J Mol Model (2013) 19:3969-3982
DOI 10.1007/s00894-013-1929-2

ORIGINAL PAPER

Computationally designed prodrugs of statins based

on Kirby’s enzyme model

Rafik Karaman - Wajd Amly - Laura Scrano -
Gennaro Mecca + Sabino A. Bufo

Received: 30 April 2013 /Accepted: 17 June 2013 /Published online: 9 July 2013

© Springer-Verlag Berlin Heidelberg 2013

Abstract DFT calculations at B3LYP/6-31G(d,p) for intramo-
lecular proton transfer in Kirby’s enzyme models 1-7 demon-
strated that the reaction rate is dependent on the distance be-
tween the two reacting centers, rgyy, and the hydrogen bonding
angle, o, and the rate of the reaction is linearly correlated with
rgm and o. Based on these calculation results three simvastatin
prodrugs were designed with the potential to provide simvastatin
with higher bioavailability. For example, based on the calculated
log EM for the three proposed prodrugs, the interconversion of
simvastatin prodrug ProD 3 to simvastatin is predicted to be
about 10 times faster than that of either simvastatin prodrug
ProD 1 or simvastatin ProD 2. Hence, the rate by which the
prodrug releases the statin drug can be determined according to
the structural features of the promoiety (Kirby’s enzyme model).

Keywords Bioavailability - DFT calculations - Kirby’s
enzymemodel - Proton transferreaction - Simvastatin - Statin
prodrugs

Introduction

Hyperlipidemia is a common heterogeneous group of disor-
ders, most commonly treated with statin medications. Statins
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are selective and competitive inhibitors of HMG-CoA reduc-
tase, the rate-limiting enzyme that converts 3-hydroxy-3-
methylglutaryl coenzyme A to mevalonate, a precursor of
cholesterol [1]. The chemical structures of statins can be
divided into three parts: HMG-CoA substrate analogue; a
complex hydrophobic ring structure that is covalently linked
to the substrate analogue and is involved in binding of the
statin to the reductase enzyme; functional groups on the rings
that specify the solubility properties of the drugs and hence
their pharmacokinetic properties (see Fig. 1) [2]. Crystal
structures of the catalytic portion of the enzyme bound to
different statins have revealed that statins bind to the active site
of the enzyme sterically preventing the substrate from binding.
The substrate-binding pocket of the enzyme also undergoes a
rearrangement that allows the rigid, hydrophobic ring mole-
cules of the statins to be accommodated [2]. As a conclusion,
an additional hydrogen bond was demonstrated in the atorva-
statin—and rosuvastatin—enzyme complexes along with a polar
interaction unique to rosuvastatin, such that rosuvastatin has
the most binding interactions with HMG-CoA reductase
among all the statins [2].

Statins are hepatoselective and the mechanisms contribut-
ing to this are governed by the solubility profile of the statin.
Passive diffusion through hepatocellular membranes is the
key for effective first pass uptake for hydrophobic statins,
which can also diffuse to non-hepatocellular parts, whereas
extensive carrier-mediated uptake is the major uptake route for
hydrophilic statins [2]. This can prove that hydrophilic statins
acquire greater hepatoselectivity. All statin are absorbed rap-
idly after administration, reaching peak plasma concentration
within 4 h [2], and all have the liver as their target organ [1].
Statins in general have a low bioavailability mostly due to the
extensive first pass effect and/or bad solubility.

Simvastatin is a hydrophobic fungal derivative compound [1].
It is administered as a lactone pro-drug (simvastatin A, Fig. 1)
that after oral ingestion undergoes a hydroxylation reaction to
yield its corresponding (beta)-hydroxy acid form (simvastatin B,
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Fig. 1 Chemical structures for
simvastatin, atorvastatin and
rosuvastatin

Simvastatin

A

Atorvastatin

Fig. 1) which is an inhibitor of HMG-CoA reductase [3]. The
percentage of simvastatin dose retained by the liver is >80 % [1].

The solubility of simvastatin is the limiting factor for its
bioavailability [7]. It undergoes an extensive first pass effect
and has a bioavailability of only 5 %, it has a poor absorption
rate from the gastro-intestinal tract (GIT); therefore, improv-
ing its solubility and hence its dissolution rate is a must to
enhance its bioavailability [2, 4].

Many attempts have been made in order to improve sim-
vastatin bioavailability. One strategy was by co-solvent
evaporation method, where a hydrophilic, low viscosity
grade polymer hydroxypropylmethylcellulose (HPMC) was
used to enhance the solubility and dissolution of simvastatin.
In this method spray drying and rotaevaporation were ap-
plied for solvent evaporation. The study results using this
method revealed a significant enhancement of simvastatin
solubility by converting its regular form to amorphous form
via reducing the particle size and increasing wettability [4].
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In another study glycerylmonooleate (GMO)/poloxamer
407 cubic nanoparticles was investigated as potential oral drug
delivery system to enhance simvastatin bioavailability. The
study showed that oral bioavailability of simvastatin cubic
nanoparticles was enhanced significantly at 2.41-fold com-
pared to micronized simvastatin crystal powder. In addition,
it demonstrated a sustained plasma simvastatin level for over
12 h [6]. Moreover, in 2012, developments of stable pellets-
layered simvastatin nano-suspensions were tested for simva-
statin dissolution and bioavailabilty. The study revealed that
the pellet-layered simvastatin nano-suspensions improved both
the dissolution and bioavailability of the drug [3].

Atorvastatin and rosuvastatin (Fig. 1) are fully synthetic
compounds. Atorvastatin is relatively lipophilic [1], whereas
rosuvastatin is more hydrophilic as a result of a polar hydroxyl
group and a methane sulphonamide group, respectively [2].
Atorvastatin has a bioavailability of only 14 %. Its half-life is
14 h, but the half-life of its inhibitory activity for HMG-CoA
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reductase is 20 to 30 h due to the contribution of active
metabolites. It is extensively metabolized to ortho- and para-
hydroxylated derivatives and various beta-oxidation products,
70 % of circulating inhibitory activity for it is attributed to
active metabolites [5].

The problem with atorvastatin is that its instability toward
environmental conditions such as heat, moisture or light
when packed in any solid dosage form; its hydroxy acid
form is converted to the corresponding lactone form [7].
Atorvastatin instability which leads to poor solubility is the
main reason for its low bioavailability, as the hepatic first-
pass effect is too small to completely explain its low bio-
availability; it might be a cause of incomplete intestinal
absorption and/or extensive gut wall extraction [7].

One method that was performed in an attempt to improve
the oral bioavailability of atorvastatin was by using a stabilized
gastro-retentive floating dosage form, where floating formula-
tions usually guarantee a complete, constant release of the drug
within a period of 12 h in particular for drugs absorbed in the
gastric region, thereby enhancing bioavailability [7].

Different approach was utilizing cyclodextrin complexation
to enhance the solubility and stability of atorvastatin, where the
in vitro studies showed that the solubility and dissolution rate
of atorvastatin- Ca were significantly improved by beta-CD
complexation with respect to the drug alone [8].

Rosuvastatin has a bioavailability of about 20 % and is
metabolized to its major metabolite; N-desmethyl rosuvastatin,
and has approximately one-sixth to one-half the HMG-CoA
reductase inhibitory activity of rosuvastatin [3]. In an attempt to
improve the medication bioavailabilty, efforts to prepare and
optimize microemulsion of rosuvastatin calcium were made, as
micro-emulsions are a thermodynamically stable system and
can provide higher solubilization. The study demonstrated the
potential use of microemulsion system to enhance the solubility
and hence bioavailability for the poorly water soluble drug,
rosuvastatin [9].

Increasing the utility of biologically active compounds can
be accomplished using the prodrug approach strategy, because
one can optimize any of the absorption, distribution, metabo-
lism and elimination (ADME) properties of potential drugs to
reach a satisfactory bioavailability. Generally, prodrugs contain
a linker that is cleaved by an enzymatic or chemical reaction,
while other prodrugs release their parent drugs after chemical
modification such as an oxidation or reduction reaction. The
prodrug candidate can also be synthesized as a double prodrug,
where the second linker is attached to the first promoiety linked
to the parent drug molecule. These linkers are usually different
and are cleaved by different mechanisms. In some cases, two
biologically active drugs can be linked together in a single
molecule called a codrug. In a codrug, each drug acts as a
linker for the other [10, 11].

The presence of many intrinsic and extrinsic factors such as
wide interspecies variations in both the expression and function

of the major enzyme systems activating prodrugs can affect the
conversion process of prodrugs to their parent drugs is consid-
ered the most vulnerable link in the chain [12, 13].

In the last 5 years we have been engaged in design of
innovative prodrugs with higher bioavailabilities for drugs
containing hydroxyl, phenol, or amine group using modern
computational methods. For example, mechanisms of several
enzyme models that were synthesized to gain a better under-
standing of enzyme catalysis have been researched and uti-
lized by us for the design of novel prodrug promoiety [14-35].
Using DFT, molecular mechanics and ab initio methods, we
have studied different enzyme models for assigning the driv-
ing forces that playing dominant roles in governing the reac-
tion rate. Among the enzyme model processes investigated
are: (a) proton transfer between two oxygens [36—40] and
proton transfer between nitrogen and oxygen in Kirby’s en-
zyme models [36—40]; (b) intramolecular acid-catalyzed hy-
drolysis in Kirby’s maleamic acid amide derivatives [41]; (c)
proton transfer between two oxygens in Menger’s rigid sys-
tems [42—45]; (d) acid-catalyzed lactonization of Cohen’s
[46—48] and Menger’s [42—45] hydroxy-acids; and (¢) SN2-
based ring-closing reactions as studied by Brown, Bruice, and
Mandolini [49-52].

It was demonstrated from our computational studies on
intramolecularity [14-35] that there is a need to further
investigate the reaction mechanism for determining the fac-
tors affecting the reaction rate. This would allow for design
of an efficient chemical device that can be used as a prodrug
promoiety and that will have the potential to chemically and
not enzymatically release the parent drug in a controlled
manner. For example, the mechanism for proton transfers
in Kirby’s enzyme models [36—40] was investigated and
directed the synthesis of novel prodrugs of aza-nucleosides
for the treatment of myelodysplastic syndromes where the
prodrug moiety is linked to one or more of the hydroxyl
groups of the nucleoside [53]. The prodrugs were designed
such that they undergo interconversion to the corresponding
parent drugs in physiological environments, with rates that
are solely dependent on the structural features of the phar-
macologically inactive promoiety. Different promoiety were
also studied for the design of a large number of prodrugs such
as anti-Parkinson (dopamine), [54] anti-viral (acyclovir), [55]
anti-malarial (atovaquone) [56], anti-hypertensive (atenolol)
[57], anti-psoriasis (dimethyl fumarate) [58], decongestant
(phenylephrine) [59] and anti-bacterial (cefuroxime) [60] with
enhanced dissolution, membrane penetration, and bioavail-
ability. In addition, prodrugs for masking the bitter taste of
atenolol, cefuroxime and paracetamol were also designed and
synthesized [60—67].

The novel prodrug approach to be discussed in this man-
uscript implies statins prodrug design based on Kirby’s en-
zyme model [39, 40] (mimicking enzyme catalysis) that has
been utilized to understand how enzymes work. The tool
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used in the design is a computational approach consisting of
calculations using density functional theory (DFT) molecu-
lar orbital method and correlations between experimental
and calculated values of Kirby’s proton transfer processes
that were used to understand the mechanism by which en-
zymes might exert their high rates catalysis. In this approach,
no enzyme is needed for the catalysis of the chemical con-
version of a prodrug to its active drug. The prodrug conver-
sion rate to the corresponding prodrug is solely dependent on
the rate limiting step for the proton transfer reaction.

The solubility of simvastatin is the limiting factor for its
bioavailability due to slow tissue penetration [7] hence, it
undergoes an extensive first pass effect; therefore, improving
its solubility and hence its dissolution rate is a must to
enhance its bioavailability. Therefore, development of more
hydrophilic prodrugs that have the capability to release the
parent drug in physiological environments such as intestine
is a significant challenge.

In principle, three approaches could be considered to fulfill
the requirements mentioned above: (Fig. 2): (1) linking the
statin free hydroxyl group to Kirby’s enzyme model (ammo-
nium linker), (2) blocking the statin hydroxyl group with

Fig. 2 Schematic diagram for
three proposed approaches to
increase statin bioavailability

Kirby's Enzyme Model

Linker 1

Prodrug type 1
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Kirby’s enzyme model (carboxylic acid linker) and (3)
attaching the statin free hydroxyl group with Bruice’s model
(dicarboxylic semi-ester linker).

In this paper, based on proton transfers in Kirby’s enzyme
models 1-7 (Fig. 3) we propose three simvastatin prodrug
systems based on proposal 1 shown in Fig. 2.

Based on our reported DFT calculations herein on a pro-
ton transfer reaction in some of Kirby’s enzyme models,
three prodrugs of simvastatin are proposed. As shown in
Fig. 4, the simvastatin prodrugs, ProD 1- ProD 3, have N,
N-dimethylanilinium group (hydrophilic moiety) and a lipo-
philic moiety (the rest of the prodrug), where the combina-
tion of both moieties secures a moderate hydrophilic lipo-
philic balance (HLB). Furthermore, in a physiological envi-
ronment of pH around 6, intestine, prodrugs ProD 1- ProD 3
may have a better bioavailability than their parent drug due
to improved absorption. In addition, those prodrugs may be
used in different dosage forms (i.e., enteric coated tablets)
because of their potential solubility in organic and aqueous
media due to the ability of the anilinium group to be
converted to the corresponding aniline group in a physiolog-
ical pH of 6.5.

Bruice's Enzyme Model

Simvastatin "
Linker

Prodrug type 3
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It should be emphasized that at pH 5.5-6.5 (intestine phys-
iological environment) the anilinium form of these pro-drugs
will be present mainly as the free aniline form. Only, the former
will undergo proton transfer reaction (rate limiting step) to
yield the parent drug (simvastatin) and the inactive carrier as
a by-product (Fig. 4).

In this paper, we report our DFT study at B3LYP/6-31G(d,p)
level of ground state and transition state structures, vibrational
frequencies, and reaction trajectories for intramolecular proton
transfers in simvastatin prodrugs ProD 1- ProD 3 (Fig. 4).
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Calculations methods

The Becke three-parameter, hybrid functional combined
with the Lee, Yang, and Parr correlation functional, denoted
B3LYP, were employed in the calculations using density
functional theory (DFT). All calculations were carried out
using the quantum chemical package Gaussian-2009 [68].
Calculations were carried out based on the restricted Hartree-
Fock method [68]. For conservation of computer time, the
DFT calculations for simvastatin ProD 1- ProD 3 were run on
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Fig. 4 Interconversion of 0}
simvastatin ProD 1- ProD 3 via
proton transfer reactions Me._ HO
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Chart 1 The two possible conformations by which the simvastatin global minimum can exist. « is the angle N1-H2-O3 in the GM
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Simvastatin ProD 1GM

starting geometries of all calculated molecules were obtained
using the Argus Lab program [69] and were initially optimized
with a water molecule at the HF/6-31G level of theory, followed
by optimization at the B3LYP/6-31G(d,p) level. Total geometry
optimizations included all internal rotations. Second derivatives
were estimated for all 3 N-6 geometrical parameters during
optimization. The search for the global minimum structure in
each of 1-7 and simvastatin ProD1-ProD3 was accomplished
by 360° rotation of the carboxylic group about the C4-C5 bond
(i.e., variation of the dihedral angle O3/C4/C5/C6, Chart 1) in
increments of 10° and calculation of the conformational energies
(see Chart 1). For systems 1-7 and simvastatin prodrugs ProD
1-ProD 3 two types of conformations in particular were consid-
ered: one in which the acetal oxygen is hydrogen bonded with
the ammonium hydrogen and another in which it is not. It was
found that all global minima exhibit a conformation where the
acetal oxygen hydrogen bonded with the ammonium proton
(see Chart 1). An energy minimum (a stable compound or a
reactive intermediate) has no negative vibrational force constant.
A transition state is a saddle point which has only one negative
vibrational force constant [70]. Transition states were located
first by the normal reaction coordinate method [71] where the
enthalpy changes was monitored by stepwise changing the
interatomic distance between two specific atoms. The geome-
try at the highest point on the energy profile was re-optimized
by using the energy gradient method at the B3LYP/6-31G(d,p)

Simvastatin ProD 2GM
Fig. 5 DFT optimized structures for simvastatin ProD 1GM- ProD 3GM

Simvastatin ProD 3GM

level of theory [68]. The “reaction coordinate method” [71]
was used to calculate the activation energy in 1-7 and simva-
statin ProD1-ProD3 (Figs. 3 and 4). In this method, one bond
length is constrained for the appropriate degree of freedom
while all other variables are freely optimized. The activation
energy values for the proton transfer processes (transfer of H2
from N1 to O3, Chart 1) were calculated from the difference in
energies of the global minimum structures (GM) and the
derived transition states. Full optimization of the transition
states was accomplished after removing any constrains im-
posed while executing the energy profile. Verification of the
desired reactants and products was accomplished using the
“Intrinsic coordinate method” [71]. The transition state struc-
tures were verified by their only one negative frequency. The
activation energies obtained from the DFT at B3LYP/6-31G(d,
p) level of theory for all molecules were calculated, in the
presence of one water molecule.

Results and discussion

To provide an efficient pharmacological activity of the statins
especially simvastatin (relatively lipophilic system) shown in
Fig. 1, the prodrug approach of linking the statin moiety
(parent drug) to a relatively hydrophilic (ionized) inactive
linker, which upon reaching the physiologic environment,

Table 1 DFT (B3LYP/6-31G(d,p)) calculated properties for the proton transfer reactions in simvastatin ProD 1-ProD 3

Structure DFT enthalpy, H (1H,O) In Hartree DFT (1H,0) entropy, S, Cal/Mol-Kelvin DFT (1H,0) frequency Cm’
SimProD1GM —1056.0394032 164.31

SimProDITS —1056.0094695 161.88 1182.991

SimProD2GM —1209.6904606 175.75

SimProD2TS —1209.6635091 170.12 1157.051

SimProD3GM —1328.834419 198.70

SimProD3TS —1328.8043632 200.11 1149.02i

GM and TS are global minimum and transition state structures, respectively. SimProD refers to simvastatin ProD
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releases the parent drug seems to be a promising strategy. The
proposed simvastatin prodrugs shown in Fig. 4 are more
hydrophilic than the parent drug. Thus enabling the prodrug
to penetrate the membrane tissues in much better extent than
the parent drug and consequently to prolong the pharmaco-
logical activity and to improve the drug therapeutic profile.
Kirby’s novel study on some enzyme models (ammonium
acetals) has inspired us to utilize these systems as potential
promoiety (Fig. 3) to statin drugs depicted in Fig. 4. It should
be indicated that our proposal is to exploit simvastatin
prodrugs ProD 1- ProD 3 for orally enteric coated tablets
use. The physiological environment of the intestine lies in the
range of a pH 6.0-6.8. At pH about 6.0 prodrugs ProD 1-
ProD 3 are expected to exist in the unionized (free
base) and ionized (ammonium) forms where the equi-
librium constant for the exchange between both forms is

M

dependent on the pK, of the given prodrug. The exper-
imental pK, for N,N-dimethylanilinium group is about
5.15 [36-40] hence it is expected that the pK, values
for prodrugs ProD 1- ProD 3 will be at the same range.
Since the pH for the intestine lies in the range around
6.5, the calculated ionized (ammonium)/unionized (free
base) ratio will be 1/20 (see Eq. 1). It should be emphasized
that the above calculations were based on that ProD 1- ProD
3 will be absorbed in intestine regions by which the pH is 6.5.
However, since the intraluminal pH profile of healthy subjects
is rapidly changed from highly acid in the stomach to about
pH 6 in the duodenum. The pH gradually increases in the
small intestine from pH 6 to about pH 7.4 in the terminal ileum
it is expected that the indicated ratio will be changed
according to the pH of the physiological part of the
GI route.

‘e _H Me,
N o N
g pH 6.0-6.8 §
% (Intestine) g
Ionized (ammonium ion) Unionized (free base)
5% pKa = 5.15
95%

It is quite safe to assume that both the ionized and union-
ized forms for prodrugs ProD 1- ProD 3 (see Eq. 1) will be
more hydrophilic than the parent drug due to the presence of
the amine (aniline) or ammonium (anilinium) group (Kirby’s
enzyme model linker). Therefore, the absorption of those
prodrugs through the intestinal membranes and the effi-
ciency for delivering the parent drug are expected to be
increased.

Our selection of Kirby’s enzyme model to be exploited as
linkers to simvastatin is based on the fact that these linkers
undergo proton transfer reaction to yield an aldehyde, an
alcohol and an amine (Fig. 3). The rate-limiting step in these
processes, 1-7 (Fig. 3) is a transfer of a proton from the
anilinium (ammonium) group into the neighboring acetal
oxygen. Furthermore, the proton transfer rate is largely de-
pendent on the hydrogen bonding strength in the products
and in the transition states leading to them [36—40]. Hence, it
will be safe to predict that the reaction rate will be greatly
affected by the structural features of the enzyme model
system as evident from the different experimental rate values
determined for processes 1-7 [36—40].

@ Springer

Replacing the methoxy group in 1-7 (Fig. 3) with simva-
statin drug, as shown for ProD 1- ProD 3 (Fig. 4) is not
expected to have a significant effect on the relative rates of
these processes. Therefore, calculations of the kinetic and
thermodynamic properties for these enzyme models will
shed light on the rates for the chemical intraconversion of
simvastatin ProD 1- ProD 3 to simvastatin.

Conformational analysis for the entities involved
in the proton transfer reactions of Kirby’s enzyme models 1-7

Starting structure (reactants, GM) The geometries of the
entities involved in the proton transfer reaction of Kirby’s
enzyme models 1-7 and simvastatin ProD 1- ProD 3 were
calculated in the presence of a water molecule. This is because
the experimental proton transfer reaction rates for these process-
es were determined in aqueous medium. The DFT calculated
properties for the reactants of 1-7 (1GM-7GM) and simvastatin
ProD 1-ProD 3 (ProD 1GM- ProD 3GM) are illustrated in
Fig. S1, and Fig. 5 and Table S1 and Table 1, respectively.
Careful examination of the calculated structures of 1IGM-7GM
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and simvastatin ProD 1GM- ProD 3GM demonstrates that
all geometries except 3GM and 5GM exhibit conformation
by which the anilinium group is engaged intramolecularly via
a hydrogen bonding with the neighboring alkoxy oxygen.
This engagement results in the formation of seven-
membered ring for simvastatin ProD 2- ProD 3, six -
membered ring for simvastatin ProD 1, 1GM- 2GM, 4GM
and 6GM and five-membered ring for 7GM (see Fig. S1 and
Fig. 5). The DFT calculated hydrogen bonding length for the
global minimum structures for these processes were 1.60 A-
2.51 A and the attack angle o« (the hydrogen bond angle,
N1H203) values range was 107-172°. In addition, it was
demonstrated that the hydrogen bonding strength, rgy (H2-
03), is largely dependent on the structural features of the
reactant (for the definition of rgy and « see Chart 2). In
contrast, no intramolecular hydrogen bond was found in the
reactant structures of 3 and 5 (3GM and 5 GM). The distance

tgm (H2-O3) between the ammonium proton and the acetal
oxygen in 3GM and 5 GM was 3.33 A (Fig. Sla). The
optimized global minimum structures for 3 and 5 were found
to be engaged in intermolecular hydrogen bonding with a water
molecule.

Transition state structure (TS) The calculated DFT geomet-
rical parameters for the transition state geometries of 1-7
(ITS-7TS) and simvastatin ProD 1- ProD 3(simvastatin
ProD 1TS- ProD 3TS) are depicted in Fig. S1 and Fig. 6,
and Table S1 and Table 1, respectively. Inspection of 1TS-
7TS and simvastatin ProD 1TS- ProD 3TS reveals that all
the geometries involve a strong hydrogen bonding between
the ammonium proton and the acetal oxygen except 3TS and
5TS where they exist in a conformation by which the am-
monium and the acetal groups engage intermolecularly in a
hydrogen bonding with a molecule of water.

0 J/ Ry
rGM’,H (0] O/
/" 0; / rlTS,\'l-lB, ors H
(@) . AN S
R ' A~ o, . /\yrP /
3 +NH\ o) 2 N
R \ 3 N—__
— R I
NN NNANNNNN —_—
/ \ (VAVAVAVAV AV VoV VoW Vo Vo Vs
\ NS NNNNNNUNAN
/ / \
GM
P
R
R 1
R, f /
/ O/ (@)
o}
R f'om
R o__I;Cil\:[___H R 03 \Yiw /
3 / 2
\2“)+\N y '\1‘\
1\
NNNANNNNNNNNN
NN NN / \
/ \
GM TS

Chart 2 Schematic representation of the proton transfer in Kirby’s
enzyme models 1-7. GM, TS and P are global minimum, transition
state and product structures, respectively. «, [3 and 'y are the angle N1-

P

H2-03 in the GM, TS and P, respectively. rgy, rrs and rp are the
distances between the two reacting centers in the GM, TS and P,
respectively. R is H or phenyl

@ Springer



3978

J Mol Model (2013) 19:3969-3982

Simvastatin ProD 1TS
Fig. 6 DFT optimized structures for ProD 1TS- ProD 3TS

Calculating the proton transfer rate (activation energy, (AG¥)
in Kirby’s enzyme models 1-7

Using the quantum chemical package Gaussian-2009 [66] the
DFT at B3LYP/6-31G(d,p) level, the enthalpy, entropy and free
activation energy values for the proton transfers in processes 1—
7 (Fig. 3) and simvastatin ProD 1- ProD 3 were calculated
(Fig. 4). The calculated values in the presence of a water
molecule are depicted in Table S1 and Table 1, respectively.

Using the calculated DFT enthalpy and entropy energy
values for the global minimum structures 1GM-7GM and
simvastatin ProD 1GM- ProD 3GM, and their derived
transition states 1TS-7TS and simvastatin ProD 1TS-
ProD 3TS (Table S1 and Table 1) the enthalpy (AHY), the
entropy (TAS?), and the free activation energy (AG*) values
for the proton transfers in these systems were calculated. The
calculated values are listed in Table 2.

Simvastatin ProD 2TS

Simvastatin ProD 3TS

Mechanistic study for the proton transfer in 1-7
and simvastatin ProD 1- ProD 3

The role of the inter-atomic distance rgy, and the attack
angle « on the proton transfer rate The DFT calculations
for 1IGM--7GM and simvastatin ProD 1GM- ProD 3GM
demonstrated that these geometries exist in a conformation
by which the ammonium proton N1-H2 engages with the
acetal oxygen O3 by a hydrogen bond and the distance rgy
(H2-03) is determined on the structural features of the con-
formation of the global minimum structure. Low rgy; values
were obtained when the hydrogen bonding angle (o) value
(for a definition, see Chart 2) in the reactants was high and
close to 180°, whereas large rgy values were accompanied
with small o values (Fig. S1 and Fig. 5, and Table 2). In fact,
when rgy was plotted against o linear correlation with a
correlation coefficient of #=0.93 was obtained.

Table 2 DFT (B3LYP/6-31G(d,p)) calculated kinetic and thermodynamic properties for the proton transfers in 1-7 and simvastatin ProD1-ProD3

in the presence of one water molecule

System H2-03 a B AH? TAS? AGH log EM (calc.)
SimProD1 1.69 152 151 18.78 -0.72 19.5 4.64
SimProD2 1.60 172 162 16.91 -1.68 18.59 5.31
SimProD3 1.70 168 163 18.83 0.45 18.38 5.46
1 1.72 146 140 23.62 0.07 23.55 1.67
2 2.04 125 125 2473 -3.34 28.07 -1.65
3 3.33 123 — 25.41 —4.15 29.56 -2.75
4 1.73 144 145 22.54 0.90 21.64 3.07
5 3.33 124 — 23.59 -4.15 27.74 -1.41
6 1.92 122 122 29.33 0.61 28.72 -2.13
7 2.51 107 133 3471 -2.00 36.71 -8.01

AH? is the activation enthalpic energy (kcal mol™). TAS? is the activation entropic energy in kcal mol™

AG¥ is the activation free energy (kcal mol™!). « is the hydrogen bonding angle in the ground state structure (see Chart 1). B is the hydrogen bonding
«AG} - AGfintra)/RT

angle in the ground state structure (see Chart 1).EM = ¢ inter
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Furthermore, Table 2 demonstrates that the enthalpy acti-
vation (AH*) and free activation energies (AG¥) needed to
transfer a proton in systems 1-7 and simvastatin ProD 1-
ProD 3 is significantly affected by the distance rgy (H2-
03), and the hydrogen bonding angle o« (NIH203) (for
the definition for these parameters, see Chart 2). Systems
with global minimum structures having low rgy and high
oo values such as simvastatin ProD 1- ProD 3 and 4, exhibit
higher rates (lower AG*) than those having high rgy and
low « values, such as 3 and 7. When the rGM and «
values were examined for correlation with the calculated
DFT free activation (AG*) and enthalpy activation ener-
gies (AH¥) strong correlation with high correlation co-
efficients, r=0.95-1.0 and 0.90-0.95, respectively, was
obtained (Fig. 7a-c).

Calculating the effective molarities (EM) in Kirby’s enzyme
models 1-7 and simvastatin ProD 1- ProD 3:

The effective molarity (EM) is a parameter used to indi-
cate the efficiency of an intramolecular process and it is
defined as the rate ratio Kiyga/Kinter for intramolecular and
corresponding intermolecular processes driven by identi-
cal mechanisms [72]. Because the EM values for some
of the processes shown in Fig. 3 were not experimentally
determined we sought to introduce our computational rational
for calculating these values based on the calculated DFT
activation energies (AG¥) for 1-7 and simvastatin ProD 1-
ProD 3 on one hand and the corresponding intermolecular
process (Inter, Fig. 3) on the other hand. Process Inter
(Fig. 3) was selected to represent the corresponding
intermolecular process for 1-7 and simvastatin ProD 1-
ProD 3.

Equation 6 that was derived from Egs. 2—5 describes the
EM parameter as a function of the difference in the activation
energies of the intra- and the corresponding inter-molecular
processes. The EM values for processes 1-7 and simvastatin
ProD 1- ProD 3 depicted in Table 2 were calculated using

Eq. 6.

EM = kintra/kinter (2)
AGH = —RT In Kipra (3)
AGE . = —RT In Kiier (4)

Ay AG e = RT I K /Kinie (5)

EM — ef(AG_’[_interfAGq‘_intra) / RT

(6)

T is 298° K and R is the gas constant.

The calculated EM values for 1-7 and simvastatin ProD
1- ProD 3 were correlated with the enthalpy (AH¥) and free
activation (AG¥) energies. The correlation results along with
the correlation coefficients are illustrated in Fig. 7d.
Examination of the EM values shown in Table 2 and
Fig. 7d revealed that simvastatin ProD 1 — ProD 3 are the
most efficient processes among all processes (log EM=4.6—
5.5) and process 7 is the least with log EM <—8. Although the
EM values for 1-7 were not experimentally determined, Kirby
and coworkers estimated the experimental log EM value for
process 1 in the order of 3 [39, 40]. The calculated EM value
for 1 is 1.67. This is in agreement with the correspond-
ing experimental estimated value.

Conclusions

The DFT calculations demonstrate that the rate-limiting step
in processes 1-7 and simvastatin ProD 1- ProD 3 is a
transfer of a proton from the ammonium moiety to the acetal
oxygen and the reaction rate is largely responsive to geomet-
ric disposition, especially to distance between the two
reacting centers, rgy, and the hydrogen bonding angle, «.
The vital requirement for a system for achieving a high
intramolecular proton transfer rate is a short distance be-
tween the two reactive centers (rgy) in the ground states
(GM) which subsequently results in strong intramolecular
hydrogen bonding in the products and the transition states
leading to them.

Therefore, we conclude that the our study results reported
herein can provide a stepping stone for a design of prodrug
systems that can be pharmaceutically used as devices for an
efficient slow release of statins in general and simvastatin in
particular. For example, based on the calculated log EM, the
cleavage process for simvastatin ProD 2 and simvastatin
ProD 3 may be predicted to be about ten times faster than
that for simvastatin ProD 1. Hence, the rate by which the
prodrug releases the statin drug can be determined according
to the structural features of Kirby’s enzyme model (the
prodrug promoiety).

Our future directions include the synthesis of simvastatin
ProD 1 -ProD 3 followed by in vitro kinetic studies at different
pH values, especially pH 6.5 (intestine environment). The
in vitro kinetic data will provide the data basis for the
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Fig. 7 a Plot of the DFT calculated AG* and AH? vs. 1y in 1-7 and
simvastatin ProD 1- ProD 3, where rgy is the distance between the two
reacting centers in the GM structure. b Plot of the DFT calculated AG*
and AH* vs. gy X sin (180-) in 1-7 and simvastatin ProD 1- ProD 3,
where rgy is the distance between the two reactive centers. ¢ Plot of the
DFT calculated AG* and AH¥ vs. the hydrogen bonding o (degree) in
the GM structures of 1-7 and simvastatin ProD 1- ProD 3. d Plot of the
DFT calculated AG* and AH* vs. log EM in 1-7 and simvastatin ProD

pharmacokinetic studies, in vivo. Based on the in vitro results,
one or more of the prodrug systems will be tested in vivo in
addition to simvastatin drug as a control. The prodrug will be
administered to animals by oral enteric coated tablets, blood
and urine samples will be collected at different times. The

@ Springer

1- ProD 3, where EM is the calculated effective molarity (see text).
Number 1 refers to plots with blue triangle points that represent AG* in
the y-axis and number 2 refers to plots with pink circles that represent
AH* in the y-axis. AG* and AH* are in keal mol™. rgy is in A and « in
degrees. Supporting data: Table S1, Fig. S1 and xyz Cartesian co-
ordinates for the DFT optimized GM and TS structures in processes
simvastatin ProD1-ProD 3

concentration of the statin will be determined using a reliable
bioanalytical method. Further, pharmacokinetic parameter
values will be calculated including oral bioavailability, terminal
elimination half-life and other pharmacokinetic parameters as
deemed necessary.
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