Fig. S1

Gene context diagram for representative organisms in (A) AtzD/TrzD clustered homologs and
(B) barbiturase cluster. The numbering represents proteins belonging to these various groups: 1.
COGO0154, Asp-tRNA Asn/Glu-tRNA GlIn amidotransferase belongning to the amidase signature
superfamily; 2. COG1335, amidase related to nicotinamidase and isochorismatase that belong to
the cysteine hydrolase superfamily; 3. COGO0388, Predicted amidohydrolase that belong to the
nitrilase superfamily  like nitrilase and cyanide hydratase; 4-7. COG3427, COG1529,
COG2080, and COG1319, uracil/thiaime dehydrogenase — precursor to barbiturase; 8.
C0OG2233, Xanthine/uracil permeases; 9. COGO0035, Uracil phosphoribosyltransferase; 10.
COG0549, Carbamate kinase which belongs to the amino acid kinase superfamily, including
uridylate, carbamate, asparto-, and acetylglutamate kinases; 11. trzC, ammelide amidohydrolase.
12. OG0402, Cytosine deaminase and related metal-dependent hydrolases; 13. COG0044,
Dihydroorotase and related cyclic amidohydrolases, likely L-Hydantoinases or Allantoinase; 14.
FdrA  like protein; 15. COGO0161, Adenosylmethionine-8-amino-7-oxononanoate
aminotransferase that belongs to acetyl ornithine aminotransferase family of the pyridoxal
phosphate (PLP)-dependent aspartate aminotransferase superfamily, incluiding ornithine
aminotransferase, acetylornithine aminotransferase, alanine-glyoxylate aminotransferase,
dialkylglycine decarboxylase, 4-aminobutyrate aminotransferase, beta-alanine-pyruvate
aminotransferase,  adenosylmethionine-8-amino-7-oxononanoate  aminotransferase,  and
glutamate-1-semialdehyde 2,1-aminomutase; 16. COG1028, Dehydrogenases with different
specificities (related to short-chain alcohol dehydrogenases); 17. COGO0145, N-
methylhydantoinase A/acetone carboxylase, beta subunit; 18. COG0146, N-methylhydantoinase
B/acetone carboxylase, alpha subunit; 19. regulator; 20. ABC transporter permease -
representing various COGs; 21. ABC trasporter ATP binding domain — representing various
COGs; 22. ABC transporter periplasmic component; 23. hypothetical; 24. DUF — domain of
unknown function; and 25. transposase.
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Gene context of AtzD/barbiturase family members. Despite the diverse origins of the source
organisms and the highly divergent protein sequences, the characterized proteins throughout Clade 1 had only
cyanuric acid hydrolase activity, while the only functional member of Clade 2 had barbiturase activity. To
determine if additional functional information could be identified by genomic context, the flanking regions of
the genes were compared (Fig. S2).

Gene context — Clade 1. Group 1 proteins were comprised of proteins found in the phylum Firmicutes.
Moorella thermoacetica ATCC 39073 was shown previously to exhibit cyanuric acid hydrolase activity (1).
Although the Paenibacillus and Bacillus proteins are also members of the Firmicutes, the tree location of these
proteins was method-specific, clustering in either Group 1 or in an adjacent cluster. For this reason they were
not included specifically in Group 1. The Firmicutes are diverse in sequence and organismal origins.
Clostridium asparagiforme DSM 15981 was isolated from human feces, Paenibacillus sp. JDR-2 was isolated
from sweet gum stem wood buried in surface soil and was shown to degrade hemicelullose, and Bacillus
cellulosilyticus DSM 2522 was isolated from soil and is known to degrade cellulose. The AtzD homologs in
these organisms have only 65, 58, and 41% sequence identity to the Moorella cyanuric acid hydrolase,
respectively. Clostridium and Bacillus strains share a common metal-dependent amidohydrolase gene similar to
cytosine deaminase (COG0402) located downstream of the atzD homolog genes. Members of this
amidohydrolase superfamily are responsible for the atrazine degradation pathway upstream of cyanuric acid. It
has yet to be determined whether the amidohydrolase protein encoded adjacent to the atzD gene in these
organisms is producing cyanuric acid.

Gene context information is not available for all organisms in Group 2 since individual genes were
sequenced, and the genome sequence is unknown. An operon was found to be present in P. ADP, encoding
atzD, atzE, and atzF (2). The AtzE and AtzF proteins are members of the amidase signature superfamily and
catalyze consecutive reactions, resulting in complete mineralization of cyanuric acid to ammonia and carbon
dioxide (Fig. 1). From the sequence information available, an identical transposon associated region, containing
trzD and its precursor gene trzC, was located in both Acidovorax citrulli strain 12227 and Enterobacter cloacae
strain 99 (Fig. S2A). These two genes encoded enzymes that convert ammelide to cyanuric acid and catalyze
the subsequent ring-opening reaction. TrzF, a homologous protein to AtzE and AtzF, located upstream of the
TrzD protein in Enterobacter cloacae strain 99, was shown to catalyze the allophonate hydrolase reaction in
that strain (24). A similar homolog is adjacent to the atzD gene in Bradyrhizobium japonicum USDA 110.
This enzyme shares 27% identity to AtzE and 25% identity to AtzF from P. ADP, and could possibly be
involved in deamination of the products generated by the cyanuric acid hydrolase.

Group 2 contains the only protein found in a eukaryote, the common photosynthetic marine alga
Micromonas sp. RCC299. Along with the USDA 110 protein, this is the only other Group 2 protein from an
organism not isolated for its s-triazine degradation ability. The atzD homolog gene is located on chromosome 7
and is surrounded by mainly predicted proteins that have no close function to proteins of known function.
Unlike the USDA100 protein, there is no evidence of potential s-triazine degradation pathway genes located
proximal to the atzD homolog. This protein has 45, 41, 42, and 32 % identity to AtzD (Pseudomonas sp. ADP),
TrzD (Acidovorax citrulli strain 12227), the Moorella cyanuric acid hydrolase, and barbiturase (Rhodococcus
erythropolis JCM 3132), respectively. Because of its sequence divergence and unique origin, this protein is a
good candidate for future functional studies.

Group 3 enzymes were found solely in a-proteobacteria (Fig. 2). The proteins had 37-55% identity to
AtzD, TrzD, the Moorella cyanuric acid hydrolase, or barbiturase (Table 1). No functionality was determined
among this group prior to this study. It should be noted that although all of these proteins originate in o.-
proteobacteria, they are not found in a large range of bacteria and are not present in all organisms in that genera.
For instance, Methylobacterium radiotolerans JCM 2831 and sp. 4-46 contain AtzD homologs, while the
genomes for Methylobacterium extorquens AM1 and M. nodulans ORS 2060 do not. All of the Group 3
organisms, with the exception of Oceanicola granulosus HTCC2516, are involved in nitrogen fixation or are
plant pathogens. The relevance of this observation has yet to be determined. The two Rhizobium enzymes are
encoded on large plasmids and have similar gene context, which include nitrilase and cysteine hydrolase
superfamily members directly upstream of atzD and a sugar ABC transporter and cysteine hydrolase



superfamily member directly downstream. Likewise, the two Bradyrhizobium strains in this group have similar
gene context, including a downstream TonB-dependent receptor protein and putative hydroxylase. Gene context
for all other organisms in this group are highly divergent (Fig. 4A). Oceanicola granulosus HTCC2516 and
Agrobacterium vitis S4 have one copy of the atzE/F protein pair in close proximity to the atzD genes. The
product of the AtzE-catalyzed reaction is allophonate that will spontaneously decarboxylate to form urea, which
many organisms can metabolize. This may account for only one AtzE/F homolog being present in these
organisms. The other strains, though lacking AtzE/F homologs, have other potential amidases belonging to the
cysteine hydrolase or nitrilase superfamilies in close proximity, which could be catalyzing AtzE/F type
reactions.

Azorhizobium caulinodans ORS 571 has two cyanuric acid hydrolase/barbiturase family members. The
protein encoded by locus AZC 3892 was placed in Group 3, while locus AZC 3203 was not placed in either
Clade 1 or 2 (Fig. 3). Upstream of the locus AZC_3892 gene is a metal-dependent amidohydrolase superfamily
member similar to proteins that are in the upper pathway in atrazine degradation leading to cyanuric acid
production. Downstream of the gene is a urea/short chain amide transport system. A cysteine hydrolase
superfamily protein upstream may also be involved in hydrolysis of the AtzD homolog products. Interestingly,
the AZC 3203 locus has one atzE/F homolog directly downstream of the atzD homolog gene.

The identical protein in Acidithiobacillus ferrooxidans ATCC 53993 and ATCC 23270 was placed
adjacent to Group3 in Fig. 3, but was not formally included in Group 3 for reasons stated above. These strains
are y-Proteobacteria isolated from acid mine drainage. The AtzD homolog has 34-46% identity with the
experimentally determined cyanuric acid hydrolases or barbiturases. It has the ability to fix nitrogen, which is
common to most of the Group 3 source organisms. The genomes revealed a combination of genes around the
AtzD homolog similar to multiple other groups. There are uracil permease and dehydrogenase genes similar to
Group 4 (described below), AtzE/F homologs similar to group 5 (described below) and some examples in
Groups 2 and 3, and multiple metal-dependent amidohydrolases, which are homologous to the upstream
pathway genes in s-triazine degradation. This last example demonstrates the variability of the regions found
flanking the Clade 1 genes. While some genes, such as those encoding amidase proteins, were observed
adjacent to atzD homologs with some frequency, no consistent patterns in the genes flanking Clade 1 atzD
homologs could be identified.

Gene context — Clade 2. Clade 2 consists of proteins found solely in certain Actinobacteria species
(Fig. 2). The proteins in this clade share greater than 72% identity with the experimentally determined
barbiturase from Rhodococcus erythropolis JCM 3132. With such similarity, it might be suspected that these
proteins belong in the same group and catalyze the same reaction. However, gene context data suggested the
division of this clade into two groups.

Group 4 genes encode proteins that have an upstream enzyme belonging to the amino acid kinase
superfamily (Fig. S2). This superfamily includes such enzymes as uridylate, carbamate, asparto-, and
acetylglutamate kinase. Uridylate kinase is a bidirectional enzyme that converts uridine 5’-diphosphate (UDP)
to uridine 5’-monophosphate (UMP). UMP can then be converted to uridine and then uracil by 5’ nucleotidase
(EC 3.1.3.5), and uridine nucleosidase (EC 3.2.2.3) or uridine phosphorylase (EC 2.4.2.3) to feed into the
pathway for uracil conversion to barbituric acid, and then malonate and urea (Fig. 1). Although the Group 4
proteins have high sequence identity to the known Rhodococcus erythropolis JCM 3132 barbiturase (74-86%),
no enzyme in this group has been purified and the function of the Group 4 proteins has not been validated. The
one organism in this group that lacks the kinase gene is Nakamurella multipartite DSM 44233. This organism
has transposons flanking the barbiturase homolog, suggesting a mobilization event may have occurred to
produce the current gene arrangement.

The second grouping in Clade 2, Group 5, contains the experimentally determined barbiturase from
Rhodococcus erythropolis JCM 3132 and proteins with greater than 92% identity to this enzyme, and are found
within other Rhodococcus species and Saccharomonospora viridis DSM 43017 (Fig. 3). Gene context data
(Fig. S2B) revealed that this group has a conserved amidase homologous to AtzE/AtzF directly after the
barbiturase. We propose that, analogous to the cyanuric acid degradation pathway in P. ADP, this amidase
catalyzes the next step in the barbituric acid degradation pathway, the conversion of ureidomalonic acid to
malonate and urea (Fig. 1). Although there is no genome for Rhodococcus erythropolis JCM 3132, two other
Rhodococcus erythropolis species, PR4 and SK121, show conserved uracil/xanthine permease and



uracil/thiamine dehydrogenase (small, middle, and large subunits) in close proximity (Fig. S2B). These
enzymes catalyze the transport and conversion of uracil to barbituric acid, respectively. The other Rhodococcus
strains in this group have these enzymes as well.

Due to a possible gene duplication or horizontal gene transfer event, Nocardioides JS614 has two
proteins within Clade 2. The protein encoded by gene locus Noca_4270 has the uracil/thiamine dehydrogenase
(small, middle, and large subunits), the enzyme producing barbituric acid, encoded directly upstream of the
barbiturase homolog. This protein however shares only 72% identity with the experimentally determined
barbiturase. Noca_1505 shares 86% identity with barbiturase but has the gene context described in Group 4. It
is possible that both group 4 and 5 proteins catalyze the barbiturase reaction, that Noca_4270 encodes a protein
having a different function, or that the coding sequence is a pseudogene. Additional experimentation is required
to confirm these functions.

Frankia sp. Eullc is an actinobacterium nitrogen-fixing symbiont found within root nodules of woody
trees and shrubs. The cyanuric acid hydrolase/barbiturase homolog in this strain has the lowest sequence
identity to the enzymes of known function, 36-40%. The genome sequence does not reveal any genes related to
cyanuric acid or barbaturic acid metabolism. Experimental investigation is required to determine the function of
this protein.



Fig. S2

Whole family sequence alignment. 80% identity are highlighted by the various colors with the most stringent condition being displayed: 80%
identity with a single residues are colored with a grey background, negative residue conservation are red (DE), Ser/Thr are cyan, aliphatic are grey
with a yellow background (ILV), positive are blue (HKR), tiny are green (AGS), aromatic are blue with a yellow background (FHWY), charged are
pink (DEHKR), small are forest green (ACDGNPSTYV), polar are light blue (CDEHKNQRSTYV), big residues are dark blue with a peach background

(EFHIKLMQRWY), and hydrophobic are black with a yellow background (ACFGHILMTVWY).
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Fig. S3

Mass spectra of cyanuric acid hydrolase reaction products using (A) unlabeled and (B) labeled cyanuric acid
substrate. Peak distribution from electrospray ionization in negative mode over the approximate reaction time
course for m/z of 244.0193 + 0.058 Da and 247.0196 + 0.038 Da for unlabeled and labeled, respectively. These
values are the averaged ion mass corresponding to the carboxybiuret anion complexed with potassium and
acetate ions.
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