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Abstract

Ni-Fe CO-dehydrogenases (CODHs) catalyze the conversion between CO and CO, using a chain
of Fe-S clusters to mediate long-range electron transfer. One of these clusters, the D-cluster, is
surface-exposed and serves to transfer electrons between CODH and external redox partners.
These enzymes tend to be extremely O,-sensitive and are always manipulated under strictly
anaerobic conditions. However, the CODH from Desulfovibrio vulgaris (Dv) appears unique:
exposure to micromolar concentrations of O, on the minutes-timescale only reversibly inhibits
the enzyme, and full activity is recovered after reduction. Here we examine whether this unusual
property of Dv CODH results from the nature of its D-cluster, which is a [2Fe-2S] cluster,
instead of the [4Fe-4S] cluster observed in all other characterized CODHs. To this aim we
produced and characterized a Dv CODH variant where the [2Fe-2S] D-cluster is replaced with a
[4Fe-4S] D-cluster through mutagenesis of the D-cluster-binding sequence motif. We
determined the crystal structure of this CODH variant to 1.83-A resolution and confirmed the
incorporation of a [4Fe-4S] D-cluster. We show that upon long-term O,-exposure, the [4Fe-4S]
D-cluster degrades whereas the [2Fe-2S] D-cluster remains intact. Crystal structures of the Dv
CODH variant exposed to O, for increasing periods of time provide snapshots of [4Fe-4S]

D-cluster degradation. We further show that the WT enzyme purified under aerobic conditions
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retains 30% activity relative to a fully anaerobic purification, compared to 10% for the variant,
and the WT enzyme loses activity more slowly than the variant upon prolonged aerobic storage.
The D-cluster is therefore a key site of irreversible oxidative damage in Dv CODH, and the
presence of a [2Fe-2S] D-cluster contributes to the O,-tolerance of this enzyme. Together, these

results relate O,-sensitivity with the details of the protein structure in this family of enzymes.

Keywords:
CO-dehydrogenase, Iron-Sulfur cluster, Carbon monoxide, Oxygen-sensitivity, Oxidative

damage, Crystallography, Protein film voltammetry.

Introduction
Ni-Fe—dependent carbon monoxide dehydrogenases (CODHs) catalyze the interconversion of the
gaseous pollutant CO and the greenhouse gas CO,, allowing for autotrophic growth of various
microbes on these simple one-carbon compounds.'* CooS-type CODHs are homodimers that
contain a total of five metalloclusters, called the B-, C-, and D-clusters (Figure 1A).** Each
symmetric CODH dimer contains two C-clusters, two B-clusters, and one D-cluster that is shared
between the two monomers at the dimer interface. The chemistry of CO/CO, interconversion
occurs at the C-cluster, a distinctive [Ni-3Fe-4S] cubane connected through one of the sulfide
ions to a mononuclear iron site, Fe,.>* The B- and D-clusters are Fe-S clusters that wire the
C-cluster to the surface of the protein, where electrons are exchanged with an external redox
partner, such as a ferredoxin.*® To date, all characterized Ni-Fe CODHs exhibit high sequence
identities (40—57%) and share an overall fold in which each monomer consists of an N-terminal
helical domain followed by two a/p Rossmann-like domains (Figure 1A).>*71

Ni-Fe CODHs are inhibited by molecular oxygen, presumably due to the O,-sensitive nature
of their metallocofactors.'"™ However, the CODH from Desulfovibrio vulgaris (Dv) was
recently shown to be unusually O,-resistant:"* following transient exposure to up to 20 uM O,,
Dv CODH recovers nearly full activity upon re-reduction of the enzyme. This reductive
reactivation is reminiscent of the behavior of standard Ni-Fe hydrogenases, for example,' but

contrasts to what has been observed for all the other CODHs that have been characterized. Other
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CODHs, including CODHs 1, II, and IV from Carboxydothermus hydrogenoformans,*'” and the

two CODHs from Thermococcus sp. AM4,'® reactivate either to a much lesser extent or not at

all.

Together, these observations suggest that Dv. CODH has a unique mechanism of

O,-tolerance.

R
C C-X,-C
1
Dv 34 RAAEQTPACKFCELGTTCRNCIMGPCRIANRK 65
Rr 33 RYEKQQPQCGFGSAGLCCRICLKGPCRIDPFG 64
Mt 51 RFVAQQPQCKIGYEGICCRFCMAGPCRIKATD 82

Ch IT 31 RYEAMKPQCGFGETGLCCRHCLQGPCRINPFG 62
Ch IV 30 RYEAQQPQCGFGLTGLCCRHCVQGPCRIDPFG 61
TAM4 I 31 RLEKQQPQCGYGLLGICCRNCLMGPCRINPFG 62
TAM4 ITI 38 RLLEQQPQCAFGQLGVCCRNCAMGPCRIDPFG 69

c-X,-C

Figure 1. The structure of wild-type Dv CODH. A) Overall structure (PDB ID 6B6V). The
CODH dimer is shown in ribbon representation in dark and light blue with metalloclusters
shown as spheres with Ni in green, Fe in orange, and S in yellow. Each B-cluster completes
the electron transfer pathway of the opposing monomer, denoted with prime symbols. B)
The D-cluster of wild-type Dv CODH is a [2Fe-2S] cluster, whereas all other
characterized CODHSs contain a [4Fe-4S] D-cluster. In [4Fe-4S] D-cluster—containing
CODHs, Cys 45 is a glycine residue and Thr 50 is a cysteine residue (D. vulgaris
numbering) that completes coordination of the cluster. C) Sequence alignments reveal a
difference in D-cluster binding motifs in the primary structure. Cysteine ligands to the
D-cluster are colored in blue ([2Fe-2S] cluster) or pink ([4Fe-4S] cluster). Organism
names are Desulfovibrio vulgaris (Dv), Rhodospirillum rubrum (Rr), Moorella
thermoacetica (Mt), Carboxydothermus hydrogenoformans (Ch), and Thermoccocus Sp.
AM4 (TAM4).
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Our previously published crystal structure of Dv CODH revealed a [2Fe-2S] D-cluster at the
dimer interface, where all other previously characterized CODHs contain a [4Fe-4S] cluster
(Figure 1B).” This difference was proposed to result from a variation in the D-cluster binding
motif: C-X,-C in the Dv CODH sequence versus C-X,-C in other CODHs (Figure 1C).” The
[2Fe-2S] D-cluster and the [4Fe-4S] B-clusters of the enzyme were additionally shown to be
stable to O, exposure, as characterized by crystallography and electron paramagnetic resonance
(EPR) spectroscopy. Interestingly, the C-cluster holds on to its metal ions upon exposure to O,
for 2 days, but converts from a catalytically-relevant arrangement of metals into an oxidized
conformation where the Ni and Fe, ions adopt different coordination environments, as we have
described prevoiusly.” Thus, all clusters in Dv CODH appear to retain their metal ions upon
oxidation, but the enzyme becomes transiently inactive due to the C-cluster metal
rearrangement.’

Given the enhanced O,-tolerance of Dv CODH and the fact that it contains a distinguishing
[2Fe-2S] D-cluster, we hypothesized that the difference in cluster type may contribute to the
difference in O,-sensitivity. In this scenario, the inactivation of CODHs other than that from Dv
may be irreversible due to the instability of the [4Fe-4S] D-cluster in the presence of O,. To
interrogate this effect, we sought to replace the [2Fe-2S] D-cluster of Dv CODH with the more
canonical [4Fe-4S] D-cluster and to test the effect of O, exposure on the resulting protein
variant. Here we demonstrate that alteration of cluster type can indeed be achieved using
site-directed mutagenesis to modify the D-cluster binding motif, and that the [2Fe-2S] D-cluster

is critical for making the D. vulgaris enzyme resistant to long-term exposure to air.

Results

A C45G/T50C variant of Dv CODH in which the C-X,-C D-cluster motif is replaced with a
C-X,-C motif was designed and purified. The as-isolated enzyme contains on average 0.2
Ni/monomer, which is half of the content typically observed for the wild-type (WT) recombinant
enzyme.'* The Fe content of the C45G/T50C variant is about 10 Fe/monomer, suggesting that all

clusters are appropriately reconstituted with Fe (we expect 9 Fe/monomer for a CODH with a
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bridging [2Fe-2S] D-cluster and 10 Fe/monomer for a CODH with a bridging [4Fe-4S]
D-cluster). After activation with NiCl, under reductive conditions, the activity of the variant is
350 pmol'min~"mg™" at 37 °C, pH 8, similar to the value obtained for the WT enzyme produced,
purified, reconstituted (using a procedure that involves NiCl,, Na,S, and TCEP) and assayed
under the same conditions (see Methods). If enzyme samples are kept at 4 °C in an anaerobic

glove box under N,, their activity is stable for weeks.

Figure 2. Alteration of the D-cluster binding motif leads to incorporation of a [4Fe-4S]
cluster at the Dv CODH dimer interface. A) Simulated annealing composite omit map (blue
mesh, contoured to lo) for the [4Fe-4S] D-cluster. B) Iron anomalous difference map
(orange mesh, contoured to 8ag) supports the presence of four iron ions in the cluster.
Protein shown in ribbon representation in pink with ligating cysteine residues as sticks and
cluster as spheres and sticks, S in yellow, Fe in orange.

We determined the crystal structure of the C45G/T50C variant to 1.83-A resolution (Table
S1) and observe that it aligns well with that of WT Dv CODH (Ca r.m.s.d of 0.27 A for 1250 Ca
atoms) (Figure S1).” The structure reveals clear electron density for a [4Fe-4S] cluster at the
dimer interface in place of the [2Fe-2S] D-cluster that is present in the WT enzyme (Figure 2A).
The presence of four iron atoms within the cubane was confirmed using anomalous diffraction
data collected at the iron peak wavelength (7130 eV, 1.7389 A) (Table S2, Figure 2B). This
result demonstrates that sequence alone is sufficient for determining the type of Fe-S cluster
present at the dimer interface and that this site can incorporate either a [4Fe-4S] or [2Fe-2S]
cluster. Notably, the structure of the protein backbone in the vicinity of the D-cluster is

independent of cluster type (Figure S1). The crystal structure of the C45G/T50C variant also


https://dx.doi.org/10.1021/acscatal.0c00934
https://paperpile.com/c/5jGKTr/yw6y

Author accepted manuscript of doi:10.1021/acscatal.0c00934

contains a normal [4Fe-4S] B-cluster and a C-cluster that is mainly (80%) in the canonical
(reduced) conformation, with a minor fraction (20%) in the previously identified oxidized
conformation (Figure S2).” The C-cluster nickel ion has been refined at 20% occupancy in each
conformation, roughly consistent with the observed metal content of 0.3 Ni/monomer for the

specific protein batch that was used for crystallization.
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Figure 3. The C45G/T50C variant and WT Dv CODH respond similarly to short-term exposure
to O,. Residual activity measured in electrochemistry experiments at —310 mV vs SHE, 25 °C,
pH 7, after the WT enzyme (blue, data from ref °) or the C45G/T50C variant (pink) has been
exposed to a controlled amount of O, (empty squares), or after it has been exposed to O, and

then reduced for 20 s at —560 mV vs SHE (filled squares), as described in ref ”.

We compared the effect of O, on the WT enzyme and the C45G/T50C variant over different
timescales and O, concentrations and using multiple techniques. First, we used direct
electrochemistry'® to probe short exposures (1 minute) to small amounts of O, (Figure 3). In this
technique, a small amount of purified enzyme is adsorbed onto an electrode that is used to
control redox conditions and measure CO-oxidation activity as a current. We used a previously
described method'® to measure the relative activity just after transient exposure to a controlled
amount of O, or after transient exposure to O, followed by a low potential step to force the
reductive reactivation of the enzyme. We found that, under these conditions, the identity of the

D-cluster makes essentially no difference (Figure 3).
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Next, we took a structural approach to examine the effect of long-term exposure to ambient
atmospheric conditions (i.e. conditions outside of the anaerobic chamber). Crystals of
C45G/T50C Dv CODH were grown anaerobically and then exposed to ambient atmospheric
conditions for varying lengths of time prior to being harvested for data collection (see Methods;
Table S1). Where possible, complementary diffraction data were collected at the iron peak
wavelength on the same crystal as was used for structure determination (Table S2). We found
that when crystals of C45G/T50C Dv CODH are harvested immediately after removal from the
anaerobic chamber, the [4Fe-4S] D-cluster remains intact (Figure 4A, Figure S3). Following two
hours of incubation at ambient atmospheric conditions, the D-cluster of C45G/T50C Dv CODH
begins to decay, as evidenced by the electron density at this site (Figure 4B, Figure S3). Accurate
modeling of any Fe-S cluster variation into the electron density for the D-cluster in this structure
is difficult due to the fact that the density likely represents the presence of multiple different
states of cluster decomposition within the molecules of the crystal lattice. A reasonable fit to the
density is obtained when a [4Fe-4S] cluster is modeled at an occupancy of 30%, although the fit
is still relatively poor (Figure 4B) and this cluster has been left out of the final model. After two
days at ambient atmospheric conditions, the [4Fe-4S] D-cluster of C45G/T50C Dv CODH is no
longer visible in the electron density, indicating complete decay (Figure 4C). Additionally, one
of the D-cluster cysteine ligands, Cys 42, of each chain is disordered and cannot be modeled due
to uninterpretable electron density. We note that the resolution of this last structure is
comparatively low and that the B-factors of the B- and C-clusters are relatively high. In the case
of the B-cluster, the B-factors are consistent with the surrounding protein environment, which
may experience increased local disorder due to the complete absence of the D-cluster. In the case
of the C-cluster, we note that all structures of the oxidized C-cluster at resolutions greater than 2
A display high relative B-factors,” perhaps due to an inability to adequately parameterize this
poorly-characterized cluster type during refinement in this resolution range. Finally, the initial
poorer quality of the crystals following 2 days of air exposure impaired our ability to collect a
paired iron peak dataset on the same crystal, and we were unable to characterize the iron
anomalous signal within this structure. That being said, the electron density at the B- and

C-clusters in this enzyme variant is strong following 2 days in air and, within the resolution
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limits of the data, the clusters have been refined at full occupancy (Figure 4D,E). Additionally,
our previous analysis of WT Dv CODH revealed the presence of the B- and C-clusters following
air exposure by both crystallography (Figure S4) and EPR spectroscopy.” Given these lines of
evidence, we conclude that the B- and C-clusters of C45G/T50C Dv CODH are present and
intact following 2 days of air exposure and that a detrimental effect is only observed on the
D-cluster. This instability of the [4Fe-4S] D-cluster in C45G/T50C Dv CODH contrasts with the
behavior of the [2Fe-2S] D-cluster in the WT enzyme, which remains intact after two days of

exposure to air (Figure S4).

A

Cys42'  Cys 427

Figure 4. The [4Fe-4S] D-cluster in C45G/T50C Dv CODH crystals decays over time in air,
whereas the B- and C-clusters remain intact. A) 2Fo-Fc electron density at the D-cluster for
crystals harvested immediately after removal from the anaerobic chamber; B) 2Fo-Fc electron
density for the D-cluster 2 hours after the crystal was removed from the anaerobic chamber,
and C) 2Fo-Fc electron density for the D-cluster 2 days after the crystal was removed from the
anaerobic chamber. D) 2Fo-Fc electron density for the B-cluster 2 days after the crystal was
removed from the anaerobic chamber. E) 2Fo-Fc electron density for the oxidized C-cluster 2
days after the crystal was removed from the anaerobic chamber. Electron density (blue mesh)
is contoured to lo. Protein is shown as in Figure 2 with the addition of N in blue and Ni in
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green for the C-cluster. See Figure S4 for comparison to the stability of the WT [2Fe-2S]
D-cluster, B-cluster, and C-cluster after 2 days in air.”

With crystallographic data showing that the [2Fe-2S] D-cluster in WT Dv CODH is more
stable in air over long time periods (hours to days) than the [4Fe-4S] D-cluster in the
C45G/T50C Dv CODH variant, we next sought to assess the O,-stability of the CODHs in
solution. We produced the WT and the C45G/T50C Dv CODH variant under aerobic conditions:
the cells were grown anaerobically, lysed aerobically, and the enzymes were then purified in air
at room temperature taking no particular precautions to ensure a reducing environment.
Together, this workflow takes about half a working day. Prepared under aerobic conditions, the
WT enzyme contains about 0.2 Ni/monomer, 75% of the expected Fe content, and about 30% of
the activity (always measured after activation/reconstitution of the samples, as described in the
Methods) as compared to the result of an anaerobic purification. The C45G/T50C variant suffers
more than the WT from the aerobic purification: it contains 0.1 Ni/monomer, 60% of the
expected Fe and only 10% of the activity as compared to the anaerobic purification. These metal
content analyses (confirmed by two independent rounds of protein production and purification)
show that irreversible inactivation in solution may also arise from the effect of ambient levels of

O, on the C-cluster under the conditions of the purification.
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Figure 5. Activity of the C45G/T50C variant is more sensitive to long-term O, exposure than
WT Dv CODH. Activity values of the WT (blue) and C45G/T50C variant (pink) measured in
solution assays at 37 °C, pH 8, with the samples either prepared under anaerobic conditions
and stored at 4 °C under anaerobic conditions (filled squares) or prepared under aerobic
conditions and stored at 4 °C under aerobic conditions (empty squares).

We also measured, at regular intervals, the activities of samples prepared and stored
anaerobically at 4 °C and compared those to samples described above that were prepared and
stored in air at 4 °C (Figure 5). We found that a constant activity level was maintained over time
for the WT Dv CODH prepared and stored in air, the WT Dv CODH prepared and stored
anaerobically, and the C45G/T50C variant prepared and stored anaerobically (Figure 5). In
contrast, the activity drops quickly for the C45G/T50C variant prepared in air and continuously
exposed to air. In just one day, the activity falls to a residual level of just 5% of the WT
anaerobic activity level (Figure 5). The entire experiment, including protein expression and

purification, was performed in duplicate and yielded similar results both times.

Discussion

10
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A loss of enzyme activity upon exposure to O, has been well documented for many
metalloproteins.”>* However, molecular explanations for the activity loss are often not
available. Additionally, it is frequently unclear why some metalloproteins within the same
enzyme family are more stable to O, than others. For certain metalloproteins, like the
hydrogenases, oxidative inhibition has been well studied.'®”*?® For others, like the CODH
family, investigations of the source of O,-sensitivity are just beginning.

In a previous investigation, we showed that Dv CODH is surprisingly O,-resistant. It reacts
with O, very quickly (inhibition bimolecular rate constant of 5 s™' uM(O,) " at 25 °C, pH 7) to
form at least three different states which are distinguished by whether they reactivate upon mere
restoration of anaerobiosis, or upon reduction, or do not reactivate (the proportion of the latter
increases with the concentration of O,)."” The inactive species that is formed upon aerobic
oxidation and that reactivates upon reduction is stable enough that we could solve its crystal
structure. In this form of the enzyme, the C-cluster has undergone a substantial rearrangement
with Ni, Fe, and S ions moving several angstroms and adopting non-catalytic positions, and the
other clusters are intact.” The same three-state profile for reaction with O, was observed for all
other CODHs that have been characterized in the same manner (Ch CODH 1, II, and IV; TAM4
CODHs I and II), but the rate of reaction with O, and the extent of reactivation upon reduction
vary greatly. It has been suggested that the rate of inactivation may depend on the amino acid
packing at the rear of the C-cluster;® although this hypothesis remains to be confirmed by
mutagenesis. Regarding the extent of inactivation, the site that is subjected to irreversible
damage and responsible for the irreversible inactivation was unknown. The most obvious
structural difference between Dv CODH and other CODHs is the nuclearity of the D-cluster,
which is a [2Fe-2S] cluster instead of the more common [4Fe-4S] cluster, and we wondered if
the O,-sensitivity of the [4Fe-4S] D-cluster is the reason that canonical CODHs are more
irreversibly inactivated by O, than Dv CODH.

Here we showed that it is possible to replace the [2Fe-2S] D-cluster of Dv CODH with a
standard [4Fe-4S] D-cluster by simply changing the binding motif from C-X,-C to the standard
C-X,-C (Figure 1C). The cluster swap was confirmed crystallographically by determining a
1.83-A resolution structure of the C45G/T50C variant (Figure 2). There have been previously

11
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published examples of the use of site directed mutagenesis to interconvert [3Fe-4S] and [4Fe-4S]
clusters in enzymes,” but this is the first report of [2Fe-2S] to [4Fe-4S] cluster conversion as a
result of protein engineering. The as-isolated C45G/T50C variant contains half as much Ni per
monomer as the WT enzyme, consistent with the previously demonstrated role of the D-cluster
in mediating redox chemistry during nickel incorporation,™ but after activation with NiCl, under
reducing conditions, the activity of the C45G/T50C variant is similar to that of the WT enzyme.

We compared the response of Dv CODH to O, under various conditions. In experiments in
which the enzyme is exposed to small amounts of O, for a short time (< 20 uM for about 1
minute), the presence of a [4Fe-4S] D-cluster makes no difference (Figure 3), consistent with the
idea that the C-cluster rearrangements that lead to activity loss occur on a faster timescale than
D-cluster loss. However, the resistance of the enzyme to long-term exposure to air does appear to
be dependent on the presence of a [2Fe-2S] D-cluster: our structural analyses show that all
clusters retain their metals upon exposure to air except for the [4Fe-4S] D-cluster of the
C45G/T50C variant, which is irreversibly degraded (Figure 4, Figure S3, Figure S4).

The ability of a [2Fe-2S] D-cluster to confer O,-resistance to Dv CODH also explains the
higher activity observed following aerobic purification for the WT enzyme compared to the
[4Fe-4S] cluster-containing C45G/T50C Dv CODH variant. Fully aerobically purified WT Dv
CODH (with no reductant in any of the purification buffers) is 30% as active as anaerobically
purified protein, compared to 10% as active for C45G/T50C Dv CODH. Additionally, whereas
WT Dv CODH retains this high 30% activity level for days in air at 4 °C (Figure 5), C45G/T50C
Dv CODH loses activity overtime, falling to a residual value of 5% after one day in air (these
numbers are the average of two independent experiments). This 5% residual activity could either
be due to a small enzyme population with intact D-clusters, or to the ability of methyl viologen
(the in vitro electron acceptor when the activity is assayed) to accept electrons directly from the
B-cluster in the enzymes lacking a functional D-cluster. In terms of the latter possibility, such a
short circuit of the electron transfer chain has been demonstrated previously with mutants of
Ni-Fe hydrogenase where the chain of Fe-S clusters is modified.*!

Collectively, our results suggest that the [4Fe-4S] D-cluster is a key site of irreversible

oxidative damage in the Dv CODH variant, and that this damage is avoided in the wild-type
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enzyme through incorporation of a [2Fe-2S] cluster at this site, resulting in the exceptional
stability of Dv CODH upon exposure to O,. Further work will be required to determine whether
CODHs that natively contain a [4Fe-4S] D-cluster will behave similarly, for example by
observing a beneficial effect of engineering a [2Fe-2S] D-cluster or by detecting the selective
degradation of the natural [4Fe-4S] D-cluster. Over the course of this work, we tried to obtain the
structure of the CODH from Moorella thermoacetica (which houses a [4Fe-4S] D-cluster)
following exposure to air; however, the diffraction of the corresponding crystals was severely
impaired by oxygen exposure, likely due to disruption of crystal packing due to air-induced
structural changes (e.g. D-cluster degradation). Indeed, only one of the two crystal forms that we
obtained for C45G/T50C Dv CODH survived air-exposure well enough to yield
diffraction-quality crystals. It would appear that the ability to perform this type of
crystallographic analysis is strongly dependent on the crystal form obtained, and unfortunately,
we have not yet been able to obtain a suitable crystal form for another CODH.

Based on sequence information, we expect that Dv CODH will not be alone in utilizing a
[2Fe-2S] D-cluster. Considering the recently published CODH phylogenetic analysis of Inoue et
al* (and if one excludes sequences in groups A4, A6, Bl, C, D, and G1, which lack some
essential amino acids and are probably not from functional CODHs), we estimate that the
interfacial [2Fe-2S] D-cluster is present in about 10% of all CODHs (those in group E2 as
designated by Inoue et al.), three quarters of which are from sulfate reducing bacteria. Such
substitution in cluster type at the surface of the enzyme may provide an evolutionary advantage
for aerotolerant organisms, such as D. vulgaris and other species of sulfate reducing bacteria,
which can survive under micro-aerobic conditions.**-**

The observation that the CODH from D. vulgaris retains a considerable fraction of activity
after it is purified under fully aerobic conditions was a surprise considering how O,-sensitive
these enzymes are deemed to be. Our results therefore add to a growing body of evidence that
O,-sensitivity in Ni-Fe CO-dehydrogenases varies greatly, and at this point we cannot exclude

that there may exist fully O,-tolerant Ni-Fe CODHs.

Methods
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Cloning and purification of WT Dv CODH and C45G/T50C Dv CODH. CODH constructs were
expressed in the presence of the C-cluster maturation factor CooC, as described previously.'
Briefly, the D. vulgaris genes encoding CODH (cooS) and the CooC maturase (cooC) were
cloned into a modified pBGF4 shuttle vector under the control of the promoter of the
Desulfovibrio fructosovorans Ni-Fe hydrogenase operon to generate the vector pPBGCooSC. The
CODH construct was N-terminally strep-tagged. Mutagenesis to generate C45G/T50C Dv
CODH was performed by PCR by first cloning the HindIII-Sacl fragment of pBGCo0oSC, which
contains the 5’ end of cooS, into a pUCI19 vector to serve as a DNA template. The primers
CCGGCCTGTAAATTCGGCGAATTGGGCACCIGCTGCCGCAACTGCATC (forward;
mutations underlined) and GATGCAGTTGCGGCAGCAGGTGCCCAATTCGCCGAATTTA
CAGGCCGQG (reverse; mutations underlined) were used to generate the C45G/T50C mutations.
The enzymes were expressed in D. fructosovorans and purified under anaerobic conditions in a
Jacomex anaerobic chamber (100% N, atmosphere) by affinity chromatography on Strep-Tactin
Superflow resin, as described previously.'* Regarding the aerobic purifications performed on the
bench, the protocol was the same as under anaerobic conditions, except that the cells were
disrupted in a French press (instead of by sonication for the anaerobic purification), dithionite
was not used in any of the buffers, and all steps were performed at room temperature (instead of
4 °C for the anaerobic purification). After purification, all samples were stored at 4 °C. Protein
concentrations were determined by amino acid analysis at the Centre for Integrated Structural
Biology (Grenoble, France). Metal content was analyzed by inductively coupled plasma optical
emission spectrometry (ICP-OES). The electrochemical experiments were performed as
described previously."”> CO oxidation activity was assayed in solution at 37 °C by monitoring the
reduction of methyl viologen at 604 nm (g, = 13.6 mM"-cm™) under conditions slightly
different from those used in ref'. First, the enzymes were activated by incubation with 2.4 mM
NiCl,, 4 mM Na,S, and 1.2 mM Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) for 15
min at room temperature. This protocol allowed a faster activation and prevented the formation
of the black precipitate observed when the enzymes are activated by incubation with NiCl, and

dithionite." Second, the activity assays were performed at pH 8, instead of pH 10. The complete
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experiment, including aerobic and anaerobic purifications, metal content determination, and
monitoring of the activity over time, was duplicated for both the WT and variant enzymes.

Crystallization of C45G/T50C Dv CODH. All structures were determined using
anaerobically purified protein and samples were not activated with NiCl, prior to crystallization.
The particular batch of protein used for crystallization contained 0.3 Ni/monomer and 10.4
Fe/monomer, as assessed by ICP-OES. Crystals were grown anaerobically in an N, atmosphere
at 21 °C by hanging drop vapor diffusion in an MBraun anaerobic chamber. Crystals belonging
to space group P2, were obtained as follows: A 1-uL aliquot of as-isolated protein (10 mg/mL in
100 mM Tris-HCI pH 8) was combined with 1 pL of precipitant solution (150-250 mM MgCl,,
16-20% (w/v) PEG 3350) on a glass cover slide and sealed over a reservoir containing 500 pL of
precipitant solution. Diffraction quality crystals grew in 3-4 wk. Crystals were soaked in a
cryo-protectant solution containing 250 mM MgCl,, 18-20% (w/v) PEG 3350, 9% (v/v) glycerol
and cryo-cooled in liquid nitrogen.

Crystals belonging to space group P2,2,2, were obtained as follows: A 1-uL aliquot of
as-isolated protein (10 mg/mL in 100 mM Tris-HCl pH 8) was combined with 1 pL of
precipitant solution (1.0-1.1 M ammonium tartrate dibasic pH 7, 6-9% (v/v) glycerol) on a glass
cover slide and sealed over a reservoir containing 500 pL of precipitant solution. Diffraction
quality crystals grew in 2-10 days. Crystals were soaked in a cryo-protectant solution containing
1.0-1.2 M ammonium tartrate dibasic pH 7, 25% (v/v) glycerol and cryo-cooled in liquid
nitrogen.

For oxygen exposure experiments, fully grown crystals were removed from the anaerobic
chamber. An aliquot (0.5 pL) of aerobically-prepared precipitant solution was added to the drop
to initiate equilibration with ambient atmospheric conditions. Crystals were harvested
immediately (< 20 min), after 2 hr, and after 2 d by soaking in cryo-protectant and cryo-cooling
in liquid nitrogen. Crystals of C45G/T50C Dv CODH from space group P2, did not diffract
further than ~4 A resolution after being exposed to oxygen for 2 hours and 2 days. Crystals from
space group P2,2,2, still diffracted well after oxygen exposure and were therefore used for

assessment of oxygen-induced D-cluster degradation.
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Crystallographic data collection, model building, and refinement. All data were collected at
the Advanced Photon Source (Argonne, IL) on beamline 24-ID-C at a temperature of 100 K and
using a Pilatus 6M pixel detector. Where applicable, native and Fe peak data were collected on
the same crystal for a particular sample. Native data were collected at an energy of 12662 eV
(0.9792 A) and Fe peak data at 7130 eV (1.7389 A). All data were integrated in XDS and scaled
in XSCALE.* Data collection statistics are summarized in Table S1 and Table S2.

Structures were solved by molecular replacement (MR) in the program Phaser’® using our
previously published structure of WT Dv CODH (PDB ID 6B6V) as a search model. Following
MR, 10 cycles of simulated annealing refinement were carried out in Phenix’’ to eliminate
existing model bias. Refinement of atomic coordinates and atomic displacement parameters
(B-factors) was carried out in Phenix using noncrystallographic symmetry (NCS) restraints.
Custom parameter files were used to restrain metallocluster geometries during refinement.
Models were completed by iterative rounds of model building in Coot*™ and refinement in
Phenix. In advanced stages of refinement, water molecules were added automatically in Phenix
and modified in Coot with placement of additional water molecules until their number was
stable. For the structure of as-isolated C45G/T50C Dv CODH, NCS restraints were removed and
final stages of refinement included translation, libration, screw (TLS) parameterization with one
TLS group per monomer.* Side chains without visible electron density were truncated to the last
atom with electron density and amino acids without visible electron density were not included in
the models.

Final refinement of each structure yielded models with low free R-factors, excellent
stereochemistry, and small root mean square deviations from ideal values for bond lengths and
angles. Models were validated using simulated annealing composite omit maps calculated in
Phenix. Model geometry was analyzed using MolProbity.** All refinement and geometry
statistics are summarized in Table S1. Figures were generated in PyMOL.* Crystallography
packages were compiled by SBGrid.*

Atomic coordinates and structure factors have been deposited in the Protein Data Bank

(www.rcsb.org) under the following accession codes: 6VWY (anaerobic C45G/T50C Dv
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CODH); 6VWZ (<20 minutes air-exposed C45G/T50C Dv CODH); 6VXO (2 hours air-exposed
C45G/T50C Dv CODH); 6VX1 (2 days air-exposed C45G/T50C Dv CODH)
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