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Abstract

Creatininase is a key enzyme of creatinine-metabolizing pathway in mammals, and has a great potential for diagnostic
application. It catalyzes the reversible conversion of creatinine to creatine. Here, we investigated its reaction mechanism
with density functional theory in conjunction with the quantum cluster approach. Three reaction pathways in which sev-
eral possible proton transfers assisted by either His178 or a water ligand to Znl (Wat2) or both were considered. DFT
calculations reveal, depending on Wat2 coordination mode at Znl, two competitive ring-opening pathways where His178
playing a central role as a proton shuttle or both His178 and Wat2 serving as a dual catalytic role as a base and an acid,
respectively. Three elementary steps were proposed for the reaction: the first involves nucleophilic attack by a bridging
hydroxide to the substrate and forms a gem-diolate intermediate, followed by a proton transfer from the gem-diolate to
His178 (His178 protonation is a required step for efficient proton transfers). Finally, the second proton transfer from the
protonated His178 or Wat2 to the amide of substrate leads to the ring opening. The first proton transfer is the rate-limiting
step of the whole reaction, in consistent with previous experimental and computational studies. A detailed understanding
of the reaction mechanism of the creatininase enzyme family will also be helpful for developing a biosensor for kidney
function.
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Introduction participates in arginine and proline metabolism. In medicine,

the creatininase has a great potential for diagnostic applica-

Creatininase (creatinine amidohydrolase; EC 3.5.2.10), is a
member of the urease-related amidohydrolase superfamily.
It is a creatinine-metabolizing enzyme that catalyzes hydro-
lysis of creatinine to creatine, which is a breakdown product
of creatine metabolism in mammals. This enzyme plays a
key role in the bacterial degradation of creatinine [1] and
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tion, including its use as biosensors for accurate measure-
ment of renal function [2]. Creatininase from Pseudomonas
putida has been extensively studied [3—9]. Pioneering works
on the structure and function of the creatininase enzyme
were described by Beuth et al. and Yoshimoto et al. [10—
14]. The X-ray crystal structures of creatininase in its apo
and product complex forms revealed that it is a typical zinc
enzyme with a binuclear metal center as a metal cofactor at
the active site of each subunit (Mn?*/Zn?* or Zn>*/Zn**)[11,
14]. The binuclear metal center is bridged by an aspartate
(Asp45) and a zinc-bound water or a hydroxide ion (Watl)
(see Scheme 1). Zn1/Mnl is liganded by three protein resi-
dues (Glu34, Asp45, and His120), a carbonyl oxygen of the
creatinine substrate, and the bridging hydroxide Watl, while
Zn2 is liganded by three protein residues (His36, Asp45,
and Glul83) and Watl. In the active site, there is a second
water molecule (Wat2) situated very close to Znl and the
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Scheme 1 Possible reaction pathways (paths A, B1 and B2) con-
sidered in this study. Path A refers to the His178-assisted mechanism
(via protonated His178) suggested by Beuth et al. [11] and Jitonnom
et al. [15], while path B involved the water-assisted mechanism pro-
posed by Yoshimoto et al. [13, 14] where the active site water, Wat2,
nearby Glul22 and Zn1 acts as a proton donor of the ring-opening step
if His178 is protonated or unprotonated (referred to paths Bl and B2,
respectively)

Glul22 residue, which belongs to the second-shell. Muta-
tional and computational studies [13, 15] suggest that the
lack of Glul22-Wat2 interaction in the Glul22Asn mutant
accounts for the reduced activity.

Similarly to other dinuclear zinc enzymes ([16-21], the
reaction mechanism of creatininase occurs via nucleophilic
attack and ring opening. The first step is quite common
to in these zinc metalloenzymes, i.e., the bridging water
performs a nucleophilic attack on the substrate carbonyl
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carbon, leading to the formation of tetrahedral intermediate.
However, in the ring-opening step, the precise mechanism
and the significant roles of the proton donor remain unclear.
Several experimental and computational studies have been
carried out to identify the exact proton donor of the catalytic
reaction in creatininase, which was suggested to be either
the His178 residue or a water molecule, Wat2, in the enzyme
active site (hereafter named path A and path B, respectively;
Scheme 1). In a proposed mechanism suggested by Beuth
et al. [11] (path A in Scheme 1), the bridging hydroxide
Watl acts as the nucleophile in the first nucleophilic attack
step, whereas the His178 serves as a proton donor in the
ring-opening step. The His178Ala mutation abolished the
activity of the enzymes calling the attention to the crucial
role of His178 in catalysis [13]. Contrary this suggestion,
Yoshimoto et al. [13, 14] (path B2 in Scheme 1), proposed
that instead of His178 a second water molecule Wat2 acts
as a proton donor in the ring-opening step. However, our
recent QM/MM free-energy simulations [15] suggest that
this role of Wat2 is unlikely. In particular, our computer
simulations clearly show that the most likely ring-opening
step occurs through one concerted proton transfer step with
His178 playing a central role as a proton shuttle. Still, sev-
eral details remain unclear, such as the possible dual role
of both His178 and Wat2 and the zinc coordination mode
during catalysis. Alternatively, apart from path A and B2
where the proton donor is His178 or Wat2, they can partici-
pate together and performs a couple role, i.e., the His178 is
firstly protonated and then Wat2 serves as a proton donor in
the ring opening (see path B1 in Scheme 1). This pathway
B1 was not considered in the previous QM/MM study. Par-
ticularly, we wondered whether this water molecule (Wat2)
would act as a proton donor once the His178 is protonated
through a proton transfer from the gem-diolate proton. Here,
we considered this second water molecule and its catalytic
role are elucidated. Overall, this information clearly indi-
cates that clarifying the possible dual role of both His178
and Wat2 is worthy of investigation.

In this work, we have used a combination of the density
functional theory (DFT) method and the quantum cluster
approach to investigate the reaction mechanism of creatini-
nase concerning possible pathways regarding the chemis-
try of zinc coordination and protonation state of active site
environment. A model of the active site was designed on
the basis of the crystal structure, and the stationary struc-
tures and energetics of the reaction pathways (Scheme 1)
were calculated. This DFT cluster approach has previously
been successfully applied to study reaction mechanism of
different enzymes [17-19, 22-26]. Our cluster model cal-
culations can discriminate different mechanisms proposed
earlier (Scheme 1) and provide a computational evidence
for the dual role of His178 and Wat2, which have not yet
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been well described. A detailed mechanistic understanding
of the enzyme will enhance current knowledge and applica-
tion of an enzymatic biosensor for kidney function.

Computational methods

The model system for the active site dinuclear zinc cluster
of the creatininase was constructed on the basis of a high
resolution X-ray crystal structure of the enzyme-product
(creatine) complex of the Mn-activated creatininase (PDB
entry 1V7Z) [14]), a typical Zn>* enzyme with one zinc
ion replaced with Mn?*. To build a dizinc enzyme cluster
model (Zn-Zn enzyme), the creatinine substrate was built
from the X-ray structure by manually adjusting the carbon-
nitrogen bond to form the five-membered ring. One oxygen
atom of creatine that is bridged with two metal centers was
replaced with a hydroxide anion (OH™), a highly reactive
and unstable species [27]. The manganese ion in the active
site was replaced with a zinc ion to build the Zn-Zn enzyme
cluster model. Hydrogen atoms were added manually, and
the amino acids were truncated so that in principle only side
chains were kept in the model (see Figs. 1 and 2). Truncated
bonds were saturated with hydrogen atoms. Thus, the model
consists of the two zinc ions along with their ligands His36,
His120, His178, Glu34, Glul22, Glul83 and the bridging
carboxylated Asp45 and the hydroxide ion (Watl). With an
exception of Glul22, all Glu/Asp residues were negatively
charged, while His residues were neutral. For Glul22, we
assigned this residue as the neutral form according to our
previous study [28]. Meanwhile, according to the electronic
structures the possibility of the ionized Glul22 at the initial
stage of the reaction is unlikely as this would rule out a pro-
ton transfer from Wat2 to the cyclic amide nitrogen (path
B in Scheme 1), considering its potential hydrogen bonds
with Wat2 and Glu34 (Figure S1). Additionally, the second
water molecule (Wat2), which is thought to be important for
catalysis [13], were also included in the model. The result-
ing active-site model is thus composed of 87 atoms and has
a zero net charge.

Following the cluster approach [29-32], truncation
atoms (Cj atoms) were fixed to their corresponding posi-
tions from the X-ray structure. The model system was then
optimized at the B3LYP/6-31G(d) level, with no initial sym-
metry restrictions and assuming C1 point group. Frequency
calculations were performed on all optimized structures to
obtain zero-point energy corrections to the electronic ener-
gies, and to identify all the stationary points as minima (zero
imaginary frequency) or transition states (one imaginary
frequency). The atomic charge distributions were also com-
puted at the same level of theory using Mulliken popula-
tion analysis [33]. More accurate B3LYP energies were also

obtained by performing single-point energy calculations on
the optimized geometries using a larger 6-31 + G(d,p) basis
set for all elements. Solvation effect was taken into account
using the conductor-like polarized continuum model
(CPCM) [34] using a dielectric constant (€) of 4, as sug-
gested by Himo et al. [29, 30]. It was shown that inclusion
of solvent effects significantly lowers the barriers and inter-
mediate energies compared to gas phase for path A, while
they increase the barriers and relative energies for path B
(see Table S1). Altering this dielectric constant to higher or
lower value does not change significantly the overall shape
of the potential energy profile (=1, 4, 80; see Figure S2).
Dispersion effects were performed with DFT-D3 program
as developed by Grimme et al. [35, 36]. It is shown that
both implicit solvation and dispersion have a significant and
important effect in lowering the energy barrier [32, 37-39].
Final reported energies are the electronic energies with the
large basis set plus corrections for zero-point energy, CPCM
solvation, and dispersion in kcal/mol. All calculations were
performed using Gaussian 09 program [40].

Results and discussion

To further scrutinize these previously suggested mecha-
nisms in Scheme 1 with QM cluster calculations, we first
optimized the structures for the reactant complex and the
structures of the proposed intermediates and their corre-
sponding energies were evaluated for paths A, B1 and B2.
The results of the QM calculations have identified seven
stationary points (R, TS1, IM1, TS2, IM2, TS3 and P) in
all studied pathways. The main geometric results are sum-
marized in Table 1 and visualized in Figs. 1, 2, 3, 4 and
5. All coordinates for all important structures are given in
Supporting Information. Relative energies calculated for
paths A, Bl and B2 using cluster model are depicted in
Fig. 6. The criteria for the ligation ability of Wat2 at Znl
were measured by the Zn1-O,, distance, having a cut-off of
<3.00 A for bound geometry (Wat2 bound) and >3.00 A
for unbound geometry (Wat2_unbound).

Reactant

Initially, several structures at the reactant (R) and inter-
mediate (IM) in both bound and unbound modes of Wat2
with respective to Znl (hereafter, Wat2 bound and Wat2
unbound, respectively) were built and optimized. Both
geometries were successfully obtained at the intermediate
(IM1-A and IM1-B, see Figs. 3 and 4) but only unbound
geometries were obtained at the reactant (see R-A and R-B
in Figs. 1 and 2, respectively). Attempts to generate a stable
structure of bound reactant from the bound intermediate
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Fig.1 DFT optimized structure of reactant for path A. For clarity, some
hydrogen atoms are omitted in the figures. The fixed atoms are marked
with asterisks. Distances are in angstrom (A)
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Fig.2 DFT optimized structure of reactant for path B. For clarity, some
hydrogen atoms are omitted in the figures. The fixed atoms are marked
with asterisks. Distances are in angstrom (A)

geometry (IM1-B) are not satisfied during the relaxed scan
along the C-O distance (see Figure S3). Therefore, we
obtained one unbound for the reactant, while both bound
and unbound for the intermediate.

In the reactant, due to hydrogen bonding possibility of
Wat2 with respect to Glu34, Glul22 and the substrate amide
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Fig.3 DFT optimized structures of transition states, intermediates and
product for path A. The fixed atoms are marked with asterisks. Dis-
tances are in angstrom (A)

bond, this water could form, via its oxygen, a direct hydro-
gen bond to the substrate nitrogen atom (N1) (R-A in Fig. 1)
or situate above the substrate prepared for a proton transfer
as suggested by Yoshimoto et al. (R-B in Fig. 2). The opti-
mized structure of the reactant (R-A) for path A is shown
in Fig. 1. This structure represent the initial stage prior to
the reaction to take place, which is not seen in the X-ray
structure (PDB 1V7Z) [14] where the hydroxide/water was
replaced by the carboxylate terminus of the creatine prod-
uct. In particular, the bridging hydroxide has symmetric
bonds to the two zinc ions (Zn1-O, = 2.03 A and Zn2-O,, =
1.94 A) and forms a hydrogen bond with the His178 residue
(Ne-H,, = 1.87 A).

The reactant structure (R-B) of path B is first optimized
and it is shown, in Fig. 2, that the computed R-B structure
is quite similar to the one calculated for path A. The minor
structural difference is the orientation of Wat2 with respec-
tive to the N1 atom of substrate and the ligand coordination
geometry of Znl (Znl1-O,, = 3.22 A; Zn1-O,= 2.39 A for
path B and Zn1-O,, = 3.76 A; Zn1-O,= 2.10 A for path A).
This Wat2 is completely unliganded to Zn1. Therefore, the
coordination number is 5. With the C1-O,, distance of 2.49
A, the bridging hydroxide is, however, possible for in-line
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nucleophilic attack, stabilized by His178 (Ne-H,, = 1.99 A
at R-B). It should be mentioned that the relative energy of
the reactant structure of path B (R-B) is by 6.5 kcal/mol
more stable than that of path A (R-A). It is found that for
both R-A and R-B, Znl is more electropositive than Zn2
(0.90¢/0.88¢ on Zn1/Zn2 for path A and 0.92¢/0.90e on Zn1/
Zn2 for path B, Table S2). Similar results were also previ-
ously observed in a dizinc metallopeptidase [23].

Nucleophilic attack and ring opening

The optimized structures of transition states, intermediate
and product are shown in Figs. 3, 4 and 5 and the potential
energies of these stationary points calculated for all path-
ways are depicted in Fig. 6, with respect to the energy of the
reactant R-B.

Path A

The first step of the reaction (Scheme 1) is a nucleophilic
attack by the bridging hydroxide on the C1 atom of the sub-
strate, leading to the formation of tetrahedral gem-diolate
intermediate (R-A—IM1-A). This step is common to other
hydrolytic dinuclear zinc enzymes [16]. Analysis of the
same step using the water H,O (Watl) as a nucleophile was
also carried out, which suggests this mechanistic scenario to
be energetically demanding (see Figure S4). Figure 3 shows
the optimized structures of transition states, intermediates
and product obtained for this path. The critical C1-O,, dis-
tance is 1.91 A at TS1-A and is fully bonded at IM1-A with
abond distance of 1.51 A. The corresponding TS1-A has an
imaginary frequency of 190; cm™!. The barrier of this step
is calculated to be 6.3 kcal/mol (7.2 kcal/mol without solva-
tion) and the energy of IM1-A is calculated to be 5.3 kcal/
mol (7.5 kcal/mol without solvation) relative to the R-A.
The hydroxyl group of the gem-diolate forms a hydrogen
bond to His178 with a Ne-H,, distance of 1.63 A, setting
a stage for further proton transfer assisted by His178. The
shortening of the Ne-H,, distance (from 1.87 A in R-A to
1.63 A in IM1-A), and the Zn1-O,, distance (from 2.10 A
in R-A to 1.87 A in IM1-A) implies that His178 and Zn]1
anticipate in stabilizing the transition state and tetrahedral
intermediate, thereby lowering the barrier for the nucleo-
philic attack. During this step, the coordination number
(CN) of Zn1 changes from 5 to 4, resulting from the detach-
ment of O, from Zn1 (2.03 A at R-A to 2.96 A at IM1-A),
while the tetracoordination geometry of Zn2 remains unal-
tered (CN =4). This also explains the laboratory experiment
why Znl can be replaced by other divalent cations such as
Mn?* or Co** [41].

The next step (IM1-A—P-A) is the ring opening which
involved the proton transfer and the C1-N1 bond cleavage,

assisted by the His178 residue. As suggested by previous
studies [11, 15], His178 now plays a central role by shut-
tling a proton from the hydroxide of gem-diolate intermedi-
ate to the nitrogen leaving group of the creatinine ring. From
the QM-cluster calculations, this process appears to occur
as two separate steps, consisting of His178 protonation and
subsequent C1-N1 bond fission (via two transition states
TS2-A and TS3-A). At TS2-A, the transferring proton (H,)
is in between the Ne atom of His178 imidazole ring and the
gem-diolate O, atom (Ne-H, = 1.43 A, O-H, = 1.48 A;
TS2-A in Fig. 3) and this corresponds to the stretching of
the Ne-H,, and O,-H,, bonds as evident by the imaginary
value of 1691 cm™!. After TS2-A, His178 is now fully pro-
tonated (Ne-H,, = 1.08 A) and, by orienting its imidazole
ring, forms a hydrogen bond to the nitrogen leaving group
(NI-H, = 1.63 A at IM2-A). At IM2-A, due to the loss
of one proton to His178, the bridging hydroxyl is now ion-
ized and unstable, which is then stabilized by coordinating
with Zn1 as a fifth ligand (CN =5 at Zn1). This Zn1 remains
pentacoordinated until the formation of the product state,
where Wat2 is ligated as a sixth ligand in a hexacoordination
sphere. The TS3-A structure, as confirmed by one imaginary
value of 1355; cm™!, shows that the transferring proton is
approximately in half way between the Ne(His178) and the
nitrogen leaving group (Ne-H, = 1.31 A; NI-H, =139 A).
Downhill from TS3-A, the H,, proton is completely trans-
ferred to the C1-N1 amide bond (N1-H,, = 1.03 A), which
is subsequently breaks (C1-N1=2.06 A) to yield a product
creatine with C-terminal carboxylate bound in the dizinc
site in a bidentate fashion. The barriers of this ring-opening
step were 19.8 kcal/mol (24.0 kcal/mol without solvation)
for the His178 protonation and 11.6 kcal/mol (14.0 kcal/mol
without solvation) for the C1-N1 bond cleavage, indicating
the first proton transfer by His178 is the rate-limiting step.
The overall reaction is slightly exothermic by -5.4 kcal/mol
(-4.9 kcal/mol without solvation). Note that the role of the
proton shuttle His178 was also seen in other amino acid
residues of both mono- and dizinc metalloenzymes (e.g.,
Asp250 in dihydroorotase [17], Asp288 in human renal
peptidase [18], Glu384 of human angiotensin-converting
enzyme [37], His216 of the B-carbonic anhydrase [42]).

Path B1

The proposed mechanism in path A suggests that the His178
residue plays the key roles during catalysis: its serves as an
electrostatic stabilizer in the nucleophilic attack and a pro-
ton shuttle in the ring-opening step. However, a water mole-
cule that situates very close to Znl and hydrogen bonds with
Glu34 and Glul22 (Glu34-Wat2-Glul22 partner) might
serve as a proton donor in the ring-opening, as suggested
by Yoshimoto et al. [13, 14]. Figure 4 shows the optimized
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Fig.4 DFT optimized structures of transition states, intermediates and
product for path B1. The fixed atoms are marked with asterisks. Dis-
tances are in angstrom (A)

transition states, intermediates and product for the nucleo-
philic attack and ring-opening of path B2. As in the first
step of path A, the nucleophilic attack readily takes place
from a bridging position, and the C1-O,, distance decreases
from 2.49 A at R-B to 1.79 A at TS1-B, and further to 1.49
A at IM1-B. This TS1-B exhibits an imaginary value of
245icm™". The resulting intermediate IM1-B lies 11.9 kcal/
mol higher than R-B. Despite the fact that the transition state
structure TS1-B is quite similar to that of TS1-A, however,
the barrier is calculated to be 13.6 kcal/mol (11.6 kcal/mol
without solvation), which is two-fold higher than the cor-
responding barrier (6.3 kcal/mol) of path A. The reason for
the higher barrier at TS1-B may be explained by the higher
coordination number (CN) at Zn1 in path B (CN=5), com-
pared with that of path A (CN =4). The lower TS1-A barrier
compared to the corresponding TS1-B might be explained
from the better nucleophile and electrophile of O H,,~ and
C1 atom, as evident from the more negative and positive
charge on them (O, = -0.81e to -0.95¢ and C1=+0.62e
for path A vs. O, = -0.78e to -0.96e and C1=+0.60e for
path B, Table S2). From TS1-B—IM1-B, Wat2 is now fully
coordinated to Znl (Zn1-O, = 2.30 and 2.27 A, respec-
tively), which is not present in path A (Zn1-O, > 3.5 A) and
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the previous free-energy simulations [15]. At IM1-B, after
Znl coordination rearrangement, Wat2 now serves as the
fifth ligand of Zn1 and, as stabilized by Glu34 and Glul22
via two hydrogen bonds (1.61 and 1.68 A, respectively), is
allowed to orient its position to form a hydrogen bond (2.02
A at IM1-B) to the N1 atom of creatinine, which is distorted
away from the planar ring (see IM1-B, Fig. 4). Conversely,
this amide bond is directly hydrogen bonding with the oxy-
gen atom (O,,) of Wat2 in path A. This process is required
for next proton transfer step.

The ring-opening step in this pathway basically fol-
lowed the same mechanism as in path A, i.e., the proton-
ation of His178 and the breaking of the scissile bond. In
this scenario, it is not His178 that plays this role as a central
catalyst. On the other hand, it is also envisioned that both
His178 and Wat2 might play a catalytic role as base and
acid, respectively. In this path B1, the protonated His178
intermediate (IM1-B— IM2-B1) is formed, as evident
from the shortening of the N-H, distance from 1.76 A to
1.00 A, respectively. At TS2-B, the critical bonds, O,-H,
and N1-H,, are 1.40 and 1.34 A, respectively, with one
imaginary frequency (1546i cm™!). During this stage, the
substrate amide bond is more distorted due to the shortened
H,,-N1 distance from 2.02 A at IM1-B to 1.80 A at IM2-B2.
This structural arrangement prompts further proton trans-
fer in the protonation of substrate amide bond that leads to
the ring-opening. In IM2-B— P-B1, the protonation of the
substrate by Wat2 results in the elongation of C1-N1 bond
(1.50 A at IM2-B1 to 3.43 A at P-B1) and the breakdown
of creatinine ring into creatine product. The two critical dis-
tances, O,,-H,, and N1-H,,, of this process are 1.42 and 1.35
A at TS3-B, yielding one imaginary number (1488 cm™')
corresponding to the stretching of these bonds. At the end of
this process, a penta-coordinated complex is obtained.

Path B2

The two proposed mechanisms above suggest that the reac-
tion proceeds via the protonated His178 before the C1-N1
bond cleavage and ring-opening assisted by a proton donor
(His178 in path A or Wat2 in path B1). In fact, a water mole-
cule that situated very close to Znl might play this role dur-
ing the course of the reaction, as suggested by Yoshimoto et
al. [13], without the His178 protonation as described earlier.
In particular, we also tested another pathway where Wat2
serves as the catalytic acid and His178 maintains its neu-
tral form during the catalysis. Figure 5 shows the optimized
transition states, intermediates and product for this path.
Since the nucleophilic attack follows the same pathway as
in the case of path B1, therefore we will discuss only the
second ring-opening step.
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Fig. 5 DFT optimized structures of transition states, intermediates and
product for path B2. The fixed atoms are marked with asterisks. Dis-
tances are in angstrom (A)
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In the ring-opening step, the tetrahedral intermediate is
subsequently collapsed by the donation of a proton (H,,)
from Wat2 to the amide of the substrate (IM1-B—IM2-B2),
followed by the transfer of a proton (H,) from Glul22 to
Wat2 to regenerate a water molecule (IM2-B2—P-B2).
The critical bond distances for the first proton transfer
are calculated at 1.60 (O,-H,) and 122 (N1-H,) A at

TS2-B2. Meanwhile, the transient bonds for the second pro-
ton transfer by Glul22 are 1.39 (O,-H,) and 1.28 (O,-H,)
A at TS3-B2. Values of imaginary frequency of these two
transition states (TS2-B2 and TS3-B2) are 827i and 1351
cm™ !, respectively. The barriers of these proton transfers
are 32.2 at TS2-B2 and 30.8 kcal/mol at TS3-B2, which
is much higher than the other pathways. This clearly indi-
cates that the proton transfer from Wat2 to the scissile bond
of substrate is very unfeasible when His178 is neutral and
this renders ineffective catalysis. However, His178 still
provides stabilization to the reaction via hydrogen bond-
ing to the gem-diolate hydroxide, as can be seen from the
decreasing ofNS—Hu distances (1.95, 1.76, 1.69, 1.68, 1.68
and 1.41 A at TS1-B, IM1-B, TS2-B2, IM2-B2, TS3-B2,
P-B2, respectively). The C1-N1 distance of 3.15 A at P-B2
clearly indicates that the amide bond of the creatinine ring
is fully broken, yielding the creatine product with the amine
and carboxylic groups. These stepwise proton transfers lead
to the cleavage of the amide bond of the substrate releasing
a creatine molecule.

Summary

In general, the first nucleophilic attack for all pathways (A,
B1 and B2) is the same, i.e. the attack of hydroxide on the
substrate carbonyl that leads to the formation of tetrahedral
gem-diolate intermediate (see IM1-A in Fig. 2 and IM1-
B in Figs. 4 and 5). However, in the second ring-opening
step, the proton donor can be either His178 or Wat2 (see
Scheme 1) or both, which delivers its proton to the substrate
for opening the creatinine ring to yield the creatine product.
In the ring opening of path A, His178 serves as a proton
shuttle by accepting one proton of the -OH group of the
gem-diolate intermediate (and His178 is now protonated,;
see Hisl78 protonation step in Scheme 1) and transferring
it to the substrate. During this step, Wat2 is unbound at Zn1
and does not participate during catalysis. In the ring open-
ing of path B1, His178 is protonated via the same pathway
as in path A but the cleavage of the substrate ring is now
activated by the proton transfer from Wat2, which turn into
a hydroxide at the final product. Alternatively, in path B2,
His178 is unprotonated and the proton transfer from Wat?2 to
the substrate is assisted by Glu122.

Comparison of energetic profiles for all possible path-
ways in Fig. 1 also shows that the enzyme likely favors the
pathway involved in the protonation of His178 (paths A and
B1) prior to the ring cleavage. In path A, His178 acts as a
catalytic base/acid, and in path B1 His178 and Wat2 can
serve as an equal foot as the catalytic base and the catalytic
acid, respectively. Alternatively, Wat2 might function as the
catalytic acid in assisting ring-opening pathway (path B2).
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Table 1 Values of important structural parameters (distances in A) of the optimized reactant, intermediates, transition states, and product in paths

A, B1 and B2 for the hydrolysis of dizinc creatininase

R-A  TSI-A IMI-A TS2-A  IM2-A  TS3-A P-A  Exp*
Znl-7Zn2 340 340 3.88 3.75 3.61 3.63 389 3.56
Znl-Ow 3.81 3.56 3.70 3.77 3.70 3.66 216 2.28
Zn1-Op 2.04 232 2.98 2.80 2.30 2.30 241 227
Zn2-On 1.94 194 2.00 1.95 1.91 1.91 1.97 194
Cl-Op 251 191 1.52 1.45 1.40 1.38 1.28 1.26
Cl1-Oa 1.24  1.28 1.34 1.36 1.36 1.35 125  1.25
CI-N1 135 137 1.44 1.46 1.51 1.55 295 2.67
Znl1-Oa 2.10  1.96 1.87 1.87 1.91 1.93 2.16  2.38
O,-H, 1.08  0.99 1.08 1.48 2.28 2.34 3.01 -
Ne-H, 1.87 199 1.63 1.43 1.08 1.31 217 -
NI1-H, 291  2.56 2.29 2.32s 1.63 1.39 1.03 -

R-B  TS1-B IM1-B TS2-B1 1IM2-B1 TS3-B1 P-Bl
Znl-Zn2 332 3.69 3.86 3.73 3.61 3.61 3.96
Zn1-Ow 322 231 227 2.25 2.26 2.11 1.98
Znl-On 1.98 249 293 2.90 2.81 2.79 3.21
Zn2-On 1.96 198 2.00 1.96 1.94 1.96 2.00
Cl-Op 249  1.79 1.49 1.43 1.40 1.40 1.31
Cl1-Oa 123 1.28 1.32 1.34 1.34 1.33 1.24
CI-N1 136 142 1.50 1.52 1.55 1.55 3.43
Znl1-Oa 239 2.01 1.95 1.94 1.93 2.01 2.16
O,-H, 098 0.98 1.00 1.40 1.67 1.76 1.68
Ne-H, 1.99 1.95 1.76 1.34 0.99 1.00 0.99

R-B  TS1-B IM1-B TS2-B2 1IM2-B2 TS3-B2 P-B2
Znl-Zn2 332 3.69 3.86 3.82 3.93 4.01 4.30
Zn1-Ow 322 231 227 2.02 2.02 2.07 2.08
Znl-On 1.98 249 293 3.09 3.01 3.23 3.36
Zn2-On 1.96 198 2.00 2.04 2.05 2.07 2.12
Cl-Op 249  1.79 1.49 1.46 1.45 1.44 1.34
Cl1-Oa 123 1.28 1.32 1.29 1.28 1.27 1.22
CI-N1 136  1.42 1.50 1.59 1.64 1.70 3.16
Zn1-Oa 239  2.01 1.95 2.09 2.10 2.07 2.18
O,-H, 097 097 0.98 1.60 1.90 1.96 3.07
N1-H,, 3.01 246 2.02 1.22 1.02 1.04 0.98
0O,-H, 1.80 1.77 1.68 1.68 1.60 1.28 1.03
O,-H, 0.99 0.99 1.00 1.00 1.00 1.39 1.57

“ Taken from PDB entry 1V7Z

However, due to the high-energy pathway, this mechanistic
scenario is not very likely.

Can Wat2 ligand exchange at Zn1 lead to different
catalytic route?

From Fig. 6, it is clear that path A gives quite feasible barrier
(19.8 kcal/mol) for the creatinine hydrolysis. The calculated
energetics of path A described above agrees well with the
available experimental kinetics (k. = 252 s~' [13] which
can be converted to a barrier of ~ 14.1 kcal/mol according to
transition state theory). It is also in line with the recent QM/
MM study [15]. However, our QM study suggests one more

step is needed in the ring-opening step starting from IM1-A.

@ Springer

It can be seen from Fig. 6 that, for path A, the highest bar-
rier of 26.3 kcal/mol (19.8 kcal/mol relative to R-A) is found
at TS2-A for His178 protonation (IM1-A— IM2-A) while
the proton transfer from His178 to substrate (IM2-B1 —
P-B1) is the rate-limiting step for path B1 (TS3-B1=31.9
and 25.4 kcal/mol, relative to R-B and R-A, respectively).
Both path A and B1 share the same intermediate species at
IM2, which involves a protonated His178 residue. The two
species, IM2-A and IM2-B, have similar energies on the
potential energy surface (15.5 vs. 16.6 kcal/mol, Fig. 6).
Analysis of relative energies of these pathways using differ-
ent DFT functional and a bigger basis set (6-311 + G(2d,2p))
was also carried out and it shows that these two geometries
have a close energy (18.5+2.7 kcal/mol for IM2-A and
20.0+2.6 kcal/mol IM2-B1, Table S3 and Figure S5). The
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main difference between IM2-A and IM2-B1 is the geo-
metrical rearrangement of Watl and Wat2 with respect to
Znl, via Op and O,, atoms, respectively (Zn1-Op=2.30 A,
Zn1-Ow=3.70 A for IM2-A and Zn1-Op=2.81 A, Znl-
Ow=2.26 A for IM2-B1), as shown in Fig. 7. These data
also reflect that this arrangement is necessary to keep Znl
in a penta-coordination fashion. Hydrogen bond interac-
tions also play an important role and they are found in both
structures where Glul22 and Glu34 participate in stabiliz-
ing the Wat2. His178, on the other hand, shows different
H-bond interactions between the -NH group of His178 and
the substrate.

Considering the close energy for two different Zn1 coor-
dination geometries at IM2-B1 and IM2-A, it could be
envisioned that another alternative pathway could also be
possible, i.e., bound (R-B — TS1-B — IM1-B — TS2-B1)
— unbound (IM2-A — TS3-A) — bound (P-A). This alter-
native pathway has similar barriers of 19.1 and 18.1 kcal/
mol at TS2-B1*""¢ and TS3-A""°"¢ respectively, which
indicates that the two mechanistic steps in the ring-opening,
occurs sequentially with comparable rates. Such a route was
not suggested by our previous QM/MM simulations, possi-
bly due to the weak coordination of Wat2 at Zn1 during the
course of reaction [15].

Now, we look further into the change of coordination
number at Znl and Zn2. As depicted in Fig. 8, during the
ring-opening step of path B1 and B2, the 5-fold coordina-
tion is maintained at Znl, while the 4-fold coordination
in Zn2. However, for the same step in path A, there is an
increasing of Zn1 coordination number from 4 to 6 at IM1-
A, IM2-A and P-A, respectively. There is a good correlation
between the Znl coordination with oxygen atom of Wat2
(0,,) and oxygen atom (O,)) of substrate in path A (see dis-
tances Znl-Oy,, and Znl1-O, in Figure S6). Meanwhile,

/ 5
His20 GIu122( g [M2-B1

Fig. 7 Comparison of structures IM2-A and IM2-B1. Hydrogen
bonds originated from Wat2 and His178 were depicted as dotted lines
with red and blue colors, respectively. Zn1 coordination distances with
Op (Watl) and Ow atoms (Wat2) were also indicated. Distances are
in angstrom (A)

path B1 and B2 show a good correlation between the O,,
and oxygen atom (O,) of hydroxide (Watl). These results
also implied that the fast ligand exchange at Znl can lead
to different coordination modes that yield different several
energetically favorable pathways, as described by Bras et
al. [37].

Overall, this DFT cluster approach not only allows
us to examine reaction pathways of this enzyme but also
provide important insights into key intermediate species
of the ring-opening step, which was found to occur via a
stepwise mechanism assisted by His178 (a proton transfer
takes places from the bridging hydroxyl group to His178,
couple with a rotation of the latter to form a hydrogen bond
to the substrate amide nitrogen, which becomes ready for
protonation). In other word, the protonation of His178 and
the C1-N1 bond cleavage occurs via two transition states
(via TS2 and TS3). In the previous QM/MM study, the pro-
ton transfer from the bridging hydroxyl group to the amide
nitrogen proceeds in a single concerted step.

mpath A mpath B1

m path B2

Coordination number at Zn1

R TS1 IM1 TS2 IM2 TS3 P

4.00 -

3.00 +

2.00 -

1.00 -

Zn1-Ow (Wat2) / A

0.00 -

R TS1 IM1 TS2 IM2 TS3 P

Fig. 8 Bar graph showing the changes of coordination number at Znl
(top) and Zn1-O,(Wat2) distance (bottom) for paths A, B1, and B2,
shown in blue, black and red, respectively. The criteria for the bound
and unbound geometries of Wat2 at Znl were measured by the Zn1-O,,
distance, having a cut-off of <3.00 A and >3.00 A, respectively
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The influence of different functional and basis set

In order to assess the influence of functional on the reac-
tion of creatininase, several different functional (B3LYP,
B3LYP-D3, X3LYP, B97-D, B97-2, B1B95, mPWBIK,
MO06-L, M06-2X, M05-2) were performed using the sin-
gle-point energy calculations with the larger basis set
(6-311+G(2d,2p) (Table S3 and Figure S5). As results,
the lowest activation barriers of 22.1+2.4 kcal/mol were
obtained for path A, while paths B1 and B2 yielded very
large barriers at TS3 (37.2+2.8 and 37.6+2.3 kcal/mol).
These results clearly indicate that path A is the likely mech-
anism of creatininase, with the proximate energy value to
experimental value. Therefore, using different functional
and a larger basis set (6-311 + G(2d,2p)) do not change sig-
nificantly the results drawn above and the calculations dis-
cussed in the main text are still valid.

Conclusions

In the present work, the catalytic mechanism of creatini-
nase-catalyzed reaction has been investigated by DFT clus-
ter approach. Three reaction pathways (paths A, B1 and B2,
Scheme 1) were modeled using the X-ray crystal structure of
the product-bound enzyme as a starting point of the current
investigation. It is shown that the reaction mechanism shown
in Scheme 1 (corresponding to path A) is energetically more
feasible and is in agreement with available experimental
kinetic (14.1 kcal/mol derived from k_, of 252 s [13]) and
our recent QM/MM study [15]. Owing to fast exchange of
Wat2 ligand at Zn1, an alternative/competitive ring-opening
pathway to path A (via TS2-B1 and TS3-A) can occur with
His178 and Wat2 serving as a dual role as the catalytic base
and the catalytic acid, respectively. The overall mechanism
of the creatininase is proposed to follow three elementary
steps: nucleophilic attack by the bridging hydroxide. Col-
lapse of the tetrahedral intermediate and cleavage of the
CI1-N1 bond occur via a sequence of two proton transfer
steps with the assistance of His178 or Wat2: the abstraction
of a proton from the gem-diolate tetrahedral intermediate by
His178 followed by the proton transfer from this protonated
histidine to the amide of substrate, resulting in the forma-
tion of creatine product. The first proton transfer is the rate-
limiting step with the computed barrier of ~19 kcal/mol.
Calculations have also confirmed that His178 plays a cru-
cial role in stabilizing the transition state and intermediate
during catalysis. The detailed mechanistic understanding in
this study might be extended to other members of the cyclic
amidohydrolase family and may facilitate future rational
design of enzymes for biosensor application.
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