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Abstract: This study describes molecular interactions between human brain acetylcholinesterase (AChE) and the well
known anti-neoplastic drug, methotrexate (MTX) and its comparison to ‘AChE-cyclophosphamide (CP) interactions’ that
we reported previously. Docking between MTX and AChE was performed using ‘Autodock4.2’. Hydrophobic interactions
and hydrogen bonds both play an equally important role in the correct positioning of MTX within the ‘acyl pocket’ as well
as ‘catalytic site’ of AChE to permit docking. However, docking of CP to AChE is largely dominated by hydrophobic
interactions. Such information may aid in the design of versatile AChE-inhibitors, and is expected to aid in safe clinical use
of MTX. Scope still remains in the determination of the three-dimensional structure of AChE-MTX complex by X-ray
crystallography to validate the described data. The current computational study supports our previous experimental study
which concluded a mixed inhibition model for AChE-inhibition by MTX. Furthermore, the present report confirms that
MTX is a more efficient inhibitor of human brain AChE compared to CP with reference to K; and AG values.
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INTRODUCTION

Methotrexate (MTX) (4-amino-10-methylpteroyl-
glutamate) is used in the treatment of neoplastic diseases [1],
psoriasis [2] and rheumatoid arthritis [3]. However, the
therapeutic benefits of MTX are achieved at the cost of post-
treatment neurotoxic effects. Leukoencephalopathy is the
most frequent neurologic manifestation of MTX
neurotoxicity [4]. In a 2011 study, MTX-induced posterior
reversible encephalopathy syndrome in an adult patient was
reported [5]. In yet another 2011 study MTX-treated mice
showed significant depression-like behaviors and memory
defects [6]. The authors concluded that the neurotoxic effect
of MTX involved inhibition of the proliferation of
hippocampal progenitor cells leading to hippocampal
dysfunction, such as depression and cognitive impairment
[6]. In short, neuronal cell death in the brain stem, acute
transient cerebral dysfunction and degeneration of autonomic
nerve fibres in small intestine are some of the frequently
reported examples of MTX neurotoxicity.

The present study concerns the enzyme acetylcholine-
sterase (AChE, EC 3.1.1.7), which is a serine hydrolase.
Silman and Sussman [7] have described ‘structure-function
relationship’ for AChE and reported that the enzyme derives
from a large family of proteins that, jointly, share a common
o/f fold [7]. Such proteins comprise enzymes that are
esterases, lipases and proteases, along with non-enzymatic
proteins that operate as adhesion molecules and pro-
hormones [7-9]. The primary physiological role of AChE
involves the termination of chemical transmission at
cholinergic synapses and secretory organs by catalyzing the
hydrolysis of the neurotransmitter acetylcholine, ACh, at a
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high turnover rate (2.5x10* molecules per second). A
significant number of roles have been attributed to AChE in
diseases of high scientific concern e.g. cancer [10] and
Alzheimer’s disease [11]. Moreover, mutations at specific
AChE genetic loci have been found to be associated with
leukaemia and myelodysplastic syndromes [12]. Depending
on their time-dependent concentration, mechanism of
binding and use, inhibitors of AChE have been demonstrated
to have efficacy (e.g., donepezil, rivastigmine and
galantamine in Alzheimer’s disease; and pyridostigmine in
myasthenia gravis) [13, 14] as well as toxicity (e.g.,
organophosphate and carbamate pesticides in health) [15].

MTX has been reported to inhibit human erythrocyte
AChE [1, 16] and camel retina AChE [17] in vitro. In an in
vivo study which used a rat model, the authors concluded
that different brain tumor-types might have highly variable
impact on MTX-penetration in brain and brain tumor
extracellular fluids [18]. It has long been established that
many, if not all, anticancer drugs produce inhibitory effects
on different enzymes in vitro and in vivo [19, 20]. However,
there is a paucity of information about the inhibitory effect
of MTX on human brain AChE and possible molecular
interactions between the two in case of high dose treatment.
Hence, the identification of the amino acid residues crucial
to the interaction between human AChE and MTX is of
scientific interest. Such information is expected to aid in
optimizing the safe and efficacious use of MTX in patients.
Furthermore, this study would be useful for scientists
involved in drug design in their ongoing search for more
potent and versatile AChE-inhibitors. Currently, no X-ray
crystallographic structural data are available within the
Protein Data Bank to aid in the characterization of the
interaction between AChE and MTX. It is noteworthy to
mention that we had proposed the molecular interaction
between CTX-M-15 (a bacterial enzyme) and cefotaxime (a
third generation cephalosporin antibiotic), when no
crystallographic data were available [21, 22]. CTX-M-15
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was crystallized in 2011 [23]. Recently, we have described
interaction  between  human  brain AChE  and
cyclophosphamide (CP) [24]. The present study describes
the mode of potential interactions that may underpin MTX-
induced inhibition of human brain AChE.

METHODS

The 3-dimensional structure of human brain AChE which
we submitted to the Protein Model Database (Accession
Number: PM0077393) was used for the docking study. The
Protein Data Bank co-ordinates for the structure of MTX
were retrieved from ‘DrugBank’ database (Accession No.
DBO00563). Thereafter, the ligand (MTX) was docked to the
enzyme (human brain AChE) using ‘Autodock4.2’. The
MMFF94 force field was used for energy minimization of
the ligand molecule. Gasteiger partial charges were added to
the ligand atoms. Non-polar hydrogen atoms were merged,
and rotatable bonds were defined. Docking calculations were
carried out on the protein model. Essential hydrogen atoms,
Kollman united atom type charges, and solvation parameters
were added with the aid of AutoDock tools. Conserved water
molecules were duly added to the binding pocket in order to
mimic the in vivo environment prior to docking. Affinity
(grid) maps of 30x30x30 A grid points and 0.375 A spacing
were generated using the Autogrid program aimed to target
grid co-ordinates in proximity with the acyl pocket and the
anionic sub site of the catalytic site (CAS) of AChE. The
values of x, y and z co-ordinates used for targeting the ‘acyl
pocket’ were 94.00, 89.00 and 3.75, respectively. The x, y
and z values used in docking calculations to target the CAS
were 90.81, 83.98 and -8.04, respectively. To target the
peripheral anionic site (PAS), several docking experiments
were performed by placing the center of the grid at different
well-recognized amino acid residues known to constitute the
PAS. The grid dimensions for targeting the PAS used in this
study varied from 20x20x20 A to 60x60x60 A. AutoDock
parameter set, and distance-dependent dielectric functions
were used in the calculation of the van der Waals and the
electrostatic terms, respectively. Docking simulations were
performed using the ‘Lamarckian genetic algorithm’ and the
‘Solis & Wets local search method’. Initial position,
orientation, and torsions of the ligand molecules were set
randomly. Each docking experiment was derived from 100
different runs that were set to terminate after a maximum of
2,500,000 energy evaluations. The population size was set to
150. During the search, a translational step of 0.2 A, and
quaternion and torsion steps of 5 were applied. Protein Data
Bank co-ordinate files for the complexes showing two
ligands (MTX and CP) within the same active site were
generated by PyMol (http://pymol.org/educational) using its
‘Align’ function. The final figures were generated using
Discovery Studio2.5 (Accelrys).

RESULTS AND DISCUSSION

The 3-dimensional structure of AChE can be compared
to two hemispheres that sandwich the catalytic center
between the acyl- and omega-loops. These loops act as the
sidewalls of the active site gorge that is approximately 300
A? in dimension [7, 9]. Three sub-sites within this active site
gorge are noteworthy, (i) a PAS at the gorge mouth that is
the initial binding domain encountered by a substrate or
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inhibitor, (ii) a deeper cationic-n site (CAS), where the
quaternary ammonium of choline of ACh interacts, and, (iii)
the acyl-binding pocket located at the base of the gorge [7,
9]. It is worth mentioning that the 'ligand' as well as 'protein
side chains' were held flexible by the docking software
throughout the study. In the present study, the acyl pocket of
human brain AChE was found to interact with MTX through
the amino acid residues G151, G152, G153, Y155, E233,
S234, W317, L320, Q322, E323, S324, V325, F326, F328,
Y368, F369, Y372 and H478 (Fig. 1; Table 1). The free
energy of binding and estimated inhibition constant (K;) for
the ‘MTX-AChE acyl pocket-interaction’ were determined
to be -9.08 kcal/mol, and 0.22 uM, respectively. Five carbon
atoms of MTX, namely CA, C, CG, CD and CB were
predicted to be involved in hydrophobic interactions with
amino acid residues W317, L320, F328, Y368, F369 and
Y372 of the enzyme. Total intermolecular energy of docking
for MTX-AChE acyl pocket-interaction was found to be -
10.72 kcal/mol. One of the nitrogen atoms of MTX was
observed to make polar bonds with two amino acid residues
(Y155 and H478) of AChE, and hydrogen bonds with
another two (S234 and Y368). Moreover, residues E233,
W317, F326, F328, and F369 were also found to make
hydrogen bonds with MTX. Hence, a total of 9 hydrogen
bonds were found crucial to the appropriate positioning of
MTX in the acyl pocket of human brain AChE. This is in
contrast to ‘CP-AChE acyl pocket-interaction’ where neither
hydrogen bonds nor polar interactions seemed to play any
significant role in docking [24]. ‘Van der Waals’, ‘Hydrogen
Bond’ and ‘Desolvation’ energy components together
contributed -10.68 kcal/mol while the ‘Electrostatic’ energy
component was found to be -0.03 kcal/mol. Total interacting
surface area for MTX-AChE acyl pocket-interaction was
found to be 1060.06A% while pi-pi and cation-pi interactions
were absent. This is in contrast to CP-AChE acyl pocket-
complex where a hydrogen atom (H9) of CP was found to be
involved in cation-pi interaction with F331 of AChE [24].

Fig. (1). Interaction of methotrexate docked to the “acyl pocket” of
human brain acetylcholinesterase. The ligand (methotrexate) is
shown in ‘stick’ representation.

The CAS site of human brain AChE was determined to
interact with MTX through 14 amino acid residues, namely
Y103, V104, D105, T106, L107, Y155, W317, S324, V325,
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Table1l. Amino Acid Residues Involved in 'AChE-MTX' and 'AChE-CP' Interactions
Ligands
Interacting Amino Acid Residues of AChE
Methotrexate (MTX) Cyclophosphamide (CP)

Acyl pocket

G151, G152, G153, Y155, E233,

S234, W317,1320, Q322, E323,

S324, V325, F326, F328, Y368,
F369,Y372,H478

Y70,Y121, W233, V287, F288,
R289, F290, Y334, F408, Y442

Catalytic site or 'CAS'

Y103, V104, D105, T106, L107,
Y155, W317, S324, V325, F326
F328,Y368,F369, Y372

W84, N85, G116, G117, Y121,
S122, G123, L127, Y130, E198,
Y334, H443, G444

F326, F328, Y368, F369 and Y372 (Fig. 2; Table 1). The
free energy of binding and estimated K; for the ‘MTX-AChE
CAS-interaction’ were determined to be -9.75 kcal/mol and
0.07 uM, respectively. Elaboration of these interactions
might aid in the design of AChE nhibitors focused on the
backbone of MTX. Four carbon atoms of MTX, namely CA,
C, CD and CB were predicted to be involved in hydrophobic
interactions with eight amino acid residues of the enzyme,
namely Y103, W117, Y155, W317, V325, F328, F369 and
Y372. Total intermolecular energy of docking for MTX-
AChE CAS-interaction was found to be -11.74 kcal/mol.
Two oxygen atoms of MTX, namely O and OE2 were
observed to make four polar bonds involving three amino
acid residues (S234, Y368 and H478) of AChE. Residues
Y103, D105 and Y155 formed one hydrogen bond each with
one of the nitrogen atoms of MTX. The oxygen atom OE1 of
MTX was found to make a hydrogen bond with the residue
S156 of the enzyme. Another six amino acid residues
namely, Y103, D105, T106, Y155, W317 and F328 were
involved in hydrogen bonding with the ligand, MTX. Hence,
a total of 10 hydrogen bonds were crucial to the appropriate
positioning of MTX to allow its docking to CAS of human
brain AChE. Again it is noteworthy that more hydrogen
bonds are observed in ‘MTX-AChE CAS-interaction’
compared to ‘CP-AChE CAS-interaction’ [24], the ratio
being 10:3. ‘Van der Waals’, ‘Hydrogen Bond’ and
‘Desolvation’ energy components together contributed -
11.85 kcal/mol, the ‘Electrostatic’ energy component being
0.15 kcal/mol. Total interacting surface area for MTX-AChE
CAS-interaction was 999.69A%. No pi-pi or cation-pi
interactions were observed, a feature similar to CP- AChE
CAS-interaction [24].

The predicted K; value for MTX-AChE acyl pocket-
interaction (0.22 uM) lies between the reported K; values for
compounds known to interact and inhibit AChE, such as
donepezil (K; 0.11 pM), tacrine (K; 0.43 pM), and
galantamine (K; 0.44 puM) [25, 26]. Furthermore, the
predicted K; value for MTX-AChE CAS-interaction (0.07
uM) is comparable to that of physostigmine (K; 0.06 uM)
and phenserine (K; 0.05 pM) [25, 26]. It is noteworthy that
all these compounds have been reported to inhibit AChE in
humans and elevate ACh levels in the brain of animal
models [27]. Figs. (1, 2) show MTX docked to the ‘acyl
pocket’ and ‘CAS’ sites of human brain AChE, respectively.
The docking pose and interacting amino acid residues for the
described sites are in strong agreement with X-ray

Fig. (2). Interaction of methotrexate docked to the “catalytic site”
or “CAS” of the human brain acetylcholinesterase. The ligand
(methotrexate) is shown in ‘stick’ representation.

crystallographic structures of known AChE complexes.
These residues are highly conserved, and most have been
assigned functional roles [28]. A higher (negative) free
energy of binding is an indicator of efficient interaction
between an enzyme and inhibitor [22]. Accordingly, the free
energy of binding for the complexes shown in Figs. (1, 2)
were be -9.08 kcal/mol and -9.75 kcal/mol, respectively.
These values fall within the same approximate range as a
series of donepezil analogues [29], which suggests that MTX
is an efficient inhibitor of human brain AChE.

Fig. (3a) represents a superimposition view whereby the
ligands MTX and CP are shown occupying the same binding
site (AChE acyl pocket) while Fig. (3b) is a close-up view of
the same. Similarly, to aid in comparison of docking poses of
MTX and CP, we constructed Fig. (4a) which represents a
superimposition view of these ligands within AChE-CAS.
Fig. (4b) gives a close-up view of the same. ‘CP-AChE acyl
pocket-interaction’ displayed a predicted K; of 8.49 uM and
AG of -6.92 kcal/mol; while ‘CP-AChE CAS-interaction’
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displayed these values as 4.42 puM and -7.31 kcal/mol,
respectively [24]. ‘MTX-AChE interaction’ involving either
CAS (K; =0.07 uM; AG = -9.75 kcal/mol) or acyl pocket (K;
=0.22 uM; AG = -9.08 kcal/mol) displayed a lower Ki and a
higher negative AG value compared to ‘CP-AChE
interaction’ involving the same binding sites. Hence, the
present study reveals that MTX is a stronger inhibitor of
human brain AChE than CP in terms of predicted K; values
and free energy of binding as well. In the case of a third
docking experiment (MTX to PAS of human brain AChE), it
was observed that minor changes in the grid co-ordinates
resulted in a different docking pose and even changes in
interacting residues, indicative of a mixed inhibition system.
In this regard, this is in accord with our previous studies [16,
30].

Fig. (3). (a) A ‘superimposition view’ developed by PyMol
whereby the ligands (methotrexate and cyclophosphamide) are
shown occupying the same binding site (acetylcholinesterase acyl
pocket). Cyclophosphamide is shown in ‘ball and stick’
representation while methotrexate appears as a red colored ‘stick’.
(b) A ‘close up view’ of Fig. (3a).

Further investigations are needed to address the issue
regarding the ready entry of MTX-concentrations into
human brain tissues, high enough to inhibit AChE. However,
it can be safely stated that a high-dose treatment or blood-
brain barrier breakdown could elevate brain drug levels or
result in the achievement of high systemic levels in the realm
of MTX-inducible AChE inhibition. Moreover, the described
‘MTX-AChE interactions’ highlight the numerous ways in
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(b)

Fig. (4). (a) A ‘superimposition view’ developed by PyMol
whereby the ligands (methotrexate and cyclophosphamide) are
shown occupying the same binding site (acetylcholinesterase
‘catalytic site’ or ‘CAS’). Cyclophosphamide is shown in ‘ball and
stick’ representation while methotrexate appears as a red colored
‘stick’. (b) A ‘close up view’ of Fig. (4a).

which structurally diverse inhibitors utilized in the focused
treatment of one disease can occasionally dock at an
unrelated target (e.g. at AChE) [31], thereby producing such
signs and symptoms in patients undergoing treatment which
clinicians find difficult to interpret. The study is expected to
aid future design of more specific pharmacological
compounds. It is noteworthy that the drugs (MTX and CP)
discussed herein are of clear clinical significance. The future
prospects of MTX and CP in the treatment of diseases like
myasthenia gravis (MG) are being actively pursued. MG is a
neuromuscular disorder which is characterized by a clinical
course of fluctuating and painless muscle weakness [32]. In a
2011 study, the authors reported that the use of
cyclophosphamide and rituximab for patients with refractory
MG showed promising results [33]. In a recent single-
blinded trial of methotrexate versus azathioprine as steroid-
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sparing agents in generalized MG, the authors suggested that
methotrexate had similar efficacy and tolerability to
azathioprine and might be the drug of choice in financially
constrained health systems [34].

Before closing the discussion we find it appropriate to
mention that K; and AG values obtained through
computational studies can only suggest efficiency of binding
for an enzyme-ligand pair. However, it has been observed
that the results of computational analyses often correlate well
with the outcomes of experimental studies. The reader is
encouraged to see Fig. (1) of our previous study which
strongly supports this claim [21]. Nevertheless, the trio
consisting of 'computational', in vitro' and 'in vivo' studies
with reference to the study enzyme (AChE) and ligands
(MTX and CP) is expected to form the basis of future
therapy against several neurological disorders.

CONCLUSION

This study explores molecular interactions between
human brain AChE and the well-known anti-neoplastic drug
MTX. Moreover, we have provided a comparative account
of the studied interactions with ‘AChE-CP interactions’ that
we reported previously. Hydrophobic interactions and
hydrogen bonds both play an equally important role in the
correct positioning of MTX within the ‘acyl pocket’ as well
as ‘catalytic site’ of AChE to permit docking. However,
docking of CP to AChE is largely dominated by hydrophobic
interactions. Such information may aid in the design of
versatile AChE-inhibitors, as well as aid in the most
efficacious and safe clinical use of MTX. Scope remains in
the determination of the three-dimensional structure of an
AChE-MTX complex by X-ray crystallography to validate
these data. The current computational study supports our
previous experimental study which concluded a mixed
inhibition model for AChE inhibition by MTX. This study
confirms that MTX is a more efficient inhibitor of human
brain AChE compared to CP with reference to K; and AG
values.

ACKNOWLEDGEMENT

We extend our deep sense of gratitude to Dr Nigel H.
Greig, National Institute on Aging, NIH, USA as he happily
guides us in our studies related to enzymes of neurological
interest whenever asked for.

CONFLICT OF INTEREST

Declared none.

ABBREVIATIONS

ACh = Acetylcholine
AChE = Acetylcholinesterase

CAS = The anionic sub-site of catalytic site of human
AChE

CP = Cyclophosphamide

MG = Mpyasthenia gravis

MTX = Methotrexate
PAS = The peripheral anionic site of human AChE

Shakil et al.

REFERENCES

[1] Kamal, M.A.; Nasim, F.H.; Al-Jafari, A.A. Investigation of the
effect of anti-neoplastic drugs, cyclophosphamide, cisplatin and
methotrexate on the turnover kinetics of human erythrocyte
acetylcholinesterase. Biochem. Mol. Biol. Int., 1996a, 39(2), 293-
302.

[2] Baranauskaite, A.; Raffayova, H.; Kungurov, N.; Kubanova, A.;
Venalis, A.; Helmle, L.; Srinivasan, S.; Nasonov, E.; Vastesaeger,
N.; RESPOND  investigators. Infliximab plus methotrexate is
superior to methotrexate alone in the treatment of psoriatic arthritis
inmethotrexate-naive patients: the RESPOND study. Ann. Rheum.
Dis., 2011, 71(4), 541-548.

[3] Kremer, J.M.; Cohen, S.; Wilkinson, B.E.; Connell, C.A.; French,
J.L.; Gomez-Reino, J.; Gruben, D.;Kanik, K.S.; Krishnaswami,
S.; Pascual-Ramos, V.; Wallenstein, G.; Zwillich, S.H. A Phase 2B
dose-ranging study of the oral JAK inhibitor tofacitinib (CP-
690,550) versus placebo in combination with
background methotrexate in  patients with  active rheumatoid
arthritis and inadequate response to methotrexate alone.
Arthritis Rheum., 2011, [Epub ahead of print].

[4] Shuper, A.; Stark, B.;Kornreich, L.;Cohen, I.J.; Avrahami,
G.; Yaniv, 1. Methotrexate-related neurotoxicity in the treatment of
childhood acute lymphoblastic leukemia. Isr. Med. Assoc. J., 2002,
4(11), 1050-1053.

[5] Aradillas, E.; Arora, R.; Gasperino, J. Methotrexate-induced
posterior reversible encephalopathy syndrome. J. Clin. Pharm.
Ther., 2011, 36(4), 529-536.

[6] Yang, M.; Kim, J.S.; Kim, J.; Kim, S.H.; Kim, J.C.; Kim, J.; Wang,
H.; Shin, T.; Moon, C. Neurotoxicity of methotrexate to
hippocampal cells in vivo and in vitro. Biochem. Pharmacol., 2011,
82(1), 72-80.

[7] Silman, I.; Sussman, J.L. Acetylcholinesterase: how is structure
related to function? Chem. Biol. Interact., 2008, 175(1-3), 3-10.

[8] Darvesh, S.; Hopkins, D.A.; Geula, C. Neurobiology of
butyrylcholinesterase. Nat. Rev. Neurosci., 2003a, 4(2), 131-138.

[9] Silman, I.; Sussman, J.L. Acetylcholinesterase: 'classical' and 'non-
classical' functions and pharmacology. Curr. Opin. Pharmacol.,
2005, 5(3), 293-302.

[10] Munoz-Delgado, E.; Montenegro, M.F.; Campoy, F.J.; Moral-
Naranjo, M.T.; Cabezas-Herrera, J.; Kovacs, G.; Vidal, CJ.
Expression of cholinesterases in human kidney and its variation in
renal cell carcinoma types. FEBS J., 2010, 277(21),4519-4529.

[11] Howland, R.H. Alternative drug therapies for dementia. J.
Psychosoc. Nurs. Ment. Health Serv., 2011, 49(5), 17-20.

[12] Stephenson, J.; Czepulkowski, B.; Hirst, W.; Mufti, G.J. Deletion
of the acetylcholinesterase locus at 7q22 associated with
myelodysplastic syndromes (MDS) and acute myeloid leukaemia
(AML). Leuk. Res., 1996, 20, 235-241.

[13] Darreh-Shori, T.; Soininen, H. Effects of cholinesterase inhibitors
on the activities and protein levels of cholinesterases in the
cerebrospinal fluid of patients with Alzheimer's disease: a review
of recent clinical studies. Curr. Alzheimer Res., 2010, 7(1), 67-73.

[14] Mehndiratta, M.M.; Pandey, S.; Kuntzer, T. Acetylcholinesterase
inhibitor treatment for myasthenia gravis. Cochrane Database Syst.
Rev., 2011, 2, CD006986.

[15] Nunes, B. The use of cholinesterases in ecotoxicology. Rev.
Environ. Contam. Toxicol., 2011, 212, 29-59.

[16] Kamal, M.A.; Nasim, F.H.; Al-Jafri, A.A. In vitro inhibition of
human erythrocyte acetylcholinesterase (EC3.1.1.7) by an
antineoplastic drug methotrexate. Mol. Cell Biochem., 1996b,
159(1), 47-53.

[17] Al-Jafari, A.; Al-Khwyter, F.; Kamal, M.A.; Alhomida, A.S.
Kinetics for camel (Camelus
dromedarius) retina acetylcholinesterase inhibition by
methotrexate in vitro. Jpn. J. Pharmacol., 1996, 72(1), 49-55.

[18] Dukic, S.F.; Kaltenbach, M.L.; Heurtaux, T; Hoizey, G
Lallemand, A.; Vistelle, R. Influence of C6 and CNS1 brain tumors
on methotrexate pharmacokinetics in plasma and brain tissue. J.
Neurooncol., 2004, 67(1-2), 131-138.

[19] Leblanc, G.A.; Waxman, D.J. Interaction of anticancer drugs with
hepatic monooxygenase. Drug Meta Rev., 1989, 20(2-4), 395-439.

[20] Sadzuka, Y., Shoji, T.; Takino, Y. Effect of cisplatin on the
activities of enzymes which protect against lipid peroxidation.
Biochem. Pharmacol., 1992, 43, 1872-1875.



Molecular Interaction of the Antineoplastic Drug

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

Shakil, S.; Khan, A.U. Interaction of CTX-M-15 enzyme with
cefotaxime: a molecular modelling and docking study.
Bioinformation, 2010, 4(10), 468-472.

Shakil, S.; Khan, A.U. Interaction of 2009 CTX-M variants with
drugs and inhibitors: a molecular modelling and docking study. J.
Proteomics Bioinformatics., 2010, 3, 130-134.

An, Y.J;Lee, JH.;Jung, H.L;Sohn, S.G.;Lee, J.J.;Park,
K.S.; Wu, X.; Jeong, B.C.;Kang, C.M.; Cha, S.S.;Lee, S.H.
Crystallization and preliminary X-ray crystallographic analysis of
CTX-M-15, an extended-spectrum B-lactamase conferring
worldwide emerging antibiotic resistance. Protein Pept. Lett., 2011,
18(9), 858-862.

Shakil, S.; Khan, R., Tabrez, S.; Alam, Q.; Jabir, N.R.; Sulaiman,
M.L; Greig, N.H.; Kamal, M.A. Interaction of Human Brain
Acetylcholinesterase With Cyclophosphamide: A Molecular
Modeling And Docking Study. CNS Neurol. Disord. Drug Targets,
2011, 11(01), in press.

Darvesh, S.; Walsh, R.; Kumar, R.; Caines, A.; Roberts, S.; Magee,
D.; Rockwood, K.; Martin, E. Inhibition of human cholinesterases
by drugs used to treat Alzheimer disease. Alzheimer Dis. Assoc.
Disord., 2003b, 17(2), 117-126.

Al-Jafari, A.A.; Kamal, M.A.; Greig, N.H.; Alhomida, A.S.; Perry,
E.R. Kinetics of human erythrocyte acetylcholinesterase inhibition
by a novel derivative of physostigmine phenserine. Biochem.
Biophys. Res. Commun., 1998, 248(1), 180-185.

Pepeu, G.; Giovannini, M.G. Cholinesterase inhibitors and beyond.
Curr. Alzheimer Res., 2009, 6(2), 86-96.

Xu, Y.; Colletier, J.P.; Weik, M.; Jiang, H.; Moult, J.; Silman, I.;
Sussman, J.L. Flexibility of aromatic residues in the active-site

CNS & Neurological Disorders - Drug Targets, 2012, Vol. 11, No. 2 147

[29]

[30]

[31]

[32]

[33]

[34]

gorge of acetylcholinesterase: X-ray versus molecular dynamics.
Biophys. J., 2008, 95(5), 2500-2511.

Pang, Y.P.; Kozikowski, A.P. Prediction of the binding site of 1-
benzyl-4-[(5,6-di- methoxy-l-indanon-2-yl)methyl]piperidine in
acetyl- cholinesterase by docking studies with the SYSDOC
program. J. Comput. Aided Mol. Des., 1994, 8, 683-693.

Al-Jafri, A.A.; Shakil, S.; Reale, M.; Kamal, M.A. Human platelet
acetylcholinesterase inhibition by cyclophosphamide: a combined
experimental and computational approach. CNS Neurol. Disord.
Drug Targets, 2011, 10(8), 928-935.

Greenblatt, H.M.; Dvir, H.; Silman, 1., Sussman, JL.
Acetylcholinesterase: a multifaceted target for structure-based drug
design of anticholinesterase agents for the treatment of Alzheimer's
disease. J. Mol. Neurosci., 2003, 20(3), 369-383.

Sathasivam, S. Current and emerging treatments for
the management of myasthenia gravis. Ther. Clin. Risk Manag.,
2011, 7,313-323.

Lau, A.Y.; Chan, A.Y.;Mok, V.C. Refractory bulbar and
respiratory dysfunction in a young Chinese woman with
seronegative, muscle-specific tyrosine kinase antibody-positive
myasthenia gravis: response to cyclophosphamide and rituximab
treatment. Hong Kong Med. J., 2011, 17(1), 77-79.

Heckmann, J.M.; Rawoot, A.; Bateman, K; Renison, R.; Badri, M.
A single-

blinded trial of methotrexate versus azathioprine as steroid-
sparingagents in generalized myasthenia gravis.

Neurol., 2011, 11,97.

BMC

Received: October 29,2011

PMID: 22483282

Revised: January 12,2012

Accepted: January 15,2012



	01. CDT_CNS&ND_CONTENT.doc
	02. CONTENT_CNS&ND-DT-11-2
	03. CR_CNS&ND-DT-11-3
	04. Commentary_CNS&ND-DT-11-3
	05. Aliev_CNS&ND-DT
	06. de Tommaso_CNS&ND-DT
	07. Tahir_CNS&ND-DT
	08. de Lima_CNS&ND-DT
	09. Shakil_CNS&ND-DT
	10. Maione_CNS&ND-DT
	11. Martín-Aragón_CNS&ND-DT
	12. Rohn_CNS&ND-DT
	13. Srinivasan_CNS&ND-DT
	14. CDT-CNS&ND_BACK.doc
	15. CDT-CNS&ND_BACK


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




