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Abstract

Pseudomonas sp. strain ADP1 mineralises the persistent s-triazine herbicide
atrazine. It has been used as a model organism to study evolution of xenobiotic
degradation pathways in bacteria since its discovery in 1995. Prior to this study it
was thought that the degradation of atrazine involved six enzymes: AtzA, AtzB,
AtzC, which transform atrazine into cyanuric acid, and AtzD, AtzE and AtzF,
which mineralise cyanuric acid to ammonia and carbon dioxide. The genes atzD,
atzE and atzF are organised in an operon that is induced by nitrogen starvation
and presence of cyanuric acid. The cyanuric acid catabolism operon of
Pseudomonas sp. strain ADP1 has been intensively studied; however, the study
of the cyanuric acid degradation pathways in other bacteria has revealed an

unexpected diversity in their composition.

The work presented in this thesis has focused on characterising the penultimate
step of the atrazine degradation pathway: biuret hydrolysis. This step is
performed by quite different enzymes in Pseudomonas sp. strain ADP1 and
Rhizobium leguminasorum bv. viciae 3841. The amidase AtzE was thought to be
the biuret hydrolase of Pseudomonas, whereas in Rhizobium an
isochorismatase-like enzyme, BiuH, performs that function. In Chapter 2, we
solve the structure of BiuH and investigate its catalytic mechanism by site-

directed mutagenesis.

Chapter 3 focuses on the study of AtzE, which had not been characterised
previously because it could not be produced in E. coli. The structure of native
AtzE isolated from Pseudomonas sp. strain ADP1 revealed the presence of an

unexpected complex between AtzE and a small 68 amino acids protein,

viii



subsequently named AtzG. AtzG is encoded by a previously unreported gene
located in the cyanuric acid catabolism operon between atzD and atzE. The co-
expression of AtzE and AtzG in E. coli allowed production of stable and active
AtzEG. Biochemical characterisation revealed AtzEG does not hydrolyse biuret,
as previously thought, but instead catalyses the hydrolysis of the water-sensitive
product of AtzD, 1-carboxybiuret. Interestingly, the AtzEG complex was found to
be structurally similar to the GatCAB complex, a glutamyl-tRNA
amidotransferase, suggesting the AtzEG complex might have evolved from the

GatCA complex.

Examination of the cyanuric acid operon also revealed the presence of another
small open reading frame located between atfzE and atzF, renamed atzH.
Proteomics confirmed that AtzH was expressed along with the rest of the cyanuric
acid catabolism operon. A crystal structure of AtzH was obtained and biochemical
characterisation confirmed it played a role in the degradation of cyanuric acid
(Chapter 4). Docking studies and mutagenesis suggested a catalytic role for
AtzH: an allophanate-forming, decarboxylating 1,3-dicarboxyurea

amidohyrdolase.

Two different cyanuric acid degradation strategies have clearly evolved in
Pseudomomas and Rhizobium. The Pseudomomas strategy is to use enzymes
to limit the formation of metabolic ‘dead-ends’ that spontaneously form from
unstable metabolic intermediates. By contrast, the Rhizobium pathway relies on

these spontaneous reactions to produce the substrate of BiuH.
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1.1 s-Triazine usage has led to the evolution of new metabolic

pathways in microorganisms

The anthropogenic symmetrical triazines (s-triazines) form a family of polyvalent
compounds that are used around the world. The first s-triazine compound
synthesised was cyanuric acid (1,3,5-triazinane-2,4,6-trione) in the 1800s (1). All
of the s-triazine compounds share a common core structure of a six membered,
aromatic ring containing three nitrogen and three carbon atoms (Fig. 1-1).
Commonly used s-triazine compounds include: broad-spectrum herbicides (such
as atrazine, simazine, propazine, cyanazine, ametryn and terbutylazine),
melamine (used in the production of certain plastics and polymers) (2), the
military explosive RDX (Royal Demolition eXplosive) (3) and the disinfectant and
swimming pool chlorine stabiliser cyanuric acid (4) (Fig. 1-1). Although s-triazines
are predominantly synthetic, cyanuric acid is also produced naturally. It has been
found to be the main component in the mineral Joanneumite, which was
discovered recently in Chile (5), and it is also formed as a product of oxidative

and ionizing radiation damage of purines (6).
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Figure 1-1 s-Triazine compounds cited in this work. Structures of: cyanuric acid a
disinfectant and swimming pool chlorine stabiliser (4), the herbicides atrazine, simazine,
of melamine, a compound used in the production of certain plastics and polymers (2), of
the military explosive RDX (3) and of the herbicides propazine, cyanazine, ametryn and
terbutylazine.

Among the most abundant group of s-triazines deliberately introduced into the
environment are the herbicides. The s-triazine herbicides are broad-range pre-
and post-emergence herbicides, which disrupt electron transport during
photosynthesis by binding to the plastoquinone-binding protein in photosystem Il
and preventing quinone binding (7-9). The s-triazine herbicide atrazine,
synthetised in the 1950s, has been one of the most used herbicides worldwide
(10, 11) behind glyphosate (12). Based on FAO and EPA data, in 2012 around
1.3 billion tonnes of herbicides were used around the world and atrazine

accounted for around 80,000 to 90,000 million tonnes (12, 13). The use of
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atrazine was found to increase the yield efficiency of maize by 6% and across all

type of crops by an average of 3-4% (14).

Despite the undeniable advantages conferred by their use, there are a number of
concerns regarding the continued use of s-triazine herbicides. These herbicides
are quite persistent, with a half-life in the soil ranging from two months to one
year (15). They have also been detected in both surface and ground waters
beyond regulatory limits, leading to potential human exposure (16-22).
Toxicological studies have suggested that the s-triazines are possible
carcinogens, teratogens and an endocrine disrupters (23-31). These concerns
led to the discontinuation of the use of atrazine in the E.U. in 2003 (20), but they
are still used widely elsewhere (11). There are also potential environmental
effects of atrazine use, including off-target herbicidal activity, with some atrazine-
mediated impacts found on lichen, microalgae and benthic diatom communities

(8, 32-34).

In addition to the immediate effects of s-triazine exposure, the introduction of s-
triazines to the environment has resulted in the introduction of new selection
pressures. This has led to the acquisition of new biochemical functions in soil and
aquatic microorganisms, including the evolution of new metabolic pathways and

enzymatic activities (15, 35-39).
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1.2 Discovery of s-triazine-degrading microorganisms and

their catabolic pathways

Work towards the discovery of s-triazine degrading strains of soil microorganism
started in the 1960s, and continues today. In 1950, s-triazines degradation
products were shown to be present in soil that had been exposed to s-triazine
herbicides, albeit it was debated at the time whether these products were the
result of a microbial catabolic activity (40) or the result of a slow abiotic
degradation (41, 42). Between 1960 and 1970, several fungal species that could
transform atrazine were identified (Table 1-1). It was later demonstrated that their
degradation abilities were mediated by non-specific enzymes, such as
cytochromes P450 (15, 43). Between the 1960s and the 1980s, a number of
bacterial species were shown to transform or degrade atrazine and other s-
triazines (Table 1-1), albeit they could only catalyse a small number of
transformative steps and these compounds were not completely catabolised by
any single bacterial species. In 1984, the first pure culture that could completely
degrade an s-triazine (melamine), Pseudomonas sp. strain NRRL B-12228 (44-
46), was isolated by Cook and co-workers. Although Cook et al. were able to
isolate the enzymes that were responsible for the degradation of melamine
ammeline, ammelide and cyanuric acid in 1981, it took a further ten years before
the genes encoding the s-triazine catabolic enzymes (triA, trzB, trzC and trzD),

were cloned by Eaton et al. (47, 48) (Table 1-2).
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In 1994, Pseudomonas sp. YAYA6 was isolated by Yanzekontchou and

Gschwind (49); it was the first isolated bacterial strain able to entirely degrade

atrazine to carbon dioxide and ammonia. The following year, Mandelbaum et al.

discovered another Pseudomonas strain able to entirely degrade atrazine:

Pseudomonas sp. strain ADP (50), which later became the model organism used

to study s-triazine degradation. Since then, a large number of s-triazine

catabolising bacterial strains have been isolated (Table 1-1).

Table 1-1 Isolated s-triazine degrading strains. ND: not determined.

Ref. year Microorganism Gene(s) Substrate(s)
present

(40) 1961 Mixed culture ND simazine
Penicillium
Aspergillus
Streptomyces

(51) 1963 Aspergillus fumigatus ND simazine

(52) 1970 Aspergillus ND atrazine,
Fusarium simazine,
Penicillium propazine
Trichoderma

(53) 1982 Nocardia ND atrazine

(45) 1984 Rhodococcus corallinus ND melamine,
Pseudomonas sp. strain simazine,
NRRL B-12228 atrazine

(46) 1985 Pseudomonas strain D (= ND cyanuric acid
Pseudomonas sp. strain
NRRL B-12228)
Klebsiella pneumoniae

(47) 1991 Pseudomonas sp. strain triA, atzD melamine,
NRRL B-12227 cyanuric acid

(54) 1986 2 strains ND atrazine
Pseudomonas

(55) 1993 Acinetobacter calcoaceticus ~ ND atrazine
Pseudomonas

alcaligenes/Agrobacterium
sp.

Pseudomonas putida/
xanthomonas maltophilia
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(56) 1994 Rhodococcus strain B-30 ND atrazine,
propazine,
simazine
(49) 1994 Pseudomonas sp. YAYAG ND atrazine
(50) 1995 Pseudomonas sp. strain ADP ND atrazine
(43) 1995 Rhodococcus N186/21 P-450 atrazine
(57) 1997 Rhizobium sp. PATR atzA atrazine
(58) 1997 Klebsiella terragena ND melamine
(59) 1999 Pseudomonas sp. strain trzD cyanuric acid
NRRLB-12227

(60) 2000 14 strains, atzA, B, C atrazine
Pseudoaminobacter C147

(61) 2000 Nocardia trzN atrazine
Nocardioides sp. strain C190

(62) 2001 Comamonas acidovorans ND atrazine

(63) 2001  Penicillium steckii DS6F ND simazine
Moraxella ovis NSC

(64) 2001 Chelobacter heintzii atzA, B, C, atrazine
Aminobacter aminovorans trzD
Stenotrophomonas “
maltophilia “

Arthrobacter crystallopoietes  atzB, C
(65) 2002 Arthrobacter aurescens TC1 trzN, atzB, atrazine,

C broad range
(66) 2003 Nocardioides sp. SP12 trzN, atzB, atrazine
C
(67) 2003 Arthrobacter sp. AD1 AtzA atrazine
(68) 2004 Acinetobacter A6 ND atrazine,
broad range
(69) 2004 Agrobacterium radiobacter ND simazine

Bradyrhizobium japonicum
(70) 2005 Arthrobacter nicotinovorans atzA, B, C atrazine,

HIM simazine,
propazine,
broad range

(71) 2006 Nocardioides trzN atrazine
(72) 2006 Micrococcus sp. strain MF-1 ND melamine
(73) 2007 Arthrobacter sp. strain MCM  frzN, atzB, atrazine

B-436 C,D

(74) 2007 6 strains atrazine
Nocardioides trzN, atzC
Arthrobacter
(75) 2007 Nocardioides sp. NEA-A atzA, B, C, atrazine
D, E, F
Agrobacterium sp. NEA-D atzA, B, C,
D, E, F

Shinorhizobium sp. NEA-B trzN, B, C
Polaromonas sp. NEA-C

7



(76)

(77)
(78)

(73)
(79)

(80)

(81)

(82)

(83)

(84)

(85)

(86)

(87)

(88)
(89)
(90)
(91)
(92)

(93)

2007

2007
2007

2007

2008

2008

2008

2009

2009

2010

2010

2010

2010

2011
2011
2012
2012
2012

2012

Nocardioides sp. 1D
Arthrobacter sp. 2B
Arthrobacter sp. 3A

Arthrobacter ATZ1
Arthrobacter ATZ2
Ochrobactrum CA1
Pseudomonas CA2

Variovorax sp. MD1/MD2
Methyloversalis CDB21

Arthrobacter sp strain MCM
B-436
Pseudomonas sp. MHP41

Stenotrophomonas P51
Stenotrophomonas C53
Arthrobacter P52
Arthorbacter sp. AD26

Alcaligenes faecalis
Klebsiella ornithinolytica
Bacillus megaterium
Agrobacterium tumefaciens
Arthrobacter sp. GZK-1

54 strains Arthrobacter
28 strains Nocardioides
Ancylobacter T10All

Nocardioides sp. strain DN36

Arthrobacter sp. strain KU0O1

Klebsiella sp. A1
Comamonas sp. A2

Arthorbacter sp. strain
DNS10
Arthrobacter sp. TES6

Rhodococcus sp. JN201860
Nocardioides sp. strain ATD6
Rhizobium sp. C14
Acinetobacter Iwoffii C1
Enterobacter cloacae
Burkholderia capacia sp.
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trzN, B, C
trzN

trzN

trzN

trzN, atzC
trzN, atzB,
C

trzD

trzD

atzA, B
atzA, B, C,
D, E, F
trzN, atzB,
C, D

atzA, B, C,
D, E, F
atzA, D
atzA, D
atzD

trzN, atzB,
C

ND

atzA

ND

atzA

ND

trzN

trzN

atzA, B, C,
D, E F
trzN, atzB,
C

trzN, atzB,
C

ND

atzA, B, C,
D, E, F
trzN, atzB,
C

trzN, atzB,
C

trzA

triA

AtzA, B, C

ND
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atrazine
atrazine
cyanuric acid
cyanuric acid

atrazine
simazine

atrazine
simazine

simazine

atrazine

atrazine

atrazine
terbuthylazine
NA

atrazine
simazine
propazine

atrazine
atrazine
atrazine
atrazine
melamine
melamine

atrazine

atrazine



(98)
(95)

(99)

(100)
(101)
(102)
(103)
(104)

(105)
(1086)

2012

2013

2013

2014

2014
2014

2014

2015

2015

2016

2016

2017

2017
2018

Arthrobacter sp. strain DAT1

Arthrobacter

Nocardioides sp. EAA-3
Nocardioides sp. EAA-44

Alcaligenes sp. strain EGD-

AK7

Arthrobacter sp. strain AK-
YN10

Bacilus subtilis HB-6
Pseudomonas aeruginosa

Arthrobacter sp. SD3-25

Sterptomyces sp. Atz2
Arthrobacter sp. MCO
Arthrobacter sp. CSP
Microbacterium sp. ZEL
Variovorax sp.
Schlesneria
Arthorbacter spp
Shewanella sp. YJY4
Ensifer sp. strain CX-T

Pseudomonas sp. ZXY-1
Citricoccus sp. strain TT3
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trzN, atzB,
C

trzN, atzB,
C

trzN, atzB,
C

atzA, B, C,
D, E, F
trzN, atzB,
C
trzN,B,C
atzA, B, C,
D, E, F
trzN, atzB,
C

ND

Not found

trzN, atzA,
B, C, trzD

atzA, B,C
atzA, B, C,
D, E, F
ND

trzN, atzB,
C

atrazine
atrazine

atrazine

atrazine
atrazine

simazine
atrazine
melamine,
cyanuric acid
atrazine
atrazine

atrazine

atrazine
atrazine

(ND: not determined, CA: cyanuric acid)
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The atrazine degradation pathway is composed of a seven steps process and
can be separated in two parts: the ‘upper degradation pathway’, which transforms
particular s-triazines to cyanuric acid, and the ‘lower degradation pathway’ which

mineralises cyanuric acid to ammonia and carbon dioxide (Fig. 1-2).

In Pseudomonas sp. strain ADP, six enzymes have been identified that are
required for s-triazine catabolism (Section 1.4). Wackett et al. cloned the genes
coding for the enzymes of the first three steps of the degradation pathway,
required to transform atrazine to cyanuric acid: atzA (107), atzB (108) and atzC
(109) (Fig. 1-2, Table 1-2, 3). The atz genes were shown to be localised on an
IncPB plasmid, pADP1. In 2001, pADP1 was sequenced by Martinez et al. (110).
In addition to atzA, atzB and atzC, Martinez et al. also identified three new genes
atzD, atzE and atzF, which encodes enzymes required to degrade cyanuric acid
to ammonia and carbon dioxide (Fig. 1-2, Table 1-2, 1-3). Interestingly, de Souza
et al. (111) identified atzA, B, C across five different strains of bacteria
(Pseudomonas, Alcaligenes, Clavibacter Ralstonia and Agrobacterium) and

concluded these genes were both transmissible and widespread.

10
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A. Atrazine upper degradation pathway

X X z Jis
N™ N AtzA AtzB AtzC HN™ NH
/\N)I\N//LNJ\ /—\ /I\ /l\ /J\ OA\H/&O
H H wo  ho 1,0 NH202H5 2o NH,CoH,
atrazine hydroxyatrazine N-isopropylammelide cyanuric acid

B. Atrazine lower degradation pathway

0O

J AtzD Q@ o o spont T AtzE mof AtzF
HINS NH )J\ JL Jk . J‘L JL J‘k Jk 2 NH; + 2 CO,
. }\N)%O 7‘—’ HNT N7 N7 oM T- HNT N7 N TT» HNT N7 oH 7‘”—’
H

Hzo Coz H20 NH3 Hzo
cyanuric acid 1-carboxybiuret biuret allophanate

Figure 1-2 Atrazine upper and lower degradation pathways from Pseudomonas sp. strain ADP. A. The ‘upper pathway’ composed of: the
dechlorination of atrazine (or other choro-s-triazines), followed by the deamination of the ethylamine side-chain of 2-hydroxy-atrazine and the
deamination of N-isopropylammelide leading to the production of cyanuric acid (107-109, 112); B. The ‘lower pathway’ involves the hydrolytic ring-
opening of cyanuric acid ring leading to the production of 1-carboxybiuret, which is thought to spontaneously decarboxylate to biuret in physiological
conditions (113, 114). Biuret is then deaminated to allophanate, which is then degraded to ammonia and carbon dioxide (115, 116). The enzymes
responsible for each step are shown and AtzE is shown in red as it has not been biochemically or structurally characterised yet. ‘Spont.” indicates a
solvent-mediated hydrolysis.

11



Introduction

Although the Pseudomonas sp. strain ADP pathway is the best characterised,
several alternative enzymes have been adopted for s-triazine catabolism in other
bacteria. In 2000, Nocardioides sp. strain C190 was demonstrated to perform the
dechlorination of atrazine, the first step in the degradation pathway, without atzA.
Topp et al. cloned, expressed and characterised the enzyme responsible for this
activity: TrzN (61). Subsequently, trzN was found to be present in other Nocardia
(66), in Arthrobacter species (65, 73, 74, 81, 88, 94, 117) and in Bacillus species
(98), revealing a previously unknown diversity in the s-triazine degradation
pathways of bacteria. Cameron et al. identified and characterised a biuH gene
from Rhizobium leguminosarum bv. viciae 3841, encoding for a cysteine
hydrolase enzyme from the isochorismatase family, that was able to degrade
biuret (118), showing that the lower degradation pathway also possesses some

variability (Section 1.3 and 1.4).

12



Introduction

Table 1-2 Genes (A) and genomes (B) involved in s-triazine herbicide catabolism.

A.
Ref. year microorganism Genes
(47,48) 1991 Pseudomonas sp. strain NRRL triA, trzB, trzC,
B-12228/27/99 trzD
Klebsiella pneumoniae
(119) 1995 Pseudomonas sp. strain ADP atzA
(120) 1995 Rhodococcus corallinus trzA
(108) 1997 Pseudomonas sp. strain ADP atzB
(109) 1998 Pseudomonas sp. strain ADP atzC
(111, 1998 Pseudomonas sp. strain CP1 atzA, atzB,
121) Clavibacter michiganense ATZ1 atzC
(61, 2000/2  Nocardioides sp. strain C190 trzN
122)
(123- 2003/5/  Pseudomonas sp. strain ADP atzR, atzD,
128) 7/9/10 atzE, atzF
(129) 2004 Arthrobacter aurescens TC1 trzN, atzB,
atzC
B.
Ref. year Microorganism
(110) 2001 Pseudomonas sp. strain ADP p-ADP1 plasmid
(130) 2006 Arthrobacter aurescens TC1
(131) 2006 Rhizobium leguminosarum bv. viciae 3841
(132) 2013 Alcaligenes sp. Strain HPC1271
(133) 2013 Arthrobacter sp.FB24
(97) 2014 Alcaligenes sp. strain EGD-AK7
Arthrobacter sp. strain AK-YN10
(134) 2016 Pseudomonas sp. strain ADP

13



Introduction

Table 1-3 Biochemical (A) and structural (B) characterisation of the s-triazine

enzymes.

A. Biochemical characterisation

Ref Year microorganism Enzyme

(135) 1982 Pseudomonas strain AD F, Not named
2 strains Klebsiella
pneumoniae

(43) 1995 Rhodococcus sp. strain Cytochrome
Ni86/21 P450

(59) 1999 Pseudomonas  sp. strain trzD

NRRLB-12227
(107,136) 1996/  Pseudomonas sp. strain ADP  AtzA

2002 Rhodococcus corallinus TrzA
(137) 2002 Pseudomonas sp. strain ADP  AtzC
(115, 116) 2005 Pseudomonas sp. strain ADP  AtzF
(138) 2006 Enterobacter cloacae strain 99 TrzF
(139) 2006 Arthrobacter aurescens TC1 TrzN
(112) 2007 Pseudomonas sp. strain ADP  AtzB
(118) 2011 Rhizobium leguminosarum bv. BiuH

viciae strain 3841

B. Structural characterisation
Ref year microorganism Enzyme
(140) 2010 Arthrobacter aurescens TC1 TrzN

(141,142) 2014/15 Pseudomonas sp. strain ADP  AtzF
(143, 144) 2013/14 Azorhizobium caulinodans AtzD

ORS571
(145) 2013 Pseudomonas sp. strain ADP  AtzD
(146) 2015 Pseudomonas sp. strain ADP  AtzC
(147) 2015 Pseudomonas sp. strain ADP  AtzA
(148) 2017 Acidovorax citrulli TrzD
(149) 2017 Frankia AtzD

14
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1.3 s-Triazine catabolic pathway(s)

1.3.1 The s-triazine catabolic pathway of Pseudomonas sp. strain ADP

In Pseudomonas sp. strain ADP the hydrolytic enzymes required for the
transformation of atrazine to cyanuric acid (i.e., the ‘upper pathway’) are: the
atrazine chlorohydrolase AtzA enzyme (E.C. 3.8.1.8) (107, 108), the
hydroxyatrazine amidohydrolase AtzB enzyme (EC 3.5.99.3) (112), and the
isopropylammelide amidohydrolase AtzC enzyme (EC 3.5.99.4)(107-109, 112,
137) (Fig. 1-2, 1-4). The steps of the ‘lower pathway’ are performed by: the
cyanuric acid amidohydrolase AtzD enzyme (E.C. 3.5.2.15) (113, 114), the biuret
amidohydrolase AtzE enzyme (EC 3.5.1.54) and the allophanate amidohydrolase
AtzF enzyme (3.5.1.84) (116). The last three steps are the hydrolysis of the
cyanuric acid ring leading to the production of 1-carboxybiuret, thought to
spontaneously decarboxylate to biuret in the presence of water (113, 114). Biuret
is deaminated to produce allophanate, which is hydrolysed to form ammonia and
carbon dioxide (115, 116). The genes encoding all of the atrazine catabolic
enzymes of Pseudomonas sp. strain ADP are located on the pADP1 catabolic

plasmid (110) (Fig. 1-3).
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Figure 1-3 Map of the catabolic plasmid pADP-1 from Pseudomonas sp. strain ADP
(reproduced based on Martinez et al. (110)). The genes required for atrazine catabolism
are represented in green for the ‘upper pathway’ and in purple for the ‘lower pathway’;
OriV marks the origin of replication; tra and trb are transfer operons allowing plasmid
conjugation; tnpA represents transposases and I1S1071 represents insertion sequences
allowing transposition of specific portion of DNA; mer is a mercury resistance operon.
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The pADP1 sequence revealed the presence of the tra and trb operons, which
encode proteins essential for plasmid conjugation (110). In 1998, pADP has been
shown to be transmissible under laboratory conditions (111), and (as noted
above) the atzA, atzB and atzC genes have been found in a variety of bacteria
and geographic locations (75, 77, 84). The atzA, atzB, and atzC genes were
found to be monocistronic, constitutively expressed, not co-located (Fig. 1-3), and
flanked by transposases and insertion sequences (110). This suggested that
these genes are mobile and explained how they can be found independently from

one another in different bacterial strains (15, 110, 150)(Table 1-1).

The atzD, atzE and atzF genes were shown to be organised as an operon (110).
The regulation of this operon has been studied in detail by Govantes et al. (123-
128, 151). The operon was found to be regulated by a LysR-type transcription
regulator named AtzR (124, 125). The induction of the operon was found to be
upregulated under nitrogen-limiting conditions. Nitrogen starvation in
Pseudomonas sp. strain ADP is sensed via the general nitrogen control circuit
(GInK-NtrC) and regulates transcription of the cyanuric mineralization operon via
upregulation of atzR expression from a ¢%4-dependent promoter under nitrogen
limiting conditions (123, 126, 128). AtzR then upregulates the expression of the
the cyanuric acid mineralisation operon, even in the absence of cyanuric acid
(125, 128); however, the presence of cyanuric acid further increases the level of
transcription of the operon by inducing a conformational change in the regulator,

that induces DNA bending and enhances the rate of transcription (124).
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Figure 1-4 s-Triazine herbicide catabolic pathways. The Pseudomonas sp. strain ADP catabolic pathway is shown by the central pathway. Pathways
that have been identified from other bacteria, such as Nocardioides, Arthrobacters, Rhodoccocus or Rhizobium, are shown around. The ‘upper pathway’
comprises of the degradation of atrazine, simazine or melamine leading to the production of cyanuric acid. The ‘lower pathway’ comprises of the

degradation of cyanuric acid to ammonia and carbon dioxide. Where available, protein structures are shown in cartoon representation next to their
names. Where no structure is available, the enzyme names is shown inside a black box.
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1.3.2 Variations to the s-triazine catabolic pathway identified in other

bacteria

Although less extensively studied than the Pseudomonas sp. strain ADP
pathway, several variations on the model s-triazine catabolism pathway have
been described in other bacterial strains (15). As shown in the Table 1-1, s-
triazine degrading bacteria can contain a variety of triazine catabolism genes:
atzA or trzN only, complete ‘Pseudomonas-type’ pathways (atzA, atzB, atzC,
atzD, atzE, atzF), the ‘Pseudomonas upper degradation-type’ pathway (atzA,
atzB, atzC), or a combination of trzN, atzB and atzC with or without atzD or its

homologue trzD.

The trzN gene encodes a physiological analogue of the enzyme encoded by atzA
and is frequently found in Gram-positive bacteria such as Nocardioides and
Arthrobacter (61, 122). TrzN dehalogenates atrazine simazine, propazine (152),
and some naturally occurring TrzN variants can also hydrolyse less reactive
leaving groups, such as the thiomethyl substituent of ametryn (140, 152). The
structural and mechanistic differences between TrzN and AtzA are explored in

more detail in Section 1.4.

The lower pathway also has some plasticity. TrzD homologues have been found
to encode a cyanuric acid hydrolases. Depending on the frzD homologue,
sequence identity between TrzD and AtzD has been found to vary between 40-
60 %, but frzD has never been found to be part of a cyanuric acid degradation
operon (59, 114). This suggests that the polycistronic organisation of cyanuric
acid catabolism genes in Pseudomonas sp. strain ADP is not a ubiquitous

configuration for these genes (118, 153) (Fig. 1-4). AtzD homologues have also
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been found in association with genes from pathways other than the
Pseudomonas’; for example, in Rhizobium leguminosarum bv. viciae 3841, an
atzD homologue is found immediately upstream of a gene encoding a biuret
hydrolase (biuH). This pathway differs from the Pseudomonas’ because BiuH
belongs to the isochorismatase family, unlike AtzE that belongs to the amidase

family. Additionally, there is no equivalent of atzF found downstream of biuH.

Interestingly, the melamine catabolic pathway parallels the atrazine catabolic
pathway with three hydrolytic steps that sequentially deaminate melamine to
ammeline, ammeline to ammelide and ammelide to cyanuric acid (Fig. 1-4). TriA,
a melamine deaminase, was first identified in 1991 from a Pseudomonas sp.
strain NRRL B-12227 (47). TriA shares 98% sequence identity with AtzA, but was
found to be only a melamine deaminase, unable to degrade atrazine. A second
melamine deaminase TrzA, 50% identical to AtzA, was identified from a
Rhodococcus coralinus NRRL-B-15444R strain in 1994. TrzA can perform both

the dechlorination of atrazine and the deamination of melamine (154).

s-Triazine catabolic genes are usually plasmid-borne (15), but some studies also
report atrazine catabolic genes present in bacterial chromosomes. Cai et al.
found the presence of atzA in the bacterial chromosome of Arthrobacter sp. AD1
strain (67). Devers et al. also observed variation in gene compositions and
locations when they sampled 17 atrazine degrading bacteria from soil (75). The
most frequent pattern of genes they observed were: atzABC-trzD, atzABCDEF
and trzN-atzBC. In some cases genes were found on one plasmid, in others they
were spread across multiple plasmids and they were sometimes found on the

chromosome (75). Plasmids were also found to vary in size. Finally, the gene
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copy number also varies. For example, there are multiple copies of {rzN in the
Arthrobacter aurescens strain, which contains six identical tandem repeats of
trzN on a 16 kb region of the pTC1 plasmid (130). As yet, the effect of trzN gene

dosage in this strain has not been investigated.

1.4 Enzymatic basis of the s-triazine catabolism

1.4.1 Structure-function of the metalloproteins amidohydrolases of the

upper pathway

AtzA (E.C. 3.8.1.8), TrzN (E.C. 3.8.1.8), AtzB (EC 3.5.99.3) and AtzC (EC
3.5.99.4) are all metal-dependant amidohydrolase family enzymes that share a
common fold known as the (a/B)s barrel (140, 146, 147, 155) (Fig. 1-5). The
substrate specificity of these enzymes depends on the steric, conformational and
electronic restrictions imposed by the eight loops that form the active site, located
at the end of the eight B-strands (155). Although they catalyse a broad range of
reactions, the amidohydrolase mechanism usually involves the activation of a
nucleophilic water molecule through the complexation with the metal centre,
followed by nucleophilic attack on the substrate by the activated water. In some
cases, a proton transfer from an active site amino acid to the substrate is also
required to activate the substrate (155). The characteristics of each of these four

enzymes are described in the Table 1-4.
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Table 1-4 Characteristics of the amidohydrolases of the upper pathway.

Introduction

Physiological Kinetic
E.C. No. Enzyme Function Values' Approx. Size PFam Family Accession? Mechanism Refs
UniProt:
Kv =20 A1RCJ9,
3.8.1.8 TrzN s-Triazine hydrolase <@ = 2 Dimer (2 x Amidohydrolase  38VS01 Zn?*-dependent (12202,115329,
S0 y kea/KM=1x 54,000 Da) y PDB: 419x,  hydrolase 156, 157)
10° 4|1h8, 5hmd, ’
5hme, 5hmf
Kv =ND UniProt: (119, 136
s-Triazine keat = ND Hexamer (6 : P72156 Fe?*-dependent ’ ’
3818  AZA  piorohydrolase Kwket =15 52,000 Da) ~midohydrolase php. v 4y hydrolase 125) b
x 10* 4v1y
Hydroxydechloro- Ku = 20 UniProt: Fe?*/Zn?*-
35993 AtzB  afrazine faf /;3= - gmo%:) Amidohydrolase P95442 dependent (116%%’ 112,
ethylaminohydrolase XC‘:’I"05M ' ’ PDB: NA hydrolase
N- Kt = 400 UniProt:
Isopropylammelide  kcat =13 Tetramer (4 x 052063 Zn%*-dependent
3.5.4.42 AtzC : . ca _ Amidohydrolase PDB: 2qt3, (109, 146)
isopropylamino- KeaKm = 3.3 45,000 Da) 4 hydrolase
4 cqb, 4cqc,
hydrolase x 10
4cqd, 5akq

'Values are given for the physiological substrate only. Units for kinetic values are as follows: Ku, uM; kcat, S™'; keat/Km, s71.M"

2Accession numbers are given for the ‘archetypal’ enzymes only
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Figure 1-5 Structures of the s-triazine degrading enzymes of the upper pathway. A.
Cartoon representation of the AtzA hexamer (formed by a trimer of dimers (147)); B.
AtzA monomer; C. Zoom onto the AtzA active site with bound Fe?*; D. TrzN dimer; E. TrzN
monomer; F. Zoom on the TrzN active site with bound Zn**; G. AtzC dimer; H. AtzC
monomer; I. Zoom on the AtzC active site with bound Zn®*. For the quaternary structures,
each monomer is shown in a different colour. For the tertiary structures of the
monomers, loops are in green, a-helices are in red and 6-strands are in yellow. The black
dot indicates the location of the active site, metal cations are represented as spheres
(grey for Zn’*and orange for Fe?*). The amino acids involved in metal coordination are
represented in green sticks for histidine, and the conserved Asp/Thr and Glu residues are
represented in yellow sticks. PDB code used are: 4v1y for AtzA, 419x for TrzN and 5akq
for AtzC.
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AtzA is a hexameric, Fe?*-dependent metalloenzyme (107, 119). The kcat/Km of
this enzyme has been reported at 1.5 x 10* sec’.M! (159). The Ku of AtzA
exceeds the water solubility of atrazine (~153 yM) and as a consequence the Ku
and Kcat of AtzA cannot be directly measured (Table 1-4). The active site of AtzA
is buried at the end of a long hydrophobic channel. A Fe?*, coordinated by four
histidine residues (His66, His68, His243 and His276) and an aspartate (Asp327),
form the metal centre (147). No crystal structure with atrazine in the active site
has been obtained, nor could the substrate be docked into the active site,
suggesting a poor complementarity between the active site and its substrate.
Peat et al. concluded that the high Ku of AtzA for atrazine could be explained by
the lack of complementarity. AtzA also has a low affinity for iron, and this was
shown to be due to unusually long bond lengths between the metal and the
histidine ligands. Overall the unusual bonding pocket appears “ill-adapted” for its

function (147, 159). (Fig. 1-5)

TrzN is a dimeric, zinc-dependent amidohydrolase performing the same
physiological function as AtzA. Its metal centre is composed of a Zn?* coordinated
by four histidines (His63, His65, His238 and His274) and, unusually, a threonine
(Thr325) residue forms a bond to the metal via a bridging water molecule. (140,

152).

Some naturally occurring TrzN variants are strict chlorohydrolases (e.g. the
Nocardioides sp. strain AN3 TrzN) (157, 161, 162), while others (such as the
Nocardioides sp. strain MTD22 TrzN) are capable of hydrolyzing non-halogen

substituents, including the S-methyl and O-methyl groups from ametryn and
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ametron, respectively. Interestingly, this biochemical phenotype is controlled by
a small number of amino acid substitutions in the active site: Thr/Pro214,
His/Tyr215 and GIn/Glu241 (157). The strict dehalogenase TrzN contains the
GIn241 mutation, whereas the broader substrate range TrzN enzyme contains a
Glu241. Glu241 residue is thought to protonate the atrazine ring, which then
protonates the poorly reactive leaving groups (e.g. —SCHs). Sugrue et al. showed
that the presence of the two hydrophobic residues Pro214 and Tyr215 contributed
to the creation of a microenvironment, increasing the pKa of the glutamine side-
chain and making Glu241 a more reactive catalytic residue, allowing the efficient
hydrolysis of ametryn (157). Laboratory evolved AtzA variants that can protonate
unreactive leaving groups (such as amines and —SCH3 groups) have been
produced, but such variants have reduced dehalogenase activities (158, 163).
The active site of TrzN is a better fit for its substrate than is the case for AtzA and

atrazine (140, 147), explaining why the Kwv of TrzN is lower for atrazine (20 uM)

than that of AtzA and the kcat/Km higher (ca. 1 x 10° s”".M1)(159). (Fig. 1-5).

The two next enzymes in the pathway are AtzB and AtzC. AtzB, a metal-
dependent amidohydrolase, is a hydroxyatrazine N-ethylaminohydrolase. AtzC,
a zinc-dependent tetramer, catalyzes the hydrolysis of the N-isoproylamine group
from N-isopropylammelide (kcat = 13 sec™’, Ku = 400 uM) (137). The Zn?* metal
centre of AtzC is coordinated by four histidines (His60, His62, His217 and His249)
and an Aspartate, Asp303. In AtzC, while the water molecule is activated by the
metal ion, the substrate is protonated by GIn160, leading to the protonation of the
leaving group (146) (Fig 1-5). AtzC has a relaxed substrate specificity, removing
sidechains from a range of substituted ammelides (137). As yet, there is no X-ray

structure for AtzB, but it also belongs to the amidohydrolase family, forms a
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homodimer and has been demonstrated to contain a metal ion, that could be
either Fe?* and/or Zn?* (112). Like AtzC, AtzB has been shown to hydrolyse the
side chains from a range of di-N-alkyl-2-hydroxy-s-triazines (112). Interestingly,
AtzB has also been shown to possess chlorohydrolase activity, albeit ten-fold
lower than its physiological deaminase activity with kcat/Km values of 1.5 x 10° and
1.6 x10* M-'.s™" for deamination and dechlorination, respectively (112). Sequence
alignment of AtzB with the other metallo-enzymes TrzN, AtzA and AtzC shows
conservation of the histidine binding metals and of the asparagine/threonine and
suggests His75, His77, His249, His284 and Asp336 might be the amino acids

involved in metal binding in AtzB (Fig. 1-6).
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Figure 1-6 Alignment of AtzA, TrzN, AtzC and AtzB amino acid sequences with T-COFFEE
(164-168). The black arrows point towards the four conserved Histidine residues and the
aspartate (or threonine in the case of TrzN) involved in the metal binding centre of the
enzyme’s active sites. The colour reflects the quality of the alignment and the legend is
shown on the top left corner. For reason of readability the C-terminal sequences are
truncated at amino acid for 353 AtzA, 351 for TrzN, 330 for AtzC and 359 for AtzB. The
Beta The secondary sequences of AtzA, TrzN and AtzC have been added using ESPript
(169); The n symbol refers to a 310-helix, a-helices, 310-helices and rt-helices are displayed
as medium, small and large squiggles, respectively. 8-strands are rendered as arrows,
strict 8-turns as TT letters and strict a-turns as TTT. residues in an alternate conformation
are highlighted by a grey star.
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1.4.2 Structure-function of the amidohydrolases of the lower pathway

Unlike the enzymes of the upper pathway, the enzymes of the lower pathway do
not belong to the amidohydrolase superfamily, instead they belong to the
amidase and cyclic amide hydrolase families. Their characteristics can be found

in Table 1-5.

AtzD (E.C. 3.5.2.15) produces 1-carboxybiuret by opening the cyanuric acid ring,
its kcat and Km values are 17 sec’ and 350 uM, respectively (Table 1-5). It forms
a compact tetramer. Each monomer has been found to contain a metal centre
coordinating a Mg?* metal ion; however, it is involved in structure stabilisation and
is not catalytic (145) (Fig. 1-7). Phylogenetic analysis of the sequences of AtzD
(114) and TrzD (59) with homologous sequences, has revealed that these
enzymes belong to a unique family of enzymes (113, 145, 170), which also
includes barbituric acid hydrolase (BAH), an enzyme involved in the oxidative
pathway of pyrimidines (171). The structural characterisation of AtzD from
Pseudomonas (145) and cyanuric acid hydrolases (CAH) from Frankia sp. strain
Eul1c and Azorhizobium caulinodans ORS 571 (144, 149) confirmed the novelty
of the protein family. AtzD was found to possess a novel fold, named the
“Toblerone fold” in reference to the three-fold pseudo-symmetry of the AtzD
monomer (Fig. 1-7) (145). The catalytic mechanism of AtzD, probed by mutation

and inhibition studies, depends upon a Ser-Lys catalytic dyad (144, 145).

29



Introduction

Table 1-5 Characteristics of the amidohydrolases of the lower pathway. NA: not available.

Physiological Kinetic
E.C. No. Enzyme Function Values' Approx. Size PFam Family Accession? Mechanism Refs
UniProt:
Ku = 350 P58329 (113, 144
Cyanuric acid Kcat =17 Tetramer (4 x PDB: 4bvq, Ser-Lys ’ ’
35215  AED idohydrolase ke/Kw=48 19,000 Da)  loplerone Abvr, 4bvs,  hydrolase 123’) e
x 10* 4bvt, 4nq3
5t13
. UniProt: .
35184 A bt NA Amidase Q936X3 Ser-cisSer-Lys (445 11g)
amidohydrolase NA PDB: hydrolase
Kuv =80 .
; UniProt: .
: Biuret Keat =12 Tetramer (4 x , Cysteine
35184  BuH idohydrolase kea/Kw=15 27,000Da) 'SOchorismatase LIN7F4 hydrolase (118)
x 10° .
Ku =1 .
35154 AtzF Allophantate kc:\;,t = 15600 Tetramer (4 x Amidase ggg)?; Ser-cisSer-Lys (115, 116,
o amidohydrolase Kea/Km =1.1 36,000 Da) PDB: 4¢p8 hydrolase 138, 142)
x 104 - 40P

'Values are given for the physiological substrate only. Units for kinetic values are as follows: Ku, uM; Kcat, S™'; keat/Km, s71.M"

2Accession numbers are given for the ‘archetypal’ enzymes only
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Figure 1-7 Structure of AtzD from Pseudomonas sp. ADP (PDB 5hxu). A. Cartoon
representation of the AtzD tetramer; B. Monomer of AtzD showing a-helixes in green,
the loops in red and the B-sheets in yellow; C. Zoom in the active site showing the amino
acids coordinating the metal ion in green sticks, the catalytic amino acid of the dyad
ser85-Lys42 in yellow stick and the Arg54 in green stick around the inhibitor barbituric
acid (145); D. Trimeric monomer of AtzD, each repeat unit (RU) is shown in a different
colour; E. Zoom in the active site showing the three sets of potential catalytic amino acids
around the barbituric acid inhibitor: in cyan sticks for the blue RU, in pink stick for the
red RU, in yellow stick for the yellow RU. The black dot represents the location of the
active site, the purple dot the location of the metal ion, the Mg?* ion is shown as a purple
sphere and barbituric acid in orange stick..
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Due to the three-fold symmetry of the active site, the AtzD monomer contains
three potential Ser-Lys dyads: Lys42 and Ser85, Lys162 and Ser233, or Lys296
and Ser344 (Fig. 1-7B,C). It is uncertain which of the Ser-Lys dyads is catalytic;
but X-ray data from the Pseudomonas AtzD structure suggests that Ser85-Lys42
may form the catalytic dyad (145), while phylogenetic studies suggest that
Ser226-Lys156 may fulfil this function (144). The active site of AtzD is largely
composed of polar amino acids that stabilise cyanuric acid substrate through an
extensive H-bonding network. The reaction mechanism resembles that of other
serine hydrolases (Fig. 1-8); the catalytic lysine acts as a general base and
deprotonates the serine that in turn attacks cyanuric acid, leading to the formation
of a covalent acyl intermediate. Finally, a water molecule attacks the acyl:enzyme

complex regenerating the active site serine and liberating 1-carboxybiuret (145).

Sergs Sergs Sergs
: \
N —— S, — Y
T
HNXNH H2N4\> HN-" NH HCE&\» NS NH,
02\ u /&O Lys42 02\ H /&O 2 Lys42 o N /go 4\> Lys42
N
‘\
O S S . HZO
Ho/mNH NH, /\ Sirss Sergs
o%\ N /&o %
. N \ ) O?/(‘ H
-—
Hr?’ NH, H<H,§',®4\> H NH, OI\HvE\IA\»
CENY /go 2 Lysaz 02\ N /&O Lysaz

Figure 1-8 Example of a serine hydrolase mechanism: the AtzD mechanism. catalytic
lysine acts as a general base and deprotonates the serine that in turn attacks cyanuric
acid, leading to the formation of a covalent acyl intermediate. Finally, a water molecule
attacks the acyl:enzyme complex regenerating the active site serine and liberating 1-
carboxybiuret (145).
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AtzE and AtzF both belong to the amidase enzyme signature family,
characterised by a glycine serine rich sequence (Fig. 1-9) (115, 172). Up until
now all attempts to produce AtzE in E. coli had failed, and consequently AtzE had
not been characterised prior to the beginning of the investigation reported in
Chapter 3. However, AtzF has already been biochemically characterised. It is an
allophanate amidohydrolase (AH) from the amidase family and possesses the
signature amidase catalytic triad (Lys65, cisSer165 and Ser189), which was
confirmed via mutagenesis and through inhibition studies (115). AtzF is a
homotetramer and its kcat and Ku values with allophanate are 16 sec! and 1500

MM, respectively (Table 1-5) (115).

Ser189
=

\ Ser165

Figure 1-9 Structures of the amidase domain of AtzF from Pseudomonas sp. ADP (PDB
4cp8). A. Cartoon representation of the AtzF dimer; B. AtzF monomer, where the black
dot indicates the location of the active site; C. Zoom onto the active site with the amino
acids of the catalytic triad are shown in yellow sticks around the malonate inhibitor
shown in orange stick.
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AtzF is larger than most amidase family enzymes, as it possesses a ca. 15 kDa
C-terminal extension (173). The X-ray structure of N-terminal amidase domain of
AtzF was obtained. This fragment of AtzF was catalytically competent, with
identical Km and kcat values to the full length protein. Indeed, the only function so
far ascribed to the C-terminal extension is to co-ordinate the quaternary structure

of the protein, as the truncated amidase domain is dimeric, not tetrameric (173).

The structure of the AtzF amidase domain, truncated from its C-terminal domain,
confirmed that the enzyme adopts the a-B-a fold common to this enzyme family
(141, 142) (Fig. 1-9). Amidase signature enzymes are found across domains of
life and they are involved in a broad range of reactions (172). The alignment of
five amidases, sharing the same catalytic mechanism as AtzF, are shown in Fig.
1-10: the fatty acid amide hydrolase from the rat (FAAH) (174), the malonamidase
E2 from Bradyrhizobium japonicum (175), the peptide amidase from
Stenotrophomonas maltophilia (176), the AtzF and AtzE from Pseudomonas sp.
strain ADP (110). This illustrates the conservation of the AS signature and of the

catalytic triad Lys Ser Ser (164-168).
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Figure 1-10 Alignment of five AS signature amidase enzymes with T-COFFEE (162-166).
The arrows points towards the catalytic triad Lys cisSer Ser, the black box contains the
the Glycine Serine rich sequence called the AS signature, characteristic of this enzyme
family.
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The AtzF mechanism is essentially identical to the mechanisms found in other
amidases such as the FAAH amidase (176). Ser189 is activated by the Lys-
cisSer proton shuttle, and then forms the acyl:enzyme intermediate via the
nucleophilic attack on the substrate (liberating ammonia). Finally, a water
molecule hydrolyses the acyl-enzyme intermediate releasing dicarboxyamonia

and regenerating Ser189 (176, 177).

In addition to its role in cyanuric acid catabolism, allophanate amidohydrolase is
also found as part of a multiprotein complex (urea carboxylase) involved in urea
degradation in some bacteria, algae, fungi and yeast (178). Urea carboxylase
contains two enzymes, urea carboxylase and allophanate amidohydrolase. Urea
carboxylase performs an ATP-dependent carboxylation of urea to form
allophanate and allophanate amidohydrolase deaminates allophanate, forming
ammonia and carbon dioxide (141, 179). Interestingly, Balotra et al. suggest that
like urea carboxylase, AtzD, AtzE and AtzF may also form a multiprotein complex

(141).

As the Pseudomonas sp. strain ADP biuret hydrolase (AtzE) was difficult to
produce in E. coli (110, 116, 118), Cameron et al. identified and characterised
the biuret hydrolase (BiuH) from Rhizobium leguminosarum bv. viciae 3841 BiuH.
Unrelated to the AtzE amidase, BiuH is a member of the isochorismatase family
with homology to cysteine hydrolases. BiuH hydrolyzes biuret to form allophanate
(kcat/Km = 1.5 x 10%), but does not accept 1-carboxybiurte as a substrate (118).
Homologs of BiuH have been described in other bacteria, but are infrequently
associated with an AtzD homologue, which may suggest a broader role for biuret

catabolism in bacteria (180).

36




Introduction

1.5 Overview of the PhD

The work reported in this thesis focuses on the variation in the composition of the
cyanuric acid degradation pathways from Rhizobium leguminasorum bv. viciae
3841 and of Pseudomonas sp. strain ADP. AtzE was identified more than twenty
years ago (110), and has been identified in the genomes of many s-triazine
degrading strains (Table 1-1). However, AtzE has remained uncharacterised
biochemically or structurally due to its recalcitrance to heterologous expression.
Its physiological counterpart in Rhizobium leguminosarum bv. viciae 3841, BiuH,
had been partially biochemically characterised (118), but lacked characterisation

at an atomic level.

The goal of my PhD was to obtain and study the X-ray structures of both AtzE
and BiuH, to elucidate the structure-function relationships for these two enzymes.
Previous studies of this type with xenobiotic-degrading enzymes have been
informative about their recent evolution, and it was hoped that this study would
provide insights into the convergent evolution of cyanuric acid degradation

pathways in these two bacteria.

In Chapter two, BiuH is characterised Rhizobium lequminasorum bv. viciae 3841,
with a particular focus on developing a deeper understanding of the structure-
function relationship of this previously under-characterised amidohydrolase. BiuH
was purified to apparent homogeneity, its structure obtained and structure

function analysis performed by mutagenesis and molecular dynamics modelling.

The third chapter of this PhD focuses on gaining a detailed understanding of the

biochemistry and structure of AtzE from Pseudomonas sp. strain ADP, which had
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previously been identified as a functional analogue of BiuH. Careful and detailed
charactisation of AtzE purified from Pseudomonas led to the revision of the
cyanuric acid catabolism pathway and to the identification of two small and
previously overlooked proteins, the function of one of these new proteins (AtzG)

is also explored in this chapter.

In Chapter four, the function and structure of the second newly identified small
protein in the cyanuric acid catabolism (AtzH) is explored. AtzH is purified to
apparent homogeneity from E. coli, its structure obtained and its potential function
analysed biochemically, through substrate docking and by mutagenesis. From
these data it is inferred that AtzH is like an enzyme acting on a metabolite of the

recently revised cyanuric acid catabolic pathway (1,3-dicarboxyurea).
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2 Structural and biochemical
characterization of the biuret
hydrolase (BiuH) from the cyanuric
acid catabolism pathway of Rhizobium

leguminasorum bv. viciae 3841
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CHAPTER TWO

2.1 Overview

The exploration of cyanuric acid degradation pathways in different bacteria
showed that substantial differences exist in the CA degradation pathways
between microorganisms (153). In Rhizobium leguminasorum bv. viciae 3841, for
example, a biuret hydrolase (BiuH) belonging to the isochorismatase family
performs the deamination of biuret to produce allophanate (118); whereas, in the
model bacterium Pseudomonas sp. strain ADP, it is an amidase that is thought
to perform that step. In this chapter, the structure-function study of the biuret
hydrolase BiuH is presented. The atomic structure of BiuH was solved and site-
directed mutagenesis was used to gain a better understanding of the BiuH
catalytic mechanism. Additionally, molecular dynamics simulations highlighted
the presence of three channels from the active site to the enzyme surface forming
potential substrate channel and a co-product (ammonia) channel and a co-

substrate (water) channel.

2.2 Statement of contribution

| performed the cloning, mutagenesis, protein expression and enzyme kinetics. |
also analysed and interpreted the data. The crystallography and structural
determination were performed by Dr Tom Peat and Dr Janet Newman. All the

molecular dynamics work was performed by Dr Del Lucent.

Publication status: Published 01/2018.
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leguminasorum bv. viciae 3841. PLoS One 13.
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Abstract

Biuret deamination is an essential step in cyanuric acid mineralization. In the well-studied
atrazine degrading bacterium Pseudomonas sp. strain ADP, the amidase AtzE catalyzes
this step. However, Rhizobium leguminosarum bv. viciae 3841 uses an unrelated cysteine
hydrolase, BiuH, instead. Herein, structures of BiuH, BiuH with bound inhibitor and variants
of BiuH are reported. The substrate is bound in the active site by a hydrogen bonding net-
work that imparts high substrate specificity. The structure of the inactive Cys175Ser BiuH
variant with substrate bound in the active site revealed that an active site cysteine (Cys175),
aspartic acid (Asp36) and lysine (Lys142) form a catalytic triad, which is consistent with bio-
chemical studies of BiuH variants. Finally, molecular dynamics simulations highlighted the
presence of three channels from the active site to the enzyme surface: a persistent tunnel
gated by residues Val218 and GIn215 forming a potential substrate channel and two smaller
channels formed by Val28 and a mobile loop (including residues Phe41, Tyr47 and Met51)
that may serve as channels for co-product (ammonia) or co-substrate (water).

Introduction

The mineralization of cyanuric acid by bacteria is thought to be an ancient metabolic pathway
[1]. It is thought that this pathway has been recently ‘co-opted’ into pathways for the degrada-
tion of highly functionalized s-triazines as they have become environmentally abundant
through human activities since the mid-twentieth century [1-3]. The s-triazine mineralization
pathways, including the cyanuric acid catabolism pathway, are thought to have evolved in
response to an increase in the abundance of s-triazines in the environment as a result of
human activities [2,4,5]. Although most incidentally exposed bacteria are not sensitive to the s-
triazines, these anthropogenic compounds are an excellent nitrogen source and bacteria that
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can access this nitrogen may have a growth advantage compared with those that cannot: i.e.,
the ability to use s-triazines as a nitrogen source confers a selective advantage [6].

The canonical cyanuric acid catabolism pathway was first described from the atrazine-
degrading Pseudomonas sp. strain ADP, which converts herbicidal chloro-s-triazines to
cyanuric acid via three sequential hydrolyses that first dechlorinate and then dealkylate the
herbicides. These steps are catalyzed by AtzA [7], AtzB [8] and AtzC [9], all of which are metal-
loenzymes with an amidohydrolase fold (PFAM PF01979). Cyanuric acid is then mineralized
by three hydrolases (Fig 1): AtzD [10-12], AtzE [13,14] and AtzF [15-18]. AtzE and AtzF are
Ser-cisSer-Lys amidohydrolases and both possess an amidase-fold (PFAM PF01425); the struc-
ture of AtzF has been determined experimentally [15,19], while that of AtzE has been inferred
from its sequence identity with other amidase proteins [14]. AtzD is also a serine hydrolase,
but it belongs to a recently described structural family (the Toblerone fold; PFAM PF09663)
that is unrelated to Ser-cisSer-Lys hydrolases [10,11,20].

Other s-triazine catabolizing enzymes and pathways have also evolved in response to the
increased abundance of s-triazines in the environment. For example, AtzA is substituted for a
physiologically isofunctional, but non-homologous amidohydrolase TrzN in some bacterial
species [21-23]. TriA, a melamine aminohydrolase that is 98% identical to, but biochemically
distinct from AtzA, allows the use of the triamino triazine melamine as a nitrogen source in
Pseudomonas sp. strain NRRL B-12227 [24-26]. Rhizobium leguminosarum bv. viciae 3841 has
an unusual cyanuric acid catabolic pathway that uses an atzD homolog to ring-open cyanuric
acid, but lacks an atzE homolog to catalyze the subsequent step [27]. Instead, R. legumino-
sarum bv. viciae 3841 employs a cysteine hydrolase that fulfils the role of a biuret amidohydro-
lase (BiuH). The genes encoding the cyanuric acid amidohydrolase and biuret hydrolase are
co-located on one of six large plasmids (the ~0.5 Mbp ‘symbiosis’ plasmid, pRL10 [27]), albeit
this location may not have a specific functional consequence as most s-triazine-degradation
genes are associated with mobile genetic elements [2,5].

Potential applications for many of the genes and enzymes of the s-triazine degrading path-
way have been identified, including environmental bioremediation and the detection of
adulterants in food and animal feed [28-32]. Biuret is sometimes used as an inexpensive
adulterant to increase the total nitrogen content of food and feed, thereby increasing its
value [33]. Biuret is also a side product in the production of urea fertilizer and can be phyto-
toxic [34,35]. BiuH may have utility in detecting, quantifying and degrading biuret in food,
feed and fertilizer.

Herein, we describe and characterize the structure and catalytic mechanism of BiuH.
Through a combination of structural studies, mutagenesis and molecular modelling we are
able to propose a plausible catalytic mechanism for BiuH, which closely resembles that of
other cysteine hydrolases. We also identify three potential channels from the active site to the
bulk solvent, for the ingress of substrates (biuret and water) to the active site and the egress of
products (ammonia and allophanate).

Materials and methods
Cloning

A synthetic version of the biuret hydrolase gene (biuH) from Rhizobium leguminasorum bv.
viciae 3841, codon optimized for expression in E. coli, encoding for a protein identical to
Q1M7F4 (Uniprot), EMBL database accession no. AM236084.1 was ordered from GenScript
(Piscataway, NJ, USA; S1 Fig) and provided as an insert in pUC57 (Genscript) with Ndel and
BamHI (New England Biolabs) restriction sites engineered 3’ and 5, respectively, of the
structural gene. The gene was subcloned into the Ndel and BamHI sites of pETcc2, described
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Fig 1. Cyanuric acid mineralization by bacteria. Cyanuric acid is mineralized to CO, and NHj; by cyanuric acid
mineralizing bacteria by the enzymes cyanuric acid amidohydrolase, biuret hydrolase and allophanate hydrolase. The

product of cyanuric acid amiidohydrolase (1-carboxybiuret) is unstable under physiological conditions and
decarboxylates to form biuret and CO,. The product of allophanate amidohydrolase (dicarboxyammonia) is also

unstable under physiological conditions and decomposes to CO, and NH3.

https://doi.org/10.1371/journal.pone.0192736.9001
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in Peat et al., 2013. A sequence coding for a 6xHis-tag before a thrombin cleavage site
(MGSSHHHHHHSSGLVPRGSH; S1 Fig) was introduced by the subcloning to facilitate pro-
tein purification.

Genes encoding single amino acid substitution variants of BiuH (Asp36Ala, Asp36Asn,
Asp36GIn, Asp36Glu, Phe41Ala, Phe41Leu, Phe41Tyr, Phe41Trp, Lys142Ala, Lys142His and
Lys142Arg, Lys145Ala Lys145His, Lys145Arg, Cys175Ala, Cys175Ser, GIn215Ala, GIn215Asn,
GIn215Asp and GIn215GluGIn215Glu) were produced by overlap extension PCR as described
in Ho et al [36]. The biuH gene was used as template and mutagenic primers were obtained
from Integrated DNA Technologies (IDT, Singapore) and their sequences are detailed in S1
Table. Mutant biuH genes were cloned into the pETcc2 expression vector using Ndel and
BamHI.

Protein expression and purification

PETcc2 derivatives encoding the wild-type biuret hydrolase and twenty variants were used to
transform Escherichia coli BL21 (ADE3) cells (New England Biolabs). Bacterial cultures were
grown on Luria-Bertani (LB) medium, supplemented with 100 ug/mL ampicillin where
required. Cells were grown with shaking at 200 rpm at 37 °C for the wild-type biuret hydrolase
and 28 °C for the variants. Protein expression was induced at an ODgq, of 0.8 by addition of 1
mM isopropyl B-D-1-thiogalactopyranoside (IPTG).

A seleno-L-methionine (SeMet)-BiuH was obtained by growth in minimal medium con-
taining 60 mg/L of SeMet as the only source of methionine, as described in Doublié 1997 [37].
Purification was performed as described below, except that 0.2 mM EDTA and 5 mM dithio-
threitol (DTT) were added to all the buffers in order to retard oxidation of the SeMet-BiuH
during purification.

Cells were harvested 24 hours after induction by centrifugation at 5,000 x g for 15 minutes,
resuspended in lysis buffer (5 mM imidazole, 25 mM potassium phosphate pH 7.5) and lysed
by passage through a Microfluidics homogenizer M-110P (Massachusetts, USA) five times at
15,000 PSI. The lysis was followed by centrifugation at 18,000 x g for 45 minutes, using an
Aventi J-E centrifuge to pellet the cells debris and the soluble fraction was used for further
purification.

The soluble fraction was syringe filtered through a 0.22 um filter. The filtrate was applied to
a 5 mL Ni-NTA Superflow cartridge (GE Healthcare) and protein eluted with a gradient from
5 mM to 500 mM imidazole in ten column volumes (CV). SDS-PAGE analysis was performed
to assess the purity of the fractions, using NuPAGE™ Novex 4-12% acrylamide gradient Bis-
Tris gels (Invitrogen). Fractions that eluted between 150-350 mM imidazole were found to
contain a protein with a mass corresponding to that of biuret hydrolase.

After pooling, the protein containing fractions were concentrated to 12 mL using an Ami-
con Ultra-15 centrifugal filter unit and further purified by size exclusion chromatography
using a 130 mL column packed with Superdex 200 preparation grade resin (GE Healthcare
Life Sciences), equilibrated initially with 50 mM HEPES pH 7.5, 100 mM NaCl. After a prelim-
inary results from the differential scanning fluorimetry (DSF) the gel filtration buffer was
swapped to one containing 50 mM Tris pH 7.5, 100 mM NaCl. All chromatography steps were
performed using an AKTA purifier UPC 10 (GE Healthcare Life Sciences).

Protein concentration was estimated using NanoDrop spectrophotometer (Thermo Pierce)
by reading the absorbance at A = 280 nm. The molar extinction coefficients used for BiuH and
its variants was 34,295 M™'.cm ™', except for BiuH Phe41Tyr (25,785 M".cm™") and BiuH
Phe41Trp (39,795 M".cm™). Molar extinction coefficients were calculated using ProtParam
on the ExPasy server (https://web.expasy.org/protparam/).
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Differential scanning fluorimetry (DSF)

DSF was used to determine an appropriate formulation for crystallization trials, using a stan-
dard, published protocol [38]. Briefly, 0.3 uL of protein and 0.3 uL of a 1:20 dilution of Sypro
dye (Sigma S5692) was diluted into a final volume of 20 uL, and heated in steps of 0.5 °C from
20-90 °Cin an RT-PCR machine (BioRad CXF 96). The protein at 3.6 mg/mL in a preliminary
size exclusion formulation (50 mM HEPES pH 7.5, 100 mM NaCl) was tested in triplicate
against an array of 13 different buffers at pH values ranging from 5 to 9, at two concentrations
of NaCl (‘Buffer Screen 9’,). The T,,, in the HEPES/NaCl formulation was 47.8+/-0.1 °C (all T,,
estimations were extracted using the program Meltdown [39]). The protein was slightly more
stable in 50 mM Tris chloride pH 8, 50 mM NaCl (51.5+/- 0.2 °C). The protein was simulta-
neously treated with thrombin to remove the N-terminal His-tag (100 uL protein at 3.6 mg/
mL was added to a 0.2 mL tube containing 10 units of lyophilised thrombin, and enough
CaCl, to give a final concentration of 3 mM). This mix was dialyzed into 50 mM Tris pH 8, 50
mM NacCl (3.5 kDa cutoff membrane) and this sample was assayed without further purifica-
tion against the same buffer screen by DSF. This increased the Ty, to 55.1 “C. A Meltdown
report for the Buffer Screen 9 analysis of the thrombin/tris treated protein is included as sup-
plementary information (52 Fig).

To confirm the proper folding of the BiuH variants, thermal melt analyses were performed
on each variant, using the N-terminal His tagged protein. Protein concentration was 5 mg/mL,
in 50 mM Tris chloride pH 7.5, 100 mM NaCl and 0.2 pL of 1:20 diluted Sypro Orange dye
was added to each 20 pL experiment. The samples were run in 3-8 fold replication. The wild-
type protein shows a T, of around 56 °C, similar to that found from buffer screen 9, the vari-
ants ranged from 41 "C to 68 °C, but all showed a clear melting transition. See S2 Table and
S3 Fig.

Protein crystallization and structure solution

Modestly diffracting (=3A) wild type BiuH crystals suitable for X-ray analysis were eventually
grown using a combination of seeding, in situ proteolysis, formulation variation and additive
screening. The best native crystal tested was a thin, stacked plate grown from protein at 3 mg/
mL in Tris/NaCl buffer, with an in situ chymotrypsin treatment, where 100 uL protein solution
was added to 10 pg of freeze-dried chymotrypsin and this mix was set up with no further puri-
fication. The reservoir consisteded of 0.18 M lithium chloride, 0.3 M NDSB 195 (non-deter-
gent sulfobetaine 195), 18% polyethylene glycol 6000, 0.09 M sodium MES pH 6. The crystals
grew in droplets of 200 nL protein + 200 nL reservoir, and were set up in SwissSci SD2 sitting
drop plates (Molecular Dimensions, UK) at 20 °C. As there was no obvious molecular replace-
ment model available, SeMet protein in 50 mM Tris pH 8, 50 mM NaCl, 5 mM DTT at 10 mg/
mL was set up against an optimization screen based around the successful wild-type BiuH con-
dition, with the same in situ chymotrypsin treatment. A SeMet crystal from this optimization
screen was harvested, and used to collect single wavelength anomalous data at 0.97919 wave-
length to 2.46 A resolution at the Australian Synchrotron MX2 beamline. The data showed a
strong anomalous signal (CCanom > 0.15) to about 2.90 A and the structure was solved using
Crank2 [40] which automatically built 884 residues in 19 chains in the C2 spacegroup. The
structure was manually rebuilt to give four independent chains in the asymmetric unit which
formed a tight tetramer. Several higher resolution data sets (Table 1) of mutants and soaks
were available and this model was used to solve these structures using Phaser [41] (in two new
space groups, P2,2,2, and P22,2,). The P22,2, spacegroup (the two K142 mutant structures)
also has a single tetramer in the asymmetric unit whereas the P2,2,2, spacegroup (the C175S
structure with and without biuret) has two tetramers in the asymmetric unit. The structures
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Table 1. Data collection and refinement statistics.

Data Collection

PDB code 6AZO 6AZN 6AZQ 6AZS 5BK6
Crystal SeMet C175S C175S + biuret K142A K142H
Spacegroup C2 P2,2,2, P2,2,2, P22,2, P22,2,
Cell(axbxc) 135.7x101.0 x 65.6 74.2 x 86.9 x 343.0 73.7x87.3x341.7 62.1x122.2x136.1 62.1x122.7x135.7
Cell (axBx7y) 90 x 91.8 x 90 90 x 90 x 90 90 x 90 x 90 90 x 90 x 90 90 x 90 x 90
Resolution (A) 2.46 1.75 2.22 1.59 1.59
Completeness (%) 99.7 (98.0) 100 (100) 99.9 (98.6) 100 (100) 100 (100)
Rmerge % 0.279 (0.713) 0.090 (0.759) 0.159 (0.726) 0.183 (1.122) 0.071 (0.726)
Rpim % 0.091 (0.425) 0.056 (0.546) 0.093 (0.434) 0.074 (0.530) 0.045 (0.588)
Mean 1/sigl 11.4 (2.7) 9.0 (1.1) 7.7 (2.5) 8.2 (1.6) 11.7 (1.6)
# unique reflections 32,094 223,984 110,156 139,549 139,814
Multiplicity 19.8 (7.4) 6.5 (5.2) 7.4(7.1) 13.5(10.4) 6.1 (4.3)
CC1/2 0.991 (0.817) 0.998 (0.847) 0.990 (0.652) 0.996 (0.665) 0.999 (0.627)
Anomalous completeness 99.5 (95.6)

Anomalous multiplicity 10.0 (3.8)

AAnom correlation between half sets 0.233 (inner = 0.795)

# Se 24

Wavelength (A) 0.97919

Refinement

Resolution (A) 45.0-2.46 44.5-1.75 42.9-2.22 50.0-1.59 50.0-1.59
No. Reflections 30,444 210,888 104,573 132,605 132,830
Rwork % 22.5 17.4 24.9 15.4 15.0
Rfree % 27.6 20.4 27.7 17.4 17.4

# atoms (total) 7,462 15,574 14,376 8,241 8,285

# waters 413 1445 409 879 959

# buffer/biuret/inhibitor atoms 0 0 49 112/22 56
Mean B value overall (A?) 17.3 29.1 32.8 16.6 22.1
Mean B value protein (A%) 17.9 29.3 33.5 16.3 21.8
Mean B value water (A?) 10.7 36.8 26.3 26.8 324
Mean B value buffer/biuret/inhibitor (A%) NA NA 24.1 20.6 /30.2 31.3
r.m.s.d. bond lengths (A%) 0.012 0.018 0.010 0.015 0.018
r.m.s.d. bond angles (*) 1.634 1.760 1.433 1.787 1.893
Ramachandran analysis (%) 97.8/0.1 97.9/0.1 98.2/0 97.9/0 97.9/0.1

preferred/ outliers

https://doi.org/10.1371/journal.pone.0192736.t001

were manually rebuilt using Coot [42] and refined with Refmac [43]. The biuret and inhibitor
constraints were generated with the eELBOW function in Phenix [44]. All the crystal trials were
set up in the SD-2 sitting drop plates which were used for the native protein; details of the crys-
tallization conditions can be found in S3 Table. The structures obtained in this study have
been lodged in the Protein Data Bank: SeMet BiuH wild-type (PDB: 6AZ0O), BiuH Cys175Ser
(PDB: 6AZN), BiuH Cys175Ser with biuret (PDB: 6AZQ), BiuH Lys142Ala with N-carbamoyl-
D,L-aspartic acid (PDB: 6AZS) and BiuH Lys142His (PDB: 5BKé6).

Molecular dynamics

A 500 ns molecular dynamics simulation was performed on the wild-type enzyme to investi-
gate its substrate-active site interactions as well as the enzyme’s conformational plasticity.
Beginning from the crystal structure (with ligand coordinates taken from the C175S mutant
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structure) the AmberTools package [45] was used to setup molecular dynamics simulations
with the Amber2014SB force field for the protein degrees of freedom [46], the GAFF force
field for the ligand degrees of freedom [47], and the OBC2 generalized-Born implicit solvent
model [48,49]. Simulations were performed using the OpenMM simulation library [50]
with a non-bonded cut-off of 1 nanometer, a salt concentration of 150 mM, and hydrogen
bond lengths constrained. Equations of motion were integrated with a Langevin integrator
(time step of 2 femtoseconds, a temperature of 300 Kelvin, and a collision frequency of 91/
picosecond). After energy minimization, the system was equilibrated for 1 nanosecond, fol-
lowed by 500 nanoseconds of simulation (collecting the positions of all atoms every 200
picoseconds).

The trajectory was subjected to further analysis via conformational clustering using the
k-means algorithm with k = 20. These states were then assembled into a Markovian state
model with a lag time of 40 nanoseconds using the PYEMMA python library [51]. The
Caver algorithm [52,53] was used to identify a number of transiently forming tunnels
linking the active sites of each monomer to the surface as well as the central cavity of the
tetramer.

An additional simulation was performed using the same protocol to characterize the
Cys175Ser mutant (which was observed to bind biuret but was non-catalytic)

Enzyme assays

A glutamate dehydrogenase (GDH) coupled reaction was used to measure ammonia release in
the biuret hydrolase (BiuH) dependent reactions. GDH catalyzes the NADH-dependent ami-
nation of o-ketoglutarate (S4 Fig). Ammonia production by BiuH was followed using the
decrease of absorbance at 340 nm by UV spectrophotometry, which was due to the oxidation
of NADH by GDH. 1.25 U of GDH was used per 250 uL reaction, the final concentrations of
o-ketoglutarate and NADH were 3.5 mM and 0.2 mM, respectively.

Biuret hydrolase specific activity was obtained by using 22 nM of biuret hydrolase wild type
or 0.22 uM of the variants and 5 mU/pL of GDH in presence of 1.2 mM of biuret in 25 mM
potassium phosphate buffer pH 8.5, at 28 °C. Biuret hydrolase kinetic data were measured for
the wild type and all the variants having a residual specific activity above 1% of the wild type
enzymes, by using 22 nM of biuret hydrolase enzyme and either 2.9 uM or 0.9 uM of the vari-
ants, depending on their performance in presence of various concentrations of biuret ranging
from 0-4 mM, using the GDH-coupled assay. All the kinetics constants were calculated using
GraphPad Prism (GraphPad Software, San Diego, USA) fitting the rate data to the Michaelis-
Menten equation:

Inhibition study

Inhibition of the BiuH’s activity was measured in the presence of N-carbamoyl-D,L-aspartic
acid, using 22 nM of biuret hydrolase enzyme. A 100 mM stock solution of N-carbamoyl-D,L-
aspartic acid was prepared in 50 mM HEPES buffer, pH 8.5. The IC5, was determined by mea-
suring the catalytic rate of BiuH against 0.2 mM of biuret at 28 °C in 50 mM HEPES bulffer,
pH 8.5 in presence of increasing amount of inhibitor ranging from 0 to 20 mM (S5 Fig). N-car-
bamoyl-D,L-aspartic acid was shown to not limit GDH activity at 0-20 mM.
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Results and discussion
Structure of biuret hydrolase

Although BiuH had been partially characterized previously [54], the structure had not been
determined and the molecular detail of its biochemical activity had not been investigated. We
obtained a number of X-ray structures of BiuH (Table 1), which allowed a more complete anal-
ysis of the enzyme. The native protein was purified (20 mg from 1 litre of culture, concentrated
to 10 mg/mL) and crystallized after removal of the His-tag in situ using chymotrypsin, in neu-
tral conditions containing medium or high molecular weight polyethylene glycols as precipi-
tants. Proteolysis did not impact the activity of the purified enzyme (S6 Fig).

The protein is a tetramer (consistent with SEC; S7 Fig); each monomer adopts a five-
stranded parallel B-sheet which is surrounded by a-helices (Fig 2). Helices 02, a4 and a5 (resi-
dues 95-102, 178-186, and 202-213, respectively) make symmetric interactions to another
protomer in the tetramer, forming a dimer, as part of the basis of the quaternary structure.
Each of these dimer interfaces (A-D, B-C) cover an area of over 1800 A? whereas the interface
between protomers not in the dimer (A-C, B-D) is significantly smaller (ca. 700 A?). BiuH is
similar to several other structures in the PDB ID: 3irv and 3uao (NicF; maleamate amidohy-
drolase; Uniprot: Q88FY5) [55-57] as examples (rmsd of Co atoms of 1.3 to 1.6 A over about
180 residues, sequence identities ranging from 26 to 29% identical). Excess densityassociated
with Cys175, Cys114, Cys190 and Cys196 in the SeMet structure suggests that these residues
have tendency to be oxidized. Depending on the structure and the chain, the loop containing
residues 44-53 is at least somewhat disordered and has a higher B-factor than most of the rest
of the protein. The average B factor for the chains where the loop is mobile (in more than one
conformation) is about double that of the average B factor for both the whole of the protein
chain and double what is seen for the same loop (44-53) in other chains where there is a single
conformation.

BiuH active site and catalytic mechanism

BiuH belongs to the same family of proteins as RutB (ureidoacrylate peracid amidohydrolase;
Uniprot: P75897) [58,59], PncA (nicotinamidase; Uniprot: P21369) [60-62] and NicF [55-57].
These enzymes are involved in the catabolism of heterocyclic compounds; PncA deaminates
nicotinamide as part of the salvage pathway, RutB is required for the aerobic catabolism of
pyrimidines and NicF is essential for nicotinic acid catabolism (Fig 2). PncA, NicF and RutB
are all amidohydrolases; however, they catalyze slightly different reactions, with NicF and
PncA perform analogous reactions producing ammonia and maleic acid (NicF) or nicotinic
acid (PncA), while RutB produces aminoacrylate and carbamate. BiuH could potentially cata-
lyze either reaction to produce either ammonia and allophanate or carbamate and urea. How-
ever, NMR studies with '>C labelled biuret provide strong evidence for the production of
allophanate, rather than urea (Fig 3) [54].

Like RutB and NicF, BiuH contains no metal in the active site [58,59,63]. In this regard it
differs from PncA, which contains a zinc that is con-ordinated by two histidine residues, an
aspartate residue and two water atoms [64]. The bipyrimidal co-ordination of the active site
zinc is completed by the nitrogen heteroatom of the nicotinamide ring, which positions the
substrate for hydrolysis by the active site nucleophile (Cys159) [64]. This suggests that biuret
hydrolase is more distantly related to PncA that it is to NicF or RutB.

A comparison of the sequences of biuret hydrolase with seven homologs (PDB ID: 3irv,
3KkI2, 1nba, 3uao, 2wta, 3hu5, and 3r2j) indicated that nine amino acids are highly conserved in
the active site of this enzyme family (Asp36, GIn38, Phe41, Lys142, Phe148, Thr151, Gly169,
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B.

Fig 2. Structure of the biuret amidohydrolase enzyme. Cartoon representation of: A. BiuH tetrameric structure, each color represents a subunit; B.
monomeric subunit of BiuH with alpha helices shown in red (numbered o:1- 0:8), beta strands in yellow (numbered B1- 5) and loops in green. In every cases
the N and/or C termini were visible, they are indicated by a black arrow. Figures 1, 3 and 6 were generated with PyMol [65].

https://doi.org/10.1371/journal.pone.0192736.9002
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maleamate amidohydrolase (NicF) produces ammonia and maleic acid from maleamaic acid, produced by NicX and NicD from 2,5-dihydroxypyridine
during nicotinic acid catabolism; and, 3) biuret amidohydrolase (BiuH) produces ammonia and allophanate from biuret during cyanuric acid

catabolism.

https://doi.org/10.1371/journal.pone.0192736.9003

Cys175, Thr179). As Cys175 is the only conserved cysteine, it was probable that it was the
active site nucleophile; indeed, substitution of Cys175 for isosteric serine abolished catalytic
activity (without impacting protein folding; S2 Table). A structure of the inactive Cys175Ser
variant with biuret in the active site was obtained (PDB ID: 6AZQ). Given the relatively minor
change to the active site relative to that of the wild-type, this structure is a close approximation
of the Michaelis complex before the nucleophilic attack on the substrate by active site
nucleophile.

In the Cys175Ser variant, biuret has an extensive hydrogen bond network with both side-
chains and the protein backbone: Asp36, Lys145, Thr171, Ser175 and GIn215 have sidechain
interactions; Ile170 and Thr171 contribute hydrogen bonds from backbone atoms. The active
site GIn215 is provided by from the adjacent monomer of the dimer, which protrudes into the
active site of its neighbouring monomer and binds the terminal amide that is distal from the
nucleophile (Fig 4). The pocket is further constrained by Phe41, Tyr47 and Val174, with side-
chain atoms of these residues between 3.2 and 3.9 A away from the biuret molecule (Fig 4).
The center of the Phe41 ring is about 3.0 A from the N6 nitrogen, which is adjacent to the car-
bon presumed to be under attack by Cys175 in the wild-type enzyme. In this structure, Ser175,
Asp36 and Lys142 are within hydrogen-bonding distance of one another; suggesting that, in
addition to Cys175, Asp36 and Lys142 comprise the catalytic triad for BiuH. The amide oxy-
gen closest to the nucleophile, which forms the oxyanion during catalysis, occupies a pocket
that is formed by the main-chain nitrogens of Cys175 and Thr171. In NicF the oxyanion hole
is formed by main-chain nitrogens of the nucleophilic cysteine (Cys150) and a threonine resi-
due (Thr146) [63], and in PncA it is formed by main-chain nitrogens of a cisAla (cisAlal55)
and Phe (Phel58) [64]

The catalytic mechanism of BiuH is therefore likely to be identical to that of other cysteine
amidohydrolases (Fig 5) in which the active site nucleophile (Cys175) is deprotonated by a
general base (Asp36). The function of Lys142 is likely to be the same as that of Lys117 in NicF,
which serves to increase the acidity of Asp29 (the equivalent of BiuH Asp36) [55]. The
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Fig 4. Cys175Ser BiuH variant showing biuret in the active site. BiuH is represented in cartoon style, with the
exception of the active site amino acids; biuret is shown in pink, the hydrogen bonds between the residues and biuret
are shown in grey, the hydrogen bonds between Asp36 and Lys142 in red; GIn215 is shown in cyan as it belongs to

another enzyme subunit. The difference density map (Fo —Fc) of biuret in the active site is shown in S11 Fig.

https://doi.org/10.1371/journal.pone.0192736.9004

nucleophile forms a tetrahedral covalent intermediate with the substrate, with the developing
oxyanion stabilised by the main-chain nitrogens of Cys175 and Thr171. Thereafter ammonia
is released and an acyl intermediate is formed between the substrate and enzyme. This inter-
mediate is subsequently hydrolyzed to release the product (allophanate) and regenerate the

active site for further catalysis (Fig 5). Mutagenesis of Asp36 and Lys142 support this
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Fig 5. Suggested mechanism of the BiuH. Lys142 stabilizes Asp36 that will act as a general base and deprotonate Cys175, allowing Cys175 to perform
a nucleophilic attack on the carbonyl end of biuret. Cys175 then binds to biuret forming a tetrahedral intermediate. Asp36 then acts as a general acid,

leading to the collapse of the intermediate and the production of an ammonia and a thioester intermediate. Following the addition of a water

molecule, Asp36 deprotonates the molecule of water leading to the hydrolysis of the thioester intermediate, forming a new tetrahedral intermediate.

Finally, the enzyme is restored to its original state, releasing the allophanate product.

https://doi.org/10.1371/journal.pone.0192736.9g005
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Fig 6. Specific activity of variant enzymes compared to the BiuH wild type enzyme. The specific activity is shown
for each variant as percentage of the wild type BiuH specific activity, using 1.2 mM biuret as substrate (n = 3).

https://doi.org/10.1371/journal.pone.0192736.9006

mechanism (Fig 6, S2 Table): Asp36 cannot be substituted for other amino acids and Lys142
can only be replaced by an arginine residue (with a ~25-fold reduction in activity relative to
the wild-type enzyme).

BiuH and its variants were treated with N-carbamoyl aspartic acid, which is a substrate
analog previously demonstrated to inhibit BiuH activity [54]. The structure of the Lys142Ala
variant was obtained after treatment with the inhibitor (PDB ID: 6AZS), and an acyl (thiocar-
bamate) covalent complex was captured between the deaminated inhibitor and Cys175 (Fig 7).
This unequivocally demonstrates that Cys175 is the active site nucleophile, and also suggests a
role for Lys142 in regenerating the active site after the formation of the covalent intermediate.

Variants were made that disrupted the hydrogen bonding interactions between the active
site through hydrogen bonds with GIn215, Asp36, Lys145 and substrate. The purified variants
were well folded, as shown by DSF, with T, values from 41 °C (BiuH Asp36Glu) to 68 °C
(BiuH Lys142His; PDB: 5BK6). The wild-type BiuH had an intermediate melting temperature
of 56 °C. The Ser175 hydroxyl is less than 3 A away from one of the two carbons in biuret,
looking poised to attack. It should be noted that all heteroatoms (oxygen, nitrogen) in the
biuret molecule hydrogen bond to the protein in an exquisite arrangement that makes the pro-
tein specific to its substrate. Steady state kinetics of the variants were obtained (Table 2). Sub-
stitution of GIn215 with Ala or Glu increased the Ky, of BiuH for biuret by more than 25-fold
(Table 2), consistent with the role of GIn215 in binding biuret. Interestingly, replacement of
GIn215 with Asn slightly decreased the enzyme’s Ky, for biuret, but reduced its k., by ~8-fold,
presumably by modifying the orientation of the substrate in the active site relative to the nucle-
ophilic thiolate of Cys175. Variants of Lys145 in which Lys was substituted for Ala, Arg or His
were effectively inactive (albeit DSF showed them to be folded correctly; Table 2), suggesting
that Lys145 may be essential for substrate binding (Lys145 has a 3.1 A hydrogen bond directly
to biuret). Phe41 is found in a mobile loop that appears to occlude the active site when not
occupied by the substrate. Replacement of Phe41 with Ala, Leu, Tyr or Trp increased Ky, and
reduced k., suggesting a role in substrate binding and positioning, or in product egress.

Molecular dynamics

The binding of biuret to the wild type enzyme (PDB ID: 6AZO) was further investigated using
molecular dynamics. A 500 ns trajectory indicated that biuret was held relatively tightly in the
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Fig 7. The active site of the Lys142Ala variant of BiuH showing Cys175 bound to the inhibitor N-carbamoyl-D,L-
aspartic acid. BiuH is represented in cartoon style, with the exception of the active site amino acids; N-carbamoyl-D,L-
aspartic acid is shown in pink, the hydrogen bond between the GIn215 and N-carbamoyl-D,L-aspartic acid are shown
in grey, the hydrogen bonds between Asp36 and Alal42 in red; GIn215 is shown in cyan as it belongs to another
enzyme subunit. The inhibition profile of BiuH with N-carbamoyl-D,L-aspartic acid is shown in S5 Fig and the
difference density map (Fo —Fc) of the covalently bound inhibitor is shown in S11 Fig.

https://doi.org/10.1371/journal.pone.0192736.9007

active site moving only slightly from the crystallographic conformation. Additionally, the cata-
Iytic residues Asp36 and Cys175 were rigid with Lys142 being somewhat more mobile. Exami-
nation of the conformations of the other active site residues revealed that a number of residues
distal from the catalytic residues had either relatively high RMSD from the crystallographic
conformation, or were shown to adopt two or three distinct rotomeric states (S8 and S9 Figs).
From the Markovian state model there are four highly populated states,three more states with
moderately low populations, and the remaining states had very low stationary probabilities (S9
Fig). Using these states as a guide, three putative tunnels were identified that extended from
the surface of the protein into the active site, and were gated by the residues distal from the cat-
alytic residues (Fig 8). The most persistent tunnel was gated by interactions with Val218 and

Table 2. Steady state kinetic parameters of BiuH and its variants. (n=5).

Km (uM) Kear () keat/Kn
(sTMY)

BiuH WT 797 11.90 £ 0.300 149742
Phe41Ala 505 +23 0.14 £ 0.002 277
Phe41Leu 333+ 15 0.07 £ 0.001 210
Phe41Tyr 749 £ 67 0.81 £ 0.026 1081
Phe41Trp 127+ 8 0.26 £ 0.003 2047
GIn215Ala 2073 + 100 0.74 £ 0.016 357
Lys142Arg 139+ 8 0.07 £ 0.001 504
GIn215Asn 48 +2 0.19 + 0.002 3958
GIn215Glu 2528 + 197 0.29 £ 0.012 115

https:/doi.org/10.1371/journal.pone.0192736.t002
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Fig 8. Solvent accessible channels in BiuH. Three solvent accessible channels emerging from the active site are shown
in blue, green, and yellow. A) The blue and green tunnels quickly reach the surface of the monomer, while the yellow
tunnel extends into the subunit interface and central cavity of the tetramer. The amino acids constituting the active site
are shown as sticks, and the subunit that contained biuret is shown in pale green. B) The active site residues are shown
as green sticks (for a representative structure of cluster 0) and as grey lines (for representative structures of other 19
clusters) and biuret is shown as Van der Waals spheres. The residues that are responsible for gating these tunnels are
labeled in red C) The three dominant tunnels are shown on the right (green, yellow, and blue). Figure generated with
Caver [52].

https://doi.org/10.1371/journal.pone.0192736.9008
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GIn215 in the adjacent subunit while the smaller tunnels were gated by movement of Phe41,
Tyr47, Val48, and Met51. Although further simulation is needed to verify this, it would seem
that these secondary tunnels might serve to allow egress of ammonia and admission of water
to enable the hydrolysis of the covalent intermediate.

Comparing simulations of the Cys175Ser mutant and the wild type revealed that Ser175
adopted a number of conformations that placed the nucleophilic oxygen an Angstrom further
from the appropriate atom in the substrate when compared to the wild-type (S10 Fig). This
was exacerbated by the absence of productive hydrogen bonds with Glu84 and presence of
non-productive hydrogen bonds with Thr171. Combined with the relatively higher pK, of ser-
ine, these results help explain why the mutant tightly binds biuret, but does not catalyze its
hydrolysis.

Conclusion

Herein, we have described and characterized the structure and catalytic mechanism of
BiuH, a cysteine hydrolase that hydrolytically deaminates biuret during cyanuric acid catab-
olism by R. leguminosarum bv. viciae 3841. BiuH is structurally and mechanistically differ-
ent from the ‘canonical’ AtzE from Pseudomonas sp. strain ADP, which fulfils the same
physiological role; i.e., it liberates a nitrogen atom from the triazine ring and allows further
degradation to make all three nitrogen atoms bioavailable. Curiously, there is no equivalent
of atzF in close proximity to the atzD and BiuH genes in R. leguminosarum bv. viciae 3841.
Further study will be required to determine the metabolic fate of the allophanate produced
by BiuH.

BiuH has an analogous function to enzymes in both pyridine and pyrimidine catabolism
with which it shares sequence, structure and mechanistic similarity (i.e., NicF and RutB).
This suggests that BiuH may have evolved from an ancestor with ureidoacrylate peracid
amidohydrolase or maleamate amidohydrolase activity. Interestingly, although the gene
cluster containing the cyanuric acid and biuret hydrolase in Rhizobium leguminasorum bv.
viciae 3841 is the only such cluster characterized to date, similar (as yet uncharacterized)
clusters are present in other bacteria: e.g., Gordonia sp. KTR9 (GenBank: AFR50980.1
and AFR50981.1), Rhizobium leguminosarum strain Vafl10 (GenBank:ANP91478.1 and
ANP91508.1), Rhizobium leguminosarum bv. trifolii WSM1325 (GenBank:ACS61202.1 and
ACS61203.1), Rhizobium tropici CIAT 899 (GenBank:AGB75492.1 and AGB75491.1) and
Agrobacterium vitis S4 (GenBank:ACM38740.1 and ACM38741.1). This may suggest that
BiuH homologs play a more important role than anticipated in the environmental fate of s-
triazine compounds.

Supporting information

S1 Fig. Protein sequence of the biuret hydrolase protein from Rhizobium leguminosarum
bv. viciae 3841. EMBL database accession no. AM236084.1, containing the 6xhis-tag and the
thrombin cleavage sites added through the cloning (in red).

(PDF)

S2 Fig. Meltdown output for BiuH.
(PDF)

S3 Fig. Melting temperature of BiuH and its variants. The melting temperature (Tm) was
measured by differential scanning fluorimetry in *C (n = 3-16 depending on the variants).
(PDF)
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S4 Fig. Biuret hydrolase (BiuH) activity assays. A glutamate dehydrogenase (GDH) coupled
reaction was used to measure ammonium release in the assays of the biuret hydrolase WT and
its variants.

(PDF)

S5 Fig. Percentage of BiuH activity in function of the N-Carbamoyl-D,L-aspartic acid
inhibitor concentration (mM). The activity of BiuH was measured with 0.2 mM biuret and
the GDH-coupled assay in the presence of increasing amounts of inhibitor (n = 6); N-Carba-
moyl-DL-aspartic acid structure is shown on the top right corner.

(PDF)

S6 Fig. Steady state kinetic parameters of BiuH with/without his-tag and comparison to
published data.
(PDF)

S7 Fig. Size exclusion chromatographies from BiuH or its variants. Number 8 represents
the elution time for a protein having the size of an octamer of BiuH (red), 4 represents the size
of a tetramer of BiuH (blue), 2 the elution time for a protein having the size of a dimer of BiuH
(black) and 1 the elution time expected for a protein of the size of the BiuH monomer. The size
exclusion from the K145A/H/R variants seem to present a slight shift towards the dimeric size
when compared to the other variants.

(PDF)

S8 Fig. Root mean square distance for BiuH active site and biuret during molecular
dynamics simulation. Top: Root mean square distance from the crystallographic conforma-
tion for active site residues and biuret over the course of a 500 ns molecular dynamics simula-
tion. Bottom: Distributions of root mean square distances from the crystallographic
conformation for active side residues during a 500 ns molecular dynamics simulation.

(PDF)

S9 Fig. Conformational clustering of active site residues throughout a 500ns molecular
dynamics simulation. States were assigned by clustering the Cartesian coordinates of the
active site residues and biuret using the k-means algorithm (k = 20). Top: Discrete trajectory
showing the conformational state of the active site throughout the course of the simulation.
Bottom: Network diagram showing Markovian state model (lag time = 40 ns) of the conforma-
tional transitions between clustered states. The area of each node is proportional to the equilib-
rium probability of the state while the thickness of the arrows is proportional to the transition
probability.

(PDF)

$10 Fig. Comparison of the biuret-enzyme interactions observed during molecular
dynamics simulations for the WT enzyme (blue) and the C175S mutant (orange). The top
row of plots shows the time trace of the number of hydrogen bonds between the active site res-
idues and biuret, a histogram of these hydrogen bonds, and a bar chart highlighting differences
in hydrogen bonding between WT and mutant. On the bottom, the distance between the
nucleophile and the electrophilic carbon of biuret is shown as a function of time on the left,
and distributions on the right.

(PDF)

S11 Fig. Difference density map (Fo —Fc) shown around biuret and the N-carbamoyl-D,L-
aspartic acid inhibitor. A. Active site of the Cys175Ser BiuH variant shown in cartoon, with
the active site amino acids and biuret shown in stick and the difference density map (Fo —Fc)
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in green mesh. B. Active site of the Lys142Ala variant of BiuH showing Cys175 bound to the
inhibitor N-carbamoyl-D,L-aspartic acid and the difference density map (Fo —Fc), with the
active site amino acids and the inhibitor shown in stick and the difference density map (Fo
—Fc) in green mesh.

(PDF)

S1 Table. Mutagenic primers used for introducing point mutation in BiuH’s sequence by
overlapping PCR. In bold are the base pairs causing the mutation.
(PDF)

$2 Table. Specific activity of BiuH and its variants. The specific activity was measured in
presence of 1.2 mM of biuret (n = 3) in umoles.sec-1.mg enzyme-1, Tm: melting temperature
measured by differential scanning fluorimetry in *C (n = 3-16 depending on the variants).
(PDF)

$3 Table. Crystallisation conditions.
(PDF)
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S1 Figure: Protein sequence of the biuret hydrolase protein from Rhizobium
leguminosarum bv. viciae 3841. EMBL database accession no. AM236084.1,
containing the 6xhis-tag and the thrombin cleavage sites added through the cloning
(in red).
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S1 Table: Mutagenic primers used for introducing point mutation in BiuH’s

sequence by overlapping PCR. In bold are the base pairs causing the mutation.

Amino acid
mutated

Mutagenic primer 5’ > 3’

Asp36Ala Fwd
Asp36Ala Rev
Asp36Asn Fwd
Asp36Asn Rev
Asp36GIn Fwd
Asp36GIn Rev
Asp36Glu Fwd
Asp36Glu Rev
Lysl142Ala Fwd
Lys142Ala Rev
Lys142His Fwd
Lys142His Rev
Lys142Arg Fwd
Lys142Arg Rev
Cysl75Ala Fwd
Cysl75Ala rev
Cysl75Ser Fwd
Cysl175Ser rev
Lys145Ala Fwd
Lys145Ala Rev
Lys145His Fwd
Lys145His Rev
Lys145Arg Fwd
Lys145Arg Rev
GIn215Ala Fwd
GIn215Ala Rev
GIn215Asn Fwd
GIn215Asn Rev
GIn215Asp Fwd
GIn215Asp Rev
GIn215Glu Fwd
GIn215Glu Rev
Phe41Ala Fwd
Phe41Ala Rev
Phe4llLeu Fwd
Phe4dllLeu Rev
Phe4l1Tyr Fwd
Phe4l1Tyr Rev
Phe4l1Trp Fwd
Phe4l1Trp Rev

gccctcatcatcatcgccatgcagacggatttc
gaaatccgtctgcatggcgatgatgatgagggc
ccgccctcatcatcatcaacatgcagacggatttc
gaaatccgtctgcatgttgatgatgatgagggegg
ccgccctcatcatcatccagatgcagacggatttctg
cagaaatccgtctgcatctggatgatgatgagggegg
gccctcatcatcatcgagatgcagacggatttctg
cagaaatccgtctgcatctcgatgatgatgagggce
gagacgatcatcgacgcgcccggcaagggttc
gaacccttgccgggcegcegtcgatgategtcte
gagacgatcatcgaccatcccggcaagggttcg
cgaacccttgccgggatggtcgatgatcgtcte
ggcgagacgatcatcgacaggcccggcaag
cttgccgggcctgtcgatgategtetegec
gatcaccaccgatgtcgccgtctcgacgacgatg
catcgtcgtcgagacggcgacatcggtggtgatc
caccaccgatgtcagcgtctcgacgac
gtcgtcgagacgctgacatcggtggtg
tcgacaagcccggcgcgggttcgttetgeg
cgcagaacgaacccgcgcecgggcttgtcga
tcgacaagcccggccatggttcgttctgege
gcgcagaacgaaccatggccgggcttgtcga
atcgacaagcccggcaggggttcgttctg
cagaacgaacccctgecgggcettgtcgat
atcaagatggtgaagatggcgggcggcgtcttcg
cgaagacgccgcccgccatcttcaccatcttgat
caagatggtgaagatgaatggcggcgtcttcgge
gccgaagacgcecgccattcatcttcaccatcttg
caagatggtgaagatggatggcggcegtcttcgge
gccgaagacgcecgccatccatcttcaccatcttg
tcaagatggtgaagatggagggcggcgtct
agacgccgccctccatcttcaccatcttga
catcatcgacatgcagacggatgcctgcggcaaggg
cccttgccgecaggcatcegtctgeatgtcgatgatg
catcgacatgcagacggatttatgcggcaaggg
cccttgccgeataaatcegtctgeatgtcgatg
catcatcgacatgcagacggattattgcggcaagggce
gcccttgccgcaataatccgtctgcatgtcgatgatg
tcatcgacatgcagacggattggtgcggcaaggg
cccttgccgeaccaatcegtctgcatgtcgatga
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piperazine (5.5)
Grouped by Tm

Grouped by ™ Adjusted pH at Tm
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Curves drawn with dashed lines have unreliable Tm estimates
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S2 Table: Specific activity of BiuH and its variants. The specific activity was
measured in presence of 1.2 mM of biuret (n=3) in pmoles.sect.mg enzyme!, Tm:
melting temperature measured by differential scanning fluorimetry in °C (n=3-16
depending on the variants).

Specific activity Tm (°C)
BiuH WT 51.02 + 9.670 58.0 + 0.45
Asp36Ala 0.05+0.012 53.3+0.16
Asp36Asn  0.03 £+ 0.006 46.6 + 0.05
Asp36GIn 0.05 + 0.009 45.9 £ 0.09
Asp36Glu 0.04 + 0.087 41.3 +0.07
Phe4lAla 1.79 £ 0.033 47.8 +0.31
Phe4lleu 6.28 + 0.057 54.4+0.41
Phe4lTyr 15.33 + 0.068 59.7 + 0.07
Phe41Trp 6.84 + 0.082 51.9+0.24
Lys142Ala  0.04 +0.015 64.3+2.21
Lys142His 0.05 + 0.009 67.8 £0.08
Lysl142Arg 2.75 + 0.466 45.8 +0.22
Lys145Ala  0.23 £ 0.004 53.1+0.31
Lys145His 0.55+0.074 54.5+1.13
Lys145Arg  0.34 +0.04 475+ 0.19
Cys175Ala  0.04 £ 0.032 61.0+0.73
Cys175Ser 0.05+0.011 64.5+0.15
GIn215Ala 2.22+0.22 51.7+0.24
GIn215Asn  1.92 £ 0.08 51.9+0.13
GIn215Asp  0.22 £ 0.007 52.2+0.24
GIn215Glu 0.87 £ 0.081 56.0 £ 0.51




S3 Fig.: Melting temperature of BiuH and its variants. The melting temperature

(Tm) was measured by differential scanning fluorimetry in °C (n=3-16 depending on

the variants).
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S3 Table: Crystallisation conditions

PDB Protein  Protein details Treatment Additions Crystallisation condition Temperature
code variant
6AZ0O SeMet 4mg/mL in 50 chymotrypsin 0.1 M bis-tris chloride pH 6.14 8°C
native mM tris pH 8 0.089 M lithium sulfate
50 mM NacCl 20.7 %wl/v polyethylene glycol 4000
5mMDTT
6AZN C175Ss 13mg/mLin50  thrombin 5 mM biuret 0.1 M citrate buffer pH 5.5 20 °C
mM tris pH 7.5 (from 500 mM stock 0.02 M calcium chloride
100 mM NaCl in DMSO) 12 %wlv polyethylene glycol 8000
6AZQ C175Ss 13mg/mLin50  thrombin Saturated biuret in 0.1 M citrate buffer pH 5.46 20 °C
mM tris pH 7.5 50 mM tris pH 7.5, 0.027 M calcium chloride
100 mM NacCl 100 mM NacCl 11.9 %w/v polyethylene glycol 8000
6AZS K142A 7 mg/mL in 50 thrombin 1 mM N-carbamoyl 0.1 M bis tris chloride pH 6.09 8°C
mM tris pH 7.5 DL aspartic acid 23.6 %wl/v polyethylene glycol 3350
100 mM NacCl (from 100 mM stock  0.161 M sodium thiocyanate
in DMSO)
5BK6 K142H 100 mg/mL in 50 0.1 M bis tris chloride pH 5.5 20C

mM tris pH 7.5
100 mM NaCl

17 %wl/v polyethylene glycol 10000
0.1 M sodium acetate




S4 Fig.: Biuret hydrolase (BiuH) activity assays. A glutamate
dehydrogenase (GDH) coupled reaction was used to measure ammonium release in

the assays of the biuret hydrolase WT and its variants.
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S5 Fig.: Percentage of BiuH activity in function of the N-Carbamoyl-D,L-
aspartic acid inhibitor concentration (mM). The activity of BiuH was measured
with 0.2 mM biuret and the GDH-coupled assay in the presence of increasing
amounts of inhibitor (n=6); N-Carbamoyl-DL-aspartic acid structure is shown on the

top right corner.
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S6 Fig.: Steady state kinetic parameters of BiuH with/without his-tag

and comparison to published data.

Kwm (LM) Kcat (S'l) Kcat/Km
(st.M1)
BiuH WT with his-tag 79+ 7 11.9+0.3 1.5x10°
5
BiuH WT without his-tag 4+ 2 8.8+01 1.2x10
BiuH WT, as published 23+ 4 40+0.2 1.7 x 10°

by Cameron et al 2011




S7 Fig.: Size Exclusion chromatographies from BiuH or its variants. Number 8
represents the elution time for a protein having the size of an octamer of BiuH (red),
4 represents the size of a tetramer of BiuH (blue), 2 the elution time for a protein
having the size of a dimer of BiuH (black) and 1 the elution time expected for a
protein of the size of the BiuH monomer. The size exclusion from the K145A/H/R
variants seem to present a slight shift towards the dimeric size when compared to
the other variants. s
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S8 Fig.: Root mean square distance for BiuH active site and biuret during
molecular dynamics simulation. Top: Root mean square distance from the
crystallographic conformation for active site residues and biuret over the course of
a 500 ns molecular dynamics simulation. Bottom: Distributions of root mean
square distances from the crystallographic conformation for active side residues
during a 500 ns molecular dynamics simulation.
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S9 Fig.: Conformational clustering of active site residues throughout a 500ns
molecular dynamics simulation. States were assigned by clustering the
Cartesian coordinates of the active site residues and biuret using the k-means
algorithm (k = 20). Top: Discrete trajectory showing the conformational state of the
active site throughout the course of the simulation. Bottom: Network diagram
showing Markovian state model (lag time = 40 ns) of the conformational transitions
between clustered states. The area of each node is proportional to the equilibrium
probability of the state while the thickness of the arrows is proportional to the
transition probability.
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S10 Fig.: Comparison of the biuret-enzyme interactions observed during
molecular dynamics simulations for the WT enzyme (blue) and the C175S mutant
(orange). The top row of plots shows the time trace of the number of hydrogen bonds
between the active site residues and biuret, a histogram of these hydrogen bonds, and
a bar chart highlighting differences in hydrogen bonding between WT and mutant. On
the bottom, the distance between the nucleophile and the electrophilic carbon of biuret
is shown as a function of time on the left, and distributions on the right.
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S$11 Fig.: Difference density map (Fo —-Fc ) shown around Biuret and the N-
Carbamoyl-D,L-Aspartic acid inhibitor. A. Active site of the Cys175Ser BiuH
variant shown in cartoon, with the active site amino acids and biuret shown in stick
and the difference density map (Fo —Fc ) in green mesh. B. Active site of the
Lys142Ala variant of BiuH showing Cys175 bound to the inhibitor N-carbamoyl-D,L-
aspartic acid and the difference density map (F o —F ¢ ), with the active site amino
acids and the inhibitor shown in stick and the difference density map (Fo —Fc ) in
green mesh.
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CHAPTER THREE

3.1 Overview

Although the atrazine degradation pathway of Pseudomonas sp. strain ADP has
been studied for over twenty years and is generally well understood at a
molecular level, no one had previously purified and characterised AtzE, the
penultimate enzyme of the atrazine degradation pathway, thought to hydrolyse
biuret to form allophanate (116, 118). This paper reports the purification of the
native AtzE from Pseudomonas sp. strain ADP, allowing its structural
characterisation. The structure revealed the presence of a small, essential protein
(AtzG), with which AtzE forms a heterotetramer. Biochemical characterisation
and molecular dynamics experiments revealed that AtzE acts as a 1-
carboxybiuret hydrolase, not as a biuret hydrolase as previously thought. Finally,
this work suggests that the AtzE might have evolved from the GatCAB

transamidosome complex.

This work was selected as an ‘Editor’s Pick’ by the editorial staff at the Journal of
Biological Chemistry. Manuscripts selected as Editor's Picks fall within the top

2% of all papers accepted by the Journal of Biological Chemistry.

3.2 Statement of contribution

| developed the purification method of native AtzE from Pseudomonas sp. strain
ADP and the LC-MS methods with the technical support of Nigel French and Dr
Hideki Onagi, respectively. | performed enzyme purification, cloning, enzyme
kinetics assays and data analysis. Molecular dynamics simulations were
performed by Dr Matthew Wilding. The crystallography and structural
determination were performed by Dr Janet Newman and Dr Tom Peat,
respectively. Proteomic analysis was performed with Dr Jian-Wei Liu.
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CHAPTER THREE

3.3 Publication: An unexpected vestigial protein complex
reveals the evolutionary origins of an s-triazine catabolic

enzyme

Erratum to this publication:
Page 7888, Section Cloning, Line 7:

...we reamplified atzE flanked with Ncol and Sacl (not Avrll as stated)...

Page 7888, Section Cloning, Line 19:

...before being subcloned into the second cloning site of the pACYCDuet-1 vector

using Xhol and Avrll (not Ndel and Xhol as stated)...

Full details are given in the appendix on page 180.
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Cyanuric acid is a metabolic intermediate of s-triazines, such
as atrazine (a common herbicide) and melamine (used in resins
and plastics). Cyanuric acid is mineralized to ammonia and car-
bon dioxide by the soil bacterium Pseudomonas sp. strain ADP
via three hydrolytic enzymes (AtzD, AtzE, and AtzF). Here, we
report the purification and biochemical and structural charac-
terization of AtzE. Contrary to previous reports, we found that
AtzE is not a biuret amidohydrolase, but instead it catalyzes the
hydrolytic deamination of 1-carboxybiuret. X-ray crystal struc-
tures of apo AtzE and AtzE bound with the suicide inhibitor
phenyl phosphorodiamidate revealed that the AtzE enzyme
complex consists of two independent molecules in the asymmet-
ric unit. We also show that AtzE forms an o232 heterotetramer
with a previously unidentified 68-amino acid-long protein
(AtzG) encoded in the cyanuric acid mineralization operon from
Pseudomonas sp. strain ADP. Moreover, we observed that AtzG
is essential for the production of soluble, active AtzE and that
this obligate interaction is a vestige of their shared evolutionary
origin. We propose that AtzEG was likely recruited into the cya-
nuric acid—mineralizing pathway from an ancestral glutamine
transamidosome that required protein—protein interactions
to enforce the exclusion of solvent from the transamidation
reaction.

The presence of anthropogenic compounds in the environ-
ment provides selection pressures that can lead to the evolution
of new metabolic pathways (1). One of the most well-studied
examples of an evolutionary response by bacteria to the pres-
ence of synthetic xenobiotics is that of the s-triazines (2). This
family of compounds includes fertilizers (e.g. atrazine and ame-
tryn), resins and plastics (e.g. melamine), explosives (e.g. Royal
Detonation Explosive), and disinfectants (e.g. cyanuric acid).
Interestingly, many of the s-triazine catabolic pathways that
have evolved share a common structure, in which specific

The authors declare that they have no conflicts of interest with the contents
of this article.

This article was selected as one of our Editors’ Picks.

This article contains Figs. S1-S3 and Tables S1-S3.

The atomic coordinates and structure factors (codes 6C62 and 6C6G) have been
deposited in the Protein Data Bank (http://wwpdb.org/).
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ACT 2601, Australia. E-mail: colin.scott@csiro.au.
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“upper pathways” convert different s-triazines to cyanuric acid
(1,3,5-triazine-2,4,6-triol) by hydrolysis of the three substitu-
ents that decorate the heterocyclic ring (3-5). A common
“lower pathway” then mineralizes cyanuric acid to carbon diox-
ide and ammonia.

The best characterized of the bacterial catabolic pathways
that have evolved in response to s-triazines in the environment
is the atrazine mineralization pathway of Pseudomonas sp.
strain ADP. This soil bacterium was isolated in the mid-1990s
by Wackett and co-workers (6). The atrazine catabolism path-
way of Pseudomonas sp. strain ADP is composed of six hydro-
lases encoded by genes on a self-transmissible plasmid (pADP1)
(5). The upper pathway (Fig. 14) is composed of three hydro-
Iytic steps: dechlorination, followed by two sequential N-alkyl
chain hydrolyses. The upper pathway is catalyzed by AtzA (4,
7), AtzB (8), and AtzC (9), respectively; all three enzymes are
metalloenzymes of the amidohydrolase superfamily (9, 10).

The lower pathway from Pseudomonas sp. strain ADP (Fig.
1B) is also composed of three hydrolases: AtzD, AtzE, and AtzF.
Unlike the upper pathway, these three enzymes are serine
hydrolases; AtzD is an unusual Ser-Lys hydrolase and is the
archetype of a recently discovered protein fold (the Toblerone
fold (11, 12)), whereas AtzE and AtzF are Ser-cis-Ser-Lys hydro-
lases (1, 13). The lower pathway progresses via the AtzD-medi-
ated ring opening of cyanuric acid to form an unstable product,
1-carboxybiuret, which is known to spontaneously decarboxy-
late to biuret in an aqueous environment (1). It was therefore
thought that the proceeding catabolic steps consisted of the
deamination of biuret by AtzE to form allophanate, and alloph-
anate deamination by AtzF to form carbamic acid. Interest-
ingly, these enzymatic products are unstable in an aqueous
environment and can undergo spontaneous reactions; alloph-
anate decarboxylates to urea (14), whereas carbamic acid
decomposes to ammonia and carbon dioxide in water (13, 15).
AtzD and AtzF have been overproduced in heterologous
expression systems, which has allowed them to be studied bio-
chemically (14-17) and structurally (11-13, 18). However,
expression and purification of AtzE in a heterologous system
have been challenging (1), and structural and biochemical data
had not been obtained previously.

The lower pathway has a degree of plasticity in its composi-
tion. AtzD can be replaced by homologs, such as TrzD from
Pseudomonas sp. strain NRRLB-12227 (56% identity to AtzD

SASBMB
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Figure 1. Catabolism of the s-triazine herbicide atrazine by Pseudomonas sp. strain ADP. The atrazine catabolic pathway is composed of an upper
pathway (A), which transforms atrazine to cyanuric acid, and a lower pathway (B), which catabolizes cyanuric acid to ammonia and carbon dioxide. The entire
Pseudomonas sp. strain ADP atrazine catabolic pathway is encoded on a single conjugative plasmid (pADP1; GenBank™ NZ_CM003636.1), and the co-ordi-
nates of each gene are shown. The genes of the upper pathway (atzA, atzB, and atzC) encode three hydrolases (AtzA, AtzB, and AtzC). The genes of the lower
pathway (atzD, atzG, atzE, atzH, and atzF) are found as a single operon; atzG and atzH (shown in red) were identified in the work reported here. AtzE had
previously been reported as a biuret amidohydrolase (1); however, in the work presented here, we have demonstrated that it is a 1,3-dicarboxyurea forming

1-carboxybiuret amidohydrolase (as shown in the updated lower pathway).

(16, 17)). AtzF is sometimes substituted by the homologous
TrzF found in Enterobacter cloacae strain 99 (70% identity to
AtzF (14)), and AtzE has been replaced with the nonhomo-
logous biuret amidohydrolase (BiuH,? a (8/a)g TIM barrel cys-
teine hydrolase) in Rhizobium leguminasorum bv. viciae 3841
(Table 1) (1, 19).

Herein, we describe the purification and biochemical and
structural characterization of AtzE directly from the model
organism Pseudomonas sp. strain ADP. We show that AtzE
forms a stable a,f3, heterotetramer with a previously unknown
small protein, AtzG, that is required for soluble expression of
AtzE. Co-expression of AtzE and AtzG in Escherichia coli
allows, for the first time, the heterologous overproduction of
AtzE.

3The abbreviations used are: BiuH, biuret hydrolase; BAH, barbituric
acid hydrolase; CFE, cell-free extract; bis-tris, 2-[bis(2-hydroxyethyl)
amino]-2-(hydroxymethyl)propane-1,3-diol; PPDI, phenyl phospho-
rodiamidate; PDB, Protein Data Bank; GDH, glutamate dehydrogenase;
FDR, false discovery rate; MM-PBSA, Molecular Mechanics Poisson-Boltz-
mann Surface Area; AS, ammonium sulfate; CV, column volume; MRM, mul-
tiple reaction monitoring; MD, molecular dynamics.
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Results
AtzE is a 1-carboxybiuret hydrolase

We attempted to produce active AtzE recombinantly
in E. coli but were unsuccessful (consistent with previous
attempts; see Refs. 1, 18). As heterologous expression was
unsuccessful, we purified native AtzE from Pseudomonas sp.
strain ADP. The expression of the atzDEF operon is induced
under low nitrogen conditions in the presence of cyanuric acid
(5), and so we cultured Pseudomonas sp. strain ADP on a min-
imal medium and supplied cyanuric acid as the sole nitrogen
source. We were able to detect cyanuric acid amidohydrolase
and allophanate amidohydrolase activities in the cell-free
extracts (CFE) of these cultures. Cyanuric acid added to the
CFE was mineralized (i.e. three molecules of ammonia were for-
med for each molecule of cyanuric acid added). However, we
were unable to detect any biuret hydrolysis.

We were able to detect and follow AtzE during CFE fraction-
ation and purification by measuring ammonia production
when supplementing fractions with purified AtzD and cyanuric
acid. Although the cruder samples during fractionation had
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Evolution of AtzE, a 1-carboxybiuret hydrolase

Table 1
Steady-state kinetic parameters for AtzE

The structures of the substrates and nonsubstrates tested (biuret, malonamide, asparagine, glutamine, lysine, citrulline and 2-amino-3-ureidopropionic acid) are shown in

Table S2. The standard errors for the K|, and k,

cat

values are given.

Enzyme Substrate Ko K, k.o /K,,

st M s lu!
AtzD Cyanuric acid 170 £ 1.7 350 = 42 4.8 X 10*
BiuH Biuret 11.5£0.2 80 =7 1.5 X 10°
AtzE (Pseudomonas sp. ADP) 1-Carboxybiuret 155+ 0.1 63+ 3 2.5 X 10°
AtzE (E. coli) 1-Carboxybiuret 14.1 = 0.2 61 3 2.3 X 10°
1-Nitrobiuret 9.4+ 3.3 785 * 217 1.2 X 10*
1-Carboxymalonamide 7.0 0.1 167 = 17 4.2 X 10*
Succinamic acid 19.0 = 0.4 523 = 30 3.6 X 10*

high background levels of ammonia, additional ammonia pro-
duced from cyanuric acid by AtzD and AtzE was distinguish-
able from this background. Using ammonia production as a
proxy for enzyme activity, we were able to isolate 0.125 mg of
pure AtzE per liter of Pseudomonas sp. strain ADP culture via
ammonium sulfate precipitation and four chromatography
steps (Fig. S1A and Table S1).

The mass of the isolated protein was 48,119 Da by MS, con-
sistent with the predicted mass of AtzE, and the fragmentation
pattern obtained by tryptic digest confirmed that the isolated
protein was AtzE. Differential scanning fluorimetry revealed
that the melting temperature (7,,) for AtzE isolated from Pseu-
domonas sp. strain ADP was greater than 60 °C. Previous
reports had suggested that AtzE could not be produced in
E. colibecause of low stability (1); however, the high T, of puri-
fied AtzE suggested that the poor expression of AtzE in E. coli
was not due to protein instability.

Purified AtzE had no detectable biuret aminohydrolase
activity under any condition tested. However, AtzE-mediated
ammonia production was observed when incubated with cya-
nuric acid and pure AtzD. This suggested that the product of
cyanuric acid hydrolysis by AtzD, 1-carboxybiuret, was in fact
the natural substrate for AtzE. LC-MS was subsequently used to
follow the reactions directly. There was no detectable biuret
amidohydrolase activity with AtzE (Fig. 2A4), but it was detected
using the biuret amidohydrolase from a Rhizobium species,
BiuH (Fig. 2B) (19). Moreover, biuret accumulates in reactions
in which cyanuric acid is treated with AtzD (Fig. 2C), but it does
not when AtzE is also included (Fig. 2D), suggesting that AtzE
prevents biuret’s formation via the hydrolytic deamination of
1-carboxybiuret.

Steady-state kinetic data for AtzD, AtzE, and the biuret
hydrolase were obtained (Table 1). The product inhibition of
AtzD reported previously (11) was alleviated by the addition of
AtzE, allowing the determination of rates at concentrations
above 0.2 mMm cyanuric acid for the first time. The kinetic
parameters determined for AtzD were found to be a k,, of 17
s ', a K, of 350 um, and a k_, /K, of 4.8 X 10* s~ "M~ ". The
steady-state kinetic parameters for AtzE were found to be sim-
ilar to those of the Rhizobium biuret amidohydrolase for its
physiological substrate, with a k,, of 16 s~ %, a K, of 63 uM, and
ak,_, /K, o0f2.5X10°s” "M ' for AtzE,andak_, of 125~ ',aK,,

cat cat

of 80 um, and a k_, /K, of 1.5 X 10> s~ '-m ™' for BiuH (Table 1).
We also tested AtzE with a number of potential additional
substrates, including the product of barbituric acid hydrolase

(1-carboxymalonamide), analogs of AtzE’s natural substrate

7882 J Biol. Chem. (2018) 293(20) 7880-7891

(1-nitrobiuret and succinamic acid), structurally related a-
amino acids (citrulline, lysine, glutamine, asparagine, and 2-ami-
no-3-propionic acid) and the biuret analog malonamide (Table
1 and Table S2). None of the a-amino acids were substrates for
AtzE nor was the biuret analog malonamide (Table S2). How-
ever, 1l-carboxymalonamide, 1-nitrobiuret, and succinamic
acid were all substrates for AtzE with k_,/K,,, values of 4.2 X
10% 1.2 X 10% and 3.6 X 10* s™ "M !, respectively (Table 1;
Fig. 3).

LC-MS was used to identify that the product of AtzE-medi-
ated hydrolysis of 1-carboxymalonamide is 1-carboxyma-
lonamic acid through hydrolysis of the terminal amine. Succi-
namic acid has a terminal amide rather than a ureido group,
suggesting that AtzE hydrolyzes the amide from this substrate
in an equivalent reaction to that of the hydrolysis of 1-carboxy-
malonamide. We therefore propose an update to the cyanuric
acid catabolic pathway, in which AtzE acts as a 1-carboxybiuret
amidohydrolase, producing 1,3-dicaboxyurea and ammonia
(Figs. 1B and 2D).

Structure of AtzE reveals the presence of an unexpected but
essential ancillary protein

X-ray crystal structures were obtained for purified AtzE
(PDB code 6C62; Table 2), and purified AtzE was treated with
the suicide inhibitor phenyl phosphorodiamidate (PPDI; PDB
code 6C6G; Table 2). The crystals of AtzE had two independent
molecules of AtzE in the asymmetric unit, and the entire chain
could be traced for both molecules (Fig. 4). Surprisingly, after
positioning the AtzE chains in the structure, additional protein
density was observed (Fig. 4). The density was of high enough
quality to allow for initial estimation of the unknown sequence,
which was identical to the predicted translation product of a
short (204 bp) unannotated intergenic region between atzD
and atzE in the atzDEF operon on the pADP1 plasmid (Fig. 1B).

Examination of purified AtzE by SDS-PAGE indicated a
small co-purified protein of approximately the same size as the
protein that co-crystallized with AtzE (Fig. S1B). Mass spec-
trometry of the AtzE purified from Pseudomonas confirmed the
presence of an unidentified protein having a mass of 7422 Da
(Fig. S1C and Table S3), and analysis of tryptic fragments of the
7.4-kDa protein confirmed that it was encoded by the small
unannotated ORF located between the atzD and atzE genes
(Fig. S2), which we have termed atzG (Fig. S1). Along with the
two molecules of AtzE, there are two molecules of AtzG in the
asymmetric unit (Fig. 4B).

SASBMB

8T0Z ‘6T SequenoN uo (1NVD) OHISD e /61070 [:mmawy/:dny wouy pepeojumoq


http://www.jbc.org/cgi/content/full/RA118.001996/DC1
http://www.jbc.org/cgi/content/full/RA118.001996/DC1
http://www.jbc.org/cgi/content/full/RA118.001996/DC1
http://www.jbc.org/cgi/content/full/RA118.001996/DC1
http://www.jbc.org/cgi/content/full/RA118.001996/DC1
http://www.jbc.org/cgi/content/full/RA118.001996/DC1
http://www.jbc.org/cgi/content/full/RA118.001996/DC1
http://www.jbc.org/cgi/content/full/RA118.001996/DC1
http://www.jbc.org/cgi/content/full/RA118.001996/DC1
http://www.jbc.org/cgi/content/full/RA118.001996/DC1
http://www.jbc.org/

Evolution of AtzE, a 1-carboxybiuret hydrolase
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Figure 2. LC-MS analysis of AtzE activity with biuret and 1-carboxybiuret. The concentrations of cyanuric acid (triangles) and biuret (circles) presentin each
reaction are shown. Four reaction conditions were tested as follows: A, biuret in presence of AtzE; B, biuret in presence of the biuret hydrolase BiuH; C, cyanuric
acid in presence of AtzD; and D, cyanuric acid in presence of AtzD and AtzE. Reactions were done in triplicate, and the standard deviations are shown.
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Figure 3. AtzE-dependent deamination reactions. The schemes for AtzE-dependent deamination are shown as follows: 1, 1-carboxybiuret; 2, 1-carboxy-
malonamide; 3, 1-nitrobiuret and 4, succinamic acid. 1-Carboxybiuret and 1-carboxymalonamide were produced in situ by cyanuric acid amidohydrolase
(AtzD) and barbituric acid amidohydrolase (BAH), respectively. Square brackets indicate compounds that spontaneously decarboxylate under the reaction
conditions used.

Of the protein structures available in the PDB (20), AtzE is  a 1.5-A root mean square deviation over the aligned backbone
most similar to the glutamine deaminase component (chain A; atoms (Fig. 5). The transamidosome is a three-protein complex
35% sequence identity) of 4WJ3, a glutamine transamidosome (GatCAB) that is essential for the production of correctly
from Pseudomonas (21); 428 residues aligned (out of 457) with  charged tRNA in bacteria via the transfer of ammonia from
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Evolution of AtzE, a 1-carboxybiuret hydrolase

Table 2
Crystal structure parameters

Note: values in parentheses are for the highest resolution shell. NA means not
applicable.

6C62 (Native) 6C6G (PPDI)
Data collection
Space group 12 12
Cell dimensions
a,b,c(A) 79.5, 89.0, 141.7 78.6, 88.9, 141.9
o, By () 90, 101.9, 90 90, 101.3, 90

Resolution (A)

merge

1.95 (1.99-1.95)
0.233 (1.545)

2.10 (2.16-2.10)
0.326 (1.282)

. 0.095 (0.622) 0.126 (0.496)
1ol 6.9 (2.1) 6.7 (2.0)
CCl1/2 0.991 (0.804) 0.982 (0.656)

Completeness (%) 100 (100) 100 (100)
Redundancy 6.9(7.1) 7.6 (7.6)
Refinement 2 dimers 2 dimers
Resolution (A) 69.3-1.95 69.6-2.10
Unique reflections 66,810 53,225
Ry Reven 15.3/19.1 16.7/21.0
No. of atoms 8659 8523
Protein 7930 7882
Inhibitor NA 8
Water 726 639
B-Factors (A?%) 17.5 16.8
Protein 17.4 16.9
Inhibitor NA 12.4
Water 24.6 21.1
Root mean square deviations
Bond lengths (A) 0.017 0.014
Bond angles (°) 1.726 1.643

Figure 4. X-ray crystal structure of the unexpected AtzE complex. A, AtzE
monomer (green) has a typical amidase fold. Surprisingly, it is associated with
a small (68 amino acids) protein (yellow). B, a,[3, heterotetramer, containing
two molecules of AtzE (green and cyan) and two molecules of the 68-amino
acid protein (yellow and magenta).

glutamine to acidic amino acid-charged tRNA (21). Deamina-
tion occurs in the active site of an amidase (GatA). The ammo-
nia is then channeled, via an “ammonia tunnel,” to a phosphate-
activated, aspartate-charged tRNA in the second active site (in
GatB). Channeling prevents loss of ammonia and excludes
water from the active site of GatB (22).

AtzG is homologous to the GatC protein in the GatCAB
complex and binds AtzE in the same position as GatC binds

7884 J Biol. Chem. (2018) 293(20) 7880-7891

Figure 5. Superposition of the AtzEG heterodimer and the GatA-GatC
complex. AtzE and AtzG are shown in green and magenta, respectively. GatA
and GatCare shown in cyan and yellow, respectively. The phosphoserine from
the AtzE X-ray crystal structure (Ser-174) is shown in stick representation.

GatA in the GatCAB complex. The function of GatC is to coor-
dinate the complex by forming appropriate interactions with
both GatA and GatB. AtzG appears to fulfill a similar role, glu-
ing together the AtzE dimer resulting in a tightly associated
heterotetramer. According to the program PISA (23), the
AtzEG heterotetramer sequesters over 12,500 A2 of buried sur-
face area, giving a AG of interaction of —108 kcal/mol. AtzG has
extensive interactions with both AtzE and AtzG of the
dimerization partner (Fig. 4). Notably, AtzG is 28 amino acids
shorter than GatC (68 versus 96 amino acids), with the addi-
tional 28 amino acids of GatC forming the majority of its inter-
actions with GatB (Fig. 5) (21). GatC also participates in the
formation of the ammonia tunnel in the GatCAB complex.
Interestingly, the ammonia tunnel is retained in AtzEG (Fig. 6).
The retention of the ammonia tunnel may facilitate a high-
reaction rate by provide rapid egress of the ammonia product.

When AtzE and AtzG were co-expressed in E. coli, a soluble
(Fig. S1B), active enzyme that was catalytically indistinguish-
able from AtzEG purified from Pseudomonas sp. strain ADP
was obtained (Table 1). This confirmed that AtzG promotes the
production of soluble, active AtzE. Notably, GatA cannot be
overproduced in the absence of GatC (24, 25).

Substrate specificity and reaction mechanism

Molecular dynamics were used to understand the behavior of
1-carboxybiuret in the active site. 1-Carboxybiuret binds via a
series of hydrogen-bonding interactions: the terminal carbox-
ylate of the substrate binds to Tyr-125, Asn-172, and GIn-402;
the main chain carbonyl of Gly-126 binds the terminal adjacent
amines, and the main chain NH of GIn-402 binds the carbonyl
between those amines (Fig. 7A). The interactions with the ter-

SASBMB

8T0Z ‘6T SquenoN uo (1NVD) OHISD e /610°0g :mmmy/:dny wouy pepeojumoq


http://www.jbc.org/cgi/content/full/RA118.001996/DC1
http://www.jbc.org/

GatCAB
¢

Superposition
B 9

- W\

CRESAD O, B2
(Gass? St
& ¢ 57

Figure 6. Conservation of the transamidosome ammonia tunnel in
AtzEG. The ammonia tunnel is shown in the GatCAB complex, and a compa-
rable tunnel is seen in AtzEG. Superposition of the two protein complexes
show that the tunnels overlap for the whole length of the AtzEG tunnel.
CAVER (30) was used to generate this figure.

minal carboxylate substantially strengthen the binding of 1-car-
boxybiuret relative to biuret and would explain the lack of activ-
ity with biuret. From a 500-ns MD simulation, we found that
the AG total as a function of time (Fig. 7C) for 1-carboxybiuret
reached significantly lower values than biuret (—33 and —12
kcal/mol, respectively). Carboxybiuret was retained by the AtzE
active site for the duration of the simulation, whereas biuret was
observed to leave the active site after 400 ns.

The catalytic mechanism of AtzE is likely to resemble that
of other enzymes with Ser-cisSer-Lys catalytic triads (e.g.
malonamidase, allophanate amidohydrolase, DNA polymerase
V accessory protein, and signal peptidase) (13, 26-28). The
catalytic triad of AtzE, inferred from crystallographic data and
homology with other amidases, was composed of Lys-74, cis-
Ser-150, and Ser-174. In the substrate-docked structure, Ser-
174 is positioned for attack at the carbonyl of the terminal
amide of 1-carboxybiuret (Fig. 7B). Moreover, extra density con-
sistent with a phosphate group was seen associated with Ser-
174 in the crystal structure of AtzE treated with PPDI (PDB
code 6G6C). This suggests that the phosphodiamidate moiety
had been transferred to the catalytic serine (Ser-174) during the
crystallization process and that Ser-174 is the nucleophilic res-
idue in the catalytic triad. Mass spectrometry of proteolyzed
PPDI-treated AtzE showed that 70% of the enzyme was labeled
with monoaminophosphate at Ser-174 and 30% with diamino-
phosphate. This suggests that the diaminophosphate is labile,
releasing an ammonia in an aqueous solution (consistent with
previous reports) (1).

There are three sets of potential reaction products from the
deamination of 1-carboxybiuret: allophanate and carbamate,
diacarboxyammonia and urea, or 1,3-dicarboxyurea and
ammonia. These products are difficult to resolve using the
GDH-coupled assay that we employed, as carbamate and
diacarboxyammonia readily decompose in water to produce
ammonia. As GatA produces ammonia, we might expect that
AtzE does, too; furthermore, the substrate range of AtzE
includes succinamic acid from which carbamate cannot be
produced. We therefore propose that AtzE deaminates 1-car-
boxybiuret, producing 1,3-dicarboxyurea (Fig. 1B), which then
monodecarboxylates to form allophanate (the substrate for
AtzF) (13, 15). Currently, it is unclear whether the formation of
allophanate is spontaneous or enzyme-mediated.

The suggested mechanism for AtzE is described in Fig. 8. In
the first step, Lys-74, Ser-150, and Ser-174 all form a hydrogen
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bonding network, where Lys-74 acts as a general base to acti-
vate the catalytic Ser-174 through the cis-Ser-150 —bridging
ligand. The activated Ser-174 performs a nucleophilic attack on
the terminal amide end of 1-carboxybiuret, leading to the for-
mation of a covalent acyl-enzyme intermediate and ammonia.
Lys-74 then acts as a general base, activating water and leading
to the hydrolysis of the acyl enzyme, releasing 1,3-dicar-
boxyurea, and restoring the active site to its original state.

It is interesting that AtzE has no detectable activity with
GatA substrates (e.g. a-amino acids), given their high degree of
structural similarity. We compared the structures of AtzE with
docked 1-carboxybiuret and GatA with glutamine bound in its
active site (Fig. 9). The AtzE active site is highly conserved when
compared with that of GatA, albeit with some differences (Fig.
9). The catalytic triad is conserved (Lys-79, Ser-154, and Ser-
178 in GatA), as are Gly-126 (GatA Gly-130), Ser-169 (GatA
Ser-173), Thr-171 (GatA Thr-175), and Gly-173 (GatA Gly-
177). Among the key differences between the two enzymes are
Phe-127 and Tyr-125 (Gly-131 and Met-129 in GatA), which
appear to stabilize 1-carboxybiuret in the AtzE active site via
m-stacking interactions to the conjugated carbonyl system in
the substrate. Phe-127 would also sterically prevent the binding
of glutamine and other a-amino acids, which cannot adopt a
planar orientation like 1-carboxybiuret, and therefore likely has
a prominent role in substrate specificity. Additionally, Asp-425
in GatA, which is required for hydrogen bonding to the back-
bone nitrogen of the substrates, is Gly-398 in AtzE.

Discussion

Previously, AtzE had been reported to be a biuret hydrolase
(1, 5, 14, 19), largely through comparison with the nonhomo-
logous biuret hydrolase of Rhizobium sp. (Table 1). However,
our findings demonstrate that AtzE is a 1-carboxybiuret hydro-
lase and that the terminal carboxylate is essential for correct
substrate binding. Sequence and structural homology suggest
that AtzEG may have been “repurposed” from the bacterial glu-
tamine transamidosome, in which a similar complex, GatAC, is
essential in channeling a solvent-labile intermediate between
the complex’s two active sites (22). AtzG does not appear to
fulfill the same complex co-ordinating function as GatC,
instead it may be that the obligate AtzEG complex is simply a
vestige of their shared evolutionary past. Interestingly, Pseu-
domonas sp. strain ADP possesses genes that encode a predi-
cated GatCAB complex (gatA, GenBank™ KSW28066.1; gatB,
GenBank™ KSW26274.1; gatC, KSW26275.1). However, as
atzEG are encoded by a gene cluster on a transposable element,
carried on a self-transmissible plasmid (5, 29), it seems unlikely
that atzEG was recruited from this specific gene cluster.

Despite the structural and mechanistic similarities between
AtzEG and its likely ancestor (a GatAC-like protein), the sub-
strate range for AtzEG excludes the GatAC substrates aspara-
gine and glutamine. GatCAB fulfills an essential role in the pro-
duction of asparagine- and glutamine-charged tRNA at the
expense of glutamine (31), and it is plausible that AtzEG rapidly
evolved away from these substrates under selective pressure to
eliminate perturbations in core cellular functions (i.e. amino-
acyl tRNA production and amino acid pools).
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Figure 7. Docking and molecular dynamics of substrate in the AtzE active site. A, 1-carboxybiuret docked into the AtzE active site in its most stable
configuration (AG minimal). 1-Carboxybiuret is shown in magenta; AtzE is shown in green, and AtzG is shown in yellow. Hydrogen bonds between the protein
and substrate are shown as dashed lines. B, 90° rotation of A showing the position of the catalytic amino acids Ser-174, Ser-150, and Lys-74; for clarity, the stick
representations of amino acids Gly-126 and Phe-127 have been removed. C, variation in AG (kcal/mol) as a function of time (nanoseconds) during a molecular
dynamics simulation of biuret and 1-carboxybiuret docked into the active site of AtzEG. The lowest AG total reached during the 1-carboxybiuret MM-PBSA is
—59.0 at 388 ns of simulation, whereas the lowest AG total for biuret is only of —16.7 at 425 ns of simulation. Although 1-carboxybiuret adopts a stable
conformation over time, biuret does not and escapes the active site at t = 400 ns.

Although not itself catalytic, AtzG is essential for correct
AtzE function, and previous attempts to express AtzE in heter-
ologous hosts were unsuccessful because the gene encoding
AtzG had been overlooked by automated annotation. There is
an increasing body of evidence that small, overlooked open-
reading frames often encode functional low-molecular-weight
proteins (32, 33). It may be that a subset of these have structural
roles, like that of AtzG, and are required to promote or enhance
soluble protein expression or stability of their partner proteins.

Surprisingly, the cyanuric acid-mineralizing operon contains
a second unannotated ORF between the genes encoding AtzE
and AtzF (Fig. 1B) that is predicted to encode a 129-amino acid
protein (GenBank™ WP_064987550.1), tentatively named
AtzH, which belongs to the DUF3225 family of uncharacterized
proteins. Preliminary proteomics with Pseudomonas sp. strain
ADP indicate that AtzH is expressed under the same conditions

7886 J. Biol. Chem. (2018) 293(20) 7880-7891

as AtzD, -E, -F, and -G. Investigations are underway to deter-
mine the role of AtzH.

Experimental procedures
Purification of AtzE from Pseudomonas sp. strain ADP

Pseudomonas sp. strain ADP’s growth conditions were opti-
mized to induce expression of the cyanuric acid catabolism
operon. 40 liters of Pseudomonas sp. strain ADP was grown in
500-ml cultures in 2-liter flasks. Cultures were grown in mini-
mal medium at 28 °C and shaken at 200 rpm until an ODy, of
0.4 was reached. The minimal medium contained 10 mm cya-
nuric acid as a sole nitrogen source, 26 mm Na,HPO,, 22 mm
KH,PO,, 8.5 mm NaCl, 200 um MgSO,, 2.9 mMm sucrose, 3.4 mm
trisodium citrate, 44 um CaCl,, 20 ml/liter of vitamin stock, and
1 ml/liter of trace elements, adapted from Balotra et al. (13).
The cells were harvested by centrifugation (8000 X g for 15
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Figure 8. AtzE reaction mechanism. The catalytic triad (Lys-74, Ser-150, and Ser-174; shown in green) forms a hydrogen-bonding network with the substrate;
Lys-74 activates the catalytic (Ser-174) via the cis-Ser-150-bridging ligand. Ser-174 performs a nucleophilic attack on the terminal amide of the substrate,
forming the covalent acyl-enzyme intermediate and releasing ammonia. Lys-74 then acts as a general base, activating water (blue) and leading to the
hydrolysis of the acyl enzyme, releasing 1,3-dicarboxyurea and regenerating the active site.
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Figure 9. Comparison of the active sites of AtzE and GatA bound to 1-car-
boxybiuret and glutamine, respectively. The AtzE active site (green) is
shown superposed on the GatA active site (cyan). The GatA substrate (gluta-
mine; yellow) is also shown. Hydrogen bonds between GatA and glutamine
are shown as dotted lines. A and B are rotated 180° relative to each other to
highlight the positions of the a-amine of glutamine and Phe-127 in AtzE.

min) and lysed as described in Ref. 13, and the soluble superna-
tant was used for further purification.

AtzE was purified by a four-step purification process: ammo-
nium sulfate (AS) precipitation, followed by hydrophobic inter-
action, anion-exchange and size-exclusion chromatography. A
solution of concentrated AS was added to the supernatant to
give a final concentration of 0.6 M and stirred for 4 h at 4 °C.

SASBMB

After centrifugation (18,000 X g for 30 min), the soluble frac-
tion was syringe-filtered through a 0.22-um filter.

The supernatant from the AS cut was purified by hydropho-
bic interaction chromatography using a 65-ml column packed
with phenyl-Sepharose preparation-grade resin (GE Health-
care), equilibrated with 25 mM potassium phosphate and 0.6 M
ammonium sulfate, pH 7.5. After running 4 column volumes
(CV) of 0.4 M AS, a reverse gradient from 0.4 to 0.09 M AS over
10 CV was used to elute the protein. Fractions containing a
48-kDa band (SDS-PAGE) eluted between 0.27 and 0.14 M AS.
These fractions were pooled and concentrated to 10 ml volume
(Amicon Ultra-15 centrifugal filter unit, Ultracel-30 mem-
brane). A desalting step was performed using a 53-ml HiPrep
C26/10 desalting column (GE Healthcare), equilibrated with 25
mM potassium phosphate, pH 8.5, for 1.5 CV.

The crude protein fraction was purified by anion-exchange
chromatography using a 77-ml column packed with Q-Sephar-
ose preparation grade resin (GE Healthcare), equilibrated with
25 mM potassium phosphate, pH 8.5. The protein was eluted
with a gradient of 0—0.25 M NaCl over 11 CV. Fractions eluted
between 0.16 and 0.23 M NaCl were found to contain a 48-kDa
band (SDS-PAGE). After pooling, these fractions were concen-
trated to 12 ml using an Amicon Ultra-15 centrifugal filter unit.

This combined sample was applied to a 130-ml size-exclu-
sion column packed with Superdex 200 preparation grade resin
(GE Healthcare), equilibrated with 25 mm potassium phosphate
and 200 mMm NaCl, pH 7.5, and eluted over 1.5 CV with the same
buffer. All chromatography steps were performed using an
AKTA purifier UPC 10 (GE Healthcare).

Cloning

A synthetic version of the atzE gene, coding for the protein
NP_862538 (NP_862538.1), was obtained from GenScript
Corp. (Piscataway, NJ), inserted into pUC57, and flanked by the
restriction sites Ndel and BamHI. The genes were subcloned
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into the Ndel and BamHI sites of pETcc2, described in Peat
etal. (11). Following the lack of soluble AtzE expression, we ream-
plified atzE flanked with Ncol and Avrll with the primers (5" to
3": GTACACCCATGGGAATGAAGACAGTAGAAATTAT-
TGAAGG and TTTTTTGAGCTCCCACATTTCAGTCGG-
GCGATAC). atzE was subcloned into the first multiple cloning
site of the pACYCDuet-1 vector (Novagen), alow copy number
expression vector for co-expression of two genes, with an in-
frame N-terminal thrombin-cleavable His tag. AtzG coding for
the protein WP_082996223 (WP_082996223.1) was cloned
directly from Pseudomonas sp. ADP genomic DNA with the
primers (5' to 3': CGACGACATATGCTCGAGATGACGGA-
AACTG and TGCTGCGAGCTCCCTAGGTCAGATATCT-
TCTGC), before being subcloned into the second cloning site
of the pACYCDuet-1 vector using the enzymes Ndel and Xhol.

The atzD coding for the protein NP_862537 (NP_862537.1)
had been cloned into pETcc2 previously (11, 13, 18). Ligations
were performed using T, ligase. Restriction enzymes and T,
ligase were obtained from Thermo Fisher Scientific. The
biuret hydrolase from R.leguminasorum bv. viciae 3841
(BiuH) (AM236084.1) and barbituric acid hydrolase from
Nocardioides sp. JS614 coding for the protein ABL81019
(ABL81019.1) were expressed in E. coli as described else-
where (12, 19).

Heterologous protein expression

The expression vectors were used to transform E. coli BL21
(ADE3) cells (Invitrogen). Bacteria were grown on Luria-
Bertani (LB) medium containing 100 ug/ml ampicillin for
the pETcc2 constructs or 34 ug/ml chloramphenicol for the
pACYCDuet-1 construct. Cells were grown with shaking at 200
rpm at 28 °C. Protein expression was induced at an OD, of 0.8
by addition of isopropyl B-p-1-thiogalactopyranoside (1 mm
final concentration).

Cells were harvested 24 h after induction by centrifugation at
5000 X g for 15 min using an Aventi J-E centrifuge (Beckman
Coulter, Indianapolis, IN), resuspended in lysis buffer (25 mm
potassium phosphate, 5 mMm imidazole, pH 7.5), and lysed by
passage through a Microfluidics homogenizer M-110P five
times at 15,000 p.s.i. The lysis was followed by centrifugation at
18,000 X g for 45 min to pellet the cellular debris, and the
soluble fraction was used for further purification.

The soluble fraction was syringe-filtered throughout a
0.22-um filter. The filtrate was purified using a 5-ml nickel-
nitrilotriacetic acid superflow cartridge (Qiagen) with a gradi-
ent from 5 mMm imidazole to 500 mm over 10 CV. SDS-polyacryl-
amide gel analysis was performed to assess the purity of the
fractions.

Enzyme assays

Cyanuric acid hydrolysis by AtzD was followed by UV spec-
trophotometry at 214 nm (13) using 0 — 0.6 mM cyanuric acid in
25 mm phosphate buffer, pH 9.

A GDH (Sigma-Aldrich)-coupled reaction was used to mea-
sure ammonia release and determine the activity rate in the
BiuH and AtzE-dependent reactions. GDH catalyzes the
NADH-dependent amination of a-ketoglutarate. Ammonia
production by BiuH and AtzE was followed using the decrease
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of absorbance by UV spectrophotometry at 340 nm that was
due to the oxidation of NADH by GDH. 1.25 units of GDH were
used in a 250-ul reaction volume, and the final concentrations
of a-ketoglutarate and NADH were 3.5 and 0.2 mwm, respec-
tively (Fig. S3) (13).

Monitoring the AtzE activity during purification steps from
Pseudomonas sp. strain ADP was initially done with its reported
substrate, biuret (1, 5, 13). However, as no ammonia could be
detected, the fractions were supplemented with 5.1 nm AtzD
and 0.2 mM cyanuric acid, in 25 mMm phosphate buffer, pH 9, to
generate the substrate in situ. There was a significant back-
ground of ammonia in the early steps/cruder fractions; how-
ever, AtzE-dependent ammonia production was detectable
after the background rate (measured in the absence of cyanuric
acid) had been subtracted.

Steady-state kinetics for AtzD were obtained by using 41 nm
AtzD, in the presence of various amounts of cyanuric acid sub-
strate ranging from 0 to 0.6 mM. Cyanuric acid degradation was
measured by following the decrease in absorbance at 214 nm,
but above 0.2 mm AtzD activity was inhibited. To determine
whether the substrate or the product was inhibiting AtzD activ-
ity, we pooled 41 nm AtzD, 24 nm AtzE, and 5 units/ul GDH in
the presence of 0—0.6 mm cyanuric acid. This removed the
inhibition previously observed at cyanuric acid concentrations
above 0.2 mm and allowed for the determination of steady-state
kinetics for AtzD. Steady-state kinetics for AtzD were deter-
mined using 41 nm AtzD, 24 nm AtzE, and 5 units/ul GDH, after
ensuring that in these proportions the AtzD-mediated reaction
was the rate-limiting reaction and with the assumption that the
rate of ammonia production recorded was proportional to the
AtzD activity rate.

Steady-state kinetics for AtzE with the product of AtzD or
barbituric acid hydrolase (BAH) were obtained under condi-
tions where the AtzE-mediated reaction was the rate-limiting
reaction (i.e. 3.5 times slower than either the GDH, AtzD, or
barbituric acid hydrolase-mediated reactions). AtzE steady-
state kinetics were obtained by using 41 nm AtzD/48 nM barbi-
turicacid hydrolase, 12 nm AtzE, and 5 units/ul GDH. Substrate
(cyanuric acid or barbituric acid) was added over the range of
0-0.6 mMm. As AtzE was rate-limiting, it was assumed to be a
good estimate of the rate of AtzE.

Other potential AtzE substrates tested were as follows: 1-ni-
trobiuret; 1-carboxymalonamide; succinamic acid; 2-amino-3-
ureidopropionic (Albizziin); citrulline; lysine; glutamine; aspar-
agine; biuret; and malonamide. Specific activities were obtained
with 12—-400 nm AtzE and 5 units/ul GDH and 1.5 mMm sub-
strates in 25 mM phosphate buffer, pH 9. Steady-state kinetics
were obtained with 1-nitrobiuret using 12 nm AtzE and 5
units/ul GDH. Substrate, 1-nitrobiuret, was added over the
range of 0—2.5 mm. Steady-state kinetics were obtained with
1-carboxy-malonamide using 12 nm AtzE, 48 nm BAH, and 5
units/ul GDH. Substrate (barbituric acid) was added over the
range of 0—4 mm.

Biuret hydrolase kinetic data were obtained by using 11 nm
biuret hydrolase and 5 units/ul GDH in the presence of various
amounts of biuret ranging from 0 to 0.7 mm. All the kinetics
constants were calculated with Hyper32 software, fitting the
rate data to Michaelis-Menten Equation 1,
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The steady-state kinetic values for AtzE with 1-nitro-biuret
were estimated using Lineweaver-Burk Equation 2,

1 K, 1 1
70 = mﬁ + m (Eq.2)

LC-MS/MS multiple reaction monitoring (MRM)-based
enzyme assay was used to follow the fate of cyanuric acid and
biuret when in the presence of either BiuH, AtzD, and/or AtzE.
Reaction samples were run in triplicate. Four reactions were
composed of the following: 10 mm biuret with 580 nm BiuH, 10
mM biuret with 374 nm AtzE, 10 mm cyanuric acid with 420 nm
AtzD, and 10 mm cyanuric acid with 420 nm AtzD and 374 nm
AtzE. 5 ul of reaction mix was injected every 2 min for 30— 60
min. Analysis was performed using a Waters Alliance 2695 sep-
aration module coupled to a Waters TQD detector, but injec-
tions were made using a manual injector with a 5-ul injection
loop. The HPLC column used was a Phenomenex Develosil
RPAQEOUS-AR 5u C30 (dimension: 250 X 4.6 mm), which
was heated to 35 °C. A flow rate of 0.7 ml/min was used (15:1
flow splitter was used after separation). The eluent used was
15% (v/v) acetonitrile and 0.1% formic acid in water. Two
simultaneous but independent MRM analyses were performed
as follows: MRM parameters for biuret (parent m/z =
103.9424): channel 1 (ES+): daughter (m/z): 17.9654, dwell (s):
0.025, cone (V): 20, collision (V): 10; and channel 2 (ES+):
daughter (m/z): 43.8956, dwell (s): 0.025, cone (V): 20, collision
(V): 20. MRM parameters for cyanuric acid (parent m/z =
127.8577) were channel 1 (ES—): daughter (m/z): 41.9357, dwell
(s):0.025, cone (V): 28, collision (V): 14. MRM peaks were inte-
grated using Waters MassLynx version 4.1 software.

Proteomics

In-gel digestion was performed by resuspending pieces of
bis-acrylamide gel containing 50 —100 ug of protein in 100 wl of
25 mM ammonium bicarbonate. After addition of 5 ul of 15%
DTT, the mix was incubated at room temperature for 30 min,
followed by addition of 3.5 ul of 40% acrylamide and another 30
min incubation at room temperature. The sample was digested
with 0.5 ug of trypsin at 37 °C overnight. To stop the digestion,
formic acid was added to a final concentration of 0.1-1% and
then the trypsin-digested peptides were eluted from gel pieces
by sonication for 15 min and further incubated at room tem-
perature for 30 min. Typically, 1-5 ul of sample was used for
LC-MS analysis.

The trypsin-digested peptides were separated by reversed-
phase HPLC using an Agilent NanoFlow LC system (1260 Infin-
ity). The peptides were loaded onto a NanoLC trap column (3
um, ChromXP C18CL, 120 A 0.5 mm X 350 pm from Eksignet
Technologies) by autosampler at a flow rate of 5 ul/min and
continuously desalted for 5 min. The desalted peptides were
eluted from the trap column and separated on a NanoLC col-
umn (3 wm, ChromXP C18CL, 120 A, 15 cm X 75 wm from
Eksigent) with a 0 —40% gradient in 100 min consisting of buffer
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A (0.1% formic acid in water) and buffer B (0.1% formic acid in
acetonitrile). The flow rate of Nano pump was set to 300 nl/min.

Peptides were analyzed using positive and high-sensitive
mode on an AB Sciex Tripletof 5500 mass spectrometer. The
voltage of Nano Spray II was set to 2300 kV. In data-dependent
acquisition mode, the mass window for precursor ions of the
quadrupole mass analyzer was set to = 1 m/z. The precursor
irons were fragmented by nitrogen collision gas. The MS1 sur-
vey scan (250 ms; mass 350-1500) was carried out. 50 of the
most abundant precursors were selected for MS/MS scan (50
ms; mass 100-1800). MS/MS spectra were obtained for prod-
uct ions that had a charge state of 2—5 and were above 10
counts/s. Rolling collision energy was used, and automatic cal-
ibration was carried out after every five sample runs.

Mass spectrum data were analyzed using the Paragon algo-
rithm of ProteinPilot (AB Sciex). The detected protein thresh-
old was set to >0.05(10%). The matching peptide sequences
were identified against the Pseudomonas sp. ADP proteome
found in Uniprot. The false discovery rate (FDR) analysis tool
algorithm of ProteinPilot provided a global FDR of 1% and a
local FDR at 1% in all cases.

PPDI-treated AtzE samples were digested with trypsin using
the SP3 digestion protocol (34). Peptides were separated using
an UltiMate nanoUPLC system, utilizing a 60-min gradient on
an Acclaim Pepmap 100 column (25 cm X 75 um inner diam-
eter with 3-um particles). High-resolution MS/MS data were
obtained on an Orbitrap Fusion Lumos mass spectrometer and
top 20 multiply charged species selected for fragmentation in
high-high mode with the Orbitrap resolution set at 75,000.

Orbitrap MS/MS data were searched against a focused decoy
database containing AtzE, E. coli, and common contaminant
protein sequences using the Byonic search engine (Protein
Metrics) with tolerance of 5 ppm for precursor ions and 10 ppm
for product ions. Enzyme specificity was tryptic and allowed for
up to two missed cleavages per peptide. Variable modifications
were set for N-terminal acetylation or protein N termini, oxi-
dation of methionine or tryptophan, deamidation of asparagine
or glutamine, and dehydration of cysteine. A Wildcard search
with a range of +75 to +80 Da facilitated confident peptide
identification (<1% FDR) and spectrum counting of monoam-
inophosphate- or diaminophosphate-modified serine residues.

Crystallization and structural determination

The stability of purified AtzE in the phosphate buffer used in
the size-exclusion chromatography was assessed using differ-
ential scanning fluorimetry as implemented in the Collabora-
tive Crystallisation Centre (35). Protein was used at 2.3 mg/ml
and showed a T',, of 64.6 = 1.4 °C in the phosphate buffer, but it
also showed that the protein was equally stable in all buffers
tested with pH between 6.5 and 8.5, and the stability was essen-
tially independent of salt concentration. An initial bank of 384
crystallization trials (PACT, shotgun and PS gradient at 20 °C,
shotgun at 8 °C; see http://www.csiro.au/ C3* for details of the
screens) showed the formation of crystals overnight in many
PEG-containing conditions. All of the crystals were small and

“Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.
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rod-shaped, and all diffracted poorly and had a pathological
packing problem, which made them unsuitable for diffraction
analyses. Over the course of a year, over 10,000 droplets were
set up, trying various combinations of seeding, in situ proteol-
ysis, concentrations, differing formulations, vapor diffusion,
microbatch, and temperatures. All crystals showed the same
pathological form as the original crystals that grew overnight.
Finally, it was found that the addition of 0.05% agarose to the
protein solution before setup, coupled with seeding from the
poor form crystals gave a new crystal form that showed diffrac-
tion to 2 A, and did not have the same packing problems. The
well-behaved crystal form appeared overnight and grew to full
size in 5 days and grew at both 8 and 20 °C. The crystals used in
the structural determination were grown from sitting drop tri-
als with 250 nl of 1.1 mg/ml protein in 25 mm Hepes, pH 7.5, 100
mm NaCl, with 0.05% agarose, 250 nl of crystallant (0.1 M bis-
tris, pH 6.04, 0.276 M MgCl,, 17.6% w/v PEG 8000), incubated at
8 °C. Crystals of the protein treated with inhibitor PPDI grew
under similar conditions to the native protein (reservoir 0.1 M
bis-tris, pH 5.46, 0.128 M MgCl,, 21% w/v PEG 8000) at 20 °C. A
crystal of the protein—-PPDI complex was cryoprotected with
reservoir solution supplemented with glycerol to 20% final con-
centration and flash-cooled in liquid nitrogen. This crystal was
used to collect 360° of data to 2.1 A at beamline MX1 of the
Australian Synchrotron. The data were initially processed with
XDS (36), and the structure was solved by molecular replace-
ment using MoRDa (37), which output two copies each of the A
domains from 3ip4 and 3dha in the asymmetric unit. After
some rebuilding, the new model was used in Phaser with repro-
cessed data (using Xia2 and DIALS) (38 -42), and this was fol-
lowed by manual building (COOT) and refinement with Ref-
mac (43). Two complete chains of AtzE (residues 1-457) were
located in the asymmetric unit. Additional protein density was
clearly visible in the maps, and another protein chain was mod-
eled into the density. The sequence was confirmed by searching
the Pseudomonas database and finding that the AtzG sequence
matched the sequence of the density (with 66 of 68 residues
visible). Subunit interactions were analyzed using PISA (23).

A crystal of the native AtzE without inhibitor was harvested,
and data were collected that extended to just beyond 2 A at the
MX2 beamline of the Australian Synchrotron. These data were
processed using Xia2/DIALS, and the AtzE/PPDI model was
used to phase the data with Phaser.

Computational methods

Models of AtzEG containing biuret and 1-carboxybiuret
were prepared in Accelrys Discovery Studio version 4.1 using
the experimentally derived structure as a starting point. Models
for the substrates were relaxed using the Full Minimization tool
in Discovery Studio version 4.1 using the default settings
(CHARMm force field) and positioned in the receptor cavity
(active site) using CDOCKER with the default parameters.

Ligands were prepared for MD using the Antechamber mod-
ule in AMBER16 (44) using the GAFF2 force field. The protein
models were prepared for MD simulations using xLeap apply-
ing the ff14SB force field and charge-neutralized by the addi-
tion of Na™ ions. The proteins were solvated in a TIP3P-trun-
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cated octahedral solvent box with a minimum 12-A periodic
boundary distance from the solute.

Initial minimization of both systems was performed using
AMBER 16 over 10,000 steps under a constant pressure of 1 bar
(Berendsen barostat). Bonds lengths on bonds involving hydrogen
were constrained using SHAKE, and force evaluation on these
bonds was not performed. MD simulations of 500 ns with a step-
size of 0.002 ps were performed at 310 K and 1 bar pressure with a
1-ps relaxation time. Long range electrostatic interactions were
treated with the particle mesh Ewald method beyond 12 A. Simu-
lations were analyzed using VMD (version 1.9.2) (45).

Molecular Mechanics Poisson-Boltzmann Surface Area (MM-
PBSA) continuum solvation models were calculated using the
MM-PBSA module in AMBER 16 over the course of the entire
simulation. Entropy approximations were calculated with ptraj.

The ammonia tunnel in the GatCAB complex (PDB code
2G5H) and the equivalent tunnel in AtzEG were visualized
using CAVER 3 (30) using the default parameters (clustering
threshold of 3.5; probe radius of 0.9; approximation of 12).
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Figure S1: Purification of the AtzEG complex.

A) SDS-PAGE analysis of the five step purification of native AtzE from Pseudomonas sp.
strain ADP: M, protein size marker; 1, ammonium sulfate precipitation; 2, hydrophobic
interaction chromatography; 3, desalting; 4, anion exchange chromatography; and, 5, size
exclusion.

B) SDS-PAGE analysis of AtzE prurified from Pseudomonas sp. strain ADP and from E. coli
in which his-tagged AtzE and AtzG were copurified.

C) Deconvoluted mass spectrum of AtzE purified from Pseudomonas sp. strain ADP showing
two major peaks of 48,119 Da and 7,422 Da, which is in agreement with the predicted
molecular wieght of AtzE (48,120 Da) and AtzG (7,422 Da).
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HDTGRIAGGSSGGSGAATIAAGQVPLSLGSDTNGSIRVPASLCGVWGLKPTFGRLSRRGTYPFVHSIDHLG
PLADSVEGLALAYDAMOGPDPLDPGCSASRIQPSVPVLSQGIAGLRIGVLGGWFRDNAGPAARAAVDVAA
LTLGASEVVMWPDAEIGRAAAFVITASEGGCLHLDDLRIRPQDFEPLSVDRFISGVLQPVAWYLRAQRFR
RVYRDKVNALFRDWDILIAPATPISAPAIGTEWIEVNGTRHPCRPAMGLLTQPVSFAGCPVVAAPTWPGE
NDGMPIGVQLIAAPWNESLCLRAGKVLODTGIARLKC

Figure S2. Tryptic digest peptides identified by LCMS from AtzE purified from
Pseudomonas sp. strain ADP. The primary sequence of AtzE (B) and the 68 amino acid long
protein associated with AtzE (i.e., the newly identified AtzG; A) are shown. The tryptic
peptides detected by LCMS that were used to identify the two proteins are underlined. A
detailed report for the peptides detected is given in Table S3.
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Figure S3: GDH-coupled assay. A glutamate dehydrogenase (GDH) coupled reaction was
used to measure ammonium release in the biuret hydrolase (A) and AtzE (B) assays, following
the decrease in absorbance at 340 nm, for each mole of ammonium produced, the GDH oxidizes

one mole of NADH.



Table S1. Purification of AtzE from Pseudomonas sp. strain ADP. 20 L of culture were

used to produce 2.4 mg of AtzE. (n=4). AS: ammonium sulfate, HIC: hydrophobic interaction

column, AEC: anion exchange column.

Total Rate of Total Specific Yield Purifi
protein  reaction? activity activity (%)  cation
(mg) (nmole. (nmole. (nmole. (Fold)
min?) min"tmL?1) minimg
)
Soluble 9250 0.6 £0.35 147.5 312 100 1
extract
AS 8060 ND ND ND ND ND
precipitation
HIC 36 ND ND ND ND ND
Desalt 50 1.9 +0.02 39.3 1557 + 13 27 486
AEC 6 28+0.2 9.8 3099 + 7 968
198

Size 2 9.9+0.07 4.4 3654 + 80 3 1142
Exclusion

ND: not determined.

!Rate of production of ammonia when incubated with purified AtzD and cyanuric acid.
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CHAPTER FOUR

4.1 Overview

This chapter describes the study of AtzH, a previously unknown small protein
encoded by a gene located in the Pseudomonas sp. strain ADP’s cyanuric acid
degradation operon. The structural characterisation of AtzH determined it
belonged to the versatile NTF2 protein superfamily. We used a combination of
structural modelling and mutagenesis studies to provide evidence that AtzH is an
allophanate forming, 1,3-dicarboxyurea amidohydrolase. Mutagenesis also
indicated that Tyr22 and Arg46 may play an essential role in the catalysis of 1,3-

dicarboxyurea.

Finally, a comparison of the genomic context of thirty different bacterial strains
containing AtzH showed that the most frequent organisation is: atzG-atzE-atzH,
suggesting that beyond its role in the cyanuric acid degradation operon, AtzH
might be involved more broadly in the catabolism of nitrogenous compounds in
Proteobacteria. Moreover, this observation also suggests that the atzG-atzE-atzH

cluster predates the formation of the cyanuric acid catabolism operon.

4.2 Contribution

| performed the cloning, site-directed mutagenesis, protein purification and
enzyme activity measurements. | also performed the AtzG-AtzE-AtgF gene
cluster analysis in more than thrity different bacterial genomes. Docking was
performed by Dr Matthew Wilding. The crystallography and structural
characterisation were obtained by Dr Janet Newman and Dr Tom Peat
respectively.

Status of the publication: Submitted for review 07/2018
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4.3 Publication: A novel decarboxylating
amidohydrolase involved in avoiding metabolic dead
ends during cyanuric acid catabolism in

Pseudomonas sp. strain ADP

Erratum to this publication:
Page 3, Section Methods and material, Cloning and mutagenesis, Line 4:

... before being subcloned into the Ndel and Sacl (not BamHI as stated)...

Full details are given in the appendix on page 180.
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Abstract

Cyanuric acid is a common environmental contaminant and a metabolic intermediate in the
catabolism of s-triazine compounds, including atrazine and other herbicides. Cyanuric acid
is catabolized via a number of bacterial pathways, including one first identified in Pseudomo-
nas sp. strain ADP, which is encoded by a single, five-gene operon (atzDGEHF) found on a
self-transmissible plasmid. The discovery of two of the five genes (atzG and atzH) was
reported in 2018 and although the function of atzG was determined, the role of atzH was
unclear. Here, we present the first in vitro reconstruction of the complete, five-protein cyan-
uric acid catabolism pathway, which indicates that AtzH may be an amidase responsible for
converting 1,3-dicarboxyurea (the AtzE product) to allophanate (the AtzF substrate). We
have solved the AtzH structure (a DUF3225 protein from the NTF2 superfamily) and used it
to predict the substrate-binding pocket. Site-directed mutagenesis experiments suggest
that two residues (Tyr22 and Arg46) are needed for catalysis. We also show that atzH
homologs are commonly found in Proteobacteria associated with homologs of the atzG and
atzE genes. The genetic context of these atzG-atzE-atzH clusters imply that they have a
role in the catabolism of nitrogenous compounds. Moreover, their presence in many
genomes in the absence of homologs of atzD and atzF suggests that the atzG-atzE-atzH
cluster may pre-date the evolution of the cyanuric acid catabolism operon.

Introduction

The symmetrical triazine cyanuric acid (1,3,5-triazine-2,4,6-triol) is a common anthropogenic
compound that is used in the synthesis of a variety of disinfectants (e.g., trichlorocyanuric
acid) and herbicides (e.g., atrazine). It is catabolized and used as a nitrogen source by a number
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There are at least two pathways for the mineralization of cyanuric acid, a biuret-dependent
pathway first described in Rhizobium leguminosarum bv. viciae 3841 (Fig 1A) [2,3], and a
1-carboxybiuret-dependent pathway observed in Pseudomonas sp. strain ADP (Fig 1B) [4,5].
The Rhizobium leguminosarum bv. viciae 3841 pathway employs cyanuric acid amidohydro-
lase (E.C. 3.5.2.15)[2,6,7] to ring-open cyanuric acid and the product (1-carboxybiuret) then
undergoes solvent-mediated hydrolysis under physiological conditions to form biuret. Biuret
is deaminated by biuret amidohydrolase (E.C. 3.5.1.84) to form allophanate and ammonia.
The genes encoding the cyanuric acid hydrolase (E.C. 3.5.2.15) and biuret hydrolase (E.C.
3.5.1.84) are co-located on a large plasmid and may form an operon (although this has not
been demonstrated). The fate of allophanate produced in this pathway remains unknown,
although there are several genes in the Rhizobium leguminosarum bv. viciae 3841 genome that
could degrade allophanate or its autohydrolysis product, urea [2,3].

The Pseudomonas sp. strain ADP cyanuric acid mineralization pathway is encoded by a sin-
gle, five-gene operon: atzDGEHF [8]. The atzG and atzH genes were discovered recently and
have been shown to encode proteins that are functionally expressed in Pseudomonas sp. strain
ADP [8]. AtzG is non-catalytic and forms an obligate heterotetramer with the 1-carboxybiuret
amidohydrolase, AtzE. In the absence of AtzG, AtzE is not soluble. The AtzEG complex is
thought to have evolved from the GatCA component of the bacterial transamidosome (Gat-
CAB) [8]. Like the Rhizobium leguminosarum bv. viciae 3841 pathway, Pseudomonas sp. strain
ADP also ring opens cyanuric acid using cyanuric acid amidohydrolase (AtzD) [7,9]. In this
pathway, it is 1-carboxybiuret that is deaminated by the next enzymatic step, which is catalyzed
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Fig 1. Bacterial cyanuric acid catabolism. A. The 1-carboxbiuret-dependent pathway first described in Pseudomonas sp. ADP; and, B. the biuret-
dependent degradation pathway described in Rhizobium leguminosarum bv. viciae 3841. Compounds in square brackets are unstable under
physiological conditions: the terminal amides hydrolyze to liberate CO».

https://doi.org/10.1371/journal.pone.0206949.9001
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by 1-carboxybiuret amidohydrolase (AtzE) to form 1,3-dicarboxyurea [8]. 1,3-Dicarboxyurea
must then undergo a single decarboxylation step to deliver allophanate to AtzF, which is again
deaminated to ultimately produce ammonia and carbon dioxide [10-13].

Several of the metabolic intermediates in the 1-carboxybiuret-dependent pathway are
unstable under physiological conditions: 1-carboxybiuret forms biuret and CO,, 1,3-dicarbox-
yurea and allophanate both form urea and CO,, and dicarboxyammonia (from allophanate
deamination) forms ammonia and CO,. Pseudomonas sp. strain ADP is unable to degrade
biuret or urea, and these solvent-mediated reactions effectively form metabolic ‘dead-ends’
[2,10]. Presumably, the enzyme-catalyzed reactions have rates that are sufficient to avoid this
outcome, effectively using the enzyme-mediated rate enhancement to control which hydroly-
ses occur. In this context, it is perhaps counter-intuitive that the conversion of 1,3-dicarbox-
yurea to allophanate would be uncontrolled, which would potentially lead to urea
accumulation via the solvent-mediated process; however, to date no enzyme has been identi-
fied that catalyzes this step [8].

Previously, proteomic analysis had demonstrated that AtzH is expressed from the cyanuric
acid catabolism operon. However, its function had not been explored in previous studies [8].
Herein, we present the structure of AtzH and explore its potential function.

Methods and materials
Cloning and mutagenesis

The AtzH gene, coding for the protein WP_006390399.1 (KSW21442.1), was cloned directly
from Pseudomonas sp. strain ADP genomic DNA with appropriate primers (5 to 3: CGACGA
CATATGCTCGAGATGCAAATTAATCTACC and TGCTGCGAGCTCCCTAGGTCAGGAAACG
GGC), before being subcloned into the Ndel and BamHI sites of the pETcc2 [9], which enabled
production of AtzH with an N-terminal hexa-his-tag with thrombin cleavage site (S1 Fig).
Cloning of the other genes used in this work has been described elsewhere [9,12,13].

The AtzF Ser189Ala variant and fourteen variants of AtzH (Tyr22Ala, Tyr22Phe, Arg46Ala,
Arg46Lys, Arg63Ala, Arg63Lys, Arg66Ala, Arg66Lys, Arg73Ala, Arg73Lys, Arg96Ala,
Arg96Lys, Gln106Ala, GIn108Ala) were produced using the QuikChange Lightning Multi
Site-Directed mutagenesis kit from Agilent Technologies (Santa Clara, CA) with the muta-
genic primers listed in S1 Table.

Heterologous protein expression and purification

The expression vectors were used to transform Escherichia coli BL21 (ADE3) cells (Invitrogen).
Bacteria were grown on Luria-Bertani (LB) medium containing ampicillin 100 pg/mL for the
PETcc2 constructs or chloramphenicol 34 ug/mL for the pACYCDuet-1 construct (used to co-
express AtzE and AtzG). Cells were grown with shaking at 200 rpm at 28°C. Protein expression
was induced at an ODg of 0.8 by addition of isopropyl-p-D-1-thiogalactopyranoside (IPTG;
1 mM final concentration).

Cells were harvested 24 hours after induction by centrifugation at 5000 x g for 15 minutes
using an Aventi J-E centrifuge (Beckman Coulter, Indianapolis, USA), resuspended in lysis
buffer (25 mM potassium phosphate, 5 mM imidazole, pH 7.5) and lysed by passage through a
Microfluidics homogenizer M-110P (Massachusetts, USA) five times at 15000 PSI. The lysis
was followed by centrifugation at 18000 x g for 45 minutes to pellet the cellular debris, and the
soluble fraction was used for further purification.

The soluble fraction was syringe filtered through a 0.22 um filter (Merck Millipore, USA).
The Hisq-tagged proteins were isolated from the filtrate using a 5 mL Ni-NTA HisTrap HP
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(Healthcare Life Sciences) with an imidazole gradient from 5 mM to 500 mM over 10 column
volumes (CV). SDS-PAGE gel analysis was performed to assess the purity of the fractions.

Fractions containing AtzH were pooled and concentrated to 8 mg/mL for crystallography
using an Amicon Ultra-15 centrifugal filter unit. Finally, size exclusion chromatography was
performed using a 130 mL column packed with Superdex 76 preparation grade resin (GE
Healthcare Life Sciences), equilibrated with 25 mM HEPES and 200 mM NaCl, pH 7.5, over
1.5CV.

All chromatography steps were performed using an AKTA purifier UPC 10 (GE Healthcare
Life Sciences).

Differential Scanning Fluorimetry (DSF)

Initially, buffer screening by DSF was performed on the wild-type protein-thirteen different
combinations of salt/buffer at different pHs were tested in triplicate (Buffer screen 9 protocol)
[14]. Protein was tested at 8 mg/mL in gel filtration buffer; 300 nL protein was diluted into
19.4 uL of each buffer, and 300 nL of a 1:20 dilution of sypro orange (Sigma S5692) was added.
The temperature was increased from 20 to 100°C in increments of 0.5°/ 5 sec. This gave a Ty,
of 55.8 +/- 0.1°C in the gel filtration HEPES buffer. A slight improvement was seen when the
protein was in 50 mM Tris pH 8, 200 mM NaCl (T, of 57.1 +/- 0.1°C). The fourteen mutants
were also tested for stability using DSF. Each sample was diluted to 1 mg/mL in 50 mM
HEPES pH 7.5, 200 mM NaCl, and 1 pL of protein was added to 19 pL of mix of 4 mL 50 mM
HEPES pH 7.5, 200 mM NaCl, 2.5 pL Sypro Dye. Each variant was run in 6-fold replicates,
and compared to the wild-type protein which was included as a control (under these condi-
tions the wild type protein had a T}, of 55.0 +/- 0.1°C). A complete table of the results is shown
in S2 Table.

Crystallography

Purified AtzH at 8 mg/mL protein was used to set up a PCT test (Pre-Crystallization Test

[15]), and immediately showed microcrystal formation in the PEG based condition of the
PCT. The protein was diluted to 4 mg/mL and then set up in 3 initial PEG-rich screens (shot-
gun, PACT and C3_3; conditions available from c6.csiro.au [16]), in SD2 sitting drop plates
(Molecular Dimensions, UK) with an equal volume of crystallant (150 nL protein plus 150 nL
reservoir) at 20°C. Crystals appeared overnight in many conditions. Further PEG based
screens (C3_1->C3_4, Morpheus_C3) were also set up, with the protein at 4 mg/mL with and
without added thrombin. Crystals continued to appear in many PEG-based conditions for up
to 3 weeks after setting up the plates. The AtzH wild-type protein and the variants were also set
up in co-crystallization trials with the PPDi inhibitor. 1 uL of a 40 mM solution of the inhibitor
in protein buffer (50 mM HEPES, 200 mM NaCl pH 7.5) was added to 40 pL of the 4 mg/mL
protein. The variants were each set up in two screens (Shotgun, C3_3) at 4 mg/mL (if accessi-
ble) with and without added inhibitor and incubated at 20°C. The mutants in general crystal-
lized poorly, and only a few variants gave crystals suitable for harvesting. Crystals were
cryoprotected with addition of glycerol to a final concentration of 20% and cryo-cooled in lig-
uid nitrogen prior to data collection. Crystals used in data collection were harvested directly
from the screening plates.

The native AtzH P1 crystal form crystal was harvested from a 300 nL drop consisting of a
1:1 ratio of protein and reservoir, where the reservoir consisted of 200 mM ammonium acetate,
30% PEG 4000 and 100 mM sodium acetate buffer pH 5.0. The native C222,; crystal form was
harvested from a 300 nL drop consisting of a 1:1 ratio of protein and reservoir, where the
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reservoir contained 20% PEG 6000, 2.5% v/v tert-butanol with 100 mM sodium citrate buffer
atpH 5.5.

The R73K mutant (which crystallized in space group P2,) was harvested from a 300 nL
drop consisting of a 1:1 ratio of protein/inhibitor and reservoir, where the reservoir contained
0.2 M diammonium tartrate, 20% w/v PEG 3350. Data sets were obtained at the Australian
Synchrotron beamline MX2 using a Dectris Eiger 16M detector and a full 360 degrees of data
were taken. The data were indexed using DIALS [17-21], scaled using Aimless [22] and the
original structure solution was determined by molecular replacement using Phaser [20,21]
with PDB code 2RCD as the model, after sequence alignment with Clustal-Omega and prun-
ing using Chainsaw [23,24] to give an appropriate starting model. The model was rebuilt man-
ually using Coot [25] and refined using Refmac [24,26].

In silico substrate docking was done using Accelrys Discovery Studio (v4.1). The Define
and Edit Binding Site program was used to identify cavities in AtzH. Models of 1,3-dicarbox-
yurea were prepared using the same client in doubly protonated, deprotonated and singly pro-
tonated states and docked into the cavity identified previously using the CDOCKER program
with default parameters.

Enzyme assays

Reaction rates were monitored by detecting the production of ammonium in pmoles per sec-
ond using the glutamate dehydrogenase GDH-coupled assay, described previously [3]. GDH
catalyzes the NADH-dependent amination of alpha-ketoglutarate. Ammonia production was
followed using the decrease of absorbance by UV spectrophotometry at 340 nm, due to the oxi-
dation of NADH by GDH. 1.25 U of GDH was used in a 250 pL reaction volume, the final con-
centrations of alpha-ketoglutarate and NADH were 3.5 mM and 0.2 mM, respectively. The
buffer was 25 mM potassium phosphate, pH 8.5. Cyanuric acid hydrolysis by AtzD was fol-
lowed by UV spectrophotometry at 214 nm [13]. In all the reaction mixes, 12 pM of AtzD,
0.17 uM of AtzE, 0.17 uM AtzF and 3.3 uM of AtzH or its variants were used in presence of 1
mM of cyanuric acid.

Results and discussion
Structural characterization of the Pseudomonas sp. strain ADP AtzH

We obtained the X-ray crystal structure of the AtzH. Hiss-tagged AtzH was produced in E. coli
and purified, yielding 5 mg of AtzH per 1 L of culture. Size exclusion chromatography per-
formed on AtzH after removal of the his-tag, suggested that the native protein had a molecular
mass of ~ 29 kDa, consistent with a dimer (2 x 14,655 kDa) (S2 Fig). Differential Scanning
Fluorimetry (DSF) was used to estimate the stability of the protein and showed that the native
protein had a T, of 57.2°C. Well diffracting crystals of AtzH grew readily, and two different
space groups were observed: P1 and C222,. X-ray diffraction data were collected for both.

The structure of AtzH was solved by molecular replacement, using the structure of a func-
tionally uncharacterized protein from Pectobacterium atrosepticum strain SCRI 1043 (PDB
accession number: 2RCD) [27] as the model. 2RCD is 56% identical to AtzH and there isa 1.0
A rmsd between Co atoms when superposing the structures (x-ray data are in Table 1). The
structures exhibit minor differences at the N- and C-termini and in some loop regions (includ-
ing the loop with weak density in AtzH, residues 66 to 73). Additionally, 2RCD has a dimer in
the asymmetric unit, which mirrors the dimer seen in AtzH where two, six-stranded B-sheets
sit face-on at an angle to form the interface. One long helix and two short helices sit on the out-
side of this interface and the overall dimer structure is very compact (Fig 2). Analysis with
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Table 1. Crystal structure parameters.

6BJU 6C6G 6D63
Wild-type Wild-type Arg73Lys

Data collection
Space group P1 C2221 P21
Cell dimensions

a,b,c(A) 51.8,51.8,59.7 71.5, 75.0, 96.2 99.7,74.7, 103.6
o, B,y (") 99.8,102.2,92.5 90, 90, 90 90, 96.7, 90
Resolution (A) 1.64 (1.67-1.64) 1.80 (1.84-1.80) 2.30 (2.35-2.30)
Ruerge 0.087 (0.674) 0.159 (1.581) 0.267 (1.402)
Ryim 0.054 (0.412) 0.045 (0.438) 0.109 (0.561)
I/ol 7.8 (1.9) 11.2 (2.2) 6.6 (1.6)
CC1/2 0.995 (0.733) 0.998 (0.837) 0.986 (0.761)
Completeness (%) 97.2 (95.3) 100 (100) 100 (100)
Redundancy 3.6 (3.7) 13.3 (13.7) 6.9 (7.1)
Refinement 2 dimers 1 dimer 6 dimers
Resolution (A) 50.5-1.64 37.5-1.80 50.1-2.30
Unique reflections 67,428 23,104 64,253
Rwork / Rfree 19.9/22.8 16.2/20.6 24.9/28.7
No. atoms 4538 2307 12,009

Protein 4029 2110 11,791
Inhibitor n/a n/a 30

Water 509 178 288
B-factors (A2) 21.6 26.2 253

Protein 21.7 26.6 26.4
Inhibitor n/a n/a 40.9

Water 31.4 31.1 17.2
R.m.s deviations

Bond lengths (A) 0.020 0.017 0.011

Bond angles (°) 1.856 1.677 1.363

Note: Values in parenthesis are for the highest resolution shell.

https://doi.org/10.1371/journal.pone.0206949.t001

PISA [28] gives an interfacial surface area of almost 3,200 A (or about 29% of the total surface
area of the protein).

AtzH belongs to NTF2-fold superfamily, which contains 38 protein families [29], including
the AtzH family: DUF3225 (DUF: domain of unknown function). Proteins of the NTF2 super-
family fulfil a number of functions, including enzymatic functions such as limonene-1,2-epox-
ide hydrolase, scytalone dehydratase, 85-3-ketosteroid isomerase and polyketide cyclase [30-
33] and non-enzymatic roles including nuclear transport and bacterial secretion [34-39].
Among the 170 protein structures belonging to NTF2-fold superfamily available on the PBD
database, 24 are assigned as DUF3225 [40]; no DUF3225 protein had been functionally charac-
terized prior to this study.

A physiological role for AtzH

We investigated the effect of AtzH on the cyanuric acid catabolic pathway by reconstituting
the complete cyanuric acid mineralization pathway in vitro using purified enzymes; i.e., AtzD,
AtzEG and AtzF with and without AtzH. Inclusion of AtzH led to an increased rate of ammo-
nia production from cyanuric acid by the pathway (Fig 3C). This is consistent with an
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Fig 2. The AtzH structure. A) The AtzH monomer with the seven-stranded anti-parallel B-sheet highlighted in yellow
and the three helices are shown in red; B) The AtzH dimer with the two protomers interacting through the B-sheet
secondary structure with the helices sitting on the outside. The two anti-parallel B-sheets sit at an approximate 30
degree angle to each other.

https://doi.org/10.1371/journal.pone.0206949.g002

enzymatic role for AtzH, potentially fulfilling the role of a decarboxylating 1,3-dicarboxyurea
amidohydrolase. Unfortunately, both the substrate and product for the putative AtzH-medi-
ated reaction are unstable under the conditions required for enzyme function (i.e., aqueous
buffer at physiological pH) and so the reaction could not be followed directly. However, it was
possible to probe the role of AtzH by varying the composition of the in vitro pathway.

The AtzD substrate (cyanuric acid) is stable and its hydrolysis easily followed by measuring
the reduction in absorbance at 214 nm caused by AtzD-mediated ring-opening [9]. It was
therefore possible to directly test the influence of AtzH on this step of the pathway by incubat-
ing AtzD and its substrate in the presence or absence of AtzH, and AtzH did not influence the
rate of this step (Fig 3A). The influence of AtzH on the AtzEG-catalyzed reaction was also
investigated (Fig 3B). The substrate for AtzEG (1-carboxybiuret) is unstable and was therefore
produced in situ via AtzD-mediated ring opening of cyanuric acid. One product of the AtzEG
reaction is ammonia, which was used to determine the rate of the reaction through a GDH-
coupled assay. In vitro cascades containing AtzD and AtzEG evolved ammonia from cyanuric
acid at the same rate whether or not AtzH was included in the incubation (Fig 3B).

These observations suggest that the AtzH-dependent increase in the rate of ammonia pro-
duction from the pathway was also AtzF-dependent; i.e., AtzH likely increases the rate at
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Fig 3. Impact of AtzH on the rate of the cyanuric acid pathway in vitro. A) Rate of cyanuric acid (CA) degradation in
presence of AtzD with/without AtzH; B) Rate of ammonia production when CA is put in presence of AtzD and AtzEG
with/without AtzH; C) Rate of ammonia production when CA is put in presence of AtzD, AtzEG and AtzF with/without
AtzH; D) Rate of ammonia production when CA is put in presence of AtzD, AtzEG and an inactive variant of AtzF
Ser189Ala with/without AtzH; E) Rate of ammonia production when biuret is put in presence of BiuH and AtzF with/
without AtzH. *** indicates a significant difference between the rate measured in the presence of AtzH and the rate
measured without the AtzH (pval < 0.005, measured by Student’s t-test; n = 3).

https://doi.org/10.1371/journal.pone.0206949.g003

which AtzF produces ammonia, possibly by increasing the rate at which allophanate is fed to
AtzF. To further investigate this, an in vitro pathway comprised of AtzD, AtzEG and a variant
of AtzF that lacked the active-site nucleophile (AtzF Ser189Ala) was also tested. In this reac-
tion, the presence of AtzH also failed to improve the rate of ammonia production (Fig 3D),
confirming that the AtzH-mediated effect observed in the fully reconstituted pathway is
dependent on the presence of active AtzF. These observations imply that AtzH is either
increasing the rate of allophanate production from 1,3-dicarboxyurea, or enhancing the activ-
ity of AtzF itself.
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To test whether AtzH increases the catalytic activity of AtzF, an alternative in vitro pathway
was tested in which biuret was incubated with the biuret amidohydrolase BiuH [2] and AtzF.
BiuH produces allophanate directly, and so an increase in the rate of ammonia production in
this pathway would indicate that AtzH is an allosteric activator of AtzF. However, the presence
of AtzH made no measurable difference to the rate of ammonia production (Fig 3E), suggest-
ing that AtzH does not ‘activate’ AtzF. The simplest explanation for these observations is that
AtzH mediates the decarboxylation of 1,3-dicarboxyurea, the product from AtzEG, to form
allophanate, the substrate for AtzF.

Defining the active site of AtzH

The AtzH active site was sought by examining the X-ray structure. As 1,3-dicarboxyurea is
unstable, it was not possible to produce crystals of AtzH in its presence. However, an in silico
docking simulation between the X-ray crystal structure of the AtzH dimer and 1,3-dicarbox-
yurea elucidated a potential active site (Fig 4A and 4B). The putative substrate bound with good
complementarity to an arginine-rich pocket comprised of Tyr22, Arg46, Arg63, Arg66, Arg73,
Phe94, Arg96, GIn106 and GIn108 (Fig 4A and 4B). The arginine residues form an extensive
hydrogen bonding network with the carbonyl oxygens of 1,3-dicarboxyurea. Tyr22 is positioned
within 3 A of the carbonyl carbon of one of the two terminal carboxylic acids, and Arg46 is
within hydrogen-bonding distance of the hydroxyl group of Tyr22. Tyr22 and Arg46 are there-
fore well positioned to form a catalytic dyad, albeit one of atypical composition.

Guided by the results of the docking experiment, fourteen variants of AtzH were produced:
Tyr22Ala, Tyr22Phe, Arg46Ala, Arg46Lys, Arg63Ala, Arg63Lys, Arg66Ala, Arg66Lys,
Arg73Ala, Arg73Lys, Arg96Ala, Arg96Lys, GIn106Ala, GIn108Ala (S1 Table). All of the vari-
ants were correctly folded, as assessed by DSF (S2 Table). Furthermore, X-ray structures of the
R73K variant (PDB: 6D63) was also obtained and closely resembled the wild-type enzyme
(PDB: 6BJ T, 6BJU) except for the intended amino acid substitution. The AtzH variants were
added to in vitro pathways comprised of AtzD, AtzEG and AtzF and incubated with cyanuric
acid. Five of the variants (Tyr22Ala, Tyr22Phe, Arg46A, Arg46Lys and Arg63Lys) were found
to enhance the rate of ammonia production, albeit to a significantly lower extent than the
wild-type AtzH (Fig 5). The loss of function of Arg63Lys, but not of Arg63Ala, may suggest
that Arg63 does not have a catalytic role. However, AtzH Tyr22Ala/Phe was indistinguishable
from the AtzH-free cascade (Fig 5). The Arg46Ala and Arg46Lys variants both increased the
rate of ammonia production by the cascade, but to a lesser degree than that of the wild-type
AtzH (Fig 5). This may suggest that Tyr22 is the catalytic amino acid residue in AtzH, possibly
acting as a proton donor (consistent with the catalytic role of tyrosine in other enzymes) [41],
with Arg46 fulfilling a non-critical function As the substrate analog binds between Arg46 and
Tyr22, it seems unlikely that Arg46 has a role in activating Tyr22 (noting that the substrate
analog may not adopt exactly the same conformation as the bound substrate). However, this
positioning of the active site residues relative to the bound analog is similar to that of the cata-
lytic residues in inverting B-glycosidases that use an acid-base catalytic mechanism [42], and it
is plausible that that a similar mechanism may be used here. Further work is needed to test this
hypothesis.

The wild-type and variants were co-crystallized with 1,3-dicarboxyacetone, a stable struc-
tural analogue of 1,3-dicarboxyurea. In the AtzH Arg73Lys structure (PDB 6D63) 1,3-dicar-
boxyacetone was found to occupy the predicted active site of AtzH in a subset of the
protomers (25%), indicating that this pocket is accessible by 1,3-dicarboxyurea-like small mol-
ecules (Fig 4C and 4D). The hydrogen bonding network is largely as predicted for 1,3-dicar-
boxyurea, and Tyr22 is well positioned as the catalytic residue.
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Fig 4. Substrate and substrate analog binding by AtzH. A-B) Simulated binding of 1,3-dicarboxyurea (yellow) by AtzH.
Amino acids residues involved in binding 1,3-dicarboxyurea are shown as green sticks; C-D) X-ray structure of AtzH
Arg73Lys co-crystalized with the substrate analog 1,3 dicarboxyacetone (pink). The distance between Tyr22 and the carbon
of the carboxyl group is <3 A; E) Polder map (3 sigma density contour) of 1,3 dicarboxyacetone bound to the AtzH
Arg73Lys variant.

https://doi.org/10.1371/journal.pone.0206949.9004
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Fig 5. Impact of the presence of AtzH variants on the ammonium production rate of the in vitro cyanuric acid
catabolism pathway. The rates of ammonia production by the cyanuric acid catabolism pathway (AtzD, AtzEG and
AtzF) reconstituted in vitro with no AtzH (white), wild-type AtzH (striped) or an AtzH variant (gray) are shown. ***
indicates an ammonia production rate that is significantly different from a reaction in the presence of wild-type AtzH
(pval < 0.005, measured by Student’s t-test; n = 3).

https://doi.org/10.1371/journal.pone.0206949.9005

AtzH homologs in other bacterial genomes

AtzH is the first DUF3225 family protein that has been shown to possess a catabolic function,
likely decarboxylating the product of AtzZEG-mediated deamination of 1-carboxybiuret as part
of the cyanuric acid mineralization pathway. Homologs of the other members of the pathway
are found in different metabolic contexts: the AtzD homolog barbiturase participates in pyrim-
idine catabolism [43], the AtzEG homologs GatCA are involved with acyl-tRNA metabolism
[44] and the AtzF homolog allophanate hydrolase is used in urea catabolism [45]. We were
therefore interested to investigate whether AtzH homologs may also participate in alternative
metabolic contexts.

A thorough search of microbial genomes in the GenBank database revealed more than
thirty examples of genomes containing homologs of atzG, atzE, and atzH organized as a single
gene cluster with the same organization as that of the Pseudomonas sp. strain ADP cyanuric
acid catabolism operon (Fig 6). Perhaps surprisingly, the atzG-atzE-atzH clusters were rarely
associated with atzD or atzF homologs.

The most common arrangement, found in species of Enterobacteriaceae (Pectobacterium,
Serratia, Enterobacter, Klebsiella, Kosakonia, Pantoea, Yersinia and Erwinia), has the atzG-
atzE-atzH cluster immediately downstream of a gene predicted to encode y-glutamyl transfer-
ase (ggt, E.C. 2.3.2.2). In these genomes, the ggt-atzG-atzE-atzH cluster is found downstream
and on the opposite strand from a gene cluster encoding a LysR-family regulator, an ABC
transporter, a transaminase and an allantoate amidohydrolase. The overall genetic organiza-
tion of these clusters is similar to that of the cyanuric acid catabolism operon of Pseudomonas
sp. strain ADP, albeit lacking atzF and with atzD replaced by ggt. (Fig 6B, S3 Fig)

v-Glutamyl transferase, which also acts as glutathione hydrolase (E.C. 3.4.19.13), is respon-
sible for the amide hydrolysis of glutathione to produce L-glutamate and L-cysteinylglycine
(Fig 7). Further, the substrate for allantoate hydrolase, an enzyme found encoded in close
proximity to the Enterobacteriaceae atzG-atzE-atzH clusters described here, contains two
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with the cluster are shown. A comprehensive version is available (S3 Fig).
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ureido groups (Fig 7) [46]. It is possible that atzG-atzE-atzH clusters form components of cata-
bolic pathways in which the substrates possess amide groups.

There are also gene clusters found in B-proteobacter from the orders Comamonadacaea (Rho-
doferax and Variovorax) and Burkholderiales (Rhizobacter, Leptothrix, Methylibium and Rhizo-
biales) that contain an allophanate hydrolase encoding gene. In all cases, the allophanate hydrolase
gene is upstream of the atzG-atzE-atzH cluster and encoded on the same strand; in about half of
the genomes there are genes encoding an ABC transporter separating the allophanate gene from
the atzG-atzE-atzH cluster. Downstream, and encoded on the same strand as these atzG-atzE-
atzH clusters, are genes encoding ABC transporters and amidase enzymes. This may indicate that
these clusters are for the uptake and catabolism of nitrogenous compounds. (Fig 6C, S3 Fig)

Other Burkholderiales (Bordetella and Achromobacter) possess atzG-atzE and atzH clusters,
but where the cluster also includes genes of unknown function that are annotated by homology
as a transcriptional regulator, a monooxygenase and an FMN-reductase. In these clusters atzH
is located between the genes encoding the monooxygenase and reductase, rather than immedi-
ately downstream of atzG and atzE. Finally, a number of diverse o-, B-, and y-proteobacteria
(Pseudorhodoplanes, Methylobacterium, Thiomonas, Hydrogenophaga, Comamomonas, Pseu-
domonas, and Halothiobacillus) have atzG-atzE-atzH clusters in unique genetic contexts,
including the cyanuric acid catabolic operon of Pseudomonas sp. strain ADP. (Fig 6D, S3 Fig).

The occurrence of the atzG-atzE-atzH cluster appears to be far more wide-spread than the
cyanuric acid catabolic pathway, and it is frequently associated with genes that may be
involved in the catabolism of diverse nitrogen-containing compounds. However, the genetic
contexts in which atzH-like genes are found provides little further evidence to suggest the spe-
cific function of the AtzH protein.

Conclusion

The data presented here imply that AtzH is a decarboxylating, 1,3-dicarboxyurea amidohydro-
lase. As yet its catalytic mechanism is not known, but our results suggest it involves the action of
Tyr22 and Arg46, and that these amino acid residues are positioned relative to the substrate in a
manner consistent with an acid-base mechanism. AtzH also facilitates the only previously
uncontrolled step in the catabolic pathway, and as such, we believe that we have now identified
the last remaining enzyme in the Pseudomonas sp. strain ADP cyanuric acid catabolism path-
way (Fig 1B). The pathway appears to be dependent on enzymatic steps that outcompete solvent
mediated hydrolysis that would otherwise lead to the accumulation of dead-end metabolites
(biuret and urea). With no endogenous biuret or urea hydrolases, formation of these metabo-
lites effectively prevent access to two of the three nitrogen atoms of the triazine ring.

Unexpectedly, atzG-atzE-atzH -like clusters appear to be relatively common within the Pro-
teobacteria. Given the amidase function of AtzE and proposed amidase activity of AtzH, it is
perhaps unsurprising that the atzG-atzE-atzH-like clusters tend to be associated with genes pre-
dicted to be involved in nitrogen compound metabolism. Previously, we had demonstrated that
atzG and atzE were likely to have co-evolved from components of the bacterial GatCAB (transa-
midosome) complex. Here, we report the discovery of atzG-atzE-atzH-like clusters associated
with diverse genetic contexts and metabolic functions, implying that the formation of the atzG-
atzE-atzH cluster may predate the evolution of the cyanuric acid catabolism operon.

Supporting information

S1 Fig. AtzH protein sequence. The AtzH sequence is shown in black and the supplementary
hexa-his-tag with thrombin cleavage site in red.
(DOCX)
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S2 Fig. Purification of heterologous AtzH from E. coli. A. SDS-PAGE analysis of the
fractions 2-11 of the Ni-NTA purification of Hiss-AtzH (left), UV absorbance trace of the
Ni-NTA purification (right), fractions 7 to 11 were concentrated and further purified; B.
SDS-PAGE analysis of the size exclusion, showing the content of fractions 7-11 (left); UV
absorbance trace of the size exclusion (right). On the traces, the green line in A. represents the
% buffer B, the blue line shows the UV absorbance at 280 nm in arbitrary units; M: molecular
marker, W: whole cell, S: soluble.

(DOCX)

$3 Fig. Genetic organization found flanking atzE homologues in other types of bacteria. A.
Bacteria containing an allantoate hydrolase and glutamyl-transferase enzymes upstream of the
atzG-atzE-atzH segment; B. Bacteria found to be containing an allophanate hydrolase homo-
logue of AtzF found upstream of the atzG-atzE-atzH segment; C. Bacteria containing a non-
adjacent AtzH homologue, located between a monooxygenase and reductase enzymes, down-
stream of the atzG-atzE segment; D. Bacteria presenting the atzG-atzE-atzH cluster within
unique gene organizations. A legend is shown at the top of the figure. Green arrows represents
amidase type enzymes, black and grey tones represent ABC transporters, discontinued dark
blue arrows represent the presence of a LysR type regulator, genes encoding for AtzG, AtzE
and AtzH homologues are shown by orange, yellow and pink arrows and light blue arrows rep-
resent other types of enzymes, respectively. This figure is not to scale.

(DOCX)

S1 Table. Mutagenic primers used for introducing point mutation in AtzH’s sequence.
(DOCX)

S2 Table. DSF of the AtzH variants.
(DOCX)
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S1 Fig: AtzH protein sequence. The AtzH sequence is shown in black and the

supplementary hexa-his-tag with thrombin cleavage site in red.
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S2 Fig: Purification of heterologous AtzH from E. coli. A. SDS-PAGE analysis of
the fractions 2-11 of the Ni-NTA purification of Hise-AtzH (left), UV absorbance trace
of the Ni-NTA purification (right), fractions 7 to 11 were concentrated and further
purified; B. SDS-PAGE analysis of the size exclusion, showing the content of fractions
7-11 (left); UV absorbance trace of the size exclusion (right). On the traces, the green
line in A. represents the % buffer B, the blue line shows the UV absorbance at 280 nm

in arbitrary units; M: molecular marker, W: whole cell, S: soluble.
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S3 Fig: Genetic organization found flanking atzE homologues in other types of bacteria. A. Bacteria containing an allantoate hydrolase and glutamyl-
transferase enzymes upstream of the atzG-atzE-atzH segment; B. Bacteria found to be containing an allophanate hydrolase homologue of AtzF found
upstream of the atzG-atzE-atzH segment; C. Bacteria containing a non-adjacent AtzH homologue, located between a monooxygenase and reductase enzymes,
downstream of the atzG-atzE segment; D. Bacteria presenting the atzG-atzE-atzH cluster within unique gene organizations. A legend is shown at the top of
the figure. Green arrows represents amidase type enzymes, black and grey tones represent ABC transporters, discontinued dark blue arrows represent the

presence of a LysR type regulator, genes encoding for AtzG, AtzE and AtzH homologues are shown by orange, yellow and pink arrows and light blue arrows
represent other types of enzymes, respectively. This figure is not to scale.



S1 Table: Mutagenic primers used for introducing point mutation in AtzH’s

sequence.

Amino acid
mutated

Mutagenic primer 5’ 2> 3’

Tyr22Ala Fwd
Tyr22Phe Rev
Arg46Ala Fwd
Arg46Lys Fwd
Arg63Ala Fwd
Arg60Lys Rev
Arg66Ala Fwd
Arg63Lys Rev
Arg73Ala Fwd
Arg73Lys Rev
Arg96Ala Fwd
Arg96Lys Fwd
Glu106Ala Fwd
Glu106Ala Rev

cgcccaattcgttcgcgccgagaaagcegcttacc
gcgctttctcgaagcgaacgaattgggeg
cccccaaaccctggectacggtgcgacc
agcccccaaaccctgaagtacggtgcgaccgag
gcgtgtggcggcaaagcctgcaatggcectca
agagcgtgtggccttaaagcctgcaatggcctcatage
aggctttcgcgccacagcctctccaaacaacttg
ccaagttgtttggagactttgtggcgcgaaagcctgcaatgg
gctctccaaacaacttggaagccgagatcgtccgga
ccgtccggacgatctcecttttccaagttgtttggagagegt
ccgccaacatcgaattccgtgcgctcagtcatagtc
taccgccaacatcgaattccgtaagctcagtcatagtcag
gcttacgggccgggcgagccaaacctgg
gggccggcagagcgcaacctggatgegce




S2 Table: DSF of the AtzH variants.

AtzH Variant Tm (°C)

Y22A 48.8 +/- 0.04
Y22F 57.0 +/- 0.09
R46A 55.3 +/- 0.02
R46K 58.3 +/- 0.05
R63A 55.3 +/- 0.04
R63K 54.2 +/-0.13
R66A 55.3 +/- 0.04
R66K 55.0 +/- 0.05
R73A 55.5 +/- 0.06
R73K 50.6 +/- 0.09
R96A 57.0 +/- 0.03
R96K 55.6 +/- 0.05
Q106A 50.2 +/- 0.04

Q108A 52.1 +/- 0.06
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Conclusion

5.1 PhD outcomes

The work presented here has added to our understanding of the partially
characterised biuret amidohydrolase (BiuH) from Rhizobium leguminasorum bv.
viciae 3841. The atomic structure of BiuH was solved and site-directed
mutagenesis was used to gain a better understanding of the BiuH catalytic
mechanism. Additionally, molecular dynamics simulations highlighted the
presence of three channels from the active site to the enzyme surface forming
potential channels for the substrate, co-product (ammonia) channel and co-

substrate (water) channel.

The cyanuric acid degradation pathway in Pseudomonas sp. strain ADP1 has
been known and studied for more than twenty years; however, the work
presented here includes the first purification and and characterisation of AtzE, a
putative biuret amidohydrolase. In chapter three the purification of the native AtzE
from Pseudomonas sp. strain ADP was reported, allowing its biochemical and
structural characterisation. The structure revealed the presence of a small,
essential protein (AtzG), with which AtzE forms an az2b2 heterotetramer.
Biochemical characterisation and molecular dynamics experiments revealed
AtzE is a 1-carboxybiuret hydrolase, and not a biuret hydrolase as previously
thought. Finally, this work implies that AtzEG has probably evolved from the

GatCAB transamidosome complex.

The discovery of atzG encouraged a more thorough examination of the cyanuric
acid catabolic operon and the discovery of a second over looked open-reading
frame, atzH. The fourth chapter of this PhD thesis details the structural

characterisation of AtzH, which belongs to the versatile NTF2 protein superfamily.
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Conclusion

A combination of structural modelling and mutagenesis studies was used to
provide evidence that AtzH is an allophanate forming, 1,3-dicarboxyurea
amidohydrolase. Mutagenesis also indicated that Tyr22 and Arg46 may play an
essential role in the catalysis of 1,3-dicarboxyurea. Finally, a comparison of the
genomic context suggests AtzH might be involved more broadly in the catabolism
of nitrogenous compounds in Proteobacteria. Moreover, this observation also
suggests that the atzG-atzE-atzH cluster predates the formation of the cyanuric

acid catabolism operon.
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5.2 Update of the cyanuric acid degradation pathway of

Pseudomonas sp. strain ADP

The Pseudomonas sp. ADP cyanuric acid catabolic pathway requires revision in
light of the work presented here (Fig. 5-1). The updated pathway does not include
biuret, as previously thought, but rather 1-carboxybiuret. Additionally, a new
hydrolytic step has been added: the hydrolysis of 1,3-dicarboxyurea to form
allophanate. The updated pathway contains two newly identified proteins: AtzG

(Chapter 3, (181)) and AtzH (Chapter 4).

This update provides a clearer picture of the cyanuric acid degradation strategy
in Pseudomonas sp. strain ADP. The Pseudomonas enzymes AtzEG, AtzH and
AtzF enable controlled hydrolysis of the solvent labile intermediates 1-
carboxybiuret, 1,3-dicarboxyurea and allophanate, respectively. In doing so,
Pseudomonas sp. strain ADP avoids the competing solvent-mediated
hydrolyses, which result in metabolites that Pseudomonas sp. strain ADP cannot
process further (i.e., urea and biuret). These metabolites are effectively ‘dead
end’ products, making the nitrogen they contain unavailable to the bacterium, as

Pseudomonas lacks either urease or biuret hydrolase.

152

152




Conclusion 153

A, Stable Water unstable B.
degradation intermadiates
products

Er
S5EAd%  2NH, + 2C0,
o

o o o7 AtzF 0
co, + HZNJ\NHQ‘ __________ HZNJ\HJ\OH H;N)LHJ\OH
urea allophanate allophanate
2 [ ChEd
/3
o o 0o o 0 o
2C0, + HZNJ\NHZ‘ """"" Ho)LNJ\NJ\OH H NJ\NJLNH
H H 2 N 7)
urea 1,3-dicarboxyurea biuret
4R V\HEG \ spontaneous
g \
. "‘-% 0 NO o]
o o o
S o g
co, + HoN N pe H H AtzD
; bH b!" . uoS 1—carboxybiuret\
; -carboxybiure %
biuret y 4 Ho*N,*OH A
' Cyanuric acid

Figure 5-1 Cyanuric acid degradation pathway in Pseudomonas sp. strain ADP prevents the degradation of unstable intermediates. A. New
proposed cyanuric acid degradation pathway showing the new structures AtzEG and AtzH and their water sensitive substrate; B. Cyanuric
acid degradation pathway as published previously to this work.
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Conclusion

Our work showed that AtzG and AtzH play critical roles in the cyanuric acid
catabolic pathway of Pseudomonas sp. strain ADP. Often overlooked and
unannotated, small proteins have been found to be common and involved in
essential and versatile roles (182-185). Genomic analysis suggests that, in
addition to its role in the cyanuric acid degradation pathway, AtzH may play a
catalytic role in other bacterial metabolic pathways. A more thorough

investigation will be required to characterise the role of these AtzH homologues.
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5.3 Insights into the evolutionary origin of the cyanuric acid

degradation operon

Understanding the origin of each of the genes of the cyanuric acid degradation
operon has provided insight into the evolution of the cyanuric acid degradation

operon (Fig. 5-2).

AtzD belongs to a unique family of ring-opening hydrolases (the cyclic amide
hydrolase family) that includes the cyanuric acid and barbituric acid hydrolases.
Recently, a barbituric acid hydrolase with promiscuous cyanuric acid hydrolase
activity was described from Nocardioides sp. strain JS614 (149). When coupled
with the structural similarities between the enzymes and substrates, these
observations suggest that cyanuric acid hydrolase enzymes may have evolved
from an ancestral barbituric acid hydrolase. There is structural evidence to
suggest the origin of the cyclic amide hydrolase family. The trimeric proteins from
the YgjF-family have structural homology with each of the three sub-domains of
AtzD. This could indicate that the cyclic amide hydrolases are the product of
concatenation of three ygjF genes, possibly following gene duplication (146, 147)

(Fig. 5-2).
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Figure 5-2 Hypothetical evolutionary origin of the Pseudomonas sp. strain ADP
cyanuric acid degradation operon. Concat.: concatenation; Duplic.: duplication.

Our work has also suggested a probable evolutionary origin for the unusual
AtzEG complex. Based on the structural alignment of AtzEG with other structures
available in the PDB database, the GatCAB complex was identified as the highest
structural match for AtzEG. Based on this similarity, we hypothesised that AtzEG
might have evolved from the GatCA complex (Chapter 3)(181) (Fig. 5-2). Only
five amino acids are different between the active sites of GatCA and AtzEG:
Ala301Tyr, Asn172Gly, Asp425Gly, Phe127Gly and Tyr125Met (Fig. 5-3). Like
the AtzA/TriA and TrzN systems (157, 161, 163), the small number of differences
makes reconstruction of evolutionary trajectories that separate these complexes
tractable. Future work could focus on reconstructing, via site-directed
mutagenesis, the evolutionary pathway leading from GatCA to AtzEG or from

AtzEG to GatCA.
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Figure 5-3 Alignment of the active sites of GatA (cyan) and AtzE (green). The non-
conserved residues in both active sites are shown in sticks and the conserved amino acids
in lines, the glutamine (substrate of GatA) is shown in yellow stick. These five amino acids
could be potential targets for the reconstruction of evolutionary trajectories between
AtzEG and GatA by directed mutagenesis.

AtzEG and AtzH have been found to be expressed as part of the cyanuric acid
degradation pathway of Pseudomonas sp. strain ADP; however, the atzG-atzE-
atzH gene cluster is found in the genomes of many different strains of bacteria
(Chapter 4) without the presence of the atzD and atzF. This suggests that the
association of these three genes predates the formation of the cyanuric acid

operon (Fig. 5-2).

AtzF appears to have been recruited from the urea carboxylases complex (141),
in which allophanate hydrolase is complexed with urea carboxylase (178) (Fig. 5-
2). Lin et al. have demonstrated that although UC and AH are able to function

independently, complexation results in a rate enhancement (186). Interestingly,
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one third of the bacterial genomes that possess an atzG-atzE-atzH gene cluster
also have an atzF homologue in the same gene region. However, atzD
homologues are found in association with only two of the atzG-atzE-atzH clusters
described and the atzF homologue does not appear to form an operon with the

atzG-atzE-atzH clusters (Chapter 4).

Coupling of the catalytic steps of the Pseudomonas sp. strain ADP cyanuric acid
catabolism pathway may be required to ensure that ‘dead-end’ metabolites do
not accumulate via the competing non-enzymatic hydrolyses of the unstable
metabolic intermediates. The emergence of the cyanuric acid operon may have
been an evolutionary response that allows co-ordinated expression and
maintains stoichiometric production of the enzymes of this pathway (187, 188). It
may be possible to use the cyanuric acid degradation operon to test the

importance of operon organisation for the fitness of the bacteria.
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5.4 An alternative cyanuric acid degradation pathway in

Rhizobium leguminosarum bv. viciae 3841

BiuH and AtzEG have non-overlapping specificities: AtzEG is a 1-carboxybiuret
amidohydrolase and BiuH is a biuret amidohydrolase (118, 181). This difference
illustrates that there are at least two strategies employed for the catabolism of
cyanuric acid: Rhizobium exploits solvent-mediated hydrolysis of the metabolic
intermediates of the pathway while Pseudomonas has adopted a pathway that

limits solvent-mediated hydrolysis (Fig. 5-4).

More work is needed in order to understand the fate of the allophanate produced
by BiuH in Rhizobium. There is no equivalent of atzF in close proximity to atzD
and biuH (153). However, the genome of Rhizobium leguminosarum bv. viciae
3841 (131) possesses a number of genes that encode enzymes that could

degrade allophanate or its hydrolysis product, urea (Fig. 5-4).
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A. Pseudomonas sp. strain ADP
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B. Rhizobium leguminosarum bv. viciae 3841:
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Figure 5-4 Genomic organisation of genes involved in the cyanuric acid degradation
pathways. A. Characterised genes present in Pseudomonas sp. strain ADP; B.1
Characterised genes present in Rhizobium leguminosarum bv. viciae 3841; B.2. List and
location of the genes that could play a role in the degradation of allophanate or urea in
Rhizobium leguminosarum bv. viciae 3841. UC: urea carboxylase; AH allophanante
hydrolase; CAH; cyanuric acid hydrolase.

Transcriptomic, metabolomics and proteomic analysis of Rhizobium
leguminosarum bv. viciae 3841 grown on various nitrogen sources (ammonia,
cyanuric acid, biuret, urea) could help to determine which enzymes are employed
in the cyanuric acid degradation pathway of Rhizobium leguminosarum bv. viciae

3841.
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5.5 Cyanuric acid catabolic pathway: a model to study

evolution of new catabolic pathways in bacteria

The cyanuric acid degradation pathway appears to be more diverse than
previously thought. At least two different biochemical strategies have been
adopted that require different enzymes and have resulted in different genomic
organisations. Eventually, the more we understand about the different cyanuric
acid catabolic pathway existing across various type of bacteria, the more we will
understand about how they have evolved. Cyanuric acid pathways could be used
as models to understand more broadly the evolution of catabolic pathways in
bacteria. As the discipline of Synthetic Biology matures, it will be essential to have
a good understanding of the rules, constraints and design principles for building
effective metabolic pathways through effective genetic organisation of their
component genes. Ultimately knowledge gained from studying cyanuric acid
catabolism could also be applied to building better synthetic metabolic pathways

(189).
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APPENDIX

Appendix

DNA and amino acid sequences used in this project. In the following DNA

sequences, start codons are highlighted in green and stop codons in red.

AtzD from Pseudomonas sp. strain ADP

Reference NCBI of the ADP-1 plasmid complete sequence: NC _004956.1. Loci
of AtzD: 101053-102144
Gene sequence:

ATETATCACATCGACGTTTTCCGAATCCCTTGCCACAGCCCTGGTGATACATCGGGTCT
CGAGGATTTGATTGAAACAGGCCGCGTTGCCCCCGCCGACATCGTCGCGGTAATGGGCA
AGACCGAGGGCAATGGCTGCGTCAACGATTACACGCGTGAATACGCCACCGCCATGCTT
GCTGCGTGCCTTGGGCGTCATTTGCAACTCCCACCCCATGAGGTGGARAAGCGGGTCGC
GTTTGTGATGTCAGGTGGGACGGAAGGCGTGCTGTCCCCCCACCACACGGTATTCGCAA
GACGTCCGGCAATCGACGCGCATCGTCCCGCTGGCARACGTCTCACGCTTGGAATCGCC
TTCACGCGTGATTTTCTGCCGGAGGAAATTGGCCGCCACGCTCAGATAACGGAGACAGC
CGGCGCCGTCAAACGCGCAATGCGAGATGCCGGGATCGCTTCGATTGACGATCTGCATT
TTGTGCAGGTGAAGTGTCCGCTGCTGACACCAGCARAGATCGCCTCGGCGCGATCACGC
GGATGCGCTCCAGTCACGACGGATACGTATGAATCGATGGGCTATTCGCGCGGCGCTTC
GGCCCTGGGCATCGCTCTCGCTACAGAAGAGGTGCCCTCCTCGATGCTCGTAGACGAAT
CAGTGCTGAATGACTGGAGTCTCTCATCGTCACTGGCGTCGGCGTCTGCAGGCATCGAA
CTGGAGCACAACGTGGTGATCGCTATTGGCATGAGCGAGCAGGCCACCAGTGAACTGGT
CATTGCCCACGGCGTGATGAGCGACGCGATCGACGCGGCCTCGGTGCGGCGAACGATTG
AATCGCTGGGCATACGTAGCGATGACGAGATGGATCGCATCGTCAACGTATTCGCCAAA
GCGGAGGCGAGCCCGGACGGGGTTGTACGAGGTATGCGGCACACGATGCTAAGTGACTC
CGACATTAATTCGACCCGCCATGCGCGGGCGGTCACCGGCGCGGCCATTGCCTCGGTAG
TTGGGCATGGCATGGTGTATGTGTCCGGTGGCGCCGAGCATCAGGGACCTGCCGGCGGC
GGCCCTTTTGCAGTCATTGCCCGCGC TN

Protein sequence:

MYHIDVFRIPCHSPGDTSGLEDLIETGRVAPADIVAVMGKTEGNGCVNDYTREYATAML
AACLGRHLOQLPPHEVEKRVAFVMSGGTEGVLSPHHTVFARRPAIDAHRPAGKRLTLGIA
FTRDFLPEEIGRHAQITETAGAVKRAMRDAGIASIDDLHEFVQVKCPLLTPAKIASARSR
GCAPVTTDTYESMGYSRGASALGIALATEEVPSSMLVDESVLNDWSLSSSLASASAGIE
LEHNVVIAIGMSEQATSELVIAHGVMSDAIDAASVRRTIESLGIRSDDEMDRIVNVFEAK
AEASPDGVVRGMRHTMLSDSDINSTRHARAVTGAAIASVVGHGMVYVSGGAEHQGPAGG
GPFAVIARA

AtzE from Pseudomonas sp. strain ADP

Reference NCBI of the ADP-1 plasmid complete sequence: NC 004956.1. Loci

of AtzE: 102427-103800
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Gene sequence:

ATEAAGACAGTAGAAATTATTGAAGGTATCGCCTCTGGCAGAACCAGTGCGCGCGACGT
GTGCGAAGAGGCGCTCGCAACCATCGGCGCGACCGATGGACTCATCAATGCCTTTACAT
GCCGTACGGTTGAACGAGCCCGCGCAGAGGCGGATGCCATCGATGTTCGACGGGCGCGC
GGCGAGGTACTTCCGCCTCTTGCCGGCCTCCCCTACGCGGTARAGAATCTGTTCGACAT
CGAAGGCGTGACGACGCTTGCCGGCTCGAAGATCAACCGTACTCTCCCGCCTGCGCGCG
CAGACGCCGTGCTGGTGCAACGGCTGAAAGCTGCCGGCGCCGTGCTCCTGGGCGGCCTC
AATATGGACGAGTTTGCCTATGGATTTACGACCGAAAATACGCACTATGGGCCGACCCG
GAACCCGCATGACACCGGGCGTATCGCTGGTGGTTCGTCAGGGGGGTCTGGAGCGGCAA
TCGCTGCGGGGCAGGTACCACTATCGCTCGGATCGGACACCAACGGTTCCATACGCGTG
CCAGCATCATTGTGTGGCGTGTGGGGGCTGAAGCCTACCTTCGGCCGCCTGTCCCGGCG
AGGGACATACCCGTTTGTTCACAGCATTGATCACCTCGGGCCATTGGCCGATAGCGTGG
AAGGCTTGGCGTTGGCCTACGATGCAATGCAGGGCCCGGATCCGCTCGACCCCGGATGC
AGCGCATCGCGCATCCAACCCTCGGTACCGGTCCTCAGTCAGGGTATCGCTGGGCTCCG
GATCGGCGTGCTGGGTGGCTGGTTTCGGGACAATGCCGGCCCGGCCGCGCGAGCCGCGG
TCGATGTTGCCGCGCTTACGCTCGGCGCCAGCGAAGTCGTCATGTGGCCCGACGCGGAG
ATCGGGCGCGCAGCCGCCTTCGTTATCACTGCCAGCGAGGGAGGCTGTCTGCATCTCGA
TGATCTTCGCATCCGTCCGCAAGACTTCGAGCCTCTGTCCGTAGATCGCTTTATCTCGG
GGGTTTTACAACCGGTCGCGTGGTACTTGCGTGCACAGCGGTTTCGACGTGTCTATCGA
GATAAGGTGAATGCTCTTTTCCGTGACTGGGACATATTAATCGCTCCCGCAACGCCAAT
AAGTGCTCCCGCAATCGGCACCGAATGGATCGAGGTARACGGTACACGCCATCCGTGCC
GCCCGGCTATGGGACTTCTCACTCAGCCGGTCTCCTTCGCAGGCTGTCCGGTGGTCGCC
GCTCCAACGTGGCCTGGAGAAAACGATGGCATGCCGATCGGGGTACAGCTCATCGCGGC
GCCCTGGAACGAATCTCTATGCCTGCGCGCAGGCAAGGTATTACAAGACACCGGTATCG
CCCGACTGAAATGTHEN

Protein sequence:

MKTVEIIEGIASGRTSARDVCEEALATIGATDGLINAFTCRTVERARAEADAIDVRRAR
GEVLPPLAGLPYAVKNLEFDIEGVTTLAGSKINRTLPPARADAVLVOQRLKAAGAVLLGGL
NMDEFAYGFTTENTHYGPTRNPHDTGRIAGGSSGGSGAATAAGQVPLSLGSDTNGS IRV
PASLCGVWGLKPTFGRLSRRGTYPEFVHSIDHLGPLADSVEGLALAYDAMQGPDPLDPGC
SASRIQPSVPVLSQGIAGLRIGVLGGWEFRDNAGPAARAAVDVAALTLGASEVVMWPDAE
IGRAAAFVITASEGGCLHLDDLRIRPQODFEPLSVDREISGVLOPVAWYLRAQREFRRVYR
DKVNALFRDWDILIAPATPISAPAIGTEWIEVNGTRHPCRPAMGLLTQPVSFAGCPVVA
APTWPGENDGMPIGVQLIAAPWNESLCLRAGKVLODTGIARLKC

AtzF from Pseudomonas sp. strain ADP

Reference NCBI of the ADP-1 plasmid complete sequence: NC 004956.1. Loci
of AtzF: 104283-106100

Gene sequence:
ATGAATGACCGCGCGCCCCACCCTGAAAGATCTGGTCGAGTCACGCCGGATCACCTGAC
CGATCTGGCTTCCTATCAGGCTGCCTATGCCGCCGGTACAGACGCCGCCGACGTCATTT
CGGACCTGTATGCCCGTATCAAAGAAGACGGCGAAAATCCGATCTGGATTAGCCTGTTG
CCCTTGGAAAGCGCATTGGCGATGCTGGCCGACGCGCAGCAACGCAAGGACAAGGGAGA
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AGCGTTGCCGCTCTTTGGCATCCCCTTCGGCGTCAAGGACAACATCGACGTCGCAGGCC
TTCCGACGACTGCCGGGTGTACGGGGTTCGCGCGTACGCCCCGACAGCACGCCTTCGTC
GTACAGCGCCTGGTGGACGCTGGCGCGATCCCGATCGGAAAAACGAACCTCGATCAATT
CGCGACCGGGTTGAACGGCACTCGCACGCCGTTTGGCATTCCGCGCTGCGTGTTCAACG
AGAACTACGTATCCGGCGGCTCCAGCAGTGGCTCCGCAGTGGCCGTCGCCAACGGCACG
GTACCGTTCTCGCTCGGGACGGACACTGCCGGTTCCGGCCGCATTCCTGCTGCGTTCAA
CAATCTGGTGGGCTTGAAACCGACCAAAGGCCTGTTCTCGGGCAGTGGACTGGTTCCCG
CGGCGCGAAGCCTTGACTGCATCAGCGTCCTCGCCCATACCGTAGATGACGCCCTTGCG
GTCGCACGCGTCGCCGCCGGCTACGATGCTGATGACGCTTTTTCGCGCAAGGCGGGCGC
CGCCGCACTGACAGAAAAGAGTTGGCCTCGTCGCTTCAATTTCGGGGTCCCAGCGGCGG
AACATCGCCAGTTTTTCGGTGACGCGGAAGCCGAGGCGCTTTTCAATAAAGCGGTTCGC
AAGCTTGAAGAGATGGGTGGCACCTGCATCTCGTTTGACTATACCCCCTTCAGGCAGGC
TGCTGAACTGCTCTACGCCGGCCCTTGGGTTGCGGAGCGCCTGGCGGCCATCGAGAGCC
TTGCGGACGAGCATCCCGAGGTGCTCCACCCGGTCGTTCGTGACATCATCTTGTCCGCG
AAGCGAATGAGCGCAGTCGACACGTTCAACGGTATCTATCGCCTGGCCGACCTTGTCAG
GGCTGCAGAGAGCACTTGGGAAAAGATCGATGTGATGCTGCTGCCGACGGCGCCGACCA
TCTACACTGTAGAAGACATGCTCGCCGATCCGGTACGCCTCAACAGCAATCTGGGCTTC
TACACGAACTTCGTGAACTTGATGGATTTGTCCGCGATTGCTGTTCCCGCAGGCTTCCG
AACCAATGGCCTGCCATTTGGCGTCACTTTCATCGGTCGGGCGTTCGAAGATGGGGCGA
TCGCAAGCTTGGGAAAAGCTTTCGTGGAGCACGACCTCGCCAAGGGCAACGCGGCCACG
GCGGCGCCACCCAAGGATACCGTCGCAATCGCCGTGGTAGGTGCACATCTCTCCGACCA
GCCCTTGAATCATCAGCTCACGGAGAGCGGCGGAAAGCTACGGGCAACAACGCGTACTG
CGCCGGGATATGCCTTGTACGCACTCCGTGATGCGACGCCGGCTAAGCCTGGAATGTTG
CGCGACCAGAATGCGGTCGGGAGCATCGAAGTGGAAATCTGGGATCTGCCGGTCGCCGG
GTTCGGTGCGTTTGTAAGTGAAATTCCGGCGCCGTTGGGTATCGGGACAATAACACTCG
AAGACGGCAGCCATGTGAAAGGCTTTCTGTGCGAGCCACATGCCATCGAGACGGCGCTC
GACATCACTCACTACGGCGGCTGGCGAGCATACCTCGCGGCTCAA-

Protein sequence:

MNDRAPHPERSGRVTPDHLTDLASYQAAYAAGTDAADVISDLYARIKEDGENPIWISLL
PLESALAMLADAQQRKDKGEALPLFGIPFGVKDNIDVAGLPTTAGCTGFARTPROHAFV
VORLVDAGAIPIGKTNLDQFATGLNGTRTPEFGIPRCVENENYVSGGSSSGSAVAVANGT
VPFSLGTDTAGSGRIPAAFNNLVGLKPTKGLESGSGLVPAARSLDCISVLAHTVDDALA
VARVAAGYDADDAFSRKAGAAALTEKSWPRRENFGVPAAEHRQFFGDAEAEALEFNKAVR
KLEEMGGTCISFDYTPFROAAELLYAGPWVAERLAATESLADEHPEVLHPVVRDIILSA
KRMSAVDTEFNGIYRLADLVRAAESTWEKIDVMLLPTAPTIYTVEDMLADPVRLNSNLGE
YTNEFVNLMDLSATAVPAGFRTNGLPFGVTFIGRAFEDGATASLGKAFVEHDLAKGNAAT
AAPPKDTVAIAVVGAHLSDOPLNHQLTESGGKLRATTRTAPGYALYALRDATPAKPGML
RDONAVGSIEVEIWDLPVAGEFGAFVSEIPAPLGIGTITLEDGSHVKGEFLCEPHATIETAL
DITHYGGWRAYLAAQ

AtzG from Pseudomonas sp. strain ADP

Reference NCBI of the ADP-1 plasmid complete sequence: NC_004956.1. Loci
of AtzG: 100645-100851

Gene sequence:
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ATEACGGAAACTGAAATCTTCGCCTATATCGAGGCGGCTTCAATAGCGATCGGAATCCC
GCTTGAGCCGGCTCGTGCACGCGCTGTCGCACACCATTTTTCGCGTACAGCACTCCTTG
CAGAAATGCTTGAAAGCGTCCCTCTCTCGCCTGAGTCAGAACTCGCGGAGATTTATCGC
CCGGCGCCCTTCCCCGCAGAAGATATCHER

Protein sequence:

MTETEIFAYTIEAASIAIGIPLEPARARAVAHHFSRTALLAEMLESVPLSPESELAEIYR
PAPFPAEDT

AtzH from Pseudomonas sp. strain ADP

Reference NCBI of the ADP-1 plasmid complete sequence: NC _004956.1. Loci
of AtzH: 98874-99263

Gene sequence:

ATGCAAATTAATCTACCTGAAGTTCATGCGGAAGTGACCGCCCAATTCGTTCGCTACGA
GAAAGCGCTTACCTCGAATGACACGGCTGTTTTGAATGAGCTGTTTTGGAACAGCCCCC
AAACCCTGCGCTACGGTGCGACCGAGAACCTATACGGCTATGAGGCCATTGCAGGCTTT
CGCGCCACACGCTCTCCAAACAACTTGGAACGCGAGATCGTCCGGACGGTGATTACAAC
TTATGGACACGACTTCGCTACCGCCAACATCGAATTCCGTCGGCTCAGTCATAGTCAGC
TTACGGGCCGGCAGAGCCAAACCTGGATGCGCACGTCGCAGGGTTGGCGCGTGGTAGCC
GCGCACGTAAGTCTTATTGCCCTGCCCGTTTCCHER

Protein sequence:

MOINLPEVHAEVTAQFVRYEKALTSNDTAVLNELFWNSPOTLRYGATENLYGYEATAGF
RATRSPNNLEREIVRTVITTYGHDFATANIEFRRLSHSQLTGROSQTWMRTSQGWRVVA
AHVSLIALPVS

Biuret hydrolase from Rhizobium lequminasorum bv. viciae 3841

Reference NCBI of the plasmid 10 complete sequence: AM236084.1. Loci of
biuret hydrolase: 363092-363793

Gene sequence:

ATGGACGCGATGGTCGAAACCAACCGGCATTTTATCGACGCCGATCCGTATCCGTGGCC
CTATAACGGAGCTCTGAGGCCTGACAATACCGCCCTCATCATCATCGACATGCAGACGG
ATTTCTGCGGCAAGGGCGGTTATGTCGACCACATGGGCTACGACCTGTCGCTGGTGCAG
GCGCCGATCGAACCCATCAAACGCGTGCTTGCCGCCATGCGGGCCAAGGGTTATCACAT
CATCCACACCCGCGAGGGCCACCGCCCCGACCTCGCCGATCTGCCAGCAAACAAACGCT
GGCGCTCGCAACGGATCGGGGCCGGCATCGGTGATCCCGGCCCCTGCGGCCGAATCCTG
ACGCGTGGCGAACCCGGCTGGGACATCATCCCCGAACTCTACCCGATCGAAGGCGAGAC
GATCATCGACAAGCCCGGCAAGGGTTCGTTCTGCGCCACCGACCTCGAACTCGTCCTCA
ACCAGAAACGCATCGAGAACATTATCCTCACCGGGATCACCACCGATGTCTGCGTCTCG
ACGACGATGCGCGAGGCGAACGACCGCGGCTACGAATGCCTGCTGCTGGAGGACTGCTG
TGGTGCGACCGACTACGGAAACCACCTCGCCGCCATCAAGATGGTGAAGATGCAGGGCG
GCGTCTTCGGCTCGGTCTCCAATTCCGCGGCTCTAGTCGAGGCGCTGCCCTGA
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Protein sequence:

MDAMVETNRHFIDADPYPWPYNGALRPDNTALTITIDMQTDFCGKGGYVDHMGYDLSTLVQ
APIEPIKRVLAAMRAKGYHIIHTREGHRPDLADLPANKRWRSQRIGAGIGDPGPCGRIL
TRGEPGWDIIPELYPIEGETIIDKPGKGSFCATDLELVLNQKRIENIILTGITTDVCVS
TTMREANDRGYECLLLEDCCGATDYGNHLAAIKMVKMQGGVFGSVSNSAALVEALP
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Cloning strategy used in Chapter 2:

Insertion of BiuH into pETcc2 vector

Ndel BamHl|
| BiuH |

His-tag J Ndel

\ +_— BamHI
Ncol ~

pETcc2

180

180




APPENDIX

Cloning strategy used in Chapter 3:

1. Insertion of atzE into pETcc2 vector

Ndel BamHI
I atzkE l

His-tag J Ndel

\. " BamH|
Ncol ~

pETcc2

2. Cloning of atzE and insertion into the MCS1 using Ncol
Sacl

Ncol
GTACACCCATGGGAATGAAGACAGTAGAAATTATTGAAGG

Sacl Stop codon of atzE
/
TTTTTTGAGCTCCCACATTTCAGTCGGGCGATAC

His-tag
Ncol ' Ndel Sacl
(I atzE 1

3. Amplification of atzG and cloning into MSC2 using Xhol
Avrl

Ndel  Xhol
CGACGACATATGCTCGAGATGACGGAAACTG

Stop codon of atzG
Sacl Avrll _>top
TGCTGCGAGCTCCCTAGGTCAGATATCTTCTGC

Xhol Avrll
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Cloning strategy used in Chapter 4:

1. Insertion of Sacl into pETcc2 vector

His-tag Ndel
+~— BamHI
Ncol el
O, Sacl
pETcc2

2. Amplification of atzH and cloning into pETcc2 vector

Ndel  Xhol
CGACGACATATGCTCGAGATGCAAATTAATCTACC

Sacl Avrll }op codon of atzH
TGCTGCGAGCTCCCTAGGTCAGGAAACGGGC

Ndel Sacl
| atzH
His-tag Ndel
e
Ncol
T Sacl
pETcc2
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