1–12.
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Fig. 5. 
Sequence alignment of CODHs. Channel-forming residues from DvCODH are colored in 

green. At the equivalent position in all other CODHs, residues with the same identity also 

are colored in green, those with similar biochemical properties are colored in yellow, and 

those with different biochemical properties are colored in orange. Residues clashing with 

xenon atoms bound to DvCODH are shown in magenta.
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Fig. 6. 
Structural comparison of DvCODH gas channel-forming residues with other CODHs 

aligned. (A) R. rubrum (PDB: 1JQK) [5]. (B) C. hydrogenoformans type II (PDB: 1SU6) 

[27]. (C) C. hydrogenoformans type IV (PDB: 6ELQ) [28]. (D) M. thermoacetica (PDB: 

2Z8Y) [22]. (E) C. autoethanogenum (PDB: 6YTT) [24]. DvCODH shown in green. At the 

equivalent position in all other CODHs, residues with the same identity are colored in green, 

with similar biochemical properties are colored in yellow, and with different biochemical 

properties are colored in orange. All xenon atoms shown are bound to DvCODH and 

depicted in cyan. Residues clashing with xenon are shown in magenta. Metalloclusters 

colored as in Fig. 1. See SI Figs. S4–S5 for versions of Figs. 5–6 that have more residue 

identification information.
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Table 1

Crystallographic data collection and refinement statistics.

Native PDB CODE: 7TSJ Xe peak^

Data collection Space group C2 C2

Cell dimensions

 a, b, c (Å) 113.9, 100.9, 65.4 113.9, 100.9, 65.4

 α, β, γ (°) 90.0, 124.9, 90.0 90.0, 124.9, 90.0

Resolution (Å)* 46.75–2.10 (2.17–2.10) 46.84–3.08 (3.19–3.08)

Rsym (%)* 6.2 (51.7) 10.1 (72.6)

CC1/2
* 99.7 (86.5) 99.7 (65.2)

< I / σI >* 12.6 (2.6) 9.3 (1.7)

Completeness (%)* 97.7 (98.2) 97.5 (97.2)

Redundancy* 3.9 (3.5) 3.4 (3.1)

No. unique reflections* 34,865 (3500) 21,695 (2151)

Refinement Resolution (Å) 46.73–2.10

Rwork / Rfree
† 0.169/0.210

No. atoms

 Protein 4621

 B-cluster 8

 C-cluster 9

 D-cluster
2
‡

 Xenon 12

 Water 74

B-factors (Å2)

 Protein 50.3

 B-cluster 38.4

 C-cluster 50.6

 D-cluster 45.2

 Xenon 52.9

 Water 48.0

R.m.s. deviations

 Bond lengths (Å) 0.007

 Bond angles (°) 0.82

Rotamer outliers (%) 1.88

Ramachandran (%)

 Favored 96.6

 Allowed 3.1

 Disfavored 0.3

Residues (of 629)

 Chain A 8–628
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*
Values in parentheses are for the highest-resolution shell.

†
5.22% of reflections were set aside for test set.

‡
For this structure, the D-cluster was refined as one iron with one sulfur, given the presence of monomer in the ASU.

^
Friedel’s pairs were not merged.
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