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Formate dehydrogenase from Methanobacterium 
formicicum was examined by electron paramagnetic 
resonance spectroscopy. Although oxidized enzyme 
yielded no EPR signals  over  the  temperature  range 8- 
200 K, dithionite reduction resulted in generation of 
two paramagnetic components. The first, a  nearly is- 
otropic signal visible at temperatures below 200 K 
withgl = 2.018, g, = 2.003, andg3 = 1.994, exhibited 
nuclear hyperfine  interaction with two equivalent pro- 
tons (A ,  = 0.45, A2 = 0.6, and A3 = 0.55 milliTeslas). 
EPR spectra of partially reduced “Mo-enriched for- 
mate dehydrogenase exhibited additional 3-4 milli- 
Teslas splittings, due to spin interaction  with  the “Mo 
nucleus. Thus, this  signal is due to a Mo center. This is 
the  first reported example of a Mo center  with g,, > 
2.0 in a biological system. The second species, a rhom- 
bic signal visible below 40 K with g values of g, = 
2.0465, g, = 1.9482, and g3 = 1.9111 showed  no hy- 
perfine coupling and was assigned to reduced Fe/S. 

Both paramagnetic species could be detected in sam- 
ples of M. formicicum whole cells anaerobically re- 
duced with sodium formate. The Mo(V) signal was 
altered following addition of cyanide (g, = 1.996, g, = 
1.988, and g3 = 1.980). Growth of bacteria in the 
presence of 1 mM W04’- resulted in abolition of the 
Mo(V) EPR signal  and  formate dehydrogenase activity. 
E,,,,7.7 was -330 mV for Mo(VI)/Mo(V) and -470 mV 
for Mo(V)/Mo(IV). 

Formate  dehydrogenase  (EC 1.2.1.2) has been demonstrated 
and  partially purified from a number of sources including 
aerobic  (Muller et al., 1978) and  anaerobic  bacteria  (Yama- 
mot0 et al., 1983),  yeast  (Schutte et  al., 1976),  and  plants 
(Peacock  and  Boulter, 1970). 

Studies of formate dehydrogenase  from the  methanogenic 
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bacteria’  have  been confined  to  the species Methanobreyibac- 
ter  ruminantium (Tzeng et al., 1975), Methunospirillum hun- 
gatii (Ferry  and Wolfe, 1977), and Methanococcus  uannielli 
(Jones  and  Stadtman, 1981). While all three  can  function 
with  either coenzyme F420 or 5“deazaflavin  derivatives as 
electron  acceptors,  extensive  information regarding  moleular 
weight and  cofactor composition is only  available for the 
purified protein(s) isolated  from M. uannielii. Jones  and 
Stadtman (1981) have  isolated two forms of formate  dehydro- 
genase,  a  high  molecular  mass  complex containing  Se, Mo, 
and Fe/S,2 and a 105,000-Da protein  containing only Mo  and 
Fe/S.  Tungsten replaces  molybdenum in  the high  molecular 
mass complex  isolated from cells grown in medium which 
contains  tungstate  and  selenite. 

More  recently,  Schauer  and  Ferry (1982) have  purified an 
oxygen-sensitive,  soluble formate dehydrogenase  from Meth- 
anobacterium  formicicum that  is  inhibited by cyanide and 
contains molybdenum. The purified  enzyme  also contains a 
component  with  spectral  properties  similar  to  the  pterin co- 
factor previously  identified as a characteristic  component of 
the Mo-hydroxylase  group of enzymes (Johnson et al., 1980). 
In this  article, we report  the  results of the  first  studies using 
EPR’ spectroscopy to  identify  and  examine  the  properties of 
the Mo center of this enzyme and  compare  them with the 
corresponding  properties of other known Mo-containing  en- 
zymes (Bray, 1980). 

EXPERIMENTAL  PROCEDURES 

M. formicicum, strain JF-1, was cultured with either formate or 
H&02 as the sole energy source as previously described (Schauer 
and Ferry, 1980). The basal medium contained  mineral salts, yeast 
extract, Trypticase, and vitamin and  trace mineral  solutions in ad- 
dition  to sodium molybdate (1 FM), sodium selenite (1 PM), and nickel 
chloride (10 PM).  

For experiments involving enzyme enriched in  the  stable isotope 
9 5 M ~ ,  95Mo metal  (Oak Ridge National  Laboratory, Oak Ridge, TN; 
96.47% enrichment) was converted to 95Mo02- by reaction with H,O, 
and NaOH3 and added in place of the  standard molybdate solution. 

M. formicicum was cultured in the presence of sodium tungstate (1 
mM) with H&Oz as  the energy source using similar procedures. 

Formate dehydrogenase was purified, under  anaerobic  conditions, 

For  a review, see Balch et al., 1979. 
‘The abbreviations are used: EPR, electron  paramagnetic  resonance 

spectroscopy; Fe/S, non-heme iron acid-labile sulfur  cluster; Bicine, 
N,N’-bis(2-hydroxyethyl)glycine; Mes, 2-(N-morpholino)ethane- 
sulfonic acid; Caps, 3-(cyclohexylamino)-l-propanesulfonic acid; 
Mops, 4-morpholinepropanesulfonic acid. 
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as previously described (Schauer and Ferry, 1980) in the presence of 
dithionite (1 mM), sodium azide (10 mM), and mercaptoethanol (3  
mM). Enzyme samples were anaerobically dialyzed, concentrated by 
pressure  filtration, and stored as frozen beads under liquid nitrogen 
until required. Catalytic activity was determined using the formate- 
dependent reduction of methyl viologen at  603 nm (Schauer and 
Ferry, 1980). Molybdenum content was assayed using a Perkin-Elmer 
107 atomic absorption spectrometer equipped with a graphite atom- 
izer. 

Enzyme samples for epr analysis were thawed, in modified Thun- 
berg tubes, under an Ar atmosphere purified by passage over a heated 
Cu catalyst (BASF R3-11), and transferred to specially adapted 
anaerobic quartz EPR tubes  using Hamilton gas-tight syringes fitted 
with 12-inch stainless steel needles. Samples of whole cells were 
prepared in zwitterionic buffers to minimize pH changes upon freez- 
ing (Williams-Smith et at. 1978). Frozen whole  cell paste was thawed 
aerobically at 4 "C in  either 50 mM Bicine buffer, containing 1 mM 
EDTA, pH 7.7, 50 mM Mes buffer, containing 1 mM EDTA, pH 6.0, 
or 50 mM Caps buffer, containing 1 mM EDTA, pH 10.0, and gently 
dispersed using a Vortex mixer, The cell suspension was added to  an 
epr tube and centrifuged at  600 X g for 15 min at  20 "C. The 
supernatant was  removed and  the procedure repeated several times 
to yield a packed cell height of approximately 3 cm. At this point, 
any necessary modifications such as addition of selected inhibitors 
(for example, cyanide or arsenite) were performed. The sample was 
then made anaerobic by repeated evacuation and flushing with Ar 
and  then either formate or dithionite was added as  reductant prior to 
freezing in liquid nitrogen. 

Freeze-quench samples were obtained using an Update Instrument 
Inc. (Madison, WI) Model  1000 precision ram system as described by 
Barber and Salerno (1980). 

Potentiometric titrations  and  the preparation of controlled reduc- 
tion samples at 25 "C  were performed in an anaerobic cell (Dutton, 
1971) as described by Barber and Salerno (1980). Enzyme or cell-free 
extract samples were equilibrated with the electrode using a mixture 
of dye mediators, the solution being poised at  a series of desired 
potentials by addition of small volumes of either 0.1 M Na2Sz04 or 
0.2 M K3Fe(CN)B. After equilibration at each potential for approxi- 
mately 7 min, a sample was transferred to an Ar-flushed EPR  tube 
and frozen in liquid nitrogen for subsequent EPR analysis. 

Oxidation-reduction midpoint potentials, expressed relative to the 
standard hydrogen electrode, were obtained by fitting the experimen- 
tal  titration data with theoretical Nernst curves for the intermediate 
species formed in two consecutive n = 1 reduction processes using a 
statistical least squares computer program. For details, see Barber et 
d. (1980). As discussed by these  authors, the magnitude of the  errors 
associated with the measured midpoint potentials  can be expected to 
be  of the order e15 mV. 

EPR signals were recorded using a Varian E9 spectrometer oper- 
ating at X band and using 100 kHz modulation. Mo(V) spectra were 
obtained at temperatures  in the range 110-200 K using a Varian 
variable temperature accessory. Temperatures in  the range 5-100 K, 
for examination of Fe/S signals, were achieved using an Air Products 
liquid He cryostat. Quantitation of the  EPR signals was as described 
by Barber and Siege1  (1982) using CuEDTA as standard. 

Computer simulations of experimental spectra were calculated as 
described by  Lowe (1978) using a Hewlett-Packard 9825A computer 
and 7225A graphics plotter. 

RESULTS 

The  EPR spectrum of dithionite-reduced  formate dehydro- 
genase in 50 mM phosphate  buffer, pH 7.5, purified from M. 
formicicum is shown in Fig. 1. At high temperature (193 K), 
a  near axial signal was observed, centered  around g = 2. The 
spectrum,  postulated to be due to Mo(V), showed evidence of 
hyperfine coupling to two equivalent S = H nuclei in  addition 
to a  broader hyperfine pattern, most easily discerned at  high 
field. Computer  simulations of this signal yielded g values of 
g, = 2.0180, g2 = 2.0030, and g3 = 1.9940. The agreement 
between the experimental  spectrum and  the simulation could 
be greatly  enhanced by the inclusion of nuclear hyperfine 
interaction  to two equivalent S = !4 nuclei with coupling 
constants of A ,  = 0.45, Az = 0.6, and A3 = 0.55 milliTeslas, 
respectively. The signal was  fully sharpened at  193 K and was 
unchanged  in line shape at  temperatures as low as 100 K. The 
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FIG. 1. Electron  paramagnetic  resonance spectra of formate 
dehydrogenase  purified  from M. formicicum. A ,  formate dehy- 
drogenase (1.5 mg/ml) in 50 mM phosphate buffer, containing 1 mM 
dithionite and 3 mM mercaptoethanol, pH 7.5. B,  computer simulation 
of the experimental formate dehydrogenase spectrum using the  pa- 
rameters given in Table I. C, M. jorrnicicurn whole  cells, in 50 mM 
Bicine buffer, containing 1 mM EDTA, pH 7.7, were packed into  the 
observation portion of a quartz  epr  tube, made anaerobic, and  then 
incubated with 5 mM sodium formate for 5 min at  25 "C prior to 
being frozen in liquid nitrogen. EPR spectra were recorded at  173 K 
using 5-milliwatt microwave  power and 0.25-milliTeslas modulation 

9.087  GHz. 
amplitude. The field scale corresponds to a microwave frequency of 

signal was resistant  to microwave power saturation below 10 
milliwatts at 173 K, exhibiting and b values of 50 milli- 
watts  and 1.0, respectively. Double integration of the signal 
showed it to represent  15% of the  total Mo content of the 
enzyme as determined from atomic  absorption spectroscopy. 
Reoxidation of the enzyme, by either Fe3(CN):- or oxygen, 
resulted  in the disappearance of this signal. 

Formate dehydrogenase activity in M. formicicum is de- 
pendent  on the concentration of Moo4'- in the culture me- 
dium, a  result which indicates that formate dehydrogenase is 
a  Mo-containing enzyme. To accurately define the  nature of 
the metal  center yielding the high temperature EPR signal, 
formate dehydrogenase was purified from M. formicicum cells 
cultured  in  a medium enriched  in 95M~.  Growth in  the 
95M0042--containing medium had  no detrimental effect on 
either  the doubling time of the organism or  the activity of the 
purified enzyme. The  EPR spectrum of the reduced 95Mo 
enzyme, shown in Fig. 2, revealed dramatic changes compared 
to  that obtained with natural abundance Moo4'-. (This com- 
pound is a  mixture of several isotopes comprising (based upon 
natural abundance), 75% nonmagnetic isotopes, Z = 0 ("Mo, 
94Mo, "0, 98M~,  and IooMo) and 25% magnetic isotopes, I = 
% (95Mo and 97Mo).) Additional splittings, of the order of  3-4 
milliTeslas were apparent combined with an overall decrease 
in  the signal amplitude. Attempts to  simulate the  95M~(V) 
species indicated the spectrum to be more complex than would 
be expected from superposition of a simple six-line hyperfine 
pattern on the original spectrum. The optimum  simulation 
obtained is shown in Fig. 2C. It should be noted that in this 
calculation we constrained the g values used to those  obtained, 
by simulation, for the normal Mo(V) spectrum. While the 
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FIG. 2. Electron paramagnetic resonance spectra of formate 
dehydrogenase from M. formicicum grown in the presence of 
s 5 M ~ .  A,  formate dehydrogenase (1.0 mg/ml) in 50 mM phosphate 
buffer, containing 3 mM mercaptoethanol, pH 7.5, was poised at -375 
mV using potentiometric methods in the presence of 30 p~ neutral 
red. B,  spectrum of reduced "Mo formate dehydrogenase as in A 
except that the microwave  power  was increased to 20 milliwatts and 
the receiver gain raised by  2% that used in A to expand the overall 
signal amplitude. C, computer simulation of the *Mo experimental 
spectrum using the spectroscopic parameters given Table I. D, M. 
formicicum whole cells in 50 mM Bicine buffer, containing 1 mM 
EDTA, pH 7.7, were anaerobically reduced with formate as described 
in Fig. 1. EPR conditions were as described in Fig. 1. 

overall agreement between the observed spectrum and  the 
simulation is good, particularly with respect to  the number of 
individual features resolved and  their corresponding field 
positions, relative peak  amplitudes show some deviation, this 
being most apparent  in  the g, region. This result may  be 
indicative of noncoincident g and A tensors.  Best  estimates 
for  the 95Mo hyperfine coupling constants obtained from the 
simulation are given in Table I. 

Examination at  low temperature (10 K, Fig. 3) of a sample 
of the purified enzyme, poised a t  -375 mV using dithionite, 
revealed the presence of a second paramagnetic species of 
rhombic symmetry  typical of a reduced Fe/S cluster. g values, 
determined by computer  simulation, were found to be gl = 
2.0465, g, = 1.9482, and g3 = 1.9111. It should be noted that 
deviation of the experimental  spectrum from the simulation 
in the g2 region is due to  the overlapping Mo(V) signal. 
Increasing the  temperature  or microwave power did not  result 
in the appearance of any additional  spectral  features  although 
higher temperatures did effect a  broadening of the signal, with 
maximum signal intensity occurring at  approximately 20 K 
(Fig. 4) and with complete disappearance by approximately 
70 K. Microwave power saturation curves yielded values of 
PI,, of approximately 50 and 120 milliwatts at  10 K and 20 
K, respectively. Double integration showed the signal to cor- 
respond to approximately 2 spins/molecule. Consideration of 
the  temperature dependence and  saturation parameters of the 

Fe/S signal suggested it is more likely that  this species rep- 
resents a Fe4S4 cluster than a Fez&  cluster  (Rupp and Moore, 
1979). As for the Mo signal, no paramagnetic  Fe/S species 
were detected in  the oxidized enzyme. Spectroscopic param- 
eters used in the computer  simulations of the Mo and Fe/S 
species are given in Table I. 

Both Mo(V) (Fig. IC)  and reduced Fe/S center (Fig. 3C) 
EPR signals were apparent in  spectra  obtained from whole 
cells anaerobically reduced with formate and grown with 
either  natural abundance  MOO^^- or g5M0042--enriched me- 
dium (Fig. 20). In addition the high temperature signal could 
also be detected in whole  cell samples anaerobically reduced 
with formate for approximately 200 ms using freeze-quench 
methods. At high temperature  and using natural abundance 
 MOO^^-, the presence of an additional isotropic paramagnetic 
component,4 g = 2.004, with a peak to peak line width of  1.4 
milliTeslas, was apparent, resulting in decreased resolution 
of the composite epr spectrum,  particularly in  the low field 
region. The Mo(V) species was also observed in cells grown 
with HZ/CO2, although  with  a decreased intensity compared 
to cells grown on formate. This result  correlates with de- 
creased formate dehydrogenase in HJCO uersus formate- 
grown cells (Shauer and Ferry, 1980). Comparison of the 
spectra of formate-reduced whole cells grown with 
and 95M0042--enriched medium showed a  significant increase 
in the  splitting of the signal in  the  latter sample (Fig. 2 0 ) .  
The separation of the major absorption lines in the gz region 
of the 95Mo spectrum was determined  to be approximately 2.5 
milliTeslas. Relative peak heights  indicated that as much as 
90% incorporation of 95Mo  may have been achieved. The same 
95Mo EPR signal was also observed in samples of cell-free 
extract reduced with dithionite. 

Several factors were found to influence the line shape  and 
g values of the Mo(V) signal in whole cells, as shown in Fig. 
5. M. formicicum cells grown with H2/C02 in  the presence of 
1 mM W04'- contained 10-fold less formate dehydrogenase 
activity compared with cells grown in the absence of W04'-. 
Cells grown in the presence of W (a  potent Mo antagonist) 
showed low temperature epr spectra  in the oxidized state very 
similar to those  cultured  on the  standard Mo regimen. In 
contrast, following reduction with dithionite  (formate proved 
unsatisfactory as  an electron donor) the Mo(V) signal was 
absent  in  the W-grown cells, although  a free radical species 
and reduced Fe/S signals were observed. In addition, no 
signals at  approximately g = 1.87 were detected, even when 
samples of W-grown cell-free extract were poised at  known 
potentials using potentiometric methods. 

Reduction of Mo-containing whole cells that had been 
dispersed and equilibrated with 'H buffer showed a decrease 
in the line width of the overall spectrum, shown in Fig. 5, 
suggesting the presence of exchangeable protons.  Examina- 
tion of the spectrum of formate-reduced whole cells in 50 mM 
Mes buffer, pH 6.0, and 50 mM Caps buffer, pH 10.0, showed 
no detectable alterations in the line shape or g value from the 
signal obtained at  pH 7.7. Cyanide, a potent inhibitor of some 
Mo-containing enzymes has been shown to be a competitive 
inhibitor of formate dehydrogenase from M. formicicum 
(Schauer and Ferry, 1982). The Mo(V) EPR spectrum of FDH 
was altered,  both  in terms of the line shape  and g values 
following incubation of the whole cells with cyanide. The 
overall spectrum was shifted to higher field with apparent g 
values of gl = 1.996, gz = 1.988, and g3 = 1.980. No evidence 

This species could be FAD - since formate  dehydrogenase  from 
M. formicicum has been shown to require  FAD  for Flm-dependent 
activity (Schauer and Ferry, 1983). 
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TABLE I 
EPR spectroscopic parameters for the Mo(V) and Fe/S signals from M. formicicum  formate dehydrogenase 

EPR species g1 g2 g3 
%Moa 'H" 

A I  A2 A3 AI A2 A3 A',  A'z A'B 
AI A2 A3 

Complex 1.9955 1.9880 1.9800 
Fe/S 2.0465 1.9482 1.9111 

0.30 0.30 0.30 
1.5 1.25 1.5 

' Values were obtained by comparison of experimental and computer-simulated  spectra. Coupling constants  and 
half-line  widths are given in milliTeslas. 
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FIG. 5. Perturbation of the high temperature electron par- 
amagnetic resonance spectrum in M. formicicum whole cells. 
A, formate-reduced whole cells, grown on Moo4'-, in 50 mM Bicine 
buffer, containing 1 mM EDTA, pH 7.7. This sample  corresponds to 
that in Fig. 1C. B, extract (4.0 mg/ml protein) from cells grown in 
the presence of 1 mM WO,*-, poised at  -430 mV using dithionite in 
the presence of 10 PM methyl viologen. C ,  formate-reduced whole 
cells in 50 mM ['HIBicine buffer, containing 1 mM EDTA, pD 7.7. D, 
whole cells in 50 mM Bicine buffer, containing 1 mM EDTA, pH 7.7, 
were packed into a quartz  epr tube as previously described. KCN was 
added to a final concentration of 10 mM and  the cells were incubated 
at 25  "C for 15 min. The sample was then made anaerobic and 5 mM 
formate was added; incubation  continued for a further 5 min and  the 
cells were frozen in liquid nitrogen. EPR conditions were as described 
in Fig. 1. 
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FIG. 3. Electron paramagnetic resonance spectra of the Fe/ 
S centers in formate dehydrogenase. A ,  M. formicicum formate 
dehydrogenase as described in Fig. 2A. B, computer  simulation of the 
experimental Fe/S spectrum  using the  parameters given in Table I. 
C, EPR spectrum of formate-reduced whole cells as described in Fig. 
1C. EPR spectra were recorded at  10 K with 10-milliwatts microwave 
power and 1-milliTeslas  modulation  amplitude. The field scale cor- 
responds to a microwave frequency of  9.292 GHz. 

I for any  proton hyperfine interaction was obtained  nor was 
the  spectrum  altered when the  stable isotopes 13C14N or ' V ' N  
were substituted for 12C14N. Under  these  conditions,  the free 
radical signal  exhibited by  reduced whole cells was readily 
observable.  Addition of other  inhibitors of methanogenesis, 
such  as  2-bromoethanesulfonic acid were ineffective in  alter- 
ing  the  line  shape of the Mo(V) spectrum  in whole cells, as 
was NaAs02 (5  mM). 

The behavior of the high temperature Mo(V) EPR signal 
during  potentiometric  titrations of 95Mo-enriched  cell-free 
extract, in 50 mM Bicine buffer, containing 1 mM EDTA,  pH 
7.7, is shown in Fig. 6. The relative amplitude of the first, 1 
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FIG. 4. Temperature dependence of the  low temperature 
electron paramagnetic resonance signal from purified for- 
mate dehydrogenase. The enzyme sample  is the one described in 

Fig. 3A. EPR spectra were recorded at  a series of temperatures using 
1-milliwatt microwave power and 1.0-milliTeslas  modulation  ampli- 
tude. The ordinate is in arbitrary  units. 




