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Novel NADP-linked alcohol-aldehyde/ketone oxidoreductase in
thermophilic ethanologenic bacteria
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An NADP-specific alcohol-aldehyde/ketone oxidoreductase was detected in cell
extracts of Thermoanaerobium brockii and Clostridium thermohydrosulfuricum, but not
in Thermobacteroides acetoethylicus or Clostridium thermocellum. The enzyme was

purified from Ta. brockii by differential procedures that included heat treatment and an

affinity-chromatography step on Blue Dextran-Sepharose. The 44-fold-purified enzyme
displayed one band (mol.wt. approx. 40000) after sodium dodecyl sulphate/poly-
acrylamide-gel electrophoresis. The enzyme had a broad substrate specificity that
included linear and branched primary alcohols, linear and cyclic secondary alcohols,
linear and cyclic ketones, and acetaldehyde. The NADP-specific alcohol-aldehyde/
ketone oxidoreductase was considerably more active towards secondary alcohols than
towards other substrates. The enzyme had remarkable stability to heating at 860C for
70 min, but was rapidly denatured on boiling. Secondary-alcohol dehydrogenase activity
displayed a noticeable inflexion point at 500C in Arrhenius plots and a high Qlo value
(>2.0). The enzyme was inactivated by the thiol-blocking reagent p-chloromer-
curibenzoate, but was not significantly inhibited by common metal-ion-binding agents.
The NADP-linked alcohol-aldehyde/ketone oxidoreductase of Ta. brockii appears to

have properties distinct trom those of previously described primary- and secondary-
alcohol dehydrogenases.

NADP-linked alcohol dehydrogenases have been
detected previously in Escherichia coli (Hatanaka
et al., 1971a), Leuconostoc mesenteroides (DeMoss
et al., 1951; Hatanaka et al., 1971b), Clostridium
kluyveri (Hillmer & Gottschalk, 1974), pig liver

(Dutler et al., 1971) and yeasts (Barth & Kunkel,
1979). In general, secondary-alcohol dehydrogen-
ase activity is often associated with NADP- or

NAD-linked ethanol dehydrogenses, but these alco-
hol dehydrogenses display a noticeable preference
for primary alcohols (Hatanaka et al., 1971a,b;
Branden et al., 1975). NAD-linked secondary-
alcohol dehydrogenase activity was shown to corre-

late with the production of fusel oils (e.g. propan-

l-ol, 2-methylpropan-1-ol, pentan-l-ol and 3-
methylbutan-l-ol) during growth of Saccharomyces
cerevisiae (Singh & Kunkee, 1976). NAD-linked
alcohol dehydrogenases have been detected (Bellion
& Wu, 1978; Hou et al., 1979a) in and purified
(Bellion & Wu, 1978; Hou et al., 1979b; Patel et al.,
1979) from methanol-oxidizing microbes (i.e.
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methylotrophs) that displayed broad specificity for
secondary alcohols, and from obligate aerobic
Pseudomonas (Niehaus et al., 1978) and Coma-
monas (Barrett et al., 1980) species.

Thermophilic bacteria are of considerable interest
for industrial alcohol and enzyme production
because these microbes are uniquely suited for direct
biomass fermentation to ethanol via reduced-pres-
sure distillation and yield active thermostable en-

zymes of commercial interest (Zeikus, 1979, 1980);
NADP-linked ethanol dehydrogenase was specific-
ally detected during spore formation in the butyro-
genic moderate thermophile Clostridium thermo-
saccharolyticum (Hsu & Ordal, 1970), and during
growth of the ethanologenic extreme thermophile
Thermoanaerobium brockii (Lamed & Zeikus,
1980a,b).

Ta. brockii cell extracts contain both NAD- and
NADP-linked ethanol dehydrogenase activities
(Lamed & Zeikus, 1980a,b). However, the NAD-
linked ethanol dehydrogenase of this obligate
anaerobe was less active and was not stable towards

02 In the present work we demonstrate that NADP-
linked alcohol dehydrogenase is not detected in all
thermophilic ethanologenic bacteria, and we report
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the first attempt to purify and characterize an

NADP-linked alcohol dehydrogenase from caldo-
active bacteria. This enzyme appears novel, since it is
extremely thermostable and has a very broad sub-
strate specificity. The enzyme is referred to as an alco-
hol-aldehyde/ketone oxidoreductase to distinguish it

from more common alcohol dehydrogenases
because of its wide substrate range.

Materials and methods

Chemicals

All chemicals were reagent grade. N2 and He were

purchased from Matheson (Chicago, IL., U.S.A.).
All biochemicals were obtained from Sigma (St.
Louis, MO, U.S.A.). Blue Dextran, Sephadex and
Sepharose were products of Pharmacia (Uppsala,
Sweden). The Sephadex calibration standards cata-
lase (mol.wt. 190000), fructose bisphosphate aldo-
lase (mol.wt. 158000) and albumin (mol.wt. 68000)
were obtained from Boehringer (Mannheim, W.
Germany).

Organisms and growth conditions

Thermoanaerobium brockii strains HTD4
(Zeikus et al., 1979) and HTB (Zeikus et al., 1980),
Clostridium thermohydrosulfuricum strains 39E
(Zeikus et al., 1980) and 567 from DSM (Gottingen,
W. Germany) and Thermobacteroides acetoethyl-
icus strain HTB2 (Zeikus et al., 1980; Ben-Bassat &
Zeikus, 1981) were mass-cultured in 14-litre Micro-
ferm fermentors (New Brunswick) that contained 12
litres of a glucose complex medium (TYEG medium)
described previously (Zeikus et al., 1979). Fer-
menter cultures were grown at 65°C and were

continuously stirred (100rev./min) and gassed with
N2 (50ml/min). Cells were harvested in late-expo-
nential growth phase (-1O h-old cells) and collected
by centrifugation at 35 000g in a Sorvall RC-5
centrifuge (DuPont Instruments) equipped with a

KSB continuous-flow system.

Preparation ofcell extracts

Cell extracts were prepared for routine alcohol
dehydrogenase assays by using the anaerobic
procedures and assay conditions described pre-

viously for Ta. brockii (Lamed & Zeikus, 1980a).
For purification of NADP-linked alcohol dehydro-
genase, Ta. brockii cells (2 g wet wt.) were sus-

pended in 10ml of 30mM-Tris/HCI buffer, pH7.3,
containing 4mM-dithiothreitol and 2,ug of deoxy-
ribonuclease/ml. Tis suspension was passed through
a French pressure cell at 1400kg/cm2 and then
centrifuged at 20000g for 30min. Protein was

determined by the method of Bradford (1976) with
Bio-Rad (Rockville, NY, U.S.A.) reagents.

Chromatography and electrophoresis

Chromatographic procedures developed by Ryan
& Vestling (1974) for purification of NAD(P)-
coupled enzymes were followed. Sepharose 4B-CL
(100 ml) was activated by CNBr and then allowed to
react with Blue Dextran (2g) for 16h at 40C. Ap-
prox. 60%o of the added Blue Dextran was bound to
the Sepharose beads. Standard methods (Laemmli,
1970) that employed 0.3cm x 10cm slab gels
(7.5%) were used for sodium dodecyl sulphate/
polyacrylamide-gel electrophoresis.

Alcohol dehydrogenase assays

The reaction mixture (1 ml total volume) for the
standard secondary-alcohol dehydrogenase assay
was composed of 0.1 M-Tris/HCl buffer, pH 7.8
(adjusted to temperature), containing 0.5 mm-
NADP+, 150mM-butan-2-ol and the amount of
enzyme indicated. The reaction was measured at
334nm (334 = 6.1 mm-'M cm-') with an Eppendorf
recording spectrophotometer. One unit of enzyme
activity represents the amount of enzyme that
catalysed the oxidation of 1,umol of butan-2-ol/min
at 400C. This standard assay was used for all
enzyme-activity measurements except where indi-
cated in the text. Where indicated, butan-2-ol was
replaced in the reaction mixture either by another
alcohol or by a ketone or aldehyde, in which case
NADPH (0.2 mM) oxidation was measured. Pri-
mary-alcohol dehydrogenase activity was assayed as
described previously (Lamed & Zeikus, 1980a).

Results

Enzyme detection in thermophilic ethanologens

The occurrence of NADP-linked alcohol-alde-
hyde/ketone oxidoreductase was examined in the
described species of obligately anaerobic caldo-
active bacteria. Table 1 illustrates that the activity
was present in strains of Ta. brockii and C.
thermohydrosulfuricum, but not in Tb. acetoethyl-
icus or C. thermocellum. Most notably, the second-
ary-alcohol dehydrogenase activities of the enzyme
were 10-20-fold greater than the primary-alcohol
dehydrogenase activities. The specific activities did
not markedly depend on the primary (e.g. ethanol,
propan-l-ol or butan-l-ol) or secondary (e.g.
propan-2-ol or butan-2-ol) alcohol used in the assay.
NAD-linked alcohol dehydrogenase was not detec-
ted in cell extracts when aerobic assay conditions
were employed. The activity in Ta. brockii and C.
thermohydrosulfuricum strains was reversible, as
demonstrated by detection of NADPH-dependent
reduction of acetone in crude cell extracts.

Enzyme purificationfrom Ta. brockii

The NADP-linked alcohol-aldehyde/ketone
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oxidoreductase was purified 44-ft
cells in the five steps summarize
cell extracts were diluted 2-fold
at 90°C for 5 min. This re

Table 1. Comparison of NADI
aldehydelketone oxidoreductase ac

thermophilic bact
The reaction mixture (1 ml total
0.1 M-Tris/HCl buffer, pH 7.8
150mM-ethanol or -butan-2-ol,
extract. For full details see the tex

Species

Thermoanaerobium brockii
Strain HTD4
Strain HTB

Clostridium thermohydrosulfuricun
Strain 39E
Strain 567

Clostridium thermocellum
Thermobacteroides acetoethylicus

old from Ta. brockii precipitate, which was removed by centrifugation at

d in Table 2. Crude 20000g for 30min. The purification at this step was
in water and heated about 3-fold, with only a 7% loss in activity. The
sulted in a large heat-treated enzyme was adjusted to 20mM-Tris/

HCl buffer, pH 8.0, and applied (20 ml) to a

Whatman DE-52 DEAE-cellulose column (1.5 cm x

16cm) previously equilibrated wth 20mM-Tris/HCl

D-dependent alcohol- buffer, pH 8.0, containing 1 mM-dithiothreitol. The
tivity in ethanologenic enzyme was eluted with a linear gradient of NaCl.
reria Fig. 1 shows the purification of the enzyme by
volume) contained DEAE-cellulose chromatography; it was eluted as a

0.5 mM-NADP+, single symmetrical activity peak that contained both

and 5-20,ul of cell secondary- and primary-alcohol dehydrogenase ac-

ct. tivity. NAD-linked alcohol dehydrogenase was not

Specific activity detected in the activity fractions when assays

(umol/min per mg employed 0.5 ,UM- or 5 mM-NAD+. The relative

at 400C) activity proportions for ethanol dehydrogenase,

- butan-2-ol dehydrogenase, acetaldehyde reductase

Ethanol Butan-2-ol and acetone reductase remained constant at each

0.20 3 0
purification step.

0.20 3.0 The 7-fold-purified enzyme obtained from DEAE-
0.18 2.0 chromatography

0.20 5.5 and applied directly (30ml) to a Blue Dextran-
0.05 0.70 Sepharose column (1.0 cm x 2.5 cm) previously

<0.01 <0.01 equilibrated with 5OmM-Tris/HCl buffer, pH 7.3,
<0.01 <0.01 containing 1 mM-dithiothreitol. The adsorbed en-

Table 2. Purification procedures usedfor NADP-linked alcohol-aldehyde/ketone oxidoreductase of Ta. brockii
Activity was determined by the standard secondary-alcohol dehydrogenase assay. For full experimental details see

the text.

Fraction

1. Crude extract
2. Heat treatment
3. DEAE-cellulose
4. Blue Dextran-Sepharose
5. Sephadex G-200

Volume
(ml)

10
20
30
4
20

Total protein
(mg)

300
100
31
6
4

Total activity
(units)

750
700
530
500
450

Specific activity
(units/mg of

protein at 400C)

2.5
7

17
78
110

Yield

1%)

93
70
67
60

Purification
(fold)

3
7

41
44
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Fig. 1. DEAE-cellulose chromatography profile of Ta. brockii NADP-linked alcohol-aldehyde/ketone oxidoreductase
Heat-treated Ta. brockii cell extract (3.0 ml, purification step 2) was applied to a 1.5cm x 16cm DEAE-cellulose
column previously equilibrated in 20mM-Tris/HCI buffer, pH 8.0, containing mM-dithiothreitol. The column was

washed with this solution and eluted by a linear NaCl gradient (----) in the same buffer. Fractions (2.5 ml) were

collected and assayed for protein (O), propan- I -ol dehydrogenase (0) and propan-2-ol dehydrogenase (A) activities.
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zyme was washed with 10ml of the above solution,
and was then eluted with 2mM-NADP+ in 50mM-
Tris/HCl buffer, pH 7.3, containing 1 mM-dithio-
threitol. The enzyme was eluted as one sharp activity
peak. These fractions were pooled and applied to a
Sephadex G-200 column (1.4cm x 80cm) pre-
viously equilibrated with 50mM-Tris/HCl buffer,
pH8.0, containing 1mM-dithiothreitol. The activity
peak in this gel-filtration step was eluted with a Kav
centred at 0.32 [Kav = (Vt-VO)/(V-Vo)1; Vt (the
total solute volume) and V0 (the void volume) were
determined with dinitrophenol and Blue Dextran. On
the basis of these results and a molecular-weight
calibration curve, the molecular weight of the
enzyme was estimated to be 150000.

The purified enzyme displayed one major band
when examined by sodium dodecyl sulphate/poly-
acrylamide-gel electrophoresis (see Fig. 2). The
subunit molecular weight of the enzyme was
estimated to be 40000 by migration comparisons
with known protein standards (catalase, mol.wt.
57000; hen ovalbumin, mol.wt. 43000; creatine
kinase, mol.wt. 40000; deoxyribonuclease I, mol.wt.

+

S.

_

(a) (b)

Fig. 2. Protein bands of cell extract (40,ug ofprotein, a)
and purified NADP-linked alcohol-aldehyde/ketone
oxidoreductase (4,ug of protein, b) of Ta. brockii after
sodium dodecyl sulphate/polyacrylamide-gel electro-

phoresis
For full experimental details see the text. The
direction of migration was downward.

31000). Further examination of catalytic properties
of the NADP-linked alcohol-aldehyde/ketone
oxidoreductase employed purified enzyme. The
purified enzyme required NADP(H) as electron
carrier and did not recognize NAD(H) at 0.3mM-
NADH or 5 mM-NAD+.

Enzyme substrate specificity
Purified NADP-linked alcohol-aldehyde/ketone

oxidoreductase of Ta. brockii displayed activity
towards acetaldehyde, a variety of primary and
secondary alcohols, and linear and cyclic ketones
(Table 3). Activity of this reversible enzyme was
highest for secondary alcohols and decreased in
order of acetaldehyde, linear ketones, cyclic ketones
and primary alcohols. Interestingly, pent-i-en-3-ol,
in which both residues are larger than methyl, was a
very good substrate. However, fl-substitution by a
second hydroxy group as in pentane-2,4-diol sig-
nificantly decreased observed activity. The activity
of purified enzyme with primary alcohols was not
affected by branching, as in 2-methylpropan- 1 -ol
and 3-methylbutan-1-ol. The effect of ring size and
ring substitution was studied in cyclic ketones. The
enzyme was active on five- to seven-membered ring
ketones but not with cyclo-octanone as substrate.
The enzyme activity observed decreased from
2-methylcyclohexanone through to 4-methylcyclo-
hexanone. Double bonds in the fl-position (e.g. allyl
alcohol) did not decrease enzyme activity. Methanol,
glycerol and L-lactic acid did not serve as sub-
strates.
The effect of substrate concentration on the

activity of the NADP-linked alcohol-aldehyde/
ketone oxidoreductase towards primary alcohol,
secondary alcohol, ketone, and aldehyde is shown in
Fig. 3. Saturation kinetics were observed for
butan-2-ol or acetaldehyde as the substrate con-
centration was increased from 0 to 3 mM, but a
nearly linear relationship was obtained with ethanol.
The apparent Km values obtained from linear
double-reciprocal plots were 0.12 mm for butan-
2-one, 0.31 mM for butan-2-ol and 0.7mm for
acetaldehyde. Half-maximal saturation was reached
at about 6mM-methanol. Enzyme activity was not
inhibited at high (100-150mM) ketone, alcohol or
aldehyde concentrations. The apparent Km values
for NADP+ and NADPH were in the micromolar
range, which was too low to be accurately deter-
mined by the spectrophotometric assay employed.

Effect qftemperature on activity

The effect of temperature on butan-2-ol de-
hydrogenase and propan-2-ol dehydrogenase activi-
ties was determined in phosphate buffer, pH 7.1,
because the pH of this buffer is not drastically
altered by changes in temperature. Fig. 4 represents
an Arrhenius plot that summarizes the results. A
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Table 3. Substrate specificity ofNADP-linked alcohol-aldehyde/ketone oxidoreductasefrom Ta. brockii
Reaction mixtures (1ml) contained 0.1M-Tris/HCl buffer, pH7.8, 0.5mM-NADP+ or 0.2mM-NADPH, 150mM
of the indicated alcohol/ketone or 75 mM-acetaldehyde and 1 jug of purified enzyme. For full experimental details see
the text. Enzyme activity was not affected by decreasing or increasing substrate concentration 2-fold.

Substrate

Primary alcohols
CH30H
CH3-CH20H
CH3-CH2-CH20H
CH3-CH2-CH2-CH2OH
CH3-CH2-CH2-CH2-CH2OH

Branched primary alcohols
CH3-CH(CH3)-CH2OH
CH3-CH2-CH(CH3)-CH2OH

Secondary alcohols
CH3-CH(OH)-CH3
CH3-CH2-CH(OH)-CH3
CH2-CH=CH(OH)CH2-CH3
CH3-CH(OH)-CH2-CH(OH)-CH3

Cyclic secbndary alcohol
Cyclohexanol

Aldehyde
CH3-CHO

Linear ketones
CH3-CO-CH3
CH3-CO-CH2-CH3
CH3CO-CH2-CH2-CH3
Cyclopropyl methyl ketone

Cyclic ketones
Cyclopentanone
Cyclohexanone
2-Cyclohexanone
2-Methylcyclohexanone
3-Methylcyclohexanone
4-Methylcyclohexanone
Cycloheptanone
Cyclo-octanone
4-Norbornanone

Apparent Vmax.
(pmol/min per mg of protein at 400C)

0
3.2
3.6
4.1
0.9

3.1
3.0

59.0
78.0
65.0
2.6

12.2

7.8

10.4
7.6
4.2
0.5

6.0
6.2
4.9
6.0
2.0
0.5
3.0

<0.1
4.9

notable deflexion point at near 500C was observed
with both alcohols. The effect of temperature on
butan-2-ol dehydrogenase activity was associated
wtih an unusually high Q10 value of 2.9 in the
25-50°C temperature range.
The thermostability of Ta. brockii NADP-linked

alcohol-aldehyde/ketone oxidoreductase is shown in
Fig. 5. These experiments were conducted with dilute
enzyme (16pg/ml) in the presence of air and without
the addition of a thiol-protecting agent. Enzyme
activity was not influenced by heating at 650C for
70min. The enzyme displayed good stability to-
wards heating at 860C, but it was only moderately
stable at 91 0C and it denatured rapidly on boiling.
Enzyme thermostability and activity was not altered
by the addition of 2mM-EDTA or by enzyme
freezing and thawing.

Vol. 195

General enzyme properties

The effect of pH on Ta. brockii alcohol-alde-
hyde/ketone oxidoreductase activity was examined
in Tris/HCI buffers at 400C. The pH optimum for
acetaldehyde reduction was near 7.8. Enzyme
activity at pH 7.0 and 9.0 was inhibited by 50%. The
pH optimum for propan-2-ol oxidation was broad
and occurred at pH 7.8-9.0. The secondary-alcohol
dehydrogenase activity was inhibited by 30% at
pH 7.0.
Enzyme activity was not significantly influenced

(±5%) by the presence of EDTA (5mM) or the
following metal chlorides in the reaction mixture:
MgCl2 (10mM), CaCl2 (1OmM), CuCl2 (1 mM) and
ZnCl2 (1 mM). p-Chloromerucibenzoate (0.05 mM), a
thiol-blocking reagent, instantly inactivated the
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Reaction conditions were as follows: 40°0C; I ml of
reaction mixture that contained 0.1 m-Tris/HCI
buffer, pH 7.8, 0.5 mm-NADP+ or 0.2mm-NADPH,
the substrate and 2.5,ug of purified enzyme. For full
experimental details see the text. Maximal activity
recesents (inxurol/min per mg of protein):/ ,

butan-2-ol, 78; E, butan-2-one, 7.6; A, ethanol, 3.2;
0, acetaldehyde, 7.8.
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Fig. 5. Temperature dependence of Ta. brockii second-
ary-alcohol dehydrogenase

The reaction mixture contained (1 ml total volume)
50mM-potassium phosphate buffer, pH 7.3, 0.5 mM-
NADP+, 150 mM-propan-2-ol (A) or butan-2-ol (0)
and 0.5,ug of the purified enzyme; the temperature
was as indicated. For full experimental details see
the text.
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Fig. 4. Thermal stability of Ta. brockii secondary alcohol
dehydrogenase

Purified alcohol dehydrogenase (16,g of protein/ml
of 25mM-potassium phosphate buffer, pH7.1) was

heated for the time and temperature indicated for
butan-2-ol dehydrogenase activity. For full experi-
mental details see the text.

enzyme. Enzyme activity in the presence of p-

chloromercuribenzoate was restored by the addition
of 5 mM-dithiothreitol and ZnCI2. In this case, MgCI2
or CaC12 did not substitute for ZnCI2 in restoring
enzyme activity.

Discussion

The NADP-linked alcohol-aldehyde/ketone
oxidoreductase of Ta. brockii was easily purified to
near homogeneity in five simple steps. The heat-
treatment and affinity-chromatography steps are
especially attractive for large-scale purification of the
enzyme. A similar affinity-chromatography pro-
cedure has been used for the large-scale purification
of horse liver alcohol dehydrogenase (Roy &
Nishikawa, 1979). The results suggest that the
NADP-linked alcohol-aldehyde/ketone oxido-
reductase activity detected in crude extracts of Ta.
brockii and C. thermohydrosulfuricum derives from
a single enzyme that maintained a constant pattern
of activity during purification. The ease of puri-
fication and high activity of the alcohol-aldehyde/
ketone oxidoreductase in Ta. brockii or C. thermo-
hydrosulfuricum, together with the enzyme's broad
substrate specificity, reversibility and stability, all
suggest that this enzyme may have industrial,
synthetic and analytical uses not common to
previously described alcohol dehydrogenases.

The general molecular properties of NADP-linked
alcohol-aldehyde/ketone oxidoreductase from Ta.
brockii are similar to those of described alcohol
dehydrogenases. The subunit molecular weight of
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40000 is very similar to that of yeast (Jornvall,
1973) and horse liver (Jornvall, 1970) alcohol
dehydrogenases. Gel-filtration studies on this
thermophilic enzyme suggest a tetrameric structure
in the native state, which is also the case for yeast
alcohol dehydrogenase (Jornvall, 1970). The Ta.
brockii enzyme was inactivated by p-chloromer-
curibenzoate, which suggests that it contains an
essential thiol group, and this is in accord with
known alcohol dehydrogenases (Branden et al.,
1975; Patel et al., 1979). The indication here that
Zn2+ ions are involved in the enzyme active site are
not conclusive and need further study. The metal
ions in the active site of the Ta. brockii enzyme must
be very tightly bound, because enzyme activity was
not significantly decreased at 860C in the presence
of EDTA (an effective Zn+ chelator). In this respect
the Ta. brockii enzyme appears more stable than
other described alcohol dehydrogenases (Sund &
Theorell, 1963; Branden et al., 1975; Patel et al.,
1979).

Large differences in enzyme activity towards
substrate groups were found for Ta. brockii NADP-
linked alcohol-aldehyde/ketone oxidoreductase.
However, enzyme activities were similar towards a
few representative compounds from each substrate
group. The reaction rates for oxidation-reduction
activities of Ta. brockii enzyme can be grouped as
follows: highest activity with secondary alcohols,
moderate activity with ketones and lower activity
with primary alcohols.

These observed differences in substrate activity
may be a reflection of changes in rate-limiting steps
for each class of substrates. Detailed studies are
required to elucidate the mechanism of this specifi-
city.
The wide substrate range for Ta. brockii NADP-

linked alcohol- aldehyde/ ketone oxidoreductase
although unique, bears some resemblance to
NAD(P)-linked enzyme activities of alcohol-cata-
bolizing micro-organisms. The NAD-linked alcohol
dehydrogenases of methylotrophic bacteria (Bellion
& Wu, 1978) recognized both primary and second-
ary alcohols; however, the reversibility of the
reaction was not examined. An NADP-linked
aldehyde dehydrogenase isolated from an ethanol-
catabolizing Gluconobacter species recognized a
wide range of aldehydes, but the enzyme was not
unidirectional (Adachi et al., 1980). Interestingly,
the NAD-linked alcohol dehydrogenase of
methanol-grown yeasts recognized only secondary
alcohols (Patel et al., 1979). Two distinct NAD-
dependent alcohol dehydrogenases were detected in
Comamonas terrigena, one specific for D-alkan-2-ols
and primary alcohols and the other specific for
L-alkan-2-ols and secondary alcohols (Barrett et al.,
1980). The substrate range and reversibility of Ta.
brockii NADP-linked alcohol-aldehyde/ketone

oxidoreductase appears well related to the suggested
metabolic functions of the enzyme during growth
(Lamed & Zeikus, 1980b; A. Ben-Bassat, R. J.
Lamed & J. G. Zeikus, unpublished work). Most
notably, Ta. brockii produced ethanol during
glucose fermentation and catabolizes ethanol as
sole energy source in co-culture with an H2-consum-
ing methanogen, and the addition of ketones to
glucose-fermenting cells results in the formation of
stoicheiometric amounts of the respective alcohols.

The thermal stability of Ta. brockii NADP-linked
alcohol-aldehyde/ketone oxidoreductase is quite
extraordinary. Alcohol dehydrogenases in general
are relatively temperature-labile enzymes. Thus
yeast alcohol dehydrogenase is somewhat unstable
even at 25°C (Takamori et al., 1967), and com-
mercial use of horse liver alcohol dehydrogenase is
not recommended above 30°C because 60% of acti-
vity is lost on heating at 430C for 50min (Jones &
Beck, 1976). The dependence of Ta. brockii second-
ary-alcohol dehydrogenase activity on temperature
was biphasic. However, the Qlo values observed
were above 2.0 (below and above the 500C
break-point). The reason(s) for the observed bi-
phasic Arrhenius plots for the Ta. brockii enzyme
are not known, but they could be related to the
differential effect of temperature on binding para-
meters in the enzyme-substrate-NADP(H) com-
plex (Zuber, 1979). Also, the dependence of enzyme
activity on temperature may indicate a conforma-
tional change of the enzyme at 50°C; this effect has
been reported for some other thermophilic enzymes
(Singelton & Amelunxen, 1973; Zuber, 1979). The
thermostability of Ta. brockii NADP-linked alco-
hol-aldehyde/ketone oxidoreductase was compar-
able with that of malate dehydrogenase and iso-
citrate dehydrogenase purified from a different
caldoactive bacterium, Thermusflavus (Saiki et al.,
1978). The temperature-dependence of Ta. brockii
alcohol dehydrogenase is most notable when com-
pared with that described for thermophile lactate
dehydrogenases. Comparison of temperature effects
on purified lactate dehydrogenases from thermo-
philic and mesophilic bacteria suggested that
thermophilic enzymes had lower catalytic efficien-
cies and lower Q10 values than those in mesophilic
species (Zuber, 1979). This does not appear to be
the case for the first alcohol dehydrogenase charac-
terized from caldoactive bacteria, and hence a
detailed enzyme kinetic study comparing the Ta.
brockii enzyme with that of a mesophilic anaerobic
species would be of further interest to understanding
function of enzymes from extremely thermophilic
bacteria.
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