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The activity of the allophanate hydrolase from Pseudomonas sp. strain ADP, AtzF, provides the final hydrolytic step for the min-
eralization of s-triazines, such as atrazine and cyanuric acid. Indeed, the action of AtzF provides metabolic access to two of the
three nitrogens in each triazine ring. The X-ray structure of the N-terminal amidase domain of AtzF reveals that it is highly ho-
mologous to allophanate hydrolases involved in a different catabolic process in other organisms (i.e., the mineralization of urea).
The smaller C-terminal domain does not appear to have a physiologically relevant catalytic function, as reported for the allopha-
nate hydrolase of Kluyveromyces lactis, when purified enzyme was tested in vitro. However, the C-terminal domain does have a
function in coordinating the quaternary structure of AtzF. Interestingly, we also show that AtzF forms a large, ca. 660-kDa, mul-
tienzyme complex with AtzD and AtzE that is capable of mineralizing cyanuric acid. The function of this complex may be to
channel substrates from one active site to the next, effectively protecting unstable metabolites, such as allophanate, from sol-

vent-mediated decarboxylation to a dead-end metabolic product.

Atrazine (1-chloro-3-ethylamino-5-isopropylamino-2,4,6-tri-
azine; Fig. 1) is one of the most heavily applied herbicides in
the world and is registered for use in North and South America,
Australia, Africa, Asia, and the Middle East. Atrazine is environ-
mentally persistent (half-life, 4 to 57 weeks, depending on the
location) and mobile, leading to the detection of atrazine in sur-
face water, groundwater, and aquifers (1-3). Atrazine has been
detected in the environment at concentrations of up to 4.6 uM in
several countries (2, 3). It has been suggested that atrazine may be
a carcinogen and an endocrine disrupter at such concentrations
(4-6).

Since atrazine was introduced in the 1950s, bacteria have
evolved highly efficient catabolic pathways that allow the use of
atrazine as a sole nitrogen and carbon source (7-10). These path-
ways have provided valuable insights into the evolutionary pro-
cesses that drive the establishment of new enzyme function and
new catabolic pathways (11-15). In addition, these pathways and
cognate enzymes provide a potential biotechnological solution to
atrazine contamination (i.e., bioremediation) (16-19).

The most intensively studied atrazine catabolism pathway was
discovered in Pseudomonas sp. strain ADP in the mid-1990s and is
comprised of six hydrolases: atrazine chlorohydrolase (AtzA; EC
3.8.1.8) (20, 21), N-ethylaminohydrolase (AtzB; EC 3.5.99.3) (22,
23), N-isopropylammelide isopropylaminohydrolase (AtzC; EC
3.5.99.4) (24, 25), cyanuric acid amidohydrolase (AtzD; EC
3.5.2.15) (15, 26, 27), biuret amidohydrolase (AtzE; EC 3.5.1.84)
(28), and allophanate hydrolase (AtzF; EC 3.5.1.54) (29-31).
These hydrolases sequentially dechlorinate (AtzA) and remove the
two N-alkyl side groups (AtzB and AtzC) to produce cyanuric
acid, which is then further hydrolyzed to biuret, allophanate, and
ammonia via AtzD, AtzE, and AtzF, respectively (Fig. 1).

In other bacterial genera, such as Arthrobacter and Nocar-
dioides, the function of AtzA is conducted by TrzN (32-36). Al-
though TrzN is physiologically analogous to AtzA, it appears to
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have evolved independently, as the two enzymes share low se-
quence identity and have significantly different reaction mecha-
nisms and substrate ranges.

Recently, there have been concerted efforts to understand the
structural biology of the hydrolases of the atrazine catabolic path-
way, with the structure of TrzN being obtained in 2010 (33) and
the structure of AtzD (15), which possesses a previously unre-
ported Toblerone protein fold, being reported in 2013. A structure
for AtzC has also been deposited in the Protein Data Bank (PDB
accession number 2QT3). Structures for AtzB, AtzE, and AtzF
have yet to be reported, although structures for the ureolytic al-
lophanate hydrolases (AHs) from Kluyveromyces lactis (AHy,;) and
Granulibacter bethesdensis (AH,,) were reported in 2013 (37, 38).
Unlike the atrazine-degrading AHs, the ureolytic enzymes are
found as multidomain enzymes along with a biotin- and ATP-
dependent urea carboxylase, which is required to generate alloph-
anate from urea (37, 39-42). The AH components of these com-
plexes have considerable sequence conservation with each other
and the triazine-related AHs (Fig. 2).
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FIG 1 Mineralization of atrazine in Pseudomonas sp. strain ADP. Atrazine (a)
is hydrolyzed by AtzA, releasing chloride. The product (b) is further hydro-
lyzed by AtzB, releasing ethylamine (c), and subsequent hydrolysis of the re-
sulting product (d) releases isopropylamine (e), generating cyanuric acid (f).
AtzD hydrolyzes cyanuric acid to produce the unstable 1-carboxybiuret (g),
which decomposes to biuret (h). Biuret is deaminated by AtzE to yield alloph-
anate (i), which can spontaneously decompose to urea (j) or can be deami-
nated by AtzF to produce the unstable N-carboxycarbamate (k), which spon-
taneously decomposes first to carbamate (1) and then to ammonia. spon.,
spontaneous.

AH is a member of the amidase signature family, characterized
by an ~130-amino-acid-long region that is rich in serine and gly-
cine residues and contains a characteristic Ser—cis-Ser—Lys cata-
lytic triad (43, 44). Uniquely among this family of amidases, the
AHs possess a conserved ca. 15-kDa extension at the C terminus of
the amidase domain, of uncertain function, that is present in both
eukaryotic and prokaryotic AHs (38). In a report from Fan et al.,
the authors proposed that the C-terminal domain of AHy; is in-
volved in the hydrolysis of N-carboxycarbamate, the unstable
product of AH-mediated allophanate deamination (Fig. 1) (37).
Moreover, in silico substrate docking suggested that a C-terminal
histidine residue (His492) plays an important catalytic role (37).

Herein, we present the X-ray structure of the N-terminal ami-
dase domain of AtzF from Pseudomonas sp. strain ADP and com-
pare it with the recently determined AH structures. Our in vitro
biochemical data were unable to support a physiologically rele-
vant catalytic function for the C-terminal domain of AtzF. How-
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ever, we present evidence for a functional role for the ~15-kDa
C-terminal domain in coordinating the quaternary structure of
the protein; AtzF forms a large multienzyme complex with AtzD
and AtzE that mineralizes cyanuric acid. The function of this com-
plex may be to protect unstable metabolites, such as allophanate,
from solvent-mediated decarboxylation to a dead-end metabolic
product.

MATERIALS AND METHODS

DNA manipulation. The cloning of atzF and the truncated gene encoding
the amidase (N-terminal) domain of AtzF (atzF,,) is described elsewhere
(45). A mutant of atzF that encoded the AtzF H488A variant was pro-
duced by the overlapping PCR method of Ho et al. (46), using atzF as the
template DNA and primers atzF H488A fwd (5'-ACCAGCCCTTGAATG
CTCAGCTCACGGAG-3') and atzF H488A rev (5'-TCTCCGTGAGCT
GAGCATTCAAGGGCTGG-3"). PCRs with Phusion DNA polymerase
(New England BioLabs [NEB], Ipswich, MA, USA) were conducted under
the following conditions: 30 s of denaturation (98°C) and 30 s of anneal-
ing (55°C), followed by a 2-min extension (72°C).

The atzF H488A amplicon was digested with Ndel and BamHI (NEB,
Ipswich, MA, USA) and cloned into the pETCC2 expression vector (15).
The resultant plasmid was used to transform electrocompetent Esche-
richia coli BL21 N(DE3) cells (Invitrogen, CA) following the manufactur-
er’s instructions.

Protein expression and purification. Expression, postexpression har-
vest, and lysis of cells for the AtzF H488A variant were carried out under
the same conditions used for AtzF and AtzF,, expression reported else-
where (45). Purification of AtzF H488A from soluble cell extract was
carried out by metal ion affinity chromatography using an Ni-nitrilotri-
acetic acid Superflow cartridge (Qiagen, MD). After loading the soluble
fraction onto the column, a step gradient of 12.5 mM imidazole was ap-
plied for six column volumes, followed by a seven-column-volume wash
with 50 mM imidazole, after which protein was eluted in seven column
volumes of 250 mM imidazole.

Crystallization and structure solution. Crystallization and data col-
lection were done as previously described (45). Briefly, crystals grew from
a reservoir containing 11 to 14% (wt/vol) polyethylene glycol 3350 and
2% Tacsimate reagent (pH 5) at 293 K and were used to collect X-ray data
at the MX-2 beamline of the Australian Synchrotron using a wavelength of
0.9529 A (13,011 eV). The structure was solved using molecular replace-
ment (Phaser software) (47) of the structure with PDB accession number
2DQN (48), and a clear solution with six protomers in the asymmetric
unit was found. The space group was found to be P2,, and the resolution
of the data extended to 2.5 A (Table 1). The model was rebuilt by hand
using Coot software (49) and refined using the Refmac program (50), with
the noncrystallographic symmetry (NCS) restraints option being used
during all stages of refinement. Four of the molecules (chains A to D) had
asignificantly better electron density than the other two molecules (chains
Eand F).

The crystals were grown in the Tacsimate reagent (Hampton Re-
search), which is predominantly malonic acid, and there was an unam-
biguous density for malonic acid in the four protomers with a good elec-
tron density. Despite the poor density for two of the molecules in the
asymmetric unit, the model refined to R, and Ry, values of 22.4% and
25.9%, respectively (Table 1). The Ramachandran plot (from Coot soft-
ware) shows that 94.3% of the residues were in the most favorable region,
4.3% were in the allowed region, and were 1.5% in the outlier region.

SAXS. AtzF and AtzF,,, were dialyzed overnight into 50 mM Tris
buffer, pH 7.5, 100 mM NaCl. The same buffer used as the buffer standard
during data collection was used. A dilution series of AtzF (from 6.8 to 0.2
mg/ml) and AtzF g, (from 13.1 to 0.4 mg/ml) was prepared, and scatter-
ing data were collected for 1 s using a Pilatus 1 M photon-counting detec-
tor (Dektris) with a sample-to-detector distance of 1.6 m. Ten replicate
images were collected for each sample and averaged, with outlier rejec-
tion, to control for radiation damage. Data were measured in a Q (scat-
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** *
AtzF MNDRAPHPERSGRVTPDHLTDLASVQAAYAAGT——DAADVISDLYARIKEDGENPIWISL
AHg,  ——===————————a-] MTLSMTLEGIQAFLAQGG--TIEQVVTEAYDRITRYGDKAVWIAL
AHyg === MESTLGWSVQDWLSFHSKSTPTKSLELLENLLKSQKPAPEDPAWISL
*
** **** ****** % %K **.: *- -*
AtzF LPLESALAMLADAQQRKDKGEALPLFGIPFGVKDNIDVAGLPTTAGCTGFARTPRQHAFV
AHg RPREEVLAEARALDASPATG--KPLYGVPFAVKDNIDVAGLPCSAACPAFTYEPDRDATV
AHp IPVEDLHHQWNILQSKSNKEE-LPLYGVPIAVKDNIDYKGLPTTAACPSYLYQPTRDSYV
+*
* x ***: :************ ***:*:* . ***::_*:*****:*** _*_ * %
AtzF VQRLVDAGAIPIGKTNLDQFATGLNGTRTPFGIPRCVENENYVSGGSSSGSAVAVANGTV
RAHg, VARLRAAGAIVLGKTNLDQFATGLVGTRSPFGAPRCVFDQDYISGGSSSGSAVAVAAGLV
AHp VELLRDAGAVVIGKTNLDQFATGLVGTRSPYGKTPCVENDKYVSGGSSAGSASVVGRGIV
000
**k***k****** -k** X %% - * ¥ % % %% :* 7 ‘k** **** tkak =
AtzF PFSLGTDTAGSGRIPAAFNNLVGLKPTKGLFSGSGLVPAARSLDCISVLAHTVDDALAVA
AHg, AFSLGTDTAGSGRVPAAFNNLVGVKPTKGLLSTSGVVPACRSLDCVTVFAASVAEGTLIR
AHp PLSLGTDTAGSGRVPAALNNLIGLKPTKGAFSCRGVVPACKSLDCVSVFALNLSDAEIAF
i * .. o Be e FLEE ko ook: L2
AtzF RVAAGYDADDAFSRKAGAAARLTEKSWPRRENFGVPAAREHRQFFGDAEAEALFNKAVRKLE
RHg, RIAEGYDAADPYSRPS—---—QKRRLPHVGLRVGVPRQDQREFYGNTAYAALYQRALDEMI
AHpn KVMNKPDLLEDEYSREFP---KNPISQYPKDLTIAIPKEVPWFGETENPKLYTKAVASLK
.
Lk %o % kX X XX kkk * . * . I *
AtzF EMGGTCISFDYTPFRQAAELLYAGPWVAERLAAIESLADEHP——EVLHPVVRDIILSAKR
RHg, SLDAELVEIDFAPFRDAARKLLYGGPWVAERLEAVGDHLSRAP--DSFDPVVRSIVETAKT
AHp NTGAKIVVVDFEPLLELARCLYEGAWVAERYCATRDFLATNPPESSLDETVVNIIKGAVK
* *x . * * . -*:: ** * -* : ** ** * **
AtzF MSAVDTFNGI&RLADLVRAAESTWEKIDVMLLPTAPTIYTVEDMLADPVRLNSNLGFYTN
RHg, LSAVDAFRGQYELAALTQQANAQWARMDILLLPTAPTIHKVEAVMADPVRLNSQLGHYTN
AHp FDAADAFKFEYKRQGILQKVNLLLKDIDVLCVPTCPLNPKLEEVAQEPVLVNSRQGTWTN
TREEE B * **k* *E * %% * 'k * * * sis l
AtzF FVNLMDLSAIAVPAGFRTNGLPFGVTFIGRAFEDGAIASLGKAFVEHDLAKGNAATAAPP
RHg, FVNLLDCARIAVPAGFIETGLPFGVTLVGPAFSDDSMALIADRLHRRLEPGYGQDRASLP
AHpy FVNLADLAALAVPSGFRSDGLPNGITLIGKKFSDYALLDLAKRFFSVAFPNNSRTYGKEV
A
. . ****k*** . ** *x . - -*: ® BER
AtzF Kemmmm e m e e e DTVAIAVVGAHLSDQPLNHQLTESGGKLRATTRTAPGYALYA
RHg DP e —m— VLEETNPEQIALAVVGAHLSGQPLHWQLTERNATLVARTRTAPEYRLYA
AH;n DRRITVEDELDGPSKDTLNGVKLAVVGAHLKGLPLHWQLQKCNATYLSSPKTSNNYKLYA
L * kX . s X, Keigea & % X o+ ok ¥k kk- * % * %
AtzF LRDATPA- KPGMLRDQNAVGS IEVEIWDLPVAGFGAFVSEIPAPLGIGTITLEDGSHVK
AHg, LAETIPP-KPGLVADPDFTGDGIEIELWSMDAEAFGTFTALVPAPLAIGTLRLADGTSVK
RHpn LPKVGPVLKPGLRRVNDGTGSQIQLEVYSVPYDRFGDFIAMVPEPLGIGSVELESGEWVK

FIG 2 Alignment of the allophanate hydrolases from Pseudomonas sp. strain ADP (AtzF), Kluyveromyces lactis (AHy,), and Granulibacter bethesdensis (AH,,).
Single underline, amidase domain; double underline, C-terminal domain; diamonds, active-site residues of the amidase domain; triangle, proposed catalytic
histidine residue in the C-terminal domain; arrow, position where AtzF was truncated to produce AtzF468; asterisks, identical residues; colons, highly similar

residues; periods, similar.

tering vector) range from 0.01 to 0.5 A, and at the highest protein
concentration, the scattering remained above the noise threshold to the
edge of the detector.

AtzF (75 pl, 6 mg/ml) and AtzF, ¢, (75 pl, 6 mg/ml) were injected onto
a size-exclusion column (Wyatt silica bead column; pore size, 300 A) that
had been preequilibrated with the PO,-NaCl buffer. The column was
developed at 0.2 ml/min, and a single peak eluted. The small-angle X-ray
scattering (SAXS) showed no change over the peak (unpublished obser-
vations).
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The radius of gyration (Rg) and total forward scatter [I(0)] for each
concentration in the dilution series was calculated using the autorg routine in
the PRIMUS system (51). Fits to atomic models were performed using the
CRYSOL program (52), and dummy atom models were calculated using the
DAMMIF program (53) and superimposed on the high-resolution models
using the SUPCOMB program (54). Molecular weight was calculated from
I(0) (55), together with protein concentration measurements and the scatter-
ing length density and partial specific volume calculated from the protein
sequences, using the web application MULCh (56).
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TABLE 1 Data collection and refinement statistics

Structure of Allophanate Hydrolase

TABLE 2 '*C NMR shifts of allophanate and possible impurities

Value for structure with PDB

Parameter” accession no. 4CP8°

Data collection statistics

Space group P2,
Cell dimensions
a,b,c(R) 82.45,179.23, 112.61
o By () 90, 106.63, 90
Resolution (A) 2.50 (2.64-2.50)
Rinerge 0.150 (0.810)
ol 12.6 (2.8)
Completeness (%) 100 (100)
Redundancy 7.7 (7.7)
Refinement statistics
Resolution (&) 40.0-2.50
No. of reflections 102, 548
Ryond Resee (%) 22.4/25.9
No. of:
Atoms 20, 462
Proteins 20, 132
Ligands/ions 28
Water molecules 312
B-factors (A?) for:
Proteins 44.2
Ligands/ions 30.3
Water 24.2
RMSD
Bond lengths (A) 0.010
Bond angles (°) 1.367
" Rierge = 2|1 — D)/ X 100, where I is the intensity of a reflection and (I) is the mean

intensity.
b Values in parentheses are for the highest-resolution shell.

Substrate preparation and kinetic assays. The potassium salt of al-
lophanate was prepared by hydrolyzing ethyl allophanate (Sigma-Aldrich,
St. Louis, MO) with a 5 M excess of 1 M potassium hydroxide at 40°C for
3 h (42). Potassium allophanate was precipitated overnight in an ice-cold
mixture of 5 volumes of ethanol and 1 volume of diethyl ether. The pre-
cipitate was separated by filtration and subsequently dried and stored in a
desiccator.

The synthesis of allophanate was confirmed by '>C nuclear magnetic
resonance (NMR) (see Fig. S1 in the supplemental material) using a Var-
ian Inova-500 NMR spectrometer. The substrate was dissolved in 1 M
KOH prepared in D,0O, and 2,048 scans were performed in total. The
purity of the potassium allophanate produced was assessed using a gluta-
mate dehydrogenase (GDH)-coupled assay. Complete AtzF-mediated hy-
drolysis of allophanate was performed, and the GDH-based ammonia
assay was used to determine the purity of the allophanate prepared. The
GDH-dependent decrease in the absorbance at 340 nm was measured
using a SpectraMax M2 spectrophotometer (Molecular Devices, CA) to
follow the consumption of NADH during the reductive amination of
a-ketoglutaric acid to form L-glutamate. The hydrolysis of allophanate by
AtzF was assumed to have reached completion, as a high concentration of
AtzF (~1 pM) was added, the reaction components of the GDH-linked
ammonia assay were added well in excess of the allophanate concentra-
tion, and the decrease in NADH absorbance plateaued before all of the
NADH was consumed. Allophanate prepared by the method described
above was found to be 86% pure (Table 2).

To study the pH dependence of AtzF activity, kinetic assays were per-
formed in the pH range of 7 to 9.5 using allophanate as a substrate, and
k../K,, values were plotted against the pH (see Fig. S3 in the supplemental
material). The kinetic assays were carried out in buffer comprised of 100
mM HEPES and 100 mM CHES (N-cyclohexyl-2-aminoethanesulfonic
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Substrate Structure 1*C NMR shift
Ho,N_ _NH,
Urea T 162.89 to 163.45
O
O __OH
Bicarbonate \[r 165.23 to 169.10
(0]
NH, O
Allophanate 159.36 to 158.87, 158.37 to 157.97

acid) adjusted to the desired pH. The combined buffer system was used to
keep the conditions similar throughout the wide pH range used in these
assays. Kinetic assays were performed for AtzF, AtzF,,, and AtzF H488A
using allophanate as the substrate at pH values ranging from 7.0 to 9.0 and
temperatures of 28°C and 4°C. To account for the temperature-depen-
dent decrease in AtzF activity, the reaction mixtures in assays conducted at
28°C contained 27 nM enzyme, and the reaction mixtures in assays carried
out at 4°C contained 53 nM enzyme. In addition to the enzyme and sub-
strate, each reaction mixture was comprised of 0.5 mM NADH (Sigma-
Aldrich), 10 mM a-ketoglutaric acid (Sigma-Aldrich), 1.4 M bovine
serum albumin (Sigma-Aldrich), and 12 pM glutamate dehydrogenase
(Sigma-Aldrich). V., and the Michaelis-Menten constant were obtained
by nonlinear regression analysis and applying a robust fit in GraphPad
Prism (version 6) software (GraphPad Software, Inc., CA).

The substrate (allophanate) and product (N-carboxycarbamate) were
also analyzed by liquid chromatography-mass spectrometry (LC-MS).
Enzyme reaction mixtures were comprised of 53.5 mM potassium alloph-
anate in 100 mM ammonium acetate buffer, pH 9.0. Reaction mixtures
contained one of the following: no enzyme, 0.48 uM AtzF, 0.48 uM
AtzF o, or 0.96 pM AtzF, .. The reactions were carried out on ice.
LC-MS analyses were carried out on an Agilent 6550 iFunnel quadrupole
time of flight LC-MS system, with samples being introduced by direct
injection. The mobile phase was comprised of 10 mM ammonium acetate,
pH 9.0, and acetonitrile. Samples were analyzed in negative ion mode, and
m/z values ranging from 50 to 150 were scanned.

The effect of pH on enzyme stability was determined by obtaining
residual activities after heating AtzF, AtzF,,, and AtzF H488A in either
pH 7 or pH 9 buffer for 5 min in an Eppendorf Mastercycler EP apparatus
(Eppendorf, Hamburg, Germany). The reaction components and method
were the same as those used in the kinetic assays, and 2.2 pmol of each
protein was used in 100 pl of reaction mixture.

Identification of cyanuric acid mineralization complex. A culture of
Pseudomonas sp. strain ADP was grown at 28°C with cyanuric acid as a
sole nitrogen source. The composition of the medium used is as follows:
26.1 mM Na,HPO,-7H,0, 22 mM KH,PO,, 8.5 mM NaCl, 200 pM
MgSO,, 2.9 mM sucrose, 3.4 mM trisodium citrate, 4.4 uM CaCl,, 10 mM
cyanuric acid, 20 ml vitamin stock, and 1 ml of 1,000 stock solution of
trace elements per liter of culture medium. The 1,000X trace elements
solution comprised 34.8 pM ZnSO,-7H,0, 15.2 uM MnCl,-4H,0, 485
pM H3BO;, 84 pM CoCl,-2H,0, 5.9 uM CuCl,-2H,0, 12.4 pM
Na,Mo0,-2H,0, and 8.4 pM NiCl,-6H,0, and the pH of the medium
was adjusted to 7.3 by addition of sodium hydroxide. The composition of
the vitamin stock solution was 5 mg of thiamine HCI, 2 mg of biotin, 2 mg
of folic acid, 10 mg of nicotinamide, and 10 mg of pyridoxine HCI per
liter of deionized water, and 20 ml of vitamin stock solution was added per
liter of culture medium. The culture medium was made sterile by filtering
through 0.2-pm-pore-size filters (VacuCap 60; Pall Life Sciences, NY,
USA) before the medium was inoculated with a single colony of Pseu-
domonas sp. strain ADP that had been grown on nutrient agar plates.
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FIG 3 The AtzF structure and comparison to related structures. (A) A cartoon diagram of the dimer of the AtzF structure with the secondary structure colored
by magenta for the beta sheet, cyan for alpha helices, and orange for loop structures. AtzF has two main domains: the catalytic domain and a second all-alpha-
helical domain that forms the dimer interface. This has been highlighted by coloring these helices in green. (B) The AtzF structure superposed with structures with
PDB accession numbers 4ISS and 4GYS. The structure with PDB accession number 4ISS is colored in cyan and has an extra domain which extends away from the
rest of the molecule; AtzF is colored green, and the structure with PDB accession number 4GYS is colored magenta. The structures superpose well, despite limited
sequence identity, with RMSD values of 1.3 to 1.6 A. (C) Comparison of the AtzF dimer and the dimers with PDB accession numbers 41SS and 4GYS. The figure
shows how the dimers are similar and how the dimer with the extra domain (PDB accession number 41SS) helps the dimer formation for this protein. (D) The
catalytic site of these proteins. In two cases we see substrate mimetics bound into the catalytic site: in the case of AtzF we see clear density for malonate, whereas

for the structure with PDB accession number 4ISS, there is tartrate.

The culture was grown until it reached an optical density at 600 nm of
0.6 to 0.7, after which the cells were harvested by centrifugation at 8,000 X
g for 15 min. Harvested cells were resuspended in 50 mM HEPES, 100 mM
NaCl (pH 7.5) and lysed using BugBuster protein extraction reagent (No-
vagen, Darmstadt, Germany) per the manufacturer’s instructions. After
cell lysis, the soluble fraction was collected by spinning the lysate at
21,000 X gfor 15 min. The cell extract was passed through 0.45-pum-pore-
size syringe-driven filters (Millex HV, Cork, Ireland), before it was loaded
onto a 130-ml size-exclusion column (Superdex 200; GE, Uppsala, Swe-
den). The activities of AtzD, AtzE, and AtzF in each faction were assessed
using 68 WM cyanuric acid and biuret and 560 uM allophanate. The rates
of background hydrolysis were subtracted in each case.

The fraction in which the catalytic activities of AtzD, AtzE, and AtzF
were detected was resolved by SDS-PAGE (4 to 20% Tris-HEPES-SDS
gels; Thermo Scientific, Rockford, IL, USA) (see Fig. S2 in the supplemen-
tal material). Certain zones corresponding to the expected locations of
AtzD, AtzE, and AtzF were excised from the gel. In-gel tryptic digestion
(with the inclusion of ProteaseMAX surfactant [Promega, Madison, WI,
USA]) and tandem mass spectral analysis were performed as previously
described using an Agilent Chip Cube system coupled to an Agilent XCD
ion trap mass spectrometer (57). Mass spectra corresponding to common
contaminants, such as the added trypsin and keratin, were identified be-
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fore the remaining mass spectral data were used to search against a data-
base containing all nonredundant UniProtKB/Swiss-Prot protein se-
quences from Pseudomonas and the Atz sequences using SpectrumMill
software (version Rev A.03.03.084 SR4; Agilent) with its stringent default
autovalidation settings.

Protein structure accession number. The structure identified in this
study has been deposited in the Protein Data Bank under accession num-
ber 4CP8.

RESULTS AND DISCUSSION
Structure of amidase domain of AtzF. The X-ray crystal structure
for AtzF,, is dimeric (Fig. 3A), consistent with observations from
previous studies (30). There are three independent dimers found
in the asymmetric unit of the crystal: dimers A-B, C-D, and E-F.
The A-B and C-D dimers are significantly more ordered, with
average temperature factors (B-factors) of 30 to 33 A% The E-F
dimer has a weaker density than the other dimers and has an
average B-factor about double the average B-factors of the other
dimers, 65 to 75 A2.

The overall structure is similar to the structures of the K. lactis
allophanate hydrolase (AHy; PDB accession number 4ISS) and
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the N terminus of the G. bethesdensis allophanate hydrolase
(AH;; PDB accession number 4GYS) and to the structures of
other Ser—cis-Ser—Lys hydrolases, such as the amidase subunit of
the Staphylococcus aureus glutamine amidotransferase (PDB ac-
cession number 2DQN) (48) used for molecular replacement in
this study. The structure with PDB accession number 2DQN has a
root mean square deviation (RMSD) of 1.8 A with 16 gaps, and its
sequence has less than 30% identity to the AtzF sequence. The
dimer interface buries approximately 1,150 A® of surface per
monomer (Fig. 2). The dimer interface is essentially the same as
that found in AHy,; (PDB accession number 4ISS) and AH,, ex-
cept that the AtzF structure is missing the C-terminal domain,
which forms a separate interface between the two monomers in
AH,, (Fig. 3A).

Superposition of the AtzF and AH; dimers (Fig. 3B and C)
gives an RMSD of 1.6 A for 851 residues (out of 895 and 1,226
residues for the AtzF and AHy, dimers, respectively) with 21 gaps
(superpositioning was done with the secondary-structure match-
ing (SSM) algorithm implemented in Coot software). A compar-
ison with the structure of AH, gives an RMSD of 1.3 A for 857
residues (out of 895 and 921 residues for the AtzF and AHg,
dimers, respectively) with 15 gaps (Fig. 3B and C). The two struc-
tures are very similar, with only a slight shift in helices 2 and 3 at
the N terminus and a C-terminal extension of residues 444 to 462
in AH, that is not seen in the AtzF structure due to the difference
in the position of the truncations of each of the proteins. The only
other region of significant deviation between the structures is in a
mobile loop region between residues 255 and 268 of AtzF (resi-
dues 238 to 247 of AH,;,). Notably, the structure used as the mo-
lecular replacement model, the structure with PDB accession
number 2DQN, also possessed differences from AtzF similar to
those shown by AH,, in addition to an extended loop (residues
322 to 348 in the structure with PDB accession number 2DQN and
residues 333 to 340 in AtzF). The active sites of AtzF, AH,,, and
AHy, are also essentially identical to the positions of the amino
acids essential for catalysis (Ser165, Ser189, and Lys91) and sub-
strate binding (Tyr320 and Arg328), conserved between the three
enzymes (Fig. 3D).

SAXS data (Fig. 4A to F) indicate that purified, full-length AtzF
is a homotetramer in solution (Fig. 4A), rather than a hexamer, as
size-exclusion chromatography (SEC) had previously suggested
(31, 45). This is evident both from the fit of the data to a model of
tetrameric AtzF and from the molecular weight of the complex
calculated from the SAXS data (see Table S1 in the supplemental
material). While there is a reasonable agreement overall between
the tetrameric model of AtzF and the SAXS data, it can be seen that
there is some divergence between the two at a low angle and
around an oscillation in the data at about 0.1 A™". This is most
likely explained by some conformational flexibility in the C-ter-
minal domains of the complex, though modeling of this structural
feature is beyond the scope of this study. The tetramer itself is a
cylinder of sorts that has dimensions of about 180 by 115 by 60 A.
The length of the long axis of the tetramer (180 A) is longer than
might be expected for a tetramer with the molecular weight of
AtzF, and this is possibly the cause of this inconsistency between
SEC and the more accurate observations from SAXS.

Previously, we had shown that removal of the C terminus of
AtzF resulted in a 48-kDa protein (AtzF,4,) which was kinetically
indistinguishable from AtzF (45). However, the removal of the
C-terminal domain altered the quaternary structure of AtzF, as
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indicated by the reduction in apparent molecular mass of the en-
zyme during SEC from ~360 kDa for the wild-type protein to
~110 kDa (dimeric) for the truncated protein (45). SAXS of the
amidase domain of AtzF (AtzF,q,) confirmed that the truncated
variant is indeed a dimer in solution (Fig. 4B). These observations
suggest that the C terminus of AtzF is required for homotetramer
formation but not homodimer formation. In contrast to the data
presented by Fan et al. for the AHy,; protein (37), which they
showed was a monomer in solution when the C-terminal domain
was removed (or disrupted by mutations), we found that the trun-
cated AtzF migrates as a dimer in solution, as shown by both SAXS
and chromatographic (SEC) data. As the dimeric interfaces are
similar between the two proteins, it is not clear why the truncated
form of AH; would behave differently from the truncated form of
AtzF.

It is interesting that the kinetic parameters for AtzF character-
ized here are different from those reported by Shapir et al. in 2005
(35); the k_,, and K, values for AtzF reported here are ~4 to 135"
and ~120 to 300 wM, respectively (see Table S2 in the supplemen-
tal material), whereas they were 16 s~ ' and 1,500 wM, respectively,
in the previous study (35). While it is unclear why there is such a
large difference in K,,,, it is noteworthy that the lowest substrate
concentration tested in the study of Shapir et al. (34) was 200 uM
(i.e., close to the K,,, determined in the work reported here). It is
also of note that the purity of the allophanate used in the work by
Shapir et al. (35) was not reported, and so the reported value of
150 pM for the K, reflects the highest possible K,, (assuming
100% substrate purity).

There is no catalytic advantage conferred by the C terminus
of AtzF in vitro. The N-terminal domain of allophanate hydrolase
deaminates allophanate to produce ammonia and N-carboxycar-
bamate (Fig. 1). The role of the smaller C-terminal domain is less
clear, however. Fan et al. (37) suggested that the C-terminal do-
main of AH, is catalytic, decarboxylating N-carboxycarbamate to
form carbamate and carbon dioxide. On the basis of in silico sub-
strate docking and mutagenesis studies, it was proposed that a
histidine residue in the C-terminal domain (His492; Fig. 2) acts as
a catalytic residue. If this is also true for AtzF, removal of the
C-terminal domain or replacement of the catalytic histidine by
alanine would be expected to reduce the rate of ammonia produc-
tion by AtzF and the accumulation of the intermediate (N-car-
boxycarbamate) during the reaction.

We were unable to detect N-carboxycarbamate accumulation
in reactions catalyzed by either the full-length AtzF or AtzF,q;, by
LC-MS analysis (see Fig. S2 in the supplemental material), which
may indicate that the C terminus of AtzF is not catalytic. However,
N-carboxycarbamate is highly unstable in an aqueous environ-
ment, decaying by spontaneous decarboxylation to form carbam-
ate and carbon dioxide. As the stability of carbamates is known to
be temperature and pH dependent (58), the pH of the AtzF-cata-
lyzed reactions was raised to 9 and the temperature was reduced to
4°C. Despite the conditions favoring the accumulation of N-car-
boxycarbamate, we were unable to detect this product in reactions
catalyzed by either full-length AtzF or AtzF,q,. Although the ab-
sence of the accumulation of N-carboxycarbamate in reactions is
not direct evidence for a lack of the hypothesized catalytic activity
in the C terminus, it does suggest that such a function would have
little physiological relevance.

To be sure that our inability to detect N-carboxycarbamate in
the reactions was due to the absence of this reaction intermediate

aem.asm.org 475


http://www.rcsb.org/pdb/explore/explore.do?structureId=4GYS
http://www.rcsb.org/pdb/explore/explore.do?structureId=2DQN
http://www.rcsb.org/pdb/explore/explore.do?structureId=2DQN
http://www.rcsb.org/pdb/explore/explore.do?structureId=4ISS
http://www.rcsb.org/pdb/explore/explore.do?structureId=2DQN
http://www.rcsb.org/pdb/explore/explore.do?structureId=2DQN
http://aem.asm.org

Balotra et al.

Intensity
Intensity

10
10° - 10° -
102 10? 10° 107 10" 10°
QA" QA
10° - 10°
10!
10"
107
2 2 1072
i [
£ €
10.3
10°
107 }
10° : 10 .
107 10! 10° 10° 10" 10°
Q™) QAT

FIG 4 Analysis of the multimerization of AtzF and Atzf,, by SAXS. (A) High-resolution model of an AtzF tetramer (green and blue) superimposed on a dummy
atom model derived from the SAXS data (gray density). (B) High-resolution model of dimeric AtzF,, (green and blue) superimposed on a dummy atom model
derived from the SAXS data (gray density). (C) Fit between the SAXS data and the AtzF tetramer model shown in panel A calculated using CRYSOL. (D) Fit
between the measured AtzF,, protein and a model of tetrameric AtzF,, based on the AtzF tetramer model calculated using CRYSOL. (E) Fit between dimeric
AtzF and the measured AtzF SAXS data calculated using CRYSOL. (F) Fit between the dimeric AtzF,4, model shown in panel B and the measured AtzF,, SAXS

data.

rather than a flaw in our detection method, we also assessed the  of pHs and temperatures, to account for the difference in N-car-
rate of ammonia production by full-length AtzF or AtzF,,; andby  boxycarbamate stability at different temperatures and pHs.

an AtzF variant in which the catalytic histidine residue had been For reactions at 28°C, the full-length AtzF was indistinguish-
replaced by an alanine residue. The enzymes were tested atarange  able from the two variants at pH values of 8 and below. However,
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and AtzF H488A were compared. All the data points plotted had standard errors of less than 5.3%, and standard errors are presented in Table S2 in the

supplemental material.

at pH values above 8, the full-length enzyme had k., values greater
than those for either AtzF,,, or AtzF H488A. The difference for
AtzF H488A was slight, but the reduction in activity for AtzF,q,
was considerable (Fig. 5A). For reactions at 4°C, the k,, value of
full-length AtzF was indistinguishable from those of the two vari-
ants at pH values of 7.5 and below; however, at pH values above
7.5, the full-length enzymes had k_,, values greater than those for
AtzF ¢, albeit the effect on the catalytic rate was less extensive
than that at 28°C. At 4°C, there was no difference in the k_,, values
for AtzF and the AtzF H488A variant (Fig. 5B).

If the differences in apparent k,, values were solely a result of a
reduction in catalytic efficiency, it would be expected that the AtzF
H488A and AtzF 4, variants would be indistinguishable from each
other, which they are not. Moreover, the effect on the catalytic rate
in the variants is reduced at low temperatures, where the stabili-
zation of N-carboxycarbamate should make the effects more pro-
nounced and not less so. Indeed, the k_,, values of AtzF H488A
were essentially identical to those of the wild-type AtzF protein
at 4°C.

As the pH-dependent differences between full-length AtzF and
its variants were more pronounced at room temperature than at
4°C, it is possible that they are a result of differences in the thermal
stability of the three enzymes. The residual activities of AtzF,

cat
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AtzF,q,, and AtzF H488A were therefore tested after incubation
for 5 min at temperatures between 30°C and 70°C and were as-
sayed at pH 7, where no difference in the apparent k_,, values for
the three enzymes had been observed, and pH 9, where differences
in apparent k., values for the three enzymes had been observed
(Fig. 6A and B).

At pH 7, there was no significant difference in the residual
activities recovered for AtzF, AtzF,,, and AtzF H488A, but at pH
9, the apparent melting temperature (T,,) for AtzF,,, was reduced
from ~44°C to ~41°C, and although the apparent T,, for AtzF
H488A was ~45°C, it was lower than that for AtzF by nearly 1.5°C.
It is therefore plausible that at least a component of the pH-de-
pendent difference in apparent k., values was a result of a pH-
dependent reduction in stability for AtzF when the C terminus was
removed or H488 was mutated to an alanine.

Regardless of the rate differences observed at pHs higher than
the physiological pH (i.e., 6.5 to 7.5), we were unable to observe a
difference in the rate of ammonia release between the wild-type
and variant AtzF enzymes tested in vitro under physiological pH
conditions.

AtzF appears to form a large complex with AtzD and AtzE.
Allophanate is unstable and has been reported to decompose rap-
idly to form urea and carbon dioxide under physiological condi-
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FIG 6 Effect of pH on residual activity of AtzF and its variants. Differences in the residual activity of AtzF, AtzF,,, and AtzF H488A at pH 7 (A) and pH 9 (B)
were compared. Enzymes were incubated in pH 7 or pH 9 buffers for 5 min at temperatures ranging from 30 to 70°C before testing for residual activity.
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tions (Fig. 1) (30). For both the ureolytic pathway and triazine
degradation pathway, the spontaneous decomposition of alloph-
anate is undesirable, causing an ATP-consuming futile cycle for
the ureolytic enzymes and forming a dead-end product in triazine
hydrolysis that results in the metabolic loss of two of the three
nitrogens of the heterocycle. It is likely that the formation of a urea
carboxylase/allophanate hydrolase complex in the ureolytic sys-
tem protects allophanate from decarboxylation by channeling the
substrate from one active site to another. It is reasonable to assume
that a similar relationship may exist between AtzF and the biuret
hydrolase, AtzE, which prevents the production of urea. As AtzF is
arelatively inefficient enzyme, with k_,, and K, values of 8 s~ ' and
120 M, respectively (see Table S2 in the supplemental material),
it is likely that the nitrogen from the degradation of the triazine
ring is lost to the competing abiotic decarboxylation rather than
channeled through allophanate hydrolase in the absence of the
formation of a substrate-channeling complex.

SEC was used to fractionate a Pseudomonas sp. strain ADP cell
extract obtained from a culture that had been induced for AtzD,
AtzE, and AtzF production by incubation in a medium containing
cyanuric acid as the sole carbon source. AtzD, AtzE, and AtzF
activities were found to coelute in a fraction with an estimated
molecular mass of ~660 kDa. The activities of these three enzymes
were not found in other fractions. This observation is consistent
with a complex that consists of four AtzD monomers, four AtzF
monomers, and two AtzE monomers, albeit deriving the stoichi-
ometry of the three enzymes from SEC alone may be misleading.

The SEC fraction with AtzD, AtzE, and AtzF activities was re-
solved by SDS-PAGE and with gel sections taken from where the
three proteins should migrate (on the basis of molecular mass; see
Fig. S3 in the supplemental material). LC-MS of the tryptic diges-
tion products from these sections showed that peptides that were
consistent with a tryptic fragmentation pattern of AtzD, AtzE, and
AtzF were present. The sequence coverage for AtzD, AtzE, and
AtzF was 21% by 9 unique peptides, 25% by 9 unique peptides,
and 3% by 2 unique peptides, respectively. Unsurprisingly, other
proteins identified in the samples were abundant cellular compo-
nents of Pseudomonas, such as translation elongation factors (GI
169761912, GI 169761911, and GI 169760553) and heat shock
proteins (GI 169760669). When considered along with the en-
zyme activity data from SEC, these data support the presence of a
large protein complex consisting of AtzD, AtzE, and AtzF.

Production of ammonia was observed upon addition of cya-
nuric acid to this fraction, with 3 mol of ammonia being produced
for every mole of cyanuric acid added, suggesting that the complex
mineralized cyanuric acid. Interestingly, the rate of ammonia pro-
duction was much greater upon addition of cyanuric acid than it
was when biuret (the AtzE substrate) was added (Table 3), which
may imply that access to the AtzE active site from solvent may be
restricted and passage of substrate from the AtzD active site to the
AtzE active site may occur via substrate tunneling or channeling. If
the AtzD product (1-carboxybiuret; Fig. 1) is protected from ex-
tended contact with the solvent, it is possible that AtzE is a 1-car-
boxybiuret hydrolase, rather than a biuret hydrolase. Unfortu-
nately, despite considerable effort, we were unable to produce
soluble AtzE in a quantity sufficient to reconstruct the complex in
vitro for further study and so were unable to probe this hypothesis
further.

Conclusion. AtzF is a component of a large (~0.7-MDa) cya-
nuric acid-mineralizing complex, comprised of AtzD, AtzE, and
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TABLE 3 Rates of ammonia release by the SEC fraction containing
AtzD, AtzE, and AtzF activities”

Substrate/ammonia Rate of ammonia
Substrate ratio release (nM/s)
Cyanuric acid 3.2 45.4
Biuret ND 1
Allophanate 1.1 180

@ Cyanuric acid, biuret, and allophanate were added as substrates. The SEC fraction was
estimated to contain proteins with a molecular mass of ~660 kDa. ND, the
stoichiometry of substrate to ammonia was not determined for biuret, because of the
low rate of ammonia production.

AtzF. We postulate that this complex protects the unstable inter-
mediate allophanate from spontaneous decarboxylation under
physiological conditions by substrate channeling and/or by pre-
cluding water from reaching the reactive centers, strategies used in
other enzymes that catalyze water-sensitive reactions, such as car-
bamoyl phosphate synthase and the GatCAB glutamine amido-
transferase (48). Interestingly, ureolytic allophanate hydrolases
also form complexes with urea carboxylase. This suggests either
that allophanate hydrolases have evolved to form multiprotein
complexes more than once or that they have switched partners
over the course of their evolution.

The biochemical data that we have presented (accumulation of
N-carboxycarbamate and the rate of ammonia production by
AtzF and its variants) fail to support a physiologically relevant
catalytic function for the C terminus of AtzF. It is possible that the
proposed N-carboxycarbamate decarboxylase activity is relevant
under conditions that stabilize N-carboxycarbamate, such as a
water-limited environment. These conditions could be present in
the cyanuric acid-mineralizing complex, albeit further work will
be required to elucidate structure-function relationships within
the complex.
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