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An alcohol dehydrogenase (ADH) from hyperthermophilic archaeon Thermococcus guaymasensis was purified
to homogeneity and was found to be a homotetramer with a subunit size of 40 � 1 kDa. The gene encoding the
enzyme was cloned and sequenced; this gene had 1,095 bp, corresponding to 365 amino acids, and showed high
sequence homology to zinc-containing ADHs and L-threonine dehydrogenases with binding motifs of catalytic
zinc and NADP�. Metal analyses revealed that this NADP�-dependent enzyme contained 0.9 � 0.03 g-atoms
of zinc per subunit. It was a primary-secondary ADH and exhibited a substrate preference for secondary
alcohols and corresponding ketones. Particularly, the enzyme with unusual stereoselectivity catalyzed an
anti-Prelog reduction of racemic (R/S)-acetoin to (2R,3R)-2,3-butanediol and meso-2,3-butanediol. The optimal
pH values for the oxidation and formation of alcohols were 10.5 and 7.5, respectively. Besides being hyper-
thermostable, the enzyme activity increased as the temperature was elevated up to 95°C. The enzyme was active
in the presence of methanol up to 40% (vol/vol) in the assay mixture. The reduction of ketones underwent high
efficiency by coupling with excess isopropanol to regenerate NADPH. The kinetic parameters of the enzyme
showed that the apparent Km values and catalytic efficiency for NADPH were 40 times lower and 5 times higher
than those for NADP�, respectively. The physiological roles of the enzyme were proposed to be in the formation
of alcohols such as ethanol or acetoin concomitant to the NADPH oxidation.

Alcohol dehydrogenases (ADHs) are ubiquitous in three
life domains and a family of oxidoreductases that catalyze
the NAD(P)H-dependent interconversion between alcohols
and the corresponding aldehydes or ketones (53). Among
them, the medium-chain ADHs have been studied extensively,
and these ADHs usually contain zinc. Zinc-containing ADHs
constitute a big protein family with various enzyme activities,
including alcohol dehydrogenase, polyol dehydrogenase, and
cinnamyl alcohol dehydrogenase activities (37). A large num-
ber of zinc-containing ADHs, including those from hyperther-
mophiles Thermococcus kodakaraensis, Pyrococcus horikoshii,
Aeropyrum pernix, and Sulfolobus solfataricus, contain catalytic
and structural zincs (5, 11, 20, 25, 30). The zinc-containing
ADHs from the mesophile Clostridium beijerinckii and thermo-
philes Thermoanaerobacter brockii and Thermoanaerobacter
ethanolicus contain only catalytic zinc (34).

Hyperthermophiles are a group of microorganisms growing
optimally at �80°C, of which anaerobic heterotrophs have
increasingly attracted attention for the use of fermentation at
the elevated temperatures (31). All members of the genus
Thermococcus are chemoorganotrophs which can grow on pep-
tide-containing substrates (6, 50), and some of them are able to
utilize carbohydrates, including starch and chitin as a carbon
source (6), though some are capable of producing H2 from CO

(38, 61). Glycolysis from glucose to pyruvate in Thermococcus
celer and Thermococcus litoralis appears to occur via a modified
Embden-Meyerhof (EM) pathway containing ADP-dependent
hexose kinase and phosphofructokinase and a tungsten-contain-
ing glyceraldehyde-3-phosphate, ferredoxin oxidoreductase (59).
Among strains of the genus Thermococcus, Thermococcus
strain ES1 was first reported to produce ethanol under S0-
limiting conditions (42), one of the attractive renewable
energy resources. Subsequently, native ADHs have been pu-
rified and characterized, and all of these ADHs are iron con-
taining and proposed to be responsible for ethanol formation
(3, 39, 42, 43).

In addition to interests in their physiological roles in pro-
duction of alcohols, ADHs from hyperthermophiles, particu-
larly zinc-containing ADHs and short-chain ADHs, are highly
desired as promising catalysts in chiral synthesis because of the
features such as solvent tolerance, stereoselectivity, and ther-
mostability (5, 44, 62, 70). A zinc-containing ADH from the
anaerobic archaeon Pyrococcus furiosus underwent asymmetric
ketone reduction to the corresponding chiral alcohols (44, 70).
The presumably zinc-containing L-threonine dehydrogenase
from T. kodakaraensis was highly stable, and this dehydroge-
nase had a half-life at 85°C of more than 2 h (5). In the family
of zinc-containing ADHs, those from the hyperthermophilic
archaea T. kodakaraensis, P. horikoshii, S. solfataricus, and A.
pernix contain both catalytic and structural zincs and have been
extensively studied in terms of structure, catalysis, function, or
regulation (2, 16, 19, 25–28, 52). However, no ADHs contain-
ing only catalytic zinc have been characterized for Thermococ-
cus species yet.

Thermococcus guaymasensis is a hyperthermophilic starch-
utilizing archaeon, producing acetate, propionate, isobutyrate,
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isovalerate, CO2, and H2S if sulfur is present in growth me-
dium (15). Here, we report the production of ethanol and
acetoin in glucose fermentation of T. guaymasensis and the
properties of an ADH from this hyperthermophile. Moreover,
the purified ADH from T. guaymasensis is the most thermo-
stable zinc-containing ADH characterized from Thermococcus
species, which has high solvent tolerance, unusual stereoselec-
tivity, and broad substrate specificity.

MATERIALS AND METHODS

Chemicals and organisms. All chemicals were commercially available. (R)-
(�)-2-Butanol, (S)-(�)-2-butanol, (2R,3R)-(�)-2,3-butanediol, (2S,3S)-(�)-2,3-
butanediol, and meso-2,3-butanediol were purchased from Sigma-Aldrich Can-
ada (Oakville, ON, Canada). T. guaymasensis DSM 11113T was obtained from
Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ), Braun-
schweig, Germany. The pGEM-T easy vector (Promega, Madison, WI) was used
for the cloning of PCR products.

Growth conditions. T. guaymasensis was cultured in the medium as described
previously (15), with modifications. The medium at pH 7.0 contained the fol-
lowing chemicals and other components (in g/liter unless otherwise specified):
KCl, 0.33; MgCl2 � 2H2O, 2.7; MgSO4 � 7H2O, 3.4; NH4Cl, 0.25; CaCl2 � 2H2O,
0.14; K2HPO4, 0.14; Na2SeO3, 0.01 mg; NiCl2 � 6H2O, 0.01 mg; NaHCO3, 1.0;
NaCl, 18; resazurin, 0.001; cysteine � HCl � H2O, 0.5; Na2S � 9H2O, 0.5; Bacto-
yeast extract, 10; Trypticase soy broth, 10; elemental sulfur, 10; dextrose, 5;
HEPES, 5.2; trace mineral solution, 10 ml; and vitamin solution, 10 ml. The
preparation of trace mineral and vitamin solutions was done as described pre-
viously (4). In a large scale of cultivation, it was routinely cultured in a 20-liter
glass carboy at 88°C in which elemental sulfur and HEPES were omitted. The
resulting cell pellet after centrifugation was frozen in liquid nitrogen immediately
and stored at �80°C until use.

Preparation of cell extract. The frozen cells (50 g) of T. guaymasensis were
resuspended in 450 ml of 10 mM Tris-HCl anaerobic buffer (pH 7.8) containing
2 mM dithiothreitol (DTT), 2 mM sodium dithionite (SDT), and 5% (vol/vol)
glycerol. The suspension was incubated at 37°C for 2 h under stirring. The
supernatant was collected as the cell extract after 30 min of centrifugation at
10,000 � g.

Purification of T. guaymasensis ADH. All the purification steps were carried
out anaerobically at room temperature. The cell extract of T. guaymasensis was
loaded onto a DEAE-Sepharose column (5 by 10 cm) that was equilibrated with
buffer A (50 mM Tris-HCl [pH 7.8] containing 5% [vol/vol] glycerol, 2 mM DTT,
2 mM SDT). T. guaymasensis ADH that bound weakly to the column was eluted
out while buffer A was applied at a flow rate of 3 ml min�1. A linear gradient (0
to 0.5 M NaCl) was further applied onto the column. Fractions containing ADH
activity were then pooled and loaded onto a hydroxyapatite column (2.6 by 15
cm) at a flow rate of 2 ml min�1. The column was applied with a gradient (0 to
0.5 M potassium phosphate in buffer A), and ADH started to elute from the
column at a concentration of 0.25 M potassium phosphate. Fractions containing
enzyme activity were pooled and applied to a phenyl-Sepharose column (2.6 by
10 cm) equilibrated with 0.8 M ammonia sulfate in buffer A. A linear gradient
(0.82 to 0 M ammonia sulfate in buffer A) was applied at a flow rate of 2 ml
min�1, and the ADH started to elute at a concentration of 0.4 M ammonia
sulfate. Fractions containing ADH activity were desalted and concentrated by
ultrafiltration using 44.5 mm YM-10 membranes (Millipore Corporation, Bed-
ford, MA). The concentrated samples were applied to a Superdex-200 gel filtra-
tion column (2.6 by 60 cm) equilibrated with buffer A containing 100 mM KCl at
a flow rate of 2.5 ml min�1. The purity of the fractions containing ADH activity
was verified using sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) as described previously (36).

Enzyme assay and protein determination. The catalytic activity of T. guayma-
sensis ADH was measured at 80°C by monitoring the substrate-dependent ab-
sorbance change of NADP(H) at 340 nm (ε340 � 6.3 mM�1 cm�1). Unless
otherwise specified, the enzyme assay was carried out in duplicate using the assay
mixture (2 ml) for alcohol oxidation containing 50 mM 2-butanol and 0.4 mM
NADP� in 100 mM CAPS [3-(cyclohexylamino)-1-propanesulfonic acid] buffer
(pH 10.5). The assay mixture (2 ml) for the reduction of ketone/aldehyde con-
tained 6 mM 2-butanone and 0.2 mM NADPH in 100 mM HEPES (pH 7.5). The
addition of the purified enzyme (0.25 �g) initiated the enzyme assay. One unit of
the activity is defined as 1 �mol NADPH formation or oxidation per min. The
protein concentrations of all samples were determined using the Bradford
method, and bovine serum albumin served as the standard protein (12).

Determination of catalytic properties. The effect of pH on the enzyme activ-
ities was determined over a range of 5.5 to 11.4. The buffers (100 mM) used were
phosphate (pH 5.5 to 8.0), EPPS [4-(2-hydroxyethyl)piperazine-1-propanesulfo-
nic acid; 8.0 to 9.0], glycylglycine (9.0 to 9.7), and CAPS (9.7 to 11.4). The effect
of the temperature on the enzyme activity was examined at temperatures from 30
to 95°C. Enzyme thermostability was determined by incubating the enzyme in
sealed serum bottles at 80°C and 95°C. Residual activity was assayed at various
time intervals under the standard assay conditions. Substrate specificity was
determined using primary and secondary alcohols (50 mM), diols and polyols (50
mM), or aldehydes and ketones (6 mM) under standard assay conditions. The
effect of cations, EDTA, or DTT on enzyme activities was carried out by mea-
suring the reduction of 2-butanone in 100 mM HEPES buffer (pH 7.0), consid-
ering the low solubility of cations at alkaline pHs.

Enzyme kinetic parameters were determined using different substrates and
coenzymes (NADP� or NADPH). Concentrations of substrates were �10� the
apparent Km unless specified for NADPH, sec-butanol, NADP�, and 2-bu-
tanone, while concentrations of the corresponding cosubstrates were kept con-
stant and higher than 10� the apparent Km. Apparent values of Km and Vmax

were calculated using the curve fittings of SigmaPlot (Systat Software, Inc., San
Jose, CA).

Metal analyses. The metal contents of T. guaymasensis ADH were determined
by using inductively coupled plasma mass spectrometry (ICP-MS; VG Elemental
PlasmQuad 3 ICP-MS at the Chemical Analysis Laboratory, University of Geor-
gia). The purified enzyme was pretreated to wash off nonbinding metals in the
anaerobic chamber, where the oxygen level was kept below 1 ppm. The washing
buffer used was 10 mM Tris-HCl containing 2 mM DTT (pH 7.8). The washing
procedure was carried out using YM-10 Amicon centrifuge tubes, including 7
repeats of centrifugation (concentration and refilling of buffers). The pass-
through solution was collected as its control.

Ketone reduction coupled with NADPH regeneration. The reaction mixture (2
ml) contained 100 mM HEPES buffer (anaerobic, pH 7.5), 50 mM 2-butanone or
2-pentanone, 25 �g T. guaymasensis ADH, 500 mM isopropanol, and 1 mM
NADPH. The reaction was carried out at 30°C for 24 h unless otherwise speci-
fied. The reactants (butanone/2-butanol and 2-pentanone/2-pentanol) were de-
termined with a Shimadzu GC-14A gas chromatograph (GC) equipped with a
flame ionization detector (FID; 250°C). The GC analyses were performed under
the following conditions: column, MXT-624 (0.53-mm inside diameter [ID] by
30-m length; Restek, Bellefonte, PA); FID sensitivity range, 102; carrier gas,
helium at a linear velocity of 80 cm s�1. For the 2-pentenone/2-pentanol deter-
mination, the temperature program included: isotherm at 60°C for 3 min, 30°C/
min ramp to 110°C, and isotherm at 110°C for 2 min. For the 2-butanone/2-
butanol determination, the temperature program included isotherm at 40°C for
3 min, a 30°C/min ramp to 100°C, and isotherm at 100°C for 2 min. The reaction
mixture (1 �l) was directly applied onto the injector (200°C) for GC analyses.
The peak areas were quantitated using specific external standards.

Analyses of fermentation products. The possible fermentation products, such
as ethanol, acetoin, and 2,3-butanediol, were measured using the above-men-
tioned GC systems, with modifications. The temperature program was modified
at the FID sensitivity range of 10: isotherm at 80°C for 3 min, a 10°C/min ramp
to 150°C, and isotherm at 150°C. Prior to the analyses, the culture medium was
centrifuged at 10,000 � g for 5 min and the supernatant was filtered to remove
the residual cells.

Stereoselective conversion between acetoin and 2,3-butanediol. The reaction
mixture (2 ml) of 2,3-butanediol oxidation contained 100 mM CAPS buffer
(anaerobic, pH 10.5), 50 mM (2R,3R)-(�)-2,3-butanediol or meso-2,3-butane-
diol, 25 �g T. guaymasensis ADH, 500 mM acetone, and 1 mM NADP�. The
reaction mixture (2 ml) of acetoin reduction contained 100 mM HEPES buffer
(anaerobic, pH 7.5), 50 mM racemic R/S-acetoin, 25 �g T. guaymasensis ADH,
500 mM isopropanol, and 1 mM NADPH. All the reactions were carried out at
30°C for 24 h unless specified. After that, the reaction mixture (1 ml) was
extracted with 1 ml ethyl acetate or dichloride methane with shaking at 350 rpm
for 30 min (room temperature). The stereoselectivity of the purified enzyme was
determined using a Shimadzu GC-14A gas chromatograph equipped with a
CP-Chirasil-Dex CB column (0.25-mm ID by 25-m length; Varian, Inc., Palo
Alto, CA). The GC operating conditions described below included the FID
detector (250°C) at a sensitivity range of 10 and helium as the carrier gas at a
linear velocity of 40 cm s�1. The temperature program for R/S-acetoin, (2R,3R)-
(�)-2,3-butanediol, (2S,3S)-(�)-2,3-butanediol, and meso-2,3-butanediol was
listed as the following: isotherm at 60°C for 5 min, a 30°C/min ramp to 90°C, and
isotherm at 90°C for 6 min. The reaction mixture after extraction (0.5 �l) was
directly applied onto the injector (200°C) for each assay. The peak areas were
quantitated using specific external standards. To identify whether T. guaymasen-
sis ADH catalyzed asymmetric reduction of 2-butanone to chiral 2-butanols, the
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formation of R-2-butanol or S-2-butanol was verified by using the same GC
operating conditions described in this section except that the temperature pro-
gram was set isothermally at 45°C for 10 min.

Determination of amino-terminal and internal sequences. To determine in-
ternal sequences, the purified enzyme was run on 12.5% SDS-PAGE gel and
subjected to in-gel trypsin digestion. The resulting peptides were extracted and
cleaned with the procedures described previously (60). The resulting samples
were applied for mass spectrometry analyses on a Waters Micromass Q-TOF
Ultima using nanospray injection as the sample delivery method (Mass Spec-
trometry Facility, University of Waterloo, Waterloo, ON, Canada). The PEAKS
software program (BSI, Waterloo, ON, Canada) was used for tandem mass
spectrometry (MS-MS) profiling. The amino-terminal sequence of T. guayma-
sensis ADH was determined by Edman degradation (Molecular Biology Core
Facility, Dana Farber Cancer Institute, Boston, MA).

Cloning of the T. guaymasensis ADH gene. The genomic DNA used as the
template of PCR was extracted using the solution of phenol, chloroform, and
isoamyl alcohol (25:24:1). Based on amino-terminal and internal sequences, two
oligonucleotides, TGADHNF (5�-AARATGMGNGGTTTTGCAATG-3�) and
TGADHIR (5�-GGAGTGCTGGTGATATCC-3�), were synthesized and used
as forward and reverse PCR primers, respectively. A PCR was performed using
Hot Start KOD polymerase with 15 pmol of each primer against 100 ng of
genomic DNA isolated from T. guaymasensis cells. The thermal program con-
sisted of 40 cycles of denaturation at 95°C for 20 s, annealing at 56°C for 20 s, and
extension at 70°C for 30 s. The generated DNA fragment was modified using the
procedure of addition of 3�-A overhangs (A-tailing) and ligated into the
pGEM-T easy vector. Escherichia coli DH5� was transformed with this construct.
After the blue/white screening, the recombinant plasmid was extracted, purified
(57), and sequenced (Core Molecular Biology and DNA Sequencing Facility,
York University, ON, Canada). The inverse PCR was designed for obtaining the
flanking sequences by using two primers, TGMAYN01 (5�-TCTCCTTCTCAA
TCCACTCG-3�) and TGMAY28C02 (5�-GCAATAACTCCCGACTGG-3�).
The genomic DNA was digested by the restriction enzyme HindIII for 6 h at 37°C
and then incubated at 65°C for half an hour to denature the enzyme. The
digested product was ligated to circle DNA by using T4 DNA ligase overnight at
room temperature, which was used as the template in inverse PCRs (65). After
preheating to 94°C for 5 min, 36 cycles were performed, consisting of denatur-
ation at 95°C for 20 s, primer annealing at 58°C for 20 s, and elongation at 70°C
for 1 min. The resulting 1.4-kb product of inverse PCRs was sequenced by the
dye termination method using several primers designed on raw sequence infor-
mation (Molecular Biology Core Facility, University of Waterloo, Waterloo, ON,
Canada).

Data mining. The homologues of T. guaymasensis ADH were identified by
performing BLASTP searches (1). Phylogenetic analyses were performed by
aligning T. guaymasensis ADH and close homologues of zinc-containing families
using the program Clustal W (64). The primary structure analysis was estimated
using the program ProtParam on the ExPASy server (22). The secondary and

tertiary structure prediction was performed using the SWISS-MODEL server
(33, 58). The software program PyMOL was used to analyze and visualize the
tertiary structure of the T. guaymasensis ADH monomer (17).

Nucleotide sequence accession number. The nucleotide sequence of T. guay-
masensis ADH has been submitted to the GenBank database under accession
number HQ415820.

RESULTS

Growth and alcohol formation of T. guaymasensis. T. guay-
masensis is a heterotrophic archaeon and could grow in the
absence of sulfur during glucose fermentation. Ethanol was
found to be one of the end products in the tested culture, and
its production was in small amounts (�1 mM) and appeared to
be correlated with the growth (Fig. 1). Hydrogen was a major
end product when sulfur was omitted in the culture medium,
and the highest level of hydrogen production (28.7 mmol per
liter culture medium) was observed when the culture reached
the maximal cell density (X. Ying and K. Ma, unpublished
data). Whether T. guaymasensis was cultured in the presence of
20 mM HEPES buffer and 0.5% sulfur or not, the final pH of
the medium after 48 h growth was around 6.0. Acetoin was
detected as a metabolite in the spent medium, with a relatively
higher level (2 to 3 mM). The acetoin formation of T. guay-
masensis was detectable after 2 h in incubation and accumu-
lated as the cell density increased under all tested conditions
(Fig. 2), implying that its production might not be as a response
to the pH change. 2,3-Butanediol could not be detected in the
fermentation culture.

ADH activities in the cell extract of T. guaymasensis. The
production of ethanol and acetoin indicated that T. guayma-
sensis might harbor multiple ADHs or a dominant ADH with
multifunctions. The cell extract was prepared to investigate the
presence of ADH activities. Alcohols such as glycerol, 1-buta-
nol, 2-butanol, 2,3-butanediol, and 1,4-butanediol were used as
assay substrates to differentiate the possible types of ADH
activities, such as polyol, primary-alcohol, secondary-alcohol,
and diol dehydrogenase activities. The results showed that all

FIG. 1. Growth and ethanol production of T. guaymasensis. T. guay-
masensis can grow on glucose and was cultured under different sulfur
concentrations: 0% (squares), 0.5% (circles), and 2% sulfur (dia-
monds). The cell density (filled symbols) and ethanol production (open
symbols) were determined using direct cell counting and gas chroma-
tography, respectively.

FIG. 2. Growth and acetoin production of T. guaymasensis. T. guay-
masensis was cultured under different conditions: 0.5% (wt/vol) ele-
mental sulfur with 20 mM HEPES buffer (squares), no sulfur and no
buffer (circles), and 20 mM HEPES buffer but no sulfur (diamonds).
The cell density (filled symbols) and acetoin production (open sym-
bols) were determined using direct cell counting and gas chromatog-
raphy, respectively, as described in Materials and Methods.
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ADH activities in the cell extract of T. guaymasensis were
NADP� dependent. The types of ADH activities were diverse,
and the activities were detectable with the use of all the alcohol
substrates mentioned above. The highest ADH activity (18.9 U
mg�1) showed when 2-butanol was used as the assay substrate.

Purification of T. guaymasensis ADH. Considering the pos-
sibility of multiple ADHs in the cell extract, the ADH activities
were traced using 2-butanol, 1-butanol, and glycerol as assay
substrates during the purification procedure. ADH activities
appeared in a single peak from all liquid chromatography col-
umns, and the ratios of ADH activities among 2-butanol, 1-bu-
tanol, and glycerol (200:10:0.5 to 1) were almost constant until
the enzyme was purified to homogeneity by a four-step proce-
dure using fast protein liquid chromatography (FPLC). The
ADH in T. guaymasensis was partially eluted during the load-
ing of the sample onto the DEAE-Sepharose column, suggest-
ing that the enzyme might have higher isoelectric point (pI)
value, which was confirmed later by theoretical pI calculated
from the deduced amino acid sequence. The enzyme could be
completely eluted by using buffer A, and such property signif-
icantly facilitated the separation of the ADH from other pro-
teins in the cell extract. Subsequently, the ADH activity was
eluted out as a predominant single peak in the following chro-
matography. The purified ADH after the gel-filtration chro-
matography had a specific activity of 1,149 U mg�1, with a yield
of 17% (Table 1). The native molecular mass was determined
using gel filtration to be 135 	 5 kDa. The SDS-PAGE anal-
yses of the purified enzyme yielded a single band with a mo-
lecular mass of 40 	 1 kDa (Fig. 3). Thus, the purified ADH
appeared to be a homotetramer.

Catalytical and physical properties of the purified T. guay-
masensis ADH. T. guaymasensis ADH was NADP� dependent.
The optimal pHs of the enzyme were found to be 10.5 for the
2-butanol oxidation and 7.5 for the 2-butanone reduction. The
purified enzyme from T. guaymasensis was thermophilic, and
its activity increased along with the elevated temperatures up
to 95°C. The oxygen sensitivity of the enzyme was monitored
by the residual activity after exposure to the air at room tem-
perature. It was unexpected that the enzyme was oxygen sen-
sitive, although it was much more resistant to oxidation than
iron-containing ADHs. The time required to decrease 50% of
the full activity upon exposure to the air (t1/2) was about 4 h,
and such inactivation was slightly decreased in the presence of
2 mM dithiothreitol. The thermostability of the purified en-
zyme was investigated by determining its residual activities
when the enzyme samples were incubated at 80 and 95°C. The
t1/2 values at 95 and 80°C were determined to be 24 and 70 h,
respectively, revealing its hyperthermostable feature.

The substrate specificity of the enzyme was determined us-

ing a set of alcohols, aldehydes, and ketones (Table 2). In the
oxidation reactions, T. guaymasensis ADH was able to trans-
form a broad range of primary alcohols but not oxidize meth-
anol. Moreover, the enzyme showed higher activities with the
use of secondary alcohols such as 2-butanol and 2-pentanol as
substrates, suggesting that the enzyme is a primary-secondary
ADH. T. guaymasensis ADH could oxidize diols but not pri-
mary diols such as ethanediol, 1,4-butanediol, and 1,5-pen-
tanediol as tested. The enzyme showed a very low activity
toward polyols such as glycerol and had no activity on L-serine
and L-threonine. In the reduction reactions, the enzyme exhib-
ited the ability to reduce various aldehydes and ketones. In
particular, T. guaymasensis ADH could not oxidize acetoin to
diacetyl, indicating that the reduction of diacetyl to acetoin is
irreversible.

The apparent Km value for the coenzyme NADPH was over
40 times lower than that for the coenzyme NADP� (Table 3).
The specificity constant kcat/Km for NADPH as an electron
donor in the ketone reduction (14,363,000 s�1 M�1) was about
4.3 times higher than that of the NADP� electron acceptor in
the oxidation of corresponding alcohol (3,333,000 s�1 M�1).
These catalytic properties suggest that the enzyme could play
an important role in the oxidation of NADPH rather than the
reduction of NADP� in vivo. However, the apparent Km value
for 2-butanone (0.31 mM) was close to that of 2-butanol (0.38
mM), and the specificity constant kcat/Km for 2-butanone
(613,000 s�1 M�1) was about one-third of that for 2-butanol
(2,192,000 s�1 M�1). To catalyze the reduction of diacetyl to
2,3-butanediol via acetoin, the enzyme had higher catalytic
efficiency for diacetyl and lower catalytic efficiency for 2,3-
butanediol, suggesting its possible roles involving the reduction
of diacetyl to acetoin or 2,3-butanediol (Table 3).

FIG. 3. SDS-PAGE (12.5%) of the purified ADH from T. guayma-
sensis. Lane 1, molecular markers; lane 2, 1.5 �g purified T. guayma-
sensis ADH.

TABLE 1. Purification of ADH from T. guaymasensis

Purification step
Total

protein
(mg)

Total
activity

(U)

Sp act
(U/mg)

Purification
(fold)

Yield
(%)

Cell extract 3718.5 1.2 � 105 33.7 1 100
DEAE-sepharose 446.8 6.3 � 104 142 4.2 52
Hydroxyapatite 58.7 5.7 � 104 970 28.8 47
Phenyl-sepharose 30.7 3.4 � 104 1,099 32.6 28
Gel filtration 17.4 2.0 � 104 1,149 34.1 17
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Effect of metals on the activity of T. guaymasensis ADH and
its metal content. Since the enzyme was a medium-chain ADH
rather than a short-chain ADH lacking metal, it was speculated
that the enzyme could contain either zinc or iron. The ICP-MS
analyses showed that the purified enzyme contained 0.9 	 0.03
g-atoms of zinc per subunit. Therefore, each subunit of the
enzyme could contain 1 g zinc per subunit. In addition, the
enzyme contained a trace amount of nickel (�0.01 g-atom per
subunit) and 0.1 g-atom of iron per subunit, which could be
exogenous.

The effect of various cations on the enzyme activity was
examined by adding selected chemical (1 mM) into each en-
zyme assay mixture. EDTA slightly decreased the enzyme ac-
tivity, indicating that zinc was resistant to the chelation by
EDTA. The cations such as Ni2� and Fe2� decreased the
enzyme activity by 10 to 20% while Co2�, Ca2�, Mg2�, and
Mn2� slightly increased the activity (not more than 15%). The
enzyme was completely inhibited by 1 mM Zn2�, Cu2�, Hg2�,
and Cd2� in assay mixtures. It was unexpected that the zinc-
containing ADH was inhibited by zinc ion. Thus, the inhibition
by zinc was further confirmed by reducing the concentration of
zinc in the assay mixture. When the zinc concentrations were
10, 25, and 100 �M in the assay mixtures, the corresponding
activities were approximately 90%, 85%, and 3% of the full
activity, respectively.

Reduction of 2-butanone coupled with NADPH regenera-
tion. Enzymes resistant to solvent inactivation are of great
interest from scientific and practical points of view. The solvent
tolerance of T. guaymasensis ADH on the oxidation of 2-buta-
nol and the reduction of 2-butanone was examined by adding
methanol into the assay mixtures. The purified enzyme did not
oxidize methanol. The enzyme retained almost its full activity
when the concentration of methanol was up to 5% (vol/vol).
When the concentration of methanol was 40% (vol/vol) in the
assay mixture, the enzyme activities remained at 30% and 15%
of the full activity on both oxidation and reduction, respec-
tively, indicating that the enzyme had outstanding solvent tol-
erance.

The solvent-tolerant feature of T. guaymasensis ADH made
it feasible to regenerate the coenzyme NADPH using the co-
substrate isopropanol in excess amounts (500 mM). A gas
chromatography method was developed to determine the re-
actants which had the following retention times: 1.33 min for
isopropanol, 2.26 min for 2-butanone, and 2.51 min for 2-bu-
tanol. Driven by isopropanol (500 mM), the addition of 50 mM
2-butanone could result in the production of 45.6 mM 2-buta-
nol, while the control without the addition of isopropanol
produced 2-butanol in a low concentration similar to that of
the coenzyme added (1 mM). The yield was about 91%. Sim-
ilar results were also obtained when 2-pentanone was used to
replace 2-butanone in the same reaction system.

Stereoselectivity of T. guaymasensis ADH. To investigate the
stereoselectivity of T. guaymasensis ADH, two methods based

TABLE 2. Substrate specificity of T. guaymasensis ADH

Substrate Relative
activity (%)

Alcohols (50 mM)
Methanol ............................................................................. 0
Ethanol ................................................................................ 5.7 	 0.3
1-Propanol........................................................................... 15.1 	 0.3
1-Butanol............................................................................. 5.1 	 0.2
1-Pentanol ........................................................................... 0.8 	 0.2
Glycerol ............................................................................... 0.2 	 0.1
2-Propanol........................................................................... 88 	 1.1
2-Butanol............................................................................. 100 	 2.2a

2-Pentanol ........................................................................... 66.3 	 1.1
1,2-Butanediol .................................................................... 25.6 	 2.3
1,3-Butanediol .................................................................... 35.4 	 1.1
1,4-Butanediol .................................................................... 0
2,3-Butanediol .................................................................... 78.7 	 3.4
1,2-Pentanediol................................................................... 4.7 	 0.3
1,5-Pentanediol................................................................... 0
2,4-Pentanediol................................................................... 9.2 	 0.1
Ethanediol........................................................................... 0
Phenylethanol ..................................................................... 0
L-Serine ............................................................................... 0
L-Threonine ........................................................................ 0
Acetoin ................................................................................ 0

Aldehydes or ketones (6 mM)
Acetone ...............................................................................149.4 	 2.8
2-Butanone.......................................................................... 100 	 3.4b

2-Pentanone........................................................................ 86.2 	 3.1
Acetoin ................................................................................ 93 	 3.2
Diacetyl ...............................................................................134.8 	 5.9
Acetaldehyde ...................................................................... 36 	 4.2
Butyraldehyde.....................................................................112.4 	 11.9

a A relative activity of 100% in alcohol oxidation is 1,144 	 24 U mg�1.
b A relative activity of 100% in aldehyde/ketone reduction is 223 	 7.6

U mg�1.

TABLE 3. Kinetic parameter values for T. guaymasensis ADH

Substrate (mM) Cosubstrate (mM) Apparent
Km (mM)

Apparent
Vmax (U/mg) kcat (s�1) kcat/Km

(s�1 M�1)

2-Butanol NADP� (0.4) 0.38 1,250 833 2,192,000
(2R,3R)-(�)-2,3-

Butanediola
NADP� (0.4) 15.2 1,111 740 49,000

(2S,3S)-(�)-2,3-Butanediola NADP� (0.4) 246 769 512 2082
meso-2,3- Butanediola NADP� (0.4) 19.3 1,428 952 49,000
NADP� 2-butanol (11) 0.4 2,000 1,333 3,333,000
2-Butanone NADPH (0.2) 0.31 285 190 613,000
R/S-Acetoin NADPH (0.2) 0.32 213 142 444,000
Diacetyl NADPH (0.2) 0.21 303 202 962,000
NADPH 2-Butanone (3) 0.011 237 158 14,363,000

a Various concentrations for (2R,3R)-(�)-2,3-butanediol (0, 2.7, 5.4, 8.1, 10.7, 16, 21.2, 26.5, and 51.7 mM), (2S,3S)-(�)-2,3-butanediol (0, 11, 22, 27.5, 44, 55, 82.5,
and 110 mM), and meso-2,3-butanediol (0, 2.7, 5.4, 8.1, 10.7, 16, 21.2, 26.5, and 51.7 mM) were used for the determination of kinetic parameter values.
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on a GC equipped with a chiral column were developed to
efficiently separate the substrates and products of the reactions
and the transformations between acetoin and 2,3-butanediol or
between 2-butanone and 2-butanol. In the interconversion be-
tween acetoin and 2,3-butanediol, the retention times of their
isomers were 3.6 min for (R)-2-acetoin, 4.2 min for (S)-2-
acetoin, 9.1 min for (2S,3S)-(�)-2,3-butanediol, 9.4 min for
(2R,3R)-(�)-2,3-butanediol, and 10.2 min for meso-2,3-bu-
tanediol (24). The enzyme showed higher oxidation activities
on the (2R,3R)-(�)-2,3-butanediol and meso-2,3-butanediol
than on the (2S,3S)-(�)-2,3-butanediol (Table 4), indicating
that the enzyme predominantly oxidized the R-hydroxyl group
of 2,3-butanediol and minorly functioned on the S-hydroxyl
group. When meso-2,3-butanediol was oxidized, (S)-2-acetoin
was the predominant product, with an enantiomeric excess
(ee) of 88%, while oxidation of (2R,3R)-2,3-butanediol re-
sulted in the production of (R)-2-acetoin with higher stereose-
lectivity (94% ee). With respect to the reduction reaction, the
racemic R/S-acetoin was used since neither R- nor S-acetoin
was commercially available. Consistently, the reduction of ra-
cemic R/S-acetoin formed (2R,3R)-2,3-butanediol (presumably
from R-acetoin) and meso-2,3-butanediol (presumably from
S-acetoin) with extremely high stereoselectivity [
99% ee over
(2S,3S)-(�)-2,3-butanediol]. In addition, the kinetic parame-
ters also confirmed that the enzyme had a higher Km value for
(2S,3S)-(�)-2,3-butanediol than for (2R,3R)-(�)-2,3-butane-
diol or meso-2,3-butanediol (Table 3).

With respect to the reduction of 2-butanone to 2-butanol,
the retention times of products on gas chromatography profiles
were 6.5 min for R-2-butanol and 6.85 min for S-2-butanol. The
products from reduction of 2-butanone showed the equal com-
positions of R-2-butanol and S-2-butanol, and T. guaymasensis
ADH showed almost identical activities on the oxidation of
R-2-butanol and S-2-butanol, indicating that the enzyme does
not possess stereoselectivity on 2-butanol or 2-butanone as the
substrate.

Cloning and sequence analyses of the gene encoding T. guay-
masensis ADH. To sequence the gene encoding the ADH, the
amino-terminal (N-terminal) sequence was determined using
the Edman degradation, SKMRGFAMVDF, which starts from
S (serine), indicating the presence of N-terminal methionine
excision after translation. Three internal sequences were suc-
cessfully identified using mass spectrometry. Those amino acid
sequences were aligned to determine conserved regions where
the primers were fitted in. With a combination of PCR and

inverse PCR strategies, the gene encoding T. guaymasensis
ADH was fully sequenced. The structural gene encoding T.
guaymasensis ADH consisted of 1,095 bp and ended at two
consecutive stop codons (TGA and TAA). One putative ar-
chaeal terminator sequence, TTTTTCT, was found 24 bases
farther downstream of the stop codon of TGA (54).

The deduced amino acid sequence of T. guaymasensis ADH
contained 365 amino acid residues; however, the native en-
zyme had only 364 amino acid residues due to the lack of the
initial methionine, corresponding to a calculated size of 39.4
kDa. The deduced amino acid sequence of T. guaymasensis
ADH showed high overall identities to threonine dehydroge-
nase (TDH) or zinc-containing ADHs from thermophilic bac-
teria, e.g., ADHs from T. tengcongensis MB4 (77% identity;
AAM23957), T. brockii (77% identity; CAA46053), T. ethano-
licus ATCC 33223 (77% identity; EAO63648), T. ethanolicus
X514 (76% identity; EAU57308), Thermosinus carboxydivorans
Nor1 (72% identity; EAX46383), and the mesophile C. beijer-
inckii (67% identity; EAX46383). No hits (
30% identity) that
correspond to T. guaymasensis ADH have been found in other
Thermococcales genomes to date.

T. guaymasensis ADH and its homologues harbored the
highly conserved amino acid residues (Fig. 4). The putative
active site and NADP� binding motifs were identified to be
G63H64E65X2G68X5G74X2V77 and G184XG186XXG189, respec-
tively (34). Consistent with metal analyses, no structural zinc-
binding motif was observed. The three-dimensional (3-D)
modeling of the structure indicated that the monomer of T.
guaymasensis ADH folded into two domains, one catalytic do-
main closing to the amino-terminal end and one NADP�-
binding domain closing to the C-terminal end. Both domains
were separated by the cleft where the active site of the enzyme
might be situated.

DISCUSSION

For hyperthermophilic archaea, a few zinc-containing ADHs
have recently been purified and characterized. They are either
ADHs from the aerobic hyperthermophilic archaea S. solfa-
taricus and A. pernix or TDHs from the anaerobic hyperther-
mophiles P. furiosus, T. kodakaraensis, and P. horikoshii (Table
5). Similar to other zinc-containing ADHs or TDHs, ADH
from the anaerobic hyperthermophile T. guaymasensis con-
tained 364 amino acid residues and thereby was a member of
medium-chain ADHs. The native T. guaymasensis ADH was in

TABLE 4. Stereoselectivity of T. guaymasensis ADH in 2,3-butanediol/acetoin interconversion

Direction and substrate Sp act
(U/mg) Product(s) Stereoselectivity

(eep
a) (%) Yield (%)

Oxidation
meso-2,3-Butanediol 926 	 25 (S)-2-Acetoin 84 	 3 69 	 2
(2R,3R)-(�)-2,3-Butanediol 905 	 30 (R)-2-Acetoin 94 	 3 73 	 2
(2S,3S)-(�)-2,3-Butanediol 158 	 5 NDb ND ND

Reduction �racemic (R/S)-acetoin� 93 	 3.2 (2R,3R)-2,3-Butanediol,
meso-2,3-butanediolc


99d 80 	 1

a eep, product enantiomeric excess value.
b ND, not determined.
c The ratio of (2R,3R)-2,3-butanediol to meso-2,3-butanediol was approximately 1:1.
d The amount of (2S,3S)-(�)-2,3-butanediol was not detectable.
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the quaternary structure of the homotetramer, which is a usual
structural characteristic of zinc-containing ADHs in archaea
and bacteria. The hyperthermophilic ADHs, including T. guay-
masensis ADH, showed that the optimum pH for the oxidation
reaction was more alkaline than that for the reduction reac-
tion. T. guaymasensis ADH was specific for NADP� as a co-
enzyme, whereas other known hyperthermophilic zinc-contain-
ing ADHs or TDHs preferred NAD� as a coenzyme. The
monomer of zinc-containing ADHs from hyperthermophiles
contained catalytic and structural zinc atoms, except that T.
guaymasensis ADH contained 1 g-atom of zinc per subunit. Its
amino acid sequence possessed no binding motif of structural
zinc but catalytic zinc, thus indicating that its zinc atom was
highly likely to play a catalytic role. Its sequence alignment also
showed that the enzyme had high similarities to those NADP�-
dependent ADHs containing catalytic zinc only, e.g., ADHs
from T. brockii and T. ethanolicus.

The enzyme from T. guaymasensis possesses several out-
standing features to be a competitive biocatalyst. The enzyme
was active within a broad temperature range from 30 to 95°C
as tested while the optimal temperature was over 95°C, which
feature is common for ADHs originated from hyperthermo-
philes. The thermoactivity with 1,149 U mg�1 at 80°C was
remarkably higher than that for other zinc-containing ADHs
characterized except the TDH from P. horikoshii. The activity
of the butanediol dehydrogenase (BDH) from Saccharomyces
cerevisiae was reported to be 968 U mg�1 (24), and this dehy-
drogenase was obviously not as thermostable as T. guaymasen-

sis ADH. The latter was hyperthermostable, and its t1/2 at 95°C
was about 24 h, so this dehydrogenase is the most thermostable
among the family of zinc-containing ADHs. The enzyme had
broad substrate specificity. In the oxidation direction, the en-
zyme transformed various alcohols, including primary and sec-
ondary alcohols, polyols, and diols, while it reduced various
aldehydes and ketones in the reduction direction. In the sub-
strate spectrum of T. guaymasensis ADH, some of the chiral
alcohols have served as valuable intermediates for synthesis of
biologically or pharmacologically active compounds. (R)-1,3-
Butanediol is the important intermediate in the synthesis of
penem and carbapenem antibiotics (47), while acetoin and
related �-hydroxy ketones have been used as building blocks
for the synthesis of various pharmaceuticals, such as antide-
pressants, antifungal agents, and antitumor antibiotics (49).
When the methanol was used to test the solvent tolerance, the
methanol concentration at which half of the full activity re-
mained was about 24% (vol/vol) in the assay mixture. The
solvent tolerance of T. guaymasensis ADH is of great interest in
that it offers an option to regenerate NADPH with the cheaper
cosubstrate isopropanol instead of enzymes such as formate
dehydrogenase or glucose dehydrogenase. The NADPH re-
generation system led to production of 45.6 mM butanol from
50 mM butanone with the use of only 1 mM NADPH, with a
yield up to 91%, indicating that this is a successful example for
the NADPH regeneration system.

Coupled to the NADPH regeneration using isopropanol, the
enzyme showed asymmetric reduction of racemic acetoin, in

FIG. 4. Alignment of sequence of T. guaymasensis ADH and other related zinc-containing ADHs. The sequences were aligned using Clustal
W (64). Highlights in shadow, putative binding sites of catalytic zinc; highlights in box, putative motif of cofactor binding. TgADH, T. guaymasensis
ADH; TbADH, T. brockii ADH; CbADH, C. beijerinckii ADH. Symbols indicate residues or nucleotides that are identical in all sequences in the
alignment (�), conserved substitutions (:), semiconserved substitutions (.), or no corresponding amino acid (–).
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which only (2R,3R)-2,3-butanediol and meso-butanediol were
produced. The enzyme also showed asymmetric oxidation of
2,3-butanediol isomers, in which it had much lower specificity
constant on (2S,3S)-(�)-2,3-butanediol than (2R,3R)-2,3-bu-
tanediol and meso-2,3-butanediol. Regarding the stereoselec-
tivity of T. guaymasensis ADH, the highly similar example was
the butanediol dehydrogenase from S. cerevisiae (21). Selective
oxidation of vicinal diols could be exploited to produce enan-
tiopure �-hydroxy ketones. A diacetyl reductase from Bacillus
stearothermophilus could selectively oxidize vicinal diols to
�-hydroxy ketones with high enantioselectivity (
99%), but
the yields were quite low (�23%) (10). Obeying the anti-
Prelog rule, T. guaymasensis ADH might undergo transference
of a hydride ion from an R-configured alcohol to the pro-R face
of NADP� or transference of a hydride ion from the pro-R
face of NADPH to the si face of a carbonyl group of a ketone
(51). The anti-Prelog ADHs were of greater interest since they
are not as abundant as Prelog ADHs like those in horse liver,
T. brockii, P. furiosus, and S. solfataricus. Since T. guaymasensis
ADH shared high similarity to the ADHs from T. brockii and
T. ethanolicus, it was not expected that the enzyme had no
stereoselectivity on the reduction of 2-butanone, which prop-
erty has been well characterized for ADHs from T. brockii and
T. ethanolicus (32, 69). In addition, the enzyme could not
catalyze the oxidation of L-threonine and L-serine. It was re-
cently noted that the ADH from P. furiosus showed higher
enantioselectivity on phenyl-substituted keto esters than the
substrates lacking phenyl groups (70). The stereoselectivity of
T. guaymasensis ADH might be also affected by side groups of
carbonyl group, in particular, a larger side group.

The enzyme was oxygen sensitive. The reports of ADH ox-
ygen inactivation were usually associated with iron-containing
ADHs but not zinc-containing ADHs. The well-known exam-
ple is the zinc-containing ADH from mesophilic S. cerevisiae
whose inactivation was due to the oxidation of the SH group
(13). Since the zinc ion cannot be oxidized further, the inacti-
vation of the enzyme may also be a consequence of the damage
of amino acid residues such as cysteine. The enzyme of T. guay-
masensis ADH had 4 cysteine residues per subunit (Cys39,
Cys56, Cys213, and Cys306). Except Cys56, all of these residues
were conserved in T. brockii ADH. Cys39 was highly conserved
in zinc-containing ADHs and a putative active site residue,
which has been proved to coordinate the binding of catalytic
zinc in T. brockii ADH. The residue Cys56 was unique in T.
guaymasensis ADH and did not exist in the same location of
any other zinc-containing ADH sharing high similarity, so site-
directed mutagenesis at the Cys56 residue would shed light on
the role of Cys56 in oxygen sensitivity.

The N-terminal amino acid sequence determination showed
that serine was the initial amino acid of mature T. guaymasensis
ADH. N-terminal methionine was excised in the mature en-
zyme of T. guaymasensis ADH, which might be governed by the
side chain length of the penultimate amino acid (29). As ob-
served in bacteria and yeasts, N-terminal methionine excision
of an enzyme could be critical for its function and stability (18),
but its role for archaeal enzymes is not clear yet. Amino acid
composition and its substitution patterns between mesophilic
and hyperthermophilic proteins shed light on the understand-
ing of common features of thermostability (56, 63). T. guay-
masensis ADH showed 77% identity to T. brockii ADH and
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65% identity to C. beijerinckii ADH, suggesting that gains in
stabilization might be achieved in regions that are less con-
served (35). The uncharged polar residues Gln, Asn, and Ser
decreased in T. guaymasensis ADH, in which the first two are
prone to deamidation and known to be the most temperature
sensitive (14, 67). In contrast, hyperthermophilic and thermo-
philic proteins showed increases of charged amino acid resi-
dues, especially Arg and Glu. The equal increases of oppositely
charged residues (Arg and Glu) in hyperthermophiles most
likely led to the increased amounts of ion pairs already ob-
served on their proteins (14). As the best helix-forming resi-
due, alanine increased, similarly to what was found in previous
observations (66). On the other hand, proline composition
increased significantly, which might be the structural base of
the rigidity of hyperthermophilic enzymes (23). The difference
between hyperthermophilic and mesophilic proteins/enzymes
would provide clues for increasing the thermal stability of
mesophilic enzymes (8, 9).

The physiological role of T. guaymasensis ADH seems not to
be clearly ascertained, simply relying on its conserved domain
homology to threonine dehydrogenase. T. guaymasensis ADH
did not catalyze the oxidation of threonine as tested at different
pHs (pH 7.5, 8.8, and 10.5). The possible physiological role of
T. guaymasensis ADH might arise from its coenzyme prefer-
ence and ability of interconversion between alcohols and cor-
responding ketones or aldehydes. T. guaymasensis ADH uti-
lized NADP(H) as coenzymes but not NAD(H). In T.
kodakaraensis, the generation of NADPH was coupled with
oxidation of glutamate and reduced ferredoxin (21), whereas
T. guaymasensis ADH had higher catalytic efficiency on
NADPH than on NADP� as a coenzyme, suggesting that its
role was more likely to be associated with NADPH-oxidizing
metabolisms. Furthermore, T. guaymasensis ADH reversibly
catalyzed the oxidation of 2,3-butanediol to acetoin, which
cannot be oxidized to diacetyl. Regarding this feature, the
properties of T. guaymasensis ADH, including its stereoselec-
tivity, were very similar to those observed on the (2R,3R)-(�)-
butanediol dehydrogenase (BDH) from S. cerevisiae (24). S.
cerevisiae can grow on 2,3-butanediol as the sole carbon and
energy source, in which BDH content had 
3-fold increases.
The role of BDH in S. cerevisiae was suggested to be required
for oxidation and formation of 2,3-butanediol. However, no
production of 2,3-butanediol was observed in the spent culture
medium of T. guaymasensis, implying that T. guaymasensis
ADH might be more likely to be involved in the formation of
acetoin from diacetyl, which may be formed either enzymati-
cally or spontaneously from �-acetolactate (Fig. 5). The pro-
duction of �-acetolactate can be catalyzed by �-acetolactate
synthase, which was found to be present in T. guaymasensis
(M. S. Eram and K. Ma, unpublished results). There was no
homolog of �-acetolactate decarboxylase identified in any
Thermococcus genome sequence available, nor was such ac-
tivity reported for these organisms (Eram and Ma, unpub-
lished). It is intriguing to investigate whether and how di-
acetyl would be produced from acetolactate in the absence
of oxygen at high temperatures.

In addition, T. guaymasensis produced ethanol at the mM
level, which would be the result from the reduction of acetal-
dehyde. The production of acetaldehyde would be catalyzed by
either pyruvate decarboxylase (PDC) or the combination of

pyruvate ferredoxin reductase (POR) and coenzyme A (CoA)-
dependent aldehyde dehydrogenase (ALDH). Activities of
both PDC and POR but not ALDH were found to be present
in T. guaymasensis (Eram and Ma, unpublished). Thus, the
physiological role of the enzyme was proposed to be concur-
rently responsible for ethanol and acetoin formation concom-
itant with the NADPH oxidation during glucose fermentation
(Fig. 5), where NADP� reduction to NADPH may be cata-
lyzed by a ferredoxin NADP� oxidoreductase (40) from re-
duced ferredoxin whose production is catalyzed by POR and
glyceraldehyde-3-phosphate ferredoxin oxidoreductase (48).
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