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ABSTRACT: Ceroid lipofuscinosis neuronal protein S (CInS) is encoded by the CLNS
gene. The genetic variants of this gene are associated with the CLNS form of Batten
disease. Recently, the first crystal structure of CInS was reported. ClnS shows cysteine
palmitoyl thioesterase S-depalmitoylation activity, which was explored via fluorescent
emission spectroscopy utilizing the fluorescent probe DDP-S. In this work, the mechanism
of the reaction between CInS and DDP-S was studied computationally by applying a QM/
MM methodology at the ®B97X-D/6-31G(d,p):AMBER level. The results of our study
clearly demonstrate the critical role of the catalytic triad Cys**°-His'®*-Glu'® in S-
depalmitoylation activity. This is evidenced through a comparison of the pathways
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catalyzed by the Cys?**-His'®-Glu'® triad and those with only Cys*** involved. The computed reaction barriers are in agreement
with the catalytic efficiency. The calculated Gibb’s free-energy profile suggests that S-depalmitoylation is a rate-limiting step
compared to the preceding S-palmitoylation, with barriers of 26.1 and 25.3 kcal/mol, respectively. The energetics were
complemented by monitoring the fluctuations in the electron density distribution through NBO charges and bond strength
alterations via local mode stretching force constants during the catalytic pathways. This comprehensive protocol led to a more
holistic picture of the reaction mechanism at the atomic level. It forms the foundation for future studies on the effects of gene
mutations on both the S-palmitoylation and S-depalmitoylation steps, providing valuable data for the further development of enzyme
replacement therapy, which is currently the only FDA-approved therapy for childhood neurodegenerative diseases, including Batten

disease.

B INTRODUCTION

Neuronal ceroid lipofuscinoses (NCLs) are rare genetic
disorders of the nervous system that typically start in
childhood and are commonly referred to as Batten disease."”
These disorders interfere with a cell’s ability to recycle a
cellular residue called lipofuscin. Currently, mutations in 14
genes are known to be associated with the development of
Batten disease; these genes are denoted as CLN1, CLN2,
..CLN14,”" where CLN stands for ceroid lipofuscinosis
neuronal and the associate number stands for the number of
the particular gene. Mutation in gene CLN,, (x = 1, ...14) leads
to the development of the CLN,, form of Batten disease. Thus,
14 different forms of Batten disease have been reported so far.”
Children with Batten disease experience a range of symptoms
that worsen over time, including cognitive impairment,
seizures, and a progressive loss of vision and motor skills.’
As the disease progresses, affected individuals become blind or
bedridden and may also suffer from dementia. Infantile Batten
disease is typically fatal in early childhood.” Despite efforts to
treat Batten disease and reverse its symptoms, there has been
limited success to date.”® Enzyme replacement therapy,
cerliponase alfa 2, (marketed in the U.S. as Brineura,
BioMarin), has been approved by the U.S. Food and Drug
Administration (FDA) to slow the progression of symptoms
associated with CLN2.”~"! However, it must be administered
directly to the brains of children with CLN2 disease.
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Furthermore, there is currently no specific treatment available
for the other forms of Batten disease.’

A precise understanding of the three-dimensional structures
of enzymes and proteins plays a vital role in identifying
potential drug targets and developing effective therapeutic
interventions.'”'> Among the various methods used to
determine these structures, X-ray crystallography is highly
effective and can provide essential insights into the underlying
mechanisms of diverse diseases.'*™"” In the context of Batten
disease, researchers have conducted numerous studies aimed at
uncovering the 3D structures of relevant enzymes and proteins.
These efforts have predominantly focused on identifying and
exploring the biological role of these macromolecules in the
development of disease at the molecular level. Clardy and his
team reported the crystal structures of two enzymes, palmitoyl
protein thioesterase 1 (PPT1) and palmitoyl protein
thioesterase 2 (PPT2) and provided evidence for their
nonredundant roles in lysosomal thioester catabolism.'®"’
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Figure 1. X-ray crystal structures of proteins reported so far, which are associated with neuronal ceroid lipofuscinoses disease.

Scheme 1. Reaction Scheme for the Hydrolysis of the DPP-5 Fluorescent Probe Catalyzed by the CIn$ Protein™”
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The gene CLN1 encodes PPT1, and mutations in this gene
result in symptoms associated with the CLN1 forms of Batten
disease. Pal et al.”’ successfully crystallized the fully
glycosylated precursor of tripeptidyl-peptidase I (TPP1), an
enzyme encoded by the CLN2 gene. The TPP1 structure
revealed steric constraints on the substrate pocket, which
explains its preference for cleaving tripeptides from the
unsubstituted N terminus of proteins. Moreover, researchers
have resolved the crystal structures of cathepsin D, which is
encoded by the CLN10 gene.”' This lysosomal protein serves
various functions and is linked to late infantile neuronal ceroid
lipofuscinosis. Recently, Luebben et al.”* resolved the crystal
structure of the ClnS protein, encoded by the CLNS gene,
mutations of which are associated with the CLNS disease (the
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acronym CLN is generally used to refer to the gene, while Cln
represents the protein that is encoded by the CLN gene). The
study revealed a new cysteine-based catalytic mechanism for S-
depalmitoylation, which was probed using fluorescent
substrates. S-depalmitoylation is a crucial post-translational
modification process wherein a palmitic group attached to a
cysteine residue of a protein gets hydrolyzed to form palmitic
acid.”® This modification primarily occurs on cytoplasmic
proteins and exhibits the reverse process known as S-
palmitoylation. The X-ray crystal structures of the proteins
discussed above are summarized in Figure 1. Crystal structure
information for the enzymes related to the other forms of
CLNs has been missing so far, causing a substantial hurdle for
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the development of related treatments. More such efforts in
this direction need to be encouraged.

Despite X-ray crystallography being a powerful tool to gain a
molecular-level understanding of protein and enzyme
structures, it has certain limitations when it comes to designing
effective therapeutic interventions.”*>° While it provides
detailed information on the static structure of proteins, it
cannot capture dynamic conformational changes or 7protein—
protein interactions that occur in living organisms.2 28 Apart
from that, it cannot provide detailed mechanistic pathways,
which are necessary for designing new drug molecules and
therapeutic strategies. To supplement X-ray crystallography,
computational studies have become increasingly important in
providin§ additional insights into the behavior and function of
proteins.””*" Furthermore, computer-aided drug design-based
computational approaches are playing a crucial role in enablin
the development of more effective and targeted therapies.”' ~*
However, there is a scarcity of computational studies for Batten
disease. To the best of our knowledge, no reports have yet
been published on the mechanistic aspects of enzymatic
reactions related to Batten disease using computational tools.
Therefore, our study was aimed to fill this gap by exploring the
catalytic mechanism of the recently reported S-depalmitoyla-
tion activity of the CInS protein.”” This is particularly
significant due to the initial discovery of CLNS-related
disorders in Finland, specifically late infantile NCL OMIM
256731, followed by their identification in diverse ethnic
populations. To date, more than 50 sequence variations and
mutations in the CLNS gene have been reported,””***” which
have been associated with a range of diseases, including late
infantile epileptic encephalopathy’® and Alzheimer’s.”” Fur-
thermore, ClnS is a soluble protein primarily located in
lysosomes**™** and has been implicated in endolysosomal
dysfunction.”’~*  Additionally, S-depalmitoylation has a
significant impact on neuronal development and synaptic
plasticity and is associated with various neurological diseases
such as Alzheimer’s, Huntington’s, and Parkinson’s.***”

Luebben et al.>* conducted the reaction depicted in Scheme
1 to mimic the process of S-depalmitoylation by utilizing
fluorescent emission spectroscopy techniques.”® A recently
synthesized fluorescent probe called DPP-5*" was employed,
comprising a long-chain palmitic group (tail) connected to a
fluorescent group R (head) by a sulfur atom. DPP-S can be
regarded as a model for proteins with attached dangling
palmitic groups. The fluorescent group R serves as the active
substrate for emission spectroscopy. Notably, when the
thioester bond undergoes hydrolysis, a distinct change in the
fluorescence spectra is observed. This alteration in spectra
provides evidence for the presence and activity of proteins that
exhibit S-depalmitoylation activity. By quantifying the intensity
of the change in the spectra, we determined the level of protein
activity.

Based on mutation experiments, the authors concluded that
the S-depalmitoylation activity of the ClnS protein depends on
a specific set of three amino acids, known as the catalytic triad
(Cys*-His'®-Glu'®*)** Two mutations were introduced:
His'%® was substituted with an Ala residue (His'%®Ala), and
Cys®™® was replaced with a Ser residue (Cys**Ser). The
experimental results exhibited a significant decrease in S-
depalmitoylation activity when these mutations were tested
against the DPP-S substrate, thus providing strong evidence for
the critical involvement of the catalytic triad (Cys***-His"%-
Glu'®) in the overall S-depalmitoylation process.
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To validate these findings, we delved into the detailed and
stepwise reaction mechanism that underlies the catalytic role of
the triad. We explored two aspects: hydrolysis of the thioester
bond involving the catalytic triad (Cys**-His'®-Glu'*®) and
hydrolysis solely mediated by the Cys** residue. The first
aspect comprises two pivotal reactions. First, it involves the
cleavage of the thioester bond, which represents the sulfur—
carbonyl bond in DPP-$, followed by the formation of a bond
between the palmitic group and the Cys*® residue of the ClnS
protein. This step replicates the biological process of S-
palmitoylation, where a palmitic group is transferred from the
substrate to the cysteine residue. Second, the bond between
Cys*® and the palmitic group undergoes hydrolysis, leading to
the generation of palmitic acid as a hydrolysis product. This
hydrolysis step emulates the biological process of S-
depalmitoylation. Whereas, the second aspect exclusively
focuses on the S-depalmitoylation process.

As a tool, we applied in this work a hybrid QM/MM
(quantum mechanics/molecular mechanics) methodology™”>'
to obtain first-hand molecular-level insights into the S-
palmitoylation and depalmitoylation activities of ClnS and
the special role of the catalytic triad, with the following specific
research objectives:

1. Perform an in-depth investigation of the hydrolysis
reaction mechanism involving the DPP-5 fluorophore

and the wild-type CInS protein.

2. Calculate the corresponding Gibb’s free-energy profile to
gain valuable insights into the enzymatic activity of ClnS5,
with a specific emphasis on identifying the rate-limiting
step.

3. Examine the catalytic role of the Cys***-His'®-Glu'®?
triad by investigating the alternate mechanism in which
solely Cys*® participates in the S-depalmitoylation
process. Furthermore, conduct a comparative analysis
of the Gibbs free-energy profiles for both the triad-

assisted and the Cys***-assisted mechanisms.

4. Provide complementary insights into the efliciency of
the S-depalmitoylation activity through the analysis of
natural bond orbital (NBO) charges.

S. Assess the strength of noncovalent interactions and
covalent bonds formed and broken during the catalytic
process with the local vibrational mode analysis (LMA)
developed in our group.””*?

6. Examine the impact of changes in the strengths of
noncovalent interactions and covalent bonds during the
reaction catalytic process on the S-depalmitoylation
activity of ClnS.

The structure of this article is organized as follows: we begin
with a concise overview of the methodology employed for our
investigation, including details on structure preparation,
docking studies, molecular dynamics (MD) simulations,”**
ONIOM (N-layered integrated molecular orbital and molec-
ular mechanics) QM/MM implementation,”® and LMA.
Subsequently, we present a thorough discussion of the
explored reaction mechanisms, divided into two aspects: (i)
hydrolysis mechanism with the catalytic triad (Cys**°-His*-
Glu'®) and (ii) hydrolysis mechanism with only the Cys**
residue. We conclude by summarizing the key findings of our
study and discussing future applications of our work.

https://doi.org/10.1021/jacs.3c06397
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B METHODOLOGY

In the following section, we provide a comprehensive overview
of the specific computational tools and methodologies utilized
in this work.

Preparing the Structure. In this study, the crystallo-
graphic structure of the Cln$ protein, deposited in the Protein
Data Bank under the reference code 6R99, was utilized.”* To
prepare the structure for the investigation, the UCSF Chimera
software package®” was employed to remove the BMA and
NAG residues, as well as crystallographic water molecules. The
BMA and NAG residues were located in the peripheral part of
the protein and did not contribute directly to the active
catalytic pocket. Therefore, their removal would not
significantly impact the catalytic mechanism. Additionally,
selenomethionine (Mse) was converted to methionine (Met)
using the Doc Prep module of Chimera. The molecular
representation of the deposited ClnS protein, 6R99, is shown
in Figure S1 of the Supporting Information. This figure
illustrates the peripheral placement of the BMA and NAG
residues. Additionally, it highlights the positions of the
selenomethionine (Mse) residues, indicating their location
relative to the reaction center, with a focus on residue Cys*®.
The depalmitoylase substrate DDP-S structure was prepared
using the Avogadro software®® and subsequently minimized
using the MMFF94°” level of theory, as implemented in
Avogadro.

Classical Docking. Since the deposited protein structure
did not include the DPP-S molecule in the active catalytic
pocket, we employed the molecular docking software, Smina®’
to dock DPP-5. The Open Babel package’' was used to
convert PDB (Protein Data Bank) coordinates into the
PDBQT (Protein Data Bank, Partial Charge (Q), and Atom
Type (T)) format for both protein and DPP-5. This format
includes partial charges (“Q”) and AutoDock 4 (AD4) atom
types (“T”).°" In addition to the formatted input files, we used
the binding pocket coordinates of ClnS, Cysm, His'®, and
Glu'® for the Smina docking simulation, where specifically the
sulfur atom of Cys® was targeted. Initially, we intended to
dock the entire DPP-5 molecule in the active catalytic pocket.
However, the considerable size of the DPP-5 molecule
presented a significant challenge. Therefore, after conducting
thorough docking studies and critical evaluation, we achieved
the successful placement of a DPP-5 substrate into the catalytic
pocket. This substrate served as the foundation for all of the
subsequent calculations. For a detailed description of the DPP-
S substrate placement, please see Section S2 of the Supporting
Information.

MD Simulations. To ensure the stability of the DPP-S
substrate within the catalytic pocket, the CInS protein—DPP-§
ligand complex was equilibrated via molecular dynamics (MD)
simulations.”” The equilibration was performed to guarantee
the accuracy of the subsequent QM/MM calculations (as
described below) and to refine the geometry of the ClnS
protein—DPP-5 ligand complex. The AMBER software pack-
age’s” Sander module and the FF14SB® version of the
AMBER force field were used for the simulations, with DPP-5
topologies generated using the general AMBER force field
(GAFF) and atomic partial charges determined using the
RESP method in ANTECHAMBER.*!

The prepared protein structure underwent initial processing
using the tleap module of AMBER, during which missing
atoms and hydrogens were added. The system was further
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neutralized with three Na* counterions and solvated in an 18 A
TIP3P® water box. The geometry was relaxed through an
explicit water relaxation procedure,54 which involved the
following steps. To begin with, added water molecules were
minimized while restraining the rest of the system using the
steepest descent and conjugate gradient methods for 600 steps.
After that, three rounds of MD simulations were performed at
constant pressure and 298 K, with gradually decreasing
restraints on the protein backbone and Na® ions. The first
round involved heating the system from 100 to 298 K over 500
ps, with protein, DPP-5, and Na® ions constrained with
positional restraints of 100 kcal mol™" A7 In the second
round, the box density was allowed to relax while maintaining
the system at 298 K for another 500 ps, with restraints on the
protein backbone, the other atoms of protein were allowed to
relax, and Na* ions were kept at 100 kcal mol™' A~ The third
round involved running the simulation for 500 ps at constant
pressure and 298 K, with smaller restraints of 10 kcal mol™
A2 on the backbone and Na' ions. After that, the entire
system was again minimized for 600 steps with restraints of 10
kcal mol™ A™? on the backbone and Na* ions. Three more
rounds of simulations were then performed for 500 ps with
progressively smaller restraints of 10, 1.0, and 0.1 kcal mol™*
A7, Finally, the system was simulated for another S00 ps at
constant pressure to allow the protein—ligand complex to
equilibrate. The restraints on the protein backbone were
completely removed, but the restraints on the Na* ions were
maintained at 0.1 kcal mol™ A™ to keep them in close
proximity to the protein. Our goal was to achieve an
equilibrated CInS protein—DPP-S complex with a 5 A shell
of simulated water for the enzymatic studies utilizing a QM/
MM approach. If left unconstrained, Na* ions would have a
tendency to migrate away from the ClnS protein—DPP-5
complex, which would have increased the size of our QM/MM
model. Therefore, we introduced constraints on the Na* ions
during the final stage of equilibration. Importantly, it should be
noted that the constrained Na* ions did not alter the protein
structure, as demonstrated in Figure S6 of the Supporting
Information, which compares the geometries of the equili-
brated CInS protein—DPP-5 complex with and without
constraints on Na* ions.

Considering that the DPP-S substrate was initially placed
inside the catalytic pocket, monitoring its stability within the
pocket was imperative. Therefore, we conducted a 20 ns
production run on the equilibrated structure from the
preceding step. During this production run, the DPP-5
substrate exhibited remarkable stability, remaining securely
within the catalytic pocket throughout the simulation.
Snapshots of the production run, taken every S ns, are
presented in Figure S7 in the Supporting Information to
visualize the DPP-5 substrate stability. Furthermore, to
reinforce the stability argument, we show the rmsd plot
relative to the starting structure of the production run, as
depicted in Figure S8 of the Supporting Information. From a
detailed analysis of the changes in the geometry during the
production run, we observed an increase in the distance
between the carbon carbonyl atom of the DPP-S substrate and
the sulfur atom of the Cys** residue, both of which are crucial
reaction centers; further details are provided in Figure S9 of
the Supporting Information. Given the objective of this work
to elucidate the reaction mechanism of the palmitoylation/
depalmitoylation processes, implying the necessity for the
reaction centers to be in close proximity, we chose the

https://doi.org/10.1021/jacs.3c06397
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Figure 2. (a) Visualization of the ClnS protein—DPP-5 substrate complex solvated in an 18.0 A water box. (b) Extracted protein—substrate
complex with 5.0 A coating of simulated water. (c) High-level (HL) layer atoms, shown in a ball and stick (carbon atoms, gray; nitrogen atoms,
blue; oxygen atoms, red; sulfur atoms, yellow; and hydrogen atoms, white). Total HL layer atoms 109; 39 atoms from the DPP-S substrate, 17 from
Cys*’, 23 from His'®, 21 from Glu'®, and 3 from the water molecule. All remaining QM/MM atoms are included in the low-level (LL) layer.

equilibrated geometry as the basis for the construction of the
QM/MM model, i.e., the selection was made based on the
closest distance between the reaction centers observed during
the equilibration. Additional details regarding the QM/MM
calculations are provided in the next section.

QM/MM Calculations. The equilibrated geometry ob-
tained from the previous MD simulation was used to construct
the QM/MM model, utilizing the CPPTRAJ module®® within
the AMBER package.”* The QM/MM model consisted of the
protein—DPP-5 substrate complex, Na* ions, and a 5.0 A water
coating surrounding the entire system, see Figure 2. This
approach is a widely used protocol for investigating enzyme
mechanisms.”” CPPTRAJ was employed to accurately extract
the water coating.

To create input files for the QM/MM calculations, the TAO
package,”® a toolkit designed for QM/MM calculations
ONIOM,”® was utilized. The QM/MM system was divided
into two regions: the high-level (HL) layer, where the
electronic structure was described using density functional
theory (DFT) methods, and the low-level (LL) layer, where
the classical mechanics of the molecular environment was
described using MM methods. A link hydrogen atom method
was utilized to connect the two regions, allowing for a seamless
interface.

The HL layer initially contained 103 atoms in total,
including all important atoms from the catalytic triad Cys**-
His'®-Glu'®, the DPP-S substrate molecule, and one water
molecule, in order to represent the protein catalytic pocket
most effectively (see Figure 2 and Scheme 1). All remaining
atoms in the system were included in the low-level (LL) layer.
It is to be noted that the HL layer was expanded to 109 atoms
through the addition of two water molecules, specifically for
the study of the hydrolysis process involving only Cys**’ and
the water-assisted Cys** residue.

The QM/MM calculations were performed using the
ONIOM method, as implemented in the Gaussian 16 suite®”
of quantum chemical programs. The geometries of the
reactants, intermediates, and transition states in the high-
level (HL) layer were optimized with the @B97X-D"’ density
functional and the 6-31G(d,p) basis set.”' Normal vibrational
mode analyses performed for all stationary points identified all
transition states to be of first-order saddle point (single
imaginary frequency), and the correct transition vectors were
assigned. The minima were also subject to vibrational
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frequency calculations, with no imaginary frequencies
observed. The internal reaction coordinate (IRC) approach”
was applied for each reaction step to connect each transition
state with the correct reactant and product.

Working with high-level (HL) and low-level (LL) layers and
considering the size of the system, the mechanical embedding
method of the ONIOM was employed instead of the electronic
embedding option. The Gibbs free energies of the transition
states and intermediates were obtained by adding thermal and
entropic corrections. All of the energy values presented here
are in kcal/mol, unless stated otherwise. Since the investigated
mechanism included anions, it was crucial to determine
whether the inclusion of diffuse functions in the basis set had
any effect on the computed barrier heights. To explore this
aspect, we conducted a single-point energy calculation using
the 6-31G+(d,p) basis set. A comparison of the single-point
energy calculations with and without diffuse functions is
illustrated in Figure S10 of the Supporting Information,
revealing that inclusion of diffuse functions does not lead to
significant differences in the barrier heights. Hence, all energy
values reported in the article were calculated at the ®B97X-D/
6-31G(d,p):AMBER level of theory.

Local Vibrational Mode Analysis. To gain additional
insights into the changes of the intrinsic strength of the
chemical bonds or weak interactions to be broken and/or
formed during the entire catalytic process, we applied
LMA’>>* at all identified stationary points, i.., intermediates
and transition states (TSs). LMA extracts specific information
about the electronic structure and bonding of a molecule from
the normal vibrational modes, which are produced during a
routine frequency calculation.”> Normal vibrational modes are
generally delocalized over a molecule;”*™"” therefore, asso-
ciated normal-mode frequencies and normal-mode force
constants cannot serve as a direct measure of bond strength.
The delocalization is caused by two types of normal mode
coupling, kinematic and electronic coupling. The electronic
coupling which is reflected by the off-diagonal elements of the
force constant matrix expressed in Cartesian coordinates x or
internal coordinates q is effectively removed during the
frequency calculation via the Wilson GE-formalism. "%
This involves transforming Cartesian coordinates x to normal
mode coordinates Q and related normal modes, resulting in
the diagonal force constant matrix K% However, this
procedure does not eliminate the kinematic (mass) coupling
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Figure 3. Schematic representation of the DPP-5 hydrolysis mechanism with the catalytic triad (Cys**-His'%-Glu'®); Step 1-Step 3: S-
palmitoylation, Step 4—Step S: S-depalmitoylation. The catalytic triad is labeled in blue, and atoms primarily involved in the catalytic mechanism
are labeled in green. For an explanation of ES, EP, intermediates I1+-"I4, and transition states TS1+*TS3, see the text. Free-energy values in kcal/
mol with regard to ES are given in parentheses. Free-energy barriers AG" (in kcal/mol) relative to intermediate I1, the stable precursor for all TSs,
are depicted in circles together with the imaginary frequencies. ®B97X-D/6-31G(d,p):AMBER level of theory.

reflected by the Wilson G (the so-called inverse kinetic energy
matrix), which has often been overlooked. Konkoli and
Cremer solved this problem by solving mass-decoupled
Euler—Lagrange equations in which the masses of all atoms
of the molecule are set to zero except for those of the
molecular fragment (such as bond, angle, or dihedral)
undergoing the localized vibration of interest.””*" By doing
so, they were able to account for the effect of kinetic (mass)

coupling and to derive for each molecular fragment being
described by an internal coordinate q,, the associated local

vibrational mode a,, which is given by the following

equation52’53’80’81
K'd
a, = —— =
dK'd 1
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where d, corresponds to a row vector of the normal mode
matrix D in internal coordinates q,.”°

For each local vibrational mode a,, a corresponding local
mode frequency w,, local mode mass m,, and local force
constant k; can be defined. The local mode frequency w, is

defined by

I N
W, = — |—
2rc\ m, (2)
and the corresponding local force constant k, by
k= (@Kd)" 3)

The local mode force constants k” have proven to be a
reliable tool to quantify the strength of covalent chemical
bonds®*~* and weak chemical interactions such as halogen
bonds,®~%* chalcogen bonds,”> %" pnicogen bonds, 787190
tetrel bonds,'’" and hydrogen bonds.'”>™""* A more in-depth
discussion of the underlying theory of LMA can be found in
refs 52 and 53 and the literature cited therein. LMA was
performed with the LModeA software package."'*''® LMA
was complemented in this work with the NBO analysis''®""”
performed at all identified intermediates and T'Ss. In particular,
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fluctuations in the NBO atomic charges of the key atoms
involved in each catalytic reaction step were analyzed.

The Cartesian coordinates and PDB files for all stationary
points (i.e, reactants, products, and intermediates) are
provided in the Supporting Information.

B RESULTS AND DISCUSSION

Our findings yield a comprehensive understanding of the S-
palmitoylation mechanism facilitated by the wild-type ClnS
protein and the subsequent S-depalmitoylation mediated by
the catalytic triad during its action on the DPP-5 substrate. We
commence with a detailed analysis of the hydrolysis
mechanism involving the catalytic triad (Cys***-His'-
Glu'®), as illustrated in Figure 3. The energetic aspects of
this reaction mechanism are summarized in Figure S10 of the
Supporting Information. Figure 4 highlights the changes in
NBO charges of key atoms during the catalytic hydrolysis of
DPP-5, while Figure 5 demonstrates variations in local mode
force constants k* of critical bonds and nonbonded interactions
involved in the process, providing a more comprehensive
insight into the associated electronic structure changes
throughout the reaction. Additionally, we explored an
alternative competitive reaction pathway in which the
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hydrolysis exclusively involves the Cys*® residue. The resulting
reaction mechanisms, along with the associated energetics, are
documented in Figure 6.

Hydrolysis Mechanism with the Catalytic Triad
(Cyszso-HiS166—G|u183). As depicted in Figure 3, the reaction
begins with the formation of the enzyme—substrate complex
ES, which we used as a reference point. DPP-5, which consists
of a bulky headgroup, a fluorophore, and a long tail, the
palmitic group, docks into the active catalytic pocket of ClnS.
Section S2 of the Supporting Information provides further
details on the docking process. Once the enzyme—substrate
complex is formed and reaches equilibrium, the palmitoylation
reaction commences.

Step 1 of the reaction transforming ES into I1 proceeds via
proton transfer from the Cys*® residue to His'®® and
subsequent proton transfer from His'® to Glu'®, leading to
the formation of a nucleophilic Cys**° residue. Step 1 is found
to be exoergic by AG of —2.9 kcal/mol, see Figure 3. Step 2 of
the reaction from Il to I2 processes through TSI,
characterized by one imaginary frequency of 127.6i cm™'.
The free-energy barrier AG* for this step is 21.3 kcal/mol,
calculated relative to I1, leading to the transfer of the palmitic
group to the Cys®® residue of ClnS and the resulting
intermediate I2. Step 2 is found to be endoergic by 16.3
kcal/mol with respect to ES. The intermediate 12 undergoes
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proton transfer in Step 3, resulting in the formation of
intermediate I3 via TS2, characterized by an imaginary
frequency of 971.2i cm™'. The free-energy barrier AG* of
Step 3 is 25.3 kcal/mol with regard to intermediate I1. Step 1—
Step 3 collectively represent the S-palmitoylation process,
where the palmitic group is effectively transferred from the
DPP-S substrate to the ClnS protein.

The following steps, Step 4 and Step S, are responsible for
removal of the palmitic group from Cys**’, known as S-
depalmitoylation. Step 4 focuses on hydrolysis, which removes
the palmitic group from the Cys®® residue of ClnS. The
process occurs via the concerted transition state TS3
characterized by an imaginary frequency of 893.9i cm™,
resulting in the formation of intermediate I4. The overall
barrier AG¥ for this process is 26.1 kcal/mol, relative to I1.
Step S involves a proton transfer to regenerate the original
enzyme.

The free-energy profile of both processes (illustrated in
Figure S10 of the Supporting Information) strongly supports
the feasibility of both the S-palmitoylation and S-depalmitoy-
lation processes. However, energy is a cumulative property. To
gain a deeper understanding of the electronic structure changes
accompanied by the S-palmitoylation and S-depalmitoylation
processes, we conducted an in-depth analysis of the changes in
NBO charges of all key atoms throughout the catalytic
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hydrolysis of DPP-S as depicted in Figure 4. These data were
complemented with the analysis of the variations in the local
force constants k” of crucial bonds and nonbonded interactions
that are critical to the overall process illustrated in Figures 4
and 5, respectively. The discussion of these results is
summarized below. To facilitate clarity in the discussion, the
atoms involved in the reaction mechanism are named
accordingly. For instance, atoms associated with Cys**
residues are denoted by X, where the sulfur atom of Cys**
is denoted as SX, and hydrogen is denoted as HX. Similarly,
atoms associated with His'® residues are denoted by Y, with
nitrogen represented as NY1 and NY2 and hydrogen as HY.
The oxygen atom of Glu'®® residue is denoted as OZ. In
addition, the sulfur and carbon atoms of the substrate DDP-5
are represented as S1 and Cl1, respectively. The atoms of water
are molecules, named OW for oxygen and HW1 for hydrogen.
It should be noted that this nomenclature is based on the
initial positions of the atoms in the enzyme—substrate complex
and associated labels X, Y, and Z do not change further as the
atoms move between residues while bonds form and break.

The support of the proton transfer via the catalytic residues
Cys®**-His'-Glu'® in Step 1 can be attributed to the basic
nature of the nonprotonated Glu'®. This is evident from the
NBO charge on the OZ atom in ES, which is —0.8948 au
Furthermore, this basic character of nonprotonated Glu'® is
supported by the NBO charges of other atoms in the catalytic
triad, specifically the SX, HX, NY1, NY2, HY, and OZ atoms in
ES, which are —0.1517, 0.2046, —0.6115, —0.5738, 0.4895, and
—0.8948 au, respectively. This proton transfer triggered by
nonprotonated Glu'®® generates a relatively stable Cys**
nucleophile, referred to as Il. The stability of I1 can be
attributed to the formation of stronger bonds between HX—
NY1 and HY—OZ, as evidenced by the increase in the local
mode force constants (k%) for these bonds from 0.169 to 6.969
and 0.219 to 5.424 mdyn/A, respectively. The nucleophilic
nature of Cys*® is evident through a decrease in the NBO
charge of the SX atom by 0.5006 au in I1 compared to ES.
Furthermore, the formation of the Cys*** nucleophile has a
significant effect on the strength and polarity of the C1-S1
bond of the substrate, as seen from the decrease in the local
mode force constant k” by 0.726 mdyn/A and changes in NBO
charges on atoms C1 and SI, from 0.4070 to 0.4539 and
0.3129 to 0.2417 au, respectively. This overall effect of the
increased nucleophilic nature of Cys*®® and decrease in the
C1-S1 bond strength, along with increased polarity of the
C1-S1 bond, sets the stage for the transfer of the palmitic
group from the substrate to the Cys™® residue, ie., S-
palmitoylation.

In Step 2, the nucleophilic Cys** (NBO charge —0.6523 au)
attacks the electrophilic carbonyl of the substrate, C1 (NBO
charge 0.4539 au). This results in the cleavage of the C1-S1
bond and the formation of a new bond, C1—SX, between the
palmitic group and the Cys**® residue, ultimately forming
intermediate I2. The breaking of the C1—S1 bond and the
formation of the C1—SX bond are evident from the changes in
the local mode force constants k” for these bonds, transitioning
from 2.361 to 0.114 and from 0.054 to 0.976 mdyn/A,
respectively. The stability of transition state TS2 can be
attributed to the strength of the important interactions SX:--
HX and S1---HX, represented by an increase in the local mode
force constants k* from 0.067 to 0.147 and 0.083 to 0.221
mdyn/A, respectively. It is important to note that noncovalent
interactions between two atoms are denoted by a dashed line,
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while covalent bonds are represented by a solid line. The
resulting intermediate I2 is endoergic, which can be explained
by the formation of an RS nucleophile, representing the
fluorophore portion of the DPP-S substrate (see Figure 3).
The anionic nature of the RS nucleophile is demonstrated by
the decrease in the NBO charge on S1 by 0.8405 au. This
anionic character of the RS nucleophile aids in the abstraction
of a proton from the His'® residue, generating an RSH
molecule, one of the products of DPP-S hydrolysis via TS2,
which is Step 3. This proton transfer is of low barrier,
measuring 6.1 kcal/mol, with respect to I2. The reason behind
this low barrier can be attributed to the synergy between the
RS nucleophile and the His'®-Glu'®* dyad, which is evident
from the NBO charges on the atoms in intermediate 12,
namely, S1, HX, NY1, NY2, HY, and OZ, with values of
—0.5988, 0.4354, —0.5906, —0.6075, 0.5440, and —0.8123 au,
respectively. Furthermore, this process forms a very stable S1—
HX bond, as seen in the increase in the local mode force
constant k* by 3.984 mdyn/A in I3 compared to I2.

The next part of the investigated mechanism focused on the
hydrolysis of the C1—SX bond, which results in the removal of
the palmitic group from the Cys** residue of the ClnS protein,
i.e, S-depalmitoylation. Initially, a water molecule aligns
between the Cl atom of the palmitic group and the NY1
atom of the His'® residue in I3. After alignment and
equilibration, the hydrolysis process, Step 4, begins. This
alignment of the water molecule weakens the crucial bonds
C1-SX and OW—-HW]1, leading to a decrease in the local
mode force constants k* by 0.115 and 2.535 mdyn/A in I3
compared to I2, respectively. Furthermore, it changes the
polarity of the C1—SX bond, as evidenced by changes in NBO
charges for atoms C1 and SX, shifting from 0.4943 to 0.4942
and 0.1446 to 0.1308 au in I3 compared to I2, respectively.

These changes collectively facilitate the hydrolysis of the
C1-SX bond via the concerted transition state TS3. During
this process, the OH group from water reacts with the C1
atom, breaking the C1—SX bond and forming a C1—OH bond.
The catalytic residue His'® facilitates this process by forming a
new covalent bond with the HW1 atom of the water molecule.
Thus, TS3 represents a concerted transition state in which the
C1-SX bond breaks, the OW—C1 bond forms, the OW—
HW1 bond breaks, and the NY1-HW1 bond forms, resulting
in the formation of a new intermediate I4. The product of this
hydrolysis is stable. The stability of intermediate I4 can be
attributed to the formation of a stable palmitic acid product
and the strength of hydrogen bonds within residues Cys**,
Glu'®, and His'®. This can be observed from the NBO
charges and the local mode force constants depicted in Figures
4 and S5, and Sections S6 and S7 of the Supporting
Information. Furthermore, the anionic Cys** residue abstracts
a proton to regenerate the starting enzyme EP, Step 5, the last
step of the process. The feasibility of the entire process from
ES to EP is attributed to the catalytic triad, which plays a vital
role in the dynamic interplay between S-palmitoylation and S-
depalmitoylation, and these unique characteristics identify
ClIn$ as an enzyme specialized for S-depalmitoylation.

The presented Figure 5 offers a wealth of information
pertaining to the formation and breaking of covalent bonds
throughout the catalytic cycle. It goes beyond that by
providing a quantitative measure of the strength of non-
covalent interactions that are formed in each intermediate and
transition state. These local mode force constants serve to
elucidate the underlying reasons behind the stability observed
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in the intermediate and transition states. Additionally, the
variations in bond strengths observed among the intermediates
effectively capture the dynamic changes occurring within the
catalytic pocket at each step of the reaction mechanism. This
level of detail proves directions for enzyme design and the
investigation of mutation effects. For precise numerical values
of the local mode force constants, refer to Section S7 of the
Supporting Information. Another possible mechanism which
can compete with the mechanism depicted in Figure 3 was
investigated as well and is discussed in the following.

Hydrolysis Mechanism with the Cys?®® Residue. In
order to assess the importance of the catalytic triad Cys**,
His'®, and Glu'® for S-depalmitoylation, we investigated for
comparison the hydrolysis of the palmitic group solely based
on the Cys®® residue as an alternative pathway, as depicted in
Figure 6. We included for this purpose two additional water
molecules in the QM part, increasing the total QM atom count
to 109. The additional water molecules are highlighted in red
in Figure 6, which also shows the extended reactant ES’,
product EP’, intermediate I3’, and transition states TS3'a and
TS3’b. Two different pathways were considered: (a) one of
the two additional water molecules assists the Cys** residue in
the hydrolysis process and (b) both water molecules assist.
The additional water molecules in the HL-layer of our QM/
MM calculation were essential for these alternative pathways
because the already included water molecules (HW1 and OW
shown in green) are located between the NY1 atom of His'®
and the C1 atom of the palmitic group, leading directly to the
triad-assisted mechanism.

In the following discussion, we focus on the S-
depalmitoylation activity of ClnS, monitoring the two different
catalytic mechanisms via Cys**’, excluding the S-palmitoylation
steps, Step 1—Step 3. The first important finding is that in
contrast to the two-step S-depalmitoylation via the catalytic
triad Cyszgo, His'®, and Glu'® (i.e,, Step 4 and Step 5, Figure
3), Cys* -assisted S-depalmitoylation is a concerted process,
leading to the final product in one step via TS3'a or TS3'b for
the Cys*® plus one water molecule and the Cys** plus two
water molecules pathways, respectively.

In the case of Cys**° plus one water molecule, the hydrolysis
process starting from intermediate I3’ proceeds via the four-
membered transition state TS3’a to result in the S-
depalmitoylase product EP’, with a free-energy barrier AG*
of 42.2 kcal/mol calculated relative to I3'. In the case of Cys**
plus two water molecules, the hydrolysis process starting from
intermediate I3’ proceeds via the six-membered transition state
TS3'b with a free-energy barrier AG* of 55.1 kcal/mol
calculated relative to I3’. These barriers are significantly higher
than those found for the triadic transition state TS3. In TS3,
the residues His'®® and Glu'®® play a pivotal role in facilitating
the cleavage of the HW1—OW bond, primarily due to the
strongly basic nature of the unprotonated Glu'®* (NBO charge
—0.8073 au). Moreover, the charges of other atoms, specifically
OW, HW1, NY1, NY2, HY, and OZ (NBO charges of
—0.9728, 0.4977, —0.5995, —0.6398, 0.5351, and —0.8073 au,
respectively), further substantiate the S-depalmitoylation
process. In contrast, this favorable electronic charge distribu-
tion is not available in transition states TS3’a and TS3'b,
where residues His'® and Glu'®® do not participate in the
HWI1—-OW bond breaking. Consequently, these transition
states exhibit higher energy barriers compared to TS3. In
summary, Cys***-based processes cannot compete with the
triad-assisted hydrolysis of DPP-S, i.e., they are not likely to
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happen, thus confirming previous suggestions that S-
depalmitoylation predominantly occurs through the triad-
catalyzed mechanism for the first time at the atomic level.

B CONCLUSIONS

The overall objective of this work was to gain insight into the
catalytic mechanism of DPP-S hydrolysis by the wild-type CInS
protein. We focused on two aspects: the involvement of the
catalytic triad Cys***-His'®-Glu'®® in the hydrolysis process
and the hydrolysis process mediated solely by the Cys**
residue. Our efforts and exploration of the reaction mechanism
led to the following conclusions.

e Analysis of the energetics revealed that the catalytic
triad-mediated hydrolysis exhibited low barriers, indicat-
ing its likely mode of operation. The triad-mediated
process consists of two steps: attachment of the palmitic
group to the Cys*® residue mimicking S-palmitoylation
with a free-energy barrier of 25.3 kcal/mol and
subsequent removal of the palmitic group from the
Cys™ residue, S-depalmitoylation, a rate-limiting step
with a barrier of 26.1 kcal/mol.

e Detailed analysis of the fluctuations of NBO charges and
changes of local mode force constants along the S-
palmitoylation/S-depalmitoylation pathways provided
molecular insights into the initiation of the reaction,
stabilization of intermediates, transition states, and
changes in bond strengths during each steps, which in
turn led to a deeper understanding of the dynamic
changes occurring throughout the process.

e The high energy barriers observed for the Cys*** only
assisted S-depalmitoylation could be rationalized, and
the significance of the catalytic triad for this process
could be confirmed for the first time at the atomic level.

In summary, our new protocol exploring free-energy profiles
of S-palmitoylation/S-depalmitoylation, complemented with a
comprehensive analysis of fluctuations in the electronic charge
distribution and changes in bond strengths along the reaction
pathways, has led to a more holistic picture of the underlying
mechanism at the atomic-level, applied to the wild-type CIn$
protein. It forms the foundation for future studies on the
effects of gene mutations on both the S-palmitoylation and S-
depalmitoylation steps, providing valuable data for the further
development of enzyme replacement therapy, which is
currently the only FDA-approved therapy for childhood
neurodegenerative diseases, including Batten disease.
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