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ABSTRACT Fyruvate ferredoxin oxidoreductase (POR)
has been previously purified from the hyperthermophilic
archaeon, Pyrococcus furiosus, an organism that grows opti-
mally at 100°C by fermenting carbohydrates and peptides. The
enzyme contains thiamine pyrophosphate and catalyzes the
oxidative decarboxylation of pyruvate to acetyl-CoA and CO*
and reduces P. furiosus ferredoxin. Here we show that this
enzyme also catalyzes the formation of acetaldehyde from
pyruvate in a CoA-dependent reaction. Desuifocoenzyme A
substituted for CoA showing that the cofactor plays a struc-
tural rather than a catalytic role. Ferredoxin was not neces-
sary for the pyruvate decarboxylase activity of POR, nor did
it inhibit acetaldehyde production. The apparent Km values for
CoA and pyruvate were 0.11 mM and 1.1 mM, respectively, and
the optimal temperature for acetaldehyde formation was
above 90°C. These data are comparable to those previously
determined for the pyruvate oxidation reaction of POR At
80°C (pH 8.0), the apparent V, value for pyruvate decarbox-
ylation was about 40% of the apparent V, value for pyruvate
oxidation rate (using P. firiosus  ferredoxin as the electron
acceptor). Tentative catalytic mechanisms for these two re-
actions are presented. In addition to POR, three other 2-keto
acid ferredoxin oxidoreductases are involved in peptide  fer-
mentation by hyperthermopbilic archaea. It is proposed that
the various aldehydes produced by these oxidoreductases in
viva  are used by two aldehyde-utilizing enzymes, alcohol
dehydrogenase and aldebyde ferredoxin oxidoreductase, the
physiological roles of which were previously unknown.

pLrococcus  ji~riosus  is one of the best studied of an unusual
group of microorganisms. the so-called hyperthermophilic
archaea (formerly archaebacteria), which thrive at extreme
temperatures and inhabit shallow and deep sea volcanic en-
vironments (1, 2). P. firiosus  grows optimally at 100°C and
ferments either peptides  or carbohydrates with the production
of organic acids, Hz  and CO?.  It also reduces elemental sulfur
(So)  to HzS,  although the organism grows well in the absence
of s”  (3). Carbohydrates are converted to pyruvate predomi-
nantly via an unusual Embden-Meyerhof pathway (4,5),  and
pvruvate  is  oxidatively decarboxyiated to acetyl-CoA and CO2
via  pyruvate ferredoxin oxidoreductase (POR) (6). Acetyl-
CoA  can be used directly for energy conservation via acetyl-
CoA  synthetase (7). The oxidation of the reduced ferredoxin
(Fd) that is generated by the POR reaction is coupled to S
reduction and Hz  production via sulfide dehydrogenase (8) and
hydrogenase (9, 10). In addition to POR, three other types of
2-keto  acid Fd oxidoreductase are uniquely present in the
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hvoerthermoohilic  archaea and these are involved in Deotide
fe;mentation: They use 2-ketoglutarate (KGOR)l (i I j, in-
dolepyruvate (IOR)  (12), and 2-ketoisovalerate (VOR)  (13) as
substrates, and function to oxidatively decarboxylate the 2-
keto acids generated by the transamination of glutamate,
aromatic amino acids, and branched chain amino acids, re-
spectively,  to the corresponding CoA  derivative (13).

The growth of hyperthermophilic archaea such as P. jirriosus
is also unusual in that it is dependent upon tungsten (14), a
metal seldom used in biological systems (15). Three different
tungsten-containing- enzymes have been purif ied from these
organisms: aldehyde Fd oxidoreductase (AOR)  (It;),  formal-
dehyde Fd oxidoreductase (17),  and glyceralldehyde-3-
phosphate Fd oxidoreductase (5). Glyceraldehyde-3-
phosphate Fd oxidoreductase is thought to be involved in
glycolys is  (5), but  the funct ions of  AOR and formaldehyde Fd
oxidoreductase are not clear. For example, formaldehyde Fd
oxidoreductase only oxidizes Cl-C3 aldehydes,  whereas AOR
has a broad substrate specificity and is able to use both
aliphatic and aromatic aldehydes (18). The latter correspond
to the aldehyde derivatives of transaminated amino acids,  but
i t  is  not  known how such aldehydes are generated.

An NADP(H)-dependent alcohol dehydrogenase (ADH) is
present in various species of qtrococcus  and Thermococcus.
organisms that grow well in the absence of S”, ahhough  its
specific activity in cell-free extracts is quite low (19). More-
over. in Thermococcus  strain ES-l, a peptide-utilizing ar-
chaeon whose growth is obligately dependent upon s”,  the
cellular concentration of ADH increased 20-fold when ES-l
was grown under v-limited  condit ions (20).  Kinetic  analysis  of
pure ES-1 ADH showed that the enzyme preferentially used
aldehydes rather than alcohols as substrates,  and i t  was pos-
tulated that such aldehydes were generated during almino  acid
oxidation, although the mechanism was unclear (20).

Here we have identified a source of the aldehydes that are
proposed to serve as substrates for AOR and ADH. :It  i s  shown
that during pyruvate oxidation by POR from P. furiosus,  a
significant fraction of the substrate is converted to’ acetalde-
hyde in a CoA-dependent reaction. We suggest tha.t  th is  may
be a general property of all 2-ketoacid oxidoreductases.

MATERIALS AND METHODS

Purification of POR. I?  firiosus (DSM 3638) was grown in
a 500-liter fermentor (21) and POR (6) and Fd (22) were
purified under anaerobic condit ions from the harvested cells .

Abbreviations: POR, pyruvate ferredoxin oxidoreductase:: Fd. ferre-
doxin; IOR,  indolepyruvate Fd oxidoreductase; VOR, Z-krtoisovaler-
ate Fd oxidoreductase: KGOR, 2-ketoglutarate  Fd oxidoreductase:
ADH,  alcohol dehydrogenase.
iTo  whom reprint requests should be addressed at: Department of

Biochemistry, Life Sciences Building, University of Geoqgia.  Athens.
GA 30602-7229. e-mail: adamsm@  bscr.uga.edu.
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The pyruvate oxidation activity of POR was routinely deter-
mined by the pyruvate- and CoA-  dependent reduction of
methyl  viologen under anaerobic conditions at 80°C (6). The
enzyme preparation used had a specific activity of 20 pmol
pyruvate oxidized per min/mg  under these conditions.

Determination of Acetaldehyde and Acetyl-CoA.  The pyru-
vate decarhoxylation  act ivi ty of  P. jiuiosus  POR was measured
bv acetaldehyde production. For the routine assay, the 2 ml
mixture was prepared in a vial (8 ml) sealed with a stopper
under argon and contained the following: 50 mM  CAPS
(3-[cyclohexylaminol-1-propanesulfonic  acid) (pH 10.2),  10
mM  pyruvate, 0.1 mM  thiamine pyrophosphate (TPP),  1.0 mM
CoA.  and 5 PM  Fd. The vial was shaken (150 rpm) in a water
bath at 80°C for 1 min and the reaction was initiated by the
addi t ion of  92 pg  POR. After 20 min.  the reaction was stopped
by transferring the vials to an ice bath and adding 2 ml of
saturated 2.4-dinitrophenylhydrazine (DNPH) in 2 M HCI.
The vial  was then incubated at  35°C with shaking (150 rpm) for
48 hr. The acetaldehvde-DNPH derivative that was formed
was extracted by adding 1 ml of methylene dichloride and
shaking (350 rpm) at 35°C for 15 min. After centrifugation
(1.000 x g for 5 min), the organic phase was removed and the
extraction process was repeated. The combined organic phases
were evaporated by incubation for 16 hr in a vacuum desic-
cator. The dry yellowish-red powder (containing both acetal-
dehyde-DNPH and excess DNPH) was resuspended in ace-
tonitrile (8 ml) and after 16 hr at 4°C  the solution was filtered
(0.2 pm, Gelman).  An aliquot (0.7 ml) was analyzed using a
high-performance liquid chromatograph  (Dionex) fitted with
an Ultracarb 5 /J  ODS column (250 X 4.6 mm, Phenomenex,
Torrance, CA). The mobile phase was acetonitriie/water
(80:20), and the flow-rate was 1 ml/min. Known concentra-
tions of acetaldehyde were analyzed under the same assay
conditions to obtain a calibration curve. Acetyl-CoA forma-
tion from pyruvate oxidation catalyzed by POR was measured
by a coupled malate dehydrogenase/citrate  synthase assay
(23). Both enzymes were obtained from Boehringer Mann-
he im.

RESULTS AND DISCUSSION

Acetaldehyde Formation from Pyruvate. It had been pre-
viously shown that pure P. furiosus POR, in the presence of
CoA,  catalyzes the anaerobic oxidation of pyruvate to acetyl-
CoA  and COl’at  80°C. P. firiosus Fd or artificial electron
acceptors such as methyl viologen serve as the electron
acceptor (6).  We have now found that under the same condi-
tions, acetaidehyde is also a catalytic product of the POR
reaction. P. furiosus  POR contains four different  subunits  and
the enzyme preparation used here was homogeneousas judged
by SDS/PAGE (Fig. l), indicating that acetaldehyde produc-
tion is  not  catalyzed by a contaminating enzyme. As shown in
Table 1, acetaldehyde production. as measured by its DNPH
derivative. was dependent upon pyruvate and CoA,  but this
activity did not require the addition of Fd. Moreover, desul-
focoenzyme A was as effective as CoA  in the decarboxylat ion
reaction,  showing that  this  cofactor does not  have a catalytic
role in acetaldehyde production. In contrast to some PORS
from mesophilic organisms, e.g.. ref. 24, P. furiosus POR
contains tightly bound TPP (1.0 + 0.1 mol TPP/tetramer;  ref.
6),  and additional TPP had no effect on either its pyruvate
oxidation or pyruvate decarboxylation activit ies (Table 1).  No
acetaldehyde was produced if the reaction was carried out
aerobically, or if POR was omitted (Table 1). Therefore, in
addition to pyruvate oxidation. POR catalyzes a CoA-
dependent,.anaerobic,  nonoxidative decarboxylation of pyru-
vate to acetaldehyde and COz.

The temperature dependence of acetaldehyde production
by POR was consistent with this being an enzyme-catalyzed
reaction rather than a direct  chemical process.  As shown in Fig.
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FIG. 1. SDS/PAGE of purified POR from P.fwiosus.  Lanes: 1 and
4, molecular weight standard mnrker;  2, 2.5 pg of purified POR;  3. 5
pg of purified POR.

‘2, acetaldehyde production was significant only at tempera-
tures above 6O”C, with an optimum above 90°C. These data
mirror the temperature dependence of the pyruvate oxidation
activity of POR (as measured by methyl viologen reduction;
Fig .  2), as well  as that of several other P. jiuiosus  enzymes (for
example, see refs. 12, 14, and 16). Notably, the rate of
acetaldehyde production was directly proportional ‘to the
amount of POR added to the reaction mixture (data not
shown). The pH dependence of pyruvate decarboxylation was
also consistent with an enzyme-catalyzed reaction (Fig. 3).
Maximal activity was observed near pH 10.0, with about 60%
of this  act ivi ty  a t  pH 8.  In contrast ,  pyruvate oxidation activi ty
of POR is maxima1 at pH 8, with about 10% of this activity at
pH  10 (6). .These  data obviously suggest that POR is a
bifunctional enzyme that catalyzes both the oxidative and
nonoxidative decarboxylation of pyruvate.

Kinetics of Pyruvate Decarboxylation. The rate of pyruvate
decarboxylation reaction of POR was fairly constant over a 40
min period after a short but reproducible lag phase (data not
shown).  Within 40 min,  approximately 80% of the pyruvrate  (10
mM) initially present in the reaction mixture had been con-
verted to acetaldehyde. Under standard assay conditions at
8O”C, kinetics parameters for the reaction were estima.ted  by
varying the concentrations of pyruvate (0.5-10 mM,  using 1.0
mM  CoA)  and CoA  (0.05-1.0 mM, using 10 mM  pyruvate). In
both cases, linear Lineweaver-Burk plots were obtained, con-

Table 1. Acetaldehyde production from pyruvare  catalyzed by P.
furiosus POR

Acetaldehyde Relative
produced. activity.

Conditions firno %

Complete assay* 7.72
-pyruvate 0.028
-TPP 7.63
-CoA 0.056
-Fd 7.40
-POR 0.066
+ airt 0.070
+desulfocoenzvme  A* 8.03

100
Cl.4

99
Cl.7

96
Cl.9
0.9

1041
Acetaldehyde production was measured af SO“C  under standard

assay conditions as described.
*The 2 ml assay mixture contained 10  mM pyruvate, 0.1 mM TPP. 1.0
mM CoA,  5 PM  P. furiosus Fd, and 92 pg P. furiosus POR in 50 mM
CAPS (3.[cyclohexylaminol-I-propanesulfonic  acid), pH  10.2.

tithe  reaction was carried out under aerobic conditions.
*Complete assay without CoA  and with desulfocoenzyme A (1.0 mM).
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FIG. 2. Temperature dependence of acetaldehyde formation from
pyruvate and of the pyruvate oxidation activity of P. jiuiosus  POR. l ,
Acetaldehyde production; 0,  pyruvate oxidation (data were taken
from ref. 6).

firming that the reaction is enzyme catalyzed. The apparent K,,,
_ values for pyruvate and CoA  were 1.1 mM  and 0.11 mM,

respectively.  These values are very similar to those previously
determined for the pyruvate oxidation reaction of POR (0.46
mM  and 0.11 mM  for pyruvate and COA, respectively; ref. 6).
Because CoA  does not play a catalytic role in acetaldehyde
product ion,  i ts  Km  value may be appropriately interpreted as i ts
binding aff in i ty .

These kinetic data also indicate that  in the standard assay for
the pyruvate decarboxylation reaction, which used 10 mM
pyruvate and 1.0 mM  CoA,  both substrates were approaching
saturating concentrat ions.  In support  of  this ,  the measured rate
of aldehyde production and the calculated apparent V, value
were very similar (4.3 2 0.3 pmol acetaldehyde produced per
min/mg).  For  the  pyruvate  oxidat ion act ivi ty  of  POR using Fd
as the electron acceptor (apparent K,,,,  7 /AM;  ref. 6), the
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FIG:~. pH dependence of acetaldehyde formation from pyruvate
and of the pyruvate oxidation activity of P. furiosus  POR. 0, Acetal-
dehyde production measured as described in Materiulr  and Methods.
except that the buffers used 50 mM phosphate (pH  6.4).  50 mM EPPS
[N-(2-hydroxyethyl)piperazine-N’-3-propanesulfonic  acid] (pH  7.2-
8.6) or 50 mM CAPS (pH  9.6-11.5).  and the incubation time was 5
rather than 20 min: O,  pyruvate oxidation activity catalyzed by POR
(data were taken from ref. 6).

apparent V,,, value at 80°C was reported to be 7.4 pmol
pyruvate oxidized per min/mg at 80°C  and pH  8.0 (6‘). Hence,
at 80°C  the rates of pyruvate decarboxylation by POR were
about 60% (at pH 10.2) and 40% (at pH  8.0) of the rate of
pyruvate oxidation activity of the enzyme (at pH 8.0).

Pyruvate Oxidation Versus Decarboxylation. POYR  is irre-
versibly inactivated by oxygen (6) and in the presence of 02
(air)  does not catalyze either the oxidation or decarboxylation
of pyruvate (Table 1). Pyruvate oxidation obviously requires
the presence of an electron acceptor such as Fd (611,  but the
pyruvate decarboxylation reaction was not dependent upon
Fd, and Fd did not  inhibi t  the react ion (using a concentrat ion
equivalent to its apparent K,,,  value in the oxidation reaction:
ref.  6).  Similarly,  desulfocoenzyme, which supports the decar-
boxylation reaction, inhibited pyruvate oxidation by POR
(data not shown).  These data suggest  that  pyruvate decarbox-
yiation by POR is not an alternative reaction to pyruvate
oxidation,  rather ,  the two react ions must  occur s imultaneously,
providing a suitable electron acceptor is present.  We therefore
analyzed for the production of both acetaldehyde and acetyl-
CoA  by POR in the same reaction mixture (usin,g  10 mM
methyl viologen as the electron acceptor) .  As shown in Fig.  4,
POR did indeed generate both products  with the ini t ial  rate  of
acetaldehyde production being -10% of that of acetyl-CoA.
However, the rate of acetyl-CoA formation decre.ased  with
time, presumably as the concentration of reduced electron
acceptor (methyl viologen) increased, whereas the rate of
acetaldehyde production appeared to increase under the same
conditions (Fig. 4).

Catalytic Mechanisms of Decarboxylation. In addition to
the f? furios~s  enzyme, PORs  have been purified frosm various
microorganisms, most of which are str ict  anaerobes (24-32).  In
contrast ,  most  aerobic organisms carry out  pyruvate oxidation
using the pyruvate dehydrogenase complex (33).  The reactions
catalyzed by pyruvate dehydrogenase and POR both involve
the formation of a hydroxyethyl-TPP complex and the transfer
of the acyl moiety to CoA.  Pyruvate oxidation by pyruvate
dehydrogenase involves acyl transfer by lipoic acid and the
overall mechanism has been firmly established (33). In con-
trast, PORs  lack lipoic acid and mechanisms based on a
TPP-radical species have been proposed (25,31),  including for
the P. furiosus  enzyme (34). PORs do contain multiple iron-
sulfur clusters,  and these participate in electron transfer to the
external electron acceptor, typically Fd (23,35).  Although the

0.16

0 5 10 15 20
Time, min

FIG. 4. Simultaneous production of acetyl-CoA  and a,cetaldehyde
catalyzed by P. fi~iosus  POR. The reaction was carried out as described
in the legend to Table 1, except that methylviologen (10 mM)  replaced
P.  ficriosrrs  Fd and the POR concentration was 11 &ml. 0, Acetal-
dehyde production; 0, acetyl-CoA production.
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mechanism by which PORs  catahyze  acyl transfer to CoA  in the
absence  lipoic acid is not clear (36)  the newly discovered

’ acetaldehyde  production activity of POR reported herein can
be evaluated in mechanistic terms.

Although acetaldehyde production by P. firiosus POR is
most easily explained by its direct conversion from the hy-
droxyethyl-TPP intermediate,  this  cannot be the case,  because
the reaction is dependent upon CoA.  The decarboxylation
reaction of POR must therefore differ from that of pyruvate
decarboxylases. Pyruvate decarboxylases have been purified
from a variety of organisms (37-41) and the crystal structure
of one is known (42, 43). That they are also TPP-containing
enzymes  and the mechanism of pyruvate decarboxylation,
which does involve direct  conversion of  the hydroxyethyl-TPP
complex to the aldehyde, is well understood (43-45). In
contrast to POR, the pyruvate decarboxylation reaction of
pyruvate decarboxylases is unaffected by Oz,  nor does it
require CoA.  Because acetaldehyde production by POR was
dependent upon CoA  (Table 1).  and the aff ini ty of  the enzyme
for CoA  (as determined by the apparent K,,,  value) was the
same as in the pyruvate oxidation reaction,  i t  seems l ikely that
CoA  binds to the same site on the enzyme for both the
decarboxylation and oxidation reactions. The ability of the
desulfocoenzyme to support  acetaldehyde production shows
that  CoA  must  have a  s t ructural  role  in  that  i ts  binding to  the
enzyme is a prerequisite for further catalysis.

Based on ail of the kinetic data for P. firiosus POR and
established TPP chemistry,  we propose a “switch” mechanism
for the bifunctional  activity of this enzyme. As shown in Fig.
5.  the enzyme-bound TPP cofactor loses a proton to generate
the ylid form (Step 1) (43). Based on the pyruvate decarbox-
ylase  reaction, the ylid form of TPP attacks the carbonyl
carbon of pyruvate (Step 2) and after the release of CO2,  a
resonance-stabilized carbanion will  be generated (Step 3).  The
conversion of the hydroxyacyl-TPP intermediate to either
acetyl-CoA or acetaldehyde depends upon the binding of CoA
(Step 4). This must cause a conformational change in the
enzyme, which allows catalysis  to continue.  Thus,  the carban-

Proc.  Nat l .  Acad.  Sci .  USA 94 (1997) 961 I

ion is protonated (Step 5) to generate hydroxyethyl-TPP,
which eliminates acetaldehyde to regenerate TPP and pre-
sumably CoA  is released (Step 6). At this point it is not clear
whether CoA  bind to the enzyme before or after the binding
of substrate. However, the catalytic cycle of the decarboxyl-
ation  (Fig. 5) remains unchanged.

This proposed mechanism for pyruvate decarboxylation is
independent of the redox  s ta te  of  POR, but  th is  is  not  the  case
for the oxidation of pyruvate.  For acetyl-CoA to be produced,
the hydroxyacyl-TPP intermediate must first be oxidized in a
two electron step to generate acetyl-TPP (Step 7). This must
occur by two separate one electron transfer reactions, since the
iron-sulfur clusters of POR are one electron carriers. Conse-
quently, a hydroxyacyl TPP radical intermediate can be ob-
served under certain conditions in vitro (25,  31, 34). The
iron-sulfur clusters of POR ultimately donate their electrons
to Fd, and acetyl-CoA is released (Step 8). In the presence of
excess oxidized Fd, which accepts the electrons released from
Step 7. this catalytic cycle can be repeated. However, acetyl-
TPP cannot be generated (Step 7) if  the iron-sulfur clusters of
POR are reduced, which would eventually occur after enzyme
turnover in the absence of Fd. Hence, continued acetyl-CoA
production is  dependent  upon Step 7,  which depends upon the
ability of the enzyme to dispose of the reductant  generated
from pyruvate oxidation.  The redox state of the enzyme in  viva
will be determined by the ability of the cell to oxidize reduced
Fd and the overal l  redox states of  the cytoplasm, which in turn
will depend on the growth conditions.

Physiological Significance of Pyruvate Decarboxylation by
POR. From the results presented here we conclude that
acetaldehyde production by P. furiosus  POR is an intrinsic
property of the enzyme, and presumably, this reaction must
also occur in vivo.  POR is  present  in  s ignif icant  amounts  in  the
cytoplasm of this organism (6), and the enzyme plays an
essential  role in the primary pathway of carbohydrate fermen-
tation. Moreover, P. furiosus  and related organisms contain
three other Fd-dependent,  2-keto acid oxidoreductases (IOR,
VOR, and KGOR), which are highly similar to POR in all of

FIG.

COASH (CoASH) 2em (CoASH)

A< ;k$EH*-J
(CoASH)

5 . Proposed catalytic mechanism of pyruvate decarboxylation under different conditions. See text for details.
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FIG. 6. Proposed pathway for the metabolism of aldehydes pro-
duced during glucose and amino acid fermentation in heterotrophic
hyperthermophilic archaea. POR, IOR,  VOR, and KGOR represent
oxidoreductases that use pyruvate, indolepyruvate, 2-keto  isovalerate.
and 2-ketoglutarate. respectively. Fd,, and Fdred, oxidized and re-
duced Fd, respectively; ACS, acyl-CoA  synthetase.

their properties except substrate specificity (13, 35, 36). For
example, POR and VOR of P. firiosus have one of their four
subunits in common and overall show approximately 45%
sequence identity (35). Thus, it is further assumed that, like
POR, these other enzymes also produce aldehydes in  vivo.  Our
preliminary experiments with IOR (12), analogous to those
reported here for POR, show that phenyl acetaldehyde is
produced during the oxidation of phenyl pyruvate (data not
shown).  Therefore,  the question arises as to the metabolic fate
of the aldehydes that these enzymes generate.

Two different types of aldehyde-util izing enzyme have been
purified and characterized from hyperthermophilic heterotro-
phic  archaea such as P. furiosus, AOR (16.18) and ADH (19,
20). Both  types exhibit high catalytic efficiencies with the
aIdehyde;  that would be produced by the four 2-keto acid

-
oxidoreductases present in these organisms. For example,  the
best substrates for AOR are acetaldehyde. phenylacetalde-

.hyde,  and isovaleraldehyde (K,,,  values < 100 PM;  ref. 18),
which would be the primary aldehydes produced by POR, IOR
and VOR, respectively. Similarly,  ADH reduces acetaldehyde
and phenylacetaldehyde with high efficiency (K,,,  values < 250
PM;  ref. 20).  AOR is present in significant concentrations in
the cytoplasm of hyperthermophilic archaea that do not re-
quire S”  for growth, such as P,  furiosus (5), as  wel l  as  in  those
that do, such as Thermococcus strain ES-l. which grows
obligatelv,  dependent upon the presence of s”  (20).  Both types
of organ&ms  produce organic acids as end products of fer-
mentation (3.20).  Hence, as shown in Fig.  6,  AOR is  proposed
to be the primary enzyme responsible for oxidizing the alde-
hydes that are produced by the 2-keto acid oxidoreductases.

The si tuat ion is  different  with ADH, since only low act ivi t ies
of this enzyme are present in species of q?rococcus  and
Thermococcus under  the usual  condit ions used to grow these
organisms (19, 20). However, under S”  limitation, the ADH
activitv  of Thermococcus strain ES-l increases dramatically
and alcohols are excreted into the medium. Presumably,  in the
absence of sufficient amounts of the terminal electron accep-
tor. So.  reductant  is disposed of using the ADH reaction,

wherein aldehydes are reduced to alcohols.  Thus.  in this
AOR and ADH would “compete” for aldehydes p r o d
peptide  fermentation.  From the perspective of maintain
cellular redox  balance, the ADH reaction, which generates
oxidized electron carrier (NADP), would be preferred t
AOR reaction, as this generates a reduced one (reduc
Although ADH expression is  regulated by s”  avai labi l
appears not to be the case with AOR. since its act
extracts of ES-1 were unaffected by S”  limitation (
ing a physiological role to P.  furiosus AOR is
because this enzyme is one of the best characterized of
hyperthermophilic, as well as tungsten-containing, enzy
(15, 45).

Another  issue is  whether  a ldehyde product ion is  a
property of  al l  2-keto acid oxidoreductases.  not  just  tho
the hyperthermophilic archaea. Interestingly, some t
philic  and mesophilic acetogens exhibit tungsten-de
growth and they  contain an enzyme termed ca:rboxy
reductase, w!jose  molecular and catalytic properties rese
those of P. furiosus AOR (15, 46). Carboxylic acid reduct
represents about 4% of the cytoplasmic protein but  i ts  funct
is  unknown. Because these acetogenic organisms also cant
significant amounts of pyruvate oxidoreductase. a role
carboxylic acid reductase in oxidizing the acetaldehyd
duced  by the clostridial POR ‘is possible. On the other
the hvperthermophilic archaea are considered the mos
evolving of all known organisms (47), and sequen
indicate that the POR of P. firiosus represents an
type compared with mesophilic PORs (35). Thus,
enzymes may have evolved to prevent or minimize
obic,  CoA-dependent aldehyde production seen in
thermophilic oxidoreductases. It will obviously
interest to determine if all POR-twe enzymes  decarboxyl
2-keto acids.
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