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ABSTRACT: The mechanisms underlying the rapid evolution of
novel enzymatic activities from promiscuous side activities are
poorly understood. Recently emerged enzymes catalyzing the
catabolic degradation of xenobiotic substances that have been
spread out into the environment during the last few decades
provide an exquisite opportunity to study these mechanisms. A
prominent example is the herbicide atrazine (2-chloro-4-ethyl-
amino-6-isopropylamino-1,3,5-triazine), which is degraded through
a number of enzymatic reactions, constituting the Atz pathway.
Here, we analyzed the evolution of hydroxyatrazine ethyl-
aminohydrolase AtzB, a Zn(II)-dependent metalloenzyme that
adopts the amidohydrolase fold and catalyzes the second step of
the Atz pathway. We searched for promiscuous side activities of AtzB, which might point to the identity of its progenitor. These
investigations revealed that AtzB has a low promiscuous guanine deaminase activity. Furthermore, we found that the two closest
AtzB homologues, which have not been functionally annotated until now, are guanine deaminases with modest promiscuous
hydroxyatrazine hydrolase activity. Based on sequence comparisons with the closest AtzB homologues, the guanine deaminase
activity of AtzB could be increased by three orders of magnitude through the introduction of only four active site mutations.
Interestingly, introducing the four inverse mutations into the AtzB homologues significantly enhanced their hydroxyatrazine
hydrolase activity and, in one case, is even equivalent to that of wild-type AtzB. Molecular dynamics simulations elucidated the
structural and molecular basis for the mutation-induced activity changes. The example of AtzB highlights how novel enzymes with
high catalytic proficiency can evolve from low promiscuous side activities by only a few mutational events within a short period of
time.
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■ INTRODUCTION
The advent of modern industrial chemistry has led to pervasive
changes of the global ecosystem due to a multitude of
anthropogenic substances being introduced into the environ-
ment at a large scale.1,2 Many of these compounds, including
herbicides, insecticides, and synthetic antibiotics, do not occur
in Nature and are thus referred to as xenobiotic. An important
class of anthropogenic substances is derived from 1,3,5-triazine
(s-triazine). This substance group includes a number of
herbicidal compounds, which kill susceptible plants by
coordinating to the quinone-binding protein in photosystem
II, thereby inhibiting photosynthetic electron transfer.3,4 The
most common s-triazine is atrazine (2-chloro-4-ethylamino-6-
isopropylamino-1,3,5-triazine), which has been used since the
1950s as a herbicide for the selective control of grassy and
broadleaf weeds in corn, sorghum, sugar cane, and pineapple.5,6

Remarkably, the introduction of large amounts of atrazine and
related s-triazine herbicides into the environment led to the
emergence of novel catabolic enzymes in soil bacteria within

only a few decades, allowing for the utilization of these
substances as a nutrient source.7 Various bacterial species
possessing these metabolic capabilities have since been isolated
all over the globe.8,9 The Atz pathway is the most abundant and
best investigated pathway for the degradation of atrazine and
other s-triazine herbicides. Its main evolutionary advantage is the
utilization of the breakdown products as carbon and nitrogen
sources.10,11 The relevant genes were first identified in
Pseudomonas sp. strain ADP, which was isolated from an
atrazine spillage site in Minnesota.12 The pathway is composed
of eight proteins (AtzABCDEFGH) and can be divided into an
upper pathway (Figure 1A) and a lower pathway (Figure 1B).
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In Pseudomonas sp. strain ADP, the genes encoding the
enzymes required for atrazine catabolism are located on a single,
self-transmissible plasmid (pADP-115). The lower pathway
genes (atzDEFGH) are arranged in a regulated operon
structure,16,17 which, together with the observation that in
Nature cyanuric acid can also form nonenzymatically from
isocyanic acid, points to an evolutionary origin of the involved
enzymes that predates the introduction of atrazine.18 On the
other hand, the genes for the upper pathway enzymes (atzABC)
are expressed constitutively and without any known regulation
and are spread over a wide area of the pADP-1 plasmid with long
interjacent sequences. Moreover, those sequences are sur-
rounded by inverted repeats that point to the recent assembly of
the plasmid through transposase activity.19 Together, these
findings indicate that AtzA, AtzB, and AtzC have evolved only in
the last decades as a consequence of the presence of atrazine in
the environment.20 The young evolutionary age of AtzA, AtzB,
and AtzC suggests that their functions derived from low
promiscuous side activities of evolutionarily old progenitor
enzymes, with the old and the new activities being individually
optimized in one of the two copies resulting from gene
duplication events.21,22 AtzA, AtzB, and AtzC all belong to the
amidohydrolase superfamily and catalyze their respective
hydrolytic reactions with the assistance of a central metal
ion.23−25 However, they share only limited sequence identity
(AtzA−AtzB: 24%; AtzA−AtzC: 19%; AtzB−AtzC: 18%)
pointing to the existence of three distinct progenitor enzymes.

Protein engineering starting from promiscuous side activities
has previously been utilized to study enzyme evolution.
Examples are the establishment of phosphoribosylanthranilate
isomerase (TrpF) activity on the scaffolds of N′-[(5′-
phosphoribosyl)formimino]-5-aminoimidazole-4-carboxamide
ribonucleotide isomerase (HisA)26−28 and imidazole glycerol
phosphate synthase (HisF),29 the establishment of o-succinyl-
benzoate synthase activity on the scaffolds of L-Ala-D/L-Glu
epimerase and the muconate lactonizing enzyme II,30 and the
conversion of anthranilate synthase into isochorismate
synthase.31 Regarding enzymes degrading anthropogenic
compounds, the evolution of organophosphate hydrolases
from promiscuous lactonases has been analyzed through

ancestral sequence reconstruction32,33 while the emergence of
enzymes for the degradation of the herbicides molinate and
phenylurea has been traced back to a transition from a binuclear
to a mononuclear metal binding site.34 Notably, AtzA has
previously been interconverted into the melamine deaminase
TriA, which is another evolutionarily young xenobiotic-
degrading enzyme with 98% sequence identity to AtzA.35

However, this work did not provide insights into the common
“old” progenitor of these two enzymes.

Within the current work, we concentrated on elucidating the
evolutionary history of AtzB. Using a broad substrate screen, we
could identify a promiscuous guanine deaminase activity for this
enzyme, which was then systematically increased by protein
engineering. Vice versa, two hitherto uncharacterized AtzB
homologues with about 60% sequence identity to AtzB were
found to be guanine deaminases and their promiscuous
hydroxyatrazine ethylaminohydrolase activities could be raised
up to wild-type AtzB levels by only four amino acid
substitutions. These experiments clearly indicated that AtzB
descends from an evolutionarily old enzyme with guanine
deaminase activity and allowed us to generate a plausible
evolutionary trajectory between the two activities. Finally, the
molecular mechanisms underlying this functional conversion
were uncovered through molecular dynamics simulations.

■ RESULTS
Substrate Screening of AtzB and Homologues. In the

search for a likely progenitor of AtzB, we tested the enzyme for
the promiscuous turnover of different substrates (adenine,
ammeline, atrazine, cytosine, guanine, hydroxyatrazine, iso-
guanine, and melamine) accepted by various enzymes belonging
to the amidohydrolase superfamily. Product analysis by HPLC
showed that incubation with AtzB for 20 h resulted in complete
conversion of hydroxyatrazine, as expected, as well as minor
hydrolytic activities on guanine and ammeline (Figure S1). We
performed a BLAST search to identify close homologues of
AtzB. The two best matches were sequences from Haliea sp.
SAOS-164 and Pleomorphomonas oryzae, which we termed
AtzB_Hom_Hal (accession: WP_135441588.1; 64% global
sequence identity to AtzB) and AtzB_Hom_Pleo (accession:

Figure 1.The Atz pathway. (A) The herbicide atrazine (I) is converted by atrazine chlorohydrolase (AtzA) into hydroxyatrazine (II), which serves as a
substrate for hydroxyatrazine ethylaminohydrolase (AtzB). AtzB releases ethylamine (NH2Et) from the s-triazine ring, yieldingN-isopropylammelide
(III), which is in turn hydrolyzed byN-isopropylammelide isopropylaminohydrolase (AtzC), giving isopropylamine (NH2iPr) and cyanuric acid (IV)
as products. The sequential actions of AtzA, AtzB, and AtzC are considered to be the upper pathway. (B) Cyanuric acid hydrolase (AtzD) converts (IV)
into 1-carboxybiuret (V), which is further hydrolyzed by 1-carboxybiuret hydrolase (AtzE) in complex with the small protein AtzG.13 The resulting
1,3-dicarboxyurea (VI) is decarboxylated through an unknown mechanism, possibly involving AtzH14 producing allophanate (VII), which is
hydrolyzed by allophanate hydrolase (AtzF) to give two molecules each of NH3 and CO2. The reactions leading to the mineralization of cyanuric acid
are considered the lower pathway.
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WP_026793093.1; 56% global sequence identity to AtzB). Up

until now, AtzB_Hom_Hal and AtzB_Hom_Pleo had no

enzymatic functions assigned. Substrate screening analogous

to that performed with AtzB showed complete conversion of

guanine as well as minor activities on hydroxyatrazine and
ammeline by these two proteins (Figure S1).

Increasing Promiscuous Activities by Site-Directed
Mutagenesis. We attempted to increase the respective
promiscuous activities of AtzB, AtzB_Hom_Hal, and

Figure 2. Selection of amino acid exchanges to increase promiscuous activities. (A) Sequence logos of AtzB proteins (top row) and their closest
homologues (bottom row). Positions making up the active site and differing between the two groups are indicated by asterisks. These positions were
chosen for mutual residue exchanges between AtzB and AtzB_Hom_Hal/AtzB_Hom_Pleo. (B) Model of the AtzB active site with residues selected
for mutation (yellow sticks). The positions of the catalytic Zn(II) (gray sphere) and the substrate analogue xanthine (white sticks) are deduced from a
superposition of the model with the crystal structure of a guanine deaminase (PDB Code 6OHA). (C) Schemes for AtzB and guanine deaminase
(GuaD) reactions.

Figure 3. Activity changes in the sequence space connecting AtzB and AtzB-S218C S219Q I170N I222N (AtzB-CQNN). Catalytic efficiency (kcat/
KM) for hydroxyatrazine (HA) is plotted against kcat/KM for guanine (Gua) for all AtzB variants contained in the sequence space between wild-type
AtzB and AtzB-CQNN. The mutations are listed in the order of their introduction. Values shown are the average of triplicate measurements and are
explicitly listed in Tables S2 and S3. Activities that are too low to be determined are represented as kcat/KM = 1 M−1 s−1. Colors indicate the number of
mutations relative to the wild type (0 = red; 1 = yellow; 2 = green; 3 = light blue; 4 = dark blue). The main trajectory that led from AtzB to AtzB-CQNN
is indicated by a solid line. An alternative trajectory that features similar activity trade-offs is shown by a dashed line.
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AtzB_Hom_Pleo by rational protein engineering. For this
purpose, we first generated a multiple sequence alignment
(MSA) including the 10 known full-length (>300 amino acids)
AtzB sequences and their 40 closest homologues (Table S1).
Two sequence logos were generated based on this MSA, one for
the AtzB group and the other one for the group comprising the
AtzB homologues. Comparison of these logos allowed for the
identification of seven group-specific amino acids, which were
notably clustered at one region of the active site and subjected to
site-directed mutagenesis (Figure 2).

For AtzB, these residue exchanges are N139C, C169G,
I170N, S218C, S219Q, I222N, and A223S. A223S was chosen
instead of A223C, which is indicated by the sequence logos, as
serine is present at the equivalent position in the two closest
AtzB homologues. The corresponding recombinant proteins
were produced and purified to homogeneity, and their catalytic
activities for the conversion of guanine to xanthine were

determined by a fast-screening method using a plate reader.
AtzB-S218C (AtzB-C) was the most active single mutant, which
was then combined with the remaining residue exchanges,
leading to the identification of the most active double mutant
AtzB-S218C S219Q (AtzB-CQ). The continuation of this
procedure led to the most active triple mutant, AtzB-S218C
S219Q I170N (AtzB-CQN), and the most active quadruple
mutant, AtzB-S218C S219Q I170N I222N (AtzB-CQNN).
Introduction of the remaining residue exchanges (N139C,
C169G, and A223S) into this quadruple mutant did not further
increase the activity for guanine and were therefore disregarded
for the subsequent analyses. To cover the entire sequence space
connecting AtzB with AtzB-CQNN, all possible permutations of
I170N, S218C, S219Q, and I222N were produced and purified
(Figure S2) and a spectrophotometer was used to precisely
determine their steady-state guanine deaminase activities (Table
S2). Moreover, the residual hydroxyatrazine hydrolase activities

Figure 4. Activity changes in the partial sequence space connecting the AtzB homologues with their respective quadruple mutants. Catalytic efficiency
(kcat/KM) for hydroxyatrazine (HA) is plotted against kcat/KM for guanine (Gua) for all relevant variants of (A) AtzB_Hom_Hal and (B)
AtzB_Hom_Pleo. The mutations are listed in the order of their introduction. Values shown are the average of triplicate measurements and are
explicitly listed in Tables S2 and S3. Activities too low to be determined are represented as kcat/KM = 1 M−1 s−1. Colors indicate the number of
mutations relative to the respective wild type (0 = red; 1 = yellow; 2 = green; 3 = light blue; 4 = dark blue). Trajectories leading to the most rapid
continuous improvement of hydroxyatrazine hydrolase activity are indicated by lines.
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of the generated AtzB mutants were also monitored by steady-
state kinetics (Table S3).

AtzB-CQNN displayed a catalytic efficiency for guanine (kcat/
KM = 3.9e3 M−1 s−1) that represents an increase of about three
orders of magnitude compared to AtzB. It even surpasses the
guanine deaminase activities of AtzB_Hom_Hal (kcat/KM =
1.1e3 M−1 s−1) and AtzB_Hom_Pleo (kcat/KM = 2.2e3 M−1 s−1),
mainly due to a slightly higher value for kcat (Table S2). Notably,
along with the continuous increase of guanine deaminase
activity from AtzB to AtzB-CQNN, the hydroxyatrazine
hydrolase activity continuously decreased (Table S3). The
corresponding trajectory is displayed as a solid line in Figure 3.
Analysis of the AtzB mutants covering the remaining sequence
space led to the identification of another path toward AtzB-
CQNN, also with a continuous trade-off between guanine
deaminase and hydroxyatrazine hydrolase activity. This
alternative trajectory is displayed as a dashed line in Figure 3.

It was reasoned that the equivalents of the four functionally
relevant residue exchanges that establish high guanine
deaminase activity on AtzB might similarly increase the
promiscuous hydroxyatrazine hydrolase activities of
AtzB_Hom_Hal and AtzB_Hom_Pleo. To test this hypothesis,
single, double, triple, and quadruple mutants were generated
based on the best previous variant with respect to the
hydroxyatrazine hydrolase activity. The iterative introduction
of Q210S, N213I, N161I, and C209S into AtzB_Hom_Hal,
finally leading to AtzB_Hom_Hal-SIIS, and the iterative
introduction of N217I, N165I, Q214S, and C213S into
AtzB_Hom_Pleo, finally resulting in AtzB_Hom_Pleo-IISS,
produced mutants with successively increased catalytic
efficiencies for the hydrolysis of hydroxyatrazine. This increase
was mainly caused by a rise of kcat (Table S3). While
AtzB_Hom_Hal-SIIS showed a hydroxyatrazine hydrolase
activity with a kcat/KM = 2.3e4 M−1 s−1, the catalytic efficiency
of AtzB_Hom_Pleo-IISS (kcat/KM = 2.7e5 M−1 s−1) corre-

sponds to a 6400-fold increase over the wild-type enzyme and is
equivalent to the native hydroxyatrazine hydrolase activity of
wild-type AtzB (kcat/KM = 2.4e5 M−1 s−1). Intriguingly, both the
KM and the kcat values of AtzB_Hom_Pleo-IISS and AtzB are
almost identical (Table S3). In analogy to the observed activity
trade-off when moving from AtzB to AtzB-CQNN, the
conversion of AtzB_Hom_Hal and AtzB_Hom_Pleo into the
highly active hydroxyatrazine hydrolases AtzB_Hom_Hal-SIIS
and AtzB_Hom_Pleo-IISS comes at the cost of their guanine
deaminase activities (Table S2), which is shown in Figure 4.

Interestingly, the trajectories from AtzB_Hom_Hal and
AtzB_Hom_Pleo to their corresponding quadruple mutants
AtzB_Hom_Hal-SIIS and AtzB_Hom_Pleo-IISS (Figure 4A,B)
mirror-image the ones from AtzB to AtzB-CQNN (Figure 3). In
other words, when the trajectories in Figure 3 are read in the
reverse direction (i.e., from AtzB-CQNN to wild-type AtzB),
they are fully equivalent to the ones shown in Figure 4. For
AtzB_Hom_Hal, the order of mutations is equivalent to the
alternative trajectory of AtzB (dashed line in Figure 3) whereas
AtzB_Hom_Pleo follows the main trajectory of AtzB (solid line
in Figure 3). Hence, although the conversion of
AtzB_Hom_Hal/AtzB_Hom_Pleo into AtzB_Hom_Hal-
SIIS/AtzB_Hom_Pleo-IISS does not represent evolutionary
history (the latter pair does not exist in Nature), it reflects the
evolutionary potential of AtzB homologues to generate
alternative AtzB enzymes and supports the plausibility of the
AtzB trajectories.

Product Analysis of Hydroxyatrazine Hydrolases. Due
to the near-symmetric nature of hydroxyatrazine, two different
hydrolysis products (N-isopropylammelide resulting from
ethylaminohydrolase activity and N-ethylammelide resulting
from isopropylaminohydrolase activity) are conceivable,
depending on the substrate orientation during catalysis. Wild-
type AtzB almost exclusively produces N-isopropylammelide
(cf. Figure 1A).24 As this preference could differ between the

Figure 5. Product composition of hydroxyatrazine hydrolysis by wild-type AtzB, AtzB_Hom_Hal, and AtzB_Hom_Pleo, as well as relevant mutants.
Mutants making up the main trajectories shown in Figures 3 and 4 were investigated for their product composition resulting from hydrolysis of 500 μM
hydroxyatrazine by 2 μM enzyme over 20 h at 25 °C. The graph shows the resulting concentrations of the respective product as determined by HPLC
analysis of three replicas. The raw data are shown in Figure S3.
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homologues and might be altered by the introduced mutations,
we were interested in elucidating the product specificities of the
mutants of AtzB, as well as AtzB_Hom_Hal and
AtzB_Hom_Pleo, on the main trajectories between hydroxya-
trazine hydrolase and guanine deaminase activities. For this
purpose, the wild-type proteins and the mutants were incubated
with hydroxyatrazine and the reaction mixtures were analyzed by
HPLC. The resulting product ratios are shown in Figure 5.

The specific ethylaminohydrolase activity of AtzB is mostly
maintained in the single S218C mutant but completely lost in
the further AtzB mutants along the main trajectory. All mutants
of the trajectory starting from AtzB_Hom_Hal show a
preference for ethylaminohydrolase activity, which becomes
nearly absolute in the quadruple mutant. In AtzB_Hom_Pleo, a
strong preference for ethylaminohydrolase activity is first

established in the triple mutant and also becomes nearly
absolute in the quadruple mutant. Notably, neither N-ethyl-
ammelide nor N-isopropylammelide was further converted by
any of the tested mutants, meaning that the observed product
compositions are not distorted by any consecutive reaction.
Conclusively, these findings demonstrate that the established
trajectories of the homologues lead to highly active and specific
hydroxyatrazine ethylaminohydrolases.

Rationalizing the Effect of Mutations on the Active
Site Pocket and Their Impact on Functional Conversion.
Intrigued by the question of how the introduced active site
mutations convert AtzB into a guanine deaminase, we decided to
perform nanosecond time-scale molecular dynamics (MD)
simulations for each mutant along the trajectory from wild-type
AtzB to AtzB-CQNN. For each mutant, three replicas of 500 ns

Figure 6. Principal component analysis (PCA) and representative structures for each AtzB mutant along the main trajectory. Conformational
population analysis as described by PCA based on analyzing the distances between all heavy atoms located within 25 Å of the Zn(II) metal center along
the MD simulations for each mutant along the trajectory from AtzB to AtzB-CQNN. PC1 mostly involves the change in conformation of E248 and
Y138, whereas PC2 indicates the displacement of Y103 from the active site. A representative structure from each minimum is displayed. The
introduced mutations at each step of the pathway are highlighted with a gold box. All distances between atoms connected by a dashed line are in Å.
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of MD were simulated in the absence of any substrate. Principal
component analysis (PCA) was applied, focusing on the
distances between all heavy atoms located within 25 Å of the
Zn(II) metal center, and conformational population analysis was
performed (Figure 6).

The most populated minimum for wild-type AtzB contains in
the active site two tyrosine residues Y103 and Y138, which
establish a labile hydrogen bond (4.5 ± 1.6 Å, Figure 6 (AtzB
panel), Figure S4) and are situated close to the Zn(II) metal
center (the Y103-Zn(II) distance is 8.3 ± 1.9 Å, Figure 6 (AtzB
panel)). Additionally, residue Q79 is also in the proximity of the
metal site. These three residues could be potentially involved in
substrate anchoring and in promoting catalysis similarly to what
is found for Q87/Q105 and R209/R231 in Escherichia coli/
Saccharomyces cerevisiae guanine deaminase (GuaD) and related
enzymes.36 Y103 is located in an α-helix that additionally
contains W98, which in AtzB positions its indole side chain in
the active site pocket (Figure 6 (AtzB panel)).

Interestingly, the introduction of S218C into AtzB alters the
position of the nearby Y138, which, in turn, affects the
conformation of the α-helix containing Y103 and W98 (Figure
S4). The distance between the hydroxyl groups of Y103 and
Y138 is elongated to 8.5 ± 3.9 Å in AtzB-C, thus displacing Y103

farther from the Zn(II) metal center (14.0 ± 4.9 Å, Figure 6
(AtzB-C panel), Figure S4). Moreover, W98 is shifted from the
active site in AtzB-C, and instead, W90, contained in a flexible
loop, gets closer to the metal center. In AtzB-CQ, the newly
introduced Q219 residue establishes a hydrogen bond with the
backbone nitrogen of I222 (the mean distance along the MD
trajectory between heavy atoms is 3.2 ± 0.2 Å), which brings
back Y103 closer to the active site (distance of 7.3 ± 0.7 Å with
respect to Zn(II)). A shorter distance between Y103 and Y138
(3.6 ± 0.5 Å) is also observed in this variant (Figure S4).
Similarly, both tryptophan residues (W90 and W98) return to a
conformation that is similar to the one found in AtzB (Figure 6
(AtzB-CQ and AtzB panels)). In AtzB-CQN, Y103 and Y138
are located at 3.4 ± 0.6 Å, and similarly to what occurs in AtzB-
CQ, Y103 is situated at a long distance from the metal site (8.8 ±
0.7 Å). This also affects the conformation of W98 that is located
far away from the metal center, thus providing additional space
for W90 to fit in the active site pocket as observed in AtzB-C.
The new asparagine N170 introduced in AtzB-CQN can
potentially establish a labile hydrogen bond with the backbone
of the nearby L172 residue (the distance between the carbonyl
group of N170 and the amide backbone of L172 is 4.9 ± 1.5 Å,
Figure 6 (AtzB-CQN panel), Figure S5A). In the quadruple

Figure 7.Representative conformations explored in the 100 ns MD simulations with either hydroxyatrazine (HA) or guanine (Gua) bound in the AtzB
and AtzB-CQNN active sites. The most populated conformation of the substrate is displayed in sticks. A volume containing the multiple
conformations sampled by the substrates is shown with a transparent surface. Most stable substrate poses in the active site pocket are easily recognized
as smaller deviations between the represented volume and the most visited substrate poses are found. The active site of wild-type AtzB binds HA in a
productive conformation (A), while it cannot productively bind Gua (B). Inversely, AtzB-CQNN can no longer orient HA correctly for catalysis (C)
while Gua is positioned in a way that a deamination reaction can occur (D). Distances between atoms connected by stippled lines are shown in Å and
the catalytic distance between the oxygen of the hydroxide and the carbon of the substrate where deamination will take place is highlighted with a black
box. The angle (a) for the deamination (Owat-CGUA/HA-NGUA/HA) is shown in degrees. The distance between the oxygen of the substrates and the
hydroxyl group of Y138 is also represented. For AtzB-CQNN, the most relevant distances for productive binding of Gua (i.e., hydrogen bonds
established between Gua and Q219, Y138, and Q79) in the active site pocket are averaged along the MD trajectory and shown in Å.
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variant AtzB-CQNN, Y103 is completely displaced from its
original position mostly due to the S218C mutation as shown in
AtzB-C (the distance between the hydroxyl groups of Y103 and
Y138 is 4.8 ± 1.2 Å, and Y103 is located 11.8 ± 0.5 Å from
Zn(II), Figure S4). Furthermore, N170 is in close proximity to
form a potential hydrogen bond with the newly introduced
N222 residue, which at the same time precisely positions Q219
close to Y138 through hydrogen bonding (the distance between
N170 and N222 is 4.4 ± 0.9 Å, that between N222 and Q219 is
4.8 ± 1.5 Å, and that between Q219 and Y138 is 5.5 ± 1.2 Å,
Figure 6 (AtzB-CQNN panel)). This reshapes the active site
pocket and positions a new amide group (Q219) close to the
reaction center, ready to assist guanine binding for catalysis (see
discussion below and Figure 7D). As observed in the previous
mutants, in AtzB-CQNN, W98 is displaced from its original
position and, instead, W90 is located close to the Zn(II) metal
site. This new positioning of the conserved W90 in the active site
fits precisely with liganded crystal structures of GuaD (Figure
S6), in which guanine is properly positioned on top of the Zn(II)
metal center due to its interaction with W90 and Q79.

We further performed 100 ns MD simulations with both
hydroxyatrazine and guanine bound in representative structures
of AtzB and AtzB-CQNN to evaluate how the reshaping of the
active site impacts substrate binding. A representative structure
showing the overlay of the resulting conformations of both
substrates in the active site pocket of AtzB and AtzB-CQNN is
shown in Figure 7 and Figure S7.

The MD simulations suggest that in wild-type AtzB, the
hydroxyl group of hydroxyatrazine is positioned close to Y103,
which is hydrogen bonded to Y138 (3.2 ± 0.4 Å, Figure S5B).
While the distance between the hydroxyl group of hydroxya-
trazine and Y138 is rather large (5.0 ± 1.5 Å), hydroxyatrazine is
still properly maintained close to the Zn(II) metal center. The
conformation of W98 contributes to this proper positioning, as it
can establish a CH ··π interaction with the aromatic ring of the
substrate (the distance between the center of mass of
hydroxyatrazine and the closest carbon atom of W98 is 5.6 ±
0.9 Å, Figure 7A and Figures S5B and S8). This interaction
maintains hydroxyatrazine on top of the Zn(II) metal site and
allows the proper positioning of the carbon atom where
deamination will take place close to the hydroxide coordinated
to Zn(II) (with a distance of 5.8 ± 0.7 Å and an angle for the
nucleophilic attack of 62.6 ± 18.3°, Figure 7A and Figure S7).
The much bulkier guanine substrate does not fit the active site
pocket of AtzB, and despite having a similar mean catalytic
distance, guanine adopts multiple poses as shown with the large
standard deviation found for the nucleophilic angle (Figure 7B
and Figure S7).

As described above, W98 and Y103 are displaced from the
active site in AtzB-CQNN, which provides further space for the
bulkier guanine to fit in the pocket. In AtzB-CQNN, guanine can
establish hydrogen bond interactions with Q79, Y138, and the
newly introduced Q219 (Figure 7D and Figures S5C and S8).
Interestingly, in AtzB-CQNN, W90 is situated close to the
Zn(II) metal center and contributes to stabilize the guanine

Figure 8. Comparison of the most populated conformations of AtzB and AtzB_Hom_Pleo as well as mutants, and representative conformations of
AtzB_Hom_Pleo and AtzB_Hom_Pleo-IISS with bound hydroxyatrazine (HA) and guanine (Gua). (A) Representative conformation of AtzB-
CQNN compared with AtzB_Hom_Pleo showing similar side-chain conformations of Q79/Q74, W98/W93, and Y138/Y133. (B) Representative
conformation of AtzB compared with AtzB_Hom_Pleo-IISS showing a similar positioning to that of Y138/Y133. (C) AtzB_Hom_Pleo with bound
Gua and (D) AtzB_Hom_Pleo-IISS with bound HA. All represented distances between atoms connected by stippled lines are averaged along the MD
trajectories and shown in Å; the catalytic distance between the oxygen of the hydroxide and the carbon of the substrate where deamination will take
place is highlighted with a black box. The angle (a) for the deamination (Owat-CGUA/HA-NGUA/HA) is shown in degrees.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.3c04010
ACS Catal. 2023, 13, 15558−15571

15565

https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04010/suppl_file/cs3c04010_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04010/suppl_file/cs3c04010_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04010/suppl_file/cs3c04010_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04010/suppl_file/cs3c04010_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04010/suppl_file/cs3c04010_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04010/suppl_file/cs3c04010_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04010/suppl_file/cs3c04010_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04010/suppl_file/cs3c04010_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04010/suppl_file/cs3c04010_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c04010?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c04010?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c04010?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c04010?fig=fig8&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c04010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


substrate in the active site through CH ··π interactions (the
mean distance between the center of mass of both guanine and
W90 is 5.5 ± 0.7 Å, Figure 7D and Figure S5C and S8). In AtzB-
CQNN, guanine is well maintained in the active site pocket and
displays a short distance between the hydroxide coordinated to
the Zn(II) metal center and the carbon atom where deamination
will take place (the mean distance is 3.9 ± 0.3 Å and the angle for
the nucleophilic attack is 84.6 ± 6.9°, Figure 7D, Figure S5C). It
should be noted that the predicted pose for guanine in AtzB-
CQNN fits with the reported guanine-/xanthine-bound GuaD
crystal structures (Figure S6). Inversely, the MD simulations
with guanine and hydroxyatrazine bound in the active sites of
AtzB and AtzB-CQNN, respectively, show an unstable and
unproductive binding pose in line with the poor respective
activities (Figure 7B,C). The overlay of the most populated
conformations of liganded and unliganded AtzB and AtzB-
CQNN structures indicates that the binding of the substrates
does not substantially affect the active site conformation (Figure
S9). The only exception is W90 in AtzB-CQNN that slightly
changes the conformation of the indole ring in the presence of
guanine for establishing and maximizing the CH ··π interaction
with the substrate.

The results of the MD simulations further point to the
mechanistic reason for the selectivity of AtzB for ethyl-
aminohydrolysis. The conformation of W98 pointing toward
the metal center in AtzB, and especially the position of W90,
favors the binding of the smaller ethylamine group close to the
Zn(II), thus dictating its preference for reaction over the
isopropylamine substituent. Altogether, this analysis revealed a
series of conformational changes triggered by the mutations that
impact the active site shape and are responsible for the
functional conversion. We observed that for enhancing guanine
deamination activity in AtzB, Y103 and W98 must be displaced
from the active site to allow the bulkier guanine to fit in the
pocket and establish hydrogen bond interactions with Q79 and
Y138. The newly introduced glutamine Q219, as well as W90 in
its new conformation, contribute to stabilize guanine in the
active site close to the Zn(II) metal center for deamination.
These findings are in line with the structural features observed in
guanine-bound crystal structures of guanine deaminases (Figure
S6).

Finally, we decided to analyze the changes in the conforma-
tional dynamics induced by the mutations in the
AtzB_Hom_Pleo trajectory. We computationally evaluated
AtzB_Hom_Pleo and the AtzB_Hom_Pleo-IISS variant in the
absence and presence of either hydroxyatrazine or guanine,
following the same protocol used for AtzB. The overlay of the
most populated conformation in the unliganded state shows a
similar positioning for Y138 in AtzB-CQNN and Y133 in
AtzB_Hom_Pleo as well as Q79 in AtzB-CQNN and Q74 in
AtzB_Hom_Pleo but a somewhat different conformation for
Y103/Y98, W98/W93, and W90/W85 (Figure 8A). The same
changes are observed if the most populated conformations of
AtzB and Atz_Hom_Pleo-IISS are compared (Figure 8B). As
opposed to Y103 in AtzB-CQNN, Y98 in AtzB_Hom_Pleo is
located in the active site pocket and actually together with Y133
helps position guanine close to the Zn(II) metal site for catalysis
(the distance between the hydroxyl group of Y98/Y133 and N1
of Gua is 3.5 ± 0.6 Å, Figure 8C and Figure S10A). Y98
establishes a labile hydrogen bond with N217 (5.1 ± 1.6 Å),
which at the same time is hydrogen bonded to the nearby Q214
(3.3 ± 0.4 Å, Figure 8C). This contrasts with what we observed
in AtzB-CQNN, as Y103 (Y98 in AtzB_Hom_Pleo) is far from

the active site, and instead Q219 (Q214 in AtzB_Hom_Pleo)
contributes to the proper positioning of guanine in the pocket
for catalysis (Figure 7D). Another interesting difference is that
in AtzB_Hom_Pleo, W93 (W98 in AtzB-CQNN) instead of
W85 (W90 in AtzB-CQNN) establishes a CH ··π interaction
with guanine and contributes to its proper positioning (Figures
7D and 8C). W85 is displaced from the active site but can
contribute to the retention of guanine in the pocket. As we
observed in AtzB-CQNN, Q74 is hydrogen bonded to guanine
(Figure S10A) and plays a key role in properly positioning the
substrate close to the Zn(II) metal site for the nucleophilic
attack of the hydroxide (the distance is 3.6 ± 0.2 Å and the angle
87.6 ± 12.8°).

Compared to AtzB, a slightly different binding pose of
hydroxyatrazine is found in AtzB_Hom_Pleo-IISS (Figure 8D).
In this case, Q74 is hydrogen bonded to the substrate (3.6 ± 0.8
Å) and contributes to its proper positioning close to the Zn(II)
metal center. Both W93 and W85 establish CH ··π interactions
with hydroxyatrazine (Figure S10B), and especially, the
conformation of W85 favors the positioning of the smaller
ethylamine group close to the metal center for hydrolysis. This
results in a catalytic distance of 4.3 ± 1.3 Å and an angle for
hydrolysis of 94.9 ± 20.5° (Figure 8D).

■ DISCUSSION
Toward an AtzB Progenitor. In our effort to reconstruct

the evolutionary history of the hydroxyatrazine ethylaminohy-
drolase AtzB, we performed substrate screening that identified a
guanine deaminase side activity in AtzB. We succeeded in
drastically increasing this activity by the stepwise introduction of
only four residue exchanges, which were identified by
comparison of AtzB with its closest homologues. Our results
are in line with previous presumptions that the generation of a
new activity by a low number of amino acid substitutions is
evolutionary more plausible than the necessity of multiple
mutations for functional innovation.30 We consider the end
point of this trajectory, AtzB-CQNN, as a pseudoprogenitor of
AtzB due to certain traits that would be expected for the true
progenitor: Its guanine deaminase activity could have
constituted its physiological role before the introduction of
atrazine into the environment. Its promiscuous activity for
hydroxyatrazine might then have provided an early selection
advantage after this substance became available to soil organisms
and was further optimized after a presumed gene duplication
event, in a process called “subfunctionalization”.37 Alternatively,
the AtzB activity may have become physiologically meaningful
only after gene duplication and this is when the actual
biologically relevant innovation happened, corresponding to a
“neofunctionlization” process.38 It should be noted that both
putative events presuppose the dechlorination of atrazine, either
by an early atrazine chlorohydrolase or through photolytic
reactions39,40 to provide the AtzB substrate hydroxyatrazine.

The limited number of residue exchanges required for
functional conversion of AtzB into an enzyme with guanine
deamination as its predominant activity allowed for the full
analysis of the intermediate sequence space. This analysis
revealed that two viable routes exist connecting the
pseudoprogenitor AtzB-CQNN to wild-type AtzB across
mutants with gradually increased hydroxyatrazine hydrolase
activities. These two routes consist of the stepwise introduction
of N222I, N170I, Q219S, and C218S or, alternatively, through
the successive acquisition of Q219S, N222I, N170I, and C218S.
For both potential trajectories, a negative trade-off between the
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original and the novel activity is observed (Figure 3), which is a
general principle in the evolution of novel enzyme functions.41

Although one cannot know whether AtzB-CQNN ever
existed in Nature, naturally occurring AtzB variants have been
identified that carry the two amino acid exchanges S218C and
S219Q (accession: AAY40323.2 and BAD69556.1). This could
imply that these two exchanges were the most recent ones to be
acquired, which would fit a scenario in which AtzB-CQNN is the
true progenitor of AtzB. Furthermore, considering the
nucleotide sequence encoding the AtzB protein from
Pseudomonas sp. strain ADP (accession: AAC45138.1), two of
the three types of residue exchanges required for the conversion
from AtzB-CQNN to AtzB (C → S; N → I) are favored by the
genetic code insofar as a single base exchange may be sufficient
for them to arise (TGC → AGC; AAC/AAT → ATC/ATT).
Only the exchange of glutamine with serine (Q → S) requires at
least two base exchanges (CAA/CAG → TCA/TCG).

Evolutionary Potential of AtzB Homologues. The two
closest known homologues of AtzB, AtzB_Hom_Hal and
AtzB_Hom_Pleo, were investigated in this work for the first
time. They were shown to be guanine deaminases and to exhibit
promiscuous hydroxyatrazine hydrolase activities. Despite a
global sequence identity between AtzB and AtzB_Hom_Hal/
AtzB_Hom_Pleo of only 64%/56%, respectively, hydroxya-
trazine hydrolase activities could be established in the
background of the homologues. Remarkably, in the case of
AtzB_Hom_Pleo-IISS, this activity even reached that of native
AtzB. Importantly, this could be achieved by the introduction of
the reverse residue exchanges that were required to establish
high guanine deaminase activity on the scaffold of AtzB:
Whereas AtzB_Hom_Pleo followed the main AtzB trajectory,
AtzB_Hom_Hal followed the alternative AtzB trajectory
(Figure 4). Moreover, in both trajectories, the stepwise increase
of hydroxyatrazine hydrolase activity overall coincided with an
increase of product specificities (Figure 5).

In summary, these findings underline that the evolutionary
potential for the emergence of high and specific hydroxyatrazine
ethylaminohydrolase activity exists more than once among
members of the amidohydrolase superfamily. Hence, any
enzyme with an active site sufficiently similar to that of
AtzB_Hom_Hal or AtzB_Hom_Pleo could undergo or could
have undergone the same evolutionary process, as described in
this work.

Structure−Dynamics−Function Relationships of the
Functional Conversion of AtzB and Its Homologues. We
wanted to understand the structural basis of the functional
conversion of the hydroxyatrazine ethylaminohydrolase AtzB
into the guanine deaminase AtzB-CQNN. Enzymes belonging
to subtype III of the amidohydrolase superfamily, such as AtzB,
possess a highly conserved divalent metal binding site42 and a
catalytic histidine (H280 in AtzB) that activates a metal-bound
water molecule, which then initiates the hydrolytic reaction.
Since this mechanism is most likely conserved between AtzB and
AtzB-CQNN, it is plausible to assume that the different catalytic
activities are based on different substrate affinities and/or
orientations. Since hydroxyatrazine and guanine share similar
core structures in the s-triazine ring and the pyrimidine portion
of the purine moiety, substrate binding must be dominated by
interactions of the isopropylamine group and the imidazole
portion of the purine moiety with the respective active site. This
conclusion is illustrated in Figures 7 and 8 by the comparison of
the most populated conformation of both substrates obtained
from the substrate-bound MD simulations for AtzB,

AtzB_Hom_Pleo, AtzB-CQNN, and AtzB_Hom_Pleo-IISS.
Hydroxyatrazine establishes a network of hydrogen bonds with
Y138, Y103, and a CH ··π interaction with W98 in AtzB, whereas
the ligand interacts with Q74 and W93 in AtzB_Hom_Pleo-
IISS. This allows for the proper positioning of hydroxyatrazine
on top of the Zn(II) metal center for efficient ethyl-
aminohydrolysis. The bulkier guanine substrate is properly
oriented for deamination in AtzB-CQNN and AtzB_Hom_-
Pleo. Thanks to the introduced mutations, Y103 and W98 are
displaced from the active site in AtzB-CQNN, which maintain
Q79 and allow the positioning of W90 close to the metal site. In
addition to that, several hydrogen bonds between the side chains
of the mutated residues are established, which ultimately favor
the positioning of the new Q219 close to the reaction center,
essential for productive guanine binding and catalysis. This is
different in AtzB_Hom_Pleo as guanine establishes hydrogen
bonds with Q74 and Y98, the latter of which is maintained in the
active site pocket thanks to N217 and Q214. W93 in
AtzB_Hom_Pleo contributes to the proper positioning of
guanine close to the Zn(II) metal center.

By comparing the active site pocket of AtzB-CQNN and the
different available guanine/xanthine-bound crystal structures of
GuaD (Figure S6), we observed that indeed, Q79 and W90 are
conserved and clearly involved in guanine binding. The position
of the nonconserved R231 found in Saccharomyces cerevisiae
GuaD that is hydrogen bonded to the product xanthine is
instead occupied by Y138 and Q219 in AtzB-CQNN. R231 in
ScGuaD establishes a salt bridge with E219, which occupies a
space similar to that of Y103 found in AtzB-CQNN. Therefore,
the analysis of the functional transition between AtzB and AtzB-
CQNN with MD simulations identified some key conforma-
tional changes that reshape the active site pocket and convert the
pocket of AtzB into a more GuaD-like active site.

The observed preference of AtzB, AtzB_Hom_Hal-SIIS, and
AtzB_Hom_Pleo-IISS for ethylaminohydrolysis (Figure 5)
requires the ethylamine group of hydroxyatrazine to be
positioned toward the metal center. This preference might be
attributed to the conformation of the conserved W98 (AtzB)/89
(AtzB_Hom_Hal)/93 (AtzB_Hom_Pleo) and W90/81/85
that impose some steric constraints in one side of the active
site pocket and favor the positioning of the smaller ethylamine
group close to the Zn(II) for efficient hydrolysis. W98/89/93 is
clearly affected by the conformation of a conserved tyrosine
residue Y103/94/98, situated close to another shared tyrosine
Y138/129/133 that can establish a hydrogen bond with the
hydroxyl group of hydroxyatrazine.

In AtzB-CQNN, AtzB_Hom_Hal, and AtzB_Hom_Pleo,
which are predominantly guanine deaminases, Q219/210/214
is suited to direct guanine into a catalytically active conformation
by interaction with the nitrogens of the imidazole portion of the
molecule (N7, N9). The role of N170/161/165 and N222/
213/217 is to rigidify and precisely position Q219/210/214 for
its direct interaction with guanine (in AtzB-CQNN) or
indirectly via Y98 (in AtzB_Hom_Pleo), which is achieved
through a network of hydrogen bonds as shown by the MD
simulations depicted in Figures 6, 7, and 8. Additionally, Q79/
70/74 establishes hydrogen bonds with O6 of guanine for its
proper positioning for catalysis. As opposed to hydroxyatrazine
hydrolysis, the productive binding of guanine in the active site of
AtzB-CQNN requires the displacement of both conserved
Y103/94/98 and W98/89/93. Guanine is additionally stabilized
in the active site pocket thanks to the dispersion interactions
established with W90/81/85 and W98/89/93. Despite AtzB

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.3c04010
ACS Catal. 2023, 13, 15558−15571

15567

https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04010/suppl_file/cs3c04010_si_001.pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c04010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and AtzB_Hom_Pleo presenting different active sites (in line
with the rather low sequence identity between them), the
mutations introduced in both scaffolds reshape the pockets and
induce a series of conformational changes in residues found to
be involved in substrate binding in both trajectories: Q79/Q74,
W90/W85, and W98/W93.

■ CONCLUSIONS
Using a combination of structure- and sequence-guided protein
engineering, we have uncovered the mutations by which the
evolutionarily young enzyme hydroxyatrazine hydrolase AtzB
may have rapidly evolved from an evolutionarily old enzyme
with guanine deaminase activity. Moreover, we could identify
evolutionary trajectories between these two activities and
uncover the structural and molecular basis of the functional
transition. Hence, our findings highlight the power of protein
engineering in combination with computational methods for
gaining a detailed mechanistic understanding of enzyme
evolution. Moreover, our study demonstrates how characteriz-
ing natural variants with unknown functions can advance the
comprehension of both enzyme evolution and the principles of
protein design.

■ MATERIAL AND METHODS
Bioinformatics. Sequences of AtzB proteins and their

homologues were retrieved from NCBI43 utilizing protein
BLAST44 with standard parameters. Pairwise sequence identi-
ties were determined by EMBOSS Needle with standard
parameters.45 Multiple sequence alignments were generated
with Clustal Omega46 and visualized as sequence logos with
WebLogo.47

Gene Cloning and Site-Directed Mutagenesis. Genes
coding for AtzB, AtzB_Hom_Hal, and AtzB_Hom_Pleo were
codon optimized for expression in Escherichia coli (Table S4),
ordered as gene strings (GeneArt, Regensburg), and subcloned
into the pUR22 plasmid.48 A modified version of the
QuickChange protocol49 was employed for site-directed
mutagenesis. Primers containing specific mismatches (Table
S5) were designed to amplify the entirety of the target plasmid.
The resulting linear amplicon was treated with T4 polynucleo-
tide kinase and T4 DNA ligase (5 U; 10 U; 30 min 37 °C; 30 min
RT) in 1× T4 ligase buffer in a total volume of 50 μL. The
resulting ligation solution, containing circular, mutated
plasmids, was used for the transformation of E. coli cells without
further purification. Integrity of the coding region and the
presence of mutations were confirmed in each case by Sanger
Sequencing (Microsynth Seqlab).

Protein Production and Purification. The main strain for
gene expression was E. coli BW25113 guaD::Kan (JW5466-350)
to avoid contamination with E. coli guanine deaminase.
AtzB_Hom_Hal and variants thereof gave poor yields in
BW25113 guaD::Kan and were instead produced in E. coli
BL21 (DE3) Gold (Agilent Technologies). All proteins were
produced as C-terminal His6-tagged fusion constructs.
BW25113 guaD::Kan or E. coli BL21 (DE3) Gold cells were
transformed with expression vectors and grown in LB medium
(37 °C; 140 rpm) supplemented with applicable antibiotics to
an OD600 of 0.6−0.8 before the addition of 0.5 mM of isopropyl
β-D-1-thiogalactopyranoside to induce gene expression. Cells
were cultivated overnight (20 °C; 16 h), harvested (JFA 8.1;
16,000g; 20 min; 4 °C), and resuspended in 100 mM Tris/HCl
(pH 7.5), 300 mM KCl, 10 mM imidazole. Cells were disrupted

by sonication, debris was removed by centrifugation (16,000g;
45 min; 4 °C), and proteins were purified from the supernatant
by immobilized Ni2+ ion affinity chromatography in 100 mM
Tris/HCl (pH 7.5) and 300 mM KCl, by applying a linear
imidazole gradient (10 mM → 1 M). Further purification was
achieved by preparative size exclusion chromatography on a
HiLoad 26/60 Superdex 75 or a HiLoad 26/60 Superdex 200
column equilibrated with SEC buffer (50 mM Tris/HCl (pH
7.5), 50 mM KCl). Protein elution was monitored by a
continuous measurement of OD280. Relevant fractions were
further analyzed by SDS-PAGE before selected fractions were
pooled, frozen in liquid nitrogen, and stored at −80 °C. Protein
concentrations were determined by absorption spectroscopy
using a molar extinction coefficient at 280 nm that was
calculated from the amino acid sequence.51 Yields for variants
of AtzB ranged from 2.4 mg of protein per liter of culture
medium to 12 mg/L. Variants of AtzB_Hom_Pleo gave yields of
around 3.0 mg/L, while AtzB_Hom_Hal could only be
produced in small quantities with yields ranging from 0.1 to
0.4 mg/L.

Compound Synthesis. N-Ethylammelide and N-isopropy-
lammelide were synthesized by reacting 6 mg of 6-chloro-1,3,5-
triazine-2,4(1H,3H)-dione in 300 μL of KOH (0.2 M) with
either 2.6 μL of ethylamine solution (70%) or 3.5 μL of
isopropylamine. The reaction proceeded for 5 min at 90 °C. The
reaction mixtures were analyzed by HPLC (Eclipse XDB-C18
(4.6 × 150); gradient 5−100% acetonitrile in water) and mass
spectrometry (ESI-QTOF) to confirm the identity of the
respective substance. To quantify N-ethylammelide and N-
isopropylammelide, selected volumes of each compound were
incubated with 10 nM AtzC. After total turnover, the absorbance
change was used to determine the concentrations by applying
Lambert−Beer’s law and previously published molar extinction
coefficients.25

Qualitative Enzyme Assays. To confirm the activity of
wild-type and mutant enzymes toward a certain substrate or to
identify product composition, qualitative assays based on HPLC
analysis were established. All enzymatic assays contained 500
μM of the respective substrate in a total volume of 150 μL of
potassium phosphate buffer (50 mM; pH 7.0) as well as 10 μM
of the enzyme variant to be tested. Genuine substance standards
were set up in the same way without enzyme present. Assays
were incubated for 20 h at RT, at which point all enzymes were
removed by ultrafiltration and the filtrate was analyzed by HPLC
(Eclipse XDB-C18 (4.6 × 150); gradient 5−100% acetonitrile in
water).

Steady-State Kinetic Enzyme Assays. Quantification of
the hydrolysis of hydroxyatrazine and guanine was achieved
under steady-state conditions through direct photometric
assays. The conversion of hydroxyatrazine into ethylamine and
N-isopropylammelide produces a photometric signal with a
differential extinction coefficient of Δε242 = 10,957 M−1 cm−1 as
deduced by the differential spectrum of (a) genuine
hydroxyatrazine and (b) the reaction mixture of complete
conversion of hydroxyatrazine by AtzB (adjusted for the
absorption of the AtzB enzyme). Hydrolysis of guanine,
resulting in xanthine and ammonia, is accompanied by a
photometric signal with a differential extinction coefficient of
Δε242 = 5023 M−1 cm−1. This value was derived from the
differential spectra of genuine guanine and xanthine. Standard
assays contained 5−50 μM hydroxyatrazine or 10−300 μM
guanine in a total volume of 300 μL of potassium phosphate
buffer (50 mM; pH 7.5). The reactions were performed at 25 °C
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and initiated with 1 nM−10 μM of enzyme. In all cases, it was
assured that the enzyme concentration was at least 10 times
lower than the substrate concentration. Fast screening of
catalytic activities was performed using a plate reader (Tecan
Infinite M200 PRO), and subsequently selected variants were
assayed in a spectrophotometer (JASCO V-650). Initial rates of
change of A242 or A253 were determined by linear regression and
converted into the rate constant (v/E0). Rate constants were
then plotted against substrate concentration, and the resulting
graph was fitted either with a hyperbolic function when possible,
revealing both kcat and KM, or with a linear function, revealing
kcat/KM.

Computational Methods. Structural models of AtzB and
AtzB_Hom_Pleo were generated using AlphaFold2.52 The
position of Zn(II) and the catalytic water molecule were
generated using the AlphaFill program.53 Correct protonation
states of the structures were generated using the H++ server.54

The metal ion binding site parameters were generated using the
MCPB.py program in the Amber18 software package.55 The
partial charges and bonded parameters for metal binding site
residues, Zn(II), and water molecules were generated in the
Gaussian09 software package by utilizing the B3LYP/6-31G*
level of theory. The structures for the simulation were prepared
using the tleap program.56 The AtzB mutants resulting from the
sequential introduction of S218C, S219Q, I170N, and I222N
and for AtzB_Hom_Pleo, mutations N217I, N165I, Q214S,
C213S were generated with PyMoL and further validated by
AlphaFold2 prediction. These apo structures were simulated for
500 ns (in triplicate) in the Amber18 program using the ff14SB
force field and the TIP3P water model.57 The accumulated
simulation time (i.e., 1500 ns for each variant) was sufficient for
capturing the key conformational changes between variants
involved in the functional transition. The data were then
analyzed by applying PCA considering all heavy atoms located
around 25 Å from the Zn(II) metal center. A conformational
population analysis (as shown in Figure 6) was then performed.
Different minima structures from the PCA were taken and used
to dock the ligands (guanine and hydroxyatrazine) using
AutoDock4.2.58 The keto form of guanine59 and the enol
form of hydroxyatrazine were procured from the PubChem
database and optimized with Gaussian09 at the B3LYP/6-31G*
level of theory. The ligands and the AtzB, AtzB-CQNN,
AtzB_Hom_Pleo, and AtzB_Hom_Pleo-IISS enzymes were
prepared separately for the docking, and a grid box of 20 Å was
created around the Zn metal ion binding site containing all
mutant residues. Furthermore, the parameters for ligand
molecules were generated using Gaussian09. These parameters
were utilized to prepare the input files for ligand-bound holo
structures. The best-ranked docked poses were then further
studied and refined by means of shorter 100 ns MD simulations
(in triplicate). In this case, we observed that 100 ns MD
simulations were enough to properly discriminate between
variants and to elucidate the molecular basis of the large
difference in activity between AtzB and AtzB-CQNN toward
hydroxyatrazine and guanine. The mean value and standard
deviation of all distances reported were computed using the
MDTraj program60 considering the entire MD trajectories.
Structures were analyzed and rendered by using PyMoL.
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