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Abstract

Pseudomonas thermocarboxydovorans strain C2 is capable of using carbon monoxide as the sole source of carbon and energy.
The key enzyme for CO utilisation is the molybdenum containing iron-flavoprotein carbon monoxide dehydrogenase (CODH).
This paper reports the DNA sequencing of a 4.7 kb region of the C2 genome which appears to encode the CODH enzyme. The
genes for the three subunits of CODH, which we have named cur A, B and C, have been identified and they appear to form an
operon. The predicted protein sequences of the three subunits have homology to the structurally related protein, xanthine
dehydrogenase, from Drosophila melanogaster. By comparison with xanthine dehydogenase it can be predicted that the
molybdenum cofactor binds to the large subunit of CODH, the smail subunit of CODH contains the iron-sulphur centers and the

medium subunit binds FAD /NAD + .
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Pseudomonas thermocarboxydovorans strain C2 is
capable ofusing carbon monoxide as the sole source of
carbon and energy [1,2]. The key enzyme involved in
the utilisation of CO is carbon monoxide dehydro-
genase EC 1.2.2.4 (CODH) [2]. The enzyme is a molyb-
denum iron-sulphur flavoprotein which has been classi-
fied as a molybdenum containing hydroxylase with sim-
ilarities to a number of eukaryotic enzymes of this class
[3]. Most information on molybdenum containing hy-
droxylases comes from studies done on xanthine dehy-
drogenase and xanthine oxidase from a variety of eu-
karyotic sources, but work done on xanthine dehydro-
genase from Drosophila melanogaster has been particu-
larly useful in identifying the regions associated with
the iron-sulphur centres, FAD and the molybdopterin
cofactor [3,4]. The CODH enzyme responsible for aer-
obic utilisation of CO has been studied in a number of
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prokaryotic systems and the enzyme appears very simi-
lar in all the organisms studied [5]. The genes encoding
the enzyme may be either plasmid borne as is the case
in P. carboxydovorans [6,7] or chromosomally borne as
is the case with P. thermocarboxydovorans [8). The
enzyme from P. thermocarboxydovorans contains three
different subunits with approximate molecular masses
of 87 kDa for the large subunit (L), 30 kDa for the
medium subunit (M) and 17 kDa for the small subunit
(S) [2,8]. The active enzyme contains two of each
subunit. A region of approximately 11 kb of the P.
thermocarboxydovorans genome has been cloned and
has previously been shown to encode at least the large
and small subunits of CODH [8,9] with the region
encoding the two subunits, the cut A and cut C genes,
identified as being fully contained within a 4 kb EcoRI
fragment. A 6 kb region of the original bacteriophage
lambda clone, P22, has been subcloned to give pDP5
and a restriction map of this is shown in Fig. 1. The
complete DNA sequence of a region of 4723 bp from
this clone (indicated as a solid line in Fig. 1) has been
determined (Fig. 2). The region includes the 4 kb
EcoRI fragment which had been previously shown to
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encode at least the large and the small subunits of
CODH [8]. Previous expression analysis indicated that
cut A is contained within the 2.7 kb Sphl fragment
subcloned in pGB 2 [8]. Preliminary identification of
the cut A, B and C genes was done on the size of the
protein products of the ORFs and homology between
the predicted N-terminal sequence and the published
N-terminal sequence of the enzyme from Pseudomonas
carboxydovorans OMS and Pseudomonas carboxydo-
flava [5]. Analysis of the sequenced region reveals four
open reading frames and each of these will be dis-
cussed separately.

The largest ORF is ORF 3 which spans 2529 bp
from 1612 to 4140 bp and the predicted product is a
protein of 843 aa with a molecular mass of 91.8 kDa.
This is in good agreement with the size of 87 kDa
determined for the large CODH subunit. The ORF is
completely contained within the Spkl fragment (1417—
4185 bp) which had been previously shown to encode
the large subunit. Comparison of the predicted N-
terminal sequence to the limited available N-terminal
sequences of the enzyme from other bacteria [5] is
shown in Fig. 3. The homology is greatest to the large
subunit of the enzyme from P. carboxydoflava with
6/9 residues identical. It is therefore concluded that
OREF 3 encodes the CODH large subunit and is there-
fore designated cut A.

The sequenced region is known from expression
studies to encode the small subunit of CODH. ORF 2
and ORF 4 both encode proteins with a predicted
molecular mass of approximately 17 kDa. Comparison
of the N-terminal sequences of these ORFs to the
published N-terminal sequence of the small subunit of
CODH from P. carboxydovorans and P. carboxydo-
flava indicates that the protein encoded by ORF 2 has
significant homology (11/21 identical to P. carboxy-
dovorans.) (Fig. 3¢) while no apparent homology is
detectable with ORF 4. It can therefore be concluded
that ORF2 is cut C. To confirm this conclusion two
subclones of pGB1, pDP1 and pDP2, were tested for
expression of the CODH subunits. pDP2 which has
OREF 4 intact does not produce any small subunit while
pDP1 which has ORF 2 intact does produce the small

subunit, thus confirming the conclusion that ORF 2 is
cut C (Fig. 4 A).

The plasmid pGB1 does not express the medium
subunit of CODH. Initial sequencing of the 4 kb EcoRI
fragment of pGB1 indicated the position of the cut A
and C genes as discussed above and also that the cut C
gene was preceded by an incomplete ORF which
started at the beginning of the pGBI1 insert and ended
23 bp before the ATG of cut C. In order to obtain the
complete sequence of this ORF a further 700 bp of
sequence of the region 5 of the EcoRlI site was deter-
mined and revealed ORF 1 as indicated in Fig. 1. ORF
1 encodes a protein of predicted molecular mass 29.98
kDa which is in good agreement with the determined
molecular mass of the medium subunit of CODH, and
the N-terminal sequence shows good homology with
the N-terminal sequences of the medium subunits of
CODH from P. carboxydovorans (11 /19 residues iden-
tical) and P. carboxydoflava (8 /14 residues identical)
(Fig. 3b). However, when a plasmid, pDP5, was con-
structed which contained a 6.0 kb fragment covering all
of the sequenced region plus approximately 1.3 kb of 5
sequence, no expression of any of the subunits was
seen in E. coli. Apparently linking this 2.0 kb upstream
region to the 4 kb EcoRI fragment is inhibiting expres-
sion of the two genes cut A and C which had been
previously expressed. Analysis of the 5' upstream re-
gion of each of the ORFs indicates that at least ORF
1, 2 and 3 form an operon as the distance between the
genes is small and each of the ORFs are preceded by
an identical 9 bp sequence, GAGAGGAAC, which has
the appropriate sequence and is at the correct distance
from each ORF to act as a ribosome binding site [10].
While the distance between ORF3 and 4 is also short
(47 bp), there does not appear to be an RBS associated
with ORF 4 although the codon usage of the predicted
protein of ORF 4 is biased in the same way as in the
other three ORFs (see below). A promoter has not
been identified 5' to ORF 1 but there is a sequence,
TTGCA, at position 153 which is identical to the
consensus sequence for the —10 region of o>* type
promoters [11], although no homology to the -26
region is obvious.

ORFl(cutB) ORF2(cutC) ORF3(cutA) orf 4
| e—————www— st | m— I ]
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Fig. 1. Restriction map of the Bam-Eco-Eco insert of pDP5 showing key restriction sites only. The heavy line indicates the region sequenced and
the position of each of the open reading frames is indicated. The structure of the other plasmids used in this study is shown. The restriction
enzymes are: St, Stul; Hf, Hinfl; Tq, Tagl; P, Pst1; E, EcoRl; Cl, Clal; S, Sall; Sp, Sphl; Sm, Smal; N, Nrul; Ns, Nsil; Sc, Sacl.
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Fig. 2. DNA sequence and predicted protein products of the StuI-Eco-Eco region of pDPS5 as indicated in Fig. 1. The ORFs are in capital letters.

The 9 bp sequence which includes the ribosome binding site (RBS), and precedes ORFs 1, 2 and 3, is underlined. DNA
automated sequencing was carried out. Manual sequencing of double stranded plasmid DNA was by the dideoxy chai
Sanger et al. [19] adapted for double stranded DNA by Chen and Seeburg [4]. Manual sequencing was carried out
polymerase or Sequenase. Non-standard primers were synthesised on an ABI 381A DNA synthesiser. Automated sequ

an ABI 373A DNA sequencer. The complete sequence of both strands was determined and all junctions were sequenced over.

To determine if the protein product of ORF 1 is in
fact the CODH medium subunit, ORF 1 was inserted
as a transcriptional fusion into the Ncol site of the
expression vector pKK 233-2 [12] to give pDP17. Anal-

sequencing : Manual and
n termination method of
using either the Klenow
encing was carried out on

ysis by Western blotting of proteins produced by cells
containing this plasmid indicate that ORF 1 is cur B,
as pDP17 leads to the production of an immuno-
reactive protein identical in size to the CODH medium
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Fig. 3. Comparison of the published N-terminal sequences of the (a)
large, (b) medium and (c) small subunits of CODH from P. carboxy-
dovorans and P. carboxydoflava [5] with the predicted N-terminal
sequence of the enzyme from P. thermocarboxydouvorans.

subunit (Fig. 4b). Insertion of ORF 1 in the opposite
orientation to the fac 1 promoter of pKK 233-2 leads
to no novel protein production. A plasmid, pDP 21,
was constructed from pDP17 which has all three cut
genes linked to the tac 1 promoter and cells containing
this plasmid produce all three subunits of CODH (Fig.
4B), but no enzyme activity is detectable. The lack of
enzyme activity is not surprising due to the complex
nature of the active enzyme, and at present efforts are
being made to reintroduce the cloned genes into a cut
A::TN5 mutant strain of P. thermocarboxydovorans on
a broad host range plasmid to look for CODH enzyme
activity.

When the sequences of the predicted protein prod-
ucts of the cut A, B and C genes were compared to
those in the NBRF protein data base, each subunit
showed greatest homology to the xanthine dehydro-
genase enzyme of Drosophila melanogaster [13,14]. The
predicted sequence of the CODH small subunit showed
greatest homology with 40% identity over the region
aligned (Fig. 5), while the medium subunit is 24%

A1 2 3 4 5 B 12 3 435

kD s —
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14.4 — ~S§s T

Fig. 4. Western blots, with CODH antiserum, of crude cell extracts
of P. thermocarboxydovorans strain C2 (indicated as C2) and plasmid
containing strains of E. coli (indicated by the plasmid name). (Panel
A) tracks: 1, M, standard; 2, C2; 3, pGBI, 4, pDP1; 5, pDP2. (Panel
B) tracks: 1, C2; 2, pDP17; 3, pDP21; 4, pDP5; 5, pKK233-2. The
positions of the large (LS), medium (MS) and small (SS) subunits of
CODH are indicated. A large amount of degradation of the LS
appears to take place as when the large subunit is not been ex-
pressed, as for example in tracks 4 and 5 of panel A, the large
amount of immunoreactive material, seen in all cases where the large
subunit is present, disappears. All attempts to reduce this degrada-
tion have failed. Crude cell extracts of P. thermocarboxydovorans
and E. coli for immunoblotting were prepared as described previ-
ously [3,5). SDS-PAGE of proteins for Western blotting was carried
out using 2 BioRad mini-protean II cell. BioRad low range biotinyi-
ated molecular mass standards were used. Western blotting was done
using standard procedures as described in Harlow and Lane (16).

identical and the large subunit is 26% identical. Xan-
thine dehydrogenase consists of a single polypeptide of
1319 amino acids and has three functional sections
binding Fe-S, NAD + /FAD and the molybdenum co-
factor [15,3]. The N-terminal segment of the enzyme
contains the iron-sulphur, the middle segment the flavin
and NAD + + binding sites and the C-terminal seg-
ment the molybdenum cofactor. The alignment of the
CODH subunits would suggest that the small subunit
binds iron-sulphur, the medium subunit binds FAD/
NAD + and the large subunit binds the molybdenum
cofactor. It is interesting to note that the order of the
cut genes is B-C-A for the M, S, and L subunits,
respectively, is different from the order of sections in
eukaryotic xanthine dehydrogenases and it is therefore
unlikely that they have evolved from a common ances-
tor, and the similarities seen must reflect functional
similarities in the enzymes. The similarities seen allow
the identification of residues potentially important for
activity which will be analysed by site-directed mutage-
nesis. The conservation of cysteine residues in the
small subunit of CODH is particularly striking. The
rosy gene of Drosophila melanogaster, which encodes
xanthine dehydrogenase, has been widely studied for
many years. The effect of a number of rosy point
mutations on the activity of xanthine dehydrogenase
has been studied in detail [4]. Of the point mutants
analysed in the study, the residue which is changed in
the mutants is conserved between CODH and xanthine
dehydrogenase in 7/11 cases (Fig. 5) and in the four
others the amino acid change is to a similar amino
acid. These residues will also be studied by site di-
rected mutageneis. Another feature of interest in the
sequence is the GGGFG sequence (underlined in Fig.
5) which is identical to the XDH sequence and is also
conserved in rat XDH [15]. Mutation in Drosophila
XDH leading to the loss of the first G of this sequence
inactivates XDH (Fig. 5) [8]. It has been suggested [2]
that the sequence, GGGFGG, in rat liver xanthine
dehydrogenase may be involved in dinucleotide bind-
ing. The molydenum cofactor of CODH from P. car-
boxydovorans is molybopterin cytosine dinucleotide
(MCD) [5] and while the cofactor from the P. thermo-
carboxydovorans has not been isolated, it is reasonable
to suggest that it also will be MCD and that the
sequence GGGFG may be involved in the binding of
the cofactor through the pyrophosphate moiety. The
consensus sequence for dinucleotide binding is
GXGXXG [2] and while the sequence found in CODH
lacks the last G residue, the amino acid at this position
is a conservative change to asparagine. The medium
subunit should, by analogy to XDH, bind FAD and
NAD + ; however while there are 38 glycine residues
in the sequence of the medium subunit, no sequence
fitting the consensus sequence can be found. Eight of
the glycine residues are conserved between Drosophila
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Fig. 5. Alignment of the predicted amino acid sequence of the three subunits of CODH with predicted sequence of XDH from Drosophila
melanogaster [13,14]. The positions of the three subunits are indicated by SS, MS and LS over the initial methionine residue of the corresponding
subunits. Symbols: v, residues conserved in CODH and XDH, at which mutation in the Drosophila rosy gene leads to a well defined change in
XDH activity, as decribed by Hughes et al. [8]; o, cysteine residues conserved between the small subunit of CODH and the iron-sulphur binding
domain of XDH. Symbols between the sequences are ( *), identity and () and (;), conservative changes with (:) being to more similar amino acids
than (). The alignment was done using the Clustal program on the SERC Daresbury Laboratory computer system.
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XDH and the CODH medium subunit, including two
whose loss by mutation has been shown to inactivate
XDH (Fig. 5) [4].

The work presented here is the first published se-
quence of a prokaryotic molybdenum-containing hy-
droxylase, and it indicates that these enzymes have
more in common with eukaryotic molybdenum-contain-
ing hydroxylases than with prokaryotic molybdenum
containing enzymes as was originally suggested by the
work of Wootton et al. [3].
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