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The selective hydrolysis of peptide or amide bond is required in a wide range of
biological, biotechnological and industrial applications. There are significant kinetic
barriers to these reactions since peptide bonds are extremely stable and possess a half-life
for hydrolysis of 350-600 years at room temperature and pH 4—8. Therefore, nature has
devised enzymes to rapidly and selectively cleave these bonds under physiological
conditions that are known as peptidases. Specifically, metallopeptidases, generate a
scaffold capable of binding one or two metal ions to hydrolyze peptide bonds. The
studies on metallopeptidases are important to understand the functions of these enzymes

and to design their synthetic analogues.

In this thesis, state-of-the-art theoretical and computational chemistry techniques
including quantum mechanics (QM), hybrid quantum mechanics/molecular mechanics
(QM/MM ONIOM), and molecular dynamics (MD) simulations have been utilized to
investigate the mechanisms and structures of mononuclear and binuclear
metallopeptidases and their synthetic analogues. In particular, the catalytic mechanisms
of four different synthetic complexes of mononuclear metallopeptidases and three natural
enzymes and their synthetic analogues of binuclear metallopeptidases have been

elucidated. These studies have provided the information regarding the conformation of



the reactants, ligand environment, and the role of the metal ions. In addition, the
structural properties and interactions between amyloid [ peptides (AP40/AB42) and

insulin degrading enzyme (IDE) mutants have been explored using MD simulations.
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Chapter 1 Introduction

The hydrolytic cleavage of peptide bonds occurs in multiple steps during metabolic and
signaling biochemical pathways. For instance, rigorous control of concentrations within a
cell requires the rapid degradation of numerous important regulatory proteins. This
process is essential for living organisms since they are involved in functional and
regulatory roles in the control of the cell cycle, transcription, signal transduction and cell
death.'” It also plays important roles in a wide range of biotechnological and industrial
applications.’ There are significant kinetic barriers to these reactions since peptide bonds
are extremely stable and possess a half-life for hydrolysis of 350-600 years at room
temperature and pH 4-8.*° Therefore, nature has devised enzymes to rapidly and
selectively cleave these bonds under physiological conditions that are known as
peptidases. The peptidases catalyze the hydrolysis of peptide bonds of proteins through

the following overall reaction:

R-(0=)C-NH-R’ + H,0 — R-COOH + NH,-R’ (1)

These peptidases are divided into four different types: the first type (serine proteases)
utilizes a Ser as a nucleophile to attack the carbonyl carbon, leading to the generation of
an intermediate acyl-enzyme that is subsequently attacked by water. The second type
(cysteine proteases) functions in a similar manner to the first, but Ser is replaced by Cys.

The third type (aspartic proteases) utilizes the general acid-base mechanism to cleave the



peptide bond by containing two catalytic carboxylate functional groups. The fourth type
known as metallopeptidases uses one or two metal ions to selectively hydrolyze the
peptide bonds. The metal ions can increase the electrophilicity of the substrates and /or
enhance the nucleophilicity of water by positioning a hydroxide next to the substrate.’
Hence, various kinds of structures, functional groups, and chemical mechanisms of the
above peptidases have been used to accelerate hydrolysis reactions.””

Although the existing natural proteases/peptidases are highly efficient, they also

: . 10,11
possess certain disadvantages.

Most of them exhibit broad specificities and tend to
cleave themselves producing small fragments.'* They are expensive and function under
narrow temperature and pH conditions."> Therefore, the design and synthesis of efficient
artificial proteases/peptidases that can imitate the natural catalytic processes utilized by
natural enzymes is needed. These synthetic analogues of peptidases can offer the
following advantages over enzymes: (1) they are inexpensive and may be recyclable'?,
(2) they impose little or no steric constraints because of their smaller size, (3) they can

cleave proteins either terminally or internally, and (4) their properties can be tuned for

specific applications.

1516 metal

Moving towards this goal, amide hydrolysis by organic functional groups,
ions,'” and metal ion-organic group complexes'® has been studied in the last few decades.
A number of transition metal (Pd, Pt, Zn, Cu, Co, Fe, Ni, etc.) containing complexes for
peptide hydrolysis have been synthesized.'”'*?” These metallopeptidases generate a
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scaffold capable of binding one or two metal ions.” The metal centers of the

mononuclear metallopeptidases (bound with one metal ion) can catalyze the reaction by



playing multiple roles,” including providing sites for substrate binding, activating the
nucleophile, and stabilizing the transition state.”® On the other hand, the binuclear
metallopeptidases are bound to two metal ions. It was indicated that only one single metal
ion is essential for catalysis, but in some instances, both metal ions are required for full

activity.*®

In comparison to natural metallopeptidases, the hydrolytic reactions employed by
existing synthetic analogues have low efficiency and catalytic turnover. More knowledge
about the mechanisms of the reaction, the role of metal ions, ligand effects, and the
function of the second shell residues of both natural and synthetic metallopeptidases is
required to design better synthetic analogues with higher catalytic activities. Since many
natural metallopeptidases are Zn containing enzymes, the spectroscopy facilities cannot
detect the metal center due to its diamagnetic d'’ configuration. The adoption of
experimental techniques cannot follow the catalytic steps of those enzymes due to the
rapid reaction rate and unstable intermediates. Therefore, the detailed structural and
mechanistic information regarding natural and synthetic metallopeptidases cannot be
obtained by experiments alone. In this regard, computational chemistry methodologies

are being utilized to elucidate these critical issues.

Furthermore, there is growing interest in understanding the properties and functioning
of proteases/peptidases due to their involvement in various life threatening diseases such
as AIDS, Malaria, and Alzheimer’s disease (AD).”” AD is a neurodegenerative disorder
characterized by the deposition of extracellular senile plaques and intracellular

neurofibrillary tangles in the brain.>'>? Genetic, animal modeling, and biochemical
ry tang g



studies indicates that the major components of these senile plaques are 40/42 amino acid
residues containing amyloid B (AP) peptide.’*® AP peptides are naturally generated
through the sequential cleavage of amyloid precursor protein (APP) by [-secretase
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(BACE) and y-secretase enzymes. The AP peptides aggregating to form amyloid

fibrils those accumulate at the center of senile plaques resulting in neurotoxicity.**®
Currently, there are three potential therapeutic strategies available for the treatment of
AD. The first method inhibits BACE and y-secretase enzymes that produce AP peptides.
The second method is to prevent the aggregation of AP to form amyloid fibrils by
inhibitors. Since the AP peptides are degraded by metallopeptidases such as Insulin
degrading enzyme (IDE) and Neprilysin (NEP). The third strategy is to degrade the
monomeric/oligomeric forms of AP by natural or synthetic metallopeptidases.*’
However, there are still many unsolved issues due to the rapid aggregation of AP

peptides, lack of substrate bound enzyme complexes, elusive mechanistic pathway, and

short lived transition states.

Computational chemistry is a rapidly developing field benefiting from the tremendous
progress of computing facilities in the last few decades. It is an indispensable tool to
study the atomic and molecular properties and reaction paths for chemical reactions in
chemistry and biochemistry. Quantum mechanics and molecular mechanics are the two
main theories used in computational chemistry. The history of quantum chemistry traces
back to the early 20™ century when Erwin Schrédinger formulated the Schrodinger
equation. This mathematical model could describe how the quantum state of a physical

system changes in time but can only be solved for a two particle system. Therefore, a



range of approximate solutions are applied for the studying of larger systems. Quantum
chemistry is a field that focuses on the application of quantum mechanics. The
development of the density functional theory (DFT) led to a remarkable revolution in
quantum chemistry.”' The foundation of DFT was laid by Hohenberg and Kohn. The
basic is that the total energy of a system is a unique functional of the electron density.
Since DFT is very accurate and has low computational cost, it is widely used to calculate
the properties of a system with up to 200 atoms. In order to study large molecular
systems without quantum mechanical calculations, molecular mechanics (MM) is
employed. In MM, each atom is treated as a single particle by ignoring the electrons. The
motions of nuclei are studied by utilizing classical mechanics equations which are known
as force fields. Force fields which are derived from both experimental data and quantum
mechanical calculations describe the covalent and noncovalent interactions of the
molecular system. One of the main applications of MM is energy minimization, which
aims to gain the lowest energy conformation of the molecule after optimization the
structure. MM can be applied to study small molecules and biological systems with total
atoms from thousands to millions. Therefore, MM is widely used in molecular dynamics
(MD) simulations to investigate the geometry conformational and thermodynamic

properties of large systems.

In this thesis, DFT and MM based methods have been employed to study the
mechanistic and structural aspects of mononuclear and binuclear metallopeptidases and
their synthetic analogues. It is organized in the following manner: Chapter 2 briefly

describes the theoretical background and computational methodologies which are utilized



in the investigation. Chapter 3 discusses the catalytic mechanism of the mononuclear
metal-cyclen complexes using DFT calculations.’” These studies include the
conformation of the reactants, pendant functioning on the energetics, ligand environment,
and the role of the metal ions. The hydrolysis of the peptide bond by a set of Zr(IV)
complexes are also illustrated in this chapter. The mechanism of a host-guest complex
formed by a hydrophobic environment of p-cyclodextrin (CD) conjugated to a
mononuclear Pd(II) catalyst have been investigated using QM/MM methods.” Finally,
the methanolysis of synthetic mononuclear Pb(Il) and Zn(II) analogues will be discussed.
In Chapter 4, the peptide cleavage mechanism of binuclear metallopeptidases has been
proposed. It includes three natural enzymes (leucine aminopeptidase (LeuAP), D-
aminopeptidase (DppA), and human renal dipeptidase (hrDP)) and three synthetic
analogues. Chapter 5 will focus on the structural properties and interactions between the
amyloid B peptides (AB40/AB42) and insulin degrading enzyme (IDE) mutants using MD

simulations.



Chapter 2 Theoretical Background and Computational Methods

In this chapter, quantum chemical and molecular mechanics based methods will be
discussed shortly. These methods have been employed to determine reaction mechanisms

and the structural properties of the chemical/biochemical systems discussed in this thesis.

2.1 Quantum Chemical Methods

Quantum chemical treatment of electrons, which doesn’t obey classical behavior is
necessary in order to understand the electronic nature of molecular systems. This starts

with the well-known time-independent Schrodinger equation:

iy = Ey (1)

Where, H is the Hamiltonian operator, v is the wave function, and E is the energy of
the system. Wave function describes the wave character, position and the behavior, of an
electron. Although wave function is a mathematical term and has no physical meaning,
y” (square of the wave function) describes the probability of finding an electron defined
with the corresponding wave function at a given point and time. H, on the other hand, is
comprised of the kinetic energy of electrons (7), the kinetic energy of the nuclei (7y), the
electron-electron repulsion (V.), the nuclear-nuclear repulsion (¥x), and the attraction of

the electrons to the nuclei (Vye):

H= T, + Ty +Vee + Vn + Ve 2)



Schrodinger equation can only be solved for one electron systems, such as hydrogen
atom or H,". Thus, many approximations were introduced to make it possible to solve
this equation for many electron systems. The most fundamental approximation is the
Born-Oppenheimer approximation,™® which states that due to the large difference in mass
of electrons and nuclei, electrons can be assumed to move in a field of fixed nuclei. This
leads to the approximation that the kinetic energy of nuclei can be neglected allowing the

separation of the electronic and nuclear part of Schrodinger equation.

Ypo (7' }_é) =Yg (7)lpnuc(;) (3)

2.1.1 Hartree-Fock (HF) Theory

Quantum chemistry focuses on solving the electronic Schrodinger equation, and the first
solution was introduced by famous Hartree-Fock (HF) method in 1930. HF describes the
complex multi-electron wave function as an anti-symmetrized product of molecular
orbitals or spin-orbitals, ; (1;,s;) where r is the vector variable and s is the spin variable.
The anti-symmetry principle introduced by Fock in 1930 introduces the Pauli Exclusion
Principle into the definition and N-electron wave function is constructed as an anti-
symmetric product of N one-electron wave functions, which is known as Slater

determinant ®@gp:

Y1(r,81) o Yy, sp)
bgp = — : . :

g sw) e G sw) )



Minimization of the HF energy and application of the variational principle™ produces the

HF equations:
E Yi(ry,5) = € (13, 51) (5)

This equations are eigenvalue equations where F, is the Fock operator and the Lagrangian
multiplier €; are the eigen values. The Fock operator is single-electron Hamiltonian for

each individual electron in the system:

M (6)

- 1 Za
F=—--V?-— E — + Vyp(i)
L 2 L riA HF

First two terms are kinetic and potential energies, and the third is the Hartree-Fock
potential. HF potential defines the average repulsive potential that each electron

experiences due to the remaining of electrons. Vyg (i) is defined as:

N ~ (7)
Vyp(r1,81) = 2(11(7’1;51) - Kj(rpsﬂ)
J

T]- is the Coulomb operator, which defines the electronic repulsion between two electrons,
and I?J is the exchange operator, which is related to the fact that electrons with the same

spin state must be far away from each other.
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The HF equations can only be solved by the iterative self consistent field (SCF)
theory.”®>’” At the beginning of the SCF cycle, the set of atomic coefficients are assigned
and atomic orbitals are calculated. After the calculation of the Coulomb and exchange
operators, HF energy is calculated. The variational method minimizes the energy and the
second cycle starts. In this cycle previously calculated coefficients are iterated and new
set of coefficients are calculated, which help to caculate the new HF energy. These cycles
continue until there is no significant change in the energy observed from the last cycle. At

this step the structure is called to be converged.

2.1.2 Density Functional Theory (DFT)

Wave function methods discussed previously are proved to be very successful in the
study of small molecules. However, they become very expensive computationally to
study bigger molecules as they rely on finding the wave function, which depends on 3N
coordinates. Hohenberg-Kohn theorem,”® which density functional theory (DET)*”® is
built on suggests that for a non-degenerate ground state the energy, E[p], can be given by

unique functional of the electron density p of the system. Thus, there is no need for the

determination of many electron wave functions. The density can be defined as:

(8)
pG) =211
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Where ¢; are the one-electron orbitals. The general DFT energy functional can be

expressed as:

Eprer = Tslp]l + Enelp] + J[p] + Exc[p] )

Ti[p] is the kinetic energy calculated from a Slater determinant, E,.[p] is the attraction
between the nuclei and electrons, J[p] is the Coulombic interaction between electrons,

and E,.[p] is the exchange-correlation energy which is given by:

Eyelp] = (Tlp] = Ts[p]) + (Eeelp] - J o)) (10)

E..[p] is the electron-electron repulsion term. The first term in the equation can be
considered as the kinetic correlation energy and the second term is both exchange and
correlation energy. The ultimate challenge of DFT is to obtain E,[p] correctly. Several
density functionals use different approximations to calculate the exchange energy. The
simplest approximation is the Local Spin Density Approximation (LSDA), which treats
electron density p can be treated locally as a uniform electron cloud. Although LSDA
provides good results with HF calculations, it is obvious that in real system, the electron
density is far from spatially uniform and LSDA fails with the fluctuating electron
densities. Generalized Gradient Approximation (GGA) introduces a major improvement
to LSDA. In GGA the correlation functional not only depends on the local value of
electron density but also on the local change of it, i.e. gradient of the density. The most
improved method of modern DFT is the hybrid DFT, which combines functionals of
LSDA, improvements of GGA, and also some HF exchange calculated from Kohn-Sham

orbitals. The most popular hybrid functional is the B3LYP functional, which has been
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used for all the studies in this thesis. B3LYP functional is consisted of the mixture of HF

and DFT exchange functionals with the experimentally fitted parameters A, B, C:%'"%*

Fch3LYP — (1 _A)FxSlater +AFxHF + BFxBecke + CFCLYP + (1 _ C)FCVWN (11)

In this equation, FS% s the Slater (LSDA) exchange functional, F.F is the HF

Becke

exchange functional, Fy is Becke's gradient correction to LSDA exchange functional,

F.Y" is the correlation function by Lee, Yang, Parr, and F. .VWN is the correlation function
by Vosko, Wilk, Nussair. Three parameters A= 0.20, B= 0.72, and C= 0.81 are
determined by Becke through fitting to a set of 55 small molecules consisted of first and
second row elements.®® The other hybrid functional, MPWPW91 by Barone and Adamo
that has been used in the comparison of B3LYP is the modified Perdew-Wang exchange

functional PWO91 in combination with the original PW91 correlation function and a

mixing ratio of exact and DFT exchange of 0.25:0.75.

2.1.3 Accuracy of DFT Methods

The HF theory was known to calculate molecular properties such as bond lengths, angles,
vibrational frequencies and energies with large deviations from experimental values.
LDA and GGA methods certainly improved these calculations but still large deviations
were found from experimental values. The introduction of hybrid functional methods
changed the field of computational chemistry forever. B3LYP is still the most popular

hybrid functional method and is widely used.
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The accuracy of different DFT methods were tested in two studies by Bauschlicher Jr.
and Curtiss, et al. with two different sets of molecules containing first and second row

clements.%*%

Table 2. 1 Accuracy of DFT methods.

Data Wave function methods DFT methods
Sets HF G2 G3 BLYP B3LYP
G2-1 74.5 - - 5.0 2.2

G2/97 - 1.50 1.01 5.77 3.31

It was found that B3LYP performs much better than any other DFT methods. On
calculating the atomization energies of the G2-1 set B3LYP calculations had a mean
absolute error of 2.2 kcal/mol while HF method had a deviation 74.5 kcal/mol (Table
2.1). Other DFT methods, such as BLYP produced a mean absolute error of 5.0 kcal/mol,
BP86 a mean deviation of 10.3 kcal/mol. Only Pople's G2% and G3%* methods were
found to be superior than DFT methods on G2-97 set (Table 2.1). G2 and G3 methods
calculated the energies with mean absolute errors of 1.50 and 1.01 kcal/mol, respectively
while B3LYP deviated by 3.31 kcal/mol. However, these wave function methods are
computationally very demanding, but in contrary DFT methods benefit from faster basis
set convergence regarding the energy. B3LYP has an excellent performance to cost ratio
as these benchmark experiments showed. In addition to the sets of molecules consisted of
first and second row elements, there have been studies with transition metals as well.”%®

Metal-ligand bond strengths in MR" complexes (M=first row transition metal and R=H,
g g p
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CH2, CH3, OH) give typical errors of 3.6-5.5 kcal/mol for B3LYP functional.
Additionally, studies on the successive bond strengths of CO in Fe(CO)s" and Ni(CO)s,
and the M-CO bond energy in M(CO)s complex (M=Cr, Mo, W) produced an average
error of 2.6 kcal/mol. Although, it is extremely hard to treat transition metal complexes
because of the degeneracy of 3d orbitals, B3LYP functional handles these calculations

with reasonable average errors.

2.1.4 Modeling Chemical Reactions

Given the fact that enzymes are large molecules consisted of thousands of atoms,
quantum chemical investigation with the DFT methods employed in the present thesis
limits the system of interest to ~200 atoms. Therefore, the real system must be reduced
into a model containing only the parts of interest for the given mechanism. This works
well for the systems possessing a small part called the active site, in which the catalysis
reaction takes place. However, while modeling active sites one has to be careful with the
residues to be included in the model. This can be done with the trial of energy
calculations with and without the certain residues to check the contribution of that
particular residue in the energetics of the catalysis. We have searched the literature and
constructed the active site models in the light of previous studies. In addition to selecting
the residues for the active site model, it is also important to reduce the residues into small
molecules to save computing time. Implementation of this approach is extremely
common, and is showed to have only minor effects on the results.”” In the present thesis

the histidine residues are modeled as imidazoles, aspartic/glutamic acids as propionic
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acids, and cysteine residues as ethanethiols. The rigidity imposed on the active site
imposed by the rest of the enzyme is modeled by constraining the atom leading to the
backbone of the residue during the geometry optimization. In some cases, additional
water molecules are added to the model in order to mimic the hydrogen bonding
contributions. Charges and the multiplicities of the systems are carefully calculated

depending on the active site model.

2.1.5 Localization of Transition States

Computational chemistry proves itself to be a valuable tool in studying enzyme catalyzed
reactions and constructing a potential energy surface (PES) for the whole reaction path. It
is constructed by calculating the relative energies of all steps in the reaction. The saddle
points called the transition states are the highest energy points between two consecutive
minima. Upon construction of PES, reaction rates can be calculated by the help of
transition state theory (TST). According to TST the transition state is in equilibrium with
all reactant molecules and the rate of the reaction can be calculated by using the

following equation:

(12)

where kg is Boltzmann's constant, / is Planck's constant, and AG* is the difference in
Gibbs free energies of the reactant and the transition state. At temperature T = 298.15 K,
the change of every 1.4 kcal/mol in the barrier (AG*) rate of the reaction changes by one

order of magnitude. However, determination of the transition state is not easy and
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requires a chemical intuition. Thus, having the structures of both reactant and product is
very important, which leads to an accurate guess of transition state structure. Moreover,
depending on the reaction is exothermic or endothermic; the transition state will look
more like the reactant or the product, respectively. The first step for determining the
transition state is to get a maximum energy structure on PES. In the next step, a Hessian
is calculated for this point. After that, a full transition state optimization is performed
using the Hessian calculated in the last step. Once the optimization is completed, a new
Hessian is calculated for this optimized structure and the validity of the transition state is

confirmed with one imaginary frequency associated with the reaction coordinate.®”

2.1.6 Solvent Effects

In this thesis all calculations were performed in gas phase. Thus, interactions between the
model complex and surrounding environment were totally missing in the optimizations.
However, in reality systems studied here work in solvent medium. Therefore, steric
contributions from the protein environment and the effect of the solvent molecules that
surrounds the protein must be taken into the account. The first method to accomplish that
is called QM/MM method, in which the active site model is treated with quantum
mechanics, and the rest of the protein is treated with molecular mechanics. The second
approach, which was implemented throughout this thesis to treat the contribution from
the medium surrounding the protein, utilizes continuous dielectric medium to count for
the solvent around the system. Here, solvent perturbs the gas behavior of the system as

the system is subjected to the electrostatic potential by the continuous solvent. The
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dielectric permittivity constant (¢) has a low value (¢=4) for protein environments, and
high value (¢=80) for the aqueous organic reactions. There are several different methods
available to calculate the solvent effects. The method used in this thesis was called the
self consistent reaction field (SCRF) with the polarizable continuum model (PCM) using
the integral equation formalism version (IEFPCM).”” In SCRF method Poisson-
Boltzmann equation is solved and the solvent charge distribution is added to the SCF
procedure. This procedure is repeated until self-consistency is reached. IEFPCM model

creates the solute cavity via a set of overlapping spheres around the atoms.

2.1.7 Hybrid QM/MM (ONIOM)

Hybrid QM/MM methods are among the best molecular modeling approaches to
quantitatively study the enzymatic reactions. In such methods both quantum mechanics
and molecular mechanics methods are merged together. The portions of the system which
involve the modification of chemical bonds are treated with the quantum mechanical
methods. On the other hand, the rest of the system which may contribute the electrostatic,
hydrogen bonding interactions and also the steric effects are treated with molecular
mechanics based methods. The Hamiltonian equation for hybrid QM/MM methods is as
follows:

(13)

Hcomplete = HQM + HMM + I_IQM/MM
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Where Hgy,is the interaction between atoms present in the QM section, Hyus describes
the interaction between the atoms in MM section, and Hounns defines the atomic

interactions between the QM and MM section.

In ONIOM™""" calculations, instead of having discrete QM and MM sections, the
whole system is divided into ‘real system’ (all atoms) and a subset of the real system
called ‘model system’. The ‘model system’ consists of a small number of atoms that take
part in the chemical reactions. In two-layer ONIOM calculations, molecular mechanics
calculations are performed on the ‘real system’ as well as on the ‘model system’ and then

the energy of the ‘model system’ is subtracted from that of the ‘real system’.

(14)

EONIOM = EMM,real + EQM,model - EMM,model

The partial charges from the “real - model” system may then be incorporated into the
Hamiltonian for the ‘model system’. This effectively accounts for the electrostatic
interactions between the QM and MM systems. This leads to the polarization of the QM

wave function by the point charge from the MM system.

2.1.8 Computational Methods for QM and QM/MM Calculations

In this thesis all the calculations were performed by using Gaussian03/09 program.””
Geometries of reactants, transition states, intermediates, and products were optimized
without any symmetry constraints by using B3LYP functional and Lanl2dz basis set.®”

6380 All degrees of freedom were optimized and the transition states obtained were

confirmed to have one imaginary frequency corresponding to the reaction coordinate. The
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final energies of the fully optimized structures were further improved by performing
single point calculations using the triple zeta quality basis set, 6-311+G(d,p).
Contributions of zero-point energy and thermal corrections were calculated at the level of
the optimization (B3LYP) and added to the final functional/6-311+G(d,p) energies,
because it is extremely unfeasible to calculate these contributions by using the big basis
set (6-311+G(d,p)). The solvent effects from the surrounding environment were included
in the energies by using the dielectric constant (g) either four for enzymatic catalysis in
the protein environment or eight for those in aqueous environment, utilizing the self-
consistent reaction field IEFPCM method at the level used for the optimization of the
geometries. Throughout the thesis the energies obtained at the functional used/(6-
311+G(d,p)) + zero-point energy (unscaled) and thermal corrections (at 298.15 K and 1

atm) + solvent effects will be discussed.

In the QM/MM study, the “model” part is treated at the B3LYP level using the all-
electron 6-31G(d) basis set and the “real” system was treated at the MM level utilizing
the AMBER force field. QM/MM boundaries were treated with “Link Atom” approach.
All transition states were confirmed to have a single imaginary frequency corresponds to
the reaction coordinate. The final energetics of the optimized structures were improved
by including the single point energy from the triple zeta quality of basis set (6-
311+G(d,p)), unscaled zero-point energy and thermal correction (at 298.15 K and 1 atm)

estimated at the B3LYP/6-31G(d) level from the QM model study.
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2.2 Molecular Mechanics Methods

In molecular mechanics method, motions of the electrons are neglected and they along
with nuclei are lumped into atom like particles. Moreover, the energy of the system is
calculated based on the nuclear positions only. Since the total energy calculations are
based on the function of position of these particles, calculations are much simpler and
computationally less expensive than quantum mechanical calculations. Molecular
mechanics can be applied to a variety of systems comprised of thousands of atoms such
as proteins, DNA, vacuum, implicit or explicit solvent mediums. Molecular mechanics
deals with the simple models of interactions in the system such as bond stretching, angle
bending and rotation of a functional group around a particular bond. These interactions
are determined by implementing pre-determined force field, which contains parameters
for these interactions of each atom type depending on the surrounding environment of the
atoms (e.g. polar H, non-polar H, and aromatic H). Although molecular mechanics
calculations are fast and can be performed on large systems, it is impossible to study the
bond breaking and bond forming phenomena in a chemical reaction, which is just
opposite of the quantum mechanical calculations. Moreover, it is not possible to obtain
chemical property of a system that solely depends on electronic distribution by molecular
mechanics methods. Nevertheless, molecular mechanics based methods are extremely
useful and commonly applied in the calculation of the conformational flexibility of the
proteins, ligand-protein interactions, hydrogen bonding and explicit treatment of a

solvent.
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2.2.1 Force Fields

As the smallest units in molecular mechanics are atoms, interactions between atoms must
be provided explicitly rather than being calculated by solving Schrodinger equation.
Thus, force fields define the bonded and non-bonded interactions among atoms present in
the system. There are numerous force fields available: AMBER, CHARMM, OPLS,
GROMOS, COMPASS etc.®’ All these and other force fields are comprised of following

four components:

EFF = Zbonds f(T) + Zangles f(e) + Ztorsions f((b) + Znon—bond(Rij) (15)
Bonding energy is described with bond stretching model which can be considered with
simple harmonic approximation using Hooke's law:

Ere(r) = ) kol = 1) (16)

bonds

Here k;, is half the force constant and 7y is the equilibrium bond length. Similarly bond

angles are described in this way:
EFF(B) = Zangles kG (9 - 90)2 (17)

The bond length and angles are the most stable parameters in the total force field energy
term and they do not deviate from their reference or equilibrium value due to their large
force constants. Larger contributions in molecular structure and energy come from the
torsional and non-bonded interactions. The torsion term is associated with rotation around

the middle bond in three-bond system, also known as the dihedral. It is expressed as a
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cosine series expansion, which describes the energy barrier for the rotation around the

chemical bond:

(18)
%4
Ere@)= ) - [1+cos (i )]

torsions

Where n describes a rotation that is periodic by 360°, i.e. n=1 defines a periodicity by
360°, n=2 defines 180°, n=3 defines 120°. Vn is a constant that determines the size of the
barrier for rotation around the particular bond, and ¢ is the phase factor, which
determines the minimum value of dihedral angle. Second big contributor to force field
energy is the non-bonded energy. This term contains two types of interactions: van der
Waals and electrostatics. Van der Waals forces are treated with Lennard-Jones 6-12

potential:

atoms (19)
EFF(Rij) = R12 - R_6
i<j Y ij

R; is the distance between two atoms, A and B are constants relating to repulsive
(exchange) and attractive (dispersive London) forces, respectively. The R'? term treats the
repulsive forces and R term treats the attractive forces. On the other hand, electrostatic
interactions are derived from the assigned partial charges of the atoms, the energy is

calculated by applying Coulomb's law:

Epp(Rij) = Z?i?msw (20)

é‘Rl‘]’
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In this equation, g;and g; are the partial charges of individual atoms, R; is the distance
between the atoms, and ¢ is the dielectric constant. Parameters for force fields are
determined from experimental data, ab initio, or semi-empirical quantum calculations.
Molecular mechanics is the basis of molecular dynamics and molecular docking methods,
which study time dependent behavior of large systems and ligand macromolecule

interactions, respectively.

2.2.2 Molecular Dynamics
Molecular dynamics studies the time-dependent behavior of a large system by solving the

Newton's second law of motion:

av d*r (21)

F = I
ma or =M

In these equations, F' is the force acting on the atom, m is the mass of the atom, a is the
acceleration of the atom, V' is the potential energy of the atom at position . Initially every
atom in the system is assigned velocities, and forces are calculated for new nuclear
positions. At each time step the aceleration is evaulated from the forces by utilization of
various algorithms that solves Newton's equation numerically, and atomic positions are
propogated in time, which constructs the trajectory. Molecular dynamics employs force

fields to explore the time evolution of the system.
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2.2.3 Solvation Models and Periodic Boundary Condition

An important requisite of computational chemistry is to evaulate the effect of
environment on the system. Thus, inclusion of the solvent is necessary while studying the
biological systems. This allows not only to examine the effect of protein-solvent
interactions, but also disables the long range protein-protein interactions. There are
mainly two solvent models: explicit and implicit models. In explicit models the solvent
molecules physically placed into the system where in implicit model there is no solvent
molecules present but they are treated with the continuum model (by dielectric constant).
In this thesis, explicit solvent model was used to treat aqueous environment of systems.
There are number of water molecule models available. 3-site simple point charge (SPC)
water model®> was utilized throughout this thesis. Three-site models have three
interaction sites, and each atom gets assigned a point charge, oxygen atom also getting
the Lennard-Jones parameters. The 3-site models are widely used in molecular dynamics

simulations because of their simplicity and computational efficiency.

In order to solvate the protein there is a need of infinite number of water molecules to
mimic the bulk solvent effect present in biological systems. This is ensured by periodic
boundary conditions (PBC). In PBC, protein and water molecules are enclosed in a
defined box (usually cubic box), which is duplicated in all directions. When a solvent
molecule leaves the central box from one side of the wall, its image enters from the other
side of central box. Thus, protein always interacts with the same number of water

molecules, supplied with an infinite number of water molecules by PBC. Size of the
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central box is chosen according to the size of protein. The box should be large enough to
prevent protein seing its mirror image in the neighboring box, but too large box will
increase the computational cost as the number of water molecules to fill the box will
increase. In this thesis, proteins were placed inside a cubic box comprised of SPC water
molecules and a size of 100x100x100 A. This size of the box prevented proteins to
interact with the mirror images of PBC . Longe range interactions and Van der Waals
interactions were treated with Particle Mesh Ewald method® with the cut-off distance

of 12 A. The temperature was set to 300K.

2.2.4 Computational Methods Used in Molecular Dynamics Simulations

In this thesis all molecular dynamics (MD) simulations were performed using the
GROMACS software package® utilizing GROMOS96 5A36 force field.* Proteins were
placed into a cubic box filled with explicit water molecules as described in the previous
section. Some water molecules were replaced by sodium and chloride ions to neutralize
systems. Simulations were carried out with a NPT ensemble (fixed number of atoms,
fixed pressure, fixed temperature, respectively). SETTLE algorithm®” was implemented
to constrain the bond legths and angles of water molecules, and LINCS algorithm®® was
used to constrain the peptide bond length. Long range interactions were calculated by
PME method as mentioned in the previous section. Constant pressure of 1.0 bar was
applied with a coupling constant of 1.0 ps, whereas protein, water molecules, and ions
were coupled seperately to a bath at 300K by using v-rescale thermostat with a coupling

constant of 0.1 ps. Equations of motion were integrated in every 2 fs.



Chapter 3 Peptide Cleavage Mechanism of Mononuclear Complexes

3.1 Background

Metallopeptidases catalyze the hydrolytic cleavage of amide bonds of peptides and
proteins. This process involved in the control of cell cycle, transcription, signal
transduction, antigen processing and apoptosis. The metallopeptidases utilize conserved
amino acid residues like histidine (His), aspartate (Asp), glutamate (Glu), and cysteine
(Cys) to generate a scaffold capable of binding one or two metal ions, typically Zn(II), at

the active sites.?®%%%

These mononuclear or dinuclear metal centers adjust catalysis
including binding and positioning the substrate, activating the nucleophile of the reaction,
and stabilizing the transition state to control the activity of the enzymes.” In this chapter,

several mononuclear metallopeptidases and their analogues with different properties will

be discussed.

In nature, many mononuclear metallopeptidases possess zinc, some have cobalt, in
their active sites (the critical port of enzymes where a reaction occurs).”*?*719192 The
reason why nature prefers zine is owing to its unique chemical properties. Zinc is a good
Lewis acid and redox stable (no reactive radicals). The coordination number of catalytic
zinc sites in the enzymes can change from four to six because of its flexible geometry.

Zinc can bind to the suitable sites strongly and exchange its ligand rapidly. Moreover,

zinc exhibits hard-soft character which can polarize different ligands.”’

26



27

In fact, a range of attempts to replace Zinc metal center by utilizing other alternative
metals, such as cobalt, Copper, nickel, and cadmium, were successful. It was found that
the enzymes with replacements presented activity or was even showing hyperactive

' In the recent years, Suh and his coworkers reported that mononuclear

property.
Co(III)- and Cu(II)-containing complexes of 1,4,7,10-tetraazacyclododecane (cyclen) and
1-oxa-4,7,10-triazacyclododecane (oxacyclen) can selectively cleavage the peptide bonds
in of a variety of biomolecules (Scheme 1).'**'" In addition, Grant, K.’s lab studied the
hydrolysis of a series of zirconium (a metal center also exhibits high Lewis acidity)

complexes with a total of 17 different ligands.'"*

Pd(II) ion containing metal complex
([Pd(H20)4]*") conjugated with a hydrophobic environment of S-cyclodextrin (CD) was
synthesized to catalyze the cleavage of a peptide bond.'"”""” Moreover, Berreau’s lab
proposed that mononuclear Pb(Il)- and Zn(II)-complexes can methanolyze amide bond

. cul 118,119
under mild conditions.” ™

However, the structure, function, and mechanism of the
these metallopeptidases and analogues that can mimic the aspects of zinc enzymes are

still elusive and more knowledge are required.'”” In this regard, all the aforementioned

complexes will be discussed in this chapter.

Scheme 1

/\N H (\ N /\ Hz(l) HN 2\04 ) fé'o")z
N\ on [ i e
<<x/ /Cu \) H,0 H I:lj OH, /P|b\7L
—NH :

—s
L = CD4CN or CD;0D
cyclen(oxacyclen) Zr-N204 complex [Pd(H,0),]% Pb(II) complex
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3.2 Peptide Hydrolysis by Metal-Cyclen Complexes and Their Analogues

It has been reported that Co(Ill)- and Cu(Il)-containing complexes of 1,4,7,10-
tetraazacyclododecane (cyclen) and 1-oxa-4,7,10-triazacyclododecane (oxacyclen) (Imc
and Imoc respectively in Figure 3.1) can perform the selective proteolytic cleavage of a
variety of critical biomolecules such as albumin, myoglobin, lysozyme, amyloid beta

104-113

(AP) peptide and human islet amyloid polypeptide (h-IAPP). In order to provide

specificity to these complexes, a pendant (an organic group or an aromatic chain) was

attached (Icoc in Figure 3.1).'07!11113

Depending on its chemical nature, the pendant
functioned as a recognition site and interacted with either a specific group or region of
the substrate. Furthermore, the pendant made the scissile peptide bond accessible to the

peptide bond cleaving metal center. For instance, an Icoc type of molecule was observed

to hydrolyze the Phe20-Ala21 and Ala21-Glu22 peptide bonds of Alzheimer AP

. 106,121,122
oligomers. ™ "

." R \‘. Recognition site
'\ / (pendant)

/\ NH NH /\

\ OH, \ ‘ \ |

NH NH

s / N 1\ / “/

Inic Inoc Icoc

Figure 3. 1 Structures of metal-cyclen (Imc), metal-oxacyclen (Imoc) and Co(I1I)-cyclen

including pendant (Icec)
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3.2.1 Experimentally Proposed Mechanism

Imc and Imoc complexes have been proposed to utilize one of the three following
mechanisms generally proposed for ester and amide hydrolysis (Figure 3.2): (A) the
electrophilic activation of the carbonyl moiety by the metal center through the formation
of a single bond between the metal ion and carbonyl oxygen atom; (B) provision of a
hydroxyl nucleophile by the metal center from a water molecule at neutral pH; and (C) A
dual activation mechanism which is a combination of the first two and provides a way to
simultaneously activate the carbonyl bond and to generate the hydroxyl

nucleophile.'*'*'**  The

first two mechanisms (A and B) are kinetically
indistinguishable and have been a subject of much debate for several decades. Using X-
ray crystallography, Lipscomb et al. demonstrated that peptide bond cleaving

91,125

metalloenzymes utilize the dual activation mechanism (C). This mechanism is likely

more efficient and has been proposed for the Co(Ill)-cyclen (Icoc) complex.'®®!?
According to this mechanism, at the starting point of the reaction the Ico,c complex is
coordinated to a water molecule and hydroxyl ion. In the first step, the water molecule is
substituted by the substrate through the formation of a bond between its carbonyl oxygen
atom and the metal ion (Il¢cec). The formation of this bond polarizes the scissile peptide
bond (-C-N-). In the next step, the metal bound hydroxyl nucleophile attacks the peptide
bond and creates a tetrahedral intermediate (IIlcoc) containing a four-membered ring.
The catalytic rate of this reaction was proposed to depend on the stability of the rate-
determining transition state which is affected by the Lewis acidity of the Co(III) ion and

the geometry of the complex formed between the metal ion and the chelating ligand.'® In

the final step, the collapse of Illcec through a proton transfer to the amine group leads to
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the cleavage of the peptide bond (-C-N-) and the formation of separated amine (-NH>)

and carboxyl (-COO) termini (IV coc).

The measured rate constants (k) is 0.07 (h™') for the cleavage of myoglobin by
Co(IIl)-containing complexes of cyclen without pendant (Icec-p) at pH 9.0 and 50°C
correspond to barriers of 25.9 kcal/mol. On the other hand, the rate constants (kca) is 0.3

105

(h") for Co(Ill)-oxacylen (Icooc.p) under the same conditions.'” The measured ey

values were converted into barriers using the Arrhenius equation (k = Ae™*"

, where A is
the pre-exponential factor, Ea is the activation energy, R is the gas constant and T is the
temperature). Icooc-p exhibited four times greater activity than I¢cec.p for this substrate. In
Icoocr the pK, values for the Co(Ill)-bound water molecules revealed a higher Lewis
acidity for the Co(Ill) center (pKa1 = 3.33 and pKax = 6.96) compared to Icoc-p (pKai =
5.66 and pK,, = 8.14).'” This is because the oxygen of oxacyclen in the N3O ligand
environment is less basic than the nitrogen of cyclen in the N4 environment. Thus, the
observed improvement in the activity of the oxacyclen analogue (Icooc-p) is likely to be
due to the increased Lewis acidity of the metal center and steric effects in the transition
state corresponding to the Ill¢oc intermediate. On the other hand, a pendant containing

complex of Co(Ill)-oxacyclen (Icooc) Was reported to cleave the myoglobin substrate

with a barrier of 24.7 kcal/mol at pH = 8.0 and 50 °C."*°
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Figure 3. 2 The experimentally proposed mechanism of peptide hydrolysis.

The measured kinetics regarding the functioning of a Cu(Il)-cyclen complex without a
pendant are not available. But for a pendant containing Cu(Il)-cyclen complex (Icuc) the
measured ke values of 0.58, 0.75, and 1.4 (h™") for the cleavage of myoglobin, lysozyme,

and y-globulin respectively at pH 9.0 and 50°C.'"” The corresponding barriers is 24.5,
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24.3, and 23.9 kcal/mol. Whereas, the Cu(Il)-oxacyclen complexes without and with
pendant (Icyoc-r and Icyoc) cleave myoglobin with a barrier of 25.7 kcal/mol and ~25.0

kcal/mol respectively under the similar conditions.'**'*®

Despite the availability of the aforementioned experimental information, there are
several unresolved issues regarding the mechanisms, structures, roles of the metal ion,
ligand environment, and pendant functioning on the energetics of this reaction. For
instance, based on the orientation of the hydrogen atoms attached to nitrogen atoms, the
reactant can exist in the following four conformations: (1) anti-anti (N*H and N'°H
hydrogen atoms are on the opposite sides of the metal), (2) syn-syn (N*H and N'°H
hydrogen atoms are on the same sides of the metal), (3) syn-anti (N*H is on the same and
N'"H is on the opposite side of the metal) and (4) anti-syn (N*H is on the opposite and
N'"H is on the same side of the metal), Figure 3.3. The conformations of the reactants for
these complexes are not known experimentally. The exact mechanism of the reaction is
also not well understood. The binding site (1, 4, 7 or 10 position of the cyclen ring) of the
pendant on this complex and its effect on the energetics of the reaction also remain
unknown. Furthermore, the influence of different metals on the energetics of this reaction

using the same substrate is not available.
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syn-syn (6.5)

Figure 3. 3 Optimized structures of the reactants of the Co(IlI)-cyclen complex (in
kcal/mol).

In this study, we have addressed all these issues through investigation of the hydrolysis
of the Phe-Ala peptide bond of a amyloid beta (AB42) peptide by cyclen and oxacyclen
complexes containing different metals using density functional theory (DFT)
calculations. The available experimental information has been fully utilized in these
studies. The results gleaned from our calculations will elucidate the roles of the metal,

ligand environment and pendant on the energetics of this critical reaction. They will also
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provide structures of short-lived intermediates and transition states that cannot be
observed through experimental techniques. Our studies will also help to develop the next

generation of synthetic analogues for efficient peptide hydrolysis.

3.2.2 Computational Methods

All calculations were performed using the Gaussian 03 program package.” The geometry
optimizations of reactants, intermediates, transition states and products were performed at
the B3LYP/Lanl2dz level without any geometrical constraint using the corresponding

Hay-Wadt effective core potential (ECP) for the metal jon 6%127:128

The final energies of
the optimized structures were further improved by performing single point calculations
including additional d and p polarization functions for O (¢=0.96), N (0=0.74), C
(0=0.59) and H (0=0.36) atoms, respectively (taken from the EMSL’s Gaussian basis set
library) in the basis set used for optimizations. Hessians were calculated at the same level
of theory as the optimizations to confirm the nature of the stationary points along the
reaction coordinate. The transition states were confirmed to have only one negative
eigenvalue corresponding to the reaction coordinates. The dielectric constant of 78.39
corresponding to water was used to estimate the effect of the solvent'*’ utilizing the self-
consistent reaction field IEFPCM method'*" at the B3LYP/Lanl2dz level. Throughout the

manuscript, the energies obtained at the B3LYP/{Lanl2dz + d(O, N and C) + p(H)}'*"*!

level including thermal corrections and solvent effects in water are discussed.

To test the accuracy of the B3LYP method, the barrier of the reaction computed using

this functional was compared with calculations performed using the M06-L functional'*?
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for the Icyc complex. It was found that, in comparison to the B3LYP functional, the

application of the M06-L functional increased the barrier by 2.5 kcal/mol.

3.2.3 Computational Models

In the models, the metal ion was coordinated either to the 1,4,7,10-tetraazacyclododecane
(cyclen) or 1-oxa-4,7,10-triazacyclododecane (oxacyclen) macrocycle. The organic
pendant was modeled as the ethyl group (-C,Hs) and attached to the N’ atom of the
macrocycle. This site was found to be the most energetically stable location for the
pendant. Based on experimental information, a dipeptide consisting of the Phe20-Ala21
peptide bond taken from AB42 was used as the substrate. To study the roles of different
metals on the energetics of the reaction, the Cu(Il) ion was substituted by other divalent
metals like Ni(IT), Pd(Il), Zn(IT) and Cd(II). The reactants of the Co(IlI), Pd(Il), Zn(II)
and Cd(II) existed in the singlet state. The Cu(Il)-cyclen complex existed in the doublet
spin state, which the Ni(II) preferred the high spin triplet state. The overall charge was +2

for the Co(III) complex and was +1 for all other metal ions.

3.2.4 Results and Discussion

First, the mechanisms of the peptide bond (Phe-Ala) hydrolysis by the Co(IIl)- and
Cu(Il)-cyclen complexes have been discussed. In addition, the activities of the oxacyclen
analogues of Co(Ill) and Cu(Il) have been explored. Finally, the effects of the metal
substitution (Ni(II), Pd(II), Zn(IT) and Cd(II)) on the energetics of the reaction have been

discussed.
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3.2.4.1 Mechanisms of the Co(III)- and Cu(II)-Cyclen Complexes (Icoc and Icuc).

In all the metal-cyclen (M-Cyc) complexes, the metal ion is coordinated to the cyclen
macrocycle, a hydroxyl ion and one water molecule. In the first step of the mechanism,
the dipeptide (Phe-Ala) substrate substitutes the metal bound water molecule and
interacts with the M-Cyc complex. The formation of this bond polarizes the scissile
peptide bond (C*-N®). Depending on the orientations of the protons bound to the N* and
N'? atoms, the reactant can exist in the following four conformations: syn-anti, anti-anti,

133134 1 the syn conformation, protons bound to the N* or

syn-syn or anti-syn (Figure 3.3).
N' atoms face the substrate, while in the anti conformation they are located on the
opposite side of the substrate.

The optimization of the reactant (Ilcoc) for the Co(IlI)-cyclen complex predict the syn-
anti conformer as the most stable structure followed by anti-anti, syn-syn, and anti-syn
that are 6.2, 6.5, and 11.1 kcal/mol higher in energy, respectively. This result is supported
by the NMR data and X-ray structures of other Co-cyclen complexes. The measured
NMR data of [Co(cyclen)Cl,]" and the X-ray structure of [Co(cyclen)(NO,),]" showed

that they existed in the syn-anti conformation.'*>'*

The X-ray structures of both
[Co(cyclen)(NH3),]*" and  [Co(cyclen)(diamine)]’” (diamine = H,N(CH,),NH,,
HoN(CH,);NH,) complexes were also crystallized in the syn-anti conformation.”” In
Icoc, the sum of all four angles (N'-Co-N*, N'-Co-N", N*-Co-N" and N'°-Co-N) is

342.91°. The barriers for the inter-conversion of different isomers e.g. syn-syn — anti-

syn is prohibitively high.
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However, in the Cu(ll)-cyclen case the reactant (Ilcyc) exists in the syn-syn
conformation (Figure 3.4). This structure is also supported by the experimentally
measured structural data of the Cu(cyclen)(NOs), and Cu(cyclen)Br, complexes that
showed both favored the syn-syn conformation.'”® The anti-syn, syn-anti and anti-anti
structures are 1.1, 3.3 and 4.8 kcal/mol higher in energy than the syn-syn isomer,
respectively. For divalent metal ions, these energy differences are due to alterations in the
N'-Cu-N" and N*-Cu-N'" angles (Figure 3.4). These angles determine the strain of the
cyclen ring and the stability of the reactants. The sum of these angles is different in all
four conformors (281.06° for syn-syn, 256.17° for anti-syn, 266.58° for syn-anti and

241.84° for anti-anti).

3.2.4.1.1 Stepwise Mechanism

As discussed above, the reactant (Ilcoc) of the Co(Ill)-cyclen complex exists in the syn-
anti conformation (Figure 3.5). In Ilcec, the hydroxyl nucleophile (—O"HY) is
coordinated to the Co(III) ion and the Co-O° bond polarizes the scissile C°-N® peptide
bond (Co-O" = 1.88 A, Co-O° = 2.15 A and O°-C® = 1.28 A). In the first step of the
mechanism, from Il¢ec the Co(IIl) bound hydroxyl ion (<O"H") makes a nucleophilic
attack on the C° atom of the scissile peptide bond (C°-N®). The optimized transition state
(TS1coc-sw) for this process is shown in Figure 3.5. In comparison, the Co-O™ and C3-O°
bond distances increased by 0.08 and 0.03 A respectively and the Co-O® bond decreased
by 0.2 A in TS1cecsw (Co-O' = 1.96 A, C°-0° = 1.31 A, and O"-C® = 1.76 A). It is

noteworthy that the C>-N® bond is significantly elongated by 0.08 A in this transition
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state (C>-N° = 1.44 A). The barrier for this step is 24.1 kcal/mol and it leads to the
formation of a tetrahedral intermediate (IIlcoc-sw). In Illcoc-sw, the hydroxyl group (-
O"H") attached to the C° and the C®-N® peptide bond is significantly activated (C>-N° =
1.48 A) and perfectly set up for cleavage in the next step. The generation of Illcec.sw is

endothermic by 22.5 kcal/mol from Il¢ec.

O
syn-anti (3.3) anti-anti (4.8)

Figure 3. 4 Optimized structures of the reactants of the Cu(Il)-cyclen complex (in
kcal/mol).

In the next step, from IMIcecsw the H” proton from the C° bound hydroxyl group (-
O"H") is transferred to the N° atom of the peptide bond. This transfer occurs

concomitantly with the cleavage of the C°-N° peptide bond. The barrier for this
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synchronous process is 19.5 kcal/mol from Illcoc-sw. Since this step follows a step that is
endothermic by 22.5 kcal/mol, the overall barrier from Il¢coc becomes 42.0 kcal/mol. This
step is the rate-limiting step of the entire mechanism. All the corresponding distances in
the optimized transition state for this process (TS2coc-sw) indicate that this process is
concerted (O"-H" = 1.27 A, H"-N® = 1.29 A and N°-C® = 1.59 A). The computed barrier
is similar to those (38-40 kcal/mol) computed for the hydrolysis of the Gly-Pro-Met, Gly-
Pro-His, Gly-Sar-Met and Gly-Gly-Met peptide bonds by [Pd(H,0)4]*"."*" This process
creates the product (IVcec) in which the N- terminal is separated, but the C- terminal is
still bound to the metal center. The formation of IV¢ec is exothermic by 13.3 kcal/mol
from Hcoc.

However, in the Cu(Il)-cyclen complex, in contrast to its Co(IIl) counterpart, the reactant
(ILcuc) exists in the syn-syn conformation and in the absence of the metal-O° bond, the
polarization of the peptide bond is missing. The reason for these structural changes is the
difference in the coordination number of the Cu(Il) and Co(IIl) ions that is 5 for the
former and 6 for the latter. Furthermore, the overall charge of the Co(IlI)-cyclen complex
is one unit greater than the Cu(Il)-cyclen complex. In Ilcyc, all the metal-ligand bond
distances are longer compared to Ilcec. For instance, the Cu-N', Cu-N*, Cu-N" and Cu-
N'® bond distances in the cycle macrocycle are longer by 0.11, 0.33, 0.09 and 0.12 A
respectively and the Cu-O" bond length is elongated by 0.07 A (Cu-N'=2.11 A, Cu-N*=
227 A, Cu-N"=2.15 A, Cu-N'""=2.11 A and Cu-O"= 1.95 A), Figure 3.6. Furthermore,
even the scissile peptide bond (C°-N°) is 0.01 A longer than the one found for the
Co(IIl)-cyclen complex (C°-N°® = 1.37 A). From Ilcyc, the creation of the tetrahedral

intermediate (Illcycsw) occurs with a barrier of 19.8 kcal/mol and the optimized
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transition state (TS1cuc-sw) for this process is shown in Figure 3.6 (Cu-OH =2.35A, Cu-
0°% =2.26 A and O°-C® = 1.35 A). Similar to the Co(IlI)-cyclen case, in TS1cyc-sw the
C®-N® bond is significantly activated by 0.09 A (C>-N® = 1.46 A). The creation of IIcyc.
sw in this process is endothermic by 14.7 kcal/mol. The barrier of this step is 7.8 kcal/mol
lower than the computed value for the Co(Ill)-cyclen complex. This is rather surprising
considering the absence of the polarization of the peptide bond by Ilcyc. However, there
are several factors that contribute to the differences in the calculated energetics of these
complexes. The geometries of the cyclen macrocycle are different in both complexes.
Icyc contains one less ligand than Ilcec. The charge on the Cu(Il) ion in Il¢yc is 0.18e
greater than the Co(III) ion in Ilcec. The charge on the O" atom of the metal bound
hydroxyl in Hcyc is also 0.11e more negative than the charge on the corresponding atom
in Mcoc. As a result, the Cu-O™ bond distance is also 0.07 A longer than the Co-O"bond
distance. All these differences indicate that, in comparison to Ilcec, the hydroxyl ion in
Icyc is a better nucleophile. In the next step, as discussed in the Co(Ill)-cyclen case, a
proton transfer from the C° bound hydroxyl group (-O"H") to the N® atom leads to the
cleavage of the peptide bond. From Ilcycsw, the barrier and exothermicity of this
process are 19.0 and 30.3 kcal/mol respectively. Since this step follows a step that is
endothermic by 14.7 kcal/mol, the overall barrier from Ilcyc becomes 33.7 kcal/mol.
Similar to the Co(Ill)-cyclen complex, this step is the rate-limiting step of the entire
mechanism. The barrier for this complex is approximately 8.0 kcal/mol higher than the
barrier experimentally measured for the cleavage of myoglobin, lysozyme, albumin and
y-globulin substrates by Cu(II)-cyclen complexes.'” This overestimation could be due to

a difference in the substrates, as well as, the measurement of rate constants at a much
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higher temperature (50 °C). In comparison, our calculations were performed at room
temperature (25 °C). Due to the temperature dependence of the pre-exponential constant
in the Arrhenius equation, it is not possible to accurately estimate the measured barrier at
25 °C.

These results explicitly show that only the first step involving the generation of the
tetrahederal intermediate contributes to the difference in the energetics of this reaction for

Icoc and Hcyc. The overall barrier for the Ilcyc complex is 8.3 kcal/mol lower than the

barrier computed for the Ilcoc complex.

Icoc (0.0)

TS2¢oc.sw (42.0)

Figure 3. 5 Structures (in A) and energies (in kcal/mol) of the reactant, transition states,

intermediate and product in the stepwise mechanism of the Co(Ill)-cyclen complex.
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Hcyc (0.0)

'a O (&)
Ve (-15.6) TS2cuc.sw (33.7)

Figure 3. 6 Structures (in A) and energies (in kcal/mol) of the reactant, transition
states, intermediate and product in the stepwise mechanism of the Cu(II)-cyclen

complex.

3.2.4.1.2 Concerted Mechanism

In the concerted mechanism for the Co(Ill)-containing complex, from the syn-anti
reactant (Icoc) the hydroxyl group (-O"H") is transferred to the C° of the peptide bond
concomitantly with the dissociation of the -O"H" and transfer of the H" atom to the C°
atom of the substrate. This synchronous process cleaves the peptide bond and directly
leads to the formation of the product (IVcec). The barrier of 39.8 kcal/mol for this

mechanism is 2.2 kcal/mol lower than the value (42.0 kcal/mol) computed for the
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stepwise mechanism. In the optimized transition state (TScoc in Figure 3.7), all the
relevant bond distances indicate that this process is concerted (0"-C® = 1.59 A, H"-N® =
1.32 A, O"-H" = 1.24 A, N°-C® = 1.59 A). The removal of the pendant (-C,Hs group) in
this complex significantly lowers the barrier by 9.3 kcal/mol to 30.5 kcal/mol. This
reduction is likely caused by the following changes in the structure of the cyclen ring.
The absence of the electron donating —CH,CH3 group increases the negative charge on
the nitrogen atom (N’) it was attached to and in turn raises the positive charge on the
Co(III) ion. This results in enhanced polarization of the peptide bond and an increase in
the nucleophilicity of the hydroxyl nucleophile. The computed barrier for this complex
(without pendant) is in good agreement with the measured value of 25.9 kcal/mol for the
cleavage of myoglobin by the corresponding Co(Ill)-cyclen complex (Lcoc-p) at pH 9.0

and 50°C.1%

Hcoc (0.0) TScoc (39.8)

Figure 3. 7 Structures (in A) and energies (in kcal/mol) of the reactant, transition states,

intermediate and product in the concerted mechanism of the Co(IlI)-cyclen complex.
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For the Cu(Il)-cyclen complex, the reaction through the concerted mechanism occurs
with a barrier of 32.7 kcal/mol from Ilcyc. Similar to the Co(Ill) case, this barrier is
slightly (1.0 kcal/mol) lower than the barrier computed for the stepwise mechanism. The
difference in barrier of 7.1 kcal/mol between the Co(Ill)- and Cu(Il)-cyclen complexes
using this mechanism is also similar to 8.3 kcal/mol computed for the stepwise
mechanism. In the optimized transition state (TScyuc in Figure 3.8), all the corresponding
distances indicate that this process is concerted (O"- C* = 1.51 A, H*-N® = 1.27 A, O"-
H" = 1.27 A and N°-C® = 1.69 A). As observed for the Co(III)-containing complex, due
to exactly the same reasons, the removal of the pendant reduces the barrier by 3.0

kcal/mol to 29.7 kcal/mol.

Heye (0.0) TScuc (32.7)

Figure 3. 8 Structures (in A) and energies (in kcal/mol) of the reactant, transition states,

intermediate and product in the concerted mechanism of the Cu(II)-cyclen complex.

These results show that the inclusion of an organic pendant increases the barrier for the
reaction. The barrier for the concerted mechanism is also slightly lower than the stepwise

mechanism. Therefore, only this mechanism has been utilized in the remaining studies.
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3.2.4.2 Mechanisms of the Co(I1l)- and Cu(IT)-Oxacyclen Complexes

In order to improve the peptide bond cleaving activity of metal-cyclen complexes, one of
the nitrogen atoms of the cyclen ring (N4) was substituted with an oxygen atom to
develop metal-oxacyclen (N30) complexes.'” Due to the increased Lewis acidity of the
metal center and steric effects, both Co(Ill)- and Cu(Il)-oxacyclen complexes without
pendant (Iceoc-p and Icuoc.p) Were observed to exhibit slightly improved activities.'**'%°
However, out of four nitrogen atoms (N', N*, N7 and N'%) which one is exactly replaced
by the oxygen atom in these complexes has not been determined.'**'”” Based on the N —
O substitution, three different groups (7-alkyl-1-oxa-4,7,10-triazacyclodedecane (I), 7-
alkyl-4-oxa-1,7,10-triazacyclodedecane (I and 7-alkyl-10-oxa-1,4,7-
triazacyclodedecane (IIT)) of Co(Ill)-oxacyclen can be formed (Figure 3.9). In group I,
the oxygen atom is located in the trans position to the alkylated N’ atom at site 1, while in
IT and III this atom is positioned at 4 and 10 sites of the cyclen ring respectively. For
group I, four different isomers (syn-anti, anti-anti, anti-syn and syn-syn) are possible
depending on the orientation of the two hydrogen atoms on N* and N'°. In addition, two
isomers each (syn and anti) exist for the II and III groups. The syn-anti, syn and syn
isomers are the energetically most stable in I, IT and III respectively. Among these three
conformations the syn isomer of III (B-syn) is the most stable and syn-anti of I and syn of
IT (4-syn) are 1.1 and 3.8 kcal/mol higher in energy respectively. These results suggest
that the oxygen atom should be located at the 10 or 1 position on the oxacyclen ring. Due
to small difference in the energies of these complexes, the energetics of the reaction for

all has been computed using the “concerted” mechanism.



7-alkyl-1-oxa-4,7,10-triazacyclodedecane (I)
QR

anti-syn (8.3) syn-syn (8.3)

7-alkyl-4-0xa-1,7,10-triazacyclodedecane (II)

anti (5.6)

Figure 3. 9 Eight reactant structures of Il¢oc-0xacyclen (in kcal/mol).
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A comparison between the reactants of the common conformation (syn-anti) for the
Co(IlT)-cyclen and Co(Ill)-oxacyclen complexes shows that the substitution of the
nitrogen with oxygen at 1 position in the macrocycle reduces the Co-N’ distance by 0.05
A and increases the Co-N'® by 0.02 A (Figure 3.3 and 3.9). The charge on the Co(III) ion
is greater by 0.04e and the Co(III)-O° bond is significantly stronger (by 0.13 A) in the
oxacyclen case. A comparison of the barriers for this conformation (syn-anti) shows that
both cleave the peptide bond with similar barriers i.e. 40.1 kcal/mol for Co(Ill)-oxacyclen
and 39.8 kcal/mol for Co(Ill)-cyclen. The computed barriers are in agreement with the
measured kinetics that shows that the oxacyclen complex exhibits only four times greater

activity than the cyclen complex.'”

Using transition state theory, this difference
corresponds to only a 0.7 kcal/mol difference in the barrier and is too small to compute
using theoretical methods. The barriers for the B-syn and A-syn isomers are computed to
be 42.7 and 39.5 kcal/mol respectively (Figure 3.10a).

For the Cu(Il)-containing complex the syn-anti, A-syn and B-syn isomers are found to
be the most stable conformations in the I, I and III groups respectively. Among them
the A-syn of II is the most stable and B-syn of III and syn-anti of I are 0.8 and 1.4
kcal/mol higher in energy respectively (Figure 3.11). This indicates that the oxygen atom
in the oxacyclen ring should be located at position 4 of the ring for the Cu(Il) ion, but the
other two positions are also possible. Unlike the Co(IIl) case, in comparison to the
Cu(Il)-cyclen, the substitution of the nitrogen with oxygen at position 1 in the Cu(Il)-
oxacyclen complex increases the Cu-N’ distance by 0.07 A and decreases the Cu-N'? by

0.07 A (Figure 3.4 and 3.11). Furthermore, the charge on the Cu(Il) ion is greater by

0.09¢ and the Cu(I)-O" bond is substantially shorter by 0.09 A in the oxacyclen case.
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From the syn-anti conformation, the reaction proceeds with a barrier of 32.5 kcal/mol. As
observed in the Co(Ill) case, this barrier is slightly (0.2 kcal/mol) lower than the
computed value (32.7 kcal/mol) for the corresponding cyclen complex. In comparison to
the syn-anti conformation, the barriers from the other two conformations (4-syn and B-
syn) are higher by 5.5 kcal/mol i.e. (38.0 kcal/mol) (Figure 3.10b). The computed barrier
(32.7 kcal/mol) from the syn-anti conformation is in agreement with the measured value

of ~25.0 kcal/mol at pH 9.0 and 50°C."*°

A-syn (38.0) B-gn (38.0) syn-anti (32.5)
(b)

Figure 3. 10 Structures (in A) and energy barriers (in kcal/mol) of the transition states in

the concerted mechanisms of (a) Co(Ill)-oxacyaclen and (b) Cu(Il)-oxacyaclen
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7-alkyl-1-oxa-4,7,10-triazacyclodedecane (I)
O

anti-syn (8.5)

7-alkyl-4-oxa-1,7,10-triazacyclodedecane (II)

on (0.0) anti (2.3)

7-alkyl-10-oxa-1,4,7-triazacyclodedecane (III)

anti (7.8)

Figure 3. 11 Eight reactant structures of Ilcyc-0xacyclen (in kcal/mol).
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3.2.4.3 Metal Substitution

In order to elucidate the effect of the metal ion, the energetics of this reaction have been
computed by substituting Cu(II) with other divalent metals (Ni(Il), Zn(II), Cd(II), and
Pd(Il)) in the cyclen containing complexes without a pendant. These metals are
experimentally known to coordinate to the cyclen macrocycle, but the structures and
measured hydrolysis rates of the metal-cyclen complexes are not available.'*® The Ni(II),
Zn(II), Cd(II), Pd(IT) and Co(III) ions have been reported to form stable complexes with

% Based on this information, the same hexacoordinated

six coordination number.’
structures of metal-cyclen complexes are used in this study.

In the reactants (IInic, Hcuc, Mcac, Ilcoc, Mznc, and Ilpgc), the metal ion is
coordinated to the N', N*, N7, and N' atoms of the cyclen ring, a hydroxyl ion and the
substrate (Figure 3.12). The reactant for the Cu(Il)-cyclen complex exists in the doublet
spin state. The Ni(Il)-cyclen exists in the high spin triplet state, whereas, the Zn(Il),
Cd(I), and Pd(II) containing complexes exist in the singlet state. The Pd(II)-cyclen
complex in the low spin singlet state adopts a square planar geometry and loses
coordination to the N* atom of the cyclen ring and carbonyl group of the substrate.
However, in the triplet state Ilpgc exists in the hexacoordinated state adopted by all other
complexes. This high spin triplet state is 7.6 kcal/mol higher in energy than the ground
singlet state. For all other divalent metal complexes except Ilnic, the syn-syn isomer is
found to be the most stable. For Ilnic this conformation is slightly (1.7 kcal/mol) higher
than the syn-anti isomer. The computed barriers for TSnic, TScucs TScdac, TScoc, and

TSznc are quite comparable i.e. 27.2, 29.7, 30.5, 30.5, and 31.9 kcal/mol, respectively

(Figure 3.13). This is likely due to similar differences in the reaction coordinates (O"-C®,
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H"-N®, O"-H", and N°-C%) of the corresponding reactant and transition state of these
complexes (Figure 3.12 and 3.13). Among all divalent metals, the highest barrier (41.5
kcal/mol) was computed for the tetra-coordinated TSpqgc in its singlet ground state. This
barrier was significantly (11.8 kcal/mol) greater than the barrier for TScyc. In the reactant
of Ipgc, the O"-C® and H"-N® bonds are substantially longer by 0.76 and 1.42 A than in
the reactant of Ilcyc (Table 3.1). The charge on the Pd is also 0.17e lower than the charge
on the Cu ion. However, in the hexa-coordinated triplet state for Ilpac, these coordinates
are quite similar to Ilcyc and as a result the barrier is lowered by 6.5 kcal/mol. These
results suggest that the electronic state of the metal ion and binding mode of the cyclen

ring play critical roles in the activities of these complexes.

3.2.5 Summary and Conclusions

In this study, mechanisms of peptide hydrolysis by Co(Ill)- and Cu(Il)-containing
complexes of cyclen and oxacyclen have been investigated. In particular, the roles of the
ligand environment, pendant and metal ion on the energetics of this reaction have been
computed. The Co(Ill)-cyclen complex was found to exist in the syn-anti conformation,
while Cu(Il)-cyclen exists in the syn-syn conformation. These complexes can utilize two
different mechanisms, “stepwise” and ‘“concerted.” In the stepwise mechanism, the
overall barrier of 33.7 kcal/mol for the Cu(Il)-cyclen complex (Ilcuc) was 8.3 kcal/mol
lower than the barrier of 42.0 kcal/mol computed for its Co(III)-containing counterpart
(IIcoc). In the mechanism, the first step involving the generation of the tetrahederal

intermediate was found to contribute to the difference in the energetics of Il¢oc and
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Icyc. The “concerted” mechanism occurs with a slightly lower barrier than the
“stepwise” mechanism for both complexes (39.8 kcal/mol for Il¢ec and 32.7 kcal/mol for
Icuc). The removal of the pendant molecule (-C,Hs group) in Hcec and Heye lowered
the barrier by 9.3 and 3.0 kcal/mol respectively. The computed barrier of 30.5 kcal/mol in
the Co(IIl) case is in good agreement with the measured value of 25.9 kcal/mol for the

cleavage of myoglobin at pH 9.0 and 50°C.'*

In the Co(Ill)-oxacyclen complex, the oxygen atom is likely positioned at the 10 or 1
position of the oxacyclen ring. A comparison between the barriers using the common
conformation (syn-anti) of the Co(Ill)-cyclen and Co(Ill)-oxacyclen showed that both
complexes hydrolyze the peptide bond with similar barriers i.e. 39.8 kcal/mol for the
former and 40.1 kcal/mol for latter. These barriers are in line with the measured kca
values that suggest that the oxacyclen complex exhibits four times greater activity than
the cyclen complex. On the other hand, in the Cu(II)-oxacyclen complex the oxygen atom
should be located at the 4 position of the oxacyclen ring. Similar to the Co(IlI) case, here
too the barrier is only slightly (0.2 kcal/mol) lower than the computed value of 32.7
kcal/mol for the corresponding cyclen complex. The substitution of Cu(Il) with Ni(I),
Zn(II), Cd(II) and Pd(II) in the metal-cyclen complexes showed that the electronic state
of the metal ion and binding mode of the cyclen ring play important roles in their
activities. The mechanistic and structural information in conjunction with the roles of the
metal, ligand environment and pendant provided in this study will enhance our
understanding of the functioning of the metal-cyclen complexes and their analogues in

peptide hydrolysis.



o 0
Hpyc (singlet)

Figure 3. 12 Optimized structures of the reactants of metal-cyclen (without pendant)

complexes.
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TSznc (singlet) (31.9) TSpac (triplet) (35.0)

TSPdC (singlet) (41.5)

Figure 3. 13 Optimized structures of the transition states of different metal-cyclen

complexes (in kcal/mol).



Table 3. 1 Critical bond distances (A) of the optimized structures of metal cyclen

complexes.

Metal-cyclen o'-c® H"-N° o"-H" N°-C?
reactant

Ilnic (triplet) 3.04 3.37 0.98 1.37
Icuc (doublet) 3.28 2.66 0.97 1.37
Icqc (singlet) 3.08 4.13 0.98 1.36
Icoc (singlet) 3.04 3.45 0.98 1.35
Ilznc (singlet) 3.11 3.37 0.98 1.36

Ilpqc (triplet) 3.51 3.80 0.98 1.36
Ilpqc (singlet) 4.04 4.08 0.98 1.37
Metal-cyclen o'-c® H'-N° o"-H" N°-C®
transition state

TSnic (triplet) 1.50 1.28 1.29 1.63
TScuc (doublet) 1.50 1.27 1.28 1.61
TScac (singlet) 1.50 1.27 1.31 1.62
TScoc (singlet) 1.55 1.36 1.24 1.54
TSzac (singlet) 1.50 1.28 1.29 1.64
TSpqc (triplet) 1.51 1.27 1.29 1.64
TSpac (singlet) 1.64 1.29 1.26 1.59
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3.3 Mechanism of Zr(IV)-Assisted Peptide Hydrolysis

Zx(IV) displays a significant reactivity towards peptide bond cleavage due to the high
Lewis acidity of its stable +4 oxidation state. In addition, Zr(IV) is redox stable,
oxophilic, kinetically and steorochemically labile, possesses low cellular toxicity and
exhibits fast ligand exchange kinetics which could facilitate the catalytic turnover.'*'"'*

All the aforementioned advantages make Zr(IV) complexes a promising catalyst for the

hydrolysis of peptide bonds.

However, Komiyama and coworkers had reported that Zr(IV) showed very low levels
of peptide hydrolysis (~25% conversion of Gly-Phe, pH 7.0, 80 °C, 24 h) in 0.1 M
Tris(hydroxymethyl)aminomethane buffer.'** On the other hand, Grant and coworkers
are the first research group to efficiently hydrolyze unactivated peptide amide bonds by
utilizing Zr(IV) complexes under near physiological conditions.'*® A series of 16
dipeptides corresponding to the sequences Xaa-Gly and Gly-Xaa were studied in Zr(IV)
4,13-diaza-18-crown-6 (N204).'*® Unfavorable electrostatic interactions with positively
charged Zr(IV) complex make the positively charged dipeptides displayed low levels of
hydrolysis (Lys-Gly dipeptide, pH 7.1, 60 °C, 20 h, yield 17%). The neutral and
negatively charged peptides containing Gly and amino acids with oxygen-rich side chains
showed efficient hydrolysis under the same conditions (Gly-Gly dipeptide, pH 7.0, 60 °C,
20 h, yield 90%; Gly-Glu dipeptide, pH 7.2, 60 °C, 20 h, yield 97%)."*® In addition, a
total of 17 ligands on Zr(IV)-assisted hydrolysis of the unactivated amide bond of
dipeptide Gly-Gly had been compared in pH 6.8-7.4 after 4 h and 10 h at 60 °C. In the

experiment, three compounds were found to produce the most Gly hydrolysis product
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both at t = 4 h, and t = 10 h: 4,13-diaza-18-crown-6 (N204) ~ 1,4,10-trioxa-7,13-
diazacyclopentadecane (N203) > 2-(2-methoxy)-ethanol (NO2) (Scheme 2)."'* It was
observed that a ring structure is not required to enhance Zr(IV) reactivity. Moreover, the
structural feature “ROCH,CH,OCH,CH,;NR” appeared to increase the levels of peptide

hydrolysis.'*

Scheme 2

(\ﬁ/\ O/_\NH NH,
[0 oj (O Oj OK\
Ok/ﬂ\)o k/:\) OH

N204 N203 NO2

3.3.1 Experimentally Proposed Mechanism
Zr(IV) complexes catalyze the hydrolysis of a Gly-Gly dipeptide bond through the

following overall reaction:
Gly-C(=0)-NH-Gly + H,O — Gly-C(=O)OH + NH,-Gly (1)

During the process of peptide cleavage, the Zr(IV) metal center has two functions.
First, the Zr(IV) ion polarizes the carbonyl group of the amide bond by binding to the
carbonyl oxygen. The preference of Zr(IV) towards oxygen helps avoid the formation of
inactive peptide amide nitrogen coordination."”” Then, the Zr(IV)-bound hydroxide ion

(Because the pK, values of Zr(IV)-bound water molecules are lowered from 15.7 to < 0.6,
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Zr-OH readily exists in both acidic and neutral condition.'**) acts by nucleophilic attack
on the carbonyl carbon atom to form a tetrahedral intermediate containing a four-
membered ring.

Despite the availability experimental information, several structural and mechanistic
questions concerning the Zr(IV)-assisted peptide hydrolysis remain unresolved. For
instance, it is unclear whether the hydrolysis process follows a stepwise or concerted
mechanism. Second, the protonation states of the ligands (N204, N203, and NO2) and
the effect of the ligand environment on the activities of the Zr(IV) complexes are also
unavailable. Moreover, Zr(IV) can form complexes with high coordination numbers and
have flexible geometries, as a result, the structures of Zr(IV) binding to the ligands are

not known.

In the present DFT study, all the aforementioned aspects have been studied. We
performed DFT calculations to investigate hydrolysis of a Gly-Gly peptide bond by
Zr(IV)-bound complexes. The mechanistic studies will provide structures of short-lived
intermediates and transition states that cannot be easily observed through experimental
techniques. These studies will elucidate the mechanisms (stepwise or concerted) of the
reactions and determine the nature of the rate-determining step. The protonation states of
the ligands have been studied. Our studies will also help to explain the ligand effects of
Zr(IV)-bound N204, N203, and NO2 complexes. Moreover, different coordination
number models were constructed by utilizing NO2 as a ligand to gain the favorable
structure and geometry of Zr(IV) complex. The results reported in this paper will provide

deeper information concerning the functioning of the Zr(IV) complexes and the
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predictions will help to optimize the ligand environments to design new Zr(IV)-based

metallopetidases.

3.3.2 Computational Methods and Models

All calculations were performed using the Gaussian 03 program package.” The geometry
optimizations of reactants, intermediates, transition states and products were performed at
the B3LYP/Lanl2dz level without any geometrical constraint using corresponding Hay-
Wadt effective core potential (ECP) for Zr.'*"°! The final energies of the optimized
structures were further improved by performing single point calculations including
additional d and p polarization functions for O (¢=0.96), N (¢=0.74), C (0=0.59) and H
(0=0.36) atoms respectively (taken from the EMSL’s Gaussian basis set library) in the
basis set used for optimizations. Hessians were calculated at the same level of theory as
the optimizations to confirm the nature of the stationary points along the reaction
coordinate. The transition states were confirmed to have only one negative eigenvalue
corresponding to the reaction coordinates. The dielectric constant of 78.39 corresponding
to water was used to estimate the effect of the solvent utilizing the self-consistent reaction
field IEFPCM method'>* at the B3LYP/Lanl2dz level. Throughout the manuscript, the
energies obtained at the B3LYP/ {Lanl2dz + d(O, N and C) + p(H)} including thermal

corrections and solvent effects in protein are discussed.

The available experimental information was fully incorporated in building models for

the calculations. To obtain target complexes, the Zr(IV)-bound ligand compounds are

153

constructed by using the X-ray crystal structures. > In addition, one hydroxyl ion and
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Gly-Gly dipeptide are also included in the models by coordinating to a Zr(IV) ion. Gly-
Gly dipeptide is modeled as (NH,CH,CONHCH,COOH). The Zr(IV)-bound protonated
ligands N204 and N203 complexes are denoted as Inz04 and Inzo3. On the other hand,
the deprotonated N204, N203, and NO2 complexes are modeled as Ipn204, Ipn203, and

Ipno2 respectively by removing the protons from —NH in the ligands.

3.3.3 Results and Discussion

3.3.3.1 Mechanism
The following two different mechanisms were investigated by utilizing the reactants

Ipn204 and Inzo4 for the reaction: (1) stepwise and (2) concerted mechanisms.

Stepwise Mechanism: This mechanism for Ipnzo4 and Inzos proceeds through the
following two steps: (1) formation of the tetrahedral intermediate, and (2) cleavage of the

peptide bond.

In the reactant structure Ipn204, the Gly-Gly dipeptide substrate binds to the Zr(IV)
catalyst through Zr-O° coordination with a distance of 2.25 A (Figure 3.14). This
interaction between the Zr(IV) ion and O° atom increases the electrophilicity of the C°
and activates it for nucleophilic attack. A hydroxide ion (-O"H") is bound to the Zr(IV)
ion. The C®-N°® peptide bond distance in the reactant is 1.34 A. Moreover, the O"-C® and
H"-N°® distances are 3.22 and 4.09 A respectively. In Ipnz04, the Zr(IV) ion is in hepta-

coordinated form (Zr-O'= 2.36 A, Zr-O*=2.44 A, Zr-O’=2.49 A, Zr-O°=2.25 A, Zr-
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0"=2.04 A, Zr-N'=2.14 A, Zr-N?=2.13 A). The binding of the water molecule to the
Zr(IV) ion polarizes this molecule and reduces its pK, value from 15.7 to < 0.6 to
facilitate its activation. In the first step, the hydroxide ion (-O"H") acts as a nucleophile
and attacks the C° atom of the amide bond. After the nucleophilic attack, the peptide
bond elongates by 0.06 A with the C°-N° peptide bond distance being 1.40 A. All the
corresponding distances in the fully optimized transition state TS1pn204-sw are shown in
Figure 3.14. The first transition state occurs with a barrier of 13.9 kcal/mol from the
reactant Ipn204. This process leads to the formation of the tetrahedral intermediate
IIpn204-sw, in which the hydroxyl group (-O"H") is attached to the C°. In comparison to
Ipnz04, the C°-N° peptide bond is already elongated by 0.07 A (C°-N® = 1.41 A) and
perfectly set up for cleavage in the next step. The generation of IIpn204-sw 1S endergonic
by 13.6 kcal/mol from Ipnz204. On the other hand, the computed barrier for the first step of
the protonated Zr(IV)-bound ligand complex (Inz204) is 41.4 kcal/mol (Figure 3.15),
which is 27.5 kcal/mol higher than TS1pn204.sw. The barrier of the generation of

protonated intermediate IIn204-sw 1S 41.3 kal/mol from Inzo4.

In the second step, the H" dissociates from O™ and donates to the N® of the peptide
bond, which leads to the cleavage of the peptide bond. In TS2pn204-sw, all of the
corresponding distances indicate the concerted nature of this process (O"—H" = 1.36 A,
HLNS = 1.19 A, and N°-C® = 1.63 A). The optimized transition state TS2pn204-sw for
this process is shown in Figure 3.14 and it crosses over a barrier of 17.0 kcal/mol from
IIpn204-sw. Since this step follows a step that is endergoic by 13.9 kcal/mol, the overall

barrier from Ipn204 becomes 30.6 kcal/mol (Figure 3.14). This is the rate-limiting step of
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the entire mechanism. In the final product IIIpN204-sw, the separated neutral amine (-
NH;) and charged carboxyl (-COQO") groups are formed and the latter is bound to the
Zr(IV) ion. The formation of IIpn204-sw from Ipn204 is exergonic by 6.3 kcal/mol. In
comparison, the barrier for the second step (Figure 3.15) of protonated Zr(IV)-bound

ligands N204 (In204) is 54.6 kcal/mol, which is 24.0 kcal/mol higher than the barrier of

IpNn204.

Ipn204 0.0

IpNn204-sw -6.3 TS2pNn204-sw 30.6

Figure 3. 14 Structures (in A) and energies (in kcal/mol) of the reactant, transition states

(optimized), intermediate, and product for Ipn204 in the stepwise mechanism.
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In204 0.0

IN204.5w 20.6 - e TS2x204-5w 54.6

Figure 3. 15 Structures (in A) and energies (in kcal/mol) of the reactant, transition states

(optimized), intermediate, and product for Inz04 in the stepwise mechanism.

Concerted Mechanism: On the other hand, the peptide bond hydrolysis can also proceed

through a concerted mechanism for the same reactants Ipn204 and Inzo4.

In this mechanism, the hydroxyl group (-O"H") is transferred to the C® of the peptide
bond in the transition state (TSpn204). This process occurs concomitantly with the
dissociation of H" from O" and the transfer of the hydrogen atom H" to the C° atom,
which leads to the cleavage of the peptide bond. The computed barrier for this concerted

process was 31.0 kcal/mol. The optimized transition state TSpn204 1S shown in Figure
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3.16. All the relevant bond distances indicate that this process is concerted (O"-C® = 1.53
A, H'-N° =136 A, O"-H" = 1.25 A, N°-C® = 1.52 A). After the cleavage of the peptide
bond, it leads to the formation of product IIpn204 With a negatively charged carboxyl
group that forms a four member ring structure with the Zr(IV) center and neutral amine
group. This product was found to be 6.3 kcal/mol exergonic from the reactant. On the
other hand, the energy barrier from the protonated form Inzo4 to TSn204 is 47.1 kcal/mol,

which is 16.1 kcal/mol higher than the same process from Ipn204 (Figure 3.16).

[NZO4 0.0 TSNZO4 47.1 IIN204 20.6

Figure 3. 16 Structures (in A) and energies (in kcal/mol) of the reactants, transition

states, and products for Ipn204 and Inzo4 in the concerted mechanism.
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The barriers for the reactant Ipn2o4 in the stepwise and concerted mechanisms are
similar. The barriers for the reactant Inz04 in the stepwise mechanism are much higher
than the concerted mechanism. Therefore, the stepwise mechanism can be ruled out. In

the next section, all the reactions are investigated by using concerted mechanism.

3.3.3.2 Protonation State
The computed energetics indicate that among the reactants Ipn204 and Inz2o4, Inn204 (the
deprotonated Zr(IV)-bound ligand N204 complex) is energetically more favorable for
the peptide bond cleavage of the dipeptide Gly-Gly. In addition, based on the
experimental data, the Gly-Gly dipeptide can be hydrolyzed between pH 4.2-7.4. In
addition, the hydrolysis by the Zr(IV)-bound ligand N204 complex is more effective at
near neutral pH (pH 7.0, 60 °C, 20 h, yield 90%; pH 4.2, 60 °C, 20 h, yield 65%)."*° It
may be expected that the ligand N204 is in the deprotonated state. To elucidate the
protonation state of the ligand N204, four models which include all the possible
protonation states have been constructed. The Zr(IV)-bound protonated ligands N204
complex is denoted as In204. The deprotonated N204 complexes are modeled as Ipn204-
nt. Ipnz04-n2, and Ipnzos respectively by removing the protons from —N'H, -N’H, and both
—N'H and -N°H in the ligands. All the corresponding complexes in the fully optimized
structures are shown in Figure 3.16 & 3.17.

In the optimized structures of the reactants, In204 and Ipn2o4-n2 form a hydrogen bond
with the N-terminus of Gly because they have the hydrogen in —N'H (Figure 3.16 &

3.17). Ipn204, in comparison with all the other reactants, the Zr-O" bond is longer with a
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bond length of 2.04 A, and the charge on the O™ ion is -1.05¢. That is more negative than
the O™ ion in all the other reactants (Table 3.2 & 3.3). These differences in the bond
distance and charge indicate that the interaction between the Zr(IV) ion with the hydroxyl
group (-O"H™) in Ipnz04 is much stronger. It helps to make -O"H" a better nucleophile.
The deprotonated N204 ligand increases electron donating ability by adding electron
density to the Zr(IV) ion and tend to stabilize the metal center. From reactant Inzo4 to
Ipnzo4, the Zr-N'and Zr-N?bond distances are reduced (Zr-N1 bond is shorter by 0.21 A,
and Zr-N”bond is shorter by 0.30 A) (Table 3.2). As a result, the interaction of the Gly-
Gly dipeptide with the Zr(IV) ion is weakened. Those interactions can be rationalized in
terms of the charge difference between these atoms. The N° atom of the Gly-Gly
dipeptide in Ipn204 possesses 0.04e more negative charge than the corresponding atom in
In204 (Table 3.3). Furthermore, the charge difference of 2.51e between the Zr(IV) and O°
atoms of Ipnz2o4 1S 0.21e smaller than for In2o4. The other noticeable differences were
found in the interactions of the O" with carbonyl carbon atom (C°) of the Gly-Gly
dipeptide. Here, the O"-C® distance of Ipn204 is 3.22 A, which is much shorter than the
corresponding distance in all the other reactants.

During the process of hydrolysis of the peptide bond, the charge on the Zr(IV) ion was
increased by 0.08e, 0.07e, 0.07e, and 0.03e in the transition state TSn204, TSpN204-N1,
TSpn204-n2, and TSpnz04, respectively. Whereas the rate of increase is opposite in the
charge on the O™ atom, which is increased by 0.11e, 0.13¢, 0.12¢, and 0.17¢ respectively
(Table 3.3). In TSpn204, the Zr-O" bond is longer by 0.22 A from Ipn204, and the o!l.c®
bond distance is shorter by 1.69 A (Table 3.2). The elongation and shortening of the Zr-

O™ and 0"-C®bond distances in the Inzos — TSn204 process are greater by 0.10 A and
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0.67 A, respectively, than in the Ipnzos — TSpn204 process. The process has a 47.1
kcal/mol barrier from In204 to TSn204. On the other hand, the barriers for the Zr(IV)-
bound deprotonated N204 complexes Ipn204-N1, Ipn204-N2, and Ipnz2og are 40.6, 47.9, and
31.0 kcal/mol, respectively (Figure 3.16 & 3.17). Here, the hydrolysis of the peptide bond
of the reactant Ipn204 is much more energetically feasible than all the other reactants. The
reason for the low barrier could be the aforementioned differences in the Zr-O" and O"-

C5bond distances.

IpN204-82 0.0 TSpNn204-N247.9 IpNn204-N2 23.7

Figure 3. 17 Structures (in A) and energies (in kcal/mol) of the reactants, transition

states, and products for Ipn2o4-n1 and Ipn204-n2 in the concerted mechanism.
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Table 3. 2 The key geometrical bond distances (A) of the optimized reactants and
transition states for different protonation state complexes (In204, Ipn204-N1, IDN204-N2, and

Ipn204)

Reactant Zr- oS- [ Zr- ot HEL Zr- Zr- Zr- Zr- Zr- Zr-
oS cS NS o cs NS N! N2 0! o? o’ o*
In204 2.11 1.30 1.33 1.92 3.90 477 235 243 235 230 229 351

Ipnzoan: 214 129 134 195 392 459 206 257 233 240 241 4.02

Ipnzoan: 227 127 135 194 339 352 241 210 236 236 228 3.96

IbNn204 225  1.28 1.34 2.04 322 409 214 213 236 244 249 316

Transition Zr- O C>- Zr- OL HY 2z  Zr- Zr-  Zr- Zr-  Zr-
state o’ ¢ N ot ¢ NS NN O 0? o’ o*
TSx204 208 141 153 224 154 138 231 246 225 225 224 379

TSpnzoana  2.14 140 152 224 152 137 206 247 234 229 229 422

TSpnzoanz 220 137 158 223 154 132 243 207 227 232 228 394

TSpn204 2.15 138 1.52 226 153 136 211 214 230 240 242 3.72
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Table 3. 3 The atomic charges on the key atoms of the optimized reactants and transition

states for different protonation state complexes (In204, IpN204-N1, IpN204-N2, and Ipn2o4)

Reactant  Zr 0° c’ N° o" H" N N o' o’ o’ o'
Inz04 197 -075 077 -058 -099 056 -079 -0.76 -0.65 -065 -0.66 -0.63
Ipxzoant 189 072 079 -0.60  -1.02 054 -082  -0.74 -0.65 -0.63 -0.64 -0.64
Ipxzoan2 187 -068 077  -062  -1.01 055 -0.77 -0.87 -0.63 -0.63 -0.64 -0.63
Ipn204 182  -069 078 -0.62 -1.05 051 -0.88  -086 -0.62 -0.62 -0.61 -0.61
Transition Zr 0% C° N° o" H" N! N? o' o’ o’ o'
state
TSnx204 205 -082 082 -075 -08 053 -08 -077 -067 -0.66 -0.67 -0.63
TSpx20snt 196 -085 082 -0.78 -0.89 053 -085 -0.76 -0.65 -0.65 -0.64 -0.62
TSpxz0an2 1.95 -084 082 -076 -0.89 053 -0.79 -086 -0.65 -0.64 -064 -0.62
TSpx204 185 -083 081 -077 -088 052 -0.88 -0.86 -0.63 -0.61 -0.61 -0.64

To confirm these results, the complexes that include protonated and deprotonated

ligands N20O3 have been investigated. The Zr(IV)-bound protonated ligands N20O3

complex is denoted as In203. The deprotonated N203 complex is modeled as Ipn203 by

removing the protons from both -N'H and —N’H in the ligand. The corresponding

complexes in the fully optimized structures are shown in Figure 3.18. Similar to Ipnzo04,

in Ipn2os, the Zr-O™ bond is longer than that in In203, with the bond length 2.04 A.

Moreover, the 0O"-C® distance of Ipnzos is 3.39 A, which is much shorter than the

corresponding distance in Inz03, which is 3.86 A (Table 3.4). These differences in the
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bond distance indicate that the hydroxyl group (-O"H") in Ipnz03 is a better nucleophile
and it is more prepared to attack the carbonyl carbon (C®) of the Gly-Gly dipeptide.
Furthermore, the charge difference of 2.52¢ between the Zr(IV) and O° atoms of Ipx203
is 0.63e smaller than for Inz03 (Table 3.5). Hence, the Gly-Gly dipeptide is more strongly
activated with the length of the N°>~C® peptide bond of 1.34 A which is 0.02 A longer
than the corresponding bond length in Inzo3 (Table 3.4). In summary, the Ipn2oz —
TSpn203 process has a 36.6 kcal/mol barrier which is 10.6 kcal/mol lower than that for

the reactant In203 (Figure 3.18).

Table 3. 4 The key geometrical bond distances (A) of the optimized reactants and

transition states for different protonation state complexes (In203 and Ipn203)

Reactant 7r-0° 0°5-C° C>-N° zr-OF oO%C® HEN® ZeN!  ZeN?  Zr-O' Zr- Zr-
0? o’
Inz03 2.11 1.31 1.32 1.93 3.86 434 241 2.42 226 228 225

Ipn203 2.30 1.28 1.34 2.04 3.39 4.15 2.12 2.14 2.32 237 239

Transition Zr-0° 0°-CC CN° 7zr-Oof oOfC® HENS ZrN' ZeN?  Zr-O' Zr- Zr-
state o’ o’

TSn203 2.08 1.40 1.51 2.22 1.56 1.40 242 2.39 2.21 225 225

TSpn203 2.24 1.37 1.58 2.24 1.51 1.31 2.12 2.11 2.27 236 235
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Table 3. 5 The atomic charges on the key atoms of the optimized reactants and transition

states for different protonation state complexes (In203 and Ipnz203)

Reactant Zr o’ cs NS of He N N? o' 0’ o’

In203 233  -0.82 078 -0.58 -1.05 055 -0.80 -0.80 -0.69 -0.71 -0.69

Ipn203 1.84 -0.68 0.76 -0.62 -1.05 051  -0.85 -0.86 -0.62 -0.63 -0.62

Transition  Zr o’ cs N° of H N! N? o' 0’ o’
state

TSn203 232 -088 083 -0.75 -094 053 -0.80 -0.80 -0.71 -0.71 -0.70

TSpn203 1.83 -084 082 -0.77 -0.88 052 -085 -0.86 -0.63 -0.62 -0.61

llNz()3 224

TSn203 472

Figure 3. 18 Structures (in A) and energies (in kcal/mol) of the reactants, transition

states, and products for Ipn203 and Inzo3 in the concerted mechanism.



72

The results of above study explicitly show that the Zr(IV)-bound ligands N204 and
N203 are in the deprotonated form. This could be due to the basicity of the nitrogen
atoms decreases from primary to secondary and tertiary amines.””* As a result, the

decreasing basicity of the ligand should increase the Lewis acidity of the metal center.'>

3.3.3.3 Ligand Effects

According to the experimental data, three Zr(IV)-bound ligand compounds were found to
produce the most Gly hydrolysis product both at t =4 h, and t = 10 h: 4,13-diaza-18-
crown-6 (N204) ~ 1,4,10-trioxa-7,13-diazacyclopentadecane (N203) > 2-(2-methoxy)-
ethanol (NO2).'"* However, the effects of the ligand environment on the activities of the
Zr(IV) complexes are unavailable. To shed light on these unresolved issues, we have
investigated the hydrolysis of the following three compounds: (1) Zr(IV)-bound
deprotonated ligand N204 complex (Ipnz204), (2) Zr(IV)-bound deprotonated ligand
N203 complex (Ipn203), and (3) Zr(IV)-bound deprotonated ligand NO2 and one water
complex (Ipnoz-1w) (The attempt to optimize a Zr(IV)-bound deprotonated ligand NO2
complex failed). The calculations will provide energetics and structural information for

these complexes processes.

In the reactants, Ipn204 shows weaker binding of the metal center with the ligand at
distances of Zr-O'=2.36 A, Zr-O’=2.44 A, Zr-O*=2.49 A. In comparison, the Ipnz203
has the Zr(IV)-ligand bond lengths of Zr-0'=232 A, Zr-O*=2.37 A, Zr-O’ = 2.39 A,
while Zr-O'=1.95 A, Zr-O*=2.29 A in Ipxoz1w (Table 3.6). The optimized structure of

Ipno2-1w is shown in Figure 3.19. While weak binding of the ligand to the metal center
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can enhance the Lewis acidity of the metal center."” In addition, the length of the N°~C®
peptide bond of Ipxz04 and Ipnzos is 1.34 A, which is 0.01 A longer than that in Ipnoz-1w.
Moreover, the Zr-O" bond of Ipn204 and Ipnzos is longer with a bond length of 2.04 A,
and the charge on the O" ion is -1.05e, that is more negative than the 0" ion in Ipno2aw
(Table 3.6 & 3.7). These differences in the bond distance and charge make the hydroxyl
group (-O"H") in Ipnzos and Ipnzos a better nucleophile. Furthermore, the charge
difference of 2.51e between the Zr(IV) and O° atoms of Ipnzo4 is 0.25¢ smaller than for
Ipnozaw (i.e. 2.76e) (Table 3.7), and the O"-C® distance of Ipnzo4 is 3.22 A, which is

much shorter than the corresponding distance in Ipn203 and Ipnoz-1w (Table 3.6).

(ON)
Ipno2-11 0.0 TSpNo2-11 40.5 Hpnoz-n 4-6

Figure 3. 19 Structures (in A) and energies (in kcal/mol) of the reactants, transition

states, and products for Ipnoz-1w and Ipnoz-1m in the concerted mechanism.



Table 3. 6 The key geometrical bond distances (A) of the optimized reactants and

transition states for different ligand complexes (Ipn204, Ipn203, and Ipnoz-1w)
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Reactant Zr- 0°- cs. Zr- o™ H- Zr- Zr- Zr- Zr- Zr- Zr-
o’ ¢S N ot ¢S NS N! N? o' o* 0 o*
Ipnzos 225 128 134 204 322 409 214 213 236 244 249 3.16
Ipnzos 230 128 134 204 339 415 212 214 232 237 239 -
Ipnozaw  2.12 130 133 193 410 576 233 - 195 229 - -
Transition Zr- O C- zr- OL WY~ Zr Zr Zr- Zr- Zr-  Zr-
state o8 ¢ N of ¢ NN N N o 0o 0 0
TSpnzos  2.15 138 152 226 153 136 211 214 230 240 242 3.72
TSpnzos 224 137 158 224 151 131 212 211 227 236 235 -
TSprnozaw 2.16 139 152 219 154 137 216 - 194 225 - -

Table 3. 7 The atomic charges on the key atoms of the optimized reactants and transition

states for different ligand complexes (Ipn204, Ipn203, and Ipnoz-1w)

Reactant  Zr 0° c’ N° o" H" N' N° o' o’ o’ o’
Ipx2os 182 <069 078 -062 -105 051 -08 -086 -062 -062 -061 -0.61
Ipx2os 184 -068 076 -0.62 -1.05 051 -085 -086 -062 -063 -062  --

Ipnozaw 201 =075 077  -0.60 -098 055 -049  -- -0.80  -0.66 - -

Transition  Zr 0° ¢ NS ot HT N N? o' o’ o’ o'

state
TSpxz04  1.85 -083 081 -077 -088 052 -088 -0.86 -0.63 -061 -0.61 -0.64
TSpx20s 1.83  -0.84 082 -077 -088 052 -085 -0.86 -0.63 -062 -0.61 -
TSpxoztw  2.02  -085 081 -076 -0.86 0.53 -0.79 - 079  -066 - -




75

During the hydrolysis of the peptide bond, the charge on the O" atom is decreased by
0.17e, 0.17e, and 0.12¢ in the transition state TSpn204, TSpn203, and TSpnoza1w
respectively (Table 3.7). In TSpx204, the O"-C®bond distance is shorter by 1.69 A from
Ipn204 (Table 3.6), the shortening of the O"-C®bond distances in the Ipxz03 — TSpN203
and Ipnozaw — TSpnoziw process are 1.78 A and 2.56 A, respectively, which are
greater than that in the Ipn204 — TSpn204 process. Therefore, the energy barriers for the
cleavage of the peptide bond are gradually increased from the reactant Ipn204 to Ipnoz-1w-
The barriers were computed to be 31.0, 36.6, and 62.4 kcal/mol for Ipn204, Ipn203, and
Ipno2-1w, respectively. For the case of Ipnoz2-tw — TSpnoz-1w, the barrier is prohibitively
high and could be due to the tight binding between the Zr(IV) ion with the ligand. The
basicity of the nitrogen atom in the ligand of Ipno2-1w is stronger than those in Ipn204 and
Ipn203 which also affects the energy barrier.

The structural feature “ROCH,CH,OCH,CH,NR” appeared in the ligands of all the
three reactants to increase the levels of peptide hydrolysis.''* The results from this study
indicate that a ring structure ligand is better than the non-ring structure ligand to enhance

Zr(IV) center reactivity.

3.3.3.4 Coordination Number

Although Zr(IV) can form complexes with flexible geometries with multi-coordination
numbers, the formation of high coordination number complexes are preferred.'*!
According to the aforementioned computational results, the hydrolysis of the peptide

bond of the reactants Ipn204 and Ipnz203 were much more energetically feasible than Ipnoa.
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This could be due to the different ligand effects between N204, N203, and NO2 bound
to Zr(IV) ion, whereas the coordination number difference may also play a role on it.
Both the reactants Ipn204 and Ipnzo3 are in a hepta-coordinated form. However, Ipno:z is a
hexa-coordinated complex. In order to gain deeper information concerning the
coordination number of the Zr(IV) complexes, a series of models were constructed based
on the Zr(IV)-bound deprotonated ligand NO2 complexes to elucidate these issue. All the
complexes are divided into three species according to different coordination number. (1)
The hexa-coordinated species: Zr(IV)-bound deprotonated ligand NO2 and one water
complex (Ipnoz-1w), Zr(IV)-bound deprotonated ligand NO2 and one hydroxyl group (-
O"H") complex (Ipnoz1m); (2) The hepta-coordinated species: Zr(IV)-bound
deprotonated ligand NO2 and two water complex (Ipnoz-2w), Zr(IV)-bound deprotonated
ligand NO2 and two hydroxyl group (-O"H") complex (Ipnoz2u); and (3) The octa-
coordinated specie: Zr(IV)-bound deprotonated ligand NO2 and three water complex
(Ipno2-3w), the attempts to optimize a Zr(IV)-bound deprotonated ligand NO2 and three

hydroxyl group (-O"H") complex (Ipxoz-3u) are failed.

(1) The hexa-coordinated species:

In the optimized structures of the reactants, the length of the N°~C® peptide bond of
Ipnozimis 1.34 A, which is 0.01 A longer than that in Ipnoz2-1w (Figure 3.19). In addition,
the Zr-O" bond of Ipnoz-1u is longer with a bond length of 1.97 A, and the charge on the
O" ion is -1.02e. This value is more negative than the O" ion in Ipno2aw (Table 3.8 &

3.9). These differences in the bond distance and charge indicate that the interaction
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between the Zr(IV) ion with the hydroxyl group (-O"H™) in Ipnoz.1n is much stronger.
Another hydroxyl group (-O"™H") bound to the Zr(IV) ion in Ipnoz-1u increases electron
donating ability by adding electron density to the Zr(IV) ion which stabilizes the metal
center. The metal-ligand bond lengths are shown in Table 3.8. In comparison to Ipnoz-1w,
the bond lengths of Ipno2-1u are longer (Zr—N1 =234 A, Zr-0'=2.01 A, Zr-0°=2.32 A).
Those weak binding interactions will enhance the Zr(IV) center reactivity by decreasing
the energy barrier. The N° atom of the Gly-Gly dipeptide in Ipnoz.in possesses 0.02¢
more negative charge than the corresponding atom in Ipnoz-1w (Table 3.9). The other
noticeable differences were found in the interactions of the O" with carbonyl carbon atom
(C%) of the Gly-Gly dipeptide. The charge difference of 1.79¢ between the C° and O"
atoms of Ipnoz-1m is 0.04e larger than that for Ipnoz-1w. This process has a 40.5 kcal/mol
barrier from Ipnoz-11 t0 TSpno2-11. In comparison, the barrier from Ipnoz-1w to TSpnoz-1w
is 62.4 kcal/mol (Figure 3.19). Ipno2-1a is much more energetically feasible than Ipno2-
1w. A better nucleophile (-O"H") was created in Ipnoz.1a. In addition, the peptide bond in
Ipnoz-1m Was more activated. The differences of structure and electronic nature of Ipnoa-

1w and Ipnoz-1m may be the reasons for the contribution of the energy difference.

(2) The hepta-coordinated species:

To further investigate the effects of different coordination numbers on the Zr(IV)
complexes, two hepta-coordinated species have been created: Zr(IV)-bound deprotonated
ligand NO2 and two water complex (Ipnoz-2w) and Zr(IV)-bound deprotonated ligand

NO2 and two hydroxyl group (-O"H") complex (Ipnoz.2n). In the optimized structures of
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the reactants, the length of the N°~C® peptide bond of Ipxoz2n is 1.36 A, which is 0.03 A
longer than the same bond in Ipxozaw (Figure 3.20). In addition, the Zr-O" bond length
of Ipnozzm is 2.07 A which is 0.13 A longer than that of Ipno2-2w, and the charge on the
0" ion is -1.04e, which is more negative than the O™ ion in Ipnozaw. These differences in
the bond distance and charge indicate that the interaction between the Zr(IV) ion with the
hydroxyl group (-O"H") in Ipnoa.2u is much stronger. It helps to make -O"H" a better
nucleophile. Another two hydroxyl group (-O'"H" and —O*"H") bound with Zr(IV) ion in
Ipno2-21 increases electron donating ability by adding electron density to the Zr(IV) ion
and stabilizes the metal center. The metal-ligand bond lengths are shown in Table 3.8. In
comparison to Ipnoz-2w, the bond lengths of Ipno2-2n are longer (Zr-N1 =232 A, Zr-0'=
2.17 A, Zr-O*= 2.45 A). Those weak binding interactions will enhance the Zr(IV) center
reactivity by decreasing the energy barrier. The N° atom of the Gly-Gly dipeptide in
Ipno2-21 possesses 0.04e more negative charge than the corresponding atom in Ipnozaw
(Table 3.9). The other noticeable differences were found in the interactions of the O" with
carbonyl carbon atom (C°) of the Gly-Gly dipeptide. The charge difference of 1.80e
between the C° and O™ atoms of Ipnozan is 0.03e larger than that for Ipno2-2w. The
process has a 26.6 kcal/mol barrier from Ipnoz-2rm t0 TSpno2-2. On the other hand, the
barrier for Ipnoz-2w t0 TSpno2-2w is 56.0 kcal/mol (Figure 3.20). Ipnoz2a is much more
energetically feasible than Ipnoz-2w. These results are consistent with the aforementioned
results discussed, because the Zr (IV) ion in Ipno2-2m is bound to two electron donating

groups (-OIHHH and -OZHHH) instead of two water molecule as shown in Ipnoz-2w.
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Table 3. 8 The key geometrical bond distances (A) of the optimized reactants and
transition states for different coordination number complexes (Ipnoz-1w, Ipnoz-11, Ipno2-

2w, Ipno2-21, and Ipnoz-3w)

Reactant Zr- O°- % Zr- O% HL zr- Zr- Zr- 7OV 7OV Zr-
OS CS NS OH CS NS Nl Ol 02 (OIH) (OZH) 03W

The hexa-coordinated species

Ibnozaw  2.12 130 133 193 410 576 233 195 229 2.26 -- --
Ipnozin 222 128 134 197 409 549 234 201 232 1.97 -- --
The hepta-coordinated species

Ibnozow 221 130 133 194 418 6.12 235 199 232 2.25 2.39 --
Ipno2z2n 239 127 136 2.07 4.03 444 232 217 245 2.01 2.01 --

The octa-coordinated
specie

Ipnozaw 221 130 133 201 430 6.18 234 200 241 2.34 239 244

Transition Zr- O - zr- OL HY Zr Zr- Zr Zr-O'™W  zr-O*Y  Zr-
state o’ ¢ N ot & N N o 0 0™ o™ oV

The hexa-coordinated species

TSpnozaw  2.16 139 152 219 154 137 216 194 225 2.24 -- --
TSpnozaw 210 140 152 228 1.53 134 233 197 233 1.94 -- --
The hepta-coordinated species

TSpnoz2w  2.12 139 153 221 154 135 235 197 235 2.32 2.28 --
TSpnozaw  2.09 138 155 256 149 130 229 199 251 2.08 2.11 --

The octa-coordinated
specie

TSpnozaw  2.17 139 153 232 152 135 237 196 239 2.22 2.44 2.27
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Table 3. 9 The atomic charges on the key atoms of the optimized reactants and transition

states for different coordination number complexes (Ipnoz-1w, Ipnoz-11, Ipnoz-2w, IpNo2-

a1, and Ipno2-3wW)

Reactant Zr O° C© N° o H' N o' o> o™o™ oo™ oV
The hexa-coordinated species
Ipnozaw 201 -0.75 077 -0.60 -0.98 0.55 -049 -0.80 -0.66 -0.98 -- -
Ipnozan 195 -0.71  0.77 -0.62 -1.02 053 -049 -0.84 -0.64 -1.01 -- -
The hepta-coordinated species
Ipnozaw 191 -0.74 078 -0.62 -0.99 0.55 -048 -0.83 -0.64 -0.97 -0.94 -
Ipnozon 1.80 -0.66 0.76 -0.66 -1.04 048 -047 -0.88 -0.60 -1.02 -1.02 -
The octa-coordinated specie
Ipnozaw 184 -0.73 078 -0.62 -1.02 0.54 -048 -0.83 -0.63 -0.97 -0.93 -0.95
Transiton Zr O0° C N° o H'T NI o' o> o™ o™Mo™ oV
state
The hexa-coordinated species
TSpnozaw  2.02  -0.85 0.81 -0.76 -0.86 0.53 -0.79 -0.79 -0.66 -0.95 -- --
TSpnozan 198 -0.83 081 -0.77 -090 0.51 -049 -0.81 -0.64 -1.00 -- --
The hepta-coordinated species
TSpnozow 196 -0.83 0.81 -0.78 -0.87 0.52 -049 -0.83 -0.64 -0.94 -0.96 --
TSpnozon 189 -0.83 081 -0.77 -090 0.50 -0.55 -0.81 -0.62 -0.98 -1.07 --
The octa-coordinated specie
TSpno2sw  1.85 -0.84 0.83 -0.78 -090 0.53 -048 -0.81 -0.63 -0.96 -0.95 -0.94
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IpNo2-21 0.0 IpNo2-21 -8.6

Figure 3. 20 Structures (in A) and energies (in kcal/mol) of the reactants, transition

states, and products for Ipnoz-2w and Ipnoz2-2n in the concerted mechanism.

(3) The octa-coordinated specie:

The attempts to optimize a Zr(IV)-bound deprotonated ligand NO2 and three hydroxyl
group (-O"H™) complex (Ipnoz.3n) failed. Therefore, only one octa-coordinated specie
Zr(IV)-bound deprotonated ligand NO2 and three water complex (Ipnoz2-3w) has been
constructed.

The optimized structures of the reactant and transition state are shown in Figure 3.21.
The Zr-O" bond length of Ipnoz2-awis 2.01 A, which is longer than that of both Ipno2-1w
and Ipnoz-2w. Moreover, the charge on the O" ion is -1.02e, which is more negative. A

coordination number of 8 make the metal-ligand bonds weaker than those in Ipno2-1w and
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Ipnoz22w. All the bond lengths of Ipno2-3w are shown in Table 3.8 (Zr—Nl =234 A, Zr-0!
=2.00 A, Zr-0%= 2.41 A). The computed barrier from Ipnoz2-3w to TSpno2-3w Was 49.4

kcal/mol.

IpNno2-3w 0.0 TSpno2-3w 494 pno2-3w 17.8

Figure 3. 21 Structures (in A) and energies (in kcal/mol) of the reactant, transition state,

and product for Ipno2-3w in the concerted mechanism.

These results reveal that the doubly deprotonated form with 2 hydroxyl groups (Ipnoz-
i) hydrolyzes the reaction with the lowest barrier (26.6 kcal/mol). A seven coordinate
complex of Zr(IV) is more effective. This is in excellent agreement with the results of the
ligand effects studies. In addition, electron donating groups (—OH) can activate the

reactant.

3.3.4 Summary and Conclusions
In the present DFT study, the reaction mechanisms (stepwise and concerted) of the

Zr(IV)-assisted peptide hydrolysis has been elucidated. The protonation states of the
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ligands and the ligand effects on structures and energetics of the reaction have been
investigated. Different coordination number structures of the Zr(IV)-bound complexes

have also been studied.

The stepwise mechanism for the deprotonated Zr(IV)-bound ligand N204 (Ipn204) and
the protonated form (Inz204) proceeds through the following two steps: (1) formation of
the tetrahedral intermediate, and (2) cleavage of the peptide bond. The second step is the
rate-limiting step of the entire mechanism. The barriers for the second step of Ipn204 and
In204 are 30.6 kcal/mol and 54.6 kcal/mol, respectively. However, in the concerted
mechanism, the computed energy barriers for Ipn204 and Inzo4 are 31.0 kcal/mol and 47.1
kcal/mol, respectively. Since the barriers in the stepwise mechanism are higher in energy,

it can be ruled out.

In the studies of the protonation states of the ligands, four models of a N204 ligand
which include all the possible protonation states (Zr(IV)-bound protonated N20O4
complex: Inzo4; singly-deprotonated N204 complexes: Ipn204-N1, Ipn204-N2; and doubly-
deprotonated N204 complex: Ipn204) have been constructed. The process of hydrolysis
of the peptide bond occurs with the barriers of 47.1, 40.6, 47.9, and 31.0 kcal/mol for
In204, IDN204-N1, IDN204-N2, and Ipnzos, respectively. By decreasing the basicity of the
ligand it could increase the Lewis acidity of the metal center. The results from the Zr(IV)-
bound protonated ligand N203 complex (In203) and the deprotonated N20O3 complex
(Ipn203) confirm this conclusion. Since the Ipn203 — TSpn203 process has a 36.6

kcal/mol barrier which is 10.6 kcal/mol lower than that for the reactant Inz03.
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The role of the ligand effects were investigated by comparing the energetics of three
Zr(IV)-bound ligand compounds: Ipn204, Ipn203, and Zr(IV)-bound deprotonated ligand
NO2 and one water complex Ipnoziw (The attempt to optimize a Zr(IV)-bound
deprotonated ligand NO2 complex failed). The energy barriers for the cleavage of the
peptide bond are gradually increased from the reactant Ipn204 to Ipnoz-1w. The barriers
were computed to be 31.0, 36.6, and 62.4 kcal/mol for Ipn204, Ipn203, and Ipnoz-aw,

respectively.

The coordination numbers of Zr(IV) have been studied in order to gain information on
optimal complex structures because Zr(IV) can form complexes with flexible geometries
by multi-coordination numbers. Three species complexes (The hexa-coordinated species:
Ipnoz-1w and Ipnoz-m; the hepta-coordinated species: Ipnoz-2w and Ipnoz-2m; the octa-
coordinated specie: Ipnoz-3w) have been investigated. Ipnoz2m is more energetically
feasible than all the other reactants in the hydrolysis reaction with the lowest barrier (26.6
kcal/mol). Therefore, seven coordinate complex with hydroxyl groups (—OH) for Zr(IV)
is more effective. This information will be useful to understand the catalytic functioning

of the Zr(IV) complexes.
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3.4 Mechanistic Insights into Metal-Beta Cyclodextrin Catalyzed Peptide Hydrolysis

Mechanism

In weakly acidic aqueous solutions, various Pd(II) ion-containing metal complexes are
emerging as new metallopeptidases and have been utilized to promote effective and
selective hydrolysis of peptides containing methionine (Met) and histidine (His) residues

156-161

through coordination to the side chains. However, most of these Pd(I) complexes

. . 120,162
are only residue selective.

Hydrolytic chemistry of a peptide bond has been used
with more success in terms of sequence specificity.” Due to the hydrophobic and
hydrophilic features of cyclodextrin (CD), it has become an extremely attractive
component for mimicing an enzyme system. By utilizing the hydrophobic cavity of CD,
it can form an inclusion complex (guest and host) with the substrate. Breslow et al. and
others have combined bond cleaving capabilities of metal complexes (M) with the
hydrophobic environment of p-cyclodextrin (CD) to design artificial enzymes (M-
CD)."">""7 In M-CD complexes, the hydrophobic cavity of CD binds the substrate and the
metal center cleaves the scissile bond. In comparison to the uncatalyzed reaction, they
provided substantial rate-accelerations because little entropy and conformational enthalpy

were spent in approaching the transition state.'®'®*

Recently, for the first time a
conjugate of the [PA(H,0)4]* (Irq) and p-cyclodextrin (Ipg-CD), 6-S-2-(2-
mercaptomethyl)-propane-6-deoxy-p-cyclodextrin diaqua palladium(II), was reported to
sequence-specifically cleave the unactivated tertiary Ser-Pro peptide bond in the
sequence of Ser-Pro-Phe of bradykinin at pH 7.0 and 60°C (Figure 3.22).'®> The

measured rate constant of 0.07 h'! for this reaction corresponds to the barrier of 23.8
p

kcal/mol using the Arrhenius equation.
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Primary Rim Secondary Rim

Figure 3. 22 The experimental suggestions for peptide hydrolysis by the Ipg-CD

complex.

3.4.1 Experimental Proposed Mechanism
Ipg-CD catalyzes the hydrolysis of the Ser-Pro bond through the following overall
reaction:

Ser-(O=)C-NH-Pro + H,O — Ser-COOH + NH,-Pro (2)

The experimentally proposed mechanisms of the reaction (1) catalyzed by Ipg-CD is
described in Figure 3.22. First, the aromatic side chain of the Phe residue of the substrate
binds to the cavity of CD through weak hydrophobic interactions and positions the Pd**
metal center adjacent to the Ser-Pro peptide bond. The Pd*" ion then coordinates to the

carbonyl oxygen atom (O°) of the substrate and activates the amide group towards
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nucleophilic attack by a water molecule.'*'°*'°” After the formation of this complex, the
peptide bond cleavage can occur through the following two kinetically indistinguishable
mechanisms (Figure 3.22): (I) Cleavage by external attack: the external solvent water
molecule (W1) is activated for hydrolysis and (I) Cleavage by internal delivery: the Pd**
bound water molecule (W2) is utilized for hydrolysis. However, the exact reaction
mechanism and the information regarding the location of CD (number (n) of -CH, groups
downstream from the S atom of Ipq), conformation of CD (primary or secondary rim of
CD facing the substrate), the number of CD (one or two) and optimum metal ion (Pd*",

165 This information is

Zn*" or Co*") in the Ipg-CD complex are currently not available.
critical to understand the functioning of this class of artificial enzymes and improving
their activities.

The available experimental data provide an ideal platform to address these outstanding
issues through state-of-the-art theoretical approaches employed in this study. In the first
step, the pure QM approach (DFT: B3LYP) is applied to determine the energetically most
feasible mechanism for the hydrolysis of the Ser-Pro peptide bond of the Ser-Pro-Phe
substrate by Ipg. In the next step, the hybrid quantum mechanics/molecular mechanics
(QM/MM) method ONIOM: B3LYP/Amber has been applied in a systematic manner to
perform the following studies (Figure 3.22): (1) the primary rim of CD facing the
substrate for n = 1 and 2; (2) the secondary rim of CD facing the substrate; (3) inclusion
of the second CD molecule to the left of the metal center with the primary rim facing the

substrate for n=2; and (4) the substitution of Pd*" with biological metal ions (Zn*" and

Co™).
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3.4.2 Computational Methods and Models
Method: All QM and QM/MM calculations were carried out using the Gaussian 09
program package.'®® The B3LYP/Lanl2dz method was used for the QM only

. 61,150,151
calculations”

(With corresponding Hay-Wadt effective core potential (ECP) for Pd,
Zn, and Co®""""!). Frequency calculations at the same level were also performed to
characterize the nature of all minima and transition states. The final energies of the

optimized structures in the QM calculations obtained at the B3LYP/ {Lanl2dz + d(O, N,

S and C) + p(H)} energies including thermal corrections.

In our two-layer ONIOM (QM/MM) calculation, the system is divided into two parts.
A selected model system (including the Pd(II) catalytic center and cleaving peptide bond)
where the chemical reactions occur was treated with quantum mechanism (QM, a high-
level method), while the remaining was treated with molecular mechanics (MM, a low-
level method). The ONIOM optimization procedure uses macro/microiterations'® and the
electrostatic interactions between the QM and the MM part were treated by mechanical
embedding (ME). The present models use charges from ESP (Merz-Kollman)
calculations. Charges are calculated for the first stationary point of each model, and the

same charges were used in all optimizations with that model.

The geometries of reactants, transition states and products in the QM part were
optimized without any symmetry constraints at the B3LYP/Lanl2dz level of

61,150,151

theory (With corresponding Hay- Wadt effective core potential (ECP) for Pd, Zn,
and Co®""**"*") And the MM part was calculated using Amber force field. The final

energies of the optimized structures were further improved by performing single point
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calculations including additional d and p polarization functions for O (0=0.96), N
(0=0.74), C (0=0.59), S (0=0.50) and H (0=0.36) atoms, respectively (taken from the

EMSL’s Gaussian basis set library) in the basis set used for optimizations.

Frequency calculations were also carried out at the same (B3LYP/Lanl2dz: Amber)
level for the geometry optimizations to obtain Zero-point vibrational (un-scaled), thermal
(at 298.15 K and 1 atm.) and entropy corrections (at 298.15 K). While frequency
calculations on transition states were employed to confirm the nature of the stationary

points, which showed only one negative eigenvalue for transition states.

To test the accuracy of the B3LYP method, the barrier of the reaction computed using
this functional was compared with the barrier calculated using the MPW91'”* and M06-L
functional'”" for the Ipg-CD?" complex. It was found that, in comparison to the B3LYP
functional with a barrier of 32.8 kcal/mol, the application of the MPWO91 functional
slightly (0.1 kcal/mol) increased the barrier, whereas the application of the M06-L

functional increased the barrier by 3.4 kcal/mol (36.2 kcal/mol).

Models. The available experimental information was fully incorportated in building
models for the calculations. In the QM only study, Ipq (Without -CD) and substrate, a
tripeptide (Ser-Pro-Phe) model, were utilized. While in the ONIOM study, Ipq-CD (Ipqg
complexed with B-CD) and the tripeptide as the substrate were considered. When -CD
dimer was considered, a tetrapeptide sequence (Phe-Ser-Pro-Phe) was used so as to

provide double binding sites. The initial coordinates of B-CD was taken from the three-
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dimensional crystal structure.'” The charge on all the system is zero, and they exist in the
ry g y y

singlet spin state.

3.4.3 Results and Discussion

3.4.3.1 External Attack and Internal Delivery Mechanisms

The peptide bonds can be cleaved through the following two mechanisms: (1) the
external water attack mechanism and (2) internal water delivery mechanism. In the
external water attack mechanism (Figure 3.23a), the Pd(II) complex binds to the
substrate through the coordination between the Pd(II) ion and the carbonyl oxygen atom
O® in Ipaxr. The interaction between the Pd(II) ion and the 0% atom increases the

electrophilicity of the C'*7'73

and activates it for attack by an external water molecule
(H,0%). In the next step (TSpq.g), in a concerted fashion, the N* atom of the peptide bond
abstracts a proton from the external water molecule (H,O%), and the hydroxyl group (-
O”H) makes a nucleophilic attack on the C° of the peptide bond. This process leads to the
cleavage of C°-N° peptide bond with the computed barrier of 51.9 kcal/mol. The
optimized transition state TSpq.r is shown in Figure 3.23a. All the relevant bond
distances indicate that this process is concerted (O* C° = 1.69 A, H’- N® = 1.33 A, O-
H’ =121 A, N°- C® = 1.58 A). The DFT calculations suggest that in the external attack
mechanism the calculated barriers are prohibitively high (> 50.0 kcal/mol) for the
cleavage of the peptide bonds, and therefore, this mechanism is ruled out.

In the mechanism of internal water delivery, Pd(I) functions as Lewis acid and binds

to the carbonyl oxygen atom O° with a distance of 2.08 A and activates the C° atom
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(Figure 3.23b, Ipga). Instead of using an external water molecule, a water molecule
(H20") which is bound to the Pd(II) ion is activated. In the transition state (TSpa.1), the
O'- H' bond is broken, and the proton H'is transferred to the N® of the peptide bond. This
process occurs concomitantly with the transfer of the hydroxyl group (-O'H) to the C°
atom and leads to the cleavage of the peptide bond with energy barrier of 40.2 kcal/mol.
It is 11.7 kcal/mol lower than the barrier in the external attack mechanism (51.9
kcal/mol). This reduction in barrier is caused by the substantial lowering of the pK, value
of the W2 water molecule due to the binding to the Pd*" ion.

In the presence of CD (at n = 2), the barrier of 39.0 kcal/mol for the external delivery
mechanism (Figure 3.24) is 6.2 kcal/mol higher than the barrier for the internal delivery
mechanism (32.8 kcal/mol), Figure 3.25. However, the exact protonation state of the
metal-bound water molecule (H,O of —OH) is not known. A metal bound hydroxyl group
(Pd-O'H") will utilize a stepwise mechanism for peptide hydrolysis (Figure 3.26).
According to this mechanism, a nucleophilic attack of the -O'H' group on the C* atom of
the substrate leads to the creation of a tetrahederal intermediate in which both O' and O°
atoms are coordinated to the Pd ion (ITp¢-CD**(OH)) in Figure 3.26). This process occurs
with a barrier of 19.8 kcal/mol and is endothermic by 18.6 kcal/mol. In the next step, a
transfer of the H' proton to the N° atom of the C*-N° peptide bond cleaves the bond.
From the reactant, this concerted and rate-limiting process takes place with a barrier of
33.5 kcal/mol. The barrier using this mechanism is only slightly higher by 0.7 kcal/mol
than the barrier (32.8 kcal/mol) computed for the concerted mechanism. Since the
internal delivery mechanism is found to be significantly more energetically feasible than

the external attack mechanism, only this mechanism (in the concerted form) is further
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utilized to investigate the effect of CD on the activity of the Ipg-CD complex through

QM/MM calculations.

Figure 3. 23 Structures (in A) and energies (in kcal/mol) of the reactant, transition state
(optimized), and product in the QM model for the hydrolysis of Ser-Pro peptide bond in

the Ser-Pro-Phe sequence. (a) external attack mechanism, (b) internal delivery mechanis.
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Ipy -CD?? 6.2

Figure 3. 24 Structures (in A) and energies (in kcal/mol) of the reactant, transition state

(optimized), and product for Ipq.g-CD*.
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Figure 3. 25 Structures (in A) and energies (in kcal/mol) of the reactant, transition state

(optimized), and product for Ipg-CD?**.
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Energies (kcal/mol)

| 1 1 1
1,-CD*(OH) TSI -CD*(OH)  IL,-CD*(OH) TSI -CD*(OH) I, -CD*(OH)

Reaction Coordinates

Figure 3. 26 Structures (in A) and energies (in kcal/mol) of the reactant, transition states

(optimized), intermediate and product for Ipg-CD**(OH).

3.4.3.2 Primary Rim of CD Facing the Substrate for n =1 and 2

The catalyst (Ipq-CD) and substrate (Ser-Pro-Phe) form a host-guest complex through
hydrophobic interactions between CD and a Phe residue. In addition, the Pd*" ion
coordinates to the carbonyl oxygen (O°) of the scissile peptide bond (C*-N°) (Pd-O° ~

2.12 A), Figure 3.25 & 3.27. From the reactant, the metal bound water molecule
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(H'O'H?) is activated and in a concerted manner the H' proton and O'-H* hydroxyl ion
are transferred to the N°® and C° atoms of the scissile peptide bond respectively. This
process leads to the cleavage of the peptide bond and separate metal bound carboxyl and
amine terminals are created. Between the two possible locations of the CD binding (n = 1
and 2), only n = 2 (Ipg-CD?* case) was found to result in a significant reduction in

calculation energy compared to the system where the CD is absence.

Figure 3. 27 Structures (in A) and energies (in kcal/mol) of the reactant, transition state

(optimized), and product for Ipg-CD'*.
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In Ipd-CDZP, the barrier of 32.8 kcal/mol from the reactant is 7.4 kcal/mol lower than
the barrier without CD (Ipg.1), Table 3.10. However, this barrier is 9.0 kcal/mol higher

than the measured value.'®

This overestimation could be partially attributed to the
measurement of the rate constants at a much higher temperature (60 °C), whereas our
calculations were performed at room temperature (25 °C). The binding of CD induces
substantial structural changes and increases the Pd-O® distance by 0.03 A (Pd-O° = 2.11
A) and brings the water nucleophile closer to the scissile peptide bond (C*-N®). In Ipq-
CD? (Figure 3.25), the electronic charges on the Pd ion and O° atoms are increased by
0.03 e and 0.02 e, respectively (Pd = 0.45 e and O° = -0.72 ¢). These changes enhance the
Lewis acidity of the metal center and increase its peptidase activity. In the optimized
transition state (TSpa-CD?"), all the corresponding distances indicate that this process is
concerted (0'-C® =2.37 A, O'-H' =2.01 A, H'-N® = 1.05 A and C°>-N® = 1.54 A). The
aforementioned structural changes induced by the binding of CD create much better
conditions for the cleavage of the peptide bond. The effect of CD on the energetics of the
reaction is very surprising because it was previously believed that CD only provides
specificity to Ipg.'®

On the other hand, for n = 1 system (Ipg-CD'"), the computed barrier of 45.8 kcal/mol
for this process is 5.6 kcal/mol higher than the barrier in the absence of CD (40.2
kcal/mol) (Table 3.10). The reason for this increase could be the inclusion of the CD ring
at n = 1 shortens the bond distance between the Pd*" ion and water nucleophile (Pd-O")
and pushes the nucleophile and peptide bond (C°-N®) away from each other (Pd-O' =
2.08 A, 0'-C°=3.37 A and H'-N® = 3.12 A), Figure 3.27. In comparison to the QM only

model, the Pd-O' distance shrinks by 0.02 A and the O'-C® and H'-N® distances elongate
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by 0.16 and 0.39 A, respectively (Pd-O' =2.08 A, 0'-C® =3.37 A and H'-N® = 3.12 A).
In addition, the electronic charges on the Pd*" and O' atoms are increased by 0.10 and
0.03e (Pd =0.52 e and O' =-0.99 ¢). All these changes lower the peptidase activity of the
complex.

These results suggest that the inclusion of the CD ring at the n = 2 locations can
provide 3x10° times the acceleration in hydrolytic activity. For the external attack
(Figure 3.24) and internal delivery mechanisms (Figure 3.25) the presence of CD at this
position reduces the barriers by 10-12 kcal/mol for the both mechanisms, i.e. 39.0 and
32.8 kcal/mol for the former and latter respectively. Therefore, only this binding location

(n = 2) is used in the remaining calculations.

3.4.3.3 Secondary Rim of CD Facing the Substrate (Ipg-CD'®)

The binding of the secondary rim of CD through the C2 atom of the glucose unit of CD
with the Pd*" center also forms the host-guest complex with the substrate (Ipg-CD'S,
Figure 3.28). However, due to the larger cavity of the secondary rim the interactions of
the Phe residue of the substrate with CD are much weaker than in Ipg-CD*". Furthermore,
in the reactant (Ipg-CD'®), the Pd-O° and O'-C® bond distances are decreased and
increased by 0.03 and 0.08 A respectively (Pd-O° = 2.08 A and O'-C® = 3.28 A)
compared to Ipg-CD*". These structural differences raise the barrier of the reaction by 4.2
kcal/mol than the barrier for the Ipg-CD?*® system (37.0 kcal/mol from Ipa-CD'S), Table

3.10.
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TSpa-CD'537.0 I1p4-CD'59.2

Figure 3. 28 Structures (in A) and energies (in kcal/mol) of the reactant, transition state

(optimized), and product for Ipg-CD'®.

3.4.3.4 Inclusion of the Second CD Ring at n =2 (Ipg-2CD*)

The effect of the second CD on the energetics of the reaction was investigated by
including an additional CD ring to the left of the metal center and a Phe residue in the
substrate (Phe-Ser-Pro-Phe sequence) in Ipg-CD?*. In the reactant (Ipg-2CD?**, Figure
3.29), both Phe residues interact with the CD rings through hydrophobic interactions. In

Ipa-2CD?, the Pd-O' and O'-C® distances are 0.04 and 0.16 A shorter respectively and
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the Pd-O® bond is 0.02 A longer than the corresponding distances in the reactant (Ipq-
CD?) with one CD ring (Pd-O' =2.07 A, O'-C® = 3.04 A and Pd-O° = 2.13 A). Rather
interestingly, in comparison to Ipg¢-CD?", the inclusion of the second CD doesn't provide
further rate acceleration and actually increases the barrier slightly by 2.8 kcal/mol i.e.

35.6 kcal/mol from Ipd-ZCDZP, Table 3.10.

Figure 3. 29 Structures (in A) and energies (in kcal/mol) of the reactant, transition state

(optimized), and product for Ipg-2CD?".
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3.4.3.5 Substitution of Pd with Co and Zn in Ip;-CD**

To study the role of the metal ion in the reaction, the nonbiological Pd*" ion in Ipg-CD*
was substituted with biological Co®" and Zn*" metals (Ic,-CD?* and I,-CD?*
respectively). In the reactant of the Co”" variant (Ico-CD?*, Figure 3.30), all the key
distances, Co-0O', 0'-C® and Co-O® are substantially shorter by 0.07, 0.06 and 0.13 A
respectively than the corresponding distances in its Pd*" containing counterpart (Ipq-
CD?). In comparison to the Ipg-CD?* complex (32.8 kcal/mol), the barrier for the
reaction was lower by 6.2 kcal/mol i.e. 26.6 kcal/mol for Ic,-CD** (Table 3.10). On the
other hand, for the Zn®*" variant (Iz,-CD?"), the barrier was increased by 3.1 kcal/mol

(35.9 kcal/mol from I,-CD?*, Figure 3.31) than that of Ipa-CD?* (Table 3.10).

Table 3. 10 Energetics of peptide hydrolysis for all the cases

Combination Barrier | Exothermicity
(kcal/mol) (kcal/mol)
Ipak 51.9 -3.3
Ipa.1 40.2 1.4
Ipa.e-CD** 39.0 6.2
Ipa-CD™" 32.8 -7.7
Ips-CD** (OH) 33.5 -6.7
Ipa-CD"" 45.8 8.9
Ipa-CD"™® 37.0 9.2
Ipa.2CD”" 35.6 -14.8
Izn-CD** 35.9 5.8
Ico-CD* 26.6 -26.8
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TSc,-CD? 26.6 I1¢,-CD?" -26.8

Figure 3. 30 Structures (in A) and energies (in kcal/mol) of the reactant, transition state

(optimized), and product for Ic,-CD?Y.
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1,,-CD**5.8

Figure 3. 31 Structures (in A) and energies (in kcal/mol) of the reactant, transition state

(optimized), and product for Iz,-CD*".

3.4.4 Summary
In the present QM and QM/MM studies, based on the experimental information,

mechanisms for the hydrolysis of the Ser-Pro bond in (Phe)-Ser-Pro-Phe catalyzed by a
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Pd(IT) complex conjugated with B-CD have been elucidated. Different combinations of
how the catalytic center binds to -CD (n=1 or 2, primary or secondary rim, mono or di
B-CD) have been compared to obtain the optimal conformation for hydrolyzing the
peptide bond. Moreover, the metal substitution by Co(Il) and Zn(II) on structures and

energetics of the reaction has been investigated.

The mechanism of the reaction is proposed to follow two mechanisms: (1) the external
water attack mechanism and (2) internal water delivery mechanism. In the external water
attack mechanism (the QM only model), it utilizes an external water molecule to
hydrolyze the peptide bond with a very high barrier of 51.9 kcal/mol. This possibility was
ruled out. While for the internal water delivery mechanism, by activating the water
molecule which coordinates to the Pd(II) ion, the nucleophilic attack goes through a
lower barrier of 40.2 kcal/mol. The computed barriers in the presence of CD (at n=2) are
also in accordance with the aforementioned results. In addition, both concerted and

stepwise pathways proceed through the similar barriers.

It was found that the optimal conformation for the Pd(Il) catalytic center conjugated
with the B-CD is by connecting the primary rim of p-CD with n=2 (Ip;-CD?"), with the
calculated barrier of 32.8 kcal/mol. Moreover, the reactant (Ipg-CD'S) formed by the
binding of the secondary rim of CD through the C2 atom of the glucose unit with the Pd**
center increased the barrier of the reaction by 4.2 kcal/mol compared to Ipg-CD**. The
barrier for the Pd(IT) metal center connecting a bi-BCD (Ipg-2CD*") was calculated to be
35.6 kcal/mol, which is 2.8 kcal/mol higher than the mono-BCD case. The role of the

metal ion on the energetics was studied by comparing the energetics of a Pd(Il) center
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with Co(Il) and Zn(II) substituted forms, with computed barriers of 26.6 kcal/mol and
35.9 kcal/mol, respectively. In comparison to Ipg-2CD?*, the replacement of Pd(II) with
Co(IT) (Ic,~-CD*) can further provide 3.7x10* times the rate enhancement.

The QM and ONIOM results obtained from these studies provide structural (structures
of short lived intermediates and transition states), mechanistic (external or internal water
attack), and energetics (activation barriers) information concerning the peptide bond
hydrolysis of X-Pro of the X-Pro-Phe sequence. The results indicate that the hydrophobic
interactions between catalyst and substrate play an important role in the catalytic
hydrolysis. The Pd(II) catalytic center conjugated with 3-CD is a promising model for
artificial mononuclear peptidases and has potential in the development of an effective
model for metalloenzymes. The results reported in this study provide a deeper
understanding of the functioning of these artificial enzymes and suggest modifications to

improve their activities.

3.5 Pb(II)- and Zn(IT)-Promoted Amide Methanolysis

Lead is a toxic environmental pollutant that has dramatic effects in biological systems
even in small amounts. Even after the elimination of leaded gasoline, lead poisoning
continues to be a problem in the United States, with about 5% of children being
affected.'’* While the exact process by which lead poisoning occurs is not completely

defined, it is known that lead binds to sulfur rich sites in proteins, often displacing
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Zn(11).'” Recent small molecule and peptide studies have focused on examining the

coordination chemistry of Pb(I) in Zn(II)-binding environments.'”®'**

Notably, these
studies do not include comparisons of biologically-relevant reactivity, which might

provide additional insight into the toxic properties of Pb(II).

Studies of zinc-promoted amide cleavage reactions continue to be an active area of
research. This is due to the important role that mononuclear zinc centers play in

catalyzing amide cleavage reactions that are directly involved in human health and

185-187 188-190

disease , as well as in reagents for the selective cleavage of peptides. Despite
the importance of zinc-promoted amide cleavage reactions, few detailed investigations on
the kinetics and thermodynamics of such reactions involving a non-activated amide

substrate have been reported.””'

In this study, we have collaborated with Berreau’s lab
to investigate amide methanolysis reactions which proceed under mild conditions and

involve a reaction pathway with a deprotonated amide intermediate.

The interactions of Pb(I) with amide-containing ligands has been previously
investigated.””*'”” However, to our knowledge, no examples of Pb(II)-promoted
hydrolysis or alcoholysis of an amide linkage has been previously reported. In the studies
outlined herein, Berreau and co-workers have examined amide cleavage reactivity in a
system wherein the Zn(II) center can be replaced by Pb(II). It reported amide cleavage
studies of [(epppa)Zn](ClOs), (3-ClO4, epppa = N-((2-ethylthio)ethyl)-N-((6-

pivaloylamido-2-pyridyl)methyl)-N-((2-pyridyl)methyl)amine; Scheme 3)''®

, they first
prepared and characterized Pb(II) complexes, [(epppa)Pb(ClO4):] (4-ClO4) and

[(epppa)Pb(NOs),] (4-NO3), of the same chelate ligand. The kinetics and
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thermodynamics of the amide methanolysis reaction of 4-ClQ4 was examined and
compared to the results obtained for 3-ClO4. Combined with investigations of possible
intermediates in the amide methanolysis reaction pathways, as well as, a computational
study of the amide methanolysis reaction pathway as a function of a metal ion, the
research presented herein provides the first detailed insight into the influence of Zn(II)
versus the toxic heavy metal ion Pb(II) in a biologically relevant reaction. The results of
this study reveal how the geometric preferences and larger size of Pb(Il) influence an

amide cleavage reaction pathway.

Scheme 3
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3.5.1 Computational Procedure

Methods: All calculations were performed using the Gaussian 09 program package.'”®
The geometries of reactants, intermediates, transition states, and products were optimized
in gas phase at the B3LYP/Lanl2dz level of theory without any symmetry constraints
using corresponding Hay-Wadt effective core potential (ECP) for Zn and Pb."**"*! The
final energies of the optimized structures were further improved by performing single
point calculations including additional d and p polarization functions for O (a0 = 0.96), N
(o =0.74), C (o0 = 0.59), and H (o = 0.36) atoms respectively (taken from the EMSL’s
Gaussian basis set library) in the basis set used for optimizations. Hessians were
calculated at the same level of theory as the optimizations to confirm the nature of the
stationary points along the reaction coordinate. The transition states were confirmed to
have only one negative eigenvalue corresponding to the reaction coordinates. In this
paper, the energies obtained at the B3LYP/{Lanl2dz + d (O, N, and C) + p (H)} including

thermal corrections are discussed.

Computational Modeling: The initial structure for calculations of the mononuclear
amide-appended zinc complex was taken from the X-ray structure of [(epppa)Zn](ClOs);
(3-Cl0Oy). Since the treatment of Zn complex results in the formation of a deprotonated
amide complex, the model is the deprotonated N3O-Ligated Zn complex by removing
CIOy4°, which is shown in Figure 3.32, (Rz,). On the other hand, the Pb complex is
modeled as a deprotonated N3;O-Ligated Pb complex by replacing two of NOs™ with
acetonitrile from the X-ray structure of [(epppa)Pb](NOs), (4-NQO3), which is shown in

Figure 3.34, (Rpp).
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3.5.2 Computational Results
The reaction mechanism is divided into the following three steps: (1) Formation of the
amide intermediate, (2) Formation of the tetrahedral intermediate, and (3) Cleavage of the

amide bond.

3.5.2.1 Amide Methanolysis by the N3O-Zinc Complex (Rz,)

(1) Formation of the amide intermediate. At the starting point of the mechanism, a free
methanol is added to the N3O-Ligated Zinc complex. In the optimized structure of the
reactant (Rz,), the methanol interacts with Zn ion to form a covalent bond (Zn—OM =2.18
A), Figure 3.32. In Rz, the Zn ion is in a hexa-coordinated form (Zn-O1 =2.01 A, Zn-N*
=209 A, Zn-N° =229 A, Zn-N* = 2.14 A, Zn-S = 3.01 A). In the first step, the
deprotonated N' abstracts a proton from the methanol. This process is accompanied by
the shortening of the Zn-O™ bond and the elongation of the Zn-S bond, Figure 3.32. For
TS1z,, with the computed barrier of 22.4 kcal/mol, this step is the rate-limiting step of
the entire mechanism. All the corresponding distances in the fully optimized transition
state TS1z, are shown in Figure 3.32. This step leads to the formation of the amide
intermediate Inlz,. In Inlz,, the coordination number (6) of the Zn ion remains
unchanged and the generation of this intermediate is endergonic by 8.1 kcal/mol from

Ryz., Figure 3.33.
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Figure 3. 32 Structures (in A) and energies (in kcal/mol) of the reactant, intermediates,

transition states, and product of the Zn-N30O complex in the stepwise mechanism.

(2) Formation of the tetrahedral intermediate. In this step, from Inlz,, the

deprotonated methanol acts as a nucleophile and attacks the C' atom of the amide bond.
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This process leads to the creation of a tetrahedral intermediate In2z,. The optimized
transition state TS2z, is shown in Figure 3.32. The process occurs with the barrier of 18.0
kcal/mol. In In2z,, in comparison to Inlg,, the C'-N' amide bond distance is elongated
by 0.11 A (C'-N' = 1.49 A) and perfectly setup for the cleavage in the next step. This

process is endergonic by 14.5 kcal/mol from Rg,.

(3) Cleavage of the amide bond. In this process, a second molecule of methanol binds to
the Zn complex. In the optimized structure of In3z,, the methanol interacts with N'
through a hydrogen bond (O™*-HN'= 1.82 A), Figure 3.32. From In3z,, a proton transfer
from methanol ~ (CH;0™*H) to the N' atom leads to cleavage of the C'-N' amide bond.
The optimized transition state TS3z, is shown in Figure 3.32 and occurs with a barrier of
17.6 kcal/mol from In3z, i.e. the overall barrier of 21.3 kcal/mol from Rz, Figure 3.33.
In TS3zx, all the corresponding distances indicate the concerted nature of this process
(OM*H =128 A, N'-H =121 A, and C'-N' = 1.78 A distances). In the final product
(Pzn), the separated neutral amine (-NH,) and carboxyl (-COOR) groups are formed and
the latter is releasing from the Zn metal center. From Rz, the formation of Pz, is

exergonic by 20.0 kcal/mol.

3.5.2.2 Amide Methanolysis by the Pb-N3;O Complex (Rpp)
(1) Formation of the amide intermediate. In the optimized structure of the reactant

(Rpp), the Pb complex adopted an octa-coordinated geometry. In Rpp, two solvent
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acetonitrile molecules and the methanol substrate interact with the Pb ion (Pb-O™= 2.05
A, Pb-N*=3.30 A, Pb-N**=3.50 A) Figure 3.34. In comparison to the reactant of the Zn
complex (Rzy), the bonds in Rpp, are much longer (Pb-O'=2.31 A, Pb-N* =2.48 A, Pb-N’
=2.74 A, Pb-N* =291 A, Pb-S =3.11 A). In the first step, the deprotonated N' abstracts
a proton from the methanol. This transfer occurs with the barrier of 18.9 kcal/mol which
is 3.5 kcal/mol lower than the barrier for the Zn complex. Similar to the Zn case, this is
the rate-limiting step for the Pb complex. These computational results are in excellent
agreement with the experimental data. All the corresponding distances in the fully
optimized transition state TS1pp, are shown in Figure 3.34. This step leads to the
formation of the amide intermediate Inlpp. In Inlpy, the coordination number of the Pb
ion was reduced by one to seven through the movement of one of the acetonitrile

molecule. The generation of Inlpy is exergonic by 7.2 kcal/mol from Rpy,.

(2) Formation of the tetrahedral intermediate. This process was started by the
nucleophilic attack of the deprotonated methanol to the C' atom of the amide bond. This
attacks leads to the formation of a tetrahedral intermediate In2py,. This process was
accompanied by the regeneration of the coordination bond between Pb ion and the
solvent acetonitrile molecule. The optimized transition state TS2p, is shown in Figure
3.34. Since this step follows a step that is endergonic, the overall barrier for this process
becomes 14.7 kcal/mol from Rpp. In In2pp, the C'-N' amide bond distance is elongated

by 0.09 A (C'-N' = 1.48 A) compared to Inlpp. This intermediate is now well prepared
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for the cleavage of the amide bond in the next step. This process is endergonic by 10.5

kcal/mol from Rpp, Figure 3.33.

(3) Cleavage of the amide bond. In In3p,, another free methanol binds to the Pb
complex through a hydrogen bond (OM*-HN'= 1.90 A) with the N' atom. In the final
step, this methanol molecule (CH;0™?H) donates its proton to the nitrogen (N') atom of
the scissile amide bond (Cl-Nl) and cleaves it. In the optimized transition state TS3pp, all
the key reaction coordinates indicate that this process is concerted (OM*-H = 1.31 A, N'-
H = 120 A, and C'-N' = 1.77 A distances), Figure 3.34. In the In3p,-TS3pp
transformation, the computed barrier was 11.4 kcal/mol. This process generates a
releasing ester product -COOR from the Pb center. The formation of the separated —

COOR and —NHj; terminals in the final product Pp, was 11.7 exergonic from Rpsy,.

3.5.3 Summary

The DFT studies indicate that both complexes may feasibly undergo amide methanolysis
starting from a deprotonated amide species with activation barriers for the rate-
determining step that are consistent with experimentally-determined free energies of
activation. For example, for the Zn(II)-containing 3-ClQ4, the rate-determining step
would involve either protonation of the deprotonated amide or protonation of the amine
leaving group, as both steps have similar activation barriers 22.4 and 21.3 kcal/mol,

respectively. We note that these activation barriers are also similar to the AG* values
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recently reported for the methanolysis of an internal amide substrate in a Cu(Il)

%" The small observed deuterium KIE identified for this reaction is consistent

complex.
with general acid assistance by the solvent for departure of the leaving group.'”’

On the other hand, the reaction of Pb(II)-containing 4-ClO4 starting from a
deprotonated amide species would via rate-limiting amide protonation from a coordinated
methanol with a calculated activation barrier of 18.9 kcal/mol. This value is comparable
to the experimentally determined free energy of activation (21.3 kcal/mol). However,
based on the lack of evidence for the initial formation of a deprotonated amide species in
the reaction of 4-ClO4 upon treatment with MesNOH-5H,0, it is proposed that this
reaction proceeds via the direct formation of Intlp,, a Pb(II)-OH species, [(epppa)Pb-
OH(sol),]" (sol = CH3;CN or CH3;0H; n = 1-2) that equilibrates with a corresponding
Pb(I1)-OCHj; form. The equilibration of these two species is consistent with the observed
saturation kinetic data wherein the Pb(II)-OH/Pb(II)-OCH3 equilibrium precedes
nucleophilic attack of the methoxide on the coordinated amide. The calculated activation
barrier associated with this nucleophilic attack (Imtlp, — TS2pp, 21.9 kcal/mol) is in
good agreement with the experimentally determined activation barrier (21. 3 kcal/mol).

Therefore, we propose that the amide methanolysis reactions of 3-ClO4 and 4-ClO,
while giving the same products, proceed via different initial reactants that are the result of
the differences in the size and coordination preferences of Zn(Il) versus Pb(II). That
being said, in both cases the metal center is likely playing multiple roles in the amide
cleavage reaction. These include electrophilic activation of the carbonyl via coordination
of the oxygen atom and stabilization of the nucleophile.****°! In terms of Pb(II), our

computational studies indicate that the larger Pb(Il) ion more effectively stabilizes the
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double Lewis activated structure having both amide and nucleophile coordination. The
Pb(Il) center also stabilizes the tetrahedral intermediate, and substantially lowers the
activation barrier for leaving group departure, relative to the Zn(Il) analog. These effects
may relate to a more flexible metal coordination environment for Pb(Il) wherein a greater
range of metal-ligand distances may be accessed during the amide cleavage reaction.””
Overall, the purpose of this study was to evaluate how the presence of Pb(Il) versus
Zn(IT) would influence an amide cleavage reaction. Our results indicate that Pb(I) may
serve as a Lewis acid to promote amide cleavage, and that the differences in the reaction
pathway as compared to a Zn(II) analog are due to the inherent chemical properties of

this heavy metal ion.
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Figure 3. 33 Potential energy diagrams of Zinc and Lead complexes in the stepwise

mechanism of methanolysis reaction (in kcal/mol).
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Figure 3. 34 Structures (in A) and energies (in kcal/mol) of the reactant, intermediates,

transition states, and product of the Pb-N30O complex in the stepwise mechanism.



Chapter 4 Peptide Cleavage Mechanism of Binuclear Metallopeptidases and Their
Analogues

4.1 Introductory Remarks

In the last chapter, a variety of mononuclear metallopeptidases have been studied. For the
dinuclear metal center enzyme, the metal center is denoted as [M1M2], in which M1 and
M2 indicate the type of metal ion in sitel and site2.”® According to the spectroscopic and
kinetic data, some enzymes utilize only one metal ion for the catalytic function, whereas
other enzymes require that both of the metal ions exhibit activity.® In this study, three
enzymes of the latter category: leucine aminopeptidase (LeuAP), D-aminopeptidase

(DppA), and human renal dipeptidase (hrDP) have been discussed.

Leucine aminopeptidase (LeuAP) constitutes a ubiquitous family of binuclear
metallopeptidases that is present in bacteria, plants, animals, and humans.***"" This
enzyme originally found to cleave the N-terminus Leu of dipeptide or tripeptide
substrates as the name implies, although it also hydrolyzes (albeit somewhat more
slowly) most of the other amino acids as well.”® According to the X-ray structures, each
monomer of LeuAP is comprised of two domains: the N-terminal (residues 1-150) and
the C-terminal (residues 151-482)°"*% The N-terminus domain interacts among
different monomers, whereas the C-terminus domain contains the binuclear active site.*'’
The active site contains two Zn(II) ions that occupy different coordination sites that are
critical for the catalytic functioning of the enzyme (Figure 4.1).*'"*'* Both Zn(1I) ions are

nonequivalent and co-catalytic.”” The Zn488 ion (Znl) coordinates to Asp255, Asp332,

117
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and Glu334 residues with either a carboxyl oxygen or a carbonyl oxygen, and Zn489

(Zn2) are bound to the side chains of Lys250, Asp255, Asp273, and Glu334 (Scheme 4).

It has been found that the activity will be enhanced by replacing Znl (readily

exchangeable site) with Mg(II), Co(II), and Mn(Il), whereas the Zn2 (tight binding site)

can only be replaced by a Co(II) ion.”'**"**'7 LeuAP plays important roles in a wide
219,220

range of pathophysiological states, including HIV infection,”'® cataracts,”'*** cancer,*”'

*2 Jeukemia, and cystic fibrosis.”**

Scheme 4
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D-aminopeptidase (DppA), identified as a peptidase that hydrolyze N-terminal residues

It is

in D-amino acid containing peptides, was isolated from bacillus subtilis recently.
related to the synthesis and remodeling of peptidoglycan in bacterial cell walls.”*® The X-

ray structure reveals that DppA is composed of identical 30 kDa (274 amino acid

residues) subunits organized in a decamer. Each monomer of DppA comprises two
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separate domains: the N-terminal, forming the core of the monomer, and the C-terminal.
The active site containing the binuclear Zn ions center is in the N-terminus domain. In the
active site, the Znl ion coordinates to residues Asp 8 (OD1), Glu 10 (OE1), and His 60
(ND1), whereas the Zn2 ion is bound to residues Asp 8 (OD2), His 104 (NE2), and Glu
133 (OEl). His 115 forms a hydrogen bond with a water molecule or hydroxide ion

which completes both Zn**-coordination spheres.**’

Human renal dipeptidase (hrDP) is a membrane-bound glycoprotein that can

228229 1t plays a critical role in the renal metabolism of glutathione

hydrolyzes dipeptides.
(its conjugates) and some drugs since it is well-known that the dipeptidase is identified as
the sole metabolic enzyme for penem and carbapenem f-lactam antibiotics in

230-232
mammals.

From the X-ray structure, the hrDP is a homodimer that is composed of
369 amino acid residues (42 kDa) of each subunit. Each subunit contains two
nonequivalence Zn ions at the active site, and is located in the C-terminal of the
enzyme.” In the native structure, Znl is liganded by the side chains of Glu125, Asp22,
and His20, while Zn2 is liganded to the side chains of Glul25, His198, and His219.

Furthermore, His152, uncoordinated to neither of the Zn ions plays an important role in

substrate binding through formation of a hydrogen bond.*”

In our previous studies, possible mechanisms for both forms of the bridging
nucleophile (H,O or -OH), the electronic nature of the substrate and the effects of the
replacement of both metal centers on the energetics of the LeuAP-catalyzed reaction have
been elucidated.”® Despite the availability of experimental and computational

information, several structural and mechanistic issues concerning three different natural
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enzymes aforementioned remain unknown. In the present density functional theory
(DFT) study, the effects of the ligand environments of Znl(O5)-Zn2(NO4) (LeuAP),
Zn1(NO4)-Zn2(NO3) (DppA), and Zn1(N203)-Zn2(NO3) (hrDP) on the Lewis acidity,
pKa of water and nucleophilic activation of carbonyl carbon of the scissile bond have

been investigated.

In the recent years, Sakiyama et al. have synthesized the Zn1(NO4)-Zn2(NO4) core
containing functional analogue (Ipzc) of LeuAP that has four methoxycarbonyl chelating
arms. In the crystal structure of Ipzc, both of the Zn ions are bridged by the one phenolic
oxygen, and liganded to two oxygens and one nitrogen from methoxycarbonyl. This new
dinuclear Zn complex Ipzc was reported as the first dizinc functional model of a
aminopeptidase.235 Furthermore, the analogues of Ipzc.c and Ipzcn, in which the p-
methyl group of —CHs from Ipzc was substituted by —Cl and —-NO; respectively, have
been synthesized to improve the activity of the functional model. The second-order rate
constants were found to be in accordance with a decreasing order of the electron-

withdrawing effect of the p-substituents: Ipzc > Ipzc.c > Inzcen (250:10:1).7

However,
the mechanism of these synthetic analogues could not be determined from the

experiments since no intermediate species have been detected. Therefore, the structure,

function, and mechanism of the complexes above have been studied in this manuscript.
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4.2 Computational Details

Computational methods

All calculations were performed using the Gaussian 09 program package.'® The
geometry optimizations of reactants, intermediates, transition states, and products were
performed at the B3LYP/Lanl2dz level without any geometrical constraint using the
corresponding Hay—Wadt effective core potential for Zn.®"'*"**" The final energies of the
optimized structures were further improved by performing single-point calculations
including additional d and p polarization functions for oxygen (a = 0.96), nitrogen (a =
0.74), carbon (a = 0.59), and hydrogen (a = 0.36) atoms, respectively (taken from the
EMSL’s Gaussian basis set library), in the basis set used for optimizations. Hessians were
calculated at the same level of theory as the optimizations to confirm the nature of the
stationary points along the reaction coordinate. The transition states were confirmed to
have only one negative eigenvalue corresponding to the reaction coordinates. The
dielectric constant of 4.3 corresponding to diethyl ether was used to estimate the effect of
the surrounding protein environment utilizing the self-consistent reaction field integral
equation formalism polarizable continuum model method'** at the B3LYP/Lanl2dz level.
Throughout this manuscript, the energies obtained at the B3LYP/ {Lanl2dz + d(O, N, and
C) + p(H)} level including thermal corrections and solvent effects in the protein are
discussed.

Computational Models

The LeuAP model of the active site was constructed using the 1.6 A X-ray structure of

the free enzyme (PDB ID: 1LAM).***** The model contains the binuclear metal center
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including all of the first coordination shell residues bound to both Znl (Asp255, Asp332,
and Glu334) and Zn2 (Lys250, Asp255, Asp273, and Glu334). The important second
coordination shell residue such as Leu360 was also included since this residue was
experimentally proposed to be involved in the positioning of the substrate at the active

site and the subsequent stabilization of transition state(s),>%*>%2

whereas Lys262 was
modeled as a water molecule that forms two hydrogen bonds with the side chains of
Asp255 and Asp332. In addition, Gly335, Arg336, and Leu337, which interact with the
catalytically active bicarbonate ion (HCO5") through hydrogen bonds,”” were simplified
as four water molecules in the model. The Asp255, Asp273, and Glu334 residues were
modeled as an acetate ion (CH3;COO’). The Leu360 residue was also modeled as
CH;COO'. The L-leucine-p-nitroanilide substrate was modeled as
NO,CcsHsNHCOCH;,NH; by replacing the -CH,CH(CH3), chain with a hydrogen atom.
The DppA model of the active site was constructed using the 2.4 A X-ray structure of
the free enzyme (PDB ID: 1HI9).*” The model contains the binuclear metal center
including all of the first coordination shell residues bound to both Znl (Asp8, Glul0, and
His60) and Zn2 (AspS8, His104, and Glul33). Those residues were simplified as four
water molecules which interact with the catalytically active bicarbonate ion (HCO3)
through hydrogen bonds in the model. The Asp, Glu, and Leu residues were modeled as
an acetate ion (CH3COQ"). The His residue was also modeled as methylimidazole. The L-
leucine-p-nitroanilide was used as the substrate. In addition, the hrDP model was

constructed followed the same method as LeuAp and DppA. The 2.3 A crystal structure

of the enzyme (PDB ID: 1ITU) was used.”’ The model contains the binuclear Zn ions
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including all of the first coordination shell residues bound to both Znl (Glul25, His198,
and His219) and Zn2 (Glul25, Asp22, and His20).

For the synthetic dinuclear center containing enzymes, the target complex Ipzc was
constructed by using the X-ray structure of [Zn(bomp)(MeCO,),|BPh4 (3) [H(bomp): 2,6-
bis[bis(2-methoxyethyl)aminomethyl]-4-methylphenol].”** Ipzc.c and Ipzewx Wwas
modeled by replacing the p-methyl group of —CHj3 from Ipzc to —Cl and —NO;
respectively. The active water molecule was included in the model bound to Zn2 ion. The
same substrate L-leucine-p-nitroanilide was used. The catalytically active bicarbonate ion
(HCO3") including four water molecules which interact with through hydrogen bonds

were built in the model.

Asp332
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Figure 4. 1 Structures (in A) and energies (in kcal/mol) of the reactant, transtition states,

intermediate, and product of Leucine aminopeptidase (LeuAP).
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4.3 Computational Results

4.3.1 Natural Binuclear Peptidases
This mechanism is divided into the following two steps: (1) formation of the gem-diolate

intermediate, and (2) cleavage of the peptide bond.

4.3.1.1 Formation of the Gem-Diolate Intermediate

LeuAP Binuclear Peptidase

In the optimized structure of the reactant (ILeuap), the L-leucine-p-nitroanilide substrate,
which interacts with the active site through two hydrogen bonds with the second
coordination shell residue Leu360, and is bound to the active site of the enzyme (Figure
4.1). The Zn1 (ML site) ion polarizes the peptide bond through the Zn1—-O® covalent bond
(Zn—-0° = 2.22 A) and orients it towards the nucleophile. The Zn1 ion is pentacoordinated
and coordinates to the side chains of Asp255, Asp332, Glu334, and the bridging water
(H'OVH?) molecule (Znl-O (Asp255) = 2.07 A, Znl-O (Asp332) = 2.00 A, Znl-O
(Glu334) = 2.15 A, and Zn1-OY (H'OVH?) = 2.04 A). The Zn2 (M2 site) ion is also
pentacoordinated and ligands to Lys250, Asp255, Asp273, Glu334, and the bridging
water molecule (Zn2-N (Lys250) = 2.18 A, Zn2-O (Asp255) = 2.30 A, Zn2-O (Asp273)
=2.02 A, Zn2-0 (Glu334) = 2.04 A, and Zn2-O% (H'OVH?) = 2.04 A). The Znl1-Zn2
distance in the reactant (Ireuap) is 3.07 A. The polarization by both Zn ions is likely to

reduce the pKa of the bridging water molecule from 14 to almost 7.>*'**

In the first step
of the mechanism, the bicarbonate ion functions as a base and abstracts the H' proton

from the bridging water molecule (H'O“H?), accompanied by the nucleophilic attack of
ging p
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the hydroxyl group (<O“H?) on the carbon (C®) atom of the scissile peptide bond (C°-
N®) (Figure 4.1). The optimized transition state (TSILcuap) is shown in Figure 4.1 and the
computed barrier was 27.6 kcal/mol. OV-H' = 1.37 A, O'-H' = 1.13 A, and OV—C® =
1.56 A. This process leads to the formation of the gem-diolate intermediate (IIpeuap), in
which the bicarbonate ion exists in the neutral form as a carbonic acid. The generation of
I cusr is endothermic by 26.2 kcal/mol from the reactant Ipeuap. The C°-N° peptide
bond is already elongated by 0.16 A in comparison to Iresap and well prepared for the

cleavage in the next step.

DppA Binuclear Peptidase

In the structure of the reactant (Ipppa), the L-leucine-p-nitroanilide substrate also interacts
with the active site through two hydrogen bonds with the second coordination shell
residue Leu360 (Figure 4.2). In this case, the coordination number of Znl ion is five and
it coordinates to the side chains of Asp8, Glul0, His60, and the bridging water (H'OVH?)
molecule (Zn1-O (Asp8) = 2.14 A, Zn1-O (Glul0) = 2.01 A, Zn1-N (His60) = 2.07 A,
and Zn1-O% (H'OVH?) = 2.02 A). Moreover, the Znl ion polarizes the peptide bond
through the Zn1-O® covalent bond (Zn—O° = 2.30 A). In comparison to the reactant of
ILeuar, the Zn2 ion is tetracoordinated and ligands to Asp8, His104, Glul33, and the
bridging water molecule (Zn2-O (Asp8) = 2.01 A, Zn2-N (His104) = 2.10 A, Zn2-O
(Glul33) = 1.98 A, and Zn2-O% (H'OVH?) = 2.00 A). The Zn1-Zn?2 distance (Znl-Zn2
=3.35 A) is 0.28 A longer than that of the reactant (Ircuap). Another noticeable difference
was found in the interaction of O' with the carbonyl carbon atom (C%) of the substrate.

The bond distance of O'-C® of Ieuap is 3.14 A, which is much shorter than the
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corresponding distance in Ipppa (0'-C® = 3.27 A). In addition, the bridging water
molecule is activated by binding to both of the Zn ions with an elongated bond distance
(H'-0Y =1.02 A). In this step, the bicarbonate ion acts as a base by abstracting a proton
from the bridging water. The resulting hydroxide ion concomitantly makes a nucleophilic
attack on the carbon atom (C°) of the peptide bond (C°-N®) to form a gem-diolate
intermediate. All the corresponding distances in the fully optimized transition state
(TSIpppa) indicate that this process is concerted (OY-H' = 1.13 A, O'-H' = 1.31 A, and
OY—C® = 1.45 A) and crosses over a barrier of 29.8 kcal/mol (Figure 4.2). The generation

of IIpppa is endothermic by 26.0 kcal/mol from the reactant Ipppa.

hrDP Binuclear Peptidase

In comparison to the reactant Ireuap, the Znl ion is pentacoordinated, whereas the Zn2
ion is tetracoordinated in the optimized reactant (In,pp), Which is shown in Figure 4.3.
The Zn1 ion forms coordinate bonds with the side chains of Glul25, His198, His219, and
the bridging water (H'O“VH?) molecule (Zn1-O (Glul25) = 2.07 A, Znl-N (His198) =
2.14 A, Znl-N (His219) = 2.11 A, and Zn1-OV (H'OVH?) = 1.98 A). The scissile
peptide bond (C°-N®) of the substrate is also activated by the interaction of the Znl ion
with the carbonyl oxygen atom (O%) (Zn1-0° = 2.30 A, C>-N°® = 1.36 A). The Zn2 ion
coordinates to Glul25, Asp22, and His20, and the bridging water molecule (Zn2-O
(Glu125) = 2.01 A, Zn2-O (Asp22) = 2.02 A, Zn2-N (His20) = 2.05 A, and Zn2—O"
(H'OVH?) =2.00 A). The Zn1-Zn2 distance (Znl—-Zn2 = 3.54 A) is the longest among all

three reactants (ILeuap, Ipppa, and Inrpp). Inrpp follows the same mechanism as Iyeuap and
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Ipppa, the optimized transition state (TSIympp) is shown in Figure 4.3 (OV-H' =141 A,
O'-H' = 1.10 A, and O™-C® = 1.55 A). The computed energy barrier from Iypp to
TSIppp is 22.1 kcal/mol, which is 5.5 kcal/mol lower than that of the same process of
ILeuar. It may be due to the difference in the interaction of the 0! with the carbonyl
carbon atom (C®) of the substrate. The bond distance of O'—C® of Inwpp is 3.02 A, which is
much shorter than the corresponding distance in Ipeuap (O'-C°= 3.14 A). Moreover, the
charges on the Znl and Zn2 ions of Inpp are increased by 0.29e and 0.30e compared to
Ipcuap, respectively. Whereas the charge on O' is decreased by 0.11e. This helps to make
the bridging water molecule (H'OVH?) a better nucleophile. All the aforementioned
differences could be the reasons for the lowest barrier of the first step for Inpp among all
three binuclear peptidase. The formation of the intermediate (IInpp) is 9.4 kcal/mol more

exothermic than in the Iy cuap case, i.e., 16.8 kcal/mol endothermic from the reactant Iy pp.

4.3.1.2 Cleavage of the Peptide Bond

LeuAP Binuclear Peptidase

In the second step, the carbonic acid now functions as an acid and transfers the H' proton
abstracted in the previous step to the nitrogen (N°) atom of the C°-N° peptide bond,
which leads to the cleavage. The computed energy barrier from Ilpeyap to TSI euap is
endothermic by 10.2 kcal/mol. The overall barrier from Ipeuap becomes 36.4 kcal/mol.
This is the rate-limiting step of the entire mechanism. The optimized transition state
(TSHyeuap) for this process is shown in Figure 4.1 and all of the corresponding distances

indicate the concerted nature of this process (Ol—H1 =1.19 A, H'-N°=1.32 A, and N°-
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C® = 1.60 A). In the final product (Il cuap), the separated neutral amine (-NH,) and
charged carboxyl (-COQ") groups are formed and the latter is bound to Znl ion. The

formation of Iy eyap from Ipeuap is exothermic by 6.0 kcal/mol.

DppA Binuclear Peptidase

The cleavages of the peptide bond of the substrate for both the DppA and hrDP binuclear
peptidases take place in a similar fashion as for the LeuAP. In the optimized transition
state (TSIIpppa), all key reaction coordinates indicate that this process is concerted (O'-
H'=1.08 A, H'-N®=1.51 A, and N°-C® = 1.57 A) (Figure 4.2). From Ipppa, the barrier
for this process is 30.2 kcal/mol and this step is the rate-limiting step of the mechanism. It
is 6.2 kcal/mol lower than that of the same process of Ipeuap. In comparison to the
intermediate of Ilpcuap, the atomic charges on both the Zn ions of Ilpppa are more
positive (i.e., +1.72¢ on Znl, and +1.72¢ on Zn2). In addition, the charge on the N° atom
of the scissile peptide bond is -0.66e, which is 0.0le more negative than that of the
Iy euap. It is also noteworthy that, in Ieuap the coordination number of both metal ions

is 5, whereas the Zn ions are only tetracoordinated in Ilpppa.

hrDP Binuclear Peptidase

For the cleavage of the same substrate by hrDP binuclear peptidase, this process proceeds
through the transition state TSIIypp and the computed barrier for this step was found to
lie higher (8.0 kcal/mol) than the gem-diol intermediate Iympp (i.€., 24.8 kcal/mol from

Lurop) (Figure 4.3). It is 11.6 kcal/mol lower than the corresponding barrier of Ipeyap. The
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low barrier may be due to the differences in structural and electronic states of the gem-
diol intermediates. The charges on Znl and Zn2 ions of Ilypp (i.c., +1.71e on Znl, and
+1.72¢ on Zn2) increased by 0.31e and 0.28¢ compared to Ilpeuap, respectively.
Moreover, the charge on the atom of N°is 0.05e more negative than that of the ITpcusp.
The Znl and Zn2 ion are pentacoordinated and tetracoordinated respectively in Iprpp,
whereas the coordination number of both metal ions is 5 in Ijcuap. The formation of the
separated neutral amine (-NH) and charged carboxyl (—COQO") groups containing the

product (IIppp) is 16.4 exothermic from Iympp.

A3 Leusso

Iy -12.0 TSTIpppa 30.2

Figure 4. 2 Structures (in A) and energies (in kcal/mol) of the reactant, transtition states,

intermediate, and product of D-aminopeptidase (DppA).
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Iy pp-16.4 TSI, pp 24.8

Figure 4. 3 Structures (in A) and energies (in kcal/mol) of the reactant, transtition states,

intermediate, and product of human renal dipeptidase (hrDP).

The computed energetics indicate that Znl(N203)-Zn2(NO3) (hrDP) is more
energetically favorable than the three natural binuclear peptidases studied. The second

step is the rate-limiting step of the entire mechanism.
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Figure 4. 4 Potential energy diagrams of natural binuclear peptidases (in kcal/mol).

4.3.2 Synthetic Binuclear Peptidases
This mechanism is also divided into the following two steps: (1) formation of the gem-

diolate intermediate, and (2) cleavage of the peptide bond.

4.3.2.1 Formation of the Gem-Diolate Intermediate
The L-leucine-p-nitroanilide substrate is bound to the Znl ion of the enzyme with a

carbonyl oxygen atom (O°) (Figure 4.5, 4.6, & 4.7). The Znl ion polarizes the peptide
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bond through the Zn1—O° covalent bond and orients it towards the nucleophile. All the
reactants (Ipzc, Inzc-c, and Ipzc.N) adopt the Zn1(NO4)-Zn2(NO4) motif. Both the Zn
ions are pentacoordinated and coordinate to the bridged phenolic oxygen, two oxygens
and one nitrogen from methoxycarbonyl. In regards to natural enzymes, this process is
different. Only the Zn2 ion is liganded to the water (H'O“H?) molecule, which does not
coordinate with the Znl ion. The Znl1-Zn2 distances in the reactants (Ipzc, Ipzc-c, and
Ipzc.N) are in the range of 3.76-3.83 A which is much longer than the corresponding
distances in the natural enzymes (3.07 A for Ireuap, 3.35 A for Ipppa, and 3.54 A for
Lurop). Since the only difference between all the reactants is the p-substituent, Ipzc, the
structures of Ipzc.c, and Ipzcn are similar. The strong electron-withdrawing group (p-
nitro group) of Ipzc.n removes electron density from the attached m system and makes the
n system more electrophilic. It helps to make the Zn metal center a better Lewis acid. The
water molecule (H'OVH) is more activated with the bond distance of OV- H'= 1.04 A,
whereas the corresponding bond distance is 1.03 A for the reactants of Ipzc and Ipzc.c.
Moreover, the distances between H' and O' are 1.53 A, 1.51 A, and 1.49 A for Ipzc, Inzc-
¢, and Ipzc.n, respectively. The H' atom is the closest to O'in Ipzc.n. These differences
influence the energetics of the creation of the gem-diolate intermediate. The optimized
transition states (TSIpzc, TSIbzc-c, and TSIpzcn) are shown in Figure 4.5, 4.6, & 4.7
and the computed barriers are 25.9, 22.7, and 20.9 kcal/mol, respectively (Figure 8). All
key reaction coordinates indicate that this process is concerted. This process leads to the
formation of the gem-diolate intermediate (Ilpzc, Hpzc-c, and Ilpzcn) which are
endothermic by 10.3, 10.1, and 10.8 kcal/mol from their reactants, respectively. The C -

N°® peptide bonds are elongated and well prepared for the cleavage in the next step.
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4.3.2.2 Cleavage of the Peptide Bond

In the second step, the cleavage of the peptide bond for all the synthetic enzymes occurs.
The overall computed barriers for this step for Ipzc, Inzc-c, and Inzcn are 29.9, 26.7, and
19.8 kcal/mol, respectively. Similar to the natural enzymes, this process is the rate-
limiting step of the entire mechanism. The optimized transition state structures (TSIIpzc,
TSIIpzc.c, and TSIIpzcN) are shown in Figure 4.5, 4.6, & 4.7. In the final product
(IIpzc, IlIpzc-c, and IlIpzc.N), the separated neutral amine (-NH;) and charged carboxyl
(—=COQO") groups are formed. The generation of Ilpzc, Illpzc-c, and Illpzen from Ipzc,

Ipzc-c, and Ipzc-n are exothermic by 7.8, 14.6, and 7.5 kcal/mol, respectively.

Of all the synthetic binuclear analogues, the reactant Ipzcn is the most energetically
feasible. The electron-withdrawing p-substituent of Ipzc.x makes the Zn2-O"H species a
better nucleophile. This may be the reason to enhance the activity of binuclear zinc(II)

complexes.

4.4 Summary

In this DFT study, the reaction mechanisms of the Co-catalytic binuclear metal center
peptidases have been investigated. Three natural enzymes: leucine aminopeptidase
(LeuAP), D-aminopeptidase (DppA), and human renal dipeptidase (hrDP), and three
synthetic counterparts: Zn1(NO4)-Zn2(NO4) core containing functional analogues (Ipzc,

Ipzc-c, and Ipzc.n) have been discussed. The mechanism of the reaction is divided into
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the following two steps: (1) formation of the gem-diolate intermediate, and (2) cleavage

of the peptide bond.

Mlpzc-7.8 TSHpzc29.9

Figure 4. 5 Structures (in A) and energies (in kcal/mol) of the reactant, transtition states,

intermediate, and product of Ipzc.
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Ipzc.c 0.0 TSIpzc.c 22.7 Hpzc.c 10.1

Hlpzc.c-14.6 TSlpzc.c26.7

Figure 4. 6 Structures (in A) and energies (in kcal/mol) of the reactant, transtition states,

intermediate, and product of Ipzc-c.



136

Ipzcn 0.0

Hlpzcn-7.5 TSIpzc.n 19.8

Figure 4. 7 Structures (in A) and energies (in kcal/mol) of the reactant, transtition states,

intermediate, and product of Ipzc-n.
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Figure 4. 8 Potential energy diagrams of synthetic analogs (in kcal/mol).

The effects of the ligand environments were studied by comparing the energetics of of
Zn1(05)-Zn2(NO4) (LeuAP), Zn1(NO4)-Zn2(NO3) (DppA), and Zn1(N203)-Zn2(NO3)
(hrDP). In generation the gem-diolate intermediate, the energy barriers were 27.6, 29.8,
and 22.1 kcal/mol for these three natural enzymes, respectively. The cleavage of the
peptide bond was found to be the rate-limiting step with the computed barriers of 36.4,
30.2, and 24.8 kcal/mol. The Zn1(NO4)-Zn2(N202) (hrDP) is more energetically

favorable than others of all the three natural binuclear peptidases.

On the other hand, the mechanism of the synthetic analogues was elucidated by Ipzc
(modeled by [Zn(bomp)(MeCO,),|BPhy 3) [H(bomp): 2,6-bis[bis(2-

methoxyethyl)aminomethyl]-4-methylphenol]), including Ipzc.c and Ipzcn (constructed
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by replacing the p-methyl group of —CHj3 from Ipzc to —Cl and —NO, respectively). Ipzc-
~ 1s the most energetically feasible of all the complexes since the electron-withdrawing p-
nitro group enhances the Lewis acidity of the Zn metal center which results in the

generation of a better nucleophile.

The results in this study have provided the structural and mechanistic information
concerning three natural enzymes and three synthetic analogues. The effects of the ligand
environments on different enzymes were also discussed. This study provides useful

information about binuclear peptidases and will help to design more efficient catalysts.



Chapter 5 Insights into the Effects of the Mutations of Residues Arg824 and Tyr831
from Insulin Degrading Enzyme (IDE) on the Ap Peptide Hydrolysis

5.1 Background

Alzheimer’s disease (AD) is a progressive neurological disease characterized by the
extracellular depositions of senile plaques and intracellular neurofibrillar tangles in the

121,243,244

brain. The amyloid-p (AP) peptide is reported to be the major constituent of these

plaques.'*"**** A is naturally produced through the proteolytic cleavage of amyloid

37,40,41,250-252
7:4041, The two

precursor protein (APP) by the B- and y- secretase enzymes.
predominant forms of the AP peptides containing 40- and 42-amino acid residues that are
produced in vivo are AB40 and AB42 but only the latter has been observed to be a major
contributor (ca. 90%) of the amyloid plaques.”>*’ Insulin-degrading enzyme (IDE) is a
Zn* -metalloprotease that can bind AP with high affinity and hydrolyze it into small
fragments. Some research demonstrated that the IDE activity is critical in determining the

level of AP from rodent models and human genetic analysis.>*>°!

Therefore, there is
growing interest in IDE to provide therapeutic information for the treatment of AD.

IDE is a 113 kDa M16A family enzyme found in becteria, fungi, plants, and animals,
which is known to degrade monomeric forms of a wide variety of critical peptides such
as insulin, AP, amylin, and glucagon.’****> An IDE monomer comprises four structurally

homologous af} roll domains (domainl, residues 43-285; domain 2, residues 286-515;

domain 3, residues 542-768; domain 4, residues 769-1016), which are 15-24% similar in

139
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sequence “°°. Domain 1 and 2 form N-terminal (IDE-N). Domain 3 and 4 form C-terminal
(IDE-C). IDE-N and IDE-C are two roughly equal sized domains that are joined by a 28-
amino acid residue loop to form a triangular prism shape enclosed chamber with a
volume of ~ 1.3 x 10* A®. This catalytic chamber is large enough to selectively entrap and

206271 The selectivity of IDE is influenced

degrade substrates that are smaller than 6 kDa.
by the size, shape, and charge distribution of the internal chamber. IDE-N is largely
neutral or negatively charged, whereas IDE-C is positive. IDE-N contains the crucial
active site with a Zn*" ion coordinated to two histidine residues (His108 and His112) and
one glutamate residue (Glul89). However, IDE-N alone has only 2% of the catalytic
activity of wild type IDE (IDE“").*”> IDE-C plays an important role in facilitating
substrate recognition. It was reported that substrates need to undergo conformational

266
In our

change to form B sheets with these two discrete domains of IDE to degrade.
previous MD simulation structures of IDEY'-Ap40 and IDE""-Ap42, IDE contains an
exosite that lies about 30 A away from the active site. It helps to anchor the N-terminal
residues of the substrate and then reorient it facilitating the cleavage at the catalytic site.
The N-terminal Aspl-Glu3 residues of both the substrates (Ap40 and AP42) interact
through hydrogen bonds with the exosite residues (Gly339, Glu341, Leu359, Gly361, and
GIn363) of IDE. These interactions make the substrates form B-sheets with IDE strand
B12.2062¢7 Several residues of IDE domains 1 and 4 form a polar cavity with patches of
hydrophobic and charged regions that interact with the cleavage sites Phe19-Phe20 of the
substrates. The hydrophobic residue Phel9 interacts with the aromatic ring of Phel41 of

IDE domain 1 through JI-JI interaction. In addition, the carbonyl oxygen atom of Phel9

forms a hydrogen bond with Tyr831 of IDE-C. Whereas, the backbone of Phe20 forms
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hydrogen bonds with Alal140 of IDE domain 1 and Arg824 of IDE-C, respectively. These
interactions make the Phe19-Phe20 cleavage site accessible to the Zn>" metal center for

hydrolysis.?”

Recently, Shen, Y. et. al found that Arg824 (R824) and Tyr831 (Y831) of domain 4 in
IDE play an important role in the catalytic rate of hydrolyzing Ap. Mutations of these two

2% For instance,

residues to Ala (A) can substantially reduce the catalytic rate of IDE
mutation of Tyr831—Ala and Arg824— Ala reduce the catalytic rate of IDE by 6 and 57
times respectively. However, the effects of the mutation on the structures of IDE and
enzyme-substrate interactions are not known. In addition, substrate bound -crystal
structures of IDE mutants are not available to explain the observed decrease in activity.
Therefore, in this study, Molecular dynamics (MD) simulation has been utilized to
explore the structures and interactions of IDE mutants with two Alzheimer full-length
peptides (AP40 and AP42). We have performed MD simulations on 4 mutants: Ap40
bound with IDER**** (IDE*****-AB40), AB40 bound with IDEY®'* (IDE"®'*-AB40),
APB42 bound with IDER**** (IDER****-AB42) and AB42 bound with IDE"*'* (IDEY®'A-
AP42). The results will provide the structures of substrates bound IDE mutants and help

to understand the changes in conformation and interactions of AB40 and AP42 inside the

catalytic chamber of IDE mutants (IDE***** and IDE***'%).
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5.2 Computational Procedure

5.2.1 MD Simulations

All MD simulations were performed using GROMACS**"* with GROMACS force field
53A5.*” The initial structures of the IDER****-Ap40, IDE"®'*-AB40, IDER****-AB42,
and IDE"®'"-AB42 complexes were placed in the center of a periodic box with
dimensions of 10 nm X 10 nm x 10 nm. These boundaries eliminate unwanted effects
from the applied periodic boundary conditions (PBC). In addition, sodium and chloride
ions were randomly placed to neutralize the system under study. The enzyme-substrate
models contain ca. 10650 atoms that are solvated by approximately 30000 simple point
charge (SPC) water molecules.* Nonpolar hydrogen atoms in these models are treated
implicitly using the united atom approach, where they are collapsed into the connected

heavy atom.

The initial structures were further energy minimized with the steepest descent method
for 3000 steps by releasing all the constraints. All the 20 ns production phase MD
simulations were conducted with a constant number of particles (N), pressure (P), and
temperature (T), i.e. NPT ensemble. The SETTLE algorithm was used to constrain the
bond length and angle of the water molecules,” while the LINCS algorithm was utilized
to constrain the bond length of the enzyme.*® Particle mesh Ewald (PME) was employed
to include the contributions of long-range interactions.*™ A constant pressure of 1bar
was applied with a coupling constant of 1.0 ps; the peptide, water molecules, ions, and
the zinc metal ion are coupled separately to a bath at 300 K with a coupling constant of

0.1 ps.
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The trajectories are computed for each model with a time step of 2 fs, and the data are
saved every 500 steps for analysis. The ionizable residues are set to their normal
ionization states at pH 7. The tools available in GROMACS are utilized to analyze the
MD trajectories. We used the most representative structures and contact maps for the
structural elucidation. The most representative structures are derived from the cluster
analysis, where the trajectories are analyzed by grouping structurally similar frames
[root-mean-square deviation (rmsd) cutoff of 0.30 nm], and the frame with the largest
number of neighbors is denoted as a middle structure that represents that particular
cluster. In the contact maps, a contact for a pair of amino acid side chains is considered to
be formed when a minimal distance between any pair of their atoms is less than 0.5 nm.
YASARA®"® was used for visualization and for the preparation of the structural diagrams

presented in this study.

5.2.2 Computational Models

The initial structures of the IDE™'-AB40 and IDEV"-AB42 complexes were taken from
our previous 20ns WT MD simulations *’’. Mutants were performed using the SPDBV
program (18), available by download from http://www.expasy.org/spdbv/. Mutagenesis
of Arg824 to Ala of IDEV'-AB40 and IDE""-AB42 complexes, and Tyr831 to Ala of
IDEVT-AP40 and IDEV"-AB42 complexes were performed, respectively. The Arg824 and
Tyr831 sidechains were replaced by the best rotamer of Ala amino acid. The best rotamer

is the one that totalize the lowest score according to the formula (score = (4 x NbClash
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with backbone N CA and C atoms) + (3 x NbClash with backbone O atoms) + (2 x
NbClash with sidechains atoms) - NbHbonds - 4 x Nb SSbonds).

The MD simulations were performed in the following two steps: (1) equilibration of
the initial structures for 5 ns by constraining only the catalytic center of the IDE enzyme
in a time period called the equilibration phase. The constraints retained the interactions of
the substrate with the active site during equilibration; (2) the structures obtained at the
end of the 5 ns equilibration phase were subsequently used as the initial structure for the

next 20 ns long phase known as the production phase.

5.2.3 Electrostatic Binding Energy Calculation

The solvation energy (AGso1) was computed using the following equation.

— ele non—polar
AGsol - AGbinding+ AGbinding : (1)
—_ l .
Where A G,filf;ding and A Gy ; “" represents the electrostatic and non-polar

contributions to the solvation energy respectively. In order to compute electrostatic
interactions between IDE and AP peptide, a continuum electrostatic calculation was

278,279

performed using the APBS software. The relative electrostatic binding energies

between IDE (M1) and AP peptide (M2) were calculated using the following equation:

ele _ ele ele ele
AGbirLdirLg - AGdesol_Ml_’_ AGdesol_MZ- + EMl—MZ (2)

Where AGSL,,, 1 describes the desolvation energy of M1 after its binding with M2. Due

to the association between M1 and M2, the former loses the electrostatic interactions with
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solvent. The following two step procedure was used to calculate this energy: (1)
calculation of the electrostatic energy between M1 and the surrounding solvent in the
absence of M2 and (2) computation of the electrostatic energy of M1 with the
surrounding solvent in the presence of M2 (provided M2 does not carry any partial

280

charge).”™ The difference in energies calculated in these two steps will provide the

electrostatic desolvation energy AGSL,; 11 0f AGS 1 - The last term in the equation

describing electrostatic interaction (EZ¥_,,) was computed using the electrostatic

potential (¢;) generated by M1 at the position of the atomic charges (g;) of M2 by solving

the following equation.
Eift-mz = X oiqi 3)

The complexation of two monomers (M1 and M2) was computed by solving the
Poisson-Boltzmann equation. These calculations were performed at room temperature
(298.15 K) using dielectric constants of 2.0 and 78.0 for protein and water environments
respectively and the probe sphere of 1.5 A radius was used for calculating the solute
surface. The grid spacing was set to 0.706 A x 0.750 A x 0.795 A and the dielectric
boundary was defined as the van der Waals surface. The salt concentration of 50 mM was
used for the calculation. For these calculations, all the structures in the PDB format were
converted to the PQR format using the PDB2PQR server.”®*** The non-polar
contribution to free energy is computed from the burial of solvent accessible surface area

(SASA) of the peptides upon binding using the following equation.

AGpar Dol =y x SASA (4)
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Where SASA values of the IDE mutants and the AP peptides are calculated utilizing the
YASARA program.”’® The microscopic surface tension co-efficient (y = 0.00542
kcal/mol A?) connects the solvent accessible surface area to the free energy of

transferring a molecule from alkane to water.”*>%*

5.3 Results and Discussion

In this study, we performed 20 ns simulations of the solvated IDE®****-Ap40, IDEY®'A-
AB40, IDER™*_AB42, and IDE™'*-Ap42 to obtain a dynamic picture of the
conformational changes that occur in aqueous solution. The objective is to explore the
structures and interactions of the full-length AP40 and AP42 substrates inside the
catalytic chamber of IDE mutants at the atomic level, and the difference between mutants

and WT complexes.

The rmsd values for all four simulations are depicted in Figure 5.1. They clearly
indicate stable conformations after 5 ns of simulation for all IDER****-AB40, IDE"®'A-
AB40, IDE****_Ap42, and IDE'®'“-AB42 trajectories. In the thermodynamically
equilibrated region, these four trajectories do not show any significant changes and the

overall rmsd deviations remain below 0.25 nm.
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Table 5. 1 RMSDs of the enzyme-substrate complexes vs IDE™'-AB40 and IDE" -
APB42, respectively. RMSDs of the substrates vs AB40 and Ap42 derived from IDEY -
APB40 and IDEV"-AB42, respectively.

RMSD (nm) Enzyme-substrate Complex Substrate
IDE****-AB40 2.81 2.34
IDE"®'*-AB40 2.80 2.02
IDER****-AB42 2.97 3.34
IDE"*'*-AB42 2.78 3.23

5.3.1 IDE-AB40 Mutants

A superposition of the Zn>" metal center derived from IDE*****-Ap40 and IDE™"-Ap40
is shown in Figure 5.2a. In this structure, the residues in the first coordination shell
(His108, His112, and Glu189) are bound to the Zn>" ion. It is similar to the superposition
structure derived from IDEY*'*-AB40 and IDEY'-AB40 (Figure 5.2b). However, the
rmsd value (2.81 nm) of the enzyme-substrate complex shows significant changes
between IDE*****-AB40 and IDE""-AB40. For the substrate only, the rmsd value is 2.34
nm (Table 5.1). In the conformation of AP40 derived from the most representative
structure of the IDER****-AB40 and IDEV'-AB40, the Aspl-Glu3 segment remains [-
sheet conformation. In AB40 of IDEY"-AB40, the Val18-Phe19 region is in a random coil
structure. But this region forms a B-sheet structure in Ap40 of IDER****-AB40. Moreover,
the Glul5-Lys16 and Asn27-Gly29 region adopt B-sheet structures in AB40 of IDE™'-
APB40. However, in Ap40 of IDE***_AB40, they transform into a random coil and loop

structure. It is because of the decreasing intramolecular interactions in AB40 and the
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intermolecular interactions between AP40 and IDE domain 1 (Figure 5.3a, b). These

interactions are likely to be responsible for the change in secondary structure of AB40.
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Figure 5. 1 (a) RMSD of the IDER****-AB40 and IDE"**'*-AB40 trajectories plotted vs
time. (b) RMSD of the IDE*****-AB40 and IDE"*'*-AB40 trajectories plotted vs time.
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Glul89
Glu189 / 7Zn2* A
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Zn2+

His112 His112
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Figure 5. 2 (a) Superposition of the conformation of the Zn>" metal center derived from
the most representative structure of the IDEX****-AB40 and IDE""-AB40 simulation. (b)
Superposition of the conformation of the Zn>" metal center derived from the most

representative structure of the IDE"**'*-Ap40 and IDE""-AB40 simulation.

On the other hand, the rmsd values of IDEY*'*-AB40 and AP40 derived from
IDE"®'*_AB40 are 2.80 nm and 2.02 nm, respectively (Table 5.1). The Asp1-Glu3 region
also retains its B-sheet character in the AP40 derived from IDEY*'*-AB40 (Figure 5.3c).
However, Glul5-Lys16 and Asn27-Gly29 transform into a random coil and loop
structure, because they lose the interactions between fragments GIn15-Lys16 and Asn27-

Gly29.
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Asp1

(a) (b) (c)

Figure 5. 3 Superposition of the conformation of AB40 derived from the most
representative structures of the IDEV'-AB40 (yellow), IDE*****-AB40 (cyan), and
IDEY*'*_AB40 (magenta). (a) AB40 derived from the most representative structure of
the IDEV"-AB40. (b) AP40 derived from the most representative structure of the
IDER***A.AB40. (c) AP40 derived from the most representative structure of the
IDEY*'*_Ap40.
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Figure 5. 4 (a) Contact map of AB40 inside the IDEY" chamber. (b) Contact map of
APA40 inside the IDER**** chamber. (c) Contact map of Ap40 inside the IDEY®'*

chamber.

The contact maps also demonstrate the conformational changes in AB40. The contact
map of AP40 from the most representative structure of the IDEV'-AB40 simulation
shows that it forms a large number of intramolecular interactions particularly in the
Glul5-Phel9 and Ala21-Lys28 regions (Figure 5.4a). This means the backbone carbonyl
(C=0) and amine (NH,) groups of Glnl15-Leul7 residues formed hydrogen bonds with
the backbone carbonyl and amine groups of Asn27-Gly29 residues. In contrast to the
AB40 from the IDEV"-AP40, the contact maps of AP40 from the IDER****-AB40 and
IDEY*'*.AB40 show fewer interactions. Especially in the regions of Glul5-Phel9 and

Ala21-Lys28, where it doesn’t form intramolecular interactions (Figure 5.4b, c¢). These
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interactions might be responsible for the transformation of the Gln15-Leul7 and Asn27-
Gly29 fragments from B-sheet to random coil conformation.

As mentioned above, during the simulations, both the AB40 substrates derived from
the most representative structure of the IDEX****-AB40 and IDE"®'*-AB40 lose their p-
sheet characters. Since experiments suggested that AB40 adopted B-sheet character can
facilitated their degradation by the enzyme, which might be responsible for the

decreasing of the catalytic rate **°.
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Figure 5. 5 Bond distance between Zn>" ion and carbonyl oxygen (C=0) of Phe19.

In addition, in AP40 derived from the most representative structure of the IDEY -
APB40, the carbonyl oxygen (C=0) of Phe19 was found to coordinate to the Zn>"ion (Zn*"

-O distance of 1.92 A). This interaction has been proposed to activate the hydrolysis of
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the Phe19-Phe20 peptide bond.”” However, during the simulation, the Zn>"-O distance

increases in AB40 of the IDE*****-Ap40. It is similar to the Zn*"-O distance in Ap40 of

the IDE"**'*-AB40 (Figure 5.5).

Table 5. 2 List of Hydrogen Bonding Interactions between AB40 (C-terminal) and IDE

AP40 IDEVT [DEF™A IDETSTA
(residue) (residue) (residue) (residue)
Ile31 - - -
Ile32 Arg429 Arg429 -
Arg429 - -
Gly33 - - -
Leu34 Argd31 - -
Argd31 - -
Met35 - Argd29 -
Val36 Ser137 - Arg431
Gly37 - - -
Gly38 Ser137 - -
Val39 Ser128 Ser138 -
Val40 Serl28 Serl137 Ser128
Asn821 Arg892 Thr822
Thr825 Thr825

Secondly, we focus on the structural changes of IDE in mutants. The superposition of

APB40 and truncated IDE domain 4 from IDE*****-Ap40 and IDE™"-AB40 is shown in

Figure 5.6. This structure shows that around Arg824 and Tyr831 in WT IDE, Asn821-

Lys826 fragment adopts a-helix conformation and I1e832-Arg839 residues form -sheet

structure. In contrast, around the mutated residue R824A, the o-helix conformation
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transforms into a loop structure in IDE*****-AB40. Moreover, the B-sheet structure has
been shortened around the Tyr831 residue. It can be seen that the C-terminal of AB40 has
been pushed away from the mutated residue in IDE-C. That is due to the loss of hydrogen
bonds between AP40 C-terminal and IDE®**** (Table 5.2). Since IDE-C facilitate
substrate binding, this change may affect the hydrolysis ***. As it is shown in Table 5.3,
the binding energy was found to be the lowest for IDE"-AB40 (-31.6 kcal/mol), which
energies of the other two mutants are higher i.e. IDEX****-Ap40 (-23.1 kcal/mol),

IDE"®'-AB40 (-29.6 kcal/mol).

Table 5. 3 Solvation Free Energies of Six Enzyme-substrate Complexes

Enzyme- Eelec AGiol A AGsol B AGelec AGhon-polar AGgol
substrate (kcal/mol) | (kcal/mol) | (kcal/mol) | (kcal/mol) | (kcal/mol) | (kcal/mol)
Complex

IREZ;' -170.9 67.7 99.3 3.9 27.7 31.6
Ingzng' -147.5 62.4 88.8 3.7 6.8 -23.1
ID,E;:EA_ 1563 66.5 86.4 34 262 -29.6
Iiﬁg' -147.0 62.3 84.9 0.2 5.7 255
IDAE;ZA' 1186 56.3 66.2 3.9 244 | 205
ID,E;:ZA_ -139.9 66.6 87.4 14.1 27.9 -13.8
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C-terminal

Phe834

N\

IDE domain 4

Figure 5. 6 Superposition of AB40 and truncated IDE domain 4 from IDE®****-A40 and
IDEV"-AB40 (Ap40 from IDEV"-AB40: gray; IDE domain 4 from IDE™"-AB40: yellow).

The superposition of AB40 and truncated IDE domain 4 from IDE"*'*-Ap40 and
IDEY"-AB40 is shown in Figure 5.7. Different from IDEY-Ap40, there is no o-helix
conformation around Arg824 in IDE"*'*-AB40 domain 4. The B-sheet character around
the mutated residue Y831A has been shortened to I1e832-Pro837 compared to I1e832-
Arg839 in IDE-""-AB40. Moreover, the number of hydrogen bonds between Ap40 C-
terminal and IDEY®'# decreases from 10 in WT to 4 (Table 5.2). This has been suggested
to contribute to the movement of AP40 C-terminal away from the mutated domain 4

residue in IDE.
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Figure 5. 7 Superposition of AB40 and truncated IDE domain 4 from IDE"**'*-AB40 and
IDEV"-AB40 (Ap40 from IDEV"-AB40: gray; IDE domain 4 from IDE™"-AB40: yellow).

In addition to the aforementioned structural changes, the MD simulations reveal
intermolecular hydrogen bonding interactions change between the ApB40 and IDE (Table
5.4 and 5.5). In IDEV"-AB40, IDE and AB40 form 34 hydrogen bonds, but in IDER***A.
AB40 and IDE"®'*-AB40, this number decreases to 29 and 24, respectively (Figure 5.8).
In particular, the cleavage site Phel9-Phe20 of AP40 interacts with Alal40, Arg824,
Tyr831, and Phel4l (CH-m interaction) of IDE. These interactions have been
experimentally reported to be responsible for the orientation and folding of the substrate

inside IDE.””” However, the cleavage site Phel9-Phe20 only interacts with Alal40,
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Arg824 in IDER**.AB40 and IDEY*'“-AB40, respectively (Table 5.4 and 5.5).
Moreover, in IDEWT-AB4O, the C-terminal Val36, Gly38, Val39, and Val40 residues of
APA40 interact with the Ser137, Ser137, Ser128, Ser128, Asn821, and Thr825 residues of

IDE, respectively. However, they lose many interactions between IDE and the C-terminal

of AP40 in IDER****-AB40 and IDE"**'*-AB40 structures.
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Figure 5. 8 (a) Time-dependent variation of the number of hydrogen bonds between
AB40 and IDE*****, (b) Time-dependent variation of the number of hydrogen bonds
between AB40 and IDEY®'*,
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Table 5. 4 List of Hydrogen Bonding Interactions between Ap40 and IDE (IDE™" and
[DERS24A)

AB40 IDEY" AP40 [DERS#A
(residue) atom _ (residue) atom (residue) atom (residue) atom
Aspl N Gly339 o Aspl N Leu359 o
N Leu359 (0] (0] Gly361 N
o Gly361 N Ala2 - - -
Ala2 - - - Glu3 N Gly361 (0]
Glu3 N Gly361 (0] (0] GIn363 N
(0] GIn363 N Phe4 - - -
Phe4 - - - Arg5 NE Lys364 o
Arg5 (0] GIn363 NE2 His6 - - -
NH2  Glu365 OE2 Asp7 OD1 Tyrd44 OH
His6 NE2  Leu455 N 0OD2 GIn322 NE2
Asp7 (0] Gly366 N Ser8 N Gly322 (0]
OD1  Tyr444 OH Gly9 - - -
Ser8 (0] GIn323 NE2 Tyrl0 N Glul45 OE2
Gly9 - - - Glull OE2 Ser96 OG
Tyrl0 - - - (0] Glul45 N
Glull (0] Glul45 N Vall2 (0] serl43 0G
OE2  Lys206 NZ N Glu365 OEl
Vall2 (0] Ser143 0G Hisl13 N Glu365 OE2
Hisl13 - - - His14 NE2 Lys436 NZ
His14 - - - Glnl5 - - -
Glnl5 - - - Lysl6 NZ Asnl96 OD1
Lysl16 o Asnl93 ND2 Leul?7 - - -
NZ  Asnl96 OD1 Vall8 N Thr142 (0]
Leul? - - - (0] Thr142 N
Vall8 - - - Phel9 - - -
Phel9 (0] Tyr831 OH Phe20 N Alal40 (0]
Phe20 N Alal40 (0] Ala2l N Asnl39 OD1
(0] Arg824 NH2 (0] Asnl39 ND2
Ala21 N Asnl39 OD1 Glu22 OE2 Lys192 NZ
(0] Asnl39 ND2 OE2 His679 NDI
Glu22 - - - Asp23 - - -
Asp23 - - - Val24 - - -
Val24 - - - Gly25 - - -
Gly25 (0] Lys192 NZ Ser26 0G GIn677 OEl
Ser26 - - - Asn27 - - -
Asn27 - - - Lys28 - - -
Lys28 - - - Gly29 - - -
Gly29 - - - Ala30 - - -
Ala30 - - - Ile31 - - -
Ile31 - - - Ie32 (0] Arg429 NH2
Ile32 (0] Arg4d29 NE Gly33 - - -
(0] Arg4d29 NH2 Leu34 - - -
Gly33 - - - Met35 SD Arg429 NHI
Leu34 (0] Arg431 NE Val36 - - -
(0] Argd31 NH2 Gly37 - - -
Met35 - - - Gly38 - - -
Val36 (0] Ser137 0G Val39 N Ser138 (0]
Gly37 - - - Val40 OT1 Ser137 0G
Gly38 N Ser137 0G OT2 Arg892 NHI
Val39 (0] Ser128 O0G
Val40 OT1 Ser128 O0G
OT1  Asn821 ND2

OT2  Thr825 0Gl1
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Table 5. 5 List of Hydrogen Bonding Interactions between AB40 and IDE (IDE™" and

IDEY83 lA)
AB40 AB40 IDEY®1A
(residue) atom  IDE™" (residue)  atom (residue) atom (residue) atom
Aspl N Gly339 o Aspl N Leu359 o
N Leu359 o (0] Gly361 N
o Gly361 N Ala2 - - -
Ala2 - - - Glu3 N Gly361 o
Glu3 N Gly361 (0] (0] GIn363 N
(0] GIn363 N Phe4 - - -
Phe4 - - - Arg5 (¢} GIn363 NE2
Arg5 (¢} GIn363 NE2 His6 - - -
NH2 Glu365 OE2 Asp7 ODl1 Tyrd44 OH
His6 NE2 Leud55 N OD1 GIn322 NE2
Asp7 o Gly366 N (¢} Gly366 N
OD1 Tyrd44 OH Ser8 - - -
Ser8 (0] GIn323 NE2 Gly9 - - -
Gly9 - - - Tyrl0 OH Lys206 NZ
Tyrl0 - - - Glull OE2 Ser96 OoG
Glull o Glul45 N (0] Glul45 N
OE2 Lys206 NZ Vall2 N Glu365 OEl
Vall2 (0] Ser143 0G o Ser143 OoG
His13 - - - His13 - - -
His14 - - - His14 N Glu365 OE2
GlInl5 - - - ND1 Glu365 OE2
Lysl6 (0] Asnl93 ND2 GInl5 - - -
NZ Asnl196 OD1 Lysl6 NZ GIn677 OE1
Leul?7 - - - Leul?7 - - -
Vall8 - - - Vall8 - - -
Phel9 (0] Tyr831 OH Phel9 - - -
Phe20 N Alal40 o Phe20 N Alal40 (0}
(¢} Arg824 NH2 (¢} Arg824 NH2
Ala2l N Asnl39 OD1 Ala2l N Asnl39 ODl1
(0] Asnl39 ND2 (¢} Asnl39 ND2
Glu22 - - - Glu22 OE2 Lys192 NZ
Asp23 - - - Asp23 - - -
Val24 - - - Val24 - - -
Gly25 (0] Lys192 NZ Gly25 - - -
Ser26 - - - Ser26 - - -
Asn27 - - Asn27 - - -
Lys28 - - Lys28 - - -
Gly29 - - - Gly29 - - -
Ala30 - - - Ala30 - - -
Ile31 - - - Tle31 - - -
Ile32 (¢} Argd29 NE 1le32 - - -
(0] Arg4d29 NH2 Gly33 - - -
Gly33 - - - Leu34 - - -
Leu34 (0] Argd3l NE Met35 - - -
(¢} Argd3l NH2 Val36 (¢} Argd3l NH1
Met35 - - - Gly37 - - -
Val36 (0] Ser137 OG Gly38 - - -
Gly37 - - - Val39 - - -
Gly38 N Ser137 0G Val40 OT1 Ser128 OoG
Val39 (0] Ser128 0G OT1 Thr822 N
Val40 OT1 Ser128 0G OT2 Thr825 N
OT1 Asn821 ND2
OT2 Thr825 0OGl1
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Both the substrate and the enzyme change their secondary structures due to a decrease
in the amount of intermolecular interactions. AB40 is more flexible in IDE mutants.

These may be the factors that reduce the catalytic rate of IDE mutants.

5.3.2 IDE-Ap42 Mutants

A superposition of Zn*" metal center derived from IDE*****-AB42 and IDEV'-AB42 is
shown in Figure 5.9. In this structure, the residues in the first coordination shell (His108,
His112, and Glul89) lie within bond forming distance of the Zn*" ion (Figure 5.9a). It is
similar to the superposition structure derived from IDEY*'*-AB42 and IDE“'-AB42
(Figure 5.9b). However, in the conformations of the most representative structure of
IDER****_AB42 and IDEV"-AB42, it shows significant changes (rmsd value is 2.97 nm).
For the substrate only, the rmsd value is 3.34 nm (Table 5.1). Phe20 remains the B-sheet
conformation in AP42 derived from IDE*****-AB42 and IDE“'-AB42. In AP42 of
IDEV'-AB42, the Tyrl0-Glnl5 region adopts o-helix character. However, the Tyrl0-
GlInl5 segment loses its a-helix character in the IDER****-AB42 mutant (Figure 5.10a, b).
The missing intramolecular interactions might be responsible for the transformation of

the Tyr10-GIn15 segment from a-helix conformation to loop.

The rmsd values of IDE"'*-AB42 and Ap42 derived from IDE"®'*-AB42 are 2.78
nm and 3.23 nm, respectively (Table 5.1). Phe20 retains its B-sheet character in Ap42

derived from IDE"*'*-AB42 and IDEV'-AB42 (Figure 5.10a, c). Similar to the [DERS4A.
g

AP42 structure, the Tyr10-GIn15 also changes to loop structure.
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Figure 5. 9 (a) Superposition of the conformation of the Zn>* metal center derived from
the most representative structure of the IDE*****-AB42 and IDE""-Ap42 simulation. (b)
Superposition of the conformation of the Zn®" metal center derived from the most

representative structure of the IDE"**'*-Ap42 and IDE""-AB42 simulation.

The contact maps also indicate the conformational changes in AB42. It shows that it
forms a large number of intramolecular interactions particularly in the Tyrl0-Glnl5
region in AP42 derived from IDEV'-AB42. It means the backbone carbonyl (C=0) and
amine (NH,) groups were formed hydrogen bonds inside the Tyr10-GInl5 region. The
AP42 derived from IDE mutants generates fewer intramolecular interactions than Ap42
derived from WT-IDE (Figure 5.11). Therefore, in both IDEX****-AB42 and IDE"®'A-
AP42, the substrates lose their a-helix conformations. These interactions might affect the

catalytic rate due to losing interactions between AP42 and IDE domain 1.

In addition, in AP42 derived from the most representative structure of the IDEY -
APB42, the carbonyl oxygen (C=0) of Phe19 was found to coordinate to the Zn*"ion (Zn*"

-O distance of 1.97 A). This interaction has been proposed to activate the hydrolysis of



162

the Phe19-Phe20 peptide bond.”” However, during the simulation, the Zn>"-O distance
increases in AB42 of the IDE*****-Ap42. It is similar to the Zn*"-O distance in Ap42 of

the IDE"**'-AB42 (Figure 5.12).

a-helix
\

GIn15

Phe20

(a) (b) (©)

Figure 5. 10 Superposition of the conformation of AP42 derived from the most
representative structures of the IDEY'-AB42 (yellow), IDER****-AB42 (cyan), and
IDEY®'*_AB42 (magenta). (a) AB42 derived from the most representative structure of the
IDEV'-AB42. (b) AP42 derived from the most representative structure of the IDER®**-
APB42. (c) AP42 derived from the most representative structure of the IDE"**'*-Ap42.
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Figure 5. 11 (a) Contact map of AP42 inside the IDE"" chamber. (b) Contact map of
AP42 inside the IDER**** chamber. (c) Contact map of Ap42 inside the IDEY®'*

chamber.
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Figure 5. 12 Bond distance between Zn”" ion and carbonyl oxygen (C=0) of Phe19.
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These mutants also introduce substantial structural changes in the enzyme. The
superposition of Ap42 and truncated IDE domain 4 from IDE*****-Ap42 and IDEV'-
AP42 is shown in Figure 5.13. This structure shows that around Arg824 and Tyr831 in
WT-IDE, the Ile815-Asn821 fragment adopts a-helix conformation and Ile832-Ser835
forms the B-sheet structure. However, both the a-helix and B-sheet structures increase in
IDER****_AB42. Around the mutated residue R824A, the a-helix has been elongated to
[1e815-Cys819 and Asn821-Thr825. The B-sheet structure increases to I1e832-Pro837
around residue Tyr831. Due to the loss of hydrogen bonds between AB42 C-terminal and
IDER®*** (Table 5.6), the C-terminal of AB42 has been pushed away from the mutated
residue. This is similar to the IDE-AB40 complex (Table 5.3), the binding energy was
found to be the lowest for IDEV-AB42 (-25.5 kcal/mol), and energies of the other two

mutants are higher i.e. IDE****-AB42 (-20.5 kcal/mol), IDEY831A-AB42 (-13.8 kcal/mol).
g

The superposition of AB42 and truncated IDE domain 4 from IDE"*'*-Ap42 and
IDEY"-AB42 is shown in Figure 5.14. Different from the former mutant IDER****-AB42,
the o-helix around the Arg824 in IDE"®'*-AB40 domain 4 has been shortened to Ile815-
Phe820. Whereas the B-sheet around mutated residue Y831A increases to [1e832-Arg838
compared to I1e832-Ser835 in IDE"'-AB42. It is similar to IDER****-AB42 that the C-
terminal of AB42 moves away from the mutated domain 4 residue in IDE, since the
number of hydrogen bonds between AB42 C-terminal and IDEY®'* decreases from 7 in

WT to 3 (Table 5.6).
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Table 5. 6 List of Hydrogen Bonding Interactions between AB42 (C-terminal) and IDE

Ap42 IDE™T DEA IDETSA
(residue) (residue) (residue) (residue)
Ile31 - - -
Mle32 - - -
Gly33 - - -
Leu34 Asnl39 - -
Met35 Argg824 - Asnl39
Asnl39 - -
Val36 Ser137 Ser137

Gly37 Ser138 ; _
Gly38 GIn813 ; _

Val39 - - -
Val40 GIn813 - -
lle41 Arg839 Ser913 -
Ala42 - - Arg839

<

Ap42 (

C-terminal

Ser835 1le832

N

Asn821

—————

prog37 11832 _Tyrs3l

Ala824

~~~~~~

IDE domain 4

N

Thr825
Asn821
Ile815

Figure 5. 13 Superposition of AB42 and truncated IDE domain 4 from IDE*****-Ap42
and IDEV"-AB42 (AB42 from IDEV"-AP42: gray; IDE domain 4 from IDE""-AB42:
yellow).
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Figure 5. 14 Superposition of Ap42 and truncated IDE domain 4 from IDE"**'*-AB42
and IDE“"-AB42 (AB42 from IDEV"-AP42: gray; IDE domain 4 from IDE""-AB42:
yellow).

In addition to the aforementioned structural changes, the MD simulations reveal the
changes in intermolecular hydrogen bonding interactions between the AP42 and IDE
(Table 5.7 and 5.8). In IDEV"-AB42, IDE and AB42 form 24 hydrogen bonds, but in
IDER****.AB42 and IDE'®'*-AB42, this number reduces to 19 (Figure 5.15). In
particular, the cleavage site Phel19-Phe20 of AB42 interacts with Alal40, Tyr831, and
Phel41 (CH-rn interaction) of IDE. These interactions have been experimentally reported
to be responsible for the orientation and folding of the substrate inside IDE.>”” However,

the cleavage site Phel9-Phe20 only interacts with Alal40 in IDER****-Ap42 and
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IDE"*'*-AB42 (Table 5.7 and 5.8). Moreover, in IDE"'-AB42, the C-terminal Met35,

Gly37, Gly38, Val40, and Ile41 residues of AP42 interact with the Arg824, Asnl39,

Ser138, GIn813, GIn813, and Arg839 residues of IDE, respectively. However, they lose

many interactions between IDE and the C-terminal of AP42 in IDER****-Ap42 and

IDE"®'-AB42 structures (Table 5.7 and 5.8).
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Figure 5. 15 (a) Time-dependent variation of the number of hydrogen bonds between

AB42 and IDE*****, (b) Time-dependent variation of the number of hydrogen bonds

between AB42 and IDEY®'*,
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Table 5. 7 List of Hydrogen Bonding Interactions between AB42 and IDE (IDE™" and

IDER824A)
Ap42 IDEY" Ap42 [DERS#A
(residue) atom _ (residue) atom (residue) atom (residue) atom
Aspl OD2  Glu34l N Aspl 0OD2 Glu341 N
ODl  Tyr609 OH 0OD2 His340 NDI
N Leu359 (0] OD1 Tyr609 OH
Ala2 - - - Ala2 - - -
Glu3 - - - Glu3 - - -
Phe4 - - - Phe4 - - -
Arg5 N Tyr609 OH Arg5 NHI Asn605 ODl1
NH2  Glu612 OEl His6 - - -
NH2  Tyr618 OH Asp7 OD1 GIn363 N
NHI  Asn605 OD1 0OD2 GIn363 NE2
His6 - - - Ser8 - - -
Asp7 - - - Gly9 - - -
Ser8 OG  Lys436 NZ Tyrl0 - - -
Gly9 - - - Glull OEl Gly361 N
Tyr10 - - - Vall2 - - -
Glull - - - Hisl13 NDI Ser143 0G
Vall2 - - - His14 (0] Trp199 NEI
Hisl13 - - - Glnl5 OEl Lys364 NZ
His14 - - - Lysl16 N Ser143 O
Glnl5 OEl  Trpl199 NEI NZ Ser143 (0]
Lysl16 - - - Leul?7 - - -
Leul? (0] Asnl93 ND2 Vall8 N Thr142 (0]
Vall8 - - - Phel9 - - -
Phel9 (0] Tyr831 OH Phe20 N Alal40 (0]
Phe20 N Alal40 (0] (0] Alal40 N
(0] Alal40 N Ala21 - - -
Ala21 N Asnl39 OD1 Glu22 - - -
Glu22 - - - Asp23 - - -
Asp23 OD1  Ser835 oG Val24 - - -
OD1  Ser835 N Gly25 - - -
Val24 - - - Ser26 oG Argd31 NE
Gly25 - - - Asn27 - - -
Ser26 - - - Lys28 - - -
Asn27 - - - Gly29 - - -
Lys28 - - - Ala30 (0] Arg429 NHI
Gly29 - - - Ile31 - - -
Ala30 - - - Ile32 - - -
Ile31 - - - Gly33 - - -
Ile32 - - - Leu34 - - -
Gly33 - - - Met35 - - -
Leu34 (0] Asnl39 ND2 Val36 (0] Ser137 oG
Met35 SD Arg824 NH2 Gly37 - - -
(0] Asnl39 ND2 Gly38 - - -
Val36 - - - Val39 - - -
Gly37 (0] Ser138 N Val40 - - -
Gly38 (0] GIn813 NE2 Ile41 (0] Ser913 oG
Val39 - - - Alad?2 - - -
Val40 N GIn813 OEl
Tle41 (0] Arg839 NHI

Ala42
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Table 5. 8 List of Hydrogen Bonding Interactions between AB42 and IDE (IDE™" and

IDEY83 lA)
AP42 IDE APB42 IDE
(residue) atom  (residue) atom (residue) atom (residue) atom
Aspl OD2  Glu341 N Aspl N Leu359 O
ODl  Tyr609 OH ODl1 Tyr609 OH
N Leu359 (0] Ala2 - - -
Ala2 - - - Glu3 - - -
Glu3 - - - Phe4 o Leu613 N
Phe4 - - - Arg5 NH1 Asn605 OD1
Arg5 N Tyr609 OH His6 - - -
NH2  Glu612 OEl Asp7 ODl1 GIn363 N
NH2  Tyr618 OH Ser8 0G Lys364 NZ
NH1  Asn605 ODl1 Gly9 (0] Lys436 NZ
His6 - - - Tyr10 - - -
Asp7 - - - Glull - - -
Ser8 oG Lys436 NZ Vall2 - - -
Gly9 - - - His13 O Ser143 0oG
Tyrl0 - - - His14 - - -
Glull - - - GInl5 - - -
Vall2 - - - Lysl16 - - -
His13 - - - Leul?7 - - -
His14 - - - Vall8 - - -
GInl5 OEl  Trpl199 NEI Phel9 - - -
Lysl6 - - - Phe20 N Alal40 (¢
Leul? o Asnl93 ND2 ¢} Alal40 N
Vall8 - - - Ala2l - - -
Phel9 o Tyr831 OH Glu22 OE2 Tyr150 OH
Phe20 N Alal40 (¢} ¢} Arg824 NH1
(¢} Alal40 N Asp23 - - -
Ala2l N Asnl39 ODl1 Val24 - - -
Glu22 - - - Gly25 - - -
Asp23 OD1  Ser835 oG Ser26 0G Arg431 NH1
OD1  Ser835 N Asn27 - - -
Val24 - - - Lys28 - - -
Gly25 - - - Gly29 (0] Arg4d29 NE
Ser26 - - - Ala30 - - -
Asn27 - - - Tle31 - - -
Lys28 - - - Ile32 - - -
Gly29 - - - Gly33 - - -
Ala30 - - - Leu34 - - -
Ile31 - - - Met35 (0] Asnl39 ND2
Ile32 - - - Val36 N Ser137 OoG
Gly33 - - - ¢} Arg892 NH1
Leu34 o Asnl39 ND2 Gly37 (0] GIn813 NE2
Met35 SD Arg824 NH2 Gly38 - - -
o Asnl39 ND2 Val39 - - -
Val36 - - - Val40 - - -
Gly37 o Ser138 N Tle41 - - -
Gly38 (0] GIn813 NE2 Alad2 0O1 Arg839 N
Val39 - - -
Val40 N GIn813 OEl
Ile41 (0] Arg839 NH1

Ala42



170

5.4 Summary

In this study, the interactions of two full-length Alzheimer amyloid B peptides (Ap40 and
AB42) with two IDE mutants (IDE***** and IDE"®'") through unrestrained, all-atom
MD simulations in aqueous solution have been investigated. The structures of wild-type
IDE bound with AP40/AB42 obtained from our previous 20ns MD simulations. The
starting structures of the mutants (IDEX****-Ap40, IDE"**'*-Ap40, IDE****-AB42 and
IDEY®'*.AB42) were constructed from IDEY'-AP40 and IDEY'-AP42. The most
representative structures derived from the MD simulations reproduced the spatial
occupancies of the active site Zn*" metal with His108, His112, and Glu189 residues. The
carbonyl oxygen (C=0) of Phel9 in the Phel9-Phe20 cleavage site of the AP40 and
APB42 substrates still coordinated to the Zn®" ion, but the Zn*"-O distance increased
during the simulations. Moreover, the results showed the intramolecular interactions of
AB peptides derived from IDER****-Ap40, IDE"*'*-Ap40, IDER****-AB42 and IDEY®'A-
APB42 could be observed from the contact maps. Hence, both AB40 and AP42 substrates
lost their o-helix or B-sheet structures. In WT IDE, the substrates adopted B-sheet
conformations that facilitated their degradation by the enzyme. Therefore, the loss of a-
helix or B-sheet structures in AB40 and AB42 might be responsible for the decrease in
catalytic rate. On the other hand, the secondary structures around the mutated residues
(R824A and Y831A) in IDE domain 4 also change. In comparison to the numbers of
hydrogen bonds formed in IDE“"-AB40 and IDE“"-AB42, all mutants IDER****-AB40,
IDEY®'*_AB40, IDER****-AB42 and IDE"*'*-AB42 were found to form fewer hydrogen
bonds between the substrates and IDE mutants. In particular, the Phe19-Phe20 cleavage

site and C-terminal of AP40 and AB42 interacted with IDE mutants via a small numbers
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of hydrogen bonds. Hence, the AP peptides were observed to be more flexible. The
aforementioned results reported in this study provided atomistic level details of
conformational and interactional changes of full-length AB40 and AP42 inside the
catalytic chamber of IDE mutants (IDE***** and IDEY*'*) and will help to elucidate the

factors that decrease the catalytic rate of these critical peptides by IDE.
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