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Abstract

A 3.2 kb fragment of an indigenous Anabaena azollge plasmid was isolated and
fully sequenced. Sequence analysis identified an open reading frame of 1110-bp that
showed high similarity (56-71%) with glutathione dependent formaldehyde
dehydrogenase genes (gdfaldh) from various bacteria. The identity of the gene was
confirmed by expressing the gene in Escherichia coli with a pET-32 (a) vector
followed by enzyme assay. Adjacent to the gdfaldh a second gene was detected that
showed high similarity (53%) with an S-formylglutathione hydrolase (fgh) gene from
the methylotrophic bacterium Paracoccus denitrificans. The presence of gdfaldh and
fgh-like genes adjacent to each other may suggest that the corresponding gene
products interact in a common metabolic pathway involved in removing exogenous
or endogenous formaldehyde.
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1. Introduction

Azolla is an aquatic fern that grows on the surface of fresh water ponds,
lakes or streams. Azolla has a symbiotic association with Anabaena azollae, a
nitrogen fixing cyanobacterium, found inside a cavity in the dorsal leaf of
Azolla and at the apex of the stem. In the symbiotic association Azolla
provides nutrients, including fixed carbon and a protective cavity in each leaf
for Anabaena colonies; in exchange Azolla receives fixed atmospheric nitrogen
(Peters and Meeks, 1989). The two partners normally remain together
throughout both vegetative and sexual reproduction and as yet it is not possible
to culture a symbiotic Anabaena azollae (Braun-Howland and Nierzwicki-
Bauer, 1990). The symbiosis can confer high rates of nitrogen fixation and
biomass production; hence Azolla/Anabaena is an effective green manure for
flooded crops and is used as a fertiliser in rice growing areas of South East Asia
(Lumpkin and Pucknet, 1980).

The presence of plasmids in free-living cyanobacteria is well documented;
however only a few coding functions have been determined (Muro-Pastor et al.,
1994; Nicholson and Laudenbach, 1995). Plazinski et al. (1991) have shown
that A. azollae has plasmid-borne genes with similar sequences to Rhizobium
nod box and nod MN. These genes are essential for nodulation in the legume-
Rhizobium symbiosis (Djordjevic and Weinmen, 1991).

Methylotrophic bacteria are aerobic bacteria that utilise one-carbon
compounds more reduced than formic acid as sources of carbon and assimilate
formaldehyde as a major source of cellular carbon (Hanson and Hanson, 1996). It
is known that a number of bacteria are capable of methylotrophic growth by
utilising methanol (Hanson and Hanson, 1996) and that the genes encoding
glutathione dependent formaldehyde dehydrogenase (gdfaldh) and S-
formylglutathione hydrolase (fgh) are essential for growth on methanol (Ras
et al., 1995; Harms et al., 1996). For non-methylotrophic organisms it has been
suggested that GDFALDH and FGH have a possible role in the detoxification
of exogenous or endogenous formaldehyde (Fernandez et al., 1995) by reactions 1
(GDFALDH) and 2 (FGH);

1) Glutathione + HCHO + NAD —> S-formylglutathione + NADH + H*
2) S-formylglutathione + HyO -> Glutathione + HCOOH

We present here evidence that an indigenous plasmid of A. azollae contains
two genes for, glutathione dependent formaldehyde dehydrogenase (gdfaldh),
and S-formylglutathione hydrolase (fgh). This may suggests that the A.
azollae plasmid-encoded genes are involved in removing exogenous or
endogenous formaldehyde.
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2. Material and Methods
Material

The strain of Azolla pinnata (Chinese isolate) was grown in liquid medium
BG-11 as described previously (Plazinski et al., 1991), at 22-28°C with a 16 h
light (with light intensity 40 to 45 klx): 8 h dark cycle and 85% humidity. A.
azollae cells were isolated from surface sterilised Azolla fronds as described by
Plazinski et al. (1991).

The construction of an A. azollae genomic library

High molecular weight genomic DNA was isolated from A. azollae
according to the protocol of Plazinski et al. (1991). This protocol results in the
separation of plasmid DNA from chromosomal DNA. For the purpose of
making the genomic library both fractions were combined. The DNA was
partially digested with Sau3A and size fractionated in sucrose gradients. The
cloning vector Lambda DashlIl (Stratagene, USA) was digested with BamHI
and Hindlil (Promega, Australia) restriction enzymes. The vector arms were
then annealed and ligated with partial Sau3A fragments of A. azollae genomic
DNA in the size range of 12 to 15 kb. The ligation products were packaged using
Gigapack Gold II (Stratagene, USA) and the viable phage propagated in the
DNA methylation tolerant Escherichia coli strain K803 (Wood, 1966).

Isolation of DNA probe and screening of lambda library

The DNA probe used in this study was the insert derived from a clone, pAf22,
described by Plazinski et al. (1991). The pAf22 clone insert is a 2.7 kb EcoRI
DNA fragment from the smallest indigenous plasmid (45 kD in size) of the A.
azollae present in Azolla filiculoides strain 134 (Plazinski et al., 1991). The
DNA insert was isolated from the plasmid vector purified by using
GENECLEAN kit (Bresatec, Australia) then radiolabelled by using 25 uCi of
[032P]dCTP (Amersham, Australia) with a Random Primer Kit (Promega,
Australia). The lambda library was propagated on plates according to the
procedure described by Sambrook et al. (1989). Plaques were transferred to nylon
Hybond N* filters as described by the Amersham handbook (Amersham Corp.,
1989) and probed with the pAf22 insert as described by the Amersham
handbook (Amersham Corp., 1989). Plaques showing strong hybridization were
isolated and purified by repeating the procedure until all plaques showed
hybridisation signals. Southern blots to nylon Hybond N* were done as
described by the Amersham handbook (Amersham Corp., 1989).
Hybridizations were conducted at 65°C for 16 hrs followed by 4 standard
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washes as described by the Amersham handbook (Amersham Corp., 1989).
Purification of Lambda DNA was carried out using the Qiagen method (Qiagen
Inc. handbook, 1990). Bacterial plasmid DNA was isolated by a quick alkaline
lysis procedure as described by Sambrook et al. (1989).

DNA digestions, electrophoresis and cloning

Restriction endonucleases (EcoRI, Hindlll, Spel, Sau3A and BamHI) were
used as recommended by the manufacturer (Promega, Australia). DNA cloning
and electrophoresis were done according to the procedures described in
Sambrook et al. (1989). Agarose gel electrophoresis of indigenous plasmid
DNAs was done by the method described by Plazinski et al. (1991).

Nucleotide sequencing

The Erase-a-base™kit (Promega, Australia) was used to generate, by
treatment with exonuclease III deletion, a series of overlapping subclones in
both directions. Plasmid DNA was prepared using the Qiagen method (Qiagen
Inc. handbook, 1990). Sequence reactions were carried out as detailed in
protocols supplied with the Tag Dye Primer Cycle Sequencing Kit (Applied
Biosystems, Australia). Electrophoresis and collection of sequence data were
carried out using an Applied Biosystems Model 370A automatic sequencer under
conditions recommended by the supplier.

Computer analysis

The comparison of gene sequences was carried out at the National Centre for
Biotechnology Information (NCBI) with the Blast network service. Sequence
data were analysed using the Australian National Genomic Information
Service (ANGIS).

The 1399 bp nucleotide sequence of the GDFALDH gene reported in this study
has been lodged under the GenBank accession number U89767. The nucleotide
sequence of the FGH gene (accession number AF035558) has been published
elsewhere (Shaw et al., 1998).

Construction of a GDFALDH expression vector, pAnAldh

In order to express the Anabaena azollae gdfaldh gene in Escherichia coli
two restriction sites, upstream (BamHI) and downstream (HindIlI) of the A.
azollge coding sequence, were generated using the corresponding oligonucleotide
sequences as primers for the polymerase chain reaction (PCR). These were the
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5' primer 5-GGGGGATCCTTGCAAGTTAAAGCGGCA-3' and the 3' primer
5-GGGAAGCTTGGGTTAAAAAGTCACCACACTG-3. PCR was carried out
using a Perkin Elmer 480 thermal cycler according to the following program:
initial denaturing at 94°C for 5 min, 34 cycles of 94°C for 45 sec, 55°C for 45 sec
and 72°C for 90 sec, 1 cycle of 94°C for 45 sec, 55°C for 45 sec and 72°C for 10
min. The PCR-amplified BamHI-HindIII restriction fragment of A. azollae
DNA was ligated into the corresponding sites of the expression vector pET-32a
(+) (Novogene, USA) to generate a recombinant GDFALDH expression vector
designated pAnAldh. The GDFALDH recombinant protein was expressed in the
E. coli strain BL21 (DE3) being induced by IPTG as described by the manufacture
(Novogene, USA). Induced and non induced cells were harvested by
centrifugation and stored at —70°C.

Protein isolation and assay of enzyme activity

Soluble E. coli proteins were isolated using the B-PER™ Bacterial Protein
Extraction Reagent as described by the manufacturer (Pierce, USA). GDFALDH
enzyme activity was assayed by following the generation of NADH at 340 nm.
The one ml reaction mixture consisted of 120 mM sodium phosphate buffer (pH
8.0), 1 mM glutathione, 1 mM formaldehyde, 1 mM NAD and 100 ul of crude
protein extract. Assays were conducted at 35°C. Activities were calculated by
using a molar absorption for NADH of 6.22 x 103 M1 em-1.

3. Results and Discussion

The screening of the A. azollae genomic library extracted from Azolla
pinnata with the Anabaena plasmid, pAf22, DNA insert resulted in a single
plaque showing strong hybridization. Following purification of the plaque,
lambda DNA was isolated and the insert (14 kb) was re-cloned into the vector
pBluescript (Stratagene, USA). This plasmid was designated p22. A restriction
map of the 14 kb fragment is shown in Fig. 1. The pAf22 plasmid insert
hybridized exclusively to the smaller indigenous plasmid of A. azollae
extracted from A. pinnata (data not shown) and with the 2.7 EcoRI fragment at
the 3'end of the p22 plasmid insert thus confirming isolation of 14 kb of the A.
azollae plasmid. A series of subclones of the 14 kb fragment were constructed.
Preliminary sequencing of the subclones indicated that one clone p2232
contained sequences similar to two known genes. The clone, p2232, containing a
fragment of A. azollae plasmid (3.2 kb) was completely sequenced using Exolll-
generated overlapping subclones in both directions. Conflicts in sequence data
were resolved by making several subclones (p223221 and p223226; see Fig. 1) of
p2232 and sequencing them from both ends.
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Figure 1. Restriction map of Anabaena azollae plasmid DNA inserts and location of genes
identified by analysis of sequence data. E = EcoRl; H = HindlIl; S = Spel.
GDFALDH = glutathione dependent formaldehyde dehydrogenase gene; FGH = S-
formylglutathione hydrolase gene. Note the scale bar does not apply to p22.

Nucleotide sequence analysis

Analysis of sequence data revealed that the EcoR1 fragment of p2232 is 3261
base pairs long. Using Fickett's Testcode (Fickett, 1982), a pattern recognition
program that measures the non-randomness of the base composition, a coding
region approximately between 260 and 1360 nucleotides was detected. An open
reading frame (ORF) was detected commencing with TTG (265), an alternative
start codon for prokaryotes (Rice et al., 1992), and ending with the terminating
codon TAA (1374). At eight bases (-8) prior to the start codon, there is a
putative prokaryotic ribosome-binding site, AGGAGG (Shine and Delgarno,
1975). The nucleotide sequence and deduced amino acid sequence of the putative
gene and its flanking nucleotide sequences are shown in Fig. 2. The codons TCG
and CGA do not code for any of the 15 serine or 13 arginine residues and this is
consistent with codon usage of other Anabaena genes (Tandeau de Marsac and
Houmard, 1987). The G+C content, 41.1%, is also consistent with other reported
Anabaena genes (Tandeau de Marsac and Houmard, 1987).

Amino acid sequence analysis

A search of all gene banks available on the NCBI Blast server network
showed that the putative ORF had a very high similarity with a gene coding
for glutathione-dependent formaldehyde dehydrogenase (gdfaldh) and found
in a wide range of organisms. A dendogram of the 16 highest blastx scores (all
GDFALDH/ class III alcohol dehydrogenase) is shown in Fig. 3. A comparison
of the deduced amino acids of the A. azollae gene with the amino acid sequence
of GDFALDHs from six other prokaryotes is given in Fig. 4. The alignment
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Figure 2.
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Mucleotide sequence of the Anabaena azollae gdfaldh gene and deduced amino acid
sequence of the protein. "RBS" is a potential ribosome binding site; * indicates

stop codon: start codon is TTG.
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Figure 3. Phylogenetic analysis of 17 glutathione dependent formaldehyde dehydrogenase
(GDFALDH) amino acid sequences. The analysis was performed with the
PAUP* program (Swofford, 1996). The neighbour joining method was used for
the calculation. The numbers shown are the bootstrap values (1000 replicates).
Sequences: P. denitrificans = Paracoccus denitrificans (P45382), R. sphaeroides =
Rhodobacter sphaeroides (L02104), A. azollae = Anabaena azollae (U89767),
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shows that 48% of the amino acids are conserved in all seven sequences and that
this is increased to 66% when acceptable point mutations are considered. The
deduced amino acid sequence is 71%, 71%, 58%, 58%, 57% and 56%, identical to
Paracoccus denitrificans, Rhodobacter sphaeroides, Haemophilus influenzae,
Escherichia coli, Pasteurella piscicida and Synechocystis sp., respectively. It
is interesting to note that the amino acid sequence of GDFALDH from P.
denitrificans and R. sphaeroides are highly homologous (88%) and both have
an identical six amino acid insert at the same position, 265-270 (Fig. 4). The P.
denitrificans gene has been confirmed by isolating the active protein and
determining that the first 18 N-terminal amino acids are identical to those
deduced from the sequenced gene (Ras et al., 1995). The R. sphaeroides gene has
been confirmed by enzyme assay (Barber et al., 1996). The E. coli gene has been
confirmed by enzyme assay of the expressed protein (Kummerle et al., 1996). In
addition the first 47 amino acids of a purified GDFALDH gene product from E.
coli (Gutheil et al., 1992) show strong similarity to the E. coli sequence (X73835)
presented in Fig. 4. It should be noted that the Synechocystis sp., H. influenzae
and P. piscicida gdfaldh genes were identified by their similarity to other
reported gdfaldh genes. The A. azollae gene codes for a polypeptide of 369
amino acids with a calculated molecular weight of 39406 Daltons and this is
similar to other reported prokaryotic GDFALDHs. The E. coli (Kummerle et
al., 1996), and P. piscicida (Kim and Aoki, 1994) genes are both reported as
plasmid-borne and both genes are the same length as the A. azollae and
Synechocystis sp. genes.

A Block search (Henikoff and Henikoff, 1991) of the deduced amino acid
sequence detected a zinc-containing alcohol dehydrogenase protein, prosite
group (BLOOOS9B). This is consistent with GDFALDH/class III alcohol
dehydrogenase gene products. GDFALDHs are enzymes belonging to the zinc
containing alcohol dehydrogenase family (Olle et al., 1994). These enzymes are
reported as either dimers or tetramers with two zinc atoms per subunit (Vallee
and Auld, 1990). One of the zinc atoms is essential for catalytic activity and is

Figure 3. Continuation.

E. coli = Escherichia coli (X73835), P. piscicida = Paracoccus piscicda (P39450),
Synechocystis sp. (D90904), H. influenzae = Haemophilus influenzae (U32812),
mouse A = Mus musculus (a60269), mouse B = Mus musculus (p28474), rat =
Rattus norvegicus (p12711), human A = Homo sapiens (p11766), human B = Homo
sapiens (gl78132), horse = Equus caballus (p19854), lizard = Uromastyx
hardwickii (p80467), octopus = Octopus vulgaris (a49662), fruit fly = Drosophila
melanogaster (p46415), Arabidopsis = Arabidopsis thaliana (g1143388).
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coordinated by two cysteines and one histidine. The second zinc atom, which is
not required for catalytic activity, is coordinated by either cysteine of
histidine residues (Vallee and Auld, 1990). The deduced amino acid sequence
presented in Fig. 4 shows possible catalytic zinc coordinating residues at
cysteine (aa 49), histidine (aa 71), and cysteine (aa 175). Possible coordination
sites for the second zinc atom are the cysteine residues at aa 101, 104, 107, and
115. In addition there is a conserved G-X-G-X-X-G region that is indicative of a
putative nicotinamide adenine dinucleotide (NAD+) binding site
(Bellamacina, 1996) and a conserved D (60) and R (119) residue, which have
been reported, as essential for binding S-hydroxymethylglutathione
(Holmquist et al., 1993; Engeland et al., 1993; Estonius et al., 1994).

GDFALDH enzyme activity

Only IPTG induced cells showed any measurable activity, 1.5 x 10~3 umoles
NADH/min. Non-induced cells, minus glutathione and minus formaldehyde
control assays did not show any detectable activity.

Evidence for a second plasmid-borne gene

Further sequence analysis of clone p2232 using the Blast service located a
stretch of DNA adjacent to gdfalldh that showed strong similarity with
esterase (Shaw et al., 1998). The deduced amino acid sequence of the putative
A. azollae gene was 64% identical and 78% similar to human esterase D
(P10768). Similarly E. coli, (P33018), H. influenzae (P44556) and Synechocystis
sp. (D90904) were 50%/66%, 45%/65% and 50%/63%, respectively. The
deduced amino acid sequence also showed high similarity to S-
formylglutathione hydrolase FGH (Shaw et al., 1998) from P. denitrificans

Figure4. A. azollae GDFALDH deduced amino acid sequence and its alignment with other
GDFALDH sequences. The analysis was performed with ClustalV (Higgins and
Sharp, 1989). The conserved regions in all five sequences are indicated ().
Acceptable point mutations are indicated (.). The ligands to the zinc atom are
indicated (+) for the catalytic zinc and (#) for the second zinc atom. The
conserved prosite domains for zinc alcohol dehydrogenase are underlined. The
domain involved in NAD binding is indicated (xxxxx). E. col = Escherichia coli
(X73835), P. pis = Pasteurella piscicida (P39450), H. inf = Haemophilus influenzae
(U32812), P. den = Paracoccus denitrificans (P45382), R. sph = Rhodobacter
sphaeroides (L02104), Synec = Synechocystis sp. (D90904), A. azo = Anabaena
azollae (U89767).
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(53%/64%) (Harms et al., 1996). FGH is a thiol esterase that converts S-
formylglutathione to glutathione and formate and it is interesting to note that
Eiberg and Mohr (1986) and Apeshiotis and Bender (1986) have concluded that
human esterase D (E.C. 3.1.1.1.) and S-formylglutathione hydrolase (E.C.
3.1.2.12) from human erythrocytes are identical. The reported esterase like
gene from H. influenzae, Synechocystis sp. and P. denitrificans is in all cases
close to their corresponding gdfaldh gene as found in A. azollae (Fig. 1). An
analysis of the plasmid sequence data from P. piscicida (Kim and Aoki, 1994)
showed that adjacent to the gdfaldh gene there is a partial esterase-like
sequence that has been interrupted by a transposon sequence.

Possible role of plasmid-borne genes

The biochemical role of bacterial GDFALDH has not been generally
established, however for P. denitrificans it has been demonstrated that
mutants lacking the gene fail to grow on methanol, methylamine or choline
thus implicating the enzyme in methylotrophic growth (Ras et al, 1995). The
reported esterase-like genes from H. influenzae and Synechocystis sp. were
both identified by their strong similarity with human esterase D gene.
However, the esterase-like gene product from P. denitrificans has been shown
to be the specific esterase FGH and P. denitrificans mutants lacking the gene
fail to grow on methanol or methylamine thus indicating the enzyme is
essential for methylotrophic growth. The sequence analysis of the A. azollae
plasmid DNA fragment strongly suggests that the fragment encodes for two
gene products the GDFALDH and FGH. The presence of gdfaldh and fgh
adjacent to each other on the A. azollae plasmid may suggest that the
corresponding gene products interact in a metabolic pathway involved in
removing exogenous or endogenous formaldehyde.

The oxidation of formaldehyde to formate coupled with the formation of
NADH could be utilised for energy generation via an electron transport chain.
Formic acid is further oxidised to carbon dioxide that could be further utilised
in the Calvin Benson cycle as shown in P. denitrifcans (Hanson, 1992).

For many living organisms formaldehyde is formed by the oxidation of
methanol. Methanol is produced by plants and emitted to the atmosphere (Fall
and Benson, 1996). The emitted methanol can support methylotrophic bacteria
(Holland and Polacco, 1994). A possible way of methanol production in Azolla
leaves is by pectin demethylation via pectic methylesterase within the cell
walls (Fall and Benson, 1996). We speculate that methanol produced by the
rapidly growing Azolla leaves, (Azolla is known to be capable of doubling its
biomass every 34 days) is utilised by A. azollae as a possible energy source.
The genus Anabaena has not been reported as methylotrophs but the presence of
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a plasmid encoded gdfaldh and fgh genes may suggest that the cyanobacterium
has acquired methylotrophic ability in order to utilise methanol produced by
Azolla.

In summary, this paper describes the first reported isolation, sequencing and
expression of a glutathione-dependent formaldehyde dehydrogenase (gdfaldh)
gene from an indigenous plasmid of A. azollae. This conclusion is based on
enzyme assays, Testcode and Prosite analysis together with Blast searches and
a close alignment between the A. azollae gdfaldh gene and other bacterial
gdfaldh genes (Fig. 4). The alignment presented in Fig. 4 shows many features
that are characteristic for the GDFALDH-encoded genes from various sources
and indicates an overall similarity of 48%, and allowing for acceptable
mutations a similarity of 66%. The observation that several reported bacterial
gdfaldh genes are adjacent to an esterase-like gene has led to the conclusion
that both gene products are involved in a common metabolic pathway, the
oxidation of endogenous or exogenous formaldehyde to formate.
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