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Pharmacology

in the cardinal motor symptoms of  bradykinesia, 
tremor, and rigidity.[1] Nondopaminergic treatments are 
increasingly being recognized as part of  the therapeutic 
armamentarium for PD,[2-7] because long-term treatment 
with dopamine replacement strategies is associated 
with drug-related complications, such as a loss of  drug 

psychosis and depression.[8] Therefore, development of  
suitable approach to the treatment of  this devastating 
neurodegenerative disorder remains an indispensable 
component of  research in medicinal chemistry. Nowadays, 
an emerging paradigm that proposes the targeting 
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ABSTRACT

Monoamine oxidase B (MAO-B) inhibitory potential of adenosine A2A receptor (AA2AR) antagonists has raised 
the possibility of designing dual-target–directed drugs that may provide enhanced symptomatic relief and that 
may also slow the progression of Parkinson’s disease (PD) by protecting against further neurodegeneration. To 
explain the dual inhibition of MAO-B and AA2AR at the molecular level, molecular docking technique was employed. 

(R2 = 0.524 and 0.627 for MAO-B and AA2AR, respectively) was established between docking predicted and 
experimental Ki
of dual interaction of caffeinyl analogs with MAO-B and AA2AR. Parameters for Lipinski’s “Rule-of-Five” were also 
calculated to estimate the pharmacokinetic properties of dual-target–directed drugs where both MAO-B inhibition 
and AA2AR antagonism exhibited a positive correlation with calculated LogP R2 of 

new inhibitors as dual-target–directed drugs with desired pharmacokinetic properties for the treatment of PD.
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of  multiple components of  pathobiology through a 
single drug molecule is gaining increasing acceptance. 
Although the single-target or “silver bullet” approach 
currently remains the major drug discovery strategy 
in large pharmaceutical companies, there is increasing 
recognition of  the limitations of  such an approach for 
complex diseases.

Monoamine oxidase B (MAO-B) is an outer membrane–

oxidative deamination of  dopamine in the striatum.[9] 
Inhibition of  MAO-B in the brain may slow the depletion 
of  dopamine stores and elevate the levels of  endogenous 
dopamine, and dopamine produced from exogenously 
administered levodopa.[10,11] Furthermore, inhibitors 
of  the MAO-B may also exert a neuroprotective effect 
by decreasing the production of  potentially hazardous 
byproducts of  dopamine metabolism in the brain.[12] 
Adenosine A2A receptor (AA2AR) antagonists are another 
class of  promising anti-Parkinsonian agents and a leading 
candidate class for the nondopaminergic treatment 
of  symptomatic PD.[6] AA2AR antagonists may also 
possess neuroprotective properties and may prevent the 
development of  dyskinesia that is usually associated with 
levodopa treatment.[13,14] Interestingly, it has been observed 
that AA2AR antagonists also inhibit MAO-B; therefore, 
they can be exploited in designing dual-target–directed 
drugs aimed at providing enhanced symptomatic relief  in 
addition to slowing the progression of  PD by protecting 
against further neurodegeneration.[15] In this regard, C8-
substituted caffeinyl derivatives are becoming popular as 
dual-target–directed drugs that block MAO-B and AA2AR 
for the treatment of  PD. 

drug design by pharmaceutical companies at different 
stages of  drug discovery, such as identifying new hits, 

optimization.[16] Moreover, in silico approaches are routinely 
used in modern drug design to help understand drug–
receptor interactions. It has been shown in the literature 
that computational techniques can strongly support and help 
the design of  novel, more potent inhibitors by revealing the 
mechanism of  drug–receptor interactions.[17] However, so 
far, there has been no report concerning the application 
of  molecular docking methodology for understanding 
the binding of  dual-target–directed drugs that block 
MAO-B and AA2AR. To gain an insight into the structural 
requirements for the dual inhibition, we have used molecular 
docking studies to understand the mode of  binding of  C8-
substituted caffeinyl analogs to MAO-B and AA2AR. In 
addition, we have also employed computational method 

for the determination of  physicochemical parameters 
that are responsible for governing the pharmacokinetic 
properties of  drug molecules. For the present study, 
AA2AR antagonists with MAO-B inhibitory properties 
were taken from the literature[15,18-24] and subjected to in 
silico studies. The results obtained from this study would be 
useful in both understanding the inhibitory mode of  these 
derivatives as well as in rapidly and accurately predicting 

clues can also be inferred from these results that will be 
fruitful in designing novel inhibitors as dual-target–directed 
drugs with desired pharmacokinetic properties in the area 
of  PD therapeutics.

MATERIALS AND METHODS

For the present study, crystal structures of  human MAO-B 
(PDB code: 2V5Z)[25] and human AA2AR (PDB code: 
3EML)[26] were downloaded from the protein databank 
(www.rcsb.org/pdb). A set of  18 inhibitors [Table 1] that 
inhibit MAO-B and antagonize AA2AR were taken from the 
literature[15,18-24] and docked onto the active site of  MAO-B 
and AA2AR using AutoDock 4.2 (Release 4.2.2.1) program. 

Molecular docking studies

For docking experiments with AutoDock 4.2, ligand 
molecules were drawn in ChemBioDraw Ultra 12.0 and 
converted to their 3-dimensional structures in ChemBio3D 
Ultra 12.0, energy minimized by PM3 method using 
MOPAC Ultra 2009 program.[27] The prepared ligands 

Lamarckian genetic algorithm method was employed for 
docking simulations.[28] The standard docking procedure 

per ligand). A grid of  60, 60, and 60 points in x, y, and 
z directions was built with a grid spacing of  0.375 Å and 
a distance-dependent function of  the dielectric constant 
were used for the calculation of  the energetic map. The 
default settings were used for all other parameters. At the 
end of  docking, the best poses were analyzed for hydrogen 

(RMSD) calculations using Discovery Studio Visualizer 2.5 
program. From the estimated free energy of  ligand binding 

Gbinding, kcal/mol), the inhibition constant (Ki) for each 
ligand was calculated [Tables 2 and 3].

Calculation of  physicochemical parameters

Absorption (%ABS) was calculated by: %ABS  =  109  –  
[0.345  × topological polar surface area (TPSA)] according 
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to the method of  Zhao et al.[29] TPSA,[30] miLogP, number 
of  rotatable bonds, and violations of  Lipinski’s “Rule-
of-Five”[31] were calculated using Molinspiration online 
property calculation toolkit.[32]

RESULTS AND DISCUSSION

Molecular docking

Validation of  the accuracy and performance of  AutoDock 4.2
To validate the accuracy of  AutoDock 4.2 as an appropriate 
docking tool for the present purpose, the co-crystallized 

3EML.pdb, respectively) were docked within the inhibitor-
binding cavity (IBC) of  human MAO-B and human AA2AR, 
and the docked position was compared with the crystal 
structure position by calculating RMSD values (1.27 and 
0.88 Å, respectively). As a general rule, if  the best-docked 
conformation of  a ligand resembles the bound native 
ligand in the experimental crystal structure, the used scoring 
function is said to be successful. According to the method 
of  validation cited in the literature,[33] the successful scoring 

function is the one in which the RMSD of  the best docked 

this study, RMSD values of  both MAO-B and AA2AR were 
within 2.0 Å [Figure 1], indicating our docking methods are 
valid for the given structures and AutoDock 4.2, therefore 
deemed reliable for docking dual-target–directed drugs into 
the IBC of  MAO-B and AA2AR.

Docking of  the caffeinyl analogs into AA2AR
The co-crystallized AA2AR antagonist, ZM241385, is 
outlined by Leu-85, Phe-168, Glu-169, Met-177, Trp-246, 
Leu-249, His-250, Asn-253, His-264, Leu-267, and Met-270 
residues, which constitute the active binding site.[26] The 

2AR in 
experimental studies can be clearly explained on the basis 
of  our docking results as shown in Figure 2, where none 
of  the residues of  binding site was found to interact with 
caffeine neither in terms of  hydrophobic nor hydrophilic 
interactions. However, in close proximity of  the binding 
cavity, it interacted with His-278 by forming a hydrogen 
bond. It was interesting to note that the xanthine nucleus 
orients inside the binding cavity and interacts by both 

Table 1: The structures, Ki and pKi values for MAO-B inhibition and AA2AR antagonism by 8-substituted caffeinyl 
analogs

N

N N

N

R4

R3

O

O

R1

R2
Compounds R1 R2 R3 R4 MAO-B AA2AR

Ki pKi Ki
3 pKi

1 Me Me Me H 3.6 1,a 2.44 22000b 4.66
2 Me Me Me 3-Chlorostyryl 0.235 2,c 6.63 54d 7.28
3 Et Et Me 3,4-Dimethoxystyryl 17 2,c 4.77 4.46e 8.35
4 Et Et H 3,4-Dimethoxystyryl 63 2,c 4.20 23f 7.64
5 Me Me H 3,4-Dimethoxystyryl 6 2,c 5.22 1100d 5.96
6 Me Me Me 3,4-Dimethoxystyryl 2.7 2,c 5.57 197d 6.71
7 Me Me H 3-Nitrostyryl 9 2,c 5.05 438d 6.36
8 Me Me Me Styryl 3 2,c 5.52 94d 7.03
9 Me Me H Styryl 31 2,c 4.51 291d 6.54
10 Me Me H 3-Fluorostyryl 1.9 2,c 5.72 516d 6.29
11 Me Me Me 3-Nitrostyryl 0.16 2,c 6.80 195d 6.71
12 Me Me Me 3-Fluorostyryl 0.4 2,c 6.40 83d 7.08
13 Et Et Me 3,4-Methylenedioxystyryl 8 2,c 5.10 6.1f 8.21
14 Me Me Me 4-phenylbutadien-1-yl 148.6 3,g 6.83 153h 6.82
15 Me Me Me 4-(3-chlorophenyl)butadien-1-yl 42.1 3,g 7.38 104h 6.98
16 Me Me Me 4-(3-bromophenyl)butadien-1-yl 17.2 3,g 7.76 59.1h 7.23
17 Me Me Me 46.4 3,g 7.33 114h 6.94
18 Me Me Et 4-phenylbutadien-1-yl 1712 3,g 5.77 13.5h 7.87
MAO-B, monoamine oxidase B; AA2AR, adenosine A2A receptor; Ki, experimentally determined inhibition constant; pKi, negative logarithm of Ki. 

1 Value given in mM. 2 Values 
given in μM. 3 Values given in nM. a, b, c, d, e, f, g, hExperimental Ki taken from Refs. 15 and 18–24 respectively.
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hydrophobic as well as hydrophilic interactions when C-8 
position is substituted with (E)-styryl and 4-phenylbutadien-
1-yl groups making these compounds fairly potent [Figure 3]. 

The bicyclic triazolotriazine core of  ZM241385 is 
anchored by an aromatic stacking interaction with 
Phe-168,[34] an aliphatic hydrophobic interaction with 
Ile-274[13,35] and a hydrogen bonding interaction with 
Asn-253.[36,37] Likewise, the bicyclic xanthine ring was 
found to interact with aromatic ring of  Phe-168 by 

hydrophilic interaction by forming a hydrogen bond. 
A report by Moro et al. has also proposed that the bicyclic 
ring of  ZM241385 is anchored by hydrophobic interactions 
of  Leu-249.[38] Adjacent to Phe-168, a polar residue Glu- 

169 shares a hydrogen bond with the oxygen atom of  
3,4-methylenedioxy group. Similar kind of  interaction is 
also known between exocyclic amino group (N15 atom) 
linked to the bicyclic core of  ZM241385.[34,39]

Docking of  the caffeinyl analogs into MAO-B
The docked compounds 1–18 oriented into the IBC of  
MAO-B and AA2AR in a similar way as their native ligands 

[25] and 
AA2AR,[26] respectively, exhibiting a reasonable RMSD 
values in the range of  0.37–6.17 Å. The reported and 
estimated inhibition constant (Ki) was converted to their 
respective pKi (–log Ki) and plotted as shown in Figure 4. 
A positive correlation was noted between docking predicted 
and experimentally reported pKi with a correlation 

Table 2: Results obtained after docking of 8-substituted caffeinyl analogs with human MAO-B
Compounds ba Kib pKic RMSDd 

(Å) Amino acids Compound Amino acids
1 25.901 4.59 4.38 Tyr-398 3.97 O 

O
Tyr-188 
Tyr-435

2.74 
3.09

2 367.612 6.44 2.89 Tyr-398  
Tyr-398

3.99 
4.45

O 
O

Tyr-188 
Tyr-435

2.82 
2.93

3 1.771 5.75 1.13 —e — O 
O

Gln-206 
Tyr-326

2.75 
3.19

4 1.081 5.97 1.70 —e — O 
O

Gln-206 
Tyr-326

3.13 
2.53

5 256.592 6.59 1.39 —e — O 
O

Gln-206 
Tyr-326

2.91 
2.86

6 646.652 6.19 4.72 —e — O 
O4 
O3 
O2

Cys-172 
Thr-201 
Thr-201 
Gln-206

3.10 
2.89 
2.41 
3.19

7 64.371 4.19 2.24 —e — O2 
O3 
O4

Phe-168 
Tyr-398 
Tyr-398

2.71 
2.79 
2.35

8 1.711 5.77 4.16 —e — O Cys-172 3.18
9 1.561 5.81 4.23 —e — N 

O
Ile-199 
Gln-206

2.86 
2.22

10 1.711 5.77 4.32 Pro-102 5.95 O 
O 
O 
N

Cys-172 
Gln-206 
Tyr-326 
Ile-199

3.21 
2.50 
3.09 
2.86

11 1.891 5.72 1.47 Tyr-398 5.40 O4 Tyr-326 2.69
12 2.021 5.69 4.28 —e — O2

F
Cys-172 
Thr-201

3.19 
2.84

13 2.251 5.66 1.06 —e — N2 
O2 
O2

Cys-172 
Gln-206 
Tyr-326

3.21 
2.79 
3.04

14 70.692 7.15 1.85 —e — O Cys-172 3.12
15 4.042 8.39 0.37 Tyr-398 

Tyr-398
4.31
5.64

O2 Tyr-188 2.80

16 1.712 8.77 0.52 Tyr-398 
Tyr-398

4.21
5.49

O14 Tyr-188 2.76

17 59.942 7.22 2.25 Tyr-398 
Tyr-398

4.60
3.95

O2
O

Tyr-188 
Tyr-435

3.06 
2.83

18 27.662 7.56 1.61 —e — O Cys-172 3.00
64.082 7.19 1.27 —e — N21 Gly-434 3.14

O20 Tyr-188 1.97
aBinding free energy (kcal/mol). bDocking predicted inhibition constant. cNegative logarithm of docking predicted inhibition constant. dRoot mean square deviation. 
e 1 2Values given in nM
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R2 of  0.524 and 0.627 for MAO-B and AA2AR, 
respectively.

The caffeinyl derivatives docked into the IBC of  
human MAO-B was outlined by residues, such as Pro- 
102, Leu- 171, Cys-172, Ile-198, Ile-199, Gln-206, 
Ile-316, Tyr- 326, Phe-343, Tyr-398, Tyr-435, and the 
isoalloxazine ring of  FAD.[40] The major part of  the 
IBC is hydrophobic, which allows for the tight binding 
of  nonpolar substrates and inhibitors.[41] This is the 
reason why the calculated LogP presented in Table 4 
bears a positive correlation with the MAO-B inhibitory 

R2 of  0.535  
[Figure 4]. However, the only hydrophilic portion is 

directionality of  the substrate amine functionality.[41] 

This hydrophilic region is located between Tyr-398 

aromatic cage for amine recognition.[42,43] Moreover, 
Gln-206 interacts by forming a hydrogen bond with the 

Gln-206 serves as hydrogen bond acceptor for most of  
the docked compounds [Figure 5]. 

In addition to contributing for hydrophobicity in the 
IBC, Phe-168, Cys-172, Ile-199, Thr-201, and Tyr-
326 were also appeared to participate in hydrogen 
bond formation. Interestingly, (E)-8-(3-chlorostyryl)
caffeine (CSC, compound 2) and compounds containing 
4-phenylbutadien-1-yl groups at C-8 position of  the 
caffeinyl moiety were observed to share a hydrogen bond 
with Tyr-188, a residue located at the distant site in the IBC. 

Table 3: Results obtained after docking of 8-substituted caffeinyl analogs with human AA2AR
Compounds ba Kib pKic RMSDd (Å)

Amino acids Compound Amino acids
1 196.902 3.71 6.13 —e — O2 His-278 2.00
2 1.452 5.84 4.31 Phe-168 

Phe-168
4.86 
4.16

O Asn-253 2.02

3 1. 061 5.98 1. 32 Phe-168 
Phe-168

3.59 
4.04

O4 
O2

Glu-169 
Asn-253

2.2 
2.23

4 683.203 6.17 2.74 —e — O3 
O4 
O2

Phe-168  
Glu-169  
His-278 

2.43 
1.83 
2.29

5 1.422 5.85 3.87 Phe-168 3.75 O3 
O2

Asn-253  
His-278

1.78 
2.10

6 1.582 5.80 1.01 Phe-168 
Phe-168

3.59 
3.98

O Glu-169  
Asn-253

1.97 
2.07

7 6.182 5.21 4.40 —e — O3 Val-84 1.82
8 3.082 5.51 4.24 Phe-168 

Phe-168
4.83 
4.06

O Asn-253 1.99

9 4.262 5.37 4.70 Phe-168 
Phe-168

4.34 
3.62

O2 Asn-253 2.04

10 5.302 5.28 4.70 Phe-168 
Phe-168

4.34 
3.62

O2 Asn-253 2.04

11 835.193 6.08 4.54 —e — O2 
O3

Phe-168  
His-278

1.90 
1.97

12 3.362 5.47 4.24 Phe-168 
Phe-168

4.82 
4.07

O2 
F

Asn-253 
His-278

1.96 
50

13 797.113 6.10 0.99 Phe-168 
Phe-168

4.08 
3.66

O4 
O

Glu-169 
Asn-253 

2.11 
2.01

14 972.463 6.01 2.58 Phe-168 
Phe-168

4.02 
3.88

O2 Asn-253 1.90

15 1.982 5.70 2.95 —e — — — —
16 645.773 6.19 3.10 — e — O13 His-278 2.02
17 1.182 5.93 4.70 Phe-168 

Phe-168
4.48 
5.15

O Asn-253 2.17

18 697.383 6.16 2.72 Phe-168 
Phe-168

3.99 
3.87

O2 Asn-253 1.91

ZM241385 964.133 6.02 0.88 Phe-168 3.93 H1 Ile-66 2.42
Phe-168 4.03 H3 Asn-253 2.34

H4 Glu-169 1.88
H5 Asn-253 1.69
O25 Asn-253 2.07

aBinding free energy (kcal/mol). bDocking predicted inhibition constant. cNegative logarithm of docking predicted inhibition constant. dRoot mean square deviation. 
e 1Values given in mM. 2Values given in μM. 3Values given in nM.
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Likewise, 4-phenylbutadien-1-yl derivatives also interact 
with Tyr-435, a residue found in the hydrophilic region of  
the IBC [Table 2]. 

Caffeine, being a polar compound, is not able to 
accommodate well in the IBC and is a weak MAO-B 
inhibitor. However, substitution of  the (E)-styryl and  
4-phenylbutadien-1- yl groups at C-8 markedly decreases 

calculated LogP of  these compounds [Table 4] appears to 

other hand, it is known that the active site of  the MAO-B 
consists of  an entrance connected to the substrate cavity 

where Ile-199 acts as a “gate” between the two cavities. 
When relatively large inhibitors, such as the reversible 
inhibitor 1,4-diphenyl-2-butene is bound, the side chain 
is rotated to a conformation such that the two cavities are 
no longer separated and are now fused forming a single 
cavity and such compounds demonstrate greater binding 

[41] E)-styryl and 
4-phenylbutadien-1-yl groups at C-8 position of  the 

Figure 1: The validation of accuracy and performance of AutoDock 

demonstrated a root mean square deviation of 1.27 Å, whereas the 

mean square deviation of 0.88 Å

Figure 2:

2A

Figure 3:

2AR. The 

Figure 4: Ki Ki, 
P. 
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caffeinyl moiety use both cavities as potential binding targets 
making them potent MAO-B inhibitors. Similarly, without 
the side chain at C-8, caffeine occupies only hydrophilic 
region leaving the hydrophobic region unoccupied and 

these results, an overview of  the structural requirements 
for antagonizing AA2AR and inhibiting MAO-B is presented 
in Figure 7.

Physicochemical parameters

Among xanthine-based AA2AR antagonists, poor water 
solubility is a considerable problem.[6] Lipinski’s parameters[31] 
were calculated by using Molinspiration online property 
calculation toolkit[32] to estimate the pharmacokinetic 
properties of  caffeinyl derivatives (1–18) and presented 
in Table 4. Topological polar surface area (TPSA), that is, 

surface belonging to polar atoms, is a descriptor that was 
shown to correlate well with passive molecular transport 
through membranes and, therefore, allows prediction 
of  transport properties of  drugs in the intestines and 
blood–brain barrier crossing.[30] TPSA was used to calculate 
the percentage of  absorption (%ABS) according to the 

Zhao et al.[29] Furthermore, according to Veber et al., good 

2.[44] As the number 
of  rotatable bonds increases, the molecule becomes more 

particular binding pocket. In the present study, compounds 
1–18 exhibited % ABS ranging from 68% to 87%, which 
is an indication of  good bioavailability by oral route. 
Moreover, nonviolations of  Lipinski’s “Rule-of-Five” and 

Figure 5: Figure 6:

Figure 7: 2A
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suitability of  these compounds to be used as a template 
for the design of  dual-target–directed drugs. 

CONCLUSION

In conclusion, these computational studies not only shed 
a light on understanding the dual mechanism of  MAO-B 
inhibition as well as AA2AR antagonism, but also provide 

and inhibitory potency of  C-8 substituted caffeinyl analogs 
to be explored as novel anti-Parkinsonian drug candidates.
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