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|. Introduction

Deacetylation mechanism of histone deacetylase
8: insights from QM/MM MP2 calculationsf

*3 and Hui Lj {2 xbed

Rui Lai
Understanding the catalytic mechanism of histone deacetylases can greatly benefit the development of
targeted therapies that are safe and effective. Combined quantum mechanical and molecular mechanical
(QM/MM) Moller—Plesset second-order perturbation theory (MP2) geometry optimizations are performed
to investigate the catalytic mechanism of the deacetylation reaction of a tetrapeptide catalyzed by human
Histone Deacetylase 8. A three-step catalytic mechanism is identified: the first step is the formation of a
negatively charged tetrahedral intermediate via nucleophilic addition of the activated water to the amide C
atom and a proton transfer from the water to Hisl43; the second step is the formation of a neutral
tetrahedral intermediate with an elongated amide C-N bond via a proton transfer from Hisl43 to the
amide N atom. The third step is the complete cleavage of the amide C—N bond, accompanied by a proton
transfer from the newly formed carboxylic group of the neutral tetrahedral intermediate to His142. These
three steps have similar computed energy barriers, with the second step having the highest calculated
activation free energy of 19.6 kcal mol™. When there is no potassium ion at site 1, the calculated activa-
tion free energy is 17.7 kcal mol™. Both values are in good agreement with an experimental value of
17.5 kcal mol™t. Their difference implies that there would be a 25-fold increase in the enzyme's activity, in
line with experiments. The solvent hydrogen—deuterium kinetic isotope effect was computed to be ~3.8
for the second step in both cases. It is also found that the energy barriers are significantly and systemati-
cally higher on the QM/MM B3LYP and QM/MM B3LYP-D3 potential energy surfaces. In particular, the
QM/MM B3LYP and B3LYP-D3 methods fail to predict the neutral tetrahedral intermediate and a
meaningful transition state for the third step, leading to a two-step mechanism. With a sufficiently large
basis set such as aug-cc-pVDZ, QM/MM M05-2X, M06-2X, M06, and MN15 methods can give results
much closer to the QM/MM MP2 method. However, when a smaller basis set such as 6-31G* is used,
these methods can lead to errors as large as 10 kcal mol™ on the reaction pathway. These results
highlight the importance of using accurate QM methods in the computational study of enzyme catalysis.

substrate) function is vital for the epigenetic regulation of gene
expression and healthy deoxyribonucleic acid (DNA) replication

The reversible acetylation of lysine residues in protein is impor-
tant to many physiological processes, such as gene expression and
cancer progression.'™ Histone deacetylases (HDACs) are a family
of enzymes that catalyze the hydrolysis of acetyl-lysine of histone
to yield lysine and acetate. The normal balance of HDAC and
histone acetyltransferase (HAT) (responsible for acetylation of the
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and repair.>® The acetylation status of the g-amino lysines of
N-terminal histone tails controls chromatin structure, essential to
transcription and DNA replication machinery.” Unregulated
HDAC activity is observed in cancer and neurodegenerative dis-
eases. Only a few anti-histone deacetylase inhibitors have been
approved for use in cancer chemotherapy, including Vorinostat,®
Romidepsin,” and Belinostat'® for the treatment of cutaneous
T-cell lymphoma, and Panobinostat'* for the treatment of multi-
ple myeloma.? Clinical trials also involve many different inhibitors
for solid and hematological malignancies.**>™ It is crucial to
fully characterize the mechanism of reaction for the lysine
deacetylation by HDACs to develop more targeted therapies that
are safer and more effective.

Eukaryotic HDACs are grouped into four classes. Class I, II,
and IV HDACs are zinc-dependent enzymes containing a zinc
catalytic binding domain with amino acid residues in similar
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Fig. 1 Structure of histone deacetylases 8 (HDACS8) in complex with a tetrapeptide substrate. The right panel shows the QM region (105 atoms) in our
QM/MM calculations, including the zinc ion, the tetrapeptide substrate, His142, His143, Asp176, Asp178, Aspl183, His180, Asp267, and Tyr306.

conformations.'>!® Due to their biomedical relevance, class I
HDACs have been widely studied. Many crystal structures have
been reported for class I HDACs, especially Human histone
deacetylase 8 (HDACS)."” Buried at the bottom of a narrow
hydrophobic tract (Fig. 1), the active site in the HDACS8 enzyme
has a zinc ion coordinating with two aspartates, a histidine,
and a catalytic water molecule in the first coordination sphere.
The acetamide carbonyl group of the acetylated lysine in the
substrate coordinates with the Zn ions and interacts with the
hydroxyl group of a tyrosine residue (Tyr306), which can rotate
and undergo a conformational transition to accommodate
substrate binding. It is worth noting that there are two K"
binding sites (site 1 and site 2) in HDACS, as shown in Fig. 1.
Site 1 is about 7 A away from the catalytic zinc ion, while site 2
is near the periphery of the protein. The functional roles of the
K" ions at these two sites in HDACS catalysis have been probed
experimentally. Vannini et al. found that K ions can increase
the thermal stability of HDACS8 but did not differentiate the
contributions from site 1 and site 2.'® Fierke and co-workers
found that the enzyme activity is sensitive to changes in the K"
ion concentration in solution."’

Two possible mechanisms for HDACs have been proposed in
the literature (Fig. 2A and B). Based on X-ray crystallographic
analysis, Finnin et al. proposed the first mechanism (mecha-
nism 1 in Fig. 2A).>° In this two-step mechanism, the active site
involves a singly protonated His142 and a doubly protonated
His143, and the His142-Asp176 dyad acts as a general base to
accept a proton from the active site water molecule. The water
oxygen then attacks the carbonyl carbon of the acetyl-lysine
substrate followed by the His143-Asp183 dyad protonating the
amine N atom. Zhang and co-workers proposed another two-step
mechanism (mechanism 2 in Fig. 2B) based on combined quan-
tum mechanical and molecular mechanical (QM/MM) geometry
optimization and molecular dynamics (MD) simulations.>** They
found that both His142 and His143 are singly protonated on the §
nitrogen position and the His143-Asp183 dyad of human HDACS8
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acts as a general base for accepting a water proton in the initial
nucleophilic attack to form the negative tetrahedral intermediate.
Chen et al. revisited the two two-step mechanisms with a QM/MM
geometry optimization method and found it difficult to energeti-
cally distinguish which histidine residue, His143 or His142,
should be protonated in the initial step, raising controversy over
the catalytic mechanism of HDAC8.>® Interestingly, Chen et al.
suggested that removing the K" ion from site 1 increases the
reactivity of HDACS,* while Wu et al. found a decrease.”"*> Using
a QM/MM geometry optimization method, Gleeson et al.>* exam-
ined several possible pathways and found that the most favorable
catalytic pathway is mechanism 2, where the His143 is protonated
in the initial step with a comparable but lower energy barrier than
that of His142.

In general, the discrepancies in the catalytic mechanism
obtained with different QM/MM methods may result from the
use of different starting structures, QM methods, QM region
sizes, and the treatment of QM and MM coupling. The choice of
QM methods is often the most prominent factor that causes the
differences in QM/MM computed energies. It is well known that
popular density functional theory (DFT) methods, which have been
used in the above QM/MM studies, tend to underestimate weak
interactions in chemical systems.>® For example, the B3LYP***
method tends to underestimate the intermolecular dispersion
interaction, especially for systems involving ligand coordination
of transition metals.>® By directly introducing electron correlation
into Hartree-Fock energy, Mgller-Plesset second-order perturba-
tion theory (MP2)** methods are considered more accurate in
describing intermolecular interactions than DFT methods for
many closed-shell chemical systems.*® A multi-configuration self-
consistent-field (MCSCF)*' method is another type of post
Hartree-Fock method that is the best choice for describing static
electronic correlation but is insufficient for dynamic electronic
correlation without going to a very large active space or using a
subsequent perturbation treatment. More accurate post-Hartree—
Fock methods such as coupled cluster methods®* are prohibitively
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C. Mechanism 3 (QM/MM MP2)

Fig. 2 The two 2-step catalytic mechanisms (mechanisms 1 and 2) proposed for the deacetylation reaction catalyzed by histone deacetylases 8
(HDACS) in the literature and the 3-step mechanism (mechanism 3) revealed with QM/MM MP2 calculations.

expensive for the geometry optimization and transition state method. A diacetylated tetrapeptide derived from a p53 tumor
search of enzyme active sites consisting of ~100 atoms. The suppressor protein was used as the substrate. A crystal struc-
MP2 method is probably the only practical post-Hartree-Fock ture of an HDAC8 mutant containing this tetrapeptide is
method that can be routinely used for QM/MM geometry optimi- available (details in the next section). This substrate has been
zation and transition state search of enzymatic systems. extensively used in experimental studies because it retains

In this work, we performed high-level QM/MM MP2 calcula- sufficient binding and catalytic relevance for histone
tions to explore the HDACS catalytic reaction pathway and used ~ deacetylases.***® In particular, it preserves the key interactions
the coupled-cluster singles, doubles, and non-iterative triples at the active site, thus is a good model substrate for the study of
[i.e., CCSD(T)]***> method on small model systems extracted the hydrolytic mechanism. Computational mechanistic studies
from the QM/MM MP2 optimized active site structures on the in the literature also used the same tetrapeptide substrate.>'>*
pathway to assess and confirm the accuracy of the MP2 Using a common substrate ensures a direct comparison
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between our results and the experimental and theoretical
results in the literature. The hydrolytic mechanism obtained
for this substrate can also be compared to those found for other
substrates.

For HDAC8 with a K" ion at site 1, we found that an
additional intermediate is involved in the catalytic pathway,
leading to a three-step catalytic mechanism. When no K" ion is
at site 1, it reduces to a two-step mechanism. Due to variations
in the settings of QM/MM calculations, it is usually difficult to
directly compare different QM/MM results in the literature. Our
QuanPol®® program is a seamless and full-spectrum QM/MM
program that can work with different QM methods and MM
methods within the same framework, providing a great oppor-
tunity for comparing the accuracies of different QM methods.
We performed QM/MM B3LYP***” (with and without an
empirical dispersion correction) calculations and found signif-
icant structural and energetic differences from the QM/MM
MP2 results. The QM/MM MP2 method appears to offer more
accurate descriptions of the structures and energetics, largely
due to a better description of the long-range dispersion inter-
action among the groups at the active site. We also compared
the QM/MM results of the M05-2X,*° M06,** M06-2X,** and
MN15** density functional methods to QM/MM MP2 results
and found that these functionals work reasonably well when a
sufficiently large basis set is used.

II. Computational methods

All calculations were performed with our recently developed
quantum chemistry polarizable force field (QuanPol*°) pro-
gram, which was integrated into the general atomic and mole-
cular electronic structure system (GAMESS*?) package.

The X-ray crystal structure of a Tyr306Phe mutated HDACS-
substrate complex (2V5W.PDB, resolution 2.0 A)*® was obtained
from the Protein Data Bank (PDB**). The file was modified by
deleting all chains and the corresponding water molecules
except for chains A and 1.>® Chain A is a monomer of the
asymmetric dimer crystal structure containing two structurally
essential K* ions and the active site coordinating Zn>*; Chain I is
a tetrapeptide substrate (a p53 tumor suppressor protein derived
diacetylated peptide): (acetyl)-L, Arg-, His-L, Lys (e-acetyl)-r,
Lys(e-acetyl). The Phe306 was changed back to Tyr306 as in the
wild type.*” The Chimera program®® was used to add hydrogen
atoms to the protein portion (chain A) and the water molecules,
with all histidines in the active site (His142, His143, and His180)
singly protonated on the & nitrogen. The QuanPol program was
used to assign the AMBER*" ™ ff12SB>° force field to chain A.
The QuanPol three-point flexible water model QP301 was used
for the water molecules.

Using the QuanPol option LOUT = 1, the tetrapeptide sub-
strate was assigned a universal force field for all 120 atoms with
a zero net charge. Then the five H atoms of the Arg residue were
manually changed from +0.30e to +0.50e so the total charge
of the tetrapeptide was +1le. This universal force field has
Lennard-Jones (LJ) potential parameters identical to the
AMBER force field used here. The atomic charges and covalent

This journal is © the Owner Societies 2025
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parameters are similar to the MMFF94>" force field. Using a
slightly different force field for the substrate would not cause
significant differences in the results as the substrate has much
fewer atoms than the enzyme. The differences in the force fields
have essentially no direct (but some indirect) impacts on the
subsequent QM/MM calculations, in which most of the substrate
atoms are in the QM region. For an arbitrary organic molecule
such as the diacetylated tetrapeptide substrate studied here,
there is no standard AMBER force field, so an ad hoc force field
or a universal force field like MMFF94 needs to be generated and
mixed with the standard AMBER protein force field.

The QuanPol option ICOMBIN = 1 was used to combine the
enzyme (chain A) and substrate (chain I) force field files. After
combination, the total number of atoms was 6857, with a net
charge of —2e. The enzyme-substrate system was then solvated
in an 84 A x 72 A x 83 A rectangular periodic boundary
condition (PBC) box and filled with 25 Na" atoms, 23 CI~ ions,
and 13 673 water molecules. The QuanPol three-point flexible
water model QP301 was used for all water molecules. The whole
system had a total of 47 924 atoms and a zero net charge.

The system was equilibrated for 10 ns using MD simula-
tions. To preserve the experimentally measured X-ray structure
of the zinc center, seven atoms were fixed in their original
Cartesian coordinates in the crystal structure: the Zn** ion, the
O of the catalytic H,O, the H; of Tyr306, the N-term O and C
atoms of the tetrapeptide substrate, and the two K> ions.
Temporarily fixing these atoms in a force field calculation
was necessary because the zinc ion did not have covalent force
field parameters. Our experiences show that merely using
charge—-charge and LJ potentials to describe the Zn-ligand
coordination in force field MD simulation and geometry opti-
mization can lead to unrealistic active site structures (especially
the bond angles and dihedral angles) that are far away from the
experimental observation or QM/MM calculation. In earlier
studies of Zn enzymes, we also found that for non-reactive
Zn-ligand coordinate bonds, QM/MM optimized structures are
often very close to experimentally measured crystal structures
for the corresponding states.’>”* Therefore, when a covalent
force field for the Zn active site is not available, the default
practice would be fixing several active site atoms in their
original crystal coordinates to prevent unpredictable disrup-
tions of the active site. These atoms were not fixed in the later
QM/MM geometry optimization. A shifting function (QuanPol
keyword ISHIFT = 4) was used to adjust the long-range charge-
charge interactions up to 12 A. A switching function (QuanPol
keyword ISWITCH = 1) was used to adjust the long-range
Lennard-Jones (L]) interactions from 10 to 12 A. The Berendsen
thermostat and barostat were used with a temperature scaling
time constant of 200 fs and a pressure scaling time constant of
200 fs, and with a bath temperature T of 298.15 K and bath
pressure P of 1.00 bar. The MD simulations were run using the
Beeman integration algorithm.’® At the end of the 1 ns MD
simulation, the volume of the PBC box was 81.91 A x 70.21 A x
80.94 A. At the end of the 10 ns MD simulation, the volume of
the PBC box was 81.95 A x 70.24 A x 80.98 A. A superposition of
the geometries from the 1 ns and 10 ns MD simulation shows
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that the two geometries are similar (Fig. S3, ESIt). The last
geometries from the 1 ns and 10 ns MD simulation were used
for subsequent QM/MM B3LYP,>**” B3LYP with Grimme’s
empirical dispersion corrections (denoted B3LYP-D3°°) and
MP2%° geometry optimizations.

The QM/MM geometry optimizations for the 1 ns snapshot
were performed for 1844 atoms within 16 A of the oxygen atom
of the catalytic water molecule in the presence of the rest of the
46 080 atoms. The same 1844 atoms were optimized in all QM/
MM calculations for the 1 ns snapshot. For the 10 ns snapshot,
1876 atoms within 16 A of the oxygen atom of the catalytic water
molecule were optimized, and the same 1876 atoms were
optimized in all QM/MM calculations for the 10 ns snapshot.
A comparison of the QM/MM structures and energies obtained
with 1 ns and 10 ns snapshots (Table S6, ESIT) suggests that the
thermal fluctuations in the protein matrix have an insignificant
effect on the reaction energies and do not alter the catalytic
mechanism. The details can be found in the ESI.T Discussions
in the rest of the paper will focus on the results obtained with a
1 ns snapshot unless specifically mentioned.

In the QM/MM calculations, 105 atoms were in the QM
region (Fig. 1): the Zn*" ion, the catalytic H,0, His142, His143,
His180, Asp176, Asp178, Asp183, Asp267, and the acetyl-lysine
side chains of the tetrapeptide substrate. The net charge of the
QM region was —2e. The QM/MM boundary was fragmented at
the C,~Cp bonds of each respective side chain and the default
capping H atom method implemented in QuanPol was used to
treat the covalent bonds between the QM and MM regions.>®
The 6-31G* basis set>® was used for 82 QM atoms. The aug-cc-
pVDZ basis set’’*® was used for the 23 most relevant atoms,
which were the Zn ion, the three atoms of the H,O molecule,
four carboxylate O atoms of Asp178 and Asp267, the two
carboxylate O atoms of Asp176 and Asp183, the four N and H
atoms of His142 and His143, one N atom of His180, and the
four N, H, C, and O atoms of the tetrapeptide substrate. In all the
QM/MM calculations, the QM-MM 1J interaction was used (the
QM atoms used their original MM L] parameters). The force field
charges of the MM atoms interact directly with the electrons and
nuclei of the QM atoms and affect the Hartree-Fock wavefunction
and subsequent MP2 energy and gradient.”*®* A shifting function
(QuanPol keyword ISHIFT = 4) was used for MM charge-charge
interaction up to 12 A. A switching function (QuanPol keyword
ISWITCH = 1) was used for MM L] interaction from 10 to 12 A. A
QM-MM switching function (QuanPol keyword ISWITCH = 1) was
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used for QM-LJ, QM-charge interactions from 22 to 32 A. The
parallel MP2 program implemented by Ishimura, Pulay, and
Nagase et al.®*®* was used together with the QuanPol routines
that add MM interactions to the MP2 method.*°

All QM/MM geometry optimizations and transition state
searches were performed with the Hessian guided optimization
method we implemented in the QuanPol program. First, all
1844 (for 1 ns snapshot) or 1876 (10 ns snapshot) atoms were
optimized using a steepest descent scheme at the MM level.
The Hessian for these atoms was then computed at the MM
level and used to guide subsequent QM/MM geometry optimi-
zation. The QM/MM geometry optimization was started at the
Hartree-Fock level (with the 6-31G* basis set and Grimme’s
dispersion correction) for the ES state, using the MM Hessian
as the guide. The Hessian was systematically updated and
improved as the QM/MM geometry optimization proceeded to
finish. Based on the optimized ES structure and the improved
Hessian, other states were constructed (by repositioning a few
atoms) and optimized. All transition states were optimized with a
saddle point search method by preparing a trial structure and
supplying a Hessian matrix containing a leading negative mode.
We have implemented a convenient and low-cost method in the
QuanPol program to compute and update part of an existing and
all-positive-mode Hessian to produce a new Hessian that (if lucky)
contains one negative mode for a trial TS structure. The QM/MM
optimized structures and the improved Hessian matrices
obtained at the Hartree-Fock level of theory can be used as
starting points for subsequent B3LYP, B3LYP-D3, and MP2 opti-
mization. All transition states found at the B3LYP-D3 level of
theory were confirmed with the partial Hessian vibration analysis
method implemented in QuanPol. The results are shown in
Table S1 (ESIt). The relative electronic energies of each species are
in Table 1. The corresponding QM/MM MP2 and spin component
scaled MP2 (SCS-MP2%) single point energies (using four different
basis sets) were calculated for all QM/MM MP2 optimized structures.
The relative single-point energies are given in Table S2 (ESIt). The
optimized coordinates of the enzyme and substrate at various
reaction stages are available as PDB files in the ESLf

I1l. Results and discussion
OL.A. Zn(n)-HDACS with two K ions

II.A.1. Three-step reaction mechanism. The K' ion at site
1 interacts with the zinc catalytic site by coordinating with

Table1 Relative electronic energies (kcal mol™?) of each species involved in the catalytic mechanism for B3LYP/MM, B3LYP-D3/MM, and MP2/MM (with
mixed aug-cc-pVDZ and 6-31G* basis set) optimized structures with and without a K* ion, which coordinates with Asp176 near the active site

ES TS1a Ella TS1 EIl1 TS2 EI2 TS3 EI3 EP

With a K* ion at site 1

B3LYP/MM 0.0 18.3 17.1 24.1 21.3 30.6 17.2 18.9 10.8 1.5
B3LYP-D3/MM 0.0 16.9 15.5 22.9 19.0 25.8 16.5 19.4 13.5 6.1
MP2/MM 0.0 13.7 10.5 17.3 13.7 19.7 10.5 171 13.4 9.6
No K" ion at site 1

B3LYP-D3/MM 0.0 9.5 5.5 19.9 16.5 24.4 15.1 16.7 4.9 —1.7
MP2/MM 0.0 5.4 —1.8 12.6 10.4 17.4 8.9 10.5 2.6 0.0
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Fig. 3 The MP2/MM (with mixed aug-cc-pVDZ and 6-31G* basis set) computed electronic energy profiles along the deacetylation reaction pathway of a
tetrapeptide catalyzed by HDAC8 with (blue) and without (red) a K* ion at site 1.

Asp176 (Fig. 1). In the QM/MM MP2 optimized ES state, the
Zn>" forms five coordinate bonds with the substrate carbonyl
C=O0, H,0, Asp178 carboxylate COO~, Asp267 carboxylate
COO, and His180 neutral imidazole. The MP2/MM computed
reaction pathway energetics show a three-step mechanism
(Fig. 2C), which is different from mechanisms 1 and 2 (Fig. 2A
and B) proposed in the literature. The relative electronic energies
of the species are shown in Table 1 and Fig. 3. Compared to
mechanism 2 (Fig. 2B), in which the amide C-N bond cleavage,

protonation of amide N atom, and the protonation of His142 are
concerted, the three-step mechanism found here has an addi-
tional intermediate EI2 (as shown in Fig. 2C). Due to this
intermediate, the proton transfer from His143 to the amide N
atom and the amide C-N bond cleavage are separated into two
distinctive steps. In the following, we describe the details of this
three-step mechanism.

The first step is the nucleophilic addition of the Zn-bound
water molecule to the acetamide carbonyl carbon atom (Cgyp)-

Asp183

Fig. 4 The MP2/MM (with a mixed aug-cc-pVDZ and 6-31G* basis set) optimized structures for representative reaction species involved in the
deacetylation reaction pathway of a tetrapeptide catalyzed by the HDACS8 system with a K* ion at site 1.
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To activate the water molecule, either His142 or His143 (both
with only 3-N protonated) could accept a proton from the water
molecule. These two possibilities are examined with the MP2/
MM geometry optimization method. Similar to the results of
Chen et al. and Gleeson et al.,”>”>* we found that a water proton
(H2wa¢) can pass a transition state (TS1, Fig. 4B) and bind to
His143 (EI1 in Fig. 4C). The electronic energy for the transition
state TS1 is 17.3 keal mol™". In the ES state (Fig. 4A), the
distance between the Zn ion and the O atom of the carbonyl
group of the substrate (see Zn-Og,p, in Table S4, ESIt) from the
MP2/MM geometry optimization is 2.16 A. In TS1, this distance
is shortened to 1.93 A. The proton transfer from the water to
His143 is accompanied by the nucleophilic attack of the partially
formed hydroxide to the carbonyl carbon atom (Cyyp), leading to
a negatively charged tetrahedral intermediate (EI1 in Fig. 4C).
The relative electronic energy for EI1 is 13.7 kcal mol *. The
Oya—Ceup distance is shortened from 2.55 A in ES (Fig. 4A) to
1.50 A in TS1 (Fig. 4B). The interaction between the Zn ion and
Oy is significantly weakened in EI1, as shown by the elongation
of the distance between the two atoms (from 2.09 A in ES to
2.51Ain TS1). The distance between Oy, and the C atom of the
carbonyl group of the substrate (Oy—Csup in Table S4, ESIT) is
1.48 A in the negative tetrahedral intermediate EI1, longer than
the standard carboxylic C-O distance of 1.34 A.

We also found that a water proton (H1ys,) can transfer to His142.
The electronic energy for the transition state (TS1a, Fig. S7B, ESIt) is
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13.7 keal mol " (relative to ES). While the proton transfers from the
water to His142, the partially formed hydroxide approaches the
carbonyl carbon atom (Cgyp,), leading to a negatively charged tetra-
hedral intermediate (EI1a in Fig. 5A and Fig. S7C, ESIt). The relative
electronic energy for El1a is 10.5 keal mol~". However, because the
protonation of His143 (ie., EI1) is the prerequisite for the subse-
quent protonation of the amide N atom, EI1a must change into EI1.
Chen et al*® found a transition state (denoted as 2TS3a’ in their
paper) between EI1a and EI1. Here, our transition state search on the
MP2/MM potential energy surface (PES) shows that the transition
state between Ella and EI1 is simply TS1 (Fig. 4B), the same
transition state bridging ES and EIl. Therefore, on the MP2/MM
PES, there are two pathways from ES to EI1: one is ES - TS1a - Ella -
TS1 - EI1; the other is ES - TS1 - EIl.

The second step is the protonation of the amide N atom by
His143 and the formation of a neutral tetrahedral intermediate
(EI2 in Fig. 4E). The distance between Oy, and the C atom of
the carbonyl group of the substrate (Owa—Csup) is shortened
from 1.47 A in EI1 (Fig. 4C) to 1.45 A in TS2 (Fig. 4D) and finally to
1.41 A in EI2 (Fig. 4E). The protonation of Ny, leads to a
weakened amide C-N bond (from 1.46 A in EI1 to 1.49 A in
TS2, and finally to 1.57 A in EI2). The electronic energy of TS2 is
19.7 kecal mol™" higher than ES. The electronic energy of
the neutral tetrahedral intermediate EI2 is 10.5 kcal mol %,
3.2 kecal mol " lower than the negative tetrahedral intermediate
EI1 (13.7 kcal mol ™).

Asp’

- His143

=S

Higges ‘\\ C-N/1.46

1.71

N

= Asp'l%
A. Ella with K*
His143 Y ‘_F =
=C Y
N & —

//j;p17;><:ié
o/;

A

Asp183

Asp183

E. EP with K*

F. EP without K*

Fig. 5 Comparison of the MP2/MM (with a mixed aug-cc-pVDZ and 6-31G* basis set) optimized structures that have different protonation states in the
deacetylation reaction pathway of a tetrapeptide catalyzed by HDAC8 with and without a K* ion at site 1.
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The third step is the complete cleavage of the amide C-N
bond in the tetrapeptide substrate, accompanied by a proton
transfer from the newly formed carboxylic group to His142. The
proton has already transferred to His142 (HlyaeNgi42 1.10 A)
when the C-N distance is at the transition state (TS3, Fig. 4F)
length of 1.99 A. The electronic energy barrier from EI2 to the
transition state TS3 (Fig. 4F) is 6.6 kcal mol™", and the electro-
nic energy of TS3 is 17.1 keal mol ™" higher than ES. The amide
C-N distance is elongated from 1.57 A in EI2 to 1.99 A in TS3,
and finally to 2.57 A in the intermediate EI3 (Fig. 5C). The
electronic energy of EI3 is 13.4 kcal mol ' higher than ES.
However, as an immediate local minimum just passing TS3, EI3
is not very stable because Tyr306 forms a probably weak
hydrogen bond with the newly formed carboxylic group. Pas-
sing a low and flat electronic energy barrier (0.26 kcal mol %),
Tyr306 can rotate and form a (presumably stronger) hydrogen
bond to the newly formed amine group (-CNH,) of the sub-
strate, leading to a more stable structure EP (Fig. 3 and 5E). EP
has a relative electronic energy of 9.6 kcal mol * (relative to ES),
3.8 kcal mol " lower than EI3 (Table 1 and Fig. 3). EP is likely
the final enzyme-product complex minimum state. Because the
transition state between EI3 and EP has a very low and flat
electronic energy barrier, it may not be a meaningful free
energy barrier when zero-point energy and thermal free energy
are considered. Similarly low and flat electronic energy barriers
(0.01 and 0.14 kcal mol ") were also observed on the QM/MM
B3LYP and B3LYP-D3 potential energy surfaces. Therefore, in
the rest of the paper, this transition state is not discussed.

The first step in the three-step mechanism identified in this
work is identical to the first step in mechanism 2 (Fig. 2B)
proposed in the literature for Zn(u)-HDACS with two K" ions: a
negatively charged tetrahedral intermediate is formed after the initial
hydroxide attack. In the two-step mechanism (mechanism 2 in
Fig. 2B), the negative tetrahedral intermediate directly decomposes
into the final product (via a concerted protonation of amide N by
His143, C-N cleavage, and protonation of His142). In the three-step
mechanism (Fig. 2C), the negative tetrahedral intermediate evolves
into a neutral tetrahedral intermediate (via protonation of amide N
by His143), then decomposes into the final product (via C-N
cleavage and protonation of His142).

IILLA.2. Accuracy of MP2 and SCS-MP2. The electronic
correlation energy recovered by MP2 methods is basis set
dependent. In addition, it has been shown the SCS-MP2°*
method can generally improve the accuracy of the regular
MP2 method. SCS-MP2/MM (aug-cc-pVDZ for 23 atoms and the
6-31G* basis set for the rest) single point energy calculations
(all SCS-MP2 results are presented in Table S2, ESIt) show that
the relative electronic energies of TS1, TS2, and TS3 are 20.9,
22.1, and 18.1 kcal mol ™", respectively. The spin-component
scaling leads to 2-3 kcal mol™* changes to the values for TS1
and TS2, but a very small change to TS3. The mixed basis set
(aug-cc-pVDZ for 23 atoms and 6-31G* basis set for 82 atoms)
used here for the QM region has a balanced accuracy and
efficiency. In general, when a mixed basis set is used, caution
is needed to avoid unbalanced electronic polarization and
correlation, which may potentially lead to significant errors in
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the computed structures and relative energies. It is often neces-
sary to carry out calibration calculations using a consistent and
balanced basis set. Single point energy MP2/MM calculations
with a larger basis set (aug-cc-pvTZ®>”® for 23 atoms and 6-31G*
for the rest) show that the relative electronic energies for TS1,
TS2 and TS3 are 15.5, 17.2, and 16.6 kcal mol ™", respectively,
slightly lower than the aug-cc-pVDZ values; the corresponding
SCS-MP2/MM relative electronic energies are 19.2, 19.7, and
17.7 keal mol . Further increment of the basis set to aug-cc-
pVDZ for all 105 QM atoms, and to aug-cc-pVTZ for 23 QM atoms
and aug-cc-pVDZ for 82 QM atoms does not lead to large changes
to the relative electronic energies (Table S2, ESIt). Clearly, none
of these relative energies exhibits large deviations from the
values optimized with MP2/MM and the mixed aug-cc-pVDZ
and 6-31G* basis set. While it remains to be further verified,
we did notice that for HDACS, the aug-cc-pVDZ basis set is
sufficient for MP2 computation of the structures and relative
energies on the reaction pathway to achieve an accuracy of
~2 kecal mol ', Replacing aug-cc-pVDZ with the smaller 6-
31G* basis set for the non-reactive atoms in the QM region
indeed introduces some errors, mainly due to the reduction of
the long-ranged static polarizabilities of the affected QM atoms. This
is apparent because these two basis sets differ mainly in the number
of diffuse functions and polarizable functions. It also affects the MP2
computed relative electronic correlation energies for the species on
the reaction pathway. Single-point energy calculations using the aug-
cc-pVDZ basis set would be sufficient for identifying possible large
errors obtained with smaller basis sets. In general, for QM/MM MP2
geometry optimization calculations like the ones in this study, using
a very large basis set for the QM region would not necessarily
improve the overall results because the dynamic fluctuations of
the enzyme matrix and solvent molecules, which can typically cause a
couple of keal mol " energy differences in the computed relative
energies, are not sufficiently sampled. In addition, if the force field
for the protein matrix and solvent water molecules is not electro-
nically polarizable, solely improving the description of the polariz-
abilities of the QM atoms at higher computational costs would only
marginally improve the overall accuracy.

To verify the accuracy of the MP2 and SCS-MP2 methods, we
performed coupled-cluster singles, doubles with non-iterative
triples [i.e., CCSD(T)]>* calculations for a set of 34-atom
active site models (Fig. S6, ESIT) extracted from the QM/MM
MP2 optimized structures. These models include the core
reactive groups: the Zn ion, the water, the substrate acetamide
group, and the imidazole groups of His142 and His143. The SPK-
ADZP®® basis set was used as it was similar to but slightly smaller
than the aug-cc-pVDZ basis set and led to a significant reduction
of computer resource requirements, as well as good conver-
gence. The relative CCSD(T) corrections across the models are
small, 2.1 kcal mol ™~ for regular MP2 and 1.3 kcal mol " for SCS-
MP2, at maximum (Table S7, ESIt). These results suggest that for
the reaction pathway studied here, the MP2 and SCS-MP2
methods have an accuracy of about 1-2 kcal mol .

III.A.3. Comparison to experiments

The k.o value. There is no experimental k., value for Zn(iu)-
HDACS8 with both sites 1 and 2 occupied by K" ions. The
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experimental rate constant k., for Zn(i1)-HDAC8 was measured
as 0.90 + 0.03 s' in an assay buffer solution containing
137 mM NaCl and 2.7 mM KC1.°® Using unimolecular transition
state theory, the apparent activation free energy under this
condition is 17.5 kcal mol ™" at 298 K. At a low concentration of
2.7 mM, K" can hardly bind to either site 1 (with a K5 inhib =
130 £+ 30 mM) or site 2 (with a Ky/3 5cc = 14 = 2 mM) of Zn(u)-
HDACS." It is difficult to accurately measure the K, jnnhip and
Ki/2,5ct Of Na* for Zn(u)-HDACS. However, for Co(n)-HDACS, it
was experimentally found that the site-1 Ky inhib for Na" and K"
are 320 & 140 mM and 26 + 3 mM, and the site-2 K, o for Na*
and K" are 90 + 40 mM and 3.4 + 0.3 mM." Here we assume
the ratios of the affinities for both sites are transferable from
Co(u1)-HDACS to Zn(ir)-HDACS, so the site-1 Kiz innip and site-2
Ki/2,2c¢ Of Na™ for Zn(u)-HDACS can be estimated to be 1600 mM
and 370 mM, respectively. In a solution containing 137 mM
NacCl, the Zn(u)-HDACS inhibition site-1 would be 8% occupied,
and the activation site-2 would be 27% occupied, by Na®. If site
1 was 0% occupied and site 2 was 100% occupied by Na®, the
keat for Zn(m)-HDAC8 would be 3.3 s (0.90 s * divided by 0.27).
Using unimolecular transition state theory, the activation free
energy would be 16.7 kcal mol™"' at 298 K. It has also been
experimentally determined that, for Co(u)-HDACS, when both
site 1 and site 2 are 100% occupied by K' ions, the k../Ky value
would decrease by 11-fold as compared to the case when site 1
is empty and site 2 is 100% occupied by K* ions."® The site-1 K*
depletion is a pretty large charge perturbation. When K' ions
are replaced by Na' ions (same charge, but slightly different
ionic radius, polarizability, and dispersion interaction) at either
or both site 1 and site 2, the perturbation is much smaller than
depleting the K" ions; thus, the changes in the activity would be
in much smaller scales than 11-fold. Accordingly, as a rough
approximation for estimating the k., value, here we assume
that the effects of Na" and K" at both sites are equivalent, so
replacing the site-2 Na* by K would result in roughly the same
kear Of 3.3 s~ for Zn(u)-HDACS with site 1 being 0% occupied
and site 2 being 100% occupied by K'. In addition, since the Ky
value is insensitive to K binding, it also implies that it is the
kea: value that would have decreased by 11-fold upon site-1 K*
binding. These analyses suggest that if site 1 was 100% occu-
pied and site 2 was 100% occupied, both by K, the k., for
Zn(u)-HDACS would be 0.30 s, corresponding to an activation
free energy of 18.1 kcal mol " at 298 K. While being approx-
imate, these analyses are reasonable. For example, based on
these analyses, in a solution containing 130 mM K', it is
expected that site 1 is roughly 50% occupied (note Ki/ innip =
130 & 30 mM) and site 2 is roughly 100% occupied (note Ki act =
14 + 2 mM), by K*, and the apparent k., would be (3.3 + 0.3) x
0.5 = 1.8 s'. In a recent experimental measurement of the
apparent k., of HDACS8 in a solution containing 130 mM K'
(50 mM K,HPO, and 30 mM KCl), two k., values were obtained
from two kinetic fitting models, one was 2.0 s~ and the other
was 2.9 s~ 1.%” The fitted value 2.0 s~ " is close to the 1.8 s™* value
estimated here.

According to our MP2/MM calculations (as shown in Fig. 3),
the relative electronic energies of TS1, TS2, and TS3 are 17.3,
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19.7, and 17.1 keal mol ™", respectively. Though these values are
comparable, the second step (TS2) has the highest electronic
energy. Zero-point energy (ZPE) and free energy corrections are
estimated with partial Hessian harmonic frequencies. Due to
the high computational cost of the MP2 method, the partial
Hessian harmonic frequency calculations are performed with
the B3LYP-D3/MM method. Twenty-six key reactive and zinc-
binding atoms are included in the partial Hessian calculations:
the Zn ion, Nyis142, Huis1a2, Nuis143) Huis143, Oasp176y Oaspi7s,
Oasp1s3s Nuisiso, Oasp2e7, O, and H atoms of the catalytic water,
as well as the reactive N, H, O, and C atoms in the substrate.
The ZPE and thermal free energy corrections are —1.7, —0.1,
and —0.5 kcal mol™?, respectively, for TS1, TS2, and TS3
(relative to ES). After correction, the activation free energies
for TS1, TS2, and TS3 are 15.6, 19.6, and 16.6 kcal mol ',
respectively. TS2 still has the highest value. Therefore, our best
estimation of the free energy barrier is 19.6 kcal mol™" for 298 K,
which is in good agreement with the experimental value of
17.5 keal mol™" for Zn(n}HDACS$ in 137 mM NaCl and 2.7 mM
KCL. If the estimated experimental value 18.1 kcal mol " for Zn(i)-
HDACS (with two K" ions) is used for comparison, the agreement is
also good.

Thermodynamics and kinetics of HDAC8. We noticed that
some researchers have misunderstandings about enzymatic
thermodynamics and kinetics. For example, some researchers
mistakenly believe that each enzyme-intermediate complex on
the catalytic pathway should have a forward reaction energy
barrier lower than the backward reaction barrier, so the forward
reaction can proceed faster than the backward reaction. How-
ever, the rate is determined by two factors: the rate constant
(i.e., barrier) and concentration. Driven by concentration differ-
ences, a multi-step reaction can always proceed from reactant
to product, and vice versa, to reach an equilibrium or steady
state, no matter what the reaction pathway energy profile is.
Some researchers also mistakenly believe that in enzyme cata-
lysis the EP state must have a lower energy than the ES state,
i.e., ES to EP must be exothermic or exergonic, to favor the
forward reaction. However, the overall reaction is from free
substrate and enzyme (E + S, not the ES complex) to free
product and enzyme (E + P, not the EP complex). If the free
E + P state has a lower free energy than the ES state, the enzyme
catalytic reaction can always proceed no matter how high (but
of course, should always be lower than the rate-determining
transition state) the energy of the EP state is. The relative energy
of the ES and EP is irrelevant to whether the catalytic reaction
can proceed or not, it only affects the relative equilibrium or
steady state populations of ES and EP (more ES if ES is lower,
more EP if EP is lower).

Consider the following general enzyme-catalyzed reaction
and the standard (physical chemistry standard state, i.e., activ-
ity = 1.0 when solute concentration is near 1.0 M) Gibbs free
energy changes on the pathway:

AGY AGY AGS
E+S—ES—SEP—E+P (1)
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The overall reaction E + S to E + P (i.e., free S to free P) is
typically exergonic at standard state, but slightly endergonic is
also very common:

AGS + AGS + AGS < 0 (can be slightly > 0)  (2)

Slightly endergonic is allowed because in biological systems P
may have a lower metabolic concentration than S, thus lower
free energy, especially when the P state has two independent
molecules and larger translational entropy.

E + S to ES is typically exergonic at the standard state, but
endergonic is not a problem:

AGS < 0 (can be >0) (3)

An endergonic E + S to ES process means the formation of ES is
not thermochemically favored (but ES can still form, just has a
low equilibrium concentration), and most of the enzyme mole-
cules remain in their free state. If the enzymatic rate-
determining transition state is energetically lower than the
non-catalyzed one, the enzyme is still an effective catalyst,
despite its weak binding ability to the substrate. The fact that
enzymes exhibit favorable substrate binding (exergonic) is a
result of biological evolution rather than thermodynamics
because an unfavorable substrate binding would require the
production of a greater number of enzyme molecules, a dis-
advantageous survival burden.

Here we use Elyyes: to denote the state with the lowest
standard free energy (global minimum) on the reaction path-
way. It can be either ES or EP, or any other state before E + P,
including E + S. Eljgwest to E + P is typically exergonic at
standard state, but slightly endergonic is also common,
because P is always at concentrations orders lower than the
standard state concentration 1 M. In case the Eljoyes: iS ES, we
should have:

AG3 + AGS < 0 (can be slightly > 0) (4)

In case the Eljgyes: iS EP, we should have:

AG§ <0 (can be slightly > 0) (5)

None of these inequalities in eqn (2)-(5) put any sign restric-
tions on AGj: it can be either positive (endergonic) or negative
(exergonic).

For the Zn()-HDACS (with two K" ions) catalyzed deacetyla-
tion reaction studied here, the standard binding free energy
change AG? for the R-H-K(Ac)-K(Ac) tetrapeptide and enzyme
has been experimentally measured to be —4.0 keal mol ™" (Ky =
1.1 x 107% M) at 298.15 K.*° It was also experimentally found
that the AGY is insensitive to site-1 K" depletion and mutations
of some active site residues.?® Literature results on the standard
free energy change or equilibrium constant for the hydrolysis of
the tetrapeptide substrate are not available. It has been experi-
mentally measured that the standard free energy of hydrolysis
of acetamide (CH;CONH,) to acetate and ammonium is
—2.1 keal mol *,® and is —2.4 kcal mol™* for N,N-dimethyl-
acetamide.®® The hydrolysis of the acetamide group in the R-H-
K(Ac)-K(Ac) tetrapeptide substrate studied here should be close
to these two values because all acetamide hydrolyses have

This journal is © the Owner Societies 2025

View Article Online

PCCP

similar free energy changes. For convenience of discussion,
here we use an estimated value of —2.2 kcal mol *. The
following experimental results for HDACS8 catalysis can be
established:

AGS + AGS + AGS = —2.2 kcal mol ! (6)
AGS = —4.0 keal mol™* (7)

Eqn (6) satisfies eqn (2) and eqn (7) satisfies eqn (3). Combining
eqn (6) and (7), we have the following experimental
relationship:

AG3 + AGS = +1.8 keal mol ! (8)

No experimental values for AG5 or AGS are available.

The experimental relationship in eqn (8) can be used to
examine AG5 values from theoretical calculations. In this work,
AG3 is computed to be +8.8 kcal mol™" (electronic energy
9.6 kcal mol " with —0.8 kcal mol ' ZPE and thermal free
energy correction, Table 2 and Table S1, ESIt) for HDACS with
two K" ions, so AGS must be around —7.0 kcal mol™*. Since here
ES is computed to be the global minimum, the slightly positive
AG3 + AGS3 is the overall free energy of dissociation and satisfies
eqn (4). This AG3 + AG3 value corresponds to a thermodynamic
dissociation equilibrium constant of 0.05 (unit-less, using
activity and physical chemistry standard states) for ES = E +
P1 + P2 (note the products are acetate and ammonium, denoted
as P1 and P2). This equilibrium constant allows for a highly
favorable dissociation of ES into E + P at typical biological and
experimental concentrations such that [E];oca is 1.2-50 pM and
[S] and [P] are 5-2000 uM.>® Therefore, the computed AGS value
of +8.8 kcal mol ™" in this work (the direct consequence of this
result is that ES is the global minimum) is reasonable and not
contradictory to experimental facts. In contrast, in an earlier
work by Corminboeuf et al.,>* AGS was computed to be around
—8.9 kecal mol™* for HDACS8 with two K* ions, so the EP state
was the global minimum (Table 2). Based on the experimental
relationship in eqn (8), AGS must be around +10.7 kecal mol ™,
which is too large to allow for a favorable dissociation of EP into
E + P. Similarly, in an earlier work by Chen et al.,”® AGS was
computed to be around —4.4 kcal mol ' for HDACS with one K*
ion (Table 2), also leading to a large AGS and unfavorable
dissociation of EP into E + P. To be discussed later, these two
problematic AG3 values were computed with inaccurate QM
methods and/or a small basis set.

Solvent kinetic isotope effect. The solvent hydrogen-deuter-
ium kinetic isotope effect (SKIE) on HDACS activity has been
experimentally measured by Hansen and coworkers.®” It was
found that in pure D,O solvent with 137 mM NaCl and
2.7 mM KClJ, the activity (i.e., kca/Ky ratio) of HDACS is about
19% of that in pure H,O solvent. It was also found that the Ky
is insensitive to deuteration, so the sKIE is mainly in the k..
We note that the authors reported a sKIE of 6.2, but their
plotted data suggest that the value is more likely around 5.3.
Here the sKIE is computed with the partial Hessian harmonic
vibration method (for 7 = 298.15 K) and the QM/MM B3LYP-D3

Phys. Chem. Chem. Phys., 2025, 27, 7120-7138 | 7129


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cp00002e

Open Access Article. Published on 10 March 2025. Downloaded on 12/11/2025 11:43:59 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

View Article Online

Paper

Table 2 Comparison of QM/MM relative single point energies (kcal mol™) of each species involved in the catalytic mechanism calculated with different
DFT functionals. The MP2/MM (with a mixed aug-cc-pVDZ and 6-31G* basis set) optimized structures are used in the calculations with two basis sets: the
BS1 (a mixed aug-cc-pVDZ and 6-31G* basis set) and 6-31G*. Reaction energies obtained from the literature and relative electronic energies obtained
from our B3LYP/MM, B3LYP-D3/MM, MP2/MM, and SCS-MP2/MM calculations are included for comparison

QM method ES TS1a Ella TS1 EIl TS2 EI2 TS3 EI3 EP
With a K' ion at site 1

MP2/BS1 0.0 13.7 10.5 17.3 13.7 19.7 10.5 17.1 13.4 9.6
SCS-MP2/BS1//MP2/BS1 0.0 15.5 12.1 20.9 15.6 22.1 12.2 18.1 12.5 7.6
B3LYP/BS1 0.0 18.3 17.1 24.1 21.3 30.6 17.2 18.9 10.8 1.5
B3LYP-D3/BS1 0.0 16.9 15.5 22.9 19.0 25.8 16.5 19.4 13.5 6.1
MO05-2X/BS1//MP2/BS1 0.0 15.9 13.4 20.6 16.9 22.4 13.4 19.0 15.0 10.3
MO06/BS1//MP2/BS1 0.0 16.9 13.6 20.2 16.8 22.5 13.5 20.0 15.3 11.5
MO06-2X/BS1//MP2/BS1 0.0 17.8 15.4 23.0 18.3 25.5 15.9 20.1 13.6 10.2
MN15/BS1//MP2/BS1 0.0 15.0 11.4 20.1 14.7 21.5 13.5 19.0 13.6 10.5
B3LYP/6-31G*//MP2/BS1 0.0 15.4 12.9 22.2 16.7 23.3 13.0 13.2 6.4 —1.2
MO05-2X/6-31G*//MP2/BS1 0.0 13.7 9.0 16.9 12.1 18.0 8.6 14.1 10.5 7.1
M06/6-31G*//MP2/BS1 0.0 15.6 9.4 17.0 12.2 18.3 8.9 14.8 10.7 8.3
MO06-2X/6-31G*//MP2/BS1 0.0 15.6 10.8 19.2 13.6 21.4 11.0 15.0 8.4 6.4
MN15/6-31G*//MP2/BS1 0.0 12.3 5.8 15.3 8.7 16.2 7.7 12.8 7.0 4.9
Corminboeuf et al.*! 0.0 — — 15.0 10.6 13.7 — — —8.9 —
Wu et al.** 0.0 — — 18.3 ~13.0 ~15.3 — — -7.1 —
Chen et al.® 0.0 14.0 9.8 15.2 10.2 9.6 4.4 10.8 8.5 —
Gleeson et al.** 0.0 17.9 10.8 — — 12.1 — — —2.2 —
No K" ion at site 1

MP2/BS1 0.0 5.4 —-1.8 12.6 10.4 17.4 8.9 10.5 2.6 0.0
SCS-MP2/BS1//MP2/BS1 0.0 6.5 —0.7 16.3 12.4 19.9 10.6 13.0 1.4 —2.3
B3LYP/BS1 0.0 9.5 5.5 19.9 16.5 24.4 15.0 16.7 4.9 -1.7
MO05-2X/BS1//MP2/BS1 0.0 8.5 1.3 16.4 13.7 20.2 11.7 13.6 4.8 1.3
MO06/BS1//MP2/BS1 0.0 8.5 0.6 16.4 13.4 20.3 11.7 13.9 4.3 2.1
MO06-2X/BS1//MP2/BS1 0.0 7.8 1.4 19.9 14.5 22.1 12.9 15.7 1.1 —0.3
MN15/BS1//MP2/BS1 0.0 6.5 -1.2 15.9 11.4 18.8 11.3 13.7 2.4 0.8
MO05-2X/6-31G*//MP2/BS1 0.0 4.6 —5.8 12.4 8.8 15.6 6.8 9.2 —2.2 —4.1
M06/6-31G*//MP2/BS1 0.0 4.7 —6.1 12.4 8.6 15.7 6.9 9.5 —2.6 -3.0
MO06-2X/6-31G*//MP2/BS1 0.0 4.2 —5.5 15.7 9.6 17.8 7.9 11.3 —6.4 —6.1
MN15/6-31G*//MP2/BS1 0.0 2.5 —9.2 10.7 5.2 13.5 5.4 8.7 —6.3 —6.6
Wu et al.** 0.0 — — 22.6 — — — — — —
Chen et al.® 0.0 8.5 —0.6 11.1 7.4 8.9 2.9 6.2 —4.4 —

optimized geometries. As described earlier, for H,O solvent (all
H atoms in the QM/MM system had a mass of 1.008 amu), the
ZPE and thermal free energy corrections were computed to be
—1.684, —0.043, and 0.489 kcal mol ', respectively, for TS1,
TS2, and TS3 (relative to ES, which is the global minimum
before E + P). Using the same Hessian force constant matrices
but with a mass of 2.014 amu for the two D atoms of the
catalytic water molecule and the hydroxyl D atom of Tyr306
(which should be rapidly deuterated in D,O solvent as its pK, is
about 10.5), the ZPE and thermal free energy corrections were
computed to be —0.677, +0.741, and 0.588 kcal mol ", respec-
tively, for TS1, TS2, and TS3 (relative to ES). These changes
suggest that the sKIE on k. would be 5.5, 3.8, and 1.2,
respectively, for TS1, TS2, and TS3. As already discussed, the
free energies of TS1, TS2, and TS3 are within a couple of kcal
mol ', with TS2 being the highest and rate-determining. There-
fore, the experimentally measured sKIE (6.2 as reported by the
original authors, but we think it is more likely 5.3) should be
due to TS2 (computed to be 3.8 here) when both site 1 and site 2
are occupied by K* or Na" ions. The difference between the
experimental value 6.2 (or 5.3) and the computed value 3.8
appears to be large, but the underlying free energy (mainly zero-
point energy) difference is only 0.30 kcal mol ™, which is small.
If the experimental value is 5.3, the underlying energy

7130 | Phys. Chem. Chem. Phys., 2025, 27, 7120-7138

difference would be only 0.20 kcal mol '. In general, it is
difficult to reproduce experimental sKIE values using approx-
imate computational methods such as the QM/MM B3LYP-D3
and the partial Hessian method used here. As to be discussed
later, compared to MP2, the B3LYP-D3 method has significant
errors in the relative energies for the species on the HDACS
catalytic pathway, and the QM/MM B3LYP-D3 optimized bond
lengths are also noticeably different from those optimized with
QM/MM MP2 (the overall geometries are still similar for the
relevant states). Therefore, the harmonic force constants and
frequencies computed at the QM/MM B3LYP-D3 level of theory
are likely inferior to those from the QM/MM MP2 calculations,
which are much more costly to perform. Even when the
harmonic force constants can be computed to a satisfactory
level of accuracy, other factors such as structural fluctuation
and anharmonic corrections, are still missing, so the computed
sKIE may still be banded by errors in the order of tenths of kcal
mol . Using only three D atoms in the sKIE calculation may be
another nonnegligible source of error since a comprehensive
calculation should consider the deuteration of all relevant H
atoms, including solvent H,O molecules as some of them are
near the active site, and may contribute to the sKIE. The partial
Hessian calculation performed here for 26 QM atoms did not
include any solvent water molecules. In general, it is expected
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that sKIE is larger when more H atoms are deuterated. For a
simple comparison, we performed sKIE calculations with two D
atoms for the catalytic water (Tyr306 had a H, not D) and
obtained 4.8, 3.2, and 1.1, respectively, for TS1, TS2, and TS3.
This is a hypothetical case because Tyr306 should be deuterated
in D,0. This comparison shows that the deuteration of a non-
reactive active site group indeed has positive contributions
(~0.1 kcal mol™" in energy) to the sKIE due to the intrinsic
delocalization nature of the vibration modes. While how to
improve the sKIE calculation for enzymes is an interesting
research topic and worth exploring, it is apparently out of the
focus of the current work. Finally, we note that it appears that
the experimental value could be better explained if the TS1 is
rate-determining and has a larger computed value of 5.5. More
discussions on the sKIE and their relationship to the possible
rate-determining steps will be presented in the next sub-section
for HDACS8 without K" at site 1.

IIL.B. Effects of K* depletion from site 1

A perturbation scheme was used here to examine the effect of
the K at site 1 on the catalytic pathway. For the 1 ns MD
snapshot (with a K" at site 1), two sets of MP2/MM geometry
optimization and transition state search calculations were
performed. In the first set of MP2/MM calculations, the K"
was at site 1 (unperturbed state). The results from the first set
have been discussed above. The second set had a perturbation
in the MM region: the force field charge of the K' ion at site 1
was set to zero (the L] potential of the K" was retained to avoid
significant structural changes to the protein matrix). If two
independent MD simulations were performed, one with K" and
one without, the differences between the QM/MM results from
the two MD trajectories would contain random thermal fluctua-
tions up to a few kcal mol~". Unless the QM/MM difference is
expected to be large (e.g,, more than 10 kcal mol "), two
independent MD trajectories should be avoided.

The results are shown in Table 1 and Fig. 3. In general, the
reaction pathways with and without a K ion at site 1 are very
similar and can be characterized by the same set of intermedi-
ates and transition states (with the same names).

The first step is the nucleophilic addition of the Zn-bound
water molecule to the amide carbonyl carbon atom (Cgyp). The
ES (Fig. S8A, ESIt) can pass TS1 (Fig. S8D, ESIt) and evolve into
EI1 (Fig. SSE, ESIf) by transferring a proton from water to
His143. It can also pass TSla (Fig. S8B, ESI{) and evolve into
Ella (Fig. 5B and Fig. S8C, ESIT) by transferring a proton from
water to His142. The EIla state has an electronic energy
—1.8 kecal mol™ ! lower than ES. When zero-point energy and
thermal free energy (+1.7 kcal mol ', Table S1, ESIf) are
included, the free energy of El1a is —0.1 kcal mol~" lower than
ES. SCS-MP2 calculation with a larger basis set (Table S2, ESIt)
suggests that the free energy of EIla should be a couple of
tenths kcal mol " higher than ES. In EI1a the proton on 8-Ny4,
is already transferred to Asp176, suggesting that the removal of
the K" ion from site 1 leads to an increment in the electro-
negativity of the oxygen atom of Asp176. Similar to the case
with a K" at site 1, our transition state search on the MP2/MM
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PES shows that the transition state between EIla and EI1 is
again TS1 (Fig. S8D, ESIT), the same transition state bridging ES
and EI1.

The second step is the protonation of the amide N atom by
His143 and the formation of a neutral tetrahedral intermediate
(EI2 in Fig. S8G, ESIt). The electronic energy of TS2 (Fig. SSF,
ESI¥) is 17.4 keal mol ™" (relative to ES). The electronic energy of
the neutral tetrahedral intermediate EI2 is 8.9 kcal mol 7,
1.5 keal mol " lower than the negative tetrahedral intermediate
EI1 (10.4 keal mol %).

The third step is the complete cleavage of the amide C-N
bond in the tetrapeptide substrate. Different from the one with
K" ions at site 1, this step involves a concerted transition state
(TS3 in Fig. S8H, ESI{), where C-N bond breaking is associated
with a proton transfer from the newly formed carboxylic group
to His142. In TS3, the proton is between N of His142 and water
(HlwarNp4p 1.25 A and H1y,~Oya: 1.26 A). Passing TS3, as
H1,. is completely transferred to His142, the proton on -
Ni14» Would transfer to Asp176, finally leading to the EI3 state
(Fig. 5D and Fig. S8I, ESIT). Therefore, the EI3 state for a K'-free
site 1 is different from that for a K'-bound site 1 due to an
increased proton binding ability of Asp176 upon K' removal
(Fig. 5C and D). The electronic energy barrier from EI2 to the
transition state TS3 (Fig. S8H, ESI¥) is 1.7 kcal mol . The ZPE
and thermal free energy correction is —2.9 kcal mol ™" from EI2
to TS3. After the correction, the free energy barrier from EI2 to
TS3 is —1.3 keal mol " (not really a barrier). Therefore, after K*
depletion from site 1, it is likely a two-step mechanism. The
electronic energy of EI3 (Fig. S8I, ESIY) is 2.6 kcal mol™" higher
than ES. Passing a low and flat (0.47 kcal mol ') electronic
energy barrier, Tyr306 can rotate and form a hydrogen bond
with the newly formed amine group (-CNH,) of the substrate,
leading to a more stable structure EP (Fig. 3 and 5F). Because
the transition state between EI3 and EP is low and flat, it may
not be a meaningful free energy barrier. In the rest of the paper,
this transition state is not discussed. EP has a relative electro-
nic energy of 0.0 kcal mol ™" (relative to ES, Table 1 and Fig. 3).
In both EI3 and EP (Fig. 5D and F) the proton on 8-Ny4, is
already transferred to Asp176 due to an increased proton
binding ability of Asp176 upon K" removal. As discussed ear-
lier, when a K" ion is at site 1, the relative electronic energy for
EP is 9.6 kcal mol ™. Clearly, a K*-free site 1 significantly favors
the EP state, due to a proton transfer from His142 to Asp176.
However, the stability of the EP state is irrelevant to whether the
catalytic reaction can proceed or not. HDACS8 can catalyze the
reaction in both cases: with and without K" at site 1. The only
difference is the catalytic efficiency, as discussed below.

The relative electronic energies of TS1a, EIla, TS1, and TS2
are 5.4, —1.8, 12.6, and 17.4 kcal mol ', respectively. TS2
remains to be the rate-determining transition state. Since EIla
(-1.8 keal mol ™" in relative electronic energy, —0.1 kcal mol " in
relative free energy) is the lowest energy point in the reaction
pathway (Fig. 3), the activation free energy should be derived
using EIla and TS2. The ZPE and thermal free energy correction
for EI1a to TS2 is —1.5 kcal mol~* (Table S1, ESIF). Therefore, our
best estimation of the free energy barrier is 17.7 kcal mol™* for
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298 K. The free energy barrier (17.7 kcal mol ") for K'-free site
1 is 1.9 kcal mol " lower than that for K"-bound site 1, implicat-
ing a 25-fold difference in the catalytic activity of Zn(u)-HDACS.
For comparison, experimental kinetic studies found that the
Co(u)-HDACS exhibited an 11-fold difference in activity between
K'-free and K*-bound site 1."° The MP2/MM result obtained here
is in good quantitative agreement with the site-1 K™ depletion
experimental values. The computed free energy barrier of
17.7 keal mol ™" for Zn(1)-HDACS with only a site-2 K" is in good
agreement with the experimental value of 17.5 kcal mol™* for
Zn(u)-HDACS in 137 mM NacCl and 2.7 mM KCL. If the estimated
experimental value of 16.7 kcal mol " for Zn(m)-HDAC8 with only
a site-2 K' is used for comparison, the agreement is also good.

In summary, the K depletion from site 1 significantly
increases the proton binding ability of Asp176, which then
preferentially stabilizes TS1a, EIla, and TS1 in the first step,
and TS3, EI3, and EP in the third step, by providing stronger
hydrogen bonding through His142 or even accepting the proton
from His142. In contrast, the stabilities of EI1, TS2, and EI2 are
much less affected by this K" depletion because the reactive
proton is on the His143 side in these states.

Using the QM/MM B3LYP-D3 optimized structures (which
are similar to those from QM/MM MP2 optimization), the sKIEs
were computed to be 8.9 and 4.0, respectively, for TS1 and
TS2 (relative to EI1a). Because the computed free energy (with
H atoms, not D) of Ella is only lower than the ES state by
0.1 kecal mol ™!, when computational errors are considered, ES
may be lower than EIla. Using ES as the reference, the
computed sKIEs are 8.5 and 3.8, respectively, for TS1 and TS2
(relative to ES). These two sets of sKIEs (relative to EIla and
ES, respectively) are close to each other. Here, the chance of
TS1 being the rate-determining step is very low because it is
7 keal mol ™" lower than TS2 in computed free energy. There-
fore, the experimentally measured sKIE should be mainly due
to TS2 when site 1 has no K'. As described earlier, when there is
a K" ion at site 1, the TS2 isotope effect was computed to be 3.8.
Therefore, the computed sKIEs are insensitive to K' occupation
at site 1, implying that the apparent sKIE would remain at
roughly a constant (computed to be ~3.8 here) when the K*
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concentration varies (the ratio of mono-K'-HDACS8 to bi-K'-
HDACS8 changes). This prediction can be verified by experi-
ments. If the experimentally measured sKIE remains constant
at ~3.8 (or another value as experimentally measured, such as
6.2 or 5.3), it may suggest that the TS2 is the rate-determining
transition state in both cases (site 1 has K" or not). If the sKIE
increases at higher K' ion concentrations, it may suggest that
the TS1 is rate-determining when both site 1 and site 2 have K"
ions (in this case, the TS1 value is 5.5). If the sKIE decreases at
higher K ion concentrations, it may suggest that the TS3 is
rate-determining when both site 1 and site 2 have K' ions (in
this case, the TS3 value is 1.2).

III.C. Comparison of QM methods

III.C.1. Comparison of B3LYP, B3LYP-D3 and MP2. Here
we examine the differences in the geometries and energies
optimized with the B3LYP/MM, B3LYP-D3/MM, and MP2/MM
methods. All calculations were performed with the same basis
set and the same QM/MM settings as described in the Compu-
tational methods section.

The Zn-Oy,: and Zn-Og,, coordination bond distances
optimized with B3LYP/MM are generally longer than those
optimized with B3LYP-D3/MM and MP2/MM (Fig. 6). For
example, the Zn-O,, distances in EI1 (Fig. 6A and Table S5,
ESIt) optimized with B3LYP/MM (2.51 A) are 0.08 A and 0.14 A
longer than that with B3LYP-D3/MM (2.43 A) and MP2/MM
(2.37 A), respectively. In the ES, the Zn-Oy,;, distances (Fig. S1,
ESIt) optimized with B3LYP/MM (2.40 A) and B3LYP-D3/MM
(2.17 A) are longer than 2.16 A optimized with the MP2/MM
method. For comparison, the Zn-Og, distance in the crystal
structure (2V5W.PDB) is 2.02 A. In the crystal structure, Tyr306
is replaced by Phe306, so the hydrogen bond between the Ogyp
atom and Tyr306 does not exist. This would leave a slightly
stronger interaction and a shorter distance between the Ogyp
atom and the Zn ion. Indeed, the MP2/MM optimized Zn-Ogyy,
distance (2.16 A, with Tyr306) is slightly longer than the 2.02 A
(with Phe306) in the crystal structure. The B3LYP/MM opti-
mized Zn-Oy,e and Zn-Oyg,, distances in other reaction species
(i.e. TS1a, Ella, TS1, EI1, TS2, EI2, TS3, EI3, and EP) are slightly

2.50
o B3LYP/MM
° 2 B3LYP-D3/MM

230 | o MP2/MM
<
@ 8
=
s 210 - ES EI2 £
2 TS2 g EP
= 8 TS1 s b gt
g TSta 3§ 3 ° 8
5 1.90 Ella EIl

1.70

B. Zn-O

sub

Fig. 6 Comparison of the optimized distances between zinc ions and the reactive oxygen atoms (O,a: and Ogp) in each reaction species obtained with

different QM/MM methods for HDAC8 systems with a K* ion at site 1.
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longer than those optimized with B3LYP-D3/MM and MP2/MM
methods. The B3LYP method tends to underestimate the
interactions between the Zn ion and its ligands and predict
longer coordinate distances.

The relative electronic energies obtained with the B3LYP/
MM method are 24.1, 30.6, and 18.9 kcal mol ", respectively,
for TS1, TS2, and TS3 (Fig. 7, all compared to ES). TS2 is the
highest, thus rate-determining. However, it is ~13 kcal mol "
larger than the experimental value of ~17.5 keal mol . Inclu-
sion of Grimme’s empirical dispersion correction to B3LYP (i.e.,
B3LYP-D3) leads to optimized structures and energies closer to
the MP2 results: the B3LYP-D3/MM optimized relative electronic
energies are 22.9 kcal mol " and 25.8 kcal mol " for TS1 and
TS2, respectively (Fig. 7). Here, the empirical dispersion correc-
tion leads to more than 4 kcal mol " energy improvement for the
rate-determining step, which is significant. Our previous work
on cytochrome P450.,, obtained similar corrections.”® Even
with the empirical dispersion correction, the B3LYP-D3/MM
relative energies of TS1 and TS2 are still 5.6 and 5.9 kcal mol *
higher than the MP2/MM values 17.3 and 19.7 kcal mol .

For TS3, the B3LYP/MM and B3LYP-D3/MM energies, 18.9
and 19.4 kcal mol ™", respectively, are comparable to the MP2/
MM value of 17.1 kcal mol '. However, the B3LYP/MM and
B3LYP-D3/MM computed electronic energy barriers from EI2 to
TS3 are only 1.7 and 2.9 keal mol ™, respectively. For comparison,
the MP2/MM computed barrier from EI2 to TS3 is 6.6 kcal mol ™
(SCS-MP2/MM results are similar, see Table S2, ESIT). We note
that, in MP2/MM optimized TS3, the proton has already trans-
ferred to the N atom of His142, while in B3LYP/MM and B3LYP-
D3/MM optimized TS3 structures, the proton is still on the oxygen
atom of water. When ZPE and free energy correction (which is
—1.7 keal mol " ongoing from EI2 to TS3 as computed with the
B3LYP-D3/MM partial Hessian method) is applied, the free energy
barrier becomes 0.0 and +1.3 kcal mol™", respectively, on the
B3LYP/MM and B3LYP-D3/MM PESs. Therefore, due to the very
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low electronic energy barriers, TS3 is not a meaningful transition
state on the B3LYP/MM and B3LYP-D3 PESs. Even when only
electronic energy is considered, there is a good chance that
the TS3 would not appear in a QM/MM B3LYP (or B3LYP-D3)
calculation with settings different from those used in this
work, especially when different starting structures and basis
sets are used. For example, when the small 6-31G* basis set is
used, the QM/MM B3LYP relative single-point energies of EI2
and TS3 (based on QM/MM MP2 optimized structures) are
13.0 and 13.2 kcal mol ™', respectively, virtually no difference
(Table 2). It is not surprising that the two-step mechanism
(mechanism 2 in Fig. 2B) was obtained with B3LYP/MM.>"*?
Other QM/MM DFT methods may also predict the same two-
step mechanism.>* Using a QM/MM DFT method, Chen et al.
obtained a N-protonated neutral tetrahedral intermediate
similar to the neutral tetrahedral intermediate EI2 in this
work, but the proton transfer from His143 to the amide N
atom is barrier-less, and the subsequent C-N bond cleavage
requires a very low activation energy, thus not a meaningful
transition state.”® Their results resemble the B3LYP/MM and
B3LYP-D3/MM results in this work.

Some key interatomic distances involved in the reaction are
shown in Fig. S2 (ESIt). Most of the distances optimized with
B3LYP/MM are longer than those optimized with B3LYP-D3/
MM and MP2/MM. For example, the B3SLYP/MM optimized Cgyp,-
O, distance is 2.73 A in ES and 1.70 A in TS1. The B3LYP-D3/
MM optimized Cg,p—Oywae distances are shorter, 2.67 Ain ES and
1.60 A in TS1. The MP2/MM optimized Cg,p—Owae distances are
the shortest, 2.55 A in ES and 1.50 A in TS1. The B3LYP/MM
optimized H1ya:Np14p and H2y,—Npy43 distances (Fig. S2C and
S2D, ESIY) are longer than B3LYP-D3/MM and MP2/MM values
on the reaction pathway. These longer distances are a general
reflection of the fact that the B3LYP functional lacks long-range
dispersion. Empirical dispersion correction (B3LYP-D3) can only
partially remedy this problem.
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Fig. 7 The B3LYP/MM (magenta), B3LYP-D3/MM (red), and MP2/MM (blue) computed electronic energy profiles (with a mixed aug-cc-pVDZ and 6-
31G* basis set) along the deacetylation reaction pathway of a tetrapeptide catalyzed by HDAC8 with a K* ion at site 1.
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Interestingly, the relative energies obtained with MP2/MM
single-point energy calculation based on B3LYP/MM and
B3LYP-D3/MM optimized structures resemble the MP2/MM opti-
mized relative energies (Table S4, ESIt). Using MP2/MM opti-
mized values (with mixed aug-cc-pVDZ and 6-31G* basis set) as
references, the largest unsigned differences in relative energies
are 2.4 keal mol ™" and 1.0 keal mol !, respectively, for BSLYP/MM
and B3LYP-D3/MM optimized structures, with average unsigned
differences being 0.8 kcal mol ! and 0.5 kcal mol . Therefore, if
the PESs and the optimized structures are similar, MP2 single
point energy calculations can be used to obtain a quick estimation
of the effects of many-body dispersion energy on the catalytic
pathway. However, if some minimum or maximum points are
missing, this strategy cannot be used.

For the catalytic pathway without K" at site 1, we examined
the differences in the geometries and energies optimized with
the B3LYP-D3/MM and MP2/MM methods. The results are
shown in Table 1 and Table S5 (ESIf). Again, the relative
energies for TS1 and TS2 (19.9 keal mol " and 24.4 keal mol ")
obtained from B3LYP-D3/MM geometry optimizations are
significantly higher than those from MP2/MM (12.6 and
17.4 keal mol ™). For geometries, most of the distances opti-
mized with B3LYP-D3/MM are slightly longer than those opti-
mized with MP2/MM (Table S5, ESIT).

III.C.2. Comparison of M05-2X, M06, M06-2X, MN15 and
MP2. We performed QM/MM single point energy calculations
with the M05-2X,*° M06,"" M06-2X,*' and MN15** density
functional methods based on the MP2/MM optimized struc-
tures. The results are shown in Table 2 and Fig. S5 (ESIT).

Catalytic pathway with K at site 1. With the BS1 basis set
(aug-cc-pvDZ for 23 atoms and 6-31G* basis set for the rest), all
these DFT single point relative energies are slightly higher
than the MP2/MM values (Table 2 and Fig. S5A, ESIf). For
example, the relative energies for TS2 are 22.4, 22.5, 25.5, and
21.5 keal mol ™" for M05-2X, M06, M06-2X, and MN15, respec-
tively, higher than the MP2 value of 19.7 kcal mol™'. The more
recent MN15 functional gives the best overall matches to MP2.
Using MO05-2X/MM and MO06/MM, but with a much smaller
basis set (virtually all 6-31G*), Chen et al.>* and Gleeson et al.>*
obtained reaction energies systematically lower than the M05-2X/
MM and M06/MM results obtained here with a larger basis set BS1
(Table 2), signaling a basis set deficiency in their calculations.
Indeed, when the smaller 6-31G* basis set is used here,
we obtained similarly lower reaction pathway energies (Fig. S54,
ESIY). For example, the TS2 energies are 18.0 and 18.3 keal mol
with MO05-2X/6-31G* and MO06/6-31G*, respectively, 4.4 and
4.2 keal mol™* lower than the M05-2X/BS1 and M06/BS1 values
(22.4 and 22.5 kecal mol™", respectively). Very similar basis set
dependence is observed for the MN15 functional. For example,
the relative energy of TS2 is lowered by 5.3 kcal mol " from BS1
to 6-31G*. In particular, the relative energy of EI3, 10.5 kcal mol %,
obtained here with the M05-2X/6-31G* method on MP2/AMBER
optimized structures, is close to 8.5 kcal mol " obtained by Chen
et al. using the QM/MM MO05-2X/6-31G* optimization method,
suggesting that the chemical models and molecular structures in
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the current work and their work have similarity. This is not a
surprising result because the active site of HDACS8 is deeply buried
and rigid, and can only show small structural variations when
different MM and QM/MM methods, settings, and procedures are
used. These results confirm that Chen et al.’s and Gleeson et al.’s
calculations suffered significant basis set deficiency, which had
caused errors as large as 10.1 kcal mol ™" on the reaction pathway
(e.g., TS2 in Table 2, our MP2/BS1 value 19.7 kecal mol~" vs. Chen
et al.’s value 9.6 kcal mol ') and led to inaccurate perspectives of
the catalytic mechanism.

Catalytic pathway without K* at site 1. Similarly, with the
same BS1 basis set, all M05-2X, M06, M06-2X, and MN15
relative energies are slightly higher than the corresponding
MP?2 values (Fig. S5B, ESIt). The more recent MN15 functional
best resembles MP2. When the smaller 6-31G* basis set is used,
the reaction pathway energies are significantly lowered (Table 2
and Fig. S5B, ESIT). The basis set deficiency could cause errors
as large as 8.5 kcal mol " on this reaction pathway (e.g., TS2 in
Table 2, our MP2/BS1 value 17.4 kcal mol™" vs. Chen et al.’s
value 8.9 kcal mol™'). Again, the relative energy of EI3,
—2.2 kcal mol™', obtained here with the M05-2X/6-31G*
method on MP2/AMBER optimized structures, is close to
—4.4 keal mol™" obtained by Chen et al. using the QM/MM
MO05-2X/6-31G* optimization method, suggesting that the
chemical models and molecular structures in the current work
and their work are similar.

III.C.3. Relevance to inhibitor design. The rational design
of mechanism-based inhibitors that can differentially modulate
the activities of human HDACs is a promising approach to
developing potential therapeutics or drugs against diseases
related to HDACs. For example, Wu, Zhang, and their co-
workers have studied the inhibition of hydroxamate, thiol-
based suberoylanilide hydroxamic acid, B-aminomethyl chal-
cone, and B-hydroxymethyl chalcone toward HDACs.”*””® The
QM/MM MP2 results in this work suggest that His143 in
HDACS plays an essential role in accepting a proton from the
water (TS1), passing the proton to the amide N atom of the
acetylated lysine (TS2), and finally causing the amide C-N
bond cleavage (TS3), in line with an experimental mutation
study, in which His143Ala-Co(u)-HDACS exhibited an 80 000-
fold decrease in activity.*® The overall hydrolytic pathways and
energetics should be similar for other HDACs and their natural
substrates. One possible design strategy is to introduce func-
tional groups to an inhibitor that can, through slightly different
interactions in different HDACs, raise the barrier heights of TS2
(but could also be TS1 or even TS3 as the energetics may change)
in different HDACs by different amounts (e.g., 1-3 kecal mol ™), to
achieve selective and differential inhibitions of HDACs to various
extents (e.g., 5-100 folds). No matter what design strategies are
used, the catalytic pathway and energetics for each designed
inhibitor must be examined case by case using experimental
and/or theoretical methods. For computational design, the
methods should have a consistent accuracy better than
1-3 kcal mol™" in the relative energies (sometimes including
inhibitor-enzyme binding energies) within each and across all
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reaction pathways under examination. Compared to the QM/MM
DFT methods discussed above, the QM/MM MP2 method used
here shows an accuracy of 1-2 kcal mol ' for the hydrolytic
pathway of HDACS. It should have similar accuracies for the
reaction pathways of other inhibitor/substrate compounds (if
they are closed-shell molecules) and other HDACs, thus a
promising method.

V. Conclusion

In this work, QM/MM MP2 geometry optimizations were per-
formed to understand the catalytic mechanism of the deacety-
lation reaction catalyzed by human Histone Deacetylase 8
(HDACS). A three-step catalytic mechanism is identified. The
first step is the formation of a negatively charged tetrahedral
intermediate via a nucleophilic addition of the water molecule
to the amide C atom and a proton transfer from the water to
His143. The second step is the formation of a neutral tetrahe-
dral intermediate with an elongated but not completely broken
amide C-N bond via a proton transfer from His143 to the
amide N atom. The third step is the complete cleavage of
the amide C-N bond, accompanied by a proton transfer from
the newly formed carboxylic group to His142. The transition
states for these three steps have very similar electronic energies:
15.6 kcal mol ™ *, 19.6 kcal mol *, and 16.6 kcal mol *, respec-
tively. After ZPE and thermal free energy correction, the second
step is the rate-determining step with an activation free energy
of 19.6 keal mol~". For HDAC8 with a K'-free site 1 (another K*
is still at site 2), the catalytic reaction pathway is very similar to
the case with a K'-bound site 1. The second step remains to be
the rate-determining step, with a computed activation free
energy of 17.7 kcal mol . Both values agree well with an
experimental value of 17.5 kecal mol~". According to the MP2/
MM results, there would be a 25-fold increase in the catalytic
efficiency upon site-1 K removal. This result is in good agree-
ment with the experiments on Co(un)-HDACS8.'®> The solvent
hydrogen-deuterium kinetic isotope effects were computed to
be ~3.8 in the rate-determining step (the second step, TS2) for
Zn(n)-HDAC8 with and without a K' at site 1, in line with
experimental measurements.®” The catalytic mechanism
obtained here suggests that His143 plays an essential and
rate-determining role in accepting a proton from the water
(TS1), passing the proton to the amide N atom of the acetylated
lysine (TS2), and finally causing the amide C-N bond cleavage
(TS3), in line with an experimental finding that His143Ala-
Co(1)-HDACS exhibited an 80 000-fold decrease in activity.*®
We also compared the structures and energies obtained with
the MP2/MM, B3LYP/MM, and B3LYP-D3/MM methods. It is
found that the B3LYP/MM method predicts too high transition
state energies. Including Grimme’s empirical dispersion
correction to the B3LYP can lower the reaction barriers by
~4 kecal mol™ ', highlighting the importance of active site
intermolecular dispersion interactions in enzyme catalysis.
Even with the empirical dispersion correction (i.e., B3LYP-D3/
MM), the computed reaction energy barriers for the first
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and second steps are still ~5 kcal mol~" higher than those
obtained with the MP2/MM method. Although both B3LYP/MM
and B3LYP-D3/MM predict the same third transition state
(TS3) as MP2/MM does, the B3LYP/MM and B3LYP-D3/MM
predicted electronic energy barriers from EI2 to TS3 are too
low (1.7 kecal mol™* and 2.9 kcal mol !, respectively). With
ZPE and thermal free energy corrections, the activation free
energies are even lower or negative on the B3LYP/MM and
B3LYP-D3/MM potential energy surfaces, reducing the three-
step mechanism to a two-step mechanism. In contrast, MP2/MM
predicts a significant electronic energy barrier of 6.6 kcal mol ™
from EI2 to TS3, solidifying a three-step mechanism for systems
with a K" ion at site 1. When a sufficiently large basis set such as
aug-cc-pVDZ is used, the M05-2X, M06, M06-2X, and MN15
functionals can generate results closer to MP2. However, when
smaller basis sets such as 6-31G* are used, the errors can be as
large as 10 kcal mol " in the computed relative energies, causing
incorrect perspectives of the HDACS catalytic mechanism. Cau-
tion must be used when choosing the QM method and basis set
in QM/MM study of enzyme catalysis.
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