














FIG 3 Sequence alignment of experimentally characterized and highly divergent cyanuric acid hydrolase/barbiturase family members. A black background
indicates residues with 100% conservation over the entire family, a green background indicates 100% conservation across clade 1 (including sequences not in the
current alignment), and a red background indicates 100% conservation across clade 2 (Note that only one sequence from clade 2 is shown in this alignment.) The
blue background with an asterisk indicates different residues in clade 1 and clade 2 but 100% conservation within the respective clades.
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TABLE 2 Kinetic constants of various cyanuric acid hydrolase/barbiturase family enzymes, using cyanuric acid as a substrate

Enzyme name and /or organism (reference) keae (571 K, (uM) koK, (s7'M7H)
TrzD (20) 250 50 5 X 10°
TrzD (this study) 142 + 0.4 58+ 7 (2.5 + 0.4) X 10°

Pseudomonas sp. ADP AtzD (12) 6.8 = 0.7 57 =10 (1.2 = 0.3) X 10°
Pseudomonas sp. ADP AtzD (this study) 73+ 6 23+ 7 (3.2 +1.2) X 10°
Moorella thermoacetica ATCC 39073 (23) 10.6 110 1.0 X 10°

Bradyrhizobium japonicum USDA 110 93 *+0.7 50 = 10 (1.9 £ 0.5) X 10°
Rhizobium leguminosarum bv. viciae 3841 5+ 1 130 = 60 (3.8 = 2.5) X 10*
Methylobacterium sp. 4-46 17 %2 69 = 16 (2.5 +0.9) X 10°
Azorhizobium caulinodans ORS 571 locus AZC_3892 50 + 9 370 + 90 (1.3 = 0.6) X 10°

Azorhizobium caulinodans ORS 571 locus AZC_3203 —

a

@ —, no activity with any substrate tested.

with barbituric acid. The second homolog from Azorhizobium
caulinodans ORS 571, locus AZC_3203, failed to display either
cyanuric acid hydrolase or barbiturase activity, consistent with its
position outside both clades 1 and 2 (Fig. 2). The AZC_3203 pro-
tein was further tested for activity with other potential substrates,
including uracil, thymine, 6-azauracil, 5-azacytosine, cytosine,
2,4,5-trihydroxypyrimidine, 5-nitrobarbaturic acid, creatinine,
5,6-dihydroxyuracil, hydantoin, ammelide, ammeline, allantoin,
alloxan, urea, L-asparagine, and biuret. No hydrolysis of any of
these compounds could be detected by spectroscopy or HPLC.

Steady-state kinetic constants were determined to investigate
whether those parameters would indicate that cyanuric acid hy-
drolysis was a major physiological function for these proteins. In
general, physiological enzymes show k.,/K,, ratios of at least 10*
M ™" s™! for their preferred substrates. For comparative purposes,
AtzD from Pseudomonas sp. ADP and TrzD from Acidovorax cit-
rulli strain 12227 were also purified and kinetic values determined.
Note that the AtzD protein has been demonstrated to be part of an
operon that is regulated partly by cyanuric acid (13) and that TrzD
was isolated from a bacterium that grows on cyanuric acid as a sole
nitrogen source.

Stability studies with the Pseudomonas sp. ADP enzyme found
that when the enzyme was frozen, a substantial loss in activity
occurred. However, storage of the enzyme at 4°C resulted in stable
activity for more than 1 month. For this reason, all enzymes were
stored under these new conditions and activity monitored
throughout the study to ensure no detectable loss of activity. The
ko for the Pseudomonas sp. ADP enzyme, stored in this way, was
10-fold higher than that previously published (11). However, pu-
rified TrzD had a k,, that was 10-fold lower than that previously
published (20). The k_,, and K,, values for the newly cloned cya-
nuric acid hydrolases were each within an order of magnitude of
each other (Table 2). The k_,, values ranged from 5 to 73 s~ ' and
the K,,, values from 23 to 370 pM. These give k., /K,, values that
ranged from 4 X 10" to 5 X 10° These values suggested that
cyanuric acid hydrolysis is the physiological function of these en-
zymes. In contrast, the published values for the barbiturase are
lower for k_,, and higher for K,,,. Thus, the k_,/K,, is lower (K,,, =
1 mM, k., =165 ' and k_/K,, = 1.6 X 10°) (34). However, the
genome and physiological context indicate that barbituric acid
hydrolysis is the physiological function for this enzyme.

Demonstration that cyanuric acid hydrolases and barbitu-
rases are isofunctional with their respective substrates. Based on
overall sequence relatedness and multiple-sequence alignments, it
seemed odd that barbiturases and cyanuric acid hydrolases would

cat’
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catalyze different reactions. Biuret had been reported as the prod-
uct of the cyanuric acid hydrolase reaction (8, 12, 20, 23), includ-
ing in one previous study using '>’C NMR (36). However, in that
previous '>C NMR experiment, the reaction mixture was analyzed
at a pH of 4.0, a pH at which carboxybiuret, if formed, would be
highly unstable. In that context, this experiment was reexamined
here.

In the present study, '>’C NMR was used to analyze reaction
mixtures poised at pH 7.7. Cyanuric acid is a symmetrical mole-
cule (Fig. 1A), and the three carbon atoms appeared as a single
resonance (157.7 ppm) in the "?’C NMR spectrum, as expected
(Fig. 1A and 4A). Biuret is also symmetrical (Fig. 1A), and carbon-
ate/bicarbonate contains a single carbon atom; therefore, single
resonances were expected. Experiments confirmed this, with
chemical shifts of 157.5 and 160.4 ppm, respectively. The three
carbon atoms in the proposed carboxybiuret intermediate would
be bonded to different substituents (Fig. 1A) and would be ex-
pected to appear as three separate resonances. Prior to enzyme
addition, a stable signal for [U-'>C]cyanuric acid was observed at
157.7 ppm (Fig. 4A). The addition of cyanuric acid hydrolase from
Moorella thermoacetica ATCC 39073 led to a decrease in the cya-
nuric acid resonance of approximately 40% and, concomitantly,
showed three new signals (157.1 ppm, 156.8 ppm, and 155.0
ppm), which we attributed to the presence of carboxybiuret (Fig.
4B). No bicarbonate/carbonate signal was observed at this time.
Asthereaction proceeded (Fig. 4C), a peak attributed to bicarbon-
ate/carbonate appeared at 160.4 ppm. The resonance(s) at 157.5
to 155.7 ppm became broad and misshapen due to the appearance
of biuret carbon atoms resonating at 157.5 ppm and overlapping
with the residual cyanuric acid peak at 157.7 ppm. As the reaction
continued, the cyanuric acid peak shifted slightly upfield, likely
due to increased acidity of the reaction mixture. The biuret peak
increased and sharpened (157.5 ppm) (Fig. 4D). Concurrently,
the bicarbonate/carbonate peak also increased. At this stage of the
reaction, the integration of the bicarbonate/carbonate-biuret sig-
nals yielded a molar stoichiometry of 1:1, as expected. Also, the
ratio of the proposed carboxybiuret carbon resonances was 1:1:1,
as expected. (Fig. 4D). Within 2 h, only bicarbonate/carbonate
and biuret were detected (Fig. 4E). Formation of carboxybiuret via
>C NMR was observed with the cyanuric acid hydrolases from
Pseudomonas sp. ADP, Moorella thermoacetica ATCC 39073, and
Azorhizobium caulinodans ORS 571 (locus AZC_3892). These re-
sults suggested that cyanuric acid hydrolases uniformly catalyze a
hydrolytic amide bond cleavage that is analogous to the barbitu-
rase reaction (Fig. 1).
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FIG 4 >C NMR of cyanuric acid hydrolase biotransforming [U-'*C]cyanuric
acid to [U-"*C]carboxybiuret, followed by nonenzymatic decarboxylation. (A)
[U-*C]cyanuric acid without enzyme; (B to E) [U-'?C]cyanuric acid with
enzyme at 9 min (B), 14 min (C), 41 min (D), and 112 min (E).

Attempts to synthesize carboxybiuret were unsuccessful, and,
to our knowledge, its synthesis has not been described in the lit-
erature. In light of this, we also employed mass spectrometry with
electrospray ionization to support the identification of carboxy-
biuret. Cyanuric acid with natural isotopic abundance was incu-
bated with cyanuric acid hydrolase and observed over time. A
parallel experiment was performed using [U-'>C]cyanuric acid. In
negative-ion mode, we observed mass ions consistent with the
formation, and subsequent decomposition, of carboxybiuret ad-
ducts over the time course. Two pairs of ions were examined in
detail. Each pair contained one ion from the experiment with
unlabeled cyanuric acid and a corresponding heavier ion from the
experiment with [U-">C]cyanuric acid. In the case of the ion pair
with the nominal masses of 244 and 247 Da, these were attributed
to carboxybiuret combining with potassium acetate (see Fig. S3 in
the supplemental material). In the case of the ion pair with masses
of 347 and 352 Da, these could be generated from carboxybiuret in
complexation with biuret and potassium acetate or phosphoric
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acid. We did not observe the parent ion of carboxybiuret. This is
likely because it was too unstable to survive the electrospray or the
mass spectrometer analyzer and thus was seen only when com-
plexed with another ion that provided some protection. In total,
the mass spectrometry data supported the conclusion that car-
boxybiuret is the intermediate generated by cyanuric acid hydro-
lase.

Evidence against the AtzD/barbiturase family linkage to the
amidohydrolase superfamily. Initially, the barbiturase from Rho-
dococcus erythropolis JCM 3132 was identified as a member of the
amidohydrolase superfamily due to the presence of a C-terminal
HxH site in the protein sequence and a 1:1 zinc-to-subunit ratio
(34). The homologous AtzD protein, however, lacked any observ-
able bound metal (12). The current study further establishes that,
beyond these two proteins being homologous, the reactions that
they catalyze are completely analogous. Having homologous pro-
teins catalyzing analogous reactions with two different mecha-
nisms, one involving a metal and one without, is highly unusual,
prompting additional investigation into this matter.

Extensive sequence comparisons were conducted here to assess
AtzD/barbiturase family linkages or their absence. Results from
pblast, PSI-BLAST, Shotgun, and HMMER were unable to link
any AtzD/barbiturase family member to an outside family or su-
perfamily, including the amidohydrolase superfamily. Likewise,
analysis of over 33,000 amidohydrolase sequences found in the
Structure Function Linkage Database (29) failed to connect to any
member of the AtzD/barbiturase family.

The amidohydrolase proteins comprise an extensive super-
family, usually containing one or two metals that are liganded by a
set of conserved histidines and, in many cases, carboxylic acid
residues. The amino acid ligands span the length of the linear
protein sequence, with the HxH site being the first, located in the
N-terminal part of the protein. The protein folds into a (B/a)g
barrel in which the metal ligands, located in conserved positions
within the secondary structure, converge into the center of the
barrel to coordinate the metal (33). Secondary-structure predic-
tions for the AtzD/barbiturase family were not able to establish
similarity in structure or to find metal ligands comparable to those
in the amidohydrolase superfamily. The only commonality be-
tween this superfamily and the barbiturase is the HxH site. The
presence of an HxH site alone is not enough to link proteins to the
amidohydrolase superfamily, especially since the amidohydrolase
site is in the N terminus and the barbiturase site is in the C termi-
nus of the protein. Countless other proteins also have an HxH site
without being related to the amidohydrolase superfamily (6, 17,
19, 27, 38). Furthermore, analysis of the AtzD/barbiturase family
sequences reveals that this HxH site, initially identified in a single
protein from Rhodococcus erythropolis JCM 3132, is not com-
pletely conserved (Fig. 3). If this motif were required for metal
binding and catalysis, conservation across the entire protein fam-
ily would be expected.

Previous studies on enzymes from Acidovorax citrulli strain
NRRLB-12227, Pseudomonas sp. ADP, and Moorella thermoacetica
ATCC 39073 found no stimulation from adding divalent metal
ions (12,20, 23). However, in the present study, we did analyze for
the presence or absence of a stoichiometrically bound metal. The
cyanuric acid hydrolases from Pseudomonas sp. ADP, Moorella
thermoacetica ATCC 39073, and Bradyrhizobium japonicum
USDA 110 and the barbiturase from Rhodococcus erythropolis JCM
3132 were subjected to metal analysis under the same conditions.
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Zing, iron, cobalt, nickel, copper, manganese, magnesium, lead,
cadmium, and chromium were looked for. Only zinc and nickel
were above background levels, and the amounts of those metals
combined accounted for less than 0.1 metal per subunit. This dif-
fers greatly from the case for amidohydrolase superfamily mem-
bers, which usually have 1 to 2 metals per subunit, as determined
in our laboratory by this same method. These data suggested that
both the cyanuric acid hydrolases and barbiturase are not metal-
loproteins.

DISCUSSION

This study is the first to describe the cyanuric acid hydrolases and
barbiturases as a protein family. Previously, the barbiturases were
suggested to be zinc enzymes in the amidohydrolase superfamily,
but sequence analysis and metal determination conducted here
argue against that family assignment and place them, along with
the cyanuric acid hydrolases, in a unique protein family. This
study further established that both enzymes catalyze common
chemistry: a hydrolytic ring amide bond cleavage reaction, result-
ing in the opening of a heterocyclic 6-membered ring. The NMR
and mass spectrometry experiments conducted here show for the
first time that cyanuric acid hydrolases release carboxybiuret and
not biuret.

The known set of proteins in this protein family was expanded
from 4 to 41. Still, this is a rare family, appearing on an average of
once in every 200 sequenced genomes (from a set of 6,423 ge-
nomes). The lack of a crystal structure within this set prevents the
identification of the fold. Fold recognition/homology modeling
programs such as SUPERFAMILY (15), pGenTHREADER (25),
pDomTHREADER (25), Phyre2 (21), and SWISS-MODEL (1)
were unable to provide any insights into structural classification.
However, sequence comparisons, followed up by purification and
activity measurements, allowed us to differentiate barbiturases
from cyanuric acid hydrolases. The latter are the larger set of pro-
teins known at this time, mainly due to their prevalence in s-tria-
zine-degrading bacteria. The mobility of s-triazine degradation
genes and high sequence identity of this group (group 2 in Fig. 2)
suggest that these proteins may be part of a resurgence of cyanuric
acid hydrolases due to the large amount of anthropomorphic s-
triazine chemicals being produced currently. s-Triazine herbicides
and melamine alone are produced in quantities greater than one
hundred million pounds and one billion pounds, respectively
(22).

Cyanuric acid is found naturally, but its occurrence derives
from spontaneous rather than metabolic chemistry. Cyanuric acid
has been recovered from meteorites (16), and s-triazines have
been identified in “primordial soup” experiments (18). Cyanuric
acid also is formed intracellularly during the radiative decay of
purine nucleotides. These observations are consistent with the
data in this paper that suggest an ancient set of genes without a
strong selection pressure for their prevalence.
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