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Abstract: Azathioprine is an important drug used in the therapy of autoimmune disorders and in preventing
graft rejection. Its molecule is composed of two main moieties: mercaptopurine and imidazole derivative. It
is an immunosuppressive agent whose biological activity results from its in vivo mercaptolysis mediated by
a nucleophilic attack on the C(5i) atom of imidazole ring of the azathioprine molecule. Solvation model SM5.4
with the PM3 Hamiltonian have been applied to model the reaction of azathioprine with cysteine. The employed
guantum mechanical method shed new light on the mechanism of the reaction of azathioprine with cysteine
in aqueous solution. The obtained results indicated that the first step in the reaction most likely involves the
nucleophilic attack of the COOof cysteine on the C(5i) atom of the imidazole ring of azathioprine, followed

by a subsequent intramolecular attack of the SH group of the cysteine residue. It was shown that biogenic
thiols such as glutathione or cysteine facilitate the first and crucial step of azathioprine metabolism, due to the

presence of COQ SH, and NH™ groups in their molecules.

Introduction

Azathioprine, 6-(1-methyl-4-nitroimidazole-5-yl)thiopurine
(see Figure 1), is an immunosuppressive adgehtyhich is
widely used in clinical treatment of autoimmune disorders as
well as in prevention of graft rejection or graft-versus-host
disease in organ and tissue transplantati§mzathioprine acts
on several modes in cellular immunity processes. It inhibits
lymphocyte activatiofd,lymphocyte differentiatior? in vitro
lymphocyte stimulatiodl12 and in vitro mixed lymphocyte
reactiod® and it reduces the activity of natural killer lympho-
cytes!415

The azathioprine molecule contains two moieties: (i) 6-mer-
captopurine and (i) an imidazole derivativ& It is metabolized

to the purine antagonist 6-mercaptopurine and to 5-substituted

1-methyl-4-nitro-5-thioimidazoles or -aminoimidazolgs?® It

i - imidazole
f2i 3 N
NZi 4i\\
HiC— 5i NO, 1
H3N+ (o]0}
2
3
HS
Cysteine

p - purine
Azathioprine

Figure 1. Formulas and numbering schemes for azathioprine and

was shown that the immunosuppressive action of azathioprinecysteine.
depends on the synergistic cooperation of relatively weak y, biologically active products is a nonenzymatic reaction

cytostatic effect of low doses of 6-mercaptopurine and the
chemosensitizing effect induced by highly reactive imidazole
derivatives??-22 The first step in transformation of azathioprine
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mediated by a nucleophilic attack on the C(5i) atom of the
imidazole ring. This reaction in vivo and in vitro depends on
the presence of glutathione, cysteine, other thiols or possibly
proteins?3-28

The importance of the cleavage of azathioprine, which is the
first step in metabolism of this agent, stimulated our interest
and prompted us to study the reaction of azathioprine with thiols
and other nucleophiles by means of quantum chemistry. The
gas-phase reaction of azathioprine with hydroxide anion was
previously examined® The results of ab initio and DFT
calculations allowed us to propose the detailed mechanism of
azathioprine’s cleavagd@.The OH™ attacks carbon &) of the
imidazole ring, so this carbon changes hybridization frorh sp
to sp. The intermediate is stabilized by the intramolecular
hydrogen bond with the attacking OHas donor and azathio-

© 2001 American Chemical Society

Published on Web 06/09/2001



Reaction of Azathioprine with Cysteine

prine’s NG, group as the acceptor. However, ab initio as well
as DFT methods indicated that isolated molecules of azathio-
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azathioprine (concentration 5.87 x 1076 mol/L) at 37°C in
NaOH in 0.45 mol/L concentration was 8.4% after 0.5 h, 18.7%

prine and hydroxide anion are not stable. In the gas phase theyafter 1 h, and 26.2% after 2%.In contrast, the reaction of

spontaneously (without any activation energy) tend to convert
into products: a thiopurine and an imidazole deriva@i¥én
contrast, the experimental results showed that the alkaline
hydrolysis of azathioprine in an aqueous solution of NaOH was
a rather slow reaction of second ordeiThe conversion of
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azathioprine with biogenic thiols such as glutathione or cysteine
was significantly fastet’28 The conversion of azathioprine
(concentration= 5.87 x 10-6 mol/L) at 37°C in pH 7.4 in the
presence of cysteine inx1 10~ mol/L concentration was 49.3%
after 0.5 h, 74.9% after 1 h, and 94.4% after 2 h. Therefore, in
this study, we focused on the reaction in aqueous solution with
cysteine, as the main purpose of this work was to propose the
mechanism of bioactivation of azathioprine.

Computational Methods

The solvation model SM5.4 with the PM3 Hamiltonian implemented
in the AMSOL packagg was employed to obtain geometries corre-
sponding to substrates, products, and transition states and to asses their
relative energies in the reaction of azathioprine with cysteine.

The Solvation Models (SMx) are semiempirical models which
introduce into calculations the effects of solvents: wétet, al-
kanes®®3° chloroform{° and other'! They were developed by Truhlar,
Cramer, and their co-workers in the present dedade.In the SMx
terms responsible for cavity formation, dispersion, solvent structure,
and local field polarization are preséfit® The solvation energy is
obtained via the usual approximation that solute treated at the quantum
mechanical level is immersed in an isotropic, polarizable continuum
representation of solvent. Therefore, the standard free energy of the
solute in solution can be expressed as

G%sol) = G’(gas)+ AG’ (1)
whereG°(gas) is the gas-phase solute energy AGds is the free energy
of solvation.

The solvation energy is written as

AGOS = AGgnpt Geps (2
whereGepg(cavitation-dispersion-solvent structure) is the contribution
of the first solvation shell effects to the standard state free energy of
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Chart 1. Relative Gibbs Free Energies (in kcal/mol) of Table 1. The Relative Energies (in kcal/mol) of Reactarfy, (
ReactantsR), Transition StateTS), and ProductsR) in Transition StateS), and ProductsR) in the Gas Phase and in
Aqueous Solution for Case I: The SH Group of Cysteine Aqueous Solution for Case I: The SH Group of Cysteine Attacks
Attacks the Imidazole Ring of Azathioprine the Imidazole Ring of Azathioprine

reactants transition state products

50,0 - (R) (TS) (P)
TS AE(gas) 0.0 38.4 —-45
5 40,0 ; 43.3 relative zero point correction 0.0 0.4 -0.1
2 i relative thermal correction to 0.0 2.8 -0.8
4 30,0 Gibbs free energy
3 ‘ AG(reaction in gas phase) 0.0 41.2 —-5.3
200 AG(solvation) —46.6 —44.5 —44.1
] i AG(reaction in solution) 0.0 43.3 2.7
g 10,0
§ ‘ R proximated, as usual, as the change in the sum of electronic total energy
© 00 =0 - P and nuclear repulsion energy of the solute in going from the gas phase
; 2.7 to solution.
-10,0 The polarization free energy of a molecule insertion in a medium
of dielectric constant is expressed in the generalized Born approxima-

. L . tion for a multicentered system as
transfer and AGenp(electronie-nuclear-polarization) includes the

change in the electronic and nuclear internal energy of the solute and 1 1
the electronic polarization free energy of the soltdelvent system Gp=—-1—- quqkykk (5)
upon insertion of the solute into the solvent. Further, the first solvation 2 €/t

shell term is expressed as: ) ) )
wherek andk' are atomic centersy is the partial charge on atoky

Geps = ZGKAK (3) andy is a Coulomb integral. The Coulomb integralg (k = k') are
modeled such that they reduce to the self-Coulomb integraleshen
the distancd« between the identical atom tends to zero, and they are
so that the assumption of the proportionality of solvent accessible asymptotic to 1IR«, whereR is the interatomic distance betwekn

surface and cavity energy is explicitly shown. In this equatiris andk', at large distances. The expression for Coulomb integsals
the atomic surface tension of atokn and A, which is the solvent

accessible surface area of atdgis a function that depends on the _ 1 6)
van der Waals radius for thkth atom and the radius of the sphere Vi _Ri

encompassing an explicit solvent molecule. Obviously, solvent acces- \/ R%, + OLI((,Lk,(e)q{_‘<) + Ckk)

sible area does not include regions that overlap with the cognate spheres O 04 0

computed for all other atoms surrounding tkin atom, and must

therefore be reevaluated during each geometry optimization step toWhere a« is an effective atomic radius, andk is an empirically
reflect changes in the molecular conformation. optimized constant. Th€ was introduced in the SMASM3 models

The AGenpe term, called the electrostatic term, can be written as o empirically correct for certain trends in experimental data. However,
in the SM5 family of solvation modeli is equal to zero.
AGgy\p= AEy + Gp 4) In this work we were using the SM5.4 aqueous mddéh, which
the solute Hamiltonian is modeled using NDDO molecular orbital theory
whereGp represents the polarization free energy, Agy is the change (AM1 or PM3) with class IV atomic charges from the CM1A and
in the solute’s internal free energy upon insertion in solution, ap- CM1P charge model&. In these CM1A and CM1P charge models,

j'
o&’,]%/ \....

BN

/-
\\/;j )

P

Figure 2. Perspective view on reactan®)( transition stateTS), and productsF) of the reaction of azathioprine with cysteine: attack of the SH

group of cysteine. In the transition state both sulfur atoms are linked to the C(5i) carbon atom of the imidazole ring of azathioprine. The hydrogen
atom initially bound in the SH group of cysteine is almost equidistant to the sulfur atoms of cysteine and thiopurine. As the reaction proceeds the
C(5i)—S(cysteine) distance decreases, whereas the-€$@tifiiopurine) bond length increases. Parallelly, theSfcysteine) bond becomes longer,
whereas the HS(thiopurine) distance decreases. The transition state is stabilized by the hydrogen bond itasNtHdonor and @I as an

acceptor.
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Chart 2. Relative Gibbs Free Energies (in kcal/mol) of
ReactantsR), Transition StatesT(S1) and TS2),
Intermediate IM ) and ProductsR) in Aueous Solution for
Case Il: The COG Group of Cysteine Attacks First the
Imidazole Ring of Azathioprine

50,0 -

TS1
40,1 TS2

s
36,7

13,2

Relative Gibbs Free Energy

-10,0

charges are obtained from one electron density matrix by a semi-
empirical linear mapping. These charges have two major advantages
First, they make up for errors intrinsic to replacing a continuous charge
distribution by a set of distributed point charges because the mapping
from which they are obtained is chosen to minimize errors in the

physical observables predicted from point charges. Second, they mak
up for deficiencies in the semiempirical wave function from which they

are obtained because the parametrizations are chosen to minimiz
deviations from experiment.

e
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Table 2. The Relative Energies (in kcal/mol) of Reactar®,(
Transition StatesT(S1, andTS2), and Intermediatell/l ), as Well

as ProductsR) in the Gas Phase and in Aqueous Solution, for Case
Il: The COO Group of Cysteine Attacks First the Imidazole Ring
of Azathioprine

R TS1 IM TS2 P
AE(gas) 0.0 375 0.2 327-01
relative zero point correction 0.0-1.2 1.2 0.7 0.7
relative thermal correctionto 0.0 3.3 5.6 5.7 14
Gibbs free energy

AG(reaction in gas phase) 0.0 40.8 58 385 1.3
AG(solvation) —38.7 —39.4 —-31.3 —40.5 —44.1
AG(reaction in solution) 0.0 401 132 36.7-4.1

SM5.4 method to examine the reaction of azathioprine cysteine
in aqueous solution. All calculations were performed with the
AMSOLS6.5.3 packagé on a Cray J916 in the Poznan Supercomputing
and Networking Center.

Results and Discussion

Earlier ab initio and DFT calculations for the reaction of the
isolated molecules of azathioprine and Oahior?® as well as
experimental dafd3° demonstrated that the hydrolysis of
azathioprine is mediated by nucleophilic attack on the C(5i)
carbon atom of the imidazole ring. (See Figure 1.) The
experimental data showed that reaction of azathioprine with a

estrong nucleophilic agent (OHanion) is slowet3° (26.2%

converion of azathioprine aft@ h in 37°C, OH™ concentration

During recent years the solvation models have proven their usefulness= 0.45 mol/L) than reaction with thiols which naturally occur

in various types of calculatiorf$. Thus, we have decided to utilize the

in blood, that is with glutathione or cysteine (94.4% conversion

@

(//‘..--C\/’- b

NI

’\ T
’~ 7

Figure 3. Perspective view on reactan®)( transition statesT(S1 andTS2), intermediate M ), and productsR) of the reaction of azathioprine
with cysteine: initial attack of the COOgroup of cysteine. The first transition state is stabilized by hydrogen bonds-N&;N and NH;*---
S(thiopurine). The C(5i) carbon atom of the imidazole ring is if lsgbridization in both the transition states and intermediate. In the second

transition state of the COOgroup is leaving the imidazole ring, while

SH group of cysteine attacks the C(5i) carbon atom.
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Figure 4. Mechanism proposed for bioactivation of azathioprine by biogenic thiols such as cysteine or glutathione.

of azathioprine afte2 h in 37°C, cysteine concentratior 1 of the NH;* group of the attacking cysteine. Moreover, as the
x 1073 mol/L).28 These thiols, in physiological pH, possess both reaction proceeds, the proton from the attacking SH group is
SH and COO moieties, which may mediate a nucleophilic being transferred to the sulfur atom of thiopurine.
attack on the azathioprine molecule. (b) Nucleophilic Attack of COO~ group of Cysteine.Chart
Reaction of Azathioprine with Cysteine. (a) Nucleophilic 2 presents relative Gibbs free energies of reactants, transition
Attack of the SH group of Cysteine.The results of calculations  states, intermediate, and products of the reaction of azathioprine
for the reaction of azathioprine with cysteine in aqueous solution with cysteine initiated by nuclephilic attack of the carboxylic
in which the SH group of cysteine attacks the azathioprine group of cysteine. The relative energies of reactants, transition
molecule are presented in Chart 1. This chart presents Gibbsstates, and products are presented in Table 2, whereas Figure 3
free energy of reactants, transition state, and products plottedshows perspetive views on these structures.
against reaction coordinate. Gibbs free energy in solution was  The first transition state is stabilized by a net of hydrogen
calculated as a sum of energy of isolated molecules, zero pointhonds: NH:-+ON, NH---SC, SH-+S C, which lower the energy
energy, rovibrational and thermal correction to Gibbs free energy of activation barrier from over 43 kcal/mol for SH attack to
calculated in the gas phase, and Gibbs free energy of solvationamost 40 kcal/mol for COO attack. Further, in the reaction,
calculated with _t_he SM5.4 method. The relative energies of the thiopurine moiety separates from the active complex TS1,
reactants, transition state, and products are presented in Tablgng the reaction proceeds toward the intermediade (In this
1 ) ) form, the cysteine moiety is bent such that its SH group is about
The results of the SM5.4 calculation show that in aqueous g attack the C(5i) atom of the imidazole ring, to which this
solution the reaction of thiolysis of azathioprine by cysteine is cysteine’s OOC moiety is attached. As may be expected, in
slightly exoenergetic. The products are of almost 3 kcal/mol transition stateTS2, the tail-SH group of cysteine attacks
lower energy than the reactants. The energy of activation is high, intramolecularly, the head-C(5i) atom to which the COO group
over 43 kcal/mol. The solvation effects favor slightly reactants of cysteine is attached. Such a transition is facilitated by the
over products and transition state. Figure 2 presents structureyresence of thiopurine. The sulfur atom of thiopurine mediates
of reactants, transition state, and products. In the transition statejn proton transfer from the SH group of cysteine to its NH
the SH group of cysteine attacks the imidazole ring of group. Thus the energy of transition stat2 is roughly 37
azathioprine, so that the attacked carbon atom is i Sp kcal/mol in relation to reactants and the activation barrier from
hybridization. The NH" group of cysteine is attracted by the the intermediatel§/ ) is about 23.5 kcal/mol significantly less
NO; group of azathioprine (which bears negative charge). In than the activation barrier of tHESL
the transition state the proton from the SH group is in the middle
of transfer from the sulfur of cysteine to the sulfur of thiopurine. ~gnclusions
All in all in the reaction of thiolysis the carbon atom of the
imidazole ring of the azathioprine molecule is attacked by the  The undertaken quantum mechanical studies allowed us to
SH group of cysteine. This leads to a transition state in which shed new light on the crucial step of azathioprine transformation
the C(5i) atom of the imidazole ring is in $pybridization and to precursors of biologically active compounds: thiopurine and
electron pairs are being shifted toward the N@oup. The imidazole derivative. The reaction of azathioprine with cysteine
negative charge of the N@roup is stabilized due to attraction is facilitated by the presence of COOSH, and NH" groups
~ (47) Hoffmann, M.; Rychlewski, J. INew Trends in Quantum Systems :n the. cysteine r.“O'?C”'e' These groups afe Qeeply_ I.nvo.lved n
in Chemistry and PhysicsMaruani, J., et al., Eds.; Kluwer Academic  lowering the activation barrier of the reaction: stabilization of
Publishers: Dordrecht, The Netherlands, 2000; Vol. 2, pp—ZED. transition states and proton transfer. Thus, most likely the first
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step in the reaction involves the nucleophilic attack of COO the SPur moiety and after the cleavage of the C{Si)bond

of cysteine on the C(5i) atom of the imidazole ring of results in the intermediatéM ). This structure is stabilized by
azathioprine. This step is followed by a subsequent nucleophilic the cooperative hydrogen bond network S(biogenic thibl)
attack of the SH group of cysteine on the C(5i) atom of the --S(thiopurine)-H---N(biogenic thiol}-H---O,N. Then, the nu-
imidazole ring, which causes the COQ@roup to leave. Thus,  cleophilic attack of the sulfur atom of the biogenic thiol takes
the cysteine acts in the reaction with azathioprine not only as a place leading to the transition stat€S2). The TS2 state is
reactant but also as a catalyst of the reaction. Therefore, it canstabilized by hydrogen bonds: NHSH:--S, NH---O,N, and

be concluded that biogenic thiols, glutathione or cysteine, NH---OOC. The following cleavage of the C(5iPOC bond
facilitate the first and crucial step of azathioprine metabolism, leads to products of the reaction.

due to the presence of COQSH, and NH* groups in their
molecules. The obtained results allow us to postulate the detailed_l_r
general mechanism presented in Figure 4 for the reaction of
azathioprine with biogenic thiols. The reactants form a su-
pramolecular structure stabilized by two hydrogen bonds with
a protonated amino group of a biogenic thiol as a donor and S
and NQ groups of azathioprine as acceptors. Nucleophilic attack
of the COO group of the biogenic thiol leads to a transition
state TS1) that gains stabilization from hydrogen bonding NH
-O,N and NH--SPur. The next step of the reaction involves
proton transfer from the N§t group of the biogenic thiol to  JA010378C
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