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The air-inactivation of formate dehydrogenase FdsDABG from 
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A B S T R A C T   

The nature of air-inactivation of the formate dehydrogenase FdsDABG from Cupriavidus necator has been 
investigated. It is found that superoxide, generated in the reaction of reduced enzyme with oxygen, is responsible 
for the loss of activity and that superoxide dismutase protects the enzyme from air-inactivation. Inhibition ap-
pears to be due to the reaction of superoxide with the catalytically essential Mo––S group of the enzyme's mo-
lybdenum center in such a way that generates sulfite. 
Synopsis: Superoxide generated in the reaction of reduced formate dehydrogenase FdsDABG from Cupriavidus 
necator with O2 is found to be responsible for the loss of activity. Catalytic amounts of superoxide dismutase are 
found to protect FdsDABG just as well as more generally used stabilizing inhibitors such as nitrate.   

1. Introduction 

Formate dehydrogenases catalyze the oxidation of formate to CO2, 
and can be divided into metal-independent enzymes that catalyze a 
direct hydride transfer from NAD(P)H to CO2 in a ternary complex 
mechanism, and metal-dependent enzymes that rely on either a mo-
lybdenum or tungsten center to oxidize formate to CO2 with concomi-
tant reduction of the metal from MoVI or WVI to MoIV/WIV [1]. The 
reducing equivalents thus obtained are then transferred to an oxidizing 
substrate, which varies considerably from organism to organism. The 
molybdenum-containing formate dehydrogenase FdsDABG from 
Cupriavidus necator [2–4], the subject of the present study, utilizes NAD+

as oxidizing substrate, taking the pyridine nucleotide to NADH. The 
enzyme possesses molybdenum and an [4Fe-4S] center in the C-terminal 
domain of its FdsA subunit, and an additional four iron‑sulfur clusters in 
the N-terminal domain. The FdsB subunit has another [4Fe–4S] cluster 
and FMN, and the FdsG subunit a [2Fe–2S] cluster. The FdsD subunit is 
cofactorless, but it appears to cap the molybdenum-containing domain 
of FdsA [5]. 

The active sites of the Mo- and W-dependent formate de-
hydrogenases in the oxidized state can be formulated as L2MVIS(S-Cys) 
or L2MVIS(Se-Cys), where L represents a pyranopterin cofactor 

coordinated to the metal via a bidentate enedithiolate sidechain [6]. The 
terminal Mo––S or W––S is catalytically essential and activity is lost with 
its removal [7]. Many of these enzymes come from obligate or faculta-
tive anaerobes and are air-sensitive, but the reason for the loss of activity 
is at present poorly understood. FdsDABG is relatively insensitive to air 
[8], but in the absence of stabilizing inhibitors such as azide or nitrate 
does slowly lose activity. In the present work, the basis for this loss of 
activity has been examined, it being found that superoxide generated 
from the reaction of O2 with reduced enzyme results in inactivation. 
Preliminary evidence indicates the reaction of O2•

− with the Mo––S 
group results in formation of sulfite. 

2. Experimental section 

2.1. Plasmid construction and expression of FdsDABG 

The plasmid pTrc12HLB-FdsGBACD construct as previously 
described [9] was modified by replacing the 6xHis-linker-6xHis tag with 
a N-terminal Twin-Strep tag (IBA, Gottingen, Germany; Twin-Strep tag 
sequence: WSHPQFEKGGGSGGGSGGSAWSHPQFEKSG) to yield pTrc- 
strep-FdsGBACD. The construction of this plasmid was outsourced 
(Epoch Life Science, Sugar Land, TX). For overexpression of the 

Abbreviations: HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; IPTG, isopropyl-β-D-1-thiogalactopyranoside; TB, Terrific Broth; FMN, flavin mono-
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violet/Visible; hSO, human sulfite oxidase; Cys, Cysteine; Strep, streptavidin. 
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FdsDABG complex, the pTrc-strep-FdsGBACD plasmid was transformed 
into Escherichia coli DH5α cells. A 50 mL starter culture of TB (terrific 
broth) medium supplemented with 100 μg/mL ampicillin and 1 mM 
sodium molybdate was grown for >6 h at 37 ◦C. In the evening, this 
culture was used to inoculate four 6 L Erlenmeyer flasks, each containing 
2 L of TB medium supplemented with 100 μg/mL ampicillin, 1 mM so-
dium molybdate, and 24 mg ferric ammonium citrate to starting OD600 

nm = 0.002. The flasks were induced with 45 μM IPTG (isopropyl-β-D-1- 
thiogalactopyranoside) immediately after inoculation and grown at 25 
◦C and 160 rpm for 24 h and then left overnight without shaking (at RT if 
OD600 nm at that point had reached 0.5 or lower, otherwise at 4 ◦C). The 
cells were then grown for an additional 8–12 h at 25 ◦C and 180 rpm to a 
final OD600 nm = 8–10. Harvested cells were frozen in liquid nitrogen 
and stored at 80 ◦C. 

2.2. Purification of FdsDABG 

The initial purification of Strep–tagged FdsDABG was performed 
following the steps for purification of Strep–tagged FdsBG subcomplex 
[10]. To separate the active FdsDABG from inactive protein and FdsBG, 
the elution fractions from the Strep column were applied to a 2.6 × 11- 
cm Fractogel TMAE 650 (S) column (Sigma-Millipore), washed with 0.5 
column volumes of 50 mM potassium phosphate, 10 mM KNO3, pH 7.0, 
and eluted with a linear gradient of 0.15–0.25 M NaCl over 6 column 
volumes. Active fractions were pooled and precipitated with 50% 
ammonium sulfate, redissolved in minimum volume and buffer 
exchanged via PD-10 into storage buffer (75 mM potassium phosphate, 
10 mM KNO3, pH 7.5). Concentrated protein was flash frozen and stored 
in liquid nitrogen. Activity assays were performed at 30 ◦C in potassium 
phosphate buffer, pH 7.7, with 40 mM sodium formate and 2 mM NAD+

as previously described [8]. In this assay, the formation of NADH was 
monitored at 340 nm (ϵ=6,220 M− 1 cm− 1). The slopes were calculated 
based on the first 10 s after initiation of the reaction by addition of 
enzyme. Purified protein exhibited 70 units of activity per mg of protein, 
in good agreement with the previously reported value of 80 units per mg 
[8]. Enzyme concentrations were determined using an extinction coef-
ficient of ϵ410 nm = 51,500 M− 1 cm− 1 based on the previously published 
spectrum of oxidized enzyme [8]. 

2.3. Purification of bovine xanthine oxidase 

Xanthine oxidase was purified from unpasteurized cow's milk as 
previously described [11] except that the CM-52 resin was replaced with 
Ceramic Hydroxyapatite Type I (Biorad). 

2.4. Aerobic inactivation of FdsDABG 

Active FdsDABG (1 μM) was incubated overnight at 4 ◦C with 100 
units of superoxide dismutase (from bovine erythrocytes, Worthington 
Biochemical Co.) and 4 nM of catalase (from bovine liver, Sigma, C-40) 
in 50 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) 
buffer, pH 7.2. In the remaining samples, FdsDABG was incubated with 
10 mM KNO3, 4 nM catalase and no additives (enzyme only). UV/Vis 
absorbance spectra and activity measurements were obtained using a 
Hewlett-Packard 8452A diode array spectrophotometer. Formate/NAD+

activity assays were performed as described above in Section 2.2. The 
inactivation of FdsDABG in the absence of KNO3 and the dismutase was 
assessed both in the dark and in the presence of ambient light by being 
incubated aerobically at 4 ◦C for 24 h. To verify that the enzyme is active 
after air exposure for 24 h in the presence of the dismutase, samples 
containing the dismutase, KNO3 and enzyme only were reduced under 
anaerobic conditions with 2 mM of sodium formate and analyzed 
spectrophotometrically. 

2.5. Superoxide generation by xanthine oxidase 

Three samples were prepared in which 1 μM of FdsDABG was incu-
bated with 4 nM of catalase, 330 μM of xanthine and 0.1 μM xanthine 
oxidase in 50 mM HEPES, pH 7.2 in the presence of 100 units of the 
dismutase or 10 mM KNO3, or no additives. Additional samples were 
made with FdsDABG incubated with 0.01 μM xanthine oxidase or 
without xanthine oxidase at all. All samples were incubated at 4 ◦C for a 
total of 60 min. Samples were assayed for activity every 15 min. 

2.6. Detection of superoxide using cytochrome c 

Active FdsDABG (1 μM) was incubated with 40 mM sodium formate 
and 25 μM of cytochrome c (from horse heart, Sigma, C-7752) both in 
presence and absence of 500 units of the dismutase, respectively. The 
reactions were carried out in 50 mM HEPES, pH 7.7 with 10 mM KNO3 
and 4 nM catalase. Reduction of cytochrome c was monitored at 550 nm 
at 20 ◦C for 10 min. This experiment was repeated with inactivated 
FdsDABG and 1 mM NADH as the reductant. 

2.7. Detection of intermolecular electron transfer by stopped-flow 
spectrophotometry 

Reduction of cytochrome c by FdsDABG under anaerobic conditions 
was performed using a SX-20 stopped-flow spectrophotometer equipped 
with a photodiode (PDA) detector. The spectrophotometer was made 
anaerobic overnight by incubation with 50 mM HEPES buffer, pH 7.2 
containing 10 mM glucose and glucose oxidase (Aspergillus niger, Sigma, 
G2133) with catalase in catalytic amounts. FdsDABG (5 μM) was pre- 
reduced with 40 mM sodium formate and loaded onto a PD-10 column 
to remove the excess sodium formate in the anaerobic chamber. Sub-
sequently, FdsDABG was incubated in 50 mM HEPES buffer, pH 7.2 
containing 40 nM glucose oxidase, 8 nM catalase and 30 units of the 
dismutase. Oxidized cytochrome c (25 μM) was also made anaerobic 
prior to being transferred to the stopped-flow spectrophotometer. The 
reaction was carried out at 20 ◦C. 

2.8. Reduction of FdsDABG by superoxide 

Under aerobic conditions, 2.3 μM of FdsDABG was reduced by 0.01 
μM of xanthine oxidase. The enzymes were incubated in 50 mM HEPES 
buffer, pH 7.2 with 330 μM xanthine and 4 nM of catalase. UV/Vis 
absorbance spectra were obtained after 60 min. 

2.9. Sulfite detection 

For aerobic sulfite detection, 5–10 mM sodium formate in 50 mM 
HEPES, pH 7.2 was mixed with >10 μM FdsDABG (active enzyme con-
centration was determined assuming that 100% active protein is 80 
units/mg [8] and incubated at 4 ◦C). After the enzyme was inactivated 
(~24 h) it was removed using a 30 kDa MWCO AmiconUltra and the 
flowthrough containing sulfite was made anaerobic and transferred into 
an anaerobic chamber at 2.5% H2/N2 atmosphere (Coy Labs, Inc). The 
flowthrough was mixed with concentrated, anaerobic human sulfite 
oxidase (hSO) to ~20 μM in the presence of catalytic amounts of glucose 
oxidase/catalase and 10 mM glucose and the solution was incubated for 
~1 h in the glovebox. Subsequently, the sample was sealed with a 
septum in a quartz cuvette and transferred outside. The formation of 
reduced hSO was monitored at 556 nm after correction for the absor-
bance of hSO in the absence of sulfite, diluted to the same concentration 
as in the flowthrough above (again under strictly anaerobic conditions). 
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3. Results and discussion 

3.1. Maintaining activity after overnight exposure to air 

Friedebold and Bowien [8] found that when native FdsDABG is pu-
rified aerobically it slowly loses activity in the absence of inhibitors such 
as potassium nitrate (KNO3) or sodium azide. KNO3 is believed to be a 
competitive-noncompetitive inhibitor, likely binding at or near the 
molybdenum center and thus providing some protection from oxygen 
inactivation. In addition, the binding of KNO3 helps to prevent photo-
reduction (data not shown) which indicates that it might be binding near 

the FMN of FdsDABG as well. Although the FMN in FdsDABG is not 
particularly prone to photoreduction, some photoreduction was seen 
during the rapid reaction stopped-flow experiments without KNO3. In 
the absence of KNO3, FdsDABG lost 80% of its activity after 24 h 
exposure to air (Fig. 1). To ascertain the nature of this inactivation, we 
explored the role of various reactive oxygen species by incubating the 
enzyme with either superoxide dismutase or catalase. Fig. 1 shows that 
in the absence of KNO3 superoxide dismutase protected FdsDABG from 
inactivation on being exposed to air for 24 h. Catalase, on the other 
hand, had no effect on maintaining activity in the absence of the dis-
mutase. These results suggested that superoxide was involved in inac-
tivation of the enzyme. Knowing that the flavoproteins can be prone to 
photoreduction in even ambient light, the possible role of light in the 
inactivation of the enzyme was also investigated. 80% of enzyme ac-
tivity was lost after overnight incubation of FdsDABG in the dark, 
however, indicating that light was not the predominant factor leading to 
inactivation. 

To verify that superoxide dismutase indeed protects the enzyme from 
air-inactivation, enzyme samples were reduced with sodium formate 
under anaerobic conditions after overnight air exposure. By comparing 
the level of reduction of the enzyme by formate it is possible to deter-
mine the relative of amount of active protein [1,12]. Fig. 2 depicts the 
spectra of oxidized and reduced enzyme in the presence of KNO3, in the 
absence of KNO3 and in the presence of the dismutase. The inset to Fig. 2 
presents the difference spectra (oxidized minus reduced) for the three 
conditions. The change in absorbance (oxidized minus reduced) of 
enzyme in the presence of the dismutase is comparable to the difference 
spectrum where the enzyme is incubated with KNO3. These results 
indicate that FdsDABG that had been exposed to air for 24 h in the 
presence of superoxide dismutase was as active as enzyme that had been 
protected by KNO3; the sample without any dismutase or KNO3 showed 
little to no protection against inactivation (Fig. 1). 

3.2. Inactivation due to superoxide 

To further examine the susceptibility of FdsDABG to superoxide, 
xanthine oxidase, a known producer of superoxide in the course of 
turnover with xanthine and O2 was used [13,14]. FdsDABG was thus 
incubated with a catalytic amount of xanthine oxidase in the presence of 
xanthine under aerobic conditions and assayed at different times, uti-
lizing the formate/NAD+ assay described in the Experimental Section 
2.2. In the presence of xanthine oxidase/xanthine, FdsDABG lost activity 
rapidly in a [xanthine oxidase]-dependent manner (compare Fig. 3 red 
to green trace). The addition of 100 units of superoxide dismutase to a 

Fig. 1. Aerobic inactivation of FdsDABG. From left to right, percentage of 
FdsDABG activity remaining after 24 h incubation in the presence of: KNO3 
(control), 100 units of superoxide dismutase and 4 nM catalase, 4 nM catalase, 
enzyme only, and enzyme only incubated in the absence of light. All samples 
were incubated in 50 mM HEPES, pH 7.2 at 4 ◦C. The activity was assessed by 
utilizing formate/NAD+ assay as described in Experimental Section 2.2. 

Fig. 2. Anaerobic reduction of FdsDABG by 2 mM sodium formate after overnight aerobic incubation at 4 ◦C. A. UV/Vis absorption spectra of FdsDABG with: 100 
units of superoxide dismutase (oxidized: blue, reduced: black), 10 mM KNO3 (oxidized: dark green, reduced: dark red), enzyme only (oxidized: magenta, reduced: 
red). B. Difference spectra, oxidized minus reduced for FdsDABG incubated with: 100 units of superoxide dismutase (black spectrum), 10 mM KNO3 (red spectrum), 
enzyme only (blue spectrum). All the spectra were acquired in 50 mM HEPES, pH 7.2 containing 4 nM catalase at 20 ◦C. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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control sample was insufficient to overcome the high concentration of 
superoxide produced by xanthine oxidase (Fig. 3, blue trace). KNO3 was 
somewhat less effective than the dismutase in this case (compare black 
and blue traces, respectively), although superoxide dismutase and KNO3 
used in concert reduced the loss in formate dehydrogenase activity to 
25% activity after 60 min. 

3.3. Detection of superoxide in the course of FdsDABG inactivation 

After examining the role of superoxide generated exogenously, we 
next examined whether superoxide might be produced in the reaction of 
O2 with reduced FdsDABG. Cytochrome c has long been used to detect 
superoxide and was used here to follow superoxide formation in the 

course of the reaction of FdsDABG with formate under aerobic condi-
tions [15,16]. A comparison of the initial slopes of the kinetic traces are 
shown in Fig. 4A, where it can be seen that the rate of cytochrome c 
reduction decreased by approximately 50% in the presence of super-
oxide dismutase. It is evident that superoxide generated by the reduction 
of FdsDABG is responsible for ~50% of the reduction of cytochrome c, 
the remainder likely being the result of direct electron transfer between 
the reduced enzyme and cytochrome c. An experiment was next con-
ducted using inactivated FdsDABG with NADH as reductant to ascertain 
whether in the absence of an active molybdenum center, FdsDABG could 
still generate superoxide. As with the active FdsDABG, in the presence of 
the dismutase nearly 50% of the total reduction of cytochrome c was 
eliminated (Fig. 4B). Once again as in the experiment with active pro-
tein, the remaining reduction is a result of direct electron transfer. The 
pH chosen for the experiments shown in Fig. 4 reflects conditions that 
favor the reduction of cytochrome c by superoxide over direct electron 
transfer between cytochrome c and FdsDABG. Catalase was included in 
the assay in order to prevent the reoxidation of reduced cytochrome c by 
hydrogen peroxide that might have been generated as a result of 
incomplete dismutation [17]. Taken together, these results indicate that 
the formation of superoxide is not exclusively occurring at the molyb-
denum site. 

3.4. Intermolecular electron transfer between FdsDABG and cytochrome c 

To confirm direct electron transfer between FdsDABG and cyto-
chrome c, a stopped-flow experiment was performed under anaerobic 
conditions so as to avoid formation of superoxide, with catalytic 
amounts of glucose oxidase/catalase and 10 mM glucose added to 
ensure that the reaction was carried out to scavenge O2 that might leak 
into the system. In addition, 30 units of the dismutase were added to 
scavenge any superoxide that might form in the course of the experi-
ment. The FdsDABG sample was prepared by reducing with sodium 
formate after having been made anaerobic, with excess formate 
removed chromatographically in an anaerobic chamber prior to 
mounting on the stopped-flow apparatus. As shown in Fig. 5, cyto-
chrome c was efficiently reduced upon mixing with pre-reduced 
FdsDABG under anaerobic conditions. Given the O2

− and O2•
− -scav-

enging systems present, this could only occur by direct electron transfer 
between the two proteins. 

Fig. 3. Inactivation of FdsDABG by superoxide. Percentage of FdsDABG ac-
tivity versus aerobic incubation time with no xanthine oxidase or KNO3 present 
(blue trace), in the presence of 0.1 μM of xanthine oxidase and 10 mM 
KNO3(purple trace), 0.1 μM of xanthine oxidase and 100 units of the dismutase 
(black trace), only 0.01 μM xanthine oxidase (green trace) and only 0.1 μM 
xanthine oxidase (red trace). All samples were incubated in 50 mM HEPES, pH 
7.2 and contained 4 nM of catalase. Samples with xanthine oxidase also con-
tained 330 μM of xanthine. The activity was measured by utilizing formate/ 
NAD+ assay as described in the Experimental Section 2.2. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 4. Cytochrome c reduction by FdsDABG in the absence (black) and presence (red) of the dismutase. A. Reduction of cytochrome c by active FdsDABG reduced 
with 2 mM sodium formate. B. Reduction of cytochrome c by inactivated FdsDABG reduced with 1 mM NADH. All reactions were performed in 50 mM HEPES, pH 7.7 
at 20 ◦C. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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3.5. Reduction of FdsDABG by superoxide 

To ascertain whether superoxide reduces FdsDABG in the course of 
oxidation, enzyme was incubated with xanthine oxidase and xanthine 
under aerobic conditions to generate O2•

− in situ, and the reaction was 
followed spectrophotometrically. As shown in Fig. 6, the observed 
spectral change indicates that, minimally, the iron‑sulfur clusters of 
FdsDABG do indeed become partially reduced under the reaction 
conditions. 

3.6. Sulfite generation in the course of inactivation 

The so-called desulfo forms of both xanthine oxidase [18] and CODH 
[19] have been shown via EXAFS to involve the replacement of the 

catalytically essential sulfur with oxygen, and a similar exchange occurs 
on inactivation of the Rhodobacter capsulatus FdsDABG [20]. Inactiva-
tion occurs more rapidly when the enzyme is reduced, and it is likely 
that the sulfido ligand, which becomes protonated upon reduction of the 
metal, is displaced by hydroxide. Indeed, like xanthine oxidase, 
FdsDABG in fact loses activity more rapidly at higher pH [8]. The direct 
reduction of FdsDABG by superoxide as observed here may thus account 
for the observed loss of activity. 

One mechanism by which enzyme reduction might occur is oxidation 
of the Mo––S sulfur to SO2 (ultimately hydrating to sulfite), which would 
result in reduction of the enzyme to a much greater extent than simple 
electron transfer from O2•

− (as in the reaction of superoxide with cy-
tochrome c). To distinguish between these two possibilities, the enzyme 
was inactivated for ~24 h and then assayed for sulfite using human 
sulfite oxidase (hSO), which possesses a b-type cytochrome in addition 
to the molybdenum center at which sulfite is oxidized whose reduction 
makes it straightforward to assess the presence of superoxide. Subse-
quent to the inactivation, it was necessary to assay for sulfite under 
strictly anaerobic conditions due to the facile reoxidation of the cyto-
chrome b domain of hSO by O2. As illustrated in Fig. 7, it is clear that 
sulfite is indeed generated in the course of inactivation of active enzyme 
in the presence of formate under aerobic conditions. Work is presently 
under way to identify the specific mechanism by which O2•

− oxidizes 
the Mo––S sulfur. 

4. Conclusions 

In this study, we have shown that reduced FdsDABG from Cupriavidus 
necator becomes inactivated in the presence of oxygen via a mechanism 
which involves superoxide. Moreover, we have demonstrated that there 
is no significant difference between the amount of inactivation of 
enzyme in the presence and absence of light. This inactivation can be 
prevented by employing superoxide dismutase which protects FdsDABG 
just as well as stabilizing inhibitors such as azide and nitrate. Further-
more, this work illustrates that in addition to the molybdenum active 
site, one or more of the seven iron-clusters of FdsDABG and/or the FMN 
contribute to the formation of superoxide. Finally, we find that sulfite is 
generated during air inactivation in the course of turnover. 

Fig. 5. Rapid reaction kinetics following the reduction of 25 μM cytochrome c 
by 5 μM FdsDABG pre-reduced with sodium formate under anaerobic condi-
tions (spectrum of pre-reduced enzyme is shown for reference in black dashes). 
The inset depicts a typical time course extracted at 550 nm from the PDA data. 
The experiment was performed in 50 mM HEPES, pH 7.2 in the presence of 8 
nM catalase, 40 nM glucose oxidase, 10 mM glucose and 30 units of the dis-
mutase at 20 ◦C. 

Fig. 6. Reduction of FdsDABG by superoxide. FdsDABG (2.3 μM) was incu-
bated with 0.01 μM xanthine oxidase, 330 μM xanthine, 10 mM KNO3 and 4 nM 
catalase. UV/Vis spectra of oxidized FdsDABG (black) and after 60 min of 
reduction (red) are depicted. The inset shows the difference spectrum (oxidized 
minus reduced). The reaction was performed in 50 mM HEPES, pH 7.2 at 20 ◦C. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 7. Formation of sulfite. Flowthrough from FdsDABG inactivated with 
formate for ~24 h and reacted with hSO (black) and buffer control treated in 
the identical fashion (red). Inset: difference spectrum, sample minus control. All 
reactions were performed in 50 mM HEPES, pH 7.2. Enzyme inactivation was 
performed under aerobic conditions while reaction with hSO was conducted 
under anaerobic conditions as described in the Experimental Section. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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