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The oxalate-degrading enzyme oxalate decarboxylase (EC 4.1.1.2), which is inducible by oxalic acid, was
purified to homogeneity from a crude extract of Collybia velutipes, a basidiomycetous fungus. Two forms
of the enzyme were resolved on chromatofocusing. The
two isozymes were shown to be related by amino acid
composition, peptide mapping, and immunological
cross-reactivity. Peak A, eluting at pH 3.3, was used
for further study; the K,,, was found to be 4.5 mM, and
the V,,, was 166 pmol/min/mg. The subunit molecular
mass ofthe glycosylated enzyme was 64 kDa, whereas
the mass of the deglycosylated protein was 55 kDa.
The enzyme showed an acidic pl, was very stable over
a widepH range, and was moderately thermostable.
The cDNA encoding the enzyme was obtained by
immunoscreening a Xgt 11 expression library. In vitro
translation of hybrid-selected mRNA gave a 55-kDa
protein. Genomic Southern hybridization indicated
that oxalate decarboxylase is encoded bya single gene.
The cDNA probe hybridized to a single 1.5-kilobase
pair species of mRNA. The mRNA was shown to be
inducedby oxalic acid. A temporal relationship between enzyme activity and mRNAlevels wasobserved,
thus suggesting that the expression of oxalate decarboxylase is regulated at the transcriptional level.

In
another
case, consumption of Lathyrus
satiuus
(chickling vetch) causes neurolathyrism, which is characterized by spasticity of leg muscles, lower limb paralysis, convulsions, and death. L. satiuus is a protein-rich hardy legume
that grows under extreme conditions such as draught and
water-logging and does not require complex management
practices. The neurotoxin,B-N-oxalyl-L-a,,B-diaminopropionic
acid (ODAP)’ is present in various partsof the plant. ODAP
synthesis is a two-step reaction in which oxalic acid is an
essential starting substrate. ODAP acts as
a metabolic antagonist of glutamic acid, which is involved in transmission of
nerve impulses in the brain. Hence, despite its rich protein
content, thelegume cannot be used as a food source (4).
A study of the function of oxalic acid in the above-mentionedsystems highlights its role asanimportantstress
factor. Thus, the isolation of a new useful gene will serve as
a tool to degrade oxalic acidin plants where oxalic acid
of
accumulatesassuch or is a substrateinthesynthesis
neurotoxinor is amediumforpathogenesis.
This can be
achieved by effectingsingle gene transfer to these plants.
Moreover, oxalic acid-depleted transgenic plants would be
useful to study therole of oxalic acid in the plant.
Mechanisms of microbial metabolism of oxalic acid have
been reviewed earlier ( 5 ) .Of the known oxalic acid-degrading
enzyme systems, oxalate decarboxylase from the basidiomycetous fungus Collybia velutipes is of interest because an
earlier reportusing partially purified enzyme showed a simple
single step breakdown of oxalic acid to carbon dioxide and
formic acid, a nontoxic organic acid, in the absence of any
cofactor requirement (6).
As part of a long-term program to
develop transgenic plants
with low oxalic acid content, we report, for the first time, the
purification of oxalate decarboxylase to homogeneity, the
biochemical characterization of some of its properties, immunoscreening of acDNA library with antibodies raised
against the enzyme, and theisolation and characterizationof
immunopositiveclones. Using this clone, the regulation of
oxalate decarboxylase in C. uelutipes was also studied.

Much of the oxalate from animals including humans originates from the oxalate ingested with plant material. Some
green leafy vegetables (e.g. Amaranthus, spinach, rhubarb)
are rich sources of vitamins and minerals, but they contain
oxalic acid as a nutritional stress factor. Such plants, when
consumed in large amounts, become toxic to humansbecause
oxalate chelatescalcium, and precipitationof calcium oxalate
in the kidney leads to hyperoxaluria and destruction of renal
tissues (1, 2). Apart from this, at least two other instances
can be cited where oxalic acid is involved inanindirect
manner.Inone
case, theproduction of oxalic acid isan
important attacking mechanismutilized by Whetzelinia sclerotiorium, a fungus that causes serious damage to crops like
MATERIALS METHODS’
sunflower. Oxalic acid accumulates in the infected tissues
early in pathogenesis, and its concentration increases during
RESULTSANDDISCUSSION
the time the pathogen
is colonizing the host tissues. The
accumulation of oxalicacid in leaves causessymptoms of
Purification-Oxalate decarboxylase was purified from an
wilting and eventually leaf death. Thus, oxalic acid functions oxalate-induced crude extract
of C. uelutipes. Maximal activity
as a mobile toxin that moves from the base of stems toxylem was obtained 2 or 3 days after the addition
of oxalic acid. The
sap and leaves (3).
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had very similar amino acid compositions, except for a 2-fold
higher methionine and tyrosine content in peak B and a 2fold higher cysteic acid content inpeak A. Further relatedness
was indicated by the peptide map of the two peaks using
Staphylococcus aureus V8 protease (Fig. 4). The affinitypurified antibodies directed against peak A cross-reacted with
peak B protein. The amino acid composition, peptide maps,
and immunological cross-reactivityindicate
thatthe two
peaks resolved on chromatofocusing are related to each other.
The two forms with differencesin PI may arise from different
degrees of amidation of acidic amino acids or may be due to
microheterogeneity in the constituentoligosaccharide chains.
Molecular Mass Determination-The molecular mass of the
native enzyme estimated by gel filtration was 560 kDa (data
not shown). Electrophoresis on 7-15% gradient SDS-polyacrylamide gel showed the presence of a single polypeptide of
64 kDa (Fig. 2 A ) . This molecular size was consistently obtained with all different gel percentages used with the Laemmli buffer system (13). When the enzyme was treated with
endo-P-N-acetylglucosaminidaseH, the size of the major deglycosylated band was 55 kDa (Fig. 5). The enzyme was found
to be glycosylated, andthe high apparent molecular size
obtained bygel filtration could be due to the tendency of
certain glycoproteins to interactnoncovalently in solution (7,
8).
Biochemical Properties-From Lineweaver-Burk plots, an
apparent K, value of4.5 mM was calculated for potassium
oxalate as the substrate. This gave a V,,, of 166 pmol/min/
mg. The enzyme was competitively inhibited by phosphate
ions, and a Kiof 9 mM was obtained when 90 mM Poi- was
added to the reaction (data not shown). The enzyme was
specific for oxalate as the substrate since citric acid, acetic
S
A
B
acid, oxalacetic acid, succinic acid, and formic acid were not
used as substrates.
The enzyme was not irreversibly inactivated over a wide
range of pH values, and the pH optimum
for decarboxylation
is 3.0. The enzyme retained 78% of the initial activity after
20 min of incubation a t 80 "C. Almost total inactivation
occurred a t 96 "C within 10 min of incubation. Enzyme activity was unaffected by sulfhydryl group reagents as theenzyme
retained 95% of its activityin the presence of 50 mM pchloromercuribenzenesulfonic acid or 50 mM iodoacetate. Oxalate decarboxylase retained 45% of its activity after incubation with 10% SDS for 30 mina t room temperature. However,
when heated to 60 "C in thepresence of 10% SDS, almost all
of the activity was lost. The glycoprotein nature of the protein
was indicated by positive staining with periodate-Schiff base
reagent; it bound to concanavalin A-Sepharoseand was eluted
with 0.5 M a-methylmannoside (data not shown). The neutral
sugar content was estimated tobe 15%by the phenol/sulfuric
acid method.
Immunological Characterization-Immunotitration of the
enzyme with 8 p1 of crude anti-oxalate decarboxylase antiserumbrought down >60% of the initialactivity inthe
supernatant (Fig. 6). The antiserum
against oxalate decarboxylase used a t a dilution of 15000 could detect a minimum of
1.0 ng of peak A protein. The antiserum cross-reacted with
FIG.1. Elution profile of oxalate decarboxylase from chro- all the peptides obtained from V8 protease digests (Fig. 4)
matofocusing column. The protein from the Acetone-IV step (see and with the deglycosylated forms of peaks A and B of the
Miniprint) was loaded onto a DEAE-Sepharose CL-GB column (1 X enzyme (data not shown). The antiserum that was affinity13 cm) equlibrated with 0.02 M potassium acetate (pH 4.5). Bound purified against peak A protein cross-reacted with peak B of
proteins were eluted with a decreasing pH gradient. The activity was oxalate decarboxylase and oxalyl-CoA decarboxylase (9) from
associated with peak A eluting a t pH 3.3 and with peak B eluting a t Oxalobacter formigenes strain OxB. It did not cross-react with
pH 2.5. Inset, protein bands corresponding to the two peaks. Peaks
A ( l a n e A ) and B (lune B ) were resolved by 11% SDS-PAGE and oxalate oxidase from Hordeum uulgare (barley).
Molecular Cloning of cDNA Encoding Oxalate Decarboxylstained with Coomassie Blue. Lane S shows molecular mass markers
ase-For studies at the molecular level, a cDNA expression
from Sigma (SDS-7).

results of a typical purification procedure are given in Table
1.The enzyme resolved into two peaks ona chromatofocusing
column: peak Aeluted at pH3.3, and peak B eluted at pH2.5
(Fig. 1). Peak A was purified 1670-fold with 2.9% recovery,
whereas peak B coeluted with two minor contaminants and
was purified 614-fold with 16% recovery (Table 1). These
contaminants could be removed after passage through a Sepharose 4B gel filtrationchromatography column (datanot
shown), and this protein
was used fordetermining aminoacid
composition. Becauseof the high purity of peak A, this protein
was used for further work. The material in peakA eluted as
a single peak on a fast protein liquid chromatography Superose 12 column (data not shown), and 10pg of protein gave a
single spot on two-dimensional gel electrophoresis (Fig. 2B).
The serial 2-fold dilutions of the enzyme showed that atleast
45 ng of protein can be detected by Coomassie Blue staining
(Fig. 2 A ) . The migration distance of enzyme activity (R, =
0.35,gel slice 4) correlated with that of the single stained
band on nondenaturing PAGE (Fig. 3). No protein bands or
enzyme activity was found in any other partof the gel. Thus,
the protein band corresponding to peak A had the oxalate
decarboxylase activity. Enzyme preparations were stable a t 4
or -20 "C, and >70% of the initial activitycould be measured
after 4 months of storage at 4 "c a t 1 mg/ml in 0.02 M
potassium acetate (pH 4.5).
Relationship of Peak A to PeakB-Amino acid composition
data of the two peaks indicated the presence of a very high
content of acidic amino acids (22%) (Table 2). This could
account for their low PIvalues, althoughtheproportion
amidated in native proteinwas not determined. The
two peaks
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library was constructed from 12-h oxalate-induced mRNA in translated product gave a band of 55 kDa (Fig. 8B, lane 2),
Xgtll. Approximately 47,000 recombinants were screened which was similar to the size obtained with total poly(A+)
with theantibodypretreated withEscherichia coli lysate. mRNA (lane 3 ) and corresponded to the size of the deglycoFifteen immunopositive plaques were obtained and plaque- sylated protein. This 55-kDa proteinwas not obtained when
purified; of these, 12 cross-hybridized (data not shown). ThesemRNA was omitted (Fig. 8B, lane 1) or with the nonrecomencoded fusion proteins of sizes comparable to insert sizes binant vector sequences ( l u n e 4 ) . The 55-kDa product was
obtained with 12-h mRNA(Fig. 8A, lane 2) and not with
(Fig. 7 A ) . The phage DNA from 15 immunopositive clones
was immobilized onto a GeneScreen Plus membrane indupli- uninduced 0-h mRNA (lane 1); the 55-kDa band was shown
cate and probed with oxalate-induced and -uninducedcDNA to be related to oxalatedecarboxylase as thepurified oxalate
probes. Differential hybridization of the 15 immunopositive decarboxylase competed for antigen-binding sites andcaused
a decrease in the intensityof the 55-kDa band ( l a n e 3 ) in the
clones showed that 12 hybridized to the cDNA probe from
in uitro translation and immunoprecipitationexperiments.
oxalate plus mRNA and gave no signal with oxalate minus
Genomic Southern blots using the 1.2-kb insert as probe
mRNA (Fig. 7B). Thus, the expression of 12cloneswas
showed
the presence of single bands with the BarnHI, EcoRI,
induced by oxalate.
The pTZ18U subclone of the 1.2-kb insert from X clone 3 HindIII, PuuII, SspI, XbaI, and XhoI digests, indicating the
was used to hybrid-select the mRNA. The inuitro translation presence of a single copy gene (Fig. 9B).The two bands of
of hybrid-selectedRNA andimmunoprecipitation of the unequal intensities obtained with KpnI and PstI were due to
the presence of internal sites (single site for each enzyme) in
the 1.2-kb cDNA insert for these enzymes (data not shown).
A
0
The 1.2-kb probe hybridized to a single species of mRNA of
1 2 3
-1 2 3 4
1.5 kb from 12-h oxalate-inducedpoly(A+)RNA,
andno
hybridization to RNA from the uninduced lanewas seen (Fig.
kDa
kba
9A).
94 94
Regulation of Oxalate Decarboxylase Expression Occurs at
67 -67
Transcriptional Leuel-From the same batch
of cultures, samples
were
collected
from
different
stages
after
induction and
43 were analyzedfor RNA levels, enzyme activity, and total
-43
protein. The Northernblot of total RNA showed that the1.530 Kb bandwas absent a t 0 h and peaked a t 12 h. No RNA could
" ,ao
FIG.8. A, in uitro translation. The translation productsof in uitro be detected 3 days afterinduction (Fig. 10B). Enzyme activity
translated total poly(A+) RNA from uninduced, 0-h (lane 1), and 12- was detected 12h after the addition of oxalate and peak
h oxalate-induced (lane 2) stages were immunoprecipitated and re- activity was seen on day 2, after which there was a steady
solved by 10% SDS-PAGE. The gel was fluorographed and autora- decline. An associated increase or decrease in total protein
diographed. Lane 3 shows the disappearanceof the 55-kDa band when was not observed (Fig. 10C). Hence, a temporal relationship
purified oxalate decarboxylase waspresent asa competitor for binding
to antibodies during immunoprecipitation.B, hybrid-selected trans- was observed between the appearanceof enzyme activity and
lation. Poly(A') RNA (20 pglml) isolated from 12-h oxalate-induced the mRNA levels since the mRNA levels peaked 12 h after
C. uelutipes was hybridized with plasmid DNA (1.2-kb cDNA insert induction and the maximal enzyme activity was obtained 48
in pTZ18U) bound to a GeneScreen Plus membrane. The RNA was h after the additionof oxalic acid.
eluted and translated in rabbitreticulocyte lysate, and the translated
In conclusion, the largest cDNA clone (1.2 kb) was found
products were immunoprecipitated and resolved by 10% SDS-PAGE.
Lane 1, no mRNA; lane 2, hybrid-selected mRNA from the 1.2-kb to be related to mostof the otherimmunopositive clones and
insert, lane 3, 12-h total poly(A+) RNA; and lane 4, nonrecombinant is the presumptive oxalate decarboxylase clone because: 1) it
hybridized to the cDNA probe from oxalate-induced mRNA
vector sequences. The molecular mass markers are indicated.
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FIG.10. Regulation of oxalate decarboxylase gene expression. Shown
is total RNA (10 pg) isolated from cultures of C. uelutipes a t various time
points after the addition of oxalic acid.
A, ethidium bromide-stained 1.2% agarose gel showing relative loads
of glyoxaldenatured RNA; B, total RNA transferred to GeneScreen Plus and hybridized to 32P-labeled 1.2-kb cDNA insert;
C, relative amount of poly(A+) RNA encoding oxalate decarboxylase (0)from
the integrated areasof the densitometric
trace from the autoradiograph ( B ) . The
specific activity of the enzyme isolated
from the same culture isalso shown ( 0 ) .
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and not to uninduced cDNA,
uiz. it is differentially expressed
(Fig. 7 B ) ; 2) the 1.5-kb mRNA to which it hybridized was
induced by oxalate (Fig. 9A); and 3) it hybridized to mRNA,
which, via in uitro translation and immunoprecipitation,gave
a 55-kDa product (Fig. 8A, lune 2). This protein band was
obtained with 12-h induced mRNA and not with 0-h uninduced mRNA and corresponded to thesize of the deglycosyat the molecular level are being
lated protein. Further studies
done with the genomic clone obtained by screening the genomic library with the 1.2-kb cDNA insert as theprobe.
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