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Abstract: Here, we report recent progress our laboratories have made in understanding the maturation
and reaction mechanism of the cytosolic and NAD*-dependent formate dehydrogenase from
Cupriavidus necator. Our recent work has established that the enzyme is fully capable of catalyzing the
reverse of the physiological reaction, namely, the reduction of CO, to formate using NADH as a source
of reducing equivalents. The steady-state kinetic parameters in the forward and reverse directions
are consistent with the expected Haldane relationship. The addition of an NADH-regenerating
system consisting of glucose and glucose dehydrogenase increases the yield of formate approximately
10-fold. This work points to possible ways of optimizing the reverse of the enzyme’s physiological
reaction with commercial potential as an effective means of CO, remediation. New insight into
the maturation of the enzyme comes from the recently reported structure of the FdhD sulfurase.
In E. coli, FdhD transfers a catalytically essential sulfur to the maturing molybdenum cofactor prior to
insertion into the apoenzyme of formate dehydrogenase FdhF, which has high sequence similarity to
the molybdenum-containing domain of the C. necator FdsA. The FdhD structure suggests that the
molybdenum cofactor may first be transferred from the sulfurase to the C-terminal cap domain of
apo formate dehydrogenase, rather than being transferred directly to the body of the apoenzyme.
Closing of the cap domain over the body of the enzymes delivers the Mo-cofactor into the active site,
completing the maturation of formate dehydrogenase. The structural and kinetic characterization of
the NADH reduction of the FdsBG subcomplex of the enzyme provides further insights in reversing
of the formate dehydrogenase reaction. Most notably, we observe the transient formation of a neutral
semiquinone FMNH;, a species that has not been observed previously with holoenzyme. After initial
reduction of the FMN of FdsB by NADH to the hydroquinone (with a kyeq of 680 s~ and K4 of 190 uM),
one electron is rapidly transferred to the Fe,S; cluster of FdsG, leaving FMNH:. The Fe;S4 cluster of
FdsB does not become reduced in the process. These results provide insight into the function not only
of the C. necator formate dehydrogenase but also of other members of the NADH dehydrogenase
superfamily of enzymes to which it belongs.

Keywords: nicotinamide adenine dinucleotide (NADH); electron transfer; enzyme kinetics; enzyme
structure; formate dehydrogenase; carbon assimilation
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1. Introduction

The molybdenum- and tungsten-dependent formate dehydrogenases have drawn increased
attention over the past 5-10 years due to the demonstration that under the appropriate conditions, most,
if not all, are able to catalyze the reverse reaction, reduction of CO, to formate, under the appropriate
conditions. Indeed, some enzymes of this family, which include the closely related formylmethanofuran
dehydrogenases of the Wood-Ljungdahl pathway, function physiologically to reduce CO; to formate
in what is probably the most evolutionarily ancient mechanism of carbon fixation.

Cupriavidus necator H16 (previously known as Ralstonia eutropha) has four formate dehydrogenases,
of which, two are cytosolic enzymes that utilize NAD* as oxidizing substrate [1,2]. One of these
contains molybdenum and is encoded by the fdsGBACD operon, the other possesses tungsten and
is encoded by the fdwAB operon (presumably enlisting additional subunits from the fds operon) [3].
The molybdenum-containing enzyme was originally isolated and characterized by Bowien and
coworkers, who showed that the mature holoenzyme belongs to the NADH dehydrogenase superfamily
of enzymes [4-6]. The FdsA, FdsB, and FdsG subunits are homologous to corresponding subunits in
the cytosolic arm of NADH dehydrogenase [7-10]. FdsA is homologous to the Nqo3 subunit of the
NADH dehydrogenase from Thermus thermophilus [8,9], although the latter lacks a molybdenum center
as found in the former [7]. The homology between FdsA and Nqo3 includes the presence of a histidine
ligand to one of the FesS4 clusters. The C-terminal domain of FdsA, containing the molybdenum center,
is also homologous to the crystallographically characterized FdhF formate dehydrogenase of E. coli,
with the molybdenum-coordinating Cys 378 of FdsA equivalent to Sec 140 in FdhF [11]. The Fe4S4-
and FMN-containing FdsB subunit is homologous to the T. thermophilus Nqo1l subunit and like Nqol
also possesses a binding site for NADH/NAD*. The FdsG subunit is homologous to the T. thermophilus
Nqo2 subunit and has a single Fe;S; cluster. We report here recent work from our laboratories on both
mechanistic and structural aspects of the C. necator enzyme.

2. Catalysis of CO; Reduction by the C. necator Formate Dehydrogenase

Under physiological conditions, reducing equivalents enter the C. necator formate dehydrogenase
holoenzyme at its molybdenum center and leave at the FMN, reducing NAD" to NADH; electron transfer
between the molybdenum and flavin, which are separated by some 55 A [10], is mediated by
the intervening iron—sulfur clusters. Although originally reported to be unable to catalyze the
CO, by NADH, we have recently shown that the enzyme is indeed capable of doing so when
CO, (not bicarbonate) is used as substrate [12]. This is consistent with a mechanism for formate
oxidation involving direct hydride transfer of the C-H to the Mo"! = S group of the L,Mo"!S(S-Cys)
molybdenum center (where L is the bidentate enedithiolate-coordinated pyranopterin cofactor found in
molybdenum- and tungsten-containing enzymes, present in this enzyme as the guanine dinucleotide)
to L2MoIV(SH)(S—Cys), with CO; rather than bicarbonate as the immediate product of the reaction [13].
The steady-state kinetic parameters have been determined in both the forward and reverse directions
and are shown in Table 1.

Table 1. Steady-state kinetic parameters for the C. necator formate dehydrogenase.

Forward Reverse
Keat 201s7! 10571
K, formate 130 uM _
Ky NAD+ 310 uM -
Ky, €02 - 2700 uM
K, NADH _ 46 uM




Inorganics 2020, 8, 41 30f13

The Haldane relationship for these parameters for an enzyme, such as formate dehydrogenase
operating via a ping-pong mechanism with separate sites for the reductive and oxidative half-reactions,
is as follows:

Ekﬁf‘éiwardg ((k%:;‘d)) (201571) (20157
Ky ) (KRAPt (130 uM) " (310 M)
Keq - (kie;t/erse (kreverse> - (10 5_1) . (10 s_l) = 1250 (1)
( COz) (KNADH) (2700 uM) (46 uM)

The value 1250 compares favorably with the Keq calculated from the 100 mV difference between
AE(y for the NAD*/NADH and CO,/formate couples of 2100, the disparity reflecting a ~10% uncertainty
in keato™ard and keaeeverse, which are squared terms in numerator and denominator, respectively,
of Equation (1).

The reaction can be pushed significantly in the direction of CO; reduction by the addition of an
NADH regeneration system [14]. As shown in Figure 1 left, addition of a catalytic amount of formate
dehydrogenase to a solution that is 29.5 mM in CO; (at 30 °C) and 300 pM in NADH results in the
formation of 120 uM formate (as quantified by ion chromatography) and 130 pM NAD*—in other
words, the reaction is tightly coupled. When the experiment is repeated with the addition of 50 mM
glucose and a catalytic amount of glucose dehydrogenase for NADH regeneration, the amount of
formate generated increases approximately 10-fold to 1.0 mM (Figure 1 right). This illustrates the
potential commercial use of the enzyme for generation of formate from CO, using a suitable source of
reducing equivalents.
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Figure 1. Catalysis of CO, reduction to formate by C. necator formate dehydrogenase. (Left) the reaction
of 0.2 uM holoenzyme with 29.5 mM CO,(aq) and 300 uM NADH, 20 mM Bis-Tris propane, pH 6.3, 30 °C.
The absorbance change reflects the consumption of 130 uM NADH. The amount of formate accumulated
as determined by ion chromatography was 120 uM [12]. (Right) the accumulation of formate under the
same conditions upon addition of 50 mM glucose and catalytic glucose dehydrogenase to the reaction
mix. Adapted with permission from Biochemistry 2019, 58, 1861-1868 [14]. Copyright (2019) American
Chemical Society.

3. Insertion of the Molybdenum Cofactor into Formate Dehydrogenase and Other Members of
the DMSO Reductase Family

As is seen with all members of the DMSO reductase family of molybdenum enzymes, the active site
molybdenum center is deeply buried in the C-terminal domain of the FdsA subunit, and the means by
which it is introduced into the apoenzyme is not presently understood. Given the extensive structural
homology of this domain to the E. coli FdhF, one can consider the overall topology of the latter which
consists of three interlaced domains that constitute the body of the protein, and a contiguous C-terminal
domain that constitutes a “cap” over the cofactor in the holoenzyme (Figure 2A [11]). It is now
well-accepted that all the Mo- and W-containing formate dehydrogenases possess a M=S group that is
inserted into the metal coordination sphere as the final step of cofactor maturation [15]. Sulfur forms a
more covalent bond with molybdenum and tungsten than does the more electronegative oxygen. As a
result, there is less formal negative charge on the sulfur, e.g., making it better able to accept a hydride in
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the course of the reaction. A similar argument has been made in the case of xanthine oxidase and related
enzymes, which also require a Mo=S [10]. The sulfur transferase catalyzing this reaction (the product
of the fdhD gene in E. coli, fdsC in the C. necator operon) is also thought to play a role in the insertion
process, and the X-ray crystal structure of FdhD has recently been reported with two equivalents
of GDP bound at the presumed position of the maturing molybdenum center [16]. Modeling the
cofactor into the structure yields a complex with the apex of the molybdenum coordination sphere
pointing into the channel through which the catalytically essential sulfur is delivered (via a cysteine
desulfurase), with the bis(MGD) portion of the cofactor presenting a concave basket to the surface
of the complex; the pyranopterin portion of both cofactors is solvent-exposed with the principal
interactions with FdhD principally involving the guanine dinucleotide extensions of the cofactor
(Figure 2B). In this orientation, the cofactor cannot be transferred directly to the body of the apo FdhF,
where it is also oriented concave outwards with the two guanine dinucleotide arms extended into the
protein, not out toward solvent. On the other hand, the molybdenum center in FdhF interacts with
the cap domain of the protein principally via its pyranopterin rings, interacting minimally with the
guanine dinucleotide arms. This being the case, it is possible to dock the cap (with bound cofactor)
to the dimeric FdhD,-(GDP), complex in such a way that the GDP arms overlap; both proteins are
in a position to interact optimally with the cofactor sandwiched between them. If this interaction is
physiologically significant, the implication is that FdhD passes the now sulfurated and mature cofactor
not to the body of apo FdhF but to its cap, which then closes over the body swinging the cofactor into
position in the active site. In this way the highly unstable cofactor is never released into free solution.
There have been a number of efforts in the past to identify regions on the surface of DMSO reductase
family enzymes that interact with the cofactor insertion machinery. If the above analysis is correct,
then this surface, on the face of the C-terminal cap domain that interfaces with the body of the enzyme,
is buried in the structure of the holoenzyme. In support of this model, the C-terminal cap domains of
the apo forms of both E. coli trimethylamine-N-oxide reductase TorA [17] and E. coli periplasmic nitrate
reductase NapA [18] in complex with their respective chaperones TorD and NapD (that recognize the
proteins’ N-terminal twin-Arg signal sequence that targets them to the periplasm) have been reported
to assume an open position in readiness to accept the mature molybdenum cofactor. This indicates that
the C-terminal cap domain is indeed able to adopt the type of open configuration that is proposed here.

o\

Figure 2. A comparison of the structures of FdhD and FdhF. Panel (A) top, the structure of FdhF
(PDB 1FDO), with the body of the enzyme in gray and the C-terminal cap domain in blue. Middle, the body
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of FdhF with the C-terminal cap domain removed, revealing the buried molybdenum center.
Bottom, an enlargement of the molybdenum center, illustrating its disposition in the body of FdhF.
Panel (B) top, views of the putative interfaces of the dimeric FdhD in complex with two equivalents of
GDP (gray; PDB 4PDE) and the C-terminal cap domain of FdhF with the molybdenum center shown
(blue). Bottom, the structures shown rotated toward one another illustrating the overlap between the
GDP’s of the FdhD structure and the molybdenum center of FdhF.

4. The Crystal Structure of FdsBG

The X-ray crystal structure of the FdsBG subcomplex of the C. necator formate dehydrogenase has
also been determined at a resolution of 2.3 A [19]. This fragment of the holoenzyme contains FMN
and a Fe4Sy cluster in the FdsB subunit and a Fe;S, cluster in FdsG; it lacks the FdsA subunit that
contains the molybdenum center and additional iron-sulfur clusters. As expected, the structure of each
subunit is closely related to its cognate subunits in the NADH dehydrogenases from T. thermophilus
and Aquifex aeolicus, FdsB being homologous to the T. thermophilus Nqo2 and A. aeolicus NuoF subunits
and contains FMN and a Fe;Sy cluster, and FdsG to the T. thermophilus Nqol and A. aeolicus NuoE
subunits and contains a Fe;S; cluster [20]. Compared to the A. aeolicus NuoF, FdsB has an RMSD of
1.48 A for 394 C, atoms and contains a Rossmann-like fold [21] encompassing the FMN binding site,
a ubiquitin-like and a four-helix domain containing the Fe;Sy4 cluster [22] (Figure 3); all these structural
elements are shared with NuoF. The Fe Sy cluster is in a mostly hydrophobic environment close to
the protein surface and is bound by C4438, C4468, C4498, and C489® (superscript B indicating the
residue is in FdsB). The principal structural differences between FdsB and NuoF are in surface loops of
the protein. However, the N-terminal portion of FdsB consists of a thioredoxin-like fold [20] not seen
in NuoF or Nqol. This domain lacks the Fe;S, cluster typical of thioredoxins owing to mutation of
the iron-coordinating cysteines (P105, A155, S458, and F49P). This resembles the C-terminal portion
of FdsG (RMSD 1.97 A for 71 Cx atoms of the core of the domain) that contains the Fe;S, cluster
(vide infra).

The FdsG subunit is homologous to the NuoE subunit of A. aeolicus NADH dehydrogenase,
consisting of an N-terminal four-helical bundle (residues 296-74G) and a C-terminal thioredoxin-like
domain (residues 796-159C) that possesses the subunit’s Fe,S; cluster. These two domains are connected
by a four-amino acid linker and are rotated by ~26° relative to the orientation seen in NuoE.

Itis to be noted that while the N-terminal domains of FdsG and NuoE both have four helices, the first
helix of FdsG runs parallel, but in NuokE, it runs across the second and third helices. The C-terminal
thioredoxin-like domain of FdsG resembles the N-terminal thioredoxin-like domain of FdsB, but unlike
the cofactorless FdsB domain, the FdsG domain contains a spinach ferredoxin-like Fe,S, cluster [19].
This iron-sulfur cluster is again in a hydrophobic environment near the surface, coordinated by C86G,
C91%, C1275, and C131€. Like A. aeolicus NuoE (but unlike T. thermophilus Nqo1), the C-terminus of
FdsG is truncated at its C-terminus and lacks a disulfide bond.

At the FdsB-FdsG interface, two helices of the N-terminal four-helical bundle domain of FdsG
contact the Rossmann-like domain of FdsB, as seen in the subunit interface between NuoE and NuoF.
FdsG’s C-terminal thioredoxin-like domain interacts with the same surfaces of the ubiquitin-like and
Rossmann-like domains of FdsB as do the corresponding structural elements of NuoE and NuoF.
The different placement of the ubiquitin and of the 1838-190P loop in FdsB as compared to NuoE
results in an increase in the distance between the Fe,S; cluster of FdsG and the Fe S, cluster of FdsB,
being of ~1.0 A as compared to the separation seen in NuoEF.

At a distance of nearly 21 A (edge-to-edge), direct electron transfer between the two Fe/S clusters
is expected to be extremely slow and unlikely to be physiologically relevant. On the other hand,
each cluster is within 12 A of the FMN isoalloxazine ring (Figure 4). Given the model that has been
constructed for the holoenzyme based on the structures of FdhF and Nqo123, the Fe4S, cluster of FdsB
clearly lies on-path for electron transfer between the molybdenum center and FMN of the formate
dehydrogenase, while the Fe,S; cluster of FdsG is off-path. In the NADH dehydrogenases, it has been
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suggested that this cluster may serve to temporarily store electrons during electron transfer out of the
FMN once it has been reduced by NADH (vide infra). The FMN in FdsB is surrounded by a network of
interactions that is also conserved in other NADH dehydrogenase-like enzymes [20,23] and is part
of the solvent-accessible cavity that constitutes the NAD*/NADH binding site. The C8-methyl of the
FMN points towards the Fe;S; cluster, with the C4=O facing the Fe,S; cluster (Figure 4).

Figure 3. The structure of FdsBG. (Top) the overall structure of FdsBG, with FdsB in gray and FdsG
in blue (PDB 6VWS8). The center structure is rotated about the horizontal or vertical axis as indicated
to give the structures to the left and right, respectively. The two iron—sulfur clusters are rendered
as CPK spheres and the FMN as CPK sticks. (Bottom Left) the domain structure of FdsB, with the
thioredoxin-like domain in red, the Rossmann fold in gray, the ubiquitin-like domain in green, and the
four-helix domain in blue; (Center) the domain structure of FdsG, with the N-terminal domain in gray
and the thioredoxin-like domain in red; (Right) a comparison of the thioredoxin-like domains of FdsB
(upper) and FdsG (lower).

>,
pve
% A’b):“) 1224

| N
\\\\
21 A

Figure 4. Disposition of the redox-active centers of FdsBG. From left to right the Fe4S, and FMN of
FdsB and the Fe,S, of FdsG (PDB 6VWS).

5. EPR Characterization of the Iron—-Sulfur Clusters of FdsBG

Extended incubation of FdsBG complex with sodium dithionite (pH 7.0) yields two signals (as seen
in Figure 5 top). The first is seen at liquid nitrogen temperatures as high as 200 K, with g; » 3 = 2.000,
1.948, and 1.920 and linewidths of 1.4, 1.7, and 1.6 mT, respectively. These values are in good agreement
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with previously reported parameters for the cluster designated as Fe/S; for holoenzyme (Figure 5
middle, dotted spectrum) [13]. The second signal is seen only below 20 K and has g 5 3 = 2.039, 1.955,
and 1.891, and linewidths of 4.5, 1.4, and 5.3 mT (Figure 5 middle, dashed spectrum). This signal
has not been previously seen with the holoenzyme [13], owing to its low intensity, broad linewidths,
and overlap with the much stronger Fe/S3 signal, and is designated Fe/S5. In the A. aeolicus NuoEF
and T. thermophilus Nqo12 NADH dehydrogenases, only the Fe,S, clusters exhibit EPR signals at 77 K,
while the Fe4S, signals appear only below 50 K [24]. Further, the g-values g; > 3 = 2.004, 1.945, and 1.917
for the N1la Fe;S, cluster of the 24 kDa subunit of bovine complex I [25] (the homolog to FdsG) are in
very good agreement with the Fe/S; signal seen here in FdsBG, and accordingly, the Fe/S; signal has
been assigned to the Fe;S, cluster of FdsG. The signal assigned to the N3 Fe Sy cluster in the NADH
dehydrogenase systems, with g-values of g; »3 = 2.037, 1.945, and 1.852, is also in good agreement
with the Fe/Ss signal of the FdsBG complex, and we accordingly assign the Fe/Ss signal to the FesSy
cluster of FdsB. The Fe/S; signal seen with holoenzyme was initially assigned to the His-coordinated
Fe, Sy cluster of FdsA (Figure 5 bottom, dotted spectrum) [13], but that is clearly incorrect as FdsBG
exhibits the signal. The Fe/S5 signal has similar g-values to those reported for the previously observed
Fe/S3, but the signal-giving cluster couples to the molybdenum center and must be the proximal
Fe4Sy cluster to the molybdenum center in FdsA; the Fe/Ss signal must, therefore, be a new signal not
seen previously with holoenzyme. The assignment of EPR signal Fe/Ss to the Fe4Sy cluster of FdsB is
consistent with our previously published structural model of holoformate dehydrogenase placing the
Fe4S, cluster near FdsA in the intact holoenzyme and on-path between the molybdenum and FMN of
the enzyme [10].

iooat
| N I N Y I T N [ N [
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Figure 5. EPR spectra of the iron—sulfur clusters of the FdsBG complex. (Top) the observed iron-sulfur
EPR spectrum (solid) and simulated composite spectrum (dashed) of dithionite-reduced FdsBG,
collected at 9 K with modulation amplitude of 8 Gauss and microwave power of 2 uW. The sample
was prepared by incubation of 125 uM of FdsBG complex in 100 mM potassium phosphate, pH 7.0
with 2 mM buffered sodium dithionite under anaerobic conditions for 1 h at room temperature prior
to freezing. (Middle) the individual signals resulting from the simulation of the composite spectrum
above. The spectrum corresponding to the previously assigned Fe/S; (dotted) and an additional Fe/Ss
signal (dashed) are resolved only in the FdsBG complex. (Bottom) a comparison of the spectra seen
with FdsBG (dashed) and holoenzyme, at 20 K (dotted). The dashed lines mark the location of g; and
g3 features of the Fe/S; component seen in the spectrum of the reduced holoenzyme (see text) [19].
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6. Rapid-Reaction Kinetics of FdsBG Reduction by NADH

The rapid-reaction kinetics of FdsBG reduction by NADH have also been examined. This is the
reverse of the physiological reaction for the formate dehydrogenase, but is the physiological direction
seen in the NADH dehydrogenases. A typical kinetic transient is shown in the inset of Figure 6 left.
The reaction is biphasic, with the fast phase of the reaction completing within 120 ms. A plot of the
observed ki, as a function of NADH is hyperbolic (Figure 6 left), yielding a limiting k.4 of 680 st
and KgNAPH of 190 uM at 5 °C. We note that this rate is more than sixfold faster than the limiting rate
of reduction of holoenzyme at high formate, some 20-fold faster than ke, for formate oxidation (13),
and 350-fold faster than keat for CO, reduction [12] under comparable conditions.

600 | 0.3 fore 7\ 03108
_— Y oxidized 0.02 7N
500 a7 o \\\\/f\ 8 \ /N \ PFaX
z / % 8 R 1 [RY \ —~ \
»n400 - €o.18 50.2 F 75\ s 0.00 7 T >
- / e | o spectrum . 2 Y Vo /
2300 | ol 3 at03s 2002} " T
< 200 To.14 20.1 ©
100 L7 013 " /\\‘Q\\ - -0.04 - " 035 - oxidized
SRR, LU PN kit ndii S
00 04 08 12 16 . 300 400 500 600 700 300 400 500 600 700
[NADH] mM wavelength (nm) wavelength (nm)

Figure 6. The kinetics of FdsBG reduction by NADH. (Left) a plot of k¢, vs. NADH, yielding a limiting
Kreq 0f 680 571 and a K4NAPH of 190 uM. The inset shows a typical biphasic transient, as described in
the text. The reaction conditions were 100 mM potassium phosphate, pH 7.0, 5 °C. (Center) spectra
seen at the times indicated in the reaction of 10 uM FdsBG with 5 uM NADH, as obtained with a
photodiode array detector on the stopped-flow. (Right) difference spectra obtained using the spectra
obtained at the times indicated. The formation of FMNH- in the fast phase of the reaction is reflected in
the positive feature in the 500-650 nm region in the dotted difference spectrum and its loss during the
slow disproportionation phase of the reaction by the negative feature in the same region in the dashed
difference spectrum [19].

When the reaction was repeated using substoichiometric NADH (so that the FdsBGq,- formed
on disproportionation will not be further reduced by reaction with a second equivalent of NADH),
the absorbance increase seen at the end of the fast phase of the reaction implies formation of the
neutral semiquinone FMNH- (Figure 6 center, dashed). This species has not seen in previous work
with holoenzyme and must be the result of transfer of a single electron from the fully reduced flavin
hydroquinone (formed on its initial two-electron reduction by NADH) to the Fe,S; cluster of FdsG
iron, leaving the flavin as FMNH- (and giving rise to the Fe/S; EPR signal; see further below and
Scheme 1). On a second, slower timescale, two equivalents of the FdsBGy,- formed upon reaction with
NADH disproportionate to give one equivalent each of FdsBGj.- and FdsBGs-. To the extent this
occurs, FdsBGqe- will have its Fe,S; cluster (Fe/Sq) reduced and its FMN oxidized, whereas FdsBGge-
will have both Fe/S; and the FMN reduced.

Fe,S,* Fe,S,™ Fe,S,™ Fe,S,™
electron
Kq=190 pM Kreg = 680 57! _  ftransfer
FMN =—— FMN-NADH ——=— FMNH™ ——— FMNHe
NADH NAD* (fast)
Fe,S,™ Fe,S,™ Fe,S,%* Fe, S,

Scheme 1. Proposed electron transfer in FdsBG upon NADH reduction.

The UV/Visible signature of FMNH- [26] is seen as the positive feature in the 500-650 nm region
in the difference spectrum between fully oxidized enzyme and that collected at 0.3 s after the initial
reaction of FdsBG with NADH (Figure 6 right, black spectrum). The extended negative feature in
the 300-500 nm region is due to reduction of the Fe/S clusters. The subsequent disappearance of the
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FMNH- formed in the fast phase of the reaction is reflected in the pronounced negative feature in the
500-650 nm region seen in the 0.3-10 s difference spectrum (Figure 6 right, dashed difference spectrum).
Here, the two broad, negative peaks centered at 570 and 605 nm reflect the presence of FMNH- at
0.3 s but its loss over the next 10 s. Formation of FMNH- has independently been confirmed in a
freeze-quench EPR experiment. Figure 7 shows the spectrum seen at 150 K when FdsBG is reacted
with NADH and frozen after ~40 ms (Top), which exhibits the EPR signatures of both FMNH- and
Fe/S;. In addition to demonstrating the formation of FMNH:, this experiment establishes that it is
the Fe,S, cluster of FdsG that becomes reduced in forming FMNH-. Subtracting out the Fe/S; signal
from the measured EPR spectrum yields an isotropic EPR signal with a gj, = 2.003 and a linewidth of
~1.9 mT, reflecting formation of the neutral rather than anionic semiquinone (Figure 7 middle) [27,28].
No additional iron-sulfur signal attributable to the Fe/S, signal is seen at 9 K, even when the experiment
is repeated in the presence of excess NADH, indicating that it does not get reduced in the course of
reduction of FdsBG by NADH (Figure 7 bottom).

330 340 350
B(mT)

Figure 7. EPR of the neutral flavin semiquinone of FdsBG. (Top) The EPR spectrum seen by rapid-freeze
quench (quenching time ~40 ms) on reaction of 40 uM FdsBG with 0.8 mM NADH at 0 °C. The spectrum
was obtained at 150 K with modulation amplitude of 8 Gauss and microwave power of 0.4 mW.
(Middle) the spectrum of FADH-, obtained by subtracting out the Fe/S1 contribution (solid line) along
with a simulation (dashed line). (Bottom) The EPR spectrum seen on mixing 160 uM of FdsBG with
60 uM NADH at room temperature for 10 s prior to freezing. The EPR spectrum was collected at 9 K
with modulation amplitude of 8 Gauss and microwave power of 2 uW, and it exhibits only the Fe/S;
signal with no contribution from Fe/S4. All samples were prepared in 100 mM potassium phosphate,
pH 7.0, under anaerobic conditions [19].

7. The Thioredoxin-Like Domain of FdsB

The N-terminal thioredoxin-like domain of FdsB is extremely similar to the Fe;S, ferredoxin
domain from A. aeolicus [21], which like the C. necator formate dehydrogenase is known to dimerize.
The largest contact interface between the two FdsBG protomers within the asymmetric unit of the
crystal is between the two FdsB thioredoxin-like domains, suggesting that these contribute significantly
to the dimerization of the holoenzyme.
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The buried area is small (~560 AZ), however, with only a few specific interactions across the
interface, which are not highly conserved among the NADH dehydrogenase family. In addition,
FdsBG remains monomeric throughout purification. It thus appears that the dimer seen in the
asymmetric unit is simply the result of crystal packing [29,30].

8. Electron Transfer in FdsBG

During normal turnover with holoformate dehydrogenase, reducing equivalents from the oxidation
of formate pass from the active site molybdenum center through a chain of iron—sulfur clusters to
the FMN, which ultimately reduces NAD*. FdsBG is able to reduce NAD?, as are the corresponding
subcomplexes from NADH dehydrogenases [31,32] and the NAD"-reducing hydrogenase [33].
Consistent with the Fe;Sy cluster of FdsB being on-path between the molybdenum center and
FMN, it lies close to the C8-methyl of FMN and to highly conserved surface residues that are implicated
in the interaction of FdsB with FdsA (i.e., E441B-54878, 1451B-G4528, and K292B-1.298B). By contrast,
the Fe,S; cluster of FdsG lies further from the region implicated in FdsA binding. Nevertheless,
as summarized in Scheme 1, the present evidence indicates that the initial electron transfer event out
of the FMN in FdsB upon reduction by NADH is to the off-path Fe,;S; cluster, which has the higher
reduction potential relative to the on-path Fe,S4 cluster. In the case of the NADH dehydrogenases,
a similar electron transfer to the Fe;S, cluster is thought to minimize formation of neutral flavin
semiquinone, FMNH:-, thereby reducing the accumulation of reactive oxygen species [20,22].

9. Concluding Remarks

The cytosolic and NAD*-dependent formate dehydrogenase is fully capable of catalyzing the
reduction of CO; to formate using NADH as a source of reducing equivalents. The values for the forward
and reverse steady-state kinetic parameters are consistent with the expected Haldane relationship.
The addition of an NADH-regenerating system consisting of glucose and glucose dehydrogenase
increases the yield of formate approximately 10-fold, suggesting the commercial potential of the
enzyme as an effective means of CO, remediation.

A consideration of the recently reported structure of the FdhD sulfurase that transfers a catalytically
essential sulfur to the maturing molybdenum cofactor prior to insertion into apoenzyme suggests that
the cofactor may first be transferred to the C-terminal cap domain of apo formate dehydrogenase,
which then closes over the body of the enzyme to assemble the active site, rather than transferring the
cofactor directly to the body of the protein.

The X-ray crystal structure of the FdsBG fragment of the C. necator formate dehydrogenase is
reviewed, as are the kinetics of its reduction by NADH. Notably, the neutral semiquinone FMNH- is
observed transiently in the course of the reaction of FdsBG with NADH. In a reaction analogous to
the physiological reduction of NADH dehydrogenases by NADH, after initial reduction of the FMN
of FdsB by NADH to the hydroquinone (with a ky.q of 680 s ! and Ky of 190 uM), one electron is
rapidly transferred to the Fe;S, cluster of FdsG, leaving FMNH:, as characterized by both UV/visible
spectroscopy and EPR. The Fe, Sy cluster of FdsB does not become reduced in the process.

Finally, we note that the cryo-EM structure of the R. capsulatus formate dehydrogenase, which is
very similar to the C. necator enzyme that has been the focus here, has very recently been reported at
a resolution of 3.3 A [34]. The overall structure of the FdsBG fragment of the R. capsulatus protein is
very much in agreement with that described here for the C. necator protein, and the overall structure
is also in good agreement with that predicted previously on the basis of the structures of the E. coli
FdhF formate dehydrogenase and the T. thermophilus NADH dehydrogenase [10]. Not previously
anticipated is the proximity (9.5 A edge-to-edge) of the Fe;S clusters designated A4 in the two
FdsA subunits of the dimeric Fds(ABGD), dimer, which suggests reducing equivalents are able to
pass easily between protomers (a situation also seen in the even more complex formylmethanofuran
dehydrogenase from Methanothermobacter wolfeii [35]). Interestingly, the A4 Fe4Sy cluster is the one
possessing histidine as a ligand and presumably having a higher rather than lower reduction potential.
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Importantly, the cryo-EM work clearly demonstrates that the small FdsD subunit is an integral
component of the mature holoenzyme, interacting intimately with the C-terminal domain of FdsA
and apparently stabilizing the inserted molybdenum cofactor. The position of FdsD is not inconsistent
with the model for cofactor incorporation considered here, although its role in cofactor insertion
remains to be elucidated. Very interestingly, evidence is presented that cryo-EM is able to distinguish
between oxidized and reduced iron—sulfur clusters in complex systems. If found to be generally
applicable, this would constitute a very significant advantage of the cryo-EM method over other
structural methods and provide information presently obtainable by spatially resolved anomalous
dispersion refinement [36].
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