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Abstract

Project code: RSA6280104
Title: Multiscale Quantum Modeling in Biocatalysis: A Tool for Predicting

Enzymatic Reactivity and Selectivity

Investigator : Associate Professor Dr. Jitrayut Jitonnom, University of Phayao
E-mail: jitrayut.018@gmail.com, jitrayut.ji@up.ac.th
Project period: 30 April 2019 to 29 April 2022

Although industrial enzymes are nowadays increasingly being used for synthesis purpose, the
design of enzymes still requires a precise reaction mechanism, especially the molecular details
on the “hot-spot” amino acids affecting the rate of enzyme catalysis. Accordingly, in this
research project, we adopted several multiscale quantum modeling methods, such as QM
cluster, QM/MM, ONIOM-QM/QM’, and QM/MM molecular dynamics simulation (QM/MM MD),
to obtain important insights into the mechanism, reactivity and selectivity, protonation state and
the roles of amino acids, and the mutation effect. The studied enzymes are GH43 endo-
arabinanase, GH116 beta-glucosidase, dihydropyrimidinase and creatininase. After the energy
correction scheme, the accurate results of SCC-DFTB/MM technique can be obtained with less
computational effort: it provides good descriptions for the structural flexibility of the five-
membered and six-membered ring sugar in solution, the cleavage of glycosidic bonds and the
efficient prediction of the free energy of a reaction, when combined with umbrella sampling MD.
Proton affinity is the only issue when interpreting the results of this technique. The significant
findings for scientific community are, for example, (i) reaction mechanism of glycosidic bond
cleavage, conformational itinerary, and the roles of amino acids in GH43 endo-arabinanase, (ii)
a quantum cluster model for stereospecific reaction in dihydropyrimidinase, (iii) analysis of
amino acid binding residues in the protein-ligand interaction of GH116 beta-glucosidase for
GBA2 inhibitor design, and (iv) role of ligand coordination at Zna and its significance on
creatininase reaction pathway. These results will be useful for protein engineering and rational

design of industrial enzymes with desired properties.

Keywords: multiscale modeling, biocatalysis, enzyme mechanism, computational chemistry,

stereoselectivity
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ACTIVE SITE DYNAMICS AND CATALYTIC
MECHANISM IN ARABINAN HYDROLYSIS
CATALYZED BY GH43 ENDO-ARABINANASE
FROM QM/MM MOLECULAR DYNAMICS
SIMULATION AND POTENTIAL ENERGY
SURFACE

INTRODUCTION

Arabinan is a plant structural polysaccharide degraded by two enzymes; a-I-arabinofuranosidase
(E.C. 3.2.1.55) and endo-1,5-a-l-arabinanase (E.C. 3.2.1.99). The latter, belonging to glycoside
hydrolase (GH) family 43 (Cantarel, Coutinho et al. 2009), are of great industrial interest. Due to
their ability to hydrolyze a-1,5-arabinofuranosidic bonds in arabinose-containing
polysaccharides, they are applied in food technology, organic synthesis as well as in biofuel
production. Furthermore, there is a current interest in the development of arabinanase inhibitors,
such as iminosugar analogues of arabinobiose (Goddard-Borger, Carapito et al. 2011).
Understanding the catalytic mechanism and active-site characteristics of the arabinanase enzyme
requires knowledge of the protonation states of active site residues and of the hydrogen-bond (H-
bond) network in atomic detail. This information at a later stage will be a the key for efficient
enzyme engineering and drug discovery (Wan, Parks et al. 2015). Most glycoside hydrolysis
reactions involve several proton transfer steps among the enzyme, substrate, and water at
physiological pH. Thus, glycosidase catalysis cannot be fully understood without accurate
mapping of hydrogen atom positions in these biological catalysts. Furthermore, direct
information on the location of hydrogen atoms is difficult to obtain by X-ray crystallography, but
biomolecular simulation can yield insight into the atomic details of the species participating in
the catalytic cycle of enzymes, e.g. of the Michaelis complex, an initial stage of the glycoside
hydrolysis reaction catalyzed by GH43 arabinanase enzyme.

Oxocarbenium transition state
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Scheme 1. ProToosed reaction mechanism for ABN
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Arabinanases (ABNs, EC 3.2.1.-) comprise endo- and exo-a-L-arabinanases, which differ in the
endo- and exo modes of action towards arabinan or arabinooligosaccharides, depending on both
the overall structures of the catalytic clefts and the structure of the glycon site (Proctor, Taylor
et al. 2005, Fujimoto, Ichinose et al. 2010, Park, Jang et al. 2012). The crystal structures of two
exo-ABNs from C. japonicus (Nurizzo, Turkenburg et al. 2002) and S. avermitilis (Fujimoto,
Ichinose et al. 2010), and three endo-ABNs from B. subtilis (Proctor, Taylor et al. 2005), B.
thermodenitrificans (Yamaguchi, Tada et al. 2005) and G. stearothermophilus (Yamaguchi, Tada
et al. 2005), are available, showing a catalytic domain consisting of a five-bladed B-propeller
fold. Hydrolysis of arabinan catalyzed by ABN (Scheme 1) is suggested to occur via acid/base
catalysis that requires two critical residues, E201 (a proton donor) and D27 (a nucleophilic base),
giving rise to the inversion of the anomeric configuration (Alhassid, Ben-David et al. 2009).
However, the roles of the residues surrounding the catalytic pocket in changing the pKa of these
acid/base catalysts are poorly understood. We have recently demonstrated, using DFT-based
cluster approach, that catalytic activity of ABNs relies on the interplay between three active site
residues S164, E201 and Y229 (Jitonnom and Hannongbua 2018). Two different orientations of
E201 with respect to the neighboring pKa modulator (S164 and Y229) were modeled, and only
the system containing the H-bond network pattern S164eeE201++Y229 was found to catalyze
the reaction in an energetically feasible way. However, enzyme engineering of ABNs for
improved activity requires more detailed understanding of the (1) dynamic behavior of the
micro-environment relation to the interaction pattern of the pKa modulators (2) the
conformational space of the furanose ring of the arabinan in solution, and the (3) detailed
information on the key amino acid residues important to the catalysis of ABN is still missing
which limits the enzyme engineering.

To address these questions we performed MD simulations, potential energy surface and free
energy (PMF) calculations within the QM/MM framework. This computational study firstly
uncovers the active site dynamics of ABNs towards the arabinan substrate, and then analyzes
ring-puckering distribution of the furanose ring of the substrate (to address the interaction pattern
of the pKa modulators and to provide a Michaeslis complex for the reaction). The inverting
mechanism of the enzyme as proposed in the literature is modeled using QM/MM. Finally,
electrostatic contributions of amino acid residues to the reaction were analyzed to provide useful
information for mutational studies.

OBJECTIVES

(1) To address the interaction pattern of the pa modulators of ABNs
(2) To provide a Michaeslis complex for the reaction of ABNs
(3) To provide useful information for mutational studies

METHOD

2.1 Model preparation
All calculations were performed using the CHARMM program (Brooks, Bruccoleri et al. 1983).
The initial structure for molecular simulation was obtained from the Protein Data Bank (PDB
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code 3D5Z (Alhassid, Ben-David et al. 2009), which is the X-ray structure of the mutant
(E201A) arabinanase GH43 from Geobacillus stearothermophilus complexed with its natural
substrate, arabinotriose (Figure 1). Since the wildtype and mutant structures are structurally
similar (Alhassid, Ben-David et al. 2009), the wildtype was recovered by manually mutating
Ala201 to Glu201 (A201E). All crystallographic water molecules were kept. Hydrogen atoms
were added using the HBUILD subroutine in CHARMM and titratable residues in the enzyme
were assigned their protonation status based on the pKa estimated by PROPKA 3.1 at pH 7.0
(http://propka.ki.ku.dk) (Olsson, Sondergaard et al. 2011). As suggested previously (Alhassid,
Ben-David et al. 2009, Jitonnom and Hannongbua 2018), the general acid Glu201 was
protonated and the general base Asp27 and the transition state stabilizer Aspl47 was
deprotonated. Other aspartate and glutamate residues were deprotonated. Histidine residues were
modeled in their neutral states, with their tautomeric state assigned on the basis of the hydrogen-
bonding network by WHAT-IF (http://swift.cmbi.ru.nl) (Vriend 1990). Here, according to the
CHARMM format, HSD26, HSE41, HSE82, HSE136, HSD271, and HSE286 (HSD and HSE
are protonated on ND1 and NE2, respectively) were modeled in their neutral states, while HSP5
(HSP is doubly protonated on ND1 and NE2) were fully protonated. This reactant (React)
complex model provides a good starting point for subsequent simulations (Figure 1).
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Figure 1. X-ray structure of active site in the GH43 endo-arabinanase from Geobacillus
stearothermophilus complexed with its natural substrate (shown in yellow shade), arabinotriose
(PDB code: 3D5Z).

2.2 QM/MM molecular dynamics simulation

To set the QM/MM molecular dynamics (MD) simulations up, the React system must be
partitioned into two regions: QM and MM. Here, the QM region consists of a water molecule,
the arabinotriose substrate and the side chains of three catalytic residues, Asp27, Aspl47 and
Glu201 (truncated at the Cg, Cg and Cy atoms, respectively). The resulting QM region comprises
79 atoms and has a net charge of [J2, corresponding to the negative charge of Asp27 and
Aspl47. The QM region was treated at the Self-Consistent Charge Density Functional Tight
Binding (SCC-DFTB) (Elstner, Porezag et al. 1998), while the MM region was treated with the
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CHARMMZ27 all-atom force field (MacKerell, Bashford et al. 1998) for protein, carbohydrate,
and solvent. The link atom approach (Field, Bash et al. 1990) was used to couple the QM and
MM regions, where the H-link atoms were placed between C,, and Cg of the Asp27 and Asp147
side chains and between Cg and Cy of Glu201 side chain. Thus, the QM/MM MD simulations
were performed at SCC-DFTB/CHARMMZ27 level. The SCC-DFTB method has been
extensively tested and applied to investigate structural dynamics and mechanism of several GHs
(Barnett and Naidoo 2010, Jitonnom, Limb et al. 2014, Jitonnom, Ketudat-Cairns et al. 2018).

After QM/MM partition, a 25 A radius sphere of pre-equilibrated TIP3P waters (Jorgensen,
Chandrasekhar et al. 1983) was placed on the center of the reactant complex, i.e., the anomeric
carbon atom (C1) of the substrate (Scheme 1). A spherical deformable boundary potential
(Brooks Il and Karplus 1983) with a 25 A radius was used to prevent the water from diffusing
away from the system. All atoms outside the 25 A sphere centered on C1 were deleted, while
protein heavy atoms in the buffer zone (21-25 A) were subject to Langevin dynamics with
positional restraints using force constants scaled to increase from the inside to the outside of the
buffer. All atoms within a 21 A sphere of the reaction zone were treated by Newtonian dynamics
with no positional restraints. The reactant complex was thermalized in the NVT ensemble at 310
K with 2 ns of stochastic boundary QM/MM MD simulation. An integration time-step of 1 fs
was used, and all bonds involving hydrogen atoms were constrained using the SHAKE algorithm
(Ryckaert, Ciccotti et al. 1977). The overall protocol has been described in more detail in
previous publications (Jitonnom, Lee et al. 2011, Jitonnom, Limb et al. 2014, Jitonnom, Mujika
et al. 2017, Jitonnom, Ketudat-Cairns et al. 2018).
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Scheme 2. The QM region (shown in red) used in the QM/MM study of the ABN reaction.
Definition of the reaction coordinates (RC) for the proton transfer, glycosidic bond cleavage,
nucleophilic addition, and proton abstraction are also indicated as well as the atomic definitions
used in the main text.
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2.3 Potential energy surface calculations

The starting points for the two-dimensional QM/MM potential energy surface (2D-PES)
calculations were taken from the final snapshot of the QM/MM/MD simulation. Prior to the 2D-
PES calculations, the snapshots were subject to QM/MM energy minimization. The QM/MM
calculations were carried out using the SCC-DFTB/CHARMMZ27 adiabatic mapping approach
(Cui, Elstner et al. 2001, Woodcock, Hodoséek et al. 2007, Jitonnom, Lee et al. 2011), were
performed to explore the reaction mechanism of ABN in Scheme 1. Reaction coordinates (RC)
were defined by linear combinations of interatomic distances (see Scheme 2 for details). For the
first reaction step, the RCs are defined as dci-os—dow-c1 for glycosidic bond cleavage and duez-
oe2—0dos-He2 for proton transfer from E201 to OS5’ atom of the scissile linkage. In the second
reaction step, the RCs are defined as dow-c1 for nucleophilic addition performed by the catalytic
water and dow-nw—dnw-op1 for proton abstraction by the general base D27. These RC values were
gradually increased (or decreased) by 0.1 A for each reaction step using a force constant of 5000
keal/mol-A? to drive the reaction. Energy minimizations at each RC value were performed to a
gradient tolerance of 0.01 kcal/mol-A. The final energies were computed by a single-point
calculation, removing the energy contributions due to the coordinate restraints. High-level
energy corrections (at the B3LYP/6-31+G(d) DFT level) to the SCC-DFTB/CHARMM27 PES
were also performed to obtain more accurate reaction energies and barriers. The corrected PESs
were obtained by subtracting the SCC-DFTB energy of the isolated QM region from the total
QM/MM energy, and adding the B3LYP energy. This energy correction method has been
previously applied successfully to other enzyme-catalyzed reactions (Hermann, Hensen et al.
2005, Jitonnom, Limb et al. 2014, Lence, van der Kamp et al. 2018).

2.4 Potential of mean force calculations

The QM/MM minimized geometries along the minimum energy path on the PES were used as
putative RCs for the free-energy calculations or potential of mean force (PMF). This type of
simulation allows more efficient conformational sampling of the reaction pathways, and accounts
for thermal fluctuations of the solvent and enzyme environment (Lu, Fang et al. 2016). In the
PMF calculations, the reaction free energies were computed on each RC value with the QM/MM
umbrella sampling MD simulations, which consist of a series of “window” simulations that
carried out with a fixed force constant of 200 kcal/mol-A? as biasing potential. Other variables of
the PMF simulations were the same as used for the QM/MM MD simulations described above.
For each window-biased simulation, 60 ps simulation was first performed to equilibrate the
system, followed by another 40 ps for sampling dynamics. The free energy profiles were plotted
by combining the statistical results from all of the biased simulations for each RC by the
Weighted Histogram Analysis Method (WHAM) (Kumar, Rosenberg et al. 1992).

2.5 Point-charge deletion analysis

To test the contribution of side-chains surrounding the active site in enhancing the catalytic
activity of ABN, electrostatic interaction energies of the 38 residues were investigated at the
SCC-DFTB/CHARMM27 level using point charge deletion analysis (also called differential
transition state analysis (Jitonnom, Lee et al. 2011, Graczer, Szimler et al. 2016, Jitonnom,
Ketudat-Cairns et al. 2018, Zhang, Shi et al. 2018, Zhu, Tang et al. 2018, Song, Yue et al. 2020).
The electrostatic contribution of amino acid i can be described as:
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AAEgesct—x = AE™(X) — AE"*(React) when X =TS, Prod
AE"? = AE' — AE°

Where, AE™ is the change of the barrier, AE' is the potential barrier by eliminate the charge on
the individual residue, and AE® is the original value of the potential barrier. The electrostatic
influence of residues in the QM region (Asp27, Glu201, Aspl47) was excluded from this
analysis. The geometries of all the reactant and transition states were kept unchanged during the
process. Positive and negative values of AE indicate that the ith residue stabilizes or destabilizes
the reacting system, respectively.
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Figure 2. Time evolution of the RMSD of protein heavy atoms with respect to the initial
structure

RESULTS AND DISCUSSION

3.1 QM/MM MD simulation

(a) Michaelis complex: In order to obtain the thermally equilibrated Michaelis complex structure
for modeling ABN-catalyzed hydrolysis, we have conducted a QM/MM MD simulation of the
reactant complex. The root mean square deviations (RMSDs) for the protein heavy atoms of the
simulation indicated that the Michaelis complex is very stable and reached equilibrium after ~0.5
ns of simulation (Figure 2), with averaged heavy-atom RMSDs of 0.52 + 0.03 A. Throughout the
simulations, arabinan is tightly bound within the enzyme's active site (occupying subsites —1 to
+2) via electrostatic and hydrophobic interactions. For example, the carboxylate oxygen atoms
(OD1 and OD2) of Aspl47 form strong, stable hydrogen bonds with two hydroxyl groups,
C2-OH and C3-OH, of the furanosyl moiety at subsite —1, as can be seen from the distances
C2(-1)@OH...OD2@D147 and C3(-1)@OH...OD2@D147 (Figure S1). The sugar moiety at
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subsite +1 is stabilized by several hydrogen bonds formed by the OH group of Serl64 (2-
OH...HO@Ser164 = 2.04+0.39 A), the NH, group of Asn144 (2-OH...NH2@N 144 = 2.22+0.22
A), and the NH backbone atom of Gly105 (3-OH...NH@G105 = 2.24+0.32 A). The remaining
subsite +2 is loosely bound as it is outside the binding cleft allowing it to be more exposed to the
solvent (data not shown). The general acid Glu201 forms a hydrogen bond with the glycosidic
bond oxygen O35’ (O5'-HE2@E?201 = 1.88+0.14 A), whereas the nucleophilic water is oriented
towards the anomeric carbon (C1-Ow = 3.96+0.18 A) with the help of Asp27 via hydrogen
bonding (Hw-OD1@D27 = 1.98+0.27 A, Figure S2). As pointed out by Zechel and Withers
(Zechel and Withers 2000), the distance between two conserved carboxylate groups of Glu201
and Asp27 should be about 10.5 A for an inverting glycosidase. In our simulation, this distance
(between the Co atoms of D27 and E201) was measured to be 11.56+0.21 A, which is
comparable to the experimental value (10.99 A)(Alhassid, Ben-David et al. 2009). W84 and
W166 also form pi-stacking interaction at subsites —1 and +2, respectively. Overall, these
interactions are maintained over the course of the simulation, indicating that the Michaelis
complex is thermally equilibrated and is ready for the reaction to take place.

(b) Substrate distortion along the glycosidic bond. The SCC-DFTB/MM simulation predicted a
near coplanarity along the scissile glycosidic bond linkage (between subsite —1 and +1), with
average torsion angle (C1-O5'-C5-C4) of 171.5 £ 6.5° (Figure S3). The second linkage between
subsite +1 and +2 has a more distorted conformation with higher fluctuated (161.7 + 16.7°)
originating from the weak binding of the subsite +2 furanose ring. This calculated torsion angles
differ to some extent from those observed crystallographically in other ABNs: a more distorted
geometry of this bond was found at 133.8° (-1 and +1) and 178.3° (+1 and +2) in GSABN43B
(Alhassid, Ben-David et al. 2009) and -156.8° (-1 and +1) and -175.1° (+1 and +2) in
CJABN43A (Nurizzo, Turkenburg et al. 2002). This discrepancy for the description of glycosidic
linkage geometry may reflect the stabilization of the oligosaccharide conformation by crystal
packing in the X-ray structure, whereas the relaxed MD structure mimics the more dynamic
solution structure, allowing a stretching of the glycosidic linkage.

(c) Dynamics of the pKa modulators (Tyr229 and Ser164) and their H-bond networks: As
aforementioned, two active site residues (Y229 and S164) in BsABN43 are thought to increase
the pKa of E201 (Alhassid, Ben-David et al. 2009) enabling it to act as a catalytic acid; the
functional effect of its neighboring residues (Y229 and S164) as the pKa modulators on the
catalytic power has recently been studied theoretically based on a static X-ray structure
(Jitonnom and Hannongbua 2018). Here, we further investigated the dynamics and interaction
patterns of these residues using the QM/MM MD simulation. The key shapshots representing the
flipping of E201 side chain towards Y229 (active site configuration I — I1) are visualized in
Figure 3a and some relevant distances are plotted in Figure 3b. After 530 ps, the acid residue
(E201) starts to rotate its side chain towards Y229, due to the loss of a H-bond with the HG1
atom of S164 side chain (I — Il, Figure 3a). This can be seen from the decrease of the
S164@HG1-OE2@E201 distance from 3.48+0.24 A in | to 1.94+0.20 A in 1. Similar situation
was also observed for S164@HG1-OE1@E201. In the configuration Il, two different
configurations (I1a and I1b) can be envisioned upon networks of H-bond (WateseY229+¢eE201)
and their dynamics, i.e., whether the OH group of Y229 makes a stable hydrogen bond with the
catalytic water (11a; Y229@OH-0O,@Wat = 1.97+0.17 A; H-bond cut-off = 2.5 A) or the E201
OE1 atom (11b; Y229@OH-OE1@E201 = 1.91+0.20 A; H-bond cut-off = 2.5 A). During the
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simulation, the appearance of Ila is more obvious than the case of I1b. These results support the
experiment that Y229, together with S164, serve as pKa modulators of the acid E201 and help in
maintaining a productive configuration for catalysis through the H-bond network.
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Figure 3. (a) Observed flipping of E201 sidechain towards Y229 and (b) time-evolution of the
distances, S164@HG1-OE1/OE2@E201, Y229@OH-Ow and Y229@OH-OE1@E201. The
latter two reflect the role of Y229 in stabilizing the catalytic water, Wat, and the E201 sidechain.
The furanosyl units of the arabinotriose substrate are highlighted by yellow filling.

(d) Conformational sampling of the furanose ring. It is known that five-membered rings such
as furanose can be classified into envelope (E) and twists (T). The ring pucker of these forms can
be described using a triangular decomposition system that involves three angles, C3-04-C2 (a
reference plane), C3-C4-O4 (6y) and 0O4-C1-C2 (0,), as defined by Barnett and Naidoo (Barnett
and Naidoo 2010) (see Scheme 2 for atomic labels). We then analyzed the ring pucker
distribution for the furanose moiety occupying at subsites —1, +1 and +2 during the simulation of
Michaelis complex, as shown in Figure 4. The plot clearly shows that two mixtures of the
envelope (E) and twist (T) conformations were observed for each furanosyl subsite. This would
be expected since both conformations have similar energy, and the barrier to their
interconversions is rather small (Agirre 2017). For subsite —1 where the glycosidic cleavage
taking place, a mixture of two mainly °E/°T; conformations appears along the diagonal (Q3
zone) of the origin (8; = 0° and 6, = 0°). Despite the majority of °E/°T, distribution at Q3, other
minor conformers such as E/E, and *T/*T,, as seen at Q2/Q4, are predicted as a global
minimum in conformational landscape of furanose ring (Stortz and Sarotti 2019). This might be
the reason why the two envelope conformations °E/’E were found in our previous QM cluster
study (Jitonnom and Hannongbua 2018). For subsite +1, the conformational distribution appears
mainly at Q1 and a minor at Q4, covering a wide variety of the Eo/*To/*E conformations. The
remaining subsite at +2 exhibits a wide distribution covering all possible furanose
conformations.



-10 -

x subsite -1 x subsite +1
45 T I T T T
1 Q1
2 1 1 Q1]
sy 26 T2 (E T
30 | 2 o E 4
3 1.0, 23)f +1 (0]
E o9uiNo\: 3
15 | -
4 4
ol 0 —E E i
D 4
T
(0] X
sk T 3]
4 E
(0]
230 E 2T :
(o]
T1 E *r E2 ?
Q3 1 1 Q4
-45 1 1 1 1 1
-45 30 15 0 15 30 45
6O

Figure 4. Conformational sampling analysis for the furanose ring at subsites —1 (blue), +1 (red)
and +2 (green), as observed from the SCC-DFTB/CHARMM27 QM/MM simulation. Triangular
decomposition pucker space is mapped out onto the plot for comparison. Angles obtained from
the X-ray data (PDB code 3D5Z) for the furanose rings at subsites -1, +1 and +2 were also
included in the plot as shown in blue, red, green circle, respectively.

3.2 2D-PES and PMF

Starting from the snapshots of the equilibrium state of the 2-ns QM/MM MD simulation on the
reaction systems, we first explored the 2D potential energy surfaces, using QM/MM adiabatic
mapping, and then identified minimum energy path along the 2D-PES. Two B3LYP/6-
31+G(d)//SCC-DFTB/CHARMMZ27 PESs for the arabinotriose hydrolysis are shown in
Figure 5. Consistent with the our previous QM cluster study (Jitonnom and Hannongbua 2018), a
saddle point that separates the reactant complex (React) and the reaction product (Prod) was
located on the first PES (at RC = ~ 0.0 A and RC = ~ 0.7 A, Figure 5a), suggesting a concerted
process between the proton transfer and the glycosidic bond cleavage. After the TS, the
minimum energy path goes approximately diagonally without any barrier into the stable product
Prod (at RC = ~ 1.5 A and RC = ~ 0.7 A, Figure 5b), releasing the energy of 8 kcal/mol. The
second PES also indicates that the proton abstraction by Asp27 is concerted with the nucleophilic
attacking of water onto the anomer carbon C1. Details of important structures on these PESs are
described below.
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Figure 5. a 2D potential energy surface for the first reaction step as a function of the glycosidic
bond cleavage (dci-o0s—dow-c1) and the proton transfer (dpez-oe2—dos-He2). b 2D potential energy
surface for the second reaction step as a function of the nucleophilic addition (dow-c1) and the
proton abstraction (dow-rw—dnw-op1). Both PESs were obtained by B3LYP/6-31+G(d)//SCC-
DFTB/CHARMM27 QM/MM calculations. The energies given are the total QM/MM energies in
kcal/mol relative to React. RC, reaction coordinate.
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Figure 6. Potential energy profile (a) and potential of mean force (PMF) (b) for the first reaction
step as a function of the glycosidic bond cleavage (dci-o05—dow-c1)-

The experimental rate constant was measured to be 191.6 s* (de Sanctis, Inacio et al. 2010)
which can be converted to a barrier of ~14 kcal/mol using classical transition-state theory. The
barrier (React—TYS) is calculated to be ~21 kcal/mol, which is overestimated by ~7 kcal/mol
compared to the experimental one. The overall reaction is exothermic by 8 kcal/mol, indicating
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that the release of aglycon leaving group in the product complex is thermodynamically driven.
To obtain the reaction free energy profile or PMF in aqueous solution, we additionally performed
the PMF simulations using QM/MM(SCC-DFTB/CHARMMZ27) MD umbrella sampling
simulations (Seabra, Walker et al. 2007, Jitonnom, Limb et al. 2014, Jitonnom, Mujika et al.
2017) and WHAM method (Kumar, Rosenberg et al. 1992). The calculated potential energy
(adiabatic) map and the PMF profile as a function of the glycosidic bond cleavage (dci-os—dci-
ow) 1S shown in Figure 6. The energy barriers obtained from both adiabatic mapping and the PMF
for the reaction are computed to be around 27 and 23 kcal/mol, respectively [at the SCC-
DFTB/CHARMM27 QM/MM level], which are in-line with the 2D-PES results in Figure 5.

React

Figure 7. QM/MM structures of the reactant (React), transition state (TS) and product (Prod)
along the minimum energy path of potential energy surface. Only QM atoms (shown in ball and
stick) are included in the figure. The envelope conformation of the -1 sugar ring with its four
atom lie in a plane is also indicated in yellow.
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The QM/MM minimized structures resulting from the PES calculations are shown in Figure
7 and their geometric parameters are listed in Table 1. The mechanism described here is
generally similar to previous studies (Alhassid, Ben-David et al. 2009, Jitonnom and
Hannongbua 2018), which consists of protonation on the glycosidic bond of substrate assisted by
a proton transfer from Glu201, followed by the activation of the catalytic water to promote a
single displacement attack on the anomeric carbon. Our calculations indicate that these steps
occur through a transition state without any fructosyl-enzyme intermediate being formed, as in
other retaining GHs. To activate the fission of the a-1,5-arabinofuranosidic bond, Glu201 must
donate its proton HE2 onto the glycosidic bond oxygen (O5’). At React, the Glu201 sidechain is
hydrogen bonding with the O35’ atom (O5'-HE2@E201 = 1.80 A) and the catalytic water is 3.78
A distant from C1. At TS, the proton transfer between the E201 oxygen and the glycosidic
oxygen is complete (O5'-HE2@E201 = 1.00 A) and the glycosidic bond elongates to 2.30 A,
and the nucleophilic water molecule now approaches to the C1 atom (2.19 A). At this stage, the
TS stabilizer (D147) tightens its hydrogen bonds with the C2-OH and C3-OH groups of the
fructosyl residue in subsite —1 from 1.68 and 1.71 A at React to 1.51 and 1.70 A at TS,
respectively. This proton transfer process is well stabilized by the enzyme, as evidenced by the
positive stabilization energies (Figure S4). The oxocarbenium species is observed, with a partial
double character of the C1-O4 bond (shortening from 1.45 A at React to 1.30 A at TS).
Furthermore, the C1 atom becomes sp>-hybridized, forcing the atoms attached to C1 and O4 into
the same plane and has an Ez conformation (van Rijssel, van Delft et al. 2014) (see umbrella
sampling analysis in Figure S5). After the TS, the product is formed, where the former glycosidic
oxygen O5' atom is now 3.59 A away from the anomeric carbon C1, and the nucleophilic water
molecule forms a covalent bond of 1.41 A with C1, transferring the extra proton to the proton
acceptor (D27) to complete the reaction. The C1 atom recovers sp® hybridization with a C1-O4
distance of 1.47 A. During the reaction, the dihedral angle (C1'-O5-C5-C4) along the glycosidic
bond linkage is slightly distorted away from its plane (177.8°) at React to some extent at Prod
(162.8°). The final product has an “E conformation in the —1 sugar, as also observed in our
previous DFT study (Jitonnom and Hannongbua 2018). Thus, the substrate conformation follows
the °E « E3 < “E itinerary.

3.3 Individual residue contribution

To probe the roles of the residues surrounding the active site of ABN, electrostatic interaction
energies of the 38 residues were investigated at the SCC-DFTB/CHARMMZ27 level. Although
residues beyond the reactive center do not participate directly in the reaction, they still exert their
effect via electrostatic interactions, which is considered as the basis of the catalytic effect of
enzymes by Warshel and coworkers (Warshel and Levitt 1976, Warshel, Sharma et al. 2006).

The electrostatic contributions of the investigated residues on the stabilization of the QM region
during the reaction were analyzed for the React, TS and Prod states (Figure S6 and Table S1).
Nine of them show a significant contribution with AAE > 1 kcal/mol and the structures of
individual residues relative to the reactive region are visualized in Figures 8 and S7. These
residues are His26, Trp84, Asp87, Lys106, Phel62, Glul96, Arg223, His271 and Tyr275.
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Table 1. Some relevant geometric parameters for the stationary structures along the potential
energy surface calculated at B3LYP/6-31+G(d)//SCC-DFTB/CHARMM27 level

Distance (A), angle (°) Expt. | React | TS | Prod
Substrate

C1-Oy, 3.64 3.78 2.19 1.41
C1-05%’ 1.46 1.48 2.30 3.59
C1-04 1.45 1.45 1.30 1.47
HO2(+1)-OG@S164 2.94° 1.91 1.82 1.93
ZC1(-1)05'(+1)C5(+1) 113.9 111.1 113.5 102.1
ZC1(- 133.8 177.8 166.6 162.8
1)O5'(+1)C5(+1)C4(+1)

ZC2(-1)C1(-1)04(-1)C4(-1) -28.3 -13.0 7.4 -26.4
ZC2(-1)C3(-1)C4(-1)04(-1) 13.3 -1.4 6.9 -5.0
ZC1(+1)C2(+1)C3(+1)C4A(+1) -6.0 4.7 -3.8 0.8
ZLC2(+2)C3(+2)C4(+2)04(+2) 38.2 2.1 0.0 -2.1
General acid-base residues

O5-HE2@E201 — 1.80 1.00 1.01
OE2@E201-HE2@E201 — 1.00 1.79 1.73
Hw-OD1@D27 2.76° 1.83 1.91 1.05
Hw-Ow — 0.98 0.99 1.95
pK, modulator

OE2@E201-HG1@S164 — 1.82 1.70 1.74
OE1@E201-HH@Y229 — 1.77 1.64 1.63
TS stabilizer

C2(-1)@OH-OD2@D147 2.51° 1.68 1.51 1.52
C3(-1)@OH-OD2@D147 2.63° 1.71 1.70 1.72
C5(-1)@OH-OD2@D27 3.21° 1.56 1.54 1.81

* O-0 distances and the experimental values are obtained from PDB code 3D5Z

It is shown that Tyr275, which located distant from the QM region (Figure S7), makes the largest
contribution to stabilization (AAE > 6.5 kcal/mol). This result to some extent agrees with
previous suggestions that distant residues can have a significant impact upon the catalytic
reaction (Labas, Szabo et al. 2013). Other residues, Glul196, His26, Phel62, also show a
stabilizing effect but to a lesser extent. It is found that Phel62 effectively stabilize the reaction
product (AAERgeact—prod = ~7 kcal/mol). Meanwhile, our results showed that the negative values at
TS of residues Asp87, Lys106, and His271 were -0.6, —1.9, —1.0, respectively. As a result,
residues Asp87, Lys106, His271 were highlighted as potential targets for future mutations to
improve enzymatic efficiency.
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Figure 8. Key residues in TS and product stabilization (top) and their contributions (bottom) in
stabilizing/destabilizing the QM region, relative to the reactant in the ABN reaction.
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CONCLUSIONS

In the present work, we investigated in solution the glycosidic bond hydrolysis of arabinotriose
catalyzed by ABN enzyme using MD simulations, potential energy surface, and PMF free energy
calculations within the QM/MM framework The QM/MM MD simulation yielded insights into
the nature of the H-bond network around the pKa modulators in the active site, as required for
efficient catalytic performance. Using the QM/MM/MD structures as the Michaelis complex of
the reaction, the combined QM/MM(SCC-DFTB/CHARMMZ27) potential and free energy
calculations were performed to explore the glycosidic bond hydrolysis of ABN toward the
arabinotriose. With two-sets of RCs, the two-dimensional potential energy surface (2D-PES) was
determined wand the mechanistic and key geometric (active site) results were obtained to
provide generally support the inverting mechanism of the GH43 ABN, as reported in the
literature. The proton transfer to the glycosidic bond is found to be the rate-determining step of
the acid/base catalysis, with the barriers of 21 and 23 kcal/mol for 2D-PES and PMF methods,
respectively. Conformational sampling analysis of the —1 sugar ring at the Michaelis complex
reveals a mixture of envelope/twist conformations. A conformational itinerary (°E <> Ez < “E) in
the —1 fructosyl ring is captured with significant oxocarbenium TS character. Residue
electrostatic analysis on the key step (Figure 8) shows that residues Asp87, Lys106, His271
make negative contributions to the reaction, highlighting them as potential targets for
experimental mutation studies.

SUGGESTIONS

The detailed mechanistic understanding developed here might be extended to other members of
the GH family and may facilitate future rational design of biocatalyst
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Chapter I

Quantum Chemical Cluster Approach as
a Tool for Understanding Enzyme
Mechanism and Selectivity in the Cascade
Biocatalysis for Synthesis of Beta-Amino
Acid

Manuscript I:

Meelua, W., T. Wanjai, N. Thinkumrob, J. Olah, J. R. Ketudat-Cairns, S.
Hannongbua and J. Jitonnom, Reaction mechanism and
stereospecificity of catalytic reaction in DHP from Saccharomyces
kluyveri and Sinorhizobium meliloti CECT4114: A systematic quantum
chemical investigations, to be submitted.
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REACTION MECHANISM AND
STEREOSPECIFICITY OF CATALYTIC
REACTION IN DIHYDROPYRIMIDINASE FROM
SACCHAROMYCES KLUYVERI AND
SINORHIZOBIUM  MELILOTI CECT4114: A
SYSTEMATIC QUANTUM CHEMICAL
INVESTIGATIONS

INTRODUCTION

Dihydropyrimidinase (DHPase, EC 3.5.2.2) is involved in the degradation of pyrimidine
nucleotide and is found in diverse organisms such as bacteria, yeast, animals, and plants
(Gojkovic, Rislund et al. 2003, Ashihara, Ludwig et al. 2020). It plays an integral part of the
pyrimidine catabolic pathway (Schnackerz and Dobritzsch 2008), which is responsible for the
regulation of the pyrimidine pool size available for nucleic acid synthesis and for supplying the
cell with B-alanine. Deficiency of this enzyme may cause a risk from developing severe 5-
fluorouracil (5FU)-associated toxicity (van Kuilenburg, Meinsma et al. 2003, Tsuchiya, Akiyama
et al. 2019) and thus elucidating its role and inhibitory mechanism is the focus of current
research in anticancer therapy (Huang 2015, Huang, Ning et al. 2019, Huang, Lien et al. 2020).
The enzyme is also capable of detoxifying xenobiotics, making it attractive for antibiotic
development and drug design (Huang 2015). Recently, this enzyme finds biotechnological
applications for the industrial production of B-amino acids (Martinez-Gémez, Clemente-Jiménez
et al. 2012, Clemente-Jiménez, Martinez-Rodriguez et al. 2014, Slomka, Zhong et al. 2015).
Therefore, understanding of the mechanism of DHPase activity at atomic detail is of critical
importance for both medical and biotechnological applications.

DHPases catalyze the reversible hydrolysis of dihydropyrimidines, 5,6-dihydrouracil (DHU) and
5,6-dihydrothymine (DHT), to the corresponding N-carbamyl-f-amino alanine (NCBA) and N-
carbamyl-B-amino isobutyrate (NCPI), respectively, (see Scheme 1), in the second step of
reductive pyrimidine degradation. This enzyme also hydrolyses a variety of other 5,6-
dihydropyrimidines (Martinez-Rodriguez, Martinez-Gomez et al. 2010), as well as hydantoins
and succinimides (Dudley, Butler et al. 1974). DHPases belong to the cyclic amidohydrolases
superfamily (Seibert and Raushel 2005) that includes allantoinase, dihydroorotase, hydantoinase,
and imidase. This group of enzymes shares their functional and structural similarity to each other
(Holm and Sander 1997, Gojkovic, Rislund et al. 2003, Nam, Park et al. 2005) and has similar
active site architecture, containing four histidines, one aspartate, and one post-carboxylated
lysine residue, which are required for metal binding and catalytic activity (Huang, Hsu et al.
2009). Previous studies indicated that cyclic amidohydrolases may use a nearly identical
mechanism, mainly based on the dihydroorotase (DHOase)-like scenario (Thoden, Phillips et al.
2001, Liao, Yu et al. 2008). However, depending on the nature of substrate and the enzyme
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active site, a minor difference in detailed mechanism could be observed such as creatininase, a
cyclic amidohydrolase enzyme acting on creatinine substrate (Jitonnom, Mujika et al. 2017).

Previous mutagenesis and structural studies showed that the substrate specificity of
dihydropyrimidinase (DHPase), hydantoinase (HYDase), allantoinase (ALNase), and
dihydroorotase (DHOase) highly differ, despite structural similarities among their substrates
(Figure 1). For example, the yeast (Saccharomyces kluyveri) DHPase (SkDHPase) and the slime
mold (Dictyostelium discoideum) do not hydrolyze hydantoin (Gojkovic, Rislund et al. 2003) but
the Sinorhizobium meliloti CECT4114 (SmelDHPase) does (Martinez-Rodriguez, Martinez-
Gomez et al. 2010). Some bacterial HYDases are still named and identified as DHPase because
of the catalytic activity toward the natural substrates DHU and DHT, including DHPase from
Pseudomonas aeruginosa and Thermus sp. (Abendroth, Niefind et al. 2002, Huang 2015).
Furthermore, DHOase does not hydrolyze dihydropyrimidine (DHU/DHT), hydantoin (HYD),
and allantoin (ALN) (Peng and Huang 2014). These examples have raised the question whether
the substrate of each enzyme competitively inhibits other enzymes in this family (Huang 2015).
In the current study, these substrates were modeled in the active sites of SkDHPase and
SmelDHPase, and their binding affinity and chemical reactivity were analyzed.

In recent years, several crystal structures of DHPases from different organisms have been solved
(Abendroth, Niefind et al. 2002, Lohkamp, Andersen et al. 2006, Tzeng, Huang et al. 2016,
Cheng, Huang et al. 2018, Huang, Ning et al. 2019), including the structure of SkDHPase in
complex with the substrate DHU and product NCBI (Lohkamp, Andersen et al. 2006). An apo
crystal structure for SmelDHPase has been reported (Martinez-Rodriguez, Martinez-Goémez et al.
2010) and its active site shares a similar geometries to SkDHPase. Furthermore, the structures of
vertebrate DHPase from recombinant bacterial (Hsieh, Chen et al. 2013) have also been
determined. The X-ray crystal structure of SKDHPase (Lohkamp, Andersen et al. 2006) shows
that a unique hydrophobic pocket at the 5- and 6- positions of substrate is responsible for the
stereospecificity of the enzyme. Within the active site of this enzyme, four histidine residues
(His, His, His, and His), a carboxylated lysine 167 (Kcx167) and a nucleophilic water were
crucial for the assembly of the binuclear metal center while other residues Tyrl72, Ser331, and
Asn392 are directly responsible for the strict substrate recognition (see Figure 2), as a part of
three stereo-gate-loops (SGL1-3) (Cheon, Kim et al. 2002). Residues in these SGL regions are
thought to be crucial for substrate binding prior to catalysis of enzymes from the amidohydrolase
family: Ser331 is spatially conserved in ALNase (PDB 3E74, Ser288), imidazolonepropionase
(PDB 2BBO0, Ser329) and D-aminoacylase (PDB 1M7J, Ser289). Cys360 is at the van der Waals
distance (3.6-3.8 A) to N1 and C6 of DHU.

Tyrl72 is of particular interest as its role in substrate binding and/or catalysis has been a subject
of controversy by structural and mutagenesis studies (Cheon, Park et al. 2003, Lohkamp,
Andersen et al. 2006). Since the Tyr conformation is high mobility, only one chain (of four other
chains A-D) could be observed in the X-ray structure with its side-chain point towards the
substrate (Lohkamp, Andersen et al. 2006). The structure of SkDHPase also points out that
Tyrl72 is far from interacting with the substrate DHU (PDB 2FVK), most probably due to the
absence of clear electron densities for this residue, though it is at binding distance from the
amine group of the reaction product (PDB 2FVM). Conversely, mutation of the analogous
tyrosine (Tyrl155) in Bacillus stearothermophilus D1 enzyme (Cheon, Park et al. 2003) and that
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from SmelDHPase, results in inactivation of the enzymes. This Tyr residue is also suggested to
support correct positioning of the substrate, and also polarize the scissile amide bond together
with Znp, facilitating the attack of an activated hydroxyl group. Mutagenesis study also showed
that this Tyr residue is involved in the inhibitor binding (Huang, Lien et al. 2020). These
experimental observations clearly provide a clue to the importance of this active site conserved
tyrosine residue. However, further investigations are still necessary to confirm this hypothesis
whether it plays a role in substrate binding and/or catalysis.

Since DHPase enzymes are gaining more attractive as biocatalyst for the synthesis of industrially
important non-natural amino acids (Syldatk, May et al. 1999, Engel, Syldatk et al. 2012, Heras-
Vazquez, Clemente-Jimenez et al. 2012, Martinez-Gémez, Clemente-Jiménez et al. 2012,
Clemente-Jiménez, Martinez-Rodriguez et al. 2014, Slomka, Zhong et al. 2015, Aganyants,
Weigel et al. 2020), it is essential to know the reaction mechanism, the substrate specificity, and
the stereospecificity of the enzyme towards different substrates. In particular, understanding the
mechanism and origin of stereospecificity in different DHPase species towards natural and non-
natural hydantoids/dihydropyrimidines is of great importance for biocatalytic application.
Currently, to the best of our knowledge, the detailed information at atomic level for the
hydrolysis of substrates of cyclic amidohydrolase family enzymes (Figure 1) is very limited. To
extend the current knowledge of mechanism and stereospecificity of the enzyme, we have
investigated the hydrolysis of the cyclic amidohydrolase substrates in the active site pocket of
SkDHPase. In particular, both natural substrates, dihydrouracil (DHU) and dihydrothymine
(DHT), and non-natural substrates, hydantoid (HYD) and dihydroorotate (DHO), were
considered as shown in Figure 1. On the basis of an available X-ray structure of the
enzyme—substrate (ES) complex, a quantum cluster approach (Himo 2006, Siegbahn and Himo
2009, Siegbahn and Himo 2011, Jitonnom, Sattayanon et al. 2015, Himo 2017) is used to (1)
model enzyme reaction mechanism and (2) to probe the electronic and electrostatic factors
governing the activity and stereospecificity of DHPase towards different substrates (Figure 1).
This approach has previously been successfully applied to elucidate reaction mechanism and
stereochemistry of various enzymes, including limonene epoxide hydrolase (Hopmann, Hallberg
et al. 2005, Lind and Himo 2013), o-transaminases (Cassimjee, Manta et al. 2015), human
glyoxalase | (Jafari, Ryde et al. 2016), arylmalonate decarboxylase (Lind and Himo 2014). Our
theoretical calculations suggest that DHPase may utilize a slightly different mechanism to the
previously proposed DHOase-like mechanism (Scheme 2) and explain why dihydrouracil and
dihydrothymine is the preferential substrates of this family of DHPase, not the hydantoid or other
related substrates. Moreover, the role of the conserved tyrosine (Tyrl72) and leucine (Leu)
residues in catalysis is also investigated using an in silico point mutation approach. The ability
of dihydropyrimidinase to hydrolyze DHU bearing methyl substituents at C5 and C6 position
(5,6-dimethyl substituted DHU) was investigated. Our study provides a rationale for the
experimentally observed activity and stereospecificity of the enzyme and details of the reaction
mechanism, stereospecificity and mutation effects at the atomic scale may further aid the
development of rationally designed enzyme variants.

OBJECTIVES

(4) To model enzyme reaction mechanism of DHPase towards different substrates
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(5) To probe the electronic and electrostatic factors governing the activity and stereospecificity
of DHPase towards different substrates (Figure 1).

METHOD

A model of the enzyme active site was constructed on the basis of the crystal structure of the
native SkDHPase in complex with the substrate dihydrouracil (PDB 2FVK, Figure 2) (Lohkamp,
Andersen et al. 2006). All crystallographic water molecules are removed. The hydroxide (OH )
was added between the two zinc ions and the ligand DHU was displaced with its oxygen atom
positioned within hydrogen-bonding distance to Tyrl72. Truncations were made for all the
amino acids at the p-carbons, except three amino acids (Leu72, Tyrl72, and Cys360) at o-
carbons, and were kept fixed to their crystallographic positions, which was used to avoid
unrealistic movements of the groups during the geometry optimizations (Siegbahn and Himo
2011, Jitonnom, Sattayanon et al. 2015). These fixed atoms are marked with asterisks in the
figures below. Hydrogen atoms were added manually and bonds that were truncated were
saturated by hydrogen atoms. The geometries were optimized at the B3LYP/6-31G(d,p) level of
theory. Based on these geometries, more accurate energies were obtained by performing single-
point calculations with a larger basis set 6-311+G(2d,2p). Solvation effects were evaluated at the
large basis set by performing single-point calculations on the optimized geometries using the
CPCM solvation model (Barone and Cossi 1998, Cossi, Rega et al. 2003). The CPCM
calculations used UFF atomic radii and default water solvent parameters, but the dielectric
constant (&) was set to 4, as recommended by Himo et al. (Himo 2006, Siegbahn and Himo 2011,
Blomberg, Borowski et al. 2014). Frequency calculations were performed at the same theory
level as the geometry optimizations to obtain zero-point energies (ZPE) and to verify the nature
of the stationary points (minima or transition states). The final energies reported in the text are
the large basis set energies corrected for both solvation and zero-point vibrational effects. All
theoretical calculations were performed using Gaussian 09 program package (M. J. Frisch 2009).

RESULTS AND DISCUSSION

Generally, it is not well understood how the model size and the dielectric constant value chosen
for the QM cluster calculations will influence the calculated properties. Therefore, in the present
study, we start the mechanistic studies with a relatively small model and then increase the size,
which we designed below as Model | and Model 11, respectively.

3.1 Model I

For comparison purpose, we first design a small model (hereafter Model 1) of the DHPase active
site, containing only substrate (dihydropyrimidines DHU/DHT, hydantoid HYD or
dihydroorotate DHO), the two zinc ions, and their ligands (namely, His62, His64, His199,
His255, the carboxylated lysine Kcx167, and the general base/acid residue Asp358). The
resulting models consist of 81-83 atoms, and have a total charge of +1, except for DHO which
has zero net charge, owing to the negative charge of the COO™ group. This model essentially
lacks the important substrate binding residues of the SGLs and, therefore, it is not expected to
reproduce or rationalize the substrate specificity and stereospecificity. Nevertheless, it still
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provides important information on the reaction energetics, mechanism, and the transition states,
which will be used for comparison purpose when discussed on the impact of SGLs by Model 11
below. We first examined the sensitivity of the solvent dielectric on the results of Model I for
DHU hydrolysis, data not shown. The results show that the solvent affects significantly on the
shape of energy profile: it higher the activation energies and reaction energies, especially for the
ring-opening step (INT1 — EP) involving the protonation of cyclic amide ring of the substrate,
assisted by Asp358. In particular, the activation barrier for the DHU hydrolysis is 21.9 kcal
mol %, which is too high compared to the experiment (17.9 kcal mol™). The calculated energy
profiles for the hydrolysis of all substrates using Model I and CPCM model are computed (data
no shown), which clearly indicates that the enzyme can hydrolyze all substrates, as evident by
the similarity in relative energies and activation barriers (17.5 — 22.3 kcal mol™). These data
suggest that this model is too small to rationalize the stereospecificity of DHPase. Similar results
have also been reported when the small model might not account well enough for the different
electronic and flexibility of the surrounding environment (Jafari, Ryde et al. 2016). Therefore,
more realistic representation of the active site is required, which will be further discussed by
Model I1 below.

3.2 Model 11

In the large model (hereafter Model I1), some of the SGL residues (see Figure 2), which are
closely related to substrate/product binding, were included in addition to the groups of Model I.
These additional groups are Leu72 (in SGL-1), Tyrl72 (in SGL-2), and Ser331 and Pro332 (in
SGL-3). Also, the residues (Cys360, Asn392, and Gly393) that are not located in SGLs but are
hydrogen bonding with the substrate or the SGL loops were also considered. A total size of the
large model ranges from 176 to 182 atoms (176 atoms in HYD, 179 atoms in DHU, 182 atoms in
DHT, and 181 and 182 atoms in charged and neutral DHO, respectively). All model systems
have a net charge of +1, except DHO, which was modeled in both charged and neutral forms,
leading to a net charge of 0 and +1, respectively. This model size is considered to be large
compared to the earlier work of Liao et al. on DHOase (Liao, Yu et al. 2008). In the Liao’s
proposed models, the conserved residues (Ser331, Pro332 and Asn392) of the cyclic
amidohydrolase family of the enzyme, does not include in their models. Besides, the analogous
position of Tyrl72 in the DHPase enzyme is absent in the DHOase enzyme, which is expected to
cause different mechanistic detail between the two enzymes due to different electrostatic
environment. In order to test the sensitivity of the large model (Model I1) with the solvent
dielectric, the energy profile of DHU hydrolysis was computed using the CPCM calculations
with different dielectric constants (¢ = 1, 4.0 and 78.39 for gas-phase, protein and water,
respectively). The results (data not shown) show that Model |1 is very insensitive to the higher
dielectric constant (i.e., the computed energy profiles at ¢ = 4.0 and ¢ = 78.39 are almost
identical). Thus, we chose Model Il to describe the catalytic mechanism and the origin of
stereospecificity of DHPase in the next section.

3.3 Reaction mechanism and substrate specificity in SkDHPase

In order to understand the mechanism and origin of stereospecificity of SkDHPase, both natural
substrates, DHU and DHT, and non-natural substrates, HYD and DHO, were considered (Figure
1). The electronic and electrostatic factors governing the substrate specificity and sterospecificity
of the enzyme, acting on these distinct substrates were obtained using DFT QM-cluster
calculations in Model Il. The binding affinity and specificity of these compounds within the
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active site of SkDHPase were analyzed and the corresponding energetic properties (binding
energies, activation energies, strained energies) are summarized in Table 1. We also modeled the
hydrolysis in SmelDHPase to compare the activity differences between the two species and the
results were discussed where it is necessary. Details of SmelDHPase model and calculations were
provided in ESI. We discuss the results for each of these substrates in separate subsections.

(a) Dihydrouracil. The potential energy profile for the hydrolysis of DHU by SkDHPase is
shown in Figure 3 and the corresponding stationary points are shown in Figure 4 for ES
complex and Figure 5 for transition states and intermediates. In the ES complex, the substrate
tightly binds within the active site through several hydrogen bonds with the backbone atoms of
Ser331, Pro332, Gly393 and the sidechain OH group of Tyrl72. These interactions are
maintained during the catalysis and also help in positioning the substrate for the subsequent
nucleophilic attack (see details below). Note that this ES complex is not observed in the X-ray
structure (PDB 2FVK) (Lohkamp, Andersen et al. 2006) where the hydroxide/water molecule
was replaced by the 4-oxo group of DHU (see Figures 2 and 4).

The plot in Figure 3 clearly indicates that the hydrolysis of DHU consists of two elementary
steps, i.e., nucleophilic attack and ring opening. In the first step of the reaction, the bridging
hydroxide performs a nucleophilic attack on the C4 atom of the substrate, leading to the
formation of tetrahedral intermediate (ES — INT). The energy of INT is calculated to be as
equal as the ES (0.1 and —0.7 kcal mol™* with and without solvation, respectively). In ES, the
substrate initially binds at Znp with a bond length of 2.12 A (2.12 A in Model 1), as its fifth
ligand, and its carbonyl group also forms a hydrogen bond (2.17 A) with sidechain of Tyr172
(Figure 4). This observation is in contrast to the previous finding for the same Znp—0 distance
(2.87 A) in DHOase (Liao, Yu et al. 2008), which is probably due to the missing of Tyr residue
at the analogous position. The distance between the bridging hydroxide and the carbon atom
(C4) of the substrate is 2.60 A. The bridging hydroxide symmetrically bonds to the two zinc
ions (1.94 and 2.02 A to Zno and Znp, respectively) and is hydrogen bonding (1.84 A) with the
catalytic residue Asp358.

From ES — INT, the critical C4—0,, distance is 1.92 A at TS1 and is fully bonded at INT with a
bond distance of 1.50 A (Figure 5). The barrier of this step is calculated to be 6.1 kcal mol™* (4.0
kcal mol™ without solvation). The resulting oxyanion of the carbonyl group binds to Znp with a
bond length of 1.90 A, which is shortening by 0.2 A from ES. This demonstrates that Znp
provides electrostatic stabilization for the transition state and intermediate, thereby lowering the
barrier of this step. Also, the shortening of the two hydrogen-bonds between Asp358 and the
bridging hydroxide (from 1.84 A in ES to 1.66 A in INT) and between the hydroxyl group of
Tyr172 and the O1 atom of substrate (from 2.17 A in ES to 1.78 A in INT) implies that Asp358,
Tyrl72, and Znp all anticipate in stabilizing the tetrahedral intermediate. During this step, the
coordination number of Znp changes from 5 to 4, resulting from the detachment of O,, from Znp
(2.02 Aat ESto 2.70 A at INT).

The next step is the opening of ring nitrogen upon the protonation assisted by Asp358. From
INT — EP, Asp358 abstracts a proton from the hydroxide and deliveries it to the nitrogen
leaving group. This step was found to occur simultaneously through one transition state (TS2).
At TS2, the scissile C—N bond is 1.59 A and the transferring proton is in between the
carboxylate Asp358 and the ring nitrogen (1.32 A and 1.41 A, Figure 5). The barrier of this step
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was 14.9 kcal mol™ (9.0 kcal mol™* without solvation correction) indicating that this process is
the rate-determining step of the whole reaction. No experimental rate constant (k.) has been
measured for SKDHPase. However, k., value for DHU hydrolysis catalyzed by SmelDHPase has
been reported to be 2 s* (Martinez-Rodriguez, Martinez-Gémez et al. 2010), corresponding to
energy barriers of ~17.9 kcal mol™. Finally, the product carbamoyl aspartate is obtained and the
overall reaction is exothermic by —6.6 kcal mol™ (9.7 kcal mol* without solvation correction).
The reverse reaction has the barrier of 21.5 kcal mol™, which is 6.6 kcal mol™ higher than that
of the forward reaction. This might be the reason why only the product NCBA was identified in
the co-crystallization experiment with DHU (Hsieh, Chen et al. 2013).

(b) Dihydrothymine. DHT can bind in the DHPase active site in two different forms, namely L-
and D-configuration (hereafter L-DHT and D-DHT, respectively). Previous crystallographic
studies suggested that the L-conformation of the substrate is more likely based on the X-ray
observation of the NCpI product (Lohkamp, Andersen et al. 2006, Hsieh, Chen et al. 2013). To
confirm the stereopreference of DHPase enzyme toward this substrate, we modeled the DHT
substrate in both forms (L-DHT and D-DHT) and their subtle energetic difference in the
hydrolytic reaction was evaluated, as shown in Figure 6. The geometries of the ES complex for
L-DHT and D-DHT are shown in Figure 7, whereas the corresponding stationary points are
depicted in Figure 1, respectively.

The reaction mechanism for hydrolysis of DHT is essentially similar to the case of DHU, i.e., the
nucleophilic substitution by the hydroxide ion, followed by the abstraction of its proton by
Asp358, and then the ring-opening of the substrate assisted by the same Asp. The main
difference is that a barrier is observed during the proton abstraction from a hydroxide ion by
Asp358 (INT1 — INT2, Figure 6), and thus the overall reaction consists of three elementary
steps through TS1, TS2 and TS3. In case of L-DHT, the substrate initially binds to Znf} with a
bond length of 2.13 A and its position is placed through four H-bonds with Tyr172, Ser331,
Asn392, and Gly393, supporting their critical role in substrate binding (Lohkamp, Andersen et
al. 2006, Huang 2015). These H-bond networks maintain throughout the catalysis. On the
contrary, for D-DHT, these interactions, especially Ser331 and Tyr172, are loosely bound to the
substrate (1.93 vs 3.28 A for DHT@O1...HO@Tyr172 distance and 1.86 vs 2.52 A for
DHT@N1-H...O@Ser331 distance for L-DHT vs D-DHT, respectively; Figure 7). The poor
affinity of D-DHT towards the enzyme is also reflected by the lowest binding interaction
energies (—5.8 kcal mol ™, Table 1). This unfavorable binding of D-DHT leads to a higher barrier
(~10 kcal mol™) in the nucleophilic attack step in comparison with that of L-DHT.

In the first step, the C4—0,, distance is shortening from 2.62 A at ES to 1.89 A at TS1 and finally
1.51 A at INT1 for L-DHT (corresponding to 2.88, 1.87 and 1.50 A for D-DHT, respectively).
The bridging hydroxide symmetrically bonds to the dizinc center at ES (~1.9 and ~2.0 A to
Zna and Znp, respectively for both L-DHT and D-DHT) and then become asymmetric with
lengthening of the O,—Znp distance (2.01 A at ES to 2.27 A at TS1 and 2.66 A at INT1). During
this step, for L-DHT, Asp358 forms a stronger hydrogen bonding to the hydroxide in ranges of
1.67-1.84 A in comparison with the values for D-DHT (1.73-1.86 A). In the second step, the
proton transfer from the hydroxide to the Asp358 residue occurs via TS2 with the overall
barriers of 9.2 and 21.0 kcal mol™ and the reaction are endothermic by 7.2 and 17.6 kcal mol™*
relative the ES energy for L-DHT and D-DHT, respectively. The transient bonds, H,,—O,, and
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Hy—O@Asp358, are 1.35 and 1.29 A at TS2, respectively. The last step is the ring-opening of
cyclic substrate, where Asp358 donates its received proton to the amide nitrogen of DHT to yield
the opened product NCBI with the C—N bond being fully breakdown (2.85 A at both EP-I1-L and
EP-11-D). The scissile C—N bonds are 1.61 and 1.59 A at TS3 for L-DHT and D-DHT,
respectively, and the transient bonds, Asp358@0...Hy and H,...N3@DHT, are 1.32 and 1.42 A
for L-DHT (1.29 and 1.39 A for D-DHT, respectively). This process is the rate-determining step
with the highest barrier (21.1 kcal mol™ for L-DHT and 26.8 kcal mol™ for D-DHT; TS3 in
Figure 6).

Overall, the reaction with D-DHT exhibits a higher energy profile in comparison with the case of
L-DHT. This can be realized from the unfavorable interaction between the C5-methyl substituent
of DHT and the dizinc center at ES. The steric hindrance at C5 position also results in a distorted
conformation of D-DHT and a loose binding to the SGL-2/SGL-3 residues (Tyrl72, Ser331 and
Pro332) (Figures 7 and 9). The k. value for the DHT hydrolysis catalyzed by SmelDHPase has
been reported to be 1 st (Martinez-Rodriguez, Martinez-Gémez et al. 2010), which is
corresponding to an energy barrier of ~18.4 kcal mol™. Thus, the calculated overall barrier for
DHT hydrolysis of 21.1 kcal mol™ (Figure 6), which is 3.2 kcal mol™ higher than the
corresponding value for the DHU hydrolysis, is still in-line with the kinetic observed trend (i.e.,
DHU is hydrolyzed faster than DHT). The reverse reaction has the barriers of 25.9 kcal mol ™ for
L-DHT and 23.8 kcal mol™ for D-DHT, which are higher than its forward reaction. This finding
could explain why only the product of DHT substrate was observable in the X-ray structure of
vertebrate DHPase (Hsieh, Chen et al. 2013).

(c) Hydantoid. The reaction energy profile calculated for HYD hydrolysis is shown in Figure 10
and the geometries of all stationary points on the energy profile are computed. The mechanistic
details of this five-membered ring substrate (HY D) are somewhat more complex than the case of
the six-membered ring substrates (DHU and DHT). As shown, the reaction consists of four
elementary steps, proceeding via TS1, TS2, TS3, and TS4. The substrate is first coordinated
with Znp (2.25 A) and its orientation is placed via van der Waals and H-bond interactions. The
nucleophilic attack of hydroxide on the C4 of substrate that leads to the formation of tetrahedral
intermediate occurs, as can be seen from the shortening of C4-0,, distance from 2.52 A at ES,
1.99 A at TS1 and 1.48 A at INT1. This step has a barrier of 5.9 kcal mol™ and is slightly
exothermic (1.0 kcal mol™ at INT1). Next, Asp358 functions as a base in abstracting a
hydroxide proton, which requires the barrier of 4.3 kcal mol™ relative to ES. The transferred
proton is in the middle of the hydroxide oxygen and the Asp358 carboxylate (~1.26 A at TS2).
The third and fourth steps involve the rotation of Asp358 with respect to the HYD amide group
and its proton transfer to the amide nitrogen of the substrate, which subsequently breaks down
the hydantoin ring, via C-N bond cleavage, and forms the N-carbamoyl-a-amino acid product.
This proton transfer was found to take place in a separate step via TS3 and TS4, which is not
observed in other six-membered ring substrates. At TS3, the transferred proton is at 1.92 and
2.17 A distant from the bridging oxygen and the substrate amide nitrogen, respectively. At TS4,
the transferring proton is in between the carboxylate Asp358 and the ring nitrogen (1.30 and 1.39
A). The ring opening is completed as evident by the elongation of the scissile C—N bond from
1.51 A at INT3 to 2.81 A at EP. The last step is the rate-determining step, with the barrier of
11.3 kcal mol ™, which is only 3 kcal mol™ lower than the reverse reaction (14.4 kcal mol™). The
close in the barriers also implies that the product could transform back to the reactant, and this
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can explain why the ring-opened product of HYD was not observed in the X-ray structure
(Hsieh, Chen et al. 2013).

The ket value for the HYD hydrolysis catalyzed by SmelDHPase has been reported to be 12 s*
12 which corresponds to an energy barrier of ~16.8 kcal mol™. The difference in both calculated
and experimental barriers (11.3 vs 16.8 kcal mol ™) could be realized from the different
specificity between the two enzymes, SkDHPase and SmelDHPase, toward hydantoin, (i.e., the
latter does hydrolyze HYD *? but the former does not (Gojkovic, Rislund et al. 2003)). See
section 3.4 for more details. This interpretation is also supported by the relatively low binding
affinity of HYD towards the SkDHPase active site in comparison with the case of SmelDHPase
(BE =
-6.0 kcal mol™ for SkDHPase and -11.3 kcal mol™* for SmelDHPase, Table 1), which is also
observed from structural comparison(Lohkamp, Andersen et al. 2006).

(d) Dihydroorotate. The potential energy surface of the reaction with DHO is shown in Figure
11. The optimized geometries of the stationary points on the surface are computed. Starting from
ES, the hydroxide performs a nucleophilic attack at the C4 atom of substrate and a tetrahedral
intermediate (INT) is formed with the C4-O,, bond length of 1.51 A. The barrier of this step is
8.1 kcal mol™ at TS1. During this step, the coordination number of Znp changes from 5 to 4, due
to the elongation of O,-Znf distance (1.98 A at ES to 2.64 A at INT). The shortening of the two
distances between the substrate carbonyl oxygen to Znf and Tyrl72 (see O1-Znf and Ol-
HO@Tyrl172) indicates that these molecules play a role in transition state stabilization. The next
step is the opening of the DHO ring and Asp358 plays a dual role in shuttle a proton from the
hydroxide of INT to the nitrogen leaving group. This step was found to occur simultaneously
through TS2 and is the rate-determining step with the highest barrier (17.9 kcal mol™). The
scissile C-N bond is 1.59 A and the transferring proton is in between the carboxylate Asp and the
ring nitrogen (1.26 A and 1.40 A). After TS2, the C-N bond is fully breakdown with a distance
of 2.73 A, and the product carbamoyl aspartate is obtained. The activation barrier for the
hydrolysis of DHO in both charged and neutral forms are calculated to be 17.9-18.4 kcal mol™
(14.4 kcal mol™ without solvation), which is ~3 kcal mol™ higher than the corresponding barrier
(14.9 kcal mol™) in the case of DHU. Similar binding energies between the DHU and DHO were
found. Values of BE of DHU and DHO are —10.8 and —10.4 kcal mol™. This data could explain
from the energetic point of view why DHU is a substrate of DHPase, not DHO, and, vice versa,
why the X-ray crystal structure of DHOase in the presence of DHU was not observed (Lee,
Maher et al. 2007). These data further confirms the substrate specificity of the enzyme.

(e) 5FU and 5FUH2. It is also interesting to gain further insights into how 5FU and 5FUH2
were metabolized by the enzyme DHPase (see Scheme 3). Here, two compounds 5FU and
5FUH2 in both L and D forms (namely, L-5FUH2 and D-5FUHZ2, respectively) were modeled in
the active site of SkDHPase and their possible degradation pathways were theoretically explored
and characterized at B3LYP/6-311+G(2d,2p)(CPCM, ¢=4)//B3LYP/6-31G(d) level. The models
were also superimposed with the crystal structure of the 5-FU-dihydropyrimidinase complex
(PDB entry 6KLK) (data not shown). Values of BE of 5FU and 5FUH2 are calculated to be -
11.8 kcal mol™ for 5FU and -16.1 and -7.7 kcal mol™ for L-5FUH2 and D-5FUH2,
respectively. This data clearly suggests that the enzyme selectively bind with 5SFUH2 over 5FU,
and the L form is the favorable one. The optimized structures at ES and TS3 for both compounds
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are shown in Figure 12. All stationary geometries are provided in ESI. Considering the energy
profiles shown in Figures 13-14, the degradation of 5FU follows a 4-step mechanism, while the
hydrolysis of L-5FUH2 and D-5FUH2 proceed in three steps as in the case of DHT.

(f) Relationship between ring strain energy and activation barrier. In this section, we further
calculated the ring strain energy, which is defined to be the reaction energy of a balanced
chemical reaction in which the reactant and product differ by the presence of a ring. As shown in
Table 1, using Model I, the relative strain energies of DHU, D-DHT, HYD, L-HYD, D-HYD,
DHO are calculated to be 5.4, 3.9, 7.0, 3.6, 4.8, 8.5 kcal mol ™ relative to the lowest RSE of L-
DHT (-32.2 keal mol ) as a reference molecule. The overall activation barriers of both Model |
and 11 (namely, E4-1 and E,-11) and the ring strain energies (RSE) for the reaction with the natural
substrates and non-natural substrates in this study are summarized in Table 1. Plot of activation
barrier Ea-1 against the ring strain energy RSE is shown in Figure 15, which indicates a good
linear correlation between the two values (R? = 0.84). Considering Ea-1 and E,-Il, it is seem that
the SGL residues of the enzyme mostly stabilizes the reaction with dihydropyrimidine and
hydantoin by lowering the barrier of the ring-opening step, as evidenced by the negative AE,
values. On contrary, the SGL residues show a destabilizing effect, with positive AE,, for the non-
natural substrates (DHO in neutral, PTA, and ALN), the 5FU compounds, and the case of
unfavorable substrate D-DHT.

To predict the enzyme-substrate specificity, both the substrate binding and the chemical steps
(i.e., activation energies) should be considered (Tian, Wallrapp et al. 2013). Accordingly, we
further evaluated the binding affinities (BE) of the substrates of these family enzymes (Figure 1)
within the active site of SkDHPase, as obtained by deleting the substrate from the ES structure
(complex) using equation: BE = E(complex) — E(receptor) — E(substrate). This QM-based
approach (Ryde and Soderhjelm 2016, Yilmazer and Korth 2016) has been successfully applied
in protein-ligand interaction studies (Ahumedo, Drosos et al. 2014). The results of B3LYP and
MO06-2X are tabulated in Tables 1 and Figure 16. Both methods show a linear correlation (R? =
0.94), which suggest that the dispersion interaction does not affect the relative binding of the
substrates studied. The binding energies of the natural substrates DHU and L-DHT are estimated
to be —10.8 and —15.0 kcal mol ™, which are 2-3 order more stable than the cases of non-natural
substrates (—5.8, —6.0, —6.8 kcal mol™ for D-DHT, HYD, L-HYD, respectively). Thus, our BE
calculations do reflect the experimentally observed stereospecificity of the enzyme and this
further confirms the fact that the substrate specificity of the enzyme is mainly dictated in the
enzyme-substrate binding.

3.4 Probing the stereospecific difference between SkDHPase and SmelDHPase towards
hydantoin and dihydrouracil derivatives

Previous studies (Martinez-Rodriguez, Martinez-Gomez et al. 2010) have reported that
SmelDHPase can be used for the hydrolytic opening of non-natural 6-
monosubstituted dihydrouracils (e.g., 6-MeDHU). However, the SkDHPase activities towards 6-
MeDHU have not been described experimentally. To investigate stereospecific behavior of
SkDHPase and SmelDHPase towards hydantoin and dihydrouracil derivatives bearing mono- or
di-methyl substituents, we have theoretically modeled the hydrolysis of the 6-MeDHU (both R
and S configurations at C6 position) and the 5,6-MeDHU (both SS and SR configurations at C5
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and C6 positions, respectively). See details of chemical structures of these derivatives in Figure
17. Energy profiles for the hydrolysis of (5R)-methylhydantoid (denoted as (5R)-MeHYD) and
(5S)-methyldihydrouracil (denoted as (5S)-MeDHU), 6-methyldihydrouracil (S and R isomers,
denoted as (6S)-MeDHU and (6R)-MeDHU) and 5,6-dimethyldihydrouracil (SS and RR isomers,
denoted as (5S, 6S)-Me,DHU and (5R, 6R)-Me,DHU) are plotted in Figure 18 and the
corresponding activation barriers and reaction energies are tabulated in Table 2.

Results in Figure 18 and Table 2 clearly showed that the two DHPases from yeast and bacteria
have different preferences in the stereospecificity towards 5-monosubstituted HYD/DHU
substrates. For SKDHPase, the activation barrier and reaction energy are calculated to be 18.4 and
+3.6 kcal mol™ for (5R)-MeHYD, and 15.8 and —6.1 kcal mol™ for (55)-MeDHU, respectively.
Notably, no kinetic experiment has been done for SkDHPase, but only those SmelDHPase were
previously reported for a range of hydantoid and dihydrouracil derivatives. For SmelDHPase, a
good agreement is found between the experimental and calculated barriers toward (5R)-MeHYD
and (5S)-MeDHU, i.e., 16.7 vs 15.1 kcal mol™ and 20.3 vs 18.4 kcal mol™, respectively. The
overall reaction of the six-membered ring substrate (5S)-MeDHU is slightly exothermic for both
enzymes (~3-6 kcal mol™). These results indicate that SkDHPase has stereospecific preference
toward (5S)-MeDHU over (5R)-MeHYD, while SmelDHPase shows opposite trend as observed
by Martinez-Rodriguez et al. (Martinez-Rodriguez, Martinez-Gomez et al. 2010)

For 5,6-disubstituted DHU, SkDHPase catalyzed the hydrolysis of (5S,6S)-MeDHU with the
AE*rs and AEg values of 21.1 and +4.4 kcal mol™, while the reaction barrier and energies were
lower by 5-9 kcal mol™ (16.0 and —4.1 kcal mol™) when reaction with (5S,6R)-MeDHU. On the
other hand, the SmelDHPase specifically hydrolyzed the (5S,6S)-MeDHU over the case of
(55,65)-MeDHU (16.5 vs 19.5 kcal mol™*, respectively). The overall reaction with (5S,6R)-
MeDHU has an exothermic character similar to the cases of (5S)-MeDHU and (6R)-MeDHU,
whereas a small endothermicity is found in (5S,6S)-MeDHU (~1-4 kcal mol™), as also seen in
(6S)-MeDHU. Such the AEgr values seem to depend on the stereochemistry at C6 position.
Overall, the results clearly indicate that SkDHPase specifically hydrolyzed (5S,6R)-MeDHU over
(5S,6S)-MeDHU, while SmelDHPase favors in (5S,6S)-MeDHU.

3.6 Expanding the substrate scope with in silico point mutations

To further quantify the impact of stereo-gate-loop (SGL) residue(s) (Cheon, Kim et al. 2002) in
governing the enzyme substrate specificity and reactivity, we have performed point mutations in
SkDHPase by replacing a mutated SGL residue with a hydrophobic residue such as
phenylalanine using in silico method. Here, two mutations, Leu72Phe and Tyr172Phe, located at
SGL-1 and SGL-2, respectively, were considered and their mutation effects on the energy
profiles towards DHU were computed as shown in Figure 19, with the result of WT included for
comparison. Detailed information on the mechanistic results is provided in Supplementary.
Clearly, both mutants largely increase the energy profile in comparison with the WT enzyme.
This data also support why the single substitution of this Tyr residue inactivates the observed
activities in Y155F and Y155E mutants from Bacillus stearothermophilus D1 (Cheon, Park et al.
2003) and the Y152A SmelDHPase mutants.
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Furthermore, we also estimated the binding (interaction) energies of these mutants towards a
range of substrate, with the corresponding values included in Table 4. In this study, six
substrates (DHU, L-DHT, D-DHT, HYD, L-HYD, and D-HYD) were chosen for the binding
energy calculations. All of them are bound in very similar ways via hydrogen bonds involving
atoms N1, O2, and N3 of the substrates with backbone atoms (S331 N and O and N392 O for
SkDHPase). The mutant results for DHO were excluded here due to the converse problem. It is
found that despite the observed lower rate of DHU hydrolysis in both mutants, the calculated
binding affinities seems to be improved for most substrates, with the BE values in ranges of -9.2
to -13.6 kcal mol™ for Tyr172Phe and -6.7 to -11.8 kcal mol™ for Leu72Phe in comparison with
the values for WT (-5.8 to -15.0 kcal mol ™). For example, the poor binding affinities in WT for
D-DHT, HYD and L-HYD were increased by about two-order in the Tyrl172Phe. The results of
DHO cannot be expected to be directly comparable to the other substrates due to the DHO
charge difference with respect to the carboxylate group. It can be seen that the highest binding
energies in DHO in charged form. Overall, these data point out that (1) the SGL residues
(Tyrl72 and Leu72 as example) have a direct impact to the reactivity and stereospecificity of the
enzyme and (2) it is possible from energetic point of view to improve the substrate binding
affinity via the hydrophobic point mutations. However, the activation energies of the reaction
should be optimized as well.

CONCLUSIONS

In the present work, the mechanism and stereospecificity of DHPase-catalyzed reaction towards
distinct substrates have been investigated by DFT quantum chemical approach. Two models of
the active site were designed based on the available X-ray crystal structure of enzyme-substrate
complex. The reaction mechanism proposed on the basis of the calculations is shown in Figure
1, and the obtained energetic values regarding substrate binding ability and substrate
specificity are given in Table 1. Following a previously proposed DHOase-like mechanism, the
overall reaction consists of three elementary steps: (1) nucleophilic attack by the bridging
hydroxide is facilitated by abstraction of its proton by the side chain carboxylate of Asp358, (2)
collapse of the tetrahedral intermediate and (3) cleavage of the carbon-nitrogen bond occurs with
donation of a proton from the protonated form of Asp358.

By comparing the energetics of the reaction with L-DHT and D-DHT, a preference of the
SkDHPase for the L-conformer was observed, consistent to the structural studies reported
previously. The calculations clearly indicated that the configuration of the C5 carbon plays a
crucial role in the binding affinity of the DHT substrate and contributes to the stereospecificity of
the catalysis.

In silico mutation with QM calculations have confirmed the mutational and structural evidence
that Tyrl72 plays a critical role in catalysis of the enzyme, i.e. stabilizing the transition state and
positioning the substrate toward Znf. Both mutants (Tyr172Phe and Leu72Phe) exhibited the
higher energy profiles for DHU hydrolysis in comparison with the wildtype, with a slightly
improvement in the substrate binding. The results also demonstrate that the replacement of
Leu72 and Tyrl72 with phenylalanine leads to an increase in the activation barriers towards
DHU.
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The stereospecificity of the enzyme was also investigated in this current study. The calculations
could explain the experimental observation, the preferred L-conformation of the product, and
also provide a rationale for this observation. We also observed different preferences in the
substrate specificity of the DHPase from yeast and bacteria, and a good agreement is found in
SmelDHPase between activation barriers observed experimentally and those predicted using
computational methods.

SUGGESTIONS

The detailed mechanistic understanding developed here might be extended to other members of
the cyclic amidohydrolase family and may facilitate future rational design of biocatalyst for the
production of f-amino acids.

R -00C R
HNT 4 NH,

3 5 DHPase
)2\1 S 0 /J\
O

Scheme 1. Reaction catalyzed by DHPase

N
H

O
Iz



0 Zn, Zny e 0 Zn, A
ste 7
Asp358{\ OH — Asp358—< /
s
(@ R H/ \OD \p O
0]
Q§T// Z A 0
HN HN
ES INT1
step Il
0 Zn, Zny 7 Zny
step Il K
Asp358 —< \O/ \O <P Asp3ss / \
0 P - H 0
NH, ¢

HN

EP INT2

Scheme 2. Mechanism of the ring-opening reaction catalyzed by DHPase, which is based on the
DHOase-like mechanism (Liao, Yu et al. 2008).
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Scheme 3. Degradation pathway of 5FU into fluoro-p-alanine catalyzed by dihydropyrimidine
dehydrogenase, dihydropyrimidinase, and -ureidopropionase, respectively.



-32-

O O O
HN HN j\
O%N O%N 0 "N~ ~coo
H H H
dihydrouracil dihydrothymine dihydroorotate
o) O YNHz
j R HN
N %NH
O H o
R-hydantoin phthalimide allantoin

Figure 1. Substrates of dihydropyrimidinase, hydantoinase, imidase, allantoinase, and
dihydroorotase.
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Figure 2. X-ray crystal structure of the active site of S. kluveri DHPase in complex with
substrate dihydrouracil (labeled as DHU) (coordinates taken from PDB 2FVK (Lohkamp,
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Andersen et al. 2006)). Ribbons indicate the three stereo-gate-loops (SGL1-3) shown in yellow,

red and grey, respectively. Conserved amino acids line in each SGLs are also indicated.

20+

Relative energies (kcal/mol)

ES TSt INT 1S3 EP
Figure 3. Calculated energy profiles for hydrolysis of substrate dihydrouracil (DHU) by
SkDHPase in Model Il. cluster + CPCM (—) and cluster (). Energies were obtained at
B3LYP/6-311+G(2d,2p) + CPCM(e=4) level of theory
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Figure 4. Optimized structure for the large model of SkDHPase active-site with substrate DHU

bound (ES-11). For clarity, most hydrogen atoms have been omitted in the figure. Fixed atoms

are shown by an asterisk.
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Figure 5. Optimized stationary points (TS1, INT, TS2, and EP) for the hydrolysis of DHU in
Model I1. Distances are in A. Fixed atoms are shown by an asterisk. For clarity, only selected
hydrogen atoms are shown. The product NCBA (EP-I11) is not the same as 2FVM
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Figure 6. Calculated energy profile for the hydrolysis of DHT in either L- or D- configurations
(L-DHT and D-DHT) in Model Il. Energies were obtained at B3LYP/6-311+G(2d,2p) +
CPCM(e=4) level of theory
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Figure 7. Optimized structures of the SkDHPase-DHT complexes (ES) in L-and D-configuration

in Model 11. Distances are given in A. Fixed atoms are shown by an asterisk.
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Figure 8. Optimized stationary points for the hydrolysis of L-DHT in Model I1. Distances are in
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Figure 9. Overlay of the optimized structures of the ES-11 with DHU (blue), L-DHT (yellow)
and D-DHT (red) as substrates.
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SkDHPase catalyzed hydrolysis of hydantoid and methyl hydantoid
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Figure 10. Calculated energy profile for the hydrolysis of HYD by SkDHPase in Model I1.
Values (in kcal'mol™) are obtained at B3LYP/6-311+G(2d,2p)//B3LYP/6-31G(d) + ZPE
correction + CPCM(e=4)
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Figure 11. Calculated energy profile for the hydrolysis of DHO by SkDHPase in Model Il. The
energies were obtained at B3LYP/6-311+G(2d,2p)(CPCM, €=4)//B3LYP/6-31G(d) level.
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Figure 12. Optimized structures of the SKkDHPase-5FUH2 complexes at ES and TS3 in L- and
D-configurations in Model 11. Distances are given in A. Fixed atoms are shown by an asterisk.
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Figure 13. Calculated energy profile for the hydrolysis of 5-fluorouracil (5FU) in Model I1.
Relative energies were obtained at B3LYP/6-311+G(2d,2p)(CPCM, £=4)//B3LYP/6-31G(d)

level.
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Figure 14. Calculated energy profile for the hydrolysis of dihydro-5-fluorouracil in either L- or
D- configurations (L-5FUH2 and D-5FUH2) in Model Il. Relative energies were obtained at
B3LYP/6-311+G(2d,2p)(CPCM, £=4)//B3LYP/6-31G(d) level.
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Figure 15. Relationship between the activation barriers (E,-1 and E,-11) and the ring-strain energies (RSE) as calculated for different

substrates shown in Figure 1. The negatively charge DHO is excluded from the plot due to the large deviation (RSE = —20.0 kcal
mol™ and A = —12.2 kcal mol™).



44

-20 -

PTA
é—x -30 =
S
£ D-HYD u
T an amALN
g DHU
|
< DHO(neutral)
iy
& -504
=
w y =1.5042x - 21.879
0 g0+ R2=0.9449
DHO(charge)
-70 T J T : T : T

—3:0 . —?15 | -2'0 ' -15 -10 -5 0
BE(B3LYP) (kcal mol™)

Figure 16. Correlation between the B3LYP and M06-2X binding energies (BE, kcal mol™) for
different enzyme-substrate structures of Model-11. These BE values were obtained from the
single-point energy computed on the optimized geometries [at B3LYP/6-31G(d,p) level] using
B3LYP and M06-2X functional and 6-311+G(2d,2p) basis set, plus CPCM solvation model (¢ =
4).

Figure 17. Three possible configurations (SS, SR, RS) for the 5,6-dimethyl dihydrouracil

substrate.
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Table 1 Values ® of binding interaction energies (BE) ®, activation energies (E;) of WT models (I and 1I) and ring strain energies (RSE) © for

different substrates

BE E. RSE

Substrate WT Tyrl72Phe Leu72Phe I 1 AE, e=1 e=4 A°

DHU —-10.8 -11.9 -11.0 21.7 14.9 —6.8 —63.7 —37.6 54
L-DHT —-15.0 —13.6 -11.8 21.9 21.1 —0.8 —58.9 —32.2 0.0
D-DHT 5.8 -11.9 —9.8 20.7 26.8 +6.1 —62.1 —36.1 3.9
HYD —6.0 -10.8 -11.5 175 11.3 —6.2 —65.2 —39.2 7.0
L-HYD —6.8 —9.2 —6.7 20.1 16.9 -3.2 —62.2 —35.8 3.6
D-HYD -11.1 -11.0 —8.9 19.8 14.4 —5.4 —63.5 -37.0 4.8
DHO (neutral) -10.4 n/a n/a 18.0 18.4 +0.4 — —40.7 8.5
DHO (charged) —29.7 n/a n/a 22.3 17.9 —4.4 — —20.0 —12.2

Values (in kcal mol™) were obtained at B3LYP/6-311+G(2d,2p) + CPCM(e=4) level of theory
® Obtained from the interaction energies according to the equation: BE = E(complex) — E(receptor) — E(substrate)

° Obtained from the energy difference between the linear product and the cyclic substrate according to the equation: cyclic substrate + OH™ —

linear product + RSE

Y Relative ring strain energies as calculated from the difference of all RSE values with & = 4 relative to the lowest RSE (=32.2 kcal mol *in L-DHT)
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Table 2. Activation barriers and reaction energies (AE*rs and AEg, in kcal mol™)® for hydrolysis of (5R)-methylhydantoid and (5S)-
methyldihydrouracil, 6-methyldihydrouracil (S and R isomers), and 5,6-dimethyldihydrouracil (SS and RR isomers) by SkDHPase and
SmelDHPase, obtained using the B3LYP-D3 and B3LYP (in parenthesis) methods.

SkDHPase SmelDHPase

Substrate Expt.b Error

AE AE, AE, AE,
HYD 10.8(11.3) —5.7(—3.1) 19.1(20.7) +5.8(+2.9) 16.8 2.3
DHU -(14.9) - (—6.6) n/a n/a 17.9
(5R)-MeHYD 18.4(24.4) +3.6(+5.4) 16.7(23.1) +4.5(+6.0) 15.1 1.6
(55)-MeDHU 15.8(20.5) —6.1(—4.9) 20.3(24.1) —3.4(—2.7) 18.4 1.9
(6S)-MeDHU 26.0(33.9) +4.7(+9.0) 1.4 +5.2
(6R)-MeDHU 19.3(27.0) —1.8(+2.2) 46 —25 "
(5S,6S)-MeDHU 21.1(27.5) +4.4(+11.1) 17.1(18.5) +0.5(+2.0) n/a n/a
(5S,6R)-MeDHU 16.0(28.1) —4.1(+4.2) 19.5(24.8) —1.1(—4.1) n/a n/a

& All energies were calculated at the B3LYP-D3/6-311+G(2d,2p)(CPCM, £=4)//B3LYP/6-31G(d,p) level. Energies without dispersion correction
were also included in parenthesis
® Experimental barriers were estimated using the ke values reported in Ref. 12 and the transition state theory.
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Table 3 Binding interaction energies (BE, kcal/mol) # for different substrates in the active site pocket of SkDHPase and SmelDHPase as obtained
using B3LYP and B3LYP-D3 methods

B3LYP B3LYP-D3
Substrate SkDHPase SmelDHPase A SkDHPase SmelDHPase A
HYD -6.0 -11.3 5.4 -30.2 -39.1 8.9
DHU -10.8 n/a -40.6 n/a
(5R)-MeHYD +10.9 —7.8 18.7 -16.4 -37.4 21.0
(5S)-MeDHU +8.5 —6.2 14.7 —22.4 -40.8 18.4
(6S)-MeDHU +12.3 -5.9 18.2 -15.0 -39.2 24.2
(6R)-MeDHU +11.8 —4.5 16.3 -15.3 -39.0 23.7
(5S,6S)-MeDHU -11.1 -7.3 3.8 -39.6 -43.9 4.3
(5S,6R)-MeDHU -13.1 -8.5 4.6 —46.5 —45.2 1.3

Table 4. Effects of Tyr172Phe and Leu72Phe SkDHPase mutants on the binding energies (BE, kcal/mol) and activation energies E; (model 11).
Energies were obtained at B3LYP/6-311+G(2d,2p) + CPCM(g=4) level of theory

BE Ea-ll
Substrate WT Tyrl72Phe Leu72Phe WT Tyrl72Phe Leu72Phe
DHU -10.8 -11.9 -11.0 14.9 25.1 19.1
L-DHT —-15.0 —13.6 -11.8 21.1 33.1 27.2
D-DHT -5.8 -11.9 —9.8 26.8 34.4 33.1
HYD —6.0 —-10.8 -11.5 11.3 25.5 16.2
L-MEHYD —6.8 —-9.2 —6.7 16.9 26.7 21.8

D-MEHYD (D-selective) —11.1 —11.0 —8.9 14.4 23.3 17.2
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COMPUTATIONAL ANALYSIS OF GLUCOSE-
BINDING RESIDUES IN GLYCOSIDE
HYDROLASE FAMILY GH116

INTRODUCTION

Enzymes are particularly malleable catalysts due to their ability to change
specific functional groups and the catalytic environment by the genetic engineering of
the amino acid sequence. An enzyme’s catalytic reaction often occurs in a buried
groove or pocket-like active site, where the functional groups of the surrounding
amino acid residues build a unique environment that promotes the highly specific and
efficient catalysis of reactions. In the active site and the surrounding region outside
this site, a relatively small number of specific amino acid residues are involved in
substrate binding, and few of these act directly in the catalytic reaction (Holliday,
Bartlett et al. 2005). The roles of amino acid residues during catalysis have been
delegated into seven basic classes—stabilization, steric roles, activation, proton
shuttling, hydrogen shuttling, electron shuttling residues, and covalent catalysis
(Holliday, Mitchell et al. 2009).

B-Glucosidases (B-D-glucopyranoside glucohydrolases, E.C. 3.2.1.21) are
enzymes that release the nonreducing terminal [-D-glucosyl residue from
glucoconjugates, including glucosides, 1-O-glucosyl esters, and oligosaccharides, by
glycosidic bond hydrolysis (Ketudat Cairns, Mahong et al. 2015). B-Glucosidases
have been categorized into the protein sequence-based glycoside hydrolase families
GH1, GH2, GH3, GH5, GH16, GH30, GH39, and GH116 (http://www.cazy.org,
accessed on 14 February, 2022) (Lombard, Golaconda Ramulu et al. 2014), and the
structure and catalytic mechanism are generally conserved within each family. Their
specificity toward different substrates varies, depending on the enzyme and its
biological function.

Hydrolysis of the glycosidic bond can occur with either inversion or retention of
the anomeric configuration, and this property is generally conserved within one
enzyme family (McCarter and Stephen Withers 1994, Zechel and Withers 2000).
Most characterized PB-glucosidases catalyze hydrolysis via a two-step retaining
mechanism, in which the first step entails the departure of the aglycone and the
formation of a covalent intermediate with the enzymatic nucleophile residue, while
the second step is a reversal of this process, with water serving as the enzyme-
displacing nucleophile (Burmeister, Cottaz et al. 1997, McCarthy, Uzelac et al. 2004,
Kurakata, Uechi et al. 2008). A catalytic acid/base residue serves as an acid to
protonate the glycosidic oxygen as the aglycone departs in the enzyme glycosylation
step and as a base to extract a proton from water in the enzyme deglycosylation step.
In each step, the glucose is thought to pass through an oxocarbenium cation at or near
the transition state, which requires distortion to a conformation that allows sp?
hybridization at C1 and O5, typically a “Hs half-chair or closely related “E envelope in
B-glucosidases (Vocadlo and Davies 2008). In most B-glucosidases, the formation of
the transition state shape appears to be primed by the distortion of the pyranose ring to
a 'S conformation. This induced fit of the substrate implies that the surrounding
residues, which generally form tight hydrogen bonds with the hydroxyl groups and
aromatic-sugar stacking interactions with the ring hydrogens of the p-D-
glucopyranose, are essential to the transition state formation in catalysis, rather than
simply serving to bind the substrate. It has been noted that the electrostatic
stabilization of the oxocarbenium ion-like transition state by nearby residues also
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contributes to catalysis (Chuenchor, Pengthaisong et al. 2011, Geronimo, Payne et al.
2018). Indeed, some previous studies have shown that the contributions of enzyme
active-site residues not directly involved in bond making and breaking could be as
essential to the enzyme’s function as catalytic residues (Dopitova, Mazura et al. 2008,
Pengthaisong, Chen et al. 2012, Zhang, Wang et al. 2015). Nonetheless, systematic
kinetic analysis of the contributions of the active-site residues of B-glucosidases is
rarely carried out, due to the low activities of such mutants (Charoenwattanasatien,
Pengthaisong et al. 2016).

The enzyme used in this work, Thermoanaerobacterium xylanolyticum GH116
(TxGH116), is a thermostable B-glucosidase which consists of an N-terminal domain
formed by a two-sheet PB-sandwich and a C-terminal (a/a)s Ssolenoid domain
containing the slot-like active site [17]. As the first family GH116 enzyme to have its
X-ray crystal structure determined, TxGH116 has helped to elucidate the molecular
basis of pathogenic mutations in the human GH116 member, GBA2
glucosylceramidase, that lead to hereditary ataxias and paraplegias. Aside from its
mutations resulting in these rare genetic disorders, the over- and under-production of
GBA2 have been shown to affect cellular sphingolipid balance and the depletion of
GBA2 has also been shown to ameliorate some of the effects of loss of lysosomal
glucosylcerebrosidase (GBA) activity, suggesting the inhibitors of GBA2 may have
therapeutic applications. High-resolution crystal structures of TxGH116 in complex
with glucose and inhibitors allow for the identification of the active-site residues
involved in substrate binding and catalysis, which are completely conserved with
human GBA2 (Charoenwattanasatien, Pengthaisong et al. 2016). Aside from its role
as a model structure for human GBAZ2, mutants of the TXGH116 enzyme have been
used to efficiently generate glucosylazides for the production of a- and B-glucosidase
inhibitors, which have potential applications in treating human diseases.

Our previous work verified that TxGH116 utilizes a retaining mechanism by
identifying the initial hydrolysis product as f-D-glucose by monitoring the reaction
time course by NMR spectroscopy (Charoenwattanasatien, Pengthaisong et al. 2016).
The identities of E441 as the catalytic nucleophile and D593 as the catalytic acid/base
were proven by the mutation of these residues to alanine, followed by chemical rescue
using small nucleophiles. TXGH116 is thought to catalyze hydrolysis via the usual 3-
glucosidase conformational itinerary from “C; to 'Ss to *Hs to “C; in the glycosylation
step, but no distortion of the pyranose ring has been observed for glucose and glucose-
like inhibitors in the active site complexes. Glucoimidazole binds in the transition
state-like “Hs conformation, but this is the low energy conformation for this inhibitor,
so it does not provide strong evidence for distortion toward this transition state
conformation during catalysis (Charoenwattanasatien, Pengthaisong et al. 2016). The
yet-to-be-verified transition state and the unusual orientation of the catalytic acid/base
compared to B-glucosidases from other families make the roles of GH116 active-site
residues particularly worthy of investigation.

Although the TxGH116 catalytic acid/base and nucleophile residues were
analyzed (Charoenwattanasatien, Pengthaisong et al. 2016), the importance and roles
of other residues within the TXxGH116 and GH116 family active-site pocket remain to
be clarified. In this work, the energetic effects of their mutations were calculated to
further elucidate their roles. The insight into the relative importance of active site
residues in substrate and catalysis facilitates the modification of TxGH116 B-
glucosidase for improved application, the design of human GBAZ2 inhibitors, and a
better understanding of human disorders caused by mutations in GBAZ2.
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OBJECTIVES

(1) To elucidate the mutation-induced effect on glucose-binding residues
(2) To identify the important residues that contributed to the binding of glucose

METHOD

Our own two-layered N-layered integrated molecular orbital and molecular
mechanics (ONIOM) (Chung, Sameera et al. 2015) calculations (ONIOM2(B3LYP/6-
31G(d,p):PM3)) were performed to examine the mutation-induced effects on the
binding affinity and stability of glucose ligand in the TxGH116 active site. Here,
eleven protein-ligand complexes for TxGH116 wild type and mutants (D452A,
D452N, H507A, H507Q, H507E, E777A, E777Q, R786A, R786H, and R786K) were
modeled and optimized using the X-ray structure of the TxGH116-glucose complex
(PDB: 5BX5 (Charoenwattanasatien, Pengthaisong et al. 2016)) because of their
potential hydrogen bond interactions. The ONIOM2 calculations were set up in a
similar manner as in the previously published papers (Saen-oon, Kuno et al. 2005,
Boonsri, Kuno et al. 2011), and were performed on the TxGH116 active site residues
in a sphere of 5 A around the glucose. In this complex, the high-level region (region A
in Figure 1) comprises the atoms in the region of the complex, including the glucose
and the residues E441 (the catalytic nucleophile), H507, D452, D508, Y523, T591,
D593 (the catalytic acid/base), E777, R786, and R792, and were treated to a high-
level calculation, in this case, B3LYP/6-31G(d,p). These residues are, from the
crystallographic point of view, involved mainly in hydrogen-bonding interactions
with the glucose (Charoenwattanasatien, Pengthaisong et al. 2016). The low-level
region (region B in Figure 1) includes all the atoms not previously selected in the
high-level region, which were treated at the semi-empirical level PM3. The ONIOM?2
optimized structures, as well as their binding energies, BE, were obtained from the
extrapolated energy of the ONIOM2 approach, which is defined as follows:

BE(ONIOM2) = E[Cpx] — E[P] — E[L]

= AE (high, A) + [AE (low, AB) — AE (low, A)]

where E[Cpx] is the total energy of the protein—ligand complex, E[P] is the total
energy of the protein pocket, E[L] is the total energy of the ligand (i.e., glucose), AE
(high, A) is the energy of the region A calculated using a high level of calculations,
AE (low, AB) is the energy of the whole model system (regions A and B in Figure 1)
calculated using a low level of calculations, and AE (low, A) is the energy of the
region A calculated using a low level of calculations.

To further identify the important contribution of individual residues in the
TxGH116 active site, we have performed a particular interaction analysis on those
mutated amino acids by calculating the interaction energies, IE(L + X;), between
ligand (glucose) and individual residues, X;, at the B3LYP/6-31G(d,p) level of theory
using the ONIOM geometry described above. Counterpoise correction for the basis
set superposition error (BSSE-CP) was also calculated to correct the interaction
energy. The total interaction energy, IE, can be expressed as follows:

IE(L + Xi) = E(L + X;) — E(L) — E(X;)
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where E(L) and E(X|) are the energies of the ligand (i.e., glucose) and each individual
residue, respectively. All computations were performed using the Gaussian09
program (Frisch, Trucks et al. 2009).

RESULTS AND DISCUSSION

To elucidate the mutation-induced effect on glucose-binding residues, particular
interaction analysis, which describes the contribution of each residue in the total
binding energy, was conducted for wild type and 10 mutant models (D452A, D452N,
H507A, H507Q, H507E, E777A, E777Q, R786A, R786H, R786K), based on the
ONIOM method [36-38]. The ONIOM-optimized structure of wild type TxGH116-
glucose complex and the particular interaction energy (IE) between glucose and the
TxGH116 binding site for the wild type and mutants are illustrated in Figures 1 and 2.
The BE values of all complexes are plotted in Figure 3, which are in the ranges of
—94.8 to —131.7 kcal mol™" for the mutants and —134.1 kcal mol™' for the wild type.
This result clearly shows that all mutations decreased the binding affinity of glucose
to the TxGH116 active site, suggesting the important roles of the TxGH116 binding
residues.

The particular interaction energies were calculated to identify the important
residues that contributed to the binding of glucose. They can also be used as a simple
and qualitative indicator for understanding the mutation effect on the electronic
structure and protein—ligand interaction. The interaction energies for the individual
residues of both the wild type and mutants are shown in Figure 2. It was calculated
that six residues, E441 (nucleophile), D452, H507, D593 (acid/base), E777, and
R786, are major (electrostatic) contributors for glucose binding to TxGH116, as
evidenced by the large negative IE values (|IE|] > 15 kcal mol™). Further protein—
ligand analysis illustrated in Figure 4 also showed that the hydrogen bond and van
der Waals interactions were the dominant stabilization factors of the non-bonded
interactions between the glucose ligand and the TxGH116 active site.

The geometries of the wild type and the mutated residues (D452A, D452N,
H507A, H507Q, H507E, E777A, E777Q, R786A, R786H, and R786K) and their
relevant H-bond interactions with the C20H, C30H, C40H, or C60H of the glucose
are visualized in Figures 5-7. Noticeably, the mutations caused significant changes in
the binding energy contribution, for which TxGH116 D452 and E777 mutations
reduced the favorable contribution of the residues E441, D593, E777, and R786, and
increased the favorable contributions of D452 and H507 (Figures 1 and 2).
Furthermore, the mutations also resulted in a reduction in the total ONIOM binding
energy compared to the wild type, as seen in Figure 3, with D452N, E777Q, and
R786K exhibiting a small effect (~2—7 kcal mol™') compared to the alanine mutations
(~10-40 kcal mol™).
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Figure 1. ONIOM2-optimized structure of wild type (WT) TxGH116-glucose
complex (a) and change in particular interaction energy (AIE) between glucose and
six important residues for different mutations (b). The residues analyzed were those
with |IE| > 15 kcal mol™ in Figure 3, and the mutations analyzed were D452A,
D452N, H507A, H507Q, H507E, E777A, E777Q, R786A, R786H, and R786K) (b).
Geometries were obtained at ONIOM2(B3LYP/6-31G(d,p):PM3) level of theory. All
energies in the bar plot for the mutants are relative to the IE values of WT (shown in
parentheses in (a) in kcal mol™"). The energies were calculated at the B3LYP/6-
31G(d,p) level with BSSE-CP. Negative and positive AIE values mean the particular
residue stabilizes and destabilizes the glucose binding, respectively. The hydrogen
bonds are displayed as orange dash lines.
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Figure 2. Particular interaction energy (IE, kcal/mol) between the glucose and
individual residues for wildtype (WT) and mutant TxGH116 models (D452A,
D452N, D508H, E777A, E777Q, R786A, R786H, R786K). Six residues (E441,
D452, H507, D593, E777, R786) were identified as strong electrostatic contributors
for the TXxGH116-glucose binding, with |IE| > 15 kcal/mol (shown in rectangular line).
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Figure 3. Binding interaction energies (BE, kcal/mol) of glucose for WT and
mutant models (D452A, D452N, D508H, E777A, E777Q, R786A, R786H, R786K)
(Top). The corresponding binding energies relative to the BE of WT were also
included (Bottom). Positive and negative values of the relative BE (ABE) for
particular mutant models indicate the unfavorable and favorable binding of the
glucose ligand in the TxGH116 pocket, respectively.
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Figure 4. 2D protein-ligand interaction map (left) and 3D (optimized) structure
(right) of WT TxGH116-glucose (Glc) complex obtained at ONIOM2 (B3LYP/6-
31G(d,p):PM3) level. Regions A (shown in tube model) and B (shown in wire model)
used in the ONIOM calculations. Green dash lines indicate H-bond distances (in A)
between glucose, Glc, and TxGH116 active site. Important interactions are also
indicated, which mainly involves the hydrogen bond and van der Waals interactions.
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Figure 5. Structural overlap of the TxGH116-glucose complex models (obtained
at the ONIOM2 [B3LYP/6-31G(d,p):PM3] level) between the WT (green) and
the mutants, D452A (orange) and D452N (cyan) (A) and their hydrogen bond (H-
bond) interactions involved; (B) WT, (C) D452A, (D) D452N. For clarity, only the
residues making hydrogen bonds at C20H, C30H and C40H of glucose are shown.
The mutated residue 452 is also indicated with underlined labels.
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Figure 6. Structural overlap of the TxGH116-glucose complex models (obtained
at the ONIOM2 (B3LYP/6-31G(d,p):PM3) level) between the WT (green) and
the mutants, E777A (orange) and E777Q (cyan) (A) and their hydrogen bond (H-
bond) interactions involved; (B) WT, (C) E777A, (D) E777Q. For clarity, only the
residues R792 and E777 (E777Q/E777A) were shown. Mutated position at 777 is also
indicated with underline.
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Figure 7. H-bond interactions in the TxGH116-glucose complex models (obtained
at the ONIOM2 (B3LYP/6-31G(d,p):PM3) level) for (A) WT (green), (B) R786H
(cyan), (C) E786A (orange) and (D) R786K (pink). For clarity, only the residues
D593, E777 and R786 (R786Q/R786A) were shown. Mutated position at 786 is also
indicated with underline.

CONCLUSIONS

We endeavored to assess the importance of glucose-binding residues in GH family
116 (GH116) B-glucosidases, which include human B-glucosylceramidase 2 (GBAZ2),
by ONIOM calculations on Thermoanaerobacterium xylanolyticum TxGH116, the
structural model for GH116 enzymes. The ONIOM binding energy calculations
identified D452, H507, E777, and R786, along with the catalytic residues E441 and
D593, as strong electrostatic contributors to glucose binding with predicted interaction
energies > 15 kcal mol™, consistent with the effects of the D452, H507, E777 and
R786 mutations on enzyme kinetics. The relative importance of GH116 active site
residues in substrate binding and catalysis identified in this work improves the
prospects for the design of inhibitors for GBA2 and the engineering of GH116
enzymes for hydrolytic and synthetic applications.
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SUGGESTIONS

(1) Accurate energies on the ONIOM model can also be improved with Ab initio
method such as MP2, CCST.

(2) Increasing the size of the model with thermal fluctuation can generate more
realistic models and results.
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Chapter IV

Quantum Chemistry Method for
Mechanistic and Structural
Investigation of Zinc Metalloenzyme

Meelua, W., J. Olah and J. Jitonnom (2022). "Role of water
coordination at zinc binding site and its catalytic pathway of
dizinc creatininase: insights from quantum cluster approach.”
J. Comput. Aided Mol. Des.: DOI 10.1007/s10822-022-00451-
8. (Q1, IF 2020 =3.686, Cited by 0).
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ROLE OF WATER COORDINATION AT ZINC
BINDING SITE AND ITS CATALYTIC
PATHWAY OF DIZINC CREATININASE:
INSIGHTS FROM QUANTUM CLUSTER
APPROACH

INTRODUCTION

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 hydrolysis 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 (Szulmajster 1958) and participates in arginine and proline
metabolism. In medicine, the creatininase has a great potential for diagnostic
application, including its use as biosensors for accurate measurement of renal function
(Wyss and Kaddurah-Daouk 2000). Creatininase from Pseudomonas putida has been
extensively studied (Kaplan and Szabo 1974, Tsuru, Oka et al. 1976, Yoshimoto, Oka
et al. 1976, Rikitake, Oka et al. 1979, Schumann, Béhm et al. 1993, Yamamoto and
Oka 1995, Tang and Wen 2000). Pioneering works on the structure and function of
the creatininase enzyme were described by Beuth et al. and Yoshimoto et al. (Beuth,
Niefind et al. 2002, Ito, Kanada et al. 2002, Beuth, Niefind et al. 2003, Yoshimoto,
Tanaka et al. 2004, Yamashita, Nakajima et al. 2010). 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?*) (Beuth, Niefind et al. 2003, Yoshimoto, Tanaka et
al. 2004). The binuclear metal center is bridged by an aspartate (Asp45) and a zinc-
bound water or a hydroxide ion (Watl) (see Scheme 1). Zn1/Mn1 is liganded by three
protein residues (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 Glul22 residue, which
belongs to the second-shell. Mutational and computational studies (Yamashita,
Nakajima et al. 2010, Jitonnom, Mujika et al. 2017) suggest that the lack of Glu122-
Wat2 interaction in the Glu122Asn mutant accounts for the reduced activity.

Similarly to other dinuclear zinc enzymes ((Seibert and Raushel 2005, Rong-Zhen
Liao, Jian-Guo Yu et al. 2008, Liao, Yu et al. 2009, Liao, Himo et al. 2010,
Krivitskaya, Khrenova et al. 2021, Reidl, Mascarenhas et al. 2021), 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 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
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suggested by Beuth et al. (Beuth, Niefind et al. 2003) (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 H178A
mutation abolished the activity of the enzymes calling the attention to the crucial role
of Hisl178 in catalysis (Yamashita, Nakajima et al. 2010). Contrary this suggestion,
Yoshimoto et al. (Yoshimoto, Tanaka et al. 2004, Yamashita, Nakajima et al. 2010)
(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 (Jitonnom, Mujika et al. 2017) 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, several 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 participate 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 Bl was not considered in the previous QM/MM
study. Particularly, 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 indicates 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
creatininase concerning possible pathways regarding the chemistry 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 structures 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 (Rong-Zhen Liao, Jian-Guo Yu et al. 2008, Liao, Yu et al. 20009,
Liao, Himo et al. 2010, Liao, Yu et al. 2010, Zhu, Barman et al. 2012, Manta, Raushel
et al. 2014, Jitonnom, Sattayanon et al. 2015, Jitonnom and Hannongbua 2018). Our
cluster model calculations 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 been well described. A detailed mechanistic understanding
of the enzyme will enhance current knowledge and application of an enzymatic
biosensor for kidney function.

OBJECTIVES

(1) To elucidate the possible reaction mechanism of creatininase
(2) To describe the dual role of His178 and Wat2 during the creatininase reaction

METHOD

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 1V72)
(Yoshimoto, Tanaka et al. 2004)), a typical Zn®* enzyme with one zinc ion replaced
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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 (Fernandes Teixeira et al. 2019). 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 Figures 1-2). 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
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Scheme 1. Possible reaction pathways (paths A, B1 and B2) considered in this
study. Path A refers to the Hisl78-assisted mechanism (via protonated His178)
suggested by Beuth et al. [11] and Jitonnom et al. [15], while path B involved the
water-assisted mechanism proposed by Yoshimoto et al. [13,14] where the active site
water, Wat2, nearby Glul122 and Zn1 acts as a proton donor of the ring-opening step if
His178 is protonated or unprotonated (referred to paths B1 and B2, respectively).
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according to our previous study (Jitonnom, Lee et al. 2011). Meanwhile, according to
the electronic structures the possibility of the ionized Glu122 at the initial stage of the
reaction is unlikely as this would rule out a proton transfer from Wat2 to the cyclic
amide nitrogen (path B in Scheme 1), considering its potential hydrogen bonds with
Wat2 and Glu34 (data not shown). Additionally, the second water molecule (Wat2),
which is thought to be important for catalysis (Yamashita, Nakajima et al. 2010), were
also included in the model. The resulting active-site model is thus composed of 87
atoms and has a zero net charge.

Following the cluster approach (Siegbahn and Himo 2009, Siegbahn and Himo 2011,
Himo 2017, Ahmadi, Barrios Herrera et al. 2018), truncation atoms (C; atoms) were
fixed to their corresponding positions from the X-ray structure. The model system was
then optimized at the B3LYP/6-31G(d) level, with no initial symmetry restrictions
and assuming C1 point group. Frequency calculations were performed on all
optimized structures to obtain zero-point energy corrections to the electronic energies,
and to identify all the stationary points as minima (zero imaginary frequency) or
transition states (one imaginary frequency). The atomic charge distributions were also
computed at the same level of theory using Mulliken population analysis (Mulliken
1955). 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) (Cossi, Rega et al. 2003) using a dielectric
constant (¢) of 4, as suggested by Himo et al. (Siegbahn and Himo 2011, Himo 2017).
It was shown that inclusion of solvent effects significantly lowers the barriers and
intermediate energies compared to gas phase for path A, while they increase the
barriers and relative energies for path B (data not shown). Altering this dielectric
constant to higher or lower value does not change significantly the overall shape of
the potential energy profile (¢ = 1, 4, 80; data not shown). Dispersion effects were
performed with DFT-D3 program as developed by Grimme et al. (Grimme, Antony et
al. 2010, Grimme, Ehrlich et al. 2011). It is shown that both implicit solvation and
dispersion have a significant and important effect in lowering the energy barrier
(Lonsdale, Harvey et al. 2010, Lonsdale, Harvey et al. 2012, Bras, Fernandes et al.
2014, Ahmadi, Barrios Herrera et al. 2018). 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 (Frisch, Trucks et al. 2009).
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Figure 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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Figure 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).

RESULTS AND DISCUSSION

To further scrutinize these previously suggested mechanisms 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 corresponding 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.
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The main geometric results are summarized in Table 1 and visualized in Figures 1-5.
All coordinates for all important structures are given in Supporting Information.
Relative energies calculated for paths A, B1 and B2 using cluster model are depicted
in Figure 6. The criteria for the ligation ability of Wat2 at Zn1 were measured by the
Zn1-0,, distance, having a cut-off of < 3.00 A for bound geometry (Wat2_bound)
and > 3.00 A for unbound geometry (Wat2_unbound).

3.1 Reactant

Initially, several structures at the reactant (R) and intermediate (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 Figures 3-4) but
only unbound geometries were obtained at the reactant (see R-A and R-B in Figures
1-2, respectively). Attempts to generate a stable structure of bound reactant from the
bound intermediate geometry (IM1-B) are not satisfied during the relaxed scan along
the C-O distance (data not shown). 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 bond, this water could form, via its oxygen, a direct
hydrogen bond to the substrate nitrogen atom (N1) (R-A in Figure 1) or situate above
the substrate prepared for a proton transfer as suggested by Yoshimoto et al. (R-B in
Figure 2). The optimized structure of the reactant (R-A) for path A is shown in
Figure 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) (Yoshimoto, Tanaka et al. 2004)
where the hydroxide/water was replaced by the carboxylate terminus of the creatine
product. In particular, the bridging hydroxide has symmetric bonds to the two zinc
ions (Zn1-0, = 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 Figure 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 respective to the N1 atom
of substrate and the ligand coordination geometry of Znl (Zn1-Oy = 3.22 A; Zn1-0,=
2.39 A for path B and Zn1-Oy = 3.76 A; Zn1-O,= 2.10 A for path A). This Wat2 is
completely unliganded to Znl. Therefore, the coordination number is 5. With the C1-
O, distance of 2.49 A, the bridging hydroxide is, however, possible for in-line
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 (0.90e/0.88e on Znl/Zn2 for path A and
0.92¢e/0.90e on Zn1/Zn2 for path B). Similar results were also previously observed in
a dizinc metallopeptidase (Zhu, Barman et al. 2012).

3.2 Nucleophilic attack and ring opening

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

3.2.1 Path A The first step of the reaction (Scheme 1) is a nucleophilic attack by the
bridging hydroxide on the C1 atom of the substrate, leading to the formation of
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tetrahedral gem-diolate intermediate (R-A—I1M1-A). This step is common to other
hydrolytic dinuclear zinc enzymes (Seibert and Raushel 2005). 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 (data not shown). Figure 3
shows the optimized structures of transition states, intermediates and product obtained
for this path. The critical C1-O, distance is 1.91 A at TS1-A and is fully bonded at
IM1-A with a bond distance of 1.51 A. The corresponding TS1-A has an imaginary
frequency of 190i cm™. The barrier of this step is calculated to be 6.3 kcal/mol (7.2
kcal/mol without solvation) 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 Znl anticipate in
stabilizing the transition state and tetrahedral intermediate, thereby lowering the
barrier for the nucleophilic attack. During this step, the coordination number (CN) of
Zn1 changes from 5 to 4, resulting from the detachment of O, from Zn1 (2.03 A at R-
A to 2.96 A at IM1-A), while the tetracoordination geometry of Zn2 remains
unaltered (CN=4). This also explains the laboratory experiment why Znl can be
replaced by other divalent cations such as Mn?* or Co** (Kim and Lipscomb 1993).
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Figure 3. DFT optimized structures of transition states, intermediates and product for
path A. The fixed atoms are marked with asterisks. Distances are in angstrom (A).
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Figure 6. Relative potential energy profiles of the creatinine hydrolysis for paths A,
B1, and B2. The bound and unbound modes of Wat2 at Zn1 are also indicated.

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 Hisl178 residue. As suggested by
previous studies (Beuth, Niefind et al. 2003, Jitonnom, Mujika et al. 2017), His178
now plays a central role by shuttling a proton from the hydroxide of gem-diolate
intermediate 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 Figure 3) and this corresponds to the stretchmg of the Ns-H and O,-H, bonds as
evident by the imaginary value of 1691i cm™. After TS2-A, HISl78 is now fully
protonated (Ne-H, = 1.08 A) and, by orienting its imidazole ring, forms a hydrogen
bond to the nitrogen leaving group (N1-H, = 1.63 A at IM2-A). At IM2-A, due to the
loss of one proton to His178, the bridging hydroxyl is now ionized and unstable,
which is then stabilized by coordinating with Zn1 as a fifth ligand (CN=5 at Zn1).
This Znl 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 1355i 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; N1-H, = 1.39 A). Downhill from Ts3A the H, proton is
completely transferred to the C1-N1 amide bond (N1-H, = 1.03 A), which is
subsequently breaks (C1-N1 = 2.06 A) to yield a product creatlne 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-determining 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
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dihydroorotase (Rong-Zhen Liao, Jian-Guo Yu et al. 2008), Asp288 in human renal
peptidase (Liao, Himo et al. 2010), Glu384 of human angiotensin-converting enzyme
(Brés, Fernandes et al. 2014), His216 of the B-carbonic anhydrase (Rowlett, Tu et al.
2002)).

3.2.2 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 proton shuttle in the ring-opening step. However, a water molecule that situates
very close to Znl and hydrogen bonds with Glu34 and Glu122 (Glu34-Wat2-Glul122
partner) might serve as a proton donor in the ring-opening, as suggested by
Yoshimoto et al. (Yoshimoto, Tanaka et al. 2004, Yamashita, Nakajima et al. 2010).
Figure 4 shows the optimized transition states, intermediates and product for the
nucleophilic 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 245i cm™. 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 corresponding 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
Znl in path B (CN=5), compared 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 -0.95e and C1 = +0.62e for
path Avs O, = -0.78e to -0.96e and C1 = +0.60e for path B). From TS1-B—IM1-B,
Wat2 is now fully coordinated to Znl (Zn1-O, = 2.30 and 2.27 A, respectively),
which is not present in path A (Zn1-O, > 3.5 A) and the previous free-energy
simulations (Jitonnom, Mujika et al. 2017). At IM1-B, after Znl coordination
rearrangement, Wat2 now serves as the fifth ligand of Zn1 and, as stabilized by Glu34
and Glul122 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, Figure 4).
Conversely, this amide bond is directly hydrogen bonding with the oxygen atom (Oy)
of Wat2 in path A. This process is required for next proton transfer step.

The ring-opening step in this pathway basically followed the same mechanism as in
path A, i.e., the protonation 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 Bl, the protonated Hisl178 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 transfer 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 distances, O,~-H,, and N1-H,,,
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of this process are 1.42 and 1.35 A at TS3-B, yielding one imaginary number (1488i
cm™) corresponding to the stretching of these bonds. At the end of this process, a
penta-coordinated complex is obtained.

3.2.3 Path B2 The two proposed mechanisms above suggest that the reaction
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
molecule that situated very close to Zn1 might play this role during the course of the
reaction, as suggested by Yoshimoto et al. (Yamashita, Nakajima et al. 2010), 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 neutral
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.

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 Glu122 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 (Oy-Hy) and 1.22 (N1-H,) A at TS2-B2. Meanwhile,
the transient bonds for the second proton transfer by Glu122 are 1.39 (O.-H;) and 1.28
(Ow-H.) A at TS3-B2. Values of imaginary frequency of these two transition states
(TS2-B2 and TS3-B2) are -827i and -1351i 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 indicates 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 bonding to the gem-diolate hydroxide, as can be seen from the
decreasing of N.-H, 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.

3.2.3 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 Figure 2 and IM1-B in Figures
4-5). 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 His178 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 opening 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 Wat2 to the substrate is assisted by Glu122.
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Comparison of energetic profiles for all possible pathways in Figure 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). However, due to the high-energy pathway,
this mechanistic scenario is not very likely.

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

From Figure 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 (keat = 252 s (Yamashita, Nakajima et
al. 2010) 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 (Jitonnom, Mujika et al.
2017). However, our QM study suggests one more step is needed in the ring-opening
step starting from IM1-A.

It can be seen from Figure 6 that, for path A, the highest barrier 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 1M2-B,
have similar energies on the potential energy surface (15.5 vs 16.6 kcal/mol, Figure
6). Analysis of relative energies of these pathways using different 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). The main difference between IM2-A and IM2-Bl is the
geometrical rearrangement of Watl and Wat2 with respect to Znl, via Op and Oy
atoms, respectively (Zn1-Op = 2.30 A, Zn1-Ow = 3.70 A for IM2-A and Zn1-Op =
2.81 A, Zn1-Ow = 2.26 A for IM2-B1), as shown in Figure 7. These data also reflect
that this arrangement is necessary to keep Znl in a penta-coordination fashion.
Hydrogen bond interactions also play an important role and they are found in both
structures where Glu122 and Glu34 participate in stabilizing 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 Znl coordination geometries at 1M2-
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 alternative pathway has similar barriers of 19.1 and
18.1 kcal/mol at TS2-B1°°U" and TS3-A""°U" 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, possibly due to
the weak coordination of Wat2 at Znl during the course of reaction (Jitonnom,
Mujika et al. 2017).

Now, we look further into the change of coordination number at Znl and Zn2. As
depicted in Figure 8, during the ring-opening step of path B1 and B2, the 5-fold
coordination is maintained at Zn1, while the 4-fold coordination in Zn2. However, for
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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 (Owar) and oxygen atom (O,) of substrate in
path A. Meanwhile, 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 Zn1l can lead to different coordination modes that yield different several
energetically favorable pathways, as described by Bras et al. (Bras, Fernandes et al.
2014).

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 proton transfer from the bridging hydroxyl
group to the amide nitrogen proceeds in a single concerted step.

Glu122 IM2-A|| & His120 G442 o [IM2-B1

Figure 7. Comparison of structures IM2-A and IM2-B1l. Hydrogen bonds
originated from Wat2 and His178 were depicted as dotted lines with red and blue
colors, respectively. Znl coordination distances with Ou (Watl) and Ow atoms
(Wat2) were also indicated. Distances are in angstrom (A).

3.4. The influence of different functional and basis set

In order to assess the influence of functional on the reaction of creatininase, several
different functional (B3LYP, B3LYP-D3, X3LYP, B97-D, B97-2, B1B95, mPWB1K,
MO06-L, M06-2X, M05-2) were performed using the single-point energy calculations
with the larger basis set (6-311+G(2d,2p) (data not shown). As results, the lowest
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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 mechanism 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 significantly the results drawn
above and the calculations discussed in the main text are still valid.

6 -
mpath A mpath B1 mpath B2

R TSL ML TS2 IM2 TS3 P

4.00 +

(6]
1

Coordination number at Zn1l
D

3.00

2.00

Zn1-Ow (Wat2) / A

1.00

0.00

R TS1 IM1 TS2 IM2 TS3 P

Figure 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.

CONCLUSIONS

In the present work, the catalytic mechanism of creatininase-catalyzed reaction has
been investigated by DFT cluster approach. Three reaction pathways (paths A, B1 and
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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 ke of 252 s* (Yamashita, Nakajima et al. 2010)) and our recent
QM/MM study (Jitonnom, Mujika et al. 2017). 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. Collapse of the tetrahedral intermediate and cleavage of the C1-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 formation 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 Hisl78 plays a crucial 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.

SUGGESTIONS

(1) Flexibility of Zn1 will be further investigated by QM/MM MD.
(2) Replacement of Zn?* at site 1 with Mn?* can be used to evaluate the role of Zn1
on the activity of the enzyme.
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