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ABSTRACT. Formate dehydrogenase H, FDH(Se), frestherichia colicontains a molybdopterin guanine
dinucleotide cofactor and a selenocysteine residue in the polypeptide. Oxidafi#@+labeled formate

in 0-enriched water catalyzed by FDH(Se) produ€0, gas that contains n§O-label, establishing

that the enzyme is not a member of the large class of-pterin-containing oxotransferases which
incorporate oxygen from water into product. An unusual Mo center of the active site is coordinated in
the reduced Mo(lV) state in a square pyramidal geometry to the four equatorial dithiolene sulfur atoms
from a pair of pterin cofactors and a Se atom of the selenocysteine-140 residue [Boyington, J. C., Gladyshev,
V. N., Khangulov, S. V., Stadtman, T. C., and Sun, P. D. (199jence 2751305-1308]. EPR
spectroscopy of the Mo(V) state indicates a square pyramidal geometry analogous to that of the Mo(1V)
center. The strongest ligand field component is likely the single axial Se atom producing a ground orbital
configuration Mo(dy). The Mo—Se bond was estimated to be covalent to the extent eR2¥% of the
unpaired electron spin density residing in the valence 4s and 4p selenium orbitals, based on comparison
of the scalar and dipolar hyperfine components to atdfde. Two electron oxidation of formate by the
Mo(VI) state converts Mo to the reduced Mo(lV) state with the formate protgh, trhnsferring to a
nearby base Y. Transfer of one electron to the /S center converts Mo(IV) to the EPR detectable
Mo(V) state. The Y is located within magnetic contact to the [M&e] center, as shown by its strong
dipolartH; hyperfine couplings. Photolysis of the formate-induced Mo(V) state abolishédthgperfine
splitting from YH, suggesting photoisomerization of this group or phototransfer of the proton to a more
distant proton acceptor group~A The minor effect of photolysis on théSe-hyperfine interaction with
[7’Se] selenocysteine suggests that thegfoup is not the Se atom, but instead might be the imidazole
ring of the His141 residue which is located in the putative substrate-binding pocket close to th&¢Wo
center. We propose that the transfer ¢f Ffom formate to the active site base ¥ thermodynamically
coupled to two-electron oxidation of the formate molecule, thereby facilitating formation gf C@der
normal physiological conditions, when electron flow is not limited by the terminal acceptor of electrons,
the energy released upon oxidation of Mo(IV) centers by th&fe used for deprotonation of Y:Hnd
transfer of Ht against the thermodynamic potential.

Molybdenum-containing enzymes comprise a group of structural element in which the Mo atom is coordinated to
proteins differing in structure and function that catalyze a dithiolene ligands of two Me-pterins. This structural pattern
number of key metabolic steps in the metabolism of sulfur, was first discovered in the tungsten-containing enzyme,
carbon, and nitrogen compounds. They serve as catalystsaldehyde:ferredoxin oxidoreductase frétywrococcus furio-
in the hydroxylation of aromatic heterocycles and as oxygen sus(7).
atom transfer agents to/from organic and inorganic substrates. Selenium- and molybdenum-containing formate dehydro-
In all known molybdoenzymes except nitrogenases, Mo is genase H, FDH(Sé)and hydrogenase 3 are components of
bound to a pterirrdithiolene structure termed a molybdop- the E. coli formate hydrogen lyase complex which decom-
terin (1—-3). Three Mo-pterin enzymes that have been poses formate to carbon dioxide and hydrogen under anaero-
characterized by X-ray crystallography are aldehyde oxi- bic conditions in vivo 8). FDH(Se) was purified9), and
doreductase fror@esulfaibrio gigas DMSO reductase from  the enzyme was shown to contain a selenocysteine residue
Rhodobacter sphaeroidesnd formate dehydrogenase from (10) encoded by the UGA codoi 1), molybdenum, the FeS
Escherichia col(4—6). All three enzymes share a common center 9), and a molybdopterin guanidine dinucleotidg (
12), Chart 1.
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Chart 1: Proposed Coordination of Mo to the Dithiolene
Ligands of H-Molybdopterin Guanine Dinucleotide in
FDH(Se) (2
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The first evidence for direct ligation of a Se atom to a
Mo center was reported in 1994 for nicotinic acid hydroxy-
lase fromClostridium barkeriand for FDH(Se) fronk. coli
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water we have shown that carbon dioxide rather than
bicarbonate is the primary product of formate oxidation.

MATERIALS AND METHODS

Purification of EnzymesE. coli strain FM911 containing
plasmid pFM20 was cultured as described previoughahd
was used as a source of SeCys-containing FDH(Se). For
the ""Se-labeled enzyme this strain was cultured in the
presence of 1uM [7’Se]selenite. E. coli mutant strain
WL31153 containing plasmid pFM210.8) was grown as
described previoush2d) and was used as a source of mutant
formate dehydrogenase, FDH(S), in which SeCys140 was
replaced with Cys. FDH(Se) and FDH(S) used for EPR
experiments were isolated from 300 g of cells by a modified

(13, 14). The nicotinic acid hydroxylase contains a Se atom procedure as describe2d). All procedures involving FDH-

in the form of an unidentified dissociable cofactdb(16)

(Se) and FDH(S) purification, enzyme activity measurements,

whereas FDH(Se) contains Se in the form of a selenocysteineand sample preparation were performed in a nitrogen

residue at position 14A.0, 11). The activity of the (SeCys)-

140Cys mutant enzyme was only 0.3% that of the wild-

atmosphere in the presence of4% hydrogen in the
National Institutes of Health Anaerobic Laboratory, operating

typeenzyme17) and a (SeCys)140Ser mutant was inactive below 1 ppm of oxygen2p). All solutions were stored in

(18).
Most known Mo—pterin containing enzymes are oxotrans-

the Anaerobic Laboratory for at least 48 h and then purged
for 15 min with oxygen-free argon prior to use. Benzyl

ferases catalyzing transfer of an oxygen atom from water to viologen dependent formate dehydrogenase activities of
product (9—22), eq 1. Formate dehydrogenase might also FDH(Se) and FDH(S) were monitored as describ2d).(

X + H,0= X0 + 2e+ 2H" (1)

be considered to be a “classical’ oxotransferase if the direct
product of formate oxidation is bicarbonate (eq 2a) whereas

Enzyme solutions of FDH(Se) in 3 mM sodium azide and
25 mM MES, pH 6.0, were concentrated to ca. 10 mg
protein/mL using a 50 mL Amicon concentration cell and
Centricon-30 microconcentrators.

Mass SpectrometrySamples for analysis of the isotope

if carbon dioxide is the actual product (eq 2b) then this COmPposition of CQgas released upon enzymatic oxidation
molybdoenzyme is an exception in terms of reaction mech- ©f ’C-labeled formate if®O-enriched water were prepared

anism.

FDH(Se)

H,O + HCOO HCO;” +2e+2H" (2a)

FDH(Se)

HCOO™ CO,+2e+H" (2b)
An EXAFS study of FDH(Se) in different oxidation states
failed to detect any oxeMo species analogous to those
present in many molybdoenzyme®3|. Crystallographic
analysis of FDH(Se) in both reduced, Mo(lV), and oxidized,
Mo(VI), states revealed that the Mo ion is ligated to four
cis-dithiolene sulfur atoms of the two bound Meterin
guanine dinucleotides and also to the Se of SeCys@10 (

using two anaerobic solutions. The first solution, D1,
contained 11.1% K0, 22.2 mM sodiunt3C-formate, 2.2
mM benzyl viologen, 3.3 mM Nai\ and 11.1 mM MES,
pH 6.5. The second solution, D2, contained/ 8 FDH-
(Se), 3.0 mM Nal and 25 mM MES, pH 6.5. Both
solutions were frozen under strictly anaerobic conditions in
the form of small droplets in liquid nitrogen.

The frozen droplets of D1 and D2, weighing 132 and 24.2
mg, respectively, were placed in mass-spectrometric cell and
kept under vacuum for 015 min at 200 K. After the valve
was sealed, the cell was placed in a water bath i
melt the droplets. The reaction was initiated by fast mixing
with a small magnetic bar at the bottom of the cell. Almost
instantly the reaction mixture turned a violet color due to

The coordination geometry of the Mo(IV) center is close to reduction of benzyl viologen, and vigorous &£@lease was

a square pyramid with the four S in equatorial sites and the observed. After 10 s the sample was frozen in liquid nitrogen
Se at the axial position. Oxidation of the Mo(IV) state is and then the cell was transferred to a dry ice/ethanol bath

accompanied by large structural distortions of the coordina- followed by mass spectral analysis of the released gas by

tion sphere due to insertion of a sixth ligand, presumably thermal desorption as describezby.

OH".

Preparation of EPR SamplesFormate-treated enzyme

The presence of only one Se atom in FDH(Se) provides a samples were prepared by-&0 s incubation of the enzyme

unigue opportunity for selectivéSe-labeling of the Se-ligand
and evaluation of thé’Se-hyperfine interaction with the

(200uL) with 20 mM sodium formate followed by freezing
in liquid nitrogen. In a few cases indicated in the text,

paramagnetic Mo(V) center. In the present study we have sodium'3C-formate {3C, 99%) andH-formate, DCOQO (D,

used the hyperfine interaction of tHéSe-atom with the

98%) from Cambridge Isotopes were used for preparation

central Mo(V) ion as an extremely sensitive probe of the of formate-treated FDH(Se) samples. Thgsubstitution
electronic- and coordination structures of the central Mo(V) of FDH(Se) was performed by dilution of 108L of
ion and a measure of the covalent bonding between metalconcentrated enzyme (40 mg/mL) in 4 mL of 25 mM MES

ion and Se. Using mass spectrometric analysi$*6D,
formed by oxidation of*C-labeled formate iA®O-enriched

buffer, pH 6.0, containing 3 mM sodium azide in® (98
%, Isotec), followed by concentration of the protein on a
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Centricon-30 microconcentrator (Amicon). Dithionite-

Khangulov et al.

CO; gas, released upon enzymatic oxidation'éC[formate

reduced samples of FDH were prepared by incubation of in 80-enriched water, was performed to determine whether

the protein in the presence of 1M methyl viologen, 50
mM Tris—HCI, pH 8.5 with 5 mM sodium dithionite for 30
min at 0°C.

Oxygen Sensitity of the FDH(Se) In an experiment
similar to those described by Gladyshev et al)( 0.5 mg
samples of FDH(Se) in 100L of 25 mM MES, pH 6.0,
containing 3 mM Nah and 20 mM formate (sample 1) or

CGQ; is the direct oxidation product of the reaction (eq 3a)

_ FDH(Se)
H¥*COO +2BV,,—— °CO, + H" + 2 BV,
(3a)

or if it is produced indirectly by dehydration of bicarbonate

no formate (sample 2), were prepared under strictly anaerobic(eq 3b) (where BV is benzyl viologen).

conditions and then incubatedrf@ h at 4°C aerobically

outside of the Anaerobic Laboratory. Then both samples

were flushed with argon, incubated overnight in the Anaero-
bic Laboratory at £C, and transferred to quartz tubes for

EPR measurement. Assay of aliquots from samples 1 and
2 for formate dehydrogenase activity revealed that the

formate-treated FDH(Se) was completely inactive in the BV-

FDH(Se)
—

H3C00 + H,'%0 + 2BV, Ho3co0%0 + HY + 2BV ,eq

FDH(Se) ? 3h)

Beo®0 + 1,1%0

dependent oxidation of formate, whereas the formate-free A ratio of 0.063 for [3C'0*8Q]/[*3C*®0*€Q] is predicted

FDH(Se) retained 95% of the initial activity.
Light Sensitiity of Mo(V) of the FDH(Se) Enzyme

for formation of 1%0-labeled CQ by reaction 3b in 9.4%
H>'80 water abundance. The carbon dioxide gas trapped

samples were illuminated in the helium cryostat using a after 10 s after initiation of the reaction at pH 6.5 was

halogen lamp (150 W) filtered through a Cugséblution

exclusively the'3C¢0*0-isotopomer and n&C*0%0- or

used as a heat-filter. Prior to the EPR measurements thel3C1®0%0-isotopomers were detected. At a higher pH value,
samples were placed in a dry ice/ethanol mixture and kept 7.5, a ratio of 0.01 for'fC%0Q]/[13C'80'®0] was detected

in darkness for 10 min.

EPR MeasurementsEPR spectra were recorded using a
Bruker X-band ESP-300 spectrometer operating with mi-
crowave rectangular T cavity (ER 4102 ST) and equipped
with a 5352B microwave frequency counter (Hewlett-
Packard). Magnetic field calibration was made witj,a.-
diphenylg-picrylhydrazyl as ag-factor standard. The fre-
guency of magnetic field modulation was 100 kHz. Except

at 10 s after initiation of the reaction. After 35 min, the
content of thé®0-enriched*C-carbon dioxide {FC*0'%0)/
[13C80'%0]) was increased up to 9.0% which is close to the
maximum possible value of 9.4%. This slow increase
undoubtedly is due to a seconda?/80-exchange process,
BCO, + H,®0 < H,BCOC®0, which is accelerated at
alkaline pH values. These results indicate that, in accordance
with eq 3a, water is not involved in the oxidation of formate

where noted, EPR spectra of the Mo(V) species were by FDH(Se) and C®is the initial product of the catalytic

recorded at 130 K using 2.5 G modulation amplitude and
microwave poweP of 15.2 mW. The EPR spectra of iren

reaction.
Formate Induces a Mo(V) EPR Signal in FDH(Se),*2.094"

sulfur centers were recorded at 43 K and 5.0 G modulation Signal; °>°Mo and 7’Se Hyperfine Structure As-isolated
amplitude. EPR measurements at 130 K and below 77 K FDH(Se) is EPR silent &t > 80 K; treatment of the enzyme

were performed using flow nitrogen and helium cryostats,
respectively.

with formate (20 mM) induces the EPR signal presented in
Figure 1a.

EPR simulations employed the QPOW computer program  The signal is stable and was observed without significant

written by Nilges 28). The program permits simulation of
a powder EPR spectrum of particles with an anisotropic
g-tensor ) and electron spinS = Y/, coupled by an
anisotropic hyperfine interactio®\] with the nucleus spih
> 0.

An estimation of the spin concentration was made by

decrease in amplitude even after 12 h of incubation with
formate at 4C under strictly anaerobic conditions. Its line
shape does not depend on pH over the range from 6.0 to 8.5
(not shown). At higher gain, a number of satellite peaks
are observed (bars in Figure 1b). These features are similar
to the®>%Mo hyperfine structure of the Mo(V) EPR signal

numerical integration of the unsaturated EPR spectra andof nicotinic acid hydroxylasel@) and allow estimation of

by comparison with a CHEDTA standard. To compare

the molybdenum hyperfine constant8;{ Ay, Ay) = (39.2

concentrations of paramagnetic species detected at differentx 1074, 23.6 x 1074, 23.6 x 104 cm™Y), Table 1. This
temperatures and microwave powers the double integralsMo(V) EPR signal has ay(g,) value of 2.094 and a

were multiplied byT/(g,PY?), whereg, is theg factor 29).

component of about 2.0 and is denoted in this paper as the

The EPR spectra of Mo(V) species are a superposition of a“2.094" signal. A set of control experiments showed that

minor EPR signal from®>*Mo isotopes (25.2% natural
abundance), having nuclear spir %,, and a stronger signal
from Mo isotopes having = 0 (natural abundance 74.7%).
Therefore, to estimate the total content of Mo(V) species
the double integral corresponding to the= O species was
multiplied by the correction factor of 1.34.

RESULTS
Carbon Dioxide Is the Product of Formate Oxidation

azide, which is required to preserve enzyme activity during
isolation, does not affect the line shape or the amplitude of
the “2.094” EPR signal.

The “2.094” EPR signal also is induced by sodium
dithionite, but the amplitude of the dithionite-induced signal
is about 20% of that detected in formate-treated FDH(Se).
The identical line shapes of the dithionite- and formate-
induced signals suggest that neither formate nor a product
of its degradation is involved in direct coordination to Mo-

Mass-spectrometric analysis of the isotopic composition of (V).
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& FIGURE 2: (a) EPR spectrum of formate-treated FDH(Se) at 42 K.
W FDH(Se) was incubated with 20 mM formate for 10 s and then
g'y frozen. Microwave power P is 64 mW. (b) EPR signal of,%e
; clusters obtained after subtraction of the Mo(V) “2.094” signal from
W spectrum a.
Ex
S— L : ! . : Table 2: Relative Concentrations of Mo(V) and ReducegSFe
3000 3200 3400 3600 [G] Centers in Formate-Treated FDH(Se) at Different pH Values
Ficure 1: EPR spectra of formate-treated FDH(Se) at 130 K. (a) pH 6.0 6.5 7.0 8.0
The sample has been frozen after incubation of FDH(Se) with 20
mM formate for 10 s. (b) This is the same spectrum as in part a {ggg}%gﬁg%’&e] 0654 0(')66 0676 0634
but at higher gain. Thg,, g,, andg, components of Mo(V) species [Mo(V)J/[Fe/S] 13 10 17 075

with | = 0 are marked by dashed lines. The hyperfine features from
Mo(V) isotopes withl = 5/, are marked by short sticks.

20 mM formate, sample 1, was only 5% that of the formate-

Table 1: Theg-Factors and the Absoluf&*Mo, 'H, and"’Se free sample 2. Moreover, sample 1 failed to generate the
Hyperfine Values 107 cm™) for Mo(V) “2.094” signal when more formate was added. Thus the loss
“2.094” light-induced “2.106" of catalytic activity due to exposure of substrate reduced
EPRsignal z y X z y X enzyme to oxygen occurs in parallel with loss of ability to
2094 2001 1.990 2.106 2002 1.990 generate the Mo(V) type “2.094" EPR signal upon addition
%9Mo  39.2 23.6 23.6 39.0 nd nd of formate.
7715; 24§ 265'30 870(')1 <oi'7 <§Ei'o <098'0 The EPR Signal of the &, Cluster An EPR signal from
- - - - - - the reduced iron sulfur cluster could be detected in formate-
®No data. and dithionite-reduced FDH(Se) @it< 55 K. This signal

Sensitiity of the Mo(V) Center to Oxygemt low protein  (EPR signal “1.95") withg-factorsg, gy, g, andgay of 2.0%
levels and under anaerobic conditions FDH(Se) is rapidly : 1:9%, 1.84, and 1.94, respectively, is shown in Figure
inactivated in pH 6.0 buffer solutions by traces of dissolved <

formate-free enzyme solutions can be exposed to air for 1 hdithionite-reduced FDH(Se) over a range of temperatures
without appreciable loss of catalytic activity. from 10 to 55 K. An identical “1.95" EPR signal was

Likewise, the ability to generate the “2.094” EPR signal ©observed in formate-treated FD¥fe) and in dithionite-
upon addition of substrate is retained by enzyme incubatedreduced (SeCys)140Cys mutant enzyme, indicating that the
aerobically fo 1 h in aformate-free solution at a high protein ~ Se atom of SeCys140 is not a part of thaSeluster, nor
concentration. Assays of enzyme samples (0.5 mg/a00  do Se atoms replace the sulfido bridges in the irsulfur
prepared as described in the Materials and Methods showecfluster Indeed, if replacement of a terminal or bridging S
that sample 2, exposed to air in the absence of substrate@{om in the FgS, cluster by Se occurred, it would change
retained almost full catalytic activity, and after reaction with Significantly the EPR signalB0—32).

20 mM formate for 10 s the “2.094” EPR signal was  The line shapes of the “2.094” and “1.95” signals do not
detected. Following this reaction with formate, exposure to depend on pH in the range from 6 to 8. The concentrations
aerobic conditions for 10 s led to inactivation of the FDH- of the Mo(V) and reduced B8, centers presented in Table
(Se) and eliminated the “2.094” signal. A new minor Mo- 2 were determined by integration of the formate-induced
(V) EPR signal, characteristic of the autooxidized enzyme “2.094” and “1.95” signals, respectively.

(not shown) was detected after the reduced sample had been These data show that the Mo(V) species account for the
transferred back to anaerobic conditions. The catalytic majority of centers. Moreover, in the absence of a terminal
activity of enzyme, exposed to airrf@ h in thepresence of  acceptor, the two-electron oxidation of one formate molecule
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Ficure 3: Proton hyperfine features of the “2.094” signal in the

~ 2 region. The EPR spectra given in solid lines in parts a and b
are the “2.094” signal and the simulation, respectively. The dotted
spectra in parts a and b are the EPR signal “2.094(D)” and the
simulation, respectively. The simulation parameters are given in
Table 1.

results in the formation of approximately equal amounts of
the Mo(V) center and the reduced.Bgcluster.

The Formate Hydrogen Atom Is Transferred to a Site Y
That Is Coupled to the Mo(V) Centeitnspection of they
~ 2 region of the “2.094” signal reveals a set of resolved
peaks (Figure 3).

Experiments with deuterioformate (DCOZH-formate)
and DO indicate that these features are derived from a
hyperfine interaction of the Mo(V) center with the formate-
derived proton. Indeed, a new signal, termed the “2.094-
(D)" signal appears when FDH(Se) is incubated3as with
’H-formate. This new signal is characterized by a nearly
axial g-tensor §,, gy, 9) = (2.094, 2.001,1.990), Table 1,
and a loss of!H-hyperfine features in thg ~ 2 region
(Figures 3 and 4).

In addition, 2H-formate considerably decreases the line
width of the g component from 13.2 to 10.5 G (half-width).

Khangulov et al.
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Ficure 4. Comparison of formate-induced EPR signals of FDH-
(Se) and FDH{'Se). Spectra a and b were detected after 10 s
incubation of FDH(Se) with 20 mMH-formate and'H-formate,
respectively. Spectrum ¢ was detected after 10 s incubation of
FDH("’Se) with 20 mM!H-formate. Spectrum d is a simulation of
the EPR spectra c. Simulation parameters are shown in Table 1.

The involvement of water in the proton exchange is
demonstrated in experiments with@. FDH(Se) in BO
(pH 6.5) frozen immediately after addition &fi-formate
exhibited only the “2.094” signal. If the FDH(Se) in,O
was incubated withH-formate for a longer period of time
(>30 s) the “2.094” became smaller and growth of “2.094-
(D)” was observed. ThéH-hyperfine constants found by
spectral simulations of the “2.094” and “2.094(D)” signals

This narrowing occurs because the deuteron has a 6.5-fold(Figures 3 and 4a,b) are listed in Table 1.

smaller magnetic moment than a proton thereforéHn
formate-treated FDH(Se) the unresolvétthyperfine split-
ting contributing to the line width of thg,-component is
substituted by much weaké-hyperfine splitting. Because
the H hyperfine features of the “2.094" signal are due to
hyperfine interaction with a HCOGderived proton, this
proton is denoted H; by analogy, the deuteron abstracted
from 2H-formate is called B.

H¢* (or Dft) is water-exchangeable. Indeed, the line shape
of the ?H-formate-induced signal depends on the time of
incubation with °H-formate. FDH(Se) treated witBH-
formate for less tha5 s exhibited the “2.094(D)” signal only,

""Se Hyperfine Structure of the Mo(V) EPR Signahe
7'Se-substitution essentially transforms the: 2 region of
the “2.094” signal and increases the half-width of the g
component from 13.2 to 17.9 G. A comparison of the
formate-induced signals from FDH(Se) and FDigg) is
shown in Figure 4 b,c. The absolute values of th&¢)-
hyperfine tensor, obtained from simulation of the “2.084(
Se)” signal in Figure 4c, are given in Table 1. Thé&e
hyperfine values are much larger than the values, obtained
for [MoO(""SePh)]~ (33), (Azz Ay, Ax) = (16.9 x 1074,
—15.0 x 104 —15.0 x 10* cm™%), where Mo(V) is
coordinated to four selenium atoms in, presumably, a planar

whereas after 30 s the observed signal was approximately aconfiguration.

1:1 superposition of the “2.094(D)” and “2.094” signals.
After 5 min the “2.094(D)” was completely converted into
“2.094" signal.

The rate of the exchange reaction is strongly pH-
dependent. At pH 8.5, no detectable conversion ofthe
formate-induced “2.094(D)” signal into the “2.094" signal
was observed after 30 s incubation of FDH(Se) y®Hivith
?H-formate. After about 300 s théH-formate-induced
“2.094(D)” signal was converted into a 1:1 superposition of
the “2.094(D)” and “2.094” signals.

Light Sensitiity of the “2.094” Signal Formate-treated
samples of FDH(Se) exhibit a light-dependent behavior,
which in many respects is analogous to the light-dependent
phenomena of the [NiFe]-hydrogenases34—36).

The EPR spectrum of formate-treated, dark-adapted FDH-
(Se) at 15 K (see Materials and Methods) is shown in Figure
5b.

This spectrum is a superposition of two EPR signals from
the “2.094” Mo(V) and “1.95" FgS, species. The spectrum
presented in Figure 5a is observed afies illumination of
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Ficure 5: Effect of low-temperature illumination on EPR signals
of formate treated FDH(Se) (solid lines). Spectrum b was obtained
from a “dark adapted” sample (see Materials and Methods).
Spectrum a was obtained from the sample illuminatedsfe at
35.9 K. Spectrum c is a difference=e a(light) — 0.9 x b(dark);

for plotting purposes spectrum ¢ was multiplied by 7.2. The spectra
a, b, and ¢ (dotted lines) were obtained after an expansion by 8
x of a, b, and c, respectively. Spectra were accumulateld=at
35.9 K andP = 0.81 mW.

the FDH(Se) sample at 15 K. The most pronounced effect
of illumination is the growth of a small shouldergt- 2.106.
The illumination does not affect the EPR signal of theJze
cluster because the difference spectrum, “lighthus“dark”

(not shown), does not contain the “1.95” signal. The
difference spectrum defined as=ca(light) — 0.9 x b(dark)

is given in Figure 5c. The difference spectrum does not
contain the “2.094” signal, indicating that after illumination
the amplitude of this signal is 10% smaller. The presence
of 10% residual “1.95” in spectrum c, illustrated by the

Biochemistry, Vol. 37, No. 10, 1998523
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FIGURE 6: Effect of low-temperature illumination on EPR signals
of 2H-formate treated FDH(Se). Spectrum a was obtained fidm
formate-treated FDH(Se) illuminated at 55 K for 40 s. Spectrum b
is the difference spectrum, “(spectrumra)nus0.9 x (spectrum
after dark adaptation)”. Spectrum b is multiplied by 8-fold. Spectra
were accumulated at = 55 K andP = 12.8 mW.

was kept in darkness &t < 50 K, the amplitude of the
“2.106" signal remained unchanged for a period of time
longer then +2 h. The signal disappeared after dark
adaptation, performed by placing the sample into a bath of
dry ice—ethanol for 10 min. This dark adaptation did not
affect the “1.95” FgS, signal, but restored the initial
amplitude of the “2.094” signal. This reversible process
could be repeated at least six times with no loss of EPR
signal intensities.

Comparison of the double integrals of the “2.094” and
“2.106” signals indicates that there is a one-to-one cor-
respondence between the light-induced disappearance of the
“2.094” species and growth of the “2.106” species.

Several attempts have been made to increase the extent
of light-induced conversion between the “2.094"” and “2.106"
signals. No significant variation in conversion was detected
if dark-adapted samples were illuminated at three different
temperatures of 7, 15, and 40 K. At 15 K attenuation of the
light intensity by 50% or extension of the illumination time
from 10 to 60 s also did not affect the extent of conversion.
The photoconversion was independent of pH in the range
from 6.0 to 8.5.

The light-induced “2.106" signal observedad-formate-
treated FDH(Se) is shown in Figure 6. Because the light-
induced signals iAH- and?H-formate treated FDH(Se) are
identical, the “2.106” species is assumed to be derived from
a fraction of the “2.094” species (or “2.094(D)” species)

dashed lines in the spectrum, reflects the fact that the “1.95” Which has lost the proton (or deuteron) upon illumination at

signal, being light-insensitive, was weighted in spectrum c
with coefficient 0.9. The difference spectrum ¢ shows the
light-induced Mo(V) EPR signal (solid line, “2.106” signal)
with the g-factors @, 9y, Ox, ga) = (2.106, 2.002, 1.990,
2.033). A set of minor light-induced®>°Mo-hyperfine
features is observed as satellite peaks around ghe
component of the “2.106” signal (Figure 'hcsupporting
assignment of the “2.106” species to Mo(V). The “2.106”
signal lacks'H-hyperfine features, and in this respect it is
similar to the “2.094(D)” signal.

It was possible to monitor the kinetics of the light-induced
appearance of “2.106” signal; upon illumination at 15 K,

low temperature.

To explain why only 10% of the “2.094” species is
transformed by light into the “2.106” species, we assume
that, in addition to photodissociation, the low-temperature
illumination also initiates the reverse photoreaction. In this
case, the 10% level would be determined by competition
between the forward and reverse photochemical reactions.
Alternatively, the small yield of the “2.094” EPR signal could
be due to low penetration of light in the nonglassy frozen
solution of the enzyme.

Selenium Remains Ligated to Mo(V) Following Photo-
chemical Proton Transfer Experiments witH’Se-enriched

the light-induced signal reached its saturated intensity in 10 enzyme have shown that photoconverted Mo(V) centers

s and remained stable in the dark. If the illuminated sample

retain ligation to Se. The light-induced signal detected in
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Ficure 7: Effect of 7/Se-enrichment on the light-induced EPR
signals of formate-treated FDH. Spectrum a was obtained from
formate-treated FDH(Se) illuminated at 45.2 K for 15 s. (b)

Khangulov et al.

Scheme 1: Proposed Model for FDH(Se)-Catalyzed Formate
Oxidatiort

CH; 00" co,
Mo(VI)..Y" Mo(1V)..HgY
1
2 -
€
D20

Mo(V)..HfY ======= DY
4

Mo(V) EPR signal "2.094"
aStep 1: two-electron oxidation of the formate molecule by Mo(VI).

Spectrum b is the spectrum plotted as the difference “(spectrum a) Step 2: one-ele_ctrqn oxidation of Mo(IV) by 3= centers. Step 3:
minus0.9 x (spectrum after dark adaptation)”. Spectrum b was one-electron oxidation of the Mo(V) centers by,Eecenters. Step 4:

multiplied by 8 fold. Spectra were accumulatedrat 45.2 K and
P =128 mW.

formate-treated FDH(Se), the “2.106(Se)” signal, reveals
distinct features derived from hyperfine interaction between
Mo(V) and ’Se (Figure 7).

slow pH-dependent exchange in@enriched buffer. Step 5: transfer
of the H from Y~ to secondary proton acceptor; the reaction is likely
sensitive to the light.

in the reduced state, the second oxidation step (rea8)ion

is blocked, and, therefore, the “2.094” signal derived from
the Mo(V) species is relatively stable. The intermediate state,

As was also true in the case of natural isotopic abundanceyq(v).-H,Y, is capable of a slow and pHiependent P/

Se, the concentration of the light-induced “2.108€)”
species corresponded to a 10% decrease of the “2B94(
Se)” species. These spectra of the “2.0%¢)” and “2.106-
(“’'Se)” species shown in parts a and b of Figure 7,
respectively, have similai’Se-hyperfine values (Table 1),
indicating that the light-induced transformation did not
significantly alter the electronic ground state or spin density
distribution of the [Mo(V)-Se]-center.

DISCUSSION

Mass-spectroscopic analysis of isotopic composition of the
CO; gas released upon oxidation '8€-labeled formate by
FDH(Se) in HB®0-enriched buffer has shown thearbon
dioxide, but not bicarbonateds the initial product of this
reaction. Indeed, we have found that in agreement with

H* exchange (reaction 4 in Scheme 1) which can be
monitored by transformation of théH-formate-induced
“2.094" signal of FDH(Se) in BO into the “2.094(D)” signal.

Our mechanism is different from the two-electron formate
oxidation by Mo(VI) followed by release of GQand H*
suggested for FDH(Se) by Heider & Bock7q). An essential
feature of our model (Scheme 1) is that'hs not released
simultaneously with formation of C{but is trapped by the
reduced Mo center until oxidation to the Mo(VI) state is
complete (reaction 3 in Scheme 1).

Formate-Induced Inactation of FDH(Se) by Air Previ-
ously, formate has been shown to provoke inactivation of
the FDH(Se) under anaerobic conditiod3){ Formate was
also necessary to render the enzyme susceptible to alkylation.
Here, we have shown that under aerobic conditions the

gas does not incorporate th&-label from80-enriched
water. Therefore, FDH(Se), in contrast to other molybdop-
terin-dependent molybdoenzymek9), does not utilize a

water molecule as a source of oxygen for substrate oxidation.

Involvement of “2.094” Mo(V) Species in CatalysiF.he
experiments with deuterated formate indicate that upon
catalytic oxidation of DCOO, the nonexchangeable deute-
rium atom D7 is transferred to the vicinity of the Mo-center
and becomes water-exchangeable.

According to our model (Scheme 1) the two-electron
oxidation of formate by Mo(VI) leads to formation of Mo-
(IV) and to release of CO(reaction 1).

Here, Y™ is an unidentified proton acceptor group in the
vicinity of the Mo center, and Mo(\V)H:Y denotes centers
responsible for the “2.094” signal. The reactions 2 and 3

inactivated by formate, indicating that the reduced Mo(V)
and Mo(lV) states, but not the Mo(VI) state, are very oxygen
sensitive. The lower ©reactivity of the Mo(VI) state is
consistent with the saturated, six-coordinated ligand field,
vs the five-coordinated Mo(V) and Mo(IV) centers. These
coordination numbers are evident from both crystallographic
and EPR data.

Se Ligand of FDH(Se) The “2.094(’Se)” EPR signal
provides a measure of the degree of covalent bonding
between Mo(V) and Se via analysis of the hyperfine
interaction with the’’Se nucleus (Table 1). The isotropic
part of the hyperfine interactiomfs,|, is in the range 16.9
x 1074 to 36.5x 10% cm™!, depending on the choice of
the sign of the individual tensor components which are not
known from the EPR experiment. The isotropic part arises
from transfer of spin density onto s-type orbitals on Se, either

comprise two one-electron oxidation steps needed to oxidizevia direct transfer from Mo, or via-sp and s-d polarization

Mo(IV)--H¢Y and return the Mo center to the initial Mo-
(VI) state. The transfer of fl to Y~ (step 1) could include

of nono-type valence orbitals on Se. An appropriate
estimate of the fractional spin density on Se is to compare

as an intermediate step the protonation of the Se ligand asAi, to the corresponding value of atomic Se. The calculated

proposed by Boyington et al. (1997). The first one-electron
oxidation step (reaction 2) reduces tha%&ecluster. In the
absence of an exogenous acceptor, th&fauster remains

value of |Aso| for atomic Se is 671.1x 107* cmt (38).
Hence, the unpaired electron in FDH(Se) is found in a
molecular orbital composed of approximately 3.7 or 8.1%
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Scheme 2: Light-Induced Transformation of the Mo(V) duced rearrangement of the electron density around th€Ni
Center8 center of [NiFeSe]-hydrogenase frdvtethanococcusoltae
or AD)) N (_34, 39). Itwas shown.that Iow—tempera_ture photodissocia-
A" Y HponSecys AHy, Y Secys tion of the hydrogen ligand from the Ni center leads to a
& dramatic transformation @f("’Se) values, A, Ay, A, from
(5.3,1.5, 1.0 mT) to (3.8, 4.7, 4.3 mT), indicating rearrange-
ment of spin density around the Ni(l) center.

In the case of FDH(Se) the light-driven conversion of the
“2.094” species into the “2.106” species has little effect on
the 7’Se hyperfine values (Table 1) and, therefore, on the
electronic ground state. This means that the disappearance
of the 'Hs-hyperfine features results from the light-induced
transfer of the i away from the Mo(V) center, rather than
from rearrangement of the ligands bound to the central ion.

. o " q anal i 2. Proton Acceptor Group Y Is Not a Ligand to Mo
reveF;?;?H-hzyngﬁhet Setm'iij?ggsgﬁ;?teuzO“ggg\é)),,:s'g’tﬂi ch%aé In\ie_stigatipn of the light-related phenomena indicates that
generated Mo(V) signal “2.094(D)" reveals fd-hyperfine structure. H™ is not involved in protonation of direct ligands to Mo-
Panel “2.106”: the line shape of the light-induced Mo(V) EPR signal (V) centers. Indeed, if }Y is a ligand to the Mo(V) ion,
“2.106” does not depend on whether or not the original Mo(V) signal we expect that the photodissociation gf Wvould dramati-
*2.094" was generated bH- or *H-formate. cally affect the electron structure of the Mo(V) center, its

, . i 7'Se-hyperfine values argifactors. For example, deproto-
atomic 4s(Se) orbital character. The Se p-orbital character n5tion of [MoOgis-SH)L] (where LH= N,N'-dimethyN,N'-
of the valence molecular orbital is estimated similarly from bis(2-mercaptophenyl)-1,2-diaminoethane) affects dramati-

the dipolar part of thé’Se hyperfine interaction. For atomic cally the 33S-hyperfine-valuesil, Ay, Ao) changing them
Se the|Ad| value is 328.3x 104 cm? (38), WhereaSAd| from (8.5 x 1074, 10.1x 104 11.4x 104 cm*l) to (3.8

for the “2.094” form of FDH(’Se) ranges from 43.% 10~* x 1074 21.5% 104, 7.2 x 104 cm?) (40). Deprotonation

t0 63.1x 10*cm* (again depending on the choice of sign 4150 changes thep-values of this oxe-Mo(V) model
for the tensor components). This indicates that the 4p(Se)compound ¢, g,, g,) from (2.0165, 1.9336, 1.8885) to
character of the valence molecular orbital in the ground state (2.0155, 1.9598, 1.9523).
of FDH(Se) is equal to 13.3 or 19.3%. Either of these values |, o case, the illumination likely induces phototransfer
clearly indicate that there is extensive covalent character to ¢ H:* to a secondary proton-acceptor group, Mcreasing
the Mo—-Se bond. The covalency of the M&e bond was 1o+ separation and decreasing five-hyperfine interac-
estimated to be large, and from 17 to 27% of the unpaired iy, with the central ion
electron spin density resides in the valence 4s and 4p
selenium orbitals. 77 _ light 77 _
Location of the Formate-Dered Proton Hf. 1. Effect Se—Mo(\7/7) YHi+A “Se—Mo(7\7/)--\’(’ + AH;
of the Low-Temperature Illumination on tRel Hyperfine 2.094 ("'Se)” 2.106 ("'Se)
Interaction Between fl and Mo(V) According to our

model, illumination of the Mo(V) center of formate-treat . .
odel, illumination of the Mo(V) center of formate-treated The increase of the MeH;" separation could also be due

FDH(Se) induces reversible transfer of the protosi tbr . A .

Dr*) away from the Mo(V) center to a distant proton-acceptor ﬁ?otowomenz?uc;r;r?f the {)rot?ndacceptor\(g;:l)up fresultlng

group A, as shown in Scheme 2. It?] ’\;’ m\;)vemst:n of the protonated group fYaway from
An increase in distance betweerHor Dit) and Mo(V) e Mo(V) center.

upon light-induced translocation of the proton (deuteron)

Light

"2.094" "2.106"

A" Y DrunSecys v

{

"2.094(D)"

(4a)

weakens the hyperfine interaction; therefore, we expect no "'Se-Mo(V)+-YH; 22% 7'Se-Mo(V)-+++e+e- YH;  (4b)
difference between the “2.106" signal obtained after il-  “2.094 ("'Se)” “2.106 ("'Se)”

lumination of *H-formate versugH-formate-treated FDH-

(Se). This is the result we observed. A Minimal Structure for the Mo(V) Center$he evidence

There is an alternative explanation for the disappearancepresented here and summarized below indicates that the Mo-
of *H-hyperfine features after the photoconversion of the (V) state of FDH(Se) closely resembles the square pyramidal
“2.094” species into the “2.106” species. Itis possible that Mo(IV) center; it likely retains fourcis-dithiolene sulfurs
the low-temperature illumination does not dissociate the H and the Se atom as ligands and does not accommodate a
proton from the Mo center but instead affects some other sixth ligand.
site, resulting in rearrangement of the electron density around (a) No evidence is found for HQ HS-, or HN-terminal
the Mo center. If the electronic ground state of the light- ligands to Mo(V). Indeed, the large'$t-hyperfine splittings
induced “2.106" species is not favorable for an effectide of 7.3 x 1073 cm™* characteristic of the “2.094" species is
hyperfine interaction, théH hyperfine values would be derived from a relatively remote group, Y,;shown not to
below a limit where they could be detected by EPR. be a direct ligand to Mo(V). The presence of equatorialfOH

Monitoring of 7’Se-hf features of the Mo(V)-center before or SH™ terminal ligands to the Mo(V) would result in
and after illumination would be an extremely sensitive probe additional'H-hyperfine splittings expected in the range of
for the ground state of this paramagnetic species. This (10—20) x 103 cm™* (33, 40—42). Such splittings were
approach was recently used for monitoring of the photoin- never observed in FDH(Se).
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(b) The absence of an oxo-ligand to the Mo(V) center was
demonstrated by a Mo-EXAFS study of FDH(S&B). In
our EPR experiments we did not obse/® hyperfine

interactions, even after the formate-treated FDH(Se) sample

was diluted in H’O-enriched buffer and stored for 24 h at
5 °C.

(c) The Mo(V) “2.094” EPR signal could be induced not
only by formate but also by sodium dithionite. This implies
that the formate molecule is not a ligand to Mo and its
C-proton does not account for observabl¢ hyperfine
splittings, except if K is transferred to group Y as

described above. All these data taken together suggest thag

oxidation of Mo(IV) to Mo(V) does not add a new ligand

but does retain coordination by Se and four S atoms as

ligands to Mo.
Although the Mo(V) center does not contain an oxo atom
as a ligand to Mo, the symmetry of it and A(°*>*Mo)-

tensors (see Table 1) is close to that observed for square

pyramidal MoG* complexes with sulfur-containing ligands.

In these model compounds the oxo atom contributes the

strongest ligand field vs the S ligands thereby stabilizing the
dx orbital on Mo(V) as the lowest orbitakB—46). The

square pyramidal ligand field and Se coordination cause yigiant proton, the corresponding

several of the observed properties of thg ground state,
including (a) close to axial symmetry of tigetensor with a

g; value greater than 2.00, (b) close to axial symmetry of
the®*Mo hyperfine tensor4; > 2A, ~ 2A,) with decreased
isotropic °>¥Mo hyperfine values compared to oxto-

(V) compounds containing only oxygen type ligands)(
and (c) approximate collinearity of thre-axes of theg- and
9%.9Mo0 hyperfine tensors. All these features are also
characteristic of the Mo(V) “2.094” EPR signal, Table 1.

The similarity of the EPR properties of the “2.094” and
MoO?®" complexes with sulfur-containing ligands indicates
that the Se atom is a “strong” ligand, like the oxo ligand,
and dictates thesgicharacter of the ground electronic state
of the 2.094" species38, 40, 41, 44, 48, 49). Interestingly,
replacement of the terminal oxo atom in [HB(Me)]-
MoOCl, by a sulfur atom, Me&=S, does not dramatically
change the factors and th&-°Mo hf values of the Mo(V)
EPR signal $0). Apparently, an apical S atom is able to
imitate the strong ligand field of the oxo group. The sparse
number of model Mo(V/}-Se compounds does not allow
extension of this hypothesis to the case of terminal Se
ligands. 7’Se hyperfine values are known only for one-Se
Mo model compound, [MoG{SePh)]~, in which Mo(V)
is coordinated to four selenium aton3).

Proximity of the YHGroup to the Se LigandHs* is not
involved in protonation of a direct ligand to the Mo(V)
center, implying that estimation of the Mdi™ distance
could be evaluated based on the point dipagole interac-
tion model 61). The model suggests that the unpaired
electron density on this proton, estimated frég,(*H) =
(Axx + Ay + A2)/3, is small and requires a certain relation
between the principal values of tihgH?*) tensor,A; = A
= A, Wherei, j, karex, y or z The |As| value depends
on the choice of sign for each of AfiHtensor components,
which are not known, and hence four differeAg,| values
could be imagined, Table 3.

Khangulov et al.

Table 3: Dependence thso(*H)| on Signs of AfH) Values

cases A A A |Aisol
Ip 25 6.3 7.0 5.3
11k —25 6.3 7.0 3.6
1e 25 —-6.3 7.0 1.07
Ive 2.5 6.3 —=7.0 0.6

2 Hyperfine splittings are given in I@cm™.  The |As| is too large
to account for interaction with a distant protdiiThe nonaxialA (*H)-
tensor does not fit to the point dipole model.

on a distant proton. Indeed, they are fairly close to the range
rom 7 x 1074 to 14 x 1074 cm?, reported for|A(*H)isol
values of the model oxe and non-oxe-Mo(V) compounds
with protonated oxygen, sulfur, or nitrogenligands 83,

40, 41, 52, 53). We were not able to find in the literature a
model Mo(V) compound with well-characterizéd(*H);so|
values from distant protons. Only those belonging to

‘o-ligands to Mo were found. Two values of 0.2510*

cmtand 0.1x 104 cm* were reported for VO(kD)s?",
which were assigned to water molecules bond to the axial
and equatorial sites, respectiveBs(54—57). Although the
|A(*H)iso| Value of 0.6x 1074 cm* (case V) fits best to the
IA)-tensor is essentially
non axial (Table 3, case IV). To explain this nonaxial
hyperfine tensor for H, A = Ay Z Az, we propose that
H¢* is involved in magnetic dipoledipole interaction with

the unpaired electron spin density on both the Mo and Se
atoms. The Se atom carries from 17 to 27% of the unpaired
electron density.

The recent crystallographic study provides a potential clue
to the identity of the group Y. The imidazole ring of the
His141 residue is located close to the Se atom and potentially
could form a hydrogen bond with this element. Moreover,
the previously determined pH dependence of the catalytic
activity of both the native and mutant forms of FDHK{p=
6.8) are consistent with the involvement of an essential
histidine in catalysisq, 24).

We suggest that under the in vitro conditions employed,
where electron flow is not limited by the terminal acceptor
of electrons, the energy released upon oxidation of Mo(V)
centers by the B8, is used for deprotonation of the basic
His141 residue and transfer offHagainst the thermody-
namic potential into buffer solution. Under our catalytic
conditions, where excess BV is present, the half-reaction Mo-
(IV) — Mo(VI) accounts for release of the proton, as shown
in Scheme 3.

Photoinduced proton transfer to a remote site ér
photoisomerization, perhaps by rotation of the imidazole ring,
could account for the significant light-induced decrease of
the *H-hyperfine tensor. A significant movement of the
His141 residue was observed in the crystal structures of
oxidized and reduced forms of FDH(Se) from Mo(VI) to
Mo(lV), (6).

Before the atomic map of the FDH(Se) became available,
the sulfur atoms of the dithiolene ligands to Mo were
considered as feasible candidates for the proton accepting
group Y. The X-ray data for the Mo(VIl) and Mo(IV)
oxidation states indicate that the reduced Mo(IV) center

Cases | and Il have to be omitted because the correspond+etains coordination with all four sulfur atoms of the

ing |A(*H)iso| values of 5.3x 1074 and 3.6x 10*cm*are

dithiolene ligands, which is not expected if one of equatorial

too large to be characteristic of unpaired electron density sulfur atoms becomes protonated.
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Scheme 3: Proposed Sequence of Redox Reactions Leading
to Oxidation of Formate in the Presence of Benzyl Viologen
(BV)

HCOO co,

2e

Mo(IV).. H¥(His141)

Mo(V).. H+ (His141)
e’ le

[Fe4S4]

|

BV
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site. The next step, eq 5b, is what drives this unfavorable
step to completion. This step includes the release of the

FDH,.{H;Y} + 2BV =
FDH,{Y} + 2BV~ + H," (5b)

trapped proton and the reoxidation of the FDH(&e)
According to this interpretation the oxidation of FDH-
(Se)eq by a terminal acceptor of electrons provides the free
energy needed for the transfer oftHinto solution against a
thermodynamic potential. The latter step involves extraction
of H¢* from the proton accepting group Ywith high pK,)
into solution and most probably arises from a decrease in
the Ka of YH owing to Mo(IV) — Mo(VI) oxidation step
of the Mo—Se center, which is in close physical proximity
to Y~. We suggest that this mechanism of proton release
from FDH(Se) may play a physiological role in delivery of
the formate proton H to hydrogenase 3, which is the natural
terminal acceptor of electrons for FDH(S&).(
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Scheme 4: Proposed Sequence of Proton-Transfer Reactions

Coupled to Formate Oxidation at Room Temperature (Steps
1-5)2

hv

FDH(Se)

+
[Mo-Se] 2

buffer
(His141 )

HCOO -

1 COy +2¢”

2 The existence of the primary and secondary proton-accepting groups
Y~ and A", respectively, was demonstrated by EPR spectroscopy, the
proton-accepting Bis suggested to function in channeling of the proton
from Y~ to buffer. Electron transfer reactions are shown by the dashed
line.

Proposed Chain of Proton-Carrier Groups in the FDH-
(Se) The proposed sequence of proton-transfer reactions
via the proton carriers Yand A" is shown in Scheme 4.

In our future studies we intend to identify the chemical
nature of the group A using!H ENDOR and ESEEM
spectroscopies to monitor the expected widkyperfine
coupling of Mo(V) to the distant proton site AH. This
approach has been successful in monitoring the light-induced
proton translocation that occurs in hydrogengs). (

The B~ group is a hypothetical protein residue with the
physiological role of accepting protons from group.\he
group provides a temporary site for protons transferred out
to solution (step 3, Scheme 4).

We propose eq 5a as the initial reversible chemical
equilibrium in formate oxidation by FDH(Se), on the basis
of data obtained from a kinetic study of formate oxidation
(24) and based on our findings that the product is,@@d
that the reduced enzyme binds the formate proton. The

Ko~ 0.68
FDH,{Y } + H, COO” ==—==FDH,_{H,Y} + CO,
(5a)

equilibrium constantKeq for the reaction is 0.68 24),
implying that essentially no free energy change occurs upon
the release of C@Qor its reduction to formate at the active
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Bernasek and Ms. Karen Shafer for help in performing mass-
spectroscopic experiments, to Dr. Michael Poston for interest
in our work, and to Dr. David Grahame for help in
preparation of FDH(Se) samples and for fruitful discussions.
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