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Oxaloacetic acid (OAA) is a B-ketocarboxylic acid, which plays an important role as an intermediate
in some metabolic pathways, including the tricarboxylic acid cycle, gluconeogenesis and fatty acid
biosynthesis. Animal studies have indicated that supplementing oxaloacetic acid shows an increase of
lifespan and other substantial health benefits including mitochondrial DNA protection, and protection of
retinal, neural and pancreatic tissues. Most of the chemical transformations of OAA in the metabolic
pathways have been extensively studied; however, the understanding of decarboxylation of OAA at the
atomic level is relatively lacking. Here, we carried out MD simulations and combined quantum
mechanical/molecular mechanical (QM/MM) calculations as an example to systematically elucidate the
binding modes, keto—enol tautomerization and decarboxylation of OAA in the active site of macropho-
mate synthase (MPS), which is a Mg(i)-dependent bifunctional enzyme that catalyzes both the
decarboxylation of OAA and [4+2] cycloaddition of 2-pyrone with the decarboxylated intermediate of
OAA (pyruvate enolate). On the basis of our calculations, it was found that the Mg?*-coordinated
oxaloacetate may exist in enol forms and keto forms. The four keto forms can be transformed into each
other by simply rotating the C2—-C3 single bond, nevertheless, the keto—enol tautomerization strictly
requires the assistance of pocket water molecules. In addition, the decarboxylation is stereo-
electronically controlled, i.e., it is the relative orientation of the terminal carboxyl anion that determines
the rate of decarboxylation. As such, the chemistry of oxaloacetate in the active site of MPS is complex.
On one hand, the most stable binding mode (K-I) may undergo enol-keto tautomerization to isomerize
to the enol form, which may further react with the second substrate; on the other hand, K-I may

Received 19th February 2024, isomerize to another binding mode K-Il to proceed decarboxylation to generate pyruvate enolate and
Accepted 31st March 2024 CO,. Starting from K-I, the enol-keto tautomerization corresponds to a barrier of 16.2 kcal mol™,
DOI: 10.1039/d4cp00716f whereas the decarboxylation is associated with an overall barrier of 19.7 kcal mol™. These findings may

provide useful information for understanding the chemistry of OAA and the catalysis of related enzymes,
rsc.li/pccp and they are basically in agreement with the available experimental kinetic data.
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1. Introduction

Oxaloacetate (OAA) plays a central role as a metabolic inter-
mediate, which is mainly involved in gluconeogenesis, citric
acid cycle, amino acid synthesis and fatty acid synthesis." OAA
exists in every cell in the body, and has important biochemical
and physiological effects on living organisms. For example,
OAA is required for the first step of gluconeogenesis; it takes
part in the aerobic decomposition of sugar in the citric acid
cycle, where it condenses with acetyl-CoA to form citrate and
CoA with the catalysis of citrate synthase; it is a potent inhibitor
of mitochondrial complex II and plays an important role in
central metabolism; and as a key regulator of mitochondrial
metabolism, it inhibits the succinate dehydrogenase.”?
Recently, OAA was also found to have a wide range of pharma-
cological effects that may be used in the treatment of many
diseases.”

OAA is both an a-keto acid and a B-keto acid, which can
undergo a series of chemical conversions in the body with
the catalysis of many enzymes. In the citric acid cycle, OAA
can sequentially convert to citrate, isocitrate, o-ketoglutarate,
succinyl-CoA, succinate, fumarate and malate.®> In the urea
cycle and amino acid metabolism, aspartate is transaminated
to form oxaloacetate with the catalysis of aspartate transami-
nase (AST). In gluconeogenesis, the pyruvate carboxylase and
phosphoenolpyruvate carboxykinase catalyze the decarboxyla-
tion of OAA.”> Of the variety of OAA-involving reactions,
decarboxylation has always been the issue of concerns,®
because it is one of the most common processes in nature,
and all of the carbon dioxide evolved in fermentation and
respiration is generated by the decarboxylation of organic
acids. Besides, decarboxylation is also a key step for the
biosynthesis of terpenoids, steroids, and neurotransmitter
amino compounds. Numerous decarboxylase enzymes serve
as key components of aerobic and anaerobic carbohydrate
metabolism and amino acid conversion. According to the
TUPAC classification, there are at least 90 different classes of
decarboxylases.” The enzyme-catalyzed decarboxylation usually
requires either an organic cofactor such as biotin, flavin, NAD,
pyridoxal 5’-phosphate and thiamin pyrophosphate, or an
inorganic cofactor such as an iron or zinc complex.®® Only a
few decarboxylase enzymes do not use any cofactors.'®'* These
decarboxylases employ different mechanisms to perform the
decarboxylation of a variety of substrates, and the mechanisms
of metal-dependent decarboxylases have drawn much atten-
tion. Since the decarboxylation reaction requires the cleavage of
the C-C single bond, the stabilization of the negative charge in
the carbanion upon the elimination of carbon dioxide is always
necessary. In the active sites of the decarboxylases with binding
organic or metal cofactors, the negative charge can be neutra-
lized by these cofactors, and in the active sites of cofactor-
free decarboxylases, the nearby residues play a similar role by
providing a proton or forming a Schiff base.

Previous studies have revealed that amines and divalent
metal ions can facilitate the decarboxylation of OAA to generate
pyruvate and carbon dioxide, while decarboxylases could
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significantly increase the reaction rate.
arboxylases have been shown to require divalent metal ions
such as Mn** or Mg>" as the cofactors, in which the enzyme-
bound metal iron chelates to the a-carboxyl and keto-carbonyl
of the oxaloacetate. The metal ions are also expected to stabilize
the transition state with carbanionic character.™

The enzymes reported to have activity of decarboxylation of
oxaloacetate are malic enzyme,"” pyruvate kinase'® and oxalo-
acetate decarboxylase.'” Malic enzyme (ME) catalyzes both the
decarboxylation of malate to generate pyruvate and CO, and
the reverse carboxylation reaction that introduces CO, as the
carboxyl group to pyruvate. Pyruvate kinase catalyzes the metal
ion-dependent decarboxylation of oxaloacetate in the same site
as the phosphor transfer reaction in the enzyme. Oxaloacetate
decarboxylase (OXAD) catalyzes the irreversible decarboxylation
of oxaloacetate to generate pyruvate and CO,. It is worth
mentioning that oxaloacetate is not the in vivo natural substrate
of malic enzyme and pyruvate kinase.

Macrophomate synthase (MPS) is an enzyme that catalyzes a
complex multi-step reaction of a-pyrones with oxaloacetate,
involving two C-C bond forming steps and two decarboxyla-
tions to afford benzoic acid derivatives (Scheme 1a).'®'® The
two C-C bond formation steps were firstly speculated to be a
Diels-Alder reaction, and it was later confirmed to follow a
stepwise Michael-Aldol mechanism.*® So far, there is still no
definitive evidence to give a consistent conclusion. Another
focal point of the debate is whether the decarboxylation of OAA
is prior to the C-C bond formation. It is worth noting that
Jorgensn et al’® have studied the MPS-catalyzed [4+2]
cycloaddition of OAA with 2-pyrone by performing QM/MM
calculations, however, they simply employed the pyruvate eno-
late as the dienophile. That is to say, it was based on the
premise that the oxaloacetate directly undergoes the decarboxy-
lation without considering the reaction sequence of decarboxy-
lation vs. cycloaddition. Actually, the experimental examination
has suggested that a portion of oxaloacetate is present in its
enol form (ca. 6%) in the active site of MPS,>" which implies the
possibility of oxaloacetate enolate directly participating in the
cycloaddition with 2-pyrone. Indeed, previous experimental
studies indicated that the change of the substrate from oxalo-
acetate to pyruvate significantly slows down the reaction
rate (ke for oxaloacetate = 0.46 s ' vs. ke, for pyruvate =
0.027 s~ ').">?* In addition, the decarboxylation of oxaloacetate
to pyruvate was previously observed in the absence of 2-pyrone,
but in the presence of 2-pyrone, there was no clear evidence to
confirm the formation of pyruvate by in situ NMR detection.?*
These results strongly imply that pyruvate is probably not a
real intermediate of the MPS-catalyzed [4+2] cycloaddition.
Our recent studies®* in a series of decarboxylative Michael
or Mannich or Aldol addition reactions of -keto acids demon-
strated that the C-C bond formation step always takes place
before the decarboxylation process. More importantly, Huang’s
group recently identified that the direct Mannich-type reaction
of pyrrolidine-B-keto acid without decarboxylation serves as an
important step in the cocaine biosynthetic pathway.>>*” There-
fore, deciphering the decarboxylation of OAA is the first step in
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Scheme 1 (a) Decarboxylation and tautomerization of OAA, and subsequent cycloaddition catalyzed by MPS in the biosynthesis of macrophomic acid;
(b) active site of the crystal structure of MPS in complex with pyruvate (PDB code: 11ZC);*° and (c) orbital alignments during the decarboxylation of OAA

with the axial and equatorial terminal carboxylate.

understanding the MPS-catalyzed reactions. More detailed and
in-depth mechanistic explorations of the reaction sequence
of decarboxylation of OAA vs. [4+2]-cycloaddition are still
required. Unlike metal-dependent malic enzyme and oxaloace-
tate decarboxylase, MPS has high specificity for Mg(u).”> In
addition to catalyzing [4+2]-cycloaddition of OAA and 2-pyrone,
MPS has also been proven to function simply as a decarboxylase
in the absence of the second substrate 2-pyrone.?®*° Therefore,
MPS is another enzyme with the activity of catalyzing the
decarboxylation of OAA. The Ose group has reported the crystal
structure of MPS in complex with pyruvate and Mg>" at 1.7 A
resolution (Scheme 1b),?° enabling us to theoretically investi-
gate the enzyme-catalyzed decarboxylation of OAA. According to
previous studies,®" the decarboxylation of B-keto acid is stereo-
electronically controlled by the dihedral angle between the
carbonyl C=0 bond and the cleaved C-C single bond, i.e., if
the breaking C-C single bond is roughly orthogonal to the
plane of carbonyl C=O0, the decarboxylation would correspond
to a continuous overlap of the m-orbital of carbonyl C—=0 with
the breaking C-C o-bond via hyperconjugation and resonance
(Scheme 1c), lowering the barrier of decarboxylation. In contrast,
the parallel conformation of the C—0 bond with the C-C single
bond is unfavorable for decarboxylation. In the active site of MPS,
the terminal carboxylate of the Mg**-coordinated OAA may have
different binding conformations, in particular, it may form hydro-
gen bonds with the nearby residues and solvent water. These
factors may all contribute to the complexity of the decarboxylation
reaction.

In general, very little is known about the MPS-catalyzed
decarboxylation of OAA at the atomic level, and some key issues
are still poorly understood, for example, the binding modes of
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the substrate, the details of keto-enol tautomerization and
decarboxylation. To address these issues, we have performed
MD simulations and a series of combined quantum mechanics/
molecular mechanics (QM/MM) calculations. Our calculations
revealed that the energy barrier of the decarboxylation step is
closely related to the conformation of the terminal carboxylate
in OAA. Among the four binding modes of OAA, only one
conformation is favorable for decarboxylation. Furthermore,
the investigation on the [4+2]-cycloaddition reaction catalyzed
by MPS is going on in our group.

2. Methods

2.1. Setup of the system and MD simulations

On the basis of the crystal structure of MPS (PDB code: 11ZC),*°
the computational model was built. Fig. S1a (ESIt) shows the
whole hexameric crystal structure of MPS, which contains six
chains. Since the active site is located at the interface of a three-
fold-related protomer, we selected one chain (Chain A) from
one protomer and parts of the neighboring chain (Chain B)
in our model. To investigate the decarboxylation step, the
Mg>*-bound pyruvate in the crystal was manually modified to
oxaloacetate.

According to the pK, values calculated by the PROPKA
program®* and visual inspection using VMD software,*® the
protonation states of all titratable residues were determined.
All aspartic acid and glutamic acid residues were present in the
deprotonated states. Histidines 12, 48, 73, 86, 91 and 177 were
protonated at the & position, while histidines 48, 82, 90,
105, 125, 203, 229 and 285 were protonated at the & position.
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Besides, all lysine and arginine residues were treated as proto-
nated. The missing hydrogen atoms were added using the
HBUILD module in the CHARMM package.** The whole system
was solvated by a water sphere with a radius of 40 A, and was
neutralized by thirteen randomly added sodium ions. Subse-
quently, the solvated system underwent a series of energy
minimizations for equilibration. For the following MD simula-
tions, the relaxed system was first heated from 0 to 300 K for
200 ps with a time step of 1 fs, and then was subjected to a
35-ns molecular dynamics (MD) simulation with stochastic
boundary conditions using the CHARMM22/CMAP all-atom
force field*® performed using the CHARMM package. The
RMSD for the backbone atoms of the protein in MD simulation
is displayed in Fig. S2 (ESIt), which shows that the system has
basically reached equilibrium after 10 ns.

2.2. QM/MM methodology

A representative snapshot of the equilibrated system at 20 ns in
MD simulations was taken as the initial structure of subse-
quent QM/MM calculations. To prove its representativeness,
four other snapshots from the MD trajectory at 15, 25, and
30 ns were also optimized, which show minor displacements
for their backbones and active sites (Fig. S3, ESIt). All QM/MM
calculations were performed using the Chemshell program,*®
which combines the Turbomole program®” for the QM region
calculations and the DL_POLY program®® for the MM region
calculations. By the analysis of the crystal structure,®® the
pyruvate is hydrogen-bonded to the main chain of Gly210 and
the side chain of Arg101, and the side chains of the second
shell residues His125 and Ser148 form hydrogen bonds with
the carboxyl oxygen of Asp211 and the Mg-coordinated water
molecule (W2), respectively. Besides, the hydrophobic residue
Phe149 is located near the first coordination layer, which may
affect the binding of the substrates. The above-mentioned
residues, the first coordination layer (Mg?*, Asp211, Glu185,
and two water molecules) and the substrate oxaloacetate were
assigned to the QM region for exploring the decarboxylation
step (Fig. S4, ESIt), while the rest of the system was assigned to
the MM region. It should be mentioned that the QM regions in
the QM/MM calculations were adjusted as needed, which are
shown in the ESIt (Fig. S4). The electronic embedding scheme
was implemented to describe the polarizing effect of the
MM point charges of the force field on the QM region.>® The
boundary of QM and MM parts was treated by the hydrogen
link atoms with the charge shift model.”® The region within
16 A of Mg®" was designated as the active region, which was
fully relaxed in QM/MM calculations. Considering that the rest
of the active region may have a minor influence on the reaction,
they were kept frozen during the QM/MM calculations.

In our work, geometry optimizations were carried out with
the hybrid delocalized internal coordinate (HDLC) optimizer,*'
and the minima search was performed using the quasi-Newton
limited memory Broyden-Fletcher-Goldfarb-Shanno (L-BFGS)
algorithm.*>** To determine the transition state, an assumed
structure was first derived from the highest point of the
scanned potential energy surface, and it was further optimized
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using the partitioned rational function optimization (P-RFO)
algorithm.** The unrestricted hybrid UB3LYP density func-
tional with the 6-31G(d,p) basis set (referred as B1) was used
to describe the QM region atoms,** whereas the MM region was
described by the CHARMM?22/CMAP force field.*®> The single-
point energy calculations were carried out using the larger basis
set 6-311++G(d,p) (referred to as B2).* In addition, the frontier
orbital diagrams were made using Multiwfn"® combined with
VMD software.*?

2.3. Ligand Gaussian accelerated MD (LiGaMD) simulations

LiGaMD""*® implemented in Amber22*® was performed to
investigate different low-energy binding conformations of oxa-
loacetate and their interconversion. A harmonic boost potential
was applied to both the total potential energy of the ligand and
remaining potential energy of the entire system to enhance the
sampling of the substrate without predefined reaction coordi-
nates. The LiGaMD simulations proceeded with 6.0 ns classical
MD simulations to collect the potential statistics, 94.0 ns GaMD
equilibration after adding the boost potential, and then three
independent 600 ns production runs. LiGaMD production
simulation frames were saved every 1 ps for analysis. The
two-dimensional (2D) potential of the mean force (PMF) profile
was drawn with reweighting using the cumulant expansion
to the second order.”® The bin size was set to 5.0° for the
dihedrals.

3. Results and discussion
3.1. Binding modes of oxaloacetate

To better understand the catalysis of MPS, the binding modes
of OAA in the activate site were first investigated. The oxalo-
acetate is bidentate coordinated with Mg>" using its C1-
carboxylate and C2-carbonyl. According to the crystal and our
analysis, the Mg**-coordinated OAA may exist in its enol form
or keto form. In the keto form, the terminal carboxylate may
rotate along the C2-C3 bond, which may lead to different
binding conformations. By scanning the dihedral ¢ci-co-c3-ca
of OAA, four local minima were optimized, as shown in Fig. 1.
These four keto structures are mainly distinguished by the
relative orientation of C4-carboxylate. Among them, the bind-
ing mode of K-I corresponds to the lowest relative energy, which
means that oxaloacetate should mainly exist in this form. To
check whether K-I, K-1I, K-III and K-IV are dynamically stable
and whether they can easily transform into each other, we
performed a 600-ns LiGaMD simulation using K-I as the start-
ing structure. Fig. 2 presents the 2D potential of the mean force
(PMF) profile. According to the dihedrals of ¢cy-c3-ca-01 and
(Pc1-ca-ca—ca, the four keto forms can be located on the PMF
profile. Moreover, we can also see that these keto forms can
transform into each other by simply rotating the dihedrals of
Pci-ca-cz-ca ANd Qco_c3-ca-o1. According to the PMF profile, the
conversion from K-I to K-II should correspond to the lowest
energy barrier. To obtain more accurate energy barriers, we also
performed QM/MM calculations on the four keto structures

This journal is © the Owner Societies 2024


https://doi.org/10.1039/d4cp00716f

Published on 02 April 2024. Downloaded on 7/19/2025 12:51:05 PM.

PCCP

K-I K-1I

Glul85 Glul85

relative energies: (0.0) relative energies: (4.8)

oxaloacetate
Asp211

Yo C2-03=124 02
Percacs.om 1838 ¢ 3. 48

Pca.c3.ca-01= 954

C2-03=1.22 701

v
Pci-ca-ca-ca=-1758 " oy 3175
Pc2-c3-c4-01=76.9  C3.c4=1.53

€3-C4=1.59
K-III <ms K-IV
Glul8 : o
Ve relative energies: (8.3) : relative energies: (4.3)

Asp211 oxaloacetate

Yo c203-124
QPercacaca=-442 - 0 15

Qca.ca.ca-01= 1224 (3 041’55

o ge C2:03=124
Pci-ca-c3-ca= 1028 09

Pc2-c3-c4-01=178 3.c4-1.56

Fig.1 QM/MM-optimized structures of four binding modes of OAA in
keto forms, named K-I, K-1I, K-1Il and K-IV. The data in brackets are the
relative energies in kcal mol™. All distances are given in angstrom.
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(Fig. S5, ESIt). The energy profiles are shown in Fig. 3. In
general, the results of QM/MM calculations are basically con-
sistent with those of LiGaMD simulations.

OAA may also coordinate with Mg”* in the enol form, thus,
both the Z- and E-isomers of oxaloacetate were considered, and
four representative conformations are constructed, as shown
in Fig. 4a. As displayed in (Z)-E-A and (E)-E-B/, the terminal
carboxylate groups are almost parallel to the plane of the C=C
double bond, whereas in the (Z)-E-A’ and (E)-E-B, the carbox-
ylate groups are almost perpendicular to the plane of the C—=C
double bond. According to our QM/MM optimizations, the
(E)-E-B’ was not recognized as a minimum, because it always
converged into the more stable (E)-E-B. It is understandable
because the carboxyl group of oxaloacetate forms hydrogen
bonding interaction with the surrounding water molecules,
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making (E)-E-B’ an unstable conformation. As such, (Z)-E-A,
(2)-E-A’ and (E)-E-B are three enolate structures that could
be recognized by QM/MM optimizations. Their relative ener-
gies and key parameters are displayed in Fig. 4b and Fig. S6
(ESIf). One can see that (Z)-E-A is 3.5 kcal mol " higher than
the most stable binding mode of K-I, while (Z)-E-A’ and
(E)-E-B are respectively 2.6 and 16.8 kcal mol ™" higher than
(2)-E-A. The structural parameters in Fig. 1 and 4b show that
the four keto forms correspond to a shorter C2-O3 bond
(1.22-1.24 A, C=0) and a longer C2-C3 bond (1.48-1.51 A,
C-C bond), and two enol forms correspond to a longer
C2-03 bond (1.34-1.40 A, C-O bond) and a shorter C2-C3
bond (1.34-1.36 A, C=C bond).

Furthermore, we also conducted 120-ns classical MD
simulations to test their stabilities (Fig. S7, ESIt). Our MD
simulations show that (Z)-E-A is stable, and the dihedral of
Pc2-c3-ca-o1 always stabilizes at 10°. However, (Z)-E-A’ is quite
unstable, and the dihedral of ¢c,-c3-ca-01 rapidly changes from
~90° to 10°% therefore, (Z)-E-A’ is a dynamically unstable
structure, which is consistent with the higher relative energy
of (Z)-E-A’ compared with (2)-E-A in the QM/MM optimization.
In general, the K-I form was calculated to be the dominant
binding mode, which should account for the largest proportion
of OAA in the active site of MPS.

3.2. Keto-enol tautomerization

As previously reported,® the enol and keto forms of oxaloace-
tate may be interconverted via keto-enol tautomerization,
which has received considerable interest for its biochemical
importance. Nevertheless, most of the past research®™>*
focused on exploring the acid-catalyzed keto-enol tautomeriza-
tion of OAA (non-enzymatic reaction) by using the simple
models in the gas phase and solution, which cannot well
simulate the chemistry of oxaloacetate in the active site of
enzymes. Herein, we further explored the keto-enol tautomer-
ization of OAA by performing QM/MM calculations. For
comparison, the direct proton/hydrogen transfer from

Phys. Chem. Chem. Phys., 2024, 26,12331-12344 | 12335
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C3-methylene to C2-carbonyl was investigated, in which all the
four keto forms were used as the reactants. Our results showed
that the direct keto-enol tautomerizations always correspond
to very high energy barriers (>53.5 kcal mol ', Fig. S8, ESI{).
This result is consistent with the previous theoretical study on
keto-enol tautomerization.>

Since previous studies have suggested that the solvent water
can significantly promote the keto-enol tautomerization of
B-keto acids,*™*> two computational models that contain one
and two water molecules were further constructed, as shown in
Fig. 5. Our calculations showed that the water molecules can
greatly reduce the energy barriers of the keto—-enol tautomer-
ization. Fig. 5a and b show the keto-enol tautomerization of
two keto forms (K-IV and K-I) mediated by one and two water
molecules, respectively, which correspond to the relatively
lower barriers. With the assistance of one water molecule,
the energy barrier of tautomerization can be reduced to
36.6 kcal mol ', as displayed in the tautomerization from K-
IV, to E-A;, (Fig. 5a), which is the lowest energy barrier for the
one water molecule-mediated tautomerization. The other two
models, K-I,,, and K-III,,, correspond to the barriers of above
45 kcal mol™" (Fig. S9, ESIf). In addition, the keto-enol
tautomerization mediated by two water molecules was also
investigated. Our results show that the energy barrier can be
reduced to 16.2 kcal mol ™" (from K-I,,, to E-A,,, Fig. 5b). Note
that the other two models correspond to the energy barriers of
32.8 and 24.4 kcal mol ™" (Fig. $10, ESIY). Therefore, it can be
concluded that water molecules can not only stabilize the
transition states and intermediates by forming the hydrogen
bonding network with the polar functional groups of oxaloace-
tate, but also serve as a necessary mediator to facilitate the
keto-enol tautomerization. We also considered the model that
contains three water molecules in the keto-enol tautomeriza-
tion (Fig. S11, ESIt). However, in the optimized structure, the

12336 | Phys. Chem. Chem. Phys., 2024, 26, 12331-12344

third water molecule (W5) is not in the proton/hydrogen
transfer chain, and it would provide little assistance for keto-
enol tautomerization.

3.3. Decarboxylation of OAA

3.3.1. Direct decarboxylation. In the absence of the second
substrate 2-pyrone, MPS has been demonstrated to be a dec-
arboxylase to promote the decarboxylation of OAA alone,?®2°
thus, the MPS-catalyzed decarboxylation was further investi-
gated. Firstly, we explored the direct decarboxylation with
oxaloacetate in the keto binding modes. Interestingly, the
calculated energy barriers greatly depend on the conformation
of the terminal carboxyl group, which range from 14.9 to
51.1 kecal mol *. As shown in the energy profiles in Fig. 6b,
the most stable binding mode of K-I corresponds to the largest
barrier of decarboxylation, while K-II is associated with the
lowest barrier (14.9 kcal mol ™). The calculated lowest overall
barrier of decarboxylation is basically in line with the available
experimental k. of decarboxylation (16.3 s~ *).>> Such a huge
difference of energy barriers for K-I and K-II is considered to be
caused by the stereo-electronic effect of the carboxyl group with
different orientations.*">® And it is the key factor in controlling
the decarboxylation of B-keto acids. As displayed in Scheme 1c,
when the breaking C-C bond is approximately orthogonal to
the plane of the C=O0 bond, the two atomic p orbitals in the
n-orbital of carbonyl and the soon forming p orbital by break-
ing the C-C o-bond have a continuous orbital overlap, which
significantly stabilizes the pyruvate carbanion and facilitates
decarboxylation. The same result was confirmed by our calcula-
tions. For the binding modes of K-I and K-I1I, featured by the
equatorial carboxylate relative to carbonyl C=O, the direct
decarboxylation was calculated to be difficult (Fig. 6a, b and
Fig. S12a, ESIf). While in the case of the axially positioned
carboxyl in K-IV (Fig. S12b, ESIt), the decarboxylation also does
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not seem to be so facile. It is understandable, because the
residue GIn183 causes the steric hindrance, hindering the
cleavage of the C-C bond and the departure of CO,.

To get deeper insights into the direct decarboxylation of two
keto modes of oxaloacetate (K-I and K-II), the scanned energy
profiles of decarboxylation using distances of C3---C4 as reac-
tion coordinates are displayed in Fig. 7. It can be seen that the
transition state of decarboxylation of K-II is reached much
earlier than that of K-1, and the total energies of K-II are always
lower than those of K-I. This larger energy difference of the
system can be mainly attributed to the different orbital overlaps
during the elongation of the C3-C4 bond. Therefore, K-I should
be first isomerized into K-II to facilitate the decarboxylation.
Fig. 7c shows the changes of bond orders of C2-C3 and C3-C4
during decarboxylation. During the elongation of the C3-C4
bond, the bond orders of C3-C4 in K-I are always larger than
those of K-II, whereas the bond orders of C2-C3 in K-I are
always lower than those of K-II, which means that during the
decarboxylation, the C2-C3 bond is stronger than that in K-I

This journal is © the Owner Societies 2024

with the same reaction coordinate. These results are consistent
with the more orbital overlap of carbonyl C—=0 with C2 and C3
atoms in the decarboxylation of K-II.

In order to intuitively observe the orbital overlap of the
carbonyl C—=0 with C2 and C3 atoms, the frontier orbitals of
OAA during the elongation of the C3-C4 bond were calculated,
as shown in Fig. 8. One can see that, during the decarboxylation
with the same C3-C4 bond distances in K-II and K-I, there is
more orbital overlap of two p orbitals of carbonyl C—=0 with the
C3 atomic orbital in K-II. However, in K-I, at the early stage of
carboxylation, the orbital overlap of the two p orbitals of
carbonyl C=0 with the C3 atomic orbital is quite small, which
leads to always smaller bond order of C2-C3 than in K-IIL
In addition, the smaller C3-C4 bond order should correspond
to the larger C2-C3 bond order. Thus, during the decarboxyla-
tion, the system energy of K-II can be significantly lowered by
the orbital overlap of carbonyl C—=0 and C3/C4 atoms.

In general, for enzymatic decarboxylation, many factors may
influence the overall reaction barriers. Since the decarboxylation
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of B-keto acid is stereo-electronically controlled, we should pay
more attention to the binding conformations of the -keto acids
in the active sites of enzymes. Note that for the non-enzymatic
reactions, the substrate is relatively free, and the decarboxylation
of B-keto acids should not be stereo-electronically controlled.
3.3.2. Hydration-assisted and proton-assisted decarboxyla-
tion. In addition to direct decarboxylation, other possible
decarboxylation pathways were also explored (Fig. 9). We note
that there are several nearby water molecules in the active site,
which may assist the decarboxylation by hydrating the C4-

12338 | Phys. Chem. Chem. Phys., 2024, 26, 12331-12344

carboxyl group, as suggested in the literature.>”*® Thus, we
first constructed a reactant model by adding a water molecule
(W3) into the QM region of K-I and K-II to perform QM/MM
calculations (Fig. 9a and Fig. S13, ESIT). Our calculation results
showed that hydrated intermediates can easily lose a H,CO; to
complete the decarboxylation, which corresponds to a barrier
of 9.3 and 6.2 kcal mol™* for K-Iy,o and K-Ily o, respectively;
however, the hydration of terminal carboxylate is endothermic
by 32.9 and 25.7 kcal mol™~". Therefore, the hydration-assisted
decarboxylation was also ruled out.
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In addition, according to the previous studies'®® regarding

the proton-migration decarboxylation mechanism of fB-keto
acid, we also constructed a model by introducing a proton to
the terminal carboxylate (Fig. 9b) to test the possibility. This
decarboxylation mechanism was calculated to correspond to a
relatively low barrier of 18.4 kcal mol ' It is reasonable,
because the rate of decarboxylation is affected by the stabilizing
effect of the residual species, and during the proton migration
decarboxylation, the developed negative charge on the oxygen
anion of the formed pyruvate enolate will be neutralized by the
coming proton. However, the protonation state of oxaloacetate
is mainly dependent on the environmental pH value. According
to the calculated pK, value (3.7) of the C4-carboxyl group,>® the
doubly deprotonated oxaloacetate may predominate in the
optimal physiological pH 7.0 of the MPS enzyme. Thus, in an
acidic environment, oxaloacetate is more likely to proceed
decarboxylation via the proton migration-assisted decarboxyla-
tion mechanism. These results suggest that many factors,

This journal is © the Owner Societies 2024

including the binding mode of oxaloacetate, the orientation
of the terminal carboxylate group and the protonation state, all
have important influence on the decarboxylation process.
At the physiological pH 7.0, the oxaloacetate should firstly
transform from the most stable binding mode of K-I to K-II,
and then undergo decarboxylation.

The formed pyruvate enolate tends to undergo protonation
to yield pyruvate, as in many cases studied in the past.®®¢*
Previous kinetic analysis of Zn(u)- or Mg(u)-bound oxaloacetate
complexes in solution showed that the protonation rate of
pyruvate enolate is quite rapid compared to the rate of
decarboxylation.®> We have investigated this process in the
enzyme. Our calculations reveal that if a hydronium ion presents
near the enolpyruvate, the protonation process is so facile that it is
difficult to recognize the transition state structure, as illustrated in
Fig. S14 (ESIt), that is, when the second substrate pyrone has not
yet entered into the active site, a fast protonation of enolpyruvate
formed by decarboxylation would take place.
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Therefore, there may exist a complicated catalysis of MPS in
the active site before 2-pyrone enters. The binding mode of K-I
with the lowest relative energy may account for the majority.
On one hand, K-I would go through the keto-enol tautomeriza-
tion with two water molecules to generate enolate via a barrier
of 16.2 kcal mol™ !, which is reactive for the cycloaddition.
On the other hand, the K-I could also undergo decarboxylation,
but it should first isomerize to K-II. And a total energy barrier of
19.7 keal mol ™ is required for decarboxylation from the most
stable K-I binding mode, which was calculated to be higher
than that of keto-enol tautomerization (19.7 vs. 16.2 kecal mol ).
Thus, before the entrance of the second substrate 2-pyrone,
different Mg-bound oxaloacetate complexes may simulta-
neously exist, and they can be interconverted into each other.

3.4. Influence of the second substrate on keto-enol
tautomerization and decarboxylation of OAA

The formation of the final product macrophomic acid requires
the participation of the second substrate 2-pyrone to perform
the [4+2]-cycloaddition. However, it is unknown whether the
decarboxylation and keto-enol tautomerization of OAA are
affected by the entrance of 2-pyrone. Therefore, we further
constructed two models (Fig. 10 and 11) to check whether the
presence of the second substrate affects the keto-enol tauto-
merization and decarboxylation. In the first model, 2-pyrone
has entered into the active site, but the keto—enol tautomeriza-
tion and decarboxylation of oxaloacetate have not yet been
completed. Our calculations showed that when 2-pyrone enters,
the solvent water molecules originally locating at this position
have easily diffused into the outer layer and form hydrogen
bond networks (Fig. 10). Our above calculation results have
confirmed that the keto-enol tautomerization strictly requires
the mediation of water molecules. However, in Fig. 10, there is

12340 | Phys. Chem. Chem. Phys., 2024, 26, 12331-12344

pyrone

Fig. 10 Optimized reactant complex, in which both OAA and 2-pyrone
bind in the active site. Note that the entrance of 2-pyrone is prior to the
keto—enol tautomerization or decarboxylation of OAA. All distances are
given in angstrom.

no water molecule to assist the keto-enol tautomerization,
thus, the Mg>"-oxaloacetate can not be converted to the enol
form. Besides, the decarboxylation process was also discussed
here. As mentioned earlier, only the binding configuration of K-
II is conducive to the decarboxylation, and the following study
is also based on it. Fig. 11 shows that, since the C3-C4 bond is
basically perpendicular to the carbonyl C=O plane, the clea-
vage of the C3-C4 bond would be hindered due to the presence
of 2-pyrone, as indicated by the much higher barrier of dec-
arboxylation. From our calculations, it can be concluded that
both keto-enol tautomerization and decarboxylation of oxalo-
acetate would be hindered by the entrance of the second
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substrate. Therefore, the keto-enol tautomerization and dec-
arboxylation should be completed before the entrance of
2-pyrone.

4. Conclusions

In this work, the binding modes, keto-enol tautomerization,
and decarboxylation of OAA have been explored by MD simula-
tions and QM/MM calculations. On the basis of our calculations,
a relatively complete picture regarding the chemistry of OAA with
the catalysis of MPS has been given, as shown in Fig. 12.

(1) The Mg”*-coordinated OAA may exist in its enol form or
keto form, and one keto form (K-I) accounts for the largest
proportion, which corresponds to the lowest binding energy.
As for the enol forms, only one Z-isomer and one E-isomer were
confirmed to be dynamically stable and local minima by MD
simulations and QM/MM optimizations. For the keto binding
modes, four keto forms can be transformed into each other by
rotating the C2-C3 single bond. However, the keto-enol tauto-
merization strictly requires the assistance of water molecules.

(2) The energy barriers of decarboxylation are closely related
to the binding conformation of OAA. For the four keto forms,
only one keto form (K-II) corresponds to a lower energy barrier
(14.9 kecal mol "), whereas the K-I, which is the most stable
binding mode, corresponds to a barrier of 51.1 kcal mol " for
decarboxylation. This huge energy barrier difference of decar-
boxylation is mainly caused by the stereo-electronic effect of the
terminal carboxylate. Only when OAA exists in its optimal
conformation, in which the breaking C3-C4 o-bond and
n-orbital of C2-carbonyl keep a continuous orbital overlap,
can the decarboxylation occur easily. Specifically, in the bind-
ing mode of K-II, the breaking C3-C4 bond is approximately
orthogonal to the plane of the carbonyl C2=—0O bond, which is
favorable for decarboxylation.

(3) The chemistry of OAA in the active site of MPS is
complex, which would depend on the specific reaction condi-
tions and whether the second substrate (2-pyrone) enters the
reaction center. On one hand, the most stable binding mode of
K-I can undergo enol-keto tautomerization to isomerize to the
enol form (Z)-E-A, which further reacts with the second sub-
strate; on the other hand, K-I can isomerize to K-II to proceed
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The keto—enol tautomerization and decarboxylation of OAA in the active site of MPS.
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decarboxylation to generate the pyruvate enolate and CO,.
Starting from K-I, the enol-keto tautomerization corresponds
to a barrier of 16.2 kcal mol ', whereas the decarboxylation is
associated with an overall barrier of 19.7 kcal mol™'. Thus, in
the absence of second substrate 2-pyrone, MPS is a typical
decarboxylase.

(4) Both the enol-keto tautomerization and decarboxylation
would be affected by the entrance of 2-pyrone. If the entrance of
the second substrate 2-pyrone is prior to the enol-keto tauto-
merization, the enol-keto tautomerization will be blocked by
the entrance of 2-pyrone. And the decarboxylation of OAA is
also hindered due to the steric hindrance during the removal of
carbon dioxide.

In general, our calculations reveal that B-keto acids may
adopt different binding conformations with the metal ion in
the active site of enzymes, and the chemistry of B-keto acids
is complex. As the dominant reaction, the decarboxylation is
stereo-electronically controlled, thus, we should pay more
attention to the binding conformation of these B-keto acids.
This work not only provides theoretical guidance for the
catalysis of MPS as a decarboxylase, it is also a reference for
the decarboxylation and keto-enol tautomerization of similar
systems of o- and B-keto acids.
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