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Expanding the Cyanuric Acid Hydrolase Protein Family to the Fungal
Kingdom

Anthony G. Dodge,a Chelsea S. Preiner,a Lawrence P. Wacketta,b

BioTechnology Institute,a and Department of Biochemistry, Molecular Biology, and Biophysics,b University of Minnesota, St. Paul, Minnesota, USA

The known enzymes that open the s-triazine ring, the cyanuric acid hydrolases, have been confined almost exclusively to the
kingdom Bacteria and are all homologous members of the rare cyanuric acid hydrolase/barbiturase protein family. In the pres-
ent study, a filamentous fungus, Sarocladium sp. strain CA, was isolated from soil by enrichment culturing using cyanuric acid
as the sole source of nitrogen. A reverse-genetic approach identified a fungal cyanuric acid hydrolase gene composed of two ex-
ons and one intron. The translated spliced sequence was 39 to 53% identical to previously characterized bacterial cyanuric acid
hydrolases. The sequence was used to generate a gene optimized for expression in Escherichia coli and encoding an N-terminally
histidine-tagged protein. The protein was purified by nickel affinity and anion-exchange chromatography. The purified protein
was shown by 13C nuclear magnetic resonance (13C-NMR) to produce carboxybiuret as the product, which spontaneously decar-
boxylated to yield biuret and carbon dioxide. The protein was very narrow in substrate specificity, showing activity only with
cyanuric acid and N-methyl cyanuric acid. Barbituric acid was an inhibitor of enzyme activity. Sequence analysis identified genes
with introns in other fungi from the Ascomycota that, if spliced, are predicted to encode proteins with cyanuric acid hydrolase
activity. The Ascomycota cyanuric acid hydrolase homologs are most closely related to cyanuric acid hydrolases from
Actinobacteria.

Cyanuric acid was first synthesized in 1829 by Wöhler (1) and is
currently an important commercial compound and interme-

diate. As examples of the latter, it is used to prepare cross-linked
polymers and chlorinated cyanuric acid for disinfection. Cyanuric
acid alone is only mildly toxic, but coingestion with melamine is
extremely hazardous. Recently, melamine containing significant
levels of cyanuric acid was used to adulterate pet food, and insol-
uble melamine-cyanuric acid complexes (2, 3) were identified as
the etiological agents of kidney failure in animals that ingested
food made with the tainted ingredients (4).

Cyanuric acid is also formed as a metabolic intermediate dur-
ing the microbial metabolism of s-triazine compounds such as
melamine (5) and the herbicide atrazine (6). This metabolic capa-
bility is found within only a very limited number of bacteria. These
bacteria transform cyanuric acid to 3 mol each of ammonia and
carbon dioxide (7) in a three-enzyme hydrolytic pathway. The
pathway begins with cleavage of the s-triazine ring by the enzyme
cyanuric acid hydrolase, which produces biuret (8–11). Subse-
quently, biuret undergoes enzymatic hydrolysis with the release of
ammonia by biuret hydrolase (9, 12), and the other product, al-
lophanate, is hydrolyzed by allophanate hydrolase (13) to produce
2 mol of ammonia and carbon dioxide, respectively.

Current knowledge of cyanuric acid hydrolase genes and en-
zymes is derived exclusively from studies with bacterial strains (8,
10, 11, 14–16). A recent study found 41 homologs of known cya-
nuric acid hydrolase genes in publicly available sequenced ge-
nomes (11). In that study, only one eukaryotic cyanuric acid hy-
drolase homolog, from the green alga Micromonas sp. strain
RCC299, was found in the public databases, and it was not verified
to be a bona fide cyanuric acid hydrolase.

Other enzymes that are known to cleave cyclic amide bonds
belong to large protein superfamilies (17), but the cyanuric acid
hydrolases are not evolutionarily related to any of these super-
families and are relatively rare (11). Barbiturase catalyzes an anal-
ogous ring-opening reaction with the pyrimidine barbituric acid

(18). The barbiturase reaction is part of the oxidative pyrimidine
salvage pathway and has thus far been reported to occur only in
the Actinobacteria (18, 19). The sequence divergence among char-
acterized cyanuric acid hydrolases and barbiturases suggests an
ancient origin for these enzymes, making it surprising that the
range of reactions catalyzed by this protein family is relatively
narrow (11, 14). Cyanuric acid degradation by several fungi has
been described (20–23), but the genetic and enzymatic basis for
degradation was not elucidated in those previous studies.

In the present study, we isolated a filamentous fungus by en-
richment culturing that grew by using cyanuric acid as the sole
nitrogen source. A cyanuric acid hydrolase gene homolog was
identified in the strain by reverse genetics, and the translated se-
quence, minus the intron regions, was observed to be homologous
to known bacterial cyanuric acid hydrolases. A bacterially express-
ible gene was designed, the encoded polypeptide was purified, and
the protein was shown to catalyze cyanuric acid hydrolysis effi-
ciently and to not act on many other analogous compounds. The
hydrolysis reaction produced carboxybiuret that decomposed
spontaneously to biuret, as shown by 13C nuclear magnetic reso-
nance (13C-NMR). Sequence analysis revealed that this fungal
protein was most closely related to other predicted fungal genes in
recently deposited genome sequences and that the fungal cyanuric
acid hydrolases are most closely related to bacterial cyanuric acid
hydrolases from the phylum Actinobacteria.
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MATERIALS AND METHODS
Chemicals, media, and growth conditions. Commercial chemicals were
obtained from Sigma-Aldrich (St. Louis, MO), except for cyanuric acid
(Alfa Aesar, Heysham, United Kingdom). Ammeline (2,4-diamino-6-
hydroxy-1,3,5-triazine); ammelide (2-amino-4,6-dihydroxy-1,3,5-tria-
zine); methyl-, 1,3-dimethyl-, and trimethylisocyanuric acids; 5-nitro
barbituric acid; and 5-methyl barbituric acid were synthesized in our lab-
oratory as described previously (24, 25). Enrichment cultures and isolated
strains were grown at 28°C in nitrogen-free basal salts (NFB) medium
composed of 50 mM potassium phosphate buffer (pH 7.0) supplemented
with magnesium, calcium, trace elements, and vitamins (26). Carbon
sources were added to 0.2% as noted, and nitrogen sources were added to
provide 3.0 to 9.0 mM available nitrogen atoms. Liquid cultures were
shaken at 225 rpm. Cyanuric acid clearing plates were prepared by adding
an oversaturating amount (1.75%) of cyanuric acid into NFB medium
with 1.5% Noble agar. Escherichia coli cultures were grown at 37°C in LB
medium supplemented with 50 �g/ml kanamycin when required.

Nucleic acid isolation and manipulations. Total genomic DNA and
RNA were purified from fresh biomass that was ground under liquid
nitrogen with a mortar and pestle. Genomic DNA was isolated with a
DNeasy plant minikit, and total RNA was isolated with an RNeasy minikit
(Qiagen, Hilden, Germany). Purified nucleic acids were quantitated with
a NanoDrop 2000 instrument (Thermo Scientific, Wilmington, DE).
PCRs were conducted with Phusion polymerase (New England BioLabs
Inc., Ipswich, MA), unless noted otherwise. A Qiagen OneStep reverse
transcriptase PCR (RT-PCR) kit was used for RT-PCR. Cycling condi-
tions used were those recommended by the manufacturers. Novel primers
used for PCR, RT-PCR, and sequencing are listed in Table 1. PCR-ampli-
fied fragments were purified with a Qiagen QIAquick gel extraction kit.
Gel-purified PCR products were cloned with a StrataClone PCR cloning
kit (Agilent Technologies, Santa Clara, CA) and sequenced with primers
M13 and M13-20 or with gene-specific primers as described below. Sanger
DNA sequencing was done by ACGT Inc. (Wheeling, IL).

Enrichment culturing, strain isolation, and strain identification.
Enrichment cultures were started by adding 1.0 g of soil from a campus
garden into 25 ml NFB medium with 1.0 mM cyanuric acid as the sole
nitrogen source and with glucose, sodium acetate, sodium succinate, glyc-
erol, and sodium citrate as carbon sources. The culture was transferred at
48- to 72-h intervals by inoculating a new aliquot of medium with 4 to
20% of the previous culture. Serial dilutions of the fifth-transfer culture
were spread onto cyanuric acid clearing plates and incubated. Colony
types that showed cyanuric acid clearing were streaked onto separate
plates and incubated. Colony types that showed clearing in isolation were
then tested for growth alone in the enrichment medium. Cyanuric acid
degradation was confirmed by monitoring the UV absorbance of culture
supernatants with a Beckman-Coulter (Brea, CA) DU-640 spectropho-

tometer. Isolates were further characterized by rRNA gene sequencing. A
1,724-bp fragment from the nuclear small-subunit (18S) rRNA gene was
amplified with primers NS1 and NS8 and sequenced with primers NS1,
NS2, NS7, and NS8 (27); a 541-bp fragment spanning internal transcribed
spacer 1 (ITS1), ITS2, and the 5.8S rRNA gene was amplified and se-
quenced with primers ITS1 and ITS4 (27).

DNA and protein sequence alignments and creation of phylogenetic
trees. DNA sequences were aligned against the nucleotide collection in
GenBank (Bethesda, MD) by using BLAST (28). Routine alignments of
protein sequences were done with ClustalW (29). MEGA 5 (30) was used
to align protein sequences with MUSCLE (31) and to generate maximum
likelihood and neighbor-joining phylogenetic trees. A consensus maxi-
mum likelihood tree was generated from 500 bootstrap replicates. The GI
numbers of the sequences used to create the phylogenetic trees are pre-
sented in Table S1 in the supplemental material.

Anion-exchange chromatography to fractionate cyanuric acid
hydrolase activity. Sarocladium sp. strain CA was grown in 2,000 ml of
NFB medium with 0.2% glucose and 3 mM cyanuric acid as the sole
nitrogen source, harvested with a 150-ml, 0.2-�m-mesh surfactant-free
cellulose acetate (SFCA) membrane bottle-top filter (Nalgene, Rochester,
NY), and ground for 5 min in a chilled mortar and pestle with 2 ml cold 20
mM Bis-Tris buffer (pH 7.0) (binding buffer) 1.0 g of 3M Empore Filter
Aid 400 high-density glass beads (Fisher Scientific, Pittsburgh, PA) per g
wet biomass. The slurry was centrifuged in chilled microcentrifuge tubes
at 14,000 rpm for 15 min at 4°C. Supernatants were passed through an
Acrodisc 0.45-�m HT Tuffryn membrane syringe filter (Pall Corpora-
tion, Ann Arbor, MI), and the filtrate (5.5 ml) was mixed with 6.0 ml of a
DEAE-Sephadex A50 anion-exchange resin slurry in binding buffer. The
mixture was swirled periodically and kept on ice in a cold room for 1 h.
Unbound proteins were collected by washing the resin four times with 1
volume of binding buffer and harvesting the supernatants by filtration as
described above. Bound proteins were eluted by similarly washing the
resin with binding buffer plus potassium chloride (KCl) added to 0.1, 0.2,
or 0.3 M. The first wash fractions from each elution step were concen-
trated 10 times by using Millipore Amicon Ultra-15 centrifugal filters
(10,000 nominal molecular weight limit [NMWL]) (Billerica, MA). Pro-
tein concentrations were determined by using Bio-Rad (Hercules, CA)
protein assay reagent (32). Fractions were screened for cyanuric acid hy-
drolase activity by adding 5 to 20 �g protein from the first wash fractions
to 1.0 ml of 3 mM cyanuric acid in potassium phosphate buffer (pH 7).
The reaction mixtures were incubated overnight and then diluted 20� for
UV spectroscopy analysis. Cyanuric acid hydrolase activity was indicated
by a decrease in absorbance of the cyanuric acid peak at 214 nm.

Protein mass spectrometry. The first 0.2 M KCl elution fraction was
submitted for peptide analysis to the University of Minnesota Center for
Mass Spectrophotometry and Proteomics. Proteins (3.4 �g) were digested
in solution with trypsin (Promega, Madison, WI), and the peptides were
desalted with 3M Empore styrenedivinylbenzene (SDB) filter paper ac-
cording to the stage tip procedure (33), dried, dissolved in 5.5 �l of water-
acetonitrile-formic acid (98:2:0.01), loaded onto a 12-cm- by 75-�m-
diameter fused silica pulled-tip capillary column packed with Magic
C18AQ reversed-phase resin (New Objective Inc., Woburn, MA), and
eluted with a 10 to 40% gradient of acetonitrile-water-formic acid (98:2:
0.01). Peptides were then analyzed by online capillary LC-nanoESI-
MS/MS (liquid chromatography-nanoscale electrospray ionization-tan-
dem mass spectrophotometry) using a Velos Orbitrap mass
spectrophotometer (Thermo Fisher) with HCD (high-energy-collision-
induced dissociating) activation, as previously described (34).

ProteinPilot 4.2 (AB Sciex, Framingham, MA) was used to find exact
peptide matches in a database composed of 41 cyanuric acid hydrolase
homologs (11); protein sequences from the order Hypocreales and the
fungal genera Aspergillus, Penicillium, and Sporothrix downloaded from
GenBank; plus a database of common contaminant proteins from the
Global Proteome Machine (http://www.thegpm.org/crap/index.html).
Additional peptides in the sample that were homologous but not identical

TABLE 1 Novel primers used in this study for PCR, RT-PCR, and
sequencing

Primer Sequence Characteristics

Glarea130F 5=-TGYGTYAAYGAYTTYTCTCGC-3= Degenerate PCR, forward
Glarea509R 5=-GCCATAGAYTCRTADGTRTC-3= Degenerate PCR, reverse
SaroGSP1-5= 5=-TCAGGAGCGGGCATTTGATGA

GAACCAT-3=
Genome walking, PCR,

forward
SaroGSP1-3= 5=-TGCTGTAACAATATTCTCCGG

CGGCACT-3=
Genome walking, PCR,

reverse
SaroGSP2-5= 5=-TGTTGAGCCTGTTCGTCTGT

GCCAATCT-3=
Genome walking, PCR,

and sequencing,
forward

SaroGSP2-3= 5=-AGATTGGCACAGACGAACAG
GCTCAACA-3=

Genome walking, PCR,
and sequencing,
reverse

Saro-1F 5=-ATGGCGCCGATTGAGATACTC-3= RT-PCR, forward
Saro1-1026R 5=-CTATATACTGGTCTCGTACA

CCAAAC-3=
RT-PCR, reverse

Saro1-1047R 5=-TCATGATTTGTCTTCGGTGGAA-3= RT-PCR, reverse
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to peptides in the database were inferred by de novo sequencing with
PEAKS version 5.3 software (Bioinformatics Solutions, Waterloo, On-
tario, Canada).

Gene prediction and identification. Peptide sequences obtained by
mass spectrometry were used to design degenerate PCR primers with
GeneFisher2 (35) on the BiBiServ server (http://bibiserv.techfak.uni
-bielefeld.de/genefisher2/). The primers were used in RT-PCRs with total
RNA from the fungal isolate as the template. The sequence of the ampli-
fied fragment was extended in both directions by DNA sequence walking
with a GenomeWalker Universal kit (Clontech, Mountain View, CA) and
primers SaroGSP1-5=, SaroGSP1-3=, SaroGSP2-5=, and SaroGSP2-3= (Ta-
ble 1). Potential genes were predicted in the resulting sequence on the
Softberry Inc. server, using the FGENESH (HMM-based gene structure
prediction) and FGENESH� (HMM plus similar protein-based gene pre-
diction) programs with Penicillium as the model genus and the Rhodococ-
cus sp. strain Mel cyanuric acid hydrolase (16) as the model protein se-
quence, respectively. A cyanuric acid hydrolase gene was similarly
predicted in the Glarea lozoyensis ATCC 74030 genomic sequence using
Botrytis as the model genus. RT-PCR was used with primer Saro-1F paired
with primer Saro1-1026R or Saro1-1047R to verify the correct stop codon
and sequence of the predicted spliced transcript in the fungal isolate.

Gene cloning, protein expression, and protein purification. The pre-
dicted cyanuric acid hydrolase gene from the isolate was codon optimized
for expression in E. coli by DNA 2.0 (Menlo Park, CA). The synthetic gene
was cloned into a pET28b� vector as an NdeI-EcoRI fragment so that the
expressed polypeptide would have an N-terminal six-His tag. Protein ex-
pression was induced with 0.1 mM isopropyl-�-D-thiogalactopyranoside
(IPTG) in E. coli BL21(DE3) cells grown in LB plus kanamycin, as de-
scribed previously (10). Cells were resuspended in 0.1 M potassium phos-
phate buffer (pH 7.0) containing 20 mM imidazole and 0.2 M sodium
chloride (buffer A), lysed with a French press, centrifuged as described
previously (10), and then filtered with Acrodisc 0.45-�m HT Tuffryn
syringe filters. The filtered lysate was loaded onto a HisTrap HP 5-ml
column charged with NiSO4 and connected to an Äkta fast protein liquid
chromatography (FPLC) system (GE Healthcare, Piscataway, NJ). The
column was washed with 10% buffer B (buffer A with 0.5 M imidazole),
and the remaining bound proteins were eluted with a linear gradient (20
column volumes) from 10% to 100% buffer B. Fractions containing the
peak that eluted from 43% to 90% buffer B were pooled, and the buffer
was exchanged to binding buffer by using Amicon Ultra-15 filters. The
protein solution was then loaded onto a column packed with Bio-Rad
Macro-Prep DEAE weak-anion-exchange resin, the column was washed
with 0.1 M KCl, and the remaining bound proteins were eluted with a
linear gradient (20 column volumes) from 0.1 to 0.3 M KCl in the binding
buffer. Fractions containing the peak that eluted from 0.11 to 0.16 M KCl
were pooled and concentrated as described above. Purity was checked by
SDS-PAGE, and the identity of protein bands was confirmed by mass
spectrometry.

Enzyme assays, determination of kinetic constants, and identifica-
tion of reaction products. Assays to determine kinetic constants were
conducted at pH 8.0 with 10 to 2,000 �M cyanuric acid and 1 to 5 �g
enzyme. A real-time spectrophotometric assay in 25 mM Tris-HCl (10)
was used at substrate concentrations of �100 �M (ε � 9,200 cm�1 M�1).
A fixed-time-point ammonia detection assay was used to determine reac-
tion rates at higher substrate concentrations in 25 mM potassium phos-
phate. Catalysis was stopped by boiling reaction tubes for 10 min, tubes
were cooled to room temperature, and 3 �g of purified biuret hydrolase
(12) was added. After 1 h, ammonia concentrations were determined by
using the Berthelot reaction (36). Products produced by enzymatic reac-
tions were monitored by nuclear magnetic resonance (NMR) spectros-
copy using universally labeled [13C]cyanuric acid, as described previously
(11). Activity on 100 �M N-methylisocyanuric acid was determined by a
spectrophotometric assay as described above (ε � 9,500 cm�1 M�1).
Activity on other potential substrates (cytosine, 5-azacytosine, thymine, ura-
cil, 5,6-dihydroxyuracil, 2,4,5-trihydroxy-pyrimidine, 6-azauracil, amme-

line, ammelide, 2-isopropylamino-4,6-dihydroxy-s-triazine, 2,4-dioxohexa-
hydro-s-triazine, 2,4,6-trimethoxy-1,3,5-triazine, methylisocyanuric acid,
2,3-dimethylisocyanuric acid, trimethylisocyanuric acid, trithiocyanuric
acid, barbituric acid, 5-nitrobarbituric acid, 5-methylbarbituric acid, hydan-
toin, succinamide, and maleimide) was screened by checking for UV spec-
trum changes after incubation of 100 �M substrate with 25 �g of enzyme
overnight. Competitive inhibition assays were conducted via the spectropho-
tometric assay with 100 �M cyanuric acid plus 0.125, 0.25, or 0.5 �M barbi-
turic acid and 5 �g of enzyme.

Nucleotide sequence accession numbers. The 18S rRNA and ITS/5S
rRNA sequences were submitted to GenBank under accession numbers
KF537244 and KF537245, respectively. The sequence of the contig con-
taining the Sarocladium sp. CA cyanuric acid hydrolase gene was submit-
ted to GenBank under accession number KF537246.

RESULTS AND DISCUSSION
Isolation and identification of a cyanuric acid-degrading fun-
gus. An enrichment culture on cyanuric acid was plated onto
opaque agar plates oversaturated with cyanuric acid to give a sin-
gle colony type that cleared insoluble cyanuric acid on the plates.
The peach-colored colonies consisted of a filamentous organism
that showed septate hyphae, cylindrical/ellipsoid conidia, and
chlamydospores, indicating that it was a fungus. The ITS and 5.8S
subunit sequence (541 nucleotides [nt]) were 100% identical to
several sequences from fungal genera that included Sarocladium,
Acremonium, Nectria, and Sigmoidea. The small-subunit rRNA
gene sequence was 100% identical (1,724/1,724 nt) to the Sarocla-
dium kiliense strain CBS 122.29 sequence and was highly similar
(1,723/1,724 nt) to the Sarocladium kiliense strain CBS 146.62 and
Sarocladium bactrocephalum strain CBS 749.69 sequences. Be-
cause these strains were members of a recently defined Sarocla-
dium species clade (37), the isolate was assigned to this genus and
denoted Sarocladium sp. CA.

Identification of the cyanuric acid hydrolase homolog of
Sarocladium sp. CA. A reverse-genetics approach was used to
identify the cyanuric acid hydrolase activity as a prelude to iden-
tifying the gene (Fig. 1). First, a cell-free protein extract was pre-
pared and subjected to anion-exchange chromatography, and cy-
anuric acid hydrolase activity was detected in the 0.2 M KCl eluate,
which contained a significant number of protein bands (Fig. 2A).
The protein fraction obtained was treated with trypsin protease,
and the peptides were analyzed by MS/MS. The peptide sequences
were then compared to those of proteins found in fungal genome
projects, bacterial cyanuric acid hydrolases, and common con-
taminant proteins. Surprisingly, a 12-residue peptide (TEGNGC
VNDFSR) (Fig. 2B) that exactly matched a peptide sequence con-
tained within a cyanuric acid hydrolase from the bacterium
Azorhizobium caulinodans ORS571 (locus AZC_3892) was found.
Attempts to amplify the cyanuric acid hydrolase gene sequence
from Sarocladium sp. CA using degenerate PCR primers designed
from this peptide and other regions conserved among cyanuric
acid hydrolase homologs were not successful. To identify addi-
tional peptides that were similar, but not identical, to the tryptic
peptides in the database, peptide sequences were generated from
the MS/MS data by de novo sequencing independent of the data-
base. This method inferred seven peptides ranging in length from
5 to 18 residues, a representative member of which is shown in
Fig. 2C.

PCR amplification of cyanuric acid hydrolase gene regions
from Sarocladium sp. CA genomic DNA was attempted with de-
generate primers designed from the peptide sequences identified

Cyanuric Acid Hydrolase in Fungi
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by MS/MS. Primers 130F and 590R, designed from the 12-residue
peptide (Fig. 2B) and a 13-residue peptide inferred by de novo
sequencing (VPVTTDTYESMAR) (Fig. 2C), amplified a 345-bp
fragment (386 bp including the primer annealing regions) that

could be translated into a 115-amino-acid (aa) polypeptide. When
the sequence was aligned against nonredundant protein sequences
in GenBank, the top matches were all proteins within the cyanuric
acid hydrolase/barbiturase family. Sequence walking extended the
nucleotide sequence in both directions, ultimately yielding a
1,666-nt contig. BLAST alignment of the translated sequence re-
vealed two open reading frames (ORFs) that were homologous to
cyanuric acid hydrolase sequences but that were not contiguous
and were in different reading frames.

Confirmation of exons and introns in the Sarocladium gene
and identification of other eukaryotic cyanuric acid hydrolase
gene homologs. To identify potential introns within the contig,
the sequence was analyzed with gene prediction programs using
other fungal sequences as models. Three versions of a single gene
were predicted within the contig, consisting of two or three exons
and one or two introns, respectively. To determine the authentic
spliced sequence of the gene transcript, RT-PCR was conducted
with reverse primers specific to the predicted 3= termini and total
RNA from Sarocladium sp. CA as the template. Amplification was
observed only with the primer set designed to amplify the two-
exon genes. The sequence of the amplified product was 100%
identical to that of the predicted spliced transcript of the two-exon
gene shown in Fig. 3A. In pairwise alignments, identities between
the putative Sarocladium sp. CA sequence and known functional
cyanuric acid hydrolases ranged from 39 to 53%, whereas the pair-
wise identities among bacterial cyanuric acid hydrolase sequences
ranged from 40 to 60% (Table 2). Similar tools allowed the iden-
tification of several other likely fungal cyanuric acid hydrolase
genes and their coding regions (Fig. 3B).

Two cyanuric acid hydrolase/barbiturase family homologs
were also discovered in the genome of the eukaryotic photosyn-
thetic plankton Emiliania huxleyi CCMP1516. The predicted
Emiliania proteins were composed of 373 or 797 aa. The shorter
polypeptide (EMIHUDRAFT_196547) was encoded by a single
ORF with no introns. The 797-aa polypeptide (EMIHUDRAFT_
464926) was predicted to be encoded by a 2,394-nt gene composed
of 4 exons (1,118, 606, 380, and 342 nt) and 3 introns (312, 78, and
72 nt). This polypeptide appeared to be a fusion of an N-terminal
cyanuric acid hydrolase family domain with an aspartyl/aspara-
ginyl beta-hydroxylase superfamily domain. However, there was
an in-frame stop codon that began 2 nt downstream of the first
exon. The polypeptide encoded by this ORF was the same length
as EMIHUDRAFT_196547, and alignment of the two sequences
revealed that 371 aa of 373 aa were identical, implying that a gene
duplication event had occurred.

Protein purification and identification of the protein as a
functional cyanuric acid hydrolase. The spliced gene sequence
was synthesized with codons optimized for expression in E. coli.
The encoded polypeptide was overexpressed with an N-terminal
six-His tag and purified to near homogeneity. The activity of the
enzyme was screened with a continuous spectrophotometric assay
that showed depletion of the cyanuric acid peak at 214 nm. In a
separate experiment, reacting 150 nmol of cyanuric acid with the
fungal protein plus biuret hydrolase enzyme yielded 142 nmol of
ammonia, indicating that the fungal enzyme ultimately produced
biuret from cyanuric acid as do bacterial cyanuric acid hydrolases
(8, 11, 38).

To verify that the fungal cyanuric acid hydrolase reaction fol-
lowed the same reaction mechanism as the bacterial enzymes, ini-
tial reaction products released from the enzyme were monitored

FIG 1 Schematic showing the experimental steps from enrichment culturing
to gene discovery, protein purification, and protein characterization.
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in real time by starting with 13C-labeled cyanuric acid and moni-
toring the reaction by 13C-NMR. Within minutes, the cyanuric
acid resonance at 157.3 ppm largely disappeared, with the subse-
quent appearance of three resonances with chemical shifts of
157.1, 156.8, and 155.0 ppm (Fig. 4A), which were previously
shown to be characteristic of carboxybiuret (11, 12). The three
resonances were transient, consistent with a rapid decarboxyl-
ation of carboxybiuret to form biuret and bicarbonate, showing

chemical shifts of 157.5 and 160.3 ppm, respectively (Fig. 4B). The
formation of carboxybiuret as the direct enzyme product, fol-
lowed by spontaneous decarboxylation to biuret, has also been
observed in reaction mixtures of the bacterial cyanuric acid hy-
drolases (11, 12).

While the above-described studies clearly showed that the
fungal enzyme had cyanuric acid hydrolase activity, it was pos-
sible that it was active with other substrates and that those

FIG 2 Fractionation of cyanuric acid hydrolase activity from a Sarocladium sp. crude cell extract and MS/MS identification of cyanuric acid hydrolase peptide
homologs. (A) SDS-PAGE analysis of the fraction with cyanuric acid hydrolase activity that was eluted from DEAE resin with 0.2 M KCl. MW, molecular weight
(in thousands). (B and C) Mass spectra of two cyanuric acid hydrolase peptide homologs identified in the active fraction by database matching (B) or de novo
sequencing (C). The y and/or b ions that identified each residue are indicated.

FIG 3 Exon (solid lines) and intron (dashed lines) structures of confirmed and predicted fungal cyanuric acid hydrolase family genes (lengths are proportional).
Nucleotide positions of exon boundaries are indicated. (A) The Sarocladium sp. CA authentic splicing pattern, as confirmed by RT-PCR. (B) The G. lozoyensis
ATCC 74030 gene was predicted in the unannotated genomic sequence in GenBank (GI:361128271). The Pseudocercospora fijiensis CIRAD86 gene was annotated
in GenBank (GI:452984457) as encoding a hypothetical protein in the cyanuric acid hydrolase family. The Mycosphaerella populorum SO2202 gene was predicted
from a two-exon gene annotated in GenBank as encoding a hypothetical fusion protein with an N-terminal cyanuric acid hydrolase family domain (GI:
453082292). The single exon version shown above uses an in-frame stop codon that was identified with the FGENESH algorithm on the Softberry server.
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substrates might be more important physiologically. In this con-
text, the purified fungal enzyme was screened for activity on sev-
eral triazine and pyrimidine analogs. No activity was detected with
the following compounds: cytosine, 5-azacytosine, thymine,
uracil, 5,6-dihydroxyuracil, 2,4,5-trihydroxy-pyrimidine, 6-azau-
racil, ammeline, ammelide, 2-isopropylamino-4,6-dihydroxy-s-
triazine, 2,4-dioxohexahydro-s-triazine, 2,4,6-trimethoxy-1,3,5-
triazine, N,N-dimethylisocyanuric acid, N,N,N-trimethylisocyanuric
acid, trithiocyanuric acid, barbituric acid, 5-nitrobarbituric acid,

5-methylbarbituric acid, hydantoin, succinamide, and maleimide.
Besides cyanuric acid, activity was detected only on N-methyliso-
cyanuric acid. The specific activity of the fungal enzyme with 100
�M N-methylisocyanuric acid was 69% of the activity with 100
�M cyanuric acid. A similar relative activity with N-methylisocya-
nuric acid was reported for AtzD, the cyanuric acid hydrolase
from Pseudomonas sp. strain ADP (14). The Moorella ther-
moacetica ATCC 39073 cyanuric acid hydrolase showed �1% of
the activity on N-methylisocyanuric acid as it did with cyanuric
acid (10).

Steady-state kinetics and inhibition. Steady-state kinetic as-
says gave a kcat of 3.4 	 0.2 s�1 and a Km of 400 	 55.7 �M. The
kcat/Km value was thus approximately 104 M�1 s�1. The parame-
ters measured with the fungal enzyme were lower than those re-
ported for several characterized bacterial enzymes (4 � 104 M�1

s�1 to 106 M�1 s�1), but they were not far outside the range.
Barbituric acid was tested as an inhibitor at concentrations of

0.125, 0.250, and 0.500 �M in 100 �M cyanuric acid. Specific
activities in the presence of different levels of barbituric acid were
58, 30, and 17%, respectively, of the activity observed with the
substrate but lacking the inhibitor. Barbituric acid was previously
shown to be a strong competitive inhibitor of the cyanuric acid
hydrolases AtzD (14) and TrzD (8).

Phylogeny of Sarocladium cyanuric acid hydrolase and other
cyanuric acid hydrolases. A phylogenetic tree (maximum likeli-
hood) was generated to infer evolutionary relationships among
the cyanuric acid hydrolase/barbiturase homologs in GenBank
and the newly discovered eukaryotic homologs (Fig. 5). The anal-
ysis was done with 79 sequences (the 7 eukaryotic sequences plus
72 complete sequence homologs from GenBank), and the tree was
rooted with the Frankia sp. strain EuI1c sequence (GI:280963003)
(Fig. 5), as was done previously (11).

The four fungal sequences clustered together (Fig. 5). The
Sarocladium sp. CA sequence was most closely related to the pre-
dicted Glarea lozoyensis ATCC 74030 sequence (Fig. 3B). The four
fungal sequences shared a node with three actinobacterial se-
quences, including the functional cyanuric acid hydrolase from

TABLE 2 Pairwise comparison by BLAST analysis of functional cyanuric acid hydrolases and barbiturase

Protein or source strain
genus

% aa sequence identity to other functional cyanuric acid hydrolases

AtzD TrzD Moorella Bradyrhizobium Rhizobium Methylobacterium Azorhizobium Barbiturase Rhodococcus

Sarocladium 43 40 42 42 44 39 41 35 53
Rhodococcusa 43 40 43 45 45 42 44 38 100
Barbituraseb 44 48 49 44 44 38 41 100
Azorhizobiumc 51 52 55 54 57 58 100
Methylobacteriumd 47 47 48 47 44 100
Rhizobiume 49 51 53 52 100
Bradyrhizobiumf 61 57 59 100
Moorellag 58 64 100
TrzDh 58 100
AtzDi 100
a Rhodococcus sp. Mel (16).
b Rhodococcus erythropolis JCM 3132 (18).
c Azorhizobium caulinodans ORS571 (11).
d Methylobacterium sp. strain 4-46 (11).
e Rhizobium leguminosarum bv. viciae 3841 (11).
f Bradyrhizobium japonicum USDA 110 (11).
g Moorella thermoacetica ATCC 39073 (10).
h Acidovorax citrulli strain 12227 (8).
i Pseudomonas sp. ADP (9, 14).

FIG 4 13C-NMR analysis of 13C-labeled cyanuric acid hydrolysis by the Saro-
cladium sp. CA cyanuric acid hydrolase. Shown is the composite spectrum
acquired immediately after addition of the enzyme (A) and the composite
spectrum acquired the next day (B).
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Rhodococcus sp. Mel (ORF 370009) (16). This branch of seven
sequences shared a node with another actinobacterial sequence
(from Pseudonocardia dioxanivorans CB1190), and this eight-se-
quence branch shared a node with a branch containing the
Micromonas and Emiliania sequences (Fig. 5). All of the eukary-
otic sequences were placed into the same subclade within the cy-
anuric acid hydrolase homologs. However, the fungal sequences
were more closely related to actinobacterial sequences than to the
Micromonas and Emiliania sequences.

The subclade containing the seven eukaryotic sequences and
the four actinobacterial sequences described above appeared con-
sistently when different alignment (MUSCLE or ClustalW) or
tree-building (maximum likelihood or neighbor-joining) algo-
rithms were used. The arrangement of the actinobacterial se-
quences differed slightly in the neighbor-joining tree, with the
Pseudonocardia sequence placed onto a branch with the Rhodococ-
cus and Gordonia sequences (not shown). With either method, the
fungal sequences were most closely related to the actinobacterial

sequences, and the Micromonas and Emiliania sequences were on
a separate branch at the most basal node of the subclade.

Evidence of possible horizontal gene transfer between bacteria
and Micromonas and other algae (39, 40) and also between fungi
and Actinobacteria (41) has been reported. The possibility of hor-
izontal transfer of cyanuric acid hydrolase genes between bacteria
and eukaryotes is suggested by the current phylogenetic tree (Fig.
5), but firm conclusions cannot be drawn due to the small set of
eukaryotic homologs. Extensive genetic drift has occurred within
this protein family (Table 2) (11), and absolute relationships
among the cyanuric acid hydrolase homologs are difficult to assert
with confidence due to low bootstrap support of several nodes in
the tree (Fig. 5). Discovery of more homologs in future genome
sequencing projects may help to clarify the phylogeny of eukary-
otic cyanuric acid hydrolases relative to bacterial homologs.

While this study was being conducted, the first X-ray structure
of a cyanuric acid hydrolase was reported (42). That study identi-
fied three serine-lysine dyads in the cyanuric acid hydrolase from

FIG 5 Maximum likelihood phylogenetic tree of cyanuric acid hydrolase/barbiturase family homologs, the consensus of 500 bootstrap replicates, rooted with the
Frankia sp. EuI1c sequence. Bootstrap values are indicated at each node. Black triangles represent collapsed branches containing sequences from strains of the
same genus or monophyletic homologs (barbiturases). The number of sequences in each set of collapsed branches is identified by an Arabic numeral in
parentheses. The two separate subclades of Bradyrhizobium species sequences are identified by bracketed Roman numerals. Phyla of the source strains are
indicated by labeled brackets or lines. The GI numbers of sequences are shown in Table S1 in the supplemental material.
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Pseudomonas sp. ADP that are proposed to play a role in binding
cyanuric acid and potentially promoting its hydrolysis. In this
context, we looked for the presence of the three serine-lysine dy-
ads that would be expected if the reaction mechanism of the bac-
terial and fungal enzymes is conserved (Fig. 6). In fact, the three
serine-lysine pairs align precisely, and the regions of the dyads
show 80 to 90% sequence relatedness, whereas the overall se-
quence relatedness is only 35 to 45%.

In conclusion, this study has identified and characterized a
cyanuric acid hydrolase in a filamentous fungus. The enzyme was
phylogenetically related to bacterial enzymes and displayed simi-
lar catalytic and kinetic behaviors. Cyanuric acid hydrolase activ-
ity has not been verified in other eukaryotes apart from fungi.
Müller and Payot (43) reported the evolution of 14C-labeled CO2

from corn (Zea mays) seedlings given 14C-labeled cyanuric acid.
However, further study would be needed to confirm that this was
due to endogenous cyanuric acid degradation. Searching the Zea
mays genome with cyanuric acid hydrolase sequences did not
identify any homologous proteins.
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