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Abstract

Dopamine receptors play a critical role in the cell signalling process responsible for information transfer in neurons functioning
in the nervous system. Development of improved therapeutics for disorders like Parkinson’s disease and schizophrenia would be
significantly enhanced with the availability of the 3D structure for the dopamine receptors. Scorpion neurotoxins are unique source
of structural templates from which new therapeutic agents might be developed. We report here the 3D structure of the human D1
dopamine receptor, predicted from primary sequence using computational techniques. The predicted structure of the human D1
dopamine receptor is used to understand the mechanism of interactions between scorpion neurotoxins through the protein–protein
docking method. CHARMM force field was used for the energy minimization step before applying the docking method. To cite
this article: C. Sudandiradoss et al., C. R. Biologies 331 (2008).
© 2008 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

G protein-coupled receptors (GPCRs) mediate senses
such as odour, taste, vision and pain [1] in mammals. In
addition, important cell recognition and communication
processes often involve GPCRs. Nearly 30% of total
drug sales and prescriptions are directed at GPCRs [2],
making them the most highly desired drug discovery tar-
gets by the pharmaceutical industry [3–5]. Among the

* Corresponding author.
E-mail address: rsethumadhavan@vit.ac.in (R. Sethumadhavan).
1631-0691/$ – see front matter © 2008 Académie des sciences. Published b
doi:10.1016/j.crvi.2008.04.007
GPCRs, dopamine receptors are ideal targets for treat-
ing schizophrenia and Parkinson’s diseases. Dopamine
receptors are members of structurally related G protein
coupled receptors that share a high degree of homol-
ogy to bovine rhodopsin [6]. However, a more recent
report on human beta2 adrenergic G-protein-coupled
receptor shows a highest degree of homology to D1
dopamine receptor [7] than the bovine rhodopsin. Five
dopamine receptors have been identified and classified
as D1-like (D1 and D5) and D2-like (D2, D3, and D4)
based on their similarities to pharmacologically defined
sites identified in brain tissue [8–10]. The D1 dopamine
y Elsevier Masson SAS. All rights reserved.
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receptors are highly expressed in the nigrostriatal path-
way where they play a key role in motor control [11].
Since the D1 dopamine receptor is more widespread
than the other dopamine receptors and tends to show up
in greater density, the development of improved reme-
dies would be significantly enhanced with the availabil-
ity of the 3D structure for the D1 dopamine receptor.

Scorpion venoms and their toxins have been exten-
sively used as tools for understanding a wide range
of pharmacological effects and the molecular basis of
electrical excitability and neurotransmission [12,13].
They are rich sources of fascinating neuropeptides,
which bind with high affinity and specificity to vari-
ous ion channels. Notably, the Chinese scorpion Buthus
martensi Karsch, which is a species belonging to the
Buthidae family, has been used as a Chinese traditional
medicine and is still used as a drug to treat neurologi-
cal symptoms such as incomplete paralysis and mimetic
paralysis [14]. A recent report state that scorpion neu-
rotoxins target a wide variety of membrane-bound pro-
tein channels and receptors and that they are unique
source of structural templates from which new thera-
peutic agents might be developed [15].

We report here the 3D structure of the long isoform
of the human D1 dopamine receptor, predicted from the
primary sequence. Following this, we have analyzed
the interaction mechanism between the D1 dopamine
receptor and the selected scorpion neurotoxins using
docking simulations. To date, no data have been re-
ported for a structural analysis of complexes between
the D1 dopamine receptor and scorpion neurotoxins.
In the present study, we modeled the D1 dopamine
receptor using the human beta2 adrenergic G-protein-
coupled receptor structure as a template that exhibits
37% sequence identity with the D1 dopamine recep-
tor. Molecular docking simulations were performed
between scorpion neurotoxins and the modeled D1
dopamine receptor. The role of conserved residues,
binding affinity between the D1 dopamine receptor
and scorpion neurotoxins, solvent accessibility changes,
role of stabilization centres and stabilizing residues on
docking simulations were computed.

2. Materials and methods

2.1. Data set

Atomic coordinates and crystallized structures of ten
selected scorpion neurotoxins, 1AHO, 1B7D, 1DJT,
1DQ7, 1PTX, 1SN4, 1ZYW, 2A7T, 2I61, and 2SN3
[16–25] were obtained from the PDB at the Brookhaven
National Laboratory [26]. All the structures were solved
with <2.5 Å resolutions, and the sequence identity
among the majority of proteins in the dataset was less
than 40%. Also these neurotoxins were selected so as
all of them had 60–65 residues.

2.2. Molecular modeling of D1 dopamine receptor

We obtained the sequence version of the human D1
dopamine receptor from Swiss-Prot (http://expasy.org/
sprot). Then a BLAST (http://www.ebi.ac.uk/blast2/
index.html) sequence analysis was performed against
the whole PDB, to select the correct template that could
be used to generate a model of the D1 dopamine recep-
tor. From the selected template, the three-dimensional
(3D) structural model for the D1 dopamine receptor was
generated by the biopolymer homology modeling soft-
ware of Swiss-model/Deep view 3.7. The generated D1
dopamine receptor model was then checked with known
agonists and antagonists.

2.3. Computation of conservation of amino acid
residues

We computed the conservation of amino acid residues
in each scorpion neurotoxins using the Clustal-W mul-
tiple alignment program [27].

2.4. Protein–protein docking

CHARMM force field [28] (license No. 070815-29)
was used to minimize the structures of scorpion neuro-
toxins and of the D1 dopamine receptor before dock-
ing. Molecular docking was performed using protein–
protein docking software GRAMM v. 1.03 [29]. The
GRAMM v. 1.03 is the best protein–protein dock-
ing software certified in the CAPRI (Critical Assess-
ment of PRediction of Interactions) test and the full
results of CAPRI are made available on its website
(http://capri.ebi.ac.uk). The algorithm used by GRAMM
v. 1.03 performs Fast Fourier transformation method-
ology by employing smoothed potentials, refinement
stage and knowledge-based scoring. We used a fine-grid
projection of a softened Lennard–Jones potential func-
tion [30] and then the top 4000 grid-based predictions
are subjected to a conjugate minimization in continuous
6D rigid body space with the same soft potential. One
representative prediction for each minimum is stored
and the number of initial predictions falling into this
minimum is marked as the volume of the minimum.
The average radius of such minima on our smoothed
landscape is 5 Å.

http://expasy.org/sprot
http://expasy.org/sprot
http://www.ebi.ac.uk/blast2/index.html
http://www.ebi.ac.uk/blast2/index.html
http://capri.ebi.ac.uk
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2.5. Computation of individual residue–residue and
overall binding free energies of the toxin–receptor
complex

Interaction free energies are crucial for analyzing
binding propensities in proteins. We computed bind-
ing affinity, desolvation free energy, electrostatic and
contact free energies of docked structures using the pro-
gram FastContact [31]. FastContact provides a fast es-
timate of the interaction free energy between two pro-
teins. The interaction between two proteins is estimated
as �Gbind, where:

�Gbind = �Eelec + �Gdes

�Eelec corresponds to the standard intermolecular
Coulombic electrostatic potential, with a distance-
dependent dielectric constant equal to 4r [32]. �Gdes

captures the most essential features of the desolvation
free energy in proteins, including hydrophobic interac-
tions, the self-energy change upon desolvating charge
on polar atom groups and side-chain entropy loss.
�Gdes is calculated by an empirical contact potential
of the form:

Gdes = g(r)
∑

i

∑

j

eij

where eij denotes the atomic contact potential (ACP)
between atoms i of the receptor and j of the toxin. The
double sum is taken over all atom pairs and g(r) is 0 for
atoms that are more than 7 Å apart, 1 if less than 5 Å
apart and in between g(r) is a smooth function vary-
ing between these two limits [33]. The ACPs have been
defined for a total of 18 atom types, and obtained from
a diverse set of close to 90 protein structures by con-
verting frequencies of structural factors into atom–atom
contacts.

2.6. Computation of solvent accessibility changes in
binding amino acid residues

Solvent accessibility is the ratio between the solvent
accessible surface area of a residue in three-dimensional
structure and that in an extended tripeptide conforma-
tion. We have analyzed the solvent accessibility of bind-
ing amino acid residues in the toxins as well as in the D1
dopamine receptor before and after the docking simula-
tions. A majority of binding residues showed a change
from an exposed state before binding to a buried state
after binding. We obtained the solvent accessibility in-
formation using NetASA program [34].
2.7. Computation of stabilization center

Stabilization center residues are defined by consid-
ering the contact map of a protein. Two residues are
in contact if there is at least one pair of heavy atoms
with a distance less than the sum of the van der Waals
radii of the two atoms plus 1.0 Å. A contact is con-
sidered long range if it is between residues that are
separated by at least 10 residues in the amino acid se-
quence. Two residues are stabilization center elements
if they are involved in long-range contacts and if at
least one supporting residue can be found in each of
the flanking tetrapeptides of these residues, in such a
way that at least seven out of the possible nine interac-
tions are formed between the two triplets [35,36]. We
used the server for identifying the stabilization centers
at http://www.enzim.hu/scide.

2.8. Computation of stabilizing residues

Stabilizing residues play an important role in the sta-
bilization of proteins. We have computed the stabilizing
residues in all 10-scorpion neurotoxins and for the D1
dopamine receptor using parameters such as surround-
ing hydrophobicity, long-range order, high conservation
score, and if it belongs to a stabilization center. We used
the public server available at http://sride.enzim.hu for
this purpose [37].

3. Results and discussions

3.1. Model protein

Molecular modeling of the D1 dopamine receptor
was achieved on the basis of the crystal structure of
the human beta2 adrenergic G-protein-coupled recep-
tor [7] solved at 3.4 0 Å (PDB ID 2R4R). The se-
quence identity between the D1 dopamine receptor and
the Beta2 adrenergic G-protein coupled receptor is 37%.
Detailed information about the human beta2 adrenergic
G-protein-coupled receptor and the D1 dopamine recep-
tor is depicted in Table 1. BLAST output showed that
the human beta2 adrenergic G-protein-coupled recep-
tor exhibited an excellent E-value, 2 × 10−61, and a bit
score of 232. The alignment between the D1 dopamine
receptor and the human beta2 adrenergic G-protein cou-
pled receptor is shown in Fig. 1. The three-dimensional
(3D) structural model for the D1 dopamine receptor
was generated based on the human beta2 adrenergic G-
protein-coupled receptor template by using the biopoly-
mer homology modeling software of Swiss-model/Deep
view 3.7.

http://www.enzim.hu/scide
http://sride.enzim.hu
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Table 1
Detailed information about the human beta2 adrenergic G-protein coupled receptor and the D1 dopamine receptor

GPCR No. of amino
acids

Molecular
weight (KDa)

Gene name Source organism Swiss-Prot accession
number

PDB ID

Human
beta (2)
adrenergic
receptor 365 4.65 ADRB2 Homo sapiens P07550 2R4R
D1
dopamine
receptor 446 49.2 DRD1 Homo sapiens P21728 –

DRD1_HUMAN ----------MRTLNTSAMDGTGLVVERDFSVRILTACFLSLLILSTLLGNTLVCAAVIR 50
2R4R_HUMAN MGQPGNGSAFLLAPNRSHAPDHDVTQQRDEVWVVGMGIVMSLIVLAIVFGNVLVITAIAK 60

: : * * . .:. :** : . .:**::*: ::**.** :*: :

DRD1_HUMAN FRHLRSKVTNFFVISLAVSDLLVAVLVMPWKAVAEIAGFWPFG-SFCNIWVAFDIMCSTA 109
2R4R_HUMAN FERLQT-VTNYFITSLACADLVMGLAVVPFGAAHILMKMWTFGNFWCEFWTSIDVLCVTA 119

*.:*:: ***:*: *** :**::.: *:*: *. : :*.** :*::*.::*::* **

DRD1_HUMAN SILNLCVISVDRYWAISSPFRYERKMTPKAAFILISVAWTLSVLISFIPVQLSWHKAKPT 169
2R4R_HUMAN SIETLCVIAVDRYFAITSPFKYQSLLTKNKARVIILMVWIVSGLTSFLPIQMHWYRATHQ 179

** .****:****:**:***:*: :* : * ::* :.* :* * **:*:*: *::*.

DRD1_HUMAN SPSDGNATSLAETIDNCDSSLSRTYAISSSVISFYIPVAIMIVTYTRIYRIAQKQIRRIA 229
2R4R_HUMAN EAINCYAN-----ETCCDFFTNQAYAIASSIVSFYVPLVIMVFVYSRVFQEAKRQLQKID 234

.. : *. ** .::***:**::***:*:.**:..*:*::: *::*:::*

DRD1_HUMAN ALERAAVHAKNCQTTTGNGKPVECSQPESSFKMSFKRETKVLKTLSVIMGVFVCCWLPFF 289
2R4R_HUMAN KSE-GRFHVQNLSQVEQDGRTGHGLRRSSKFCL---KEHKALKTLGIIMGTFTLCWLPFF 290

* . .*.:* . . :*:. . : .*.* : :* *.****.:***.*. ******

DRD1_HUMAN ILNCILPFCGSGETQPFCIDSNTFDVFVWFGWANSSLNPIIYAFNADFRKAFSTLLGCYR 349
2R4R_HUMAN IVNIVHVIQDN------LIRKEVYILLNWIGYVNSGFNPLIYCRSPDFRIAFQELLCLRR 344

*:* : : .. * .:.: :: *:*:.**.:**:**. ..*** **. ** *

DRD1_HUMAN LCPATNNAIETVSINNNGAAMFSSHHEPRGSISKECNLVYLIPHAVGSSEDLKKEEAAGI 409
2R4R_HUMAN SS--------------------------------------LKAYGNGYSSNGNTGEQSG- 365

. * .:. * *.: :. * :*

DRD1_HUMAN ARPLEKLSPALSVILDYDTDVSLEKIQPITQNGQHPT 446

2R4R_HUMAN -------------------------------------

Fig. 1. Sequence alignment result between the D1 dopamine receptor and the human beta2 adrenergic G-protein coupled receptor (2R4R).
The modeled D1 dopamine receptor structure was
checked with known agonists and antagonists. The ag-
onists are A77636, A68930, dihydrexidine (DHX), di-
napsoline, dinoxyline and dopamine. The antagonists
are LE300, SCH23390. We obtain the 2D structures
of agonists and antagonists from Pubchem and the 2D
structure was converted to 3D structures by using CO-
RINA software. All of them were bound with mod-
eled D1 dopamine receptor at their specific regions. We
showed dopamine binds with the predicted structure of
D1 dopamine receptor in Fig. 2. The geometric quali-
ties of the models were assessed by PROCHECK. This
provides a good validation of the predicted structure for
the D1 dopamine receptor and of the predicted binding
site of dopamine.

3.2. Conserved residues involved in the binding sites

We computed the conservation of residues using
ClustalW multiple alignment program [27]. It was
observed that highly conserved residues in scorpion
neurotoxins are tyrosine, cysteine, glycine, leucine,
phenylalanine and partially conserved residues are as-
partic acid, asparagine, serine, lysine, and isoleucine.
It is notable observation that these highly conserved
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Fig. 2. The predicted 3D structure of the human D1 dopamine receptor with 7 transmembrane helices; the predicted binding site of dopamine and
the putative binding region for scorpion neurotoxins are shown in red colour. (For colours see the web version of this article.)

Table 2
Interface residues of the D1 dopamine receptor and the scorpion neurotoxins involved in binding

Name Interface residues involved in binding

D1 dopamine
receptor

Ile(10), Ala(22), Arg(26), Arg(28), Arg(31), Ser(32), Lys(33), Asn(36), Ser(41), Asp(79), Ser(83), Asp(96), Tyr(107),
Arg(109), Lys(110), Thr(112), Lys(114), Val(122), Ala(123), Ser(127), Phe(236), Lys(241), Arg(242), Lys(245), Lys(248),
Leu(250), Ser(251), Ile(253), Phe(313), Arg(314), Lys(315), Arg(314), Asp(96), Ser(239), Pro(304)

1AHO Lys(2), Asp(3), Tyr(5), Val(10), Lys(28), Lys(30), Cys(48), Tyr(49), Lys(50), Asp(53), Arg(56)
1B7D Lys(1), Glu(2), Lys(12), Arg(18), Gly(24), Asp(55), Lys(60), Cys(61)
1DJT Asp(3), Lys(8), Asn(11), Asp(24), Lys(28), Lys(32), Asp(53), Arg(58), Lys(62)
1DQ7 Glu(2), Asp(3), Asp(10), Lys(30), Asp(37), Thr(53), Lys(62)
1PTX Asp(8), Lys(28), Lys(30), Gly(31), Glu(32), Cys(36), Lys(50), Leu(51), Asp(53)
1SN4 Asp(3), Tyr(5), Ala(7), Lys(8), Glu(10), Glu(20), Asp(28), Gly(43)
1ZYW Asp(5), Tyr(7), Asp(10), Lys(30), Lys(34), Val(41), Lys(43)
2A7T Glu(2), Asp(8), Asp(10), Lys(29), Lys(30), Asp(32), Asp(50), Lys(62), Cys(63), Arg(64)
2I61 Lys(5), Arg(6), Asp(8), Lys(11), Asp(22), Lys(23), Lys(26), Gly(46)
2SN3 Lys(7), Leu(17), Glu(21), Asp(26)
residues were involved in the docking sites with the D1
dopamine receptor. Hence it can be thought that the con-
served residues play a major role as docking sites for the
toxin molecule. Among the major conserved residues in
the toxin molecule, aspartic acid, lysine residues were
involved in binding sites more frequently than others.
The multiple alignment for all the scorpion neurotoxin
is shown in Fig. 3.

3.3. Scorpion neurotoxins docked with D1 dopamine
receptor

CHARMM force field [28] was used to minimize
the structures of scorpion neurotoxins and of the D1
dopamine receptor before docking. All the ten scor-
pion neurotoxin selected for this study showed a good
docking behaviour with the D1 dopamine receptor. The
interface residues of the D1 dopamine receptor and the
scorpion neurotoxins involved in binding are shown in
Table 2. The docked complexes of the scorpion neu-
rotoxin with the D1 dopamine receptor are shown in
Fig. 4. It can be seen from Fig. 4 that there is a high de-
gree of uniformity in the docking regions and also with
the docking residues. We calculate the overall binding
free energy for each of these ten complexes; the re-
sults are shown in Fig. 5. It was observed that the com-
plex formed with neurotoxin (PDB ID 2A7T) shows the
highest overall binding affinity. From the X-ray struc-
ture report of 2A7T neurotoxin [23], residues Glu(2),
Asp(50), Arg(64) that protrude outwardly in this neu-
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1B7D ---KEGYLMDH-EGCKLSCFIR--PSGYCGRECGIK--KGSSGYC----AW-PACYCYGLPNWVKVWDRATNKC- 61
2I61 ---MDGYIKRR-DGCKVACLIG--NEG-CDKECKAY--GGSYGYCW---TWGLACWCEGLPD-DKTWKSETNTCG 62
2SN3 ---KEGYLVKKSDGCKYGCLKLGENEG-CDTECKAKNQGGSYGYCY---AF--ACWCEGLPESTPTYPLPNKSC- 65
1AHO --VKDGYIVDD-VNCTYFCGRN----AYCNEECTKL--KGESGYCQWASPYGNACYCYKLPDHVRTK--GPGRCH 64
1PTX --VKDGYIVDD-VNCTYFCGRN----AYCNEECTKL--KGESGYCQWASPYGNACYCYKLPDHVRTK--GPGRCH 64
1DJT --VRDAYIAKP-HNCVYECARN----EYCNDLCTKN--GAKSGYCQWVGKYGNGCWCIELPDNVPIR--VPGKCH 64
1ZYW NSVRDAYIADS-HNCVYECARN----EYCNDLCTKN--GAKSGYCQWVGKYGNGCWCIELPDNVPIK--VGGKCH 66
1SN4 --VRDAYIAKP-ENCVYHCAGN----EGCNKLCTDN--GAESGYCQWGGRYGNACWCIKLPDDVPIR--VPGKCH 64
1DQ7 --GEDGYIADG-DNCTYICTFN----NYCHALCTDK--KGDSGACDWWVPYGVVCWCEDLPTPVPIR--GSGKCR 64
2A7T --GEDGYIADG-DNCTYICTFN----NYCHALCTDK--KGDSGACDWWVPYGVVCWCEDLPTPVPIR--GSGKCR 64

:.*: .* * * * .. * * : *:* ** *

Fig. 3. Multiple alignment of scorpion neurotoxins using clustalW.

Fig. 4. Docked complexes of the scorpion neurotoxin (red) with the D1 dopamine receptor (green). (For colours see the web version of this article.)
rotoxin are the main residues for interaction with the
receptor. This experimental result is well supported by
our computational method for 2A7T. Also, this is the
main reason for the highest binding affinity of this neu-
rotoxin towards the D1 dopamine receptor. The complex
formed with (PDB ID 2SN3) had the lowest binding
affinity with the D1 dopamine receptor. Further, it could
be seen from Fig. 5 that the binding free energies are al-
most similar for all other scorpion neurotoxins with the
D1 dopamine receptor.
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Fig. 5. Overall binding affinities of scorpion neurotoxins with the modelled structure of the D1 dopamine receptor.

Table 3
Minimum and maximum binding free energy contacts between the D1 dopamine receptor and scorpion neurotoxins

PDB ID Maximum binding free energy (-kcal/mol) Minimum binding free energy (-kcal/mol)

Binding residues Binding
energy
(-kcal/mol)

Binding residues Binding
energy
(-kcal/mol)

D1
dopamine
receptor

Toxins D1
Dopamine
Receptor

Toxins

1AHO Ser(41) Tyr(5) 1.612 Ser(251) Arg(56) 3.610
1B7D Leu(250) Tyr(43) 1.460 Lys(248) Glu(2) 5.927
1DJT Ala(22) Cys(46) 1.313 Lys(315) Asp(53) 9.038
1DQ7 Ile(253) Val(55) 1.394 Lys(315) Asp(37) 10.548
1PTX Thr(112) Lys(2) 0.481 Lys(114) Asp(53) 4.438
1SN4 Arg(314) Glu(10) 1.215 Lys(114) Glu(20) 14.821
1ZYW Tyr(107) Lys(43) 1.052 Lys(110) Val(41) 1.988
2A7T Phe(236) Cys(63) 1.903 Lys(241) Asp(10) 10.600
2I61 Ser(83) Asp(22) 1.689 Asp(79) Lys(23) 4.238
2SN3 Arg(26) Leu(17) 0.048 Arg(28) Glu(21) 2.029
3.4. Residues with minimum and maximum binding
free energies

Table 3 shows the minimum and maximum binding
energies for individual residues after the formation of
the complex. It can be seen from Table 3 that the min-
imum energy for binding ranges from 1.988 to 10.600-
kcal/mol, while the maximum binding energy ranges
from 0.481 to 1.903-kcal/mol. It can be observed that,
except for 2SN3, all other binding energies are almost
similar. Among the selected neurotoxins, 2A7T shows
the highest binding affinity towards the D1 dopamine
receptor. Our results on the binding effect of scorpion
toxins with the D1 dopamine receptor and other GPCRs
are correlated with the following experimental reports.
Ismail et al. reported that scorpion Leiurus quinques-
triatus venom blocked the dopaminergic receptors dur-
ing envenomation [38]. Teixeira et al. reported a good
experimental evidence for interaction between scorpion
toxins with GPCR-like adrenergic and cholinergic re-
ceptors [39]. Scorpion venoms mediate their autonomic
effects through direct agonist actions on post-junctional
muscarinic M3 cholinoceptors and α-adrenoceptors that
were reported by Matthew et al. [40]. Fernandes et al.
proved the effects of scorpion toxin, tityustoxin on the
release of [3H] dopamine of rat brain prefrontal cortical



496 C. Sudandiradoss et al. / C. R. Biologies 331 (2008) 489–499
Table 4
Solvent accessibility and desolvation energy of scorpion toxins before and after complex formation

PDB ID Binding residues Solvent accessibility (Ligand) Desolvation energy

Receptor Toxin Before
binding

After
binding

Before
binding

After
binding

1B7D Asp(96) Lys(12) Exposed Buried +8.519 −3.695
1B7D Ala(123) Cys(61) Exposed Buried NA −2.636
1B7D Val(122) Cys(61) Exposed Buried NA −2.368
1DJT Lys(315) Asp(53) Exposed Buried +5.291 −9.038
1DJT Arg(314) Asp(53) Exposed Buried +2.678 −3.103
1DJT Lys(245) Asp(53) Exposed Buried +3.582 −2.556
1DJT Phe(313) Arg(58) Exposed Buried −1.441 −2.212
1DJT Arg(314) Asp(53) Exposed Buried NA −3.103
1PTX Lys(33) Glu(32) Exposed Buried +3.479 −1.638
1PTX Ser(32) Lys(50) Exposed Buried +8.039 −1.293
1PTX Asn(36) Glu(32) Exposed Buried +3.478 −0.696
1PTX Asp(96) Lys(50) Exposed Buried +7.405 −1.209
1PTX Ser(239) Cys(36) Buried Exposed −0.647 −1.426
1SN4 Arg(109) Asp(28) Exposed Buried +3.239 −1.672
1SN4 Arg(28) Gly(43) Buried Exposed +3.447 −1.385
2A7T Arg(31) Asp(50) Exposed Buried +4.533 −3.721
2I61 Ser(127) Gly(46) Exposed Buried NA −2.342
2I61 Pro(304) Arg(6) Buried Exposed +5.814 −3.231
2SN3 Arg(28) Glu(21) Exposed Buried +1.970 −4.029
2SN3 Arg(31) Glu(21) Exposed Buried +0.903 −0.888
2SN3 Arg(26) Glu(21) Exposed Buried +0.873 −0.072

NA – Not available.
slices [41]. Scorpion toxins active in pancreatic secre-
tion include those that act on ion channels (Na+, K+,
and Ca2+), G Protein coupled receptors (GPCR), and
signalling kinases related to protein kinase C [42].

3.5. Solvent accessibility and their desolvation energy

Solvent accessibility of all the residues in both tox-
ins (Table 4) and the D1 dopamine receptor molecule
(Table 5) before and after binding were computed with
NetASA [34]. It can be seen from both tables that the
solvent accessibility change is mainly from the exposed
state before binding to the buried state after binding.
Moreover, such changes are comparatively much more
for toxin molecules than for the receptor molecule. We
also computed the desolvation energies before and after
the binding by using the formula:

�Gbind = �Eelec + �Gdes

It was observed that the desolvation energy decreased
in all the cases during complex formation for both
toxin and receptor molecule. It can be seen from Ta-
ble 4 that the residues, Cys(61) in 1B7D, Asp(53) in
1DJT, Glu(32) in 1PTX, and Glu(21) in 2SN3 were
the predominant residues that showed a frequent con-
spicuous accessibility change from the exposed to the
buried state on complex formation. The solvent accessi-
bility changed from the buried to the exposed state in
the case of receptor molecules, unlike in the case of
toxin molecules. Also, Ile (10), Arg (242), Lys (241)
were the only three residues in the receptor molecule
mainly involved in the solvent accessibility change from
the buried to the exposed state, as can be seen from
Table 5. However, in either case of change in solvent ac-
cessibility both for toxin molecules and for the receptor
molecule, there was a sharp decrease in the desolva-
tion energy values, thereby providing the stability of the
complex formed due to the docking process.

3.6. Computation of stabilization center in binding
residues

We computed the stabilization center for the complex
using web server Scide [35]. The results of the stabiliza-
tion center are shown in Table 6. One or more residues
act as stabilization centre(s) that were also involved in
the binding with the receptor shown in bold in Table 6.
This can be seen in all the scorpion neurotoxins, ex-
cept 1PTX and 2SN3. Among the selected neurotoxins,
2A7T has five residues, acts as stabilization center, and
is also involved in binding with the D1 dopamine re-
ceptor. On the other hand, the neurotoxin 2SN3 has no
residues that can act as stabilization center and are in-
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Table 5
Solvent accessibility and desolvation energy of receptor before and after complex formation

PDB ID Binding residues Solvent accessibility (Receptor) Desolvation energy

Receptor Toxin Before
binding

After
binding

Before
binding

After
binding

1DJT Arg(242) Asp(53) Exposed Buried +3.721 −2.131
2A7T Ile(10) Asp(10) Buried Exposed +7.479 −11.531
2A7T Lys(241) Asp(8) Buried Exposed +7.410 −5.740

Table 6
Stabilizing centers involved in binding

PDB ID Stabilizing centers in complex

1AHO Val(10), Thr(13), Tyr(49), Lys(50), His(54), Lys(2), Gly(4), Tyr(5), Ile(6), Tyr(14), Phe(15), Gly(34), Ala(45), Cys(48),
Tyr(49), Lys(50), Leu(51), Pro(52), Asp(53), Val(55), Arg(56), Thr(57)

1B7D Gly(10), Leu(13), Ser(14), Cys(15), Phe(16), Arg(18), Gly(32), Pro(40), Ala(41), Gly(46), Asn(49), Trp(50), Trp(54)

1DJT Arg(2), Tyr(5), Ile(6), Ala(7), His(10), Asn(11), Val(13), Tyr(14), Glu(15), Cys(16), Ile(57), Arg(58), Lys(62), Cys(63)

1DQ7 Glu(2), Ile(6), Asp(10), Asn(11), Thr(13), Tyr(14), Ile(15), Cys(16), Glu(49), Asp(50)

1PTX Lys(2), Asp(3), Gly(4), Tyr(5), Ile(6), Val(10), Thr(13), Tyr(14), Phe(15), Cys(16)

1SN4 Arg(2), Tyr(5), Ile(6), Ala(7), Glu(10), Val(13), Ile(49), Lys(50), Asp(54), Val(55), Pro(56), Ile(57), Arg(58)

1ZYW Val(3), Arg(4), Tyr(7), Ile(8), Ala(9), Asp(10), Asn(13), Tyr(16), Glu(17), Arg(20), Asn(21)

2A7T Ile(6), Asp(10), Asn(11), Thr(13), Ile(15), Asn(19), Cys(22), Lys(30), Ala(35), Cys(36), Val(45), Glu(49), Asp(50), Leu(51),
Pro(54), Val(55), Ile(57), Lys(62), Cys(63)

2I61 Gly(2), Tyr(3), Cys(10), Ala(13), Cys(14), Leu(15), Gly(17), Cys(21), Asp(22), Ser(31), Gly(33), Tyr(34), Trp(38), Gly(39),
Leu(40), Ala(41)

2SN3 Asp(10), Thr(13), Val(49), Ala(50), Met(54)

Stabilization centers involved in the binding are shown in bold.

Table 7
Stabilizing residues involved in binding

PDB ID Stabilizing residues Stabilizing residues in complex

1AHO Ala(45), Cys(48), Leu(51) NA

1B7D Cys(15), Ala(41) NA

1DJT Tyr(5), Ile(6), Gly(45), Cys(48) Ile(6), Ala(7), Gly(45)

1DQ7 Ile(6), Val(45) NA

1PTX Ala(45), Cys(48), Leu(51) NA

1SN4 Ile(6), Ala(45), Leu(51) NA

1ZYW Tyr(7), Ile(8), Ala(9), Cys(38), Gly(47), Leu(53) NA

2A7T Ile(6), Cys(22), Val(45) Ile(6), Cys(22), Cys(36), Val(45)

2I61 Gly(2), Tyr(3), Cys(21), Gly(33), Ala(41), Cys(44) NA

2SN3 Cys(48) NA

Stabilizing residue involved in the binding are shown in bold. NA – Not available.
volved in binding. From this result, we concluded that
stabilizing centers may enhance the stability of the com-
plex and also may support the docking process.

3.7. Computation of stabilizing residues in binding
residues

We computed the stabilizing residues in the scor-
pion neurotoxin molecules and also in the complex us-
ing web server Sride [37]. The results of the stabiliz-
ing residues are shown in Table 7. Cys(48) in 1AHO,
Leu(51) in 1PTX and Tyr(7) in 1ZYW were found as
both stabilizing residues in the toxins and were also in-
volved in binding. Ile(6) in 1DJT and 2A7T and Val(45)
in 2A7T were found to be stabilizing residues in both
toxins and also in the complex. This behaviour could
not be generalized for other toxin molecules in the sense
that certain residues that act as stabilizing residues in
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the toxin were not seen as the stabilizing residue when
they formed the complex with the D1 dopamine recep-
tor molecule. However, the complex formed could be
considered to be quite stable as the results from the sta-
bilizing residue were very favourable.

4. Conclusions

From the results obtained in this work, the human
beta2 adrenergic G-protein-coupled receptor is the best
template for modeling D1 receptor as on date. We also
report that the scorpion neurotoxins grossly appear to
dock on the modeled structure of the D1 dopamine re-
ceptor. The overall binding affinity was found to be
maximum for the toxin molecule with a PDB ID 2A7T
and minimum for a molecule with a PDB ID 2SN3.
A uniform docking was observed in all toxin-receptor
complexes. Mainly, aspartic acid and lysine residues of
the toxins were involved in the binding with the D1
dopamine receptor. The residues in the toxin molecules
were mainly in the exposed state, but on complex for-
mation with the D1 dopamine receptor, these residues
went into the buried state from the exposed state. This
was also accompanied by a sharp decrease in the des-
olvation energies, thus stabilizing the complex. Most of
the residues in the toxin molecule were present as stabi-
lization center before and after the complex formation,
but, on the other hand, the residues that were stabiliz-
ing residues in the toxin molecule lost this property on
complex formation. Thus it could be duly concluded
that a stabilization center for the complex molecule may
play a more important role than the individual stabiliz-
ing residues during the formation of the complex. This
strategy may be helpful for structural characterization
of macromolecular complexes when a high-resolution
structure of a complex cannot be obtained by either
NMR or X-ray crystallography experiments. Overall we
emphasize that the toxin-D1 dopamine receptor com-
plex structures obtained in this study are acceptable and
can be used in guiding the design of future biological
studies and the GPCR-based drug design targets.
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