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ABSTRACT. These results demonstrate that two well-studied metalloenzymes, carbon monoxide dehydro-
genase/acetyl-CoA synthase (CODH/ACS) and pyruvate:ferredoxin oxidoreductase (PFOR), can reduce
protons to H and, at much lower rates, oxidize; kb protons and electrons. To our knowledge, this if

the first time that PFOR has been shown to have hydrogenase activity. CODH/ACS and PFOR evolved
H, at maximum rates when CO and pyruvate were the electron donors, respectively, and when electron
acceptors are absent; dithionite was a very poor substitute. PFOR, when purified to greater than 99%
homogeneity, exhibited a specific activity for pyruvate-dependemirbiduction of 135 nmol mint mg2.

The H; evolution activity divided by the Huptake activity was 282:1; the highest ratio previously reported
(22:1) was with the membrane-bound hydrogenase fRitadospirillum rubruniFox, J. D., Kerby, R.

L., Roberts, G. P., & Ludden, P. W. (1998)Bacteriol 178 1515-1524]. Highly purified samples of
CODH/ACS (>99% homogeneity) exhibited a specific activity of CO-dependenetblution in the
absence of electron carrier of 590 nmol mimg~1. Equivalent rates of CO oxidation and production

were observed when determined in the absence of electron acceptor. This level of activity can account
for the rate of H production that has been observed by growing cultureSlagtridium thermoaceticum

and could solve the paradox that the highly CO-sensitive hydrogenases from acetogenic bacteria evolve
H, when grown on CO. The ratio of the rates of,(&lolution):(H: uptake) for purified CODH/ACS is
between 20:1 and 30:1. jHvolution and uptake by CODH/ACS were strongly inhibited by cyanide (

= 1 uM), indicating that these reactions are catalyzed by cluster C, the site of CO oxidation. Our results
extend earlier findings that the CODHSs fravethanosarcina barketiBhatnagar, L., Krzycki, J. A., &
Zeikus, J. G. (1987FEMS Microbiol Lett 41, 337—343] andOligotropha carboxydoorans[Santiago,

B., & Meyer, O. (1996 FEMS Microbiol Lett 136, 157—162] exhibit hydrogenase activity. Mechanistic
implications of hydrogenase activity are discussed. Several physiological roles for proton reduction by
CODH/ACS and PFOR are discussed, including the prevention of radical formation from reduced metal
clusters when electron carriers (ferredoxin, flavodoxin, etc.) are limiting.

Hydrogenases play an important metabolic role. Some Hydrogenases can be classified by their metal content.
hydrogenases are geared toward tptake and allow  The Fe-only hydrogenases lack other transition metals and
organisms to couple the oxidation of the low-potential H have active sites that consistent solely of FeS clusters (Adams
molecule to the reduction of various organic and inorganic et al, 1981). The best-studied enzyme in this class is the
compounds. For example, electrons derived fropckin Clostridium pasteurianurmhydrogenase. The site of ;H
be transferred to different electron carriers such as ferredoxin,activation appears to be an FeS cluster of unknown structure
NAD, flavin, or cytochrome, depending on the bacterium. called the H cluster. The Fe-only hydrogenases generally
These electrons ultimately reduce compounds like @0  have a high specific activity(1000x«mol min-* mg~*) and
form reduced compounds like methane and acetic acid,are very sensitive to oxygen and CO. NiFe hydrogenases
sulfate to make sulfide, or nitrate or dinitrogen to generate contain four metal clusters: a center in which a Ni and an
ammonia. The protons derived from,tbxidation can  Fe ion are bridged by two thiols, two [ clusters, and a
generate a transmembrane proton gradient that can be&Sscluster (Albracht, 1994). The NiFeS cluster is viewed
coupled to ATP synthesis by a chemiosmotic mechanism. @s the site of Hactivation. Some NiFe hydrogenases also
Another class of hydrogenases evolves Hhis reaction contain Se which is a component of the heterobimetallic site.
aids in maintaining the redox balance in the cell; excess A hydrogenase that lacks metals also exists (Berkessel &
electrons combine with protons to generatenttich escapes ~ 1hauer, 1995; Kleiret al., 1995).
from the cell. This paper focuses on conditions under which ~ Another class of hydrogenases in which é{olution or
hydrogenase activity is unleashed in two proteins whose mainoxidation is exhibited in lieu of or in addition to another
physiological functions are to oxidize or reduce substrates redox reaction exists. Nitrogenase, for example, catalyzes
other than H or protons. the formation of 1 mol of Hwith each molecule of ammonia
generated (Petemst al., 1995). It was shown earlier that
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doxin oxidoreductase (PFOR) and carbon monoxide dehy-chromatograph using 10% AT-1000 on a Chromosorb 80/
drogenase/acetyl-CoA synthase (CODH/ACS) fiGlostrid- 100 column (Alltech) and a TCD detector. Measurement
ium thermoaceticurhave hydrogenase activity. When these of H, formation from pyruvate by PFOR was asayed at 25
enzymes are incubated with their electron donor (pyruvate °C in serum-stoppered cuvettes containing 10 mM pyruvic
or CO, respectively) in the absence of an electron acceptor,acid, 1 mM CoA, and 1 mM thiamin pyrophosphate in 50
the low-potential electrons are shunted toward the generationmM MES buffer (pH 6.0). The reaction was initiated by

of H,. Electron carriers inhibit Hformation. injecting PFOR. The head space was analyzed for M
similar reaction was used to measure theekblution activity
MATERIALS AND METHODS of CODH/ACS. In this case, the 1.0 mL reaction mixture

Organism and Enzyme PurificationC. thermoaceticum CO”F"’.‘ined 50 mM MES buffer (pH 6.0) andll.O_mM co,
strain ATCC 39073 was grown on glucose at 56 equilibrated by bubbling the cuvette for 5 min with 1 mM
(Andreeseret al, 1973). PFOR was purified as described CO prior to addition of CODH/ACS. In some cases, electron

(Wahl & Orme-Johnson, 1987) except that ion exchange acceptors were added to the reaction mixtureg.etblution
chromatography was pe,rformed on a DEAE-Sephacel col- was also measured with 20 mM sodium dithionite in the
umn and the enzyme was eluted with a 2 L linear gradient presence an_d a_lbsence of 1 mM methyl viologen as the
from O to 0.4 M NaCl in 50 mM 24-morpholino)- electron carrier in 50 mM MES buffer (pH 6.0).
propanesulfonate buffer (pH 7.5) CODH/ACS (Ragsdile Cyanide inhibition of H evolution from CO by CODH/

al., 1983) and ferredoxin (Elliott & Ljungdahl, 1982) were ACS was measured by adding varying concentrations of
purified as described under strictly anaerobic conditions at Cyanide to the reaction mixture containing 50 mM MES (pH

17°C in a Vacuum Atmospheres chamber maintained below 6.0) and 1.0 mM CO incubated at 36, and the formation
1 ppm oxygen. of H, was monitored by gas chromatography. Cyanide

PFOR activity during the purification procedure was inhibition of H; evolution from dithionite and reduced methyl

monitored by a spectroscopic assay that was modified from Viologen was performed similarly in reaction mixtures
Zeikuset al (1977). The reaction mixture contained 50 mm containing 1 mM reduced methyl viologen and sufficient
Tris-HCI (pH 7.5), 1 mM thiamin pyrophosphate (TPP), 1 sodium dithionite to reach an absorbance value at 604 nm
mM CoA, and 10 mM methyl viologen in a final volume of ©f 2.0. The reaction was monitored by following the
1 mL. The assay was performed at 25. PFOR concen-  ©OXidation of methyl viologen at 604 nm. The reaction was
trations are expressed as the dimer (240 kDa). The averagdnitiated by adding CODH.

specific activity of CODH was 300 u mg (1 u= 1 umol Attempts to measure tevolution from ferredoxin were
of CO oxidized min?) at 55°C as measured by the standard performed in an assay mixture containing 20 mM sodium
methyl viologen-linked assay at pH 7.6 (Ragsdateal., dithionite in 50 mM MES buffer (pH 6.0) at 25C. The

1983). CODH/ACS concentrations were expressed in termsferredoxin concentration was varied from 1 to 281, and
of the auB, tetramer (310 kD&)(Xia et al, 1996). Protein  quantitation of H was performed by gas chromatography.
concentrations were determined by the Rose Bengal method H, uptake activites of CODH/ACS and PFOR were
(Elliott & Brewer, 1978). Sodium dodecyl sulfatgoly- determined spectrophotometrically by measuring the reduc-
acrylamide gel electrophoresis (SBBAGE) was performed  tion of methyl viologen at 604 nm. The reaction mixture
under denaturing conditions (Laemmli, 1971) as described. contained 50 mM MES (pH 6.0) and 10 mM methyl viologen
Materials N; (99.98%) and CO (99.99%) were obtained in a final volume of 1 mL. The reaction was performed in
from Linweld (Lincoln, NE). N was deoxygenated by serum-stoppered cuvettes that had been bubbled wigmét
passing through a heated column containing BASF catalyst.incubated at 25C for PFOR and at 55C for CODH/ACS.
Reagents were of the highest purity available. The reaction was initiated by adding enzyme.
Enzyme AssaysAcetyl-CoA formation from carbons 2
and 3 of pyruvate was measured by a coupled malateRESULTS
dehydrogenase/citrate synthase assay. The reaction mixture .
contained 200 nM PFOR, 10 mM pyruvate, 1 mM CoA, 1 Hydrogenase Actity of PFOR

mM TPP, and 50 mM 2N-morpholino)ethanesulfonic acid Hydrogen Eolution and Uptake Actities of PFOR

(MES) buffer (pH 6.0) in a total volume of 1 mL. At  gpg pAGE analysis of purified pyruvate:ferredoxin oxido-
different times, 3QuL aliquots were removed and assayed ey ctase revealed a single protein band corresponding to a
as described (Pearson, 1965). The CO concentration iNmgjecylar mass of 120 kDa, as had been determined earlier
solution was derived by taking into account that the (praeetal, 1981). On the basis of densitometric analysis,
concentration of a saturated solution of CO at°B5is 670 PFOR was 99% pure. The specific activity of the purified
#M. . _ enzyme was 17.8 u/mdd; = 2000 mirr?) at pH 7.6 and
Measurement of Hydrogenase Ady. H,evolutionwas 55 °c iy the presence of 10 mM methyl viologen, which
quantified by gas chromatography on a Varian 3700 gas compares favorably with a specific activity of 12 u/mg at
pH 7.5 and 30C determined previously for the purifie€
1 Abbreviation: SDS-PAGE, sodium dodecyl sulfatgolyacryl- thermoaceticunPFOR (Wahl & Orme-Johnson, 1987).

amide gel electrophoresis; CODH/ACS, carbon monoxide dehydrogen- . - . .
aselacetyl-CoA synthase: PFOR, pyruvate:ferredoxin oxidoreductase; eaction of purified PFOR with pyruvate and CoA in the

TPP, thiamin pyrophosphate; MES, B-morpholino)ethanesulfonic ~ absence of electron acceptorgould be expected to result
acid; Fd, ferredoxin; tmtss, tetramethylsalicyldehyde thiosemicarbozone.in a single turnover of pyruvate to produce 1 mol each of

2 CODH/ACS recently was shown by sedimentation equilibrium (Xia _ _
et al, 1996) and electron micrographic and chemical cross-linking acetyl-CoA and C@per mole of PFOR present. Unexpect

(Sundarestet al, 1996) studies to be a tetramer. Previously, it was €dly, pyruvate underwent multiple turnovers; acetyl-CoA and
considered to be a hexamer (Ragsdztial., 1983a). CO, were produced, albeit more slowly, in amounts as high
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50 . T T T produced always equaled the amount of pyruvate oxidized.
Attempts to separate the PFOR activity from the electron
'K carrier-independent hydrogenase activity were unsuccessful.
40 - ° ] . If the hydrogenase activity detected in the PFOR preparation
[ is due to a contaminant, it should share similar properties
with other known hydrogenases., volution is generally

30 - . measured by incubating the enzyme with a solution of
dithionite in the presence of reduced methyl viologen.
Purified PFOR had a very low activity under these condi-
20 = s tions. When PFOR was incubated with dithionite, the rate
° of Hy production was only 2.6 nmol mid mg, 50-fold

" lower than with pyruvate as the electron donor. Addition
10 : of 1.0 mM methyl viologen stimulated this activity to 10.8
nmol mint mg™!. Therefore, the KHevolving activity was
pyruvate-dependent.

0 ' ’ ' : The previously identified hydrogenase@nthermoacticum
0 0 090 0 =0 is predominantly a Kl uptake enzyme and requires an
Time(minutes) electron acceptor. Hydrogen uptake was measured by
Ficure 1: Production of H and acetyl-CoA from pyruvate by incubating samples with 1 atm of;kh the presence of 10

PFOR. The assay for the synthesis of acetyl-CoA andréim . . i :
pyruvate was performed at 2& in MES (pH 6.0) and contained mM methyl viologen. Since this is the major hydrogenase

200 nM PFOr, 10 mM pyruvic acid, 1 mM CoA, and 1 mM TPP. Present inC. thermoaceticuncells, the H uptake activity
Acetyl-CoA (W) was quantitated by the malate dehydrogenase/ in cell extracts predominantly reflects the activity of this
citrate synthase assay, angd éVolution @) was monitored by gas  enzyme. This has been shown to berol min~t mg* at
chromatography as described in Materials and Methods. pH 8.5-9 and 0.07umol mint mg™ at pH 7.0 inC.
hermoaceticumextracts assayed at 5@ (Drake, 1982;
ellum & Drake, 1984). Table 1 shows that this activity
decreases during the purification of PFOR. Theugdtake
activity of purified PFOR was 0.48 nmol miimg™ and
was linear with PFOR concentration. The ldvolution
activity (in the presence of pyruvate and in the absence of a
dye mediator) divided by the Huptake activity (at 10 mM

Concentration (uM)
[ J
n

as those observed in the presence of electron acceptor
(Figure 1). This indicated that the reduced protein had a
mechanism for “self-oxidation” in the absence of electron
acceptor. We found that this catalytic activity derived from
the reduction of protons tod The specific activity for H
evolution in the absence of electron carrier was 135.4 nmol
min~* mg! (0.3 s!), which equaled that measured for , i 7 :
pyruvate decarboxylation. As far as we know, this activity me_thyl viologen) was found to be 282:1. This is the highest
has never been measured. The standard PFOR assays ath'o ever measured for a herogenase: . i
performed in the presence of an electron acceptor where the MOst hydrogenases are highly sensitive to CO, which
rate of pyruvate decarboxylation is130-fold higher than ~ S€rves as a competitive |nh|b|tor._ At high concentrations,
that measured in its absence. We observed a constant 1:£0 inhibited the hydrogenase activity of PFOR and exhibited
stoichiometry between the total amount of acetyl-CoA 2an apparenk; of 14 uM (Figure 2). This is quite different
formed and the amount of #produced. This activity was from the known acetogenic hydrogenases; they are strongly

linear with PFOR concentration. Thus, the reaction is inhibited by CO. The hydrogenase froAtetobacterium
represented by eq 1. woodii, for example, exhibits &; for CO of 14 nM. The

combined results from the protein purification, pyruvate
pyruvate+ CoA < acetyl-CoA+ H, + CO, (1) dependence, evolution:uptake ratio, and CO inhibition strongly
suggest that the observed elolution activity results from
There were two possible explanations for theadolution PFOR, not from a contaminating hydrogenase.
activity. It could result from an inherent hydrogenase activity ~ Since the production of fivas pyruvate-dependent, it was
of PFOR or from a contaminant hydrogenase in the sample,important to determine whether CO inhibits the pyruvate
sinceC. thermoaceticuncontains a hydrogenase with a high oxidation step (and, therefore, only indirectly affects H
specific activity (Drake, 1982; Kellum & Drake, 1984; production) or if it directly interferes with fHevolution. This
Pezacka & Wood, 1984). One way to distinguish between was tested by measuring the effect of CO on pyruvate
these possibilities was to compare the pyruvate-dependenbxidation in the presence of an electron acceptor. CO was
H. evolution activity (in the absence of electron acceptor) unable to inhibit PFOR when pyruvate was saturating at 10
with the standard pyruvate:ferredoxin oxidoreductase activity mM and an electron carrier was present (data not shown).
at each step in the purification of PFOR (Table 1). Both When the concentration of pyruvate was decreased to 1 mM
specific activities increase by nearly identical amounts with in the presence of electron carrier, weak inhibition of the
each purification step, and in the assays, the amount,of H enzyme could be observed; the appar&ntunder these
conditions was 73@2M (Figure 2, inset). These experiments
3 Hydrogen evolution is generally measured in the presence of a suggest that CO inhibits the proton reduction step(s).
redox mediator like methyl viologen, benzyl viologen, or ferredoxin.

The maximum activity for PFOR and CODH/ACS described here |nherent Hydrogenase Actty of CODH/ACS
occurs when only the electron donor (pyruvate or CO) and the catalyst

(PFOR or CODH/ACS) are present; i.e., when redox mediators are ;
absent. Although, strictly speaking, CODH/ACS and PFOR are electron We have obsgrvgd that the rgdox centers in CODH/ACS
acceptors, we have described the assays as lacking electron carrierdindergo slow oxidation after CO is removed from the enzyme

which emphasizes the omission of redox mediators like methyl viologen. under strictly anaerobic conditions, suggesting that a mech-
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Table 1
PFOR H evolution H uptaké

specific fold total specific fold total specific total
purification step  activity? (u/mg) purification units activity? (mu/mg) purification mu activity (mu/mg) mu
DEAE-cellulose 0.1 1 4340 0.83 1.0 1600 0.003 8630
DEAE-Sephacel 11 11 2760 8.3 10 1080 0.03 1310
red agarose 12.0 120 2460 66.2 80 652 0.30 1250
gel filtration 13.4 134 1960 83.3 100 485 0.33 665
Q Sepharose 17.8 178 1610 135 160 445 0.48 578

aMeasured by the standard assays in the presence of 10 mM methyl viotdgensured in the absence of electron acceptor. One milliunit is

defined as 1 nmol of KHtaken up per minute per milligram of protein.
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Ficure 2: CO inhibition of pyruvate-dependent;ldvolution by

PFOR. For the inhibition reaction, the reaction mixture contained
50 mM MES (pH 6.0), 10 mM pyruvic acid, 1 mM CoA, and 1

mM TPP at varying concentrations of CO at 25. The reaction
was initiated by the addition of PFOR. The valuekgfobtained
from the fit was 14+ 2 uM. (Inset) CO inhibition of PFOR activity

in the presence of electron carrier. The reaction mixture contained
50 mM MES (pH 6.0), 1 mM pyruvic acid, 1 mM CoA, and 1 mM

TPP at varying concentrations of CO at 25. The reaction was
initiated by the addition of 200 nM PFOR. The valugbbtained
from the fit was 730+ 50 uM.

anism for releasing low-potential electrons from the enzyme

exists. As with PFOR, the level of +&volution from CO

in the absence of electron acceptor was determined at eac
step in the purification and compared with the standard CO
oxidation activity. Both activities copurified and increased
by the same extent at each step in the purification procedure
(Table 2). CODH/ACS was purified to at least 99% purity,

on the basis of densitometric analysis of SEFRAGE. H

Hydrogen evolution from CODH/ACS required CO;
replacing CO with dithionite yielded a rate ot droduction
of 6.4 nmol min! mg™?, ~90-fold lower than with CO at
saturating levels. This activity increased to 13 nmol Thin
mg! when 1 mM methyl viologen was present. TKg
for CO was 96uM (Figure 3), which is similar to th&,
for CO in the CO oxidation reaction at pH 6.0 (12M)
(Seravilli et al., 1995). CODH/ACS and PFOR are com-
pletely separated during the first step in the purification
procedure; therefore, this activity is not due to contamination
from PFOR. In addition, pyruvate had no effect on the rate
of CO-dependent Hevolution and could not serve as an
electron donor for Kl evolution with the purified CODH/
ACS sample.

CODHI/ACS, like PFOR, catalyzes,idvolution at a much
faster rate than it catalyzes Hptake. The Kuptake activity
of purified CODH/ACS was 19 nmol mirt mg™* with 10
mM methyl viologen and 30.5 nmol mid mg* using 50

uM methylene blue, and the rates were strictly linear with

CODH/ACS concentration. Therefore, the ratio of thg H
evolution and H uptake activities was between20:1 and
30:1. Similarly, theM. barkeri CODH was reported to
catalyze only H evolution and not Kuptake (Bhatnagast
al., 1987).

We found that H evolution from CO was strongly
inhibited by cyanide (Figure 4); the appardftvalue at
saturating concentrations of CO wad uM. In order to
determine if cyanide inhibited the CO oxidation step or the
proton reduction step, the effects of cyanide greMolution

I3{\/ith dithionite as electron donor and on, ldptake were

measured (Figure 4). Cyanide inhibited strongly suggests
that proton reduction occurs at the site of CO oxidation
(cluster C), since CO oxidation is strongly inhibited by
cyanide K; <10uM) (Morton, 1991), whereas, acetyl-CoA
synthesis, which occurs at cluster A, requires a much higher
level of cyanide for inhibition (Ragsdalet al, 1983;

evolution measured in the absence of electron carrier WasSRagsdale & Wood, 1985; Raybuckt al, 1988). The
retained throughout the purification procedure. The specific gyireme cyanide sensitivity of the hydrogenase activity of

activity of CO-dependent Hevolution in the absence of

electron carrier was 590 nmol mihmg™? (3 s1) (Figure
3). This activity is ~1000-fold lower than that of CO

CODHI/ACS lends further weight to our proposal that this
activity is a property of CODH/ACS, not a contaminating
hydrogenase, since most hydrogenases are cyanide-insensi-

oxidation measured at high concentrations of electron ac-tjve. H, evolution by theM. barkeri CODH was also shown
ceptor; however, it is even faster than the rate of,CO to be inhibited by cyanide (Bhatnager al., 1987).

reduction. The rate of Hevolution was found to equal the
rate of CO oxidation when determined in the absence of

Given that both PFOR and CODH/ACS catalyze substrate-
dependent proton reduction, we wondered if ferredoxin might

added electron acceptor. Therefore, under these conditionscatmyze this reaction. However. tBethermoaceticunidll

CODH/ACS catalyzes the wategas shift reaction, repre-
sented by eq 2.

CO+ H,0< H,+ CO, )

was unable to perform Hevolution. When the Fd concen-
tration was increased to 2€M, even a single turnover of
proton reduction would have been measurable; howewver, H
was not detected.
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Table 2
CO oxidation H evolution H uptake
specific fold total specific fold total specific total

purification step  activity? (u/mg)  purificatior? units activity? (mu/mg)  purificatior? mu activity (mu/mg) mu
cell extract 8.0 1.0 210 000 16.3 1.0 3920 51.2 70440
DEAE-cellulose 16.5 21 188 000 31.6 1.9 3690 0.62 17820
Q Sepharose 54.0 6.8 183120 102 6.2 3210 3.9 3390
phenyl-Sepharose 170 22 86 625 320 19.4 2870 9.2 1040
gel filtration 320 40 57 500 590 36.1 1330 18.7 910

aMeasured by the standard assays in the presence of 10 mM methyl viotdgensured in the absence of electron acceptor. One milliunit is
defined as 1 nmol of KHevolved or taken up per minute per milligram of protein.
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Ficure 3: Determination of th&,, for CO of H, evolution activity
by CODH/ACS. TheX, for CO was determined by following H
evolution at varying concentrations of CO at 85 as described in
Materials and Methods. The value I§f, obtained from the initial
velocity measurement was determined to bet96 uM. (Inset)
Representative data for CO-dependentptbduction by CODH/
ACS at 1 atm (67Q«M) CO. The specific activity obtained from
the initial velocity measurement was 590 nmol of ptoduced

Potassium Cyanide (uM)

Ficure 4. Cyanide inhibition of hydrogenase activity of CODH/
ACS. Cyanide inhibition of K evolution with CO ) and with
dithionite and 1 mM reduced methyl viologe®)(was monitored

in a reaction mixture containing MES buffer (pH 6.0) at 85 as
described in Materials and Methods. The reactions were initiated
with 45 ng @) or 1ug (O, O) of CODH/ACS. The initial velocities

for H; evolution and methyl viologen reduction were measured at
varying concentrations of potassium cyanide. Tevalues for

min~—1 mg1. cyanide were 1.04- 0.08 and 1.32+ 0.09uM for the reactions

containing CO and dithionite/viologen as electron donors, respec-
tively. Cyanide inhibition of H uptake (0) was determined by
measuring the Hdependent reduction of methyl viologen at 604
The results presented here demonstrate that two well-"™M- The apparer; was 1.12+ 0.06 uM.
studied metalloenzymes, CODH/ACS and PFOR, can usemembrane-bound hydrogenase frRimodospirillum rubrum
CO or pyruvate to reduce protons tg &hd, at a much lower  (Fox et al,, 1996). Fourth, the Hevolution activities of
rate, oxidize H to protons and electrons. On the basis of CODH/ACS and PFOR are tolerant to CO, another unusual
several criteria, we have provided convincing evidence that property shared with thR. rubrumhydrogenase (Fogt al.,
the hydrogenase activities are inherent properties of CODH/1996). Fifth, the hydrogenase activity of CODH/ACS
ACS and PFOR and are not due to contamination from (including H. evolution from both CO and dithionite/reduced
discrete hydrogenases. First, during the purification of both viologen and H uptake) was strongly inhibited by cyanide;
CODH/ACS and PFOR to greater than 99% homogeneity, most hydrogenases are either completely insensitive or
the specific activities of substrate-dependentesdolution weakly inhibited by cyanide.
tracked those of substrate-dependent reduction of electron The CODH fromO. carboxyd@oranswas recently shown
acceptors. Therefore, CO- or pyruvate-dependent reductionto exhibit hydrogenase activity (Santiago & Meyer, 1996).
of protons to H could also be viewed as a specific assay This CODH activity resides in a multienzyme complex
for CODH/ACS or PFOR when the assays are performed in containing molybdopterin, flavin, and an FeS cluster, but no
the absence of added electron acceptor. Second, CODHhickel (Meyeret al., 1993). In contrast to the two enzymes
ACS and PFOR exhibited the highest élvolution activity studied here, th®©. carboxyd@orans CODH oxidizes H
when CO and pyruvate were the electron donors, respec-approximately 20-fold faster than it reduces protons (Santiago
tively, and when electron acceptors were absent. Dithionite, & Meyer, 1996). There are other enzymes that are hydro-
for example, was a very poor substitute for the natural genases in disguise. The best-studied example is nitrogenase,
substrate. Third, the ratios oflévolution to B uptake were ~ which evolves 1 mol of KHfor every mole of N reduced to
quite unlike those reported for other hydrogenases; they wereammonia (Simpon & Burris, 1984). Another example is a
between 20:1 and 30:1 for CODH/ACS and 280:1 for PFOR. methanogenic enzyme that uses té reversibly reduce
The highest ratio previously reported (22:1) was with the methenyltetrahydrometanopterin  (methenyM®T) to

DISCUSSION
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methylene-HMPt (Berkessel & Thauer, 1995; Kleigt al., is highly unlikely that cluster B can catalyze proton reduction.
1995). Unlike the metal-containing hydrogenases, this CO oxidation is strongly inhibited by cyanide (Morton,
enzyme is not inhibited by CO and does not reduce dyes1991). Acetyl-CoA synthesis is catalyzed by cluster A (Gorst
like methyl viologen with H or reduce protons to H & Ragsdale, 1991; Shin & Lindahl, 1992; Kumat al.,

Both CODH/ACS and PFOR contain several prosthetic 1993) and is cyanide-insensitive. On the basis of the
groups; which one(s) are responsible for ébolution? Is observed strong inhibition of bothztproduction and uptake
this activity physiologically relevant? Hydrogenase activity Dy cyanide, we propose that the site of production on
by CODH/ACS and PFOR can be viewed as a leakage of CODH/ACS is the mixed-metal cluster known as cluster C.
electrons from the reduced state of low-potential redox This is a FeS, cluster bridged to a Niion (Qiet al,, 1995,
centers by capturing solvent-derived protons. This activity 1996; Xia & Lindahl, 1996). Cluster C serves as the site of
is possibly an inherent response of FeS clusters to the@ Similar reaction, the two-electron reduction of @@ CO.
simultaneous exposure to water and low-potential electrons. Therefore, the reaction could be viewed as a competition
However, simple model B8, clusters (Adamet al, 1980)  between C@ and solvent-derived protons for the CODH
and theC. thermoaceticunferredoxin that contains two F% active site.
clusters do not evolve H This is possibly because;Hts The scenario of proton/C{zompetition at the active sites
cleaved heterolytically, generating a hydride ion and a proton of CODH/ACS and PFOR is interesting from both mecha-
as intermediates (Krasna & Rittenberg, 1954). Thus, it is nistic and physiological points of view. A proposed role
expected that the site of ;Hproduction/evolution must  for proton reduction by nitrogenase is keeping the site of N
accommodate the influx/efflux of two electrons and two reduction free of K, which is a strong inhibitor of B
protons. This presumably would preclude simple FeS reduction (Mortensen, 1978). Likewise, we have observed
clusters from participating in hydrogenase reactions since here that protons can be reduced even faster thanb@O
they function almost exclusively as one-electron carriers, CODH/ACS. However, when CODH/ACS and PFOR were
although, at very low potentials, apparently,&eand FgS, incubated with pyruvate and CoA at pH 6.0, CO was
clusters can undergo two-electron reduction (Watt & Reddy, produced as fast as pyruvate underwent decarboxylation. This
1994; Imet al, 1995). The metal center itself may not need is important because it is CO produced at cluster C that is
to undergo two-electron redox chemistry. For example, in incorporated into the carbonyl group at cluster A. Further
one mechanism for yevolution, the metal center is proposed  studies of the levels of C@ersusH; production at varied
to first undergo one-electron reduction; two thiol ligands then concentrations of pyruvate, protons, and Cie required
accept two protons followed by a concerted one-electron/ to fully understand the balance between electron transfer and
one-proton transfer step to generate a metal hydride whichproton reduction at the active site of CO oxidation.
captures a proton to generate (}FRober_ts & L|_ndahl, 1994). That CODH can catalyze CO-dependent hydrogen produc-
Ni-substituted rubredoxin fror@esulfajibrio glgashas been tion may have important mechanistic implications. This
reported to slowly catalyze proton reduction and proton/ o tion ' is equivalent to a well-known industrial process

deuterium exchange (Saint-Martal, 1988). Several Ni called the watergas shift reaction (WGSR) (Parshall, 1980).

complexes also have been shown to reduce protons;to H +:q reaction utilizes the reducin
. : . o g power of CO to produce
[discussed in Halcrow and Christou (1994)]. Although itis H, from water under mild conditions. The hydrogen is used

clear that nitrogenase catalyzes proton reductionzdths as the reductant for processes such as the Hableiss

not knqwn whether this reaction occurs at the eight-Fe- process, which produces ammonia from N'he WGSR can
contalnlng_P cluster or at the MoFeS cofactor. It also is not be performed by both heterogeneous and homogeneous
known Wh|ch_ metal cluster in the Mo-CODH catalyzes metal-based catalysts (Laine & Crawford, 1988). The
proton reduction. reaction appears to involve the following steps: (i) coordina-

The C. thermoaceticunPFOR apparently contains only tion of CO to a metal center, (i) nucleophilic attack of
three sites at which proton reduction could occur: TPP, hydroxide ion on the metal Carbony| to generate a metal
where pyruvate binds and forms the hydroxyethyl-TPP carboxyl species, (iii) # hydride shift to eliminate C©and
radical, and two F5, clusters. One possibility is thatlis generate a metahydride complex, and (iv) attack of water
produced during the oxidation of an intermediate bound to py the metat-hydride to regenerate the hydroxide nucleo-
TPP; however, the observation that CO inhibits this reaction phile, Hp, and the active catalyst. It appears likely that the
suggests that one of the FeS clusters serves as the hydrognzymatic mechanism of CO-dependent production
genase active site. However, both of the clusters in PFORncludes a metathydride intermediate and involves /&
are considered to be standard ferredoxin-likeSrelusters hydride shift. If so, does the metatydride only occur under
(Wahl & Orme-Johnson, 1987), and ferredoxins are unable conditions that favor biproduction and not electron acceptor
to catalyze H evolution. Further studies will be required reduction? Or could it be a component of both reactions?
to determine the site of Hproduction by PFOR. Detection of such an intermediate would connect the CODH

One way to determine which active site on CODH/ACS mechanism with that of hydrogenase which appears to utilize
catalyzes the Kevolution activity is to evaluate how strongly — a metat-hydride intermediate (above). Dinuclear nickel(ll)
the activity is inhibited by cyanide. CODH/ACS is a complexes containing iminothiolate ligands were shown to
bifunctional enzyme that oxidizes CO to ¢é&nd assembles  catalyze CO oxidation to CQOand protons in aqueous
acetyl-CoA. CO oxidation is catalyzed by a metal cluster solution with methyl viologen as the electron acceptor (Lu
called cluster C (Andersoet al., 1993; Kumaset al.,, 1993), et al, 1993; Lu & Crabtree, 1995). It was suggested that
and electrons are transferred to cluster B, which interactsthis complex reduces methyl viologen instead of releasing
with external electron acceptors. Since ,%e clusters H, because it precludes formation of a nickalydride
apparently are unable to catalyze ptoduction (above), it  intermediate.
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A role for substrate-dependent proton reduction by PFOR is oxidized by the electron acceptor which then transfers its
and CODH/ACS that can be considered is aiding in the electrons to other enzymes, including traditional hydro-
release of excess reducing equivalents from the cell whengenases or dehydrogenases.
electron carriers are limiting or when CO is present at levels
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