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The ability of the FdSABG formate dehydrogenase from
Cupriavidus necator (formerly known as Ralstonia eutropha) to
catalyze the reverse of the physiological reaction, the reduction
of CO, to formate utilizing NADH as electron donor, has been
investigated. Contrary to previous studies of this enzyme, we
demonstrate that it is in fact effective in catalyzing the reverse
reaction with a k_,, of 11 = 0.4 s™%. We also quantify the stoi-
chiometric accumulation of formic acid as the product of the
reaction and demonstrate that the observed kinetic parameters
for catalysis in the forward and reverse reactions are thermody-
namically consistent, complying with the expected Haldane
relationships. Finally, we demonstrate the reaction conditions
necessary for gauging the ability of a given formate dehydroge-
nase or other CO,-utilizing enzyme to catalyze the reverse
direction to avoid false negative results. In conjunction with our
earlier studies on the reaction mechanism of this enzyme and on
the basis of the present work, we conclude that all molybdenum-
and tungsten-containing formate dehydrogenases and related
enzymes likely operate via a simple hydride transfer mechanism
and are effective in catalyzing the reversible interconversion of CO,
and formate under the appropriate experimental conditions.

Formate dehydrogenases are a heterogeneous group of
enzymes that are widely distributed in nature, being found in
anaerobic as well as aerobic bacteria, archaea, yeasts, fungi,
plants, and vertebrates. These enzymes can be broadly classi-
fied as metal-independent/NAD(P)*-dependent, metal-con-
taining/NAD(P) " -dependent, and metal-containing/NAD(P)*-
independent (1). All these enzymes catalyze the oxidation of
formic acid to carbon dioxide, generating two protons and two
electrons (Equation 1).

HCOOH—CO,+2H"+2e" (Ea. 1)
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Some, but not all, metal-containing formate dehydrogenases
have been reported to catalyze the reverse reaction, ie. the
reduction of carbon dioxide to formic acid, a reaction of con-
siderable industrial interest given the general difficulty of acti-
vating CO,, for reduction (2—4). The main challenges in the use
of these enzymes for the generation of formate are the low rates
of CO,-reducing activity typically reported and the high O,
sensitivity exhibited by most of these enzymes (5). In the pres-
ent study, we have examined the ability of an oxygen-tolerant
formate dehydrogenase from Cupriavidus necator (FdsABG) to
convert CO,, to formic acid.

C. necator (formerly known as Ralstonia eutropha) is an aer-
obic facultative chemoautotrophic bacterium capable of both
heterotrophic and lithoautotrophic growth (6). The C. necator
genome encodes four formate dehydrogenases, all of which are
metal-dependent. Three are membrane-bound and expressed
under various growth conditions, whereas one is cytoplasmic.
This last enzyme, encoded by the fdsGBACD operon and con-
sisting of the FASABG gene products (7), is an O,-tolerant
homodimer of trimers, («B7y), (8, 9). The 105-kDa a-subunit
(FdsA) contains the molybdenum-containing active site as well
as four [4Fe—4S] clusters and a [2Fe-2S] cluster. Oxidation of
formic acid occurs at the molybdenum center, which in the
oxidized enzyme has an L,Mo(VI)S(S—Cys) structure (L repre-
sents the pyranopterin cofactor found in all molybdenum- and
tungsten-containing enzymes other than nitrogenase; L is a
guanine dinucleotide in the present case); reduction yields an
L,Mo(IV)(SH)(S—Cys) center (9). The 55-kDa B-subunit (FdsB)
contains FMN and a [4Fe—4S] cluster with the FMN being the
site of NAD™ reduction. Finally, the 19-kDa y-subunit (FdsG)
contains one [2Fe—2S] cluster. The three subunits of the
C. necator FdsABG formate dehydrogenase have strong
sequence homology to the corresponding Nqo3, Nqol, and
Nqo2 subunits, respectively, of the crystallographically charac-
terized Thermus thermophilus NADH dehydrogenase (10), and
the enzyme thus belongs to the NADH dehydrogenase super-
family of enzymes. The enzyme is unusual among the metal-de-
pendent formate dehydrogenases in being O,-tolerant and
unusual among the NADH dehydrogenases in being cytosolic (and
water-soluble) rather than membrane-integral. The large number
of iron—sulfur clusters as well as the FMN is unique among the
formate dehydrogenases and possibly affords a greater number of
potential pathways for electrochemical reduction.
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Figure 1. The proposed hydride transfer mechanism for the formate dehydrogenases. As the second carbon-oxygen double bond of the product forms,
the displaced hydride attacks the Mo=S moiety, resulting in the formal two-electron reduction of the metal.

In previous work, we characterized the rapid reaction kinet-
ics and spectroscopic properties of C. necator FdsABG and
demonstrated that the enzyme operates via a ping—pong mech-
anism with a limiting rate constant, k4 for reduction of
enzyme by formate of 140 s~ at 10 °C (corresponding to 560
s 'at30°C)and a K, of 82 um (11). We have also characterized
the EPR signal of the molybdenum center in its Mo(V) state and
demonstrated the direct transfer of the substrate C* hydrogen
to the molybdenum center in the course of the reaction, con-
cluding that the reaction proceeds via direct hydride transfer
from substrate to the Mo=S group of the active site molybde-
num center with CO, (rather than bicarbonate) as the immedi-
ate product of the overall reaction (Fig. 1). Formate is in fact
known to be an effective hydride donor (as reflected in the reac-
tivity of the metal-independent formate dehydrogenases that
catalyze the direct reduction of NAD™ by formate via a ternary
complex mechanism (involving an E-formate-NAD ™ interme-
diate), and the Mo(VI)=S group of the molybdenum center is
also known to be an effective hydride acceptor (as in the reac-
tion mechanism of the molybdenum-containing xanthine oxi-
dase (8)). Were the C. necator enzyme to be shown to effectively
catalyze the reverse reaction, the implication would be that the
Mo(IV)-SH center is an effective hydride donor to CO,, with
the enzyme competent to activate CO, for reduction.

We report here that, contrary to an earlier report (6), the
FdsABG formate dehydrogenase from C. necator is indeed able
to effectively catalyze the reduction of CO, using NADH as
reductant, stoichiometrically generating formate (as confirmed
by NMR) with a k_,, of 11 = 0.4 s~ '. Importantly, we demon-
strate that the enzyme’s steady-state kinetic parameters in the
forward and reverse reactions are consistent with the overall
thermodynamics of the reaction. Finally, we establish the reac-
tion conditions necessary to quantify the reverse reaction.

Results
Demonstration of CO, as substrate for the reverse reaction

Carbon dioxide dissolved in aqueous solution exists in many
forms: CO,(aq),® carbonic acid, carbonate, and bicarbonate
(12). In a hydride transfer mechanism for the oxidation of for-
mate by FdsABG, the product of the reaction is CO, rather than
bicarbonate, with the implication that CO, rather than bicar-
bonate is the substrate in the reverse direction. To ascertain
whether this is in fact the case, we performed steady-state
experiments whose results are summarized in Table 1.

First, we measured the ability of FdsABG to catalyze the
reverse reaction using 100 mm potassium bicarbonate as the
substrate at pH 7.0 and 30 °C under aerobic conditions, moni-

3The abbreviations used are: ag, aqueous; Bis-Tris propane, 1,3-bis[tris
(hydroxymethyl)methylamino]propane.
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Table 1

Demonstration of CO, as substrate for the reverse reaction

All reactions were measured by the change in NADH absorbance at 340 nm and
performed in 100 mM potassium phosphate at pH 7.0 and 30 °C.

Sample Kops
S*l
+Bicarbonate, aerobic conditions 8.1 *+0.3
—Bicarbonate, aerobic conditions 7.6 £0.3
+Bicarbonate, anaerobic conditions 0.40 = 0.04
+CO, gas, anaerobic conditions 94 *0.6

toring the reaction by the oxidation of NADH; the resulting rate
was determined to be 8.1 = 0.3 s~'. Significantly, a control
experiment performed in the absence of bicarbonate yielded a
similar rate, indicating that the observed oxidation of NADH by
FdsABG was due to the diaphorase (O,:NADH oxidoreductase)
activity of the enzyme (7.6 * 0.3 s~ ). Additionally, in the pres-
ence of bicarbonate, but in the absence of O,, NADH oxidation
was virtually eliminated (0.40 = 0.04 s~ ). Finally, we performed
an anaerobic experiment with a saturated solution of CO, as the
substrate; the resulting rate was determined to be 9.4 + 0.6 s~ .
Under our experimental conditions (30 °C, 1 atm, pH 7.0) the
amount of CO,(aq) in solution under saturating conditions was
calculated as 29.5 mm with a potassium bicarbonate concentration
of ~139 mw (at this pH there are only trace amounts of carbonic
acid or carbonate) (12). The implication of the above experiments
is thus that the substrate for the reverse reaction is CO,(aq) rather
than carbonic acid, carbonate, or bicarbonate.

pH dependence of the reverse reaction

We next examined the pH dependence of the kinetics of the
reverse reaction, with all experiments performed under anaerobic
conditions. In these experiments, we performed duplicate assays at
each pH using CO,-saturated solutions and solutions that were
50% CO, to confirm that we were working at the high concentra-
tion limit of CO,, (control data not shown). As illustrated in Fig. 2
(datain black), the reaction of FdAsABG with CO, has anominal pH
optimum around 7.0. The values for &, ; were fitted to the equa-
tion for a double-ionization mechanism, which yielded two appar-
ent pK, values of 5.5 and 8.3. Both pK, values are in reasonable
agreement with those measured for the reaction of FdssABG with
formate (5.6 and 9.3, respectively). We note, however, that the
value for pK=% may be subject to considerable error as a result of
the increasing ionic strength of the CO,-saturated solutions at
higher pH. Because the total dissolved carbon increases exponen-
tially with pH due to the higher concentrations of bicarbonate (and
eventually carbonate), the ionic strength of CO,-saturated solu-
tions also increases very significantly as reflected by the increased
conductivity at high pH (Fig. 2, data in blue). The conductivity
reflects not only the amount of total carbon species but also signif-
icant concentrations of K as a consequence of adjusting pH with

J. Biol. Chem. (2017) 292(41) 16872-16879 16873
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Figure 2. The dependence of k., for FdsABG on pH. Kinetic experiments were
performed using an overlapping buffer system (75 mmeach of malate, potassium
phosphate, and Tris base) containing 200 um NADH and saturated with CO,(aq).
The fit to the data (black solid line) yielded two pK, values of pK,, = 5.5 and
pke = 8.3. The plot in blue represents the corresponding conductivity, a conse-
quence of increasing concentrations of bicarbonate/carbonate as well as KOH. All
reactions were performed at 30 °C under anaerobic conditions. mS, millisiemens.
Error bars represent standard deviations.

KOH. Contributions to total carbon from bicarbonate and car-
bonate can be calculated from well defined temperature-related
equilibrium constants and partial pressures according to Equa-
tions 2 and 3 below.

log[HCO;1 = logK + logK,, + logPCO, + pH (Eq.2)

log[CO27] = logKy + logK,, + logK,, + logPCO, + 2pH
(Eq.3)

where Ky, K,;, and K, are the acid dissociation constants for
CO,(aq), HCO;, CO3 ™, respectively, and PCO, is the partial
pressure of CO, (12). We tested the effect of increasing ionic
strength on the ability of the enzyme to catalyze both the for-
ward and reverse reactions. The kSQ? for the reaction of
FdsABG with CO, decreased to 13% in the presence of 3 M KCl
(supplemental Fig. S1). The reaction of FdAsABG with formate
was similarly affected by increasing ionic strength; kformate
decreased to 13% in the presence of 4 M KCl (supplemental Fig.
S1). It is thus likely that the decrease in activity above pH 7.0 as
described by pK® was principally due to ionic strength effects
rather than ionization phenomena. The identity of the ioniz-
able group whose protonation results in loss of activity at low
pH is not known, although a likely candidate is the Mo(VI)=S§
group of the molybdenum center, which is known to be proto-
nated at pH 7.0 upon reduction of the molybdenum (11).

Further analysis of the reverse reaction

To demonstrate the ability of FdsABG to catalyze the reac-
tion in both the forward and reverse directions, an experiment
was performed in which the enzyme was sequentially supple-
mented with NAD™ or formate in a septum-sealed quartz
cuvette under anaerobic conditions. Upon addition of enzyme
to a cuvette containing 200 uM NADH in 100 mM potassium
phosphate saturated with CO, (final pH 6.3; Fig. 3, arrow 1), an
absorbance decrease was observed as NADH was partially con-
sumed upon catalysis of the reverse reaction, the reaction being

16874 J Biol Chem. (2017) 292(41) 16872-16879
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Figure 3. Demonstration of the ability of FdsABG to catalyze both CO,
reduction and formate oxidation. The reaction was initiated by addition of
FdsABG (arrow 1) via an argon-purged Gastight syringe to 200 um NADH in
100 mm phosphate saturated with CO,(aq), final pH 6.3. At ~200 s, 400 um
NAD™" wasinjected into the cuvette (arrow 2), and the reaction was allowed to

proceed. At ~400 s, 40 mm formate was further injected into the cuvette
(arrow 3). The reaction was performed at 30 °C under anaerobic conditions.

driven by the high concentration of CO, in the reaction mix-
ture. The reaction was allowed to proceed until NADH was no
longer consumed at which point the cuvette contained formate
produced from CO, reduction and an equivalent amount of
NAD™. 400 um NAD™ was injected to drive the reaction in the
reverse direction (Fig. 3, arrow 2) with an absorbance increase
as NAD™ was reduced back to NADH. The reaction was
allowed to proceed until NADH was no longer produced at
which point the solution was supplemented with 40 mm for-
mate (Fig. 3, arrow 3), which resulted in a further absorbance
increase as more NAD™ was reduced to NADH at the expense
of the initially formed formate. These results confirm the ther-
modynamic and kinetic competence of the enzyme to catalyze
both the forward and reverse reactions.

Formic acid quantification and identification

Next, we confirmed by ion chromatography that the reaction
product of the reduction of CO, catalyzed by FdAsABG was in fact
formic acid using the protocol described under “Experimental
procedures.” FdsABG was incubated with anaerobic saturated
CO,(aq) and 300 um NADH in 20 mwm Bis-Tris propane (final pH
6.3, 30°C), and the reaction was followed by the absorbance
decrease at 340 nm (Fig. 44). At completion of the reaction, an
aliquot was withdrawn and submitted to ion chromatography with
formate being detected with a characteristic retention of 5.9 min
(Fig. 4B). Comparison against a calibration curve (supplemental
Fig. S2) yielded a value of 120 um formic acid generated in the
experiment in very good agreement with the 130 um NADH con-
sumed on the basis of the absorbance change at 340 nm (retention
times for bicarbonate/carbonate, NAD " /NADH, and buffer peaks
are reported in supplemental Fig. S3). These results demonstrate
the stoichiometric generation of formic acid at the expense of
NADH for the enzyme-catalyzed reaction in the reverse direction.
The identity of formic acid/formate generated enzymatically was
further confirmed by comparison of the ">*C NMR spectrum of the
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Figure 4. A, reaction of FdsABG with saturated CO,(aq) and 300 um NADH in 20 mm Bis-Tris propane (final pH 6.3) performed at 30 °C under anaerobic
conditions. The arrow indicates addition of enzyme. B, ion chromatography analysis of the product of the reaction in A as described under “Experimental
procedures.” Retention times are indicated with arrows for formate (5.9 min), bicarbonate (7.4 min), and NADH/NAD™ (11.2 min). C, *C NMR spectrum for
['*CIformate generated enzymatically with dissolved ['*C]bicarbonate at 161.08 ppm. D, '*C NMR standard spectrum with 100 mm natural abundance formic

acid brought to pH ~6.3 with sodium bicarbonate. uS, microsiemens.

reaction product obtained with [**C]formate with an authentic
natural abundance formic acid standard (Fig. 4, C and D).

Enzyme kinetics

Finally, with the reversibility of the reaction fully established,
we sought to determine K, K,, o2y and K,,napry for the
reverse reaction. Having previously demonstrated that FdAsABG
operates via a ping—pong mechanism (11), the experiments
simply involved determining the dependence of k., as a func-
tion of [CO,] at a saturating concentration of NADH and as a
function of [NADH] at a kinetically saturating concentration of
CO,. As shown in Fig. 5, the results yielded hyperbolic plots
from whichak_, 0of 11 * 0.4s™",aK,,con) 0f 2.7 + 0.3 mm (Fig.
5A), and a K,,,(yapp) of 46 * 4.3 um at pH 7.0 (Fig. 5B) were
obtained. The k_,, for CO, reduction is ~14 times slower than

Kk, for formate oxidation by FdsABG.

Discussion

The FdsABG formate dehydrogenase from C. necator has
been reported previously to be unable to catalyze the reverse
reaction of formate oxidation (6, 7). The method used in this
earlier work was similar to that used here, and we are unable to
account for their (false) negative result. However, it was stated
that a long (40-min) incubation period was used, and it is pos-

SASBMB

sible that the enzyme lost substantial activity over this period of
time. In the present work, we find that the enzyme is in fact
quite effective catalyzing the reduction of CO,, being able to
stoichiometrically transfer reducing equivalents from NADH
to CO, with a steady-state k_,, of 10 s~ '. Given the previously
observed false negative results with this (and possibly other)
formate dehydrogenases, two specific points are important to
bear in mind when assessing the ability of a given enzyme to cata-
lyze the reverse reaction. First, the product of the reaction in the
forward direction (and hence the substrate in the reverse) is CO,
rather than bicarbonate, and second, the reverse assay must be
carried out under anaerobic conditions to avoid consumption of
NADH by possible diaphorase activity of the enzyme. It must also
be kept in mind that the pH optimum for the reverse reaction may
be perturbed by ion strength effects given the higher concentra-
tion of bicarbonate/carbonate at higher pH.
Bicarbonate/carbonate is routinely used as a surrogate for CO,
in aqueous solutions, but it is important to recognize that it is an
imperfect one. Although some equilibrium concentration of CO,
will always eventually be obtained, the uncatalyzed interconver-
sion of CO, and bicarbonate in aqueous solutions is in fact very
sluggish on the time scales of catalysis for all formate dehydroge-
nases, even at low pH where CO, is expected to predominate at

J. Biol. Chem. (2017) 292(41) 16872-16879 16875
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Figure 5. A, hyperbolic plots for the reaction of FdsABG with CO,(aq) in the presence of 200 um NADH. B, hyperbolic plots for the reaction of FdsABG with NADH
in the presence of saturated CO,(aq). Plots in A and Byielded a k., of 11 = 0.37 s, a K, co Of 2.7 = 0.34 mm, and a K., apr, Of 46 = 4.3 um, respectively. All
reactions were performed in 100 mm potassium phosphate, pH 7.0, at 30 °C under anaerobic conditions. Error bars represent standard deviations.

equilibrium. Furthermore, for reactions performed in an experi-
mental apparatus having a significant volume of headspace, parti-
tioning into the gas phase will lower the concentration of dissolved
CO, for any given amount of bicarbonate/carbonate added. The
final concentration of dissolved CO, will in fact ultimately be dic-
tated by the partial pressure of CO, in the headspace according to
Henry’s law, not simply the total amount of bicarbonate initially
added. It is likely that these considerations have all contributed to
false negative results in assessing whether one or another formate
dehydrogenase is capable of catalyzing the reduction of CO, to
formate. Our observation that, at least with the FdsABG formate
dehydrogenase, there is significant diaphorase (O,:NADH oxi-
doreductase) activity that consumes NADH regardless of whether
formate is formed by hydride transfer to CO, further underscores
the importance of performing assays under anaerobic conditions.
It is a key aspect of the present work that we have not simply
identified an(other) formate dehydrogenase capable of reducing
CO, under the appropriate conditions but provided an explana-
tion for the disparate and confusing results of previous studies with
this and other enzymes.

From a thermodynamic standpoint, E’', for the NADH/
NAD™ couple is —320 mV, and that for the formate/CO,, cou-
ple is =420 mV. From the Nernst equation, the overall K, for
the two-electron process is calculated to be ~2100. To ensure
compliance with the first law of thermodynamics, the following
Haldane relationship relating the steady-state parameters for
an enzyme operating via a ping—pong mechanism holds (13).

kforwa rd

forward
cat k

cat

Km(formate) Km(NAD +)

Keq = kreverse kreverse
cat cat
.

(Eq.4)

Km(C02) Km(NADH)

(201s~" (201s71)
~ (310pM) (130um
(117 (118"

(2.7mm) (46um)

= 1030
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where k°rvard = 901 + 6.1 571’1(}%

cat

(formate) = 310 = 6.5 uM, and
K, nap+y = 130 = 4.4 um from our previous work (11) and
Keyerse =11+ 045", K, cop) = 2.7 * 0.3 mm, and K, apr) =
46 = 4.3 um from the present work. Given the squared depen-
dence of the calculation on k™24 and k%Y, the agreement
with the value of 2100 determined from the Nernst equation is
considered to be quite good. This constitutes a stringent test of
the validity of the steady-state parameters in both the forward
and reverse reactions.

Moura and co-workers (14) have recently examined the reac-
tion of the periplasmic formate dehydrogenase from Desulfo-
vibrio desulfuricans and have concluded that this reaction also
proceeds via a hydride transfer mechanism. Like the C. necator
enzyme studied here, the D. desulfuricans enzyme possesses a
terminal Mo(VI)=S sulfido group in the oxidized state but has
a selenocysteine ligand to the molybdenum in place of the cys-
teine residue seen in FdsABG. The D. desulfuricans enzyme
also differs in passing reducing equivalents into the
intramembrane quinone pool (via subunits possessing four
c-type cytochromes and two [4Fe—4S] clusters) rather than
reducing NAD™, and thus these authors necessarily used
reduced methyl viologen as a non-physiological reductant. It
was not possible to assess the overall thermodynamics of the
reverse reaction and the validity of the Haldane relationship
as done here.

The active sites in the metal-dependent (both molybdenum-
and tungsten-containing) formate dehydrogenases all possess a
common active site structure as shown in Fig. 6. The present
results strongly suggest that all operate via the same hydride
transfer mechanism, and likely they all do so fully reversibly
under the appropriate experimental conditions. The majority
of these enzymes function physiologically in the direction of
formate oxidation, but the molybdenum-dependent formate-
hydrogen lyase complex of the acetogen Acetobacterium woodii
has recently been shown to function physiologically in the
direction of CO, reduction using reducing equivalents
obtained from H, (15, 16). The hydride transfer mechanism is
also likely to be relevant to both the molybdenum- and tung-
sten-containing formylmethanofuran dehydrogenases from

SASBMB
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methanogenic bacteria. These enzymes catalyze the first step in
methanogenesis, the reductive condensation of CO, and
methanofuran to yield formylmethanofuran; they are bifunc-
tional with a molybdenum or tungsten center involved in the
oxidation—reduction reaction in one subunit and a di-zinc cen-
ter that binds the methanofuran substrate in a second. The
molybdenum- and tungsten-containing active sites of this sec-
ond group of enzymes also strongly resemble those seen in the
above mentioned formate dehydrogenases seen in Fig. 6. The
tungsten-containing enzyme from Methanothermobacter wol-
feii has recently been characterized crystallographically with
the surprising observation that the tungsten and di-zinc active
sites are separated by ~43 A with an intraprotein tunnel con-
necting them (17). The reaction had been thought to proceed
via condensation of CO, with methanofuran to form carboxy-
methanofuran followed by reduction of this intermediate
to product formylmethanofuran. Given the structure of the
enzyme, however, with the methanofuran-binding site so far
removed from the tungsten center where reduction occurs, it is
clear that the reaction must instead proceed via reduction of
CO, to formate at the tungsten center followed by diffusion of
the formate thus formed through the intraprotein tunnel to the
di-zinc site where it condenses with methanofuran to give the
formylmethanofuran. The reaction at the tungsten sites of
these enzymes is exactly equivalent to the reverse of the
FdsABG formate dehydrogenase considered here, and it also
likely proceeds via a hydride transfer mechanism (it is known
that CO, rather than bicarbonate is the substrate for the
enzyme). Again, all these systems in their oxidized states have
active sites with the structure shown in Fig. 6 where the oxi-
dized active site can be formulated as L,M(VI)S(S/Se—Cys)
where M is either molybdenum or tungsten; the reduced active
site is formulated as L,M(IV)(SH)(S/Se—Cys). We suggest that
all these systems function via the same basic hydride transfer
mechanism regardless of the physiological direction of the
reaction, with the oxidized M(VI)=S moiety constituting an
effective hydride acceptor from formate and the reduced
M(IV)-SH moiety an effective hydride donor to CO,. The
mechanistic corollary is that just as formate is an effective
hydride donor in the one direction, CO, is an effective hydride
acceptor in the reverse. With regard to the specific manner in
which these enzymes activate CO,, for reduction, it is notewor-
thy that the active sites of these enzymes possess two strictly
conserved Arg and His residues (illustrated in Fig. 7 in the
case of the FdhF formate dehydrogenase from Escherichia
coli (18)) that are known to be involved in formate binding in
the forward direction and which we suggest are well posi-
tioned to accommodate the accumulating negative charge
and molecular dipole on CO, as the transition state in the
reverse direction forms.
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Figure 7. The active site of the FdhF formate dehydrogenase (Protein
Data Bank code 1FDO) from E. coli. The highly conserved Arg and His resi-
dues implicated in formate binding are indicated.

The ability to reduce CO, rapidly and efficiently has taken on
great importance over the past decade, linked as it is to the
emergence of inexpensive and sustainable sources of electricity
(19). A variety of biohybrid systems have been developed utiliz-
ing metal-dependent formate dehydrogenases from a variety of
organisms to bring about electrochemically driven reduction
of CO, to formate (for reviews, see Refs. 15, 20, and 21). In
this context, the importance of the present work is twofold.
First, the conditions have now been identified under which
the ability of a given enzyme to catalyze the reduction of CO,
can be assessed, and second, the reaction mechanism utilized
by all these enzymes involves hydride rather than H, as reduc-
tant with formate rather than formic acid being generated. Even
in the case of the A. woodii system (16, 17), H, is oxidized to
electrons and protons at the di-iron site of the hydrogenase
component with the electrons subsequently transferred to the
molybdenum center of the formate dehydrogenase component,
which reduces CO, via hydride transfer. The now demon-
strated ability of biological systems to utilize a lower-barrier
reaction for CO, reduction involving the reaction of hydride to
yield formate, rather than H, to yield formic acid, has signifi-
cant implications for the development of improved biohybrid
and synthetic systems for CO, fixation.

Conclusions

We have characterized here the kinetics of the reverse reac-
tion for the molybdenum-containing FAsABG formate dehy-
drogenase of C. necator using CO, as the reaction substrate and
shown that the relevant Haldane relationship holds for the
steady-state kinetic parameters in the forward and reverse
reactions. We have further quantified for the first time the
stoichiometric accumulation of formic acid as the product of
the reaction and demonstrated the importance of perform-
ing enzymatic experiments with CO, under anaerobic con-
ditions as detailed under “Experimental procedures.” We
submit that all molybdenum- and tungsten-containing en-
zymes of the formate dehydrogenase family, including the
formylmethanofuran dehydrogenases, operate via the same
hydride transfer mechanism and do so fully reversibly. The
present work thus provides a framework for the develop-
ment of increasingly efficient biocatalytic processes for CO,,
fixation.
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Experimental procedures
Chemicals

All chemicals were purchased from Fisher Scientific except
where otherwise specified. NAD*, NADH, and ['*C]CO,, were
purchased from Sigma-Aldrich. Argon and CO, were pur-
chased from Airgas. Sodium ['*C]bicarbonate was obtained
from Cambridge Isotope Laboratories.

Protein preparation

C. necator (formerly known as R. eutropha) strain HF210 was
grown as described previously (11). All protein purification
steps were performed at 0—4 °C with an AKTA FPLC system
(GE Healthcare) in a procedure modified from that of Niks et al.
(11). The butyl-Sepharose 4 column was replaced with a 1.6 X
22-cm butyl-Sepharose HP (GE Healthcare), and the 5-ml
butyl-Sepharose HP step at the end of the procedure was
omitted.

Routine activity assays were performed at 30 °C in 75 mm
potassium phosphate, pH 7.7, with 2 mm NAD™" and 40 mm
sodium formate; formation of NADH was monitored at 340 nm
(e =6,220 M ' cm™ ") with 1 unit of activity being defined as the
amount of enzyme catalyzing the reduction of 1 umol of
NAD™/min. Typically 10 s were used to calculate the initial
slope. Enzyme concentrations were determined using an esti-
mated extinction coefficient at 410 nm of 51,500 M~ ' cm ™', and
activities were calculated with respect to one trimer with a
molecular mass of 178 kDa (11).

Kinetic characterization

Kinetic assays were performed under anaerobic conditions at
30 °C. Dissolved carbon dioxide gas in reaction buffer was used
as the source of CO,. For measuring the effect of pH on k., an
overlapping buffer system consisting of 75 mm malate, 75 mm
potassium phosphate, and 75 mm Tris base were used to cover
the pH 4 -9 range. All the reaction buffers were first bubbled
with carbon dioxide continuously and titrated with potassium
hydroxide or hydrochloric acid until the target pH stabilized.
Upon addition of 200 uMm NADH to each buffer, the solution
was filtered and stored in a septum-sealed vial (Wheaton).
Immediately before use each vial was resaturated with CO,, and
the solution was transferred to an argon-purged quartz cuvette
sealed with a rubber stopper using an argon-purged Gastight
syringe (Hamilton). Reactions were started with addition of
enzyme, which was injected via an argon-purged Gastight
syringe. The CO, reduction activities were measured by the
change in NADH absorbance at 340 nm. The first 10 s after
addition of the enzyme were used to calculate the initial slope.
Values for k., were fitted to an equation (Equation 5) for a

obs

double-ionization mechanism as described previously (11).
Lops = Ling/[1 + (IH*1/1007PK) + (10CP42/[H*])  (Eq. 5)

To measure the effect of ion strength on k_,,; and the steady-
state parameters for the reaction of FdsABG with NADH, the
same experimental setup was used as above other than that 100
mM potassium phosphate pH 7.0 buffer was using instead of the
overlapping buffer system. A range of 9-300 um NADH was

used in these assays, and the results were plotted according to
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the Michaelis-Menten equation for calculating the K, and k_,,
values using SigmaPlot.

Steady-state parameters were determined for the reaction of
FdsABG with CO, in 100 mm potassium phosphate pH 7.0
buffer. Three septum-sealed vials were used in these experi-
ments. Vial A contained the buffer with 200 um NADH and
saturated with CO,, vial B contained the buffer with 200 um
NADH and saturated with argon, and vial C was flushed with
argon and used for mixing reaction buffers from vial A and vial
B for generating different concentrations of dissolved CO,. A
range of 0.8-29.5 mM aqueous CO, was used in these assays,
and the results were plotted according to the Michaelis-Menten
equation for calculating the K, and k_,, values.

To demonstrate the ability of FdsABG to catalyze both the
forward and reverse directions, a reaction was performed in a
septum-sealed quartz cuvette containing 200 um NADH in 100
mM potassium phosphate, final pH ~6.3, saturated with CO.,,.
FdsABG and formate were injected into the cuvette during the
reaction via an argon-purged Gastight syringe.

Formic acid detection and identification

A solution containing 20 mm Bis-Tris propane buffer and 200
uM NADH was first saturated with CO, in a septum-sealed
quartz cuvette (final pH ~6.3). The reaction was started with
injection of FAsABG with an argon-purged Gastight syringe,
and the reaction was allowed to proceed until NADH was no
longer consumed. The amount of formic acid produced was
estimatedspectrophotometricallybythechangeinNADHabsor-
bance at 340 nm. The formate-containing solution was subse-
quently separated from the enzyme via ultrafiltration with
Amicon Ultra 4 (Millipore). The eluate was finally analyzed by
ion chromatography (Dionex DX-120) using a Dionex Ionpac
AS22 4 X 250-mm column and 4.5 mm sodium carbonate, 1.4
mM sodium bicarbonate as eluent with a flow rate of 0.49
ml/min. A range of 0-200 um formic acid dissolved in 20 mm
Bis-Tris propane buffer was used for standard calibration; the
detection limit was estimated at 10 uM formic acid. At comple-
tion of the reaction, the formate was detected with a character-
istic retention time of 5.9 min.

NMR spectroscopy was performed using a Bruker Avance I11
700 instrument fitted with a 5-mm TCI *H,*H,**C,**N quadru-
ple resonance, z-gradient cryoprobe optimized for *H and **C.
A solution containing 20 mMm Bis-Tris propane buffer, 6 mm
NADH, and 10% D,O (for NMR frequency lock) was first satu-
rated with '*CO, in a septum-sealed quartz cuvette with a
4-mm path length (final pH ~6.3). The reaction was started by
injection of FAsABG using an argon-purged Gastight syringe,
and the reaction was allowed to proceed until NADH was no
longer consumed (monitored at 388 nm). The formate-con-
taining solution was subsequently separated from the enzyme
via ultrafiltration using an Amicon Ultra 4 filter, and the eluate
was submitted for NMR analysis. A separate NMR standard
sample was prepared by bringing a solution of 20 mm Bis-Tris
propane and 100 mM natural abundance formic acid to pH ~6.3
with a mixture of '*C-labeled and natural abundance sodium
bicarbonate (10% D,O was added prior to NMR analysis). The
bicarbonate resonance was set to 161.08 ppm (calibrated rela-
tive to methanol (22)).
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