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Abstract. Clostridium formicoaceticunt grown in the pre-
scnce of 1 mM molybdate and about 1.5%107° mM
tungsten (present in the S g yeast extract/1 of the growth
medium) forms two reversible aldehyde oxidoreductases
in an activity ratio of about 45:55. The fraction of 45%
docs not bind to the octyl-Sepharose column, whereas
the 55% aldehyde oxidoreductase binds to this column.
From cells grown on a synthetic medium without the
addition of tungstate only about 2% of the aldchyde
oxidoreductase of the crude extract hinds to octyl-
Sepharose. The enzyme not binding to octyl-Sepharosc
has been purified as judged by electrophoresis. It is pure
after about 50 fold enrichment. According to SDS gel
electrophoresis the enzyme consists of identical 100 kD
subunits. Based on gel chromatography it seems to be a
trimer. Per subunit 0.6 molybdenum, 7 iron, 6.6 acid
labile suiphur, about 0.1 pterin-6-carboxylic and <0.05
tungsten have been found. The first 13 amino acids from
the amino end show no similarity with the W-containing
aldehyde oxidoreductase from the same bacterium. With
reduced tetramethylviologen (Ep = —550 mV) the new
molybdenum containing enzyme can reduce various
aliphatic and aromatic acids to aldehydes. The pH
optimum is at 6.0. For the dehydrogenation of butyralde-
hyde a rather broad pH region from pH 6 to 10 shows
almost no variation of rate. From 15 diffcrent aldehydes
acetaldehyde exhibits the highest rate. The K, valoc for
butanal is 0.002 and for propionate 7.0 mM. Compared
with the tungsten enzyme the molybdenum enzyme is
only moderately oxygen-sensitive.

Key words: Aldehyde oxidoreductase — Clostridium
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strate specificity — Tungsten-containing

We previously described a tungsten-containing aldehyvde
oxidoreductase {rom Clostridium thermoaceticum {White

Abbreviations. AOR. aldehyde oxidoreductasc; BV, benzylvio-
logen; MV, methylviologen; NH,CO-MYV, 1 1'-carbamoylmethyl-
viologen: TMYV, 1,1',2,2-wtramethylviciogen

Currespondence 1o: H. Simon

el al. 1989, Strobl ¢t al. 1992) and a clearly diffcrent one
found in C. formicoacericum (White et al. 1991). Whereas
these cngyines cffectively reduce nonactivated carboxylic
acids, for the also tungsten-containing aldehyde-ferredo-
xin-oxidoreductase of Pyracoccus furfosus only the oxida-
tion of aldehydes is reported (Mukund and Adams 1991).
We had already observed, when C. formicaqceticum was
grown in the presence of 1 mM molybdate without added
tungstate in the complex growth medium, a specific
activity of only 0.3 U/mg protein for the aldehydc
dehydrogenase reaction resulted, In the presence of both
trace elements in 10 pM concentrations or 1 mM tungs-
tate alone, up to 2 U/mg protein aldchyde dehydrogenase
activity were present in crude extracts (White et al. 1991).
Because of the yeast extract there are always low con-
centrations of about 7x 10”8 M molybdenum and 1.5
% 107% M tungsten, even without an extra addition of
molybdate or tungstate in the medium of C. formicoacefi-
cunt {White and Simon 1992). When crude extracts of
cells grown with additional tungstate were applied 1o an
octyl-Sepharose ¢column, all of the aldehyde dehydro-
genase activity bound to the column and was then
purified as tungsten-containing aldehyde oxidoreduciase
(White et al. 1991). When crude extracts of molybdate-
grown cells werc applicd to the same column, about 50%
of the activity bound to octyl-Sepharose and could then
bc purificd (data not shown). Now we proceeded to
purify the enzyme species [ormed in the presence of | mM
molybdate in the complex medium, which did not bind
to the octyl-Sepharose column te campare its properties
with the aforementioned tungsien enzyme.

Material and methods

Chemicals

Methylviologen dichloride and 4,4'-bipyndyl for the synthesis of
1.1'-carbamoylimethylviologen (NH,CO-MV) {Giinther et al. 1987)
were from Aldrich Chemie, Steinheim. FRG). For the synthesis of
tctramethylviologen (TMV) 2-methylpyridine was condensed by
metallic sodium in principle as described (Heuser and Stoehr 1890)
to 2,2"-dimethyl-4.4 -bipyridyl. This was two-fold N-methylated to
TMV (Lal and Petrow 1949}, The product showed the expected



'H-NMR and elemental analysis. The viologens were reduced 1m
an electrochemical cell (Thanos et al. 1987). The dimeric D.L-
glvceraldehyde {Aldrich-Chemie} was heated 1 anaerobic IT,0 to
70 °C for 90 min. According to enzymatic analysis (Goedde and
Langenbeck 1984) 30-40% of the monomer had formed.

Cell marerial

Clostridum forinicoaceticurn DSM 92 was grown on complex
medium as described (White cl al. 1991) except that Na, WO, was
omitted and the concentration of Na,MoQO, was increased to T mM.
The organism was also grown on defined minimal medium according
to Leonhardt and Andreesen (1977) with some modifications. The
ingredients were per litre: 1.0 g NH,Cl, mstead of (NH,),80,,
(NH),Fe(SQ,), - 6 H,O, substituted for Fe(NH,)-citrate, MnCl,
x 4 H,0. 2.0 mg; Na,WO,, omitted; sodiumthioglycolate, omit-
ted; Na,MoO, - 2H,0, 24mg; ZnS0O, -1 H,0, 1 mg; sodium
dithionirte, 50 mg.

Anaerobic conditions

Because of ihe oxygen sensiivity of the enzymes and the assay
syslems oxygen was cxcluded at all times. Anaerobic procedures
were carried out as described (White et al 1989).

Enzyme assays and analytical procedures

AQR. activity was tested ag aldehyde dehiydrogenase activity with
NH,CO-MV* ' according to White et al. (198%) and as carboxylic
acid reductase with TMV ™ according to White et al ({1991),
Substrate concentrations were varied as indicared. Inactivation due
to oxygen was determined by incubating 0.5 mi purified enzyme
solution under an atmosphere of air with intermilient shaking at
4 °C, The pH optimum was determined by conducting the described
assay in the various buffers and at the pH values indicated. Protein
was determined using the modified method of Bradford (Read and
Northeote 1981). Analyses of metal-and prosthetic group content
were performed according to the following references: iron (Brumby
and Masscy 1267), acid-labile sulphur (Chen and Mortenson 1977},
tungsten and molybdenum {Cardenas and Mortenson 1974), pterin
(Forrest and Mitchell 1954; Johnsen and Rajagopalan 1982) with
the HPLC-analysis (White et al. 1991) and flavin (Spencer et al
1976), In order to prepare pterin-6-carboxvlic acid from the enzyme
it was boiled only for 15 min with permanganate, The isoelectric
point was determined with the PhastSystem according to the
recommendation of the manulacturer.

Enzyme purification

The basic bufler containing 0.05 M Tris;/HCI pH 7.0. about 5 uM
NH,CO-MV and 0.25 mM dithionite was used for the equilibration
of all columns, unless stated otherwise. The crude extract was
prepared as described (White et al. 1991),

Qctyl-Sepharose CL-48 (Pharmacia, Freiburg, FRG). The co-
lumn (2.5x175cm) was equilibrated with 0.5 M ammonium
sulphate 1n basic buffer before the crude extract was applied. The
molybdate-containing AOR did not bind to the column and was
contamned n about 30 ml of the cquilibration buffer. Residual
protein, mcluding the tungsten-containing AOR, was eluted with
basic buffer.

Ammonium sulphate precipitation. To the enzyme containing
fraction three volumes of a cold saturated ammeonium sulphate
solulion in H,;0O were added, the solution was slightly stirred for
10 min and then centrifuged 5 min at 42000 % ¢. The sediment was
dissolved in 2 ml basic buffer and desalted by gel filtration with an
Econopac DG 10 column (BioRad). After desalting the enzyme
fraction was diluted with an equal volume of basic buffer.
FPLC Hema-JEC BIO 1000Q (Alltech, Unterhaching, FRG). The
desalted enzyme fraction after ammonium sulphate precipitation
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was applied to a Hema-IEC Bio 1000Q. Bound cnzyme was eluicd
with 2 0-0.5M KCI gradient (30 ml) at 0.2 M KCL

FPLC Mona 2 (Pharmacia HR 3/5). The enzyme was bound
1o the ion exchange column and eluted with 2 linear KCI gradient
from 0-0.5 M KCl (30 ml) at 0.30-0.34 M KCL.

FPLC Superformeance hydroxylapatite 735 (Merck, Darmstadt,
FR@G). After the enzyme was bound to the column it was eluted
with a linear gradient of 0—30 mM potassium phosphate buffer
pII 7.0 (15 1l) at 12-25 mM potassium phosphate.

FPLC Superose 6 (Pharmacia). For the determination of mole-
cular weight by gel filtration, pure enzyme was applied to a Superose
¢ column equilibrated and eluted with basic buffer containing 0.1 M
KCl. Molceular weight standards were [(erritin (440000}, catalase
(240000), aldolase (158000), bovine serum albumin {67000} and
cytachrome e (12500).

Pulpacrylamide-gel electraphoresis was carried out as described
(White et al 1991).

Results

Purification of molybdenum-containing aldehyde
oxidoreductase

Agalready mentioned complex medium to which no extra
tungstate was added conlained about 1.5 x 107* M tung-
sten (White and Simon 1992). The molybdenum-contai-
ning aldehyde oxidoreductase of Clostridium formicoace-
ticum was purified in four column-chromatographic steps
and was homogeneous after only about 50-fold purifica-
tion as judged by gel electrophoresis (Fig 1, lane A). A
summary of the purification procedure is given in Table 1.
The octyl-Sepharase chromatography was needed to
separate the two aldehyde oxidoreductases in C. formi-
coaceticun. When crude extracts of cells grown on
complex medium which contained equal amounts of
molybdate and tungstate, or even a 100-fold excess of
molybdate, were applicd to an octyl-Sepharose column
all ol the enzyme activity applied bound to the column
(data not shown). When the ¢clls were grown in complex
medium without added tungstate and 1 mM molybdate
i.c. molybdate was in about 7 x 10*-fold excess over the
tungstate present due to the yeast extract, about 50% of
the activity was binding and behaved like the tungsten
containing AQR when purified to homogeneity. Applying
crude extracts of cells grown on defined synthetic medium
to which also no tungstate was added, resulted in only
2% binding of AOR-activily.

The Mo-AOR eluied from the octyl-Sepharose column
in a volume of about 30 ml. It was concentrated by
ammonium-sulphate precipitation, desalted by gel filtra-
tion on a Bcono-Pac DG 10 column and applied succes-
sively to two ion-exchange columns and a hydroxylapa-
tite column for purification to homogeneity. The pure
enzyme was in a volume of 2 ml with a protein concentra-
tion of 0.5 mg/ml. The specific activity of this enzyme,
e.g. for butanal dehydrogenation was with 6.7 U/mng
protein rather low, when compared with the tungsten-
containing AOR from the same organism, which is about
8§ times higher (~54U/mmg protein) (White et al. 1991)
or the corresponding enzyme of C. thermoaceticum, which
is about 2 orders of magnitude higher (~ 300 U/mg
protein; Strobl et al. 1992) when purificd. The ratio of
aldehyde dehydrogenase and carboxylic acid reductase
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Table 1. Purfication of molybdenum-con-

taining AOR from molybdaie grown Clo- Step Protein Eiﬁzyme Sp?ciﬁc activity "{iellfi Purification
stridium formicoaceticum. The purification [mg] (vl [Ufme] (%] factor b
was [Tom 9 g wet packed cells of C. formicoa- [n-fold]
ceticim grown in the presence of 1 mM o . o
molybdate, without added tungstate. The Crude exiract 830 251 (123) 0.30 (0.15) 100 1
enzyme activity was determined for the alde-  Octyl-Sepharose 216 109 0.50 87 33
hyde dehydrogenase reaction, whichisabout  not binding
5-10 times as fast as the carboxylic acid <
reductase activity, when both reactions arc (NH.‘*)?S?‘ 142 8 0.59 63 39
tested as described precipitation

Alltech-1E 21 475 2.26 EH 15

~ MonoQ-[E 6.5 18 2.77 14 18.5
Hydroxylapaute 092 6.2 6.7 3 45

* Assuming that both AORs are present in an activity ratio ofabout 1: 1 in the crude extract
b Calculation based on the Mo-AOR

specific activity throughout purification was about 5:1
(data not shown).

Physical properties and composition

PhastSystemn native gradient gels showed alter electro-
phoresis of the purified enzyme one band when silver
stained (Fig. 1, lane A). According to the procedure
described (White et al. 1991) the band also showed
enzymic activity (not shown). The apparent molecular
mass determined with this method was about 170 kDa
for the native enzyme. Gel filtration chromatography
resulted in an apparent molecular mass of 300 kDa for
the same enzyme preparation. SDS gel clectrosphoresis

(L 1 18

A B C
Fig. 1. PhastSystern gradient gels of purified molybdenum-contain-
ing aldehyde oxidoreductase from Clostridium formicoaceticum.
Lane A silver stain of native gradient gel of purified AOR; Lane B
silver stain of SDS gel of purified AOR: Lane C silver stain of M,
markers: 1) phosphorylase (97000), 2) bovine serum albumin
(67000), 3) ovalbumin (43000), 4) carbonate dehydratase (30000),
5) soybean trypsin inhibitor {20100) and 6) a-lactalbumin (14400)
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Tig. 2. UV/Vis spectrum of purified aldehvde oxidorcducatase.
------ 053 mg/ml aldehyde oxidoreductase as isolaled; — —.—
reduced with 0.17 mM butanal, - oxidised with S3mM
propionate

showed only one band at 100 kDa (Fig. 1, lane B). Since
the molecular mass determination by gel filtration seems
more reliable than by native gel c¢letrophoresis, the
enzyme is most likely a trimer with identical subunits of
100 kDa.

The absorbance spectrum of the purified enzyme
is shown in Fig.2, At 1 =420nm the enzyme has
g = 67mM ! cm ! after reduction with butyraldehyde
and ¢ = 80 mM ~? cm ™ ! after oxidation with propionate,
based on a molecular weight of 300 kDa. The enzyme
seems to be partially oxidized after purification (Fig. 2).

The enzyme has an isoclectric point of 5.3, as deter-
mined by PhastSystem isoelectric focusing.

Metal-content and prosthetic group deierminations
showed, that the enzyme contained 7 iron, 6.6 acid-labile
sulphur, 0.6 molybdenum and less than 0.05 tungsten
atoms per 100 kDa subunit. Also, an average of 0.1 mol
pterin-6-carboxylic acid per subunit could be calculated
after permanganate oxidation of the enzyme after five
independent determinations, of which one showed a
content of 0.5 mol pterin-6-carboxylic acid per subunit.
Less than 0.03 mol flavins per subunit were present.

A partial amino acid sequence showed for the first
13 positions: Met-Lys-Mct-Leu-?-Lys-Lys(Gly)-Leu-
Leu-Val-Asn-Gly-Tle.



Table 2. Relative activity for various sub-

strates of the molybdenum-containing AOR Substrate Rel_atAxvve Substrate Rel.art_lve
from Clostridivan formicoaceticum. Substrate a.ucm"ity aoctmty
concentrations were 30 mM for the acids if (%] [%]
nlodt llnc'lécated otherwise and 0.12 mM for the Formate 5 Formaldehyde 63
aldehydes Acetate 67 Acetaldehyde 265
Propionate 100 Propanal 145
Butyrate 110 Butanal 100
Butanal® 70
Cinnamate 200 Cinnamaldehyde® 101
Cinamate® 144
Crotonate 55 Crolonaldchyde 83
Renzoale <2 Renzaldehyde® 100
Caprylate 23 Qctanal® 75
D,L-Gilycerate <l 0.L-Glyceraldehyde 8
m-Fluorobenzoate 30 Decanal® 45
p-Fluorobenzoate® <1 Citral® 40
m-ITydroxybenzoate <2 Anisaldehyde® 78
p-Hydroxybenzoate <1 Salicylaldehyde® 13
m-Methoxybenzoate 5 5-Norbotnen- <1
p-Methoxybenzoate <1 2-aldehyde”
6-Chloronicotinate 65
n.1-Lactale <1

* 20 mM substrate concentrations
® Solution contamed 0.6% dimethylformamide

Catalytic properties

The molybdenum-containing AOR is, like the lungsten-
conlaining AORs from C. formicoaceticurn (White et al.
1991} and C. therinoaceticum (White ct al. 1989; Strobl
et al. 1992) an oxidoreductase in the strict sense, i.e. it
not only oxidizes aldehydes. but also reduces carboxylic
acids in aqueous medium.

While pyridine nucleotides do not function as
cofactors (data nol shown), viologens served as artificial
electron mediators. The natural electron acceptor/donor
for the enzyme is not known yet. For the reduction of
carboxylic acids so far, only the very negative TMV™-
(Eb = —3550 mV) functioned as electron donor. With
MV*' (Ep = —440 mV) no reaction could be observed.
For the oxidation of aldehydes various viologens can
accept the electrons from the enzyme. While NH,CO-MV
(100%)and MV (86%) worked almost equally well, TMV
(48%) and BV (38%) showed less than half of the initial
oxidation rate.

Alcohols, like propanol or butanol, were no substrates
for the enzyme. Purified enzyme reducced carboxylic acids
to the corresponding aldehydes only. In a carboxylic acid
reductase assay, with propionic acid as the subsirate,
120 pM TMV ™" was oxidized and 50 pM propanal and
<2uM propanol were detected by GLC. A list of
substrates tested with the enzyme so far is presented in
Table 2. The enzyme accepted a wide range of aldshydes
readily, while the corresponding acids were not always
reduced as well. This was especially striking with the pair
benzoate/benzaldehyde. The aldehyde herc was a very
good substrate, the acid was not accepted at all
Acctaldehyde showed the highest dehydrogenation rate.
Glyceraldehyde was oxidized only with a rate ~3% of
that of acctaldehyde. Glycerate was not reduced.

The AOR showed as aldehyde dehydrogenase a K,
for butanal of 20 pyM and up to 200 uM subsirate

concentration no inhibition was observed. As carboxylic
acid reductase a K,, for propionic acid of 70 mM was
determined. The pH optimum for carboxylic acid
reduction was at pH 6.0. At pH 5.5 about 85% and at
pH 6.8 about 70% of the maximum activity were detected.
The aldehyde oxidation shows a very broad pH optimum.
From pH 6 to pH 10 there was very little difference in
the oxidation activity (Fig. 3). The buffer of the assay
system seems to play an important role. Phoshates were
inhibitory (Fig. 3).

Compared with the tungsten containing AOR from
C. formicoaceticum the enzyme is only moderately oxygen
sensitive. For the oxidation reaction 86% activity was
still present after 1 h storage under air, which decreased
further to 69% activity after 23 h storage. For the
reduction reaction 55% activity was still present after
I'h, which decreascd further to 30% activity left after
23 h storage. Strict anaerobic storage over the same
period resulted in 90% activity left for both reactions.

100 4
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Fig. 3. pH Optimum of aldehyde dehydrogenase activity of purified
molybdenum-containing aldehyde oxidereductase from Clostridion
Jormicogceticum. The activity was determined with butanal and
NH,CO-MV in Tris-HCl {@ @) or phosphate (G —0) buller
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Discussion

Even though the reduction of carboxylic acids to the
corresponding aldehydes in agueous systems, without
prior activation of the acids is surprising, enzymes
catalyzing the reaction are present in diverse strictly
anacrobic organisms (White and Simon 1992). The AORs
purified so far from Clostridium thermoaceticum (White
ct al. 1989; Strobl et al. 1992), C. formicoaceticum (White
et al. 1991) and Pyrococcus furiosus (Mukund and Adams
1991) were all tungsten-containing enzymes. Results
obtained with crude extracts or cell suspension of various
cubacteria secmed to indicate that for some organisms
molybdenum also stimulated enzymic activity of the
AOR, except for C. thermoaceticum where molybdenum
clearly led to the formation of enzymically inactive AOR
(White and Simon 1992).

This report describes for the first time a reversible
AOR, which contains molybdenum and not tungsten. It
is clearly different from the already described tungsten-
containing AQR of C. formiceaceticum (White et al. 1991).
It is formed when there is a great excess of molybdenum
over tungsten (7 x 10% : 1) in the growth medium. Bul even
under these conditions an enzyme is still present in crude
extracts of C. formicoaceticum which behaves as the
already described tungsten containing enzyme. The fact
that in synihetic medium to which no tungstaie but
molybdate was added only 2% of the octy)-Sepharose
binding enzyme activity is formed could be explained by
assuraing that molybdenum is not incorporated into this
protein. From this one must conclude that the presence
of 1.5 x 10~% M tungstate besides 1 x 10~ * M molybdate
is sullicient to form the octyl-Sepharose binding W-
containing AOR besides the Mo-AOR. This phenomenon
will be studied separately. It could be an intercsting
example of a very effective differentiation of the chemi-
cally very similar anions MoQ3 ™ and WOZ . Since the
specific activity of purified W-AOR is ten times as high
as that of purified Mo-AOR the proteins based on weight
arc in the ratio of W-AOR:Mo-AOR of — 1:10 in the
crude extract of cells grown on complex medium. For
Methanobacterium welfei there is a report of a new
W-containing formylmethanofuran dehydrogenase. This
organism also scems to contain a Mo-containing ¢cnzyme
catalyzing the same reaction (Schmitz et al. 1992).

Differences in the catalytic properties of the two AORs
of C. formicoaceticunt were subslrate and viologen specifi-
city. While the W-AOR functioned with MV ¥ agelectron
donor and benzoate was reduced fastest of the carboxylic
acids tested so far (White ot al, 1991) neither MV ™" was
oxidized with propionate nor benzoate was reduced with
TMV* by the Mo-AOR. Also the oxygen sensitivity is
different. The W-AOR is much more oxygen labile. Tt
loses in 5 min under air about 20% of its aclivity (White
el al. 1991) and the Mo-AOR less than 4%. The two
enzymes have different molecular weights for the native
form as well as the subunits and most important while
onc contains tungsten, the other contains molybdenum.
Also, they have a completely different amino acid se-
quence, when comparing the first 13 amino acids from
the amino end (this report and White et al. 1991). This

clearly shows that the two enzymes though contained in
the same organism and catalyzing the same reactions are
different proteins and no isoenzymes.

The physiological rolc of the AORs in clostridia is still
unclear. Mukund and Adams (1991) proposed a new
pyroglvcolytic pathway of glucosc fermentation for the
archaeon P. furiosus as it has been shown for thermo-
acidophilic archaebacteria like Sulfolobus solfatarius and
Thermoplasma acidophibum (Danson 1988). This pathway
has been confirmed largely by Schifer and Schénheit
(1992). The role of the aldehyde ferredoxin oxidore-
ductase of P. furiosus in this pathway is the oxidation
ol glyceraldehvde to glycerate under evolution of hy-
drogen. This reaction is barely catalysed by the clostridial
enzymes (White et al. 1991; Strobl et al. 1992). C. for-
nticoaceticum ferments fructose via the Embden Meyer-
hol pathway {O’Brian and Ljungdahl 1972). Fermenta-
tion products are acetate and formate. Both acids are
converted to the corresponding aldehydes by the here
described enzyme (Table 2), which could then be further
reduced Lo the alcohols by an alcohol dehydrogenase
also present in C. fornticoaceticuim. Analysis of fermenta-
tion broths showed no methanol and only a trace of
ethanol (<5 mM) compared to about 50 mM acetate in
the lale stationary phase (data not shown). Judged by
the purification factor necessary fo obtain pure enzyme
fractions about 3—4% of thc total protein in tungstate-
grown cells seems to be W-AOR (White et al. 1991) and
about 2% of the protein in molybdate grown cells seems
to be Mo-AOR. Proteins synthesised in such large
amounts should play an important physiological role. It
may be in the oxidation of acetaldehvyde to acetate. This
reaction has a redox potential E; = —581 mV (Loach
1976). The arising electrons, which are negative enough
to reduce carboxylates; could be used in the formation
of acetyl-CoA by the carbon monoxide dehydrogenase
for the initial reduction of CQO, to CO. The standard
redox potential of CO/CQO, is [ = —560mV (Dickert
et al. 1985). This would be an additional or alternative
way for the CO formation, by the reduction of CO, with
reduced ferredoxin formed by the oxidative decarboxyla-
tion of pyruvate (Fuchs 1986). The Ej of this ferredoxin
is only about —360 mV (Elliott and Ijungdahl 1982).
However, for the formation of acetaldehyde [rom pyru-
vate one would have to assume a pyruvate decarboxylase
in addition to the pyruvate dchydrogenass.
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